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PREFACE

Titanium and its alloys are widely used in biomedical implants owing to their exceptional
biocompatibility, corrosion resistance, and mechanical strength; however, their inherent hardness,
low wear resistance, and chemical inertness present significant challenges in achieving the
required surface finish and ensuring long-term functionality. To overcome these limitations and
develop high-quality, damage-free, and functional implant surfaces, this research uses an eco-
friendly chemical combination of citric acid and hydrogen peroxide for surface modification of Ti
alloys. First, a finishing process of Ti64 alloy was developed using a chemo-mechanical magneto-
rheological (CH-MR) process to enhance the surface finish. Second, a surface modification of Ti64
alloy by thermochemical process (THCP) to improve the mechanical properties, biocompatibility,
and bioactivity. The contents of the thesis are as follows:

First chapter: -

This chapter introduces Ti alloys, highlights their applications in biomedical implants, and
classifies surface finishing techniques, with particular emphasis on nano-finishing processes to
achieve superior surface quality for implant components. It further outlines the existing challenges
and research gaps in improving the surface roughness of Ti alloys and presents the motivation for
undertaking the present study.

Second chapter:-

This chapter provides a critical review of the literature on the CMMRF, examining its process
parameters, research trends, challenges, and limitations. It includes the chemical reagents used in
etching processes, associated changes in surface characterization, constraints of nano-finishing
methods, and comparative evaluations of finishing techniques and processing times.

Third chapter: -

This chapter formulates the problem statement, identifies the research gaps through comprehensive
analysis, and clearly defines the study objectives. It also outlines the methodology for effectively

addressing these objectives.
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Fourth chapter: -

This chapter presents the materials and methods, detailing the substrate, eco-friendly reagents, and
the mechanism of surface modification. It further describes the statistical analysis used to optimize
process parameters to minimize surface roughness (Sa) and provides the specifications of the
equipment used for characterization.

Fifth chapter: -

This chapter presents the results and discussion in two parts. Part I focuses on the surface
modification of Ti64 alloy by THCP. Part II focuses on the integrated chemical treatment with
CH-MR of Ti64 alloy to improve the finishing process. In this part, the CH-MR process parameters
were optimized using RSM by a CCD to minimize Sa.

Sixth chapter: -

This chapter presents the conclusions of the investigation into the surface modification of Ti64
alloy by TCHP, and the finishing process by the CH-MR process, followed by a discussion of the

future scope of the present work.

VI
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ABSTRACT

Nano-finishing processes have transformed industrial surface finishing by offering
significant opportunities to enhance surface integrity, particularly in biomedical
applications. With the rising demand for artificial implants, expectations and
standards for surface roughness are continually increasing. Achieving a consistent
nanoscale finish remains a critical challenge, especially for replacement implant
components such as femoral, knee, elbow, and hip joints, which must comply with
ISO 7206-2:2011/AMD 1:2016 standards. Ti-6A1-4V (Grade 5) alloy is widely
used in biomedical implants due to its superior combination of strength, toughness,
corrosion resistance, biocompatibility, and relatively low density. Its o+f
microstructure further enhances adaptability for biomedical applications.
However, conventional finishing methods are effective for macro- and micro-scale
finishing but are insufficient for achieving nanoscale precision, often leading to
surface flaws such as cracks. To overcome these limitations, advanced finishing
techniques such as magneto-rheological finishing (MRF) and abrasive flow
finishing (AFF) have been developed. While they improve precision, challenges
persist, including low finishing rates, microcrack formation, surface degradation,
and reliance on hazardous chemicals, which raise concerns about safety and the
environment. Future processes must therefore be more efficient, sustainable, and
capable of achieving nanoscale precision without compromising material integrity

or biocompatibility.

