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Abstract The passive film behavior of Ti–6Al–4V ELI

(Extra Low Interstitial) alloy after a chemical treatment

followed by a thermal treatment was morphologically and

electrochemically characterized. The surface morphologi-

cal studies were carried out using scanning electron

microscopy (SEM), electron dispersive X-ray analysis

(EDAX), and Fourier Transformed-Infra Red (FT-IR)

analysis to investigate the nucleation and growth of apatite

on the chemically and thermally treated Ti–6Al–4V ELI

alloy immersed for different durations in Hanks solution.

Polarization and impedance spectroscopic (EIS) measure-

ments were carried out in Hanks solution and the electrical

parameters were obtained for the passive film using a non-

linear least square fitting (NLLS) method.
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1 Introduction

Titanium and its alloys have been widely used in dental and

orthopedic prostheses, pacemakers, and heart valves [1].

The success of titanium-based materials in these applica-

tions is due to their excellent mechanical properties, good

corrosion resistance, and biocompatibility [2]. The high

corrosion resistance of titanium in various test solutions

such as Ringer [3], saline [4], saliva [5], and other physi-

ological media [6] is due to the formation of a protective

oxide layer on its surface. However, the interaction

between the metallic implant and the living tissue does not

involve a chemical bond with bone. The lack of ability to

bond chemically may lead to slow fixation of titanium

alloys and to their gradual loosening over a long period.

Since last decade, different surface modifications have

been employed to provide these implants with bone-

bonding ability. These surface modifications mainly con-

sists of physical coating processes on the metals involving

ceramic materials, such as Bioglass� [7], Cerabone�, and

A/W glass–ceramic [8]etc. Titanium implants, which must

work as load-bearing parts, are commonly coated with a

plasma-sprayed hydroxyapatite layer so as to make the

surface bioactive [9]. However, the plasma-spray technique

does not permit accurate control of the chemical compo-

sition, crystallographic structure, and crystallinity of the

coating. As a result, the hydroxyapatite layer is mechani-

cally and chemically unstable [10].

Recently, the method of inducing bioactivity for direct

bone bonding with the implant by means of chemical

surface modification on the biomaterial have been widely

studied. Ohtsuki et al. [11] reported the bioactivity of

H2O2-treated titanium and Li et al. [12] reported the TiO2

synthesized by sol–gel method. Wen et al. [13] reported on

the bioactivity of Ti alloy a by two-step chemical treatment

by a combination of acid (HCl ? H2SO4) followed by

alkali. Kokubo and Kim [14] introduced alkali and heat

treatments as a method of surface modification for titanium

alloys to improve bioactivity. The alkali method treatment

introduced by Kokubo has since then gathered interest. The

morphological characterizations of alkali-treated titanium
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are well documented [15–23], whereas, only a few reports

are available on the electrochemical characterization.

Tamilselvi et al. [24] reported the corrosion behavior of

untreated titanium alloys in SBF solution. However,

attempts on the corrosion behavior of alkali and alkali heat-

treated titanium alloys are yet to be reported. Hence, in the

present study, the aim was to electrochemically assess the

corrosion behavior of treated Ti–6Al–4V ELI alloy in

Hanks solution using polarization and electrochemical

impedance spectroscopy. Further, the surface character-

ization of alkali-treated (AT) and alkali heat-treated (AHT)

Ti–6Al–4V ELI alloy immersed in Hanks solution was

carried out using SEM-EDAX and FTIR analysis.

2 Methods and materials

2.1 Specimen preparation

The alloy Ti–6Al–4V ELI was used as the specimen

(1 cm2) and they were polished on one side using silicon

carbide waterproof papers from 220, 400, 600, 800, 1000,

1200, 2000, and 2500 grit. Final polishing was done using

1 lm diamond paste in order to produce a scratch-free and

mirror-finish surface. The polished specimens were washed

with detergent solution, degreased with acetone and thor-

oughly washed with distilled water. This was followed by

ultrasonic cleaning in acetone for 10 min and finally, the

specimen was rinsed in distilled water and dried.

2.2 Surface treatment

Chemical treatment was performed by soaking the speci-

mens in 5 mL of 10 M NaOH aqueous solution at 60 �C

for 24 h, and then they were gently washed with distilled

water and dried at 40 �C for 24 h in an air atmosphere. The

subsequent thermal treatment was done by placing Ti–6Al–

4V ELI alloy specimen in an aluminum boat heated at

600 �C for 1 h in an electric furnace and allowed to cool

till room temperature before removing the specimen from

the furnace.

