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CHAPTER 1 

INTRODUCTION AND LITERATURE SURVEY 

1.1 Need for Bio-implants 

As in the 21st century, the average life time of a human being drastically increased when 

compared to the past, which means better medical care for the ailments which come with age is 

needed. This calls for an urgent need for surgical procedures involving prosthetic implantation 

as in general it has been observed that people above the age of 40 are generally prone to bone 

degenerative and inflammatory diseases that result in pain and joint stiffness1. One important 

thing that needed to be noted here is that age is not the only reason for requiring prosthetic 

implantation; diseases like osteoarthritis (inflammation of bone), rheumatoid arthritis 

(inflammation of synovial membrane), chondromalacia (softening of cartilage) and injuries 

caused by day today life activities or during sports or war. This implies that there is a large 

number of young patients also present and this group demands prosthetics with longer life.  

Hence it becomes a great challenge for both doctors as well as for scientists to create implants 

with complex structures that also are capable of functioning under critical condition of loading 

for a specific function for longer time periods.  

Designing and development of these bio-implants with site specific functions requires 

the effort of multidisciplinary fields like chemistry, materials science, biological sciences, 

mechanical sciences, and medical sciences. In the last two decades, impressive progress has 

been recorded in terms of developing new materials or refining existing material composition 

and microstructure in order to obtain better performance of designed materials in biomedical 

applications2.  

Biomaterials can be defined as synthetic materials, designed for a specific biological 

activity3. The major difference between biomaterials and other classes of materials is their 

ability to remain in a biological environment without damaging the surroundings and without 
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getting damaged in that process4. Therefore, biomaterials require both biological and material 

properties to suit a specific application. From the health care perspective, it is desirable that a 

biocompatible material interrupt normal body functions as little as possible. Broadly, all 

biomaterials are being developed to maintain a balance between the mechanical properties of the 

replaced tissues and the biochemical effects of the material on the tissue. Both areas are of great 

importance as far as the clinical success of materials is concerned. However, in most of 

biological systems, a range of properties is required, such as biological activity, mechanical 

strength, and chemical and wear durability, and so forth. Therefore, a clinical need often can 

only be fulfilled by a designed material that exhibits a complex combination of some of the 

above mentioned properties2. 

1.2 Biomaterials 

Before going into details of implant parts and the corresponding alloys, there is this 

most important criterion for any alloy to be fulfilled to become an eligible biomaterial; that is, 

the material and the tissue environment of the body should coexist without having any 

undesirable or inappropriate effect on each other. Such a requirement is broadly described by 

the concept known as biocompatibility2,5. In the process of developing new material it is 

important to understand the in vivo host response for various biomaterials. Ideally speaking 

they should not trigger or provoke any kind of changes that are undesirable in the 

surrounding tissue. Different human systems respond differently when comes into contact 

with an implant material. Based on the biocompatibility and the host response, biomaterials 

are divided broadly into three categories, namely bioinert, bioactive and bioresorbable2. 

Bioinert materials form fibrous capsule at their interfaces which means it can’t induce any 

interfacial biological bond between implants and bone that means they are not useful for long 

term applications. Whereas bioactive materials, which can attach directly with body tissues 

and form chemical and biological bonds during early stages of the post implantation period, 
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which makes it behave as the part of a living body. Lastly, bioresorbable materials, degrades 

with time inside the body’s environment. The degradation rate should be such that the 

regeneration rate of new tissue will be same as the material resorption rate. 

1.3 Parts of an Implant 

The major challenge in hip implant manufacturing is the strongly contrasting property 

requirements at different locations of the implant.  A typical hip (femoral) implant used for a 

total joint replacement (TJR) has the following components: the femoral stem, the femoral 

head, and the acetabular cup6 as shown schematically in Fig.1.1. The property requirements 

for these individual components are listed below7, 8: 

(i) Femoral stem: low elastic modulus (close to bone modulus), high strength, good 

ductility, good fatigue resistance, good fracture toughness, good corrosion resistance, 

no cyto-toxic reactions with the bone tissue, excellent Osseo-integration (attachment 

to the bone). 

(ii) Femoral head: excellent wear resistance, good fracture toughness, good corrosion 

resistance, no cyto-toxic reactions with the bone tissue. 

(iii) Acetabular cup: good corrosion resistance, no cyto-toxic reactions with the bone 

tissue, excellent Osseo-integration, and, excellent wear resistance to the counter-face 

material of the femoral head. 
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Fig. 1.1 Schematic representation of typical hip implant showing the femoral head, femoral 

stem and acetabular cup6 

1.4 Current Alloys in Use and Issues 

1.4.1 Metallic Implants 

In earlier days, stainless steel is used in arthroplastic surgery, mostly due to its ease of 

availability and processing. Before total joint replacement (TJR) surgery became popular, 

steel was used widely in temporary devices such as fracture plates, screws, and hip nails. 

From the property requirement of hip implant parts7, it is evident that the high modulus (E= 

200GPa) of steel is detrimental to the load bearing application. Later came cobalt alloys, 

though they offered excellent corrosion resistance, wear resistance and fatigue strength, these 

Co-Cr-Mo alloys (ASTM F-75, ASTM F-799) still had higher modulus (~210GPa)  and also 

the inferior biocompatibility than the desired9,10. So, scientists were looking for alloys which 

are more biocompatible, and corrosion and wear resistant.  After the early 1970s, titanium 

alloys started to gain much popularity. Combination of corrosion resistance, good mechanical 

properties and biochemical compatibility makes Ti alloys a desirable class of implant 

materials for orthopedic applications11, 12, 13,1,4,15,16. Commercially pure titanium was chosen, 

due to the excellent osseo-integration properties of the oxide layer present on it which helps 
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in cell bonding and growth. But due to its poorer strength (UTS: 785MPa) when compared to 

Co-Cr-Mo (UTS: 600-1795MPa) and stainless steel (UTS: 465-950MPa) alloys, its 

application as a load-bearing implant has been narrowed. In order to improve the strength Ti-

6Al-4V alloy was chosen, which initially developed for aerospace applications with a 

modulus of 110GPa, which is half of the stainless steel modulus. So it is widely used in TJR 

as femoral heads and long-term pace makers. Soon it was found that the vanadium presence 

is causing cyto-toxicity and an adverse tissue reactions17,18 hence, Mo and Fe were used to 

replace the vanadium. However, further studies showed that the release of both aluminum 

and vanadium is detrimental to long term health issues like, peripheral neuropathy, 

osteomalacia, and Alzheimer diseases19,20. So, it is evident that the long term use of Ti64 

alloy as a load bearing implant is not possible. 

1.4.2 Ceramic Implants 

Ceramics are another class of bio implant materials; they are widely used in dental 

and orthopaedic prosthesis. Calcium phosphate is one of the important groups of bioactive 

ceramics. They are naturally formed in minerals or in human body.  These bio ceramics are 

further classified in terms of Ca:P ratios, for example, hydroxyapatite or HA 

(3Ca3(PO4)2.Ca(OH)2) which has a Ca to P ratio of 1.67 needs to be monitored accurately. 

Since, during the heat treatments it can decompose into stable products like α, β tri calcium 

phosphate10.  

Among the bio-ceramics, alumina is the most commonly used material in load bearing 

prosthesis and dental implants. Apart from its excellent corrosion and wear resistance, and 

high strength, it has lower coefficient of friction21 (alumina- alumina surface) when compared 

to that of metal-polyethylene surfaces. And also it has excellent biocompatibility and a finer 

grain size alumina can help in increasing the longevity of the implant21. Despite of all these 

advantages, there is a major problem in using this as load bearing prosthesis, i.e., its relatively 
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high modulus (> 300GPa). If the biomaterial has a significantly higher modulus (like the 

alumina here) than that of the human bone which is coupled with variable fatigue resistance 

may lead to the failure of the prosthesis either by loosening or fracture. Lack of sufficient 

load transfer from the artificial implant to the adjacent re-modeling bone leads to bone 

resorption and subsequent loosening of the prosthetic device. It has been seen that when the 

tensile/compressive load or the bending moment to which the living bone is exposed is 

reduced; decreased bone thickness, bone mass loss, and increased osteoporosis occur. This 

phenomenon called stress shielding can eventually lead to the failure of the implant22, 23. 

Furthermore, the use of a ceramic femoral head attached to a metallic femoral stem also leads 

to an undesirable abrupt ceramic/metal interface in the hip implant. These are outstanding 

issues in terms of optimized implant design and need to be addressed10. 

1.5 Novel Beta Ti Alloys 

Currently commercially pure Ti and α+β Ti-6Al-4V ELI (extra low interstitial) are 

widely being used as structural biomaterials due to the excellent combination specific 

strength, corrosion resistance and their exceptionally good biocompatibility. And yet their 

usability is limited for long term usage of bio-implant due to the issues like stress-shielding 

effect (though their rigidity is less than stainless steel and Co-Cr alloys, it is still high when 

compared with cortical bone) and also the adverse effects caused by the presence of 

aluminum, vanadium and the metallic wear debris in blood system. Under these 

circumstances, there is an urgent need for the development of newer and better orthopaedic 

alloys. This required the researchers to first identify those metallic elements that were 

completely biocompatible and could be alloyed with titanium. The ideal recipe for an 

implanted alloy was excellent biocompatibility with no adverse tissue reactions, excellent 

corrosion resistance in the body fluid, high mechanical strength and fatigue resistance, low 

modulus, low density, and good wear resistance. Unfortunately only a few of the alloying 
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elements do not cause harmful reactions when planted inside the human body24. These 

include titanium, molybdenum (Mo), niobium (Nb), tantalum (Ta), zirconium (Zr), iron, and 

tin (Sn).  Also it has been reported that the addition of Zr, Nb, Mo, Hf or Ta increase strength 

and decrease the modulus of body centered cubic (bcc) Ti and also reduce the toxicity; this 

made the reason for new beta Ti alloys to consist these elements25-30. Thus, a new beta 

titanium alloy based on Ti-Nb-Zr-Ta system has been developed31-33 with an aim to achieve 

low rigidity, and considered to be effective in promoting bone healing and remodeling. 

