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Abstract

The electrochemical behavior of Zr5Ti, Zr25Ti, and Zr45Ti, with and without surface modification were
monitored in acidic artificial saliva (pH = 3) containing NaF concentrations 0.2, 0.5, and 1 wt.%,
simulating the fluoride concentrations in dental rinses. A passive behaviour for thermally oxidized ZrTi
alloys was found using EIS, and XPS data show that the protective oxide film contains both TiO2 and
ZrO2, though titanium contents in the outer layer bigger than those in the base alloy result from thermal
oxidation. High corrosion resistance to acidic fluoridated environments of ZrTi alloys treated using

thermal oxidation in air at 500 °C.
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1. Introduction

Zirconium and titanium exhibit a high corrosion resistance in severely corrosive environments,
particularly those of oxidizing nature or containing chlorides or fluorides. Next, the inertness of
zirconium and titanium and their alloys when inserted in the human body makes them suitable candidate
materials for biomedical application such as either surgical instruments or bone and dental implants [1].
The beneficial effect of surface topography on osseointegration, achieved through reducing techniques
such as grit-blasting, sandblasting and acid-etching, has been the topic of investigation for several
decades. Today micro-roughened surfaces dominate the market as they have been shown to achieve
faster bone integration, a higher percentage of bone to implant contact and a greater resistance to shear,
as determined by removal torque values, when compared with titanium implants with a polished or
machined surface [2].

In searching new alloys with improved mechanical strength, it would be optimal if one could
also conserve the micro-roughened topography and hydrophilic surface properties that have proven to be
integral to the success of commercially pure titanium (cp Ti) implants. In this respect, the binary
zirconium-titanium (ZrTi) alloys stand apart from any of the o- microstructured alloys because they
maintain the same a structure as cp Ti. These metals spontaneously passivate by forming thin oxide
films on their surface both in air and in electrolytes at open circuit, though pure Zr is susceptible to
localized corrosion by chloride ions [3]. Though corrosion resistance can be improved by alloying Zr
with Ti, still localized corrosion may occur depending on the Ti/Zr ratio [4-7], and surface modification
techniques are currently investigated to achieve improved corrosion resistance (namely electrochemical
anodization [8-12], micro-arc oxidation (MAO) [12], and thermal oxidation [13]). From a biomedical
standpoint, it has been shown that bone implant contact is higher in the case of Zr compared to Ti [14],
whereas cytotoxicity is lower for ZrOz than for TiOz rutile [15-17]. In particular, the equiatomic ZrTi
alloy exhibits excellent mechanical properties, with hardness and tensile strength values about two-and-
a-half times higher than those shown by pure Zr and Ti [18]. As a result, the ZrTi alloy can be
considered an attractive implant material, particularly for use in implant applications of small diameter
employed in endossesous dental implants, owing to its improved strength, while maintaining the
biocompatibility and osseointegration properties observed for cp Ti [19]. These properties of ZrTi alloys
are particularly relevant in relation to the replacement for cp titanium and Ti6Al4V alloy dental implants

because the protectiveness of titanium oxide layers is destroyed by fluoride ions when the NaF



concentration exceeds 0.1 wt.% [20,21]. Indeed, a commercial binary TiZr alloy (13-17 wt.% Zr) is
already available in the market under the name Roxolid® [22].

In recent years there has been an increase in the utilization of fluoridated toothpastes,
prophylactic gels, and dental rinses to prevent caries formation. The presence of fluoride ions in the
mouthwash solutions brings with it aggressiveness in the attack on dental alloys. The commercially
available fluoridated products contain high contents of fluoride ions, up to 0.1 wt.%, with pH values
ranging between 7.2 and 3.2 [23]. Additionally, many commercially available fluoridated gels contain
even higher concentrations of fluoride ions, up to 1 wt.%, whereas pH ranges between 7.2 and 3.2
[23,24]. The conscientious health-care provider needs to know the consequences of the effect of fluoride
ions on dental metallic materials. Some authors [4,24-29] have found that fluoride ions affect the
corrosion behaviour of titanium and its alloys. According to Al-Mayouf et al. [30], the severity of the
attack depends on both the concentration of fluoride ions and pH.

The primary goal of this study was to investigate the in vitro effect of acidic fluoride simulated
physiological solutions on the corrosion resistance ZrTi alloys. The second objective was to characterize
the influence of surface passivation treatment towards the formation of the passive layer on their
corrosion behaviour. Thermal oxidation in air at 500 °C was reported to produce ZrTi materials with
enhanced corrosion resistance in Ringer’s solution at 37 °C [13]. In order to characterize the chemical
properties of both non-treated and thermally-modified samples, scanning electrochemical microscopy
combined with X-ray photoelectron spectroscopy were used. These combined studies allowed relationships
between the electrochemical behaviour in artificial physiological environment and the characteristics of the

surface to be established.

