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Enhanced corrosion resistance of micro-arc oxidation coated magnesium alloy
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Abstract: To further enhance the corrosion resistance of the porous micro-arc oxidation (MAO) ceramic layers on AZ31 magnesium
alloy, superhydrophobic Mg—Al layered double hydroxide (LDH) coating was fabricated on MAO-coated AZ31 alloy by using
in-situ growth method followed by surface modification with stearic acid. The characteristics of different coatings were investigated
by XRD, SEM and EDS. The effect of the hydrothermal treatment time on the formation of the LDH coatings was studied. The
results demonstrated that the micro-pores and cracks of MAO coating were gradually sealed via in-situ growing LDH with
prolonging hydrothermal treating time. Electrochemical measurement displayed that the lowest corrosion current density, the most
positive corrosion potential and the highest impedance modulus were observed for superhydrophobic LDH/MAO coating compared
with those of MAO coating and LDH/MAO coating. Immersion experiment proved that the superhydrophobic LDH/MAO coating

with the active anti-corrosion capability significantly enhanced the long-term corrosion protection for MAO coated alloy.
Key words: magnesium alloy; micro-arc oxidation; layered double hydroxide; superhydrophobicity; corrosion resistance

1 Introduction

Micro-arc oxidation (MAO), also referred to as
plasma electrolytic = oxidation (PEO), is an
electrochemical surface treatment process developed
from conventional anodic oxidation [1]. As an industrial
technology for surface protection, the MAO treatment
has been successfully used to form the ceramic film on
the surface of magnesium alloy, which main aims to
improve the corrosion resistance [2—6]. Nevertheless,
some research results show that MAO ceramic films
consist of an inner thin compact layer and an outer thick
porous layer, and the unavoidable micro-pores and
micro-cracks on the surface forming during the MAO
process reduced the corrosion resistance of the substrate,
because corrosive solution could easily infiltrate into the
substrate through these defects and lead to the
degradation and failure of the protective coating [7,8].
Meanwhile, DING et al [9] believed that the presence of
second phase Mg,Ca in Mg—1Li—1Ca alloy played an
important role in the formation of MAO coating and the

MAO coating began to degrade from intermetallic
compound Mg,Ca.

In order to enhance the protective properties of the
MAO coating, it would be of great significance to
remedy the surface defects of the MAO coating. Thus,
sealing treatments for blocking the pores and cracks can
play an important role in enhancing the protection
against corrosion [10]. In addition, it is a remarkable fact
that the micro-pores and micro-cracks of the MAO
coatings can provide mechanical interlocking sites,
which can significantly improve the long-lasting
adhesion between the coating prepared subsequently and
the MAO film [1,11].

Layered double hydroxide (LDH), with a brucite-
like lamellar structure, is made up of positively charged
sheets and interlayer region containing charge-balancing
anions and water molecules [12]. LDH, owing to its
interesting properties in compositional flexibility and
anion-exchange capacity, has already been applied to a
“smart” self-healing coating to protect the metal
materials [13]. To today, in-situ growth technique using
hydrothermal treatment and anion-exchange is the main
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method to prepare LDH coating on the surface of
magnesium alloy [14—20]. Of course, there are other
methods to prepare LDH film on magnesium alloy
surface, such as electrochemical deposition [21],
spinning coating [22] and steam coating [23].

Table 1 lists the thickness and corrosion current
density (Jeo) of different LDH coatings on magnesium
alloy from most recent published literatures. The
conclusion can be drawn from Table 1 that the J,,, of
LDH film directly fabricated on the surface of
magnesium alloy could be reduced by 1-2 orders of
magnitude compared with bare magnesium alloy and the
corrosion resistance was enhanced to some extent.
However, these results are still not suitable for the use of
magnesium alloys in harsh environments. Recently, the
preparation of LDH coatings on the surface of
anodization or micro-arc oxidation coated on magnesium
alloys has been reported [24—26]. Their results illustrated
that the loose and porous oxide films were completely
sealed by LDH nanosheets, and the corrosion resistance
was significantly enhanced, where J,,,, could be reduced
by 2-3 orders of magnitude compared with uncoated
magnesium alloy. However, the porous and hydrophilic
outer layer of LDH provides infiltration channels or
spaces to accommodate the corrosive medium, increasing
the possibility of coating deterioration, and the failure of
the coating [16,27]. Due to the layered structure with
high porosity and roughness, LDH films are easy to get
superhydrophobic properties by chemical modification
with low surface free energy materials which could
contribute to the anti-corrosion [27,28].

