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Interstitial Oxygen’s Influence on the Corrosion Behavior of Ti-9Mo Alloys
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Titanium and its alloys have been used in biomedical applications because of their satisfactory
mechanical properties, biocompatibility and corrosion resistance. Their high corrosion resistance has
been attributed to the formation of a thermodynamically stable titanium oxide layer on the surface of
these materials. In the present work, the corrosion behavior of Ti-9Mo (wt %) alloy, doped with oxygen,
was evaluated in a phosphate buffered saline (PBS) solution. The results showed a small decrease
in the corrosion potential and a reduction in the corrosion rate with the oxygen doping, indicating a
higher corrosion resistance is desirable for biomedical applications.
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1. Introduction

Biomaterials should provide higher biocompatibility,
superior corrosion resistance in the body environment,
a combination of high strength and low modulus, high
fatigue and wear resistance, high ductility, and should not
cause cytotoxicity'. Corrosion resistance is of fundamental
importance in biocompatible alloys that are used for
manufacturing orthopedic implants. This property does
not determine only the device’s useful life, but also the
harmfulness of corrosion processes that occur in living
organisms®. The low corrosion resistance of implants in
body fluid results in the release of non-compatible metal
ions by the implants into the body. The released ions are
found to cause allergic and toxic reactions®. Titanium and
its alloys offer superior corrosion resistance in several
media including the human body environment. Their
high corrosion resistance has been attributed to forming
a thermodynamically stable titanium oxide layer on the
surface*’.

The use of metallic materials in aqueous media
applications, such as the human body, results in the
appearance of humidity-related corrosion phenomena,
known as electrochemical processes®. The release of products
of metallic corrosion and ions produced by electrochemical
corrosion is cause for concern in biomedical applications of
metals because of a possible cytotoxic effect’. Some metals
and alloys under specific surrounding conditions lose their
chemical reactivity and become inert. This phenomenon,
known as passivity, is shown in chromium, iron, nickel,
titanium, and several alloys of these metals.

The development of new methods for producing
corrosion-resistant alloys requires tests that evaluate the
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materials’ performance in a short interval of time. The most
widely used and well-known electrochemical technique is
the Tafel polarization curve, in which it is possible to obtain
the corrosion potential E__ and the corrosion current for
each material in a specific medium?®. Studies have been
realized to evaluate the corrosion resistance of titanium
alloys. In a previous work, corrosion resistance of Ti-10Mo
experimental alloy in fluoridated physiological serum was
studied and compared with Ti-6Al-4V alloy®. Similar
electrochemical response has been obtained. In naturally
aerated physiological serum, corrosion rate is mainly
controlled by dissolution process of a complex passive
film. Oliveira et al.” studied the electrochemical behavior of
commercially pure titanium (cp-Ti) and the Ti-Mo system’s
alloys (6-20% in weight) with regard to immersion time in
the electrolyte that simulates a physiological medium. The
values of potential indicated that Ti-Mo alloys and cp-Ti
present a titanium oxide layer that forms spontaneously.
Another electrochemical study was performed by
Oliveira et al.'® for the Ti-Mo system (4-20 wt %). Analysis
of the electrochemical potential indicated the alloys present
a spontaneous passivation. The studied samples had not
presented corrosion for pitting (located) in potentials up
to 8 V, pointing to an increased corrosion resistance. The
growth of anodic oxides samples showed that chloride
ions during hard anodizing do not influence the stability
of oxides. It also signals that adding molybdenum in cp-
Ti improves the stability of anodic oxides. Zhou et al."
studied the corrosion behavior of o+ Ti-10Mo and 3
Ti—20Mo (wt%) alloys cold-rolled and heat-treated by
studying the anodic polarization curves at 310K in 5 mol%
hydrochloric acid solution to determine the potential use of
those alloys in biomedical applications. The results showed
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the corrosion potential of these alloys shifts toward nobler
performance when compared to cp-Ti. The results of current
density suggest a high possibility that these alloys undergo
passivation in the human body, as the tested solution
simulates the body fluids, in accordance to other previous
studies™!>13,

The crystal structure of Ti-Mo system is sensitive to
Mo concentration. The volumetric fraction of the B phase
increases with an escalation of Mo quantity, thus decreasing
the o phase’s proportion and leading to an improvement
in the corrosion behavior of these alloys'®. The increase
in the Mo concentration decreases the elasticity modulus.
This element has higher melting point and density than Ti,
increasing the density and the Ti alloys’ melting point, which
is not desirable for biomaterials applications. Combining
the advantages and disadvantages of B-type Ti alloys, it
follows that alloys with a low concentration of B stabilizing
elements are required, since they have an excellent
combination of low modulus, low melting point and low
density. Molybdenum is an efficient j} stabilizer element
because in lower concentrations it stabilizes the § phase
from the cooling'!. According to this view, Ti-Mo system
is one of the most suitable for applications as biomaterials.
Several researchers have studied the corrosion behavior of
Ti-10Mo and Ti-15Mo alloys>*!° with predominance of B
phase!. The Ti-9Mo has a large volumetric fraction of B
phase, but contains a small quantity of o phase, which is
interesting for this study.

