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ABSTRACT
Regarding to the influence of chloride and fluoride ions on the corrosion resistance, the electrochemical behavior

of Ti alloys has been deeply studied. In this work, the main goal was to investigate the electrochemical behavior of
cp-Ti and Ti-Mo alloys containing 6, 10 and 15 wt% of Mo concentrations. All the samples were immersed in different
solutions, such as 0.15 mol L-1 Na2SO4, 0.15 mol L-1 Ringer, 0.15 mol L-1 Ringer plus 0.036 mol L-1 NaF and 0.036 mol
L-1 NaF. Simulating the commercial fluorinated gels, the NaF solutions naturally-aerated were prepared with 1450 ppm
of fluoride ions. The electrochemical techniques applied in this work were the open-circuit potential, cyclic
voltammetry, besides the technique for chemical identification, which was X-ray photoelectron spectroscopy. The
formation and growth of TiO2 and MoO2 were identified, without pitting corrosion. The electrochemical stability and
the corrosion resistance of the Ti-Mo alloys decreased in the solutions containing chloride and fluoride ions, with an
appreciative decrease especially in the fluorinated medium. The Ti-Mo alloy with higher Mo content concentration was
the material with higher corrosion resistance. Therefore, it is a promising candidate as a biomaterial, once the
osseointegration needs a satisfactory corrosion resistance for being achieved.
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1. Introduction
It is well known that titanium and its alloys present

a high corrosion resistance in severe corrosive
environments, besides an excellent biocompatibility.
During the titanium alloy exposure to the
halide-containing electrolytes, the oxide films
spontaneously developed are susceptible to the pitting
corrosion. It is a localized corrosion that is very
harmful because it causes a corrosive attack that
penetrates into the matrix of the alloy and makes the
mechanical properties weaker. Besides the good
corrosion resistance of the titanium alloys, their wide
application is explained by their biocompatibility and
mechanical properties as low Young’s modulus, high
yield and tensile strength[1,2].

The corrosion phenomena is classified in pitting,
galvanic coupling, crevice corrosion, fretting corrosion

and corrosion fatigue, which are observed in
conventional implants, such as implants made of
stainless steel, Co-Cr alloys or commercial pure
Titanium (cp-Ti), and Ti-6Al-4V [3]. The passivation and
re-passivation prevent or inhibit that phenomena in the
metallic implant materials, controlling the initiation of
corrosion and the enhancement of the ability of
self-healing of the surface[4]. The protection features of
that oxide films formed spontaneously on the material
oxide surface are improved by adding Mo to pure Ti.

Under the norm ASTM F 2066, the Ti-15Mo alloy
was approved to be applied in devices as implants for
humans[5]. According to Rodrigues et al. (2015), a stable
passive oxide film was formed on the Ti-15Mo alloy
surfaces, which were exposure to naturally-aerated
solutions containing chloride and fluoride ions that
caused a decrease in corrosion resistance[6]. The literature
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describes the increase of the corrosion potential and
polarization resistance, and the decrease of the oxidation
tendency when the Mo contents are added into the Ti
alloy in sequence cp-Ti > Ti-6.5Mo > Ti-8.5Mo >
Ti-10Mo[7].

The aim of this work is to develop surface layers
with enhanced stability against to the localized corrosion
processes. Through the X-ray electron spectroscopy, the
structures of TiO2 and MoO2 were characterized. The
corrosion resistance was evaluated for the behaviors of
cp-Ti and Ti-Mo alloys containing 6, 10 and 15 wt% of
Mo in media with chloride and fluoride ions. The
solutions were prepared to simulate the commercial
fluorinated gels that contain 1450 ppm of fluoride ions[8].
In this work, the pH of the solutions was kept as 7,
avoiding the formation of TiF3, TiF4 and TiOF2 which
could dissolve the passive films. The addition of Mo
improved the passivity and the corrosion resistance of
the Ti alloys, observing their electrochemical behavior
through the electrochemical techniques, such as open
circuit potential and cyclic voltammetry[9].

