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A B S T R A C T

In this study, Al2O3/MoS2 and Al2O3/MoS2/La2P4O13 composite layers were in-situ prepared on 6082-T6 alloy 
via micro-arc oxidation (MAO). Their microstructure, as well as the wear behavior in 3.5% NaCl corrosive so
lution and air, were investigated comparatively, and electrochemical corrosion tests were also conducted. 
Compare with the Al2O3/MoS2 layer (hardness: 737 HV1; average friction coefficient: 0.543; wear rate: 4.138 ×
10− 6 mm3/N⋅m), the Al2O3/MoS2/La2P4O13 layer's hardness is elevated by 65% to 1236 HV₁, friction coefficient 
drops to 0.350, and wear rate is reduced by two orders of magnitude to 9.5 × 10− 8 mm3/N⋅m. Electrochemical 
tests showed that lanthanum acetate caused a positive potential shift and negative corrosion current shift, The 
La3+ enables in-situ formation at Al2O3/Al2O3 interfaces. LaPxOy and MoS₂ show lubricating/inhibiting effects 
and make the layer more dense. This contributes to simultaneous high wear and corrosion resistance.

1. Introduction

The 6082-T6 alloy is extensively used for lightweight automotive 
components, marine structural parts, and aerospace precision compo
nents [1–3] because of its high strength, good toughness, and other 
excellent mechanical properties. However, the alloy is susceptible to 
wear, particularly in humid or corrosive environments, owing to its low 
surface hardness. Therefore, further applications in demanding service 
conditions involving heavy loads or harsh serving environments are 
constrained. MAO is an efficient surface modification technique that 
enables the in-situ growth of a strongly bonded ceramic layer on valve 
metal or alloy surfaces. Composite layers can be prepared in situ by 
regulating the composition of the electrolyte and working parameters to 
enhance wear and corrosion resistance [4–6]. Relevant studies have 
shown that incorporating functional additives or particles can optimize 
the surface properties of Al alloy [7,8]. MoS₂, because of its outstanding 
lubricating properties is often taken as the adding component into the 
layer to reduce the coefficient of friction [9–11]. Lanthanum phosphate 
exhibits favorable thermal stability at elevated temperatures. Morgan 
et al. [12] found that Al2O3/LaPO4 composites are nearly insoluble in 
both acids and alkalis.

In this study, considering the lubricating function of MoS2 and sta
bility of La2P4O13, Al2O3/MoS₂ and Al2O3/MoS₂/La2P4O13 composite 

layers are in-situ prepared by MAO method on 6082-T6 alloy through 
addition of C2H6LaO3 into the electrolyte. The microstructure, hardness 
and corrosive wear behavior in 3.5% NaCl corrosive solution of two 
composite layers are investigated. This study can provide a new layer 
design route to improve wear and corrosion resistance simultaneously.

2. Experiment

2.1. Materials and experimental parameters

The 6082-T6 aluminum alloy substrate, sized 25 mm × 25 mm × 3 
mm, was polished with sandpaper, ultrasonically cleaned with alcohol, 
and treated to remove oil and oxide layers with 2% HF and 50 g/L 
NaOH, respectively. Composite layers were prepared using a WHD-30 
apparatus with a current density of 11 A/dm2, frequency of 500 Hz, 
oxidation time of 20 min, and duty cycle of 30%. The electrolyte is 
composed of 15 g/L (NaPO3)6 + 5 g/L Na2MoO4 + 10 g/L Na2S + (0, 5 
g/L) C2H6LaO3 + 10 g/L EDTA.

2.2. Preparation and characterization

Al alloy specimens were suspended from an anode rod and immersed 
in an electrolyte solution cooled to 30 ◦C. C2H6LaO3 was added to 
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prepare the MAO composite layers. The layer thickness was measured 
using an optical microscope, surface hardness was measured using a 
digital microhardness tester (each measured five times for the average 
value), and morphology was analyzed using confocal microscopy. SEM 
was used to examine the surface and cross-sectional morphology. X-ray 
diffraction was used to identify the phase composition. Friction and 
wear tests were performed using the MS-M9000 tester under a 5 N load 
and 2 Hz frequency, using a 6 mm Si3N4 ball for 30 min in 3.5% NaCl 
solution (for corrosion-wear tests) and in air (for dry friction tests). 
Electrochemical tests were conducted using a Shanghai Chenhua 6.0 
three-electrode system in 3.5% NaCl solution: OCP for 400 s; EIS from 
100 kHz to 10 MHz with 0.01 V amplitude; polarization curves from 
− 1.8 V to +0.5 V. High-resolution TEM (FEI Talos F200X G2) was used 

to characterize the nanoscale crystal plane structure of the worn com
posite layer.

3. Experimental results and analysis

3.1. Thickness, hardness, bonding force, and roughness and porosity

Fig. 1(a1, a2) shows cross-sectional micrographs of a composite 
structure featuring an Al substrate, a resin layer, and a micro-arc 
oxidation layer between them. Fig. 1(b) shows that incorporating 5 g/ 
L of lanthanum acetate enhances the average hardness of the oxidation 
layer from 737.66 HV1 to 1236.32 HV1. This is attributed to the role of 
La in increasing electrolyte conductivity, facilitating the transformation 

Fig. 1. (a1, a2): Metallographic images of composite layer cross-sections with 0 and 5 g/L lanthanum acetate; (b): Histograms of hardness, thickness;(c1, c2): Surface 
morphologies of composite layers with 0 and 5 g/L lanthanum acetate; (d): Histograms of porosity and roughness

Fig. 2. (a1): the EDS elemental distribution without the addition of lanthanum acetate;(a2): the EDS elemental distribution with the addition of 5 g/L lanthanum 
acetate; (b): the XRD phase composition with 0/5 g/L lanthanum;
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of γ-Al2O3 into the harder α-Al2O3, while also improving oxidation rates 
and discharge and make the layer be thicker. Scanning electron micro
scopy images (200 × magnification) of the oxide layer at varying 
lanthanum acetate concentrations (Fig. 1(c1, c2)), analyzed using Image 
J software to measure surface pore volume fractions, reveal that the 
presence of lanthanum acetate leads to a distinct self-sealing concave 
flake-like morphology, reduces porosity from 3.29% to 2.70%, and 
slightly increases surface roughness Ra. This morphological improve
ment contributes to the enhanced surface flatness of the composite layer.

