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Abstract

Ti0; nanotubes formed by anodic oxidation of Ti-6Al-7Nb were nitrided in a nitrogen plasma. The
samples were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
Nano hardness tester (NHT) and Field emission scanning electron microscopy (FESEM). The
corrosion behaviour of the substrate, plasma nitrided substrate, substrate with self organised TiO,
nano tubes (TNT) and with plasma nitrided TiO; nano tubes (TNT+PN) was investigated through
electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization studies in
simulated body fluid (Hanks’ solution). The investigations show that the native oxide on the sample
is replaced by self assembled nano array by anodisation process. XPS spectra of TNT plasma
nitrided sample show the presence of oxy nitride and nitride on the surface. Nano hardness of the
samples has increased after nitriding. FESEM images of samples immersed in Hanks’ solution show
that growth of calcium phosphate phases is more and the size of deposits are larger on TNT and
nitrided TNT samples, as compared to that on the untreated substrate. XPS spectra of TNT and
nitrided TNT samples immersed in Hanks’ solution show higher amount of calcium, phosphorous
and oxygen than on the substrate. Electrochemical studies show that nitriding decreases the

corrosion resistance.



RSC Advances Page 2 of 31

Keywords: anodic oxidation, nanotubes, nitriding, corrosion, EIS

*Corresponding  authors  E-mail  addresses:  canandan@nal.res.in (C.  Anandan),

nrajendran@annauniv.edu (N. Rajendran).

1. Introduction
Nowadays, nanostructured TiO, nano tubes are explored extensively for applications in different
fields such as biomedical ', photocatalysis * °, sensing ®, and photovoltaic cell.” In case of
bioimplants, titanium implants suffer from implant dislocation and premature loosening due to the
fibrous encapsulation by tissue that isolates the implanted material from the surrounding bone and
also because of its low chemical bonding ability with the bone. ®° Implant surface properties will
influence the extent of osseointegration. '®** Currently, researchers are focusing on surface
modification of the implant at the nano-scale regime as bone cells are adapted to it.'*®
Nanostructured materials are supposed to play a vital role in orthopaedic research due to the fact that
structurally bone has a nanometre regime at the first level hierarchy.'” Numerous studies have
established that surfaces consisting of nanostructured TiO, on pure Ti show positive effect on cell
behaviour such as substantial acceleration of apatite formation, improved proliferation, osteoblast

adhesion and differentiation."®* These results strongly suggested the use of nanostructured TiO, as

a future implant material.

Due to high hardness and low coefficient of friction, titanium nitride (TiN) coatings allow
improvement of the wear resistance of the substrate materials.** 2> 2® Thus, they are widely used in

several industrial coating technologies. Further, it has been reported that, TiN coatings will enhance

the corrosion resistance and biocompatibility of the Ti alloys.?”?
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The purpose of the present study is to form titanium oxy nitride nanotubes on Ti-6Al-7Nb alloy by
anodisation followed by plasma nitriding and characterize them for their nanoscale features,
corrosion behaviour by electrochemical impedance spectroscopy (EIS) and potentiodynamic

polarization studies in simulated body fluid (Hanks’ solution).

2. Materials and methods

2.1 Preparation of the samples

Titanium alloy, Ti—6Al-7Nb (ASTM F1295 grade) was procured from TIMET, USA in the
form of one inch diameter rod. Test samples of about ~3 mm thickness, cut from the rod were
ground with different grades of silicon carbide papers and finally polished using 0.1um diamond
paste. These samples were ultrasonically cleaned using acetone and dried. A two electrode
electrochemical anodisation cell, with platinum as cathode and Ti-6Al-7Nb substrate as anode, was
used to fabricate the nanotube arrays. Anodisation was carried out at 20V with a DC power supply
for 1 h. The anodic current density was monitored throughout the experiments. The electrode
separation was kept constant at 2 cm. The electrolyte was made by mixing 50 ml of 0.08 (M) HF
in 50 ml of 1(M) sulfuric acid. The electrolyte volume was held constant at 100 ml and continuously
stirred using a magnetic stirrer. After anodization, plasma nitriding was performed in a vacuum
chamber which is made up of stainless steel (304). The chamber was pumped to 2.4 x 10 millibar
pressure by diffusion pump. Nitrogen flow was controlled by MKS make mass flow controllers.
Nitriding was carried out at 1.4 x 10 millibar pressure. Plasma was generated using inductive
coupling of SOW RF (13.56 MHz) power. The samples were kept in a tubular furnace kept inside the

vacuum chamber and heated to 800°C. The temperature of the sample was measured using a
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thermocouple inside the vacuum chamber. The nitriding time was counted when the sample reached

the desired temperature. After nitriding for the samples were cooled in vacuum to room temperature.

