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A composite film containing Al,O3; nanoparticles was successfully anodized on the AZ31 alloy using an alkaline
NaOH-Na,SiO; solution. The formation process and the mechanism of the nanoparticles were investigated by means of XRD,
SEM and EDS characterization. The addition of nanoparticles does not change the basic process of anodizing magnesium
alloys. The thickness change of the oxide films is consistent with the voltage variation and the oxidation time. During the first 5
seconds of anodization, the sample weight decreases, indicating that Mg dissolution dominates this process. Subsequently, the
sample weight begins to increase and the film development plays an important role. The oxide film is formed by Al,Os;
nanoparticles absorbed on the surface of the magnesium matrix. The nanoparticles have been involved in the growth process of
the oxide films. The composite oxide film is composed of MgO, Mg,SiO, and a-Al,Os phases. In the process of composite
oxidation, Al,O3 nanoparticles can fill in the pores and the cracks of the oxide films after being absorbed on the surface of the
film. In addition, they can also be continuously captured in the oxide film, forming an oxide film structure reinforced by Al,O;
nanoparticles and leading to enhanced performance.
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Avtorji opisujejo uspe$ni nastanek kompozitnega filma, ki vsebuje Al,O3; nanodelce na povrSini Mg zlitine AZ31 s pomocjo
anodne oksidacije v alkalni raztopini NaOH-Na,SiOs. Potek in mehanizem nastanka nanodelcev so raziskovali in okarakte-
rizirali z uporabo XRD, SEM in EDS. Dodatek nanodelcev ni spremenil osnovnega procesa anodizacije Mg zlitin. Debelina
oksidnega filma se ujema s spremembo elektri¢ne napetosti in ¢asa oksidacije. Prvih 5 sekund anodizacije se masa vzorcev
manjSa, kar kaZe na to, da dominira proces raztapljanja Mg. Sledi nara$¢anje mase vzorcev, kar pomeni, da pomembno vlogo v
procesu predstavlja tvorba oksidnega filma. Nastali oksidni film vsebuje nanodelce Al,Os, absorbirane na povrsini v Mg matrici.
Nanodelci so vkljuceni v proces rasti oksidnega filma. Kompozitni oksidni film je sestavljen iz MgO, Mg,SiO, in a-Al,O3. V
procesu nastajanja oksidnega filma nanodelci Al,O3 zapolnijo pore in razpoke potem, ko se absorbirajo na povrSino filma.
Dodatno so lahko le-ti stalno ujeti v oksidnem filmu, kar ojaca njegovo strukturo in izbolj$a njegove lastnosti.

Klju¢ne besede: zlitina na osnovi magnezija, kompozitni oksidni film, nastanek Al,O3 delcev

1 INTRODUCTION the surface properties. Among them, the anodic oxida-
tion treatment has been proved to be one of the most
promising methods. In order to improve the properties of
oxide films, different nanoparticle additives suspended in
the electrolyte were incorporated into the film to produce
optimized microstructures. Such particles include SiC,!°
TiO,,"! ZrO,,"? Ce0,," Al,O;,'* and graphene.!’ Lu et al.
found that the photocatalytic activity was achieved via

the introduction of anatase (TiO, particles) to the plasma

Due to the urgent need for environmental protection
and energy saving, lightweight automobiles have become
the main trend in the world of automobile development.
Magnesium alloys are ideal materials for the automotive
industry due to their unique properties, including an
extremely low density, a high strength-to-weight ratio, an
excellent thermal conductivity and an easy recyclabt
lity."> However, their applications are restricted by poor

corrosion and wear resistance. Some surface-modifica-
tion processes like laser cladding,® sol-gel coatings,* che-
mical conversion coatings,” plasma-enhanced chemical
vapor deposition,® anodizing,” micro-arc oxidation® and
composite treatments,” have been attempted to improve

