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Abstract: Colorful thin oxide films were synthesized by galvanostatic anodization on Ti—6Al—4V alloy. Three different
aqueous solutions containing corrosion inorganic inhibitors (Na;MoOs4, NaH,PO4 and NH4sVO3) were employed for the
anodization treatment. The effect of inhibitor anions on the corrosion behavior of the alloy in Ringer solution was
studied. Open circuit potential (OCP), Tafel polarization, linear sweep voltammetry (LSV) and chronoamperometry
(CA) were performed to evaluate the corrosion performance of the treated electrodes. The incorporation of the inhibitor
ions was detected by the release of Mo, V and P through ICP-AES technique. The formed oxides were characterized by
scanning electron microscopy (SEM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The
results show that compact, amorphous oxides without pores or cracks were obtained independently of the solution used.
The sample anodized in Na,MoOjs solution registered the lowest corrosion current density (0.11 uA/cm?), and it was
able to protect the alloy even after 168 h of immersion in Ringer solution. No cracks or corrosion products were
detected. The XPS analysis reveals the incorporation of molybdenum to the oxide film in the form of Mo®" and Mo*".
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1 Introduction

In the last decades, changes in lifestyle and
growing life expectancy have led to an increase
in the demand of orthopedic implants [1]. Thus,
different polymeric, ceramic and metallic materials
have been extensively investigated for enhancing
their performance as medical devices.

Titanium and its alloys present some
advantages over other metallic biomaterials like
high specific strength, low modulus of elasticity
and good corrosion resistance due to their native
oxide layer that acts as a barrier between the alloy
and the environment [2,3]. Ti—6Al-4V alloy was
initially created for aircraft structural applications to
save mass [4]. Nowadays, although the aerospace

industry is the main consumer of Ti—6Al-4V alloy,
other application areas like chemical, marine,
industrial and biomedical industries [5—9] have
incorporated the use of this alloy due to its
attractive characteristics.

With respect to biomedical applications, there
is concern about the release of alloying elements
into the biological environment. Several reports
indicate that the presence of vanadium and
aluminum ions is related with health issues.
For example, vanadium ions can originate an
inflammatory response that causes pain and may
even lead to loosening owing to osteolysis [10,11]
and the presence of aluminum ions increases the
probability of developing Alzheimer’s disease [12].
For this reason, different techniques have been used
to modify the surface of the alloy and increase its
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corrosion resistance [13—15].

Anodization or anodic oxidation is a surface
modification technique employed for valve metals
which allows a change on the thickness, composition
and morphology of oxide layers [16,17]. It is a
cheap, simple and one-step method, by which a
constant voltage or current is applied between
the working and electrodes in an
electrochemical cell. Particularly for titanium and
its alloys, this causes metal atoms to oxidize to Ti*"
ions which then combine with oxide anions from
the electrolyte to progressively form an oxide layer
on the metal surface [18,19]. Anodizing of titanium
and its alloys can be classified into three main
groups according to the characteristics of the
formed oxide: traditional anodizing (thin compact
films showing interference colors), anodizing in
fluoride containing electrolytes (nanotubular
oxides) and high voltage anodizing also called
plasma electrolytic oxidation (PEO) or microarc
oxidation (MAO) [20].

Previous investigation has reported that some
inorganic ions such as molybdate and metavanadate
can passivate titanium in sulfuric and hydrochloric
acid solutions [21]. Anodizing has also been
performed in phosphoric acid solutions under
different conditions to improve the corrosion
resistance of Ti—6Al-4V alloy in
physiological environment [22—24].

In this work, thin oxide films galvanostatically
grew on Ti—6Al-4V alloy from three different
solutions with the aim of incorporating inorganic
ions into the oxide layer to improve the corrosion
resistance of the substrate in Ringer solution.

counter

simulated

2 Experimental

2.1 Materials and anodization process

The working electrode (WE) employed in this
study was Ti—6Al-4V alloy in the form of rods
(3 mm in diameter) axially mounted at a Teflon
holder with an exposed area of 0.07 cm®. The
chemical composition of the alloy is presented in
Table 1.

Table 1 Chemical composition of Ti—6Al-4V alloy
(wt.%)

C Al v 0O N H Fe Ti
0.01 6.10 4.10 0.12 0.01 0.002 0.11 Bal.

