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Abstract Titanium is one of the most appreciated biocompatible materials, as it possesses both good
mechanical characteristics but also high corrosion resistance in contact with biological environments.
Initially, Ti-6Al-4V trade mark was used for the manufacture of implantable medical devices, being
usually selected for making aerospace structures. Over time, it has been found that aluminum and
vanadium are not elements with acceptable biocompatibility, metallic ions being found either
dissolved or accumulated in certain areas adjacent to the implants. Therefore, the development of
titanium alloys dedicated to biomedical applications is still highly required. The effects of chemical
elements (Al, Fe and Mn) on the microstructure and microhardness of titanium alloys for medical
applications are analyzed in the paper. The experimental alloys were obtained by melting of raw
materials in an argon inert atmosphere of the VAR equipment, using high purity metallic elements.
Has been developed Ti-base alloys that contain different concentration of 11 to 18 wt. % Al, 2 to 7wt.
% Fe and 6 wt. % Mn for highlighting the effects of these elements on the micro-structure and
microhardness of titanium alloys. SEM and EDAX analysis revealed the microstructure and
microhardness changes occurred by using of alpha stabilizing elements (Al) or beta stabilizers (Fe,
Mn).
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1. Introduction

The main advantage of titanium alloys are the elastic modulus value very close to that
corresponding to the cortical bones. Also, low density and corrosion resistance into biological fluids
chemical are salient features for implants. The biocompatibility of titanium and its alloys seems to be
due to its capacity to slowly form of hydrated titanium oxide on the surface level, that allow the
adherence of calcium and phosphorus to the broken zones of bones [1, 2]. Alloying elements like Al
and V in Ti6Al4V alloy seems to affect the biocompatibility due to dissolving as metallic ions, causing
local accumulation or undesired adverse tissue reactions. [1, 3, 4].

The good workability and high mechanical strength are useful and desired characteristics that allow
first choosing titanium alloys comparatively other metallic alloys. The keeping of low value for
Young’s modulus, similar to the cortical bones, is an important concern of scientist. The technological
solutions applied until now for titanium alloys are cold working and heat treatments that can be
effective to improving with around 20% of initial mechanical characteristics [1]. Another issue is
assuring to the oseointegration of the implant, by good chemical biocompatibility and a low Young’s
modulus value [5-7].

Usually, titanium alloys can be classified into 3 main groups, depending on the microstructure,
respectively Alpha, Alpha + Beta, or Beta alloys. Obtaining a certain type of structure is possible by
choosing the chemical composition, which must contain elements that stabilize certain types of
microstructural phases. In the case of titanium alloys, the elements that stabilize the Alpha phase are
Al, O, N and C, and those that stabilize the Beta phase are Fe, Mn, Cr, Cu, Ni and Si). Other elements,
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like V, Nb, Mo and Ta have a Beta-isomorphous effects. By exceeding the equilibrium
concentration (5 wt. % Al), secondary compounds such as Ti3Al come to separate from the solid
solution. Alpha -2 phase exerts a strong reinforcing effect, manifested by increase of hardness, which
diminishes the plasticity of the alloy and reducing the cold-working possibilities. Therefore, it is
recommended to limit the aluminium content in titanium alloys to a maximum of 8 wt.% Al [8]. For
reducing the Young’s modulus value of titanium alloy (usually of 103-120 GPa), elements which
stabilize Beta phase are required, to reaching the level of cortical bones for this parameter (10-30 GPa)
[1, 5]. Also, another method for improve the mechanical characteristics values is grains refinement,
which can be obtained by boron addition [9].

For developing TiAl-base alloys for structural applications, vanadium addition and some heat
treatments was made to obtaining good mechanical characteristics [10]. Aluminium is alpha phase
stabilizer and increases the temperature of Beta transformation in Ti-Al system [11]. In biocompatible
alloys aluminium is not a desired element, intoxications with metallic aluminium being recognised in
occupational medicine at patients that are subjected to renal dialysis [12-16].

The maximum solubility of Fe in Alpha-Ti is about 1 at % Fe for a concentration of 44 at % Al
[11]. Iron toxicity is very low and the compounds resulting during oxidation process do not accumulate
in tissues, being immediately metabolised [14-16]. Iron and manganese are [B-eutectoid stabilizers
elements in Ti-alloys.

