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HIGHLIGHTS

e A ternary composite layer comprising
Al,03/Mo0S,/Zn3(PO,4), were in  situ
prepared by one-step MAO.

e The 12.5 g/L zinc acetate coating shows
superior wear resistance in dry and
corrosive environments.

e The 12.5 g/L zinc acetate coating dem-
onstrates superior corrosion resistance
in electrochemical and immersion tests.
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ABSTRACT

The 6082-T6 Al alloy suffers from insufficient corrosion and wear resistance under harsh conditions, which limits
its long-term service. A ternary AloOs/MoSy/Zn3(PO4)2 composite coating was in-situ fabricated by micro-arc
oxidation (MAO) in present work in order to achieve synergistic enhancement of corrosion and wear resis-
tance via Aly03, MoS; and Zn-containing components. The effects of zinc acetate (C4HgO4Zn) concentration on
coating microstructure, corrosion resistance, and wear performance of the MAO coatings were studied. Results
indicate that zinc is enriched in the coating pores, and the porosity decreases from 3.98% to 2.55% for MZ12.5.
Dry sliding and corrosive wear tests against SigN4 balls show that: MZ12.5 exhibits the lowest wear rates
(4.4 x 10~° mm®/N-m in air and 3.1 x 10" mm?3/N-m in 3.5 wt% NaCl solution), which are reduced by one
order of magnitude compared with the MZ0, with no obvious change in the counterpart. Electrochemical tests
demonstrate its corrosion current density (6.915 x 107° A-cm?) is three orders of magnitude lower than MZ0,
and a 933-hour immersion proves excellent long-term stability. In conclusion, MZ12.5 is optimal, and this MAO
composite coating is a promising surface modification for 6082-T6 Al alloy in harsh environments.
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1. Introduction

Aluminum and its alloys are widely used in the automotive, con-
struction, marine, and aerospace industries because of their low density,
high strength, and excellent processability [1-3]. A thin natural Al,O3
oxide coating forms on their surface, providing basic corrosion protec-
tion; however, it is thin and prone to detachment under complex service
conditions (e.g., corrosive marine environments, sliding friction). The
coupling of corrosion and wear accelerates material degradation,
resulting in poor wear and corrosion resistance, which restricts their
application range and service life [4,5]. Thus, surface modification is
essential for enhancing these properties and extending their service life.
Among the common techniques (anodizing, MAO, electroplating,
spraying, and deposition), MAO has become a mainstream choice for
aluminum alloy surface modification, offering simple processing, envi-
ronmental friendliness, and high efficiency [6-8].

MAO coatings naturally possess a porous structure, which serves as a
pathway for corrosive substances to penetrate, leading to localized
corrosion of the substrate and hastening the failure of the coating
[9-11]. To address this, researchers have made significant progress in
developing various optimization strategies [12-14]. For electrical
parameter regulation, a higher current density induces large discharge
sparks and surface defects (pits and cracks), whereas a lower current
density favors dense coatings with low roughness and porosity [15,16].
Recent studies of PEO coatings on tantalum indicate that cathodic po-
larization and frequency significantly affect plasma discharge charac-
teristics and coating microstructure. The cathodic-to-anodic current
density ratio (R) can regulate discharge behavior and coating properties
[17-19]. Doping functional additives is a main strategy for optimizing
MAO coating performance, with research advancing from single addi-
tives to multi-component synergistic systems with enhanced perfor-
mance. Pezzato et al. [20,21] added recycled glass particles (LCD,
borosilicate, soda-lime) to PEO electrolytes, and the pores were sealed
effectively and corrosion resistance was improved (LCD glass showing
optimal wear-corrosion performance). The copper-containing PEO
coatings presented enhanced anti-fouling properties. Guo et al. [22]
introduced graphene oxide to fabricate ultra-low porosity MAO coatings
and the corrosion resistance is enhanced. For performance comple-
mentarity, multi-component synergistic strategies are widely explored.
Qi et al. [23] co-added phytic acid and MoS; to silicate electrolytes,
whose bonding and self-lubricating effects synergistically fill micropores
and improve wear-corrosion resistance. Yang et al. [24] incorporated
potassium fluoro-zirconate and nano-graphite into MAO electrolytes.
The in-situ formed high-hardness ZrO, nanocrystals and self-lubricating
graphite had synergistic effects to improve wear-corrosion resistance.
Additionally, Zhao et al. [25] prepared CeO, nanoparticle-doped PEO
coatings on Mg-Zn-Y-Nd alloys. The in-situ formed CePO4 can seal mi-
cropores to form a dense Mg(OH),/CeO,/Ce(OH)3 coating, and enhance
corrosion resistance and biocompatibility. Guo et al. [26] used pectin as
an eco-friendly additive for MAO coatings to fill pores, inhibiting
microcracks and improving corrosion resistance in simulated body
fluids.