Therefore, taking these advantages into
consideration, it is extremely significant to enhance the
corrosion resistance of magnesium alloy by sealing the
pores and cracks of the MAO coating and obtaining
superhydrophobic surface. In this work, the Mg—Al LDH
coating was fabricated on the surface of MAO coated
AZ31 magnesium alloy using the simple hydrothermal
treatment. Subsequently, the LDH/MAO composite
coating was modified with long-chain stearic acid and
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the superhydrophobic surface was obtained. The
structure and morphology of different coatings were
characterized by X-ray diffractometer (XRD), scanning
electronic microscope (SEM) and energy dispersive
spectrometer (EDS), and the corrosion behavior of the
coatings was characterized by means of electrochemical
measurement and immersing test.

2 Experimental

2.1 Specimens preparation

MAO coating was prepared on the AZ31 Mg alloy
(the nominal compositions in wt.%: 2.5-3.5 Al, 0.6—1.3
Zn, 0.1 Si, 0.04 Ca, 0.2—0.8 Mn, 0.05 Cu and balanced
Mg) with a constant voltage of 360 V at 600 Hz for 480 s
using 1 kW AC power supply with a duty cycle of 10%.
Prior to MAO treatment, the samples were cut into
20 mm x 20 mm % 4 mm and mechanically ground with
SiC paper, ultrasonically cleaned in ethyl alcohol, and
then dried in cold air. The electrolyte of alkaline silicate
was composed of 20 g/L Na,SiO5-9H,0, 10 g/L NaOH
and a small amount of KF-2H,O.

A hydrothermal treatment was used to fabricate
Mg—Al LDH on the MAO coating. The hydrothermal
solution consisted of 0.05 mol/L Al(NOs);-9H,0 and the
pH (10.5) was adjusted by diluted ammonia. The MAO
coated sample was placed into Teflon-lined autoclaves
and completely submerged into the transferred solution
above. Then, the autoclaves were tightened and put into
drying oven at 125 °C for 6, 12, 18 and 24 h, respectively.
After hydrothermal treatment, obtained samples were
denoted as LDH-6 Y/ MAO, LDH-12 h/MAO, LDH-18 h/
MAO, and LDH-24 h/MAO, respectively. To achieve
LDH-24 h/MAO
sample was immersed in an ethanol solution with 0.05
mol/L stearic acid for 5 h at 60 °C. Finally, the modified
sample was rinsed with ethanol three times and then
dried in air, and the obtained sample was denoted as
SA-LDH-24 h/MAO.

surface superhydrophobicity, the

Table 1 Thickness and corrosion current density of different LDH coatings on magnesium alloy from most recent published literature

Substrate LDH coating  Corrosive medium Thickness/um  Jq, (Substrate)/(A-cm?)  Jyon (LDH coating)/(A-cm?)  Ref.
AZ91D Mg-Al-CO> 3.5 wt.% NaCl 5-8 2x107* <1.2x10°* [14]
AZ31  Mg-Al-CO; 3.5 wt.% NaCl 7 3.04x107° 6.52x10° [15]
AZ31 Mg-Al-MoO; 3.5 wt.% NaCl 17 3.17x107° 1.6x1077 [16]
AZ91D  Zn-Al-NO; 3.5 wt.% NaCl - 6.42x107* 1.33x10°° [17]
AZ91D  Zn—-Al-Cl” 3.5 wt.% NaCl 4.7 6.42x107* 2.52x10°° [17]
AZ91D  Zn-Al-VO, 3.5 wt.% NaCl 5.2 6.42x107* 221x10°° [17]
AZ31  Mg-Al-CO; 3.5 wt.% NaCl 25-50 3.37x107° 5.75x107° [18]
AZ31D  Mg-Al-CO; 3.5 wt.% NaCl 20 5.264x1076 1.467x10°° [19]
JDBM  Mg-Al-CO; 3.5 wt.% NaCl 2.6 1.56x107 3.63x107" [20]
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2.2 Characterization

