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Abstract Ti-6Al-7Nb and Ti-5A1-2Nb-1Ta specimens
were subjected to two-step chemical treatments by mixture
of acids (HCI + H,S0O,) followed by alkali (NaOH) and
heat treatment to produce a porous anatase gel layer which
enhances the osseointegration. The influence of immersion
time on the behaviour of the treated alloys in SBF was
investigated using X-ray diffraction and scanning electron
microscopy analyses and Fourier transform infrared spec-
troscopy analysis. Polarization study exhibited that the
specimens after immersion in SBF solution showed high
corrosion resistance which is attributed to the apatite
growth on surface-modified Ti-6Al-7Nb and Ti-5Al1-2Nb-
1Ta surfaces.

Keywords Acid treatment - Titanium alloys - In vitro
bioactivity - Apatite - Porous layer

1 Introduction

Titanium and its alloys are used in biomedical applications
owing to their favourable mechanical properties, good
biocompatibility and excellent corrosion resistance [1, 2].
Ti-6A1-4V alloy with (o + PB) structure was used as a
conventional implant material for orthopaedic implants. It
was found that the vanadium (V) present in the alloy could
be released into the cell tissue due to the dissolution and
wear process [3—5]. Moreover, V is classified in the toxic
group [6]. Hence, it becomes necessary to select non-toxic
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alloying elements for biomedical applications. Vanadium-
free Ti alloys like Ti-6Al-7Nb and Ti-5A1-2Nb-1Ta are
being used as an alternative to Ti-6Al-4V, where V is
replaced by Nb and Ta which is also a B-phase stabilizer.
Research studies revealed that Ta, Nb, Zr and Mo are non-
toxic and also these elements could enhance the long-term
biocompatibility [7-9]. Besides, they are expected to
improve the mechanical properties and corrosion resistance
as well.

Titanium alloy is the most commonly preferred metallic
biomaterials. When the metallic implant is placed inside the
living system, the electrochemical reaction degrades the
metal surface called corrosion, due to the presence of cor-
rosive environment that includes water, sodium, chlorine,
proteins, plasma and amino acids [10, 11]. The major prob-
lems related to metallic biomaterials are the compatibility
with the blood and corrosion of metallic materials which are
the main cause of rejection of metallic implants [12].

To tackle the above-mentioned limitations, a number of
strategies were implemented to change the surface for the
compatibility and corrosion resistance enhancement of the
biomaterial known as surface modification [13]. The sur-
face of the material has an important part in the response of
biological system towards implant. After implantation, the
communications between the implant surface and the bio-
logical system will not be affected, which means that the
body should not treat the biomaterial as an external thing
that will be achieved through effective selection of a
material with desired properties. The required characteris-
tics different from the naive material of the implant surface
are attained through surface modification [14].

Ti-based alloys are basically subjected to surface modi-
fication to enhance the resistivity towards corrosion,
osseointegration also the biocompatibility for its applica-
tions in the medical field. The factors affecting the
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osseointegration of metallic implants are the mechanical
properties and the interaction of a metal surface with the
biological system. If the body treats the metal implant as a
foreign substance, the adherence of platelets activates the
coagulation cascade which results in metal corrosion asso-
ciated with inflammation. The corroded particles of the
metallic implant may engulf by the macrophages or the
implant weakens. The implant rejection can be reduced by
improving the surface properties through the surface modi-
fication techniques. Hence, surface treatments of Ti and Ti-
based alloy implants are required to enhance osseointegra-
tion, improve tissue adhesion and decrease bacterial adhe-
sion that results in successful implantation [15, 16].

