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Abstract

Magnesium alloys are increasingly valued for biomedical applications due to their
biocompatibility. This study investigates Mg-AZ31B alloy samples treated with quartz and
alumina grits (<200 pum) at varied pressures, followed by anodization in an eco-friendly alkaline
electrolyte. The results show that increased blasting pressure produces a rougher surface.
Anodization time significantly affects the thickness of the anodic film, leading to a transition in
surface morphology from fine to coarse structures with complete film coverage. Characterization
by XRD reveals that the anodic film mainly comprises magnesium oxide and hydroxide phases.
Open Circuit Potential (OCP) measurements demonstrate enhanced corrosion resistance post-
anodization, particularly notable at 40 minutes on alumina-blasted samples. ANOVA confirms
that both blasting pressure and anodization time significantly influence coating thickness and OCP,

indicating the formation of a dense anodized layer.

Keywords: AZ31B Magnesium Alloy, Grit Blasting, Blasting Pressure, Anodization, Open

Circuit Potential, Analysis of Variance (ANOVA).


mailto:ishtiaq.imme@pu.edu.pk
http://dx.doi.org/10.22068/ijmse.3669
http://aed.iust.ac.ir/ijmse/article-1-3669-en.html

[ Downloaded from aed.iust.ac.ir on 2024-09-19 ]

[ DOI: 10.22068/ijmse.3669 ]

1. Introduction

Magnesium (Mg) and its alloys exhibit considerable potential for use as metallic bone
fixation implants due to their inherent presence within the human body, non-toxic nature, and
potential as biodegradable and biocompatible materials. Mg possesses several notable
characteristics that make it a highly suitable biomaterial, such as its ability to resist fracture, low
density, and high specific strength [1]. Approximately half of the Mg present in the human body
is stored in bone [2], where it stimulates bone formation and enhances bone strength [3]. Mg
possesses a highly attractive physical attribute in the form of its elastic modulus, which is
comparable to that of human bone. Particularly, Mg has been extensively investigated as a
potential bone replacement material to mitigate stress shielding, a significant factor contributing
to the failure of metallic implants [4-6]. However, the primary drawback of Mg implants is their
rapid degradation rates which is followed by the release of hydrogen gas and results in the creation
of hydrogen gas pockets in tissues [7-9]. Moreover, Mg alloys are susceptible to significant
localized corrosion, resulting in the premature decline of their mechanical strength. This poses a
significant obstacle to their continued clinical utilization, particularly in cardiac and orthopedic
applications [10-12].

Fortunately, multiple approaches are available to control the corrosion rates of Mg-based
implants, including mechanical pre-processing, alloying, and surface modifications [4, 13-15].
Among these methods, anodization is one of the most efficient for magnesium alloys [16].
Anodization is an electrochemical process that involves the oxidation of a metal surface, resulting
in the formation of an oxide film with desirable functional, aesthetic, and corrosion-resistant
properties [17-21]. The treatment enhances the film's thickness, wear resistance, hardness, and
biocompatibility compared to the untreated metal [19, 22]. The morphology of anodized films has
been studied by several researchers. These factors include pre and post-treatments, electrical
parameters, electrolyte content and treatment time. Lei et al. [23, 24] used a potentiostatic approach
followed by annealing to anodize Mg alloys in concentrated 6M and 10M KOH solutions. The
findings showed that Mg alloys with a magnesium oxide (MgO) coating were superior in corrosion
resistance to non-anodized Mg alloys. Xue et al. [21] studied the anodization process of pure Mg
and Mg-AZ91D and compared their corrosion resistance by analyzing their anodization behavior
with different anodization times. The results showed that the anodization process enhanced the
corrosion resistance of both pure Mg and Mg-AZ91D alloy, and the anodization time significantly


http://dx.doi.org/10.22068/ijmse.3669
http://aed.iust.ac.ir/ijmse/article-1-3669-en.html

[ Downloaded from aed.iust.ac.ir on 2024-09-19 ]

