J Mater Sci (2020) 55:3571-3587

Materials for life sciences

t‘)

Check for
updates

In-vitro corrosion assessment of silicate-coated AZ31
Mg alloy in Earle’s solution

M. Kalaiyarasan', K. Saranya', and N. Rajendran™*

" Department of Chemistry, College of Engineering Guindy, Anna University, Chennai, Tamil Nadu 600 025, India

ABSTRACT

Magnesium alloys are promising materials for biodegradable implants. In the
present investigation, AZ31 Mg alloy was anodized in alkaline silicate elec-
trolyte and anodization time period was optimized. From the current transient
(i-t) curve and corrosion analysis, it was confirmed that 60-min anodization was
sufficient to obtain a silicate coating with a better corrosion resistance of
37.05 kQ. The hydrophilic nature of the coating was confirmed by the contact
angle measurement. XRD results revealed the formation of MgO (periclase) and
biocompatible Mg,SiO, (forsterite) phases. Hydrogen evolution studies showed
that the degradation rate of the anodized sample correlated with the real-time
corrosion behavior. At the end of 7 days of immersion in Earle’s solution, bone-
like apatite was precipitated with Ca/P ratio at 1.39 indicating the incorporation
of silica in the apatite. From scanning electrochemical microscopic studies, the
current density of anodized sample was found to be minimum and uniform
over the entire surface. Increase in immersion time resulted in fluctuation in
current density signifying the coating’s interaction with Earle’s solution and
initiation of apatite formation.
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most essential element present in the human body
[4]. Bone is the major reservoir of Mg to the extent of

Introduction

Magnesium (Mg) and its alloys are attractive candi-
dates for multiple biomedical implanting applica-
tions such as cardiovascular stents and orthopedic
implants [1]. It is suitable for load-bearing applica-
tions, because of its similar Young's modulus
(41-45 GPa) and density (1.74-1.84 g/cm?) which are
closer to that of human bone, and it also offers better
strength compared to biodegradable polymers [2, 3].
The usage of Mg as an implant is advantageous
because it is biocompatible, non-toxic and the fourth

approximately 50%. Mg acts as a co-factor for various
essential enzymatic reactions in the synthesis of
protein, plasma membrane and other cellular activi-
ties [5]. It degrades naturally within the body; hence,
there is no need for revision surgery [6]. However,
magnesium degrades faster compared to other metals
due to its low corrosion resistance in a complex ion
solution, mimicking the physiological environment,
leading to dramatic hydrogen evolution and a rise in
the pH [5, 7, 8]. As a result, the implant is unable to

Address correspondence to E-mail: nrajendran@annauniv.edu; rajendranarasi@gmail.com

https:/ /doi.org/10.1007 /s10853-019-04039-w

@ Springer


http://orcid.org/0000-0001-6394-1260
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-019-04039-w&amp;domain=pdf
https://doi.org/10.1007/s10853-019-04039-w

3572

J Mater Sci (2020) 55:3571-3587

Table 1 Brief summary of different surface modification technique and comparison of current density for Mg implant materials