This thesis develops two advanced processes for surface modification of Ti64
alloy for biomedical implant applications by sustainable, eco-friendly chemicals,
including citric acid, Hydrogen peroxide, and Sodium hydroxide. Firstly, a novel
thermochemical process (THCP) was developed, followed by simulated
mineralization in Hank's Balanced Salt Solution (HBSS) to enhance the
mechanical properties, biocompatibility, and bioactivity of Ti64 alloy. The study

investigates the effects of eco-friendly chemicals on surface characteristics by

XVIII

Z'l—.l turnitin Page 31 of 197 - Integrity Submission Submission ID _ trn:oid:::27535:128588863



7) turnitin

g'r—.| turnitin

Page 32 of 197 - Integrity Submission

Page 32 of 197 - Integrity Submission

evaluating their ability to modify surfaces and determining the optimal pH value.
The findings demonstrated that the modification effectively enhanced the Ti64
alloy's mechanical properties, with a significant increase in average microhardness
of approximately 71% and a reduction in wear rate of approximately 64.29%,
compared to the untreated Ti64 alloy. The surface modification with pH (5, 7, and
9) revealed absorptive properties, as evidenced by a contact angle below 90 °,
indicating a hydrophilic surface that enhances cell attachment to biomaterials.
After soaking Ti64 alloy in HBSS, a uniform coating layer of approximately 20.5
um formed, leading to increased bioactivity, as evidenced by a Ca/P ratio of 1.67,
comparable to that of hydroxyapatite in human bone. The hemolysis ratio of
0.027% at pH 7 indicates minimal Red Blood Cell (RBC) lysis and increased
biocompatibility. The corrosion rate was enhanced with pH (5,7 and 9)
approximately (1.975 x 1072, 1.078 x 1072 and 1.615 x 107%) mm/year,
respectively. These findings indicate that the novel process at neutral pH (7) is
optimal for surface modification, as it is the most effective at enhancing the
biocompatibility and bioactivity of the Ti64 alloy, making it suitable for

biomedical implants.

Secondly, an advanced finishing process using a hybrid chemical process to
oxidize and soften the Ti alloy surface, followed by a magnetorheological fluid
(CH-MR) to achieve nanoscale roughness with reduced processing time and
enhanced surface quality. To systematically evaluate and optimize the influence
of CH-MR process parameters, a Central Composite Design (CCD) under
Response Surface Methodology (RSM) was employed. CCD combines factorial
or fractional factorial points, axial points, and center points to develop a quadratic
model for predicting and optimizing process responses. In this study, CCD was
used to investigate the effects of critical parameters of pH value, working gap
(WG), rotational speed (RS), and current (C) on the surface roughness (Sa) of
Ti64 alloy. Analysis of Variance (ANOVA) revealed pH as the most influential
parameter (19.14% contribution), followed by WG (15.73%), RS (12.85%),
and C (9.93%), while the remaining variation was attributed to parameter
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interactions. Optimization yielded a minimum Sa of 38.20 nm after 30 minutes of
finishing under the optimal parameters of pH of 5, a WG of 0.5 mm, an RS of 150
rpm, and a C of 3.5 A.

Surface morphology and integrity were assessed using Field Emission Scanning
Electron Microscopy (FESEM) and Atomic Force Microscopy (AFM), confirming
a significant reduction in surface roughness and improvements in quality, with
fewer surface defects. X-ray Photoelectron Spectroscopy (XPS) further elucidated
the finishing mechanism, linking surface oxidation states to enhanced chemical-
mechanical synergy. These characterizations validated the CH-MR process's
ability to improve surface roughness and confirmed the absence of contamination
or subsurface damage, both of which are crucial for biomedical and aerospace

applications.
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CHAPTER 1: INTRODUCTION

This chapter presents an overview of Titanium and its alloys in biomedical
applications, covering their properties, significance, and applications as implant
materials. It also discusses the classification of surface finishing techniques, with

a focus on nano-finishing methods, and concludes with a summary of key insights

1.1 Introduction to Titanium and Its Alloys

Titanium (Ti) and its alloys are widely used as biomaterials in human body
implants, such as those for shoulder, knee, and hip joints [ 1-3]. These biomaterials
have excellent mechanical properties and biocompatibility compared with other
metals, making them suitable for medical implants [4—6]. Stainless steel and
cobalt-chrome alloys are considered primary metals for orthopedic implants due
to their mechanical properties and lower corrosion rates. However, Ti and its alloys
have replaced them due to their superior properties, such as inertness toward
tissues and bodily fluids [4,7-9]. In addition, after the implantation of Ti and its

alloys, no toxic elements are released [10,11].

