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Recently, titanium and titanium alloys with nanotube layers by anodizing process have gained great
interests as surgical implant materials. In this paper, the electrochemical stability of TiO, nanotubue
layers prepared by anodization of pure Ti in three solutions has been investigated in simulated
biological environment by use of open-circuit potential (OCP), electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization (PD) tests. The PD testing results indicate that
the nanotubular Ti shows a slightly higher passivation current than the mechanically polished titanium
in Hank's solution, this is attributed to the large surface area created by the nanostructure. Moreover,
the electrochemical stability of Ti nanotubes is enhanced, as judged by the more nobler open circuit
potential values compared to that of Ti. The dependence of the electrochemical stability of the
nanotubular surface depended on the dimensions of the TiO, nanotube which was controlled by
optimizing the anodization electrolyte composition. The results reveal that architecting the surface of
titanium on the nanoscale render the surface more biocompatible by creating large surface area and
more sustainable by providing more stabilized surface which is less vulnerable to corrosion.
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1. INTRODUCTION

Ti and Ti alloys are the materials of choice for most dental and orthopedic applications. The
many advantages of these materials include biocompatibility, good resistance to corrosion, low density
and sufficiently strong for use as orthopedic implant materials [1]. These properties have been
attributed to the natural oxide layer formed spontaneously on Ti surface [2]. The natural oxide is thin
(about 3-8 nm in thickness), amorphous, and stoichiometrically defective. It is well known that the
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protective and stable oxides on titanium surfaces provide favorable osseointegration. The stability of
this titanium oxide layer depends strongly on its composition, structure and thickness. As a
consequence, great efforts have been devoted to thickening and stabilizing the surface oxide on
titanium to achieve the desired biological response. Various methods were used to improve the
interfacial properties and clinical lifetime of Ti-based implants [3].

Surface treatments such as roughening by sand blasting, formation of anatase phase TiO, [4],
hydroxyapatite coating, or chemical treatment [4-9] have been utilized to further improve the
bioactivity of Ti and enhance bone growth [10]. One method among them is anodization, which
induced the formation of rough and porous TiO; surfaces [11]. Presently anodization is one of the most
commonly used methods to produce nanoporous surface, due to its simplicity and feasibility. In
addition, the size and shape of nanostructured materials can be tuned to the desire dimension [2].

The titanium with nanotube layers cannot only significantly increase osteoblast or bone
forming cell adhesion and function in vitro [12-14], but also promote in vivo bone formation around
implants compared to their unanodized counter parts [15,16]. This nanotube titanium layer plays an
important role in the enhancement of osseointegration through the improvement of the adhesion of the
hydroxyapatite (HAP) coating that is deposited onto TiO, [17]. Oh et al. [12] indicated that the cell
adhesion could be improved by up to 400% because of the mechanical interlocking between the HAP
coating and the nanotube titanium oxide layer.

The TiO, nanotube films have been extensively explored as adhesion and growth support
platforms for bone and stem cells, for the prevention of bacterial adhesion, drug delivery and
enhancing blood clotting for control of haemorrhage [18-21]. Favourable bone cell growth, cell
differentiation, and apatite-forming abilities were recently demonstrated on implants with nanotubular
titania surfaces demonstrating its promise for bone implants [22]. Recently development in stem cell
research demonstrated that titania nanotubes are able to differentiation of mesenchymal stem cells into
specific cells (osteoblasts) [23,24]. Furthermore, the outstanding photocatalytic properties of the
nanotube surface were applied to photo-induced killing of cancer cells which suggests a possible
application of nanotubes for an anticancer treatment [25].

However, up to now, few articles about corrosion behavior of nanotubes have been published
[26-28]. Corrosion is the most decisive property for the biocompatibility of an implant. The present
work was addressed to test corrosion behavior of titanium with different diameter nanotube layers in
Hank's solution and detected by scanning electron microscope (SEM), electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization. This study aims to enhance the understanding of
corrosion characteristics of different nanotubes on titanium in physiological environment.

