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Recently, quaternary titanium alloys of the system Ti-Nb-Ta-Zr received considerable research interest as
potential implant materials because of their excellent mechanical properties and biocompatibility. However,
only few reported works were available on the corrosion behavior of such alloys. Hence, in the present
work, electrochemical corrosion of Ti-35Nb-5Ta-7Zr alloy, which has been fabricated by arc melting and
heat treatment, was studied in 0.9 wt% NaCl at 37+1 C, along with biomedical grade Ti-6Al1-4V and CP-Ti.
The phase and microstructure of the alloys were investigated employing XRD and SEM. The results of
electrochemical studies indicated that the corrosion resistance of the quaternary alloy was inferior to that

of Ti-6Al-4V and CP Ti.
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1. Introduction

Titanium alloys of the system Ti-Nb-Ta-Zr are receiving
more attention as orthopedic and dental implant materials
because of their excellent mechanical properties such as
very low elastic modulus coupled with superior bio-
compatibility.”” The aim of developing low modulus tita-
nium alloys was to decrease the elastic modulus difference
between the natural bone (10-30 GPa) and the implant
material, thereby promoting load sharing between them.”
Major quaternary alloys of Ti-Nb-Ta-Zr system inves-
tigated include Ti-4Nb-4Ta-15Zr,” Ti-29Nb-13Ta-4.6Zr"
and Ti-35Nb-5Ta-7Zr.” Among these, Ti-35Nb-5Ta-7Zr
has a lower elastic modulus of 55 GPa and can be consid-
ered as one of the potential candidate for implant applica-
tions.”””

However, reported information available on electro-
chemical corrosion behavior of Ti-Nb-Ta-Zr based alloys
is limited.””®” Ti-15Zr-4Nb-4Ta alloy has been devel-
oped by Okazaki who also evaluated its corrosion resist-
ance and fatigue properties.” Impedance spectroscopy
studies of Ti-29Nb-13Ta-4.6Zr alloy in Hank’s solution
suggested formation of a bi layer passive film with an
outer porous layer on the surface.”® Kim et al has com-
pared the corrosion resistance of two high Ta containing
Ti-Nb-Ta-Zr alloys.” In this context, we have investigated
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electrochemical corrosion behavior of Ti-35Nb-5Ta-7Zr
(TNTZ) alloy in 0.9 wt% NaCl at 37+1 C. The results
were compared with biomedical grade Ti-6Al-4V (TAV)
alloy and CP Ti, under similar experimental conditions.

2. Methodology

The TNTZ alloy was fabricated by arc melting with
non consumable tungsten electrode and water cooled cop-
per hearth under ultra pure argon atmosphere. Commercially
high pure Ti, Nb, Ta and Zr were employed for the
purpose. All the ingots were melted and inverted 10 times
in order to homogenize the alloy chemical composition.
To stabilize the 3 phase and to homogenize the micro-
structure, the casted alloy was heat treated at 1000 C for
2 h in Ar atmosphere, followed by water quenching. The
homogenized alloy was sectioned, mounted using epoxy,
polished by silicon carbide papers of different grades from
100 to 2000 and finally alumina polished. The arc melted
TAV alloy was heat treated at 1000 ‘C for 12 h and water
quenched. The heat treatment carried out for CP-Ti was
1000 C for 24 h, followed by water quenching.

The chemical composition and phase of the alloys were
identified by energy dispersive X-ray spectroscopy (EDS,
JXA-8900M, Jeol, Japan) and X-ray diffraction, using a
Cu-ka radiation (XRD, X’pert Pro, Philips, Netherlands),
respectively. Chemical etching was performed using Keller’s
reagent (HF+HCIH+HNO;+H,O) and the microstructure
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was observed by scanning electron microscope (FE-SEM
Hitachi 4800, Japan). The chemical composition of the
quaternary and ternary alloy as determined by EDS was
Ti: Nb: Ta: Zr = 51.6: 35.5: 5.1: 7.8. and Ti: Al: V =
89.2: 6.5: 4.3.

Potentiodynamic anodic polarization experiments were
carried out employing a EG&G, 263A potentiostat/ galva-
nostat. A conventional three electrode system with high
density graphite as counter electrode and saturated calomel
electrode (SCE) as reference was used. The sample was
mounted in a cold mount epoxy resin. The sample edges
were carefully covered with epoxy to avoid the possible
crevice attack. The electrolyte used was 0.9 wt% NaCl
at 37+1 C. Analytical reagent grade chemical and double
de-ionized water was used. The electrolyte was de-aerated
with high purity Ar gas for 30 min before starting the
experiment. De-aeration was continued at a uniform rate
during the experiment and the solution was subjected to
mild stirring using a magnetic stirrer. The scan rate used
was 1.667 mV/s.

Electrochemical impedance spectroscopy studies were
carried out using a similar three electrode set-up, employ-
ing EG&G 1025 impedance analyzer and controlled by
powersuite software. The frequency range used for EIS
studies was 10" Hz to 10° Hz. The amplitude of AC signal
was 10 mV and 5 points per decade was used.

3. Results and discussion

3.1 Phase and microstructure

The microstructure of TNTZ, TAV and CP-Ti are
shown in Fig. 1(a)-(c), respectively. The micrographs of
as-etched TNTZ alloy revealed equiaxed (3 grains. The
CP?Ti exhibited typical rapidly cooled metastable feather
like microstructure that consists of equiaxed a grain with
some twin bands. The microstructure of Ti-6Al-4V alloy
revealed a + 3 structure consists of elongated a grains and
intergranular 3 grains. In Ti-6A1-4V, the 6 wt% Al sta-
bilizes the a phase and 4 wt% V stabilizes the beta phase.
The comparatively higher elastic modulus of the Ti-6Al-
4V is attributed to the higher volume fraction of the alpha
phase. In the case of the TNTZ alloy, the alloying elements
Nb and Ta are strong 3 stabilizers.