Compositions of the candidate alloy were determined by using the d-electron alloy designing 

method developed by Morinaga et al. 34. 

The major issue with the newly developed β titanium alloys is its poor wear resistance 

(due to the presence of softer beta Ti phase) compared to Ti64 which is an alpha+beta alloy 

where alpha is a hard hexagonal close packed (hcp) phase. Wear resistance is an important 

feature for the femoral head (as shown in Fig. 1.1) part of a load bearing hip implant. Also, 

there is not much literature is available on corrosion behavior and osseo-integration 

properties of the newly developed β titanium alloy. In the current study, Ti-35Nb-7Zr-5Ta 

(TNZT) has been used as a candidate alloy.  

In general, failure of an implant is due to excessive wear of the components. The 

accumulation of wear debris and corrosion products may produce an adverse cellular 

response leading to inflammation, release of damaging enzymes, osteolysis, infection, 

implant loosening and pain hence resulting in effecting the implant life time35-42. So it is very 

important to improve the wear resistance, corrosion resistance and osseo-integration of the 

alloy which will be used as implant. Common approaches used to improve wear resistance of 

materials include surface modification, adjustment of alloy composition, heat treatment and 

reinforcing the matrix with hard particles43-51. Similarly surface modification techniques like 

LASER processing were applied to improve the osseo-integration of the TNZT alloy. An 
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attempt has been made to improve the wear resistance, corrosion resistance and Osseo-

integration by following the above stated techniques. 

1.6 LENS TM (A Novel Approach to Fabricate Functionally Graded Implants) 

 Following are the issues current implant manufacturing industries are facing52: 

(i) Current implant fabrication techniques are based on casting and forging followed by 

precision machining; this not only involves material wastage, increase of production 

time and also limits to components without any compositional / functional changes 

within the same component. 

(ii) Site specific property requirement of an implant is satisfied by joining the two 

components (femoral head + femoral stem) made of different materials. This 

chemically abrupt interfaces that are detrimental to the properties of the implant, and 

it is also reported in literature that significant fretting corrosion and fretting wear due 

to micro motion between these components 

To address the above issues, a new fabricating technique called LASER engineered 

net shaping (LENS) can be used to manufacture custom designed whole hip implant in one 

go with the help of a CAD file. Also we can change the alloy composition according to the 

site specific properties we need. This means there is no chemical abruptness in the implant, 

hence no fretting corrosion or wear. LENS can be an effective tool in the implant 

manufacturing industry, due to the advantages like no material wastage, less processing times 

and the best feature of it is we can design functionally graded alloy as per site specific 

property requirements. 

1.7 Issues Addressed in this Work 

This work focuses mainly on improving the wear resistance, corrosion resistance and 

osseo-integration properties of newly developed β titanium alloy Ti-35Nb-7Zr-5Ta (wt %), 

also known as TNZT by surface modification techniques. By doing surface modification we 
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are only changing the surface properties and not altering any of the bulk properties. Hence, 

the low modulus of the TNZT will not be affected by achieving a hard surface for improving 

the wear resistance. To improve wear resistance, techniques like heat treatment, LASER 

nitriding and reinforcement of matrix with hard particles were applied whereas LASER 

processing of Ca-P coatings technique was implied to achieve better osseo-integration and 

better corrosion resistance. More details on this can be found in chapter 3 and chapter 4. 
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CHAPTER 2 

EXPERIMENTAL PROCEDURES AND CHARACTERIZATION TECHNIQUES 

2.1 Surface Modification Techniques to Improve Wear Resistance of Femoral Head 

2.1.1 Fabrication of Graded TNZT-x B (x=0, 1, 2 wt %) using LENS TM 

LENS process is an additive powder processing technique which uses the CAD file to 

achieve the desired shape of the product as is in the CAD file. Schematic of this process is 

shown in Fig 2.1. Processing details of this can be found elsewhere22. The elemental powder 

feed stock used for this deposition are as follows: 

(i) Ti: 99.9 % pure; -150 mesh (Provided by Alfa Aesar) 

(ii) Nb: 99.9 pure; -200 + 325 mesh (Provided by Reading alloys) 

(iii) Zr: 99.8 % pure; -140 + 325 mesh (Provided by CERAC Specialty) 

(iv)  Ta: 99.98 % pure; -100 mesh (Provided by Alfa Aesar) 

All the powders used were ball milled in dry condition for 24h using WC balls and 

1:2 of powder to balls ratio was used. For the femoral stem part, depositions were made from 

elemental blend of pure Ti, Nb, Zr and Ta powders mixed in the ratio of 53 wt% Ti+ 35 wt% 

Nb + 7 wt% Zr + 5 wt% Ta. In the case of femoral head deposition, the elemental blend 

composition used was Ti, Nb, Zr and Ta powders mixed in the ratio of  Ti+ 35 wt% Nb + 

7wt% Zr + 5 wt% Ta + x wt% B (where x= 0, 1 and 2 wt% B). Hence for the femoral head 

part, according to the CAD file, composition of the feeder changes gradually from TNZT to 

TNZT-1B and finally to TNZT-2B.The laser power used for these depositions were 350 W. 

The hatch width for this deposition was of the order of 0.38 mm, the layer thickness was 0.25 

mm and the travel speed was 635mm/min. The processing parameter “hatch width” refers to 

the distance between parallel passes of the laser as it rasters back and forth to fill in the 

interior of geometry; The layer thickness is the amount that the height of the laser focal point 
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is raised from one layer to the next53. In the present study a cylindrical geometry was 

preferred to facilitate further testing with a diameter of 12mm and a height of 30mm. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1. Illustration of LENS processing54 

2.1.2 Thermal Treatment (Oxidation) 

 Bulk TNZT samples received from TIMET Corporation were used in this study and 

the corresponding composition details can be found in Table 2.1. Square shaped samples with 

dimensions of 10mm*10mm*3mm were cut using electric discharge machining (EDM) and 

were mechanically polished up to  0.03µm colloidal silica until mirror like polishing was 

achieved.  Further these samples were kept for 50h in a box furnace which was maintained at 

600oC in the atmospheric presence. This would result in the formation of an oxide case layer 

on TNZT, which would help in improving the wear resistance of TNZT. From here onwards, 

this particular set of samples will be referred as TNZT-O. 
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Table.2.1. Composition details of TNZT material received from TIMET Corporation 

 

2.1.3 Laser Nitriding 

For LASER nitriding, TNZT substrates with dimensions of 50mm* 20mm*3mm, 

were prepared using EDM and further polished up to 600 grit silicon carbide emery paper. 

Later the polished samples were ultrasonicated in acetone for 15 min to remove any kind of 

dirt or grease present on the samples. The cleaned sample was placed in a glove box, kept 

inside the LASER machin e chamber; the box is connected to a nitrogen gas cylinder to make 

sure there is no atmospheric effect present. The sample was then rafted using a continuous 

wave (CW) Nd : YAG LASER55 equipped with a fiber optic beam delivery system to obtain a 

nitride surface with a good metallurgical bonding without effecting the bulk properties of the 

sample. The fiber equipped laser system was interfaced with a set of spherical and cylindrical 

lenses that are used to shape the output of the LASER beam. The schematic of the Laser56 

coating experimental setup is showing in Fig. 2.2. The laser was operated in the infrared 

region with a wave length of 1064nm. This infrared laser beam had a Gaussian intensity 

distribution and was focused on the surface of the sample using a 120mm focal length convex 

lens. The spray-dried samples were processed using a laser scan speed of 300mm/s, with a 

laser spot diameter of 600μm and a lateral track spacing of 200μm (center to center distance 

between two consecutive tracks) was maintained to cover the surface of the sample. From 

here onwards, these samples are referred to as TNZT-N. 

 

Element O N C Fe Ta Nb Zr Ti 

Wt% 0.242 0.014 0.028 0.032 4.67 34.46 7.32 53.23 
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Fig. 2.2. Schematic representation of LASER coating56 

2.2 Surface Modification Techniques to Improve Osseo-Integration of Femoral Stem 

2.2.1 LASER Treated Ca-P Coated TNZT 

TNZT substrates with dimensions of 50mm* 20mm*3mm, were prepared using EDM 

and further polished up to 600 grit silicon carbide emery paper. Later the polished samples 

were ultrasonicated in Acetone for 15min to remove any kind of dirt or grease present on the 

samples. HA powder obtained from Fisher Scientific was taken as the precursor material. The 

powder had a spherical morphology with a distribution in the range of 10–30μm. The powder 

was initially mixed in a proprietary water-based organic solvent LISIW15853 obtained from 

the Warren Paint and Color Company, Nashville, TN, USA. This mixture stirred for 

minimum 20min and water was added frequently to check the consistency of the slurry. The 

mixed slurry was then sprayed on to the TNZT substrate using an air-pressurized spray gun. 
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The sprayed TNZT substrates were dried for 24 hours to remove the moisture and a 

uniform thickness of approximately 200μm was maintained for the precursor deposit. Later 

the samples were Laser processed as described in the 2.1.3 section. Here three different 

lateral track spacing of 100μm, 200μm and 300μm (center to center distance between two 

consecutive tracks) were used, while the rest all the processing parameters were kept 

constant. 

2.2.2 LASER Treated TNZT 

TNZT substrates with dimensions of 50mm*20mm*3mm were prepared using EDM 

technique. The samples were further mechanically polished up to 600 silicon grit emery 

paper.  Laser scanning of these TNZT samples were done using the same processing 

parameters mentioned in section 2.1.3. 

