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To address severe wear-induced failures in marine equipment, a marine steel substrate was coated with a
eutectic high-entropy AlCoCrFeNi2.1 alloy in this study via laser cladding (LC). Laser surface texturing
(LST) was subsequently employed to create microtextures of different shapes (circular, square, and
hexagonal) to address the inherent issue of higher friction coefficients in coatings prepared via LC. The
experimental results demonstrated that all textured coatings outperformed their nontextured counterparts
in terms of both wear resistance and friction reduction. Microscopic characterization through testing
methods such as SEM, XPS, and EBSD revealed that the cross-sectional structure of the coating was
significantly refined after laser etching, the dislocation density increased significantly, and the in situ
generation of Al2O3/Cr2O3 oxides led the hardness in the textured to increase by 62.4 HV area compared
with that in the unetched area. Among the geometries tested, the circular texture exhibited superior
performance because of its favorable stress distribution, effective wear-debris entrapment, and minimal
stress concentration, with an average friction coefficient of 0.59 and a minimal wear volume of 0.009 mm3.
This study clarifies the mechanism by which laser-generated microtextures increase coating durability
through controlled wear-debris management.

Keywords eutectic high-entropy AlCoCrFeNi2.1 alloy, friction
and wear, laser cladding, laser surface texture

1. Introduction

Marine equipment serves as a critical tool for national
development, the conservation of marine resources, oceano-
graphic research, and the safeguarding of maritime rights and
security. Its reliability and durability directly determine the
effectiveness of major strategic missions. However, marine
equipment operates for long periods in extremely harsh and
complex environments, leading to premature failure of key
components, structural damage, functional loss, and even safety
accidents (Ref 1).Therefore, employing advanced technological
means to enhance the performance of critical components in
marine equipment is of paramount importance for extending
service life, ensuring operational safety, and reducing mainte-
nance costs.

With the rapid advancement of technology, the requirements
for the surface performance of components have become

increasingly stringent, particularly in terms of functional
integrity and durability. Currently, the primary methods for
enhancing the performance of surface coatings involve sec-
ondary processing techniques such as laser remelting and
surface strengthening after coating formation (Ref 2). Since
wear primarily occurs on material surfaces, their failure initiates
precisely from the loss and delamination of surface material.
Therefore, strengthening critical components through surface
engineering technologies has become the most economical and
efficient core approach for enhancing overall performance.
Surface engineering technology refers to a series of techniques
that alter the surface composition, microstructure, and proper-
ties of materials through physical, chemical, or mechanical
methods, thereby imparting specific mechanical, chemical, or
physical characteristics not inherent to the substrate. Currently,
well-established surface modification technologies include
magnetron sputtering (Ref 3), physical vapor deposition (Ref
4), plasma spraying (Ref 5), and laser cladding (Ref 6). Laser
cladding technology has several significant advantages: metal-
lurgical bonding (Ref 7), resulting in high bonding strength
(Ref 8), controllable heat input (Ref 9), and minimal thermal
impact on the substrate (Ref 10). This technology enables the
preparation of dense, uniform reinforcement coatings on metal
surfaces that possess good hardness and abrasion performance.
It enables the fabrication of dense, uniform, and reinforced
coatings on metal surfaces with great hardness and abrasive
resistance. Therefore, the core advantage of laser cladding
technology lies in its versatility in material selection.

By utilizing various types of powders, such as self-fluxing
alloys (Ref 11), high-entropy alloys (Ref 12), and composite
materials (Ref 13), it is possible to tailor functional coatings
with superior properties—including exceptional abrasion per-
formance, decay resistance, and fatigue resistance—that are
specifically designed for the matrix surface. This technology
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represents an excellent method for increasing the wear
resistance of ocean steel (Ref 14). Despite its numerous
advantages, which have made it a current research focus, the
coatings produced by this technology exhibit certain limita-
tions. For instance, these coatings often exhibit a high friction
coefficient and poor friction-reducing and lubricating proper-
ties. During friction processes, substantial frictional forces and
significant adhesive wear occur, which may conversely lead to
severe tribological damage. Therefore, while laser cladding
effectively increases the hardness and wear resistance perfor-
mance of a surface, how to concurrently improve its friction-
reducing properties must be resolved to promote its broader
application in critical marine equipment components. However,
the coatings prepared by laser cladding, despite having
excellent hardness and wear resistance, usually have a rela-
tively high coefficient of friction and insufficient inherent
antifriction ability. Under sliding or reciprocating friction
conditions, high friction and adhesive wear are prone to occur,
which limits its application in precision moving parts in marine
environments that require low friction and high-energy effi-
ciency.

Tribological research reveals that surface smoothness is not
the determining factor for tribological performance; instead, the
predominant mechanism stems from the microstructural char-
acteristics of the surface. Surface texturing is a good strategy
for reducing wear (Ref 15-17). Engineered surface textures
with controllable micromorphologies have been proved to
exceptionally enable active regulation of the contact stress
distribution and lubricant film dynamics (Ref 18, 19). In recent
years, biomimetic design has emerged as a promising pathway
for developing novel surface textures. Through in-depth
research on biomimetic structures, various functional surface
textures have been developed, and corresponding precision
machining technologies have concurrently advanced and been
refined (Ref 20-22). Numerous investigations have confirmed
that surface texture treatment is a viable way to mitigate
mechanical tribology behavior (Ref 23-25). Chen et al. (Ref 26)
demonstrated that constructing specific microtextures on metal
surfaces can significantly enhance their tribological perfor-
mance. This increase in capacity is due to the triple-effect
mechanism of surface textures: a reduction in the real contact
area between friction pairs, effective entrapment of wear debris,
and storage of lubricating media. Triangular textured patterns,
as efficient and reliable specialized structures, demonstrate
remarkable friction-reducing properties. Laser surface texture
(LST) technology, as an advanced manufacturing technique,
plays a pivotal role in enhancing tribological performance
(friction and wear properties). Microdimples fabricated on the
surface of CoCrFeNiMoW coatings with optimized parameters
(e.g., diameter: 100 lm; area ratio: 4%) resulted in decreases in
the friction coefficient and abrasion volume of 7.73 and
42.04%, respectively. The wear theory has shifted from severe
abrasive–adhesive and oxidative combined wear to mild
abrasive wear and oxidative wear (Ref 27). Compared with
the application of a coating via microarc oxidation (MAO)
alone, application of a laser-textured triangular pattern (optimal
parameter: area ratio of 9.17%) to a coating prepared via MAO
on an aluminum metal surface reduced the friction coefficient
by 33.07%. The wear resistance of the composite coating
significantly increased: The wear depth of the smooth MAO
coating reached 20 lm (complete wear-through), whereas the
textured MAO composite coating exhibited no wear-through
phenomenon. Under optimal texture conditions, the wear depth

was substantially reduced compared with that of the substrate.
The surface textures act by capturing fragments to lessen the
extent of three-body abrasion, and the MAO coating provides a
high-hardness support layer. Their synergistic interaction
contributes to the observed high efficiency in terms of friction
reduction and wear resistance (Ref 28). Compared with those in
the nontextured cylinder liner, in laser-processed surface
microdents (optimal parameter: area share 10%), the coefficient
friction decreased by 21.58%, the wear of the cylinder liner
decreased by 46.19%, the wear of the paired piston ring
decreased by 50.6%, and the tensile cylinder time increased by
2.8 t. Surface microtextures significantly improve the lubrica-
tion performance and reverse the abrasive damage to friction
pairs by storing lubricant, capturing wear debris, and reducing
the contact area, thereby achieving highly efficient antifriction
and wear resistance (Ref 29).

