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Abstract- The purpose of current study is to discuss the role of immersion time and 

passivation potential on the passive behavior and semiconducting properties of passive oxide 

films forming on Ti–6Al–4V titanium alloy in Ringer’s physiological solution at 37 °C. 

Polarization and impedance spectroscopy revealed that at longer immersion times and higher 

passivation potentials, Ti–6Al–4V shows a better passive response. Mott–Schottky (M–S) 

analysis revealed that the passive oxide films behaved as n-type semiconductor and 

immersion time and anodic passive potential did not affect the conductivity type of the 

passive oxide films. Moreover, M–S results indicated that fewer defects exist in the passive 

film at longer immersion times and higher anodic passive potential. The obtained results 

show that corrosion resistance of Ti–6Al–4V titanium alloy improves over the time and at 

higher passivation potentials due to the formation of passive films that are thicker yet less 

defective. 

Keywords- Ti–6Al–4V titanium alloy, Ringer solution, Mott–Schottky (M–S) analysis, 

Scanning electron microscope (SEM) 

 

1. INTRODUCTION  

Titanium (Ti) and its alloys have found numerous engineering and biomedical 

applications by offering desirable mechanical strength, acceptable biocompatibility, and high 
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corrosion resistance. Addition of alloying elements has created a diverse range of alloy 

microstructures, namely α, β, near-α, and α–β alloys. Modulus of elasticity in Ti and its alloys 

is about half of Co–Mo alloys and stainless steels [1]. Ti and its alloys are able to tolerate 

salinity of oxygenated simulated body fluids (SBFs) at 37 °C and neutral pH (~7.4) [2].  

These properties have attracted much attention to try different alloying elements and develop 

novel alloys such as metastable β alloys [2-5]. In terms of biocompatibility, Ti alloys have 

demonstrated preferable properties over stainless steel and Co alloys [6,7]. As defined by in 

vitro mutation assays, mutagenicity is not remarkable in Ti-based alloys, which makes them 

benign for human beings and animals [2,7]. 

Ti–6Al–4V has a wide range of applications including parts for orthodontic surgery and 

dental implants; replacement parts for the spine, shoulder, and wrist joints; bone fixation 

devices such as screws, nuts and nails; surgical instruments and components utilized in high-

speed blood centrifuges [8–10]. An exact review of available literature shows that there is no 

systematic research on the role of immersion time and passivation potential on Ti–6Al–4V 

passive and semiconducting behaviors.  

The current study aims at analyzing the role of immersion time and passivation potential 

on the passive and semiconductive response of Ti–6Al–4V in Ringer’s solution. To this end, 

potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS) tests 

were carried out on Ti–6Al–4V samples. Besides, Mott-Schottky (M-S) analysis was 

perfumed to see how the defects density of passive layers evolves over the time in Ringer’s 

solution. For this purpose, the density of defects was measured as a function of anodic 

passive potential [11–14].  

 

2. EXPERIMENTAL PROCEDURES 

Before all electrochemical tests, Ti–6Al–4V specimens were ground to 2000 grit and 

cleaned with distilled water. The exact details of three-electrode flat cell and electrochemical 

(PDP, EIS and M–S) measurements are mentioned elsewhere [14]. To evaluate the role of 

immersion time and passive potential on the passive and electrochemical response of Ti–6Al–

4V titanium alloy in Ringer’s solution at 37 °C, the electrochemical tests were performed in 

the following sequence: 

(a) Effect of immersion time: immersion of working electrode at open-circuit potential 

condition for 1, 3, 12, 24 and 48 h in Ringer’s solution before the execution of EIS and M–S 

measurements. (b) Effect of passive potential: we chose four potentials (0.1, 0.3, 0.5 and 0.7 

VAg/AgCl) within the passive region to conduct the potentiostatic growth of oxide film. A time 

duration of 900 s was considered for stabilization and establishment of the steady-state 

condition. All EIS and M–S tests were repeated at least three times to ensure the 

reproducibility of data. In addition, NOVA impedance software V.2.0.1 was used for fitting 

purposes and electrical modeling of the electrochemical system under investigation. Finally, 
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SEM images were obtained by a JEOL JSM-840A SEM to check whether specimen surfaces 

underwent pitting after 48 h of immersion.  

 

3. RESULTS AND DISCUSSIONS 

3.1. SEM observations 

Fig. 1 shows the SEM micrographs of Ti–6Al–4V sample that was not exposed to any 

solution, and the sample surface which was subjected to 48 h of immersion in Ringer 

solution. Obviously, there is no specific visual sign of pitting or build-up of corrosion 

products on the surface of Ti–6Al–4V sample. 

