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A new Alp03-LagP40;3-XS2 (X = Mo, W) composite compound layer was in-situ fabricated on 6082-T6 alloy by
one-step micro-arc oxidation by introducing NagY (Y=MoO4, WO4), Na,S, and C;HgLaOs into the electrolyte. The
microstructure, composition and wear behavior of composite compound layer are investigated. The results
indicate that average hardness of the Aly03-LazP4013-MoS:2 composite compound layer is 1236 HV;, and Al,O3-
LagP4013-WS2 composite compound layer is 856 HV;. The porosity of the Al;03-LagP4013-M0S2/WS:2 composite
compound layer is 2.16%, 2.37% respectively. During sliding of both composites, the Al;O3-LagP4013-MoS:
composite compound layer exhibited an average coefficient of friction of 0.42 and a volumetric wear rate of
0.77 x 107% mm3/(N-mm). The Aly03-LasP40;3-WS: composite compound layer demonstrated an average co-
efficient of friction of 0.60 and a volumetric wear rate of 0.79 x 10~® mm?3/(N-mm). This composite structure,
featuring a synergistic enhancement mechanism of “hard skeleton + dense interface + lubricating phase,”

significantly improves the surface hardness and wear resistance of the layer.

1. Introduction

With low density, excellent castability and recyclability, aluminum
alloys can be used for aerospace and transportation structural compo-
nents, such as engine pistons, cylinders and other automotive mechan-
ical parts [1-4]. Meanwhile, their natural oxidation layer provides basic
corrosion protection in industrial environments, and their adjustable
microstructure enables them to meet the diverse requirements of
advanced engineering fields [5,6]. As a typical series, Al-Mg-Si alloys
exhibit comprehensive advantages in lightweight design, machinability,
tensile strength and ductility, and are therefore widely applied in critical
structural components for vehicles and high-speed railways [7-11].
Although oxide layer can naturally forms on these alloys under normal
service conditions, this passive layer is susceptible to local damage in
harsh environments. [12-14]. Such surface damage significantly re-
duces the service life of structural components. Therefore, developing
effective surface protection technologies to improve wear resistance is
essential for expanding their practical engineering applications.

Anodization, thermal spraying, chemical conversion coating and
high-energy beam surface strengthening technology [15-18] are widely
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applied for alloy surface modification. However, these methods gener-
ally suffer from insufficient interfacial bonding strength, and high
comprehensive preparation costs. In contrast, the optimized micro-arc
oxidation (MAO) process adopted in this study [19,20] exhibits
distinct advantages, including simple operation, environmental friend-
liness, high preparation efficiency and prominent cost benefits. And all
functional precipitated phases were formed in situ and uniformly
distributed within the coating. It should be noted that the in-situ grown
oxide layer presents porous structure, and wear resistance is not good
enough [21-24]. So, researchers have incorporated secondary phase
particles/powders to enhance the wear resistance of MAO layers.
Commonly used secondary phase particles/powders include
carbon-based materials (e.g., GO, CNT) [25-28], silicon-based materials
(e.g., Ser, SiO3) [29,30], metal sulfides (e.g., MoSz, WS5) [31,32], metal
oxides (e.g., Al;03, ZrO5, ATO) [33-35], and nitride materials (e.g., AIN,
h-BN) [36,37]. Chen et al. [38] successfully fabricated a MAO layer
containing rare-earth phosphate compound CePO4 on aluminum sub-
strates through the addition of 0-20 g/L cerium acetate in a
phosphate-based electrolyte system under constant current mode with
30% duty cycle and 500 Hz pulse frequency. Through first-principles
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calculations, this study identified the in-situ synthesized rare-earth
phosphate compound as a 2D material. Experimental results demon-
strated that under a 3 N applied load and 100 r/min sliding speed, the
composite compound layer with 20 g/L cerium acetate addition
exhibited optimal tribological performance: a friction coefficient (COF)
below 0.15 against silicon nitride balls, the lowest volume wear rate
(7.25 x10~° mm®/N-mm), approximately 28 pm layer thickness, and
maximum surface roughness Ra of 1.8 pm. Yang et al. [39] successfully
fabricated MAO composite compound layers incorporating transition
metal sulfide MoS; by modulating sulfur source concentrations
(10/20/30/40/50/60 g/L) in the electrolyte. Raman spectroscopy
confirmed the characteristic peaks of MoS;, while XPS fine spectra
revealed the presence of Mo*" through Mo3ds,» and Mo3ds peaks, along
with $% identified by S2p; and S2ps peaks. TEM characterization of the
composite compound layer surface demonstrated that the in-situ syn-
thesized MoS; manifested as bright-layered nanospherical particles.
Notably, the gradient MoS,;-MAO composite compound layer exhibited a
COF equivalent to only 25% of conventional MAO layers. Subsequent
investigations [39,40] employing molecular dynamics simulations
elucidated the friction reduction mechanisms of MoS; nanocomposite
compound layers. The research revealed that pin-on-disk wear testing
generated lower and more stable COF values compared to reciprocating
linear wear modes. The in-situ synthesized MoS; facilitates interlayer
sliding by adaptively adjusting the interplanar spacing in response to
tangential stresses, thereby achieving effective friction mitigation. Gu
et al. [41] utilized sodium tungstate (NagWO,4) and sodium sulfide
(NayS) in the electrolyte as tungsten and sulfur sources for in-situ syn-
thesis of secondary phase WS,. At a rotation speed of 535 r/min, the
composite compound layer presented an average friction coefficient of
0.42. This enhanced tribological performance was attributed to the
formation of incoherent interfaces between the oxide matrix and
secondary-phase compounds.

