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A concept of two-steps current-decreasing mode derived from constant current mode
was developed to fabricate micro-arc oxidation (MAO) coatings on ZK60 magnesium
alloy in a dual electrolyte system. The growth characteristics of coatings were analyzed
by voltage-time curves, and the coating microstructures were characterized by means
of scanning electron microscopy. Meanwhile, the roughness, corrosion behavior, and
microhardness of MAO coatings were investigated. The results show that the MAO
coatings exhibit a smooth and compact surface, and have improved hardness,
higher thickness, smaller roughness, and uneven distribution of holes. Such positive
characteristics result in improved corrosion resistance of MAO coatings. The coating
produced under the two-steps current mode of “1.2–0.6A” shows a smaller corrosion
rate of 0.1559 g/m2

·h compared with the one produced under the other mode. The
results of nanoscratch tests show that the coating fabricated by “1.2–0.6 A” mode has
strong bond strength with the substrate. Under this optimized mode, the MAO process
also has the lowest energy consumption of 49.8 W/(dm2

·µm).

Keywords: properties, micro-arc oxidation, magnesium, two steps current-decreasing mode, dual electrolyte

INTRODUCTION

For their good mechanical and thermal properties, magnesium and its alloys have attracted
more and more attention in many industrial fields, such as automobile, aerospace, and medical
instruments (Pan et al., 2018; Ramalingam et al., 2019; Venkatraman and Swamiappan, 2020).
Nevertheless, the application of Mg alloys is largely limited due to its poor corrosion resistance.
In order to expand their applications, an available solution should be worked out to solve the
problem of the alloy’s poor corrosion resistance (Goli and Aghajani, 2018; Ren et al., 2018; Yang
et al., 2018; Pan et al., 2019, 2020; Kuang et al., 2020; Sun et al., 2020). Generally, an effective
way to improve corrosion resistance of alloy is to synthesize a protective coating on the surface of
Mg alloys. In the past several decades, many surface modification technologies have been used on
magnesium alloys, including anodic oxidation, ion implantation, electroless plating, techniques of
chemical conversion coatings. Cai et al. (2009) produced an in-depth study about anodic oxidation
of magnesium including the corrosion mechanism of active dissolution, passivation and secondary
oxidation of magnesium in 6 M KOH solution. During the experiment, it was found that changing
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the electrical parameters does not significantly improve the
corrosion resistance of the film. Jin et al. (2015) reported that the
corrosion resistance of WE43 magnesium alloy can be improved
by ion implantation of a small amount of Nd. The results
showed that this method significantly retarded the degradation
of WE43. Furthermore, significantly enhanced cell adhesion and
excellent biocompatibility of WE43 are observed after Nd ion
implantation. However, the safety of rare earth elements in
biomedical magnesium alloy is still in the research stage. Shao
et al. (2017) reported that using nickel hydroxide as the main
salt for electroless nickel plating can improve the corrosion
resistance of AZ91D magnesium alloy. However, electroless
nickel plating still has some problems, such as insufficient
environmental protection of waste liquid (Wang et al., 2014).
Other surface modification technologies also have different
disadvantages (Forero López et al., 2018; Zang et al., 2020).
Recently, the micro-arc oxidation (MAO) technique, which is
derived from the traditional anodic oxidation, has been employed
as an advanced technique to modify the surfaces of Mg alloys
(Zhang and Chen, 2019; Zhang et al., 2020). During the MAO
process, the specimens work as the anode and the electrolyte
pool works as the cathode. When applying a high voltage
between two electrodes, the intense spark discharge would take
place on the surface of the specimens (Patcas and Krysmann,
2007; Wang et al., 2011). Due to the local high temperature
caused by discharge and the involvement of thermal-, plasma-,
and electro-chemical reactions in the electrolyte, ceramic-like
coatings can be fabricated on the surfaces of the specimens with
good compactness, corrosion resistance and wear resistance (Lee
et al., 2019; Li et al., 2019; Zhu et al., 2019).

