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Al2O3 micro-powder was suspended in the basis electrolyte to form micro-arc oxidation (MAO) coatings on
6061 aluminum alloy by MAO. During the stage of micro-arc oxidation, Al2O3 micro-powder with negative
surface charge was melted by the micro-arc around the anode and incorporated into the MAO coatings.
With the continuous addition of Al2O3 micro-powder, the oxidation voltages rose up firstly and then
decreased. The surface and cross-sectional morphologies showed that the size of micropores decreased and
the MAO coatings surface got loosened following the variation in Al2O3 micro-powder concentration. As a
consequence of the changing coating structure, the corrosion resistance of the coatings decreased appar-
ently. The micro-hardness of the coatings increased firstly and then decreased, opposite to the trend of the
average friction coefficient. It revealed the minimum average friction coefficient of MAO coatings and
maximum adhesion between the coatings and substrate when 2.0 g/L Al2O3 micro-powder was added into
electrolyte. There were visible cracks and peelings on the coating surface merely at 4.0 g/L after thermal
shock tests. The x-ray diffraction results indicated that the addition of Al2O3 micro-powder had less effect
on the phase composition of MAO coatings.
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1. Introduction

The widespread application of aluminum alloy has been
restricted by its poor surface performance such as lower
hardness and wear resistance, which exhibit extensive signif-
icance in practical application (Ref 1, 2). Thus, it is imperative
to enhance its surface properties to meet the ever-increasing
demands. Focused on the latest surface treatment technology,
micro-arc oxidation (MAO) is a desirable method to coat
aluminum materials via environmental-friendly process and
attain required corrosion and wear resistance by one step (Ref
3, 4). The main composition of MAO coatings on aluminum
alloy is Al2O3, which can markedly improve their surface
mechanical properties (Ref 5-8). Meanwhile, Al2O3 particles
always serve as wear-proof and corrosion-proof materials in
industry. Therefore, an on-going thought was put forward that
we could try to add Al2O3 particles into the basis electrolytes
for further improving the properties of aluminum alloy by
MAO process.

Contemporarily, the investigation of MAO focuses on
adding different particles including SiC, ZrO2, Al2O3, MgO
and graphite into basis electrolytes to adjust the performance of
MAO coatings (Ref 9-13). Xijin Li (Ref 10) found that Al2O3

particles doping in MAO coatings on AM60B magnesium alloy

increased the ratio of MgAl2O4/MgO and proposed a new
chemical reaction mechanism for the incorporation of Al2O3 in
the MAO coatings. So far, the uptake and incorporation of
Al2O3 particles during MAO process on aluminum alloy have
been rarely reported. In this study, the micro-arc oxidation
(MAO) coatings were fabricated on 6061 aluminum alloy in the
electrolytes containing Al2O3 micro-powder 0, 2.0, 4.0, 6.0,
8.0 g/L. The effects of Al2O3 concentration in electrolytes on
the characteristics of MAO coatings were investigated, and the
doping mechanism of Al2O3 micro-powder was also discussed.

2. Experimental

Rectangular specimens (10 mm9 10 mm9 3 mm) of 6061
aluminum alloy were used as the substrates for MAO
experiments. The nominal composition (mass fraction) of
6061 aluminum alloy is Mg 0.8-1.2%, Si 0.40-0.80%, Cu 0.15-
1.40%, Fe 0.00-0.70%, Cr 0.04-0.35%, Zn £ 0.25%, Mn £
0.15%, Ti £ 0.15% and Al balance. The basis electrolyte was
consisted of 10 g/L Na2SiO3, 0.1 g/L NaOH, 3 ml/L C3H8O3.
The Al2O3 micro-powder (grain diameter 20-100 lm) was
stirred continuously during the treatment in order to keep
homogeneous in the electrolytes varied from 0 to 8.0 g/L. The
MAO process was carried out using a pulsed electrical power to
provide positive pulse voltage. The MAO coatings were
obtained under peak anodic current density of 3A/dm2 for
20 min, with fixed frequency of 100 Hz and duty cycle of 40%.
The electrolytes temperature was kept below 30 �C by a heat
exchange system during the MAO process. After MAO
treatment, samples were rinsed with hot water at 90 �C and
dried in warm air.