Furthermore, the high-power tribology of a textured surface
is strongly influenced by the performance of the substrate
material (Ref 30). The tribological benefits of microdimple
textures have been demonstrated and extensively studied in
recent research (Ref 31-33). Therefore, laser surface texturing
technology has proved to be a highly effective approach for
friction reduction and surface strengthening of marine steel.

Surface texture-enhancing tribological properties have been
extensively researched, but most studies have focused on
conventional metal materials (such as steel and aluminum
alloys) or traditional thermal spray coatings. Research on the
application of these textures to the surface of high-entropy
alloys coated by laser cladding to achieve excellent compre-
hensive performance is still insufficient. The selection of
materials for coatings prepared by laser cladding is critical to
their service performance in marine environments. Given that
marine equipment operates long term under extremely complex
conditions—including high salinity, high humidity, high pres-
sure, low temperatures, and microbial adhesion—single-metal
or traditional alloy systems (e.g., stainless steel and nickel-
based alloys) often struggle to simultaneously meet the
combined requirements for corrosion resistance, abrasion
performance, and great strength. Their performance shortcom-
ings readily lead to premature coating failure. High-entropy
alloys have emerged as a multielement design concept and have
overcome the limitations of traditional alloys dominated by one
or two primary elements. By leveraging their unique traits,
including the effects of high entropy, lattice distortion, slow
diffusion, and mixing (Ref 34), high-entropy alloys are a
groundbreaking material for developing a new generation of
specialized protective coatings for marine equipment (Ref 35,
36). High-entropy alloys demonstrate outstanding properties
such as high rigidity (Ref 37), good abrasion performance (Ref
38), and excellent high-temperature stabilizing power (Ref 39).
Various fabrication techniques have been developed to synthe-
size HEAs, such as steel metallurgy (Ref 40), mechanical
metalwork (Ref 41), hot spraying (Ref 42), and laser cladding
(Ref 43). This is what traditional coating materials struggle to
achieve. A comparative evaluation revealed that the pitting
corrosion resistance of CoCrFeNi materials in a simulated
seawater environment is markedly greater than that of 304
stainless steel (Ref 44). By introducing specific elements for
optimization, the performance of coatings under harsh working
conditions can be enhanced. As reported by Liu (Ref 45), the
addition of Mo to the CoCrFeNiMo system successfully refined
the coating microstructure. While significantly increasing the
hardness, the formation of MoO3� and (Mo, Cr)-oxide-
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lubricated films concurrently endowed the coating with supe-
rior friction-reducing and abrasive resistance properties. An-
other study revealed that by modulating the aluminum content
in the AlCoCrFe system, the hardness and toughness of the
coating can be balanced, thereby effectively suppressing the
initiation and propagation of cracks under cyclic stress and
significantly extending the service life of the coating under
synergistic corrosion–wear conditions (Ref 46). Bui (Ref 47)
researched the scratch deformation behavior and subsurface
damage of a high-entropy NiCoCrFe alloy and revealed that the
maximum tangential force and average coefficient of friction of
the material increased with decreasing Fe content. Conversely,
increased Co content intensified wear. Application of both laser
surface texturing (LST) and a diamond-like carbon (DLC)
coating on a WC-Co cemented sample can achieve a 91.01%
reduction in the coefficient of friction and a 95.06% reduction
in the wear rate under dry friction conditions. The synergistic
effect is attributed to texture-induced stress regulation and the
improved chemical stability of the coating (Ref 48). In addition,
the combination of bionic geometric textures (such as hexag-
onal, rhombic, fan-shaped, and ring-shaped sectors) and TiAlN
coatings has been proved to effectively regulate the wear
pattern and interfacial stress distribution of materials under
different loads and frequencies, thereby decreasing the wear
depth by more than 25% under extreme conditions (Ref 49).
Pulsed laser surface remelting (PLSR) reduces the coefficient of
friction of Ti6Al4V from 0.63 to 0.31 by inducing martensitic
transformation and microscopic corrugated structures and
significantly increases the corrosion resistance and biocompat-
ibility (Ref 50). From the perspective of surface strengthening,
laser shock peening (LSP) is widely used to increase the wear
resistance and fatigue resistance of metal components because
of its ability to introduce residual compressive stress and refine
the hardened grain layer within the material (Ref 51). In
addition, to satisfy the wear resistance, ice resistance, and
corrosion resistance requirements, laser-induced superhy-
drophobic texture technology simultaneously achieves wetta-
bility, ice adhesion behavior, and wear resistance by regulating
the pulse width and substrate preheating means that the EG690
marine steel substrate was placed on a heating platform and
heated to 300 �C for 30 min prior to laser cladding, providing a
new approach for designing lightweight metal components for
outdoor use (Ref 52). Furthermore, the coupling of microtex-
ture and thin-film coating technology also results in significant
strengthening potential. Microtextures can optimize surface
morphology and grain characteristics before deposition,
increasing the microhardness, resistance to plastic deformation,
and wear resistance of the coating by 14-36% and effectively
suppressing adhesive wear (Ref 53). Therefore, on the basis of
the excellent strength, toughness, and environmental tolerance
of high-entropy alloys owing to their multiprincipal design,
their use as a laser cladding material and application of a laser
texture on their surface is expected to achieve a synergistic
effect of ‘‘1 + 1 > 2’’ from the perspective of tribological
interface regulation. This provides a novel composite surface
engineering strategy for simultaneously addressing the chal-
lenges of wear resistance, corrosion resistance, and friction
reduction faced by marine equipment components.

