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The corrosion behavior of Ti–Nb dental alloy in artificial saliva with and without the addition of lactic acid and
sodium fluoride was investigated by electrochemical techniques, with the commercial Titanium–

molybdenum alloy (TMA) as a comparison. The chemical composition, microstructure and constitutional
phase were characterized via energy dispersive spectrometry, optical microscope and X-ray diffraction,
meanwhile the open circuit potential, electrochemical impedance spectroscopy and potentiodynamic
polarization measurements were carried out to study the corrosion resistance of experimental alloys, with the
corroded surface being further characterized by scanning electron microscopy and X-ray photoelectron
spectroscopy. It was found that the corrosion behavior of Ti–Nb alloy was similar to those TMA alloy samples
in both artificial and acidified saliva solutions, whereas statistical analysis of the electrochemical impedance
spectroscopy and polarization parameters showed Ti–Nb alloy exhibited better corrosion resistance in
fluoridated saliva and fluoridated acidified saliva. SEM observation indicated that TMA alloy corroded heavily
than Ti–Nb alloy in fluoride containing saliva. XPS surface analysis suggested that Nb2O5 played an important
role in anti-corrosion from the attack of fluoride ion. Based on the above finding, Ti–Nb alloy is believed to be
suitable for the usage in certain fluoride treated dental works with excellent corrosion resistance in fluoride-
containing oral media.
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1. Introduction

Titanium and its alloys are the most attractive metallic materials
used in dentistry, for their good biocompatibility, light weight,
excellent corrosion resistance, and high strength. Recently, the
development of β-titanium alloys has drawn considerable attention
in biomedical area for their much lower elastic modulus comparing to
α or (α+β) dual phase titanium alloys, thus exhibiting better
biomechanical compatibility [1–4]. Other advantages of β-titanium
alloys include true weldability, excellent work-hardening, and
heat-treatment capabilities, which make them quite suitable for
dental applications, such as dental implants, crowns, bridges and
orthodontic wires [5–15].

Stainless steel, β-titanium and nickel-titanium are three commonly-
used orthodontic alloys. During orthodontic treatment, β-titanium was
often used for space closure, finishing, and the rotation or changing of
the axial orientation of teeth. The β-type TMA alloy has somewhat less
than half the elastic force delivery of stainless steel wire, with the yield
strength approximately 700 MPa. Clinicians may select preferably
β-titanium wires to nearly fill the bracket slots due to their lower
elasticmodulus, comparedwith thewire sizes thatwouldbe selected for
a stainless steel alloy [16].

Wires often stay in the oral cavity for months, crowns and implant
usually contact with body tissue for years or all lifelong. When placed
in mouth cavity corrosion issue of the implant material is one of the
major concerns due to the corrosive action of saliva. Additionally, two
prominent parameters make the situation even worse: oral bacteria
metabolization and utilization of fluoride. (1) With the production of
fermentable carbohydrates, like lactic, acetic, and propionic acids,
local pH value will change towards acid [17]. (2) For good oral
hygiene, there was a rapid increase in the utilization of fluoride in the
form of toothpastes, mouthwashes, and prophylactic gels. In other
word, local acidic fluoride environment could be formed temporarily
in oral cavity, and the existence of hydrofluoric acid (HF) may
dissolve the protective oxide layer on the surface of titanium and its
alloys [18]. So, the chemical properties of the oxide layer and the
dissolved compounds play an important role in determining the
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biocompatibility and mechanotherapy treatment effect for
β-titanium alloy dental devices [19–21]. For instance, Watanabe et
al. investigated the surface topography changes of TMA and Ti–Nb
orthodontic wires after immerging in acidulated phosphate fluoride
(APF) solutions [22]. Schiff et al. compared the corrosion behaviors of
TMA and Ti–Nb wires in different commercial fluoridated
mouthwashes [23], Lee et al. analyzed the influence of different
fluoride concentrations on β-titanium wires in artificial saliva [24].
According to their results, higher fluoride concentrations may
accelerate the corrosion rate, but Ti–Nb wire exhibit better corrosion
resistance than TMA wire. However, to the author's knowledge, the
studies on corrosion mechanism of Ti–Nb alloy are still relatively rare,
so further investigations are needed to provide an in-depth
understanding of the corrosion phenomenon. In this study, Ti–Nb
and TMA alloys were comparatively studied in terms of anodic
polarization, electrochemical impedance for exploring corrosion
mechanism, as well as surface analysis on the corrosion products atop.

