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Electrochemical impedance spectroscopy
characterization of passive film formed on implant
Ti-6Al-7Nb alloy in Hank'’s solution
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The influence of potential on electrochemical behavior of Ti-6Al-7Nb alloy under simulated
physiological conditions was investigated by electrochemical impedance spectroscopy
(EIS). The experimental results were compared with those obtained by potentiodynamic
polarization curves. All measurements were carried out in Hank’s aerated solution at 25 °C, at
pH 7.8 and at different potentials (corrosion potential, 0 mV(SCE), 1000 mV(SCE), and

2000 mV(SCE)). The EIS spectra exhibited a two-step or a two-time constant system,
suggesting the formation of a two-layer oxide film on the metal surface. The high corrosion
resistance, displayed by this alloy in electrochemical polarization tests, is due to the dense
inner layer, while its osseointegration ability can be ascribed to the presence of the outer

porous layer.
© 2004 Kluwer Academic Publishers

Introduction

The titanium and its alloys are presently the most
important materials for biomedical and dental implant
applications. This is due to the formation on their surface
of a passive film, consisting mainly of amorphous
titanium dioxide, which is responsible both for their
corrosion resistance and their biocompatibility [1,2].
Moreover, this film favors also a very good osseointe-
gration [3].

There has been already a significant effort to
electrochemically characterize these materials in terms
of their corrosion behavior. Pan et al. [4] investigated the
electrochemical behavior of commercial pure titanium,
performing corrosion potential vs. time and potentio-
dynamic polarization measurements, and electro-
chemical impedance spectroscopy (EIS) tests [1] in
phosphate-buffered saline solution without and with
H,0, additions. Gonzalez and Mirza-Rosca [2] per-
formed EIS tests of titanium and several of its alloys (Ti—
10Mo, Ti-10Al-10Mo, Ti-5Al-15Mo, Ti-5A14.5V
and Ti—5Al-2.5Fe) in Ringer’s solution. Silva et al. [5]
carried out electrochemical characterization of oxide
films formed on Ti—6Al-4V alloy implanted with Ir in
phosphate-buffered saline solution.
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In EIS tests, titanium and most of its alloys exhibit
behavior typical of thin passive oxide film. The Nyquist
plots display incomplete capacitive semicircles, and pure
capacitive behavior (high corrosion resistance) has been
observed for commercial pure Ti and for Ti-5SAl-15Mo
and Ti—7Al-4.5V alloys [2]. Most publications [1, 2, 5]
reported Bode phase angle plots with only one time
constant indicating a near-capacitive response by a phase
angle close to —90° and in the /Z/ Bode plots by a
straight line with slope approaching — 1 [2,5]. On the
other hand, results obtained by Venugopalan et al. [6]
with Ti-6Al-4V alloy exhibited a two time constant
system, which they related to a layered oxide consisting
of a porous outer oxide and a barrier inner oxide.

Besides the above-cited alloys, the Ti—-6Al-7Nb alloy
has been recently enrolled in the list of metallic implant
materials. This alloy is of the alpha-beta (o + )
structure type, with a microstructure comparable to that
of the wrought Ti—-6Al-4V alloy [7]. This alloy was
developed because of the concern about the possible
toxicity of vanadium ions released from the Ti—-6Al-4V
alloy [8]. According to Cai et al. [9] all these titanium
alloys can potentially be used as casting alloys in
prosthetic dentistry.

55



The corrosion resistance of the Ti—-6Al-7Nb alloy has
been compared with that of commercially pure titanium
and various other titanium alloys (Ti—-6Al-4V and Ti-
13Nb—-13Zr) in a study carried out by Cai et al. [9]. Their
results showed that all the metals examined with the
same surface condition had similar electrochemical
behavior.

Nevertheless, the data on electrochemical behavior of
this alloy are still scarce. The results of corrosion
potential vs. time and potentiodynamic polarization
measurements of this alloy were reported elsewhere [10].

The aim of present work was to obtain further
information about the passive film formed on the Ti—
6Al-7Nb alloy in Hank’s solution, in order to better
understand its ability both to protect the metal against
corrosion and to osseointegrate. This information was
searched with the EIS technique, which is able to provide
reliable data for determination of the passive film
structure.

Experimental

The Ti—6Al-7Nb alloy used in present investigation was
acquired in form of a rod from IMI Titanium Limited,
England. The working electrodes prepared from this rod
consisted of flat discs 2.0 mm thick and 12 mm diameter.
This alloy was submitted to a semi-quantitative chemical
analysis by X-ray fluorescence technique and its results
are given in Table L

The surface preparation of these discs for electro-
chemical tests was as follows: the discs were first ground
with 220 through 1200 grit SiC papers and then polished
with diamond down to 6 um and followed by 1um
alumina-30% chrome oxide suspension, and finishing
with 5% oxalyc acid solution. Later, each polished
sample was rinsed with acetone and put in an ultrasonic
cleaner for 10 min. Subsequently, it was rinsed with bi-
distilled water and ethyl alcohol, and finally dried under a
hot air stream.

