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Abstract

Magnesium (Mg) alloys as biodegradable materials, are attracting significant importance for implant applications
due to their suitability as biodegradable material. In the present research, An AZ31B Magnesium alloy was grit
blasted with quartz and alumina particles with different blasting pressures and anodized in KOH solution for
different durations to develop an anodized film on the different substrates. The surface morphology of the
anodization layer was analyzed by scanning electron microscopy. The nature, coverage, and effectiveness of the
anodized layer were investigated with potentiodynamic polarization (PD) scans and electrochemical impedance
spectroscopy (EIS) in a simulated body fluid (SBF) solution. The results show an increase in surface coverage
with an increase in anodization time. It is also revealed that a capacitive anodized layer with a dense inner layer
having full coverage was obtained at 40 minutes anodization time for quartz and alumina blasted samples at 1000
kPa blasting pressure. The outcomes of this study help in developing a protective anodized film on the surface of
Mg alloys for bone fixation implants.

Keywords: AZ31B Magnesium Alloy, Grit Blasting, Blasting Pressure, Anodization, Potentiodynamic
Polarization, Electrochemical Impedance Spectroscopy

1. Introduction:

Metallic biomaterials are currently extensively
employed within the human body for implantation,
such as in the form of artificial joints, stents, and bone
plates. Permanent metallic implants may give rise to
significant concerns due to their potential to induce
adverse physiological responses and hinder the
body's ability to adjust to growth and physiological
changes [1-2]. Metal implants must be removed
during a subsequent surgical procedure in these
instances, however, this must be done after the
tissue healing process is complete. Biodegradable
implants offer a potential answer since they can be

placed for the necessary duration to fix and then
naturally dissolve, eliminating the risk of any negative
reactions to the body [3-4]. Mg alloys have garnered
growing interest in the past twenty years from both the
industrial and academic sectors as a viable option for
biodegradable biomedical devices, such as bone
plates and vascular stents. This is primarily due to
their unique characteristics, including a high strength-
to-weight
conductivities, shock absorption capabilities and
exceptional vibration resistance [5-6]. Regarding
materials commonly used, such as stainless steel,
titanium alloys, and Cr-Co based alloys, it is worth noting
that Mg and its alloys possess a relatively low density

ratio, excellent electrical and thermal
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ranging from 1.74 to 2.0 g cm-. Additionally, they exhibit
an elastic modulus ranging from 41 to 45 GPa.
Furthermore, when these materials are implanted within
the human body (in vivo), the ions and/or particles
released as a result of corrosion phenomena do not
cause any harm to the body [7]. However, the clinical
application of Mg alloys has been restricted due to their
inadequate resistance to corrosion. The degradation
rate of Mg and its alloys is significantly high due to the
highly negative reduction potential of Mg and its
inadequate corrosion resistance in human body fluids or
blood plasma. Consequently, the mechanical integrity of
diseased or damaged bone tissue may not always be
preserved during the healing process. High corrosion
rates indicate high rates of hydrogen evolution, which in
turn causes gas pockets to form around the implant and
alkalization to occur near the corroding surface, both of
which may be harmful to the local biological
environment because water reduction is the common
cathodic process during corrosion of Mg and its alloys
[8].

The surface treatment of Mg is a widely employed
method for mitigating corrosion [9-12]. Laser surface
melting has the potential to enhance the corrosion
resistance of Mg alloys by purifying the AZ91D B-phase
and raising the aluminium concentration [13]. In addition
to lowering the corrosion rate, heat treatment, which
involves aging at elevated temperatures, can improve
the surface microstructure of Mg [14]. In addition to
surface treatment procedures, conversion coating,
electroplating, and anodization are commonly employed
methods [15]. However, when employed within the bio-
environment, specific criteria must be met for the
application of the coating. The coating must possess a
substantial thickness, durability, and non-toxic nature.
According to the current study, anodization has the
highest probability of meeting these requirements when
the electrolyte is properly formulated. Anodization
treatment is an electrochemical procedure where a
metal surface is transformed into an oxide coating with
beneficial corrosion  protection and functional
characteristics [16]. It can improve the biocompatibility
and adhesion of primers while increasing the wear
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resistance, hardness and film thickness compared to
bare metal. The anodizing conditions significantly affect
the characteristics of the anodized film.

Studies have examined the effects of electric
parameters, electrolyte composition, and pre-and post-
treatment on the characteristics of the anodized film [17-
18]. However, the effect of surface roughness on the
electrochemical behavior of anodized film on Mg alloys
has not been published as far as we know. From this
perspective, the main focus and aim of this research is
to investigate the effect of surface roughness on the
corrosion behavior of anodized film on Mg alloys in
simulated body fluid (SBF).

