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Abstract

This work studied the corrosion behaviour of Ti-12Mo-6Zr-2Fe alloy with
different surface conditions: untreated and chemically treated (CST), anodised
nanotubes (Nt) and nanopores (NP). These samples were immersed in simulated
body fluid (SBF) for 1, 7, and 14 days. Samples with Nt and NP displayed higher
corrosion resistance and lower passivation current (ipass) than untreated and CST
samples after 14 days resting in SBF. Furthermore, traditional equivalent circuits and
a new two-channel transmission line model were employed to efficiently simulate the
electrochemical impedance spectroscopy (EIS) data of the different surface

conditions.

Keywords: A. Titanium: B. Polarization; B. EIS; C. Anodic films; C. Passive film.

1. Introduction

Metallic biomaterials for bone replacement must have four essential
characteristics: a) absence of toxic elements thus leading to adequate
biocompatibility; b) low stress-shielding effect; c) excellent fatigue performance for

cyclically stressed implants, and d) elevated resistance to corrosion [1].

Pure titanium and titanium alloys exhibit desirable characteristics, such as
attractive biocompatibility, and adequate corrosion resistance, making them suitable
for use in orthopaedic and dental implants. Traditionally, Ti-6Al-4V-ELI (ELI for
Extra Low Interstitial content) is used to replace commercially pure titanium in

biomedical applications [2]; however, this alloy can fail indirectly due to stress
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shielding and present toxic reaction with the human body [3,4].In this context, new
alloys with non-toxic elements and lower elastic modulus have been developed, such
as the commercial B Ti-12Mo-6Zr-2Fe alloy (TMZF) with high mechanical strength

and moderate-low elastic modulus [5].

Despite the metallurgical and mechanical features, surface treatments are
essential to enhance the osteointegration process of titanium alloys. Previous
studies have demonstrated that HCI etching plus NaOH treatment can be an
effective way to develop nanometric topographies on the Ti—6Al-4V surface,
keeping its static and cyclic mechanical properties [6]. An alternative to CST is the
anodisation process. Anodisation is widely used on pure titanium to create TiO2
nanotube layers with nanometric topography that maximises the surface area, thus

leading to better bioactivity [7—10].

Corrosion of metallic prosthesis is known to modify their structural integrity and
cause alterations of the surrounding environment, such as changes in pH and
decrease of dissolved oxygen. Furthermore, the metal ions released may cause an
allergic response and be harmful to the patient [11—-13]. For these reasons, the study

of corrosion properties is critical and necessary for metallic biomaterials.

In recent years, the Electrochemical Impedance Spectroscopy (EIS) has been
successfully applied to polarization resistance measurement and determination of
corrosion mechanisms in different systems [14,15]. Through EIS, it is possible to
obtain information concerning to electrochemical properties of electrolyte and
electrode. Additionally, this technique can discriminate several reactions on the

electrode surface.[16,17].
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Oxide and porous passive layers show complex impedance responses, and
the understanding of their impedance behaviour is not straightforward. Recently,
different titanium electrodes were studied through impedance using non-traditional
models termed transmission line models (TLM), showing excellent consistency
between experimental and modelled results, and obtained parameters with excellent

reliability [18-20].

Therefore, this work aimed at a throughout corrosion study of TMZF surfaces
treated by CST, Nt, and NP and compared to untreated ones. Such a study was
performed in samples immersed by different periods in SBF, which were analysed

by potentiodynamic polarization and electrochemical impedance measurements.

2. Materials and methods

The commercial B TMZF alloy produced by ERCATA GmbH was used in this
study. TMZF bars were cut into disks of 10 mm diameter and 1 mm thick, heat-
treated at 800 °C for two hours, and then water quenched to obtain a fully

recrystallised beta phase structure [5].
2.1 Surface modification processes

Four different surface conditions were developed on TMZF samples: untreated
surface, surface treated with HCI etching and alkaline NaOH solution (CST), and two

anodised condition — nanotubes (Nt) and nanopores (NP).

Before surface modifications, TMZF disks were sequentially ground by SiC
emery papers using the grades P240, P320, P600, P1200, and P2400. After which,

they were conventionally polished using 3 and 1 ym alumina. Deionised water
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(Milli-Q®), ethanol, and acetone were used to clean the finished surfaces. Such

surface condition was named untreated surface.

For the CST, the grounded samples were immersed into an HCI (37 wt.%)
solution heated at 60 °C for 30 min. Samples were individually alkali-treated in 45 mi
NaOH 10 molsL-' contained in polyethylene receptacles. The alkaline solution was
maintained at 60 °C for 24 h. The disks were soaked into deionised water and

sonicated for 10 min, followed by 10 min in acetone.

The anodisation processes were carried out in an electrochemical cell with a
conventional two-electrode arrangement. The counter electrode (cathode) was a
cylindrical platinum grid placed ~3 cm away from the polished disks, which were
used as the working electrode (anode). The anodisation processes were performed
at 25 °C in an organic electrolyte consisting of glycerol, containing 25 vol% of water
and 0.25 M of NH4F. The DC constant potential applied to produce Nt and NP were
10 V during 2 h, and 20 V during 1 h, respectively. Amorphous as-anodised surfaces
were heat-treated in the air at 550 °C for 2 h, thus crystallising the amorphous TiO2

nanostructured surfaces into a rutile/anatase phase mixture [18].