Recently, zinc-containing MAO coatings have attracted extensive
attention for enhancing corrosion resistance of Al/Mg alloys. Yang et al.
[27] constructed superhydrophobic double-coating coatings via "MAO
coating + hydrophobically modified nanoflower shaped zinc phosphate
arrays," achieving excellent corrosion resistance through physical bar-
rier and repulsion effects. As an important corrosion-resistant phase,
Zn3(PO4)2 possesses extremely high stability in aqueous solution, with a
solubility product constant Ksp =9.1 x 10-3® at 298.15K, which can
effectively suppress corrosion propagation. As widely reported in
organic coating systems, Cai et al. [28] doped three-dimensional mul-
ti-interface zinc phosphate particles into waterborne epoxy coatings,
realizing long-term electrochemical stability and high adhesion via
physical inhibition, reduced polar channels, and coordination reactions.

For present studies, much focus on binary composites, physical
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addition, or post-treatment methods, especially for zinc-containing
MAO coatings. Few studies systematically explore the in-situ synergis-
tic effect of Zng(PO4) with self-lubricating phases under wear-corrosion
conditions. Li Qian [29] in-situ prepared CePO4/MoSy/Al;03 ternary
composite MAO coatings via cerium acetate and sodium molybdate
addition and significantly enhance comprehensive performance through
"pore filling, hardness enhancement, and lubrication synergy" effects. In
present study, the green zinc source C4HgO4Zn and NayS. NasMogy
introduced into the phosphate electrolyte, and the AlyOs/-
MoS5/Zn3(PO4), ternary composite MAO coatings successfully are
fabricated in-situ on 6082-T6 alloy via a one-step method. The innova-
tion is the integration of solid lubrication, pore filling, and passivation
protection. Sodium molybdate and sodium sulfide were used to directly
synthesize MoS; in the reaction environment. The effects of C4HgO4Zn
concentration on the coating structure and performance were investi-
gated, with a systematic evaluation of the tribological and corrosion
resistance properties, and the relevant mechanisms were discussed.

2. Materials and methods
2.1. Materials and MAO composite coating preparation

In this study, a 6082-T6 aluminum alloy (an Al-Mg-Si alloy) with
dimensions of 25 mm x 25mm x 3 mm was used as the substrate ma-
terial, whose chemical composition (wt%) is as follows: Si 1.1%, Fe
0.31%, Cu 0.05%, Mn 0.65%, Mg 0.7%, Cr 0.07%, Zn 0.07%, Ti 0.02%,
and Al balance. The base electrolyte for preparing the MAO composite
coating consisted of 15 g/L (NaPOs3)g + 5 g/L NagMoO4 + 10 g/L NayS
+10g/L EDTA. According to the concentration of C4HgO04Zn added to
the electrolyte, the samples were designated as MZ0, MZ5, MZ7.5,
MZ10, and MZ12.5, corresponding to 0, 5, 7.5, 10, and 12.5g/L of
C4HgO4Zn, respectively. Each test experiment was done three times to
establish confidence in the repeatability, and then the data were
recorded.

All reagents were weighed using a precision electronic balance with
an accuracy of 0.0001 g and then dissolved in a stainless-steel electro-
lytic cell. A beam above the cell was used to fix the electrode holder, on
which a mechanical stirrer (rotating at a constant speed of 100 rpm) and
alloy samples were mounted. Before the experiment, the cooling system
was activated, and the electrical parameters used are presented in
Table 1.