2. Material and Methods:

2.1 Grit Blasting Process:

The AZ31B Mg alloy plate samples of 200 mm x 50 mm
x 5 mm dimensions were selected as the substrate for
the grit blasting procedure. The grit blasting procedure
was conducted by using a special pressure blasting
system. The system comprised an abrasive container, a
blasting gun, a sample holder and an air compressor.
Particles of abrasive material were drawn into the
blasting gun and pushed through it by means of
compressed air. An air pipe carried the compressed air
from the compressor to the blasting gun. A nozzle
angled at 90° to the sample surface directed the
abrasive particles in the desired direction [19]. The grit
blasting parameters that were selected for current study
are abrasive type (alumina and quartz), abrasive size
(<200 um), blasting pressure (350, 700 and 1000 kPa),
blasting angle (90°), blasting distance (10 mm) and
blasting time (20 sec).

2.2 Anodization Procedure:

The anodization procedure was conducted using a
direct current power supply. Anodization was performed
using an electrolyte with the composition listed in Table
1. Graphite served as the cathode and grit-blasted
AZ31B Mg alloy samples served as the anode. The
samples were anodized at room temperature for 10, 20,
30, and 40 minutes, using a constant voltage of 20V.
Deionized water was used to rinse the anodized
samples, and then they were dried in heated air [20].

Table 1: Composition of Electrolyte Solution

Substance NazPOg4 KOH KF AI(NO3)3

Na,SiOs Ethylene Glycol  Deionized Water

Amount 8.197g 42.08g 0159 1.25g

0.075¢ 125 ml 125 ml
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The process parameters applied to the samples were
identified by labeling them according to the information
provided in Table 2. The scanning electron microscopy
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(SEM, FEI Inspect S50) technique was employed to
analyze the surface morphology of the anodized layer.

Table 2: Labelling of Samples

Sample Labelling

Description

PS
A350, A700, A1000
Q350, Q700, Q1000
AT10, AT20, AT30, AT40

Pristine Sample

Alumina blasted samples at 350,700 and 1000 kPa
Quartz blasted samples at 350,700 and 1000 kPa
Anodization time of 10, 20, 30 and 40 minutes

2.3. Electrochemical Testing:

Potentiostat/Galvanostat/ZRA (Gamry Interface 1000E)
was used to investigate the electrochemical behavior of
anodized samples preblasted with quartz and alumina
particles at different blasting pressures. The
electrochemical investigations employed a three-
electrode configuration with a working electrode
(sample), reference electrode (Ag/AgCI saturated KCI),
and counter electrode (graphite electrode). The
exposed sample area was 1 cm?2. The electrolyte used
was a Ringer's lactate solution which was kept at 37°C

[21]. PD and EIS technigues were used to study the
electrochemical behavior of anodized samples. The PD
measurements were performed by applying a potential
range of -0.5 to +1.5 V, with a scan rate of 5 mV/s. EIS
was performed with an AC amplitude of £10 mV(rms)
with a test frequency ranging from 10° to 102 Hz.

3. Results and Discussion:

3.1 Surface Morphology:

The SEM images of untreated and treated samples of
pristine, quartz and alumina-blasted AZ31B Mg alloy are
shown in Figs. 1-3, respectively. The SEM image of the

Figure 1. SEM Micrographs (Scale Bar: 300 um) of Pristine Samples with Different Anodization Time

untreated pristine sample, as depicted in Fig. 1(a),
indicates the surface scratches resulting from the
rolling process. A large flake-type anodizing layer with
partial surface covering can be seen in Fig. 1(b) of the
pristine sample after 10 minutes of anodizing
treatment. However, coating morphology changes to
a fine structure with full surface coverage when the
anodizing time is increased from 10 to 20 minutes and
coating morphology progressively becomes coarser
as the anodizing treatment time increases, as seen in
Figs. 1(c-e). The SEM images of quartz-blasted
samples, subjected to a blasting pressure of 350 kPa,
in Figs. 2(b-e). The surface
morphology of these samples exhibits a similar

can be observed

pattern as observed in the anodized treated pristine
samples. The samples subjected to quartz blasting at
a pressure of 700 kPa are illustrated in Figs. 2(g-j).
The 10 minutes anodizing treatment results in uniform
coating which covers the entire sample. The anodized
layer becomes coarser as the processing time
increases to 40 minutes. The samples subjected to
quartz blasting at a pressure of 1000 kPa, shown in
Figs. 2(I-0), exhibit complete coverage during all
anodizing times. The coating becomes increasingly
coarse as the processing time increases.