2.2. Immersion studies

Immersion studies were carried out on the substrate, nanotubes samples (TNT) and nanotubes
nitrided samples (TNT + PN) by immersing them for 1 and 7 days at room temperature in freshly
prepared acellular SBF (Simulated Body Fluid) Hanks’ solution with ion concentrations that is
nearly equal to that of human blood plasma (Na+ =142.0, K" =5.0, Mg2+ =1.5, Ca’' = 2.5, HCO;5 =
4.2, HPO4” = 1.0, SO4* = 0.50 and Cl' = 147.96 mM). The chemical composition of the Hank’s
solution is as follows: 0.185 g CaCl,, 0.4 g KCl, 0.06 g KH,PO4, 0.1 g MgCl,*6H,0, 0.1g MgSO47
H,0, 8.0 g NaCl, 0.35 g NaHCOs3, 0.48 g Na,HPO, and 1.00 g d-glucose in 1lit of milli-Q water.

The pH of the solution was adjusted with IM HCl to 7.2- 7.6.*

2.3. Electrochemical measurements

Electrochemical studies on the substrate and treated samples were conducted using CH 604D
Electrochemical Workstation supplied by CH instruments, USA. The conventional three electrode
glass cell was used to carry out the electrochemical studies. The tests were conducted in 200 ml of
Hanks’ solution which simulates the body fluid (SBF) at room temperature. The sample was kept as
the working electrode (1 cm?); Pt foil and saturated calomel electrode (SCE) were used as counter

and reference electrodes, respectively. The reference electrode was kept very close to the surface of
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the working electrode. The sample was immersed in Hanks’ solution for an hour in order to establish

the open circuit potential (Eocp) or the steady state potential.

EIS measurement was carried out in the frequency range of 10 mHz to 100 kHz. The applied
alternating sinusoidal potential was 10mV on the Eqcp. After each experiment, the impedance data
were displayed as Bode plots. The Bode plot is a plot of log |Z] vs. log f and log f vs. - phase angle
(0), where |Z] is the absolute impedance and f'is the frequency. The acquired data were curve fitted
and analyzed using ZSimpwin program (Princeton Applied Research, USA) to get suitable
equivalent circuit parameters. The quality of the fit was checked by the y* value. After EIS
measurements, potentiodynamic polarization studies were carried out in a potential range below 200
mV and above the OCP value with a scan rate of 1mV/s. The Tafel plot was obtained after the
electrochemical measurements have been represented in the form of potential vs. log (i) plot. The

corrosion potential (E.or) and corrosion current (Io) were deduced from the Tafel plot.31’ 32

2.4. Characterization techniques

The presence of various phases in the anodized samples was identified by X-Ray diffraction
(XRD) using BRUKER D8 Advance, X-ray diffractometer. Monochromatic Cu Ka radiation
(A=0.1548 nm) was used and the samples were scanned from 20° to 80° at a scanning rate of
0.02°/min. Water Contact Angle (CA) of the samples was measured using Surface Electro Optics
Phoenix contact angle meter (South Korea) by sessile drop method. Water droplets of about 80 uL.
were carefully dropped onto the samples through a syringe, and the CAs were obtained by measuring

at different positions on each sample and the average value is reported. Nanohardness was measured
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using a Nanohardness Tester (CSM instruments) with a Berkovich Diamond indenter at 0.5 mN
load. The surface morphology of the samples was examined by Carl Zeiss Supra 40 VP FESEM. The
3D and 2D profiles of FESEM images were obtained by using the scanning probe image processor
WSxM 5.0 develop 7.0 software.**** The composition of the TNT and TNT+PN samples immersed
in SBF was analyzed by X-ray Photoelectron Spectroscopy (XPS). XPS spectra were obtained in a
SPECS Surface Nano Analysis XPS system with 150W non-monochromatic Al Ka radiation with
1486.6eV energy. Core level spectra of Ti2p, Nls, Ols, Ca2p and P2p were obtained at a pass
energy of 25eV. Nls and Ols core level spectra were fitted with Gaussian-Lorentzian peaks after

subtracting Shirley background to find the component peaks using Casa-XPS software.

