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Abstract

Metal substrates were preprocessed via picosecond laser surface texturing (PLST, 532 nm)
to fabricate interfacial microgrooves for tribological performance optimization prior to
deposition of a magnesium silicate hydroxide (MSH)/graphite/MoS2–PI solid lubricant
coating. By tuning the PLST parameters (average laser power: 0.2–0.5 W, scan passes:
3–5, hatch spacing: 0.005–0.1 mm), three representative texture geometries (linear, circular,
and square) were produced, and the resulting coating performance was compared with
conventional mechanical polishing and sandblasting pretreatments. Among the three
laser textures, the linear texture exhibited the most excellent tribological performance and
interfacial adhesion, outperforming the circular and square counterparts. Ball-on-disk tests
in a kerosene-contaminated environment (10 N, 800 rpm) showed that the linear-textured
sample reached the lowest steady-state friction coefficient (0.038), lower than polished
(0.048) and sandblasted (0.052) controls, together with reduced wear scar dimensions.
Progressive-load scratch tests indicated a pronounced adhesion enhancement, with the
critical failure load increasing from 7.05 N (polished) to 26.05 N for the linear-textured inter-
face, which is higher than 21.21 N (circular) and 23.78 N (square) textures. Cross-sectional
microscopy and EDS mapping reveal that the laser-defined microgrooves (~15 µm depth,
~120 µm width, ~500 µm spacing) act as a parameter-controlled interfacial architecture
that promotes mechanical interlocking and provides lubricant-rich reservoirs. This laser-
enabled interfacial design suppresses delamination, supports transfer film stability, and
ultimately enhances the coating’s tribological performance by reducing friction and wear.

Keywords: tribological performance; solid lubricant coating; substrate pretreatment;
interface micro-grooves; friction and wear; picosecond laser surface texturing

1. Introduction
Friction and wear are critical factors leading to energy loss and mechanical failure,

with approximately one-third of the world’s energy consumed by friction and 70% of
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large mechanical component failures caused by wear [1]. Solid lubrication technology has
emerged as a reliable solution for extreme working conditions (high temperature, high
pressure, vacuum, etc.) by forming boundary lubricating films to reduce direct contact
between friction surfaces [2–5]. However, conventional solid lubricating coatings generally
suffer from insufficient bonding strength with substrates and poor tribological performance
under severe conditions such as heavy load and high speed.

Inspired by biological non-smooth surfaces, surface texturing technology has been
proven effective in enhancing tribological properties by fabricating microstructures with
specific patterns and dimensions on material surfaces [6–11]. When combined with solid
lubricating coatings, surface textures can enable storage and release of lubricants, improve
the bonding state between coatings and substrates, and synergistically enhance wear resis-
tance [12,13]. Existing studies have explored a variety of preparation processes for solid
lubricating coatings. Suitable process schemes need to be selected according to specific
application scenarios, and these processes have a significant impact on the physicochemical
properties of coatings. At present, the most widely used preparation methods mainly
include mechanical coating, hot-press filling, organic resin bonding, and vapor deposi-
tion [14–18]. There are numerous surface texture machining methods (Electrical Discharge
Machining (EDM), Electrochemical Machining (ECM), Ultrasonic Machining (USM), laser
processing, etc.) [19–24], among which laser processing stands out due to its high precision
and material adaptability. Studies have shown that laser-processed surface textures can
effectively improve the bonding strength of substrates to coatings, forming an interlocking-
like structure [25,26], but the effects of different texture types on the friction coefficient and
wear life of coatings still need further investigation.

Ultrafast (picosecond/femtosecond) laser texturing enables flexible micro-patterning
with a minimal heat-affected zone, making it well-suited for tailoring the surface topogra-
phy of thermally sensitive metallic substrates [27–29]; laser-defined micro-textures can act
as micro-reservoirs, debris traps, and lubricant-entrainment pathways while strengthening
coating/substrate interfaces via mechanical interlocking [30–33]. Despite these merits, ex-
isting tribological studies on ps/fs laser texturing have focused primarily on conventional
lubricant systems and clean (dry or oil-lubricated) environments. As a novel inorganic lay-
ered solid lubricant with excellent lamellar slip behavior and chemical stability, magnesium
silicate hydroxide (MSH) exhibits promising friction-reducing performance in composite
coatings [34,35]. This work aims to address the identified research gaps by revealing the
synergistic effects of PLST and MSH-based coatings under kerosene-contaminated con-
ditions, identifying the optimal texture geometry for copper substrates, and establishing
a clear linkage among picosecond laser processing, interfacial architecture, and coating
performance—ultimately providing a laser-enabled route to enhance solid lubricant coating
reliability in severe sliding environments.