S. No  Substrate  Process/electrolyte Corrosion rate Crg ~ Current density (io;) Medium References
mm/per year pA/cm?

1 AZ91 Anodization process 3.39 4.17 NaCl [21]
Na,SiO5 electrolyte

2 AZ80 Micro-arc oxidation process  — 0.056 SBF [22]
Na,Si05-H,O0 + NaF +

HA + K, TiFg

3 AZ31B Micro-arc oxidation process  2.01 x 107° 0.05 Saline medium NaCl  [23]
Na,SiO;

4 AZ31B Anodization process 1.61 35.31 HBBS [24]
NaPO,

5 AZ31 Micro-arc oxidation - 0.29 NaCl [25]
Process NaF/Na,SiO,

6 AZ91D Anodization 41.2 27.0 0.15 NaCl [15]
NaOH + Na,SiO;

7 AZ31B Anodization - 2.796 SBF [9]
Zr0,

provide sufficient time for the wound to heal com-
pletely. Moreover, the hydrogen generation decreases
the survival rate of the organism and the pH rise
causes tissue necrosis at the surgical site. In order to
improve corrosion resistance and ensure clinical
application [9], the surface is modified using various
methods, viz. micro-arc oxidation [10], sol-gel [11],
anodization [12], and conversion coating [13].
Among the several available methods, anodization
is one of the effective surface treatments that forms
thick and uniform oxide layer which can increase the
corrosion resistance and bioactive nature [14]. The
anodization is influenced by various parameters to
ensure a uniform layer, i.e., voltage/current applied,
choice of electrolytes, area of the electrodes, the dis-
tance between the electrodes, etc. [15]. Mizutani et al.
[16] studied the formation of Mg(OH), film using
sodium hydroxide electrolyte at non-sparking
anodization (3 V and 10 V) and sparking anodization
(above 80 V) methods. The low-voltage anodization
method is advantageous as it maintains the strength
of the materials even after anodization [17]. So far,
anodization is the most used method for ceramic
oxide coating techniques [18]. The highly stable metal
oxides, viz. ZrO,, Si0,, CeO,, and MoO, are used
effectively to enhance the corrosion resistance under
the environmental conditions to protect Mg and its
alloys [19]. Some researchers are interested in
anodizing Mg in an alkaline electrolyte such as
phosphate, silicate and borate solutions expecting the
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formation of oxysalt to improve the corrosion resis-
tance of AZ31 Mg alloy. Mg was anodized in the
alkaline solution containing silicate and phosphate.
The formed coating was found to protect protecting
the surface effectively [20] One-step anodization of
bioceramic compounds on Mg alloy to enhance sur-
face properties and in vitro studies about the bioac-
tivity to the coatings were explored [9] (Table 1).

Mechanical failure often occurs in Mg implants due
to cracks, pitting and holes. Scanning electrochemical
microscopy (SECM) is one of the most powerful
techniques for localized corrosion research due to the
broad diversity of operation modes which offer great
flexibility to the technique. It is capable of identifying
the active/passive region in a unique way by
microscopic real-time investigation of the local
changes in conductivity, physicochemical and
biomedical studies of the corroding metal surfaces
[26]. They are classified into three main modes,
namely potentiometric, amperometric and alternat-
ing current (AC) modes. The amperometric and
potentiometric modes are used to study the metal
defects and pitting on the metal surface. SECM is
widely used to study the corrosion behavior and
electrochemical reactivity of metals, viz. iron, steel,
aluminum, titanium, magnesium and its alloys
[27-30]. To have a deeper understanding of the cor-
rosion behavior of Mg, researchers have used
potentiometric and amperometric modes to monitor
the distribution of Mg>" using redox mediator.
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In the present investigation, the current density
was monitored during the anodization process to
optimize the anodization time. The anodized samples
were evaluated before and after immersion to deter-
mine their ability to form apatite layer. To analyze the
surface topography, functional groups and crystal-
lographic structure, techniques like attenuated total
reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR), X-ray diffraction (XRD), and scanning
electron microscopy (SEM and EDAX) were
employed. The overall and localized corrosion resis-
tance behavior were evaluated by potentiodynamic
polarization, electrochemical impedance spectro-
scopic (EIS) and scanning electrochemical micro-
scopic (SECM) techniques.

Materials and methods
Sample preparation

AZ31 Magnesium alloy was procured from Seoul
National University, South Korea. AZ31 Mg alloys
with the mass fraction of Al 3%, Zn 1%, Mn 0.2% and
balance Mg were used for investigation. The sample
dimension chosen was 15 mm x 15 mm x 2 mm.
The samples were polished with 1000-2000 grades
silicon carbide (SiC) abrasive paper. Then, the sam-
ples were thoroughly cleaned by ultrasonication with
acetone followed by distilled water.

Electrochemical anodization of AZ31 Mg
alloy

The chosen AZ31 Mg alloy was anodized in a solu-
tion containing sodium silicate and sodium hydrox-
ide (0.2M NaySiO; +0.1M NaOH) as the
electrolyte. This experiment was carried out with
two-electrode system: the test sample as anode and
platinum as the cathode. The electrodes were kept at
a distance of 1.5 cm in the electrolytic solution. A
direct current (DC) power source (M/s Alpha Model
L1285) was used, and a potential difference of 10 V
was applied for different time periods, viz. 10, 20, 40,
60 and 80 min. The anodized sample was washed
with distilled water and dried at room temperature. It
was kept in desiccator to prevent any possible reac-
tion with atmospheric air and moisture.
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Surface characterizations

The surface morphology and elemental composition
of the 60-min anodized samples were analyzed using
field-emission scanning electron microscopy (FESEM,
JEOL-JSM 7600F) equipped with energy-dispersive
X-rays analysis (EDX-Oxford instruments). The
functional groups present in the 60-min anodized
sample were analyzed with attenuated total reflec-
tance-Fourier transform infrared spectrometer (ATR-
FTIR, Jasco FT/IR Model 4700) in the wave number
range 4000-500 cm~'. The phase crystalline compo-
sition of the sample was studied by Xpert Pan Pro
Analytical X-ray diffractometer (XRD) using Cu Ka
radiation in the range of 20°-80° at a scan rate of 1°/s,
and the surface wettability of the samples was mea-
sured using a contact angle analyzer (model Phoenix
300 Plus) with a drop volume of 8 pl.

