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Electrochemical corrosion behavior of biomedical Ti–22Nb
and Ti–22Nb–6Zr alloys in saline medium
B. L. Wang, Y. F. Zheng* and L. C. Zhao
The aims of this study were to investigate the effects of Zr addition and

potentiodynamic polarization on the microstructure and corrosion resistance of

Ti–22Nb and Ti–22Nb–6Zr alloy samples. The corrosion tests were carried out in

0.9% NaCl at 37 8C and neutral pH value, utilizing the OCP, potentiodynamic

polarization, and electrochemical impedance spectroscopy (EIS) techniques.The

results of XRD and optical microscopy indicated that the addition of Zr stabilized

the b phase, which plays a crucial role in the corrosion resistance improvement

of the Ti–22Nb–6Zr alloy. From the polarization curves, it can be seen that the

alloys exhibited a wide passive region without the breakdown of the passive

films and also low corrosion current densities. In addition, the values of the

corrosion current densities and passive current densities decreased with the

addition of 6 at% Zr into the Ti–22Nb alloy. The EIS results of these two alloy

samples after 1-h immersion in 0.9% NaCl solution, and being fitted by RS(QPRP)

model, suggested that the corrosion resistance of the passive films improved

with the addition of Zr and only a single passive film formed on the surfaces.

However, two time constants were observed for the Ti–22Nb and Ti–22Nb–6Zr

alloy samples after potentiodynamic polarization, the spectra of which can be

fitted using the Rs(Qo(Ro(QbRb))) model. In addition, the corrosion resistance of

the two alloy samples was reinforced significantly because of polarization when

compared to the immersed samples. All these observations suggested a nobler

electrochemical behavior of the titanium alloys with the addition of Zr element

and after polarization.
1 Introduction

Titanium and its alloys are one of the most widely studied and

used metallic biomaterials, particularly those with vanadium- and

aluminum-free Ti alloys, since these elements exhibit high

cytotoxicity and negative tissue response in vivo and may induce

senile dementia, neurological disorders, and allergic reactions [1–

4]. It is well known that the recent metallic biomaterials research

has focused on the b-type titanium alloys with excellent

biocompatibility and low elastic modulus. The former advantage

provides a biological acceptance for the implant in human body

and the latter promotes an appropriate load sharing between

implant and the surrounding hard tissue [5, 6]. In the last decade,

Nb, Ta, Zr, Mo, and Sn, which are judged to be non-toxic and non-

allergic, and are considered excellent b-stabilizing elements have
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been selected as safe alloying elements to Ti alloys [7–11]. To

determine the suitability of a material for implant application,

several properties of implants must be evaluated. One of the most

important aspects is the corrosion behavior because the ions

releasing from the metallic implant to the surrounding tissues

may give rise to biocompatibility problems [12]. Its studies in vivo

and in vitro under simulated human body environment are well

reported.

The Ti–Nb alloys have presented superior corrosion

resistance when compared to the traditional Ti–6Al–4V alloy

[13]. A uniformly passive film consisted of Ti2O3, TiO2,

and Nb2O5 can be formed on the surface of the Ti–Nb alloys

[14, 15].Mareci et al. [16] compared the electrochemical corrosion

behaviors of CP Ti, Ti–6Al–4V, Ti–5Al–2.5Fe, Ti–6Al–7Nb, and

Ti–6Al–2Nb–1Ta–1Mo alloys in artificial saliva. Their results

indicated that the corrosion behavior of Ti–6Al–4V alloy was not

affected on substituting vanadium with niobium, iron, molybde-

num, and tantalum. Tamilselvi et al. [17] have recently reported the
Ti–6Al–7Nb alloy had a better corrosion resistance than that of

Ti–6Al–4V alloy in 0.9% NaCl solution. In addition, they studied
www.matcorr.com
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Figure 1. XRD patterns for the Ti–22Nb and Ti–22Nb–6Zr alloy samples

