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Summary

The electrochemical behavior of Ti-Pd and Ti-6Al-4V alloys in 0.9% NacCl solution were
studied by single triangular potential sweep, potentiodynamic polarization curves, and
electrochemical impedance spectroscopy techniques (EIS). The complicated corrosion mechanism
can be interpreted as at least one electrodissolution process and the posterior formation of a
corrosion films. The results from EIS indicate that, on each electrode, the corrosion layer is formed
by different mechanisms.
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Introduction

Many materials have been used as surgicaibatments of orthopedic material [4-6].
implants from 1860s. The use of non-noble metal, Most of the electrochemical research has been
as titanium, in the plastic surgery of joints was ndbcused on crevice and pitting corrosion behavior
introduced until 1960s, after long research into thef unalloyed titanium in sodium chloride solutions
tolerability of the metal to organic tissues and celluldi7-11]. These investigations were related to
fluids in contact with it. The high strength-to-weighapplications involving the use of titanium for
ratio of titanium make it particularly suitable for thefabricating heat exchangers for service in seawater
creation of substitute articulations such as hignd in desalination plants. On the other hand,
prosthesis, and prosthodontic implants commonkglatively little work has been done on the funda-
referred to as “root form implants”[1-3]. Titanium- mental electrochemistry of titanium and its alloys
based alloys are attracting much attention for thdin vivoandin vitro conditions. Correlation between
favorable biocompatibility and corrosion resistancessults obtained undén vivo environments and
compared with conventional alloys as Co-Cr alloy#hose measureth vitro conditions has not been
and stainless steels. Corrosion resistance of titanidotally established [12]. However, discrepancies
and its alloys in saline solutions, typical ofexistent on the corrosion rate can be due to changes
physiological environments, is due to the formatiom CI concentration, dissolved gaseous, &0d
of a protective oxide layers, mainly TiOwhose CO,), and presence of microorganisms [12-17].
morphology depend on surface and thermochemical In view of the evidence of good clinical perfor-
mance of titanium and titanium-based alloys it is
essential to improve the understanding of the
Correspondence: electrooxidation mechanism and of the effects
A.C Gustaldi alloying elements on corrosion process. Therefore,
Grupo de Biomateriais, Instituto de Quimica, the present research aims to gain deeper insight
Universidade Estadual Paulista - UNESP  into the mechanism of corrosion process of both
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Table 1.Chemical composition (weight %) of experimental biomaterials.

Ti
balance
4.0 balance

Pd
0.18

Al V

Elements C N H O Fe
Ti-Pd 0.12 0.004 0.015 0.20 0.28
Ti-6Al-4v 0.02 0.006 0.004 0.19 0.17 6.10
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Figure 1. Comparative voltammograms of Ti-Pd (dashed curve) and Ti-6Al-4V (full curve) electrodes in 0.9% NaCl
solution run, scan rate v=0.050 ¥ s
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Figure 2. Potentiodynamic polarization curves for Ti-Pd and Ti-6Al-4V alloys, 0.9% NacCl, scanrate v=0:001Vs

Table 2. Electrochemical parameters obtained from figure 2.