2.3 Wear Test 

One of the load bearing prostheses currently in use consists of a plastic lining between 

femoral head and Acetabular component. This means the femoral head first encounters the 

plastic lining, which is made of ultra high molecular weight polyethylene i.e., UHMWPE. 

Hence in the current study all the wear studies were conducted against soft UHMWPE ball 

and for comparison purposes a harder counter-face has also been used i.e., AISI E-52100 

stainless steel balls. To study the wear behavior, a high frequency reciprocating wear tester 

was used, which simulates the fretting wear conditions. Mirror finish flat samples of TNZT-

xB, TNZT-O and as processed TNZT-N materials were tested against UHMWPE balls and 

SS balls in simulated body fluid (SBF) medium with a pH of 7.4; at a constant normal load of 

1N (Hertzian contact stress for both the balls can be found in Table.2.2). Following are the 

experimental variables:  Stroke length of 1000µm, a frequency of 20Hz, with a total distance 

of 288m, and a constant temperature of 37oC.  The above mentioned experimental conditions 
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were selected with an aim of mimicking the actual body conditions, where the pH of the body 

fluids is 7.4, usual body temperature is 37oC and also typical stress in ball-socket scenarios is 

~ 300MPa. Composition of SBF is as follows: NaCl (8.026 g), NaHCO3 (0.352 g), KCl 

(0.225 g), K2HPO4. 3H2O (0.23 g), MgCl2. 6H2O (0.311 g), CaCl2 (0.293 g), Na2SO4 (0.072 

g) and distilled water (700 ml). The experimental conditions were designed in such way that 

it will be similar to the conditions the material will encounter when implanted inside a body.   

Schematic of the reciprocating wear tester is as shown in Fig 2.3.  As the experiment 

continues, corresponding values of coefficient of friction, film thickness and temperature 

along with time will be recording on the analysis computer attached to the experimental set 

up, which can be utilized later for analysis purposes. All the experiments were repeated 3 to 4 

times to make sure there is reproducibility in the results.   

 

 

Fig. 2.3 Schematic of reciprocating fretting wear tester [HFRR Manual of PCS Instruments] 
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Table.2.2 Hertzian point contact conditions in reciprocating fretting wear test of AISI E-

52100 SS Ball and UHMWPE Ball calculated by using Brewe and Hamrock 57 

 

 

 

 

 

 

Property TNZT TNZT-1B TNZT-2B TNZT-O TNZT-N 

R(mm) Infinite Infinite Infinite Infinite Infinite 

E (GPa) 45 50 102 15158 22659 

Hv 167 265 400 1258.5 675 

Poisson’s ration, ν 0.32 - - 0.2758    0.2859 

Normal Load (W) 1 1 1 1 1 

 

Contact Condition for using AISI E-52100 SS Ball with R = 6 mm, E = 211GPa,  ν = 0.3 

E*(GPa) 82.4 - - 191.3 238.3 

a (µm) 47.8 - - 36 33.6 

Pm(GPa) 0.21 - - 0.37 0.42 

 

Contact Condition for using UHMWPE Ball with R = 6.4 mm, E = 1.2 GPa,  ν = 0.4660 

E*(GPa) 2.97 - - 3.02 3.02 

a (µm) 148 - - 146.9 147 

Pm(MPa) 2.42 - - 22.1 22.1 
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2.4 Corrosion Test 

Corrosion experiments were carried out on all the surface modified femoral head and 

femoral stem TNZT samples i.e., TNZT-xB (x=0, 1 and 2 wt %), TNZT-O, TNZT-N, TNZT-

LT, Laser treated Ca-P coated TNZT samples. Rectangular samples were prepared with an 

area of ~ 1cm2; except for one broad face rest of the sample was covered with epoxy with no 

gaps and dried for some time to make sure that there will not be any leakage during the 

experiment.  Experiments were conducted at 37oC, using SBF as an electrolyte. Voltage of -1 

to +1 V has been applied at a scan rate of 0.17mV/s with a saturated calomel electrode (SCE) 

and graphite being used as reference and counter electrode respectively. Anodic polarization 

curves have been used to interpret the corrosion behavior and also to calculate the corrosion 

rate. ECorr represents the voltage till which the sample will be stable in the electrolyte and ICorr 

is the rate at which the corrosion will takes place. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4 Illustration of an anodic polarization curve 22 
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2.5 Characterization Techniques 

2.5.1 X-Ray Diffraction 

After the surface modifications, all the samples i.e., TNZT-xB (x=0, 1 and 2 wt%) , 

TNZT-O, TNZT-N, TNZT-CaP, TNZT-LT were subjected to surface phase analysis. Rigaku 

Ultima III X-ray diffraction (XRD) system with Cu-Kα radiation of wavelength 1.5418 Å 

was used to study the phase evolution. The XRD system was operated at 40 kV and 44 mA in 

a 2θ range of 20° to 90° using a step size of 0.05degree and a scan speed of 2°/minute. 

Further the peak identification was carried with the help of Jade7 software available.   

2.5.2 Scanning Electron Microscopy (SEM) 

Microstructural analysis of cross-section of all the surface modified samples was 

carried out by using a FEI NOVA Nano SEM 230 microscope equipped with a field emission 

gun (FEG) source, an electron backscatter EBSD detector, and a EDS detector. For this 

purpose small pieces of all the samples were mechanically polished up to 0.03µm colloidal 

silica until mirror finish is achieved. Also, using energy dispersive spectrometer (EDS), an 

analytical feature present in SEM, compositional maps were collected and analyzed via the 

EDAX Genesis Software, which can quantitatively determine elemental distribution. 

2.5.3 Instrumented Hardness Tester 

To understand the effect of the surface modification techniques on the mechanical 

properties of the samples, instrumented hardness tester was used. Cross-sectional samples 

were used to measure hardness from the surface modified region to bulk. In this load of 

100mN was applied for a holding time of 10 sec. This machine automatically generates the 

elastic modulus values also along with the hardness values.  
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2.5.4 Focused Ion Beam (FIB) 

Site specific TEM samples were prepared using a FEI dual beam focused ion beam 

(Nova Nano lab 200TM) system. In the TEM sample preparation gallium ion source was 

operated at 30kV to mill it make thin and further milling was done at 5kV to achieve electron 

transparency and also to minimize the beam damage. 

2.5.5 Transmission Electron Microscopy (TEM) 

For in depth phase analysis and its evolution, surface modified TNZT samples were 

characterized using a FEI Tecnai TF20 TEM. Selected area diffraction (SAD) results were 

coupled with high resolution STEM, BF and DF images to understand the phase evolution 

and their distribution. 

2.6 Surface Wettability  

When a material is implanted inside a human body, among the overabundance of 

events that will take place the first is the wetting of the implant material by the physiological 

fluids. This further controls the adsorption of proteins followed by attachment of cells to the 

implant surface. Hence surface wettability is an important criterion which dictates the 

biocompatibility of the implant material. Composition, microstructural topography, and 

surface charge are the three most common factors that affect the surface wettability. 

Generally the average wettability of a surface was measured through contact angle 

measurement61. Contact angle measurements commonly carried out by static or sessile drop 

method. In this case, a droplet of properly purified liquid is put on the solid surface using a 

contact angle goniometer. The angle formed between the solid– liquid interface and liquid–

vapor interface and which has a vertex where the three interfaces meet is called the contact 

angle.  
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2.7 In vitro Studies 

Mouse MC3T3-E1 pre-osteoblasts (ATCC, USA) were used in this study. The 

following experiments were conducted in University of Tennessee, Knoxville, USA. The 

experimental procedure followed in this study is as mentioned in L.Huang et al.62.  

2.7.1 Cell Attachment and Viability 

Cell attachment and viability were examined qualitatively by alive/dead staining 

assay. A semi-quantitative analysis was performed by counting the number of attached cells. 

Cells were seeded on triplicate samples (n = 3) at a density of 5*103 cells per cm2 in24-well 

culture plates. After 24 h incubation the samples were rinsed with PBS and incubated for 20 

min at room temperature (RT) in PBS containing 2µm  calcein AM and 4µm ethidium 

homodimer 1(EthD-1, Molecular Probes, USA). The labeled cell images were obtained using 

Zeiss Axio Observer A1 inverted fluorescent microscope. Viable cells were stained with 

calcein (green), while non-viable cells were stained with EthD-1 (red). 

2.7.2 Cell Morphology 

Cell morphology was examined at 24 h post-seeding to determine initial cell 

spreading on the substrates. Cells were fixed and dried prior to imaging. Briefly, cells were 

washed three times with PBS (Electron Microscopy Sciences, USA) (10 min each), followed 

by primary fixation with 3% glutaraldehyde (Electron Microscopy Sciences, USA) in the 

same buffer for 24 h at 4oC. Cell dehydration was performed using ascending grades of 

ethanol (25%, 50%, 75%, 95%and 100%) for 10 min in each grade. Dehydration in 100% 

ethanol was performed twice to remove all water. Subsequently, samples were immersed in a 

mixture of 100% ethanol and hexamethyl disilazane (HMDS) in descending ratios of 2:1, 1:1 

and 1:2 (100% ethanol: HMDS) for 10 min each. This step was followed by 100% HMDS 

dehydration twice for 10 min each. Samples were then transferred to vacuum desiccators to 
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ensure complete evaporation of the HMDS. Dry specimens were mounted on aluminum 

stubs, coated with gold in an SPI sputtering device for 10 s at 20 mA and examined using a 

LEO 1525 scanning electron microscope at an accelerating voltage of 5 keV.   
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CHAPTER 3   

RESULTS 

3.1 Surface Engineered TNZT for Femoral Head 

3.1.1. Graded TNZT-xB (x= 0, 1 and 2 Wt %) 

The graded alloy fabricated using LENS has been divided into three composition 

regions namely TNZT, TNZT-1B and TNZT-2B.  The cylindrical sample was cut into four 

quarters, one quarter for surface analysis purpose, second one for microstructural analysis, 

third one for wear property measurements and the last one for checking corrosion behavior. 