(900 8C, 30 min, WQ)
the corrosion behaviors of Ti–5Al–2Nb–1Ta alloys in Hank’s

solution at different immersion periods [18]. Popa et al. [19] have
correlated the microstructure with the corrosion resistance for

Ti–6Al–7Nb alloy with different thermo-mechanical processing

in Ringer’s solution. The thermo-mechanical processing

improved the electrochemical behavior of Ti–6Al–7Nb alloys,

especially their passive state. Lopez et al. [20] have carried out a

comparative study on the corrosion behaviors of Ti–6Al–7Nb, Ti–

13Nb–13Zr, and Ti–15Zr–4Nb alloys in Hank’s solution and they

have reported very similar current densities for all the three

titanium alloys. Assis and Costa [21] have reported a slightly

improved corrosion resistance associated to the Ti–13Nb–13Zr

and Ti–6Al–7Nb alloys compared to the Ti–6Al–4V alloy. Robin
et al. [22] studied the corrosion behavior of Ti–xNb–13Zr alloys in
Ringer’s solution. There was evidence that the Ti–xNb–13Zr
alloys were more corrosion resistant than both Ti and Ti–6Al–4V

in Ringer’s solution. The resistance of the passive film decreased

with increasing the Nb contents. Martins et al. [23] have studied

the corrosion resistance of Ti–30Nb–Zr casting alloy. Zirconium,

as a b isomorphous element, which belongs to the same group

with titanium in the periodic table of elements, shows complete

mutual solubilities in both a and b structured titanium phases.

The effect of the Zr element on the corrosion resistance should be

studied clearly.

The aim of the present study was to investigate the effect of

Zr addition on the electrochemical corrosion behavior of the Ti–

22Nb alloy in 0.9% NaCl solution at 37 8C and neutral pH range.

Furthermore, the variation of the corrosion behaviors of these

alloys before and after potentiodynamic polarization, when

exposed to aggressive Cl� environment, was also investigated.

2 Materials and methods

The Ti–22Nb and Ti–22Nb–6Zr (6 at%) alloy samples were

prepared by arc-melting method using pure Ti (99.99%), pure Nb

(99.99%), andpureZr (99.99%)withnon-consumableWelectrode.

To ensure the homogeneity, the ingots were re-melted five times.

Then theywere cold-rolled toplates of�1mmin thicknesswith the

final coldworkingratioof�90%.Thecold-rolledplateswere finally

solution-treated at 900 8C for half an hour and quenched into iced

water. All the samples were prepared by electro-discharge

machining from the solution-treated plates. Surfaces of the

samples were mechanically polished with waterproof silicon

carbide paper down to 2000 grade. Before electrochemical test, all

the samples were cleaned using acetone, ethanol, and de-ionized

water in an ultrasonic bath for 15 min and then dried in air. X-ray

diffraction (XRD) patterns were obtained utilizing a Philip X’Pert

Pro diffractometer operated at 40 kVand 40mA, with a Ni-filtered

Cu Ka radiation and a wavelength, l, of 1.5406 nm.

The electrochemical experiments were performed in a

traditional three-electrode cell. The sample, a platinum electrode,

and a saturated calomel electrode (SCE) were used as a working

electrode, a counter electrode, and a reference electrode,

respectively. The electrolyte was 0.9% NaCl solution with neutral

pH value, made up with laboratory-grade chemicals and de-

ionized water. All experiments were carried out at 37 8C. The
electrochemical parameters were controlled through a Solartron
www.matcorr.com
1287 potentiostat combined with a Solartron 1260 frequency

response analyzer.

The open circuit potential (OCP) measurements were done

for 1 h in 0.9% NaCl electrolyte before and after polarization. The

potentiodynamic polarization curves of the test samples were

measured from �0.6 V (vs. SCE) to about 1.5 V (vs. SCE) with a

scan rate of 1 mV/s after keeping the alloy electrodes at OCP for 1

h. The corrosion potential (Ecorr) and the corrosion current

density (Icorr) were obtained by Tafel analysis based on the

polarization plots. The variations of the corrosion behavior for the

passive film formed on the surface of the samples before and after

potentiodynamic polarization were studied using electrochemical

impedance spectroscopy (EIS) technique. The impedance spectra

were acquired in the frequency range of 104–10�2 Hz with a

10 mV amplitude sine wave at OCP. To obtain the quantitative

information for the discussions of theses experimental EIS

results, the appropriate models (Zview2 version) for equivalent

circuit quantification were used.