In this investigation, a picosecond laser surface texturing (PLST) pretreatment was
applied to copper substrates to construct a controllable interfacial microgroove architecture
prior to MSH-based solid lubricant coating deposition. The microstructures of the resulting
coatings were systematically characterized, and their tribological response and interfacial
adhesion were quantified. For benchmarking purposes, two conventional substrate pre-
treatment methods (mechanical polishing and sandblasting) were also implemented, and
the resultant coatings were evaluated under identical test conditions [36]. By linking ultra-
fast laser processing, interfacial geometry, and coating performance, this work provides a
laser-enabled surface-engineering route to improve the reliability of solid lubricant coatings
under severe sliding environments.

https://doi.org/10.3390/lubricants14040162

https://doi.org/10.3390/lubricants14040162


Lubricants 2026, 14, 162 3 of 17

2. Experimental Section
2.1. Coating Materials and Preparation

The solid lubricating coating prepared in this paper includes lubricating phases (nano-
MSH, molybdenum disulfide, and graphite), reinforcement phases (nano-aluminum oxide
and cerium fluoride), and a binder (polyimide resin). Among them, nano-MSH is an
oxygen-containing salt formed by the combination of octahedral layers of magnesium
cations and tetrahedral layers of silicate, with the chemical formula ideally expressed as
Mg2[Si4O10](OH)2. Its chemical composition consists of 31.72% MgO, 63.52% SiO2, and
4.76% H2O. Specific information on other materials can be found in Table 1.

Table 1. Coating original material information.

Coating
Composition

Name and Chemical
Formula Size Manufacturer

Lubrication phases

Molybdenum disulfide
(MoS2) <2 µm Shanghai Aladdin Bio–Chem

Technology Co., Ltd., Shanghai, China

Graphite (C) 8000 mesh Shanghai Macklin Biochemical
Technology Co., Ltd., Shanghai, China

MSH (Mg2[Si4O10](OH)2) <2 µm self-developed

Reinforcement phases
Alumina A (AL2O3) 20 nm Shanghai Aladdin Bio–Chem

Technology Co., Ltd., Shanghai, ChinaCerium fluoride (CeF3) 3 µm

Bonding phase Polyimide
((C22H10N2O4)n) - Qinyang Tianyi Chemical Co., Ltd.,

Qinyang, China

The synthesis of the MSH-based composite coating entailed a multistep protocol:

1. High-energy mechanical homogenization of solid powders with a mass ratio of
MoS2: graphite: MSH: Alumina: Cerium fluoride = 5:2:5:0.4:1.2 to obtain the mixed
lubricant materials.

2. Adding the mixed solid materials into the PI liquid dissolved in dimethylformamide
solvent, meanwhile controlling the mass ratio of solid materials to PI equal to 1:2.

3. Setting atmospheric spraying parameters including pressure 0.48 MPa, and spraying
distance 225 mm, implemented using the self-developed spraying machine shown in
Figure 1a. The appearance of the prepared coating is shown in Figure 1b. The suspen-
sion mixture liquid was sprayed on the surface of copper after degreasing, surface
activation (micro-roughening), polishing, and subsequent substrate pretreatment by
picosecond laser texturing or sandblasting (details below).

4. Desiccation of the coating-coated copper substrate in air for 60 min to remove most of
the solvent, followed by a drying phase within a vacuum furnace at 200 ◦C for 1 h.

A picosecond pulsed laser system (Figure 1c, picosecond pulsed laser) was used
to fabricate textures of different shapes. The picosecond pulse regime was selected to
achieve precise micro-texturing with minimal thermal damage on copper. The textures
were written by galvanometer scanning under ambient conditions, and an in situ debris
removal device was used to reduce particle redeposition. The experimental setup for
ultrafast laser processing and the laser path primarily consist of a picosecond laser, a
single-wavelength reflector, a beam expander, a quarter-wave plate, a lifting and steering
frame, a scanning galvanometer, an F-theta field lens, and a debris removal device. For
the texture fabrication in this study, the laser system was operated at a wavelength of
532 nm, a pulse duration of 10 ps, a repetition frequency of 100 kHz, and a focal length of
286 mm. The beam spot diameter was 15 µm, the scanning speed was 100 mm/s, the hatch
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spacing was 5 µm, and the number of scan passes was 2. The laser power varied within the
range of 0.2–0.5 W depending on the target texture parameters. Prior to coating deposition,
the textured surfaces underwent degreasing, rust removal, and polishing treatments. By
tuning the average laser power, scan passes, and hatch spacing, textures with the target
groove dimensions (depth ~15 µm, width ~120 µm, spacing ~500 µm) were obtained for
subsequent coating deposition and testing [11]. The linear, circular, and square textures
(Coating-T1, -T2, -T3) were all fabricated with these identical groove dimensions.