Rare-earth phosphate compounds generally exhibit lower hardness
than hard alumina. Previously, we explored the effect of rare earth ac-
etate concentration (0/5/7.5/10/12.5 g/L) on the hardness, wear
resistance and corrosion resistance of the MAO layer [42,43]. In the
electrolyte with phosphate as the main salt, when the concentration of
rare earth acetate is < 7.5 g/L, the appearance of the composite phase
can avoid the growth competition with the hard oxide, and the layer
structure is denser. Lanthanum phosphates are known to exhibit good
thermal stability at high temperatures. We believe that LaPO4 can be
generated in situ in the PEO layers. Some studies have reported that
LaPO4 and LaP30g can effectively enhance the conductivity of electro-
lytes [44]. The study found that LaPO4 with a layered crystal structure
can be easily removed during processing. The existence of LaPO4 can
prevent the already generated cracks from propagating, leaving a
shallow processing damage layer on the surface and subsurface of the
material. Morgan and Marshall et al. [45] found that Aly03/LaPOg4
composite do not decompose until the melting point in an oxidizing
atmosphere, and they are almost insoluble in acids and bases.

In contrast to conventional modified MAO coatings, an Al,O3-
LasP4013-XS2 (X = Mo, W) composite layer was constructed innova-
tively via a one-step micro-arc oxidation. The novelty of this study lies
in the integration of rare-earth phosphate-reinforced phases with mo-
lybdenum/tungsten sulfide components into the coating in-situ, which
enriches the existing composition design of MAO modified layers for
aluminum alloys. In this study, this study systematically investigates the
microstructure and sliding wear properties of the new composite
coating, and provides technical support for expanding the engineering
application of MAO technology in transportation and structural engi-
neering fields.
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2. Materials and methods
2.1. Materials and composite compound layer preparation

6082-T6 aluminum alloy (Al-Mg-Si alloy, size of 25 mmx 25 mmx
3 mm) was used as the experimental substrate. 6082-T6 is a typical Al-
Mg-Si structural alloy widely used in transportation such as high-speed
rail due to its good performance especially in the production of body
structural parts and critical components. Fig. 1 is a schematic diagram of
the micro-arc oxidation test device (WHD—30). The electrolyte formula
for fabricating the composite coating was configured as follows: 15 g/L
sodium hexametaphosphate (NaPOs)s, 5 g/L lanthanum acetate
CoHgLaOs, 5 g/L sodium molybdate or sodium tungstate (NapMoO4 or
NapWO0,4), 10 g/L sodium sulfide NayS, and 10 g/L EDTA. The as-
prepared sample presents a surface composite compound layer with
homogenized multi-phase microstructure, in which various components
are uniformly distributed. The detailed information of all chemical re-
agents adopted in this experiment is listed in Table 1.

A precision weigher with an accuracy of 0.0001 g was used to weigh
the desired concentration of electrolyte and sequentially added to the
Fig. 1 stainless steel electrolysis tank. The crossbeam rod above the
stainless steel electrolysis tank is used as the fixed electrode, on which a
mechanical stirrer at a constant speed (100 r/min) and a suspended
alloy are installed. Start the cooling system and set the electrical pa-
rameters of the layer preparation according to Table 2, so as to achieve
the successful preparation of the composite compound layer. Addition-
ally, two parallel samples were prepared for each material group.

2.2. Wear tests of composite compound layer

In this study, the sliding wear tests were conducted with ball-on-disc
mode widely recognized and adopted in relevant coating research
literature. The dynamic damage and protection tester (MS-M9000)
manufactured by Lanzhou Huahui Instrument Technology Co., Ltd., was
used to investigate the wear behavior of the MAO composite compound
layer. Detailed wear test parameters are listed in Table 3under room
temperature and atmospheric environment. The volume wear rate of the
composite compound layer was calculated according to Eqs. (1.1-1.3)
[46-48]. Each sample was tested in triplicate to ensure data reliability.
After friction testing, the worn surface morphology was observed and
analyzed to clarify the underlying wear mechanism.

2
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V= 360 nR] 5 27R, (1.1)
L=nT (1.2)

A%
5= - 1.

