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1. Introduction

Magnesium alloys have attracted considerable interest as
potential candidates for bioresorbable implant applications.
Since they biodegrade via corrosion reactions in the human
body, a second surgery is not needed to remove them after the
healing process is completed, which is expensive for the
health care system and dangerous for the patient [1-8].

However, the main shortcoming of using these materials
as temporary implant devices is their high degradation rates,
which are accompanied by the evolution of hydrogen gas
(approximately 1 L per gram of corroded Mg [9]) and lead to the
formation of hydrogen gas cavities in tissues [5,10,11]). Addi-
tionally, magnesium alloys suffer severe local corrosion
attack, implying in premature loss of mechanical integrity,
thus hindering their further clinical use, especially in ortho-
paedical and cardiac applications [4,12—15]. Fortunately, there
are several possibilities of controlling the corrosion rate of
magnesium-based materials, such as alloying, mechanical
pre-processing and surface modifications [1,16,17]. Anodiza-
tion is an electrolytic oxidation process in which the surface of
the metal is converted to an oxide film having desirable
corrosion protection and functional properties [18—23]. The
treatment promotes an increase in the film thickness, hard-
ness, wear resistance, and biocompatibility with respect to the
bare metal [3,20]. The anodizing conditions have a major in-
fluence on the properties of the anodized film. Several in-
vestigations have shown the effects of electrolyte
composition, treatment duration, electrical parameters, and
post- and pre-treatments on the composition and morphology
of the anodic films [18,24—30]. Thus, the search for an opti-
mized set of processing parameters, which interact with each
other, is necessary to obtain a film with desired
functionalities.

Although conventional electrochemical tests are usually
employed to investigate the corrosion activity of materials,
they only provide an averaging characterization of the
corroding surface. Conversely, scanning probe electro-
chemical techniques exhibit spatial resolution, and they are
becoming increasingly applied to these studies since they
allow a comprehensive understanding of the local corrosion
processes occurring at specific electrochemically active sites.
Among them, scanning electrochemical microscopy (SECM)
and scanning Kelvin probe (SKP) have been successfully used
to characterize localized corrosion processes of different
metallic materials, such as aluminum alloys [31-33] and
steels [34—36]. The degradation of magnesium alloys at a
microscopic level is also becoming investigated using these
methods [37—42]. Notwithstanding, the assessment of local
corrosion spots of anodized layers produced on magnesium
alloys by combining SECM and SKP are scarcely reported in the
current literature.

In this study, we investigate the potentiality of anodization
to control the dissolution rate of magnesium alloy in a simu-
lated biological environment. The main focus is to study the
correlation between film morphology, the chemical compo-
sition of the anodized layers, cytotoxic response and their
global and local electrochemical behaviors. The use of SECM
and SKP to probe the local corrosion sites developed on

anodized layers of magnesium alloys and the correlation be-
tween this information with the surface chemistry and global
electrochemical response is rarely employed in the current
literature.

2. Material and methods
2.1. Material and sample preparation

Hotrolled AZ31B magnesium alloy sheet (composition in wt.%:
Al 2.54%, Zn 1.08%, Mn 0.38% and Mg balance), supplied by
Xi'an Yuechen Metal Products Co. Ltd. (Xi’an, Shaanxi, China),
was used as the substrate for the anodization process. Rect-
angular pieces were cut from the as-received sheet using a cut-
off saw, obtaining dimensions of 10 mm x 10 mm x 3.5 mm.
The specimens were connected to a copper wire at the rear
side, and then they were embedded in epoxy resin mounted in
a PVC holder, leaving an average area of 1 cm? as the working
surface. The surfaces were sequentially ground using water-
proof silicon carbide paper (from #220 to #2400 grit size), pol-
ished using diamond paste slurry (diameter 1 um), and cleaned
using deionized water and ethanol, being subsequently dried
in a warm air stream provided by a conventional heat gun.

2.2.  Anodizing treatment

The anodization process was carried out with a high voltage
DC power supply (MP5003D, 50—500 V, 0—3 A; Shenzhen,
Guangdong, China). The anodization treatments were per-
formed in an aqueous solution consisting of a mixture of 1.0 M
NaOH and 0.5 M Na,SiOs. The AZ31B magnesium alloy was
connected as the anode, while the stainless steel container
was used as the cathode. The anodizing treatment was carried
out at three different constant current densities, namely
5 mA cm ™2, 10 mA cm ™2 and 20 mA cm ™2, for 5 min at room
temperature. Finally, the anodized samples were rinsed with
deionized water and let naturally dry.

2.3. Film characterization

2.3.1. Morphology, roughness and chemical composition
The surface and cross-section morphologies were examined
using scanning electron microscopy (SEM, JSM-6010LA, JEOL,
Tokyo, Japan). Confocal laser scanning microscopy (CLSM,
LEXT OLS4100, Olympus, Tokyo, Japan) was used to determine
the surface roughness. Roughness values were quantified in
terms of the average roughness, R,.

The crystalline character of the anodized layers was
assessed by grazing angle X-ray diffraction (XRD) in a Bruker
AXS, D8 Discover diffractometer, using Mo-ko radiation
(0.071 nm). The step size was 0.02° at a scan rate 4°.min"*. The
260 range was from 5 to 40°. .XPS analyses were performed to
investigate the chemical composition of the anodized films.
The XPS spectra were acquired using a Thermo Fisher Scien-
tific K-Alpha™ spectrometer with a monochromated Al K-o X-
ray source (Waltham, MA, USA). The energy scale was cali-
brated with respect to the adventitious C 1s peak at 284.8 eV.
High resolution spectra for the Mg 2p, Si 2p and O 1s regions
were obtained to assess the surface chemical states. The
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spectra were deconvoluted by curve-fitting using the Smart
baseline for background subtraction in the Avantage™ soft-
ware (Thermo Fisher Scientific, Waltham, MA, USA).