Immersion studies

Earle’s solution was prepared by dissolving the fol-
lowing chemicals: sodium chloride 6.8 g, potassium
chloride 0.4 g, calcium chloride 0.2 g, magnesium
sulfate 0.1 g, sodium phosphate monobasic hydrate
0.14 g, sodium hydrogen carbonate 2.2 g, p-glucose
1.0 g in 1000 ml deionized water. Finally, the pH was
adjusted to 7.4 using 1 M HCl [31, 32]. The anodized
AZ31 Mg alloy was immersed for 7 days at room
temperature in freshly prepared Earle’s solution, to
evaluate the bioactivity of samples. The immersed
samples were further analyzed by SEM & EDAX,
XRD, ATR-IR and electrochemical studies.
Hydrogen evolution studies: the sample was hung
in the middle of the beaker with thread. An inverted
burette with funnel setup filled with Earle’s solution
was kept over it. The volume of hydrogen evolved
and the rate of corrosion was measured for 7 days.

Electrochemical studies

Electrochemical corrosion behavior of uncoated,
anodized and immersion samples was tested in Ear-
le’s solution at room temperature. The experiments
were carried out using Autolab (PGSTAT 302 N,
Metrohm B.V., Netherlands) in a conventional three-
electrode system; platinum foil as the counter elec-
trode, saturated calomel electrode (SCE) as reference
electrode and test specimen as working electrode
with 1 cm? exposed surface area. The samples were
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subjected to open-circuit potential (OCP) measure-
ment for 30 min to get a steady-state potential. Elec-
trochemical impedance studies were performed in
the frequency range of 0.01 Hz to 100 kHz with an
applied sinusoidal potential of = 10 mV. To investi-
gate the corrosion behavior, potentiodynamic polar-
ization studies were done in the potential range — 2.0
to 0.5 V at a scan rate of 1 mV s~! with an exposed
area of 1 cm” in Earle’s solution. From the polariza-
tion resistance (Rp), corrosion potential (Eco) and
corrosion current density (i.oy) values, the corrosion
rate is calculated using Stern—-Geary Eq. (1),

Rp = ﬁaxﬂc/z"gicorr(ﬁa + ﬁc) (1)

where f, and f. are the slopes of anodic and cathodic
polarizations, ico is corrosion density, and Ry, is the
polarization resistance [33, 34].

Scanning electrochemical microscopic
studies

The uncoated and anodized samples were analyzed
using scanning electrochemical microscope (SECM,
Uniscan Model M470 with the software version 1.43).
All the experiments were carried out with three-
electrode system, in which the platinum foil was used
as the counter electrode, saturated calomel electrode
as the reference electrode and test sample as the
working electrode. An ultra-microelectrode (UME)
15 um sensing probe was used to investigate the
sample. All the experiments were carried out in
Earle’s solution at room temperature. The probe tip
was scanned at a constant potential and capable of
moving in x, y and z directions of the sample. The
distance between the probe and sample was kept at
10 pm and was adjusted with the help of a video
camera system [26, 35]. The schematic setup is shown
in Fig. 1.

Anti-bioflim assay

The biofilm estimation was done using Pseudomonas
aeruginosa (gram negative) and Staphylococcus epider-
mis (gram positive), which were grown in Luria Broth
(LB) and Tryptone Soya Broth (TSP) medium,
respectively. The absorbance of bacterial culture was
adjusted to 0.5 at optical density (ODsygnm). 20 ul of
cell suspension and 180 pl of the media were added
to 96-well microplate. The plates were incubated at
37 °C for 4 h, and each well was washed thoroughly
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Figure 1 The schematic representation of SECM experimental
set up.

with phosphate buffer saline (PBS) to remove the
planktonic and killed cells. The adhered cells were
stained with 0.2% (w/v) crystal violet solution for
5 min and dried. The adhered crystal violet cells were
dissolved in 95% ethanol, and OD was measured at
570 nm using a microplate reader (Multiskan,
Thermo Labsystem, and Beverly, MA, USA.)

