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I. Properties of metallic materials

The term “metallic material” generally refers to a polycrystalline compound formed with metallic
bonding*!. Metal oxides, metal salts, and metal complexes all contain metal ions, but these compounds
are constructed with ionic or covalent bonds and thus display distinct properties from metallic material
that is formed with metal bonding. For this reason, in the field of material engineering, ceramics and
metals are differentiated from each other even though both utilize the same inorganic materials. The
strengths of metallic material as a biomaterial are summarized in Fig. 3-7-1. These properties of metallic
materials arise as the result of metal bonding interactions.

Their advantage is their strength and therefore their resistance to damage in comparison with ceramic
and polymer materials. The ceramics is poor in toughness, particularly with regards to its notch
toughness; therefore, ceramics are often result in a sudden fracture. Consequently, they are unsuitable
for use in regions that are subject to heavy loads, repeated heavy loads, or parts where pressure is
concentrated, for example, where a screw is used. The weakness of polymeric materials makes use
inapplicable in locations where a large load is applied, and their inability to withstand heat limits

sterilization methods.

“1 Electrostatic attractive forces occur between positively charged metal ions and delocalized electrons
that are gathered in an “electron sea”. The delocalized electrons are shared within a lattice of positively
charged ions. As an example, the ductile property of metals is explained by the way in which metals bond
even if atoms slide off and break, as the “free” electrons are able to fix this deformation, reforming the

metallic bonding.
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IT. Overview of titanium

The valuable properties of titanium (Ti)*2 and its alloys, such as corrosion resistance and a high



strength-to-density ratio, have been applied to aerospace materials. Young’s modulus™ of Ti and Ti alloys
is valued as it is half that of stainless steel or Co-Cr alloy, and is close to that of cortical bones. The
excellence of Ti in mechanical biocompatibility has led to its widespread use in the area of biomaterial
such as in fixtures of dental implants, fracture fixation materials and artificial joints. In addition, from
past experience, it has become clear that its compatibility with both hard and soft tissues surpasses that
of all other metal materials. Its compatibility with blood is not yet clear, however, its safety for application
within the human body has been well established, and it lacks toxicity. Its safety and tissue compatibility
are a result of the chemical characteristic of Ti, or more specifically, its surface properties, and knowledge
of these properties is thus of extreme importance.

Tiis an extremely active element, and its standard electrode potential for the reaction,

Ti — Ti + 2 e- with regards to the standard hydrogen electrode is as low as -1.63V, indicating its high
activity. According to Pourbaix?, of the metal elements that are in practical use, Ti is the most
thermodynamically active (easily-ionized) metallic element after Mg and Be. This active property forms a
basis for the chemical characteristics of Ti, such as the difficulty encountered in working the metal, its
resistance to corrosion, and its safety (Fig. 3-7-2). Even though Ti as an element is extremely active, Ti as
a metallic material is highly resistant to corrosion. This is because of the highly reactive nature of Ti. It
reacts readily with water molecules in solution, or moisture in the atmosphere to form a thin layer of
titanium oxide on the metal surface. Even when the surface is scratched, the newly exposed sub-layer
rapidly becomes coated with oxide, appearing inert. For this reason, its resistance to corrosion is much
higher than that of stainless steel or Co-Cr alloy. This nature not only provides resistance to corrosion,
but also explains its ready incorporation into the body, and its lack of toxicity.

At room temperature, pure Ti exists as a hexagonal, close-packed (hcp) crystal structure (ox- layer),
however, at temperatures above 882°C, it becomes a body-centered cubic (bce) crystal structure ((3-layer).
Ti often co-solubilizes with O, C, N, and therefore its pure form does not exist. Ti that includes these
impurities is referred to as commercially pure titanium (cpTi). cpTi is classed into four different types
according to the impurities contained and mechanical properties (Table 3-7-1). The increase in spec
number corresponds to the increase in the concentration of impure elements, the tensile strength and

0.2%-proof stress, with a decrease in elasticity.

