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Abstract

Titanium alloys used in medical applications (especially dentistry) are exposed to the actions of various compounds that
appear periodically in the mouth. Fluorine compounds are dangerous for the surface of titanium alloys, because they generate
a dissolution of the passive layer. In this way, they destroy the surface of dental implants and cause the absorption of metal ions
into the human body.

The presented work was aimed to describe the effect of fluoride ions on the corrosive behavior of the commercial Ti-6Al-4V
and new Ti-10Mo-4Zr alloys that can be used in stomatology. Electrochemical measurements such as open circuit potential
(OCP), linear sweet voltamperometry (LSV) and impedance spectroscopy (EIS) were performed to get information on the cor-
rosive behavior of titanium in artificial saliva solutions (MAS) with different concentrations of NaF. It has been revealed that
a high concentration of fluoride ions enhance the current density in the anodic domain, especially for the Ti-10Mo-4Zr alloy.
EIS measurements performed at a potential of 0.5 V vs. AgCl (3 M KCl) show that the Ti-10Mo-4Zr alloy has a typical two-layer
structure of its passive film. This passive film consists of the outer and inner layers, respectively. The resistance of the outer
layer is significantly lower than the resistance of the inner layer.
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1. INTRODUCTION

In recent years, research on titanium alloys in medical ap-
plications has become very popular. The research direction
is focused on the search for new titanium alloys and deter-
mining their physicochemical properties. In orthopedics
and dentistry, a very important aspect is the durability and
functionality of endoprostheses. Titanium alloys are used
for biomedical applications because they have suitable
mechanical properties (as endoprothesis), good biocom-
patibility with tissues, and very good resistance to local
corrosion. Currently, Ti-6Al-4V is a commonly used titani-
um alloy. Only after extended use of this titanium alloy did
we realize that aluminum and vanadium can have adverse
effects on the human body. Therefore, new titanium alloys
have non-toxic elements [1-3]. Research on the corrosion
resistance of the new titanium alloys is designed to isolate
those alloys that will have similar corrosion resistance as
do alloys with aluminum and vanadium. There are many
publications describing alloys with the additions of niobi-
um, tantalum, zirconium, and molybdenum under various
conditions [4-14].

The determination of the influence of an electrolyte
(which is a simulated physiological solution) is important
in the corrosion tests. In vivo tests, salt solutions are often
used: Ringer and Hank's solution, artificial saliva solutions,
and phosphorate buffered saline (PBS) with various organ-
ic and inorganic chemicals. Saliva solution composition is
variable throughout the day, which results from the vari-
ety of products consumed. There are also substances that
occur periodically; e.g., citric acid, calcium carbonate, and
others. The content of fluoride (which also acidifies the
environment) is characteristic for the composition of arti-
ficial saliva. Fluoride is located in the mouth because it is
a component of toothpaste and mouthwash. In the case of
people with titanium implants, this is dangerous [4, 15-18].
The too-long and frequent use of products containing
F~fluoride ions may dissolve the passive layer of alloys by
the presence of hydrofluoric acid and its derivative com-
pounds [19-24].

In this paper, the influence of fluoride ions on the cor-
rosive behavior of both titanium alloys (Ti-6Al-4V and
Ti-10Mo-4Zr) in a Mayer artificial saliva solution (MAS) is
presented.
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2. EXPERIMENTAL
2.1. Samples and solution

The Ti-6Al-4V commercial alloy and new biomedical
Ti-10Mo-4Zr titanium alloy (Goodfellow) were used in
this investigation. The titanium alloys were mechanical-
ly ground using abrasive papers (SiC) down to 4000 grit
and polished using diamond pastes (3 and 1 pm). Finally
the samples were polished using a 0.02 pm non-crystal-
lizing colloidal silica suspension. Between each step, the
specimens were ultrasonically cleaned in ethanol. In or-
der to reveal the microstructure, both Ti alloy specimens
were etched in a Koll’s solution (5 ml HNO,, 10 ml HF, 85 ml
H,0) for 5 seconds and rinsed in distilled water and then
in ethanol.

The electrochemical tests were performed in a Mayer
artificial saliva solution (MAS). The chemical composition
ofthe MAS is presented in Table 1. Experimental measure-
ments were performed by adding sodium fluoride in the
following different amounts to the MAS solution (Tab. 2).

Table 1
Chemical compound of Mayer artificial saliva solution (MAS) in
H,0; pH = 6.4

Chemical compound,
g/lsolution

NaCl KCl NaHCO, Na,HPO, KSCN Na<S-9H,0 Urea

0.7 1.2 1.5 0.26 0.3 0.005 1.0

Table 2
Artificial saliva solution (MAS) with added sodium fluoride

Indication of Content of NaF, .

