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Abstract: Ceramic oxide coatings were prepared on AZ91D magnesium alloys in alkaline silicate solution using micro-arc oxidation
(MAO) technique. The corrosion behavior of MAO coating on AZ91D magnesium alloys in NaCl solutions with different
concentrations (0.1%, 0.5%, 1.0%, 3.5% and 5.0% in mass fraction) was evaluated by electrochemical measurements and immersion
tests. The results showed that the corrosion rate of the MAO coated AZ91D increased with increasing chloride ion concentration. The
main form of corrosion failure was localized corrosion for the MAO coated AZ91D immersed in higher concentration NaCl solutions
(1.0%, 3.5% and 5.0%), while it was general corrosion in dilute NaCl solutions (0.1% and 0.5%). Two different stages of the failure
process of the MAO coated AZ91D could be identified: 1) occurrence of the metastable pits and 2) growth of the pits. Different
equivalent circuits were also proposed based on the results of electrochemical impedance spectroscopy (EIS) for the MAO coated
AZ91D immersed in different concentrations of NaCl solutions for 120 h.
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1 Introduction

Magnesium and its alloys have many favorable
properties, such as high specific strength, high thermal
conductivity, high damping characteristics and easy
recycle, which make them attractive for applications in
aerospace, automotive and electro-communication areas,
etc [1,2]. However, magnesium and its alloys are highly
susceptible to corrosion, which limits seriously their
practical application, especially in some aggressive
circumstance [2—4].

Suitable surface treatments can provide sufficient
corrosion protection to the metal substrates. A number of
surface treatment techniques have been developed for the
protection of magnesium and its alloys, including
chemical conversion coatings, electrochemical plating,
anodizing, gas-phase deposition, organic coatings,
sol—gel method, etc [1,5,6]. One of the most popular
techniques, micro-arc oxidation (MAQ), has been

successfully applied to magnesium alloys against
[7-10] based on the
conventional anodic oxidation, and produces ceramic
oxide coating with thickness of several tens of microns
on the substrates. The MAO coatings on magnesium
alloys are mainly composed of magnesium oxide and
some of other electrolyte-borne elements (Mgs;(PO,),,
Mg,Si0,4 or MgAl,O, etc.) [8,10—12].

It is well known that chloride ion is one of the most
important factors of the corrosion of magnesium alloys
in many desirable applications. In general, magnesium
alloys corrode at higher rates with increasing chloride
ion concentration at all pH levels [13,14]. For MAO
coating, CAI et al [8] studied corrosion and electro-
chemical performance of MAO coating on AZ91D
magnesium alloy using step-down current method in
phosphate and silicate electrolytes in 5.0% NaCl solution.
GUO et al [9] studied the corrosion resistance of MAO
coating on AZ31B magnesium alloy in alkaline silicate
electrolyte in 3.5% NaCl solution. WANG et al [15]

corrosion in recent years
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evaluated corrosion resistance of MAO coating formed
on SiC,/AZ91D magnesium matrix composite using AC
power supply in 3.5% NaCl solution. LIANG et al [16]
investigated the electrochemical degradation of a
silicate- and phosphate-based MAO coating on AMS50
magnesium alloy using a pulsed DC power supply in
NaCl solutions of different chloride ion concentrations
(0.01, 0.1, 0.5 and 1 mol/L). However, up to now, there is
a few research work to investigate the influence of
chloride ion concentration on electrochemical corrosion
behavior of MAO coating on AZ91D. In this work, the
MAO coating was produced on AZ91D magnesium alloy
using pulsed AC power supply in silicate-based
electrolyte. The morphology and electrochemical
corrosion behavior and durability of anti-corrosion of the
MAO coating on AZ91D were investigated systemically
in different concentrations of naturally aerated neutral
NaCl solutions and the corrosion mechanisms were also
elucidated.

2 Experimental

As one of the most widely used magnesium alloys,
AZ91D magnesium alloy was used as the substrate
material in this study. The chemical compositions of
AZ91D are given in Table 1.

Table 1 Chemical composition of AZ91D magnesium alloy
(mass fraction, %)

Al Zn Mn Cu Ni Si Mg

8.9 0.9 0.15 0.01 0.001 0.12

Balance

The samples for all tests were cut into cylinder with
dimensions of d28 mmx10 mm and degreased with
acetone in ultrasonic bath, then mechanically polished
with 400 and 1200 grit emery papers, rinsed with
distilled water and dried in warm air. The
micro-oxidation process of the samples was conducted in
alkaline silicate electrolyte solution which consisted of
Na,SiO; in distilled water with NaOH and KF. The
AZ91D magnesium alloy samples and the stainless steel
were used as the anode and cathode, respectively. Oxide
coatings were produced at a constant voltage of 380 V
for 30 min. The temperature of the electrolyte was kept
nearly at 30 °C using a stirring and cooling system. The
samples were rinsed in water and dried in hot air after
MAO process was finished.