The surfaces were inspected in a Zeiss Ultra-55 FEG scanning electron
microscope (SEM). InLens detectors were used to acquire high spatial resolution
images. For such, beam energy of 10 keV and a work distance of ~6 mm was
employed. Additionally, chemical analyses of the different surface treatments were
performed by an X-ray photoelectron spectroscopy (XPS). A Vacuum Generator
XR3E2 apparatus with an Mg-Ka X-ray source (characteristic energy hv = 1273.6 V)

at 15 kV and 20 mA operating conditions was used to perform the XPS
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measurement. The binding energies were also calibrated by the C1s hydrocarbon
peak at about 285 eV through the Advantage software package, and the peaks were

fitted using smart baseline subtraction.
2.2 Electrochemical characterisation

The electrochemical characterisation was carried out in a potentiostat (Gamry
Instruments, Reference 600+), employing 250 ml of SBF solution at 37 °C and pH
7.40. This solution was prepared according to the 1ISO 23317 specification and
employing analytical grade reagents NaCl (8.035 g.L"), NaHCOs (0.355 g.L"), KCI
(0.225 g.L"), K2HPO4.3H20 (0.231 g.L"), MgCl2.6H20 (0.311 g.L"), CaClz (0.292
g.L'"), Na2SO4 (0.072 g.L") and deionised water. A standard three-electrode cell was
utilised, where the working electrode was the surface of TMZF samples, where an
area of 0.283 cm? was exposed. A flat platinum mesh and a Saturated Calomel
Electrode (SCE, 0.242 V vs SHE, at 25 °C) were, respectively, the counter and
reference electrodes. A distance of ~3 cm was invariably held between the counter
and working electrodes. The SCE electrode, which was positioned near the working
surface, was electrically associated in parallel to a platinum wire connected to a
capacitor of 1 pyF to avoid capacitive and inductive artefacts that may happen during

high-frequency impedance measurements [21].

The experimental assembly was placed inside a Faraday box cage connected
to the ground. It reduces current noise picked up by the working electrode and
voltage noise caught by the reference electrode. Additionally, the electrochemical
characterisations were executed in a dark environment, thus reproducing

physiological conditions [22].
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Firstly, the characterisation sequence consisted of recording the Open Circuit
Potential (OCP) evolution during 1 hour of soaking into the SBF until reaching the
stable state. Subsequently, electrochemical impedance spectroscopy (EIS) was
performed at the OCP. The system was perturbed by a sine-wave whose amplitude
was 10 mVms vs OCP within the range of frequencies of 102 to 10* Hz. The
amplitude was large enough for both the easiness measurement of the output signal
and satisfying the linearity criterion. Finally, the resistance to corrosion was
assessed through potentiodynamic polarization curves recorded over the potential
range of -0.03 V/SCE to +1.2 V/SCE relative to the OCP, with a scan rate of 0.3
mVs-1. These corrosion tests were performed over untreated samples, CST, Nt, and
NP in four different immersion periods inside the SBF solution: 0, 1, 7, and 14 days.
Three samples were evaluated per condition and soaking time (different samples

each time, but with the same surface treatment).

The program used to adjustment and simulate impedance parameters was the
SIMAD® software. It was developed at the Laboratoire Interfaces et Systémes

Electrochimiques (LISE) at Pierre et Marie Curie University (UPMC) [23].

3. Results and discussion

Fig. 1 shows high-resolution SEM images of the four different surface
conditions studied. Fig. 1a shows the as-polished untreated TMZF sample surface,
which will be used as the reference state during the different electrochemical tests.
Fig. 1b presents the sample surface after CST treatment where one may observe
the etching effect on changing the initial smooth morphology to a microporous
surface or coral-like structure in the submicrometric and nanometric scale. Fig. 1c

7
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shows the anodised Nt samples exhibiting a network of vertically self-organised
nanotubes uniformly distributed over the entire TMZF surface, and Fig. 1d shows the
anodised NP surface, characterised by a nanometric and disordered worm-like

structure.

The surface characterisation techniqgue XPS was applied to evaluate the detalil
chemical bonds formed over the untreated and treated TMZF sample before the
immersion periods and the electrochemical tests. High-resolution spectra were
shown in Fig. 2 a—d. The standard binding energies were determined according to
the standard elements from the NIST XPS database [24]. The untreated sample
displayed strong Ti-2p, Mo-3d, Zr-3d, and O-1s peaks. The Ti-2p spectrum (Fig. 2a)
can be fitted into Ti*+ (458.48 eV and 464.28 eV), Ti3+ (458.08 eV and 463.28 eV),
and Ti? (454.22 eV and 460.62 eV), which corresponded to TiOz, Ti2O3 and metallic
titanium, respectively. Similarly, the Mo-3d spectrum was fitted into Mo** (229.57 eV
and 232.90 eV) and Mo+¢ (231.93 eV and 235.27 eV) corresponding to MoO> and
MoOs, respectively. The O-1s spectrum can be divided into three peaks, O%*
(529.90 eV), the peak relates to -OH (530.57 eV), and the oxygen bound in the
absorbed H-0 (532.23 eV). The Zr-3d spectrum was fitted into Zr*+ (182.13 eV and
184.51 eV), referring to ZrO». Similar analyses were conducted over CST samples
(Fig. 2b); in this surface condition was not observed the Ti° peaks, due to the
formation of the sodium titanate layer on the sample surface, as observed in Fig. 1b.
As shown in the Na-1s spectrum from Fig. 2b, the binding energy at 1071.53 eV is
characteristic for Na-1s and assigned to the Na—O bond of sodium titanates [25].