In this paper we shall show the investigation of the
corrosion behavior of Ti-9Mo alloy used as a biomaterial,
containing interstitial oxygen in solid solution, immersed
in a PBS solution (136 mM NaCl; 2.7 mM KClI; 6.5 mM
Na,HPO,; 1.5 mM KH,PO, [pH = 7.2])"* in order to simulate
the human body fluids.

2. Experimental Details

The Ti-9Mo alloy was produced from commercially
pure titanium (99.9%) and molybdenum (99.9%) supplied
by Aldrich Inc. Samples were melted in an arc-melting
furnace under argon atmosphere and they were remelted ten
times in order to improve chemical homogeneity°.

Chemical analysis of the Ti-9Mo samples after melting
was realized in a Varian’s Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES)'¢.

To evaluate the effect of interstitial oxygen in the
Ti-9Mo alloy’s corrosion behavior an annealing and an
oxygen doping procedure was performed. For annealing,
the temperature was increased up to 1100 °C in a vacuum
of 1 x 108 Torr, at a heating rate of 10 °C/min, remaining in
this temperature for 6 h and cooled up to room temperature
without a pre-established rate (furnace cooling). For
the oxygen doping, the temperature was increased up to
800 °C, at a heating rate of 10 °C/min. At this temperature,
a partial pressure of 1 x 107 Torr of oxygen was introduced,
remaining in these conditions for 30 min. After that, fast
water cooling up to room temperature was performed. A
Residual Gas Analyzer accompanied the treatments, and
none of the elements that compose the samples was lost
during the above-mentioned processes. The samples were
named TM #1 (as received, after cold-work), TM #2 (after
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cold-work and after heat treatment) and TM #3 (after cold-
work, heat treatment and oxygen doping).

Samples were characterized by x-ray diffraction (XRD)
measurements, using a Rigaku model D/MAX-2100PC,
with Cu Ko radiation, and by scanning electron microscopy
(SEM) technique using a Leica Stereoscan 400 microscope.
The samples were cold-rolled and cut to the final dimensions
of 40 mm x 2 mm x 2 mm. The surface of these alloys
was mechanically polished via a standard metallographic
procedure with waterproof emery papers up to 1500 grit
under running water, and then polished with alumina and
diamond paste. After that, the samples were etched in a
solution of water, nitric acid, and fluoric acid (80:15:5 in
volume)'”'8,

The oxygen content was determined by inert fusion gas
method and infrared detection!’, using a HORIBA EMGA-
520 equipment. To evaluate the interstitial oxygen’s effect
in the samples’ corrosion behavior, the variation of the
electrochemical potential of these alloys was measured using
an automatic Potentiostat-Galvanostat model 283 (EGG
& PAR), controlled by the M270 software. The Ti-9Mo
samples were used as working electrodes in a meniscus
configuration in a one-compartment electrochemical cell.
The samples were examined with the same geometric
superficial area, 4 mm?* A platinum wire was used as
an auxiliary electrode and a silver wire, immersed in
the PBS electrolyte solution, as a reference system. The
measurements above were performed at room temperature
(25 = 1 °C) in the oxygen atmosphere.

For the electrochemical measurements all samples were
submitted to the same pre-treatment as for SEM technique.
The samples had been polished first with alumina and then
diamond paste to remove grooves till a specular appearance
and to ensure they leaned uniformly against the solution.
Surveying the polarization curve data requires periodic
monitoring of the potential over the course of 24 hours until
the stabilization of the alloy’s potential in solution. After
this 24-hour period, the electrochemical cell was connected
to the Potentiostat and the polarization curve was obtained.
The measurements were carried out in the range of —500
to +500 mV from the potential obtained after stabilization,
with a sweep rate of 0.2 mV/s.

3. Results and Discussion

The results of chemical analysis of the Ti-9Mo samples
after melting are shown in Table 1.