[ DOI: 10.22068/ijmse.3669 ]

influenced the corrosion resistance. The corrosion resistance of anodic film was strongly
associated with the temperature and current density, as demonstrated by Chai et al. [25]. The
findings revealed that an anodic film with excellent corrosion resistance was obtained by applying
high current density. Furthermore, the temperature of the solution adversely affected the anti-
corrosion properties of the anodic film. Ximei et al. [26] investigated the formation of the anodic
coating on the Mg-AZ91D alloy pretreated in an aluminum nitrate solution. The results indicated
that the corrosion resistance of the Mg-AZ91D alloy was significantly improved when subjected
to pretreatment in an aluminum nitrate solution, as compared to the untreated alloy. Fukuda et al.
[17] studied the anodic films formed on Mg-AZ91D alloy in 3M KOH solutions with and without
0.55 M NazSiOs. The results showed that the anodic films developed with Na>SiO3z were thicker
and more uniform compared to those without Na,SiO:s.

Despite the large number of published works on the effects of electrolyte composition,
temperature, current density and potential on the anodized coating on Mg alloys, however, the
effect of surface roughness on the anodized coating on Mg alloys has not been published as far as
we know. Therefore, in the current study, we study the effect of surface roughness on the coating
morphology, thickness, and electrochemical behavior of anodized coating on blasted samples of

AZ31B magnesium alloy.

2. Experimental Procedure
2.1  Grit Blasting Process

Mg-AZ31B alloy samples were selected as a substrate for grit blasting process. The grit
blasting process was conducted using a pressure blasting system as outlined in our previous
investigation [27]. Grit blasting was performed using abrasive particles blasted at the specimen
surface at a 90-degree angle with a compressed air gun in a sealed chamber to prevent
contamination from external particles and air. The blasted samples were then immersed in acetone
and ultrasonically cleaned for 30 minutes to remove any surface impurities. Afterward, the surface
was wiped with a microfiber cloth and dried at 110 °C for 15 minutes. The grit blasting parameters
selected for this study, along with the resulting surface roughness (Ra) values measured using a
Nano-Solver NT-MDT, are presented in Table 1.
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Table 1. Grit Blasting Operation Parameters and Resulting Surface Roughness (Ra) Values

Abrasive Abrasive Blasting Blasting Blasting Blasting Surface

Tvoe Size Pressure Angle Distance Time Roughness

yp (mesh) (kPa) (degree) (mm) (seconds) (Ra)

350 90 10 20 0.035

Alumina <200 pm 700 I /l Il 0.059

1000 1 I I 0.077

350 90 10 20 0.027

Quartz <200 pm 700 I /l /l 0.043

1000 1 /l /l 0.065

2.2 Anodization Treatment

The anodization process was performed with DC power supply (Rapid HY3005-3, 0-30V,
0-5A). The anodization treatment was carried out in an electrolyte having the composition given
in Table 2.

Table 2. Composition of Electrolyte Solution

. Ethylene Deionized
Substance NaszPOq4 KOH KF AlI(NO3)s NazSiOs Glycol Water

Amount 81979 42.08¢g 0.15¢g 1.25¢ 0.075¢ 125 ml 125 ml

The grit blasted AZ31B magnesium alloy samples were made the anode, while the graphite
was used as the cathode. The samples were anodized at constant voltage of 20V for 10, 20, 30 and
40 minutes at room temperature. Finally, the anodized samples were rinsed with deionized water

and dried in warm air. The schematic diagram of anodizing process is presented in Fig. 1.
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Fig. 1. Schematic diagram of anodizing process utilized in this study
The samples were labelled as given in Table 3 to identify the process parameters under
which it was processed.
Table 3. Labelling of Samples

Sample Labelling Description
PS Pristine Sample
A350, A700, A1000 Alumina blasted samples at 350,700 and 1000 kPa
Q350, Q700, Q1000 Quartz blasted samples at 350,700 and 1000 kPa
AT10, AT20, AT30, AT40 | Anodization time of 10, 20, 30 and 40 minutes

2.3 Film Characterization
The surface morphology of anodized film was examined using scanning electron

microscopy (SEM, FEI Inspect S50). The elemental analysis of anodized layer was performed by
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EDS system coupled with SEM consisting of solid-state detector having detection window of 25
mm?. The crystal structure of the anodized layer was assessed by X-ray diffraction (XRD) analysis
using diffractometer (Equinox 2000, Thermo Scientific). Diffraction patterns were obtained using
CuKa radiation (0.1546 nm) in the region of 26° from 10-80°. Finally, thickness of anodized film
was measured with Optical Microscopy (Leica DMI5000 M).
2.4  Electrochemical Testing