2.3.2.  Electrochemical characterization

2.3.2.1. Conventional electrochemical tests. Electrochemical
measurements were assessed using a potentiostat/galva-
nostat (M101, Autolab) in a conventional three-electrode cell
configuration. The test cell consisted of Ag/AgCl (3 M, KCl)
as the reference, a platinum wire as the counter electrode,
and the investigated AZ31B alloy as the working electrode.
The tests were conducted in phosphate-buffered saline
(PBS) solution, which contains: 0.355 g L' NaH,PO,-H,O0,
8.2 g L' NaCl, 0.105 g L~ Na,HPO, (anhydrous). The solu-
tion was prepared with deionized water and analytical
grade reagents. Initially, the open circuit potential (OCP)
was monitored for 1 h. Subsequently, the samples were
subjected to electrochemical impedance spectroscopy (EIS)
at the OCP using a 10 mV AC voltage amplitude in the
frequency range between 100 kHz and 0.1 Hz. Right after
recording the impedance spectrum, potentiodynamic po-
larization tests were carried out in a potential range
extending from —0.50 V vs. OCP to 0 V vs. Ag/AgCl/(3 M,
KCl), at a scanning rate of 1 mV s . Experiments were
performed in triplicate.

The porosity degree of the anodized AZ31B samples was
estimated using an electrochemical method based on the
measurement of polarization resistance (Rp) values from the
potentiodynamic curves. This method consists in determining
the variation of the corrosion potential (AEco;r = Ecorr,
substrate Ecorr, substrate+coating) caused by the presence of the
anodized layer and from individual measurements of the
polarization resistance (R,) of the polished and anodized
AZ31B using Eq. (1) [43,44]:

R |AEcorr|
P= ( p‘s> x 10 P (1)
Rp

where R, s denotes the polarization resistance of the polished
substrate and Ry, is the polarization resistance of the anodized
substrate, while b, is the anodic Tafel slope of the bare sub-
strate. Rps and b, are determined from separate measure-
ments of the polished substrate.

2.3.2.2. Scanning probe techniques. Spatially-resolved mea-
surements were made at room temperature and with the
substrate at the open circuit potential (unbiased). The AZ31B
alloy was cut into strips and then embedded in epoxy resin to
expose upwards a working area of approximately 0.25 cm?.
A scanning electrochemical microscopy (SECM) built by
Sensolytics (GmbH Bochum, Germany) was used to evaluate
the local corrosion process on the AZ31B alloy surface
immersed in PBS. A three electrode configuration was
employed, with a 25 pm Pt disk ultra-microelectrode (UME) tip
as the working electrode, Pt as the auxiliary electrode, and an
Ag/AgCl/(3 M, KCl) as reference electrode to complete the
small electrochemical cell. SECM experiments were per-
formed at selected heights of the tip above the investigated
surface. The operating height was set after recording Z-
approach curves, with the tip adjusted to 10 um above the
surface. SECM measurements were performed using the

surface generation/tip collection (SG/TC) mode by monitoring
the H, evolution accompanying the corrosion process of the
magnesium alloy. This species was monitored by setting the
potential of the UME probe at 0.0 V vs. Ag/AgCl (3 M, KCl) for
the reoxidation of hydrogen.

SECM maps in constant height mode were obtained by
scanning the UME tip in the X-Y plane and recording the tip
current as a function of its location. The maps were recorded
after 30 min immersion of the corresponding AZ31B sample in
PBS solution. A randomly chosen area of 400 pm x 200 pm was
examined.

Scanning Kelvin Probe (SKP) measures the Volta potential
difference between the working electrode and the probe,
which vibrates above the sample surface in air. The SKP ex-
periments were performed in a VersaScan electrochemical
workstation (AMETEK, Devon—Berwyn, PA, USA) at room
temperature in air. The distance between the probe tip and
the specimen surface was maintained at 100 ym + 10 pum
throughout the tests, thus avoiding potential fluctuation
stemming from the change in distance. Scanning steps of
200 pm and 500 um were used for X and Y, respectively. The
scans were acquired over a 3.6 mm x 6.0 mm region, thus
scanning the complete magnesium alloy strip.

2.3.3. In-vitro biocompatibility

NIH-3T3 (murine fibroblasts) cells were employed for cyto-
toxicity analysis. Cells were maintained on a regular feeding
regime in a cell culture incubator at 37 °C/5% CO,/95% air at-
mosphere for 72 h. The culture media was DMEM (Dulbecco’s
Modified Eagle Medium) supplemented with 10% fetal bovine
serum and 1% antibiotic/antimycotic solution. The samples
were immersed in the cellular medium at final concentration
of 6 cm?/mL. The cell viability was evaluated using the Methyl
Tetrazolium (MTS) assay in 96 well plates. Liquid extracts
were added into wells containing 3T3/NIH cells in culture
medium. The MTS assay was then added and the cultures
were reincubated for further 2 h (37 °C/5% CO,). Next, the
cultures were removed from the incubator and the absor-
bance was measured at a wavelength of 490 nm. A sterile
medium was used as a control, and the cells were assumed to
have metabolic activities of 100% in normal medium culture.
The cell viability was calculated using Eq. (2):

C s D.
Cell viability = % x 100 2
ontro.

where ODsample is the optical density of the sample, and
ODcontror is the optical density of the control.