*2 Titanium is found in the mineral ores in the forms of rutile (TiO2) and ilmenite (FeTiOs) but cannot be
extracted by a direct reduction of the naturally exsisting state due to the strong covalent bonding with the
oxygen atoms. The development of metallurgy process was complicated but in 1946, the method to reduce
TiCls with magnesium was developed, enabling the industrial production of titanium metal. The name,
“titanium” was derived from the Titans of Greek methology who were overthrown by the Gods of the
Olympians, became imprisoned in the realms of the underworld, as an element which was enclosed
within the mineral ores (rutile)

*3 In a typical metal material, a line appears initially on application of stress and strain. This is based on
Hooke’s Law. The gradient of the slope of stress-strain curve at any point, £, is defined by the formula:

0 = E¢ (0 = stress, £ = strain), which is typically the tangent modulus, but where this is it the initial linear

portion of the curve, it is referred to as the Young’s modulus.
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Pure Ti 1 grade | Pure Ti 2 grade | Pure Ti 2 grade | Pure Ti 4 grade
Chemical element Composition |mass’)
Fe <0.15 <02 <0.25 <03
0 <018 <025 <0.35 <() 45
N <003 <0103 <0.05 <005
H <0.0125 <0.0125 <0.0125 <0.0125
C <(.1 <(.] <0.1 <01
Ti Balance Balance Balance Balance
Mechanical properties
Tensile 2M5-417 . <z
ctrength 343510 181618 550
0.2% proof 7 - )
stress MPa) 170 213 380 ~H0
Elongation 27 n . s
(%) >13 18 15
Young's 114
modulus (GPa)
Table 3-7-1

The constituents of commercially pure titanium and their mechanical properties-JIS

III. Titanium alloy as a biological material

Ti alloy can exist at room temperature as an X-type alloy, an a+[3-type alloy and a3-type alloy,
depending on the type and the amount of alloy metals. Many Ti alloys have been developed for biomedical
purposes (Table 3-7-2). Ti-6AI-4V alloy, a typical Ti alloy is an o+[3-type, and used commonly in
biological materials. This alloy has several properties that are superior to those of other Ti alloys,
including processability, thermal processability, and weldability, in addition to its resistance to corrosion,
strength, and biocompatibility. In biomaterials, ELI graded compounds with low interstitial impurity
contents of elements such as O, C, N, H are used. The impurities lower the notch fatigue strength, in
other words, lower the fatigue strength in circumstances of etching and damage, therefore ELI graded
materials with low impurity contents are excellent in their degree of toughness. ELI graded materials are

often used as fracture stabilizing plates, screws and artificial hip stems. A notable characteristic of
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Ti-6AI-4V alloy is its 0.2% proof stress of 895 MPa, a value that is much higher than even that of stainless
steel or Co-Cr-Mo alloys. This indicates that even under a high load, it is not easily plastically deformed.
In Europe, due to the high toxicity of vanadium (V) included in Ti-6AI-4V alloy, Ti-6AI-7Nb2 alloy is used.
The V of this alloy has been substituted by the element niobium (Nb) that is also in group 5 of the periodic
table, permitting substitution. Due to the lack of V, properties such as resistance to corrosion and safety
exceed those of the Ti-6AI-4V alloy. Other alloys are already standardized, including Ti-5Al-2.5Fe
developed in Europe, Ti-15-Zr-4Nb-4Ta (close tof3- type) developed in the States, Ti-6Al-2Nb-1Ta and
Ti-15-Al-4Nb-4Ta developed in Japan; Ti-5Al-3Mo-4Zr is currently under development. These Ti alloys
are of the a+B8- type. The[3-types of Ti-alloys have lower values of Young's modulus, around 60 GPa (or 20
GPa in cortical bones)?. Within the [B-type, Ti-15Mo, and Ti-12Mo-6Zr-3Fe alloys developed in the States,
and the Ti-15Mo-5Zr-3Al alloy developed in Japan have now been standardized.

