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Ti foams are attractive for orthopaedic applications due to reduced Young's modulus and ability of bone in-
growth. However, poor corrosion behaviour and lack of bioactivity are yet to be overcome. In the present work,
highly porous Ti samples were processed by powder metallurgy with space holder technique and bio-functio-
nalized by micro-arc oxidation, resulting in nano/micro structured TiO, surfaces containing bioactive elements.
The electrochemical behaviour of these bio-functionalized highly porous Ti surfaces was evaluated through

potentiodynamic polarization and EIS in physiological solution at body temperature. Results showed that bio-
functionalization improved the corrosion behaviour of highly porous Ti. However, increased macro-porosity led

to an increased corrosion rate.

1. Introduction

Ti-based materials are commonly used as orthopaedic and dental
implant materials due to their properties, as excellent biocompatibility,
high specific strength, high corrosion resistance, low density, and re-
latively low Young's modulus [1-6]. However, these materials still
present the risk of implant aseptic loosening or bone failure, mainly due
to stress-shielding effect that is caused by the inefficient load transfer
from the implant to the bone [7-9]. The stress-shielding effect occurs
due to the mismatch of Young's modulus between the implant material
(Ti: 100-110 GPa, Ti6Al4V: 114 GPa) and human bones (4-30 GPa)
[3,7,8].

Porous Ti structures presenting open-cellular structure are being
developed in order to decrease this mismatch but also to allow the new-
bone in-growth and the transport of body fluids [10-14]. Moreover, as
reported by Jha et al. [15], open-cellular structures also show potential
for drug delivery applications. One of the most suitable methods for
processing Ti foams is space-holder technique. This method is cost-ef-
fective and allows to adjust the porosity level, pores geometry and pores

size distribution [15-18].

Studies regarding characterization of porous metallic implants in
terms of microstructural, mechanical and biological properties are
widely reported in the literature [19-24]. However, reports on their
electrochemical behaviour are still scarce [1,22,23]. Some studies
showed that the corrosion behaviour of porous materials may be dif-
ferent from dense materials, mainly due to the existence of localized
corrosion as a result of the stagnation of the electrolyte inside the pores
[22,23], or due to the differences in the nature and quality of the
passive films formed on the outermost surfaces and on the inner pore
surfaces [1].

Although Ti is the most biocompatible metallic material, it is also
bioinert thus, it cannot induce bone growth. With the aim of addressing
this issue, several surface modification approaches have been devel-
oped such as micro-arc oxidation (MAO) [24-34]. MAO does not only
lead to a better corrosion behaviour but also can improve the bioac-
tivity of Ti through the creation of tailored surfaces in terms of chemical
composition, nano/micro porosity and topography [24-26,28-36].
Furthermore, during MAO treatment it is possible to incorporate
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bioactive elements, as Ca and/or P, allowing to reach a Ca/P ratio si-
milar to hydroxyapatite (HAP) on the anodic layers. After MAO treat-
ment, HAP may be precipitated by a hydrothermal treatment, which is
reported to improve the bioactivity [28-30,37-40]. Nevertheless, the
studies on the bio-functionalization of highly porous Ti surfaces by
anodic treatment are still very limited [3,20,41,42]. Yavari et al. [20]
studied the effect of alkali-acid heat and acid-alkali treatments on
compression and fatigue behaviour of porous Ti6Al4V alloy processed
by selective laser melting. The authors stated that the acid-alkali
treatment leads to substantial mass loss when compared with alkali-
acid heat treatment, and thus it notably modify the porous Ti6Al4V
structures mechanical properties. On the other hand, Fan et al. [42]
processed porous Ti scaffolds by powder metallurgy using space holder
technique followed by anodic and heat treatments. The authors stated
that anatase nanotubes were successfully produced on Ti scaffold,
which improved the biocompatibility due to their apatite-formation
ability.

The present study is a following work of these authors. Previous
studies on bio-functionalized highly porous Ti showed that both out-
ermost and inner pore surfaces were successfully covered by MAO
layers leading to a lower corrosion susceptibility, both under static
conditions and under sliding. The authors attributed this behaviour not
only to the improved corrosion resistance provided by the MAO layers
but also to the increased hardness, leading to higher wear resistance, of
those layers [3]. Moreover, although no clear effect of bio-functiona-
lization was found on cell viability, enhanced cell proliferation and
activity was reported for bio-functionalized highly porous Ti having
22% of porosity [43]. Although it is well reported that MAO treatment
on Ti surfaces improves the corrosion behaviour, the electrochemical
response of bio-functionalised highly-porous Ti is yet to be known.
Therefore, this study aimed at understanding the electrochemical be-
haviour of 3D-macro-porous architecture having bio-functionalized
surfaces developed by MAO with the incorporation of Ca and P.