The phase structures of different coatings as well as
AZ31 substrate were examined using X-ray
diffractometer (XRD, XRD-7000, Japan). The
morphologies and chemical composition of the coating
samples were characterized before and after immersion
by field emission scanning electronic microscope (SEM,
Merlin Compact, Germany) equipped with an energy
dispersive ~ X-ray  spectrometer (EDS,  Oxford
Instruments, Britain). The surface wettability of coated
samples was evaluated by measuring the water contact
angles at room temperature using an optical contact
angle measuring instrument (SDC—200, China).

2.3 Evaluation of corrosion resistance

The corrosion resistance of the specimens was
evaluated in 3.5 wt.% NaCl solution at room temperature
through an electrochemical corrosion test. An
electrochemical workstation (PARSTAT, 4000, USA) and
a typical three-electrode cell were used for
electrochemical measurements. The saturated calomel
electrode (SCE) was used as the reference electrode,
uncoated and coated AZ31 Mg alloy sample (exposed
area, 1 cm?) as the working electrode and the platinum
electrode as the counter electrode. Before measurement,
the working electrode was immersed in the quiescent test
solution until the cell open circuit potential (OCP)
became stable. The polarization curve was subsequently
measured from —500 to +500 mV of OCP with a
scanning rate of 2 mV/s. The electrochemical parameters
such as the corrosion potential (¢.), corrosion current
density (J.orr), and Tafel slope (f., f.) were all derived
from the polarization curves by Tafel extrapolation using
electrochemical software. At the same time, the
polarization resistance (R,) was estimated with the
Stein—Geary equation [7,28]:

_ ﬂa 'ﬂc
R = 2.303J,,. (B, + B.)

(1)

The electrochemical impedance spectroscopy (EIS)
measurements were carried out in the frequency range of
107'-10° Hz using a 5 mV amplitude perturbation. The
obtained EIS plot was analyzed and fitted using Zview
software.

In order to determine the long-term corrosion
resistance of the coating, a total immersion test was
carried out in 3.5 wt.% NaCl solution. The MAO
coating, LDH-24 h/MAO coating and SA-LDH-24 h/
MAO coating were subjected to the immersion test. Each
sample was placed in a beaker with 40 mL NaCl
solution, and then the beaker was sealed with plastic
wrap and stood at room temperature. The immersion
time lasted for 288 h and the NaCl solution was replaced
by fresh one once three days.

3 Results and discussion

3.1 Coating characterization

XRD patterns of AZ31 substrate, MAO coated
sample before and after hydrothermal treatment with
different time are shown in Fig. 1. Only the diffraction
peaks of Mg were detected in the pattern of uncoated
AZ31 magnesium alloy, and the XRD pattern of the
sample after MAO treatment depicts that the sample
surface is mainly composed of mixed oxides of Mg and
Al (MgO and MgAl1,0,) and a small amount of Mg,SiO,
phases [29]. The existence of Mg,SiO, phase in the
MAO coating further confirms that the silicate ions in the
electrolyte participate in the reaction to form the ceramic
layer [4,28]. It is worth noting that no XRD peaks were
observed in the 26 range between 5° and 20° in the case
of uncoated and MAO coated sample; however, the
diffraction peaks at 11.72° appeared corresponding to the
characteristic reflections of (003) after hydrothermal
reaction, suggesting the formation of Mg—Al LDH [26].
Furthermore, the diffraction intensity of LDH became
stronger with the prolonging of the hydrothermal
treatment time.
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Fig. 1 XRD patterns of AZ31 substrate and coated samples

