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Abstract

This work investigates and compare the corrosion behavior in artificial saliva of oxide
thin films grown on commercially pure titanium (cp-Ti), via electrochemical oxidation
(EO) in sulphate bath at 1 V and thermal treatment (TT) at 450 °C, for durations between
20 min and 4 h. The goal is to determine which method and duration provide the optimal
protection for titanium against degradation in dental environment particularly in varying
fluoride concentration and acidity. Surface characterizations were performed through
morphological and microstructural analysis using scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). Electrochemical
behavior was conducted in Fusayama-Meyer solution (pH = 6.50 and T = 37 °C) using
potentiodynamic polarization curve (PPC) and electrochemical impedance spectroscopy
(EIS), under varying pH and fluoride ion concentrations. The results demonstrated that
a 3-h duration treatment provided the optimal corrosion resistance for both EO and TT
processes. The pH of the environment influenced corrosion performance markedly: both
acidic (pH 2.5) and basic (pH 9.0) conditions increased L.orr and decreased Rp, indicating
degradation of the passive oxide layer outside neutral conditions. Similarly, increasing
fluoride concentrations (1000; 5000; and 12,300 ppm) significantly impaired corrosion re-
sistance. At 12,300 ppm F~, untreated Ti showed severe degradation, with EIS revealing
the formation of a porous outer layer and a weakened inner barrier layer (R¢ = 33 W-cm?
for the outer layer and R¢t = 21 kW-cm? for the barrier layer). In contrast, the TT-treated
surface remained highly protective even under these aggressive conditions, with mini-
mal surface damage and the highest resistances for both the outer and the inner layers
(Rf = 1610 kW-cm?; R = 1583 kW-cm?), significantly outperforming the EO film. These
findings highlight the superior performance of thermal oxidation at 450 °C for 3 h as a
promising surface treatment for enhancing the corrosion resistance of titanium in fluoride-
rich oral environments. Understanding these strategies helps improve the longevity and
security of titanium dental implants.

Keywords: corrosion in artificial saliva; Fusayama-Meyer electrolyte; titanium; bulk elec-
trochemical oxide; thermal oxidation
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1. Introduction

In recent years, titanium (Ti) and its alloys have been widely used in orthopedics and
dentistry as dental implants and brackets [1-6], due to their biocompatibility, favorable me-
chanical properties including compatible Young’s modulus and minimal toxicity [7]. They
also exhibit remarkable corrosion resistance in various environments, including the human
body, primarily attributed to the formation of a thin passive film predominantly composed of
amorphous titanium dioxide (TiO;) [8,9]. The protective efficacy of these passive layers is in-
fluenced by their characteristics, such as thickness and structure, as well as the microstructure
of the underlying substrate, including grain size [3,10,11]. Consequently, it is imperative to
investigate the stability of these oxide films in simulated biological fluids [12,13].

However, the oral environment presents complex and dynamic conditions that can
challenge the integrity of the passive film on titanium surfaces. The increasing use of
prophylactic dental products to prevent plaque and caries formation has introduced addi-
tional variables affecting implant corrosion [14]. Many of these products contain fluoride
ions (F7) at varying concentrations, such as 200 ppm in mouth rinses, 1000-1500 ppm in
toothpastes and 10,000-20,000 ppm in gels [6,15]. Several studies have evaluated the corro-
sion behavior of Ti and its alloys in media containing fluoride [16-18], albumin [19] and
bacteria [20,21]. In general, the presence of those species accelerates the corrosion process
of these materials. Other factors such as fluctuating pH levels and temperature varia-
tions can compromise the corrosion resistance of titanium [15,22]. For instance, acidic
conditions and high fluoride concentrations have been shown to destabilize the passive
film, leading to increased corrosion rates [23-25]. Moreover, the formation of hydrofluoric
acid (HF) in low pH environments can further exacerbate the degradation of titanium
surfaces [26]. Nakagawa et al. demonstrated a linear correlation between the pH threshold
for titanium corrosion and the logarithm of fluoride concentration, indicating that lower
pH levels require less fluoride to initiate corrosion [17]. Similarly, Lindholm-Sethson and
Ardlin identified distinct corrosion behaviors—passive, nonpassive, and active based on
varying fluoride concentrations and pH levels [27].

To enhance the bioactive properties and modify the physicochemical, mechanical,
and electrical characteristics of titanium surfaces, various surface treatments have been
employed [7,11]. A straightforward approach to create a barrier on the biomaterial sur-
face is to form an oxide layer. Although Ti alloys naturally develop a tightly adherent
protective oxide when exposed to air, this layer is not entirely stable. Under specific con-
ditions, such as the presence of high chloride or fluoride concentrations, this oxide layer
can be compromised, leading to localized corrosion. To improve corrosion resistance, a
denser oxide layer can be developed through thermal oxidation [28-30] or anodic oxida-
tion [31,32]. For example, a thermal oxidation at around 600 °C can produce a duplex
rutile/anatase TiO, structure, that results in an enhancement of the corrosion resistance
in acidic environments [33]. Surface treatments such as electrochemical anodization have
been shown to significantly improve the corrosion resistance of titanium implants. An-
odization thickens and stabilizes the oxide layer, reducing corrosion rates by up to 96%
when optimized voltages and durations are used (e.g., 15 V produces a compact oxide layer
with superior resistance compared to untreated titanium). Such modifications also provide
additional functional and esthetic benefits, and are considered simple, cost-effective, and
ecologically friendly options for enhancing implant longevity [34-36]. Additionally, elec-
trochemical nano-engineering approaches, such as the fabrication of TiO, nanotubes, have
shown promise in improving both corrosion resistance and bioactivity for dentistry [37] or
orthopedics applications [38].