Results and discussion

Electrochemical anodization and SEM
analysis

Figure 2 shows the current transient (i—t) curve of
anodized AZ31 Mg alloy in alkaline silicate elec-
trolyte, with a constant applied potential of 10 V. In
the initial stage of anodization, there was a gradual
increase in current due to Mg dissolution into the
solution and the formation of a barrier layer on the
substrate [36]. After which, there was a gradual
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0.015 +

Current density (A)

0.010 {10 mi

20 min 80 mih
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Figure 2 Current transient (i—t) curve for anodization of AZ31
Mg alloy.
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decrease in the current till 20 min. Under the influ-
ence of the electric field, Mg*" ions dissolute from the
metal surface along with the evolution of O, due to
the decomposition of OH™ ions. The effect of poten-
tial difference leads to the migration of OH™ and
SiO5>~ ions toward the anode. The migrated ions led
to the formation of interfacial film between the elec-
trolyte and electrode.

The SEM images showed the morphology of the
anodic coatings at different time periods in silicate
electrolyte and are shown in Fig. 3. The samples
anodized for 10 and 20 min exhibited the current
density of 120 and 8.7 mA, respectively. The depo-
sition of the anodic layer with micro- and nano-ag-
glomerate structure is shown in Fig. 3a, b. Even after
40 min of anodization, the surface was not uniform
and the current density was around 6.7 mA and is
shown in Fig. 3c. The continual decrease in current
density indicated the formation of progressing the
anodic layer. The current density was stabilized at
6.5 mA after 60 min of anodization indicating the
attainment of steady state during which a uniform
thick layer of silicate and oxide was formed and is
represented in Fig. 3d [37]. As the anodizing time
was extended to 80 min, the sudden increase in cur-
rent density of 9.1 mA was observed due to peeling
of the anodic surface. From the current transient
curve and SEM analysis, 60-min anodization in sili-
cate electrolyte was found to be sufficient to form a

(a) 10-min-

(¢) 40 ik (d) 60-min

Figure 3 SEM images of anodized samples at various time periods.
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uniform anodic layer. Hence, all other experiments
were conducted with the 60-min anodized sample.

The surface morphology, elemental mapping and
cross section of the anodized sample are shown in
Fig. 4. The morphology of sample anodized for
60 min showed non-uniform and rough surface film
formation with less protuberance structure due to the
evolution of oxygen during the anodization process
[38]. The elemental composition was detected by EDX
analysis and is displayed in Fig. 4b. The presence of
Mg, Si and O was observed from the EDX profile, the
ions were distributed in the entire surface, and the
distribution was confirmed by EDX mapping.

The bioactivity of the anodized sample was eval-
uated in Earle’s solution for an initial period of
7 days, and the results are shown in Fig. 5. The sur-
face showed the formation of cracks and
nanospherical agglomerate structure. The existence
of cracks may be attributed to the effect of dehydra-
tion and shrinkage of the coating surface along with
the formation of an apatite layer. The average coating
thickness after immersion was measured to be
9.8 um, which was higher than the value obtained
before immersion and is shown in Fig. 5b. EDX
mapping revealed even distribution of calcium,
phosphate and oxygen along with the silica coating.
The EDX profile confirmed the elemental composi-
tion of apatite particles as shown in Fig. 5c. The Ca/P
ratio was found to be 1.39 which was less than the

(b) 20 'min
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Figure 4 The anodized sample a SEM image, b EDX profile, ¢ cross section and d EDX mapping.

value of biological apatite. The reason for the lesser
value could be ascribed to the substitution of some of
the Ca™ ions by the Mg>* ions, and the magnesium
incorporated apatite is considered significant in the
bone formation [39].

ATR-FTIR and XRD studies

The ATR-FTIR spectra of the anodized and immer-
sion sample are shown in Fig. 6. The anodized sam-
ple (Fig. 6a) showed sharp and broad peaks at 3670
and 3640-2900 cm™' which were assigned to -OH
groups. Bending vibration of H-O-H bond peak was
observed at 1609 cm ™' [39]. The presence of a strong
band at 1027 cm™' was attributed to Si-O-Si asym-
metric stretching mode [40]. The peak for the vibra-
tional mode of metal oxide was seen at 500 cm™" due
to the formed coating, which was composed of Mg,.
5i04 and MgO [41].

The ATR-FTIR spectrum of the anodized sample
immersed in Earle’s solution for 7 days is shown in

@ Springer

Fig. 6b. The bands observed at 1016, 845 and
551 cm~! were due to asymmetric bending of PO
and the formation of Si-HAp, respectively [42]. The
overlapping phosphate and Si-O-Si groups were
identified at the band of 1016 cm™'. The peak
obtained at 1424 cm ™! was due to the carbonate [43],
which was formed as a result of OH™ reacting with
carbon dioxide in the atmospheric air. The broad-
band observed between 3750 and 3000 cm™' was
attributed to -OH group [8]. From the peaks
observed, apatite formation was confirmed on the
anodized sample surface after 7 days of immersion.

