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R/NGKASAN : Logam telah menjadi bahan-bio yang berjaya sejak beberapa
tahun dahu/u terutamanya untuk kegunaan perubatan dan pergigian. Logam
yang utama adalah keluli tahan karat, kobalt kromium, dan titanium serta aloinya.
S1latmekanikalbahan itu adalah mustahakketika merekabentukimp/an penahan
bebanan. Sita! imp/an tidak hanya bergantungpadajenis /ogam tetapijuga pada
proses fabrikasinya. la juga harus tahan karat semasa dalam badan. Tujuan
artikeliniada/ah membincangkan secara ringkas sifat, komposisi, pemprosesan
~nap~a$hgammpmnm~ ~m

ABSTRACT : Metals have been successful biomaterials for many years,

especially for medical and dental surgery purposes. The most common metals
are stainless steel, cobalt-chromium alloys, and titanium and its alloy. The
mechanical properties of the materials are of great importance when designing
load-bearing implants. The properties of the implants depend not only on the
type of metal but also on the process used to fabricate the material and device.
In addition, its must be either noble or corrosion-resistant to the body environment.
The purpose of this contribution is to briefly discuss their properties, compositions,
processing and applications.
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INTRODUCTION
What is a biomateria/? A biomaterial replaces a part or a function of the body in a safe, reliable,
economic, and physiologically acceptable manner. In fact, any natural or synthetic material
that interfaces with living tissue and/or biological fluids may be classified as a biomaterial.
However, certain physical, chemical and mechanical characteristics render some materials
more desirable than others for biological application, depending on its intended use in the
body.
Metals have been successful biomaterials for many years, most often selected for medical
and for dentistry purposes. For structural applications in the body, the most common metals
are stainless steel, cobalt-chromium alloys, and titanium and its alloy (Varma et al., 2002).
The chemistry and processes for manufacturing metallic biomaterials are not unique to the
biomedical device industry. The principal requirement for each alloy is that it should be corrosion
resistant when inserted into the body, and possess optimum mechanical properties. This article
focuses on the most common structural metals, and discusses their properties, compositions,
processing, and applications.

METALS AVAILABLE FOR IMPLANTATION
Metals have been used almost exclusively for load-bearing implants, such as hip and knee
prostheses and fracture fixation wires, pins, nails (Walcher et al., 2000), screws, and plates
(Winquist et al., 1999; Giacomo, 2002) (Figure 1). Metals have also been used as parts of
artificial heart valves, as vascular stents, and as pacemaker leads. Although pure metals are
sometimes used, alloys (metals containing two or more elements) frequently provide
improvement in material properties, such as strength and corrosion resistance. The majority
of metals and alloys, however, are not suitable for biologic implantation because of the poor
tolerance of the body to even minute concentrations of dissolution products. Only a few metals
have suitable biologic compatibility as determined empirically and experimentally. Three material
groups dominate biomaterial metals (Amstutz and Grigoris, 1996): 316L stainless steel, cobaltchromium-molybdenum alloy, and pure titanium and titanium alloys (Table 1). Recently, along
with titanium and its alloys, niobium, tantalum, and some of their alloys are also finding use as
clinical implants. The main considerations in selecting metals and alloys for biomedical
applications are biocompatibility, appropriate mechanical properties, corrosion resistance, and
reasonable cost. Actual requirements of orthopaedic applications (Chu et al., 2002) is shown
in Figure 2.
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Figure 2. Examples of metal implants (titanium mini plates)
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Figure 3. Actual requirements of orthopedic applications
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Table 1. Surgical implant alloy compositio ns (wt%)
316 Stainless

Co-Cr-Mo

Grade 4 Ti

Ti-6Al-4V

Steel (ASTM

(ASTM

(ASTM

(ASTM

F138, 139)

F799)

F67)

F136)

Al

.

.

.

5.5-6.5

c

0.03 max

0.35 max

0.010 max

0.08 max

Co

.

Balance

.

.

Cr

17.0

26.0-30.0

-

.

Fe

Balance

0.75 max

0.30-0.50

0.25 max

H

.