The surface morphology of anodized samples blasted
with alumina at various blasting shown in Fig. 3. It is
evident that the coating coverage increases as the
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processing time increases. However, at 350 kPa
blasting pressure, the relative coating coverage of
alumina-blasted samples is lower, and at higher
blasting pressures, it increases as the surface
roughness increases. The change in morphology and
surface coverage is due to the surface roughness of
blasted samples [19]. The surface roughness of the
alumina blasted samples is higher than that of the
pristine sample and quartz blasted samples. The
nature of crest and trough provided a reaction site for
the development of anodized products. The high
energy surface layer of quartz and alumina blasted
samples help to increase the interaction of
magnesium with solution to form anodized layer.
Anodization of magnesium is a complex process, the
anodized layer formed on the surface acts as barrier
and prevents further oxidation [22-23].

Q350 Q700 Q1000

Blasted
Samples

AT10

AT20

AT30

AT40

Figure 2: SEM Micrographs (Scale Bar: 300 um) of
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Quartz Blasted Samples with Different Anodization

A350 A700 A1000

Blasted
Samples

AT10

AT20

AT30

AT40

Figure 3: SEM Micrographs (Scale Bar: 300 um) of
Alumina Blasted Samples with Different Anodization
Time

3.2. Potentiodynamic Polarization Scan:

The potentiodynamic polarization curves of pristine
samples anodized for different time periods in SBF
solution are shown in Fig. 4. Similarly, the polarization
curves of samples, blasted with quartz and alumina
particles at different blasting pressures, anodized for
different time periods in SBF solution are shown in
Figs. 5 — 10. The corrosion current density (lcorr),
corrosion potential (Ecorr), and corrosion rate values
were determined from the tafel scans using tafel
extrapolation incorporating the linear portion using
Gamry EChem Analyst software. Similarly, the
polarization resistance (Rp) was calculated by the
formula as given in Eq. 1 [24]:
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Ba BC (1)

P 2.303I¢orr(Bat+Bc)
where Ba and (B¢ are the anodic and cathodic Tafel

slopes.
The measured values of lcorr, Ecorr, COrrosion rate and
Rp are listed in Tables 3 — 5. In a potentiodynamic
scan, the anodic polarization curve indicates the
behavior of metal dissolution as given in Eq. 2

Mg = Mg?* + 2e or Mgs) + 2(OH)" = Mg(OH)2s) + 26" (2)
while cathodic polarization curve reveals evolution of
hydrogen as given in Eq. 3 [25].

2H20 + 2e- = 2(OH)" + H2 or 2H* + 2e" = Hz(g) (3)
Good corrosion resistance can be indicated by more
positive Ecorr, lower lcorr and high Rp [26]. The cathodic
polarization curves of pristine anodized samples show
a linear trend over the whole polarization range. On
the contrary, anodic polarization curves of pristine
anodized samples show a gradual increase in the
tendency towards passivation behavior as depicted in
Fig. 4. From the data given in Table 3, a major shift of
Ecor values towards positive potential, tremendous
decreases in lcor values and corrosion rates and
enormous increases in Rp values can be observed

with increase in anodization time. The values of
corrosion rates show about 29-fold decrease in
corrosion rate with an increase in anodization time,
which demonstrates the coating effectiveness. The
values of Rp show about 136-fold increase in
polarization resistance, confirming the resistance
behavior of the coating
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Figure 4: PD Curves of Pristine Samples with
Different Anodization Time in SBF

Table 3: Electrochemical Parameters of Pristine Samples with Different Anodization Time

Electrochemical Parameters

Sample Ecorr lcorr Corrosion Rp
(mV) (LA/cm?) Rate (mpy) (KQcm?)
PS-AT10 -1408.9 26.718 48.138 1.48
PS-AT20 -247.1 6.407 11.54 8.61
PS-AT30 -143.3 0.987 3.097 56.12
PS-AT40 -149.8 0.325 1.657 202.28