The testing medium was a Hank’s solution whose
composition is given in Table II. This solution was
prepared by Instituto Adolpho Lutz, Sdo Paulo, SP,
Brazil. All the tests were performed at 25 °C in naturally
aerated solutions.

The potentiodynamic polarization curves were
obtained in order to define the electrode potentials for
the EIS measurements. They were determined in a three-
electrode electrochemical cell containing 250ml of
electrolyte. A saturated calomel electrode (SCE) was
used as the reference electrode and a graphite rod as the
auxiliary electrode. The measurements were performed
with a Princeton Applied Research potentiostat (Model
273 A). A microcomputer was employed for data
acquisition. These measurements were carried out after
2h immersion in Hank’s solution, in the range from
—800mV(SCE) to 2800mV(SCE), at a scan rate of

TABLE I Chemical composition of Ti—-6Al-7Nb alloy determined
by semi-quantitative X-ray fluorescent technique

Element Ti Al Nb Fe Si Ni Cu

Weight %  86.85 570 7.10 025 0.08 0.01 0.01
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TABLE II Chemical composition of Ti-6Al-7Nb alloy determined
by semi-quantitative X-ray fluorescent technique

Component Concentration (mol/L)
pH 7.8

NaCl 0.1369

KCl1 0.0054

MgS0,4.7H,0 0.0008

CaCl,2H,0 0.0013
Na,HPO,.2H,0 0.0003

KH,PO, 0.0004

CgH,06H,O 0.0050

Red phenol 1% 0.0071

ImVs~!. In order to obtain reliable results, the
determination of potentiodynamic polarization curves
was repeated three times. The corrosion potential (E, ),
corrosion current density (or corrosion rate) (i) and
polarization resistance (R,,) were determined from these
curves using the 352 Soft Corr III program.

The EIS measurements were carried out using an
Impedance/Gain-Phase ~ Analyzer coupled to a
Potentiostat—Galvanostat System (EG&G Parc, Model
273A), which was connected to a three-electrode
electrochemical cell. All measurements were performed
in Hank’s solution at different potentials. The measure-
ments at the corrosion potential were performed after 2 h
immersion in the physiological solution at 25°C. EIS
results at the other potentials were obtained 30 min after
the overpotential has been applied. The frequency ranged
from 100kHz to 5 mHz, and the amplitude used was set
at SmV. Results were presented in terms of Nyquist and
Bode plots. Data acquisition and analysis were per-
formed with a microcomputer. The spectra were
interpreted using the ZView program. Due to the
distributed relaxation feature which was observed with
the titanium oxide film on the Ti—6Al-7Nb alloy, a
constant phase element (CPE) was used for data fitting
instead of an ideal capacitor.

Results

A typical potentiodynamic polarization curve of Ti—6Al—
7Nb alloy is shown in Fig. 1. A corrosion potential (E,,,,)
of —424mV(SCE) was measured. From this potential
up to approximately O mV(SCE) the curve indicates a
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Figure I Potentiodynamic polarization curve of Ti—6Al-7Nb alloy in
Hank’s aerated solution at pH 7.8 and 25 °C. Scan rate: 1 mV/s.



TABLE III Average values of E,, ico and R, determined for Ti—
6Al-7Nb alloy from polarization curves obtained in Hank’s aerated
solution at pH 7.8 and 25°C

ECQIT iClﬂT 5 Rp 5
[mV(SCE)] (pA/cm”) (kQ./cm”)
—424+10(3) ~0.16+0.14(3) 225

*The number of tests is indicated in parentheses.

behavior typical of activation polarization, showing a
well defined linear range, suggesting conformity to the
Tafel’s Law. The anodic Tafel slope (b,) obtained at this
region was nearly 128 mV. From OmV(SCE) up to
1200 mV(SCE) the curve shows a passive behavior, and
a passive current density (i,,) in the range of 0.8 x 1073
to 1.0x10">Acm~2 was estimated. The current
density increases at potentials around 1200 mV(SCE),
and reaches a maximum (2.1x107°Acm~2) at
approximately 1800 mV(SCE), decreasing slightly after-
wards. At the potential 2800 mV(SCE) a current density
around 1.9x 1073 Acm~? was measured. A detailed
discussion of this polarization curve was presented
elsewhere [10].

