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Abstract: Titanium and its alloys have long been used as implant materials due to their outstanding mechanical
properties and apparent biocompatibility. Despite this, the search for better alloys has continued to be active by
researchers and industries alike, as there are still pressing issues that require attention. These include (1) a large
mismatch in the elastic modulus of the implant material, which causes a stress shielding problem; (2) the release of
harmful ions from Ti alloys after long-term use; (3) a low bioactivity of the Ti alloy surface, which prolongs the healing
process. More research has been directed toward finding new generation Ti alloys composed of more biocompatible
phases and modifying the surface of Ti alloys from naturally bio-inert to bioactive in order to circumvent the problems.
This review examines recent work reported on the fabrication of Ti alloys, and based on the survey, major
characteristics highlighted the importance of elastic modulus and the use of non-toxic metal elements to improve
biocompatibility. In terms of surface modification of Ti alloys, numerous studies have found that a nano-scaled surface
oxide layer grown on the surface is always beneficial to improving the bioactivity of Ti alloys for rapid recovery after
implantation. This comprehensive review focuses on the appropriate phase and composition for new Ti alloys intended
for use as biomedical implants, emphasizing both fabrication and surface modification methods.
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chromium (CoCr) alloys and Ti alloys have since
then been extensively used in bone fracture fixation
and angioplasty. These materials have good

1 Introduction

The first titanium mineral, menachanite, was
discovered in 1791 but started only in 1910,
titanium has been applied in engineering fields
including automotive and aviation industries, owing
to its high strength and low-density properties. Ti
can be alloyed to improve its properties even further.
Since the 1960s, Ti and its alloys have been widely
used as metallic biomaterials in a variety of
biomedical applications, including cardiovascular,
orthopaedic, dentistry, prosthesis, craniofacial, and
joint replacement surgery [1].

Plates for internal fixation were first reported
in 1895 [2]. Surgical stainless-steel (316L), cobalt-

biocompatibility, long-term stability and excellent
mechanical properties. Moreover, Ti and Ti alloys
have also been used as permanent implants,
especially as bone tissue implants, as they possess
excellent biocompatibility, good osseointegration,
superior corrosion resistance, mechanical integrity
and good physicochemical stability. Nevertheless,
not all Ti alloys are biocompatible to human body.
Titanium—aluminum—vanadium alloy specifically
Ti—6Al-4V is a well-established primary metallic
biomaterial for orthopedic implants and has been
used for many years; however, it is also known to
display toxicity after being long term used, due to
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the release of aluminum and vanadium-associated
ions [3].

A search for alternative Ti alloys and the best
composition to replace this commercial alloy
Ti—6Al-4V has remained active, not only to
address toxicity issues, but also to overcome elastic
modulus mismatch [4]. Several studies on the use of
emerging new Ti alloys have been published, with
the primary focus being on determining the best
composition and phase. The potential alloying
elements for new Ti alloys are aimed at lowering
the elastic modulus, thus solving the mismatch
problem, while not causing any toxicity. Moreover,
the alloy must have corrosion resistance at par with
that pure Ti [4]. The purpose of this review is to
present current findings on suitable phase,
composition, and fabrication for biocompatible Ti
alloys.

Another critical issue with Ti and Ti
alloys-based implants is the bio-inert nature of the
metals, which does not support chemical connection
to the bone to actively induce bone growth, also
known as osseointegration. The implants remained
as a foreign substance at the implantation sites,
causing the healing process to be prolonged [3].
Since the biological response to biomaterial is
primarily governed by the surface properties of the
biomaterial, it is critical to engineer the surface of
the implant material appropriately in order to

achieve the desired surface interaction with the
surrounding cells and proteins. One method for
accomplishing this is to intentionally form surface
oxide, which can also induce surface nano-
structuring. Metal oxide is formed as a result of
metal oxidation. Titanium oxide, titania, or TiO,
can exist in a variety of phases, the most common
of which is rutile titania. Oxidation can occur
through a thermal, physical, or chemical process.
This oxide layer, if fabricated with specific
properties, can aid in the biological response of the
implant material. As there are many new
publications on this topic, this review focuses on
the chemical-based surface modification methods
for Ti and its alloys, specifically for biomaterial
applications.

2 Alloying chemistry: Microstructure
design

The primary goal in designing Ti alloys for
implant applications is to reduce their elastic
modulus. This strategy can be implemented by
tailoring the microstructure of Ti, which is typically
classified into four categories: pure a, near-a, a+f
and S phase alloys. In terms of the four categories
mentioned, Ti alloying elements fall into three
major groups: a-stabilizers, f-stabilizers, or neutral.
Figures 1 and 2 depict the phase transformations of
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Fig. 2 Changes in crystal structure of Ti-based alloys based on alloying elements (a), and lattice correspondence
between hcp-a and bee-f structures (b) (The lattice parameters correspond to the values of pure titanium at room
temperature and 900 °C. Reprinted with permission from Refs. [5—8]. Copyright 2015, Vienna University of

Technology)

Ti alloys. Essentially, a crystallographic
transformation of Ti occurs at 882 °C in pure Ti.
This temperature is referred to as the p-transus
temperature, 75. Commercially pure Ti (cp-Ti) has a
hexagonal close-packed (hcp) structure below this
temperature, which is referred to as a-phase.
Above 882 °C, a phase transformation occurs, in
which hcp gradually transforms to a body-centered
cubic (bce) structure. This transformation typically
generates a two-phase field with both o and f
phases, and slowly forms only S phase with the
increasing amount of S-stabilizer [1,9].

2.1 a and near-a Ti alloys

o-Ti alloys are composed of a-phase with the
addition of a-stabilizers (such as Al, O, N, C, B) to
Ti (Fig. 3(a)); whereas near-o alloys are composed
of a-stabilizers, with less quantities of S-stabilizers
(<5 wt.%) [1], but behave as conventional o alloys.
This type of Ti-alloy is not heat treatable but has
good weldability. Essentially, they have superior
creep resistance and excellent corrosion resistance.
To strengthen the o phase, tin (Sn) or zirconium (Zr)
can be added, which has no effect on the
transformation temperature and thus is referred to
as neutral (Fig. 3(b)).

This o type of Ti alloy contains a major class
of unalloyed titanium/commercially pure titanium
that differ in the amount of O and Fe. Commercially
pure Ti is also known as cp-Ti, which is a high
purity alloy containing at least 99% pure titanium.
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Fig. 3 Effect of a-stabilizing elements on Ti (a), and
effect of neutral elements on Ti (b) (Reprinted with
permission from Ref. [10]. Copyright 2013, Elsevier)

There are various grades of cp-Ti. There are four
grades of cp-Ti, all of which have a low content of
interstitial elements such as Fe, O, N, and H. These
interstitial elements promote the process of
interstitial solid solution strengthening, which
affects the mechanical properties of Ti alloy.

Mechanical strengths are typically limited and
relatively low at room temperature for this a-type of
alloy, and unfortunately, due to their hcp structure
(very stable), these limitations of a-type Ti alloys
cannot be improved by heat treatment. As a result,
a-type Ti alloys are never a good choice for use as
implants, whereas near-o. Ti alloys have yet to be
studied for their potential in biomedical
applications.

2.2 (a+p)-Ti alloys
(a+p)-Ti alloys are a mixture of a and f phases,
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with additions of o and pf-stabilizers, but with a
higher content of f-stabilizers (4—6 wt.%) (Fig. 1).
Ti alloys of this type are heat-treatable and have
good fabricability [11]. As a result, heat treatment
can be used to optimise their mechanical properties.
Furthermore, this type of Ti alloy has a high
strength at room temperature and a moderate
strength at high temperature. They have higher
yield strength and ultimate tensile strength when
compared to a-Ti alloys. Nonetheless, (a+p)-Ti
alloys have excellent corrosion resistance and a
proclivity for rapid osseointegration in the human
body due to the rapid formation of a TiO,/OH film
at the human-bone interface [12].

Among this class of Ti alloys, Ti—6Al—4V is
first to be developed and commercialized as a
biomedical Ti alloy. Although this alloy was
originally developed for aerospace applications due

to its exceptional properties, its high specific strength,
excellent corrosion resistance, and biocompatibility
have steered it toward biomedical applications. For
instance, this alloy is widely recognised for its use
in bone fixation and orthopaedic prostheses.
A subsequent development discovered that
Ti—6Al-4V contains toxic elements that cause body
allergies due to the presence of vanadium (V). In
order to avoid toxic release from V ions, it was
replaced by Fe or Nb [13,14]. Although both of
these new alloys (Ti—6AI-7Nb and Ti—5Al-2.5Fe)
successfully eliminate toxic vanadium ions from
Ti—6Al-4V, and even provide better wear resistance
than Ti—6Al-4V, the presence of Al may cause
severe health problems such as the occurrence of
senile dementia of Alzheimer type diseases.
Additionally, as shown in Table 1, the elastic
moduli of titanium and its alloys are noticeably

Table 1 Comparison of mechanical properties between human bones with various types of titanium alloys

Material oviad/MPa oyrs/MPa E/GPa Refs.
Cancellous bone - 0.9-8.80 0.01-1.57 [15-17]
Cortical bone 30-70 194-195 5-23 [15]
cp-Ti (grade 1) 170 240 115 [18]
] cp-Ti (grade 2) 275 344 105 [19]
¢ microstrueture cp-Ti (grade 3) 380 450 115 [18]
cp-Ti (grade 4) 480 550 105 [1,12]
Ti—6Al-4V (annealed) 825869 895-930 110-114 [16,20]
) Ti—6Al-7Nb 921 1024 105 [18,20]
atf microstructure Ti—5Al-2.5Fe 914 1033 110 [18]
Ti-3Al-2.5V 585 690 100 [20]
Ti—(10—-80)Nb 760—930 900—-1030 65-93 [20]
Ti—16Nb—10Hf 730-740 850 81 [1,20]
Ti—13Nb—13Zr 900 1030 79 [18]
Ti—24Nb—0.50 665 810 54 [1]
Ti—24Nb—0.5N 665 665 43 [1]
Ti—23Nb—0.7Ta—2Zr 280 400 55 [1]
Ti—23Nb—0.7Ta—2Zr-1.20 830 880 60 [1]
f microstructure )
Ti—35Nb—5Ta—7Zr 530 590 55 [18]
TI-36Nb—2Ta—3Zr-0.30 670—-1150 835-1180 32 [1]
Ti—29Nb—13Ta—4.6Zr 368 593 65 [19]
Ti—15Mo (annealed) 544 874 78 [1,16]
Ti—15Mo—2.8Nb—3Al 771 812 82 [18,19]
Ti—15Mo—5Zr-3Al 870968 882-975 75 [18]
Ti—12Mo—6Zr—2Fe 1000—1060 1060—1100 74-85 [18,19]
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greater than those of human bone. This significant
mismatch in elastic moduli may contribute to
implant loosening and bone resorption. When
comparing Ti alloy types, both a- and (a+p)-Ti
alloys have higher elastic modulus, whereas f-Ti
alloys always have the lowest elastic modulus.
Therefore, it is suggested that (a+p)-Ti alloys are
not the best choice for biomedical implants. These
factors have become a major driving force in the
recently developed various compositions of f-Ti
alloys.

2.3 Near-f or f-Ti alloys

p-Ti alloys consist of f-phase with the addition
of p-stabilizers, whereas the near-f alloys are
highly containing f-stabilizers, with some traces of
o-stabilizers, but still behave as conventional
[-alloys. This type of Ti alloys are readily heat
treatable. As compared to Ti alloys with a-phase
and mixed atp-phases, f-Ti alloys possess lower
elastic moduli, higher hardenability, and improvable
ductility and toughness as they can be heat
treatable [1,21,22]. The most appealing property of
[-Ti alloys is their low elastic moduli, which can be
used to reduce the stress shielding effect. When
p-Ti is compared to near S-Ti alloys, near S-Ti
alloys always have higher elastic moduli than £-Ti
due to the presence of fewer a-stabilizers. Ti alloys,
on the other hand, have comparable strength and
biocompatibility, as well as excellent corrosion
resistance in the human body environment. As a
result, f-Ti alloys are currently being researched for
potential use in biomedical implants.

Furthermore, S-stabilizers are divided into two
types: (1) p-isomorphous elements (such as Mo, V,
Ta, and Nb), and (2) f-eutectoid elements (such as

(@)
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Ti Alloy content
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(Mo, V, Ta, Nb)

Fe, Mn, Cr, Co, Ni, Cu, Si, and H) (see Fig. 4).
Adding p-isomorphous elements to the formulation
of Ti-based alloys always results in the formation of
only one phase due to complete mutual solubility
with S-Ti (Fig. 4(a)). However, due to their limited
solubility in f-Ti and the formation of intermetallic
compounds via eutectoid decomposition, adding
fS-eutectoid elements into the formulation of
Ti-based alloys always results in more than one
phase (Fig. 4(b)). Based on this reasoning, it is
concluded that f-isomorphous elements (Mo, V, Nb,
and Ta) are more desirable for use in biomedical
implants because they produce only a single phase
with the desired properties (such as lower elastic
moduli).

3 Fabrication of Ti alloys

In the fabrication of Ti-based alloys, there are
conventional methods (such as powder metallurgy
and casting) and advanced methods (such as
selective laser melting and electron beam
melting) [23—25]. This review focuses on the most
common processing routes ever used to produce
Ti-based alloys, which are powder metallurgy with
multiple  sintering  routes and  additive
manufacturing routes, as discovered through a
literature search.

3.1 Powder metallurgy

Over the decades, there has always been a
global demand for a low-cost manufacturing
process for producing high-performance Ti
alloys. Powder metallurgy (PM) is undeniably a
promising candidate for low-cost-high-performance
manufacturing processes [26].
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Fig. 4 f-stabilizing element effect of S-isomorphous elements on Ti (a), and effect of S-eutectoid elements on Ti (b)

(Reprinted with permission from Ref. [10]. Copyright 2013, Elsevier)
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Powder metallurgy is a method of consolidation
for fine metal particles into usable engineering
components such as aerospace components and
cryogenic devices. For many years, it has been
well-established in the industrial field and has
involved various types of materials such as iron
(Fe) and copper (Cu). Figure 5 depicts the basic
working principle of powder metallurgy. The
precursor, which is typically in the form of
elemental metallic powders along with the alloying
elements, must go through a mixing or mechanical
alloying process to induce alloying between the
metal powders, or, in some cases, the powders are
already pre-alloyed by atomization process.
Consolidation of the alloyed metal powders is
accomplished through pressing at an optimum
pressure and subsequent sintering near full density.
This series of steps allow the densities of the
product to approach 100% while also increasing the
bonding between particles to achieve densification
for the finished products [27].

