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The corrosion behavior of Ti-6Al-4V alloys after 5 d immersion in artificial saliva solutions with and 

withou fluorine ion were studied by electrochemical methods. In addition, the morphologies of 

materials were observed by scanning electron microscopy. The results showed that the presence of 

fluorine ion posed a serious threat for Ti-6Al-4V alloy in artificial saliva. Obvious increase in OCP 

was observed in solutions with fluorine ion compared with that without fluorine ion. The presence of 

fluorine ion was also associated with decreases in Rct and increase in icorr values, indicating the 

corrosion rate was clearly accelerated in the presence of fluorine ion. And it is clear that the corrosion 

increased with increasing the concentration of fluorine ion. Scanning electron microscopy indicated 

that pitting occurred on the surface of Ti-6Al-4V alloy after immersion in artificial saliva containing 

fluorine ion. The Ti-F complex was suggested as the viable pitting corrosion mechanism. 
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1. INTRODUCTION 

Metallic materials are being increasingly used in medical applications as implants to restore 

lost functions or replace organs functioning below acceptable levels. Titanium alloys (such as Ti-6Al-

4V alloy) are among the most used metallic biomaterials, particularly for orthopedic applications [1-4]. 

However, titanium and its alloys are often damaged in some complicated environments, such as oral 

environments[2-4]. The release of titanium can lead to undesirable effects ranging from discoloration 

of tissues to severe inflammatory reaction, Al and V release in the organism was also shown to induce 

cytotoxic effects and neurological disorders [2]. Several researches have described patients who did 

not fit dentures made by titanium metal [3,4] or patients allergic to titanium ion [5,6], which cause a 
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severe problem to resolve. Oral cavity is a complicated environment; various factors may affect the 

application of materials in oral cavity (e.g., the concentration of fluoride, pH, concentration of 

dissolved oxygen, and temperature). Fluorine ion has been considered as one of the most important 

factors in oral cavity [7,8]. Fluorine ion can strengthen tooth enamel structure and resistance to acid of 

teeth, fluoride therapy has been recognized as one of the principal methods in preventing dental caries 

[9]. It not only brings convenience to people's life but also triggers a series of problems with the 

toothpaste, gel and mouthwash containing fluoride, [10]. Thus, many studies about the effect of 

fluoride ion on the corrosion of titanium and its alloys were reported [11-13], but the results are 

different, some results showed that the presence of the fluorine ion accelerated the corrosion rate of 

metals, some results confirmed that certain type of titanium alloys was unaffected by fluoride. For 

example, Li et al. [11] studied the influence of fluoride and chloride on the corrosion behavior of NiTi 

orthodontic wires after 10 h immersion, they found there was a synergistic interaction of the fluoride 

and chloride on the corrosion of NiTi alloy, but no interpretation was attempted to explain the role of 

fluoride ion. Mabilleau et al. [12] studied the corrosion of CP-Ti immersed in artificial saliva with F
-
, 

H2O2 and lactic acid was studied, their results indicated that the solution containing F
−
, H2O2 and lactic 

acid can increase the surface roughness obviously. Takemoto et al. [13] studied the corrosion 

mechanism of Ti-Cr alloys in solutions containing fluoride; they pointed out that the formation of a 

chromium oxide-rich surface film improved corrosion resistance to fluoride in Ti-Cr alloys. As a result, 

it is clear that the effect of fluoride ions on the corrosion of different titanium and its alloys is different. 

As one of the main metallic biomaterials, Ti-6Al-4V alloy is widely used in dental implantology fields 

due to its good corrosion resistance, suitable mechanical properties and good biocompatibility [14]. 

However, the role of fluoride ions on the corrosion of Ti-6Al-4V alloy has not been extensively 

reported up to now, and the mechanism of Ti-6Al-4V alloy in the presence of fluorine ions also is 

unclear. The corrosion of Ti-6Al-4V alloy begins with the alteration of passivation oxide film and lead 

to the leaching of V and Al. Leaching of V and Al from this alloy may cause long-term health 

problems, such as, peripheral, neuropathy, osteomalacia and alzheimer diseases [2,15,16]. So making 

the corrosion mechanism of Ti-6Al-4V alloy clear is very important. 