L (1.3)

where S-wear scar width (mm), V-wear volume (mme'), R;-the radius of
the dual sphere (mm), Ry-friction radius (mm), L-friction distance (mm),
n-motor speed (r/min), T-time (s), F-normal load (N), and &-volume
abrasion rate (mm?3/N-m).

2.3. Characterization of composite compound layer

The cross-sectional microstructure observed by an optical micro-
scope (Zeiss Axiom Vert.Al) was used to determine the composite
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Fig. 1. Schematic diagram of the micro-arc oxidation system, where 1,2 the cooling system; 3 the stainless steel electrolysis tank; 4 the control system; 5 the electric

source output system.

Table 1
Reagents used in the experiment.
Reagent Molecular formula Purity Manufacturer
Sodium (NaPOs)e Analytically Chemical Reagent
phosphate pure Co., Ltd.
Lanthanum CoHeLaO3 Analytically Chemical Reagent
acetate pure Co., Ltd.
Sodium NayMoO4 Analytically McLean Biochemical
molybdate pure Technology Co., Ltd.
Sodium NayWO, Analytically McLean Biochemical
tungstate pure Technology Co., Ltd.
Sodium NayS Analytically McLean Biochemical
sulfide pure Technology Co., Ltd.
EDTA Cy0H14N20gNay-2 HoO  Analytically BioFrox
Disodium pure
Salt
Deionized H,0 Analytically Compos Sui
water pure

compound layer thickness, with five points measurements. Surface
hardness was tested using a digital microhardness tester (DHV—1000) at
0.1 and a holding time of 10 s; five indentations were made to calculate
the average value. Surface roughness and worn morphology were
characterized by real-color confocal microscopy (HYBRID C3), with
roughness averaged from five tested areas. The surface morphology of
the composite compound layer before/ after sliding wear was observed
by scanning electron microscope (SEM, Zeiss sigma 500) with an
accelerating voltage of 20 kV. The element distribution of the composite
compound layer was observed by energy dispersive spectrometer (EDS,
AZtec X-Max 50). The X-ray diffractometer (XRD, D/max—250/pc) was
used to determine the phase composition of the composite compound

Table 2

Electrical parameters of micro-arc oxidation [ #1743 451,

layer. The test parameters are: Cu/Ka target, test voltage 40 kV, test
current 100 mA, scanning angle 20°~ 90°, scanning speed 4 °/min. The
valence state of the elements at worn area of the composite compound
layer was analyzed by photoelectron spectroscopy (XPS, Kratos AXIS
Ultra DLD). The conductive element Au was sprayed on the surface first,
and the ion beam etching of the 3 x 3 mm? test area was carried out by a
3 kV ion gun for 55 s. Using focused ion beam microdissection (FIB), a
5 x 5 um? transmission sheet was cut longitudinally at the worn area of
the two groups of composite compound layers. High-resolution trans-
mission electron microscopy (TEM, FEI Talos F200XG2) was used to
observe the fine structure at worn subsurface. By comparing the lattice
fringe D spacing (length unit: 1A = 0.1 nm) of Fourier diffraction
pattern (FFT transform) and inverse Fourier transform (IFFT transform)
with the PDF standard database, the the composite phase was
determined.

3. Results and discussion

3.1. Surface/cross-sectional morphology and composition of the
composite compound layers

As shown in Fig. 2a, the thicknesses of two composite compound
layers are presented. It is worth noting that the average effective hard-
ness of the Alp03-LasP4013-MoS; composite compound layer is nearly
1236.32 HV, and the hardness of the Al,03-LasP4013-WSy composite
compound layer is nearly 856.39 HV;. The surface hardness of these two
composite compound layers is significantly higher than that of the 6082-
T6 alloy (118 HV). The factors such as compactness, phase composition
can affect the hardness of composite compound layer. The introduction
of rare earth element La and sulfuric element X (Mo, W) into the

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 11

30 500 20

Table 3

External parameters for wear behavior evaluation of composite compound layer

[ 41-43, 45]

Grinding material: SisNy4 ball Normal load N

Rotation speed r/min Rotation radius mm Wear duration min

Radius mm Hardness HV,
6.35 1500-1600

Density g/cm® 5
3.2-3.3

535 4 10
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Fig. 2. (a) The thickness and hardness of two composite compound layer; (b) The surface roughness of two composite compound layer, where Ra is the macro

arithmetic average roughness and Rz is the micro ten-point height difference.

electrolyte can effectively enhance the catalytic effect under high field,
thereby improving the surface hardness of composite compound layer
[42,49,50]. The fine grains and high-density grain boundaries hinders
dislocation movement through "grain boundary pinning", and it effec-
tively suppresses dislocation slip under compressive stress, and thus
improving the surface hardness of the composite compound layer.
High-density grain boundaries not only hinder dislocation movement
but also promote local strengthening through the stress concentration
effect at the edges of pores. At the same time, the differences in chemical
stability between the composite phases MoS; and WS, also affect the
hardness performance of the composite compound layer. As shown in
Fig. 2b, the roughness of the composite compound layer surface was
quantitatively evaluated by Ra (macro arithmetic average roughness)
and Rz (micro ten-point height difference) [51]. The roughness evalu-
ation results show that the surface of composite compound layer after
micro-arc oxidation treatment has porous structure characteristics, and
the difference between the two composite compound layers on the
macro or micro scale is small.