Distinctive peaks from molybdenum oxides were not observed in the CST samples,
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and the peaks related to zirconium oxides showed low intensity. Both anodised
conditions, Nt, and NP show similar spectra (Fig. 2c and 2d, respectively); here, the
high-resolution spectra of Ti-2p show as expected only the contribution of the Ti-
2p3/2 and Ti-2p1/2, characteristic for Ti4+ state of TiO2 [26]. The Mo-3d spectra from
Fig 2c and 2d show the presence of the MoO3 and a non-stoichiometric oxide MoOx
[27], indicating that the anodisation process promotes the transformation of the

naturally formed MoO: to the MoO3 and MoOx [28].

The XPS spectra (Fig. 2) show the chemical differences among the different
surface condition. On the untreated samples was detected the presence of TiOg,
Ti2O3 and metallic titanium. As expected, the CST surface is mainly composed of
sodium titanate. Furthermore, the anodisation process and the subsequent thermal
treatment favoured the surface transformation to more stable titanium oxide (TiOy).
We calculated the Ti/Mo oxides ratio and observed an increase from the value of the
untreated condition (0.07) to 0.39 for Nt and 0.32 for NP. These surface
characteristics help to create a more corrosion resistant surface [29], as observed in

Fig. 9.

Fig. 3 compares the typical potentiodynamic polarization curves of a
representative sample for each surface condition and immersion time. From these
curves, it was calculated the corrosion potential (Ecor) corresponding to the position
where the net current is zero and is indicated as the "peak" directed downwards on

the polarization curves.

The inherent features of the polarization curves indicated a stable passive

behaviour for all surface conditions and immersion periods. However, after 0 days,
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samples covered by nanotubes produced curves with fluctuations in the passive
domain because of the creation of a localised aggressive environment that breaks
the passivation layer [11]. These kinds of oscillations can be attributed to the
competition between the passive-film establishment and dissolution. Remained
fluoride ions trapped into the tubes from the anodisation process could enhance this

phenomenon [30].

The values of Ecor for the four different surface treatments are summarised in
Fig. 4. Such open circuit potential values are comparable to those obtained for each
condition after immersion for one hour. Initially, untreated samples show a low
corrosion potential close to -0.370 Vsce. However, this value increases considerably
after one day of immersion and remains almost constant at -0.050 Vsce until 14 days

in the SBF solution.

Furthermore, CST, Nt, and NP samples showed a nobler behaviour (-0.190, -
0.072, and -0.115 Vsce, respectively) compared to untreated samples without
previous immersion (0D). This behaviour was less pronounced for samples treated
with HCI plus NaOH, indicating a lower corrosion resistance than samples after
anodisation (Fig. 4). After soaking in SBF for one day, all of them tended to higher

potential values close to -0.050 Vsck.

As part of this study, rather than corrosion current density (icorr), the current
density of the passivation plateau (ipass) was chosen to establish a better comparison
between the different surfaces obtained, which are likely to passivation. However, in
some passivated materials exposed to physiological environments, the current

density is not independent of the potential in the passive state. One reason is the

10
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dynamic character of the test, i.e., the changes of the passive film with the applied
potential are prolonged to remain stable with the scan. Another possibility may be
that changes in the passive layer are uncompensated for the increased oxidative

driving force during the measurement [11].

In practice, the shapes of branches anodic are not identical for all the samples
(Fig. 3), and the determination of jpass may not be straightforward. Thus, the sample
Ipass Was obtained from the average of current densities measured in the potential

range of +0.4 Vsce and +1 Vsce relative to the OCP [7].

Fig. 5 presents values of ipass and the category of the resistance to corrosion of
the different surface treatments in different immersion times. Untreated specimens
show moderate-to-low and long-lasting results with jpass closer to 2.0 yA.cm-2during
the different periods analysed, because of the existence of a homogenous and thin

passive layer on the alloy surface.

From an electrochemical standpoint, samples with CST showed the lower
corrosion resistance among the four systems for the various immersion times,
showing ipass values higher than 12 yA.cm2 for 0, 1, and 7 days soaking in SBF.
However, after 14 days, it was possible to see a reduction in its jpass value (~8.0
pMA.cm2). This chemical treatment produces micro, submicron, and nanometre
features on the titanium sample. These fine network structures are favourable to
accelerate hydroxyapatite nucleation because of the development of a sponge-like
structure. However, this structure facilitates the diffusion and charge transfer amid

electrolyte and the TMZF substrate [31].

11
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Initially, for 0 and 1 day of immersion, Nt samples showed high ipass values of
around 5.0 pA.cm. Nonetheless, after 7 and 14 days, the ipass values were lower
than 0.8 pyA.cm=2. In the beginning, ordered nanotubes offered free paths for ion
diffusion between the electrode and the bulk electrolyte. After a few immersion days,
these channels began to close by the deposition of calcium phosphate on the outer
and bottom nanotubes parts, with additional growth of the inner passive film [32],

which could have hindered the transfer of ions through such channels.

NP samples exhibited good electrochemical behaviour with low and stable ipass
values during all immersion periods, exhibiting jpass values smaller than 0.3 pA.cm-
after 14 days soaked in SBF. This performance was correlated with the
homogeneous passive layer formed on the TMZF surface, which is thicker than the

passive layer of the untreated samples.

