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1. Introduction
β-titanium alloys with low elastic modulus have been 

studied for biomedical applications, however, it is difficult 
to combine low modulus with high mechanical strength. 
Usually, to obtain a good combination of low modulus 
with high strength, β titanium alloys are heat treated and 
quenched from the β-phase field, cold worked and then aged. 
In general, the size, stoichiometry and volume fraction of 
the precipitated phases depend on the aging temperature and 
time1,2. Two types of precipitates are reported to be present, 
α and ω phases3. Furthermore, a refined α phase leads to 
higher strength in these alloys4.

Zhou & Niinomi2 have studied the microstructures and 
mechanical properties of a Ti-50Ta alloy for biomedical 
applications and showed that the lowest aging temperature 
led to finer α precipitates. Usually, lower aging temperature 
leads to higher strength for the same aging time5.

Wang et al.3 have studied the effect of aging conditions 
on the microstructure and hardness of a Ti-10V-2Fe-3Al 
alloy heat treated at different temperatures (260-600 °C) 
from 8 to 48 h and showed that the highest hardness values 
were obtained after aging at 400 °C due to the precipitation 
of very fine α phase.

The mechanical performance of Ti alloys can be 
estimated by considering the strength (or hardness) to 
Young’s modulus ratio. This parameter (hardness/Young’s 
modulus) is employed by some authors1,2,6 to measure the 
performance of biomaterials for use as a bone substitute.

Gabriel et al.6, in the development of a metastable beta 
Ti-12Mo-13Nb alloy with molybdenum equivalent (Moeq) of 
15.4, have studied the effect of thermomechanical processing 
on the mechanical properties of this alloy. The alloy was 
aged at 500 and 600 °C for 10 min, 4h and 24h and presented 
a modulus in the range of 73-111 GPa. The optimised 
microhardness to the Young’s modulus ratio was achieved 
after aging at 500 °C for 24 h due to a bimodal α-phase size 
distribution in the β-Ti matrix.

Considering the strategic character of Nb, for which 
Brazil is the largest producer, a new β-Nb rich alloy was 
studied, with molybdenum equivalent (Moeq) of 15.4, as in the 
case of Ti-12Mo-13Nb alloy. The new alloy, of composition 
Ti-10Mo-20Nb alloy, is attractive for the present purpose 
due to its low modulus (~74 GPa) when compared with 
commercially Ti-6Al-4V alloy, however, it presents low 
hardness7. Thus, the focus of this work was to evaluate 
processing conditions (swaging + aging treatments) in order 
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to obtain a good combination between hardness and elastic 
modulus for the Ti-10Mo-20Nb alloy

2. Material and Methods
Two Ti-10Mo-20Nb (wt%) ingots (35 g each) were 

prepared from commercially pure Ti, Mo, and Nb by arc 
melting under high purity argon gas with a non-consumable 
tungsten electrode on a water-cooled copper hearth. The ingots 
with approximately 50 mm in length were then remelted five 
times to improve chemical homogeneity. The ingots were 
then machined to a cylindrical shape of 9 mm diameter and 
approximately 45 mm in length, and encapsulated in quartz 
tubes under high purity argon gas. These samples were 
heat-treated (solutioning) at 1000 °C for 24 h and quenched 
in water using the procedure described by Gabriel et al.6. 
The ingots were then cold swaged to 4.40 mm final diameter 
and approximately 200 mm in length (78% area reduction) 
using 10 area reduction steps. This condition is named 
here as as-forged. Samples of the as-forged material were 
aged at 500 and 600 °C for 10 min, 4 h, and 24 h and then 
quenched in water. Figure 1 shows a schematic diagram of 
the experimental procedure.

The characterisation of phases was performed using 
X-ray diffraction (XRD) operated at 40 kV and 30 mA with 
CuKα radiation (λ = 1.5418 Å). The phases were identified 
through comparison with simulated diffractograms using the 
Powder cell8 program, inserting data from the α (hcp structure, 
a = b = 2.9503 Å and c = 4.6810 Å), ω (hcp structure, 
a = b = 4.60 Å and c = 2.82 Å) and β-Ti (bcc structure, 
a = 3.3112 Å) phases as the space groups, lattice parameters, 
and atomic positions9.

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

Vickerss microhardness values were determined using 
a load of 100 gf for 30 seconds. The hardness value of a 
given sample is the average of ten individual measurements. 
Young’s modulus values were determined by a instrumented 
indentation technique. Three sets of nine indentations (3 × 3) 
were made using a Berkovich tip (three-sided pyramid) with 
an applied load of 400 mN corresponding to one complete 
loading–unloading cycle with a peak hold time of 15 seconds. 
The Young’s modulus value is the average of 27 measurements. 
The hardness and Young’s modulus of commercially pure 
titanium (cp Ti) grade 2 and Ti-6Al-4V wrought annealed 
alloy were also determined for comparison.