2. MATERIALS AND METHODS

2.1. TiO, nanotube layer formation

Ti foils with an area of 20 mm x 30 mm and thickness of 0.25 mm (99.5% metal basis, Alfa
Aesar) were used as starting material in order to obtain the TiO, nanotube arrays. A preliminary
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treatment was performed by degreasing the Ti foils using sonication in acetone, in isopropanol, and,
finally, in methanol. The foils were subsequently rinsed with deionized water and dried in nitrogen
stream. TiO, nanotube arrays were formed by anodization in different solution at 20 V for 30 min. The
three solutions used for nanotube preparation were: (T1) 1M Na,SO4 + 0.5 wt.% NaF, (T2) 1.0 M
HsPO,4 + 0.8 wt.% NaF and (T3) 0.5 (wt) % HF. Following this, the anodized samples were rinsed with
deionized water and dried in nitrogen stream. For comparison, a fresh sample of Ti without nanotube
(T) were studied. Table 1 lists the samples and conditions used in this study.

Table 1. Summary of conditions of anodization

Sample Electrolyte composition in anodization voltage
T - - -
Tl 1M Na,SO, + 0.5 wt.% NaF
20V 30 min
T2 1.0 M H3PO,4 + 0.8 wt.% NaF
T3 0.5 (wt) % HF

2.2. Surface characterization

The surface morphology of the TiO, nanotube arrays was characterized using a scanning
electron microscope (Jeol JSM-7600F Field-Emission Scanning Electron Microscope).

2.3. Electrochemical tests

All electrochemical measurements were performed at 37 °C in s Hank’s physiological solution
(8 g/l NaCl, 0.4 g/l KCI, 0.35 g/l NaHCOs3, 0.25 g/l NaH,PO,4.xH0, 0.06 g/l Na;HPO,4.2H,0, 0.19 g/l
CaCl,.2H,0, 0.19 g/l MgCl,, 0.06 g/l MgSO,.7H,0 and 1 g/l glucose, pH 7.8) [29-32].

A conventional three-electrode electrochemical cell system was used. Saturated calomel
electrode (SCE) and platinum mesh were used as reference and counter electrodes, respectively.
Potentials in the text refer to the SCE scale.

In the experiments, the open circuit potential (OCP) was measured for an hour. Then,
electrochemical impedance spectroscopy (EIS) was recorded. The frequency ranged from 100 kHz to
10 mHz at 10 cycles per decade, with an ac amplitude of £10 mV. The absolute impedance and phase
angle were measured at each frequency. The impedance data were interpreted on the basis of
equivalent electrical circuits, using the Zsim program for fitting the experimental data. In
potentiodynamic polarization (PD) tests, the working electrode potential is continuously increased
from -250 to 500 mV relative to the OCP at a scan rate of 1 mV/s.
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3. RESULTS AND DISCUSSION

3.1. The formation of nanotube oxide layers and the morphology of surfaces

It is generally agreed that the formation of TiO, nanotube arrays in a fluoride containing
electrolyte is the result of two competing electric field-assisted processes [33,34]. The first process is
the oxidation of the Ti metal to form a passive TiO, layer [35]:

Ti + 2H,0 = TiO, + 4H" + 4¢” Q)

Due to the fluoride ions presence, the second process is the chemical dissolution of the formed
Ti0, oxide with pits formation by the following reaction [35,36]:

TiO, + 4HgF" > [ TiFg]* + 2H,0 (2)

These pits act as the pore forming centres; as was described in the literature [37]. This model of
dissolution is a key factor of well organized structure of titanium nanotubes [36].
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Figure 1. The SEM images and EDX of titanium oxide nanotubes formed on sample T1
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Fig. 1 shows SEM images of the resulting layer for sample T1, which formed in 1M Na,SO,4
containing 0.5 wt.% NaF. The figure revealed that the resulting layer consists of self-organized
nanotubes with the average diameters of approx. 70 nm and a length of approx.1.2 um. It is apparent
that the nanotubes are open on the top. This morphology was reported before for p-TiO, films formed
in SO47 containing solutions [38,39]. The closed bottoms correspond to the barrier layers formation,
similar to the case of porous alumina [40].
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Figure 2. The SEM images and EDX of titanium oxide nanotubes formed on sample T2