 

 

 

 

 

 

 

 

 

Fig. 1. SEM micrographs of Ti–6Al–4V titanium alloy (a) before and (b) after 48 h of 

immersion in Ringer solution 

 

 

 

Fig. 2. Open-circuit potential curve of Ti–6Al–4V titanium alloy in the test solution 

 

3.2. Open-circuit potential and Polarization Measurement 

Open-circuit potential vs. time plot of Ti–6Al–4V sample in the test solution is depicted 

in Fig. 2. This curve is divided into three distinguishable regions. At the initial stage of 
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immersion (immersion time<3 h), the open-circuit potential varies rapidly towards more 

positive potentials. This drastic increase for open-circuit potential value is related to the 

formation and growth of oxide layers (passive layers).  

These protective passive layers are electrochemically stable at quasi-stationary values of 

the open-circuit potential, as expected from titanium–water Pourbaix diagram (Fig. 3) [15], 

and can act as barrier layers to hinder metal ion release. At the second stage of immersion (3 

h<immersion time<24 h), the open-circuit potential shifted slowly towards a quasi-stationary 

value. At this region, a slow increase in the open-circuit potential is related to the gradual 

thickening of passive layers. Finally, at third stage of immersion (immersion time≥24 h), the 

steady-state condition seems to be established.  

 

 

Fig. 3. Pourbaix diagram for titanium at 25 °C [15] 

 

PDP curve of Ti–6Al–4V sample in the test solution is shown in Fig. 4(a). Obviously, Ti–

6Al–4V undergoes spontaneous passivation in Ringer’s solution. Similar PDP curves were 

observed for this alloy in simulated body fluids (SBFs) [16]. Fig. 4(b) shows the 

potentiostatic polarization plots for Ti–6Al–4V sample at certain anodic passive potentials. It 

is observed that the current density drops sharply in the beginning of considered time 

duration. Fig. 4(c) depicts the rates of the steady-state passive current density ( ssi ) versus the 

anodic passive potential. The mean steady-state current density is 0.962×10
-6

 A cm
-2

. 
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Fig. 4. (a) PDP; (b) potentiostatic polarization and (c) steady-state passive current density 

plots of Ti–6Al–4V titanium alloy in the test solution 

 

3.4. EIS Measurements 

Figs. 5 and 6 show the role of immersion time and anodic passive potential on the EIS 

plots of Ti–6Al–4V samples in the test solution, respectively. For all time durations and 

passive potentials, just one capacitive loop can be observed (Fig. 5(a) and Fig. 6(a)).  



Anal. Bioanal. Electrochem., Vol. 10, No. 4, 2018, 414-428                                                 419 

 

 

Fig. 5. Role of immersion time on the (a) Nyquist and (b) Bode plots 

 

 

  

 

 

 

 

 

 

 

 

Fig. 6. Role of anodic passive potential on the (a) Nyquist and (b) Bode plots 

 

Clearly, all Nyquist plots show imperfect semicircles. Moreover, the Bode plots (Fig. 5(b) 

and Fig. 6(b)) depict a marked capacitive response (in the middle to low frequency range) and 

a resistive behavior (at high frequency range). Also, in the intermediate frequency region, the 
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Bode-phase plots depict the constant phase behavior. The values of phase angle (Fig. 5(b) and 

Fig. 6(b)) remained close to -90° and indicated the formation and growth of the passive layer 

[17].  All plots reveal the augmentation of phase angle in the intermediate frequency region 

as the immersion time and passive potential increased. This evolution indicates the formation 

and growth of passive layers [18,19]. Also, impedance increases in the low frequency region 

over the time and at higher passive potential. 

 

 

Fig. 7. Role of immersion time on the K–K transformation of the EIS data: (a) 1, (b) 3, (c) 12, 

(d) 24, and (2) 48 h. 

 

Generally, Kramers–Kronig (K–K) transformations have been used extensively to 

examine the internal uniformity of real and imaginary components of complex variables 

[19,20]. Figs. 7 and 8 represent several comparisons between the EIS experimental data and 

those obtained from K–K transformations.  
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Fig. 8. Role of passive potential on the K–K transformation of the EIS data: (a) 0.1, (b) 0.3, 

(c) 0.5, and (d) 0.7 VAg/AgCl 

 

Since the latter accords well with the former, it is safe to say that the system acts in 

accordance with the prerequisites of linear system theory. For simulating the impedance 

spectra, the equivalent electrical circuit depicted in Fig. 9 was used. In this circuit, the 

elements of the circuit are defined as: Rs stands for the solution resistance, Rp shows the 

resistance of the oxide passive layer, and Qp accounts for constant phase element (CPE) 

relating to the capacitance of the passive layer [16]. The impedance and the capacitance of 

the CPE can be obtained by the following equation [21]: 

                                                                                                                  (1) 

                                                                                                                       (2) 

The exact details of Eq. (1) and (2) are published elsewhere [21].  

