;’1""’ o
V7 ol
K==

=4 Flinders

UNIVERSITY

FLINDERS UNIVERSITY

College of Science and Engineering

New Generation Titanium Alloys with Low Elastic
Modulus for Orthopaedic Implants

Submitted in partial fulfilment of the requirements for the
Master of Engineering (Materials)
Author: Magdalen H.C. Tan
Supervisors: Dr. Reza Oskouei & A/Prof. Reza Ghomashchi

Date Submitted: 15-October-2018



This page is intentionally left blank



Declaration

I certify that this thesis does not incorporate without acknowledgment any material previously
submitted for a degree or diploma in any university; and that to the best of my knowledge and belief it
does not contain any material previously published or written by another person except where due

reference is made in the text.

Signed:

Date: 15/10/2018



This page is intentionally left blank



Acknowledgments

I would like to sincerely thank Dr Reza H. Oskouei and A/Prof. Reza Ghomashchi for their guidance
and continuous support throughout the whole process of the project. Their passion, motivation,
encouragement and enthusiasm has determined me to complete the project at my highest standard
possible. Their dedication to my project was paramount and beyond my expectations, and their

willingness to share their vast array of knowledge was admirable.

My sincere thanks also to Professor Wenlong Xiao from Beihang University, Beijing, China for his

assistance with the fabrication of samples.
Thanks to Mr. Alireza Baghi for his assistance with sample preparation, characterisation and testing.

Finally, and most importantly, 1 am thankful to my close friends and family for their advice and
encouragement throughout the challenging yet exciting period of the project. I would like to specifically
thank my mum, sister and brother, who keep me in their prayer and also their unconditional love and

support to keep me going.



This page is intentionally left blank



Abstract

Total hip replacement (THR) has progressively become a common treatment for patients with
osteoarthritis or hip damage, which involves mostly the ageing population. The expectant rapid growth
of the ageing population thus has necessitated a steady demand for the THR market. However, the
current biomaterials used to fabricate the THR implants are found having much higher Young’s moduli
compared to the bones and thus resulted in stress-shielding that causes failure and surgery revision.
Owingto these circumstances, studies and research to develop biomaterials with Young’s moduli closer
to that of cortical bones are gaining an extensive attention. This study therefore aims to investigate and
develop titanium-based alloys (Ti-Nb-Zr) with new chemical composition which offer Young’s moduli
lower than 50GPa.

The alloys were designed after extensive research on the alloying effect, phase analysis, and the
comparison of previously fabricated Ti-Nb-Zr alloys (of different compositions). Three alloys were
therefore designed for investigation including Ti-23Nb-7Zr (sample 1), Ti-28Nb-7Zr (sample 2) and
Ti-33Nb-7Zr (sample 3). Thermo Calc Software was utilised to predict the phases formed within the
designated alloys prior to the fabrication process. The alloys were fabricated using a non-consumable
vacuum arc melting furnace through the courtesy of Beihang University. Samples for microstructure
examination and X-ray diffraction (XRD) analysis were prepared in accordance to the ASM standard
(Volume 9: Metallography and Microstructures of Titanium and Its Alloys). Microstructures were
observed under both optical microscope and scanning electron microscope (SEM). Hardness of the
alloys were compared through microhardness and nanoindentation testing. The nanoindentation system
was also employed to calculate the Young’s modulus of the alloys. The XRD analysis was carried out
to identify the phases present in the alloys after the casting and solution treatment process.

The microstructure results showed a platelike martensitic (o) structure in the beta () matrix. The
martensitic structure was most distinct and coarser in sample 1, with decreasing amount and coarseness
towards sample 3. Basketweave and Widmanstatten patterns were also observed which resembles the
o distorted alpha structure. The XRD analysis exhibited the presence of two phases which are alpha
(o) and beta (B). As the most important finding, all the three fabricated alloys were measured to have
a significantly reduced stiffness level as they offer a Young’s modulus of 40.0, 37.5 and 41.5 GPa that
are all less than the initial target of 50GPa.

The findings of this project are being proposed for publication in a relevant journal such as the Journal
of Alloys and Compounds (a manuscript will be submitted in Dec 2018).
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CHAPTER 1

Introduction



1.1 Introduction

Since the ageing population is continuously on the rise with growing demand in total hip or knee
replacement, it is crucial to develop a compatible device that is sustainable. Although there has been a
widespread adoption of stainless steel, Co-Cr alloy and Ti-6Al-4V as implant, all of these alloys pose a
potential risk of toxicity when function in vivo. The discovery of Ti, Nb and Zr as non-toxic to human
body has extensively promoted the scientific approach to further improve these alloys, especially in
narrowing down the elasticity towards those of human bones. The evolution of Ti-Nb-Zr alloy and its
impact in biomedical implant has provided the underlying principles or concepts of the research in
biomedical field.

The nature of this research is empirical whereby the main focus is on Ti-Nb-Zr alloy. This research plan
aims to identify the key factors that determine the Young’s modulus of the Ti-Nb-Zr alloys and thus to
derive a new proportion of element that yields a closer Young’s modulus to the bone. The plan (Figure
1) will incorporate a whole process started with the literature review of the alloy, followed by three
essential constituents of the experimental procedures which are alloy fabrication, alloy characterisation

and alloy assessment. There will be further elaborated in the following sections.

» Comparison of Young's modulus vs Ti, Nb, Zr
concentrations

*Microstructure and phase analysis
«Ternary diagram, CALPHAD

Literature review

*Procurement of metal
Alloy fabrication +Non-consumable vacuumarc melting
« Sectioning of samples

«Samples preparation
Alloy « Microstructure examination
chracterization +Phase analysis, Thermo-calc

*Young's modulus, nanoindentation
Alloy assessment *Microhardness measurement

Figure 1: Research plan

One of the main purposes of literature review is to observe the relationship between the alloys’
composition and their Young’s moduli. Three graphs with an increasing order of Ti%, Nb% and Zr%
in Ti-Nb-Zr alloys with regards to Young’s modulus were plotted. The graphs serve as a purpose to
monitor the effect of element composition on the Young’s modulus value. Another objective of

literature review is to analyse the implication of different phases in alteration of Young’s modulus. The

2



ternary diagram for Ti-Nb-Zr alloy was produced with Thermo-Calc software, one of the methods
available in CALPHAD. It represents an equilibrium state with either axes for temperature or
composition of a chemical system or both. It allows the implication of stable or metastable regions and
simulates the substances or solutions that existed within a certain amount of element at a temperature
without actual experimental works?®. Through this program, prediction of phases present in the alloy at
various element portion across awide range of temperature can be identified. The collaboration between

the amount of each elements and the phases can be linked to Young’s modulus value.

The structural planning and conceptual design of the methodologies are shaped through the objectives
listed in Section 2.7. The design method of this thesis not only relies on the observation, analysis from
the literature review alone, experiments will be carried out to gather evidence to support the hypothesis
and assumptions made. Problems concerning the fabrication method, the implication behind lowering
the modulus of elasticity and the alloy’s proportion will be discussed in the literature review. The
intended experiments together with the justification of the approach made will be highlighted in the
methodology section. Employment of various techniques to be applied in the search of the relationship

will be presented as well.

The result chapter aims to describe the findings and outcomes of the experiments or testings being
conducted. Microscopy images obtained from both optical microscope and scanning electron
microscope (SEM) will be displayed accordingly. Following that, the phases identified from X-ray
diffractometer and predicted with Thermo Calc will be presented sequentially. Additionally, the results
from microhardness and nanoindentation testing will be listed. The last section in this chapter will be
based on the chemical composition analysis and the mapping of homogeneity obtained from energy-

dispersive X-ray spectroscopy (EDS).

The discussion section will serve a purpose to analyse extensively all the results obtained and justify
them against the information retrieved from the literature review. The relationship of Ti, Nb and Zr
concentration in determining the microstructure and phases of the alloys will be derived. Most
importantly, the implication on the modulus of elasticity of these alloys will be compared and
highlighted.

This thesis will end with the conclusion chapter whereby it summarises all information from the
beginning of the research such as literature review, methodologies employed, results explored,
justification reached to the final achievement. This chapter will also include suggestions for future work
to deliver recommendations on how these alloys could be further verified as potential and competitive
biomaterials as biomedical implant.
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2.1 Metallic Load-bearing Orthopaedic Implants

Orthopaedic implants are not new. Owing to the high demand in replacement of failed soft and hard
tissues with mainly artificial prostheses due to the fast-growing ageing population, extensive research
has been always carried out to continuously improve them. The common damaged tissues associated
with orthopaedic conditions are arthritis, acute fractures, trauma, joint and bone diseases. One of the
distinguished prostheses components is the total hip replacement, as shown in Figure 1.

Acetabular Cup
Polyethylene Insert

Metal Femoral Head y

Femoral Stem Q

Figure 1: Componentofa total hip replacement?

The total hip replacement is designed to relieve pain and to restore function of body mobility (walking,
running, squatting) in addition to withstand the weight bearing of a patient. Thus, load bearing is one
essential criterion to define a successful total hip replacement invention. Metallic biomaterials are the
most suitable to replace the damaged or diseased hard tissue currently due to their excellent resistance
to hold heavy weights. The importance of metallic biomaterials is more significant as 70-80% of the

total hip replacement could be manufactured from metal, and they are acetabular cup, femoral head and
stem (Figure 1).

The substantial increasing number of hip replacements has a great impact on the developed nations due
to the immense growing proportion of the ageing population. Accordingto Dr. Mark Pagnano, chairman
of the department of orthopaedic surgery at the Mayo Clinic in Rochester, Minn, 2015, he commented
the evolution of hip replacements will remain as the most considerable and effective ways to alleviate
the pain of patients with knee and hip arthritis®.

Based on Australian Institute of Health and Welfare (AIHW) research data, among the surgeries in
Australian hospitals from 2010 to 2011, knee disorder was the main reason, whereas hip fracture was
ranked one of the five most common causes for inpatient surgery. Moreover, the number of knee
replacement had drastically increased from 128 per 100,000 population in 2004 to 169 per 100,000



population in 2014. Similarly, the amount of hip replacementalso picked up from 83to 104 per 100,000

population during the same period+.

The prominent growth of the ageing population in Australia has also driven the demand of orthopaedic
implants. AIHW data showed that in 2016, the number of people aged 65 and above is 3.7 million
(15%). By 2056, it is predicted the population of elder Australians will expand to 8.7 million (22% of
the population); and, it is projected it will go as high as 12.8 million people (25%) by 2096°.

Australian Orthopaedic Association National Joint Replacement Registry revealed the numbers of
revision hip replacements and knee replacements in 2014 were 4,307 and 4,104 cases respectively.
AIHW also claimed a 5% chance of revision surgery within 10 years of a hip or knee replacement. The
data also showed an increase of 19.2% hip replacement in the private sector whereas 33.8% in the public
sector in between 2003 and 2014. Simultaneously, revision knee replacements recorded a hike of 78.1%
and 75.3% in the private and public sector respectively*.

The statistics above had shown the importance of orthopaedic implants in the future and therefore
continuous evolution of knee and hip replacements are vital to fulfil the quality of life of the ageing
people. In accordance to that, the quality of the implants needs to be raised through increasing the

longevity of it in the human body, hence decreasing the revision surgery accordingly.

2.2 Currently Used Metallic Biomaterials and Their Limitations

Metallic materials are most practical in the reconstruction and replacement of hard tissues as at today
due to their load bearing properties, durability and availability. The main metallic biomaterials that are
most extensively utilised in the current market are stainless steel, cobalt-chromium and Ti-6Al-4V

alloys.

2.2.1  Stainless Steel 316L

Stainless steel was first used because of its greater strength than steel and of higher corrosion resistance.
The major component in the stainless steel that contributes to its high corrosion resistance is chromium.
The inclusion of molybdenum on the other hand prevents pitting corrosion in salt water and this alloy
was later regarded as 316. 316L became known with the reduction in carbon content from 0.08 w/o to
0.03 w/o maximum to further enhance the corrosion resistance in a chloride solution. The stainless
steels that are most widely used for implants are the austenitic stainless steels, type 316 and 316L which
is applicable to being hardened via cold working but not heat treatment. Both of these types are of better
corrosion resistance than any other stainless steel. Type 316L is more recommendable for fabrication
of implant compared to 316 as suggested by the ASTM (American Society for Testing and Materiak)®.



The specifications for 316L stainless steels are shown in Table 1. Despite the reduction of carbon
content to 0.03 w/o in 316L which aims to reduce the vivo corrosion in medical implant, it may still
corrode under extreme circumstances in the human body in a highly stressed and oxygen-depleted
region. However, they are applicable to be used as bone screws, bone plates, intramedullary nails and
external fixators as temporary implant devices®. Table 1 indicates that nickel is also a major element in
stainless steel. Nickel and chromium are reported to cause allergic contact dermatitis (ACD)’, thus it
should be avoided to use in patients who are allergic or hypersensitive to these elements, especially
nickel since there is a notable increase in the incidence of nickel sensitizationg.

Table 1: Chemical compositions of SS 316L surgical implants (ASTM, 2000)°

Element Composition (w/o)
Carbon 0.030 max
Manganese 2.00 max
Phosphorus 0.025 max
Sulfur 0.010 max
Silicon 0.75 max
Chromium 17.00-19.00
Nickel 13.00-15.00
Molybdenum 2.25-3.00
Nitrogen (.10 max
Copper (.50 max
Fe Balance

Stainless steels (F138 and F139 of ASTM).

The mechanical properties of 316L stainless steel are listed in Table 2. It has sufficient strength to
withstand the weight of the extra load carried on a human body, and also high modulus of elasticity to
resist the external force.

Table 2: Mechanical properties of 316L Stainless Steel°

Mechanical Properties Metric
Modulus of Elasticity 193 GPa
Tensile strength, Ultimate 515 MPa
Tensile strength, Yield 205 MPa
Elongation at break 60 %
Hardness, Vickers 155 HV
Density 8.0g/cm3




2.2.2  Cobalt-Chromium Alloys

Two most common types of cobalt chromium alloys are cast CoCrMo (Cobalt chromium molybdenum)
alloys and wrought CoCrNiMo (Cobalt chromium nickel molybdenum) alloys. There are basically four
major elements that form the solid solution of this alloy, namely cobalt, chromium, molybdenum and
nickel (Table 3). While molybdenum is used to refine the grains in order to strengthen the alloy during
casting or forging, nickel is included to improve the corrosion resistance of the alloy*!. Despite their

benefit, it is pronounced that nickel, chromium and cobalt should be avoided in use with patients who
are allergic to them.

One method that applies to increase the strength of this alloy is hot-forging. Even though cold-working
is extensively used for the same effect, it is not recommended for cobalt chromium alloy especially in
large devices fabrication for example hip joint stems because of the complicated process. CoCrMo &
normally cast into dentistry devices and artificial joints whereas wrought CoCrNiMo is hot forged into
prostheses stems for knee and hip which are of heavily load bearing joints10.

Both CoCrMo and CoCrNiCo have poor frictional properties thus are not beneficiary to be fabricated
as the bearing surfaces of any joint prosthesis which require high wear resistance. However, they are
much appreciated for their long service life as the stem of hip prosthesis to secure the complicated

procedure of replacement and surgery revision due to a shorter lifespan?©.