Sintering is a critical process in the powder
metallurgy process flow because it determines the
final properties of the resultant alloy. Sintering is a
process that uses heat energy to consolidate powder
compacts into sintered products. Densification,
grain growth, and microstructure evolution are the
fundamental processes that occur during sintering.
During sintering, the pores between the powder
particles gradually shrink as the sintering process
progresses, a process known as necking. Reduced
pores and lower interfacial energy between grain
boundaries always benefit densification and provide
precise control over grain size, sintered density, and
phase distribution in the alloy [28]. The sections
that follow provide a brief overview of various
sintering routes in the powder metallurgy process,
such as pressure-assisted sintering (spark plasma
sintering) and pressure less sintering (microwave

sintering).
3.1.1 Spark plasma sintering

Spark plasma sintering (SPS)
technique, where a pulsed electric field (DC current)
is combined with the high temperature to assist the
densification of a powder metallurgy product. The
SPS is also known as pulsed electric current
sintering (PECS) and the technique is undeniably
time-saving, due to removing the need for powder
consolidation through normal cold pressing and a
shorter duration of sintering time. The sintering
process in the conventional press-and-sinter method
takes several hours; however, in SPS, the
densification process is very fast, taking only a few
minutes and often at lower temperatures [28].
Furthermore, one of the elitisms of SPS is the
ability to fabricate high-performance bulk alloys
with much finer grains than those fabricated
through conventional hot pressing and hot isostatic
pressing [29].

The precursor alloy powders are an important
consideration when fabricating Ti alloys using the
spark plasma sintering route. Numerous studies
have indicated that densification of alloy powders
would be enhanced if they were milled or
mechanically alloyed rather than gas atomized.
Densification rates for milled powders are reported
to be higher than those for atomized powders,
owing to their respective powder morphologies.
When the particle size is small, the irregular shape
of milled powders always has a higher surface
energy. Increased surface energy associated with
irregular geometry in milled powders has
historically been beneficial in accelerating powder
shrinkage and densification [30—32]. Additionally,
sintering parameters such as those listed in Table 2
for various Ti alloys must be carefully considered,
as they have a significant impact on electrical, mass,
and thermal transport during sintering.

IS a new

Raw Mixing/ Powd
materials mechanical o, Sintering
(powders) alloying DIESSE ‘

Fig. 5 Powder metallurgy (PM) process flow
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Table 2 Various Ti alloy systems fabricated via spark plasma sintering method

Sintering parameter Resultant property
Material Temperature/ Pressure/  Time/ Phase Ultimate Elastic ~ Ref.
°C MPa min present strength/MPa modulus/GPa
Ti—xNb (x=30—47) 900—-1300 50 60 Homogeneous f  Not reported 8090  [33]
Ti~13Nb—13Zr 700-900 30 10 pwithsome = g3n 1790 Not 3
amount of o and a reported
. Not Not
— — V) —
Ti-20Nb—13Zr (at.%)  800—1200 50 10 atp reported reported 135
Ti—(30—35)Nb— Not _
(5-20)Ta —(5-7)Zr 1100 >0 > P reported 66149 [21]
Ti—35Nb—7Zr—xCu
(x=4,7, 10, 13) 1000 40 5 s 1374-1856 57-79  [22]
Ti—35Nb—7Zr-5Ta 800—1100 50 5-20 atp 13502120 72-94  [36]
T155~5Nb2(2;tz(;“)6Ta‘~6F66 960 3 5-30 B+FeTi 25302650 72-75  [37]
. /0
(Tigo.7Nb23 7Zr4 -
Tay7)100- Siy 960 50 5 SH(Ti, Zr),Si 2793-3267 35-40  [38]
(x=0, 2, 5) (at.%)
. Not Not
Ti—SMo—5Ag 800—900 60 reported s 1941-2100 reported [39]
Ti-xMo (x=4-20) 1200 50 5 B 440-800 111-127  [40]
. Not
Ti—5Al-2.5Fe 750—-850 5 5 Not reported 250-300 [41]
reported

It is observed that when fabricating biomedical-
grade Ti alloys that always contain Nb, Zr, and Ta
as the beneficial S-stabilizer, spark plasma sintering
is always a viable option. The combination of
metallic elements such as Ti, Nb, Zr and Ta is
actually quite difficult to be melted homogeneously
through the traditional melt-and- cast solidification,
due to large differences in the melting point
and specific gravity. High heating rate up to
~727 °C/min and short sintering time of several
minutes offered in spark plasma sintering are very
beneficial to preparing some new materials with
finer grains and varieties in the precipitated
phase [36,37].

3.1.2 Microwave sintering

There is also a pressureless sintering route, in
addition to pressure assisted sintering routes such as
spark plasma sintering (SPS), hot pressing (HP),
and hot isostatic pressing (HIP). This route sinters
the alloys without the use of pressure, which is
typically done in a microwave, vacuum, or a
controlled inert atmosphere at the atmospheric
pressure [42]. The fabrication method still requires
the precursor powder to be uniaxially pressed under

optimum pressure, yielding green compacts, before
sintering in a furnace under a high purity inert
atmosphere. According to a literature search, the
microwave sintering (MW) route has been
extensively investigated due to the effectiveness of
its heat transfer mechanism, which is capable of
shortening the sintering cycle of Ti alloys, thereby
limiting grain growth and lowering manufacturing
costs [43]. However, similar to vacuum sintering,
these two types of pressureless sintering processes
do not allow for full densification of Ti alloys
and frequently left porosity in the sintered
microstructure [43]. When spark plasma sintering
(SPS) is compared to microwave sintering (MW)), it
is discovered that alloys sintered via SPS have a
reduced porosity, whereas those sintered via MW
sintering have a much more porous structure, which
actually aids in lowering the elastic modulus of
Ti alloys designed for implant application [44].
Furthermore, the presence of pores in Ti alloys
improves osseointegration, which refers to the
formation of a bond between the living bone and
the surface of the implant materials [45]. It is still
unclear what the relationship between pore size and
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the osseointegration process is. However, a wide
range of pore sizes between 400 and 700 pm, and
even up to 1.2 mm, has been reported to show
sufficient evidence of bone cell growth following
implantation. Aside from that, most scientific
studies believe that the optimal pore sizes for bone
healing are in the range of 150—600 um. Higher
porosity was expected to promote bone healing in
this regard; however, it is also important to
carefully control the pore size and porosity, as
higher porosity will cause the mechanical properties
of the implant material to be reduced [46].

Fundamentally, in MW sintering, the heating
process occurs at the core or centre of the samples
as the materials absorb microwave radiation and
convert it into heat energy, which is then distributed
throughout the samples. This heat transfer occurs
from the sample’s core to the entire samples
volumetrically (direction of heating is from inside
to outside). However, this phenomenon contradicts
the conventional heating process, in which heat is
initially transferred to the surface and then
transferred to the entire sample via conduction,
convection, and radiation (direction of heating is
from outside to inside). In short, variation in
temperature gradients of different areas of the
samples in conventional heating results in poorer
microstructure and mechanical performance than in
microwave sintering [47]. Table 3 lists some Ti
alloys and composite systems that have been
developed via microwave sintering route and have a
significant insight on the porous structure with a
reduction in their elastic modulus.
3.1.3 Conventional press-and-sinter

In the powder metallurgy process, the
conventional press-and-sinter method usually

requires the alloys to be synthesized through
mechanical alloying methods, though pre-alloyed
powders are also commonly used. The alloy
powders are then cold pressed to form green
compacts, which are sintered in a conventional tube
furnace under specific conditions. Controlling the
processing parameters is critical in order to produce
Ti alloy with desired properties. The milling speed
and milling time remain the most important
parameters to control during the mechanical
alloying process. According to a search of the
literature on mechanical alloying processes for Ti
alloys and composites fabrication, the milling speed
is typically 200—300 r/min, with milling time
ranging from 2 to 40h [53,54]. The important
process that occurs during mechanical alloying in
high energy ball milling is the countless repetition
of fracturing and cold welding phenomena between
the powder particles to impart the alloying process
homogeneously while simultaneously refining the
particle size [55,56]. High energy ball milling
frequently produces powder with smaller particle
size, with proper sintering control, and leads to
refinement of the grain size, which benefits
mechanical performance [57].

Following the synthesis of alloy powders, the
powders must be consolidated into green compacts
by cold pressing. This process applies optimum
pressure to the compact, allowing it to achieve
sufficient green strength prior to sintering. Several
studies on the fabrication of Ti-based alloys via
powder metallurgy reported a wide range of
compaction pressure, ranging from 150 to 690 MPa.
However, green density has been reported to be at
its optimum state when compaction pressure is
between 500 and 550 MPa [24,58—60]. Following

Table 3 Various Ti-based alloys and composites fabricated through route of microwave sintering

Sintering Dwell

Heating

Pore size or Elastic

Material temperature/°C time/min  rate/(°C-min ') percentage of porosity modulus/GPa Ref.
cp—Ti
Ti—6Al-4V 12001400 3-30 31 >5 um N/A [43]
Ti—5Fe
Ti—23Nb (at.%) 900-1200 10-30 30 9.8—24 um 6.6-9.2 [45]
Ti—xMo (x=5-20 wt.%) 1050 20 20-30 34%—42% 2.5-9.1 [48]
Ti—3Cu 650—-800 20 10 24.6 % 7.0-11.9  [49]
Ti6Al4V/HA 950-1100 30 N/A 11.3%—-12.1% 15.1-39.2  [50]
Ti—Nb/xHA (x=0-20 wt.%) 1500 5 N/A 150—260 um 12.5-29 [51]
Ti—30Nb/20HA 1500 5 N/A 20-30 pm 20 [52]
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the compaction of green bodies, sintering is carried
out at high temperatures, which are typically 70%—
85% of the melting temperatures of the host elements
that comprise the alloys, which are approximately
1100—1400 °C for Ti-based alloys [59,61].

To summarize, the PM method is widely used
because of its primary driving force: cost and
material savings. It also offers a number of
advantages on finished products, such as products
with near-net-shape (NNS), comparable mechanical
properties, fully dense or porous structure,
and nearly homogeneous microstructure. The
disadvantages of PM methods are high raw material
and tooling costs (mould for compaction) and
difficulties in producing parts with intricate shapes.
The PM process has long been recognized as a good
choice for fabricating Ti-based alloys and is still
used in mass production today.

Conventional fabrication methods, such as
powder metallurgy, have been developed over
decades. Even though conventional methods have
limitations (such as slow production rate, difficulty
in parameter control, and geometry shape limit),
the consistency and stability of producing a
homogeneous alloy and composites is high. This is
why traditional methods are still used in industries.

3.2 Advanced fabrication methods

Advanced fabrication methods, also known as
additive manufacturing (AM), are a new technology
that offers improved performance for Ti-based
alloys and composites used in implant materials.
When compared to the conventional fabrication
methods, additive manufacturing is more

pronounced in producing porous structures, which
are said to closely resemble the characteristics of
bone. According to current knowledge, additive
into two

manufacturing methods are divided

systems: powder-bed fusion and powder-fed fusion.
Figure 6 depicts the classification of well-known
additive manufacturing routes. This sub-section
would provide an in-depth examination of several
recently developed additive manufacturing processes.
3.2.1 Selective laser melting

Selective laser melting (SLM) is one of the
most widely used additive manufacturing (AM)
techniques which has gained popularity in recent
years. This method is very useful in manufacturing
three-dimensional structures with intricate designs
by using a high-power laser source to melt the
starting raw material powder while layer-by-layer
stacking [61,62]. SLM requires a laser beam with a
computer-controlled process to create 3D-parts on a
powder bed, according to the system’s Computer
Aided Designed (CAD) model. The primary
principle of SLM is the melting of metal powders
using a laser beam to create a liquid pool, which is
rapidly solidified on the powder bed directly
adjacent to the laser-scanning-spot. Once a layer of
the model is completely solidified, the building
plate moves down to complete the melting-and-
solidification process of the raw powders layer-
by-layer, consolidating the material together and
forming final products [23]. Figure 7 shows a
schematic diagram of selective laser melting
(SLM). The mechanism of the SLM process is
nearly identical to that of electron beam melting
(EBM), with the main difference being the source
used to melt the powder, which can be either a laser
source in SLM or an electron source in electron
beam melting (EBM). SLM has been reported to be
capable of fabricating complex part designs with
improved accuracy and finer structure when
compared to other 3D printing technologies such
as EBM and laser engineering near net shape
(LENS) [61].

Additive
manufacturing‘

l

I

Selective
aser melting

Fig. 6 Classification of additive manufacturing processes
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Fig. 7 Schematic diagram illustrating process of selective laser melting (SLM): (a) Common physical layout of

equipment (Dosed powder is distributed on the substrate and powder bed melts upon heats from the laser source. The

build plate moves downwards, another layer of powder is distributed, the powder melts upon heating and rapidly

solidified, layer-by-layer until final product is completed); (b) Cross section of building plate (Reprinted with

permission from Ref. [62], Copyright 2019, Elsevier)

In general, SLM technology is used on highly
complex geometry components that are nearly
impossible to fabricate using conventional
manufacturing methods (e.g. casting and powder
metallurgy). The remnant porosity or defects that
occur in the fabricated parts as a result of
layer-by-layer stacking, overlapping of the melt
pools, temperature gradient in the build-ups layer,
and rapid solidification produced by a fast-moving
laser source are major concerns with this process.
These issues must be addressed by paying close
attention to critical SLM process parameters such as
scan speed, hatch spacing, laser power, and powder
layer thickness. These parameters have a significant
impact on the inner porosity structure and, as a
result, the mechanical properties [63]. Table 4
combines some important parameters of selective
laser melting for biocompatible Ti-based materials,
as well as their important mechanical properties.