The anodized sample was analyzed using XRD
before and after exposure in Earle’s solution, and the
results are shown in Fig. 7. The peaks at 34.9° and
69.3° correspond to the base metal Mg and the peaks
at 20 values 36.9°, 43.0°, 63.7°, and 78.7° signified the
formation of MgO. The characteristic peaks at 20
values of 32.7°, 36.9°, 38.1° and 58.1° belonged to
Mg,5i0;4. These findings confirmed that the coating
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Figure 5 SEM images of silicate anodized Mg alloy immersed in Earle’s solution for 7 days; a morphology, b cross section, ¢ EDX

profile and d EDX mapping.

consisted of MgO (periclase) and biocompatible
Mg,SiO, (forsterite) [44-47]. The obtained coating
was pure and crystalline in nature.

The exposure of the anodized sample in Earle’s
solution caused the dissolution of the coating. Mgs.
SiO, present in the coating gets converted to Mg**
and silicate ion, which reacted with the physiological-
like solution and formed silicic acid which led to the
deposition of Ca®* and PO} ions. The new crystalline
peaks with less intensity at 25.1°, 28.3° and 70.8°
confirmed the HAp formation as shown in Fig. 7b
[48]. The other peaks of HAp coincided with sub-
strate peaks. Hence, it is evident that the anodized
sample showed bioactivity and induced bone for-
mation [49, 50].

Contact angle measurements

The contact angle measurement helps to determine
the hydrophilic or hydrophobic nature of the surface.
The surface wettability plays a major role in ensuring
cell adhesion and proliferation. The surface wetta-
bility of the uncoated, anodized sample before and
after immersion in Earle’s solution for 7 days was
studied. The water contact angles (Fig. 8) of uncoa-
ted, anodized sample and immersion samples were
77 £2.1°, 35+ 1.3° and 22 + 3°, respectively. The
coated sample showed hydrophilic nature (i.e., the
contact angle decreased) due to the interaction of
hydroxyl group in silanol and water molecules [51].
The immersion sample showed a lower contact angle
when compared to anodized and uncoated sample.
After 7 days of immersion, the chemical constituents
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Figure 6 ATR-FTIR spectra of anodized sample a before and
b after immersion in 7 days in Earle’s solution.
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Figure 7 XRD spectra of anodized sample a before and b after
immersion in Earle’s solution for 7 days.

of the coating had remarkably changed leading to a
further decrease in contact angle [8, 49]. The hydro-
philic nature of the coating favors cell adhesion and
proliferation. Spriano et al. [52] have reported that the
contact angle below 29° is most suitable for cell pro-
liferation and osseointegration.

Hydrogen evolution

The rate of hydrogen evolution of the uncoated and
anodized sample was investigated by immersing
them in Earle’s solution for 7 days, and the results are
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Figure 8 Water contact angle measurements of uncoated,
anodized and immersion samples.

shown in Fig. 9a. In the uncoated sample, the ions of
the physiological-like solution initially reacted with
the Mg surface and H, gas was evolved. The rate of
hydrogen evolution helped in estimating the real-
time corrosion taking place in Mg. The evolution of
hydrogen gas was around 2.05 mL/cm® and 5.9 mL/
cm” after 24 h and 168 h, respectively. The rate of
hydrogen evolution varied each day. This could be
attributed to the formation and dissolution of the
oxide layer. The hydrogen evolution was very high
due to the loosely bound oxide layer which was
formed at a pH of around 7.4 [53]. The attack of
chloride ions on the loosely bound layer caused the
dissolution of the layer at a faster rate. As time pro-
gressed, the formed Mg(OH), layer was stabilized
due to the increase in pH and the hydrogen evolution
was reduced. The hydrogen evolution for the ano-
dized sample was at 0.3 and 1.8 mL/cm? after 24 and
168 h, respectively. The hydrogen evolution rate was
greatly reduced due to the passive silicate film.

The corrosion rate was calculated using the volume
of hydrogen generated by the sample and is shown in
Fig. 9b. The corrosion rate of the uncoated sample
was 4.51 and 0.91 mm/year after 24 and 168 h,
respectively, whereas the corrosion rate of the ano-
dized sample was 0.04 mm/year and 0.72 mm/year,
respectively, for the same duration. The degradation
rate was significantly low showing that the anodized
sample minimized the penetration of aggressive ions
into the substrate. In addition, the corrosion rate of
immersion sample obtained from hydrogen evolution
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Figure 9 a Hydrogen evolution and b corrosion rate of uncoated and anodized sample was calculated from the evolved hydrogen volume.

studies was almost similar to the corrosion rate
obtained from potentiodynamic polarization data.

