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Abstract

Magnesium alloys emerge as a new class of biomaterials in medical field especially in orthopedic applications
as medical implant because of its excellent mechanical, biocompatible, bioactive and biodegradable properties.
Biodegradable magnesium alloys have attracted great attention of researchers to avoid implant removal
surgery after healing process. The magnesium alloy samples were anodized in two different electrolyte solutions
to further improve the biodegradability of the substrates. The processing time varies from 10 minutes to 40
minutes with constant voltage of 20V. Coated samples were characterized with scanning electron microscopy
(SEM) for surface topography and energy dispersive x-ray spectroscopy (EDX) which confirmed the deposition
of thick and dense oxide layers of anodized film of magnesium oxide (MgO) and magnesium hydroxide Mg(OH),
in electrolyte 2. The results of electrochemical Impedance spectroscopy (EIS) are in a good agreement with the
analyses of surface morphology. The anodic film formed by electrolyte 2 provides better biodegradability as
compared to that of formed by electrolyte 1.

Keywords: AZ31B Magnesium Alloy, Anodization, Energy Dispersive X-Ray Spectroscopy, Electrochemical
Impedance Spectroscopy, Scanning Electron Microscopy

1. Introduction:

Magnesium alloys have attracted considerable
importance for the last decade because of its
biocompatible, bioactive and biodegradable
properties and are used as a bioresorbable implant
material. Human bone consists of hydroxyapatite
as a main component. This composite material is
not strong enough to bear high impact like other
metallic materials. In case of bone breakage or hip
joint replacement, the alignment of bone is a very
crucial stage and this alignment is done with the
help of screws and plates made of biomaterials. The
metallic biomaterials are preferably used because of
their excellent mechanical and biocompatible
properties. Biomaterials differ from other materials

because of their ability to remain in a physiological
environment without damaging the surrounding
and without getting damaged in the process [1-5].
Biocompatibility is a property of a biomaterial that
it will perform effectively with the host response for
the desired application while working within the
physiological environment. Initially cobalt
chromium alloys were used as an implant material
for their good mechanical and biocompatible
properties. Stainless steel was then used because of
low density than cobalt chromium alloy and better
biodegradable properties. Stainless steel was
replaced by titanium and its alloys because of even
better mechanical and biocompatible properties. In
all the above mentioned biomaterials, degradation
of the material in human physiological environment
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is inevitable. The material starts to degrade within
the body with the passage of time. The second
surgery for the removal of implant from the human
body that is covered with the muscles and tissues in
that particular place is inexorable and this leads to
unbearable pain for the patient and turns out to be
an expensive treatment as well [6-11].

Bioresorbable materials are the biocompatible
materials that are gradually resorbed within the
body. Magnesium and its alloys have a particular
such property that make it a choice of material for
animplant application. Pure Magnesium metal and
its alloys are also prone to localized corrosion in a
physiological environment [12-16] accompanied by
the hydrogen gas evolution and leads to cavities of
hydrogen gasin tissues [17, 18]. Magnesium and its
alloys in aqueous environment produce magnesium
hydroxide and hydrogen gas [19] as shown in
equations 1-3.

Mg — Mg*? + 2e” 1)

2H,0 + 2e” 2 20H + H, @)

Mg+ 2H,0 2 Mg(OH), + H, )

Addition of alloying elements, mechanical pre-
processing and surface modification are the main
treatments to minimize the effect of corrosion [20,
21]. Anodization is an electrolytic oxidation
technique in which the metal surface acting as
anode, 1s changed to its oxide forming a film on the
surface possessing preferable functional, decorative
and corrosion protective properties. Anodized film
can provide better adhesion and enhance the
corrosion, wear resistance and hardness. The
anodizing parameters have great influence on the
anodized film. Several researchers have
investigated the effect of pre and post treatments,
electrolyte composition, treatment time and
electrical parameters on the morphology of
anodized films [22-27]. Researchers have also
worked on eco-friendly anodizing processes. Lei et
al. [28, 29] investigated the anodization of
Magnesium alloys in concentrated 6M and 10M
KOH solution by potentiostatic technique followed
by annealing. The results showed that Magnesium
alloys coated with magnesium oxide exhibited
better corrosion resistance properties as compared
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to non-anodized magnesium alloy. The 6M
electrolytic solution developed magnesium oxide
MgO) layer whereas 10M solution produced
magnesium hydroxide (Mg(OH),) coating followed
by calcination to produce MgO coating. The as
grown coating showed better corrosion resistance
properties in Hank's solution as compared to bare

metallic magnesium.