The SEM morphologies and EDS analysis results of
the MAO coating before and after hydrothermal
treatment with different time are presented in Fig. 2. The
as-prepared MAO coating exhibited a typical porous
morphology with micro-cracks and micro-pores, which
would make the surface of the treated Mg alloy appear to
be coarse and rough (Fig. 2(a)). The formation of
micro-pores was mainly ascribed to the sparking
discharge, gas bubble and the considerably low Pilling
Bedworth (PB) ratio of Mg oxide to Mg substrate [7]. It
can be noteworthy that these porous characteristics of
MAO coating are gradually changed along with the
increase of the hydrothermal treatment time. For the
LDH-6 h/MAO sample, the porosity of the film was
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Fig. 2 SEM morphologies (a, c, e, g, i), contact angle (inset) and EDS analysis results (b, d, f, h, j) of MAO (a, b), LDH-6 h/
MAO (c, d), LDH-12 h/MAO (e, f), LDH-18 h/MAO (g, h) and LDH-24 h/MAO (i, ) coatings
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reduced but micro-pores and micro-cracks still existed,
as shown in Fig. 2(c). When the hydrothermal treatment
time increased to 12 h, the porosity of the film was
significantly reduced. There were only a few holes on the
surface of LDH-12 h/MAO sample, and the surface of
film became smoother. However, with further prolonging
processing time to 18 and 24 h, many nest-like and
flake-like clusters presented on the surface of the MAO
coating, and micro-pores and micro-cracks of the MAO
coating were completely covered by hydrothermal
product, as can been seen from Figs. 2(g, 1). In addition,
EDS results showed that the MAO and LDH/MAO
sample were mainly composed of Mg, O, Al and Si
elements. But the element contents of the LDH/MAO
coating were different from those of MAO coating,
indicating that AI’" in the solution took part in the
formation of Mg—Al LDH coating during the
hydrothermal treatment. Moreover, the content of
aluminum on the surface of LDH/MAO composite
coating increased gradually with increasing treatment
time. As can be seen from inset in Fig. 2(a), the porous

MAO coating showed hydrophilic behavior with a
contact angle of 11.88°. After hydrothermal treatment
for 24 h, the inherent defect of the porous oxide
coating was covered with LDH nanosheets, resulting in a
highly compact composite coating with a contact angle
of 63.40°, as shown in Fig. 2(i), which was still
hydrophilic.

The SEM surface morphology at higher
magnification in Region A of Fig. 2(i) is shown in
Fig. 3(a), and the electronic image as well as
corresponding elemental mapping images are shown in
Figs. 3(b—f). Figure 3(a) shows that the LDH nanosheets
grew vertically from the surface of MAO coated AZ31
alloy, with a typical flake-like structure. As shown in
Figs. 3(c—f), Mg, O, Al and Si elements uniformly
distributed on the surface of sample with LDH/MAO
coating. Among them, Mg and O elements mainly came
from mixed oxides of Mg and Al produced in the MAO
treatment, while Si and Al elements primarily originated
from the electrolyte of MAO and hydrothermal solution,
respectively. The uniform distribution of elements

Fig. 3 SEM morphology (a) in Region A of Fig. 2(i), electronic image (b) and EDS elemental mapping images (c—f) of LDH-24 h/

MAO coating
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demonstrated that Mg and Si ions derived from partially
dissolving of MAO ceramic coating were involved in the
fabrication of LDH.

The cross-sectional SEM morphology and the line
scanning images of LDH-24 h/MAO coating are shown
in Fig. 4. According to the line scanning images, the
thickness of the LDH-24 h/MAO composite coating was
approximately 8.62 um. It can be seen that the MAO
ceramic layer grew on the substrate with good adhesion
after the MAO treatment, and the LDH coating was
strongly adhered to MAO coating after the hydrothermal
treatment. It is worthy of noting that the interface between
the MAO and LDH coating was not apparent, indicating
that the LDH nanosheets grew from micro-pores and
micro-cracks and covered the whole surface.

