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Abstract

The same process parameters and concentrations were used for the micro-arc oxidation
of AZ91 magnesium alloy for the three electrolyte systems. The characteristics of the
wetting angles of the micro-arc oxidised coatings were compared for the different
electrolyte systems. The polarisation curves were used to evaluate the corrosion
resistance of the micro-arc oxidation coatings of the three systems. The results show that
the coatings obtained from the different electrolyte systems have different microscopic
morphology and physical phases. The phosphate system had a larger surface micropore
size and the largest film thickness. The phosphate coating has the smallest wetting angle
and is hydrophilic. The silicate and aluminate coatings are hydrophobic. These
differences result in the phosphate system coatings having greater corrosion resistance
than the silicate system coatings, with the aluminate system coatings having the worst
corrosion resistance.
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1. Introduction

Biodegradable metallic materials such as magnesium alloys have been widely used as temporary
implants for cardiovascular and orthopaedic implants[1]. Magnesium is naturally present in bone
tissue and can promote the formation of new bone[2]. The elastic modulus of magnesium alloy is
close to that of human bone tissue, which reduces the stress masking effect and facilitates the healing
of human bone tissue to avoid secondary fracture[3]. In addition, magnesium alloys can gradually
dissolve and be resorbed after the purpose of supporting bone healing has been achieved, which would
save the patient from secondary surgery[4]. However, due to their high chemical activity, magnesium
alloys are prone to rapid degradation in vivo, which can lead to a number of problems such as loss of
mechanical strength of the implant and tissue inflammation due to hydrogen precipitation[5].

Therefore, the corrosion resistance of magnesium alloys can be improved by means of surface
modification. Surface modification techniques include electrochemical deposition[6], micro-arc
oxidation (MAO)[7], chemical conversion[8] and dip coating[9]. Micro-arc oxidation mainly uses
alkaline electrolyte systems, which may be attributed to its low pollution and high growth rate. MAO
has the advantages of good corrosion resistance, good bonding, low cost and good wear resistance[7].
The MAO treatment has been widely applied to magnesium alloys. Hui Tang et al improved the
biocompatibility of magnesium alloys by micro-arc oxidation and attaching a hydroxyapatite coating
to the surface[10]. Mohsen Ghafarzadeh et al developed a double-layer coating based on micro-arc
oxidation and polyglycerol sebacate (PGS) (MAO-PGS) on AZ91 magnesium alloy, which not only
improved the corrosion resistance but also the biocompatibility of the biodegradable AZ91 alloy[11].
Junxiu Chen et al showed that the micro-arc oxidation process on added Cu during the micro-arc
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oxidation of magnesium alloys and found that the Cut+tMAO coating had good corrosion resistance,
antibacterial properties and biocompatibility[12].

Studies have shown that the microstructure and properties of magnesium alloy micro-arc oxidation
coatings are mainly influenced by the following factors: electrical parameters, electrolyte and post-
treatment of the coating, while the electrolyte is the most important parameter. The relationship
between the effect of different electrolytes on the growth process and the corrosion protection
properties of magnesium alloy micro-arc oxidation coatings has been investigated by researchers[13],
but the microstructure and its properties of micro-arc oxidation coatings with different systems of
electrolytes under the same parameters need further verification. In this study, three electrolyte
systems, phosphate, silicate and aluminate, were used to micro-arc oxidate AZ91 magnesium alloy
with the same process parameters and addition ratios, and the differences in microstructure and
physical phases of the micro-arc oxidation coatings were investigated for the three electrolyte systems
under the same process parameters, and the wetting contact angles and corrosion resistance of the
coatings for the different electrolyte systems were discussed.

2. Experiment

2.1 Materials

AZ91 magnesium alloy (chemical composition 8.5-9.5 % Al, 0.45-0.9 % Zn, 0.17-0.4 % Mn, <0.05 %
Si, <0.025 % Cu, <0.001 % Ni, <0.004 % Fe and the rest Mg) with dimensions of 15 mm x 15 mm
x 4 mm was used in this study. All samples were polished with different grades of silicon carbide

sandpaper (#120 ~ #1000) and cleaned ultrasonically in ethanol and distilled water, then dried in cold
air prior to MAO treatment.