To attain the characteristics required for biomedical
application, surface modifications such as sandblasting,
acid etching, surface coating, alkali heat treatment,
hydrothermal modification, plasma-spraying, ion implan-
tation and pretreatment methods are employed. In spite of
various available techniques, surface modification by
chemical treatment has attracted the researcher due to its
simple, cost-effective, bone-bonding ability and applicable
to implants with complicated shapes. It has been reported
that chemically treated titanium can induce the bone-like
apatite formation on its surface. The reagents which are
most frequently employed in the treatments are sodium
hydroxide (NaOH) and hydrogen peroxide (H,O,) solu-
tions. The sodium hydroxide treatment on titanium and its
alloys produces porous sodium titanate gel layer, and the
formed layer was found to induce the apatite formation and
exhibited excellent corrosion resistance [17-25]. Karthega
et al. [22] examined that the titania gel layer can also be
produced using H,O, treatment on the surface of pure
titanium and it was found that 15 wt% H,O, exhibits
excellent in vitro bioactivity and higher corrosion resis-
tance when compared with other concentrations. Wen et al.
[26] evaluated the bioactivity of titanium alloy by two-step
chemical treatment using the combination of acids
(HC1 + H,S0,) followed by alkali treatment. Aronsson
et al. [27] studied the hydrogen thermal desorption from
Cp-Ti subjected to acid etching (HCl 4+ H,SO,4 solution)
and the results clearly indicating that Cp-Ti absorbs
hydrogen during acid etching. Jonasova et al. [28] and
Muller et al. [29] reported the influence of acid etching
conditions on the microstructure of the Ti-13Nb-13Zr
alloys as well as on the rate of HCA formation using SEM-
EDX, FTIR and gravimetric analysis.

The objective of the present investigation is the surface
modification of Ti-6Al-7Nb and Ti-5Al-2Nb-1Ta alloys
using mixture of acids (HCI + H,SO,) followed by alkali
and subsequent heat treatment to improve the bioactivity.
The in vitro bioactivity of the specimens was evaluated by
immersing in SBF solution. The surface and electrochem-
ical characterization of surface-modified Ti-6Al-7Nb and
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Ti-5A1-2Nb-1Ta were evaluated for immediate and after 7
days of immersion in simulated body fluid (SBF) solution.

2 Materials and Methods
2.1 Specimen Preparation

Ti-6Al-7Nb (TIMET, UK) and Ti-5Al-2Nb-1Ta alloys
(Kobe Steel Ltd., Japan) [17] with the size of dimension
1 x 1 cm? were used as the specimens, and its chemical
compositions are presented in Table 1. The specimens
were ground using abrasive SiC paper up to 1200# grade.
Final polishing was done using alumina powder (0.5 pm in
size) in order to produce a mirror finish surface followed by
rinsing with distilled water and degreased with acetone.
Further, the specimens were ultrasonicated in acetone for
about 20 min. Finally, the specimens were washed in dis-
tilled water and dried in an oven.

2.2 Surface Treatment

The specimens were chemically etched with the mixture of
acids (HCl 4+ H,SO,) in the ratio (40 + 20) wt% main-
tained at room temperature (27 °C) for about 30 min. The
acid-etched specimens were ultrasonically cleaned for
15 min in distilled water, dried and soaked in 10 M NaOH
aqueous solution at 60 °C for 24 h. The specimens were
then washed with distilled water and dried at 40 °C and
subsequently heated at temperature of 600 °C with a rate of
5 °C/min for 1 h. Finally, the specimens were ultrasoni-
cally cleaned to remove the loosely attached particles over
the surface.

2.3 Surface Characterization

X-ray diffraction patterns were recorded with Bruker D8
diffractometer using Cu-Kao radiation at a scan rate of (20)
0.02° min. The scanning range was from 20° to 50°. The
surface morphology of the specimens was examined using
SEM on a Hitachi model S-3400 coupled with EDAX.
FTIR characterization was carried out in the range
4004000 cm™' on a Perkin-Elmer using the KBr
technique.

2.4 Electrochemical Characterization

Electrochemical experiments were performed for all the
specimens using a conventional three-electrode cell with
potentiostat model (PGSTAT 12, AUTOLAB, the
Netherlands B.V), which was controlled by a personal
computer. A saturated Ag/AgCl electrode served as a ref-
erence electrode, platinum sheet acted as a counter
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Table 1 Chemical

compositions of Ti-6AI-7Nb Alloys Al vV

O C N H Ni Fe Ta Si Ti

and Ti-5A1-2Nb-1Ta alloys in
(Wt%)

Ti-6Al-7Nb 585 0.01
Ti-5A1-2Nb-1Ta  5.90 -

6.95 0.17 0.001 0.01
1.98 0.17 0.05

0.003 0.01 020 0.05 0.63 Bal
0.004 0.001 - 021 095 - Bal.

electrode and the test specimens (Ti-6Al-7Nb and Ti-5Al-
2Nb-1Ta alloys) as the working electrode with the exposed
area of 1 cm® The SBF solution was used as the elec-
trolyte, and the preparation of SBF and the in vitro
experiments were performed using the procedure men-
tioned elsewhere [30].

