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Abstract: Corrosion behaviour of the studied Til2Mo and Ti60Ta alloys with the same Mo equivalent values (12%, mass fraction)
together with the currently used metallic biomaterials Cp-Ti were investigated for dental applications. The electrochemical
properties of the samples were examined using electrochemical techniques: such as open-circuit potential, potentiodynamic
polarization curves and electrochemical impedance spectroscopy (EIS), in two electrochemical media of artificial saliva and
fluoridated artificial saliva (0.1% fluoride ions, F ) at 37 °C. Fluoride is commonly included in toothpastes, odontological gels and
dental rinses to prevent dental caries and relieve dental sensitivity. The passive behaviour for all the titanium samples is observed for
both solutions. The Ti60Ta alloy appears to possess superior corrosion resistance than the Til2Mo and Cp-Ti in both electrochemical

media.
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1 Introduction

Most of the used materials for dental applications
include NiCr alloys [1-5], CoCr alloys [4—7], or titanium
based materials [8—11]. Titanium and its alloys remain
the first choice for implants due to their biological
advantages and excellent corrosion resistance.

For medical application, commercial pure titanium
(Cp-Ti) and Ti6Al4V (ASTM F-1472, ASTM F-136, ISO
5832-3) have been used since the 1960s, with Ti6AI4V
gradually replacing Cp-Ti due to the increased
mechanical strength of nails, screws, plates and end
prosthesis [12,13].

Reservations have been expressed concerning the
presence in long-term implants of elements such as
vanadium which are toxic both in the elemental state and
oxides [14—17]. According to PIAZZA et al [18], Al is
poorly absorbed within the gastrointestinal tract, and
very little gets into the blood stream. The association
between Al and Alzheimer disease has been concerned,
but not confirmed [19,20]. For this reason, novel

titanium alloys with greater biocompatibility and lower
elastic modulus are desirable. In recent years, attempts
were made to develop f type titanium alloys with
biomechanical compatibility, low modulus and
biochemical compatibility [9]. The S-stabilizing elements,
such as Ta, Zr, Mo and Sn, are selected as safe alloying
elements to titanium, which are judged to be non-toxic
and non-allergic [21]. Additionally, single phase
pS-structure alloys have better corrosion resistance than
two-phase a+f alloys [22].

The stability of the S-phase in the case of titanium
alloys is expressed as the sum of the weighted averages
of the alloying elements in mass fraction known as the
Mo equivalent [23,24]. A value of Mo equivalent being
approximately in the range of 8%—24% (mass fraction)
indicates f-metastable titanium alloys because the
[-stabilizers content is high enough to prevent any
martensitic transformation in the f phase upon quenching
to room temperature [23,24].

Currently, dental gels and rinses containing fluoride
are popular for prevention of plaque and caries
formation.
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In this work, the electrochemical properties of the
two p-titanium alloys (Til2Mo and Ti60Ta alloys) for
dental application are compared in order to establish

which alloying element increases the corrosion resistance.

For comparative purposes, the same electrochemical
measurements were also performed on Cp-Ti material.

2 Experimental

2.1 Materials
The origin and nominal chemical compositions of
the studied titanium alloys are listed in Table 1.

Table 1 Origin and chemical composition of investigated

titanium alloys

Composition (mass

Alloy fraction)/% Supplier

Cp-Ti Ti: 99.9 INMR, Romania
Til2Mo Ti: 88; Mo: 12 INSA Rennes, France
Ti60Ta Ti: 40; Ta: 60 INSA Rennes, France

Both Til2Mo and Ti60Ta alloys were synthesized
using the procedure described elsewhere [25,26]. Using
the equation of Mo equivalent indicated in Ref. [23], the
Mo equivalent values of the both investigated alloys are
12% for Til2Mo and Ti60Ta. This indicates that both
titanium alloys are f-metastable.

The samples were cut into 0.95 cm?, ground with
SiC abrasive paper up to 2000 grit, and polished with
1 pm alumina suspension. Then, the samples were
degreased with ethyl alcohol followed by ultrasonic
cleaning with deionised water and dried under a hot air
stream.