2. Experimental procedure
2.1. Processing

Dense Ti samples were produced using angular shaped Ti powders
(Grade 2, Alfa Aesar, Dsy = 36 um) and as a binder it was used poly-
vinyl alcohol (PVA, Sigma Aldrich Chemistry), for highly porous Ti
samples angular shaped urea particles (Scharlau, < 500 um) were used
as a space holder.

Firstly, Ti powders and PVA (0.4 vol%) were manually mixed, then
0, 30 or 50 vol% of urea was added to the mixture. In order to get a
homogeneous mixture, the powders were mix in a ball mill rotating
with Al,O3 spheres at 130 rpm for 4 h. The blended powders were then
uniaxially pressed in a zinc stearate lubricated nitrided stainless steel
die under 350 MPa for 2 min. The green compacts (12 mm in diameter
and 3 mm in thickness) were subjected to two thermal cycles. The first
one at 450 °C during 3 h under Ar atmosphere was performed to remove
the binder and the space holder. Then, the samples were sintered in
vacuum (better than 10 > mbar at 1100 °C during 3 h. The heating and
cooling rates were set to 5 °C min~'. Thermal analysis/thermal gravi-
metric (DTA/TG) and dilatometric tests were carried out to select the
binder/space holder and sintering temperatures, this analysis is pre-
sented elsewhere [1].

2.2. Bio-functionalization by micro-arc oxidation

In order to achieve similar surface roughness to the highly porous
samples, dense Ti samples were grounded using SiC papers with 180
mesh. Both dense and highly porous samples were ultrasonically
cleaned in acetone for 3 min and etched in Kroll's reagent (2:10:88 in
vol. of HF, HNO3; and H,O, respectively) for 1 min. After the etching
procedure, the samples were immediately cleaned ultrasonically in
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propanol for 10 min followed by 5 min in distilled water and dried with
warm air.

The bio-functionalization treatment by MAO was performed in an
electrolyte consisting of a mixture of 0.02 M of B-glycerophosphate
disodium salt pentahydrate, (B-GP; Alfa Aesar) and 0.35 M of calcium
acetate monohydrate (CA; Alfa Aesar), as P and Ca ions source, re-
spectively. Dense and highly porous Ti samples were used as anode
(geometric area of 3.39 cm?) and completely immersed in the electro-
lyte, while a Pt plate was used as cathode (exposed area 12.57 cm?).
The anode and cathode were placed 8 cm apart and connected to a DC
power supply (GPR-30H10D). The total MAO treatment time was 1 min
with a selected voltage of 300 V. A magnetic stirrer rotating at 200 rpm
was used to create a turbulent flow regime. After the bio-functionali-
zation, all samples were cleaned in an ultrasonic bath in propanol and
distilled water and dried as described previously.

2.3. Electrochemical tests

Open circuit potential (OCP), potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) tests were performed to
assess the electrochemical behaviour of all groups of samples. All
electrochemical tests were performed in a physiological solution con-
sisting of 9 g/L of NaCl at body temperature (37 *+ 2 °C) as presented
in Fig. 1. The electrochemical cell was placed in a climate chamber,
which kept the temperature constant and acted as a Faraday cage in
order to avoid any external currents. Sample surfaces were used as
working electrode, a platinum wire was used as a counter electrode
while a saturated calomel electrode (SCE) was used as reference elec-
trode, connected to a Reference 600 potentiostat/galvanostat/ZRA
from Gamry Instruments. All potentials are given with respect to SCE.

All samples were immersed in the electrolyte and allowed to rest for
24 h. OCP, EIS and potentiodynamic polarization measurements were
performed sequentially. OCP was continuously measured and was
considered stable when AE < 60 mV h™!. Then, at 24 h, EIS was
performed at the last registered OCP with frequencies ranging from 10°
till 10~ 2 Hz, with 7 points per frequency decade. A sinusoidal signal
with an amplitude of 10 mV was chosen in order to ensure the linearity
of the electrode response. After EIS measurements, the OCP was mea-
sured during 10 min, followed by the potentiodynamic polarization
tests that started at —0.250 Vocp and went up to 1 Vg with a scanning
rate of 1 mV s~ !. The potentiodynamic polarization parameters were
chosen in a way to determine the passivation current densities and to
understand the stability of the anodic layers within the range of po-
tentials that are reported to be relevant in human body [44,45].

To guarantee the repeatability of the results, all these experiments
were repeated at least three times and the results are presented as
average *+ standard deviation.

Counter
electrode

Reference
electrode

Electrolyte
(9 g/L NaCl)

\ /,O-ring
Insulation—»} \/\A—Copper wire

|

|
Working electrode (sample)

Fig. 1. Schematic representation of the electrochemical test setup.
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2.4. Characterization

The topography, microstructure and chemical composition of as-
processed and bio-functionalized samples were analysed by SEM using
a FEI Nova 200 equipped with energy dispersive X-ray spectroscopy
(EDS).

