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Abstract

The aim of this study was to investigate the effects of fluoride ion concentration
and plasma immersion ion implantation (PIII) treatment on the corrosion behavior of
different titanium (Ti)-containing dental orthodontic archwires (including Ni-Ti, Ni-Ti-
Cu, Ti-Mo-Zr-Sn, and Ti-Nb alloys) using cyclic potentiodynamic polarization curve
measurements in acidic artificial saliva. Different NaF concentrations (of 0%, 0.2%, and
0.5%), simulating the fluoride contents in commercial toothpastes, were added to the
artificial saliva. The PIII surface treatment was carried out in a mixed Ar/N;
environment with an implantation density of 5 x 10'” ions/cm’. Surface characterization
was analyzed using x-ray photoelectron spectrometry. Cyclic potentiodynamic
polarization curves showed that the presence of fluoride ions destroyed the protective
ability of the TiO; film on the Ti-containing archwires, thus significantly decreasing the
corrosion resistance of the tested alloys. Among the tested Ti-containing archwires, the
Ni-Ti and Ni-Ti-Cu archwires were more susceptible to fluoride-enhanced corrosion,
while the Ti-Nb archwire showed the lowest susceptibility. Furthermore, the PIII
surface treatment improved the corrosion resistance of the tested Ti-containing
archwires in acidic artificial saliva, by decreasing the corrosion rate and anodic current

density.

Key words: fluoride, plasma immersion ion implantation, corrosion, titanium,

orthodontic archwire.

INTRODUCTION

Nickel-titanium (NiTi) archwires are widely used for dental orthodontic
applications due to their good working, mechanical' >, and anticorrosion'*” properties.
However, although NiTi archwires have a protective surface passive film (containing
mainly TiO;), Ni and/or Ti ions may still be released from the alloy surface into the oral
environment through corrosion processes’. The corrosion resistance of orthodontic wire
is an important factor determining its biocompatibility, because the corrosion process
has negative consequences on its biocompatibility. Therefore, extensive studies on the
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corrosion resistance of NiTi orthodontic archwires have been reported™

. However,
the information on the corrosion resistance of other commercial Ti-containing archwires
(e.g., NiTiCu, TiMo, and TiNb alloys) is not well known.

In oral environments, fluoride-containing commercial mouthwashes, toothpastes,
and prophylactic gels are widely used to prevent dental caries and relieve dental
sensitivity. However, detrimental effects of fluoride ions on the corrosion resistance of
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Ti and Ti alloys have been extensively reported in the past decade
very aggressive toward the protective TiO, film formed on pure Ti, and Ti and NiTi

alloys. Because the outermost surface of a Ti-containing archwire may contain a TiO;
1



film with various amounts of other oxides, fluoride-enhanced corrosion of commercial
Ti-containing orthodontic archwire can also occur. To the present, research on this issue
is still very limited.

Biomaterial surface treatments have a critical influence on biocompatibility. The
formation of an additional surface barrier layer against ion diffusion by implantation
with different species has been considered for improving the corrosion resistance and

123 For example, the implantation of nitrogen ions into the

performance of NiTi alloys
surface of NiTi wire causes surface hardening and can decrease frictional forces by as
much as 70%°. In this study, surfaces of Ti-containing orthodontic archwires were
modified using the plasma immersion ion implantation (PIII) technique, implanted with
argon (Ar) and nitrogen (N>).

The purpose of this study was to investigate the effects of the fluoride
concentration and plasma immersion ion implantation (PIII) surface treatment on the
corrosion resistance of different Ti-containing dental orthodontic archwires in acidic

artificial saliva.