A MeF3 optical microscope (OM) and a
JSM—6700F scanning electron microscope (SEM) were
used to examine the surface morphology of the MAO
coating. The corrosive media consisted of 0.1%, 0.5%,
1.0%, 3.5% and 5.0% (mass fraction) NaCl which were
prepared using AR grade NaCl and distilled water. pH of
the solution was around 6.8+0.2.

The electrochemical experiments were carried out
using a conventional three-electrode cell with saturated
calomel electrode (SCE) as a reference, a large areca
platinum electrode as a counter and the coated sample as
working electrode (1 cm® exposed area). Potentio-
dynamic polarization curves were obtained at a scanning
rate of 0.5 mV/s using a CHI660C potentiostat controlled
by PC. Electrochemical impedance spectroscopy (EIS)
measurements were conducted with an amplitude of 10
mV over the frequency range of 500 kHz—10 mHz. The
EIS measurements were performed with VMP2
multichannel potentiostat (PARC Corporation, USA). All
tests were carried out at room temperature without
stirring up to 120 h. Three tests for each sample were
performed to ensure the results reasonable
reproducibility. The data of EIS were fitted by software
ZSimpWin 3.2.

3 Results and discussion

As shown in Fig. 1, a ceramic coating with
thickness of (25+2) pm was obtained on AZ91D
magnesium alloy by MAO process. Figure 1(a) reveals
that the MAO coating on the AZ91D had a larger number
of micro-pores and some micro-cracks on the surface.
According to Refs. [17,18], the micro-pores were formed
because of the molten oxide and gas bubbles throwing
out in the MAO coating growth process. And the
micro-cracks appeared due to the thermal stress from the

Substrate
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Fig. 1 SEM images of MAO coating on AZ91D surface (a) and
cross section (b)
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molten oxide fast solidified in the relatively cooling
electrolyte. Figure 1(b) shows that the MAO coating had
many irregular-shaped micro-pores, which did not inter-
connect each other or passed through the whole film. The
coating consisted mainly of MgO and Mg,SiO, as
investigated in our previous work [19].

3.1 Morphology of corroded surfaces

The OM morphologies of corroded surface of the
MAO-coated AZ91D immersed in 0.5% and 5.0% NaCl
solutions for 24 h are shown in Figs. 2(a) and (b). Many
corrosion micro-pits were observed on both surfaces
after 24 h immersion testing. With prolonging immersion
time (120 h), however, the MAO-coated AZ91D samples
immersed in different concentrations of NaCl solutions
suffered from different extents of corrosion damage, as
shown in Figs. 3(a) and (b). The exposed area of samples
immersed in 0.1% and 0.5% NaCl solutions exhibited
similar corrosion degradation. The corrosion was not
significant and the corrosion damage enlarged gradually
to cover the entire surface (Fig. 3(a)), and white acicular
precipitations, most likely Mg(OH),, were fallen into the
micro-pits/pores acting as protection barrier. On the other
hand, the surface of the samples immersed in 5.0% NaCl
solution presented to form larger, isolated, round etch
pits with the diameter of about 0.2 mm (Fig. 3(b)). The
corroded surface of sample immersed in 1.0% or 3.5%
NaCl solution was similar to that immersed in 5.0%

Fig. 2 OM morphologies of corroded surfaces of MAO-coated
AZ91D magnesium alloys immersed in 0.5% (a) and 5.0% (b)
NaCl solutions for 24 h

Fig. 3 SEM images of MAO coated AZ91D immersed in 0.5%
(a) and 5.0% (b) NaCl solutions after 120 h

NaCl solution (morphologies not presented here), which
indicated that the coating was damaged by typical
localized corrosion in higher concentration NaCl
solutions (1.0%, 3.5% and 5.0%). The micrographs after
corrosion tests showed that the corrosion initiated from
pits corrosion in NaCl solutions, which were defined as
metastable pits. Finally, the corrosion attack was
concentrated primarily in these regions at higher chloride
ion concentrations (1.0%, 3.5% and 5.0%), while it
spread to the other regions at lower chloride ion
concentrations (0.1% and 0.5%).

