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Abstract: Ceramic coatings were prepared on 2195 Al-Li alloy by micro-arc oxidation (MAO) in a silicate-phosphate electrolyte
solution under different current densities. The effect of current density varying from 200 A/m’ to 800 A/m® on the microstructure,
corrosion resistance, and wear resistance of MAO coatings was investigated. The surface and cross-sectional morphologies,
composition, and roughness of MAO coatings were analyzed by scanning electron microscope, energy disperse spectrometer, X-ray
diffractometer, X-ray photoelectron spectroscope, and surface roughness tester. The results show that with the increase in current
density, the roughness and thickness of MAO coating increase. MAO coatings are mainly composed of y-Al,O, and a small amount of
a-AlLO,. MAO coatings prepared under the maximum current density is the densest. Potentiodynamic polarization tests indicate that
the corrosion resistance of coatings increases with the increase in current density. When the current density is 800 A/m’, MAO coating
exhibits the best corrosion resistance, with a corrosion potential of —0.536 V and a corrosion current density of 4.32x107 A/cm’,
which is two orders of magnitude lower than that of the substrate. Electrochemical impedance spectroscopy results indicate that, at a
current density of 800 A/m’, the sample possesses the largest capacitive arc radius and the highest impedance magnitude in the low-
frequency region. The wear resistance of MAO coatings increases with the increase in current density. When the current density is 200 A/m’,
the wear mechanism is dominated by abrasive wear. With further increase in current density, the wear mechanism remains abrasive

wear. MAO coatings prepared at 800 A/m” show the best wear resistance with a wear rate of 1.355x10™ mm®/(N-m).
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1 Introduction

Under the background of the continuous development of
science and technology, the requirements for lightweight
materials in the fields of automobile, ship, and aviation are
becoming more and more urgent. In addition, environmental
problems, such as carbon emissions from vehicles, aircraft,
and other means of transportation also guide people to choose
quantities of lighter materials to lose weight and achieve the
goal of reducing emissions. Aluminum-lithium (Al-Li) alloys
have superior specific strength and specific elastic modulus, in
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which lithium is the lightest metal element. The density of
lithium is only 0.53 g/cm’, which is added to aluminum to
form Al-Li alloy. Al-Li alloy has high specific strength and
stiffness, good corrosion resistance, and excellent low-
temperature fatigue performance!’. Therefore, Al-Li alloys have
become one of the best materials to replace the traditional
aluminum alloys. However, the hardness of Al-Li alloys is
low, and the presence of amorphous and extremely thin
natural oxide film on the surface makes their wear resistance
and corrosion resistance weak, which restricts their applications.

Micro-arc oxidation (MAO) is a relatively new efficient and
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environmentally friendly modification technique. Micro-arc
discharge occurs on the sample surfaces during MAO process
with a series of complex reactions, such as electrochemical
reaction, thermochemical reaction, plasma chemistry, and
high-temperature phase transition, resulting in the formation
of dense ceramic coatings” . The thickness of the coatings
ranges from tens to hundreds of micrometers, with excellent
corrosion resistance, wear resistance, bionic property, and
thermal insulation property. MAO is a promising technique in
surface engineering because it can generate thick, dense, and
hard ceramic coatings on valve metals and their alloys® . The
performance of MAO coatings is affected by many factors,
such as electrolyte™, electrochemical parameter”'”, and power
supply type!"'!. Kalkanci et al™” found the thickness of ceramic
coating increases with rising current density within a certain
range for all solutions. The higher the current density, the
faster the growth rate of the coating. Xiang et al”
investigated the microstructure and properties of the ceramic
layer obtained after MAO of 6063 aluminum alloy with
different current densities, and found that the pore density of
the coating decreases with the increase in current density.
When the current density is 1500 A/m’, the coating shows the
best mechanical properties and corrosion resistance.