Development of Ti alloys for biological purposes have included the replacement of V or Al with safer
elements such as Nb, Ta, Zr, and Hf, all Group 4 and 5 elements (Fig. 3-7-3). On the contrary, for fracture
stabilization, use of alloys with a low value of Young’s modulus is required to prevent stress shielding; for
this, the B-type is effective. Ti-29Nb-3Ta-4.6Zr is currently undergoing development in this country as a
B-type alloy 4:9. This alloy is converted into the[3-type with heat treatment and forging, and is thought
to exhibit the lowest value of Young’s modulus. In comparison to the Ti-6Al-4V alloy, this has a faster rate
of osteogenesis. The properties of Ti-16Nb-5.8Sn alloy, Ti-15Mo alloy, and Ti-10Fe-5Mo alloy are currently
under investigation. Several heat processing treatments for alloys have been devised in the past. Heat

processing has enabled the structural and mechanical properties be controlled.

Alloy composition ™ Ty pe NS ASTM 150 Table 3-7-2
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Ti-6Al-4V ELI o+ R56401 ASTM F 136 [80 5832-3
Ti-6Al-7TNb o+ R56700 ASTM F 1295 IS0 5832-11
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IV. The surface of titanium

Biomaterials function by interacting with biological tissues; therefore the reaction between the material
surface and biological tissues needs to be fully understood. It is self-evident that reactions are determined
by the properties of the few nm at the material surface, including resistance to corrosion and tissue
biocompatibility. The metal surface under atmospheric conditions or in solutions always forms a layer of
reactive film. The film that is formed in solution displays low solubility, and provided it has been formed
without pores and is highly adhesive, it becomes resistant to corrosion (an inert/passive film). the
passive film that is formed is transparent and is as thin as 1-5 nm. Metals such as Ti, Zr and Ta, that are
essential as metal biomaterials, are easily oxidized (these are also known as valve metals). As this layer
envelops the metal surface, it stops the progress of corrosion passed this point, therefore resulting in an
apparently inert metal.

With regards to Ti, the reaction below occurs in solution at room temperature, resulting in its inert
properties.

Ti + 2H20 — TiO2 + 4H* + 4e” (anode reaction) (1
2H+ + 2e- — H2 (cathode reaction, in acidic solution) 2
Oz + H20 + 4e- — 40H" (cathode reaction, in neutral or alkaline solution) 3

The reaction described by equation (1) does not occur in one step, but in steps from:

Ti - Tizv - T3+ - Tit,

The same reaction (1) can occur with atmospheric moisture; Ti as a biomaterial generally exists as an
inert metal covered by an oxidative layer.

The passive film of Ti is made up of amorphous or low crystalline stoichiometric TiO2. However, this is not
completely amorphous, and includes lower oxide and crystalline grains®. A component of low crystalline
rutile can also be identified in the passive film of Ti (surface oxide film) under the transmission electron
microscope (TEM), but it remains fundamentally amorphous. The Ti2p and Ols spectra taken with X-ray
photoelectron spectroscopy (XPS) of the Ti surface, after polishing, are shown in Fig. 3-7-4. From Ti2p
spectra, the condition of the Ti metallic state can be detected through the surface oxidative layer, and the
surface oxidative layer contains TiO2 as the main constituent, as well as TiO and Ti203. The O1s spectra
indicate the content of hydroxide, hydroxyl groups, bound water, and hygroscopic water. The presence of
TiOz and hydroxyl radicals becomes more prominent nearer the metal surface 7.

Any damage to the surface can be self-repaired rapidly. As shown in Fig. 3-7-5, when the passive film is
damaged, outflow of Ti ions and the anodic current that accompany regeneration of the film can be
detected, however, this current declines within a short period, once the film has regenerated. This is why
the corrosion resistance of these materials is high 9.

Even though an inert film is formed on the titanium surface, the surface remains active. It reacts with the
moisture in air, forming hydroxyl groups on the surface. The passive layer of Ti as shown in Fig. 3-7-6-a,
an inert film is formed in solution as well as on reaction with moisture in the atmosphere, resulting in the
formation of hydroxyl groups?. The concentration of hydroxyl groups on the metal oxide surface has been
investigated using various methods, and that of TiO2 has been determined to be 4.9 — 12.5 nm2 10,

