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A new quaternary alloy Ti-10Nb-10Zr-5Ta with near β fine, homogeneous microstructure, low 

Young’s modulus of 63.4 GPa and better mechanical properties than those of the commercial Ti was 

obtained. This alloy demonstrated nobler electrochemical behaviour, lower corrosion rates and more 

favourable long-term behaviour in simulated human electrolytes, Ringer solutions of different pH 

values that can appear in the human body, in the “working life” of an implant. The alloy native passive 

film contains (XPS analysis) both Ti2O3 and TiO2 protective oxides and, in addition, the very 

protective Nb2O5, ZrO2 and Ta2O5 oxides which strengthened and reinforced this film. Moreover, this 

passive film thickened and improved its protective properties in time. Corrosion rates placed the new 

alloy in the “Very Stable” resistance class and the corresponding lower ion release rates represent more 

reduced quantities of ions released into surrounding tissues in comparison with Ti. Alloy polarisation 

resistances had ten times higher values than those of Ti, indicating a more compact, barrier, resistant 

passive layer. Nyquist spectra showed that the new alloy presented higher capacitive, protective film 

than that of Ti. Bode spectra revealed two phase angles, indicative of a bi-layered passive film that was 

modelled with an electric equivalent circuit with two time constants: the first time constant. 

 

 

Keywords: microstructure, passive film, EIS, XPS analysis. 

 

 

 

1. INTRODUCTION 

In the last decade, the necessity of the properly improvement of the implant alloys is stringently 

because these alloys must combine good mechanical properties with very good corrosion resistance in 

the physiological fluid and biocompatibility. Firstly, the implant alloys must contain only non-toxic 

and non-allergic elements: Ti, Nb, Zr, Ta, Pt, Pd, Sn [1, 2]. Secondly, these alloys must possess a low 

Young’s modulus to prevent the stress shield; this requirement can be realised by the using of Nb, Ta, 
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and Zr elements that conduct to alloys with β or near β microstructure, reduced modulus and high 

strength [3, 4]. Ternary and quaternary alloys were developed. The most known ternary alloy is Ti-

13Nb-13Zr (ASTM F 1713-96) with a near β microstructure, good corrosion resistance and mechanical 

properties (Young’s modulus of 79 GPa) [5, 6]. Okazaki et al. obtained Ti-15Zr-4Nb-4Ta-0.2Pd-0.2O-

0.05N alloy with a Young’s modulus of 97 GPa [3, 4, 7, 8], higher than that of the human bone of 30-

40 GPa [9]. Also, Banerjee et al. [10] applied different thermal treatments to Ti-34Nb-9Zr-8Ta alloy 

(Young’s modulus of 89 GPa) and a decrease in hardness was indicated. The new Ti-29Nb-13Ta-4.6Zr 

alloy [11-15] shows a good Young’s modulus of 60 GPa but its biocompatibility is inadequate and it 

lacks bioactivity. The surface of the novel near β alloy, Ti-5Zr-3Sn-5Mo-15Nb [16] with a Young’s 

modulus of 69 GPa was functionalised by microarc oxidation to increase the bone cell adhesion, 

spread and viability. Porous near β Ti-35Nb-7Zr-5Ta alloy [17, 18] was produced by power metallurgy 

and had a low Young’s modulus of 55 GPa; different treatments were performed and some properties 

became better and another lower, recommending further detailed investigations. 

We proposed a new quaternary alloy Ti-10Nb-10Zr-5Ta with near β fine, homogeneous 

microstructure, low Young’s modulus of 63.4 GPa and better mechanical properties than those of the 

commercial Ti; also, this alloy demonstrated nobler electrochemical behaviour, lower corrosion rates 

and more favourable long-term behaviour in simulated human electrolytes, Ringer solutions of 

different pH values that can appear in the human body, in the “working life” of an implant. 

 

 

 

2. EXPERIMENTAL 

2.1. Alloy synthesis 

The alloy was synthesised by high vacuum, levitation melting and re-melting using pure 

elements: titanium according to ASTM F 67, niobium 99.81% purity, zirconium 99.6% purity and 

tantalum 99.59% purity. The alloy composition is presented in Table 1. 