MATERIALS AND METHODS
Specimen preparations

Four different commercial Ti-containing dental orthodontic archwires from the
same manufacturer (Ormco, Glendora, CA) were used in this study. The archwires
examined included NI-TI®, COPPER NI-TI®, TMA®, and TITANIUM NIOBIUM
FA™, respectively designated Ni-Ti, Ni-Ti-Cu, Ti-Mo-Zr-Sn, and Ti-Nb. The surface
chemical compositions (wt%) of the as-received commercial Ti-containing archwires
were identified using energy dispersive spectrometry (EDS) and are listed as follows:
Ni-Ti contained 56% Ni and 44% Ti; Ni-Ti-Cu contained 48% Ni, 41% Ti, and 11%
copper (Cu); Ti-Mo-Zr-Sn contained 78% Ti, 11% molybdenum (Mo), 6% zirconium
(Zr), and 5% tin (Sn); and Ti-Nb contained 57% Ti and 43% niobium (Nb).

To improve the corrosion resistance of the tested Ti-containing archwires, a PIII
surface treatment was carried out in a mixed Ar/N; environment with an implantation
density of 5 x 10'7 ions/cm®. During the PIII treatment, the tested archwires were first
cleaned using Ar plasma (from a radio frequency sputtering system) at 5 kV and 500 Hz
for 5 min, followed by ion implantation at 30 kV and 100 Hz for 40 min in a mixed
Ar/N; environment (Ar: 8 sccm; Ny: 25 scem; 1.3 x 10° torr).

Surface chemical compositions of the passive film on the tested Ti-containing
archwires with and without PIII treatment were analyzed using x-ray photoelectron

spectroscopy (XPS).

Cyclic potentiodynamic test



An AUTOLAB PGSTAT 30 potentiostat (Eco Chemie BV, Utrecht, The
Netherlands) was used to perform the cyclic potentiodynamic polarization curve
measurements. The Ti-containing archwires with and without PIII treatment were used
as the working electrode. The test archwire specimens were rinsed with alcohol
followed by deionized water before the corrosion test. None of the tested archwires was
subjected to any mechanical deformation during the corrosion tests. A saturated calomel
electrode (SCE) and platinum sheet were used as the reference electrode and counter
791 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, 5 mg/L Na,S-9H,0,
and 1000 mg/L urea. To evaluate the fluoride ion concentration effect on the corrosion

electrode, respectively. Modified Fusayama artificial saliva

resistance of the as-received Ti-containing archwires, different NaF contents were
added to the artificial saliva to prepare the 0.2 and 0.5 wt% NaF concentrations,
simulating fluoride concentrations contained in commercial fluorinated toothpastes. The
fluoride ion concentrations in the 0.2 and 0.5 wt% NaF-containing artificial saliva
solutions were measured using a Cole-Parmer (Cole-Parmer Instrument Co., Vernon
Hills, I1) fluoride electrode (no. 27502-19) and revealed about 950 and 2300 ppm,
respectively. Before the corrosion tests, all electrolytes (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 Ar gas for 1 hour before the archwires were dipped into
the electrolyte for the subsequent corrosion test. At least 3 Ti-containing archwires were

used for each corrosion test group. The corrosion test results showed good similarities.

RESULTS

Surface analysis

The XPS surface analysis results for the as-received Ti-containing archwires before
and after PIII treatment are listed in table 1. The oxides formed on the outermost surface
of the as-received Ti-containing archwires were as follows: TiO, (main) and NiO for the
NiTi archwire; TiO, (main), NiO, and CuO for the Ni-Ti-Cu archwire; TiO; (main),
MoOs, ZrO,, and SnO for the Ti-Mo-Zr-Sn archwire; and Nb,Os (main) and TiO, for
the Ti-Nb archwire. TiO, was obviously formed on the outermost surface of all Ti-
containing archwires. After the PIII surface treatment, the oxides formed on the
outermost surface of the 4 tested archwires contained NO and Ar in addition to the

oxides mentioned above (except that there was no SnO on the T-Mo-Zr-Sn archwire).

Cyclic potentiodynamic polarization curve
Figure 1 shows the cyclic potentiodynamic polarization curves of the as-received

Ti-containing archwires in acidic artificial saliva with different NaF concentrations (0%,
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0.2%, and 0.5%). The corresponding corrosion parameters obtained from the
polarization curves of the tested archwires are listed in table 2.