Table 3: Chemical composition of cobalt chromium alloy (ASTM, 2000) 0

Co28Cr6Mo (F75) Co20Cr1 SW10Ni Co28Cr6Mo Co35Ni20Cr10Mo
Castable (F90) Wrought (F1537) Wrought (F562)
Element Min. Max. Min. Max. Min. Max. Min. Max.
Cr 27.0 30.00 19.00 21.00 26.0 30.0 19.0 21.0
Mo 5.0 7.00 5.0 7.0 9.0 10.5
Ni 2.5 9.00 11.00 1.0 33.0 37.0
Fe 0.75 3.00 0.75 9.0 10.5
C 0.35 0.05 0.15 0.35 0.025
Si 1.00 1.00 1.0 0.15
Mn 1.00 2.00 1.0 0.15
W 0.20 14.00 16.00
P 0.020 0.040 0.015
5 0.010 0.030 0.010
N 0.25 0.25
Al 0.30
Bo 0.01 0015
Ti 1.0
Co Balance

The mechanical properties of the commonly used cobalt chromium-based alloys are listed in Table 4.
It has higher strength and modulus elasticity compared to stainless steel 316L.



Table 4: Mechanical properties of CoCr alloys®

Condition Yield strength  Tensile Elastic modulus  Elongation
(MPa) strength (MPa) (GPa) (%)

Co28Cr6Mo (F75) 450 655 248 8

cast

Co28Cr6Mo (F1537) 517 897 220 20

annealed

Co20Cr15W10Ni 379 896 242 -

(F90) wrought

Co35Ni20Cr10Mo 241-448 793-1000 228 50

(F562) annealed

223 Ti-6Al-4V

Titanium alloys cover a wider range of implants devices as compared to stainless steel 316L and cobalt
chromium alloy owing to their highly desirable biocompatibility, corrosion resistance, specific strength
and comparatively lower Young’s modulus!3. One titanium alloy which is extensively used is Ti-6Al-

4V. The chemical composition is given in Table 5.

Table 5: Chemical composition of Ti-6Al-4V4

Wrought, forging Casting Coating

Element (F136, F620) (F1108) (F1580)

N 0.05 0.05 0.05

C 0.08 0.10 0.08

H 0.012 0.015 0.015

Fe 0.25 0.30 0.30

(0] 0.13 0.20 0.20

Cu - - 0.10

Sn - - 0.10

Al 5.5-6.50 5.5-6.75 5.50-6.75

\Y 3.545 3.545 3.50-4.50

Ti Balance

Although of being widely used, Ti-6Al-4V is not well developed as a medical implant material because
of its vanadium content which has been shown to be toxic according to Domingo J, 200215, Furthermore,

Boyce B et al, 1992 had confirmed that aluminium is also neurotoxic?®.

The mechanical properties of Ti-6Al-4V is given in Table 6. The tensile strength of Ti-6Al-4V is
equivalent to 316L stainless steel and cobalt chromium-based alloys. Nevertheless, it is preferable
because of its lower modulus elasticity, which is almost half of those two materials. In respect to specific

strength, Ti-6Al-4V is much preferable as it weights lighter but stronger. Titanium, however has some
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drawbacks which include poor shear strength thus less suitable to be used as bone screws, plates, and

similar applications. Besides, it galls or seizes on the sliding contact between itself and another metal’.

Table 6: Mechanical properties of Ti-6Al-4V!°

Properties Wrought (F136) Casting (F1108)
Yield strength (MPa) 795 758

Tensile strength (MPa) 860 860

Elastic modulus (GPa) 110 110

Elongation (%) 10 8

Reduction area (%) 20 14

In comparison of stainless steel 316L, cobalt chromium alloys and Ti-6Al-4V, stainless steel exhibits a
higher ductility and cyclic load whereas cobalt chromium alloys show the highest tensile strength,
stiffness and wear resistance. Ti-6Al-4V on the other hand demonstrates properties nearestto the bone

in terms of Young’s modulus as it has lower stiffness than its counterparts?e.

The main manufacturers of prostheses are shown in Table 7, which include Zimmer Biomet, Depuy and
Smith & nephew. Most of the recent femoral stems are made of Ti-6Al-4V and cobalt chromium alloy.

Table 7: Current metallic alloy in used as biomaterials by various manufacturers

Metallic Alloy Application Manufacturer

Forged Ti-6Al-4V, Femoral stem Zimmer Biomet (Avenir)

Forged Ti-6Al-4V, porous Femoral stem Zimmer Biomet (Echo)

plasma spray coating

Cobalt Chromium Femoral Stem Zimmer Biomet (CPT) Hip

Ti-6Al-4V, Femoral Stem Zimmet Biomet (Fitmore)

Porous titanium structure, Femoral stem Altimed

Ti alloy stem Femoral stem Depuy Total Hip System &
Bone Preservation Stem

Cobalt-chromium & porous Femoral stem Smith & nephew Echelon

coating

CpTi based Femoral stem Smith & nephew Polarstem

Cobalt-chromium Femoral stem Smith & nephew CPCS

Titanium Alloy Femoral stem Smith & nephew SL Plus
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2.3 Requirements and Limitations of Biomaterials

The selection of biomaterial must address at least three criteria. The first being biocompatibility in
which the material must be able to function and perform with an appropriate host response in a specific
situation!® that is not harmful or toxic to the living tissues in the human body. Secondly, it should be
strictly inert chemically to discourage passivation or corrosion that facilitates removal or revision
surgery. Lastly, it depends on the intended medication application whether the implant should be
resorbable over time or osseointegrate with the host bone, promoting bone ingrowth at the implant
surface or securely linking the bone to the surface of the implant2°.

2.3.1  Mechanical Properties

The geometry of the implant for a specific application is one selection criterion of materials with regards
to mechanical properties. It determines the stress distribution within the bone-implant interface as well
as the surrounding bones. In addition to that, the geometry of articulating surfaces defines the range of
motion of the prosthetic joint and the kinematic stability of the articulation??.

The dominant mechanical properties in determining the biomechanical compatibility of the implant are
Young’s modulus, tensile strength, yield strength and elongation. Another significant criterion is fatigue
strength which determines the success of long service life of implant subjected to cyclic loading. The
material to replace bone is required to have stiffness matches the bone, which is shownin Table 8. It s
targeted to prevent inadequate strength or mismatch of stress (stress shielding) between the living bone
and implant that lead to crack nucleation and fracture. The material aimed to replace bone is expected
to have modulus ranges from 4 to 30 GPa within a variety of bone type and the angles or phases of

measurement?2,
Table 8: Mechanical properties of human bones®

Yield Ultimate Elastic Modulus, Elastic Density,

strength, MPa  strength, MPa GPa strain, %  g/lcm?
Fibula - 80-100 15.2-19.2 1.19-2.10 1.73-1.91
Humerus - 149-151 15.6-16.1 1.90-2.20 1.72-1.77
Tibia 129 84-156.71 16.2-23.83 1.56-3.09 1.83-1.96
Femur 114.14 68-141 13.6-16.8 1.07-2.83 1.80-1.91

2.3.1.1 Stress Shielding

The most common problem of current implant materials that is related to mechanical factor is of high
stiffness. In this scenario, the implant shields the adjacent bones from the stress transferred, thereby
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preventing bone from functioning and thus causing bone resorption and consequently implant loosening.
This phenomenon is called the stress shielding effect which leads to bone cells death?4. Cases of stress
shielding effect are normally observed in medial side of proximal femur after hip replacement, or under
tibial implant2>. Thus, selection of material with optimized coexistence of sufficient strength yet
Young’s modulus closest to bone is vital in promoting a good quality and durable implant.

To avoid stress shielding, more flexible components have been proposed?6. Current research has shown
improvements especially in Young’s modulus and strength/ductility balance of metallic biomaterials.
However, a high flexible metal may create unsustainable interface stresses between bone and implants
and eventually damage accumulation in cemented implants or failed ingrowth within cementless

implants?”.

Young’s modulus is most extensively researched because of its close connection to alleviate stress
shielding that causes bone atrophy and poor bone remodelling2®. Therefore, many scientists and
engineers have been since developing materials with comparative Young’s modulus to bones and
sufficient structural strength to be used in prostheses.

2.3.2  Biocompatibility

It is essential that the metallic biomaterials that are used in medical implants to be biocompatible,
nontoxic and not causing any inflammatory or allergic responses in the body. An implant may cause
alteration mechanically or chemically in its adjacent environment or systemically, such as materials
degradation in vivo and the human body reaction towards the implant2°.

Three groups of responses from the human body towards biomaterials are biotolerant, bioactive and
bioreabsorbable. The exposure of the implants to human tissues and fluids will result in reactions that
will determine either the body system accept or reject the implant3°. There are four reactions that happen
more frequently than any other cases. Firstly, the protein absorption, whereby protein immediately
spread over the outer layer of the implant and controls the response of the host, including cells and
tissues. Secondly is the degradation of material in whereby a metallic implant corrodes, a ceramic
implant is resorbed or the occurrence of polymer hydrolysis. Thirdly, the evolution of local host
response through initiation of inflammatory which is followed consequently by repair process until the
reaction becomes stable. Lastly, the systemic effects that happen remotely at adistance from the implant
via chemical and mass transport phenomena in which implants release small particles from wear or

damage and induce interference that might be carcinogenic to our immunologic systems3?,

Table 9 shows the biological impact of different elements. From the data given, there are four elements
which are considered safe to our body system as no sign of toxicity or allergenic has been traced. The
four elements are titanium (Ti), niobium (Nb), zirconium (Zr), and tantalum (Ta).
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Table 9: Biological impact of some commonalloying elements for implantation3?

Periodic
position

Element  Biocompatible Carcinogenic  Genotoxic Mutagenic  Cytotoxic  Allergenic
3d Ti ‘ 1

5d Hf

Other Al

Red - serious concern; Yellow - moderate concern; Green - minimal/no concern, Other* - issues beyond those already listed.

2.3.3  Corrosion Resistance

The in vivo condition provides an aggressive and extreme platform that accelerates the corrosion rate
for implant metals and alloys. Agents present in vivo such as body fluid, proteins, enzymes, and various
cells may release toxicity and allergy from the interaction with the artificial implants. The residual
released has great potential in resulting implant failure and may be life threatening. Non-compatible
metal ions from the implant of low corrosion resistance tend to release into the body and initiate allergic
and toxic reactions®3. Nevertheless, the amount of ion released alters and relies on different factors such
as the strength of the metal-oxide bond, structure, role of alloying element, composition, nature and
thickness of the protective oxide films. A passive layer is formed on the implant surface that acts as
physiological protection against the body agents thus increases the corrosion resistance and reducing
the inflammation caused by implants34. Metallic biomaterials corrode in various ways, which are

galvanic corrosion, pitting, crevice, intergranular, stress-corrosion cracking, corrosion fatigue, and
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tribocorrosion or fretting corrosion3®. Several elements which are prone or susceptible to corrosion are
illustrated in Table 9.

2.4 New Generation of Titanium alloys for Implants

As previously discussed in Section 1.2, metallic implants are vulnerable and prone to common problems
such as high Young’s modulus compared to bones’, poor biocompatibility and low corrosion resistance.
And since the demand of implants has significantly increased over the last decade, engineers and
researchers across the globe have started addressing these issues earnestly through either modification

of the existing alloys or exploring on new alloys which are resilient to the requirements.

2.4.1  Advantages of Ti-alloys Compares to Other Metallic Alloys

Titanium alloy has the highest biocompatibility among stainless steel 316L and cobalt chromium alloys.
It also exhibits a high specific strength and superior corrosion resistance. Owing to these advantages of
titanium alloy, Ti-6Al-4V is ranked the most widely used metal in medical implants. Until recently,
stress shielding has been aconcern in causing failure in metallic implants due to loosening of the implant
or fracture of the bone resulted from bone resorption. This happens because of a higher Young’s
modulus of the implant compared to that of bone.

Among all applicable materials, titanium alloys have the lowest Young’s modulus3®. The elastic
modulus of titanium alloy, Ti-6Al-4V (110 GPa) is half of the stainless steel and Co-Cr based alloys
where their stiffness is 190 and 220 GPa respectively, however they are still considered too high
compared with bones. Researchers and engineers are still experimenting on the new generation of
titanium alloys with intention to lower the Young’s modulus as much as possible to approach that of
the bone.

2.4.2  Early Development of New Generation Ti-alloys

One thing that have shown promising result is that B-type Ti alloys has the lowest modulus compared
with other types such as a, o”, (a+p), and o-type. This is achievable due to the crystal structure of the
phases, which B-type Ti alloys have body-centred (BCC) cubic structure and o-phase owns the
hexagonal closed-packed (HCP) component. BCC structure has the lowest lattices density, therefore
effort in developing low modulus B-type Ti alloys (Table 10) for biomedical devices was further
explored and progressed?’. The first generation of B-type Tialloys developed consist of a wide range of
elements, such as molybdenum (Mo), iron (Fe) and silicon (Si). Later on, cheaper elements are proposed
as alloying elements such as manganese (Mn), magnesium (Mg) and tin (Sn).

Even though these combinations offer a low Young’s modulus, as shown in Table 10, they are found to

be either toxic or easily biodegradable which is harmful and unsustainable3s. Due to significant impact
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of the toxic elements, the preliminary purpose of the thesis will be based on non-toxic elements which

are Ti, Nb, Zr and Ta, which will be further discussed in the next section.

Table 10: Some ofthe f-type Ti alloy developed and the Young’s modulus®

Alloy Designation (wt%) Elastic Modulus (GPa)

Ti-12Mo-62Zr-2Fe 74-85
Ti-15Mo 78
Ti-15Mo-52r-3Al 80
Ti-15Mo-2.8Nb-0.2Si 83
Ti-12Mo-3Nb 105
Ti-12Mo-5Ta 74
Ti-12Mo-52Zr 64
Ti-25Nb-11Sn 53
Ti-25Nb-2Mo-4Sn 65
Ti-16Nb-10Hf 81
Ti-24Nb-4Zr-7.95n 46
Ti-24Nb-4Zr-7.95n 55
Ti-24Nb-4Zr-7.95n 53
Ti-35Nb-72r-5Ta-0.40 66
Ti-22.3Nb-4.6Zr-1.6Ta-6Fe 52
Ti-29Nb-13Ta-4Mo 50-80
Ti-29Nb-13Ta-6Sn 65-70
Ti-29Nb-13Ta-4.6Sn 55-78
Ti-29Nb-13Ta-2Sn 45-48
Ti-35Nb-4Sn 42-55
Ti-30Zr-3Cr-3Mo 66-78
Ti-302r-(5,6,7) Mo 59-75
Ti-80Mg 59.2-67.139

243  B-type Ti-alloys with Nontoxic Elements

A new evolution of low modulus B-type Ti alloys composed of rare metals Nb, Zr and Ta have been
extensively reviewed and studied. This approach has a promising potential in resolving the problem of
getting the best biomaterial for an implant. From Table 9, these four elements (Ti, Nb, Zr, and Ta) are
the sole material accountable of good biocompatibility and high corrosion resistance. Since then,
modification on B-type Ti alloys focusing on these four elements in various concentration have been
studied and developed to obtain Young’s Modulus closest to the bones, which is approximately 5-30

GPa. Table 11 shows the research results based on a vast range of combination of Ti alloys with the
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different composition of Nb, Zr and Ta and their properties. They can be grouped into binary, ternary

and quaternary combination. The Young’s modulus can span from 140 GPato as low as 14 GPa.

Table 11: Ti-Nb-Zr-Ta alloy in binary, ternary and quaternary combination and their Young s modulus*??