3 Results and discussion

3.1 Microstructures

Figure 1 shows the XRD patterns of the solution-treated Ti–22Nb

and Ti–22Nb–6Zr alloy samples measured at room temperature.

Besides the b phase peaks, the obvious diffraction peaks of

a’’(110), a’’(200), and a’’(113) for the Ti–22Nb alloy sample are

observed, as shown in Fig. 1. In contrast, the solution-treated Ti–

22Nb–6Zr alloy sample is only composed of single b phase, as

shown in Fig. 1. It has been reported in the literature that the

amount of a’’ martensite decreases with an increase in the b

stabilizing elements content during the quenching process [24–

28]. When the Nb content overruns a constant value, the b phase

can be retained for the b titanium alloy quenched from the b

phase. From Fig. 1, it can also be seen that the addition of Zr

suppresses the precipitation of the metastable a’’ martensitic

phase and stabilizes the b phase during the quenching process, as

reported in the literature [23, 29, 30]. Typical optical micrograph

of the solution-treated Ti–22Nb alloy sample is shown in Fig. 2(a).
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Figure 3. Plots of OCP versus time for the Ti–22Nb and Ti–22Nb–6Zr

alloy samples in 0.9% NaCl solution
The samples exhibits an acicular martensite a’’ phase dissemi-

nated in the bmatrix, as identified by the XRD patterns, shown in

Fig. 1. Because of the introduction of a’’ martensite, the

remaining b matrix becomes enriched in b stabilizing elements

and somewhat depleted in a stabilizing elements, which induced

an uneven distribution of the alloying elements. However, the Ti–

22Nb–6Zr alloy sample exhibits an equiaxial b grain with the even

distribution of the alloying elements, as shown in Fig. 2(b). The

effect of the observed phase to the corrosion behavior of these two

alloys will be discussed later.

3.2 Open circuit potential (OCP)

Figure 3 presents the variations of OCP for the Ti–22Nb and Ti–

22Nb–6Zr alloy samples as a function of exposure time in 0.9%

NaCl before and after potentiodynamic polarization. Every curve

indicates a passivation. The OPCs reach to the stable values after 1

h exposure in 0.9% solution, which means the passive films

become stable. From these curves, it can be seen that the samples

polarized in 0.9% NaCl solution have higher OPC values than

those immersed in the solution before polarization. Yu et al. have

reported an increase in thickness of the oxide film with the

potential, which play an important role in the improvement of the

corrosion resistance [31]. Uniform surface corrosion of Ti–Nb or
Figure 2. Typical optical micrographs for the solution-treated Ti–22Nb

and Ti–22Nb–6Zr alloy samples.
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Ti–Nb–Zr alloys provides a passive film that is mainly formed by

TiO2, Nb2O5, or ZrO2 [14, 15, 32]. Compared to the film

spontaneously formed in air, the polarization leads to a complete

transformation from TiO or Ti2O3 to TiO2 (more stable) over 1.2 V

(vs. SCE), which is helpful for improvement of corrosion

resistance [33]. The higher OCP values for the polarized samples

should be attributed to the potentiodynamic polarization.

3.3 Potentiodynamic polarization studies

Figure 4 shows the potentiodynamic polarization plots for the Ti–

22Nb and Ti–22Nb–6Zr alloy samples after 1 h immersion in

0.9% NaCl solution. The corrosion potentials (Ecorr) were �0.307

and �0.442 V (vs. SCE) estimated from these curves for the Ti–

22Nb and Ti–22Nb–6Zr alloy samples, respectively. The corrosion

current densities (Icorr) were obtained from the polarization

curves by Tafel analysis using both anodic and cathodic branches

of the polarization curves, as shown in Fig. 4. The corrosion

current density for the Ti–22Nb alloy sample is �0.633 mA/cm2.