Electrochemical impedance spectroscopic measure-
ments were taken with a frequency ranging from 1072 to
10* Hz using an electrochemical system frequency
response analyser (FRA). The amplitude of the superim-
posed a.c. signal was 10 mV peak-to-peak voltages. The
data obtained in terms of impedance spectra (Bode plots)
were interpreted and fitted using a nonlinear least square
(NLLS) method developed by Boukamp. Potentiodynamic
polarization studies were carried out in the range of —1 to
2 V at a scan rate of 0.001 V/s using dedicated software. In
order to obtain reliable results, polarization experiments
were triplicated in SBF solution.

2.5 Mechanical Characterization

The micro-hardness measurements were taken using the
micro-Vickers hardness tester (Wolpert group) to find out
the strength of Ti-6Al-7Nb and Ti-5Al-2Nb-1Ta (three
specimens of each). Hardness value is determined by the
ratio of load and depth of the indentation with an indenter.
The loads were applied at three different weights (10, 20
and 50 g), and the retention time was about 20 s.

3 Results and Discussion
3.1 Surface Characterization

The SEM micrographs of Ti-6Al-7Nb and Ti-5A1-2Nb-1Ta
alloys are shown in Fig. 1. The UT (untreated) Ti-6Al-7Nb
alloy revealed a dense and relatively smooth surface texture
along with the unidirectional groove formation during the
mechanical polish with no distinctive topographic features.
After etching the surface using mixture of acids, it can be seen
that a non-homogenous surface with ridges was formed over
the surface. It clearly reveals that the Ti-6Al-7Nb alloy con-
taining 3 phase has very low solubility compared to o phase
and remains unattacked on the surface, forming very sharp
ridges. The SEM micrograph of acid etched followed by
alkali and heat-treated (AAHT) Ti-6Al-7Nb alloy showed a

cracked and densified morphological surface. The cracked
morphology could be due to the dehydration process that
takes place during the heat treatment and leads to the for-
mation of thick oxide layer. Further, the microporous retic-
ulate structure formed during the AT (acid treatment) became
finer. The UT Ti-5A1-2Nb-1Ta alloy showed smooth surface
with unidirectional grooves formed during mechanical pol-
ish. After the acid treatment, both o and 3 grains exhibited a
bridge-like structure of micro-pits with a sponge-like texture
over the metal surface. Generally, oo + [ titanium alloys
contain fB-phase grains as an interstitial element surrounded
by a-phase grains. During the acid etching, the $-phase grains
dissolve and observed as white coloured bridges over the
surface which can be attributed to the higher dissolution rate
of B-phase grains compared to a-phase grains. The AAHT Ti-
5AIl-2Nb-1Ta alloy exhibited a cracked morphology which is
similar to that of the AAHT Ti-6Al-7Nb alloy [27].

3.2 In Vitro Characterization
3.2.1 XRD Analysis

The XRD patterns for UT and AAHT Ti-6Al-7Nb alloy after
7 days of immersion in SBF solution are shown in Fig. 2a.
The UT Ti-6Al-7Nb alloy showed the intense diffraction
peaks at 20 values of 26° and 31.5° corresponding to the
planes of (002) and (211), and the AAHT Ti-6Al-7Nb alloy
shows the intense diffraction peaks at 20 values of 26°,28.2°,
38.6°, 46° and 48.8° corresponding to the planes of (002),
(210), (002), (111) and (312). These characteristic peaks
represent the formation of crystalline apatite layer over the
surface. The intensity of the diffraction peaks of AAHT Ti-
6Al1-7ND alloy was high, which revealed the adsorption of Ca
and P ions over the densified porous film. Li et al. also
reported that the calcium phosphates as hydroxyapatite on
oxidized and alkali-treated Ti-29Nb-13Ta-4.6Zr surface had
been soaked in SBF solution [30].