Figures 5(a) and (b) show the surface morphologies
of the LDH-24 h/MAO coating after modification with

Substrate

stearic acid at lower and higher magnifications.
Compared with the original surface morphology of the
LDH-24 h/MAO coating shown in Fig. 3(a), the surface
structure was denser and had fewer pores, and most
nanosheets were tiled on the surface after surface
modification with stearic acid. However, as can be seen
from inset in Fig. 5(b), the superhydrophobic property of
the LDH/MAO composite coating was observed after
surface modification, and its contact angle was 151.21°.
The EDS data, as shown in Fig. 5(c), showed that the
surface of the superhydrophobic composite coating
contained Mg, O, Si and Al elements, and element
contents had almost no significant difference compared
with LDH-24 h/MAO coating (shown in Fig. 2(j)).
Meanwhile, structure of as-prepared LDH-24 h/MAO
coating before and after modification were characterized
using XRD, as shown in Fig. 5(d). Apparently, no new

(b)

8 10
Distance/um

Fig. 4 Cross-sectional morphology (a) and line scanning mapping (b) of LDH-24 h/MAO coating
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Fig. 5 SEM morphologies (a, b), contact angle (inset in Fig. 5(b)), EDS analysis result (c), and XRD patterns (d) of LDH-24 h/MAO

coating after modification with stearic acid
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phase appeared on the XRD pattern of the
superhydrophobic composite coating, indicating that the
phase did not change after modification. Nevertheless,
the carboxyl group of stearic acid reacted with the
hydroxyl group on the surface of LDH during the
immersion, which was then grafted on the surface of the
sample by means of chemical bond, reducing the surface
energy of the sample. So, the superhydrophobic behavior
after surface modification was attributed to the
synergistic effect of the microstructure of the LDH
coating and the low surface energy of stearic acid.

3.2 Corrosion resistance of coatings

The polarization curves of AZ31 substrate, MAO
coating, LDH-24 h/MAO coating and superhydrophobic
composite coating after being immersed in 3.5 wt.%
NacCl solution for 30 min are presented in Fig. 6 and the
corresponding corrosion parameters are listed in Table 2.
Compared with uncoated AZ31 substrate, all the coated
samples showed significant lower corrosion current

density (J.or) and more positive corrosion potential (@cor).

In addition, the polarization resistance (R,) of coated
samples was obviously higher than that of uncoated
AZ31 substrate. Based upon the experimental results
of the polarization measurement, the superhydrophobic

AZ31 substrate

MAO coating

LDH-24 MAO

lg[J/(A-cm™)]
&

-10 SA-LDH-24 h/MAO

-12 . . . . . .
21 -18 -15 -12 =09 -06 -03

Potential (vs SCE)/V

Fig. 6 Polarization curves of AZ31 substrate and coated

samples

Table 2 Fitting results of polarization curves of AZ31 substrate
and coated samples

Joon/ B B Ry

Sample 0V (Aem?d) V.V (@emd)
AZ31 ~-1.5794 1.20x107° 0.185 0.152 3.02x10°
substrate
MAO —1.4742 431x10° 0.936 0.206 1.70x10°
coating
LDH-24h/ S .
MAO 1.3431 4.67x10° 0.562 0.235 1.54x10
SA-LDH-24 b/ 10 s
MAO 1.2572 1.78x107"° 0.897 0.143 3.01x10

composite coating possessed the most positive @or, the
lowest Jeor and the highest R, compared with MAO
coating and LDH-24 h/MAO composite coating,
indicating that the corrosion resistance of the AZ31
substrate was effectively enhanced by this super-
hydrophobic composite coating.

In order to further evaluate the corrosion behavior
of different coated samples, EIS measurement was
carried out in NaCl solution at open circuit potential.
Figure 7 presents the test results and fitting lines of
Nyquist and Bode plots for uncoated AZ31 substrate and
three different coatings. Different equivalent circuits, as
shown in Fig. 8, were used to fit EIS for the uncoated
sample and coated samples and the fitting results are
listed in Table 3. As can be seen from Fig. 7(a), the
Nyquist plot of uncoated Mg alloy consisted of a
capacitive loop at high frequency and an inductive loop
at low frequency. The equivalent circuit of the AZ31
substrate for fitting is shown in Fig. 8(a), where R, Ry
and CPE represent solution resistance, charge transfer
resistance and constant phase element, respectively. CPE
is defined by Y; and n. If n is equal to 1, CPE is identical
to a capacitor [30]. In addition, Ry is a resistor at low
frequency, ascribed to the appearance of pitting and
peeling-off of the corrosion products, and L is the
inductance [5,11,17,30]. The equivalent circuit of the
coated sample is shown in Fig. 8(b). For MAO coating,
the CPE,; and R, represent the capacitance and
resistance of the porous layer of MAO coating,
respectively, and CPE,, and R;, represent the
capacitance and resistance of the dense inside of
MAO coating, respectively [30—32]. For the
LDH/MAO compound coatings, CPE,, and R
represent the capacitance and resistance of the outer
LDH layer, respectively, and CPE;, and R,
represent the capacitance and resistance of the inner
layer of MAO coating sealed by LDH nanosheets,
respectively [17,24,25]. For the superhydrophobic
LDH/MAO compound coatings, CPE,; and R
represent the capacitance and resistance of the outer
layer of compound coating, respectively, and CPE;,, and
Ri., represent the capacitance and resistance of the inner
layer of compound coating, respectively [33].