Recent studies have shown that laser surface texturing (LST)
is an effective strategy for improving the tribological perfor-
mance of high-entropy alloy (HEA) surfaces. Hu et al.
fabricated microdimple textures on laser-cladded CoCrFeNi-
MoW HEA coatings and reported that optimized dimples

reduced the friction coefficient and wear volume by 7.73 and
42.04%, respectively, mainly by decreasing direct contact,
capturing abrasive debris, and mitigating oxidation during
sliding (Ref 27). More generally, LST can tailor surface
functionality through the coupled effects of geometric texture
and laser-induced surface chemistry, which is particularly
important for wear and corrosion-related applications (Ref 54).
In corrosive or oxidative wear environments, surface textures
can act as microreservoirs for wear debris and corrosion
products, while friction-induced oxidation promotes the for-
mation of compact oxide/passive tribolayers. Such oxide
tribolayers have been reported to significantly reduce the
friction coefficient and wear rate of laser-cladded HEA
composite coatings at elevated temperatures (Ref 55). There-
fore, the ‘‘texture–debris entrapment–oxidative strengthening’’
mechanism provides an important theoretical basis for design-
ing laser-textured HEA coatings with enhanced tribocorrosion
resistance.

In conclusion, to fill the current gap in the understanding of
the tribological synergistic mechanism of ‘‘texture morphology-
high-performance coatings,’’ this study aims to systematically
explore the influence of laser surface texturing on the friction
and wear behavior of high-entropy alloy with laser clad
coatings. Eutectic AlCoCrFeNi2.1 high-entropy alloy coatings
were fabricated on the surface of marine steel by laser cladding,
and then, microdent textures of different geometric shapes
(circular, square, and hexagonal) were processed on its surface
by laser etching. By comparing the tribological properties of
textured and nontextured coatings, the influence of texture
morphology on the behavior of debris and the effect of its
mechanism of action on the transformation of wear mechanisms
are analyzed, with the aim of providing a theoretical and
experimental basis for the design of high-performance com-
posite surfaces for extreme marine environments.

2. Experimental

2.1 Materials and Coating Preparation

The raw sheet material used was E690 alloy, with dimen-
sions of 120 9 120 9 85 mm. Prior to testing, the substrate
surface was ground cleaned. The cladding material was
AlCoCrFeNi2.1 powder with a purity of ‡ 99%. The
proportions of each element are shown in Table 1. The particle
size of the powder ranged from 13 to 35 lm, and the
composition of the high-entropy alloy is illustrated in Fig. 1.
SEM micrographs of the powder morphology at magnifications
of 1000 and 25000 are shown in Fig. 1(a) and (b), respectively,
whereas the statistical histogram of the grain size distribution is
shown in Fig. 1(c). Before the experiments were performed, the
powder was dried in an oven at 120 �C for 2 h. The coating
was fabricated using an LHHY-12600-Z laser cladding system.
Synchronous powder feeding was adopted as the delivery
method, with high-fineness argon used as both the protecting

Table 1 Proportions of each element

Element Al Co Cr Fe Ni

at.% 16.39 16.39 16.39 16.40 34.43
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gas and the carrier gas. The purity of argon is 99%. The detailed
process parameters are listed in Table 2.

On the basis of preliminary experimental investigations,
three types of patterns were designed, as illustrated in Fig. 2.
The circular texture pattern has a diameter of 400 and a spacing
of 150 lm. The square texture pattern has a side length of 400
and a spacing of 150 lm. The circumscribed circle diameter of
the hexagonal texture pattern is 462, and the spacing is 150 lm.
The depth of laser processing was controlled by adjusting the
laser power, number of processing passes, and scanning speed.
The three parameters were adjusted by assuming that higher
laser power, more processing passes, and lower scanning speed
collectively result in greater processing depth. The optimized
parameters listed in Table 3 were ultimately determined for
pattern fabrication. The surface textures were processed using
an MS-M900 ultraviolet nanosecond laser marking system. The
parameters are provided in Table 3.

2.2 Experimental Methods

The samples were sectioned by a wire machine for electrical
release, followed by buffing and corrosion with aqua regia. The
microstructure and elemental distribution of the alloy were

characterized using a scanning electron microscope (ZEISS
Gemini300) equipped with an energy-dispersive spectrometer.
Phase analysis was conducted via x-ray photoelectron spec-
troscopy (Thermo Scientific ESCALAB 250Xi, USA). For
electron backscatter diffraction (EBSD) analysis,
0.015 9 0.015 9 0.01 m samples were prepared for electrolytic
polishing, and EBSD measurements were carried out using an
EDAX Hikari Plus detector integrated with a Fei Nova
NanoSEM450 instrument. The Vickers hardness of the coating
was measured using an HV-1000Z hardness tester under a load
of 500 g and a dwell time of 15 s. Five measurements were
conducted for each sample, and the average value was reported.
Rectilinear reciprocating motion abrasion measurements were
performed on the coatings using an MS-M900 multifunctional
(electrochemical) friction tester (Huahui Instrument Co., Ltd.,
China) with a 6 mm alumina ball as the counterface under a
normal load of 8 N and a frequency of 1 Hz for a duration of
30 min. During the friction process, the coefficient of friction
was obtained. Corrosion wear was also tested using the MS-
M900 multifunctional (electrochemical) friction tester (Huahui
Instrument Co., Ltd., China). This instrument used a 6 mm
alumina ball as the counterface, with a standard load of 8 N and
a wear test time of 30 min. The three-dimensional topography
of the abrasion scar was recorded using a Bruker Contour GT-K
3D optical profiler, and the wear volume was determined (Ref
56). The wear rate was calculated using Formula (1):

A ¼ DV
F � D

ðEq 1Þ

A represents the wear rate, with units of mm3/N m; DV is the
volumetric wear amount, with units of mm3; D is the sliding
distance, with units of m; and F is the normal load, with units of
N.

Fig. 1 SEM macromorphology of the powder: (a) SEM image at 1000 magnification, (b) SEM image at 25000 magnification, and (c)
histogram of the particle size distribution for the powder

Table 2 Processing parameters of the coating

Process parameter Value

Laser power, W 2800
Laser scanning speed, mm, s 200
Overlap, % 80
Powder delivery rate, g, at.% 20
Shielding gas flow, L, min 15
Powder delivery flow, L, min 10
Spot diameter, mm 2
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3. Results and Discussion

3.1 Microstructural Analysis

The cross-sectional SEM image of the coating, which has a
thickness of approximately 1558.2 lm, is shown in Fig. 3(a). A
continuous and dense transition layer was formed at the

coating–substrate interface, with no evident defects such as
pores, cracks, or lack of fusion observed. These findings
indicate the excellent overall integrity of the coating. Fig-
ure 3(b), (c), (d), and (e) presents magnified morphology
microstructure in different areas of the coating section. Fig-
ure 3(b) displays grain morphology across the coating cross

Fig. 2 Schematic diagrams of the coating microtextures: (a) CC-T, (b) CH-T, and (c) CS-T

Table 3 Texture fabrication parameters

Texture Morphology Size, lm Texture Spacing, lm Power, W Number of processing passes Scanning Speed, mm/s

