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ABSTRACT

The total joint replacement and mechanical stability are the vital components of the
biomedical implant. In this study, Ti-6Al-4V is superplastically embedded with HA powder
after being submitted to a heat treatment process to produce a new HA embedded layer
with enhanced strength and good biocompatibility, which can be served as a good implant.
Several properties of this new produced HA embedded layer has been analyzed from the
perspective of bio-activity and scratch test. Numerous appropriate conclusions have been
drawn. The results obtained, demonstrate that the HA embedded layer possesses good
bioactivity properties and it is highly intact to the substrate, and that its stability is

maintained even after immersion in simulated body fluid (SBF) for a period of 35 days.



ABSTRAK

Kesempurnaan keseluruhan penyambungan dan kestabilan mekanik adalah dua komponen
penting dalam implant biomedik. Dalam kajian ini, HA ditanam secara superplastik ke
dalam Ti-6Al-4V yang telah menjalani rawatan haba dan proses ini menghasilkan lapisan
HA yang baru yang telah ditingkatkan tahap kekuatannya dan kesesuaian biologinya
dimana ia boleh digunakan sebagai implant yang berkualiti. Beberapa sifat lapisan HA
telah dianalisa daridapa sudut bioaktiviti dan ketahananya terhadap goresan. Beberapa
kesimpulan telah dibuat berdasarkan keputusan makmal dan analisisnya. Hasil yang
diperolehi menunjukkan lapisan HA mempunyai sifat bioactivity yang baik dan ia melekat
kuat dengan Ti-6Al-4V. Kestabilan lapisan HA masih kekal walaupun selepas 35 hari

direndam dalam keadaan larutan badan (SBF).
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CHAPTER 1

INTRODUCTION

1.1 General

Hydroxyapatite (HA) and titanium (Ti) are two prominent materials which are
widely used in medical applications as implant materials (Ahmed and Jankowski, 2011;
Caceres et al., 2008; Khalid et al., 2012; Parast et al., 2011; Saber-Samandari et al., 2011;
Xuhui et al., 2009; Yildrim et al., 2005). Furthermore, the similarity of the chemical
composition of HA to natural bone (Ahmed and Jankowski, 2011; Parast et al., 2011) and
its ability to bond chemically to living bony tissue (Gu et al., 2003; Khalid et al., 2012)
enhances its biocompatibility for biomedical implants. High corrosion and the excellent
mechanical properties of Ti satisfy the load-bearing requirements of these implants. It also
enables them to sustain large forces and assists them to retain their shapes after patient
physical activity (Saber-Samandari et al., 2011). The HA coating can be deposited on a Ti
alloy. However, several studies have raised concerns about its applicability on areas of high
loading, such as the femoral and tibial cortical bones (Gu et al., 2003). Also, poor
mechanical stability of the interface between coating and substrate may lead to
complications either during a surgical operation or after implantation for a specified time
(Collier et al., 1993; Cook et al., 1991; Nie et al., 2000; Simmons et al., 1999). The
developed HA-based composites, through reinforcing HA with a mechanically superior
secondary phase such as Ti (Dom et al., 2010), prove to be quite handy in enhancement of a

weak HA layer. It has been shown that HA/Ti-6Al-4V coating can achieve better long-term



stability due to its superior mechanical properties, as compared to pure HA coating (Gu et
al., 2003). Amongst several methods for obtaining HA/ Ti-6Al-4V coating, plasma
spraying is one of the most commonly employed. However, it still has a number of
limitations such as high cost (Yildrim et al., 2005) and poor adhesion of coating, which
may result in its degradation from the substrate (Dom et al., 2010). Furthermore, the
application of high temperature between 15273-30273 K in plasma spraying may lead to
microstructural changes in substrate materials (Yildrim et al., 2005), as well as
decomposition of HA (De Jonge et al., 2010).

The unique superplastic behaviour of materials has been widely recognized and
consequently gained significant attention for several decades. It has been demonstrated that
an HA-Ti layer with good bonding strength is successfully produced when the HA-Ti
composite is implanted on superplastic Ti (Dom et al., 2010). Moreover, materials with
such behaviour are able to exhibit a large degree of elongation prior to failure. However,
the reduction rate in the thickness of the implanted layer after wear shows that the thicker
layer is weaker than the thin layer (Parast et al., 2011). Also, a thin coating induces an
osteogenic response in vitro (Yao et al., 2004), where bone regeneration and remodeling
occur. Studies on the nanolayer coatings reveal that the nanolayer reflects the outstanding
mechanical properties, e.g. higher hardness and better wear resistance (Khalid et al., 2012).
Recently, nanolayer HA coating through superplastic embedment has been produced
(Khalid et al., 2012). As a result, good adherent strength of the coating has been achieved.
There are a few other factors, such as biocompatibility and mechanical properties of
coating, which play a significant role in the success of the potential implants and hence
warrant further studies (Cleries et al., 2000; Hench, 1998; Kokubo et al., 1990).

The previous studies (Parast et al., 2011; Khalid et al., 2012; Dom et al., 2010)

which employed a superplasticity concept only focused on a wear test, but did not take into
2



account the bioactivity property. Therefore, the present research is concerned with a study
of the bioactivity and mechanical properties of HA-embedded samples immersed in
simulated body fluid (SBF) in order to define the coating’s lifetime and its functionality as
good joints. Bonding strength and stability between the HA layer and the substrate is

evaluated upon resistance of the coating against scratch loads.

1.2 Research Objectives

The objectives of this research are:
1. To produce a bioactive HA embedded layer on Ti alloy with sufficient amount of
HA elements through superplastic embedment.
2. To study the bioactivity of the HA embedded layer in SBF.
3. To study the mechanical properties between the HA embedded layer and the

substrate.

1.3 Outline of Research

The research outlines are as follows:
1. Literature review
Understanding the theories and concepts related to HA, Ti-6Al-4V substrate,
superplasticity, embedment method is completed by reviewing various journals,
reference books, world wide website and previous dissertation report. Summary of

the reviewed literatures is presented in Chapter 2.



2. Materials and experimental procedures
Explanation of the experimental works and properties of the embedded and
substrate materials are presented in Chapter 3. The experimental works involve
preparation of samples, die, puncher and jigs, heat treatment of Ti-6Al-4V,
superplastic embedment process, bioactivity test, nanoscratch test and

characterization process.

3. Characterization
Description of the characterization techniques is presented in Chapter 3. After
embedment, Field Emission Scanning Electron Microscope (Zeiss FESEM) is used
to characterize the surface morphology of the embedded layer and to determine
layer thickness. Elemental composition of the layer is identified by Energy
Dispersive X-ray (EDX) analysis. Details of the crystallographic structure of the
layer are revealed by X-ray Diffraction (XRD, X Pert PRO) whilst surface hardness

is measured by Vickers microhardness (Mitutoyo MK-17).

4. Results and discussion
Presentation and analysis of the results obtained are presented in Chapter 4, which
contains the characterization of the HA embedded layer, its bioactivity and

mechanical properties.

5. Conclusion and recommendations
Conclusion of the present research and recommendation for the further research

activities are summarized in Chapter 5.



CHAPTER 2

LITERATURE REVIEW

2.1 Superplasticity

Superplasticity is the ability of a solid crystalline material to be deformed well
beyond its usual breaking point during tensile loading, under a certain strain rate and
temperature. Superplastic materials are found in metals (including aluminum, magnesium,
iron, titanium and nickel-based alloys), ceramics (including monoliths and composites),
intermetallics (including iron, nickel and titanium base) and laminates (Chandra, 2002).
Previous study (Sieniawski and Motyka, 2007) reported that, two types of superplasticity
are distinguished: fine structure superplasticity (FSS) - considered as an internal structural
feature of material and internal stress superplasticity (ISS) - caused by special external
conditions (e.g. thermal or pressure cycling) generating internal structural transformation

that produce high internal stress dependent on external stress.

