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1. Introduction

In modern history, metals have been used as implants since more than 100 years ago when
Lane first introduced metal plate for bone fracture fixation in 1895 (Lane, 1895). In the early
development, metal implants faced corrosion and insufficient strength problems (Lambotte,
1909, Sherman, 1912). Shortly after the introduction of the 18-8 stainless steel in 1920s, which
has had far-superior corrosion resistance to anything in that time, it immediately attracted
the interest of the clinicians. Thereafter, metal implants experienced vast development and
clinical use.

Type of metal used in biomedical depends on specific implant applications. 316L type
stainless steel (316L SS) is still the most used alloy in all implants division ranging from
cardiovascular to otorhinology. However, when the implant requires high wear resistance
such as artificial joints, CoCrMo alloys is better served. Table 1 summarized the type of
metals generally used for different implants division.

Division Example of implants Type of metal
Cardiovascular Stent 316L SS; CoCrMo; Ti
Artificial valve Ti6Al4V
Orthopaedic Bone fixation (plate, screw, pin)  316L SS; Ti; Ti6Al4V
Artificial joints CoCrMo; Ti6Al4V; Ti6Al7Nb
Dentistry Qrthodontic wire 316L SS; CoCrMo; TiNi; TiMo
Filling AgSn(Cu) amalgam, Au
Craniofacial Plate and screw 316L SS; CoCrMo; Ti; Ti6Al4V
Otorhinology  |Artificial eardrum 316L SS

Table 1. Implants division and type of metals used

Metallic biomaterials are exploited due to their inertness and structural functions; they do not
possess biofunctionalities like blood compatibility, bone conductivity and bioactivity. Hence,
surface modifications are required. Improving their bone conductivity has been done by
coating with bioactive ceramics like hydroxyapatite (Habibovic, 2002), or blood compatibility
by coating with biopolymers (Lahann, 1999). Nowadays, large number of metallic biomaterials
composed of nontoxic and allergy-free elements are being developed. Even more, a new type
of biodegradable metals has been proposed as temporary implants (Hermawan, 2009).

Generally, all metal implants are non-magnetic and high in density. These are important for
the implants to be compatible with magnetic resonance imaging (MRI) techniques and to be
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visible under X-ray imaging. Most of artificial implants are subjected to loads, either static or
repetitive, and this condition requires an excellent combination of strength and ductility.
This is the superior characteristic of metals over polymers and ceramics. Specific
requirements of metals depend on the specific implant applications. Stents and stent grafts
are implanted to open stenotic blood vessels; therefore, it requires plasticity for expansion
and rigidity to maintain dilatation. For orthopaedic implants, metals are required to have
excellent toughness, elasticity, rigidity, strength and resistance to fracture. For total joint
replacement, metals are needed to be wear resistance; therefore debris formation from
friction can be avoided. Dental restoration requires strong and rigid metals and even the
shape memory effect for better results.

In overall, the use of biomaterials in clinical practice should be approved by an authoritative
body such as the FDA (United States Food and Drug Administration). The proposed
biomaterial will be either granted Premarket Approval (PMA) if substantially equivalent to
one used before FDA legislation of 1976, or has to go through a series of guided
biocompatibility assessment.

2. Common metals used for biomedical devices

Up to now, the three most used metals for implants are stainless steel, CoCr alloys and Ti
alloys. The first stainless steel used for implants contains ~18wt% Cr and ~8wt% Ni makes it
stronger than the steel and more resistant to corrosion. Further addition of molybdenum
(Mo) has improved its corrosion resistance, known as type 316 stainless steel. Afterwards,
the carbon (C) content has been reduced from 0.08 to 0.03 wt% which improved its corrosion
resistance to chloride solution, and named as 316L.

Titanium is featured by its light weight. Its density is only 4.5g/cm?3 compared to 7.9g/cm3
for 316 stainless steel and 8.3g/cm3 for cast CoCrMo alloys (Brandes and Brook, 1992). Ti
and its alloys, i.e. TibAl4V are known for their excellent tensile strength and pitting
corrosion resistance. Titanium alloyed with Ni, i.e. Nitinol, forms alloys having shape
memory effect which makes them suitable in various applications such as dental restoration
wiring.

In dentistry, precious metals and alloys often used are Au, Ag, Pt and their alloys. They
possess good castability, ductility and resistance to corrosion. Included into dental alloys are
AuAgCu system, AuAgCu with the addition of Zn and Sn known as dental solder, and
AuPtPd system used for porcelain-fused-to-metal for teeth repairs.

CoCr alloys have been utilised for many decades in making artificial joints. They are
generally known for their excellent wear resistance. Especially the wrought CoNiCrMo alloy
has been used for making heavily loaded joints such as ankle implants (Figure 1).