Due to the general high heating and cooling
rates, SLM fabricated parts always have fine
microstructures, whereas the mechanism of
layer-by-layer stacking generates anisotropic and
heterogeneity mechanical response. This type of
behaviour is highly dependent on the process
parameters, as shown in Table 4. The elitism of the
SLLM process over conventional processing routes
provides numerous advantages, including shorter
production time, almost no geometric restriction

with a highly automated process, and better
mechanical compatibility with human physiological
needs. Furthermore, the SLM process’s unique
ability to produce complex geometries products
such as honeycomb type structures (porous
structure) aids bone cell growth because the porous
structure resembles human trabecular bone. Some
of the challenges encountered include the loss of
superelastic ~ behaviour as  compared to
conventionally manufactured parts, precise control
over processing parameters, a pre-process for
feedstock (Ti alloy powder) is required (such as
atomization), a post-process finish is required (such
as cutting edges), expensive tooling, and shielding
gas [69,78,81].

3.2.2 Electron beam melting (EBM)

Electron beam melting (EBM) is another
technique that is currently researched as part of the
broad range of additive manufacturing processes.
The process, like SLM, used 3-dimensional printing,
except that EBM used electron beam energy to melt
the metal powder. The EBM system employs an
electron gun with a high power of 60 kW to
generate a focused electron beam with an energy
density greater than 100 kW/cm®. Electromagnetic
lenses control the focus of the electron beam, while
deflection coils control the movement of the beam
on the building table. During the building process
of a part, powder with a thickness of 0.1 mm is
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Table 4 Processing parameter of selective laser melting of Ti and its alloys

11

Parameter Resultant properties
Material Laser Scanning Scanning Powder layer Phase Porosity/ Elastic ~ Ultimate Ref
power/ speed/ spacing/  thickness/ resent o modulus/  strength/
W (mms') mm mm P ° GPa MPa
. 122— . 99% fully  105.4— 714—
cp-Ti 166 400 0.12 0.03 a-Ti dense 114.7 1014 [64]
. 120~ . 408.8—
cp-Ti 440 1000 0.12 0.03 a-Ti N/A N/A 509.0 [65]
cp-Ti e o 1.47- 59.4-
(grade 1) 100 385 0.12 0.03 a-Ti (68—73)% 2 68 75.0 [66]
o . a-Ti (cp—Ti), 658 (cp-Ti),
CPTTi‘_ngZ\f D200 1000 0.10 0.05 ata~Ti 72% N/A 1170 [67]
(Ti~6A1-4V) (Ti~6A1-4V)
Ti—xNb alloys . 97% fully  18.7— 751-
(x=25-61 wt.%) 330 1000 0.10 0.03 AT dense 24.5 1030 [68]
. 120  400— . 99.85%
Ti—50Ta alloys 360 1200 0.125 0.05 p-Ti fully dense N/A N/A [69]
Ti—xTaalloys  220—  600— , <95% fully 89— 641—
+
(x=0-25wt.%) 380 1400 0.07 0.05 o“p dense 115 1186 [70]
Ti—15Ta—xZr 350— 42.9— 698.91—
=15-155 400 2% 0.113 2 otp N/A 92.18 96020 L1
57.0—60.2
2.0% (bulk)
. B 100—  347- o, (bulk), 45-58
Ti—35Zr—-28Nb 180 1250 0.12 0.03 S 49.9% 10-13  (porous) [72]
(porous)
(porous)
1 0,
Ti~6Al-4V 9 600  0.08 0.03 Martensite  99.74% 1, NA  [73]
a'-Ti fully dense
e (48.83— 1.93— 44.9—
Ti—6Al1-4V 180 1350 0.1 0.03 at+p 74.28)% 574 2375 [74]
Ti—6Al- 98.5%
4V-5Cu 200 1000 0.12 0.05 a+p fully dense 110 1600  [75]
Ti—6Al- Martensite 98.7%
AV-0.5Ag 200 1000 0.12 0.05 o-Ti fully dense 113.5 1180  [75]
Tsl;zg\g 200  N/A 8‘8% 0.05 B-Ti 77.23%  64.2 680  [76]
Ti—-Nb—Zr— . 59.2— 538—
TaSi 250 1400 0.06 0.03 B-Ti N/A 713 1120 [771
Ti—6A1-2Zr—  180—  300- 0.03— Martensite ~ 99.36% 780.6—
IMo-1V T 0.06 o-Ti fullydense VA a8
3 zTrl—;\f[I;ESn 300 1000 N/A 0.05 B-Ti N/A N/A 716 [79]
Ti/nano-HA 240 1000 0.08 0.03 % TI.SP3’ N/A 28.86 289.01 [80]
CaTiO3

spread over the building table from two hoppers
inside the build chamber. Before preheating and

melting process by the electron beam, the powder It is critical to

from both sides is fetched by a moving rake and
spread across the table [82].

note that temperature
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differences in the powder bed during the building
process of a part frequently result in variations in
phase and microstructure formation. According to
Table 5, the high temperature of the powder bed and
relatively slow cooling rate in the EBM process
frequently causes the alloy to form the a+f phase,
which tends to increase the Young’s modulus of the
alloy, which is often avoided when synthesizing
alloy targeted for implant application. In contrast to
EBM, SLM-produced parts always have a desirable
[S-Ti microstructure due to the lower temperature of
the powder bed (~200°C), which leads to a
reduction in Young’s modulus [83]. Since the build
process in EBM typically takes up to 10 h, it is
similar to the aging process, which is frequently
carried out at a temperature of 400—500 °C for 10 h,
which is becoming a contributing factor in
suppressing the formation of single f-phase [84].
Table 5 examines key differences between
biocompatible Ti-alloys fabricated using SLM and
EBM.

In conclusion, the titanium-based
processing methods are as follows.

(1) Cost effectiveness

In terms of cost, the conventional route, such
as powder metallurgy, uses a lower cost to achieve
the fundamental requirements for an implant, such
as mechanical properties and biocompatibility.
Implementation  of  additive  manufacturing
methods such as SLM, EBM, and any other
methods classified as additive manufacturing
always necessitates a higher cost in terms of
equipment setup and raw material utilization
efficiency.

(2) Dimensional accuracy and intricacy

In real biomedical applications, the dimension
of an implant is absolutely critical to human bone,
and the implant is frequently custom made prior to
the implantation process. In terms of dimensional
accuracy and intricacy, additive manufacturing

alloy

techniques such as SLM and EBM are always the
best choices for producing implants with high
precision dimensions and intricate shapes.

(3) Pore-size control

Additive manufacturing has the advantage of
pore size control because the process has the
capability of customizing the parts whether they are
built with a highly dense or highly porous structure.
As for the conventional route, such as powder
metallurgy, the process is also capable of
fabricating porous structures through the use of
space holders in the fabrication process; however,
controlling the pore size as sintering proceeds
would be quite challenging. Additionally, an
appropriate porous structure design would then aid
in enhancing bone-to-implant osseointegration
following implantation to injured parts. As a result,
pore-size control should be a priority, as it is
relatively easy to control in SLM/EBM processing
but quite hard to control properly in PM fabrication.

(4) Homogeneity in microstructure

When compared to conventional methods,
additive manufacturing has always been reported to
have heterogeneity and anisotropic properties in
microstructure and mechanical performance. Due to
the obvious repeated process of melting and
solidifying that occurs layer by layer in any additive
manufacturing process, obtaining a homogeneous
microstructure is quite difficult.

A good fabrication method for Ti alloys, on the
other hand, should provide the required properties
for the application. The desired phase (f-phase)
that always comes with lower elastic modulus,
homogeneity in microstructure, good mechanical
strength, proper pores formation, and bioactivity are
some of the main characteristics for a Ti alloy to be
medically qualified as a biomedical implant. Prior
to alloy fabrication, process selection is critical
because different processes result in different final
alloy properties.

Table 5 Comparison of process parameters and properties of Ti—24Nb—4Zr—8Sn alloy fabricated through EBM and

SLM

Marod T g et L mpertres P g modlut Ref
(mm-s ) pm °C MPa GPa

EBM 75%porous 150 200 70 500 (a+p)-Ti 45 134 [83]

EBM 70% porous 150—900 N/A 70 500 (at+p)-Ti 35 0.7 [84]

SLM  75% porous 750 40 50 200 p-Ti 50 0.95 [83]

SLM Dense 50-900 80 100 N/A p-Ti 665 53 [85]
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4 Properties of Ti alloys

The properties of a substance are critical in
determining its application. This section is divided
into two topics that are bulk properties and surface
oxide properties on Ti alloys, in order to determine
the properties of Ti alloys that are ideal for
commercialization as a biomedical implant.

4.1 Bulk properties
4.1.1 Young’s modulus/elastic modulus

There are two major issues with Ti-based
alloys that have been commercialized as bone
implant materials: commercially pure Ti (cp-Ti) and
Ti—6Al-4V alloys. The key issues raised by
orthopaedic practitioners are stress shielding due to
the large difference between the implant materials
and the adjacent bone, and long-term health issues
caused by the harmful ions released by the implant
materials, such as neurodegenerative disease
(Alzheimer’s and dementia) [67,86,87]. The
Young’s modulus, which is similar to human bone,
is the primary requirement for implant material to
be considered. A large mismatch in Young’s
modulus between adjacent bone and implant
material, resulting in a stress shielding effect, is
always the cause of bone resorption, bone fracture,
or unexpected implant failure. The mismatch
frequently causes excessive movement between the
implant and the bone, preventing stress from being
transferred from the implant to the neighbouring
bone. The implant will then loosen, inhibiting new
bone growth and isolating the implant from the
implantation site [16,81].

Currently, the elastic moduli of implant
materials employed are stainless steels (200 GPa),
Co—Cr alloys (240 GPa) and Ti-based alloys
(105-125 GPa) [20,88]. In general, the elastic
modulus of human cortical bone is approximately
(17£1) GPa, or can be stated in the range of
10—-30 GPa [65,89]. As a result, Ti-alloys carefully
designed to have f-phase are thought to be suitable
for use as implants due to their low elastic modulus
of 50—80 GPa, which is still two or three folds that
of human bone’s modulus [90]. The key factor that
determining the phases present in any Ti-based
alloys is the alloying element and how it is
behaving to modify the crystal structure of Ti,

whether it is hexagonal close-packed which leads to
the formation of a-phase or body centered-cubic
crystal structure that always leads to the formation
of f-phase. When producing Ti-based alloys with
low modulus, a higher amount of S-phase is always
beneficial in lowering the high modulus of the
metals [88]. Table 6 lists the most commonly
reported low modulus Ti-alloys synthesized with
various f-stabilizers (f-isomorphous: V, Mo, Nb, Ta,
Re, and f-eutectoid: Fe, Mn, Cr) and their elastic
modulus. From Table 6, it can be seen that, despite
the fact that a lot of alloying elements are being
added to the titanium system for the primary
purpose of changing the a-phase to become fS-phase
and subsequently lowering the elastic modulus, the
elastic modulus values of the alloys are still not
approaching that of human bones. As a
consequence, much research remains to be done in
order to fabricate Ti-based implants that can closely
mimic the elastic modulus of bone.
4.1.2 Biocompatibility

Biocompatibility is generally defined as the
ability of a foreign material to be accepted in the
human body environment without causing any
undesirable effects such as inflammatory or allergic
reactions. The degree of biocompatibility of a
material is directly related to the cytotoxicity,
possibility of toxic-ions release, and corrosion
behaviour of the material when evaluating
biocompatibility [109]. The assessment of
biocompatibility encompasses a wide range of
topics, including cytotoxicity (evaluation of
biomaterials for being toxic and killing cells),
hemocompatibility (evaluation of the materials for
the possibility of causing adverse effects on red
blood cells and the blood circulation system),
carcinogenicity (investigation to determine whether
the materials would be a source of inducing
cells), genotoxicity, irritation, and
inflammation [20,110]. Figure 8 summarises four
types of body responses to foreign material
implantation. According to the figure, Ti is widely
recognized as a nearly inert biomaterial owing to its
superior corrosion resistance due to the spontaneous
formation of a passive oxide layer on its native
surface. Due to the absence or very long time
required to form the bonding between adjacent bone
and implant, the healing time for a patient will be
very long due to nearly inert property of Ti. This
bonding is known as osseointegration, and it is

cancerous
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Table 6 Ti-based alloy with addition of various f-stabilizers

Alloy composition/wt.% Processing Alloy type Elastic modulus/GPa Ref.
Ti—5Nb Casting+AT a+p 127 [91]
Ti—10Nb Casting+AT a+p 149 [91]
Ti—15Nb Casting+AT a+p 114 [91]
Ti—20Nb Casting+AT at+p 127 [91]
Ti—20Nb Casting+annealing+HF+AT a" 110 [92]
Ti—28Nb As-cast a'tp 81 [93]
Ti—33Nb PM s 107 [94]
Ti—30Nb Casting+ST+CR B 45-67 [95]
Ti—40Nb Casting+annealing+HF+AT b 76—88 [92]
Ti—40Nb PM S 76 [94]
Ti—40Nb Casting+ST+CR B 45-67 [95]
Ti—40Nb PM B 65.10 [96]
Ti—45Nb Casting+HR+ST s 64.3 [97]
Ti—56Nb PM s 59 [94]
Ti—50Ta Casting+CR+ST+AT a 77-88 [98]
Ti—10Mo (porous) Selective laser sintering o+p 10-20 [99]
Ti—xMo (x=15-18) CastingtHR+ST+CR St 73-84 [100]
Ti—xCr (x=10—14) CastingtHR+ST+CR S-Ti 6882 [101]
Ti—Fe—xNb (x=0—11) As-cast 100% f-Ti (11 wt.% Nb) 84-129 [102]
Ti—8Fe—8Ta Casting+CR+ST+AT B N/A [103]
(x=£i—_1on, ‘}_:ygf‘l 0 As-cast a"+ 92.56-107.33  [104]
Ti;flzggl)wo As-cast B-Ti (Mo>7.5 wt.%) (bge;?fg) [105]
Ti—25Nb—(1-5)Sn—(2—4)Cr As-cast S-Ti 6678 [106]
Ti—Nb—Zr—Mo As-cast S-Ti 6873 [107]
Ti—35Nb—4Sn—6Mo—xZr (x=0—15) Casting+HF+ST S-Ti 68-92 [108]

ST: Solution treatment; HR/CR: Hot/cold rolling; HF: Hot forging; AT: Aging treatment; PM: Powder metallurgy

extremely helpful in initiating the healing process.
Aside from the goal of lowering the modulus,
osseointegration a key
biocompatibility.