2.2. Characterization of MAO composite coatings

The thickness of the MAO composite coatings was measured from
cross-sectional picture using an optical microscope. The surface hard-
ness was determined using an automatic micro-Vickers hardness tester
(2.0HV-1000Auto) under a load of 0.1 kgf and a dwell time of 10s. Five
measurements were taken for each sample, and the average was calcu-
lated. Surface roughness was evaluated using a true-color confocal mi-
croscope (HYBRID C3). The surface morphologies of the MAO composite
coatings were observed using a scanning electron microscope (SEM,
Zeiss Sigma 500) in secondary electron imaging mode at an accelerating
voltage of 20kV. The elemental distribution across the coating cross-
section was analyzed using an energy-dispersive spectrometer (EDS,
AZtec X-Max 50). The phase composition was identified by X-ray
diffraction (XRD, D/max-250/pc) using a Cu/Ka target, with a voltage of
40KkV and a current of 100 mA. The scanning range was 5°-90° with a
scanning speed of 8°/min. The MDI Jade 6 software with standard PDF
cards was used to analyze the XRD patterns.

Wear tests were conducted in both 3.5% NaCl solution (for corro-
sion-wear testing) and air (for dry sliding testing) using an MS-M9000
dynamic damage and protection tester (Lanzhou Huahui Instrument
Technology Co., Ltd.). A ball-on-disk configuration was adopted due to
its high repeatability and good representativeness of point contact in
engineering parts. With reference to the friction parameters in our study
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Table 1
Electrical parameters of micro-arc oxidation.
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Electric source Operational mode

Positive/negative current density A/dm?

Positive/negative pulse duty cycle % Pulse frequency Hz Duration min

AC pulse electricity Constant current 6.5

20 500 20

[30-32,45], the experimental parameters selected are as follows:
applied load of 5N, frequency of 2 Hz, and wear length of 5 mm. which
are moderate conditions commonly used to evaluate the wear resistance.
A Si3N4 ceramic ball with a diameter of 6 mm was used as the counter
ball, owing to its high hardness, chemical stability, and wide use as a
counterbody for aluminum alloy components in marine and mechanical
environments. The volume wear rate of the coatings was calculated
using Egs. (1-3) [33-35].
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Electrochemical measurements were performed using a CHI 660E
electrochemical workstation (Chenhua, Shanghai) in a standard three-
electrode system, with 3.5% NaCl solution as the corrosive medium.
The open-circuit potential (OCP) was monitored for 400 s. Electro-
chemical impedance spectroscopy (EIS) was conducted over a frequency
range of 0.01 Hz to 100 kHz with an amplitude of 0.01 V. Potentiody-
namic polarization curves were recorded from —1.8 to + 0.5 V vs. OCP.

3. Results and discussion

3.1. Macroscopic morphology, porosity, cross-sectional morphology,
thickness, and hardness of the MAO composite coatings

Fig. 1 shows the macroscopic morphology of the prepared MAO
composite coating. The coating covers the substrate surface uniformly
without obvious peeling, cracks or large-area defects, presenting an
intact and consistent appearance.

Fig. 2(a) displays the pore distribution morphology of the oxide
coating surface at 500 x magnification, where black represents the
quasi-plane and white represents micropores. The average porosities are
3.98%, 3.01%, 2.88%, 3.67%, and 2.55% for MZ0, MZ5, MZ7.5, MZ10,
and MZ12.5, respectively. The porosity variation reflects the effect of
C4HgO4Zn concentration on the surface properties. Previous studies [36,

37] reported that high porosity increases the number of micropores and
discharge channels, reducing the compactness and increasing the
roughness of the oxide coating, while decreasing the effective
load-bearing area in hardness tests. Conversely, low porosity suggests
more stable growth and a denser structure. Meanwhile, the self-sealing
“circular scale” depressions become more obvious with increasing
C4HgO4Zn concentration, which is consistent with the analysis in Fig. 3
of Section 3.2.