The porosity morphology and distribution of pores of highly porous
Ti samples were characterized by micro-computed tomography (micro-
CT) by using X-view X 50-CT (North Star Imaging) micro-CT system,
under the accelerating voltage of 50 KV and a tube current of 400 pA.
For each bulk sample, 1200 projections were taken over 360° (0.3°
range) with an exposure time of 3 s for each projection. A CMOS image
sensor (3888 x 3072 pixels) coupled to CsI scintillator was used for
detecting the transmission beam. The samples were scanned with
17 um X 17 pm pixel size, allowing a field of view of around 3 cm.
Reconstruction was done with 2400 TIFF projections, where the
average scanning time was 90 min per sample.

A point-counting technique based on ASTM E562 was used to cal-
culate the number and pores size distribution of the anodic layers. This
method consisted in a grid having 17 lines parallel to each other with a
constant distance between them of 0.03 mm that was superimposed on
a SEM micrograph. All the pores intersecting the lines were counted and
their diameters were measured. From each group of bio-functionalized
samples, three SEM micrographs were taken in different zones of the
surface's samples and five samples were used per group of samples. The
groups of sample are presented in Table 1 together with the nominal
porosity, real porosity and surface treatment.

The cross-section of the anodic layers was analysed using a FIB-SEM
(Auriga Compact, ZEISS). Gallium ions at 30 keV were used to section
the surface, with a 5 nA current up to a depth of approximately 20 pum,
and to clean the edge of the cross-section, with 1 nA currents.

The real exposed metallic area to the electrolyte for highly porous
samples was determined from the voxelized true geometry of the
porous sample derived from the raw data acquired by micro-CT. After
the 3D reconstruction, gray-scale data of the voxels was submitted to
the following procedure: i) denoising by a Gaussian technique; ii) seg-
mentation of the full 3D domain between (0) world (outside domain),
(1) matrix (Ti) and (2) void (pores), based on a simple threshold
technique, with the threshold value determined from the histogram of
images from the material + voids domain. After segmentation and
being known the 3D geometry of the porous sample, an arbitrary flat
surface was selected; following the experimental procedure, the free
subsurface area delimited by the o-ring is numerically flooded, as well
as all void voxels in contact with the flooded region. By the end, the
area of the interface between the void flooded region and the matrix
was simply integrated by counting the number of elementary surfaces
(voxel faces) of the flooded region/matrix interface.

3. Results
3.1. As-processed surfaces
Previous results [1] had shown that, for the same processing

Table 1
Samples groups with their nominal porosity, real porosity, and surface treat-
ment.

Group Nominal porosity (as urea %  Real porosity (%) Surface treatment
vol) [1]
Ti - 0.4 Etched
Ti22 30 22 Etched
Ti37 50 37 Etched
Ti-AT - 0.4 Bio-functionalized
Ti22-AT 30 22 Bio-functionalized
Ti37-AT 50 37 Bio-functionalized
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conditions, approximately 80% of the pores in both highly porous Ti
samples ranged from 50 to 350 pm. Although Ti22 group presented an
average pore size of 230 um, the average pore size of Ti37 samples was
slightly lower, around 200 pm. Microstructural and 3D tomographic
investigations revealed that Ti22 samples mainly presented closed
pores, while Ti37 samples showed a mixture of open (interconnected)
and closed pores. Considering its importance on the electrochemical
tests, the real metallic area exposed to the electrolyte was calculated
using the micro-CT data. For a geometric area of 0.38 cm? the real
metallic area exposed to electrolyte was 1.18 cm? and 14.8 cm? for Ti22
and Ti37, respectively. It was observed on the 3D reconstructions that
the flooded region did not pass completely through the sample on Ti22.
However, since Ti37 samples contained a mixture of open and closed
pores, whatever the first flat surface selected on 3D reconstructions, the
flooded region always crossed completely the sample, meaning that the
upper and lower surfaces were always linked by the void region (Fig. 2).
Thus, these calculated real exposed areas were used to normalize the
electrochemical data.

3.2. Current density evolution with anodic treatment time

The current density evolution during the MAO treatment at 300 V is
given in Fig. 3. All curves showed two different regions: In region I, the
current was constant (limiting current of 2.6 A, which was the max-
imum current provided by the power supply) until the system reached
the selected potential (300 V). When 300 V was reached (moment in-
dicated as tga,por), the anodic treatment turned to constant voltage
control and a decrease on current values was observed (region II), thus,
the formation of micro-arcs and evolution of gas in the system started
[34]. Moreover, it was observed that the density of micro-arcs de-
creased while the current fell. The parameter tg,;,por corresponds to the
time at which the final potential is reached, being 13 + 1,23 + 1 and
48 =+ 1 sfor Ti, Ti22 and Ti37, respectively. Higher levels of porosity
led tgai/poc to increase probably due to the increased exposed metallic
area. However, the current density is not significantly different for all
group of samples.