Other metals used for implants include tantalum (Ta), amorphous alloys and biodegradable
metals. Tantalum which has excellent X-ray visibility and low magnetic susceptibility is
often used for X-ray markers for stents. Amorphous alloys featured interesting properties
compared to its crystalline counterparts whereas they exhibit higher corrosion resistance,
wear resistance, tensile strength and fatigue strength. With low Young's modulus,
amorphous alloys like that of Zr-based (Wang, 2011), may miniaturized metal implants. Up
to now, metals proposed for biodegradable implants, named as biodegradable metals, are
either iron-based or magnesium-based alloys. The Mg-based alloys include MgAl-, MgRE
(rare earth)- (Witte, 2005), and MgCa- (Li, 2008) based alloys. Meanwhile, the Fe-based
alloys include pure iron (Peuster, 2001) and Fe-Mn alloys (Hermawan, 2008).
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Ankle Implants

Fig. 1. A set of ankle implants (Courtesy of MediTeg, UTM).

3. Structure and property of metals

3.1 Microstructure of metal and its alloys

When molten metals are cooled into a solid state, the atoms rearrange themselves into a
crystal structure. There are three basic crystal structures for most metals: (1) body-centered
cubic, (2) face-centered cubic, and (3) hexagonal close-packed. Each structure has different
properties and shows distinct behaviour when subjected under loading in the application.
Under external force a crystal undergoes elastic deformation. When the force is removed, it
returns to its original shape. However, if the force is increased beyond its elastic limit, the
crystal undergoes plastic or permanent deformation, and it does not return to its original
shape even after the removal of the applied force.

Imperfections usually exist in metals include interstitial atom, impurity, dislocations, grain
boundaries, and pores. Dislocation is a defect which could explain the discrepancy between
the actual strength of metals and the theoretical calculations based on molecular dynamics.
After the invention of electron microscope, many scientists have directly observed the
existence of dislocation. Since then, dislocation theory has evolved and explains many of the
physical and mechanical phenomena in metals. Another important type of defect is the
grain boundary. The mechanical properties of metals are significantly influenced by the size
of their grain. At ambient temperature, metals with large grain size generally have a low
strength and hardness, and also low in ductility. Since grain boundaries hinder the
dislocations movement, they also influence the strain hardening process to increase the
strength and ductility of metals.

Pure metals have relatively limited properties; however these properties can be enhanced
by alloying the metals. Most of the metals used in engineering applications are in the form
of their alloy. Most alloys consist of two or more solid phase in the form of either solid
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solutions or intermetallic compounds that depend on the alloying composition and
temperature. A phase is defined as a homogenous portion in a material that has its own
physical and chemical characteristics and properties. Every pure metal is considered as a
phase, as also is every solid solution and intermetallic compound. Alloying a metal with
finely dispersed particles as a second-phase is one of the important method of
strengthening alloys and enhancing their properties. The second-phase particles present
as obstacles to the movement of dislocations thus increase the overall strength and
hardness of the alloys.

3.2 Physical and mechanical properties of metals

One important criterion in metals selection is the consideration of their physical
properties, such as density, melting point, specific heat, thermal conductivity, thermal
expansion and corrosion. Density of a metal plays a significant role on the specific
strength and specific stiffness, which are the ratio of strength-to-weight and stiffness-to-
weight, respectively.

For many applications, one of the most important considerations is their deterioration by
corrosion. Corrosion of metal depends on the metals composition and the corrosive media in
the surrounding environment. The most common and easiest way of preventing corrosion is
the careful selection of metals once the corrosion environment has been characterized.
Nonferrous metals, stainless steel, and non-metallic materials generally have high corrosion
resistance due to the presence of protective passive layer. Titanium develops a film of
titanium oxide, TiO,. A similar phenomenon also occurs in stainless steels due to the
presence of chromium in the alloy that develops chromium oxide layer on the surfaces. If
the protective film is broken and exposes the metal underneath, a new oxide film begins to
form for further protection.

Unlike the physical properties, mechanical properties of metal are the behaviour of metals
that measured under the effect of external forces. Tension test is the most common method
to determine the mechanical properties of materials, such as strength, ductility, toughness,
elastic modulus, and strain hardening capability. The specimen used in this test usually is
prepared according to ASTM specifications. Another important mechanical property of
metal is the hardness which gives a general indication of its resistance to localize plastic
deformation. Several test methods which use different indenter materials and shapes have
been developed to measure the hardness of metals.

Table 2 shows mechanical properties of some alloys used for implant. It also shows chemical
composition of the alloy which is a determined factor for the formation of microstructure
and phases, thus their properties, i.e. mechanical properties. For example, the addition of Al
and V into pure Ti greatly increase its tensile strength. Beside composition, metallurgical
state and synthesis process of the metals change their mechanical properties, i.e. annealed
condition has better ductility than that of cold worked and cast metal implants usually
possess lower strength than those made by forging.