2.2 MAO Treatment

The AZ91 magnesium alloy substrate was used as the anode and the cathode was a stainless steel
plate. A constant voltage power supply mode was chosen with a voltage of 350 V. The MAO coating
was prepared in phosphate, phosphate and aluminate system electrolytes for different times, denoted
as P-10, P-20 and so on for the phosphate system, respectively, see Table 1 for the composition of
the electrolyte. during the MAO treatment, the solution temperature was maintained by strong stirring
and a water cooling system at 10-30°C.

Table 1. MAO treatment parameters

No. Formulation Formulation Time
P-10 10 g/L NasPO4+2 g/L 350V 10min
P-20 KOH 20min
Si-10 10 g/L Na,SiO5+2 g/L 350V 10min
Si-20 KOH 20min
Al-10 10 g/L NaAlO,+2 g/L 50V 10min
Al-20 KOH 20min

2.3 Characterization

The physical composition of the micro-arc oxide coating was analysed using a D8 ADVANCE X-ray
diffractometer (XRD). A Quanta 450FEG scanning electron microscope (SEM) was used to observe
the surface morphology and cross-section of the micro-arc oxide coating. The wetting angle of the
micro-arc oxide coating specimens was measured using a contact angle meter and averaged five times
to calculate the wetting contact angle data.
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2.4 Electrochemical Measurements

A three-electrode system was used to measure the kinetic potential polarisation curves of the micro-
arc oxide coatings. The SBF simulating solution was used as the electrolyte to measure the
polarisation curves (Table 2), the working electrode was a sample of the micro-arc oxidation coating
with a coating test area of 1 cm?, the auxiliary electrode was a platinum sheet and the reference
electrode was a saturated mercury electrode.

Table 2. Configuration methods for SBF simulated body fluids

No. Reagents Content Purity

1 NaCl 8.035¢ 99.5%
2 NaHCO; 0355¢ 99.5%
3 KCl1 0225¢ 99.5%
4 KoHPO4-3H,0 0231¢g 99.0%
5 MgCl,-6H,O 0311g 98.0%
6 HCl 39.0 ml —
7 CaCl 0292 ¢ 95.0%
8 NaySOq4 0.072 g 99.0%
9 Tris 6.118 g 99.0%
10 HCl 0~5 ml —

3. Results and Discussion

3.1 Phase Composition
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Figure 1. XRD patterns of MAO coatings under different electrolyte systems

Figure 1 shows the XRD patterns of the MAO coatings under different electrolyte systems. This
indicates that the PO4>, SiO3% and A1O* ions in each of the three electrolytes react with the substrate
and produce the corresponding electrolyte-specific phases, which are then used to produce the
Mg3(POs)2 phase, Mg2Si04 phase and MgAl>O4 phase. and the corresponding electrolyte-specific
phases were produced. The formation of the different phases can be explained by the following
reactions[ 14, 15]:

Mg?* + 20H™ - Mg(OH), - MgO + H,0 (1)
3Mg** + 2P0~ - Mg;(P0,), (2)
2Mg?* + 3Si02~ + 20H™ - Mg,Si0, + H,0 3)
Mg?* + 2410* > MgAl,0, ()
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3.2 Microstructure

A
Figure 2. Surface morphology of
20, (¢)Si-10, (d)Si-20, (e)Al-10, (f)Al-20.