3.3. As-etched and bio-functionalized surfaces

Fig. 4 presents the SEM micrograph of as-etched and bio-functio-
nalized surfaces. As previously reported by some of the present authors
[1,3], along with the induced porosity, residual porosity was presented
in all etched surfaces (Fig. 4b and c), being typical on the conventional
powder metallurgy processing method. On the other hand, as already
reported by some of the present authors [1], the difference between the
nominal porosity (30 and 50%) and the measured porosity (22 and
37%, respectively) is attributed to shrinkage, which increased as the
amount of the space holder was increased. The grinding marks on the
as-etched Ti surfaces (Fig. 4a) were still visible after etching. However,
after anodic treatment, those grinding marks were not disappeared
(Fig. 4d) and a multiscale porous structure was obtained. It has also
been previously reported that after anodic treatment the surface
roughness had increased from 0.63 to 1.27 pum [3]. The volcano-like
porous structure, typical of micro-arc treated surfaces, was observed in
all samples. Moreover, in the case of Ti22-AT and Ti37-AT (Figs. 4e-f),
the uppermost pore surfaces were successfully covered by the anodic
layers formed during the bio-functionalization process. The size of the
pores of the anodic layers ranged from approximately 0.6 to 2.9 um, in
accordance with the values reported in the literature [34,35].

The ratio of Ca/P (% weight), based on EDS analysis, is
3.44 + 0.15,3.38 = 0.23, and 3.46 + 0.40 for Ti-AT, Ti22-AT, and
Ti37-AT respectively. Moreover, the crystalline structure of the anodic
layers processed under identical conditions was previously character-
ized as a mixture of anatase and rutile [3].

In this study, Ti-AT samples presented the largest pores size dis-
tribution, ranging from 0.60 to 3.68 pm, while for porous bio-
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Fig. 2. Surface and cross-section tomographic slice images showing the exposed geometric area for the electrochemical tests, and the simulation of flooded pores by

electrolyte.
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Fig. 3. Current density evolution during the anodic treatment at 300 V.

functionalized samples it ranged from 0.24 to 2.91 and from 0.21 to
2.58 um for Ti22-AT and Ti37-AT, respectively (Fig. 5). Most of the
pores on Ti-AT had a diameter between 1.0 and 1.5 pm. In the case of
Ti22-AT and Ti37-AT, the pore sizes decreased, with diameters between
0.5 and 1.0 um. Also, the number of pores per geometric surface area
was different comparing Ti-AT and Ti22-AT/Ti37-AT groups, namely
(9.2 = 2.3) x 10°® pores mm ™2 for Ti-AT and (11.7 * 1.6) x 10°and
(11.9 + 1.7) x 10> pores mm ™2 for Ti22-AT and Ti37-AT, respec-
tively. Thus, within the bio-functionalized samples, there was a slight
increase on the number of pores from dense to porous samples. How-
ever, no significant differences were observed between Ti22-AT and
Ti37-AT.

Representative SEM micrographs of FIB-prepared cross-sections of
the anodic layers formed on the outermost surfaces are presented in
Fig. 6. The anodic layer formed in both dense and highly porous Ti
samples presented a triplex structure, where no significant differences
were observed, at least on the outermost surface. The barrier film is
formed at metal/oxide interface in the first seconds of the anodic
treatment. This barrier film is followed by two porous layers, an inner
porous layer that is characterized by small pores, and an outer porous

layer that presents larger pores [35]. All anodic layers with the triplex
structure presented an average overall thickness of approximately
2.50 pym. However, in the most inner pores, the formed anodic layer
may present some heterogeneities, most probably due to the difficulty
of the electrolyte to wet all the exposed metallic area in the case of
highly porous samples.

3.4. Electrochemical behaviour

OCP, EIS and potentiodynamic polarization measurements were
performed sequentially. After the immersion of each sample, the evo-
lution of its OCP was monitored for 24 h and a stable condition was
assumed when the potential drift became lower than 60 mV.h~'. The
OCP values recorded during the last hour of monitoring, just before the
EIS measurement, are presented in Fig. 7. It was observed on the as-
etched samples that increased porosity led to a decrease on the corro-
sion susceptibility by presenting values of OCP less negative for the
highest level of porosity (Ti37). On the other hand, the bio-functiona-
lized samples presented nobler values than as-etched samples, showing
a lower tendency to corrosion, although this difference samples was not
significant on Ti37.

