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The electrochemical corrosion and mechanical properties of two biomedical titanium alloys (Ti-13Nb-
13Zr and Ti-15Mo) are investigated by means of electrochemical impedance spectroscopy (EIS) and a
material testing system (MTS). The EIS results obtained in aerated Ringer’s solution show that Ti-
13Nb-13Zr has a higher corrosion resistance than Ti-15Mo. Consequently, of the two alloys, Ti-13Nb-
13Zr has superior biocompatibility. Furthermore, the Quasi-static testing results reveal that Ti—13Nb-
13Zr also has superior mechanical properties at strain rates in the range of 10°~10"s™.
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1. INTRODUCTION

Titanium (Ti) and its alloys have excellent corrosion resistance, a light weight, and a good
mechanical performance. As a result, they are widely used in many sports, medical, aerospace, marine
and chemical applications [1-5]. Among the various Ti alloys available, Ti-6Al-4V is one of the most
commonly used. However, it is associated with various health issues due to the gradual release of toxic
Al and V elements over time [6-8]. As a result, it has only limited potential for biomedical use. To
address this problem, various Ti alloys composed of non-toxic and non-allergic elements such as Mo,
Nb, Zr, Ta and Sn have been proposed in recent years [9-16].

Of these elements, Nb, Zr and Mo are regarded as particularly suitable B-phase stabilizers for
Ti alloy. Moreover, Ti-13Nb-13Zr and Ti-15Mo have a low elastic modulus and a high tensile
strength, and are thus ideally suited for surgical implant applications. However, the success of
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biomedical implants depends not only on the mechanical properties of the implant material (e.g., a low
elastic modulus and good formability), but also the anti-corrosion properties.

The literature contains many investigations into the microstructure, fatigue properties, phase
transformation and as-cast properties of Ti alloys [17-20]. However, little information is available
regarding the corrosion behaviour and mechanical properties of Ti-13Nb-13Zr and Ti-15Mo.
Therefore, the present study uses an electrochemical impedance spectroscopy (EIS) technique to
examine the corrosion resistance of Ti-13Nb-13Zr and Ti-15Mo alloys in simulated body fluid (SBF).
In addition, a Materials Testing System (MTYS) is used to examine the mechanical properties of the two
alloys under strain rates ranging from 10°~10" s®. The compositions and microstructures of the
various specimens are examined via energy-dispersive X-ray spectroscopy (EDS) and transmission
electron microscopy (TEM), respectively.

2. MATERIAL PREPARATION AND EXPERIMENTAL PROCEDURE

Ti-13Nb-13Zr and Ti-15Mo were purchased from President Titanium Inc., USA, in the form of
bars with a diameter of 12 mm. Prior to delivery, the Ti-13Nb-13Zr alloy was solution-treated at 1000
°C under an Ar atmosphere for 24 h, quenched in water, aged at 500 °C for 4 h, and then finally cooled
in air. Meanwhile, the Ti-15Mo alloy was solution-treated in a vacuum for 5 h at a temperature higher
than the B-transus temperature of the alloy (i.e., 850°C[21]) and then quenched in ice water.

The electrochemical corrosion properties of the two alloys were investigated in an aerated
Ringer’s solution composed of 9.0 gL™* NaCl, 0.43 gL™ KCI, 0.24 gL™ CaCl, and 0.20 gL™ NaHCOs.
(See my comment at the end of the paragraph.) The EIS measurements were obtained using a
Compactstat 1030 Ivium potentiostat with a three-electrode corrosion cell consisting of a working
electrode (Ti-13Nb-13Zr or Ti-15Mo) with a surface area of 1 cm?, a platinum (Pt) wire counter-
electrode, and an Ag/AgCl reference electrode (saturated in KCI solution).
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Figure 1. EDS chemical composition results for (a) Ti-13Nb-13Zr; (b) Ti-15Mo.

The chemical compositions of the as-received samples were examined via EDS analysis. The
results presented in Figs. 1(a) and 1(b) confirm that the chemical compositions of the two alloys are
closely related to their nominal compositions. The microstructures of the alloy specimens were
observed using a JEOL-3010 transmission electron microscope operating at 300 kV. Thin foils were
prepared for TEM observation by twin-jet electropolishing with an agitation voltage of 35 V in a
solution consisting of 60 mL HCIO,4, 590 mL methanol and 350 mL ether-monobutylethylene at a
temperature of -20 °C.

The mechanical properties of the two alloys were investigated under room temperature
conditions (25°C) at strain rates of 102 s, 10 s and 107 s using an MTS 810 Materials Testing
System. The quasi-static tests were performed using cylindrical specimens machined from the as-
received bars with a length of 7£0.1 mm and a diameter of 7.2 mm and then finished to a final
diameter of 7£0.1 mm via a centre-grinding process.