Ti and its alloys are widely recognized for their unique mechanical and
lightweight properties. Fig. 1.1 illustrates the densities of different light and heavy

metals [12]. Ti alloys weigh around 56% less than stainless steel, despite having

@ @ twice the yield strength and a 25% greater ultimate tensile strength [13]. They are

widely used in various applications due to their remarkable specific strength and
approximately 4.5 g/cm? density. They have a high tensile strength of around 1400
MPa at ambient temperature and, on heating, exhibit noticeable reactivity with
other substances [13,14]. In addition to having a lower Young's modulus than
certain other metals, Ti alloys have several other beneficial properties that make

them very useful in various applications [4,7].
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Fig.1. 1 Densities of various metals

It is essential to understand their mechanical characteristics to evaluate
their suitability for applications in aerospace, automotive, and biomedical implants
[15]. There are three classifications of the microstructure of Ti alloys: alpha (a),
near beta (B), and alpha + beta (o + 3), as shown in Fig.1.2. The phase B crystalline
structure is face-centered cubic, while the phase a crystalline structure is
hexagonal close-packed [16]. At higher temperatures, a-stabilizers such as
aluminum, oxygen, and nitrogen promote phase development. On the other hand,
[ stabilizers, which include metals such as nickel, vanadium, niobium, tantalum,
molybdenum, chromium, copper, and iron, maintain the 3 phase stable at lower
temperatures. In their study, Nakai et al. emphasized the stabilizing influence of

hafnium and zirconium on two different phases, a and 3, within a Ti alloy [17].
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Fig.1. 2 Ti alloy phases and their attributes

1.2 Titanium and Its Alloys in Biomedical Applications

William Gregor first discovered Titanium in 1791, and it was later identified in
1795 by Martin Heinrich Klaproth; it is named after the Greek Titans. Metallurgist
William Kroll invented the Kroll process in 1946 to simplify the extraction of
significant volumes of pure Ti, even though there is a lot of Titanium in the Earth's
crust [18]. Titanium-based medical, surgical, and dental device development
began after World War II. Numerous studies have investigated the various
applications of Ti alloys across industries, including the production of engines for
the aerospace sector [19-22], as well as chemical, nuclear [9], military [23],

marine [24], and medical applications [4,25-28].

Fig. 1.3 discusses Titanium and its alloys in biomedical implants in the
human body, such as arthroplasty, dental implants, and craniofacial and
maxillofacial implants [26], with the primary focus on the implant parts that need
the nano level of finishing, such as shoulder, femoral knee, hip, and elbow joints

(Fig. 1.3 (b)). Alloy CP-Ti is used in dental and orthopedic implants [29-31].
3
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However, its use is limited to implant parts such as bone screws, hip implants, and
plates. To overcome its limitations, Ti alloy grade 5 (Ti64) is extensively used on
other implant parts [28,32—34] due to its better biocompatibility with the human
body and higher wear resistance [35,36], (Ti-6Al-7Nb) alloy is used in dental,
cardiovascular, and joint implants [37], and (Ti-15Mo-5Zr-3Al) alloy is used in
surgical implants [38,39]. Moreover, the (Ti-30Nb-3Ag) alloy is used in
orthopedic and dental applications, offering enhanced antimicrobial and corrosion
resistance [40]. In addition, (NiT1) alloy is used in an implant with shape memory

to improve wear resistance and pseudo plasticity [41].
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Fig.1. 3 Application of Ti alloy in implants in the entire body: b) The

implants need nano-finishing

Ti alloys are a better choice for orthopedic applications requiring hard-tissue
replacement due to their lower elastic modulus and reduced stress shielding [42].
Fig. 1.4 shows the yield strength, ultimate strength, and Young's modulus for Ti
alloys and bone [43,44]. A biomaterial's Young's modulus should be close to that
of a cortical bone used as a benchmark bone for better results, because the
possibility of resorption tends to increase if Young's modulus greatly exceeds that

of the benchmark bone [45].

