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Abstract: Aluminum (Al) alloys are lightweight and machinable and have been widely used in
industrial applications, particularly the formation of complex mechanical parts. However, the 5052 Al
alloy frequently encounters problems like corrosion and wear during its service life, significantly
impacting the equipment’s longevity. This study investigated the effects of pulse voltage (320 to
400 V) and frequency (50 to 200 Hz) on the growth and surface morphology of 5052 Al alloy films
formed through micro-arc oxidation (MAO) to improve their corrosion and wear resistance while
maintaining a surface roughness of less than 1 µm. The results indicate that higher operating
voltages and frequencies correlated with increased thickness in the resulting ceramic oxide films
formed using MAO. In addition, as the pulse frequency increased, the distribution of the holes
became more uniform across the surface. We examined the surface and cross-sectional morphology,
as well as the thickness of the MAO coatings, through scanning electron microscopy (SEM). The
corrosion and wear resistance of the MAO coatings formed under different electrical parameters were
analyzed using electrochemical corrosion tests and scratch tests. The MAO coatings produced at
400 V and 200 Hz were the thickest, at approximately 4.8 µm, and demonstrated superior corrosion
and wear resistance. These coatings demonstrate significantly reduced wear width, highlighting their
exceptional resistance to corrosion and wear. Hole cracking occurred only above the top layer of the
coating and not beneath the mid-layer, which protected the substrate from damage due to the direct
passage of Cl ions through the holes.

Keywords: micro-arc oxidation (MAO); aluminum alloy; electrical parameters; electrochemical
impedance spectroscopy; microstructure

1. Introduction

Light metals and their alloys are widely used as materials for substrates, housings, or
mechanical components. Among these metals and alloys, Aluminum (Al) and its alloys are
the most commonly used because they offer advantages such as high specific strength, lower
weight, excellent processability, robust thermal conductivity, and compatibility with various
surface treatments [1–4]. One such alloy, 5052 Al alloy, is a solid-solution-strengthened
material that is used in electronic products and automobile bodies. Typically, the surface
of 5052 Al alloy can spontaneously form a dense passivation film, which can provide
protection. Unfortunately, the passivation film on the alloy surface is easily destroyed
under harsh environmental conditions, including marine environments with high salt
content, violent seawater erosion, temperature, and pressure. Thus, the 5052 Al alloy in the
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service process will often cause parts corrosion, wear, and other issues, which seriously
affect the service life of the equipment. In other words, 5052 alloy exhibits superior fatigue
strength, ease of machining, corrosion resistance, and suitability for structural applications
without the need for heat treatment [5,6]. However, as the demands for product strength
and corrosion resistance continue to increase, effective strengthening mechanisms and
surface treatments are indispensable to meet these requirements.

Al is also chemically active and naturally forms a thin oxide layer of approximately
5 nanometers that serves as a protective surface coating. However, this naturally occurring
oxide layer lacks adequate thickness and uniformity, compromising its corrosion and wear
resistance [7–10]. Therefore, an effective surface treatment is required to control the for-
mation of the oxide layer and to improve the mechanical properties of Al alloys. Among
available surface treatment methods, micro-arc oxidation (MAO), also called micro-plasma
oxidation, stands out as a high-energy electrolytic surface modification technology that can
be used to form ceramic oxide coatings in situ on valve metals and their alloys, thereby
greatly improving wear resistance, hardness, and insulation [11–13]. MAO is mostly com-
pleted using low-concentration aqueous solutions of alkaline salts as electrolytes, indicating
it does minimal environmental harm. MAO is a plasma-based process where a high-voltage
electric field in an electrolyte creates micro-area arc discharges between an anode workpiece
and a cathode plate. These discharges induce local high-temperature molten metal on
the anode workpiece’s substrate surface, resulting in oxidative sintering and ceramic film
formation. MAO-derived ceramic film has a high micro-hardness and robust adhesion to
substrates, and therefore inhibits anodic (oxidizing) currents and protects internal metal
substrates from corrosion [14]. However, the MAO film formation process inevitably leads
to microcracked and porous structures due to microdischarges and sparks that occur during
the oxidation process [14–17]. Corrosive mediums can penetrate membrane and interface
layers, causing substrate material corrosion [18,19]. Hence, optimizing the surface mor-
phology and microstructure of MAO films is crucial for improving the corrosion resistance
of Al alloys [20].