R pH of solution
solution 8/1 1ution
MAS + 5 NaF 5.0 g (~0.5%) 6.2
MAS + 25 NaF 25.0 g (~2.5%) 7.4

2.2. Experimental methodology

Global electrochemical experiments were carried out at
37°C using a PGSTAT302 AUTOLAB potentiostat/galvanos-
tat with an FRA (frequency response analyzer) module. The
corrosion tests were performed in a classical electrochem-
ical cell where the following electrodes were placed: a plat-
inum grid was used as a counter electrode, the specimen of
the Ti alloy was a working electrode, and Ag/AgCl (a 3 M KCI
solution) was a reference electrode. All measurements were
made in MAS containing 5 and 25 g/I NaF, respectively.

The evolution of the open circuit potential (OCP) was
measured for 24 h in the MAS solution at 37°C. The poten-
tiodynamic polarization (LSV) curves were recorded for
both Ti alloys in the MAS solution within a potential range
of -1.0 to +2.5 V (vs. Ag/AgCl). The LSV curves were per-
formed at a potential scan rate of 1 mV/s. Electrochemical

impedance spectroscopy (EIS) diagrams were plotted with-
in a frequency range of 100 kHz to a few mHz (30 points)
using a 20 mV peak-to-peak sinusoidal potential difference.
The experiments were performed after 1800 s of immer-
sion at various applied potentials: in the anodic domain
(0.5 V vs. Ag/AgCl). The impedance spectra were fitted by
means of an equivalent circuit using the Z-view software
package.

3. RESULTS AND DISCUSSION
3.1. Microstructure of titanium alloys

Commercial titanium alloy Ti-6Al-4V is composed of two
metallic phases (the a- and f-phases). The average grain
size are around 5-10 pm in both phases. By contrast, the
second alloy (Ti-10Mo-4Zr) is composed of one  metal-
lic phase. The grain size are roughly ten times larger than
in the previous case - about 100 um (Fig. 1). A detailed
description of the chemical composition of the phases is
presented in [9].

Fig. 1. Microstructure of titanium alloy: a) Ti-6Al-4V; b) Ti-10Mo-4Zr.
Etching in Kroll’s solution (HF-HNO,-H,0)

3.2. Open-circuit potential

The electrochemical tests confirmed that a high concen-
tration of fluoride ions in a MAS promotes a significant
deterioration of the passive layer formed at the surface of
the Ti alloys.
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Figure 2 shows that the open-circuit potential measured
for both Ti alloys in a MAS is much lower in a solution con-
taining fluoride ions. Moreover, the OCP values decrease
when the concentration of NaF increases in an MAS. The
open-circuit potential measured for both Ti alloys quick-
ly attains a stable value in the MAS solution (Fig. 2). The
potential values obtained after about 80,000 s (22 h) are
around -7 mV for Ti-6Al-4V (Fig. 2a - dotted black line)
and about -37 mV for Ti-10Mo-4Zr vs. Ag/AgCl (Fig. 2b
- dotted black line), respectively. However, the value of
the OCP measured for both Ti alloys in the MAS with NaF
always obtained lower values than in an MAS. The poten-
tial values at the beginning of the measurement for the
Ti-6Al-4V alloy assume lower values (from =800 to -590 mV
vs. Ag/AgCl) as compared to the Ti-10Mo-4Zr alloy (from
-500 to -300 mV vs. Ag/AgCl) and slightly increase over
time. For the Ti-10Mo-4Zr alloy, the values of potential de-
crease, reaching a potential value of around -390 to -520 mV
vs. Ag/AgCl (which is similar for both NaF contents).
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Fig. 2. Open-circuit potential of (a) Ti-6Al-4V and (b) Ti-10Mo-4Zr
alloys in artificial saliva solution (MAS) and MAS with NaF

3.3. Linear sweep voltamperometry

In the next stage, linear sweep voltamperometry measure-
ments were performed for the Ti-6Al-4V and Ti-10Mo-4Zr
alloys in MAS and MAS-NaF solutions. The polarization
curves obtained for both Ti alloys are presented in (Fig. 3).
The current density in the anodic branch measured for both
Ti alloys is significantly higher in the MAS solution contain-
ing sodium fluoride. Significant increases of the current

density in the anodic branch is observed for the Ti-10Mo-4Zr
alloy in the MAS solution containing 25 g NaF (Fig. 3b).
Such a large difference in the current density registered in
the anodic branch was not observed for the Ti-6Al-4V alloy
in the MAS and MAS containing different concentrations of
NaF. The LSV curves revealed that the current density in the
anodic domain depends on the type of alloy and concentra-
tion of the fluoride ions. In Table 3, the current density values
measured for both Ti alloys at an anodic potential of 0.5 V
vs. Ag/AgCl are presented. Generally, the mono-phase
Ti-10Mo-4Zr alloy exhibits a more active behavior in the anod-
ic domain than the Ti-6Al-4V. Moreover, it can be noticed that
a higher concentration of NaF in the MAS solution affects
the value of the equilibrium potential for both Ti alloys.
A higher concentration of NaF in the MAS solution shifts the
equilibrium potential to a more negative potential (Fig. 3).
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Fig. 3. Linear sweep voltamperometry of (a) Ti-6Al-4V and
(b) Ti-10Mo-4Zr alloys in artificial saliva solution (MAS) and MAS
with NaF

