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Abstract

Ti–6Al–7Nb and Ti–5Al–2Nb–1Ta alloys were implanted with N+ ions with an ion energy of 75 keV at a dose rate
of 1 · 1017 and 1 · 1018 ions cm)2. Open circuit potential (OCP) and potentiodynamic cyclic polarization
measurements were carried out on the titanium alloys in Hanks solution to assess their corrosion resistance. The
tendency for repassivation is higher in the case of implanted alloys than in untreated alloys owing to the formation
of stable passive films. The impedance data showed a decrease in the double layer capacitance and an increase in the
charge transfer resistance of the treated alloys. Nitrogen ion implanted Ti–6Al–7Nb was found to be more corrosion
resistant than implanted Ti–5Al–2Nb–1Ta alloy.

1. Introduction

Titanium and its alloys are used in orthopaedic appli-
cations owing to their favourable mechanical properties
and their excellent corrosion resistance. Among the
titanium alloys, Ti–6Al–4V alloy has been widely used.
It has been reported that the metal ions, particularly
vanadium released into the surrounding tissues, have
toxic effects [1, 2]. So vanadium free titanium alloys Ti–
6Al–7Nb and Ti–5Al–2Nb–1Ta are currently used as an
alternative to Ti–6Al–4V, where V is replaced by Nb
which is also a b phase stabilizer. Recent studies have
also discussed the long-term biocompatibility of Ta, Nb,
Zr and Mo [3–5].
High corrosion resistance, excellent wear and friction

resistance are desired because the properties must be
similar to those of natural bone. To improve the wear
resistance of titanium and its alloys, they are subjected
to various surface treatments such as thermal spraying,
plasma vapour deposition processes, anodic oxidation,
ion implantation, glow discharge nitriding and laser
treatment [6–8]. Among the above treatment methods,
nitrogen ion implantation of titanium alloys has been
reported to enhance the passivity and reduce the
corrosion kinetics of the surface with an increasing
tendency for repassivation [9, 10]. It also enhances the
surface hardness and wear and friction resistance by the
formation of TiN and TiC surface layers [11]. In the
present study, Ti–6Al–7Nb and Ti–5Al–2Nb–1Ta alloys
were nitrogen ion implanted with an acceleration

voltage of 75 keV and the corrosion behaviour of the
implanted alloys was studied using potentiodynamic
polarization and impedance measurements.

2. Experimental details

Orthopaedic titanium alloys Ti–6Al–7Nb and Ti–5Al–
2Nb–1Ta obtained from GS Titanium Inc. (US) and
Kobe Steel Ltd (Japan) were used. Prior to ion
implantation, the sample surfaces were mechanically
polished using SiC sheets and with a 0.5 lm alumina
finish to achieve a clean, smooth surface. After polish-
ing, the specimens were decreased ultrasonically in
acetone, washed with double distilled water and dried.
Nitrogen ion implantations were performed using a

200 keV ion beam generator using the Isotope Separator
and Ion Implanter (ISOSIIM) at Saha Institute of
Nuclear Physics, Kolkatta (India). An acceleration
voltage of 75 keV and a beam current of 30 lA were
employed. The alloys were implanted at a dose rate of
1 · 1017 and 1 · 1018 ions cm)2. Vickers microhardness
measurements were carried out using a Leitz micro-
hardness tester at loads of 25 – 500 g. Ti2N and Ti
phases were identified by X-ray diffraction (XRD)
measurements using CuKa radiation.
The electrochemical measurements were carried out

using a three electrode cell assembly with a platinum
gauze counter electrode and a saturated calomel reference
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electrode. The specimen acted as a working electrode.
The electrolyte used was a Hanks solution containing
(g l)1) 0.185 CaCl2, 0.4 KCl, 0.06 KH2PO4,
0.1 MgCl2 6H2O, 0.1 MgSO4. 7 H2O, 8.0 NaCl,
0.35 NaHCO3, 0.48 Na2HPO4 and 1.00 D glucose. The
pH of the solution was maintained at 7.4.

Open circuit potential (OCP) measurements were
carried out in Hanks solution for 30 min to access the
corrosion behaviour under equilibrated conditions. The
potentiodynamic polarization studies were conducted by
immersing the working electrode in Hanks solution after
30 min. The potential was increased at a rate of
1 mV s)1 starting at the rest potential. Triplicate mea-
surements were carried out in all cases. The corrosion
resistance of the alloys was evaluated by measuring the
difference between the breakdown potential and repassi-
vation potential. The repassivation potential was noted
as the value of potential at which the current density
returned to the passive current density in the reverse
scan. Generally, the smaller the difference between these
values the better is the corrosion resistance.
Impedance measurements were performed by apply-

ing a sinusoidal wave of 10 mV to the working electrode
in the frequency range 0.1 MHz to 10 mHz in order to
measure the values of double layer capacitance and
charge transfer resistance. All the tests were performed
at 37 �C using an Autolab Potentiostat 12 with a
frequency response analyser (FRA).