3. Results

3.1. Morphological and topographical aspects of the
anodized layers

SEM micrographs of the top surfaces of the AZ31B alloy in
the as-polished and anodized conditions are shown in Fig. 1.
The as-polished surface presents small white-colored pre-
cipitates whose composition is mainly comprised of Al and
Mn as confirmed by EDS analysis (cf. Fig. 2). Similar findings
were reported by other authors [45]. A greatly modified
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Fig. 1 — SEM images of the top surfaces of AZ31B alloy as polished (a) and after electrochemical anodization in 1.0 M
NaOH + 0.5 M Na,SiO; solution at constant current density values: (b) 5, (c) 10, and (d) 20 mA cm~2.

surface topography results from the anodization procedure
applied to the AZ31B alloy. The anodized layer completely
covered the substrate independently of the current density
applied. The compactness of the surface film, in turn, was
affected by this parameter. As seen in Fig. 1b, the anodiza-
tion film formed over the sample treated with 5 mA cm 2
current density was discontinuously distributed throughout
the surface, showing several cracks and carved regions.
These features were less pronounced when the anodizing
current was increased to 10 mA cm ™2 (see Fig. 1c). Finally,
the surface produced at 20 mA cm™2 exhibited the most
compact appearance as shown in Fig. 1d, although some
cracks are still present. Therefore, the anodized layer
became more compact as the current density was raised
from 5 to 20 mA cm 2. Similar observations were reported by
Chai et al. [26] for AZ91 magnesium alloy although operating
at somewhat higher current densities than the values
employed in our work.

As the thickness of the anodized film may greatly affect its
corrosion protection ability, cross-sections of the anodized
samples were examined by SEM (Fig. 3). The film obtained at
5 mA cm 2 was the thinnest one (see Fig. 3a), extending
approximately 1 pm. The increase of the anodizing current
density to 10 mA cm? resulted in an approximately ten-fold
increase of the thickness of the resulting layer according to
Fig. 3b. The increasing trend was not kept, though, when the
current density was raised to 20 mA cm~? (Fig. 3c). Notwith-
standing, the interface between the substrate and the anodic
layer became more homogeneous than for the film produced
at 10 mA cm 2 which can be beneficial to its barrier properties
against electrolyte penetration.

Further evaluation of the topographical features of the
anodized layers was carried out by confocal laser scanning
microscopy (CLSM). The average roughness (R,) was, there-
fore, determined from CLSM micrographs shown in Fig. 4 for
the systems under investigation, and they are listed in Table 1
In addition, representative transverse profiles of scanned lines
taken across the sample surface are also given in Fig. 4. The
anodized films presented an marked increase of the R, values
with respect to the as polished condition. But the variation of
the anodizing current density did not significantly affect the
average roughness of the anodic film, since the R, values
shown in Table 1 are very similar for all the anodized layers
within experimental error, although there was a major in-
crease in the film thickness when the current density was
raised from 5 mA cm™? to 10 mA cm 2 This observation
apparently contradicts the report by El Mahallawy et al. [46]
that the surface roughness of the anodized layers formed on
the AZ91 magnesium alloy increased with the current density
and the thickness of the anodic film. Nevertheless, it must be
noticed that higher current densities were employed in that
work and were operated at a higher temperature, leading to
the development of thicker surface layers displaying higher R,
values on AZ91 than in our case. For the sake of comparison,
for the film produced using the same current density and
anodization time in the most similar electrolyte (although
containing rather high concentrations of sodium carbonate
and sodium tetraborate leading to a less alkaline environ-
ment), they reported a surface layer of ca. 20 um thickness and
an average roughness value R, = 16 um, almost 5 times higher
than the findings of this work. In addition, the resulting sur-
face roughness was also greatly affected by the occurrence of
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Fig. 2 — SEM-EDS characterization of the AZ31B alloy: (a) SEM images of the microstructure in different scales, and EDS

elemental maps of: (b) Mg, (c) Al, and (d) Mn.

pores and cracks in the anodic films formed on AZ91 in that
work [46], whereas the thinner films produced on the AZ31B
magnesium alloy under less vigorous anodizing conditions
were more compact and could be regarded practically free of
cracks and macroscopic pores.

3.2. XRD and XPS characterization

XRD patterns of the as-polished and 10 mA cm 2 samples are
shown in Fig. 5. The XRD patterns of the other anodized
samples are now shown, as they are very similar to that of the
10 mA cm 2 sample. Peak identification was based on ICDD
database (card number 00-035-0821). The patterns are quite
similar for the as-polished and anodized samples. Only mag-
nesium peaks were identified. These results suggest that the
anodized layers have an amorphous character. Chai et al. [26]
have also reported the amorphous character of anodized films
formed on the AZ31 magnesium alloy. The rapid solidifica-
tions of molten particles formed during sparking formation in
the anodization process. Our results point to the same
direction.

XPS survey spectra of the as-polished and the anodized
AZ31B alloy samples are shown in Fig. 6. The main elements
present in the anodized films were Mg, Si, Na and O. The

presence of Al was detected only in the as polished sample
because it is part of the naturally formed oxide film on the
surface of the AZ31B alloy. Si and Na were not detected in the
as polished alloy, since these elements were included during
exposure to the anodizing electrolyte. Detailed information
about the surface chemical states of the anodized layers was
achieved by acquiring XPS high resolution spectra for the Mg
1s, Si 2p and O 1s regions.

The Mgls core level spectrum for the sample anodized at
20 mA cm? is shown in Fig. 7. Very similar spectra were
recorded for the samples obtained at 5 mA cm™2 and
10 mA cm 2, and they are not shown here. The spectrum was
deconvoluted into two components, one at 1303.3 eV that is
ascribed to Mg(OH), [47], whereas the component with the
highest binding energy (1304.2 eV) is assigned to Mg,SiO4 [48].
It is observed that magnesium hydroxide is the dominant
species, although the anodic film consists of a mixture of
Mg(OH), and Mg,SiO, independently of the current density
employed during the anodization procedure. The formation of
these species during anodization of magnesium alloys is in
accordance with the literature, and it is related to the
following reactions [49]:

Mg?" 4 2e~ — Mg(OH), ©)
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Fig. 3 — SEM images of cross-sections through the anodized layers formed on AZ31B alloy at different current densities: (a) 5,

