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.e microarc oxidation (MAO) coating and anodic oxidation coating were prepared on 5083 aluminum alloy. .e surface
morphology, elemental composition, and electrochemical behavior of the two coatings were analyzed. .e results proved that the
corrosion resistance of the MAO coating is superior than that of the anodic oxidation coating..e protective ability of the coating
deteriorated gradually with the increase in immersion time. .e corrosion process is controlled by ion diffusion throughout
the coatings.

1. Introduction

.e air intake filter is generally equipped in front of the gas
turbine to filter out the salt sprays contained in the intake
airflow, and thus, the service life of the gas turbine could be
effectively guaranteed and extended [1–5]. In order to meet
the requirements of high efficiency and low resistance of the
air intake filter, the cyclone filter usually serves as the first
stage. .e cyclone filter is generally exposed to the marine
atmosphere and is susceptible to corrosion due to the salt
spray particles of the marine environment [6–11]. In ad-
dition, to reduce the weight and the quality control cost of
the cyclone filter and its components, the cyclone filter is
generally made from aluminum alloy [6, 12]. .e surface
coating technology is an effective and economical way to
enhance the anticorrosion resistance of the aluminum alloy
substrate [13]. .erefore, the surface coating technology and
the degradation behaviors of the cyclone separators in
corrosive environment are the necessary guarantee for the
safe operation of the cyclone separators. So the research and
development of the surface coating technology for alumi-
num alloy has important significance.

Since the 1970s, a large amount of literatures concen-
trated on the cyclone separators have been published.

Tabakoff and Grant [14] proposed a purely empirical for-
mula to describe the collisional motion between the particles
and the wall. Kim and Lee [15] developed a two-phase flow
model to investigate the sedimentation and turbulent dif-
fusion effects of solid particles in the boundary layer.
Brouwers [16] used the numerical and experimental method
to investigate the separation efficiency of the rotational axial-
flow separator. Zhang et al. [17] conducted an experimental
research on an axial-flow multitube cyclone separator. .e
results indicated that the axial-flow multitube cyclone has a
higher separation efficiency and lower resistance than the
tangential inlet cyclone. However, aluminum and aluminum
alloys are reported to corrode mainly in the forms of pitting,
intergranular corrosion (IGC), and stress corrosion cracking
(SCC), when they are exposed to the solutions containing
chloride ions [18–23]. Al coating, i.e., microarc oxidation
(MAO) and anodic oxidation coating, can significantly
improve the anticorrosion resistance of the aluminum alloys.
Wang et al. [24] investigated a ceramic coating deposited on
Al matrix composite by MAO and found that surface
hardness wear resistance of the composite can be signifi-
cantly improved. Chen et al. [25] investigated the corrosion
performance of MAO coatings on different regions of the
friction stirred 6061 aluminum alloy plate and found that the
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corrosion protection performance of the MAO coating can
be improved by inducing the coarse and congregated Al-Fe-
Si particles into fine and disperse distributed particles.
Krishtal [26] found that the substantial improvement in
corrosion resistance of the friction stir welds of 7075 alu-
minum alloy can be achieved by MAO treatment. Xin et al.
[27] investigated the properties of alumina coatings pre-
pared by the MAO process using direct current (DC) and
unbalanced alternative current (AC) power supplies. .e
results showed that the coating deposited by AC possesses
higher density, hardness, and corrosion resistance. Li et al.
[28] investigated the microstructure for MAO coating on the
6061 aluminum alloy in the Na2SiO3-CH3COONa-
Na5P3O10 electrolyte system..e results showed that the size
of spark was exponentially related to thickness of coating,
and the structure of the coating was in a three-dimensional
network. Du et al. [29] developed a black MAO coating on
2A12 aluminum alloy and found that the coating has su-
perior adhesion and corrosion resistance. .is will provide
further research direction for developing MAO black
coating on aluminum and aluminum alloy. Nalivaiko et al.
[30] investigated the preparation of aluminum hydroxide
obtained by aluminum anodic oxidation. .e coating
formed on high purity alumina consists of 4 stages from
Al(OH)3-NH4Cl-H2O to α-Al2O3.

In this paper, alumina coatings on 5083 aluminum alloy
were prepared by MAO and anodic oxidation, respectively.
.e microstructure, elemental composition, and the cor-
rosion behaviors of the two coatings were investigated. At
the end, the corrosion mechanism of the two coatings was
discussed in brief.

2. Experimental

.e cyclone filter used in this work is made of commercial
5083 aluminum alloy. .e chemical compositions of the
commercial 5083 aluminum alloy are shown in Table 1. Prior
to the experiments, the specimen was cut in pieces with
dimensions of 60× 55× 3mm. .e geometrical schematic
diagram of the cyclone filter is shown in Figure 1.

