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Abstract—Micro-arc  oxidation (MAO) technology is
attractive for the surface treatment of Mg alloys for diverse
applications because it can be used to form adherent coatings
with superior wear and corrosion resistance. In the present
study, the corrosion protective MAO coatings were prepared
on the AZ31B, AZ80 and ZK60 cast magnesium alloy at a
constant current mode in an alkaline silicate electrolyte.
Analysis of the surface and cross-section morphology, phase
composition and microstructures of the MAO coatings and
these three kinds of substrates was conducted utilizing
scanning electron microscope (SEM) and X-ray diffraction
(XRD) techniques. The corrosion properties of the uncoated
and MAO coated Mg alloys were investigated using advanced
electrochemical methods including the open circuit potential
(OCP) measurement and electrochemical impedance
spectroscopy (EIS). To further characterize the protectiveness
of the MAO coating, the scribed MAO coated AZ31B and
ZK60 alloy coupons were exposed to the continuous salt spray
corrosion testing (SSCT) for 168 h. The experimental results
show that the phase composition, the thickness and the
microstructure of MAOQO coatings on different kinds of Mg
alloys did not show any differences between them. While the
MAO coating provides the best robust protection on the ZK60
Mg alloy substrate in the aqueous salt solution and continuous
salt spray environments, the corrosion resistance increased by
nearly three orders of magnitude as compared to uncoated Mg
alloy.
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. INTRODUCTION

In the automotive industry, magnesium and magnesium
alloys have been given priority to be the structural components
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to reduce the weight and decrease the fuel emissions [1]. As the
application of magnesium alloys becoming mature, they are not
only applied in the internal and unloading components, but also
serviced in the external and loading parts [2,3]. However,
magnesium alloy is prone to corrosion during services, which
is a major factor in obstructing its application [4,5].

This paper discusses a promising surface treatment, micro-
arc oxidation (MAO), to form the ceramic coatings on Mg and
their alloys [6]. Up to now, the MAO coatings are widely used
on different kinds of the magnesium alloy, which makes the
perfect combination of the base material [7]. In this work, we
chose two Mg-Al alloys (AZ31B and AZ80) and one Mg-Zn
alloy (ZK60) as the substrate. Inclusion of Al can improve the
corrosion resistance of magnesium alloy[8], and the zinc
element with zirconium in Mg alloy has successful grain
refinement and better anti-corrosion behavior [9]. For a better
understanding of the correlations of MAO coatings, different
substrate element alloys, corrosion kinetics in simulated service
environment of automotive applications, the microstructure and
corrosion properties of uncoated and MAO coated AZ31B,
AZ80 and ZK60 were studied by the microscopic analysis and
corrosion methods.

1. MATERIALS AND EXPERIMENTS

A. Materials

The materials were commercially available AZ31B [10,11],
AZ80 [12] and ZK60 [9] cast Mg alloys (see Table 1). These
alloys were cut into flat coupons with the dimensions of 50
mm*25 mm*3 mm. And then all the specimens were ground
with emery paper to achieve lower surface roughness.

The processing parameters for the MAO treatment are
listed in Table 2. All MAO coatings were performed at Xi’an
University of Technology. After the MAO treatment, the
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specimens were first cleaned with distilled water and then air
dried for further analysis.

TABLE 1 Chemical composition of the substrate alloys

Alloys Compositions (wt.%)

Al Zn  Zr Mn Si Cu Mg
Az31B | 31 105 054 0.02 0.0008 Balance
AZ80 84 048 0.2 0.026 0.0026 Balance
ZK60 5.2 047 009 0.03 0.005 Balance

TABLE 2 Processing parameters for the MAO treatment

Na,SiOs-5 g/L;
Electrolyte composition KF-8 g/L;
KOH-10 g/L
Electrolyte pH 13
Current density (mA/cm2) 34
Power supply pulse width (us) 80
Processing time (min) 5
Power supply average current(A) 1

B. Specimen examination and test methods

For metallographic characterization of the base alloys,
optical microstructure of the specimens were studied using the
etching reagents, and the etching procedure was immersing
specimen face up with gentle agitation until face turns brown.
The surface and cross-section morphologies of the MAO
coated different substrate were investigated by XL30 SEM.
And phase composition of uncoated and MAO coated
specimens was identified by XRD analysis.