Different from the breakdown in the tension test where the specimen is subjected under
gradual increase of loading until fractures, failure of a component practically occurs after a
lengthy period of repeated stress or strain cycling. This phenomenon is called fatigue failure
and responsible for the majority of failures in many mechanical components. To avoid this
kind of failure, the stress level should be reduced to a level which the material can be
subjected without fatigue failure, regardless of the number of cycle. The maximum level of
loading stress is known as the endurance limit or fatigue limit.
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Main alloying Mechanical properties*
Metals composition YS UTs YM 1 Max‘
(wt%) (MPa) | (MPa) | (GPa) [° Oiia)“"“
Stainless steel: Fe; 16-18.5Cr; 10-14Nj; 190 490 193 40
316L type (ASTM, 2003)| 2-3Mo; <2Mn; <1Si;
<0.003C
CoCr alloys:
CoCrWNi (F90) Co; 19-21Cr; 14-16W; 310 860 210 20
(ASTM, 2007a) 9-11Ni
CoNiCrMo (F562) Co; 33-37Ni; 19-21Cr; 241 793 232 50
(ASTM, 2007Db) 9-10.5Mo
Ti and its alloys:
Pure Ti grade 4 (F67) | Ti; 0.05N; 0.1C; 0.5Fe; 485 550 110 15
(ASTM, 2006) 0.015H; 0.40
Ti6Al4V (F136) Ti; 5.5-6.75Al; 3.5-4.5V; 795 860 116 10
(ASTM, 2008) 0.08C; 0.20
Degradable metals:
Pure iron (Goodfellow, 99.8Fe 150 210 200 40
2007)
WE43 magnesium alloy Mg; 3.7-4.3Y; 150 250 44 4
(ASTM, 2001) 2.4-44Nd; 0.4-1Zr

*under annealed condition except for WE43 which was solution heat-treated and artificially aged (T6).
YS = yield strength, UTS = ultimate tensile strength, YM = Young’s modulus.

Table 2. Example of metals used for implants and their mechanical properties

3.3 Biocompatibility of metals

The understanding of biocompatibility has been focused for long-term implantable devices,
which biologically inactive and chemically inert so that they give no harmful effect to the
human tissues. However, with recent development in biotechnology, some level of
biological activity is needed in particular research area, such as tissue engineering, drug and
gene delivery systems, where direct interactions between biomaterials and tissue
components are very essential.

One of the recent definition of biocompatibility is “the ability of a biomaterial to perform its
desired function with respect to a medical therapy, without eliciting any undesirable local or
systemic effects in the recipient or beneficiary of that therapy, but generating the most
appropriate beneficial cellular or tissue response in that specific situation, and optimising
the clinically relevant performance of that therapy” (Williams, 2008). In metals,
biocompatibility involves the acceptance of an artificial implant by the surrounding tissues
and by the body as a whole. The metallic implants do not irritate the surrounding structures,
do not incite an excessive inflammatory response, do not stimulate allergic and
immunologic reactions, and do not cause cancer. Other functional characteristics that are
important for metallic device include adequate mechanical properties such as strength,
stiffness, and fatigue properties; and also appropriate density.

www.intechopen.com



416 Biomedical Engineering — From Theory to Applications

Since many applications of metallic devices are for the structural implant, metal
biocompatibility is of considerable concern since metals can corrode in an in vivo
environment. The corrosion of metallic implant gives adverse effects to the surrounding
tissues and to the implant itself. It produces chemical substances that harmful for human
organs and deteriorates the mechanical properties of the implant. Therefore, corrosion
resistance of a metallic implant is an important aspect of its biocompatibility. Even though,
in special cases, metals which can degrade are proposed for temporary implants but
certainly without ignoring the biocompatibility requirement (Hermawan, 2010, Witte, 2009).

4. Processing of metals

4.1 Primary processes

In general, primary process of metals include the processing ingot to mill products in the
case of wrought alloys, and casting process in the case of cast alloy. In addition, the primary
products of metals can also be produced by powder metallurgy. Processing of implant
alloys is thought to be a very expensive process, which involves complex process of
production, especially for the case of Ti alloy. The main reason for this condition is due to
the high reactivity of the alloys, therefore special handlings are required to perform their
process of production. These conditions also induce the necessity in developing new
material which is easier to be processed (Zhuka, 2007).

Thermo-mechanical process (TMP) is the most implemented primary fabrication process to
convert ingot into mill products. It serves two functions; to produce certain shape of product
such as slab, bloom and billet, and to improve the mechanical properties of the initial ingot
materials by grain size refinement and the production of more uniform microstructure
(Weiss, 1999). TMP of Ti alloys and similarly with other alloys involves several stages of
processes. Forging is typically become the first process prior to other TMP. The selection of
the type of TMP after forging depends on the mill product which is going to be produced,
whether it is a billet, bar, plate or sheet (Campbel, 2006).