Figure2(b) shows the cross-sectional metallographic images of the
MAO composite coatings. The left part corresponds to the 6082-T6 alloy
substrate, the right part corresponds to the mounting resin, and the in-
termediate coating structure corresponds to the MAO ceramic coating.
With increasing C4HgO4Zn concentration in the electrolyte, the thick-
ness of the oxide coating generally increased. However, during the in-
situ formation of the MAO coating, the growth process is often accom-
panied by the appearance of micropores and microcracks owing to field
energy effects and the retention of reaction gases. As shown in the figure,
for MZ12.5, the dense micropores in the cross-section decreased
significantly, and the boundary between the dense and loose coatings
[38] became indistinct. As shown in Fig. 2(c), the thickness and hardness
of the MAO composite coatings exhibited a nonlinear relationship with
the concentration of added C4HgO4Zn. The oxide coating achieved a
maximum hardness of 731.0 HVy; for MZ5. The variations in the
cross-sectional thickness, hardness, and micropore morphology of the
MAO composite coatings were mainly attributed to the introduction of
zinc ions into the electrolyte. Zinc participates in the micro-arc
discharge process, altering the electric field distribution and discharge
characteristics, which accelerates the solidification rate of molten
ceramic products.

3.2. Surface morphology and roughness of the MAO composite coatings

As shown in Fig. 3(a), when the C4HgO04Zn concentration was 0 g/L,
the micropores on the oxide coating surface exhibited a “volcanic
eruption” accumulation morphology. With increasing C4H¢O4Zn con-
centration, the surface pore morphology gradually transforms into a self-
sealing “circular scale” structure. Three-dimensional (3D) surface
topography was constructed based on selected two-dimensional (2D)
regions, where green represents the quasi-plane, red represents high
protrusions, and blue represents depressions. The number of 3D de-
pressions in the selected regions increased significantly with increasing
C4HgO4Zn concentration, confirming that the self-sealing “circular
scales” are mostly distributed as depressions on the oxide coating
surface.

Fig. 3(b) shows a bar chart of the surface roughness of the MAO
composite coatings, where Ra is the arithmetic mean roughness and Rz

Fig. 1. Macroscopic morphology of the MAO composite coating.
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Fig. 3. (a)three-dimensional surface morphologies;(b) roughness of the composite coatings.

is the ten-point height of the micro-irregularities. The measurement
results indicated that Ra ranged from 0.62 to 0.78 pm, and Rz ranged
from 6.73 to 10.94 pm. Among these, Rz exhibited more significant
fluctuations, which were mainly caused by changes in the C4HgO4Zn
content during coating formation, leading to variations in the surface
morphology and roughness of the oxide coating.

3.3. Phase composition and elemental distribution of the MAO composite
coatings

As shown in Fig. 4(a), when the C4HgO4Zn concentration was 0 g/L,
the phase composition of the MAO coating mainly consisted of cubic
y-Aly,03 (PDF# 10-0425), cubic a-Al,03 (PDF# 75-0787), and a small
amount of monoclinic MoSy; (PDF# 17-0744). With increasing
C4HeO4Zn concentration, characteristic diffraction peaks corresponding
to monoclinic Zng(PO4), (PDF# 34-1490) appear at approximately 26
~ 20.6° and 21.9°, compared to the coating without C4HgO4Zn. A
distinct broadened diffuse peak emerged between these diffraction
peaks, indicating the presence of an amorphous structure in the coating
[39,40]. By comparing the standard diffraction peak positions in the
PDF cards, this broadened peak was identified as originating from the
amorphous or metastable phase of Zng(PO4),. Therefore, in this MAO
composite coating system, Zng(PO4), exists in a mixed state of crystal-
line and amorphous phases.

The elemental distribution across the cross-section of the MAO
composite coatings was observed using EDS mapping, as shown in Fig. 4
(b). Aluminum and oxygen were uniformly distributed throughout the
cross-section at all C4HgO4Zn concentrations, whereas molybdenum and
sulfur were mainly concentrated in the inner region of the MAO

composite coating. With increasing C4HgO4Zn concentration in the
electrolyte, the distributions of phosphorus, Zn, Mo, and sulfur in the
MAO composite coating tended to become more homogeneous. Based on
the above analysis, it can be concluded that an appropriate amount of
C4HgO4Zn can optimize the composition and structure of the oxide
coating. This further confirms that the Al;03/Mo0S5/Zn3(PO4), ternary
composite MAO coating can be successfully fabricated on an aluminum
substrate via a one-step self-reaction method.