 

Table 1. Alloy composition. 

 

% wt. 

Nb Zr Ta Fe O N H Si Mg Al Ti 

10.18 9.648 4.466 0.0001 0.15 0.03 0.002 0.0013 0.046 0.002 balance 

 

2.2. Determination of alloy microstructure 

For the microstructure analysis, the cylindrical samples were grinded with different abrasive 

paper till 2000 grade, polished on alumina paste till mirror surface and then were chemically etched in 

a solution of 68% glycerine, 16% HF and 16% HNO3. The alloy microstructure in as-cast and 

processed state was analysed with an optical microscope, type AXIO IMAGER A1m. 
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2.3. Determination of alloy mechanical properties 

The tensile tests for as-cast alloy were carried out until fracture using an INSTRON 3382 

module. Stress - strain tensile curve was obtained; from this curve, the following main mechanical 

properties were calculated: Young’s modulus (E), ultimate tensile strength (σmax), strain to fracture (εf), 

and 0.2% yield strength (σ0.2). Three experiments were performed and the reproducibility was very 

good. 

 

2.4. Determination of alloy corrosion resistance 

The alloy corrosion resistance was studied in Ringer solutions of acid, neutral and alkaline pH, 

simulating the possible severe functional conditions from the human body: the acid pH appears after 

surgery because the hydrogen concentration increases in the traumatised tissues and by the in time 

hydrolysis of the surface oxides; the alkaline pH develops in the distress periods of the human body 

[19-21]. Ringer solution composition was (g/L): NaCl – 6.8; KCl – 0.4; CaCl2 – 0.2; MgSO4.7H2O – 

0.2048; NaH2PO4.H2O – 0.1438; NaHCO3 – 1; glucose – 1; pH = 7.58; pH = 3.36 was obtained by 

HCl addition; pH = 8.91 was obtained by KOH addition. Solution temperature was kept at 37
0
C ± 1

0
C. 

From as-cast ingots were cut cylindrical samples that firstly were grinded and polished to 

mirror surface; then, the samples were ultrasonically degreased in acetone and bi-distilled water for 15 

min. and mounted in a Stern-Makrides mount system. 

The following electrochemical techniques were used: cyclic potentiodynamic and linear 

polarisation, electrochemical impedance spectroscopy (EIS) and monitoring of the open circuit 

potentials and corresponding open circuit potential gradients. 

The potentiodynamic polarisation was applied from the cathodic (a potential with about 500 

mV more electronegative than the open circuit potential, Eoc) to the anodic domain (till + 2000 mV vs. 

SCE) with a scan rate of 1 mV/s; VoltaLab 80 equipment with its VoltaMaster 4 program were used. 

From the curves, the main electrochemical parameters were determined: Ecorr – corrosion potential, like 

zero current potential, Ep – passivation potential at which the current density is constant; |Ecorr - Ep| 

difference represents the tendency to passivation (low values characterise a good, easy passivation); 

Ep – passive potential range of the constant current; jp – passive current density.  

The linear polarisation was carried out to obtain Tafel curves for a potential range of  100 mV 

around Eoc, with a scan rate of 1 mV/sec. The VoltaMaster 4 program directly supplies the corrosion 

current densities, jcorr and rates, Vcorr and polarisation resistance, Rp [22-24]. The total quantity of ions 

released into biofluid was calculated [25, 26]. 

The electrochemical impedance spectroscopy was performed at Eoc, [27, 28] with Voltalab 80 

equipment; the amplitude of the AC potential was 5 mV and simple sine measurements at frequencies 

between 0.1 Hz and 10
2
 kHz were acquired for each sample. Nyquist and Bode plots were recorded. 

The electric equivalent circuit was fitted by non-linear, least square program ZVIEW. 