Figure 2.1: A dramatic demonstration of superplasticity in Cu-Al alloy (8000% elongation

(Hori etal., 1991)

Superplastically deformed material gets thinner in a very uniform manner, rather

than forming a "neck” (a local narrowing) which leads to fracture (Dieter, 1986). The

5



current world record for elongation in metal stands at 8000% elongation in commercial
bronze by Hori et al., 1999 is shown in Figure 2.1. Superplasticity represents an inelastic
behavior with high strain rate sensitivity, grain switching and grain boundary sliding (GBS)
(Chandra, 2002; Hiraga et al., 2010; Langdon, 1994). In superplastic material, grains
remain nearly equiaxed even after deformation so it can be concluded that the primary
mechanism in superplasticity is grain boundry sliding (Chandra, 2002; Vetrano, 2001). As
shown in Figure 2.2, in superplasticity the grains change their neighbors and the original
structure is restored. Through grain boundary sliding, the inelastic strain is produced

(Chandra, 2002).

Increasing
superplastic
strain

Final texture

Final micostructure

Figure 2.2: Evolution of microstructure during superplastic deformation (Chandra, 2002)

The appearance of the superplastic elongated specimens of the ultra-fine grained
materials at various test temperatures is presented in Figure 2.3. The ultra-fine grained
materials exhibit superplastic elongation of over 1000%. Elongation increases with the

increase in test temperature.
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Figure 2.3: Appearance of superplastic elongated specimens of ultra-fine grained materials
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1073 K

at various test temperatures (Nakahigashi & Yoshimura, 2002)

2.1.1 Historical Background of Superplasticity

Rosenhain, Houghton and Bingham are the people who first reported the
phenomena of superplasticity on a eutectic alloy of Zn-Al-Cu in 1920. In 1934, Pearson did
the earliest amazing observations on Bi-Sn eutectic alloy with a tensile elongation of
1950% without failure (Langdon, 2009). He also showed that the size and the shape of the
grains of the superplastic alloys did not change during the deformation. After that, lots of
research activities had been carried out on superplasticity (Hori et al., 1991; Nieh et al.,

1997; Hamilton et al., 1988).



2.1.2 Characteristic of Superplastic Deformation

There are three primary requirements to influence materials properties for the
success of superplasticity of an alloy which are: (1) a fine and stable grain size (usually less
than 10 um), (2) processing temperature at or above 0.4 of the melting temperature
(measured in K), and (3) a suitable strain rate (dependent upon the properties of the specific
alloy, strain rate at which superplasticity is optimized generally falls between 10™* and 107
sec™ for most materials and processing combinations) (Elias et al., 2007).

Main criterion of superplastic materials is the possibility of obtaining fine-grained
and equiaxial microstructure which assures the occurrence of maximum deformation. Grain
refinement is essential to obtain enhanced superplasticity at lower temperatures or high
strain rates. It was established that grain refinement causes increase of strain rate and
decrease of superplastic deformation temperature as shown in Figure 2.4 (Bai et al., 2001,
Combres and Blandin, 1995). Number of grain boundaries increases by the grain
refinement which helps the grain boundary sliding to occur at lower temperature with high
strain rate. Forming rate must be sufficiently high to satisfy the current fabrication speed
(Higashi and Mabuchi, 1997) and lower forming temperature would save the fabrication

energy (Pu et al., 1995).
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Figure 2.4: Effect of grain size on strain rate (a) and superplastic deformation temperature
(b) of Ti-6Al-4V, Ti-5Al-2.5Sn and Ti-6.5Al-3.3Mo0-1.8Zr-0.26Si alloys (Bai et al., 2001;

Combres and Blandin, 1995)

Equiaxed microstructure favours proceeding of GBS in the mechanism of superplastic
deformation which is controlled by GBS (Hsiao and Huang; 2002) and possesses a strong
grain size dependency (Sherby and Wadworth; 1984). Fine grained polycrystalline

materials with grains elongated crosswise deformation direction GBS is limited. Recent



experiments on microstructural processes occurring during superplastic deformation
(Kaibyshev, 2002; Mukherjee, 2002; Nieh et al., 1997) proved the existence of cooperative
grain-boundary sliding related to sliding of groups of grains (Figure 2.5). It was found that
operation of that mechanism does not depend on crystal lattice type and dislocation activity
in grains. Occurrence of cooperative GBS is conditioned mainly by structure of grain
boundaries in polycrystal. It was determined that cooperative GBS is also connected with

rotation and migration of whole grain assemblies.

Grain
boundary

dislocations ) Lanicg
dislocations

Figure 2.5: Cooperative GBS during superplastic deformation (Kaibyshev, 2002)

Superplasticity which can be considered as the movement of matter is a temperature
dependence mechanism and is commonly occurs at elevated temperature in most materials.
The deformation temperature for superplasticity should be about 0.4 of the melting
temperature (K); for titanium alloys this is about 90% of the beta-transus temperature.
Plastic deformation at these high temperatures is primarily due to the permanent
deformation under current stress called creep. For favor creep deformation, two

metallurgical properties are required: (1) extremely fine microstructures, because creep is

10



primarily controlled by grain boundary sliding and (2) stability of the fine structures at the

high deformation temperatures (Leyens and Peters, 2003).

High strain-rate sensitivity, m (typically close to 0.5) is one important factor in
superplastic deformation which stabilizes against localized necking and results in high
plastic elongation (Chandra, 2002; Vetrano, 2001). Different materials demonstrate

different sensitivity on the strain rate and it depends on the structure of the material.

2.1.3 Mechanical Behaviour of Superplasticity

Superplastic models are typically written as:

o =Ké&" (2.1)

where o is the equivalent flow stress, K is the strength coefficient, ¢ is the equivalent strain
rate and the slope is d(In 6)/0(In £) which represents the strain-rate sensitivity parameter. In
superplastic deformation (SPD) process, higher the value of m, the higher is the
superplastic properties (large elongation). It can be theoretically shown that m represents
the resistance to necking and provides more diffused necking during deformation,

prolonging the stretching process (Chandra, 2002)

11



2.1.4 Superplasticity and Plasticity

In order to develop a basic understanding of the superplastic behavior of materials,

it is worthwhile to compare superplasticity with other inelastic processes, especially elastic-

plastic and elevated temperature creep processes. Table 2.1 outlines some of the basic

differences between plastic and superplastic behavior.

Table 2.1: Comparison between superplasticity and plasticity (Chandra, 2002)

Superplasticity

Plasticity

Superplasticity represents an inelastic

behavior with high strain rate sensitivity

Plasticity represents inelastic behavior with

no rate dependence

The effect of strain hardening is secondary

Flow stress primarily increased due to strain

hardening

Grain switching, GBS are the primary

mechanisms

Grain neighbours remain as such at all times

Texture decreases (grain orientation

becomes random increasing with strain)

Texture decreases (preferred orientation in

the principle plastic strain direction)

Deformation primarily due to GBS with
diffusion and dislocation as the

accommodating mechanisms

Deformation primarily due to dislocational

activities

Deformation reduces the initial anisotropy

Deformation induces a strong anisotropy

Failure due to cavity initiation, growth and

finally by geometric instability

Failure due to material and geometric

instability

12




2.1.5 Applications of superplasticity

Superplasticity is used to form parts in the automotive, aerospace and many other
smaller industries. Application of superplastic deformation in industrial forming of alloys
offers advantages related mainly to possibility of producing elements having complex
shape using one technological operation under low unit pressure (Demaid, 1992). Generally
superplastic forming (SPF) process is carried out under pressure in protective atmosphere
and two main methods are distinguished: female forming (Figure 2.6 (a)), and male

forming (Figure 2.6 (b, c)).

