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This work is aimed to study the effect of a biological medium simulated body fluid on surface modification of
titanium alloy Ti6Al4V. Electrochemical techniques and the Raman spectroscopy are used. Polarization curves,
plotted at different scan rates (5, 1, 0.5, and 0.2 mV/s), show a large range of passivation (above 3000 mV), with
no occurrence of transpassivation. The return sweep shows the negative hysteresis with the shift of the corrosion
potential in the more noble direction. The corrosion current is generally very low. These observations clearly
confirm the high stability of the TiO, passive film. The Raman spectroscopy shows that titanium dioxide formed
consists of rutile phase. It was found that the scan rate has not a significant effect on the passivation phenomenon.
However, it influences the corrosion potential and the current density. Electrochemical impedance spectroscopy
allowed to establish the Nyquist diagrams and Bode around the equilibrium potential, and at different imposed
potentials in the passivation field. The system behavior is not purely capacitive and so it is necessary to take

in consideration the constant phase element.
passivation field are composed only of a single loop.
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1. Introduction

Titanium and its alloys are widely used because of their
interesting properties, especially their excellent corrosion
resistance due to high chemical inertness, combined with
low density compared to steel [1-6]. Applications of tita-
nium alloys in the medical field as implants or prosthe-
ses among other uses [7—12] led to define for the purpo-
ses of research, simulated biological media to the human
body with concentrations equal to that of ions, like blood
plasma. The temperature was maintained at 37°C and
pH near 7.4.

Given the complexity and the impossibility of any che-
mical composition of blood plasma or bone, several physi-
ological media are available, which contain the main ele-
ments. Both media are often encountered Ringer’s and
Hank’s Leinenbach [13]. Other authors use phosphate
buffer solutions (PBS) of relatively variable composition.
In fact, there is no real consensus yet on the composition
of different physiological synthetic solutions for research
purposes (blood plasma, saliva, urine, etc.). In a compa-
rative study, Gurappa et al. [14] studied the electroche-
mical behavior of the following materials: pure titanium,
Ti-6A1-4V, 316L stainless steel and cobalt-based alloy
in a deaerated Hank solution at a temperature of 37 °C.
Based on polarization techniques and impedance measu-
rements, Ti-6A1-4V alloy presents a low corrosion rate
with good film stability. Shukla et al. [15] studied the
passive behavior of different materials: pure titanium CP,
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(28)

The impedance diagrams at different imposed potentials on the

Ti-6Al-4V and Ti-13.4AI-29Nb in the Hank medium,
all alloys were spontaneously passivated during immer-
sion. The results indicate that the potentiodynamic pas-
sivation currents have the same magnitude. Electroche-
mical impedance spectroscopy (EIS) studies indicated an
increase of the passive film resistance with the immersion
time.

The effect of fluoride ions on the passive behavior
of Ti6Al4V alloy in Ringer’s solution was studied by
Schmidt et al. [16]. The open circuit potential (OCP)
shifts to more negative values when fluoride ions are ad-
ded. The polarization curves exhibit active-passive beha-
vior that changes with the presence of fluoride ions. The
results of electrochemical impedance spectroscopy, obtai-
ned as a function of immersion time at OCP, show an al-
most capacitive behavior and a large passivation domain
that extends beyond 3.5 V.

2. Material and experimental techniques

2.1. Material

The Ti6Al4V alloy was provided by CEZUS company
(France). Its composition is given in Table I.

TABLE I
Composition of Ti6Al4V alloy [wt.%)]
Al \Y% C N H (0] Fe Ti
6.08 | 4.03 | 0.061 | 0.005 | 0.002 | 0.131 | 0.143 | bal.

2.2. Electrochemical techniques

Cyclic polarization measurements and impedance were
performed in a glass cell with three electrodes: a working
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electrode, a platinum counter electrode and a saturated
calomel reference electrode (SCE).

The composition of biological medium (SBF) is given
in Table II.

Composition of the SBF medium [17]. TABLE I
NaCl | KCI | CaCls NaHCOs3
contents [g/]] 9 0.43 | 0.24 0.2

The electrochemical measurements were conducted
using a potentiostat type EG & G Model 283, combined
with a frequency response analyzer, Model 1025, control-
led by computer. The polarization curves were perfor-
med using the software Soft Corrlll, over a wide range
of potential [-0.5 V, 3 V]. On the impedance diagrams,
we have established using the Power Suite software. The
frequency range is between 10~2 and 10° Hz.

Tests are conducted in open air at a temperature set
at 37°C.

3. Results and discussion

3.1. Open circuit potential measurement

The evolution of equilibrium potential of the system
in open circuit is shown in Fig. 1. The potential incre-
ases with time until reaching a more noble value near
-390 mV after one hour. This behavior may be attri-
buted to the formation of a protective oxide film. The
Raman spectrum is shown in Fig. 2; the film formed con-
sists mainly of TiO in the rutile phase.
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Fig. 1. Evolution of corrosion potential with time of
Ti6Al4V alloy in SBF.

3.2. Cyclic polarization

In the SBF solution, at a temperature of 37°C, the
cyclic polarization curves plotted on a large range of po-
tential at different scan rates are shown in Fig. 3a,b. At
the scan rate of 5 mV/s, the electrochemical behavior is
passive. Beyond 3 V, the domain of transpassivation has
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Fig. 2. Raman spectroscopy of the formed TiOs.