 

 

Fig. 9. Equivalent electrical circuit used to model the experimental EIS data [16] 
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Figs. 10 and 11 show the effect of immersion time and passive potential on the resistance 

and capacitance of the passive layers of Ti–6Al–4V in Ringer’s solution, respectively. As can 

be seen, the resistance of the passive layer increases by immersion time and passive potential 

(Fig. 10(a) and Fig. 11(a)). Also, noting the Fig. 10(b) and Fig. 11(b), it can be seen that by 

increasing the immersion time and passive potential, the passive film capacitance decreases. 

Generally, a drop in the passive film capacitance indicates a lower dissolution and higher 

stability of passive film [18,19]. Eq. (3) can also be used to calculate the thickness of the 

passive layer (L) [14,22]: 

C

A
L 0
                                                                                                                                   (3) 

The exact details of Eq. (3) can be found elsewhere [14,22]. Eq. (3) depicts that there is 

an inverse relationship between the capacitance and thickness of the oxide passive film.  

 

 

 

Fig. 10. Role of immersion time on the (a) passive film resistance and (b) passive film 

capacitance of Ti–6Al–4V titanium alloy in the test solution 
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Fig. 11. Role of passive potential on the (a) passive film resistance and (b) passive film 

capacitance of Ti–6Al–4V titanium alloy in the test solution 

 

Fig. 12 shows the effect of immersion time and passive potential on the passive layer 

thickness of Ti–6Al–4V in the test solution. Obviously, as the immersion time and passive 

potential increase, the passive film thickness increases.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Passive film thickness of Ti–6Al–4V titanium alloy in the test solution: role of (a) 

immersion time, and (b) passive potential 
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The calculated passive layer thickness is in the range of 1.0-3.5 nm, which is agreement 

with those reported in the literature for pure Ti in Ringer’s physiological solution [14]. As a 

result, the passive behavior of Ti–6Al–4V does not deteriorate over the time and higher 

passivation potentials are favorable to the formation of thicker and more protective oxide 

passive films. Generally, a linear relationship was found to exist between the passive layer 

thickness and passivation potential for Ti immersed in Ringer’s solution [14]. 

The anodic passive potential and passive film thickness in the point defect model (PDM) 

have the following relationship expressed as Eq. (4) [14]: 








 EL

L

1
                                                                                                                         (4) 

Here, α is the polarizability of the passive layer/solution interface with 0<α<1, β 

determines the pH dependency and 
L  is the strength of electric field across the passive film. 

The electric field is thought to be independent of the anodic passive potential and passive 

layer thickness [14]. The slope for Ti–6Al–4V sample obtained from Fig. 12(b) was 1.6 

nm/V. Thus, the calculated electric field strength of Ti–6Al–4V sample is 0.312×10
6
 V/cm.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Role of (a) immersion time, and (b) passive potential on the M–S plots of Ti–6Al–

4V  

 

3.5. M–S Analysis 

The role of immersion time and passive potential on the passive films formed on Ti–6Al–

4V specimens was studied by M–S analysis (Fig. 13) and the following equation describes 

the relationship between space charge capacitance and applied potential [23-28]: 
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Here, e denotes the electron charge, k, and T show the Boltzmann constant, and absolute 

temperature, respectively. Clearly, it can be observed that as the immersion time and anodic 

passive potential increase, the capacitance of Ti–6Al–4V samples decreases. In all plots of 

Fig. 13, there are two linear regions; the potential ranges of –0.7 to 0.0 VAg/AgCl (first region) 

shows the n-type semiconducting behavior, and the second region with a potential range of 

0.0 to 0.5 VAg/AgCl indicates the dielectric behavior.  