Additional surface treatments, such as inducing compressive stresses and refining
surface grains, improve the protective oxide layer of titanium alloys. Common techniques
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include anodizing, plasma electrolytic oxidation (PEO), laser treatment, and protective
coatings. These methods increase the thickness, density, and uniformity of the oxide layer,
thereby reducing localized corrosion, particularly pitting and crevice corrosion. Recent
studies have also shown that the application of composite coatings significantly improves
corrosion resistance by further strengthening this protective layer, particularly by increasing
its density and homogeneity, which particularly limits localized corrosion [39-42].

Despite these advancements, there remains a lack of comprehensive studies compar-
ing the effectiveness of different surface treatments, such as thermal and electrochemical
oxidation, in mitigating corrosion under varying fluoride concentrations and pH levels.
Understanding the interplay between these factors is crucial for optimizing the perfor-
mance and longevity of titanium-based dental implants. This study aims to investigate
the impact of surface treatments, specifically thermal and electrochemical oxidation, on
the corrosion behavior of titanium in artificial saliva environments with varying pH levels
(ranging from 2.5 to 9) and fluoride concentrations (up to 12,300 ppm). Electrochemical
techniques, including Potentiodynamic Polarization and Electrochemical Impedance Spec-
troscopy (EIS), will be employed to assess the corrosion resistance of treated and untreated
titanium samples. The findings will contribute to a better understanding of how surface
modifications can enhance the durability of titanium dental implants in fluoride-rich and
acidic oral conditions.

2. Materials and Methods
2.1. Preparation of the Samples

Pure titanium bars with a diameter of 15 mm (Mayitr, cp-Ti, ASTM B265, Grade 2) were
cut into 3 mm-thick discs with a thickness of about 2 mm and used as working electrodes.
The discs were mechanically polished using SiC abrasive paper, progressing from grit 240 to
2500, followed by polishing with a 1 um alumina suspension. The samples then underwent
ultrasonic cleaning in pure ethanol for 5 min and finally dried using compressed air. These
untreated samples are referred to as “B” (bare titanium).

Compact TiO; layers were developed either by thermal treatment (TT) or by electro-
chemical oxidation (EO) with durations ranging from 20 min to 4 h. For thermal treatment,
the samples were annealed ex-situ in air at 450 °C using a standard furnace (Nabertherm,
Lilienthal, Germany, 30/3000 °C) with a controlled heating rate of 5 °C/min.

2.2. Electrochemical Oxidation

Electrochemical oxidation is a surface treatment that improves titanium corrosion
resistance by creating a dense titanium dioxide (TiO;) layer through anodic polariza-
tion in a sulfate electrolyte. The characteristics of this layer depend on the electrolyte
used, the manufacturing method, the oxidation time, and the electrical parameters of the
process [34]. Starting for previous works made by our group [43], electrochemical oxidation
was carried out in a 1 M sodium sulphate solution (Sigma-Aldrich Rectapur, Darmstadt,
Germany) using a conventional three-electrode electrochemical cell, at room temperature.
The setup included a platinum foil counter electrode, an Ag/AgCl reference electrode
(0.2 V vs. NHE), and the pure titanium discs placed in a Teflon electrode holder with a
1 cm? working surface as working electrodes. Oxidation was conducted at a constant
potential of 1 V vs. Ag/AgClL

2.3. Structural and Morphological Analyses

The crystallographic structure of the samples was assessed using X-ray diffraction
(XRD). Patterns were recorded using an X'Pert Philips MPD diffractometer (Malvern
Panalytical Company, Worcestershire, UK), equipped with a PANAlytical X'Celerator
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detector, operating with CuKa« radiation (A = 1.5406 A). Measurements were conducted
over a 20 range of 20° to 80° at an operating voltage of 40 kV and a current of 30 mA.
A scan rate of 0.01°/min was used, providing a good balance between data quality and
acquisition time.

The surface morphology of the selected coatings was examined using Scaning Electron
Microscopes (SEM) by using the secondary electron detectors. A Philips XL 30 ESEM
(Eindhoven, The Netherlands) was employed for general imaging, while a ZEISS Gemini
500 70-04 (Oberkochen, Germany) provided high-magnification images when required.
Both microscopes were equipped with an energy-dispersive X-ray Spectroscopy (EDS)
system for chemical composition analysis.

2.4. Electrochemical Measurements

Electrochemical corrosion studies were conducted in artificial saliva using a Biologic
VSP-300 potentiostat (Seyssinet-Pariset, France). The electrochemical cell configuration
was identical to that used for the EO treatment, with either bare or surface-treated titanium
acting as the working electrode (exposed area: 1 cm?). The electrolyte used was Fusayama-
Meyer artificial saliva (F.M.S), which closely mimics the ionic composition of natural
saliva. The formulation included: KCl (0.4 g/L), NaCl (0.4 g/L), CaCl,-2H,O (0.906 g/L),
NaH,PO4-2H,0 (0.690 g/L), NayS-9H,0 (0.005 g/L) and urea (1 g/L); all purchased from
Sigma-Aldrich [44]. The temperature of the electrolyte was maintained at 37 &= 0.5 °C using
a thermostatic bath. The initial pH was 6.50. Given that the oral pH can vary between 2
and 11, hydrochloric acid or sodium hydroxide was added to adjust the pH to 2.50 or 9.00,
respectively. To assess the effect of fluoride on the corrosion resistance, sodium fluoride
was added at concentrations of 1000, 1500 and 12,300 ppm.