Electrochemical studies
Potentiodynamic polarization

Potentiodynamic polarization curves of the uncoated,
anodized and immersion samples in Earle’s solution
are shown in Fig. 10, and the parameters obtained
from the polarization curves are given in Table 2. The
(icorr) Values were found to be 14.45, 1.16, 4.40, 2.95,
0.18 and 17.85 pA/cm® for the uncoated and

uncoated
—— 10 min
—— 20 min
—<— 40 min
-4 —+— 60 min
—— 80 min

—— Immersion

-6

log i (A/cm?)

-8

-10 -

T T T T T T T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5

Potential (V) Vs SCE

Figure 10 Potentiodynamic polarization plots of uncoated,
anodized sample and immersion sample in Earle’s solution.

anodized samples at 10, 20, 40, 60 and 80 min dura-
tion, respectively. The corrosion potentials of the
anodized samples were shifted toward the nobler
direction, to a maximum extent of 120 mV compared
to the uncoated. This showed that the anodic film
formed with Mg-Si-O complex on the surface could
effectively reduce the corrosion rate and protect the
metal surface [45]. Among the samples anodized at
different time periods, 60-min anodized sample
showed better corrosion resistance. It was observed
from the anodic region of the curves, 60-min ano-
dized sample could withstand up to the potential of -
1.25 V after which breakdown of the passive film
occurred. The observed homogeneity on the 60-min
anodized sample surface was responsible for similar
corrosion resistance which matches the previous
reports. Xue et al. [23] have used micro-arc oxidation
method to deposit the coating with a current density
of 0.05 pA/cm ™2, whereas the result obtained in our
work was almost on par with them using a low
potential of 10 V itself and a current density of
0.18 pA/cm 2. On the whole corrosion rate (Cg) and
the polarization resistance (R,) of 60-min anodized
sample were better than the uncoated and other
samples. Hence, further investigations were done
with the 60-min anodized sample.

The anodized sample was immersed in Earle’s
solution for 7 days, and it showed a significant shift
toward the positive direction in the E..,, (680 mV) in
contrast to uncoated and other anodized samples.
The immersion sample exhibited reduced (ico,) of
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Table 2 Potentiodynamic polarization behavior in Earle’s solution at room temperature

Sample name Ecorr (V) Teorr (uA/cmz) Break down potential (V) Corrosion rate, Cy Polarization resistance R;, (kQ)
x 1073 (mm/year)
Uncoated —1.52 14.45 — 145 330 2.61
10 min — 143 1.16 —1.28 26 16.02
20 min — 141 4.40 - 1.30 100 11.86
40 min — 1.45 2.95 — 1.46 76.9 14.85
60 min — 1.40 0.18 - 122 4.27 37.05
80 min —1.50 17.85 — 1.40 417 4.88
Immersion —0.72 0.03 0.39 0.91 169.50

0.03 pA/cm? due to the growth of apatite layer on the
anodized sample. [43]. The formed apatite layer
coating was stable over a wide range of potential, and
break down occurred at 0.39 V. The corrosion rate
was decreased by several folds for the immersed
anodized sample.

Electrochemical impedance spectroscopic
studies

Electrochemical impedance spectroscopy (EIS) stud-
ies of uncoated, anodized and immersion samples
were conducted in Earle’s solution and are illustrated
in Fig. 11. The Nyquist plot of the uncoated sample
revealed that the first capacitive loop in the high-
frequency region was due to the charge transfer
resistance between the metal oxide and Earle’s solu-
tion. The second capacitive loop in the mid-frequency
region occurred due to the resistance offered toward

6000 - —&-uncoated
2.0"105 i - 10 min — = — uncoated
sz | | —e— 10min
% 40004 igg min —e— 20 min
s |o 3000 —e— 40 min
1.5x10” ~ @zooo- —*— 60 min
o~ |~ 1000 . % —o— 80 min
5 . 04 \ w;’tl —o— immersion
a 1.0x10° 4 000 —
= 1000 0 1000 2000 3000 4000 5000 6000
N z (@) cm? "
4 _—
5.0x10" 8
A
»°°
o
0.0 4
T v T T T T
0.0 5.0x104 1.0x10° 1.5x105  2.0x10°
Z' (Q) cm2

Figure 11 Nyquist plots of uncoated, anodized and immersion
sample in Earle’s solution.
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the mass transportation of Mg(OH),, and the induc-
tive loop seen in the low-frequency was due to the
penetration of aggressive ions from Earle’s solution
[54].

