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1. Introduction

Titanium and titanium alloys have been extensively studied for many applications in the
area of bone tissue engineering. It was believed that the excellent properties of titanium al‐
loys, e.g. lightweight, excellent corrosion resistance, high mechanical strength and low elas‐
tic modulus compared to other metallic biomaterials such as stainless steels and Cr-Co
alloys, would provide enhanced stability for load-bearing implants. However, they usually
lack sufficient osseointegration for implant longevity, and their biocompatibility is also an
important concern in these applications due to the potential adverse reactions of metallic
ions with the surrounding tissues once these metallic ions are released from the implant sur‐
faces. One approach for consideration to improve the healing process is the application of a
hydroxyapatite nanocoating onto the surface of biomedical devices and implants. Hydrox‐
yapatite, with its excellent biocompatibility, and similar chemistry and structure to the min‐
eral component of bone, provides a bioactive surface for direct bone formation and
apposition with adjacent hard tissues. The deposition of a SiO2 interlayer between the im‐
plant surface and the hydroxyapatite nanocoating is necessary to further improve the bio‐
compatibility of metal implants, as SiO2 has its own excellent compatibility with living
tissues, and high chemical inertness, which lead to enhanced osteointegrative and functional
properties of the system as a whole.

Therefore, SiO2 and hydroxyapatite nanocoatings were deposited onto titanium alloys using
electron beam evaporation and magnetron sputtering techniques, respectively, with differ‐
ent process parameters to optimize the deposition conditions and so achieve desired proper‐
ties. Surface characteristics are essential due to their role in enhancing osseointegration.
Surface morphology and microstructure were observed using a scanning electron micro‐
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scope (SEM) and elemental analysis was performed by the energy dispersive X-ray spectro‐
scopy method (EDS). The crystal structure was examined using X-ray diffractometer (XRD)
to identify the phase components, while nanocoating thickness was measured using profil‐
ometer.

This chapter is divided into five major parts. First is an overview of bone and bone implants,
including their structure and mechanical properties. The second part highlights the impor‐
tance of nanocoatings for bone implants longevity. Various coatings and surface modifica‐
tion techniques of titanium and its alloys are also elucidated. The advantages and
drawbacks of each technique are reviewed. The last part focuses on the study of sputtered
hydroxyapatite and SiO2 nanocoatings on titanium. A thorough discussion of the results is
presented.

2. Natural bone and bone implants

2.1. Natural bone

Bone is a complex living tissue that harnesses the synergies of osseous tissue, cartilage,
dense connective tissues, epithelium, adipose tissue and nervous tissue. Bone as a functional
organ in the human body has various roles, such as supporting soft tissues, protecting many
internal organs, enabling movements in human activity and facilitating mineral homeosta‐
sis, i.e., storage of osseous tissue minerals such as calcium and phosphate, providing blood
cell production sites and acting as a location for triglyceride storage [1].

Bone consists of both organic and inorganic materials that are distributed within an extracel‐
lular matrix. Organic material, called fibrous protein collagen, is predominant in bone struc‐
ture and this collagen contributes to the tensile strength of bone. The inorganic material
impregnated inside bone is mainly hydroxyapatite, i.e., minerals of calcium phosphate and
calcium carbonate. Usually, the calcium to phosphorus ratio of natural bone ranges between
1.50-1.65 depending on its location. Around 25 wt.% of bone consists of water that is present
in bone pores, thereby ensuring nutrient diffusion and contributing to the viscoelastic prop‐
erties of the material. Calcification is a process of crystallisation of mineral salts i.e., calcium
phosphate, which occurs in the biological framework formed by the collagen fibres [2].

There are four types of cells in osseous tissues: osteogenic cells, osteoblasts, osteocytes and
osteoclasts. Osteogenic cells undergo cell division and develop into osteoblasts. Osteoblasts
play a role in bone formation and collagen secretion. As osteoblasts secrete extracellular ma‐
trix, then osteoblasts evolve into osteocytes. Osteocytes, also known as mature bone cells,
are responsible for nutrients and waste exchange with the blood. Osteoclasts are bone de‐
stroying cells and responsible for bone resorption. Bone consists of bone lining cells, fibro‐
blasts, and fibrocytes. Bone lining cells control the movement of ions between bone and the
surrounding tissue. The role of fibroblasts and fibrocytes is, in brief, to form collagen [1].

Bone can be categorized into five types on the basis of its shape, namely long, short, flat, ir‐
regular, and sesamoid. In addition to the dense structures present, osseous tissue has many
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small spaces between its cellular and extracellular matrix. There are two types of osseous tis‐
sue on the basis of the size and distribution of these spaces: compact bone tissue and spongy
bone tissue. About 80 wt.% of the human skeleton is compact bone tissue. Compact bone
consists of a packed osteon within the Haversian architecture. Each osteon consists of a cen‐
tral Haversian canal, concentric lamellae, lacunae, osteocytes, and canaliculi. Spongy bone,
also termed as trabecular bone, exhibits a porous structure with porosity ranging from 50-90
wt.% and consists of an integrate lamellae network. The role of trabeculae is to support and
protect the red bone marrow [2].

Bone structure contains macro, micro and nanoscale pores with different functions and char‐
acteristics. Macro-scale porosity gives rise to mechanical anisotropy. Micro-scale porosity
provides sufficient vascularisation and cell migration, while nanoscale features act as a
framework for cell and mineral binding [2].