3. RESULTS AND DISCUSSION

3.1. Electrochemical corrosion properties

In general, biomedical Ti alloys have good corrosion resistance due to the natural formation of
a thin but dense oxide film (TiO2) on the surface. The formation and stability of the passive film is
usually evaluated by means of anodic polarization tests. The Tafel extrapolation was introduced to
describe the application of mixed potential theory to aqueous corrosion.
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Figure 2. Polarization curves of Ti-13Nb-13Zr and Ti-15Mo in aerated Ringer’s solution at 25°C (scan
rate: 0.050 V/min).

Figure 2 shows the polarization curves obtained for the current Ti-13Nb-13Zr and Ti-15Mo
alloys. It is seen that the two curves are qualitatively similar and are characteristic of passive film
formation. However, the corrosion potential of the Ti-13Nb-13Zr alloy (-0.11 V) is significantly lower
than that of the Ti-15Mo alloy (-0.029 V). Furthermore, as shown in Table 1, the corrosion density of
Ti-13Nb-13Zr (2.06 pA/cm?) is also lower than that of Ti-15Mo (3.66 pA/cm?). The reason for the Ti-
13Nb-13Zr alloy has higher corrosion properties is that the passive film consists mainly of TiO, with a
trace quantity of Nb,Os and ZrO,. The combination of passive film TiO2 layer with Nb,Os or ZrO,
will enhance the structural integrity of the oxide film [22-24]. Some literatures [24] report the Ti-6Al-
4V alloy has well corrosion resistance than Ti-13Nb-13Zr alloy. But the Ti-13Nb-13Zr alloy has well
wear resistance and non-toxic property than Ti-6Al-4V alloy, and Ti-13Nb-13Zr alloy can replace the
Ti-6Al-4V alloy to utilize in the biomaterials implant.

Table 1. Corrosion potential and corrosion current density of Ti-13Nb-13Zr and Ti-15Mo in Ringer’s

solution.
Alloy\parameter Ti-13Nb-13Zr Ti-15Mo
Ecorr. (V) -0.11 -0.029
icorr. (WA/cm?) 2.06 3.66

In other words, of the two alloys, Ti-13Nb-13Zr has a superior anticorrosion performance. The
improved corrosion resistance can be attributed to the presence of Nb, which prompts an annihilation
of the anion vacancies in the crystal lattice of the TiO, surface layer.
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3.2. Mechanical properties

Figures 3(a) and 3(b) show the true stress-strain curves of the Ti-13Nb-13Zr and Ti-15Mo
specimens deformed at 25 °C under quasi-static strain rates of 10°s™?, 10%s*and 10 s™. It is seen that
for both alloys, the flow stress increases with increasing strain and strain rate. Furthermore, comparing
the two figures, it is observed that for a given strain rate, the Ti-13Nb-13Zr specimen has a higher flow
stress than the Ti-15Mo specimen. In other words, the Ti-13Nb-13Zr alloy has a greater work
hardening ability than the Ti-15Mo alloy. This suggests that the element of Nb can enhance the
mechanical property; due to the Nb have higher stability of f phase. Therefore, it results in a longer
time for energy accumulation within the deformed microstructure and hence a greater mobility at the
boundaries for grain growth and dislocation annihilation. It can be identified in the microstructure
evolution.

Table 2. Mechanical properties of Ti-13Nb-13Zr and Ti-15Mo deformed at 25°C under strain rates of

10°%~10"s™
Strain Rate  Yielding Strength - Work hardening
) - Strength, A coefficient, B coefficient, n
(MPa) (MPa) '
Ti-13Nb-13Zr 0001 5273 9444 0422
0.01 539.3 955.5 0.424
0.1 551.4 976.1 0.427
Ti-15Mo 0.001 434.7 451 0.286
0.01 443.2 451.6 0.291
0.1 447.2 452.3 0.296
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Figure 3. Flow stress-strain curves of (a) Ti-13Nb-13Zr alloy; (b) Ti-15Mo alloy deformed at strain
rates of 10 s'~107 s

The work hardening behaviour of the two alloys can be evaluated using the empirical
relation o = A+ Be", where Ais the yielding strength, Bis the strength coefficient, and n is the work
hardening coefficient. Table 2 shows the values of A, Band nobtained for the Ti-13Nb-13Zr and Ti-
15Mo specimens, respectively, by fitting the stress-strain data presented in Figs. 3(a) and 3(b) using
this empirical relation. It is seen that the yielding strength, strength coefficient and work hardening
coefficient all increase with increasing strain rate for both alloys. However, it is also seen that, for a
given strain rate, the yielding strength, strength coefficient and work hardening coefficient of Ti-13Nb-
13Zr are higher than those of Ti-15Mo.