Figure 9 depicts the alloying elements that
have been identified as no longer biocompatible for
use in implant materials. From Table 6, the most
common alloying elements added to Ti are Nb, Ta,
Mo, and Zr, which have lower toxicity and
better biocompatibility than V and Al, which have
long been used as alloying elements in the
formulation of Ti—6Al-4V. Ti—6Al-4V has been
identified as no longer representing biocompatible
characteristics after a long period of routine use as
implant material, due to harmful ions released by

issue 1S indicator of

aluminium and vanadium that caused numerous
health issues [3]. According to this point of view,
the most important step before synthesis of a
titanium alloy is the selection of alloying elements.
The alloying elements classified as beta-stabilizers
have been demonstrated to be biocompatible for
incorporation into Ti systems with the primary
purpose of lowering the elastic modulus while
posing no toxicity effect to human physiological
systems upon implantation.

4.2 Surface oxide properties
4.2.1 Bioactivity

Bioactivity is an important property that
should be inherited by implant materials, and it
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Fig. 8 Four responses of bone-to-implant materials
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Fig. 9 Alloying elements harmful to be used in formulation of Ti based alloys

refers to a material’s ability to induce specific
biological activity and invigorate a response
between the bone and the implant material [111].
However, in the case of a titanium-based implant, it
is widely acknowledged that titanium is nearly inert,
even in body environments, due to the passive
oxide layer formed on its surface, which also acts as
a barrier to corrosion attack. Many efforts have
been focused on surface modification methods in
order to produce this bioactive surface on Ti-based
alloys.
4.2.2 Surface oxide topography and phase structure
A specific surface oxide layer for Ti alloy is
beneficial to aiding in the process of new bone

growth. One of the most important factors to
consider is the phase structure. The surface
modification used should result in the formation of
a nano-scale surface oxide (TiO,) layer. This is due
to the fact that bone cells prefer implants with a
nano-phase surface. Human bone is built up by
inorganic calcium phosphate mineral such as
calcium dihydrogen phosphate (Ca(H,POy),),
calcium hydrogen phosphate (CaHPQ,) and organic
protein, as well as collagen, in nanostructured
form [112]. This finding is consistent with several
studies, demonstrating that a nano-scale regime on
the metal surface creates spaces for protein
absorption, thereby improving the interaction
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between bone and implant [113,114]. As a result, it
can be concluded that human bone cells adhered
better to nano-phase regime metals than to other
phases (for example: micro-phase).

Furthermore, the topography of Ti alloys with
nanotubular surfaces can improve bone bonding
strength, osteoblast proliferation, and ions
adsorption, as well as adhesion, resulting in better
performance in in-vivo studies [115]. This is due to
its lateral spacing feature. The lateral spacing may
increase the surface-contact area of the human bone
cell, improving bone cell adhesion even further.
Using this theory, numerous case studies have
been reported to demonstrate the outstanding
performance of the nanotubular structures
established on the Ti-based alloys for the implant
applications [112—114,116].

When it comes to the crystal structure of the
surface oxide, annealed surface oxide nanotubes (on
Ti alloy) with crystalline structure are preferred
over TiO, nanotubes with the amorphous structure.
Several case studies have clearly shown that the
annealed surface oxide nanotubes (on Ti alloy) with
crystalline structure promotes better apatite-growth
in the human bone than those with the amorphous
structure [117,118]. However, the as-grown TiO,

nanotubes (without secondary surface treatment)
mostly have amorphous structure [119]. Therefore,
the annealing treatment is required to modify the
crystal structure of the TiO, nanotubes on the
surface of Ti alloy.

Several case studies on pure Ti surface oxide
nanotubes (TNTs) as biomedical implants can be
used to determine the appropriate annealing
temperature for obtaining good bioactivity phases.
The studies reported that annealing the TiO,
nanotubes at 550 °C transforms the phase to
become a mixture of anatase and rutile phase,
which promotes better apatite formation than
annealing the nanotubes at 450 °C with primarily
anatase phase [117,120]. Furthermore, when the
annealing temperature exceeds 600 °C, the
nanotubular structure on Ti alloy becomes distorted
and collapses [117,119]. Figure 10 depicts the
changes in TiO, nanotube structure as the annealing
temperatures were varied from 450 to 750 °C.
Based on the micrographs, it can be concluded that
nanotubes annealed at 450 °C are nearly identical to
as-grown TiO, nanotubes. However, increasing the
annealing temperatures to 600 and 750 °C revealed
that the well-ordered arrangement of the nanotubes
began to degrade, resulting in the dense rutile

Fig. 10 FESEM micrographs of TiO, nanotubes: (a) As-grown nanotubes; (b) As-annealed nanotubes at 450 °C;
(c) As-annealed nanotubes at 600 °C; (d) As-annealed nanotubes at 750 °C (Reprinted with permission from Ref. [117].

Copyright 2011, John Wiley and Sons)
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phase [117]. Based on this observation, it is
reasonable to conclude that, in order to achieve the
best bioactivity of TiO, nanotubes grown on
Ti-based implants, a mixture of anatase and
rutile phase is recommended, with annealing
temperatures ranging from 400 to 550 °C used to
avoid structure rupture.

4.2.3 Surface roughness

In general, as the roughness of a surface oxide
layer increases, so does the osseointegration of the
orthopaedic implant. Despite the fact that there is
no standard for the specific surface roughness that
must be established on the surface of an implant, a
scientific finding claims that moderately rough
surfaces improve osteoblast proliferation and
collagen synthesis [121]. The surface roughness is
estimated to be around 68 nm because the most
commonly used implant, Ti—6Al—4V with surface
oxide nanotubes, has an average surface roughness
of (R,=(68+7) nm) [122]. The nanotubular structure
is an excellent choice for improving surface
roughness as an implant. The inter-tubular spacing
(or pore diameter) within the
nanotubes of Ti alloy is the most important factor
affecting surface roughness [123].

According to Table 7, increasing the annealing
temperature from 450 to 600 °C increased the
diameter of Ti—7.5Mo surface oxide.
roughness was significantly reduced when diameter
values of 60 and 80 nm were assumed to be
equivalent to inter-tubular spacing (by ignoring tube
wall thickness). Finally, higher surface roughness
produced more apatite than
roughness.

In summary, a moderate surface roughness
(approximately 68 nm) of surface oxide on Ti alloy
improves apatite formation in human bone. The
inter-tubular spacing decreases as the surface
roughness increases, while it increases as the
annealing temperature increases, while annealing
temperature increases the inter-tubular spacing.

surface oxide

Surface

surface

lower

Table 7 Surface roughness and diameter for anodized
Ti—7.5Mo alloy at different annealing temperatures

Annealing Diameter Surface

Voltage/ Time/ temperature/ of surface roughness Ref.

v h °C oxide/nm (R,)/nm
20 24 450 60 85  [123]
20 24 600 80 73 [123]

4.2 .4 Surface wettability

Surface wettability is a property that defines
the absorption on the surface of a material.
Wettability of a specific surface is always described
in two ways, i.e., hydrophilic that describes the
surface’s attraction to water, and hydrophobic that
describes the surface’s repellence to water. Higher
absorbance for the Ti alloy surface oxide is required
for protein absorption, which will improve new
bone cell growth. Thus, hydrophilic properties
with a low water-contact angle (<62°) are
preferred [124]. The contact angle of medium
droplets resting on the surface is a simple way to
express the wetting characteristics of a surface. As
well as the hydrophilic nature of the nanotube,
INDIRA et al [119] observed super wettability in
water contact-angle measurements. The hydrophilic
nature can be attributed to the capillary effect of the
nanotubes. Due to the capillary effect, the water
droplet can be rapidly absorbed into the pores of the
tubes, which caused the contact angle to be reduced.
Wettability improved, such as low contact angle,
leads to higher surface energy, which is one of the
key factors in achieving better cell adhesion
process.

It has been demonstrated that the larger the
diameter of the tubes, the greater the absorbance of
the liquid [125]. The increased water wetting angles
with pore diameters will have a significant impact
on cell adhesion to the nanotube-containing surface.
Cells prefer to attach to hydrophilic surfaces over
hydrophobic surfaces [119]. This is due to the
hydrophilic surface’s ability to form a reaction with
water molecules, whereas the hydrophobic surface
repels water molecules. As a result, when the liquid
penetrated the surface oxide nanotubes, the tube
diameter increased, resulting in an increase in
hydrophilic surface. It can be correlated to the
applied voltage as the tube diameter increases with
anodic voltage [126]. Therefore, as anodic voltage
increases, the water contact angle or hydrophilic
properties decrease.

4.2.5 Adhesion strength of surface oxide layer

It is well known that porous surface oxide
layers, or in this case, TiO, nanotubes, are quite
fragile in their as-anodized state. After anodization,
the film grown on the titanium substrate can
spontaneously peel off [127]. This is due to the
anodic film’s poor adhesion to the substrate, which
is caused by the volume difference between the
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oxide and the metal substrate, as well as the
presence of anions within the oxide layer. Table 8
shows some quantitative measurements of the
adhesion strength of TiO, nanotubes grown on a
Ti-based alloy as a substrate using an anodizing
process.

It appears that a post-treatment with organic
solvents with lower polarity could improve the
adhesion of the nanotubes layer [127]. Immersion
of freshly fabricated TiO, nanotubes in organic
solvents with lower polarity, such as petroleum
ether, cyclohexane, acetone, and toluene, was found
to be very beneficial in strengthening the nanotubes’
adhesion to the substrate. However, post-treatment
of the nanotubes after they have been freshly
anodized with high polarity organic solvents such
as methyl alcohol, isopropyl alcohol, and n-butyl
alcohol may result in undesirable detachment of the
nanotubes from the substrate. This phenomenon is
linked to the accumulation of H' ions at the
nanotubes’ ends (inner side). As the anodizing
process was concluded, hydrogen ions trapped
inside the tubular structure induced the formation
of bubbles at the interface between nanotube layer
and substrate, resulting in the instability of the
nanotubes layer, which could be easily peeled
off [127]. Furthermore, CRAWFORD et al [132]
reported that detachment of the nanotubes layer is
easy if the layer is quite thin, i.e. 230—-250 nm.
However, a thicker nanotube layer (greater than

600 nm) has been reported to sufficiently strengthen
the nanotubes’ adhesion to the substrate. This
mechanism is thought to be related to the slowing
of stress buildup in the porous layer as thickness is
increased.
4.2.6 Biocompatibility and cytotoxicity of surface
oxide layer

Cytotoxicity test is a common evaluation that
is often an important indicator of biocompatibility.
In cytotoxicity test, selected cell lines are cultivated
in contact with the implant materials, and after a
significant period of time, the proliferation
(estrogenicity) and death (toxicity) rates of the
cultured cells are counted [133]. Several studies
have been conducted to date to determine the
cytotoxicity effects of surface oxide layer (in
specific: titanium oxide nanotubes). Table 9
summarises  the  findings  regarding  the
biocompatibility and cytocompatibility effects of
TiO, nanotubes grown by anodization on various Ti
alloys. In general, most research studies concluded
that TiO, nanotubular structures have excellent
cytocompatibility; however, there are some
contrasting findings reporting on cytotoxicity,
whereby cell attachment procedure results in
undesirable cell death. MICHALKOVA et al [139]
reported that anodic TiO, nanotubes grown on cp-Ti
have cytotoxic effects on healthy human embryonic
kidney cells (HEK-293) and triple-negative
metastatic breast cancer cells (MDA-MB-231).