The XRD patterns for UT and AAHT Ti-5A1-2Nb-1Ta
alloy after 7 days of immersion in SBF solution are shown
in Fig. 2b. The UT Ti-5A1-2Nb-1Ta alloy shows the
intense diffraction peaks at 26 values of 26.8° and 32°
corresponding to the planes of (002) and (211) which
indicated the apatite formation over the surface. The
AAHT Ti-5A1-2Nb-1Ta alloy shows the intense sharp
diffraction peaks at 20 values of 26.8° and 49.2° corre-
sponding to the planes of (002) and (222). These
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Fig. 1 SEM micrographs of Ti-6Al-7Nb and Ti-5Al-2Nb-1Ta alloys a UT, b AT, ¢ AAHT, d UT, e AT and f AAHT

characteristic peaks represent the formation of crystalline
apatite. However, the intensity of the diffraction peaks of
AAHT Ti-5A1-2Nb-1Ta alloy becomes predominant due to
the crystalline anatase phase over the specimens.

The average crystallite sizes of surface-modified Ti-6Al-
7Nb and Ti-5A1-2Nb-1Ta alloys have been calculated
using Scherer’s equation [31]:

@ Springer

thl = kﬂ/[BCOSH] (1)

where B is the full width half maximum (FWHM) of the
peaks of the pure diffraction profile in radians, k is a
constant (shape factor 0.89), 4 is the wavelength of the
X-rays (0.1540 nm), 0 is the diffraction angle and Dy is
the average diameter of the crystallite. From the estimated
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Fig. 2 XRD patterns of a Ti-6Al-7Nb and b Ti-5A1-2Nb-1Ta alloys
after 7 days of immersion in SBF solution

data, the calculated average crystallite sizes were found in
the range of 30-50 nm, respectively, for all the specimens.

3.2.2 FTIR Analysis

The FTIR spectrum of the UT, AAHT Ti-6Al-7Nb and Ti-
5AI1-2Nb-1Ta alloys immersed in SBF solution for 7 days
is shown in Fig. 3. A broad absorption band at about
3446 cm™' and the bending modes at 1648 and 1632 cm ™"
revealed the O-H stretching and bending vibrations of
adsorbed H,O. The presence of PO4>~ group is also
ascertained from the peaks at 1038 cm™'. The presence of
CO;”>" peak was assigned at 1458 and 1400 cm™'. The
triply (v4) and doubly (v,) degenerated bending modes of
phosphates O—P—O bonds were found at 601 and 547 cm™'
[32, 33]. The peaks corresponding to the phosphate and
carbonate functional groups immersed for 7 days con-
firmed the formation of apatite layer and also the grown
layer which is essentially the carbonate incorporated
apatite.

3.2.3 SEM-EDAX Studies

The SEM-EDAX micrographs of UT, AAHT Ti-6Al-7Nb
and Ti-5A1-2Nb-1Ta alloys immersed in SBF solution for
7 days are depicted in Figs. 4 and 5. After soaking in SBF
solution, the morphology and the composition of the UT,
AAHT Ti-6Al-7Nb and Ti-5Al-2Nb-1Ta specimens
exhibited significant variations, confirming the materials
ability to interact with the ions present in the SBF solution.
It could be observed that only a few white particles formed
randomly over the surface for UT Ti-6Al-7Nb and Ti-5Al-
2Nb-1Ta specimens, whereas in the case of AAHT Ti-6Al-
7Nb alloy an isolated globular-shaped apatite-like particles
were found over the entire surface of the specimen, which
could be due to the prolonged interaction of calcium and
phosphate ions adsorbed on the surface of the modified
specimens. On the other hand, the AAHT Ti-5A1-2Nb-1Ta
alloy revealed a cluster of spherical apatite-like particles
randomly on the porous sodium titanate layer, formed after
the heat treatment which may be due to the low adsorption
of Ca and P ions in the SBF solution [34]. The Ca/P ratio of
all the specimens was found to be 1.67 from the EDAX
analysis.

3.2.4 Mechanism

Treated titanium forms bone-like apatite layer on their
surfaces when immersed in SBF solution. These apatite
layers are formed over the surface through different
mechanisms depending on the type of pretreatment adopted
before immersion in SBF solution.