Microarc oxidation and anodic oxidation techniques
were used to prepare the coatings surface on the experi-
mental samples of the cyclone filter, and the surface sealing
treatment of the microarc oxidation coating was performed
with 5% saline solution. Samples of the cyclone filter with the
microarc oxidation treatment and the anodic oxidation
treatment are shown in Figure 2.

.e electrochemical response of MAO coating, anodic
oxidation coating, and 5083 aluminum alloy was obtained
using IM6/IM6e electrochemical workstation (ZAHNER,
Germany) in 3.5 wt.% NaCl solution. A classic three-
electrode system is used, which composed of a saturated
Ag/AgCl reference electrode, a platinum sheet with di-
mensions of 20 × 20× 0.1mm, and 5083 aluminum alloy
and coatings as a working electrode [31]. .e potentio-
dynamic polarization curves were conducted by sweeping
the potential from−0.6 V/Ag/AgCl below open circuit po-
tential (OCP) with a scanning rate of 0.333mV/s. .e
electrochemical impedance spectroscopy (EIS) tests were

performed at OCP with a sinusoidal potential perturbation
of 10mV in a frequency range from 10 kHz to 10mHz. .e
tested solution was maintained at 25 ± 1°C in the air
without stirring.

.e salt spray test for MAO and anodic oxidation
coating on 5083 aluminum alloy was conducted using
machine DJS-EN61 according to the ISO 14993 : 2001
standard. .e solution is 5 wt.% NaCl solution, pH of salt
solution is 6.8, the temperature of the salt solution barrel is
35°C, and the sample place angle is 25°. .e examination of
the specimen was performed after 63 days of experiment.
After the test, the samples were cleaned by flow water of
temperature not higher than 35°C to remove the sample
surface residual salt spray solution and then dried using hot
air.

3. Result and Discussion

3.1. Surface Characterization of the Two Different Coatings.
Figure 3 shows the surface morphologies of the MAO
coating on 5083 aluminum alloy samples, revealing volcano-
like morphologies with micropores of various sizes that can
be observed on the surface. As is seen from Figure 3, the
micropores are smaller in size with diameters of 2 μm and
distributed uniformly. .is is the characteristic of MAO
coatings obtained by microsparks on the sample surface of
alloys [25, 32]. Still some of the pores in the MAO are
blocked. In Figure 3, the number of small white particles
identified by EDS is Fe-rich particles. .is is consistent with
the finding of Chen [25]. In addition, no crack exists in
Figure 3, which indicates that the MAO coating is very
adhesive to 5083 aluminum alloy substrate [33].

.e surface morphologies of anodic oxidation coating
formed on 5083 aluminum alloy are shown in Figure 4. .e
anodic oxidation coating surface looks very dense, but there
are a lot of cracks staggered on the surface. It could be seen
that numerous wrinkles and cracks staggered on the surface.
So, the corrosion properties would deteriorate due to these
cracks.

Table 1: Chemical compositions of the 5083 aluminum alloy
(wt.%).

Cu Si Mg Zn Fe Cr Ti Mn Al
0.09 0.31 4.1 0.21 0.35 0.05 0.05 0.47 Bal.

Figure 1: Test trial sample of cyclone separator.
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3.2. Potentiodynamic Polarization Curves. .e potentiody-
namic polarization curves for MAO coating, anodic oxi-
dation coating, and 5083 aluminum alloy in 3.5 wt.% NaCl

solution are shown in Figure 5. .e curves indicated that the
MAO coating and anodic oxidation coatings lead to the
changes in the anodic current, pitting potential (Epit), and

(a) (b)

(c) (d)

Figure 2: Marine cyclone separator structure sample by MAO and anodic oxidation: (a) MAO forward view; (b) MAO backward view;
(c) anodic oxidation forward view; (d) anodic oxidation backward view.

Figure 3: Surface morphologies of the MAO coatings.
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corrosion rate. .e potentiodynamic polarization curves
indicated that the corrosion resistance of the MAO and
anodic oxidation coatings can be significantly improved
compared to the 5083 aluminum alloy matrix. It was obvious
that MAO coating and anodic oxidation coating led to the
positive shift in corrosion potential.

.e corrosion potential (Ecorr) of the 5083 aluminum
alloy, anodic coating, and MAO coating is −694± 8,
−636± 12, and −385± 11mV/Ag/AgCl. Compared with the
5083 aluminum alloy, the corrosion potentials shifted nobly
for the MAO and anodic oxidation coatings. .e corrosion
current density (icorr) value of the 5083 aluminum alloy,
anodic coating, and MAO coating is 3.33± 0.11× 10−6,
7.33± 0.24×10−7, and 1.07± 0.18×10−9 A/cm2, respectively.
.is suggests that the corrosion resistance for MAO coating
is two orders higher than that for 5083 aluminum alloy. .is
indicates that both of the MAO and anodic oxidation
coatings can reduce the corrosion rate of the 5083 aluminum
alloy specimens in 3.5 wt.% NaCl solution [34–36].

