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This study was to investigate the corrosion resistance of different Ti-containing dental orthodontic wires
(including Ni-Ti, Ni-Ti-Cu, Ti-Mo-Zr-Sn, and Ti-Nb alloys) in acidic fluoride-containing artificial saliva
using cyclic potentiodynamic polarization curve measurements. Different NaF concentrations (0%, 0.2%,
and 0.5%), simulating the fluoride contents in commercial toothpastes, were added to the artificial saliva.
Surface characterization was analyzed using X-ray photoelectron spectrometry. Cyclic potentiodynamic
polarization curves showed that the presence of fluoride ions, especially 0.5% NaF, was detrimental to
the protective ability of the TiO,-based film on the Ti-containing wires. This might lead to a decrease
in the corrosion resistance of the tested alloys, i.e. an increase in the corrosion rate and anodic current
density and a decrease in the passive film breakdown potential. Among the tested Ti-containing wires,
the Ni-Ti and Ni-Ti-Cu wires containing mainly TiO, on surface film were more susceptible to fluoride-
enhanced corrosion, while the Ti-Mo-Zr-Sn and Ti-Nb wires containing MoOs/Zr0O,/SnO and Nb,0s,
respectively, along with TiO, on surface film were pitting corrosion resistant and showed a lower sus-
ceptibility to fluoride-enhanced corrosion. The difference in corrosion resistance of the tested commercial
Ti-containing dental orthodontic wires was significantly dependent on the passive film characteristics
on wires’ surface.
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1. Introduction formed on Ti and Ti alloys, Ni and/or Ti ions may still be released
from the Ni-Ti alloy surface into the oral environment through
corrosion processes [8].

It is well known that the corrosion resistance of orthodontic

Titanium (Ti) and its alloys are used for many dental applica-
tions. The popularity of Ti and Ti alloys is primarily due to their good

mechanical properties, high corrosion resistance, and excellent
biocompatibility. However, Ti may also cause chemical-biological
interactions. Tissue discoloration and allergic reactions in patients
who have come in contact with Ti have also been reported [1].
On the other hand, nickel-titanium (Ni-Ti) wires are widely used
for dental orthodontic applications due to their good working,
mechanical [2-4], and anticorrosion [2,5-8] properties. Although
Ni-Ti wire has a protective TiO,-based passive film which is also
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wire is an important factor determining its biocompatibility,
because the corrosion process may have negative consequences
on its biocompatibility. Furthermore, the release of metal ions
from orthodontic wires via corrosion process may also stain
the enamel surface, and then leads to a negative aesthetic out-
come. Therefore, extensive studies on the corrosion resistance of
Ni-Ti orthodontic wires have been reported [5,9-14]. However,
the dissimilarity in corrosion resistance, in terms of different
corrosion parameters, between Ni-Ti and other Ti-containing
orthodontic wires (e.g., nickel-titanium-copper (Ni-Ti-Cu),
titanium-molybdenum-zirconium-tin ~ (Ti-Mo-Zr-Sn), and
titanium-niobium (Ti-Nb) alloys) in simulated oral environments
is relatively limited in published literature.

In oral environments, fluoride-containing commercial mouth-
washes, toothpastes, and prophylactic gels are widely used to
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Table 1

Chemical composition (wt%), provided by the manufacturer (a) and identified using energy dispersive spectrometry (b), and dimension of the as-received

Ti-containing wires used in this study.

Materials Chemical composition (wt%) Dimension (in)
Ni-Ti (a) 54.90% Ni, 0.2% Cr, 0.06% C, balance Ti $ 0.016
(b) 52.5-56.2% Ni, 0.2-0.4% Cr, balance Ti
Ni-Ti-Cu (a) 49.10% Ni, 5.0% Cu, 0.2% Cr, 0.06% C, balance Ti $ 0.016
(b) 46.5-50.7% Ni, 4.4-4.6% Cu, 0.3-0.5% Cr, balance Ti
Ti-Mo-Zr-Sn (a) 10.0-13.0% Mo, 4.5-7.5% Zr, 3.75-5.25% Sn, 0.10% C, balance Ti $0.016
(b) 10.2-15.0% Mo, 5.2-6.3% Zr, 4.2-5.1% Sn, balance Ti
Ti-Nb (b) 42.1-46.8% Nb, balance Ti 0.017 x 0.025