Additional electrochemical information is obtained from EIS measurements and
respective data elucidation. Fig. 6 presents the evolution of Nyquist plots and Bode
diagrams with immersion times in SBF of untreated TMZF samples (polished
surfaces); replicate specimens showed similar results but were not plotted for better
visualization of the diagrams (reproducibility was checked). Bode representations
were rectified for the ohmic resistance (resistance of the electrolyte (Re)), roughly
calculated between 20-30 Q.cm?, which was deduced from the frequency of

f=10* Hz (high-frequency limit).

Fig. 6a presents the Nyquist diagram for untreated samples, which reflects the
typical response of a capacitive-resistive or pseudocapacitive system independent

on the immersion time. It signifies that the charge transfer, and therefore the

12
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reactions are limited because of the protective behaviour of the passive oxide layer

[22,33].

The continuous increase of the impedance modulus |Z| throughout the
immersion time suggests that the first two weeks in SBF enhances the resistance to
corrosion of untreated samples (Fig. 6d). This observation is consistent with the Ecorr
measurements (Fig. 4), which shows a significant increase from the first day of

immersion and remains almost constant until 14 days.

Bode plot has been useful in recognising the number of time constants of a
system checking the validity of an Electrical equivalent circuit (EEC). These curves
are more sensitive to modelling parameters than other traditional impedance plots.
Nevertheless, the presence of the ohmic resistance (electrolyte resistance) covers
up the real behaviour at high frequencies. For this reason, modified Bode curves
corrected from ohmic resistance are used as a reliable option when the solution
resistance is not negligible [34]. Therefore, all Bode diagrams in this work were

corrected from the resistance of the electrolyte using Egs. 1 and 2.

The impedance modulus was corrected according to:

|Z|corrected = J(Zr_Re)z + Zi2 (1)

The phase angle can be obtained from:

Zi
Zr—Re

) (@)

— -1
(Dcorrected = tan (

where |Z| is the impedance modulus, ® the phase angle, and Z and Z the

impedance real and imaginary parts, respectively.

13
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Over the untreated TMZF samples, it is expected the formation of a passive bi-
layer, which has been observed in similar titanium alloys containing zirconium and
molybdenum [35]. This passive bi-layer would be composed of an external porous
layer and an inner barrier layer; thus, it is expected to find two relaxation processes

or time constants from the impedance results.

The main disadvantage of the corrected Bode phase plot is the need for a
precise assessment of the electrolyte resistance. Inaccurate estimations could
provide the wrong idea of an additional time constant at high frequencies. Besides
that, the corrected curves are very susceptible to data noise at high frequencies [36].
For these reasons, a complementary curve for the corrected Bode plots is the
graphical description of the effective CPE exponent (cef), extracted from the

impedance imaginary part (Z) according to [36]:

i () = ‘ dlog 1Z;(f)| |

dlogf
(3)

Traditionally, in the curve of aefr, the constant phase elements (CPE) are
correlated with plateaus extended during various levels of frequencies. However,
these regions can decrease to form bumps or smooth peaks because of the
interaction of events with close relaxation processes [36]. Therefore, Figs. 5b and ¢
clearly show two-time constants for all samples, and thus modelled by two CPE, one
of them ranging from 102 Hz to 102Hz and the second one in high frequency (around
104 Hz). Thus, using the corrected-Bode phase plot and the graphical illustration of
the aett, it was proposed an EEC for modelling the impedance results obtained from

the untreated samples (Fig. 6a).

14
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In the electrical circuit of Fig. 6a, Re denotes the SBF solution resistance. The
suffix B and OP are correlated with the elements that represent the inner barrier
layer and the outer porous oxide layer, respectively. Here, instead of using a pure
capacitor, CPE was used because of the assumption of heterogeneous charge

distribution on samples surfaces [35,37].

A phase element impedance is defined as Z.pr = [Q(jw)*]~ L. The a value is
associated with the heterogeneous distribution of current as a result of the non-
uniform surface. The capacitance is Q, while jand w are the current and frequency,
respectively. The values of resistance, capacitance, and a for porous and barrier
layers, obtained by adjusting the experimental data using the EEC, are given in
Table 1. The a values close to 0.9 suggest that the behaviour of such passive layer

approaches that of an ideal capacitor, immersion time-independent [37].

The similarity between experimental and simulated results denote that the
proposed equivalent circuit fits well the experimental data. Error-values (X) lower
than 1% were found during the EIS data treatments, indicating a satisfactory fitting

level (Table 1) [18].

The resistance values, Rg, related to inner barrier layers, increase with the
immersion days and are significantly larger than the values related to outer porous
layers, Rop, which remain nearly constant, as Table 1 shows. These results show
that the protection provided by the passive layer is predominantly because of the

inner barrier layer, as also observed in other titanium alloys [35,38,39].

15
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From the values of CPE (Q and a), Re, and Rop, Rs and using the Brug equation
(Eqg. 4), one may obtain the effective capacitance for the passive layer, considering

the titanium surface composed of an outer porous layer and a compact inner layer.
Corr = QYR + Ropp D@ V/*  (4)

The Cer calculated from the values listed in Table 1 for the diverse immersion
periods ranged from 18 to 9 uF.cm-2 for the porous layer and 12 to 3 yF.cm-2 for the
compact inner layer, values similar to the ones observed for AlSI 316L stainless steel
immersed in physiological solutions [40,41]. This capacitance reduction is related to
a passive layer thickness increase [18,42]. Traditionally, low capacitance values are

linked with nobler electrochemical behaviour [39,42].