The open circuit potentials Eoc (vs. SCE) were monitored [29] during an exposure period of 

1000 hours till present, using a performing Hewlett-Packard multimeter. Also, the open circuit 
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potential gradients due to the non-uniformities of the Ringer solutions pH, ΔEoc(pH) were calculated 

as: 

 
58.736.3

1 )(   pH

oc

pH

ococ EEpHE                                                                                                          (1) 

 
91.836.3

2 )(   pH

oc

pH

ococ EEpHE                                                                                                          (2) 

 
91.858.7

3 )(   pH

oc

pH

ococ EEpHE                                                                                                          (3) 

 

2.5. Determination of native passive film composition 

The composition of the native passive film was determined by X-Ray Photoelectron 

Spectroscopy (XPS). Surface analysis was carried out on Quantera SXM equipment with a base 

pressure in the analysis chamber of 1.33322∙10
-7

 Pa. The X-ray source was Al Kα radiation (1486.6 eV, 

monochromatized) and the overall energy resolution is estimated at 0.75 eV by the full width at half 

maximum (FWHM) of the Au 4f7/2 line. In order, to take into account the charging effect on the 

measured Binding Energies (BEs), the spectra were calibrated using the C 1s line (BE = 284.8 eV, C-C 

(CH)n bonding) of the adsorbed hydrocarbon on the sample surface. It is appropriate to note here that 

all the calculations were performed assuming that the samples were homogeneous within the XPS 

detected volume. The errors in the quantitative analysis (relative concentrations) were estimated in the 

range of ±10%, while the accuracy for binding energies assignments was ±0.2 eV. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Alloy microstructure 

The optical micrographs of the samples (Fig. 1) revealed near β fine, homogeneous, casting 

dendrite microstructure and a superposed polygonal microstructure as result of the recrystallization of 

the alloy during the vacuum cooling in the furnace. 
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Figure 1. Optical micrographs of Ti-10Nb-10Zr-5Ta alloy at different magnifications. 

 

3.2. Alloy mechanical properties 

Figure 2 shows the stress-strain curve and Table 2 summarizes main mechanical properties of 

as-cast Ti-10Nb-10Zr-5Ta alloy related to those of Ti. The tensile curve indicates elastoplastic 

behaviour with an initial elastic behaviour. Both, ultimate tensile strength (σmax), strain to fracture (εf), 

and 0.2% yield strength (σ0.2) have higher values than those of Ti, denoting a good resistance to load 

bearing conditions. Young’s modulus of 63.4 GPa closed to that of the human bone (30-40 GPa) [9] 

represents a very good value that will not cause the bone atrophy or resorption, assuring a very long 

“service life time” [30] for the alloy. Moreover, this alloy mechanical properties are more favourable 

compared with those of others β-type alloys as Ti-15Zr-4Nb-4Ta [10] or Ti-5Zr-3Sn-5Mo-15Nb [16]. 

 

Table 2. Main mechanical properties of Ti-10Nb-10Zr-5Ta alloy. 

 

Material E (GPa) σmax (MPa) εf (%) σ0.2 (MPa) 

Ti* 105.0 344.0 20.0 170-244 

Ti-10Nb-10Zr-5Ta   63.47 738.18 23.24 221.12 

*ASM data base 

 

 
 

Figure 2. Stress-strain tensile curve for Ti-10Nb-10Zr-5Ta alloy. 
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3.3. Alloy electrochemical and corrosion behaviour in simulated human electrolytes 

3.3.1. Alloy electrochemical behaviour from cyclic polarisation curves 

Figure 3 shows the comparison of the cyclic polarisation curves between Ti-10Nb-10Zr-5Ta 

alloy and Ti; the polarisation curves immediately entered the passive zone; the polarisation patterns 

indicated a difference between those two materials: the alloy exhibited lower passive current densities 

representing an excellent corrosion resistance [7]; also, the alloy passive current densities remained 

constantly with increasing potential that reveal the thickening of its passive layer [14]. 

 

 
 

Figure 3. Anodic cyclic potentiodynamic curves for Ti-10Nb-10Zr-5Ta alloy in comparison with those 

of Ti in Ringer solutions, at 37
0
C. 

 

The corrosion potential, Ecorr (Table 3) shifted to more anodic values due to the formation of a 

relatively more compact film on the alloy surface [23] that contains both Ti2O3 and TiO2 protective 

oxides and in addition Nb2O5, ZrO2, and Ta2O5 protective oxides (as will be demonstrated by XPS 

analysis); these oxides strengthened the alloy passive film. 