Before anodization treatment, the WE was
mechanically abraded with SiC papers down to
1000 grit finish and washed with triply distilled
Then, immediately introduced
into a conventional three-electrode electrochemical
Metrohm cell of 20 cm®. A large Pt sheet and a
saturated calomel electrode (SCE) were used as
counter and reference electrodes, respectively.
Unless specified otherwise, all potentials in this
work are referred to SCE.

In order to evaluate the potential use of some
inorganic compounds as corrosion inhibitors
for the Ti—6Al-4V alloy, different electrolytes
were employed: 0.50 mol/L Na,MoQs, 0.50 mol/L
NaH,POj4 and 0.025 mol/L NH4VOs. The pH of the
three solutions was adjusted to 12 by adding
concentrated sodium hydroxide (NaOH) solution.
All chemicals were reagent grade and solutions
were made with triply distilled water. The
electrodes were anodized during 1 h at a constant
current of 0.05 mA employing a potentiostat-
galvanostat PAR Model 273A. A rotating disk
electrode EDI 101 (Radiometer Analytical S.A.)
with a CTV 101 rotation rate controller
(Radiometer Analytical S.A.) was used in order to
avoid great oscillations in the potential versus time

water. it was

transients due to the oxygen evolution reaction. The
rotation speed used in all cases was 500 r/min.

2.2 Corrosion performance

The corrosion performance of bare and
anodized Ti—6Al-4V alloy was tested in Ringer
solution (chemical composition: 0.147 mol/L NaCl,
0.00432 mol/L CaCl,, and 0.00404 mol/L KCI)
through different electrochemical techniques: open
circuit potential (OCP), Tafel polarization, linear
sweep voltammetry (LSV) and chronoamperometry
(CA) measurements. The corrosion experiments
were performed at 37 °C using a potentiostat-
galvanostat AUTOLAB/PGSTAT128N.

Tafel tests were carried out in Ringer solution
after OCP (1h) starting from —0.20 to 0.20V
(SCE) versus OCP with a potential scan rate of
0.001 V/s. Estimation of the corrosion parameters
was calculated by Tafel extrapolation method. The
density (Jeorr) values
estimated by extrapolation of anodic and cathodic
branch lines to the corrosion potential (pcorr) Or by
extrapolation of the cathodic region of the curve to

corrosion current Wwere
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the pcorr When a non-linearity behavior was obtained
in the anodic region.

All electrochemical measurements were taken
at least three times for each sample and the values
were turned out to be reproducible.

Ti, Al, V, P and Mo released concentrations
from bare and anodized Ti—6A1-4V alloy in Ringer
solution were determined using an inductively
coupled plasma atomic emission spectrometer
(ICP-AES) (ICPE 9000—Shimadzu Corporation,
Japan).

2.3 Oxide characterization

Morphological studies of the films metallized
with gold were carried out using a LEO 1450 VP
scanning electron microscope (SEM) coupled with
an energy dispersive X-ray spectrometer (EDX) at
20 keV of accelerating voltage.

X-ray diffraction (XRD) was used to identify
the crystalline structures obtained after anodization.
Diffraction patterns were obtained by a Rigaku
D-Max III-C diffractometer, using Cu K, (A=
1.54059 A) filtered with a graphite monochromator
in the diffracted beam. XRD analyses were
recorded in the range 26 from 3° to 80°.

X-ray photoelectron spectroscopy (XPS)
analysis was carried out in a Specs set up operating
system. The XPS analysis chamber was equipped
with a dual anode (Mg/Al) X-ray source and a
150 mm hemispherical electron energy analyzer
(PHOIBOS) in fixed analyzer transmission (FAT)
mode. Spectra were obtained with a 30 eV step
energy and an Al anode operated at 100 W. The
pressure during the measurement was less than
2x107° Pa. The sample was calcined in an oven at
150 °C for 30 min, then pressed, loaded onto
the instrument sample holder and evacuated to
ultra-high vacuum for at least 2 h before reading. It
was then reduced to 350 °C for 10 min at H,—5%Ar
flow, and evacuated to ultra-high vacuum for at
least 2 h before the second reading. The energies of
all spectra were referenced to the C s peak at
285.0 eV. All the XPS spectra were deconvoluted
using the CasaXPS software with a Gaussian—
Lorentzian mix function.

