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The development of β-metastable titanium alloys that combine low Young’s modulus, good 
mechanical properties, corrosion resistance and biocompatibility has attracted industry interest. This 
type of alloy is an alternative to commercial alloys such as Ti-6Al-4V, avoiding the cytotoxic effect that 
occurs with Al and V in the human body in the manufactured orthopedic prostheses. In this scenario, the 
present work aims to characterize the effect of Nb concentration in the properties of Ti alloys based on 
the Ti-12Mo-xNb stoichiometry (x = 0, 3, 8, 13, 17 and 20). All alloys were produced by arc melting 
with non-consumable tungsten electrode in an argon atmosphere and the ingots were characterized 
by x-ray diffraction (XRD), optical microscopy (OM), Vickers microhardness and Young’s modulus 
was measured by impulse excitation and density was measured using the Archimedes’ principle. The 
Ti-12Mo alloy and the Ti-12Mo-20Nb alloy showed the lowest Young’s modulus. The best hardness/
modulus was found for the Ti-12Mo-3Nb alloy. All the alloys studied in this work showed hardness/
modulus ratio above the traditional Ti-6Al- 4V alloy (2.85), presented great potential for the biomedical 
application.
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1. Introduction

Stainless steels, Co-Cr and titanium alloys are largely 
used as biomedical implants because of their good mechanical 
properties and excellent corrosion resistance. However, 
studies have shown that implants made of stainless steel or 
Co-Cr alloy increased the risk of cancer cells developing in 
the body over time due to the presence of cytotoxic elements 
1 and, besides that, the Young’s modulus of the titanium 
alloys is much lower than that of the stainless steels (200 
GPa) and Co–Cr alloys  (200-230 GPa) 2.

The development of titanium alloys for biomedical 
application has been of great interest because they combine 
excellent mechanical properties such as low Young’s modulus, 
high tensile strength, fatigue resistance, good ductility and 
excellent corrosion resistance to body fluids. Currently, 
the most commonly titanium alloy used for biomedical 
application is the Ti-6Al-4V (110 GPa) 2–5. However, studies 
have indicated that the release of aluminum ions causes 
neurological problems related to Alzheimer’s disease and 
the release of vanadium ions causes cellular problems, and 
later cell death 6–8. In order to replace these toxic elements, 
some alternatives such as the addition of Cu, Mn, Nb, Sn, 
Fe, Ta, Zr and Mo have been developed maintaining the 

combination between high mechanical strength, low Young’s 
modulus and corrosion resistance in these new materials 9–11.

The low Young’s modulus is required in these alloys 
to minimize the difference between the implant modulus 
and the adjacent bone tissue modulus (30–40 GPa). It is 
known that the difference between the Young’s modulus 
of the implant and human bone causes a “stress shielding 
effect” due to a problem of stiffness incompatibility. This 
phenomenon occurs when the implant absorbs a large part 
of the applied load leaving the bony tissues without stress. 
The effects of this undesired absorption lead to loss of bone 
density (osteoporosis), and consequently to atrophy of the 
bone tissues by disuse around the implant site, loosening and 
leading to an eventual premature failure of the implant 5,12.

According to Xu et al. 5 Ti-Mo alloys have been extensively 
studied as β titanium alloys for biomedical applications. The 
Young’s modulus of Ti-Mo alloys (60–80 GPa) is lower than 
that of other alloys for implant production. Borborema et 
al. 13 studied the Ti-10Mo-xNb system and found that alloys 
containing less than 9wt.% niobium had α + β microstructure. 
Alloys containing contents above 9% by weight of niobium 
presented single β phase microstructure. According to 
Borborema et al. 13 the increase in phase β volumetric fraction 
causes the decrease hardness.

Therefore, the objective of this work was to analyze 
the as-cast Ti-12Mo-xNb alloys system observing the 
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influence of the addition of niobium on mechanical 
properties, such as hardness and Young’s modulus, of 
β-metastable (10-30wt.% Mo) titanium alloys, providing 
a new alternative for the Ti-6Al-4V alloy currently used 
for biomedical applications.

2. Materials and Methods

The Ti-12Mo-xNb ingots (x = 0, 3, 8, 13, 17 and 20) 
were produced from high purity metal sheets: commercially 
pure (CP) Ti (grade 2 according to ASTM F6706, supplied 
by EEL/USP, Brazil), Nb (>99.999% purity, supplied by 
EEL/USP, Brazil) and Mo (>99.9% purity, supplied by 
Plansee Group®, Austria). The thin sheets containing the 
materials were cut into small pieces and chemically pickled 
for removal of surface impurities.