3.2 Electrochemical measurements
3.2.1 Potentiodynamic polarization behavior

The potentiodynamic polarization curves of the
MAO coated AZ91D samples in 0.1%, 1.0% and 5.0%
NaCl solutions for different immersion time are
presented in Fig. 4. The corrosion current density (Jeor)
derived from polarization curves in all tested NaCl
solutions by Tafel extrapolation method is summarized in
Table 2.

It was found that the values of the corrosion current
density at earlier immersion stage in all NaCl solutions
were around 10 A/cm®. It can also be seen that the Jeo
values increased with immersion time when the MAO-
coated AZ91D samples exposed to higher concentration
NaCl solutions (3.5% and 5.0%). After immersion for
120 h, the J.or values of the samples were almost three
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Fig. 4 Potentiodynamic polarization curves of
MAO-coated AZ91D in 0.1% (a), 1.0% (b) and
5.0% (c) NaCl solutions after different immersion

time

Table 2 Corrosion current densities (Jeorr) of MAO coated AZ91D derived from polarization curves in different concentration NaCl

solutions
Time/h Yaem™)

0.1% NaCl 0.5% NaCl 1.0% NaCl 3.5% NaCl 5% NaCl

0.5 2.89x10°" 2.69x107° 1.73x10°® 6.64x10°" 7.07x10°°

6 1.98x10°® 6.39x10°° 9.74x107° 7.70x107° 1.14x10”°

24 9.99x10°° 3.83x10°° 3.28x10°" 8.68x10°" 7.15x1077

48 7.24x107° 1.95x107% 6.40x10°® 3.95x10°® 2.01x10°°

72 2.49x107° 2.94x107° 5.93x1077 9.45x107" 9.67x107°

96 1.33x107° 5.36x10°° 2.48x1077 3.53x10°77 1.85x10°°

120 2.15x107% 2.75x107% 2.40x107° 5.32x10°° 1.80x107*

orders higher compared with at earlier stage in 1.0% or
3.5% NaCl solution. While in 5.0% NaCl solution, the
Jeorr values increased to 10* A/cm?, which implied that
the sample had been destroyed. In the lower
concentration NaCl solutions (0.1% or 0.5%), however,
the J.o values had no distinct changes with prolonging
immersion time, indicating that lower concentration of
CI' ion had no apparent effect on corrosion process and
the MAO coating showed a better corrosion resistance in
the relatively long-time exposures.
3.2.2 Electrochemical impedance spectroscopy (EIS )
The EIS technique is an effective method to

understand the corrosion behavior of the metal and
coated-metal system [16,17]. In this work, the impedance
data as a function of immersion time were examined to
reveal the corrosion resistant properties of the MAO-
coated AZ91D magnesium alloy in different
concentration NaCl solutions. Figure 5 shows the Bode
plots of samples after different immersion time in NaCl
solutions.

When the MAO-coated AZ91D samples were
immersed in different concentration NaCl solutions, the
EIS plots showed that the MAO coating provided similar
corrosion protection properties in the initial corrosion
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process, consistent with the results of polarization. With
prolonging the immersion time, different corrosion
behaviors displayed. According to the
microstructural characteristics and the EIS behavior of
the MAO-coated AZ91D samples, three equivalent
circuits for fitting the EIS data obtained from different
corrosive electrolytes are proposed in Fig. 6. Figure 6(a)
shows an appropriate equivalent circuit for earlier stage
of the MAO coating deterioration process (0.5—6 h) in
NaCl solutions. Figures 6(b) and (c) are proposed to fit
the latter stage of MAO coating on AZ91D immersed in
dilute (0.1% and 0.5%) and higher concentration (1.0%,
3.5% and 5.0%) NacCl solutions, respectively.
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Fig. 5 Bode plots of MAO coated AZ91D
immersed in different NaCl
(a) 0.1%; (b) 0.5%; (c) 1.0%; (d) 3.5%;
(e) 5.0%

solutions:

In the equivalent circuits, the electrolyte resistance
Rs is in series with the unit of the MAO-coated samples.
R, presents the sum of resistance of outer porous layer in
parallel with CPE; which is the constant phase element
of the MAO coating exposed corrosion electrolyte. R,
signs the charge—transfer resistance and parallels with
CPE, which describes the properties of the inner barrier
layer. R, is the resistance of corrosion products and
parallels with CPE,,, which is the surface of corrosion
product/electrolyte interface. The inductance L is
associated with the localized corrosion damage of sample
and in series with R.. R, refers to the resistance of the
insulating part of the inner barrier layer of the MAO
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coating. The constant phase element (CPE) replaces the
capacitance, which had been explained by dispersion
effect. The EIS plots are fitted with these equivalent
circuits and the fitting results are shown in Fig. 5 as solid
lines.

