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Abstract:

The present study explores the microstructural characteristics and electrochemical responses of four
metastable beta Ti-Nb-Mo alloys for biomedical implantation. They were synthesized by the cold
crucible levitation melting technique, and compositions were selected to keep the molybdenum
equivalency close to 12 wt% Moeq. For the sake of comparison, Til2Mo was also investigated.
Microstructural characterization reveals that all the alloys are B (body-centred cubic structure), and
the surface is composed by [ equiaxial grains with dimensions in the range of tens to hundreds pm.
The corrosion resistance (potentiodynamic polarization and electrochemical impedance
spectroscopy) of the alloys was determined in 0.9 wt% NaCl saline solution at 25 °C. The materials
spontaneously form a passivating oxide film on their surface, and they are stable for polarizations up
to +1.0 Vsce. No evidence of localized breakdown of the oxide layers is found for polarizations more
positive than those encountered in the human body. The passive layers show dielectric
characteristics, and the wide frequency ranges displaying capacitive characteristics occur for both
higher niobium contents in the alloy and longer exposures to the saline solution. The insulating
characteristics of the oxide-covered surfaces were investigated by scanning electrochemical
microscopy operated in the feedback mode, using ferrocene-methanol as redox mediator. Both z-
approach curves and amperometric images were taken over the surface of the samples both at their
open circuit potential and polarized. It has been found that Ti8Nb10Mo and Til6Nb8Mo exhibit the
lowest activity towards electron transfer. The new Ti-Nb-Mo ternary alloys are regarded to be
potential candidates for biomedical application on the basis of both their microstructural
characteristics and their corrosion resistance in saline solution with chloride content equivalent to
body fluids.

Keywords: Ti-Nb-Mo alloys; corrosion resistance; Ti based surface oxides; saline solution;
biomaterial application.



1. Introduction

The development and characterization of new Ti-based alloys containing non-toxic elements
has become the topic of investigation [1-3] due to awareness of systemic effects of corrosion from
the materials commonly employed in the manufacture of biomedical implants for bone and teeth
replacement [4,5], including reports of metallosis and necrosis [6-8]. In the search for new materials,
B-Ti type alloys are regarded to be the most promising ones. Thus, new B-Ti alloys using Nb, Ta, Zr
and Mo as alloying elements (p-stabilizer elements) have been developed [9-18].

The aim of this study is to elaborate and to characterize new alloys compositions in the
ternary Ti-Mo-Nb system with the objective to design new biomedical metastable beta Ti-based
alloys with improved corrosion resistance. As alloying element, niobium is well known to be very
good to resist against corrosion in simulated body fluid and presents an excellent biocompatibility
[19,20]. The use of molybdenum is still controversial [21] but some studies have demonstrated
adequate mechanical compatibility and good cyto-compatibility of Ti-alloys containing molybdenum
such as Ti-Mo, Ti-Mo-Ta or Ti-Mo-Zr-Fe [22-25]. The advantage of using Mo is that this element
has strong B-stabilizing properties on titanium alloys in comparison with Nb, Ta or Zr elements.

In this work, four new Ti-Mo-Nb alloy compositions were produced in which the
molybdenum equivalency was fixed at around 12 wt% Moeq. Til2Mo was also synthesized in the
same manner to serve as reference. The microstructures of the alloys were characterized using
optical microscopy and X-ray diffraction, whereas their corrosion behaviour was investigated in
saline solution (namely, 0.9 wit% NaCl). The human body fluids are aqueous electrochemical media
containing the equivalent to 0.9 wt% NaCl and their pH is homeostatically regulated at 7.4 [26,27].
The corrosion of implantable metallic materials remains an important issue concerning its
biocompatibility and long-term stability of implants. The in vivo degradation of implants leads to the
loss of its functionality and integrity, and corrosion products induces local and/or systemic effects
[27-29].

