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Corrosion behaviour of some titanium dental alloys
synthesized by cold crucible levitation melting
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Corrosion behaviour of the studied Til2Mo and Til2Mo5Ta alloys together with the currently used metallic biomaterials
commercial pure titanium (cp-Ti) were investigated for dental applications. All the samples were examined using
electrochemical techniques: open circuit potential, potentiodynamic polarization curves and electrochemical impedance
spectroscopy (EIS) in artificial saliva at 25 °C. The electrochemical corrosion properties of all the titanium samples in
artificial saliva were measured in terms of zero current potential (ZCP) and corrosion current density (icor). The EIS
technique was applied to study the nature of the passive film formed on all the samples at various impressed potentials: 0 V
(SCE), 0.5 V (SCE) and 1 V (SCE). Equivalent circuits (EC) were used to modeling EIS data, in order to characterize
samples surface and better understanding the effect of Mo and Ta addition on the cp-Ti.
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1. Introduction

Titanium and its alloys have become ones of the most
attractive biomaterials to make orthopedic implants, dental
implants, and other devices for dental applications due to
low density, high specific strength, and elastic modulus
closer from the one of the bone tissue, and superior
corrosion resistance in body fluids [1-9]. On the surface of
the titanium and its alloys a stable, adherent, compact and
passive layer, consisting principally of TiO, oxide, is
naturally formed. This titanium oxide being an n-type
semiconductor has only ionic conductivity, and it is
responsible for the high corrosion resistance of titanium
and its alloys in various electrochemical media [10, 11].
Also, oxide layer has an important role in point of the
biocompatibility of titanium-based biomaterials [12].

Ti6Al4V alloy (ASTM F-1472, ASTM F-136, ISO
5832-3) and V free o+ type alloys such as Ti6Al7Nb
(ASTM F-1295, ISO 5832-11) and TiSAI2.5Fe (ISO 5832-
10) have been used in dentistry [13, 14]. Further studies
have indicated that V, used to stabilize the [-phase,
produces harmful oxides for the human body [15-17].
According to Piazza et al. [18], Al is poorly absorbed
within the gastrointestinal tract, very little gets into the
blood stream, but has been concerned, not yet confirmed,
about the association between Al and Alzheimer disease
[19, 20]. For this reason, novel titanium alloys with greater
biocompatibility and lower elastic modulus are desirable.
More recently metallic biomaterials research has focused
on the P type titanium alloys with excellent
biocompatibility and biomechanical properties (low elastic
modulus) [21, 22]. The B-stabilizing elements, such as Ta,

Zr, Mo and Sn are selected as safe alloying elements to
titanium, which are judged to be non-toxic and non-
allergic [23].

Molybdenum is used as alloying element for titanium
because has a good thermodynamic stability [24, 25]. Mo
is considered to be instrumental in regulating the pH
balance in the body and act as a cofactor for a limited
number of enzymes in humans [26, 27]. Til5Mo (%wt.)
alloy is actually standardized (ASTM F 2066) [28], in
recent years TilOMo (%wt.) [29], Ti(4+20)Mo (%wt.) [30,
31] were also investigated in view of biomedical and
dental applications. Tantalum is considered as one of the
best biocompatible in human body [32] but have a
relatively high cost. Recently the Ti-Ta alloys were
developed [9, 22, 33-35], and they are expected to become
promising candidates for biomedical applications.

The stability of the B-phase in the case of titanium
alloys is expressed as the sum of the weighted averages of
the alloying elements in wt.% known as the Mo equivalent
[36-38]. If this parameter has a value less than 8 wt.%, the
alloy usually exhibits a martensitic transformation when
quenched from temperatures above the  transus. A value
of Mo equivalent being approximately in the range 8-24
wt% indicates B-metastable titanium alloys because the -
stabilizers content is high enough to prevent any
martensitic transformation in the  phase upon quenching
to room temperature [36, 37, 39].

Electrochemical reactions are one of the most
important interactions between dental alloys and oral
fluids. The modifications of the dental alloys properties
could be determined using rapid electrochemical tests to
estimate the corrosion resistance [40, 41].
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The aim of the present study was to investigate the
effect of Mo and Ta addition on the electrochemical
corrosion behaviour of the commercial pure titanium
(cp-Ti) in artificial saliva.

2. Materials and methods

2.1. Materials

The origin and nominal chemical compositions of the
titanium samples studied are shown in Table 1.