Young’s modulus Young’s modulus

Alloy elements (GPa) Alloy elements (GPa)
Binary Ti-2sNb-g54Zr 64+4.5
Ti-oNDb 74 Ti-30Nb-322Zr 65+4.2
Ti-56Nb 62 Ti-3aNb-5Zr 62+3.6
Ti-;sNb 67.8 Ti-3sNb-sZr 65/59.8
Ti-3sNb 60 Ti-ssNb-10Zr 50-90
Ti-a0Nb 62 Ti-3sNb-15Zr 62.9
Ti-24Nb 70 Ti-41.1Nb-7.1Zr 65+1
Ti-0Ta 99 Ti-ssZr-10Ta 109+2
Ti-pTa 82 Ti-s0Zr-14Ta 120+20
Ti-sTa 64+3.7 Ti-ssZr-18Ta 130410
Ti-Ta 69 Ti-30Zr-2»Ta 11245
Ti-sTa 81 Quaternary

Ti-soTa 77-93 Ti-225Nb-,Ta-g7Zr 50-70
Ti-soTa 82 Ti-237oNb-483Zr -174Ta 42
Ti-oTa 67 Ti-gNb-13Ta-7.12Zr 55
Ti-soTa 104 Ti-2oNb-¢Ta-sZr 43
Ti-0Zr 100 Ti-eNb-11 Ta-sZr 60
Ti-20Zr 125 Ti-2oNb-13Ta-s6Zr 55-97
Ti-soZr 124 Ti-ssNb-,Ta-sZr 40-48
Ti-aZr 123 Ti—ssNb—s7Ta—722r 57
Ternary Ti-ssNb-25Ta-25Zr 60-80
Ti-i7Nb-sTa 71 Ti-3sNb-sTa-sZr 65-80
Ti-197Nb-55Ta 10-60 Ti-s3sNb-75Ta-252r 58-78
Ti-sNb-5Ta 55 Ti-237Nb-483Zr-174Ta 35-42
Ti-3sNb-10Ta 55-75 Ti-30Nb-w0Ta-sZr 66.9
Ti-13Nb-13Zr 44-84 -(I:IE]SOSIS\ItZ-u?i ;'5Ta 55
Ti-18-20ND-5.6Zr 45-55 Ti~s0aND-1352 -107Ta 71
Ti-1sNb-14Zr 14 Ti-10Zr-sTa-sNb 46-58
Ti-248Nb-40.7Zr 63+4.2

Ti-27Nb-gZr 70-120

Three graphs were plotted, using the data available in open literature, to highlight the changes of
Young’s modulus with respect to Ti%, Nb% and Zr% in an increasing order. As it is evident from the
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histogram distribution graphs in Figure 3, Figure 4 and Figure 5, it is difficult to establish a trend on the

effect of the alloying elements on the modulus of Ti-Nb-Zr alloys.

Ti% vs E
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Figure 3: Plotof Ti-Nb-Zr alloy vs Young’s modulus with respect to Ti% in an increasing order
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Figure 4: Plotof Ti-Nb-Zr alloy vs Young’s modulus with respect to Nb% in an increasing order
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Zr% vs E
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Figure 5: Plotof Ti-Nb-Zr alloy vs Young’s modulus with respect to Zr% in an increasing order

2.4.4  Heat Treatment and Strengthening Effects

Heat treatment and strengthening work are two potential methods that could be utilised to enhance the
mechanical properties of the p-type Ti alloy. The strengthening works include cold working, severe
cold swaging or plastic deformation. The disadvantages of cold working include strain hardening, use
of expensive equipment, undesirable residual stresses and less ductility*® because tensile strength &
increased during the process. However, the ductility and the Young’s modulus are retained*!. Along
with the strengthening effect, cold working also provides some advantages which are; good control of

dimensional deviations, better reproducibility, as well as high levels of straightness and machinability +2.

While cold working increases tensile and yield strength, hot working of Ti-alloy reduces the strength
thus increases the ductility. The elevated temperature involved is less cost-effective as it slows down
the production rate thus increases the time. However, the diffusion from the heat enhances the removal
or reduction of chemical in-homogeneities. Other undesired consequences from hot working are poor
dimension, tolerances from uneven cooling, thermal shock and possible surface defect from low thermal
conductivity#3. Hydrogen absorption might occur induces poorer mechanical properties that required
alleviation through preheat*4.

Heat treatment is one common method used to improve the mechanical strength of titanium alloys.

Solution treatment is utilised to enhance the uniform distribution and microstructure across the element.
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Aging process after the solution treatment is aimed to prevent the formation of brittle ®-phase*®.
However, a very little amount of m-phase is considered effective in increasing the fatigue strength of
the alloy without having any impact on the Young’s modulus. Secondary to that, some literatures have
shown effective signs of fine o precipitates in increasing Ti-alloy’s super-elastic property 4.
Nevertheless, the amount of o phase precipitation should be strictly controlled as there had been
reported occurrence of embrittlement due to intolerable amount*’. w-phase belongs to hexagonal
structure and is metastable. It can be produced by short-aging time at a relatively low temperature or
intermediate temperature and the amount decreased with increasing B-stabilizer4é. Besides, quenching
of B-phase from high temperature also produces a small amount of w-phase*°. In addition to ® phase,
the formation of other phases influences the mechanical properties of Ti-alloys. According to Nakai M
2012, by optimising o phase precipitation through aging treatment and cold rolling, it is possible to

increase the fatigue strength while maintaining relatively low Young’s modulus®°.

For powder metallurgy fabrication route of Ti-alloys, a higher sintering temperature optimises the
solubility of the alloying element such as Nb and Zr in the Ti matrix besides effectively suppresses the
B-a phase change which directly increases the amount of B-phase. This result thus suggests that a high

sintering temperature increase the amount of B phase in alloys®?.

2.4.5  Microstructure Characterization of Ti-Nb-Zr alloys

The microstructure characterization of Ti-Nb-Zr alloys were found to contain five individual phases in
the literatures published, specifically B-phase, a-phase, o’-phase (Figure 7), a”-phase (Figure 8) and o~
phase (Figure 9) or a combination of two (Figure 6) or more of these phases. The crystal structure of -
phase is BCC. Whereas a-phase, a’-phase, and ®-phase are of HCP crystal structure. The o”’-phase
belongs to orthorhombic crystal structure. Among these phases, p-phase has the dominant volume
matrix in Ti-Nb-Zr alloy compared to other phases and is mostly desired and has been proven to offer
the lowest Young’s modulus among other phases. Additionally, several types of micro constituents and
microstructures are also observed, namely Widmanstatten and basketweave patterns, acicular
martensitic, lamellar (Figure 10), primary and secondary o (Figure 11). The transformation of
microstructures and phase of these alloys are highly dependent on the cooling rate, prior heat treatment
and work hardening processi%,
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Figure 6: SEM (a+f)-phase: Decomposition of undeformed o laths with precipitation of f phase between them®,

100 pm

Figure 7: Optical micrograph showing o -phase after homogenized at (950 °C) for 5h, followed by water quenched and then
solution treated at900°C for 1h and water quenched %,

Figure 8: Optical micrographsshowing Widmanstatten « ’-phase (a) after water quenched from 1050°C with martensitic
transformation and the formation of laths, (b) tempered at 750°C for 1hr after water quenched from 1050°C%2,
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Figure 10: SEM images of acicular and lamellae a’ phases®
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Figure 11: SEM images of primary, secondary, tertiary and quartic a'; prior 4 grain boundary>®

2.4.6  Different Methods Applied to Develop Low Young’s Modulus Ti-alloys

Various theoretical approaches have been developed to further reduce the intrinsic Young's modulus of
B-Tialloys though alloying elements selection and composition design. While Kuroda et al. 1998, have
first implied a method in increasing two alloying parameters which are the average covalent bond

strength (Bo) and average d orbital energy level (Md) to acquire low elastic modulus of B-phase Ti-
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alloys, it is however could not be further clarified due to the complicated quantitative relationships
between Young's modulus, Bo, and Md. After 13 years, on 2011, Friak et al proposed a method namely
ab initio prediction to calculate the elastic constant of various elastic properties. In Wang et al, 2016
report, it is concluded that single crystal along the <100> direction has a lower Young’s Modulus than
the polycrystalline which is restricted to 30—40 GPa. This is derived from a strong elastic anisotropy for
Ti-rich compositions. Nevertheless, only few studies concerning single crystalline materials for
biomedical appliances are reported due to difficult processing and preparation as mentioned by Takesue
et al., 2009 and Tane et al., 2010. In addition to this, another estimation through calculations by first
principle (FP) was proposed by Ikehata et al., 2004 and Ma et al., 2008. All of the above problems and
solutions have outlined the application of CALPHAD (Calculation of Phase Diagram), a method used
to describe single-crystal elastic constants based on the available experimental data and first-principle

calculations®é,

2.5  Fabrication Methods for Titanium Alloys

There are two most commonly used methods in the fabrication of Tialloys, which are ball milling or

powder metallurgy and arc melting.

2.5.1  Ball Milling/Powder Metallurgy

Powder metallurgy is a good method in fabricating titanium alloys compared to the conventional way.
It utilises either blended elemental (BE) powders or pre-alloyed (PA) powders to produce the desired
composition. With blended elemental, the powder is cold pressed via gas or fluid into desired ‘green
shape’ isostatically through mechanical pressing. This process guarantees a product of 95-99% density
after being vacuum sintered. Besides, its simplicity yields some significant advantages such as cheap
and versatile, with lower sintering temperatures than the melting points of each constituent element?”.
Another option for PM is using pre-alloyed powders which the desired elements composition is being
set. Compared with BE, this method requires a more sophisticated equipment thus it is abstained from
cold or hot pressing.

Both BE and PA powder metallurgy own their advantages and drawbacks. The benefits of BE are that
it demonstrates competent tensile strengths, fracture toughness while inhibited fatigue crack
propagation although there is a slight reduction in fatigue strength. PA method on the other hand gives
a finishing product that yields near full density with mechanical properties, including fatigue strength

that exceed an equivalent wrought sample®s.
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2.5.2  Arc Melting

Another common method for the fabrication of Ti-Nb-Zr-Tais arc melting. It can be produced with
high-purity alloy elements in a desired proportion. The melting process is carried out in an arc furnace
under argon atmosphere furnished with water-cooled copper hearth. Due to a considerably difference
of melting point and density between these four elements (Table 12), especially tantalum, the designed
alloy is required to be melted multiple times and also at an extended time to ensure an existence of a
homogeneous solid solution phase. At the same time, ingots may be flipped between the melting
processes to further enhance the chemical homogeneities. The heating temperature is subjected to the

designed alloy and whereby it must be above the B-transus temperature from the phase diagram>°.

2.6  B-type Ti-Nb-Zr Alloys

An array of combination between the elements of Ti-Nb-Zr-Tahas been engineered and studied in order
to obtain the optimised composition that yields the least Young’s modulus yet sufficient tensile strength
for implant devices. This research project will be based on the same approach. However, tantalum is
found to have a very high melting point which is almost twice that of titanium. It possesses a density of
16.4g/cm?, which is almost fourfold of titanium, as shown in the Table 12. Furthermore, pricing at
USD139 per kg, it is substantially expensive compared to the other elements, which as a result makes
it less favourable. Having considered these drawbacks, Ta was excluded in this project and the research
outline will only focus on Ti, Nb and Zr. Although the study of this ternary combination is not new at
this stage, and an extensive combination of various composition has been meticulously researched, yet
achievement to obtain the Ti-Nb-Zr alloy of Young’s modulus and strength nearest to the human bone
is still to be resolved.

Table 12: Ti, Nb, Zr, Ta and their properties, Tm and price®-61

Metal Me_:lting Young’s Yield Density  Price (USD/kg)
point (°C) Modulus GPa  strength MPa g/cm? 2017

Titanium 1668 116 140 451 4.80

Niobium 2468 103 207 8.57 42.28

Zirconium 1852 94.5 230 6.51 100-150

Tantalum 3017 186 230 16.4 151.80

Listed under Table 13 arearticles correspondence to studies and experiments of Ti-Nb-Zr as biomaterial
with the purpose to obtain the lowest Young’s modulus. The majority literatures established agreed to
a better solution to acquire the best constitution of Ti-Nb-Zr alloy (which is low Young’s modulus and
high tensile) through tangible experiments in a scientific way. Others suggest using first principles
theory known as parameter-free density functional theory calculations to get the composition which
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gives the optimise Young’s modulus and strength. Afiner and homogeneous B-phase Tialloy has been
confirmed producing the lowest Young’s modulus among other or combination of any other phases.
Zirconium could form a complete solid solution in titanium alloy while niobium is a B-phase stabilising
element.

The prominent outline of most literatures contains fabrication of this alloy, mechanical testings (tensile
or compression test), microstructure and phases observation, cytotoxicity testing, monitoring of bone
resorption and corrosion testing. Fabrication through arc melting is rather popular among the scholars
because of its straightforward method and also the availability. More recently, porous titanium-based
alloys were found increasingly capturing the interests of many researchers and engineers by the virtue
of its porosity which could significantly reduce the Young’s modulus. Although this alloy has many
beneficiaries and yet to explored prospects, it also faces multiple unknown challenges in regard to

fabrication, obstacles for expanded applications, and future opportunities.

Many studies have been done to modify titanium alloy with Young’s modulus closest to the bone,
ranging from 0.2-30 GPa, and results have proven satisfactory, nevertheless, this alloy has not been
applied as at today as according to M Niinomi, 201262, a well-known researcher in this field, because

there are still rooms for improvement.

2.6.1  The Alloying Effects of Nb and Zr in Ti-alloys

One of the greatest advantages for Nb and Zr is that both are of nontoxic elements and corrosion
resistant. In addition to that, Nb and Zr have unique roles and characteristics as alloying element. An
addition of Zr actually helped stabilize the body-centered cubic § phase. There is an indication that
increasing Zr content improve the strength of the alloy. Part of the reason could be attributed to the
strengthening mechanism via substitution of Zr atom which anchors dislocation. By increasing Zr
content, the amount of a phase is decreased. The improvement of mechanical strength can also be
attributed to the refined grain size upon peak-aging treatment. The increasing Zr content helps to reduce
the peak-aging time but is irrelevant in influencing the elastic modulus and elongation of Ti-alloy®3. Zr
is regarded as a superior ternary element because of its biocompatibility and ability to reduce the

unwanted phases such as o phase which is known to increase the Young’s modulus®4.

Since Nb is a B-stabilizer, the larger the Nb concentration, the higher are the percentage of  phase. As
the Nb concentration increases, few scenarios are observed which include the slow disappearance of
the a-phase mixture and a more homogeneous microstructure within niobium in the titanium matrix®®.
K Rajamallu et al 2017 reported the Young’s modulus increases with Nb content and above 25 at% of
Nb, Young’s modulus varies within the range of 60—80 GPa. This phenomenon happens subsequent to
the increase in density due to the addition of Nb element which is heavier than pure Tielement®s.
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In B-phase Ti-Nb system, the increase of Nb content is stabilised by addition of Zr. The 3 phase stability
of ternary system is dependent on the amount of B stabilizing elements present, thus a higher
concentration of Nb enhances the stability of the system. According also to K Rajamallu et al 2017, the
Ti-Nb-Zr B-phase starts stabilizing from Ti-18.75at%Nb6.25at%Zr onwards and thus the best
composition for Nb and Zr is either equivalent or more than 18.75at% and 6.25at% respectively.