Table 3

Anodic current density values measured for Ti-6Al-4V and
Ti-10Mo-4Zr alloys, respectively, at 0.5 V vs. Ag/AgCl in MAS and
MAS with NaF solutions

Current density,

Alloy mA/cm?
/Solution
MAS MAS + 5 gNaF MAS + 25 g NaF
Ti-6Al-4V 8.8-10° 85.5-10°3 202.3-10°3
Ti-10Mo-4Zr 8.0-1073 114.9-10°3 986.5-1073
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According to the literature data, the deterioration of the
corrosive properties in the case of titanium and its alloys
immersed in a solution of artificial saliva with the addition
of fluorides largely corresponds to the Ti-F complex formed
on the surface of the alloys in the form of compounds
Na,TiF,, TiOF,, TiF,, and TiF, [24, 25]. Despite the low sol-
ubility of NaF in water, a reaction occurs (Egs. (1) and (2)).
The rate of the reaction taking place is not known; however,
the resulting ions accelerate the dissolution of the passive
layer of the alloys. If the solution is acidic (in our work, the
MAS had a pH level of 6.4), the reaction mechanisms on the
surface of titanium alloys can look like those of a solution
of hydrofluoric acid HF [26]. The processes occurring on
the surface of the titanium alloys in the presence of F~ ions
are also present in the following reactions with hydroflu-
oric acid (Eqgs. (3)-(5)), which is mainly attributed to the
destruction of the surface [24, 27, 28]:

NaF + H,0 =Na'+ OH + HF (1)

2HF=H,F" + F~ (2)
TiO, + 2HF = TiOF, + H,0 (3)
TiO, + 4HF = TiF, + 2H,0 (4)
Ti,0, + 6HF = 2TiF, + 3H,0 (5)

Figure 4 presents the behavior of titanium in solutions
with the addition of NaF at various pH levels. When we
deal with a solution with a slightly acidic pH, the passive
layer is slowly dissolved (which is schematically indicated
in Figure 4a). This is explained by the low OCP values and
high anodic currents in the MAS solution with the addition
of NaF. When the solution has a neutral pH, the presence of
fluoride ions has no significant effect on the dissolution of
the passive layer [29].

a) b)

Solution of MAS (weak acid) Solution of MAS (neutral)

Passive layer Passive layer

Titanium

Titanium

Fig. 4. Scheme of influence of F~ ions on surface layer of titanium
and its alloys depending on pH level of solution: (a) solution with
slightly acidic pH MAS and (b) neutral solution of MAS [26]

The effect on the instability of the passive layer of titani-
um alloys in contact with F~ ions depends on the chemical
composition of the passive film. Fluoride is highly reactive
for titanium alloy with molybdenum [30]. The increasing
intensity of the dissolution of the Ti-10Mo-4Zr alloy at
a potential of > 0.5 V vs. Ag/AgCl (Fig. 3b) is determined
by the formation of fluoride compounds with molybdenum

on the surface. Primary molybdenum compounds MoF, and
MoO, oxidize to form MoOF,, which has much less resis-
tance to corrosion [31]. Continuous exposure to fluorine
reduces the protective properties of the passive layer, which
corresponds to the reduced stationary potential.

The Ti-6Al-4V alloy contains vanadium; its passive layer
is in the form of vanadium (III) oxide. In contact with hydro-
fluoric acid, it forms vanadium (III) fluoride according to
Reaction (6):

V,0,+ 6HF — 2VE + 3H,0 (6)

3.4. Electrochemical behavior in anodic domain

To confirm the obtained results and characterize the struc-
tures of the surface layers of the titanium alloys, an EIS mea-
surement was carried out (Fig. 5) for each titanium alloy at
a potential of 0.5 V vs. Ag/AgCl in MAS with the addition of
sodium fluoride after previous chronoamperometry ata po-
tential of 0.5 V vs. Ag/AgCl for 1200 s.
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Fig. 5. Electrochemical impedance diagrams: Bode plots obtained
on Ti-6Al-4V and Ti-10Mo-4Zr alloys in (a) MAS, (b) MAS + 5 g NaF,
and (c) MAS + 25 g NaF at 37°C at 0.5 V vs. Ag/AgCl. Potential was
applied for 1200 s before EIS measurements
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Itcan be clearly seen that, ata content of 25 g NaF (Fig. 5¢),
the resistance of the passive layer of the titanium alloys
is much lower. It shows this on reducing the corrosion
resistance in this environment. Compared to the solution
of artificial saliva without NaF, the resistance is 100 times
greater (Fig. 5a), and for a content of 5 g NaF, it is 10 times
higher (Fig. 5b).