Table 1. Origin and chemical composition of investigated
titanium samples.

Samples Nominal Chemical | Supplier
Composition (wt %)

cp-Ti Ti: 99.9 IMNR,

Til2Mo Ti: 88, Mo: 12 Romania”

Til2Mo5Ta | Ti: 83, Mo: 12, Ta: 5 | INSA
Rennes,
France™
INSA
Rennes,
France

"National Institute of Research & Development for Non-
ferrous and Rare Metals, Bucharest, Romania; =~ INSA
Rennes, France.

Both Til2Mo and Til2Mo5Ta alloys were
synthesized using the procedure described elsewhere [42,
43]. Using the equation of Mo equivalent indicated in
literature [36, 38, 44], the Mo equivalent values of the
investigated alloys are 12 for Til2Mo, and 13.1 for
Ti12Mo5Ta. This indicates that both titanium alloys are -
metastable with similar structural characteristics.

The cp-Ti samples were obtained from a bar stock in
annealed state. The structural characterization of the cp-Ti
was detailed elsewhere [45].

The samples were cut into 0.19 cm® sizes and brass
nut was attached to sample using conductive paint to
ensure electrical conductivity. The assembly was then
embedded into an epoxy resin disk. Then the samples were
ground with SiC abrasive paper up to 2000 grit, final
polishing was done with 1 um alumina suspension. The
samples were degreased with ethyl alcohol followed by
ultrasonic cleaning with deionised water and dried under a
hot air stream.

2.2. The corrosion media

Fusayama artificial saliva was selected as it has been
shown to produce results that were consistent with the
clinical experience of dental alloys [46]. Fusayama
artificial saliva [47] was prepared immediately before
being used and consisted of: 0.400 g NaCl; 0.400 g KCI;
0.795 g CaCl,-2H,0; 0.780 g NaH,PO4-2H,0; 0.005 g
Na,S-9H,0; 1.000g NH,CONH, and distilled water up to

1000 mL. The pH was measured with a multiparameter
analyzer CONSORT 831C. The pH of this saliva was 5.6.

2.3. Electrochemical tests

Electrochemical measurements were carried out in
aerated solution at 25 °C using a Princeton Applied
Research potentiostate (Model 263 A) connected with a
Princeton Applied Research 5210 lock-in amplifier
controlled by a personal computer and a specific software
package called Electrochemistry Power Suite (Princeton
Applied Research). A glass corrosion cell kit with a
platinum counter-electrode and a saturated calomel
reference electrode (SCE) were used to perform the
electrochemical measurements. All potentials referred to
in this article are with respect to SCE.

The cathodic treatment was carried out at —1.5 V for
60 s to remove any oxide films present on the surface of
each specimen. After the open-circuit potential (Eoc) of
each specimen was recorded for one hour, the
potentiodynamic polarization curve was performed by
stepping the potential using a scanning rate of 10 mV/s
[48] from —0.6 V to +1.2 V and reversed in the negative
direction to +0.6 V. PowerCorr software (PAR, USA)
directly supplies the values of zero current potential (ZCP)
and corrosion current densities (ic). The potentiodynamic
test was repeated three times for each specimen.

Electrochemical impedance spectroscopy (EIS)
measurements were performed in artificial saliva at
different potentials (0 V, 0.5 V and 1 V) at 25 °C. EIS
results at different potentials were obtained 30 minutes
after the overpotential has been applied. The EIS spectra
were recorded in the 107 Hz to 10° Hz frequency range.
The applied alternating potential signal had amplitude of
10 mV. In order to supply quantitative support for
discussions of these experimental EIS results, an
appropriate model (ZSimpWin-PAR, USA) for equivalent
circuit (EC) quantification has also been used. For
titanium oxide films, a distributed relaxation feature was
observed [3]. Due to this fact, in this study a constant
phase elements (CPE) was used in the fitting procedure to
obtain good agreement between the simulated and
experimental data instead of an ideal capacitor. The
impedance of the CPE is given by [49]:

Ty = (1)
Q=Zcpg oy

where for n = 1, the Q element reduces to a capacitor with
a capacitance C and, for n = 0, to a simple resistor. The n
is related to a slope of the Log(Z,,04) vs. Log(Frequency)
Bode—plots, o is the angular frequency and j is imaginary
number. The quality of fitting to the EC was judged first
by the ¥* value that was < 5 x 10 and second by the error
distribution versus frequency comparing experimental
with simulated data.