Fig. 8 shows the representative potentiodynamic polarization curves
of as-etched and bio-functionalized samples and Table 2 presents the
average OCP (average of the last 10 min of monitoring), corrosion
potential (E,) and passivation current density (ipq) taken as the re-
spective current density at 0.4 Vgcg. As-etched Ti showed the lowest
corrosion potential and a well-defined passivation plateau starting at
approximately 0.1 Vscg. The E, showed a clear improvement from Ti
to Ti-AT samples. Bio-functionalized Ti showed a passivation plateau
starting from ca — 0.1 Vgcg to 0.39 Vscg, followed by a slight increase of
the current, which may be related to the dissolution of calcium and
phosphorous on the MAO layer. The passivation current density showed
a decrease of almost two orders of magnitude from Ti to Ti-AT samples.
As-etched highly porous Ti samples presented E,,, slightly nobler than
Ti. Even though no well-defined passivation plateau was recorded,
these groups of samples presented a passivation region, where a slow
increase of the current density rate on the anodic domain around 10~°
A cm ™2 was observed.

Fig. 9 shows the electrochemical impedance spectra for as-etched
and bio-functionalized samples in the forms of Bode (Fig. 9a—c) and
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Fig. 4. Secondary electron SEM images of the as-etched (a—c) and bio-functionalized (d—f) Ti, Ti22, and Ti37 samples, respectively.
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Fig. 5. Pores size distribution on the bio-functionalized samples.

Nyquist (Fig. 9d—f) diagrams, respectively. Comparing the Nyquist
diagrams, an increase can be observed on the diameter of the semicircle
from as-etched to bio-functionalized samples. This behaviour suggests a
better corrosion resistance of bio-functionalized samples. Constant va-
lues of |Z| and phase angles close to 0° were obtained in the Bode
diagrams for all as-etched samples at the high frequencies range, being
the typical response of the electrolyte resistance. Independently of the
porosity level, just one time constant was observed. In low and middle
frequency range, the typical capacitive behaviour of a compact oxide
film was observed by the phase angle values approaching —90° for Ti.
Regarding Ti22 and Ti37, the phase angle approached to —70°
and — 50°, respectively. This is an effect of the decrease of exponent n.y
of the CPE, in agreement with the higher heterogeneity of an increas-
ingly porous material.

Concerning the bio-functionalized samples, all groups presented
three time constants; two corresponding to middle-high frequencies,
where the phase angle approached to - 40°, —30°, and —20° for Ti-AT,
Ti22-AT, and Ti37-AT, respectively, and a third one (low frequencies),
characterized by an increase of the phase angle (—80° and —60° for Ti-

AT and Ti22-AT, respectively) with the exception of Ti37-AT, where no
significant difference was observed on the phase angle from high to low
frequencies, due to the larger values of the electrolyte resistance.

Fig. 10a gives the schematic representation of the electrical
equivalent circuit (EEC) used for fitting the EIS results of as-etched
samples. An R.(RoxQoyx) circuit was used to represent the native oxide
film formed on exposed sample surfaces, where R, is the electrolyte
resistance, R,y is the native oxide film resistance and Q,y is a constant
phase element (CPE), considering a non-ideal capacitance of the native
oxide film. The schematic representation of the EEC used for fitting the
EIS results of bio-functionalized samples is presented in Fig. 9b. The
presented EEC was recently proposed by some of the present authors to
fit EIS results for commercial pure Ti, bio-functionalized by MAO under
conditions similar to those used in the present study [35]. In this EEC,
the barrier film is represented by a resistor Ry and a constant phase
element Q. Regarding the porous layers, the intact porous wall (outer
porous layer, Figs. 6 and 10) and the porous wall under the outer pores
(inner porous layer, Figs. 6 and 10) are represented by Q.. and Q;,
owall, Tespectively. No resistor was considered in parallel with these
CPEs as the thickness of the corresponding layers was too high, leading
to a very high resistance, as electronic conduction is almost impossible.
Moreover, the overall electrolyte resistance was represented by R, to-
gether with the additional resistances of the electrolyte inside the outer
pores (Re/) and inner pores (Re~).

In order to allow the representation of a non-ideal capacitor, a CPE
was used in the fitting. The impedance of CPE is defined as:
Zcpr = [Yo(iw)"]’l, where —1 <=n<1.Forn=1,n=0,orn= —1
the CPE response corresponds to a capacitor, a resistor or an inductor,
respectively. A non-ideal capacitor may be described by a CPE if n~1.
However, it is known that the surface roughness and its heterogeneities
influence the n values. All as-etched samples presented n values higher
than 0.90 in the case of dense Ti, while for porous samples the n values
were always higher than 0.74. Regarding the bio-functionalized sam-
ples, the lowest n was 0.71. All the impedance spectra were fitted to
these circuits using Zview software (version 2.9) and the quality of the
fittings was evaluated by their chi-square values. All as-etched samples
presented chi-square below 10~ * and in the case of the bio-functiona-
lized samples the chi-square was below 102, The EEC parameters
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Fig. 6. SE SEM images of FIB-prepared cross-sections of the anodic layers for: a) Ti-AT, b) Ti22-AT, and c) Ti37-AT samples.

obtained from EIS data for as-etched and bio-functionalized samples are
presented in Table 3.