Fig. 2 shows SEM images for the second sample T2, which shows self-organized TiO;
nanotubes formed in the phosphate electrolyte containing small amount of fluoride ions. A key reason
to study phosphate electrolytes is that typically compact anodic films formed on Ti contain a
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significant amount of phosphorous species [41]. This anion uptake may modify the functional
properties not only of the compact oxide layers but even more, the properties of the porous layer [40].
From fig. 2, the resulting nanotube layer has average diameters of approx. 93 nm and a length of

approx.536 nm.
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Figure 3. The SEM images and EDX of titanium oxide nanotubes formed on sample T3

Fig. 3 shows SEM images for the third sample, which formed in HF solution. The images
reveal that the layer of titanium nanotube with average diameters of approx. 52 nm and a length of
approx. 250 nm. The longer nanotubes were formed in sample T1, while the shorter were formed in
sample T3. In addition, the smallest average diameters of the nanotubes were observed in sample T3.
The nano-archtecture of the surface may strongly affect the electrochemical properties of the samples.
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3.2. Open circuit potential measurements:

Fig. 4 presents the time-variation of the open circuit potential (OCP) for titanium and titanium
nanotubes-coated samples. The immersion potentials of titanium samples with nanotube oxide are
nobler than that of titanium. The OCP curves show that the potential of T1 shifted positively, then
moves to more negative values. For T2 and T3, the OCP reached a steady state during the first minutes
of the test. The gradual decrease in the OCP values for T1 sample indicates that the equilibrium
between chemical dissolution and rebuilding of the oxide film is not completely established during this
immersion period. On the other hand, the OCP of the nanotubular sample T2 and T3 is stable after the
initial shift, indicating an equilibrium between the formation and dissolution of surface oxide on the
nanotubes is established [42,43].
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Figure 4. The OCPs of Ti and nanotube Ti samples in Hank's solution for one hours

The OCP of T in the test solutions rose rapidly and then gradually reached a stable value. This
is because a titanium oxide film began to grow and thickens after the sample was immerged in the
solution, which resulted slight improvement in corrosion resistance and a relatively stable state [28,44-
45].

The values of OCP after 1 hour of immersion are similar for nanotubes-coated samples.
Compared to T specimen, the OCP of the TiO, nanotubular layers is more positive, demonstrating
better electrochemical stability in Hank's solution, as reported by Liu et al [43].
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3.3. Potentiodynamic Polarization measurements:

Fig. 5 shows the variation of current density with potential for different samples immersed in
Hank’s solution. Under these conditions, the reactions occurring at the anode is generally the anodic
oxidation of Ti and at high potential is the oxygen evolution (water oxidation). At the same time, on
the cathode (the counter electrode), the cathodic reaction is the hydrogen evolution (2H™ + 2e = Hy). If
, on the anode surface a protecting, generally low conducting, passive film is present, this results in
retardation of the electrons conduction across the film and hence a break in the current is observed
eventhough the potential is increasing. Inspection of the curves of Fig. 2 we can note that, generally,
the samples show immediate passivation behavior in the anodic polarization region. During this
passive region, titanium is protected by forming a TiO2 layer that results from anodic oxidation of
titanium [35]. The reaction is expressed by equation (1) and the stability of this layer is justified by the
low value of free energy of formation of 40z = -820 kJ/mol. The layer retard electronic
conduction and consequently shows a break in the current. On the other hand, the titania nanotubes
(TINT) protected samples are expected to have a similar break in the current, however the fact that
they have much high surface area accommodating more electrolyte and reaction surface explains the
higher passivation current observed. On referring to Fig. 4, the values of E., of these samples are
nobler than that of bare titanium which emphasizes the shielding effect to the underlying surface
rendering it less vulnerable for corrosion. The observable differences in the behavior of samples T1-T3
Is attributed to the surface nano-architectures. On referring to SEM images of the surfaces of samples
T1, T2 and T3 in Figs. 1, 2 and 3 respectively, we note that the surface of T3 looks more uniform,
narrower tube mouths, shorter lengths, and almost no debris. This gives sample T3 the virtue of more
capability for better passivation behavior. The result emphasizes on the important role in selecting the
proper electrolyte for anodizing titanium for the purpose of potential use as biomaterial. In which a
large surface area, inertness of the surface and less detachable debris on the surface is required. The
large surface area enhances more cells or protein adsorption, the inertness means less corrosion
susceptibility, and less detachable debris that possibly detaches to human fluid leading to possible
contamination and/or inflammation.