In this study, ceramic coatings on 5052 Al alloy were prepared using the MAO pro-
cess to enable an investigation of how variations in breakdown voltage and frequency
parameters affect the resulting microstructure. Limited research exists in the literature on
the microstructure of 5052 Al alloy subjected to MAO, with the literature on optimizing
the MAO process through adjustment of the aforementioned experimental parameters
being particularly limited. Therefore, further research is required to fully characterize the
oxide layer and determine the optimal conditions for the MAO process. In the present
study, the thickness of the ceramic oxide film formed by MAO and the resulting surface
roughness and corrosion resistance of the alloy were investigated. The surface morphol-
ogy and cross-section microstructure of the MAO coatings were characterized by using a
field-emission scanning electron microscope. Surface roughness is analyzed using a 3D
optical profiler with the MountainsMap Imaging Topography software system (version
8.2). We also conducted electrochemical impedance spectroscopy (EIS) analysis with an
electrochemical workstation, VersaSTAT 4, in a 3.5 wt.% NaCl solution as the corrosive
medium. The abrasion resistance of the MAO coatings was tested using the Anton Paar
RST3 scratch tester. Furthermore, the hydrophobicity of the coating surface was confirmed
by measuring the contact angle between a water droplet and the surface microstructure
using a contact angle instrument (Attension, Theta Lite, Gothenburg, Sweden). The en-
hanced hydrophilicity contributed to improved adhesion of the nanocomposite catalyst
during subsequent chemical nickel or copper plating, resulting in coatings that exhibited
increased corrosion and wear resistance on the alloys. The results of this study reveal the
following: 1. The ceramic oxide film thickness exhibited a maximum thickness of nearly
5 µm. 2. The surface roughness (Sa) measured less than 1 µm. 3. The corrosion resistance
and wear resistance of the manufactured substrates outperformed those of the original
5052 Al alloy substrates, providing significant advantages for the electronics, automotive
bodies, and aerospace industries.
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2. Materials and Methods
2.1. Material Preparation and MAO

Rectangular specimens (100 × 100 × 2 mm3) of 5052 Al alloy were used as substrates
for the MAO process. The nominal chemical composition of this alloy, expressed in mass
fractions, comprised 0.40% Fe, 0.15%–0.35% Cr, 0.10% Mn, 2.20%–2.80% Mg, and 0.10% Z,
with the remainder being Al. Prior to the MAO treatment, the oxide film on the surface of
the specimens was removed through immersion in a 1 M NaOH aqueous solution for 2 min,
then degreased with acetone and rinsed with distilled water. The MAO treatment setup
included a potential adjustable DC pulse source, a 4.5 L stainless-steel vessel functioning
as an electrolyte cell, a cooling system, and an agitation system. A schematic of the
micro-arc oxidation setup is shown in Figure 1. The cooling system maintains the plating
solution below 30 ◦C during sample melting, ensuring uniform density in the entire MAO.
Simultaneously, the stirring system homogenizes the plating solution temperature and
evenly distributes ions within it. A stainless-steel container serves as the cathode, allowing
more flexibility in sample sizing, while the 5052 Al alloy serves as the anode. The input
voltage is varied between 320 V and 400 V in 40 V increments, and the frequency settings
are 50 Hz, 100 Hz and 200 Hz. MAO was performed in an aqueous electrolyte by applying
a pulsed DC electric field to the specimens. The electrolyte primarily consists of a silicate
system, capable of producing both MgO and Mg2SiO4, effectively enhancing the coating’s
corrosion resistance. The composition and concentration of the electrolytes are detailed
in Table 1. After MAO treatment, the coated specimen was removed from the electrolyte,
rinsed thoroughly with distilled water, and dried at room temperature. Table 2 lists the
MAO operating parameters.
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Figure 1. A schematic of the micro-arc oxidation setup.

Table 1. Composition and concentration of electrolytes for the MAO process.

Electrolytes Formula 1L

Na2SiO3 6 g
KOH 8 g

KF 8 g
Na2WO4·2H2O 0.56 g

(NaPO3)6 6 g
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Table 2. MAO operating parameters.