 

Table 3. Main electrochemical parameters obtained for Ti-10Nb-10Zr-5Ta alloy in comparison with 

those of Ti in Ringer solutions, at 37
0
C 

 

Material  Ecorr  

(mV) 

Ep 

(mV) 

∆Ep 

(mV) 

|Ecorr - Ep| 

(mV) 

jp 

(µA/cm
2
) 

Ringer pH = 3.36 

Ti -400 -100 >2000 300 25 

Ti-10Nb-10Zr-5Ta -350 -200 >2000 200   4.2 

Ringer pH = 7.58 

Ti -320   -50 >2000 270 15 

Ti-10Nb-10Zr-5Ta -280 -150 >2000 130   3.7 

Ringer pH = 8.91 

Ti -500 -200 >2000 300 18 

Ti-10Nb-10Zr-5Ta -400 -200 >2000 200 10.5 
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The composition of the native passive film on the Ti-10Nb-10Zr-5Ta alloy surface was 

determined by X-ray photoelectron spectroscopy (XPS). The survey spectrum (Fig. 4) displayed the 

presence of Ti 2p, Nb 3d, Zr 3d, Ta 4f and O 1s [11, 31, 32]. The deconvoluted spectra (Fig. 5) 

detected: the doublet peaks of Ti 2p as Ti
4+

 ion in TiO2 oxide (Fig. 5a); the doublet peaks of Nb 3d as 

Nb
5+

 ion that match to Nb2O5 oxide (Fig. 5b); the doublet peaks for Zr 3d as Zr
4+

 ion that correspond 

to ZrO2 oxide (Fig. 5c); the deconvoluted peaks of Ta 4f as Ta
5+

 ion that fall to Ta2O5 oxide (Fig. 5d);. 

oxygen peaks for O 1s as O
2
, OH

-
 ions and absorbed H2O that refer to Ti, Ta, Nb, Zr oxides (Fig. 5e);  

Therefore, the alloy native passive film is more compact and more resistant than that of Ti, because its 

composition is formed from a mixture of very protective oxides which reinforced this film. 

Returning to Table 3, the lower tendencies to passivation, |Ecorr - Ep| and passive current 

densities, jp were registered, that demonstrate an easier, more rapid passivation, representing more 

resistant passive film on the alloy surface in comparison with base metal, Ti. 

The new Ti-10Nb-10Zr-5Ta alloy presented a superior electrochemical behaviour, because all 

its electrochemical parameters had more favourable values related to those of Ti. 

 

 
 

Figure 4. XPS survey spectrum of native passive film on Ti-10Nb-10Zr-5Ta alloy surface. 
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Figure 5. XPS deconvoluted spectra of native passive film on Ti-10Nb-10Zr-5Ta alloy surface. 

 

3.3.2. Alloy corrosion resistance 

Table 4. Main corrosion parameters obtained for Ti-10Nb-10Zr-5Ta alloy in comparison with those of 

Ti in Ringer solutions, at 37
0
C 

 

Material  icorr 

(µA/cm
2
) 

Vcorr 

(µm/Y) 

Resistance 

class 

Ion release 

(ng/cm
2
) 

Rp 

(kΩ∙cm
2
) 

Ringer pH = 3.36 

Ti 0.746   8.625 VS 876.30   11.35 

Ti-10Nb-10Zr-5Ta 0.421   4.968 VS 504.75 165.13 

Ringer pH = 7.58 

Ti 0.724   8.326 VS 845.90   18.25 

Ti-10Nb-10Zr-5Ta 0.107   1.263 VS 128.32 230.65 

Ringer pH = 8.91 

Ti 1.186 13.700 S 1391.90   13.91 

Ti-10Nb-10Zr-5Ta 0.394   4.649 VS 472.34 172.95 

VS = Very Stable; S = Stable 

 

The alloy corrosion resistance was appreciated from the linear polarisation measurements using 

Tafel extrapolation. Main corrosion parameters (excepting polarisation resistance, Rp) from Table 4 

revealed significant decreases [22] for the Ti-10Nb-10Zr-5Ta alloy than those of Ti. Corrosion rates, 
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Vcorr placed the new alloy in the “Very Stable” resistance class and the corresponding lower ion release 

rates represent more reduced quantities of ions released into surrounding tissues, namely the decrease 

of the alloy toxicity in comparison with Ti. Alloy polarisation resistances, Rp had ten times higher 

values than those of Ti, indicating a more compact, barrier, resistant passive layer (as was shown by 

XPS analysis). All corrosion parameters prove the higher protective properties of the new alloy 

compared with those of the base metal, Ti. 