2. Materials and methods

2.1. Sample preparation and characterization

Sponge titanium, niobium ingots, molybdenum bars, zirconium
sponge, and block tin were used as primary materials, all chemically
99.9% in purity. Ingredients of 77.8 wt.% titanium, 11.3 wt.% molyb-
denum, 6.6 wt.% zirconium, and 4.3 wt.% tin constitute the TMA alloy.
The average chemical composition of Ti–Nb alloy samples is 45 wt.%
niobium and 55 wt.% titanium. Ti–Nb and TMA alloy ingots were
prepared by arc-melting on a water-cooled copper hearth under an
argon inert atmosphere with a nonconsumable tungsten electrode. A
vacuum of 5×10−4 was created before argon injection. The ingots
were turned around and remelted five times for homogeneity, and hot
rolled into rods with the diameter of 8 mm. The rods were then heat
treated in a vacuum atmosphere at 1123 K for 1 h followed by water
quenching. Finally, disc samples with 8 mm in diameter and 1 mm in
thickness were prepared. The surfaces of each specimens were
mechanically polished via a standard procedure with wet silicon
carbide paper of increasing grit (80, 200, 400, 800, 1200, 1500 and
2000) and were ultrasonically washed in acetone, ethanol, and
distilled water each for 10 min.

The chemical compositions of the two ß-titanium alloys were
characterized by energy dispersive spectrometry (EDS, EDAX, USA).
For optical microscopic observation, specimens were mechanically
polished, etched, and examined using an optical microscope (BX51M,
Olympus, Japan). Phase identification was carried out through X-ray
diffraction (DMAX-2400, Rigaku, Japan, monochromatized Cu Kα
radiation, λ=0.15406 nm, 40 kV, 100 mA).

2.2. Testing solutions

The electrolyte reference was the modified Fusayama-Meyer
artificial saliva (MAS) [23,25,26], composing of NaCl 400 mg/L; KCl
400 mg/L; CaCl2 600.4 mg/L; NaH2PO4·2H2O 780 mg/L; KSCN
300 mg/L; Na2S·9H2O 5 mg/L; urea 1000 mg/L at pH 5.0. For the
second test solution, acidified artificial saliva (AAS), pH was adjusted
to 4.0 by adding lactic acid. The third testing solution fluoridated
artificial saliva (FAS) consisted of MAS with the addition of 0.2%
sodium fluoride at pH 5.0. And the forth testing solution (fluoridated
acidified artificial saliva, FAAS) was MAS containing 0.2% sodium
fluoride at pH 4.0.

2.3. Electrochemical measurements

The corrosion tests were performed using an electrochemical
workstation (CHI 650, CHI, Austin, TX) under normal atmospheric
condition. The three electrodes were the working electrode
(specimen), the platinum counter electrode, and the saturated
calomel (SCE) reference electrode. A 150 ml test solution was used.
For corrosion test, a copper wire lead was soldered to the back of the
specimen, the assembly was immersed into uncured silicone sealant,
and after curing, the covered parts did not conduct electricity. The
exposed surface of the disk (50.27mm2 in area) constituted the
working electrode. Oxide layer of specimens was mechanically
removed with 2000 grit sandpaper again before each measurement.
The open-circuit potential (Ecorr) test was recorded for 2 h. The
electrochemical impedance spectroscopy (EIS) was carried out
subsequently at the open-circuit potential with an AC amplitude
range of −10 mV to 10 mV, and data were collected in the frequency
range from 10−2 to 105 Hz using 5 points per decade. Interpretations
of the spectra were performed utilizing the ZsimpWin program. The
impedance data and fitted data were interpreted in Bode amplitude
and phase angle plots. After EIS test, the polarization measurement
was performed. Each specimen was polarized from −1000 mV to
3000 mV, and the scan rate was set at 1.0 mV/s. The polarization
resistance (Rp) was determined using CorrView Software. All
experiments were carried out at 37±1 °C maintained by a thermo-
stat. Three samples were used for each alloy group in each solution.

2.4. Surface analysis

After the electrochemical measurements, one specimen of each
alloy group in the different test solution was selected to qualitatively
characterize the topography of the surface by scanning electron
microscopy (SEM, Quanta 200FEG, FEI, USA). The X-ray photoelectron
spectroscopy (XPS, Axis Ultra DLD, Kratos, UK) analysis was
conducted using a Kratos Axis Ultra spectrometer.