The properties of MAO coatings are strongly influenced
by many factors, such as power types, control modes, process
parameters (such as current density, frequency, and duty cycle,
etc.) and the compositions of electrolytes (by altering the
compositions of the electrolyte, the phase constituents of the
coating can be adjusted). More excellent coatings can be obtained
by adjusting the factors that affect the properties of the coatings.
For instance, Zhang et al. (2012) investigated the effect of
different voltages (250, 300, and 350 V) on the properties of MAO
coatings on AZ31 Mg alloy, and found that the MAO coating
prepared at 250 V has better corrosion resistance compared
with the counterpart prepared at the other voltages. Lv et al.
(2008) studied the effect of current frequency (100 and 800 Hz)
on the morphology and corrosion resistance of MAO coatings
on ZM5 Mg alloy. Their results showed that the MAO coating
prepared at 100 Hz has a rough surface with large pores and
exhibits poor corrosion resistance, which might be triggered by
the sparks at the same location for a long time during the MAO
process. Much of the research investigating MAO coatings on Mg
alloys has focused on the optimization of electrical parameters
to improve their corrosion resistance (Sobrinho et al., 2017).
It is also necessary to control the electric parameters during
the MAO processes.

Current density during the MAO process is generally regarded
as an important electric parameter. Our group has previously
completed research on the growth mechanism at low-current
(Chen et al., 2015). In previous works, it can be found that the

structure of these coatings and the voltage curve would change
significantly as time goes by (Jiang et al., 2013; Yao et al., 2013;
Dehnavi et al., 2015; Sobrinho et al., 2017). Although it is easy to
calculate and control the energy consumption using the constant
current mode, too much energy input can cause these coatings
to peel off during the final repairing stage. Besides, the corrosion
resistance of these coatings would deteriorate while the current
increases during the final repairing stage, which is attributed to
low compactness of coatings and uneven distribution of pores (Ly
and Yang, 2019). Therefore, there is a new method proposed for
the first time in this work, which uses a low current in the final
repairing stage, namely, the two-steps current decreasing mode.

ZK60 is a high-strength deformed magnesium alloy. The
related research was mainly focused on its plasticity and high-
strength mechanical properties. The reported regarding surface
corrosion protection of ZK60 was rare. The corrosion resistance
and wear resistance of ZK60 still limit its application. In
this work, a new and promising micro-arc oxidation surface
treatment technology was used to modify the surface of
ZK60. MAO coatings were fabricated using two-steps current-
decreasing mode, which aims to reduce the energy input by
decreasing the current in the final repairing stage. During the
first stage, high energy input should be given, which could
be conducive to the breakdown of passive film under the
constant current mode. During the second stage, low energy
input could obtain a preferable repairing effect. Furthermore,
scanning electron microscopy (SEM) and laser scanning confocal
microscopy (LSCM) were used to examine the morphologies
of the coatings. X-ray diffraction meter (XRD) was employed
to investigate the phase constituents of the coatings. The
bond strength between coating and substrate was evaluated by
nanoscratch tests. Likewise, the corrosion behavior of the MAO
coatings was investigated by electrochemical tests.

MATERIALS AND METHODS

Preparation of MAO Coating
ZK60 commercial deformed magnesium alloy was used in this
experiment, which has undergone solution and aging treatment
after deformation. It has been reported that the ZK60 magnesium
alloy combined by deformation and aging treatment could
enhance its yield strength (Song et al., 2013). Rectangular
specimens (20 mm × 20 mm × 5 mm) were used as the
anode, the compositions of ZK60 used in this work are shown in
Table 1. Before the MAO treatment, the surface of specimens was
ground with 800, 1,500, 2,000 grit SiC paper and ultrasonically
cleaned with acetone for degreasing. Then, the specimens were
rinsed with distilled water and dried in ambient air. The main
precipitates of ZK60 are α-Mg phase and equilibrium Mg-Zn
phase (Chen H. B. et al., 2016; Zeng et al., 2018).

TABLE 1 | Compositions of ZK60 Mg alloy (wt%).