The cathodic and anodic polarization curves of Q350-
AT10 — Q350-AT40 samples, as shown in Fig. 5(a),
show a similar trend as that of pristine samples. It can
be observed from the data presented in Table 4 that
Ecorr, lcorr @and corrosion rates decrease enormously,
and Rp increases tremendously with an increase in
anodization time. The near zero value of lcor confirms
the complete coverage in Q350-AT40 sample (0.035
MA/cm?) compared to Q350-AT10 sample (21.271
MA/cm?). Table 4 show 287-fold decrease in corrosion
rate with increase in anodization time which clearly
indicates the effectiveness of the anodized film. The
values of Rp, of these samples show 1057-fold
increase in polarization resistance, confirming the
resistance behavior of the anodized film. The cathodic
and anodic polarization curves of Q700-AT10 — Q700-
AT40 samples are represented in Fig. 5(b). By

analyzing the data shown in Table 4, it is evident that
lcorr @and corrosion rates decreases, and Rp increases
with an increase in the anodization period. The near-
to-zero value of lcorr confirms the complete coverage
in Q700-AT40 sample (0.028 yA/cm?) compared to
Q700-AT10 sample (15 pA/cm?). Likewise, the
corrosion rates of these samples exhibit a significant
reduction of 359-fold, which clearly proves the
efficiency of the anodized layer. The Rp values of the
samples demonstrate a 1086-fold increase in
polarization resistance, which confirms the resistance
characteristics of the anodized layer. The cathodic
and anodic polarization curves of Q1000-AT10 -
Q1000-AT40 samples are illustrated in Fig. 5(c). It is
evident from the data presented in Table 4 that the lcorr
and corrosion rates decreases, and Rp increases with
an increase in the anodization duration. The near zero
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value of lcorrindicates that Q1000-AT40 sample (0.019
MA/cm?) has achieved full coverage compared to
Q1000-AT10 sample (10.654 yA/cm?). Similarly, the
values of corrosion rates show a 281-fold decrease in
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corrosion rate, demonstrating the coating becomes
more effective. Similarly, the Rp values show an 809-
fold increase in polarization resistance, confirming the
resistive behavior of the coating [27-29].
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Figure 5. PD curves with different anodization times in SBF for quartz blasted samples at a blasting pressure of
(a) 350 kPa (b) 700 kPa (c) 1000 kPa.

Table 4: Electrochemical Parameters of Quartz Blasted Samples with Different Anodization Time

Electrochemical Parameters

Sample Ecorr lcorr Corrosion Rp
(mV) (LA/cm?) Rate (mpy) (KQcm?)
Q350-AT10 -1299.1 21.271 394 1.61
Q350-AT20 -160.7 2.340 4.2 27.69
Q350-AT30 -85.3 0.590 1.06 112.77
Q350-AT40 -239.4 0.035 0.137 1702.41
Q700-AT10 -851.1 15.000 31.3 2.19
Q700-AT20 -1460.6 1.730 3.12 37.56
Q700-AT30 -423.3 0.445 0.802 146.83
Q700-AT40 -226.1 0.028 0.087 2379.42
Q1000-AT10 -1395.9 10.654 13.8 4.22
Q1000-AT20 -1256.8 1.413 2.906 47.67
Q1000-AT30 -181.2 0.279 0.323 237.93
Q1000-AT40 -206.1 0.019 0.049 3416.92

The anodized samples (A350-AT10 — A350-AT40)
exhibit cathodic and anodic polarization curves that
have a similar pattern to the pristine samples are
shown in Fig. 6(a). It can be observed from the data
presented in Table 5 that lcor and corrosion rates
decreases, and Rp increases with an increase in the
anodization time. The near-to-zero value of lcor (0.025
MA/cm?2) confirms the full coverage in A350-AT40