2.4. SEM microscopy of corroded surfaces

In order to observe the occurrence of the surface
effects of the corrosion, the some corroded surfaces were
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observed by SEM microscopy. To perform this Vega
Tescan scanning electron microscope (model VEGA 11
LMH) having detector (model xflash, Bruker) for EDX
analysis, was used.

3. Results and discussion

The intra-orally temperature widely fluctuates because
of ingestion of hot or cold food and beverage.
Furthermore, different areas of oral cavity exhibited
different temperature. Nevertheless, it can be reasonably
approximated in experimental settings between 35 °C and
37 °C if we considered the environmental temperature as
25 °C [50].

The open circuit potential is the potential at which the
material is in equilibrium with the specific environment.
The open circuit potential of a metal varies as function of
the time. Figure 1 present the variation of open circuit
potential (Eoc) for the samples as function of exposure
time in artificial saliva. Prior to each measurement, the
samples were cathodically polarized at —1.5 V in the
working solution for 60 s, in order to remove any
spontaneously formed surface film. Open circuit potential
variation is similar for all the samples in artificial saliva.

Eoc (mV vs. SCE)

0 10 20 30 40 50 60
Time (min)

——o——— cp-Ti
——— Til2Mo
———&—— Til2Mo5Ta

Fig. 1. Variation of open circuit potential (Eoc) with time
for titanium samples in artificial saliva

From the Fig. 1 all the samples have a tendency to
form a passive film by the shift of Eqc to more positive
(noble) direction with respect to time. An abrupt Eoc
displacement towards positive potentials was noticed in
Figure 1 during a period of 10 minutes. This initial
increase seems to be related to the formation and
thickening of the oxide film on the metallic surface.
Afterwards, the Egc increases slowly suggesting the
growth of the oxide film. The protecting of the oxide film
increased the corrosion resistance. Stable potentials in
open circuit measurements is obtained after one hour
exposure in artificial saliva, which means the oxide film
become stable. The Eqc is determined by both the anodic
and cathodic reaction, according to the mixed theory.

Decrease of the anodic dissolution current move the Eqc in
the positive direction. Open circuit potentials for Til2Mo
and Ti12Mo5Ta alloys in artificial saliva are more positive
than for cp-Ti, probable due to the positive contribution of
the Mo and Ta alloying elements in the formation of oxide
film.

3.1 Potentiodynamic polarization

Plots in semi-logarithmic scale of current densities
corresponding to all samples after one hour in artificial
saliva traced between —0.6 V to +1.2 V and reverse to +0.6
V are displayed in Figures 2. All curves present the same
feature. Standard procedures were used to extract “zero
current potential” (ZCP) and corrosion current densities
(icorr) values from the potentiodynamic polarization plots.
The average values of ZCP and i, determined by the
PowerCorr software (PAR, USA) are presented in Table 2.
By comparing with data from Table 2, we can notice that
in all cases the values determined for the ZCP, are more
negative than those corresponding to Eqgc. The change is
probably due to depassivation phenomena on the surface
during cathodic scanning.

0.0001

1E-005

1E-006

1E-007

1E-008

Current density, i (A/cm2)

1E-009 L B B B B
-1 -0.5 0 0.5 1 15
Potential, E (V vs SCE)

——6— cp-Ti
——— Til2Mo
—+&—— Til2Mo5Ta

Fig. 2. Potentiodynamic polarisation curves of titanium
samples tested after 1 hour maintained in artificial
saliva, on semi-logarithmic axes

Table 2. The main parameters of the corrosion process
measured for the Ti samples in artificial saliva, at 25 °C

ZCP fcorr
Samples (mV) (uA/cm?)
cp-Ti -455+ 19 0.75 £ 0.06
Til2Mo -420+ 16 0.65 £ 0.06
Til2Mo5Ta -310+ 14 0.52 +0.05

Very low corrosion current densities (in the order of
107A/cm?®) were obtained from the polarization curves,
indicating a high resistance for all the samples in artificial
saliva. A comparison of the obtained values with
published data is also difficult since the corrosion and
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anodic current densities of titanium samples depend on
potential scanning rate, surface preparation, heat
treatments, and even on exposure time. For all the
samples, the potential sweep in positive direction shows an
anodic current starting at negative potential that
corresponds to the formation of titanium oxides [51-54].