J:_ﬂ_l_ %

== =N  reacnanan

U= -

M
ST 3

Figure 2.6: Female (a) and male (b,c) SPF processes (Demaid, 1992)

Ll

It should be emphasized that relatively low tool wear occurs resulting from low unit
pressure and small slide between sheet and die. In some cases, when maximum pressure
leads to local necking of product walls, initial bubble-blowing is used (Figure 2.6 (c))
(Demaid, 1992). Advantages of SPF can be assessed on producing of aircraft components.
Emergency door for BAe 125 airplane produced from aluminium alloy using conventional

methods is composed of 80 detail pressings and about 1000 fasteners. Fabrication of the
13



same product from titanium alloy using SPF enables reduction of the large parts number to
4 and fasteners number to 90. It gives a cost saving of 30% overall (Demaid, 1992).
Application of SPF and diffusion bonding (SPF/DB) for producing aft fuselage of F-15E
fighter allowed to eliminate 726 parts and about 10,000 fasteners (Martin and Evans, 2000).

Superplastic forming of aluminium sheet components with complex shapes is attractive
for a wide variety of applications in the aerospace, automotive and medical device industries. It
is capable to reduce the amount of material loss and time required for machining components
from thick plates in aerospace and transport industries. In advanced aerospace applications, 70
to 90% of the material purchased is machined away in order to create the complex geometry
which satisfies the mechanical requirement with the minimum possible component weight.
Superplastic forming enables redesigned components to be fabricated with little or no loss of
material to machining. Numerous demonstration components have been fabricated for
aerospace and automotive applications. Few latest studies in this regards are (Liu et al., 2010;

Narayan et al., 2010; Xinghao et al., 2007)

2.2 Titanium and Its Alloys.

Last decades, Ti alloys have been widely used in the aeronautical industry and for
biomedical applications. The interest in Ti and its alloys can be explained by its remarkable
properties, such as a high tenacity, a good heat resistance, a particular resistance to
corrosion, biocompatibility with no adverse tissue reaction, its superplastic capacities and
last but not least its interesting specific mass when compared to other high strength alloys
such as steels (Azevedo and Santos, 2003; Fonseca et al., 2003; Long and Rack, 1998;

Wang, 1996)
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Specifically, for biomedical applications, Ti and its alloys are widely used because
of their desirable properties, such as good relatively low modulus, good fatigue strength
and corrosion resistance (Niespodziana et al., 2006). The low elastic modulus of Ti and its
alloys is generally viewed as a biomechanical advantage because the smaller elastic
modulus can result in smaller stress shielding. Low densities of titanium alloys give high
specific strength-to-weight ratios allowing lighter and stronger structures. However, Ti and
its alloys have relatively poor tribological properties because of its low hardness (Liu et al.,
2004).

Depending on the predominant phase or phases in their microstructure and alloying
additions, Ti alloys are categorized into three main categories:

1. Alpha (a) alloys - contain neutral alloying elements (such as tin) and/ or o

stabilisers (such as aluminium or oxygen) only. These are not heat treatable.

2. Alpha-beta (o + B) alloys - which are metastable and generally include some

combination of both o and B stabilizers, and which can be heat treated.

3. Beta (B) alloys - which are metastable and which contain sufficient  stabilizers

(such as molybdenum, silicon and vanadium) to allow them to maintain the f
phase when quenched, and which can also be solution treated and aged to
improve strength.

Figure 2.7 shows the phase diagram of Ti-6Al-4V. Above B-transus temperature the
single B phase field is separated from two-phase o + f field and the whole microstructure is
composed of B grain (Leyens and Peters, 2003; Polmear, 1981). At the temperature of
below the transus temperature o nucleates at grain boundaries and grows into the 3 grain.
The existence of vanadium causes to enrich B phase and stabilizes this phase at lower

temperatures (Leyens and Peters, 2003). At room temperature, the microstructure is mainly

15



composed of hexagonal close-packed structure o phase and a little of body-centre cubic

phase (Polmear, 1981).
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Figure 2.7: Phase Diagram of Ti-6Al-4V (Leyens and Peters, 2003)

2.2.1 Classification of Titanium Alloys

2.2.1.1 a Alloys

The single-phase and near-single-phase o alloys of Ti are non-heat treatable and
have good weldability. The generally high aluminium content of this group of alloys
ensured good strength characteristics and oxidation resistance at elevated temperatures (in
the range of 600 to 1100 °F). o alloy has low to medium strength (Leyen and Peters, 2003)
but it cannot be heat treated to develop higher mechanical properties because they are
single-phase alloys. o alloys possess the highest corrosion resistance. More highly alloyed
near-o. alloys offer optimum high temperature creep strength and oxidation resistance. a
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alloys also present good notch toughness, reasonably good ductility and excellent
mechanical properties at cryogenic temperatures. o alloys are primarily used in the

chemical and process engineering industries (Leyen and Peters, 2003).

2.2.1.2 a-p Alloys

The addition of controlled amounts of B-stabilizing alloying elements causes 3
phase to persist below B transus temperature, down to room temperature, resulting in two-
phase system. These two-phase Ti alloys can be strengthened significantly by heat
treatment consisting of a quench from some temperature in the o-f range, followed by an
aging cycle at a somewhat lower temperature. B-phase transformation which would
normally occur on slow cooling is suppressed by the quenching. The aging cycle causes the
precipitation of some fine a particles from the metastable B, imparting a structure that is
stronger than the annealed a-f structure. Although heat-treated o-3 alloys are stronger than
the a alloys, their ductility is proportionally lower. a-B alloys are heat treatable and most
are weldable. Typical properties include:

1. Strength levels are medium to high

2. High temperature creep strength is not as good as most a alloys

3. Cold forming may be limited but hot forming qualities are normally good

4. Many alloys can be superplastically formed

The most commonly used o-f alloy is Ti-6Al-4V (Joshi, 2006), developed in many
variations of the basic formulation for the widest possible choice of key properties and for

many widely differing applications.
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2.2.1.3 B Alloys

The high percentage of p-stabilizing elements in these alloys results in a
microstructure that is substantially . The high amount of added beta-stabilizer elements
decreases the temperature of the allotropic transformation (a-p transition) of Ti (Froes and
Bomberger, 1985). The metastable 3 can be strengthened considerably by heat treatment
(Karasevskaya et al., 2003). B alloys are very brittle at cryogenic temperatures and are not
meant to be applied at high temperatures, as they show low creep resistance.  alloys are
used in highly specialized burn-resistance and corrosion resistance applications due to their
high densities and poor ductility (Joshi, 2006). B or near 3 alloys are:

1. Fully heat treatable

2. Generally weldable

3. Capable of high strengths

4. Possess good creep resistance up to intermediate temperatures

5. Excellent formability can be expected in the B alloys in the solution treated

condition

B-type alloys have good combinations of properties in sheet, as fasteners and are
ideal for sporing applications. Some alloys offer uniform property levels through heavy
sections. The higher alloy content of 8 alloys increases the density of  alloys typically by
7-10% compared to Ti-6Al-4V. Typical B alloys include Ti3AI8V6CrdMo4Zr ASTM
Grade 19, Til5M03Nb3AI2Si ASTM Grade 21, Til0V2Fe3Al AMS 4983, 4984, 4987 and
Ti15V3Cr3sn3Al AMS 4914. It is only the metastable B alloys which are heat treatable by

solution treatment and ageing. Fully stable B alloys can only be annealed.
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2.2.2 Superplasticity of Titanium Alloy