Table 8 Comparison of adhesive measurement of TiO, nanotubes grown through anodizing process

Substrate Anodizi : Maximum Ti Adhesive Ref
material nodizing parameter load/mN P failure-force/mN et
Voltage: 25 V; time: 20 min; Berkovich
cp-Ti electrolyte: 0.5 wt.% sodium fluoride + 20 diamond G <10 [128]
2.7 wt.% sodium sulfate p
Voltage: 25 V; time: 20 min; Berkovich
Ti—6Al-4V electrolyte: 0.5 wt.% sodium fluoride + 20 diamond ti <10 [128]
2.7 wt.% sodium sulfate p
electrol tzoétaSg\?v:t ?/0 Zn;ntlfcl)llfi:ulrnhiluoride + Berkovich tips 37526
Ti—6Al-4V yte: 1.0 Wi 30000 (0.05 um- (as-anodized); [129]
1 vol% deionized water + ethylene glycol; .
. o radius) 378.45 (annealed)
annealing at 500 °C
Voltage: 60 V; time: 1 h; Diamond 862 (as-anodized);
Ti—6Al-4V electrolyte: 90 vol.% NH,4F + N/A indenter 1814 [130]

10 vol.% ethane-1,2-diol + water

(25 um-radius) (as-annealed at 500 °C)

Voltage: 60 V; time: 1 h;

Ti=25Nb=25Ta 5 wt.% deionized water +

ethylene glycol C,H4(OH),

electrolyte: 0.5 wt.% ammonium fluoride +

Spherical

500 (5 pm-radius)

>500 [131]
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Table 9 Summary of biocompatibility and cytotoxicity effects of TiO, nanotubes grown by anodization technique on

various Ti-based alloys

Type of
Substrate Anodization cyto'tox1c1‘ty/ Cells type Observation Ref.
parameter proliferation
assessment
Potential: 10, 15, 20 V; Cviotoxicit
. time: 1 and 2 h; yrotoxicity Nanotubes grown on the substrate do not
cp-Ti assessment via HeLa cells .. [134]
electrolyte: 50 mL MTT assay show any noteworthy cytotoxicity
HQSO4+50 mL HF
Potential: 10 and 15 V;
time: 1 h; Low concentrations of TiO, nanotubes pose
electrolyte: toxicity effects to the cells, whereas at
(1) 0.5 vol.% HF + Cytotoxicity =~ Human dermal  higher concentrations the cell viability
cp-Ti deionized water assessment  adult fibroblasts remained on par with controls; [135]
(2) EG+0.7 vol.% via LDH assay (HDAF) cells observation with the LDH assay shows that
ammonium fluoride the plasma membrane integrity is retained,
(NH4F)+50 vol.% showing that there is cytotoxicity effect
deionized water
Potential: 20 V; Cytotoxicity
time: 24 h; assessment Adipose
Ti—7.5Mo electrolyte: via LDH; derived stem No cytotoxic effects [136]
water+glycerol+ time: 24 hof  cells (ADSCs)
0.25 wt.% NH,F culture
Potential: 30, 60 V; Nanotubes grown at the potential of
time: 30 min; Human 30 V (d=~40 nm) promotes better cell
Ti—25Nb  electrolyte: 5SmL  Cell viability and mesenchymal adhesion as compared to that [137]
Ti—50Nb  deionized water + proliferation stem cells of grown at 60 V (d =~100 nm);
54 mL ethylene (HMSCs) cells proliferate better on nanotubes grown
glycol+0.4 wt.% NH,F on Ti—25Nb as compared to Ti—50Nb
Potential: 20 V; .. MC3T3-El cell The presence of TiO, nanotubes on
. time: 1 h; Cytotox101t}f lines (mouse Ti—35Nb substrate improves
Ti—35Nb assessment via e . [138]
electrolyte: MTT assay pre-osteoblast pre-osteoblast viability and considers
0.3 vol.% HF cells) to be cyto-compatible to the cells
This  discrepancy in  findings  between demonstrating the success of growth and

cyto-compatible and cytotoxic poses by TiO,
nanotubes is a major concern that has yet to be
investigated. Many factors influencing compatibility,
including dose (concentration and exposure time),
surface chemistry, the presence of impurities and
intentional or unintentional doping, the surface
morphology of nanotubes (grassy surface or flat
opening), and the type of cells tested [139].

TiO, nanotubes grown on Ti-based alloys that
have been tested to be cyto-compatible may have a
high potential for use in orthopaedic implants,
whereas TiO, nanotubes that have been found to be
cyto-toxic may have a chance of being used as
cancer nanomedicines. Whether it is cytotoxic or
cyto-compatible, Fig. 11 depicts excellent adhesion
of cells proliferated on the Ti—Nb alloy substrate,

proliferation. Based on this figure, TiO, nanotubes
are generally considered cyto-compatible because
the cells remain viable on the surface; however, the
counts vary depending on the amount of Nb added
and the diameter of the nanotubes that aid in cell
proliferation.
4.2.7 Corrosion resistance of surface oxide layer

Ti and its alloys have long been recognised as
corrosion-resistant metals. However, once the
surface has been tailored into another phase
consisting of a TiO, surface oxide layer, it is critical
to evaluate the corrosion characteristics of the
specific surface oxide layer in body fluids. When
evaluating the corrosion characteristics of various
Ti-based alloys intended for use as implant
materials, it is important to remember that different
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Ti~5Nb (Ctrl)

L 4

Ti~5Nb (30 V)

Ti~5Nb (60 V)

Ti~50Nb (60 V)

Fig. 11 Adhesion of human mesenchymal stem cells on surface of unmodified Ti—Nb substrate and nanostructured

Ti—Nb substrates through electrochemical anodization: fluorescence images of cells on surface of samples after 24 h of

incubation (Blue color indicates DAPI-stained nuclei, and green color indicates Alexa Fluor 488-stained F-actin

(cytoskeleton) which related to their viable status. Reprinted with permission from Ref. [137]. Copyright 2020,

American Chemical Society)

alloying elements in the Ti-alloys form different
oxide phases on the surface after the surface
modification process is completed. For example,
the anodization of Ti—Nb alloys may result in the
formation of TiO, as well as Nb,O3; or Nb,Os [140].
Surface oxide layer mixtures play an important role
in improving corrosion resistance or, in another
case, preventing the release of alloying elements
from the bulk alloy into body fluids [141].

A work reported by GROTBERG et al [142]
examined the corrosion resistance of Ti—6Al-4V
alloys and compared the corrosion tendency of the
bare alloy without any surface modification with
the as-anodized samples and anodized-and-annealed
samples. The test used Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal
bovine serum as the electrolyte and was carried out
at 37 °C in order to properly assess the corrosion

characteristics of the anodized alloy in human
physiological conditions. They concluded that
anodized-and-annealed samples exhibited the
greatest corrosion resistance. Annealing of the
anodized samples at 600 °C for 3 h increased the
corrosion potential (@) and lowered the corrosion
current (Jeorr), Which is due to the presence of a
thick and more stable anatase TiO, layer as
compared to the thin spontaneous oxide layer for
the bare alloy and non-stable amorphous oxide
layer for the as-anodized oxide layer.

In another study, KONATU et al [143] looked
into the corrosion resistance of Ti—15Zr alloy after
it had been anodized and annealed. Anodization of
the respective Ti—15Zr was carried out at a constant
voltage of 20 V for 6 h in an electrolyte of glycerol
containing 50% deionized water and 2.7 g/L
ammonium fluoride, NH,F. After anodization, the
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samples were annealed at temperatures ranging
from 400 to 650°C. Under the electrolyte of
simulated body fluid (SBF) at 37 °C, the corrosion
characteristics of the samples were compared
between as-anodized and as-annealed. Similar to
the work reported in Ref. [144], it is discovered that
the presence of nanotubes on the surface of the
Ti—15Zr alloy improves corrosion resistance
significantly when compared to the bare surface. In
the case of as-annealed samples, because the
annealing was performed within the specified
temperature range, 450 °C is the best annealing
temperature for this particular alloy to fit into the
implant application, because this temperature
converts the amorphous phase of the as-anodized
samples to the state of single anatase phase, which
has the best corrosion resistance when compared to
rutile or a mixture of anatase and rutile.

Furthermore, TiO, nanotubes synthesized on
the surface of the alloy with a diameter close to
80 nm and subsequently annealed at 450 °C were
found to promote the best interaction between the
oxide layers and adult human adipose-derived stem
cells (ADSCs) [143]. This finding is consistent with
the work reported by OLIVEIRA et al [145] on the
corrosion resistance of Ti—Mo biomedical alloys
(6 wt.% and 15 wt.% of Mo). When the corrosion
tendency of anodized Ti—Mo alloys was compared
to that of bare alloy, it was discovered that TiO,
nanotubes formed on the surface of the specific
alloy at 40 V for 2 to 6 h and annealed at 550 °C
for 3h were beneficial to improving corrosion
resistance when tested in Ringer solution. The
nanostructured surface outperformed the oxide
films formed spontaneously on the bare alloy in
terms of protection.

In general, when the surface of the substrate is
nano-structured, the corrosion resistance improves
significantly. It is quite controversial, and few
studies have compared the effect of the substrate’s
phase on its corrosion characteristics. However, it
has been discovered that Ti alloys with f phases
improve corrosion resistance far more than Ti alloys
with o phases (i.e. cp-Ti). This is because Ti with
phase has a higher tendency to have other metal
oxide phases, such as ZrO,, TaO,, and NbO, [146].
The formation of a metal oxide phase during
anodization, which is stabilized during the
annealing process, has potential to improve the
corrosion resistance.

5 Development of surface oxide layer by
surface modification methods for Ti
alloys

Surface modification is required for Ti alloy
implants to promote bone healing during the first
days of implantation because their native surface is
initially inert and takes longer to establish a
bonding between the bone and the implant materials.
To date, various types of surface modification
methods have been investigated in order to provide
a specific desirable surface for Ti alloy. Every
technique utilized to modify the surface often
benefits the Ti alloy substrate in their unique
properties of surface topography (micron-scaled or
nano-scaled), porous or dense oxide layer, surface
roughness, and surface wettability, which will
determine the eminence of the alloy in term of
bioactivity and osseointegration when the samples
are attached to living cells. Since the implant is
generally regarded as foreign material at the
implantation sites, it tends to be isolated from the
rest of the bone tissues during the early days of
implantation by the formation of fibrous tissue. This
situation causes micro-movement of the implant,
migration, and unexpected implant loosening. As a
result, it is critical for implant materials to have
good osseointegration characteristics.

Another general issue associated with implant
material is the increased risk of infection due to
bacterial growth. Infections following orthopaedic
implant surgery have been reported in 5% of cases,
amounting to 100000 cases per year in the United
States alone. This issue is caused by bacterial
attachment on the surface of the implant, where the
bacterial colony forms a biofilm, infecting the
adjacent bone and surrounding tissues. This
situation not only slows the bone healing process,
but also puts the implant at risk of becoming
completely loose from the implantation sites [147].

Surface modification methods for titanium and
its alloys are commonly classified into three groups:
physical methods, mechanical methods, and
chemical methods. This review would provide
important insight into how surface modification
methods using chemical sources, such as those
listed in Fig. 12, are capable to improve the
bioactivity and biocompatibility of titanium-based
alloys for implant application.
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| Surface modification by chemical methods

I Electrochemical I Chemical treatments _>' Sol-gel
_>‘ Anodization _>] Acidic Chemical vapour
deposition (CVD)
Micro-arc %' Alkali ‘
] oxidation (MAO) Bl |
‘ —)’ Biochemical
Electrolytic 5 Hydrogen
| deposition peroxide -
. —# Biomimetic
|5 Electrophoretic _){ UV irradiation |
deposition

—)L Hydrothermal |

Fig. 12 Classification of surface modification methods of Ti-based biomaterials by chemical approach [148]

5.1 Electrochemical-based surface modification
5.1.1 Anodization of Ti and its alloys

Anodization, also known as anodic oxidation,
is the oxidation of metal in the presence of an
electric field. Ti is anodized in a two-electrode bath
with Ti as the anode and an inert material as the
cathode. Both celectrodes are immersed in an
electrolyte. Polarization causes surface oxidation
and thus the formation of an anodic film when
potential is applied to the anode [149,150]. The
anodic film formed can be flat, but it must be
porous and roughened for use in biomedical
applications. As a consequence, several parameters,
such as anodization voltage, time, temperature, and
electrolyte selection, must be considered in this
process [118,151].

There are numerous reasons why anodization
is preferred for the formation of porous oxide on
implant surfaces. Several reasons have been
mentioned, including the ease of setup and low
cost, as well as the effectiveness of the anodization
process for porous oxide formation. Anodization of
pure titanium is a common process for producing
TiO,, particularly in energy and catalysis
applications. Through a literature search in Science
Direct [152], there are 18329 scientific articles
published between 2012 and 2022 reporting on
anodization processes on a wide range of Ti and Ti
alloys for various applications. Year after year, the
number Among these, there is a
substantial body of work describing the formation
of nanotubular TiO,. One of the reasons for

increases.

anodization is preferred over other chemical
treatment methods such as micro-arc oxidation,
electrophoretic deposition, sol-gel, and chemical
vapour deposition is the ease with which
nanotubular structures can be formed. Often, these
techniques are limited to producing compact or
micro-scaled structures.

The mechanism of TiO, nanotubular growth on
pure Ti is well established and has been reviewed in
detail by numerous authors, including REGONINI
et al [114]. Fluoride ions must be incorporated
into the anodizing electrolyte in order to form
TiO, nanotubes with self-aligned and ordered
architecture. The formation of fluoride electrolyte is
generally described as occurring in three stages.
The anodization process begins with the oxidation
of Ti (Reaction (1)).

Ti—Ti*"+4e (1)

Reaction (1) will be followed by solvatization
of Ti*" or reaction with oxidants such as OH™ or O*
in the electrolyte to form a compact TiO, in
accordance with a typical reaction shown in
Reaction (2):

Ti*+40H —Ti0,+2H,0 )

There is a competition between solvatization
and oxide formation, which can result in the
formation of porous oxide. The oxide layer can be
severely dissolved by a chemical dissolution
process (Reaction (3)) in the presence of fluoride
ions, enlarging pores [153,154]. Pores would then
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expand inwards, resulting in elongated pores. The
growth front of the pores is located within the pore
at the metal—oxide interface.

TiO,+6F +4H —[TiFs]* +2H,0 (3)

Anodization is a process that depends on the
applied voltage and the movement of the ions
across the growing oxide is dependent on the
strength of the field developed across the anodic
film. The rate of movement depends on the size of
the ions, and since F has much smaller ionic radius
than O®", it migrates faster than O® through the
oxide layer. This resulted in a formation of a
so-called fluoride-rich layer that accumulated at the
titanium—oxide interface. Extensive research has
been conducted on this process, as indicated in
Fig. 13 by BERGER et al [155].

The plastic-flow of the oxide would cause the
displacement of the fluoride-rich layer into cell
boundaries as the pores grow. This is due to the
volume difference between the oxide and the metal
substrate, as well as the difference in lattice
parameters. The TiO, can be pushed upwards in
the plastic-flow mechanism to reduce stress at
the titanium—TiO, interface, resulting in a region

between two pores rich in the water-soluble fluoride

compound. This compound dissolves in water,
separating one pore from another, resulting in
nanotubular oxide.

In essence, the anodization process for oxide
formation in an alloy is the same as the anodization
process for pure Ti. However, it is critical to pay
close attention to the alloying element, such as the
type of alloying element, distribution, and oxidation
rate of the Ti alloy. From the standpoint of
morphology, there have been several publications
on the formation of oxide nanotubes on Ti alloys,
often with success in nanotube formation when the
composition is rich in Ti [143,156]. Alloy oxidation
can result in the formation of mixed oxide. For
example, oxidation of Ti—Zr alloy or Ti—Nb alloy
can yield both TiO,—ZrO, and TiO,—Nb,Os phases
within a single nanotube. It is, however, also
affected by the nature of the alloy substrate and the
distribution of phases within the alloy. The oxide
grown on each phase of a Ti-alloy such as Ti—Nb,
which is composed of a and f phases, can have
different morphologies and properties.

