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Abstract MAO ceramic coatings were prepared on AZ61 magnesium alloy for various processing times ranging from 5 to

60 min, in an electrolyte solution based on silicate-fluoride. The mechanical, electrochemical and, microstructural properties and

the phase compositions of the coating layers were investigated. In this work, unlike previous studies, coatings with high amounts

of the Mag2SiO4 phase were formed which contained small amounts of MgO and MgF2 at a processing condition of 30 min.

A microstructural analysis revealed that the porosity of the coatings was reduced considerably with an increase in the processing

time, together with a change in the pore geometry from an irregular to a spherical shape. Potentiodynamic polarization and

mechanical testing results showed that the coatings acquired after a processing time of 30 min were superior to all of the others.
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1. Introduction

Magnesium and its alloys are important materials because

of their low density, high strength/weight ratio, high

dimensional stability, high damping capacity and ease of

recycling.1-7) However, due to some of its disadvantages

like poor corrosion resistance and high wear loss its use

is limited in many various applications.8-10) it is known

that amongst the commercial magnesium alloys, those of

AZ group (Mg-Al-Zn), which contain aluminum up to 9 %

by weight, are most commonly used alloys.11-13) In order

to improve corrosion properties, manganese is added

during alloying process to cope with detrimental effect of

iron. Next to it, several coating processes have been

focused to enhance the wear and anti-corrosion properties

of the magnesium and its alloys e.g. conversion coating,

electrochemical plating, anodizing and microarc oxidation

(MAO).14-16) Out of all these coating methods, MAO is

very environment friendly and inexpensive method to form

a thick, hard and adherent ceramic coating on the surface

of Mg.17-19)

In the MAO process an oxide layer is produced on

magnesium at sites of short-lived micro discharges that is

generated by an extremely high applied voltage. The

coating produced contains species from the electrolyte

and substrate in proportions dependent on the discharge

conditions and type of electrolyte. The high temperatures

and pressure at discharges cause melting and displace-

ment of the coating material. Hence the coating formed

is highly quenched sintered layer of ceramic material.

Though, there is no unified theory of MAO that can

predict coating of unique composition, morphology and

structure for a particular set of conditions. However, the

properties of the coating produced by the MAO process

depends greatly on various processing conditions, including

chemical composition, processing time, applied bias and

various other.20-27) Formation of the coating is commonly

credited to a combination of anodic oxidation, thermal

oxidation, thermolysis and plasma-chemical reactions.28) 

MAO Processing time is very important factor when

consider the commercial and experimental cost features.

An optimized processing time can save lot of energy and

resources for further improvement in the related area of

research. Most of the authors till date have focused and

studied the effect of electrolyte, current, voltage and other

process variables, however optimization of processing

time has been focused very seldom.22-27) 

Therefore, this work investigates thoroughly the effect

of processing time on the morphology, mechanical and

electrochemical properties of the coating to conclude an

†Corresponding author

E-Mail : bhkoo@changwon.ac.kr (B. H. Koo, Changwon Nat'l Univ.)

© Materials Research Society of Korea, All rights reserved.

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creative-

commons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the

original work is properly cited.



510 Zeeshan Ur Rehman, Yeong Seung Jeong and Bon Heun Koo

optimal processing time for further MAO coating experi-

ments. In this study, samples were processed for different

time intervals up to 60min, to identify the limit point and

relevant variation in the properties of MAO coating with

processing time.

2. Experimental Method

2.1 Specimen and coating process

Commercial AZ61 (Al 6.2 wt.%, Zn 0.61 wt.%, Mn 0.22

wt.%, Fe ≤ 0.02 wt.%, others ≤ 0.01 wt.%, Mg balance),

coupons with 13 mm diameter and 5.9 mm thickness were

used in this study. Before the MAO process, samples

were polished with SiC paper (up to grade 2000) to a

uniform surface roughness of 0.1 ± 0.05 μm, degreased

with deionized water and ethanol. The MAO process was

conducted by means of external power supply with

maximum power of 20 kW, under hybrid current mode of

constant voltage 200AC and 260DC for various time

intervals, hybrid condition was used to achieve thick and

hard coating. The electrolyte used, was comprised of

12 g/L sodium silicate (Na2SiO3), 3 g/L sodium hydroxide

(NaOH) and 0.3 g/L Na2SiF6. Temperature of the electrolyte

was maintained below 30 oC during the process by

adjusting the cool water circulation. Waiting time of 30

minute was given to the electrolytic cell before starting

each next experiment. After MAO treatment, the coated

samples were rinsed with deionized water and dried in

the air.