Figure 2 shows the cyclic potentiodynamic polarization curves of the Ti-containing
archwires, with and without PIII treatment, in acidic fluoride-free artificial saliva. The
corresponding corrosion parameters obtained from the polarization curves of the tested

archwires are listed in table 2.

DISCUSSION

Fluoride concentration effect

As shown in figure 1 and table 2, increasing the NaF concentration led to a
decrease in corrosion resistance, thus decreasing the breakdown potential and
significantly increasing the corrosion rate and anodic current density at 0 V (a few to
thousands of times higher) of the tested Ti-containing archwires in acidic artificial
saliva. However, the corrosion rate and anodic current density (at 0 V) of the tested Ti-
containing archwires in 0.2% NaF-containing artificial saliva (Table 2) were still lower
than those of the Ti-6A1-4V alloy in 0.25% NaF-containing artificial saliva®’.

Note that in the artificial saliva with the highest NaF concentration (0.5%) (Figure
1), anodic active polarization behavior was observed for the Ni-Ti archwire instead of
the active-to-passive transition behavior observed for the other 3 archwires.
Furthermore, we believe that no protective passive film was present on the Ni-Ti-Cu
archwire at higher anodic potentials (> 750 mV) because the current density reached 1
mA/cm’. Huang”’ reported that the protectiveness of TiO, formed on Ti alloy is
destroyed by fluoride ions when the NaF concentration exceeds 0.1% via the formation
of a Ti-F complex compound (Na,TiFs). However, to the present, no comprehensive
information concerning differences in fluoride-enhanced corrosion of various Ti-
containing alloys has been available in the literature. According to the present results, it
was clear that the TiO,-based passive film on the Ni-Ti and Ni-Ti-Cu archwires was
destroyed in the 0.5% NaF-containing artificial saliva. However, the TiO,-containing
passive film on the Ti-Mo-Zr-Sn and Ti-Nb archwires was not seriously attacked by the
fluoride ions, which might have been related to the presence of some other oxides
(except TiO,) in the surface passive film. In other words, the presence of MoOs, ZrO,
and/or SnO on the Ti-Mo-Zr-Sn archwire and Nb,Os on the Ti-Nb archwire might play
an effective role in the corrosion resistance in fluoride-containing environments.
Furthermore, as shown in figure 1 and table 2, the Nb,Os formed on the Ti-Nb archwire
seemed to be more protective against fluoride ion attack compared to the oxides on the
other 3 Ti-containing archwires.

On the other hand, the presence of Na,TiFs on the fractured surface of cast Ti

joint after the CERT in acidic fluoride-containing environment (Fig. 6) implied that
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fluoride ions could destroy the protective passive film on Ti weld zone via the
formation of Ti-F compound. In an acidic medium, NaF can induce hydrofluoric acid
(HF)'”. Then, the HF reacts with titanjum oxides and locally dissolves the protective
oxides layer by forming Ti-F compound on Ti surface'®'”. In other words, fluoride ions
can form a soluble complex with titanium ions derived from the protective titanium
oxide layer. Without the protective oxide layer, acid corrosion can take place and Ti
metal surface will be locally attacked. This might result in the acceleration of crack
initiation on Ti weld zone during the CERT and FT. As the crack propagated inwards to
the weld zone, the new crack tip would be generated and then attacked by acidic
fluoride solution. This process would occur repeatedly during the crack propagation.
Consequently, the crack propagation was assisted. Therefore, the presence of 0.5% NaF
in the acidic artificial saliva was detrimental to the mechanical properties of the cast Ti
joint under the same welding pulse energy, leading to decreases in tensile strength,

elongation, and fatigue life (Tables 1 and 2).

Effect of PIII surface treatment

As shown in figure 2 and table 2, the PIII treatment significantly improved the
corrosion resistance, decreasing the corrosion rate (3~9-times lower) and anodic current
density (2.5~4-times lower) of the tested Ti-containing archwires in artificial saliva. The
improvement in the corrosion resistance of the Ti-containing archwires was believed to
be related to the presence of NO and/or Ar on the outermost surface of the alloys, as
listed in table 1. According to the present results, the PIII technique is a potential
candidate for improving the corrosion resistance of Ti-containing archwires. However,
further investigation should be carried out to obtain the optimal parameters for PIII
surface treatment.