(b) 10, and (c) 20 mA cm 2,

2Mg*" + Si03™ + 20H™ — Mg,Si0, + H,0 @

The Si 2p core leves for the anodized samples are shown in
Fig. 8, whereas the fitted parameters are displayed in Table 2.
The spectrum for the sample anodized at 5 mA cm™2 was
deconvoluted into two components. The low binding energy
one was assigned to silicate species (Mg,SiO,4) whereas the
high binding energy component was due to silica-type bonds
(SiO,) [48,50]. Silica bonds predominate over silicate, as seen in
Table 2. The formation of SiO, can take place due to the re-
action between magnesium ions and silicate anions, accord-
ing to Eq. (5) [17]:

2Mg*t + 25103~ — Mg,SiO, + SiO, (5)

Conversely, the Si 2p core levels for the samples anodized
at 10 mA cm 2 and 20 mA cm 2 showed one single component
which was assigned to silicate-type species. These results
point that reaction (4) is favored by increasing the current
density of the anodizing process.

Fig. 9 shows the XPS spectra corresponding to the O 1s core
levels for the anodized samples. The spectra were deconvo-
luted into two components, independently of the current
density employed during the anodization procedure.
Although a third component at approximately 535 eV was also
found in all spectra, it corresponds to an Auger peak of sodium
(NaKLL), revealing that sodium species are adsorbed on the
sample surface during anodization in the mixed NaOH/
Na,SiOs electrolyte, in accordance with the results shown in
the survey spectra (Fig. 6). The component at the lowest

binding energy is assigned to 0%~ species such as Mg,SiO,
whereas the highest binding energy component is assigned to
hydroxide species such as Mg(OH),. These species were also
found in the spectra for the Mg 1s core levels, confirming that
the anodic layers mainly consisted of a mixture of Mg,SiO4
and Mg(OH),, being SiO, also part of the film produced at
5mAcm 2

3.3. Electrochemical characterization

3.3.1.  Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance spectra recorded for the as
polished and anodized AZ31B alloy materials after 1 h of im-
mersion in PBS at room temperature are shown in the form of
Nyquist plots in Fig. 10, whereas the corresponding Bode plots
(phase angle vs. frequency and impedance modulus vs. fre-
quency) are displayed in Fig. 11.

The Nyquist plots are characterized by the occurrence of
depressed capacitive semicircles at intermediate frequencies,
and they showed a larger diameter for the samples subjected
to anodization. The diameter of the capacitive loop is associ-
ated with the charge transfer resistance, which is related to
the corrosion resistance of the electrode material in the test
solution [51]. The as polished sample presented the lowest
impedance values, indicating the poor protective character of
the oxide film naturally formed on its surface. Anodization
promoted an increase of the corrosion resistance as denoted
by the significantly greater diameter of the impedance loop
with respect to that of the as-polished sample. The anodized
layer produced at 20 mA cm 2 current density showed the
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Fig. 4 — 2D images and representative roughness profiles obtained using CLSM for various AZ31B alloy samples: (a) as
polished; and after electrochemical anodization imposing constant current density values: (b) 5, (c) 10, and (d) 20 mA cm 2.

highest impedance values, evidencing that it presented the samples raised to more capacitive values, ca. —70° than for the
most protective surface against corrosion in PBS. as polished sample (approximately —60°), as seen in Fig. 11a.

Inspection of the Bode plots shown in Fig. 11 confirm these Additionally, the phase angle peaks shifted to lower fre-
observations. The phase angle peak recorded for the anodized quencies, implying in the shift of breakdown frequencies
related to the transition from capacitive to resistive regimes
(i.e., at which the phase angle amounts —45°) to lower fre-
quencies for the anodized samples, especially for the anod-
ized film obtained at 20 mA cm 2. Therefore, the barrier

Table 1 — Average roughness (R,) values obtained from
CLSM imaging for AZ31B alloy samples in the as polished

and after electrochemical anodization at the indicated h teristi fit facel h d indicating it
constant current density values. characteristics of its surface layer are enhanced, indicating its

superior corrosion resistance when compared to the other

Edinile B {pie) anodized layers and to the as-polished alloy.
Polished 0.07 +0.01 Additional evidence for the superior corrosion resistance of
5mA.cm 2 265+ 0.24 ; -2 ; ;

) the anodized layer produced at 20 mA cm™“ film is derived
10 mA.cm™ 224 +0.31

S - from the log |Z| vs. log frequency plots shown in Fig. 11b.
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Although this system presents only slightly higher impedance
values in the low frequency limit than the sample anodized at
10 mA cm 2, the impedance values were 1-2 orders of
magnitude bigger than for the material anodized using the
lowest current density. The as-polished condition was the
least corrosion resistant, as indicated by its low impedance
values. Moreover, the capacitive behavior denoted by the
linear portion with slope close to —1 at intermediate fre-
quencies was lost at higher frequencies for the as-polished
condition (impedance modulus becoming almost indepen-
dent of the applied frequency at approximately 10 Hz),
evidencing its resistance-controlled character. This feature
indicates that charge transfer reactions are taking place at the
metal/electrolyte interface which is associated with a
corroding surface [52,53]. This phenomenon is slowed down
for the anodized samples, especially for the layer formed at
20 mA cm?, confirming its remarkably greater protective
ability against electrolyte penetration and the onset of corro-
sion at the metal/anodized film interface.

The experimental EIS data were fitted using equivalent
electrical circuits (EECs) to give a more quantitative interpre-
tation of the data. The EECs shown in Fig. 12 gave the best
fitting to the experimental data. Constant phase elements
(CPE) were used instead of pure capacitors to account for the
heterogeneity of the electrode surface [54]. The impedance of

a CPE (Zcpg) is calculated from Eq. (6) where j is the complex
operator, w is the angular frequency, Q is the magnitude of the
CPE (related to its capacitance) and n is the exponent of the
CPE, being equal to 1 for an ideal capacitor, 0.5 for diffusion-
controlled electrodes and n = 0 for an ideal resistor. Inter-
mediate values of n (0 < n < 1) are obtained for actual elec-
trodes [55].