Bone mechanics is determined mainly by the bone structure. Compact bone is stiffer and
stronger than cancellous bone. The mechanical properties of human bone are listed in Table
1 [2]. The elastic modulus of human bone is approximately 0.05-2 GPa for cancellous bone
and 7-30 GPa for compact bone [2]. It should be kept in mind that “elastic modulus” is not
an exact description for bone properties since they are anisotropic and viscoelastic.

Mechanical Properties Human Haversian (MPa)

Tensile strength 158

Tensile yield stress 128

Compressive strength 213

Compressive yield stress 180

Shear strength 71

Table 1. Mechanical properties of human haversian [2]

2.2. Bone implant

The history of implants started with the applications of autograph, allograph, and artificial de‐
vice techniques [3]. Autographs utilized tissues from other parts of the patient’s body, whilst
allograft techniques used tissue from a donor. However, both techniques had drawbacks in
application. The autograph method was limited only to nose bone and finger junctions [3].
Moreover, there were adverse side effects, such as infections and pain at the implant area. The
allograft technique required a compatible donor that matched the patient’s body system,
which was usually difficult to find. There was always the potential risk of infections and dis‐
ease transmission from the donor to the recipient’s body. Artificial grafts employed artificial
materials, now known as biomaterials. The advantages of using artificial device grafts include
(i) lower risk for any transmission of disease, (ii) a reduced risk of infections, and (iii) the avail‐
ability of many biomaterials for potential use as scaffolds. Therefore, ongoing studies aim to
develop a new generation of biomaterials for bone implants.
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2.3. Criteria of ideal bone implant

An ideal bone implant material should be osteoconductive, osteoinductive and should have
osseointegration ability [3]. Furthermore, other key criteria for excellent implant perform‐
ance include biocompatibility and mechanical compatibility. In addition, any implant waste
after degradation should not cause harmful effects to the body. Recent trends in bone tissue
engineering studies have revealed that bone implants may also serve as a drug delivery sys‐
tem if they are appropriately designed.

Osteoconduction is a process by which bone is directed to conform to a material’s surface,
while osteoinduction is the ability of an implant to induce osteogenesis. An inductive agent
will stimulate undifferentiated cells to form preosteoblasts [3]. According to Branemark et al.
[4], osseointegration could be defined as the “continuing structural and functional co-exis‐
tence, possibly in a symbiotic manner, between differentiated, adequately remodelled, bio‐
logic tissues, and strictly defined and controlled synthetic components, providing lasting,
specific clinical functions without initiating rejection mechanisms”.

In the context of orthopaedic implants, the development of a drug delivery system is still at
an early developing stage. The promising concept of using an implant as part of a drug de‐
livery system could be described as the integration of therapeutic agents and devices.

In addition to high mechanical strength, the Young’s modulus is a critical mechanical prop‐
erty in an artificial device when designing materials for bone implants. Other fundamental
requirements for an ideal orthopaedic biomedical implant include high wear resistance,
good fatigue properties if used under cyclic loading, no adverse tissue reactions, and high
corrosion resistance.

3. Titanium and titanium alloys as bone implant materials

The applications of titanium in modern society, such as aviation and military defence, have
been exploited widely. Titanium components have also been used in biomedical devices, in‐
cluding screws, plates, and hip and knee prostheses, for either bone fractures or bone re‐
placement. These proven applications can be attributed to the distinctive properties of
titanium and its alloys; properties such as high strength to density ratio and high corrosion
resistance that enable their use as bone substitutes under load bearing conditions. Moreover,
titanium exhibits a high tensile strength that is not featured in polymer or ceramic biomate‐
rials. However, the long term inertness of titanium towards human tissues after implanta‐
tion is a major drawback, as this means a lack of direct chemical bonding between the
implant and host tissues [5-6].

Another concern regarding the use of solid titanium is that the dense structure is unable
to  support  new bone tissues  in  growth and vascularisation.  In  addition,  titanium has  a
much higher  elastic  modulus  than natural  bone,  i.e.,  5  GPa and 110  GPa for  bone  and
dense  titanium,  respectively  [7-8].  This  biomechanical  mismatch  causes  stress  shielding
and, eventually, may lead to aseptic loosening that results in additional surgery after 10-15

Titanium Alloys - Advances in Properties Control24



years of implantation [9]. The development of porous titanium may potentially overcome
problems of this nature.

The development of new titanium alloys has been extensively explored. Usually Al, Sn, O,
C, N, Ga, and Zr are used as α stabilizers, while V, Mo, Ta, Nb, and Cr are used as β stabiliz‐
ers [10]. Titanium alloys such as Ti6Al4V with aluminium and vanadium as α and β stabiliz‐
ing elements have been widely used as implant materials. These first generation biomedical
titanium alloys, however, have revealed that the release of Al and V metal ions is harmful to
the human body [11]. The decisive requirement of a biomedical implant is its biocompatibili‐
ty in the human body. Thus, alloying elements must be carefully chosen to reduce any bio‐
logically adverse impacts. Alloying elements that attract biomedical applications are Ta, Nb,
and Zr due to their non-cytotoxicity, good biocompatibility, high corrosion resistance and
their complete solid solubility in titanium [10].

