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The microstructure and corrosion behavior of the micro-arc oxidation (MAO) coating formed on the
surface of anodization film under different pulse frequencies have been investigated. Microstructure of
the coatings were examined by scanning electron microscopy (SEM), energy-dispersive spectroscopy
(EDS) and X-ray diffractometer (XRD). Corrosion resistance of anodized coatings were evaluated by
potentiodynamic polarization. The results reveal that the coating surface is more compact and the
corrosion resistance is better with corrosion current one order of magnitude lower than coatings at
lower frequencies. The surface roughness and hardness increased with the pulse frequencies. Al peaks
decreased with the pulse frequency, indicating that more and more compact structure existed in the
coatings.
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1. INTRODUCTION

Aluminum alloy with light weight, high strength and excellent comprehensive performance has
been widely used in various industrial fields. Still it also features a low surface hardness, poor wear
resistance and weak corrosion resistance and etc. Therefore, the surface modification treatments such
as anodic oxidation, chemical conversion coatings, ion implantation and laser processing are often
adopted to improve the usage performance[1]. Anodization is a very common method for preparing the
anodic oxide film. As a widely used technology, anodic oxidation is characterized with lower energy
consumption and good appearance. However, the hardness and anticorrosion performance of the
oxidation film treated with anodic oxidation technology is not very satisfying Micro-arc oxidation, as
a environment-friendly technology, prepares ceramic coatings with high corrosion resistance, wear
resistance and better hardness[2]. In Meng[3] Anodization for 2024 Al Alloy from Sulfuric-Citric Acid
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and Anticorrosion Performance of Anodization Films, the anodized coatings they made for 30min is
about 10um, at an oxidation voltage of 16V. In Shen[4] Microstructure and corrosion behavior of
micro-arc oxidation coating on 6061 aluminum alloy pre-treated by high-temperature oxidation, with
the MAO process under a constant current density of 4.4 A/dm? after 5 min MAO treatment, the
thicknesses is 10-23 um. The MAO coatings they made on the surface of Al alloys were prepared for
30 min by MAO at different ratio of anodic and cathodic currents. The thickness of all the MAO
coatings were about 30-40um, and the hardness of the coatings prepared for 90 min were about 1200
HV. In the previous work of the authors[5-9], The effect of pulse frequency on the electrochemical
properties of micro arc oxidation coatings formed on magnesium alloy, frequency is known to have
strong effects on the MAQO process under pulse power supply, so it is significant to combine anodic
oxidation technology featuring lower energy consumption and micro-arc oxidation featuring optimal
anticorrosion and hardness performance to obtain aluminum oxidation films.

In our work, both anodic oxidation and MAO method were applied to get a double-layer
coating, which combines the advantages of the two methods. From the view of industrialization, it is
better to prepare the same aluminum oxidized films under the condition of lower energy consumption.
The effect of pulse frequency on the electrochemical properties of micro arc oxidation coatings formed
on anodized aluminum is investigated, and the micro arc oxidation film has formed on the surface of
anodization film under different frequencies.

2. MATERIALS AND METHODS

2.1. Material

The material used is 6061 alumimum alloy. The major alloying elements are given in Table 1.
The specimens, 6cmx2cmx5mm in dimensions, were used as a substrate.

Table 1. Alloying elements

Alloying elements Mg Si Fe Mn Cu Cr Zn Ti

at% 0.8~12 04~08 <0.70 <0.15 0.15~0.40 0.04~0.35 <0.25 <0.15

2.2. Surface modification process

The aluminum alloy was polished with abrasive paper, then went through ultrasonic degreasing
treatment in acetone. Activation was conducted in 0.5 mol/L nitric acid for 1 min after etching in a 2.5
mol/L NaOH solution at 80°C for 30 s. Anodizing solution was composed of citric acid (153.6 g/L)
and 8 ml/L sulfuric acid (98 %) with voltage of 16 V, temperature of 37°C and the anodizing time of
40 min. The electrolyte of MAO consisted of Na,SiO3 20 g/L, 10 g/L NagPO, and current density was
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kept at less than 5 A/dm?. Experiment temperature and duration were controlled at 35°C and 30 min
respectively.

2.3. Electrochemical tests

Potentiodynamic polarization was carried out in a 3.5 wt. % NaCl solution, which is used as the
corrosive media. Scanning rate of potentiodynamic polarization measurements is 1mv/s[10].

2.4. Microstructure tests

Surface morphologies and cross-morphologies of the coating were examined with field-
emission scanning electron microscope (FESEM, SU8010) at an accelerating voltage of 20 kV.
Thickness and component of films was measured by EDXRF spectrometer (EDX 1800B). The
microstructural analysis of the coating was carried out using an X-ray diffractometer (DX-2700).
Hardness was measured by microhardness tester (HV-1000).