prevent dental caries and relieve dental sensitivity. A fluoride
mouth rinse is an effective adjunct to mechanical cleaning. Its
topical effect reduces enamel decalcification and gingival inflam-
mation, and enhances the remineralization of enamel adjacent to
orthodontic brackets [15-17]. The use of topical fluorides in addi-
tion to fluoride toothpaste reduces the incidence of decalcification
in populations with both fluoridated and nonfluoridated water sup-
plies [18]. However, the detrimental effects of fluoride ions on the
corrosion resistance of Ti and Ti alloys have been reported in the
past decade [19-26]. Fluoride ions are very aggressive toward the
protective TiO;, film formed on pure Ti and Ni-Ti alloy [25-27].
Because the outermost surface of the commercial Ti-containing
dental orthodontic wires (e.g., Ni-Ti—Cu, Ti-Mo-Zr-Sn, and Ti-Nb
alloys) may contain a TiO, film with other oxides [28], the fluoride-
enhanced corrosion of these Ti-containing orthodontic wires is
expected to occur. However, to the present, research on this issue
is still not well known.

The hypothesis is that the fluoride ions have a negative effect
on the corrosion resistance of commercial Ti-containing dental
orthodontic wires. The purpose of this study was to investigate
the difference in corrosion resistance among commercial Ni-Ti,
Ni-Ti-Cu, Ti-Mo-Zr-Sn, and Ti-Nb dental orthodontic wires in
acidic artificial saliva with different NaF concentrations, simulat-
ing the fluoride contents in commercial toothpastes. The corrosion
resistance of the Ti-containing wires was correlated to the surface
film characters of wires.

2. Materials and methods
2.1. Specimen preparations

Four different kinds of commercial Ti-containing dental orthodontic wires (NI-
TI®, COPPER NI-TI®, TMA®, and TITANIUM NIOBIUM FA™) from Ormco Corporation,
Glendora, USA, were used in this study. These wires were designated as Ni-Ti,
Ni-Ti-Cu, Ti-Mo-Zr-Sn, and Ti-Nb, respectively. The chemical compositions (wt%),
provided by the manufacturer and identified using energy dispersive spectrometry
(EDS) (EX-200, Horiba, Kyoto, Japan), and dimension of the as-received commercial
Ti-containing wires are listed in Table 1. Surface chemical compositions and surface
morphology of the tested Ti-containing wires before and after corrosion tests were
analyzed using X-ray photoelectron spectroscopy (XPS) (Sigma Probe, Thermo VG
Scientific, East Grinstead, UK) and scanning electron microscope (SEM) (ABT-150S,
Topcon Co., Tokyo, Japan), respectively.

2.2. Cyclic potentiodynamic polarization test

A potentiostat (AUTOLAB PGSTAT 30, Eco Chemie BV, Utrecht, The Netherlands)
was used to perform the cyclic potentiodynamic polarization curve measurements.
The as-received commercial Ti-containing wires with a length of 3 cm were used as
the working electrode. The cross-sectional dimension of the tested wires was listed
in Table 1. The test wire specimens were rinsed with alcohol followed by deionized
water before the corrosion test. A saturated calomel electrode (SCE) and platinum
sheet were used as the reference electrode and counter electrode, respectively. Mod-
ified Fusayama artificial saliva [8,10,14] was used as the corrosion test electrolyte.
This artificial saliva contained 400 mg/L NaCl, 400 mg/L KCl, 795 mg/L CaCl,-2H,0,
690 mg/L NaH,PO4-H,0, 300 mg/L KSCN, 5mg/L Na,S-9H,0, and 1000 mg/L urea
(pH 5). To evaluate the fluoride concentration effect on the corrosion resistance of
the Ti-containing wires, different NaF contents were added to the artificial saliva to
prepare the 0.2% and 0.5% NaF concentrations, simulating fluoride concentrations
contained in commercial fluorinated toothpastes. The fluoride ion concentrations
in the artificial saliva containing 0.2% and 0.5% NaF were measured using a fluo-

ride electrode (No. 27502-19, Cole-Parmer Instrument Co., Vernon Hills, USA) which
revealed about 950 and 2300 ppm, respectively. Before the corrosion tests, all elec-
trolytes (both with and without NaF addition) were adjusted to pH 5.0 using lactic
acid, and were maintained at 37 °C.