Beta alloys that have higher β stabilizers content are attracting great interest for bone im‐
plant applications due to their low elastic modulus. Beta alloys that have been studied for
bone  implant  applications  include  Ti50Ta20Zr,  Ti64Ta,  Ti13Nb13Zr,  Ti42Nb,  and
Ti30Zr10Nb10Ta.  Studies  conducted by Obbard et  al.  [12]  showed that  by adjusting the
concentration of β stabilizer Ta, the elastic modulus could be reduced. In this fashion the
compliance mismatch between the implant and bone would be reduced, leading to lesser
stress shielding.

Alpha-beta alloys may have some advantages over β alloys, namely lower density and high‐
er tensile ductility. Some studies have succeeded in the production of alpha-beta alloys with
a porous structure. The porous structure serves as an anchorage for bone in-growth and ex‐
hibits a lower elastic modulus, while the α and β phases provide sufficient mechanical
strength for load bearing applications.

The development of porous titanium alloys with a variety of alloy components has brought
about many improvements in bio-mechanical properties. For example, porous Ti10Nb10Zr
with 69% porosity exhibited a tensile strength of 67 MPa, while pure Ti and pure Ta scaf‐
folds with the same porosity demonstrated lower strengths of 53 MPa and 35.2 MPa, respec‐
tively [13]. Xiong et al. [14] reported that the elastic moduli of porous Ti-26Nb alloys with
porosity of 50, 60, 70, and 80% were 25.4, 11.0, 5.2 and 2.0 GPa, respectively, while the pla‐
teau strength ranged from 180 MPa to 11 MPa.

4. The importance of nano-coatings for bone implant materials

Surface modification is a process that changes the composition, microstructure and mor‐
phology of a surface layer while maintaining the mechanical properties of the material. The
aim of surface modification is to improve the bioactivity of the biomaterials so that the bio‐
materials demonstrate a higher apatite inducing ability that, in turn, leads to rapid osseoin‐
tegration. After surface treatment, it is expected that the implant’s surface will form an
active apatite layer. The role of the thin apatite layer is to be a bonding interface to stimulate
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bone apatite and collagen production [15-16]. It is suggested that altering the nanostruc‐
tured surface morphology influences the apatite inducing ability and improves osteoblast
adhesion and differentiation [17].

4.1. Calcium phosphate coatings

Calcium phosphate is a synthetic ceramic that has been proven to support bone apposition
and to enhance the osteoconduction of the bone. Calcium phosphate ceramics for bone tis‐
sue applications include tricalcium phosphate (TCP), octocalcium phosphate (OCP), hydrox‐
yapatite (Ca10(PO4)6(OH)2, HA), and biphasic calcium phosphate (BCP) [18]. These ceramics
accelerate the healing process and have been widely used in conjunction with metallic mate‐
rial as a bioactive coating material. The ratio of Ca/P in calcium phosphate should resemble
the biological apatite mineral of bone (i.e., 1.50-1.69). Calcium phosphate has the natural fa‐
cility to bond directly to bone.

4.2. Nano-hydroxyapatite coatings

Hydroxyapatite demonstrates the best bioactivity amongst all the forms of calcium phos‐
phate. Hydroxyapatite (HA) exhibits functionality in promoting osteoblast adhesion, migra‐
tion, differentiation and proliferation; all of which are essential for bone regeneration. HA
also has the ability to bond directly onto bone. The bioactivity of HA has made this ceramic
the favourite for implant applications. HA nanoparticles may also induce cancer cell apopto‐
sis [19]. The crystalline form of HA exhibits biointegration and prevents formation of ad‐
verse fibrous tissue. It is a more desirable coating than amorphous HA due to its ability to
provide a better substrate for a different cell line [20]. Amorphous HA tends to dissolve in
human fluid more easily and leads to loosening of the implant. Nanocrystalline HA is more
favourable than microcrystalline HA because of its structural similarity with apatite [21].

5. Surface modification techniques

5.1. Sol-gel

The sol-gel method has been widely used to deposit calcium phosphate onto dense or po‐
rous metallic materials. There are two routes for a sol-gel reaction, namely inorganic and or‐
ganic, using reagents consisting of a colloidal suspension solution of inorganic or organic
precursors. The sol-gel technique transforms a liquid (sol) into a solid phase (gel) and re‐
quires drying and heat treatment stages. The advantages of the sol-gel method include: (i) it
is cost-effective, (ii) it is easy to control the final chemical composition and thickness of the
coating, (iii) the coating is readily anchored on the substrate, and it is usually homogenous
with a good surface finish, and (iv) it can be used for coating implants or substrates that
have complex surfaces or large surface areas.

Wen et al. [22] reported that a sol-gel method for HA and titania (TiO2) coatings exhibited
excellent bioactivity after immersion in simulated body fluid (SBF) that mimics human body
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fluid of a similar ion concentration and pH value to human blood plasma. In addition to en‐
hancing titanium bioactivity, HA-titania coating is expected to increase the bonding strength
and corrosion resistance. The surface morphology and microstructure of HA and titania
coating before and after being immersed in SBF are presented in Figure 1 (a)-(d). It can be
seen that the coating is dense, uniform and without cracks. Wen et al. also reported that after
soaking in SBF, HA granules grow gradually.