Potentiostat/Galvanostat/ZRA (Gamry Interface 1000E) was used to investigate the
electrochemical behavior of anodized samples preblasted with quartz and alumina particles with
different blasting pressures using open circuit potential (OCP). The electrochemical studies
utilized a three-electrode system consisting of a counter electrode (graphite rod), reference
electrode (Ag/AgCl saturated KCI), and working electrode. The OCP measurement was conducted
for one hour. The exposed sample area was 1 cm?. The electrolyte employed was a Ringer's lactate
solution kept at 37 °C.
2.5  ANOVA Analysis

Statistical analysis of the experimental results was carried out using the statistical tool
Minitab 21.2 in order to establish any possible relation. The data were subjected to a two-way
analysis of variance (ANOVA) with a significance level of 5% and a confidence level of 95% in
order to examine the interaction, significance, and percentage contribution of input parameters to
the selected responses.
3. Results and Discussion
3.1  Surface Morphology

The scanning electron microscopy (SEM) micrographs of untreated and treated samples of
quartz and alumina blasted AZ31B magnesium alloy are shown in Figs. 2-4, respectively.
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Fig. 2. SEM micrographs of pristine samples with different anodization time

The micrograph of the untreated pristine sample, as shown in Fig. 2(a), shows the surface
scratches due to the rolling process. The micrograph of the anodizing treatment time of 10 minutes
on the pristine sample is shown in Fig. 2(b), and it can be noticed that a large flake-type anodizing
layer can be observed with partial coverage of the surface. However, with an increase in anodizing
time from 10 to 20 minutes, the coating morphology drastically changes to a very fine structure
with full surface coverage. With the increase in anodizing time from 20 to 30 and 40 minutes, the
coating morphology gradually coarsened with increasing anodizing treatment time, as observed in

Figs. 2(c-e) respectively.
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Fig. 4. SEM micrographs of alumina blasted samples with different anodization time
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The micrographs of the anodizing behavior of quartz blasted samples with 350 kPa blasting
pressure are shown in Figs. 3(a-e). The surface morphology of these samples shows the same trend
as observed in anodized treated pristine samples. The quartz blasted samples with 700 kPa blasting
pressure are shown in Figs. 3(f-j). It can be observed that the anodizing treatment at 10 minutes is
quite fine and covers the whole sample. The coarsen of anodized layer occurs with an increase in
processing time to 40 minutes. The anodizing behavior of quartz blasted samples with 1000 kPa
blasting pressure shows complete coverage for all anodizing times in Figs 3(I-0). The coarsening
of the coating gradually increases with an increase in processing time. The surface morphology of
the anodized surface of alumina blasted samples at different blasting pressures is shown in Fig. 4.
It can be observed that the coating coverage increases with an increase in processing time.
However, relative coating coverage is less for alumina blasted samples at 350 kPa blasting pressure
and increased with increased surface roughness at higher blasting pressures. From Figs. 2 and 3, it
can be observed that at lower anodizing time AT10 & AT20 for pristine sample (no blasting) and
for blasting at lower pressures 350 kPa i.e. lower surface roughness, the coating morphology was
flake-like structure with partial surface coverage as shown in Figs. 2(b, ¢) and Figs. 3(b, c)
respectively. However, with increasing blasting pressure to 700kPa & 1000 kPa, the surface
roughness increases, the surface coverage also increases even at low anodizing time AT10, as
shown in Figs. 3(g, I), Figs. 4(g, I). With the increase in anodizing time, pristine or blasted samples
show complete coverage of the sample surface with anodized layer.