Simulations of the EIS results obtained (Tab. 4) showed
that the passive layer formed on the surface of both titani-
um alloys in the MAS solution with the addition of NaF is
formed in two stages. The adapted electric equivalent cir-
cuit contains two time constants that are attributed to the
existence of a passive layer and the build-up of corrosive
products over the course of time (in this case, compounds
with fluorine). In order to characterize the passive lay-
er, a constant-phase CPE element was introduced into the
circuit, which is characterized by two constants (T and P).
Comparing the values obtained for CPE1-P (exponent P for
CPE) in each of the used solutions value > 0.83, which indi-
cates the capacitive properties of the passive layer of each
alloy. Nevertheless, for the Ti-6Al-4V alloy, the CPE1-P val-
ues are lower than for the Ti-10Mo-4Zr alloy (above 0.9).

The obtained CPE2-P values for both titanium alloys dif-
fer more depending on the electrolyte used. For 5 g NaF in
solution, CPE2-P takes values between 0.62-0.66, which
suggests that there is an addition of ion diffusion (Fig. 6b)
through the corrosion product layer (Fig. 5b). In the Bode
plot, it is noteworthy that the frequency characteristics
are of a similar shape at a wide range of frequencies. The
difference in the value of the phase shift angle is visible for
both alloys at high frequencies. A much higher phase angle
occurs for the Ti-10Mo-4Zr alloy (approximately -81°).
This means it has a higher corrosion resistance as com-
pared to the Ti-6Al-4V alloy (for which the phase shift angle
is around -71°).

For a solution containing 25 g NaF, the corrosion behavior
of the passive layer is not the same for the titanium alloys
(Fig. 5c). Mainly due to the use of an electric equivalent cir-
cuit comprising a resistance of R3 (Fig. 6a) the Ti-10Mo-4Zr
alloy is composed of a double layer with better capacitive

Table 4

properties (a CPE2-P close to 1) and a higher R3 value
than R2 (~1300 Q-cm?). On the other hand, the Ti-6Al-4V
alloy is characterized by a lower CPE2-P value, which may
ambiguously indicate the structure of the passive layer: an
intermediate state between the capacitive properties of the
layer and the occurring diffusion processes. In each case,
the resistance of the electrolyte (R1) and resistance of R2
decreases as the NaF content in the MAS increases.

a)
R1 CPE1
A% >
R2 CPE2
>—l
R3
b)
R1 CPE1
VAN >>
R2 CPE2
—r

Fig. 6. Electric equivalent circuit from simulation for Ti-6Al-4V and
Ti-10Mo-4Zr titanium alloys in MAS with (a) 5 g NaF and (b) 25 g NaF

4. CONCLUSIONS

The sodium fluoride concentration in a saliva solution has
a significant influence on the electrochemical behavior of ti-
tanium alloys. Proportionally to the increase in the concen-
tration of fluoride ions in the saliva solution, the corrosion
resistance of titanium alloys decreases. At low concentra-
tions of fluoride ions, the diffusion phenomena occur in the
layer of corrosive products. The differences in the behavior
of titanium alloys are noticeable at higher concentrations
of fluoride ions, where the Ti-10Mo-4Zr alloy has a typi-
cal two-layer structure, having capacitive properties with
a lower resistance in the outer layer. The Ti-6Al-4V alloy
forms a layer that ambiguously corresponds to the capac-
itive layer as well as the phenomenon of diffusion through
the corrosion products.

Values of fitted parameters of equivalent circuit as function of applied potential 0.5 V vs. Ag/AgCl of Ti-6Al-4V and Ti-10Mo-4Zr alloys in

MAS with different contents of NaF

CPE1-T CPE2-T
Solution Sample R1, ) R2, ) x1075, CPE1-P R3, ) x1074, CPE2-P
Q-cm Q-cm 2 Q-cm o
Q-cm2s? Q-cms?
Ti-6Al-4V 94.9 39,800 2.1 0.83 - 0.21 0.53
MAS
Ti-10Mo-4Zr 77.4 23,900 2 0.9 334,400 0.19 0.75
Ti-6Al-4V 22.5 7833 4.3 0.86 - 11.6 0.66
MAS
+5gNaF
Ti-10Mo-4Zr 16.6 12,085 2.8 0.94 - 5.6 0.62
Ti-6Al-4V 5.9 1224 5.3 0.86 1011 12.1 0.79
MAS
+ 25 g NaF
Ti-10Mo-4Zr 4.3 658.4 4.1 0.91 1280 9.8 0.98
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