3.4. Dry sliding wear behavior of the MAO composite coatings

Fig. 5(a;) shows the dynamic friction coefficient curves for dry
sliding conditions. During the initial stage (the first 6 min), the friction
coefficient remained relatively stable, which was attributed to the
gradual wear-in of surface asperities and the formation of a stable fric-
tion interface. As the friction time increased, the internal pores and
defects were gradually exposed. Meanwhile, the wear debris generated
during dry sliding cannot be effectively removed, leading to

abrasion and significant fluctuations in the friction coefficient. In
addition, frictional heat may cause the surface MoS, to decompose into
MoOx [41,42], and local coating delamination further exacerbates the
instability of the friction coefficient. Fig. 5(ay) indicates that the MAO
composite coating prepared of MZ12.5 exhibited the lowest volume
wear rate (4.4 x 107> mm®/N-m) under dry sliding conditions,
demonstrating the best wear resistance. This is attributed to the syner-
gistic effect of the Al,Os3-based coating and the two in-situ formed
functional phases: Zn3(PO4)2 and MoSs. Specifically, the low porosity
achieved by Zng(POg4), provides a robust load-bearing structure that
prevents the lubricant from being squeezed out, while MoS, reduces the
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Fig. 4. (a)XRD patterns;(b) cross-sectional EDS elemental distribution maps of the MAO composite coatings.

shear stress at the interface, resulting in minimal wear.

Under dry sliding conditions, the three-dimensional wear scar mor-
phologies and pit depths of the MAO composite coatings exhibited
significantly low damage characteristics (Fig. 5(b). In this case, friction
mainly arises from mechanical contact, asperity extrusion, and shear
between the coating surface and counter-ball, with the dominant wear
mechanisms being mild abrasive and adhesive wear. Because no corro-
sive medium is involved, the oxide film on the coating surface can
maintain a relatively intact structure and effectively resist mechanical
removal during friction. Consequently, the wear scar depths were
generally small; the depth for the sample without C4HgO4Zn was only
16.2 pm, and it decreased to as low as 4.7 pm for MZ12.5. This stable
surface state resulted in a relatively smooth wear rate of the coating
during dry sliding, and the wear scar morphology also showed good
uniformity without significant spalling or deep groove damage.

3.5. Corrosion behavior of the MAO composite coatings

Fig. 6 shows the potentiodynamic polarization curves of the MAO
composite coating. The polarization kinetic parameters, including the
corrosion current density and potential, were obtained by fitting the
polarization curves using the Tafel equation. As shown in Table 2, the
sample of MZ12.5 exhibited the lowest corrosion current density
(6.915 x 10~° A/cm?), which was approximately three orders of
magnitude lower than that of the sample without C4HgO4Zn. A lower

corrosion current density indicates that the corrosion rate remains
relatively low, even when the material enters a corrosive state [43].

In the Nyquist plots (Fig. 7(a1, a2)), the capacitive loop radii decrease
in the following order: MZ12.5 > MZ7.5 > MZ10 > MZ5 > MZ0. The
capacitive loop radius reflects the charge transfer resistance (Rct) of the
corrosion medium in solution. A larger radius indicates a higher resis-
tance to the transfer of corrosive species, implying better corrosion
resistance of the coating. The incorporation of Zn optimizes the MAO
coating microstructure by reducing pore size and improving compact-
ness, which effectively enhances the electrochemical barrier perfor-
mance at the substrate interface [44]. This structural optimization
inhibits the infiltration of corrosive media and suppresses the anodic
dissolution of the Mg matrix, as confirmed by the higher Rct of MZ12.5.

The Bode plots show the relationship between the impedance
modulus |Z| and the frequency. The low-frequency region represents the
overall “resistance” of the material to current flow at different fre-
quencies, whereas the high-frequency region is mainly related to the
solution resistance (Rs). As shown in Fig. 7(by, by), the total impedance |
Z| at low frequencies follows the order:
MZ12.5 > MZ7.5 > MZ10 > MZ5 > MZ0. This indicates that MZ12.5
had the highest corrosion resistance. In the phase angle plots, the phase
angle was relatively low at low frequencies, exhibiting resistive
behavior. As the frequency increased, the phase angle gradually
increased, indicating an enhancement in the capacitive behavior. As
shown in Fig. 7(c), the phase angle curves for all concentrations show an
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Fig. 6. Potentiodynamic polarization curves of the MAO composite coatings in
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increasing trend. Among them, MZ12.5 exhibits the highest phase angle
and the broadest frequency range corresponding to the peak phase
angle, which is closely related to the capacitive behavior and charge
transfer resistance of the coating. A higher and broader phase angle peak
usually indicates a more uniform interface structure of the coating.
Uniform distribution of Zn can fill micro-defects and reduce interface
inhomogeneity. This characteristic phase angle response over a wide
frequency range is a typical sign of excellent anticorrosive performance,

Table 2
Electrochemical corrosion parameters of the MAO composite coatings obtained
from potentiodynamic polarization curves.