Element Zn Zr Impurities Mg

Content 4.8–6.2 >0.45 5 0.30 balance
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The MAO device was composed of a WHD-20 bipolar pulsed
DC power (Harbin, China) and a stainless-steel bath containing
electrolyte. In this work, a stirring system and a cooling system
maintained the temperature of the electrolyte at 35–40◦C in
all cases. A composite electrolyte, which was composed of
17.5 g/L Na2SiO3, 5 g/L Na3PO4, 5 g/L NaOH, 3 g/L Na2B4O7,
and 4 g/L C6H5Na3O7, was prepared for the MAO process.
The MAO process was respectively carried out by two modes.
One was constant current mode and the other was two-steps
current-decreasing mode. For constant current mode, the electric
parameters were set as follows: current of 1.2 A, frequency of
500 Hz, duty cycle of 40% and oxidation time of 900 s, which
were the optimized results in our previous work (Wang et al.,
2018). For two-steps current-decreasing mode, MAO process
could be divided into two steps according to the voltage-time
curves. On the first step (0–300 s), the current was set as 1.2
A. On the second step (300–900 s), the used current (1.2 A)
was reduced to 0.6, 0.8, and 1.0 A, respectively. The specimens
processed under two-steps current-decreasing mode were using
these current parameters. Meanwhile, the frequency and duty
cycle were the same as all specimens either under constant
current mode or under two-steps current-decreasing mode. In
order to simplify the discussion, hereafter, we label the four
different current modes as 1.2 A mode, 1.2–1.0 A mode, 1.2–0.8
A, mode and 1.2–0.6 A mode, respectively.

Calculation of Current Density
The voltage-time curves were recorded automatically in PC
during the MAO process. The current density is often regarded
as an important parameter that affects the corrosion resistance
of the coatings and reveals the electrical energy applied to the
surface of the specimens (Ezhilselvi et al., 2016). To directly
represent the corresponding current density of the specimens
under different currents, the amount of current can be converted
into current density according to the equation below, and the
results are shown in Table 2.

J = I/S (1)

Where J is current density (A/dm2); I is the current in a stage (A);
S is the total surface area of the specimen (dm2).

Immersion Test of Coatings
An electronic balance with an accuracy of 0.001 g was used to
weigh the mass of the MAO specimen before immersion, which
was recorded as W0. The specimen was immersed in a 3.5 wt%
NaCl solution for 72 h and then taken out. Then, the specimen
was put in the distilled water by ultrasonic cleaning for 10 min
to clean the corrosion product. After drying, the mass of the
specimen after immersion was weighed and recorded as W1.

TABLE 2 | The conversion relationship between current and current density.

Current I (A) 0.6 0.8 1.0 1.2

Current density J (A/dm2) 5 6.67 8.33 10

The average corrosion rate of the coating was calculated
according to formula (2).

V = (W0 −W1) /St (2)

WhereV is the average corrosion rate of the coating (g/m2
·h);W0

and W1 has been explained above; S is the exposed surface area of
the specimen (m2); t is the test time (h).

Characterizations
The microstructures of the coatings were observed by SEM
equipped energy-disperse spectroscopy (EDS) (JSM-6480, JEOL,
Tokyo, Japan). Phase constituents were examined by XRD using
a Shimadzu XRD-6000 with CuKα radiation operated at 40 kV.
The parameters of 2θ range of 20◦–80◦ and scan rate of 4◦/min
were set in this work. The roughness of the coated specimen was
examined by a laser scanning confocal microscope (OLS4000,
Olympus, Tokyo, Japan), which was used to measure the line
roughness on the specimen surface. The final roughness data
was gotten from the average value of five measurements. Image
J2.0 software was used to calculate the coating porosity (Chen
L. Y. et al., 2016; Chen et al., 2018b, 2019a). Microhardness
of the coating was measured by means of a KB30S German
automatic hardness tester. Nanoscratch tests were carried out
using the scratch option available in the CSM-NHT2 machine
platform equipped with a Rockwell indenter with a 100 µm tip
radius. The corrosion resistance was characterized by CS2310
electrochemical workstation (CorrTest, Wuhan, Hubei, China)
at the frequency ranging from 10−2 Hz to 105 Hz with a
low amplitude alternating current amplitude of 5 mV in 3.5
wt.% NaCl solution. ZSimpWin software was used for fitting
the EIS data. Error bars were calculated from the data of four
specimens, which were used in results of roughness, thickness,
microhardness, and corrosion rate.

RESULTS AND DISCUSSION

Evolution of Voltage During MAO
Process
To examine the effect of process parameters on coatings
produced under a constant current mode, the voltage output is
measured during the MAO process. This voltage output usually is
presented as a curve with a number of distinct regions signifying
various stages in the development of the coating. The voltage-
time curves under different processing modes are revealed in
Figure 1. Apart from the single constant current mode, the other
three curves were obtained by respectively decreasing the current
to 1.0, 0.8, and 0.6 A.