2. Material and methods
2.1. Alloy synthesis

The five following alloy compositions (given in wt%) were synthesized in this study:
Til2Mo, TilOMo8Nb, Ti8Mo16Nb, Ti6Mo24Nb, and Ti4Mo32Nb. Each alloy possesses a
molybdenum equivalency composition fixed at ca. 12 wt% Moeq. They were synthesized by the cold
crucible levitation melting (CCLM) technique in an induction furnace (Fives Celes, Lautenbach,
France) under a pure Ar atmosphere, which was introduced after several cycles of high vacuum

pumping. After solidification, the alloys were heat treated at 950 °C for 20 hours (annealed in the p-



phase domain) in order to homogenize the microstructure due to the thermal gradient occurring
during solidification, and then water quenched. The ingots were cold rolled to 90% in thickness and
machined to obtain tensile test specimens and corrosion test samples. After this mechanical
treatment, all samples were solution treated at 850 °C for 30 minutes and water quenched. The aim
of this treatment was to restore a fully recrystallized metastable 3 microstructure from the cold-rolled

state.

2.2. Alloy characterization methods

To check the nominal chemical composition of each alloy after fabrication, EDX analyses
were carried out in a JEOL JSM 6400 scanning electron microscope operating at 20kV.

The crystalline structure of the recrystallized alloys was characterized by X-ray diffraction
(XRD) at ambient temperature using a Philips PW 1830/00 (Eindhoven, The Netherlands)
diffractometer (CuKou radiation, 1.5406A wavelength).

The microstructures of the alloys were characterized by optical microscopy using a Leica DM
RM system (Wetzlar, Germany). Prior to optical imaging, the samples were first mechanically
abraded using a sequence of silicon carbide abrasive papers followed by a final polishing step with a
colloidal silica suspension (particle size: 50 nm). Next, the samples were cleaned in alcohol and
distilled water using an ultrasonic bath, and finally etched in a solution containing 5 wt% HNOs, 5
wt% HF and the balance in H20. Samples were observed under polarized light to enhance the phase
contrast.

2.3. Electrochemical measurements

The test specimens were placed in a glass corrosion flow cell kit (C145/170, Radiometer,
France), which was filled with naturally-aerated 0.9 wt% NaCl solution [30]. A saturated calomel
electrode was used as the reference electrode, and a platinum coil as the counter electrode. The
potentials in this paper are reported versus the saturated calomel electrode (SCE). All potentials in
this work are given with respect to SCE. The temperature of the electrochemical cell was maintained
at 25 + 0.1 °C. Though the intra-oral temperature fluctuates on ingestion of hot or cold food and
beverage, it can be reasonably approximated in experiments by setting the environmental
temperature at 25 °C [31].

Electrochemical measurements were performed using a potentiostat model PARSTAT 4000
(Princeton Applied Research, NJ, USA). The instrument was controlled by a personal computer and

VersaStudio software. Prior to testing, the working electrodes were mechanically abraded using



emery paper up to 2000 grit, next polished with 0.3 um alumina suspension, ultrasonically cleaned in
acetone and deionized water, and finally dried in open air.

Potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) methods
were employed to characterize the corrosion behaviour of these new titanium-based alloys. The
potentiodynamic polarization tests were initiated after 1 h immersion of the samples in the saline
solution, when the open circuit potential acquired a stable value. The tests were conducted by
scanning the potential, at the rate of 0.5 mV s, from -1.0 Vsce up to +1.0 Vscg, followed by
potential reversal down to +0.5 Vsce was attained, in order to explore the occurrence of pitting. From
the measured potentiodynamic polarization curves, the zero current potential (Ecorr), the corrosion
current density (jeorr), and the passive current density (jpass) were determined.