2.2 Electrochemical media

Fresh Fusayama’s artificial saliva [27] was selected
as it has been shown to produce results that were
consistent with the clinical experience of dental alloys
[28]. It was composed of 0.400 g NaCl, 0.400 g KCI,
0.795 g CaCl,-2H,0, 0.780 g NaH,P0,2H,0, 0.005 g
Na,S-9H,0, 1.000g NH,CONH, and distilled water of
1000 mL. The pH was measured with a CONSORT 831C
multiparameter analyser. The pH of the reference saliva
corresponding to the first medium was 5.6.

The second medium used, named fluoridated
artificial saliva, had the same contents as the first but was
doped with F with a concentration of 0.1%. The
concentration of F selected for this work may be
considered as similar to the one used in fluoridated
odontological gels [29].

2.3 Material characterization
The microstructures of Til2Mo and Ti60Ta alloys
LEICA DMIS5000 M

were examined using a

metallographic microscope equipped with a dedicated
digital camera connected to a personal computer and
analyzed with the Leica Application Suite software
program. The phase constitutions of the Til2Mo and
Ti60Ta alloys were analyzed by X-ray diffraction (XRD)
analysis with an X’Pert PRO MRD, PANalytical Holland
diffractometer and Cu K, radiation.

2.4 Electrochemical setup

Electrochemical measurements were performed
under open air solution at 37 °C using a PARSTAT 4000
potentiostat (Princeton Applied Research, USA)
controlled by a personal computer and specific software
program (VersaStudio, PAR).

A glass corrosion flow cell kit (C145/170,
Radiometer, France) with a platinum counter-electrode
and a saturated calomel reference electrode (SCE) were
used to perform the electrochemical measurements. The
C145/170 was fitted with a PCTFE sample holder and a
freely adjustable Luggin capillary. All potentials referred
to in this work are with respect to SCE.

The following sequence of
experiments was adopted:

1) Cronoamperometric polarization at —1 V (vs SCE)
for 60 s in artificial saliva;

2) Open circuit potential (OCP) measurement for
2 h in artificial saliva and for 1 h after doping the
artificial saliva with NaF resulting in final concentration
0f 0.1% F, named fluoridated artificial saliva (¢;);

3) EIS measurement at open circuit potential, ¢, in
fluoridated artificial saliva;

4) Potentiodynamic cathodic polarization from ¢, to
—1 V (vs SCE) with 1 mV/s potential sweep rate;

5) OCP measurement for 1 h in fluoridated artificial

electrochemical

saliva (¢,);

6) EIS measurement at open-circuit potential, ¢,, in
fluoridated artificial saliva;

7) Potentiodynamic anodic polarization from ¢, to 1
V (vs SCE) with 1 mV/s potential sweep rate.

The EIS spectra were recorded in the frequency
range of 10 Hz to 10* Hz. The applied alternating
potential signal had amplitude of 10 mV. The EIS
experimental data were analyzed in terms of equivalent
circuits (EC) using ZSimpWin 3.22 software. Since the
measured capacitive response was not generally ideal
due to certain heterogeneity of the electrode surface, a
constant phase element (CPE) was introduced for fitting
the spectra, instead of an ideal capacitance element [30].

2.5 SEM of corroded surfaces

In order to observe the occurrence of the surface
effects of the corrosion after anodic polarization
treatment, the corroded surfaces were observed by
Quanta 3D scanning electron microscope (AL99/D8229).
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3 Results and discussion

3.1 Microstructural characteristics

Figure 1 shows the XRD patterns of Til2Mo and
Ti60Ta alloy samples measured at room temperature.
Besides the f phase peaks, the obvious diffraction peaks
of a"(110) for Til2Mo alloy sample were observed, as
shown in Fig. 1. In contrast, it can be observed that the
Ti60Ta alloy sample only comprises single f phase.
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Fig. 1 XRD patterns of Til2Mo and Ti60Ta alloys

The microstructures of the Til2Mo and Ti60Ta
alloys are shown in Fig. 2. The two titanium alloys have
similar microstructures characterized by an average grain
size of 350 um and equiaxed f grains morphology.
However, the Til2Mo sample exhibits an acicular a”
phase formed within primary f grains, as identified by
the XRD patterns. The Cp-Ti microstructure is
characterized by equiaxed a grains morphology, and an
average size of 35 um. The structural characterization of
the Cp-Ti was detailed elsewhere [31].