4. Discussion
4.1. Bio-functionalization

MAO treatment has two distinct stages. In the first stage, anodic
layer formation proceeds as the conventional anodic treatment me-
chanism where a compact and thin oxide film is formed. Then, when
the dielectric breakdown potential is reached, oxide phases such as
anatase and rutile are formed as a result of the extremely high tem-
peratures that are locally reached at the metal/electrolyte interface due
to the micro-arcs that occur at that interface [46]. Moreover, the
transformation of metastable anatase to stable rutile is facilitated by the
frequent micro-discharges. On the other hand, the formed oxides pre-
sent low thermal conductivity, which increases the local temperature,
thus further transformation of anatase to rutile is also promoted, as
reported by Wang et al. [47]. However, some studies [32,35] show that
decreased electrolyte conductivity may increase the amount of rutile
phase. Although increased macro-porosity level led to an increase on
the galvanostatic control, no differences were observed on the anatase/
rutile ratio. During the galvanostatic control, the highest current was
reached and kept constant until the selected voltage was reached.
However, the remaining sparks were probably more energetic than the
previous ones and therefore, the transformation of anatase to rutile
occurred.

By increasing the duration of galvanostatic control (i.e. for longer
tgal/pot), it is considered that the thickness of the barrier film (thin and
compact oxide film) increased, as shown by the decrease of Q¢ values
(Table 3) from Ti-AT to Ti22-AT and Ti37-AT. In theory, longer gal-
vanostatic regions lead to an increase on the total charge of the system
(Q =1 x t), which would influence the amount of oxide formed during
this stage of the process. On the other hand, on the second stage (when
currents fall), higher currents are usually associated to thinner oxide
films [32]. However, the increase of total charge did not account for a
significant difference in the thickness of the MAO layer (at least on the
outermost surface, Fig. 5). Also, from the cross sections obtained for the
samples from each group, it was not possible to observe any visible
effects in the compactness of the oxide. On the other hand, micro-pores
were formed at high voltages (exceeding the electrochemical break-
down potential) and the species present in the electrolyte were

incorporated into the porous oxide layer [27-31,38]. Consequently,
MAO process resulted in porous surfaces with a wide range of pore sizes
[33,37] presenting the well-known volcano-like structures. Further-
more, it is known that using a mixture of CA and (3-GP as electrolyte in
MADO leads to incorporation of elements as Ca and P in the porous oxide
layers, being one advantage of the MAO treatment since the presence of
bioactive elements as Ca and P may improve the bioactivity of Ti
[24-31,38,39].

4.2. Electrochemical behaviour

Results showed that porosity affected the corrosion behaviour of
highly porous Ti samples where increased i, values were observed for
Ti22 and Ti37 samples, in accordance with the literature [1,48-50].
Some of the present authors [1] have previously explained these dif-
ferences by the effect of porosity on the formation rate of the passive
oxide layer. Moreover, several authors working on the corrosion be-
haviour of porous metallic materials have stated the difficulties on
calculating the real metallic area exposed to the electrolyte solution
[51-56]. In the present work, a model has been used for the accurate
calculation of the real metallic exposed area. However, this model does
not consider the oxygen/air entrapped in the most inner pores neither
the difficulty of electrolyte penetration into these pores, which may
lead to different passive states on the native oxide film. Nevertheless,
the corrosion rate of highly porous structures is not just influenced by
the surface area. Although Ti is known for its high resistance to loca-
lized corrosion, and the localized breakdown of its passive film occurs
at relatively higher potentials [57], the effect of the highly porous ar-
chitecture on localized corrosion is yet to be fully understood. Some
authors [51-54] stated that the increased corrosion density with the
increased porosity level is due to the larger surface area in contact with
the electrolyte, but crevices or restrictions to the flow of species into the
interconnected pores can result in corrosion rates that are not propor-
tional to the real contact surface area. In this respect, Blackwood et al.
[54] stated that the attempts to accurately assess the true effective
surface area directly wetted by the electrolyte are not enough to un-
derstand the corrosion behaviour of the highly porous metallic struc-
tures, since they do not take into account the restrictions on the flow of
species. Although these difficulties may result in increased corrosion
kinetics, excellent passivation characteristics are still reported in the
literature for porous Ti structures [51-53,56]. On the other hand, Seah
et al. [51] also reported decreased corrosion susceptibility (less
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Fig. 7. OCP evolution with immersion time for all samples in NaCl (9 g/L) at body temperature.
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negative values of E.,,,) with increasing amount of porosity, since the
interconnected pores promoted the free flow of ionic species, whereas
isolated pores trapped the electrolyte and exhausted the oxygen supply,
resulting in a thinner oxide film. Apart from electrolyte penetration,
entrapped air, and free flow of species, as Damborenea et al. [44] re-
ported for the Ti6Al4V scaffolds by direct metal laser sintering (DMLS),
the three-dimensional architecture of the scaffolds might also have an
influence on their corrosion behaviour, due to the presence of edges and
vertices in the samples that may lead to different corrosion response
when compared with flat surfaces.