2.3 Hanks solution

The Hanks solution was prepared by dissolving the reagents

of composition (g/L) 8.00 NaCl, 0.35 NaHCO3, 0.40 KCl,

0.06 KH2PO4, 0.48 Na2HPO4�2H2O, 0.10 MgCl2�6H2O,

0.18 CaCl2, 0.10 MgSO4�7H2O, and 1.00 glucose into dis-

tilled water and the pH was adjusted to 7.4 with

tris(hydroxymethyl) amminomethane ((CH2OH)3 (NH3)

and hydrochloric acid at 36.5 �C. Each specimen was soaked

in 25 mL of Hanks solution for different durations (0, 3, 5, 7,

10, 14, and 15 days). Then, the specimens were removed

from Hanks solution, washed with distilled water and dried at

room temperature.

2.4 Morphological characterization

The surface morphology of the specimens was analyzed

using scanning electron microscope (SEM) after immersion

in Hanks solution. SEM images were taken for untreated,

alkali, and alkali heat-treated samples, using the instru-

ment; JSM-840A, JOEL-Japan, Link ISIS, Oxford instru-

ment UK, in combination with an energy dispersive X-ray

analysis (EDAX). The specimens were carefully scratched

and the resulting powder was mixed with KBr and pressed

to form a pellet. This pellet was analyzed using FT-IR

model Perkin-Elmer, USA ranging from 400–4,000 cm-1

to determine the functional groups.

2.5 Electrochemical characterization

The cell used for electrochemical studies consisted of a

platinum electrode as the counter electrode, saturated cal-

omel electrode as the reference electrode, and Ti–6Al–4V

ELI alloy as working electrode with a surface area of

1 cm2. Potentiodynamic polarization studies were carried

out for alkali-treated (AT) and alkali heat-treated (AHT)

Ti–6Al–4V ELI alloy immersed in Hanks solution. All the

potential measurements were carried out at a scan rate of

1 mV/s between -1 and ?2 V in an aerated medium.

Potentiostat (model PGSTAT 12 with FRA, Autolab, The

Netherlands B.V.) controlled by a personnel computer with

dedicated software viz., General Purpose Electrochemical

System (GPES version 6.0) was used for conducting the

polarization experiments. In order to obtain reliable results,

polarization experiments were triplicated in Hanks

solution.

EIS studies were carried out using an electrochemical

system frequency response analyzer (FRA), which inclu-

ded a potentiostat model PGSTAT 12. The impedance

spectra were acquired in the frequency range of 104–

10-2 Hz with a 10 mV amplitude sine wave generated by

FRA. The impedance spectra (Nyquist and Bode plots)

obtained for AT and AHT specimens in Hanks solution

were fitted using a non-linear least square (NLLS) method.

3 Results and discussion

3.1 SEM–EDAX analysis

Figure 1a shows the SEM and EDAX results of untreated

(UT) Ti–6Al–4V ELI alloy. The SEM micrographs

exhibited a smooth surface and the EDAX results revealed

well-defined peaks corresponding to Ti, Al, and V.

286 J Appl Electrochem (2010) 40:285–293

123



However, after the alkali treatment the surface morphology

changed. Figure 1b shows the SEM and EDAX results of

AT Ti–6Al–4V ELI alloy, which exhibited the formation of

a porous network structure on the surface of the substrate.

The EDAX results indicated the presence of Ti, Al, and V

in the alloy along with Na. Further, on heat treatment at

600 �C, the porous structure densified as seen in Fig. 1c.

EDAX results of AHT specimen revealed the presence of

Fig. 1 SEM–EDAX analysis of

Ti–6Al–4V ELI alloy a UT, b
AT, c AHT, and d AHT after

optimum period of immersion in

Hanks solution
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Ti, Al, and Na peaks. However, the intensity of the Ti and

Na peaks were found to be diminished.

Figure 1d shows the SEM and EDAX results of the

AHT specimen immersed in Hanks solution. Similar SEM

and EDAX results were obtained for all the treated speci-

mens after immersion in Hanks solution for optimum

duration. The optimum immersion periods for all the

treated samples were determined by analyzing the sample

at regular intervals using SEM. However, only the results

of AHT specimen immersed in Hanks solution for optimum

duration is provided in this article in order to reduce the

redundancy of the information. The SEM micrograph

exhibited large globular particles on the AHT specimen

and the EDAX results showed prominent Ca and P peaks.