z'l-.l turnitin Page 38 of 197 - Integrity Submission Submission ID _ trn:oid:::27535:128588863



zﬂ turnitin Page 39 of 197 - Integrity Submission

Submission ID trn:oid:::27535:128588863

7 turnitin

m Yield strength (Mpa) m Ultimate tensile strengthe (Mpa) m Modulus (GPa)
1200
1000
800
600
<
E 400
200 I
0 .
¢ > S S > d & < < N
RO & O \,\@s - A
S <> » A S N o L&
X N & S o & g & S
& S & Y S & <
¢ & S & v
A%
g
,{\’
Ti alloys

Fig.1. 4 Mechanical properties of Ti alloys compatible with human bones

The selection of biomaterial alloys for biomedical applications is crucial in
ensuring the success of medical devices and implants, as well as biocompatibility,
mechanical strength, corrosion resistance, and surface characteristics [46].
Moreover, studying the tribological properties of biomedical materials is crucial
to making biomedical implants and equipment last longer by reducing wear and
friction [47]. Fig. 1.5 depicts the requirements for a metal implant. Ti alloys are
considered more compatible and have little toxicity due to the natural formation
of a protective oxide layer that shields the metal from further oxidation and offers
strong corrosion resistance compared to other metal alloys [3]. Moreover, several
investigations can be conducted, such as evaluating the corrosion resistance of
Ti64 and Ti-6Al-7Nb alloys in a Phosphate-buffered saline (PBS) solution to
assess how these alloys perform in a physiological simulation environment. Ti-
6AI-7Nb alloy displayed better corrosion resistance than Ti64 alloy, which is
attributed to niobium's superior corrosion resistance compared to vanadium [48].

Moreover, the implant's success depends on morphological compatibility, which
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encourages bone cell growth at the implant site; mechanical compatibility, which
allows stress transfer between the implant and live tissue; and biological
compatibility, which ensures the implant is not hazardous to surrounding tissues

[49,50].

Biocompatibility and osseointegration are crucial for the effectiveness
and longevity of orthopedic implants, as they describe the materials' ability to
interact with the biological environment and influence various forms of bone
formation. They are classified into three types: "biotolerant," which encourages
remote osteogenesis; "bioinert," which facilitates contact osteogenesis; and

"bioactive," which promotes bonding osteogenesis [51].

a) Mechanical properties d) Corrosion resistance
- Hardness, _ - Microstructures
- Acceptable tensile - Coatings
strength e
< - Passivation
- Elasticity C £ allovs
- Low Young's modulus - (omposition of alloys
- Ductility . .
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- Mechanical properties

¢) Biocompatibility f) Wear resistance

- Biotolerant - Abrasion
- Bioinert” - Tribological
- Bioactive

Changes in mechanical, physical, and chemical properties

Fig.1. 5 The requirements for metal implants

1.3 Finishing Process Classifications

There are two surface-finishing processes, as shown in Fig. 1.6: traditional and
nontraditional. Traditional machining methods, such as grinding, lapping,
chemical etching, and blasting, provide a good surface finish. However, these

processes are less effective at accurately finishing complex surfaces [52] , due to
7
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a lack of control over the force [53] and the high pressure that may damage the
polished surface [54], resulting in more flaws on the final surfaces [55].
Nontraditional machining is a collection of operations employing electrical,
thermal, chemical, and mechanical, or a hybrid of these methods, to overcome the
limitations of conventional machining [56]. These methods remove materials from
a surface with high accuracy, providing good surface smoothness and complex

geometries in machined parts without burrs or residual stresses [56].