.

0.0125-0.015

0.0125 max

Mo

2.00

5.0-7.0

Mn

2.00 max

1.0 max

-

-

N

-

0.25 max

0.03-0.05

0.05 max

Ni

10.00

1.0 max

-

-

0

-

-

0.18-0.40

0.13 max

p

0.03 max

-

-

s

0.03 max

-

Si

0.75 max

1.0 max

-

-

Ti

-

-

Balance

Balance

v

-

-

-

3.5-4.5

Element

Table 2. Properties of metallic biomaterial s
Material

Young's Modulus,
E (GPa)

Yield Strength,
O'Y (MPa)

Stainless steel

190

Cobalt-chromium
(Co-Cr) alloys

Tensile Strength,
crurs (MPa)

Fatigue Limit,
O'end(MPa)

221-1,213

586-1,351

241-820

210-253

448-1,606

655-1,896

207-950

Titanium (Ti)

110

485

760

300

Ti-6Al-4V

116

896-1,034

965-1,103

620

Cortical bone

15-30

30-70

70-150

-
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MECHANICAL PROPERTIES
The mechanical properties of materials are of great importance when designing load-bearing
orthopedic and dental implants. Some mechanical properties of metallic biomaterials (Varano,
1998; Wieland, 1999; Lee, 2004) are listed in Table 2. With a few exceptions, the high tensile
and fatigue strength of metals, compared with ceramics and polymers, make them the materials
of choice for implants that carry mechanical loads.
It should be noted that composite nature of tissue such as bone, the biomedical metals used
for implants are conventional and homogeneous materials. The elastics moduli of the metals
listed in Table 2 are at least seven times greater than that of natural bone. This mismatch of
mechanical properties can cause stress shielding, a condition characterised by bone resorption
(loss of bone) in the vicinity of implants. This clinical complication arises because preferential
distribution of mechanical loading through the metallic prosthesis deprives bone of the
mechanical stimulation needed to maintain homeostasis (Steflik et al., 1999).
The mechanical properties of a specific implant depend not only on the type of metal but also
on the process used to fabricate the material and device. Thermal and mechanical processing
conditions can change the microstructure of materials. For example, in cold-working a metal,
such as by rolling or forging, the resulting deformation makes the material stronger and harder.
Unfortunately, as the metal becomes harder and stronger it also becomes less ductile
(undergoes less deformation before failure) and more chemically reactive.
Compared with the elastic moduli of either stainless steel or cobalt-chromium-molybdenum
alloys, Ti and Ti-6Al-4V have much lower (approximately half) moduli that are still almost an
order of magnitude higher than that of bone. Another advantage of Ti-based metals as a bone
implant material is their favourable strength-to-density ratio. Stainless steel and Co-Cr alloys
have densities of approximately 8.8 g/cm3 and 7.8 g/cm3 , respectively. Because Ti has a
density of only 4.5 g/cm3 , its strength-to-density ratio is larger. Disadvantages of titanium for
medical use include relatively low shear strength, poor wear resistance, and difficulties in
fabrication. The stable, coherent titanium oxide (Ti0 2) film that forms on titanium and its alloys
gives them superior corrosion resistance compared with stainless steel and Co-Cr alloys. The
oxidised surface is also believed to be responsible for Ti implants becoming osseointegrated
(Leize, 2000; Nishiguchi et al., 2001) in vivo, a process whereby bone is aposed to the implant
without chronic inflammation and without an intervening fibrous capsule.
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CORROSION PROPERTIES
The physiological environment in body chemistry is considered complex and highly variable
due to the variety of different salts (NaCl, KCI, CaCl 2 etc.), proteins (albumin, fibrin, collagen
etc.), cells (osteoblasts, fibroblasts, monocytes etc.) and cell activities (tissue remodeling,
immune responses, wound healing, neural activities etc.). Immersion of metals in this
environment can lead to corrosion, which is deterioration and removal of the metal by chemical
reactions. During the electrochemical process of corrosion, metallic biomaterials can release
ions (Lin, 2002), which may reduce the biocompatibility of materials and jeopardize the fate of
implants. For example, the type ·and concentration of released corrosion products can alter
the functions of cells in vicinity of implants as well as of cells at remote locations after transport
of the corrosion by-products to distant sites inside the body (Wood, 1993). These circumstances
become stronger possibilities in the bodies of sick and elderly patients, who are the largest
group of recipients of prostheses.
Corrosion of metal implant materials results in the release of metallic ions, such as Co, Cr, Ni,
Al and V, which have the potential to cause hypersensitivity, toxicity and carcinogenic reactions
(Hallab et al., 2001 ). For these reasons, careful in vitro and in vivo testing is important to
assess the health and risk benefits of these materials and their degradation products.