One of the Ti alloys which has been extensively studied in aspect of superplasticity
is widely used Ti-6Al-4V alloy. Results concerning research on this alloy published in
world scientific literature indicate meaningful progress in evaluation and applications of
superplasticity in last 30 years. In the beginning of 70’s maximum superplastic tensile
elongation of Ti-6Al-4V alloy was about 1000% at the strain rate of 10-4 s (Grabski,
1973), whereas in few last years, special thermomechanical methods were developed
enabling doubling of tensile elongation and increase the strain rate 100 times (Chandra,
2002) (Table 2.1). Relatively new group of superplastic Ti alloys are TiAl or TizAl
intermetallics based alloys (Table 2.2). It is well known that intermetallics based alloys
have a high relative strength, and good high-temperature creep resistance. Widespread
usage of those materials is limited mainly by their low plasticity precluding forming of
structural components using conventional plastic working methods. In this case pursuit to
obtain fine-grained microstructure enabling superplastic deformation seems to be very
promising (Hofmann et al., 1995; Imayev et al., 1999; Kobayashi et al., 1994; Nieh et al.,

1997).
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Table 2.2: Superplastic deformation conditions of selected Ti alloys and Ti matrix

composites (Combres and Blandin, 1995; Frommeyer and Rommerskirchen, 1995;

Hofmann et al., 1995; Imayev et al., 1999; Inagaki, 1995; 1996; Kim et al., 1999;

Kobayashi et al., 1994; Kulikowski et al., 1995; Nieh et al., 1997; Ogawa et al., 1995;

Salishchev et al., 2001; Tisler and Lederich, 1995)

Alloy Phase Elongation Grain Temperature | Strain
composition (%) size (°C) rate
(Hm) ()
Two-phase o+f alloys
Ti-4Al-4Mo- a+p 2000 4 885 5x10™
2Sn-0.5Si
(IMI550)
Ti-4.5Al-3V- o+B 2500 2+3 750 10
2Mo-2Fe (SP-
700)
Ti-5AIl-2Sn- a+p 1100 2+3 72 2x10™
4Zr-4Mo-2Cr-
1Fe (B-CEZ)
Ti-6Al-4V o+B 2100 2 850 10
Ti-6Al-2Sn- at+p 2700 1+2 900 10
4Zr-2Mo
Ti-6Al-2Sn- at+p 2200 1+2 750 10
47Zr-6Mo
Ti-6Al-7Nb at+p 300 6 900 3x10™
(IM1367)
Ti-6.5Al- o+B 640 6=7 600 10™
3.7Mo-1,5Zr
Ti-6Al-2Sn- o+B 2000 4 885 5x10™
2Zr-2Mo-2Cr-
0,15Si
Intermetallics based alloys
Ti-24AI-1INb | oy (TisAl) + B 1280 4 970 107
Ti-46Al-1Cr- y (TiAl) + 380 2+5 1050 10
Ti-48Al-2Nb- v (TiAl) + 350 0,3 800 8.3x10™
2Cr (07 (T|3A|)
Ti-50Al v (TiAl) + 250 <5 900-1050 | 2x10™+
o (TisAl) 8.3x107°
Ti-10Co-4Al a+Ti,Co 1000 0.5 700 5x107
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Titanium matrix composites
Ti-6Al-4V + o+TiC 270 5 870 1.7x10™
10%TiC
Ti-6Al-4V + o+TiN 410 5 920 1.7x10™
10%TiN

Ti alloy has the similar tension characterists as materials that have a plastic
deformation above 200% and a grain size of less than 10 um. Typically, Ti alloys do not
exhibit fine-grain superplasticity in the beta phase field due to rapid grain growth. In this
technology, superplasticity can be achieved by an addition of one compound. The new
alloy restricts the beta growth and stabilizes a fine, equiaxed beta grain size at the
deformation temperature, thereby enabling superplasticity. The new strain rates are of a
magnitude of 2 — 3 times higher when compared to conventional superplasticity.

The technology of superplasticity may be highly beneficial in various types of
manufacturing industries, such as aerospace, aviation, transportation, and other industries
that involve metalworking and lightweight materials. The demand in strong, lightweight
materials that have superplasticity characteristics, are expected to grow at a higher rate than
the general market. The Ti based alloy has several benefits over existing technologies:

1. Ability to form intricate shapes not possible by other approaches or techniques.

2. Higher production rates than conventional superplasticity materials.

3. Lower manufacturing and equipment costs to produce materials of the same

technical specifications.

4. Ability to form near-net/net shapes with enhanced mechanical properties on

smaller capacity presses.

5. Improved chemical homogeneity due to enhanced diffusion rates.

6. Reduced processing and production costs and improved performance with

strength, stiffness and microstructure.

21



2.2.3 Pre-heat Treatment of Ti-6Al-4V

Pre-heat treatment is an important process prior to superplastic embedment. Ti and
Ti alloys are heat treated in order to:
1. Reduce residual stresses developed during fabrication (stress relieving) or
techniques.
2. Produce an optimum combination of ductility, machinability, and dimensional
and structural stability (annealing).
3. Increase strength (solution treating and aging)
4. Optimize special properties such as fracture toughness, fatigue strength, and
high-temperature creep strength.
Rapid cooling above the beta transus is the best pre-heat treatment for superplastic
deformation of Ti-6Al-4V. According to the phase diagram of Ti-6Al-4V in Figure 2.7,
fully beta-phase structure is achieved by heating the Ti-6Al-4V above the beta transus
temperature. The presence of beta-phase can strongly improve the superplasticity of Ti
alloys. As reported by Malikarjun et al., (2003), formability of beta-phase is higher than
alpha-phase at superplastic temperature and the existence of beta-phase reduces the
optimum superplastic temperature. Rapid cooling from the above beta transus produces a
structure consisting of all alpha’ (Ti martensite) (Polmear, 1981) which consists of parallel-
sided plates or lathe with high dislocation density and high internal stresses due to the rapid

transformation (Smith, 1993).
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2.3 Biomaterials

A biomaterial is a synthetic material used to replace part of a living system or to
function in intimate contact with living tissue (Shi, 2004). Biomaterials interact with
biological systems without causing any unacceptable harm to the body (Latka et al., 2010).
Biomaterials can be derived either from nature or synthesized in the laboratory using a
variety of chemical approaches utilizing metallic components or ceramics. They are often
used and/or adapted for a medical application, and thus comprise whole or part of a living
structure or biomedical device which performs, augments, or replaces a natural function.
Such functions may be benign, like being used for a heart valve, or may be bioactive with a
more interactive functionality such as HA coated hip implants. Biomaterials are also used
every day in dental applications, surgery, and drug delivery. A biomaterial may also be an

autograft, allograft or xenograft used as a transplant material.