The electrolyte was deaerated with argon gas for 1h before the corrosion test.
The cyclic potentiodynamic polarization curves of the test wires were measured
from cathodic potential in the anodic direction with a scan rate of 1 mV/s after the
wires had dipped in the electrolyte for 1 h. The reverse of the applied anodic potential
was scanned when the anodic current density reached 10-3 A/cm? or the applied
anodic potential reached 2V (SCE). At least six wires were used for each corrosion
test group. The corrosion test results showed good similarities.

3. Results and discussion
3.1. Surface analysis

As shown in Table 1, the chemical composition (wt%), iden-
tified using EDS, of the tested wires were as follows: Ni-Ti
contained 52.5-56.2% Ni, 0.2-0.4% Cr, and balance Ti; Ni-Ti-Cu
contained 46.5-50.7% Ni, 4.4-4.6% Cu, 0.3-0.5% Cr, and balance
Ti; Ti-Mo-Zr-Sn contained 10.2-15% Mo, 5.2-6.3% Zr, 4.2-5.1% Sn,
and balance Ti; Ti-Nb contained 42.1-46.8% Nb and balance Ti. The
above-mentioned chemical compositions were close to those pro-
vided by the manufacturer, except the very minor content of 0.06%
Cin Ni-Ti and Ni-Ti-Cu wires.

The XPS surface film analysis results, in terms of main oxides, for
the tested Ti-containing wires before (as-received condition) and
after corrosion tests in 0.5% NaF-containing solution are shown in
Fig. 1. The quantitatively elemental contents (in atomic percentage)
corresponding to XPS surface film analysis results for the tested
wires before corrosion tests are shown in Table 2. As shown in
Fig. 1 and Table 2, the main oxides formed on the outermost sur-
face film of the as-received Ti-containing wires were as follows:
TiO, and trace NiO for the NiTi wire; TiO,, trace NiO, and trace CuO
for the Ni-Ti—-Cu wire; TiO, and small amount of MoO3/ZrO,/SnO
for the Ti-Mo-Zr-Sn wire; similar amount of TiO, and Nb,Os for
the Ti—-Nb wire. It was obvious that TiO, was formed on the outer-
most surface of all as-received Ti-containing wires. After corrosion
tests in 0.5% NaF-containing solution, the presence of Ti-F complex
compound (Na,TiFg) could be detected on all tested Ti-containing
wires along with those oxides detected on the as-received wires.
Huang [25,26] reported that the protectiveness of TiO, formed on
Ti and Ti-6Al-4V alloy can be destroyed by fluoride ions when
the NaF concentration exceeds 0.1% (fluoride close to 500 ppm) via
the formation of a Ti-F complex compound. Note that the quan-

Table 2
Quantitatively elemental contents (in atomic percentage) corresponding to XPS sur-
face film analysis results for the tested Ti-containing wires before corrosion tests.

Ti-containing wires  Ti Ni Nb Mo Zr Sn Cu (0}
Ni-Ti 35 <1 a
Ni-Ti-Cu 33 <1 <1 2
Ti-Mo-Zr-Sn 28 3 4 1 a
Ti-Nb 18 17 a

2 Note: represented the balanced element.
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Fig. 1. X-ray photoelectron spectrometric analysis, in terms of main oxides, for the surface film on the tested Ti-containing wires (a)-(d) before (as-received condition) and
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Table 3

Corrosion parameters obtained from the polarization curves of Ti-containing wires
(Ni-Ti, Ni-Ti-Cu, Ti-Mo-Zr-Sn, and Ti-Nb wires) in artificial saliva with and without
NaF addition.