Metallic biomaterials must be either noble or corrosion-resistant to the body environment. All
types of corrosion (Sharan, 1999) have been observed on biomaterials in the body: general
corrosion, pitting and crevice corrosion, stress-corrosion cracking, corrosion fatigue, and
intergranular corrosion. None of these, with the exception of general corrosion, can be tolerated
in surgical implant materials.
Even before implantation through chemical reaction of metals with the oxygen in ambient air
or by oxidation in an acid solution, an oxide surface film (Zhu et al., 2001) forms on their
surface. Because oxides are ceramics, which are electrical and thermal insulators, the
electrochemical reactions that lead to corrosion are reduced or prevented. In other words, the
oxidized metallic surfaces are passivated. Surface passivity is the most important criterion for
corrosion resistance. For example, stainless steel and cobalt-chromium alloys depend for
their general corrosion resistance on the presence of chromium and its ability to render the
alloys passive. Additions of other alloying elements (Bayramoglu et al., 2000) enhance
resistance to non-uniform types of corrosion, such as pitting. However, titanium and its alloys
develop passivity without chromium. In addition, surface finish (Deligianni et al., 2001) may
also affect performance: highly polished surfaces resist corrosion and wear more effectively
than non-polished surfaces.
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STAINLESS STEEL
Stainless steels predominate because they are relatively inexpensive and most easily
fabricated. To obtain high quality devices or implants, however, careful attention must be
given to the melting process, the carbon and impurity content, and the various thermal
treatments necessary for shaping and developing desirable mechanical properties. However,
stainless steel are not sufficiently corrosion-resistant over the long term. They are better suited
for temporary components in an orthopedic treatment: bone screws, bone plates, intramedullary
rods (lngman, 2000), and other temporary fixation devices. In the 1960s, hip implants were
made of stainless steel. Now, cobalt-chromium or titanium alloys are the materials of choice
for these long-term implants.
The most prevalent stainless alloy is Type 316L, because it resists pitting corrosion better
than other stainless alloys. Nonetheless, Type 316L can be susceptible to crevice corrosion,
like most stainless steels. To help solve this problem, the passivity of stainless steel implants
is enhanced by nitric acid passivation before the implant component is sterilized and packaged.
The stainless steels for implants are austenitic, which accounts for their good formability. To
maintain the specified austenitic microstructure, the normal hardening and tempering heat
treatments of carbon-and low-alloy steels cannot be performed. Hardening can be achieved
only by a process known as cold-working. Vacuum melting can help improve the fatigue
capabilities of the alloys. The Type 316L stainless steel can be welded, but care must be
taken not to sensitize the component. Other stainless steels, Types 302, 304, and 317 have
been used as implants, but Type 316L is preferred.
The forged stainless steel alloy is used most commonly for fracture-fixation devices because
of the desirable effects the forging process has on the grain structure of the fixation device.
For example, the selective directional deformation in forging a plate from bar stock or in making
wire results in an optimum grain structure in which grains are elongated into fibrous or spindle
shapes parallel to the long axis of the device and the expected deforming forces. This
microstructure provides greater resistance to crack propagation and breakage than fullyannealed or as-cast devices having equi-axed grain structure.
In metal injection molding process (Yoshikawa and Ohmori, 2001 ), stainless steel powders of
a fine particle size (preferably less than 40 µm) are mixed with a multiple component
thermoplastic binder. The mixing of the powders with the binder is carried out in specially
designed mixers (double planetary or 2-blade) at elevated temperatures where the binder is
in a liquid state. The powder mixed binder is allowed to solidify and is then granulated into
millimeter size pieces. This is called the feedstock. The feedstock is fed into the hopper of a
metal injection machine where the feedstock is again reheated to a point where it can flow like
a plastic. This fluid-like feedstock is then pressurised into a die cavity, which produces the
17
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near net shape of the final part. The green parts are then subjected to debinding treatment to
remove the organic material (the binder). Once the part has been debound, it is then subjected
to sintering, which results in the consolidation of the part to high density. Stainless steel dental
brackets and other orthodontic parts (Bose, 1993) are presently being produced by the metal
injection molding process.