This results are consistent to pre-researched results of some titanium alloys [46,47]. The results
of corrosion potential (Ecor), corrosion current density (lcorr) from the polarization curves are given in
Table 2. As for corrosion data acquired from the potentiodynamic polarization curves, the T3 exhibited
lower current density than than that of T1 and T2 surfaces. This may be due to an immediate and
effective passivation on the T3 surface [27]. But current density for T1 is greater than for the T, which
means lower corrosion resistance for the nanotubes compared to Ti. Saji et al. [26] also found this
phenomenon when studying corrosion characteristic of nanotubular oxide on Ti—-35Nb-5Ta-7Zr alloy
in Ringer’s solution, and Yu et al. found the same results for some titanium alloys [28]. They thought it
was the tube bottom interface shaped by distinctly separated barrier oxide/concave that contributed to
the lower corrosion resistance of the nanotubes. Our nanotubes also formed the similar interface,
which seem to be a reason for lower corrosion on nanotube samples.
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Figure 5. Potentiodynamic polarization plots of Ti and nanotube Ti samples in Hank’s solution

Table 2. Electrochemical parameters obtained from potentiodynamic polarization test

Ba BC ICOIT
mV dec? mV dec? mA cm™
T1 -0.482 296 131 1.01x 10°°
T2 -0.472 249 155 1.17 x 10°
T3 -0.484 178 189 8.56 x 10™
T -0.337 461 101 8.18 x 10™

3.4. EIS analysis

Fig. 6 shows the Nyquist plots (—Zimag vs. Zreal) acquired from Ti and Ti nanotube
specimens. The impedance spectra are fitted with ZSimp Win software using two equivalent circuits.
According to literature [48-50] the film on Ti is composed of a bi-layered oxide consisting of a porous
outer layer and a barrier inner layer, which can be interpreted by using two time constants
Rs(R1Q1(R2Q2)), Fig. 7(a), where Rs corresponds to the resistance of the solution, R1 corresponds to
the resistance of the porous layer, R2 corresponds to the resistance of the barrier layer, Q1 relates to
the capacitance of the porous layer and Q2 is the capacitance of the barrier. A constant-phase element
representing a shift from the ideal capacitor was used instead of the capacitance itself, for simplicity.
The impedance of a phase element is defined as Zcpe = [C(jw)a] ', where —1 < o < 1. The value of a is
associated with the non-uniform distribution of current as a result of roughness and surface defects
layer.
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Figure 6. Nyquist diagrams of Ti and nanotube Ti samples at the open-circuit potential

Table 3. Fitted electrochemical parameters determined from the Nyquist spectra based on the
equivalent circuits

Sample Rs Rix10®° Q. x10* nm R,x10° Q,x10"F nm,
ohmcm? ohmcm?  Fcm?® ohm cm? cm™
T 42.9 77.9 0.021 0.96 909.0 0.0165 0.85
T1 56.2 14.2 2.11 0.95 42.0 1.76 0.89
T2 43.1 7.95 3.06 0.94 36.8 211 0.91
T3 86.1 31.3 1.91 0.96 272.0 0.768 0.90

The titania nanotube-coated sample consists of an outer nanotube layer and an inner barrier
layer [42]. The EIS spectra are interpreted by using a model with two constants Rs(R1Q1)(R2Q2), as
shown in Fig. 7(b), where R1 represents the resistance of the outer nanotube layer, Q1 is the constant
phase element of the outer nanotube layer, R2 is the resistance of the inner barrier layer, and Q2 is
corresponding to the inner barrier layer [27,47]. The electrochemical parameters by fitting the circuits
(error of less than 10%) are presented in Table 3.

