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Abstract

This work compares the corrosion behavior in artificial saliva of oxide thin films grown on pure
titanium, via electrochemical oxidation (EO) in sulphate bath at 1V and thermal treatment (TT) at
450°C, for durations between 20 min and 4 h. Surface characterizations were performed through
morphological and microstructural analysis using scanning electron microscopy, energy-dispersive
X-ray spectroscopy and X-ray diffraction. Electrochemical behavior was conducted in Fusayama-
Meyer solution (pH= 6.50 and T= 37°C) using linear polarization and electrochemical impedance
spectroscopy, under varying pH and fluoride concentrations. The results demonstrated that a 3-hour
duration treatment provided the optimal corrosion resistance for both EO and TT processes. Acidic
and basic electrolytes both increased Icorr and decreased Ry, indicating degradation of the passive
layer outside neutral conditions. Increasing fluoride concentrations significantly impaired the
corrosion resistance. At 12,300 ppm F-, untreated Ti showed severe degradation, with the formation
of a porous outer layer (Rt = 33 Q.cm?) and a weakened inner barrier layer (Re = 21 kQ.cm?). In
contrast, TT-treated surfaces remained highly protective with the highest resistances for both the
outer and inner layers (R¢= 1610 KQ.cm?; Ree = 1583 KQ.cm?), significantly outperforming the EO film.

Keywords: corrosion in artificial saliva; Fusayama-Meyer; cp-Ti; electrochemical oxide; thermal
oxidation

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 and favorable mechanical
properties including high 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 (TiOz) [8,9].
The protective efficacy of these passive layers is influenced 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 additional variables affecting
implant corrosion [14]. Many of these products contain fluoride ions (F-) at varying concentrations,
such as 200 ppm in mouth rinses, 1,000-1,500 ppm in toothpastes and 10,000-20,000 ppm in gels [6,15].
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Several studies have evaluated the corrosion 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
variations 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 surface 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 conditions, 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 oxidation [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]. Additionally, electrochemical nano-engineering approaches, such as the
fabrication of TiO, nanotubes, have shown promise in improving both corrosion resistance and
bioactivity for dentistry [34] or orthopedics applications [35].

Despite these advancements, there remains a lack of comprehensive studies comparing 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 performance 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 Linear Polarization (LP) and Electrochemical
Impedance Spectroscopy (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 discs (1 cm?) (Mayitr, cp-Ti, ASTM B265, grade 2) were 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 minutes and finally dried using compressed air. These
untreated samples are referred to as “B” (bare titanium).

Compact TiO:2 layers were developed either by thermal treatment (TT) or by electrochemical
oxidation (EO) with durations ranging from 20 minutes to 4 hours. For thermal treatment, the
samples were annealed ex-situ in air at 450 °C using a standard furnace (Nabertherm 30/3000 °C)
with a controlled heating rate of 5 °C/min. These samples are designated as “TT”. Starting for
previous works made by our group [36], electrochemical oxidation was carried out in a 1 M sodium
sulphate solution (Sigma- Aldrich Rectapur) using a conventional three-electrode electrochemical
cell. The setup included a platinum foil counter electrode, an Ag/AgCl reference electrode (0.2 V vs
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NHE), and pure titanium discs as working electrodes. Oxidation was conducted at a constant
potential of 1V vs. Ag/AgCl and the resulting samples are referred to as “EO”.

2.2. 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, equipped with a PANAlytical
X'Celerator 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.

The surface morphology and chemical composition of the selected coatings were examined
using Scanning Electron Microscopes (SEM). A Philips XL 30 ESEM was employed for general
imaging, while a ZEISS Gemini 500 70-04 provided high-magnification images when required. Both
microscopes were equipped with an Energy Dispersive Spectroscopy (EDS) system for analysis.

2.3. Electrochemical Corrosion Study

Electrochemical corrosion studies were conducted in artificial saliva using a Biologic VSP-300
potentiostat. 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: 1cm?2).
The electrolyte used was Fusayama-Meyer artificial saliva (F.M.S), which closely mimics the ionic
composition of natural saliva. The formulation included: KCI (0.4g/L), NaCl (0.4g/L), CaCl2.2H20
(0.906g/L), NaH2PO4.2H20 (0.690g/L), Na25.9H20 (0.005g/L) and urea (1g/L); all purchased from
Sigma- Aldrich [37]. 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 1,000, 1,500 and 12,300 ppm.