Electrochemical impedance spectra were measured over a frequency range extending from
100 kHz to 10 mHz using a 10 mV amplitude AC voltage signal. The EIS tests were recorded at the
open circuit potential developed by the samples after 10 minutes, 1 hour, and 24 hours of immersion
in the saline solution. EIS tests were obtained to evaluate the characteristics of passive films formed
on the surface of the alloys under investigation. Analysis of the spectra was performed in terms of
equivalent circuit (EC) fitting using ZSimpWin software.

All electrochemical tests were repeated three times to ensure reproducibility of the

measurements.

2.4. Scanning electrochemical microscopy (SECM)

A high-resolution SECM equipment supplied by Sensolytics (Bochum, Germany), was
employed for spatially-resolved characterization of the electrochemical reactivity of the TiNbMo
alloys. The instrument was built around a PalmSens (Utrecht, The Netherlands) electrochemical
interface, all controlled with a personal computer. The alloy specimens were either tested at their
open circuit potentials spontaneously developed in the saline solution, or polarized using the
bipotentiostat built in the electrochemical interface. The specimens were mounted horizontally facing
upwards at the bottom of a cell made of polytetrafluoroethene, which was equipped with an
Ag/AgCI/(3 M) KCI reference electrode and a platinum counter electrode. For the sake of
consistency, potentials were subsequently referred to the standard calomel electrode by taking in
account the potential difference between the two electrodes. The electrochemical cell was located
inside a Faraday cage. Tip microelectrodes were made from 10 um dia. platinum wires sealed in
glass. 0.5 mM ferrocene-methanol was added to the 0.9 wt% NaCl solution to act as electrochemical

mediator at the tip. To enable the oxidation of ferrocene-methanol the tip was kept at a constant



potential of +0.46 Vsce [32]. The micromanipulator stand of the SECM instrument was used to hold
the microelectrode in place. The operating tip distance over the sample for SECM imaging was
established by slowly approaching the surface of the alloy specimen with the tip and simultaneously
recording the measured current at the microelectrode vs. z displacement (i.e., z-approach curve). In
our experiments the microelectrode was either stopped when the measured current decreased to 30%
of the steady-state value in the bulk of the electrolyte, or when a current peak was detected while
approaching the surface, and indication of mixed positive and negative feedback behaviours.
Subsequently, the tip was withdrawn 10 um from the sample surface, and images were obtained by
scanning the tip parallel to the sample surface (i.e., constant height operation). SECM images were
recorded rastering an area of 250 pm x 250 um using a scan rate of 30 um s*. Temperature control

was not performed, and data were recorded at ambient temperature (ca. 22 + 3 °C)

3. Results and discussion
3.1. Microstructural characterization

The chemical compositions of the etched Ti-based alloys were confirmed by EDS analysis,
and each nominal composition was obtained with less than 0.5 wt% allowance, which corresponds to
the precision of the EDS method.

The five alloys were found to be B (body-centred cubic structure) by X-ray diffraction as
shown in Figure 1. Indeed, all the peaks in the diffractograms peak can unambiguously indexed
according to this crystallographic structure, and the corresponding diffracted planes are indicated in
the plot. The occurrence of some additional though very small peaks is observed for the alloys rich in
Mo (i.e., Til2Mo, TilOMo8Nb, and Ti8BM016NDb). In fact, the presence of hexagonal wah phase
nanoprecipitates (dimension less than 5 nm) in metastable § Ti-Mo based alloys, which are formed
by displaced transformation during quenching, has been reported for a long time [33-35].

Figure 1

A typical example of the recrystallized microstructure found by optical microscopy on the
considered alloys is presented in Figure 2. The micrograph actually shows the microstructure of the
TilOMo8Nb alloy, but it is very similar to those observed for the other alloys. B equiaxial grains with
dimensions in the range of tens to hundreds pum are observed, in good agreement with the XRD
observations.