COBALT CHROME ALLOYS
Cobalt-chromium alloys contain chromium for the same reason as stainless steel does and
ten times as much carbon as 316L, forming carbides that increase strength (Varano, 1998).
However, they are more expensive to manufacture than stainless steel. Two main types of
cobalt-based alloys are used for surgical implant purposes; Co-28Cr-6Mo, a cast alloy and
Co-20Cr-10Ni, a wrought alloy, which vary significantly in composition.
The metallurgy of cobalt-chromium alloys is the same as that of cobalt-base superalloys. The
alloys are strengthened by solid solution elements and the presence of carbides (Varano,
1998). In wrought alloys, where working is possible, cold work enhances strength. Yield
strengths vary with the grain size and the degree of cold work imparted by the wrought
fabrication process. Alloys produced for such structural applications as hip prostheses are
forged if optimum properties are required.
However, cobalt-chromium alloys are difficult to machine. Closed-die forging can minimise
machining requirements, but wrought-processed components may still require more machining
than cast components. Consequently, cobalt-chromium implants are typically investment-cast.
Molten metal is poured into a mould of near the correct final shape and solidifies. The cast
object just needs trimming and finishing. Porosity can be a problem in castings, but may be
controlled by improved mould design and by application of hot isostatic pressing (HIP) in postcast treatment.
Alternatively, powder metallurgy techniques (Bose, 1993) are sometimes the method selected
to make cobalt-chromium components.HIP of powder is claimed to result in very fine grains
and exceptional properties, but costs may be higher.
The preferred method of producing cobalt-chromium alloy implants is a function of the cost-toproperties tradeoff. If the properties of castings are sufficient, then castings will dominate. If
maximum strength is required, hot pressing or forging will rule. Cast and wrought compositions
have significant differences in some cases, and strength differences from cast to wrought may
be partly a function of chemistry.
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TITANIUM AND ITS ALLOYS
Titanium is considered to be a well-tolerated (Kedici et al., 1998) and nearly inert material
(Albrektsson et al., 1981). In an optimal situation, titanium is capable of osteointegration with
bone (Branemark et al., 1969). Further, titanium is able to form a calcium phosphate-rich layer
on its surface (Hanawa and Ota, 1991 ). Moreover, titanium forms a stable titanium oxide layer
on its surface (Kasemo and Lausmaa, 1991 ). This feature is responsible for the good
biocompatibility of titanium. Particles derived from titanium implants consist mostly of insoluble
titanium oxides or suboxides. They arise from the passivation layer of the implant. If the implant
layer is damaged for some reason, the layer is immediately reoxidised. This property protects
the alloy and prevents the formation of chemical compounds other than oxides (Hildebrand
and Hornez, 1998). Titanium is considered one of the best-accepted (Long and Rack, 1998)
metals in vitro and in vivo (Sutherland, 1995; Doran et al., 1998). Although a number of titanium
alloys have been developed for industrial applications, only the Ti-6A1-4V alloy (containing a
nominal 6% aluminium and 4% vanadium), and the commercially pure titanium are customarily
used in the body.
Commercially pure titanium must adhere to specified impurity maxima, particularly with respect
to oxygen, since mechanical properties vary markedly with impurity content. The higher the
impurity content, the stronger but less ductile the metal. Mechanically, the disadvantages of
pure titanium include its relatively low elastic modulus (approximately one half that of stainless
steel and cobalt-chromium), low shear strength, and its poor abrasion resistance causing it to
gall or seize when it is in sliding contact with another metal surface. In addition, it is more
difficult to fabricate than stainless steel and is more expensive (Duncan and Hanson, 1980).
Beyond its light-weight, its major advantage lie in its inherent corrosion resistance. This is
