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Abstract Self-assembled TiO2 nanopore arrays (TNPA)

were developed by electrochemical anodization. Microscopic

studies revealed the presence of nanoporous surface with pore

diameter and length of about 84 and 100 nm, respectively.

Growth of apatite (HAp) on TNPA after immersion in Hank’s

solution for different durations such as 3, 5, and 7 days was

confirmed by various spectroscopic studies. Polarization

study exhibited that the specimens after immersion in Hank’s

solution showed high corrosion resistance which is attributed

to the HAp growth on TNPA surface. Hence, TNPA is a viable

material with required biocompatibility and corrosion resis-

tance for use as orthopedic implants.

Keywords Anodization � Nanopore arrays � Apatite �
Corrosion resistance � Orthopedic implant

1 Introduction

Recent research focuses on the development of bioactive

materials such as metals and their alloys, which are exten-

sively used in implant applications. Such an implant materials

exhibit high strength and toughness. However, they are

susceptible to chemical and electrochemical degradation,

which leads to corrosion [1]. The main objectives in the design

of next generation dental and orthopedic implants are

enhancement of biocompatibility and corrosion resistance [2].

In this context, titanium (Ti) and its alloys stand first for

implant materials due to their biocompatibility with human

bone and blood [3–6]. They have many desirable properties

such as relatively low modulus (similar to human bone),

good fatigue strength [7–9]. In addition, they have excel-

lent corrosion resistance which is due to native oxide layer

present on their surface [10–12]. However, the oxide layer

is bio-inert which leads to insufficient new bone formation

on Ti surface, subsequently implant loosening and failure

[13, 14]. Besides, the patient needs to undergo a painful

revision surgery. Therefore, to overcome these complica-

tions, the surface of Ti needs to be modified.

The use of nanostructured materials has been proposed to

solve some of the problems currently associated with ortho-

pedic implants [15]. In this connection, the nanostructured Ti,

i.e., TiO2 nanopore arrays (TNPA), has a great deal of interest

[16–18]. In order to mimic the bioactive surface for dental and

orthopedic implants, apatite (HAp) deposition is essential

[19, 20]. It has been reported that alkaline pretreatment of

anodized TiO2 develops a secondary nanostructure on the

material, thus, the sodium titanate layer was formed in the pre-

treated surface would accelerates and enhances the formation

of the HAp and improves the bond strength of the coating with

the substrate [21–23]. To the best of our knowledge, there are

no such reports on the alkali treatment of TNPA.

Hence, the present work focuses on the modification of

Ti surface into TNPA by anodization and the growth of

HAp layer over its surface by in vitro immersion in Hank’s

solution. The influence of surface morphology, composi-

tion and crystallographic structure of the HAp on untreated

Ti (UT) and TNPA were investigated using field emission
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scanning electron microscopic (FE-SEM) coupled with

energy-dispersive X-ray spectroscopic (EDS), attenuated

total reflectance Fourier transform infrared spectroscopic

(ATR-FTIR), thin-film X-ray diffraction (TF-XRD) and

X-ray photoelectron spectroscopic (XPS) techniques. In

addition, in vitro biocompatibility and corrosion resistance

of the specimens in Hank’s solution were tested.

2 Materials and Methods

The Ti substrate (99.99%) used in this study was obtained

from M/s Ti Anode Fabricators Pvt. Ltd, Chennai, India, in the

form of sheet (0.11 cm3). All chemicals used in the present

experiments were of high-purity analytical reagent (AR) grade

which include hydrofluoric acid (HF, 40%), glycerol, sodium

hydroxide (NaOH, 97%), sodium chloride (NaCl, 99.9%),

potassium chloride (KCl, 99.8%), calcium chloride (CaCl2,

98%), sodium hydrogen carbonate (NaHCO3, 99.8%), di-

sodium hydrogen orthophosphate (Na2HPO4, 99%), magne-

sium chloride hexahydrate (MgCl2�6H2O, 99%), potassium di-

hydrogen orthophosphate (KH2PO4, 99%), magnesium sulfate

heptahydrate (MgSO4�7H2O, 99.5%), and glucose. Double-

distilled water was used for making electrolyte solutions.