Further each quarter was cut into three pieces with a fixed composition to study different 

aspects separately on each composition. X-ray diffraction was utilized for surface phase 

analysis of all the three compositions. For simplicity only TNZT-1B case was shown in Fig.  

3.1; further peak analysis of the same was carried out by using Jade7 software. After XRD 

peak identification it is observed that in TNZT, all the peaks were corresponding to beta 

titanium phase only, whereas both TNZT-1B and TNZT-2B samples consists of TiB phase. 

  

 

 

 

 

 

 

 

 

                 Fig. 3.1Surface phase analysis of  TNZT-1B using XRD  
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Samples were prepared for microstructural analysis by mechanical polishing up to 

mirror finish. FEI NOVA Nano SEM 230 was used to analyze the microstructure, 

corresponding back scattered electron images of each sample was shown in Fig. 3.2. From 

the BSE image we can see that Fig. 3.2 (a) which is TNZT shows dendritic microstructure 

which is resultant of the rapid solidification process during LENS deposition. Fig. 3.2 (b) 

which corresponds to TNZT-1B shows evenly distributed fine scale eutectic boride 

precipitates in the matrix.  Whereas microstructure of TNZT-2B, shown in Fig. 3.2 (c) 

consists of coarse needle shaped primary boride precipitates along with the fine eutectic 

borides dispersed in the matrix. Hence makes TNZT-2B, a harder material than TNZT-1B 

and TNZT. 

 

 

Fig. 3.2 Microstructure of graded TNZT-xB  (a) TNZT, (b) TNZT-1B and (c) TNZT-2B 

(High magnification image showing coarse primary boride and fine eutectic boride) obtained 

using SEM. 

 

For further phase analysis, TEM lift out was made from TNZT-2B sample. STEM-

EDS elemental mapping was done on primary boride with titanium, tantalum, zirconium 

elements respectively. Summary of those results are shown in Fig. 3.3. Primary borides form 

with in the liquid beta titanium matrix, which can be seen from the elemetal mapping, where 

the titanium rich and zirconium rich regions might be  corresponding to beta titanium. Further 
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confirmation of this needs to be done, for that SAD  on those regions was done and the 

results are shown in Fig. 3.4. 

 

Fig. 3.3 STEM-EDS elemental mapping of primary boride region from TNZT-2B sample 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4 TEM characterization of TNZT-2B sample showing (a) STEM image of the primary 

boride, (b) Bright Field image of the eutectic boride, SAD of (c) β- Ti and (d) TiB 
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From the literature review it is well understood that wear resistance  is an important 

feature of femoral headof a hip implant. So to understand the wear behavior of the present 

graded alloy TNZT-xB, resiprocating wear tests were conducted in a simulated body  fluid 

medium using two different counter-faces namely, AISI E-52100 stainless steel ball and 

UHMWPE ball respectively. 

For all the three samples, coefficient of friction (COF) Vs time plots were made and 

shown in Fig. 3.3(a). High COF values in all the cases tested against stainless steel ball 

suggest that there is severe friction and likely wear is taking place. 

 

 

 

 

 

 

 

 

Fig. 3.5 Friction behavior of TNZT, TNZT-1B and TNZT-2B samples when tested against (a) 

AISI E-52100 (Stainless Steel) ball and (b) UHMWPE ball in SBF medium. 

The fluctuating nature of the COF suggests the stick and slip nature. SEM 

microstructural analysis of TNZT-1B and TNZT-2B shows the presence of a fairly large 

volume fraction of softer beta titanium phase; this makes them softer than SS ball. Since it is 

not the single hard boride phase which will be in contact with the SS ball there will be a 

severe plastic in both the cases. Similarly as TNZT is a single soft beta phase hence will 

definitely deform plastically when tested against SS ball. SEM examination of substrates 

surface after the wear test confirms the presence of severe plastic deformation involving 
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plowing. Corresponding images are presented in Fig. 3.4. Also it is important to understand, 

what the ball condition is after the test. So, the steel balls were examined under the optical 

microscope and it has been observed that the balls were worn out in a similar fashion for all 

the three cases, with minimal wear of the ball material. Hence it is understood that a hard 

counter-face such as steel ball is not a suitable counter-face to achieve improved wear 

resistance of TNZT-xB.  

 

 

Fig. 3.6 SEM image of the wear track on (a) TNZT, (b) TNZT-1B and (c) TNZT-2B tested 

against AISI E-52100 SS ball; Optical image of the wear track on AISI E-52100 SS ball 

tested against  (d) TNZT, (e) TNZT-1B and (f)TNZT-2B. 

In the current scenario it has been proven that the steel ball is no good as a counter-

face, now it becomes important to understand how a softer counter-face such as UHMWPE 

(which is being used as a lining of acetabular cup of current load bearing implants) would 

affect the friction behavior. Hence UHMWPE balls were used as counter-face against TNZT-

xB samples in reciprocating fretting wear experiments with similar experimental conditions. 
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The corresponding friction plots for TNZT, TNZT-1B and TNZT-2B with UHMWPE 

as counter-face are shown in Fig. 3.3(b). Both TNZT and TNZT-1B have shown a very low 

COF in the steady state where as the TNZT-2B shows a high COF in the steady state. This 

high COF value for TNZT-2B can be explained as follows: presence of coarse needle like 

primary boride particles along with the fine eutectic borides cause continuous severe plastic 

deformation of the soft UHMWPE ball hence the high COF values observed. In the current 

scenario, UHMWPE ball is much softer than all the substrates, this makes the ball get worn 

out in all the cases and no wear tracks can be seen on any of the substrate material. Condition 

of the ball was examined after the test, under optical microscope; corresponding images can 

be found in Fig. 3.5. It can be seen from the optical image of UHMWPE ball used against 

TNZT-1B surface was worn very little when compared to TNZT-2B and TNZT. Also, COF 

of TNZT-1B is 1.6 times lower than the TNZT which suggests that there is very minimal 

friction has taken place and no wear.   The wear debris of the soft UHMWPE will form a thin 

transfer layer which will eventually acts as a solid lubricant hence the lower COF values.  

Hence a relatively softer counter-face such as UHMWPE with an optimized boron 

content in TNZT would actually results in a very minimal friction and almost no wear of 

substrate samples, which means no wear debris. Hence TNZT-1B alloy would be a better 

candidate for the femoral head part in prosthetic hip implants, with UHMWPE being a 

counter-face. 
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Fig. 3.7 Optical image of the wear track on UHMWPE ball tested against (a) TNZT, (b) 

TNZT-1B and (c) TNZT-2B  

In general Titanium alloys are known for the better corrosion resistance properties due 

to the presence of passive oxide layer. But still it is important to know that we are not 

degrading the corrosion properties while improving the wear resistance of femoral head part 

of hip implant. To confirm this, corrosion tests were performed on TNZT, TNZT-1B and 

TNZT-2B samples. For the corrosion test, simulated body fluid (SBF) was used as an 

electrolyte with saturated calomel electrode (SCE) and Graphite were being used as reference 

and counter electrode respectively. Anodic polarization curves were used to analyze the 

corrosion data. And the corresponding anodic polarization plots can be seen in Fig. 3.6. From 

which the following conclusion can be drawn: 

1. Corrosion starts earlier in TNZT-2B when compared to TNZT and TNZT-1B. Also 

from the ECorr values of TNZT and TNZT-1B, it can be seen that TNZT-1B will be 

stable in human body without undergoing any corrosion reaction, for longer periods 

when compare to TNZT.  

2. Though the corrosion reaction starts late in TNZT-1B compared to TNZT, the rate at 

which it will corrode will be more or less comparable with the TNZT. 
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This confirms that the addition of boron in optimal amounts results in achieving 

desirable properties. And TNZT-1B is a good candidate for not only a better wear resistant 

application but also good corrosion resistant properties which are comparable with the 

corrosion properties of TNZT.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

          

Fig. 3.8 Anodic polarization plots of TNZT, TNZT-1B and TNZT-2B in SBF  
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3.1.2 Thermally Treated TNZT (TNZT-O) 

Thermal treatment of TNZT was done as follows: mirror polished TNZT sample was 

placed in a box furnace which is maintained at a temperature of 600oC for 50h in the presence 

of atmosphere. After 50h, the sample temperature was brought down from 600oC to room 

temperature by dropping it in water. One small piece was cut from the side using diamond-

saw for the microstructural analysis of the cross-section of TNZT-O. Surface phase analysis 

of TNZT-O using X-ray diffraction is shown in Fig. 3.9; respective peak identification 

revealed that TNZT-O consists of both α and β phases of Ti, and TiO2 phases. From the peak 

intensities it can be seen that α, β -Ti, TiO2 phases are present in larger volume fraction. 

 

 

 

 

 

 

 

  

 

 

 

 

Fig. 3.9 X-ray diffraction phase analysis of TNZT-O 

0

500

1000

1500

2000

2500

3000

20 30 40 50 60 70 80 90

(1
20

) T
iO

2
(1

10
) T

iO
2

In
te

ns
ity

Angle (2Ө)

(0
00

2)
 α

/  
(1

10
) β

(1
0-

10
) α

(1
0-

12
) α

(2
00

) β

(2
11

) β

(2
20

) β

(2
02

) T
iO

2

(2
00

) T
iO

2

(0
02

) T
iO

2

30 



The cross-sectional sample that was cut for microstructural analysis was polished up 

to 0.03µm with colloidal silica until mirror polish was achieved later it was cleaned for SEM 

purposes. Back scattered electron SEM images of the top surface and the bulk region are 

shown in Fig. 3.10. The top surface shows the presence of a thin layer of TiO2 followed by 

nano scale alpha phase which later becomes coarser in size as goes in to the bulk. This nano 

scale alpha which believed to be enriched in oxygen is commonly known as alpha case layer 

in scientific community, is of an average thickness of ~ 5µm. And the bulk microstructure 

suggests that there is not much alpha phase formation has taken place which means the 

modulus of the bulk has not changed drastically; to confirm the same, Instrumented hardness 

testing (which automatically generates modulus data) was carried out on the cross-sectioned 

sample starting from the top layer and then going in to the bulk, several readings were taken 

along the sample, summary of this can be seen in Table 2.2.  

