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This paper reviews existing literature on basic titanium properties, appli-
cations and addresses the requirement for surface modifications to pro-
duce better implants. There is a significant demand for artificial implants,
due to an ageing population that is a major driver of their growth. The use
of titanium and its alloys as implant materials are widely common due to
the excellent mechanical and biological properties and its manufactur-
ability. It majorly reviews titanium and its alloy employed as orthopaedic
implants. The basic mechanical properties, biocompatibility, corrosion
and wear resistance of Ti-based biomaterial are also summarized. Fur-
thermore, it is necessary for implants to comprise of necessary mechani-
cal properties and physical characteristics to enable them to maintain
their strength for a significant period of time by surface modifications.
Therefore, comprehensive surface modification techniques for titanium
alloys are discussed herein. This includes work on biocompatible proper-
ties of titanium implants enhanced by contact and non-contact surface
roughening or coating biocompatible materials. Such techniques not only
satisfy the end-users, but also improve the standard of their living. This
paper also illustrates the current trend of titanium-based alloys and sur-
face modification techniques, which contributes to the end-user to under-
stand the pros and cons of titanium based implants.
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1 INTRODUCTION

Orthopaedic implants play an important role in medicine. The orthopaedic
implant is a medical device designed and manufactured to support a damaged
joint or to replace a fractured part of the bone. Specifically, orthopaedic
implants are able to alleviate issues the bones and joints inside the human
body when the original “human parts” are damaged, worn and unable to func-
tion on their own. They are subject to replacement due to various reasons,
namely, bone fractures, osteoarthritis, scoliosis, spinal stenosis, and chronic
pain. For example, pins, rods, screws and plates are used to anchor fractured
bones while the bones are in the self-healing stage. [1].

The orthopaedic implants are made from alloys of different kinds of mate-
rials such as traditional materials (gold, silver, aluminium, iron steel, copper,
etc.), stainless steel, titanium alloys and magnesium. For now, the traditional
orthopaedic materials were no longer employed as their mechanical proper-
ties and releasing toxic ion when the implants are degraded inside the human
body [2]. Nowadays, most of the materials employed for medical replace-
ments are stainless [3] and titanium alloys [4]. Since the 1900s, the applica-
tion of orthopaedic devices made from stainless steel has been continued to
to-date. Especially, one of the most used stainless types is 316L stainless.
Due to its capability of anti-corrosion, mechanical properties and cheap cost,
it has been widely used in surgical procedures to replace biological tissue or
help stabilize a biological structure, such as cranial plates, orthopaedic frac-
ture plates, dental implants, spinal rods, joint replacement etc.[5]

However, due to the complex human body environment, the Stainless steel
will be subject to the electrochemical mechanism. Once the metallic implants
start to be corroded, the metal ion will be released from the surface materials
into to human body thereby causing ion toxic. Compared with stainless steel,
titanium and its alloys exhibit better performance in corrosion[6]. Thus, since
1962, titanium alloys have continuously received substantial attention.

1.2 The need for orthopaedic implants
If the need to have an orthopaedic implant is a thought that comes to mind for
the end-user when it becomes an absolute requirement. The use of prosthetic
implants for replacing and restoring tissues is continuously increased. It has
been estimated that 90% of the world population over the age of 40 suffers
from the degenerative diseases that are caused by the absence of normal bio-
logical self-healing ability or excessive and pre-longed loading [7-9]. For
instance, for musculoskeletal conditions, such as arthritis, (disorders of the
joints, bones and muscles) affect around 10 million people across the UK and
cost around £5 billion to the National Health Service (NHS) programme in
the U.K.to treat new and existing patients [10, 11].

Besides that, broken bones are also a main reason why one would require
an artificial implant. The braking of bones occurs through fractures which are
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often very painful for patients. There are many types of bone fractures,
including the complete, incomplete, simple and complex type of failures that
a bone may undergo. A total of over 1 million bone fractures are reported
each year in the UK, around 21% of fractures occurred as a result of road
traffic accidents[12]. Bone fractures can happen in people of any age. How-
ever, Children and elderly people tend to sustain the most fractures. In chil-
dren, a broken forearm is the most common fracture, with boys sustaining
fractures more than girls have. Teenagers tend to be the most active age
group, which increases their risk of injury, and their bones are more prone to
breaking following the period of rapid growth during adolescence. What is
more, in the elderly age group a combination of Osteoporosis (decreased
bone density) and increased incidence of falls means that the number of bro-
ken bones naturally increases with age[13]. Thus, the recovery period is also
likely to increase with age.

What is more, a hip fracture is the most common for elderly people, occu-
pying over 4,000 hospital beds in any day each year and costs the NHS
roughly a £1 billion per annual [14]. Moreover, the age and frailty of hip
fracture patients mean that nearly a third of people die within a year of the
injury due to different reasons, namely; osteoarthritis, as reported by National
Joint Research (NJR) [14]. There are 2055687 procedures between 2003 to
2015.

The number of primary surgery is shown in Table 1, This includes 800,686
total hip replacements, 875,585 knee replacements, 17,300 shoulder replace-
ments, 3,185 ankle replacements 1,639 elbow replacements. What is more,
146220 of the 1698395 surgeries had a revision surgery, due to the compli-
cated human physical environment.

The need for implant products is not only for the initial replacement sur-
geries, but also, also for the revision of the second procedure due to the
implant failure. For example, total hip revision (THR) is one of the highest
numbers of surgeries in the UK. There are many reasons for a revision sur-
gery. The THR may become painful, because it has been in place for many
years and the components have begun to wear and loosen, moving a little in
the bone. This type of loosening usually causes some bone loss and damage,
and this bone loss needs to be dealt with at the time of revision surgery. THRs
can dislocate on repeated occasions and revision surgery is needed to stop
this distressing complication from happening.

TABLE 1
Shows the statistics of primaries (first) and revisions surgeries in the UK [14].

Body parts Knees Hips Shoulders Ankles Elbows Total
Primary 875,585 800,686 17,300 3,185 1,639 1698395
Revision 54,287 89,023 2,045 358 507 146220
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In summary, according to a published report by BIS Research, the global
market for orthopaedic implant products in 2016 was $40.20 billion [15]. The
industry sees annual growth of 6.1% compared with last year, which means
the market is expected to reach $ 61.02 billion by 2023. Therefore, the need
for implant products is significant and the quality of implant products should
be strictly controlled and supervised for the health of people all over the
world.

1.3 Reasons for Failures in Orthopaedic implants

As we mentioned in Table 1, there are nearly 150 thousand procedures done
in 2016 [14]. Since there are many reasons for failures for orthopaedic
implants as shown in Figure 1, the primary reasons for the revision are as fol-
low aseptic loosening (5,073 surgeries); pain (4,078); wear (3,548 surgeries);
and infection (2,889 surgeries). It can be seen that aseptic loosening is the
most reason, followed by pain (26%), wear (22%) and infection (19%)

1.3.1 Loosening of Implants

Implants loosening, which is a mode of failure resulting from implant move-
ment or migration in the bone or cement according to Havelin ef al. [16]. In
1993, implant loosening accounted for 64% among the revision procedures
from 1987 to 1990 in Norway. Also, Malchau et al. [17], found that 79% of
revisions were due to implant loosening in Sweden from 1987 to 1990. Addi-
tionally, a report by the national joint research, UK (2016), stated that implant
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FIGURE 1
The main reason for revision procedures: aseptic loosening; pain; wear and infection.
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loosening was still the highest failure reason corresponding to 32.6%. Stress
shielding was one of the reasons that leading to implant loosening. Stress
shielding refers to the osteopenia as a result of the removal of typical stresses
from the bone by an implant. This is because by Wolff"s law, bone in a healthy
person or animal will remodel in response to the loads it is placed under[18].
Therefore, if the loading on a bone decrease, the bone will become less dense
and weaker because there is no stimulus for continued remodelling that is
required to maintain bone mass [19-22].

Shown in Figure 2, when the artificial femoral and Proximal Femur were
implanted in the body, it shared the load from the body instead of the bone. In
a healthy body environment, the load should be born by bone, otherwise, the
upper femoral subjected to reduced stress could cause a loss of bone mass
(osteopenia) through the biological process called “resorption”[23]. In the con-
tact, in the lower femoral, the bone is overloaded which causes dense skeleton.

According to Wolff’s law, a bone will remodel itself to become stronger to
resist the load acting upon it. In order to investigate the schematic of this remodel-
ling, many researchers have worked on calculating the stresses in the bone. Espe-
cially, with Finite Element Analysis, conducted by Joshi et al.[24], explored a
hypothesis that a total hip prosthesis can be developed to substantially reduce

FIGURE 2
A schematic diagram illustrating stress shielding.
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stress shielding through re-design. Weinans et al. [25], also came up with a defini-
tion of stress shielding that it works like a change in strain energy (SE) in each
element of the implanted bone relative to a reference value of SE in the contacting
bone and SS is for stress shielding as shown in Equation 1.

SE (Treated ) — SE(Reference)
SS= )
SE(Reference)

1.3.2 Implant Infection Caused by Bacterial

As we may be surprised that even it was under aseptic conditions such as
Intensive Care Units (ICUs), there would still be around 5000 to 50000 mic-
roparticles, broadcasted daily from each physician to patients[26]. In addi-
tion, although the wounds were clean when procedures were finished, the
number of pathogenic bacteria such as staphylococci still can be recovered to
around 90%[27]. Therefore, bacteria were able to find their pave into the
human body despite the strict environment. Thus, minor contamination areas
of pre-inserted medical devices may be regarded as infectious.

Typically, the main sources of bacteria causing implant infections are from
the physician and the skin of the patients themselves near the wound during
implant insertion. Thereafter, bacteria migrated through incision channels to
the surface of implants inside the patients’ body, spreading towards vivo envi-
ronment during the haematogenesises [28].

The bacteria adhesion is the first and most important step during implants
infections caused by bacteria. The bacteria become adhered and immobile to
the implant which provides surfaces for biofilm formation, bacterial attach-
ment and proliferation. In the surfaces of inserted medical devices, the adher-
ent bacteria generate a protective polymeric, extracellular substance,
protecting these bacteria from being eradicated. Without it, bacteria could
float around the body.