It is known that coatings on the metal substrates
with a higher impedance modulus at lower frequency
(IZ]~0.1 n,) and larger radius of the capacitive loop exhibit
a better corrosion resistance [25,34]. It can be seen that
the fitted curves of the Nyquist plots for each sample are
mainly composed of capacitive loop. As can be seen
from Fig. 7(a), the dimension of the capacitive loop of
uncoated AZ31 substrate was very small, suggesting that
the corrosion resistance of uncoated AZ31 substrate is
very poor. And it is obvious that the dimension of the
capacitive loop was greatly increased for the AZ31 alloy
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Fig. 8 Equivalent circuits used to fit EIS plots for uncoated Mg
alloy (a) and coated Mg alloy (b)

with the MAO coating, as shown in Fig. 7(b). Although
there were many micro-pores on the surface of the MAO
coating, the micro-pores were not interconnected and the
inner ceramic layer was compact, so the MAO coating
can provide corrosion protection for AZ31 alloy.
However, for the LDH-24 h/MAO coating and
superhydrophobic composite coating, the diameter of the
capacitive loop was much larger than that of the AZ31
substrate, as shown in Fig. 7(c). Especially, the Nyquist
plot of the LDH-24 h/MAO sample after modification
possessed the largest radius of curvature, which indicated
that the superhydrophobic composite coating could lead
to a higher corrosion resistance. This was because the
micro-pores of the MAO layer were completely sealed

by LDH nanosheets and the water-repellency of the
composite coating surface improved after
modification, which prevented corrosive media from
infiltrating and reaching the coating surface. It could be
seen from the Bode plots shown in Fig. 7(d) that the
coated samples exhibited higher impedance at low
frequency compared to the uncoated AZ31 substrate.
Note also that the |Z|~o; n, of the MAO coating was
4.33x10° Q-cm?, considerably higher than that of the
substrate, which was 826 Q-cm’. Furthermore, it was
worth noting that the |Z|z¢, g, of the LDH-24 h/MAO
composite coating was larger than that of the MAO
coated sample, which was 5.70x10° Q-cm’. Especially,
the |Z].1 u, of the superhydrophobic composite coating
was the largest among the three coating coated samples,
which was 1.09x10" Q-cm’. The EIS test results
indicated  that LDH-24 hYMAO  coating  after
modification possessed the largest dimension of the
capacitive loop and the highest impedance at low
suggesting that the superhydrophobic
composite coating had an excellent anti-corrosion effect.
From the fitting data shown in Table 3, LDH-24 h/MAO
coating had higher values of R, and R;,,, compared with
the MAO coating. The R,; and R;,, of the super-
hydrophobic composite coating were of the same order
of magnitude compared to the LDH-24 h/MAO coating,
but the R, and Ry, were the highest. The reason for

was

frequency,
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increasing of R, and R;,, could be the sealing effect and
the inner MAO layer with more compact structure as
well as the superhydrophobicity of the composite coating
surface. The EIS results were in good accordance with
the results from the polarization curves in Fig. 6.