Figure 2 shows the Surface morphology of MAO coatings under different electrolyte systems. As
shown in Figure 2, all three electrolyte systems have a large number of micropore on the surface of
the micro-arc oxidation coatings. This is due to the fact that an oxide film is produced on the surface
of the substrate at the beginning of the micro-arc oxidation treatment, and with the increase in voltage,
the oxide film formed will produce electrical breakdown, and the process of electrical breakdown will
result in a porous morphology. The coatings obtained from different systems of electrolyte treatment
have different surface morphologies. The phosphate system coating (Figure 1. (a) (b)) has the largest
pore size and a larger pore size distribution, and the pores are of different shapes; for the silicate
system coating (Figure 1. (c) (d)), the silicate system coating produces a stronger oxide impact in the
discharge channel, resulting in oxide build-up on the surface[13], while The presence of fine
micropores on the surface of the buildup also indicates that the surface buildup also underwent
electrical breakdown as time increased; the pore size of the micropores on the surface of the aluminate
system coating (Figure 1. (e) (f)) was smaller than the other two, indicating that the micro-arc
oxidation process in the aluminate system electrolyte generated smaller discharge sparks and
produced a less intense electrical breakdown phenomenon under the same parameters. The surface
porosity statistics of the MAO coatings under different electrolyte systems are shown in Figure 3. It
was found that the porosity of the coating decreased as the treatment time increased, which was due
to the continuous accumulation of molten buildup on the surface of the coating around the micropores
as the treatment time increased, which acted as a seal on the micropores, resulting in a decrease in
porosity.
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Figure 3. Surface porosity statistics of MAO coatings under different electrolyte systems
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Figure 4. Cross-sectional morphology of MAO coatings under different electrolyte systems(a)P-10,
(b)P-20, (¢)Si-10, (d)Si-20, (e)Al-10, (f)Al-20.

Figure 4 shows the SEM cross-sectional morphology of the MAO coatings under different electrolyte
systems. It can be seen that the aluminate system has the smallest coating thickness, but its structure
is more dense, and the phosphate system has the largest coating thickness, but it has some micro-
pores inside. The different morphology and growth rates may be due to the different reactivity of
Mg>" with the electrolyte ions. The thickness of the MAO coatings formed under the different
electrolyte systems was counted, as shown in Figure 5, and it was found that as the treatment time
increased, the thickness of the coatings all increased. This was due to the fact that as the treatment
time increased, electrical breakdown of the coating surface continued to occur and oxides continued
to form, resulting in a thicker coating. The thickness of the phosphate coating was approximately 4.72
pm at 10 minutes of treatment (Figure 4. (a)) and increased to 5.34 um as the time was increased to
20 minutes (Figure 4. (b)); the coating thickness of the silicate system increased from 3.6 pm (Figure
4. (c)) to 3.97 um (Figure 4. (d)) with increasing treatment time; the coating thickness increased from
2.17 um (Figure 4. (e)) to 2.68 um (Figure 4. (f)) with increasing treatment time for the aluminate
system. In phosphate electrolytes, the P207* ions can decompose and produce large oxygen bubbles
near the anode, which leads to a large number of discharge channels and eventually to the formation
of pores in the coating. In turn, the large sparks generated again in the pores may lead to more ions
entering the discharge channels and producing more oxides, which may be associated with the greater
coating thickness of the phosphate system[16].
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Figure 5. Thickness statistics of MAO coatings under different electrolyte systems
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3.3 Wetting Contact Angle
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Figure 6. Wetting contact angle images of MAO coatings under different electrolyte systems(a)P-
10, (b)P-20, (c)Si-10, (d)Si-20, (e)Al-10, (f)Al-20.

The hydrophobicity of the implant surface affects the interaction between the human tissue and the
implant surface. Hydrophobicity has an important influence on cell proliferation and cell adhesion
and is an important indicator of the implant material. The hydrophobicity of a micro-arc oxide coating
can be determined by the wetting angle of water on the surface of the coating. When the wetting angle
is less than 90°, the material is hydrophilic and when it is greater than 90°, it is hydrophobic.

Figure 6 shows the images of the wetting contact angles of MAO coatings under different electrolyte
systems, the wetting angle results were counted and the statistics are shown in Figure 7. The wetting
contact angles for the phosphate system were 70.9° and 86.5° at 10 and 20 minutes of treatment, both
less than 90° and hydrophilic. This is due to the small pore size of the surface micropores of the
aluminate system MAO coating, while the pore size of the MAO coating obtained from the phosphate
system treatment is larger.
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Figure 7. Wetting contact angle statistics for MAO coatings under different electrolyte systems
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3.4 Electrochemical Measurements
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Figure 8. The potentiodynamic polarization curves of MAO coatings measured in SBF simulated
body fluids for different electrolyte systems(a)AZ91-P, (AZ91-Si, (c)AZ91-Al.