The electrochemical measurements including open-current
potential (OCP) and electrochemical impedance spectroscopy
(EIS) were obtained using a Solartron Analytical 1287A
potentiostat/galvanostat and Solartron 1255B Frequency
Response Analyzer controlled by a personal computer at room
temperature in the corrosive medium 3.5 wt.% NacCl solution.

The scribe test were conducted in the Singleton
Corp.SCCH-salt fog chamber to a static environment of
continuous salt spray with a concentration of 5 wt.% NaCl at
36 °C, 100% relative humidity according to ASTM B117 [13].
MAO coated AZ31B and ZK60 contained a vertical scribe
parallel to major long axis (about 3.5 cm in length) down the
centerline. Scribing was performed by rounded tip scribing tool
to make sure that fresh Mg alloy substrate metal was exposed.
The rust creepage along the scribe after corrosion testing was
evaluated.

I1l.  RESULTS AND DISCUSSION

A. Materials characterization

Fig.1 shows the optical micrographs of the internal
structure for the AZ31B, AZ80 and ZK60 cast magnesium
alloys. For AZ31B, the volume fraction ratio of the B-Mgi7Al12
is low and it is diffused in the matrix a-Mg because of the low
aluminum content as shown in the Fig.1la. In the AZ80 alloy,
the higher content of Al element, the richer p-phase formed a

continuous network and precipitated along the grain boundaries.

There are MgZn, and ZnyZr intermetallic compound in the

ZK60 alloy (shown in Fig.1lc,d). The zirconium in ZK60
magnesium alloys can refine grain and purify the composition
of alloy [14].

4 b e
@) & A 2 2 (b) 3
L)
.0 kY :
[ o
-
« o 2
i & P-MeoAlL i
8 5
o - 0
o "
o
‘,, % 50 pm
@f . « Mg * MgO
3 AMg Al
3 VMgZn, oZnZr
3R " AZ31B
CA3 .
5F N AZ80
g f 2 i A As A A e
k] 0
F .
o ZK60
X oV w V__oey
s

L L L "
30 40 50 60 70 80
20 (deg.)

Figure 1. Optical micrographs (a,b,c) and XRD patterns (d) of the AZ31B,
AZ80 and ZK60 Mg alloys

SEM images and phase compositions of the typical surface of
the MAO coated magnesium alloys are shown in Fig.2. The
surface of the MAO treated different Mg alloys under same
processing parameters were featured by a porous morphology
with lots of volcano top-like micro-pores which diameter is
about 1 um, dense and uniform ceramic coating with strong
adhesion to substrate are formed on the substrates. There is no
obvious difference between the surface micrographs of these
three specimens. The thickness of the MAO coatings is about
5.5 um, and a typical amount of micro-pores and micro-cracks
can still be found in the coatings. Seen from the XRD spectra,
it is clear that the surface of all treated specimens are mainly
composed of Mg phase, MgO, MgF, and Mg,SiO4. And they
also contained some complex silicate compounds
Mg3Al>(SiO4)3z and MgxFy(SiOa),.
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Figure 2. SEM images of the surface, cross-sectional morphology and the
corresponding phase compositions (d) of the MAO coated (a) AZ31B, (b)
AZ80 and (c) ZK60 Mg alloys
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B. Electrochemical corrosion test

1) OCP

Fig.3 shows the OCPs of these different specimens. After
30 min of immersion, all these specimens were reached to the
relatively stable values of electrode potentials. Compared with
the bare substrate, the OCPs of the specimens with MAO
coated Mg alloys were shifted towards the noble direction. The
uncoated Mg specimens had a low average OCP value of -1.54,
-1.52 and -1.49 V for AZ31B, AZ80 and ZK60 Mg alloy,
respectively. In contrast, all the MAO coated AZ31B, AZ80
and ZK60 specimens showed more noble average OCP values,
which were -1.29, -1.28 and -1.26 V, respectively. These
results suggest that MAO deposited on magnesium alloys
showed a better thermodynamically stable and can improve the
corrosion resistance of magnesium alloys in a dilute chloride
solution.
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Figure 3. OCPs vs. immersion time curves in 3.5 wt% NaCl solution for
uncoated and MAO coated different Mg alloys