The decreased values on |Z| and phase angle from Ti to Ti22 and
Ti37 were probably due to the difference in the nature of the passive
film. Recently, some of the present authors [1] reported two time
constants for porous Ti samples: the first on middle frequencies re-
presenting the response of the most external pores, and the second time
constant on the low frequencies characterizing the inner pores. Due to
their complex geometry, the most inner surfaces may lead to a slower
and more difficult penetration of the electrolyte. In the referred study
[1], the authors used a conventional three-electrode electrochemical
cell (adapted from ASTM: G3-89), where the samples were placed
vertically. In order to overcome the difficulty of removal of entrapped
oxygen, which limits the electrolyte penetration into the inner pores,
and to facilitate the formation of a more homogeneous passive film, the
testing set-up was changed, and the samples were placed horizontally,
as shown in Fig. 1. The average values of the native oxide film capa-
citance were increased from Ti to Ti22 samples, but no relevant dif-
ferences were found between Ti and Ti37 samples. On the other hand,
Rox values decreased with increased porosity, independently of the
porosity level. These results showed that although a passive film was
formed on Ti surfaces and inside pores, it presented different corrosion
resistance. In principle, this behaviour would be assigned to a dete-
rioration of the protective nature of the oxide film, but in the present
case it is important to stress that a huge increase in the surface area
occurred in the porous materials leading to different passive states at
the surface and inside the pores, as evidenced by the differences on the
phase angles for the highly porous samples (Fig. 9).

Research on porous materials is not new and, in particular, there has
been previous research published on the general topic of porosity and
about its effect on the electrochemical results [1,22,23]. This work
departs from previously existing knowledge and tries to obtain a deeper
insight on the behaviour of these materials. Impedance results for
complex systems may be difficult to interpret just based on the visual
analysis of Nyquist or Bode spectra. This has led to a large number of
analysis strategies whose discussion was not intended in this manu-
script and that may include the use of special-purpose graphics or the
modification of the data. As an example, the methodology, recently
proposed by Tribollet [58], where the Bode plots were obtained after
subtracting the ohmic impedance, leads to a complete modification of
the phase plot at high frequencies, revealing processes (and corre-
sponding time constants) that might be hidden in the original spectrum.
This has happened in the present work with the as-etched samples,
where a fine analysis has shown that, instead of the proposed one time
constant equivalent circuit, a ladder model with two time constants
could be more appropriated to account for the effect of porosity.
However, this effect was so subtle that the corresponding time constant
was not evident in the spectrum and, for the sake of simplicity in the
analysis, the one-time constant circuit was maintained. On the other
hand, the evolution of the parameters of a three or four time constant
system may not reflect easily on the corresponding spectra. Thus, just a
discussion of the effects of porosity on the Bode plots is not straight-
forward. Moreover, several degenerated equivalent circuits may be
used for three time constants, resulting in similar spectra, even if they
have no physical meaning. Thus, for the choice of an equivalent circuit,
there is a need for more information than that exclusively provided by
the impedance spectra, in particular that originating from the mor-
phology and structure of the system. Therefore, in the present work it is
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not easy to establish a cause-effect relationship between the analysis of
the spectra and the choice of the proposed equivalent circuits. The
strategy is then to propose a circuit that leads to an appropriate fitting
of the results, with meaningful parameters, in the expected orders of
magnitude, and that, by establishing the correspondence of each circuit
element with a physical process, may explain the behaviour of the
sample.

It is very well reported in the literature that MAO treatment im-
proves the corrosion behaviour of Ti, along with bioactivity
[29,31-34,37,59]. In the present study, a clear improvement was ob-
served on the dense Ti, whereas the improvement was relatively limited
on the highly porous samples. This behaviour may be explained by the
complexity of the system, having a highly porous structure including
interconnected pores. It is acceptable to assume that the most inner
pores might not be reached by the electrolyte during the anodic treat-
ment [3]. Consequently, the most inner pores might not be uniformly
covered by the typical anodic layers. Even though, a slight improve-
ment was obtained on the porous samples after bio-functionalization,
namely on the corrosion potential and corrosion current density.