 

3.3.3. Alloy electrochemical behaviour from EIS measurements 

Nyquist spectra (Fig. 6) displayed incomplete semicircle with large diameters attributed to 

capacitive behaviour, passive layer like an insulator; the magnitudes of the diameters and impedances 

increased from Ti to Ti-10Nb-10Zr-5Ta alloy, namely the alloy presented higher capacitive, passive 

film [14, 33, 34] being in concordance with the electrochemical results from Figure 3 and Table 3. 

 

 
 

Figure 6. Nyquist spectra for the Ti-10Nb-10Zr-5Ta alloy in comparison with those of Ti in Ringer 

solutions, at 37
0
C. 

 

Bode phase angle spectra (Fig. 7) exhibited two peaks, two phase angles in the low and middle 

frequency range: the high phase angles had values over -80
0
 for the alloy and over -70

0
 for Ti, 

indicative of a capacitive behaviour, a passive film with insulating properties, an inner, barrier layer 

[14, 27, 28, 35, 36]; the lower phase angles varied around -77
0
 for the alloy and around -73

0
 for Ti, that 

reflect a less protective layer, an outer, porous layer [14, 27, 28, 35, 36], separately to the inner, barrier 

layer. The outer, porous layer is connected with the alloy bioactivity because into its pores can diffuse 

species from the physiological electrolyte, including phosphorus and calcium ions, that can promote 

the formation of calcium phosphates or hydroxyapatite, the main inorganic components of the human 

bone. For the alloy, both high and low phase angles had more favourable values, that denote a more 

insulating, protective, inner, barrier layer, respectively, a more resistant, outer porous layer, i.e. a 

nobler behaviour in comparison with that of Ti. 
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Figure 7. Bode spectra for the Ti-10Nb-10Zr-5Ta alloy in comparison with those of Ti in Ringer 

solutions, at 37
0
C. 

 

 
 

Figure 8. Electric equivalent circuit with two time constants. 

 

Table 5. Fitting parameters for the electric equivalent circuit with two time constants obtained for Ti-

10Nb-10Zr-5Ta alloy in comparison with those of Ti in Ringer solutions, at 37
0
C. 

 

Material Rsol 

(Ω cm
2
) 

Rb 

(Ω cm
2
) 

CPEb 

(S s
n
 cm

-2
) 

n1 Rp 

(Ω cm
2
) 

CPEp 

(S s
n
 cm

-2
) 

n2 

Ringer pH = 3.36 

Ti 12.60 5.4 10
5
 9.8 10

-6
 0.93 6.9 10

3
 1.3 10

-5
 0.91 

Ti-10Nb-10Zr-5Ta 12.83 6.5x10
6
 4.2x10

-6
 0.94 5.4x10

3
 3.6x10

-5
 0.92 

Ringer pH = 7.58 

Ti 12.20 8.1 10
5
 9.7 10

-6
 0.94 7.6 10

3
 1.2 10

-5
 0.91 

Ti-10Nb-10Zr-5Ta 10.79 7.9x10
6
 3.0x10

-6
 0.96 4.6x10

4
 1.2x10

-5
 0.92 

Ringer pH = 8.91 

Ti 13.30 6.2 10
5
 9.9 10

-6
 0.94 6.7 10

3
 1.5 10

-5
 0.92 

Ti-10Nb-10Zr-5Ta 10.24 5.4x10
6
 5.1x10

-6
 0.95 1.4x10

4
 3.5x10

-5
 0.92 

 

