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Abstract

The electrochemical behavior of Ti–6Al–4V and Ti–6Al–7Nb alloys, commonly used implant materials, particularly for orthopaedic and
osteosynthesis applications, was investigated together with that of Ti–13Nb–13Zr alloy in Hank’s solution at 37◦C. The aim of present study
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as to evaluate their corrosion resistance in an artificial physiological solution. This evaluation was carried out through the anal
orrosion potential variation with time, potentiodynamic polarization curves, and electrochemical impedance spectroscopy (EIS)
ow current densities were obtained (order of nA/cm2) from the polarization curves, indicating a typical passive behavior for all investi
lloys. The EIS results exhibited capacitive behavior (high corrosion resistance) with phase angles close to−90◦ and high impedance valu
order of 106 � cm2) at low and medium frequencies, which are indicative of the formation of a highly stable film on these alloys in
olution. The obtained EIS spectra indicated two relaxation time constants and their interpretation in terms of an “equivalent cir
he circuit elements representing the electrochemical properties of a two-layer oxide, composed of a porous outer layer and a
ayer, was in good agreement. The electrochemical impedance spectroscopy (EIS) technique, therefore, was able to provide reli
etermination of the passive film structure.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Metallic materials are being increasingly used in medical
pplications as implants to restore lost functions or replace
rgans functioning below acceptable levels. Titanium alloys
re among the most used metallic biomaterials, particularly

or orthopaedic applications[1,2]. They possess a set of
uitable properties for these applications such as low spe-
ific weight, high corrosion resistance and biocompatibility
3]. Corrosion resistance is a vital property for this kind of
pplication once physiological fluids are chloride containing
olutions, with concentration of approximately 1 wt.% NaCl,

∗ Corresponding author. Tel.: +55 11 3816 9456; fax: +55 11 3816 9370.
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homeostatically maintained at 37◦C [4]. Furthermore, cor
rosion products are largely responsible for limited bioc
patibility and can produce undesirable reactions in imp
adjacent tissues. Since corrosion resistance plays a de
role in determining the successful use of metal alloys as
materials, the in vitro evaluation of such parameter repre
one of the first stages in the procedure for acceptance o
materials for that purpose.

Ever since the pioneer metal alloys have been use
biomaterials, lack of biocompatibility has been extensi
reported and propelled research on improved materials
appropriate mechanical behavior and adequate biocom
ibility. The Ti–6Al–4V alloy with (� + �) structure wa
the first titanium alloy registered as implant materia
the ASTM standards (F-136-84)[5]. The Ti–6Al–4V and
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Ti–6Al–7Nb alloys are among the most commonly used
implant materials, particularly for dental, orthopaedic and
osteosynthesis applications[1,6,7]. Studies have indicated
that vanadium, used to stabilize the�-phase, produces oxides
harmful to the human body[8,9]. The toxicity of vana-
dium has pushed forward the search for materials to replace
Ti–6Al–4V [5,6]. In order to replace vanadium containing
Ti alloys, Ti–6Al–7Nb alloy was developed and this alloy
is now commercially available. Niobium is a�–phase sta-
bilizer [7]. Moreover there has been also concern, not yet
confirmed, about the association between Al and Alzheimer
disease[10,11]. More recently the Ti–13Nb–13Zr, a near�
phase alloy, was developed[6]. This alloy contains three of
the four elements (Ti, Nb, Zr and Ta) considered as non-toxic
[3,9] and displaying excellent biocompatibility[10].

In this scenario, it is important to investigate the corro-
sion resistance of fairly new Ti-alloys, as well as to com-
pare it with that of commercial alloys. In the present study,
the electrochemical behavior of three Ti alloys, specifically
Ti–6Al–7Nb and Ti–6Al–4V that are commercial alloys, and
a laboratory made Ti–13Nb–13Zr alloy was evaluated in
Hank’s naturally aerated solution, at 37◦C.

2. Materials and methods
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Table 2
Chemical composition of Hank’s solution

Component Concentration (mol/L)

NaCl 0.1369
KCl 0.0054
MgSO4·7H2O 0.0008
CaCl2·2H2O 0.0013
Na2HPO4·2H2O 0.0003
KH2PO4 0.0004
C6H12O6H2O 0.0050
Red phenol 1% 0.0071
pH 6.8

rosion potential was measured as a function of time, until
its variation with time became negligible. The electrochem-
ical impedance spectroscopy (EIS) and the potentiodynamic
polarization tests were performed 72 h after immersion. The
testing medium was a naturally aerated Hank’s solution,
whose composition is given inTable 2. This solution was
prepared by Instituto Adolpho Lutz, São Paulo, SP, Brazil.