Biomaterials Borr (V) jeor (MA cm?) R, (Q cn)
Ti-Pd -0.247+ 0.02 0.6+ 0.2 = 20000
Ti-6Al-4V -0.425+ 0.02 1.7+0.2 = 18000
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Materials and methods electrode through a 30F capacitor is used to re-
duce phase shift errors at high frequencies. EIS
In order to facilitate comparison of the Ti-Pddata were collected at different polarization potential
and Ti-6Al-4V currently in use for the manufactu{-0.10 V< E < -0.50 V) in the frequency range
re of implants, a specimen of each type wdsetween 100 kHz and 0.001 Hz with a signal
selected for this investigation. Designation andmplitude of 0.01 V.
chemical composition (weight %) of the metallic
materials are shown in Table 1. These materiaResults and Discussion
covers the chemical requirements of the standard
specifications (ASTM) for surgical implant Potentiodynamic curves
applications [18,19]. The voltammograms of and Ti-6Al-4V in
The experimental set-up for DC and AM.9% NacCl at v = 0.050 V'sun between -1.5 V
measurements has been described in previcdnrd 2.0V are show in figure 1. The potentiodynamic
publications [20,21]. The electrochemicalprofiles are quali and quantitatively comparable.
experiments were performed at 2& in Additional current peaks due to presence of Al and
conventional three-compartment double wall glas¢ in Ti-6Al-4V was not observed. The similar
cell containing 0.9 wt.% NaCl solution (physiologicvoltammetric charge density suggests similar true
serum), which was prepared from analytical gradgurface area (roughness) offered by both
(p.a. Merck) reagents and deionized water. Ti-Pelectrodes.
and Ti-6Al-4V cylinders of across section 0.7%cm  The effect of Al and V on the electrochemical
were embedded in polyester resin Resapol T-2@®havior of Ti in NaCl solution can be observed in
holders and employed as working electrodes. Thelfge potentiodynamic polarization curves. Figure 2
specimens were mechanically polished with 600 argiiows these curves obtained at slow sweep rate
1200 grade emery papers, finished withyina- (0.001 V ') after the specimens were previously
AlLO,, rinsed with deionized water and dried in aiimmersed into solution for 60 s. One of the first
The counter electrode was a graphite high purigbservations is that corrosion (f and pitting (E,)
cylinder, and the reference electrode was potentials appear at values more posita@25 V)
saturated calomel electrode SCE (0.24%4/ forTi-Pd. The electrochemical parameters obtained
SHE). Electrochemical impedance spectroscod9r the Tafel method are summarized in table 2.
(EIS) measurements were carried out using Bhese data are results of three independent
Solartron 1255 FRA and 1287 El integrated with g@valuations for each specimen. The calculated
PC system. In this experiments, an additionaiorrosion current densities, () indicates that the
activated platinum probe coupled to the reference
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Figure 3. Nyquist diagrams of (a) Ti-Pd and (b) Ti-6Al-4V alloys at different applied potentials.

63



corrosion rate is greater for Ti-6Al-4V. Polarizatiorachieves a value at which oxides, hydroxides, or
resistance (B values are lower than that reporteaxi-hydroxides precipitate, then corrosion process
for other authors [14]. However, Rppears to be could become controlled by ionic transpaet Ti™
very affected by the immersion time and oxygen = 2, 3 or 4; or HQ through these porous
content in the electrolyte [14-17]. The chemicaprecipitates.
stability of Ti-Pd and Ti-6Al-4V in NaCl solutions In both types of electrodes, the electrolyte
is due to the formation of a protective oxides layeesistance R= lim _ [Z(jw)Ois close to T
on the surface. cn?, and the estimated polarization resistance R
lim , [Z(jw)dis in good agreement with that
Electrochemical impedance spectroscopgorresponding to previously calculated by Tafel
measurements method (see Table 2).

The impedance responses of each It has been demonstrated that in neutral
investigated biomaterial were found to be differerdolutions, under conditions where diffusion is
at the same applied potential. Nyquist diagramrestricted by surface films, allowance for the
recorded with Ti-Pd in 0.9% NaCl (Fig. 3) exhibit areversibility of the anodic reaction may significantly
capacitive semicircle at potential values close to ttedfect the calculated impedance spectra [22,23].
corrosion potential. As polarization potentialdn general, the presence of surface films generates
increases, the impedanced)pnd the polarization two time constants in an impedance spectrum. The
resistance (5 values increases. This behavior cafirst of these relates to the kinetics of the metal-
be associated with formation of a more compaatetal ion reaction (the less noble metal) in parallel
and adherent oxides layer on the metal surface.with a double layer capacitance and second arises

On the other hand, using Ti-6Al-4V electroddrom a finite length diffusional impedance. With the
(Fig. 3), the complex plane plots display exhibitsnass transport limited cathodic reduction of oxygen,
one slightly distorted capacitive semicircles and #is reaction path has a sufficiently high impedance
second contribution at low frequencies (< 0.1 HzJo have almost no influence on the total impedance
The shape of the last contribution can also H23,24].
considered as a distorted semicircle with intersection  In the case of Ti-6Al-4V electrode, the high
in Re(Z) axis at very low frequencies (<*dz), frequency response is due to the charge transfer
and can be related to slow process such as massistance-double layer capacitance combination,
transport. The complicated alloys corrosion processd the lower frequency one is due to diffusional
can be interpreted as the sum of more than opeocess through corrosion films. However, as the
electrodissolution process and the posteriompedance response is dependent on the film
formation of a corrosion films. If the concentratiorthickness, probably, if thinnest films are formed on
of dissolved metal cations close to the electrodbe Ti surface, the diffusional impedance occurs at
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Figure 4. Comparison of the experimental Bode plots of Ti-Pd and Ti-6Al-4V alloys.
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