As shown in Fig. 3, under constant current mode, the maximum
instantaneous voltages (Up,ax) during the preparation of two composite

compound layers are: (a) Upax= 522 V; (b) Upax= 518 V. From the
surface morphology, it is found that partial micropores in both com-
posite compound layers are filled under the action of high field energy,
and a circular scale morphology with local self-sealing pores appears on
the surface. Statistical analysis of the pore fraction (Z) in the composite
compound layer was performed using software Image J, and the results
show that: (a) Z1= 2.16%; (b) Zy= 2.37%. The difference in pore frac-
tion is small, which is also consistent with the analysis in Fig. 2b. The
formation mechanism of the self-sealing pore morphology can be
attributed to the ion migration behavior under the action of high tem-
perature and high electric field. According to the law of conservation of
energy [52], when ions impact the substrate surface, part of the energy is
absorbed by the substrate, and the remaining energy is dissipated in the
form of thermal energy, light energy, sound energy, etc. When the
substrate accumulation is continuous and dense, its resistance to ion
transport is enhanced, thereby forming a circular scale morphology with
local self-sealing pores [53]. Conversely, if there are partial micropores
in the substrate and the continuity of oxide accumulation is low, the
energy from ion impact far exceeds the substrate's resistance, thereby
inducing the formation of microporous discharge channels. Uniform

25 pm

25 pm

Fig. 3. The SEM surface morphology and EDS-mapping element distribution of the composite compound layers, where a is Al,O3-LayP4013-MoS, composite

compound layer; b is Al;03-LasP4013-WS, composite compound layer.
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spark discharge and homogeneous elemental supply in the electrolyte
lead to a consistent reaction field across the coating. Although some
micropores exist due to gas release, the overall microstructure remains
relatively homogeneous. From the EDS-mapping of the composite
compound layer, we can see that the cross-section morphology of two
composite compound layers is different: (ap) the composite compound
layer is more continuous and dense, and the distribution of each element
is uniform; (by) the composite compound layer shows a micropore
profile with a size of 10 pm, and the distribution uniformity of each
element is significantly lower than that of the former.

From Fig. 4, the following reaction pathways are proposed as plau-
sible mechanisms for the phase evolution [54-56], and the volume
fractions of the constituent phases were quantitatively estimated based
on the Rietveld refinement results [57-59]. For Al;03- LagP4013-Mo0S,
composite compound layer, the volume fractions of Al, a-Al;03, y-AlO3,
MoS;, and LayP40,3 (including both crystalline and amorphous forms)
phases are 35.46%, 22.81%, 6.37%, 3.67%, and 31.69%, respectively.
For the Al;O3- LayP4013-WSy composite compound layer, the volume
fractions of Al, a-Aly03, y-Al;03, WSy, and LagP4013 (including both
crystalline and amorphous forms) phases are 27.73%, 20.57%, 6.41%,
6.10%, and 39.19%, respectively. The weak diffraction peaks of
LayP4013, MoS2, and WS, are ascribed to their relatively low content and
the partially amorphous or poorly crystallized structure caused by the
rapid quenching effect during micro-arc oxidation. Under the strong
oxidation and rapid quenching conditions of micro-arc oxidation, Al-S

Tribology International 224 (2026) 112334

compounds such as Aly,S; are considered thermodynamically and
kinetically difficult to form and stabilize. Meanwhile, no signals corre-
sponding to Al-S compounds were detected by XRD, XPS and EDS within
their detection limits. According to a previous theoretical study, exotic
Al-S compounds are only stable under extreme pressures (50-200 GPa),
far beyond the conditions achieved in this work, and thus are unlikely to
form [60]. Consequently, sulfur mainly exists in the form of
MoS,/WSs-related phases. The current calculation results serve only as
theoretical references. These phase evolution behaviors are facilitated
by the high-temperature and high-energy plasma environment inherent
to micro-arc oxidation, and are further supported by combined struc-
tural and elemental characterizations.
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Fig. 4. XRD spectra of composite compound layers, where a is Al,03-LayP4013-MoS, composite compound layer; b is AlyO3-LasP40,3-WS» composite com-

pound layer.
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2CyHgLaO3 + 3H50 — LagO3 + 4CO51 + 6Hat;

(NaPOs3)g + 3H,0 — 6H3PO4 + 6NaOH;

LagO3 + 4H3PO4 — LagP40;13 + 6H20;

LasO3 + 2(NaPOs3) n — LayP4013 + 2Nay0;
4NasS + NapsMoOy4 + 4H20 — NasMoS4 + 8NaOH;
2H" + NapMoS; — HyMoS, + 2Na™;