The anodized coating developed in the KOH solution resulted in a flake-type deposition
on the surface as evident from Fig. 2(b) and Fig. 3(b). With increase in deposition time, the coarse
flake-type structure transforms into fine flakes as shown in Fig. 2(c), Fig. 3(c) and Fig. 3(g). With
further increase in deposition time, a thick deposited layer can be observed in all the anodized
samples. The flakes continue depositing resulting in complete coverage of the surface as evident
in Fig. 2(e), Figs. 3(e, j, 0), and Figs. 4(e, j, 0). In the quartz blasting samples, the fineness of the
surface of the coating increases with increase in surface roughness for each anodizing time as
shown in Figs. 3(b, g, 1), Figs. 3(c, h, m), Figs. 3(d, i, n) and Figs. 3(e, j, 0). The similar trend of
the surface coverage and fineness of samples blasted with alumina is much higher than that of
pristine sample and quartz blasted samples. The change in morphology and surface coverage is
due to the surface roughness of blasted samples [27]. The surface roughness of the alumina blasted

samples is higher than that of the pristine sample and quartz blasted samples. The crests and
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troughs on the surface create additional sites for anodization reactions, facilitating the development
of anodized products. Greater surface roughness increases the reaction area, resulting in a finer
coating distribution and smaller pore sizes. 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 [28, 29]. The electrochemical reactions for anodization can
be described as under [30]:

Mg = Mg*? +2¢” 1)
2H,0 + 2" = Hy + 20H" )
Mg*2 + 20H" = Mg(OH). 3)
Mg(OH)2 = MgO + H,0 4)

In the anodization process, the magnesium metal at the surface is converted into
magnesium ions as Mg*? ions (cations). The OH- ions produced either by Hz evolution as given in
the reaction (2) or OH" ions available due to the hydrolyzation of KOH in the solution. The
dissociated Mg*? ions (cations) react with hydroxy! ions to form Mg(OH). as given in reaction (3).
At higher voltage Mg(OH)2 converts to MgO and water as per reaction (4). Further, magnesium
metal with OH" ions oxidizes to form MgO at high voltage as given in reaction (5) [30].

Mg + 20H = MgO + H,0 + 2¢ (5)

As the time passes, magnesium cations react with OH" ions to form initially Mg(OH). and then
reduce to MgO to increase the coating thickness.

3.2  Coating Thickness Analysis

The measured anodized coating thickness values on the pristine, quartz and alumina blasted
samples after different anodization times are graphically shown in Fig.5. It can be observed that
the coating thickness increases gradually with the processing time. The regression analysis (R?
values) confirms the linearity of the data.

The blasted samples, both with quartz and alumina, show a higher coating thickness than
that of uncoated samples. The coating thickness data as shown in Figs. 5 confirms that the thickness
of the anodized layer depends on the surface roughness, or the nucleation sites of high energy areas
created due to the surface roughness. The coating thickness of the samples blasted with alumina

are higher than that of quartz blasted samples respectively. However, as the coverage of the sample
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surface completes, further increase in coating thickness decreases and proceed linearly with the

increase in time.
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Fig. 5. Average coating thickness with increasing anodization time for pristine and (a) quartz
blasted (b) alumina samples

The initial exponential increase in coating thickness i.e. from 0 to 10 minutes may be due
to the direct exposure of magnesium cations and magnesium metal with the OH" ions in the solution
according to reactions (3) and (5) respectively. However, the decrease in this trend i.e. from 10 to
20 minutes onward, is because of the shift, from the direct reaction of magnesium and its ions with
OH- ions due to the diffusion of magnesium cations through the developed layers, to the surface
to form Mg(OH)2 or MgO at the interface of anodized layer with the solution. This diffusion of
magnesium cations through the deposited layer is responsible for linear increase in coating

thickness with increase in processing time [30].

3.3 EDX Analysis

The EDX analysis of an anodized surface is shown in Fig. 6. The point analysis of a coating
indicates the presence of oxygen along with magnesium and aluminum in the coating. The change
in oxygen and magnesium contents of pristine samples with quartz and alumina blasted samples
are graphically shown in Figs. 7. The percentage of oxygen in the coating increases linearly with
the increase in processing time. It can also be observed that oxygen and magnesium contents in
the coating on the alumina blasted samples are relatively higher than that of pristine sample and

quartz blasted samples for all the anodizing times.
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Fig. 7. Graphical representation of average weight % of (a) Mg against anodization time for
pristine and quartz blasted samples (b) Oz against anodization time for pristine and quartz blasted
samples (c) Mg against anodization time for pristine and alumina blasted samples (d) Oz against