2.1 Development of TNPA

The adapted anodization method in the present study was

based on our earlier report [24]. Prior to anodization, the

surface of Ti specimens was ground on both sides with SiC

paper up to 1000 grit. Final polishing was done using

alumina paste (1 lm size from M/s Chennai Metco Pvt.

Ltd, Chennai, India) in order to produce a smooth surface.

The polished specimen were washed, thoroughly rinsed

with distilled water and were ultrasonically cleaned in a

mixture of acetone, 2-propanol, and ethanol followed by

pickling in a mixture of 0.9 M HF and 3.0 M HNO3. Each

specimen was rinsed with distilled water and dried in air at

room temperature. All anodization experiments were car-

ried out at room temperature using two-electrode electro-

chemical anodization cell consisting of Ti as anode and Pt

(coupon, 1.08 cm3) as cathode. Both the electrodes were

connected to a direct current (DC) voltage source (Aplab,

Model H0615) and anodization was carried out in a mix-

ture of 0.15 M HF and 0.13 M glycerol at a constant

voltage of 40 V for 1 h. After anodization, the specimens

were rinsed in distilled water and dried.

2.2 Alkali and Heat Treatments and in vitro

Biocompatibility Test

In order to shorten the time required for the formation of

HAp and also to enhance the interfacial bonding strength

between TNPA and HAp layers, the TNPA specimen was

treated with alkali (5 M NaOH) followed by heat treat-

ment. The UT and TNPA specimens were immersed in

5 M NaOH solution at 50 �C for 30 min, then washed with

distilled water, dried at room temperature in air, and

annealed at 450 �C for 3 h.

The preparation procedure of Hank’s solution is given

elsewhere [25]. The UT and TNPA specimens were

immersed in Hank’s solution for different durations (3, 5

and 7 days) in a hanging configuration under static con-

ditions. After exposure, the specimens were washed with

doubled distilled water and dried in air and characterized.

2.3 Surface Characterization

The surface morphology and topography of the specimens

were obtained using field emission scanning electron

microscopic (FE-SEM, Supra 55-Carl-ZEISS, Germany)

and atomic force microscopic (AFM, NT-MDT, Russia)

techniques, respectively. All the topographical measure-

ments were carried out in semi-contact mode. The pore

dimensions (diameter and length of pore) were measured

using AFM image analysis tools (NOVA Image Analysis

software 1. 0. 26. 1443). Functional groups present on the

surface of the specimens were identified using attenuated

total reflectance–Fourier transform infrared spectroscopy

(ATR-FTIR). The ATR-FTIR instrument used in the pre-

sent study was Perkin Elmer spectrum Two, USA, and the

spectra were obtained in the frequency range between 400

and 4000 cm-1. The crystallinity of TNPA was found

using thin-film X-ray diffraction (TF-XRD, BRUKER D8

Discover Optics, Germany) and laser Raman spectroscopic

(LRS, Lab HR 800 spectrometer, HORIBA JOBIN–YVON

make, Japan, Raman spectrometer equipped with 1800

grooves/mm holographic grating) techniques. In order to

evaluate the HAp growth on TNPA, energy-dispersive

X-ray spectroscopy with field emission scanning electron

microscope (EDS) and X-ray photoelectron spectroscope

(XPS, SPECS made XPS with Al K-a PSOI BOS-150,

Germany) were used. The accuracy of the measured

binding energy in the XPS analysis was ±0.3 eV.

2.4 Electrochemical Characterization

Electrochemical experiments were performed using a

conventional three-electrode cell assembly maintained at

37 �C. Five neck ASTM standard electrochemical cell

consisting of three-electrode system namely reference,

counter and working electrodes used in the experiments

were saturated Ag/AgCl, Pt sheet and test specimens,

respectively.

Potentiodynamic polarization experiments were carried

out for UT and TNPA specimens after immersion in
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Hank’s solution for different durations using Solartron

1287 Electrochemical Interface. The electrode potential

was anodically scanned at a scan rate of 10 mV min-1. In

order to obtain reliable results, polarization experiments

were triplicated in Hank’s solution and all the measure-

ments were almost reproducible. The polarization param-

eters such as corrosion current density (icorr) and corrosion

potential (Ecorr) of each specimen were calculated from

polarization curves with the aid of SAI Cview 2 software.