Zepe = [Q(jw)"] o (®)

The EEC in Fig. 12a provided the best fitting to the experi-
mental data obtained for the as-polished sample. The physical
meaning of each circuit parameter was considered as follows:
R, is the electrolyte resistance, CPE; and R, are the capacitance
of the surface oxide film naturally formed in the solution and
its corresponding resistance, CPE, and R; and the double layer
capacitance and the charge transfer resistance. The same
circuit was adopted by other authors for uncoated magnesium
alloys in saline solutions [56,57]. The EEC in Fig. 12b was used
to fit the data of the anodized samples. In this case, the first
time constant is related to the anodized layer. CPE; and R, are,
therefore, the capacitance and resistance of the anodic film.
The other parameters have the same physical meaning as
those of the circuit shown in Fig. 12a. The values of the circuit
parameters are displayed in Table 3.

The protective character of the anodized layer obtained at
20 mA cm™2 can be realized from its high values of R, and R,
when compared to the other anodized samples and the as-
polished surface, confirming the qualitative indications
described above for the Nyquist and Bode plots. Moreover,
there is a clear decreasing trend of the values of both CPE; and
CPE, with increasing the current density of the anodization
process. According to the literature [58], the capacitance
values of a surface film are related to the effective area
exposed to the electrolyte. It is expected that a more compact
layer should present lower capacitances than more defective,
porous ones. The SEM micrographs shown in Fig. 1 have
indicated an increasing compactness of the anodized films
with the current density of the anodization process. The
decreasing trend of the CPE values in Table 3 for the samples
obtained at larger current densities would be related to this
morphological feature. Next section gives additional evidence
on the porosity of the anodized layers.
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Fig. 7 — XPS spectrum of the Mg1s core level recorded for
AZ31B alloy anodized at 20 mA cm 2.
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Table 2 — Fitting parameters for the XPS Si2p core levels of anodized AZ31B alloy samples.
@ 10 mA cm 2 @ 20 mA cm 2

Component @5 mA cm?

Silica Silicate Silica Silicate Silica Silicate
BE (eV) 104.1 102.6 = 102.4 = 102.0
FWHM (eV) 2.49 2.57 — 2.81 - 2.04
at.% 73.9 26.1 = 100 = 100
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Fig. 9 — XPS spectra of O1s core levels recorded for AZ31B alloy samples anodized at different current densities: (a) 5, (b) 10,

and (c) 20 mA cm ™2,
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alloy samples immersed in PBS at room temperature. The
spectra were recorded at the OCP value attained by the
materials after 30 min.
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Fig. 11 — Bode plots of the as polished and anodized AZ31B
alloy samples immersed in PBS at room temperature. (a)
Bode-phase, and (b) Bode-impedance modulus plots.

3.3.2.  Potentiodynamic polarization curves

Potentiodynamic polarization curves of the as-polished and
anodized samples obtained in PBS at room temperature are
shown in Fig. 13. The corrosion current densities (jeory) and
corrosion potential (Ecorr) values were determined from these
curves using the Tafel extrapolation method. The procedure
could be applied solely to the cathodic branches of the po-
larization curves as they were under charge transfer control,
whereas the onset of passivity affected the shape of the

CPE1 CPEZ

Fig. 12 — Fig. 12. EECs used to fit the experimental EIS data
of the: a) as polished and b) anodized AZ31B samples.

anodic branches in the case of the anodized samples (see the
arrow included in Fig. 13). The values of the electrochemical
parameters obtained by Tafel analysis are displayed in Table
4.

It was found that the corrosion potential values were not
significantly modified by the anodization process. If one no-
tices the standard deviation of the values shown in Table 4,
Ecorr Values can be considered to remain almost the same for
all the investigated surface conditions. The values of jeorr, in
turn, markedly decreased due to the anodization treatment.
The results indicate that the anodized layers formed on the
surface of AZ31B operate as an effective barrier against elec-
trolyte penetration. The j.or values are similar, though, for all
the anodized samples, and differences in the electrochemical
behavior cannot be distinguished among the treated samples
on the basis these parameters. That is, the effect of the
anodizing current density on the overall corrosion rate of the
coated AZ31B alloy is not clearly observed from these data. It
is, therefore, important to examine the anodic branches of the
polarization with more detail. It is seen that the anodic cur-
rent densities of the films obtained at 10 mA cm 2 and

Table 3 — Circuit parameters for the EIS data of the as
polished and anodized AZ31B samples.

Circuit As @ @ @
parameter polished 5 mA cm 2 10 mA cm 2 20 mA cm ™~

2

R, (Q cm?) 428 35.3 416 413

Q (10°° 21.3 9.66 6.54 5.01
Mho s?)

ny 0.84 0.86 0.85 0.87

R, (kQ cm?) 2.38 10.8 22.4 29.4

Q, (107* 8.92 7.99 3.73 1.76
Mho s?)

n, 0.65 0.85 0.91 0.92

Rs (kQ cm?) 0.77 2.35 6.30 9.62
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Fig. 13 — Potentiodynamic polarization curves measured
for as polished and anodized. AZ31B alloy samples
immersed in PBS at room temperature.

20 mA cm~? are significantly lower than those of the as pol-
ished sample as the potential is shifted in the positive direc-
tion. In addition, a small region where the anodic current
density presents a slow increase with the applied potential (a
small pseudo-passive behavior) can be clearly seen for these
samples which is absent from the curve of the as-polished
surface. In this respect, the anodized layer formed on AZ31B
by the anodization treatment effectively slowed down the
corrosion process of the alloy. The film produced using
20 mA cm ™2 presented the widest pseudo-passive region and
the lowest anodic current densities over the remaining po-
tential range, thus revealing an improvement of their pro-
tective ability. These results confirm the observations derived
from the analysis of EIS data. Yet, it is noteworthy that the film
obtained at 5 mA cm™2 presents a more active behavior when
compared to the anodized films produced at higher current
densities. Moreover, the anodic current densities for this film
are the highest among the anodized samples and even than
those of the as polished alloy.