Further, it was also observed that the globular particles

were formed over UT, AT, and AHT specimens only after an

optimum period of immersion in Hanks solution and this

optimum period varied for each treatment method. Hence, it

could be understood that a layer of apatite is formed over the

surface only after a prolonged interaction of the Hanks solu-

tion with the porous network formed by alkali treatment [25].

In order to confirm the newly formed apatite layer over the

untreated and treated surface, FT-IR analysis was carried out

and results were given in Fig. 2. The main absorption bands

at 1,470 and 1,640 cm-1 were assigned to C–O of the CO3

group. The absorption bands at 1,074 and 587 cm-1 were

assigned to P–O of the PO4 group. The P–OH stretching of

the HPO4 group was observed at 873 cm-1. The broad bands

at 3,448 cm-1 due to adsorbed H2O in the material and two

broad bands at 2,369 and 2,345 cm-1 for soluble CO2 were

also observed. Similar results were reported for the FT-IR

analysis of apatite [26–28]. From the above observations, it

could be confirmed that a layer of apatite forms after

immersion in Hanks solution [29].

3.2 Electrochemical corrosion studies

The surface treatments have profound effect on the elec-

trochemical behavior during the immersion in Hanks

solution. In order to understand the electrochemical chan-

ges during the immersion in Hanks solution, the AT and

AHT Ti–6Al–4V ELI specimens were subjected to polar-

ization and electrochemical impedance spectroscopic (EIS)

studies.

3.2.1 Potentiodynamic polarization studies

The potentiodynamic polarization studies were carried out

for the AT and AHT specimens, immediately and after

optimum period of immersion in Hanks solution and the

results are shown in Fig. 3a, b.

Figure 3a shows the polarization curves of AT specimen

for immediate and optimum day (10th) of immersion in

Hanks solution. A higher current density was observed

immediately after immersion, this behavior can be attrib-

uted to the porous nature of the surface, which facilitates

dissolution of metals into the electrolyte [30]. However,

after the 10th day of immersion, the current density was

found to be lowered. This can be attributed to the formation

of a protective layer over the porous layer or block in the

pores of the layer present during immersion in SBF.

Figure 3b shows the polarization curves of AHT speci-

men for immediate and optimum day (7th) of immersion in

Fig. 2 FT-IR analysis of AHT Ti–6Al–4V ELI alloy immersed in

Hanks solution for optimum days

Fig. 3 Potentiodynamic polarization studies of Ti–6Al–4V ELI alloy

in Hanks solution a AT and b AHT
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Hanks solution. In both the curves, the shift in current

density due to oxygen evolution was not observed. This can

be attributed to the densified porous film due to heat

treatment. In addition, on the 7th day of immersion, a lower

current density can be associated with a lower activity at

metal–solution interface due to the formation of a compact

passive film [31, 32].

3.2.2 EIS studies of alkali treated Ti–6Al–4V ELI alloy

The Nyquist plot (Fig. 4a) for different immersion periods

in Hanks solution showed similar behavior. At low fre-

quency region, very unique low magnitude phase angle

behavior due to a new time constant was observed with

increase in immersion period. The introduction of this new

time constant at low frequency can be associated with the

decrease in magnitude of the semi-infinite behavior, due to

the interaction between electrode and electrolyte interface.

The Bode phase angle plots of AT Ti–6Al–4V ELI alloy

immersed in Hanks solution for different durations are

presented in Fig. 4b. Immediately after immersion, a single

distinct capacitive behavior was observed. This was

confirmed by a constant phase angle value of -708 at the

intermediate and low frequency regions. As the immersion

period increased, a shift in phase angle was observed at the

high frequency region, the shift was apparently distinct on

the 10th and 11th day of immersion. Further, the phase

angle observed at the intermediate and low frequency

regions was found to be at -608.
Figure 4c shows the Bode impedance plots of AT alloy

immersed in Hanks solution for different durations. It was

observed that the solution resistance gradually increased

with increase in immersion time. This observation indi-

cated the decrease in free ions due to the adsorption of

solution ions over the surface of the electrode, which in

turn reflected on the conductivity of the solution.