Sample Ecorr (V) Icorr (A-cm™2)
MZ0 -0.692 1.696 x 10°°
MZ5 -0.631 1.544 x 107°
MZ7.5 -0.828 2.418 x 107~/
MZ10 -0.672 9.772 x 1077
MZ12.5 -0.727 6.915 x 107°

consistent with the barrier mechanism of functional filler-modified
coatings [45].

Comparing MZ12.5 and MZ0, the imaginary part of the impedance
(") in the Nyquist plot increased by two orders of magnitude, the total
charge transfer resistance |Z| in the Bode plot increased by three orders
of magnitude, and the capacitive effect in the phase-angle plot was
significantly enhanced in the medium-to-high frequency range. Com-
bined with the fitted equivalent circuit (Fig. 7(d)) and the equivalent
resistance values in Table 3, it can be concluded that MZ12.5 exhibited
the best corrosion resistance.

Table 4 shows the changes in Zn content within the pores of the MAO
composite coatings before and after immersion in 3.5% NaCl solution. It
can be observed that the Zn content in the coating before immersion
gradually increases with the increase of zinc acetate concentration,
which confirms that Zn is successfully incorporated into the MAO
coating during the preparation process. Microscopic observation and
elemental scanning of the MAO composite coating surface using scan-
ning electron microscopy confirmed the presence of Zn within the pores
of the coating. It can be seen that the Zn content of all samples after
immersion is lower than that before immersion, indicating that Zn
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Fig. 7. (aj, ay) Nyquist plots; (b;, bp) Bode magnitude plots; (c) Bode phase-angle plots; (d) Equivalent circuit model used for fitting the EIS data.

dissolved during corrosion and participated in the formation of corro-
sion products. Among them, MZ12.5 retained the highest Zn content
after immersion, which was significantly higher than the MZ5, MZ7.5,
and MZ10 groups, suggesting that the dissolution loss of Zn was minimal
at this concentration. The mass difference results shown in Fig. 8 further

support this conclusion. MZ12.5 exhibited the lowest mass loss, indi-
cating the least material loss during corrosion and the most stable
coating structure. Combined with Table 2 and Fig. 8, it can be inferred
that the higher Zn retention rate in MZ12.5 contributed to the formation
of a stable corrosion product film, thereby reducing further dissolution
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Table 3
Fitted equivalent circuit parameters of the MAO composite coatings.
Sample MZ0 MZ5 MZ7.5 MZ10 MZ12.5
1 R 1.099 x 1073 7.422 x 1073 1.435 x 1072 5.743 x 1073 7.01 x 1073
2 ¢ 2.262 x 1078 2.269 x 1078 3.317 x 1078 2.891 x 1078 2.204 x 10710
3 R 1.865 x 10* 1.986 x 10* 4.009 x 10° 1.9 x 10° 3.665 x 10°
4 Q-Yo 1.434 x 107° 3.449 x 10°° 2.604 x 10°° 1.114 x 107° 1.870 x 10°°
5 Qn 0.678 0.737 0.825 0.539 0.816
6 R 3.028 x 10° 5.706 x 10° 8.834 x 10° 9.936 x 10° 1.443 x 10°
7 C 8.938 x 107! 6.661 x 1077 6.956 x 107° 2.635 x 107°? 9.742 x 101
8 R 4.745 x 10* 2.745 x 10° 1.502 x 10° 2.044 x 10° 2.826 x 10°
x> 2.136 x 1073 3.223 x 1073 5.668 x 107° 5.623 x 107° 6.372 x 1072
Table 4
Zn content changes in the pores of MAO composite coatings before and after immersion in 3.5% NaCl solution.
Microscopic Zn Microscopic Zn
Sample morphology before content morphology after content
immersion immersion
MZ5 5.53% 3.50%
MZ7.5 37.45% 18.63%
A0um
MZ10 44.67% 20.85%
| Dum
MZ12.5 49.09% 33.27%
10fim,

and material loss.