A Scanning Electron Microscope (SEM, FEI Quanta 450)
was employed to study the surface and cross-sectional
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morphologies of MAO coatings. The distribution of aluminum
and oxygen was determined by energy dispersive spectrometer
(EDS, EMAXGENESIS). The phase composition of the
coatings was investigated by x-ray diffraction (XRD, DX-
1000). Diffraction data were acquired over scattering angle 2h
from 10� to 80�, scanning speed was 0.1�/s. ZETA Potential
Meter (ZetaProbe) was applied to analyze the surface charge of
Al2O3 micro-powder in the electrolytes. The polarization
curves, surface micro-hardness and thickness of MAO coatings
were investigated by Electrochemical Workstation (IM6),
digital micro-hardness tester (HVS-1000) at 1 N for 15 s and
digital thickness gauges (TT230) severally. Furthermore, the
scratch tests of the coatings which could evaluate the adhesion
between substrate and coatings were carried out by multifunc-
tional surface performance tester (MFT-4000) with the auto-
matic loading from 0 to 100 N; loading rate was 0.5 N/s. The
average friction coefficient of the coatings was detected at 2 N
by friction and wear spectrometer (MS-T3000), and the thermal
shock tests of the coatings were studied by chamber electric
furnace (SX-10-12) at 500 �C for 5 min and then cooled down
in 25 �C water for 50 cycles.

3. Results and Discussion

Figure 1 shows that the oxidation voltage improved at first
and then declined gradually with the increase of Al2O3 micro-
powder. The surface charge of Al2O3 micro-powder in
electrolytes measured by ZETA Potential Meter was
�0.5 mV and Al2O3 micro-powder moved toward the anode
with the effect of electric field and mechanical stirring. When
2.0 g/L Al2O3 micro-powder was added into the electrolyte, the
adsorption capacity of Al2O3 micro-powder on the specimen
surface strengthened the electrical resistance giving rise to the
rapid growth of oxidation voltage. Nevertheless, the continuous
addition of Al2O3 micro-powder preferred to slow down the
growth rate of oxidation voltage and the ultima oxidation
voltage decreased gradually. The reason is that the abundant
adsorption capacity of negative charged Al2O3 micro-powder
on the anode specimens produced double electric fields with
reverse directions between the specimens and the anode–
electrolyte interface, resulting in the decrease in the electric
potential on the specimens.

Figure 2(a)–(j) presents the surface and cross-sectional
microstructure of specimens at different Al2O3 micro-powder
concentrations. A porous morphology of the coatings was
observed without Al2O3 micro-powder added, revealing the
interaction between high-heat electric arcs and cold electrolytes
(Fig. 2a). From the SEM images, it was obvious that the size of
micropores on MAO coatings shrunk gradually with the
addition of Al2O3 micro-powder in comparison with that
without Al2O3 micro-powder. The surface morphology con-
verted porosity into laminate, even some loosened attachments
appeared on the surface of the specimen at 8.0 g/L. Surface
micro-hardness of the five specimens just ascended up at 2.0 g/
L and decreased afterward (Fig. 3). The temperature of micro-
areas caused by electric arcs surged to 103-104 K (Ref 1) during
the spark discharge process, which was adequate to melt both
micro-areas of the coatings and the adsorbed Al2O3 micro-
powder. At first, the melted Al2O3 micro-powder filled up the
discharge channels, which decreased the micropore size and
improved the surface homogeneity and hardness of the
coatings. Then, the more Al2O3 additives are added, and the
more heat is absorbed. The effect of the fusion energy on the
added Al2O3 micro-powder weakened and the combination
mode between Al2O3 micro-powder and Al2O3 coating formed
by aluminum substrate oxidized was no longer atom bonding,
because the oxidation voltage decreased constantly. The
loosened attachments which were proved to be mullite
(3Al2O3Æ2SiO2) analyzed by EDS, generated on MAO coating
surface (Fig. 2i) with the decrease in surface micro-hardness.
As a consequence, the average friction coefficient revealed
increase after 2.0 g/L (Fig. 3).