All samples were first immersed in the electrolyte for 1 hour prior to electrochemical testing 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 perturbation 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 (1Z!) and phase angle and represented
on Nyquist plots.

The spectra were fitted on an equivalent electrical circuit model using ZSim 3.30d software for
further analysis. Finally, potentiodynamic polarization curves were recorded by scanning the
potential from -300 mV/OCP to 1V vs. reference electrode at a scan rate of 1.0 mV/s. Key
electrochemical parameters, such as corrosion current density (lcorr), corrosion potential (Ecor) and
Tafel slopes (Ba and Bc), and were determined by Tafel extrapolation. 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 (Eocr), using the Stern-Geary equation
[38]:

BaBc

Ry =231 (B, 7B @)

To ensure reproducibility, all electrochemical measurements were repeated three times. the
curves obtained being almost superimposable, only one curve will be presented per experiment.

3. Results

3.1. Surface Morphology

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
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change was observed on the EO samples. 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 [39]. The bulk layers produced by
either EO or TT remain amorphous, or the crystalline phase is too limited to be detected by our
instrumentation.
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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

hours, and (c) thermally treated titanium (TT) in air at 450 °C for 3 hours.

3.2. Morphological Analysis

SEM observations with a magnification of 55,000, 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,c respectively) are thin, dense and have nanoscale
dimensions, The TT surface appears more homogeneous, while the EO surface exhibits cracks and
holes, each around 100 nm 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.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Surface morphology observed by SEM for: (a) untreated titanium (B), (b) electrochemically oxidized
(EO) sample treated for 3 hours in neutral electrolyte, and (c) thermally treated (TT) sample oxidized in air at

450 °C for 3 hours. All images were taken before corrosion testing.

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.

wit% Ti 0]
B 92+1 8+2
T 74+1 2642
EO 74+1 2642

3.3. Electrochemical Measurements

3.3.1. Effect of pH on B

e Linear polarization curves

Figure 3 shows the voltammograms obtained for Ti after 1 hour immersion in artificial saliva at
different pH levels (2.50, 6.50 and 9.00). All anodic curves exhibit a stable current within the potential
range of 0.2 to 1V, indicating the passive state of the surface. The influence of the pH is evident; the
corrosion potential and 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. The lowest Lcorr and Ipassalong with the highest Rp, 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].

15
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Figure 3. Linear polarization curves of untreated titanium (B) immersed in Fusayama-Meyer artificial saliva
(F.M.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).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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H Ecorr Tcorr = 10°° Average Tafel slope (mV dec) Rp+10° I pass+ 106
PE mViref)  (A.em?) Qem?)  (Acm?)
Ba Be
2.50 -266 91 141 162 0.36 6.30
6.50 -613 23 219 094 1.24 4.00
9.00 -481 81 115 222 0.40 4.50

e  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«) in parallel with a constant phase element representing the
double-layer capacitance (CPEa), both in series with the electrolyte resistance (Rel). This model aligns
with the one proposed by Valentim et al. [15] for pure titanium immersed in artificial saliva.

300

250 -

200 -

150 4

100 -

50 J —=—pH2.50
——pH 6.50
——pH9.00

0 T T T T T

0 50 100 150 200 250 300

Zr [kohm.cm?]

Figure 4. Nyquist plots from EIS on untreated titanium (B) after 1 hour of immersion in artificial saliva at
different pH values (2.5, 6.5 and 9.0) at 37 °C.

The fitting results are summarized in Table 3 and demonstrate a clear influence of pH on all
parameters. The CPEa was notably higher at acidic pH levels, indicating increased capacitance likely
due to surface roughening or enhanced adsorption processes. The lowest Re, 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 6.6), which is consistent with the
findings from the linear polarization measurements.

Table 3. Fitting electrochemical parameters determined from Nyquist diagrams (Figure 4) for untreated titanium
(B) immersed for 1 hour in Fusayama-Meyer artificial saliva at different pH values (2.5, 6.5, and 9.0), using an

equivalent electrical circuit model.

R CPEar*10¢ Rat
PH (Q.cm?) (Qlem2sm) n (kQ.cm?)
2.50 211 78 0.91 300
6.50 228 57 0.86 1390
9.00 228 43 0.90 420

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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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

¢  Linear polarization curves

Potentiodynamic experiments were conducted on EO and TT in F.M.S for various durations, as
shown in Figure 5a,b respectively. For comparison, the curve obtained from the bare substrate is also
included in both figures. Across all treatment and durations, the treated surface exhibited higher
corrosion potentials and lower oxidation currents compared to the bare substrate, indicating
improved corrosion resistance.