Although a wide variety of bacteria can lead to implant infections, major-
ity cases are infected by a small group of species. As mentioned above,
Staphylococci, prominently account for nearly 70% of orthopaedic implant
infections. Moreover, Pseudomonas aeruginosa accounts for another 8% of
infections [29]. Thus, it warrants the development of a new type of sophisti-
cated anti-bacterial orthopaedic implants.

1.3.3 Wear of Implant Material

Wear is also another critical challenge for medical devices such as hip, knee
and medial proximal tibia. It can cause loss of mass from the implanted mate-
rials, which leads to critical degradation of the function of orthopaedic pros-
theses. For instance, wear debris generated from Polyethylene acetabular
components could lead to osteolysis in THA. Zhu et al. [30] pointed out that
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the osteolysis caused by wear debris can result in loosening between the fem-
oral head and proximal femur. Additionally, John et al.[31], conducted a
12-years of research, investigating the relationship between wear and osteol-
ysis. They have found that there is no correlation between the amount of
polyethylene wear and osteolysis volume.

In a titanium alloy such as Ti-6Al-4V, Vanadium (V) is found to be a toxic
element to the human body[32]. When the stable coating TiO, layer on the
TC4 is worn out due to wear behaviour, the V ion will be released into the
vivo environment, leading to ion toxicity [33, 34].

The wear properties of biomedical materials play an important role when
choosing a suitable medical device. What is more, adhesive wear, fatigue
wear and abrasive wear, also have a great influence in analysing the degrada-
tion of medical prostheses. Decreasing wear of medical devices was always
an important research topic to study for many researchers.

2 STATE-OF-THE-ART IN TITANIUM ALLOYS AND OTHER
METALLIC AS USED FOR MEDICAL APPLICATIONS

2.1 Titanium and its alloy in orthopaedic implantation

It is in the early 1940s that Titanium alloys were introduced in the medical
areas such as the Bothe er al [35]and Okabe et al [36], investigated the reac-
tion of bone to metallic implants. Titanium has been widely used in orthopae-
dic implantations due to its excellent biocompatibility and mechanical
properties [37]. A great variety of implants for many different designs are
now made from titanium in either its pure or its alloyed forms.

2.1.1 Mechanical properties of titanium and its alloys for orthopaedic
applications

Metallic materials, which under concern for fabricating medical devices were
mainly considered from mechanical properties such as tensile strength, mod-
ulus, hardness and elongation. The elastic modulus mismatch between
implantation devices and bones also causes ‘“stress shield” phenomenon.
Since the 1960s, such as titanium alloy, stainless steel and Co-Cr alloys have
been widely employed in the medical area. However, metallic based implants
possess much higher Young’s Modulus than human bones which will cause
stress shielding. According to Wolff’s Law, the higher modulus components
will bear more loads than the lower one. Thus, due to the high Young’s modu-
lus of metallic, the bone will become less dense and weaker. Because there is
not enough stimulus for remodelling which is required for human bones
growth. That is called stress shielding. Thus, the design and manufacturing
orthopaedic materials should possess an equal modulus to the bone for bear-
ing loads. Figure 3 shows the elastic modulus of titanium alloys compared
with bones, Cr-Co alloy and 3161 SS[38]. As we know that the bone modulus
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FIGURE 3
The elasticity modulus of titanium alloys are compared with bones, Cr-Co alloy and 3161 SS.

varies from 4 GPa to 30 GPa differentiating from the bearing type of bone
and direction of measurements [39]. However, both the modulus of Cr-Co
alloy and stainless steel are greatly higher than load bones. This will lead to a
stress shielding effect, thereby, causing the implant to loosen. Compared to
316L stainless steel (210 GPa) and Cr-Co alloy (240GPa), the titanium alloys
possess a lower modulus varying from 55 GPa to 120 GPa. Thus, among
those implant metallic materials, titanium alloys are selected for most medi-
cal applications due to its high strength and low modulus.

Although the elastic modulus Ti-6Al-4V alloy is half than that of stainless
steels or Cr-Co alloy, the modulus of Ti64 is still high (100 GPa) compared to
bone modulus (30 GPa). Phase o and phase o/ titanium alloys were the first
generations to reduce the elastic modulus of orthopaedic implants from the
1950s to 1990s [7]. Song et. al. [40], found that adding elements Nb, Zr, Mo,
and Ta into titanium alloy can decrease the elastic modulus of bce Ti without
weakening the strength. Since the 1990s to date, researchers focused on the 3
type titanium alloys that process closer elastic modulus to bones and excel-
lent cold workability, high strength. Ti-13Nb-13Zr [41], Ti-12Mo-6Zr-2Fe
[42], Ti-15MO-5Zr-3AL [43], Ti-29Nb-13Ta-4.6Zr [44] and Ti-35Nb-7Zr-
5Ta [45] alloy are all the second generation orthopaedic titanium that modu-
lus vary from 55 GPa to 84 GPa. Ti-35Nb-7Zr-5Ta (TNZT) elastic modulus
ranks the lowest places amongst theses B titanium alloys at 55 GPa. From a
mechanical point of view, the strength of B type titanium alloys can be
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increased with Young’s modulus law by cold working. Therefore, [ type tita-
nium alloys are attracting more attention to research.

Additionally, when orthopaedic implants are undergoing repeat daily body
action, they are naturally affected by cyclic loading. For the long term, this can
lead to alternating plastic deformation of small zones of the stress of concentra-
tion. The response of the material to repeated cyclic loading is determined by
the fatigue strength of the material. Factors such as strength, materials, shape,
loading type determine the long-term success of the implant subjected to cyclic
loading [46]. Amongst these factors, if the strength of metallic materials is not
enough to support the repeated cyclic loads or object impacts, patients will not
need to undergo another revision surgery, due to the fracture of orthopaedic
implants. Although fatigue is so critical properties among biomaterials, the
standard fatigue test methods have not been established as simulating actual
implantation and loading condition is too expensive and difficult. ‘Standard’
fatigue tests including tension/compression, bending, torsion, and rotating
bending/flexural fatigue testing are normally used to evaluate the mechanical
properties of materials, candidates before implantations.

TABLE 3
Mechanical properties of titanium alloys [47-49].

Titanium YS (MPa) TS (MPa) E(GPa) Ty(°C) Hardness
High purity Ti (99.98% Ti) 140 235 100-145 882 100
CP-Ti grade 1(0.2Fe-0.180) 120 170310 210 ; 120

& CP-Ti grade 4 (0.5Fe-0.40) 260 480-655  >550 100-120 260
Alloy grade 6 (Ti-SA1-2.55n) 827 861 109 1040 300
Ti-6-24-2-S 990 1010 114 995 340
(Ti-6A1-2.7Sn-47r-2Mo-0.1Si)

l:ear TIMETAL 1100 900-950 1010-1058 112 1010 .
(Ti-6A1-5Z1-0.5M0-0.25Si)
TIMETAL 685 850-910  990-1020 120 1020 .
Ti-6-4 (Ti-6Al-4V) 800-1100  900-1200 110-140 995  300-400

Ly TEOOATH6ALGV-25) 950-1050  1000-1100 110-117 945  300-400

Ti-6-2-4-6(Ti-6Al-2Sn-4Zr-6Mo)  1000-1100 1100-1200 114 940  300-400
Ti-17 (Ti-5Al1-2Sn-2Zr-4Mo-4Cr) 1050 1100-1250 112 890 400
SP 700 (Ti-4.5A1-3V-2Mo-2Fe) 900 960 110 900  300-500
Beta ITI(Ti-11.5Mo-6Zr-4.5Sn)  800-1200  900-1300 83-103 760  250-450
Near Beta C(Ti-3A1-8V-6Cr-4Mo-4Zr)  800-1200  900-1300 86-115 795  300-450
Ti-10-2-3(Ti-10V-2Fe-3Al) 1000-1200 1000-1400 110 800  300-470
Ti-15-3(Ti-15V-3Cr-3A1-3Sn) ~ 800-1000  800-1100 80-100 760  300-450

YS: Yield strength; TS: Tensile strength; E: Elastic modulus: Ty: Beta transus temperature
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Nonetheless, titanium and its alloys process excellent mechanical perfor-
mance, required by the aforementioned tests, which are summarized in Table
3 Mechanical and fatigue properties of titanium alloys are mainly determined
by microstructures that are formed during thermal and manufacturing pro-
cesses. Titanium has two allotropic forms. One of them is a hexagonal close-
packed crystal structure (HCP, o phase,) at room temperature [50, 51]. This
structure is stable at temperatures up to 873°C, above which, o phase trans-
ferred to a body-centred cubic structure (B-phase body-centred cubic (bcc))
[52]. Intermediate amounts of alloying additions allow both alpha and beta
phase stability at room temperature. Using this principle, two-phase alloys
have been developed with superior mechanical properties; an example of this
is Ti-6A1-4%V. This alloy contains, mostly, o+ titanium, due to its balanced
strength and toughness and it is the first registered titanium alloy (ASTM
standard F136). In terms of B-alloy, although, it’s elastic modulus is much
lower than that of o+ titanium, the smooth fatigue resistance of B-titanium
is lower under the same fatigue testing condition. For instance, Under RBF
(R=-1/60 Hz) 19, the fatigue limit of Ti-35Nb-7Zr-5Ta is 265 MPa, which is
much lower than that of Ti-6Al-4V (610) at the same testing condition [7].

However, although B-titanium alloy has comparably poor performance in
smooth fatigue resistance, the behaviour of orthopaedic implants are more
closely associated with notch fatigue behaviour in vivo conditions. For exam-
ple, hip stems and femoral normally coated which induced stress concentra-
tion sites. Thus, regarding notch fatigue behaviour, B titanium alloy has a
comparable or higher performance than Ti-6Al-4V.

2.1.2 Biocompatibility of orthopaedic titanium alloys and osseointegration
Biocompatibility denotes the ability to be in contact with a living system
without producing an adverse effect [53]. The reasons why titanium is con-
sidered as biocompatible is attributed to its resistance to corrosion from body
environment, bio-inertness, capacity for osseointegration and high fatigue
strength. Once titanium is inserted into the human body, a serious of reactions
with proteins, cells and body fluid will happen in the biological micro-envi-
ronment (Figure 4).

