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In vitro corrosion behaviour of titanium alloys without vanadium
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c Centro Nacional de In�estigaciones Metalúrgicas, CSIC, A�da Gregorio del Amo 8, E-28040, Spain

Received 5 June 2001; received in revised form 18 October 2001

Abstract

The corrosion behaviour of three new non-toxic titanium alloys for use as biomaterials has been investigated. The corrosion
current densities of these Ti alloys have low values, indicating a passive state that is stable with time. These values were calculated
by using both direct and alternate current methods. The comparison with Ti–6Al–4V, widely used as biomaterial, shows slightly
lower corrosion rates for the non V-containing alloys. To determine the pitting corrosion resistance, anodic polarisation curves
were performed. Those alloys containing Zr, with very low passivation current densities, show the best behaviour. This indicates
a low susceptibility to localised corrosion in these alloys. The chemical surface analysis performed on the samples suggests an
influence of the passive layer composition on the passivation current density. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the field of biomedical materials, metallic biomate-
rials present clear advantages such as good processabil-
ity, weldability, satisfactory mechanical properties, etc.
[1–3]. However, the main inconvenience of metallic
biomaterials is their degradation upon interaction with
body fluids [4–6]. This is the reason why materials for
conventional metallic implants are selected according to
their corrosion resistance, i.e. their capacity to generate
a protective passive film. Commercially pure titanium,
Ti–6Al–4V alloy, cobalt–chromium alloys and a small
number of stainless steels are widely used in biomedical
applications. These materials are protected by an exter-
nal oxide layer, which ensures a satisfactory corrosion
resistance. The problem of corrosion is associated with
the problem of ion release of metallic species, which can
be harmful for the organism. The protective effect of
the passive layer not only reduces the corrosion rates of
the material, but also ion release [7,8]. The satisfactory
corrosion behaviour of pure Ti is due to the TiO2 layer
formed on its surface. However, for a metallic biomate-
rial, it is essential to have excellent mechanical proper-

ties too. In general, Ti alloys exceed the mechanical
properties of pure Ti [9,10]. Thus, Ti–6Al–4V alloy has
been widely investigated [11–14], becoming one of the
major alloys used for manufacture of orthopaedic im-
plants. However, due to tissular reaction, vanadium has
been classified as one of the elements of the toxic group
[15,16]. The possibility of V ion release makes essential
the development of Ti alloys without V in their compo-
sition with satisfactory properties for biomedical
applications.

As mentioned above, one determining factor for the
success of new alloys as biomaterials is their corrosion
behaviour. Therefore, the in vitro evaluation of their
corrosion parameters is one of the first steps in the
development of new biomaterials. Additionally, the cor-
rosion behaviour of a material strongly depends on the
presence of a protective passive film, i.e. is mainly a
surface phenomenon. Consequently, the determination
of the passive film composition complements the in
vitro corrosion evaluation. The characterisation of the
surface composition is of high interest also because
most external layers of a biomaterial will be in direct
contact with biological tissues.

In this work, the corrosion behaviour of three non
V-containing Ti alloys, Ti–7Nb–6Al, Ti–13Nb–13Zr
and Ti–15Zr–4Nb, by means of electrochemical tech-
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niques was evaluated. The passive film composition of
the three alloys as well as its role on their corrosion
behaviour was investigated by performing X-ray pho-
toelectron spectroscopy (XPS).

2. Experimental

Three Ti basis alloys were prepared by arc melting
and then casting in a copper coquille under high vac-
uum. The chemical compositions of these alloys were
(in wt.%); Ti–7Nb–6Al, Ti–13Nb–13Zr and Ti–
15Zr–4Nb. In order to obtain a two phase (�+�)
microstructure, which ensures satisfactory mechanical
properties, the same annealing procedure was con-
ducted on all samples. The alloys were annealed above
the �-transition temperature at 1100 °C for 1 h and
subsequently aged at 700 °C for 1 h. The microstruc-
tures of the three Ti alloys after this treatment were
characterised using various techniques including optical
microscopy, and scanning electron microscopy (SEM)
equipped with energy dispersive X-ray microanalysis
(EDX). Metallographic preparation included mounting
the samples in bakelite and polishing by the conven-
tional method.

