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Abstract

Ti-15Mo alloy has been evaluated for its electrochemical behavior in phosphate buffer
saline solution at the physiological temperature of 37 °C. A two time constant model of
a duplex oxide layer has been used to assess the corrosion behavior of the Ti-15Mo
alloy-solution interface using electrochemical impedance spectroscopy (EIS). Interfacial
characteristics of the inner barrier layer and the outer porous layer have been studied to
understand the role of the alloy as an implant. Ti-15Mo alloy shows a very high barrier
layer resistance and a tendency to resist localized corrosion.
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Introduction

Titanium and its alloys are widely used in odontological applications due to their
high corrosion resistance, mechanical properties and biological stability in the
stomatognathic environment [1]. Ti-6Al-4V alloy with o+ hybrid microstructure
was the first titanium alloy used as an implant material because of its high
strength, low elastic modulus, high corrosion resistance and tissue tolerance [2-
4]. However, studies have shown that the leaching of aluminum and vanadium
after a threshold may cause peripheral neuritis, osteo-malacia, hypersensitivity
and Alzheimer’s diseases [5-7]. There has been, therefore, an increasing interest
over the last decade to develop alloys without aluminum and vanadium.
Moreover, stabilizing the metal matrix with B stabilizing alloying elements such
as molybdenum, niobium, tantalum, zirconium improves strength and lowers the
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modulus mismatch between the implant and the bone, thereby promoting higher
osteo-integration and implant performance [2-3,8-13].

Ti-15Mo alloy is a metastable beta alloy whose basic metallurgy, mechanical and
corrosion resistance properties have been thoroughly described in the
metallurgical literature, especially its biocompatible advantages [14-17]. Ti-
15Mo alloy has a beta (body centered cubic crystal structure) phase stability with
higher strength than alpha and alpha-beta dual phase alloys and a lower modulus
of elasticity and lower stiffness which is beneficial for orthopaedic/dental
applications. The production flow sheet for the Ti-15Mo high strength rods has
been described by Davis et al.[18] This alloy has its own ASTM designation
[19].

The aim of this paper is to evaluate the electrochemical behavior of Ti-15Mo
alloy in phosphate buffer saline solution at the physiological temperature of 37
°C.

Experimental

Materials preparation

The basic metallurgy, mechanical and corrosion resistance properties for Ti-
I5Mo alloy has been thoroughly described in the metallurgical literature,
especially its biocompatible advantages [14-17]. Ti-15Mo alloy has a beta (body
centered cubic crystal structure) phase stability with higher strength than alpha
and alpha-beta dual phase alloys and a lower modulus of elasticity and lower
stiffness which is beneficial for orthopaedic/dental applications. The production
flow sheet for the Ti-15Mo high strength rods has been described by Davis et al.
[18]. The microstructure for this alloy is given in Fig. 1. This alloy has its own
ASTM designation [19].
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Figure 1. Equi-axed B-structure for Ti-15Mo (BCC).

Ti-15Mo titanium alloy (UNS R58150)'"" of composition 0.05%C, 0.1%Fe,
0.015%H, 0.01%N, 0.15%0, 15%Mo and 84.67%Ti (wt.pct) was used for the
present investigation. Available cylindrical rods were cut to expose cross section
area of 0.4869 cm” for immersion. The specimens were then joined at one end
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with a copper wire using a conducting silver epoxy and left overnight to dry. The
coated samples were mounted in an epoxy resin, leaving the base exposed for
corrosion studies. The exposed surface of the specimens was finished with
different grades of silicon carbide grit papers (up to 2400 grit) and polished using
a diamond abrasive wheel to quarter micron finish, washed with double distilled
water and acetone.

Phosphate buffer saline solution of pH 7.4 and composition 0.137 M sodium
chloride, 0.0027 M potassium chloride and 0.01 M phosphate buffer was used to
carry out the electrochemical testing for the Ti-15Mo alloy.

Measurements

The following measurements were performed on Ti-15Mo alloy in phosphate
buffer saline solution at the physiological temperature of 37 °C. A three-electrode
cell assembly consisting of titanium alloy as the working electrode, platinum
wire as the counter electrode and a saturated calomel electrode as the reference
electrode was used. The DC electrochemical measurements were conducted
using a PAR Potentiostat 273A and for AC impedance measurements, a PAR
1255 FRA was used.