Osseointegration refers to the formation of an interface between implant
surface and bones. More specifically, Branemark [54], stated that a direct
structural and functional connection between ordered living bone and the
surface of a load-carrying implant. According to its definition, it was used
to describe the interaction of implants and bones. Thus we should know,
what has happened after the implant is inserted in the human body. Once
the implant is inserted in vivo, within 10, water molecules layer is formed
around the surface of the implant, which contributes to the adsorption of
proteins and cells[55]. Onwards, within 30s to hours, proteins cover the
surface of water molecules layers. Those proteins are from tissue fluid and
blood near the insertion site and the ones later come from cellular activity.
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FIGURE 4
The evolution of interaction between human bone with implants at different time intervals [7].

After the proteins adsorption, from few hours to days, cells adsorption
occurs on the adsorbed protein layers, thereby, starting cellular adhesion,
migration and differentiation [56-59]. Degree of the interaction of the above
stages is determined by the implant surface chemical composition and sur-
face topography, which determines the healing effects of orthopaedic
implants. There is no evidence shown that the implant materials have a
completely no-adverse effect. Compared with stainless steel, and Co-Cr
alloys, titanium has a better performance in osseointegration, and it is
nearly an inert material in the human body environment. Additionally, a
stable TiO, layer is formed on the surface of titanium alloys, which also
contributes to the bio-compatibility.

2.1.3 Corrosion behaviour of orthopaedic titanium alloy

Orthopaedic implants made from titanium and its alloys all undergo corro-
sion when they are placed in the human body, contacting body fluid. Also, the
body environment is corrosive due to the chloride ions and proteins, thereby,
causing different kinds of chemical reaction on the implant surface. The
metallic components of the alloy are oxidized to their ionic forms and dis-
solved oxygen is reduced to hydroxide ions [60].

The human body fluid is a complex environment, including amino acids,
proteins, organic compounds etc [61]. Thus, corrosion would take place when
the implant was inserted in the body, contacting the body fluid. This gives rise
the need for surface modification techniques to avoid and pre-long the onset
of corrosion. Such a technique could be in the form of plastic burnishing, shot
peening, or laser-based peening technique.

Compared to stainless steel, it is well known that titanium and its
alloys have immunity to both pitting corrosion and stress corrosion crack-
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ing in chloride solution[62, 63]. The reason why titanium has such excel-
lent performance in corrosion resistance can contribute to the formation
of a very chemically stable, highly adherent, and continuous protective
oxide film (TiO, film) on the titanium surface [64-66]. The passive TiO,
film is formed spontaneously in nature and remain stable, which separates
the metal from the outside environment. Normally, the thickness of the
passive film is around 10-20nm [67] would affect the oxide stability. As
stated previously, in section 2.1.2, the TiO, can provide favourable osseo-
integration. The passive films prevent further transport of metallic ions or
electrons across the film. For instance, Ti-6Al1-4V has been widely used in
the medical area. However, element Al and V are toxic to the human body.
Once the film covered the metal surface is broken, Al and V ion will be
released into the body fluid as metal ions, causing Alzheimer’s and neu-
ropathy disease[68]. Thus, the films must be compact, and possess an
atomic structure, thereby, limiting the transportation of ions across the
films from the body fluid.

In terms of corrosion, the biggest weakness of titanium appears to be crev-
ice corrosion in industry, while for medical applications, it is not the main
concern. Liang et. al. [69], examined the crevice corrosion behaviour of CP
Ti, Ti-6AL-4V and Ti-Ni Shape memory alloy (SMA) in Ringer’s fluids at
the potential of 400 mV. In terms of temperature, the crevice corrosion of all
three titanium alloys have a positive correlation with that. Among these three
alloys, Ti-6Al-4V have better performance in crevice corrosion resistance
than CP Ti and SMA Ti-Ni.

Most of the medical implants are subjected to low-frequency loads that
may lead to corrosion fatigue. For example, simple walking can result in
cyclic loading at about 1Hz, causing fatigue corrosion of titanium hip
implants. Yu et al [70], investigated the corrosion resistance of Ti-6Al-4V
alloy under a cyclic loading condition at 1.25Hz. They found that surface
treatment such as nitrogen ion implantation and heat-treatment can improve
the fatigue corrosion resistance, through refining prior-f3 grains.

Fretting corrosion is also very common in all load-bearing metallic ortho-
paedic implants. Fretting occurs at bone-stems interface, the stem-cement
interface and on the interface of modular connection between implant com-
ponents. As discussed above, cyclic loading can not only lead to fatigue cor-
rosion but also fretting corrosion due to the small motion (1-100 um) between
implants parts. What is more, surface roughness is another factor affecting
fretting corrosion of titanium. For that case, Sivakumar et al [71]studied the
effect of roughness from 43nm, 116nm,177nm and 474 nm on fretting corro-
sion of pure titanium in Ringer’s solution for the bio-implant application. The
anodic polarization and EIS results showed that the sample with Ra 43nm
exhibits the best corrosion resistance performance as the formation of less
defective and impermeable TiO, layer. In addition, Fretting corrosion phe-
nomenon is also found in a joint between titanium and nitinol. Fretting corro-
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sion of nitinol spinal rods with TC4 was tested in simulated body fluid by
Lukina et. al. [66]. Their study reveals that nitinol spinal rods with TC4 screw
are vulnerable to fretting corrosion.

2.1.4 Wear in titanium alloy

As we know the biomaterials shouldn’t be cytotoxic which is caused by
increasing ion content in the human body from the metallic implant. That
disease is called metallosis which is a side effect from replacements, such as
metal-on-metal hip implants, made from different metals [72, 73]. The metal
particle will be released into human blood from the metal implants when the
two metal parts wear against each other.

Wear is a vitally important problem in any joint substitution, and it con-
tributes 13.6% of all implants failure reasons [14]. Wear is inevitable that it
always occurs in the articulation of artificial joints as a result of the mixed
lubrication regime. When the artificial joint is working, billions of micro-
scopic particles are rubbed off cutting motions as the movement of the joint.
The cutting particles are trapped inside the tissues, thereby, maybe leading to
foreign body reaction such as the activations of macrophages and foreign
body giant cells [74]. A revision surgeon not only means money-cost and
time-consuming but also extremely pains for patients. Thus, the wear resis-
tance of titanium plays a very important role in manufacturing orthopaedic
implants.

Due to the low hardness, titanium alloys have poor fretting fatigue resis-
tance and tribological properties, which has normally been presented with a
high coefficient of friction, severe adhesive wear and low abrasion resistance
[75, 76]. Titanium has a tendency that it moves or slides to gall, thereby, seiz-
ing, when titanium is rubbing between itself or other materials. The move-
ment of these two bodies may cause to more intensity wear because adhesion
couplings are created and the surface oxide layer becomes unstable, espe-
cially third bodies show up, Figure 5 [77]. Due to these drawbacks, 10%-20%
of titanium-made head and polymer cup of joints need to be replaced with
15-20 years [19]. More, aseptic Loosen (50.1%, 1st) and wear (13.6%, 3rd)
are the main two failure reason for implant devices according to NHS annual
reports [14]. Due to the human body activity, the wear debris is released from
the implant to the surrounding human body tissue, leading to bone resorption,
which will finally result in aseptic loosening which is 32.54%. Amongst the
aseptic loosened of femoral heads made by Co-Cr-Mo system alloy, 3161 SS
and Ti-6Al-4V EI, titanium alloy possess the highest average wear 74.3%
against high molecular weight polyethylene acetabular component [78]. That
drives us to explore another surface modification techniques, such as shot
peening, surface coating, laser shock peening, blast cleaning, or laser polish-
ing. However, to improve the wear resistance of titanium alloys, a technique
that enhances the mechanical property and gives better structural integrity is
more favourable in this instance. Thus, laser shock peening would be more
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FIGURE 5
A schematic diagram showing the sliding tribology with the ball pin [77].

suitable as it induces a deep level of compressive stresses in comparison to
their techniques mentioned.

2.2 Titanium alloys for medical applications

2.2.1 Dental application

Titanium alloys are widely used for manufacturing dental implants and ortho-
paedic prostheses. This cost around more than 1000 tones in manufacturing
titanium devices over the world every year [79]. Before titanium alloys,
Cobalt-Chromium and stainless steel were used as dental implant materials.
However, the low success-implanting rate and poor osseointegrative perfor-
mance limit their further applications in manufacturing dental prosthesis. For
now, endosseous dental implant applications specifically require titanium
alloys. This is because titanium alloys possess excellent corrosion resistance,
high strength-to-weight ratio and outstanding osseointegration. Therefore,
titanium alloys have a long history of clinical applications in both dental and
orthopaedic implants dating back to 1965 [80]. Since the 1980s, with the
development of the computer-aided design (CAD), dentistry devices such as
dental bridges, dental implant prosthesis components (screw and abutment),
crowns and over-dentures are manufactured by titanium alloys.

As shown in Figure 6, in the bottom, it is a titanium screw with a longitude
of 8-16 mm which is implanted into a prepared dental alveolus in the jaw and
acts as a replacement root for the missing tooth. In the top, a special attach-
ment component called the abutment is used to fit the top of the implant,
thereby, forming the external connection with a dental crown or dental
bridges.
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FIGURE 6
Dental implant (d) includes dental implant abutment (b), the porcelain crown (a) and the titanium
prost (c ) [81].

In titanium dental implanting surgeries, there is a 9 out 10 success rate and
the service life of the components could last 30 years or more due to its strong
and durable properties. However, some patients are allergic to titanium that
exhibit in the form of urticaria, mucosa, atopic dermatitis, pain and necrosis.
[82] Therefore, it is necessary to undergo a MELISA (Memory Lymphocyte
Immunostimulation Assay) test to diagnose a number of different metal aller-
gies[83].

2.2.2 Hip joint implants and other applications

Commercially pure (CP) titanium and its alloy such as Ti-6Al-4V alloy is a
good choice around the world for orthopaedic joint replacements, namely,
total knee replacement and total hip replacements (Figure 7 and 8).

Hip joint replacement surgery is the most common clinical surgery over the
world for most patients[86]. A hip joint implant can be divided into four catego-
ries according to the connection between ball and socket. They are: metal-on-
plastic; ceramic-on-plastic; ceramic-on-ceramic and metal-on-metal[87]. In a
metal hip joint system, structural components such as acetabulum, the socket of
the ball-and-socket joints are normally made of titanium alloys[88]. Although
the metal-on-metal system presented a very low wear rate in the laboratory
experiment, the bearing surface using titanium alloys is no longer suitable for
long-term replacement as there is the record that patients require the revision
surgeries due to metal-on-metal system. For now, the combination of ceramic
and plastic with titanium is more popular than just metal hip systems. What is
more, titanium alloys are also involved in manufacturing elbow and shoulder
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FIGURE 7
Digital image showing a prosthetic hip implant [84].
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FIGURE 8

Components of hip replacement surgery: the acetabulum in (a), or socket of the ball-and-socket
joint, is reamed to receive the cup in (b) and the liner in (c). The ball (d) is placed on the stem (e)
which is then inserted into a hollowed-out femur in (f), or thigh bone liner ball are made of
titanium alloys [85].

joint replacements. Bone screws, plates, staples, mesh and cables made of tita-
nium support broken bones and facilitate fixation[89].