Table 2 shows the oxygen amount present in three
Ti-9Mo samples. After annealing the oxygen content
diminished considerably, TM #1 sample present the higher
content of oxygen. This can be explained by the oxygen
present in the intergrain zone and that escapes with the
annealing in Ultra-High-Vacuum (UHV). However, after
doping, an increase in the oxygen concentration can be
observed, from TM #2 to TM #3.

Figure 1 shows the XRD patterns for Ti-9Mo
experimental alloy: as received, after annealing and doping
with oxygen. There are no significant structural changes after
the annealing and doping with oxygen in the alloy structure.
A coexistence between two phases orthorhombic o> and B
can be observed, pointing to the predominance of o”’. The



2013; 16(6)

Table 1. Chemical composition of the Ti-9Mo samples.

Element Mo Si Fe Al
(wt %) (9.06+0.04) (0.14+0.01) (0.033+£0.002) (0.12+0.01)

Table 2. Interstitial oxygen content of the Ti-OMo samples used
in this study.

Sample T™ #1 T™ #2 T™ #3
Oxygen (wt %) (0.178 +£0.005) (0.118 £0.007) (0.149 +£0.005)

Intensity (a.u.)

20 30 40 50 60 70 80
20 (degrees)

Figure 1. X-ray diffraction patterns for Ti-9Mo alloys (a) as
received, (b) after annealing, and (c) after doping with oxygen.

results presented in this paper are similar to those obtained
by Ho et al.”’, Nogueira et al.”, and Oliveira et al.?!. These
authors made x-ray diffraction measurements in Ti-10Mo
alloys and found the coexistence of these two phases.

The microstructures of Ti-9Mo alloy in all three
conditions studied are shown in Figure 2. The results for
the as-received sample (TM #1) are shown in Figure 2a,
which clearly depicts the two phases observed in the X-ray
measurements, the acicular martensitic orthorhombic
structure (o’ phase) and the matrix with body centered
cubic structure (3 phase). A coexistence of two phases can
also be observed in Figure 2b and Figure 2c, the acicular
martensitic o’” and the retained 3 phase.

Ho et al.'” studied the Ti-Mo system, and the results
indicated the crystal structure of these binary alloys is
sensitive to the composition (molybdenum content). When
the molybdenum content is 6 wt%, a predominance of the
orthorhombic o phase was observed in the cast alloy. When
the molybdenum content is increased to 7.5 wt% only the o
phase was observed in the cast alloy. When the molybdenum
content is increased to 9 wt%, a significant amount of 3
phase was retained. When the molybdenum content is
increased to 10 wt% or higher contents, only the retained
B phase was observed. In this work, Ti-9Mo composition
was evaluated and it can be observed that predominant phase
is the o, with martensitic orthorhombic structure. These
results are in line with the results obtained by Ho et al.'’.

Interstitial Oxygen’s Influence on the Corrosion Behavior of Ti-9Mo Alloys 1407

Y aaccy Spot Magn  Det WD Exp

1750k 4.0 4000x  MIX 96 0
F A X T & S A %

a

- Myl
Det WD Exp
BSE 10.0 0
o~ T, ¥ \

Det WD Exp
BSE 10.0 0
L AN

Figure 2. SEM micrographs of Ti-9Mo alloys, (a) as received, (b)
after annealing, and (c) after doping with oxygen.

For the electrochemical measurements, the potential of
the samples already immersed into the PBS solution was
periodically monitored during a time period of 24 hours.
This monitoring was carried out with a voltmeter, and the
resulting curves are shown in Figure 3. This figure shows
the variation of the open-circuit potential (OCP) of Ti-9Mo
alloy with time in the PBS solution at pH 7.2 at room
temperature, in different conditions. At all conditions the
potential changes toward a positive direction with time
until the steady-state potential is reached. The observed
equilibrium potentials are summarized in Table 3.

The OCP’s time profiles obtained for the samples shown
in Figure 3 are similar, with samples TM #2 and TM #3
presenting basically the same value of potentials. Occurring
different loads of oxygen allows for the same superficial
structure’s formation in the samples. In addition, increasing
oxygen in the material may not affect the behavior of the
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Figure 3. Potential variation with time for Ti-9Mo alloys in
different conditions. Measurements carried out at room temperature
(25+1°C).

Table 3. Corrosion potential and corrosion rate for Ti-9Mo with
three different oxygen contents.