 

Figure 1. (a) Coating spraying equipment. (b) Coating physical picture. (c) Picosecond laser texturing
equipment. (d) Ball-on-disk friction and wear test equipment.

The corresponding coatings for these different metal substrate pretreatments are
labeled as Coating-P (mechanical polishing), Coating-S (sandblasting process), Coating-T1
(PLST-linear texture), Coating-T2 (PLST-circular texture), and Coating-T3 (PLST-square
texture), respectively. As shown in Table 2 and Figure 2, the surface roughness and
morphological characteristics after different metal substrate pretreatments are presented.
Among them, mechanical polishing was sequentially performed using 800-grit, 1200-grit,
and 1500-grit polishing papers on a polishing machine. The sandblasting process employed
120-grit silicon nitride particles, conducted at a distance of 100 mm from the workpiece
surface under a pressure of 0.4 MPa.

Table 2. Roughness values of coatings corresponding to different surface pretreatments of
metal substrates.

Samples Coating-P Coating-S Coating-T1 Coating-T2 Coating-T3

Ra (µm) 0.156 0.164 0.157 0.148 0.150
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Figure 2. Surface and three-dimensional morphology of (a) Coating-P, (b) Coating-T1. Laser-textured
patterns of (c) linear (Coating-T1), (d) circular (Coating-T2), and (e) square (Coating-T3) textures.

2.2. Tribometry and Wear Track Characterizations

Friction and wear examinations were executed on a ball-on-disk rotating tribome-
ter (Rtec MFT-3000, Rtec Instruments, San Jose, CA, USA), with a relative humidity of
35% ± 5% and an open-air system, as shown in Figure 1d. A bearing steel sphere, 9.6 mm
in diameter and 62 ± 2 HRC in hardness, was deployed as the counter-material, boasting a
roughness of ~20 nm. The experimental parameters were a temperature of 25 ◦C, a wear
track radius of 10 mm, an applied load of 10 N (corresponding to a maximum Hertzian
contact pressure of 1.05 GPa), and a test time of 3600 s. The test rotational speeds were 500,
800, and 1000 rpm.

To examine the resulting wear tracks, a Helios G4 PFIB CXe dual-beam workstation
(Thermo Fisher Scientific, Hillsboro, OR, USA) with an integrated EDAX detector (Oxford
X-Max 20, Oxford Instruments, Oxford, UK) for energy dispersive X-ray spectroscopy (EDS)
was used. Characterization was conducted at a beam current of 1.6 nA and an acceleration
voltage of 5 kV. Chemical mapping was performed with 8 cumulative frames.

2.3. Coating Adhesion Tests

To investigate the mechanism by which surface texturing enhances the tribological
performance of coatings, this study employed an Rtec SMT-5000 ( Rtec Instruments, San
Jose, CA, USA) nano-scratch tester to evaluate the coating–substrate bonding strength,
which serves as a critical indicator for assessing coating tribological properties and service
life. The nano-scratch tests utilized identical substrate materials and coating types as
described in Sections 2.1 and 2.2. The scratching experiments were performed in a constant
loading-rate mode with linearly increasing normal load, featuring a 5 mm scratch length,
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applied load ranging from 0 N to 50 N, and a scratching speed of 0.1 mm/s. A diamond
Berkovich indenter (triangular pyramid) with a tip radius of 1 µm was employed for
the scratch tests. Post-scratch characterization was conducted using scanning electron
microscopy to analyze the microscopic morphology and elemental distribution within the
scratched regions. For clarity in the following figures, representative SEM morphologies
are shown for a typical segment of the scratch track.