All samples were first immersed in the electrolyte for 1 h prior to electrochemical test-
ing to stabilize the open circuit potential (OCP). Electrochemical impedance spectroscopy
(EIS) was then conducted over a frequency range from 100 kHz to 10 mHz using an AC per-
turbation of 10 mV (peak-to-peak) around the OCP. The impedance spectra were analyzed
in terms of the real (Z’) and imaginary (Z”) components, as well as the total impedance
(1Z1) and phase angle and represented on Nyquist plots. The spectra were fitted on an
equivalent electrical circuit model using ZSim 3.30 d software for further analysis. Finally,
potentiodynamic polarization curves (PPC) were recorded by scanning the potential from
—300mV/OCP to 1V vs. reference electrode at a scan rate of 1.0 mV/s. Key electrochemical
parameters, such as corrosion current density (Icorr), corrosion potential (Ecorr) and Tafel
slopes (b, and bc), and were determined by Tafel’s slope method, using the intersection of
the cathodic slope with a line crossing Ecorr. Indeed, with the anodic part under passivation,
the Tafel method is not valid. The passivation current density (Ipass) was measured at 1V,
while the polarization resistance (Rp) was determined by analyzing the polarization curve
within £10 mV of the open-circuit potential (Eocp), using the Stern-Geary equation [45]:

PaPec

Ry=——2"¢
P 2.3lcorr (BatBe)

1)

To ensure reproducibility, all electrochemical measurements were repeated three
times. The curves being almost superimposable (the margins of error were around 5%
on the extrapolated values, which led to 10% on Rp), only one curve will be presented
per experiment.
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3. Experimental Results
3.1. Surface Analysis

Three-hour treatments were applied via annealing (TT) and electrochemical oxidation
(EO) to produce bulk films. A blue color, visible to the naked eye, appeared on TT samples,
while no color change was observed on the EO samples. Surface coloration is directly
linked to an optical phenomenon of thin-layer interference (iridescence), the color obtained
depending on the thickness of the oxide layer formed and is directly proportional to the
temperature or the voltage applied [46]. The blue color should correspond to a thickness of
the order of 60 nm, whereas below 30 nm no color is detected by the naked eye. For the
same heat treatment conditions as those used in this study (450 °C, 3 h), Velten et al. found
a TiO, thickness around 40 nm [47].

The crystallinity of these samples was analyzed using X-ray diffraction (XRD), with
Figure 1 displaying the diffraction patterns for the bare titanium substrate (Figure 1a), the
EO-treated sample (Figure 1b) and the TT-treated sample (Figure 1c). The diffractograms
are similar, displaying only the peaks corresponding to the titanium substrate (JCPDS
44-1294). However, a slight difference is observed in the TT sample, which shows a
shoulder preceding the (002) plan (see the magnification insert in Figure 1). This feature
may be attributed to the incorporation of oxygen atoms into the titanium structure, as
oxygen is highly soluble in the titanium matrix up to an O/Ti molar ratio of 0.5%. An
oxygen-enriched titanium phase can form when oxygen atoms occupy alternate layer of
octahedral interstices, causing a significant expansion along with the c-axis, with only a
minor modification in the a-axis [48]. The bulk layers produced by either EO or TT remain
amorphous, or the crystalline phase is too limited to be detected by our instrumentation in
good accordance with previous results [43].

400
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E 2000 i
= 1
g |
s b N ! -
g r'-'-'““-- e
1 I I
q{d} JL_.".-" e I'\—w,_
0 30 F.(1] L) ] Y] o
Angle (degree)

Figure 1. X-ray diffraction (XRD) patterns of commercially pure titanium samples before and after
surface treatment: (a) untreated titanium (B), (b) electrochemically oxidized titanium (EO) in a neutral
electrolyte for 3 h, and (c) thermally treated titanium (TT) in air at 450 °C for 3 h.

3.2. Morphological Analysis

SEM observations with a magnification of 55,000 g, were conducted on the bare
titanium (B), TT and EO samples. The titanium surface (Figure 2a) is composed of faceted
crystallites approximately 100 nm in size. TT and EO layers (Figure 2b and c respectively)
are thin with nanoscale dimensions. The TT surface appears denser and more homogeneous,
while the EO surface exhibits some parts with cracks and holes, each around 100 nm
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or smaller. EDS analysis, performed on the whole surface shown in Figure 2 with an
accelerating voltage of 10 kV, is summarised in Table 1. The presence of oxygen on the bare
titanium indicates the formation of a thin native oxide layer. Both surface treatments led to
an increased concentration of oxygen, indicating the thickening of the oxide film.

Figure 2. SEM-SE micrographs with a secondary electron detector for: (a) untreated titanium (B),
(b) thermally treated (TT) sample oxidized in air at 450 °C for 3 h, and (c) electrochemically oxi-
dized (EO) sample treated for 3 h in neutral electrolyte. All images were taken before corrosion
testing. (x55,000).