A widefield confocal microscopy (Smartproof
5, Zeiss) was employed to estimate the thickness.
ImageJ software was used to analyze the height
profiles obtained from the optical images.

3 Results and discussion

3.1 Anodization process

Anodization was initially performed in a
solution containing 0.50 mol/L Na;MoOs. After
applying different currents to the Ti—6Al—4V alloy,
0.05 mA was selected since it was the lowest
current that allowed a complete coating on the
electrode surface easily observed to the naked eye.
In order to find the best results regarding corrosion
inhibition, the same current was applied to other
two electrolytes: 0.50 mol/L.  NaH,POs and
0.025 mol/L NH4VOs. The treated electrodes will
be identified as Ti—6Al-4Vysomo, Ti—6A1—4V s0p
and Ti—6A1-4V psv, respectively.

Figure 1 shows the potential versus time
curves obtained during the anodization process.
Regardless the electrolyte used, the same behavior
was observed. In the first minutes, the potential
increases linearly with time until it reaches the
maximum, then it begins to decrease until it attains
a constant value. This type of response has also
been observed during the anodization of other
valve metals like Nb, Al and Zr [25-27] and is
representative of combined barrier/porous oxide
growth.
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Fig. 1 Anodization of Ti—6Al-4V alloy at 0.05 mA
during 1 h in different inhibitor solutions of pH 12:
(a) 0.50 mol/L Na;MoOy; (b) 0.50 mol/L. NaH,POy;
(c) 0.025 mol/L NH4VO; (In all cases the WE was
rotated at 500 r/min)

The initial increase is attributed to the growth
of the barrier oxide, and the slope of the straight
line indicates the rate of the coating formation: the
higher the slope of potential vs time curve, the
higher the rate of barrier oxide formation. The
different slopes were calculated by the linear
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regression through the analysis tool available in the
OriginPro 8 software. The results are shown in
Table 2. It can be observed that the slopes are
slightly  different, being the highest one
corresponding to Ti—6Al-4Vysome. Therefore,
different rates obtained for the oxides can be
ordered in the following way: Ti—6Al-4Vgsomo >
Ti—6Al-4Vsop > Ti—6A1—4V02s5yv. After reaching
the maximum potential, the observed decrease
corresponds to a loss in thickness as a consequence
of the nucleation and formation of pores. In the
steady state region, the anodic film thickens
uniformly with time [26].

Table 2 Rates of oxide growth obtained from anodization

curves
Sample Slope/(V-s™")  Standard error
Ti—6Al=4Vo.s50m0 0.108 1.41x1073
Ti—6A1-4V s0p 0.099 3.61x1073
Ti—6A1-4V(025v 0.096 8.73xx107

After the treatment, the samples were rinsed
by triply distilled water and dried. The resulting
electrode surface was colored to the naked eye due
to the interference between light and the oxide
layer. It has been proved that these resulting surface
colors are dependent on the thickness of the oxide
formed [18,28].

The different colored surfaces are shown in
Fig.2. A golden color was formed when the
Ti—6Al-4V alloy was anodized in the solution
containing molybdate ions (Fig.2(a)); a dark
golden surface was obtained when the treatment
was performed in the phosphate solution (Fig. 2(b))
and a purple-blue oxide was formed when the
surface of the alloy was modified in the vanadate
solution (Fig. 2(c)).

v °

(a) (b) (©)

Fig. 2 Obtained color surfaces during anodization
process of Ti—6Al-4V alloy at 0.05 mA during 1 h in
different inhibitor solutions of pH 12: (a) 0.50 mol/L
Na;MoOys; (b) 0.50 mol/L NaH,PO4; (¢) 0.025 mol/L
NH4VO;

The colors obtained suggest that Ti—6Al—
4Vosov presents the thicker oxide; however, it
registered the lowest final plateau voltage value. As
previously mentioned, several studies have
demonstrated that titanium oxide color is
principally dependent on the oxide thickness.
Nevertheless, SUL et al [29] have obtained oxides
that presented different color surfaces with no
significant differences on thickness.

