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Abstract Electrochemical analyses on the biocompatible
alloy Ti-13Nb-13Zr wt% in an electrolyte simulating
physiological medium (PBS solution) are reported.
Hydroxyapatite (HA) films were obtained on the alloy by
electrodeposition at constant cathodic current. Samples of
the alloy covered with an anodic-oxide film or an anodic-
oxide/HA film were analyzed by open circuit potential and
electrochemical impedance spectroscopy measurements
during 180 days in the PBS electrolyte. Analyses of the
open-circuit potential (E,.) values indicated that the oxide/
HA film presents better protection characteristics than the
oxide only. This behavior was corroborated by the higher
film resistances obtained from impedance data, indicating
that, besides improving the alloy osteointegration, the
hydroxyapatite film may also increase the corrosion pro-
tection of the biomaterial.

1 Introduction

Titanium, niobium, and zirconium, belonging to a group
known as valve metals, usually have their surfaces covered
by a thin oxide film spontaneously formed in air or in
electrolytic solutions at open circuit [1, 2]. This oxide film
constitutes a barrier between the metal and the medium.
When formed in air at room temperature, these oxides
present thicknesses in the range 2-5 nm, which can be
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increased by anodic oxidation [1-3] leaving the metallic
material in the so-called passive state. Currently, there is a
growing need for the use of artificial implants, which
makes necessary more thorough studies on materials that
may be used for such application [4-6]. A live organism,
containing saline solutions, is considered to be a corrosive
medium for several materials; due to the high corrosion
resistance of valve metals in different highly corrosive
environments (mainly those of an oxidative nature or
containing chlorides) [7], the field for application of these
metals and their alloys is naturally enlarged, allowing rapid
and significant advances in the areas of medical instru-
mentation and surgical implants [8]. Considering that some
Ti alloys present, among other qualities, excellent
mechanical properties, very good corrosion resistance and
biocompatibility, beside good durability, they become
promising materials for use in implants [9].

Some potentially biocompatible alloys have been
intensively studied with a strong emphasis on their corro-
sion behavior, surface properties, and biocompatibility in
implants [9-14]. As pointed out by Ldpez et al. [10], a
detailed knowledge of the surface composition of new
biomaterials is essential because the most outer layers are
in direct contact with biological tissues. Khan et al. [11]
called the attention to the fact that the Ti-13Nb-13Zr alloy,
vanadium-free and made of non-toxic elements, was pro-
posed as more favorable for orthopaedic implants than the
Ti-6Al-4V alloy because of its superior corrosion resis-
tance and biocompatibility. Khan et al. [12] also compared
the corrosion resistance of a variety of alloys, including the
Ti-13Nb-13Zr alloy, in a phosphate buffered saline (PBS)
solution at three different pHs. They concluded that this
alloy was among the ones presenting the best corrosion
resistance properties, along with commercially pure Ti and
the Ti-15Mo alloy.
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Lopez et al. [10] analyzed X-ray photoelectron spec-
troscopy (XPS) spectra carried out on the oxide layers
formed spontaneously in air on three vanadium-free Ti
alloys: Ti-6Al-7Nb, Ti-13Nb-13Zr, and Ti-4Nb-15Zr. The
XPS data revealed for these alloys a passive layer formed
by a mixture of the oxides from the respective elements,
but largely enriched in Al or Zr oxides. They also reported
on the behavior of the same titanium alloys in Hank’s
solution [13]: no transpassivation was recorded and no pit
formation was evident at potentials as high as 2 'V (vs.
saturated calomel electrode (SCE)).

Studies done in our laboratory [14—17] on the stability of
oxides grown anodically on Ti-50Zr at.%, Zr-2.5Nb wt%,
and Ti-13Nb-13Zr wt%, in aerated Ringer physiological
solutions, showed that the stability of these oxides is
increased by aging under potentiostatic conditions and can
be decreased by the presence of chloride ions in the elec-
trolyte during the anodization process. We also reported
that, in some solutions simulating physiologic media
[Ringer and PBS (phosphate buffered saline) solutions], the
Ti-50Zr alloy presents a better corrosion protection than
the Zr-2.5Nb alloy or pure Zr [15]. Furthermore, the
anodized Ti-13Nb-13Zr alloy did not present any corrosion
evidence even at potentials as high as 8 V (vs. SCE) in
chloride solutions, while the Ti-50Zr alloy underwent
localized corrosion (pit corrosion) at potentials lower than
2 V [17]. Besides that, we showed that the dissolution of
the oxide grown anodically on the Ti-13Nb-13Zr alloy,
measured after 3 days of immersion in PBS solution at
open circuit, was only about 3%, which is very low com-
pared to the dissolution presented by the oxides of the other
alloys [17].