3.3 Protection ability of coatings

Figure 9 presents the surface morphologies at low
and higher magnifications and EDS analysis results of
different coated samples after immersion in 3.5 wt.%
NaCl solution for 288 h at room temperature. As can be
seen from Figs. 9(a, b), the MAO coating showed severe
corrosion damage after 288 h immersion compared to the
original surface of MAO coating shown in Fig. 2(a). It is
obvious that many corrosion products and micro-cracks
distributed on the surface. When the MAO coated sample
was immersed in the NaCl solution, the Cl ion in the
solution could easily get through the micro-pores of the
MAO coating and reached the interface between coating
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and substrate, and then corrosion occurred. As shown in
Fig. 9(c), MAO coating was mainly composed of O, Mg,
Al and Si elements after immersion, and the reason for
the presence of Na and Cl elements should be the
adsorption of NaCl crystals on the surface. The
formation of micro-cracks could be attributed to the
extrusion stress induced by the accumulation of
corrosion products Mg(OH), [35,36].

However, the porous MAO ceramic layer sealed by
LDH had an obvious difference in comparison with the
MAO coating after 288 h of immersion. As can be seen
from Fig. 9(d), most areas of samples still exhibited a
flake-like morphology, and only few “corrosion pits”
were observed. However, from the higher magnification
SEM image, as shown in Fig. 9(e), there was no
corrosion product in and around the “corrosion pit”, and
the LDH with flake-like structure still existed at the
bottom of the “corrosion pits”, which suggested that a
part of LDH nanosheets on the surface of composite

Table 3 Main fitted parameters of EIS plots for uncoated and coated samples
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Ri/ L/ Rou/ Yo! R

@cmd) (Q'em2s™ " (Qemd)

AZ31 substrate  25.09  7.841x10°° 098 692.6  111.8  194.5 - - -
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Fig. 9 Surface morphologies (a, b, d, e, g, h) and EDS analysis results (c, f, i) of MAO coating (a, b, ¢), LDH-24 h/MAO (d, e, f) and
SA-LDH-24 h/MAO (g, h, 1) after immersion in 3.5 wt.% NaCl solution for 288 h at room temperature
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coating began to dissolve when the soak time reached
288 h. According to EDS energy spectrum shown in
Fig. 9(f), the surface composition of the sample with
LDH/MAO coating after soaking contained Cl element,
indicating that LDH coating possessed ion-exchange
capacity by capturing ClI from NaCl solutions and
storing them in the interlayer of the LDH [25,34]. The
above results showed that the anti-corrosion of the MAO
ceramic coating could be further improved by preparing
LDH coating on the surface of the MAO layer. It was
noteworthy that the surface morphology (Figs. 9(g, h))
and EDS analysis results (Fig. 9(i)) of the super-
hydrophobic composite coating after immersion were
almost the same as those before immersion, but the edges
of LDH nanosheets were more distinct. Moreover, as
could be seen in the inset from Fig. 9(h), the contact
angle of LDH/MAO composite coating modified by
stearic acid was 126.76° after immersion. This also
indicated that the superhydrophobic coating had good
stability in the process of soaking for 288 h. The
superhydrophobic composite coating on the surface of
the sample could resist the invasion of chloride ions and
significantly improved the corrosion resistance of the
alloy. The immersion test results were in good
accordance with the results from the polarization curves
and EIS analysis.

4 Conclusions

(1) Mg—Al LDH coating was fabricated on MAO
coated AZ31 magnesium alloy by a facile in-situ growth
method. The micro-pores and micro-cracks of MAO
coating were gradually sealed via in-situ growing Mg—Al
LDH with prolonging of hydrothermal treatment
duration.

(2) The surface of Mg—Al LDH/MAO composite
coating was modified by and the
superhydrophobic surface with the best sealing effect
was successfully constructed.

(3) Electrochemical and immersion experiments

stearic acid,

proved that the corrosion resistance of different coating
ranked as follows: SA-LDH-24 MAO > LDH-24 h/
MAO > MAO coating. MAO coating only provided a
passive corrosion protection, while the superhydrophobic
LDH/MAO composite coating provided an active
corrosion protection for magnesium substrate.

(4) The reason of the excellent corrosion resistance
of the superhydrophobic LDH/MAO composite coating
can be attributed to the synergistic effect of the water
repellency of the surface, the ability of the LDH coating
to capture and store chlorine ions and the barrier effect of
the sealed MAO coating.
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