3.2 Oxide characterization

In order to calculate the oxide thickness, a
confocal microscope was used. For this experience,
only half of the electrode surface was anodized.
From the optical images (not shown), a total of 20
linear height profiles of the bare electrode/anodized
interface zone were obtained and overlayed. An
increase in height was observed for the anodized
zone. Therefore, the oxide thickness was estimated
by the difference between the average values on the
treated zone and the polished region. The calculated
oxide thicknesses were 5.31, 4.52 and 4.04 pm for
Ti_6A1_4V0,50M0, Ti_6A1_4V0,50P and Tl_6A1_
4Vo.025v, respectively. These results, combined with
the colors obtained after the anodizing process,
suggest that although different surface colors were
observed, there were no significant differences on
thickness. This is in accordance with what SUL et
al [29] reported, indicating that the resultant colors
can be different depending on the electrolyte used
and its concentration.

The obtained oxide films were characterized
by XRD (Fig.3). In all samples, the resulting
patterns show peaks that correspond to the titanium
alloy. Ti—6Al-4V 05y presents two rutile peaks at
62.84° and 65.44° while Ti—6Al-4Vosmmo also
presents a third small rutile signal at 43.84°. In the
case of Ti—6Al-4Vsop, no peaks corresponding to
crystalline titanium oxides were identified. It was
proposed that phosphorus stabilizes the amorphous
structure of TiO, [18,30]. According to the
published data, TiO, films deposited at low
temperature by most deposition methods present an
amorphous phase [19,31]. Crystallization of the
film is usually accomplished by heating the
substrate during deposition or by a post-deposition
annealing process [29,32]. Considering the XRD
result, the potentials achieved during the anodizing
process and the low intensity of the rutile signals, it
is suggested that all the oxides are mostly formed
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Fig. 3 XRD patterns for Ti—6A1—4Vysomo (a), Ti—6Al—
4Vysop (b), and Ti—6Al-4Vi2sv (c) (Insert: magnified
zone of (210) peak)

by an amorphous titanium oxide. The small signals
of rutile present on Ti—6Al—4V,somo and Ti—6Al-
4Vo.02sv can be related to the fact that crystallites
may nucleate in the amorphous matrix [29]. The
diffraction peaks were indexed according to the
JCPDS card No. 00-044-1294 and 01-073-2224 for
titanium and rutile, respectively.

Moreover, a SEM analysis was performed to
determine the surface characteristics of the bare and
anodized Ti—6Al—4V electrodes. Figure 4 shows
SEM images of the surfaces of the Ti—6Al—4V alloy

before and after the anodization process. The bare
alloy presents parallel lines corresponding to the
mechanical grinding applied to removing the
natural oxide from the alloy before the
electrochemical  treatment (Fig. 4(a)). After
anodizing, a change in the morphology can be
observed (Figs. 4(b—d)). The different anodic films
cover the mechanical abrading lines and a
smoothing surface is visible. The oxides extend
along the entire surface and present no cracks. A
more compact morphology is observed in the case
of Ti—6A1-4Vs0mo With respect to Ti—6A1-4Vq s0p
and Ti—6A1—4V0,025\I.

The general EDX analysis (Fig. 5) of SEM
images reveals that the oxides are mostly
constituted by Ti and O. It can be observed that the
treated samples present the same signals of the non-
anodized electrode but with a high intensity for the
O signal (Figs. 5(b—d)). The alloying elements (Al
and V) are also part of the oxide but their contents
are difficult to be determined due to the fact that the
measured signal provided by this technique could
come from the bulk of the alloy [33]. Mo, P or V
was not detected by EDX. This could be explained
considering that their amounts are below the
detection limit of the technique and due to the fact
that part of the signal could come from the bulk of
the alloy, as mentioned previously.

Fig. 4 SEM images of mechanically abraded Ti—6Al-4V (a), Ti—6Al-4Vosomo (b), Ti—6Al1-4Visepp (c), and

Ti—6Al-4V.025v (d)
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The XPS spectrum of bare Ti—6Al-4V alloy

reveals the presence of Ti, Al, V and O (Fig. 6(a)).
On the other hand, it can be observed that the
surface of Ti—6Al—4V somo (Fig. 6(b)) is composed