2.6.2  Ternary Diagram for Ti-Nb-Zr Alloys

Several researchers have reported their findings on the isothermal processing of Ti-Nb-Zr ternary
system®’. The temperature range specified is from 570 to 1100°C and the studies have included the
liquidus surface® and solidus surface®® over the entire region of composition. As according to Tokunaga
et al 2007, the Ti-Nb-Zr ternary system is made up of solution phases only, namely the liquid phase,
the BCC phase (Nb, BTi, pZr), and the HCP phase (aTi, aZr). Based on the Ti-Nb7?, Ti-Zr’* and Nb-
Zr*? binary system, a thermodynamic modelling of Ti-Nb-Zr was extrapolateds” and the relationships
between the phase and composition were well defined. Shown in Figure 12 is the calculated isothermal
ternary diagram with the experimental data of the Ti-Nb-Zr ternary system at 570°C.

Ref. 22)
Zr |, s +pi2
Ref. 25)
o (oTi, oZr)+P#14+p#2

Nb 0 40 60 80  Ti
Ti content (mol%)

Figure 12: Calculated isothermal diagram of the Ti-Nb-Zr system at570°C%’

Three different phases were distinguished in Figure 12, they are a-phase, B-phase, and a+f phase.

In Figure 13, the theoretical result of Ti-Nb-Zr system in liquidus surface is projected. The isothermal
diagram elaborates melting point is increased proportionally with the niobium content as the melting
point for niobium is the highest among the ternary system. The lowest and highest melting temperature
to transform the entire range of Ti-Nb-Zr into liquid is 1577° and 2427° (Table 12).
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Figure 13: Calculated liquidus surface projection in the Ti-Nb-Zr system 6’

Summary of Chapter 2: Literature Review

In this chapter, the demands of orthopaedic implants and their current problems are highlighted. The
most concerning issue is the biomaterials used. They have been reported in causing stress shielding and
releasing toxic elements to the human body. These drawbacks are resulted from the high Young’s
modulus and the toxicity of the alloying elements used. Thus, the new generation of Titanium alloys,
especially Ti-Nb-Zr alloys, are developed to mitigate these problems as they have been found to offer
low Young’s modulus besides being non-toxic. Different fabrication methods, analysis on the
microstructure and phase of Ti-Nb-Zr alloys from the published papers were also discussed. Ternary
diagram and alloying effects which aims to obtain beta phase Ti-Nb-Zr alloys were also mentioned

since beta phase has been giving a very promising Young’s modulus closest to the bones.
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Table 13: Table showing Ti-Nb-Zr alloys of different elements composition, their mechanical propertiesand arguments of findings from some articles.

Ti Nb Zr Ta E (GPa) TS (MPa) YS (MPa) Strain% Elong% Arguments : Ref
Ti-13Nb-13Zr 74 13 13 79-84 973-1037 836-908 10-16 10-16 Proposingthe evolution of porous Ti-basedalloy as the results | "
(ASTM F1713) obtained B-type Ti-basedalloysare too stiff compared with
cancellous bones (0.2—-2.0 GPa).
74 13 13 80 - - - - The a+p microstructure obtained through aging process is &
found superior than any other microstructure for biomedical
devices as it displays a lower modulus, greater mechanical
biocompatibility and moderate elongation to failure.
74 13 13 40-50 - - - - The authorsencouraged more researcheson metallic &
biomaterialsto be investigated to help progressthe
development and practicability of low modulus Ti-based alloys.
(Note: these alloys have not been put into use as at today)
Ti-13Nb-13Zr 74 13 13 82 - 1021 1.4 1.4 UFG Ti-13Nb-13Zr alloy has great potential to replace Ti- [
Ultra-fine grain 6AI-4V for load bearing implants because of itsexcellent
(UFGQ) mechanical and biological compatibility. UFG alloy exhibits a
greater combination ofyield strength and Young’s modulus
comparedto coarse-grained alloy.
Ti-13Nb-13Z2r 74 13 13 69-72 681-750 - 82-10.4 82-10.4 The elastic modulus and strength is enhanced remarkably with %
Ti-10Nb-35Zr 55 10 35 - - - - - relative density. The density increaseswith Nb particles
Ti-27Nb-gZr 65 27 8 70-120 - - - - agglomeration as they retardthe sinteringmechanism and
prevent homogenization. T hus, it must be avoided during the
BE/PM process.
Ti-16Nb-10Zr 74 16 10 70 520 485 0.69 0.69 Nb content shouldalways be greater than Zr content as ”
substitution of Nb by Zr will alter the phase constitution from
single B phase to o+ phase thus increase the Young’s
modulus of the alloy. The authors claimedthat the Zr/Nb:0.3
ratio is most superior as in Ti—20Nb-6Zr (comparedto Ti-
16Nb-10Zr, Ti-18Nb-8Zr and T i-24Nb-2Zr) due to its super-
elasticity and combined performance.
Ti-19Nb-14Zr 67 19 14 14 - - - - B-type Tialloysoffer the lowest Young’s modulus. However, 8
Ti-18-20Nb-s.6Zr | 74- | 18- | 5-6 | 45-55 - - - - there exist other methods such as precipitation, texture
77 20 orientation, porosity structure and processing routes that could
enhance the development of a desirable metallic biomaterial of
low Young’s modulus.
Ti-4Nb-15Zr 81 4 15 - - - - - In terms of corrosion resistance, Ti-13Nb-13Zr hasgreater .
Ti-sNb-13Zr 82 5 13 - - - - - value than the Ti-5Nb-13Zr and Ti-20Nb-13Zr alloys.
Ti-20Nb-30Zr 50 20 30 - - - - _
Ti-22Nb-eZr 72 22 6 - - - - -
Ti-20Nb-15Zr 65 20 15 - - _ 50
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Ti Nb Zr Ta E (GPa) TS (MPa) YS (MPa) Strain% Elong% Arguments : Ref

Ti-35sNb-15Zr 50 35 15 1.2-10.8 73-1530C - - - The Nb, Zr concentrations and sintering temperature will affect
(Porous) (Porous) the phase compositionsand microstructures of Ti-Nb-Zr alloys.

Ti-3sNb-sZr 60 35 5 65/59.8 - 874 - - The addition of Zr in Ti-35Nb-xZr helps reducing Young’s 8l
Ela modulus while increasing the tensile strength and ductility of

Ti-35sNb-10Zr 55 35 10 58.8 Ela - - - - the alloy. Besides, it also stabilises the B-phase. Experiment

Ti-35Nb-15Zr 50 35 15 62.9 Ela - - - - showed osseointegration of thisalloy.

Ti-20Nb-13Zr - - - - - - - - Laser nitridingtreatment tendsto increase corrosion and wear o2
resistance for Ti-Nb-Zr alloy.

Ti-sNb-15Zr 80 5 15 - - - - - Using nanotechnology surface treatmentin galvanostatic 8
anodization on Ti-15Zr-5Nballoy surface. The layer outcome
displays a nanotube-like porosity that can stimulate the
formation of the bone, cell attachment and offers good
corrosion resistance.

Ti-3sNb-3Zr - - - - - - - - Ti—35Nb-xZr alloys showed an equiaxed p-phase 84

Ti-35Nb-sZr - - - - - - - - microstructure and the B-phase stabilises with the increasing

Ti-35sNb-7Zr - - - - - - - - addition of Zr.

Ti-3sNb-10Zr - - - - - - - -

Ti-25Nb-6 2521 - - - 50 - - - - Ti-25Nb-6.25Zr hasthe lowest average YM (50 GPa average &

Ti-25Nb-125Zr - - - 60 - - - - value) amongall the ternary BCC B Ti—25Nb-xZr systems.

Ti-25Nb-18.75Zr - - - 58 N - . -

Ti-25Nb-25Zr1 - - - 56 - - - -

Ti-24Nb-2Zr 74 24 2 - 200-800 - - - The w-phase isa Ti-rich phase. The formation and growth of 86
o-phase particleswill lead to the increase of B-phase particles
in the B-phase matrix. The w-phase also inhibits o”-phase
formation in the B matrix.

Ti-3aNb-25Zr 51 34 25 62+3.6 839+31.8 810+48.0 1.31 14.8+#1.6 | TheTi-Nb-Zr alloysdisplayed excellent ductility and 87

Ti-30Nb-322r 38 30 32 65+4.2 794+10.1 782+18.8 1.2 13+1.8 cytocompatibility. They exhibited low Young’s modulus,

Ti-28Nb-3542Zr 36.6 | 28 35.4 | 64+4.5 755+28.3 729+26.3 1.14 11.3+1.5 sufficient tensile strength, ability to sustain compression test

Ti-2agNb-a07Zr | 34.5 | 24.8 | 40.7 | 63x4.2 704+49.5 682+52.9 1.08 9.9+1.1 with no cracking, or fracturing.

Ti-35Nb-10Zr 55 35 10 50 900 850 - 13 The change of Zr content may induce dynamical recovery and 58

55 35 10 90 1300 1240 - 9 recrystallization during hot forging of as-cast alloys. Needle
like particles or m-precipitates were observed after aging
treatment.

Ti-41.1Nb-7.12Zr 518 | 411 |71 65+1 490+27 490+27 - 16+3 A complete recrystallization occurs after heat treatmentat 1000 | 8
oC/2 h followed by cold working. Tantalum tendsto increase
tensile strength and elongation yet decrease Young’s modulus.

Ti-sNb-9Zr 86 5 9 62.3-72.4 Theauthor argued that a”-type Tialloys has higher potential 90

Ti-10Nb-9Zr 81 10 9 54.4-67.2 than B-type Tialloysin biomedical application asthey offer

Ti-15Nb-9Zr 76 15 9 38.8-39.0 | 850 lower cost, lighter weight and lower Young’s modulus.
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2.7  Research Objectives/Motivation

After reviewing the literature around the next generation Titanium alloys for medical implants,
specifically Ti-Nb-Zr alloys, it gives an implication that these alloys are of great interest in the implants
research as it generates massive benefit in the medical aspect. However, more studies and research are
necessitated to realising these alloys into application. Currently, there is no mutual agreement between
published papers in which elemental composition is most suitable and could yield the lowest Young’s
modulus. Although it has been reported in most papers that f-phase contributed to lowest Young’s
modulus, the best composition is yet to be investigated. Thus, this thesis aims to clarify these issues as
well as to realise three objectives which are:

e To determine the proportion of Ti, Nb, and Zr elements in Ti-Nb-Zr alloys to find a good
combination that yields a low Young’s modulus that is closer to that of the bone (less than 50
GPa).

e To observe the phase diagrams of the alloys with component in multiple proportion, to observe
the number and amount of the phases present at different designated temperatures and
compositions.

e Tounderstand the logic behind the microstructure and phases observed in Ti-Nb-Zr alloys.

The nature of the research for this thesis has been planned in order to meet the objectives and address
the issues as stated. First of all, data were collected based on past experiments by various scholars,
professionals which were verified through publications. Problems concerning the fabrication method,
the implication behind lowering the elasticity and the alloy’s proportion will be highlighted under the
literature review section. One of the main goals of literature review is to observe the relationship
between the alloys’ composition and their Young’s moduli. Three graphs with an increasing order of Ti
wt%, Nb wt% and Zr wt% in the Ti-Nb-Zr alloys with regards to Young’s modulus were plotted. The
graphs serve as a purpose to monitor the effect of element composition on the Young’s modulus value
and also to address the relationship between the both factors.

Besides relying on the observation, analysis from the literature review, experiments will be carried out
to gather evidence to support the hypothesis and assumptions made. The intended experiments and their
setting parameters will be based on applicable standards, recommendations from the papers associated
with the judgement made during the analysing process. Experiments will include microstructure
observation with optical microscope and Scanning electron microscope (SEM), phase analysis with X-
ray diffractometer (XRD) and Thermo-Calc, microhardness testing, nanoindentation and Young’s

modulus measurement.
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The microstructure characterization is employed to understand the implications of different element
composition in producing the various outcome of microstructure and phases of the alloys. The phase
analysis aims to analyse the effect of different phases in alteration of Young’s modulus. XRD will be
used to identify the phases of the samples, whereas Thermo-Calc is applied to observe the phase diagram,
the number and amount of the phases present at different designated temperatures and compositions.

Thus, the collaboration package between microscopy observation and phase analysis can be used to link
the relationship between the element’s composition and the Young’s modulus value. Hardness of the
samples will be compared in nano and micro scale to ensure the results obtained are compatible.

Young’s modulus will be measured via nanoindentation system. The necessary measurements will be
done at least twice to confirm the stability and reliability of the testing equipment and also the samples

fabricated.

In this report, efforts would be done to understand the logic behind the microstructure or phases
observed in Ti-Nb-Zr alloys. Discussion and analysis of the findings and the contribution factors that
lead to the results obtained will be outlined. The alteration of composition decided has been based on
an arbitrary selection which utilises intervention such as research, feasibility study and testings.
However, through systematic analysis, detailed experiments and phase diagram studies, a suitable set
up proportion of the new generation Ti-Nb-Zr alloy could be achieved.
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CHAPTER 3

Methodology

3.1 Fabrication of B-phase Ti-Nb-Zr Alloys
3.2 Microstructure Characterisation

3.3 Alloy Assessment
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3.1  Fabrication of B-phase Ti-Nb-Zr Alloys

For the present work, the samples were fabricated in the Department of Materials Science and
Engineering at Beihang University, Beijing, China via conventional arc melting furnace. The raw
materials used were Titanium, Niobium and Zirconium. Titanium was obtained from titanium sponge
with 99.7% impurity. Pure Niobium from Niobium pieces of 99.95% purity. Pure Zirconium with 99.5%

purity was extracted from Zirconium pieces.

The compositions of the alloys for this research are Ti-xNb—7Zr alloys containing 23, 28, 33%wt. Nb.
Theyare Ti-23Nb-7Zr, Ti-28Nb-7Zr, Ti-33Nb-7Zr. (allchemical compositions in this work are in wt.%
Table 14). The compositions were decided based on the analysis derived from the literature review of

past experiments by various researchers.

Table 14: Purity and wt% of Ti, Nb and Zr

Elements Ti Nb Zr

Purity 99.7% 99.95% 99.5%
Ti-23Nb-72r 70% wt. 23% wit. 7% wt.
Ti-28Nb-72r 65% wt. 28% wt. 7% wt.
Ti-33Nb-72r 60% wt. 33% wit. 7% wt.

Tiis chemically active at high temperatures thus the production of Ti alloys in conventional arc melting

furnaces is not feasible and requires a controlled environment, vacuum or inert gas like Argon.

In the process, the metal pieces were weighed and divided into desired size. The metal pieces were then
charged into the furnace. The arc melting furnace is DHL-400 type Magnetron-Arc Furnace, shown in
Figure 14. The ingots were remelted 5 times in the furnace. As expected, the applied electromagnetic
field is capable of stirring the alloy to enhance the uniform distribution of alloying elements. The
finished samples were thin disc shape with a dimension of 45-50mm in diameter and 10mm in height,

as shown in Figure 15.
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Figure 14: Vacuum arc melting furnace schematic diagram °*

Figure 15: Sample shows homogeneous after melting and casting process

3.1.1  Solution Treatment of Samples

The samples were then homogenized at 1000°C, which is above the B transus temperature®2 where the
a— transformation is expected to take place for Ti-Nb-Zr alloy. They were heated for 1 hr under argon
atmosphere before water quenched to room temperature. Solution treatment helps to reduce the grain
size of Ti-Nb-Zr alloy and also to enhance the microstructure homogeneity of the alloy. The disc -shaped
specimens were then prepared for measurement of elastic modulus, microhardness measurement,

microstructure examination, and phase analysis by using electrical discharge machining (EDM).