The anodized sample exhibited a capacitive loop in
the high-frequency region that could be attributed to
charge transfer resistance of double layer, formed
between coating and Earle’s solution. A second
capacitive loop occurred in the mid-frequency due to
the relaxation of mass transport in solid phase, i.e., to
growth of the corrosion product layer. The inductive
loop occurred in the low-frequency region could be
attributed to the penetration of corrosive ions on the
substrate [55]. The immersion sample exhibited two
capacitive loops; the first capacitive loop was due to
the charge transfer reaction between the double layer
which was formed on the silicate incorporated apatite
layer and Earle’s solution. The second capacitive loop
was due to the resistance offered at the interface of
the coating/substrate.

From the Nyquist plot, it was seen that as the
anodization time increased, the diameter of the
capacitive loop also increased and the inductive loop
decreased till 60 min. Among the samples, 60-min
anodized sample exhibited better corrosion resistance
due to the hindrance of aggressive ions penetration
from Earle’s solution through the anodic coating.
After 7 days of immersion, the 60-min anodized
sample showed only two capacitive loops and the
inductive loop vanished completely indicating the
improved corrosion resistance due to the apatite
formation.

The EIS data were analyzed with an appropriate
equivalent circuit using Zsimpwin software 3.21 and
fitted with low Chi-square value of 10™* to 10~> and
are shown in Fig. 12. For the substrate, Rg, R; and R,
represent the solution resistance, oxide film
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Figure 12 Equivalent circuit of a uncoated, b anodized, and
¢ immersion sample.

resistance and charge transfer resistance, respec-
tively. CPE; and CPE, are the constant phase ele-
ments of the oxide film and the double layer of the
substrate, respectively. Ry, and L are the inductive
resistance and inductance of the substrate, respec-
tively. In the anodized sample, Rc and CPEc corre-
spond to coating resistance and the constant phase
elements of the coating. R; ¢ and L¢ are the inductive
resistance and inductance of the coating, respectively.
Rimm represents the formed apatite coating resistance
and CPE;,, denotes the constant phase element of

3581

the apatite coating. The obtained parameters from
equivalent circuits are given in Table 3.

From the EIS data, it was observed that the ano-
dized sample exhibited better corrosion resistance
than the uncoated. In the anodized sample, the
resistance of the coating (0.81 KQ cm?) was lesser
than the interfacial resistance (5.96 KQ cm®) as a
result of the porous structure. However, the pores
were closed (observed from SEM) which prevented
the entry of the ions into the substrate, thereby
increasing the corrosion resistance. After 7 days of
immersion in Earle’s solution, Rinm was considerably
increased. The resistance of R, was higher than Riynm
indicating that the formed coating was still interact-
ing with Earle’s solution. Nevertheless, the substrate
was well protected and the corrosion rate was
diminished.

Scanning electrochemical microscopic
studies

The samples were analyzed using the amperomet-
ric mode of scanning electrochemical microscopic
(SECM) sample generation/tip collection (SG/TC)
and are schematically shown in Fig. 13a. In the UME
probe, only one reaction takes place, i.e.,
(O+e” —R), where O (oxidant) is reduced to R
(Reductant) and the R is oxidized back to O [56]. The
approach curve experiment was done in the feedback
mode; the tip will move in the —Z direction toward
the sample surface starting from a distance of
500 um. Subsequently, the distance between the
sample surface and tip was maintained below 30 pm,

Table 3 EIS data obtained

using Zsimp software for Parameter Uncoated 60 min anodized sample Immersion
o om0 f f
P n1 0.63 - -
R; kQ cm? 0.10 - -
CPE, uS s" ecm™> - 2.67 -
e - 0.66 -
R, kQ cm? - 0.81 -
CPEnm 1S s" cm ™2 - - 0.12
Himm - - 0.81
Rimm kQ cm? - - 14.6
CPE, puS s" cm™2 7.05 237 221
1, 0.91 0.65 0.47
R, kQ cm? 0.14 5.96 106.1
LH 3.52 0.01 -
Ry kQ cm? 0.23 0.63 -
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Figure 13 a The schematic representation of redox process taking place between UME and substrate of probe, b approach curves of

uncoated and anodized sample in Earle’s solution.

in order to monitor the current effectively. The tip
and sample were applied with the corrosion potential
Ecorr and breakdown potential, respectively, for all
the samples. The data obtained in the SECM analysis
are in correlation with the potentiodynamic polar-
ization studies and are shown in Fig. 13b.