XPS technique was employed to determine the
surface chemical composition of the anodized
samples. For a comparative purpose, the XPS
spectrum of the bare alloy was also obtained.
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Fig. 5 EDX spectra of SEM images obtained for
Ti—6A1—4V0,50p (C), and Ti—6A1—4V0‘025V (d)

mechanically abraded Ti—6Al-4V (a), Ti—6Al-4Visomo (b),
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Fig. 6 XPS survey spectra of different samples: (a) Bare Ti—6Al-4V alloy; (b) Ti—6Al-4Vsomo; (¢) Ti—6Al-4V.sop;

(d) Ti-6A1-4Vo 025y



1902

of Ti, O, V, Al and Mo, while Ti—6Al-4Vsop
(Fig. 6(c)) and Ti—6Al-4Vonsy (Fig. 6(d)) only
present peaks of Ti, V and O.

High resolution spectra were displayed for the
elements in the anodized samples and compared
with the bare alloy (Fig. 7). Figure 7(a) (Spectrum 1)
shows the deconvolution of Ti 2p signals before
anodization. The doublet Ti 2ps» (binding energy
453.9¢V) and Ti 2pi»(binding energy 459.6¢V)
arise from spin orbit splitting. The fitting of the
peaks indicates the presence of three oxidized

A. L. MARTINEZ, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1896—1909

species: Ti*" (454.9 and 459.9 eV), Ti** (457.0
and 462.1eV) and Ti*" (459.4 and 4653 eV).
These results are in agreement with other
publications [34,35]. After the treatment, it can be
observed that for Ti—6Al-4Vosomo (Fig. 7(a),
Spectrum 2), the TiO signal disappeared and the
intensity of Ti»Os decreased, whereas the signal
of TiO; increased. Similar results were obtained for
Ti—6A1—4V0,50P and Ti—6A1—4Vo_025v (Fig. 7(3),
Spectra 3 and 4) with a slightly higher signal for
Ti*" with respect to Ti—6Al—4V s0mo.
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Fig. 7 High resolution of XPS spectra of Ti 2p (a), Al 2p (b), V 2p (c), O 1s (d), P 2p (e) and Mo 3d (f) for Ti—6Al—
4V (1), Ti_6A1_4VoA50MD (2), Ti_6A1_4VoA50P (3) and Ti—6Al—4V0A025v (4) samples
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Regarding aluminum (Fig. 7(b)), a peak is
presented at 74.9 eV in the bare and Ti—6Al—
4Vosomo samples, it corresponds to APP* in
AlLOs [35]. It can be observed that the intensity of
the Al 2p peak is large for Ti—6Al—4Vysomo. Al 2p
peak was not observed for Ti—6Al—4Vispp and
Ti—6Al-4V(0s. None of the samples shows
metallic Al on the surface [36].

High resolution spectrum taken in the V 2p
region for the bare alloy (Fig. 7(c), Spectrum 1)
shows a peak at 519.86 eV and a small signal at
516.8 eV. The first peak cannot correspond to
vanadium oxides because the binding energies
should be lower. According to Ref. [37], the signal
could be attributed to a small amount of metallic V.
Moreover, the second peak could be assigned to
V,03 [35,38]. After anodizing (Fig. 7(c), Spectra 2,
3 and 4), an increase in intensity is observed for V**
for the treated electrodes. Particularly for
Ti—6Al1-4Vo.0sv, a peak at 521.4 eV that could
correspond to V2" was also detected [39].

Figure 7(d) (Spectrum 1) shows the
deconvolution of O 1s spectrum for bare
Ti—6Al—4V. The analysis of the result reflects the
presence of the natural oxide due to the air exposure
exhibiting two sub-peaks: Ti—O link (530.6 eV)
and OH  group (531.6¢eV). The presence of
hydroxyl groups is due to the fact that the metallic
oxide reacts spontaneously with the water
molecules to form hydroxides [37,40]. After
anodization the Ti oxide and OH™ groups were still
detected and a small amount of Al—O (529.2 eV)
was also identified for Ti—6Al-4Vosomo (Fig. 7(d),
Spectrum 2) [34].

According to literature [41,42], a peak at
133.8 eV indicates the incorporation of phosphate
species into the oxide layer, the spectrum for
Ti—6Al-4V,sop does not present any peak in the
P 2p region (Fig. 7(e), Spectrum 3). ICP-AES test
showed that phosphorus ions were released when
the electrode was immersed in Ringer solution, but
XPS technique could not detect them. This may
suggest that phosphorus concentration is below the
detection limit of the XPS equipment.