3.1.2  Sectioning of Samples

There are few issues need considering during the machining process. Firstly, Ti with low thermal
conductivity tends to succumb to rapid tool wear as heat dissipation is inhibited during cutting. Galling
between Tialloys and the cutting tool occurs easily due to its low hardness and high chemical reactivity
properties®3. The high strength Tialloys will significantly reduce the normal tool life. A relatively low
Young’s modulus property may lead to poor surface finish due to spring-back and chatter phenomenon
in the cutting process®.
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Owing to the concerning aforementioned problems, the sectioning of Ti alloys was performed using
Wire cut Electrical Discharge Machine (WEDM) (Figure 16) which does not affect the mechanical
properties of the alloy while on the other hand is able to reduce material waste and provide a better
surface finish to the end product. This technique discharges the electrified current by means of a taut
thin wire, which acts as the cathode and is guided alongside the desired cutting path, as wide as three
inches and a positioning accuracy of +/- 0.0002”. This precision allows complex, highly detailed and
very small pieces items to be produced or machined?®. Besides, it minimises the direct contact between
Ti-alloy and the cutting tool which is beneficial to eliminate chatter, mechanical stress and vibration as

much as possible®. This cutting process was done by a machine workshop, Toolcraft Pty Ltd at Holden
Hill, Adelaide.

Figure 16: Wire Electric Discharge Machine (WEDM) from Toolcraft

The sectioned sample is shown in Figure 17. The cut surface appeared to be dim as compared to a

normal cutting surface which is shiny.

1 ! 1 -
JO0 U IS5 19 N

Figure 17: Before and after sectioning the sample with WEDM
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As the cut pieces are still too big for mounting and XRD analysis, the samples were cut into smaller
pieces at about 5mm in thickness with the diamond cutter (Struers Minitom) as shown in Figure 18.
The cutting process took about 50 minutes for one cut.

Figure 18: Diamond cutting machine used to cut the samplesinto adequate piecesfor microscope and XRD test

3.2 Microstructure Characterization

Prior to microscopic examination from micro scale to nano scale, the samples were mounted (Figure
20) prior to grinding and polishing. Since titanium alloy is prone to mechanical deformation and
scratching owing to its extreme ductility, specific advice and recommendations are required to
overcome the typical behaviour of titanium. Struers, the equipment supplier recommended a three-step,
automatic method via chemical- mechanical polish to necessitate an excellent and reproducible
finishing result for titanium alloy. The proven procedure is illustrated in Figure 19 according to method
suggested in ASM Handbook, Volume 9: Metallography and Microstructures. This process was carried

out on a Tegramin 25 polishing machine (Struers) as shown in Figure 21.
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Figure 19: 3-step, automatic grinding and polishing method for titanium alloys®’

The first step in the grinding process is plane grinding. The alloy was ground using silicon carbide foil
of 220 grid size, at 300 rpm with a force of 15N. The lubricant used was water and samples were ground
for 5 minutes until they are plane and flat. Plane grinding is then followed by a single fine grinding step
with resin bonded diamonds in a rigid disc on a hard surface such as MD-Largo, an abrasive 9 pm
diamond suspension. The lubricant recommended at this stage is DiaPro Allegro with the grinding speed
of 150 rpm running for approximately 5 minutes. A high force of 40N was suggested during this process
to discard the additional surface scratches, impurities and to enhance the surface finishing prior to the
last step. The final step of the process involved a chemical-mechanical polishing method. The disc used
was MD-Chem of abrasive type colloidal silica, size 0.04um. OP-S was combined with hydrogen
peroxide (H203) as lubricant in the chemical-mechanical polishing process. The mixture was 90% OP-
S with varying concentration of 10-30% H.O>. This lubricant is established for polishing titanium and
titanium alloys by accommodating the chemical additions without turning into a gel-like viscosity. The
silica suspension was applied to continuously remove the residue product from the reaction between
hydrogen peroxide and titanium to ensure the surface cleanliness and was free of mechanical
deformation. Load applied was decreased to 15 N to avoid pencil shapes in single sample preparation
of mounted samples, and the time used was 20 minutes at 150rpm. At the last 20-30 seconds of the OP-
S preparation step, to ensure a clean sample, water was applied as a cleaning agent to rinse the sample,

rotating cloth and holder.
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Figure 20: Mounting machine for sample preparation

The samples were then etched to remove the deformed layer deposited during grinding and polishing
also to reveal the microstructural detail of the polished mount or the crystalline structure of the sample.
The samples were etched using modified Kroll’s solution (3% HF, 5% HNOs and 92% H.0). The
samples were immersed into the solution for approximately 60 seconds (Figure 22), flushed with water
and then dried in a fume cupboard. It is very important not to over etch or under etch the sample,
otherwise the main features would be either obscured or indistinguishable.

Figure 21: Polishing machine

Figure 22: Samplesin etching process
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3.21 Microstructure Examination

Optical Microscopy and Scanning Electron Microscopy are fundamental inspection methods in
microstructure examination. Both techniques are distinguished by the source of the beams used to
analyse the sample. For optical microscopy, a beam of light is applied to the sample, whereas for
scanning electron microscopy, a beam of electrons is used to interact with the sample.

In comparison, the purpose of using optical microscope is an ideal and immediate method to observe
the microstructure straight away after the sample preparation. It wasalso used to confirm that the surface
polishing was done accurately before proceeding with more tests. The scanning electron microscopy on
the other hand offers an incredibly detailed topographical and compositional information. Three types
of detectors are applicable in SEM., which are Secondary Electron Detector (SED), a Back-Scattered
Electron Detector (BSED), and an Energy Dispersive Spectrum Detector (EDS). All these detectors
were used to observe the fabricated samples. SED was used to observe the topographical information.
BSED was used most frequently to view the basic topographical and basic compositional information,
which was associated with EDS to obtain detailed chemical compositional data?®.

3.2.1.1 Optical Microscopic Observation

Figure 23: ZEISS Optical Microscope used for porosity and microscope observation

Microstructure of the samples were observed under microscope from magnification at minimum 5x to

maximum 100x using Zeiss Axio Imager Polarizing Microscope (Figure 23).

3.2.1.2 SEM with EDS Analysis

Microstructure observation of the samples were carried out using Scanning Electron Microscope Quanta
450 with EDS Analyser (Figure 24). Samples prepared must be able to fit on the sample stage and
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withstand the vacuum conditions as well as the high energy electrons beam. It is necessary to check the
vacuum level before proceeding. The vacuum indicator light must be displayed in green with pressure
<9e-3 mbar and to ensure that the sample holder will not touch the SEM column by CCD. The chamber
must be vented before placing in and taking out the sample. The stub in the sample holder was then
mounted and screwed just right or otherwise the thread will be damaged. The height of the sample
holder including the stub was adjusted to below 10 of the scale by using Z knob of the stage controller
on the SEM chamber door. The door was closed, and the pump was activated. When the pressure
dropped to less than 9e-3 mbar and the vacuum indicator was presented in green, the electron beam was
switched on. CCD monitor was then activated. It is important to make sure the sample holder will not
hit the SEM column during the whole process. The centre position of SEM was set and position X and
Y of the control panel (F) was confirmed.
‘W’ T [
‘ TTAMAL

(AR

Figure 24: Scanning Electron Microscope Quanta 450 with EDS Analyser

The samples are mounted on a stub of metal with carbon adhesive. The adhesive was extended to
slightly overlapping the sample at the top of the mounting. This step was necessitated to prevent
charging, a phenomenon that happens when the number of incident electrons is greater than the number
of electrons escaping from the sample, resulting in a negative charge builds up at the point where the
beam hits the sample. This scenario may cause unusual effects such as abnormal contrast and image

deformation and shift®°.

The quantitative analyses of elemental constitution (wt% of T1, Nb and Zr) were also calculated with
EDS analyser from the same equipment using EDAX software. Aa general rule for comparison, the
same settings such as KV, working distance, magnification, spot size, beam current, scanning speed

and live time were applied for all spectra and the setting conditions were recorded in Table 15.
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Table 15: Operating conditions for quantitative analysis using EDS on Quanta 450 SEM

Parameter Value Settings
Accelerating Voltage 20 kV

Beam Current 120 pA

Spot size 4

Scan rate <300ns

Live time 100 seconds
Working Distance (WD) 9~10mm
Magnification 50x-20000x

3.2.2  Thermo Calc Phase Analysis

The ternary diagram for Ti-Nb-Zr alloy was produced with Thermo Calc software, one of the methods
available in CALPHAD. Thermo-calc software was accessed via The University of Adelaide. The
diagram was created with 3 axes representing the weight percentage of each element at selected
temperatures. The diagram itself represents an equilibrium state, implication of stable or metastable
regions existed within the solution of the alloy substances. The ternary diagram for Ti-Nb-Zr was
produced at various temperatures, ranging from 27°C to 627°C to observe the changes and alteration of
phases according to the temperature. Binary diagram for Ti-Nb, Ti-Zr and Nb-Zr were plotted to identify
the phases present within a wide range of temperature at different concentration of the elements. Scheil
Solidification Simulation was used to predict the phases exist at the specific temperature or at
equilibrium state. Another function applied was ‘Property model calculator’ to study the transition

temperature of each phase.

3.2.3  Phase Analysis (XRD)

Phase analyses of the alloys were conducted on an x-ray diffractometer (Rigaku MiniFlex600 XRD -
Figure 25). The samples used for XRD analysis must be polished to ensure a smooth surface were cut
to a maximum of 5mm in thickness due to the limited gap in the sample holder. The scanning speed
was set at 1.25° min-L. CuK, (A = 1.5418A) radiation was used at the operating condition of 40 kV and
15 mA. The XRD data were collected over the 20 range of 30—-80° with a step size of 0.02°. Preparation
of the sample was done carefully without the exposure of any unrelated elements on the X-ray.
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Figure 25: XRD Machine

3.3  Alloy assessment

The methods used to assess the hardness properties and Young’s modulus of the alloys are

microhardness tester and nanoindentation system.

3.3.1 Microhardness Measurements

Microhardness measurements were made on the polished surfaces of the samples by using LM 700AT
Microhardness Tester (Figure 26) with Vickers diamond pyramid indenter to observe the alloy's ability
to resist plastic deformation when a compressive force is applied. The hardness samples were obtained
from the three groups of samples having different element constituents. The Vickers hardness was
measured at the surface of the sample with a load of 100 gf and a holding time of 20 s. The diagonal
length of the square is approximately 70um. The distance between 2 micro indentations should be at
least 3 times its diagonal length. Thus, the indentation was distanced 250um from each other. An

average of 7 readings was taken from each sample with a triangular matrix (Figure 27).

Figure 26: LM 700AT Microhardness Tester
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250um

Figure 27: Matrix for microhardness measurements

3.3.2  Young’s Modulus and Nanoindentation

Nanoindentation measurements were made on the polished surfaces of the samples after microhardness
test. The test is carried out with IBIS Nanoindentation System (Figure 28) with Berkovich
indenter according to 1SO 14577 Test Method. This instrument is aiming to measure the mechanical
properties of materials with small volumes. The materials properties measured for this thesis are elastic
modulus and hardness. The range and resolution of the force and displacement (depth of penetration),
is in the mN, um nm resolution. An average of 24 readings was taken from each sample in a rectangular
matrix (Figure 29). The distance between the indentations is 15um. Figure 30 compares the indentation
between the micro size and nano size. The test results were plotted in the graphs with force (P-mN)

against depth of penetration (ht-um).

Table 16: Specificationsfor Nanoindentation

Head Specifications
Load range 500 mN
Minimum contact load 5 uN

Depth range 20 pm
Working distance 61um
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Figure 28: IBIS Nanoindentation machine

1 2 3 4 5 6
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Figure 29: Matrix for nanoindentationmeasurements

noindentation

Figure 30: Microhardness and Nanoindentation marks
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Summary of Chapter 3: Methodology

This chapter explains the fabrication process, experiments, testing conducted for alloys analysis and
assessment purposes. The samples were casted through arc melting. Samples preparation was carried
out according to the metallographic standards for titanium alloy. Optical microscope and SEM with
EDS analyser were used for microstructure examination. XRD was employed to analyse the phases
presented. Microhardness tester and nanoindentation system were utilised to measure the hardness

properties and Young’s modulus.
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4.1 Microstructure Results

The microstructure of the alloys was observed through two sets of equipment, which are optical
microscope and SEM with EDS. The optical microscope is a faster way to produce the magnified
surface image of the samples, to observe the porosity, grains, and grain boundaries and to compare the
etched and unetched samples. SEM was employed to observe the surface morphology of the sample in
depth, and EDS to analyse the chemical composition of the alloys at specified spots as well as to map

the chemical composition over the entire surface of the alloy.

4.1.1  Optical Microscopy

i) Sample 1 —Ti-23Nb-7Zr
a)  Etched, Magnification 5X b) Etched, Magnification 5X

c) Etched, Magnification 50X d) Etched, Magnification 50X

Figure 31: Optical imagesofsample 1 — Ti-23Nb-7Zr

Figure 31 gives an overall bright field optical micrograph of Ti-23Nb-7Zr alloy. Figure 31 a) reveals a
clear polycrystalline structure of coarse grains with varying size and orientation. Most of the grains are
seen elongated horizontally while a small number of the grains are in nodular shape. The lengthened
grains are concentrated on the left, bottom and top sides, oriented in landscape mode. The grains size
ranges from few hundred to thousands of microns with their varying shapes. The recrystallized beta
grains are observed along the prior beta grain boundaries°. Majority of the grains have the acicular
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martensitic structure aligned in one direction whereas some of the grains are noticed with the lamella
structures that are perpendicular to each other. A minority of Widmanstatten structure is also embedded
in some of the grains, especially those near to the outer surface of the sample.