3. Results and discussion

3.1. Composition and structure

The surface EDS analysis after removing the surface oxide layer
showed 46.19±0.30% niobium and 53.81±0.30% titanium for the
Ti–Nb alloy, and 79.64±1.34% titanium, 10.08±0.48%, molybdenum,
5.98±0.49% zirconium, and 4.28±0.39% tin for TMA alloy. The
optical micrographs of Ti–Nb alloy and TMA alloy were shown in
Fig. 1, indicating a single phase microstructure with the average grain
size of several tens micrometers for both alloys. However, XRD results
(Fig. 2) showed that Ti–Nb alloy presented a uniform β phase lattice at
room temperature, whereas TMA alloy exhibits two small α peaks
besides the main ß phase structure. Also, acicular martensitic
α'' phase can be slightly indentified at degrees of about 52~53,
62~63 and 74~75 of the TMA alloy sample. This mentioned phase can
be disseminated in a beta-matrix, as reported by Cremasco et al. [8]
Moffat and Larbalestier [27].

3.2. Open circuit potential measurements

The open circuit potential-time behavior of two experimental
specimens was recorded and shown in Fig. 3a and b. The behavior of
Ti–Nb alloy in low pH value solution was similar to that in control
solution, curves moved downwards in fluoridated solution and
fluoridated acidified solution (Fig. 3a). The stable Ecorr in MAS
(F- free, pH=5.0), AAS (F- free, pH=4.0), FAS (0.2%NaF, pH=5.0)
and FAAS (0.2%NaF, pH=4.0) after immersion 2 h were −485.3 mV
(SCE), −456.7 mV (SCE), −597.1 mV (SCE) and −933.1 mV (SCE).
Interesting is the OCP curve of Ti–Nb alloy in FAAS (0.2%NaF,
pH=4.0) which dropped sharply during the first 300 s, and then
the curves became as stable as that in the other 3 solutions, which
demonstrated a general corrosion of the titanium alloy. In Fig. 3b, the
performance of TMA alloy were similar to those of Ti–Nb alloy. The
Ecorr values for TMA alloy in the 4 tested solutions were −462.5 mV



Fig. 3. Open-circuit potential evolution against time in different saliva for (a) Ti–Nb
alloy and (b) TMA alloy.

Fig. 1. Optical micrographs of (a) Ti–Nb alloy and (b) TMA alloy.
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(SCE), −474.1 mV (SCE), −555.6 mV (SCE) and −834.2 mV (SCE).
What is in difference with Ti–Nb alloy is that the curve of TMA in FAAS
(0.2%NaF, pH=4.0) descended in the first 150 s, and flattened in the
following 900 s, then with a sudden drop to −981.1 mV (SCE) the
curve ascended to a gentle slope, with an Ecorr about −850 mV (SCE),
indicating some changes of its oxide layer. Additionally, Ti–Nb alloy
with the Ecorr=−834.2 mV (SCE), seems to be more anticorrosive, in
comparison to Ti, Ti–6Al–4 V and Ti–6Al–7Nb alloys which showed
analogous curve shapes in fluoride solutions, with their Ecorr values
descending to−1.0 V~−1.2 V (SCE) in artificial saliva containing 0.2%
sodium fluoride at pH 4.5 [18].
Fig. 2. XRD patterns of (a)Ti–Nb alloy and (b) TMA alloy.
3.3. Electrochemical impedance spectroscopy

Impedance spectra of experimental alloys, in the form of
Bode-phase and Bode-magnitude plots, at the Ecorr, after immersion
2 h in artificial saliva solutions with and without fluoride ion at
different pH values are shown in Fig. 4a–c. Three equivalent circuit
models were proposed here to numerically fit the measured
impedance data at different conditions as shown in Fig. 5. The
corresponding parameters (Q, R, n) obtained from the EIS data shown
in Fig. 4a–e are listed in Tables 1–3.