3. Results and discussion

Fig. 1 (a) shows the FESEM image of an anodic TiO; nano tube array (TNT) obtained after
anodisation of Ti-6Al-7Nb for 1h at 20 V. Fig. 1 (b) shows the FESEM image of TNT plasma
nitrided at 800°'C (TNT +PN). Figs. 1 (¢ and d) show the 3D image of the TNT and TNT+PN
obtained from FESEM image for the same respectively. In these images, the high degree of ordering
of the tubes can be clearly seen. Similarly, Figs. 1 (e and f) show the 2D profile of the TNT and
TNT+PN obtained from FESEM image for the same, respectively. FESEM images of the TNT and
TNT+PN show that the arrays have very regular and vertically aligned tube structure. As indicated in
Figs. 1 (e and f) in samples TNT and TNT+PN, the nano tubes have diameters of approximately
~100 and 80 nm and an average inter-tube distance of approximately ~30 and 35 nm respectively.
The height of the nanotubes is approximately ~250 nm. Thus, there is no much change in tubular

dimensions after nitriding.
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In order to investigate the wettability of the samples, water contact angle was measured and
the collected results are shown as insets in Figs. 1 (a and b). In the insets, we compare the optical
images of a water droplet on the as-prepared TNT and TNT +PN. The water contact angle is ~67.3°
+2.4 on Ti-6Al-4V substrate. On as-prepared TNT wetting by water was observed but after nitriding
the TNT at 800°C the water contact angle is 122°+2. Thus, the sample becomes hydrophobic after

nitriding. Fig.2 shows the FESEM images of Ti-6Al-7Nb substrate and substrate after nitriding.

In Fig. 3 XRD patterns (a) to (d) correspond to Ti-6Al-7Nb substrate, plasma nitrided substrate, as-
formed TNT, and plasma nitrided nanotubes (TNT+PN) respectively. The location of different peaks
pertaining to Ti, Ti-O-N, TiN and Ti,N are shown in the figure. The substrate pattern (a) shows three
dominant peaks due to Ti. In diffractogram (b), for the nitrided sample, the intensity of the substrate
diffraction peak at 38° has nearly disappeared and appearance of peaks of the nitrides, TiN and Ti,N
can be seen after nitriding. In pattern (d), after nitriding of the TNTs, Ti-O-N, TiN and Ti,N peaks
can be observed. Also, the intensity of the Ti,N phase is higher than that of TiN. This shows that

predominantly Ti,N is formed.

Nanohardness measurements were carried out on substrate, plasma nitrided substrate, TNT and
TNT+PN samples at 0.5 mN load. Five indentations were taken at different locations to check the
uniformity of the coating hardness. Fig. 4 shows indentation curves taken on the sample and shows
the uniformity of the coating hardness. Figs. 5 (a and b) show the FESEM images of samples after
NHT on TNT and TNT+PN samples respectively. Figs. 5 (¢ and d) show the 3D image of the TiO,
nano tube array generated from FESEM image for the same. Similarly, Figs. S (e and f) show the 2D
profile of the nano indentation on TiO; nano tube array obtained from FESEM images after NHT.
The hardness of the Ti-6Al-7Nb substrate is 9.2GPa, after plasma nitriding the hardness has

increased to 15.5GPa. Similarly, the maximum displacement of the substrate and plasma nitrided