2.2 Phase composition and microstructure

The phase composition of the coating was investigated

by means of X-ray diffraction (XRD), using a Cu K
α

source in the range of 20o to 80o. The microstructure of

the coated samples was observed under scanning electron

microscope (SEM). For the cross section observation, the

coated samples were cut and cross sections of the samples

were polished down to 0.1 μm for SEM examination. A

thin layer of gold was sputtered over the polished surface

of cross section to ensure adequate electrical conductivity

during SEM observation. Average thickness was calculated

for each sample, measured at 20 different positions.

2.3 Hardness and wear test

Microhardness of the coating layers was measured on

10 different places by a VLPAK2000 Mitutoyo hardness

test machine. The depth-controlled indentation results were

obtained under the constant loading/unloading rates of

0.025 N/s with holding time of 5 s at maximum load. Sam-

ples to be tested were hold horizontally against a GCr15

stainless steel ball (6 mm diameter). The steel ball rotated

on the sample at a constant speed of 300 rev/min in a

10 mm diameter trace. The tested samples were subjected

to a normal perpendicular force of 600 gf against the

steel ball. After 3000 s of revolutions, the weight loss of

samples was determined by an electronic analytical balance

with a resolution of 0.01 mg. To compare the results, an

uncoated AZ31B alloy substrate was also checked for

wear loss.

2.4 Electrochemical tests

The electrochemical corrosion test of the MAO-coated

AZ61 was performed using conventional three electrodes

solartron electrochemical testing system (1280B), with Ag/

AgCl electrode as reference and platinum plate as the

counter electrode. The samples were immersed as working

electrode into the electrolyte of 3.5 wt.% NaCl. The po-

larization curves were recorded from 4.0 V below the

OCP to 2 V above the OCP at a scan rate of 1 mV/s.

Corrosion potential and current were obtained using tafel

approximation technique. All experiments were carried

out at room temperature.

3. Results and Discussions

3.1 Microstructure

Surface morphologies of the MAO coatings are shown

in Fig. 1. Surface porosity in the coatings decreases, up

to 30min processing time and increases afterwards due to

the sizable pore size. Though pore size increases linearly

with processing time, however it is considered to be less

effective than the average porosity of the coating, which

is attributed as a whole to the number of pores, cracks on

the surface and the size of pores. Processing time also

effect the pores shape as can be seen in Fig. 1, the pores

shape changes from an irregular to a regular circular shape

for T5 coating. This is due to the localized and distant

discharge events that give rise to isolated discharge crater

and pan cakes without the interruption and mixing of

neighbouring discharge events. However, for short pro-

cessing times, the large number of discharge events has

greater probability to intermix, thus giving rise to pores

of irregular shape. Additionally, for long processing time

(T4 and T5 coatings), the crater’s diameter has a maxi-

mum value and thus due to mechanical instability has a

high probability to produce cracks along the boundaries

as can be seen in Fig. 1(d, e). The cracks, though also

produces for short time coatings, however, due to

uniform discharge event through the whole surface, they

are healed immediately. The number of discharge events

in T3 coating is such that the average distance between

the crater centers (discharge event) is large enough to

develop isolated craters. The isolated craters are then mix

with each other through boundaries. The boundaries in-

termixing are desirable in order to fill up the space

between the two craters and it is the superior feature of a
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30 minute processing time. The boundaries intermixing