*Corresponding authors e-mail:
chailinjiang@cqut.edu.cn (Chai Linjiang)
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electrolytic oxidation bath.!' Wang reported that nano
ALO; powers greatly improved the hardness and the
anti-corrosion properties of a micro-arc oxidation film
on the AZ91D Mg alloy.'* Research from Chen et al.
showed that the corrosion resistance of the composite
oxidation coatings with graphene particles increased
greatly.”” Obviously, adding nanoparticle additives to the
electrolyte is an effective way to improve the perform-
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ance of the anodic oxidation film. In spite of many
efforts in this respect, the particle additives’ incorpora-
tion mechanism during oxidation has rarely been
explored. The mechanical trapping of particles was noted
in the traditional coating-preparation techniques from a
liquid solution (like electroplating and anodizing) to
form a composite coating.'® However, the anodic oxida-
tion on the magnesium alloy is a process distinct from
those conventional electrochemical coating processes.

In this study, Al,Os; particles were added to a
NaOH-Na,SiO; electrolyte to prepare anodic oxidation
films on the AZ31 magnesium alloy. To further under-
stand the film formation after adding the Al,O; particles
to the electrolyte, variations of the voltage and the oxide
film characteristics (thickness and morphology) with
time were studied.

2 MATERIALS AND METHODS

The commercially available AZ31 alloy with dimen-
sions of (20 x 20 x 2) mm was used for this study. The
samples were ground to 2000 grit using silicon carbide
papers, ultrasonically cleaned with acetone and distilled
water, and then dried in the air.

Based on our previous studies,'”?° an environment-
ally friendly NaOH-Na,SiO; alkaline electrolyte con-
taining 5 g/L of sodium hydroxide, 5 g/L of ethylene
diamine and tetra acetic acid, 15 g/L of phytic acid, and
120 g/L of sodium silicate was selected for the anodizing
treatment in the present work. A total of 10 g/L of Al,O;
particles with a mean particle size of 300 nm (Figure 1)
were introduced into the electrolyte to produce the
composite coatings. The AZ31 specimens were used as
the anode with two AISI 316L panels as the cathode. The
anodizing process was conducted at a constant current
density (10 mA/cm?). The temperature of the electrolytic
solution was kept at 20 °C for 20 min.

To make the Al,O; nanoparticles fully dispersed in
the aqueous solution, a small amount of distilled water

15.0kV x30.0k SE

Figure 1: SEM image of used Al,O3 nanoparticles
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and anionic surfactant (0.06 g/L) were added to the
Al O; particles. The mixture was then subjected to
ultrasonic dispersion for 30 min. Subsequently, the
mixture was poured into the anodic oxidation electrolyte.
Then, it was stirred for 20 min with a magnetic stirrer to
make the ALO; particles fully suspended and dispersed
in the solution. During the anodizing process, the bath
solution was also stirred with a magnetic stirrer to main-
tain a uniform ion concentration, to disperse the Al,Os
nanoparticles and to reduce the localized heat accumu-
lation.

A JEOL JSM-6460LV scanning electron microscope
(SEM) was employed for observing the surface morphol-
ogy of the coatings. The elemental composition of the
surface layers was examined with an energy-dispersive
spectrometer (EDS) that was part of the SEM. A
BDX3300-type X-ray diffractometer (XRD) was also
utilized to perform phase analyses of the anodizing films.

3 RESULTS

3.1 The variation of the voltage with the anodizing
time

The curves of voltage versus time during the form-
ation of the composite films in constant-current mode are
shown in Figure 2. It is clear that the curve can be
divided into three stages in the process of composite
oxidation. During stage I, the voltage increases rapidly to
83 V during the first 20 s, with an increase rate of
3.32 V/s (Figure 2). The rapid voltage rise can be
attributed to the formation of a dense insulating layer on
the surface of the magnesium alloy after energizing. At
this stage, there is no electrical discharge and only
intensive oxygen evolution could be seen on the sample’s
surface. After 25 s, when the voltage reaches critical
values, some weak parts of the oxide film are broken
down and the micro-arc discharge occurs, corresponding
to the initiation of the second stage of anodic oxidation.
The critical voltage of the spark is called the breakdown
voltage, which depends on the composition and the
conductivity of the electrolyte.?! Initially, small, dense