To be used as an implant, biomaterials must exhibit high biocompatibility and long
life in the human body (more than 20 years) without any corrosion, fracture or delaminating
(Conforto et al., 2004; Javed and Romanos, 2010). Good mechanical properties are
required, mostly high resistance to fatigue and wear. Good mechanical interlocking is also
necessary because the fixation of the implant is not guaranteed by the chemical interactions
with the biological tissue which are too weak. A growing interest has been observed in the
field of development of new biomaterials which present biocompatibility associated with
high wear resistance and low wettability (Barbieri et al., 2002). Designing the new
materials, from well-known old one, by an adequate surface treatment process has been one

of the trends of materials research subjects (Czarnowska et al., 1999).
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2.3.1 Hydroxyapatite

HA is a well-established bioactive ceramic material capable of forming strong
chemical bonds with natural bones (Xuhui et al., 2009). As a highly biocompatible
material, it quickly improves bone-biomaterial interface, conferring, therefore on the
prostheses good osteointegration capabilities (Yildrim et al., 2005). HA has been used since
1990 as coating on the prostheses of e.g. hips, knees and teeth in order to enhance their
biointegration to a bone (Tattner et al., 2004) due to its similar chemical composition to
natural bone (Ahmed and Jankowski, 2011). Orthopedic and dental implants are mostly
bio-inert metal alloys and do not offer a good chemical bond to bone as HA does (Chai and
Ben-Nissan, 1999). Also, porous HA coatings are known to promote bone regeneration
(Wei et al., 1999). One major application of HA is to serve as a cover material for Ti or
other metals used in implants (Suchanek and Yoshimura, 1998). In this case, the
biocompatibility of the implant is assured by HA, while the mechanical properties are
provided by metal substrate (Gu et al., 2003). HA coated Ti alloy implants combine the
bioactivity of HA and the mechanical properties of titanium alloy. Zhang et al. (2006)
stated that HA coating can protect the Ti alloy substrates against corrosion in the biological
environment, and also can be as a barrier against the release of toxic metal ions from the

substrates into the living body.
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2.4 Production Methods of Hydroxyapatite Coating

For several decades now, coating technology has found a wide array of applications.
These include functional coating, decorative coating, industrial coating, thermal barrier
coating, biomaterial coating and others. Whatever the application is, the mechanical
properties of the deposited coatings should be sufficient to satisfy the application’s

requirements.

There are several methods existed for coating HA on a Ti alloy substrate (Meng et
al., 2008; Hsieh et al., 2002; Ding, 2003; Narayanan et al., 2006). Various methods are
available for production of HA coatings, which include sol-gel (Liu et al., 2002; Hsieh et
al., 2002), sputtering (Ktessabi and Hamdi, 2002; Hamdi and Ktessabi, 2001), pulsed laser
deposition (Wang et al., 1997), and thermal spraying (Kweh et al., 2000; MacDonald et al.,
2001; Lynn and DuQuesnay, 2002). Among them, plasma spraying is the most popular
method due to its feasibility and good coating mechanical properties (Ding et al., 2001).
However, the high cost and also, extremely high temperatures such as between 15000-
30000 °C are underestimated that cause microstructural changes in the substrate implant
material (Yildrim et al., 2005) and also degradation of HA particles into other less stable
phases of calcium phosphate (CaP) including tetra calcium phosphate (TTCP), tri calcium
phosphate (TCP) and amorphous CaP (Radin and Ducheyne, 1992). In addition, it is
difficult to prepare a uniform coating on metal implant with a complex shape via plasma
spraying (Dom et al., 2010). Also, the coating has a tendency to degrade from the Ti
substrate due to low bonding strength (Jansen et al., 1991) which is a critical factor in long-

term stability of the implant material (Liu et al., 2005).
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Embedment is a material engineering process by which ions or elements of a
material can be implanted into another solid and it can change the physical properties of the
solid. A mutual reaction occurs between granules and alloy and it seems that there is a
chemical reaction in the interface of the granules and Ti alloy in the embedment process

(Nonami et al, 1998).
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CHAPTER 3

MATERIALS PREPARATION AND EXPERIMENTAL

PROCEDURES

3.1 Materials, Samples, Die and Jigs Preparation

3.1.1 Materials

The substrate material used in this research is Ti alloy Grade 5, Ti-6Al-4V. The
Grade 5 Ti alloy is heat treatable and is alloyed with 6% aluminum and 4% vanadium, by
weight. The chemical composition of this alloy is listed in Table 3.1. Ti-6Al-4V is classed
as an alpha-beta alloys, which is metastable and generally include some combination of
both alpha and beta stabilizers, and which can be heat treated. Ti-6Al-4V is the most widely
used Ti alloy with the excellent combination of strength, corrosion resistance, weld and
fabricability. Consequently, Ti-6Al-4V has been used in various applications and one of
them is medical application. Human body and bodily fluids have no effect on Ti and it is
also compatible with bone growth (Bal Seal Engineering Inc., 2009). The as-received Ti-
6Al-4V is cut from its bar into a dimension of 35mmx3mmx3mm using cutter (Figure 3.1)

and lathe machine.

Table 3.1: Chemical composition of Ti-6Al-4V

Element Titanium, Ti Aluminum, Al Vanadium, V Carbon, C

Wt (%) 88.05 6.73 3.9 2.12
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Bioactive HA powder supplied by Taihei Chemical Co. Ltd. Tokyo, Japan is used as
the embedded material. HA coating on a metallic implant is very important so that the body
would not see a foreign body and work in such a way as to isolate it from surrounding
tissues. The average size of HA particles used is approximately 36.66 pm when (observed

under FESEM)

Figure 3.1: Cutter
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3.1.2 Sample Preparation

The heat treated Ti-6Al-4V is cut into a dimension of 35mmx10mmx3mm using

cutter (Figure 3.1) as illustrated in Figure 3.2.

| 35 mm |
10 :m/w< >
/ _____________________________ 7 : |
3mm  § | |
Reference
______ Cutting point
3mm g 35 mm N

3mm¢| Q

Figure 3.2: Dimension of the heat treated Ti-6Al-4V substrate before embedment

3.1.3 Die and Jigs Preparation

Embedment process needs special die and jigs made from high resistant stainless
steel. Stainless steel has high temperature strength and excellent high temperature
resistance to oxidation or scaling and therefore it is applicable for high temperature
application. Figure 3.3 shows the design of die whilst Figure 3.4 depicts the fabricated die.
Designs of jigs are shown in Figure 3.5. Both die and jigs are fabricated by using lathe and

milling machine.
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Figure 3.3: Design of die
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Figure 3.4: Fabricated die
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Figure 3.5: Design of jigs

3.2 Heat treatment

Prior to embedment process, the as-received Ti-6Al-4V with dimension of
35mmx3mmx3mm is solution-treated above the beta transus temperature (1373 K) for 30
minutes and ice-quenched to room temperature so that the globular, equiaxed alpha grains
and beta phase in the as-received Ti-6Al-4V microstructure fully transform to martensitic
alpha’phase (metastable phase), for the preparation of superplastic deformation. Figure 3.6
depicts the schematic diagram of the experimental setup for heat treatment process whilst
Figure 3.7 illustrates the heat treatment profile. Removal of oxide layer and irregularities is

done by polishing the sample on emery paper up to 1200 grit size.
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Figure 3.6: Schematic diagram of the experimental set-up for heat treatment process
Temperature (K)
S

Homogenized

(B-phase)

1373K T — =

/ Ice quenching

Heating

Y » Time (min)

130 (&-phase)

rO.

g
Thermally treated

Figure 3.7: Heat treatment profile of Ti-6Al-4V
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3.3 Embedment process

Superplastic embedment is carried out by compression test machine equipped with
high temperature furnace under Argon controlled atmospheric condition at 927 °C. Argon
gas is used to prevent the oxidation of die and jigs at high temperature. Placement of the Ti-
6Al-4V and HA powder in the fabricated die is shown in Figure 3.8 and Figure 3.9. The
entire schematic diagram of the experimental set-up in the compression machine is
demonstrated in Figure 3.10. Movable crosshead must be placed align with the fixed
crosshead so that compression force can be evenly distributed throughout the samples and

thus, resulting in uniform contact between substrate’s surface and HA powder.