Finally, the Mo spectrum indicates the
incorporation of Mo species in the film during
anodization (Fig. 7(f)). The binding energies at
232.44 and 235.57 eV correspond to Mo®" state in
molybdenum trioxide (in the form of MoOs-H,0)
and the peaks at 231.52 and 234.72eV are

attributed to the Mo*" state in molybdenum dioxide
(in the form of MoO(OH), and MoO,) [43]. This
result confirms the incorporation of Mo into the
oxide layer during the anodization process.

3.3 Corrosion performance

In order to determinate if the obtained oxides
provide corrosion protection to the substrate,
different electrochemical tests were performed in
Ringer solution at 37 °C. OCP variation vs time was
measured for the three anodized samples and
compared with the bare alloy (Fig.8). The
mechanically abraded electrode registers the lowest
value with an ending potential of —0.380 V (vs
SCE). On the other hand, Ti—6Al-4Vysomo,
Ti—6Al-4Vsop and Ti—6Al-4V.sv present a shift
toward more positive potentials ending the
experience with values of 0.534, 0.407 and
—0.159 V (vs SCE), respectively. These results
suggest that protective oxide films were formed
during anodization.

0.6

o(vs SCE)/V

0 1000 2000 3000
t/s

Fig. 8 Time dependence of OCP obtained in Ringer
solution for different samples: (a) Ti—6Al—4Vysomo;
(b) Ti—6Al_4V0450p; (C) Ti_6Al_4V04025v; (d) Bare
Ti—6Al-4V

The Tafel polarization curves for the bare and
anodized Ti—6Al-4V electrodes in Ringer solution
are plotted in Fig. 9.

The parameters obtained from Tafel
polarization curves are shown in Table 3. All the
treated electrodes present a shift in the gcor to more
positive values compared to the untreated alloy.
The greatest change is registered for Ti—6Al—4V somo
(Fig. 9(a)) with a difference of 0.77 V with
respect to the bare Ti—6Al-4V alloy (Fig. 7(d)). A
decrease in the Jeorr values can also be observed for
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Fig. 9 Tafel polarization curves obtained in Ringer

solution for different samples: (a) Ti—6Al—4Vysomo;

(b) Ti_6Al_4Vo,50p; (C) Ti_6A1_4Vo,ozsv; (d) Bare

Ti—6A1-4V (Sweep rate: 0.001 V/s)

Table 3 Corrosion parameters obtained from Tafel
polarization curves

Sample (?3): eor! _ A _ A _
SCE)V (MA-cm ?)(V-dec )(V-dec™)
Bare 036 532 112 078
Ti—6Al-4V
Ti—6Al-4Viosomo 0.41 0.11 0 0.23
Ti—6Al-4V.50p 0.31 1.33 0 0.40

Ti—6Al-4Vopsy  —0.16 16.84 1.16 0.94

Ti—6A1—4V0‘50M0 and Ti—6A1—4V0‘50p, being
Ti—6Al-4Vosomo the one that presents the best
results. On the other hand, Ti—6Al-4V{ 05y shows
the highest Jeor, indicating that this oxide does not
contribute to the passivity of the alloy as the other
coatings do. A comparison of the obtained values
for the bare alloy with published data is difficult
due to the fact that the corrosion current density of
Ti alloys depends on surface preparation [44]
among other aspects. In spite of this, the parameters
for the bare alloy are in accordance with those of
other research [45,46].

The values obtained for cathodic slopes
indicate that oxygen reduction takes place on the
metal surface. The anodic slopes for bare
Ti—6Al-4V and Ti—6Al-4Vsep result in similar
values. However, for Ti—6Al-4Visomo and
Ti—6A1-4Vosop, a non-linearity behavior was
obtained due to the small active dissolution zone
and the passivation achieved by the alloy in the

anodic region. In these particular cases, an infinite
value results from the calculation of anodic slopes.
The Tafel extrapolation method is still valid if one
of the branches of the polarization curves is under
activation control. In these cases, considering the
behavior of the anodic branches, the J.on values
were estimated by extrapolation of the anodic Tafel
lines to the @eorr [47,48].