The corrosion behaviour of the Ti alloys was evalu-
ated at room temperature using as electrolyte an aer-
ated solution, the Hank’s solution, with pH 7.4. The
chemical composition of this solution is 8 g/l NaCl, 1
g/l glucose, 0.4 g/l KCl, 0.35 g/l NaHCO3, 0.14 g/l
CaCl2, 0.1 g/l MgCl2 · 6H2O, 0.06 g/l Na2HPO4 · 2H2O,
0.06 g/l KH2PO4 and 0.06 g/l MgSO4 · 7H2O. The
Hank’s solution is commonly used for in vitro corro-
sion studies in biomaterials because it simulates the
physiological media of the human body. Before testing,
the Ti alloys samples were abraded and polished using
diamond paste with particle size ranging from 9 to 1
�m. Colloidal silica was used as last step of polishing to
ensure a surface free of mechanical deformation. Fi-
nally, the samples were ultrasonically degreased in ace-
tone. An area of 3.46 cm2 for all samples, as working
electrodes, was immersed in the Hank’s solution. A
saturated calomel electrode was used as a reference
electrode and a platinum wire as counter electrode. The
electrochemical techniques used to evaluate the corro-
sion behaviour of all samples were the following;
1. Evolution of the corrosion potential, Ecorr, with

testing time.
2. Determination of the Tafel polarisation curves up

to�0.250 V at a scanning rate of 60 mV/min to
calculate the anodic and cathodic slopes, �a and �c,
respectively. Taking into account the equation B=
�a×�b/[2.3(�a+�b)], the value of the constant B
can be deduced. This constant is essential to evalu-
ate the corrosion rate [17].

3. Linear polarisation. In order to use this method,
potential steps of 10 mV were applied and the
intensity �I was registered. The value of the anodic
polarisation resistance, Rp, was deduced from the
equation Rp=�E/�I, where �E is the step of the
potential applied at the corrosion potential and �I
is the resulting current for a testing time of 60 s.
After determining the polarisation resistance, the
corrosion current densities, icorr, can be calculated
by applying the Stern–Geary equation [17] (icorr=
B/Rp), where the value of B was previously
obtained.

4. Electrochemical impedance spectroscopy (EIS) mea-
surements. For these experiments a sinusoidal po-
tential variation with 10 mV amplitude was applied
within a frequency range from 0.001 to 64 000 Hz.

5. Determination of the anodic polarisation curves at
a scanning rate of 10 mV/min to evaluate the pitting
corrosion susceptibility.

The chemical composition of the passive layer of the
different materials was studied by X-ray photoemission
spectroscopy (XPS). XPS spectra were recorded under
ultra-high vacuum (UHV) conditions with a VG-
CLAM hemispherical electron energy analyser using
Mg X-rays as excitation source. The base pressure in
the UHV chamber during measurements was better
than 10−9 mbar. Samples were cleaned by sputtering
with an ion gun operating at a sample current of 1 �A,
an ion energy of 5 keV and a sputter rate of approxi-
mately 10 A� /min.