In order to increase their biocompatibility, these oxi-
dized alloys have been coated with biocompatible
ceramics, which can be used in either orthopaedic or dental
implants. Among the bioactive materials are the bioglasses,
the glass ceramics and the calcium—phosphate-type
ceramics, the latter group having hydroxyapatite (HA,
Ca;g(PO4)s(OH),) as their most widely employed material
[18, 19]. The coating of an implant material with HA is
especially attractive since it is the main mineral component
of the bone and results in improved osteointegration when
placed in the metal/living tissue interface [20-24].

Several methods have been employed in order to prepare
HA coatings; the plasma spraying method is the most
reported. Nevertheless, it is not an easy task to precisely
control the chemical composition, crystallographic phase,
and thickness of the deposited material by using this
technique. A good alternative is to use electrochemical
deposition to quickly obtain uniform HA coatings on
substrates of complex shapes at room temperature, besides
allowing the control of the thickness and the composition
of the film [23].
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Several reports can be found on the HA electrodepos-
ition on a Ti substrate using different compositions of the
forming electrolyte containing calcium and phosphate salts
[21-24]. However, not as many reports can be found on
HA deposition on the promising Ti-13Nb-13Zr alloy.
Besides that, there is also very little information concern-
ing the changes on the electrochemical properties when a
metallic biomaterial is coated with HA and what important
aspects can be analyzed on the alloy/HA/electrolyte inter-
faces by means of electrochemical techniques. Therefore,
the aim of this work was to investigate the effect of an HA
coating on the electrochemical properties of the Ti-13Nb-
13Zr alloy passivated by its oxide. To accomplish this, a
methodology to electrodeposit HA on the fresh-polished
alloy was firstly optimized and then, the apatite film was
electrodeposited using the same procedure on the Ti-13Nb-
13Zr surface already passivated by an oxide film grown
anodically. The stability and the corrosion behavior of the
alloy/oxide and alloy/oxide/HA samples, kept in a PBS
solution, were followed during 180 days by means of open-
circuit potential and electrochemical impedance spectros-
copy (EIS) measurements.

2 Experimental

The Ti-13Nb-13Zr wt% alloy was prepared by voltaic-arc
fusion in an inert atmosphere of the pure metals (Zr 99.8%,
Nb 99.8%, and Ti 99.7%, from Aldrich), following a pro-
cedure described by Kobayashi et al. [9]. The obtained
alloy was characterized by metallography and by induc-
tively coupled plasma-atomic emission spectroscopy (ICP-
AES) [17].

Working electrodes were made from disk-shape pieces
of the Ti-13Nb-13Zr alloy exposing a geometrical area of
about 1 cm? to the electrolyte. Previous to any HA or
anodic oxide growth, the alloy surface was polished with
grade-600 silicon carbide paper and rinsed with deionized
(Milli-Q®) water. A conventional three-electrode cell was
used in all the electrochemical experiments and the solu-
tions were always kept at room temperature, ca. 25°C. A
saturated calomel electrode was used as reference and a 2-
cm? Pt foil was used as counter electrode.

The oxides were grown on the surface of the Ti-13Nb-
13Zr electrode at constant anodic current density
(1.52 mA cm™?) up to 80 V, in a pH 5 phosphate solution
(35.81 g/l Na,HPO,, 13.80 g/l NaH,PO,) as electrolyte.
This procedure yields an anodization ratio of about
2 nm V™!, according to our previous results [17].

The hydroxyapatite was electrodeposited on the fresh-
polished alloy by applying —13 mA cm™? during 60 min
in an electrolyte containing 137.8 mmol/l NaCl,
1.67 mmol/l K,HPO,4, and 2.5 mmol/l CaCl, [24]. The



J Mater Sci: Mater Med (2009) 20:1009-1015

1011

same procedure was employed to electrodeposit HA on the
alloy passivated by its 80-V oxide. The morphology and
the structure of the coated alloy surface were analyzed,
respectively, by a Zeiss DSM 960 scanning electron
microscope and a Rigaku Rotaflex RU200B X-ray
diffractometer.