The initial mass for the production of the ingots was 
40 g. The ingots were melted by arc fusion with non-
consumable tungsten electrode in an inert argon atmosphere 
in a water-cooled crucible with 50 mm length. To ensure 
chemical homogeneity, the ingots were remelted five times 
and cooled inside the furnace. The density of the alloys 
was measured according to ASTM C20-00 14 based on the 
Arquimedes principle. 

Microstructural characterization was on the polished surface 
using a PANalytical® Empyrean diffractometer operating 
at 40 kV and 30 mA with Cu-Kα radiation (λ = 1.5418 Å), 
scanning a 2Θ range from 20° to 90°, with a step size of 
0.02°. The crystalline phases were identified through the 
comparison of the obtained data with simulated diffractograms 
using PHILIPS® X’Pert HighScore 3.0 software with the 
PDF4-ICDD database based on the JCPDS microfiche 15. 
Samples were observed by OM to show the morphology of 
the grains. All samples for OM were cold mounted in resin, 
ground SiC papers up to 4000 mesh, polished in a suspension 
composed by 260 mL OP-S,  40 mL H2O2, 1 mL HNO3 and 
0.50 mL HF then etched with Kroll’s reagent (6 mL HNO3, 
3 mL HF and 100 mL H2O) to reveal grain boundaries 16. 
The samples were etched for 30 to 180 s.

The hardness of the alloys was measured using a 
durometer BUEHLER® Micromet 6020 tester with a load 
of 100 gf (0.981 N) for 30 s in accordance ASTM E92 17 
and ASTM E384 18. The hardness values were based on the 
average of ten measurements. The Young’s modulus of the 
as–cast Ti-12Mo-xNb alloys was obtained using an ATCP® 
Sonelastic impulse excitation equipment. According to ASTM 
E1876 – 09 19, the surface of samples dimensions was 10 
mm in diameter and 0.60 mm in thickness. 

The value of the Young’s modulus of the alloys was 
determined by the average of eight measurements. The 
comparison of values of Vickers microhardness and 
Young’s modulus of as–cast Ti-12Mo-xNb alloys with 
CP Ti and Ti-6Al-4V alloy was performed under the 
same condition.

3. Results and Discussion

After melting the ingots, the mass variation was less than 
1%. The as–cast Ti-12Mo-xNb  alloys showed values Moeq. 
greater than 12wt.% as indicated in Table 1. The densities of 
the alloys increase according to the niobium content, because 
the density of niobium (ρ = 8.57 g/cm³) is about twice as 
high as that of titanium (ρ = 4.51 g/cm³). 

Table 1. Density and mass composition of alloys in molybdenum 
equivalence (Moeq.)

Materials Moeq. [wt.%] Density [g/cm³]

CP Ti - 4.5017

Ti-6Al-4V - 4.4617

Ti-12Mo 12.00 4.92

Ti-12Mo-3Nb 12.84 5.02

Ti-12Mo-8Nb 14.24 5.10

Ti-12Mo-13Nb 15.64 5.22

Ti-12Mo-17Nb 16.76 5.29

Ti-12Mo-20Nb 17.60 5.46

The XRD patterns shown in Figure 1 indicate the 
presence of single β phase in as–cast  Ti-12Mo-xNb alloys in 
agreement with the pseudo–binary molybdenum equivalence 
diagram (Moeq.) proposed by Cotton et al. 20 and observations 
made by Ho et al. 21 and Xu et al. 22 which show that, for 
contents above 10wt.% Moeq., titanium alloys are classified 
as β–metastable.

Figure 1. XRD of the as–cast Ti-12Mo-xNb alloys

 Figure 2 shows different OM of the as-cast Ti-12Mo-
xNb alloys. The micrographs showed the presence of 
single β phase matrix and the formation of dendrites in the 
grains due to the lack of homogenization of the chemical 
elements that make up the alloys caused by the secondary 
solidification process, being one of the characteristics of the 
as-cast alloys23. Moreover, it was observed that the niobium 
addition carried in refined dendrites.
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Figure 3 shows the hardness values in function of the 
increase of niobium addition in the as–cast  Ti-12Mo-xNb 
alloys. The hardness of as–cast Ti-12Mo-xNb was influenced 
by addition niobium. According with the technique used 
in the work, the alloys showed single β phase in the 
microstructure. Experimental observations showed that 
increasing niobium concentration in the Ti-Mo system with 
β matrix, decreases hardness as also reported by Zhang et 
al. 24. In this case, niobium reduces the lattice parameter 
and affects the relationship a

c . 