3. RESULTS AND DISCUSSION

Fig.1 illustrates the surface morphologies of the MAO coatings prepared under different pulse
frequencies. The MAO coatings on the surface of anodization film were prepared for 20 min by MAO
under different pulse frequencies. Fig.1 clearly indicates the oxidizing material in the form of
pancakes distributing all over the surface at the coatings. All the coatings were compact, the pancake
oxidizing material and crack-like structure have been observed. The pancake oxidizing material is
rapidly solidified around the discharge channels. Some pancakes are solidified around the discharge
channel. It is also obvious that the number of such pancakes decreases with the pulse frequencies. The
pancake oxidizing material vanishes absolutely under 1300 Hz[11].

As observed from the morphology of the MAO coatings obtained at different pulse frequencies,
the pore size is smaller and the surface is more compact at frequency of 1300 Hz as compared with the
coating under other frequencies. The smaller micro-pore size and compact coating surface may
facilitate the corrosion resistance of the MAO coatings. The differences in the micro-pore sizes in the
four kinds of coatings can be attributed to the differences in the intensity of energy under these
processing conditions. It was obvious that the surface roughness of the MAO coatings with similar
thickness decreased when the pulse frequency increased. The change of the surface roughness was
closely related to the surface morphologies of the coatings, especially the presence of the micro-pores.
The larger the pancakes on the coating surface, the higher the surface roughness was obtained[12].
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Figure 1. Surface morphology of micro-arc oxidation coatings formed on the surface of anodization
film under different frequencies: (1) anodization film anodised under 16V at 37°C for 40min;
(2) 500Hz; (3) 800Hz; (4) 1000Hz; (5) 1300Hz. (6) surface roughness of different pulse
frequencies under the condition of the current density was kept at less than 5 A/dm?; T=35°C;
t=30min.
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Figure 2. Cross-sectional SEM micrographs and EDS line scan analysis of the MAO samples under
different frequencies: (a) 500Hz; (b) 800Hz; (c) 1000Hz; (d) 1300Hz which the current density
was kept at less than 5 A/dm?; T=35°C; t=30min.

Cross-sectional SEM micrographs of the MAO samples under different frequencies are shown
in Fig.2. It can be found that all coatings well adhered to the substrate. Coatings of the MAO samples
that were treated at 500Hz exhibited a highly porous nature with a coating thickness of about 35 um.
As the pulse frequencies increased, the coatings became thicker with more uniform surface and less
porosity. The MAO coating (Fig.2) exhibits two distinct layer structures: a thin and dense layer at the
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substrate interface, and a much thicker porous outer layer. On MAO samples, the interface between the
micro arc oxidation film and the anodization film was not smooth. It could be the combined result of a

rough starting surface. As shown in Fig.2 (a-d), it is obvious that the layer became thicker and denser
when the pulse frequency increased[13-14].
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Figure 3. Cross-sectional SEM micrographs and EDS line scan analysis of the MAO samples under
500Hz which the current density was kept at less than 5 A/dm?; T=35°C; t=30min.
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Figure 4. XRD pattern of micro arc oxidation film formed on the surface of anodization film under
different frequencies: (1) anodization film anodised under 16V at 37°C for 40min; ; (2) 500Hz;

(3) 800Hz; (4) 1000Hz; (5) 1300Hz under the condition of the current density was kept at less
than 5 A/dm?; T=35C; t=30min.
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In order to further understand the growth patterns of the MAO coating, the morphology of
cross-section of the MAO coatings were investigated by a magnified image(Fig.3(a and b)). Fig.3
shows the morphologies and distributions of elements Al, O, Si and Mg on the cross-section of the
coating (Fig.3.b (point A, B and C)). It was found that the silicate content was decreasing on the point
A, B and C. The coatings contain Si at 1.04, 2.36 and 0 % on the point A, B and C, respectively. This
confirms the effective participation of SiO,* ions at the initial stage of the MAO process, which is
again attributed to the relative longer pulse-on-time[15].

Fig.4 shows the phases of MAO samples at four different pulse frequencies. The characteristic
peaks corresponded to y-Al,O3; and Al can be defined as the patterns for all the specimens.The
diffraction peaks of Al were aroused from the Al alloy substrate. Therefore, it can be deduced that the
aluminum oxides in the MAO coatings was mainly crystalline y-Al,O3, y- Al,O3is known as a meta-
stable phase of aluminum oxide, is formed at lower temperatures and tends to transform to a-Al,O3 at
higher temperatures. Moreover, rapid cooling of molten oxide when in contact with the cold electrolyte
during MAO process leads to the generation of y-Al,O3 phase on the surface of the oxide coating.