Table 1. Elemental composition (in wt%) obtained by energy-dispersive X-ray spectroscopy (EDS) for
untreated titanium (B), electrochemically oxidized titanium (EO), and thermally treated titanium (TT)
samples prior to corrosion testing.

wt% Ti o

B 92=+1 8§£2
TT 74+1 26 £2
EO 74+1 26 +2

3.3. Electrochemical Measurements
3.3.1. Effect of pH on B

a  Potentiodynamic polarization curves

Figure 3 shows the PPC obtained for Ti after 1 h immersion in artificial saliva at differ-
ent pH levels (2.50, 6.50 and 9.00). They all present similar trend. In the cathodic domain
—0.3 V/OCP to Ecorr the current registered can be attributed to the oxygen reduction. All
anodic curves exhibit a stable current within the potential range of 0.2 to 1 V, indicating
the passive state of the surface. In all cases, the corrosion mechanism is then a direct
passivation of the surface. No pitting phenomenon could be detected. The influence of
the pH is evident; the oxidation currents are lowest in the neutral medium (pH 6.5) and
increase under both acidic and basic conditions. The electrochemical parameters derived
from the curves are summarized in Table 2 along with their margin of error. The lowest I¢orr
(23 nA-cm~2) and Ipass (4 nA-cm~?) along with the highest R, (1.24 x 10® W-cm?), were
observed in the neutral medium, indicating optimal passivation. In contrast, deviations in
pH significantly increase the corrosion rate of Ti, likely due to the accelerated degradation
of the native TiO; layer at pH 2.50 and pH 9.00 [15]. Usually, an effective passivation leads
to low icor and ipass together with a shift of the corrosion potential Ecor towards noble
values, that is not the case here. The possible interpretation of this non usual phenomenon
can be due to the slowing down of the cathodic reaction (the cathodic 3. Tafel slopes were
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determined to be 94 against 162 or 222 mV/decade at pH 6.5, 2.5 and 9 respectively). The
corrosion potential corresponding to the balance between anodic and cathodic reactions,
the reduction of cathodic kinetics (by adsorption or blocking of active sites) moves the
intersection of anodic/cathodic curves towards a more negative potential [49].
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Figure 3. Potentiodynamic polarisation curves of untreated titanium (B) immersed in Fusayama-
Meyer artificial saliva (FM.S) at different pH values (2.5, 6.5 and 9.0) at 37 °C.

Table 2. Electrochemical parameters obtained from Tafel plots on untreated titanium (B) immersed in
Fusayama-Meyer artificial saliva at 37 °C, under different pH conditions (2.5, 6.5, and 9.0).

pH (];:;("r;/ Teory X 10-9 Average Tafel Slope (mV dec™1) Rp x 10° Ipass X 10~
Ag/AgCl) (A-em™2) Ba Be (Q-cm?) (A-em?)
2.50 —266 + 13 91+4 141 +£7 162 £8 0.36 £ 0.04 6.30 £0.3
6.50 —613 + 30 23+1 219 £ 11 94 +5 1.24 £ 0.12 4.00£0.2
9.00 —481 £ 24 81+t4 115£5 222 £11 0.40 £0.04 450=£0.2

b.  Electrochemical impedance spectroscopy measurements

EIS spectra are plotted in the form of Nyquist plots. A single equivalent electrical
circuit (Randle’s circuit), illustrated in Figure 4 (insert), was employed to model the system.
This circuit includes a charge transfer resistance (R.t) in parallel with a constant phase ele-
ment representing the double-layer capacitance (CPEq;), both in series with the electrolyte
resistance (Rq)). This model aligns with the one proposed by Valentim et al. [15] for pure
titanium immersed in artificial saliva.

The fitting results are summarized in Table 3 and demonstrate a clear influence of pH
on all parameters. The CPE4 was notably higher at acidic pH levels, indicating increased
capacitance likely due to surface roughening or enhanced adsorption processes. The lowest
Ret, indicative of the poorest corrosion resistance, was observed in the acidic medium,
while the highest R, reflecting the most stable passive layer, was observed in the neutral
condition (pH 6.5). Note that Rt values deduced from EIS are in good accordance than
those determined by potentiodynamic polarization method (for example 1.39 10° W-cm?
for the total resistance from EIS against 1.24 x 10® W-cm? from PPC at pH 6.5)

The Bode-phase diagrams are shown in Figure 4b,c. Bode phase curves have a symmet-
rical appearance that suggests only one time constant for all groups, indicating a passive,
compact, homogeneous, and protective film. At high frequencies (HF), both phase angle
and impedance were low. As the frequency decreased, impedance increased, and the phase
angle also rose. At low frequencies (LF), impedance stabilized, and the phase angle for
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titanium (Ti) in acidic environments was the lowest, indicating poor corrosion resistance in
saliva at low pH.

300
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Figure 4. (a) Nyquist, (b) Bode-magnitude and (c) Bode-phase plots from electrochemical impedance
spectroscopy (EIS) on untreated titanium (B) after 1 h of immersion in artificial saliva at different pH
values (2.5, 6.5 and 9.0) at 37 °C.

Table 3. Fitting electrochemical parameters determined from Nyquist diagrams (Figure 4) for
untreated titanium (B) immersed for 1 h in Fusayama-Meyer artificial saliva at different pH val-
ues (2.5, 6.5, and 9.0), using an equivalent electrical circuit model. n: represents the exponent
of the Constant Phase Element (CPE) used to model the non-ideal capacitive behavior of the
electrochemical interface.

pH (QI-{S;Z) (E)P—Eﬂnf—lz(::) n (knR-f:th) Chi-Squared
2.50 211 78 091 300 0.002
6.50 228 57 0.86 1390 0.002
9.00 228 43 0.90 420 0.003

Both EIS and PPC results demonstrated that corrosion rates increase at low and
high pH levels, underscoring the importance of maintaining near-neutral pH in oral
environments to preserve the integrity of titanium implants.