Electrochemical Impedance Spectroscopy (EIS) mea-

surements were carried out using Solartron 1255 Frequency

Response Analyzer (FRA) with Solartron 1287 electro-

chemical interface with the frequency ranging 104–

10-2 Hz. The impedance response obtained over the

applied frequency range was represented by Bode-impe-

dance and Bode-phase angle plots. The EIS data was

analyzed and fitted using an appropriate equivalent circuit

by the SAI Zview 2 software.

3 Results and Discussion

3.1 Surface Characterization of TNPA

Figure 1a–f represents the 2D and 3D view of FE-SEM

micrographs of UT and TNPA. From the morphological

observation, it is obvious that the surface of UT showed only

polishing grooves whereas, the TNPA exhibits self-assembled

nanoporous structure. Almost the whole surface area of the

TNPA surface attained similar morphology. Figure 2a, b

shows the 2D line profile image (obtained for 3D FE-SEM

image) and pore size distribution of TNPA. From the figure, it

is apparent that the pore diameter and length of TNPA were in

the range between 76–88 nm and 100–130 nm, respectively,

and the average pore diameter and length were found to be

84 nm and 100 nm, respectively. The surface roughness of the

specimens was measured from AFM topographs (Fig. 3a, b),

which were found to be 155 nm and 250 nm for UT and

TNPA, respectively. Higher surface roughness of TNPA was

attributed to the formation of adherent nanoporous layer on Ti

surface (evidenced from Figs. 1c–f, 2a, b). Several factors

such as surface composition, roughness and wettability play

an important role in implant–tissue interaction and osteo-in-

tegration [26]. The specimen with higher surface roughness

results in early fixation and better mechanical stability for

implants, which leads to good mechanical interlocking

between the implant surface and bone in growth [27]. Deli-

gianni et al. [28] reported that, the surface roughness influ-

ences the cellular response, which enhances the cells adhesion

and proliferation. Lower surface roughness gives lesser bone

contact [29]. Our earlier studies reported that, the surface

roughness of 10 nm to 10 lm can influence the interface

biology [10, 30].

Figure 4 shows the ATR-FTIR spectrum of TNPA. A

weak band at 1630 cm-1 is ascribed to v2 bending mode of

O–H bond [31]. A strong broad band at 760 cm-1 is

attributed to Ti–O stretching vibration in the TiO2 film

[32]. The presence of O–H bond on the TiO2 layer is due to

the presence of Ti–OH at the solid–liquid interface. The

negatively charged sites present on TiO2 surface attracts

positively charged Ca2? ions, followed by the arrival of

phosphate ions and forms HAp [33]. The surface mor-

phology change is very much related to the crystal growth

and phase transition. Hence, TF-XRD was used to inves-

tigate the effect of crystal growth and phase transition on

the morphology of TNPA. The TF-XRD pattern of the

TNPA is represented in Fig. 5. It was observed that the

TNPA annealed at 450 �C for 3 h exhibited anatase crystal

phase with characteristic anatase peaks at 2h values of

25.4� and 48.2� (JCPDS No: 21-1272), which correspond

to the plane of (101) and (200), respectively. The TF-XRD

results are in accordance with the previous report [34].

The crystallite size of the anatase TiO2 was *29 nm

which was calculated using Scherrer formula (Eq. 1):

L ¼ Kk=� cos h ð1Þ

where L, K, k, h and ß are crystallite size, Scherrer constant

(0.89), wave length (1.54 Å), diffraction angle and full

width at half maximum of the diffraction peak,

respectively.

In order to further confirm the crystalline nature of

TNPA beyond doubt, LRS was taken after the heat treat-

ment of TNPA which is given in Fig. 6. The spectrum

showed four well resolved peaks at 147.5 cm-1 (Eg),

405.5 cm-1 (B1g), 518.7 cm-1 (A1g) and 642.7 cm-1 (Eg)

which are due to the anatase nature of the surface. It has

been reported that the characteristic vibrations of anatase

phase were at 147.5 cm-1 (Eg), 200 cm-1 (Eg),

397.5 cm-1 (B1g), 520 cm-1 (A1g) and 641 cm-1 (Eg)

[35]. The Raman result supported well with TF-XRD

result. Electrochemically grown and heat-treated TNPA

having anatase structure are expected to be a good pre-

cursor system for the formation of HAp [36].