During acid (H,SO,4 + HCI) etching, the passive oxide
film degradates as follows

2TiO; + 2(H2$O4 + 2HC]) — Ti(SO4)2+TiCI4 + 4H,0
(2)
Simultaneously, titanium reacts with HCI to form TiCl;
and H,:
2Ti + 2(H,SO4 + 3HCI) — Ti(SO4),+2TiCl; + 5H,
(3)
TiH, was can be formed by
Ti + H, — TiH, 4)
On the TiH, intermediate layer, a new oxide layer can
form in contact with air moisture. It can be supposed that
the titanium oxide layer is thinner than the initial one
because it was not exposed to high temperature. Upon
exposure of acid-etched titanium in NaOH, the passive

oxide layer dissolves to form amorphous titania layer
containing Na™ ions.

TiO, + NaOH — HTiOj + Na™* (5)
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Fig. 3 FTIR spectrum of a Ti-6Al-7Nb and b Ti-5A1-2Nb-1Ta alloys after 7 days of immersion in SBF solution

When the AAHT specimen is soaked in SBF solution,
Na™' ions from the amorphous layer will be exchanged by
H;0™" ions from the surrounding fluid resulting in Ti-OH
layer formation.

[TiOy]solid + 2H,0 < [TiO, - OH] , +H;0™ (6)

Simultaneously, with increasing pH the apatite nucle-
ation is accelerated by increasing the super saturation of the

@ Springer

solution with respect to apatite. Calcium ions are incor-
porated in the hydrated Ti—-OH layer. The positively
charged Ca®" may act as nucleation sites for HCA by
attaching to negatively charged (PO4)37 and (CO3)27 to
form Ca-P-enriched surface layer which crystallizes to
bone-like apatite (HCA) [26, 27].

10Ca*" + 6PO}~ + 20H™ « Ca;o(PO,)4(OH), (7)
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Fig. 4 SEM-EDAX
micrographs of Ti-6Al-7Nb
alloy a UT and b AAHT after
7 days of immersion in SBF
solution

Fig. 5 SEM-EDAX
micrographs of Ti-5A1-2Nb-1Ta
alloy a UT and b AAHT after
7 days of immersion in SBF
solution
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3.3 Electrochemical Characterization

The electrochemical characterization was performed in
order to evaluate the protective effectiveness of the surface
layer formed on the Ti-6Al-7Nb and Ti-5A1-2Nb-1Ta
alloys during acid etching followed by alkali heat treat-
ment. The surface-modified specimens were then subjected
to potentiodynamic polarization and electrochemical
impedance spectroscopy.

3.3.1 Potentiodynamic Polarization Results

Potentiodynamic polarization plots obtained for UT,
AAHT Ti-6Al-7Nb and UT, AAHT Ti-5Al-2Nb-1Ta on
immersion in SBF solution are presented in Figs. 6 and 7.
The UT Ti-6Al-7Nb alloy (Fig. 6a) exhibits a stable pas-
sive film extending over a wide range of potentials with
constant current density. However, AAHT Ti-6Al-7Nb
alloy shows a stable current density remained till 1.5V,
and there is a slight increase in the anodic current density
beyond 1.5 V which could be mainly due to the breakdown
of the titanate layer. It can be observed that the corrosion
potential values for UT and AAHT Ti-6Al-7Nb were
found to be -0.49 V and -0.38 V, respectively. The UT Ti-
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5AI-2Nb-1Ta (Fig. 7a) shows a stable passive film at a
potential region of 0.1-1 V. At this region, the current
density remains almost same, which indicates the thick-
ening of the anodic surface film. The AAHT Ti-5A1-2Nb-
1Ta alloy (Fig. 7a) shows a stable current density which
remained same till 1 V and beyond 1 V, and there is a
slight increase in the anodic current density, which is due
to the breakdown of the porous titanate layer in SBF
solution [34]. The corrosion potential values for UT and
AAHT Ti-5A1-2Nb-1Ta were found to be —0.30 and
—0.19 V, respectively.