The calculation of the thickness of the compact inner layer passive film can be
made using Eq. 5, which is valid for the parallel-plate capacitor model of a
homogeneous oxide layer, associating the overall effective capacitance to the

protective oxide layer:

dox = 2o (5)

COX

Where ¢ is the vacuum permittivity (8.85x10-'* F.cm'), and & is the material
relative dielectric constant (taken as &= 100, the dielectric constant of TiO2[18]). By
using this information, it was possible to obtain an approximation of the passive layer
thickness for the diverse immersion days. The passive layer grew with the increase
of the immersion days, initially, with 7 nm for non-immersed samples, to 27 nm after

14 days (Fig. 7).

16
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Fig. 8 presents the impedance curves for the acid and alkali-treated samples.
The impedance results in the Nyquist plots displays semicircles arc flattened at low
frequencies. The radius of these arcs decreases with the increase of immersion time

(Fig. 8a).

Figs. 8b and d show the Bode curves of CST samples soaked in SBF for
different immersion times. Samples without previous immersion exhibit a
progressive increase of the phase angle from high to middle frequencies, with a
variation of the phase angle from -54° to -27°. After that, the phase achieved a
minimum value of -74° in the frequencies between 10° Hz — 10" Hz and remained
approximately constant. This behaviour could be related to the sodium titanate layer
formed on the substrate during the CST (see Table S1 in the supplementary

material); this layer is considered low capacitive because of its porous nature.

A uniform variation in the phase angle curves is observed with the increase of
immersion periods. At intermediate frequencies, a slight reduction in the phase angle
was observed in samples immersed for 1 and 7 days compared to samples without
previous immersion. This behaviour was related to the precipitation and growth of
the first nucleus of calcium phosphate on the sample surface (Fig. 9a and Fig. S1 of
the supplementary material). In the same region, after 14 days of immersion, the
plateau appeared in a higher phase angle (around -62°) because of the presence of

a highly dense calcium phosphate layer (Fig. 9b).

As it was shown in Fig. 6d, untreated samples exhibited a performance similar
to a blocking electrode characterised by a slope value of -1 at all frequencies.

However, irrespective of the immersion period, the CST samples behave differently

17
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and show plots with slopes below one at the lower frequency region (Fig. 8d),

indicating a typical behaviour of a more reactive electrode [37].

The effective CPE exponent (aeff) plot is used to characterise better the
relaxation process occurring over the surface of chemically treated samples. Fig. 8c
shows similar behaviour at high and intermediated frequencies to the corrected-
phase plot. Nevertheless, this plot shows an additional bump at low frequencies
(102Hz to 10" Hz). This exciting behaviour was ascribed to an extra relaxation

process.

Over the CST three relaxation processes are expected to act during the
impedance test, one above the two found in the untreated samples, which is related
to the external sodium titanate layer created during the chemical treatment with HCI
and NaOH. Fig. 8a presents the EEC, which provides a good representation for
systems with a compact inner layer, an intermediate porous oxide layer, and an outer

gel sodium titanate layer.

In the EEC (Fig. 8a), Re represents the resistance of the electrolyte, Rop and
CPEor represent the resistances and the capacitances of the outer porous layer,
related with the dissolution of the gel sodium titanate layer and the HAp growth (see
Table S1 in the supplementary information file). Rip and Rs are the resistances of
the intermediate porous oxide layer and the inner barrier layers, and the CPEr and
CPEsg are used to designate the capacitances of the outer porous layer and the

compact inner layer, respectively.

The Nyquist plots of the EIS data of CST samples were modelled through the
EEC shown in Fig. 8a. The errors measured (X) for the experimental and simulated
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data were lower than 1% independently of the immersion period, indicating a
satisfactory fitting level. The parameters of the electrochemical impedance such as
resistance, capacitance, and a values, regarding the porous and barrier layers

obtained from the equivalent circuit, are presented in Table 2.

With the increase from 0 to 7 immersion days, the Qop values decreased,
showing a dissolution process of the gel sodium titanate layer. This behaviour might
be related to the interaction between ions present in the physiological solution and
ions in the titanate layer [32]. Between 7 and 14 days in the SBF, a mature HAp layer
arose from the complete dissolution of the sodium titanate layer as can be seen in
Fig. S1 of the supplemental material, which acts as a diffusion barrier corroborated
by the higher aop value at 14 days. This behaviour is confirmed in the Nyquist
spectrum at 14 days of immersion (Fig. 8a), where it is possible to see a semicircle

arc smoothed at low frequencies [32].

The resistance Rg decreased continuously, and concomitantly, the Rop
increased with the immersion days, attaining a constant value between 7 and 14
days. This behaviour can be linked with the continuous dissolution and formation

processes of the barrier layer and the HAp layer, respectively [32].

Previous investigations employing Auger emission spectroscopy confirmed the
presence of an oxide film between the sodium titanate layer and the titanium surface
[43,44]. Through the impedance results and employing the Eq. 5 and the fitted
results Cerg from Table 2, it is possible to calculate an approximate value of the

titanium oxide inner layer thickness, whose values are summarised in Fig. 7b.
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CST samples without immersion in SBF showed a thinner compact layer
compared with the untreated samples in the same condition. During acid etching
with HCI, the thin passive titanium oxide layer dissolves to form TiHz; immediately
after, in contact with air moisture, a new titanium oxide film is developed. However,
this layer is thinner than the initial one [45—47]. Similar to the untreated samples, the
passive layer on the CST samples grew with the increase of the immersion days

(Fig. 7b).