All the curves can be roughly divided into four stages. At
the first stage (0–48 s)—anodic oxidation stage, the slope of
the curves remains basically invariable and the voltage increases
linearly, indicating the formation of a very thin oxide film on
the surface of the substrate. With the voltage rising up to about
175 V, the MAO process enters the second stage (48–130 s)—
initial arc stage. In this stage, the slopes of the curves decline
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FIGURE 1 | Voltage-time curves during the MAO process under different current modes.

and arc discharge occurs on the specimen surface and micro-
arc oxidation. The third stage (130–300 s) is the major stage
for the growth of the MAO coating. The change of the voltage
curves is slight in this stage. At the final stage (300–900 s)—
coating repairing stage, the voltages change diversely under
different current modes.

At the final stage, it can be observed that the voltage under
1.2 A mode decreases continuously and does not show stability
over time, while the voltage under two steps current-decreasing
mode drops sharply and then stabilizes. The descent of the
voltage is most noticeable in 1.2–0.6 A mode, which is similar
to the constant current mode. The voltage under 1.2–0.8 A
mode drops inconspicuously. The voltage of the 1.2–1.0 A mode
continues increasing at the beginning of the final stage and
then decreases. The voltage value between 300 and 900 s was
taken to calculate the average voltage at this stage. The values
of the average voltages in this stage are about 263 V (1.2 A),
278 V (1.2–0.6 A), 288 V (1.2–0.8 A), and 296 V (1.2–1.0 A),
respectively. As seen in the values of the average voltages, the
number is the minimum among these values under the constant
current mode. This implies that the average breakdown voltage
is the lowest under 1.2 A mode. Furthermore, the reaction in
the electrolyte would continue to weaken due to the decrease
in the subsequent voltage. In the two-steps current-decreasing
mode (1.2–0.6 A, 1.2–0.8 A, and 1.2–1.0 A mode), there is no
obvious difference in the voltage after 600 s. The subsequent
voltage at the final stage provides a more stable breakdown force
for the MAO coating growth, which is in the lower current
environment. Excessive current input would aggravate the crack
propagation in the coating, which causes the coating to peel
off (Yahalom and Zahavi, 1970; Ly and Yang, 2019). However,

the peeling of these coatings may be suppressed due to the
low current. The stable voltage means the stable breakdown
force, and the low current input means a low energy input,
which plays an important role in repairing the weak areas
(Lu et al., 2011).

Unit Energy Consumption
The voltage variation of the different current mode takes place
after 300 s due to the current accommodation. Eunit is referred to
the unit energy consumption of the specimen surface in the final
stage, which is calculated by Eq. (2). The energy consumptions
for the growth of the coatings as a function of unit time and unit
area are listed in Table 3. The meaning of J has been explained in
Eq. (1). In the final stage, the adjusted current I and specimen
surface area S can be regarded as stable values, hence J can
also be regarded as a constant. The Eunit is mainly affected by
voltage and the coating thickness. It can be seen that the Eunit
in the final MAO stage is reduced under two-steps current-
decreasing mode. The lowest Eunit under the mode of 1.2–0.6
A is 49.8 W/(dm2

·µm). There are three reasons accounting for
the above results.

TABLE 3 | Unit energy consumption of different current modes in the final stage.

Parameters Uaverage/V J/A·dm−2 Taverage/µm Eunit/W·

(dm2·µm)−1

1.2 A 263 10 18.95 138.8

1.2–0.6 A 278 5 27.91 49.8

1.2–0.8 A 288 6.67 28.44 67.5

1.2–1.0 A 296 8.33 29.11 84.7
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FIGURE 2 | X-ray diffraction patterns of the MAO coatings fabricated under the different current modes.

FIGURE 3 | Surface morphologies of coatings under different current modes: (a) 1.2 A; (b) 1.2–0.6 A; (c) 1.2–0.8 A; (d) 1.2–1.0 A.

The first reason is the current density. The adjusted currents
are lower under the two-steps current-decreasing mode as well
as the current densities, which is calculated by the Eq. (1). It can
be seen from Table 3 that the current density J in the 1.2–0.6 A
mode is only 50% of the 1.2 A mode, the corresponding calculated
energy consumption Eunit is lower.