Figure 31 b) shows alpha (martensite) of different structure and orientation embedded in the coarse
grain of B matrix. The morphology revealed two distinctive martensitic structure upon the etching
process. They are acicular alphaand Widmanstatten alpha. However, the Widmanstétten alpha structure
is densely located near the edges and as it started approaching the centre of the sample, the alpha
structure gradually converted into acicular shape. A couple of grains are compacted with the martensitic
structure with some grains are having scarcely scattered alpha. Also, the observation displayed a grain
can be consisted of either one type or a combination of multiple structure. The mildly intersecting
needle-like structure also appeared in some of the grains which are low deformation twins. And when
they come across the grain boundaries or meet another twin, the deformation twins “pinch off” and
discontinued next to the internal boundaries. Figure 31 c) is of 50 magnification that shows the presence
of thin lamellae resembling needles in a basketweave appearance, a characteristic of alpha (martensitic)
structure, oriented in multiple directions, perpendicular to each other. There are also some deformation
twins, which appear needle-like and intersecting each other. The discontinued lines (needles) are longer
in one direction (measuring about 500um) compared to the needles in the opposite direction
(approximately 100um). In Figure 31 d), the acicular martensitic structure spreads randomly across the
surface via Widmanstétten pattern. The primary, secondary and tertiary o are also observed.
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ii)  Sample 2 - Ti-28Nb-7Zr
a) Etched, Magnification 5X b) Etched, Magnification 5X

c) Etched, Magnification 20X

100 4

Figure 32:Optical imagesof sample 2 — Ti-28Nb-7Zr

Figure 32 gives an overview bright field optical image of Ti-28Nb-7Zr alloy. The presence of
polycrystalline grains in Figure 32 a), sample 2, are visibly smaller than the grains size in sample 1 with
heterogeneous grains consisted of elongated and spheroidal grains although the elongated grains are
more dominant and concentrated at the bottom. The grains are not equiaxed and orientated in varying
direction. The grains size, however also varies from a few hundred to thousands of microns meter. In
Figure 32 b) fine acicular martensite was present within the coarse grain. Some pores are observed
originated from the impurities found. There is a notably large difference in the grains size in this figure.
Figure 32 c) shows the presence of thin acicular o martensitic structure, with the needle like structure.
This structure became longer, more profound and aligned when approaching the surface boundary. The
o” martensitic structure expands uni-directionally near the boundary of the sample, whereas the
martensitic structure at the centre scatters in disorganized direction. Besides, the discontinued needle-
like structure that is closer to the centre is very fine/thin and substantially shorter than the acicular
martensite near the boundary. The majority martensitic structure is in basketweave pattern which is
low-deformed. Figure 32 d) shows discontinued, fine acicular alpha in the non-uniform Widmanstatten
microstructure. The majority needle-like structure is shorter than 50um, and they are longer in size

horizontally versus vertically.
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iii)  Sample 3 - Ti-33Nb-7Zr
a) Etched, Magnification 5X b) Etched, Magnification 5X

2000 ym

Figure 33: Optical images of sample 3 — Ti-33Nb-7Zr

Figure 33 resembles an overall bright field optical image of Ti-33Nb-7Zr alloy. The polycrystalline
coarsegrains in Figure 33 a) are subtle compared to samples 1 and 2. The average grains size for sample
3 is more homogeneous among all samples (along the sample boundary) although also differ in size and
orientation. However, nodular shaped grain size is more dominant in this sample. Fine needle-like
martensitic structure dispersed over the surface randomly but mostly centralised at the bottom. Some
grains have relatively small amount of or none martensitic structure. In Figure 33b) acicular martensitic
structure arranged in the basketweave pattern is prominent at some bigger grains but scarcely
distinguished in smaller grains. This structure is not found on the white straight lines, but few black
lines appear in some part of the white ones. There is a broader quantity of pores or impurities in this
sample, with the biggest pore stretches to a length of 100um. Figure 33 c) features a negative and
positive image usually produced in photography. The left region favours the negative image whereas
the right partis morerelated to the positive image. Very fine acicular martensitic structure is embedded
in platelet and are distributed crosswise across the surface. The dendrite structure is displayed explicitly
in the left region of the picture. The primary dendrite arm branches up to 50pum. In Figure 33 d),
discontinued acicular martensite structure is observed perpendicular to each other as shown in the
basketweave pattern. This structure only contributes to a mere 40% of the total surface. Additionally,
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several pipette shaped lines are observed spanning diagonally in varying length along the acicular
martensite structure. The longest pipette shaped line is of 200um in length.

41.2 SEM Results

The SEM micrographs were observed before and after etching process.

)] Sample 1 - Ti-23Nb-7Zr
a) Unetched, Magnification 500X b) Etched, Magnification 1000X

Figure 34: SEM micrographsfor Ti-23Nb-7Zr

Figure 34 a) indicates the surface morphology of Ti-23Nb-7Zr with 500X magnification. A uniform
distribution of dim light spots was apparently distributed all over the surface. There are approximately
15-17 spots within the length of 300um. Figure 34 b) shows the intersection/boundaries between three
beta matrix grains. The acicular martensitic structure between the three grains represents a trend of
varying orientation and coarseness of the basketweave structure. The strands in the grain of the coarser
structure wove about 100pum. The strands in the finer structure formed a discontinued needle-like
structure. In the grain of coarser structure, the primary o’ appears raised and is identical to a hump on

53



the surface. Whereas the acicular alpha in the grain with fine basketweave pattern resembles a trough
which seems submerged below the surface. The deformed twins in the coarser structure indicated a
“pinch off” effect before discontinued at the grain boundaries. The nucleation of grains is initiated at
the prior beta grain boundaries with the recrystallized beta grains also observed. Additionally, both fine
and coarse prior beta grain boundaries are distinguishable in the same figure. The structure in Figure 34
c¢) consists of acicular (secondary) alpha, the transformed beta. Prior beta grain boundary is prominent
in the white region of straight line. Disoriented acicular alpha grain nucleated on crystallographic planes
of the prior beta matrix is observed. Aseries of acicular alpha structures is noticed oriented in the same
alignment near the left edge of the sample, which is very similar to the slip band structure. Figure 34 d)
shows an obvious basketweave pattern consisted of deformation-induced o martensite in a beta matrix
which is formed by the quenching processt®. The sharp o” martensite stretches irregularly within the
structure. The transformed platelets of alpha arranged in columnar line crossing each other with the
width and length of 10um and 100um respectively. Pores of width less than 5um were scattered all over
the area. Various sizes of thin lath martensitic microstructures are embedded in a matrix of coarse laths

stretching diagonally across the surface.
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ii)  Sample 2 - Ti-28Nb-7Zr
a) Etched, Magnification 200X

Figure 35: SEM micrographsfor Ti-28Nb-7Zr

Under 200X magnification (Figure 35 a), it is noticeable that the distribution of the white phase is
relatively uniform. The fine, white phase is the unresolved alpha precipitation in an aged beta matrix
with dark background. Approximately 6 spots are scattered within a 50um range. During the
precipitation of alpha, it solidified as dendrite, which then slowly nucleated and grew into beta grains.
This figure shows the cross sectional of the dendritic structure, where the white phases are the tertiary
dendrite arms. Figure 35 b) shows the intersection of three individual grains at magnification of 10000X.
The grains have different structure and orientation. Twinned athermal o” martensite is heavily
precipitated in the top grain, favouring a platelike structure with most of them aligned vertically.
Acicular martensitic structure is moderately dispersed in the bottom right structure and aligned in the
horizontal direction. However, the acicular martensite structure is rarely observed in the left bottom
grain. In Figure 35 c) equiaxed pores of 500nm are distributed across the surface at a distance of 20um
from each other. An evident of thin film of alpha phase (light) is clearly seen at the prior beta grain
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boundaries as illustrated in Figure 35 d), where precipitation normally occurs on multiple orientations
planes. Although the bigger grain demonstrated an irregular orientation of platelike structure, some
parts are observed having this structure aligned continuously in the same position. The coarseness and
amount of martensitic structure changes in between the varying grains and are dissimilar from each
other. The lath martensite on the top right corner is shared between two grains.

iii)  Sample 3 - Ti-33Nb-7Zr
a) Etched, Magnification 6000X b) Etched, Magnification 2000X

[— T —)

) Etched, Magnification 10000X

. 4/
Doy

Figure 36: SEM micrographs for Ti-33Nb-7Zr

Figure 36 illustrates the surface morphology of Ti-33Nb-Zr alloy. As illustrated in Figure 36 a), the
twinning deformation happened drastically at the surface boundary. The length of the twin varying from
shortest at around 1um to as long as 20um. The smallest twinning structure is densely assembling at the
surface boundary and subsequently expanded in size and length when growing inward. They then
stopped abruptly at about 20um from the edge. No trace of acicular martensitic structure is sighted in
the beta matrix in Figure 36 a & ¢), indicating that this is a stable and dominant B alloy. In Figure 36

b), a random distribution of acicular martensitic structure is observed with lath martensite oriented in
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multidirectional. Twinning and slip bands are seen intertwined with each other. Figure 36 c) clearly
demonstrates a full beta matrix across the faces of the sample. Pores of similar cavity are densely
populated throughout the whole area. Grain boundary of prior beta shows a distinct trim through the
grain. Figure 36 d) shows long grains of alpha transformed along certain beta matrix planes, similar to
platelike appearance. The thin needle like structure spans from a few pm to 30um and it is fractionally
crisscrossing each other. The grain boundary does not show a continued clear cut. In fact, there were
few breaks along it and it is blurry. However, it is noted that the lath is much finer in this sample.

Ti-23Nb-7Zr Ti-28Nb-7Zr Ti-33Nb-7Zr

Figure 37: Comparison of acicular and lath martensitic structure

Figure 37 compares the martensitic structure between the samples with the same magnification, which
is at 5000x. Sample 1 owns the coarsest and thickest martensitic structure. Not only the size gradually
decreases from sample 1 to sample 3, the quantitative observation displays a diminishing amount of
martensite from sample 1 to 3 as well. However, the length of the needle structure is comparable

between samples 1 and 3.
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4.2 Thermo Calc Results

The diagram was created with 3 axes representing the weight percentage of each element at elevated
temperatures. The diagram itself represents an equilibrium state, implication of stable or metastable
regions existed within the solution of the alloy substances. The ternary diagram for Ti-Nb-Zr was
produced at various temperatures, ranging from 27°C to 627°C to observe the changes and alteration of
phases according to the temperature.

a) 27°C b) 517°C
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Figure 38: Ternary diagram for Ti-Nb-Zr alloy with increasing temperature, region of interest: a

The ternary phase diagram in Figure 38 shows a significant scenario in the transformation of phases in
Ti-Nb-Zr alloy with the increasing of temperature. The region of B phase expands as the temperature
rises. At higher temperatures, a phase becomes unstable and the crossover from a to  phase takes place
at a maximum titanium concentration of 72%, as shown in Figure 38 (d). It also suggests that at higher
temperature than 627°C, almost any range of element composition will transform into BCC-3 phase. It
also indicates that a better solubility of alloying element can be achieved at higher temperatures01,
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Figure 39: Phase diagramsfor the alloying elements with region of interest defined

Figure 39 indicates the phases exist within the solubility of the alloying elements. Binary diagram for
Ti-Nb, Ti-Zr and Nb-Zr were plotted at elevated temperature against increasing wt% of the elements.
The plots gave a result that there were 2 phases that could possibly exist in the metallographic structure

of the samples. At room temperature, both compound of Ti-Nb and Nb-Zr produce BCC+HCP phase
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while the solution of Ti-Zr gives an HCP phase. The ternary diagram of multicomponent solid solution

of Ti-Nb-Zr alloy synthesizing an existence of the BCC+HCP phase at room temperature.

4.3  XRDanalysis

XRD analysis
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Figure 40: XRD profiles for the three samplesa) Ti-23Nb-7Zr, b) Ti-28Nb-7Zr, and c¢) Ti-33Nb-7Zr

Figure 40 shows the X-ray diffraction patterns of solution treated samples based on XRD profiles from
the literatures focusing on Ti-Nb-Zr alloys of similar fabrication process’”102, The results from the
experiments were consistent with the phases indicated in the literatures, indicating that the alloys are
composed of o phase (orthorhombic martensite) in the beta matrix. The 110(B) phase contributes to
the highest intensity for all samples, ataround 40°. Most peaks are diffracted in the Ti-23Nb-7Zr sampl,
with predominant a” martensite in beta matrix. A low intensity peak representing o phase is traced in
sample 2, Ti-28Nb-7Zr alloy at 68° of structure 0002 with large fractions of peaks composed o and .
The XRD characterization of the samples subjected to 33wt% of Nb indicated that less peaks were
identified. Moreover, the corresponding peaks identified a relatively fewer o phase in sample 3. In
addition, appearance of peaks broadening, and shortening is also notified through plot 1 to plot 3.
Nonetheless, it was found that with increasing Nb addition, the diffraction peaks move towards low

angle direction with further explanation discussed in Section 5.3.
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4.4 Microhardness Results

Microhardness results of seven individual points for each sample are listed in Table 17. The
microhardness for sample 1 ranges from 183.7HV to 199.4HV. Sample 2 has the lowest hardness at
point 1 with 179.8HV and hardest indentation at point 6 with 188.4HV. Sample 3 of 33%Nb has an
overall lower hardness average that spans between 150.5HV to 156.5HV.

Table 17: Microhardness results of the samples (each of 7 points) with average and standard deviation

) Hardness (HV)

POINGS i 3Nb-72r  Ti-28Nb-72r  Ti-33Nb-72r
1 189.4 179.8 156.5
2 185.4 180.9 154.8
3 190.2 186.5 152.4
4 186.9 182.9 153.6
5 183.7 188.0 150.5
6 199.4 188.4 154.3
7 101.3 185.5 155.8

Average 189.5 184.6 154.0

STDEV  5.147 3.416 2.049

Figure 41 displays the point number where the hardness was measured. Since the surface of the
indentation was conspicuous after the etching process, nevertheless the comparison of the hardness can
be distinguished and justified from the plastic deformation and surface morphology from the

microscopy figure.
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Figure 41: Comparison of hardness pointsbefore and after etching and marking of points

Sample 1 has an exceptional high hardness at point #6 in Figure 41 a), and it is noticeable from the
plastic deformation around the marks as point #6 has the least deformation. Shown in Figure 41 b),
point #6 is the only point located in the range of the white line, whereas the rest of the points were
situated on the martensite structure in the beta matrix. All the points measured were taken within one

single grain.

All the points measured in sample 2 (Figure 41 d) happened to be located within the same grain. The
range of difference between the biggest and smallest hardness value is 8.6HV. All points, except point
#4 and #6, are measuring the martensitic structure in the beta matrix. Those two points basically sit in
the intersection between the martensitic structure and the white line. However, their hardness values are
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quite different as point #4 was measured of 182.9HV and point #6 is hardest of all with 188.4HV. Point
#1, with the lowest hardness value is closest to the grain boundary.

The morphology characteristic in sample 3 displays a stable beta matrix with less proportional of
martensitic structure. Point#5 possesses the softest spot in associated with the greatest plastic
deformation appeared in the indentation. The hardness values are more consistent with the range differs

at only 6 HV with low standard deviation of 2. All the measurements were also located on the same
grain.
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Figure 42: The changes of Vickers hardnesswith increasing of Nb content%

Figure 42 interprets the changes of microhardness value in conjunction with the percentage increases
in Nb content. The hardness drops from increasing the Nb from 23% to 33%.
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4.5 Nanoindentation Results

1SO 14577 is the standard for Nanoindentation Testing Method. Hardness and Young’s Modulus results
obtained are shown in Table 18.