HsMoS4 — MoS3 + HoSt;

MoS3 — MoS;, + S|;

MoS3 + Hy — MoS, + HoSt1;

4NayS + NagWO4 + 4H20 — NaaWSy4 + 8NaOH;
2H" + NapWS4 — HoWS, + 2Na™;

HyWS4 — WS3 + HaST;

WS3 — WSz + Sl;

WS3 + Hy - WS, + HaSt;

3.2. Wear behavior of the composite compound layers

From Fig. 5, where Al;03-MoS; (hardness: 776HVy; roughness: 2.26
pm) and AlyO3-WSy (hardness: 662HV;; roughness: 1.97 pm) are
included as control groups, and their preparation routes and experi-
mental parameters are consistent with those described in Section 2.1.
From Fig. 5a, it can be seen that the increased hardness caused by the
introduction of functional phases leads to obvious friction coefficient
fluctuation of the composite compound layers, while all samples grad-
ually enter a relatively stable fluctuation state without sudden failure.

For the Aly03-LasP4013-Mo0S; composite compound layer, the COF
increased rapidly to 0.42 in the first 20 s of sliding wear. Then it evolved
the stable wear stage, the COF fluctuated steadily in the range of
0.38-0.49. The duration (580 s) is accounted for 96.66% of the whole
wear process. The slight fluctuation and small scatter observed in this
layer are normal phenomena during the running-in process, originating
from the initial contact state and surface adjustment. In contrast, the
running-in wear stage of the Al;03-LayP4013-WS; composite compound

o
o

Dynamic friction coefficient COF

0.4
— 6082-Té6
— ALO;MoS,
0.2 — ALO,WS,

= ALO;-La,P,0,,-MoS,
— AlLO,La,P,0,-WS,
PO S SN T N T S S U N TR
300 400 500
Time (s)

600

o

Average friction coefficient

Tribology International 224 (2026) 112334

layer lasted for a long time (420 s), which accounted for 70.0% of the
whole wear process, and led to a stable wear stage of the COF within the
last 80 s, and fluctuated in the range of 0.71-0.78 interval. The long
running-in period and large scatter are caused by the micro-plowing
effect of hard phases and the stronger interlayer bonding of WS,
which slows lubricating layer formation.

Fig. 5b shows the average friction coefficient and volume wear rate
of two composite compound layers. The results show that in present
wear condition, the AlyO3-LayP4013-MoS; composite compound layer
exhibits an average friction coefficient of 0.42 and an average volume
wear rate of 0.77 x 107® mm®/(N-mm). In contrast, the AlyOs-
LagP4013-WS, composite compound layer present an average friction
coefficient of 0.60 and have volume wear rate of 0.79 x 10~ mm3/
(N-mm). The significantly higher hardness of the MAO coating
compared with the Al substrate increases the interfacial rigidity.
Coupled with the high-hardness SisN4 counterpart ball, strong contact
occlusion and shear action occur at the friction interface, which raises
the interfacial resistance and friction coefficient. In addition, the
inherent porous structure and relatively high surface roughness of the
MAO coating also contribute to the elevated COF. A higher COF in-
dicates relatively poor lubricity, while the low volume wear rate proves
the excellent wear resistance of the coatings. This suggests that friction
is governed by the lubricating phase while wear resistance is dominated
by the Al;O3 hard skeleton.

According to the relevant literature review [61], the as-prepared
Aly03-LasP4013-M0S2/WSy composite coatings exhibit a lower coeffi-
cient of friction than most reported MAO coatings at similar wear rates,
thus presenting superior tribological performance under practical load
conditions.

As shown in Fig. 6, (a) worn track of the composite compound layer
are presented. The wear width and depth of the composite compound
layer are 931.33 pm and 16.67 pm, respectively, and the worn surface of
coupling ball shows uniform plowing. In contrast, (b) The width and
depth of the composite compound layer are 946.67 pm and 20.57 pm,
respectively. In addition, the height of the base plane of the two balls to
the top of the wear is: (a) 177.33 pm, (b) 150.00 pm. Combined with the
analysis of Fig. 5 and Fig. 6, the Al,03-LasP4013-MoS, composite com-
pound layer exhibits better wear behavior than the Al,03-LagP4013-WS;
composite compound layer. This difference suggests that the
morphology and microstructure of AlyOs3-LasP40;3-MoS; composite
compound layer can be effective in improving wear behavior, while the
morphology and microstructure of Al,O3-LasP4013-WS, composite
compound layer may induce a more complex wear mechanism. Based on
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Fig. 5. (a) Dynamic friction coefficient COF of the composite compound layers; (b) the average friction coefficient and volume wear rate of the composite com-

pound layers.
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Fig. 6. Real color topographic map of wear surface of composite compound layers and coupling balls, where a is Al,03-LasP40;3-MoS; composite compound layer; b

is Al,03-LayP4013-WS, composite compound layer.

the analysis of the wear morphology in this work and the relevant
literature [62,63], the dominant wear mechanism of the composite
coatings is suggested to be abrasive wear, with mild adhesive wear as a
secondary mechanism. A mechanically mixed layer (MML) is likely
formed on the worn surface during sliding, and only local mild surface
delamination occurs, which is not the main failure mode.