The values of R2 indicate that the samples with nanotube TiO, layer have high corrosion
resistance. However, with smallest TiO, nanotube diameters, for T3, the corrosion resistance R2 is
higher than the other two samples, which disclosing the effects of the nanotube diameter on the
corrosion resistance.

Based on these results, both the length and diameter of the nanotube might affect the
electrochemical corrosion behavior of TiO, nanotubes atop the surface of titanium foil. The wall
between TiO, nanotubes may be another important factor influencing the electrochemical stability
[43].
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Figure 7. Equivalent circuit used to model impedance spectra: (a) of the nanotube sample, (b) of
titanium

The corrosion behavior of Ti depends on the interaction between the oxide film and
surrounding electrolyte [51]. Therefore, the difference in the corrosion resistance may be attributed to
their different microstructure of the surface oxide layer. The mechanically polished surface exhibits
two time constants corresponding to the presence of a highly capacitive behavior of the compact
passive barrier layer and an outer porous layer. In comparison, the plots of the nanotubes indicate two
time constants corresponding to the presence of two interfaces, a highly corrosion resistant barrier
layer and the outer nanotubular layer. Upon exposure of Ti to air, a thin and stable oxide, several
nanometers thick, is formed on its surface [52]. In contrast, the anodization process results in the
growth of uniform arrays atop the titanium foils in the fluoride solutions and an electrically insulating
barrier layer separating the nanotubes form the conducting titanium foil. The diameter of TiO,
nanotube depends on the anodization conditions [53].

The EIS results in Table 3 indicate that the R1 values of T are higher than that of nanotube
samples. Moreover, R2 magnitudes are highest for T3 compared to the values of T1 and T3. Therefore,
the barrier layer formed during anodizing process in HF solution provides more effective corrosion
protection, as shown by the higher E,r and lower corrosion current density in Table 2. This behavior
of T3 can be attributed to the well-structured surface the oxide nanotube/barrier layers coupled with
uniformity. The larger pore diameter in the TiO, nanotube array introduces a larger effective exposed
area in close proximity with the electrolyte thus enabling diffusion of corrosive ions in the electrolyte
[54,55]. The diameter of the TiO, nanotubes in T3 is smaller than that of T1 and T2. The interface
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reaction is enhanced by a larger exposed area between the surface and electrolyte. The larger
nanotubes provide more channels for the electrolyte to reach the barrier layer consequently increasing
the chance of the reaction between corrosive ions and titanium oxide [51,56]. The phenomenon is
similar to the results reported by Jang and Kim who used nanotubes approximately 150-200 nm and
220 nm in size, respectively in the corrosion tests [42,56]. Based on these results, both the thickness of
the barrier layer and diameter of the nanotube might affect the electrochemical corrosion behavior of
TiO; nanotubes atop the surface of titanium foil. The wall between TiO, nanotubes may be another
important factor influencing the electrochemical stability [43].

From the standpoint of osseointegration, TiO, nanotubes enhance apatite formation in
biomedical applications compared with the Ti metal [10] or flat TiO, layer [57]. The nanotubular
structure (influenced by pore structure and pore size) contains significantly increased surface area and
also more ‘in between - nanotube pathways for fluid’ [10]. The increased surface area of the TiO;
nanotubes is useful for accelerated bone growth in orthopedic/dental applications [10,58].

4. CONCLUSION

TiO, nanotubes with different sizes are synthesized on Ti by the anodization process in
different solutions containing fluoride ion. The nanotubes coated samples show higher open-circuit
potentials than mechanically polished Ti in Hank's solution. The EIS and PD results indicate that the
electrochemical stability of the nanotubular surface depends on the diameter of the TiO, nanotube. A
diameter that is large leads to decreased corrosion resistance. Our results exhibit that the titanium with
nanotubes can improve the osseointegration of surgical implants in physiological environment.
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