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Biomaterials encompass synthetic alternatives to the native materials found in our body. They have shown
rapid growth in the field of elderly population demands with the prolongation of human life. Titanium is one of the
biomaterials with excellent properties and biocompatibility. However, its high stiffness may cause weakening in the
structures. To sort out this problem, Ti-Cr, Ti-Mo, and Ti-Cu alloys were produced by powder metallurgy. Metal
powders were mixed by mechanical alloying. After pressing and sintering, characterizations were carried out by
scanning electron microscopy, X-ray diffraction, electron backscattering diffraction, and three points bending test.
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1. Introduction

Biomaterials help in improving the quality of life of the
elders. As the world population is getting older, the de-
mand for those materials is rapidly increasing [1, 2]. Ti-
tanium alloys have become very attractive as one of the
biomaterials due to their lightweight, high bio-corrosion
resistance, biocompatibility and mechanical properties.
Actually, pure titanium has also established a reputa-
tion for excellent biocompatibility as a dental metal, be-
ing suitable for prosthetic dental applications. However,
some inherent problems must be overcome for titanium
to be used successfully such as its stiffness, high melting
temperature and high reactivity with oxygen and impuri-
ties at elevated temperatures [3, 4]. Producing titanium
alloys can be one of the solution to alter its properties,
namely to improve strength, high-temperature perfor-
mance, creep resistance, weldability and formability [4].
Producing titanium alloys can be useful for reducing
stiffness valuations.

In this study, Cr, Mo and Cu were chosen for pro-
ducing binary Ti alloys as alternatives capable of satis-
factorily replacing the traditionally used alloys. Those
elements are known for increase of stabilizing S phase
of titanium. These phases of titanium alloys are more
appropriate for bio-applications. The presence of tita-
nium body centered cubic crystal structure (8 phase)
at room temperature leads to decrease of elastic mod-
ulus and improves the stress shielding problem, there-
fore (8 type titanium alloys could be produced with lower
modulus of elasticity and greater strength [5]. Cop-
per also offers the possibility to be bactericidal. Ti-Cr
alloys were reported to have high tensile strength and
good ductility for dental casting alloys. It was observed
that the hardness of the Ti-Cr alloys became greater as
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the Cr content increased [6]. The addition of Mo de-
creases the elastic modulus of the alloys. Also, Mo is
a refractory element with a high melting point, and the
addition of Mo can also enhance the strength and abra-
sion resistance of Ti-based alloys [7]. The fusion tem-
perature of Ti-Cu alloy decreases with an increase in the
amount of copper [§8]. Titanium alloyed with a small
amount of copper is reported to have adequate biocom-
patibility and corrosion resistance for dental use [9]. Re-
garding the production method, powder metallurgy was
used. After pressing and sintering different combinations
of titanium alloys were produced with Cr, Mo, and Cu
elements. Characterizations of the specimens were car-
ried out, scanning electron microscopy-energy dispersive
X-ray spectrometry (SEM-EDX), electron backscattering
diffraction (EBSD), optical microscope and three points
bending test.