However, MAO technique still has many problems. For
example, MAO coatings often exhibit loose and porous surface
due to the presence of discharge micro-holes and some small
cracks"”. In particular, the inhomogeneity of the arc discharge, as
well as the subsequent rapid cooling and repetitive discharge,
leads to the inhomogeneous growth of MAO coatings as well as
the formation of porous structures'. This will lead to a decrease
in corrosion resistance of the oxidized alloy.

In recent years, many methods have been used for MAO to
improve the corrosion resistance of the oxidized alloy, such as
ultrasonic-assisted machining* and adding SiO, nanoparticles
to the electrolyte!”.

However, there are few reports available on the effect of
current density on the properties of MAO coatings'" ",
especially for Al-Li alloys. In the present study, MAO coatings
were prepared on 2195 Al-Li alloy by varying the current
density using alkaline silicate-phosphate electrolyte. Their
structure, morphology, and roughness were characterized. The
electrochemical corrosion behavior of the coatings has been
studied by potentiodynamic polarization tests. The wear
resistance and corresponding mechanism of MAO coatings
prepared at different current densities were also investigated.

2 Experiment

2.1 Materials preparation and MAO process

Commercially available 2195 Al-Li alloy with dimensions
of 20 mmx15 mmx2 mm was used as a substrate for MAO
process. Its composition consists of 1.07wt% Li, 3.97wt% Cu,
0.4wt% Mg, 0.15wt% Zr, 0.25wt% Ag, 0.10wt% Ti, and
balanced Al. Prior to MAO process, samples were ground
using emery abrasive papers up to 2000#, followed by
deoiling with acetone for 10 min and then rinsing with

deionized water. MAO process was conducted in a constant
current mode for fixed 60 min at different current densities of
200, 400, 600, and 800 A/m’, separately. MAO technique was
performed using an alkaline silicate-phosphate composite
electrolyte system (Na,SiO,—(NaPO,),—NaOH) as the basic
electrolyte. The composition of the electrolyte is shown in
Table 1. All reagents used in this experiment were of
analytical grade. The variation of voltage with respect to
treatment time was recorded. After MAO treatment, the
samples were rinsed with deionized water and dried for
further studies. The schematic diagram of the experimental
device is shown in Fig.1.

2.2 Coating characterization

After MAO, the surface roughness of the samples was
measured by surface roughness tester TR200. Five points were
selected on both sides, and the average value was recorded. The
surface and cross-sectional morphologies, thickness, and
elemental composition of MAO coatings were analyzed by
scanning electron microscope (SEM, Nova Nano 450)
equipped with energy dispersive spectroscope (EDS, INCA
250X-Max5). To ensure the integrity of MAO coatings, a Ni-P
electroless plating was deposited on samples before the cross-
sectional SEM observation. The basic formula of the Ni-P
electroless plating solution is shown in Table 2. The phase
analysis of the coatings was conducted by X-ray diffractometer
(XRD, DSADVANCE) with Cu Ka ray (4=0.154 056 nm),
and the scanning range was 10°—80°. The surface element
composition and chemical state of coating was analyzed by X-ray
photoelectron  spectroscope (XPS, Model Axis Supra)
equipped with a monochromatic Al and Ag dual-anode X-ray
source, with a maximum power of 400 W.

2.3 Electrochemical test

The potentiodynamic polarization tests of MAO coatings
were conducted using an electrochemical workstation of
PGSTAT302N in 3.5wt% NaCl solutions at 25 °C . The
electrochemical tests used a conventional three-electrode cell.
Meanwhile, the samples with an exposed area of 1 cm’ to the

Table 1 Composition of the electrolyte (g/L)

Reagent Concentration
Na,SiO, 8.0
(NaPO,), 6.0
NaOH 0.5
P 1
Electrolyzer owet supp\}:
‘m Anode
1ITCT| |
Cathode . Ooo
Sample
Water
—
I/J /l Cooling

Electrolyzer Water || system
—

Fig.l Schematic diagram of MAO experimental device
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Table 2 Basic formula of the Ni-P electroless plating solution (g/L)