The Al2O3 micro-powder with negative surface charge was
easily incorporated in the surface of oxidation coatings by the
interaction of electric field and mechanical stirring. During the
micro-arc oxidation stage, the Al2O3 micro-powder and MAO
coatings were melted together via local high temperature
produced by micro-arcs and then cooled down by the
electrolytes. Passing through the stage, the combination
between a part of Al2O3 micro-powder and oxidative substrate
came into atom bonding. The possible reactions are as follows:

Al ! Al3þ þ 3e�

2Al3þ þ 9H2O ! Al2O3 þ 6H3O
þ þ 6e�

Al2O3 �!micro�arc
Al2O3l

Al2O3s þ Al2O3l �!micro�arc
Al2O3l

SiO2�
3 þ Al2O3s þ H2O �!micro�arc

H2SiO3s þ 2AlO�1
2

2Al2O3l þ 3H2SiO3s �!micro�arc
3Al2O3 � 2SiO2s þ 3H2O

Al2O3l �!
cooling

Al2O3s

The thickness of MAO coatings tended to rise up firstly and
then decline from 6.0 g/L (Fig. 2b, d, f, h, j). The uniformity of
the coatings decreased accompanying with some strip cracks
generated in the coatings gradually (Fig. 2f). Some Al2O3

micro-powder and coatings sintered to blocks. The reason was
that the Al2O3 micro-powder was too much to be melted
completely in time and not reacted sufficiently, which resulted
that the coating surface was thick but loose. The moderate
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Fig. 1 Voltage–time plots at different Al2O3 micro-powder concen-
trations
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Al2O3 micro-powder additives facilitated the formation of
MAO coatings, which demonstrated that Al2O3 micro-powder
involved in the formation of new coatings in collaboration with
the Al2O3 coatings produced by oxidative substrate. The
process improved utilization of the heat and reduced MAO
energy consumption effectively. Although there were some
cracks caused by the thermal shrinkage of the resin between
MAO coatings and resin, the combination between the coatings
and the substrate was tight without any cracks yet.

From Fig. 4, it is evident that the critical load of the coatings
increasedwith the addition ofAl2O3micro-powder in electrolytes,

when theMAOcoatingswere destroyed exactly during the scratch
tests. Generally, the value of critical load is used to evaluate the
adhesion between substrates and coatings and changed in direct
proportion to the adhesion. Therefore, the adhesive strength
between the substrates and coatings was enhanced after the
addition of Al2O3 micro-powder. The improvement in the
adhesion could be attributed to the variation in the residual stress
and the thickness of the coatings. When Al2O3 micro-powder
added, the electric energy distributed more uniformly on the
coatings and then the residual stress of the coatings decreased,
which was inversely proportional to the adhesion of the coatings.

Fig. 2 Surface and cross-sectional morphologies of MAO coatings at different Al2O3 concentrations: (a, b) 0 g/L; (c, d) 2.0 g/L; (e, f) 4.0 g/L;
(g, h) 6.0 g/L; (i, j) 8.0 g/L
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Fig. 3 Variation in the average friction coefficient and micro-hard-
ness of MAO coatings at different Al2O3 micro-powder concentra-
tions
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Fig. 4 Variation in the critical load when the coatings were de-
stroyed exactly at different Al2O3 concentrations
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In addition, the coatings were thicker than the coating without
Al2O3 micro-powder. It was also beneficial for the adhesive
strength between the substrates and coatings. Therefore, the
coatings with the addition of Al2O3 micro-powder exhibited
relatively excellent adhesion during the scratch tests.

There was no visible crack or peeling on the coating surface
of the specimens with the temperature at 500 �C for 50 cycles
except at 4.0 g/L. Figure 5(a) and (b) exhibits the surface
morphologies of the MAO coating at 4.0 g/L under different
magnification times (3000 times and 500 times) after the
thermal shock tests. Cracks spread over the surface with the
size from a few microns to 10 lm (Fig. 5a) and some peelings
with the diameter about tens of microns off of the coating
occurred (Fig. 5b). The thermal shock parameter R = k r
(1� m)/a E, where k is thermal conductivity, r is fracture stress,
m is Poisson� ratio, a is linear coefficient thermal expansion, E is
Young�s modulus, reveals the influential factors of thermal
shock resistance of materials (Ref 14). The SEM results in
Fig. 2 indicated that the thickest coating at 4.0 g/L was less
porous in comparison with 0 g/L, 2.0 g/L and relatively denser
than 6.0 g/L, 8.0 g/L. The special microstructure at 4.0 g/L was
thought to be associated with the low thermal conductivity and
high Young�s modulus. Meanwhile, the special microstructure
was bad for the absorption of thermal shock energy and
restrained the release of thermal stress of the interface area,
which was caused by the different coefficients of the thermal