The current exhibited negative hysteresis when the
scan was reversed. Figure 3 show, typical SEM images of
the resulting surface oxide films after anodic polarization
in artificial saliva for Til2Mo and Til2Mo5Ta alloys. A
homogeneous oxide layer is developed at the surface of
the both alloys sample. No pitting or cracks appeared on
the alloy surfaces after anodic polarization test.

: WD; 148100 mm
fedd: 27681 pm Del- SE

iew field: 255,15 ym _ Cwl- 5E

Fig. 3. SEM observations of: (A) Til2Mo alloy and (B)
Til2Mo5Ta alloy after anodic potentiodynamic
polarization tests in artificial saliva

From Table 2 slow differences can be observed for
alloying element,
immersed in artificial saliva. Conventional electrochemical
techniques (DC) do not allow distinguishing these
influences. To make clear the effect of alloying element,

with different

different samples

EIS was performed.

From the EIS data we can obtain information about
The potentials for
investigation of the electrochemical behaviour by EIS
measurements for the samples were chosen from above
anodic polarisation curve. It was decided to perform these

the passive film characteristics.

testsatthe 0 V,0.5Vand 1 V.

Impedance spectroscopy results for samples in
artificial saliva at selected potential values are presented as
Bode plots (Fig. 4(a-c)).

The phase angle maximum observed for all the
samples was found to lie in the range of approximately —
70° to —80°. The values of the phase angle maximum span
three frequency decades (0.1 Hz to 100 Hz), gradually
decreases with decreasing frequency (below 0.1 Hz). High
impedance values (order of 10° Q cm?) were obtained
from medium to low frequencies for these samples
suggesting, high corrosion resistance in artificial saliva.
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Fig. 4. Bode plots recorded for at selected potentials:
(@) 0V, () 0.5V and (c) 1 Vin artificial saliva, at 25 °C
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For the interpretation of the electrochemical behaviour
of a system from EIS spectra, an appropriate physical
model of the processes occurring on the electrode
(equivalent circuit) is necessary. Fitting of the impedance
was done with an equivalent circuit (EC) using a series
combination of the solution resistance, Ry, (about 100 Q
cm® for all cases), with two RQ elements in parallel:
Rsoi(Ror(Qor(Rpr Qpr))). Other combinations of resistance
and capacitances were tried, in particular one RQ elements
in parallel: Ry, (RyQpr) or two RQ parallel combinations:
Reoi(Ror Qor)(Rpr Qpr), to model the corrosion process of
samples in artificial saliva, but none of these were found to
give a satisfactory fit ( values of chi-square (y°) test were
about 10°?).

The EC presented in Fig. 5 is based on a model used
by Pan et al. [3] to simulated data in saline solution. These
authors viewed the surface layer formed on titanium as a
two-layer oxide, with an inner barrier layer and an outer
porous layer. Studies performed on Ti-based alloys under
physiological conditions showed that the EC proposed by
Pan et al. [3] can be used successfully to describe the

behaviour of these materials as well [4, 11, 45, 55-57]. The
high-frequency parameters R,. and Q.. represent the
properties of the reactions at the outer porous passive
film/solution interface. The parameter Ry, coupled with
QuL describes the processes at the inner barrier layer at the
electrolyte/compact passive film interface. The values of
fitted parameters of the EC are presented in Table 3.

Rsol RoL
VaVe

RoL
— PN\
QoL

ﬁ F

Fig. 5. Equivalent circuit (EC) used to fit the impedance data

Table 3. Values of fitted parameters of the equivalent circuits as function of applied potential Ti samples in artificial saliva.

Samples E, | 10°Qu, | no | 10"Re, | 10°Co, | 10°Qu, | ny | 10°Ry. | 10°Cyy,
V | Sem?s" Q cm? Fcm? Sem?s" Q cm? Fcm?
0 13 0.87 0.3 8.1 9.5 0.84 1.9 16.6
cp-Ti 0.5 9.4 0.87 2.5 7.6 8.9 0.84 2.0 15.5
1 9.3 0.86 2.5 7.3 9.1 0.84 1.7 154
0 9.5 0.85 22 7.2 9.3 0.83 2.0 16.8
Til2Mo 0.5 9.1 0.85 2.1 6.8 8.7 0.83 2.1 15.7
1 8.7 0.86 2.1 6.7 8.9 0.84 1.9 15.3
0 9.4 0.81 6.2 8.2 9.1 0.84 2.1 16.0
Til2Mo5Ta | 0.5 9.5 0.85 2.6 7.5 8.6 0.84 2.3 15.1
1 8.6 0.86 44 7.3 8.9 0.85 2.0 14.7
In the Fig. 4(a-c), the experimental data are shown as €€,8
individual points, while the theoretical spectra resulted C= 1 3