attributable to the spontaneous formation of a strong passivating oxide layer particularly resistant
to saline solutions.
Ti-6A1-4V offers the best combination of properties of all structural implant metals. This alloy
has much greater yield and ultimate strength than pure titanium, as well as good ductility. It is
generally produced by forging, but can be cast (Polmear, 1995). In addition, Ti-6A1-4V can be
strengthened by controlling the composition and by adjusting the manufacturing parameters.
By appropriate processing, the alloy's fatigue life can be doubled.
Recently, many implants for artificial joints and dental applications have been produced by
powder metallurgy routes (Moxson et al., 1998), obtaining a porous material with an even
lower Young's modulus than that of the bulk titanium. This porous structure allows bone ingrowth,
as the osseous tissue invades the holes of the porous material while growing and adhering to
it. Conventional powder metallurgy (Takashi, 1992; Kaba et al., 1994; Toshiya et al., 1999;
Yasue and Yu, 1999; Henriques and Silva, 2001) and injection molding techniques (Smolders
and Gilisen, 1994; Deguchi et al., 1996; Tanaka et al., 1966; Eifert and Hartwig, 1998; Voie,
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2001) are examples of near net shape technologies. These techniques reduce high component
costs due to machining as a final step. It also provides a fine, uniform grain structure and lack
texture and segregation (DeOliveira et al., 2001 ).
Friction and wear properties of titanium are quite different from most other metals. This is a
result of titanium's tenacious oxide film, which remains intact under low loads and slow sliding
speeds in articulating conditions. If the film is worn away and not regenerated promptly, galling
can cause metal-to-metal contact and cold welding. This leads to very high friction and wear.
Because of wear, articulating joints of titanium-to-titanium (or to other materials) are not practical.
Instead, titanium is used for components of modular construction (Moran and Tourret, 2001;
Mau my, 2001 ). For example, in a total hip replacement, a titanium femoral stem may be
matched with a cobalt-chromium or ceramic ball to articulate against a plastic liner. (All total
hip implants have plastic liners, regardless of the material.). Improvements in the wear
resistance of titanium by various methods, such as surface modification (Teraoke et al., 1999;
Yoshinari et al., 2001 ), ion beam implantation (Bloyce, 1998), hydroxyapatite-coating (Evans,
1994; Park and Condrate, 1999; Ozeki et al., 2000; Thian et al., 2001; Pommer et al., 2002)
and, through nitriding may expand its applications in orthopedic prostheses.
In dentistry, titanium pins and posts are used to secure dental implants. They use threaded
fixtures to secure them into the jaw. Titanium superstructures (Gaggl and Schultes, 2001) are
now being investigated as an alternative to other metals such as gold for implants or polymer
based denture (Figure 3).

Figure 3. Titanium dental implant
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Some of the newly developed dental implant materials may offer some advantages over the
conventional materials. For example, newer titanium alloys are available which contain no Al
or V so may exhibit higher passivity and lower corrosion rates, in addition to a lower elastic
modulus which more closely matches that of bone (Lacefield, 1999).

SUMMARY
From the above overview the following conclusions can be drawn.
(1)

The mechanical properties (e.g. strength, modulus, and fatigue limit) of metals makes
them desirable choices for many load-bearing biomedical prostheses applications.

(2)

Metals are susceptible to degradation by corrosion, a process that can release byproducts (such as ions, chemical compounds, and particulate debris) that may cause
adverse biological responses.

(3)

The main considerations in selecting metals and alloys for medical and dental
applications are biocompatibility, appropriate mechanical properties, corrosion
resistance, and reasonable manufacturing cost.
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