3.3. Strain rate effect

The flow stress property of engineering materials under different strain rates conditions has
attracted experimental and theoretical interest [25-29]. The results have shown that the flow stress
increases with increasing strain rate. The different deformation mechanisms have been proposed to
account for the microstructural changes observed following deformation under different strain rate
conditions. In this section, we investigate firstly the effect of the strain rate on the mechanical
properties of the two alloys. The strain rate effect can be quantified using the following strain rate
sensitivity parameter [30, 31]:

B=0010é=(0,-0,)In(¢,1¢),

where the flow stresses o, and o, are obtained from tests conducted at quasi-static strain rates
of €, and €, respectively.
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rate sensitivity with true strain for (a) Ti-13Nb-13Zr alloy; (b) Ti-15Mo

Figure 4(a) shows the variation of the strain rate sensitivity with the strain for the Ti-13Nb-
13Zr alloy under strain rate ranges of 10>~ 10" st and 103~ 10%s™, respectively. It is observed that
for a given strain, the strain rate sensitivity increases with increasing strain rate. A similar tendency is
noted for the Ti-15Mo alloy in Fig. 4(b). However, comparing the two figures, it is found that Ti-
13Nb-13Zr has a greater strain rate sensitivity.

Table 3. Comparison of the corrosion property with other alloys

Tafel Parameters

corr

corr

(V) (uA/cm?)
Ti-13Nb-13Zr [this study] -0.11 2.06
Ti-15Mo [this study] -0.029 3.66
yTiAl alloy[32] -0.428 1.94
Ti-6Al-4V [33] -0.430 1.9
316L[34] -0.202 12.97
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Table 4. Comparison of the mechanical property with other alloys

Alloy _ _
Ti-13Nb-13Zr Ti-15Mo | oAV Ti-BAI-7Nb
[35] [36]
property
Flow Strength, 950 MPa 750 MPa 945 MPa 776 MPa

(Strain rate of 10)

Table 3 and Table 4 are the comparison of mechanical and electrochemical properties with
other alloys. From these tables, they can be seen that the Ti-13Nb-13Al alloy in this study has well
properties on mechanical and corrosion properties than other alloys. Although, the Ti-6Al-4V alloy has
high corrosion property than Ti-13Nb-13Al alloy, but the Ti-13Nb-13Al alloy owns more biomedical
safety than Ti-6Al-4V alloy.

3.4. Microstructural observations

(b)

Figure 5. TEM images showing o' and S phases in as-received (a) Ti-13Nb-13Zr alloy; (b)Ti-15Mo
alloy.
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(d)

Figure 6. TEM micrographs of Ti-13Nb-13Zr alloy deformed at strain rates of (a) 10s™; (b) 103s™;
Ti-15Mo alloy deformed at strain rates of (c) 107 s™; (d) 10°s™.

Figures 5(a) and 5(b) present TEM bright-field images of the as-received Ti-13Nb-13Zr and Ti-
15Mo alloys, respectively.

The microstructures of both alloys contain alpha prime martensite («') phase and sub-
microscopic B phase. The Ti-13Nb-13Zr alloy contains slightly less «'phase than the Ti-15Mo alloy.

However, it contains a greater amount of Nb-rich g phase, and therefore has a superior anticorrosion
resistance (as shown in Fig. 2). Figures 6(a) and 6(b) present TEM images of the Ti-13Nb-13Zr

specimens deformed at strain rates of 10" stand 10 s, respectively. Observing the two figures, it is
found that the dislocation density and volume fraction of # phase increase with increasing strain rate.

The higher B volume fraction and dislocation multiplication rate result in a strengthening effect (as

evidenced by the flow stress-strain curves presented in Fig. 3(a)). A similar response is observed for
the Ti-15Mo alloy specimens deformed at strain rates of 10 s™* and 10 s™, respectively (see Figs.
6(c) and 6(d).

However, comparing Figs. 6(a) and 6(c) (and Figs. 6(b) and 6(d)), it is seen that the Ti-13Nb-
13Zr alloy has a higher dislocation density and g phase than the Ti-15Mo alloy. As a result, for a
given strain and strain rate, the flow stress in the Ti-13Nb-13Zr alloy is higher than that in the Ti-
15Mo alloy. Overall, the microstructural observations presented in Fig. 6 suggests that the flow

behaviour of the present Ti-13Nb-13Zr and Ti-15Mo alloy specimens is directly related to different
duplex structures of S phase and the density of the dislocations [37, 38].

4. CONCLUSION

The electrochemical corrosion and mechanical properties of two biomedical alloys (Ti-13Nb-
13Zr and Ti-15Mo) have been investigated and compared. It has been shown that Ti-13Nb-13Zr has
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both a better anticorrosion performance in SBF than Ti-15Mo and superior mechanical properties.

TEM observations have suggested that the superior performance of Ti-13Nb-13Zr is the result of a
lower volume fraction of «'phase, a greater volume fraction of Nb-rich g phase, and a higher

dislocation density.
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