7
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samples was 61 and 34nm respectively. This shows that nitriding will increase the surface hardness.
Similarly, the hardness of the TNT and TNT+PN was 1.4 and 2.2 GPa, respectively. The maximum
displacement of the TNT and TNT+PN was 144 and 95 nm respectively. The increase in the
hardness and decrease in displacement suggest the nitriding of nanotubes which increases the
hardness of the TNT. The sharp change of slope in the loading curves imply that after certain loading
the tubular structure yields before resisting further deformation by increasing load. The unloading
curves of the nanotubes show that there is no elastic recovery. This may be due to the fact that the
nanotubes collapse after loading, which can be seen from the FESEM images in Fig.5. Even though
a low load of 0.5mN has been used, the tubular structure collapses as the actual contact area is much
lower due to the tubular structure. The hardness values are lower as compared to bulk oxide and
nitride values for the same reason. The nano indentation studies show that the mechanical properties

of the TNT+PN are better to that of TNT.

Fig. 6 shows the Ti2p, Nls and Ols core level XPS spectra from (a) TNT and nitrided (b) TNT
samples, respectively. The at% of titanium, oxygen and nitrogen are given in Table 1 for the same.
In Ti2p spectrum (a) in Fig. 6, the surface is completely covered with TiO, has no trace of Ti
metallic peak. This shows that the surface is completely covered by oxide after the anodization
process. After nitriding, the Ti2p spectrum (b) in Fig. 6 is broad. Various peaks representing
titanium nitride (455.5eV), titanium oxide 458.9¢V and intermediate peak around 456.8eV due to
oxynitrides (TiOxNy) 3% 3¢ can be identified in the spectra. Also, the spectra have no trace of Ti
metallic peak. This is because nitriding the titanium oxide nanotubes replaces the oxide by nitrides
and oxynitrides.”’ In the N1s spectra, the high-intensity peak at ~396.86 eV corresponds to N in TiN
and the low-intensity peak at a higher binding energy may be attributed to titanium oxynitride

(TiNxOy).38 The N1s core level spectra are fitted with these two components and the percentage of
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each component is shown in Table 1. As can be seen in the table, the fraction of nitrogen is in
oxynitride form. This oxynitride may have formed on nitriding of titanium oxide nanotubes. In
Oxygen 1s core level spectra from TNT sample oxygen is bonded mostly as in metal oxide and
hydroxide forms can be seen. Nitrided TNT samples contain three peaks can be identified in Fig.6.
The main peak centered at 529.8 eV corresponds to O bonded to Ti. The other two peaks centered at

531.3 and 532.1 eV peaks correspond to oxygen bonded as in TiNxOy and as in hydroxyl groups .**

41

Figs. 7 (a), (b) and (¢) show the FESEM images of the substrate, TNT and TNT+PN samples
surfaces after 7 days immersion in Hanks’ solution respectively. Insets in all the figures show the
images at a higher magnification. In these images, formation of calcium phosphate phases (CP)
appears as white deposit. The formation of the CP phases interact with water or body fluids to form
hydroxyapatite [Ca;o (PO4)s (OH) 2], HAp the principal component of bone material.** As can be
seen in the images, the growth is more on the TNT and TNT+PN samples and the sizes of the
deposits are also large. Insets in the figures at a higher magnification show that deposit have grown
to larger size on the TNT and TNT+PN surface as compared to that on the substrate surface. The
above observations point out that in addition to TNT, a TNT + PN sample also has higher potential
for inducing growth of CP phases on the surface. This is further substantiated by the results of XPS

to be discussed below.

Fig.8 compares the survey spectra from the substrate, TNT and TNT nitrided samples after 1 day
immersion in Hanks’ solution. XPS core level spectra of Ca2p, P2p and Ols from substrate, TNT
and TNT+PN samples after | day immersion in Hanks’ solution are shown in Fig.9. The binding
energy of Ca 2p3/2 core level in Fig. 9 is at 347.2¢V and that of P2p3/2 is at 133.3eV.* These

binding energies correspond to Ca in oxide form and P in phosphate form, both probably bonded as

9
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apatite. Intensities of Ca2p and P2p XPS spectra are in the order: TNT > TNT+PN > substrate.
Table 2 gives the at% of various Ti2p, Ca2p, P2p and Ols in each case. These results show that Ca
and P is more on the TNT and TNT nitrided samples. This implies that nitriding of TNT also

facilitates growth of calcium phosphate phases on nano tube surface.