3.2 Electrochemical tests

The open-circuit potential (OCP) is the potential at
which the material is in equilibrium with the specific
environment. The OCP of a metal varies as function of
the time. In Fig. 3, the variation of OCP with time for all
the Ti alloys in artificial saliva and in fluoridated
artificial saliva is shown. These results are based on the
Ti samples studied after 2 h of immersion in artificial

saliva and 1 h of immersion in fluoridated artificial saliva.

Prior to each measurement, the electrode was
cathodically polarized at —1 V (vs SCE) in the artificial
saliva for 60 s in order to remove any spontaneously
formed surface film. OCP variation is similar for all the
titanium samples in both aerated solution.

Figure 3 shows that all the samples have a tendency
to form a passive film by the shift of OCP to more

Fig. 2 Optical microstructures of Til2Mo (a) and Ti60Ta (b)
alloys
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Fig. 3 Variation of OCP with time for Ti alloys maintained for
3 h in artificial saliva without or with F~

positive (noble) direction with respect to time. An abrupt
OCP displacement towards positive potentials is noticed
in Fig. 3 during a period of 10 min. This initial increase
seems to be related to the formation and thickening of
the oxide film on the metallic surface. Afterwards, the
OCP increases slowly, suggesting the growth of the
oxide film. The protecting of the oxide film increases the
corrosion resistance. Stable potentials in open-circuit
measurements are obtained after exposuring in artificial
saliva for 60 min, which means that the oxide film
becomes stable. The OCP for Til2Mo or Ti60Ta alloy in
artificial saliva is more positive than that for Cp-Ti,
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which is due to the positive contribution of the Mo and
Ta alloying elements in the formation of oxide film.
After 1 h of immersion in fluoridated artificial saliva,
there is not a significant change of the OCP. 0.1% F has
no significant influence on the OCP. This behaviour can
be essentially attributed to the presence of the oxide film.
Finally, after 3 h immersion in artificial saliva without or
with F, the highest OCP (¢;) was found for Ti60Ta alloy
followed by Til2Mo and Cp-Ti alloy.

After recording the ¢, the samples were subjected
to the cathodic polarization tests. Plots in semi-
logarithmic scale of current densities corresponding to all
samples after 2 h in artificial saliva and 1 h in fluoridated
artificial saliva traced between ¢, to —1 V (vs SCE) are
displayed in Fig. 4. All curves present the same feature.
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Fig. 4 Potentiodynamic cathodic polarisation curves of Ti

alloys maintained in artificial saliva for 2 h and maintained in

fluoridated artificial saliva for 1 h on semi-logarithmic axes

with 1 mV/s potential sweep rate at 37 °C

After cathodic polarization, the oxide film is
reduced, the second OCP (¢,) returns to the same
potential range (around to ¢;). This behavior suggests
that all the titanium alloys exhibit a spontaneous passive
state and cannot be activated by cathodic treatment
(Fig. 5).

Potentiodynamic anodic polarisation curves of Ti
alloys tested in fluoridated artificial saliva from ¢, to 1 V
(vs SCE) are displayed in Fig. 6. This test was performed
in order to analyze the continuity and stability of the
passive oxide film formation.

Figure 6 clearly proves that Ti60Ta alloy possesses
a superior corrosion resistance than Cp-Ti or Til2Mo
alloy in fluoridated artificial saliva.

Passive current densities (Jyss) were determined
from the potentiodynamic anodic diagram at different
potentials (0, 0.5, 1.0 V (vs SCE)).

