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Metastable β-type Ti alloys with non-toxic addition elements such as Mo, Zr, Sn, Ta and Nb were 
developed as an alternative to the widely used Ti-6Al-4V alloy for biomedical applications. These 
alloys possess enhanced biocompatibility and reduced elastic modulus in comparison with Ti-6Al-
4V. Moreover, for orthopedic implants, low Young's modulus is required in order to avoid the stress 
shielding phenomenon. This study analyzes the microstructure and mechanical properties of a new 
Ti-12Mo-8Nb alloy after hot swaging, annealing at 950 ºC for 1h and water quenching. The alloy was 
characterized by X-ray diffraction, optical microscopy and transmission electron microscopy. Tensile 
tests were performed at room temperature. Young's modulus and hardness values were also measured. 
The structural characterization reveals a metastable β structure containing only a small amount of 
α and ω phases. Exhibiting a lower Young's modulus than Ti-6Al-4V and other previously studied 
Ti-Mo-Nb alloys, the Ti-12Mo-8Nb alloy can be a promising alternative for orthopedic application.
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1. Introduction

Titanium and its alloys are increasingly used as orthopedic 
implants due to superior biocompatibility, lower density and 
lower Young's modulus in comparison with other metallic 
biomaterials such as stainless steels or Co-Cr based alloys1-4. 
A low value of Young's modulus is required in order to 
minimize the modulus mismatch between implant and 
human bone. This stiffness mismatch can induce the stress 
shielding phenomenon. Stress shielding occurs where the 
metal carries a majority of applied load, leaving the more 
compliant tissue almost unstressed. This will result in a form 
of osteoporosis around the implant site5.

For orthopedic applications, the most widely used Ti 
alloy is the Ti-6Al-4V alloy, initially designed for aerospace 
applications6. But the literature indicates that long term 
health problems would be associated with the release of Al 
and V ions from the Ti-6Al-4V metallic implants into the 
human body. Aluminum ions increase the potential for the 
development of Alzeimer's disease whereas vanadium ions 
into tissues can alter the kinetics of the enzyme activity 
associated with the inflammatory response cells7. Eisenbarth 
et al. mention, on the other hand, that vanadium is toxic both 
in elemental form and as oxides8.

Therefore, a number of studies have focused on the 
development of metastable β-type Ti alloys with non-toxic 

elements such as Mo, Zr, Sn, Ta and Nb9-16. In addition to an 
excellent corrosion resistance in human body fluids, metastable 
β-type titanium alloys exhibit lower Young's modulus and 
better toughness than α and α + β alloys. Typical mechanical 
properties of conventional metallic biomaterials and β-type 
Ti alloys are shown in Table 111.

Several authors propose different β-type Ti-Mo-Nb alloys 
as good candidates for orthopedic implants based on their 
good mechanical properties and excellent corrosion resistance 
in solutions simulating the body fluid17-19. Moreover, a recent 
in vitro research demonstrates the very good biocompatibility 
of Ti-Mo-Nb alloys20. In particular, Gabriel et al. have shown 
that the Ti-12Mo-13Nb21,22 and Ti-10Mo-20Nb23,24 alloys, 
aged at 500°C after cold or hot swaging, present higher 
yield strength/elastic modulus ratio and higher hardness/
elastic modulus ratio compared to commercially Ti-6Al-
4V, indicating a great potential for biomedical application.

This study analyzes the microstructure and mechanical 
properties of a new Ti-12Mo-8Nb alloy after hot swaging, 
annealing at 950 ºC for 1h and water quenching. The objective 
is to investigate if this alloy can also be considered as a good 
substitute to the Ti-6Al-4V alloy. Moreover, the Ti-12Mo-8Nb 
alloy has a lower content of expensive and heavy β-stabilizers 
than the two previously studied Ti-13Mo-12Nb and Ti-
10Mo-20Nb alloys. For this reason, this new alloy would 
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be a promising alternative for biomedical application: it will 
permit to obtain lighter orthopedic implants at lower cost.