Microstructure

The metal specimens were degreased, dried and mounted in bakelite resin.
Mechanical grinding was done with SiC papers on a water cooled grinding stage
upto paper 1800. Polishing was performed using gradually decreasing sizes of
diamond abrasive from 6 to 1y and finally using a fine grained Al,O;3 (with
decreasing particle size from 0.5u to 0.25u) and cold saturated hydrous oxalic
acid suspension on a short circular velvet cloth. The specimens were washed in
de-ionized water and ethanol and air dried before etching. A universal etchant
commonly known as the Kroll’s reagent, a hydrous solution comprising of 2 ml
HF (40% conc.) and 6 ml HNO;3; (65% conc.) in 100 ml H,O (de-ionized) was
used for etching. The microstructure obtained was determined using optical
microscopy and has been shown in Fig. 1.

Electrochemical Impedance Spectroscopy (EIS)

Impedance measurements were performed on the system at an open circuit
potential for various intervals up to 360 hours. The frequency sweep was applied
from 10’ to 10 Hz with the AC amplitude of 10 mV.

Cyclic Potentiodynamic Polarization

Cyclic polarization measurements were performed by polarizing each electrode
from -250 mV versus the open circuit potential up to the vertex potential of 2 V
versus the reference electrode, after which the scan was reversed and the final
potential was the same as initial potential, that is, -250 mV as a function of the
open circuit potential. The ASTM standard scan rate of 1 mV/s was used for the
polarization sweep [20].
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Results and discussion

The microstructure for Ti-15Mo alloy as shown in Fig. 1 primarily consists of
large equiaxed grains of the § phase. Only a very small volume fraction of grain
boundary a phase is present in the microstructure. The a laths formed during
alloy aging nucleate within the interior of the grains and along the grain
boundaries and are visible at higher magnifications. Growth and annealing twins
are also visble in the micrograph.

Fig. 2 shows the equivalent circuit that was used to fit the impedance results.
Many circuit models were tried, but the closest fit with least chi-square value was
obtained with the circuit shown. This circuit is based on the duplex structure of
the oxide formed in solution on the surface of Ti-15Mo, composed of an inner
barrier layer and an outer porous layer. The barrier layer is compact, having a
high resistance, whereas, the outer layer is porous. Ry, R, and R, represent the
solution, porous layer and barrier layer resistance, respectively. CPE, and CPE,
are the capacitances of the porous layer and the barrier layer, which are
represented by a constant phase elements. W, represents the Warburg element for
the barrier layer, accounting for the Warburg impedance, Zy. Warburg
impedance is used as a circuit element for a diffusion controlled process and is
characterized by three parameters, W(R), W(T) and W(P). W(R) indicates the
length of Zy, W(T) is the length of effective diffusion and W(P) is related to the
slope value such that 0 < W(P) < 1.

Similar studies in literature have revealed the presence of a bilayer oxide formed
over titanium alloys. Badawy et al. [21] have proposed a two time constant
circuit for the corrosion behavior of porous titania films on titanium in PBS
solution where the two time constant represents the barrier and porous layers of
the duplex passive film. Al-Mayouf et al. [22-25] have also reported the duplex
oxide structure for a titanium alloy in artificial saliva.

Figure 2. Equivalent electric circuit used to simulate titanium alloy-PBS interface.

Figs. 3 and 4 show the Bode and Nyquist plots for different immersion times of
Ti-15Mo alloy in PBS solution at 37 °C. The nature of the alloy-solution
interface does not change with immersion time as can be seen from these figures.
At all immersion times, the system fits into the same circuit model. Various
electrochemical impedance circuit elements, calculated using the circuit in Fig. 2,
are shown in Table 1. Value of n for the porous layer capacitance is close to 1,
suggesting that the porous layer is close to a perfect capacitor. On the other hand,
the value of n for the barrier layer capacitance is around 0.5 or 0.6, which is due
to diffusion and hence a Warburg element is included to account for the same. As
seen in Table 1, W, (R) value decreases with immersion time and reaches an
almost constant value.

138



R. Bhola et al. / Port. Electrochim. Acta 28 (2010) 135-142

—e—2hrs.
—e—24hrs.
72 hrs.
—*—120 hrs.
—e— 168 hrs.
—+—240 hrs.

- -80

- -60

- -40

4 -20

—+— 360 hrs. R0 ores

Figure 3. Bode plot for Ti-15Mo alloy in PBS solution at 37 °C.
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Figure 4. Nyquist plot for Ti-15Mo alloy in PBS solution at 37 °C.