A three-electrode cell arrangement was used for the elec-
trochemical measurements, with a saturated calomel refer-
ence electrode (SCE) as reference electrode and a platinum
wire as the auxiliary electrode. The polarization and EIS tests
were carried out in triplicate to evaluate results reproducibil-
ity.

Potentiodynamic polarization scans were carried out with
a scan rate of 1 mV/s in the range from−800 mV (SCE)
to 3000 mV (SCE) using an EG&G273A potentiostat. The
EIS tests were accomplished by means of a Solartron
Model SI 1255 Frequency Response Analyzer coupled to
a Princeton Applied Research (PAR) Model 273A Poten-
tiostat/Galvanostat and controlled by an Electrochemical
Impedance Software PAR model 398. The EIS measurements
were obtained in potentiostatic mode and at the corrosion
potential,Ecorr, with voltage perturbation amplitude of 10 mV
in the frequency range from 100 kHz to 10 mHz, with 6 points
per decade. Experiments were performed in naturally aerated
conditions and at 37◦C. The temperature was set to 37◦C
b atic
b
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The composition of Ti alloys used in this investigatio
hown inTable 1.

The near-� Ti–13Nb–13Zr alloy was obtained by arc me
ng pure (99.9%) Ti and Nb, along with Zr containing 4.
f, under argon, using a non-consumable electrode.
aterial was then heat-treated at 1000◦C for 1 h for homog
nization and water-cooled. The alloy was subsequently

orged to 6.5 mm in diameter. In this stage, the alloy was h
reated again[12]. The Ti–6Al–4V alloy (Supra Alloy Inc.
as heat-treated by the manufacturer at 712◦C for 30 min

13], and the Ti–6Al–7Nb was acquired from IMI Titaniu
imited England.

The electrodes were prepared by epoxy cold resin m
ng of alloys, leaving areas for exposure to the electro
f 0.33, 0.22 and 0.25 cm2, for the Ti–13Nb–13Zr alloy
i–6Al–4V and Ti–6Al–7Nb, respectively. The surfac
xposed to the electrolyte were prepared by sequential g

ng with silicon carbide paper up to #2000 finishing,
owed by mechanical polishing with diamond paste of 1�m.
he corrosion potential,Ecorr, variation with time was mea
ured since the first minutes of electrodes immersio
ank’s solution. The samples remained immersed for

n Hank’s solution, naturally aerated at 37◦C, and the cor

able 1
hemical composition (wt.%) of Ti–13Nb–13Zr, Ti–6Al–4V and Ti–6A

lloy C H N O Fe

i–13Nb–13Zr 0.035 0.011 0.004 0.078 0.085
i–6Al–4V 0.024 0.005 0.006 0.18 0.17
i–6Al–7Nb 0.08 0.009 0.05 0.20 0,25
y immersing 150 mL electrochemical cells in thermost
ath.

. Results

The corrosion potentials,Ecorr, variation with time o
mmersion of Ti–13Nb–13Zr, Ti–6Al–7Nb and Ti–6Al–4
lloys in Hank’s solution at 37◦C, for a period of 56 h ar
hown in Fig. 1. The initial Ecorr for the Ti–13Nb–13Z

alloys

S Hf V Ta Nb Zr Ti

0.001 0.055 – – 13.18 13.49
0 – – 4.1 – – –
50 – – – 0.50 7.50 –
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Fig. 1. Corrosion potential,Ecorr, variation with time curves of Ti–13Nb–
13Zr, Ti–6Al–7Nb and Ti–6Al–4V alloys in Hank’s naturally aerated solu-
tion at 37◦C.

alloy is approximately−560 mV (SCE), and then it gradu-
ally increases to nobler potentials reaching after 56 h a steady
value at nearly 190 mV (SCE). For the Ti–6Al–7Nb alloy, the
initial corrosion potential is around−650 mV (SCE) but it
rapidly increased and after approximately 3 h of immersion
a value of nearly 120 mV (SCE) was reached. The poten-
tial then remained almost constant and after 56 h its value
was 127 mV (SCE). The variation ofEcorr with time for
Ti–6Al–4V was similar to that for the Ti–6Al–7Nb alloy.
The initial potential is approximately−360 mV (SCE), then
it increased rapidly and after 2 h it remained stable at approx-
imately 50 mV (SCE). After 56 h theEcorr for this alloy
was 40 mV (SCE). The potential was fairly stable from 20 h
onwards for all tested samples.

Fig. 2 compares typical potentiodynamic polarization
curves of the three Ti alloys tested in Hank’s naturally aerated
solution at 37◦C after being immersed for 72 h. The aver-
age corrosion potentials estimated from these curves were
−374 mV (SCE),−368 mV (SCE) and−407 mV (SCE),
for the Ti–13Nb–13Zr, Ti–6Al–7Nb and Ti–6Al–4V alloys,
respectively.