anodization time for pristine and alumina blasted samples
The change in increase in magnesium and oxygen contents in the EDX analysis of different
anodized sample surfaces clearly shows that linear increase in thickness of the coating. It has been
reported in literature that addition of sodium silicate in KOH promotes formation of MgO instead
of Mg(OH). and addition of Al(NOz)s promotes the formation of Al.Oz in the anodized film [31].
The EDX analysis of the coating confirms the presence of aluminum along with magnesium and

oxygen.
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3.4  XRD Analysis

The XRD diffractogram of an anodized surface is shown in Fig.8. The peaks of magnesium
at 32.3°, 34.4° 36.65° 47.8°, 68.8°, and 72.72° can be observed. Similarly, peaks at 43.04° and
62.2° confirm the presence of MgO. However, very small intensity peaks of Mg(OH)2 can also be
identified at 38.27°, 50.98°, 58.77° and 62.06°. Similarly peaks of 37.7°, 43.8° and 66.5° confirm
the presence of Al>Os in the coating. The XRD diffractogram confirms the presence of MgO and
Al203 in the anodized layer on the surface of the sample.

The XRD diffractogram complements the EDX analysis and the hypothesis described in
the discussion of surface morphology to support the formation of MgO in the anodized layer under

the current process conditions with very thin upper most layer of Mg(OH)a.
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Fig. 8. XRD diffractogram of an anodized surface

3.5  Open Circuit Potential (OCP)

The OCP values of pristine, quartz blasted and alumina blasted samples observed by
anodization for different time periods are graphically presented in Fig. 9. The OCP values of
pristine sample anodized at different time periods show the most negative values ranging from -

1.684V for 10 minutes to -1.213V for 40 minutes confirming the poor coverage of the sample
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surface despite the increase in coating thickness with the passage of time. Similarly, the higher
negative OCP values of 350 kPa quartz blasted sample also confirms the porosity/incomplete
coverage besides the increase in coating thickness with the passage of time. The quartz blasted
sample at 700 kPa and 1000 kPa shows drastic change from poor coverage to very good coverage
when increasing the anodization time from 10 minutes to 20 minutes (about -1.5V to about 0.5V)
and fully covered surface with thick coating for 30 minutes and 40 minutes anodizing time. On the
contrary, alumina blasted samples showed approximately complete coverage with anodization
time of 10 minutes at 700 kPa blasting pressure (approximately -0.5V at 10 minutes anodizing
time) and the compactness increases with increase in anodizing time with more positive values
and approximately complete insulated coverage is obtained at 40 minutes anodizing time with
OCP value -0.089V for 700 kPa blasting pressure and -0.065V for 1000 kPa blasting pressure. The
OCP values represent the interaction of exposed surface with solution/environment and
thermodynamic equilibrium potential with cations/anions in Helmholtz Double Layer (HDL) and

in diffusion range in solution but do not represent corrosion kinetics [32].
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Fig. 9. Variation of OCP (v) values vs. anodization time for Pristine and (a) quartz blasted
samples (b) alumina blasted samples
It has been reported in literature that the anodized coating on magnesium is usually
compact in nature with porous structure on the interface of the coating with solution [33]. It has
also been reported [34] that ethylene glycol containing solution results in compact barrier type film
resulting in improved anticorrosion properties of the anodic film as can be observed in the current

study.
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3.6  Statistical Analysis
To quantitatively elucidate the effect of processing parameters on the anodized coating
thickness, a statistical analysis in terms of Analysis of Variance (ANOVA) was conducted using
the statistical software Minitab 21.2. A two-way ANOVA was performed to analyze the effect of
blasting media, blasting pressure and anodization time on coating thickness and results are shown
in table 4.
Table 4. ANOVA Analysis of Coating Thickness

F- P-
Source DF SeqSS Contribution AdjSS  AdjMS
Value Value
Blasting Media 1 0.005 2.13% 0.005 0.005 138.46 0