For the sake of  providing an in-depth understanding of the corrosion behavior of Ti-6Al-4V 

alloy, and to provide efficient guidance for clinical applications of Ti-6Al-4V alloy, it is of 

significance to find out the mechanism of Ti-6Al-4V alloy corrosion in saliva containing fluorine ion. 

In order to achieve this objective, electrochemical measurements were performed in a series of defined 

solutions. The corresponding corrosion morphologies were also observed using scanning electron 

microscopy (SEM). And a possible mechanism also was suggested to explain the results. 

 

 

2. EXPERIMENTAL 

2.1 Preparation of the Specimens 

The experiments were carried out with Ti-6Al-4V alloys with the following chemical 

composition (Wt %): Fe ≤ 0.30, C ≤ 0.10, N ≤ 0.05, H ≤ 0.015, O ≤ 0.20, Al: 5.5～6.8, V: 3.5～4.5, Ti 
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remainder. The specimens were embedded in epoxy resin disks with an exposed area of (10mm×10 

mm). Then they were abraded with emery papers from 100＃ to 2000＃, and rinsed by distilled water, 

degreased with CH3COCH3, then dried with a warm air stream, sterilized with 2% glutaraldehyde 

solution and rinsed with sterile distilled water. 

 

2.2 Preparation of the solutions 

All the experiments were carried out in artificial saliva containing Na2HPO4: 0.26 g/l, NaCl: 

6.7 g/l, KSCN: 0.33 g/l, KH2PO4: 0.2 g/l, NaHCO3: 1.5 g/l, KCl: 1.2 g/l, carbamide: 1.5 g/l. The pH of 

the medium was adjusted to 6.7 using 0.1 M hydrochloric acid (HCl) solution and sterilized by 

autoclaving at 121 ºC for 20 min and at 100 kPa. Different concentrations of fluorine ion were added 

into the artificial saliva to produce a series of test solutions. And the concentration of fluorine ion in 

this study was 0, 500, 1000 and 2000 ppm, respectively. 

 

2.3 Electrochemical procedures 

A potentiostat of PARSTAT 2263 electrochemical tester was used to test the electrochemical 

behavior of Ti-6Al-4V alloy. In the experiment, the Ti-6Al-4V alloys were used as working electrodes, 

the auxiliary electrode was Pt electrode, and the reference electrode was a saturated calomel electrode 

(SCE). The tests were carried out in artificial saliva containing different concentrations of fluorine ion 

at 37 °C.  The OCP measurements were performed before polarization and EIS, polarization curves 

were performed from a potential of −250 mV up to a potential of +2000 mV with respect to the 

corrosion potential (Ecorr vs. SCE) at a scan rate of 1 mV/s, EIS measurements were conducted at the 

end of open circuit potential (OCP) measurements to ensure it was in steady state and carried out in a 

frequency range of 0.1-10
5
 Hz using a 10 mV peak-to-peak potential perturbation. The EIS tests were 

carried out in triplicate to ensure reproducibility. 

 

2.4 Surface analysis by SEM (scanning electron microscopy) 

After immersion in artificial saliva with and without 1000 ppm fluorine ion for 5 d, the samples 

were taken out and carefully washed with distilled water and fixed by 2.5% glutaraldehyde for 15 min. 

And then the corrosion surfaces were characterized by FEI Quanta 200 scanning electron microscopy.  

 

 

3. RESULTS AND DISCUSSION 

3.1Electrochemical experiments results 

3.1.1 The results of OCP 

Figure 1 presented the OCP results of Ti-6Al-4V alloys in artificial saliva with or without NaF 

after 5 d immersion. It is clear that the OCP in all cases decreased significantly in the initial and then 
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tended to reach a relatively steady state after 200 s. Furthermore, figure 1 also clearly shows that the 

value of OCP in the presence of NaF was higher than that in the absence of NaF, indicating that the 

OCP of Ti-6Al-4V alloys in artificial saliva with NaF moves to positive region compared with that 

without NaF. In addition, the value of OCP firstly increased with increasing fluoride content up to 

1000 ppm, and then reduced in solution with fluoride level higher than 1000 ppm. 

 

 
 

Figure 1. Open-circuit potential of Ti-6Al-4V alloys after 5 d immersion in artificial saliva without 

and with fluorine ion. 