Manganese presence in titanium alloys has similar effect to those of aluminium [13]. In titanium
alloys, Mn presence allow to increase significantly the hardness from 83.3GPa (Ti2Mn) to 122GPa
(Til2Mn) but decrease the plasticity, from 21.3% to 11.7% [14, 15]. Like iron, manganese is an
essential element and plays a primary role in the activation of multiple enzyme systems [16-18],
having special role as a co-factor in the formation of bone cartilage and bone collagen, as well as in
bone mineralization [19, 20]. Among the Ti alloys, Beta-Ti are most used when the optimum
combination of characteristics are required (in respect of processing ability and physical-chemical- and
mechanical properties) comparatively with any other class of alloys [21, 22]. Concentrations below 8
wt. % Mn in titanium reveal negligible effects on the metabolic activity and the cell proliferation of
human osteoblasts [23, 24]. Other elements like Zr, Ta, Mo and W allow increasing the microhardness
and compression strength of titanium-base alloys [25-28]. Iron and manganese additions in titanium
alloys are beneficial for improving the mechanical characteristics without affecting the
biocompatibility. From metallurgical point of view, these elements contribute to enhance the
nucleation rate and slow the growth rate of grains, influencing the liquid/solid interfacial
characteristics [25, 29].

The paper analysed the effects of chemical elements like Al, Fe and Mn on the microstructure and
microhardness of titanium alloys for medical applications. The concentration of the main alloying
elements has been modified to analyse the changes produced on microstructure and microhardness of
Ti-base alloys. Compared to other studies, the paper presents the cumulative effects of Fe and Mn
elements, both considered biocompatible, with the purpose of developing new alloys, without
aluminium and vanadium.

2. Materials and methods

Due to the specific properties of titanium and its alloys, such as the high melting temperature, as
well as the sudden increase of the chemical activity as the temperature rises, they are obtained in
electric arc and induction furnaces, only in vacuum or under inert gas protection [25].

The experimental alloys studied in the paper were produced by melting in VAR MRF ABJ 900
equipment from ERAMET Laboratory of Materials Science and Engineering Faculty, University
Politehnica of Bucharest, using high purity metallic materials. In VAR equipment the raw materials
are melting quickly using an electric arc formed between a W-Th electrode and the metallic batch,
under argon inert atmosphere. Before the melting operations, a vacuum of 4.5 x 10 mbar was
performed, followed by the purging using inert gas (Ar 5.2), the cycle being repeated four times to
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realize working atmosphere purification. In order to refine and homogenize the metallic material, the
alloy is three times re-melted, on each part, and then is fast cooled on copper plate of the equipment.

The alloys composition was conducted by changing the content of chemical elements like Fe, Mn
and Al. The chemical composition of the experimental alloys was determined both by Spark Optical
Emission Spectrometer — SPECTROMAXx M using Ti-01-M program and by EDAX analyse (Table
1).

Table 1. Chemical composition of experimental Ti-base alloys, at%

Alloy Mn Fe Al \Y Ti
Til1AlIVFe 0 2.59 11.35 3.05
Til8AlFeV 0 7.81 18.58 5.11 Balance
TiMnAlFeV 6.59 1.19 2.50 2.30

After cooling, the metallic samples were examined and sectioned to preparing for metallographic
analyze and microhardness test. The Ti-base alloys samples were cut for metallographic analysis using
a precision cutting machine IsoMet 4000 and metallographic discs under cooling fluid (in Lamet
Laboratory, from UPB). The selected samples has been embedded in resin and polished using
metallographic paper with different grain sizes (600 to 2500 grit paper), followed by polishing with
abrasive powder (grain size between 0.6 to 0.1 um).

To highlight the microstructure aspect, metallographic etching reagent was used with the following
composition: 10% HF + 30% HNO3z; + 50ml deionized H2O. The samples were examined by optical
microscopy (Olympus GX51 optical microscope) and by scanning electron microscopy SEM (Inspect
S, FEI equipped with EDAX Z2e analyser).

3. Results and discussions
3.1. Microstructure

Ti-Al alloys are used mainly because of their high thrust-to-weight ratio of high —performance
aircraft engines. Aluminium is one of the few alloying elements that lead to an increase in the
allotropic transformation temperature of the titanium. As can be seen in the equilibrium diagram
(Figure 1), aluminium forms a wide range of solid solutions with titanium, its solubility being 25 at%
Al at 1400 °C and 6 at% Al at ambient temperature. Aluminium is considered to be the main alloying
element of titanium, being present in most alloys of this metal. Its effect in titanium is considered
similar to that of carbon in iron alloys. If aluminium concentration in titanium-base alloy is 10wt% or
more, according Ti-Al phase diagram TisAl intermetallic second phase can forms [27].
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Figure 1. Ti-Al phase diagram [27, 12]

The mechanical properties of two-phase (o + B) titanium alloys depend on the phases morphology.
The proportion of lamellar structure is important due to their high resistance to fatigue crack and good
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fracture toughness. During technological processing of two-phase Ti-alloys, the B-grain size of
lamellar phase must be kept as fine as possible.