More than orthopaedic applications, titanium alloys are not only involved
in surgical instruments such as forceps, dental drills and laser electrodes but
also be used in neurosurgical applications include cranial plates, acrylic and
mesh[90]. What is more, it has been 3-D printed manufacturing rib cages for
use by children and elder people[91].
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3. REVIEW ON SURFACE MODIFICATIONS FOR TITANIUM AND
ITS ALLOYS

As surface properties decide the long-term performance of implant devices, a
variety of surface modifications are needed prior to implants stabilization
[92]. There are many reasons to carry out the surface modification of implants
before implantations, which are summarized in Table 4.

Liu et al [93]summarized the main surface modification methods of Tita-
nium and its alloys are in Table 5. In this section, those methods will be
reviewed, together with the last research evaluating the use of surface modi-
fication of titanium and its alloys for orthopaedic application, as well as
future perspectives. The goal is to improve biocompatibility, wear resistance
and corrosion resistance of titanium and its alloys.

3.1 Mechanical methods for surface topography modification

Mechanical methods including grinding, machining, polishing, have been
wildly used for acquiring a rough or a smooth surface through shaping,
removal of the material’s surface. The objective is to obtain specific surface
topographies and roughness which contributes to the adhesion within a body
environment. Alternatively, cleaning-off surface contamination is another
option. In terms of metallic materials, machining changed deformations and
the surface structure, as well as the increased surface hardness. In general,
mechanical methods lead to a rough structure. Increased surface roughness is
considered more beneficial to cell attachment, proliferation and differentia-
tion of osteogenic cells which are key factors of osseointegration [96-98].
Among those mechanical methods, sand-blasting is the most used tech-
nique[99]. The usual abrasive particle of the blasting media are alumina, sili-
con carbide, biphasic calcium phosphates (BCP), hydroxyapatite and
B-Tricalcium phosphate [100]. Sand-Blasting consists of the impact of a jet
of abrasive particles against the surface by compressed air which may lead to

TABLE 4
Rationale for surface modification of Ti and its alloys.[94, 95]

Surface modification effect Reasons

Improve the fatigue life
Mechanical purpose Increase the hardness for wear resistance

Improve adhesion in bonding

Increase the osseointegration

Introduce a passive layer to prevent toxic
Biological purpose ion release into the body

Clean surface material and improve bac-
terial resistance
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A summary of main surface modification of titanium and its alloys [92, 93].

Surface modification
methods

Modified layers

Objective

Mechanical methods:
Machining,

grinding Polishing
blasting

Chemical methods
Alkaline treatment
Acidic treatment
Hydrogen peroxide
treatment

Anodic oxidation

Sol-gel

Biochemical methods

Physical methods
Thermal spray
Flame spray
HVOF

DGUN

PVD(Physical Vapour
deposition)
Evaporation

Ion plating

sputtering

Ton implantation and
deposition
Beam-line ion
implantation

PIII

Glow discharge plasma
treatment

The rough or smooth
surface formed by the
subtraction process

<10 nm of the surface oxide
layer

~1 pum of sodium titanate
gel

~5nm of dense inner oxide
and porous outer layer

~10 nm to 40um of TiO,
layer, adsorption and
incorporation of electrolyte
anions

~ 10um of thin film, such as
calcium phosphate, TiO,
and silica

Modification through
silanizaed titania
photochemistry, sel-
assembled monolayers,
protein-resistance etc

30~200 pum of coatings,
such as titanium, HA,
calcium silicate, Al,O3,
Zr0,, TiO,

~1 pum of TiN, TiC, TiCN,
diamond and diamond-like
carbon thin film

~10 nm of surface modified
layer and/ or
~1 pm of thin film

~ 1nm to ~ 100 nm of
surface modified layer

Produce specific surface
topographies; clean and roughen
surface improve adhesion in
bonding

Remove oxide scales and
contamination

Improve biocompatibility,
bioactivity or bone conductivity

Produce specific surface
topographies; improved
corrosion resistance; improve
biocompatibility, bioactivity or
bone conductivity

Improve biocompatibility,
bioactivity or bone conductivity

Induce specific cell and tissue
response by means of
surface-immobilized peptides,
proteins, or growth factors

Improve wear resistance,
corrosion resistance and
biological properties

Improve wear resistance,
corrosion resistance and blood
compatibility

Modify surface composition;
improve wear, corrosion
resistance, and biocompatibility

Clean sterilize, oxide, nitride
surface remove the native oxide
layer
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surface contamination and local inflammatory reactions of surrounding tis-
sues as a result of the dissolution of abrasive particles into the body environ-
ments [101]. Fini et al [102], found that rougher surface showed stronger
bone response after the implantation in the vivo environment.

3.2 Acide and Alkali Treatments
Acid treatment is often used to remove the oxide and contamination for achiev-
ing desired clean and equilibrium surface finishes [103]. TiO, consists of the
main oxide layered of titanium alloys as titanium can easily react with O,. In
order to remove the oxide layer before further coating, 10-30vol% HNO; and
1-3 vol% in distilled water involve the standard solution for acid-pretreatment
of titanium and its alloys. Hydrofluoric acid is able to react with TiO, rapidly,
forming soluble titanium fluorides and hydrogen. A ratio of 10 to 1 of mixed
hydrofluoric acid and nitric acid can be used for decreasing the formation of
free hydrogen to prevent from embrittlement surface layers caused by the inclu-
sion of hydrogen [104]. Normally, a thin oxide layer is formed by acid etching
with a depth under 10 nm. More than that, its growing speed is much slower
than that of untreated, from 3-6nm within 400-day period [105].
Alkali-Heating Treatment (AHT) is a surface modification technique of
immersing titanium alloy in alkali solution (NaOH or KOH), in order to form
bioactive porous layers on the material surfaces, followed by heating treat-
ment to dehydrate and transform the amorphous structure into porous crystal-
line [106]. Kim et al [107] started by immersing in a 5-10 ml[108] NaOH or
KOH for 24 h, followed by rinsing in distilled water and ultrasonic cleaning.
Then, dried in the oven and the carried on the thermal treatment that heating
the material at the temperature of 600-800 C° for 1h. The heating treatment is
required to be performed at a low pressure of 10 to 107 bar to avoid titanium
oxidation at high temperature. After the thermal treatment, the porous sample
is soaked in simulated body fluid (SBF) for 4 weeks, onwards bioactive bone-
like apatite is formed on the surface of the titanium. This processing can also
be described by the following chemical formulations:

TiO,+NaOH—HTiO; +Na*
Ti+30H —>Ti(OH)*;+4e
Ti(OH);*+e— TiO, H,0+1/2 H,T
Ti(OH);*+OH <> Ti(OH),

Hydroxyl attack on the hydrated TiO, generates negatively charged hydrates
on the surfaces:

T102*H20+OH_ (—)HTIO3_ >l<HH20
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An alkalinic titanate hydrogel layer is formed as the negatively charged sub-
stances combine with the alkali ions in the solution. Onward, when it is heat-
ing, the hydrogel layer is dehydrated and become thicker, finally forming a
stable amorphous or crystalline alkali titanate layer

3.3 Osseointegration enrichment by Ion implantation

Ton implantation (Figure 9) is a procedure in which ions of a material are
accelerated in an electric field and impacted into the solid substrate surface to
modify its physical characteristics[109-111]. There are various kinds of ions
can be used to bombarded into substrate materials such as oxygen, nitrogen,
carbon. Two common types of ions implantation methods are well known.
One is Conventional beam line ion implantation, and the other one is Plasma
immersion ion implantation (PIII). Additionally, Silver plasma immersion
ion implantation (Ag-PIII) technique is used for implanted into Ti implant to
enrich the osseointegration of sand blasted and acid-etched medical implants.
What is more, Nitrogen (N) dual ions are also implanted with Silver (Ag).
Ti-6Al-4V with an aluminium oxide-blasted surface was treated by Ag-PIII
by Jorg et al, measuring the biocompatibility in vitro environment, and anti-
bacterial effects. Ag-PIII gave a promising present for antibacterial function-
alization of titanium from the results.

There are PIII-Ag-N (Ag ions prior to N implantation), PII-N-Ag (N pri-
ors to Ag ions implantation) and PII-Ag+N (Ag/N dual ions co-implanta-
tions). Li et al. [113] employed SEM, and XPS to compare the effect of
antibacterial activity, corrosion resistance of titanium subject to PII-Ag+N,
PII-Ag-N and PII-N-Ag. The results showed the PII-Ag+N is the most effi-
cient process to achieve high antibacterial activity and corrosion resistance.
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FIGURE 9
A schematic diagram of ion implantation [112].
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PIII-Zn+Mg were also employed to improve the ossoeintegration. PIII-
Zn+Mg modified titanium implants were implanted into rabbit femurs for 4
and 12 weeks by Yu et al.[114]. Micro-CT, histological analysis and push-out
test indicates that PIII-Zn+Mg implant presents superior capacities for
enriching bone formation, and enhancing sustained biomechanical stability.

3.4 Plasma Spray

Plasma spray is a thermal spray coating process used to produce a high-qual-
ity coating by a combination of high temperature, high energy heat source, a
relatively inert spraying medium, usually argon, and high particle velocities
[115-117]. The schematic diagram is shown in Figure 10.