Determination of temperature is a crucial step for TMP (Liu, 1995, Germain, 2008, Ming-
Wei, 2007), which determine the properties of the alloys and therefore different alloy will be
treated at different temperature. As example, during 304 stainless steels’s TMP, instability
bands were found when the process temperature are below 1100°C, 1000°C, 800°C after
hammer forging, rolling and press forging, respectively. It was suggested that the ideal
process can be performed at 1200°C to obtain a defect-free microstructure (Venugopal,
1995). Other important parameters are degree of deformation and phase composition. It was
reported that increase in degree of plastic deformation during forging of dual phase Ti
alloys results in lower fatigue strength (Kubiak, 1998). However the decrease in the fatigue
strength is smaller for the case of forging process in the beta range as compared to (a+p)
range. In the case of phase composition, it has long been recognized that different phase has
different ability to be deformed, therefore different phase composition will have different
performance during and after TMP. As an example, it was reported that the flow-ability of
dual phase Ti alloys depends on the beta phase grain size and volume fraction (Hu, 1999).
As mentioned earlier, casting process of implant alloy is relatively more difficult than TMP
of wrought alloys. The reason is due to the high reactivity of the alloys, especially for the
case of Ti alloys, which easily reacts with both the atmosphere and the cast mold (Campbel,
2006). However recent progress shows the used of investment casting has increased which is
followed with hot iso-static pressing (HIP) process as the primary process for the production
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of implant alloys. In addition, different with other alloys, cast products of Ti alloys are
generally comparable with the wrought products and in certain case can be superior (ASM,
1998a). On the other hand, Co base alloys are considered to have a better cast-ability than
both Ti and stainless steel alloys. These alloys shows several important characteristics for
casting process such as good fluidity, low melting points, freedom from dissolved-gas
defects and low alloy losses due to oxidation (ASM, 1998c). Improvement of cast-ability and
cast product of this alloy can be achieved by additional alloying element such as carbon and
vacuum melting process. It was reported that additional carbon content up to 0.5wt% lower
the melting temperature (increase cast-ability) and in turn produce finer grain size as
compared to binary CoCr alloys (Black, 1998).

Another primary fabrication process of metal implant is powder metallurgy. The process
includes blending and mixing of ingredient materials, compaction, sintering and in most
cases followed with HIP process. This process is relatively expensive; therefore it is suitable
for the production of highly loaded implants like femoral stems of total hip prostheses
(Black, 1998). One of the important requirements for implant materials is porosity which is
expected in the range between 20-50% volume fractions (Dewidar, 2007). This condition can
be achieved by controlling the sintering process parameters. In addition, improvement in
the mechanical properties of implant by this method can be achieved by conducting HIP
process after sintering by decreasing defects like gas or shrinkage pores.

4.2 Advanced processes

There are several processes which can be considered as advanced processes in the
manufacturing of implant materials, such as superplastic deformation, isothermal forging
and directed metal deposition. They offer an improvement in the process of production as
well as achieveing a better quality of product. Superplastic deformation (SPD) is an
advanced forming process where higher degree of deformation applied to form complex
shape of product whereas low rate forming process is required (Krishna, 1997). Dual phase
materials have potential to be treated by SPD process with the additional requirement that
the materials have ultra-fine grain structure. This superplasticity, i.e. in duplex stainless
steel, is due to dynamic recrystallization assisted grain boundary sliding (Han, 1999) where
different rate of sliding for the different type of grain boundary is required in order to
achieve an optimum superplasticity (Miyamoto, 2001). Ultra-fine grain structure can be
produced by several methods of severe plastic deformation processes, such as equal channel
angular pressing (ECAP), accumulative roll-bonding (ARB), high pressure torsion (HPT)
and others similar processes (Azushima, 2008). At the present time superplasticity is used
for superplastic deformation and diffusion bonding processes (Huang, 1999).

Another advanced process is isothermal forging where the dies is maintained at higher
temperature and therefore reduces die chill and increases metal flow (Campbel, 2006).
Relatively low strain rate condition is preferable in order to provide superplasticity
condition and therefore high degree uniform deformation can be achieved after the process.
This process offers a more uniform microstructure, longer lifetime of dies, and reduces the
step of process to obtain near net shape of product. However initial cost of the process is
high due to the usage of high temperature dies materials which is more expensive than dies
for conventional forging process.

Another near net shape process is directed metal deposition which use focus laser beam that
melt metal powder on metal substrate plate. This process reduces the cost of production of
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Ti parts especially by the saving in the material utilized through the process. The material
saving is higher in the case of production complex shape of product.

4.3 Surface treatment

Surface treatment or surface modification is considered as one major concern on recent
developments in metallic biomaterials (Kohn, 1998). The treatment includes surface
morphological modification and chemical modification. Surface morphology such as
roughness, texture and porosity are important characteristics of implant since it influences
the ability of cells to adhere to solid substrate (Peckner, 1977). For the case of chemical
modification, the objective of the modification is to provide specific biological response on
the metallic surface and increase the stability of bio-molecules.