2. Materials and methods
2.1. Materials

Three ZrTi alloys have been synthesized by electron beam melting method. The chemical
compositions (wt.%) of experimental alloys are as follows: Zr-4.3%Ti-0.3%Nb-0.3%Mo (hamed Zr5Ti),
Zr-23.8%Ti-0.4Nb%Zr-0.7%Mo (named Zr25Ti), and Zr-43.9%Ti-0.4%Nb-0.5%Mo (named Zr45Ti).
The melting procedure was repeated three times in order to obtain chemically homogenized alloys. The
chemical compositions have been determined by EDX analysis using a scanning electron microscope
Quanta 3D (model AL99/D8229) equipped with EDX detector. The above mentioned percentages of
alloying elements have been calculated as averages of ten values. The alloy specimens were cut into



disks of 0.28 cm? surface, and they were ground with SiC abrasive paper up to 4000 grit, followed by
polishing with 1 um alumina suspension. The samples were next degreased with ethyl alcohol, followed
by ultrasonic cleaning with deionised water, and finally dried under air stream. The oxidized samples
involved heat-treatment in air at 500 °C for 2 hours [13]. Both as cast (untreated), and oxidized samples
of the ZrTi alloys were considered.

Fusayama artificial saliva was used as test environment for electrochemical characterization. It
consisted of 0.400 g NaCl, 0.400 g KCI, 0.795 g CaCl2-2H20, 0.780 g NaH2PO4-2H20, 0.005 g
Na2S-9H20, 1.000g NH2CONHz2, and distilled water up to 1000 mL. Different NaF concentrations (0.2,
0.5 and, 1 wt.%) were added to the artificial saliva, which simulated the fluoride concentration typically
found in fluoridated gels. Acidified artificial saliva was prepared by adding lactic acid to the three

fluoridated Fusayama solutions until reaching a pH value of 3.0 £ 0.1.

2.2. Electrochemical setup

The alloy specimens were placed in a glass corrosion cell, which was filled with acidified
artificial saliva containing chosen amounts of fluoride ions. A saturated calomel electrode (SCE) was
used as the reference electrode, and a platinum coil as the counter electrode. The temperature of the
electrochemical cell was fixed at 37 + 1 °C.

Electrochemical measurements were performed using a potentiostat manufactured by PAR
(Model PARSTAT 4000, Princeton Applied Research, NJ, USA). The instrument was controlled by a
personal computer and specific software (VersaStudio, PAR, USA). Electrochemical impedance spectra
(EIS) were measured prior to conducting the potentiodynamic polarization tests on the samples. The
spectra were obtained 1 hour after the electrode was immersed in the acidified artificial saliva solution
with different NaF concentration. An alternating (AC) potential signal of amplitude +10 mV was used
with frequencies in the range of 100 kHz to 1 mHz. The EIS experimental data were analyzed in terms
of equivalent circuits (EC) using ZSimpWin 3.22 software.

Potentiodynamic measurements were also carried out in acidified artificial saliva with different
NaF concentration at 37 °C using the same electrochemical instrumentation. These measurements were
conducted by increasing the potential from -1.0 to +1.0 Vsce, using a scanning rate of 1 mV s™. Using
the dedicated CorrWare software of electrochemical test system, zero current potential (Ecorr), and the

corrosion current density (jeorr), were determined by Tafel analysis of both anodic and cathodic branches



of the polarization curves for a range of £150 mV around the open circuit potential. From the measured
potentiodynamic polarization curves, the passive current density (jpass) values were determined too.

All the electrochemical experiments were performed three times. These replications were not
sufficient to carry out statistical analysis, but served to verify the reproducibility of the measured data.

2.3. Morphological and surface analytical measurements

In order to observe the possible occurrence of surface effects arising from corrosion during
immersion in acidic fluoridated artificial saliva, samples were retrieved after completing the
electrochemical tests, and they were observed by SEM microscopy. A scanning electron microscope
Quanta 3D (model AL99/D8229) was employed.

X-ray photoelectron spectroscopy (XPS) was performed with an ESCALAB 250 spectrometer
equipped with dual aluminum-magnesium anodes, using a monochromatized Al Ka X-ray radiation (hv
1486.6 eV). The spectrometer energy calibration was performed using the Au 4f72 and Cu 2psze
photoelectron lines. For consistency, all binding energies are reported with reference to the binding

energy of the C 1s core level spectrum corresponding to the carbon contamination layer at 284.6 eV.

3. Results
3.1. Electrochemical behaviour

Electrochemical impedance spectroscopy (EIS) was employed to characterize the corrosion
resistance of the protecting oxide films developed on the surface of the ZrTi alloys during thermal
oxidation treatment at 500 °C in air for 2 hours. Experimental samples were introduced in the selected
acidified fluoridated artificial saliva at 37 °C for 1 hour without application of any electric perturbation
to attain their spontaneously-developed open circuit condition (Ecor). Figure 1 shows the
electrochemical impedance spectra for the three thermally-oxidized ZrTi alloys at Ecorr represented as
Bode plots (i.e., plots of the logarithm of the impedance modulus and of the phase angle as a function of
the logarithm of the frequency of the AC potential signal). The advantage of the Bode plot is that the
data for all measured frequencies are shown, and that a wide range of impedance values can be
displayed in one graph. Two distinct regions are observed in the impedance spectra of the thermally-
oxidized ZrTi alloys they correspond to systems exhibiting two time constants as revealed by the
presence of two maxima in the Bode-phase diagrams.