Operating Parameter Value

Initial temperature (◦C) below 10
Time (s) 360

DC field (V) 320, 360, 400
Frequency (Hz) 50, 100, 200

2.2. Coating Characterization

The surface morphology and cross-section microstructure of the MAO coatings were
characterized by using a field emission scanning electron microscope (SEM; JEOL JSM-
7610Fplus, JEOL Ltd., Tokyo, Japan) and a focused ion beam chamber (Hitachi NX2000,
Tokyo, Japan). The thickness of the MAO coatings was further measured using cross-
sectional SEM images. The surface roughness of MAO coatings was measured using a 3D
surface measurement instrument (Chroma, 3D Optical Profiler Model 7503, Glasgow, UK)
with a scanning area of 200 µm × 200 µm. MountainsMap Imaging Topography (Glasgow,
UK, version 8.2) was used to analyze the surface roughness of the specimens. The phase
structure of the MAO coatings was evaluated using an X-ray diffractometer (XRD; PAN-
alytical x’pert pro, Malvern Panalytical, Malvern, UK). The electrochemical impedance
spectroscopy (EIS) was analyzed using an electrochemical workstation VersaSTAT 4 (AME-
TEK Scientific Instruments, Berwyn, PA, USA). The potentiodynamic polarization curve
test was evaluated using a three-electrode system. A saturated calomel electrode was used
as a reference electrode (Counter Electrode, CE), a platinum plate functioned as the counter
electrode (Saturated Calomel Electrode, SCE), the test sample as the working electrode
(Working Electrode, WE), and a 3.5 wt.% NaCl solution as the corrosive medium. In the cor-
rosion test, specimens with an area of 1.0 cm2 were immersed in a 3.5 wt.% NaCl solution at
room temperature. All samples will be stabilized at open circuit potential (OCP) for 1200 s
prior to electrochemical measurement. The scan rate for the scan range used an OCP from
−0.2 to 0.4 V and the potentiodynamic polarization curve test was 0.005 V/s. To further
assess surface hydrophobicity after coating, the apparent contact angle of the deionized
water droplets on each sample was measured at room temperature using a contact angle
instrument (Attension, Theta Lite, Espoo, Finland). Both the standard deviations and the
mean values for the contact angles were determined by using more than five measurements
obtained at different positions on each specimen. The abrasion resistance of the MAO
coatings was tested using a scratch tester (Anton Paar RST3, Anton Paar, Graz, Austria)
with the following operating parameters: a normal load of 0.5–30 N, length of 5 mm, and
vibration frequency of 50.0 Hz (speed of 10 N/s). After scratch tests, the wear tracks of the
samples were observed using SEM.

3. Results and Discussion
3.1. Morphology of Ceramic Coating

The SEM micrographs of the surface of the MAO-coated 5052 Al alloy at different
voltages and frequencies are presented in Figure 2. The images reveal a profusion of
microcracks and micropores, visible as dark spots, resembling a honeycomb pattern. These
holes are high-voltage spark discharge channels formed by the ejection and then the
rapid cooling of the Al2O3 at the interface between the substrate surface and the electrolyte,
creating paths for the flow of corrosion media. The high-magnification micrographs indicate
that when the pulsed DC field voltage increased from 320 V to 400 V, the diameter of the
discharge channels increased, but the number of discharge channels decreased slightly, as
shown in Figure 3a–i. The structure of the holes also changed from island-like and linear to
a slightly curved circular hole. In addition, increasing the pulse frequency led to a more
uniform distribution of holes across the surface.
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Figure 2. Surface SEM images of MAO-coated 5052 Al alloy at different voltages and frequencies:
(a) 320 V, 50 Hz; (b) 360 V, 50 Hz; (c) 400 V, 50 Hz; (d) 320 V, 100 Hz; (e) 360 V, 100 Hz; (f) 400 V,
100 Hz; (g) 320 V, 200 Hz; (h) 360 V, 200 Hz; and (i) 400 V, 200 Hz.
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Figure 3. High-magnification surface SEM images of MAO-coated 5052 Al alloy at different voltages
and frequencies: (a) 320 V, 50 Hz; (b) 360 V, 50 Hz; (c) 400 V, 50 Hz; (d) 320 V, 100 Hz; (e) 360 V, 100 Hz;
(f) 400 V, 100 Hz; (g) 320 V, 200 Hz; (h) 360 V, 200 Hz; and (i) 400 V, 200 Hz.