It can be observed from Fig. 4a, profiles of the spectra for Ti–Nb
and TMA alloys in MAS (F- free, pH=5.0) and in AAS (F- free,
pH=4.0) were almost overlapped. These results suggested that the
simple addition of lactic acid did not affect the corrosion behavior of
these two alloys at the pH 4. Considering fluoride additions, both
Ti–Nb and TMA alloy samples in FAS (0.2% NaF solution, pH=5.0)
present Bode plots decreased of about one decade (from 105 to 104

ohms square cm) when compared with those experimental results in
MAS solution. Phase angle of these mentioned alloy samples are
similar in both FAS and MAS solutions (of about 80 degrees)
evidenced by plateaus at intermediate frequencies (of about 0.1 and
1 Hz). Bode magnitude curve presented at the high frequency region
went down approximately 50Ω, considering the electrolyte ohmic
resistance, it means that FAS solution provide a better electric or
electronic conductivity than MAS solution, however, it seems that
observed reaction at intermediates frequencies are similar in FAS and

image of Fig.�3
image of Fig.�1


Fig. 4. EIS spectra diagrams of Ti–Nb alloy and TMA alloy in different media: (a) acidified saliva; (b) fluoridated saliva; (c) fluoridated acidified saliva; (d) fitting result of Ti–Nb alloy
in the changed artificial saliva; and (e) fitting result of TMA alloy in the changed artificial saliva.
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MAS solutions. Additionally, it can also clearly be observed that both
Ti–Nb and TMA alloys in FAS solutions have lower modulus of
impedance (/Z/) than those in MAS solutions (Fig. 4b). Those
observed reactions may indicate the films formed in FAS solutions
were less corrosion-resistant than inMAS solutions. The changes of the
passive film can be attributed to the structural changes or changes in
the ionic or electrical conductivity of the film. While in the FAAS
solutions, as shown in Fig. 4c, the phase angle decreased largely at
intermediates frequencies and low frequencies, and there was
significant difference in the profiles, indicating changes of the passive
oxide films on the surface of TiNb and TMA alloys. in Fig. 4d and e, it
could evidenced a decrease of about one decade in modulus of
impedance of both Ti–Nb and TMA alloys, and that electrolyte ohmic
resistance and double-layer have been considerably modified which
seems associated with fluoride ions (Tables 2 and 3) In the case of
TiNb alloy, the phase angle shifted to −65 degree at intermediates

image of Fig.�4


Fig. 5. Equivalent circuit models fitting the EIS data: (a) Rs(QoRo)(QiRi) model, (b) Rs(QoRo)(QmRm)(CiRi) model, and (c) Rs(Qi(Ri(Qm(Rm(CiRi))))) model.
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frequencies, the modulus of impedance at low frequencies gradually
decreased, which is indicative of the change of capacitive behavior of
the oxide layer. For TMA alloy in this fluoridated acidified solution, the
phase angle shifted at both intermediates frequencies and low
frequencies, the modulus of impedance at low frequencies dropped
even more, the linear slope the spectra was not −1, that meant the
Table 1
Electrochemical impedance parameters obtained by model Rs(QoRo)(QiRi) of the equivalen

Rs (Ωcm2) Ri (Ωcm2) Qi (Ω−1sncm−2)

Ti–Nb alloy MASa 63.9± 2.10E+05± 2.86E-07±
8.96 1.59E+05 7.76E-08

AASb 65.9± 1.57E+05± 2.90E-07±
5.07 4.13E+04 4.94E-08

FASc 30.6± 1.77E+04± 4.17E-07±
3.34 4.45E+03 1.23E-07

TMA alloy MASa 60.1± 2.53E5± 2.69E-07±
0.22 4.98E+04 6.80E-08

AASb 67.35± 3.98E+05± 3.39E-07±
4.96 6.43E+03 5.47E-08

FASc 33.9± 2.40E+04± 3.93E-07±
3.27 5.95E+03 1.93E-07

a Modified artificial saliva (MAS).
b Acidified artificial saliva (AAS).
c Fluoridated artificial saliva (FAS).

Table 2
Electrochemical impedance parameters obtained by model Rs(QoRo)(QdiffRdiff)(CiRi) of the e

Rs (Ωcm2) Ri (Ωcm2) Ci (Fcm−2) Rm (Ωcm2) Qm (Ω−1

Ti–Nb FAASd 26.11± 9695.33± 5.66E-04± 1034.07± 4.04E-03
1.57 1564.9 2.02E-05 92.43 6.22E-05

d Fluoridated acidified artificial saliva (FAAS).
modification of the passive filmwas enhaced by the presence of F- ions
at a lower pH in this solution.