Xue et al. [30] investigated that the corrosion
resistance was increased by anodization of both
pure Mg and AZ91D and the anodization time had a
great influence on the corrosion resistance. Chai et
al. [31] showed that the corrosion resistance of
anodic layer was closely associated with applied
current density. By applying high current density,
porous surface and strong corrosion resistance of
anodic films were achieved. The temperature of
solution had an adverse effect on the anti-corrosion
characteristic of anodic layer with current density.
Ximei1 et al. [25] studied that the anodic layer
formed on the AZ91D Mg alloy pretreated in
solution of aluminium nitrate with or without
ultrasonification. This enhanced the AZ91D Mg
alloy corrosion resistance more expressively than
that without pretreatment in solution of aluminium
nitrate. Fukuda et al. [23] examined that anodic
films formed on AZ91D in 3 M KOH solutions with
and without addition of 0.55 M Na,SiO,. The anodic
films formed in 3 M KOH solutions with the
addition of Na,SiO, were thicker and more even
than the layers formed in the absence of sodium
silicate.

The above cited literature shows that most of the
work was performed in potassium hydroxide (KOH)
solution. The aim of this preset research was to
compare the anodization potential of the two
different types of alkaline electrolytes to anodize
AZ31B magnesium alloy and optimize for these
electrolyte's processing time to obtain anodized
film. This type of comparison is not reported in the
literature. The surface morphology of the
magnesium alloy was studied using scanning
electron microscopy (SEM) and the chemaical
composition of anodized layer deposited on
magnesium alloy was measured using energy
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dispersive x-ray spectroscopy (EDX). Furthermore,
electrochemical impedance spectroscopy curves
were obtained in Ringer lactate solution to estimate
the corrosion behavior of magnesium alloy.

2. Experimental Work:
2.1 Materials:

Commercially available sheet of AZ31B magnesium
alloy was used as a substrate material for
anodization process. The substrate with dimensions
1.5ft x 1.5ft x 5mm was purchased from Dongguan
Feitai Metal Product CO. LTD., China. The
composition of the magnesium alloy AZ31B is
shown in table 1.

Table 1: Chemical composition of magnesium

alloy AZ31B

AZ31B AZ31B
Item Standard Obtained

(%) (%)

Mg Balance Balance
Al 2.5-3.5 3.16
Mn 0.2-1.0 0.31
Si 0.08 0.035
Fe 0.003 0.0023
Zn 0.6-1.4 0.93
Cu 0.01 0.0015
Ni 0.001 0.00052

Square pieces of magnesium alloy substrate, used
as working electrode, were cut from the as-received
sheet using a wire cutting process to get a
dimension of 10 mm x 10 mm x 5 mm. The
specimens were drilled and then fixed with the
copper wire. The samples were washed with ethanol
and then embedded in the epoxy resin for complete
insulation. The exposed surface of 10 mm by 10 mm
dimensional area was abraded successively for
grinding. The sample preparation method adopted
in this study was as reported by Umar et al. [32].
The samples were then ultrasonically cleaned in
acetone and ethanol prior to anodization.

2.2 Anodizing Procedure:

Anodization tests were carried out using a DC
Power supply using the magnesium samples as the
anode and the graphite sheet as cathode. The

electrolytes used in this research is given as below
in table 2.
Table 2: Chemical composition of
electrolytes used

Chemical Name
Electrolyte 1 Electrolyte 2
Ethylene Glycol Ethylene Glycol
Methanol Potassium

Hydroxide (KOH)
Ammonium Potassium
Dihydrogen Fluoride (KF)
Phosphate
(NH)H,PO))
Ammonium Aluminium
Fluoride (NH,F) Nitrate (AI(NO,),)
Potassium Sodium Silicate
Hydroxide (KOH) (Na,S10,)
Sodium
Phosphate
(Na,PO,)

The samples were anodized under four different
processing times i.e. 10, 20, 30, and 40 minutes at
constant voltage of 20V. Finally, the oxide films
were rinsed using ethanol.