Plasma spraying is one kind of thermal spraying techniques. It has been widely
used in industrial gas turbines, automotive, aerospace, medical, biomedical and
electronics[118]. Among those fields, currently, DC plasma arc devices are the
most used in the commercial market[119]. The plasma gun is consist of a copper
anode and tungsten cathode which are cooled by water. Plasma gas, such as Ar,
He, H, and N,, flow around the cathode and through the anode which is shaped
as a constricting nozzle and ionized such that a plasma plume several centimeters
in length develops [120]. During the spraying processing, the powder material is
melted by using an electrical arc in the plasma plume, sprayed onto the substrate
surface. In the plasma jet, the energy, density and velocity of plasma are very
high, which are very important to the formation of coatings. Additionally, the
temperature is another critical factor which is controlled by parameters of the
plasma torch and the type of plasma gas. It is very impressive that the core region
area temperature can reach a stable and extremely high value of 15726.9°C.
Under that temperature, nearly no metal materials can “survive”, being turning
into plasma gas. The equation 2 to describe the relation between plasma beam
intensity, gas volume and the nozzle diameter by Matejka et al [121], is:
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FIGURE 10
A schematic diagram of Plasma spray [116].
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where V is the velocity of plasma(ms™); A is a constant value; Q is the vol-
ume of gas flow rate (m3s™)); T is gas temperature (K); d is the diameter of
nozzle (m) and M is the molecular weight of gas Plasma has its advantage
over other surface modification techniques. The advantage is that it can spray
the materials with a very high melting point. What is more, a broader powder
particle size range, typically 5-100 pm, and a wide range of coating materials
for meeting different needs can be coated onto the substrate surface. The
sprayed coating possess a rough surface which contributes to the adhesion of
bone cells. Therefore, in terms of titanium, Al,O3, ZrO,, and Ti,O, are nor-
mally sprayed onto the titanium surface due to their excellent wear and cor-
rosion resistance. Utu et al [122], deposited Al,03+TiO; coatings on the
commercial titanium using plasma spray. SEM, XRD and sliding wear test
were employed and the results witness the improvement of wear resistance
properties due to the increased surface coating hardness. However, such
Al,O5 and TiO5 can be used as the bond surface material between body and
titanium. Thus, some more biocompatible materials need to be coated on the
implant titanium alloy which is the focus of the next section.

3.4.1 Plasma sprayed Hydroxyapatite Coating on Titanium Alloy

In order to better promote the growth of body tissue, Hydroxyapatite (Hap)
coating is coated onto the implant surface to enhance the osseointegra-
tion[123, 124]. HAp is a naturally occurring mineral form of calcium apatite
with the formula Ca;¢(PO,)s(OH), [125]. It is a calcium phosphate which is
very similar to human bones in composition. The Ca/P ratio is 1.67 which is
identical to human bones and about 70% of the mineral fraction of bone has
an HA-like structure. In addition, Hap is very stable under human body con-
ditions such as pH, temperature, and body fluids. Previous work [126], indi-
cated that implants with an HA surface coating form a strong connection
between the implants and the bone tissue in short-time.

However, one of the disadvantages of HA is that the mechanical proper-
ties are relatively weak. Focusing on the mechanical properties of HA coat-
ing, many researchers have contributed plenty of works. Specifically, in
vivo and vitro study, Thian et al. presented the morphology and mechanical
properties of HA/Ti-6Al-4V composition immersed by Simulated Body
Fluid (SBF) solution for 2 weeks. The secondary phase such as TCP, TTCP,
and Cao were all found after immersion. The strength and modulus were
found to decrease after immersing 4-6 weeks. What is more, Chu et al [127]
conducted a vivo experiment of HA/Ti composite with New Zealand rab-
bits. The results demonstrated that there was excellent biocompatibility of
HA/Ti after implant integration with bones. HA/TiO, coating on porous
titanium (Ti) was investigated as well. Chen et al [128] found that the data
of protein adsorption and cellular shows the composite lay allows more
adsorption of serum protein. This enhances the biological properties of
Titanium implants.
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In order to improve the compressive strength, Zhang et al [129] studied
the compressive strength of porous HA/Ti composites made by spark plasma
sintering (SPS). They found that with 5 ~ 30 wt% HA content, the composite
possessed high compressive strength (86 - 388 MPa) and low elastic modulus
(8.2 ~ 15.8 GPa). In terms of corrosion resistance, Singh et al [130, 131]
acquired a better corrosion performance of titanium with HA-SiO, coating on
the AISI 304 steel and Ti-6Al-4V titanium compared with uncoated. In addi-
tion, the mechanical and corrosion properties of HA coating on Ti-13Nb-
13Zr composite was also investigated by He et. al. [132]. Composite with
10% of HA exhibited outstanding corrosion resistance in SBF.

Another problem for HA coating is the poor bonding strength between the
substrate and plasma sprayed HA coatings. Kweh et al. [133] found that, in
vitro, the mechanical properties of the bonding coatings deteriorate with the
increasing immersion time in SBF. The reason for this was due to the mis-
match of the thermal expansion of HA (13.3x10°K™) and titanium (8.4-8.8)
x10°K™"), residual stress is formed and found to be the reason for the low
bonding strength.

Resorption and degradability of HA coatings are another two important
concerns in body environment. This leads to the disintegration of the coating,
resulting in loss of the bonding strength and implant fixation. During the
spraying, the temperature of the core plasma torch could reach extremely
high. When the HA powder particles experience the high flame temperature,
thermal decomposition happens. This might lead to the different crystal struc-
ture formations of substances, such as Calcium oxide (Ca0O), a-tricalcium
phosphate(a-TCP), B-tricalcium phosphate, oxyhydroxyapatite (OHA), cal-
cium-deficient hydroxyapatite (CDHA) and tetra-calcium phosphate (TTCP).
The thermal effects on Hydroxyapatite are listed in Table 3.3.

TABLE 5
Thermal effects on Hydroxyapatite.

Temperature Reactions
25-600°C Evaporation of absorbed water
600-800°C Decarbonation
Dehydroxylation of HA forming partially
800-900°C Dehydroxylated(OHA) or completely dehydroxylated oxyapatite (OA)
1050-1400°C HA decomposes to form 3-TCP and TTCP
<1120°C B-TCP is stable
1120-1470°C B-TCP is converted to a-TCP
1550°C Melting temperature of HA
1630°C Melting temperature of TTCP, leaving behind CaO

1730°C Melting of TCP
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It has been reported that these amorphous and metastable compounds are
more soluble than crystalline HA [134]. These dissolved phases have shown
good performance in proteins and cell attachments, which benefit the implant
fixation, promoting bone remodelling. However, the dissolution of the amor-
phous and metastable compounds in HA coating is undesirable as it leads to
the decreasing of the mechanical bonding strength. Therefore, from long term
prospect, high pure crystallinity Hydroxyapatite is more preferred in plasma
spraying industry.

4 SUMMARY

This paper is the first of the two part papers focused on the use of titanium
based orthopaedic implants. The paper focuses on the physical characteris-
tics, problems and the need for surface modification. Based on a national
joint registry report in 2016 within the UK, a total of 1698395 primary
surgeries were performed. The breakdown was 875585 for knee, 800686
for hips, 17300 for shoulders, 3185 for ankles and 1636 for the elbow
replacements. Likewise, the primary surgery breakdown was 54287 for
knees, 89023 for hips, 2045 for shoulders, 358 for ankles, and 507 for
elbows that equates to a total of 146220. This indicates that; as the use of
implants increase, the revision surgeries also increase. The impact of these
revision surgeries on the patients are significant as they bring added costs
and time. The reasons why failures take place post the primary surgeries are
because of aseptic loosening, pain, wear, and infection. The important
mechanical properties for implant are yield strength, tensile strength,
Young’s Modulus, hardness and wear based on literatures on both the bio-
medical and mechanical properties (including wear) as well as corrosion of
titanium alloys employed in oral and orthopaedic applications. In addition,
the reasons why titanium is considered as biocompatible are attributed to its
resistance to corrosion from body environment, bio-inertness, capacity for
osseointegration and high fatigue strength. The osseointegration of the
implants can be improved by roughening surfaces using grinding technique
or chemical etching methods or coating a biocompatible layer (HA) using
plasma spray.

Implant surface modification methods using mechanical means such as
shot blasting, shot peening, acid/alkai treatments; ion implantation and
plasma spray and laser based technique, namely: laser shock peening and
laser polishing were also discussed in this paper.

Furthermore, the part two paper will focus on the application of laser
based techniques, in particular, laser shock based techniques that are useful
for surface modification of these titanium based implants because it has the
potential to improve key mechanical and potentially biological properties of
the aforementioned titanium based implants for improved performance, both
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mechanically and biologically. Part two paper will consist of in-depth review
of (selected) laser shock peening technique for surface processing these
implants and the broader applications of the process.

NOMENCLATURE

a-TCP a-Tricalcium Phosphate

B-TCP B-Tricalcium Phosphate

A A Constant Value

Ag Silver

Ag-PIl Silver Plasma Immersion Ion Implantation
AHT Alkali-Heating Treatment

BCP Biphasic Calcium Phosphates

CAD Computer-aided Design

Cao Calcium Oxide

CDHA Calcium-Deficient Hydroxyapatite
CPTi Commercially Pure Titanium

D The Diameter of Nozzle

Hap/HA Hydroxyapatite

HCP Hexagonal Close Packed

ICUs Intensive Care Units

M The Molecular Weight

MELISA Memory Lymphocyte Immunostimulation Assay
N Nitrogen

NHS National Health Service

NJR National Joint Research

OHA Oxyhydroxyapatite

PIII Plasma Immersion Ion Implantation
Q The Volume of Gas Flow Rate

SBF Simulated Body Fluid

SE Strain Energy

SMA Shape Memory Alloy

SS Shield Stress

T Gas Temperature

TC4 Ti-6Al-4V

THA Total Hip Arthroplasty

THR Total Hip Revision

TTCP Tetra-Calcium Phosphate

\" The Velocity of Plasma

Greek symbols

a Hexagonal Close Packed Crystal Structure

B Body Centred Cubic Structure



326 X. SHEN AND P. SHUKLA

REFERENCES

[1] Ronald Lakatos M. A. H., General Principles of Internal Fixation. Medscape 2018.

[2] Ortiz A. J., Fernandez E., Vicente A., Calvo J. L. and Ortiz C. Metallic ions released from
stainless steel, nickel-free, and titanium orthodontic alloys: toxicity and DNA damage.
American Journal of Orthodontics and Dentofacial Orthopedics 140(3) (2011),e115-e122.

[3] Walley K. C., Bajraliu M., Gonzalez T., Nazarian A. and Goulet J. A. The chronicle of a
stainless steel orthopaedic implant. The Orthopaedic Journal at Harvard Medical School
17 (2016), 68-74.

[4] Ferraris S. and Spriano S. J. M. S. Antibacterial titanium surfaces for medical implants.
Materials Science and Engineering: C 61 (2016), 965-978.