Sample TM#1 TM#2 TM#3
Equilibrium Potential (V)  -0.037 -0.001  -0.005
Ecore V) -0.20 -0.14 -0.16
J cope (NA/mMm?) 0.7 0.4 0.2

electrochemical measurements. On the other hand, much
higher loads of oxygen can “destroy” the material’s structure,
causing embrittlement. At first OCPs change quickly toward
more positive potentials during the first hour, followed by
stabilization observed in all the studied conditions; this
suggests that a protective passive film is formed quickly
on the metal surface in the artificial simulated media and
remains stable during the entire immersion period. After
the initial quick increase, E changes slowly until it reaches
a quasi-stationary value. Similar behavior was found by
Cai et al.?*> and Oliveira et al.’, where an initial increase in
the E during the early hours followed by stabilization were
observed for all the specimens.

The resulting potentiodynamic polarization curve for
TM #1 as-received sample is shown in Figure 4. A passive
region (Region 1) can be observed and that is followed by
the breakdown of this passivation (Region 2) and then a
posterior repassivation (Region 3) of the surface takes place.
The same profile was already described by Cai et al.?? in
a similar investigation of the electrochemical behavior of
three cast titanium alloys with different surface conditions.
Niemeyer et al.”® investigated Ti-13Nb-13Zr alloys with
interstitial oxygen and also found a similar behavior.
The simple exposure of the alloy to air may result in the
formation of titanium oxide, considering that titanium
presents great affinity to oxygen. The peak presented in
Figure 4 at Region 2 is probably a rupture of this oxide
film and the repassivation of the region. Normally, the
break of that passivation occurs when the surface reaches a
state of superior oxidation, forming a non-passivant oxide.
The titanium oxide protects the bulk material and the non-
oxidized metals, inhibiting their corrosion (oxidation) at

Figure 4. Potentiodynamic anodic polarization diagram of Ti-9Mo
sample in as-received condition.

lower potentials. Thus, when the potential is increased,
the preexisting oxide layer probably suffers rupture and
the earlier non-oxidized metal is able to corrode, yielding
an increase of the current. Some elements in the alloy can
create another superficial passive layer that re-diminishes
the current. For higher positive potentials there is a rupture
of an oxide film in the metallic surface and the creation of
another one of higher stability, as found in Region 4.

Figure 5 shows a comparison between the
potentiodynamic anodic polarization curves for the Ti-9Mo
alloys in the three investigated conditions, with different
oxygen content. Qualitative analyses were made for the
anodic polarization diagrams for each oxygen content.
Polarization resistance and cathodic and anodic Tafel slopes
were determined from the electrochemical experiment using
the computer software. The corrosion rate (I ) and the
corrosion potential (E_ ) of the alloys were determined,
and the results are presented in Table 3. These results were
obtained by taking the cathodic and anodic tangents in the
polarization curves.

It can be observed in Figure 5 the alloy with lower
oxygen content (TM #2) presents a nobler behavior. In
other words, the lower-oxygen alloy has a higher corrosion
potential in comparison with the other analyzed conditions,
around —0.14 V. The alloy with the higher quantity of
oxygen (TM #1) has the worst corrosion potential of the
studied alloys, around -0.20 V. The obtained values of
corrosion potential for the Ti-9Mo alloy are better when
compared to pure titanium®*. This is in accordance with
results found by Zhou et al.!! for the Ti-Mo alloys (10 and
20 wt% molybdenum), where the corrosion potential of these
alloys shifts toward to more noble direction when compared
to commercially pure Ti.

A small decrease in the value of corrosion potential
occurred after doping with oxygen (TM #3), to —0.16 V.
Although this material requires less energy to corrode when
compared to the material with lower oxygen concentration,
this decrease is undesired when it comes to biomedical
applications because the lower values of potential mean the
corrosion process occurs easily (TM #2).



2013; 16(6)
1.0 T T T T
t Ti- 9 wt% Mo
08} e
----- 0.118 wt% O ' ]
06F ——0.149wt% O ! e

[ --- 0178 wt% O
<,:c>70.4- &

202

(
9
=)

0.2

10" 10° 107 10" 10° 10"
Jx 107 (AImm?)

Figure 5. Potentiodynamic anodic polarization diagram of Ti-9Mo
samples, with three different oxygen contents.

The corrosion rate is directly proportional to the
corrosion current density. The three analyzed samples
exhibit current density in the order of nA/mm? TM #3
possesses the lower current density, but in the same order of
magnitude as the other ones. The corrosion rate of Ti-9Mo
alloy is next to that of pure titanium and in the same order
of magnitude, around 10'° A/mm?*°!, The results of current
density found for this alloy are similar to those found in the
literature, suggesting that these alloys undergo passivation
in the human body, since the test solution is a simulation
of body fluids'!.
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