However, the Ti–22Nb–6Zr alloy sample is only about 0.026 mA/

cm2, which is much lower than that of Ti–22Nb alloy sample. It is

clear that the corrosion current density for the Ti–22Nb–6Zr alloy
Figure 4. Potentiodynamic polarization curves for the Ti–22Nb and Ti–

22Nb–6Zr alloy samples in 0.9% NaCl solution

www.matcorr.com
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Figure 5. Electrochemical impedance spectra of the Ti–22Nb and Ti–

22Nb–6Zr alloy samples after 1 h immersion in 0.9% NaCl. (a) Nyquist

plots and (b) Bode plots. (Line: fitted data; symbol: experimental data.)
sample becomes lower because of the addition of Zr element.

Such results agree well with the experimental results obtained by

Martins et al. [23]. Therefore, the addition of Zr reinforces the

corrosion-resistant tendency for the Ti–22Nb alloy.

From Fig. 4, it can be seen that the two samples exhibit a self-

passivated characterization, translating directly into the passive

region from the Tafel region. These oxide films become stable at

0.20 and 0.17 V (vs. SCE) for the Ti–22Nb and Ti–22Nb–6Zr alloy

samples, respectively. No breakdown potential is observed in the

range of potential test (until to �1.5 V vs. SCE), which indicates

that these passive films formed on the surface of these titanium

alloys are very integral and protective, thus preventing corrosion

[34, 35]. Different passive current densities (Ipp) are associated to

such corrosion potential for each alloy. Higher Ipp is exhibited by

the Ti–22Nb alloy sample, which is about 8.0 mA/cm2. The Ipp
value for the Ti–22Nb–6Zr alloy sample is about 5.0 mA/cm2. The

association of values of Icorr and Ipp permits to conclude that the

Ti–22Nb–6Zr alloy has a nobler electrochemical behavior when

compared to the Ti–22Nb binary alloy.

3.4 Electrochemical impedance spectrum (EIS) analysis

To make clear the effect of Zr addition and polarization on the

electrochemical behavior, EIS was performed for the alloys in

0.9% NaCl solution. Figure 5 shows the experimental and the

simulated EIS results for the two alloy samples immersed in 0.9%

NaCl solution for 1 h. The Nyquist plots and Bode plots are

characterized by similar behavior in nature for these two samples.

In Fig. 5(a), it is obvious that all the Nyquist plots in the

impedance spectra are characterized by a large depressed

semicircle and the diameter of the semicircle becomes larger

with the addition of Zr, which indicates a nobler electrochemical

behavior [36] for the Ti–22Nb–6Zr alloy. From the Bode-

magnitude plots shown in Fig. 5(b), it can be seen that there

are two distinct regions for these two samples immersed 1 h in

0.9% NaCl solution. In the high frequency (1–100 kHz), a flat

portion of curves (slope� 0) is observed due to the response of

electrolyte. In the low- and middle-frequency ranges, the

impedance spectrum displays a linear slope of about �1, which

is the characteristic response of a capacitive behavior of passive

film [37–39]. There are three characteristic regions in the Bode-

phase plots in Fig. 5(b). In the high-frequency range, the phase

angle drops to 08with the response of electrolyte resistance; in the

middle frequency, the phase angle remains near to �758
indicating a typical passive film presented on the surface and a

near capacitive response for passive film; and in the low

frequency, the phase angle decreases to lower value because of the

contribution of the passive film resistance [37–39]. It should be

noted that the frequency range over the phase angle of close to

�758 and themaximum phase angle increase with the addition of

Zr, which indicates the reinforcement of ‘‘ideal’’ capacitive

behavior of the passive film. Higher impedance and phase angle

are conducive to a nobler electrochemical behavior [40, 41]. The

addition of Zr element is helpful to increase the resistance of the

passive film for the Ti–22Nb alloy sample in 0.9% NaCl solution.