expansion (Ref 15) between Al2O3 and Al substrate at 500 �C
(around 8.79 10�6/�C and 23.89 10�6/�C, respectively).
Hence, the thermal shock parameter R decreased at 4.0 g/L
and the initiation of the micro-cracks between the coatings and
substrate under the cyclic heating condition occurred. Further-
more, the cross-sectional morphologies in Fig. 2 had showed
some original strip cracks distributed in the coatings only at
4.0 g/L (Fig. 2f). When the initial micro-cracks of the interface
area and the original strip cracks in the coatings connected, the
propagation of the cracks induced the peelings off of the
coating under the severe thermal shocking.

Polarization curves of different specimens in 3.5% NaCl
solution are shown in Fig. 6, which indicates that the corrosion
potential increased at first and then decreased, and the corrosion
current density kept increasing slowly. The corrosion resistance
was determined by the coating thickness and coating morpholo-
gies. Corrosion potential grew with the increase in the coating
thickness; the corrosion current density went up because some
strip cracks existed in the MAO coatings. The fitting corrosion
rates of the MAO coatings increased gradually and the results
were 6.69 10�3, 1.61910�2, 1.789 10�2, 2.199 10�2,
4.81910�2 mm/a, respectively. All the factors above showed
that the corrosion resistance decreased ultimately.

The phases of MAO coatings at different Al2O3 micro-
powder concentrations are indicated in Fig. 7. It was observed
that the addition of Al2O3 micro-powder had less effect on the

1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3
-1.1

-1.0

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

8.0g/L

6.0g/L

4.0g/L

2.0g/L

E
co

rr
/V

Icorr/A·cm-2

0g/L

Fig. 6 Polarization curves of MAO coatings at different Al2O3 mi-
cro-powder concentrations

10 20 30 40 50 60 70 80

8.0g/L

6.0g/L

2.0g/L

4.0g/L

R
al

et
iv

e 
In

de
ns

ity
/a

.u
.

2

 Al           l2O3

l2O3 mullite

0g/L

Fig. 7 XRD spectra of MAO coatings at different Al2O3 micro-
powder concentrations

Fig. 5 Surface morphologies of the coating at 4.0 g/L after the thermal shock tests: (a) 3000 times, (b) 500 times
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main phases which were proved to be c-Al2O3, mullite and
little a-Al2O3. There were some intense aluminum signals
which came from the substrate of aluminum alloy. The more
Al2O3 micro-powder additives added, the more a-Al2O3 and
mullite generated. The mullite(3Al2O3Æ2SiO2) was fabricated
by the reactions between the electrolyte and the Al2O3 under
the effect of the high temperature and pressure, which
demonstrated that the Al2O3 micro-powder additives efficiently
involved in the MAO coating formation, in agreement with the
results of surface morphologies and EDS.

4. Conclusions

Al2O3 micro-powder with negative surface charge entered in
the coating holes under the interaction of electric field and
mechanical stirring. The absorbed Al2O3 micro-powder was
melted by the micro-arcs and formed the MAO coatings in
collaboration with the Al2O3 produced by substrate oxidation.
With the increase of Al2O3 micro-powder, the oxidation
voltages, micro-hardness and the thickness of the coatings
went up firstly and decreased ultimately which raised the
coating formation efficiency. Although the adhesion between
the substrate and the MAO coatings improved with the addition
of Al2O3 micro-powder, the coatings still peeled easily from the
specimen at 4.0 g/L, because the existence of the original
micro-cracks absorbed more thermal shock energy and then
resulted in the coalescence and propagation of the cracks which
triggered the peelings off of the coating. When the concentra-
tion of Al2O3 micro-powder increased, the micropore sizes on
coating surface decreased, the coating surface became smooth
and the corrosion rates increased gradually. MAO coatings
mainly consisted of c-Al2O3, mullite and little a-Al2O3.
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