The hydroxyl groups on the oxide surface become ionized in solution, as shown in Fig. 3-7-6-b, thus
5



forming an ionized solution 912). The surface charge that arises from ionized hydroxyl groups depends on
the surrounding pH of the solution; the positive and negative charges balance out at a given pH, with a
net electrical charge of zero. This pH is known as the point of zero charge (pzc). The pzc value is specific
for each oxide, and becomes an indicator of whether an oxide surface takes on acidic or alkaline properties.
For example, in TiOg, rutile has a value 5.3, and anatase as 6.2 13, This means that in solutions with a pH
above 6.2, the negative charges predominate over the positive charges, whereas in acidic solutions, the
number of positive charges increases. The pzc values for each oxide are shown in Table 3-7-3 1V, The pzc of
TiOg, in comparison to SiOz, AleOs, and MgO, is closer to 7, and TiOz thus does not display a marked

acidic or alkaline state under physiological pH.
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V. Reconstruction of the oxide passivation film

The passive film appears to be in a stable state, however, a cycle of repetitive partial solubilization and
re-deposition can be detected at the microscopic level. The structure is therefore constantly changing in
accordance with its biological surroundings (Fig. 3-7-7). With regards to titanium dental implants, Ca, P
and S are reconstituted into the surface oxidative film once it is inserted into the jaw bone 4-15). Calcium
phosphate is also formed on the surface of Ti-6Al-4V alloy when it is used for fracture fixation. In
particular, calcium phosphate with a large [Ca/P] ratio can be detected on the surface of an
intramedullary needle inserted into the medullary cavity. Furthermore, when Ti or Ti alloy is immersed
in Hank’s solution, calcium phosphate has been found to be deposited 1019, and under conditions used for
cell culture, formation of sulfite, or sulfide has also been found 29. These findings show that the
physiological processes that occur in the body are well reflected by in vitro experiments. This formation of
calcium phosphate is considered to be the reason why osteoporotic fractures occur at the time of
intramedullary needle extraction.

Calcium phosphate can be formed on stainless steel 2V, and Co-Cr alloy 22, however, its rate of formation
and its [Ca/P] ratio is much higher on Ti or Ti alloy. On the contrary, calcium phosphate cannot be formed
on Zr23, Therefore, the ability of Ti to form calcium phosphate rapidly is the reason for its compatibility

with the hard tissues.
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VI. Corrosion-resistant properties of titanium

Metal itself does not exhibit toxicity in the form of allergic reactions or carcinogenic properties, but this
can arise from the metal ions or derivatives of the metal including oxides, hydroxides, salts, or complexes
that result as a product of rust or corrosion. These can subsequently bind biological molecules or cellular
organelles, inhibiting their biological functions. Fig. 3-7-8 shows the anode polarization curve of pure
Nickel (Ni), 316L stainless steel, Co-Cr-Mo alloy, Ti, and Ti-6Al-4V alloy in rabbits, or in Ringer’s solution,
respectively 2. The same polarization results were also obtained with Hank’s solution (a solution that is
used for cell culture, where the concentrations of inorganic ions are similar to those in extracellular fluid).
The passive state maintaining current density is lower for Ti and Ti-6Al-4V than for other materials,
suggesting relatively high resistance to corrosion. In order to evaluate the electrochemical influence of
living cells that are cultured on the Ti surface, a unit for electrochemical measurement in cell-culture
environment has been developed 25. Measurements taken with this unit showed that even though Ti
shows a decline in corrosion potential, the presence of the living cells had no effect 26,

Ti-6Al-4V, on the other hand, showed charge stabilization after five days of being immersed in biological
saline, but in Hank’s solution, the charge continued to show a gradual increase 27. This suggests that the
passive film of Ti is stable in saline, but the film grows in Hank’s solution. As noted above, the reason for
this is formation of a calcium phosphate film on the Ti surface in Hank’s solution.