3. Results and discussion

Fig. 1 represents the SEM micrographs of the three
Ti alloys. All of them exhibit a coarse microstructure
with two phases. Ti–7Nb–6Al and Ti–15Zr–4Nb al-
loys, Fig. 1a and c, respectively, show platelike grains
surrounded by a lighter intergranular phase. As the size
of this lighter phase is smaller than the excitation area
of the electron beam, only a qualitative analysis by
EDX was possible. This microanalysis shows a high
level of Nb in the light phase, as well as a negligible
amount of Nb in the dark phase. For the case of
Ti–13Nb–13Zr, since the lighter regions are larger, it
was possible to perform quantitative microanalysis.
Thus, the EDX spectrum in Ti–13Nb–13Zr reveals a
content of 21% of Nb in the light phase, while in the
dark phase no Nb emission could be detected. As Nb
stabilises the � phase, this result indicates that the light
phase corresponds to the � phase. The Ti–13Nb–13Zr
sample is richer in � phase (lighter region) than Ti–
7Nb–6Al and Ti–15Zr–4Nb alloys, as observed in Fig.
1c. This result was expected because the chemical com-
position of Ti–13Nb–13Zr includes a higher amount of
the �-stabiliser Nb.
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The anodic and cathodic polarisation curves were
measured to calculate the Tafel slopes, �a and �c. Table
1 shows the �a, �c and B values obtained after 37 days
of immersion in Hank’s solution. The B values obtained
are quite similar for all samples and are typical of
materials in a passive state.

Additionally, the Ecorr values were measured during
35 days of immersion in the electrolyte and were almost

Table 1
�a, �c, and B values obtained from the anodic and cathodic Tafel
polarisation curves for the three Ti alloys immersed in Hank’s
solution

Material �a (mV) �c (mV) B (mV)

44118Ti–7Nb–6Al 740
577 200 64Ti–13Nb–13Zr
375 141 44Ti–15Zr–4Nb

Fig. 1. SEM micrographs of (a) Ti–7Nb–6Al; (b) Ti–13Nb–13Zr;
and (c) Ti–15Zr–4Nb.

Fig. 2. Average values of corrosion current densities, icorr for the
three Ti alloys during 35 days of immersion in Hank’s solution as
calculated by using the polarisation resistance method.

constant for each titanium alloy. The average Ecorr

values were 175, −72 and 127 mV for Ti–7Nb–6Al,
Ti–13Nb–13Zr and Ti–15Zr–4Nb, respectively. These
values did not change appreciably during the testing
time. Again, this result is representative of materials in
a passive state.

In Fig. 2, average values of the corrosion current
density, icorr, throughout 35 days of immersion in
Hank’s solution are represented for the three Ti alloys.
To obtain these values, first the polarisation resistance
method was used to get the Rp values. Then by means
of the Stern–Geary equation using the B values ob-
tained from the Tafel slopes and the Rp data, the icorr

values were calculated. As it can be observed, the
corrosion current densities for all three Ti alloys are
very similar. These values are slightly lower than the
corrosion current density obtained in previous works
for the Ti–6Al–4V alloy, which was around 5×10−8
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A/cm2 [18]. This result indicates that the corrosion
behaviour for these new Ti alloys is at least as good as
that of Ti–6Al–4V. The corrosion resistance can also
be obtained by means of the impedance method, also
known as EIS. To verify the corrosion data obtained by
the polarisation resistance method, EIS experiments
were also carried out. In the EIS measurements, the
modulus of the impedance, �Z � versus the frequency is
registered. The transfer resistance, RT, can be approxi-
mated to the �Z � value corresponding to the lowest
frequency. This value of the transfer resistance, RT, can
be associated, in most cases, to the RP value determined
by the polarisation resistance method [4]. Therefore,
taking into account the RT values obtained by EIS, the
B values from Table 1, and applying the Stern–Geary
equation, corrosion current density values can be esti-
mated from EIS data. Fig. 3 represents the variation of
icorr versus testing time for the different Ti alloys from
the EIS experiments. It can be seen that icorr for the
three Ti alloys have a large decrease during the first
days of immersion in Hank’s solution and become
almost constant with testing time after this decrease.
This behaviour is representative of materials in a pas-
sive state. As can be observed in Fig. 3, the icorr values
reached after the first day of immersion in the elec-
trolyte are rather low. These low icorr values are due to

the presence of a passive layer on the material surface
that protects it from the aggressive environment. From
Fig. 3, it can be deduced that this layer is very stable
with time giving a high corrosion resistance to the three
Ti alloys.