2. Materials and methods
The samples of Ti-Mo containing 6, 10 and 15 wt%

of Mo were prepared using arc-melting furnace under
ultra-pure argon atmosphere, whose procedure is well
described in the literature[10]. Both TiO2 and MoO2

passive films were analyzed by XPS.
The electrochemical performances were conducted

in a standard three-electrode cell. The three-electrode
were built with 0.44 cm2 of exposure area in the working
electrode, a platinum mesh as a counter electrode and a
SCE as reference. Those measurements were performed
in the naturally-aerated solutions: 0.15 mol L-1 Na2SO4,
0.15 mol L-1 Ringer, 0.15 mol L-1 Ringer plus 0.036 mol
L-1 NaF and 0.036 mol L-1 NaF. The 0.15 mol L-1 Ringer
solution was composed of 8.610 g L-1 NaCl, 0.490 g L-1

CaCl2 and KCl 0.300 g L-1.
The experiments with the working electrodes (cp-Ti,

Ti-6Mo, Ti-10Mo and Ti-15Mo) were conducted at
25 °C. The working electrodes were polished with 600
grade silicon carbine paper and rinsed with distilled and
deionized (Milli-Q®) water. Both potentiostat/galvanostat
Solartron Electrochemical Interface, mod. SI 1287, and
Solartron Instruments HF Frequency Response Analyser,

mod. SI 1255, were used to measure the open circuit
potential and cyclic voltammety values. The open circuit
potential measurements were carried out on
fleshly-polished samples, in naturally-aerated aqueous
electrolytes solutions already mentioned, immediately
after polishing. These values were recorded after 1 h, and
repeated three times in order to verify the reproducibility
of the technique. The cyclic voltammetry analyses were
set up at a potential in the hydrogen evolution region
(-0.8 V vs. SCE) by scanning at 50 mV s-1 towards more
positive potentials up to 8.0 V (SCE), when the scanning
was reversed towards to the initial potential. Either the
open circuit potential graphs or cyclic voltammograms
were obtained for cp-Ti and Ti-Mo containing 6, 10 and
15 wt% of Mo, which were immersed in all the referred
electrolytes.

After 1 h of Ti-Mo alloy immersion in the referred
solution and the application of the electrochemical
impedance spectroscopy (EIS), it was used a
spectrometer UNI-SPECS UHV for the X-ray
photoelectron spectroscopy measurement in order to
analyze the Ti-Mo chemical structure. The line Mg was
used (hn = 1,253.6 eV), and the energy step of the
analyzer for high resolution spectra was set to 10 eV. The
composition of the surface layer (  3 nm) was
determined with accuracy of 10%, and the error of the
peak positions was 0.1%.

3. Results and discussion
The cp-Ti was used as a control in the

electrochemical measurements, where the Ti-6Mo,
Ti-10Mo and Ti-15Mo alloys behaviors were also
performed in different electrolytic solutions simulating
the naturally-aerated medium.
3.1 Open circuit potential (Eoc)

The time, when the oxide film was formed on the
alloy surfaces, was measured by the spontaneous process
of Eoc, showing the protection of the metal and metal
alloys against the corrosion as long as the potential was
raised.

The curves of Eoc variation versus time were
demonstrated for cp-Ti, Ti-6Mo, Ti-10Mo and Ti-15Mo,
analyzed in solution as Na2SO4, Ringer, Ringer plus NaF
and NaF, which are depicted in Figure 1 (a), Figure 1
(b), Figure 1 (c) and Figure 1 (d), respectively.
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Figure 1; Eoc as a function of time for cp-Ti and Ti-Mo

alloys (Ti-6Mo, Ti-10Mo and Ti-15Mo) in solutions of (a) 0.15

mol L-1 Na2SO4, (b) 0.15 mol L-1 Ringer, (c) 0.15 mol L-1

Ringer plus 0.036 mol L-1 NaF, and (d) 0.036 mol L-1 NaF.