The Nyquist diagrams observation reveals that regardless of the immersion
time studied, the nature of the CST impedance spectra (arcs) is typical of a reactive
system. In contrast, in Fig. 10a the samples with Nt are apparently rather purely
capacitive (straight line), or leastwise pseudocapacitive (inclined straight line),

indicating that the faradaic reactions are very limited [37].

The corrected Bode phase angle plots of TMZF samples with Nt immersed in
SBF are presented in Fig. 10b. At low and middle frequencies (102 Hz to 10" Hz),
the phase angle remains almost constant with values approaching -90°, which is the
typical capacitive behaviour of a compact oxide film. The protective character of this
film seemed to be enhanced with increased immersion, indicating a more protective

behaviour after 14 days.

Fig. 11 presents Nyquist plots and the Bode diagrams evolutions with the
immersion time in the SBF solution, for the TMZF samples with NP. Similarly, to Nt,
NP specimens show a capacitive or pseudocapacitive behaviour, which was
observed in the Nyquist diagram independently of the immersion time studied

(Fig. 11a).
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The plots of impedance modulus of TMZF samples anodised with NP showed
a stable behaviour, characterised by two distinct zones (Fig. 11d). Between low and
middle-frequency (102 Hz — 10" Hz), the curves exhibited a constant linear slope
close -1, less inclined than the slope at higher-frequencies, around to -0.5. Similar
behaviour was observed in Nt samples in Fig. 10d, which is characteristic of

capacitive surfaces [30].

Given the information obtained through the Bode phase and the aeft plots
(Fig. 10c and Fig. 11c), initially, both anodised conditions, Nt, and NP were fitted
considering a similar electrical circuit as the one used for untreated samples (two-
times constant). However, the fitting results for both anodised conditions were not
satisfactory, as already mentioned in other works [18]; the adjustment errors are

large, and the values of the parameters obtained are outliers.

An alternative model was proposed by R. De Levie and then by Bisquert to
interpret the physical and chemical phenomena in porous electrodes, denominated
Transmission Line Model (TLM) [48,49]. Recently titanium electrodes have been
studied through impedance using TLM. These studies have shown excellent
compatibility between experimental and modelling results, consistency in the
parameters obtained, and a more precise interpretation of the impedance results
obtained through EIS tests [19,20,22]. Thereby, a TLM was employed to simulate

the impedance response of Nt and NP samples in SBF.

Fig.12 shows the TLM proposed in this work; employing it for modelling various
microstructures and geometries regarding different hypotheses. Additionally, it is

essential to stress that this model involves the volume processes distributed over

21



10

11

12

13

14

15

16

17

18

19

20

21

22

the whole electrode surface. Channel 1 is represented as a distributed resistance
(R1), and the transport behaviour in channel 2 by a parallel arrangement of a
resistance (Rz2) and a CPE element (Q2). The interfacial pseudocapacitance is
represented by Qs and the endpoints parameters by the resistance and capacitance,

Ra, and Qs, respectively.

The TLM is composed of ten parameters that satisfactorily describe the
interface behaviour (these parameters are explained in detail in the supplementary
material and elsewhere [18,49,50]). The error between the experimental points and
the simulation was lower than 1.0 %, independent of anodised morphology and
immersion time. Only the nanotube condition after 14 days showed a higher value

(1.7%), which is quite reasonable.

Traditionally, during the EIS measurements, the crossover frequency (wq) is
higher than the highest frequency level analysed, and for this reason, the material
generally behaves like a purely resistive component. However, low conductive
materials show low wcvalues [50], and thus, is then expected that in this study the
wc be lower than the range of frequencies employed during the impedance test.

Therefore, the oxide channel will display anomalous transport behaviour.

Table 3 shows the electrochemical impedance parameters obtained by
adjusting the experimental results of Nt samples for the diverse immersion days.
Additionally, the wc: values representing the transport mechanism through the

channel 2 (X2) were calculated using Eq. 6.

1
we = i (6
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The pseudocapacitance values Qs varies as the immersion time increases; this
could indicate the processes of formation and dissolution of small nuclei of calcium
phosphates on the nanotubes' walls. Between days 7 and 14, the nucleation process
is favoured, showing an evident decrease in the interface impedance. Besides, the
coefficient b is close to 1, showing homogeneity and stability of the pore walls,

independently of the immersion time.

Fig. 13 presents the behaviour of the endpoints Za and Zs during the immersion

days, represented by resistance and capacitance of Ra and Qg, respectively.

During the immersion time in SBF, the resistance Ra gradually increases, and
the Qg decreases. This behaviour could be related to the development and growth
of calcium phosphate nuclei (Initial step to the apatite formation) on the outer part of
the nanotube and the bottom part of the channel. This behaviour is observed in
Fig. 14 (red circles). Additionally, the Qs decrease could be related to the growth of

the inner passive film [32].

Table 4 shows the electrochemical impedance parameters obtained by
adjusting the experimental results of NP samples for the diverse immersion days.

For the Nt and NP fitting analysis, the average channel length (L) was 2x10-5 cm.