Fig. 7 shows the XPS spectra at the worn track of the composite
compound layer after 55 s etching. It can be seen that the characteristic
peaks of La3d, P2p, Ols, Al2p, Mo3d and S2p. (1) The La3d spectrum
exhibits spin-orbit splitting peaks of La®*, with binding energies of
835.92 eV, 839.47 eV for La3ds,; and 852.65 eV, 856.42 eV for La3ds .

The energy intervals between the two pairs of peaks are 16.95 eV and
16.73 eV, respectively. (2) The P,Oy diffraction peak of the phosphate
bound to the metal was detected at a binding energy of 133.77 eV, this
show that the phosphate formed a chemical bond with the metal. (3) In
the Ols spectrum, the peak with a binding energy of 532.55 eV corre-
sponds to oxygen atom holes, and the peak with a binding energy of
531.45 eV corresponds to metal-bound 0%, the intensity of which is
mainly attributed to the presence of the hard phase Al;0s. (4) In the
Al2p spectrum, a typical AlyOs diffraction peak was detected at a
binding energy of 74.91 eV, and the signal of the conductive element Au
sprayed on the layer was observed in the 82-85 eV interval. (5) In the
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La3d ;,
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Intensity (a.u.)
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Fig. 7. XPS fine spectra of elements on the worn track of Al;03-La;P4013-MoS, composite compound layer.
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Mo3d spectrum, a diffraction peak of Mo-S, is detected at a binding
energy of 229.55 eV, which indicates that the element Mo has formed a
chemical bond with element S. (6) In the S2p spectrum, the peaks with
binding energy of 162.53 eV and 165.72 eV are close to the character-
istic peak of S2~. In Fig. 8, the compositional composition of La>*, POy,
02', Al,O3, and S% as described above was detected on the slip-wear
subsurface, and also the W4f;/,, characteristic peaks of W* were
detected at binding energies of 36.21 eV and 31.26 eV of the W4f
spectrum.

3.3. Worn subsurface characterization of the composite compound layers

Fig. 9c shows the structural characteristics using FIB-TEM, in which
the ceramic flake is separated up and down along sliding direction. The
upper region is close to worn longitudinal subsurface zone, and its grain
structure is mostly characterized by irregular morphology and the ex-
istence of more pores between grains; in contrast, the lower region is far
from the worn subsurface, showing continuous and dense grain stacking
with significantly fewer pores. This vertical structural difference in-
dicates obvious shear deformation and interfacial sliding during friction.

From Fig. 9d;-dg, based on the distribution of Al and O, the hard
wear-supporting phase is determined as Al;O3, while La, P, Mo and S are
mainly distributed around Al,O3 grains. Moreover, from the bright field
image of Fig. 9d and Fig. 9e, nanospherical clusters are clearly observed
at grain boundaries. From the distribution of bright field image elements
in Fig. 9e;-eg indirect interference region, it can be seen that the AlyOs3-
LayP4013- Aly03 structure in this region is continuously stacked, and the
grain boundary is clear. Moreover, the obvious aggregation of Mo and S
elements was observed in the nanoclusters around the Al,O3 grains.
Yang et al. [39] showed that the in-situ synthesized MoS, contained
layered white-bright nanospheres. Therefore, these bright nanoclusters
are tentatively attributed to MoSy; by combined morphology and
elemental evidence.

From the HRTEM-FFT transform in Fig. 10, it can be seen that in the
[001] band-axis FFT diffraction pattern of region b, the super-lattice
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diffraction spots with the characteristics of Al,O3 ordered phase are
observed, which indicates that there is a long-range ordered periodic
crystal structure in this region. Through the IFFT transform and the
conversion of length units, the lattice fringe spacing D ' in this region is
1.36 A and 2.07 A, respectively. These D ' spacings are highly consistent
with the standard lattice fringe spacing D (1.36 f\, 2.06 10\) of the (300)
and (1 1 3) crystal planes of the body-centered cubic a-Al,O3 phase in
XRD. In the FFT diffraction pattern of region c, polycrystalline diffrac-
tion characteristics are observed, which indicates that there is a het-
erogeneous phase composite structure in this region. Through IFFT
transformation, the lattice fringe spacing D ' in this region is 2.347 A and
2.387 A, respectively, and the D ' spacing is highly consistent with the D
(2.36 A) spacing of the (1 1 0) crystal plane of the body-centered cubic
a-Al,03 phase in XRD. Combined with the microstructural features in
Fig. 9, such abnormal diffraction is attributed to lattice distortion
introduced by heterogeneous element doping.