An appropriate surface roughness can be achieved by applying electro-polishing where an
improvement in the corrosion resistance of stainless steels can be achieved. Surface grain
refinement, by a process similar to SPD but only employed on the surface, improves fatigue
life of stainless steel alloys since ultra fine grain boundary of surface can impede the
dislocation movement, whereas the compressive residual stress on the surface can delay the
crack initiation (Roland, 2006). In addition, improvement on the corrosion resistance is also
observed since more grain boundaries results in the more active site for diffusion of
chromium (Mordyuk, 2007). The surface of material can also be modified by using laser
where an improvement in the corrosion resistance of stainless steel was reported (Kwok,
2003). This improvement is believed due to the dissolution or refinement of carbide particles
and the presence of retained austenite after the process.

Chemical modification on the stainless steel alloys by hybrid plasma surface alloying
process using nitrogen and methane gas mixtures below 450°C was reported (Sun, 2008).
The formed dual layer of hard nitrogen-enriched on the hard carbon enrich-layer improves
the corrosion resistance of the alloy. Another chemical modification was also reported by
nitrogen ion beam processing on stainless steel alloy (Williamson, 1998). A relatively low-
energy beam of nitrogen ions was used with the substrate temperature was held at 400°C
during a 15 minutes treatment to introduce nitrogen onto the surface of the alloy and form
N-rich layer that improve the surface hardness of the alloy.

By applying cyclic potentiodynamic polarisation to a 316LVM stainless steel between the
potential of hydrogen and oxygen evolution, it was found that the passive surface film
formed will possess very good resistance to general corrosion and pitting (Bou-Saleh, 2007).
Cyclic potentiodynamic polarisation in sodium nitrate or phosphate also significantly beefs
up the pitting corrosion resistance of the same steel, because the density of oxygen
vacancies, which may act as initiation sites for pits, in the passive film formed in this way is
lowered (Shahryari, 2008).

4.4 Coating

Ti6Al4V offers excellent corrosion resistance and ability to be deformed superplastically that
make it preferable to substitute complex shape hard tissue. However, Ti6Al4V alone does
not fully satisfy biocompatibility requirements as implant product. Therefore ceramic bio-
apatite such as hydroxyapatite (HAP) or carbonated apatite (CAP), normally are coated on
this alloy. Bio-apatite deposited on Ti implants shows good fixation to the host bone and
increases bone ingrowth to the implant (Adell, 1981). This improved biocompatibility is due
to the chemical and biological similarity of bio-apatite to hard tissues (Ratner, 1993). Beside
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biocompatibility, coated implant also shows improvement on the mechanical properties due
to the combination of hard surface and ductile substrate.

Numerous coating methods have been employed to improve bio-compatibility of metal
implant including plasma spray (Schrooten, 2000) and sol-gel (Nguyen, 2004). Among the
processes, plasma spray has been the most popular method for the coating process of bio-
apatite on Ti substrate. Process parameters such as temperature and pressure play
important role on the bonding strength of the coating. Composition of the alloy was also
reported to play important role on the bonding strength of ceramic dental on CoCr alloys
(Chan, 2010). Pre-treatment such as sand blasting process on the alloy substrate is also
required to enhance the bonding strength (Kern, 1993).

A combination of deformation in superplastic condition and coating process was reported in
(Ramdan, 2008). Here, carbonated apatite was deposited using continuous pressing at
elevated temperature, which can be considered as superplastic deformation-like method.
Beside diffusion process from thermal energy at elevated temperature, continuous pressing
is expected to give additional energy that forces the bio-apatite to move inside the substrate
and in turn enhance good bonding properties of bioapatite on the substrate.

4.5 Sterilization and cleaning

In order to avoid bacteria contamination which could be transferred to patients, sterilization
and cleaning are important requirements on metal implant. Descaling is a method to clean
metal implant surface which can be done mechanically, chemically or by combination of
both of the methods. Mechanically it can be done with sand blasting process and chemical
cleaning can be done by pickling using strong acid such as NaOH and H,SOs.

On the other hand sterilization can be done by several processes such as autoclaving, glow
discharge Ar plasma treatment and y-irradiation (Serro, 2003). Beside serves as a method to
clean any contaminant from the surface, sterilization methods are also considered to play an
important role in the bio-mineralization of Ti alloys.

5. Failure of metals for biomedical devices

5.1 Corrosion

Metal implant is prone to corrosion during its services due to corrosive medium of
implantation site and in most cases subjected to cyclic loading. Types of corrosion that
frequently found in implant applications are fretting, pitting and fatigue. Fretting corrosion
most frequently happens in hip joint prostheses due to small movement in corrosive
aqueous medium (Geringera, 2005).