For the sake of comparison, the EIS spectra of the cast (untreated) ZrTi alloys recorded after a 1
hour immersion in the acidic artificial saliva (pH = 3) with 0.5 wt.% NaF were also recorded, and they
are given in Figure 2 plotted as Bode and Nyquist diagrams. In this case, the onset of an inductive
behaviour is observed in the low frequency range, as indicated by the measurement of phase angles
below O degrees in the Bode plots depicted in Figure 2A. This feature occurring in the low frequency
range is better observed when the impedance spectra were plotted in Figure 2B as Nyquist diagrams,
that is, in terms of the real and imaginary components of the impedance vectors determined at each
frequency. In this case, the depressed semicircles present an inductive loop in the low frequency range.

Figure 3 depicts experimental potentiodynamic polarization results measured for the thermally-
oxidized ZrTi samples immersed in acidified artificial saliva with different NaF concentrations at 37 °C.
All three oxidized ZrTi samples did not show an active region because of the passive oxide layer formed
on the surface after the thermal oxidation treatment. For the sake of comparison, potentiodynamic
polarization curves measured for the cast ZrTi alloys in the same conditions are shown in Figure 4. It is
readily observable than more negative open circuit potentials (occurring at ca. -1.0 Vsce) and passivation
currents two orders of magnitude bigger were measured for the cast alloys compared to those in Figure 3
for the alloys after thermal oxidation. Furthermore, the stability range of the passive regime is narrower
as the Ti content in the alloys is decreased, as characterized by the observation of a new steady growth
of the measured current densities at anodic polarizations more positive than +0.4 Vsce for the Zr5Ti and
Zr25Ti alloys. These behaviours indicate that the oxide films on the alloys is more protective when they

were treated by thermal oxidation at 500 °C in air.

3.2. Surface characterization

Scanning electron microscopy (SEM) analyses of the Zr-Ti alloy surfaces were carried out on
retrieved samples after immersion in the test solutions to characterize the corrosion form and extension.
Samples were retrieved after either completing the stabilization period at their corresponding open
circuit potential, or after the potentiodynamic polarization scans. The presence of fluoride ions in acidic
artificial saliva (pH = 3) was found to be detrimental to the protectiveness of ZrO2 surface film formed
on Zr-based materials. Typical SEM micrographs of ZrTi samples after anodic polarization tests in
acidic artificial saliva with 1 wt.% NaF terminated at +1.0 Vsce are shown in Figure 5 for both oxidized
(A-C) and cast (D-F) alloys. The inspection of the micrographs shows the occurrence of localized attack
at the surface of Zr5Ti and Zr25Ti alloys, and the development of a uniform corrosion process in the



case of the Zr45Ti alloy. Formation of corrosion products is also observed for the two alloys with
smaller Ti contents around the bigger pits developed on their surface. This observation evidenced that
the alloy with the higher Ti content was less susceptible to pitting corrosion when the material was
polarized at anodic potentials during exposure to fluoride containing electrolytes. The formation of
corrosion pits under anodic polarization up to +1.0 Vsce is a common feature for pure zirconium [31]
and ZrNi alloys [32], and it has also been recently observed for cast ZrTi alloys exposed to aqueous
solution containing chloride ions [7]. Indeed, this is again the case for the cast ZrTi alloys exposed to
fluoride solution, since pitting corrosion was observed in all cases (cf. Figure 5 D-F). Yet, the cast
Zr45Ti alloy showed different corrosion features (Figure 5F) because pits were also seen on its surface
but to a much lesser extent that in the case of the other alloys.

Figure 6 shows the micrographs taken from retrieved cast ZrTi alloys after 1 hour immersion
times in acidified artificial saliva containing 0.5 wt.% NaF. In this case, the samples were left
unpolarized in the environment at their corresponding Ecorr Values. Surface analysis of ZrTi alloys by
SEM indicated significant surface degradation after 1 hour immersion in acidified artificial saliva with
0.5 wt.% NaF, even though they were not subjected to anodic polarization in the test media. Conversely,
no signs of corrosive attack on the exposed surfaces could be observed it samples were retrieved at the
open circuit potential, that is, without application of an anodic polarization (not shown in the figure).