3.2 In Vitro Characterization of TNPA

The biocompatibility of the specimen is determined by its

HAp forming ability when immersed in body fluids. In

order to assess the biocompatibility of UT and alkali heat-

treated TNPA specimens, they were immersed in Hanḱs

solution for different durations such as 3, 5, and 7 days.

The FE-SEM and EDS studies were employed to investi-

gate the morphology and elements present on the surface of

the specimens, respectively. Figure 7a–f displays the FE-

SEM images and EDS spectra of UT after immersion in

Hanḱs solution for 3, 5, and 7 days. It could be observed
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that the surface of UT shows only polishing grooves with

very little white particles scattered on the surface after 3

and 5 days of immersion in Hank’s solution whereas, after

7 days of immersion few HAp like new particles formed

randomly over the surface. EDS spectra showed only the

presence of Ti and O for 3 and 5 days of immersion,

whereas, after 7 days of immersion, Ca and P was also

present along with Ti and O. From the EDS spectrum, it

could be confirmed that Ca and P was present over the

surface, indicating HAp formation on the Ti surface on

prolonged immersion in Hank’s solution.

Figure 8a–f shows the FE-SEM micrographs and EDS

spectra of alkali heat-treated TNPA after immersion in

Hank’s solution for different durations (3, 5 and 7 days).

The TNPA specimens after immersion for 3 and 5 days of

immersion showed white particles which do not fully cover

Fig. 1 FE-SEM micrographs and the 3D images obtained from FE-SEM micrographs of a, b UT, c, d TNPA and e, f at higher magnification

images of TNPA

Fig. 2 a 2D line profile of the TNPA (obtained for 3D FE-SEM image) and b Pore size distribution (obtained from 2D line profile analysis) of

TNPA
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the surface. Further increase in the immersion time to

7 days showed the complete coverage of fiber web-like

morphology. This new layer contains Ca and P as shown by

the EDS. In addition to these elements, a trace of Mg is

also present on the surface of the specimen. It has been

reported that, Mg2? and Na? ions might substitute Ca2?

ions in HAp, which is in line with the composition of

biological HAp from human bones. The natural bone

contains traces of ions such as Mg2? and Na?, as well as

CO3
2-, HPO4

2-, F- and Cl- [34]. From the above results,

it is confirmed that the UT showed only partial coverage of

HAp even after 7 days of immersion, whereas, in the case

of TNPA, the entire surface was covered with HAp. The

formation of HAp is further confirmed by ATR-FTIR, TF-

XRD, and XPS studies.

The ATR-FTIR was used to find out the functional

groups such as phosphate, carbonate, and other functional

groups related to HAp present on the surface of the spec-

imens. Figure 9a–c shows ATR-FTIR spectra of alkali

heat-treated TNPA after immersion in Hank’s solution for

different durations. Small vibrational bands at 1639 and

1032 cm-1 were observed after 3 days of immersion,

which were recognized as adsorbed water and phosphate

group, respectively. A strong band at 759 cm-1 is attrib-

uted to Ti–O stretching. Broad absorption bands at

3663–3048 and 1639 cm-1 obtained after 5 days of

immersion in Hank’s solution are due to the stretching and

bending mode of adsorbed H2O, respectively, in crystalline

HAp [37]. After 7 days of immersion in Hank’s solution, a

sharp band due to the P–O and v3 asymmetric stretching

mode of the PO4
3- group was found in the region of

Fig. 3 AFM topographs of

a UT and b TNPA

Fig. 4 ATR-FTIR spectra of anodized annealed TNPA

Fig. 5 TF-XRD pattern anodized annealed TNPA

Fig. 6 Raman spectrum of anodized annealed TNPA
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1026 cm-1. The v4 and v2 degenerated bending modes of

phosphates (O–P–O bonds) were found at 602 and

559 cm-1, respectively [38]. The bands detected at 1425

and 875 cm-1 were assigned to the CO3
2- group of B-type

carbonated HAp, where PO4
3- groups are substituted by

CO3
2 groups [39]. The band due to Ti–O stretching was not

observed after 7 days of immersion which suggests that the

TNPA surface was densely packed with HAp layer which

has already been confirmed by FE-SEM images and EDS

spectra.