 

3.1.2 Potentiodynamic Polarization Curves  

To elucidate the effect of F
-
 in the corrosion of Ti-6Al-4V alloy more clearly, potentiodynamic 

polarization was measured after 5 d immersion in artificial saliva with and without NaF, and the 

polarization curves were showed in Figure 2. 

As can be seen from this figure, the anodic and cathodic branches were obviously shifted to 

higher current density region while the corrosion potential obviously shifted to more positive direction 

in the presence of NaF, showing that the presence of NaF clearly accelerated the corrosion of Ti-6Al-

4V alloy. And with increase of the concentration of NaF from 500 to 2000 ppm, the anodic branch 

moved to higher current density region though it shifted to opposite direction in the weak polarization 

regions, the interaction of changes in the anodic and cathodic branches resulted in a slight increase of 

corrosion current density. Furthermore, Figure 2 also indicates that weak passivity occurred in the 

absence of NaF while active corrosion behavior was exhibited in the presence of NaF, which 

confirmed the passive film formed on Ti-6Al-4V alloy could be broken down by fluorine ions. 
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Figure 2 Polarization curves of Ti-6Al-4V alloy immersed in artificial saliva with and without fluorine 

ion for 5 d. 

 

Polarization parameters including Ecorr, icorr, βa, βc were fitted and listed in Table 1. Here,  Ecorr 

is the corrosion potential, βc is cathodic Tafel slopes, βa is anodic Tafel slopes, icorr is corrosion current 

density. 

 

Table 1. Parameters of polarization curves of Ti-6Al-4V alloys immersed in solutions without and 

with NaF for 5 d. 

 

 

CNaF 

(ppm) 

 

Ecorr 

(mV) 

Icorr 

(μA/cm
2
) 

βa 

(mV/deg) 

βc 

(mV/deg) 

0 -861.03 0.63 1059.18 102.04 

500 
-345.33 5.01 420.35 238.29 

1000 
-913.86 6.31 666.11 151.39 

2000 
-236.80 6.62 671.20 230.04 

 

Apparently, the icorr in the presence of NaF was significantly higher than that in the absence of 

NaF, but with increase of the concentration of NaF from 500 to 2000 ppm, the icorr increased slightly 

from 5.01 to 6.62 µA/cm
2
, which indicates that the corrosion rate was accelerated in the presence of 

NaF though it increased slowly with increasing the concentration of NaF from 500 to 2000 ppm. 
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3.1.3 Electrochemical Impedance Spectroscopy (EIS) Studies 

 
Figure 3. Nyquist plots of Ti-6Al-4V alloy immersed in artificial saliva without and with fluorine ion 

for 5 d.  

 

 
Figure 4. Bode modulus diagrams of Ti-6Al-4V alloy immersed in artificial saliva without and with 

fluorine ion for 5 d. 

 

EIS of Ti-6Al-4V alloy immersed in artificial saliva containing different concentrations of NaF 

for 5 d was carried out, the Nyquist plots, Bode modulus diagrams and Bode phase angle diagrams 

were respectively recorded in figure 3-5. Figure 3 clearly showed that, the appearances in the presence 

of different concentrations of NaF are similar to that in the absence of NaF in general, that is, all of 

Nyquist plots are a part of the imperfect semicircles, and this is attributed to the frequency dispersion 

[4,17]. The fact that impedance diagrams have an appearance of a part of the imperfect semicircles 
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shows that the corrosion of Ti-6Al-4V is mainly controlled by a charge transfer process, and the 

presence of NaF does not change the mechanism of dissolution [4,18]. 

 

 
 

Figure 5. Bode phase angle diagrams of Ti-6Al-4V alloy immersed in artificial saliva without and 

with fluorine ion for 5 d.  

