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Abstract

The influence of the Mo content on the corrosion resistance of Ti-Mo alloys has been
investigated using electrochemical methods in 0.9% NaCl solution, which simulates the
environment of the human body. In this work, commercially pure titanium (cp-Ti), Ti-6.5Mo,
Ti-8.5Mo and Ti-10Mo alloys were studied. Open circuit potential (OCP) with time and
potentiodynamic direct scanning (PDS) were carried out and the experimental results were
analyzed using statistical methods. Regression Analysis, Analysis of Variance (one way
ANOVA) and Confidence Intervals were applied to obtain the different kinetic parameters
involved in the corrosion resistance for these alloys. The addition of the molybdenum to the Ti-
Mo alloys increased the values of the corrosion potential, Ecor, and the polarization resistance,
Rp, decreasing the oxidation tendency in the following order: cp-Ti > Ti-6.5Mo > Ti-8.5Mo >
Ti-10Mo. Based on the results obtained, a sigmoidal model was proposed which describes this
variation.

Keywords: titanium-molybdenum alloys; biomaterials; chloride corrosion; potentiodynamic
direct scanning.

1 - Introduction

Titanium has become the preferred metal for the confection of biomedical implants due to its
excellent biocompatibility and resistance to corrosion in physiological medium, which
simulates the environment of the human body. However, now-a-days these implants are made
from an alloy of titanium. These alloys have improved mechanical properties, since the
mechanical properties of pure titanium are not considered ideal for certain applications.

The titanium alloy, Ti-6Al-4V, has as its main characteristics both good processability at high
temperatures and good mechanical properties, which result from the stabilization of phases at
appropriate temperatures. In spite of being widely utilized even today in metallic implants, the
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prosthetics made with this alloy form vanadium oxides on their surface. This oxide is
considered toxic to the human body as it is thermodynamically unstable (1).

Metals such as Zr, Mo, Ni, Nb, Ta and Pt are possible elements that can be added to titanium
alloys because they exhibit excellent biocompatibility and belong to the non-toxic group of
metals with respect to their interaction with live tissue. The main effect of adding elements to
titanium alloys is that it modifies the phase-a.-to-phase-f3 transformation temperature.

Some elements stabilize the a-phase crystalline structure by increasing the phase
transformation temperature. Molybdenum is an important B stabilizer because it promotes
temperability and resistance to high temperatures within a short period of time (2).

The resistance of titanium and its alloys to corrosion in physiological media can be attributed to
the formation of a highly adherent and protective film, which is both uniform stable, on its
surface. This passive film is made up of titanium oxides that form spontaneously on the
surface of the metal (3).

Detailed determination of the surface composition is essential for the development of
biomaterials due to the fact that a greater part of the outer film is in direct contact with
biological tissues, and its corrosion resistance is mainly controlled by the composition of its
passive film.

The present study is aimed at investigating the effect of the addition of Mo on the corrosion
resistance of binary Ti-Mo alloys in 0.9% NaCl solution, which simulates the body’s internal
environment. The emphasis of this work was on the comparison of the results using statistical
analysis.

2 - Material and Methods

Commercially pure titanium and molybdenum samples were cut and fused in a Flukiguer
electric arc furnace in argon as atmosphere. Fusion in a electric arc allows the fusion of metals
or alloys which have a high melting point (up to 3000°C), and uses a water-refrigerated copper
support as crucible, enabling longer fusion times. During fusion and refrigeration stages, the
use of the argon atmosphere was required in order to avoid the segregation of the molybdenum.
The samples under study were cut with a 30 um diamond disk and one of the surfaces was
mechanically polished with 600 and 1200 grit emery paper and then a final polish with 0.3 um
alumina. The exposed area of each working electrode was approximately 1 cm? All solutions
were prepared with analytical grade reagents and Milli-Q water having a resistivity of 18 MQ
cm.

The working electrode was fixed to the bottom of the cell with an O-ring and the other
electrodes were fixed to the top of the cell. The potential was measured and referred to an
Ag/AQCI/KClsy reference electrode connected to the solution via a Luggin capillary. A
platinum wire having a large surface area was used as an auxiliary electrode. The
electrochemical experiments were carried out using 0.9% NaCl solution.

Open circuit potential and polarization direct scanning (ImV s™) measurements were
performed using a MQPG-01 potentiostat coupled to a computer by means of a MQI12/8PCC
interface.
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For each experiment, both the electrolytic solution and the electrodic surface were renewed
within the cell, and the surface containing the working electrode was mechanically polished.