Figure 6 shows the experimental and simulated EIS results for

the two alloy samples which have been polarized in 0.9% NaCl

solution. Comparedwith the impedance spectra of the two samples
www.matcorr.com
without polarization (after 1 h immersion), distinct spectra are

observed. In the case of the polarization, the Nyquist plots, as seen

in Fig. 6(a), show two relaxation time constants. This is also

indicated by the two peaks in the Bode-phase plots, as represented

in Fig. 6(b). These behaviors evince the formation of a duplex film

for each of the two alloy samples after polarization in 0.9% NaCl

solution. After polarization, significant displacements on the

modulus of impedance for these two alloy samples have been

clearly observed. It seems that after polarization, the passive oxide

film is better protective than that after 1 h immersion.

According to the EIS results obtained for the two alloy

samples after 1 h immersion, the Rs(QpRp) model with only one

time constant as shown in Fig. 7(a), was used as the equivalent

circuit model to fit the EIS data in the case of single passive film

present on the metal surface, as shown in Fig. 5. Rs is the

electrolyte resistance. Rp is the resistance of passive film.Qp is the

constant phase element. The proposed equivalent circuit model

shown in Fig. 7(a) is widely used for the fit of a single film on the

surface of titanium alloys [37–39, 42–45]. For these two polarized

samples, the Rs(Qo(Ro(QbRb))) model, shown in Fig. 7(b), was

used to fit the EIS data, as shown in Fig. 6. The physical

significance of the circuit elements for this model has been

reported in the literature [23, 28, 46–49]. The duplex film is

composed of a dense inner barrier layer (bL) and a porous outer

layer (oL). Rs corresponds to the electrolyte resistance. Ro and Rb
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Electrochemical impedance spectra of the Ti–22Nb and Ti–

22Nb–6Zr alloy samples after polarization in 0.9% NaCl. (a) Nyquist

plots and (b) Bode plots. (Line: fitted data; symbol: experimental data.)

Figure 7. Models used to fit the EIS data: (a) Rs(QpRp) model and (b)

Rs(Qo(Ro(QbRb))) model

Table 1. Values of fitting parameters obtained using the Rs(QpRp)

model to fit the experimental EIS data for the Ti–22Nb and Ti–

22Nb–6Zr alloy samples after 1 h immersion

Alloys Rs

(V/cm2)
Qp

(mF/cm2)
n RpT 105

(V/cm2)
x2

Ti–22Nb 126.9 30.8 0.82 4.4 1.7T 10S4

Ti–22Nb–6Zr 113.5 14.0 0.86 9.3 2.9T 10S4
are the resistances of outer and inner layers. Qo and Qb are

defined as capacitances of outer and inner layers.

All the parameters fitted by the two models are listed in

Tables 1 and 2 for the two alloy samples after 1 h immersion

before and after polarization in 0.9% NaCl solution, respectively.

The good agreement between the experimental data and fitted

data is obtained with the x2 of about 10�4. As shown in Table 1,

comparison between the capacitance (Qp) and the resistance (Rp)
able 2. Values of fitting parameters obtained using the Rs(Qo(Ro(QbRb))) model to fit the experimental EIS data for the Ti–22Nb and Ti–22Nb–6Zr

lloy samples after polarization in 0.9% NaCl solution

lloys Rs (V/cm2) Qo (mF/cm
2) no RoT 105 (V/cm2) Qb (mF/cm

2) nb RbT 106 (V/cm2) x2

i–22Nb 115.5 9.2 0.85 1.8 17 0.90 24 4.7T 10S4

i–22Nb–6Zr 185 4.0 0.92 20.1 3.7 1 192 4.3T 10S4
T

a

A

T

T
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of the passive films for the Ti–22Nb and Ti–22Nb–6Zr alloy