14 (b)

—B
— B04h
—EO3h
——E0Zh
—B01h
EO20min

Log I{pA/cm?)
&

Log I{pa/cm?)
]

T T T T T T T T T T
-10 -08 06 -04 -02 00 02 04 06 08 10 10 08 06 04 02 00 02 04 06 08 L0

Potential(V/Ag/4e) Potential (V/Ag/Agd)

Figure 5. Linear polarization curves for: (a) electrochemically oxidized (EO), and (b) thermally treated titanium
(TT) as a function of treatment duration (20 min, 1 h, 2 h, and 4 h). Measurements 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, the best corrosion resistance was observed after 3 hours of treatment, as
indicated by the lower Icorr and Ipass values and the highest Rp.

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.

Average Tafel slope

Ecorr Teorr = 10° Re+10° I pass* 106

(mV/ref)  (A.cm?) Bimv decfl)pc (Qem?)  (Aem?)
B 613 2 219 94 124 4.00
EO 4h 549 12 400 87 2.58 1.68
EO 3h 144 6 399 177 8.87 032
EO 2h 376 6 313 107 5.77 0.44
EO 1h 293 7 308 152 631 0.52
EO 20min 238 18 251 128 2.04 1.58

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.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Ecorr Teome 109 Average Tafelslope o 1o [ 109
(mViref)  (A.cm?) B(mv dec )B (Q.cm?)  (A.cm?)
a C

B 613 23 219 94 124 4.00
TT 4h 331 10 195 124 3.29 0.16
TT 3h _194 7 335 105 4.96 0.15
TT 2h 286 10 416 142 4.59 0.19
TT 1h 267 12 433 139 3.80 0.26
TT 20min 218 17 304 85 1.69 0.56

It is likely that treatment durations exceeding 3 hours lead to a thickening of the passive oxide
layer, which may introduce defects that exacerbate corrosion, thereby diminishing the protective
effect.

The corrosion behavior obtained after a 3-hour duration treatment, determined through the
values of icorrand Rp values, is quite the same taking into account the measurement uncertainties.

e  Electrochemical impedance spectroscopy measurements

The Nyquist diagrams for EO and TT treated titanium surfaces at different oxidation durations
are presented in Figures 6 and 7, 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.

2400

2100 4

1800 4

cm?)

1500 4
g
51200-
& 900 - —B
——EO 4h
600 4 —+—EO 3h
~——EO 2h
300 4 ——EO 1h
EO 20min

04
LI m S I B R me S p S s e
0 300 600 900 1200 1500 1800 2100 2400

Zr [kohm.cm?]

Figure 6. Nyquist plots from EIS recorded on thermally treated titanium (TT) oxidized at 450 °C for different
durations (20 min, 1 h, 2 h, and 4 h) in Fusayama-Meyer saliva (pH=6.5) at 37 °C.

TT 1h
—+—TT 20 min

—TT 7T 7T
0 300 600 900 1200 1500 1800 2100
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Figure 7. Nyquist plots from EIS recorded on thermally treated titanium (TT) oxidized at 450 °C for different
durations (20 min, 1 h, 2 h, and 4 h) in Fusayama-Meyer saliva (pH=6.5) at 37 °C.

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. Data fitted using

the equivalent circuit shown in Figure 10.

Electrochemical oxidation

%106 Ret
(Qﬁiﬁ) (E;.Eci:n;.t:") n (kQ.cm’)
B 228 57 0.86 1390
EO 4h 213 15 0.87 3460
EO 3h 197 10 0.92 11210
EO 2h 229 1s 0.94 7300
EO 1h 291 14 0.94 3800
EO 20min 297 20 0.90 1490

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

CPEa*10 Rt
(9?1112) (Qlcm2sY) n (k€d.cm?)
B 228 57 0.86 1390
TT 4h 297 9 0.93 4880
TT 3h 226 8 0.92 6325
TT 2h 252 9 0.94 4700
TT 1h 218 7 0.94 3220
TT 20min 296 9 0.92 1491

In both cases, the charge transfer resistances (Rct) increased with the treatment duration, peaking
at 3 hours before decreasing, which is consistent with the conclusions drawn from the linear
polarization measurements. Simultaneously, the double layer capacitance (CPEa)) decreased with
longer oxidation durations, while the exponent (n) remained approximately 0.9. 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)

. Linear polarization curves

Figure 8 shows the linear polarization curves for the bare substrate in artificial 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 oxidation currents remain
relatively constant at high potentials, while at higher concentrations, current oscillations emerge,
suggesting localized breakdown of the passive layer. Both Lcorr and Ipass increase significantly, while
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Rp 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.