Reagent Concentration
NiSO, 30
NaH,PO, 26
Na,CH.O, 5
CHO, 15
C,HO, 15
C,H,0,Na 20

solution were used as the working electrode, a platinum foil
acted as the counter electrode, and the saturated calomel
electrode served as the reference electrode. Before the tests,
the electrochemical testing system was stabilized at open
circuit potential (OCP) for 30 min. The experiments were
conducted in triplicate for all samples to ensure reproducibility.
Electrochemical impedance spectroscope (EIS) of MAO
coatings was performed using a PGSTAT302N electrochemical
workstation in 3.5wt% NaCl solution at 25 °C. Before the test,
the system was stabilized at OCP for 30—40 min. All samples
were tested in triplicate to ensure the reproducibility of the
results.
2.4 Wear test

Using the HT-1000 ball-on-disk friction and wear tester to
test the wear resistance of the coatings, the friction pair was
GCrl5 balls with a diameter of 4.976 mm, and other wear
parameters were the load of 365 g, the friction radius of 6 mm,
the rotational speed of 224 r/min, and the friction time of 10 min.
The section profile curve was obtained using the TR200
surface roughness tester, and the wear volume V' (mm’) was
calculated. The wear rate (K) of the coating was calculated
according to the formula:

K=VISF )
where V is the wear volume (mm’), S is the total glide distance
(m), and F'is the load (N).

3 Results and Discussion

3.1 Voltage-time curves

The curves of voltage with respect to time under different
current densities of 200, 400, 600, and 800 A/m* for 60 min
during MAO process are shown in Fig.2. It can be seen that
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Fig.2 Voltage variation of MAO coatings with time at different

current densities

the voltage at each current density in the initial 5 min rises
rapidly, numerous small bubbles are observed on the surface
of Al-Li substrate. These bubbles are mainly O, produced at
the anode and a small amount of water vapor, which is
corresponding to the conventional anodic reaction process'”.
After that, the voltage increases slower, and sparks begin to
emerge and grow on the surface of sample. The higher the
current density, the higher the voltage at the same MAO
treating time. Xiang et al' have reported the similar
phenomenon. The terminal voltages of the coatings prepared
under the current densities of 200, 400, 600, and 800 A/m’ are
468, 503, 522, and 532 V, respectively.

3.2 Surface roughness of MAO coatings

The surface roughness of the MAO coatings under different
current densities is shown in Fig. 3. The surface roughness
increases almost linearly with the increase in current density,
which is attributed to the presence of more and larger inevitable
cavities, open-pores, and pancake-like structures under higher
current density!". The roughness values of the coatings under
the current densities of 200, 400, 600, and 800 A/m’ are 0.75,
1.41, 3.25, and 4.01 um, respectively. Zhang et al also found
that during the MAO process, the size of ceramic micropores
and oxide particles increases, which leads to the increases in
surface roughness.

3.3 Surface and cross-sectional microstructures of MAO
coatings

Fig.4 shows the surface and cross-sectional morphologies
of MAO coatings prepared at different current densities. It is
evident that the variation in current density affects the
morphology of MAO coatings. As the current density
increases, the surface of the coating becomes coarser and
rougher, and its thickness also increases.

When the current density is 200 A/m* (Fig.4a), the surface
of the coating is relatively uniform, but there are many open-
pores. In addition, there are many micro-cracks on the surface
caused by thermal expansion and cold shrinkage during
melting and solidification of the molten oxides®™. The
thickness of MAO coating is about 10 um from the cross-
sectional morphology in Fig.4b, and it is uneven, which is also
related to the scattered formation of the molten oxides on the
surfaces.