4

TN / \ ——5mVis
i 8 \ Y 1mVis
g o \

104

11

-1.0 05 00 05 10 15 20 25 3.0

b)
N —
\

/\

&g 81 ——0,5m\M
% o \\ 0,25an
-10- |
-11

4.0 05 00 05 1.0 1.5 20 25 30
E(V) (ECS)

Fig. 3. Cyclic polarization curves (a) at scan rates of 5
and 1 mV /s and (b) at scan rates of 0.5 and 0.25 mV /s.
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not been reached, the corrosion potential is the order of
-392 mV and the current density is equal to 39 nA /cm?.
At a scan rate of 1 mV /s, the behavior is always passive,
the corrosion potential is about —398 mV and the current
density of 32 nA /cm?. For low scan of 0.5 and 0.25 mV /s,
the corrosion potentials are respectively —400, —420 mV
and the corrosion current densities are of the same or-
der of magnitude (28 and 27 nA /ecm?), there is a gradual
decrease of the passivation currents densities, different
cyclic polarization results are summarized in Table III.

TABLE III

Corrosion potential [mV/SCE| and current [nA /cm?|
of cyclic polarization at various scan rates [mV/s|.

E. Nouicer, F.Z. Benlahreche, A. Nouicer

Scan Forward scan Reverse scan
rate | potential | current | potential | current
5 -392 39 253 6.85
1 -398 32 267 1.99
0.5 —400 28 296 1.22
0.25 —420 27 297 0.954

106_ mE ui=-0,390V
’;’;Ebd * EOV
| 2.0 o EAV
wk v E22v
4 mx_ 0 E=3V
10" mx,d
el
= *
SIS e
N ﬁﬁ ¥y
2 [ T
10°; mk FMM
M
- b nrsa
100 U SR B B AL B L B B
10° 10" 10° 10' 10¢° 10° 10° 10°
f(Hz)
Fig. 5. Bode diagram at different imposed potentials.

3.3. FElectrochemical impedance spectroscopy analysis

In order to understand the polarization effect on the
film formation, the Nyquist and Bode diagrams were
first plotted near the equilibrium potential, then for the
chosen potentials in the passivation region which corre-
sponds to a very low anodic current. As shown in Fig. 4,
the system behavior is not purely capacitive and so it is
necessary to take into consideration the constant phase
element Z (CPE).

The impedance diagrams plotted in the Nyquist plane
(Fig. 4) show a capacitive loop with a single time con-
stant for all imposed potential, indicating a single com-
pact layer. The equivalent electrical circuit of the
Ti6Al4V/SBF interface is similar to a resistance R,
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Fig. 4. Nyquist diagram at different imposed
potentials.

of the electrolyte in series with the constant phase ele-
ment (CPE), which is in parallel with the corrosion re-
sistance R;.

From Fig. 4, the change in potential from E., to
3000 mV caused an increase in R;. The larger the ca-
pacitive loop, the higher the corrosion resistance.

Bode plots (log|limpedance| versus log|frequency|) at
various potentials are represented in Fig. 5. These plots
have a linear pattern at middle frequencies with n values
of 0.92 and 0.97 at E., and at 3000 mV, respectively.
The increasing trend in n to values close to 1 correspon-
ding to the purely capacitive behavior is related to the
growth of the passive and compact oxide film. At equi-
librium, its thickness is estimated as 5 nm and reaches
about 44 nm in the imposed potential of 3 V.

TABLE IV

Electrical parameters of the equivalent circuit obtained
by fitting the experimental results of EIS.

BEgui C Rs R; n film
V| o srem ) | ) | oy o]

-0.390 32.9 14.83 | 0.5713 | 0.92 5
0 19.9 15.5 0.7012 | 0.93 8
1 7.7 15.9 0.8107 | 0.95 20
2 4.2 16.65 | 0.9373 | 0.96 36
3 3.5 16.7 1.2422 | 0.97 44

The values of impedance parameters are given in Ta-

ble IV, results indicate that the resistance values, film
thickness, and exponent n gradually increase with the
increase in potential, whereas the capacitance decreases.

4. Conclusion

In this work, polarization curves, plotted at different
scan rates, in the biological medium (SBF), show a large
field of passivation (above 3000 mV), with no occurrence
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of transpassivation, breakdown potential has not been re-
ached. Return sweep shows very low corrosion current.
These observations clearly confirm the high stability of
the passive film, due to a protective layer existing in a
wide potential range. Note that the scan rate has a sig-
nificant influence on the passivation current. However,
it influences the corrosion potential and the passivation
current.

Electrochemical impedance spectroscopy allowed to es-
tablish the Nyquist and Bode diagrams around the equi-
librium potential, and then at imposed potentials in the
field of passivation. It was found that the system beha-
vior is not purely capacitive and it is necessary to take
into account the constant phase element CPE.

Impedance parameters, derived from the Bode diagram
and Nyquist, show that with increase of the applied po-
tential, taken on the level of passivation, the charge trans-
fer resistance, the exponent n also grows, while the ca-
pacitance decreases, meaning that one approaches the
purely capacitive behavior, which is attributed to the
growth of a passive oxide film and compact. The re-
sults of cyclic polarization and EIS analyses are in good
agreement with the literature results and specially the
passivable behavior of Ti6AI4V alloy.
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