In the FFT spectrum of region d, both discrete diffraction spots and
continuous diffraction rings are observed, which indicates the coexis-
tence of crystalline phase and amorphous phase in this region. The lat-
tice spacing D ' of this region is obtained by IFFT, which is 2.348 A,
1.916 A and 1.971 A, respectively. These lattice D ' spacings are highly
consistent with the standard lattice fringe spacing D (2.35 A, 1.92 A,
1.979 10\) of the (4 2—2), (1 3—4) and (5 1 2) crystal planes of the
monoclinic LagP4013 phase in XRD. This suggests that LayP4013 is likely
widely distributed at grain boundaries as a mixed crystalline-amorphous
lubricating phase.

It can be clearly observed from Fig. 11a that the worn subsurface
exhibits a typical lamellar structure induced by friction shear. Fig. 11c
and Fig. 11d show the TEM structure of the worn subsurface area. Owing
to inhomogeneous growth characteristics of the composite compound
layer, the left and right regions display significant differences. The left
region shows continuous and dense crystalline structure, while the right
region is relatively loose with abundant pores and propagated oblique
cracks. In Fig. 11d;-dg, it is clearly seen that the elements La and P
overlap in the transition position between the dense area and the loose
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Fig. 8. XPS fine spectra of elements on the worn track of Al;03-La;P4013-WS, composite compound layer.
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Fig. 9. The FIB-TEM microstructure of worn cross-section of Al;03-La,P4013-MoS, composite compound layer, where a is FIB sampling location; b is FIB preparation
sheet; c is TEM sheet microstructure; d and e are TEM bright field and mapping morphology.

area. The Fig. 11e;-e4, shows that the distribution positions of the ele-
ments Al and O, the distribution positions of the elements La, P and some
O overlap, and the distribution positions of the elements W and S also
overlap. As shown in Fig. 12, there are some lamellar microstructures in
HRTEM images of the dense area. The FFT transform is used to obtain
the discrete diffraction spots and continuous diffraction rings of
Fig. 12b, and it is indicated that the crystalline phase and the amorphous
phase coexist in this area. The lattice spacing D ' in this region is 1.975 A
and 2.344 A, respectively obtained by IFFT transformation of the
diffraction spot. These lattice D ' spacings are highly consistent with the
standard lattice fringe spacing D (1.979 i\, 2.35 Io\) of the (51 2) and (4
2-2) crystal planes of the monoclinic LayP4O;3 phase in XRD. Fig. 12¢
summarizes the elemental distribution and atomic proportion in the
nanoclusters. The results suggest that in-situ synthesized LayP401 3 exists
mainly as interfacial lamellae, while WS; is distributed as nanospheres.

4. Discussion

The in-situ formation process of MoS, can rely on thermodynamic
analysis according to reaction equations [40-43]. The MoS; can be
formed in situ through desulfurization reaction after MoS3 formation
through precursor reaction. During the three-stage of micro arc oxida-
tion process, the precursor reaction is constructed in the second stage,
and the desulfurization reaction is constructed in the third stage. Due to
the unstable state of MoSs, the S atoms under high temperature condi-
tions can be separated. After desulfurization, the structure is further
recombined and crystallized under the action of heat to form MoS,,
which exists in formation of MoSy/AloO3 nanocomposite compound
layer. The in-situ formation of LaPxOy can be considered as La>*
+ MnPO, (3 —n)- — LaPO4 + nH' [64]. At the egging of micro arc
process, it is easy to decompose into La®" and react with phosphate
radicals to produce a amount of the LaPxOy phase. With increasing of
discharge and temperature, the LaPxOy compounds can decompose
LaPO4 and LayP4O13 be incorporated into the composite compound
layers.

It is widely reported that MoS: helps reduce the friction coefficient
and wear rate. This work emphasizes the key role of LayP4013. The

reason is that the quasi—2D structure of LasP4013 possesses low inter-
layer bonding energy [44]. Shear along these sliding planes flattens the
MAO coating surface during running-in. The wear mechanism trans-
forms from abrasive wear into typical adhesive wear. The LayP4013 and
MoS; were introduced into Al;O3 coating. The elemental distribution
intensity of MoS; gradually weakened from the layer near the substrate
to the outer layer of MAO layer. As indicated by the grain interface
structure in the TEM layer, irregularly shaped Al;O3 acted as a hard
phase to resist normal load. The in situ synthesized nanoscale MoS,
phase is presented at the Al,Oj3 interface in the form of “round clusters”.
Moreover, in situ synthesized crystalline or non-static quasi-two-di-
mensional material LayP40,3 dispersed around the AlyO3 grains [42]. As
directly observed in Fig. 9e and Fig. 11e. The synergistic interaction
among these three phases contributes to a compact, high-hardness and
low-friction composite compound layer.