The effect of surface treatment was further investigated by XPS, focusing on the chemical
composition of the oxide layers formed on the different ZrTi alloys under investigation. Figure 7 shows
the XPS survey spectra recorded at the surface of the three ZrTi alloys after thermal oxidation at 500 °C
for 2 hours. The predominant elements detected at the surface of the alloys were C, O, Ti and Zr are the
predominant elements detected for all Zr/Ti ratios. Carbon concentration is related to air exposure with
the formation of carbon-containing compounds at the outermost surface layer. Signals corresponding to
Nb and Mo metals were not detected this time as they are contained in very small amounts in the

samples.

4. Discussion
4.1. Effect of thermal oxidation

It was obvious that both Ti and Zr oxides are present in the protective film formed on the surface
of the ZrTi alloys as result of the thermal oxidation treatment in air at 500 °C. The XPS peaks related to
Zr metal are located between 182.0 and 184.4 eV, for Ti metal between 457.9 and 459.6 eV, and for O



1s between 535.0 and 530.9 eV, similar to reported values for Zr50Ti [31]. To reveal the surface
distribution of the metals and oxide species, high-resolution spectra of elements were measured as a
function of take-off angles, and they are given in Figures 8 and 9 for Zr and Ti, respectively. Two spin-
orbit components, corresponding to Zr 3ds2 and Zr 3ds/2, are observed in Figure 8 for zirconium, and the
corresponding peak energies after deconvolution of the XPS peaks are given in Table 1. The average
separation between the signals is 2.4 eV, in good agreement with previous reports on Zr50Ti [33], and
for other transition metal alloys subjected to similar thermal oxidation procedures [34]. The values of the
binding energies increase with higher titanium contents in the alloy. In this way, the binding energies
determined for the outermost oxide layer (given by take off angles of 20°), are 182.0 eV for Zr5Ti, 182.9
eV in Zr25Ti, and 183.3 eV for Zr45Ti. These values are very close to those reported for Zr** 3ds2 in
ZrO2 for passive layers formed on pure zirconium [35] and its alloys [11,13,36-38]. The weak shift of
the peak position towards higher binding energies with increasing Zr content in the alloy, may be
attributed to smaller contribution of Zr metal to the measured signal.

A similar trend between the binding energies and titanium contents in the alloy is also observed
in the deconvoluted XPS peaks for Ti 2ps2 shown in Figure 9. They shift from 458.3 eV in Zr5Ti to
459.5 eV in the alloys with higher Ti contents as for the outermost oxide layer. These values are in good
agreement with the reported value of 458.8 eV for Ti*" 2pss2 [34], while the binding energy for TiO is
453.8 eV. Analogously, the binding energy for Ti 2pa2 in the outermost oxide layer is 466 eV in the
alloy with the lowest titanium content, and shifts to 465.0 eV for Zr25Ti and Zr45Ti. As result, the
difference in binding energies between Ti 2ps2 and Ti 2pa/2 signals amounts 5.7 eV in average, a value
that supports the occurrence of Ti** state as TiO2 in the surface films, in accordance to previous reports
[33]. Higher contents in the ZrTi alloys originates a shift of the binding energies of the Ti 2p signals to
higher values, progressively approaching the typical values for TiOz layers developed on pure titanium
[34,35], and also for Zr50Ti [33]. Therefore, the oxide layers formed on the Zr25Ti and Zr45Ti alloys
are probably composed by mixed Ti-Zr oxides [10,11]. In this respect, the formation of TiZrO4 during
the oxidation of equimolar TiZr alloy in air at temperatures between 500 and 800 °C has been proposed
[39].

The distribution of these two metal oxides through the protecting surface films can be analyzed
in semi-quantitative terms by comparing the XPS data obtained using different take-off angles. In this
way, internal chemical composition can be derived from the measurements taken at 45° and 80°, and
their comparison with those from the outermost layer obtained at 20°. Small take-off angles correlate



with the outermost surface, whereas bigger take-off angles reveal atom content closer to the interface
with the bulk of the material. In this way, depth-profiling over ca. 5 nm was made. A summary of the
data is provided in Table 1. It is found that small enrichment in ZrO2 occurred in the outermost layer for
the oxides formed on the ZrTi alloys with the lower titanium contents, namely Zr25Ti and Zr45Ti. The
opposite trend occurred for Zr5Ti, as the amount of ZrO2 decreases as we move towards the surface of
the material, leading to titanium enrichment. Quantification of TiO2 from the data measured using 80°
take-off angle was only achieved from Zr45Ti, the alloy with highest titanium content. It should also be
noticed that the Zr/Ti ratios in the thermally-formed oxide layers are close to those in the bulk alloy for
Zr25Ti and Zr45Ti, but they increase at the outermost surface. That is, there is less titanium in the
outermost layer of the surface oxide than in the bulk of the material.