Fig. 1. X-ray diffraction pattern for Ti–6Al–7Nb alloy nitrogen

implanted at dose of (a) 1 · 1017 ions cm)2 and (b) 1 · 1018 ions cm)2.

Fig. 2. X-ray diffraction pattern for Ti–5Al–2Nb–1Ta alloy nitrogen

implanted at dose of (a) 1 · 1017 ions cm)2 and (b) 1 · 1018 ions cm)2.

Fig. 3. OCP potential against time for (a) untreated Ti–6Al–7Nb and

alloy nitrogen implanted at dose of (b) 1 · 1017 ions cm)2 and (c) 1 ·
1018 ions cm)2.

Fig. 4. OCP potential against time for (a) untreated Ti–5Al–2Nb–1Ta

and alloy nitrogen implanted at dose of (b) 1 · 1017 ions cm)2 and (c)

1 · 1018 ions cm)2.
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3. Results and discussion

3.1. Phase identification

X-ray diffraction measurements were carried out using
CuKa radiation at a scan rate of 1� min)1 to identify the
phases formed after ion implantation. Figures 1 and 2
show the X-ray diffractogram of the N+ implanted Ti–
6Al–7Nb and Ti–5Al–2Nb–1Ta alloys at different doses.
The values were compared with standard JCPDS data.
Titanium nitride (Ti2N) peaks were observed for all the
implanted alloys and the peak intensity was found to
increase with increase in the implanted dose.

3.2. Electrochemical measurements

Open circuit potentials (OCP) for untreated and N+ ion
implanted Ti–6Al–7Nb and Ti–5Al–2Nb–1Ta alloys in
Hanks solution are shown in Figures 3 and 4. The OCP
was found to move significantly in the noble direction
for alloys implanted at a dose of 1 · 1018 ions cm)2 and
the maximum shift in OCP was observed for the Ti–
6Al–7Nb alloy when compared to Ti–5Al–2Nb–1Ta
alloy. This noble shift in potential indicates the forma-
tion of a stable and protective film. Previous studies
have reported similar behaviour for CP Ti, Ti–6Al–4V
and Ti–6Al–7Nb alloys [12, 13].
The potentiodynamic cyclic polarization curves ob-

tained for untreated and N+ implanted Ti–6Al–7Nb and

Fig. 5. Cyclic polarization curves for Ti–6Al–7Nb alloy in Hanks

solution: (a) untreated, (b) 1 · 1017 ions cm)2 and (c) 1 · 1018

ions cm)2.

Fig. 6. Cyclic polarization curves for Ti–5Al–2Nb–1Ta alloy in Hanks

solution: (a) untreated, (b) 1 · 1017 ions cm)2 and (c) 1 · 1018

ions cm)2.

Table 1. Electrochemical parameters and area of repassivation of Ti–6Al–7Nb alloy nitrogen implanted at different doses

Specifications Ecorr vs SCE Icorr *Corrosion rate Area of repassivation

/V /A cm)2 /mm a)1 /mm2

Untreated )0.265 258 · 10)8 305 · 10)4 320

1 · 1017 ions cm)2 )0.012 2.13 · 10)8 8.89 · 10)4 255

1 · 1018 ions cm)2 )0.081 2.74 · 10)8 0.114 · 10)4 243

* That is, mm per annum.
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Ti–5Al–2Nb–1Ta titanium alloys under different condi-
tions are shown in Figures 5 and 6. In analysing the
polarization curve, the corrosion potential, the critical
current density and area of repassivation are the critical
factors to be considered. From the polarization curves,
current density, corrosion rate and area of repassivation
were calculated and the values are given in Tables 1 and
2. The area of repassivation for the treated alloys
showed lower values than that for untreated alloys.
Among the treated alloys, that implanted at a dose rate
of 1 · 1018 ions cm)2 shows a significant decrease in the
area of repassivation, indicating the tendency for
immediate repassivation, which leads to the formation
of a stable surface film. The critical current densities for
the untreated alloys also show very high values com-
pared to the treated alloys. Among the treated alloys,
the current density for alloy Ti–6Al–7Nb is less,
indicating the formation of a stable passive layer. The
formation of a stable film resists the mobility of chloride
ions and other ions through the film [14]. However, the
current density for the treated Ti–5Al–2Nb–1Ta alloy
exhibited only a marginal decrease compared to that of
the untreated alloy, which may be due to the inadequate
energy of implantation.