Figure 2



3.2. Electrochemical characterization: corrosion resistance

Figure 3 depicts the potentiodynamic polarization curves measured for the various alloys
during immersion in naturally-aerated saline solution at 25 °C. All samples exhibited similar features,
characteristic of materials exhibiting a passive behaviour in the test environment, though there is no
evidence of an active-passive transition. This feature indicates that the oxide film spontaneously
developed at the surface of the alloys upon immersion in the test electrolyte exhibits passivation
characteristics. Additionally, the potential excursion up to +1.0 Vsce, a value significantly higher
than the polarizations ever measured in the human body [36], does not show the breakdown of the
passive films related to the initiation of localized corrosion processes in any of the alloys. Tafel
analysis delivered values for the corrosion potentials (Ecorr) and the corrosion current densities (jcorr)
of the materials, values of the passive current densities (jpass) Were evaluated from the current
plateaus at potentials more positive than 0 Vsce. The corresponding average values for these
parameters are listed in Table 1. The values of these corrosion parameters support that the decrease
in the molybdenum content, and the subsequent increase in niobium content though made in such a
way that the equivalent molybdenum content could be maintained constant, effectively leads to the
measurement of nobler values for Ecorr, accompanied by smaller values for the current densities jcorr
and jpass. This observation reveals an improvement in the corrosion protection characteristics of the
alloys by increasing the content of niobium [37]. The same observation was found by Atapour et al.
[38] in their comparison of the corrosion behaviours of Ti6Al4V, Til3Mo7Zr3Fe (both (a+p) and
metastable P condition), and Ti35Nb7Zr5Ta alloys performed in 0.9 wt% NaCl solution at 37 °C.
They reported smaller jeorr Values for Til3Mo7Zr3Fe (metastable 3 condition) and Ti35Nb7Zr5Ta as
compared to those for Ti6Al4V and Til3Mo7Zr3Fe ((at+f) condition), whereas Ti35Nb7Zr5Ta
showed the smallest passivation current density (jpass). On the other hand, the current density values
determined by Zheng et al. [39] for Ti-16 at% Nb-(4.0, 4.5, 5.0) at% Sn (approximately Ti-25 wt%
Nb-(8, 9, 10) wt% Sn) are very close to those found in our work (namely 0.1 < jeor < 0.3 pA cm?,
and 4.3 < jpass < 10.0 pA cm?), though the corresponding values of Ecor Were slightly more positive
(in the range -0.2 > Ecorr > -0.4 Vsce). A similar trend in the values of the corrosion parameters was
found for Ti-22 at% Nb-(0, 2, 4, 6) at% Hf (approximately Ti- (35, 34, 32, 31) wt% Nb-(0, 6, 11, 16)
wt% Hf) in 0.9 wt% NaCl neutral solution maintained at 37 °C [40]. In this case, the corresponding
data were: 0.633 > jeor > 0.052 nA cm?, 8.0 > jpass > 5.5 cm?, and -0.2 > Ecorr > -0.4 Vsce. No
breakdown potential was identified in the potentiodynamic polarization curves for the tested
potential range, and no pits were observed for the retrieved samples.



Figure 3

Table 1

In order to obtain further information on the characteristics of the passive films and the nature
of the electrochemical processes at the interface, EIS tests were performed. The EIS data of the
alloys measured at three different immersion times in the test solution are presented in Figures 4-6 in
the form of Bode plots (impedance modulus and phase angle versus frequency diagrams). In all
cases, only one time constant is observed in the spectra, and they could be satisfactorily simulated
using the simplified Randles’ circuit shown in Figure 7, which has been previously employed to
describe the impedance behaviour of various titanium-based alloys exposed to saline and
physiological solutions [29,40-46]. This equivalent circuit assumes that the corrosion of the passive
metal is hindered by an oxide film that acts as a barrier-type compact layer. The parameters RpL and
QpL describe the properties of the passive films formed on these metallic materials, respectively the
resistance and capacitance of the compact oxide layers, whereas Rsol stands for the solution resistance
of the test electrolyte. The use of a constant phase element (CPE, Q) was required to account for the
distributed relaxation feature commonly exhibited by the passive films formed on titanium-based
alloys [47]. It arises from surface inhomogeneities (roughness and defects) present at the microscopic
level [27,41]. The impedance parameters determined from fitting of the Rsoi(RpLQpL) equivalent
circuit to the EIS data are given in Table 2. The fitting quality of the experimental EIS spectra to the
model was established from the chi-squared (»?) values, in the order of 10, indicating the good
agreement between experimental and simulated data that is also observed in Figures 4-6.