3.3. Electrochemical Impedance Spectroscopy

3.3.1. MAO Coating. .e Bode (Figure 6(a)) and Nyquist
(Figure 6(b)) plots for MAO coating on 5083 aluminum
alloy after immersion in 3.5 wt.% NaCl solution for 1 day are
presented in Figure 6. .e Nyquist plots exhibit two ca-
pacitive semicircles, suggesting the inductive behavior
[34, 37]. Figure 7 presents the equivalent circuit used to
simulate the EIS data, in which Rs is the resistance of the 3.5
wt.% NaCl solution and Cdl and Rdl are the capacitance and
resistance of the adsorption layer, respectively. CPE and Rp
are the capacitance and polarization resistance of the MAO
coating, respectively. .e use of a constant phase element
(CPE) was used in place of capacitance because of the
distribution of relaxation times resulting from heteroge-
neities at the electrode surface [31, 33, 38, 39]. .e fitted
parameters in the equivalent circuit in Figure 7 are given in
Table 2.

.e Bode (Figure 8(a)) and Nyquist (Figure 8(b)) plots
for MAO coating on 5083 aluminum alloy after immersion

in 3.5 wt.% NaCl solution for 12 days are presented in
Figure 8. .e Nyquist plots exhibit a capacitive semicircle in
high-frequency region and an inductive loop in low-fre-
quency region [19]..e capacitive reactance arc corresponds
to the process of ions passing through theMAO coating, and
the inductive arc corresponds to the desorption process of
the adsorbed intermediate products [40–42]. Figure 9
presents the equivalent circuit used to simulate the EIS
data, in which CPEf is the capacitance of the MAO coating,
Rpore is the resistance of defects, Cdl is the double layer
capacitance, Rp is the polarization resistance, L is the in-
ductive resistance, and RL is the inductive resistance, which
is related to the active dissolution of MAO coating [43]. .e
fitted parameters in the equivalent circuit in Figure 9 are
given in Table 3.

.e Bode (a) andNyquist (b) plots forMAO or 32 and 63
days are presented in Figure 10. .e Nyquist plots exhibit a
capacitive semicircle and a bias line at low-frequency region.
.e capacitive reactance arc corresponds to the process of
ions passing through the MAO coating [43]. .e bias line at
low frequency corresponds to the diffusion process of Cl–

Figure 4: Surface morphologies of anodic oxidation coating.
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Figure 5: Potentiodynamic polarization curves for MAO coating,
anodic oxidation coating, and 5083 aluminum alloy in 3.5 wt.%
NaCl solution.
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through the MAO coating [44]. Figure 11 presents the
equivalent circuit used to simulate the EIS data, in whichW
is the Warburg impedance. W was used to fit the data of
MAO coating suggesting the responses induced by diffusion
in paths of semi-infinite length [43, 44]. .e fitted

parameters in the equivalent circuit in Figure 11 are given in
Table 4.

From the EIS response, it can be inferred that three
stages for MAO coating during the immersion time can be
identified. In the first stage, the equivalent circuit in Figure 7
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Figure 6: (a) Bode and (b) Nyquist curves of MAO coating after being immersed in 3.5 wt.% NaCl solution for 1 day.
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Figure 7: .e equivalent circuit used to evaluate the EIS data presented in Figure 8.

Table 2: Fitting results of the equivalent circuit obtained by fitting the EIS data.

Rs (Ω·cm−2) Rdl (Ω·cm−2) Cdl (F·cm−2) Y0 (Ω−1sncm−2) n Rp (Ω·cm−2)
3.14 4.28×104 1.37×10−5 2.91× 10−5 0.85 7.16×105

Note: Y0: CPE constant; n: CPE exponent.
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Figure 8: (a) Bode and (b) Nyquist curves of MAO coating after being immersed in 3.5 wt.% NaCl solution for 12 days.
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Table 3: Fitting results of the equivalent circuit obtained by fitting the EIS data.

Rs (Ω·cm−2) Y0 (Ω−1·sn·cm−2) n Rpore (Ω·cm−2) Cdl (F·cm−2) Rp (Ω·cm−2) L (H·cm−2) RL (Ω·cm−2)
7.42 5.19×10−4 0.89 5.18×102 4.57×10−5 7.21× 105 3.21× 102 4.50×104
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Figure 10: (a) Bode and (b) Nyquist curves of MAO coating after being immersed in 3.5 wt.% NaCl solution for 32 and 63 days.
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Table 4: Fitting results of the equivalent circuit obtained by fitting the EIS data.