When the current density increases to 400 A/m’ the
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Fig.3 Roughness of MAO coatings under different current densities
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Fig.4 Surface (a, c, e, g) and cross-sectional (b, d, f, h) morphologies of MAO coatings prepared on Al-Li substrate at current density of
200 A/m? (a-b), 400 A/m’ (c—d), 600 A/m* (e—f), and 800 A/m’ (g-h) for 60 min

quantity of the open-pores on the coating surface decreases,
compared with that in Fig. 4a. Many larger pancake-like
molten oxides are formed, as shown in Fig.4c. The pancake-
like structures are caused by molten oxide ejected from the
discharge channels owing to the rapid solidification under the
cooling electrolyte™ . The similar results have been reported
by Ezhilselvi et al®”. They found that the size of the pore
increases with the increase in current density, while the pore
density reduces. The corresponding cross-sectional morphology
is shown in Fig.4d. The upper layer of MAO coating becomes
relatively denser and is well combined with the substrate.
However, several cavities exist in the lower region of the
MAO coating, which reduces its compactness.

When the current density increases to 600 A/m’, large
annular volcanic bulges are formed, as shown in Fig.4e. The
surface becomes rougher. From the cross-sectional image in
Fig. 4f, it can be seen that there are obvious thermal cracks,
even crossing the coating, which may deteriorate the corrosion
resistance of the coating.

Further increasing current density to 800 A/m* leads to the
ceramic oxides with irregular shape appearing on the coating
surface (Fig.4g). The discharge energy increases as the current
density increases during the MAO process, and the reactions
become intense. More molten oxides are ejected outward,
resulting in severe splashing™. Interestingly, the compactness
of the coating (Fig. 4h) is much better than the other three
coatings from the cross-sectional morphologies, and its thickness
reaches about 60 pm when the current density is 800 A/m’.

3.4 Elemental analysis of MAO coatings

34.1

Table 3 shows the surface composition of the MAO coatings
prepared at different current densities analyzed by EDS. It can
be seen that the main elements of the coatings are Al, O, Si,
and a small amount of P, Mg, and Na, in which, Al and Mg are
mainly from the substrate, and Si, P, and Na are from the

EDS analysis

Table 3 Surface EDS analysis results of MAO coatings prepared

under different current densities

Current density/  Al/ O/ Si/ P/ Mg/ Na/
Am” wt%  wt%  wt%  wt%  wit%  wit%

200 35.18  62.71 1.27 - 0.85 -

400 32.02 63.04 4.12 - 0.81 -

600 2536 66.06 682 1.02 0.74 -
800 20.02 6338 13.07 1.66 - 2.94

electrolyte. In addition, the Si content in the coating increases
with the rising current density. With the increase in current
density, the discharge channels decrease in number but grow
in size. And more intense discharge reactions occur, which
results in more anions (e. g., SiO3") from the electrolyte
accumulating near the coating surface by adsorption and
electrophoresis™, thus increasing their content within MAO

coating™”

. P and Na also remain on MAO coating surface
because of spark sintering.

However, no Li is detected in MAO coatings by EDS, and
the similar results are also confirmed by Qin et al®. By XPS,
they concluded that the Li did not participate in the reaction
during MAO process. Considering the poor stability of Li in
an aqueous solution at high temperature, the precipitation of
Li compounds in the substrate results in a large number of
defects in the anode coating at the beginning™ . Besides, the
bubbles expand with the growth of the coating, and the
generated gases are released when the cracks occur. This
further leads to increased coating thickness and the emergence
of dielectric breakdown. These effects provoke the enhancement
in electric field and strong micro-discharge, which has an
immediate impact on the defects in the cross-section of MAO
coatings”” ", as shown in Fig.4.



Jin Zonghan et al. / Rare Metal Materials and Engineering, 2026, 55(11):2737-2746

2741

3.4.2 XPS analysis

Fig.5 presents XPS results of MAO coating surface of Al-Li
alloy prepared at a current density of 800 A/m’. The chemical
composition of the coating was investigated and elucidated
with the binding energy of carbon (284.8 e¢V) adopted as the
reference peak.