The addition of Mo to cp-Ti and their alloys
increased the protective properties of the metallic oxide,
observed by the potential increased in the beginning of
the measurements and stop raising after approximately
10 min. The stable potentials in the open-circuit
measurements are related to the formation and thickening
of the oxide film on the patterns surfaces. All the samples
presented the same behavior, showing the tendency to
form a passive film, demonstrated by the shift of the Eoc

to more positive direction with the time. Either in Ringer
or fluorinated solutions, the Eoc for Ti-15Mo is more
positive than that for cp-Ti and other Ti alloys containing
different Mo concentrations. This is explained by the Mo
contributions in the formation of the oxide film[6,11].
There was a decrease of Eoc in the fluorinated solution
compared with the values obtained under the Ringer
medium, explained by the corrosion resistance decrease,
especially of the cp-Ti, caused by the fluoride ions which
attack more significantly the oxide film. The values
potentially less negative in Ringer meant the anodic
passivation which improved the corrosion resistance of
the Ti-15Mo alloy[12].
3.2 Cyclic voltammetry (CV)

The cyclic voltammograms were performed for
investigating the dissolution kinetics of the cp-Ti and
Ti-Mo alloys surfaces modification. The cyclic
voltammograms, observed in Figure 2, were recorded
for the Ti-6Mo, Ti-10Mo and Ti-15Mo, which were
exposed in solutions as Na2SO4, Ringer, Ringer plus
NaF and NaF mentioned before. There were formation
and growth of the anodic oxide film in the region a
during the increase of the anodic current density, and the
passivation of the materials in the region b. It was
reached a current plateau and there was no
transpassivation in potentials up to 8 V[6,13-14].
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Figure 2; Cyclic voltammograms for cp-Ti and Ti-Mo

alloys (Ti-6Mo, Ti-10Mo and Ti-15Mo) in solutions of (a) 0.15

mol L-1 Na2SO4, (b) 0.15 mol L-1 Ringer, (c) 0.15 mol L-1

Ringer plus 0.036 mol L-1 NaF, and (d) 0.036 mol L-1 NaF, at a

scan rate of 50 mV s-1. Regions of a and b are related to be the

formation/growth of the anodic oxide film and the passivation

of Ti materials, respectively.

There was also no pitting corrosion in all the Ti-Mo
alloys exposed in the different solutions during the
potential scans, suggesting their high resistance even in
the presence of fluoride ions, which did not avoid the
formation of the passive film probably due to the small
amount of HF in the solution, nevertheless these ions can
dissolve the passive film due to the formation of TiF3,
TiF4 and TiOF2[13], expressed in the (1), (2) and (3)
reactions:

TiO2 + 2 HF TiOF2 + H2O (1)
TiO2 + 4 HF TiF4 + 2 H2O (2)
Ti2O3 + 6 HF 2 TiF3 + 3 H2O (3)

At the scan of 50 mV s-1, the cyclic voltammograms
demonstrated a passive plateau, which had a constant
current density up to a potential of 4 V correspondent to
the thickening of the oxide film, indicating the growth of
anodic oxide film of TiO2 and its thickness linearly
increasing with the applied potential. There was an
improvement of the resistance against the corrosion
processes in the Ti-15Mo alloy, especially in the media
of Na2SO4. The values of the current density in the
positive scan increased in the presence of the chloride
and fluoride ions, indicating that there was a current
resistance reduction of the patterns immersed in the
related media. The literature has described a deleterious
influence of these sorts of ions in the corrosion
resistance behavior of Ti alloys: at high concentrations of
fluoride ions, for instance, up to 10000 ppm, in a range
of pH between 7.2 and 3.2, there is a losing of the Ti
alloys corrosion resistance properties. It is a noticeable
impact when the gels and solutions contain a
concentration of fluorides relatively high in order to
prevent dental caries[14-16].

Observing all the cyclic voltammograms, it was
realized that there was a rapid decrease of the current
density to values close to zero during the reverse scan,
without the reduction of the passive film. The current
density started increasing at 4 V, which meant the
existence of a parallel reaction of water oxidation and
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release of O2. According to the Pourbaix diagram, the
oxidation reactions of water above 1.2 V is enabled to be
occurred, therefore, explaining that release of O2 close to
4 V[6,15].
3.3 X-ray electron spectroscopy (XPS)

The oxide compositions formed under the Ti-Mo
alloys surfaces were identified by the XPS technique,
which showed the surfaces of the anodized samples
containing TiO2 and MoO2[12]. The thickness of that
oxide films was also identified after the EIS. The XPS
spectra of high resolution are visualized in Figure 3 for
the Ti-15Mo alloy after the EIS application under the
solutions of (a) 0.15 mol L-1 Na2SO4 and (b) 0.15 mol L-1

Ringer plus 0.036 mol L-1 NaF.