Rs (Ω·cm−2) Y0 (Ω−1·sn·cm−2) N Rpore (Ω·cm−2) Cdl (F·cm−2) Rp (Ω·cm−2) W (s−0.5Ω·cm−2)
6.13 2.16×10−5 0.85 1.78×103 1.57×10−5 7.16×105 3.21× 10−2
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Figure 12: Continued.
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indicates that the MAO has superior corrosion protection
ability. In the second stage, identifying at increasing im-
mersion time, the EIS presents desorption characteristics at
low frequencies connecting to a capacitive semicircle at high
frequencies (Figure 9). In this stage, local pitting corrosion in
the MAO coating takes place stimulating Al matrix disso-
lution through corrosion pits [45]. After long immersion
time, the chloride effectively induces local breakdown of the
MAO coating, which is in agreement with the reported
findings in the literature. .e chloride ion may penetrate
through the MAO coating and reach matrix/coating inter-
face. As a result, an additional Warburg impedance at low
frequency is employed.

3.3.2. Anodic Oxidation Coating. .e EIS plots for anodic
oxidation coating on 5083 aluminum alloy after immersion
in 3.5 wt.% NaCl solution for 1, 12, 32, and 63 days are

presented in Figure 12..eWarburg impedance in Figure 11
is due to the existence of cracks (Figure 3(b)), which can act
as the diffusion path for the corrosive ions. .e equivalent
circuit used to interpret the EIS data is shown in Figure 12.
.e fitted parameters obtained are given in Table 5. As is
seen from Table 5, the value of Rp decreased with the increase
in immersion time. It indicated that the protective perfor-
mance of the anodic oxidation coating on 5083 aluminum
alloy surface deteriorated and the risk of corrosion increased
[45, 46].

3.4. Salt Spray Test. Figure 13 shows the surface morphol-
ogies of the two different coatings on 5083 aluminum alloy
after the salt spray test for 63 days. .e breakdown of the
both coatings is not visible observed. As is seen from Fig-
ure 13, there are almost no signs of corrosion on the surface
of MAO coating. However, there was slight corrosion on

1.00E + 07

1.00E + 06

1.00E + 05

1.00E + 04

1.00E + 03

1.00E + 02

|Z
|, 

oh
m

0.01 0.1 1 10 100 1,000 10,000 100,000
Frequency, Hz

A
ng

le,
 d

eg

Model : R(Q((QR)(Q(RT)))) Wgt : modulus

55

50

45

40

35

30

25

20

15

10

|Z|, Msd.

|Z|, Calc.

Angle, Msd.

Angle, Calc.

(e)

6.00E + 05
5.50E + 05
5.00E + 05
4.50E + 05
4.00E + 05
3.50E+ 05
3.00E + 05
2.50E + 05
2.00E + 05
1.50E + 05
1.00E + 05
5.00E + 04
0.00E + 00

–Z
″

, o
hm

0.
00

E 
+ 

00

2.
00

E 
+ 

05

4.
00

E 
+ 

05

6.
00

E 
+ 

05

8.
00

E 
+ 

05

1.
00

E 
+ 

06

Z′, ohm

Model : R(Q((QR)(Q(RT)))) Wgt : modulus

Z, Msd.
Z , Calc.

(f )
1.00E + 07

1.00E + 06

1.00E + 05

1.00E + 04

1.00E + 03

|Z
|, 

oh
m

0.01 0.1 1 10 100 1,000 10,000 100,000
Frequency, Hz

A
ng

le,
 d

eg
65

60

55

50

45

40

35

30

25

|Z|, Msd.

|Z|, Calc.

Angle, Msd.

Angle, Calc.

(g)

5.50E + 05
5.00E + 05
4.50E + 05
4.00E + 05
3.50E + 05
3.00E + 05
2.50E + 05
2.00E + 05
1.50E + 05
1.00E + 05
5.00E + 04
0.00E + 00

–Z
″

, o
hm

0.
00

E 
+ 

00

2.
00

E 
+ 

05

4.
00

E 
+ 

05

6.
00

E 
+ 

05

8.
00

E 
+ 

05

1.
00

E 
+ 

06

Z′, ohm

Z, Msd.
Z , Calc.

(h)

Figure 12: Bode and Nyquist curves of anodic oxidation coating after being immersed in 3.5 wt.% NaCl solution for (a, b) 1 day, (c, d) 12
days, (e, f ) 32 days, and (g, h) 63 days.
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anodic oxidation coating..is is in good agreement with the
electrochemical measurement.

4. Conclusions

.e protective performance of the MAO is superior than
that of the anodic oxidation coating. .e 5083 aluminum
alloy with MAO coating showed a good corrosion resistance
at the initial stage. With the increase in immersion time, the
pitting corrosion occurs in the MAO coating, and the
protective ability of the coating deteriorated gradually. In
contrast, the existence of the cracks in anodic oxidation
coating can act as the diffusion path for the corrosive ions.
.e corrosion process is controlled by ion diffusion
throughout the coatings.
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