Table 3. The electrochemical parameters of MAO coatings measured in SBF simulated body
fluids under different electrolyte systems

No. Eqorr/V Leorr/(A-cm?) R,/(Q-cm?)
AZ91 -1.46 1.19x10°¢ 1.52x10*
P-10 -0.57 1.18x1071° 2.12x108
P-20 -0.31 9.13x107"° 1.03x10*
Si-10 -1.13 2.19x10° 9.83x10°
Si-20 -1.01 5.47x107 1.97x10’
Al-10 -1.19 1.61x10° 1.07x10*
Al-20 -0.84 4.96x10°° 1.25x10*

The potentiodynamic polarization curves were used to compare the corrosion resistance of the
microarc oxide coatings prepared in the three electrolytes. Figure 8 shows the potentiodynamic
polarization curves measured for the magnesium alloy substrate as well as the three different
electrolyte systems coatings in the SBF simulated body fluid, the results of the polarisation curves fit
are shown in Table 3, the corrosion potential (E,,,-) and corrosion current density (I.,) were
derived from these data. The polarisation resistance (R,) values were determined from the Stern-

Geary equation[17] as follows:
_ b, X b,
P 230310, (by + b,)

By comparing the parameter values in Table 3, it can be found that the three different electrolyte
system coatings all improve the corrosion resistance of the magnesium alloy substrate, but the degree
of corrosion resistance improvement differs. The values for the phosphate system coating are greater
than those for the silicate and aluminate systems; at the same time, the values for the phosphate system
coating are less than those for the silicate and aluminate systems, which indicates that the corrosion
resistance of the phosphate system coating is greater than that of the silicate and aluminate systems.
There are two main reasons for the higher corrosion resistance of phosphate coatings. The first reason
is the thickness of the phosphate coating, in addition, the dense barrier layer at the interface between
the substrate and the porous layer of the phosphate system coating can prevent the corrosive medium
from spreading to the substrate, thus reducing the corrosion rate. The second reason is the difference
between the chemical composition of the coatings. Silicate system coatings are mainly composed of
magnesium olivine, aluminate system coatings are mainly composed of spinel, while phosphate
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system coatings contain a falinite phase. In SBF solutions, the phalloidinite phase is more stable and
the presence of this phase inhibits the rapid corrosion of phosphate coatings[12, 18]. However, the
large pore size of phosphate system coatings can have a negative impact on corrosion resistance.
However, the overall corrosion resistance of phosphate coatings is better than that of silicate and
aluminate coatings, mainly due to the greater thickness of phosphate coatings.

4. Conclusion

The surface microstructure and cross-sectional microstructure of the micro-arc oxidation coatings
were compared for AZ91 magnesium alloy using the same process parameters under three different
electrolyte systems, and the effects of the different electrolyte systems on the wettability and
corrosion resistance of the micro-arc oxidation coatings were discussed. For the phosphate system
coating, the surface micropore pores are larger and thickest due to the fact that P.O7* ions can
decompose and generate a large number of bubbles near the anode, which leads to a large number of
discharge channels and eventually to the formation of pores with large pore sizes in the coating. The
large sparks generated again in the pores may lead to more ions entering the discharge channels and
producing more oxides, which is the reason for the greater thickness with the phosphate coating. The
phosphate system coating is hydrophilic, the silicate system coating and the aluminate system coating
are hydrophobic; the phosphate system coating has a greater corrosion resistance than the silicate
system coating and the aluminate system coating in the SBF simulated body fluid.

References

[1] N. Sezer, Z. Evis, S.M. Kayhan, et al. Review of magnesium-based biomaterials and their applications,
Journal of Magnesium and Alloys, vol. 2018, 6(1): 23-43.

[2] D.W Zhao, F. Witte, F.Q. Lu, et al. Current status on clinical applications of magnesium-based orthopaedic
implants: A review from clinical translational perspective, Biomaterials, vol. 2017, 112: 287-302.