For NP samples, the pseudocapacitance Qs values are lower compared to Nt
and remain almost constant regardless of the immersion time, because of the stable
behaviour of the interfacial impedance (¢), even in the firstimmersion days. Besides,

the coefficient b is close to one showing homogeneity and stability of the pore walls.
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Fig. 15 presents the endpoints parameters represented by the resistance and
capacitance, Ra, and Qsg, respectively. These values were graphed to understand
the behaviour of the transmission line endpoints (Za and Zs) during the immersion

days of the NP samples. The values of Ra and Qg were obtained from Table 4.

During the immersion time in SBF, the resistance Ra gradually increases. This
behaviour could be ascribed to possible nucleation and growth of hydrated silica gel
and amorphous calcium phosphate on the outer and inner parts of the nanopores,
both predecessors for the apatite formation [51] (see Fig. S1, supplemental
material). This behaviour could be observed in Fig. 1 (red circles). Moreover, the Qg
values were low and constant, indicating a stable and protective behaviour of the

inner passive film during the entire time analysed.

As it was indicated, the transport behaviour in channel 2 (X2) is defined by a
different model termed as "anomalous transport model" (a CPE, Q;, and a
resistance, R, parallelly connected), because the charge carrier transport
mechanism is frequency-dependent (Eq. S3). For both anodising conditions, Nt, and
NP, w: was between 0.003 to 0.035 Hz (Eq. 6). These low values indicated a low
charge transfer through the channel 2 in the frequency regime studied in this work

(102- 104 Hz).

Fig. 17 summarises the corrosion response after 14 days of soaking in SBF of
the diverse surface conditions studied in this work; comparing the barrier resistance
values (Rg for untreated and CST samples or Ra for the anodised samples) related
with the resistance to corrosion obtained from the impedance data, and the ipass

obtained from the polarization curve.
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Untreated samples showed a good corrosion response indicated by a high

resistance value and acceptable ipass, lower than 2 pA.cm=2. Samples treated with

HCI and NaOH, contrary to untreated samples, showed a low corrosion resistance

proved by the lowest Rs and the highest ipass values. Finally, the anodised samples

showed the best corrosion resistance corroborated by the highest and lowest values

of Ra and ipass, respectively.

4.

Conclusion

The electrochemical behaviour of the four different treated surface samples has

been successfully studied, and the conclusions are summarised in the following

paragraphs:

25

Ecorr values revealed that Nt and NP surfaces showed a nobler behaviour than
the untreated and CST ones, indicating a more protective surface. Moreover,
although these anodised surfaces showed moderate ipass values in the early
stages of immersion (0 and 1 day), after 14 days immersed in SBF, they
showed the lowest values, close to 0.2 yA.cm=2,

Nyquist and Bode plots for the untreated TMZF samples showed a
pseudocapacitive behaviour due to their very protective passive layer. The
continuous increase of the impedance modulus in these samples suggested
that the resistance to corrosion enhances with the immersion time.

Through the Nyquist and Bode curves, the CST samples showed a more
reactive behaviour compared with the untreated samples, independently of the

immersion time in SBF. In these samples, after 14 days of immersion, it was
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possible to observe variation in the impedance curve, which was associated
with the formation of the HAp layer over the surface.

. Together with the objective of forming a thicker and denser oxide layer by the
anodizing process, the increased presence of TiO2 and molybdenum oxides
helped create a more protective surface against corrosion.

. Impedance curves of the anodised samples in SBF revealed a capacitive or at
least pseudocapacitive behaviour, corroborating the protective response of
these surface conditions. Additionally, it was observed a particular behaviour
that could not be modelled by the traditional equivalent circuits. Thus, it was
proposed a two-channel transmission line model for analysing the impedance

results successfully.
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Untreated

Fig. 1. SEM image of TMZF alloy: a) Untreated after polishing and grinding, b)
chemically treated by HCI 37% at 60 °C and NaOH 10 mol-L-" at 60 °C for 24 h, c)

and d) anodised with Nt and NP, respectively.
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Fig. 2 High-resolution XPS spectra of Ti2p, Mo3d, O1s, Zr3d, and Na 1s obtained

for the different surface condition: a) Untreated; b) CST; c) Nt and d) NP.
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Fig. 3. Anodic polarization curves for the TMZF alloy in SBF electrolyte at 37 °C:

a) Untreated; b) CST; c) Nt and d) NP.
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Fig. 4. Electrochemical measurements of corrosion potential (Ecor) of TMZF alloy
untreated and treated with Nt, NP, and CST for different immersion times in SBF at
37°C (the error bars were obtained from the standard deviation results of three

samples per condition and soaking time).
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Fig 5. Electrochemical measurements of passivation current density (jpass) of TMZF
alloy untreated and treated with Nt, NP, and CST in different immersion times in SBF
at 37°C (the error bars were obtained from the standard deviation results of three

tested samples per condition and soaking time).
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Fig. 6. Impedance results for untreated samples immersed in SBF at 37 °C for the
different immersion time (0, 1, 7, and 14 days denoted as 0D, 1D, 7D, and 14D
respectively): a) Nyquist plots of experimental and simulated results obtained using
SIMAD software and the electrical equivalent circuit employed; b) Corrected-phase
angle; c) Evolution of aert versus frequency and d) Corrected-Modulus of the

impedance.
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(these values were calculated from Tables 1 and 2).
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Fig. 8. Impedance results for CST samples immersed in SBF at 37 °C for the different
immersion times (0, 1, 7, and 14 days denoted as 0D, 1D, 7D, and 14D respectively):
a) Nyquist plots of experimental and simulated results obtained through the SIMAD
software and the electrical equivalent circuit employed; b) Corrected-phase angle;