30n1in
20min S

10min'/~y

40min

5min

2
bt
o
"

S qa———a—a—aaaa—a,

F4
e ¢
2min .’;’
8 1min /" 4 ®
0100+ }

e,

Vi
r— N
- O
2]
~.
e

]“‘ﬂ\"‘«

o0

604 10
40 5,
m

,/
|

050 100 200

rR——A— Ay

oo o—o-o-a.

) S ————

}'—'-o-«m

El'\k\ (7

L | T 7
725 14500 1225 2450

,
8
g
H

Figure 2: Voltage variation with time
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and relatively short life sparks could appear on the edge
of the specimens, and then spread to the entire surface.
These sparks are accompanied by considerable gas
evolution. At this stage, the voltage continues to increase
as the oxidation time increases, but the growth rate drops
to 0.15 V/s.

After 10 min, the voltage progressively moves into
the third stage. At this stage, the voltage rises slowly and
tends to be stable with large, sparse and long-life sparks
found on the surface of the specimens. After 10 min, the
termination voltage reaches about 200 V.

3.2 The variation of the voltage and the thickness of
the anodic oxide films with time

Figure 3 is the change curve of the voltage and oxide
film thickness with time during the anodization. It is
clear that the thickness change of the anodic oxide films
is consistent with the voltage variation with the ano-
dizing time. When prolonging the oxidation time, the
thickness of the oxide film could also be divided into
three stages. (1) Compact and dense barrier layer growth
stage (voltage less than 83 V): there is no spark on the
surface of the alloy substrate during this stage and the
film growth rate is up to 0.015 m/s. (2) Micro-spark
oxide growth (83—-189 V) stage: when the voltage is
greater than the breakdown voltage of the anodic oxide
film, the weak parts of the film produce small white
sparks that move quickly on the specimen surface. The
growth rate of the anodic oxide film in the area of the
electric spark scanning is as high as 0.014 m/s, which is
slightly smaller than the growth rate of the first stage.
This is because the energy density applied on the oxide
film increases constantly with increasing oxidation volt-
age, resulting in thickening of the oxide film. (3) Arc
discharge oxide growth stage (>189 V): the big orange
sparks appear on the surface of the AZ31 magnesium
alloy and the duration of the spark is longer than the
second stage. The spark density decreases drastically.
From Figure 3 it can be seen that the growth rate of the
oxide film is slowing down. Based on a calculation, the
oxidation film growth rate is 0.006 pum/s. This is related
to the suppressed diffusion of ions by the thicker oxide
films pre-formed on the specimen surface. When in-
creasing the anodizing time, the solution temperature in-
creases. The dissolution rate of the oxide film increases
and the growth rate of the oxide film slows down.

3.3 Surface morphologies and compositions with time

Figure 4 shows the surface morphologies of the
anodic composite films obtained on specimens at (5, 10,
20) s and (1, 2, 5, 10, 20, 30 and 40) min. The coating
compositions at various points and areas selected on the
specimen surface with different intervals are listed in
Table 1. The composite oxide film generally consists of
Mg, O, Si, Na and Al. The Mg comes from the matrix,
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Figure 3: Thickness and voltage variation of the oxide films with
anodizing time

and the elements O, Si, Na, and Al should be derived
from the electrolyte.

From Figures 4a it can be seen that during the first
5 s only a few dispersed particles are observed on the
specimen surface, with the other areas relatively flat and
smooth. EDS analyses show that the content of Al in the
particulate (point A) is as high as 6.71 w/%, which is
much higher than that of the AZ31 magnesium alloy
matrix. The Mg content is 70.4 w/%, with up to
20.96 w/% O, indicating that the particles are Al,O;
nanoparticles coated by magnesium oxide. A small
amount of Na comes from the adsorption of the elec-
trolyte. The content of Mg and O in the flat area (point
B) is 95.03 w/% and 4.97 w/%, respectively, indicating
that the flat area is dominated by the magnesium matrix.