Fig.5b—5d present the high-resolution XPS binding energy
spectra of Al 2p, O 1s, and Si 2p for MAO coating on Al-Li
alloy, respectively. Specifically, the two characteristic peaks in
the Al 2p spectrum (Fig.5b) are assigned to the Al-O bonds in
7-AL O, and a-ALO,"”; the Si 2p spectrum is depicted in Fig.5d,
and the Si signal corresponds to the silicon species in the Si-O
bonds of SiO,”; the O 1s spectrum (Fig. 5¢) corresponds to
the oxygen species in the Si-O bonds of SiO, and the Al-O
bonds of AL, O,.

XPS analysis results demonstrate that the ceramic coating
formed by MAO on the Al-Li alloy surface is mainly
composed by SiO, and ALO,. Then, no characteristic peak of
Li is detected. The same results are also obtained in samples
prepared at current density from 200 A/m’ to 600 A/m’.
Combined with EDS results, it can be reasonably concluded
that Li does not participate in MAO reaction process".

3.5 Phase composition

For comparison, XRD patterns of the MAO coatings prepared
at current densities from 200 A/m’ to 800 A/m” are exhibited
in Fig.6. It is found that the main phases of the coatings are
y-ALO, and a small amount of a-ALQO,, and the diffraction
peaks of the y-AlO, are stronger than those of the a-AlLO,.
Similar results are also reported in Ref. [8,31]. Xiang et al™”
studied the formation mechanism of metastable phase AlO;,
and found that the nucleation rate of droplet melting y-ALO,
phase is higher than that of o -phase at a high degree of

undercooling. The melted AL,O, of the outerlayer of MAO
coating being directly in contact with the electrolyte has a
large cooling rate, which is beneficial to the formation of y-ALO,
phase. With the
corresponding to a-Al,O; are enhanced, indicating more y-Al,O,

increase in current density, the peaks
transformation to a-ALO,. And the reason can be attributed to
more heat generated at higher current density and the low
thermal conductivity of aluminum oxide®. High temperature
causes the Gibbs free energy of a -AlLO, to be significantly
lower than that of y-Al,O,. The oxide film will be spontaneously
transformed into the more stable a-AlO, crystal phase. The
higher the temperature, the stronger the transformation
tendency. This ultimately leads to an increase in a -AlO,
content of the oxide film layer as the current density
increases””'. For MAO coatings, the diffraction peaks of Al
corresponding to the substrate are detected.

3.6 Corrosion resistance

3.6.1

Potentiodynamic polarization curves obtained for MAO
coatings and the substrate alloy are shown in Fig.7, and the

Potentiodynamic polarization test

results of self-corrosion potential (£,) and corrosion current
density (/,) of each sample are also displayed in Table 4. The
bare Al-Li substrate initially shows a steep increase in anodic
potential from about —0.834 V up to —0.536 V, indicating a
passivation process. After that, the current density is evidently
enhanced, corresponding to the dissolution process of the
formed passive film. E, and I, of the substrate are —0.834 V
and 2.359x10~° A/cm’, respectively. The lower potential and
larger corrosion current imply the weak corrosion resistance
of the substrate in NaCl solution.

It can also be seen from Fig.7 that with the increase in
MAO current density, the self-corrosion potential increases,
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Fig.5 XPS spectra of MAO coatings prepared at current densities of 800 A/m’: (a) whole, (b) Al 2p, (c) O Is, and (d) Si 2p
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Fig.7 Potentiodynamic polarization curves of the substrate and MAO

coatings prepared at different current densities

and the corrosion current density decreases, indicating
B2 When

current density is 200 A/m’, the coating surface is uniform, but

enhanced corrosion resistance of MAO coatings

it contains many holes, even adjacent holes connected
together, which increases the corrosion area, resulting in poor

corrosion resistance of the coating. As the current density
increases, the thickness and density of MAO coatings
increase. When the current density is 800 A/m’, the E, is
- 0.536 V, which is shifted positively by about 0.298 V
compared with the substrate, and the I, is the lowest of
4.32x107" A/em’, which is two orders of magnitude smaller
than that of the substrate. The corrosion resistance of ceramic
layer is mainly related to the thickness of coating and its
surface quality®™. When the current density is 800 A/m’, the
surface and cross-sectional morphologies of the coatings
(Fig.4) are more uniform and denser, and the holes are less,
which improves the corrosion resistance.