— Opme-
= 1000 ppmF

= 5000 ppmF

== 12300 ppmF

T T T T T T T T T T T T T T T T T T T T
1,0 08 06 -04 02 00 02 04 06 08 1,0
Potential(V/Ag/AgC)

Figure 8. Linear polarisation curves for untreated titanium (B) in Fusayama-Meyer saliva at 37 °C with various

fluoride ions concentrations: 1,000 ppm, 5,000 ppm, 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 (1,000, 5,000, and 12,300 ppm).

Average Tafel slope

Ecorr  Toorr* 10 Re+10° T pass* 106

(mVire)  (Aem?) — . ‘l“'l)ﬁn @em?)  (Aem?)
0 ppm F- -613 23 219 94 1242 4
1000 ppm F- -354 90 186 221 493 7
5000 ppm F- -470 770 177 277 61 87
12300 ppm F- -579 1765 143 278 23.23 589

° EIS measurements

Nyquist plots obtained from impedance measurements in fluoride-containing artificial saliva
are shown in Figure 9. As the fluoride concentration in the solution increases, the semicircle diameter
decreases, indicating a loss in corrosion resistance. This is attributed to the formation of fluoride
containing compounds (e.g., TiFs, TiOF,, Na,TiFe) that result in a porous surface structure [14,40,41].

At low 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 [42], in Ringer’s solution [43], 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 (CPEf) and a resistance R¢, and the inner by the double layer capacitance CPEaiand the
charge transfer resistance Re, with all elements connected in series with the electrolyte resistance Rel.
Due to structural heterogeneities within those two layers, constant phase elements (CPE) rather than
simple capacitances (C) are used to simulate the non-ideal capacitive behavior. The results obtained
in Table 9 indicate a decrease Ret F- concentration increases. At 12, 300 ppm, R« remains significantly
higher (21 kQ.cm?) than Re (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.
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Figure 9. Nyquist plots from EIS recorded on untreated titanium (B) after 1 hour of immersion in Fusayama-
Meyer saliva with increasing fluoride concentrations (1,000, 5,000, and 12,300 ppm) at 37 °C.

Parous layer

shEmT
: — barrier layer

-

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.

Table 9. EIS fitting parameters derived from Nyquist plots (Figure 9) for untreated titanium (B) immersed for 1
hour in Fusayama-Meyer saliva containing different fluoride concentrations (1,000, 5,000, and 12,300 ppm),
modeled using the equivalent circuit in Figure 10.

Ra CPEf*10% n Re CPEa*10¢ Ret
(@.cm?) (QL.em2sY) ! (Q.cm?) Qlem2Zs®) m (kQ.cm?)
0 ppm 228 - - - 57 0.86 1390
1000 ppm 180 - - - 58 0.91 524
5000 ppm 67 - - - 62 0.92 150
12300 ppm 37 150 0.88 33 1 0.30 21

SEM observations, presented in Figure 11 reveal the impact of F-at 1, 000 ppm (Figure 11a) some
surface degradation is visible, while at (Figure 11b) large pores up to 20 um in diameter, are observed,
confirming substantial damage of the passive film.

- - )4 —— : v e : Y
Acp V- Spet Magn D 3 4 3 < . Mgy Det WO k| £0 sy p ¥
2 owhslor S 100 (3 SN (T mOWSE 00 AE 100 Tl B Y.
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Figure 11. SEM images of untreated titanium (B) after corrosion experiments in artificial saliva at 37°C containing
(a) 1,000 ppm F- and (b) 12,300 ppm F- both at 37 °C. The surface shows increasing porosity and damage with

higher fluoride concentration.

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

e  Linear polarization curves

To evaluate the fluoride resistance of bulk titanium oxide films formed by electrochemical
oxidation (EO.3h) and thermal treatment (and TT.3h), potentiodynamic tests were carried out in
F.M.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 Icorr and Ipass decrease in the reverse
order. As detailed in Table 10, the TT sample demonstrates the most effective passivation with its Rp
value nearly 6 times higher than EO and 150 times greater than, confirming its superior corrosion
resistance in aggressive fluoride environments.