Several samples of the Ti-13Nb-13Zr alloy, coated with
either its anodic oxide or anodic oxide/HA films, were left
in an aerated PBS solution during 180 days at room tem-
perature. From time to time, one sample had its
electrochemical properties analyzed as follows: (a) open-
circuit potential (E,.) measurements carried out in the PBS
solution; (b) EIS measurements carried out in the same
solution keeping the alloy electrode at 2 V (in the oxide
stability region, in order to establish high signal-to-noise
ratio and data stability). For the EIS measurements, a
sinusoidal signal of 10 mV (rms) was applied in the fre-
quency range 10 mHz-10 kHz, using an Autolab
PGSTAT30 potentiostat/galvanostat from Eco Chemie
controlled by the FRA software. The fitting of an equiva-
lent electrical circuit model to the impedance data was
done using a non-linear least square method.

3 Results and discussion

3.1 Electrochemical deposition of hydroxyapatite
on the alloy and alloy/oxide surfaces

From aqueous solutions containing calcium and phosphate
ions, a calcium phosphate film similar to the bone
hydroxyapatite can be deposited on metallic surfaces
mediated by the cathodic reduction of water

2H,0 + 2e~ — Hj(aq) + 20H (aq) (1)

since the increase of the pH at the metal/solution interface
induces the precipitation of calcium phosphate salts as an
insoluble and adherent layer on the cathode, as proposed
before [25-27]:

OH ™ (aq) + H,PO; (aq) — HPO?™ (aq) 4+ H,0(1) (2)
OH ™ (aq) + HPO? (aq) — PO} (aq) + H,O(l) (3)

20H" (aq) + 6PO; (aq) + 10Ca>* — Cayo(POy)¢(OH),(s)
(4)

Accordingly, the formation of the hydroxyapatite (HA)
film on fresh-polished Ti-13Nb-13Zr samples was analyzed
as a function of the electrodeposition time. Figure 1 shows
how the hydroxyapatite mass changed with time for
two cathodic current density values, —13 mA cm~2 and
—15 mA cm~2, until the film reached a constant mass
value. This current density range was elected since for
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Fig. 1 Hydroxyapatite mass versus electrodeposition time for two
different cathodic current densities (values are averages of three
experiments)

higher values the hydrogen evolution rate (Eq. 1) is very
high, negatively affecting the quality of the HA deposit,
while for lower values the co-deposition of dicalcium-
phosphate dihydrate is favored [27]. The obtained results
indicate that 60 min is an optimum time to reach a steady
amount of the HA film, which does not vary significantly
with the cathodic current employed. Therefore, the
subsequent HA depositions were done during 60 min at
—13 mA cm™ 2.

The surface aspect of the Ti-13Nb-13Zr alloy covered
with an electrodeposited HA film was analyzed by scan-
ning electron microscopy (SEM) and the film structure by
X-ray diffractometry (XRD); typical results are presented
in Fig. 2. The micrograph at lower magnification (Fig. 2a)
displays a continuous and homogeneous film distributed on
the alloy surface, while the one at higher magnification
(Fig. 2b) reveals a globular and porous film. The porosity
obtained for the electrodeposited hydroxyapatite is a
positive feature for the implanted material since it favors
both osteointegration [19, 28, 29] and drug delivery
through it [29, 30]. The X-ray diffractogram, shown in
Fig. 2c, reveals main peaks at 20 ~26, 32 and 34 degrees,
which are compatible to HA peaks [31-33]. Simulta-
neously to the SEM analyses, an elemental determination
was carried out by EDS in order to quantify the Ca/P ratio
in the HA film. The relative percentages yielded by the
corresponding peak areas were 61.7% for calcium and
38.3% for phosphorous, leading to a Ca/P ratio of 1.61,
which is very close to the bone hydroxyapatite value (Ca/
P = 1.67). This is an excellent result specially when con-
sidering that the HA film was prepared at room
temperature, without the need of further sintering usually
performed to obtain HA by other methodologies [18, 19].
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Fig. 2 SEM micrographs at
two magnifications (a) and (b)
and X-ray diffractogram (c)
of the hydroxyapatite film
electrodeposited on the
Ti-13Nb-13Zr alloy