3.6.2 EIS test

EIS can quantitatively evaluate the corrosion resistance of
MAO coatings. Fig.8 presents EIS spectra of MAO coatings
prepared at different current densities after immersion in
3.5wt% NacCl solution for 1 h.

As observed from the Nyquist plots in Fig.8a, the samples
prepared by MAO at current densities of 400, 600, and 800 A/m’
only exhibit capacitive arcs, while the sample prepared at 200 A/m’
shows both capacitive arc and weak inductive arc. The
appearance of inductive arc in the low-frequency region is
attributed to the abundant defects in the coating under low
current density, which induces the adsorption or desorption
behavior of solution ions at the interface™>*. A larger radius
of the capacitive arc in the Nyquist plot indicates superior
corrosion resistance of MAQO coating™. The radius of the
capacitive arc increases with the increase in current density,
implying that the corrosion resistance is enhanced with rising
current density. At a current density of 800 A/m’, the sample
exhibits the largest capacitive arc radius, indicating that it
possesses the highest corrosion resistance and the lowest
corrosion rate.

Table 4 Self-corrosion potential and current densities of substrate and MAO coatings prepared under different current densities

Current density/A-m™ E/V I/x107°A-em™ R /Q-cm’ Corrosion rate/mm-a”'
Substrate -0.834 23.59 3249 0.592 50
200 -0.617 13.58 165.5 1.163 20
400 -0.696 2.064 1572.8 0.136 09
600 -0.708 2.050 1550.4 0.114 17
800 -0.536 0.432 34804 0.005 331
14 5 70
= 200 A/m? a = 200 A/m? b c
125, 400 Am? 4l * 400 A/m’ 60
o 10l 460 A/m? A 600 A/m? sl
g | v 800 A/m? o v 800 A/m’
& 8f 531 _ 40}
2 G e
S 6t = st I 30r
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Fig.8 Nyquist plots (a), Bode impedance plots (b), and Bode phase diagram (c) of MAO coatings prepared at different current densities
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From the impedance magnitude-frequency plots in the Bode
diagram (Fig.8b), all curves show a rapid decrease in impedance
magnitude in the high-frequency region, demonstrating that
the capacitive behavior of the coating dominates at high
frequencies. In the medium-frequency region, the impedance
magnitude increases significantly with decreasing frequency,
showing typical capacitive characteristics. In the low-
frequency region, the impedance magnitude of sample
prepared at 800 A/m* is the highest, while that of sample
prepared at 200 A/m’ is the lowest, which confirms that the
protective performance of the coating is improved with the
increase in current density. The impedance modulus |Z] of
MAO coating prepared at 800 A/m” is higher than that of other
coatings, indicating that it exhibits the highest corrosion
resistance and the best protective performance.

In addition, the phase-frequency plots in the Bode diagram
reveal that MAO coatings have three time constants. The time
constant in the high-frequency region corresponds to the loose
outer layer, the medium-frequency region corresponds to the
dense inner layer, and the low-frequency region corresponds
to the electric double layer at the substrate-solution interface.
For the sample prepared at 200 A/m’, a significant decrease in
phase angle appears in the low-frequency region, which is
attributed to the poor coating quality at 200 A/m’, leading to
localized corrosion of the substrate. This result corresponds
well to the weak inductive arc observed in the Nyquist plot.
Moreover, the sample prepared at 800 A/m’ shows the highest
phase angle peak, which further verifies that it exhibits the
most remarkable capacitive characteristics and the best
structural integrity.