It is also worth mentioning that the presence
of metal oxides such as ZrO, and Nb,Os along with
TiO, nanotubes showed better corrosion resistance
in the Ti alloy with f-phase, as compared to that of

. Top view
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Fig. 13 Mechanism of fluoride-rich layer formation and transition from pores to tubes by dissolution of fluoride-rich
layer at cell boundaries (Reprinted with permission from Ref. [155]. Copyright 2011, Elsevier)



24 Mohamad Rodzi SITI NUR HAZWANI, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1-44

corrosion resistance of pure Ti (a-phase) or
Ti6Al4V (a-phase) alloy. The resultant oxides from
the alloying elements containing f-stabilizers such
as ZrO,, NbyOs and Ta,Os strengthen the TiO,
nanotube layer with the noticeable improvement
in the corrosion resistance, along with the
biocompatibility of the alloys, since Zr, Nb and Ta
are long known to be non-toxic and non-allergic
elements [141,146,157]. In terms of the specific
application to be used as an implant material, the
bioactivity of other metal oxides requires further
and deeper investigation because it has not been
widely reported in the literature to date. For
example, scientific findings reporting on the
bioactivity of Nb,Os as a broadly used-stabilizer in
Ti alloys once it forms oxides during the
anodization process are very rare. To highlight the
aforementioned issue, this review uses fS-type Ti
alloy with Nb as an alloying element as an example.
5.1.1.1 Anodization parameters of Ti-based alloys

As previously stated, the success of nanotube
formation by anodization in the case of pure Ti is
dependent on anodization parameters, so have the
resulting dimensions of the nanotubes, specifically
their length and diameter. These dimensions can be
tuned by adjusting anodization parameters such
as applied voltage, anodization time, electrolyte
composition, electrolyte pH, stirring, working
distance, and anodization temperature. Indeed, a
simple relationship can be derived from nanotubes
grown on pure Ti, and the resulting nanotubes are
often self-arranged with uniform Ilength and
diameter. Larger diameter nanotubes can be created
simply by increasing the voltage, whereas longer
length nanotubes can be created by increasing the
anodization time. The morphology of an anodic
film on an alloy, on the other hand, is far more
complex. As previously stated, the success of
nanotube formation on an alloy is determined by
the alloy’s composition, phases, phase distribution,
grain size, and the nature of the grain boundaries.
Nanotubes formed on Ti alloys are commonly not
as uniform as pure Ti, with diameter and length
variations depending on the properties of the alloys
from underneath. Among the various alloys being
investigated, anodization of Ti—Nb is particularly
intriguing, as shown in Table 10. Several important
anodization parameters are shown here, as well as
the dimensions of the TiO, and bioactivity
properties of the anodized alloy.

5.1.1.2 Effect of anodization potential

The anodization potential determines the
electric field strength across the oxide, which
influences ion migration and, eventually, nanotube
diameters. The applied voltage has a direct effect on
pore diameter and anodic film thickness (nanotubes
length). The higher the applied voltage is, the larger
the nanotube diameter is and the longer the
nanotubes are. Figure 14 depicts an observation on
the effect of anodization voltage on pure Ti
nanotube  diameter, = which  supports the
aforementioned trend.

Smaller nanotube diameters are preferred for
implant applications due to improved bone-to-cell
adhesion. Clearly, BRAMMER et al [125] and TAN
et al [112] reported a case study of apatite-growth in
anodized cp-Ti with different nanotube diameters of
30, 50, 70, and 100 nm, with the smallest diameter,
30 nm, exhibiting the highest degree of cell
adhesion. Another finding is that cell adhesion,
alkaline phosphatase (ALP) activity, and initial
bone mineralization on anodized Ti are increased
with nanotube diameters ranging from 20 to 70 nm.
However, as the diameter of the TiO, nanotubes
increased beyond 70 nm, cell adhesion decreased
until it reached the lowest point at 120 nm [163].

There is a minimum voltage at which
nanotubes can be fabricated by anodization. This
minimum voltage is affected by the electrolyte used.
The minimum voltage in a buffered or aqueous
fluoride electrolyte is often 10 V. There is also a
maximum voltage above which the nanotubular
structure degrades. The maximum voltage in a
buffered or aqueous electrolyte is around 30 V.
However, in organic electrolytes, the maximum
voltage can reach 120V, depending on the exact
nature of the electrolyte used. As a result, larger
diameter nanotubes can be produced in organic
electrolytes. For the formation of 80—100 nm
diameter nanotubes in organic electrolytes, the
applied voltage is typically in the range of 50 to
60 V. For nanotubes with smaller diameters, a
voltage of 20—40 V can be used.

CHERNOZEM et al [137] investigated the
effect of niobium content in Ti alloys and voltage
variation on the morphology of anodic oxide
formed (Table 10). An alloy containing 5 wt.% Nb
can produce nanotubes with a diameter of 56 nm
under constant voltage of 30 V and anodization
time of 30 min. Increasing the Nb to 25 wt.% and



Mohamad Rodzi SITI NUR HAZWANI, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1-44 25
Table 10 Important parameters of anodization on Ti—Nb-based binary alloys
Parameter of anodization Significant findings
Composition/ ;
€% Apphe':d Post- Phase of TiO, nanotube Bioactivity Ref.
Wi. 70 Electrolyte potential . . .
. treatment oxide layer characteristic evaluation
and time
Nanotubes grown
Ti0O, nanotubes are at 30 V with
04 wi% Potential: . vertically ghgned on ' diameter of
NILF+  30.60 V- Annealing Anatase + surface of Ti—Nb alloys; 56 nm showed
Ti—5Nb 4 ., > at 500 °Cin . diameter=56 nm (30 V);  the best human  [133]
54 mL EG+ time . o'-Ti .
SmLDI 30min AT for3 h diameter=80 nm (60 V); mesenchymal
length=0.75 pm (30 V);  stem cells (hMSC)
length=3 um (60 V) after adhesion
for 24 h
o-phase:
self-organized TiO,
1.0 mol/L Potential: nanotubes with
. Na,SO,4+ 20V, random diameters;
TElONb 1t % time: NA Anatase length=0.59 um N/A [158]
HF 40 min ﬂ_phase:
lamellar structure;
length=1.36 pm
o-phase:
self-organized TiO,
1.0 mol/L Potential: Annealing nanotubes with
. H;PO,+ 20V, at 230,430,  Anatase + random diameters;
TEIONb g wi% time:  and530°C  Nb,Os length=0.82 um NiA [140]
NH,F 40 min for3 h B-phase: lamellar
structure;
length=1.53 um
Highly self-organized
1.0 mol/L Potential: TiO, nanotubes;
. H;PO, + 10V; diameter ranging from
TElOND ' W% time: N/A N/A 55 nm (small tubes) to N/A [159]
NaF 2h 220 nm (large tubes);
length=730 nm
TiO, annealed
Annealing at  at300and  Highly self-organized
1.0 mol/L. Potential: 300, 450, 450 °C: TiO, nanotubes diameter
. H;PO, + 10 V; and 600 °C anatase; ranging from 55 nm
Ti~20Nb 0.8 wt.%  time: (annealing TiO, annealed (small tubes) to 220 nm N/A [159]
NaF 2h  timewasnot at 600 °C: (large tubes);
specified) anatase + length=940 nm
rutile
TiO, anodized Tle nanotgbes are The hlghest
at 30 V- vertically aligned on proliferation of
0.4 wt.% . . " surface of Ti—Nb alloys; human mesenchymal
Potential: Annealing anatase + .
NH,4F + 30,60 V:  at500°C  a-Ti+ B-Ti: diameter=50 nm stem cells (hMSC)
Ti—25Nb 54 mL . ’ o . L2 (OV); on nanotubes  [137]
time: in air Ti0O, anodized . .
EG + 30 min for 3 h at 60 V- diameter=100 nm grown at 30 V with
5SmL DI anatase + (60 V); inner diameter of
o"-Ti length=1.5 um (30 V);  ~50 nm after10 d of
length=10 pm (60 V) incubation
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(to be continued)

Parameter of anodization Significant findings
Composition/ ;
£% Apphed Post- Phase of TiO, nanotubes Bioactivity Ref.
WL.7 Electrolyte potential and . . .
time treatment oxide layer characteristics evaluation
Highly self-organized
1.0 mol/L  Potential: Ti0, nanotubes diameter
. H;PO,4 + 10V; ranging from 55 nm
Ti~30Nb 0.8 wt.% time: N/A N/A (small tubes) to 220 nm N/A [159]
NaF 2h (large tubes);
length=1.5 um
Highly self-organized
1.0 mol/L  Potential: Ti0, nanotubes diameter
- H;PO,4 + 10V; ranging from 55 nm
Ti~40Nb 0.8 wt.% time: N/A N/A (small tubes) to 220 nm N/A [159]
NaF 2h (large tubes);
length =2 pm
0.05 mol/L Anatase + Nanotubes are randomly
NaClO, + . . . . oriented but individual
Potential: Annealing rutile + mixed
005molL gy, 2t700°C  Ti-Nb-oxides ~ morphology and
Ti—45Nb NaCl in . . . nanotube diameter is N/A [160]
time: in air (TiNb,O; .
50:50 vol.% . . much more uniform;
2 min for3h Ti,NbcOs9; .
of 3Nb,05/TiO,) diameter=20—100 nm;
H,0:C,H;OH T length=50 pm
Nanotubes with bimodal
morphology;
larger diameter=
86—336 nm;
1.0 mol/LL  Potential: . Sr_naller )
(NH,),80, +  10-60 V: diameter=57-185 nm;
Ti—45Nb 2o A N/A N/A length=200 nm—5.2 pum; N/A [161]
0.25 mol/L time:
NELF 10-480 min below 15 V and
4 above 55V,
large and small tubes still
exist but no more well
self-organized (randomly
distributed)
Human
mesenchymal
stem cells
(hMSC) did not
adhere and
proliferated
TiO, anodized TiO, nanotubes are very well on
0.4wt%  Potential: Anncaling at30V: vertically ghgned on . nanotubes grown
NHLF+ 30.60 V- at 500 °C anatase + surface of Ti—Nb alloys; at 30 and 60 V
Ti—50Nb 4 ’, ’ S rutile + f-Ti;  diameter=54 nm (30 V);  due to larger [137]
54 mL EG+ time: in air . . . .
. TiO, anodized diameter=108 nm (60 V); diameter of NTs
5 mL DI 30 min for3 h

at60 V: length=1.3 um (30 V); (more than
anatase + f-Ti  length=15 pm (60 V) 50 nm) as well
as effect of high
content of Nb
(50 wt.% Nb).
Both factors lead
to cell
detachment
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Fig. 14 Effect of anodization voltage on nanotubes

diameter of commercially pure Ti (cp-Ti) (Reprinted

with permission from Ref. [162], Copyright 2014,

Elsevier)

50 wt.% increases the diameter to 50 and 54 nm,
respectively. Increasing the anodization potential to
60V resulted in larger diameter nanotubes of
~108 nm on Ti with 50 wt.% Nb addition. As a
result, it is clear that the content of the alloying
element and the voltage are important parameters in
determining the size of the nanotubes formed. The
length of nanotubes is also related to the voltage
applied and the content of Nb added.

When tested on the human mesenchymal stem
cells (hMSC), nanotubes with a diameter of 50 nm
appear to have the best adhesion and proliferation
[137]. Cells cannot bind properly when the
nanotubes are larger in diameter [164]. Furthermore,
the cell is affected by the amount of Nb in the alloy.

Cell adhesion and proliferation were found to be the
lowest when the addition of Nb is >50 wt.%. To
achieve a nanotube diameter of ~50nm,
anodization must be performed in a lower voltage
range.

JANG et al [159] have reported the effect of
Nb addition in Ti—Nb alloys system on the length of
nanotubes formed. Anodization of 10 wt.% Nb
addition in Ti—Nb alloys system is said to result in
nanotubes with length of 730 nm. As the Nb content
was increased up to 40 wt.%, the nanotubes were
2 um in length (10 V for 2 h). The TiO, nanotubes
were highly self-organized with the diameter
ranging from 55 to 220 nm.
5.1.1.3 Effect of anodization time

Another important factor in controlling the
morphology of nanotubes is the anodization time.
The anodization time, in particular, is directly
related to the length of the nanotubes growth as
well as adequate surface etching for clear opening
of the nanotubes. Oxide formation occurred within
a few seconds of polarisation in an early
anodization process [165]. Since the oxide is thin, it
can be easily etched in the presence of fluoride ions
or by electric field dissolution, resulting in small
pits. The evidence in Fig. 15 shows that as the
anodization time increased, the nanotubes became
more well-defined. At shorter anodization time, the
surface oxide is composed of small pits and a
random porous structure. An hour of oxidation is
regularly sufficient for good surface opening of
nanotubes [166]. However, this effect is limited
because, after a prolonged anodization time, the

s | .
B oA PR LS p i | Vi Ra

S - A et ) - {
Fig. 15 FESEM micrographs of Ti—6Al—7Nb alloys anodized at various time: (a) 12 s; (b) 5 min; (¢) 10 min; (d) 15 min;
(e) 30 min; (f) 60 min (Reprinted with permission from Ref. [166]. Copyright 2020, Elsevier)
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nanotubes are chemically etched, resulting in the
formation of thinned surface oxide [115].