 

Fig. 3.10 Back Scattered Electron SEM images of cross-sectioned TNZT-O (a) Top layer, 

showing different regions and (b) bulk region 
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For a better understanding of the microstructure, cross-sectional TEM lift out was 

made along the alpha case layer and bulk beta matrix, using focus ion beam milling machine; 

since the thickness of the thermally treated region in TNZT sample is ~ 10-15µm which can 

be seen from the back scattered electron SEM images shown in Fig. 3.10(a). Details of the 

TEM characterization are summarized and shown in Fig. 3.11 and Fig. 3.12. 

 

 

Fig. 3.11 Characterization of TNZT-O using TEM (a) HAADF image of the whole heat 

treated region showing the three regions, Region-I: nano-scale alpha case layer, Region-II: 

Ultrafine scale alpha and Region-III :coarse alpha phase (b) HAADF image showing the nano 

scale alpha present in alpha case layer of Region-I 
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Fig. 3.12 Characterization of TNZT-O using TEM (a) HAADF image showing the fine scale 

alpha and then the coarser alpha present below the alpha case layer (b) STEM image of the 

ultra-fine scale alpha present in Region-II (c) HAADF image showing much coarser alpha 

present in Region-III and (d) SAD pattern  

 

 

 

 

Region-III 
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Wear behavior of TNZT-O was studied using reciprocating wear tester with AISI E-

52100 SS ball and UHMWPE ball as counter-faces in SBF medium at 1N load, and the 

corresponding friction behavior is shown as COF vs. time plot in Fig. 3.13.  For comparison 

purpose, friction behavior of TNZT is also shown in the figure. And it can be seen that the 

thermal treatment of TNZT has definitely improved the friction behavior of TNZT. Friction 

behavior of TNZT-O against SS ball as shown in Fig. 3.13(a)., shows an initial high COF 

which later drops down to a lower value; this can be explain as follows: the initial high COF 

is due to the encounter of hard TiO2 phase with hard SS ball and the possible explanation for 

lowering of the COF is breakage of the hard TiO2 phase and now the hard SS ball is now 

encountering the alpha case layer which consists of nano scale alpha along with the beta 

matrix. . Friction behavior of TNZT-O against UHMWPE ball is shown in Fig. 3.13(b)., from 

which it can be seen that during the run in period the COF of TNZT-O was high but soon 

after some time it reached a steady state with a very low COF value. This low COF values 

represent that the wear is likely minimal when compared to base TNZT. 

 

 

 

 

 

 

 

 

 

Fig. 3.13 Wear behavior of TNZT-O and TNZT against (a) AISI E-52100 SS ball and (b) 

UHMWPE balls at 1N load in SBF 
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After the wear test, TNZT-O sample and the Balls were examined under an optical 

microscope and the corresponding results are presented in Fig. 3.14.  From which it is evident 

that the SS ball has worn out much compared to TNZT-N substrate which is reverse in case 

of TNZT; where TNZT substrate had undergone severe plastic deformation compared to the 

SS ball. In case of UHMWPE counter-face, no wear scar was observed on both the substrates 

as they both are much harder than the UHMWPE Ball; and the UHMWPE Ball wear was less 

in case of TNZT-O sample than TNZT sample suggests less friction behavior.  

 

Fig. 3.14 Optical images of wear scar on (a) AISI E-52100 SS ball tested again TNZT, (b) 

SEM image of the wear scar on TNZT tested against SS ball; optical images of wear scar on 

(c) AISI E-52100 SS ball tested again TNZT-O (d) wear scar on TNZT-O tested against SS 

ball; wear scar on UHMWPE ball tested against (e) TNZT & (f) TNZT-O 
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Corrosion behavior of the thermally treated TNZT was studied using anodic 

polarization technique using the similar experimental conditions mentioned in Chapter 2.  

And the corresponding results are plotted and shown in Fig. 3.15 and it shows an excellent 

corrosion resistant. It can also be seen that the corrosion reaction not only starts at a later 

stage but also the corrosion current is low which means the corrosion rate is very minimal as 

compared to base TNZT. This nature can be explained by the continuous layer of the TiO2 

layer present on the TNZT-O substrate. In general Ti alloys are known for excellent corrosion 

resistance due to the oxide layer (which is generally of few nm thickness) present on them, so 

in the case of TNZT-O, thickness of the oxide layer is ~900 nm which gives the corrosion 

resistance for longer time periods.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.15 Anodic polarization curves of TNZT and TNZT-O in SBF 
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3.1.3 LASER Nitriding of TNZT (TNZT-N) 

TNZT substrates of dimensions 50mm*20mm*3mm was mechanically polished up to 

600 grit silicon carbide emery paper and cleaned using acetone for LASER nitriding. 

Processing conditions are as following: power of 500W, scan speed of 300mm/s, hatch width 

of 0.1mm and a beam spot diameter of 0.6mm. From here on wards the corresponding sample 

will be addressed as TNZT-N. After the Laser processing the sample was in golden color 

which is an indicative of TiN phase. To make sure its presence surface phase analysis using 

XRD was done on TNZT-N. Corresponding phase analysis is shown in Fig. 3.16. It indeed 

shows the presence of TiN along with a small volume fraction of α Titanium phase. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.16 X-ray diffraction phase analysis of TNZT-N 

 

 

 

37 



Small piece of TNZT-N was cut using diamond saw and mechanically polished till 

mirror finish and cleaned in acetone for microstructural analysis using SEM. And the 

respective images of the same are presented in Fig. 3.17. The LASER processing has resulted 

in a rough surface which can be seen from the figure. Also, microstructure of the TNZT-N 

can be divided into three regions, where ultra-fine black platelets present is Region-I, below 

which is Region-II, a heat affected zone resulting in a dendritic microstructure and below 

which is the Region-III, an unaffected bulk beta matrix.  Ultra-fine black platelets present in 

Region-I, can be either alpha phase of Titanium or a TiN phase. In the back scattered electron 

SEM image, heavier elements look brighter than lower atomic elements. Hence the black 

platelets can’t be β titanium phase as it contains all the heavier elements which will makes it 

look bright in the SEM image. To understand the elemental distribution of that particular 

feature, EDS elemental mapping was carried out, but due to limitation of EDS for the low 

atomic nitrogen, the signal was not good and could not identify what phase it is.  

 

 

Fig. 3.17 Back Scattered Electron SEM images of TNZT-N (a) Low magnification (b) High 

resolution image 
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It is important to understand the microstructural evolution in order to correlate 

properties to the microstructure. Using SEM, we could not identify the black platelets present 

in Region-I, whether they are α Ti phase or TiN phase. Similarly the phase present in inter-

dendritic region of Region-II. For this purpose, a cross-sectional TEM lift out consists of all 

the three regions was prepared using FIB. The TEM foils were characterized using a FEI 

Tecnai G2 F20 STEM. Corresponding results are summarized in Fig. 3.18. Bright field image 

consists of all the regions, dark field image showing the specific features like black platelets 

in Region-I and the inter dendritic regions of Region-II, also a SAD pattern of  a region 

where both beta titanium matrix and TiN precipitate are present were taken. Region-I and 

Region-II are marked in the bright field TEM image, further the dark field image of Region-I 

reveal that the ultra-fine black platelets are actually TiN phase surrounded by alpha Ti phase 

which are embedded in beta titanium matrix.  Similarly the dark field image of Region-II, 

focuses on inter dendritic region which shows the presence of alpha Ti precipitates along 

inter- dendritic regions. In Fig. 3.18(b) alpha precipitates present in inter dendritic region are 

highlighted since they are in zone hence the alpha precipitates present in the other inter 

dendritic regions are not visible due to their different orientation. SAD pattern in Fig. 3.18(d) 

shows the co-existence of (111) zone axis of TiN and (110) zone axis of beta titanium phase.  

Based on the TEM results, microstructure of TNZT-N can be divided into three 

regions. Region-I contains uniform distribution of ultra-fine TiN phase which is kind of 

wrapped by alpha Ti phase and these are present in the beta titanium matrix. Region-II is the 

heat affected zone which has a dendritic microstructure resultant of the rapid solidification 

and these dendrites are identified as beta matrix and also inter dendritic regions are forming 

fine scale alpha. Region-III is the unaffected bulk region of TNZT. 
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Fig. 3.18 TEM characterization of TNZT-N as follows: (a) BF image showing all the three 

regions (b) DF image showing the presence of alpha phase along the inter dendritic region of 

Region-II (c) DF image of Ultrafine black platelets in Region-I and (d) SAD showing overlap 

of both [110] zone axis of bcc Ti matrix and [111] of TiN phase. 

 

Wear behavior of TNZT-N was studied using reciprocating wear tester using the 

similar experimental conditions and AISI E-52100 SS ball and UHMWPE ball as counter-

faces. The corresponding friction behavior is shown in Fig. 3.19. In case of SS ball, friction 

behavior of TNZT-N sample was tremendously improved as compared to TNZT whereas in 
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case of UHMWPE counter-face surprisingly the TNZT-N sample had high COF values; in 

fact the friction behavior was worse than the base TNZT. This fluctuating and high COF 

values can be explained by the surface roughness of the hard TiN phase caused during the 

LASER processing.  

