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a  b  s  t  r  a  c  t

In  recent  years,  different  beta  titanium  alloys  have  been  developed  for  biomedical  applications  with  a
combination  of  mechanical  properties  including  a low  Young’s  modulus,  high  strength,  fatigue  resistance
and  good  ductility  with  excellent  corrosion  resistance.  From  this  perspective,  a  new metastable  beta  tita-
nium  Ti–12Mo–3Nb  alloy  was  developed  with  the  replacement  of  both  vanadium  and  aluminum  from
eywords:
eta titanium alloy
iobium addition
iomedical applications

the traditional  Ti–6Al–4V  alloy.  This  paper  presents  the microstructure,  mechanical  properties  and  cor-
rosion  resistance  of  the  Ti–12Mo–3Nb  alloy  heat-treated  at 950 ◦C for 1  h.  The  material  was  characterized
by  X-ray  diffraction  and  by  scanning  electron  microscopy.  Tensile  tests  were  carried  out  at  room  temper-
ature. Corrosion  tests  were  performed  using  Ringer’s  solution  at  25 ◦C. The  results  showed  that  this  alloy
could potentially  be  used  for biomedical  purposes  due  to its good  mechanical  properties  and  spontaneous
passivation.
. Introduction

Titanium and its alloys are widely used as orthopedic implants
ue to their corrosion resistance, biocompatibility, specific strength
nd lower Young’s modulus than other metallic biomaterials such
s stainless steel and Co–Cr based alloys [1].  The Ti alloy most
idely used in orthopedic applications is the Ti–6Al–4V alloy.
lthough this alloy presents a lower elastic modulus compared to
tainless steel and Co–Cr alloys, studies on this particular alloy have
hown that the release of small amounts of V in the human body
an induce cytotoxic effects [2].

Recently, a number of studies have focused on the development
f metastable beta-type Ti alloys with non-toxic elements such as
o,  Zr, Sn, Ta and Nb [1,3–7] which have advantages over alpha

nd alpha + beta titanium alloys, including a lower Young’s modulus
nd better toughness [7–9]. Moreover, processing variables can be
ontrolled to produce selected results [10].
Studies carried out by Gordin et al. [7] in the development
f a metastable beta-type Ti–12Mo–5Ta (Ti–6.6Mo–1.47Ta %at.)
lloy showed that it presented a low Young’s modulus (74 GPa)

∗ Corresponding author at: Universidade Federal do Rio de Janeiro, Departamento
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and high corrosion resistance. Considering the chemical similar-
ity of Nb, as well as its lower cost and lower density (8.56 vs.
16.6 g/cm3) compared to Ta, a new alloy composition was  stud-
ied, i.e. Ti–12Mo–3Nb. In the design of the chemical composition,
the amount of Nb added corresponded in %at. to the replacement
of Ta in the Gordin et al. alloy [7].  The focus of the present study
was  related to the determination of the phase stability, Young’s
modulus and electrochemical behavior of this novel alloy.

2. Methods

2.1. Material preparation

The Ti–12Mo–3Nb alloy was prepared from commercially pure Ti, Mo and Nb
metals by arc melting with a tungsten electrode on a water-cooled copper hearth.
The  alloy was  prepared in a high purity argon atmosphere and the ingot was  melted
five  times to improve chemical homogeneity. The obtained ingot (35 g) was  solution-
treated at 1000 ◦C under high vacuum for 24 h inside a tubular furnace, followed by
quenching in water at room temperature. It was then swaged at 780–860 ◦C with
an  80% reduction in area. The sample (cylindrical in shape) was solution-treated at
950 ◦C under high vacuum for 1 h in a tubular furnace, and then quenched in water
at  room temperature.

2.2. Phase characterization
Phase characterization was  carried out using X-ray diffraction (XRD, Shimadzu
model XRD 6000 diffractometer) operated at 40 kV, 30 mA and CuK� radiation
(� = 1.5418 Å). The phases were identified through comparison with simulated
diffractograms using the program Powdercell [11], inserting data of the �, � and
�-Ti  phases as space groups, lattice parameters and atomic positions [12].

dx.doi.org/10.1016/j.jallcom.2011.11.035
http://www.sciencedirect.com/science/journal/09258388
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The microstructure of the alloy was also investigated by scanning electron
icroscopy (SEM). The sample was ground using silicon carbide papers up to 2400
esh, polished using standard metallographic techniques and then etched with

roll’s reagent (3 mL  HF, 6 mL  HNO3 and 100 mL  H2O).