Tan et al.”® found that the breakdown potential of NiTi alloy in Hank’s solution, a
simulated body environment, can be slightly increased by plasma source ion
implantation with oxygen. Similar results were also reported by Sawase et al.*’
However, in this study, the PIII treatment had no significant influence on the breakdown

potential of the tested Ti-containing archwires in acidic artificial saliva (Figure 2a, b).

CONCLUSIONS
The presence of fluoride ions in artificial saliva was detrimental to the corrosion
resistance of the tested Ti-containing archwires, especially at the higher fluoride
concentration (NaF of 0.5%). 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 breakdown
potential. Among the tested archwires, the TiO,-based passive film on the Ni-Ti and Ni-
Ti-Cu archwires was more susceptible to fluoride-enhanced corrosion, while the Nb,Os-

based passive film on the Ti-Nb archwire showed much lower susceptibility. The PIII
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surface treatment improved the corrosion resistance of Ti-containing archwires in

artificial saliva, leading to a decrease in the corrosion rate (3~9-times lower) and anodic

current density (2.5~4-times lower).
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Table 1. Results of the x-ray photoelectron spectrometric surface analysis for the

Ti-containing archwires before (in the as-received condition) and after PIII

treatment.
Outermost surface passive film structure
Materials
As-received After PIII treatment
Ni-Ti TiO,*, NiO TiO,*, NiO, NO, Ar
Ni-Ti-Cu TiO2*, NiO, CuO TiOy*, NiO, CuO, NO, Ar
1 *
Ti-Mo-Zr-Sn g;%z > MoO;, Zt0s, TiO,*, MoOs, ZrO,, NO, Ar
Ti-Nb Nb,Os*, TiO, Nb,Os*, TiO,, NO, Ar

* Indicates that this compound was the main oxide of the passive film.



Table 2. Corrosion parameters obtained from the polarization curves in artificial
saliva with and without NaF, of Ti-containing archwires before (in the
as-received condition) and after PIII treatment.

(a) Corrosion rate (uA/cm?)

Materials As-received After PIII treatment
0% NaF 0.2% NaF 0.5% NaF 0% NaF
Ni-Ti 0.9 32 57.5 0.1
Ni-Ti-Cu 0.3 1.1 19.4 0.1
Ti-Mo-Zr-Sn 0.3 0.7 23.1 0.1
Ti-Nb 0.7 2.5 46.5 0.1
(b) Anodic current density at 0 V (pA/cnr)
. As-received After PIII treatment
Materials
0% NaF 0.2% NaF 0.5% NaF 0% NaF
Ni-Ti 0.6 16.0 > 1000 0.2
Ni-Ti-Cu 0.4 10.1 495.7 0.1
Ti-Mo-Zr-Sn 0.5 13.3 311.6 0.2
Ti-Nb 0.7 34 147.0 0.2
(c) Breakdown potential (mV)
Materials As-received After PIII treatment
0% NaF 0.2% NaF 0.5% NaF 0% NaF
Ni-Ti 1302 1107 * 1270
Ni-Ti-Cu 1370 1100 * 1250
Ti-Mo-Zr- > 2500 > 1900 > 1500 > 3000
Ti-Nb >2400 >2100 > 1500 > 3000

* Indicates no protective passive film was present.
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Figure 1. Cyclic potentiodynamic polarization curves of the Ti-containing
archwires (Ni-Ti, Ni-Ti-Cu, Ti-Mo-Zr-Sn, and Ti-Nb archwires) in

acidic artificial saliva with different NaF concentrations.
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Figure 2. Cyclic potentiodynamic polarization curves of the Ti-containing
archwires (Ni-Ti, Ni-Ti-Cu, Ti-Mo-Zr-Sn, and Ti-Nb archwires), with

and without PIII treatment, in acidic fluoride-free artificial saliva.

10