Potentiodynamic polarization curves of the substrate, nitrided substrate, TNT and TNT+PN samples
in Hanks’ solution are shown in Fig. 10. The corrosion current (I.,;y) was obtained by extrapolation
of the cathodic and anodic branches of the polarization curves to the corrosion potential. Table 3
shows the corrosion current density and corrosion potential for the substrate, nitrided substrate, TNT
and TNT+PN samples. The values of corrosion current density in Table 3 show that nitriding has
resulted in deterioration of corrosion resistance of the substrate. The corrosion current density of the
TNT sample (0.0158pA/cm?) shows that anodisation has not affected the corrosion resistance of the
substrate. However, one point has to noted here. As compared to substrate, the surface area of TNT
sample is much higher owing to the nano tube morphology. The increased corrosion current could be
due to the increased area owing to this nanostructure of the system. Therefore, the actual corrosion
resistance could very high. As in the case of substrate, nitriding has resulted in loss of corrosion
resistance of the TNT sample. The E.,; value shifted to much nobler values for nitrided substrate
and TNT samples (-0.188 and-0.236 V), compared to that of substrate value of —0.303 V indicating
the passive nature of the nitrided substrate and TNT samples in Hanks’ solution. There was no

significant change in E,, after nitriding TNT.

The results of electrochemical impedance tests in Hanks’ solution for substrate, nitrided substrate,
TNT and TNT+PN samples are presented in the form of Nyquist and Bode plots in Figs. 11 (a, b, ¢
and c). The Nyquist plots in Fig. 11(a) are semicircular with the substrate having a larger diameter

in lower and higher frequencies (Fig. 11 (a) inset). The limiting impedance at the high frequency end

10
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corresponds to solution resistance, R.. In Fig. 11 (b), for substrate and nitrided substrate, the phase
angle changes rapidly from —0° to —20° in the high frequency range (10 to 100 kHz). In the low
frequency range from 0.01 to 100 Hz, the phase angle remains nearly constant for substrate and
nitrided substrate —82.5 and -79° respectively, which is less than the value for an ideal capacitor
(=90°). In the same frequency range, a linear relationship between log |z| and log f is observed with a
slope close to one. In the case of TNT, there is an inflexion point in the phase angle in the frequency
range of 1 to 100 Hz. In the case of TNT+PN, there is a steady decrease of the phase angle in this
frequency range. Fig. 12 (a) shows the equivalent circuit model used for fitting the EIS data of the
substrate and nitrided substrate and Fig. 12 (b) shows the equivalent circuit model used for fitting
the EIS data of the TNT and TNT+PN samples. The equivalent electrochemical circuit is composed
of resistances and constant phase elements (CPE). The resistive components Re, R1 and R2 are
related to the solution resistance, resistance of the outer porous layer and inner layer resistance,
respectively. The Q symbol signifies the possibility of a non-ideal capacitance, known as constant
phase element (CPE), and its impedance is defined as ZCPE = [Q (jof’)]_1 with ‘n’ less than 1; for an
ideal capacitance n = 1. In this, Q1 represents the capacitance of the outer layer, Q2 the capacitance
of the inner layer. Similar equivalent circuits have also been proposed for titanium alloys in Hanks’

solutions by previous researchers.***3

In the case of TNT and TNT+PN samples, the equivalent circuit has three time constants and EC is
given in Fig. 12 (b). The outer porous oxide layer of the substrate is replaced by the inter-tube space.
The inner barrier layer corresponds to the bottom of the nano tubes. The values of the electrical
parameters obtained by fitting the impedance data of the substrate and anodized samples are given in

Table 3. For the substrate and nitrided substrate, the high corrosion resistance R2 is associated with

11
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inner layer on the substrate and nitrided substrate, which is 5.8 10° and 5.4x 10° Qcm? respectively,
in the present case. The Q2 component is associated to the capacitance of this inner barrier layer.
The resistance of outer porous layer is 21.5 Qcm?. The value “n” for the constant phase element
representing the outer layer is 0.98 and 0.96 and that representing the inner layer is 0.92 and 0.88,
respectively. In the case of TNT and TNT+PN samples the well formed nano tube structure acts an
additional element in series with the substrate. The fitting parameters for TNT sample in Table 4
shows that the resistance R1 of the outer layer is about 27.5Qcm” and that of R2 is about 5.6x10"
Qcm’. The high corrosion resistance R3 is associated with inner barrier layer of the nano tubes. The
non ideal value for the constant phase element representing the QI and Q2 is 0.91 and 0.92

respectively and that representing the inner layer (R3) is 0.92.