 

In the artificial saliva medium with and without NaF, the impedance in the diagrams is more 

than 10 kΩ cm
2
, which suggests the existence of a passive film, while the values of impedance become 

smaller with increasing the concentration of NaF, which suggests the film becomes more non-

protective in the presence of NaF [4,19]. The similar phenomenon could be observed in Figures 4, 

Bode modulus diagrams were split with two slopes in the linear range, suggesting the interaction of at 

least two time constants. From Bode phase angle diagrams obtained for Ti-6Al-4V alloy electrodes 

(Figures 5), obviously, a highly capacitive behavior is indicated from medium to low frequencies by 

phase angle approaching 80
º
 in the absence of NaF, implying that a high stable film is formed on the 

surface of Ti-6Al-4V alloy in artificial saliva without NaF [1,4], but with the presence of NaF, the 

phase angles at low frequencies clearly decreased with increasing the concentration of NaF, and 

presented a large phase angle peaks, indicating that the passivation of Ti-6Al-4V alloy has been 

destroyed by NaF. This is in accordance with the results obtained from polarization results. In fact, the 

large phase angles peak could be indicative of the interaction of at least two-time constants. Mansfeld 

et al. [19] and Tian et al. [19] suggested two-time constants relate to a two-layer structure developed 

during the corrosion. According to literatures [1,4] the film on titanium alloys was consisted of a bi-

layered oxide consisting of a porous outer layer and a barrier inner layer.  
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Figure 6. Equivalent circuits used for fitting the impedance spectra based on a double-layer model of 

surface film. 

 

Therefore, a two-time constant equivalent circuit (Figure 6) was used to fit the experimental 

data. In the equivalent circuit, Rs is the solution resistance, Rt is the resistance of the barrier layer, and 

Rp is the resistance of porous layer. The double-layer capacitance at the film-solution interface (porous 

layer) and the capacitance of the film (barrier layer) were replaced by Q1 and Q2, respectively. The 

constant phase element (CPE) is usually used instead of a capacitance to account for the non-ideal 

capacitance response, due to the almost complete absence of pure capacitance in the real 

electrochemical process. A mathematical expression: n (0 ≤ n ≤ 1) is used to describe the roughness of 

materials. If n = 0, the impedance is entirely resistance, while it is capacitance if n = 1. Besides, 0 < n 

< 1 represents one of the various causes for deviation from the ideal capacitance, which is related to 

the surface roughness, adsorption film, porous layer formation, and so on [4,20,21,22]. As is well 

known to us, the surface roughness is of considerable significance in creating pits, which further 

facilitate pitting corrosion [4,23]. The EIS parameters were fitted and listed in Table 2. It is clear that, 

the Rt was very large, which suggests the existence of a passive film, but with the presence of NaF, Rt 

decreased quickly, suggesting that the protectiveness of TiO2 formed on the surface of Ti-6Al-4V alloy 

was damaged by fluoride ions. In addition, the Rp showed similar variation trends, which suggests that 

the dissolution of Ti-6Al-4V alloy was accelerated by NaF. The values of n1 decreased from 0.92 to 

0.80 and the n2 decreased from 0.77 to 0.64 with increasing the concentration of NaF, which further 

shows that the viewpoint that the inhomogeneity of surface was increased due to the pitting of Ti-6Al-

4V alloy. 

 

3.2 Surface topography analysis with SEM 

SEM was used to characterize the corrosion surface of Ti-6Al-4V alloy after immersion in 

solution. Figure 7 gave the surface morphologies of Ti-6Al-4V alloy immersed in artificial saliva 

without (A) and with 1000 ppm fluorine ion (B) respectively. 
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Figure 7. Surface morphologies of Ti-6Al-4V alloys immersed in solutions without (A) and with 1000 

ppm NaF and (C) magnified view of (B).  

 

As can be seen from this figure, abrading scratches still were observed. In addition, more 

uneven phenomenon and pitting were clearly observed in the presence of 1000 ppm NaF compared to 

in the absence of NaF. Magnified view of the surface in the presence of 1000 ppm NaF, obvious 

pitting was distinctly observed. That is, the formation of pitting was affected by fluorine ion 

significantly. As a consequence, at the microscopic level, the effect of fluorine ion on generating 

pitting could not be ignored. This result was also confirmed by Schiff et al. [6]. Schiff et al. reported 

the effects of F
-
 on titanium and its alloys, they believed that the F

-
 could damage the passive film of it 

and lead to the pitting corrosion.  
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3.3 Discussion 

Ti-6Al-4V alloy is widely used in dental implantology fields due to its good corrosion 

resistance, suitable mechanical properties and good biocompatibility. The biocompatibility and 

corrosion resistance may be due to the thin oxide layer, mainly TiO2 formed on the surface of Ti-6Al-