2.3 Characterization

Scanning Electron Microscopy (SEM) with EDX
(Mira 8 TESCAN USA) was used to determine the
coating thickness and chemical composition of the
coating and surface morphologies of the coated
samples. The corrosion behavior of the anodized
samples was studied in Ringer lactate solution. The
chemical composition of Ringer lactate solution is
givenin table 3.

Table 3: Composition of ringer lactate solution

Composition g/L

NaCl 6.0
KCl 0.4
CaCl, H,0 0.3
C,H.NaO, 6.1
(50% sol.)

HC1 0.2

(25% sol.)
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Open Circuit Potential (OCP), Electrochemical
Impedance Spectroscopy (EIS) and Cyclic
Polarization tests were carried out using
Potentiostat (GAMRY interface 3000 USA) on the
anodized sample with different exposure time. A
three-electrode system consisting of a reference
electrode “Ag/AgCl”, a counter electrode (graphite)
and the working electrode (magnesium sample) was
used.
Open circuit potential was carried out after 1-day
exposure time in Ringer lactate solution for 1800
sec. Electrochemical Impedance Spectroscopy was
performed at 10 mVr,, w.r.t OCP and AC potential
amplitude was kept within 0.01 Hz - 100 kHz
frequency range.
2.4 Nomenclature:
The nomenclature of the tested samples is shown in
table 4.

Table 4: Nomenclature of Electrolytes used

Processing;
Sample Time
(minutes)
Electrolyte| Ano110 10
1 Anol120 20

Ano130 30
Ano140 40
Ano210 10
Electrolyte| Ano220 20

12 Ano230 30
Ano240 40
3. Results and Discussion:

3.1 Surface Morphology:
The scanning electron micrographs show the
surface morphology of the anodized coating on
AZ31B magnesium alloy with 30 minutes and 40
minutes of anodization at 20V in electrolyte 1
(Ano130 and Ano140) is shown in Figurel.
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Figure 1: Scanning Electron Microscopy of surface
morphology of anodized samples at 20V in electrolyte
1 at (a) 30 min (Ano130) and (b) 40 min (Ano140)
The surface morphology of the anodized coatings on
AZ31B magnesium alloy with 30 minutes and 40
minutes of anodization at 20V in electrolyte 2
(Ano230 and An

0240) is shown in Figure2.

Figure 2: Scanning electron microscopy of surface
morphology of anodized samples at 20V in electrolyte 2
at (a) 30 min (Ano230) and (b) 40 min (Ano240)
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The micrographs of anodized samples formed in
electrolyte 1 revealed irregular pores as clearly seen
in micrograph 1 (a). The film formed in 30 minutes
processing time (Figure la) is non-uniform and
more porous. Whereas the film formed in 40
minutes processing time (Figure 1b), resulted in
uniform layer as compare to that of 30 minutes. The
diameter of the pores formed at 30 minutes (Fig 1a)
is enormous than that of formed at 40 minutes
(Figure 1b). When the treatment time is short, the
surface morphology of the anodized film was
smooth, uniform and contained large pores. With
the increase of time, unbroken anodized film
appeared with progressive decrease in pore size.
The surface morphology of anodized layer formed in
electrolyte 2 produced dense film having large
number of micro-cracks as visible in Figure 2. The
film formed at 30 minutes (Figure 2a) produced non-
uniform and less dense layer along the substrate.
The film formed at 40 minutes (Figure 2b) resulted
in uniform and denser film along the sample. By
increasing the time from 30 minutes to 40 minutes,
compact and denser anodized film having micro-
cracks are formed. Comparing both electrolytes, the
anodized film formed in electrolyte 1 with different
time periods produced uniform and less dense film
having decrease in pore size while film formed in
electrolyte 2 produced compact and denser film
having large number of micro-cracks. The corrosion
of the anodic layers is due to these large pores and
micro-cracks [33].

3.2 Composition:

EDX analyses of the anodized samples with
different processing time at constant voltage in
electrolyte 1 and electrolyte 2 are shown in figure 3
and figure 4.