Cross-sectional SEM images of the MAO coatings with different breakdown voltage
and frequency parameters are presented in Figure 4. As is discernible from the images,
different pulsed DC field voltages affected the performance of the MAO coatings. Figure 4a
reveals that a low voltage setting of 320 V and a frequency of 50 Hz were insufficient to
drive the growth of ceramic films. The oxide layer was scarcely observable at voltages
of 320 V or lower. However, the thickness of the MAO coating increased significantly
when the voltage and frequency were increased to 400 V and 200 Hz, as presented in
Figure 4i. The growth of the coatings can be attributed to the oxidation of molten Al as
it flows through the discharge channel [21–23]. The results indicate that an increase in
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pulse voltage resulted in thicker film layers, which occurred because higher pulse voltages
allow more electrical energy to reach the surface, thus enabling coating growth [24–26]. The
thickness of MAO coating at different voltages and frequencies is summarized in Table 3.
We further investigated the elemental distribution and content of the MAO films by EDS
spectroscopy. The results of the EDS analysis are summarized in Table 4. Based on the
EDS results, the MAO coating primarily consists of the elements O, Al, and Si, indicating
that it is predominantly composed of aluminum oxide. In addition, the elemental oxygen
content increases with higher voltage and frequency, indicating greater oxide formation in
the MAO film. The SEM images also reveal a distinct interface between the oxide layer and
the substrate, indicating that the MAO coatings were continuous and tightly bonded to the
substrate. Observations from the cross-sectional SEM images of the hole areas revealed that
the holes did not penetrate through the substrate at either low or high voltages, and the
densification of the coatings did not decrease as the voltage increased. The MAO coatings
produced at 400 V and 200 Hz (see Figure 4i) were dense and uniform compared with
those formed at low pulse voltages and frequencies. The coating achieved at these optimal
operating parameters exhibited the greatest thickness (approximately 4.8 µm), and the
holes were cracked only above this layer and did not extend below its midpoint, which
protected the substrate from direct Cl ion penetration. These findings indicate that pulse
voltage and frequency are critical electrical parameters affecting the properties of MAO
coatings, including their pore size and corrosion resistance.
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(a) 320 V, 50 Hz; (b) 360 V, 50 Hz; (c) 400 V, 50 Hz; (d) 320 V, 100 Hz; (e) 360 V, 100 Hz; (f) 400 V,
100 Hz; (g) 320 V, 200 Hz; (h) 360 V, 200 Hz; and (i) 400 V, 200 Hz.
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Table 3. The thickness of MAO coating at different voltages and frequencies.

Voltage (V) 320 V 360 V 400 V

Frequency
(Hz) 50 Hz 100 Hz 200 Hz 50 Hz 100 Hz 200 Hz 50 Hz 100 Hz 200 Hz

Thickness
(µm) 0.86 ± 0.422 1.51 ± 0.678 1.50 ± 0.709 1.06 ± 0.391 1.05 ± 0.175 1.42 ± 0.862 2.27 ± 1.01 2.56 ± 0.929 3.41 ± 0.876

Table 4. EDS Analysis (at%) of Film.

Voltage 320 V 360 V 400 V

Frequency 50 Hz 100 Hz 200 Hz 50 Hz 100 Hz 200 Hz 50 Hz 100 Hz 200 Hz

O 42.6 45.8 48.4 44.5 48.6 50.9 46.5 49.1 53.0
Al 48.7 45.5 42.9 47.2 42.5 40.0 46.7 43.4 39.2
Si 4.8 5.2 5.6 5.2 5.9 6.3 5.5 6.3 6.5
P 2.2 1.9 1.7 1.9 1.7 1.6 0 0 0

Mg 1.0 1.0 0.8 0.7 0.7 0.7 0.8 0.7 0.7
F 0.6 0.5 0.5 0.4 0.5 0.4 0.4 0.4 0.5

Na 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

3.2. Surface Roughness and Hydrophobic Analysis

Surface roughness is a crucial factor affecting the hydrophobic stability of a sub-
strate surface. The surface roughness of the MAO coatings was measured using a three-
dimensional (3D) surface measurement instrument, as depicted in Figure 5. As the pulse
voltage and frequency increased, the value of Sa increased, as illustrated in Figure 6. The
number of weak points susceptible to dielectric breakdown through microdischarges in
the oxide coating diminished as pulse voltage and frequency increased. This resulted in a
thicker coating, which caused a reduction in the number of micropores and an increase in
the size of the micropores, which was attributed to a decrease in the number of discharge
points capable of passing a higher pulse voltage and frequency. Consequently, as the MAO
coating thickened, the pore size and surface roughness increased. According to the surface
roughness results presented in Figure 6, the Sa of thicker films exceeded that of thinner
films, aligning with the observations of relevant studies [24,27,28].