The characteristic vibrations of phosphate and carbonate

were observed for all the specimens; however, the intensity

of bands were very less after 3 and 5 days of immersion,

whereas, after 7 days of immersion, very strong charac-

teristic vibrational bands of phosphate and carbonates were

observed. Hence, the appearance of the phosphate and

carbonate absorption bands in the spectra of TNPA after

immersion in Hank’s solution confirmed the formation of

carbonated HAp layer over TNPA. The formation of HAp

is described in Eq. (2).

Fig. 7 FE-SEM morphology

and EDS spectra of UT after

immersion in Hank’s solution:

a, b 3 days, c, d 5 days and e,

f 7 days
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10Ca2þ þ 6PO3�
4 þ 2OH� ! Ca10 PO4ð Þ6 OHð Þ2 ð2Þ

The above observation clearly reveals the growth of HAp

layer, which is essentially the carbonated HAp, resembling

that of human tissues.

From the FE-SEM, EDS, and ATR-FTIR studies, it is

obvious that 3 and 5 days’ time is very short to grow the

HAp on the entire surface of TNPA, and 7 days’ time is

enough for the growth of HAp on the entire surface. Hence,

the TF-XRD and XPS studies were taken only for TNPA

after 7 days of immersion in Hank’s solution, i.e., after the

growth of HAp on the entire TNPA surface. Figure 10

shows the TF-XRD pattern of TNPA after 7 days of

immersion in Hank’s solution. The characteristic peaks of

HAp were seen to occur at 2h values of 25.9�, 29.3�, 31.5�,
32.1�, 33.1�, 34.1�, 42.1�, 46.8� and 49.1� corresponding to

the planes (002), (210), (211), (112), (300), (202), (311),

(222), and (213) which are consistent with the standard

Fig. 8 FE-SEM morphology

and EDS spectra of alkali heat-

treated TNPA after immersion

in Hank’s solution: a, b 3 days,

c, d 5 days and e, f 7 days
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XRD peaks for HAp (JCPDS-09-0432) [40]. It has been

reported that, the amorphous calcium phosphate is

metastable which is ultimately transformed into crystalline

bone-like HAp [41]. Longer period of immersion in body

fluid leads to the formation of an amorphous phosphate

[42]. Hence, the new phase formed on TNPA surface after

the immersion in Hank’s solution was considered to be

bone-like HAp [43, 44].

The XPS spectra for O, C, Ca and P of TNPA after

7 days of immersion in Hank’s solution are shown in

Fig. 11a–d. By curve fitting analysis, the O 1 s spectrum

was deconvoluted into two Gaussian component peaks at

the binding energy values of 530.8 and 533.5 eV, which

correspond to oxygen in phosphate group (PO4
3-) and

adsorbed water, respectively [45]. The C 1 s spectrum was

also deconvoluted into two peaks at 285.4 and 287.5 eV,

which are attributed to COO- bond. The Ca 2p peaks at

347.9 and 351.3 eV correspond to a divalent oxidation

state (Ca2? as Ca 2p3/2 and the Ca 2p1/2) in calcium oxygen

compounds. This confirmed that the Ca is present as cal-

cium phosphate [46, 47]. The P 2p peak at 134.3 eV is

attributed to the presence of phosphates (H2PO4
-) and the

higher binding energy of P 2p at 137.1 eV is due to the Ca

and P compounds [48]. The Ti has a greater tendency to

bind with oxygen of the phosphate, and thus, interaction

between the Ti4? and mineral phase takes place, which

leads to the formation of calcium titanium mixed oxide

phase. These results clearly confirmed the formation of

carbonated HAp layer over TNPA surface.

3.2.1 Electrochemical Characterization of TNPA

Besides the biocompatibility, corrosion resistance is also an

important requirement for any implant material. If a

material possess good biocompatibility but not having

required resistance toward corrosion will spontaneously

fail in long run. In order to evaluate the corrosion resis-

tance of the TNPA specimens after immersion in Hank’s

solution for different durations (immediate, 3, 5 and

7 days), they were subjected to potentiodynamic polariza-

tion and EIS studies. The potentiodynamic polarization

curves of UT and alkali heat-treated TNPA after immedi-

ate, 3, 5 and 7 days of immersion in Hank’s solution is

given in Fig. 12a–d. Polarization parameters such as cor-

rosion potential (Ecorr) and corrosion current density (icorr)