The observations regarding the global electrochemical
behavior of the anodized AZ31B alloy must be related to the
morphological features found in Section 3.1 (in particular with
regards to Fig. 1). According to Table 4, the porosity ratios were
much smaller for the anodized layers produced at 10 mA cm 2
(see Fig. 1c) and at 20 mA cm 2 (Fig. 1d), which correlate well
with their higher impedance values in the low frequency
range (cf. Figs. 10 and 11b), while the widest passive region in
the polarization curves was observed for the anodized film
produced at the high current density (see Fig. 13). The porosity
percentage is commonly associated with a function of the
spark potential which, in turn, is a function of the applied
current density [59—61]. Furthermore, when the current

density rises, small sparks change into larger ones, and it
moves faster during the anodization process [26]. Thus, the
molten oxide spreads more uniformly over the magnesium
surface. This could be a reason for the decrease of the porosity
percentage observed for those conditions. Whereas the con-
ductivity to produce the anodized film at 5 mA cm~?, in turn,
would be insufficient. This, in turn, leads to a porous coating,
and would assist the quicker penetration of aggressive species
present in the corrosive medium. The EIS data are in good
agreement with this observation, as one can see from the
fitted parameters shown in Table 3.

It is also relevant to observe that the surface chemistry of
the anodized layers was very similar for all samples, as seen
in section 3.2. In this respect, the current density of the
anodizing treatment did not affect the chemical state of the
species in the anodized layer but deeply influenced its
morphology, playing a critical role on its overall corrosion
resistance.

3.4. Localized physicochemical characterization

The electrochemical behavior of the AZ31B alloy in the as-
polished and anodized conditions was further evaluated
using scanning electrochemical microscopy (SECM) in order to
resolve eventual distributions of electrochemical activity over
the exposed sample. The Pt UME was employed to monitor the
evolution of hydrogen gas from the corroding AZ31B alloy
surface. The potential of the UME was set at 0.0 V vs. Ag/AgCl/
(3 M, KCl) to produce the oxidation of hydrogen at the tip ac-
cording to:

H, — 2H' + 2e~ @)

The AZ31B alloy substrate was left unbiased in order to
monitor its spontaneous corrosion behaviour in the electro-
lyte. Fig. 14 shows representative SECM 2D maps recorded
over randomly chosen regions near the center of the samples
under investigation. The size of the scanned area was
400 pm x 200 pm, small enough to be scanned by the small Pt
tip required for the SECM operation, whereas being big enough
to resolve the local corrosion microcells required for the onset
of electrochemical corrosion on an unbiased material (i.e,
under spontaneous corrosion conditions in the test electro-
lyte). It must be noticed that the current scales given at the
right side of each map are related to the magnitude of the H,
flux detected by the Pt UME [62]. Accordingly, bigger currents
are associated with localized sites generating greater amounts
of H, at the surface of the AZ31B substrate and, correspond-
ingly, they arise from a more intense corrosion process of the
material leading to magnesium dissolution.

Table 4 — Electrochemical parameters obtained from the potentiodynamic polarization curves shown in Fig. 11. The last

column lists porosity values (P%) for the surface layers formed on the anodized samples.

Condition Ecorr (V vs. Ag/AgCl/(3 M) KCl) jeorr (A cm?) R, (kQ cm?) bAZ31B (mV dec ™) P (%)
As polished —1.407 + 0.004 30.6 + 8.4 0.720 100.34 =

@5 mA cm 2 —1.464 + 0.091 3.7 +29 5.676 = 9.39
@ 10 mA cm? —1.455 + 0.042 14+ 06 38.20 = 0.98
@ 20 mA cm? —1.473 £ 0.070 2.0+0.8 51.32 = 0.85
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Fig. 14 — SECM 2D maps monitoring H, evolution from the
surface of AZ31B alloy samples immersed in PBS at room
temperature: (a) as polished, and after anodization at
different current densities: (b) 5, (c) 10, and (d) 20 mA cm 2.
Tip potential: 0.0 V vs. Ag/AgCl/(3 M) KCI; tip-sample
distance: 10 pm; substrate potential: unbiased. The tip
current scales are the same for all the anodized sample
maps, whereas it encompasses bigger currents in the case
of the as polished condition (a). Larger currents, e.g. red
domains, correspond to higher fluxes of H, evolving from
the spontaneously corroding substrate.

d)

Distance along axis Y (um)

50 100 150 200 250

Distance along axis X (um)

From a cursory comparison of the SECM maps shown in
Fig. 14, it is readily observed that the impact of corrosion
processes was much more intense at the surface of the as
polished alloy in PBS at room temperature (cf. Fig. 14a), as
denoted by the high currents for hydrogen oxidation that were
measured at the tip while scanning the probed area. The tip
currents were reduced by almost two orders of magnitude
after the anodizing treatment. Therefore, the surface modifi-
cation produced to the AZ31B alloy by electrochemical anod-
ization led to the material exhibiting a major decrease of the

local currents monitored by SECM, thus indicating that the
access of the aggressive species contained in the test elec-
trolyte to the underlying metallic substrate was effectively
reduced. Although complete passivation of the AZ31B surface
could not be attained by this treatment, a significant decrease
of the corrosion rates could be afforded, which can be regar-
ded of interest when biodegradable implant materials of
controlled degradation rates should be envisaged.