]
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Figure 3: EDX analysis of anodized coating at 20V
in electrolyte 1 at the treatment time of (a) 30
minutes (Ano130) and (b) 40 minutes (Ano140)
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Figure 4: EDX analysis of anodized coating at 20V
in electrolyte 2 at the treatment time of (a) 30
minutes (Ano230) and (b) 40 minutes (Ano240)

The surface morphology of the anodic layer showed
a large number of irregular pores and micro-cracks
which were distributed throughout the film. These
pores and micro-cracks may provide routes for the
electrolyte to reach the oxide/metal interface. The
EDX investigation revealed that the anodic films
comprised mostly of magnesium (Mg), aluminium
(Al) and oxygen (O) which indicated the presence of
magnesium oxide MgO and magnesium hydroxide
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Mg(OH), which were clearly seen in Figure 3 and
Figure 4 [34].

EDX analyses of electrolyte 1 showed that the
atomic and weight percentages of magnesium are
higher for processing time of 40 minutes in
comparison with processing time of 30 minutes. The
atomic and weight percentages of oxygen are lower
for 30 minutes as compared to 40 minutes. Analyses
of electrolyte 2 revealed that the atomic and weight
percentages of oxygen are lower for treatment time
of 30 minutes whereas, these percentages are
higher for treatment time of 40 minutes. The atomic
and weight percentages of magnesium are higher
for 40 minutes while these percentages are lower for
that of having the processing time of 30 minutes.
The higher percentages of magnesium and oxygen
with processing time of 40 minutes in electrolyte 1
indicating the presence of more oxides of
magnesium as compared to that of having the
processing time of 30 minutes is clearly seen in
Figure 1b. In electrolyte 2, higher percentages of
magnesium and oxygen with processing time of 40
minutes signify the presence of more oxides of
magnesium as compared to that of having the
processing time of 30 minutes as is visible in Figure
2b. The presence of carbon and sodium in the
analysis were from electrolytes.

By comparing both electrolytes, the anodic film
formed in electrolyte 2 with the processing time of
30 minutes comprises of higher percentages of
magnesium and oxygen, in the form of MgO and
Mg(OH),, as compared to that of processing time of
30 minutes in electrolyte 1. The anodic film formed
in electrolyte 2 with the processing time of 40
minutes comprises of higher percentages of
magnesium and oxygen as compared to that of
electrolyte 1 with processing time of 40 minutes.

3.3 Thickness:

Figure 5 showed coating thickness comparison of
anodized coating on AZ31B magnesium alloy with
different processing time at constant voltage of 20V
in two different electrolytes and coating thickness
variation in (%) at different time.
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Figure 5: Anodized coating thickness (a)
comparison in two different electrolytes and (b)
percentage thickness variation

It can clearly be seen from the figure 5a that the
coating thickness of anodized substrate in
electrolyte 2 is more than in electrolyte 1 at all the
four different processing times and at constant
voltage of 20V. There is a consistent increase of
coating thickness with an increase of time form10
minutes to 40 minutes with an interval of 10
minutes. In electrolyte 1, at 10 minutes of
processing time, the anodic film developed with a
thickness of about 1.68 m. With increasing the
treatment time to 20 minutes, the film thickness
increases to about 1.70 m which is a slight increase
of about 1.2%. The treatment time increase to 30
minutes, the thickness of anodic film also increases
to about 1.78 m which is about 5%. The increasing
trend of thickness continues to 1.86 m which is
about 4%, a slight decrease in percentage. Similar
kind of trend was observed with electrolyte 2;
showing initial increase in coating thickness of 7%
with 20 minutes and then 3 % and 4% with 30 and
40 minutes of time respectively. Figure 5(b) showed
a comparison of percentage coating thickness
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variation with electrolyte 1 and 2. There is a sudden
increase in coating variation from 10 to 20 minutes
but the trend was then almost consistent from 20 to
40 minutes. This shows that as the time increases,
thickness of coating also increases which can be
seenin Figure 2a and Figure 2b [33, 35].

