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Prior to micro-arc oxidation (MAO) treatment, a layer of high temperature oxide (HTO) prefab film was fabricated on 

the surface of 6061 aluminum alloy specimens. The formation mechanisms of the cracks and pores in the MAO coatings 

were investigated by means of Mg element as the tracer. The results showed that there were several different formation 

mechanisms for the pores and cracks formed in the MAO coatings as follows. Some of pores were attributed to the 

residual micro-discharge channels, and the others were attributed to the residual uncovered concave regions locating 

among the surrounding convex regions. The difference in oxide phase composition caused by the compositional 

fluctuations in the coating weakened the bond strength at the phase interface and resulted in forming cracks 

between every two convex regions. Some of cracks were resulted from the solidification and shrinkage of molten 

coating materials, and the others were resulted from the poor connection between every two convex regions. The surface 

morphology and the content of each element of the MAO coating were determined using scanning electron microscopy 

(SEM) equipped with energy dispersive X-ray spectroscopy (EDS).  
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1. INTRODUCTION  

Micro-arc oxidation (MAO), sometime termed as 

plasma electrolytic oxidation (PEO), is a promising surface 

modification technique, which allows a ceramic coatings to 

metallurgically integrate on the surface of valve metals and 

their alloys, such as Al, Mg and Ti [1 – 7]. MAO is 

considered as an effective technique to replace the 

conventional anodizing processes by which some surface 

properties (high hardness, good wear and corrosion 

resistance, biomedical and photo-catalytic usage) of the 

processed materials can be improved for applications 

[3, 6, 8]. However, the cracks and pores formed in the 

coatings during MAO processes are detrimental to the 

corrosion and wear resistances of the coatings [6, 7, 9, 10]. 

Therefore, it is important to investigate the formation 

mechanisms of the cracks and pores in the coatings.  

MAO coating processes are actually quite 

complicated, which not only lead to the growth of MAO 

coatings, but also promote the formation of the pores and 

cracks [6, 7, 10 – 12]. The growth of MAO coatings is 

dependent on the continuous formation of the fresh oxide 

coating material accompanying with the moving micro-

discharges caused by the dielectric breakdown of coatings. 

During MAO process, the concentrated anodic current 

provided the energy which could be partially used to 

instantaneously heat local oxide coating materials up to a 

high temperature of about 8000 K [13 – 15]. When micro-

discharges were extinguished, some of molten oxide 

 
 Corresponding author. Tel.:+86 335 8055799. 

E-mail address: DejiuShen@163.com (D. Shen) 

coating materials were cooled down rapidly due to 

surrounding electrolyte before blocking off the discharge 

breakdown channels of the coatings, thus the residual pores 

appeared on the coating surface [15 – 18]. In addition, the 

formation of some cracks in MAO coatings, especially in 

the mid-to late-periods, is resulted from the release of the 

internal stresses coming from the sudden contraction and 

shrinkage of the oxide coatings due to the solidification of 

molten oxide coating materials and dehydration reaction of 

some MAO products, respectively [10, 15, 19]. In the 

previous works [10, 20], a high-temperature-oxidation 

(HTO) treatment was conducted before the MAO process 

of 6061 aluminum alloy, and the HTO prefab film was 

involved in the MAO coatings during the MAO process, 

which was identified by means of the Mg element 

distribution analysis from the substrate across the HTO-

MAO coating. 

2. EXPERIMENTAL DETAILS 

6061Al alloy specimens with dimensions of 

15 mm × 15 mm × 1 mm were machined as the substrates 

to be coated by MAO process. Before the HTO or MAO 

process, the specimens were burnished successively by 

2000# and 3000# SiC abrasive paper, and ultrasonic 

cleaned in acetone, then washed with distilled water, and 

finally dried in air stream. 

A magnesium-rich oxide film was prepared on the 

specimens during the HTO process before the MAO 

process, which has been described in the previous study 

[10]. In this work, a home-made pulsed bi-polar system 

was used as the MAO power supply and a constant current 
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density mode of 4.4 A/dm2 was applied on the sample 

during the MAO process. The electrolyte was prepared 

with 27 g/l Na2SiO3, 33 g/l (NaPO3)6, 4.3 g/l Na2SO4 and 

8 g/l NaOH in deionized water (pH 12.5). The MAO 

duration was set as 1, 2, 4, 8, 45 min, respectively. After 

the MAO process, the MAO-coated samples were washed 

thoroughly with deionized water and dried in air stream. 

