Biocompatible Titanium Alloys used in Medical Applications
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At global level, there is a continuing concern for the research and development of alloys for medical and
biomedical applications. Metallic biomaterials are used in various applications of the most important medical
fields like orthopedic, dental and cardiovascular. The main metallic biomaterials used in human body are
stainless steels, Co-based alloys and Ti-based alloys. Titanium and its alloys are of greater interest in medical
applications because they exhibit characteristics required for implant materials, namely, good mechanical
properties (less elasticity modulus than stainless steel or CoCr alloys, fatigue strength, high corrosion
resistance), high biocompatibility. The aim of this review is to describe and compare the main characteristics
(mechanical properties, corrosion resistance and biocompatibility) for latest research of nontoxic Ti alloys

biomaterials used for medical field.
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Biomaterials had an important role in many aspects of
the contemporary medical field through considerable
progress over time. Applications of biomaterials in the field
of medicine are primarily due to the requirements of
medical practice, but also to the continuous evolution of
the sciences. A permanent correlation of research in the
fields of chemistry, biology, engineering, and medicine
leads the science of biomaterials to obtain new materials
that can address the many medical problems that exist
today [1-4].

Materials used as biomaterials are: metallic, ceramic,
polymeric and composite. The most common and known
are metallic biomaterials. This category includes pure
metals, metal alloys and intermetallic compounds [5-7],
according to table 1.

Biomaterials are products of organic or inorganic nature
that find various uses in different parts of the human body

as artificial valves in the heart, stents in blood vessels,
replacement implants in shoulders (fig.1), knees, hips,
ears, dental structures etc. [8-10].

Titanium alloys are widely used in medicine, cardiology
and dentistry. In medicine, they are used for implant
devices that replace hard tissue. Compared to stainless
steels and Co-based alloys, titanium alloys have a better
biocompatibility [12]. Stainless steels and CoCr alloys are
prone to corrosion, releasing metal ions into the body that
can cause side effects in dentistry, titanium initial was
used for dental implants, and at last years, have been
diversified in dental prosthetics and orthodontics. There
are three types of dental implant: osseointegrated, mini-
implant for orthodontic anchorage and zygomatic. Each
group needs different mechanical properties and must be
made of C.P Ti or a Ti-based alloys with non toxic elements.
Titanium dental implants have become the most widely

Table 1

CCLASSIFICATION OF METALLIC BIOMATERIALS [6]

1. Pare metals Precious (Au, Ag, Pt
Invaluable (T1, Ta, W, Mb)
I Metallic alloys | Austemific stamless sieels
Titanium alloys (TLAIEVE, TIALRFel )
Cobelt-Crom alloys (with or without W, Mo, N1)
I Intermetallic | Dental emalgam
compounds Compounds or memeory shape alloys
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accepted and successfully used type of implant due to its
propensity to osseointegrate [13-16].

In cardiovascular surgery, titanium-based materials are
commonly used in the form of metallic stents (NiTi, TINO),
cardiac valve prostheses, pacemakers, and artificial hearts.
The most commonly used material is nitinol, in the form of
self-expanding stents, a form memory alloy that retains
shape with its predetermined size and configuration [10,
17].

The area in which titanium is widely used is orthopedic
applications. Examples from orthopedic applications
include artidcial hip joints, artiCicial knee joints, bone plates,
screws for fracture Gxation, pins, bars, rods, wires, posts,
expandable rib cages, spinal fusion cages, finger and toe
replacements, maxi-facial prosthetics [13, 18].

Applications of biomaterials in the field of medicine are
primarily due to the requirements of medical practice, but
also to the continuous evolution of the sciences. A
permanent correlation of research in the fields of chemistry,
biology, engineering, and medicine leads the science of
biomaterials to obtain new materials that can address the
many medical problems that exist today [19].

Titanium Alloys properties

Titanium alloys must have high biocompatibility, good
corrosion resistance and excellent mechanical properties
(low density, low Young's modules [19-21]) for use in fields
such as orthodontics and orthopedics, but also in
cardiovascular and reconstructive purposes. Some
titanium alloys receive more attention as biomaterials due
to their high specific weight and good corrosion resistance,
without allergic problems, and show the best
biocompatibility between metallic biocompatible
materials (fig. 2).

High corrosi ve High specific
resistanoe M o strength
5 £
Low specific / = Mon Magnetic
gravity Property

Bio Compatible
hdaterial

Fig. 2. Titanium properties for medical use [18]

Table 2
CRITICAL ANALYSIS OF THE BIOLOGICAL ASPECTS OF THE MAIN

ALLOYING ELEMENTS FOR TITANIUM-BASED BIOMEDICAL ALLOYS [11]

Titanium has been found to be the only metallic
biomaterial for bone integration and has a bioactive
behavior (greatly improves the quality and duration of use
of implants [22]) due to the slow increase of titanium
hydrated oxide on the surface of the titanium implant
leading to the incorporation of calcium and phosphorus
[13, 23].