Comparing both electrolytes, the anodic film formed
in electrolyte 2 with the processing time of 30
minutes and 40 minutes comprised of higher
thickness of anodic layer as compared to electrolyte
1 with processing time 30 minutes and 40 minutes.
It means that the thickness of anodic film formed in
electrolyte 2 is more compact as compared to that of
formed in electrolyte 1. It can also be seen in figure 5
(b) that initially the coating thickness difference is
less for 10 minutes and is because of the surface
buildup on the magnesium alloy and with 40
minutes the variation is high because of the
formation of MgO and Mg(OH), as the anodized
layer. And further variation is the formation of
cracks and oxide layers.

3.4 Corrosion Behavior of Anodized Layer:

The Nyquist impedance plots of the anodized
samples in the simulated body fluids for anodized
sample in electrolyte 1 at two different processing
times are shown in Figure. 6.

1 60 e

R ) x
|:-u--m-f
BBREbh LBREsED  UBBEaRd  SAEeEd  PAAE B RARDsBE LBEEodE DSBSl
PR .

Figure 6: Nyquist Plots of anodized coating at 20V
in electrolyte 1 at treatment time of 30 minutes
(Ano130) and 40 minutes (Ano140)

The impedance plot of the anodic film formed by
electrolyte 1 at different times displayed the
capacitive arc followed by a possible second arc. The
first arc may arise from the anodic film formed.
Whereas, the second arc formed is might be
influenced by a diffusion process [36]. The diameter
of the capacitive arc of a measured Nyquist plot is
closely associated with the corrosion rate [37], the

larger the arc is, the better the corrosion resistance
i1s. It can be seen in Figure 6; the corrosion
resistance, of the anodized films, is improved with
the increase in processing time. When the
treatment time is 40 minutes, the diameter of the
capacitive arc is higher as compared to that of
having the processing time of 30 minutes, thus
showing a higher corrosion resistance. This higher
corrosion resistance is due to more thick anodic film
comprising of small number of pores formed with
processing time of 40 minutes in electrolyte 1.

The Nyquist impedance plots of the anodized
samples in the simulated body fluids in electrolyte 2
at two different times are shown in Figure 7.
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Figure 7: Nyquist Plots of anodized coating at 20V
in electrolyte 2 at different treatment time (30 min
and 40 min)

It can also be shown in Figure7; the corrosion
resistance of the anodized layers becomes enhanced
with the increase in processing time. When the
treatment time is 40 minutes, the diameter of the
capacitive arc is higher as compared to that of
having the processing time of 30 minutes, thus
displaying a higher corrosion resistance. This
higher corrosion resistance is due to denser anodic
film comprising of micro-cracks formed with
processing time of 40 minutes in electrolyte 2.
Comparing both impedance plots of anodic films
formed by two electrolytes are shown in Figure 8.
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Figure 8: Nyquist Plots of anodized coating at 20V
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in both electrolytes at treatment time of 40 minutes

It can be seen that the corrosion resistance of the
anodized film formed in electrolyte 2 is higher as
compared to that of formed in electrolyte 1. The
diameter of the capacitive arc formed in electrolyte
2 is higher as compared to that of capacitive arc
formed in electrolyte 1 showing higher corrosion
resistance. This higher corrosion resistance is due
to denser and uniform anodic film formed in
electrolyte 2.

4. Conclusion:

Anodic films were produced on AZ31B magnesium
alloy by anodization in electrolyte 1 and electrolyte
2 by varying the treatment time. The treatment
time primarily affected surface morphology.
Scanning electron microscopy revealed that
electrolyte 1 resulted in less dense and non-uniform
anodized film having pores (both small and larger
sized) as compared to that of electrolyte 1. Whereas,
electrolyte 2 resulted in compact and denser film as
compared to that of formed in electrolyte 1 showing
micro-cracks on the surface but decreased pore size.
The biodegradation of the anodic layers was due to
these pores and micro-cracks. EDS analysis of
anodized film formed by electrolyte 2 revealed
higher percentages of magnesium and oxygen
indicating the bulk presence of MgO and Mg(OH),
as compared to film formed by electrolyte 1. The
electrolyte 2 formed denser and thicker layer as
compared to film formed by electrolyte 1. The
results obtained by the impedance plots are in a
good agreement with the analyses of surface
morphology. The anodic film formed by electrolyte 2
provided the best corrosion resistance with the
processing time of 40 minutes.
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