Log I(pA/em?)
i

—B
44 —EO3h
— TT3h

T T T T T T T T T T T T
41,0 -0,8 0,6 -0,4 -02 00 02 04 06 08 10 12
Potential (V/Ag/AgCl)

Figure 12. Linear polarization curves for bare titanium (B), electrochemically oxidized (EO) and thermally
treated (TT) samples treated for 3 hours, in F.M.S. with 12,300 ppm fluoride 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 hours of treatment,

tested in Fusayama-Meyer saliva with 12,300 ppm F- at 37 °C.

Average Tafel slope

Ecorr Teorr » 107 Re-10°  Ipass- 104

V dect
(mVire)  (A.cm?) ; (mV dec )p @em?)  (Aem?)
a c
B 579 1765 143 278 2323 589
EO3h 465 53 169 130 602 68
TT3h 206 9 258 100 3476 0.25

° EIS measurements

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 parameters 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 (R«) layers, with TT exhibiting the most
protective oxide structure results are in good agreement with the findings from the polarization
experiments.
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Figure 13. Nyquist plots from EIS in F.M.S. with 12,300 ppm fluoride at 37 °C recorded on bare titanium (B),
electrochemically oxidized (EO) and thermally treated (TT) samples, both treated for 3 h.

Table 11. EIS fitting parameters from Nyquist plots (Figure 13) for B, EO.3h, and TT.3h 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.

R, CPE#10° M R, CPE,*10° 1, R,
2 2 2
(Q.cm’) (g’l_cmfz_s“) (kQ.cm’) (ﬂ’l_cmfz_s") (kQ.cm’)
B 37 150 0.88  0.033 133 0.30 21
EO 3h 29 21 094 25 0.71 0.60 533
TT 3h 42 7 097 1610 28150 0.93 1583

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 10x10 um? area at 10 KV, confirms a higher atomic oxygen content in the TT surface compared to
EO, suggesting a denser or thicker oxide layer.

i DD el Sl T " AV Sperklags Det WD e 5y,
T - 2 20QKAD 1200 T SE 100 >, 5

Figure 14. SEM images after corrosion experiments 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 hours. The

TT sample exhibits minimal damage compared to EO.

Table 12. EDS elemental composition (in wt%) of the surface oxide layers on EO. and TT. samples both obtained
after 3 hours treatment, after immersion in Fusayama-Meyer saliva containing 12,300 ppm fluoride at 37 °C.
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wt % Ti O
TT 44 56
EO 79 21

4. Conclusions

The corrosion behavior of titanium in simulated human saliva (Fusayama-Meyer type) was
investigated, with a particular focus on the effects of surface treatments for several durations:
electrochemical oxidation (EO) and thermal oxidation (TT), as well as environmental parameters such
as pH and fluoride ion concentration.

Influence of pH: 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.

Effect of Treatment Duration: treatment durations, ranging from 20 minutes to 4 hours, were
tested. The optimal duration for both electrochemical and thermal oxidations was found to be 3
hours, providing the best electrochemical properties. The TiO, layers formed during this period
effectively passivated the titanium surface in neutral saliva (pH 6.50). However, EO films exhibited
some nanoscale defects, such as pores and cracks, which could compromise long-term protection.

Influence of fluoride ions: electrochemical tests performed at fluoride concentrations of 1,000,
1,500 and 12,300 ppm revealed a strong correlation between fluoride contact and corrosion severity.
Higher fluoride 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.

Comparison of Surface Treatments: 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.

These findings highlight the potential of thermal oxidation as a simple and effective surface
treatment to enhance the durability of titanium in the oral cavity, especially for dental implants and
prostheses exposed to fluoride-containing products. Future studies should explore the long-term
stability of these oxide films under cyclic loading and complex biological environments, as well as
their interaction with biofilms and oral tissues.
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The following abbreviations are used in this manuscript:
Open circuit potential (OCP).

Electrochemical impedance spectroscopy (EIS)
Linear Polarization (LP)

X-ray diffraction (XRD)

Scanning Electron Microscopes (SEM)

Energy Dispersive Spectroscopy (EDS)
Corrosion current density (Icorr),

Corrosion potential (Ecorr)

Passivation current density (Ipass)

Thermal treated sample (TT)
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Electrochemical oxidation sample (EO)
Fusayama-Meyer artificial saliva (F.M.S)
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