Figure 1. SEM micrographs of the surface morphology of HA/TiO2 films after soaking in SBF for (a) 0 day, (b) 1 day, (c)
8 days, and (d) 15 days

5.2. Electrodeposition of materials

Electrodeposition is a coating method applied to the fabrication of computer chips and mag‐
netic data storage. Recently, that has been rising interest in electrochemical deposition for
tissue engineering applications due to its ability to coat complex 3D components.

Lopez-Heredia et al. [23] coated calcium phosphate onto porous titanium using the electro‐
deposition method. In the process, Ti, platinum mesh, and supersaturated calcium phos‐
phate solution were used as the cathode, electrode and electrolyte, respectively. The ratio of
Ca/P in the calcium phosphate coating was 1.65 and the coating thickness was 25 µm. The
calcium phosphate coating was homogenous and covered the entire Ti surface. Moreover,
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they reported that the coating presented good adhesion to the underlying substrate. The
electrodeposition of CaP showed that calcium phosphate enhances the adherence of cells.

Adamek et al. [24] succeeded in producing an HA coating on porous Ti6Al4V using electro‐
deposition. The intermediate layer between the bone and metallic implant was rough and
porous. Large pores and nanolamellae were present within the HA layer. The flexibility of
the electrodeposition technique for coating solid and porous metallic implants has acquired
increasing interest due to this ability to enhance the bioactivity of bone implant materials.

5.3. Biomimetic creation of surfaces

There are two major steps involved in the biomimetic technique. The first step is to conduct
a pre-treatment of the implant material surface to create a layer functional group that can
induce formation of an effective apatite layer. Several studies have revealed that an apatite
layer has not been formed on materials without any treatment prior to immersion [25]. Pre‐
liminary treatment includes, for example, hydrothermal, sol-gel, alkali heat treatment and
micro-arc. The second step is to immerse the biomaterials into a simulated body fluid (SBF).
In this step, the bone apatite layer is formed on the biomaterial’s surface. The high apatite
forming ability of titanium arises from the formation of a hydrated titanate surface layer
during chemical treatment. The advantages of the biomimetic process include (i) flexibility
in the control of the chemical composition and thickness of the coating, (ii) the formation of
relatively homogenous bioactive bonelike apatite coatings, (iii) a lower processing tempera‐
ture, and (iv) the ability to coat 3D geometries.

Wang et al. [25] used a modified biomimetic approach to improve the biocompatibility of
porous titanium alloy scaffolds. In their experiment, porous Ti10Nb10Zr underwent an alka‐
li heat treatment prior to soaking in SBF. Two NaOH concentrations of 5 M and 0.5 M were
used, and the samples were soaked for 1 week. The surface morphologies of porous TiNbZr
after alkali soaking and heat treatment revealed a nanofiber layer, that consisted of sodium
titanate. Parameters that influenced the morphology and thickness of the sodium titanate
were reaction temperature and NaOH concentration.

Calcium phosphate was successfully deposited on the surface of the porous TiNbZr. The
calcium phosphate layer was uniform and homogenously spread onto the surface. Anoth‐
er biomimetic study, conducted by Habibovic et al. [26], indicated that a thick and homo‐
genenous  crystalline  hyroxyapatite  coating  was  deposited  on  all  pores  and  resembled
bone minerals.

An evaporation-based biomimetic coating was introduced by Duan et al. [27]. In their study,
a supersaturated calcium phosphate was prepared by mixing NaCl, CaCl2, HCl, NH4H2PO4,
tri(hydroxymethyl)aminomethane (Tris), and distilled water, which they termed the acceler‐
ated calcification solution (ACS). Calcium phosphate crystallites formed on the surface on
dipping the samples into the ACS. The main component in the coating was octa-calcium-
phosphate (OCP) and apatite was observed after soaking in SBF. The advantages of this
method include (i) no surface etching is required, (ii) high supersaturations of the coating
chemistry can be achieved, and (iii) tight control of the solutions is achieved [27].
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5.4. Thermal spray

The thermal spray technique is a well-established and versatile technique that can be ap‐
plied for a wide variety of coating materials, i.e., metallic, non-metallic, ceramic, and poly‐
meric. Thermal spray coated medical implants, such as orthopaedic and dental prostheses,
have been commercially used. Thermal spray offers several advantages, such as the ability
to coat low and high melting materials, a high deposition rate, and flexibility in coating 3D
shape components. It is also cost effective [28]. Despite these advantages, some problems
have been revealed after long term implantations using thermal spray coatings, such as de‐
lamination, resorption, biodegradation of the thick coating and mechanical instability [29].
Thus, improving the adhesion strength of thermal sprayed coatings is a major concern for
bone or dental applications.

There are several types of thermal spraying; for example, plasma spray, flame spray, and
cold spray [29]. Plasma spray is commonly applied to produce thick coatings for metallic
corrosion protection. It is also flexible, due to its ability to coat different substrates. During
plasma spraying, the precursor is atomised and injected into plasma jet, then accelerated to‐
wards the substrate with the aid of an inert carrier gas [30]. There are many parameters that
must be controlled to produce a high quality coating.

Flame spray uses a combustion flame to melt the solid precursor. There is, additionally, an‐
other type of flame spray termed as high velocity oxygen fuel (HVOF). This technology is
favourable due to its high spray velocity and the formation of a strong bond coating [30-32].