Circle 200 150 800 5 500
Square 200 150 800 5 500
Hexagon 200 150 800 5 500

Fig. 3 SEM micrographs of the (a) AlCoCrFeNi2.1 coating, (b) overall cross section of the coating, (c) micromorphology of the top region of
the coating, (d) micromorphology of the middle region of the coating, and (e) micromorphology of the bottom region of the coating
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section, revealing significant variations in the grain structure
from the interface to the top region. The top coating areas are
due to the higher refrigeration rate and relatively fine grains; the
middle region, which grows under moderate thermal condi-
tions, consists predominantly of equiaxed grains, whereas the
bottom area near the substrate, which experiences slower heat
dissipation, shows a slightly increased but still uniform grain
size. The microstructures of the typical regions at the top,
middle, and bottom of the coating are shown in Fig. 3(c), (d),
and (e), respectively. These findings further confirm the
presence of a homogeneous and defect-free microstructure in
each region, with the grain morphology and distribution being
consistent with the typical characteristics of rapid solidification
during laser cladding. This continuous, dense, and defect-free
microstructure provides a robust foundation for subsequent
surface texturing processes, thereby contributing to increased
texturing quality and wear resistance.

Three types of textured patterns—circular, hexagonal, and
square—were made on the surface of the AlCoCrFeNi2.1
coating using a laser marking system. The SEM-derived
morphologies, three-dimensional topographies, and corre-
sponding depths of the three different patterns are shown in
Fig. 4. The same laser processing parameters were applied to
ensure a consistent depth across all three patterns, with each
dimple region processed five times. The textured surfaces

obtained through the adjustment of laser parameters are shown
in Fig. 4(d), (e), and (f) and exhibit a consistent dimple depth H
of 400 lm.

The scanning morphology and elemental distribution results
of the coatings with different texture shapes after laser texturing
are shown in Fig. 5. Aggregation of aluminum, oxygen, and a
small amount of chromium can be observed on the coating
surface. This aggregation is due primarily to the extreme
thermochemical process induced by laser–material interactions.
The high-energy laser beam results in instantaneous melting
and even vaporization of the material in the irradiated zone, and
the generated heat is conducted to the surrounding areas,
leading to a sharp temperature rise near the etched grooves.
Under high-temperature conditions, the coating material under-
goes a thermal oxidation reaction, resulting in the formation of
hard ceramic phases such as alumina and chromia in situ.
Additionally, molten material droplets containing aluminum
and chromium that ejected during the laser process are further
oxidized during flight and deposition and ultimately solidify
around the etched morphologies to form residues composed
predominantly of these oxides.

Observe Fig. 6, to further investigate the oxidized areas, a
systematic characterization of the chemical composition and
microstructure of the laser-textured surface of the coating was
conducted using x-ray photoelectron spectroscopy combined

Fig. 4 Morphology of the textured patterns: (a) CC-T 3D morphology, (b) CH-T 3D morphology, (c) CS-T 3D morphology, (d) CC-T SEM-
derived morphology, (e) CH-T SEM-derived morphology, (f) CS-T SEM-derived morphology, (g) CC-T cross-sectional profile, (h) CH-T cross-
sectional profile, and (i) CS-T cross-sectional profile
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with scanning electron microscopy and energy-dispersive x-ray
spectroscopy. The consistent results from these analyses
confirmed that a significant oxidation reaction occurred after
texturing, with Al2O3 and Cr2O3 identified as the primary

products. In the high-resolution XPS spectra, the characteristic
peaks of Al at 74.3 eV and Cr 2p at 576.8 eV confirm the
presence of Al-O and Cr-O bonds, respectively, which align
well with the standard binding energies of Al2O3 and Cr2O3.

Fig. 5 SEM images and EDS results of different textured patterns applied to the AlCoCrFeNi2.1 coating: (a) CC-T, (b) CS-T, and (c) CH-T
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The SEM images reveal that the textured surface is covered by
a continuous and dense reaction layer, exhibiting a morphology
distinct from that of the untreated regions. EDS elemental
mapping and point analysis further indicate significant oxygen
enrichment within the etched zones, with the spatial distribu-
tions of aluminum and chromium being highly correlated with
that of oxygen. These findings confirm the formation of Al2O3

and Cr2O3 oxides from an elemental distribution perspective.
The conclusions of the multiple characterization methods
corroborated with each other, indicating that the in situ
oxidation behavior induced by laser texturing effectively
strengthened the coating surface.

The EBSD results for the magnified areas of the coating
cross section before and after laser treatment are shown in
Fig. 7. The IPF images of the coating before and after laser
treatment are shown in Fig. 7(b1) and (b2), respectively, and
significant differences in the grain structure can be observed.
Prior to etching (Fig. 7b1), the coating exhibited relatively large
grain sizes and elongated or columnar morphologies, indicating
a distinct directional distribution and significant preferred
orientation. As shown in the grain size statistics in Fig. 7(c1),
large grains within the size range of 300-450 lm accounted for
up to 65% of the microstructure. This coarse-grained structure
originated from the laser cladding process, where slow
solidification and intense thermal gradients triggered a pre-
ferred growth mechanism—specifically, the epitaxial growth of
columnar crystals induced by the direction of heat flow. This
behavior aligns with the principles of dendritic coarsening and
preferential growth during the solidification of high-entropy
alloy melt pools (Ref 57). In contrast, after surface texturing
(Fig. 7b2), the grains were significantly refined, the microstruc-
ture became more equiaxed and densely distributed, and the
random orientation was notably enhanced. The grain size
statistics in Fig. 7(c2) indicate that the grains were predomi-
nantly concentrated in the range of 50-150 lm, indicating that
grain refinement in the coating was induced by remelting and
rapid solidification. This phenomenon is primarily attributed to
the extreme thermal gradients and melt pool turbulence caused
by the secondary heat input during laser texturing. These
conditions resulted in partial remelting and mechanical frag-
mentation of the original dendrites, promoting the formation of

new nuclei and inhibiting preferential grain growth. Conse-
quently, many nonpreferred grains underwent simultaneous
nucleation and rapid growth, ultimately forming a fine,
equiaxed, and randomly oriented microstructure.

The KAM maps (Fig. 7d1 and d2) and their corresponding
statistical histograms (Fig. 7e1 and e2) provide further evidence
for the dislocation activities underlying the microstructural
evolution. The kernel average misorientation (KAM) values of
the coating prior to surface texturing were generally low, with
an average value of 0.37. The predominant deep blue color in
the image indicates small local orientation differences within
the grains, a low degree of plastic strain, and a limited
dislocation density. In contrast, the KAM map of the coating
after surface texturing (Fig. 7d2) exhibits a notable increase in
the size of green-colored regions. Concurrently, the corre-
sponding histogram (Fig. 7e2) reveals a rightward shift in the
distribution of KAM values, with the average value increasing
to 0.57, indicating a significant increase in the dislocation
density.