values of UT and alkali heat-treated TNPA specimens after

immediate, 3, 5 and 7 days of immersion in Hank’s solu-

tion are shown in Table 1, which were calculated using the

SAI Cview software. Since the potential range is more, the

Tafel domain is not visible in the polarization curves. The

inset in Fig. 12a shows the enlarged polarization curve of

TNPA. When compare to third day of immersion, the Ecorr

value was decreased for 5th day of immersion in TNPA

samples, this is because on the third day, the HAp growth

was very less on the TNPA surface, whereas, on the fifth

day, rapid nucleation and growth of HAp was observed (as

Fig. 9 ATR-FTIR spectra of TNPA after immersion in Hank’s

solution: a 3 days, b 5 days and c 7 days

Fig. 10 TF-XRD pattern of alkali heat-treated TNPA after 7 days

immersion in Hank’s solution
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evidenced from FE-SEM images), which means that there

has been increased movement of Ca and P ions on the

surface. However, on the seventh day the surface was

entirely covered by newly formed HAp layer, which pre-

vents the corrosive ions in Hank’s solution from reaching

the TNPA surface and hence, the Ecorr was shifted to the

nobler direction. Fluctuation in the current density in the

potential range between 0.6 and 1.1 V was observed for

TNPA specimens after 3 and 5 days of immersion, which

may be due to the presence of unstable dissolution and re-

filming of the new surface layer [43]. The increase in

current density of TNPA may be associated with the oxy-

gen evolution reaction [49].

In comparison with UT, alkali heat-treated TNPA

specimens showed an increase in corrosion resistance of

one order of magnitude. It could be observed that, the alkali

heat-treated TNPA after 7 days of immersion in Hank’s

solution exhibited higher Ecorr and lower icorr values when

compared to other specimens. Such an increase in potential

is attributed to the presence of densely packed HAp on the

surface which is in accordance with the ATR-FTIR results.

These results revealed that the TNPA after immersion in

Hank’s solution for 3, 5 and 7 days possessed excellent

corrosion resistance with very low icorr compared to UT.

Anodization provides a porous passive film which restricts

the movement of metal ions from metal surface to the

solution [50]. The pores act perfectly as passive pits due to

the higher barrier oxide thickness and compact pore walls.

Therefore, the effective surface area was increased for the

nanopatterned surface, and it provides the environment for

the possible surface reaction of HAp nucleation [51].

Overall, the alkali heat-treated TNPA specimen after

7 days immersion in Hank’s solution showed better cor-

rosion resistance compared to 3 and 5 days of immersion.

Electrochemical impedance spectroscopy was used to

characterize the oxide films on the surface and to study the

resistance of passive surface films [52]. The EIS spectra of

UT and alkali heat-treated TNPA after immediate, 3, 5, and

7 days of immersion in Hank’s solution are shown in

Fig. 13a–h. The Bode plots for UT and alkali heat-treated

TNPA showed phase angle values around -81� and -79�,
respectively, and remained constant over a wide range of

frequency after immediate immersion in Hank’s solution,

indicating highly capacitive behavior of the passive oxide

film formed on their surfaces [53]. The UT surface is very

smooth and even, whereas the TNPA surface is rough and

Fig. 11 XPS spectra of alkali

heat-treated TNPA after 7 days

of immersion in Hank’s

solution: a O 1 s, b C 1 s, c Ca

2p and d P 2p
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porous which allows the solution to reach the Ti surface via

pores. This may be the reason for marginally lower phase

angle value of TNPA surface. After 7 days of immersion,

the phase angle plot of UT exhibited two distinct behaviors

and attained a maximum value of -77� at the intermediate

frequency region, whereas, for the alkali heat-treated

TNPA specimen, the phase angle plot showed three distinct

behaviors, which indicates that a new layer is formed after

immersion. The formed new layer is attributed to the HAp

layer as evidenced from EDS, ATR-FTIR, TF-XRD, and

XPS results.

In order to theoretically evaluate the passive oxide film

on the surface of the specimens after immersion in Hank’s

solution for immediate, 3, 5, and 7 days, EIS spectra was

fitted with the equivalent circuit models which are shown

in Fig. 14a–d. Some previous papers reported this specific

equivalent circuit model for fitting the EIS spectra obtained

for porous titania samples [54, 55], and the same model

was followed in the present study to fit the EIS spectra.