For the subsequent experiments, the pH was maintained at 6.50, representing the
neutral conditions typically found in the oral environment.

3.3.2. Effect of Surface Treatments

a  Potentiodynamic polarization curves

Potentiodynamic experiments were conducted on EO and TT in EM.S for various
durations, as shown in Figures 5a and 5b respectively. For comparison, the curve obtained
from the bare substrate is also included in both figures. Whatever the surface treatment,
the shape of the curves is always the same. The corrosion mechanism is then unmodified:
direct passivation of the underlying Ti substrate is performed through the defects in the
insulating oxide layers formed. Across all treatment and durations, the treated surface
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exhibited higher corrosion potentials and lower oxidation currents compared to the bare
substrate, indicating improved corrosion resistance.

1] @ 1] ®)

Log I(uA/cmz)
N

Log l(uA/cmz)
N

—B
—— TT 4h
—— TT 3h

TT 2h
— T 1h

TT 20 min

EO 20min

. T T T T T T T T T T T T T T T T
-1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Potential(V/Ag/AgCl)

-1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Potential(V/Ag/AgCl)

Figure 5. Potentiodynamic polarization curves for: (a) electrochemically oxidized (EO), and (b) ther-

mally treated titanium (TT) as a function of treatment duration (20 min, 1 h, 2 h, and 4 h). Measure-

ments conducted in Fusayama-Meyer saliva (pH = 6.5) at 37 °C.

Electrochemical parameters extracted from Figure 5a,b are summarized in Tables 4 and 5
respectively. In both cases, an increase in the oxidation time leads initially to an improvement
of the corrosion properties, but after 3 h this trend is reversed: the best corrosion resistance
was observed after 3 h of treatment, as indicated by the lower I.oy and Ipass values and
the highest Ry, [29].

Table 4. Electrochemical parameters obtained from Tafel plots in Figure 5a for Ti electrochemically
oxidized (EO) for different durations (20 min, 1 h, 2 h, and 4 h) and tested in Fusayama-Meyer saliva
(pH 6.5) at 37 °C.

Ecorr Teore X 109 Average Tafel Slope (mV dec~1) Rp x 10° Ipass X 106
(mV/Ag/AgCD  (A-cm-2) 5. Be (Q-cm?) (A-cm-2)

B —613 £ 30 23+1 219 £11 94 +5 1.24 £0.12 4.00 £0.2
EO4h —549 £ 27 12 £ 0.6 400 £+ 20 87 £ 4 2.58 £0.26 1.68 4+ 0.09
EO3h —144 +7 6+ 0.3 399 £+ 20 177 £9 8.87 £0.89 0.32 £0.02
EO2h —376 £ 19 6+ 0.3 313 £ 16 107 £5 5.77 £ 0.58 0.44 £0.02
EO1h —293 £ 15 7+04 308 £ 15 152 £8 6.31 £ 0.63 0.52 £0.03

EO 20 min —238 £ 12 18 £0.9 251 £13 128 + 6 2.04 +£0.20 1.58 £ 0.08
Table 5. Electrochemical parameters obtained from Tafel plots in Figure 5b for Ti thermally treated
(TT) at 450 °C for different durations (20 min, 1 h, 2 h, and 4 h) and tested in Fusayama-Meyer saliva
(pH 6.5) at 37 °C.
Ecorr Iorr X 1079  Average Tafel Slope (mV dec1) Rp x 10° Ipass x 10-6
(mV/Ag/AgCD)  (A-cm~2) Ba Be (Q-cm?) (A-cm~2)

B —613 + 30 23+1 219 £11 94+5 1.24 +£0.12 4.00 £0.2
TT4h —331+17 10 £05 195 £ 10 124 £ 6 3.29 £0.33 0.16 £ 0.01
TT3h —194 £ 10 7+04 335 +£17 105 £5 4.96 £+ 0.50 0.15 £ 0.01
TT2h —286 = 14 10£5 416 £ 21 142 +7 4.59 £+ 0.46 0.19 £ 0.01
TT1h —267 £ 13 12+6 433 £ 22 139 £ 7 3.80 £ 0.38 0.26 £+ 0.01

TT 20 min —218 £ 11 17 +£1 304 £ 15 85+t 4 1.69 + 0.17 0.56 £0.03
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It is likely that treatment durations exceeding 3 h lead to a thickening of the passive
oxide layer, which may introduce defects that exacerbate corrosion, thereby diminishing
the protective effect. These defects have been already mentioned in [50,51], coming from
the burst of oxygen bubbles inside the film or a dielectric breakdown phenomenon due to
the continuous application of a high voltage through a insulating layer.

The corrosion behavior obtained after a 3-h duration treatment, determined through
the values of icr and R, values, is quite the same taking into account the
measurement uncertainties.

b. EIS measurement

The Nyquist diagrams for EO and TT treated titanium surfaces at different oxidation
durations are presented in Figures 6a and 7a, respectively. Each diagram displays a semi
circular shape with varying diameters depending on the treatment duration. The same
equivalent circuit, as previously described, was used to fit these diagrams. The fitting
results for both EO and TT are summarized in Tables 6 and 7.

Table 6. Electrochemical impedance spectroscopy (EIS) fitting parameters from Nyquist plots (Figure 6)
for EO samples treated for various durations, immersed in Fusayama-Meyer saliva (pH 6.5) at 37 °C.