Figure 10 shows the polarization curves for the
anodized and non-anodized samples. The anodic
branch of the curves shows an active—passive
transition for both the bare and the treated samples.
The obtained passivation current densities for
are 99, 1565 and 1125 nA/cm?, respectively. After a
passivation plateau, all current densities start to
increase probably due to the oxygen and chlorine
evolution reactions that take place at approximately
1.5 V (vs SCE) [49]. Even though the polarization
was performed up to 3.0 V (vs SCE) no breakdown
potential was detected. Moreover, there is a shift in
the corrosion potential to nobler values for
Ti—6A1—-4V somo and Ti_6A1_4V0_SOP; Only in the
case of Ti—6Al—4V.somo, a decrease in the corrosion
current density is observed.

It is important to analyze the potential range
between 0.4 and 0.5 V (vs Ag/AgCl). VELTEN et
al [50] defined this zone as the body potential and it
corresponds to the oxidation—reduction potential of
the body fluid. It can be observed that the current
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Fig. 10 Polarization curves obtained in Ringer
solution for different samples: (a) Ti—6AI-4Vy.somo;
(b) Ti—6Al-4Vosepp; (c) Ti—6Al-4Vopsv; (d) Bare
Ti—6Al-4V alloy (Sweep rate: 0.001 V/s; Potential range:
—1.0 to 3.0 V (vs SCE); Insert: magnified zone of
polarization curves in the potential range from 0.2 to

0.6 V)
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density of the anodized samples is lower than that
of the untreated alloy in this region. For a more
precise study, chronoamperometry measurements
were done at an applied potential of 0.5 V (vs
Ag/AgCl) during 1 h in Ringer solution (Fig. 11).
The results show a comparison of the corrosion
behavior of the samples. It can be observed that the
bare alloy registers the highest current density,

ending the experience with a value of 15.34 pA/cm?,

Moreover, the anodized electrodes present current
densities below 4 pA/cm?, being Ti—6A1-4V somo
the sample with the lowest value (1.34 pA/cm?)
revealing a better corrosion resistance than the
untreated Ti—6Al-4V alloy in the range of the body
potential.

200
15 M{"‘
(d)
150 £
~ &
% S 9w
:.‘:) 100 w_,_,:_‘;y’-:»'.-:-_: =
3 0 s s .
~ 2000 2500 3000 3500
S tls
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Fig. 11 Current density vs time transient curves obtained
in Ringer solution at 0.5 V (vs Ag/AgCl) during 1 h for
different samples: (a) Ti—6Al—4Visomo; (b) Ti—6Al-
4Vo.s0p; (¢) Ti=6Al-4Vg 0sv; (d) Bare Ti-6Al-4V (Insert:
magnified zone of chronoamperometric curves in the
period between 2000 and 3600 s)

For a deeper study of the corrosion
performance of the electrodes, OCP was monitored
during 168 h (Fig. 12). Changes in OCP values as a
function of time in an aggressive medium can be
used to estimate the protection degree of the
coated substrates. The anodized oxide formed onto
Ti-6A1-4Vo.s0mo provides protection to the substrate
during the complete experience, finishing with a
voltage of —0.056 V (vs SCE). On the other hand,
Ti—6Al-4Vosop and Ti—6Al-4Vp2sy produce an
anodic shift in the early stage, which is related to an
anodic protection mechanism, but the OCP sharply
falls to values close to those of the bare electrode
after the first immersion day. Particularly,
Ti—6Al-4V, sop undergoes the potential of the naked

electrode after almost four days. Finally,
Ti—6A1-4Vosop and Ti—6Al1-4Vopsy register a
potential of -0.414 and -0.404V (vs SCE),
respectively after 168 h of immersion.
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Fig. 12 Time dependence of OCP obtained in
Ringer solution for different samples: (a) Ti—6Al-4V somo;
(b) Ti—6Al_4V0‘5op; (C) Ti_6A1—4V0‘025\/; (d) Bare
Ti—6Al-4V

In order to quantify analytically the corrosion
protection of the coatings, the concentration of
metal ions released during the last experience was
determined using ICP-AES (Table 4). None of the
samples released a significant concentration of ions.
But it can be inferred that the inhibitor ions (Mo, P
and V) were incorporated into the oxide layer
during the anodization process due to the fact that
the three inhibitor ions were detected in Ringer
solution by this technique.