The contact behavior between water droplets and the coating surface was confirmed
using hydrophobic analysis. As presented in Figure 7, a mild increase in hydrophilicity
occurred when a higher pulse voltage and frequency were applied. The island-like linear
structures became curved circular holes, which increased the surface area in contact with
the water droplets and enhanced wettability. Despite this shift toward hydrophilicity,
the coatings continued to exhibit hydrophobicity due to the increased surface roughness.
Additionally, the slight increase in hydrophilicity helped improve the adhesion of the
nanocomposite catalyst to the substrate during subsequent chemical nickel or copper
plating, resulting in coated alloys that were more resistant to corrosion and wear [29–32].
Due to the hydrophilic nature of the surface, the nanocomposite catalyst particles enter into
the pores of the MAO during the plating process, which results in the successful attachment
of the catalyst to the surface. Thus, at the optimal operating parameters of 400 V and
200 Hz, a balance between thickness and hydrophilicity was achieved, which contributed
to enhancing the corrosion resistance of the MAO coatings.
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Figure 5. Surface roughness and 3D profile morphology of MAO coatings at different voltages and
frequencies: (a) 320 V, 50 Hz; (b) 360 V, 50 Hz; (c) 400 V, 50 Hz; (d) 320 V, 100 Hz; (e) 360 V, 100 Hz;
(f) 400 V, 100 Hz; (g) 320 V, 200 Hz; (h) 360 V, 200 Hz; and (i) 400 V, 200 Hz.

3.3. Phase Analysis

The crystalline phases in the oxide layers formed through the MAO process were
characterized using XRD analysis, as depicted in Figure 8. The original 5052 Al alloy
primarily consists of an α-Al phase and a small amount of Fe, Cr, and Mn, showing no
phase variations in Mg [33]. In this study, the original 5052 Al alloy substrate exhibited
Al peaks at 38◦ 44◦, 65◦, and 78◦, which were attributed to X-ray penetration through the
substrate (see black line in Figure 8). The MAO-generated coatings comprise phases of
Al, γ-Al2O3, and α-Al2O3 (see red line in Figure 8). During the MAO process, different
crystal structures (types) of Al2O3 were formed in the MAO film through a combination of
chemical reactions with oxygen and electrochemical interactions with alkaline electrolytes.
These reactions were influenced by factors such as the cooling rate and temperature. When
the 5052 Al alloy was subjected to MAO in an alkaline electrolyte, a dense oxide film rapidly
formed on the substrate surface. This rapid cooling rate mainly leads to the formation of
γ-Al2O3 during solidification, whereas a slow cooling rate mainly leads to the conversion
of molten Al2O3 to α-Al2O3, with a small fraction of the γ-Al2O3 also converting to α-Al2
O3 [34,35]. Relative to the other phases, α-Al2O3 has a hard texture and is insoluble in
acids and alkalis. This property endows it with excellent corrosion resistance and electrical
insulating properties, contributing to the overall corrosion resistance of MAO coatings.
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3.4. Electrochemical Corrosion Tests