Electrochemical Oxidation

Qo) (Exli]iﬂni}z?s:) n (o Chi-Squared
B 228 57 0.86 1390 0.002
EO4h 213 15 0.87 3460 0.002
EO3h 197 10 0.92 11,210 0.004
EO2h 229 15 0.94 7300 0.006
EO1h 291 14 0.94 3800 0.003
EO 20 min 297 20 0.90 1490 0.002

n: represents the exponent of the Constant Phase Element (CPE) used to model the non-ideal capacitive behavior
of the electrochemical interface.

Table 7. EIS fitting parameters from Nyquist plots (Figure 7) for TT samples oxidized at 450 °C for
different durations, immersed in Fusayama-Meyer saliva (pH 6.5) at 37 °C. Parameters obtained
using the equivalent circuit of Figure 10.

Thermal Oxidation

Ot @ M ey ChiSquared
B 228 57 0.86 1390 0.002
TT4h 297 9 0.93 4880 0.006
TT3h 226 8 0.92 6325 0.008
TT2h 252 9 0.94 4700 0.002
TT1h 218 7 0.94 3220 0.002
TT 20 min 296 9 0.92 1491 0.002

n: represents the exponent of the Constant Phase Element (CPE) used to model the non-ideal capacitive behavior
of the electrochemical interface.
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Figure 6. (a) Nyquist, (b) Bode-magnitude and (c¢) Bode-phase plots from EIS recorded on electro-
chemically oxidized titanium (EO) after different treatment durations (20 min, 1h, 2h, 3h and 4 h) in
Fusayama-Meyer saliva (pH = 6.5) at 37 °C. The plots obtained on the untreated titanium (B) were

added for comparison.
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Figure 7. (a) Nyquist, (b) Bode-magnitude and (c) Bode-phase plots from EIS recorded on thermally
treated titanium (TT) at 450 °C for different durations (20 min, 1 h, 2 h, 3 h and 4 h) in Fusayama-
Meyer saliva (pH = 6.5) at 37 °C. The plots obtained on the untreated titanium (B) were added

for comparison.

In both cases, the charge transfer resistances (R.t) increased with the treatment dura-
tion, peaking at 3 h before decreasing, which is consistent with the conclusions drawn from
the potentiodynamic polarization measurements. Note that the values of the resistance
determine by these two techniques are in good agreement. Simultaneously, the double
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layer capacitance (CPEy;) decreased with longer oxidation durations, while the exponent
(n) remained approximately 0.9.

The value of Z at low frequencies in the Bode modulus plots (Figures 6b and 7b)
represents the corrosion resistance of samples. The highest corrosion resistances were
obtained at 3 h for both treatments, (even if the value seems sometimes very close due to
the large scale).

This suggests the formation of a well-distributed, adherent passive titanium oxide
film across the metal surface.

3.3.3. Effect of Fluoride Ions on the Bare Titanium Surface (B)

a  Potentiodynamic polarization curves

Figure 8 shows the potentiodynamic polarization curves for the bare substrate in artifi-
cial saliva with increasing fluoride ions concentrations. The corresponding electrochemical
parameters are summarized in Table 8. The initially stable passive state of titanium becomes
increasingly compromised as fluoride concentration rises. At low fluoride levels, the oxida-
tion currents remain relatively constant at high potentials, while at higher concentrations,
current oscillations emerge, suggesting localized breakdown of the passive layer. Both I¢orr
and Ipass increase significantly, while R, decreases indicating a marked deterioration in
corrosion resistance. This behavior is likely due to the aggressive attack of fluoride ions,
which are known to degrade the protective TiO, film, in good correlation with the results
mentioned by Lindholm-Stehson and Ardlin in a solution containing NaCl 9 g/L and NaF
till A wt% [27].

Log l(uA/cmz)
(=)
1

= 0 ppm F
= 1000 ppm F~

m— 5000 ppm F
12,300 ppm F’

LI UL I CRNLUNIY LY LN L NO Y LI L L |
-1.0-0.8 -0.6 -0.4-0.2 0.0 0.2 04 06 08 1.0
Potential(V/Ag/AgCl)
Figure 8. Potentiodynamic polarisation curves for untreated titanium (B) in Fusayama-Meyer saliva
at 37 °C with various fluoride ions concentrations: 0, 1000, 5000, and 12,300 ppm.

Table 8. Electrochemical parameters obtained from Tafel plots in Figure 8, on untreated titanium
(B) exposed to Fusayama-Meyer saliva at 37 °C with increasing fluoride concentrations (1000, 5000,
and 12,300 ppm).

Ecorr Teorr X 1072 Average Tafel Slope (mV dec™1) Rp x 103 Ipass X 10~6
(mV/Ag/AgCl)  (A-cm~2) Ba Be (Q-cm?) (A-cm~2)
0ppm F~ —613 + 30 23+1 219 £11 94 £5 1242 £ 124 4+02
1000 ppm F~ —354 + 17 90 =£5 186 +9 221 £11 488 £ 48 7+£04
5000 ppm F~ —470 £ 24 770 £ 36 177 £ 9 277 £ 14 61+6 87+ 4

12,300 ppm F~ —579 £ 29 1765 £ 88 143 £7 278 £ 14 23£2 589 £+ 29
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b. EIS measurement

Nyquist plots obtained from impedance measurements in fluoride-containing artificial
saliva are shown in Figure 9a. As the fluoride concentration in the solution increases, the
semicircle diameter decreases, indicating a loss in corrosion resistance. This result is in
good correlation with the Bode modulus plots (Figure 9b), the lowest corrosion resistance
corresponding to the lowest value of Z. The destabilization of the passivated metal layer is
attributed to the formation of fluoride containing compounds (e.g., TiF,, TiOF;, Na,TiFy)
that result in a porous surface structure [14,52,53].
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Figure 9. (a) Nyquist, (b) Bode-magnitude and (c) Bode-phase plots from EIS recorded on untreated

titanium (B) after 1 h of immersion in Fusayama-Meyer saliva with increasing fluoride concentrations
(0, 1000, 5000, and 12,300 ppm) at 37 °C.