samples after 1 h immersion, permit to observe that the latter has

a lower capacitance (�14.0 mF/cm2) and higher resistance

(�9.3� 105 V/cm2) than those of the former. This indicates that

the Ti–22Nb–6Zr alloy has a nobler electrochemical corrosion

behavior when compared to the Ti–22Nb alloy. The same

conclusion can be drawn for the two alloys after polarization in

0.9% NaCl solution, as shown in Table 2. The polarized Ti–22Nb–

6Zr alloy sample shows the higher Ro and Rb and lowerQo andQb

and has a nobler electrochemical corrosion behavior compared to

the polarized Ti–22Nb alloy sample. In addition, the inner film of

the two polarized alloy samples exhibits a much larger resistance

compared to the outer film. These results suggest that the

corrosion protection is dominated by the inner layer. On the other

hand, the porous outer layer is helpful for the osseointegration

between implant and human bone [23]. Comparing the EIS

results of the samples before and after polarization, the Ro and Rb

for the samples after polarization increase much higher

compared with those of the two samples before polarization.

These impedance parameters permit to conclude that both inner

and outer layers can provide a better corrosion protection when

compared to the samples with a single film. So, the polarization

improves the corrosion resistance for titanium alloys. As reported

by Yu et al. [31], the thickness of the oxide film increases with

applied potential. Martins et al. have reported the increase in the

thickness of the oxide films and/or the oxide density of the inner

barrier layer [23]. The same results have recently reported that the

corrosion rates decreased due to a thicker oxide film formation by

potentiodynamic polarization in the Ti–Nb binary alloy [28].

Generally speaking, the corrosion resistance of Ti alloy systems

can be largely improved by the addition of Zr and the polarization.

3.5 Relationship of the microstructures with the

electrochemical corrosion behavior

Experimental results of EIS and polarization measurements

associated to an equivalent circuit analysis have shown that the

alloying element can be used to alternate the resulting

microstructure which affects the electrochemical behavior of

titanium alloy. In the present investigation, the results of

corrosion tests have indicated that the Ti–22Nb–6Zr alloy sample
www.matcorr.com
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has a nobler electrochemical behavior compared to that of the Ti–

22Nb alloy sample. The Ti–22Nb alloy results in a microstructure

formed by an acicular martensitic a’’ phase in a b matrix, while

the Ti–22Nb–6Zr alloy results in a microstructure consisting only

b phase, as shown in Fig. 2. As mentioned previously, the b

matrix is enriched in the b-stabilizing elements and exhibits a

nobler characteristic. However, the a’’ martensite is enriched in

a-stabilizing elements and is a less noble acicular phase. The

micro cell galvanic corrosion may be induced to decrease

the corrosion resistance of the Ti–22Nb alloy. On the other hand,

the Ti–22Nb–6Zr alloy has a microstructure formed by a

homogeneous b phase without the occurrence of the aforemen-

tioned deleterious effects. In addition, the Ti, Nb, and Zr

elements are solution-treated in the Ti–22Nb–6Zr alloy and the

alloying elements are evenly distributed, which is helpful in the

formation of the passive film with homogeneous chemical

composition and can provide a superior corrosion resistance

compared to the uneven distribution of the alloying elements in

the Ti–Nb alloy [50].

4 Conclusions

On the basis of the above discussion, themain conclusions can be

summarized as such:

The Ti–22Nb alloy sample is composed of bþa’’ phases at

room temperature. However, the Ti–22Nb–6Zr alloy sample is

composed of single b phase at room temperature. It means that

the addition of Zr stabilizes the b phase and suppresses the

precipitation of a’’ phase.

The EIS results of the immersed and polarized samples can

be well fitted using the models of Rs(QpRp) and Rs(Qo(Ro(QbRb))),

respectively. This indicates different structures of passive films

formed on the surfaces of the immersed and polarized alloy

samples.

The association of values of Ipp, Icorr, and impedance

parameters indicates that the electrochemical corrosion behavior

of the Ti–22Nb alloy has been improved by the addition of Zr for it

could induce the microstructure changes for Ti–22Nb alloy and

results in an even distribution of alloying elements.

The potentiodynamic polarization can significantly improve

the electrochemical corrosion behavior of the titanium alloys

compared to the immersion samples.
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