The  thermal  spray  technique  has  been  widely  employed  for  HA  coatings.  The  surface
morphology of HA coatings obtained with various parameters of stand-off distance (SOD)
and power are presented in Figure 2 (a)-(d). Sun et al. [28] reported that when the spray
power  increased,  the  crystallinity  of  HA  decreased  and  the  amorphous  phase  became
more obvious. The effect of SOD indicated an inverse correlation with deposition efficien‐
cy. Several parameters that influence the deposition of HA are SOD, spray power, feed‐
stock particle size and velocity.

Cold spray is a new member of the thermal spray family. This technique uses small particles
of 1-50 µm. A supersonic jet of compressed gas is used to accelerate the particles. The ad‐
vantage of using this technique is the ability to produce dense coatings and maintain the
material chemistry and phase composition of the feedstock. Noppakun et al. [33] have ap‐
plied cold spray technique to deposit HA-Ag/poly-esther-ether-ketone on glass slides. This
study reported that cold spray was able to retain and elicit a coating functionality that was
the same as the starting materials.

5.5. Physical vapor deposition

Physical vapor deposition (PVD) is a deposition method where materials are evaporated or
sputtered, transferred and deposited onto the substrate surface. This physical process in‐
cludes thermal evaporation or plasma-induced ion bombardment onto the sputtering target.
A condensation or reaction of the coating materials then takes place on the substrate surface to
form coatings. Variants of the PVD process include evaporation, ion plating, pulsed laser dep‐
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osition and sputtering. The beneficial features of PVD are high coating density, high bio-adhe‐
sion strength, formation of multi-component layers, and low substrate temperature [34].

Figure 2. Surface morphology of HA coatings obtained by thermal spray method (a) 27.5 kW at 80 mm SOD, (b) 27.5
kW at 160 mm SOD, (c) 42 kW at 80 mm SOD, and (d) 42 kW at 160 mm SOD

Evaporation involves the thermal phase change from solid to vapor under vacuum condi‐
tions, in which evaporated atoms of a solid precursor placed in an open crucible can travel
directly and condense onto the surface of a substrate [35]. A vacuum environment is used to
minimize contamination [36]. Han et al. [37] have created an HA coating using electron
beam evaporation and then incorporated silver by immersion into AgNO3 solution. One ad‐
vantage of this method is an improved bond strength between the coating and substrate.
The ratio of Ca/P in the HA coating was 1.62 with a bond strength of 64.8 MPa, which was
significantly higher than a plasma sprayed bond strength of 5.3 MPa [37].

Sputtering involves a process of ejecting neutral atoms from a target surface using energetic
particle bombardment. The energetic particles used in the sputtering process are argon ions,
which can be easily accelerated towards the cathode by means of an applied electric poten‐
tial, hence bombarding the target, and ejecting neutral atoms from the target. These ejected
atoms are then transferred and condense to the substrate to form a coating. Sputtering has
been used in many applications such as the semiconductor, photovoltaic and automotive
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sectors. There are several sputtering methods, such as DC glow discharge, radio frequency
(RF), ion beam sputtering (IBS), and reactive sputtering [36].

Figure 3. Schematic diagram of the sputtering mechanism

The simplest model for sputtering is the diode plasma, which consists of a pair of planar
electrodes, an anode and a cathode, inside a vacuum system [37]. The sputtering target is
mounted on the cathode. Application of the appropriate potential difference between the
cathode and anode will ionize argon gas and create a plasma discharge. The argon ions
will  then be  attracted and accelerated toward the  sputtering target.  Such ion bombard‐
ment on the target will  displace some of the target atoms. This results in electron emis‐
sion  that  will  subsequently  collide  with  gas  atoms  to  form  more  ions  that  sustain  the
discharge [37]. Ion beam sputtering has disadvantages, such as a high capital investment
cost (approximately one million dollars per machine), low deposition rates and a relative‐
ly small  capacity per chamber batch [38].  Another type of sputtering employs radio fre‐
quency (RF) diodes that operate at high frequency.

Magnetron sputtering is one option to overcome the problems such as delamination and
low bond strength that may arise with plasma spray methods. Magnetron sputtering ena‐
bles lower pressures to be used, because a magnetic field allows trapping of the secondary
electrons near the target. This induces more collisions with neutral gases and increases plas‐
ma ionisation. Figure 3 is a diagram of the magnetron sputtering mechanism. RF magnetron
sputtering is an improved ion-sputtering method. It has also been noted that sputtered films
possess higher adhesion to the substrate compared to the evaporation method.
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A summary of the characteristics of the various coating techniques for calcium phosphate is
presented in Table 2. Each technique has its own benefits and drawbacks. However, sputter‐
ing is a promising method due to its ability to produce dense and thin coatings, as well as
provide good bond strength [39-41].

Techniques Advantages Disadvantages Coating thickness

Sol-gel
Flexible in coating complex

shapes,
Sometimes expensive < 1 µm

Electrodeposition

Flexible in coating complex

shapes. Low energy process, can

be scaled down to deposition of

a few atoms or scaled up to

large dimensions.

Tends to crack 25 µm

Plasma Spray

Able to coat high and low

melting materials. High

deposition rate

Delamination and resorption.