.3. Measurement of Young’s modulus and tensile tests

The Young’s modulus (YM) was  determined by the instrumented indentation
echnique using a Nanoindenter. Three sets of nine indentations were made using

 Berkovich tip, with an applied load of 400 mN corresponding to one complete
oading–unloading cycle and with a peak hold time of 15 s. The obtained modulus
alue was  the average of 27 measurements. For comparison, the value of the Young’s
odulus of Ti–6Al–4V was  also determined under the same conditions.

Tensile tests were performed at room temperature with specimens with
2.7  mm in length and 4 mm in diameter and using a strain rate of 4 × 10−3 s−1.
wo specimens were tested to rupture in the heat-treated condition.

.4. Electrochemical behavior

The electrochemical behavior was investigated using Ringer’s solution. The tests
ere carried out in a three-electrode corrosion cell; the surface area of the working

lectrode (Ti–12Mo–3Nb alloy) was 0.206 cm2. A platinum wire and an Ag/AgCl
lectrode (saturated in KCl solution; E◦ = 0.198 V vs. SHE) were used as the auxiliary
nd reference electrodes, respectively. The cyclic polarization curves were obtained
t  0.5 mV/s.

. Results and discussion

.1. Microstructural and mechanical characterization

Fig. 1 shows the XRD pattern of the Ti–12Mo–3Nb alloy treated
t 950 ◦C for 1 h and quenched; only the � phase can be identified
n the alloy and the diffraction planes were indexed. The value of
he �-stabilizer equivalence (% Moeq) was calculated as 12.84. This
alue is higher than 10.0 wt.%, which classifies this alloy in the �-
etastable category.
Fig. 2 shows micrographs of the alloy, demonstrating that a sin-

le phase could be observed. Thus, the results of the microstructural
haracterization are identical to those of Gordin et al. [7] and con-
rm the expected effect of Ta replacement by Nb.

The values obtained for the measurements of Young’s modu-
us using the instrumented indentation technique were 140 GPa
or the reference Ti–6Al–4V alloy and 105 GPa for �-Ti–12Mo–3Nb
lloy. This indicates a 25% reduction in the Young’s modulus of the
lloy described in the present work. Considering the data presented
y Song et al. [13] by means of electronic structural calculations
f binary �-Ti phases, a lower Young’s modulus was  expected for
he �-Ti–12Mo–3Nb (Ti–6.6Mo–1.47Nb %at.) alloy compared to

he �-Ti–12Mo–5Ta (Ti–6.6Mo–1.47Ta %at.) alloy. The values of
oung’s modulus measured by the indentation technique could not
e directly compared with data available in the literature obtained
sing the ultrasonic technique. In the latter case, the values are

Fig. 1. X-ray diffractogram of the Ti–12Mo–3Nb alloy treated at 950 ◦C/1 h.
Fig. 2. SEM of the Ti–12Mo–3Nb alloy treated at 950 ◦C/1 h.

generally lower [14]. In the work of Gordin et al. [7],  the ultra-
sonic technique was  used to measure the Ti–12Mo–5Ta alloy as
well in the Ti–6Al–4V alloy. The values were 74 GPa and 120 GPa,
respectively, which represents a 38% reduction in the Young’s
modulus.

Fig. 3 shows the stress–strain curve at room temperature of
the Ti–12Mo–3Nb alloy. The mean observed values were 747 MPa,
449 MPa  and 42% for tensile strength, yield strength and elongation
(%), respectively.

In all Ti alloys, the maximization of the ratio of yield strength to
Young’s modulus should be pursued. A reduction in Young’s modu-
lus and an improvement in the strength of the Ti–12Mo–3Nb alloy
could be optimized by a suitable aging treatment [15].