[3] S. Agarwal, J. Curtin, B. Duffy, et al. Biodegradable magnesium alloys for orthopaedic applications: A
review on corrosion, biocompatibility and surface modifications, Mater Sci Eng C Mater Biol Appl, vol.
2016, 68: 948-963.

[4] F. Witte, V. Kaese, H. Haferkamp, et al. In vivo corrosion of four magnesium alloys and the associated
bone response, Biomaterials, vol. 2005, 26(17): 3557-3563.

[5] W.H Yao, L. Wu, J.LF. Wang, et al. Micro-arc oxidation of magnesium alloys: A review, Journal of
Materials Science & Technology, vol. 2022, 118: 158-180.

[6] Y.Y.Zhu, W.D. Gao, H.D. Huang, et al. Investigation of corrosion resistance and formation mechanism
of calcium-containing coatings on AZ31B magnesium alloy, Applied Surface Science, vol. 2019, 487:
581-592.

[7] C.L. Zhao, H.L. Wu, P. Hou, et al. Enhanced corrosion resistance and antibacterial property of Zn doped
DCPD coating on biodegradable Mg, Materials Letters, vol. 2016, 180: 42-46.

[8] P. Amaravathy, T.S.S. Kumar. Bioactivity enhancement by Sr doped Zn-Ca-P coatings on biomedical
magnesium alloy, Journal of Magnesium and Alloys, vol. 2019, 7(4): 584-596.

[9] W.C. Li, X.B. Liu, Z.S. Deng, et al. Tough Bonding, On-Demand Debonding, and Facile Rebonding
between Hydrogels and Diverse Metal Surfaces, Adv Mater, vol. 2019, 31(48): e1904732.

[10]H. Tang, Y. Han, T. Wu, et al. Synthesis and properties of hydroxyapatite-containing coating on AZ31
magnesium alloy by micro-arc oxidation, Applied Surface Science, vol.2017, 400: 391-404.

[11]M. Ghafarzadeh, M. Kharaziha, M. Atapour. Bilayer micro-arc oxidation-poly (glycerol sebacate) coating

on AZ91 for improved corrosion resistance and biological activity, Progress in Organic Coatings, vol.
2021, 161.

[12]J.X. Chen, Y. Zhang, M. Ibrahim, et al. In vitro degradation and antibacterial property of a copper-
containing micro-arc oxidation coating on Mg-2Zn-1Gd-0.5Zr alloy, Colloids Surf B Biointerfaces, vol.
2019, 179: 77-86.

173



International Core Journal of Engineering Volume 9 Issue 6, 2023
ISSN: 2414-1895 DOI: 10.6919/ICJE.202306_9(6).0021

[13]A. Ghasemi, V.S. Raja, C. Blawert, et al. The role of anions in the formation and corrosion resistance of
the plasma electrolytic oxidation coatings, Surface and Coatings Technology, vol. 2010, 204(9-10): 1469-
1478.

[14]L.S. Wang, C.X. Pan. Characterisation of microdischarge evolution and coating morphology transition in
plasma electrolytic oxidation of magnesium alloy, Surface Engineering, vol. 2013, 23(5): 324-328.

[15]H.P. Duan, C.W. Yan, F.H. Wang. Growth process of plasma electrolytic oxidation films formed on
magnesium alloy AZ91D in silicate solution, Electrochimica Acta, vol. 2007, 52(15): 5002-5009.

[16]A. Seyfoori, Sh. Mirdamadi, A. Khavandi, et al. Biodegradation behavior of micro-arc oxidized AZ31
magnesium alloys formed in two different electrolytes, Applied Surface Science, vol. 2012, 261: 92-100.

[17]H. Chen, G.H. Lv, G.L. Zhang, et al. Corrosion performance of plasma electrolytic oxidized AZ31
magnesium alloy in silicate solutions with different additives, Surface and Coatings Technology, vol. 2010,
205: S32-S35.

[18]M. Hwang, W. Chung. Effects of a Carbon Nanotube Additive on the Corrosion-Resistance and Heat-

Dissipation Properties of Plasma Electrolytic Oxidation on AZ31 Magnesium Alloy, Materials (Basel),
vol. 2018, 11(12).

174