The average values of E ., iy, and Ry, from three
different polarization curves determined by the 353 Soft
Corr III program are presented in Table III.

The potentials for investigation of the electrochemical
behavior of the Ti-6Al-7Nb alloy by EIS measurements
were chosen from the above polarization curve. It was
decided to perform these tests at the corrosion potential
(Ecorr)» 0mV(SCE), 1000 mV(SCE) and 2000 mV(SCE).

The Nyquist plots obtained at the tested potentials are
shown in Fig. 2. At all potentials a near capacitive
response was detected, characterized by incomplete
semicircles at E ., and 0 mV(SCE), and almost complete
semicircles at 1000 mV(SCE) and 2000 mV(SCE).

The Bode plots of EIS measurements are shown in
Figs 3 and 4. At least two relaxation time constants are
indicated by the two peaks on all phase angle plots (Fig.
3). As the overpotential increases the peaks dislocate into
higher frequencies. At potentials of 1000 mV(SCE) and
2000mV(SCE), the phase angle at low frequencies
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Figure 2 Nyquist plots for Ti—6Al-7Nb alloy tested at different
potentials in Hank’s aerated solution at pH 7.8 and 25 °C.
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Figure 3 Phase angle Bode spectra for Ti-6Al-7Nb alloy tested at
different potentials in Hank’s aerated solution at pH 7.8 and 25°C.

approached 0 degrees. In /Z/ Bode plots (Fig. 4) straight
lines are observed with slope approaching — 1, in a
similar way as for other titanium alloys reported in
literature [2, 5].

The obtained spectra were interpreted in terms of an
“‘equivalent circuit’’ with the circuit elements repre-
senting electrochemical properties of the alloy and its
oxide film. Fig. 5 shows the equivalent circuit used for
fitting the spectra obtained at various potentials, which is
similar to that proposed by Mansfeld and Kendig [11] for
anodized aluminum. Ry; and Cy; represent the resistance
and capacitance of the barrier layer, and RPL and CPL,
represent the resistance of the porous layer with the
electrolyte inside the pores and the capacitance of the
porous layer, respectively. R, is the resistance of the
Hank’s solution.

The quality of fitting to the equivalent circuit was
judged by the chi-square value. The results of this fitting
are presented in Table IV. The obtained values of chi-
square indicate a good fitting to the proposed circuit. In
Fig. 6, the diagrams of the adjustment results are
compared with the experimental data, showing the
good quality of this adjustment.

For titanium oxide films, a distributed relaxation
feature is commonly observed [1]. Due to this fact, in
this study a constant phase element (CPE) was used for
data adjustment instead of an ideal capacitor. This
approach has also been used by other investigators for
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Figure 4 Z Bode spectra for Ti—-6Al-7Nb alloy tested at different
potentials in Hank’s aerated solution at pH 7.8 and 25 °C.
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TABLE IV Electrical parameters of equivalent circuit (Figure5) obtained by fitting the experimental results of EIS tests, together with the chi-

square values

E R CiL Ry CyL Ry Chi-square
mV(SCE) (Q.cm?) (WF.cm™2) (kQ.cm?) (WF.cm~2) (kQ.cm?)

E.. 55 38 57 27 520 0.009

0 58 22 50 16 590 0.020
1000 53 9.5 27 7.8 390 0.010
2000 54 6.1 13 5.7 82 0.019

titanium oxide passive films [1, 2, 12]. The impedance of
the CPE is given by Zcpg = C[(jw)"] ', where C is the
capacitance associated to an ideal capacitor, w is the
angular frequency and — 1 <n <1 [12]. When n=1,
CPE is an ideal capacitor. A true capacitive behavior is
rarely obtained. The n values close to 1 represent the
deviation from the ideal capacitive behavior [2]. Despite
of a constant phase element (CPE) being utilized for data
fitting instead of an ideal capacitor, since the n values
obtained from data fitting were in the range from 0.85 to
0.95, the value obtained from data fitting was taken as the
capacitance.

Discussion

The impedance data obtained at various potentials were
compared in order to evaluate the influence of the
potential on the passive oxide characteristics. The model
and equivalent circuit illustrated in Fig. 5 were proposed
by Hitzig et al. [13] and Mansfeld and Kendig [11] to
describe the bi-layer oxide film formed on aluminum.
This circuit was also proposed in the literature to
represent the oxide film on Ti—-6A1-4V [6]. According

Outer (C; )
pL Solution

Inner (Ry; . Cy )

Ti6AlTND

to the literature [14—16], there is substantial evidence that
the film formed on titanium in aqueous solutions, in
many exposure conditions, exhibits a two-layer structure
composed of a dense inner layer and a porous outer layer.
It has been found that the titanium oxide is essentially
TiO,, with a transient region between the inner and the
outer layers [4]. This type of oxide was also observed to
form on Ti—6Al-7Nb alloy after immersion in NaCl [17]
and after anodic polarization [18].