sample compared to A350-AT10 sample (2.969
pMA/cm?). Similarly, the Rp values show a 121-fold
increase in polarization resistance, confirming the
resistance behavior of the barrier film. Likewise, the
values of corrosion rates show a 35-fold decrease in
corrosion rate, which proves the efficiency of the
barrier film. The anodized samples (A700-AT10 —
A700-AT40) exhibit cathodic and anodic polarization
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curves are shown in Fig. 6(b). By analyzing the data
shown in Table 5, it is evident that lcor and corrosion
rates decreases, and Rp increases with an increase in
the anodization duration. The almost zero value of lcorr
(0.018 pA/cm?) indicates that A700-AT40 sample has
achieved full coverage compared to A700-AT10
sample (2.211 pA/cm?). Likewise, the corrosion rates
values show a 300-fold decrease in corrosion rate,
demonstrating the coating effectiveness. Likewise,
the Rp values show a 132-fold increase in polarization
resistance, confirming the resistance characteristic of
the barrier layer. The anodized samples (A1000-AT10
— A1000-AT40) exhibit cathodic and anodic
polarization curves are illustrated in Fig. 6(c). From
the data given in Table 5, it can be observed that the
lcorr @and corrosion rates decreases, and Rp increases
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with an increase in the anodization period. The nearly
zero value of lcorr indicates that A1000-AT40 sample
has achieved full coverage (0.008 pA/cm?) compared
to A1000-AT10 sample (2.033 pA/cm?). Likewise, the
corrosion rates exhibit a significant reduction of 434-
fold, which clearly proves the efficiency of the barrier
film. Similarly, the Rp values demonstrate a 149-fold
increase in polarization resistance, which confirms the
resistance characteristics of the barrier film [27-29].
The results of PD scans revealed that the lower
corrosion current density and high polarization
resistance of anodized samples blasted with alumina
suggest that a protective anodized film developed on
alumina-blasted samples may be suitable for bone
fixation implants [30].
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Figure 6: PD curves with different anodization times in SBF for alumina blasted samples at a blasting pressure of
(a) 350 kPa (b) 700 kPa (c) 1000 kPa.

Table 5: Electrochemical Parameters of Alumina Blasted Samples with Different Anodization Time

Electrochemical Parameters

Sample Ecorr lcorr Corrosion Rp
(mV) (UA/cm?) Rate (mpy) (KQcm?)
A350-AT10 -1418.8 2.969 5.35 18.26
A350-AT20 -353.4 1.399 2.52 47.48
A350-AT30 -238.7 0.521 0.982 119.90
A350-AT40 157.7 0.025 0.125 2212.55
A700-AT10 -1141.3 2.211 421 29.51
A700-AT20 -134.9 0.912 1.92 56.69
A700-AT30 -653.1 0.201 0.504 318.45
A700-AT40 -215.9 0.018 0.014 3907.62
A1000-AT10 -176.2 2.033 3.91 35.75
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A1000-AT20 -265.4 0.775
A1000-AT30 -169.4 0.114
A1000-AT40 -121.6 0.008

Vol. XXXXXIII
0.124 80.35
0.221 550.08
0.009 5349.91

3.3 Electrochemical Impedance Spectroscopy:

The EIS results in the form of Nyquist plot and
corresponding Bode plots are helpful in understanding
the nature of the anodized film developed on the
surface. Depressed semicircle at the intermediate
frequencies in Nyquist plot is a characteristic of
capacitive behavior shown by an anodic film/layer and
the diameter of the particular capacitive loop shows
the degree of charged transfer resistance during
corrosion/electrochemical reactions at the electrode
surface across the film/coating in the test solution. The
larger the diameter of the capacitive semicircle and
higher the impedance value (Z” value), the greater the
corrosion resistance [31]. A higher impedance value
in the lower frequency range in Bode-impedance plot
indicates higher corrosion resistance [32-33]. An
equivalent electrical circuit (EEC) can be fitted on the
experimental EIS data to determine the quantitative
values such as solution resistance (Rs), surface oxide
film resistance (R), charge transfer resistance (Rct)
and constant phase elements (CPEs). Constant
phase elements (CPEs) such as capacitance of
surface oxide film (CPEyf) and capacitance of double
layer (CPEa) are usually preferred instead of pure
capacitance to incorporate heterogeneity of the
electrode surface [34]. The impedance of a CPE
(Zcre) can be calculated by the formula as shown in
Eq. 4 [35]:

Zere = [Q(w) ] (4)

where j = complex operator, @ = angular frequency,
Q = magnitude of the CPE (related to its capacitance),
n = exponent of the CPE [n=1 for an ideal capacitor,
n=0.5 for diffusion-controlled electrodes, n=0 for an
ideal resistor, intermediate values of n (0O<n<1) are
obtained for actual electrodes].

The EEC, shown in Fig. 7, was used to fit on the EIS

data of the anodized samples. The fitted values of the
circuit parameters are listed in Tables 6 — 8.