Finishing processes classification

L

Grinding | [ Magnetic abrasive finishing

[ T ’ Traditional ‘ ‘ Advanced [ e o e J
" Honing | { Chemical mechanical polishing l
{ Blasting | ‘ Electro chemical polishing

J
[' Ultrasonic assisted MAF 1

Fig.1. 6 Classification of finishing processes

Nano-finishing processes are advanced finishing techniques that enhance
surface integrity. Surface integrity refers to the condition and characteristics of a
machined surface that affect its functional performance. Surface integrity
comprises two main components: the outer topography, commonly referred to as
surface finish, and the inner subsurface layer, which encompasses the
microstructure, mechanical properties, and residual stresses [57]. Surface integrity
is strongly influenced by topography and mechanical properties, which, in turn,
significantly affect stress distribution and tissue adhesion. Enhancing functional
performance and aesthetics is particularly crucial in biomedicals, where roughness
plays a significant role [58]. On the other hand, hybrid advanced finishing
processes such as Chemo-mechanical magneto-rheological finishing (CMMRF),
Chemo Ultrasonic Assisted Magnetic Abrasive Finishing (CUMAF),

Electrochemical process assisted by a high-speed flow of abrasive particles
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(ECFAP), and MFAF have been developed to integrate the benefits of both
traditional and nontraditional processes [56,59,60] to overcome their limitations
and efficiently produce finishing freeform parts with more complex shapes with

high-quality surfaces [61,62].

The history of advanced finishing processes involves several decades,
starting with the invention of MRF in 1963 by Jacob Rabinow. Then, Kordonski
and his research team developed the MRF in the late 1980s [63—65] and gradually
developed novel approaches, including AFM, ECP, R-MRAF, and BEMREF, as
shown in Fig. 1.7 [61]. As a result of this ongoing development, significant
improvements in precision, surface quality, and material-specific finishing have
been achieved, thereby meeting the evolving demands of various industrial

applications [61,66—72].

O Q 2020

C) 2010 -UAMAF
O 1990 - RMRAF - CUMAF
C) 1980 - MFAF - BEMRF
: - - CMMRF
1970 ~MRF
- MAF
©®
1960
- AFF

- MRF invented

Fig.1. 7 Timeline of the development of the advanced nano-finishing

processes

1.3.1 Mechanical Finishing Processes

Mechanical finishing processes are advanced finishing techniques for

achieving accurate micro- to nano-scale surface finishes. The processes that stand
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out among these are (AFF), (AFF), (MFAF), (MRAFF), (MAF), and (R-MRAFF).
These processes significantly aid in achieving precise surface finishes, which are
essential for various biomedical applications, by using magnetic forces to control

abrasive particles and achieve the desired finish.

1.3.1.1 Abrasive Flow Finishing Process (AFF)

AFF is an advanced finishing process invented in the 1960s by Extrude Hone
Corporation for deburring cylinder-shaped blocks [73]. This process has become
the most advanced finishing method, based on the configuration and motion of the
media cylinders. AFF can be divided into four categories, as shown in Fig. 1.8:
one-way AFF, two-way AFF, multi-way AFF, and orbital AFF. In each category,

showcasing a variety of capabilities for obtaining desired surface finishes [74].

One way AFF

P

Abrasive flow finishing (AFF)

J Two way AFF

Multi way AFF

Orbit way AFF

Fig.1. 8 Classification of the abrasive flow finishing process

Fig. 1.9(a) illustrates the working principle of AFF, which involves various
elements, including tooling, machine parts, fixtures, a specific abrasive, the
composition of the flow-machining media, and process conditions [75]. The
abrasive grain must be at least 20% harder than the workpiece to be considered an
abrasive [76]. Extrusion pressure is applied by hydraulic cylinders, which causes
normal and axial stresses on the abrasive particles. While the axial force allows
the abrasive to move axially and effectively remove material from the surface, the

regular force pushes into the work surface [77]. Hiremath et el. 2016 [78] used
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Visco-elastic polymer in conjunction with abrasive particles in a particular ratio to
create a semi-solid medium under pressure; this medium is extruded through or
over the surface to achieve a desired surface finish, as shown in Fig. 1.9 (¢), surface

morphology for the workpiece before, and after finishing by AFF processes [79].