The second reason is the coating thickness. The increased
thickness of the coating has become an important factor
influencing the Eunit under the two-steps current-decreasing
mode. The slow growth of the average coating thickness would
increase the unit energy consumption under the constant current

mode. It has been reported that the thickening of coating is the
accumulation of the melts (Barati Darband et al., 2017; Peng
et al., 2019). All sorts of elements enter the discharge channel
to form a melt by high temperature and high pressure, and
then accumulate in the channel under the cooling effect of the
electrolyte (Krysmann et al., 1984; Chen et al., 2010). Increased
thickness of coating would lead to the increase in the electrical
resistance, which elevates the required voltage for the spark
discharge on the surface of the specimen.

The third reason is the average voltage in the final stage. The
voltage under the two-steps current-decreasing mode is higher
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TABLE 4 | Specimen surface porosity fabricated under the different modes.

Mode 1.2 A 1.2–0.6 A 1.2–0.8 A 1.2–1.0 A

Porosity (%) 2.47 5.72 6.33 7.84

than that under constant current mode in Figure 1, which has a
positive effect on repairing the defects in the coatings. Sufficient
breakdown force provided by the high voltage in the final stage
supplies the reaction on the coating surface (Lin et al., 2013).

According to the analysis above, the two-steps current-
decreasing mode can effectively reduce energy consumption and
have a positive effect on the coating thickening.

Eunit =
I × Uaverage

S× Taverage
= J ×

Uaverage

Taverage
(3)

where Uaverage is the average voltage during the MAO process (V);
Taverage is the average thickness of the coating (µm); Eunit stands
for the unit energy consumption [W/(dm2

·µm)]; J, I, and S have
been mentioned in section “Unit Energy Consumption.”

Microstructural Features
XRD Results
Figure 2 shows the XRD spectra of MAO coatings under different
current modes. The phase constituents of four coatings mainly
consist of Mg2SiO4, Mg, Mg2Si, and MgO phases, which are
in agreement with previously reported results processed in a
silicate-containing electrolyte (Durdu et al., 2013). In Figure 2,
the increase in the peak intensity of these phases is found because
the coating thickness increases under different power modes. The
phases of Mg and MgZn2 mainly come from the substrate. It
has been reported that a complex micro-arc oxidation reaction
takes place in the melts to form not only the crystalline substance,
but also high temperature phases in the discharge channel (Chen
et al., 2010). MgO is derived from the passive film formed in
the anodizing stage and the subsequent diffusion of Mg2+ and
O2− between metal/film and film/electrolyte interfaces (Guo
et al., 2006; Durdu et al., 2013). The participation of Mg2SiO4 in
the passive film can increase it corrosion resistance (Wu et al.,
2007). Compared with the constant current mode, it can be
seen from Figure 2 that Mg2SiO4 phase exists in the coating,
which is produced under two-steps current-decreasing mode
and has a higher diffraction peak. Mg2SiO4 also belongs to the
high temperature phase, and its formation process follows the
reactions below:

Mg2+
+ O2−

→ MgO (4)

SiO2−
3 − 2e→ SiO2 + 1/2O2 (5)

SiO2 + 2MgO→ Mg2SiO4 (6)

Surface Morphologies of MAO Coatings
Figure 3 presents the surface morphologies of the MAO coatings
obtained under different current modes. As seen from Figure 3a,

a few of the larger pores with a size of 4–6 µm are presented
on the surface of the coating under constant current mode (1.2
A mode). The calculated surface porosity is shown in Table 4.
The porosities of four specimens are 2.47, 5.72, 6.33, and 7.84,
respectively. It can be seen that the specimen under 1.2–0.6 A
mode has a lower porosity. The specimen under 1.2 A mode has
the smallest porosity but the surface cracks are more obvious.
Compared with 1.2 A mode, 1.2–0.6 A mode has a smoother
surface morphology. The pores are formed simultaneously with
the occurrence of spark discharge during micro-arc oxidation (Lu
et al., 2011; Chen et al., 2012; Wang et al., 2013). Continuous
cracks are presented on the entire surface which has been covered
by the surrounding solidified melts. The solidified melts are
spouted and formed around the pores through the discharge
channel by the cooling effect of the electrolyte (Xin et al., 2006;
Zhang et al., 2006a; Rabadia et al., 2019). It should also be noted
that the great thermal stress resulted from the rapid solidification
of molten oxide accounts for the appearance of cracks (Niu et al.,
2016; Santos et al., 2017; Chai et al., 2018; Chen et al., 2019b).
Under the two-steps current-decreasing mode (Figures 3b–d),
the solidified melts around cracks can still be observed, while the
cracks are discontinuous and their quantity is not as same as on
the specimen prepared under 1.2 A mode.