(c)

Intensity
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The same procedure was carried out to electrodeposit HA
on the alloy already passivated by its oxide grown up to
80 V. The growth and characterization of this oxide on the
Ti-13Nb-13Zr alloy were analysed in detail previously [14,
16, 17]. Considering the anodization ratio of the alloy as
2 nm V™!, the thickness of the oxide passivating the alloy
was estimated as approximately 160 nm. The micrograph
shown in Fig. 3 indicates that the morphology of the HA
film is completely changed when it is deposited on this thick
and rather compact oxide film. Due to the resistance
imposed by the anodic oxide film, only a very thin layer of
HA was expected to be deposited on the alloy/oxide elec-
trode. Hence, the surface aspect of the oxide/HA film seems
to be similar to that of the underlying oxide [14, 16, 17].

Although the XRD and EDS analyses for the alloy/
oxide/HA samples were non-conclusive, i.e. very small
signals of the corresponding peaks (not shown in this
paper) due to the low HA thickness, the presence of the
apatite film on the oxide was attested by the variation of the
alloy/oxide properties as analyzed in the sequence.

3.2 Characterization by open circuit potential and EIS
measurements

Open-circuit potential (E,.) analyses have been widely
used to foresee the corrosion or passivity properties of

@ Springer

¥ T 1 T ) T X
30 40 50 60 70
29 (degree)

Fig. 3 SEM micrograph of the hydroxyapatite film electrodeposited
on the Ti-13Nb-13Zr alloy passivated by a 80-V oxide

various alloys used as biomaterials [20, 34]. Figure 4
presents the E,. variation of the Ti-13Nb-13Zr alloy
immersed in a PBS solution during 180 days, for samples
coated with either its anodic oxide film or HA overlaying
this oxide film. For both cases, E,. varies significantly at
the beginning till the equilibrium potential is reached in the
PBS electrolyte; then, it varies slowly towards lower
potentials till an approximately steady value is reached.
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Two important informations can be drawn from these
results: first, the slow drift of E,. towards more negative
(and quasi-stationary) values is an indication that a small
dissolution rate (tending to a negligible equilibrium value)
is taking place at the film/solution interface; second, the
higher E,. values (upper curve in Fig. 4) obtained for the
alloy/oxide/HA electrode indicate that this system presents
less tendency to spontaneously undergo dissolution in the
PBS solution. Therefore, it seems that the presence of the
HA film affects the stability and offers additional corrosion
protection to the already passive underlying alloy.
Electrochemical impedance spectroscopy (EIS) mea-
surements were performed in order to complement the
analyses of the electrochemical properties of the passive
Ti-13Nb-13Zr alloy. To do so, EIS spectra were obtained
for the alloy/oxide and alloy/oxide/HA electrodes as a
function of the immersion time in the PBS solution. Typ-
ical results are shown in Figs. 5 and 6 for the alloy/oxide
and alloy/oxide/HA electrodes, respectively. The imped-
ance profiles for the passive alloy electrodes did not show
dependence on both the nature of the film and the time
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Fig. 4 Open-circuit potential versus time for the Ti-13Nb-13Zr alloy
coated with either its anodic oxide film (alloy/oxide) or hydroxyap-
atite overlaying this oxide film (alloy/oxide/HA), in a PBS solution
for up to 180 days

exposition in the electrolyte. The shape of the impedance
spectra in the 10 mHz-10 kHz frequency (f) range corre-
sponds to that of a capacitive semicircle, i.e. the data can be
analyzed in terms of an RC parallel combination in series
with an ohmic resistance Rg, according to the transfer
function [35]
Z(jw) = Ro + 1+ jwCR (5)
where w = 2nf. The high-frequency limit Rq corresponds
to the ohmic resistance of the electrolyte, whereas R and C
are the resistance and the capacitance, respectively, of the
passive film. The resistance to the corrosion process can be
visualized in terms of the oxide resistance defined at the
limit of lower frequencies, that is R = Ry, = lim,_,¢[-
Z(jw)]. Figures 5a and 6a show the complex-plane (or
Nyquist) representation of the impedance data, whereas
Figs. 5b and 6b show the respective Bode plots (impedance
modulus IZ] vs. log f and phase angle ® vs. log f). The only
capacitive semicircle appearing in the Nyquist diagrams as
well as the sharp maximum in the phase angle plots are
strong evidences that a single and compact layer of the
anodic oxide is passivating the alloy and that the oxide
layer is the main responsible for the impedance response.
As the impedance spectra shapes were not affected by the
HA film, this is one more evidence that only a very thin
layer of hydroxyapatite was electrodeposited onto the
thicker oxide film. Different EIS data were reported by
Souto et al. [36] for a very thick HA film deposited by
plasma spraying on a Ti-6Al-4V alloy. For this case, two-
layer models described well the EIS behavior of the elec-
trode, considering a porous and thick ceramic film coating
the alloy/open circuit oxide substrate.