Table 4 Ions released after 168 h at OCP in Ringer
solution

Sample Ti Al A" Mo P
Bare Ti—6Al-4V <0.007 <0.005 0.006 - -
Ti—6Al-4V(somo <0.007 <0.005 0.002 0.214 -
Ti—6A1-4Vosep <0.007 <0.005 0.004 —  0.067
Ti—6A1-4Vpsv <0.007 <0.005 0.028  — -

The coatings were characterized by SEM and
EDX after the prolonged immersion in Ringer
solution. The SEM images of each electrode are
shown in Fig. 13. The absence of cracks can be
observed in the different oxides. Moreover, new
deposits (indicated with arrows) are present on the
surface of the treated samples after immersion
(Figs. 13(b, c and d)).
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In order to establish the nature of these incorporation of the mentioned ions is possible due
deposits, EDX analyses were performed. Different to the presence of the OH-bridges formed on the
elements were detected by EDX (Fig. 14). Na, K surface of titanium during hydroxylation. These
and Ca are identified on Ti—6Al-4V,sop, and Na, Cl bridges are highly polarized and an exchange
and Ca in the case of Ti—6Al-4Voesv. The with the cations available in the environment is

g : (_.---: 'y
AL y. >. :

iak TR *

Fig. 13 SEM images for mechanically abraded Ti—6Al-4V (a), Ti—6A1—4V0,50o (b), Ti6A1—4V0_5op (c) and
Ti—6A1-4V02sv (d) after 168 h in Ringer solution

a ; b
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Fig. 14 EDX spectra for mechanically abraded Ti—6Al-4V (a), Ti—6Al-4Visomo (b), Ti—6A1-4Vysep (c), and
Ti—6A1-4V02sv (d) after 168 h in Ringer solution
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promoted [51,52]. Chloride ions present in the
Ringer solution can be adsorbed on the alloy
surface, resulting in the formation of the
chemisorbed complex [TiCL]* [51,53]. The
presence of the chlorine complex evidences the
dissolution of the TiO; film. On the other hand,
Ti—6Al-4Vsomo only exhibits the Ti, Al, V and O
signals. The absence of chlorine indicates a good
corrosion resistance. In conclusion, it is suggested
that the deposits observed in the SEM image of
Ti—6Al-4Vsomo are constituted by TiO, while for
Ti—6Al-4Vosop and Ti—6Al-4Vy25v, the deposits
also contain ions from Ringer solution.

The superior results for Ti—6Al-4Vosomo are
due to the fact that Mo is a known corrosion
inhibitor for several metals and alloys [54,55]. The
anion reduces the passivity current and extends
the passive range. The different molybdenum
species incorporated into the oxide film act as
corrosion inhibitors, which prevents the dissolution
of Ti—6Al—4V alloy by forming a barrier film. The
anions inhibit chloride ions adsorption present in
Ringer solution and the molybdenum anion-rich
regions on the coating retard chloride ions ingress
to the alloy/oxide interface.

4 Conclusions

(1) The alloy surface was completely covered
by the formed oxides and no cracks were detected.
Ti—-6Al-4Vosomo showed a more compact
morphology compared to Ti—6Al-4Viosep and
Ti—6Al-4V.02sv.

(2) Ti and O were the main constituent
elements of the three anodized oxides, and XRD
patterns confirmed the amorphous character of the
titanium oxides.

(3) The incorporation of Mo, V and P was
detected by the release of each ion through
ICP-AES analysis.

(4) The presence of inhibitor ions in the
anodization solutions produced a shift in the @corr to
more positive values and for Ti—6A1-4Vysomo and
Ti—6Al-4Vosep, a decrease in the J.or values was
also obtained.

(5) Chronoamperometries performed at the
body potential demonstrate that the lowest current
density was achieved for Ti—6Al-4Vgsomo. This
oxide was able to protect the alloy in Ringer
solution during 168 h and no corrosion products

were detected on the surface after the immersion.

(6) Ti—6A1-4Vqsomo electrode showed the best
anticorrosive properties in simulated physiological
solution, the incorporation of Mo** and Mo®" in the
oxide film inhibited chloride ions adsorption
present in Ringer solution preventing the
dissolution of the alloy.
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