In Table 10, FENG et al [161] investigated the
effect of anodization time (10, 20, 60, and 480 min)
on the formation of TiO, nanotubes on Ti—45Nb
alloys at 40 V. After 60 min of anodization, the
average diameters of both large and small diameter
nanotubes will become more consistent. Another
finding from Table 10 is that TiO, nanotube
formation is nearly complete after 1 to 2h of
anodization, depending on the type of electrolytes
used. Less viscous electrolytes typically contribute
to a shorter anodization time, whereas higher
viscosity electrolytes generally require a longer
time to form satisfactorily grown TiO, nanotubes.
5.1.1.4 Effect of types of electrolytes

Anodization in fluoride electrolyte is often
used for the successful formation of TiO, nanotubes,
with the amount of fluoride added ranging from 0.2
to 0.7 wt.% [167,168]. Fluoride sources include KF,
NH,F, and NaF. A so-called first generation
electrolyte used acidic solution, resulting in short
nanotubes due to excessive surface etching [114].
This is followed by a second generation electrolyte
based on a buffered electrolyte such as Na,SO,,
with longer nanotube formation but serration on the
nanotube walls. In recent years, anodization has
been performed in organic electrolyte, allowing
nanotubes third-generation
electrolyte to be longer with smoother walls.
Glycerol and ethylene glycol are examples of
electrolytes. However, an adequate oxidant is
required, frequently added to
electrolytes [119]. As previously stated, voltage
effect is also dependent on anodization electrolyte,
with organic electrolyte producing nanotubes with
diameters reaching 200 nm under high applied
voltage (~80—100 V), whereas buffered electrolyte
produces nanotubes with a diameter around 80 nm
under high applied voltage (~30V). The main
distinction between the three generations of
electrolytes is the polarity and viscosity of the
liquid. The latter had a significant impact on ion
mobility and, as a result, the oxide growth
mechanism. Growth in organic electrolytes is more
balanced, resulting in nanotubes with constant
length, relatively smooth walls, and good surface
etching [115,119].

There is also a concern on the use of fluoride

formed in this

sO water is

electrolyte for nanotubes formation. KULKARNI et
al [115] reported that self-organized TiO, nanotubes
morphology is commonly observed when the
anodization is performed in
electrolytes, but non-fluorine-based electrolytes
such as (NaClO4+NaCl+H,0+C,HsOH) [160],
(NaCl+H,O+glycerol) [169], (KBr+H,O+glycerol)
[170], and (HC1O4+NaClO,4) [170] also can be used.
When other non-fluoride electrolytes are used,
however, uniformity in TiO, nanotube size and
thickness remains a major challenge.
5.1.1.5 Effect of electrolyte pH

The pH of the electrolyte is also an important
factor in the success of nanotube formation and
control over the diameter and length of the
nanotubes formed. The pH of the solution has a
significant impact on the rate of oxide dissolution,
which controls the pore diameter and surface
etching. Nonetheless, the pH effect is also affected
by the electrolyte used, with aqueous electrolytes
being more noticeable than organic electrolytes.
When the electrolyte has a very low pH of
1-3 [171,172], the dissolution rate in aqueous
acidic electrolyte is high. The nanotubes formed in
this electrolyte are quite short. The pH of the
buffered electrolyte is typically in the range of 6—7,
and the resulting nanotubes are frequently longer.
Increasing the pH > 8 in such an electrolyte would
obstruct the formation of nanotubes. Despite the
fact that organic electrolyte such as ethylene glycol
has a pH between 8 and 9, nanotubes are
successfully formed even without pH reduction.
Additionally, organic electrolytes can generate
extremely long nanotubes [171].
5.1.1.6 Effect of anodization temperature

The electrolyte can be heated during the
anodization process to speed up the reaction.
Higher electrolyte temperatures can result in less
viscous electrolyte, which leads to a faster etching
rate, and the oxide layer dissolves faster, forming
pores [119]. Although some studies reported
temperatures ranging from 0 to 40 °C [114,126],
nanotubes can be formed in electrolyte at 20—25 °C
(room temperature). At temperatures above 40 °C,
the nanotubular structure is more often destroyed,
resulting in an irregular porous structure. Due to
the slower etching rate, anodizing temperatures that
are too low can result in irregular pores [115]. As a
consequence, room temperature is sufficient for the

fluorine-based
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formation of nanotubes on Ti or Ti-alloys.
5.1.1.7 Apatite forming ability on TiO, nanotubes
structure

The formation of  bone-growth-related
materials such as calcium phosphate mineral
(Cajo(PO4)6(OH), is an important feature for
orthopaedic and dental implants. Immersion in SBF
causes in vitro apatite formation and is also used as
an indicator of a material surface’s in vivo
bioactivity. In general, their in-vitro-bioactivity can
be assessed based on the formation of apatite after
soaking in SBF for a specific period of time (e.g., 7,
14d) [117]. Evidently, the findings of BAI
et al [117] and TSUCHIYA et al [172] reported that
annealed Ti alloys (with anatase or a mixture of
anatase and rutile phase) with surface oxide
nanotubes have greater ability to promote the
nucleation of apatite than that of amorphous
structure of nanotubes.

Since it is well known that the diameters have
a significant impact on bioactivity or cell adhesion
and proliferation on TiO, nanotubes, many studies
in the field have reported discrepancies in their
reported values of nanotube diameters. WANG et
al [124] reported that the smaller diameter of
nanotubes (70—80 nm) is more advantageous due to
higher ion diffusion effects (such as Ca*" and PO;"
ions from SBF). A large number of Ca*" ions and
PO;” ions would penetrate the nanotubes, forming a
thin Ca—P layer and promoting the formation of
apatite nuclei. Cell adhesion and proliferation on
TiO, nanotubes grown on Ti—Nb alloys were the
most effective when the nanotubes were smaller
than 50 nm in size, according to CHERNOZEM et
al [137]. A similar study on the osteoblast cell
activity of TiO, nanotubes grown on cp-Ti revealed
that the nanotubes with the greatest degree of
cell adhesion have a diameter of 30 nm [125].
According to these reports, it is quite difficult to
determine the ability of TiO, nanotubes when it is
simulated, whether in in-vitro evaluations (indicator:
apatite forming ability) or in-vivo tests (direct
testing in living animals). However, it can be a
useful guide that the apatite nucleates and the cells
proliferate to the best state under the smaller size of
TiO, nanotubes. It is worth noting that, in addition
to the size of the nanotubes, the length and
thickness play an important role in determining
bioactivity. Thicker nanotubular layers (i.e.
(129145) nm) are unfavourable to diffusion due to

the longer dispersal distance and low diffusion rate
of elements [116]. As a result, the optimal thickness
of the nanotubular oxide layer is suggested to be
3—7 nm [173]. Based on these findings, it can be
concluded that the Ti alloy with surface oxide
nanotube layers is unquestionably capable of
enhancing apatite formation when compared to the
bare surface [172].

5.1.2 Micro-arc oxidation (MAO)/plasma electrolytic

oxidation (PEO)

Micro-arc oxidation, also known as plasma
electrolytic oxidation (PEO) and micro-plasma
oxidation (MPO), is a surface modification
technology that is used to create multiple and thick
ceramic-based coatings on the surfaces of light
metals and their alloys [174—176]. Essentially, the
MAO or PEO process requires an electrolyte bath
of a dilute aqueous solution, with some additives
added to customize the surface coating’s properties.
This technique is preferred because the coating can
be tailored, for example, the addition of dopant
elements can be easily incorporated by having them
in the electrolyte. The MAO process is carried out
at extremely high potentials ranging from ~250 to
750 V. Such a high potential can generate plasma on
the surface of the substrate, resulting in the
formation of a coating. Despite the fact that MAO
is said to be a more complex process than
anodization and other coating procedures [176], it
can be used to produce thick coating. High
temperatures combined with plasma pressure would
result in crystalline oxide with thicknesses ranging
from tens to hundreds of microns, depending on the
electrical parameters and electrolytes. Thick coating
often benefits the substrate in terms of wear and
corrosion resistance in some applications [175].

The MAO process is divided into three steps.
The first step is to rapidly increase the voltage,
allowing a thin protective oxide layer to form on the
substrate surface. The second step occurs when the
applied voltage reaches a critical value, resulting in
dielectric breakdown and micro-spark discharge.
The discharge of the micro-spark partially destroys
the oxide layer, triggering the formation of the
porous oxide layer. In the final step, a voltage drop
to negative values causes cooling of the oxidized
substrate or rapid quenching of coated areas [109].

The growth mechanism and resultant
properties of the protective coatings fabricated by
the MAO method, on the other hand, are not as
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straightforward because they are influenced by a
variety of factors, including the substrate chosen,
the time of the process, the power mode and
other electrical parameters, and the electrolyte’s
characteristics, including its temperature and the
additive materials added to the electrolyte. However,
the electrolyte has the greatest impact on the
coating. LI et al [174] used three different types of
electrolytes to treat the surface of Ti—6A1—4V alloy:
silicate, phosphate, and mixed silicate and
phosphate electrolytes. They concluded that when
silicate electrolyte was used, the MAO coating
structure was porous and had poor adhesion,
whereas phosphate electrolyte resulted in a compact
coating structure with high adhesion strength
between the substrate and the coating layer. This
behaviour could be attributed to the fact that the
silicate-based electrolyte has a higher tendency to
deposition than the phosphate-based -electrolyte,
which increases the roles of surface discharges as
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the coating grows.

Another distinction of MAO technology over
other coating or surface modification technologies
is the formation of a double-layer coating structure
with a dense inner layer and a porous outer layer.
Table 11 shows that how various coating additives
can be incorporated into the electrolytes in MAO.
Additives can improve coating strength, corrosion
and wear resistance, as well as antibacterial
resistance. Silver (Ag), copper (Cu), and zinc (Zn)
are commonly used for the latter. Aside from the
common choices of Ag, Cu, and Zn to impart
antibacterial resistance to MAO-coated titanium
alloys, it has been reported that fluoride content in
sodium fluoride (NaF)-containing electrolyte can
also impart the excellent antibacterial properties and
improve the osteogenic activity [183]. The MAO
process is generally regarded as a non-hazardous
process, capable of coating parts with complex
shapes and large surfaces, and the majority of the

Table 11 Various Ti-based alloys coated through micro-arc oxidation and their biocompatibility assessment

MAO treatment condition

Property of MAO coating layer

Substrate Phase Thickness/ Biocompatibility Ref.
Electrolyte Process parameter o
composition pm assessment
Treated samples
Pulse frequency: showed excellent
Phytic acid + 2000 Hz;' cytocompatibility when
. current density: tested on MG63 cells;
Ti=6Al= KOH + 110 mA/cm?; Cu,0 and N/A treated samples showed [177]
4V EDTA-CuNa, + Mo Zny(POy), SaMPX .
EDTA-ZnNa treatment time: superior antibacterial
2 3 min; properties when tested
duty cycle: 35% against 3 bacteria (MRSA,
y ey g
E.coli, and S.aureus)
Pulse frequency:
IOQ?_ZOO?tHZ;_ Anatase-TiO,;
Nano-HA + post g\;)eov\(;' age: rutile-TiOy;
Tl_f\?l_ ni?ops?leeljcs negative voltage: hydr?rxcyle)lp atite 3.9-18.8 N/A [178]
(GNS) 100'V; a-Ti;
treatment time: 10 B-Ti
min;
duty cycle: 10%
Treated surface showed
superior antibacterial
0.02 mol/L Pulse frequency: properties when tested
p-gl éero hosphate 1000 Hz; against
. pg YCerophosp current density:  Anatase-TiOy; P.gingivalis bacterial
Ti—6Al— disodium (5-GPNa,) + 5 . .
. 80 mA/cm”; rutile-TiO,; N/A colony; [179]
4V 0.2 mol/L calcium acetate ;
treatment hydroxyapatite treated surface showed
(Ca(CH;CO0),-H,0) + N . ; o
(5 mg/50 mg) of nano-Ag time: 3 min; good biocompatibility
duty cycle: 10% over

attachment with mouse
fibroblast cell (1L.929)
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(to be continued)
MAUO treatment condition Property of MAO coating layer
Substrate Electrolvte Process Phase Thickness/ Biocompatibility Ref.
Y parameter  compositions pm assessment
Pulse Treated substrates showed
frequency: evidence of apatite mineral
Ti—13Nb— Dilute aqueous S0 Hz, dep9s1.t10n, without
137x sodium phosphate current restricting osteoblast
and (0.05 mol/L density: N/A N/A activity or introducing any [180]
Ti—45Nb Na P'O 12H,0) 10 mA/cm’; undesirable inflammatory
S 2 treatment time: responses upon culturing
2,5 and with foetal human
10 min osteoblasts (fHODb) cells
Current (in Tl(.lffc_fr.lz:l)inin
0.1 mol/L Ca(H,PO,),+  density: clectrolyto); &
tricalcium phosphate; 100 mA/cm?; . yie)
0.1 mol/L Ca(H,PO,), + treatment time: Anatase-TiOy;  3.40-4.60 (in
Ti-15Mo 2 : " rutile-TiO,; CaSiOs-containin N/A [181]
wollastonite; 5 min; B-Ca-P-O electrolyte): &
0.1 mol/L Ca(H,PO,),+ voltage: 150, R 5yO in
silica 200, 250, 300 Si O coﬁtaining
-
and 350 V electrolyte)
Voltage:
350V; Implantation of the
0.04 mmol/L pulse Anatase-TiO: treated samples in femoral
Ti—25Nb— p-glycerophosphate +  frequency: rutile-TiO > canal of 12 adult dogs
3Zr-2Sn— 0.2 mmol/L calcium 50 Hz; HA- > N/A (in-vivo evaluation)  [182]
3Mo acetate + duty ratio: CaTi (’) showed significant
deionized water 50%; } improvement in
treatment bone-to-implant contact
time: 5 min

electrolytes used in this process are naturally
environmentally friendly basic electrolytes [184].
Figure 16 depicts a basic comparison of the MAO
and anodization processes.

5.1.3 Electrophoretic deposition (EPD)

EPD is a preferred electrochemical process for
coating intended for biomedical applications as it
offers a possibility of many different types of
coating. It is a colloidal processing technique that
works based on two different steps: (1) electro-
phoresis in which charged particles in a suspension
are made to move towards an oppositely charged
substrate under an electric field, and (2) deposition
process where the particles coagulated to create a
homogeneous and coherent coating layer on the
surface of the conductive substrate [149].

EPD is considered a versatile and cost
effective coating technique of a metallic component.
Bioactive coating by EPD is found to be stable and
homogeneous with uniform grain size. The coating
has significant enhancement in mechanical and
chemical properties [186]. The most important

parameters to be controlled in EPD process are the
potential and time, as well as the pH or stability of
the suspensions. These parameters will determine
the thickness, homogeneity, adhesive property and
roughness of the coating layer.