2. Material and Methods

2.1 Material Preparation

The Ti-12Mo-8Nb (wt.%) alloy was prepared from 
commercially pure Ti (ASTM F67), Mo (> 99.9%, Plansee 
Group, Austria) and Nb (> 99.9%, EEL/USP, Brazil) by 
arc melting furnace with a tungsten electrode on a water-
cooled copper hearth. This alloy was prepared in a high 
purity argon atmosphere (> 99.9999 % pure) and was then 
re-melted five times to improve chemical homogeneity. The 
ingot (40 g) was then hot swaged at 780-860 °C to obtain an 
area reduction of 80%. The hot swaged material (cylindrical 
in shape) was then annealed at 950 ºC under high vacuum 
for 1 h in a tubular furnace, followed by water quenching 
at room temperature. For Ti-12Mo-8Nb, 950°C is situated 
inside the stability domain of β phase.

2.2 Phase Characterization

Phase characterization was carried out using X-ray 
diffraction (XRD, Shimadzu model XRD 6000 diffractometer) 
operated at 40 kV and 30 mA, using Cu Kα radiation (λ = 
1.5418 Å). The phases were identified through comparison 
with simulated diffraction patterns using the program 
Powdercell25, inserting data of α, ω and β-Ti phases as space 
groups, lattice parameters and atomic positions26. 

The microstructure of the alloy was investigated by 
optical microscopy (OM). The sample was ground using 
silicon carbide papers up to 2400 mesh, polished using 
standard metallographic techniques and then etched with 
Kroll's reagent (3 mL HF, 6 mL HNO3 and 100 mL H2O).

The microstructure of the alloy was also investigated 
by transmission electron microscopy (TEM) using a Philips 
CM20 transmission electron microscope operated at 200 kV. 
The thin foils were prepared using a twin-jet electropolishing 
equipment in a solution containing (60 mL) HClO4, (590 
mL) methanol, and (350 mL) ether monobutylethylene at 
35V and -20 °C.

2.3 Measurement of mechanical properties

The Vickers microhardness values were measured by 
using a DHV-1000 Micro Vickers Hardness Tester with a 
300 gf load for 15 s. The Vickers microhardness value of a 
given alloy is the average of ten measurements. 

The Young's modulus (YM) was determined by ultrasonic-
pulse method according to the ASTM E 494-95 standard27. 
Five measurements were performed for each sample.

Tensile tests were performed at room temperature with 
specimens with 24 mm in length and 4 mm in diameter 
and using a strain rate of 4 × 10−3 s−1. From the stress-strain 
curves, the yield strength (YS), the ultimate tensile strength 
(UTS) and the elongation at rupture (EL) can be determined. 
Two specimens were tested to rupture and the mean value 
of each property was calculated.

3. Results and Discussion

3.1 Microstructural Characterization

Figure 1 presents the XRD pattern of the Ti-12Mo-8Nb 
alloy hot swaged, annealed at 950 °C for 1 h and water 
quenched. The β single phase can be identified. However, 
a weak reflection from α phase is observed (for 2θ = 35°). 
For this alloy, this reflection was unexpected. Indeed, the 
calculated value of the β-stabilizer equivalence [wt% Mo]

eq for the Ti-12Mo-8Nb alloy is 14.24. When [wt% Mo]eq 
is higher than 10, the presence of α phase is not foreseen.

The optical micrograph depicted in Figure 2 shows a 
monophased microstructure with equiaxial β grains. α phase 
is not detected by optical microscopy.

Figures 3(a) and 3(b) are TEM bright field images of 
the Ti-12Mo-8Nb alloy hot swaged, annealed at 950 °C for 
1 h and water quenched. Figure 3(a) reveals a small volume 
fraction of α phase inside the β matrix. This observation 
confirms the XRD results, indicating the presence of a 
small amount of α phase. On figure 3(b), a few nanosized 
precipitates (in black) are detected. The selected area electron 
diffraction (SAED) pattern of the region corresponding to 
figure 3(b) is indexed on figure 3(c). The indexation permits 
to identify these precipitates as athermal ω precipitates inside 

Table 1. Mechanical properties of typical biomaterials11.

Alloy YM
(GPa)

YS
(MPa)

Strength-to-modulus ratio
(×10-3)

EL
(%)

316 (stainless steel) 379 793 2.1 22 

ASTM F75 (Co-Cr-Mo) 220 448 2.0 8

Ti (cp) 103-104 170-485 1.6-4.7 15-24

Ti-6Al-4V 124 896 7.2 13–16

Ti-50Ta (aged) 77 612 7.9 11.6

Ti-13Nb-13Zr (aged) 79-84 836-908 10-11.5 6-10

Ti-15Mo (annealed) 78 544 7.0 21
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Figure 1. XRD pattern of Ti-12Mo-8Nb alloy hot swaged, annealed 
at 950°C/1h and water quenched.