4.2. Electrochemical stability of protecting oxide layers in acidic fluoridated media

Though the polarization curves shown in Figure 3 indicate that the oxide layers formed on the
surface of the three ZrTi alloys during the thermal oxidation treatment confer some degree of
passivation to these materials immersed in acidic fluoride artificial saliva, differences between these
materials can be observed in their electrochemical behaviour as a function of fluoride ion concentration.
In fact, the polarization curves revealed a narrow active range at small anodic polarization, and thus
values of the corrosion potentials (Ecorr), and the corrosion current densities (jcorr), Were determined by
Tafel analysis of both the anodic and the cathodic branches in the polarization plots. The average values
of Ecorr and jcorr determined from the polarization curves are presented in Table 2. Though the corrosion
current densities determined by this extrapolation method may not be fully accurate due to some degree
of distortion related to oxide formation on the surface of the alloys, the values given in Table 2 may be
used to provide a relative ranking of the corrosion resistance in artificial saliva solutions containing
different fluoride concentration [29,40]. From these data it is possible to observe low values of corrosion
rate for the three alloys in the fluoride solution with the lower concentration, and even rather low for
Zr5Ti in artificial saliva containing 1 wt.% NaF.

The effect of increasing fluoride ion contents on the three materials is observed as the
combination of less noble open circuit potential values and higher current densities related to metal
dissolution even through the passivating oxide surface layers, though Zr5Ti presents always the slowest
corrosion rates in these fluoride-containing environments. Regarding the potential plateau related to the

passive regime, Zr5Ti also presents the smallest passivating currents, and show no evidence of a current



increase related to breakdown of the passive film for potential excursions up to +1.0 Vsce, a value
significantly higher than any reported in the human body [41]. This feature suggests that the oxide film
formed on the surface of Zr5Ti is more blocking regarding electrolytic conductivity. On the basis of
potentiodynamic polarization data, thermally-oxidized Zr5Ti can be regarded to be the more corrosion
resistant material for biomaterial application in fluoride-containing environments. It must be noticed that
the opposite trend regarding corrosion resistance with increasing Ti content in the ZrTi alloys occurred
when they were exposed to chloride-containing environments instead [13]. These observations can be
related to the poor resistance of TiO2 in the presence of fluoride ions, due to the formation of a Ti-F
complex compound (NazTiFs) on the surface [42] of the ZrTi alloys with greater Ti content (i.e., Zr25Ti
and Zr45Ti). But in both cases, a major improvement in corrosion resistance was produced after thermal
oxidation at 500 °C compared to the behaviour of the cast alloys (cf. Figures 3 and 4 for fluoride-
containing solutions, and Figure 1 in ref. [7] and Figure 1 in ref. [13] in the case of chloride-containing
electrolytes).

SEM micrographs of retrieved samples show evidences of localized corrosive attack on their
surfaces after polarization up to +1.0 Vsce in the artificial saliva containing the highest fluoride
concentration considered (i.e., 1 wt.% NaF). Yet it is remarkable to compare the micrographs of the
treated alloys shown in Figure 5 with those of untreated samples obtained after immersion for 1 hour in
a significantly less concentrated fluoride solution of 0.5 wt.%, even though no anodic polarization was
applied to them (cf. Figure 6). A more extended corroding attack has been thus observed for the
untreated samples even though no anodic polarization was applied to the samples, in addition to less
fluoride content in the artificial saliva compared to the conditions experienced by the oxidized samples
imaged in Figure 5.

Zr corrodes in acidic (pH < 3.5) solutions, and the range of oxide stability extends between pH
3.5 and 13 [43]. If passivation does not occur, Zr will react violently with chemical species such as
chloride that are present in the environment, and the metal will be transformed into its ionic state [44].
Therefore, it is reasonable to expect that the presence of fluoride ions in artificial saliva at pH = 3
effectively promotes dissolution of the protective oxide films developed on these materials, such attack
being more vigorous for the cast ZrTi alloys than for the thermally-oxidized ones. At this point, some
concern may arise regarding the use of glass vessels with fluoride solutions, as they are often employed
in the electrochemical characterization of metallic biomaterials in fluoridated artificial solutions

[6,23,45]. It is well established that fluoride causes corrosion of silicate glasses as this anion complexes



with Si(1V). This feature cannot be ignored in the present work, and data obtained in artificial saliva
containing 1 wt.% NaF may have been influenced to some extent as they have been taken after 1 hour
stabilization in the electrolyte. Yet, it is important to notice that degradation of cast ZrTi alloys was
readily observable after only 10 min exposure to acidified artificial saliva (pH = 3.4) containing only
0.05 wt.% NaF [6]. Anyway, the use of glass cells must be avoided in future investigations on the effect
of fluoride ions on the electrochemical behaviour of materials.

The protecting nature of the oxide films developed on the treated ZrTi alloys is further
demonstrated by the observation of two relaxation time constants in the impedance spectra given in
Figure 1. They correspond to the barrier characteristics of the oxide film towards electrolyte penetration
that dominates the impedance response in the low-frequency range, and to the charge transfer process in
the surface of the alloys at higher frequencies. This is the typical response of an inhomogeneous surface
film, which consists of a compact inner layer and a more porous outer layer [46]. Such duplex structure
of the oxide film has been typically reported for pure titanium [47,48] and titanium alloys [7,12,13,48-
53] in many electrolytic environments.