To study the effect of immersion time on corrosion
behaviour of Ti-6Al-7Nb and Ti-5AI-2Nb-1Ta alloys in
SBF solution, potentiodynamic polarization measurements
were taken after 7 days. AAHT Ti-6Al-7Nb exhibited a
significant shift of potential in the nobler direction and a
steady decrease in the corrosion current density with one
order of magnitude when compared with AAHT Ti-5Al-
2Nb-1Ta. From this, we can infer that due to the prolonged
interaction of Ca and P ions from the SBF solution forms a
porous film over the AAHT Ti-6Al-7Nb surfaces which
enhance the corrosion resistance.

Tamilselvi et al. [18] have examined that the passive
current density was almost constant for the alkali heat-
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Fig. 6 Potentiodynamic polarization curves of Ti-6Al-7Nb alloy
a immediate and b 7 days

treated Ti-6Al-7Nb alloys after 7 days of immersion in
SBF solution. The results revealed that there is a decrease
in the current density with increase in the immersion time
which can be attributed to the densification of film during
the alkali heat treatment and also a prolonged interaction of
calcium and phosphate ions present in the Hanks solution
forms an apatite layer which improves corrosion resistance.
Assis et al. [35] have also examined the similar observa-
tions on Ti-6Al-7Nb alloy immersed in SBF medium.

3.3.2 Electrochemical Impedance Spectroscopic Results

Electrochemical impedance response of UT Ti-6Al-7Nb
alloy on immediate and after 7 days of immersion in SBF
solution is presented in Fig. 8a. It can be observed that the
UT Ti-6Al-7Nb alloy shows a near-capacitive response
which is the indicative of a typical thin single passive oxide
film present on the metal surface which is highly insulative
and protective against aggressive ion ingression. However,
after 7 days of immersion in SBF solution, the UT Ti-6Al-
7Nb alloy shows a significant shift in the phase angle on
the whole of the frequency region [34]. This behaviour

2.5

Potential / V (Ag/AgCl)

T T T
10° 107 10° 100 10" 100 107
Current density / A cm”
2.5

2.0 4

1.54

1.0

0.5

0.0 1

Potential / V (Ag/AgCl)

-0.54

-1.0 4 y

-1.5

T T T T
10° 107 10° 10° 10" 10°
Current density / A cm™

Fig. 7 Potentiodynamic polarization curves of Ti-5Al-2Nb-1Ta alloy
a immediate and b 7 days

confirms the formation of a new layer (apatite as confirmed
from XRD and SEM-EDAX).

Electrochemical impedance response of AAHT Ti-6Al-
7Nb alloy on immediate and after 7 days of immersion in
SBF solution is presented in Fig. 8b. The AAHT Ti-6Al-7Nb
alloy exhibited two well-defined distinct humps in the
higher- and lower-frequency regions which indicated the
presence of duplex layers, with inner barrier layer and outer
porous densified gel layer due to the heat treatment over the
surface of Ti-6Al-7Nb alloy. However, after 7 days of
immersion in SBF solution, spectra exhibited triplex layers
with inner barrier layer, outer porous layer and formation of a
new layer. The formation of a new layer is the characteristics
of a shift in the phase angle at the low-frequency region. The
shift in the phase angle can be attributed to the growth of
apatite over AAHT Ti-6Al-7Nb alloy. The interaction of
solutions is generally identified by a phase shift at the higher-
frequency region which can be attributed to a physical
change in the porous layer due to the interaction of the
solution ions present in the solution [36].

Electrochemical impedance response of UT Ti-5Al-2Nb-
1Ta alloy on immediate and after 7 days of immersion in SBF
solution is presented in Fig. 9a. UT Ti-5Al-2Nb-1Ta alloy
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Fig. 8 Bode-phase angle and Bode-impedance plot of a UT Ti-6Al-
7Nb alloy and b AAHT Ti-6Al-7Nb alloy on immersion in SBF
solution

exhibited similar type of observations of UT Ti-6Al-7Nb
alloy. After 7 days of immersion in SBF solution, the spectra
exhibited a duplex layer of inner barrier and outer porous
layer, respectively. Electrochemical impedance response of
AAHT Ti-5AIl-2Nb-1Ta alloy on immediate and after 7 days
of immersion in SBF solution is presented in Fig. 9b. AAHT
Ti-5Al-2Nb-1Ta alloy shows a similar behaviour to that of
AAHT Ti-6Al-7Nb alloy. However, after the seventh day of
immersion, the spectra exhibited only duplex layers with inner
barrier layer and outer apatite layer [36].