Atlow fluoride concentrations, the system can be modeled using the standard Randle’s
equivalent circuit (Figure 9, insert). However, at 12,300 ppm F~, a more complex model
with two time constants is necessary (Figure 10), consistent with prior study proposed for
Ti immersed in saline solution [54], in Ringer’s solution [55], and Hank’s solution [16]. This
model distinguishes between a compact inner barrier layer and a porous outer layer. The
outer layer is described by a constant phase element (CPEs) and a resistance R¢, and the
inner by the double layer capacitance CPE4, and the charge transfer resistance R, with
all elements connected in series with the electrolyte resistance R,;. Due to structural het-
erogeneities within those two layers, constant phase elements (CPE) rather than simple
capacitances (C) are used to simulate the non-ideal capacitive behavior. The results ob-
tained in Table 9 indicate a decrease R.; F~ concentration increases. At 12,300 ppm, R
remains significantly higher (21 kQ:-cm?) than R¢ (33 Q-cm?), indicating that the inner layer
provides most of the corrosion resistance. The decreasing R trend with rising F~ content

is consistent with the polarization data.

& =

Porous passive
film

Figure 10. Electrical equivalent circuits used for fitting EIS data: single-time constant Randle’s circuit
(for low fluoride concentrations) and two-time constant model (for high fluoride concentration,
12,300 ppm), representing a porous outer layer and an inner barrier layer.
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Table 9. EIS fitting parameters derived from Nyquist plots (Figure 9) for untreated titanium (B)
immersed for 1 h in Fusayama-Meyer saliva containing different fluoride concentrations (1000, 5000,
and 12,300 ppm), modeled using the equivalent circuit in Figure 10.

(QI-{CeIan) (((:)P—Elf. c>1<nl—02-s6“) 1 (Q-sznz) gﬁf : c;(n}g-:“) 2 (kQR-ztmz) Chi-Squared
0 ppm 228 - - - 57 0.86 1390 0.002
1000 ppm 180 - - - 58 091 524 0.002
5000 ppm 67 - - - 62 0.92 150 0.004
12,300 ppm 37 150 0.88 33 1 0.30 21 0.002

n: represents the exponent of the Constant Phase Element (CPE) used to model the non-ideal capacitive behavior
of the electrochemical interface.

SEM observations, presented in Figure 11 reveal the impact of F~ at: 1000 ppm
(Figure 11a) some surface degradation is visible, while at (Figure 11b) large pores up to
20 pm in diameter, are observed, confirming substantial damage of the passive film.

Figure 11. SEM-SE micrographs obtained with a secondary electron detector on untreated tita-
nium (B) after corrosion experiments in artificial saliva at 37 °C containing (a) 1000 ppm F~ and
(b) 12,300 ppm F~ both at 37 °C. The surface shows increasing porosity and damage with higher
fluoride concentration.

Several studies have demonstrated that fluoride ions significantly influence the corro-
sion behavior of titanium, particularly under acidic conditions. At high fluoride concentra-
tions, the protective oxide layer on titanium is compromised, leading to corrosion forms
such as pitting and crevice corrosion. The corrosion process results in surface degrada-
tion, including increased roughness, discoloration, and a marked reduction in corrosion
resistance. The interaction between fluoride concentration and pH is critical, with acidic
conditions accelerating corrosion even at lower fluoride concentrations. This mechanism
of corrosion can contribute to clinical complications like peri-implantitis in dental appli-
cations. Multiple in vitro studies have affirmed that titanium and its alloys are highly
vulnerable to fluoride-induced corrosion, especially when exposed to acidic environments
or fluoride-containing dental products [56,57].

3.3.4. Corrosion Behavior of EO and TT Samples in 12,300 ppm Fluoride-Containing Saliva

a  Potentiodynamic polarization curves

To evaluate the fluoride resistance of bulk titanium oxide films formed by electro-
chemical oxidation (EO.3 h) and thermal treatment (and TT.3 h), potentiodynamic tests
were carried out in EM.S containing 12,300 ppm (Figure 12). The untreated titanium (B)
is also shown for reference. The corrosion potential shifts positively from B to EO to TT,
while Iorr and Ipass decrease in the reverse order. As detailed in Table 10, the TT sample
demonstrates the most effective passivation with its Ry, value nearly 6 times higher than
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EO and 150 times greater than, confirming its superior corrosion resistance in aggressive

fluoride environments.

Log 1 (uA/cmz)
1

— B
-4 —— EO 3h
w— T 3R

1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Potential(V/Ag/AgCl)
Figure 12. Potentiodynamic polarization curves for bare titanium (B), electrochemically oxidized (EO),
and thermally treated (TT) samples, both treated for 3 h, in Fusayama-Meyer saliva with 12,300 ppm

fluoride ions at 37 °C.

Table 10. Electrochemical parameters obtained from Tafel plots presented in Figure 12 comparing
untreated titanium (B), electrochemically oxidized (EO), and thermally treated (TT) samples after 3 h
of treatment, tested in Fusayama-Meyer saliva with 12,300 ppm F~ at 37 °C.