Although the material is porous, if the characteristics of

layers present on the substrate surface are different, then

the series RC circuits were used to fit the data. Hence, the

equivalent circuit model used in the present study to fit for

UT after immediate, 3 and 5 days of immersion is com-

posed with series combination of RsRbQb (Fig. 14a) and

7 days of immersion is composed with RsRbQbRaQa

(Fig. 14b), where, Rs denotes solution resistance, Rb and Qb

are the polarization resistance and double layer capacitance

of the barrier layer, respectively, and Ra and Qa are the

Fig. 12 Potentiodynamic polarization curves of UT and alkali heat-treated TNPA after immersion in Hank’s solution: a immediate, (inset

enlarged curve of TNPA) b 3 days, c 5 days and d 7 days

Table 1 Polarization parameters of UT and alkali heat-treated TNPA

after immediate, 3, 5 and 7 days of immersion in Hank’s solution

Specimen Duration (days) Icorr (Acm-2) -Ecorr (V)

UT Immediate 1.41 ± 0.25 9 10-5 1.04 ± 0.50

3 1.35 ± 0.14 9 10-5 0.49 ± 0.12

5 1.21 ± 9 10-5 0.40 ± 0.09

7 9.02 9 10-6 0.21 ± 0.10

TNPA Immediate 5.6 9 10-6 0.41 ± 0.15

3 4.19 9 10-6 0.16 ± 0.10

5 3.75 9 10-6 0.53 ± 0.08

7 1.93 9 10-6 0.13 ± 0.11
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polarization resistance and the double layer capacitance of

HAp layer, respectively.

The impedance plot of UT after immersion in Hank’s

solution for 3 and 5 days showed single time constant,

whereas 7 days of immersion showed two time constants,

which was attributed to the inner barrier layer and outer

HAp layer. The impedance parameters are tabulated in

Table 2. From the table, the frequency independent

parameter nb is 0.92 indicating a near capacitive behavior of

the passive oxide film formed on UT surface. This suggested

that the behavior of surface layer approached that of an ideal

capacitor [56]. It has been reported that nucleation and

growth of bone-like HAp formed on UT surface on long

period of immersion in body fluid solution [49].

Figure 14c gives the equivalent circuit after immediate

and 3 days of immersion of alkali heat-treated TNPA,

Fig. 13 Bode—phase angle

and Bode—impedance plot of

UT and alkali heat-treated

TNPA after immersion in

Hank’s solution: a,

b immediate, c, d 3 days, e,

f 5 days and g, h 7 days
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where, Rb, Rp, Qb, and Qp represent the polarization

resistance and double layer capacitance of the barrier and

porous layers, respectively. The formation of nanoporous

outer layer is expected to promote ion incorporation and

molecular absorption which can result in strong adhesion

between the implant and the adjacent tissue [57]. It has

been reported elsewhere that the corrosion resistance of Ti

alloy is ascribed to the inner barrier layer and the ability to

osteo-integrate is attributed to the outer porous layer [58].

The porous oxide can become hydrated and ions from body

fluid can easily incorporate into the pores and further

precipitation leads to self-healing.

Based on the EIS spectra, three layer model (Fig. 14d)

was used to interpret the obtained spectra for alkali heat-

treated TNPA after 5 and 7 days of immersion. In this

model, Rb, Rp, and Ra represent the polarization resistance of

the barrier, porous, and HAp, layers, respectively. Qb, Qp

and Qa are the double layer capacitance of barrier, porous

and HAp layers, respectively. The obtained impedance

parameters are tabulated in Table 3. The np values of the

specimen were close to 1, which meant that the porous layer

behaved as ideal capacitor. The Rb was found to be

1300 kX cm2 after 3 days of immersion, and it decreased

with increase in immersion time. The Ra and Qa values

gradually increased with increase in the immersion time

which is due to the increased coverage of HAp layer [59].