High temperature leads to

decomposition

50 - 100 µm

Biomimetic

Flexible in coating complex

shapes and flexible in

controlling chemical

composition of the coating.

Homogenous.

The use of alkali heat

treatment could reduce

mechanical strength.

Requires much time

10 - 30 µm

Sputtering
Dense, homogenous coating.

Excellent adhesion

Needs annealing for

crystalline structure
< 1 µm

Table 2. Summary of various techniques for calcium phosphate coatings

5.5.1. Properties of sputtered hydroxyapatite coatings

Coating thickness.  The HA coating thickness varies.  Molagic [42]  succeeded in producing
HA/ZrO2  coatings with an average thickness of 3.2 µm. Hong et al.  [43] manufactured a
500 nm thick coating of crystalline HA using magnetron sputtering. Ding [44] sputter de‐
posited HA/Ti coatings with a film thickness of 3-7 µm onto a titanium substrate. Thian et
al.  [45]  succeeded  in  incorporating  silicon  in  hydroxyapatite  (Si-HA)  using  magnetron
sputtering and discovered its potential use as a bio-coating. The Si-HA film thickness was
up to 700 nm.

Bond strength. An in vitro and in vivo experiment on coatings using the sputtering technique
revealed coating detachment problems. Cooley et al. [46] reported that HA coatings were re‐
moved after 3 weeks of implantation. A bond layer coating was suggested to overcome this
weak adhesion at the interface and subsequent delamination. Ievlev et al. [47] measured the
adhesion strength of HA coatings with a sublayer and revealed that the adhesion strength
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was higher than coatings without a sublayer. Nieh et al. [48] used titanium as a pre-coat on
Ti6Al4V and found strong bonding between the Ti layer and the HA coating.

Layered materials have previously been demonstrated to improve bonding between dissim‐
ilar materials. According to Ding [45], the top layer provides an excellent interaction with
the surrounding tissue and promotes bone healing. A functionally graded coating (FGC) is
an alternative method to enhance coating adhesion strength. Ozeki et al. [49] prepared an
FGC of HA/Ti onto a metallic substrate. The coating thickness was 1 µm and consisted of 5
layers. The configuration of FGC was designed so that the HA was more dense near the sur‐
face, whilst the Ti was more dense near the substrate. The bonding strength using the FGC
configuration was higher than using only HA, i.e., 15.2 MPa and 8 MPa for the FGC and
pure HA, respectively.

Elastic properties. Snyders et al. [50] manufactured HA via RF sputtering and revealed that
the chemical composition influenced the elastic properties. As the Ca/P ratio decreased, the
elastic modulus also decreased due to the insertion of Ca vacancies in the HA lattices.

5.5.2. Biological performance of sputtered hydroxyapatite coatings

The biological behaviour of biomaterials has been a fundamental criterion for successful
candidate implant materials, along with their mechanical properties. The surface properties
of a biomaterial play a significant role in the cell response. Thus, surface modification is an
established strategy that has been used for biomedical applications due to its ability to en‐
hance bioactivity. High cell density enhances bone formation. The cell adhesion behaviour
and proliferation are influenced by several factors, such as pore size, porosity, and surface
composition [51].

Thian et al. [45] carried out an in vitro test using a human osteoblast (HOB) cell model for
a  silicon  incorporated  hydroxyapatite  (Si-HA)  coating  on  titanium.  The  sample  demon‐
strated an increase in metabolic  activity compared to mono-HA coatings.  Sputtered HA
and Si coatings exhibited good differentiation of osteogenic cells and good biocompatibili‐
ty. It was noted that the biological response was influenced by the crystallinity of the HA
coatings. Sputtered composite coatings of HA with other compounds may provide addi‐
tional advantages for implant performance. For instance, Chen et al. [52] incorporated sil‐
ver into HA, conducted a cytotoxic and antibacterial test, and reported that the silver had
an antibacterial  effect  since  the  bacterial  attachment  was  reduced compared to  coatings
that did not contain silver.

6. Experimental methods

6.1. Design and preparation of titanium alloys

Tin and niobium were chosen as alloying elements because both metals are biocompatible
and non-cytotoxic. The titanium alloy composition was designed using the molecular orbital
DV-Xα method [53]. The calculation of the nominal composition of the alloys was based on
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two parameters, known as the bond order (Bo) and d-orbital energy level (Md). The parame‐
ter Bo is the covalent bond strength between titanium and an alloying element, while the
parameter Md represents the d-orbital energy level of a transition alloying metal that corre‐
lates with the electro-negativity and the atomic radius of element. The list of Md and Bo val‐
ues for each alloying elements (Ti, Nb and Sn) was obtained from a study conducted by
Abdel Hady et al. [54].

Titanium alloys were fabricated using the powder metallurgy technique. Titanium powders
(purity 99.7%), tin powders (purity 99.0%) and niobium powders (purity 99.8%) with parti‐
cle sizes less than 45 µm were used. Each component was first weighted to give the desired
composition of Ti14Nb4Sn. Ammonium hydrogen carbonate (NH4HCO3) was used as a
space holder material. The particle size chosen was 300-500 µm in diameter.