2. Materials and methods

The experimental program was composed of mixing,
mechanical alloying of powders, and press and sinter
process. Elemental powder mixtures were prepared as
the following: Ti5Cr, Ti9Cr, Til3Cr, Ti6Mo, Til2Mo,
Ti21Mo, Ti5Cu, Ti7Cu and Til2Cu in weight. Three al-
loys were prepared for each composition ratio. Mechani-
cal alloying was performed in a planetary ball mill model
PM 400/2 Retsch using a rotation speed of 300 rpm
by using pure titanium, chromium, molybdenum and
copper powders. The ball to powder weight ratio was
10:1. The milling batch had a mass of 20 g for each
run. To prevent an excessive temperature rise of the
powder during milling, milling was stopped at 45 min,
and then the grinding bowl was allowed to cool for
20 min. To minimize powder oxidation, milling was car-
ried out under an argon atmosphere. The die for me-
chanical pressing has a rectangular shape with dimen-
sions of 30 x12 mm?. It was filled with approximately
7 g of powder with the height of 5 mm. Compaction was
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applied in hydraulic press, Instron model 1343, which has
a range of use of 500 kN for static trials. A pressure of
600 MPa is used for compaction of test specimens. Sin-
tering was performed in a high vacuum Carbolite model
HVT15/75/450 tubular furnace. Sintering cycle of pro-
cess for Ti-Cr and Ti-Mo alloys was as the following: a
rise 15°C/min, to reach them 750°C that is keep ones
30 min to get a homogenization of the temperature, con-
tinue with a rise to 10°C/min, until them 1250°C that
is maintain 180 min and then the cooling in oven. For
Ti-Cu alloy the sintering temperature was 950°C. The
porosity is estimated by the Archimedes method for open
and closed porosities. Pore diameter and circularity were
measure by optical microscopy. The bending test is per-
formed with rectangular samples 30 x 12 x 5 cm?, at a
speed of 1 mm/min, obtaining the stress, strain and flex-
ural modulus of each of the alloys studied. The elastic
modulus was obtained by ultrasounds methodology.

3. Results and discussions

Figure 1 depicts the distribution of the alloying ele-
ments before sintering. Mechanical alloying provides ho-
mogeneous distribution. It can be seen from the figure
that addition of Cu is greater intimacy with Ti. It is
mainly due to the higher ductility of this element. The
particles are randomly distributed within TiCr and sim-
ilar particle size with Ti. In TiMo system, elements are
preferably distributed on the surface of the particles of
Ti. Therefore we can say that the TiMo is a better mix
but compaction is not as good as the TiCr and TiCu.

Table 1 demonstrates the pores and densities of the
alloys. As can be seen, TiCu alloy has lower porosity
than other alloys due to its greater plasticity. Further-
more, the porosity decreases with increase of percentage
of the alloys. The pore size obtained is smaller diame-
ter and very close to the spherical shape. By contrast in
the alloys of Cr and Mo, the porosity is greater and the
pores have a larger diameter and more elongated shapes
in TiCu alloys. This is due to the greater hardness of al-
loying and its worst compaction of the mixture. Relative
density values are very close for three alloys. For TiCu
and TiMo alloys, the density increases with increase of
the amount of element. However, the densities obtained TABLE I
in the TiCr alloys practically remain the same about 92%.

Figure 2 demonstrates the microstructures of the al-

Fig. 1. Backscattered image of those powder mixtures:
(a) Ti5Cu, (b) Ti5Cr, (¢) Til2Mo.

Estimations of pores and densities of the alloys

loys. In TiCr and TiMo systems microstructures are Exp. density| Relative |Pore o Pore
formed by o + (3 phases, a phase (dark) and § phase Alloys [g/cm®] | density [%] | [um] | circularity
(light). TiCr has 75% « phase, for content of 5% Cr. Ti6Mo 111 3312 £0.69] 3.66 0.86
It decreases to 20% when the Cr content is 13%. Simi- Ti12Mo 4‘50 93'21 j:()‘88 2'22 0'95
larly for Mo alloys, o phase decreases when Mo content Ti21Mo 4.81 94.06 i0.43 1'94 0'97
increases. Stabilization of § phase is observed by the ] ’ ' ' ' ’
addition of Mo. Addition of Cr with microstructures T%5Cr 4.25 92.62 +0.88 4.32 0-85
grains provides formation of « phase in grain boundaries. TTQCr 4.29 92.00 £0.73| 2.65 0.92
The decrease of the alpha phase takes place by a stabi- T¥13Cr 4.39 92.65 £0.72) 3.37 0.88
lization of the beta phase by increasing the content in the Ti5Cu 443 95.90 £0.23| 2.25 0.93
alloying element or by the formation of the corresponding Ti7Cu 4.58 98.04 £0.23) 1.64 0.99
intermetallic phase [10, 11]. Ti12Cu 4.78 99.73 £0.09| 1.58 0.99
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Fig. 2. SEM images of the phase distribution in differ-
ent alloys: (a) Til2Cu, (b) Til3Cr, (c) Ti21Mo.