From the equivalent circuit parameters, it is obvious that

the polarization resistance of the TNPA greatly improved

after 7 days of immersion compared to 3 and 5 days of

immersion, which has not been observed for UT. Apart

from this, the capacitive value of the porous film was very

low after 7 days of immersion compared to that obtained

after 3 and 5 days of immersion which indicates the insu-

lating property of the porous film. The high polarization

resistance and low capacitance values confirmed the exis-

tence of superior protective layer, i.e., the formation HAp

layer on the surface. The presence of third time constant

after 7 days of immersion in Hank’s solution is an

Fig. 14 Equivalent circuits of

a UT after immediate, 3, 5 days,

b UT after 7 days, c alkali heat-

treated TNPA after immediate,

3 days and d alkali heat-treated

TNPA after 5, 7 days

immersion in Hank’s solution

Table 2 EIS parameters of UT after immediate, 3, 5 and 7 days of immersion in Hank’s solution

Duration (days) Rs Ra Qa na Rb Qb nb

Immediate 0.01 (0.002) – – – 232 (9) 4.2 (0.16) 0.92 (0.025)

3 0.01 (0.001) – – – 250 (3) 5.1 (0.24) 0.92 (0.001)

5 0.03 (0.015) – – – 256 (8) 4.5 (0.09) 0.90 (0.004)

7 0.02 (0.001) 0.90 (0.11) 4.5 (0.30) 0.65 (0.006) 245 (5) 1.1 (0.12) 0.86 (0.006)

Values mean (standard deviation), Rs, Ra and Rb (k X cm2), Qa and Qb (Fcm-2Sn) 9 10-5
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indication that Ca and P ions present in the Hank’s solution

interact and deposit on alkali heat-treated TNPA surface.

Wang and Wang reported that the nucleation and growth of

bone-like HAp takes place on chemically treated Ti surface

on prolonged immersion in simulated body fluid solution

[60].

From the above results, it is confirmed that, after 7 days

of immersion in Hank’s solution, the alkali heat-treated

TNPA surface is covered with HAp layer and showed an

excellent biocompatibility and corrosion resistance. The

obtained results were also evidenced from EDS, ATR-

FTIR, TF-XRD, and XPS analysis, which are schemati-

cally represented in Fig. 15. There are three major steps

involved in this process, which include anodization,

in vitro biocompatibility test, and electrochemical corro-

sion studies. Hence, Ti with nanopore arrays could be used

as a viable implant material with enhanced biocompati-

bility and corrosion resistance in vitro.

Table 3 EIS parameters of alkali heat-treated TNPA after immediate, 3, 5, and 7 days of immersion in Hank’s solution

Duration

(days)

Rs Ra Qa na Rp Qp np Rb Qb nb

Immediate 0.01 (0.003) – – – 0.05 (0.01) 1.0 (0.02) 0.99 (0.001) 396.09 (72) 2.9 (0.14) 0.84 (0.002)

3 0.21 (0.015) – – – 6.16 (0.15) 1.8 (0.04) 0.96 (0.015) 1300 (220) 3.9 (0.23) 0.80 (0.001)

5 0.04 (0.001) 1.10

(1.0)

1.6

(0.5)

0.72

(0.01)

8.72 (0.02) 2.7 (0.01) 0.97 (0.005) 1296 (245) 3.4 (0.05) 0.62 (0.011)

7 0.03 (0.001) 7.25

(1.5)

3.6

(0.3)

0.75

(0.03)

9.70 (0.23) 4.4 (0.08) 0.99 (0.002) 1068 (150) 2.2 (0.20) 0.85 (0.010)

Values mean (standard deviation), Rs, Ra and Rb (k X cm2), Qa and Qp(Fcm-2Sn) 9 10-7, Qb (Fcm-2Sn) 9 10-6

Fig. 15 Schematic representation of the summary of the present investigation
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4 Conclusions

The TNPA with the pore diameter of approximately 85 nm

was developed on Ti via simple electrochemical anodiza-

tion method using fluoride containing viscous organic

electrolyte. The surface morphological and elemental

composition studies showed that, the HAp layer was grown

on both UT and TNPA surfaces by in vitro immersion in

Hank’s solution. When compare to the UT surface, all the

TNPA specimens after immersion in Hank’s solution

showed enhanced biocompatibility and high corrosion

resistance. In conclusion, our results showed that the TNPA

is an interesting material, which offers the required bio-

compatibility in the body fluids, thus making it applicable

for orthopedic implants.
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