[5] Bekmurzayeva A., Duncanson W. J., Azevedo H. S. and Kanayeva D. J. M. S. Surface
modification of stainless steel for biomedical applications: Revisiting a century-old mate-
rial. Materials Science and Engineering: C (2018).

[6] Chojnacka A., Kawalko J., Koscielny H., Guspiel J., Drewienkiewicz A., Bieda M., Pachla
W., Kulezyk M., Sztwiertnia K. and Beltowska-Lehman E. J. A. S. S. Corrosion anisotropy
of titanium deformed by the hydrostatic extrusion. Applied Surface Science 426 (2017),
987-994.

[7] Geetha M., Singh A. K., Asokamani R. and Gogia A. K. Ti based biomaterials, the ultimate
choice for orthopaedic implants — A review. Progress in Materials Science 54(3) (2009),
397-425.

[8] Aherwar A., Singh A. K. and Patnaik A. Current and future biocompatibility aspects of
biomaterials for hip prosthesis. AIMS Bioeng 3(1) (2015), 23-43.

[9] Aherwar A., Singh A. K. and Patnaik A. Cobalt Based Alloy: A Better Choice Biomaterial
for Hip Implants. Trends in Biomaterials 30(1) (2016).

[10] The state of musculoskeletal health 2019; Versus Arthritis

[11] Tracey Loftis B. E., Tom Margham Musculoskeletal conditions and multimorbidity 2016.

[12] Curtis E. M., van der Velde R., Moon R. J., van den Bergh J. P., Geusens P., de Vries F.,
van Staa T. P., Cooper C. and Harvey N. C. Epidemiology of fractures in the United King-
dom 1988-2012: variation with age, sex, geography, ethnicity and socioeconomic status.
Bone 87 (2016), 19-26.

[13] Sozen T., Ozisik L. and Bagaran N. C. An overview and management of osteoporosis.
European journal of rheumatology 4(1) (2017), 46.

[14] HQIP National joint registry 13th annual report; UK, 2016.

[15] Research B. (2017) Global Orthopedics Devices Market to Reach $61.02 Billion by 2023,
Reports BIS Research. from https://www.prnewswire.com/news-releases/global-orthope-
dics-devices-market-to-reach-6102-billion-by-2023-reports-bis-research-636723973.html.

[16] Havelin L. I., Espehaug B., Vollset S. E., Engesater L. B. and Langeland N. The Norwe-
gian arthroplasty register: a survey of 17,444 hip replacements 1987-1990. Acta Ortho-
paedica Scandinavica 64(3) (1993), 245-251.

[17] Malchau H., Herberts P. and Ahnfelt L. Prognosis of total hip replacement in Sweden:
follow-up of 92,675 operations performed 1978-1990. Acta Orthopaedica Scandinavica
64(5) (1993), 497-506.

[18] Teichtahl A. J., Wluka A. E., Wijethilake P., Wang Y., Ghasem-Zadeh A. and Cicuttini F.
M. Wolff’s law in action: a mechanism for early knee osteoarthritis. Arthritis Research &
Therapy 17(1) (2015), 207.

[19] Malchau H. and Herberts P. Prognosis of total hip replacement: revision and re-revision
rate in THR: a revision-risk study of 148,359 primary operations. 1998.

[20] Ridzwan M. 1. Z., Shuib S., Hassan A. Y., Shokri A. A. and Ibrahim M. N. M. Problem of
stress shielding and improvement to the hip implant designs: a review. J. Med. Sci 7(3)
(2007), 460-467.

[21] Denard P. J., Raiss P., Gobezie R., Edwards T. B. and Lederman E. Stress shielding of the
humerus in press-fit anatomic shoulder arthroplasty: review and recommendations for
evaluation. Journal of shoulder and elbow surgery 27(6) (2018), 1139-1147.



A REVIEW OF TITANIUM BASED ORTHOPAEDIC IMPLANTS (PART-I) 327

[22] Teles A. R., Yavin D., Zafeiris C. P,, Thomas K. C., Lewkonia P., Nicholls F. H., Swamy
G. and Jacobs W. B. Fractures After Removal of Spinal Instrumentation: Revisiting the
Stress-Shielding Effect of Instrumentation in Spine Fusion. World neurosurgery 116
(2018), e1137-e1143.

[23] Frost H. M. From Wolff’s law to the Utah paradigm: Insights about bone physiology and
its clinical applications. The Anatomical Record 262(4) (2001), 398-419.

[24] Joshi M. G., Advani S. G., Miller F. and Santare M. H. Analysis of a femoral hip pros-
thesis designed to reduce stress shielding. Journal of biomechanics 33(12) (2000),
1655-1662.

[25] Weinans H., R. Sumner D., Igloria R. and Natarajan R. N. Sensitivity of periprosthetic
stress-shielding to load and the bone density—modulus relationship in subject-specific
finite element models. Journal of biomechanics 33(7) (2000), 809-817.

[26] Schierholz J. M. and Beuth J. Implant infections: a haven for opportunistic bacteria. Jour-
nal of Hospital Infection 49(2) (2001), 87-93.

[27] Kaiser A. B. Antimicrobial Prophylaxis in Surgery. New England Journal of Medicine
315(18) (1986), 1129-1138.

[28] Campoccia D., Montanaro L. and Arciola C. R. The significance of infection related to
orthopedic devices and issues of antibiotic resistance. Biomaterials 27(11) (2006), 2331-
2339.

[29] Raphel J., Holodniy M., Goodman S. B. and Heilshorn S. C. Multifunctional coatings to
simultaneously promote osseointegration and prevent infection of orthopaedic implants.
Biomaterials 84 (2016), 301-314.

[30] ZhuY. H., Chiu K. Y. and Tang W. M. Polyethylene wear and osteolysis in total hip arthro-
plasty. Journal of orthopaedic surgery 9(1) (2001), 91-99.

[31] Broomfield J. A. J., Malak T. T., Thomas G. E. R., Palmer A. J. R., Taylor A. and Glyn-
Jones S. The Relationship Between Polyethylene Wear and Periprosthetic Osteolysis in
Total Hip Arthroplasty at 12 Years in a Randomized Controlled Trial Cohort. The Journal
of Arthroplasty 32(4) (2017), 1186-1191.

[32] Rehder D., Vanadium. Its Role for Humans. In Interrelations between Essential Metal lons
and Human Diseases, Sigel, A.; Sigel, H.; Sigel, R. K. O., Eds. Springer Netherlands:
Dordrecht, 2013; pp 139-169.

[33] Fukuzumi Y., Wada T. and Kato H., Surface improvement for biocompatibility of Ti-6Al-
4V by dealloying in metallic melt. In Interface Oral Health Science 2014, Springer,
Tokyo: 2015; pp 93-101.

[34] Ku C.-H., Pioletti D. P,, Browne M. and Gregson P. J. Effect of different Ti-6Al-4V sur-
face treatments on osteoblasts behaviour. Biomaterials 23(6) (2002), 1447-1454.

[35] Bothe R. T. Reaction of bone to multiple metallic implants. Surg Gynecol Obstet T1
(1940), 598-602.

[36] Okabe T. and Hero H. The use of titanium in dentistry. Cells and Materials 5(2) (1995), 9.

[37] Sidambe A. Biocompatibility of advanced manufactured titanium implants- A review.
Materials 7(12) (2014), 8168-8188.

[38] Long M. and Rack H. J. Titanium alloys in total joint replacement—a materials science
perspective. Biomaterials 19(18) (1998), 1621-1639.

[39] Choi K., Kuhn J. L., Ciarelli M. J. and Goldstein S. A. The elastic moduli of human sub-
chondral, trabecular, and cortical bone tissue and the size-dependency of cortical bone
modulus. Journal of biomechanics 23(11) (1990), 1103-1113.

[40] SongY., XuD. S., Yang R., Li D., Wu W. T. and Guo Z. X. Theoretical study of the effects
of alloying elements on the strength and modulus of B-type bio-titanium alloys. Materials
Science and Engineering: A 260(1) (1999), 269-274.

[41] Cvijovi¢-Alagic¢ 1., Cvijovi¢ Z., Mitrovi¢ S., Pani¢ V. and Rakin M. Wear and corrosion
behaviour of Ti—13Nb—13Zr and Ti—6A1-4V alloys in simulated physiological solution.
Corrosion Science 53(2) (2011), 796-808.

[42] Yang X. and Hutchinson C. R. Corrosion-wear of B-Ti alloy TMZF (Ti-12Mo-6Zr-2Fe) in
simulated body fluid. Acta Biomaterialia 42 (2016), 429-439.



328 X. SHEN AND P. SHUKLA

[43] Koizumi H., Ishii T., Okazaki T., Kaketani M., Matsumura H. and Yoneyama T. Castability
and mechanical properties of Ti-15Mo-5Zr-3Al alloy in dental casting. Journal of Oral
Science 60(2) (2018), 285-292.

[44] Najdahmadi A., Zarei-Hanzaki A. and Farghadani E. Mechanical properties enhancement
in Ti-29Nb-13Ta—4.6Zr alloy via heat treatment with no detrimental effect on its biocom-
patibility. Materials & Design (1980-2015) 54 (2014), 786-791.

[45] Ferrandini P. L., Cardoso F. F.,, Souza S. A., Afonso C. R. and Caram R. Aging response of
the Ti—35Nb—7Zr-5Ta and Ti—35Nb-7Ta alloys. Journal of Alloys and Compounds 433(1)
(2007), 207-210.

[46] Saini M., Singh Y., Arora P., Arora V. and Jain K. Implant biomaterials: A comprehensive
review. World journal of clinical cases 3(1) (2015), 52-57.

[47] Veiga C., Davim J. P. and Loureiro A. J. R. Properties and applications of titanium alloys:
a brief review. Rev. Adv. Mater. Sci 32(2) (2012), 133-148.

[48] Niinomi M. Recent research and development in titanium alloys for biomedical applica-
tions and healthcare goods. Science and technology of advanced Materials 4(5) (2003),
445.

[49] LiY., Yang C., Zhao H., Qu S., Li X. and Li Y. New Developments of Ti-Based Alloys for
Biomedical Applications. Materials 7(3) (2014).

[50] Kwasniak P., Muzyk M., Garbacz H. and Kurzydlowski K. J. Influence of oxygen content
on the mechanical properties of hexagonal Ti—First principles calculations. Materials
Science and Engineering: A 590 (2014), 74-79.