The statistical analysis was undertaken using 5 replicates for each type of experiment.

3 - Results and Discussion

The potentiodynamic profiles (Figure 1) indicate that adding Mo to the cp-Ti alloy modifies the
oxidation rates, but it does not affect the passivation current (l,p) significantly. The value of I,
in all cases was in the order of microamperes, indicating that the oxide film formed under the
investigated conditions provides good protection to the metallic substrate within a given region
of potentials where this current remains constant.

As stated by Choubey (4), the passive range in the case of materials exhibiting stable passive
behavior is provided by the difference between breakdown and open circuit potential. The
passive ranges for cp-Ti, Ti-6.5Mo, Ti-8.5Mo and Ti-10Mo were similar.

The significant difference between averages verified using the Tukey test may be quantified by
constructing confidence intervals for the populational averages of R,. Figure 2 schematically
presents the averages of log(R,) of cp-Ti, Ti-6.5Mo, Ti-8.5Mo and Ti-10Mo and confidence
intervals of 95%. Since a large variation in the polarization resistance values was observed,
log(Rp) was chosen. The limits of these intervals raised to the power of 10 are the limits of the
confidence intervals for the original data. One observes in Figure 2 that the variation of log(R;)
as a function of the Mo percentage also shows behavior that could be described as a sigmoidal
curve, with increasing values of log(R, ) up to a level of 8.5 and then plateauing from 8.5% to
10% of Mo.

Some differences observed in the microstructure can explain the results obtained for the Ego
and R, parameters. Optical micrographs (not shown) demonstrated that the addition of Mo
increased the grain size considerably. One supposes that differences in the chemical
composition in regard to the grain boundary would lead to the formation of galvanic cells.
However, when there is a lower content of Mo in the alloy, the alloy’s grain size is smaller thus
increasing the surface area of the grain relative to the total Mo content. This makes the alloy
more susceptible to corrosion. Nevertheless, when a greater content of Mo is used, the grain
size is greater thus reducing the relative surface area and makes the alloy less susceptible
corrosive.

In literature, there is information regarding the addition of Mo when used as an alloy element in
stainless steel, accentuating its resistance to pitting corrosion, probably by eliminating the
active sites by forming molybdates or Mo oxyhydroxides , or even, by increasing the thickness
of the passive film. It is supposed that the CI" ions have greater difficulty to penetrate into the
oxide layer due to some chemical alteration during the pitting nucleation, in such a way that the
dissolution of the inclusions becomes more difficult (5).

In titanium alloys, the resistance of the film increases with an increase in Mo content due to a

selective dissolution of the a phase followed by an accumulation of the 3 phase enriched with
Mo on its surface as stated by Gonzalez and Mirza-Rosca (6).
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Gordin and co-workers (7) studied titanium alloys containing Mo by means of linear and cyclic
potentiodynamic polarization curves in Ringer’s solution and they observed that pitting
corrosion does not occur and that the passive film has good stability in the medium utilized.

Oliveira and co-workers (8) investigated the electrochemical behavior of the Ti-Mo alloys
having 4 to 20 wt.% of Mo in Ringer’s solution and observed that, even in solutions containing
CI" ions, they demonstrated typical valve metal behavior, or in other words, a region of
formation and growth of the anodic oxide in the passive region is obtained during the cathodic-
anodic potential sweep. Along with this, transpassivation (pitting corrosion) does not occur
until the end of the growth potential.

Therefore in a further step, the intention is to characterize the alloy’s surface morphology after
carrying out electrochemical assays, which will endeavor to show the dependence of the
variations of the corrosion potential and current via a detailed examination of the observable
alterations on the surface of the alloys.

4 - Conclusions

The averages of log(R,) calculated for the set of alloys studied presented a sigmoidal growth
trend with a maximum limit of 10% of Mo from which this variation is no longer significant.
Based on these results, one concludes that increased Mo content in Ti-Mo alloys decreases the
alloy’s susceptibility to corrosion in the medium employed, which in this case is 0.9% NaCl
representing aggressive body fluids.
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Figure 1: Replicates of potentiodynamic polarization curves obtained in 0.9% NacCl for: (A) cp-
Ti and Ti-6.5Mo, (B) Ti-8.5Mo and Ti-10Mo.
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Figure 2: Averages of R, as a function of the Mo content. Vertical bars indicate confidence
intervals of 95% for the populational average.