CPE;

R,

AW

R¢

MW\ R

Figure 7: Equivalent Electrical Circuit (EEC) Model

The EIS results of pristine samples anodized for 10 to
40 minutes in SBF solution are shown in Fig. 8. The
Nyquist plots [Fig. 8(a)] clearly shows the capacitive
behavior for all the coatings developed on all the
samples. However, the highest Z” value i.e. 1027.2
Q.cm?2 and the large diameter of the depressed
semicircles along the Z' axis for 40 minutes of
anodizing time confirms the formation of anodized film
with higher capacitance. Similarly, the Bode-
impedance modulus plot [Fig. 8(b)] shows the
maximum value of 8205.3 Q.cm?at a lower frequency
for PS-AT40 compared to others samples confirming
the maximum corrosion resistance for this sample.
The fitted values of the circuit parameters for pristine
anodized samples are shown in Table 6. The higher
values of Rt (8.4 kQ.cm?) and Rt (23.1 kQ.cm?) for PS-
AT40 sample as compared to other anodized samples
confirms the protection nature of the anodized layer.
The higher values of Rct than that of R¢ for all anodizing
times confirm the formation of dense layer at the
interface beneath the outer porous layer. Similarly, the
decreasing trend of both CPEs and CPE: with
increasing anodizing time confirms the increase in
compactness and pore free anodized film due to a
decrease in the effective area exposed to the
electrolyte [36].

Table 6: Circuit Parameters of Pristine Samples with Different Anodization Time

Circuit Parameters

Sample Rs Ry CPE; Ret CPEqy
(Q.cm?) (kQ.cm?) (S.s".cm?) (kQ.cm?) (S.s".cm?)
PS-AT10 41.2 4.3 7.46E-6 10.2 9.78E-4



2025 F. Hussain, M.U. Manzoor, M. Kamran, T. Ahmad, F. Riaz, S. Mukhtar, W. Amin, B. Asghar 39

PS-AT20 43.8 5.1 6.67E-6 14.3 8.89E-4
PS-AT30 40.3 6.8 5.71E-6 17.9 6.92E-4
PS-AT40 46.8 8.4 4.98E-6 23.1 5.10E-4
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Figure 8: EIS of Pristine Samples with Different Anodization Time in SBF (a) Nyquist Plot (b) Bode-Impedance
Modulus Plot

The EIS outcomes of anodized samples (Q350-AT10
— Q350-AT40) in SBF solution are illustrated in Fig. 9.
The capacitive behavior of all the anodized samples is
evident from the impedance values obtained from the
Nyquist plot [Fig. 9(a)]. However, the Z” value (1284
Q.cm?) and the relatively larger diameter of the
depressed semicircles along the Z' axis confirm that
the Q350-AT40 sample has higher corrosion
resistance compared to the other processed samples.
Likewise, the Bode-impedance modulus plot [Fig.
9(b)] indicates a maximum value of 9351 Q.cm?at a
lower frequency for Q350-AT40 sample as compared
to other samples which confirms its maximum
corrosion resistance. The fitted values of the circuit
parameters for Q350-AT10 — Q350-AT40 samples are
displayed in Table 7. The higher values of R¢ (10.9
kQ.cm?) and Ret (27.2 kQ.cm?) for Q350-AT40 sample
compared to other anodized samples confirms the
protective nature of the anodized film. Likewise, as the
anodizing duration increases, CPEq« and CPE: tend to
decrease, which means that the less electrode
surface is exposed to electrolyte due to compact and
pore-free anodized film [36]. The EIS findings of
anodized samples (Q700-AT10 — Q700-AT40) in SBF
solution are displayed in Fig. 10. All the anodized
samples exhibit capacitive behavior, as seen by the
impedance values from the Nyquist plot [Fig. 10(a)].
The Z” value (3486 Q.cm?) and the diameter of the
depressed semicircles along the Z’ axis demonstrate
that the Q700-AT40 sample has a higher corrosion
resistance compared to the other treated samples.

Likewise, the Bode-impedance modulus plot [Fig.
10(b)] shows the value 16540 Q.cm? at lower
frequency for Q700-AT40 sample confirming the
maximum corrosion resistance. The circuit parameter
fitted values for Q700-AT10 — Q700-AT40 samples
are presented in Table 7. Rr (13.4 kQ.cm?) and Rct
(30.2 kQ.cm?), which are the highest for the Q700-
AT40 sample than that of other anodized samples,
prove that the anodized layer is protective. Similarly,
decrease in CPEa and CPE: with increase in
anodizing time is other evidence that the anodized
layer is compact and pore-free inner layer and porous
outer layer with reduced effective area exposed to the
electrolyte. The EIS studies of anodized samples
(Q1000-AT10 — Q1000-AT40) in SBF solution are
shown in Fig. 11. The Nyquist plot [Fig. 11(a)] clearly
indicates the capacitive nature of all the anodized
samples based on the impedance values. In contrast
to the other treated samples, the Q1000-AT40 sample
demonstrated maximum corrosion resistance, as
confirmed by the highest Z" value of 8553 Q.cm? and
the maximum diameter of the depressed semicircles
along the Z' axis. Likewise, the highest corrosion
resistance for the Q1000-AT40 sample is confirmed
by the Bode-impedance modulus plot, shown in Fig.
11(b), with the highest value of 38063 Q.cm? at lower
frequencies. The circuit parameter fitted values for
Q1000-AT10 — Q1000-AT40 samples are provided in
Table 7. The highest values of Rf (15.8 kQ.cm?) and
Ret (33.5 kQ.cm?) for the Q1000-AT40 sample, in
comparison to other anodized samples, confirming the
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protective characteristics of the barrier layer. The compactness and pore-free barrier film resulting from
observed decline in both CPEa and CPE: as anodizing a reduced surface area exposed to the electrolyte.
time increases provides further evidence of the