As can be seen by comparing Figs. 2 and 3, the
average icorr values obtained by EIS (alternate current)
are of the same order of magnitude that those obtained
by the polarisation resistance method (direct current).
These values are quite low (�10−8 A/cm2), even lower
than those obtained for conventional biomaterials in-
vestigated in previous studies, like Co–Ni–Cr and Ti–
Al–V alloys [18]. These low icorr values observed for the
three Ti alloys suggest an excellent resistance against
uniform corrosion.

In addition to uniform corrosion, materials exposed
to an aggressive environment can undergo local corro-
sion, in which the passive layer breaks down locally
leading to the formation of pits. In the case of biomate-
rials, this kind of failure can take place under special
conditions such as local infections, surgical trauma, etc.
Therefore, it is very important to evaluate the suscepti-
bility to pitting corrosion of these materials, which can
be determined by means of cyclic anodic polarisation
curves. Although, the resistance to uniform corrosion
of the three alloys is similar, the resistance to pitting

Fig. 3. Corrosion current densities, icorr versus testing time for the three different Ti alloys in Hank’s solution as deduced from the electrochemical
impedance spectroscopy (EIS).
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Fig. 4. Anodic polarisation curves at 10 mV/min for the three Ti
alloys after 42 days of immersion in Hank’s solution.

remaining the material in its passive state. The polarisa-
tion curves for Ti–13Nb–13Zr and Ti–15Zr–4Nb
show a wide passivation region, with very low passiva-
tion current densities, around 10−8 A/cm2 in both
cases. These values are lower than those of the Ti–
7Nb–6Al sample, without any sharp intensity enhance-
ment typical of a localised corrosion process. Therefore,
these materials exhibit an excellent resistance to pitting
corrosion.

It is interesting to compare the anodic polarisation
curves of Fig. 4 with that performed on Ti–6Al–4V in
a similar experiment [18]. This comparison shows simi-
lar curve shapes with passivation current densities
clearly lower for the Ti–13Nb–13Zr and Ti–15Zr–
4Nb samples, around 10−8 A/cm2, than for Ti–6Al–
4V, between 10−6 and 10−5 A/cm2. This suggests a
much better corrosion behaviour for these two Ti alloys
than for the conventional biomaterial Ti–6Al–4V.
With regard to the Ti–7Nb–6Al alloy, it shows current
density values from 10−8 to 4×10−6, which are
slightly lower than the conventional Ti–6Al–4V. These
values are higher than those of Ti–13Nb–13Zr and
Ti–15Zr–4Nb samples but lower than those of the
conventional Ti–6Al–4V alloy As in the three studied
Ti alloys, no breakdown potential was observed for
Ti–6Al–4V in ref. [18], indicating a very low probabil-
ity of formation of pits in all cases. The results on the
three Ti alloys under study can be also compared with
other conventional biomaterials such as Co alloys or
coated stainless steels where a clear breakdown poten-
tial was found after 0.5 V of polarisation [18].

The different corrosion behaviour of materials is
related to the properties of their passive layer and, in
particular, to its composition. In order to better under-
stand the observed differences between the three alloys
investigated, a surface analysis was performed by XPS.
The XPS spectra revealed for the three Ti alloys a
passive layer formed by a mixture of Ti, Al or Zr, and,
in less proportion, Nb oxides [19]. Table 2 shows in
atomic % (at.%), the surface composition of the three
alloys, the bulk composition and the ratio between both
values. The surface composition was calculated from
the XPS data. More details about spectral analysis can
be found elsewhere [19]. The bulk atomic percentage
values are known from the chemical composition of the
material. The ratio between surface and bulk composi-
tion gives an estimation of the diffusion of the alloying
elements from the bulk region to the surface to form
the passive layer. As can be observed, for all samples
the Ti and Nb content at the surface decrease with
respect to the bulk, indicating no preferential diffusion
of these elements towards the surface. On the other
hand, the Al and Zr content strongly increases from
bulk to surface, showing a clear diffusion of these
elements towards the surface of the material to form
the passive layer. The Al content at the surface of