 

 

 

 

 

 

 

 

Fig. 3.19 Wear behavior of TNZT-N and TNZT against (a) AISI E-52100 SS ball and (b) 

UHMWPE balls at 1N load in SBF. 

After the wear test the both the balls and substrates were examined under optical/ 

scanning electron microscope and the results are shown in Fig. 3.20. The SS ball tested 

against TNZT-N was worn out severely and the TNZT-N substrate has shown minimal wear 

when compared to the severe plastic deformation taken place on TNZT. In case of UHMWPE 

ball, as usual no wear scar on the substrates was observed as UHMWPE ball is way softer 

than the substrate materials. But due to the huge surface roughness of TNZT-N sample severe 

wear of the UHMWPE ball has taken place than the TNZT substrate. 
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Fig. 3.20 Optical images of wear scar on (a) AISI E-52100 SS Ball tested again TNZT, (b) 

SEM image of the wear scar on TNZT tested against SS Ball; optical images of wear scar on 

(c) AISI E-52100 SS Ball tested again TNZT-N (d) wear scar on TNZT-N tested against SS 

Ball; wear scar on UHMWPE Ball tested against (e) TNZT and (f) TNZT-N. 
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Corrosion behavior of the TNZT-N has studied using the same Anodic Polarization 

technique which was used for all the other samples. The Anodic Polarization curves suggest 

that the TNZT-N sample is stable at higher voltages when compared to base TNZT sample as 

can be seen from the corresponding Anodic Polarizations curves that are shown in Fig. 3.21; 

not only that the corrosion rate which is defined by the ICorr  is also low when compared to 

TNZT.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.21 Anodic polarization curves of TNZT and TNZT-N in SBF. 

Summary of wear behavior of surface modified TNZT samples for femoral head part 

are shown in Fig. 3.22. From the figure it is evident that except for TNZT-N and TNZT-2B 

samples all the other surface modified samples have shown definite improvement in the wear 

resistance than that of the base TNZT when tested against UHMWPE ball. Whereas 
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improved wear resistance was achieved against hard SS Ball for TNZT-N and TNZT-O 

materials.  Since the surface roughness of the TNZT-N sample is not comparable to the rest 

of the samples it will not be appropriate to compare its friction behavior with the other 

materials. By optimizing the LASER processing parameter, a smoother surface could be 

achieved which might result in improved wear resistance. 

 

 

 

 

 

 

 

 

Fig. 3.22 Summary of wear behavior of TNZT, TNZT-N, TNZT-1B, TNZT-2B and TNZT-O 

tested against (a) UHMWPE ball and (b) AISI E-52100 SS ball at 1N in SBF  
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Similarly summary of the corrosion behavior of all the surface modified TNZT 

samples for femoral head are presented in Fig. 3.23. The corresponding Anodic Polarization 

curves show that all the samples are having excellent corrosion resistance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.23 Summary of Anodic Polarization curves for TNZT, TNZT-1B, TNZT-2B, TNZT-N 

and TNZT-O in SBF. 
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For comparison purposes summary of the results of wear and corrosion properties are 

tabulated and shown in Table 3.1.   

 Table.3.1. Summary of wear and corrosion properties of TNZT-xB, TNZT-O and TNZT-N.  

 

S.No Sample 
Voltage 

(ECorr , 

mV) 

Current 

(ICorr, 

nAmp/cm2) 

Corrosion 

rate  

(*10-3mpy) 

COF 

(with 

UHMWPE Ball 

in SBF at 1N) 

COF 

(with AISI E-

52100 SS Ball in 

SBF at 1N) 

1 TNZT -313.7 126.5 13.6 0.1±0.02 1.07±0.31 

2 TNZT-

1B 

-226.3 220.1 12.3 0.05±0.005 
1.08±0.17 

3 TNZT-

2B 

-375.8 432.2 22 0.3±0.04 0.92±0.4 

4 TNZT-O -104.1 21.74 0.43 0.05±0.002 0.5±0.12 

5 TNZT-N -50.4 91.74 1.97 0.3±0.11 0.32±0.1 
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3.2 Surface Engineered TNZT for Femoral Stem 

3.2.1 LASER Treated Ca-P coated TNZT 

LASER processing of the Ca-P coated TNZT substrates were prepared using three 

different hatch widths namely 0.1mm, 0.2mm, and 0.3mm. From here on wards the 

corresponding samples would be addressed as TNZT-CaP0.1mm, TNZT-CaP0.2mm and TNZT-

CaP0.3mm respectively. Main aim of the Laser processing of the Ca-P coated TNZT samples is 

to achieve a better metallurgical bond between the coating and the base TNZT. Surface 

nature of the processed samples is very important since the ultimate purpose of the samples is 

to enhance the bonding between implant and the surrounding remodeling bone. Hence a basic 

surface phase analysis is carried out using X-ray diffraction.  

Fig. 3.24  X-ray diffraction phase analysis of TNZT-CaP and TNZT 
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Fig. 3.24 shows the various phase presence in the processed sample. Only one case of 

TNZT-CaP is shown in the figure for simplicity and clarity purposes. From the above figure 

it is clear that the CaP coated TNZT sample predominantly exhibits a mixture of CaTiO3 and 

Ti3P phases together with a small volume fraction of Ca3(PO4)2 and β-Ti phase. One 

important feature needed for good Osseo-integration is the sample wettability inside the 

body. For checking that wettability test was done on all the processed Ca-P coated TNZT 

samples using SBF as wetting media. The corresponding results are mentioned in Table 3.2. 

TNZT-CaP0.2mm is having the lowest wettability angle which means it has the high chances of 

achieving good Osseo-integration properties which need to be checked further. Small piece 

was cut using diamond-saw cutter for the microstructural analysis of the coatings. 

Microstructure of the cross section of all the processed samples is more or less looking the 

same, so for simplicity only one condition images are shown in Fig. 3.25. The secondary 

Electron image of TNZT-CaP0.2mm shows that the Ca-P coating and the base TNZT are 

having a good adhesive metallurgical bond without any pores or cracks. Based on the 

microstructure, the processed sample can be divided into three regions. Region-I is the Ca-P 

coating, Region-II is the heat affected zone and Region-III is the unaffected base TNZT. Heat 

affected zone shows the common dendritic microstructure of the beta titanium resultant of the 

rapid solidification. The typical thickness of the coating is ~50µm and for the heat affected 

zone it is ~100µm. The above values are approximated values, if we consider each case 

separately then TNZT-CaP0.1mm shows very smooth surface of coating and HAZ whereas 

TNZT-CaP0.2mm and TNZT-CaP0.3mm  show surface with ridges. This suggests that the change 

in the hatch width can alter the surface roughness of the processed samples. Hence the 

processing parameters play an important role in achieving good osseo-integration properties 

for the Ca-P coated TNZT sample. 
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Fig. 3.25 Microstructure of TNZT-CaP0.2mm (a) Secondary Electron SEM image showing the 

Ca-P coating and the heat affected zone, BSE SEM image shows (b) Ca-P coating and (c) 

heat affected zone.  

To understand the elemental distribution in the coating and heat affected regions, 

SEM-EDS elemental mapping was done for calcium, phosphorus, niobium and oxygen. 

Summary of those results are presented in Fig. 3.26. If a particular region is highlighted for 

an element that means that particular element is rich in that specific region. Based on this 

concept, just by looking at the images it can be understood which element is rich in which 

region.  

From the figure it is evident that the calcium is richer in the coating region only there 

no diffusion of calcium beyond the coating regime. Whereas phosphorus is uniformly 
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distributed not only in the coating region but also in the heat affect region which suggests that 

phosphorus is diffusing into the HAZ. So it is important to understand what kind of phases it 

is forming and their evolution. In case of oxygen mapping we can see a very thin layer of 

oxygen rich region which might be due to oxide formation during the LASER processing 

which was done in the presence of atmosphere. Finally the niobium mapping suggests that it 

is richer in HAZ and is absent in the coating regime which perfectly make sense since there is 

no niobium element present in the coating.  

 

Fig. 3.26 SEM-EDS elemental mapping for TNZT-CaP0.2mm 
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Phase distribution in the LASER processed Ca-P coated TNZT samples were studied 

using TEM. For this purpose two TEM samples from Layer 1 and Layer 2 were prepared 

using FIB. Corresponding results from Layer 1 TEM sample are shown in Fig. 3.27.  

 

Fig. 3.27 For TNZT-CaP0.2mm sample (a) SE image showing the coating region (marked as 

Layer 1) and the HAZ (marked as Layer 2), (b) DF image of the TEM sample made from 

Layer 1, corresponding SAD pattern belongs to (c) CaTiO3 phase and (d) TiN phase. 
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SAD patterns obtained from Layer 1 TEM sample confirm the presence of TiN and 

CaTiO3 phases. STEM-EDS elemental mapping was also carried out to see the elemental 

distribution. Mapping of calcium, phosphorus and titanium elemental were shown in Fig. 

3.28. This suggests that the LASER processed Ca-P coating consists of CaTiO3 phase along 

with the ultra- fine TiN and Ti3P phases as well. Presence of Ti3P phase can be seen from the 

figure where the regions which are rich in both titanium and phosphorus, similarly presence 

of TiN can also be seen by the titanium rich regions which was further confirmed by the 

SAD. Precipitates marked as TiN does not have a nitrogen mapping showing that it is rich in 

that region, this is due to the low atomic number of nitrogen which is a STEM-EDS 

limitation. In summary, dark field image shows the precipitates, the corresponding SAD 

patterns confirm respective phases and as by using the STEM-EDS elemental mapping, 

elemental distributions in those particular phases were identified. From the above results it is 

clear that Layer 1 of the Laser processed Ca-P coated TNZT consists of CaTiO3 phase along 

with ultra-fine precipitates of Ti3P and TiN phases. 