[51] Kawatko J., Wroniski M., Bieda M., Sztwiertnia K., Wierzbanowski K., Wojtas D., Lagoda
M., Ostachowski P., Pachla W. and Kulczyk M. Microstructure of titanium on complex
deformation paths: Comparison of ECAP, KOBO and HE techniques. Materials Charac-
terization 141 (2018), 19-31.

[52] Gu K., Zhao B., Weng Z., Wang K., Cai H. and Wang J. Microstructure evolution in meta-
stable B titanium alloy subjected to deep cryogenic treatment. Materials Science and Engi-
neering: A 723 (2018), 157-164.

[53] Vert M., Doi Y., Hellwich K.-H., Hess M., Hodge P., Kubisa P., Rinaudo M. and Schué F.
Terminology for biorelated polymers and applications (IUPAC Recommendations 2012).
Pure and Applied Chemistry 84(2) (2012), 377-410.

[54] Mavrogenis A. F., Dimitriou R., Parvizi J. and Babis G. C. Biology of implant osseointe-
gration. J Musculoskelet Neuronal Interact 9(2) (2009), 61-71.

[55] Thevenot P., Hu W. and Tang L. Surface chemistry influences implant biocompatibility.
Current topics in medicinal chemistry 8(4) (2008), 270-280.

[56] Parithimarkalaignan S. and Padmanabhan T. V. Osseointegration: An Update. The Journal
of Indian Prosthodontic Society 13(1) (2013), 2-6.

[57] Singhatanadgit W. Biological Responses to New Advanced Surface Modifications of
Endosseous Medical Implants. Bone and Tissue Regeneration Insights 2(2009), BTRI.
S3150.

[58] Carlsson L., Réstlund T., Albrektsson B., Albrektsson T. and Branemark P.-I. Osseointe-
gration of titanium implants. Acta Orthopaedica Scandinavica 57(4) (1986), 285-289.

[59] Chug A., Shukla S., Mahesh L. and Jadwani S. Osseointegration—Molecular events at the
bone—implant interface: A review. Journal of Oral and Maxillofacial Surgery, Medicine,
and Pathology 25(1) (2013), 1-4.

[60] Fraker A. C. and Griffin C. D. Corrosion and Degradation of Implant Materials: Second
Symposium: a Symposium. ASTM International. 1985.

[61] Fukuta K., Chapter 5.3 - Collection of Body Fluids. In The Laboratory Mouse (Second
Edition), Hedrich, H. J., Ed. Academic Press: Boston, 2012; pp 727-738.

[62] Shoesmith D. W. and Noél J. J., 3.10 - Corrosion of Titanium and its Alloys. In Shreir’s
Corrosion, Cottis, B.; Graham, M.; Lindsay, R.; Lyon, S.; Richardson, T.; Scantlebury, D.;
Stott, H., Eds. Elsevier: Oxford, 2010; pp 2042-2052.

[63] Prando D., Brenna A., Diamanti M. V., Beretta S., Bolzoni F., Ormellese M. and Pedeferri
M. Corrosion of Titanium: Part 1: Aggressive Environments and Main Forms of Degrada-
tion. Journal of Applied Biomaterials & Functional Materials 15(4) (2017), e291-e302.



A REVIEW OF TITANIUM BASED ORTHOPAEDIC IMPLANTS (PART-I) 329

[64] Wang G., Wan Y., Wang T. and Liu Z. Corrosion Behavior of Titanium Implant with dif-
ferent Surface Morphologies. Procedia Manufacturing 10 (2017), 363-370.

[65] Harada R., Kokubu E., Kinoshita H., Yoshinari M., Ishihara K., Kawada E. and Takemoto
S. Corrosion behavior of titanium in response to sulfides produced by Porphyromonas
gingivalis. Dental Materials 34(2) (2018), 183-191.

[66] Lukina E., Kollerov M., Meswania J., Khon A., Panin P. and Blunn G. W. Fretting corro-
sion behavior of nitinol spinal rods in conjunction with titanium pedicle screws. Materials
Science and Engineering: C 72 (2017), 601-610.

[67] Pouilleau J., Devilliers D., Garrido F., Durand-Vidal S. and Mahé E. Structure and compo-
sition of passive titanium oxide films. Materials Science and Engineering: B47(3) (1997),
235-243.

[68] Budimir A. Metal ions, Alzheimer’s disease and chelation therapy. Acta Pharmaceutica
61(1) (2011), 1-14.

[69] Chenghao L., Li’nan J., Chuanjun Y. and Naibao H. Crevice Corrosion Behavior of CP Ti,
Ti-6A1-4V Alloy and Ti-Ni Shape Memory Alloy in Artificial Body Fluids. Rare Metal
Materials and Engineering 44(4) (2015), 781-785.

[70] Yu J., Zhao Z.J. and Li L. X. Corrosion fatigue resistances of surgical implant stainless
steels and titanium alloy. Corrosion Science 35(1) (1993), 587-597.

[71] Sivakumar B., Pathak L. C. and Singh R. Role of surface roughness on corrosion and fret-
ting corrosion behaviour of commercially pure titanium in Ringer’s solution for bio-
implant application. Applied Surface Science 401 (2017), 385-398.

[72] Oliveira C. A., Candeldria I. S., Oliveira P. B., Figueiredo A. and Caseiro-Alves F. Metal-
losis: A diagnosis not only in patients with metal-on-metal prostheses. European Journal
of Radiology Open 2 (2015), 3-6.

[73] Ho J., Mahajan J., Taylor M., Byers A., Arauz P. and Kwon Y.-M. Metallosis in cemented
titanium alloy total knee arthroplasty without apparent metal-on-metal articulation. The
Knee 25(4) (2018), 728-731.

[74] Anderson J. M., Rodriguez A. and Chang D. T. Foreign body reaction to biomaterials.
Seminars in Immunology 20(2) (2008), 86-100.

[75] Adebiyi D. 1. and Popoola A. P. I. Mitigation of abrasive wear damage of Ti—-6A1-4V by
laser surface alloying. Materials & Design 74 (2015), 67-75.

[76] Chapter 4 Tribological Properties of Coatings. In Tribology Series, Holmberg, K.; Mat-
thews, A., Eds. Elsevier: 1994. 28, 125-256.

[77] de Viteri V. S. 1. and Fuentes E. Titanium and titanium alloys as biomaterials. 2013.

[78] McGee M. A., Howie D. W., Costi K., Haynes D. R., Wildenauer C. I., Pearcy M. J. and
McLean J. D. Implant retrieval studies of the wear and loosening of prosthetic joints: a
review. Wear 241(2) (2000), 158-165.

[79] AZoM (2003) Titanium alloys in medical applicaitons. from https://www.azom.com/arti-
cle.aspx?ArticleID=1794.

[80] Koizumi H., Takeuchi Y., Imai H., Kawai T. and Yoneyama T. Application of titanium and tita-
nium alloys to fixed dental prostheses. Journal of Prosthodontic Research 63(3) (2019), 266-270.

[81] McKay M. (2013) Why understanding dental implant abutments can save u an extra trip
(and money ) to Mexico? , from https://www.dayodental.com/why-understanding-dental-
implant-abutments-can-save-you-an-extra-trip-and-money-to-mexico-2/.

[82] Kim K. T., Eo M. Y., Nguyen T. T. H. and Kim S. M. General review of titanium toxicity.
International journal of implant dentistry 5(1) (2019), 10-10.

[83] Vadala M., Laurino C. and Palmieri B. The memory lymphocyte immunostimulation assay
in immune system disorders: Is useful or useless? Journal of laboratory physicians 9(4)
(2017), 223-226.

[84] Cluett J. (2019) What Type of Hip Replacement Implant Is Best? , from https://www.very-
wellhealth.com/what-type-of-hip-replacement-implant-is-best-2549558.

[85] Care M. H. Hip Parts and Materials. from https://www.muhealth.org/conditions-treat-
ments/orthopaedics/hip-pain/hip-replacement-surgery/hip-parts-and-materials.

[86] Knight S. R., Aujla R. and Biswas S. P. Total Hip Arthroplasty - over 100 years of opera-
tive history. Orthopedic reviews 3(2) (2011), e16-e16.



330 X. SHEN AND P. SHUKLA

[87] Merola M. and Affatato S. Materials for Hip Prostheses: A Review of Wear and Loading
Considerations. Materials (Basel, Switzerland) 12(3) (2019), 495.

[88] Hu C. Y. and Yoon T.-R. Recent updates for biomaterials used in total hip arthroplasty.
Biomaterials research 22 (2018), 33-33.

[89] Sahoo N. K., Anand S. C., Bhardwaj J. R., Sachdeva V. P. and Sapru B. L. Bone Response
to Stainless Steel and Titanium Bone Plates: An Experimental Study On Animals. Medical
Jjournal, Armed Forces India 50(1) (1994), 10-14.

[90] Bonda D. J., Manjila S., Selman W. R. and Dean D. The Recent Revolution in the Design
and Manufacture of Cranial Implants: Modern Advancements and Future Directions. Neu-
rosurgery 77(5) (2015), 814-824.

[91] Siu T. L., Rogers J. M., Lin K., Thompson R. and Owbridge M. Custom-Made Titanium
3-Dimensional Printed Interbody Cages for Treatment of Osteoporotic Fracture—Related
Spinal Deformity. World neurosurgery 111 (2018), 1-5.

[92] Asri R. I. M., Harun W. S. W., Samykano M., Lah N. A. C., Ghani S. A. C., Tarlochan F.
and Raza M. R. Corrosion and surface modification on biocompatible metals: A review.
Materials Science and Engineering: C 77 (2017), 1261-1274.

[93] Liu X., Chu P. K. and Ding C. Surface modification of titanium, titanium alloys, and
related materials for biomedical applications. Materials Science and Engineering: R:
Reports 47(3) (2004), 49-121.

[94] Sylwia S. Surface modifications of ti and its alloys. Advances in Materials Science 10(1)
(2010), 29-42.

[95] Kirmanidou Y., Sidira M., Drosou M.-E., Bennani V., Bakopoulou A., Tsouknidas A.,
Michailidis N. and Michalakis K. New Ti-Alloys and Surface Modifications to Improve
the Mechanical Properties and the Biological Response to Orthopedic and Dental Implants:
A Review. BioMed Research International 2016 (2016), 2908570.