The formation of the mentioned a + 8 phases in the
TiCr and TiMo alloys is confirmed by X-ray diffraction,
Fig. 3, as reported Hsu et al. [6] and Lu et al. [7]. The mi-
crostructure corresponds to 90% phase for 5% by weight
of Cu. By increasing the content of Cu, the amount of
a phase decreases to 78%, with formation of eutectoid
TisCu +a. TisCu intermetallic formation decreases the
porosity of the TiCu alloys. The microstructure in the
TiCu alloys correspond to « grains intermetallic TioCu
by cleaving the beta phase at elevated temperature.

The results of bending tests and elastic modulus are
seen in Fig. 4. The Ti-Cu alloys have the lowest bending
strength, around 650 MPa. However, maximum bend-
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Fig. 3. Diffraction patterns of the alloys.
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Fig. 4. Bending strength and elastic modulus vs. con-
tent of elements.

ing strength of the TiCr and TiMo alloys decreased with
increasing alloying element content. In the latter two
systems for the lower contents of Cr or Mo have bending
strength of 830 and 960 MPa, respectively, decreasing to
values of 670-680 MPa for higher content tested. This
significant reduction in the maximum bending strength
of the TiCr and TiMo alloys can be explained by the sta-
bilization of the 3 phase [6, 7]. Not only the phase effect
the bending strength, additives also change the grain size.
Ductility obtained in the three systems is insufficient for
applications where elongation is necessary. The maxi-
mum value obtained is 4.2% for TiCr alloys and 2-3%
for the other alloys. A dual behavior is obtained for elas-
tic modulus analyzed by ultrasound techniques. While
TiCr and TiMo systems is slightly lower than the com-
mercially pure Ti, remains around 95-98 GPa. The TiCu
system substantially increases the elastic modulus from
118 GPa to higher values 135 GPa for 13 wt% of Cu.
EBSD analysis results of the alloys are demonstrated
in Fig. 5. XRD and SEM analysis results mentioned
above are supported with this analysis. In TiCr alloy, Ti-
hexagonal structure has 001, TiCr2 intermetalic phases
010 and TiCr alloys has 120 and 111. Abundant phases
are Ti-hexagonal and TiCr alloys. There is no any Ti-
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Fig. 5. Inverse pole figures of the alloys: (a) Til2Cu,
(b) Ti9Cr, (c) Ti21Mo.

cubic phase. TiCry hexagonal and TiCrsy intermetallic
phases have trace amount. Ti-hexagonal phase has 51%
and TiCr has 41% phase fraction. In TiMo alloy, abun-
dant phases are titanium cubic and Ti-hexagonal. Ti-
hexagonal phase has 39%, titanium cubic 30%, and Ti-«
10% phase fractions. In Ti-Cu alloy, abundant phase is
Ti-hexagonal with the value of 90%. TisCu is 10% and
the rest is titanium cubic phase.

If all these results are to be evaluated, it will not be
easy to indicate any alloy as the best biomaterial candi-
date. It must be decided according to use conditions of
the alloy, such as where and how the alloy will be used.
Although the environment seems to be the same body for
a biomaterial, the enzymes, pressure, temperature, etc.
in the hip region may be different in the mouth or on

the knee. In addition, whether the material to be used
is movable or stationary will also change the required
properties of the material.

4. Conclusions

Ti-Cr, Ti-Mo and Ti-Cu alloys were produced by pow-
der metallurgy. Metal powders were mixed by mechani-
cal alloying before pressing and sintering. TiCu powder
after mechanical alloying presents more intimate union
with Ti particles than the other powders. TiCr and TiMo
systems obtain two phases: a phase (dark) and g phase
(light). A mixture of a phase and Ti;Cu intermetallic
is observed on the microstructure of TiCu alloys. In all
cases 8 phase or Ti2Cu increase with higher content of
alloying element. The bending strength decreases gen-
erally, with the increase of elements addition. Elastic
modulus decreases with Cr and Mo addition due to
phase stabilization. However, Cu addition increases the
elastic modulus regarding commercially pure Ti due to
the formation of intermetallic Ti2Cu.
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