puncher
L
| lI I f

] shaper

Ti-6Al-4V N =il
/u;azvﬂzm..
hydroxyapetite ,
metal disc

die

Figure 3.8: Front view illustration of Ti-6Al-4V and HA powder in the die
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Figure 3.9: Fabricated die with the Ti-6Al-4V substrate and HA powder inside it, to

be placed in the compression test machine for embedment process
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Figure 3.10: Schematic diagram of experimental set-up in the compression machine
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Samples is heated from room temperature to 927 °C and kept at this temperature for
1 hour to ensure thermal equilibrium before embedment process. Sample is pressed by the
upper jigs with compression strain rate of 1 x 10™ s™* until achieving 54 % deformation.
Several deformations have been tested and 54% is found to be the maximum deformation

for Ti-6Al-4V. The entire embedment profile is illustrated in Figure 3.11.

Temperature °C
A

Holding time  Compression
(60 minutes) testing
927°C |----------- > >
Heating Furnace
cooling
Room g
temperature Time, (min)'

Figure 3.11: Superplastic embedment profile

3.4 Bioactivity test

After being cleaned with alcohol, rinsed with distilled water, each sample is placed
in a closed container which contains 20 ml SBF (Figure 3.12) and kept in a furnace at
constant temperature of 37°C (Figure 3.13) for 1, 3, 7, 14, 21, 28 and 35 days without
stirring. The embedded surface should be facing up the lid to ensure that the entire surface
will be fully exposed to SBF (Kokubo and Takadama, 2006). SBF is a useful solution
which has ion concentration nearly identical to human blood plasma to predict the in vivo

bioactivity of a material based on the bone-like apatite formation on its surface in SBF
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(Kokubo, 1991). Prior to characterization assessments of the HA layer, samples are rinsed

with distilled water and dried at room temperature.

—

Figure 3.13: Sample in SBF is placed in the furnace at constant temperature of

37°C
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3.5 Nanoscratch test

The mechanical properties of the layer before and after application in SBF are
determined through adhesion strength measurements using Micro Materials NanoTest
(Wrexam, UK) nanoscratch testing platform (Figure 3.14). Figure 3.15 depicts the position
of the sample which must be placed opposite to the pendulum. Even though there are more
than 250 methods available to evaluate the mechanical properties (Mittal, 1995), however
scratch test is the simplest (Toque et al., 2010) and laudable way especially for hard coating
application (Rickerby, 1988; Valli, 1986). This technique involves generating a controlled
scratch with a sharp tip on the selected area of a sample. The tip material (commonly
diamond or hard metal (tungsten carbide) is drawn across the coated surface under constant,
incremental or progressive load. At a certain critical load, the coating will start to fail.
Figure 3.16 schematically illustrates the scratching done by indenter on a sample.

In this experiment, a conical diamond indenter is used to produce scratches by
linearly increasing load up to four maximum scratch loads: 50 mN, 100 mN, 300 mN and

500 mN. The scratching length is fixed to 1000 pm.
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Figure 3.15: Position of the sample and pendulum
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Figure 3.16: Scratching illustration on the coating

3.6  Microhardness Test

Hardness is the measure of how resistant solid matter is to various kinds of
permanent shape change when a force is applied. It measures the resistance of a sample to
permanent plastic deformation due to a constant compression load from a sharp object.
Hardness is dependent on ductility, elastic stiffness, plasticity, strain, strength, toughness,
viscoelasticity and viscosity. Microhardness equipment comprises a range of light loads and
a precision diamond indenter. A square base pyramid shaped diamond indenter is for the
application in Vickers scale and a narrow diamond shaped indenter is for the application in
Knoop scale. Microhardness equipment usually has magnification of around 500 times and

measure to accuracy of + 0.5 mm (Gordon England, 2008).
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Figure 3.17: Microhardness tester

In this research, the hardness of the HA layer and Ti-6Al-4V substrate is measured
by Mitutoyo MK-17 series microhardness tester (Figure 3.17) with an applied load of 2N

and loading time of 10s.

3.7 Characterization process

After embedment and immersion in the SBF, FESEM (Zeiss) is used to characterize
the microstructure of the HA embedded layer and to study its microscopic properties.
Elemental composition of the layer is identified by EDX analysis. Details of the

crystallographic structure of the layer are revealed by XRD (X Pert PRO).
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3.7.1 Field Emission Scanning Electron Microscope (Zeiss FESEM)

FESEM is a major tool in materials science research and development. FESEM
includes a source of electrons; lenses which are focused to a fine beam; arrangement for
detecting electrons emitted by the specimen; and an image display system (Goldstein et al,
2003).

Under vacuum, electrons generated by a field emission source are accelerated in a
field gradient. The electron beam passes through electromagnetic lenses, focusing onto the
specimen. As result of this bombardment different types of electrons are emitted from the
specimen. A detector catches the secondary electrons and an image of the sample surface is
constructed by comparing the intensity of these secondary electrons to the scanning primary
electron beam. In the FESEM, a relatively large sample can be used and rather large areas
observed (Brooks and Choudhury, 1993). The image is finally displayed on a monitor. For
using FESEM, conductive samples (Goldstein et al., 2003) are generally mounted rigidly
on a specimen holder called a specimen stub and must be of an appropriate size to fit in the

specimen chamber.
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Figure 3.18: FESEM principle

In comparison to the conventional scanning electron microscope (SEM), FESEM produces
clearer and less electrostatically distorted images with spatial resolution down to 1.5 nm

which is 3 to 6 times better than SEM.

Figure 3.19: FESEM
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In this research, Zeiss FESEM (Figure 3.19), operating with an accelerating voltage
below 6 kV is used to characterize the surface morphology of embedded layer and to

determine layer thickness.

3.7.2 Energy Dispersive X-Ray (EDX) Analysis

EDX analysis is an x-ray technique used to identify the elemental composition of
materials. EDX detector combined with digital image processing is a powerful tool in the
study of materials, allowing good chemical analysis of the material. It relies on the
investigation of an interaction of some source of X-ray excitation and a sample. Some of
the EDX applications are in materials and product research, troubleshooting and
deformulation. EDX systems are attached to SEM/FESEM and Transmission Electron
Microscopy (TEM) instruments where the imaging capability of the microscope identifies
the specimen of interest. There are four primary components of EDX: beam source, X-ray
detector, pulse processor and the analyzer (Materials Evaluation and Engineering, Inc.,
2009). Figure 3.20 shows the schematic diagram of EDX working system. The data
generated by EDX analysis consist of spectra showing peaks corresponding to the elements
making up the true composition of sample being analyzed. In a multi-technique approach
EDX becomes very powerful, particularly in contamination analysis and industrial forensic
science investigations. The technique can be qualitative or semi-quantitative or quantitative
and it provides spatial distribution of elements through mapping. The EDX technique is
non-destructive and specimens of interest can be examined in situ with little or no sample

preparation. Benefits of using EDX analysis are:
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= Improved quality control and process optimization

= Rapid identification of contaminant and source

= Full control of environment factors, emission and many more

= Greater on-site confidence, higher production yield

= |dentifying the source of the problem in process change

In this research, the elemental composition of layer is identified and measured by

EDX analysis.
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Figure 3.20: Schematic diagram of EDX working system
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3.7.3 X-Ray Diffraction (XRD)