The fitted Bode plot for AT alloy immersed in Hanks

solution is shown in Figs. 5 and 6 show the equivalent

circuit corresponding to the time of immersion. A single

passive layer was denoted by Rs (RgQg) for the passive film

immediately after immersion whereas, a bilayer circuit

viz., Rs (RgQg) (RbQb) for the 3rd day and Rs (RaQa) (RbQb)

for 5th to 11th day of Ti–6Al–4V ELI alloy was pro-

posed. The corresponding electrochemical impedance data
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obtained by fitting models for different duration are pre-

sented in Table 1. These models were in good agreement

with the impedance data obtained and the mechanism of

apatite formation reported in literature [25, 33]. The high

resistance observed immediately after immersion can be

attributed to the presence of the gel layer formed after the

alkali treatment. Further, the ng values close to 1 evinced

the ideal capacitance behavior of the gel layer. The

continuous dissolution of gel layer and formation of barrier

layer at the electrode/gel layer interface on the 3rd day of

immersion can be understood from a lower Qg, ng, and Rg

values. The formation of the barrier layer can be associated

with the penetration of solution ions through the gel layer

on to the surface of the metal.

Reports identify the formation of a compact oxide layer

over the metal surface with exposure to solution ions [34].

The high Rb value indicated the high resistance of compact

barrier layer. With further increase in the immersion per-

iod, the Rb value was found to be constant. The prolonged

interaction of solution ions namely Ca2? and PO4
3- ions in

the solution can be a cause for metamorphism in the gel

layer to form a new CaP layer [32]. The low value of Qa/Ra

and na can be associated with the high porosity of Ca/P

layer [35, 36].

3.2.3 EIS studies of alkali heat-treated Ti–6Al–4V ELI

alloy

The Nyquist and Bode plots of AHT alloy at various

durations (0th, 4th, 6th, and 7th day) in Hanks solution are

shown in Fig. 7a, b. With immediate immersion, two dis-

tinct time constants were observed; the first one at higher

frequency in the form of an incomplete semicircle and a

second in the form of semi-infinite straight line. On the 4th

day of immersion, only the semi-infinite line with a slight

deviation in the angle of inclination was observed. On the

7th and 8th day of immersion, the plots were similar and

exhibited three distinct time constants at higher frequency,

at intermediate frequency and at lower frequency regions.

The phase angle plots of AHT Ti–6Al–4V ELI alloy

immersed in Hanks solution for various durations are

shown in Fig. 7c. The phase angle plots on the immediate

immersion exhibited two distinct behaviors and it attained

a maximum value of –708. The phase angle at the lowest

frequency was –508. With increase in the time of immer-

sion, there was a significant phase shift. For instance, on

the 4th day of immersion, the phase angle maximum at low

frequency was observed at -408.
On the 7th and 8th day of immersion, three distinct

phase angle behaviors were observed at higher, interme-

diate, and at lower frequency regions. The presence of a

semicircle at intermediate region evinced the presence of a

sandwich layer between the barrier layer and the outer

layer. In addition, an inclined 458 line at low frequency

region can be associated with a diffusion process.

Figure 7d shows the Bode impedance plot of various

period of immersion in Hanks solution. As the immersion

period increased, the resistance of the surface layer

decreased, which can be attributed to the diffusion of

solution ions into the metal surface. The fitted Bode plots

for AHT Ti–6Al–4V ELI alloy are shown in Fig. 8 and the
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Fig. 5 Fitted Bode plot of AT Ti–6Al–4V ELI alloy immersed in

Hanks solution

Fig. 6 Equivalent circuit diagrams for AT Ti–6Al–4V ELI alloy in

Hanks solution a Immediate b 3 days and c 5–11 days
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corresponding equivalent circuit model Rs (Qa) (RgQg) for

immediate and 2nd day and Rs (Wa) (RaQa) (RbQb) for 4th

to 8th day are shown in Fig. 9 and its electrochemical

impedance data are given in Table 2. Immediately after

immersion, the interaction of the solution ions leading to

the formation of a layer is indicated as Qa. The suffix ‘a’

represents the interaction of CaP over the densified gel

layer. However, in the present context ‘a’ essentially does

Table 1 Electrochemical impedance parameters of AT Ti–6Al–4V ELI alloy obtained by fitting Rs (QgRg), Rs (QgRg) (QbRb), and Rs (QaRa)

(QbRb) model for different duration of immersion in Hanks solution

Rs (RgQg)

Duration (Day) Rs 9 ohm cm2 Qg 9 lF cm-2 ng Rg 9 K ohm cm2

Immediate 42.72 2.55 0.81 3939.6

Rs (RgQg) (RbQb)

Duration (Days) Rs 9 ohm cm2 Qg 9 lF cm-2 ng Rg 9 ohm cm2 Qb 9 lF cm-2 nb Rb 9 K ohm cm2