3.3. Electrochemical impedance measurements

Figures 7 and 8 show electrochemical impedance dia-
grams (Nyquist plots) for the untreated and N+

implanted Ti–6Al–7Nb and Ti–5Al–2Nb alloys after
immersion in Hanks solution for 96 h. The impedance
values at the lowest frequency of 10 mHz are presented
in Table 3 and 4. The impedance values of the N+

implanted alloy are higher than those of the untreated
alloys. The double layer capacitance and charge transfer
resistances were calculated from the impedance plots
and the results are given in Tables 3 and 4. The charge
transfer resistance is also high for the implanted alloy,
which corresponds to corrosion at the metal/passive
layer interface [15]. The non-implanted alloy shows the

Table 2. Electrochemical parameters and area of repassivation of Ti–5Al–2Nb–1Ta alloy nitrogen implanted at different doses

Specifications Ecorr vs SCE Icorr *Corrosion rate Area of repassivation

/V /A cm)2 /mm a)1 /mm2

Untreated )0.259 2.27 · 10)7 2.67 · 10)3 260

1 · 1017 ions cm)2 )0.302 2.52 · 10)7 10.5 · 10)3 170

1 · 1018 ions cm)2 )0.226 1.25 · 10)7 5.21 · 10)3 140

* That is, mm per annum.

Fig. 7. Impedance diagrams obtained for Ti–6Al–7Nb alloy after

immersion in Hanks solution for 96 h: (a) untreated, (b) 1 ·
1017 ions cm)2 and (c) 1 · 1018 ions cm)2.

Fig. 8. Impedance diagrams obtained for Ti–5Al–2Nb–1Ta alloy after

immersion in Hanks solution for 96 h: (a) untreated and (b) 1 ·
1018 ions cm)2.

Table 3. Impedance and capacitance values for untreated and nitrogen implanted Ti–6Al–7Nb alloy

Specifications Z at 10 mHz Rct Cdl

/ohms cm2 /lF cm)2

Untreated 7.47 · 102 6.92 · 102 1.022

1 · 1017 ions cm)2 13.8 · 102 13.5 · 102 3.25 · 10)2

1 · 1018 ions cm)2 45.6 · 102 42.7 · 102 2.40 · 10)2
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presence of diffusion elements (Figures 7(a, b) and 8),
due to the formation of an interfacial film between the
electrolyte and the metal. The presence of Warburg
resistance was noticed for both untreated and N+

implanted alloys, except for Ti–6Al–7Nb alloys im-
planted at a dose rate of 1 · 1018 ions cm)2, due to the
formation of an intact passive layer. Previous reports
also showed that the alloys exhibit Warburg resistance
indicating the presence of diffusion elements [16, 17].
This may be attributed to an insufficient ion dose and
ion energy of implantation and also inadequate protec-
tion offered by the passive layer, which results in the
exposure of base metal.

3.4. Microhardness

The Vickers microhardness was measured using a Leitz
microhardness tester. Figures 9 and 10 show the load
dependent microhardness of the N+ ion implanted Ti–
6Al–7Nb and Ti–5Al–2Nb–1Ta alloys at different doses.
The hardness was found to decrease with increasing
load. The maximum hardness obtained at 25 g load was
found to be 1961 and 1714 Hv for Ti–6Al–7Nb and Ti–
5Al–2Nb–1Ta alloys respectively. This is in agreement
with previous work on the increase in microhardness
after ion implantation for Ti–6Al–4V alloy [18].

4. Conclusions

N+ ion implantation of Ti–6Al–7Nb and Ti–5Al–2Nb–
1Ta orthopaedic alloy was conducted at an energy of
75 keV and dose of 1 · 1017 and 1 · 1018 ions cm)2.
Polarization and impedance measurements were carried
out to evaluate the corrosion behaviour of the nitrided
alloys in Hanks solution. The maximum surface hard-
ness was found to be 1961 and 1714 Hv for Ti–6Al–7Nb
and Ti–5Al–2Nb–1Ta alloys implanted at a dosage of
1 · 1018 ions cm)2. The formation of Ti2N was con-
firmed using XRD indicating the implantation of
nitrogen ions into the surface. It was found that
maximum corrosion rate and minimum area of repassi-
vation were obtained for nitrogen ion implanted Ti–
6Al–7Nb alloy. Electrochemical impedance measure-
ments showed a decrease in the double layer capacitance
value and an increase in the charge transfer resistance
for the nitrogen ion implanted samples when compared
to untreated specimens, indicating the formation of
stable surface layer. Hence, the nitride formed on the
surface by implantation acts as a barrier to the aggres-
sive ions from the biological environment.
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Table 4. Impedance and capacitance values for untreated and nitrogen implanted Ti–5Al–2Nb–1Ta alloy

Specifications Z at 10 mHz Rct Cdl

/ohms cm2 /lF cm)2

Untreated 6.42 · 102 3.38 · 102 144.3

1 · 1018 ions cm)2 6.58 · 102 9.74 · 102 107.1

Fig. 9. Load dependant Vickers microhardness measurements for Ti–

6Al–7Nb alloy: (a) 1 · 1017 ions cm)2 and (b) 1 · 1018 ions cm)2 .

Fig. 10. Load dependant Vickers microhardness measurements for Ti–

5Al–2Nb–1Ta alloy: (a) 1 · 1017 ions cm)2 and (b) 1 · 1018 ions cm)2.
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