The two-layer model of the oxide film, as shown in
Fig. 5, was well supported by EIS results obtained in this
investigation. Large values of Ry; at potentials around
E.,, (order of 5x 10° Qcm?) were obtained supporting
the passivation of the Ti—6Al-7Nb alloy in Hank’s
solution. Ry, was greater than R, by a factor of nearly
10, showing that the resistance of the oxide film on the
Ti—6Al-7Nb alloy is due to this layer. As the potential
changed from E,, to 0mV(SCE), Ry, and Ry increased
and Cy and C, decreased. These results seem to
correspond to a slight thickening of the titanium oxide
film. This is consistent with the fact that in the range from
E., to 0mV(SCE) the passive current density remains
almost constant (Fig. 1). This constant value may be a

(a)

(b)

Figure 5 (a) Schematic model of the bi-layer oxide film for Ti-6Al-7Nb alloy in Hank’s aerated solution and (b) electrical equivalent circuit.
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Figure 6 Experimental results and simulated data for Ti—-6Al-7Nb alloy tested in Hank’s aerated solution at pH 7.8 and 25 °C at different potentials.
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consequence of that any increase in the potential is
accompanied by progressive thickening of the film,
maintaining the electric field within it constant [19]. The
values of Ry and Ry, obtained at 1000 mV(SCE)
decreased, and that of Cy, and C, increased when
compared to those obtained at 0 mV(SCE). The increase
in Cy; coupled to the decrease in Ry are indicative of
barrier layer thinning as the overpotential increased. The
polarization curve indicates a current density increase at
potentials around 1200 mV(SCE), which could be related
to oxide thinning due to chemical breakdown or partial
dissolution of the oxide film. The release of titanium ions
into the porous layer, due to chemical breakdown of the
oxide, could eventually lead to hydration of the barrier
layer and to the increase of Cy; .

As the potential increases from 1000 mV(SCE) to
2000 mV(SCE), the capacitance and resistance of both
layers, barrier and porous, decreases. The decrease in
resistance indicates that the oxide layer may become
more defective at large overpotentials. The polarization
curve shows larger corrosion current densities at
2000mV(SCE) comparatively to 1000mV(SCE).
Despite of this, a partial recover of the oxide film at
potentials over 1800mV(SCE) is indicated by the
polarization curve. This partial recover could be
responsible for the decrease in capacitance of both
layers, barrier and porous as the potential increased from
1000 mV(SCE) to 2000 mV(SCE).

Despite the decrease of Ry as the applied potential
increased, it is still very high at 2000 mV(SCE), of order
of 8 x 10* Qcm?, indicating that the alloy is still highly
resistant to corrosion even at very large overpotentials.
The high resistance of the barrier layer R,; at all
potentials tested implies a high corrosion resistance of
the Ti—6Al-7Nb alloy in Hank’s solution, i.e. a low rate
of titanium release. In fact, Ti ions were not detected in
Hank’s solution after a six months period of exposure of
this alloy [20].

It is worth to note that Cy,; and C;; have similar values
at all potentials tested in this investigation. It is believed
that the outer layer ( porous) consists of the same oxide as
the inner layer (barrier) but with microscopic pores. It is
also generally agreed that the pores in the outer layer may
be filled with electrolyte, and this might have contributed
to the larger values of C,; comparatively to Cy; .

While the corrosion resistance of the alloy is ascribed
to the barrier layer, its good ability to osseointegrate can
be attributed to the presence of the porous layer. It seems
reasonable to assume that as soon as the implantation is
completed, the bone cells (osteoblast-like cells) tend to
migrate inside the pores of the passive film. This
interpenetration certainly facilitates the adhesion
between the implant and the bone (implant anchorage).
In this way, the osseointegration is not only accelerated
but also turned more effective, because of an increased
and non uniform contact surface.

Although the tests in present work were carried out at
25°C, it is believed that a similar double layer passive
film is also formed at 37 °C (body temperature). This is
partially supported by the electrochemical polarization
behavior displayed by this alloy in short [10] and long-
term [20] tests, which were carried out at 37 °C.

Conclusions

The obtained electrochemical impedance spectroscopy
data support the formation on the Ti—6AI-7Nb alloy in
Hank’s solution of a two-layer oxide film, composed of a
dense inner layer and a porous outer layer, similar to that
formed on aluminum alloys. The high corrosion
resistance, displayed by this alloy in electrochemical
polarization tests, is due to the inner layer, while its
osseointegration ability can be ascribed to the presence
of the outer porous layer.
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