Moreover, a coulometric analysis was performed.
The method proposed here consists of the partition of the
anodic polarization curve into two separate zones: the
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Fig. 5 Variation of OCP with time for Ti alloys maintained in
fluoridated artificial saliva (¢,) for 1 h after cathodic

polarization test
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Fig. 6 Potentiodynamic anodic polarisation curves of Ti

samples tested in fluoridated artificial saliva on semi-
logarithmic axes with 1 mV/s potential sweep rate at 37 °C

first zone (zone I) from ¢, up to 0.4 V (vs SCE) and
second zone (zone II) from 0.4 to 0.7 V (vs SCE). The
separation is somewhat arbitrary, but the potential range
of zone 1 is close to clinical conditions. It is known that
pure titanium in human body may be exposed to
potentials up to 0.4 V (vs SCE) [32]. For analysis, the
surfaces under polarization curves are integrated for each
zone. The Jys values and the quantities of electrical
charge consumed by the corrosion phenomenon are listed
in Table 2. It is worthy of noting that the Cp-Ti and
Ti12Mo alloys have a lower corrosion resistance in this
electrolyte comparative with the Ti60Ta alloy.
Observation by SEM of the surface after anodic
polarization indicates a uniform oxidation for all Ti
alloys (Fig. 7). No pitting cracks or other defect appeared
on the Ti alloys surfaces except the presence of polishing
scratches. Fluoride ions can cause localized corrosion
and partial dissolution of the passive protective film
formed on the Ti alloys [33]. In this case, the results
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Table 2 Main parameters of corrosion process measured for
Til2Mo and Ti60Ta alloys (with the same Mo equivalent
values of 12%) and Cp-Ti in fluoridated artificial saliva

Jpass/(WA-em %) Q/(nC-em?)
Alloy gy 05V 10V
. . a b
(vs SCE) (vs SCE) (vs SCE) ~Zonel” Zonell
Cp-Ti 6.8 112 252 8.5 6.4
Til2Mo 6.7 7.9 24.1 7.8 49
Ti60Ta 0.7 27 2.9 4.1 1.1

Zone I*: from ¢, to 0.4 V (vs SCE); Zone " from 0.4 V (vs
SCE) to 0.7 V (vs SCE)

(a)

Fig. 7 Surface morphologies of Cp-Ti alloy (a), Til2Mo alloy
(b) and Ti60Ta alloy (c)
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suggest a non-predominant fluoride effect on the passive
behaviour of Ti alloys.

Impedance spectroscopy results for Ti alloys in
fluoridated artificial saliva at ¢; and ¢, potential values
are presented as Bode plots (Fig. 8).
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Fig. 8 Bode plots recorded at selected potentials ¢, (a) and ¢,

(b) in fluoridated artificial saliva at 37 °C

The maximum phase angle observed for Til2Mo
and Ti60Ta alloys at ¢, potentials was found to lie in the
range of approximately —70° to —80°. High impedance
values (about 10° Q-cm?) were obtained from medium to
low frequencies for Til2Mo and Ti60Ta alloys at ¢,
suggesting high corrosion resistance in fluoridated
artificial saliva. It can be seen in Fig. 8(a) that the
modulus of impedance (|Z]) for Til2Mo or Ti60Ta alloys
is higher than that of the Cp-Ti.

The impedance parameters supplied quantitative
support for discussions of EIS results and were obtained
with the ZSimpWin software by adopting the
well-known equivalent circuit (EC). The EC from Fig. 9
was used to model the experimental spectra, and good
agreement between experimental data and fitted data
were obtained. PAN et al [34] used a physical model
based on the formation and growth of a duplex titanium
oxide layer on the bare titanium surface exposed to
phosphate buffered saline solution. This duplex layer
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Fig. 9 Equivalent circuit (EC) used to fit impedance data

consisted of an inner barrier layer and an outer porous
layer. The presence of duplex layer on surfaces of the
titanium and titanium alloys was intensively reported in
Refs. [10, 35-39].

The high-frequency parameters R; and Q; represent
the properties of the reactions at the outer porous passive
film/solution interface. The parameters R, and 0,
describe the processes at the electrolyte/compact passive
film interface (inner barrier layer). Ry, is the ohmic
resistance of the electrolyte. The chi-square value (x°)
around of 510~ points to excellent agreement between
the experimental data and simulated values. The fitted
parameters values of the EC are listed in Table 3.