During the in-situ synthesis process of micro-arc oxidation, the for-
mation of MoS; occurs through staged precursor reactions and desul-
furization reactions. In the precursor reaction stage, as heat increases
during the reaction, MoS, begins to desulfurize at the center of amor-
phous MoS3, forming a MoSy/MoS3 incoherent interface [40]. As the
reaction progresses into the desulfurization stage, the unstable amor-
phous MoSs3 desulfurizes to form MoS,, ultimately creating a
non-coherent interface between MoS;, and crystallized Al;O3. A large
number of dislocations and distortions emerge at the MoSy/Al203
incoherent interface, which hinders the movement of dislocations near
the interface, leading to the accumulation of numerous dislocations at
the interface. When lattice deformation occurs, dislocations gather near
the incoherent interface, thereby alleviating lattice strain and gener-
ating edge pinning effects, which enhance the interface strength. Under
rotational stress, the distribution of dislocations and strain in the wear
scar region becomes uniform, resulting in isotropic lattice distortion in
MoS;. This ultimately reduces the dependence on the twist angle, pro-
moting interlayer sliding in MoS,. Combined with the edge pinning ef-
fects of the MoS,/Al;03 incoherent interface, the composite compound
layer exhibits a low friction coefficient.

The hard phase Al;Os3 is used as the composite compound layer's
support against external forces, and 3D lamellar LayP40;3 and 2D
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transform of b-d diffraction spots and lattice fringe spacing.

clustered MoS; are formed at the Al;O3 grain boundaries, and through
the interfacial energy-matching mechanism to induce the dislocation
source to be pinned at the phase boundaries (Fig. 13). A synergistic
structure of “hard skeleton + lubricating phase” is constructed. This
synergistic mechanism is supported by the friction and wear results in
Fig. 5. The shorter running-in stage (20 s) and lower COF (0.38-0.49) of
the Al;03-LagP4013-MoS; composite compound layer demonstrate the
effective role of MoS: in lubricant film formation, while the comparable
wear rates of both layers (0.77 vs. 0.79 x 107 mm3/(N-mm)) reflect the
structural stability provided by the hard skeleton and incoherent inter-
face. It can be seen from TEM that compared with the Al03-LasP4013-
WS, composite compound layer, the morphology of the hard phase
AlyO3 grains in the Aly03-LasP4013-MoS; composite compound layer is
clearer, and the pressure-bearing capacity of the aluminum matrix is
effectively enhanced. Secondly, the incoherent interface formed by
heterogeneous phases synergistically promotes the emergence of slip-
wear morphology through dislocation pile-up effect and grain bound-
ary pinning. This synergistic mechanism between the lubrication phase
and the structural strengthening phase effectively achieves self-
lubrication and structural stability during the wear process of the
composite compound layer.
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5. Conclusion

In this study, novel AlpO3-LasP4013-XS2 (X = Mo, W) composite
coatings were successfully prepared on 6082-T6 aluminum alloy by a
one-step micro-arc oxidation method, and the dry sliding wear behavior
and wear mechanism were systematically investigated. The results show
that:

(1) The as-prepared Al,Os3-LasP4013-MoS; composite compound
layer exhibits an average hardness of 1236HV, and a surface porosity of
2.16%. The Aly03-LagP4013-WS, composite compound layer shows an
average hardness of 856 HVy, and a surface porosity of 2.37%.

(2) Tribological results show that the Al;O3-LasP4013-MoS; com-
posite compound layer achieves a friction coefficient of 0.42 and a
volume wear rate of 0.77 x 107° mrn3/(N-mm), while the AlyOs-
LagP4013-WS; composite compound layer presents a friction coefficient
of 0.60 and a volume wear rate of 0.79 x 10~° mm3/(N-mm). The longer
running-in period of the latter results from the stronger interlayer
bonding force of WSz and slower formation of the lubricating layer.

(3) The dominant wear mechanism of both composite coatings is
abrasive wear, mild adhesive wear. A mechanically mixed layer is
formed on the worn surface during sliding, with only local mild
delamination and no obvious failure.
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Fig. 11. The FIB-TEM microstructure of worn cross-section of Al,O3-LasP4013-WS; composite compound layer, where a is FIB sampling location; b is FIB preparation
sheet; c is TEM microstructure; d and e are TEM-HAADF picture and mapping morphology.
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Fig. 12. The Al,03-La,P40,3-WS, composite compound layer: (a) HRTEM lamellar boundary image; (b) HRTEM-FFT diffraction spots of a; (b;_1-bs_») IFFT transform
of b diffraction spots and lattice fringe spacing; (c) TEM-HAADF image; (c;_;) TEM-point in # 1 region.

(4) The improvement in coating hardness is mainly attributed to
grain refinement and grain boundary pinning effect caused by high-
density grain boundaries. The composite structure of hard skeleton,
dense interface and lubricating phase significantly improves the hard-
ness and wear resistance of the coatings, realizing the synergistic
enhancement of load-bearing capacity and lubrication performance.
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