Fig.9 shows the equivalent circuit of MAO coating. Table 5
lists the fitting parameters calculated via the ZSimpWin
software. R and R, represent the impedance of the outer layer

G % ¢
R, I T 1F
R R, R,
— 11— —1—

Fig.9 Schematic diagram of equivalent circuit of MAO coating

Table 5 EIS fitting data of MAO coatings prepared at different

current densities in 3.5wt% NaCl electrolyte

Current density/A-m™ 200 400 600 800
Solution resistance, R /
7.709 4497 4142 999.7
x107° Q-cm?
n, 0.8858 0.6919 0.7147 0.6866
RP/XIO2 Q-cm’ 2.07 22.18  23.82 1382
0,/ 10° Q™ cm™s™ 5810  6.555  2.832 1.168
n, 0.6635 0.7879 0.6780 0.8124
R/x10* Q-cm’ 0.5018 2339 2714  29.27
0,/x107° Q"-em™-s™ 2414  1.887 5416 2462
R/Q-cm’ 97.19 3925 21.65 53.70
Double-layer capacitance,
4.190 1.955 2.070  8.009
c/x107*

and inner layer of the MAO coating, respectively. A higher
impedance value corresponds to superior corrosion resistance™.
The values of R, and R, increase with the increase in current
density. When the current density is 800 A/m’, the R, and R,
values are much higher than those of the other samples,
indicating that the coating prepared at current density of
800 A/m* possesses the optimal compactness and corrosion
resistance.

3.7 Wear resistance

The friction coefficient curves of MAO coatings prepared at
different current densities are shown in Fig.10. It can be seen
that when the current density is 200 A/m’ the friction
coefficient curve firstly goes through a running-in stage, and
then rises gradually up to 0.9. When the current density is
400 A/m’, the friction coefficient curves first undergo a brief
running-in period, with the friction coefficient rising rapidly to
approximately 1.05, followed by small-amplitude fluctuations
over the subsequent 300 s. After that, the coefficient tends to
be stable and increases up to 1.1 in the end of the test. The
friction coefficient curves of samples prepared at 600 and 800
A/m’ are similar to the curve of sample prepared at 200 A/m’.
While the friction coefficient curves of samples prepared at
600 and 800 A/m” are more stable and lower, which are 0.45
and 0.50 in the end of the tests, respectively.

The friction coefficients at 200 and 400 A/m’ are
significantly higher than those at 600 and 800 A/m’. This
phenomenon can be attributed to the fact that the content of
a-AlLO, in the coating increases with the increase in current
density. The increased a-AlLO, content enhances the coating
hardness, which promotes the formation of more wear debris
during the friction process. Most of the wear debris exhibits
an irregular spherical morphology and acts as rolling particles
during sliding, thereby reducing the friction coefficient.

Fig.11 shows wear morphologies of MAO coatings prepared
at different current densities and GCrl5 small ball, which was
used as the friction pair. When the current densities are 200
and 400 A/m’, the wear tracks are narrow and flat relatively.
At high magnification, obvious wear debris and iron filings
can be seen, as shown in Fig. 11b and 1le, and the GCrl5
small balls have flat and circular wear scars, as shown in
Fig.11c and 11f, indicating that the wear mechanism is mainly
dominated by abrasive wear. When the current density is

1.4
——200 A/m?
—— 400 A/m?
12r — 600 A/m?
—— 800 A/m?

1.0
0.8
0.6
0.4
0.2
0.0

Friction Coefficient

0 100 200 300 400 500 600
Time/s

Fig.10 Friction coefficient curves of MAO coatings prepared at

different current densities
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Wear scar
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SEMHV:200kV  WD:1635mm || ||| EMHV:200kV  WD: 15.03 mm
‘SEM MAG: 100 x Det: SE 500 pm SEM MAG: 2.00 kx Det: SE 20pm
View field: 277 mm | WD: 15.35 mm Performance in nanospace View fleld: 138 pm | WD: 1 Performance in nanospace
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Wear scar