 

Fig. 3.28 STEM-EDS elemental mapping of the TEM lift-out made from Layer 1. 

From the SEM micrographs it was clear that Layer 2 is a Heat Affected Zone which 

consists of dendritic microstructure.  Further detailed phase analysis of Layer 2 was carried 

out by using TEM. Analysis of TEM characterization of lift out made from Layer 2 is shown 

in Fig. 3.29. 
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Fig. 3.29 SEM images of TNZT-CaP0.2mm showing (a) Coating and Heat affect regions 

marked as Layer1 and Layer 2 (b) Site specific TEM lift-out from Layer 2; TEM 

characterization of the lift out made from Layer 2 showing Dark Field images of (c) dendritic 

regions and (d) inter dendritic regions. 
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Fig. 3.30 TEM characterization of TEM lift-out made from Layer 2 showing (a) Dark Field 

image, SAD pattern of (b) Ti3P phase from inter dendritic region and (c) β Titanium phase 

from the dendritic region. 

Dark Field images of dendritic and inter-dendritic regions corresponding to Layer 2 

are shown in Fig. 3.29(c &d). To find out what phases are present in those regions, SAD 

patterns were obtained, after analyzing the SAD patterns it was confirmed that the dendritic 

regions have beta Titanium and the inter-dendritic regions consists of Ti3P phase.  

STEM-EDS elemental mapping of Layer 2 consisting dendritic and inter dendritic 

regions have been done. Summary of those results are as shown in Fig. 3.31. Mapping of 
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titanium, niobium, calcium and phosphorus elements were obtained. From the Dark Field 

images and the corresponding SAD analysis of the dendritic and inter-dendritic regions, it is 

already known that the dendritic region is having beta titanium phase and the inter dendritic 

is mainly formed by Ti3P phase. This can also be seen from the elemental mapping, where 

inter dendritic regions are rich in both titanium and phosphorus only, similarly the dendritic 

regions are rich in titanium and niobium and no trace of calcium and phosphorus  assuring the 

SAD phase analysis. This means phosphorus from calcium phosphate coating is diffusing 

into Layer 2 forming a Ti3P in the inter-dendritic regions. From the STEM-EDS elemental 

mapping, DF images and SAD Analysis, following phase evolution might have happened. 

After the LASER processing the Ca-P coating forms CaTiO3 and also consists of ultra-fine 

precipitates of TiN and Ti3P phases in Layer1 and after that phosphorus diffuses further into 

the matrix forming Ti3P phase along the inter-dendritic regions in Layer 2. 

 

 

Fig. 3.31 STEM-EDS elemental mapping of TEM lift-out made from Layer 2. 

3.2.2 LASER Treated TNZT 

For the present case all the LASER processing parameters were kept same except for 

the hatch width; Hatch width of 0.2mm was selected based on the results obtained in TNZT-

CaP samples. TNZT substrates of dimensions 50mm*20mm*3mm were mechanically 

polished up to 600 grit silicon carbide  emery paper and then later cleaned with acetone to get 
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rid of any grease or dirt present on the sample surface. This sample was also subjected to 

surface phase analysis using X-Ray Diffraction. Peak identification was done using Jade 

software and the corresponding phase analysis is presented in Fig. 3.32. XRD peak analysis 

shows that the Laser treated TNZT consists majorly of β-Titanium, TiN and TiO2 phases.  

 

Fig. 3.32 X-Ray Diffraction phase analysis of LASER treated TNZT. 

After the LASER processing the samples were subjected to wettability test using SBF 

to check whether the Laser processing has any effect on its wettability. And there is definitely 

an improvement in the wettability, since the initial condition (i.e., mechanically polished up 

to 600 grit silicon carbide emery paper) of the sample is smoother than the Laser processed 

TNZT where one can see the ridges on the surface. Hence the improved wettability of Laser 

processed TNZT when compared to base TNZT. 

Microstructural analysis of the cross-sectioned LASER processed TNZT shows 

mainly two regions, one the heat affected zone and the unaffected bulk TNZT region. In the 

heat affected zone we can see the trademark dendritic structure of the β titanium due to the 
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rapid solidification taking place during the LASER processing. An average thickness of the 

heat affected zone is ~ 40-50µm.  

 

 

Fig. 3.33 Back Scattered Electron SEM images at (a) low magnification (b) high 

magnification, showing the Heat Affected Zone in LASER treated TNZT. 

Corrosion behavior of all the surface engineered TNZT samples prepared for femoral 

stem application is studied using anodic polarization tests in SBF medium. Summary of all 

those results are presented in Fig. 3.34 for comparison purpose. This shows that among all the 

samples TNZT-CaP0.2mm  sample has best corrosion resistance which is evident from not only 

the lower corrosion voltage and current but also the corrosion rate emphasizes the excellent 

corrosion resistance of TNZT-CaP0.2mm sample. The worse corrosion behavior of the TNZT-

CaP0.3mm  sample can be explained by the highly rough surface, presence of cracks resultant of 

the high value of the hatch width used in LASER processing. 
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Fig. 3.34 Summary of anodic polarization curves to analysis the corrosion behavior of all the 

surface engineered TNZT samples for femoral stem application. 
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For better idea of the Osseo-integration properties of the femoral stem parts, the 

corrosion properties and the contact angle measurements correspond to the entire LASER 

processed TNZT and Ca-P coated TNZT samples were summarized and shown in Table 3.2. 

Table.3.2. Summary of corrosion properties and wettability of surface engineered TNZT for 

femoral stem application. 

 

 

 

 

 

 

Sample 
Voltage 

 (Vo , mV) 

Current  

(Io, nAmp/cm2) 

Corrosion rate  

(*10-3mpy) 

Contact Angle 

(Ө) 

TNZT Base alloy -421.7 426.5 170.1 
 

56.5±6.4 

TNZT-CaP0.1mm -402 368.1 159.8 43.3±5.9 

TNZT-CaP0.2mm -252 40.85 37.62 41.7±6.0 

TNZT-CaP0.3mm -620 1560.0 845.0 49.7±5.7 

TNZT-LT -413.6 1425.1 271.2 
 

53.6±4.5 
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3.2.3 Cellular Behavior 

Apart from the microstructural analysis, corrosion behavior and surface wettability, 

cellular behavior of the LASER processed TNZT and Ca-P coated TNZT is important to 

understand. As it determines whether the implant material would do justice to its role or not 

once it is implanted inside the body. In the current study mouse MC3T3-E1 pre-osteoblasts 

(ATCC, USA) were used to study cell attachment& viability and cell morphology as well.  

 

 

Fig. 3.35 Live/dead staining of MC3T3-E1 cells after 24 h incubation on (a) TNZT, (b) 

TNZT-LP and (c) TNZT-CaP 
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For the cellular behavior studies, three sets of samples were selected namely, TNZT, 

TNZT-CaP0.2mm and TNZT-LP. Among the LASER processed Ca-P coated TNZT samples, 

TNZT-CaP0.2mm was chosen due to its better corrosion resistance and highly hydrophilic 

nature suggested by the corrosion rate and low contact angle measurements respectively. 

When implanted the first thing that the femoral stem component of a hip implant encounters 

is the Osteoblast cells of the surrounding bone. And it is important to form cell attachment 

and eventually a proper bonding between the femoral stem and bone to make sure the 

longevity of the implant. Hence it becomes absolutely necessary to know the behavior of the 

implant material towards cell attachment and growth of the cells.  

Summary of the cell attachment and viability of live/dead cell staining images shown 

in Fig. 3.35 indicates that a number of cells were attached to the TNZT and the surface 

modified TNZT substrates after 24 h incubation in growth medium. Also, no dead/disrupted 

cells can be seen from the figure. This suggests of good initial adhesion and high viability for 

all the tested samples. The amount of cell attachment at 24 h did not change significantly 

among the tested samples.  

Dehydrated cells after 24h of growth were subjected to cell morphology. Dehydrated 

samples were gold coated for SEM observations. Summary of their morphology on each 

condition of TNZT sample is as shown in Fig. 3.36. In all the cases cells have shown 

cytoplasmic extensions in multiple directions, some of which were not completely extended 

on the surfaces; though the polygonal shapes of the cells are different on the different 

samples. Absence of the cell orientation along grooves was found. Cells mainly extended 

their cytoplasmic extensions over the entire surface.  
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Fig. 3.36 SEM secondary electron images for cell morphology after 4h of seeding on (a) 

TNZT, (b) TNZT-LP and (c) TNZT-CaP respectively. 
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CHAPTER 4 

 DISCUSSIONS 

Main aim of the surface modification is just to modify the microstructure on the 

surface which eventually alters the material properties as desired for a particular application 

without changing any bulk properties. In the current study techniques like LASER nitriding, 

thermal treatment and reinforcement of hard particles such as borides have been adopted to 

improve the wear resistance of the femoral head component of a hip implant. Results of 

Instrumented hardness tester on surface modified regions and bulk region confirms that the 

bulk mechanical properties do not change due to the surface modifications. Whereas 

techniques like LASER processing of Ca-P coated TNZT and LASER processing of TNZT 

were done to achieve better osseo-integration properties of TNZT, the new low-modulus 

beta-titanium alloy.  