[96] Hacking S. A., Boyraz P., Powers B. M., Sen-Gupta E., Kucharski W., Brown C. A. and
Cook E. P. Surface roughness enhances the osseointegration of titanium headposts in non-
human primates. Journal of Neuroscience Methods 211(2) (2012), 237-244.

[97] Lee B.-S., Shih K.-S., Lai C.-H., Takeuchi Y. and Chen Y.-W. Surface property alterations
and osteoblast attachment to contaminated titanium surfaces after different surface treat-
ments: An in vitro study. Clinical Implant Dentistry and Related Research 20(4) (2018),
583-591.

[98] Jung S., Bohner L., Hanisch M., Kleinheinz J. and Sielker S. Influence of Implant Material
and Surface on Differentiation and Proliferation of Human Adipose-Derived Stromal
Cells. International Journal of Molecular Sciences 19(12) (2018).

[99] Tang X., Huang K., Dai J., Wu Z., Cai L., Yang L., Wei J. and Sun H. Influences of surface
treatments with abrasive paper and sand-blasting on surface morphology, hydrophilicity,
mineralization and osteoblasts behaviors of n-CS/PK composite. Scientific Reports 7(1)
(2017), 568-568.

[100] Citeau A., Guicheux J., Vinatier C., Layrolle P., Nguyen T. P., Pilet P. and Daculsi G. In
vitro biological effects of titanium rough surface obtained by calcium phosphate grid
blasting. Biomaterials 26(2) (2005), 157-165.

[101] Gbureck U., Masten A., Probst J. and Thull R. Tribochemical structuring and coating of
implant metal surfaces with titanium oxide and hydroxyapatite layers. Materials Science
and Engineering: C 23(3) (2003), 461-465.

[102] Fini M., Savarino L., Nicoli Aldini N., Martini L., Giavaresi G., Rizzi G., Martini D.,
Ruggeri A., Giunti A. and Giardino R. Biomechanical and histomorphometric investiga-
tions on two morphologically differing titanium surfaces with and without fluorohy-
droxyapatite coating: an experimental study in sheep tibiae. Biomaterials 24(19) (2003),
3183-3192.

[103] Xie H., Shen S., Qian M., Zhang F., Chen C. and Tay F. R. Effects of Acid Treatment on
Dental Zirconia: An In Vitro Study. Plos One 10(8) (2015), €0136263-e0136263.

[104] Standard Guide for Descaling and Cleaning Titanium and Titanium Alloy Surfaces. 2017.

[105] Sittig C., Textor M., Spencer N. D., Wieland M. and Vallotton P. H. Surface characteriza-
tion. Journal of Materials Science: Materials in Medicine 10(1) (1999), 35-46.



A REVIEW OF TITANIUM BASED ORTHOPAEDIC IMPLANTS (PART-I) 331

[106] Pan C., HuY., HouY,, Liu T., Lin Y., Ye W., Hou Y. and Gong T. Corrosion resistance and
biocompatibility of magnesium alloy modified by alkali heating treatment followed by the
immobilization of poly (ethylene glycol), fibronectin and heparin. Materials Science and
Engineering: C70 (2017), 438-449.

[107] Kim H. M., Miyaji F., Kokubo T. and Nakamura T. Preparation of bioactive Ti and its
alloys via simple chemical surface treatment. Journal of Biomedical Materials Research:
An Official Journal of The Society for Biomaterials and The Japanese Society for Bioma-
terials 32(3) (1996), 409-417.

[108] Wang C. X., Zhou X. and Wang M. Mechanism of apatite formation on pure titanium
treated with alkaline solution. Bio-medical materials and engineering 14(1) (2004), 5-11.

[109] Rautray T. R., Narayanan R. and Kim K.-H. Ion implantation of titanium based biomateri-
als. Progress in Materials Science 56(8) (2011), 1137-1177.

[110] Wood J., Ton Implantation. In Encyclopedia of Materials: Science and Technology, Bus-
chow, K. H. J.; Cahn, R. W.; Flemings, M. C.; Ilschner, B.; Kramer, E. J.; Mahajan, S.;
Veyssiere, P., Eds. Elsevier: Oxford, 2001; pp 4284-4286.

[111] Chu P. K. and Wu G. S., 3 - Surface design of biodegradable magnesium alloys for bio-
medical applications. In Surface Modification of Magnesium and its Alloys for Biomedical
Applications, Narayanan, T. S. N. S.; Park, L.-S.; Lee, M.-H., Eds. Woodhead Publishing:
Oxford, 2015; pp 89-119.

[112] Bagaria A. N. (2006) Doping by diffusion and implantation from https://docplayer.
net/63738985-Doping-by-diffusion-implantation-by-ashutosh-nandan-bagaria-iit-kharag-
pur.html.

[113] LiJ., Qiao Y., Ding Z. and Liu X. Microstructure and properties of Ag/N dual ions
implanted titanium. Surface and Coatings Technology 205(23) (2011), 5430-5436.

[114] YuY,, Jin G., Xue Y., Wang D., Liu X. and Sun J. Multifunctions of dual Zn/Mg ion co-
implanted titanium on osteogenesis, angiogenesis and bacteria inhibition for dental
implants. Acta Biomaterialia 49 (2017), 590-603.

[115] Fauchais P. and Montavon G., Plasma Spraying: From Plasma Generation to Coating
Structure. In Advances in Heat Transfer, Fridman, A.; Cho, Y. L.; Greene, G. A.; Bar-
Cohen, A., Eds. Elsevier: 2007; Vol. 40, pp 205-344.

[116] Amin S. and Panchal H. A review on thermal spray coating processes. transfer 2(4) (2016).

[117] Lashmi P. G., Ananthapadmanabhan P. V., Unnikrishnan G. and Aruna S. T. Present status
and future prospects of plasma sprayed multilayered thermal barrier coating systems.
Journal of the European Ceramic Society 40(8) (2020), 2731-2745.

[118] Xu J. L. and Khor K. A., 5 - Plasma spraying for thermal barrier coatings: processes and
applications. In Thermal Barrier Coatings, Xu, H.; Guo, H., Eds. Woodhead Publishing:
2011; pp 99-114.

[119] Kim M., Lee Y. H., Oh J.-H., Hong S.-H., Min B.-I., Kim T.-H. and Choi S. Synthesis of
boron nitride nanotubes using triple DC thermal plasma reactor with hydrogen injection.
Chemical Engineering Journal 395 (2020), 125148.

[120] Vardelle A., Moreau C., Themelis N. J. and Chazelas C. A Perspective on Plasma Spray
Technology. Plasma Chemistry and Plasma Processing 35(3) (2015), 491-509.

[121] Matejka D. and Benko B. Plasma spraying of metallic and ceramic materials. John Wiley
and Sons, Baffins Lane, Chichester, West Sussex, PO 19 1 UD, UK, 1989. 280 (1989) pp.

[122] Utu L. D., Marginean G., Hulka I., Serban V. A. and Cristea D. Properties of the thermally
sprayed AI203-TiO2 coatings deposited on titanium substrate. International Journal of
Refractory Metals and Hard Materials 51 (2015), 118-123.

[123] Clavijo-Mejia G. A., Hermann-Muioz J. A., Rincén-Lopez J. A., Ageorges H. and Mufioz-
Saldafia J. Bovine-derived hydroxyapatite coatings deposited by high-velocity oxygen-
fuel and atmospheric plasma spray processes: A comparative study. Surface and Coatings
Technology 381 (2020), 125193.

[124] Hameed P., Gopal V., Bjorklund S., Ganvir A., Sen D., Markocsan N. and Manivasagam
G. Axial Suspension Plasma Spraying: An ultimate technique to tailor Ti6Al4V surface
with HAp for orthopaedic applications. Colloids and Surfaces B: Biointerfaces 173
(2019), 806-815.



332 X. SHEN AND P. SHUKLA

[125] Aruna S. T., Kulkarni S., Chakraborty M., Kumar S. S., Balaji N. and Mandal C. A com-
parative study on the synthesis and properties of suspension and solution precursor plasma
sprayed hydroxyapatite coatings. Ceramics International 43(13) (2017), 9715-9722.

[126] Abraham C. M. A brief historical perspective on dental implants, their surface coatings
and treatments. The open dentistry journal 8 (2014), 50-55.

[127] Chu C., Xue X., Zhu J. and Yin Z. Fabrication and characterization of titanium-matrix
composite with 20 vol% hydroxyapatite for use as heavy load-bearing hard tissue replace-
ment. Journal of Materials Science: Materials in Medicine 17(3) (2006), 245-251.

[128] Chen H., Wang C., Yang X., Xiao Z., Zhu X., Zhang K., Fan Y. and Zhang X. Construction
of surface HA/TiO, coating on porous titanium scaffolds and its preliminary biological
evaluation. Materials Science and Engineering: C 70 (2017), 1047-1056.

[129] Zhang L., He Z. Y., Zhang Y. Q., Jiang Y. H. and Zhou R. Enhanced in vitro bioactivity of
porous NiTi—-HA composites with interconnected pore characteristics prepared by spark
plasma sintering. Materials & Design 101 (2016), 170-180.

[130] Singh G., Singh H. and Sidhu B. S. Characterization and corrosion resistance of plasma
sprayed HA and HA-SiO, coatings on Ti—6A1-4V. Surface and Coatings Technology 228
(2013), 242-247.

[131] Singh G., Singh H. and Sidhu B. S. Corrosion behavior of plasma sprayed hydroxyapatite
and hydroxyapatite-silicon oxide coatings on AISI 304 for biomedical application. Applied
Surface Science 284 (2013), 811-818.

[132] He Y. H.,, Zhang Y. Q., Jiang Y. H. and Zhou R. Effect of HA (Hydroxyapatite) content on
the microstructure, mechanical and corrosion properties of (Til3Nb13Zr)-xHA biocom-
posites synthesized by sparkle plasma sintering. Vacuum 131 (2016), 176-180.

[133] Kweh S. W. K., Khor K. A. and Cheang P. An in vitro investigation of plasma sprayed
hydroxyapatite (HA) coatings produced with flame-spheroidized feedstock. Biomaterials
23(3) (2002), 775-785.

[134] Fazan F. and Marquis P. M. Dissolution behavior of plasma-sprayed hydroxyapatite coat-
ings. Journal of Materials Science: Materials in Medicine 11(12) (2000), 787-792.