The lowest Qs values were found for Ti37-AT samples, while a
slight increase from Ti-AT to Ti22-AT samples was observed (Table 3).
This behaviour may be explained by the increased galvanostatic con-
ditions where the barrier film was formed. Ikonopisov [60] stated that
the breakdown voltage is practically independent of the current den-
sity. Recently, Mathis et al. [46] showed that, under galvanostatic
conditions, micro-arc initiation voltages observed were similar to the
ones obtained during potentiodynamic scans. The authors also sug-
gested three stages of galvanostatic conditions: i. the formation of an
inner barrier inner layer leading to a sharp increase of voltage with
time; ii. increase of the voltage and formation of first micro-arcs; and
finally, iii. the stabilization of the voltage and transformation of the
micro-arcs into large energetic arcs. Thus, the lower values of Qy for
Ti37-AT were probably due to the increased tg, pot giving longer time
for barrier film formation. Moreover, due to the complexity of the
porous sample geometry, the Q values might be affected as the surface
area significantly increased with increased porosity. Nevertheless, the
Quwan values were always lower when compared with Q; /2y, Which

may result from the lower thickness of the oxide corresponding to Q;,
awall- Assuming a parallel plate capacitor, the dependence of the capa-
citance with thickness is given as C = e£A/d, where ¢ is the dielectric
constant, ¢, the vacuum permittivity, A is the surface area and d is the
thickness, so a thinner layer will lead to higher capacitances. Further-
more, no relevant differences were found for Q. values with in-
creased porosity, showing the ability to form the anodic layers on the
outermost porous surfaces. However, an increase on Q1 /2wan values was
found for bio-functionalized porous samples, probably due to the fact
that the anodic layer might not be homogenously formed on the most
inner pores. When the Qy of the bio-functionalized samples was com-
pared with the as-etched Q, values, it was noticed that the Qy values
were always lower than Q,y, showing the improvement in the corrosion
behaviour by the anodic treatment.

Although the anodic layers formed on the outermost surfaces did
not exhibit significant differences between dense and highly porous Ti
(Fig. 6), there is still a lack of knowledge on the structure of the inner
pores, where the anodic layer may not be fully formed. Anyway, the
present values seem to be easily explained considering the above fac-
tors. Nevertheless, to get a deeper understanding on the electro-
chemical behaviour of bio-functionalized highly porous Ti, long-time
immersion tests involving OCP monitoring and periodic EIS measure-
ments in physiological solution should be performed on samples having
more levels of macro-porosity, together with potentiodynamic tests
after different immersion times. On the other hand, there is a need to
understand the morphology, composition and homogeneity of the
anodic layers formed on the most inner pores, as a function of macro-
porosity.

5. Conclusions

The effect of macro-porosity on the composition, structure and
electrochemical behaviour of the bio-functionalized highly porous Ti
was studied. Within the limitations of this work, it is concluded that the
presence of macro-porosity did not deteriorate the bio-functionalization
treatment, on which regards chemical composition (Ca/P ratio) and
layer structure. The electrochemical behaviour of highly porous

Table 2
Open circuit potential, corrosion potential E.,, and passivation current density (ip.) values for all groups of samples.
Ti Ti-AT Ti22 Ti22-AT Ti37 Ti37-AT
Eocp (mVscg) —-354 = 9 —32 = 22 —-174 = 90 —-82 = 57 —157 = 34 —-136 = 30
Ecorr (MVscp) —-356 = 12 —152 + 41 —-170 = 96 —-109 = 29 —186 = 40 —-196 + 36
ipass (A cm™?) 3.24 = 0.95 0.05 = 0.02 13.33 += 3.62 5.89 = 1.72 26.50 = 5.05 17.97 + 1.90
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samples was improved by the bio-functionalization treatment in terms
of thermodynamic and kinetics. The improved corrosion behaviour of
bio-functionalized highly porous samples was mostly due to the barrier
film formed under longer galvanostatic control during the anodic
treatment.
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Table 3

Equivalent circuit parameters obtained from EIS data for all groups of samples.

Samples Rox (MQ cm?) Qo (x10 " °Fem™2  ngy Qur X107 Fem™2 s Q1/2wanl X107 ¢ F N1 /2wall Quan (x107° F Nyall

sy sy em~2 5" em~2 5™

Ti 0.52 * 0.16 4.25 *= 1.84 091 = 0.03 - - -

Ti22 0.16 + 0.14 7.03 *+ 3.69 0.80 + 0.01 - - -

Ti37 0.02 + 0.01 421 * 097 0.74 = 0.02 - - -

Ti-AT - - 1.26 = 0.09 0.85 = 0.08 9.59 + 217 0.80 + 0.04 574 + 287 0.71 = 0.01

Ti22-AT - - 2.06 = 0.38 0.73 + 0.09 38.81 *= 3.70 0.82 + 0.09 5.43 + 0.38 0.72 + 0.05

Ti37-AT - - 0.52 = 0.06 0.84 + 0.01 31.87 = 1.05 0.76 = 0.01 5.73 + 0.07 0.73 = 0.04
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