The impedance data were analyzed using the software ZSimpWin
3.21. Shukla et al. have proposed this R(QR)(QR) model as the
equivalent circuit model to fit the EIS data for CP Ti after immersion
time of 24 h in Hank's solution [28]. Wang et al. proposed model R
t circuits for the experimental alloys.

ni Ro (Ωcm2) Qo (Ω−1sncm−2) no χ2

0.835± 2.13E-04± 1.02E-04± 0.910± 3.94E-03±
0.012 1.06 E-04 2.40E-06 0.002 6.7 E-04
0.831± 6.01E-05± 1.37E-04± 0.899± 3.13E-03±
0.005 5.46E-06 9.89E-06 0.0003 1.0 E-04
0.848± 7.41E-05± 2.12E-04± 0.905± 2.0E-03±
0.013 8.43E-05 1.22E-04 0.005 1.0 E-04
0.844± 6.52E-03± 8.79E-05± 0.922± 2.57E-03±
0.02 9.01 E-03 2.20E-05 0.008 7.0 E-04
0.821± 4.70E-03± 7.57E-05± 0.905± 3.69E-03±
0.016 6.65 E-03 2.64E-05 0.026 5.9 E-04
0.847± 2.97E-05± 2.00E-04± 0.910± 2.01 E-03±
0.035 2.74E-05 4.03E-05 0.007 3.1 E-04

quivalent circuits for Ti–Nb alloys.

sncm−2) nm Ro (Ωcm2) Qo (Ω−1sncm−2) no χ2

± 0.533± 1.161± 1.70E-08± 0.983± 4.88 E-03±
0.002 ±0.976 6.98E-09 0.029 7.0 E-04

image of Fig.�5


Table 3
Electrochemical impedance parameters obtained by model Rs(Qo(Ro(Qm(Rm(CiRi))))) of the equivalent circuits for TMA alloys.

Rs (Ωcm2) Ri (Ωcm2) Ci (Fcm−2) Rdiff (Ωcm2) Qdiff (Ω−1sncm−2) ndiff Ro (Ωcm2) Qo (Ω−1sncm−2) no χ2

TMA FAASd 27.75± 333.8± 0.005± 2753.75± 1.05E-07± 0.8412± 0.0049± 2.64E-03± 0.808± 2.98 E-03±
0.19 102.6 0.0005 1462.5 4.39E-08 0.035 0.006 3.43E-04 0.0248 1.34 E-04

d Fluoridated acidified artificial saliva (FAAS).

Fig. 6. Polarization curves of Ti–Nb alloy and TMA alloy in different solutions: (a) acidified saliva; (b) fluoridated saliva; (c) fluoridated acidified saliva; (d) Ti–Nb alloy in the changed
artificial saliva; and (e) TMA alloy in the changed artificial saliva.
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(QR)(QR)(CR) for alkaline treated Ti6Al4V immersed in the SBF
solution at 36.5 °C at regular intervals, the three layers were apatite
layer, hydrogel layer and inner layer [29]. Zhang et al. proposed R(Q(R
(Q(R(CR))))) as the equivalent circuit model for the alloys which
corrosion products accumulated at the interface of the metal
containing a diffusion combination [30]. In this experiment, Double-
layer equivalent circuit model Rs(QoRo)(QiRi) were used to fit the EIS
data for the two experimental alloys in MAS (F- free, pH=5.0), AAS
(F- free, pH=4.0) and FAS (0.2% NaF, pH=5.0), the subscript “i”
refers to inner compact layer, “o” refers to outer porous layer. Rs

(QoRo)(QmRm)(CiRi) model was used to fit Ti–Nb alloy in FAAS (0.2%
NaF, pH=4.0), and model Rs(Qo(Ro(Qdiff(Rdiff(CiRi))))) fit for TMA
alloy in FAAS (0.2% NaF, pH=4.0), the subscript “i” refers to inner
layer, “m” refers to intermediate layer, “diff” refers to the intermediate
diffusion combination layer and “o” refers to outer porous layer. For
the Rs(QoRo)(QmRm)(CiRi) model, the passive surface of Ti–Nb alloy is
supposed to be composed of three layers: an inner compact layer, a
middle porous layer and an outer compact layer. For the Rs(Qo(Ro(Qdiff

(Rdiff(CiRi))))) model, boundaries among the passive layers were not
that clear, which could be attributed to the diffusion of corrosion
products [30–32]. In all the models, the element Q is a constant phase
element (CPE) that is defined by QCPE=[C(jω)n]−1, where C is the
capacitance of an ideal capacitor for n=1; j is the current; ω is the
frequency; n is the exponent of the constant phase element, 0bnb1
represents the deviation from an ideal capacitor. Ci, and Ri represent
the capacitance and resistance of the inner oxide layer; Qm and Rm

represent the capacitance and resistance of the middle oxide layer;
Qdiff and Rdiff represent the capacitance and resistance of the
intermediate diffusion combination layer; Qo and Ro represent the
capacitance and resistance of the outer oxide layer; Rs represent the
solution resistance of the test electrolyte.