Analysis of the pole and inverse pole figure (Fig. 7f1/g1 and
f2/g2) further validated the evolutionary characteristics of the
microstructure. The pole figure (Fig. 7f1) prior to surface
treatment revealed a pronounced concentration of {001} and
{111} crystallographic planes along specific orientations.
Similarly, the inverse pole figure (Fig. 7g1) exhibited noticeable
clustering of grain orientation points along the <001> and
<111> directions, indicating a preferential crystallographic
texture. This suggests that a strongly preferred orientation
formed under the influence of thermal gradients and directional
solidification mechanisms during processing. In contrast,
Figure 7(f2) sample after surface treatment demonstrates a
uniform dispersed intensity distribution, whereas the inverse
pole figure (Fig. 7g2) shows considerably scattered grain
orientations with no pronounced preferred orientation. This
finding indicates that the processing treatment promoted the
randomization of the crystallographic orientation distribution,
thereby significantly weakening the initial strong texture
characteristics.

A combined analysis of the KAM and IPF maps revealed
that the secondary thermal input introduced during the etching
process not only induced grain refinement and texture weak-

Fig. 6 (a) X-ray diffraction (XRD) pattern of the AlCoCrFeNi2.1 coating and (b) XRD pattern of the AlCoCrFeNi2.1 coating after etching
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ening but also triggered dislocation multiplication through
rapid solidification and microstructural reorganization, as
manifested by a pronounced increase in KAM values. This
indicates that the material surface underwent a significant
strengthening process, where dislocation activity and
microstructural rearrangement acted synergistically to form a

surface-strengthened structure characterized by refined grains
and a high dislocation density.

The grain refinement and increased dislocation density after
laser texturing are closely related not only to laser-induced
remelting and rapid solidification, but also to the intrinsic
thermodynamic and kinetic characteristics of the AlCoCrFe-
Ni2.1 high-entropy alloy coating. During laser texturing, the

Fig. 7 EBSD characterization of the AlCoCrFeNi2.1 coating before and after laser etching: (a) Cross-sectional morphology of the coating before
and after etching, (b) grain orientation before and after etching, (c) grain size distribution before and after etching, (d) kernel average
misorientation (KAM) map before and after etching, (e) KAM values before and after etching, (f) pole figure (PF) before and after etching, and
(g) inverse pole figure (IPF) before and after etching
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localized secondary heat input produces a small molten pool
with a steep thermal gradient and a high cooling rate, resulting
in a large degree of undercooling. This promotes the formation
of numerous nuclei during solidification, thereby contributing
to grain refinement (Ref 58).

For the AlCoCrFeNi2.1 coating with a single FCC solid-
solution structure, the high configurational entropy enhances
the thermodynamic stability of the FCC phase during rapid
solidification. This high-entropy stabilization effect helps
maintain the phase stability of the coating under rapid thermal
cycling and favors the formation of a refined solidification
structure. Meanwhile, the sluggish diffusion effect, which
originates from the complex multicomponent atomic environ-
ment and severe lattice distortion, restricts long-range atomic
diffusion during the extremely short laser–material interaction
time. Consequently, grain growth and solute redistribution after
nucleation are effectively suppressed, leading to a finer
microstructure (Ref 59).

In addition, the rapid heating and cooling process during
laser texturing generates considerable thermal stress, which
promotes dislocation multiplication within the FCC matrix (Ref
60). At the same time, sluggish diffusion and lattice distortion
inhibit dislocation recovery and annihilation, resulting in a
higher retained dislocation density. Therefore, the microstruc-
tural evolution of the laser-textured AlCoCrFeNi2.1 coating is
governed by the combined effects of localized laser thermal
input, high-entropy stabilization, sluggish diffusion, lattice
distortion, and the stability of the single FCC solid-solution
structure, rather than being a general rapid-solidification
phenomenon applicable to all alloy coatings.

3.2 Coating Performance

After surface laser texturing, significant discrepancies in the
microhardness were observed between the processed regions
and the original unprocessed regions of the coating surface. As
illustrated in Fig. 8, the microhardness values of the untreated
regions were 307, 313, and 302 HV, with an average of
307.3 ± 5.5 HV. The relatively concentrated data distribution
reflects the uniformity of the coating in its initial state. In stark
contrast, the microhardness of the laser-textured regions
significantly increased, reaching 358, 379, and 372 HV, with

the average value increasing substantially to 369.7 ± 10.5 HV.
The high numerical consistency of this strengthening effect
indicates that the increase in hardness induced by laser
treatment is both pervasive and effective. This increase in
hardness is attributed primarily to the rapid melting and
solidification effect triggered by the high-energy-density laser
beam during the texturing process. Laser irradiation causes
instantaneous local melting of the coating surface, followed by
rapid solidification. This nonequilibrium process leads to
significant refinement of the micrograins, which is a key
mechanism for increasing material strength. Additionally, the
rapid cooling process introduces a high dislocation density,
further contributing to material reinforcement. These factors
synergistically enhance the performance of the laser-treated
regions. The overall upward trend of the data strongly confirms
that laser surface texturing is a reliable modification technique
capable of effectively increasing the surface hardness of
coatings.

The average friction coefficient is 0.717 for C, 0.59 for CC-T,
0.645 for CH-T, and 0.662 for CS-T, as shown in Fig. 9. The
friction coefficient of CC-T decreased by 17.71% compared with
C. Compared with the nontextured coating, the textured
coatings all exhibit a lower coefficient of friction, suggesting
that surface texturing contributes to reducing friction.

To investigate the influence of surface coating properties,
the three-dimensional morphology of the wear tracks was
analyzed for each sample, as shown in Fig. 10. Comparative
analysis of the morphologies in regions a, b, c, and d clearly
reveals that after the tribological test, the wear debris generated
on the textured coating surface accumulated predominantly
around the surface dimples (Fig. 10b, c, and d). In contrast,
wear debris was evenly distributed along the center and sides of
the abrasion trajectory on the nontextured coating (Fig. 10a).
The magnified images of regions a2 to d2 further demonstrate
that the dimple textures act as physical reservoirs, effectively
trapping wear debris and thereby preventing it from entering
the friction interface and inducing abrasive wear. However, it
should also be noted that a considerable amount of debris
remains on the wear track of the textured surfaces, particularly
in the central regions, indicating that surface textures do not

Fig. 8 Hardness analysis: (a) SEM morphology; (b) hardness distribution map; (c) average hardness; (d) hardness distribution map; and (e)
regional average hardness
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eliminate debris accumulation but rather modify its spatial
distribution.