4.1 Surface Engineered TNZT for Femoral Head 

4.1.1 Wear Behavior 

In case of UHMWPE counter-face, boride reinforcement in TNZT has shown an 

improved wear resistance up to the addition of 1 Wt% B, beyond this has been shown to be 

detrimental. This increase of wear in TNZT-2B sample can be explained based on the 

continuous and severe plastic deformation of the soft UHMWPE ball due to the presence of 

the coarse needle like primary borides during the reciprocating motion. In TNZT-1B, 

presence of fine eutectic boride increased the hardness of the material but still there is not 

much change in the elastic modulus value when compared to base TNZT sample; this can be 

attributed to the fact that there is a large volume fraction of soft beta titanium phase present 

along with the eutectic boride particles in TNZT-1B.  
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In SS ball as counter-face, the wear behavior was equally worse in all the 

compositions of TNZT-xB. Reciprocating motion between hard counter–face such as SS ball 

and the soft counter-face as in TNZT-xB (x=0,1 and 2) results in a severe wear of the softer 

material. Besides it is a metal on metal contact case which would result in adhesion micro 

wear mechanism involving stick and slip region, which can be seen from the fluctuating 

nature of the COF curves.  

Hence TNZT-1B sample is proven to have an improved wear resistance than the base 

TNZT when tested against UHMWPE. Absence of the coarse primary borides and at the 

same time presence of fine eutectic Borides made TNZT-1B sample, hard enough to achieve 

better wear resistance than TNZT and TNZT-2B. 

Generally thermal treatments would result in total change of microstructure, but in the 

present scenario formation of nano scale alpha (referred as alpha case layer in the literature) 

on the TNZT surface would prevent the further oxidation of the whole sample, except for the 

nucleation of alpha precipitates on the defects or dislocations present in the bulk. Refined 

microstructure always does not mean a stiff material. In the TEM characterization, Dark Field 

image of the alpha case layer shows the presence of beta matrix in between the nano scale 

alpha precipitates. This soft bcc beta-Ti matrix would slip and acts as a solid lubricant when a 

load is applied. In case of SS ball counter-face, the initial high COF can be attributed to the 

fact that the encounter of hard TiO2 phase with hard SS ball, results in less contact area and 

high shear strength results in high friction force hence high COF value. Lowering of the COF 

after sometime can be explained by the solid lubricant action of soft beta titanium phase 

present in the alpha case layer as the SS ball will be encountering the alpha case layer once 

the oxide layer breaks down.  

In case of UHMWPE ball counter-face, the initial high COF during the run in period 

can be attributed to the large contact area and low shear strength resultant of soft UHMWPE 
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ball encountering hard TiO2 phase causing the high friction force hence the high COF. 

Further the lower COF in steady state can be explained as follows: in the current scenario, 

deformation of only the soft UHMWPE will takes place, and the wear debris of the soft 

UHMWPE forms a thin transfer layer which would eventually act as a solid lubricant and 

lowers the COF.  Hence improved wear resistance was achieved in TNZT-O sample when 

tested against both SS ball and UHMWPE ball. 

In case SS ball vs. TNZT-N, the hard TiN phase encountering the hard SS ball results 

in low contact area and low shear strength results in low friction force hence the lower COF  

when compared to TNZT-B and TNZT-O.  

  Among all the surface modified TNZT samples, except for the TNZT-N sample both 

TNZT-O and TNZT-1B samples have shown a definite improvement in the wear resistance 

when compared to base TNZT sample when tested against UHMWPE ball. Ideally TNZT-N 

should exhibit an improved wear resistance due to the hard TiN phase formation on the 

TNZT surface during Laser processing in Nitrogen atmosphere. But the reverse nature of the 

very high coefficient of friction values obtain in the present study can be explained by the 

surface ridges formed on TNZT surface due to the Laser processing. Since the initial surface 

roughness of the substrates is not the same it is not appropriate to compare its wear behavior 

with other materials. This issue can be addressed by optimizing the Laser processing 

parameters, which might result in a much smoother surface with the presence of hard TiN 

precipitates leads to better wear resistance. This needs to be addressed in future.  

 Since UHMWPE is a softer material than all the surface modified TNZT samples 

made it worn out when tested against them. For a best combination of substrate vs. counter-

face, just achieving minimal wear of femoral head part is not sufficient; there should be 

minimal wear of the counter-face as well. Based on this, TNZT-1B Vs UHMWPE can be 

considered as the best combination in the present scenario.   
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4.1.2 Corrosion Behavior  

For the femoral head part of a load bearing prosthesis, along with having an excellent 

wear resistance, it is also important to make sure that it doesn’t have any adverse effects 

when it is implanted in the human body. For the same reason corrosion behavior of all the 

surface modified TNZT samples was studied using anodic polarization technique in a SBF 

medium. Summary of the anodic polarization curves for all the surface modified TNZT 

samples for femoral head part suggests that corrosion resistance of all the samples are way 

better than base TNZT.  This means there will not be any adverse reaction in the body when 

these surface modified TNZT samples are implanted inside the body. In general titanium 

alloys are known for their excellent corrosion resistance and this behavior is attributed to the 

fine layer of oxide present on their surface. Hence the exceptionally good corrosion resistance 

of the TNZT-O sample can be attributed to the presence of nano scale alpha case layer 

beneath the oxide layer that formed during the thermal treatment. TNZT-2B shows a poor 

corrosion resistance when compared to TNZT-1B, which can be explained by the presence of 

mixture of phases with the electro-potential difference, (which is the driving force for an 

accelerated attack on the anode member of the galvanic couple) hence might lead to galvanic 

corrosion. This makes TNZT-1B a more suitable material for femoral head application from 

the corrosion point of view as well. Though the surface roughness deteriorated the wear 

resistance of TNZT-N, it did not affect its corrosion resistance which is evident from the 

minimal corrosion rate measured. Hence by working on LASER processing parameters if one 

can achieve a smooth surface finish for TNZT-N sample which would make it a better 

resistant material. Future work in this direction would make TNZT-N a better combination 

for the femoral head material.  
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4.2 Surface Engineered TNZT for Femoral Stem 

To be a successful femoral stem it is important to form a proper bond with the 

surrounding remodeling bone and also should not form any adverse corrosion products which 

would affect the attachment of it to the bone. So, in the current study TNZT the low modulus 

beta-titanium alloy was surface engineered. In which the TNZT samples were coated with 

Ca-P and then later LASER processed those samples to achieve an adhesive metallurgical 

bond between the coating and the TNZT substrate. 

4.2.1 Corrosion Behavior 

While forming a cellular attachment and eventually leading to proper bonding with 

the surrounding remodeling bone, it is also important for the femoral stem material to have an 

excellent corrosion resistance.  Hence the corrosion behavior of all the surface modified 

TNZT samples for femoral stem application in a hip implant was studied using anodic 

polarization technique.  Summary of the corrosion results reported in Fig. 3.34 and Table 3.2 

shows that the TNZT-CaP0.2mm sample is having the excellent corrosion resistance when 

compared with base TNZT material. Whereas both TNZT-LT and TNZT-CaP0.3mm samples 

corrosion properties are poorer than base TNZT, which makes them unfit for the femoral 

stem application. One possible reason for this poor corrosion resistance might be due to the 

macro crack formation on their surface during LASER processing resulting in deteriorated 

corrosion properties. There are two important factors which decides the corrosion rate and 

hence the corrosion resistance; those are firstly, the starting voltage, voltage at which the 

corrosion reaction takes place and secondly, corrosion current which shows the rate at which 

the corrosion reaction takes place.  TNZT-CaP0.1mm, TNZT and TNZT-LT samples are having 

starting voltage in the same range but the corrosion current is in the increasing order makes 

their corrosion rate also in increasing order. Very high values of starting voltage as well as 

the corrosion current values make TNZT-CaP0.3mm sample a worse case for femoral stem 
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application. On the same note, very low values of starting voltage and corrosion current 

values makes TNZT-CaP0.2mm sample the best suitable material for femoral stem application.  

4.2.2 In vitro Studies 

4.2.2.1 Cell Attachment and Viability 

In all the cases good number of cell attachments was observed. This can be attributed 

to the hydrophilic nature of the sample surfaces which can be confirmed from the surface 

wettability values with contact angle < 90o as reported in Table 3.2. In the current study the 

surface roughness in all the cases is more or less similar, hence it does not have any or 

minimal influence on the cell attachment. 

4.2.2.2 Cell Morphology 

In the literature it has been reported that certain step sizes were seem to be recognized 

by the cells; also they orient themselves along the grooves63,64. But in the current scenario 

none of the samples have shown any kind of particular cell orientation and the cells seem to 

spread in multiple directions suggests low groove-ridge amplitude. In case of TNZT-CaP0.2mm 

sample connectivity of the cell arms with the surrounding cells has been observed which 

believes to be due to the communication between the cells which are near. This nature was 

absent in case of both TNZT and TNZT-LT samples.  
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CHAPTER 5  

CONCLUSIONS 

In this study, an attempt was made to improve the wear resistance and osseo-

integration of TNZT, a new low-modulus beta titanium alloy for load bearing prosthesis. 

Surface modification techniques were adopted to achieve the present goals. Since, the bulk 

properties of the alloy will be unaffected through these techniques hence there will be no 

stress-shielding issue. Hardness and elastic modulus values obtained from surface modified 

regions and the bulk regions using instrumented hardness tester further confirms that there is 

no or minimal change in the bulk mechanical properties.  

For improving wear resistance, the following methods were adopted: fabrication of a 

graded alloy TNZT-xB (x=0, 1 and 2 wt %) using LENSTM, thermal treatment of TNZT and 

LASER nitriding of TNZT. Among the above, though both TNZT-O and TNZT-1B samples 

have shown excellent wear resistance and corrosion resistance, TNZT-1B sample can be 

selected as the suitable alloy composition for Femoral Head component; since it has lower 

ball wear when tested against UHMWPE ball, compared to TNZT-O sample. 

For improving osseo-integration, surface modification technique of LASER 

processing was done on calcium phosphate coated TNZT samples and TNZT samples. 

Though all the samples were shown better cell attachment and viability, TNZT-CaP0.2mm 

sample was chosen as a candidate material for femoral stem component; Due to its excellent 

corrosion resistance, better surface wettability and also spreading of the cell arms in multiple 

directions and making cellular connections with the surrounding cells. 
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