2) EIS

Fig.4 shows the plots of impedance modulus vs. frequency
and phase angle vs. frequency measured after the OCP test for
the MAO coated and bare magnesium alloys. The equivalent
circuits seen in Fig.5 were used to simulate the measured
impedance data of the uncoated and MAO coated Mg alloys,
and it shows the charge transfer between the reference
electrode and working electrode during the corrosion process.
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Figure 4. EIS experimental data and simulated curves for coated and uncoated
Mg alloys specimens in the form of Bode plots: (a) impedance modulus vs.
frequency, and (b) phase angle vs. frequency plots
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Figure 5. Equivalent electrical circuits for (a) AZ31B, (b) AZ80 and ZK60 and
(c) MAO coated AZ31B, AZ80 and ZK60 alloys

For the substrate AZ31B Mg alloy, Fig.5 shows the
adsorption inductance behavior in the low frequency range
(less than 100 Hz) of the spectrum. Its equivalent circuit
(Fig.5a) is made up of the electrolyte resistance (Rs), charge
transfer resistance (Rc) of the double-layer capacitor and

double-layer capacitance (Qa) which are attributed to the
Faradaic processes [15], adsorption resistance (Rags) and
adsorption inductance (Lags) Which are associated with either
the corrosion products such as MgO/Mg(OH), formed on the
surface of Mg alloy or Mg dissolution in chloride containing
solution. In AZ80 and ZK60 alloy, their equivalent circuit
includes Rs, Rt and Qqi. The proposed equivalent circuit of
MAQO coated Mg alloys is shown in Fig.5c. It consists of Rs, Rt
and Qa, coating resistance (Rcoat) and coating capacitance
(Qcoat) Which is the virtual properties of MAO coating [16]. It
can be seen from Fig.4 that the simulated curves fit very well
with the experiment data. The fitting results are summarized in
Table 3.

TABLE 3 Results of fitting EIS data for the uncoated and MAO coated Mg
alloys specimens

SpeCimen Rcl , di 5 Nal Rads ) Lads , Rtotal )
(Q-cm?)  (uF/lcm*s'™ (Q-cm?)  (Hlcm?) (Q-cm?)
AZ31B [1.59x10° 23.59 0.864 870 1415 2.459x10°
AZ80 [3.31x10° 18.92 0.901 3.307x10°
ZK60 [6.34x10° 8.72 0.938 6.335x10°

Rcoat Qcoa! Rct le Rtotal

SPECIMEN |G em?)  (uFfem®st) "™ (@-cm?)  (uFfemest) ™

MAO
coated [7.97x10° 0.066
AZ31B
MAO
coated [8.28x10° 0.040
AZ80
MAO
coated [2.10x10® 0.010
ZK60

0.885 1.34x10° 0.186

0.859 2.10x10° 0.103

0.847 3.54x10° 0.068

In this work, a Rags of 870 Q-cm? was obtained for the
uncoated AZ31B alloy specimen. In comparison, 3-4 orders of
magnitude higher coating resistance Reoat (7.97%10° ~ 2.10x10°
Q-cm?) than the Ras of uncoated AZ31B Mg alloy were
obtained for the MAO coated specimens. It is suggested that
the formation of complex compounds consisting of mainly
Mg.SiO, and MgF. on the alloy surface during the MAO
process improved the corrosion resistance of the alloy
significantly. The high Reoat and low Qe indicate a small
number of ionic conducting pathways (pores and micro-cracks)
in the MAO coating, especially for the MAO coated ZK60 Mg
alloy. It should be noted that for all coated specimens the
charge transfer resistance R obtained is always higher than
coating resistance Rcoa, indicating that the charge transfer
through the electrical double-layer at the coating/substrate
interface is also pronouncedly impeded by the MAO coating,
leading to improve the corrosion resistance of the MAO coated
Mg alloy specimens.