Analysis of these spectra in terms of an equivalent circuit (EC) allowed the values of the relevant
impedance parameters to be derived, which supply guantitative information concerning the experimental
system. The EC employed to model the system parameters is depicted in Figure 10A, and the fitted
parameters are given in Table 3. The model consists of a series combination of the solution resistance of
the test electrolyte, Rsol, and two parallel constant phase elements/resistor pairs, Qi/R1 and Q2/R2, where
subscripts 1 and 2 designate the low and high frequency time constants, respectively. R1 designates the
additional resistance of the solution inside the pores in the outer oxide layer, C1 corresponds to the
capacitance of the pore wall, whereas Rz and Cz give the resistance and the capacitance of the inner
barrier layer. Constant phase elements (CPE, Q) were used in the EC instead of capacitors to account for
the effects of deviations to ideal dielectric behaviour arising form electrode roughness and
heterogeneities of the surface films [54]. The impedance of a CPE is defined as:

1
9 =Y ()" 1)
where @ is the angular frequency and Yo is a constant, and the value of the exponent n, ranging -1 <n <
1, indicates the deviation from ideal capacitive behaviour (e.g., when n = 1). A very good correlation
was obtained between EIS data using the proposed equivalent circuit and the experimental impedance

spectra, and the fitting quality of the experimental EIS spectra to the model was established from the



chi-squared () values, in the order of 10*. The values of fitted parameters of the EC and corresponding
fit qualities are listed in Table 3.

The Bode-magnitude plots in Figure 1 show that impedance decreased with the increase in the
concentration of NaF added to the acidified artificial saliva for the three oxidized ZrTi alloys. However,
it can be seen in Table 3 that the resistance of the oxide layer present in the surface of the Zr5Ti alloy is
higher than those on Zr25Ti and Zr45Ti alloys. High values of Rz (in the order of 10° Q cm?) are
observed at Ecorr in all cases. Additionally, it must be noticed that the values of Rz are significantly
higher (by ca. three orders of magnitude) than those determined for R:1 (cf. Table 3). This indicates that
the corrosion resistance of the oxidized ZrTi alloys in acidified fluoridated artificial saliva arises mainly
from the compact passive oxide film formed on the surface of the materials.

Estimates regarding the thicknesses of the compact inner oxide layers present on the thermally-
oxidized ZrTi alloys can be made by assuming a homogenous composition of the film. Then, by
considering the film to act as a parallel plate dielectric, the capacitance will be related to the thickness
according to:

&g A
d

where ¢ is the dielectric constant of the oxide, o the vacuum permittivity, A the geometric area, and d is

C

()

the thickness. Higher values of capacitance correspond to smaller thicknesses. Capacitance values can

be extracted from the constant phase element Q2 using [55]:

c = (rR"Q)" @3)
To that end, the Zr/Ti ratio in the metal matrix was assumed to hold also in the oxide layer, using e=22
for ZrOz [56], and =114 for TiO2 [57,58]. An additional approximation was to adopt a unity surface
roughness factor. The capacitance values of the inner oxide film employed in the calculation, and the
thicknesses of the oxide films present on thermal oxidized ZrTi alloys at their open circuit conditions
attained in the different test electrolytes are listed in Table 4. Though these values can only be regarded
as an estimation based on simple assumptions, they support that the oxide layers formed on the surface
of the alloys amount only a few nanometers. This feature is important as to confirm the validity of the
surface characterization procedure based on XPS data given in Section 4.1, for the oxide layers under
consideration are thinner than the penetration-depth of angle-resolved XPS. The values reported here are
in the same order than those determined using surface characterization techniques for pure titanium

[59,60], pure zirconium [61], and Zr-based alloys [5,62]. On the basis of the estimated thicknesses for



the innermost oxide layer formed on the ZrTi alloys in the fluoridated solutions given in Table 4, the
thickest oxide layer is observed on Zr5Ti (ca. 1.39 nm).

Major corrosion occurred when the untreated ZrTi alloys were exposed to the fluoride-containing
solutions instead. Smaller impedance values were measured at all frequencies of the applied AC signal,
together with the observation of an inductive behaviour of the system in the low frequency range of the
Nyquist diagrams in Figure 3. In this case, a different EC had to be employed to describe the impedance
characteristics of the untreated alloys in acidified fluoridated solution that would take in account the
occurrence of an inductive response. The corresponding EC is given in Figure 10B, and the
corresponding impedance parameters are listed in Table 5. R1 represents the charge transfer resistance,
one order magnitude smaller than for the thermally-oxidized samples, and indication of the low
electrochemical stability of the cast ZrTi alloys in the fluoride-containing solution. The constant phase
element Q1 corresponds to the double layer as evidenced by the high values of the n1 exponent. The
occurrence of the inductive combination RzL is attributed to the relaxation of the corrosion products
formed on the electrode surface during degradation of the material in the environment [63]. In fact, a
major decrease in the corrosion resistance of the materials is revealed by the very low values of the
charge transfer resistance R1, amounting approximately 10? Q cm?, a finding that reveals the dissolution
of the biomaterial in this electrolytic environment. Therefore, the oxide layer spontaneously formed in
air at ambient temperature on the ZrTi alloys is less resistant as the Ti content in the alloys increases
[64], and cannot protect these materials from corrosion in fluoride-containing environments, contrary to

the good protection characteristics shown in fluoride-free artificial physiological solution [7].