also take place in T4 and T5 coatings, but it seems that

mass along the boundaries is not enough to fill the inter

crates space with dense coatings. Furthermore, long pro-

cessing time causes maximum height difference between

craters and inters crater space as seen in T4 and T5

coatings. The inter crater space and crater centre is shown

in Fig. 1(e). Cross section images of the coatings are

shown in Fig. 2. Remarkably, the coating/surface interface

seems to be free of defects and packed densely. The

shape of the interface is wavy-like which is due to the

non-uniform MAO process at the initial stage. Pores and

some cracks can also be observed in all section except

for T3 coating. The cracks are believed to arise due to

thermal stresses while the pores are produced due to gas

trapping inside the coating and deep penetration of dis-

charge channels. The section of T3 coating has no

sizable deep pore and seems to be strongly adhered to

the substrate. Additionally, it seems that T3 has a thick

and dense initial layer, which is some time called as the

Fig. 1. Surface morphologies of MAO coated magnesium AZ61 alloy. a = 5min, b = 15min, c = 30min, d = 45min, e = 60min, f = Carter

specifications.

Fig. 2. (a-f). Cross section images of MAO coating on AZ61 alloy. a = 5min, b = 15min, c = 30min, d = 45min, e = 60min.
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barrier layer. 

Thickness of the coating can be observed from Fig. 3.

It increases linearly with processing time. Increase in

thickness of the MAO coatings is attributed to the plasma

chemical reactions in the micro discharge channels.29)

Chemical reaction for long processing time produce

coating of maximum thickness. Table 1 presents thickness

of the coatings for all processing times. It can be seen

that minimum thickness was obtained as 17.59 μm for T1

coating (5min) while the maximum thickness obtained as

92.91 μm for T5 coating (60min).

3.2 Phase analysis

Fig. 4 shows the XRD patterns of MAO treated samples.

The Peaks intensities and sharpness suggests that the

fabricated coatings have high amount of crystallinity. The

diffraction peaks of Mg in the MAO treated samples

correspond to the substrate. Irrespective of the processing

time duration, all the coatings contain magnesium oxide

(MgO) and magnesium silicate (Mg2SiO4) phases. The

presence of MgO phase is evident from the XRD peaks

at 2θ ~ 42.9o and 62.3o, which correspond to the highest

intensity peaks of standard cubic magnesium oxide. A-

mongst all the coated samples, the isolated peak intensity

of MgO at 2θ ~ 42.9o is found to be the highest for

sample T3 and the lowest for T1 and T5. Furthermore, it

can also be observed from Fig. 4 that the high back-

ground traces near 36o and 56o confirm the amorphous

phase in the coating which is a distinctive feature of the

MAO coating. The relative amount of MgO and mag-

nesium silicate phase can be observed from the Fig. 5. It

can be seen that the maximum amount of Mg2SiO4 was

obtained for T3 coating with a 30min processing time.

Further increase in the processing time causes Mg2SiO4

to shrink. Since many authors agree that Mg2SiO4 imparts

excellent corrosion and mechanical properties to the

MAO coating. Therefore it is assumed that a 30min pro-

cessing time can be considered as optimal for further

Fig. 3. Thickness of the coatings prepared for different processing

time.

Table 1. Coating thickness and Hardness values for different processing times.

Processing Time (min) 5 15 30 45 60

Sample Code T1 T2 T3 T4 T5

Coating thickness (μm) 17.59 ± 4.53 30.14 ± 8.61 61.49 ± 15.4 88.58 ± 17.9 92.91 ± 20.6

Hardness 387.89 927.35 1218.54 1176.8 1083.71

Fig. 5. Relative intensity ratio between MgO and Mg2SiO4 phases.

Fig. 4. XRD spectra of MAO coatings for different processing

time.
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experimentation.

3.3 Hardness and wear loss

Microhardness was measured using microindentation test

of the coatings. For each coating ten micro-indents were

made. Hardness values were extracted using the Oliver

and Pharr analysis.30) The average hardness values of the

micro arc oxidized coatings are presented in Table 1.

Hardness of the coating depends on the phase structure

and compactness of coating structure. It can be seen from

Fig. 6 that the hardness of the coatings has a resembling

relationship with porosity and phases in the coatings.