Among the anodized samples, the highest tip currents
were observed for the sample anodized at 5 mA cm 2 when
compared to the samples anodized at higher current den-
sities, as observed in Fig. 14b-d. It is well known that SECM is
very sensitive to defects in coated surfaces [63], therefore the
higher tip currents measured at the samples anodized using
the smaller current densities with respect to that produced
with the 20 mA cm~? condition, can indicate that the probed
areas present more active sites for H, evolution as the mag-
nesium substrate corrodes. The spatial resolution of the
technique allows to sense these species evolving from small
defective sites which can be probed by the UME while scan-
ning the surface treated at 20 mA cm~2 The heterogeneous
morphology of the anodized surface can lead to variations of
roughness as shown in Section 3.1, whereas the presence of
pores and microcracks over the treated surface could not be
discarded. As a result, the H, fluxes detected by the UME
would correlate with those local imperfections, allowing
SECM to detect them accurately. Furthermore, these SECM
observations on the local electrochemical response of the
anodized layers correlate well with the global response char-
acterized using EIS and potentiodynamic polarization in Sec-
tion 3.3, and they confirm that the sample anodized using
20 mA cm™2 current density exhibited the lowest electro-
chemical activity both in micro- and millimeter scales.

Since previous investigations using SECM have shown that
an Mg(OH),-covered surface on AZ63 magnesium alloy cata-
lytically enhanced hydrogen evolution under anodic polari-
zation [64,65], the smaller electrochemical activity observed in
this work for the surface layers produced in mixed
NaOH + Na,SiO; aqueous solution must correlate with their
chemical composition. The XPS data of Section 3.2 showed
that greater silicate ratios (and consequently, smaller Mg(OH),
ratios) were obtained when the alloy was anodized with
increasingly higher current densities, with a maximum value
for the sample treated using the 20 mA cm~? current density.
In this way, a more corrosion resistant surface layer was ob-
tained, effectively reducing the corrosion rate of the material
in the naturally-aerated PBS test environment.

Further investigation of the local physicochemical char-
acteristics of the investigated materials was performed using
the Scanning Kelvin Probe. SKP measures the Volta potential
difference between the working electrode and the probe,
which vibrates above the surface sample in air. In this way,
the two surfaces form a capacitor, and according to the probe
vibration and its local variation, an AC current is generated.
The amplitude of this current is directly proportional to the
local Volta potential difference, and it is possible to distin-
guish areas with a more anodic or cathodic character on the
investigated surface from their relative Volta potential values.
Although these measurements are performed in air (i.e., when
the sample is not effectively exposed to an aqueous
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Fig. 15 — SKP surface distributions of AZ31B alloy as polished (a) and after anodization in 1.0 M NaOH + 0.5 M Na,SiO3;
solution for 5 min at different current densities: (b) 5, (c) 10, and (d) 20 mA cm~2. The anodic regions for each material

correspond to the blue domains in the maps.

environment), SKP supplies complementary information for
the investigation of local corrosion processes.

2D-maps showing the surface potential distributions ob-
tained over AZ31B alloy samples in the as-polished and in the
anodized conditions are presented in Fig. 15. Since the surface
Volta potential is related to the changes in electronic energy
and the work function, a higher potential value is then asso-
ciated to an increased work function, and greater energy
would be required to remove an electron through the surface
region [42]. The naturally formed oxide in the as-polished
condition (see Fig. 15a) presented the largest potential differ-
ence between cathodic and anodic regions over the surface
(namely in excess of 860 mV), attaining a very negative po-
tential in the center of the map. This distinguishable potential
variation should act as a driving force for corrosion [66]. On
the other hand, the samples with the anodized layers showed
less extended areas presenting the more negative potential
values, and exhibited smaller potential differences over their
surface films. Although this trend was still rather small for the

sample anodized at 5 mA cm™2, the two samples obtained
applying higher current densities presented both a smaller
potential variation between anodic and cathodic areas, and
more positive potential values. Among them, the anodized
film formed at 20 mA cm 2 showed the noblest and less het-
erogeneous Volta potential distribution by comparison to the
other systems, with a similar trend to that evidenced by SECM
for the AZ31B samples subjected to anodization (cf. Fig. 14d).
In summary, it was found that the Volta potential distribu-
tions shown in Fig. 15 correlate well with the surface mor-
phologies observed ex situ us methods (see Fig. 1) and with the
distributed electrochemical activities monitored in situ by
SECM (cf. Fig. 14).

3.5. In vitro biocompatibility
The in vitro biocompatibility of the AZ31B alloy in the as-

polished and anodized conditions was evaluated by cytotox-
icity tests, taking into account the MTS metabolic activity
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Fig. 16 — Cell viability values determined by the Methyl
Tetrazolium (MTS) assay on control (i.e., latex and
stainless steel) and AZ31B alloy samples, as polished and
after galvanostatic anodization at the indicated current
values for 5 min in 1.0 M NaOH -+ 0.5 M Na,SiO; solution.

assay. The cell viability results are summarized in Fig. 16.
According to ISO 10993-5 [67], the cell viability must be below
70% for a material to be considered cytotoxic. Therefore, only
the positive control (latex) was cytotoxic, whereas all the
anodized samples were not cytotoxic. The highest cell
viability was observed for the 20 mA cm~2 anodization con-
dition. It is possible to infer that this surface modification
treatment provided the best mean to control the anodic
dissolution rate of the AZ31B alloy without sacrificing its
intrinsic biocompatibility.

4, Discussion

The corrosion mechanism of the anodized samples can be
discussed based on the firmly established dependence of the
protective ability of anodic films on the synergistic action of
thickness, chemical composition and compactness [26,68].
Thickness increase may enhance the barrier properties of the
coating, provided it remains compact and with few defects
[69]. Compactness is of prime importance for the coating
performance against corrosion and it can be triggered by the
phases/compounds that constitute the anodic film [69].