For the double-layer circumstance, comparing the capacitances
(Qi and Qo) and polarization resistances (Ri and Ro) for TiNb and
TMA alloy samples, it can be evidenced that corrosion protection is
predominantly induced by the inner barrier layer, as recently
reported by Assis et al. [33], Martins et al. [10] and Osorio et al. [7]
for Ti alloys. On the other hand, it could also be concluded that
capacitances correspond to inner layer are considerable lower (of
about two decades) than outer layer. It is well-known that decreased
capacitance with increased polarization resistance predicts to
improvement on the electrochemical behavior. We can see in
Table 1 that both TiNb and TMA alloy samples are susceptible to
corrosion in fluoride-containing solution, while the acidic environ-
ment has less effect on the corrosion behavior of these alloys. For the
three layers circumstance, it could be concluded that corrosion
protection of TiNb alloy in FAAS is predominantly induced by the
inner barrier layer, and the corrosion protection of TMA alloy in
FAAS is mainly depended on the middle diffusion layer.

Good agreement between experimental data and simulated data
were obtained, thefitting resultswere shown in Fig. 4d and e. Thefitting
quality was evaluated by chi-squared (χ2) values of about 10−3, as
shown in Tables 1–3. When specimens were ultrasonic washed by
Table 4
Parameters of the potentiodynamic polarization for the experimental alloys.

Ecorr (mV) icorr (10−8A/cm2)

TiNb alloy MASa −614±25 8.50±0.618
AASb −560±18 18.1±0.997
FASc −672±10 59.7±16.3
FAASd −935±16 36700±9580

TiMo alloy MASa −520±98 8.31±0.64
AASb −570±9.0 6.90±1.33
FASc −591±23 55.0±6.64
FAASd −810±37 32200±3596
distilled water after electrochemical tests, the newly formed oxide layer
of Ti–Nb alloy was much easier to be washed away than that of TMA in
FAAS (0.2% NaF, pH=4.0) solution. This phenomenon was in accord
with the interpretation of the equivalent circuit.
3.4. Potentiodynamic polarization behavior

The potentiodynamic polarization results of Ti–Nb and TMA alloys
in these series solutions were shown in Fig. 6. Polarization
parameters, including corrosion potential (Ecorr), corrosion current
density (icorr), passive potential (Epp), and passive current density
(ipp) were obtained using standard techniques from the potentiody-
namic polarization plots, as listed in Table 4. In the fluoride-free
artificial saliva solution, as shown in Fig. 6a, both Ti–Nb and TMA
alloys showed typical passive behavior, with the icorr maintained at
(8.31−8.50)×10 −8 A/cm2, the curve of the alloys almost coincided
in MAS (F- free, pH=5.0) and AAS (F- free, pH=4.0) respectively,
suggesting similar corrosion behaviors, and also proofed that lactic
acid had not affected the corrosion resistance by itself. In the solution
containing 0.2% sodium fluoride, (Fig. 6b), the Ecorr of both Ti–Nb and
TMA samples decreased and the ipp increased, which suggesting a
reduction of corrosion resistance. The passive current of Ti–Nb alloy
located beneath TMA, which demonstrated fluoride ion had played an
important role in corrosion resistance, and TMA alloy was easier to be
attacked. While in the fluoridated acidified artificial saliva FAAS (0.2%
NaF, pH=4.0), as shown in Fig. 6c, the shape of curves were quite
different from that in MAS (F- free, pH=5.0), potentials displaced
towards the negative direction (more than 0.2 volt, form−600 mV to
−800 mV) and passive current positioned at a very high place (about
two decades, from 10−5 to 10−3 Ω·cm2), Ti–Nb alloy located beneath
TMA alloy again, which suggested the former had a better corrosion
resistance than the latter.