On investigation of the effect of uric acid and amino acids, immersion charges measured for a period of
150 days did not change, suggesting that these biological molecules had no effect on the corrosion of Ti
alloys. Proteins are generally known to accelerate metal corrosion, but have no effect on Ti or Ti alloys.
However, organic acids such as EDTA and sodium citrate have been shown to corrode Ti alloys 2®. The
reactive oxygen species produced by macrophages are also factors that promote corrosion of Ti 29.
Introduction of materials into the body generally induces inflammation, causing macrophages to
proliferate and interact with the material. Therefore corrosion of Ti introduced into the body is mostly
likely to occur via this phenomenon. Recently, dental reparation devices constructed of Ti or Ti alloys have

shown to erode due to the inclusion of fluorine in tooth paste and mouth washes 30, 3D,
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VII. Properties and toxicity of titanium ions

In non-noble metals such as Ti alloys, the passive film can become disrupted due to friction, exposing the
underlying metal, and causing elution of metal ions. The passive film can usually repair itself efficiently
however, if this friction is continuous, specific types of metal ion become eluted. After performing
fretting fatigue experiments in pseudo-body fluids, the filtrate of the resulting pseudo-body fluid was
examined to quantify the metal elements: Ti, the main constituent, was not detected but elements such
as Ni, were detected, or even minute quantities of Fe instead 32 (Fig. 3-7-9). These findings indicate that
in environments where friction is a common occurrence, the fraction of the metal elements eluted from
the alloys cannot be expected to reflect the composition of alloys, and the possibility of elution of elements
present in minute amounts should not be ignored. Active substances that have similar properties to Ti
ions are used up in the process of regeneration of the passive film, but inactive metal ions become the
subject of elution. This implies that elements like Ti with high activity are less likely to be eliminated
even in high friction environments. The reactivity of the eluted ions is also important. As shown in Fig.
3-7-10, metal ions can largely be divided into three types: ions that react readily with water molecules
and anions to form stable oxides, hydroxides and salt compounds; those that do not react; and those that
form unstable complexes. The first two types are less likely to react with the biological molecules, but the
last type is more likely to do so. Examples of the first two types are, Ti and Zr ions, and examples of the
last type are Ni and Cu ions.

Toxicity of metal materials is determined by: (1) the ease with which the ions are eluted out
(susceptibility to corrosion), (2) the activity of the eluted metal ions, (presence of passivation ability, and
reactivity with surrounding molecules) (3) toxicity of the metal ions and their derivatives. These factors
should all be taken into consideration, in order to understand the toxicity of the material. The factors that
have been stated above illustrate the very safe nature of titanium metal.

Even though Ti is abundant in the earth’s crust, it is not an essential element for biological functions, and

its presence in the body is minimal. This is probably due to the fact that Ti ions react readily with water
9



molecules in solution, becoming stable, and therefore were not taken up by the body to be used for
structural components during the developmental and evolutionary stages of our existence. This implies
that bonding of the Ti ions with biological molecules is complicated, and thus its safety can be guaranteed

even if Ti ions are eluted out.
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VIII. Protein Adsorption

Protein adsorption occurs at the interface, as soon as a material interacts with biological tissues. Protein
adsorption affects subsequent adhesion to cells, and corrosion of metal materials. Protein adsorption to
metals or their oxidized surfaces has been investigated with numerous analytical techniques 3.

The conformations of proteins are specific to their functions, therefore awareness of the conformational
10



changes that occur as a result of adsorption with the material surface is essential for understanding their
functions (Fig. 3-7-11). Proteins are charged compounds, thus the electrostatic charge of the metal
surfaces influences the protein conformation. The strength of the static charge at adsorption is
determined by the dielectric constant, where the larger the dielectric constant, the smaller the
electrostatic charge. The dielectric constants of water and oxides, as well as those of Co-Cr-Mo alloys and
stainless steel, calculated from the surface oxide structure, are shown in Table 3-7-4 34. The dielectric
constant of TiOz is much closer to that of water in comparison with other compounds therefore the
conformational changes of proteins that result from adsorption to Ti surface can be expected to be
relatively small. In the case of fibrinogen adsorption to Au and Ti surfaces in solution, even though higher
adsorption is seen to the Au surface, a thicker layer is formed on Ti3%. This is because the dielectric
constant of the Ti is much higher due to the presence of a TiOz layer, while the surface of Au is not covered
with an oxide layer, which can be seen from its low dielectric constant. The conformational change of

fibrinogen is found to be far lower when adsorbed by a thicker layer.
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