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Influence of nano-SiC on microstructure and property of
MAO coating formed on AZ91D magnesium alloy
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Abstract: Ceramic coating incorporated with nano-SiC was obtained on AZ91D magnesium alloy during MAO by adding nano-SiC
into the silicate—aluminate-based composite electrolyte. The microstructure, thickness, phase analysis, element composition and
hardness of the coatings were respectively investigated by scanning electron microscopy(SEM), film thickness meter, X-ray
diffraction (XRD), energy disperse spectroscopy(EDS) and Vickers hardness tester. The wear resistance of Mg alloy and coatings
were evaluated by friction and wear apparatus, while the corrosion resistance of Mg alloy and coatings were evaluated by
potentiodynamic polarization test and electrochemical impedance spectroscopy (EIS). The results show that after adding nano-SiC
into the electrolyte, both the striking voltage and final voltage decrease, the size and number of the micropore on the surface of the
coating decrease, the thickness and hardness of the coating increase, both the wear resistance and corrosion resistance of the coating
raise.
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the configuration of the basic electrolyte and the choice
1 Introduction of additives. Adding different additives into the
electrolyte can improve the relative properties of the
coating as described in the literatures [7,8].

Due to some excellent properties, nanoparticles as a
new kind of additive have caused the attention of many
scholars in recent years. LI and LUAN [9] discovered
that Al,O; particles participated in the formation of
electromagnetic shielding, easy to be processed and easy MAO coating when adding ALO; particles into the
to recycle, etc., it is known as the 21st century green aluminate electrolyte. YANG and LIU [10] found that the
engineering material [1]. However, the low corrosion current density affected the MAO coatings embedded
resistance has impeded the widespread application of the with SiC nanoparticles. These reports show that
magnesium alloy, so surface treatment is necessary. Asa  papgnarticles have effect on the MAO process, but there
simple and environmental method of magnesium alloy, are few reports about the effect of nanoparticles on the
surface treatment, micro-arc oxidation(MAO) technology property of MAO coating. Therefore, in this work, the
takes advantage of the instantaneous high temperature influence of nano-SiC on the microstructure and
smte.rmg effect in the micro-arc zone Fo form the ceramic properties of MAO coating was studied.
coating on the surface of magnesium alloy, thereby
improving the corrosion resistance and wear resistance of 2 Experimental
magnesium alloy [2,3]. The property of MAO coating is
affected by many factors, including the composition of 2.1 Material
the electrolyte, the value of electrical parameter, etc The material used in this experiment is the die-cast
[4—6]. The study of the electrolyte is mainly focused on AZ91D magnesium alloy ingot. Its chemical composition

Resources, energy and environmental issues are
limiting the further development of human society. As
the lightest structural metal in industrial applications,
magnesium alloy has high specific strength and specific
rigidity, good electrical and thermal conductivity,
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is shown in Table 1.

The die-cast magnesium alloy ingot was cut into
15 mm x 15 mm x 5 mm bulk specimens, the specimens
were ground with abrasive papers(with four grades: 300,
600, 1000, 1500) and then degreased by ultrasonic
equipment before MAO treatment.

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

Al Mn Zn Be Cu
8.91 0.23 0.54 0.0011 0.002
Fe Ni Si Mg

0.0014 0.0005 0.034 Bal.

2.2 MAQO treatment

MAO process was carried out with a WHD—-20
MAO system which contained a stainless steel bath used
as the negative electrode and magnesium alloy specimen
used as the anode electrode, as well as a stirring and
cooling system to keep the electrolyte temperature below
40 °C. The electrolyte was configured with distilled
water. Na,SiO; and NaAlO, were the main
coating-forming reagents in the electrolyte with a small
amount of NaOH, C;H3zO;, Na,B,0; and C¢HsNa;O.
Besides these, nano-SiC powders with the diameter of
40 nm were added into the electrolyte under ultrasonic
condition. The electrolyte contained 15 g/ Na,SiO;,
9 g/L NaAlO,, 2 g/ Na,B40,, 3 g/L NaOH, 5 mL/L
C;H30;, 7 g/L C¢HsNa3;O; and 4 g/L nano-SiC. During
the treatment, the electrolyte was stirred continuously in
order to keep the nano-SiC in suspension.