Fretting corrosion refers to corrosion damage at the small area of contact surface due to
repeated load, the mechanism of which frequently refers to corrosion which is activated by
friction (Tritschler, 1999). Corrosive medium, chemical composition of alloy and level of
stress at the contact surfaces are among important parameters that determine fretting
corrosion behavior of metallic implant (Aparicioa, 2003). It was reported that the presence of
chlorides influences the degradation acceleration of the stainless steel surface (Tritschler,
1999). On the other hand it was observed that corrosion resistance of Til5Mo alloy is
strongly depend on the concentration of fluoride ions for dental application (Kumar, 2008).
Prevention of corrosion will be greatly assisted by evaluation of corrosion behavior using
methods which resemble the services condition of the metal implants. Since stress and
corrosive medium play an important role, special devices that combine these two factors
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should be developed. Ultrasonic frequency was used in corrosive medium in order to
evaluate the fatigue corrosion of metallic implant which enables the application of very-high
stress cycle within reasonable testing period (Papakyriacou, 2000). On the other hand the
fretting corrosion behavior of metallic implant can be evaluated by a typical pin-on disc
method in an artificial physiological medium (Tritschler, 1999, Kumar, 2010). Parameters
that are needed to be set include concentration of corrosive medium, load or friction forces,
frequency and number of fretting cycles. In the case of pitting corrosion, it can be evaluated
with the absences of applied forces. It was reported that a good example of pitting corrosion
evaluation was obtained in a buffered saline solution using anodic polarisation and
electrochemical impedance measurements (Aziz-Kerrzo, 2001).

Titanium nitride coating on the metallic implant has been a popular method to improve
corrosion resistance of metallic implant such as Ti alloy and Co based alloy by physical
vapor deposition, plasma spray process, etc. Modification of metallic implant surface by
electropolishing, sand blasting or shot peening method were also reported to improve the
corrosion resistance of the implant (Aparicioa, 2003). It is known that a significant
improvement of corrosion resistance can be achieved for the electropolished surfaces and
sand blasted surfaces, where the former surfaces are corroded most slowly. The
modification of corrosion resistance properties by the two methods are considered due to
the increasing surface area and the introduction of compressive stress on the surface. In
addition, chemical composition modification is also possible by sand blasting process with
the introduction of sand particle that form certain layer on the surface being blasted.

5.2 Fatigue and fracture

During its service most of metallic implants are subjected to cyclic loading inside the human
body which leads to the possibility for fatigue fracture. Factors determine the fatigue
behavior of implant materials include microstructure of the implant materials. It was
reported that Ti6Al4V with equiaxed structure has a better fatigue strength properties than
the elongated structure (Akahori, 1998). Another important parameter is the frequency of
the cyclic loading or the cycling rate (Karla, 2009, Lee, 2009) whereas a different fatigue
behavior was found for the sample subjected to cyclic loading at 2 Hz than 38 Hz.

Design of the implants also plays an important role on the fatigue failure characteristics. It
was reported that fatigue failure of femoral screw had initiated near a keyway, and
suggestion on design improvement has been proposed by the lengthening the barrel around
the lag screw (Amis, 1987). In addition, beside the type of fluid medium of the implant, the
existence of other substances such as protein was also reported to have significant influence
on the surface reaction and fatigue resistance of Ti implant (Fleck, 2010).

Since fatigue failure is generally accompanied with corrosion process, thus in addition to
cyclic loading, corrosive medium is needed to be introduced in order to evaluate the fatigue
properties of implant materials. One of the methods to conduct implant fatigue test was
reported by (Leinenbach, 2004) which used rotating bending in physiological media. This
method gives a reliable detection on the initial crack growth for the fatigue failure. In most
cases, fatigue failure is indicated by the appearance of beach marks and fatigue striation on
the failed surfaces as observed by scanning electron microscope (Triantafylldis, 2007).
Depend on the stress concentration factor, in certain case such as in the cast of CoCrMo
alloys, fracture was observed locally at the (111) faceted fractures (Zhuang, 1988).

Similar with the corrosion failure, various surface modification methods give beneficial
influences in improving the fatigue resistance of implant materials. These surface
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modifications include shot blasting and shot peening (Papakyriacou, 2000) that were observed
to work well in any medium or environment. Beside improvement in the fatigue resistance,
this method was also observed to improve the osseointegration on the implant materials.

5.3 Wear

Together with corrosion process, wear is among the surface degradation that limits the use
of metallic implant such as Ti alloy (Dearnley, 2004). Removal of dense oxide film which
naturally formed on the surface of this metallic implant in turn caused wear process
(Komotori, 2007). In fact, the major factor that causing premature failure of hip prostheses is
due to the wear process with multiple variables interact and thus increase the resultant wear
rates (Buford, 2004).