SEMHV:200KV | WD: 1489 mm I
SEM MAG: 100 x Det: SE 500 pm ‘SEM MAG: 2.00 kx Det: SE 20pm
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0 5.2 o ke ) X o F N
SEMHV:200KV  WD: 1503 mm MIRA3 TESCAN| SEM HV:200kv | WD: 1509 mm MIRA3 TESCAN
SEM MAG: 100 x Det: SE SEM MAG: 2,00 kx Det: SE 20pm
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SEM MAG: 100 x Det: SE 500 pm SEM MAG: 2,00 kx Det: SE 20ym
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Fig.11 Wear morphologies of GCr15 small ball and MAO coatings prepared at current densities of 200 A/m’ (a—c), 400 A/m* (d—f), 600 A/m’* (g—i),
and 800 A/m? (j-1)

further increased to 600 and 800 A/m’ there is also a small 2.5
amount of wear debris, and the GCrl5 small balls are worn T':E\
severely, which also indicates that the wear mechanism is é 2.0
abrasive wear. The wear area of the GCrl5 small balls ME 15
increases with the increase in current density. This is because )
both the hardness and the thickness of MAO coatings increase % 1.0
with the increase in current density, which leads to the gradual &
aggravation of the GCr15 small balls wear"”. 5 03
The wear rate of MAO coatings is illustrated in Fig. 12. e 0.0
With the increase in current density, the wear rate decreases. 200 400 600 800
When the current density is 800 A/m’, the wear rate reaches its Current Density/A-m™
minimum of 1.355%x10* mm*/(N - m), showing the best wear Fig.12 Wear rates of MAO coatings prepared at different current

resistance. Similar results were also reported in Ref.[38-39]. densities
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4 Conclusions

1) MAO coatings prepared on 2195 Al-Li alloy at current
densities from 200 A/m* to 800 A/m* are uniform and mainly
composed of y-Al,O, and a small amount of a-AlO,.

2) With the increase in current density, the terminal
voltages, roughness, and thickness of MAO coatings increase
remarkably. The corrosion resistance of coatings increases
with the rising current density. When the current density is
800 A/m’, the corrosion potential is —0.536 V, which is shifted
positively by about 0.298 V compared with the substrate, and
the corrosion current is the lowest of 4.32x107 A/cm’, which
is two orders of magnitude smaller than that of the substrate.

3) The wear resistance of MAO coatings increases with the
rising current density. And the wear mechanism is abrasive
wear. When the current density is 800 A/m’, MAO coatings
show the best wear resistance with a minimum wear rate of
1.355x10™ mm’*/(N-m).
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B X IR R BRI 2195 R R e e MOl E L ARE
i E e N g S e IS pE k= ppAln

BropE, WA, sk, RO, EHS
(UEBHML S MUR K% SRR S TR0, 107 TR 110136)

W OZE. EREERR-BRER R B R, SRR AR AE 2195 ML & & R HI S MU ERZ, W T AR RIRERE (200~800 A/m?®) %f
ORI ZROW G AL« TGl R B PR o G A . R, XU ERATHA. X4 B R 1S ORI 2R TR B2 4
SN T RONEAR E IR SRETES . B RORDRE S . 255K IH, Bl s At oK, SR 2 RS R SR R 33 . 13k
FEEEHy-ALO ML, I EH /DR 0-ALO,. TEHCK HLI T Hil 4 BN SR 2 BN EUE o AT RINRER B, W2 i ol vk b
L FE IS KT e 2 FRL % B 800 A/m’ B, AOIVEAL IR 2 I Itk e, B I AA-0.536 V, IR 9 4.32x107 Alem’
IR PR T AN SRS . AL 45 B EoR, B N 800 A/m* I, BRI ESICE R R A, AR RMIX BA A s i BT
THOIEE AT 22 R TR 55 1 S P 38 2 P38 A3 KT B 7o M FRUR BB 3N 200 A/m? I, ML 1 BN BE R 1 3B KIS, s it
BUHIATI N BE R EE A . 75 800 A/m” R il & M RGN JE I BB PE A, BB 471289 1.355%107 mm’/(N-m).

XHER): REG S, WOREM: BORGE; TR i,

EET: WoRE, 55, 199944, fi, JRBAALE MR RFEMBIRSS TR, 10T IhBE 110136, E-mail: 13361359636@163.com