3.2. Element and phase composition

Fig. 2(a1) shows uniform Al, Mo, and S distribution in the composite 
layer at 0 g/L lanthanum acetate; P and La are uniformly distributed at 5 
g/L (Fig. 2(a2)).XRD results (Fig. 2(b)) reveal that in-situ Al2O3, MoS2, 
and La2P4O13 may form on the alloy surface as more electrolyte com
ponents participate in electrolysis: MoS₂ forms via precursor reaction 
(MoS₃) followed by desulfurization, while LaPxOy forms (La3+

+ MnPO4
(3-n)- → LaPO4 + nH+) via a hydrothermal-like process (La salts 

Fig. 3. Polarization and impedance spectra of composite layers at lanthanum acetate concentrations of 0 and 5 g/L; (a): Polarization curves;(b1, b2): Nyquist plots; 
(c1, c2): Bode plots(d): Phase-angle plots. (e1、e2、e3): In 3.5% NaCl solution: friction coefficient curves、histograms of average friction coefficient and wear rate and 
the wear scar depth; (f1、f2、f3): Under dry wear friction: coefficient curves、histograms of average friction coefficient and wear rate and the wear scar depth;
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are compatible with electrolyte additives [13]).At 0 g/L lanthanum 
acetate, the composite layer consists mainly of γ-Al2O3, α-Al2O3, and 
minor MoS₂. With lanthanum acetate addition, La2P4O13 diffraction 
intensity increases (2θ ≈ 26.16◦, 28.70◦), and an amorphous hump 
(inferred as unstable rare-earth phosphate [13]) appears at 2θ ≈ 20–40◦. 
TEM observation.

3.3. Electrochemical and corrosion test

Electrochemical analysis (Fig. 3(a–d)) shows that the composite 
layer exhibits cathodic passivation (inhibiting cathodic reactions) at 0 
g/L lanthanum acetate, while 5 g/L induces synergistic cathodic-anodic 
passivation with positive-shifted polarization potential (enhancing 
corrosion protective film formation). Nyquist plots (Fig. 3(b1, b2)) reveal 
the 5 g/L sample's capacitive reactance imaginary part (Z") increases by 
two orders of magnitude vs. the control; Bode plots (Fig. 3(c1, c2)) 
confirm a significant rise in charge transfer resistance (|Z|), and phase- 
angle plots (Fig. 3(d)) show its phase angle approaches 90◦ across fre
quency ranges (strong capacitive effect), confirming that 5 g/L signifi
cantly enhances the corrosion resistance of the composite layer.

In the friction test, With a 3.5% NaCl corrosion environment (Fig. 3
(e1)), the 0 g/L sample's wear scar depth exceeds layer thickness (Fig. 3
(e3)), causing failure with a friction coefficient fluctuating between 0.35 
and 0.51; in contrast, 5 g/L stabilizes the coefficient at 0.34–0.41 
(average 0.350) and drastically reduces volumetric wear rate from 
4.138 × 10− 6 to 9.5 × 10− 8 mm3/N⋅m (Fig. 3(e2)). For dry wear tests 
(Figs. 4(f1, f3)), although excessive wear scar depth still leads to com
posite layer failure, the addition of lanthanum acetate still mitigates 
wear to a certain extent by exerting its strengthening and lubricating 
effects.

3.4. Corrosion-wear mechanism

Raman spectra (Fig. 4(a)) confirm the coexistence of MoS2 and 
La2P4O13 phases within the wear scar region. Mechanistically, La2P4O13 
enhances the corrosion resistance of the composite film by filling 

intrinsic micropores and cracks, which effectively blocks Cl− ion pene
tration. The schematic diagram of its mechanism is shown in Fig. 4(b). 
Meanwhile, high-resolution structural characterization (Fig. 4(c)) re
veals an incoherent Al2O3-La2P4O13₃-MoS₂-La2P4O13- Al2O3 interface 
structure surrounding irregular Al2O3 grains. Herein, in-situ formed 
MoS₂ nanoclusters and lamellar La2P4O13 synergistically fill the inter
granular pores of Al2O3, thereby providing critical structural rein
forcement for the concurrent improvement of the composite layer's wear 
and corrosion resistance.

4. Conclusion

This study demonstrates that the addition of 5 g/L lanthanum acetate 
to the electrolyte during micro-arc oxidation enables the successful 
preparation of Al2O3/MoS2/La2P4O13 composite layers on 6082-T6 
alloy, which outperforms the Al2O3/MoS2 layers (with 0 g/L 
lanthanum acetate) in comprehensive performance. Specifically, the 
addition of lanthanum acetate significantly increased the hardness of the 
composite layer from 737 HV1 to 1236 HV1, reduced the porosity from 
3.3% to 2.7%. Meanwhile, it enhanced the corrosion resistance of the 
composite layer and decreased the wear rate by two orders of magni
tude, from 4.138 × 10− 6 mm3/N⋅m to 9.5 × 10− 8 mm3/N⋅m. LaPxOy 
strengthens grain boundaries; MoS2 lubricates. Together, they endow 
the composite layer with superior wear/corrosion resistance.
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