Figure 4
Figure 5
Figure 6
Figure 7
Table 2

From the inspection of the Bode plots, it is observed that the impedance characteristics of the

system in the high frequency range are exclusively determined by the resistance of the electrolyte.



That is, the phase angle drops to zero degrees whereas the impedance modulus tends to ca. 60 Q cm?.
This value of the solution resistance (Rsor) is almost half of that previously reported by Wang et al. in
the same electrolyte [40]. In the medium and low frequency ranges, the Bode-phase plots exhibit a
plateau with angles close to -80°, whereas the values of the impedance modulus varied linearly with
the frequency presenting slopes close to -0.9. These features are characteristic of passive films
presenting a highly capacitive behaviour [40,48,49]. This capacitive behaviour extends over a wider
frequency range as the alloys are exposed to the test electrolyte for longer exposures, confirming the
improvement of the barrier characteristics of the passive film formed on the Ti-Nb-Mo alloys in this
electrolytic environment. Additionally, the reported capacitive behaviour of passive films is more
evident as the content of Nb increases and content of Mo decreases in the materials. In summary, the
data presented in Table 2 show an enhancement of the corrosion resistance of the alloys with the
increase of both the Nb content in the alloy and the immersion time to the saline solution. And these
values of the impedance parameters Rpi, n, and Qp are close to those previously reported for Ti-22
at% Nb-(0, 2, 4, 6) at% Hf (approximately Ti-(35, 34, 32, 31) wt% Nb-(0, 6, 11, 16) wt% Hf) in 0.9
wt% NaCl neutral solution [40].

3.3. Scanning microelectrochemical characterization: surface reactivity of the passive films

SECM measurements were conduces as both vertical z-approach curves and 2D grid scans. In
both cases, various randomly distributed portions of the exposed surface of the alloys were
considered, in order to get a fair representation of the electrochemical behaviour of the material at
the micrometer scale. Tip potential was set at +0.46 Vsce to ensure diffusional control for the
reversible oxidation of ferrocenemethanol, a chemical that acted as the redox mediator. The
experimental sequence consisted in firstly measuring the z-approach curves at four different locations
of the surface, by bringing the tip from the bulk electrolyte towards the surface while measuring the
faradaic current flowing at the tip for ferrocene-methanol oxidation. This procedure also allowed
correcting any eventual tilt of the substrate occurring during assembling of the small
microelectrochemical cell used for the SECM measurements. Next, the tip was retracted to a tip-
substrate distance equal to the tip diameter (a = 10 um) to measure electrochemical activity maps at
constant height over a 250 um x 250 pm area. Surface activity towards electron transfer reactions
was evidenced by higher tip current values while scanning than in the bulk of the electrolyte,
resulting from the capacity of the surface region to donate one electron to the ferrocinium ion

generated at the tip.