Hardness has the highest value for the sample with

minimum porosity. Thus it can be concluded that a thin

dense coating has a greater hardness than a thick loose

coating. It was also discussed earlier that the coating

prepared for 30min time have the highest amount of

Mg2SiO4 which further adds to the high hardness of the

respective sample as can be seen in Fig. 6. The highest

value of hardness obtained for T3 sample was 1218.54

HV which is 16 times higher than that of the bare AZ61.

The large degree of scatter observed from the bars in

Fig. 6 is presumed, to be due to the porosity and random

distribution of amorphous phase in the coating. The

existence of the porosity and amorphous phase can also

be confirmed from the previous discussion. Weight loss

of the coated AZ61 samples after the abrasion experi-

ment was measured in order to analyze the wear rate.

From Fig. 7 it can be observed that the T3 (30min) sample

has the lowest wear rate. The excellent wear properties

of the T3 coating are partly due to the high hardness

value and partly due to the smooth surface as can be

observed from the SEM images. The abrasive ball re-

moves rough coating easily compare to smooth one

during the wear test. The maximum amount of Mg2SiO4

phase in T3 coating could also add to its lowest wear

loss.

3.4 Potentiodynamic polarization

In order to evaluate the corrosion resistance of MAO

ceramic coatings, a potentiodynamic polarization test was

performed.31) The representative polarization curves for

bear AZ61 and coated samples are shown in Fig. 8. The

relevant electrochemical parameters are also calculated

and listed in Table 2. Corrosion current density (jcorr),

corrosion potential (Ecorr) and polarization resistance (Rp)

are often used to evaluate the corrosion protective property

of the coatings. It is believed that corrosion properties of

the coatings are strongly dependent on phase composition,

thickness and structural imperfections of the coatings

formed while keeping corrosion environment unchanged.

As shown in Table 2, compared with the bare metal, jcorr

for AZ61 coated with ceramic coatings is decreased highly,

Ecorr is shifted positively to minimum value of −0.28 and

Rp is increased from 150 Ω/cm2 to 204 K/cm2 for T3. In
Fig. 6. Hardness of MAO coatings prepared on AZ61 alloy for

different processing time.

Fig. 7. Wear properties of the coatings and processing time relation.
Fig. 8. Potentiodynamic polarization curves of the MAO coated

AZ61.
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other words, MAO coatings provide an effective corrosion

protective property to AZ61 Alloy. Micro-pores at the

surface of coatings have a detrimental effect on the cor-

rosion performance. Consequently, T3 coating, having a

thick and relatively dense oxide layers, possess higher

corrosion potentials and polarization resistances with lowest

corrosion current densities than all the other coating.

Furthermore the corrosion also depends strongly on the

inner barrier layer. From the SEM images it can be seen

that the T3 coating have dense and non-defective inner

layer therefore, it has the highest corrosion potential with

a minimum corrosion current. 

4. Conclusions

MAO ceramic coatings were prepared on AZ61 by

microarc oxidation in silicate-flouride based electrolyte

for different processing times. From phase analysis it was

observed that the coatings were composed of MgO,

MgF2 and Mg2SiO4 peaks. It was found that the relative

concentration of various phases in the coating vary with

processing time together with change in crystallinity. The

highest amount of Mg2SiO4 was obtained for coating pre-

pared for 30min processing time. The same coating was

recognized as the best candidate in terms of surface and

inner coating features. Hardness of the T3 coating was

found to have the highest value of 1218.54 HV. With such

a high hardness value, the surface could be impressively

protected against wear and thus minimum wear loss was

found for T3 coating. Corrosion potential was found to

have the highest value of −0.28 V and lowest value of

corrosion current being 5.80 × 10−7 A/cm2. The credit goes

in all cases to the coating prepared for a 30min processing

time, having the best surface features, high amount of

Mg2SiO4 and dense inner barrier layer. Therefore, we

suggest that a 30 minute processing time can be used for

further experimental and industrial practices, subject to

the given conditions. 
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