Diffraction occurs when a wave encounters a series of regularly spaced obstacles
that (1) are capable of scattering wave, and (2) have spacings that are comparable in
magnitude to the wavelength (Callister, 2007). Since most materials have unique diffraction
patterns, compounds can be identified by using a database of diffraction patterns. The
purity of a sample can also be determined from its diffraction pattern, as well as the
composition of any impurities present. A diffraction pattern can also be used to determine
and refine the lattice parameters of a crystal structure. XRD is a powerful technique used to
characterize crystalline materials. The crystals that make up a crystalline material have
unique dimensions that are characteristic of a material. Using an x-ray diffractometer, and
Bragg’s law the crystallography of a material can be determined. A crystal lattice is a
regular three-dimensional distribution (cubic, rhombic, etc.) of atoms in space. These are
arranged so that they form a series of parallel planes separated from one another by a
distance d, which varies according to the nature of the material. For any crystal, planes exist
in a number of different orientations - each with its own specific d-spacing. When a
monochromatic x-ray beam with wavelength lambda is projected onto a crystalline material
at an angle theta, diffraction occurs (Figure 3.21) only when the distance traveled by the

rays reflected from successive planes differs by a complete number n of wavelengths.
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Figure 3.21: XRD working system

By varying the angle theta, the Bragg's Law conditions are satisfied by
different d-spacings in polycrystalline materials. Plotting the angular positions and
intensities of the resultant diffracted peaks of radiation produces a pattern, which is
characteristic of the sample. Where a mixture of different phases is present, the resultant
diffractogram is formed by addition of the individual patterns. Based on the principle of

x-ray diffraction, a wealth of structural, physical and chemical information about the

material investigated can be obtained.
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Figure 3.22: XRD equipment

In this research, detailed information about the chemical composition and
crystallographic structure of the layer are revealed by XRD (X Pert PRO) analysis (Figure

3.22).
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CHAPTER 4

RESULTS AND DISCUSSION

4.1  Properties of the HA Embedded Layer and Its Characterizations

HA embedded layer of 249 nm average thickness of cross section of the sample
(Figure 4.1(a)) with an average layer hardness of 660 HV is obtained after superplastic
embedment. Surface morphology of HA embedded layer observed under FESEM at low
magnification in Figure 4.1(b), indicates that the surface is rough and dense. Under high
magnification Figure 4.1(c), the nonadjacent, nonparallel and overlapped arrangement of a
needle-like HA crystal is observed, together with the significant amount of pores. This
surface morphology is able to support tissue adhesion and growth and reduces problems
associated with stress shielding because of the ability to control its elastic modulus to match

that of bone (Das et al., 2008).

249 nm

200 nm

Mag= 2000 KX 200 nm WD = 4.4 mm EHT = 4.00 kV Signal A= SE2 Date :1 Dec 2011 Time :21:23:03
Auriga-39-22 | FIB Lock Mags = No System Vacuum = 2.25¢.006 mbar
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Mag= 800KX 1pm WD = EHT = 4.00 kV Signal A= SE2

FIB Lock Mags = No

Figure 4.1: FESEM image of the (a) cross section (b) surface morphology at 8000
magnification and (c) surface morphology at 15000 magnification of an HA embedded

layer

HA embedded layer also consists of Ti element as shown in EDX analysis (Figure 4.2). The
presence of Ti element in the HA embedded layer is important to achieve good adhesion
between the embedded layer and the substrate. Adhesion between the layer and the

substrate should be sufficiently high so as to endure the interfacial stresses encountered in
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the in vivo environment where bone ongrowth occurs on the bioactive surface provided by
the HA embedded layer. Ti element could help to grip the HA particles firmly and thus
provide good cohesive strength between particles in the embedded layer. It also offers
strong adhesive strength between the HA embedded layer and the substrate (Khalid et al.,
2012). Thus, superplastic embedment can be considered as an impeccable chosen method
which produces a good mixture of a sufficient amount of calcium (Ca), phosphorus (P) and

Ti elements in the embedded layer without the need for a peripheral mixing process.

. - “‘I = I I
1.00 2.00 3.00 4.00 5.00 6.00 T.00 .00 9.00
Energy - keV

Figure 4.2: EDX spectrum on surface morphology of an HA embedded layer
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Table 4.1: Elemental percentage of the EDX spectrum (Figure 4.2) on surface morphology

In comparison to the Ti alloy average surface hardness of 433 HV, the significant

increment in surface hardness suggests that a dense layer has successfully formed. The

of an HA embedded layer

Element Wit % At %
AlK 3.57 6.05
PK 2.46 3.63
Cak 276 3.15
TiK 0122 87.17

maximum stress of about 184 MPa (Figure 4.3) applied in the embedment process assists in

the density of the layer (Khalid et al., 2012). Further, the substrate’s fine grains assist in

mutual diffusion of HA and Ti, generating good adhesion strength between the layer and

the substrate.
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Figure 4.3: Sress-strain relationship during embedment process
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4.2  Bioactivity of the HA Embedded Layer

Bioactivity defines the ability of bone-like apatite layer to grow on a sample.
Bioactivity is one of the requirements for biocompatibility besides harmlessness properties.
The surface morphologies of the embedded layer after soaking in SBF for various periods
of time are shown in Figure 4.4(a-g). After 1 day of immersion, the surface morphology of
the HA layer remains unchanged (Figure 4.4(a) - refer Figure 4.1(c)). However, thickness
of about 11 nm of the newly grown HA layer is observed (Figure 4.5). Pores are still
identified on the layer surface at this stage, but the amount is less compared to those on the
surface of non-immersed samples. After 3 days of immersion, the average thickness of the
newly grown HA layer increases up to 30.1 nm. Pores are filled with the precipitation of
HA particles, where the HA precipitates are observed growing out from the pores (Figure
4.4(b)). The porous surface of the implant is important to allow bone ingrowth and thus
promote bone regeneration (Ahmed and Jankowski, 2011). More pores provide more

nucleation sites for a bone-like apatite layer.
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Figure 4.4: FESEM image of surface morphology of the HA layer after immersion in SBF

for (a) 1 day, (b) 3 days, (c) 7 days, (d) 14 days, (e) 21 days, (f) 28 days and (g) 35 days

The three-dimensional mesh-like structure is formed after 7 days of immersion and
the obtained microstructure is almost similar to bone (Figure 4.4(c)). The average thickness
of the newly grown HA layer at this stage is 64.3 nm. This phenomenon indicates that the
exposed zone of newly grown HA precipitates also act as favored nucleation sites. After 14
days of immersion, the embedded layer is fully covered with a newly grown bone-like
apatite layer of 86 nm average thickness (Figure 4.4(d)). The thickness of the newly grown
HA layer becomes greater for the subsequent 21, 28 and 35 days of immersion, which
amount to approximately 100, 152.9 and 242.3 nm, respectively. After 35 days of
immersion, the thickness of the newly grown HA layer is as thick as the original embedded
layer. The constructive growth in thickness of the newly grown HA layer and changes in
the surface morphology of the layer shows that the exposed zone of newly grown HA layer
also act as a favored nucleation sites where HA elements from the SBF keep precipitate to
form bone-like apatite layer. This is a significant indication of its bioactivity for use in the

human body.
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Figure 4.5: Average thickness of the HA layer at different immersion time in SBF