Average Tafel Slope

-9 3 —6
(mV/icé’;ngCD e ) mvdect) — m e
Ba Be
B —579 £+ 29 1765 + 88 143 +7 278+ 14 23+ 2 589 + 29
EO3h 465+ 24 53+3  169+8 130+7 602+60  68+3
TT3h —206 £ 10 94+0.5 258 £ 13 10045 3481 4348 0.2540.01

b. EIS measurement

Nyquist diagrams for B, EO and TT surfaces in 12,300 ppm are presented in Figure 13.
All curves were fitted using the two-time constant model described previously, representing
the porous outer layer and the compact inner barrier; the corresponding electrical parame-
ters are summarized in Table 11. The diameter of the semicircles decreases progressively
from TT to EO to B. This order reflects increasing resistance values in both porous (R¢) and
barrier (Rct) layers, with TT exhibiting the most protective oxide structure results are in
good agreement with the findings from the polarization experiments.

Table 11. EIS fitting parameters from Nyquist plots (Figure 13) for B, EO.3 h, and TT.3 h samples
after corrosion testing in Fusayama-Meyer saliva with 12,300 ppm fluoride at 37 °C, fitted using the

two-layer equivalent circuit in Figure 10.

( Qliilnz) (((:)P,Elf. ;;nl,oz . :n) n (kQI-{émZ) ((3’15{1 lcjn}g ) :n) np (kQR,Ztmz) Chi-Squared
B 37 150 0.88 0.033 1.35 0.30 21 0.002
EO3h 29 21 0.94 25 0.71 0.60 533 0.006
TT3h 42 7 0.97 1610 28,150 0.93 1583 0.006

n: represents the exponent of the Constant Phase Element (CPE) used to model the non-ideal capacitive behavior
of the electrochemical interface.
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Figure 13. (a) Nyquist, (b) Bode-magnitude and (c) Bode-phase plots from EIS recorded on bare
titanium (B), electrochemically oxidized (EO), and thermally treated (TT) samples, both treated for
3 h, in Fusayama-Meyer saliva with 12,300 ppm fluoride ions at 37 °C.

SEM images after corrosion experiments in concentrated fluoride solution are shown
in Figure 14. While the B surface (cf. Figure 11b) shows extensive degradation, both EO
surface (Figure 14a) and TT (Figure 14b) samples exhibit a uniform surface with minimal
signs of corrosion. The EO sample exhibits minor defects (approximately 1 um in diameter),
likely linked to pre-existing cracks and pores initiated by the defects (cracks and holes)
already present on the initial the surface (see Figure 2c). In contrast, the sample TT shows
no visible damage. EDS analysis (Table 12) conducted on 10 x 10 pm? area at 10 KV,
confirms a higher atomic oxygen content in the TT surface compared to EO, suggesting a
denser or thicker oxide layer.

Figure 14. SEM-SE micrographs obtained with a secondary electron detector after corrosion experi-
ments in artificial saliva containing 12,300 ppm F~ at 37 °C on (a) electrochemically oxidized (EO)
and (b) thermally treated (TT) titanium samples, both treated for 3 h. The TT sample exhibits minimal
damage compared to EO. (X 12,000).

Table 12. EDS elemental composition (in wt%) of the surface oxide layers on EO. and TT. samples
both obtained after 3 h treatment, after immersion in Fusayama-Meyer saliva containing 12,300 ppm
fluoride at 37 °C.

wt% Ti o
TT 44 56
EO 79 21




Corros. Mater. Degrad. 2025, 6, 52

17 of 20

References

Several recent studies have shown that fluoride ions promote the formation of solu-
ble titanium fluoride complexes, which destabilize the protective TiO, passive film and
accelerate corrosion. In particular, Wang et al. demonstrated that increasing fluoride
concentration leads to transitions in the oxide film from a compact to a porous structure,
significantly reducing corrosion resistance. The critical fluoride concentration at which the
passive film breaks down depends strongly on pH, with acidic conditions exacerbating the
degradation. This fluoride-induced corrosion is dynamic, involving localized breakdown
and repassivation cycles, which poses challenges for the durability of titanium implants in
fluoride-rich environments [58].

4. Conclusions

e  The study demonstrated that corrosion rates increase at both low and high pH levels,
underscoring the importance of maintaining near-neutral pH in oral environments to
preserve the integrity of titanium implants.

e  Treatment durations from 20 min to 4 h were tested, with 3 h identified as optimal for
both electrochemical and thermal oxidation. During this time, TiO; layers effectively
passivated the titanium surface in neutral saliva (pH 6.5). However, EO-treated films
showed nanoscale defects like pores and cracks that may reduce long-term protection.

e  Electrochemical tests performed at fluoride concentrations of 1000, 1500 and 12,300 ppm
revealed a strong correlation between fluoride contact and corrosion severity. Higher flu-
oride levels led to increase corrosion current density and decrease polarization resistance,
indicating significant degradation of the passive layer. EIS results at 12,300 ppm F~
suggested the formation of a dual layer structure composed of an inner barrier layer
and an outer porous layer, which likely accounts for the extensive pitting observed
by SEM.

e  Both EO and TT surface modifications significantly enhanced the corrosion resistance
of titanium in artificial saliva, even under aggressive fluoride concentrations. Notably,
the TT treated samples provided superior performance, attributed to the formation of
a more compact and defect-free layer compared to EO.
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