Figure 8 shows typical z-approach curves measured shortly after immersion of the five alloys
in the test solution containing ferrocene-methanol. Normalized current and distance values have been
employed for easy comparison of the results, so every current value is referred to the limiting current
measured in bulk solution, and distances are referred to the diameter of the platinum microdisc.
Alloy surfaces were kept unpolarized in the test solution during these measurements. It has been
observed that the Til2Mo surface presents the higher electron transfer rate, as evidenced by the big
increase of the tip current when it approaches to the substrate (i.e., positive feedback behaviour).
Thus, the passive layer spontaneously formed on the surface of TiMo under spontaneous open circuit
potential conditions, maintains a rather high electrical conductivity and can operate as a source of
electrons for the regeneration of ferrocene-methanol species from the ferrocinium ions generated at
the tip. Redox mediator regeneration becomes more difficult when the tip approaches the surfaces of
Ti8BNb10Mo and Til6Nb8Mo instead, as evidenced by the onset of a mixed kinetic behaviour. That
is, though the tip current initially increases while the tip approaches the surface from the bulk
electrolyte blockage to diffusion of the redox mediator towards the tip by a somewhat insulating
surface at small tip-substrate distances, leads to a final decrease of the tip current. It is shown that the
passive layer is not an efficient electron donor for the reduction of ferrocinium. Finally, the two
alloys with the highest niobium contents (i.e., Ti2Z4Nb6Mo and Ti32Nb4Mo) show positive feedback
behaviour, thus closer resembling the electrochemical behaviour found for Til2Mo. These
observations on the electrochemical activity of the alloys at the micrometer scale apparently
contradict the average measurements based on EIS measurements. Impedance data showed a
systematic growth of the corrosion resistance of the oxide films for increasing contents of niobium in
the alloys (cf. Table 2), and this might be regarded to directly correlate to the susceptibility of the
surfaces towards electron exchange. However, according to the SECM results in Figure 8, it seems
that there is an optimum niobium content for the alloys, around 8 to 16 wt%, if electron donation is
to be avoided. Materials with the Higher niobium content are effectively more resistant towards
corrosion, but their passive layers can still sustain electron transfer reactions at the surface.
Considering also surface conductivity affects to the results obtained by SECM in this configuration,
apparently the higher protective layers formed on the 24 and 32 wt% niobium containing alloys are
less electrically-insulating than those for 8 and 16 wt% composition, although they provide a greater
protection against corrosion in the saline solution.

Figure 8

The spatial distribution of electrochemical activity of the five alloys immersed in the saline

solution was evaluated by recording SECM grid scans at constant height while the samples were



both at their open circuit potentials and polarized at -0.54, -0.24 and +0.16 Vsce. Typical SECM
images are given in Figures 9-11 for Til2Mo, Ti8Nb10Mo and Til6Nb8Mo, and Ti24Nb6Mo and
Ti32Nb4Mo, respectively. In general, the current measured at the tip decreases as the potential of the
substrates was set at more positive values. Therefore, the oxidized ferrocinium ion generated at the
tip while scanning the alloys is no longer reduced to regenerate ferrocene-methanol at the surface of
the alloys when more anodic potentials are applied to them. This is mainly due to the increase of the
thickness of the passive layer when the potential increases. However, the magnitude of this effect
differs from one material to another. As it can be seen in Figure 9, Til2Mo is able to regenerate
ferrocene-methanol at most of its surface when left at its spontaneous OCP yet clear heterogeneous
behaviour is encountered. When potential is set at -0.54 Vsce, normalized current values close to
unitiy are observed. This indicates that the surface activity towards electron donation has decreased,
yet the positive feedback effect almost compensates the diffusion blockage of the mediator produced
by the small electrolyte volume comprised between the tip and the surface. At More positive
potentials, namely -0.24 and +0.16 Vsce, negative feedback behaviour dominates the response of the
system. That is, diffusion blockage by a predominantly insulating surface is the main behaviour, and
this effect is stronger at some distributed regions where the current depletion occurs in a bigger
extent. Yet, the measurements at +0.16 Vsce must be taken with some caution, because the potential
of the substrate is already positive enough that some oxidation of ferrocene-methanol may occur on
the substrate. In that event, smaller tip currents would result from the competition between the
substrate and the tip for the oxidation of ferrocenemethanol, and not exclusively from negative
feedback properties of the surface.