The X-ray diffraction pattern of TNTZ, TAV and CP-Ti
are shown in Fig. 2. The XRD pattern of CP-Ti is com-
prised entirely of hexagonal a phases; whereas the Ti-
6A14V alloy exhibits the presence of both a and (3 phases.
The XRD spectra of TNTZ alloy revealed distinct peaks
of body centered cubic, (110), (200), (211) and (220); cor-
responding to the single B phase. From the phase dia-
gram'” and the heat treatment followed in this study, it
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Fig. 1. Representative SEM micrographs of (A) TNTZ (B) TAV
(C) CP-Ti

can be inferred that the metastable (3 phase was retained
completely in the TNTZ alloy.

3.2 Electrochemical studies

Fig. 3 shows the potentiodynamic anodic polarization
plots recorded for the TNTZ, TAV and CP Ti. An im-
mersion period of 1 h was given for stabilization of open
circuit potential (OCP) before starting the experiment. A
stable passive region was formed in the case of TNTZ
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Fig. 2. Representative XRD pattern of (A) TNTZ (B) TAV (C)
CP-Ti
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Fig. 3. Potentiodynamic anodic polarization plots of (A) TNTZ
(B) TAV (C) CP-Ti.

alloy at an applied potential of ~ 0.35 V (Epass). This pas-
sive region was characterized by a passive current density
(ipass) of the order of 10® A/em’. The corresponding Epass
of TAV and CP Ti was ~ 0.45 and ~ 0.58 V respectively.
Such a trend probably indicates that the quaternary alloy
reached the passivation region at a lower applied potential.
However, the ipss decreased in the order TNTZ ) TAV
» CP-Ti. An increase in current density was observed for
the TNTZ alloy when polarized above 1.5 V. This may
be associated with a possible passive film breakdown. The
ternary alloy and CP-Ti showed more extended potential
range of passive film stability. The much spikes observed
at lower potentials for CP-Ti may be associated with the
lower current level of the order of 107 A/em’.

After the potentiodynamic polarization experiment, the
quaternary alloy surface was examined to identify the sites
of corrosion attack, if any. There were few locally attacked
areas when the sample was polarized above 2 V. An EDS
line analysis (Fig. 4) was followed across a locally at-
tacked area. As expected, severe depletion of Ti occurred

CORROSION SCIENCE AND TECHNOLOGY Vol.8, No.4, 2009

Area of initiated pit
L Zr < > )
Nb ' '

Ti

Ta

Fig. 4. EDS line scan analysis across a locally attacked area,
above the breakdown potential.
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Fig. 5. Bode spectra recorded at Ecor of (A) TNTZ (B) TAV
(C) CP-Ti

at the attacked area due to the local destruction of titanium
oxide based passivation; the main cause of passive film
breakdown. The average composition (in wt%) of a se-
lected area of the corroded surface as quantified by EDS
was Ti: Nb: Ta: Zr = 34.92: 24.76: 25.54: 14.78. The
least tantalum dissolution from the corroded area may be
associated with the relatively more resistance of Ta,Os to
chlorine attack."”
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Table 1. EIS simulation result

TNTZ TAV CP-Ti
Alloy
Ecorr 03 Vv Ecorr 03 Vv Ecorr 03 \%
R,/MQ - cm’| 4.64| 574 8.19| 9.40| 10.14| 11.26
C/yF - cem™ | 12.52| 1059 6.17| 580 225 1.98
n 094/ 094 092 092 0.94] 094

The non-destructive EIS plots supported the polarization
results. Fig. 5 represents the impedance Bode spectra re-
corded at Ecr for TNTZ, TAV and CP-Ti. A period of
30 min was given for stabilization of OCP before starting
the experiment. The similar impedance behavior of the
quaternary, ternary and CP-Ti indicates a similar nature
of passivation as TiO, based passivation is controlling the
interface. The phase shift plots exhibited pure capacitive
behavior with one time constant indicating single and com-
pact passive film formation at the interface. A simple
Randles equivalent circuit model consisting of a constant
phase element (CPE) which represents oxide film capaci-
tance in parallel with oxide film resistor (Rp); both in series
with the solution resistance (Rs) can be used to describe
the experimental results. Chi-square values of the order
of 107 indicated excellent agreement between the ex-
perimental and model values and the simulated values ob-
tained are shown in Table 1. A higher value of R, implies
higher corrosion resistance. The n values close to 1 show
near capacitive behavior.

Hence the results of the present study indicated that the
corrosion resistances of the alloys were in the increasing
order TNTZ { TAV < CP-Ti. It is expected that the TNTZ
alloy should have a higher corrosion resistance than the
TAV alloy; due to the formation of the protective oxide
film composed of oxides of Ti, Nb, Ta and Zr (TiO,,
Nb,Os, Ta,Os and ZrO,) on metal surface. However it
should be noted that the heat treatment conditions followed
for the three alloys was different. Rather than the differ-
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ence in the alloy phase, the lower corrosion resistance ob-
tained for the TNTZ alloy may be associated with the alloy
composition as well as the heat treatment followed.

4. Conclusions

The microstructure and structural characteristics con-
firm that Ti-35Nb-5Ta-7Zr alloy possess equiaxed [3 phase
in it is microstructure. Results of electrochemical corrosion
studies suggested that the corrosion resistance of the alloys
were in the increasing order Ti-35Nb-5Ta-7Zr { Ti-6Al-
4V (CP Ti.
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