Using the constant current control mode, setting the
positive current density as 15 A/dm’, negative current
density as 18 A/dm’, the pulse frequency as 520 Hz,
positive duty cycle as 38%, negative duty cycle as 30%,
the oxidation time as 15 min, MAO coatings were
prepared under these conditions.

2.3 Specimen examination

The surface morphology of each MAO specimen
and the worn surface of each specimen were observed by
the JSM—6480 scanning electron microscope. All the
MAO specimens were sprayed with a thin platinum film
to make them conductive prior to SEM observation. The
thickness of each MAO specimen was gauged by the
CMI233 film thickness meter. The porosity of each
MAO specimen was assessed by the ImageJ. The phase
composition of the MAO specimen was examined by the
XRD—6000 X-ray diffraction. The element composition
of the MAO specimen was detected by the INCA energy
disperse spectroscope. The hardness of each MAO
specimen was measured by the MH—5 Vickers hardness
tester. The friction and wear property of each specimen
was investigated on the UMT-2 friction and wear

apparatus. Electrochemical impedance spectroscopy (EIS)
and potentiodynamic polarization tests were performed
using the M283 electrochemical measurement system
containing a potentiostat and a lock-in amplifier in 3.5%
NaCl neutral solution at room temperature. The EIS
measurements were made at open circuit potential (OCP)
with AC amplitude of 10 mV and a frequency ranged
from 10° Hz to 10" Hz. The potentiodynamic
polarization tests were carried out with a scanning rate of
1 mV/s and a scanning range from —250 to 250 mV
(vs OCP). Prior to tests, all the specimens were mounted
by resin with 1 cm?® surface exposed, and coatings were
immersed in the 3.5% NaCl neutral solution for 10 min
to reach a stable potential. All electrochemical
measurements were performed with a conventional
three-electrode cell consisting of a platinum electrode as
the counter electrode, a saturated calomel electrode as
the reference electrode and MAO coatings as the
working electrode.

3 Results and discussion

3.1 Effect of nano-SiC on voltage of MAO process

The voltage—time responses of the MAO process
with and without nano-SiC are shown in Fig. 1. It can be
seen that the voltage—time responses of the MAO
process followed the same trend with and without
nano-SiC in the electrolyte. However, the addition of
nano-SiC in the electrolyte slowed down the increase
rate of the voltage. It was found that the MAO process
can be divided into three stages according to the
increasing rate of voltage. In the initial stage (stage I),
voltage increased drastically with time at a high slope,
and the increase-rate of voltage with and without
nano-SiC in the electrolyte is almost the same. It can be
considered that at the beginning of the experiment, the
electrode was energized, and because of the deposition
on the anode, a slight thin dielectric film immediately
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Fig. 1 Voltage—time responses for microarc oxidation process
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appeared on the surface of the specimen. Consequently,
the resistance of the specimen increased and therefore
the voltage increased rapidly. This process was called
anodic oxidation. During this period, the electrolyte did
not react with the substrate, so the addition of nano-SiC
in the electrolyte had no influence on the change of
voltage. In stage I, the voltage still increased with time,
but the increase rate of voltage decreased obviously
when compared with that in stage I. Furthermore, the
increase rate of voltage with nano-SiC in the electrolyte
was lower than that without nano-SiC in the electrolyte.
The formation of dielectric film caused the increase of
the voltage. When the voltage reached the striking
voltage, it began with the MAO process. The growth of
MAO coating is a process of multiple cycles: film
formation — breakdown — melting — sintering — film
formation again. The coating formation in this stage was
a slow process of gradual growth and led to a slower
increase rate of voltage when compared with stage I.
After adding nano-SiC in the electrolyte and because of
the vibration effect of ultrasonic, nano-SiC particles
uniformly dispersed in the electrolyte. Moreover,
because of relatively large surface energy of nano-SiC,
they can absorb negative ions in the electrolyte [11] to
form negatively charged colloidal particles. With the
effect of the electric field, these colloidal particles moved
toward the anode (magnesium alloy) and gathered on its
surface, thereby hindered the discharge breakdown
process of magnesium alloy, consequently slowing down
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the film growth rate. At the same time, the increase rate
of voltage with nano-SiC in the electrolyte was lower
than that without nano-SiC. In the final stage (stage III),
the voltage increased more slowly when compared with
the former two stages. In this stage, the coating was very
thick and the breakdown of coating always occurred on
the specific parts covered with a relatively thin coating.
Thus, a slightly higher voltage was needed to maintain
the stable current density, which led to a slow increase
rate of voltage. In this stage, the voltage with nano-SiC
in the electrolyte was still lower than that without
nano-SiC.