From the impedance plots, it can be inferred that the
solution resistance (R;) is high for AAHT Ti-6Al-7Nb and
Ti-5AI-2Nb-1Ta which indicated the adsorption of solution
ions over the surface, creating a high solution resistance.
This also suggests that repair of the defects in the barrier
layer during the period of immersion might have occurred
by the incorporation of mineral ions from the solution into
the defects/pores or to the film thickening during immer-
sion time [22].

Impedance values were derived from the plots and are
presented in Tables 2 and 3. It can be observed that R,
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Fig. 9 Bode-phase angle and Bode-impedance plot of a UT Ti-5Al-
2Nb-1Ta alloy and b AAHT Ti-5Al-2Nb-1Ta alloy on immersion in
SBF solution

values found to be increase with increase in immersion
time, whereas R, values decrease which indicate that the
impedance response is dominated by the presence of bar-
rier layer. The increase in R}, value indicates the increase in
the passive film thickness. This suggests that there is a
change in the passive film behaviour of Ti-6Al-7Nb and Ti-
5AI-2Nb-1Ta due to the newly formed layer that accounts
for the higher protection. This shows that the corrosion of
Ti-6Al-7Nb and Ti-5Al-2Nb-1Ta is prohibited by non-
porous inner layer and facilitated the growth of oxide layer
[22]. It can be seen that R, values for AAHT Ti-6Al-7Nb
are found to be higher of 7194 KQ cm?” which represents
the formation of an strong apatite layer after 7 days of
immersion in SBF solution when compared with other
specimens.

From the electrochemical studies, it can be concluded that
AAHT Ti-6Al-7Nb exhibited higher corrosion potential and
lower current density from the results obtained from polar-
ization and impedance measurements. This indicates that the
thickness of CaP layer formed is higher and AAHT Ti-6Al-
7Nb exhibited excellent in vitro bioactivity.
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Table 2 Impedance parameters of Ti-6Al-7Nb and Ti-5Al-2Nb-1Ta alloys obtained by fitting Ry (RyQy) and Ry (RyQp) (Ry,Qp) model for
immediate immersion in SBF solution

Specimens RJ/Q cm? R,/KQ cm? Op/uF cm ™2 n Ry/KQ cm? Op/UF cm ™2 n

UT Ti-6A1-7Nb 44 - - - 1803 0.32 0.88
AAHT Ti-6Al-7Nb 109 6232 1.75 0.82 1642 9.53 0.90
UT Ti-5A1-2Nb-1Ta 48 - - - 1483 3.95 0.85
AAHT Ti-5A1-2Nb-1Ta 124 4005 4.87 0.82 1556 7.80 0.89

Table 3 Impedance parameters of Ti-6Al-7Nb and Ti-5A1-2Nb-1Ta alloys obtained by fitting R, (R,Q.) (RpyQ;,) (RyQp) and R, (R,Q.) (R,Ob)
model after 7 days of immersion in SBF solution

Specimens RJ/Q cm® R/KQ cm? Q./UF ecm™2 n R,/KQ cm? Op/WF em™? n R,/KQ cm? Oy/pF cm™2 g

UT Ti-6Al-7Nb 49 4923 0.89 - - - - 2544 2.46 0.86
AAHT Ti-6Al-7Nb 114 7194 0.45 0.81 5138 3.53 0.81 2645 7.64 0.86
UT Ti-5A1-2Nb-1Ta 52 4121 3.78 0.84 - - - 2575 4.67 0.81
AAHT Ti-5A1-2Nb-1Ta 138 4112 2.73 0.79 - - - 2324 5.96 0.87
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Fig. 10 Equivalent circuit diagrams of Ti-6Al-7Nb and Ti-5Al-2Nb- Fig. 11 Micro-hardness values of a Ti-6Al-7Nb and b Ti-5Al-2Nb-
1Ta alloys a, b immediate and ¢, d 7 days 1Ta alloys
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Table 4 Vickers micro-

hardness measurements of Material used Condition  Load (g) Vicker hardness value (VHN)  Average hardness values
(@) Ti-6AL-7Nb and (b) Ti-5Al- 1 6A}.7Nb UT 10 3116 343.4
2Nb-1Ta alloys
25 378.7
50 340.0
AAHT 10 351.0 409.2
25 453.6
50 422.7
Ti-5A1-2Nb-1Ta  UT 10 289.4 273.3
25 274.9
50 255.8
AAHT 10 3324 355.4
25 358.6
50 3753