The influence of alloying elements in titanium alloys
contributes to a wide range of different microstructural
and mechanical properties. Thus, the alloying elements
are divided into three categories: stabilizers a: C, N,, O,,
Al; B stabilizers: V, Nb, Mo, Ta, Fe, Mn, Cr, Co, W, Ni, Cu, SI,
H2; neutral elements: Zr, Sn, Hf, Ge, Th [11].

According to recent studies, since the 1990s, titanium
alloys have been studied and improved with various alloying
elements. The authors correlated the values of the
mechanical characteristics with X-ray diffraction results
and pointed out that low elastic modulus alloys are due to
the full presence of the 3 phase [12]. Types of Ti-based
alloys systems in different combination with biocompatible
elements: Ti-Al, Ti-Al-Sn, Ti-Al-Zr, Ti-Al-Sn-Cu, Ti-Cu-Zr (o
phase) [24], Ti-Al-Mn, Ti-Al-V, Ti-Al-Mo, Ti-Al-Mo-V, Ti-Al-
Mo-Cr (a+[ phase) [25], Ti-Mo, Ti-Nb, Ti-Ta, Ti-Zr, Ti-Zr-
Nb, Ti-Sn-Nb, Ti-Nb-Ta-Zr ( phase) [26], Ti-Mo-Si, Ti-Mo-
Zr-Ta, Ti-Al-Zr, Ti-Al-Sn-Cu, Ti-Cu-Zr (a phase ) [20], Ti-Al-
Mn, Ti-Al-V, Ti-Al-Mo, Ti-Al-Mo-V, [25], Ti-Mo, Ti-Nb, Ti-Ti, Ti-
Zr, Ti-Zr-Nb, Ti-Sn-Nb , Ti-Mo-Si ( B phase), Ti-Mo-Zr-Ta ( 8
phase) [11].

Biomaterials have to meet certain requirements and take
into account some important characteristics. Properties
of interest in the use of these alloys are: mechanical
properties, biocompatibility and corrosion resistance.

Biocompatibility

The biological biocompatibility of any implant, which is
defined by its toxicity, carcinogenicity and metal sensitivity
from the release of metal ions, must be quantified to
decrease the patient’s risk and failure of implants [27, 28].

According to the tissue reaction phenomena, the
biocompatibility of orthopedic implant materials was
classified into three categories by Heimke [29], such as
biotolerant, showing distant osteogenesis (bone formation
with indirect contact to the material); bioinert, showing
contact osteogenesis (bone formation with direct contact
to the material), and bioactive showing bonding
osteogenesis (bone formation with chemical or biological
bonding to the material).

The biocompatibility of these alloys is influenced by
alloying elements. Table 2 lists the main alloying elements
of titanium and its influence.

Chemical element Biological aspects
—  the human body contzins about .07 mg of molybdenmm;
Molybdenum —  is an essential element for a number of important enzymes of cellular metabolizm;
—  1g less toxic than many other metzls (Co, Cr and N1).
—+ haz excellent corrosion resistance in a large number of acids; the corrosion resiztance
Tantalum of tantzlum 1z approximately the same as that of the glass;
— 1z non-toxic element znd the most biocompatible metals used for implantable devices.
— 1z found in the body on average 1 mg;
Zirconium — metal rirconium has the highest biocompatibility in the body of all metals and
Zirconium compounds have a low toxicity.
— presents acute toxicity at very high doses;
Aluminum —  many studies show that exeessive exposure to aluminum may increase the risk of
breast cancer and other neurclogical condifions such as Alzheimer's disease.
— & recent study shows that researchers have found that niokium ions are the most
Niohium toxic, along with cobalt, capable of inducing DNA damage and can cause immune
cell death;
— this element should be treated with care, especially when used with multiple alloymg
elements.
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In his work, D.R.N. Correa et al. [30] showed the
cytotoxicity levels of Ti-15Zr-xMo alloys, seeing were within
atolerable range for biomedical purposes, (fig.3).
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Fig. 3. Cytotoxic test results for Ti-15Zr-Mo alloys

The biocompatibility of new titanium alloys
(Ti13Nb13zr) for biomedical applications were
investigated in this study by A. Stroz et al. [31]. To determine
the biocompatibility of the Til3Nb13Zr alloy before and
after electrochemical modification examinations
according to the ASTM F756-00 standard were performed.
Based on this standard the hemolytic index below 2
evidences that material is nonhemolitic. The obtained
results of hemolysis test revealed the value of the hemolytic
index of 0.30(0.08) for the Ti1l3Nb13Zr alloy before
modification and 0.00 for anodically formed SWNTs
(single-walled nanotubes) on the alloy surface. The latter
value proves that the proposed surface modification
completely eliminates hemolysis process and ensures
excellent hemocompatibility of the porous Til3Nb13Zr
alloy with SWNTs.

Ti-Mo alloys group has superior corrosion resistance due
to thin, compact and extremely stable titanium dioxide
film that forms in seconds after contact with the
environment.

Mechanical properties

The mechanical properties were studied by Xu V., on a
dental alloy, metallic injection molding (MIM) Ti-12Mo using
non-spherical titanium, molybdenum powders and a
intentionally designed binder. The properties of density,
hardness and traction were characterized. The density was
measured by the Archimedes method, and the hardness
by a desktop HDI-1875 Rockwell hardness tester [32]. The
authors observed that the sintered density shows a clear
dependence on temperature, which increases rapidly
before reaching 1400°C and become stable afterwards.