@) CPE,
CPE,

—> —°
R

——-=0

Fig. 6 Equivalent circuits for fitting impedance data of MAO
coating in deterioration process of earlier stage (0.5—6 h) (a),
latter immersion stage in NaCl solutions of 0.1% and 0.5% (b)
and 1.0%, 3.5% and 5.0% (c)

R. is served as a parameter to characterize the
corrosion rate. The values of lg R for different
immersion time from the equivalent circuit models are
presented in Fig. 7. At the beginning of immersion, the
value of R, was relatively low owing to penetration of
the electrolyte into micro-pores of the MAO coating,
which led to occurrence of a lot of metastable pits.
During the subsequent immersion, NaCl solutions
infiltrated through the defects in the outer porous layer
and reached the interface of out/inner layer. Some
soluble species and local oxide dissolution around the
defects formed due to the existence of corrosive chloride
ions adsorbed on many metastable pits. Because of the
covering and blocking effect of these corrosion products,
transfer of electrolyte was held back and the corrosion
process of the MAO coating was slowed down. As a
result, the value of R, increased. With prolonging
immersion time, corrosive electrolyte reached the
interface of inner layer/substrate and transferred in the
MAO coating mainly by charge-transfer process with
equably rate.

In dilute NaCl solutions (0.1% and 0.5%), the value
of R, increased to relatively stable stage (around 10’
Q-cm’). The Bode plots suggested that deterioration
process of the MAO coating on AZ91D magnesium alloy

lg[R./(Q cm?)]

1 1 | | 1

0 20 40 60 80 100 120
Time/h

Fig. 7 Ry of MAO coating on AZ910 immersed in NaCl
solutions of different concentrations during test

immersed in dilute NaCl solutions progressed slowly. As
a result, the MAO coating on AZ19D provided the
longer-term corrosion protection for substrate in lower
concentration of NaCl solution than in higher
concentration of NaCl solution.

In higher concentration NaCl solution (1.0% and
3.5%), the value of R, decreased to a relatively stable
value, about 10° Q-cm® But in 5.0% NaCl solution, the
value of R, decreased quickly, and after 120 h, it was
less than 10° Q-cm? which indicated that the MAO
coating had lost the protection to magnesium alloy
substrate.

3.3 Discussion

The fact that there is no pronounced corrosion
damage in NaCl solutions for the MAO coated
magnesium alloy is attributed to both the characteristics
of the coating and the performance of corrosion
electrolyte [20]. According to the previous work [19], the
composition of the MAO coating on AZ19D consisted of
MgO and Mg,SiO,. In this work, the compositions,
microstructures and thickness of the MAO coating on
AZ91D magnesium alloy produced with the same
electronic parameters should be the same. Therefore, the
influence of the characteristics of the MAO-coated
AZ91D on the anti-corrosion resistance should be similar.
Chloride ion is aggressive for magnesium alloy.
Therefore, corrosion tests of the MAO-coated samples in
different concentration neutral NaCl solutions were
carried out to elucidate the corrosion mechanisms of
coated magnesium alloy.

It was found that the corrosion of the MAO-coated
AZ91D samples initiated from pitting (metastable pits),
and then developed into localized corrosion in higher
concentration NaCl solutions (1.0%, 3.5% and 5.0%) and
general corrosion in dilute NaCl solutions(0.1% and
0.5%). Based on the corrosion results, the degradation of
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the MAO coating could be divided into two stages: 1)
Occurrence of the metastable pits. Due to the covering
and blocking effect of the corrosion products, the
degradation of the MAO coating was inhibited at this
stage, which exhibited lower corrosion current density
and higher charge-transfer resistance. 2) Growth of the
pits. Degradation process of the MAO coating came into
the steady state in this stage.

At the initial immersion stage, NaCl aqueous
solutions were penetrated into the MAO coating and
infiltrated through the micropores or microcracks in the
out porous layer by diffusion and reached the interface of
out/inner layer quickly. The dense inner layer played
most important role in the anti-corrosion protection of
the MAO coating on AZ91D magnesium alloy. As
corrosive ions, chloride ions were absorbed preferentially
and incorporated into the micropores. This led to local
dissolution of the MAQO coating around the defects.
Whereafter a lot of metastable pits appeared. At the same
time, the degradation products, such as Mg(OH),, owing
to the hydration of MgO, sealed the metastable pits. It
then acted as a protective barrier and prevented the
exposure of magnesium alloy substrate.