Schiff et al. reported Ti–Nb orthodontic wire in commercial
mouthwash Meidol (15 ppm amine fluoride Olafluor and 125 ppm
tin fluoride, pH=4.2) had a better corrosion resistance than that of
TMA wire [23]. According to Nakagawa et al, the passive film of
titanium would be destroyed in 0.1% sodium fluoride adjusted to pH
4.2 with phosphoric acid [18]. Huang et al. have observed that when
the sodium fluoride concentration was higher than 0.1% at pH 5.0, the
protective TiO2 passive film formed on Ti–6Al–4 V alloy was
destroyed by fluoride ions [32]. As shown in Table 4, the ipp of Ti–
Nb and TMA alloy in fluoride-free saliva were about 10 μA/cm2, and in
FAS (0.2% NaF, pH=5.0), ipp of Ti–Nb alloy was a little lower than that
of TMA alloy, while in FAAS (0.2% NaF, pH=4.0), ipp of TiNb and TMA
alloys were 388±66.5 and 1700±86.0 μA/cm2, respectively. This
proved again that Ti–Nb alloy had a better corrosion resistance than
TMA alloy in fluoridated acidified saliva. Fig. 6d gave a comparison of
Ti–Nb alloy samples in the series solutions, and Fig. 6e showed the
comparison of TMA alloy samples. The two-way ANOVA revealed that
lactic acid alone had no influence on their corrosion behavior
(PN0.05), and fluoride ion affected significantly (Pb0.05), while put
Rp (kΩcm2) Epp (V) ipp (μA/cm2)

336±6.29 −0.057±0.001 9.90±0.82
323±20.6 −0.118±0.011 8.46±0.26
45.6±3.01 −0.425±0.013 18.0±1.06

0.328±0.06 −0.764±0.029 388±66.5
401±15.5 −0.036±0.016 9.53±0.16
382±78.4 −0.093±0.004 6.82±0.42
45.0±9.77 −0.153±0.086 44.1±5.25

0.646±0.05 −0.65±0.035 1700±86.0



Fig. 7. SEM images of the corroded surfaces of Ti–Nb alloy (a–e) and TMA alloy (f–j) in the various saliva solutions.
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Fig. 8. XPS spectra for (a) Ti–Nb alloy and (b) TMA alloy, and O1s spectra (c) Ti–Nb alloy and (d) TMA alloy, before and after corrosion tests in different saliva solutions.
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the two factors together, lactic acid and fluoride ion had a synergistic
effect on their corrosion resistance (Pb0.05).

These findings suggested the passive film had an important effect on
corrosion protection of Ti–Nb and TMA alloys. TMA alloy samples were
more susceptibility to corrosion in thefluoride-containing solutions. This
may be associated with the microstructure of the alloys. From the
electrochemical point of view,Mo is slightly nobler than Nb and both are
anodic (less noble)when comparedwith Ti, as reported in galvanic series
table from MIL-STD-889. From this, it could be expected that TMA alloy
should provide better corrosion resistance. However, in this study, due to
the hot-rolled treatment, acicular martensite was found to be dissem-
inated in thematrix, and this alpha-martensite phase can be depicted an
important drive forcing to decrease its electrochemical corrosion
behavior.

3.5. Surface analysis

The typical SEM images of Ti–NbandTMAalloy samples surfaces after
potentiodynamic polarizationmeasurementswere presented in Fig. 7. In
comparison with their un-polarized samples, Ti–Nb alloy did not show
obvious changes on its surface morphology after polarized in MAS (F-

free, pH=5.0) and in AAS (F- free, pH=4.0),whereas the surface scratch
of Ti–Nb alloy was somehow dissolved in FAS (0.2%NaF, pH=5.0), and
dissolution becamemore severe in FAAS (0.2%NaF, pH=4.0). Under the
identical testing solution, TMA alloy corroded more badly comparing
with Ti–Nb alloy, especially in fluoride-containing solutions.
In the previous studies, Watanabe et al. have reported the SEM
photographs of TMAwire surfaces after immersion in Nupro APF (2.59%
sodium fluoride; pH=3.9, Dentsply International, York, Pa), showing
serious corrosion [22]. Lee et al. analyzed the surface chemical
composition of the tested samples, TiO2 and small amount of MoO3/
ZrO2/SnO were identified on top of TMA wire, whereas TiO2 and Nb2O5

were found on the surface of Ti–Nb wire. After immersion in 0.5%
sodium fluoride solution, Ti–F complex compounds could be detected
on these twowire surfaces [24]. In ourwork, specimenswere cleaned by
ultrasonic waves before SEM and XPS analysis. Fig. 7 showed TMA alloy
corrodedmoreheavily thanTi–Nballoy influoride-containing solutions.