Cross-Sectional Morphologies of MAO Coatings
Figure 4 shows the cross-sectional morphologies of MAO
coatings under different current modes. The thickest part in the
cross-sectional image is measured, which represents the limited
thickness of the coating obtained by the MAO process. As seen
from the Figure 4, thicknesses of these coatings are 17.4 µm
(1.2 A), 27.1 µm (1.2–0.6 A), 28.7 µm (1.2–0.8 A), and 32.7 µm
(1.2–1.0 A), respectively. It can be found that all the coatings are
characterized as the dense inner layer and the porous outer layer
with a distinguishable boundary. The coating fabricated under
1.2 A mode has the minimum coating thickness (Figure 4a). It
is easier to form a connection between the pores in the porous
layer, which leads to the appearance of larger pores close to the
edge of the dense layer, even the dense layer is thinner than
the others. The same large pores are also presented in the 1.2–
1.0 A mode (Figure 4d). The probability of such larger pores
in the porous layer gradually decreases as the current decreases
(Figures 4b,c). Since the current modes in the first three stages
are the same, the appearance of these larger pores may be related
to the energy input in the final stage of the micro-arc oxidation
process. Relatively speaking, these coatings fabricated in the two-
steps current-decreasing mode have a higher thickness and better
compactness. However, the opposite result is seen under constant
current mode since the high energy input during the final stage
results in the severe discharging on the surface of the specimen,
which may damage the formed coating (Yahalom and Zahavi,
1970; Zhang and Xu, 2004; Zhang et al., 2006b; Lin et al., 2013).

Roughness of MAO Coatings Under
Different Current Modes
Line roughness is evenly measured five times by selected
parameter Ra on the specimen surface (Figure 5a). Besides, the
average linear roughness has been calculated and displayed in
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FIGURE 4 | Cross-sectional morphologies of the coatings under different current modes: (a) 1.2 A; (b) 1.2–0.6 A; (c) 1.2–0.8 A; (d) 1.2–1.0 A.

FIGURE 5 | (a) Schematic image of MAO coating roughness measured by five lines; (b) roughness of MAO coatings under different current modes.

Figure 5b. The average Ra value of MAO coating under 1.2–
0.6 A mode is 1.8604 µm, which is lower than that under the
other three modes. Under the constant current mode, the surface

roughness of the MAO coating is 2.9770 µm, which is the highest
Ra value in this work. It can be seen from Figure 3 that the
coating fabricated under 1.2–0.6 mode is evenly distributed with
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FIGURE 6 | (A) Coating thickness, variance, and (B) corrosion rate under different current modes.

FIGURE 7 | Penetration depth and acoustic emission as a function of scratch load and displacement of MAO coatings under different current modes for (A) 1.2–0.6
A, (B) 1.2–0.8 A, (C) 1.2–1.0 A, and (D) 1.2 A. The images below each curve are the corresponding scratch tracks. The slopes of the penetration depth curves are
4046.25 nm/N for 1.2–0.6 A mode, 4298.72 nm/N for 1.2–0.8 A mode, 5791.55 nm/N for 1.2–1.0 A mode and 6172.07 nm/N for 1.2 A mode, indicating that MAO
coating fabricated under 1.2–0.6 A mode is harder than those fabricated under the other three modes. The value of Lc under 1.2–0.6 A mode is 13.18 N, under
1.2–0.8 A mode is 11.22 N, under 1.2–1.0 A mode is 10.48 N and under 1.2 A mode is 11.95 N, indicating that MAO coating fabricated under 1.2–0.6 A mode has
the best adhesion with the substrate.
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small pores with size of 2–3 µm, and there are few microcracks.
The coating porosity is 5.72, which is lower than that of 1.2–0.8 A
and 1.2–1.0 A modes. It can also be seen from the cross-sectional
morphology that the coating surface is uniform under 1.2–0.6
A mode (Figure 4b). However, the coating fabricated under 1.2
A mode has the lowest porosity but continuous coarse cracks.
This morphology may be caused by the excessive energy in the
last stage under the constant current mode, and the insufficient
cooling of the surrounding electrolyte.