Some remarks can be drawn from the previous sections in
order to understand the role of the current density of the
anodization process on the corrosion mechanism of the
anodic films. Firstly, an obvious increase of the coating
thickness took place when the current density was raised
from 5 to 10 mA cm 2 while it was not significantly changed
when the current density was further raised to 20 mA cm 2
(Fig. 3). Secondly, silicate-type bonds were favored by
increasing the current density. While the 5 mA cm 2 film was

comprised of a mixture of silica and silicate bonds, only sili-
cate bonds were part of the Si2p region of the samples ob-
tained at 10 mA cm 2 and 20 mA cm 2 (Fig. 8). In the Mg 1s
region the XPS spectra of all anodized samples was comprised
of a mixture of Mg(OH), and Mg,SiO,, as described in section
3.2 (Fig. 7). Quantitative analysis of the fitting results referred
to the Mg 1s core levels of the anodized samples is shown in
Table 5. The relative concentration of Mg,SiO, was greatly
enhanced when the current density of the anodization pro-
cess was increased from 5 to 10 mA cm 2, but was not
significantly affected by further increasing the current density
to 20 mA cm 2

One additional and remarkable aspect was related to
coating compactness. As shown in Section 3.3, EIS results (EEC
parameters displayed in Table 3) and the porosity levels (Table
4) point to the formation of more compact anodic layers as the
higher current density increased. In fact, the most compact
film was obtained at 20 mA cm 2. Yet, from Section 3.3, the
corrosion resistance of the anodized samples was increased in
the following order: @ 5 mA cm™2 < @ 10 mA cm™? < @
20 mA cm 2. Furthermore, local currents shown in 2D SECM
maps (Fig. 14) and Volta potential distributions (Fig. 15)
confirmed the lower electrochemical activity at the surface of
the @ 20 mA cm ™2 sample.

The remarks outlined above allow one to make important
observations. Thickness increase was beneficial to the corro-
sion resistance of the anodic layers. However, it was not the
only factor responsible for reducing the corrosion rate, as the
thicknesses of the anodic layers obtained at 10 mA cm~2 and
20 mA cm ™2 were similar, but their electrochemical activities
were different, as shown in Section 3.4. In the same way, the
chemical composition of the anodic films should not be ruled
out. According to the literature, Mg,SiO, favors the corrosion
resistance of anodic films formed on magnesium alloys by
enhancing adhesion between the oxide layer and the sub-
strate due to the shrinking effect of molar volume changes in
the film [70,71]. The larger Mg,SiO,4 concentration in the films
formed at 10 mA cm 2 and 20 mA cm 2 (Table 5) would,
therefore, be related to their superior corrosion protection
ability when compared to the @ 5 mA cm ™2 sample. None-
theless, the chemical similarity between the anodic layers of
the @ 10 mA cm ™2 and @ 20 mA cm ™2 samples suggest that one
further aspect should be related to the lower electrochemical
activity of the later.

In fact, as an inevitable part of the anodic film, pores
participate in the corrosion mechanism of the anodized
samples. As proposed by Song and Shi [20], when an anodized
magnesium electrode is immersed in a saline solution, chlo-
ride ions reach the substrate by diffusing through pores, dis-
solving the material at the interface Mg/anodic film. The
solution inside the pores becomes saturated with corrosion
products (such as Mg(OH),) and the corrosion process

Table 5 — Relative concentrations of the magnesium compounds obtained by deconvolution of the Mg 1s core levels of
anodized AZ31B alloy samples.

Component @5 mA cm™? @ 10 mA cm @ 20 mA cm
Mg(OH), Mg,Si0, Mg(OH), Mg,Si0, Mg(OH), Mg,Si0,
Relative concentration (%) 91.3 8.7 71.6 28.4 73.9 26.1
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proceeds as a reaction between magnesium and Mg(OH,)
saturated NaCl electrolyte. By restricting the porosity level
upon the formation of a denser anodic film, the corrosion
process is expected to be slowed down, decreasing the
corrosion rate. The more compact morphology of the @
20 mA cm 2 sample was qualitatively showed in Fig. 1 and
quantitatively assessed by the calculations made in Section
3.3.2. The beneficial effect of increasing current density on the
corrosion resistance of anodized layers formed on magnesium
alloy is considered to be due to a good balance between new
film formation and old film destruction during film growth in
the anodization process [26]. The optimum current density
level is to be empirically determined. In the present work, the
current density of 20 mA cm~2 provided the best corrosion
resistance. Although the anodic layer obtained at this current
level was not impervious to electrolyte penetration and alloy
dissolution, as indicated by the potentiodynamic polarization
curves (Fig. 13), it allowed to control the corrosion rate of the
AZ31B alloy and did not impart any cytotoxic response (Fig. 16)
that are attractive issues for biomedical purposes.

5. Conclusions

The surface morphology of the anodized layers was affected
by the current density. The most compact layer was obtained
at 20 mA cm ™2 The anodized films were mainly comprised of
a mixture of Mg,SiO4 and Mg(OH),. This composition was little
affected by the current density of the anodizing process.

The global electrochemical behavior of the AZ31B alloy was
greatly affected by the surface layers produced by electro-
chemical anodization. The highest corrosion resistance was
obtained for the most compact surface layer produced at
20 mA cm 2 SECM was effective at probing the evolution of
molecular H, from the naturally corroding samples immersed
in PBS, as well as to monitor the wide changes in electro-
chemical reactivity between the investigated surface finishes
for AZ31B. The greater corrosion susceptibility of the as-
polished material compared to the modified samples by
electrochemical anodization was confirmed using SKP map-
ping. Wider Volta potential distributions accompanied by
more negative potential values were found for the as-polished
material, and they could be effectively shifted to more positive
(i.e., nobler) potentials after the anodization procedures. SKP
confirmed the best protective character against localized
corrosion of the film anodized at 20 mA cm 2.

The results described here reveal that the current density is
a relevant parameter to control the overall corrosion resis-
tance of the AZ31B alloy, and must be characterized in both
macroscopic and microscopic scales as to account for local
distributions of chemical reactivity in the surface-modified
material.
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