pper Hydraulic
Cylindor I

Schematic of regions in Titanium
Piston Rod

alloy artificial joint workpiece

Upper Medium t
Cylinder

gauge l

 Lower Medium 3.Phase A.C. Motor

Cylinder

Lower Hydraulic
Cylinder

Processing #/(h)

]
A1 bt B - ==
0 20 40 6 S0 100 120 140 157

X X o . b) The changes in Surface in cach region by AFF
¢) Morphology of workpiece : before and after fimishing [

Fig.1. 9 AFF process schematic diagram [79,80]

The AFF process can effectively polish, deburr, and radius difficult-to-
finish materials [81], achieving a high-quality surface finish for many complex
geometries in various manufacturing parts, such as bolt head dies and turbine
blades [11, 98, 101]. In the medical industry, the AFF process produces different
biomedical parts manufactured with Ti alloys, including heart valves, dental
crowns, and knee, hip, and elbow joints [23, 101-103]. It produced a low Sa of 39
nm. in the hip joint, improved tribological features, reduced friction between the
prosthetic hip ball and socket, and minimized implant wear and tear [84].
Moreover, it enhances the implant surface's wettability and surface finish, thereby
reducing the likelihood of bacterial adhesion on the implant surface [85]. AFF
produces good surface finishes, and the interaction between processing time and
abrasive particle size significantly influences the machining process, as shown in
Fig. 1.9(b) [80]. However, the finishing takes a long time. Sankar (2009)
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developed an (R-AFF) process to address this issue, thereby enhancing
performance, improving surface finishing capabilities, and reducing time. In the
(R-AFF) process, the workpiece is rotated while the abrasive-filled medium
oscillates. The combined motion extends the contact routes of the active abrasive
particles, resulting in longer shearing actions. Adjusting the medium's velocity and
rotation speed can create a crosshatch pattern on the workpiece's surface. The

abrasive particles are subjected to tangential, radial, and axial forces [86].

1.3.1.2 Magnetic Field-Assisted Finishing Process (MFAF)

The conventional AFF process has been extended to MFAF by adding a
magnetic field to enhance surface analysis capabilities [87]. Fig. 1.10 (a) depicts
the tool with MRF. The MFAF process uses ferromagnetic abrasive particles to
sort magnetic materials using magnetic force. These ferromagnetic abrasives cause
microchipping and microplowing on the surfaces [88]. Qian et al. (2020) [67]
categorized the finishing process by MAF, MRF, and MRAFF based on different
finishing media, bonded or unbound abrasive, and MRF. In industrial biomedicals,
finishing capillary tube components with small diameters presents a significant
challenge due to their size. These tubes require high-precision nano-finishing to
meet the demanding requirements of modern biomedical and implant parts.
Therefore, the MFAF process has produced an internal capillary tube (inner
diameter = 0.4 um) [108, 109]. Barman and Das (2018) [91] studied the effects of
the MFAF process on surface finish and reported an improvement in the ASa by
approximately 83.33%. The Sa has been reduced from 120 to 20 nm (Fig. 1.10
(c)). AFM image topography at high resolution has provided extensive information
about the surface shape at the nanoscale [92]; the surface was smoother, with lower
peak and valley heights than the initial surface, which had scratches, high peaks,
and deep valleys. In addition, Barman and Das (2019) [93] developed a novel
MFAF tool to achieve nano-finishing of bio Ti alloy, with the final Sa being 10
nm from the initial Sa = 0.12 um (Fig. 1.10 (d)) with a very high percentage
reduction (approximately Sa 98.21%) in the surface roughness. Furthermore, it

examined the impact of abrasive particle concentration on surface finishing and
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found that both the initial roughness 