Thickness and Microhardness of MAO
Coatings Under Different Current Modes
Figure 6 shows the average thickness and microhardness of
the coated specimens fabricated by different current modes.
The coating becomes thicker under two-steps current-decreasing
mode. In order to more intuitively indicate the inconsistencies of
the change in the coating thickness, we show the square of the
error bar, that is, the variance in Figure 6A. While the variance
of coating thickness is lower, indicating a better uniformity of
the coating. At the final stage (300–900 s) of MAO process, the
high current in the 1.2 A mode leads to some large splitting point
discharge sparks on the surface of the specimen, which causes
the cracking and spalling of the MAO coatings. However, the
lower current in the final stage can effectively avoid the severe
discharging under two-steps current-decreasing mode and hence
the coatings are thicker and more uniform.

To further investigate the properties of the coatings, the
microhardness was measured as shown in Figure 6B. Obviously,
the values of microhardness of coatings fabricated under two
steps current-decreasing mode are higher than that fabricated
under constant current mode. The 1.2–0.6 A mode shows the
highest microhardness with a value of 583 HV, which is 34%
higher than the lowest value of 436 HV in the 1.2 A mode. It has
been reported that the thickness and compactness of the coating
determine the performance of the coating (Lu et al., 2011). It can
be confirmed by Figures 3, 4 that the coating fabricated under
1.2–0.6 A mode is uniform and dense, therefore, the hardness
is high. The coating fabricated under the constant current mode
has the lowest thickness and a large number of defects such as
pores and microcracks, so the hardness is the lowest. Although
the thickness of the coating fabricated under the other two modes
is higher than that of the coating fabricated under 1.2–0.6 A
mode, it also has a lot of flaws, which is not conducive to the
improvement of the hardness. Hence it is easy to understand that
the coatings fabricated under two-steps current-decreasing mode
have a higher microhardness due to the compact coating.

Nanoscratch Tests of MAO Coatings
Figure 7 illustrates the relationship between penetration
depth/acoustic emission and normal force/displacement of MAO
specimens under different current modes. In the figure, PD
stands for the penetration depth curve and AE means acoustic
emission curve. Lc stands for loading force when the coatings are
scratched. The images below the curves show the corresponding
scratch tracks. The peaks of the acoustic emission curve

FIGURE 8 | Corrosion rate of MAO coatings under different current modes.

are associated with the detection of flaws in MAO coatings
(Chen et al., 2018a).

Because of the many uneven ceramic phases and flaws
distributed in MAO coatings, the acoustic signals were not stable.
Nevertheless, when compared with the other figures, it can be
found that in the MAO coating fabricated under the constant
current mode (Figure 7D), the acoustic signal was more chaotic,
indicating that there was much more coating peeling during the
tests. The value of Lc under 1.2–0.6 A current mode is 13.18 N,
which is larger than the other three modes, indicating the best
adhesion between MAO coating and the substrate.

Since the penetration depth curves always consist of several
segments (such as a MAO coating segment and a substrate
segment), the slopes of the penetration depth curves are evaluated
by linear fitting to approach the curves within the MAO coating
segment. The lower the slope of the penetration depth curve,
the more difficult it becomes for the indenter to penetrate
MAO coatings. As seen from Figures 7A,D, the slopes of the
penetration depth curves are 4046.25 nm/N for 1.2–0.6 A mode
and 6172.07 nm/N for 1.2 A mode, indicating that the MAO
coating fabricated under two-steps current-decreasing mode is
harder than that fabricated under the constant current mode.
These data are consistent with the above-mentioned coating
hardness analysis, that is, the thickness and compactness are the
key factors that determine the performance of the coating.

Corrosion Rates of MAO Coatings
Figure 8 shows the corrosion rate of the coated specimens
fabricated by different current modes. The lower corrosion rate
specifies and exhibits an improvement in corrosion resistance
of the coatings prepared under two-steps current-decreasing
mode. As can be seen from Figure 8, The corrosion rate of
MAO coatings under two steps current-decreasing mode was
significantly lower than that in constant current mode. It can
be seen from the cross-sectional morphology (Figure 4) that
the dense layer of the coating prepared under the constant
current mode has the smallest thickness, and there are a large
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FIGURE 9 | Electrochemical test results of MAO in 3.5 wt.% NaCl solution: (A) Nyquist; (B) polarization curves.

number of cracks and through pores in the porous layer. The
presence of these defects cannot prevent the penetration of the
corrosive medium, which is not conducive to the improvement
of corrosion resistance. The thickness of the dense layer in the
coating fabricated under the two-steps current-decreasing mode
is larger than that in the coating fabricated under constant current
mode. Under 1.2–0.6 A mode and 1.2–0.8 A mode, the dense
layer has a larger thickness, and the porous layer has no obvious
defects, hence the corrosion resistance is better. This morphology
shows that the coating fabricated under the two steps current-
decreasing mode is more compact, which can effectively prevent
the penetration of corrosive medium (Wang et al., 2013; Li
et al., 2019). Consequently, the coating fabricated under two steps
current-decreasing mode exhibits a better corrosion resistance
with a lower corrosion rate (such as 1.2–0.6).