Blasting Pressure 3 0.11585 49.31% 0.11585 0.038617 1069.38 0

Anodization Time 3 0.105075 44.72% 0.105075 0.035025 969.92 0
Blasting Media x

] 0.0017 0.72% 0.0017  0.000567 15.69 0.001
Blasting Pressure
Blasting Media x

o ) 0.000575 0.24% 0.000575 0.000192 5.31  0.022
Anodization Time
Blasting Pressure x

o ) 0.006425 2.73% 0.006425 0.000714 19.77 0
Anodization Time
Error 9 0.000325 0.14% 0.000325 0.000036
Total 31  0.23495 100.00%

The two-way ANOVA results for coating thickness show a statistical highly significant
interaction between blasting media and blasting pressure (F3g)0.05=15.69, P=0.001), interaction
between blasting media and anodization time (F(.8)0.05=5.31, P=0.022) and interaction between
blasting pressure and anodization time (F3,8)0.05=19.77, P=0.000). Statistical analysis shows that
blasting pressure and anodization time is highly significant (P = 0.000) towards the coating
thickness achieved during the current process contributing 49.31% and 44.72% respectively. The

interaction and main effects graphs are shown in Fig. 10 and Fig. 11 respectively.
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Fig. 11. Main effects plot for coating thickness

The graphs reveal that blasting pressure and anodization time have the prominent effect on
the coating thickness. The results of two-way ANOVA performed to analyze the effect of blasting
media, blasting pressure and anodization time on OCP are shown in table 5. The two-way ANOVA
results for OCP show a statistical highly significant interaction between blasting media and
blasting pressure (F(3,8)0.05=7.57, P=0.008). The two-way ANOVA results for OCP show a
statistical significant interaction between blasting media and anodization time (F(3,8)0.05=2.74,
P=0.106) and interaction between blasting pressure and anodization time (F(3,8)0.05=1.26,
P=0.366).
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Table 5. ANOVA Analysis of OCP

Source DF SeqSS Contribution AdjSS AdjMS F-Value P-Value
Blasting Media 1 1.3974 11.23% 1.3974  1.39737 32.99 0
Blasting Pressure 3  7.0032 56.28% 7.0032  2.3344 55.12 0
Anodization Time 3 1.8709 15.03% 1.8709  0.62364 14,72 0.001
Blasting Media x

) 3 0.962 7.73% 0.962  0.32067 7.57 0.008
Blasting Pressure
Blasting Media x

o ) 0.3475 2.79% 0.3475 0.11584 2.74 0.106
Anodization Time
Blasting Pressure x

o ) 9 04817 3.87% 0.4817  0.05353 1.26 0.366
Anodization Time
Error 9 0.3812 3.06% 0.3812  0.04235
Total 31 12.4439 100.00%

Statistical analysis shows that blasting pressure is highly significant (P = 0.000) towards

the OCPs achieved during the present study contributing 56.28%. The interaction and main effects

graphs are shown in Fig. 12 and 13 respectively. The graphs reveal that blasting pressure has a

prominent effect on the OCP.
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Fig. 12. Interaction plot for OCP
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4. Conclusions
From the present study, the following conclusions can be drawn:
o The anodized coating thickness increased with increase in surface roughness.
o The anodized coating thickness increased with increase in processing time.
o The development of flake like coating was observed in the sodium silicate containing KOH
electrolyte.
o The surface coverage increased with increase in anodization time and increase in surface

roughness i.e. maximum coverage with alumina blasted sample with 1000 kPa blasting
pressure as confirmed by OCP value (-0.065V).
o The two-way ANOVA analysis of coating thickness reveals that blasting pressure and
anodization mainly contribute towards coating thickness and the two-way ANOVA analysis of

OCP data shows the blasting pressure is highly significant to achieve a compact anodized layer.

Future work
For future work, the adhesion properties of the anodized coatings, along with comprehensive
corrosion tests such as potentiodynamic polarization and EIS, will be investigated to provide a

more thorough evaluation of their performance.
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Data Availability Statement

The data that support the findings of this study are available from the corresponding author upon

reasonable request. All relevant data, including raw and processed data, statistical analyses, and

any supplementary materials, have been stored securely and can be provided to interested

researchers in compliance with institutional and ethical guidelines.
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