The capacitance of the inner barrier layer shows an overall increase up to 360
hours whereas the capacitance of the outer porous layer does not follow a trend
and does not increase or decrease markedly. The barrier layer resistance is an
order of magnitude higher than the porous layer resistance. The barrier resistance
increases till 24 hours of immersion and then slowly falls till 360 hours of
immersion. On the other hand, the porous layer resistance does not follow any
specific trend, which may be due to the changing characteristics of the porous
layer caused to the incorporation of ions into the pores from the solution. It has
been suggested that the hydrated phosphate ions are adsorbed on a hydrated
titanium oxide with the release of water as:
Ti(OH)ox)”* + HaPOuy(aq) = Ti(o) "HPOugaas)” + H2O

Ti(ox)4+HPO42_ +OH — Ti(OX)4+PO4(ads)3_ + H,0
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The porous outer oxide layer can accommodate the adsorbed ions in the oxide
film matrix and increase the biocompatibility of the implant material [21].

Table 1. Electrochemical impedance parameters for Ti-15Mo alloy in PBS solution at

37 °C.
Time R, R, CPE, R, CPE, Wy(R)  Wy(T) ,
2 2 2 an M 2 2 an M ) Wi (P) v
(h) Qem Qem  Sem (srad ) Qem Sem (srad ) Qem s
2 221 1294  252x10° 093 31259  4.68x10°  0.58 13314 282  0.58 9.96x10°
24 326 5193  248x10° 093 32698  4.47x10° 058 71019 228  0.58  1.42x10™
72 227 1375 285x10° 092 32394  551x10°  0.62 2765 295  0.76  3.73x10™
120 298 1503  3.10x10° 091 24138  6.60x10°  0.60 3570 31.6 071  3.96x10™
168 329 1433 294x10° 092 21781  5.80x10° 062 5809 345  0.65 2.95x10*
240 161 9180  2.80xI10° 093 16738  6.44x10° 059 5180 333  0.64 2.85x10™
360 274 1134 3.18x10° 092 15147  691x10°  0.63 5944 452  0.62  2.39x10™

The changes in phase angles, impedance modulus and semicircle size in Figs. 3
and 4 also show such changes. In the low frequency range in Fig. 3, where the
barrier layer plays a role, it can be clearly seen that the phase angle increases up
to 24 hours after which it slowly decreases till 360 hours. Similarly, in the low
frequency range, the impedance modulus increases up to 24 hours and then drops
till 360 hours. The diameter of the semicircle also seems to increase up to 24
hours and then a decrease is seen up to 360 hours. The initial increase in the
barrier layer resistance accounts for the growth of the oxide in solution and the
slow decrease afterwards is due to the attack by chloride ions from the saline
solution.
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Figure 5. Cyclic potentiodynamic polarization curve for Ti-15Mo alloy in PBS solution
at 37 °C.

Fig 5 shows the cyclic polarization curve for Ti-15Mo alloy in PBS solution at
37 °C and Table 2 shows the corrosion parameters evaluated from the curve. The
E.or Of the reverse scan is more positive than the E.,, of the forward scan, which
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further indicates the resistance to pitting and shows the formation of a stable
oxide film during the forward scan [26].

Table 2. Corrosion parameters for Ti-15Mo alloy in PBS solution at 37 °C.

-BC Ba Ecorr ECO]‘]‘ Icorr E I
Alloy  (Vdecade') (Vdecade’)  (F.S.) (R.S.) (nAcm™) &) . Apg;:l_z)
V) V)
Til5Mo 0.081 0.346 0349  0.121 03446 0303 23578

Conclusions

1.

A two time constant model for the Bode and the Nyquist impedance plots, of
a duplex oxide layer has been found to be an acceptable circuit to model Ti-
15Mo alloy-solution interface.

2. The initial increase in the barrier layer resistance accounts for the growth of
the oxide in solution and the slow decrease afterwards is due to the attack by
chloride ions from the saline solution.

3. The porous outer oxide layer can accommodate the adsorbed ions in the
oxide film matrix and aid in increasing the biocompatibility of the implant
material.

4. The barrier layer resistance is an order of magnitude higher than the porous
layer resistance.

5. Ti-15Mo alloy shows a tendency to resist localized corrosion.
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