The coating surface morphologies and the elemental 

distribution were analyzed by the scanning electron 

microscopy (SEM, Hitachi S-4800) and the energy-

dispersive spectrometer (EDS) equipped on the SEM, 

respectively. The EDS tests were conducted at an 

accelerating voltage of 20 kV and a high probe current 

with a work distance of 15 mm. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of the HTO film 

The typical surface and cross section SEM images and 

the main element distributions of the HTO film are shown 

in Fig. 1. Some relatively light gray and dark gray regions 

can be distinguished from each other on the film surface. It 

shows that the HTO film is, on some level, loose and 

discontinuous. The EDS spectra from the two types of 

regions labeled A and B, respectively, in Fig. 1 a are 

presented in Fig. 1 b. The results show that region A is 

much richer in Mg and O elements, suggesting that the 

content of magnesium oxide in the light gray regions is 

much higher than that in the dark gray ones, meanwhile, 

the film of the former regions is thicker compared with the 

latter ones due to greater amounts of oxide products. The 

cross section of the HTO film and the EDS line analyses of 

Al, Mg and O marked in Fig. 1 c are shown in Fig. 1 c and 

d, which reveals that the HTO film has a much higher 

Mg/Al ratio compared to the substrate, implying that Mg 

atoms in the substrate were diffusing across the substrate 

towards the sample surface during the high temperature 

oxidation process, so as to supplement the more rapid 

consumption of magnesium atoms due to higher oxidation 

activity of element Mg than that of element Al. Thus, it can 

be seen that the substrate could change its surface state and 

prompt the Mg atoms migrating from the substrate inside 

to the surface. 

3.2. Formation processes of pores and cracks in 

the MAO coatings 

Generally, the phase composition of MAO coatings 

consists of crystalline and amorphous phases due to the 

local conditions of high temperature sintering, melt 

quenching during MAO processes [10, 12, 13, 19]. The 

natural outcome of such a process is production of the 

heterogeneous microstructure with pores and cracks of the 

coatings [15]. 

Fig. 2 shows the surface morphologies of the MAO 

coatings produced on the 6061 aluminum alloy with the 

HTO prefab film for different time periods. The EDS 

analysis results corresponding to various typical micro-

regions on the MAO coatings are shown in Fig. 3. 

 

Fig. 1. a, c – surface and cross-sectional SEM images; b – point EDS spectra; d – line EDS spectra of the HTO film 
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Fig. 2. Surface morphology of the MAO coatings: a, b – 1 min; c, d – 2 min; e, f – 4 min; g, h – 8 min; i, j – 45 min; b, d, f, h, j 

magnifications of the boxes in a, c, e, g, i respectively 

These pits seem to be inherited from the HTO prefab 

film (Fig. 1and Fig. 2 b). What happened at 2 min was that 

some network areas with a lot of wormlike protrusions 

appeared on the flat surface, and many concave regions 

were formed among the convex worm-like regions 

(Fig. 2 c and d). 

It is more interesting that the Mg contents at the 

convex and concave regions on the coatings are obviously 

different from each other based on the EDS examination 

(Fig. 3). Contents of Mg at regions A, B, C and D are 

22.12 %, 20.14 %, 2.83 % and 3.28 %, respectively. It can 

be concluded that the Mg content at regions A and B 

representing the convex regions is much higher than that at 

regions C and D representing the concave regions, 

indicating that the regions with higher Mg content are 

more favorable to the formation of coating material 

compared to the regions with lower Mg content in the 

MAO process. In addition, the Mg contents at all the four 

spots above on the MAO coatings exceed that in the 6061 

aluminum alloy substrate, being consistent with the EDS 

analysis result for the HTO prefab film shown in Fig. 1 d. 

As the MAO process continued, the area of the convex 

regions increased and the area of the concave regions 

decreased, so that more and more concave regions became 

round or elliptical pores, as shown in Fig. 2 e – h. The 

bubbles that come from the front of reactions during the 

process of MAO will be liberated and expelled through the 

discharge channel. Thus the formation of those round and 

elliptical pores may be the result of bubbles resisting the 

flow of the melting oxide films [4, 9]. Meanwhile, the Mg 

content at the concave regions (such as 0.31 % at spot I for 

4 min and 0.48 % at spot P for 8 min) is still much lower 

than those at the convex regions (such as 9.03 % at spot E 

for 4 min and 11.01 % at spot M for 8 min), similar to the 

results at 2 min (see Fig. 3). The surface morphology of 

MAO coating formed for 45 min is shown in Fig. 2 i and j, 

and it can be observed that the concave regions had already 

disappeared and the convex regions had already been 

connected together with each other, between the concave 

regions and the convex regions becoming 

indistinguishable. Now, the coating surface is relative flat 

and level compared with the coatings formed for 4 min and 

8 min, and it can be also seen obviously that there were 

many pores originated in the evolution of discharge 

channels and the micro-cracks resulted from the 

solidification and shrinkage of melt oxide coating 

materials. As shown in Fig. 3, the Mg content in the 

convex regions decreased with prolonging the MAO 

process. With the prolonging of the MAO process, the Mg 

element in the MAO coating will be diluted by the alumina 

produced by plasma discharges. Further, in the middle- to 

late- stage of MAO process, the Mg-poor regions, in where 

plasma discharge is difficult to occur at the early stage, 

become the current weak regions of the existing coating 

(concave). Therefore, the plasma discharges will occur in 

these regions and form convex structures. The convex 

structures formed at this region (previous concave region) 

is similar to the convex structure formed at the Mg-rich 

region, but the Mg content of the coating is much less than 

that of the latter. 