For the Ti-13Nb-13Zr alloy, the experimental EIS
spectra were satisfactorily described by Eq. (5) after an
appropriate choice of parameters was made using a com-
plex non-linear least square algorithm [37]; the resulting
fitted impedance data are depicted as full symbols in
Figs. 5 and 6. The calculated values of the parameters R,
and C, obtained for the alloy with different coatings, are
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Fig. 7 Values of R, as a function of time, obtained from electro-
chemical impedance spectra similar to the ones in Figs. 4 and 5 for
the Ti-13Nb-13Zr alloy coated with either its anodic oxide film (alloy/
oxide) or hydroxyapatite overlaying this oxide film (alloy/oxide/HA),
in a PBS solution for up to 180 days
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Fig. 8 Values of C as a function of time, obtained from electro-
chemical impedance spectra similar to the ones in Figs. 4 and 5 for
the Ti-13Nb-13Zr alloy coated with either its anodic oxide film (alloy/
oxide) or hydroxyapatite overlaying this oxide film (alloy/oxide/HA),
in a PBS solution for up to 180 days
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shown in Figs. 7 and 8, respectively, as a function of the
immersion time in the PBS solution.

For either film coating (oxide or oxide/HA), the
decrease of the R, values presented in Fig. 7 indicates that
the corrosion process is enhanced after the alloy is
immersed in the saline solution. In previous reports we
already demonstrated that physiological solutions contain-
ing chloride ions (Ringer and PBS) are prone to break the
stability of the passive oxides on Ti-50Zr and Ti-13Nb-
13Zr alloys [17]; the same happened when the Ti-6Al-4V
alloy was exposed to chloride-ion solutions [38]. There-
fore, the sharp decrease of the resistance values in the first
30 days of immersion of the alloy in the PBS solution
should be expected. Nevertheless, even after 180 days the
quasi-stationary resistance value (>2 kQ cm?) is still high
enough to maintain the corrosion of the Ti-13Nb-13Zr
alloy at a low level in the physiological medium. On the
other hand, R, values are systematically higher when HA
is deposited on the alloy/oxide electrode, which means a
beneficial effect towards protecting the alloy from corro-
sion. In either case, a decrease in the resistance values with
the elapsed time may be related to some changes in the
passive film like point-defect rearrangements and surface
flaws with electrolyte penetration. However, these
assumptions should be carefully investigated by other
techniques.

The capacitance values, presented in Fig. 8, do not vary
significantly with the immersion time of the respective
electrodes in the PBS solution. Since the capacitance can
be related to the area of the film/solution interface, these
results are an indication that the dissolution process on both
films (oxide and oxide/HA) occurred evenly and that the
films kept the same average area in contact with the PBS
solution.

4 Conclusions

Films of hydroxyapatite were successfully obtained by
electrodeposition at a constant cathodic current on the
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fresh-polished Ti-13Nb-13Zr alloy and on the alloy already
passivated by its anodically grown oxide film. Results of
open-circuit potential and electrochemical impedance
spectroscopy measurements indicated that the HA coating
positively affects the electrochemical properties of the
alloy/oxide samples immersed in PBS solution.

The shift towards more positive open-circuit potentials
and the increased resistance values when the alloy/oxide
electrodes were coated with HA are strong evidences that
the HA coating offers an extra protection against corrosion
of the passive Ti-13Nb-13Zr alloy. This means that the as-
prepared HA film, besides its well-known property of os-
teointegration improvement, seems to present the
additional property of increasing the biomaterial stability.
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