The corrosion potentials determined from the polarization
curves are significantly lower than those obtained from the
open circuit potential measurements. This is expected, as the

F Al–
7 ally
a

Table 3
Average values ofEcorr and icorr determined for the three titanium alloys
from the polarization curves obtained in naturally aerated Hank’s solution
at 37◦C

Alloy Ecorr (mV (SCE)) Icorr (nA/cm2)

Ti–13Nb–13Zr −374± 18 28± 16
Ti–6Al–4V −407± 28 19± 0.9
Ti–6Al–7Nb −368± 8 53± 18

polarization test were started at a cathodic potential relatively
to the corrosion potential, so that the passive film at the sur-
face was at least partially removed due to the highly reducing
initial potentials.

The corrosion current densities (icorr) were obtained from
the polarization curves by extrapolation of the cathodic
branch of the polarization curves to the corrosion potential,
and the mean values and their standard deviation are shown
in Table 3. The very lowicorr values obtained for the three
tested Ti alloys are typical of passive materials.

In the range from corrosion potential to approximately
500 mV (SCE) the polarization curves of all three Ti alloys
are S shaped. At approximately 2× 10−8 A/cm2 the poten-
tial for Ti–6Al–7Nb and Ti–6Al–4V alloys starts to increase
faster, and then resumes a slower growth at about 0.0 V
(SCE). For Ti–13Nb–13Zr this faster increase starts at about
8× 10−8 A/cm2, but the resume of slower growth occurs at
approximately the same potential as for the other two alloys.
This behavior of all three curves, characterized by a partial
stabilization of current density, suggests that in this range
of potentials a very protective passive film is formed. This
is in agreement with the very lowicorr values displayed in
Table 3. However, at potentials above approximately 0.0 V
(SCE) the sharp increase in current density suggests that
this film is gradually replaced by a less protective passive
film, which becomes stable above approximately 500 mV
( nsi-
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ig. 2. Potentiodynamic polarization curves for Ti–13Nb–13Zr, Ti–6
Nb and Ti–6Al–4V alloys after 72 h of immersion in Hank’s natur
erated solution at 37◦C. Scanning rate: 1 mV/s.
SCE). This film is characterized by passive current de
ies (ipp) of the order of 3–5�A/cm2. In Fig. 2 the lowes
pp is displayed by Ti–6Al–7Nb alloy (at about 3�A/cm2),
he intermediate value is displayed by the Ti–6Al–4V a
at about 3.5�A/cm2), and the largest by the Ti–13Nb–13
lloy (at about 5�A/cm2).

For Ti–13Nb–13Zr alloy the current density starts
ncrease at approximately 1200 mV (SCE) and then s
izes again at a current density of about 10−5 A/cm2. Similar
ncrease is observed to occur also for Ti–6Al–4V alloy,
t potentials of the order of 2000 mV (SCE). In this case
urrent density stabilizes at a value slightly lower than fo
revious alloy. For Ti–6Al–7Nb alloy this type of increas
ot observed, but some current density oscillations are s
otentials above 1500 mV (SCE), which could suggest
ive film breakdown, in a way similar to that occurring dur
itting nucleation and repassivation.

The results of EIS tests are presented through Bode
rams. These diagrams for the three Ti alloys after 72
ank’s solution at 37◦C are shown inFig. 3. A highly capac

tive behavior, typical of passive materials, is indicated f
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Fig. 3. Bode spectra for Ti–13Nb–13Zr, Ti–6Al–7Nb and Ti–6Al–4V alloys
after 72 h in naturally aerated Hank’s solution at 37◦C, obtained at theEcorr.

medium to low frequencies by phase angles approaching
−90◦, suggesting that a highly stable film is formed on all
tested alloys in the electrolyte used. This is consistent with
the very low corrosion rates determined in polarization tests
(Table 3).

The large phase angle peak could be indicative of the inter-
action of at least two time constants. According to literature
[14–16] the film on Ti alloys is composed of a bi-layered
oxide consisting of a porous outer layer and a barrier inner
layer. In work performed by Lavos-Valereto et al.[16] with
Ti–6Al–7Nb alloy, in Hank’s solution, two relaxation time
constants were clearly indicated by two peaks on phase angle
plots. Based on these facts the obtained spectra were inter-
preted in terms of an “equivalent circuit”, shown inFig. 4a.
This equivalent circuit is similar to that proposed by Mans-
feld and Kendig to represent the oxide layer on anodized
aluminum[17] and by Pan et al.[18] for titanium immersed
in saline solution.Fig. 4 also shows the experimental data
and the fitting for the Ti alloys tested.