MAO coatings improve corrosion resistance by providing a protective barrier against
corrosive media. In our study, specific properties of MAO coatings, such as thickness and
pore characteristics, significantly influence their shielding efficacy. EIS was employed to
investigate the corrosion behavior of the samples. Figure 9a presents the EIS measurements
for the samples immersed in a 3.5 wt% NaCl solution. An increase in corrosion resistance
was observed when the frequency increased, keeping the voltage constant. Similarly, at a
constant fixed frequency, the corrosion resistance enhanced significantly when the voltage
value was increased. The most effective corrosion resistance was achieved at operating
parameters of 400 V and 200 Hz. This is because as voltage and frequency increased,
the thickness of the coating layer increased and the number of holes decreased, and the
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distribution of the holes tended to be uniform. Although the diameter of the holes increased
slightly, they did not penetrate the substrate. This effectively blocked the passage of Cl
ions, thereby providing better long-term corrosion protection.
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The models chosen (Figure 9b) for the fitting of bare 5052 and the treated 5052 alloy:
Rs is the resistance of the solution between reference and working electrodes. R1 is the
resistance of the coating and R2 is the charge transfer resistance. The Constant Phase
Element (CPE) is used instead of a capacitive element, which is parallel with R1 and
R2. The fitted results for the various 5052 plates are listed in Table 5. Results from the
electrochemical corrosion test reveal that as voltage and frequency increase, both R1 and R2
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impedance values exhibit an upward trend. This indicates the coating’s ability to impede
electron exchange at the surface of the 5052 Al alloy substrate, subsequently enhancing
its resistance to corrosion. Moreover, the surface morphology and cross-sectional SEM
images confirm that the 400 V-200 Hz coating is denser and thicker, showing no significant
defects. This effectively prevents further diffusion or infiltration of the corrosive agent.
In simple terms, the 400 V-200 Hz coating offers superior protection against corrosion in
corrosive solutions.

The corrosion resistance of the MAO-coated 5052 Al alloy was conducted by the
potentiodynamic polarization tests. Polarization curves of the bare 5052 Al alloy plate and
the MAO-coated 5052 Al alloy plates in 3.5 wt.% NaCl solution is displayed in Figure 10.
The current densities (icorr) and corrosion potential (Ecorr) values are presented in Table 6.
Ecorr represents the corrosion potential, which signifies the point at which the current density
significantly increases, reflecting the behavior of metal dissolution until it reaches a critical
value. icorr, on the other hand, represents the corrosion rate. A more positive corrosion
potential and lower corrosion current density indicate better corrosion resistance. It can be
seen that the corrosion current density of MAO-coated 5052 Al alloy treated with higher
pressure is lower than that of MAO-coated 5052 Al alloy treated with lower pressure. At the
same voltage, MAO coatings on 5052 Al alloy treated at higher frequencies exhibit superior
corrosion resistance compared to those treated at lower frequencies. Among them, the
400 V-200 Hz MAO-coated 5052 Al sample has the lowest icorr (1.01 × 10−9 A/cm2), while
the 320 V-50 Hz MAO-coated 5052 Al sample has the highest icorr (6.65 × 10−6 A/cm2),
as can be seen in Figure 10 and Table 6. Compared to the MAO-coated 5052 Al alloy, the
untreated 5052 Al alloy (bare 5052 Al alloy) displayed the poorest corrosion resistance in a
3.5 wt.% NaCl solution, with a corrosion current density of icorr 8.56 × 10−5 A/cm2. After
MAO treatment, a substantial reduction in corrosion current density was observed, leading
to a significant improvement in corrosion resistance. The 400 V-200 Hz samples exhibited
the highest corrosion resistance.
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Table 5. Corrosion parameters and impedance for the bare 5052 and the MAO coated 5052 samples in 3.5% NaCl.

-
Bare 5052

320 V 360 V 400 V
- 50 Hz 100 Hz 200 Hz 50 Hz 100 Hz 200 Hz 50 Hz 100 Hz 200 Hz

Rs (ohm·cm2) 82.1 79.4 84.5 87.6 81.7 83.1 81.1 78.9 78.3 83.4
CPE1 (sn·µohm−1·cm−2) 22.5 6.76 × 10−2 4.73 × 10−2 4.69 × 10−2 5.86 × 10−2 5.23 × 10−2 4.82 × 10−2 6.14 × 10−2 6.17 × 10−2 3.22 × 10−2

CPE1—n 0.84 0.71 0.97 0.98 0.98 0.97 0.97 0.95 0.95 0.99
R1 (ohm·cm2) 964 3.19 × 105 3.17 × 106 3.24 × 106 1.39 × 106 1.11 × 107 1.12 × 107 1.14 × 107 2.27 × 107 9.39 × 107

CPE2 (sn·µohm−1·cm−2) 282 3.76 4.79 1.84 4.07 4.69 2.90 2.09 2.91 1.62
CPE2—n 1 0.99 1 0.91 0.91 0.88 0.88 0.91 0.92 1
R2 (ohm·cm2) 697 6.35 × 104 4.92 × 105 4.98 × 105 3.15 × 105 1.14 × 106 2.15 × 106 2.29 × 106 3.37 × 106 3.91 × 106

Table 6. Results of potentiodynamic polarization tests of bare 5052 Al alloy and the MAO-coated 5052 Al alloy in 3.5 wt.% NaCl solution.