At 10 s, in addition to some scattered particles, the
specimen surface exhibits an island-like topography, and
the particles have a tendency to expand and spread
around. Other regions of the specimens are still relatively
flat. The EDS results show that the Al content on the
large particles (point C) increases to 21.92 w/% with en-
riching O as well, indicating that the Al,O; nanoparticles
are aggregated in the oxide films. The presence of
4.62 w/% Si confirms that the silicate electrolyte is also
involved in the film’s formation. The flat area (point D)
is still dominated by magnesium, with a few O, suggest-
ing the films are very thin.

After 20 s the islands formed on the specimen surface
grow. Some small white particles are adsorbed on other
flat areas of the specimen surface. The EDS results show
that the island is mainly composed of MgO. A total of
2.01 w/% Al is detected at point E, which further proves
that the anodic oxide film is formed by the Al,O; nano-
particles adsorbed on the magnesium matrix. The flat
regions (point F) contain 2.34 w/% Al, which indicates
that the white particles in the flat area are Al,O; nano-
particles absorbed on the magnesium matrix.

At 1 min the specimen surface is fully covered by
anodic oxide films. The film morphology is inhomoge-
neous, with some flat and porous regions (Figures 4d),
which might be attributed to the formation of an uneven
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Figure 4: Micro-morphology of the oxide films after different anodizing times: a) 5's, b) 10's, ¢) 20 s, d) 1 min, e) 2 min, f) 5 min, g) 10 min,
h) 20 min, i) 30 min, j) 40 min

coating.?>? The porous (point G) and flat regions (point
H) are composed of O, Mg, Al and Si. There is a higher
content of Al and a lower content of Si and O in the flat
regions. This indicates that the adsorption capacity of the
Al O; particles in this region is higher, while the oxi-
dation is not enough. The contents of Si and O in the
porous area are higher, with lower contents of Al and
Mg, suggesting that the oxide film in the porous zone
grows faster. The presence of Al and Mg indicates that
the nanoparticles have always been involved in the
growth of the oxide film.

After treating for 2 min, the areas of the porous
region and their sizes increase. The specimen surface is
fully covered by porous oxide films and a few micro-
cracks after 5 min of anodizing. But the oxide film’s uni-
formity is significantly enhanced, as shown in Figure 4f.
The chemical compositions of the different points on the
oxide film’s surface are almost the same (as listed in
Table 1). This small, uniform porous feature was main-
tained until oxidizing for 20 min. As the oxidation time
prolongs, the micro-pore size continuously increases. For
example, the largest micro-pore of the oxide films ob-
tained after 30 min is 7 pm in diameter (Figure 4i),
larger than that (about 2 um) obtained after 20 min
(Figure 4h). Figures 4j shows that after 40 min the
oxide film’s surface is rather rough. Particles and
crater-like pores are formed on the anodic oxide film’s
surface.

Figure 5 shows high-magnification micrographs of
the oxide films obtained after (5, 10, 20, 30 and 40) min.
It is clear that after 5 min, many round holes with diffe-
rent sizes are present on the surface of the anodic oxide
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film, with a few nanoparticles uniformly dispersed.
When increasing the oxidation time, the sizes of the
surface micro-pores in the oxide films increase and the
cracks gradually propagate, contributing to a larger
surface roughness. The elemental compositions of the
circled regions on the surface of the oxide coatings are
detected by EDS and are listed in Table 2. It is clear that
the concentration of Al in the particle-enriched region is
higher than that in the matrix, and the particle size is also