Table 18: Nanoindentation hardness and Young s m odulus results for the samples (each of 24 points) with average and
standard deviation

Indentation HV Young’s Modulus (GPa)
Ti-23Nb-7Zr Ti-28Nb-7Zr  Ti-33Nb-7Zr Ti-23Nb-7Zr  Ti-28Nb-7Zr  Ti-33Nb-7Zr
1 285.460 237.892 316.364 44.886 38.036 49.122
2 290.265 231.428 245.154 46.680 37.597 39.745
3 248.982 231.950 249.694 40.092 37.915 40.423
4 244,682 234.844 254,712 39.446 37.705 41.521
5 239.874 223.174 240.697 38.700 36.124 38.695
6 250.808 235.292 247.651 40.829 38.448 40.014
7 252.410 215.040 243.604 40.958 35.434 39.420
8 244.256 229.250 258.067 39.541 37.143 41.721
9 237.461 230.104 247.002 37.903 37.497 39.802
10 244.663 224.365 264.394 39.269 36.400 42.362
11 247.716 232.768 254.338 40.410 37.092 40.709
12 - 224.778 260.251 39.449 36.572 42.032
12 242.492 239.047 264.069 39.427 39.302 42.851
13 243.239 235.523 257.532 39.844 38.276 42.000
14 240.062 230.790 264.936 38.620 36.888 42.461
15 253.217 236.601 252.459 41.496 37.584 41.333
16 233.725 238.562 240.593 37.544 38.855 39.181
17 233.131 234.273 249.837 37.794 37.807 40.418
18 239.840 240.190 261.017 39.395 39.412 42.164
19 250.340 231.297 260.745 39.900 37.619 41.924
20 247.747 239.650 262.209 40.548 38.884 42.611
21 229.715 224.805 261.924 37.221 36.623 42.387
23 - 222.730 257.637 - 36.050 42.064
24 - 225.029 253.466 - 36.222 40.907
Average 247.6 231.2 257.0 40.0 375 415
STDEV 14.837 6.503 14.712 2.250 1.067 2.024

Table 18 compares the nanohardness value and Young’s modulus results for the samples. The analysis
has shown a close relation between the hardness value and the elastic modulus. The results from the
table exhibit a higher hardness value yields a stiffer material with greater elastic modulus. 28wt%
Niobium in the sample appear to offer the lowest hardness value at 231HV, also the lowest Young’s
modulus with 37.5GPa. The biggest percentage of Niobium at 33% measured the hardest value at

257HV and subsequently the highest Young’s modulus at 41GPa. In contrary to that, the alloys with
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the lowestalloying element composition at 23%Nb marked amedium value of both hardness (247.6HV)

as well as the Young’s modulus (40GPa).
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Figure 43: Load-displacement curves for three samples. The curves were plotted through nanoindentation system.

Figure 43 plots the graph of the applied load, P(mN) versus the depth of the penetration ht(um). The
curve with 28%Nb has a narrower range of dispersion of readings. The applied load is lower, around
20mN compared to 23%Nb (22mN) and 33% (23mN). The penetration depths range between 0.627 to
0.629um.
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Figure 44: Comparison of Young’s Modulus and Nanohardness with increasing of Nb Content %

The comparison of the Young’s modulus and Nanohardness with elevating Nb content is illustrated in
Figure 44. The hardness has a direct impact in Young’s modulus which is proportionally linked. The
increment of Nb from 23% to 28% shows a decrease in both nanohardness and Young’s modulus which
corresponds to the microhardness result. However, the hardness and Young’s Modulus was increased
while adding the Nb from 28% to 33%, which is conflicting with the trend shown in microhardness
results. Shown in Figure 45, microhardness of the samples decreases with the increment of Nb content
whereas the nanoindentation results exhibit an inconsistent trend whereby the hardness initially
decreases at 28wt% Nb but rises at 33wt% Nb. The discrepancy in the result in terms of the hardness

pattern observed is mainly caused by the point of indentation. While microhardness is measuring the
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average hardness over the large area, nanoindentation gives a very localized hardness. For example,
nanoindentation gives the hardness within the grain, microhardness is the average value of different
grains. Furthermore, within the grain itself, there are made up of different phases which produce
different hardness. This scenario will be further discussed in section 5.5.
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Figure 45: Comparison of hardness in micro and nano scale

4.6  Chemical Composition Results

1) Sample 1 - Ti-23Nb-7Zr
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Figure 46: Electron Image for EDS analysis (Ti-23Nb-7Zr)
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Table 19: Chemical composition from EDS analysis for Ti-23Nb-7Zr

Nb wt %

Spectrum Tiwt% Nb wt% Zr wit%
1 69.0 23.9 7.2
2 69.7 22.9 6.4
3 68.2 24.2 7.6
4 69.8 23.0 7.2
5 70.0 23.0 7.1
6 69.2 23.5 7.3
Average 69.3 23.4 7.1
STDEV 0.66 0.54 0.40
25 8

Zr wt %

Spectrum

B Zr wt% * Nb wt%

Figure 47: Chemical composition from EDS analysis for Ti-23Nb-7Zr
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Figure 48: Spectrum analysisfrom EDS (Ti-23Nb-7Zr)

The Nb content of spectrum 1 and 3 (listed in Table 19) are higher in comparison to other spectrums.
Spectrum 1 fall on a black spot under the SEM image which normally hints a possible presence of
impurity. The round circumference of the dark pore measures about 5um in diameter. Spectrum 3 was
taken from the microhardness indentation at point 4 and the Nb and Zr content are 1.2wt% and 0.6wt%
higher respectively than the specified content for the fabrication process. Overall, the compositional
weightage for the three elements are very close to the percentage determined in the fabrication by a
marginal difference of +1.7% +1.4% for Nb and Zr wt% respectively. The trend of chemical content in
Figure 47 shows both Nb and Zr contents are aligned with each other. A higher content of Zr is found

with a higher content of Nb and vice versa. The spectrum analysis from EDS was shown in Figure 48.
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Figure 49: Electron Image for EDS analysis (Ti-28Nb-7Zr)

Table 20: Chemical composition from EDS analysis for Ti-28Nb-7Zr

Spectrum Tiwt% Nb wt% Zr wit%
1 65.4 27.8 6.9
2 64.2 28.5 7.3
3 69.5 24.9 5.6
4 64.8 28.3 6.9
5 64.8 28.3 6.9
6 63.9 29.0 7.1
Average 65.4 27.8 6.8
STDEV 2.06 1.47 0.60
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Figure 50: Chemical composition from EDS analysis for Ti-28Nb-7Zr
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Figure 51: Spectrum analysisfrom EDS (Ti-28Nb-7Zr)

Theaverage wt% for Nband Zr in sample 2 (Figure 49) are lower than the specified alloying component
determined during the fabrication although they are contained within the acceptable range. The
negligible difference of Nb is -0.7% whereby Zr wi% is differ by -2.9%. This significance discrepancy
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is due to spectrum 3 which has only 24.9 wt% Nb and 5.6 wt% Zr, since all the other points are closely
matched to 28 wt% Nb and 7wt% Zr. Spectrum 3 is taken from the microhardness indentation point 6
as shown in Figure 49. The highest wt% content of Nb and Zr were observed in spectrum 7 and spectrum
2 respectively. The Nb and Zr content in Figure 50 agree with each other whereby both compositions
rise and fall simultaneously. The spectrum analysis from EDS was shown in Figure 51.
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Figure 52: Electron Image for EDS analysis (Ti-33Nb-7Zr)

Table 21: Chemical composition from EDS analysis for Ti-33Nb-7Zr

Spectrum Tiwt% Nb wt% Zr wit%
1 58.2 34.3 7.6
2 59.1 33.6 7.3
3 59.1 34.8 7.1
4 58.4 34.2 7.4
5 64.5 29.3 6.3
6 58.6 33.9 7.4

Average 59.7 33.2 7.2

STDEV 2.40 1.92 0.46
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Figure 53: Chemical composition from EDS analysisfor Ti-33Nb-7Zr
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Figure 54: Spectrum analysisfrom EDS (Ti-33Nb-7Z2r)

The same situation is also observed in sample 3 with one of the spectrums, which is spectrum 5, having
an exceptional low wt% of both Nb and Zr. Nb content is 3.7wt% lower and Zr 0. 7wt% lower. Spectrum
5 is located within the microhardness indentation. The deviation element composition for sample 3 is

greater as the Nb wt% range spans between 5.5wt%. The range between the highest and lowest wt% for
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Zr is 1.3wt%. Spectrum 3 which measures the line includes of highest content of Nb% whereas spectrum
1 which touches the white mark as displayed in Figure 52. However, the overall alloying element
composition result shown in Table 21 is very close to the designed alloy. The Nb content is directly
proportional to Zr content as displayed in Figure 53. The spectrum analysis from EDS was shown in
Figure 54.

4.7  Homogeneity

The mapping images tabulated in Figure 55 exhibited a uniformly distributed alloying element across
the surface of all samples. The colour mapping exhibits a finely-dispersed particles of Ti, Nb and Zr
spreading across the surface evenly. No particular space is observed without colour which clearly
displays the homogeneity of the samples with regards to an effective fabrication process and solution

treatment.

Figure 55: Mapping images of samplealloys via EDS analyser

Sample
Ti-23Nb-
1Zr

Ti-28Nb-
17Zr

Ti-33Nb-
17Zr

Summary of Chapter 4: Results

In this chapter, the results of microstructural examination, phase composition, elemental analysis and
mechanical properties of Ti-Nb-Zr alloys in specified composition are described. The microstructure
and phase analysis have shown a structure of o+ in all alloys and they are homogeneous. The

microhardness indicates the addition of Nb content tends to lower the hardness. Whereas in
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nanohardness, the reading decreases from 23wt% to 28wt% Nb but increases back at 33wt% Nb. All

alloys were measured with Young’s modulus ranging from 37 to 41GPa.
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5.1  Phases Analysis

Martensite is a function of Nb content, a  stabilizing element. The addition of Nb decreases the
martensite structure hence decreases the alpha phase volume fraction. The presence of two or more
phases in the samples can be explained as according to phase diagram of Ti-alloy as illustrated in Figure
56.
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Figure 56: Schematic phase diagram of titanium alloys with the decomposition products of the f-phase®

The phase diagram of titanium alloys with  stabiliser shows at zero [ stabiliser content there is still a
chance of the existence of B phase in the (a + B) phase field. All three samples retain the beta matrix at
room temperature, thus they are termed o + B alloy. The heating process transformed the alloy from o
to B phase. Then, on cooling from the B-transus temperature, a started to precipitate and grain boundary
films of o started to grow (Figure 57). The o phase then grows in Widmanstétten plate from the grain
boundary a. The o phase however, did not dissolve into the B solution and instead it stabilised against
transformation. All the a plates in a colony will be of the same orientation, often inherited from the
grain boundary o. In sample 1, of lower Nb content (B-stabiliser), the o plates grew vigorously to fill
the grain, eventually creating a coarser and thicker martensitic structure at a larger quantity. As the Nb
content is increased, the development of a is thus inhibited, in compliance with the microstructure
exhibited in sample 3 which consisted dominantly of B-phase matrix. Subsequently, the results from the
phase diagram (Figure 38) posted that a better solution of Nb and Zr suppresses the alteration of f to a
effectively and therefore leads to a stable and steady increase of § phase. When the Nb concentration
increases, the a phase slowly diminishes. A more homogeneous microstructure is observed, and this &

caused by the high dissolution of niobium in the titanium matrix>?.
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Figure 57: The evolution process of ap and as phases when cooled from a two-phase field in Ti-alloys'®

The phase diagrams in Figure 56 and those produced from Thermo-calc software (Figure 38 and Figure
39) simulates an existence of BCC (B) and HCP (o) phase in the alloy synthesized. However, the XRD
analysis (Figure 40) has proven the presence of BCC (B) and orthorhombic (o) phase instead, which
goes in line with the results obtained from the microscopy results from both optical microscope and
SEM. Although there is a discrepancy between o and o” in the results, it is important to remember that
Thermo Calc is a prediction of phases in an equilibrium state that shows the phases formed if given
sufficient time to transform. In the reality or actual situation, it is essential to factor in various
dependents such as cooling rate, heating rate, work hardening process in order to produce the phase
desired. a (HCP) is martensite transformed from  (BCC). o (orthorhombic) on the other hand is the
deformed martensite as a result of quenching or deformation. The quenching process experienced by
the samples during then solution treatment had a significant impact on the transformation of the phase
which generates the detection of the (orthorhombic) a” + B phase instead of the (HCP) a+ B phase.

5.2 Microscopy Analysis

Microscopy analysis will be based on results obtained from two sets of equipment which are optical
microscope and SEM with EDS analyser.

5.2.1  Optical microscopy

The optical microstructure results disclose that most of the structure inherited the acicular or lamellar
alpha which grows from the nucleation of beta matrix crystallographic planes. Itis the most common
transformed product from f (beta) upon cooling%. From the optical microscopy, the existence of two
phases whichare a” (martensite) and B (beta) is verified. The needle-like structure is formed consequent
to the cooling rate. The cooling rate is so fast that the crystals nucleate not only all over the grain
boundaries but also in the grain. The immediate nucleation transformed the grains into structure of
"longish™ needles (“acicular growth", laths) or plates aligned in same preferred direction within one
grain 106 . According to Pederson 2002, a faster cooling rate favours a more basketweave or
Widmanstétten structure” which probably provides the reason behind the finding of a high distribution
of this structure located near the surface edge. This is also supported by the observation at Figure 31 b)
with Widmanstétten structure detected at the edge and acicular martensitic in the centre of the sample.

The quantitative metallography reviewed an inconsistency of alpha structure spreading across
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multigrain with some grains having a denser martensite. It is believed that the discrepancies content of
B-stabilizing elements may have resulted this scenario. A grain composed of higher Nb composition,
the B-stabilizer, will inhibit the precipitation of alpha structure hence a relatively smaller amount of
martensitic structure is observed. Additionally, some grains contain solely acicular or Widmanstétten
structure whereas there are also a number of grains consisting of both structures. Some authors
suggested that the basketweave structure is initiated not only from the nucleation and growth directed
from the B grain boundaries but also within the B grains'°8. Acicular martensite however is nucleated

from the grain boundaries and both structures will stop growing when they collided with each other.

The elongated horizontally structure shown in Figure 31 a) is a consequence of effect from the
guenching process. When the cooling started from the surface, the nucleation of the dendrite structure
and columnar crystals began to grow and extended into the centre of the sample in an inward direction
which resulted in the outcome of horizontally elongated structure. Since the cooling rate is slower at
the centre of the sample, larger elongated grains at higher concentration are observed in the centre of
the sample (Figure 27 a). The comparison of grain size between the 3 samples shows a smaller grain
size observed in sample 3, especially surrounding the surface boundary. It is believed that quenching

process for sample 3 may have been completed more efficient than the other two samples.

The “pinch off” effect in Figure 31 b) is due to the shear strain involved in the deformation-twinning
process, which happens during quenching due to the cooling rate discrepancy between the surface and
the centre'%. Increased strain and temperature can affect the shape and size of twining1°. The type of
twin structure deformation depends highly on the quenching rate!!, which is evident in Figure 36 a)
where the heavily induced deformed structure is observed near the surface owing to the speedy
quenching rate occurs in situ. On the other hand, it has been reported that twinning is beneficial in

increasing ductility of alloy, and as a result, the low-cycle fatigue life is improved?!12.

This acicular microstructure is also effective in increasing toughness due to its chaotic ordering.
Acicular alphais formed in the interior of the grains by direct nucleation from the grain boundaries and
within the grain itself, resulting in randomly oriented needles with a basketweave appearance. The
basketweave pattern is beneficiary as it acts as interlocking system to resist the crack propagation caused
by cleavage within the grain. This function could be further enhanced with finner grain. Acicular ferrite
is also known to produce high angle boundaries between the grains. This further reduces the chance of
cleavage as these boundaries impede crack propagation. Widmanstatten structure is coarser than
acicular structure, developed from cooling prior to high heating temperature but less than critical
cooling rate. Widmanstatten structure is characterized by its low impact values and low percentage
elongations 13, The static bending strength and nominal fracture toughness decrease with larger
martensite needles!!4. The size and length of needle size decrease from sample 1 to 3, and so is the
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hardness. The results confirmed that materials with higher hardness have a lower bending strength and

fracture toughness.