Figure 9

Figure 10

Figure 11

Smaller tip currents related to feedback are found when the alloys contain niobium measured
at their corresponding OCP values. It must be noticed that the SECM images depicted in Figure 10
have been plotted with a current range significantly narrower than those in Figure 9, because
normalized current values higher than 1.15 are not found. A more electrochemically-homogeneous
system is encountered while scanning these surfaces, especially when considering the Ti8Nb10Mo
alloy. Again, the contribution of positive feedback is reduced when the substrate potential is set more
positive. Yet, some differences between these two alloys may be deduced from the inspection of
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Figure 10C, that corresponds to the polarization value -0.24 Vsce. Significantly smaller tip current
were observed in the case of Til6Nb8Mo. This may suggest that the passive layer formed on this
alloy during anodic polarization is more insulating, and this material may be regarded to be more
corrosion resistant in an oxidizing environment.

Finally, images taken over the two high niobium containing alloys, presented in Figure 4,
reproduce the same behaviour than that found for the Til2Mo at the OCP and -0.54 Vsce. The more
protective passive layer formed over Ti32Nb4Mo surface provides higher resistance towards electron
transference in some areas, and this ability is maintained when biased at -0.54 Vscg, though this
potential value is more negative than the spontaneous OCP of the material in the solution (cf. Table
1), but not cathodic enough to effectively reduce the oxide film formed on the surface of the alloy at
its OCP while recording the z-approach curves and the SECM image given in Figure 11A. Passivated
surfaces still participate in electron exchange for ferrocinium reduction when anodic polarization
increases up to -0.24 Vsce, showing a heterogeneous distribution of the electrochemical activity, with
some areas even leading to tip currents higher than those determined in the bulk solution. Finally, at
+0.16 Vsce, normalized current values are smaller for the 24 wt% niobium alloy, whereas a
distinctive heterogeneous distribution is observed for the material with the highest content of
niobium (cf. Figure 11D). In this case, strong positive feedback behaviour was found at the
beginning of the scan, possibly due to breakdown of the passive layer, and the current subsequently
decreased rapidly due to passive layer rebuilding and the onset of competition effect towards

ferrocene-methanol oxidation between the tip and the substrate.

4. Conclusions

All the investigated Ti-Nb-Mo alloys passivated spontaneously after immersion in 0.9 wt%
NaCl and passive films have a capacitive behaviour analogously to Til2Mo. Both corrosion and
passive current densities decrease when the Nb content increases, a fact that indicates an
improvement of the corrosion resistance of the materials in the saline solution. The analysis of EIS
spectra has evidenced improvement of the protective characteristics of the passive films towards
corrosion and metal dissolution by increasing the content of niobium in the alloy. The corrosion
resistance provided by these oxide layers also improves with increasing immersion time in the test
electrolyte, at least within the first 24 hours, consistent with thickening of the surface films.
Dielectric properties of the surface films are yet greatly influenced by the niobium content, as
demonstrated by scanning microelectrochemical characterization. In fact, electron transfer at the

surface of the passivated alloys is hindered for niobium contents is in the range of 8 to 16 wt%, and
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this behaviour is even more pronounced when positive potentials are applied to the substrate while

immersed in the saline environment.
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Table 1. Corrosion parameters obtained from potentiodynamic polarization curves

AIon Ecorr, Vsce jcorr, uA/sz jpass, }J‘A/Cl’l’l2
Til2Mo -0.701 0.56 2.24
Ti8Nb10Mo -0.640 0.43 2.32
Til6Nb8Mo -0.609 0.41 1.24
Ti24Nb6Mo -0.514 0.38 0.86
Ti32Nb4Mo -0.451 0.24 0.66

Table 2. Values of passive film characteristics obtained by fitting the EIS data using Rsoi(RpLQpL)
model of equivalent circuit (EC)