The Vickers hardness values of the as–cast Ti-12Mo-xNb 
alloys (226–358 HV) were higher than that of CP Ti (199 
HV). The Ti-12Mo and Ti-12Mo-3Nb alloys presented higher 
hardness values than that of as–cast Ti-6Al-4V alloy (294HV).

Figure 4 shows the values of the Young’s modulus for 
the alloys as a function of the increase of niobium in the 
as–cast Ti-12Mo-xNb alloys. 

Figure 2. OM of the as-cast Ti-12Mo-xNb alloys: (a) x = 0; (b) x = 3%; (c) x = 8%; (d) x = 13%; (e) x = 17% e (f) x = 20%

Figure 3. Variation of hardness in according with increase the 
niobium content in the as–cast Ti-12Mo-xNb alloys.

The same effect was corroborated by Borborema et 
al. 13,23,25 and Kin et al. 26 reporting that niobium acts as a 
β-stabilizer and in controlled cooling other phases are not 
formed (eg ω phase) and hardness decreases as a result of 
increasing niobium content. 

Figure 4. Variation of Young's modulus in according with increase 
the niobium content in the as–cast Ti-12Mo-xNb alloys.

Nnamchi et al. 28 studied the effects of increase the 
niobium in binary alloys of the  Ti-Mo-Nb-Zr system. 
Alloys contained 14wt.% and 40wt.% of niobium were 
arc melted and cooled inside the furnace. The results 
obtained indicated that produced alloys showed single β 
phase and Young’s modulus decrease: 14wt.% (95 GPa) 
and 40wt.% (90 GPa). 



Cossú et al4 Materials Research

Dercza et al.29 obtained a Young’s modulus value of 67 GPa 
for the single β phase in the Ti-70Ta alloy (Moeq.=15.4wt.%). 
Xu et al.5,22 reported that the Young’s modulus of the  Ti-
12Mo alloy produced using the Metal Injection Moulding 
(MIM) technique was 73 ± 5 GPa. 

The Young’s modulus values of the as–cast Ti-12Mo-xNb 
alloys (76–91 GPa) were lower than those CP Ti (103 GPa) 
and the traditional Ti-6Al-4V alloy (118 GPa). Therefore, the 
Young’s modulus of the system studied was between 23 to 
36% lower than that of Ti-6Al-4V alloy. The  Ti-12Mo alloy 
in this study presented higher Young’s modulus (86 GPa) and 
the addition of niobium resulted in the decrease of the modulus 
reaching the lowest value in the Ti-12Mo-20Nb alloy  (76 GPa).

It is known that Young’s modulus and hardness vary in 
the same proportion by niobium addition to titanium alloys. 
Due to this characteristic its necessary to find the best relation 
between these two properties. For this reason, the hardness/
modulus ratio is often used to evaluate the mechanical 
performance of metallic biomaterials for implants 29. 

In Figure 5 is shown a comparison of hardness/
modulus ratio among as–cast Ti-12Mo-xNb alloys, CP 
Ti and Ti-6Al-4V alloy. The results of the experimentally 
measured standards for Ti CP had a hardness/modulus 
ratio of 1.99 and Ti-6Al-4V alloy had a ratio of 2.85. 
All the as–cast Ti-12Mo-xNb alloys alloys studied in 
this work had a higher hardness/modulus ratio than the 
traditional Ti-6Al-4V alloy and CP Ti, thus presenting 
great potential for biomedical application, with emphasis 
on the binary Ti-12Mo alloy and as–cast Ti-12Mo-3Nb 
alloy with the highest hardness/modulus ratios (4.08 and 
4.12, respectively).

The highest hardness was found for x = 0 (355 HV) and 
the addition of niobium reduced the hardness of the alloy 
to x = 20. The lowest value of the Young’s modulus was 
observed in x = 20  (76 GPa). 

The better combination of mechanical properties 
(hardness/modulus ratio) was observed for  x = 3 (4.12), 
presenting superior results to the Ti-6Al-4V alloy (2.85) 
and CP Ti (1.99). 

Finally, all the alloys had hardness/modulus ratios 
higher than those Ti-6Al-4V alloy and CP Ti, showing a 
great potential for orthopedic application.
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