Table 7: Circuit Parameters of Quartz Blasted Samples with Different Anodization Time
Circuit Parameters

Sample Rs R¢ CPE; Ret CPEuq
(Q.cm?) (kQ.cm?) (S.s".cm?) (kQ.cm?) (S.s".cm?)
Q350-AT10 42.2 5.4 7.25E-6 11.3 9.22E-4
Q350-AT20 449 7.6 6.34E-6 17.4 8.65E-4
Q350-AT30 46.6 9.7 5.16E-6 21.5 6.31E-4
Q350-AT40 48.3 10.9 4.67E-6 27.2 4.32E-4
Q700-AT10 43.2 6.6 7.05E-6 13.5 8.65E-4
Q700-AT20 47.1 8.5 6.21E-6 19.2 6.51E-4
Q700-AT30 49.8 10.3 4.32E-6 25.4 5.23E-4
Q700-AT40 51.2 13.4 3.58E-6 30.2 4.42E-4
Q1000-AT10 394 7.1 6.67E-6 15.7 6.56E-4
Q1000-AT20 41.7 9.3 5.32E-6 21.2 4.45E-4
Q1000-AT30 48.2 11.7 3.31E-6 28.3 3.24E-4
Q1000-AT40 52.5 15.8 2.14E-6 33.5 2.43E-4
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Figure 9: EIS of Quartz Blasted Samples at 350 kPa Blasting Pressure with Different Anodization Time in SBF (a)
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Figure 10: EIS of Quartz Blasted Samples at 700 kPa Blasting Pressure with Different Anodization Time in SBF
(a) Nyquist Plot (b) Bode-Impedance Modulus Plot

The EIS outcomes of anodized samples (A350-AT10 evident from the impedance values obtained from the
—A350-AT40) in SBF solution are illustrated in Fig. 12. Nyquist plot [Fig. 12(a)]. However, the highest Z”
The capacitive behavior of all the anodized samples is value, which is 159820 Q.cm?, and the maximum
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diameter of the depressed semicircles along the Z’
axis confirm that the A350-AT40 sample has higher
corrosion resistance compared to the other processed
samples. Likewise, the Bode-impedance modulus plot
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[Fig. 12(b)] indicates a maximum value of 836000
Q.cm? at lower frequency for A350-AT40 sample
which confirms its maximum corrosion resistance.
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Figure 11: EIS of Quartz Blasted Samples at 1000 kPa Blasting Pressure with Different Anodization Time in SBF
(a) Nyquist Plot (b) Bode-Impedance Modulus Plot

The fitted values of the circuit parameters for A350-
AT10 — A350-AT40 are displayed in Table 8. The
highest values of Rf (31.4 kQ.cm?) and Re (51.2
kQ.cm?) for A350-AT40 sample compared to other
anodized samples confirms the protective nature of
the anodized film. As the anodizing duration
increases, CPEa and CPE: tend to decrease, which
means that the electrolyte is exposed to less of the
film, leading to a more compact and pore-free
anodized film. The EIS results of anodized samples
(A700-AT10 — A700-AT40) in SBF solution are
displayed in Fig. 13. All the anodized samples exhibit
capacitive behavior, as seen by the impedance values
from the Nyquist plot [Fig. 13(a)]. The Z” value, which
is 249000 Q.cm?, and the diameter of the depressed
semicircles along the Z’' axis demonstrate that
theA700-AT40 sample has a higher
resistance compared to the other treated samples.
Likewise, the Bode-impedance modulus plot [Fig.
13(b)] shows the value 4066000 Q.cm? at lower
frequency for A700-AT40 sample confirming the