For the cracks in the coating produced for 4 min, as 

shown in Fig. 2 e and f, the Mg contents at the four points 

designated as E, F, G, H on both sides of the crack were 

shown in Fig. 3. It can be known that the Mg contents at 

spots E (9.03 %) and F (7.63 %) are much higher than 

those at spots G (1.82 %) and H (0.94 %), and the Mg 

contents at spots G, H are slightly higher than that in the 

original substrate. As discussed previously, the difference 
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in Mg contents at the different types of regions 

surrounding the cracks can be attributed to the different 

coating materials coming from different convex regions. It 

is suggested that the fresh molten oxide material was 

ejected from the discharge breakdown channels, then 

flowed around and connected to the previous solid oxide 

material, resulting in the formation of cracks, for such 

connections were poor. Based on the EDS results shown in 

Fig. 3, it can be known that the Mg contents in the three 

regions surrounding the cracks shown in Fig. 2 h are 

obviously different, i.e., those at spots L (9.88 %) and M 

(11.01 %) are higher than those at spots N (6.47 %) and O 

(5.93 %), and much higher than those at spots J (0.95 %), 

 

Fig. 3. Contents of element Mg at the typical micro-regions 

marked in Fig. 2 

K (0.52 %), which indicates that the cracks shown in 

Fig. 2 h resulted from the convergence of three pieces of 

coating materials. This result proves that the cracks can be 

formed at such junctions once again. For the cracks in the 

coating developed for 45 min, as shown in Fig. 2 i and j, 

the Mg contents at the four points designated as Q, R, S, T 

were shown in Fig. 3. It can be known from Fig. 3 that the 

Mg contents at spots Q, R, S and T were similar to each 

other, indicating that the melt at the location of the crack 

was the eruption of the plasma discharge from the same 

position (concave regions), and its formation is due to the 

rapid solidification of molten oxide coating material. It is 

well known that the pores can be formed at the dead 

discharge sites, and the cracks on the MAO coating can be 

formed by the stress release and thermal shock of the solid 

oxide. The above data, however, show that there are some 

new formation way for the pores and new formation 

process for the cracks on the MAO surface. As described 

by Fig. 4, some molten oxide produced by plasma 

discharges are generated at the Mg-rich region on the 

surface of the HTO film, and solid into convex oxide 

(pancake structures). With the increase of the number of 

the plasma discharge, such convex oxide proliferates and 

connected with each other. Meanwhile, these Al-rich 

regions, where is difficult to arouse plasma discharges 

compare to the Mg-rich region, are encircled by the convex 

oxide generated at the Mg-rich region, and some shallow 

pores are formed in the Al-rich region, as shown by 

Fig. 4 b. When the dielectricity of the Mg-rich region 

increases to a certain value due to the formation of the 

MAO coating, the concave pores play a role of weak sites 

in sample surface, and plasma discharges are ignited at 

these concave regions. Since the presence of Mg-rich (Al-

poor) and Al-rich (Mg-poor) regions on the surface, as 

shown in Fig. 1, Fig. 2 and Fig. 3, there are some 

differences in the chemical composition between the 

convex oxide and the newly formed oxide at the concave 

pores, which causes a poor binding force at junction of the 

two typical oxides and induces cracks, as illustrated by 

Fig. 4. 

4. CONCLUSIONS 

A high temperature oxide film was prefabricated on 

6061 Al alloy, then the MAO treatment was conducted on 

the specimens with the high temperature oxide film, and 

the formation mechanisms of pores and cracks on the 

MAO coatings were investigated by means of element Mg 

as the tracer. The difference in oxide phase composition 

caused by the compositional fluctuations in the coating can 

weaken the bond strength at the phase interface, thereby 

weakening the bond strength at the phase interface and 

forming cracks. Besides some general formation 

mechanisms of pores on the MAO coatings, two a new 

formation mechanisms for some pores and cracks were 

was proposed as follows. The formation of a part of pores 

was attributed to residual concave regions uncovered with 

the surrounding convex regions. 

 

 

Fig. 4. Schematic of the formations of concave pores and some cracks 
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