3. Results and Discussion
Figure 2 shows the hardness values of the alloy after different 

processing conditions. The curves show typical behaviour 
from precipitation hardening mechanism. The sample aged 
at 500 °C for 4 h exhibited the maximum hardness. When 
the ageing temperature was increased from 500 to 600 °C, 
a continuous decrease in hardness was observed because the 
precipitation kinetics led to an over-aged condition.

For this reason, only the samples aged at 500 °C were 
characterised by XRD and TEM and had their Young’s 
modulus values determined.

The Young’s modulus values of the Ti-10Mo-20Nb alloy 
in the as-forged and aged (500 °C) conditions are given 
in Table 1, noting no significant difference in the values. 
This fact can be possibly justified considering differences 
in terms of degree of microstructural recovery and α-phase 
precipitation in the different alloys (variations in volume 
fraction and chemical composition of phases (α and β)).

Table 1 also shows hardness and hardness to Young’s 
modulus ratio of the Ti-10Mo-20Nb alloy after the different 
processing conditions: as-forged and aged at 500 °C. Data for 
cp Ti and Ti-6Al-4V alloy are also included. The higher 
hardness to the Young’s modulus ratio was found for the 
sample aged at 500 °C for 4h, which correspond to the 
maximum strength as show in Figure 2. This value (3.29) 
is higher than those obtained for the Ti-6Al-4V alloy (2.17) 
and cp Ti (1.24).

Figure 3 shows the XRD patterns (highlighting the peaks 
near the background) of the as-forged and aged samples at 

Figure 1. Schematic diagram of the experimental procedure.
Figure 2. Microhardness of the Ti-10Mo-20Nb alloy after different 
processing conditions.
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500 °C. The β single phase can be identified in the as-forged 
alloy; however, reflections from the α-phase in the β matrix 
were also identified in all the aged samples. Moreover, longer 
ageing time led to higher intensity α peaks.

Figure 4 a-d shows TEM results of the Ti-10Mo-20Nb 
alloy aged at 500 °C for 10 min, 4 h, and 24 h. Electron 
diffraction data (Figure 4c) shows α + β phases. Ageing for 
4 h increases the quantity of thin α particles in the β matrix, 
while after 24 h, coarse particles of the α phase are observed 
together with fine α phase precipitates, featuring a bimodal 
α-phase size distribution. The same was observed for the 
Ti-12Mo-13Nb alloy with the same molybdenum equivalent 
(Moeq) of 15.4[6].

4. Conclusion
Among the different processing conditions, the as-forged 

material subjected to ageing at 500 °C for 4 h showed the 
highest hardness/ Young’s modulus ratio, associated to a 
microstructure formed by very fine α phase precipitates 
in a β-Ti phase matrix. The microhardness to the Young’s 
modulus ratio of the present alloy is considerably higher than 
those of commercially available Ti-6Al-4V alloy and cp Ti.
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Table 1. Mechanical properties of typical biomaterials and the Ti-10Mo-20Nb alloy.

Alloy H (HV) E (GPa) Ratio of Hardess-to-modulus
Ti-10Mo-20Nb
As forged

297.69 ± 16.22 101.32 ± 2.33 2.94

Ti-10Mo-20Nb
Aged (500 °C/10 min)

267.36 ± 5.82 100.12 ± 0.63 2.67

Ti-10Mo-20Nb
Aged (500 °C/4 h)

333.28 ± 8.96 101.21 ± 1.88 3.29

Ti-10Mo-20Nb
Aged (500 °C/24 h)

315.37 ± 6.70 100.36 ± 0.11 3.14

Ti-6Al-4V 337.31 ± 15.81 155.58 ±4.33 2.17
Ti (cp) 174.89 ± 8.93 141.08 ± 2.34 1.24

Figure 3. X-ray diffraction patterns of Ti-10Mo-20Nb alloy 
(a) as-forged; (b) aged at 500 °C /10 min; (c) aged at 500 °C/4 h 
and (d) aged at 500 °C/24 h.

Figure 4. TEM data from the Ti-10Mo-20Nb alloy: (a) bright-field 
image of β phase in a sample aged at 500 °C for 10 min; (b) bright-field 
image of the α phase precipitated in a β matrix from the sample 
aged at 500 °C for 4 h; (c) SAED pattern of a sample aged at 500 °C 
for 4 h showing α and β phases and (d) bright-field image showing 
bimodal α-phase precipitates in a sample aged at 500 °C for 24 h.
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