corrosion

maximum corrosion resistance. The circuit parameter
fitted values for A700-AT10 — A700-AT40 samples are
presented in Table 8. Rf (39.9 kQ.cm?) and Rt (59.5
kQ.cm?), which are the highest for the A700-AT40
sample than that of other anodized samples, prove
that the anodized layer is protective. The fact that
CPEa and CPEs tend to decrease as the anodizing
time increases is another evidence that the anodized
layer is compact and pore-free due to the reduced
effective area exposed to the electrolyte. The EIS
outcomes of anodized samples (A1000-AT10 -
A1000-AT40) in SBF solution are depicted in Fig. 14.
The Nyquist plot [Fig. 14(a)] clearly indicates the
capacitive nature of all the anodized samples based
on the impedance values. In contrast to the other
treated samples, the A1000-AT40 sample
demonstrated maximum corrosion resistance, as
confirmed by the highest Z" value of 336700 Q.cm?
and the maximum diameter of the depressed
semicircles along the Z' axis.

Table 8: Circuit Parameters of Alumina Blasted Samples with Different Anodization Time

Circuit Parameters

Sam ple Rs R¢ CPEs Ret CPEqg
(Q.cm?) (kQ.cm?) (S.s".cm?) (kQ.cm?) (S.s".cm?)
A350-AT10 40.2 21.3 8.15E-7 41.6 10.98E-3
A350-AT20 36.4 24.6 7.43E-7 454 9.87E-3
A350-AT30 38.2 27.7 6.21E-7 48.2 8.89E-3
A350-AT40 41.3 31.4 5.87E-7 51.2 7.78E-3
A700-AT10 45.2 27.3 7.98E-7 45.9 9.87E-3
A700-AT20 37.3 30.2 6.76E-7 51.5 8.87E-3
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A700-AT30 43.4 33.3 5.22E-7 54.6 7.65E-3
A700-AT40 48.3 39.9 4.14E-7 59.5 6.71E-3
A1000-AT10 35.4 34.3 7.10E-7 53.2 9.10E-3
A1000-AT20 31.2 39.7 6.21E-7 59.8 8.89E-3
A1000-AT30 30.6 41.4 4.87E-7 63.2 6.53E-3
A1000-AT40 39.8 45.5 3.65E-7 67.4 4.32E-3
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Figure 12: EIS of Alumina Blasted Samples at 350 kPa Blasting Pressure with Different Anodization Time in SBF
(a) Nyquist Plot (b) Bode-Impedance Modulus Plot
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Figure 13: EIS of Alumina Blasted Samples at 700 kPa Blasting Pressure with Different Anodization Time in SBF
(a) Nyquist Plot (b) Bode-Impedance Modulus Plot
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Figure 14: EIS of Alumina Blasted Samples at 1000 kPa Blasting Pressure with Different Anodization Time in SBF
(a) Nyquist Plot (b) Bode-Impedance Modulus Plot

Likewise, the highest corrosion resistance for the impedance modulus plot, shown in Fig. 14(b) at lower
A1000-AT40 sample is confirmed by the Bode- frequencies, with a value of 11840000 Q.cm?. The
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circuit parameter fitted values for A1000-AT10 -
A1000-AT40 samples are provided in Table 8. The
higher values of R (45.5 kQ.cm?) and Re (67.4
kQ.cm?) for the A1000-AT40 sample, in comparison to
other anodized samples, provide confirmation of the
protective characteristics of the barrier layer. CPEua
and CPE: tend to decrease as the anodizing duration
increases, which means that the electrolyte is
exposed to less of the film, leading to a more compact
and pore-free anodized film.

The EIS data indicates that high values of surface
oxide film resistance and charge transfer resistance of
the samples blasted at 1000 kPa at 40 minutes of
anodization time suggest that a protective anodized
layer developed on alumina-blasted samples may be
suitable for biomedical applications [20].

Conclusion:

The findings of this study aid in developing
biocompatible coatings on magnesium alloys for
bone fixation implants. The results of
potentiodynamic polarization scans of the pristine,
quartz and alumina blasted samples at different
blasting pressures revealed that blasting pressure
and blasting media has significant role towards the
development of anodized layer along with
processing time. The surface blasted with alumina
particles shows the development of anodized layer
with  better corrosion rate and polarization
resistance. The increase in processing time results
in better anodic film with full coverage. Similarly,
the EIS data confirms the capacitance nature of the
compact and pore free inner layer with porous outer
layer on the samples blasted at 1000 kPa at 40
minutes of anodization time. The anodized layer
develops on alumina blasted samples are superior
than that of quartz blasted samples.
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