In the case of TNT+PN samples (Table 4), the resistance R1 of the outer layer is 34.5Qcm?2 and that
of R2 is 58Qcm?”. There is deviation from near ideal capacitor behaviour in low frequency range (0.1
to 0.01 Hz) high, as the phase angle is ~—75°. However, resistance of the inner barrier layer R3,
close to the substrate surface at the bottom of nanotubes, is high (5.2x10* Qcm?). The decreased
corrosion resistance of nitrided and nitrided TNT samples show that the TiO, layer provides better
corrosion resistance than nitrided surface.*® However, nitriding of titanium alloys improve their
tribological properties. Nitriding also helps in formation of calcium phosphate phases which leads to
hydroxyapatite, the principle component of bone material.®*® It is well known that nano surface
improves the adhesion of osteoblast and fibroblast cells to titanium alloys and also improve their
bone forming ability."****” Above results show that nitriding results in nitrided TiO, nanotubes with
better mechanical properties and biocompatibility. Therefore, nitriding nanotubes can be a promising

method for surface modification of titanium for improving its biocompatibility.

12
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Conclusions

Self-organized titanium oxide nanotube arrays with pore diameters ~100 nm have been
formed on titanium alloy Ti-6Al-7Nb by anodic oxidation were nitrided in a nitrogen plasma. The
XRD pattern of nitrided TNT sample show presence of Ti-O-N, TiN and Ti,N peaks. Nanohardness
measurements show an increase in hardness of TNTs due to nitriding. Potentiodynamic polarization
and electrochemical impedance studies of TNT sample in Hanks’ solution show that the corrosion
resistance is comparable with that of substrate while corrosion resistance of nitrided substrate and
TNT+PN samples is poorer than the substrate. Formation of calcium phosphate phases on TNT and
TNT+PN samples is higher compared to that of substrate after 1 and 7 days immersion in Hanks’
solution. Hence, nitriding of nano tubes helps in increasing the hardness of the TiO, nanotubes that

enhances formation of CP phases.
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Figure Captions

Fig. 1 FESEM images of TNT (a) and TNT+PN (b) (top view) inset water contact angle, (c and d)
3D images at higher magnification obtained from FESEM image and 2D profile of the nano tubes (e
and f).

Fig. 2 FESEM images of (a) Ti-6Al-7Nb substrate and (b) Nitrided substrate.

Fig. 3 X-ray diffraction pattern for (a) Ti-6Al-7Nb substrate, (b) substrate nitrided at 800°C, (c) TNT
as-formed and (d) TNT + Nitrided at 800°C.

Fig.4 Load versus displacement curve for (a) Substrate, (b) nitrided substrate, (c) TNT and (d) TNT
+ PN.

Fig. 5 FESEM images after NHT for TNT and TNT+PN samples (a and b), 3D images obtained
from FESEM image (¢ and d) and (e and f) 2D profile of the nano indentation on TNT and
TNT+PN.

Fig. 6 XPS core level spectra of Ti2p, N1s and Ols from (a) TNT and (b) TNT+PN samples.

Fig. 7 FESEM images of samples after 7days immersion in Hanks’ solution (a) substrate, (b) TNT
and (¢) TNT + PN (inset at higher magnification).

Fig. 8 XPS survey spectra of (a) substrate, (b) TNT and (c) TNT+PN samples after 1 day immersion

in Hanks’ solution.

Fig. 9 XPS core level spectra of Ca2p, P2p and Ols from (a) substrate, (b) TNT and (c) TNT+PN

samples after 1 day immersion in Hanks’ solution.

Fig. 10 Potentiodynamic polarization curves for (a) substrate (b) nitrided substrate, (c) TNT and (d)
TNT + PN samples.