The striking voltage and final voltage during MAO
process are shown in Fig. 1. After adding nano-SiC in the
electrolyte, both the striking voltage and final voltage
decreased. Striking voltage decreased from 331 to 305 V
while final voltage decreased from 457 to 434 V. The
reason that the striving and final voltages with nano-SiC
were lower than those without nano-SiC may be
explained as Refs. [12,13]; however, it is important to
provide more understanding in the future.

3.2 Effect of nano-SiC on morphologies of different
MAO coatings
Figure 2 shows the surface and cross-sectional
morphologies of different MAO coatings. It can be seen
from Figs. 2(a) and (b) that MAO coatings showed a
typical porous structure (marked by arrow 1), and there
were several micro-cracks (marked by arrow 2) on the
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Fig. 2 Surface (a, b) and cross-sectional (¢, d) morphologies of different MAO coatings: (a, ¢) Without nano-SiC; (b, d) With

nano-SiC
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surface of the coatings. As shown in Fig. 2 (a), the
surface of the coating obtained without nano-SiC showed
several large volcanic-like micropores with the
maximum diameter of the micropore up to 6 pm. These
micropores were distributed unevenly on the surface and
some micropores were blocked by the solidification of
molten materials which ejected from the discharge
channels. The excessive molten materials not only
blocked the micropores but also formed a large
connection area on the surface of the coating, as shown
in the right bottom of the Fig. 2(a). In Fig. 2(b), the size
of the micropores on the surface of the coating obtained
with nano-SiC was smaller than that obtained without
nano-SiC and the diameter of the micropores was less
than 3 pum. At the same time, the number of the
micropores on the surface of the coating with nano-SiC
was less than that obtained without nano-SiC. After
adding nano-SiC into the electrolyte, they adsorbed
negative ions to form negatively charged colloidal
particles which moved to the surface of the magnesium
alloy. When the micro-arc discharged, the electrolyte in
the discharge channels reacted with the magnesium alloy
substrate and generated molten materials. Due to the high
temperature and high pressure, the nano-SiC particles on
the surface of the substrate were wrapped by the molten
materials ejected from the channels. After solidification
of the molten materials, nano-SiC and the molten
materials became parts of the coating. However, the
discharge time was short and the colloidal particles
continuously moved toward the anode, so, a number of
nano-SiC particles could not be wrapped in time and
settled on the surface of the specimen [14]. Among them,
there were some nano-SiC particles which settled in the
discharge micropores, decreasing the diameter of the
micropores and reducing the number of the micropores
in the coating consequently improving the density of the
coating. From Figs. 2(c) and (d), the coating obtained in
the electrolyte with nano-SiC was relatively compact as
compared with the coating in the electrolyte without
nano-SiC (Fig. 2(c)), and many pores with big size
existed in the coating.

Figure 3 represents the cross-sectional elements
distribution of the MAO coating with nano-SiC detected
by EDS. The concentration of Si in the whole coating
was nearly constant, and the concentration of C on the
surface of the coating was relatively higher than that in
the middle of the coating. However, C exited in the
whole coating may prove that the SiC participated in the
MAUO process.

3.3 Effect of nano-SiC on thickness and porosity of
different MAO coatings
Figure 4 shows the thickness of different MAO

Fig. 3 Cross-sectional elements distribution of MAO coating
with nano-SiC
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Fig. 4 Thickness of different MAO specimens

coatings. The thickness of MAO coating with nano-SiC
was higher than that without nano-SiC. This is due to the
electrophoretic effect of nano-SiC. What is more, some
nano-SiC particles were wrapped in the coating, and
some were settled on the surface of the specimen. The
synergistic effect between the two aspects increased the
thickness of the coating. From Fig. 4, the thickness of
different MAO coatings was very close. It differed just a
few micrometers from each other. The additional SiC
particles were at nano level, so they embedded into the
inside and surface of the coating without obviously
increasing the thickness of MAO coating.