For the charge transfer resistance (Rc), it can be acquired
from the high-frequency range and correspond to the
dissolution of magnesium alloy and can directly characterize
the corrosion resistance of the specimens. As shown in Table 3,
the MAO coated ZK60 Mg alloy specimen has a very high Re
(3.54x10% Q-cm?) and low Qg (0.068 pF/cm?s'™) compared
with other coated specimens. This can be attributed to the more
compact coating microstructure and elements with more
positive potential obtained under such a processing condition.
It is worth noticing that the polarisation resistance Riotal

3 Copyright © 2018 by CSME

(Q-cm?)
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0.883 2.929x10°
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(Rotar=Rcoat + Rt for MAO coated Mg alloys specimens,
Riotai=Rads + Ret for uncoated AZ31B specimen, and Rioai=Rct
for uncoated AZ80 and ZK60 specimens) measured by EIS, as
listed in Table 3, follows such an order: MAO coated ZK60 >
MAO coated AZ80 > MAO coated AZ31B; for bare alloys:
ZK60 > AZ80 > AZ31B. The polarisation resistance from EIS
has been widely used to account for the Kkinetics of
electrochemical corrosion process [17]. The higher polarisation
resistance, the better corrosion resistance the coated specimen
exhibits.

C. Scribe testing

Fig. 6 shows the photographs of the MAO coated AZ31B
and ZK60 specimens after 0 h, 72 h and 168 h exposure in the
ASTM B117 test environment. After 72 h, visual corrosion
damage associated with the scribe was observed on the MAO
coated AZ31B alloy. None of the MAO coated ZK60 alloy
exhibited any visual corrosion damage associated with the
scribe. As the corrosion continues (168 h), MAO coated
AZ31B specimen exhibited significantly more corrosion
products relative to the MAO coated ZK60 alloy. And there are
some corrosion areas occurred on the MAO coated AZ31B
alloy. The visual extent of the adherent corrosion product was
significantly less than the MAO coated ZK60.

(a) MAO coated AZ31B

@ on ®

S|
| N

e e

i S
i g SR R

Corrosion areas

72 h .

(b) MAO coated ZK60

0h @

5

e

rT
I
|
|
|
|
|
I
I
|
|
|
|

Figure 6. Photographs of the scribed MAO coated (a) AZ31B and (b) ZK60
specimens before corrosion and after ASTM B117 testing for 72 h and 168 h

It seems that the spread of corrosion from scribe was
influenced more by the difference in the coating substrate.
Combining the microstructure and electrochemical corrosion
results, in AZ series and ZK60 alloys, the corrosion mechanism
was more influenced by the Al, Zn distribution and
morphology of the formed B-phase. The highest corrosion
resistance of ZK60 among these three alloys is related to Zn
and Zr elements which can form the compounds of MgZn; and
ZnyZr [18]. For MAO coating, the MAO coated Mg alloys

exhibited excellent corrosion performances due to the
protection of the MAO coatings containing Mg.SiO4 and MgF
phases that have relatively stable chemical properties [19].
Under the same MAO processing parameters, there is not much
difference between the thickness and density of the coating on
different substrate. When the coating is broken down, its
corrosion is mainly depended on the substrate properties. After
the scribe testing, the MAO coating on ZK60 specimen
exhibited better corrosion protection in the continuous slat
spray environment than that synthesized on the AZ31B alloy.

IV. CONCLUSIONS

In this work, the significance of the microstructure and
corrosion properties of the MAO coated different kinds of
magnesium  alloys were evaluated using advance
microstructural and surface analysis  techniques,
electrochemical testing method and scribe testing exposure in
the ASTM B117 test environment. The conclusions can be
summarized as:

1) The corrosion behavior of the three kinds of cast
magnesium alloy of AZ31B, AZ80 and ZK60 has shown that
the ZK60 Mg alloy is better than AZ80 and AZ31B.

2) Adherent, dense and uniform MAO coatings are grown
on AZ31B, AZ80 and ZK60 Mg alloy substrates in an alkaline
silicate electrolyte. SEM and XRD analysis has shown that the
MAO coating is a complex mixture of compounds including
MgO, Mg.SiOs and MgF,, etc. The variation of different
substrate materials did not result in any marked change in the
compositional or phase composition and the thickness,
microstructure of the MAO coating.

3) MAO coatings provide robust protection of the
AZ31B, AZ80 and ZK60 Mg alloys substrate in both
electrochemical and scribe salt spray corrosion tests. The

MAO coated ZK60 exhibited better anti-corrosion
performance among these specimens.
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