The those two distinct phase angles predominantly indicate the formation of a passive film with 

two layers, a bi-layered passive film that was modelled with an electric equivalent circuit with two 

time constants [33-36] (Fig. 8): the first time constant represents the inner, insulating, barrier layer by 

its resistance, Rb and capacitance, CPEb; the second time constant signifies the outer, porous, less 

protective layer by its resistance, Rp and capacitance, CPEp (instead of the pure capacitances, constant 

phase elements, CPE were introduced, relating the surface inhomogeneity, roughness, etc) [28]. The 

calculated parameters of this equivalent circuit are presented in Table 5: the resistances of the inner 

layer, Rb had higher values than those of the porous layer, Rp showing that the inner layer is more 
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insulating, compact and assures the alloy protection; this fact is confirmed by the parameter n1 that has 

value almost 1, namely, a near ideal capacitor [14]. Comparing the alloy parameters with those of Ti, 

superior values can be observed, denoting a more resistant, protective, compact passive film existing 

on the alloy surface. 

 

3.3.4. Alloy long-term behaviour from monitoring of open circuit potentials and  

corresponding open circuit gradients 

The monitoring of the open circuit potentials (Fig. 9) evinced more positive, higher values for 

Ti-10Nb-10Zr-5Ta alloy in comparison with those of Ti, i.e. a superior resistant passive state as result 

of the beneficial influence of the alloying elements [37, 38]. All potentials tended to more 

electropositive values in time, indicating the thickening of the passive film and the improvement of its 

protective properties [37, 38].  After almost 500 soaking hours, open circuit potentials revealed almost 

constant levels that show the touching of a stable passive state [37, 38]. 

 

 
 

Figure 9. Monitoring of the open circuit potentials for the Ti-10Nb-10Zr-5Ta alloy in comparison with 

those of Ti in Ringer solutions, at 37
0
C. 

 

Table 6. Open circuit potential gradients of Ti-10Nb-10Zr-5Ta alloy in comparison with those of Ti 

developed in Ringer solutions, at 37
0
C. 

 

Material Time (h) Eoc1(pH) (mV) Eoc2(pH) (mV) Eoc3(pH) (mV) 

Ti 0 -98 -57 41 

500 -111 -39 72 

1000 -18 9 27 

Ti-10Nb-10Zr-5Ta 0 -70 20 90 

500 -29 -6 23 

1000 -63 -63 -0.4 

 

The open circuit potential gradients (Table 6) had low values (from 0.4 mV to 111 mV) 

situated under limit of 600 – 700 mV [39-41] and cannot generate galvanic or local corrosion, even in 
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the case of very large pH differences between 3.36 and 8.91 (Eoc2) that could appear on the alloy 

surface in the “service” conditions. 

 

 

 

4. CONCLUSIONS 

The new Ti-10Nb-10Zr-5Ta alloy revealed near β fine, homogeneous microstructure. The alloy 

had superior mechanical properties and low Young’s modulus of 63.46 GPa than those of Ti, showing 

a good resistance to load bearing conditions and no bone atrophy or resorption, assuring a very long 

“service life time”. The new Ti-10Nb-10Zr-5Ta alloy presented a superior electrochemical behaviour, 

because all its electrochemical parameters had more favourable values related to those of Ti. The alloy 

native passive film is more compact and more resistant than that of Ti, because its composition is 

formed from a mixture of very protective oxides (TiO2, Nb2O5, ZrO2, Ta2O5), which reinforced this 

film. Corrosion rates placed the new alloy in the “Very Stable” resistance class and the corresponding 

lower ion release rates represent more reduced quantities of ions released into surrounding tissues, 

namely the decrease of the alloy toxicity in comparison with Ti. Nyquist spectra indicated higher 

capacitive, protective film for Ti-10Nb-10Zr-5Ta alloy than that for Ti. Bode spectra revealed two 

phase angles, indicative of a bi-layered passive film that was modelled with an electric equivalent 

circuit with two time constants: the first time constant represents the inner, insulating, barrier layer and 

the second time constant signifies the outer, porous, less protective layer. The monitoring of the open 

circuit potentials evinced more positive, higher values for Ti-10Nb-10Zr-5Ta alloy in comparison with 

those of Ti, namely, a superior resistant passive state as result of the beneficial influence of the 

alloying elements. 
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