At a magnification of 5000 9, the wear track of coating C
(Fig. 10a1) exhibited characteristics of both abrasive wear and

adhesive wear, whereas the textured coatings (Fig. 10b1, c1,
and d1) exhibited primarily adhesive wear. This phenomenon is
closely related to the tribological characteristics under dry
sliding conditions: Owing to the absence of a lubricant isolating

Fig. 9 Tribological properties of the AlCoCrFeNi2.1 coating and coatings with different etched textures: (a) dynamic curves of the average
friction coefficient and (b) histogram of the average friction coefficient

Fig. 10 SEM micrographs of the wear-scar morphology on the coating surface: (a) C, (b) CC-T, (c) CH-T, and (d) CS-T
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layer, direct contact between the friction pairs occurs, resulting
in extremely high localized pressure. The frictional heat
generated increases the temperature in the contact zone, which
induces material softening, promotes plastic deformation and
interatomic diffusion, and ultimately leads to adhesive wear.
Although debris is still present on the textured surfaces, most of
the free-cutting particles that would typically contribute to
three-body abrasion are effectively captured within the dimples
or compacted into relatively stable layers within the wear track,
reducing their ability to reenter the friction interface. Moreover,
under normal circumstances, adhesive wear usually causes
more severe material interface damage than abrasive wear.

Therefore, the improvement in wear performance is due to
the reduction in the number of active abrasive particles
involved in repeated cutting actions. Although such adhesive
wear is difficult to completely avoid under dry sliding
conditions, this adverse effect is significantly compensated for
by the ability of surface textures to capture abrasion particles,
which effectively suppresses abrasive wear. Therefore, the
improvement in wear performance is due to the reduction in the
number of active abrasive particles involved in repeated cutting
actions.

Regions a2 to d2 illustrate the distribution of wear debris
within surface dimples of different geometries(C-T, S-T, and H-
T) under identical experimental conditions. The CC-T dimples
captured a significantly larger amount of wear debris than the
CH-T and CS-T dimples did. The CC-T dimples were almost
completely filled with wear debris. In contrast, the CH-T and CS-

T dimples were only partially filled, with wear debris being
concentrated primarily at the bottom or along the edges in the
sliding direction. Their debris filling ratios were significantly
lower than those of the CC-T dimples. This finding is attributed
primarily to differences in flow characteristics resulting from
the distinct geometric shapes. Circular dimples feature contin-
uous and smooth curved walls with no flow-dead zones, which
promotes efficient debris containment. Once it enters the
dimples, the wear debris tends to follow vortex-like flow
patterns within the pit, making it difficult to escape. This results
in highly efficient capture, a uniform distribution inside the
dimple, and, ultimately, a high filling rate. In contrast, square
and hexagonal dimples exhibit pronounced sharp corners, such
as the four internal angles in square dimples. These sharp
corners induce flow separation and vortex stagnation, creating
‘‘flow-dead zones.’’ Although wear debris may be carried into
the dimples, it tends to move along the flat walls rather than
entering the sharp corner regions. As a result, the debris is more
likely to be carried out after brief retention in the central or
main flow zone of the dimple, rather than being stably captured
in dead zones, leading to reduced overall capture efficiency.

EDS mapping analysis of the wear scar at 500 9 magnifica-
tion (Fig. 11) indicates that the textured regions of the scar
exhibit a higher oxygen content than the nontextured regions
do. Under dry sliding conditions, the circular surface texture
results in a stable composition and uniform oxide coating at the
friction interface owing to its unique geometric morphology.
These oxides act as barriers that prevent friction pairs from
immediately touching the solid lubricant. This effect decreases
the friction coefficient, resulting in excellent antifriction and
antiwear properties. The hexagonal surface texture had the
highest oxygen content within its wear track, indicating that a
more intense oxidation reaction occurred in this region,
resulting in the generation of a substantial amount of oxidation
products. However, these oxides are loosely structured and

weakly bonded, making them highly prone to spallation during
the wear test, thus generating abrasive debris. The dislodged
debris enters the friction contact interface and participates in
three-body wear, thereby significantly increasing the friction
coefficient and adversely affecting the tribological perfor-
mance.

The relatively high oxygen content detected on the hexag-
onal textured surface indicates the occurrence of oxidative
wear. However, this does not necessarily imply the formation of
a stable protective oxide film. Under repeated contact stress and
shear during sliding, the surface oxide layer may crack and
become susceptible to spallation. The detached oxide debris can
then act as third-body particles and accelerate local material
removal. Moreover, adhesive wear usually causes more severe
interfacial damage than abrasive wear due to repeated adhesion
and tearing at the contact interface. Therefore, the wear
behavior of the hexagonal texture is mainly attributed to the
combined effects of adhesive wear and oxidative wear,
accompanied by potential oxide-layer cracking and detachment.

The 3D topography of the wear-scar depths for the various
coatings is shown in Fig. 12. The textured coatings clearly
exhibit shallower scars than the nontextured coating does.
Quantitative analysis revealed that the damage volume was
0.024 for coating C, 0.009 for CC-T, 0.011 for CH-T, and
0.013 mm3 for CS-T. Furthermore, the wear depth profiles in
Fig. 11(f) reveal the following order of scar depth: C > CS-

T > CH-T > CC-T. In terms of contact geometry, the CC-T

texture exhibits point contacts, forming microscopic circular
interfaces that, together with the nontextured regions, create a
functionally discrete composite contact zone. This configura-
tion promotes a uniform stress distribution, resists crack
initiation, and generates a continuous and symmetrical hydro-
dynamic pressure effect. In contrast, the CS-T and CH-T textures
exhibit either point contacts (at corners) or line contacts (along
edges), resulting in complex microscopic contact geometries.
Their sharp corners and edges tend to cause stress concentra-
tion, and although they also form composite contacts with the
flat areas, these geometric features act as intrinsic stress
concentrators that readily initiate fatigue cracks. This leads to
microcrack propagation and accelerated material spallation.
The dislodged hard debris subsequently acts as third-body
abrasives, inducing severe fluctuations in friction. Localized
high pressure also promotes adhesive wear and plastic defor-
mation, generating a higher friction coefficient and the greatest
damage volume among the tested coatings. On the basis of this
comparison, the wear resistance of CC-T is superior to that of
CS-T and CH-T. This is attributed primarily to its favorable stress
distribution characteristics: The absence of sharp corners in the
CC-T design prevents localized stress concentration, effectively
inhibiting the initiation and propagation of microcracks and
thereby delaying the progression of fatigue wear. The sharp
corners in polygonal textures (such as those of CS-T and CH-T)
readily act as stress concentration points, accelerating material
damage spallation. Furthermore, the uniform stress distribution
from touching and geometrically defect-free morphology of CC-

T contributes to increased durability under cyclic loading. In
contrast, the high stress concentrated at the corners of the
polygonal textures significantly increases the risk of crack
initiation, thereby reducing the overall service life of the
coating. In summary, owing to its uniform stress field and
symmetrical hydrodynamic lubrication behavior, CC-T demon-
strates superior overall performance in terms of reducing wear,
suppressing crack propagation, and extending the service life of
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Fig. 11 SEM morphology of the wear tracks of (a) C, (b) CC-T, (c) CH-T, (d) CS-T; corresponding oxygen distribution maps of (a1) C, (b1) CC-