High values of R, (about 1 MQ-cm?) are observed at
@1 potentials for both Til2Mo and Ti60Ta alloys,
confirming the formation of a compact layer with high
corrosion protection ability. R, is greater than R, (Table
2), showing that the resistance of the oxide film on the
all the sample at ¢ potentials is due to this layer. R is
around 10* Q-cm” for all the Ti alloys at ¢, potentials.

The EIS spectra recorded for ¢, were fitted and the
model Ry, (R01)(R,Q,) from Fig. 9 was proposed. The
values of R, remain around 1 MQ-cm?, for both Til2Mo
and Ti60Ta alloys, at ¢, potentials, indicating high
corrosion resistance.

The higher R, values of Ti samples at ¢, and ¢,
potentials indicate that Ti60Ta alloy (with Mo equivalent
values of 12%) possesses a superior corrosion resistance
than Til2Mo alloy or Cp-Ti in fluoridated artificial
saliva.

In terms of EIS analysis, the corrosion resistance of
Ti samples immersed in fluoridated artificial saliva is
improved with addition of f-stabilizing elements.
Probable, the additions of the f-stabilizing elements have
a positive contribution to the formation of the passive
oxide film. However, the corrosion resistance of Ti alloys
is influenced by the type of f alloying elements.

Titanium possesses a better corrosion resistance due
to a thin, stable oxide film on the surface, which mainly
consisted of TiO, oxide film [40,41]. OKAZAKI and
GOTOH [15] explained that when Zr, Nb and Ta were
added to Ti alloy, the resultant ZrO,, Nb,Os and Ta,Os
strengthened the TiO, on the Ti alloy and promoted a
better resistance. ZHOU et al [42] reported that Ta,Os
oxide film formed on TiTa alloys was stronger and more
stable than the TiO, oxide film. Molybdenum was used
as alloying element for titanium because it had a good
thermodynamic stability [43]. ZHOU and LUO [44]
confirmed that the passive oxide layer formed on the
surface of TilOMo alloy consisted of a mixture of both
TiO, and MoO;. A modification of the TiO, passive layer
by Ta,Os or MoO; improved the integrity of the oxide
layer. Probable, the difference in the corrosion
electrochemical behavior of Til2Mo and Ti60Ta was
composition of the Mo and Ta alloying elements.

The corrosion resistance of the three titanium alloys
increased in the following order: Ti60Ta alloy (with 12%
Mo equivalent values)>Til2Mo alloy>Cp-Ti alloy.

4 Conclusions

1) Open circuit potentials of the Til2Mo and Ti60Ta
alloys in both electrochemical media are more
electropositive than the Cp-Ti due to beneficial effect of
the £ alloying elements of Mo and Ta.

2) The passive behaviors for all the Ti alloys are
observed in both electrochemical media.

3) The EIS results of the samples in fluoridated
artificial saliva can be fitted using the model of
Ryi(R101)(R2Q,). These results confirm the presence of a
two-layer film consisting of an inner barrier responsible
for the corrosion protection, and other porous layer on
the surface of the samples.

4) Values of barrier layer indicate that the § alloying
elements improve the electrochemical corrosion
behaviour of Ti alloys in both electrochemical media,
compared to the Cp-Ti, and are influenced by the type of
f alloying elements; the corrosion resistance is in the
following order: Ti60Ta alloy>Til2Mo alloy>Cp-Ti
alloy.

Table 3 Values of fitted parameters of equivalent circuits as function of selected potential Ti samples in fluoridated artificial saliva

Alloy Potential O/(uS-cm 5" n R/(kQrem?®)  Oy/(uS-em >s") ny R, /(MQrcm?)
) E; 13 0.85 39 11 0.81 0.5
Cp-Ti
E, 12 0.86 171 11 0.82 0.4
) E; 13 0.85 56 9.9 0.86 1.3
Til2Mo
E, 12 0.86 124 9.9 0.85 1.1
E; 13 0.85 45 9.7 0.86 2.5
0Ta
E, 12 0.84 205 9.7 0.85 2.4
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