Rsol, Qpt, Rpt,
Alloy Qcm?  pScm?sn n MQ cm?
10 minutes immersion time
Til2Mo 59.6 0.13 0.82 0.58
Ti8Nb10Mo 52.3 0.13 0.83 0.62
Ti16Nb8Mo 66.1 0.12 0.83 0.75
Ti24Nb6Mo 51.3 0.11 0.84 0.97
Ti32Nb4Mo 61.9 0.11 0.85 1.10
1 hour immersion time

Til2Mo 59.6 0.12 0.83 0.82
Ti8Nb10Mo 52.3 0.12 0.83 0.95
Til6Nb8Mo 65.1 0.12 0.83 0.98
Ti24Nb6Mo 54.3 0.11 0.84 1.20
Ti32Nb4Mo 61.2 0.08 0.86 1.60

24 hours immersion time
Til2Mo 60.4 0.11 0.84 0.94
Ti8Nb10Mo 52.0 0.11 0.84 1.10
Ti16Nb8Mo 66.3 0.11 0.84 1.10
Ti24Nb6Mo 61.1 0.08 0.86 1.30
Ti32Nb4Mo 62.2 0.07 0.86 1.90
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Figure 1.
XRD patterns of Til2Mo and Ti-Mo-Nb alloys possessing a common molybdenum equivalency

composition of ca. 12 wt% Moeq.

Figure 2.
Optical micrograph of the TiJOMo8Nb alloy showing the recrystallized 3-grain microstructure.
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Figure 3.

Potentiodynamic polarization curves for the Til2Mo and Ti-Mo-Nb alloys after 1 h immersion in 0.9
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Figure 4.

Bode spectra for Til2Mo and Ti-Mo-Nb alloys after 10 min in naturally aerated 0.9 wt% NaCl
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Bode spectra for Til2Mo and Ti-Mo-Nb alloys after 1 h in naturally aerated 0.9 wt% NaCl solution
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Bode spectra for Til2Mo and Ti-Mo-Nb alloys after 24 h in naturally aerated 0.9 wt% NaCl solution
at 25 °C, measured at Ecorr. Measured (discrete points) and fitted (solid lines) data.

Rsol

>

Passive layer

Figure 7.
Equivalent circuit (EC) used to analyze the impedance spectra.
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Figure 8.
Typical z-approach normalized curves measured above Til2Mo and Ti-Nb-Mo alloys during

immersion in 0.5 mM ferrocene-methanol + 0.9 wt% NaCl solution at ambient temperature. The
samples were left unbiased at their corresponding Ecorr. Tip potential: +0.46 Vsce.
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Figure 9.
SECM images of the Til2Mo surface while (A) left at its spontaneous OCP, and biased at (B) -0.54 ,
(C) -0.24, and (D) +0.16 Vsce during immersion in 0.5 mM ferrocene-methanol + 0.9 wt% NaCl
solution at ambient temperature. Tip to substrate distance: 10 um. Tip potential: +0.46 Vsce. Scan
rate: 30 pm s
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Figure 10.

SECM images of the Ti8Nb10Mo (left) and Til6Nb8Mo (right) surfaces while (A) left at its
spontaneous OCP, and biased at (B) -0.54 , (C) -0.24, and (D) +0.16 Vsce during immersion in 0.5
mM ferrocene-methanol + 0.9 wt% NaCl solution at ambient temperature. Tip to substrate distance:
10 um. Tip potential: +0.46 Vsce. Scan rate: 30 um s™.
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Figure 11.

SECM images of the Til6Nb6Mo (left) and Ti32Nb4Mo (right) surfaces while (A) left at its
spontaneous OCP, and biased at (B) -0.54 , (C) -0.24, and (D) +0.16 Vsce during immersion in 0.5
mM ferrocene-methanol + 0.9 wt% NaCl solution at ambient temperature. Tip to substrate distance:
10 um. Tip potential: +0.46 Vsce. Scan rate: 30 um s,
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