The porosity of each MAO specimen can be
assessed by the ImageJ and the pore processing maps of
MAO coatings are shown in Fig. 5. It can be seen that
the porosity of MAO coating diminished adding
nano-SiC into the electrolyte. Moreover, CREUS
et al [15] discovered that the porosity can be calculated
with formula (1):

R
P =25 510 ALeor/ba) (1)
p

where P is the porosity, R, is the polarization resistance
of the substrate, R, is the polarization resistance of the
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Fig. 5 Pore processing maps of different MAO coatings:
(a) Without nano-SiC; (b) With nano-SiC

coating, AE, is the corrosion potential difference of the
coating and the substrate, b, is the anodic Tafel constant.
According to the formula (1), the porosities of the
coating with and without nano-SiC are respectively about
0.3% and 0.6%. This is due to the sedimentation of
nano-SiC. It was explained in the Section 3.2.

3.4 Effect of nano-SiC on phase composition of MAO
coating
The X-ray diffraction pattern of the MAO coating
obtained without nano-SiC is shown in Fig. 6. It can
be concluded that the coating was mainly composed of

n— Mg

+— MgO
*— MgALO,
«— Mg,SiO0,

30 40 50 60 70 80
20/(°)

Fig. 6 XRD pattern of MAO coating without nano-SiC

MgO, MgAl,O4 and Mg,SiO4. The appearance of the
diffraction peaks of Mg is a result of the coating being
relatively thin and X-ray being able to penetrate through
the coating to the substrate. The appearance of MgO,
MgAl,O, and Mg,SiO, is the result of the reaction
between Mg alloy substrate and the electrolyte.

Figure 7 shows the surface elemental mapping
result of the MAO coating with nano-SiC. It can be seen
that the coating was mainly composed of Mg, Al, O, Si
and C. Each element distributed uniformly across the
surface of the coating. In addition, it can be seen that the
amount of Mg in the coating was the highest while the
amount of C in the coating was the least. C in the coating
came from nano-SiC, the little amount of C indicated
that the content of nano-SiC in the coating was not large.
The reason why nano-SiC appeared in the MAO coating
can be explained as follows. Under the electrophoretic
effect, the nano-SiC as the second phase particle
involved in the deposition process, and part of the
nano-SiC was wrapped by molten materials produced
through micro-arc discharge, consequently, SiC became a
part of the coating. It can also be seen in Fig. 3.

3.5 Effect of nano-SiC on hardness of MAO coating

Figure 8 shows the hardness of Mg alloy substrate
as well as MAO specimens with and without nano-SiC.
The result suggests that MAO can significantly improve
the hardness of AZ91D Mg alloy after adding nano-SiC
into the electrolyte, the hardness of MAO coating was
further improved and about 20% higher than that of the
coating without nano-SiC. This is due to the high
strength and hardness of the nano-SiC. When nano-SiC
was incorporated into the MAO coating, the hardness of
the coating can be improved.

3.6 Effect of nano-SiC on wear resistance of MAO

coating

The friction and wear experiments were carried out
among Mg alloy substrate as well as the specimens with
and without nano-SiC. The UMT-2 friction and wear
apparatus was used in the experiment, the friction type
was ball-block form of friction, and the GCrl5 steel ball
with 9 mm in diameter was used as the moving surface
member. The dry sliding wear tests were carried out at
the load of 10 N and a sliding speed of 30 rev/min with
the wear diameter of 4 mm and the wear time of 15 min.
The surface morphologies of wear tracks are shown in
Fig. 9. It is obvious from Fig. 9 that the wear area of the
coated specimen is smaller than that of the uncoated
specimen. Furthermore, the wear area of the specimen
obtained with nano-SiC is smaller than that without
nano-SiC. The average coefficients of friction were
0.2512, 0.2287 and 0.1846, respectively, and their quality
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Fig. 7 Surface elemental mapping result of MAO coating with nano-SiC: (a) Surface morphology of coating; (b) Mg; (c) Al (d) O;
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wear rates were 0.0333, 0.0267 and 0.0133 mg/min. It
can be summarized that the addition of nano-SiC in the
electrolyte can improve the wear resistance of the MAO
coating.