4V alloy [24]. The presence of fluoride ions could cause the breakdown of the protective passivation 

layer that normally exists on the titanium and its alloys, leading to pitting corrosion. In our study, 

obviously pitting was observed by SEM. That is, fluoride ions can lead to the pitting corrosion of Ti-

6Al-4V alloy after 5 d immersion. The corrosion mechanism of Ti-6Al-4V alloy in the presence of 

NaF based on our experimental results could be attributed to the following reasons: 

 The good corrosion resistance of Ti-6Al-4V alloy is the result of the presence of a protective 

and self-adherent oxide film of a thickness of 2–6 nm formed on the titanium and its alloys’ surface, 

which is mainly composed of titanium dioxide (TiO2) [4,25,26], however a weaker dissolving capacity 

of TiO2 in aqueous solution still exists, which can be attributed to the following dissolution 

equilibrium [4, 27]:  

TiO2 ↔ TiO
2+

 + O
2-

 

TiO
2+

 is unstable and easy to hydrolyze in artificial saliva solution, and react with Cl
- 
:  

TiO
2+

 + Cl
-
 +2H2O ↔ Ti(OH)3Cl + H

+
 

The produce of H
+ 

will decrease the pH, which has been confirmed by Qu et al. [4], As a result, 

the corrosion of titanium will lead to the decreasing of  pH.  

 

 

Table 2. EIS parameters of Ti-6Al-4V Alloy immersed in Artificial Saliva without and with NaF for 5 

d. 

 

NaF 

(ppm)  

Rs 

(·cm
2

) 

Q1 

(10
-5

Ω
-1

·cm
-2

 

S
n1

) 

n1 

 

Rp 

(·cm
2
) 

Q2 

(10
-5

Ω
-1

·cm
-2

 

S
n2

) 

n2 Rt 

(10
5
 

·cm
2
) 

        

0 42.2 4.24 0.92 387.6 3.43 0.77 5.55 

500 43.1 6.29 0.88 342.9 
2.31 0. 

71 

3.61 

1000 47.4 1.68 0.82 256.8 2.87 0.68 2.43 

2000 43.7 2.28 0.80 163.6 2.58 0.64 1.47 

 

When NaF is added to the solution, fluoride ion becomes hydrofluoric acid partially depending 

on pH of the solution. The hydrofluoric acid further attacks the passive films on titanium surface.  

TiO2＋2HF＝TiOF2＋H2O; 

TiO2＋4HF＝TiF4＋2H2O; 

Ti2O3＋6HF＝2TiF3＋3H2O; 

TiO2＋4HF＋2NaF＝Na2TiF6＋2H2O; 

Huang et al. [28] has identified the formation of Na2TiF6 on the surface of Ti-6Al-4V alloy 

immersed in acidic artificial saliva (pH: 5) containing 0.1 wt.% of NaF by XPS. Frateur et al [29] and 
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Rosalbino [30] suggested that the presence of fluorides and low pH caused formation of HF and [HF2]
- 

species that were able to dissolve the passive films on Ti alloys forming titanium fluoride or 

oxifluoride complexes: 

HF + F
-
↔ [HF2]

-
 

TiO2＋6HF＝TiHF6
-＋2H2O + H

+
 

TiO2＋3[HF2]
-
 +2H

+＝TiHF6
-＋2H2O 

Thus, in artificial saliva in the presence of NaF, complexes compounds such as TiF3, TiF4, 

TiOF2 and Na2TiF6 etc. were formed on the surface of Ti-6Al-4V, which destabilize the passivation 

film. Therefore, F
-
 can damage the passive film of Ti-6Al-4V and lead to the pitting corrosion. 

 

 

4. CONCLUSIONS 

Obvious increase in OCP was observed with fluorine ion compared with that without fluorine 

ion. The value of OCP firstly increased with increasing fluorine content up to 1000 ppm, and then 

decreased in solution with fluorine level higher than 1000 ppm. The presence of fluorine ion was also 

associated with decreases in Rct and increase icorr values, indicating the corrosion rate was clearly 

accelerated in the presence of fluorine ion. And it is clear that the corrosion increased with increasing 

the concentration of fluorine ion. Scanning electron microscopy indicated that pitting occurred on the 

surface of Ti-6Al-4V alloy after immersion in artificial saliva containing fluorine ion. The presence of 

F
-
 caused the formation of Ti-F complexes and resulted in further dissolution of the passive film on. 
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