As seen from Figure 4.5, the increment in thickness of the newly grown HA layer is
observed right from the beginning of immersion and it increases at a much higher rate after
21 days. Despite having nanosize thickness, the amount of HA elements in the
superplastically embedded layer is sufficient for the formation of a carbonate apatite layer
in SBF. The increment of XRD peaks from day 0 to day 35 of immersion, as reflected in
Figure 4.6(a-1), which indicates the growth of HA particles on the embedded layer and thus

proves its bioactivity.
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Figure 4.6: XRD pattern of (a) pure HA powder and the HA layer after (b) 0 day (c) 1 day

(d) 3 days (e) 7 days (f) 14 days (g) 21 days (h) 28 days (i) 35 days of immersion in SBF

The hardness of the HA layer is observed to decrease from day 1 to day 35 of
immersion (Figure 4.7). The hardness in the early stages is influenced by the hardness of
the original embedded layer of average 660 HV which is denser and richer in the Ti
element. Consequently, the average hardness of the layer from day 1 to day 3 remains
relatively high, being 654 HV and 648 HV, respectively. For the following days of
immersion, when the newly grown HA layer becomes thicker and contains a higher amount

of pores, the effect of hardness of the original embedded layer lessens. Hence, this leads to
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a greater decrease in hardness. Amounts of hardness after 7, 14, 21, 28 and 35 days are

about 640 HV, 638 HV, 626 HV, 596 HV and 580 HV, respectively.
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Figure 4.7: Hardness of the HA layer at different immersion time in SBF
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4.3 Nanoscratch Properties of the HA Embedded Layer

The indenter tip slides over the layer with increasing scratch load and causes the
peeling-off of the newly-grown HA layer in the form of flakes, as shown in the typical

scratch track in Figure 4.8.

Figure 4.8: FESEM image of 1000 pum length scratch track, scratched with 500 mN scratch

load on a sample immersed for 7 days in SBF

Delamination of the surface increases and becomes more apparent towards the sliding
direction up to the edge of the scratch track with the increase in the scratch load. The
scratch track edge (circled area) in Figure 4.8 is magnified and further analyzed. The results
for each sample at different immersion conditions are presented in Figure 4.9(a-h), Figure
4.10(a-h), Figure 4.11(a-h) and Figure 4.12(a-h). From the figures, the effects of scratch

loads become more evident at higher scratch load and longer immersion time in SBF.
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The lowest scratch load of 50 mN has almost no effect on the HA embedded layer
(Figure 4.9(a)) due to the strong cohesive strength provided by the strong grip between Ti
element and HA particles. The surface is almost totally flattened after 21 days of immersion
in SBF (Figure 4.9(f)) and is fully flattened after 28 days (Figure 4.9(g)) under 50 mN
scratch load. Scratch grooves start to reveal after 21 days (Figure 4.9(f)) and becomes more

obvious after 28 (Figure 4.9(g)) and 35 days (Figure 4.9(h)).

3 days 7 days
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28 days 35 days

Figure 4.9: FESEM images of the end of scratch track edge scratched at 50 mN load

(15 k magnification)
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At the higher scratch load (100 mN), the surface is almost totally flattened after 7 days of
immersion in SBF (Figure 4.10(d)) however without reaching the original HA embedded

layer. Scratch grooves are revealed after 21 days (Figure 4.10(f)) and become more obvious

after 28 (Figure 4.10(g)) and 35 days (Figure 4.10(h)).
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Figure 4.10: FESEM images of the end of scratch track edge scratched at 100mN

load (15 k magnification)
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At the scratch load of 300 mN, the surface is almost totally flattened after 7 days of

immersion in SBF (Figure 4.11(d)) and grooves starts to appear after 28 days (Figure

4.11(g)).

3 days 7days
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14 days 21 days

28 days 35 days

Figure 4.11: FESEM images of the end of scratch track edge scratched at 300mN load

(15 k magnification)
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As discussed earlier, when the newly grown HA layer becomes thicker upon
immersion in SBF, the layer surface becomes softer than the original HA embedded layer.
That is why, for a higher scratch load (500 mN), the flattened surface is observed after 3
days of immersion in SBF (Figure 4.12(c)). Scratch grooves are more noticeable here than
in the lower load condition as discussed before. However, even at the maximum scratch
load of 500 mN, the surface of the substrate is still not revealed in any of the determined

immersion condition.

0 day 1 day

3 days 7 days
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28 days 35 days

Figure 4.12: FESEM images of the end of scratch track edge scratched at 500mN load

(15 k magnification)

Figure 4.13(a-b) indicates the EDX analysis of two different regions on the scratch
track edge of a sample which has been submitted to the longest immersion duration of 35
days in SBF and the highest scratch load of 500 mN. It is observed that there are some
areas (such as the one labeled by + sign in Figure 4.13(a)) which are not peeled off and

show higher Ca and P contents (Figure 4.13(a) and Table 4.2). In some areas (such as the
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one labeled by + sign in Figure 4.13(b)), the HA embedded layer peels off, however
without reaching the substrate. On the peeled-off region, Ca and P peaks are able to be
detected (Figure 4.13(b) and Table 4.3) and this demonstrates that the HA embedded layer
is still strongly intact to the substrate. In comparison with the EDX spectrum of the original
HA embedded layer (Figure 4.2), since higher Ca and P peaks are observed here it can be
suggested that the HA precipitates that have formed during the immersion process have

penetrated deep into the HA embedded layer through the pores.

(a)

®)

Figure 4.13: EDX spectra of the end of scratch track edge, focusing on the (a) unpeeled-off

and (b) peeled-off area of the HA layer of a sample immersed for 35 days in SBF
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Table 4.2: Elemental percentage of EDX spectrum (Figure 4.13(a)) of the end of scratch

track edge, focusing on the unpeeled-off area of the HA layer of a sample immersed for 35

days in SBF
Element Nt %o At %
PKE 32.75 3912
Cak 59.36 54.79
514 7.88 6.09

Table 4.3: Elemental percentage of EDX spectrum (Figure 4.13(b)) of the end of scratch

track edge, focusing on the peeled-off area of the HA layer of a sample immersed for 35

In some areas,

days in SBF
Element Wit %o At %
Al 4.06 6.66
PK 5.43 1.77
Cak 10.64 11.75
TiE 79 87 73.82

peeling off the HA embedded layer is observed. However, EDX

analysis on the area shows that Ca and P peaks are able to be detected and this
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demonstrates that the peeling off does not reach until the substrate’s surface and the HA
embedded layer strongly intact to the substrate even after immersion in SBF for a long
period of time. The results also indicate the potential for application of the method for the

formation of prosthetic devices
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this research, a new method is applied for the embedment process of HA powder
on the Ti-6Al-4V substrate. The properties of the HA embedded layer are evaluated in
terms of its bioactivity and mechanical strength. The following conclusion can be drawn
from the experimental results obtained:

(@) Through superplastic embedment, a HA embedded layer having a thickness of

249 nm and hardness of 660 HV is successfully produced.

(b) The HA embedded nanolayer contains a sufficient amount of HA elements
which provide a bioactive surface on the layer suitable for bone ongrowth.

(c) The produced surface morphology of the HA embedded layer with the
significant amount of pores provide the suitable environment to support tissue
adhesion and growth.

(d) The HA embedded nanolayer is capable of withstanding longer immersion in
SBF and a higher scratch load which indicates its excellent mechanical

properties.
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5.2 Recommendations

The recommendations for further research are as follows:
(@) It is recommended to carry out the superplastic embedment under vacuum
environment for better results due to the high reactivity of Ti-6Al-4V to nature.
(b) Longer immersion in SBF is recommended for more convincing results.
(c) Since the produced HA embedded layer is successfully tested in vitro, further

investigation should be carried out in vivo.
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