Materials Artificial saliva with
0% NaF 0.2% NaF 0.5% NaF
(a) Corrosion rate (pA/cm?)
Ni-Ti 0.9(0.2) 3.2(0.5) 57.5(13)
Ni-Ti-Cu 0.3(0.1) 1.1(0.3) 19.4(9)
Ti-Mo-Zr-Sn 0.3(0.1) 0.7 (0.4) 23.1(8)
Ti-Nb 0.4 (0.2) 0.6 (0.3) 17.5(11)
(b) Anodic current density at 0V (p.A/cm?)
Ni-Ti 0.6 (0.1) 16.0(3.1) >1000.0
Ni-Ti-Cu 0.4 (0.1) 10.1(1.5) 495.7 (94)
Ti-Mo-Zr-Sn 0.5(0.1) 13.3(2.8) 311.6 (62)
Ti-Nb 0.6 (0.2) 45(1.1) 163.5 (34)
(c) Passive film breakdown potential (mV)
Ni-Ti 1302(92) 1107(195) a
Ni-Ti-Cu 1370(177) 1100(214) a
Ti-Mo-Zr-Sn >2000 >2000 >2000
Ti-Nb >2000 >2000 >2000

Note: standard deviations are given in parentheses.
2 Indicates no protective film was present.

titatively elemental contents corresponding to XPS surface film
analysis results for the tested wires after corrosion tests in 0.5%
NaF-containing artificial saliva are not shown in Table 2, because
the complexity in the species of artificial saliva led to a difficulty in
precisely quantitative analysis.

3.2. Cyclic potentiodynamic polarization curve

Fig. 2 shows the cyclic potentiodynamic polarization curves of
the as-received Ti-containing wires in acidic artificial saliva with
different NaF concentrations (0%, 0.2%, and 0.5%). The correspond-
ing corrosion parameters obtained from the polarization curves
of the tested wires are listed in Table 3. Increasing the NaF con-
centration in artificial saliva increased the corrosion rate and the
anodic current density, and decreased the passive film breakdown
potential of all tested Ti-containing wires, especially for Ni-Ti and
Ni-Ti-Cu wires. Among the wires tested in the NaF-containing
environments, Ni-Ti wire had the highest corrosion rate and anodic
current density but the lowest passive film breakdown potential;
while Ti-Nb wire had the lowest corrosion rate and anodic cur-
rent density. Furthermore, the passive film breakdown potential of
Ti-Mo-Zr-Sn and Ti-Nb wires in artificial saliva with and without
NaF addition was over 2 V (SCE) which was much higher than that
of Ni-Ti and Ni-Ti-Cu wires.

The properties of surface passive film on metals play an impor-
tant role in the corrosion resistance of metals. A higher passive film
breakdown potential represents better passive film stability. The
anodic current density at the passive region of a metal in electrolyte
isrelated to the charge transfer resistance through the surface pas-
sive film which may form spontaneously on corrosion resistant
metal. A lower anodic current density represents higher charge
transfer resistance through the passive film. Basically, a protective
passive film should have higher passive film breakdown potential
and lower anodic current density at the passive region.

As shown in Fig. 2 and Table 3, since decreasing the passive film
breakdown potential and significantly increasing the corrosion rate
and anodic current density (a few to thousands of times higher) of
the tested wires, increasing the NaF concentration in acidic artifi-
cial saliva led to a decrease in corrosion resistance of commercial
Ni-Ti, Ni-Ti-Cu, Ti-Mo-Zr-Sn, and Ti-Nb orthodontic wires. How-
ever, the corrosion rate and anodic current density (at 0V) of the
tested commercial Ti-containing orthodontic wires in 0.2% and 0.5%

NaF-containing artificial saliva (Table 3) were still lower than those
of the Ti-6AI-4V alloy in 0.25% and 0.5% NaF-containing artificial
saliva, respectively [26].

Previous studies have shown that the Ni-Ti and Ni-Ti-Cu
orthodontic wires in commercially available fluoride (250 ppm)
mouthwashes, can corrode [29,30]; the Ti-Mo-Zr-Sn orthodon-
tic wire strongly corrodes in commercial mouthwash with lower
fluoride concentration (<250 ppm) [29]. On the contrary, it has
been reported that a single application of fluoride prophylactic
agents in 1 month may not change the surface roughness of Ti-
containing orthodontic wires (as used in this study), but a few
applications of acidulated phosphate fluoride agents (estimated F
ions > 10,000 ppm) may change the surface color of Ti-Mo-Zr-Sn
wire which contains a large amount (about 80 wt%) of Ti [24]. In this
study, we further investigated the corrosion resistance of the Ti-
containing alloys in an intermediate fluoride-containing (950 and
2300 ppm) artificial saliva, simulating the commercial fluorinated
toothpastes, and then correlated the results to the surface passive
film characters on wires.