Figure 2. OM of Ti-12Mo-8Nb alloy hot swaged, annealed at 
950°C/1h and water quenched.

Figure 3. TEM analysis of Ti-12Mo-8Nb alloy hot swaged, annealed 
at 950°C/1h and water quenched: (a) bright-field α phase precipitation 
in a β matrix; (b) bright-field image showing ω precipitates in a 
matrix; (c) selected area electron diffraction pattern of region 3b.

the β matrix. Indeed, the pattern in figure 3(c) corresponds 
to the β phase diffraction pattern from the [110]β zone axis 
and additional reflections appear at 1/3 and 2/3 {112}β 
reflections. The positions of these reflections are consistent 
with those expected from the hexagonal ω phase which has 
the crystallographic orientation relationships28: 

(0001)ω // (111)β; [11-20]ω // [1-10]β

On the diffraction pattern and according to the zone 
axis, two ω variants are distinguished (ω1 and ω2). Although 
ω precipitates are unambiguously identified by electron 
diffraction, no evidence of ω phase precipitation is observed 
in the XRD pattern. This can be due to its too low volume 
fraction inside the β matrix.

In conclusion, the microstructure of Ti-12Mo-8Nb alloy 
hot swaged, annealed at 950°C for 1 h and water quenched, 
consists almost entirely of equiaxial β grains. The quench 
from the β phase stability domain permits to keep a metastable 
β structure at room temperature, with only a small amount 
of α and ω phases.

3.2 Mechanical Characterization

The mechanical properties measured in this study on 
Ti-12Mo-8Nb alloy, hot swaged, heat treated for 1h at 
950°C and water quenched are summarized in Table 2. This 
table contents also the mechanical properties measured in 
previous studies22,24 on Ti-6Al-4V, Ti-12Mo-13Nb and Ti-
10Mo-20Nb. The two last alloys were hot swaged and aged 
for 4h at 500°C.

In addition to contain non-toxic and allergy free elements, 
Ti-Mo-Nb alloys have another advantage over Ti-6Al-4V 
alloy: a lower Young's modulus. Reducing stiffness mismatch 
between implant and bone is essential in order to avoid the 
stress shielding phenomenon. Table 2 indicates that Ti-13Mo-
12Nb, Ti-10Mo-20Nb and Ti-12Mo-8Nb alloys present a 
reduction in Young's modulus of, respectively, 21%, 24% 
and 35% in comparison with Ti-6Al-4V alloy. The lower 
Young's modulus of the Ti-Mo-Nb alloys can mainly be 
attributed to the Mo and Nb atoms in solid solution. Niobium 
and molybdenum have high solubility in titanium but also 
larger atomic radius. The calculated atomic radius is 248 
pm for Ti whereas it is 320 pm for Nb and 306 pm for Mo. 
At the contrary, the atomic radii of Al and V are smaller, 
respectively 118 pm for Al and 171 pm for V29. Liu et al. 
have shown that a decrease of Young's modulus is associated 
with the presence of larger substitutional atoms inside the 
Ti lattice30. This presence reduces the binding force of the 
lattice by expanding unit cell volume.

Amongst the three considered Ti-Mo-Nb alloys, the 
lowest Young modulus value corresponds to the Ti-12Mo-
8Nb alloy. This can be attributed to its microstructure. β-type 
titanium alloys exhibit lower Young's modulus than (α+β) 
or (β+ω) alloys31. The previously studied Ti-13Mo-12Nb 
and Ti-10Mo-20Nb alloys, aged for 4h at 500°C, present 
a bi-phased (α + β) microstructure. On the other hand, the 
very low volume fractions of α phase and ω precipitates in 
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the Ti-12Mo-8Nb alloy do not have any significant influence 
on Young's modulus value.

Figure 4 shows the stress-strain curves at room temperature 
for the Ti-12Mo-8Nb alloys and indicates the mean values 
of yield strength (YS), ultimate tensile strength (UTS) and 
elongation at rupture (EL) measured from these curves.

Comparing these values to the values measured for other 
alloys mentioned in Table 2 and exhibiting a bi-phased (α 
+ β) microstructure, the monophased Ti-12Mo-8Nb alloy 
has a lower yield strength and ultimate tensile strength but 
a higher ductility characterized by its elongation at rupture. 
The explanation is that these properties strongly depend on 
the microstructure. With less slip systems available, the 
plastic deformation is more difficult for HCP α phase than 
for BCC β phase32. Therefore, (α + β) Ti alloys present higher 
strength and lower ductility than β Ti alloys. Moreover, the 
literature mentions the strengthening effect of ω precipitation 
in β matrix33. But, due to the low volume fraction of ω 
precipitates, it can be assumed that this hardening is very 
limited in the Ti-12Mo-8Nb alloy annealed for 1h at 950°C.