from the fits with a relevant EC model are shown as lines.
In order to compare capacitance values for all the samples
at different potentials, CPE for both layers, denoted as Q.
and Qy, were recalculated, using equation [11, 58]:

C= (RI*"QT; ©)

High values of Ry (order of 10° Q cm?) are observed
at all potentials for all the samples, confirming the
formation of a compact layer with high corrosion
protection ability. R, was greater than R, by a factor of
nearly 100 (Table 3) showing that the resistance of the
oxide film on the all the sample and at all imposed
potentials is due to this layer. R,  remains relatively
around 10* Q cm?, for all the samples, at all imposed
potentials. Values of C, are smaller then those of Cy, for
all the samples, at all imposed potentials (Table 3). The
slowly decrease in C,. and C, starting from 0 Vto 1 V,
can be attributed to thickening of the oxide porous and
oxide compact layers, because,

where s is the effective surface, ¢ is the dielectric constant
for the passive film, ¢, the permissivity of free space, and /
is the thickness. Another explanation might be that the
effective surface, s, has increased.

According to the proposed model, the passive film
consists of two layers, the inner barrier (compact) layer,
Ry and the outer porous layer, R,. The overall
polarization resistance R, is represented by the sum of
partial resistance (Ry. + Ro) [11]. R, related to the rate of
corrosion reaction(s) and is inversely proportional to the
corrosion current; the Stern-Geary equation [59]:

“4)

corr

7l
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with B constant determined by Tafel slope tests.

As the potential changes from 0 V to 0.5 V, R,
increases and the C,; and Cy; decrease. These results seem
to correspond to a thickening of the titanium passive film.
As the potential increases from 0.5 V to 1 V the R,
decreases slowly. The decrease in resistance indicates that
the oxide layer may become more defective at large over
potential [8, 56]. But, the R, of all the samples, in
artificial saliva was large at 1 V (order of 10° Q cm?) as
seen in Table 3. For highly corrosion resistance materials
the R, may even reach 10° Q cm? [60]. This indicates that
the samples are still highly resistant to corrosion even at
large over potentials. The higher R, of Til2Mo alloy at all
imposed potential indicates that this alloy possesses a
superior corrosion resistance than cp-Ti in artificial saliva,
and the addition of Ta for it improve this resistance.

In terms of EIS analysis, the corrosion resistance of
titanium samples immersed in artificial saliva is improved
with addition of Mo to cp-Ti. The addition of Ta for
Til2Mo alloy improves this resistance. Probable the
decrease of a-phase proportion leads to improvement of
corrosion behaviour of the Til2Mo and Til2Mo5Ta
alloys. The addition of Ta probable stabilizes B-phases and
this exhibits a nobler characteristic. The additions of the
Mo and Ta have a positive contribution in the formation of
the passive oxide film.

4. Conclusions

The electrochemical corrosion behaviour of Til2Mo
and Til2MoS5Ta alloys in artificial saliva were
investigated in this study. The following conclusions can
be obtained.

(1) Open circuit potentials of the Til2Mo and
Ti12Mo5Ta alloys in artificial saliva are more
electropositive than the cp-Ti due to beneficial
effect of the alloying elements.

(2) Very low corrosion current densities were
obtained indicating a high resistance for all the
samples in artificial saliva.

(3) The EIS results of the samples in artificial saliva
can be fitted using the model of
Ryol(Ror(QoL(Rpr.Qpr)))- These results confirming
the presence of a two layer film consisting of an
inner barrier responsible for the corrosion
protection, and an outer porous layer on the
surface of the samples in artificial saliva.

(4) Values of polarization resistance indicate that the
Mo used as alloying element improve the
electrochemical corrosion behaviour of Til2Mo
alloys in artificial saliva, compared to the cp-Ti.
The addition of Ta for Til2Mo alloy improves
this resistance.
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