For increase the proportion of Ti-f phase, the experimental alloys were alloying with -eutectoid
stabilizers, like Fe and Mn. Depending on the iron concentration in Ti-Fe diagram, some intermetallic
compounds can be formed (Figure 2).
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Figure 2. Ti-Fe phase diagram [31]

By restricting the grain growth tendency, iron help in grain refinement of the microstructure in titanium
alloy. Analysing Ti-Fe system the following compounds can be formed: TiFe, (congruent, melting point at 1700
K), TiFe (incongruent, melting point at 1650 K), Ti,Fe (incongruent, melting point at 1358 K). The most stable
compound is TiFe, [17, 19 and 28]. The increase of chemical elements concentration (Al, V and Fe) in the Ti-
base alloy allows to changing the B-phase proportion, although alpha phase is still present. In the case of
experimental alloys Til1AIV2Fe the microstructure is bi-phasic (a+p), even V and Fe concentrations
are low (Figure 3), the Ti-a phase being preponderant.

Ti3Al
compounds
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Figure 3. Optical microstructure of experimental Til1AlIV2Fe alloy:
a) Overview microstructure; b) Detail on Ti-p and Ti-a phases

Increasing of content over 7wt. % Fe in Ti-Al metallic matrix allows to a spheroidization tendency
of TiFe> compounds (Figure 4).
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Figure 4. Optical microstructure of Til8AI5V7Fe alloy (a) and X-Ray spectrum of elements (b)

Some alloys like Ti2Mn, Ti5Mn, and Ti8Mn have good mechanical properties and acceptable
cytocompatibility, being used as bone substitutes or a good dental implants alternative [24].

The maximum solubility of Mn in B-Ti is about 30at% at 1174 °C while the maximum solubility of
Mn in o-Ti is 0.4 at% below 882°C [30]. By alloying titanium with Mn (6.59%wt Mn), quasi-rounded
intermetallic compounds have separate from the metallic matrix (Figure 5a) and 3 phase stabilization
with uniform equiaxed grains and lamellar aspect is achieved (Figure 5b).

EDS Spectrum: map202002131612307890.spc

ouv
Ti
720 |
640
560
480
400
320
240
Ti
160
\' \"
Fe
80 Al
n Mn e
0 < e R A I R o
0.0 13 26 39 5.2 6.5 7.8 91 104 117 130

0 Cnts 0.000 keV Det: Element-C2B Lock Map/Line Elements
c)
Figure 5. Microstructure of Ti 6.59Mn alloy: a) Optical microscopy; b) SEM microscopy;
c¢) X-Ray spectrum of elements
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3.2. Microhardness

Microhardness measurements have been performed using Shimadzu HMV 2T tester, using applied
loads of 980.07 mN and testing time of 10 seconds. The average values of microhardness, measured in
10 different points of the alloys analysed in this paper, are shown in Figure 6. In this figure are shown
also some data regarding other T-base alloys containing Mn and Fe, obtained and tested by the authors
of this paper.

As can be seen from the microhardness evolution, the general trend is the increase of hardness by
alloying with Fe and Mn, explained by double effect of solid solution strengthening mechanism and
hard compounds formation. The maximum hardening effect is obtained for Til8AI7.8Fe5V alloy
(almost double comparatively with commercial Ti8Al4V alloy).

Fe acts like the strongest hardening element in Ti-base alloys. For concentration exceeding 5 at
%Fe, the microhardness was with 50% greater comparatively with commercial Ti8AI4V alloy.

The hardening effect provided by Mn in Ti-Base alloy is superior to those obtained by alloying
with 8 wt. % Al and 4 wt. %V. The main advantage of using Mn as alloying element for biomedical
applications is his biocompatible effect.

Microhardness evolution of titanium alloys
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Figure 6. The microhardness average values for different type
of titanium alloys. 1 - Ti8AI4V alloy; 2 - TiBAI4V remelted;
3-Ti8AIV; 4 - Til1AI3V2.59Fe; 5 - Til8AIl7.8Fe5V;

6 - Ti5Fe; 7 - Ti 6.59Mn; 8 - Ti3Mn

4. Conclusions

Alloying elements have different effects on the microstructure and the microhardness of Ti-base
alloys. For the content below 8 wt. % Al, alpha phases has lamellar aspect and above this value, Ti3Al
compounds are separated in the form of scattered islands of irregular shape.

Iron allows to grain refinement and influence spheroidization tendency of Ti-Fe compounds,
contributing to matrix reinforcement.

By increasing the manganese concentration in the Ti-base alloy increases the proportion of
intermetallic compounds that can separate from the metallic matrix, having fine and lamellar
appearance. A substantial increases of the microhardness in analyzed titanium alloys promote Fe, V
and Al. These elements can act simultaneously for increasing the hardness, such is the case of
Ti18AIl7.8Fe5V alloy, having 634 HVO0.1. An individual hardening effect has been obtained for Ti5Fe
alloy, having hardness of 502 HVO0.1. Effect of Mn on the increasing of hardness was less important,
yielding a slight increase of microhardness from 418HV0.1 for Ti3Mn to 427HV0.1 for Ti6.59Mn.
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