Electrochemical Measurements
To better understand the corrosion behavior of MAO coatings
under different current modes, the corrosion resistance of
coatings is evaluated by electrochemical impedance spectroscopy
(EIS) tests and potentiodynamic polarization performed in a
3.5 wt.% NaCl solution, as shown in Figure 9. It can be
found in Figure 9A that the Nyquist plots of MAO coatings
have different radii of capacitive loops which is related to the
charge transfer process. Generally, the capacitive loop has a
bigger radius, indicating greater charge transfer resistance and
better corrosion resistance of the coatings (Dai et al., 2017;
Lei et al., 2018; Sang et al., 2019; Zhang et al., 2019; Xiang
et al., 2020). It can also be obviously found that the coatings
fabricated under steps current-decreasing mode show greater
radii of the capacitive loop compared with that under the
constant current mode. As analyzed in the previous section,
with the gradual decrease in the current in the final stage
of the two-step current-decreasing mode, the resultant MAO
coating is characterized with fewer defects and better uniformity.
It would be of superior ability to protect the substrate from
corrosion. Therefore, it would also exhibit a bigger capacitive

TABLE 5 | Electrochemical parameters from polarization curves.

Current modes 1.2 A 1.2–0.6 A 1.2–0.8 A 1.2–1.0 A

Ecorr/V −1.52 −1.18 −1.28 −1.51

Icorr/A 1.09E-06 1.51E-08 1.86E-08 4.20E-08

loop during EIS test. Figure 9B shows the polarization curves of
the coatings fabricated under different current modes. It can be
seen that there are obvious differences in the polarization curves
of MAO specimens under different modes. With the decrease
of current, the corrosion current of specimens corresponding
to each mode gradually decreases and the corrosion voltage
gradually increases. To further confirm that truth, the fitting
result for the corrosion potential and corrosion current are
listed in Table 5. As it can be obviously observed that the
coatings fabricated under steps current-decreasing mode show
a more noble corrosion penitential and a lower current density,
indicating the MAO coating under steps current-decreasing
mode show a significant improvement in the protectiveness for
the Mg substrate.

The impedance, corrosion potential, and current density are
greatly influenced by the compactness and thickness of the
protective layer (Bai et al., 2017; Liang et al., 2018; Qin et al.,
2019; Yang et al., 2019). Therefore, the corrosion resistance of the
coatings fabricated under steps current-decreasing mode better
perform than that fabricated under the constant current mode,
the steps current-decreasing mode can significantly enhance the
properties of MAO coatings.

CONCLUSION

In this work, micro-arc oxidation (MAO) was performed on
ZK60 under different power modes, the difference between
the coatings in the constant current mode and two-step
current-decreasing mode was compared and analyzed. After
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the examinations of microstructures, phase constituents,
nanoscratch tests and electrochemical measurements, some key
points can be concluded as follows.

(1) Under the constant current mode, due to the higher
energy input, it leads to a severe discharging during the
final stage of the MAO process. Therefore, a thinner
coating was fabricated with some flaws, thereby having
poorer corrosion resistance.

(2) The coatings fabricated under steps current-decreasing
mode exhibit higher coating thickness, superior
compactness and uniformity due to the lower input
energy during the final stages of the MAO process. The
steps current-decreasing mode has a profound effect on
enhancing the corrosion resistance and microhardness of
MAO coatings. The coatings fabricated under 1.2–0.6 A
present the best performance.

(3) Comparing with the other MAO coatings under another
three current modes. The coatings fabricated under 1.2–
0.6 A two-steps current-decreasing mode shows the best
corrosion resistance, the highest adhesion, the lowest
roughness and the highest microhardness.

(4) Comparing with constant current mode, the steps
current-decreasing mode can not only enhance the
properties of MAO coatings but also can achieve great
success in saving energy and reducing consumption.
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