corrosion can vary depending on the nature of the
passive layer. Fig. 4 represents the anodic cyclic polari-
sation curves of all three Ti alloys after 42 days of
immersion in Hank’s solution. The main parameters
that can be obtained from the anodic polarisation
curves are the corrosion potential, Ecorr the breakdown
potential, Eb, and the passivation current density, ip.
For Ti–7Nb–6Al the polarisation curve starts at the
Ecorr value, 0.157 V, the maximum potential range
reached was 2.100 V and the minimum was 0.087 V.
For Ti–13Nb–13Zr, the curve exhibits an Ecorr value of
−0.101 V, a maximum potential range of 1.670 V and
a minimum potential range of −0.071 V. And finally,
for Ti–15Zr–4Nb, the Ecorr value is 0.138 V and the
maximum and the minimum potential ranges are 1.970
and −0.800 V, respectively. The breakdown potential
corresponds to the local break of the passive layer and
gives rise to a sharp increase of the current density.
Despite the high voltages probed (up to 2 V), no
breakdown is reached in any of the polarisation curves.
Ti–7Nb–6Al sample shows the highest values of the
current density, which continuously increases by in-
creasing the voltage. However, no sharp enhancement
is observed, which would be typical of the appearance
of the breakdown potential and, therefore, of the acti-
vation of a local corrosion process. This behaviour
suggests that the only surface degradation which takes
place is uniform corrosion and not pitting corrosion
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Table 2
Surface and bulk atomic percentage values of the different alloying
elements of the three Ti alloys, and the ratio between both values

AlloyingMaterial Surface RatioBulk (at.%)
surface/bulk(at.%)element

Ti–7Nb–6Al
Ti 69.2 86 0.80

2.9 3.5 0.83Nb
27.9 10.5Al 2.65
55.9Ti 84.5 0.66

Ti–13Nb–13Zr
5.1 7.7Nb 0.66

39 7.8Zr 5.01
Ti 57.3 89.1 0.64

Ti–15Zr–4Nb
40.9 8.6Zr 4.73

Nb 1.8 2.3 0.78

case, which excludes the formation of pits even at high
polarisation values. The susceptibility to pitting corro-
sion is, therefore, very low, and at least comparable to
that of other Ti-alloys. The surface analysis exhibits
differences on the composition of the passive layer that
could have an influence on the passivation current
density values observed in the polarisation curves.
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Ti–7Nb–6Al is almost three times that in the bulk,
whereas in the case of Zr, both in Ti–13Nb–13Zr and
Ti–15Zr–4Nb, the ratio surface/bulk is even higher.
This suggests a relative higher amount of Zr in the
passive layer of Zr-containing alloys (39 and 40.9 at.%)
than Al in the passive layer of the Al-containing alloy
(27.9 at.%). One can relate this result to the different
current density values obtained in the anodic curves
between the Zr-containing and the Al-containing Ti
alloys. Elemental Al and Zr have both a tendency to
form very protective passive layers. The higher concen-
tration of Zr in the passive layer of the Zr-containing
alloys, as compared with the Al concentration in the
passive layer of Ti–7Nb–6Al, can explain the lower
current densities observed in the first case. Additional
effects associated with chemical and structural differ-
ences between Al- and Zr-containing passive layers
cannot be excluded.

4. Conclusions

The corrosion behaviour of three new titanium alloys
not containing V developed for biomedical applications
has been investigated by means of electrochemical tech-
niques and surface analysis. The corrosion rates of
these Ti alloys are very low compared with conven-
tional biomaterials. The corrosion current densities are
also very stable with time, indicating a passive state.
The probability of breakdown of the protective passive
film is also studied by means of anodic polarisation
curves. The lowest passivation current density values
correspond to Ti–13Nb–13Zr and Ti–15Zr–4Nb al-
loys. The curves show no breakdown potential in any
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