The desired porosity and pore size were controlled by adjusting the initial weight ratio of
NH4HCO3 to metal powders and the particle size of NH4HCO3. These components were
mixed and blended in a planetary ball milling for 4 h with a weight ratio of ball to powder
of 1:2 and a rotation rate of 100 rpm. A small amount of ethanol was employed during the
mixing of the ammonium hydrogen carbonate with elemental metal powders to prevent
segregation. After mixing the ammonium hydrogen carbonate with the metal powders, the
mixture was pressed into green compacts in a 50 ton hydraulic press.

The green compacts were sintered at a pressure of 1.3 x 10-3 Pa using a vacuum furnace. Two
steps of heat treatment were employed to produce porous structures. The first step was to
burn out the space holder particles at 200°C for 2 h. The second step was to sinter the com‐
pacts at 1200°C for 10 h. Dense samples were prepared using powder metallurgy with the
absence of space holder particles, and heat treatment was carried out at 1200°C. The dimen‐
sions of dense and porous titanium alloy samples were 9 mm in diameter and 2 mm in
thickness for subsequent sample characterization. The sintering process was conducted at
1200°C for 10 h. A schematic diagram of the fabrication sequence for titanium alloys is pre‐
sented in Figure 4.

Figure 4. Schematic of Ti14Nb4Sn fabrication process by powder metallurgy route

Titanium alloy discs with 6 mm in diameter and 2 mm in thickness were gently wet ground‐
ed using (i) silicon carbide paper of 600 grit, (ii) followed by 1200 grit, and (iii) fine polished
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using 15, 9, 6, and 1 µm diamond compounds progressively. All metallic discs were then ul‐
trasonically cleaned using ethanol for 5 min.

6.2. E-beam evaporation and sputtering

Silica thin films and nanocrystalline hydroxyapatite coatings were successively deposited
onto the prepared titanium alloy substrates by e-beam evaporation and sputtering techni‐
ques. A HV thin film deposition system (CMS-18 Kurt J. Lesker, USA) was used. Both the e-
beam evaporation and the sputtering processes were performed at room temperature. The
base pressure of the system was 6.6 x 10-6 Pa.

A 200 nm SiO2 thin film was deposited at a working pressure of 6.6 x 10-4 Pa and a depo‐
sition rate of 10 nm/s. During the sputtering process, the working pressure was set at 0.8
Pa.  The sputtering power was 90 W. The distance between the substrate and sputtering
target was kept at 30 cm. During deposition, the substrate holder rotated in order to ach‐
ieve uniform coating. Heat treatment of samples was performed at 500°C for 2 h in a vac‐
uum furnace.

6.3. Characterization

The elemental composition was analyzed using an energy dispersive X-ray spectrometer
(EDS, Oxford instruments INCA suite v.4.13) interfaced with a field-emission scanning elec‐
tron microscope (FE-SEM, ZEISS SUPRA 40 VP) operated at 15 kV. Surface morphology of
the samples was observed using scanning electron microscopy, and phase identification was
performed using the X-ray diffraction method (XRD, Bruker D8 Advance), operated with
CuKα radiation in the Bragg-Brentano mode at a scanning rate of 0.5°/min over a 2θ range of
30-80°. Phase analysis was conducted using the database PDF-2 version 2005.

The porosity of the scaffold was characterised by gravimetry using the formula [13]:

ε =  (1 -  ρ
ρs

) ×  100 (1)

where ρ and ρs are the actual and theoretical densities of the porous alloy, respectively.

7. Results and discussion

7.1. Physico-chemical properties of the Ti14Nb4Sn alloy

The X-ray diffraction pattern of sintered Ti14Nb4Sn is shown in Figure 5. Alpha peaks were
observed at 39.0° and 40.5°, which are indexed as the reflection planes (101) and (103), while
β peaks were observed at 38.5°, which is indexed as (110). The titanium alloy consisted of
both α and β phases. Weak niobium peaks were also detected, while tin was not detected.
Elemental analysis using EDS was performed concurrently with the SEM examination to
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identify the chemical composition of the samples. The EDS analyses verified that the alloy
composition corresponded to Ti14Nb4Sn.

Figure 5. XRD pattern of sintered Ti14Nb4Sn alloy

SEM images of fabricated porous titanium alloys showed a combination of both macropores
and micropores on the surface, as shown in Figure 6 (a)-(f). The micropore size ranged from
0.5 to 10 µm, while the macropore size ranged from 50 to 700 µm. Samples with greater po‐
rosity exhibited more interconnected features, more accessible inner surfaces, and interpene‐
trated macropores. It is believed that the optimal pore size to ensure vascularization and
bone in-growth is 50-400 µm [13]. Compared to other studies, fabrication of Ti10Nb10Zr al‐
loy resulted in pore sizes ranging from 300 to 800 µm since the size of the space-holder par‐
ticles was set to be 500-800 µm [13].

Usually there are two types of pores when using the space-holder method to fabricate titani‐
um alloys: (i) macro-pores determined by the size of the space holder particles, and (ii) mi‐
cro-pores determined by the dimension of the titanium powder particles. The micropores
can be designed to allow the scaffold to be impregnated with functional coatings or thera‐
peutic agents.