Table 1: Compositions of the oxide films at different intervals

Anodiz- Area Element content (w/%)

ing time o Na Mg Al Si
5 A 2096 | 1.93 | 7040 | 6.71 0.00
B 4.97 0.00 | 95.03 | 0.00 0.00
10s C 48.16 | 5.55 | 19.75 | 21.92 | 4.62
D 4.97 0.00 | 95.03 | 0.00 0.00
20 s E 51.20 | 0.00 | 46.79 | 2.01 0.00
F 8.08 1.24 | 88.34 | 2.34 0.00
1 min G 29.82 | 0.00 | 63.16 | 0.90 6.12
H 10.85 | 0.00 | 83.59 | 2.77 2.79
S min I 4596 | 3.44 | 35.60 | 1.67 | 13.34
J 4691 | 3.70 | 33.92 | 1.82 | 13.65

Table 2: Compositions of the anodic coatings at different intervals

.AnO(.ﬁZ' Area Element content (w/%)

ing time 0 Na Mg Al Si
5 min A 46.70 | 2.04 | 35.51 8.29 7.46
10 min B 40.68 | 3.91 30.07 | 13.10 | 12.24
20 min C 40.71 2.63 | 3527 | 6.27 15.11
30 min D 41.72 | 426 | 32.21 4.39 17.41
40 min E 4339 | 3.74 | 31.02 | 4.48 17.37

Materiali in tehnologije / Materials and technology 53 (2019) 2, 225-232
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Figure 5: Micro-morphology of the oxide films at high magnification: a) 5 min, b) 10 min, ¢) 20 min, d) 30 min, e) 40 min

comparable with that of the nanoparticles added in the
experiment, confirming that they correspond to the Al,O;
nanoparticles. With the prolongation of the treatment
time, the content of O decreases and the content of Si
increases, indicating that MgO was predominated in the
early stage of oxidation. In the late stage of oxidation,
more silicates participate in the reaction, leading to a
slightly increased content of magnesium silicate on the
oxide film surface. Figure 5 shows that there are many
white particles on the coating surface and some fill in the
micro-pores, suggesting that the Al,Os particles added to
the electrolyte could not only be adsorbed onto the oxide
film surface, but could also become entrapped into the
film during anodizing.

According to the results of the surface morphology,
the composite oxide film obtained after oxidation for
20 min is uniform and compact, and the micro-pores are

EHT=5.00kV  Signal=SE2  WD=3.7mm

—1pm

Figure 6: Cross-section profile of anodic oxide films with Al,O3
nanoparticles
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fine and distributed uniformly. Therefore, to obtain a
good protective effect on the surface of the AZ31 magne-
sium alloy, it is necessary to anodize for 20 min. A
cross-sectional image of the composite anodic film after
20 min of oxidation is shown in Figure 6. It is clear that
the film contains a number of micro-pores and particles
in its interior, confirming the entrapment of the added
Al,Oj5 particles in the film.

The XRD diffraction pattern of the composite oxide
film after 20 min of oxidation is shown in Figure 7. It is
clear that the composite coating is mainly composed of
MgO, Mg,SiO, and ALOs; phases. A few AlLO; peaks
were detected in the oxide films, possibly due to its very
low content.
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Figure 7: XRD patterns of the composite oxide coating anodized after
20 min
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4 DISCUSSION

From the voltage-time curve in Figure 2 it is clear
that the addition of nanoparticles does not change the
basic process of anodic oxidation of magnesium alloys,
and the voltage-time curve is still composed of three
stages.