5.2.2  Scanning Electron Microscopy

The bright dots spotted in Figure 34 a) are the precipitation of unresolved primary equiaxed alpha in a
transformed beta matrix. The ASM handbook suggested that the white region is an indicative of less
heat treatment response. Precipitation of alpha during aging of beta results in some darkening of the
aged beta structurelol,

The mechanism slip band is generated in Figure 34 c) where the dislocations are multiplied with cross
slip. This is an occurrence of high quenching rate, whereby the large quenched-in stresses tend to
encourage the gliding of dislocations!*®. Besides slip, the presence of alpha twinning structure was ako
noticed (both in Figure 31 b and Figure 34 c¢), an indicative of deformation within the grain subsequent
to high quenching rate. It is believed that the fabrication process also contributes to this scenario
whereby the ingots were remelted 5 times. The alternating rising and dropping of temperature cause the
crystals to start forming and diffusing repeatedly which leads to plane slipping and disarraying. The
intermittent nucleation process might also indirectly trigger the deformation. However, the significant
factor is due to the immense quenching rate.

Figure 35 shows a series of coarse laths, transformed or developed in the early course of the martensitic
transformation. Coarse laths are formed in the earliest stage of the martensitic transformation sequence
as suggested by the typical initiation site for martensitic phase transformation, whereby the flat end of
the coarse laths is attached to the prior beta grain boundary. This is proven by the observation in Figure
35 d denoting that the lath was initiated from the grain boundaries and grow inward into the grain.
Above the Ms temperature, the beta phase is soft and has a low defect density, thus it is vulnerable
against the nucleation of martensitic lath. Consequently, the coarse lath regions represent ‘softer”
zones in the martensitic structure. Further down the quenching process, the retained martensitic is
progressively hardened by the transformation strain resulted from the reduced temperature and the
increasing density of dislocations or shape deformation involved in the martensitic transformation. As
the transformation proceeds, these dislocations and deformations cause an increasing resistance to the
progressing martensitic transformation and the coarse laths split into thinner laths. Thus, thinner laths
are harder than coarse laths owing to its dense deformations?16.

The equiaxed pores observed in Figure 35 are developed from the titanium sponge used as raw material
in the alloy fabrication. This form of structure is preferable as the pores resemble the spongy structure
of cancellous bone which is lighter and less dense. More effectively, this porous structure enhances
osseointegration that promotes bone in growth and stability1”.
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Both optical and SEM microscopy acknowledge the existence of twinning and slip band. Twinning and
slip are competitive yet complementary mechanisms for different crystal deformation under various
systems and certain parameters or situations. Twinning has a more heterogeneous deformation while
slip deformation appears to be more homogeneous. The deformation caused by twinning can lead to
fracture along the boundaries. This phenomenon is particularly observed in f transition metals at low
temperatures. Of the three common crystalline structures BCC (B), FCC, and HCP (a), the HCP
structure is the most likely to form deformation twins due to its arbitrary shape change as well as

insufficient amounts of slip systems118,
5.3  XRD Analysis

In the XRD result, it was found that the diffraction peaks move towards low angle direction by
increasing the Nb content. The shifting effect is a consequence of the lattice dilation induced by the
addition of Nb. The spacing calculation revealed a prodigious lattice dilation through expansion of
lattice parameters by increasing Nb. With respect to the unit-cell volume of pure a or B titanium, the
unit cell volume for these alloys is increased in accordance to the element content. Another significant
benefit through the addition of [ stabilizers is related to the lowering of Young’s modulus. This is
realized by the expansion of unit cell volume which could reduce the bonding force of the lattice®°.

The peak analysis in Figure 40 c, which is sample 3, exhibits fewer o”” peaks compared to the other
samples. This phenomenon suggests a lower quantity of martensitic structure is identified in sample 3,
which is supported by the evidence from the microscopy results. The XRD profile for sample 3 also
displays a noticeably smaller number of periods which is explained by Girgsdies. F, who verified that
the smaller the crystal, the smaller the number of periods1°. This statement can also be related to Section

4.2.1 whereby it is discussed that sample 3 has the smallest grain size compared to other samples.

However, the intensity of beta peaks in Ti-based alloys such as (200), (211) are reported to be weaker
than other alloys due to various consequences from the testing method, secondary phase and
microstructure texture subjected to treatments involved!20.121.122  Qverall, the XRD analysis of the
samples gave a combination of beta phase, o”” martensite phase, and very limited omega phase (sample

2). However, the intensity peaks were not able to provide a clarity on the constitution of each phase.

5.4 Microhardness

The results from the microhardness indicated that Ti-23Nb-7Zr is the hardest among all samples. This
phenomenon also clearly exhibits a relationship between the surface morphology and the surface
hardness. The significant content of Nb in sample 3 has contributed to the stability of beta matrix in the
structure with the finding of the highest volume of beta phase. The formation of the alpha phase is
prohibited by the B stabilizing element as the results show a decreasing of martensite structure with
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increasing Nb content23. Therefore, the addition of Nb, a B-stabiliser brings an effective implication in
lowering the Vickers hardness, as it inhibits the transformation of martensitic structure that has potential
in hardening the alloys. While a higher density of martensite increases the hardness of the sample, the
greater proportion of beta matrix actually offers a lower hardness.

5.5 Nanoindentation

The hardness measured exhibits a difference in the micro and nano scales, especially for sample 3.
Microhardness results show a decreasing trend of hardness from sample 1 to 3 due to the amount of
martensitic o’ phase in the microstructure. In contrast, the nanohardness results obtained for samplk 3
is greatest among all samples.

The statement provided by both microhardness and nanohardness can be verified through various
factors. Firstly, the derivation of hardness value. The formula derived for hardness and Young’s
modulus measured from nanoindentation are as in Equation 1 and Equation 2124,

Fmax
HT‘T - Ap(hc)
Equation 1
5 v
" 20 /A, (he)
Equation 2

Hrr is the indentation hardness, Fmax is the maximum test force and Ap(hc) is the projected area of contact
of the indenter evaluated at a depth of h¢, E; is the reduced modulus of indentation contact, and C is the
compliance of contact. The simplification of the formulaexplained that at maximum force, the projected
area of contact will determine the value of hardness. Thus, a bigger contact area will project a softer
value in hardness hence a lower Young’s modulus. This configuration strongly agrees with the

microhardness results in which the smaller indentation (contact area) reads a higher hardness value.

The opposing statement achieved in nanoindentation could be speculated by the surface or points of
measurement. Figure 58 shows the nanoindentation surface of the samples. As displayed in sample 1,
some of the indentation fall on the acicular martensitic structure owing to its higher concentration of o’
phase. In sample 2, most of the measurements were directed on the beta matrix which is of softer
compound compared to the martensitic structure. Although sample 3 has a wider coverage of beta
matrix, its lath martensite is thinner due to B-stabiliser that prohibited the growth or widening of
martensite. As rectified previously, a thinner lath is harder than a coarse lath because the coarse lath i
formed during the early stage of martensitic transformation, close to the Ms temperature where 3 (softer)
has just started to transform. The thin lath is the finished product of the martensitic transformation that
contain greater dislocation thus is harder. It is believed that the indentation conducted for sample 3 was

actually measuring the laths instead of the matrix, which eventually gives the highest nanohardness
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value in the test. Microhardness has measured a reasonably broader area with a combination of

martensitic embedded in the f matrix. Thus, its reading is reasonably acceptable.

Another point to be considered is the grain size of the samples. Hardness increases with decreasing
particle size, which explains the finding obtained in nanoindentation with sample 3 of smallest grain
size having the highest hardness. Small grains also improve the overall strength of the sample as they

increase the slip bands and the grain boundaries act as an obstacle for crack propagation.

Ti-23Nb-7Zr Ti-28Nb-7Zr Ti-33Nb-7Zr

Figure 58: Microstructure of the nanoindentation

Although all samples are of o+ phases, the amount of orthorhombic martensitic structure in sample 1
is considerably greater than all other samples and the platelike structure is coarsest in size. Whereas, a
modest quantity of martensite is observed in sample 3 associated with finer platelike structure, which
consequently attributes to denser proportion of beta matrix that gives lower hardness. The
microstructure results are correlated to microhardness outcome.

Furthermore, it could be anticipated that sample 3 has less pores as the spongy structure of Tiis10 wt%
less than sample 1 and 5 wt% less than sample 2. A porous surface morphology on a material implies a
depreciation in hardness due to lack of atomic bonding on the surface that could inhibit plastic
deformation. In addition, the result depends very much on the surface purity and contamination of the
materials as any fine particles adhered to the surface may either slightly or significantly increase or
decrease the surface hardness. There is also a possibility that the residual stresses present after the
quenching process could contribute to the enhancement of hardness2>.

The nanohardness magnitude for samples 1 and 2 is about 28% and 25% higher than the microhardness.
In an experimental work reported by Qian,L, et al., 2005, the authors concluded that nano-indentation
hardness is about 10-30% magnitudes larger than the microhardness of the same measured materials.
The main reason can be explained by the analysis of the nano-indentation hardness which uses the
projected contact area at peak load instead of the residual projected area used in microhardness
measurement. As the projected contact area at peak load is always smaller than the residual projected

area, the nanohardness is thus always larger than microhardness26.
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Nanoindentation is basically gaining its popularity over the last 20 years, where researchers have been
looking into the mechanical properties at nanoscale, as their properties literally differ from the bulk
properties mainly due to surface effect!?”. Nanoindentation is more widely used in measuring thin fims
and microelectromechanical systems (MEMS)128, In terms of reliability between microhardness and
nanoindentation tester, both have their specific applications and they are actually complementing each
other in a unique way. Microhardness is used to measure the bulk properties of a material, while
nanoindentation is used to study the nano properties of the material.

5.6  Homogeneity

The element composition result from EDS analyser has proven a compatible alloying weightage
specified and an effective fabrication process conducted. The variation of element composition for
sample 1 is very much narrow in range compared to sample 2 while sample 3 displays the widest span
of range (STDEV in Table 19, Table 20 and Table 21). The homogeneity of the element composition
across the surface is subject to the incremental alloying element. Thus, a higher percentage of alloying
element tends to challenge the uniform distribution of the chemical across. The results obtained from
the microhardness were either containing the highest or lowest alloying element which propose that the
alloying elements are either being exposed or submerged after the mechanical deformation. However,
the overall homogeneity level for all samples are acceptable and reasonably good. More importantly,
all regions identified had shown an uniformly dispersed Ti(NbZr) solid solution. No unmelted Ti, Nb
or Zr particles were traced even though these elements display very different melting point, especially
Nb of highest melting temperature. The diffusion of the alloying elements into Ti was well combined
due to the fabrication process that involved 5 times remelting process and homogenization at 950°C for

1 hour.

5.7  Etching Process

The etched crystal structure of sample 3 is difficult to be distinguished under optical microscope as
insufficient sharp contrasts were detected. Greyish images instead of distinctive black and white were
captured. Most of the images were not as explicit as sample 1 and sample 2. Vague grain boundaries
incorporated with indistinct martensitic structure suggesting insufficient etching effect. The average
etching time for all samples were about 60 seconds. However, the phenomenon only persisted for
sample 3 indicating a desirable possibility that sample 3 may have better corrosion resistant. The
formation of the gaseous by-products through the chemical reaction between the etchant and the
exposed surfaces forallsamples were noticed of different rate with sample 3 requiring extended seconds
to start the bubbling process.
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Summary of Chapter 5: Discussion

This chapter discusses the findings of the results obtained from Chapter 4. Both optical and scanning
electron microscopy features the existence of ” embedded in beta matrix which was transformed from
the fabrication process. In addition, slip band and twinning structures were also observed and they were
formed during the quenching process. Both mechanisms were most noticeable near the grain boundaries.
XRD analysis had confirmed the presence of o”” and B phases through the peaks. The intensity of B
peaks are stronger than most of the o peaks. The martensite lath is coarser in sample 1 while sample 3
has the finest lath. And the proportion of beta matrix is largestin sample 3. The microhardness of sample
1 is highest which indicates the addition of Nb gives more effective implication in lowering the Vickers
hardness. In nanohardness, sample 3 was measured with highest hardness. The discrepancy in the results
between micro and nanohardness can be speculated through the point of indentation. While
microhardness is measuring the average hardness of grains, nanoindentation only focus on a localised
area. Microhardness can measure the lamella structure of o”+f at the same time, but nanohardness may

only concentrate on either the martensite lath, beta matrix or even the pores.
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CHAPTER 6

Conclusions

6.1 Concluding Remarks
6.2 Suggestions for Future Work
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6.1 Concluding Remarks

This study investigated the effects of the alloying element in lowering the Young’s modulus of Ti-Nb-
Zr alloys and to develop a new content of Nb and Zr that offers the Young’s modulus of less than 50GPa.
Torealise the challenge, a course of investigation methods and experiments was sequentially conducted
such as literature review, research on the fabrication process, microstructure characterisation and alloys
assessment. Thermo calc was employed to predict the phase transformed prior to designing the alloy.
The alloy was designed after a thorough research in multi-discipline fields and justification. Essential
areas that were highlighted were the study of different phase, especially o, o’ and B phases; the
microscopy observation to compare the effect and alteration of phase, microstructure, hardness and
Young’s modulus through the increment of Nb element.

Two phases were predicted through Thermo calc software. Due to the software limitation which only
applies for alloys in equilibrium state, the changes of the phase due to deformation or other application
were not factored in. However, the results obtained from Thermo calc software were almost similar to
the XRD results, provided that distortion happened during the sample actual fabrication process.
Microscopy results have further proven the findings of Thermo Calc and XRD by showing the same
phases and microstructure identified (o+p) through different analysing techniques. The hardness
measurements for both micro and nano scales had shown a competent outcome. The Young’s modulus
result showed that the alloys offer a reduced level of Young’s modulus 39.7, 37.5 and 41.7GPa
respectively which are all less than the target of maximum 50 GPa. All testings had been effectively

completed according to the plan.

In conclusion, the three new generation Ti alloys (Ti-23Nb-7Zr, Ti-28Nb-7Zr and Ti-33Nb-72Zr) were
successfully designed and fabricated using casting. The experimental work showed that these alloys
with new composition of alloying elements has achieved Young’s modulus below 50GPa and have
shown a good performance in alloying assessment and microstructure characterization. The objectives

aimed for this thesis have all been fulfilled.
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6.2 Suggestions for Future Work

This research may be further extended, primarily the validation of these new alloys in the biomedical
aspects. Biocompatibility tests such as cell culture or toxicity test are vital since the designed alloy is
meant to be implanted in vivo. Besides, the corrosion resistance of these alloys should also be identified
to be considered applicable in vivo.

Electron backscatter diffraction (EBSD) technique through SEM could also being used to study the
microstructural-crystallographic characterisation of the alloys. This technique involves the
understanding of structure, crystal orientation and phase of materials which is very beneficiary as the
information available in this field is very limited and insufficient. Additional to this, the determination
of the constitution of various phases in a sample is most encouraged to confirm its implication on the

mechanical properties of the alloys.

The essential mechanical properties such as surface tribology, fatigue test, compression and tensile test
are necessary for orthopaedic implants application. These implants are targeted to restore the
functionality and mobility of bones to enable patients to return to their normal activities. Our daily
activities involve lots of movement that will induce friction, compression, tension, and twisting on the
implants. Besides, the continuous cyclic movement from the activities will gradually increase the
fatigue failure. Therefore, by having the data/results from the mentioned mechanical tests, it is believed
that the properties of the alloys can be further explored and improved thus the prospects of this alloy
could be uplifted.
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