T, (c1) CH-T, (d1) CS-T; and quantitative oxygen content of (a2) C, (b2) CC-T, (c2) CH-T, (d2) CS-T
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the coating, thereby outperforming both CS-T and CH-T in terms
of wear resistance. As shown in Fig. 12(g), the wear rate is
0.000085 for C, 0.000031 for CC-T, 0.000038 for CH-T, and
0.000041 mm3/N m CS-T. The calculated wear rates of the C,
CC-T, CH-T, and CS-T coatings were 8.5 9 10�5, 3.1 9 10�5,
3.8 9 10�5, and 4.1 9 10�5, respectively. The wear rate of CC-T

has decreased by 63.53 compared to C. CC-T has approximately
63.5% less wear volume compared to C. Among them, CC-T

exhibited the lowest wear rate, indicating the most effective
reduction in material loss, followed by CH-T and CS-T, whereas
the untextured C coating showed the highest wear rate. This
result further confirms that surface texturing can significantly

improve the wear resistance of the coating, with the circular
texture providing the most pronounced protective effect. The
texture clearly increases the wear resistance of the coating.

Figure 13 presents the comparative results of the friction
coefficient, open-circuit potential, and wear profiles obtained
from the tribocorrosion tests. During the initial immersion
stage, the open-circuit potential of C stabilized at approxi-
mately � 0.35 V, whereas the initial potentials of all textured
coatings were lower than that of C, with CH-T at approxi-
mately � 0.45 V and CC-T and CS-T at approximately � 0.47 V.
This is mainly attributed to the increased contact area between
the material and the corrosive medium induced by the textured

Fig. 12 Tribological properties of the coating: (a–d) 3D morphology after wear; (e) average wear volume; (f) cross-sectional profiles of the
worn surfaces; and (g) wear rate

Fig. 13 White-light interferometry analysis of tribocorrosion behavior: (a) tribocorrosion potential curve; (b) tribocorrosion friction coefficient
curve; (c) two-dimensional profile of the tribocorrosion wear track; (d) white-light morphology of the tribocorrosion wear track on the C coating;
(e) white-light morphology of the tribocorrosion wear track on CC-T; (f) white-light morphology of the tribocorrosion wear track on CS-T; and (g)
white-light morphology of the tribocorrosion wear track on CH-T
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structures, as well as the geometric discontinuities at the texture
edges, which provide corrosion-active sites. After entering the
friction stage, the open-circuit potential of C decreased
markedly, indicating that the passive film on its surface was
disrupted and not repaired in a timely manner. In contrast, the
open-circuit potentials of all textured coatings exhibited a
pronounced positive shift, reflecting an active dynamic repas-
sivation process on their surfaces. Among them, CC-T, owing to
its smooth and continuous geometry, can more uniformly
distribute stress and efficiently capture and accommodate wear
debris, forming stable ‘‘corrosion–wear debris’’ microregions
within the pits and thereby enabling a more sustained
repassivation process. In contrast, CH-T and CS-T exhibit weaker
debris-retention capability due to the presence of corners
and flow-dead zones, resulting in lower passivation ability than
CC-T.

As observed from the friction coefficient curves in
(Fig. 13b), under NaCl solution lubrication, all textured
coatings exhibited higher friction coefficients than C. This is
because the relatively smooth surface and larger contact area of
C under aqueous lubrication facilitate the formation of a
stable and continuous lubricating film, thereby effectively
isolating direct contact between the friction pairs. Among all
the friction curves, CC-T exhibited the most stable friction
coefficient, because the circular geometry avoided stress
concentration at the corners of polygonal textures, effectively
suppressing microcrack initiation and localized material spal-
lation while ensuring a uniform distribution of contact stress.
Figure 13(c) presents the wear profile curves of the coatings. It
can be observed that CC-T exhibits the shallowest and flattest
wear profile, followed by progressively deeper profiles for the
CH-T and CS-T coatings, whereas C shows the widest and
deepest wear profile. This result is consistent with the
aforementioned mechanism, indicating that the circular texture
delivers the best corrosion–wear resistance among the three
textures owing to its superior stress homogenization and wear-
debris management capabilities.

Based on the above analyses of the friction coefficient and
potential, circular microtextures exhibit a stronger capability to
maintain interfacial stability and passivation, and this superior
performance is closely associated with their surface state. The
two-dimensional wear-scar profiles and 3D morphologies
shown in Fig. 13 further demonstrate that, from a macroscopic
morphological perspective, the circular microtextured coating
experienced the least material loss under corrosive wear
conditions.

To verify this result and observe the macroscopic morpho-
logical characteristics of the worn surfaces, Figure 14 presents
the SEM morphologies of the wear scars of the different
coatings at 200 9 magnification. Figure 14(a) shows the wear-
scar morphology of the C coating, whose wear-scar width
reached 504.6 lm, macroscopically confirming that it exhibited
the greatest material loss. In contrast, the wear-scar widths of
all textured coatings were significantly reduced. This phe-
nomenon intuitively demonstrates that surface texturing can
effectively distribute the contact load, thereby preventing large-
area material spallation on the coating surface during friction.
Macroscopically, the wear-scar width of CC-T was as low as
160.6 lm, in excellent correspondence with the shallowest
wear depth shown in Fig. 14(c).

Macroscopic observation of the wear-scar morphology
confirms that surface texturing effectively reduced coating
wear. To further elucidate the underlying mechanism, this study

conducted microscopic characterization of the wear-scar region
of the untextured coating. Figure 15(b) shows that the wear scar
of the untextured coating was wide with relatively well-defined
edges. Figure 15(c) and (d) presents the secondary-electron and
backscattered-electron morphologies of the wear-scar region at
5000 9 magnification, further revealing the presence of
numerous plowing grooves and lamellar spallation pits on the
surface. This phenomenon indicates that, during the friction
process, the wear mechanism was dominated by abrasive wear
and fatigue spallation. The elemental analysis results for this
region are summarized in Table 4. The elemental distribution
within the wear-scar region was analyzed by EDS mapping, as
shown on the right side of Fig. 15. The results indicate that Al,
Co, and Cr were relatively uniformly distributed, whereas Fe
and Ni exhibited pronounced localized depletion. Moreover,
these depleted regions strongly coincided with the dark areas
within the wear scar and the Cl- and Na-enriched zones. This
phenomenon can be attributed to selective phase corrosion
under the coupled action of wear and corrosion. In the dual-
phase structure of the AlCoCrFeNi2.1 eutectic high-entropy
alloy, the Fe-Ni-rich FCC phase acts as the anodic phase and
undergoes preferential dissolution, thereby initiating an auto-
catalytic corrosion cycle that promotes the enrichment of Cl�

and Na+ in the active regions. This phenomenon can be
attributed to selective phase corrosion under the coupled effects
of wear and corrosion. Meanwhile, oxygen was markedly
enriched in the gray–white flat regions, indicating that a
stable oxide layer formed in these areas during the wear
process. Such heterogeneous elemental distribution reflects the
occurrence of nonuniform oxidation in the coating under the
combined action of wear and corrosion.