According to the previous experimental results, we
attempt to propose the following schematic (Figures 8)
illustrating the growth behavior of the composite anodic
oxidation film. The composite oxide film consists of a
dense and compact barrier layer and a porous layer.>* In
the process of oxidation, the dense barrier layer is
formed at the interface between the substrate and the
electrolyte, then the porous layer grows on the dense
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Figure 8: Schematic illustrating the formation of the composite
oxidation film during the anodization
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barrier layer. Since the barrier layer is grown from the
outside to the inside of the matrix,? it is not possible to
include AL,O; nanoparticles in the barrier layer of the
oxide film. The oxide film is formed by O* (or OH-)
migrating to the interface between the substrate and the
oxidation film , and by Mg?* migrating to the interface
between the oxidation film and the electrolyte.?® The
AL Os; nanoparticles added into the electrolyte are modi-
fied with anionic surfactants. Hence, they have negative
charges on the surface.?” Under the action of the electric
field force and magnetic stirrer mixing, the particles
could move to the surface of the oxide film (the anode)
during anodization. When the voltage between electrodes
exceeds a certain critical value, some weak parts of the
dense barrier oxide film are broken down, and the
micro-area spark discharge occurs. There are numerous
small white sparks on the surface of the substrate
immersed in the electrolyte solution, and the porous film
starts to be formed. Owing to the high temperature and
high pressure caused by the spark discharge in the
micro-area, the mutual diffusion of oxygen and magne-
sium ions in the film near the pore wall will be strongly
promoted. Meanwhile, it will promote the drastic fluc-
tuation of the molten magnesia so that part of the melt
will be ejected outwards. The nano-Al,O; particles on
the surface of the substrate were wrapped by the molten
materials that were ejected from the channels. After
solidification of the molten materials, nano-Al,Os and the
molten materials became parts of the film. This fluc-
tuation of the melt phase, combined with the physical
effect of the magnetic stirring of the electrolyte, allows
the Al,Oj; particles to enter the interior of the oxide film.
According to Matykina et al.,”® the presence of the
nanoparticles on the surface is due to the transport from
the inner coating through the discharge channels or to an
electrophoretic effect owing to the electric field in the
electrolyte. The particles suspended in the electrolyte
could be incorporated into the micropores of the oxide
layer, as also observed by other authors.?>* Meanwhile,
since the porous film has excellent adsorbability, the
AlLO; particles could be adsorbed by the porous surface
of the film through mechanical capture, adsorption, and
chemical co-actions.

Combined with the surface morphology at high mag-
nification and the cross-sectional morphology of Figure
5 and Figure 6, we propose that the state of the particles
kept in the films might be as follows: (1) some Al,O;
particles are adsorbed on the oxide film surface (as
shown in Figures 5a, 5d, Se); (2) other AL,O; particles
are incorporated into larger holes and cracks in the oxide
film (Figures Sh, 5c¢); (3) there are some particles by the
discharge channel of the molten magnesium oxide
wrapped in the oxide film (Figure 6). The presence of
these nanoparticles in the oxide film changes the
composition, morphology and structure of the oxide film,
leading to a greatly improved performance of the oxide
film.

Materiali in tehnologije / Materials and technology 53 (2019) 2, 225-232
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5 CONCLUSIONS

(1) The addition of Al,O; nanoparticles does not
change the basic process of the anodic oxidation of
magnesium alloys. The thickness change of the oxide
films is consistent with the voltage variation with
oxidation time.

(2) At the initial stage of oxidation, the oxide film
coated with nanoparticles on the substrate surface grows
to show an island-like morphology. After anodizing for
5 min, the porous film completely covers the substrate
and the oxide film begins to grow uniformly. With pro-
longing of the oxidation time, the oxide film is thickened
with increased pore sizes. In addition, the film changes
from compact to porous and finally to a greatly
roughened morphology with many particles.

(3) The phase composition of the composite coating
is periclase MgO, forsterite Mg,SiO,4 and a-AlOs.

(4) Al,Os5 nanoparticles mainly exist in three forms in
the composite oxide film: a) some Al,O; particles are ad-
sorbed on the oxide film surface; b) other Al,Os particles
are adsorbed in the micro-pores in the porous layer of the
oxide film; c) there are also some particles trapped in the
oxide film through the discharged channel. These nano-
particles in the oxide film change the chemical compo-
sition, morphology and the structure of the oxide film,
contributing to a greatly improved performance of the
oxide film.
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