Figure 3; XPS spectrum with high resolution of TiO2 for

Ti-15Mo after the EIS application under the solutions of (a)

0.15 mol L-1 Na2SO4 and (b) 0.15 mol L-1 Ringer plus 0.036

mol L-1 NaF.

The TiO2 peak appeared at 458 eV, correspondent to
the Ti 2p. This peak was observed for both Ti-15Mo
alloy that were kept, after the EIS application, under the
solutions of 0.15 mol L-1 Na2SO4 and 0.15 mol L-1

Ringer plus 0.036 mol L-1 NaF. The passive film was
formed. The ratio between the Ti and Mo concentrations
were higher as 7.6% in the medium of Cl- ions, and the
least of 4.6% in that containing solely the F- ions, which
attack the alloy in the passive regions, even it was
formed spontaneously under the alloy surface[6].
Investigating the sorts of the passive film grown and
formed on the Ti-Mo alloy surfaces, the Ti-15Mo was
taken into account to be observed, once the resistance
existent against corrosion processes was higher in that 15
wt% of Mo concentration. After the EIS application

applied on the surface of Ti-15Mo alloy, which was
immersed in the solution containing both of chloride and
fluoride ions simulating the physiological media, the
presence of another film as MoO2 was investigated on
the surface of the same passivated patterns. In the XPS
spectrum with high resolution represented in Figure 4, it
is also likely to observe the peaks of Mo and its
molybdenum oxide as MoO2: (a) Mo 3d5/2, (b) Mo 3d3/2,
(c) MoO2 3d5/2, and (d) MoO2 3d3/2.

Figure 4; XPS spectrum with high resolution of Mo 3d

and MoO2 3d for Ti-15Mo after the EIS application under the

solution of 0.15 mol L-1 Ringer plus 0.036 mol L-1 NaF: (a) Mo

3d5/2, (b) Mo 3d3/2, (c) MoO2 3d5/2, (d) MoO2 3d3/2.

It can be concluded that the obtained TiO2 and
MoO2 passive films were on the cp-Ti and Ti-Mo alloys
surfaces, without unoxidized metal, the same behavior
found into the Ti-15Mo which used electropolishing and
anodic passivation processes described in the
literature[12].

It is known that the Mo has high solubility in Ti and
larger atomic radius, causing the lower Young’s modulus,
for instance, in the Ti-12Mo-13Nb. By this way, the
presence of larger atomic radius reduces the binding
force of the Ti lattice, expanding the unit cell volume[17].
The MoO2 is the most stable film of Mo, inert and
insoluble in water and alkaline media, forming solid
solutions with TiO2. On the Ti-Mo alloy surface, it is the
first barrier formed, therefore, the first layer attacked by
the aggressive ions, explaining the least amount of Mo.
The second barrier formed spontaneously is the TiO2 thin
film. Despite of the fact there was a decrease of the TiO2

and MoO2 film thicknesses, there was still alloy surface
protection, observed by the Eoc and CV values[6,18].
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According to the Sun et al. (2012), the signals in the
XPS spectrum with high resolution at 230.1 and 233.3
eV can be attributed to the presence of MoO2 3d5/2 and
MoO2 3d3/2, respectively[19,20]. And the signals of Mo
3d5/2 and Mo 3d3/2 are located at 227.3 and 230.6 eV,
respectively[21]. It is realized that the band intensity of the
Mo 3d correspondent to the MoO2 is much lower than
that one related to the Ti 2p correspondent to the
TiO2 because the main component of the passive film is
the TiO2 in both cp-Ti and Ti-Mo alloy, once the
concentration of Ti element is higher than that of Mo[22].

4. Conclusions
A decrease of the corrosion resistance occurred

in both the cp-Ti and Ti-Mo alloys when they were
immersed in the solutions containing fluoride and
chloride ions. There were formation and growth of
passive films of TiO2 and MoO2 without pitting corrosion.
Even the corrosion resistance was lower in the presence
of fluoride ion, explained by its more aggressive attack
to the surface passivated, there was the protection of all
the cp-Ti and Ti-Mo alloys against the corrosion,
increasing with the Mo content concentration.
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