Similar M–S plots were observed for this alloy in similar solution [16]. The following 

equation can also be used to estimate the donor density (ND) values [14]: 

 
1

2/12
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                                                                                                          (6) 

Fig. 14 depicts the effect of immersion time and anodic passive potential on the calculated 

donor densities of Ti–6Al–4V samples. As can be seen, the values of donor densities are in 

the order of 10
20

 cm
−3

, this is analogous to the previous reports in the pertinent literature 

[16,28,29]. It must be mentioned that the exact value of donor densities depends on the 

thickness of the passive film and the applied solution as an electrolyte [14]. 

 

Fig. 14. Calculated donor density of the passive films formed on Ti–6Al–4V in Ringer 

solution 
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Based on the PDM, the defect structure of the passive layer formed on this alloy can be 

described as a series of defect generation and annihilation reactions happening at the interface 

of alloy and the passive layer and at the interface of the passive layer and the solution [29]. 

The values gained through M–S analysis depicted that the calculated values of donor 

densities decrease by immersion time and passive potential (Fig. 14). Generally, 

electrochemical reactions depend greatly on electron transmission and a decrease in donor 

density limits such transfers. Accordingly, a marked inhibition of electrochemical reactions is 

expected when a discernible decrease in donor density exists. Moreover, a reduction in the 

dissolution rate of passive layer and fewer defects are also expected [30,31]. In other words, 

lower defects in the passive layer and less mass transport will lead to improved corrosion 

behavior under these conditions. Moreover, Fig. 14(b) shows that as the anodic passive 

potential increases, the donor density of Ti–6Al–4V samples reduces. Considering similar 

works in the literature have found that a decrease in donor density occurs with an increase in 

the anodic passive potential [32,33]. Here, it must be mentioned that the potential-

independent current (iss) and the potential-dependent ND together because donor density at the 

metal/passive layer interface has significant impact on the current density [14]. 

Noting the PDM, existence of non-stoichiometry defects within the passive films, 

commonly alters defect density. Fig. 13 reveals n-type behavior of Ti–6Al–4V samples in 

Ringer’s solution. Thus, it can be explained that oxygen vacancies and/or the cation 

interstitials (Ti
2+

, Ti
3+

, Al
3+

 and V
3+

) donate electrons and as a result negative conduction 

type in the passive layer is created [13,14]. In the formed passive layers, higher density of the 

oxygen vacancies and/or the Ti
2+

, Ti
3+

, Al
3+

 and V
3+

 interstitials is the major reason for the 

increased donor density values. Eq. (7) describes the relationship between donor density and 

anodic passive potential [12,14,34]:  

  21 exp   bEND                                                                                                            (7) 

Here, ,  and  are unknown constants specified according to the experimental 

records. Considering the PDM, contribution of oxygen vacancies and interstitials of cation 

(Ti
2+

, Ti
3+

, Al
3+

 and V
3+

) on the measured diffusivity values are inseparable. Thus, dependent 

diffusivity is presented according to the combined effects of two mentioned point defects 

[35]. The exponential relation between ND and E is given in Eq. (8) for Ti–6Al–4V sample in 

Ringer’s solution: 

   32020 103564.13343.4exp104761.5  cmEND                                                     (8) 

Also, the diffusion calculation is made by Eq. (9) [12, 34]: 
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Here, F is the Faraday constant (96500 C mol/e). Substitution of , 
L , and into Eq. 

(9) results D0=9.092×10
-16

 cm
2
/s for Ti–6Al–4V sample. Accordingly, the diffusion 

coefficient was found to be in the range of 10
-16

 cm
2
/s, similar to the results for Ti–6Al–4V 

[16] and pure Ti in Ringer’s physiological solution [14]. 

 

4. CONCLUSION 

The role of immersion time and anodic passive potential on the passive and semiconducting 

properties of passive films formed on Ti–6Al–4V titanium alloy specimens is investigated in 

this work. SEM images indicated that increase in the immersion time did not lead to 

significant pitting or build-up of corrosion products on Ti–6Al–4V titanium alloy specimens. 

PDP and EIS plots showed that the passive response of Ti–6Al–4V titanium alloy samples in 

the test solution improved over the time and at elevated passive potentials. Potentiostatic 

polarization results indicated that the steady-state current density for Ti–6Al–4V titanium 

alloy samples were independent of anodic passive potential, which is in good agreement with 

the PDM. M–S plots revealed that immersion time and passive potential did not change the 

conductivity type (i.e. n-type) of the passive layers. Also, these plots indicated that as the 

immersion time and passive potential increase, the donor density of the passive layer 

decreases. Finally, it can be concluded that passive and semiconducting properties of this 

alloy in Ringer’s solution improves over the time and at higher passive potentials, mainly due 

to the formation of thicker and less defective passive layer. 
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