The tensile strengths, ductility, elastic modulus and
hardness of the MIM-fabricated Ti-12Mo are shown in figure
4vs. sintering temperature. The hardness, tensile strength
and elongation all increase with increasing temperature
before reaching 1400°C and decline slightly afterwards.
The elastic modulus increases similarly with increasing
sintering temperature but is stabilized at about 73.2 £ 5.1
GPa when sintered at or above 1400°C. The optimum
sintering temperature is therefore determined to be 1400°C,
which led to good tensile properties.

Studies have shown that alloys based on Ti-Mo alloys
with various biocompatible elements exhibit superior
mechanical properties such as high tensile strength and a
much lower modulus of elasticity close to that of human
bone compared to other classical biomaterials. The values
of the longitudinal elastic modulus of the Ti-Mo alloys
compared to the classical ones are shown in figure 5. The
alloys of the 3 type have much lower values of the
longitudinal elastic modulus compared to the a or a+ 3
alloys, which is why research and their development is a
priority for researchers [7, 11, 33-35].

D.R.N. Correa et al. [30] studied the mechanical
properties (density, hardness and Young’s modulus) of Ti-
15Zr-Mo alloy, and he found that this alloy has excellent
mechanical compatibility for use in biomedical implants.

In the case of the Ti77Nb17Ta6 alloy, the authors [35]
note that the strength and hardness have increased with
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Fig. 4. Mechanical properties of MIM-fabricated Ti-12Mo specimens sintered at
each temperature for 2 h: (2) tensile properties; (b) elastic modulus; (c) hardness [32]
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Fig. 5. Values of the modulus of elasticity for different
titanium alloys [11, 33]
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the increase in [3-phase stability while ductility and Young'’s
modulus have decreased. Mechanical properties have a
direct correlation with (3-phase stability.

In his work, Mohsin Talib Mohammed [36] studied the
mechanical characteristics of the Ti-15Zr-12Nb (TZN), alloy
was manufactured using non-consumable vacuum arc
melting method. The mixture of sponge Ti, zirconium chips
and niobium powder is used as raw materials. The melting
process was carried out in copper crucible under ultra-
high purity argon gas. Many researchers consider that low
Young’s modulus (E) is an imperative aspect for any
specific biomaterials [35, 36].

Corrosion resistance

Corrosion resistance is an essential feature of titanium
and its alloys, due to its thin, compact and extremely stable
titanium dioxide film that forms in seconds after contact
with the environment. Thus, due to the very good corrosion
resistance, titanium is used in medicine, resists water,
acids or salt solutions, having a comparable behavior to
platinum in the case of chemical corrosion [2, 11].

The corrosion resistance of TiMo alloys has been
described in the many studies [35-42].

G. Bolat et al. [37], carried out experiments on three
TiMo alloys with different composition (12, 20 and 40 wt.%
of Mo) that have been synthesized by cold crucible
levitation melting in an induction furnace. Molybdenum is
used as alloying element for titanium because it has good
thermodynamic stability and considered to be instrumental
in regulating the pH balance in the body.

REV.CHIM.(Bucharest)¢ 70¢ No. 4 ¢ 2019

http://www.revistadechimie.ro

The tests were conducted in two artificial physiological
solutions based on the Ringer’s solution (fig.6). All
components were of analytical grade, and Milli-Q deionised
water [37].

Another comparative study between Ti6AI7Nb and
Ti30Ta, Ti40Ta, Ti50Ta, Ti60Ta, was performed in different
types of saliva (artificial saliva, acidified saliva, fluorinated
saliva). The polarization curves in the different
environments are shown in figure 7 [11, 37-39].

The Ti6AI7Nb alloy exhibited lower corrosion resistance
and a less stable oxide layer in the fluorinated saliva. TiTa
alloys have shown a high corrosion resistance due to the
formation of Ta,O, oxide on the surface of the alloys, which
has contributed t0 increased corrosion protection.

Passivation of these alloys is influenced by the presence
of alloying elements as well as the presence of impurities
in the material. Although the titanium, in the context of the
electrochemical series, is a metal that should corrode
strongly due to the formation of the oxide layer, it remains
passive in the human body, which makes it very used in
medical applications [11, 39-43].

Conclusions

Our research confirms previous results that the Ti-based
alloys is a prospective candidate for biomedical
applications due to its good mechanical and corrosion
properties, ,ore over the following conclusions may be
drawn:

Analysis of current research has provided information
on all alloying elements used for titanium alloys with
possible medical applications. The alloying elements have
1305



been studied in terms of influence on mechanical and
chemical properties.

Ti-Mo alloys with different biocompatible elements
exhibit superior mechanical properties such as high tensile
strength and a much lower modulus of elasticity close to
that of human bone compared to other classical
biomaterials.

Ti-Mo alloys group has superior corrosion resistance due
to thin, compact and extremely stable titanium dioxide
film that forms in seconds after contact with the
environment.
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