c) Evolution of aeff versus frequency and d) Corrected-Modulus of the impedance.
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Fig. 9. SEM images for CST samples after different immersion periods in SBF:
a) 7 days, showing some nucleus of calcium phosphate on the sample surface, and

b) 14 days.
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Fig. 10. Impedance results for Nt samples immersed in SBF at 37 °C for the different
immersion time (0, 1, 7, and 14 days denoted as 0D, 1D, 7D, and 14D respectively):
a) Nyquist plots of experimental and simulated results obtained using SIMAD
software and the electrical equivalent circuit employed; b) Corrected-phase angle;

c) Evolution of aeft versus frequency and d) Corrected-Modulus of the impedance.
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Fig. 11. Impedance results for NP samples immersed in SBF at 37 °C for the different
immersion time (0, 1, 7, and 14 days denoted as 0D, 1D, 7D, and 14D respectively):
a) Nyquist plots of experimental and simulated results obtained using SIMAD
software and the electrical equivalent circuit employed; b) Corrected-phase angle;

c) Evolution of aeft versus frequency and d) Corrected-Modulus of the impedance.
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Fig. 12. The transmission line model proposed to describe the impedance response
of the anodised TMZF samples immersed in SBF at 37 °C during the different

periods evaluated.
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Fig. 13. Endpoints parameters, Ra and Qs, were obtained from the transmission line

model used in nanotubes samples after different immersion periods in SBF.
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Fig. 14. Apatite formation over Nt samples after different immersion periods in SBF

2

and 14 days).
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Fig. 15. Endpoints parameters, Ra and Qg, obtained from the transmission line model

used in NP samples after different immersion periods in SBF.
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Fig. 16. Apatite formation over NP samples after different immersion periods in SBF
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polarization curves.
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1 Table 1 Electrical parameters of the equivalent circuit obtained by fitting the

2 experimental results of impedance for untreated samples at 37 °C in the SBF

3 solution.
Immersion Re Qop Ror Qe Rs X
Oop ap
Days (Q-cm?)  (Qs®.cm?) (Q-cm?)  (Qs®.cm?) (10°Q-cm?) (%)
0 23 1.74E-05 0.85 94 1.37E-05 0.83 2.83 0.45
1 20 8.35E-06 0.88 63 6.02E-06 0.84 2.90 0.23
7 21 4.80E-06 0.92 49 8.55E-06 0.81 4.64 0.22
14 20 1.04E-05 0.84 77 2.95E-06 0.88 4.60 0.77

5 Table 2 Electrical impedance parameters obtained by fitting the experimental results

6 of CST samples immersed in SBF at 37 °C for the different periods 0, 1, 7, and 14

7 days.
Immersion Re Qop Ror Qp Rip Qs Rs Cetis X
aor o (3] aB

Days (Q.cm?) (Qs-=%.cm?) (Q.cm?) (Qs=<.cm? (Q.cm?) (Qs=%.cm?) (Q.cm?) (uF/cm?) (%)
0 25 8.61 E-04 0.57 35.05 3.31 E-06 0.71 819 1.69 E-05 0.91 48562 32 0.39
1 21 2.79E-04 055 50.14 6.66 E-06 0.72 283 1.39 E-05 0.95 16366 29 0.26
7 24 3.30E-04 053 11233 9.28 E-06 0.60 283 2.46 E-05 0.84 11916 22 0.71
14 23 1.45E-04 0.80 178.97 408 E-06 0.76 155 1.81 E-05 0.85 11513 18 0.82

8

9
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11
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1 Table 3 Electrical impedance parameters obtained by adjusting the experimental

2 results of Nt samples.

X1 X2 4 Za Zs
L wc X
Days Ri R: Q. Qs Ra Qs
e b n (cm)  (Hz) (%)
(Q.cm) (Q.cm?) (Qs*.cm? (Qs™.cm) (Q.cm?) (Qs™.cm?)

0 827 217 6.53E-07 096 163E-04 096 7.22E+06 3.69E-05 091 20E-05 0035 0.77
1 956 222 455E-07 076 296E-04 096 299E+05 169E-05 0.84 20E-05 0.023 048
7 938 209 6.06 E-07 0.78 3.91E-04 095 490E+08 558E-06 092 20E-05 0019 0.43
14 860 145 281E-06 072 9.96E-05 096 525E+09 7.80E-06 0.89 20E-05 0.003 1.70

3

4 Table 4 Electrical impedance parameters obtained by adjusting the experimental

5 results of NP samples.

X1 X2 4 Za Zp
L wc X
Days R1 R Q: Qs Ra Qs
e b n (cm)  (Hz) (%)
(Q.cm) (Q.cm?) (Qs*.cm? (Qs™.cm) (Q.cm?) (Qs™.cm?)

0 559 203 852E-07 060 7.73E-05 096 140E+06 532E-06 0.90 2.0E-05 0.003 0.60
1 826 207 9.24E-07 064 752E-05 097 200E+05 1.15E-05 082 20E-05 0.004 0.97
7 787 209 6.06 E-07 096 868E-05 0.97 883E+07 9.18E-06 092 20E-05 0.004 0.43
14 936 218 6.88E-07 060 7.60E-05 0.97 490E+08 559E-06 0.89 2.0E-05 0.003 1.00
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