Table 2 also contents the hardness values. As a general 
rule, an increase in hardness decreases the incidence of 
wear on implant material34. Ti-6Al-4V exhibits the highest 
hardness value. On the other hand, the hardness of annealed 
Ti-12Mo-8Nb alloy is slightly higher than the hardness of 

Table 2. Mechanical properties of Ti-6Al-4V, Ti-13Mo-12Nb, Ti-10Mo-20Nb and Ti-12Mo-8Nb alloys.

Alloy YM
(GPa)

H
(HV)

YS
(MPa)

UTS
(MPa)

HV to 
YM ratio

EL
(%) Ref.

Ti-6Al-4V 140 ± 3.7 337 ± 16 930 966 2.40 14.2 22

Ti-13Mo-12Nb
(hot swaged + aged 4h at 500°C) 110 ± 2.6 - 981 1111 - 6.3 22

Ti-10Mo-20Nb
(hot swaged + aged 4h at 500°C) 106.1 ± 1.3 245 ± 10 - - 2.31 - 24

Ti-12Mo-8Nb
(hot swaged + annealed 1h at 950°C) 91 ± 0.53 275 ± 9 528 716 3.03 33 This 

work

Figure 4. Stress-strain curves of Ti-12Mo-8Nb alloy at room 
temperature.

aged Ti-20Mo-10Nb. The two alloys have simultaneously 
different chemical compositions and microstructures. This 
does not allow a correlation between these chemical or 
structural differences and the measured hardness variation. 
For β monophased Ti-Mo-Nb alloys, Xu et al. showed an 
increase in hardness with decreasing Nb content but these 
authors did not justify this behavior17,18. In a previous work, 
Gabriel35 measured a 255HV hardness value for Ti-12Mo-
13Nb annealed for 1h at 950°C whereas the Ti-12Mo-8Nb 
alloy annealed in the same conditions exhibits a 275HV 
hardness value. These results are compatible with the studies 
of Xu et al. For both Ti-12Mo-8Nb and Ti-12Mo-13Nb 
alloys, XRD pattern shows only the presence of β phase. 
On the other hand, TEM analysis reveals ω precipitation in 
Ti-12Mo-8Nb but not in Ti-12Mo-13Nb. This difference may 
be attributed to the β-stabilizer role of niobium in Ti alloys. 
ω precipitation hardening can explain the higher hardness 
of Ti-12Mo-8Nb in comparison with Ti-12Mo-13Nb. The 
XRD patterns obtained by Xu et al. only reveal the BCC β 
phase for all Nb contents. These authors did not perform 
TEM analysis. It could be possible that the presence of a 
small volume fraction of. ω precipitates, only detectable 
by TEM, in their alloys with low Nb contents induces the 
observed increase in hardness when Nb content decreases. 

For metallic materials, lower Young's modulus generally 
corresponds also to lower hardness. Therefore, it is necessary 
to find the best compromise between these mechanical 
properties. Hardness to Young's modulus ratio is often used as 
key indicator in order to evaluate the mechanical performance 
of metallic biomaterials for implant applications22. Higher 
is the ratio, more appropriate is the material. Ti-12Mo-8Nb 
presents the highest hardness to Young's modulus ratio 
amongst the Ti alloys presented in Table 2.

4. Conclusions

The structural characterization indicates that the Ti-12Mo-
8Nb alloy, hot swaged, annealed for 1h at 950°C and water 
quenched, presents a metastable β structure containing only 
a small amount of α and ω phases. This structure confers to 
this alloy a lower Young's modulus in comparison with other 
alloys mentioned in Table 2, which exhibit a bi-phased (α 
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+ β) microstructure. In addition, it also presents the highest 
hardness to Young's modulus ratio.

The results show that Ti-12Mo-8Nb alloy can be a 
promising alternative to Ti-6Al-4V for biomedical applications. 
Furthermore, this alloy is competitive compared to the 
previously studied Ti-12Mo-13Nb and Ti-20Mo-10Nb alloys, 
permitting to obtain lighter orthopedic implants at lower cost.
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