It has been reported that few ten ppm F ions is not enough
to corrode the Ni-Ti and Ni-Ti-Cu wires in acidic artificial saliva
for 10-day immersion [31]. In this study, the presence of 0.2% NaF
(F ions =950 ppm) in artificial saliva increased the corrosion rates
(about 1.5-4 times) and anodic currents at 0V (about 7.5-27 times)
of the test Ti-containing wires, as compared to those obtained in
fluoride-free artificial saliva (Table 3). On the other hand, the cor-
rosion rates of the test Ti-containing wires in artificial saliva with
and without 0.2% NaF (F ions =950 ppm) were under 3.2 j.m/cm?.
This value was close to or about 10 times lower than that obtained
in the previous report which investigated the corrosion rate of the
Ti-containing wires (as used in this study) in either aerated artificial
saliva or commercial mouthwashes with F ions <150 ppm [29].

The corrosion resistance of Ti-10% Mo and Ti-15% Mo alloy in
fluoride-containing solution has been investigated [32-34]. It has
been reported that the anodic current at 0V of Ti-10% Mo alloys in
0.126% NaF-containing NaCl solution is in the range of 3-7 wA/cm?
[32], which is some less than that for Ti-Mo-Zr-Sn wire in 0.2%
NaF-containing artificial saliva obtained in this study. By compar-
ing with the previous study [33], it showed that the anodic current
at 0V of Ti-10% Mo alloy in 0.05% NaF-containing solution (esti-
mated F ions <250 ppm) is about few times lower than that of
Ti-Mo-Zr-Sn wire in fluoride-free artificial saliva obtained in this
study. However, the corrosion rate and average anodic passive cur-
rent of Ti-15% Mo alloy in 0.15M NaCl + 1140 ppm F ions are 1.77
and 930 pwA/cm?, respectively [34], which are few times and few
hundred times higher than those for Ti-Mo-Zr-Sn wire in 0.2%
NaF-containing (F ions =950 ppm) artificial saliva obtained in this
study.

In the artificial saliva with the highest 0.5% NaF concentra-
tion, a significant anodic dissolution was observed for the Ni-Ti
and Ni-Ti-Cu wires (Fig. 2 (a) and (b)), while a passive region
still existed for the Ti-Mo-Zr-Sn and Ti-Nb wires (Fig. 2(c) and
(d)). This indicated that no passivation occurred on the Ni-Ti and
Ni-Ti-Cu wires in 0.5% NaF-containing solution. In addition, the
anodic current density of the Ni-Ti and Ni-Ti-Cu wires increased
with increasing the applied anodic potential and could reach
103 A/cm? under the tested conditions. Therefore, under such
high fluoride (0.5% NaF) conditions, the protectiveness of passive
film (mainly as TiO;) on the Ni-Ti and Ni-Ti-Cu wires decayed
significantly at higher anodic potentials. On the contrary, the sur-
face film passivation still occurred on the Ti-Mo-Zr-Sn and Ti-Nb
wires, even though the presence of 0.5% NaF in the test solution.
This indicated that the presence of MoO3/SnO/ZrO, and Nb,0Os5
in the TiO,-containing surface film on Ti-Mo-Zr-Sn and Ti-Nb
wires, respectively, was more resistance to fluoride-enhanced cor-
rosion as compared to mainly TiO,-based surface film on Ni-Ti and



486 T.-H. Lee et al. / Journal of Alloys and Compounds 488 (2009) 482-489

Ni-Ti-Cu wires. Recently, the effects of Mo [35,36], Zr [37,38], Sn
[39], or Nb [40] addition on the corrosion resistance of Ti metal
have been investigated, which mostly focused on the individual
influence of oxide (MoOs, SnO, ZrO,, or Nb,Os) on the various
corrosion parameters of Ti in simulated physiological media. The
effect of MoO3/ZrO,/SnO or Nb,O5 on the improvement of fluoride-
enhanced corrosion resistance of Ti metal needs, however, further
detailed investigations.