Figure 15 shows the wear-scar morphology of the circularly
textured AlCoCrFeNi2.1 eutectic high-entropy alloy coating
after the tribocorrosion test. Compared with the other coatings,
this coating exhibited markedly improved wear morphology,
with only minor spalled layers and adhered debris observed,
while typical severe wear features such as pronounced plowing
grooves or lamellar spallation pits were absent. This indicates
that its wear mechanism was predominantly characterized by
mild adhesive wear. To further examine the surface micromor-
phology, high-magnification observations of the wear-scar
region were conducted in secondary-electron (SE) and
backscattered-electron (BSE) modes. The elemental composi-
tion of this region is presented in Table 5. The SE and BSE
images reveal that the worn surface is generally flat and
compact, with no microscopic cutting traces; only a small
amount of adhesion-induced products are present, and no
spallation caused by fatigue or brittle fracture is observed.
These observations further confirm that the circular texture
suppresses abrasive wear and fatigue spallation through
uniform stress distribution and efficient wear-debris accommo-
dation capacity.

Observe Fig. 16, EDS analysis of the wear-track surface
indicates that the principal alloying elements, including Al, Co,
Cr, Fe, and Ni, were homogeneously dispersed across the worn
region, with no pronounced localized depletion of Fe and Ni as
observed in the nontextured coating. Oxygen was distributed
continuously and uniformly across the entire wear scar,
indicating that a stable oxidation reaction occurred on the
coating surface during the friction process, resulting in the
in situ formation of a dense oxide layer. The oxide layer not
only acts as a solid lubricant but also effectively prevents direct
contact between corrosive species and the metallic substrate,
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thereby suppressing the wear-accelerated corrosion effect and
improving the tribocorrosion resistance of the coating.

The diagram in Fig. 17 schematically illustrates the rub
abrasion characteristics of the coating after laser texturing.
Laser-textured coatings exhibit an increased tendency to trap
wear debris, thereby transforming harmful abrasive wear into
beneficial adhesive wear and mitigating the direct wear of the
coating, which ultimately leads to a significant improvement in
tribological performance. Additionally, during the texturing
process, the oxides generated on the surface provide an
isolation layer to prevent direct contact between the metal
substrate. The barrier bears the abrasion instead of the substrate
material, thereby converting severe abrasive wear into mild
oxidative wear. Following laser texturing, the grain refinement
within the coating increases the number of grain boundaries,
which impedes dislocation motion and microcrack propagation.
This enhanced barrier effect increases the resistance of the
material to plastic deformation and spallation, thereby increas-
ing the surface strength and ultimately resulting in superior
wear resistance. Compared with CS-T and CH-T, CC-T more
uniformly distributes stress, prevents stress concentration and
crack initiation at sharp corners, provides more stable debris
accommodation, and improves the coating performance. Com-
pared with the CS-T and CH-T coatings, the CC-T coating more
uniformly distributes stress, prevents stress concentration and
crack initiation at sharp corners, and provides more stable debris

accommodation, thereby increasing the wear resistance of the
coating.

Under secondary thermal input, the textured surface under-
went thermal oxidation, resulting in the formation of circularly
distributed oxides (shown in green in Fig. 17). These oxides
possess high hardness, which helps reduce direct metal-to-
metal contact during friction. Moreover, the textured dimples
effectively trap and retain wear debris, preventing it from
rolling repeatedly toward the interface and causing third-body
abrasion.

4. Conclusion

In this study, three microtextures—circular, hexagonal, and
square—were fabricated on an AlCoCrFeNi2.1 coating to
investigate the effect of texture morphology on surface
performance. The main conclusions are as follows:

(1) During laser texturing, thermomechanical coupling sig-
nificantly modified the surface. The high thermal input
promoted surface oxidation, forming dense and well-ad-
hered oxide layers in the textured regions, thereby
improving wear resistance. Meanwhile, secondary laser
heating refined the surface grains from coarse columnar
grains of 300-450 lm in the bonding zone to ultrafine

Fig. 14 Macroscopic morphologies after tribocorrosion: (a) SEM macroscopic morphology of the C coating after tribocorrosion; (b) SEM
macroscopic morphology of CC-T after tribocorrosion; (c) SEM macroscopic morphology of CS-T after tribocorrosion; and (d) SEM macroscopic
morphology of CH-T after tribocorrosion
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equiaxed grains of 50-150 lm in the surface layer. The
increased KAM value indicated higher dislocation den-
sity, contributing to surface strengthening.

(2) Compared with the nontextured coating, all laser-tex-
tured coatings exhibited improved tribological perfor-
mance. Grain refinement, dislocation strengthening,
debris trapping by textured dimples, and the protective
oxide layer jointly reduced friction and wear. Among
them, CC-T showed the best overall performance due to
its superior debris-trapping ability and isotropic geome-
try, which promoted uniform stress distribution, delayed

crack initiation, and enhanced coating reliability under
sliding conditions.

(3) Surface texturing also improved the tribocorrosion resis-
tance of the AlCoCrFeNi2.1 coating in NaCl solution,
with CC-T again exhibiting the best performance. The
circular texture reduced stress concentration, retained
wear debris, and promoted stable dynamic repassivation.
As a result, CC-T showed the most stable friction re-
sponse, shallowest wear track, and narrowest wear scar,
while suppressing abrasive wear, fatigue spallation, and
selective Fe-Ni dissolution.

Fig. 15 Tribocorrosion wear track of C: (a) white-light morphology of the tribocorrosion wear track of C; (b) SEM macroscopic morphology of
the tribocorrosion wear track of C; (c) SEM microscopic backscattered-electron morphology of the tribocorrosion wear track of C; and (d) SEM
microscopic secondary-electron morphology of the tribocorrosion wear track of C and corresponding EDS analysis

Table 4 Point area energy spectrum analysis results

Ingredient, at.%

Region Al Co Cr Fe Ni Cl Na O
A 4.47 9.47 12.03 34.48 18.55 2.25 1.85 16.91
B 4.60 10.19 11.48 35.17 19.92 1.42 1.53 14.69

Table 5 Point area energy spectrum analysis results

Ingredient, at.%

Region Al Co Cr Fe Ni Cl Na O
A 39.20 4.55 5.13 13.72 7.73 0.45 0.44 28.77
B 4.18 6.60 11.3 22.78 25.78 4.16 0.58 20.69
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