-
Bare 5052

320 V 360 V 400 V
- 50 Hz 100 Hz 200 Hz 50 Hz 100 Hz 200 Hz 50 Hz 100 Hz 200 Hz

Ecorr (VSCE) −1.56 −1.35 −1.29 −1.27 −1.24 −1.23 −1.21 −1.18 −1.13 −1.10
icorr (µA/cm2) 85.6 6.65 2.88 8.89 × 10−1 5.44 × 10−1 1.28 × 10−2 7.76 × 10−2 4.76 × 10−2 8.86 × 10−3 1.01 × 10−3
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3.5. Scratch Testing

To further investigate the wear characteristics of the MAO-coated 5052 Al alloy at
different voltages and frequencies, we evaluated the tribological properties under dry
sliding conditions. Generally, the main forms of wear on the substrate are adhesive and
abrasive wear, whereas the wear mechanism of the MAO coatings was mainly abrasive
wear. The widths of the wear tracks on the MAO coatings were significantly reduced,
which led to an improvement in wear resistance [5,36]. Figure 11 presents SEM images
depicting the width of the wear tracks of different samples under dry sliding conditions.
The MAO coatings formed at 320 V and 50 Hz exhibited much larger wear track widths
compared with the other MAO-coated samples. These other samples were characterized
by pronounced plow marks and scratches and an average width of 360.0 µm, indicative
of severe plastic deformation and suboptimal wear resistance. These coatings were more
susceptible to damage or spalling under external forces, owing to their irregular shapes and
higher numbers of holes. Conversely, an increase in pulse voltage and frequency led to a
decline in the number of holes, which also became more rounded and uniformly distributed.
The wear width on the MAO coatings decreased significantly, indicating an improvement
in wear resistance. Optimal wear resistance was achieved at operating parameters of 400 V
and 200 Hz.
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Figure 11. SEM images of the width of the wear tracks of different MAO-coated specimens under
dry sliding conditions: (a) 320 V, 50 Hz; (b) 360 V, 50 Hz; (c) 400 V, 50 Hz; (d) 320 V, 100 Hz; (e) 360 V,
100 Hz; (f) 400 V, 100 Hz; (g) 320 V, 200 Hz; (h) 360 V, 200 Hz; and (i) 400 V, 200 Hz.

4. Conclusions

In this study, MAO ceramic coatings on 5052 Al alloy were fabricated using MAO
under different breakdown voltage and frequency parameters. Pulse voltage and frequency
were found to affect the morphology, thickness, hydrophilicity, and corrosion resistance of
the coatings. When both pulse voltage and frequency increased, the coatings became thicker,
the number of holes decreased, and the distribution of the pores tended to be uniform.
Notably, at both low and high voltages, microcracks and micropores did not penetrate the
substrate, and the coating densification remained stable regardless of voltage increases.
The morphology and composition of the oxide coatings were investigated. During the
MAO process, an increase in the pulse voltage of the discharge channel corresponded
with a slight increase in the diameter of the discharge channels, leading to an increase in
the roughness and hydrophilicity of the oxide coating. However, the coatings retained a
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degree of hydrophobicity, and this balance between hydrophilicity and hydrophobicity
made the somewhat rougher hydrophilic surface more suitable for subsequent chemical
plating processes. XRD analysis revealed that the oxide coating was partially crystalline
and consisted mainly of Al, γ-Al2O3, and α-Al2O3. The MAO coatings produced at
400 V and 200 Hz were the thickest, at approximately 4.8 µm. Additionally, under these
parameters, any cracking in the holes occurred only above the layer and not beneath its
midpoint, thereby offering protection to the substrate against Cl ion penetration. This study
provides valuable information regarding MAO processing of 5052 Al alloys and lays a solid
foundation for future industrial applications.
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