A common method to measure the wear behavior of metallic implant is by pin on disc
method which enables lubrication with artificial human body fluid. There are several
variables which determine the performance of wear test such as contact stresses, lubricants
and clearance, surface hardness and roughness, type of articulation due to motion, number
of cycles, oxidation of materials, and surface abrasions (Buford, 2004). Volume of material
removed was measured to characterize the wear rate as a function of the contact loads and
surface stress state (Mitchell, 2007). It was reported that a critical level of contact stresses is
required to initiate wear of the CoCr surface and increase this parameter value will increase
the wear rate process. On the other hand the formation of thick oxide layer on Ti alloy after
thermal-treatment for 36 h at 625°C was reported to significantly reduce the corrosion and
wear of Ti alloy due to the significant increasing of hardness over 1000 HV (Dearnley, 2004).
Since wear is type of failure due to surface contact, thus surface modification is an
appropriate method to improve wear resistance. An improvement on the wear properties of
Ti alloy was reported due to titanium nitride coating on hip implant (Harman, 1997).
Another way to avoid the catastrophic wear failure can be done by proper material
selection. For the case of joint materials in knee replacement, it was reported that changing
implant material from UHMWPE (ultra-high molecular weight polyethylene) to CoCrMo
implant alloys significantly reduces the wear debris process (Harman, 1997). Similar
condition was also reported that metal-on-metal arthroprostheses show better wear
performance than metal-on-UHMPWE (Spriano, 2005).

5.4 Metal ions release

It is realized that high strength alloys possess good mechanical strength but has relatively
poor corrosion resistance properties. In most situations it is worst if metal ion release follow
corrosion process which can be a toxic contaminant inside human body. As an example, the
vanadium ions release on Ti alloys that is preceded with corrosion process (Morais, 2007,
Ferrari, 1993). Similar condition was found on CoCrMo alloys which are used as orthopedic
implant materials, that these alloys release Co, Cr, Mo ions to host tissues (Oztﬁrk, 2006).
There are several factors which play important role on the metal ion release. First, the
existence of passive oxide films where once it is broken, metal ions release will be easier to
occur (Hanawa, 2004). Second, pH factor where ion release in both stainless steel and Co are
affected by pH of the body fluid at a degree that higher for stainless steel (Okazaki, 2008).
Similar situation was reported in (Brune, 1986) that Co based alloys show less ion released
during the test using natural and synthetic saliva for dental alloys.

In order to reduce the metal ion release from metallic implant, coating is the appropriate
method to reduce this process. Nitrogen ion implantation on the CoCrMo alloys enables
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modification of near surface region of this alloy by forming protective layer on the surface
(Oztiirk, 2006). Titanium nitride layer was found to have an excellent biocompatibility and the
formation of hard nitride layer showed a lower ion release on the metallic implant (Ferrari,
1993). Therefore coating of titanium nitride has been implemented on the Ti alloy and Co
based alloy (Ferrari, 1993). Hydroxyapatite coating was also reported to decrease the metal ion
release (Browne, 2000). On the other hand significant improvement was also reported by Ti
coating on Co base alloy using plasma spraying method (Reclarua, 2005). One point to be
noted here is the morphology and surface roughness of the coating layer also determine the
corrosion resistance and in turn the metal ion release behavior. Therefore proper coating
process as well as substrate preparation is required to obtain optimum results.

6. Recent developments in metals for biomedical devices

Along with the advances in biomedical technology and tissue engineering, biomaterials are
desired to exhibit low elastic modulus, shape memory effect or superelasticity, wear
resistance, superplasticity and workability. In addition, they are required to eliminate all
possibility of toxic effects from leaching, wear and corrosion. One of the concerns is
avoiding the use of Ni in fabricating metal alloys. This demand leads to the development of
new generation of metallic biomaterials and their novel processing

6.1 New generation of metallic biomaterials

Stainless steels for metal implants have been further developed to be Ni-free. Replacing Ni
with other alloying elements while maintaining the stability of austenitic phase, corrosion
resistance, magnetism and workability, has lead to the use of nitrogen creating FeCrN,
FeCrMoN and FeCrMnMoN systems. The high strength which has been achieved opens the
possibility for reduction of implant sizes where limited anatomical space is often an issue,
for example, coronary stents with finer meshes (Yang, 2010).

In CoCr alloys system, maximizing C content to its upper limit and addition of Zr and N
with optimal precipitation hardening permit the formation of fine and distributed carbides
and the suppression of c-phase which in turn improves the wear resistance of cast CoCr
alloy (Lee, 2008). Contrary, for wrought CoCr alloys, addition of N and suppression of
carbides and intermetallics results into the desired better workability (Chiba, 2009).

B-type Ti alloy exhibits a lower elastic modulus than o type and o+ type which makes it
considered to be the first candidate for low elastic modulus metallic biomaterials (Narushima,
2010). In Ti-Nb systems such as Ti29Nb13Ta4.6Zr (Kuroda, 1998) and Ti35Nb4Sn (Matsumoto,
2005), the elastic moduli can be reduced to 50-60 GPa which are closer to that of cortical bone
(10-30 GPa).

Metallic glasses are novel class of metals which currently gets attention from biomaterialist
(Schroers, 2009). As represented by some Ni-free Zr based bulk metallic glasses, they show
interesting properties in term of higher tensile strength, lower elastic modulus and higher
corrosion resistant compared to those of crystalline alloys (Chen, 2010).