According to the descriptions in the International Organiza-
tion for Standardization (ISO) 10271 [41], the hysteresis loop
in the cyclic polarization curve can be used to obtain informa-
tion on pitting corrosion. In this study, the Ti-Mo-Zr-Sn and
Ti-Nb wires showed no hysteresis loop in the cyclic polarization
curves in artificial saliva with and without NaF (0.2% and 0.5%)
(Fig. 2(c) and (d)), indicating that these two Ti-containing wires
were resistant to pitting corrosion in the above-mentioned test
solutions. After corrosion tests, no pitting corrosion morphology
was observed for Ti-Mo-Zr-Sn and Ti-Nb wires under scanning
electron microscope investigation (not shown). On the other hand,
the Ni-Ti and Ni-Ti-Cu wires, showing a hysteresis loop in the
cyclic polarization curves in fluoride-free artificial saliva (as indi-
cated by arrows in Fig. 2(a) and (b)), were susceptible to pitting
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corrosion. Fig. 3 shows the SEM micrographs of the tested Ti-
containing wires before (as-received condition) and after corrosion
test in fluoride-free artificial saliva. It revealed that the pitting
corrosion occurred on Ni-Ti and Ni-Ti-Cu wires after corrosion
test in fluoride-free solution (as indicated by arrows in Fig. 3(e)
and (f)), which supported the results shown in Fig. 2(a) and (b).
In our previous studies, pits are observed on commercial Ni-Ti
dental orthodontic wires (the same as used in this study) after
corrosion tests in acidic artificial saliva [10,14]. In this study, the
Ti-Mo-Zr-Sn and Ti-Nb wires were more pitting corrosion resis-
tant than the Ni-Ti and Ni-Ti-Cu wires in the acidic fluoride-free
artificial saliva. This implied that the presence of MoO3/SnO/ZrO,
or Nb,0Os5 in the TiO,-containing surface film improved the pitting
corrosion resistance of TiO,-based surface film in acidic artificial
saliva. Although the mechanism of pitting corrosion resistance for
Ti-Mo-Zr-Sn and Ti-Nb wires still needs further investigations,
the above results can provide dentists with useful information on
choosing pitting corrosion resistant orthodontic wires for clinical
application.

It should be noted that the presence of fluoride ions in artifi-
cial saliva was detrimental to the protectiveness of TiO, surface
film on Ni-Ti and Ni-Ti-Cu wires. As a result, the uniformly anodic
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Fig. 2. Cyclic potentiodynamic polarization curves of Ti-containing wires (Ni-Ti, Ni-Ti—Cu, Ti-Mo-Zr-Sn, and Ti-Nb wires) in acidic artificial saliva with different NaF

concentrations (arrows in (a) and (b) indicated hysteresis loop).
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dissolution on the whole wire’s surface was enhanced in high
fluoride ions-containing solution, and thus the local pitting corro-
sion sensitivity would be relatively depressed. This might partially
explain the disappearance of hysteresis loop in the cyclic polar-
ization curves for the Ni-Ti and Ni-Ti-Cu wires when tested in
NaF-containing artificial saliva (Fig. 2(a) and (b)).

(d) Ti-Nb (as-received)

The species NaF in acidic solution can induce hydrofluoric acid
(HF) [42]. Then, the HF acts in response with Ti-oxide on Ti sur-
face and destroys the protectiveness of Ti-oxide through forming
Ti-F complex compound [43,44]. Namely, F ions can develop a
soluble complex compound with Ti ions released from the pro-
tective Ti-oxide surface film. If the protective Ti-oxide film is

(h) Ti-Nb (after corrosion test)

Fig. 3. SEM micrographs of the tested Ti-containing wires before (as-received condition) and after corrosion test in fluoride-free artificial saliva.
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destroyed, acidic corrosion process can occur and Ti surface will
be attacked. This results in the decrease in the corrosion resis-
tance of Ti-containing alloys in acidic fluoride-containing solution.
In this study, the protectiveness of the TiO,-containing passive film
on the tested Ti-containing wires would be negatively affected by
the presence of NaF in the acidic artificial saliva through the for-
mation of complex compound Na,TiFg (Fig. 1). Consequently, the
corrosion resistance of Ti-containing wires decreased as the NaF
concentration increased (Fig. 2 and Table 3). It was clear that the
corrosion resistance of the tested commercial Ti-containing den-
tal orthodontic wires depended on the presence of fluoride ions in
acidic artificial saliva.