5. Conclusions

1. Acidic fluoridated saliva is a very aggressive environment for dental materials that can be
satisfactorily faced by ZrTi alloys subjected to thermal oxidation treatments.

2. Electrochemical data show that the corrosion stability of ZrTi alloys is greatly affected by the
presence of fluoride ions in acidic artificial saliva, though it can be significantly improved by employing
surface preparation methods.

3. Thermal oxidation in air at 500 °C for 2 hours leads to the formation of passivating oxide
layers that more efficiently outstand the aggressive effect of fluoride ions in concentrations similar to

those used in dental rinses, though making these materials adequate for the manufacturing of implants.



4. The occurrence of a passivity regime for the thermally oxidized ZrTi alloys immersed in
acidic fluoride artificial saliva was established from potentiodynamic polarization and EIS
measurements.

5. Protective oxides formed on the surface of the alloys alter surface preparation contain
mixtures of TiO2 and ZrOz, with enrichment of the former in the outermost layer. Though TiO2 could
not be detected in the innermost oxide layer for Zr5Ti, the amount of TiOz increases at the expense of
ZrO2 as we move towards the outermost surface of the material, as it occurs also in the alloys with
higher titanium content.

6. The overall Zr/Ti ratios in the protective surface layers are smaller than those employed in the

manufacturing of the alloys.
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Table 1. Binding energies and atomic contents obtained by XPS for samples of zirconium and titanium
oxides grown in air at 500 °C for 2 hours.

Binding energies / eV Content / at.%

Samples i i i
Ti2puw2 | Ti2pae | Zr3dsz | Zr3dsz | O 1s Ti Zr @)

20° | 466 458.30 | 184.3 | 182.0 | 535.0 | 1.07 | 12.83 | 36.82
Zr5Ti | 45° | 464.2 | 458.98 | 184.6 | 1822 | 5345 | 1.45| 11.82 | 35.26
80° - - 184.4 | 182.1 | 533.1 0 10.05 | 26.65

20° | 465.1 | 459.4 | 185.2 182.9 | 530.9 | 1.02 | 3.85 19.8
Zr25Ti | 45° | 465.2 | 4595 | 1854 | 1829 | 5309 | 145 | 4.25 | 2041
80° - 459.6 | 185.2 182.9

20° | 465.3 | 459.6 | 185.7 183.3 | 531.2 | 193 | 2.77 | 18.32
Zr45Ti | 45° | 465.2 | 459.4 | 1855 | 183.1 | 531.0 | 257 | 3.07 | 20.79
80° | 465.3 | 459.5 | 185.7 183.3 | 531.2 | 141 | 1.76 | 15.82




Table 2. Electrochemical parameters determined from the potentiodynamic polarization curves
measured for the thermally-oxidized ZrTi samples in acidified Fusayama solution (pH = 3) containing
fluoride additions at 37 °C.

Sample Ecorr / Vsce Jeorr/ RA cm? jpass ¥/ RA cm™

Artificial saliva + 0.2 wt.% NaF

Zr5Ti -0.051 (0.009) 0.9 (0.14) 4.5 (0.53)
Zr25Ti -0.244 (0.028) 2.8 (0.25) 4.8 (0.40)
Zr45Ti -0.119 (0.023) 1.4 (0..30) 5.6 (0.35)
Artificial saliva + 0.5 wt.% NaF
Zr5Ti -0.226 (0.015) 1.1 (0.17) 10.9 (0.42)
Zr25Ti -0.338 (0.019) 4.1 (0.29) 10.6 (0.50)
Zr45Ti -0.291 (0.035) 2.1 (0.35) 6.1 (0.16)
Artificial saliva + 1 wt.% NaF
Zr5Ti -0.446 (0.025) 1.5 (0.30) 14.9 (0.72)
Zr25Ti -0.721 (0.032) 6.1 (0.40) 19.3 (2.46)
Zr45Ti -0.523 (0.023) 3.6 (0.52) 11.8 (1.80)

Note: standard deviations are given in parentheses.

*Values determined at +0.40 Vsce



Table 3. Parameters of the equivalent circuit for thermally-oxidized ZrTi alloys in acidified Fusayama
solution (pH = 3) containing fluoride additions at 37 °C. AC polarization was applied around their
corresponding open circuit potential values in the electrolytes.

Concentration | 10°Q; / Ri/ 10° Q2 / R2/ 10° 42
SAMPIE | of NaF / wt.9% Scm2sn " kQcm? | Scm2s" k MQ cm?