In summary, the Zn retention rate showed a good correlation with
the mass loss of the samples, and MZ12.5 exhibited the best structural
stability and resistance to corrosion-induced dissolution.

3.6. Corrosive wear behavior of the MAO composite coatings

Fig. 9(a;) shows the dynamic friction coefficient curves of the MAO
composite coatings in a 3.5% NacCl solution. In the initial stage of the
corrosion-wear coupling (the first 2.5 min), the friction coefficient
changes steeply with time, which is attributed to the initial contact and
running-in between the counter-ball and surface asperities or hard
particles of the MAO composite coating. Among all groups, MZ5 acetate
sample exhibited the smallest fluctuation in the friction coefficient,
indicating the best initial stability. After 5 min of wear, the fluctuation
of the friction coefficient decreased significantly and entered a stable
stage. The stable friction coefficients for MZ0, MZ5, MZ7.5, MZ10, and
MZ12.5 were 0.33, 0.25, 0.28, 0.27, and 0.26, respectively, all of which
were low and stable.

Fig. 9(ag) shows that MZ12.5 exhibited the lowest volume wear rate
of 3.1 x 10~ mm®/N-m, which is one order of magnitude lower than

those of the other concentration groups. This superior performance is
attributed to the synergistic effect of the dense Zng(PO4).-filled structure
and the in-situ formed MoS, lubricant.

Under corrosive conditions, the wear morphology of the MAO
composite coatings differed significantly from those under dry sliding,
with much deeper wear scars and more complex damage mechanisms
(Fig. 9(b)). The presence of a corrosive medium induces a synergistic
effect between electrochemical corrosion and mechanical wear. On one
hand, the corrosive medium continuously attacks the coating surface
and internal defects, dissolving the oxide film and destroying the
structural integrity of the coating. On the other hand, the mechanical
forces during friction accelerate the spalling of corrosion products and
expose fresh substrate surfaces, which provide more active sites for
subsequent corrosion reactions. This “corrosion-wear” cyclic effect
significantly accelerates surface damage, resulting in much deeper wear
scars than those observed under dry sliding conditions. In the absence of
C4HgO4Zn, the coating lacked effective corrosion-resistant components,
and the surface oxide film was prone to cracking and spalling in the
corrosive medium, leading to a maximum wear scar depth of 61.3 pm
and a sharp decline in wear resistance. With the addition of C4HgO4Zn,
zinc ions participate in the film-forming process and form Zn3(PO4)s
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Fig. 8. Weight loss of the MAO composite coatings before and after 933 h
immersion in 3.5 wt% NacCl solution.

phases, which can fill the coating pores and block the penetration paths
of the corrosive medium, thereby effectively suppressing the synergistic
effect of corrosion and wear. For MZ12.5, the wear scar depth decreased
sharply, significantly improving the damage resistance of the MAO
composite coating under corrosive conditions [46,47].
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4. Corrosion and wear mechanisms of the MAO composite
coatings

In this study, an Aly03/Mo0S2/Zn3(PO4), ternary MAO composite
coating was successfully prepared on a 6082-T6 aluminum alloy, which
effectively improved its wear and corrosion resistance. The corrosion
mechanism is illustrated schematically in Fig. 10.

In the MAO composite coating without C4HgO4Zn (Fig. 10a;), the
main component was AlyOs. Although this phase exhibits a certain de-
gree of corrosion resistance, the porous structure of the MAO coating
allows Cl” ions to penetrate the coating and attack the substrate under
long-term corrosion [48,49], leading to the anodic dissolution of
aluminum, as shown in Eq. (4):

Al>AP* +3e” C))

Meanwhile, cathodic reactions, including oxygen reduction and
hydrogen evolution (Eq. 5 and 6), generate a high concentration of OH~
at the interface of the electrode. Al® * initially reacts with OH" to form Al
(OH)s (Eq. 7), However, this product is unstable in NaCl solution and
readily transforms into porous and loose Al(OH)-nCln (Eq. 8) [50]. This
porous corrosion product cannot provide effective barrier protection,
resulting in continuous pitting corrosion and eventual coating failure.