Fig. 8 shows the XPS survey spectrum and O1s spectrum
evolutions of each tested specimens after the series electrochemical
measurements with the original samples as controls. Fig. 8(a) and (b)
revealed that themain composition of the surface layer for Ti–Nb alloy
before and after tests in all solutions were TiO2 and Nb2O5, the surface
composition of TMA alloy after polarized in MAS (F- free, pH=5.0)
and AAS (F- free, pH=4.0) is mainly constituted by TiO2. TiO2 and
small amount of MoO3/ZrO2/SnO consisted the oxides surfaces for
TMA alloy in FAS (0.2%NaF, pH=5.0) and FAAS (0.2%NaF, pH=4.0).
As shown in Fig. 8(c) and (d), the chemical bonds were determined:
oxygen was present at the surface of TiNb control sample as TiO2

(at the binding energy Eb=529.70 eV), oxygen in MAS, AAS, FAS
and FAAS were 531.70 eV, 532.00 eV, 532.00 eV and 532.10 eV,
respectively. The binding energy of oxygen of TMA samples in the
series solutions were 531.70 eV, 532.00 eV, 532.00 eV and 531.60 eV,

image of Fig.�8
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the TMA control sample was also 529.70 eV. This also explains the
difference between the two experimental alloys in the FAAS solution,
as little changes of the complicated passive film can lead to peak shifts.
Ols peak shifted to higher binding energy, indicating the oxidation
effect of the sample surface during anode polarization and higher
content of Nb2O5 for Ti–Nb alloy was formed in the oxide film and
higher amount of MoO3 was formed for TMA alloy, meanwhile, it
could also be related to the formation of OH- on the samples surfaces
after electrochemical measurements. Fluoride ions were only
detected on the ultrasonic cleaned surfaces of TMA alloy after
electrochemical tests in fluoride-containing solutions. It could be
noticed from the XPS spectra that, in the MAS (F- free, pH=5.0), AAS
(F- free, pH=4.0) and FAS (0.2%NaF, pH=5.0), the amount of MoO3/
ZrO2/SnO increased gradually for TMA alloy surfaces, indicating a
gradual dissolution of TiO2, while the surface film was mainly
composed by TiO2 and fluoride complex compounds for the samples
tested in the FAAS (0.2%NaF, pH=4.0). The TiO2 film was believed to
be newly formed spontaneously when removing the samples after
electrochemical testing and exposing to the open air. The ratio of Ti to
Nb decreased from 5.47 to 1.75 in the series solutions MAS (F- free,
pH=5.0), AAS (F- free, pH=4.0) and FAS (0.2%NaF, pH=5.0) for
Ti–Nb alloy, also indicating a gradual dissolution of TiO2, while in
FAAS (0.2%NaF, pH=4.0), the ratio came back to 4.74, with no
fluoride compounds being found. These results suggested that on the
one hand Nb2O5 and MoO3/ZrO2/SnO have an effect on preventing Ti
alloy from being attacked by fluoride ions, on the other hand the oxide
layer formed on the surface of Ti–Nb alloy in FAAS (0.2%NaF, pH=4.0)
is not very compact. The SEM and XPS analysis were in accordance
with the open circuit potential measurements, electrochemical
impedance spectroscopy studies and polarization tests.

4. Conclusions

In the present study, the electrochemical behavior of TiNb and
TMA alloy samples were similar in modified artificial saliva and
acidified artificial saliva, while TiNb samples displayed a superior
corrosion resistance than TMA samples in fluoride-containing
artificial saliva. The EIS measurements indicated the presence of a
double-layer of the two alloys after immersion in MAS (F- free,
pH=5.0), AAS (F- free, pH=4.0) and FAS (0.2%NaF, pH=5.0), and
complicated three passive layers formed in the FAAS (0.2%NaF,
pH=4.0) solutions. The SEM and XPS analysis were in accordance
with the electrochemical measurements. The remained acicular
martensitic α'' phase in TMA alloys samples played an important
role in its susceptibility to corrosion. Dentist may consider choosing
the more anticorrosion Ti–Nb β alloy when fluoride is necessarily
needed during dental procedures.
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