According to a study published by
MOSKALEWICZ et al [187], in order to produce
thick multi-component EPD coating, suspension
stability or pH must be prioritised. The particles to
be coated on the surface of the substrate must be
carefully suspended in a suitable dispersing
medium, with some additives functioning to prevent
powder agglomeration or changes in zeta potential
(ZP) and particle surface potential. In the study, a
composite coating of Si;Ny/polyetheretherketone
(PEEK) was successfully deposited on a
Ti—13Nb—13Zr substrate. The suspensions were
made with two types of solvents: isopropanol-based
and ethanol-based, with chitosan or branched
polyethylenimine (PEI) added as a dispersant. It
was discovered that using an isopropanol-
based suspension with the addition of PEI caused
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Micro-arc oxidation (MAQO) Coating parameters J
Short Processing time Long
High Applied potential Low
Low Current density Low
Low alkaline Electrolyte composition Alkaline
2
Coating characteristics
and properties
J,
High Ability to add additives Not possible
High Range of roughness Low
High Range of porosity High
High Range of thickness Low
High - . Low
‘£ Ability to form different phases

Fig. 16 Comparison between MAO and anodizing coating methods on titanium-based substrates [185]

inhomogeneity on the coating surface, with visible
agglomerations of Si;N, nanoparticles and PEEK
particles. Furthermore, increasing the pH of the
suspensions to more than 6.5 (with the addition of a
base in higher concentration) causes the suspension
to be highly unstable, preventing zeta potential
measurement. Table 12 shows the properties of the
resultant coating layer for several Ti-based alloys
that have undergone electrophoretic deposition.

5.2 Chemical treatment
5.2.1 Acidic treatment

Acidic treatment is a method of removing
unwanted contamination from a metal surface,
resulting in a clean and uniform surface finish.
Several types of acids are combined in acid
treatment to produce mixed etchant, and alkaline
solution is sometimes added as well. Strong acids,
such as hydrofluoric acid (HF), can etch the native
oxide layer on the surface of Ti alloys, forming
soluble titanium fluorides and hydrogen. When Ti is
exposed to hydrogen, it usually results in hydrogen
embrittlement, which is undesirable because it
reduces the surface properties. As a result, the
most important criterion in this type of treatment is
the proper acidic solution selection and
concentration [192]. TAKEUCHI et al [193]
investigated the effectiveness of three acids in

removing contamination from the surface of
commercially pure Ti: sodium peroxodisulfate
(Na,S,0s), sulfuric acid (H,SO4), and hydrochloric
acid (HCl). In comparison to the other two acids,
they concluded that a mixture of 10.0 mol/L HCI
and acetone was the best decontamination agent.
HCI could easily form Ti salts while not weakening
the Ti surfaces.

Acid treatment is typically used in conjunction
with other treatment methods to further tailor the
surface properties of Ti alloys, such as improving
biocompatibility and corrosion resistance. For
example, ESCOBAR et al [194] reported the
surface treatment of Ti—12Mo—6Zr—-2Fe (TMZF)
alloys with HCl followed by alkaline sodium
hydroxide (NaOH) solution (acid-and-alkali-
treatment). They compared acid-and-alkali-treated
alloys to anodize Ti alloys with TiO, nanotubes
formed on their surfaces. They discovered that
anodized alloy had lower corrosion resistance than
acid-and-alkali-treated alloy. A thin layer of
protective oxide on the surface is responsible for
the lower corrosion resistance of acid-and-alkali-
treated TMZF. ZHAN et al [195] conducted another
comparison study in which Ti—24Nb—4Zr—8Sn
alloys were surface modified using a combination
of sand-blasting and acid treatment. The acid
treatment was carried out in a solution of sulfuric
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Table 12 Basic parameters of electrophoretic deposition (EPD) of several Ti-based alloys

Coating Preparation of Electrophoretic deposition

Substrate . . Properties of coating Ref.
material  suspension parameter
BG + Solvent: Cathode: cp _Tl. substrate; Finer particle size of BG greatly improved the
. . anode: stainless; . . . . . ..
co-Ti HA (in isopropanol; steel plate bioactivity and antibacterial characteristics; [188]
p whiskers  dispersant: L pa i combination of HA and BG improves
form) TA time: 1 min; capability to generate apatite layer (in 3 d)
potential: 40 V
Solvent: Cathode: Ti~6AI-4V Addition of TiO, minimizes the porosities;
substrate; . o ;
. absolute coating of HA and TiO, improves the corrosion
Ti—6Al- . anode: 316L )
HA + TiO,  ethanol; . resistance; [189]
4V . stainless steel; . . .
dispersant: time: 3 min- the coating accelerates the apatite formation,
iodine potential: 20 V owing to its improvement in wettability
The structure of the coating is porous due to
e Al agglomeration of Cu nano-sized particles;
Solvent: Cathogjgi;ati{“ 4V 3 wt.% of Cu with the HA showed the best
Ti—6Al- isopropanol; . cytocompatibility when tested in-vitro with
+ . .
4V HA+Cu dispersant: anlode. grap }.Hte’ MG63 cells; [190]
time: 10 min; . ..
TA otential: 50 V the presence of Cu in the coating increases
p ' antibacterial resistance when tested against
E.coli and S.aureus bacterial colonies
Cathode: 316L Post-treatment of the coating layer after EPD
. process changed the amorphous phase to
Solvent: stainless steel; . . o
. . semi-crystalline phase (post-treatment: 380 °C for
Ti—6Al— ethanol; anode: Ti—6Al-4V . .
PEEK . . 20 min); a homogeneous, dense and continuous [191]
4V dispersant:  substrate (anodic EPD); . .
N/A time: 20 s: PEEK coatings on the Ti—6Al—4V substrate

potential: 10—110 V

improved the wear resistance and
micromechanical performance

BG: Bioactive glass; Cu: Copper; HA: Hydroxyapatite; TA: Triethanolamine; PEEK: Polyetheretherketone

acid and hydrochloric acid. They found that
anodized alloys performed better in terms of new
bone formation (osteogenesis) than sand-blasted
and acid-treated alloys.

Acidic treatment is typically used as a
pre-treatment process to clean the surface of the
respective Ti alloys prior to the next surface
modification process. Acid treatment alone is
insufficient to tailor the surface and meet the
various requirements, and reactions must be present
to achieve the functionalities as implant materials.
5.2.2 Alkaline treatment

Surface modification can also be accomplished
using alkaline treatment. In understanding the
mechanism underlying the alkaline treatment, it is
well known that titanium has a superior corrosion
resistance due to its protective oxide layer that
forms spontaneously when it comes into contact
with oxygen in air. When titanium samples are
immersed in alkaline solutions such as potassium
hydroxide (KOH) or sodium hydroxide (NaOH),
the alkaline solution attacks the protective oxide

layer (TiO,) and forms HTiO; compounds, as
shown in Reaction (1). Following the dissolution of
the TiO, layer, the bare surface of Ti reacted with
the hydroxide ions to form a hydrogel layer
composed of titanium oxide. Just after, the hydrated
titanium oxide reacted with the hydroxide ions to
form a sodium titanate hydrogel. The reaction is
written as Reactions (2)—(5) [149,196,197]. Since
the biocompatibility of titanium alloys is often
measured in the capability of growing apatite in
simulated body fluid (SBF), it is often described
that alkali-treated Ti-based alloys with Ti—OH
groups formed on the surface of sodium titanate
hydrogel significantly enhanced the apatite growth,
which plays an important role in osteoblastic
differentiation during the early days of implantation.
It has commonly been reported that alkali treatment
of titanium-based alloys, followed by subsequent
heat treatment, is capable of producing unique
interconnected nano-pores on the surface, which
are very beneficial as sites for nucleation and
precipitation of Ca—P compounds. This porous
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nanostructured surface improves oxygen exchange
in cell metabolism and has long been recognized as
the best structure for bone ingrowth and
osseointegration [197,198]. Table 13 summarises
some key findings concerning various Ti-based
alloys that have been surface modified using
alkaline treatment. According to the table, alkaline
treatment is also not capable of standing on its own.
Further treatment, usually involving the application
of heat, is frequently required to alter the unstable
phase of the sodium titanate hydrogel layer in
order to increase the capability of inducing apatite
deposition.

TiO,+NaOH—HTiO;+Na" 4
Ti+30H — Ti(OH);+4e (5)
2Ti(OH);+2e—2TiO,-H,0+H, (6)
Ti(OH);+OH ==Ti(OH), (7)
TiO, nH,0+OH ==HTiO; -nH,0 ®)

6 Challenges and future perspectives

A long-term application of implant in human
body without bringing any undesirable effects is the
most important concern including metallic implant
such as Ti alloy. In the fabrication of Ti alloys, the
processing parameters are always associated with
challenges such as the control in grain size of
various titanium phases, shape, orientation and
distribution. Particularly, the characteristic of elastic
modulus in Ti alloy that may lead to the stress
shielding effect due to large mismatch with human
bone is still the main concern and main challenge
for Ti alloy development as an implant, although Ti
alloys always have lower elastic modulus compared
to other metallic biomaterials such as stainless
steels and cobalt—chromium alloys [202]. For the
future perspectives, a porous Ti-based alloys are
considered to be a new invention, as the porous
structure has been reported to promote the tissue

Table 13 Alkaline treatment techniques of various Ti-based alloys for implant application

Applied Parameter of Significant findings related
Substrate tregfment alkaline treatment ¢ to biocompati%ility Ref.
AT: 5 mol/L NaOH
solution at
60 °C for 1 h;
(1) AT +HT HT: 600°Cfor 1 h Apatite deposition on the surface
(2) IHT + AT Lo
op-Ti CHT IHT: 120 s at 1s.thlcke.r for substrate t.hat has been [199]
(3) THT + AE 389 A% anq 600 A;. 1ndgct10n heated + acid etched +
AT + HT AE: mixed acid solution alkaline treatment + heat treatment
of H,SO4/HCI/H,0=
1:1:2 (volume ratio)
at 70 °C for 1 h
Alkaline and heat treatment performed on both alloys
AT: 5.0 mol/L showed improved bioactive behavior, and
Ti—6Al-4V NaOH aqueous Ti—In—Nb—Ta alloy had better bioactivity than that of
Ti—In— AT+ HT solution for 24 h; Ti—6A1—-4V upon immersion in simulated body fluid [200]
Nb—Ta HT: 600 and within the first 10 d; the intensity of the sodium
800°Cforlh titanate (Na,TisO;; or Na,TigO,;) decreased when the
heat treatment is carried out at 800 °C
The presence of Na,TigO,; and Na,Ti;0; in XRD
peaks suggested that there was a reaction took place
between titanium oxides in MAO coating with NaOH
Ti_24Nb— 5,10 and 15 mol/L during alkaline treatrpent; increasing concentration of
A77-8Sn AT of NaOH solutions at room  the alkali caused an increase in the amount of sodium [201]

temperature for 48 h

titanate phase; within only 7 d upon immersion in
simulated body fluid, the amount of apatite deposits on

the surface of alkaline treated sample in 15 mol/L
NaOH is more than that of treated in 10 mol/L NaOH

IHT: Induction heat treatment; AT: Alkaline treatment; AE: Acidic treatment; HT: Heat treatment
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ingrowth and firm-secure of an implant by
controlling the degree of sintering [26]. In addition,
the conventional powder metallurgy technique can
be modified by improving the sintering way such
as self-propagating high-temperature synthesis
(SHS) [203].

Undeniably, another significant challenge in
the development of Ti alloy implants is the issue of
surface modification for the purpose of activating
the surface to establish a bonding to the
implantation sites. Surface modification methods
include anodization, electrophoretic deposition,
micro-arc oxidation, acid and alkaline treatment,
sol-gel method, ion implantation, and many more.
The research into their proclivity to generate a
better bioactive surface layer should continue in
order to make a new, excellent discovery. Clearly,
advanced surface modification methods are highly
concerned with creating better surface oxide
nanotubes on Ti alloy with more advantages
provided in the future.

7 Conclusions

Titanium and its alloys have been used as
biomedical implants for decades. Long-term use of
Ti alloys, such as commercially pure Ti and
Ti—6Al-4V alloys, has been shown to have
negative effects on human health. Therefore,
numerous research efforts have been directed
toward developing new Ti-based alloys that could
eventually replace conventional implants, with the
emphasis now on synthesizing Ti alloys with
[-phase to reduce the elastic modulus to nearly
that of bone. This review examines both
conventional and advanced processing techniques,
including powder metallurgy, selective laser
melting, and electron beam melting. Each technique
results in a different set of alloy properties, but the
primary objective is for the Ti alloys to have
sufficient properties to qualify as an implant
material.

Since surface modification techniques are
becoming increasingly important for inducing
bioactivity characteristics on nearly inert Ti-based
alloys, this review covers a wide range of
techniques such as anodization, electrophoretic
deposition, micro-arc deposition, acid and alkaline
treatment. However, among the techniques
available, anodization is the most promising method

with numerous advantages in establishing
nanostructured TiO, nanotubes on Ti substrate.
Several anodization processes are reported on
conventional Ti-based implants, such as cp-Ti and
Ti—6Al-4V, according to a literature search. Both of
these materials may no longer be used in the future
because many other Ti-based alloys with much
better properties in terms of bioactivity and close
resemblance to human bone are currently being
investigated. On the other hand, the scientific and
systematic investigation carried out on anodization
process of Ti-based alloys with the content of
[-stabilizer is still quite limited to be reported over
the literature, since this S-type Ti alloys actually
display the best mimic to human bone in term
of mechanical performance. Research on bulk
properties of p-type Ti alloys shows a good
resemblance to human bones in term of the elastic
modulus, but as Ti itself is known to be nearly inert
materials, effort towards imparting the bioactivity
will be an important concern. Furthermore, research
works that assess all of the critical properties of
TiO, oxide nanotubes for that specific surface to be
used in biological systems must be thoroughly
investigated, as this aspect is not frequently
reported in the literature.
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