05+ 2H,0 + 4" —~40H" (5)
2H,0 + 2¢ —H, + 20H" (6)
APY + 30H —AI(OH), )

Al(OH), +nCl —AI(OH), ,Cl,+nOH (n=1,2,3) ©)

(a1 ). 0.40
- L . "
s 2 o Y
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Fig. 9. Friction properties of the MAO composite coatings under corrosive conditions: (a;) Dynamic friction curves; (az) Average friction coefficient and wear rate;

(b) Three-dimensional morphology of the worn track.
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In contrast, the addition of C4HgO4Zn fundamentally altered the
corrosion mechanism (Fig. 10(b;. by)). During the MAO process,
C4HgO4Zn first undergoes thermal decomposition at the high tempera-
ture of the discharge channels to form zinc oxide. As the temperature
increases further, ZnO vaporizes and ionizes in the plasma environment,
generating reactive zinc ions (Egs. 9 and 10):

Zn(CH5C00),—Zn0 + 2C0O, + 2CH, (©)
ZnO—Zn**0*" (10)
Simultaneously, sodium hexametaphosphate undergoes high-

temperature depolymerization to form orthophosphate ions (PO4*), as
shown in Eq. 11:

(NaP0O3) +30?"—6Na" + 6P0O3" an

These ions react within the molten alumina matrix and eventually
form zinc phosphate in situ (Eq. 12). Zng(PO4)2 was uniformly distrib-
uted in the Al,O3 matrix and preferentially accumulated in the pores,
acting as a fundamental physical barrier that hindered the initial
intrusion of CI” ions.

3Zn** + 2PO3" —Zn3(POy), (12)
Zn3(P0Oy4),—3Zn*" + 2PO3~ 13)
Zn**20H —Zn(OH), a4

Furthermore, when localized corrosion occurs, Zn3(PO4), reacts with
the NaCl solution, gradually dissolving and releasing Zn** ions, which
subsequently react with OH- to form dense Zn (OH), (Egs. 13 and 14)
[51]. This dynamic “dissolution-deposition” process effectively seals

10

micropores and blocks the transport of corrosive media, thereby
endowing the coating with excellent self-healing ability.

5. Conclusion

In this study, an Al,03/MoS3/Zn3(PO4)2 ternary composite layer was
fabricated in situ on 6082-T6 aluminum alloy by a one-step MAO
method. The microstructure, phase composition, wear and corrosion
resistance were systematically investigated. The in-situ formation of
MoS; and Zng(POy)s is contributed to improve their mechanical, wear
and corrosion resistance.

C4HgO4Zn acts as a zinc source, reacting with phosphate ions to form
Zng(PO4), that preferentially fills the coating’s pores and defects—a key
improvement over conventional unfilled MAO coatings. The addition of
C4HgO4Zn enhances mechanical properties: maximum hardness (731.10
HVy1) is achieved at MZ5, while for MZ12.5, porosity decreases to
2.55% (36% lower than the MZ0). Wear tests show the MAO composite
coatings exhibit remarkable friction reduction and reduced wear rates
under dry sliding and 3.5% NacCl conditions. The MZ12.5 has the lowest
volume wear rates (3.1 x 10~> mm?3/(N-m)) in NaCl, 4.4 x 10~° mm?3/
(N'-m) under dry sliding), outperforming many reported MAO-based
coatings. Electrochemical and 933 h immersion tests confirm
enhanced corrosion resistance: MZ12.5’s self-corrosion current density
is three orders of magnitude lower than MZ0, with the lowest mass and
Zn element loss rates—evidencing excellent long-term service stability
for engineering applications. The optimal sample is MZ12.5, attributed
to synergistic effects: Zng(POy)s fills pores and forms a self-healing Zn
(OH); film, while Zn3(PO4)2 and MoS: exert joint lubrication.

This study provides a one-step strategy for high-performance MAO com-
posite coatings and offers guidance for designing protective layers” to
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summarize the academic contribution of this work, and added “Future
work will focus on optimizing MAO parameters, improving layer-
substrate bonding, exploring applications in corrosive wear environments.
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