It is known that the release of metal ions from orthodontic wires
via corrosion process in oral environment may stain the enamel
surface, and have negative consequences on wires’ biocompatibil-
ity, especially the toxicity and hypersensitivity of Ni ions [45-47].
In our previous study, if a full-mouth appliance is considered, the
total released ions (mainly as Ni and/or Ti ions) from the four differ-
ent kinds of commercial Ti-containing orthodontic wires (as used
in this study) in fluoride-free artificial saliva are lower than 4 pg
per day; the release ions of Mo, Zr, Sn, or Nb element are lower
than 0.1 g per day or negligible [28]. Therefore, it can be expected
that the released Ni ions per day from the test Ti-containing wires
in fluoride-free artificial saliva should be under 4 pg which is well
below the critical value necessary to induce allergy (600-2500 j.g)
[48]. Note that Ti, a main component of the test Ti-containing wires,
is not cytotoxic [49-51]. As shown in Table 3, the corrosion rate of
the test Ti-containing wires in NaF-containing artificial saliva was
under 100 times larger than that as tested in fluoride-free artificial
saliva. Therefore, the released metal ions, especially Ni ions, from
the tested Ti-containing wires in NaF-containing artificial saliva
should be under 400 g per day, which was still below the crit-
ical value necessary to induce allergy. Furthermore, it has been
reported that the content of the released metal elements of Ni-Ti
and Ni-Ti-Cu orthodontic wires (as used in this study) during 3-
day immersion in F-containing (<500 ppm) acidic (pH 6) solution
is negligible [52].

It was clear that the protective TiO,-based passive film on
the Ni-Ti and Ni-Ti-Cu wires was fully destroyed in the 0.5%
NaF-containing artificial saliva. However, the TiO,-containing pas-
sive film on the Ti-Mo-Zr-Sn and Ti-Nb wires was not seriously
attacked by the fluoride ions, which was related to the presence
of some other oxides (except TiO,) in the surface passive film.
In other words, with respect to the amount of TiO,, the pres-
ence of small amount of MoO3/Zr0O,/SnO or similar amount of
Nb,0s5 in the TiO,-containing surface film should play an effec-
tive role in improving the fluoride-enhanced corrosion resistance
ofthe Ti-Mo-Zr-Sn and Ti-Nb wires, respectively. The mechanisms
of the above-mentioned statements still need further investiga-
tions, although the corrosion resistance of Ti metal in simulated
physiological media can be improved by the presence of MoO3
[35,36], ZrO, [37,38], SnO [39] or Nb,O5 [40]. The optimal amount
of Mo0O3/Zr0,/SnO or Nb,0Os5 in the TiO,-based surface film for
improving the fluoride-enhanced corrosion resistance should be
analyzed in the near future.

4. Conclusions

The presence of fluoride ions in artificial saliva was detrimental
to the corrosion resistance of the tested commercial Ti-containing
dental orthodontic wires, including Ni-Ti, Ni-Ti—-Cu, Ti-Mo-Zr-Sn,
and Ti-Nb alloys, especially at the higher fluoride concentration
(0.5% NaF). This led to an increase in the corrosion rate and anodic
current density (a few to thousands of times higher), and a decrease
in the passive film breakdown potential for Ti-containing wires,

especially for Ni-Ti and Ni-Ti-Cu wires. Among the tested wires,
the TiO,-based surface film with trace amount of NiO on the Ni-Ti
and Ni-Ti-Cu wires was more susceptible to fluoride-enhanced
corrosion, while the TiO,-containing surface film with either
Mo003/Zr0;,/SnO on the Ti-Mo-Zr-Sn wire or Nb,05 on the Ti-Nb
wire showed pitting corrosion resistant and lower susceptibility
to fluoride-enhanced corrosion. In terms of corrosion resistance
in fluoride-containing oral environments, the Ti-Mo-Zr-Sn and
Ti-Nb wires would be the good candidates for orthodontic treat-
ments among the tested commercial Ti-containing wires.
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