Fig. 11 Nyquist plot (a), Bode plots (b) phase and (c) magnitude for substrate, nitrided substrate,
TNT and TNT +PN samples.

Fig. 12 Equivalent circuit (EC) diagram used for fitting EIS data of the substrate and nitrided
substrate (a) and (b) TNT and TNT+PN samples.
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Table 1: Composition of TNT and TNT + PN samples obtained by XPS.

Sample Ti2p Ols Nl1s N
at.% at.% at.% TiN  TiNxQOy
% %
TNT 17.9 82.1 - - -
TNT+PN 20.7 72.0 7.3 65.4 34.6

Table 2: Composition of Ti2p, Ca2p, P2p and Ols after 1day immersion in Hanks’ solution
obtained by XPS.

Sample Ti2p Ca2p P2p Ols
at.% at.% at.%

at.%

Substrate 59 14.6 12.9 66.6

TNT 1.9 21.0 18.8 58.3

TNT+PN 3.7 17.0 14.5 64.8

Table 3: Results of potentiodynamic polarization studies.

S. no Sample Ecorr (V) icorr (HA/cm’)
1.  Substrate -0.303 0.0058
2. Nitrided substrate -0.188 0.0266
3. TNT -0.236 0.0158
4.  TNT+PN -0.308 0.0990
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Table 4: Electrochemical impedance parameters obtained by fitting equivalent circuit model for
substrate, nitrided substrate, TNT and TNT + PN samples

Samples Re Q1 n; R1 Qz n; Rz Q3 ns3 R3
Qem? Ss"em? Q Ss"em? Qem?  Ss"em? Q em?
2
cm

Substrate 14 73x10° 098 215 1.7x10° 0.92 5.8x10° - - -

Nitrided 15 6.8x10° 096 215 3.1x10° 0.88 5.4x10° - - -
substrate

TNT 11 1.3x107 091 275 1.6x10° 092 15x10* 54x10° 092 5.6x10°

TNT+PN 16 8.5x10° 096 345 54x10% 0.79 58 6.2x10° 090 5.2x10°

5 510

5 3x19*

25,0

4.2 x:0*
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Fig. 1 FESEM images of TNT (a) and TNT+PN (b) (top view) inset water contact angle, (c
and d) 3D images at higher magnification obtained from FESEM image and 2D profile of the

nano tubes (e and f).
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Fig. 2 FESEM images of (a) Ti-6Al-7Nb substrate and (b) Nitrided substrate.
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Fig.3 X-ray diffraction pattern for (a) Ti-6Al-7Nb substrate, (b) substrate nitrided at 800°C,
(c) TNT as-formed and (d) TNT + Nitrided at 800°C.
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Fig.4 Load versus displacement curve for (a) Substrate, (b) nitrided substrate, (c) TNT and
(d) TNT + PN
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Fig. 5 FESEM images after NHT for TNT and TNT+PN samples (a and b), 3D images
obtained from FESEM image (c and d) and (e and f) 2D profile of the nano indentation on
TNT and TNT+PN.
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Fig. 6 XPS core level spectra of Ti2p, N1s and Ols from (a) TNT and (b) TNT+PN samples.
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Fig. 7 FESEM images of samples after 7days immersion in Hanks’ solution (a) substrate, (b)

TNT and (¢) TNT + PN (inset at higher magnification).
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Fig. 8 XPS survey spectra of (a) substrate, (b) TNT and (c) TNT+PN samples after 1 day

immersion in Hanks’ solution.
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Fig. 9 XPS core level spectra of Ca2p, P2p and Ols from (a) substrate, (b) TNT and (c)

TNT+PN samples after 1 day immersion in Hanks’ solution.
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Fig. 10 Potentiodynamic polarization curves for (a) substrate (b) nitrided substrate, (c) TNT
and (d) TNT + PN samples.
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Fig. 11 Nyquist plot (a), Bode plots (b) phase and (c) magnitude for substrate, nitrided
substrate, TNT and TNT +PN samples
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(a)

Fig. 12 Equivalent circuit (EC) diagram used for fitting EIS data of the substrate and nitrided
substrate (a) and (b) TNT and TNT+PN samples.
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