Porosity enhances the interlocking processes for the stability and immobility of the new im‐
plant, often referred to as stabilization and fixation of the implant. The porosity is influenced
by several factors, namely the particle size of the metallic powder and the sintering pressure
[13]. The porosity of the samples ranges from 55 to 80%. The optimum porosity of the im‐
plant for bone in-growth is in the range of 50-90%. It has been noted that the porosity level
of an implant should be selected to provide the optimum mechanical behaviour, since po‐
rosity has a dominant and adverse influence on the strength of a porous material.
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The pore connectivity, which can be determined by percolation theory, is a crucial param‐
eter  that  determines successful  bone in-growth.  Connectivity between the pore provides
sufficient area for physiological fluid to flow throughout the new tissue that enhances nu‐
trient transportation. The images in Figure 6 exhibit variation in pores connectivity. High
porosity results in high pore interconnectivity, i.e., samples with 80% porosity exhibit high
pore connectivity.

Figure 6. Morphology of porous Ti14Nb4Sn alloys with different porosity: (a) 55%, (b) 60%, (c) 70%, (d) 72%, (e)
75%, and (f) 80%

7.2. Physico-chemical properties of sputtered hydroxyapatite coated titanium alloys

The application of SiO2 as a bond layer between the substrate and the coating should im‐
prove coating adhesion to the substrate. One advantage of using silica is its influence on the
bone mineralization process. Li et al. applied silica onto a titanium surface using a sol gel
process and demonstrated its bioactivity [11]. Hong et al. [4] conducted an in vitro bioactivity
test on bioactive ceramic glass with higher silicon content and revealed a superior minerali‐
zation capability. Thian et al. [46] succeeded in incorporating silicon into hydroxyapatite (Si-
HA) using magnetron sputtering, and reported that higher silica content was beneficial for
biomedical applications due to its higher corrosion resistance.

Figure 7 shows the surface topography of the HA-silica coating on titanium alloy
Ti14Nb4Sn. The 2 µm thick hydroxyapatite coating and 200 nm thick SiO2 film were deposit‐
ed onto the titanium alloy using RF magnetron sputtering and e-beam evaporation, respec‐
tively. The HA coating was homogenous, which is characteristic of thin films deposited by
sputtering. However, some cracks on the surface were observed. Some morphological fea‐
tures of rough coatings with some cracks could be advantageous for bone implant applica‐
tions since this morphology could act as an anchorage for tissue growth.
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Figure 7. Morphology of HA-SiO2 coated Ti14Nb4Sn alloy

The XRD pattern of the HA-SiO2 coated titanium alloys is shown in Figure 8. The identified
phases were hydroxyapatite, CaO.SiO2.TiO2, calcium pyrophosphate, CaTiO3 and titanium.
After annealing, the crystalline phase of HA was present at 2θ = 30° which matches the (107)
plane. A peak corresponding to CaO.SiO2.TiO2 phase was also observed at 43.5° and in‐
dexed as (223). In addition, the peak confirms the presence of the silica phase. The phase
CaO, i.e., in CaO.SiO2.TiO2 observed in the XRD pattern could be related to the partial de‐
composition of hydroxyapatite during the deposition process.

Figure 8. XRD patterns of HA-SiO2 coatings on Ti14Nb4Sn alloy
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The titanium alloys are likely to be oxidized during the annealing process. Therefore, TiO2

appeared in the CaO.SiO2.TiO2 phase and CaTiO3 phase. The CaTiO3 peak was detected at
47.8° with an orientation of (800). The four peaks at 38.8°, 39.7°, 40.5° and 48.9° correspond‐
ing to calcium phosphate (Ca2P2O7) are indexed as the reflection planes (222), (223), (301)
and (320), respectively. However this phase might have higher solubility compared to HA.
It is possible that during the sputtering process not all components of the HA target were
sputtered and transferred onto the substrate. The titanium peak was present at 53.5° and in‐
dexed as (102). The results indicated that HA coatings using magnetron sputtering could
produce the crystalline apatite phase.

8. Conclusions

This chapter describes the importance of developing a bioactive titanium alloy scaffold for
bone tissue engineering applications. Ti14Nb4Sn alloy was designed and then fabricated us‐
ing powder metallurgy method. The porosity ranged from 55 to 80% with pore sizes of
100-600 µm.

Powder  metallurgy  that  employed the  space-holder  sintering  method was  successful  in
fabricating samples for biomedical  implant studies.  The method produced porous struc‐
tures that (i)  enable better fixation, (ii)  lower elastic modulus to match the properties of
natural  bone,  and  (iii)  construct  morphologies  that  mimic  the  features  of  natural  bone
structures.

To further enhance the biocompatibility of titanium alloys, 2 µm thick hydroxyapatite and
200 nm thick SiO2 coatings were deposited onto Ti alloys using e-beam evaporation and RF
magnetron sputtering. SEM images showed that the microstructure of the hydroxyapatite
coating is homogenous, with some cracks appearing on its surface. XRD results confirmed
that the coatings consisted of an HA phase with some CaO.SiO2.TiO2, CaTiO3 and phases.
Silica was also present in the XRD spectrum, which corresponds to the CaO.SiO2.TiO2 phase.
It was demonstrated that the e-beam evaporation and magnetron sputtering methods are
suitable for depositing silica and hydroxyapatite coatings. The hydroxyapatite-silica config‐
uration may be useful for biomedical implants, as it provides better adhesion strength for
rapid osseointegration acceleration. Further study will focus on the biological response of
these coatings.
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