The equivalent circuit proposed for the UT Ti-6Al-7Nb
and Ti-5A1-2Nb-1Ta are Ry (R,Qp) is shown in Fig. 10a
where R represents the solution resistance and Ry, and Q,
represent the charge transfer resistance and double-layer
capacitance of the barrier layer. This represents the pres-
ence of a single layer on the metal surface possessing
resistance as well as capacitance. The obtained impedance
spectra for AAHT Ti-6Al-7Nb and Ti-5AI1-2Nb-1Ta alloys
were fitted using Ry(RpQp) (RpOp), where R, and O, rep-
resent the resistance and capacitance of the porous layer
and are characterized by two parallel combination of
resistance and capacitance in series with the solution
resistance (Fig. 10b). It indicated the formation of duplex
layer, viz. inner barrier layer and outer porous layer.
Similar type of circuit was proposed to simulate the data
for titanium in SBF solution and can be considered as an
equivalent circuit representation of a two layer model of
the oxide film, consisting of an inner barrier and outer
porous layer [22]. The equivalent circuit model proposed
for UT Ti-6Al-7Nb and Ti-5A1-2Nb-1Ta alloys and AAHT
Ti-5A1-2Nb-1Ta alloy after 7 days of immersion in SBF
solution is presented in Fig. 10c. The circuit model can be
represented as R, (R,Q,) (R,Oy), where R, and Q, represent
the resistance and capacitance of the apatite layer shown in
Fig. 10d. The model which is used to fit the spectra
obtained for AAHT Ti-6Al-7Nb is represented as Ry(R,Q.)
(Rp0p) (RyQ,) which exhibited the presence of triplex
layer, indicated the formation of a new layer which may be
due to the adsorption of calcium and phosphate ions over
the porous layer.

3.4 Mechanical Characterization
To examine the changes in hardness, the micro-hardness
measurements were taken for UT, AAHT Ti-6Al-7Nb and

Ti-5A1-2Nb-1Ta specimens and the micro-hardness data of
UT and AAHT specimens at various applied loads of 10,

@ Springer

20 and 50 gms are presented in Fig. 11 (a-b). It can be seen
that a considerable increase in the hardness values for the
AAHT Ti-6Al-7Nb alloy compared with the other speci-
mens as shown in Table 4. This could be due to densifi-
cation of porous titanate layer formed over the metal
surface during the acid etching with alkali and heat treat-
ment [35].

4 Conclusions

Ti-6Al-7Nb and Ti-5A1-2Nb-1Ta alloys were subjected to
surface modification by two-step chemical treatments and
subsequent heat treatment to enhance the bone-bonding
ability of the implants. Surface characterization revealed
the porous anatase gel layer over the specimens. In vitro
characterization revealed that the treatment of Ti-6Al-
7Nb and Ti-5A1-2Nb-1Ta alloys with mixture of acids
was prospectively found to have better bone-bonding
ability and the growth of apatite layer was also confirmed
by FTIR and XRD analysis. The potentiodynamic
polarization studies revealed that the AAHT specimens
after 7 days of immersion in SBF solution exhibited
lower current density compared to the UT specimens.
The electrochemical impedance spectroscopic results
revealed the appearance of duplex layer for the imme-
diate immersion and exhibited triplex layer after 7 days
of immersion in SBF solution for the AAHT Ti-6Al-7Nb.
The AAHT Ti-5AI-2Nb-1Ta revealed a duplex layer for
immediate and after 7 days of immersion in SBF
solution.

Hence, the AAHT Ti-6Al-7Nb alloy enhances the bio-
compatibility with higher hardness value and induces the
apatite forming ability within a short period of time and
also exhibited improved corrosion resistance compared
with the AAHT Ti-5A1-2Nb-1Ta which is widely used as
orthopaedic implants.
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