Zr5Ti 0.2 2.5 0.81 4.3 8.5 0.83 2.1 5.4 (0.37)
05 2.6 0.80 3.9 8.9 0.82 15 38 (5.1)

1 2.6 0.80 3.5 9.1 0.81 1.2 31 (2.7)
Zr25Ti 0.2 3.4 0.79 2.1 11.2 0.80 0.6 4.1 (0.40)
0.5 31 |o079| 19 114 | 080 | 05 7.7 (0.44)
1 32 |o078| 15 118 |079| 03 9.1 (1.10)
Zr45Ti 0.2 2.5 0.80 4.1 8.7 0.82 1.9 3.2(0.41)
0.5 26 | 080 | 37 89 | 081 | 14 6.8 (1.18)

1 2.9 0.79 3.7 9.7 0.80 0.5 13 (3.6)

Note: standard deviations are given in parentheses.




Table 4. Film thickness estimated from EIS results measured for oxidized ZrTi alloys in acidified
Fusayama solution (pH = 3) containing fluoride additions at 37 °C.

Concentration | Capacitance of the inner Film thickness of the

Sample of NaF / wt.% oxide layer / uF cm? inner oxide layer / nm
Zr5Ti 0.2 15.3 1.39
0.5 15.7 1.36
1 15.9 1.34
Zr25Ti 0.2 18.0 1.19
0.5 17.6 1.21
1 16.5 1.29
Zr45Ti 0.2 16.1 1.32
0.5 16.0 1.33
1 14.4 1.49

Table 5. Parameters of the equivalent circuit for as cast ZrTi alloys in acidified Fusayama solution (pH
= 3) containing 0.5 wt.% NaF at 37 °C. AC polarization was applied around their corresponding open
circuit potential values in the electrolyte.

105 Q, / R/ L/ R/
Sample N1
Scm?gn kQcm?2 | Hcem? Q cm?
Zr5Ti 3.2 0.84 0.8 325 82
Zr25Ti 3.3 0.83 0.6 342 77
Zr45Ti 2.9 0.84 0.9 289 89
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Figure 1. Measured impedance spectra for thermally-oxidized ZrTi alloy samples recorded at their open
circuit potentials during exposure to aerated acidified artificial saliva (pH = 3) containing different NaF
concentrations as indicated in the plots. Materials: (A) Zr5Ti, (B) Zr25Ti, and (C) Zr45Ti.
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Figure 2. Measured impedance spectra for as cast (untreated) ZrTi alloy samples recorded at their open
circuit potentials during exposure to aerated acidified artificial saliva (pH = 3) containing 0.5 wt.% NaF.

(A) Bode, and (B) Nyquist representations.
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Figure 3. Linear potentiodynamic polarization curves of the thermally-oxidized ZrTi alloy samples
recorded at their open circuit potentials during exposure to aerated acidified artificial saliva (pH = 3)
containing different NaF concentrations as indicated in the plots. Materials: (A) Zr5Ti, (B) Zr25Ti, and
(C) Zr45Ti. Scan rate: 1 mV s2.
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Figure 4. Linear potentiodynamic polarization curves of the cast ZrTi alloy samples recorded at their
open circuit potentials during exposure to aerated acidified artificial saliva (pH = 3) containing different
NaF concentrations as indicated in the plots. Materials: (A) Zr5Ti, (B) Zr25Ti, and (C) Zr45Ti. Scan
rate: 1 mV s,



Figure 5. SEM images of (A-C) thermally-oxidized and (D-F) cast ZrTi alloys retrieved from acidified
artificial saliva with 1 wt.% NaF after recording the potentiodynamic polarization curves in Figure 5.
Materials: (A,D) Zr5Ti, (B,E) Zr25Ti, and (C,F) Zr45Ti.

Figure 6. SEM images of as cast ZrTi alloys retrieved from acidified artificial saliva with 0.5 wt.% NaF
after 1 hour immersion time at their corresponding open circuit potential values (Ecor).
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Figure 7. XPS survey spectra recorded at the surface of thermally-oxidized ZrTi alloys in air at 500 °C
for 2 hours. The spectra have been shifted along y-axis for the sake of clarity.
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Figure 8. XPS zirconium Zr 3d spectra recorded at the surface of the thermally-oxidized ZrTi alloys at
take-off angles 20, 45 and 80°. Materials: (A) Zr5Ti, (B) Zr25Ti, and (C) Zr45Ti.
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Figure 9. XPS titanium Ti 2p spectra recorded at the surface of the thermally-oxidized ZrTi alloys at
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take-off angles 20, 45 and 80°. Materials: (A) Zr5Ti, (B) Zr25Ti, and (C) Zr45Ti.
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Figure 10. Equivalent circuits (EC) used to fit the impedance data: (A) two-layer model of an unsealed
porous surface film [46]; and (B) one-layer model accounting relaxation processes corresponding to the

precipitation of corrosion products [63].
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