Different second stages of the degradation of MAO
coatings were revealed in different NaCl solutions. In the
case of higher concentration of chloride ion solution
(1.0%, 3.5% and 5.0%), the second stage was described
that the incorporation of chloride ions into the coating
replaced partial oxygen site [21] and led to formation of
some soluble species, such as MgCl,. Thus, it was
possible for the coating to dissolute. The higher the
concentration of CI ions is, the more the replaced-O
sites are, and the more the soluble species in the defects
are. Anodic dissolution rate was higher than that of MgO
hydration. The hydration products Mg(OH), hardly filled
the defects. When the corrosion products in the pores
were moved into electrolytes, a concave pit left in the
MAO coating on AZ91D. It was considered that
dissolution may play an important role in initiation of
pits of the MAO coating on AZ91D. And the
development of the pits was in a highly occluded
condition and controlled by diffusion of dissolved
products within the pits. Once the pits had penetrated the
MAO coating, several pits developed preferentially in
the MAO coating and finally joined together to form a
larger pit, which became macroscopic pores at last. The
result was reflected in the impedance behaviour, which
was indicated by the decrease of the impedance with
increasing frequency in low-frequency range (in
Figs. 5(c), (d), (e)). Figure 6(c) was used to fit the EIS
spectra of MAO-coated AZ91D immersed in higher
concentration (1.0%, 3.5% and 5.0%) NaCl solutions
after localized corrosion initiation. It is an important step
in pitting process of the incorporation of chloride ion into

the coating. Therefore, CI ion could accelerate the
corrosion process of the MAO coating.

Regarding immersion process in dilute (0.1% and
0.5%) NaCl solutions for the MAO coating on AZ91D,
the corrosive electrolyte filled with all micropores at first
stage and reached the interface of outer /inner layer. The
concentration of chloride ion was too low to stimulate
active area to corrosion. The hydration of MgO became
the main form of the MAO coating deterioration in these
electrolytes. The corrosion on the whole surface area
exposed to electrolyte was almost uniform. The
intermediate product, Mg(OH),, was produced and
adsorbed on the surface of the MAO coating. The
intermediate products filled metastable pits and acted as
a protection barrier suppressing the corrosion process
due to the fact that the molar volume of Mg(OH), is
larger than that of MgO [16,17]. Therefore, the values of
corrosion current density from the polarization and the
resistance from the impedance of EIS measurements kept
nearly the same during the immersion testing. After a
long-term immersion (16—18 d), a layer with white
acicular precipitations covered the whole surface and the
sample became porous and gray in color. Corrosion
evolution led to formation of a general corrosion layer
with no preferential attack on the MAO coating. Figure
6(b) was used to fit the EIS spectra of the degradation of
MAO coatings on AZ91D immersion in dilute NaCl
solutions (0.1% and 0.5%) at the second stage. The
elements stood for corrosion products layer (R, and
CPE,,)) were in series with the unit of the MAO-coated
AZ91D.

It is necessary to propound that if there exist
through-going defects in evidence on MAOQO coating.
These through-going defects would evolve as the active
sites with higher corrosion rate of magnesium alloy
substrate. Because of the lower resistance to transfer of
electrolyte and corrosion products, the MAO coating on
magnesium alloy would suffer from more severe
localized damage during immersion in the NaCl
solutions.

4 Conclusions

1) The MAO coating on AZ91D magnesium alloy
was obtained by pulsed AC power source in alkaline
silicate electrolyte. Electrochemical corrosion tests
revealed that the corrosion damage for the MAO coating
on AZ91D was dominated by pitting corrosion in higher
concentrated NaCl solutions (1.0%, 3.5% and 5.0%) and
by general corrosion in dilute NaCl solutions(0.1% and
0.5%).

2) Corrosion rates of the MAO-coated AZ91D
magnesium alloy increased with increasing chloride ion
concentration in NaCl solutions. It means that the MAO



GUO Hui-xia, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1786—1793 1793

coating on AZ91D magnesium alloy had a better
corrosion protection in dilute NaCl solution than in
higher concentration NaCl solution.

3) The degradation of the MAO coating can be
identified with two different stages: the occurrence of the
metastable pits and the growth of the pits.
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