The model assumes that the oxide layer on the Ti alloys
consists of a barrier-like inner layer and a porous outer layer.
In this model,Rs corresponded to the resistance of the solu-
tion, Rp to the resistance of the porous layer,Rb to the
resistance of the barrier layer,Cp to the capacitance of the
porous layer andCb to the capacitance of the barrier layer.
A constant-phase element representing a shift from the ideal
c sim-
p

as
Z -
c sult
o itance
a d by

Fig. 4. (a) Equivalent circuit used to adjust experimental data and (b) exper-
imental results and simulated data for Ti–13Nb–13Zr alloy after 72 h in
Hank’s naturally aerated solution at 37◦C.

adjusting the experimental data using the “equivalent cir-
cuit” illustrated inFig. 4a are given inTable 4. The n values of
nearly one suggest that the behavior of such layer approached
that of an ideal capacitor[16]. The impedance results were
interpreted using theZView software and the equivalent cir-
cuit shown inFig. 4a. The fitting quality was evaluated by
the chi-squared (χ2) values, which were of the order of 10−3,
and the error percentages corresponding to each component
of the equivalent circuit (values given inTable 4) indicating
that the data adjusted well to the proposed equivalent circuit.
This is also indicated inFig. 4b for the Ti–13Nb–13Zr alloy,
where the experimental and the simulated data, according
to the proposed circuit, are overploted. Similar fittings were
obtained for the other two Ti alloys used in this investigation.

4. Discussion

The analysis of obtained results in all performed electro-
chemical tests indicates that all tested Ti alloys behaved in a
very similar way. The differences are rather small, and this
can be ascribed to the fact that the passive film formed on
these alloys is essentially of the same nature, that is, it is
formed by a titanium oxide, possibly TiO2. Thus, it can be

T
E rimenta

A Rp (�

T 3 7E-4

T 287 E-4

T 478 2E-3

T equiva
apacitor was used instead of the capacitance itself, for
licity.

The impedance of a phase element is defined
CPE= [C(jw)n]−1, where−1≤ n ≤ 1. The value ofn is asso
iated with the non-uniform distribution of current as a re
f roughness and surface defects. The resistance, capac
nd n values of the porous and barrier layers, obtaine

able 4
lectrical parameters of equivalent circuit obtained by fitting the expe

lloy Rs (� cm2) Cp (�F cm2) n

i–13Nb–13Zr 42 (0.4) 2.7 (1.5) 0.98

i–6Al–4V 101 (0.2) 3.4 (1.1) 0.95

i–6Al–7Nb 80 (0.6) 2.9 (2.7) 0.92

he error percentage resulting from fitting for each component of the
l results of EIS

cm2) Cb (�F cm2) n Rb (M� cm2) χ2

8 (9.7) 5.1 (1.1) 0.86 2.4 (2.1)

(10.3) 1.9 (2.3) 0.94 6.4 (2.4) 3

(16.7) 0.9 (11.2) 0.84 6.6 (4.7)

lent circuit proposed is indicated in parentheses.
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expected that in terms of corrosion resistance and osseointe-
gration ability the Ti–13Nb–13Zr implants should have the
same performance as those made with the other two alloys.

The corrosion potential curves shown inFig. 1 indicate
that the potential of the Ti alloys in the Hank’s solution at
37◦C increases rapidly with time and this initial increase
seems to be related to the thickening of the oxide film improv-
ing its corrosion protection ability[19].

The very low current densities (order of 10−8 A/cm2)
obtained previous to the establishment of a typical passive
behavior above 500 mV (SCE), could suggest a direct tran-
sition from the immunity region to the passive region[19].
The increase in current density with potential could occur
if the increase in potential is not accompanied by a corre-
sponding thickening of the oxide film, or could be due to
the oxidation of TiO or Ti2O3 to TiO2 [20]. Nevertheless, it
appears that the film formed above 500 mV (SCE) is differ-
ent from that formed below this potential. Its higheripp value
indicates that it is a more defective oxide. It has been previ-
ously proposed that the increase in current density observed
at potentials above 1200 mV (SCE) could be related to the
formation of Ti compounds such as NaTiPO4 [21].

High impedance values (order of 106 � cm2) were
obtained from medium to low and frequencies for all Ti alloys
suggesting, high corrosion resistance in the electrolyte used.
This result supports the passive behavior of the alloys, indi-
c ntial
v
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l ent

densities were obtained for the three titanium alloys tested
in Hank’s solution showing that they are passive in this elec-
trolyte. The EIS results indicated that the film formed on the
Ti alloys is composed of a bi-layered oxide consisting of an
inner barrier layer associated to high impedance and respon-
sible for corrosion protection, and an outer porous layer, of
lower impedance, which apparently facilitates the osseointe-
gration.
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