Besides, the development in alloy’s composition and microstructure, the processing
technology for metallic biomaterials is also progressed. Porous structure further reduces
elastic modulus to get closer to that of cortical bone. This structure can be obtained through
powder sintering, space holder methods, decomposition of foaming agents and rapid
prototyping (Ryan, 2006). A combination of rapid prototyping with investment casting
(Lopez-Heredia, 2008), with powder sintering (Ryan, 2008), with 3D fibre deposition (Li,
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2007) and with selective laser melting (Hollander, 2006) are some of promising process for
the development of porous metal structure for biomedical implants.

6.2 Biodegradable metals

Degradable biomaterials can be defined as materials used for medical implants which allow the
implants to degrade in biological (human body) environments (Hermawan, 2009). They are
expected to provide a temporary healing support for specific clinical problems (disease/trauma)
and progressively degrade thereafter. Degradable implants made of metal can be considered
as a novel concept which actually opposes the established paradigm of “metallic biomaterials
must be corrosion resistant”. In term of mechanical property, biodegradable metals are more
suitable compared to biodegradable polymers when a high strength to bulk ratio is required
such as for internal bone fixation screws/ pins and coronary stents.

Metal, metallurgical condition| Density YS UTS YM Max

and its composition (Wt%) (g/cm3) (MPa) (MPa) (GPa) elorzg/a)tion

316L SS, annealed plate
(ASTM, 2003)*

Fe, 16-18.5 Cr, 10-14 Ni,
2-3 Mo, <2 Mn, <1 Si, <0.03 C
Iron, annealed plate
(Goodfellow, 2007) 7.87 150 210 200 40

99.8 Fe

Fe35Mn alloy, powder
sintering+thermomechanical
treatment (Hermawan, 2008)

Fe, 35.5 Mn, 0.04 C

FeMnPd alloy, cast+heat
treatment (Schinhammer, 2009)] N/A 850 1450 N/A 11
Fe, 10.2 Mn, 0.92 Pd, 0.12 C

Magnesium, annealed sheet
(ASM, 1998b) 1.74 90 160 45 3
99.98 Mg

WE43 magnesium alloy,

temper T6 (ASTM, 2001)

Mg, 3.7-43Y, 2.4-4.4 Nd,
0.4-1Zr

MgZnMnCa alloy, cast
(Zhang, 2008) N/A 70 190 N/A 9
Mg, 0.5 Ca, 2.0 Zn, 1.2 Mn

MgCa alloy, extruded
(Li, 2008) N/A 140 240 N/A 11
Mg, 1 Ca

* Non-degradable, taken for comparison purpose. The values shown here are the minimum
requirements by ASTM. YS = yield strength, UTS = ultimate tensile strength, YM = Young’s modulus.

8.00 190 490 193 40

N/A 235 550 N/A 32

1.84 170 220 44 2

Table 3. Comparative mechanical properties of proposed degradable metallic biomaterials
compared to 316L SS
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Table 3 shows a comparison on mechanical properties of proposed biodegradable metals
versus SS316L. Basically, magnesium- and iron-based alloys are two classes of metals which
have been proposed. Among Mg-based alloys have been studied, include MgAl- (Heublein,
2003, Witte, 2005, Xin, 2007), MgRE- (Di Mario, 2004, Peeters, 2005, Witte, 2005, Waksman,
2006, Hanzi, 2009) and MgCa- (Zhang, 2008, Li, 2008) based alloys. Meanwhile, for Fe-based
alloys, pure iron (Peuster, 2001, Peuster, 2006) and FeMn alloys (Hermawan, 2008,
Schinhammer, 2009) have been investigated mainly for cardiovascular applications.

Among the most advanced studies on biodegradable metals is the development of stents.
Figure 2 shows a prototype of biodegradable stent made of iron. The potentiality of
biodegradable metal stents for use in treating cardiovascular problem has been assessed by
the three level of biological assessment from in vitro, in vivo and clinical trials. However,
more explorations to understand some fundamental aspects involving the interaction
between cells (tissue) - material (degradation product), which was never considered for
inert materials, are strongly necessary.

EEE 2 mm

Fig. 2. Prototype of biodegradable stent; (up) as fabricated, (middle) crimped onto a
balloon catheter, and (bellow) expanded to 3mm by 6 atm pressure.
(Courtesy of Cordynamics, SA)

7. Conclusion

Nowadays, some metal implants have been replaced by ceramics and polymers due to their
excellent biocompatibility and biofunctionality. However, for implants which require high
strength, toughness and durability, they are still made of metals. On the other side, clinical
use of the promising research in using bioactive polymers and ceramics in regenerative
medicine is still far away from practice. With further improvement on novel
biofunctionalities and revolutionary use of metal such as for biodegradable implants, it is
with a confidence to say that metals will continue to be used as biomaterials in the future.
The future trend seems to combine the mechanically superior metals and the excellent
biocompatibility and biofunctionality of ceramics and polymers to obtain the most desirable
clinical performance of the implants.
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