Table 1 shows the mechanical properties and the ratio of
strength-to-modulus of the Ti–12Mo–3Nb alloy compared with
typical biomaterials [16–20].  For load-bearing applications, high
strength is important, while a low Young’s modulus is desirable
to avoid stress shielding. Moreover, an increase in strength is fol-
lowed by an increase in Young’s modulus values [21–23].  As seen
in Table 1, the Ti–12Mo–3Nb alloy showed the highest ductility
and a higher strength-to-modulus ratio than the Co–Cr–Mo alloys
and presented similar values compared to TMZF and Ti–50% Ta

(solubilized).

Fig. 3. Stress–strain curves of the Ti–12Mo–3Nb alloy at room temperature.
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Table 1
Mechanical properties of typical biomaterials and the Ti–12Mo–3Nb alloy.

Alloy YM (GPa) YS (MPa) Ratio of strength-to-modulus (×10−3) El (%) Reference

ASTM F75 (Co–Cr–Mo) 220 448 2.0 8 [16]
Ti–6Al–4V 110–140 800–1100 5.7–10 13–16 [17,18]
Ti–50Ta (solubilized) 88 380 4.3 25 [19]
Ti–50Ta (aged) 77/93 612/877 7.9/9.4 11.6/2.6 [19]
TMZF (Ti–12Mo–6Zr–2Fe) 74–85 100–1060 1.2
Ti–15Mo (annealed) 78 544 7.0
Ti–12Mo–3Nb (solubilized) 105 450 4.3
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ig. 4. Potentiodynamic polarization curves of the Ti–12Mo–13Nb and Ti–6Al–4V
lloys in Ringer’s solution at 25 ◦C and 0.5 V/min.

.2. Electrochemical behavior

The electrochemical behavior of Ti–12Mo–3Nb and Ti–6Al–4V
lloys in Ringer’s solution at 25 ◦C is presented in Fig. 4; both
lloys exhibited spontaneous passivation. It can be observed
hat the polarization curves of the alloys are different. For the
i–12Mo–3Nb alloy, the corrosion potential was obtained at about
5 mV  (Ag/AgCl) while for the Ti–6Al–4V alloy this was  found at
bout −140 mV  (Ag/AgCl), indicating that the passive film which
ormed on the surface of the Ti–12Mo–3Nb alloy was  less stable
han the film which formed on the surface of the Ti–6Al–4V alloy.
t can also be observed in Fig. 4 that for the Ti–12Mo–3Nb alloy, the
assivation region was reached at higher values of current density
hen compared to the Ti–6Al–4V alloy.

The lower corrosion resistance of the Ti–12Mo–3Nb alloy com-
ared to the Ti–6Al–4V alloy can be attributed to the different
hemical composition and microstructure of the oxides which
ormed on the material’s surface. Gordin et al. [7] studied the
lectrochemical behavior of a beta Ti–12Mo–5Ta alloy in Ringer’s
olution and observed that Ti–Mo–Ta alloy presented similar
ehavior to a Ti–Al–V alloy. According to Zhou et al. [1],  the cor-
osion resistance of Ti–Ta alloys improves with an increase in
he tantalum concentration due to the good stability of the pas-
ive film of Ta2O5 which forms on the material’s surface. In this
ay, the behavior observed with the alloy studied in this work
Ti–12Mo–3Nb), with lower corrosion resistance compared to the
i–12Mo–5Ta alloy, can be attributed to the lower stability of nio-
ium oxides formed in relation to tantalum oxides present in alloys
ontaining tantalum [1,7].

[
[

–14.3 18–22 [20]
 21 [20]

 41.2 (this study)

4. Conclusions

The results show that the Ti–12Mo–3Nb alloy could potentially
be used for biomedical proposes. It showed excellent ductility and
good mechanical properties including a low elastic modulus in the
solution-treated condition.

This alloy exhibited spontaneous passivation, although the
corrosion potential obtained for the Ti–12Mo–3Nb alloy was at
about 45 mV  (Ag/AgCl), while for Ti–6Al–4V this value was at
about −140 mV  (Ag/AgCl), indicating that the passive film which
formed on the surface of the Ti–12Mo–3Nb alloy was less sta-
ble than the film which formed on the surface of the Ti–6Al–4V
alloy.
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