3.7 Effect of nano-SiC on corrosion resistance of
MAO coating
3.7.1 Potentiodynamic polarization test
The corrosion resistances of the Mg alloy substrate
and MAO specimens with and without nano-SiC were
studied by potentiodynamic polarization technique in
3.5% NacCl solution at room temperature (Fig. 10). The
parameters related to the corrosion resistance such
as corrosion potential (g¢or), corrosion current density



1932 Shu-yan WANG, et al/Trans. Nonferrous Met. Soc. China 25(2015) 1926—-1934

1i»48. SE1

Fig. 9 Worn surface morphologies of specimens: (a) Mg alloy
substrate; (b) MAO coating without nano-SiC; (¢) MAO
coating with nano-SiC
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Fig. 10 Polarization curves of specimens

(Jeorr), anodic Tafel constant (b,) and cathodic Tafel
constant (b.) can be obtained from the polarization
curve by the method of Tafel region extrapolation. The
polarization resistance (R,) can be calculated with the
formula (2), which called the Stern—Geary equation [16].
All the parameters are summarized in Table 2.

_ b,b,
P 2303/, (b, +b,)

@

@corr» Jeorr and R, are the three important parameters
to evaluate the corrosion resistance of the coating. High
@corrs 10w Joor and high R, indicate a good corrosion
resistance of the coating. It can be seen from Table 2 that
the three parameters of the coated specimens were all
better than those of the uncoated specimen. Especially,
the corrosion current densities of the coated specimens
decreased three orders of magnitude when compared
with the uncoated specimen. For the specimen obtained
with nano-SiC, the corrosion potential moved toward the
positive direction by about 86 mV when compared with
that without nano-SiC. The polarization resistance of the
specimen with nano-SiC was 18.7% larger than that
obtained without nano-SiC. These results show that the
incorporation of nano-SiC can improve the corrosion
resistance of the coating. The reason for this
phenomenon can be attributed to the dense structure of
the composite coating which provided a good barrier to
prevent the penetration of chloride ions.

Table 2 Fitted electrochemical parameters from polarization

curves
¢COH
. Jeond Ry/

Specimen (Hg/H\flgzcb)/ (A-cm™?) b be (Q-cm?)
Mealloy ;15 4542x100.37570.1028 7726
substrate

Without =} 460 9.91x10™ 02301 0.1932 4607591
nano-SiC

With -1374  7.751x10°° 0.2512 0.1594 5470203
nano-SiC

3.7.2 Electrochemical impedance spectroscopy test

Figure 11 represents the electrochemical impedance
spectroscopy plots of uncoated and coated specimens
with and without nano-SiC. The radius of the capacitive
loop reflects the corrosion resistance of the coating. The
bigger the radius of capacitive loop, the better the
corrosion resistance of the coating.

As shown in Fig. 11(a), the coated specimens
showed larger capacitive loops than the uncoated
specimen, and the radius of capacitive loop was enlarged
with the addition of nano-SiC in the electrolyte. This was
an aspect to prove that the incorporation of nano-SiC can
improve the corrosion resistance of the coating. The
appearance of inductive loop in the uncoated specimen
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Fig. 11 EIS plots of Mg alloy substrate and coated specimen
with and without nano-SiC: (a) Nyqiust; (b) Bode

indicated that the corrosive medium (Cl") had already
induced the corrosion of the substrate, which proved that
pitting occurred on the surface of magnesium substrate.
In Fig. 11(b), the impedance of the uncoated specimen
was 374 Q-cm’ at the frequency of 0.1 Hz, whereas the
impedance of the coated specimen was 131951 and
811160 Q-cm’ respectively at the frequency of 0.1 Hz.
This indicates that MAO can improve the corrosion
resistance of the AZ91D Mg alloy, and the incorporation
of nano-SiC can further improve the corrosion resistance
of the coating. The results obtained from Fig. 11 are
consistent with those in Fig. 10.

4 Conclusions

1) Both the striking voltage and final voltage
decrease after adding nano-SiC into the electrolyte.

2) The porosity of the MAO coating can be reduced
and the density of the MAO coating can be increased by
adding nano-SiC into the electrolyte.

3) Both the thickness and hardness of the MAO
coating increase after adding nano-SiC into the
electrolyte.

4) The friction coefficient of the coating decreases

and the wear rate reduces, at the same time, the wear
resistance improves when compared with the coating
obtained without nano-SiC.

5) The impedance of MAO coating increases while
the corrosion potential moves toward the positive
direction, the corrosion resistance of the coating
improves after adding nano-SiC into the electrolyte.
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