3 21.85 0.078 0.71 1.82 2.42 0.79 392.1

Rs (RaQa) (RbQb)

Duration (Days) Rs 9 ohm cm2 Qa 9 lF cm-2 na Ra 9 K ohm cm2 Qb 9 lF cm-2 nb Rb 9 K ohm cm2

5 5.54 0.059 0.69 0.08 2.16 0.77 371.8

7 2.45 0.005 0.63 0.16 2.42 0.76 323.6

10 2.01 0.001 0.55 0.18 2.66 0.76 239.6

11 2.10 0.001 0.55 0.20 2.33 0.75 168.8
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Fig. 7 Impedance spectrum of AHT Ti–6Al–4V ELI alloy immersed in Hanks solution a and b Nyquist plots, c Bode phase angle, and d Bode

impedance plot
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not mean a fully grown apatite. The increase in Qa value

indicates a growing film. The decrease in the values of ng,

Qg, and Rg indicates a metamorphism in the gel structure.

After 4 days of immersion, the capacitive behavior of

the initially formed CaP layer transforms into a diffusive

process over a porous layer. Hence, the electrical element

Qa transforms into a Warburg resistor (Wa), the decrease in

the values of Wa with increase in immersion time can be

associated with the penetration of the aggressive solution

ions through the porous apatite layer and partially dis-

solved gel layer onto the surface of the metal and rendering

a diffusion of the metal ions. Warburg diffusion in Ti–6Al–

4V ELI has been attributed to V ions in earlier reports [37–

40]. The decrease in the values of Qg, ng, and Rg indicates

dissolution of the densified gel layer. The barrier layer of

Ti–6Al–4V ELI alloy shows a tendency of thinning, indi-

cated by the decrease in the values of Qb, nb, and Rb, the nb

attains a value of 0.5 which can be associated with a porous

barrier layer unlike the reports of a compact barrier layer in

Ti alloys. Since, it creates a vacancy in the oxide layer the

barrier layer is destabilized [37]. Hence, the V ions present

in the alloy are detrimental to the corrosion behavior of Ti–

6Al–4V ELI alloy.

4 Conclusions

The surface morphological and FT-IR spectroscopic results

for AT and AHT specimens showed a uniform and well-

defined porous network and the formation of densified gel

layer over the surface. After the optimum period of

immersion in Hanks solution, the data revealed a uniform

coverage of apatite desiphered by the presence of Ca and P

peaks in EDAX analysis. Potentiodynamic polarization

results showed that the potential shifted significantly in the
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Fig. 8 Fitted Bode plot of AHT Ti–6Al–4V ELI alloy immersed in

Hanks solution

Fig. 9 Equivalent circuit diagrams for AHT Ti–6Al–4V ELI alloy in

Hanks solution a Immediate–2 days and, b 4–8 days

Table 2 Electrochemical impedance parameters of AHT Ti–6Al–4V ELI alloy obtained by fitting Rs (Qa) (QgRg), Rs (Wa) (QgRg), and Rs (Wa)

(QgRg) (QbRb) model for different duration immersion in Hanks solution

Rs (Qa) (RgQg)

Duration (Days) Rs 9 ohm cm2 Qa 9 lF cm-2 na Qg 9 lF cm-2 ng Rg 9 K ohm cm2

Immediate 6.21 0.09 0.59 0.18 0.85 8.71

2 5.96 0.28 0.58 0.10 0.79 10.47

Rs (Wa) (RgQg) (RbQb

Duration (Days) Rs 9 ohm cm2 Wa 9 10-3 ohm cm2 Qg 9 lF cm-2 ng Rg 9 K ohm cm2 Qb 9 lF cm-2 nb Rb 9 K ohm cm2

4 3.24 6.00 0.003 0.59 1.35 0.01 0.65 11.62

6 3.21 6.48 0.004 0.71 0.38 0.02 0.52 14.44

7 3.10 0.10 0.009 0.72 0.10 0.02 0.51 1.40

8 3.01 0.10 0.003 0.69 0.13 0.01 0.55 1.22
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positive direction and the current density lowered due to

the formation of an insulating layer over the surface. The

impedance plot for AHT Ti–6Al–4V ELI alloy showed the

presence of a bi-layered structure, with one of the layer

being a thin film of TiO2 and the other being the apatite

layer, whereas, AHT specimen showed two distinct

behavior along with the presence of Warburg diffusion

impedance. The Warburg impedance was attributed to the

diffusion of metal ions.
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