The 3D images of localized corrosion current den-
sity monitored for the uncoated and anodized sam-
ple, exposed in Earle’s solution, are given in Fig. 14.
The image clearly shows that the uncoated sample
exhibited a maximum corrosion current density of
99 pA/cm®  Non-uniform current density was
observed due to polarization of the uncoated sample,
and H, gas was evolved due to the formation of
localized pitting corrosion, resulting in uneven cor-
rosion of the uncoated sample surface [57]. The
anodized sample exhibited wavy nature on the sur-
face and is shown in Fig. 14b. It produced the maxi-
mum current density of — 8 nA/cm?® The lower
current density on the anodized sample indicated
that the coating was cathodically protective and cor-
rosion hardly occurred. The homogenous distribu-
tion of current density on the surface showed that
pitting did not take place. The anodized sample was
immersed in Earle’s solution for 3, 5 and 24 h, and
the results are shown in Fig. 14c—e. The 3- and 5-h
immersion samples revealed that the coating was still
cathodic protective, and the current density was
slightly increased from — 5.5 to — 3 nA/cm?. It could
be attributed to the interaction of the coating with
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Earle’s solution. However, the coating was intact and
protective. After 24 h of immersion, the ups and
downs in the current density of the coating (— 204 to
— 91 nA/cm?) indicated non-uniformity of the sur-
face due to the formation of apatite layer which could
offer more cathodic protection for the Mg substrate
[58, 59]. The SECM mapping showed that the coating
was protecting the surface and deposition of HAp
could have been initiated after 24 h of immersion.
The pitting on the surface was greatly reduced in the
anodized sample, and it exhibited better corrosion
resistance than the uncoated sample. The varying
current density of an anodized sample at different
immersion time periods indicated that the coating
interacted with the surface and led to the deposition
of apatite. This is the ultimate goal in the orthopedic
application.

Anti-biofilm assay

The uncoated and anodized samples were incubated
with P. aeruginosa and S. epidermis for 4 h to evaluate
the anti-biofilm formation, which is shown in Fig. 15.
The bacterial biofilm formation on the uncoated
sample was considered as 100%. In the gram-nega-
tive bacteria (P. aeruginosa), the anodized sample
exhibited a reduced rate of 15% in biofilm formation.
The gram-positive bacteria (S. epidermis) showed 20%
decrease in the biofilm formation. The presence of
silica group in the coating was responsible for the
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Figure 14 3D- images from SECM mapping a uncoated, b anodized sample, ¢ 3 h immersion, d 5 h immersion, e 24 h immersion
samples in Earle’s solution.

anti-biofilm activity. The interaction between the  in mammalian cells could be greatly reduced due to
bacterial cell wall and hydrogen bond of silica group the electrostatic repulsion between the cell and sila-
destabilized the peptidoglycan layer and leaked its nol group [60].

content causing cell death. The toxicity of silicic acid
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Figure 15 Anti-biofilm formation assay.

Conclusion

In the present work, AZ31 magnesium alloy
samples were anodized with silicate electrolyte at
10 V for different time periods. From the poten-
tiodynamic polarization studies, the 60-min ano-
dized sample was optimized for better corrosion
resistance performance. Further investigations
were done with 60-min anodized sample.

The morphological surface characterization
showed rough surface with less protuberance
structure of the sample. The phase crystalline
composition revealed the formation of MgO
(periclase) and biocompatible Mg,SiO, (forster-
ite). The contact angle measurement exhibited
hydrophilic nature which supported cell
attachment.

After 7 days of immersion in Earle’s solution, the
SEM images clearly showed the nanospherical
agglomerate structure on the coated surface
consists of Ca and P. The apatite composition
with less than 1.6 Ca/P ratio induced the bone
formation. The potentiodynamic polarization
studies showed significant increase in E,, value
toward the nobler positive direction.

Localized corrosion was monitored by SECM
analysis. In anodized sample, the cathodic pro-
tective behavior of the coating was observed.
After 24-h immersion in Earle’s solution, the
surface became more and more cathodically
protective due to the incorporation of ions from
Earle’s solution.

The anti-biofilm formation studies of the
uncoated and anodized sample in gram-negative

@ Springer
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(P. aeruginosa) and gram-positive (S. epidermis)
bacteria showed biofilm inhibition reduced rate
of 15% and 20% of biofilm formation.

Hence, it was concluded that silicate coating was
satisfying the basic criteria for its usage in orthopedic
implant.
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