The intensity of Al peaks changed with different pulse frequencies. The intensity of Al peaks
for the contrast sample(1) was relatively stronger, suggesting a more porous coating structure which
was easy for X-rays to penetrate through the MAO coatings and get to the Al substrates. For the
coatings 2, 3, 4 and 5, the intensity of Al peaks decreased with the pulse frequency, indicating that
more and more compact structure existed in the coatings. Therefore, the results of XRD analysis
further confirmed that the coatings presented a more compact structure with the increase of pulse
frequency[16-17].
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Figure 5. Influence of pulse frequency on surface hardness which the thickness of the coatings are
similar(30~40um)

Growth mechanism of oxide film is mainly decided by single pulse discharge energy. When the
current density and duty ration were fixed, with the increase of pulse frequency, discharge time and
pulse energy is not adequate. Therefore, molten oxide produced by single pulse could be relatively
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uniform to form denser coatings. The hardness of the MAO coatings with similar thickness formed
under different pulse frequencies is shown in Fig.5. It could also be noted that the hardness decreased
remarkably under the frequency of 500 Hz. The hardness of ceramic coatings is measured six times
respectively for getting the average value. The hardness increased with the increase of pulse frequency
related to the results of XRD analysis, which confirmed that the coatings exhited a more compact
structure with the increase of pulse frequency[18].
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Figure 6. Polarization curves of micro arc oxidation film formed on the surface of anodization film
under different frequencies (1) anodization film; (2)500Hz; (3)800Hz; (4)1000Hz; (5)1300Hz.
after 20 min of immersion in a 3.5 wt.% NaCl solution. Temperature: 298K. Scan rate: 1mv/s.

Table 2. Corrosion parameters of microarc oxidation film formed on the surface of anodization film
under different frequencies

Frequency Ecor(V) ( AI/CS;;]Z) B. V/decade B, V/decade
anodization film -0.98 1.62x10”" 0.12 -0.10
500Hz -0.82 3.21x107 0.06 -0.18
800Hz -0.71 4.05x10”" 0.13 -0.07
1000Hz -0.62 4.17x107 0.2 -0.17
1300Hz -0.41 1.69x10° 0.19 -0.28

The corrosion resistance properties of the MAO coatings prepared at four different frequencies
were measured by potentiodynamic polarization test in a 3.5wt.% NaCl solution, as shown in Fig.6.
More positive corrosion potential and/or low corrosion current indicates good corrosion resistance. The
corrosion potential is more positive under the higher pulse frequency of 1300Hz. The corrosion
resistance parameters indicated that the corrosion resistance of MAO coatings decreased with the pulse
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frequency increased. Appropriate frequency of 1300Hz is beneficial for the coating anticorrosion
performance, compared with the lower pulse frequencies. Corrosion potential of anodized film is -1.0V
vs. Ag/AgCI (curve 1 in Fig. 6). The Corrosion parameters of micro arc oxidation film formed on the
surface of anodization film under different frequencies are shown in Table 2. Corrosion potentials of
micro arc oxidation film formed on the surface of anodization film under conditions of 500Hz~1300Hz
are -0.82V, -0.71V, -0.62V and -0.41V, respectively. What's more, when the frequency are 500-
1000Hz, the corrosion current density are the same magnitude (3.21x107A/cm?, 4.05x107Alcm?,
4.17x10"Alcm?), with the frequency further increasing, the corrosion current density decreased
(1.69x10°A/cm?). It was expected that the corrosion resistance would be improved considerably, since
it shows more positive corrosion potential and more negative corrosion current as the pulse increases.
With the increase of pulse frequency, pore size of the oxide film gradually decreases to reduce the
possibility of contact with corrosion solution and improve anticorrosion performance[19].

4. CONCLUSIONS

Micro-arc oxidation (MAO) coating formed on the surface of anodization film under different
pulse frequencies. Effects of different pulse frequencies on surface morphology, film thickness,
hardness and anticorrosion performance of films were investigated in the paper. The conclusions are as
following:

The pulse frequency has significant impact on the coating performance when the pulse
frequencies decrease from 1300Hz to 500Hz. At higher frequency of 1300Hz, the coating surface is
more compact and the corrosion resistance is better with corrosion current one order of magnitude
lower than coatings at other lower frequencies, and lower corrosion resistance impedance. The
hardness increased with the increase of pulse frequency related to the results of XRD analysis. The
differences in the micro-pore sizes in the four kinds of coatings can be attributed to the differences in
the intensity of energy under these processing conditions. All coatings well adhered to the substrate.
As the pulse frequencies increased, the coatings became thicker with more uniform surface and less
porosity.
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