3. Result and Discussion
3.1. Solid Lubricant Coating Characterization

Microstructural and chemical composition analyses were performed on coatings
prepared on substrates subjected to three pretreatment methods—mechanical polishing
(Coating-P), sandblasting (Coating-S), and picosecond laser texturing (Coating-T1)—as
shown in Figure 3. Since the laser-textured patterns were covered by the sprayed coat-
ing and therefore do not directly appear in the top-surface SEM morphology, Coating-T1
was selected as the representative sample for detailed surface-phase distribution analysis.
Under 100× and 1000× magnification, all coating surfaces exhibited relatively smooth char-
acteristics while retaining regular scratch patterns from post-polishing treatment. Further
examination of the morphology and elemental distribution in Figure 3f,g revealed distinct
compositional characteristics: Mg, Si, and O elements showed large-area aggregated distri-
bution, while Mo, S, and C elements displayed finer dispersed patterns. This observation
indicates that the MSH components in the coating system tend to form aggregated struc-
tures within the composite material, whereas MoS2 and graphite are more dispersed within
the matrix.

 

Figure 3. Surface morphologies of (a,d) Coating-P, (b,e) Coating-S, and (c,f) Coating-T1. Panels
(a–c) and (d–f) correspond to magnifications of 100× and 1000×, respectively. (g) Corresponding
three-dimensional EDS elemental mapping of Coating-T1 for the region shown in (f).
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From a laser-processing perspective, PLST defines the interfacial topography before
spraying. Cross-sectional observations (Figure 4) confirm that the laser-written groove
geometry is preserved at the substrate interface. Therefore, this study focuses on the solid
lubricant coating corresponding to linear surface texturing (Coating-T1), with samples
prepared using the spraying process described in Section 2.1. Systematic analysis was con-
ducted on the cross-sectional morphology, thickness, and elemental distribution (Figure 4).
As shown in Figure 4(a,b1–b8), the textured morphology within the coating matches the
white-light 3D topography measurements in Figure 2c: the linear texture features a central
depth of approximately 15 µm with a surface width of ~120 µm. Due to picosecond laser
ablation characteristics and edge accumulation effects, the depth slightly increases at both
edges of the groove, with an adjacent texture spacing of about 500 µm.

 

Figure 4. (a) and (b1) Cross-sectional morphologies of Coating-T1 at 30× and 500× magnifi-
cation, respectively. (b2) Backscattered electron (BSE) image showing atomic number contrast.
(b3–b8) Corresponding EDS elemental maps of the region shown in (b1,b2). Line-scan analysis along
Line 1 in (b2) illustrates the through-thickness distribution of (c) Mg (indicative of the MSH phase)
and (d) Mo (indicative of the MoS2 phase) and (e) C (representing graphite phase).

Analysis of elemental mapping (Figure 4(b3–b8)) and elemental distribution curves
along the texture depth direction (Figure 4c,d) revealed that characteristic elements of
MSH (Mg, Si, O) and Mo/S elements from MoS2 were distributed throughout both the
groove region and the coating matrix, while the carbon signal from graphite remained
relatively lower. Notably, consistent with observations in Figure 3g, MSH tended to exist
as aggregates within the coating, whereas MoS2 exhibited a more dispersed distribution
pattern. These results confirm the distinct distribution characteristics of different lubricating
phases and indicate that the groove regions can serve as phase-rich reservoirs embedded in
the coating–substrate interfacial architecture.
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3.2. Tribometry and Wear Track Characterization

Under the experimental conditions of 10 N and 800 rpm, Figure 5 systematically com-
pares the tribological performance differences of composite coatings containing the MSH
lubricating phase on copper metal substrates subjected to three pretreatment processes: me-
chanical polishing, sandblasting, and picosecond laser texturing. As shown in the friction
coefficient evolution curves in Figure 5a, all three types of coatings exhibit typical “run-in to
stable” wear characteristics. The friction coefficient rapidly rises to a peak during the initial
stage before gradually decreasing and stabilizing. This phenomenon is attributed to minor
wear caused by significant Hertzian contact pressure and shear forces during initial contact.
With the continuous release of lubricating phases including graphite, MoS2, and MSH, the
friction coefficient eventually reaches a stable state. Notably, Coating-T1 demonstrates the
most excellent friction-reducing performance, with a stable-stage friction coefficient of only
0.038, significantly lower than that of Coating-P (0.048) and Coating-S (0.052).

 

Figure 5. (a) The variation in the friction coefficient with the sliding time, (b) average friction
coefficient obtained on copper metal substrates subjected to three pretreatment processes under the
experimental conditions of 10 N and 800 rpm, and (c) the cross-sectional depth profile across the wear
track for Coating-P, Coating-S, and Coating-T1 obtained at test conditions of 10 N and 800 rpm. The
wear scar optical morphologies of the corresponding ball samples: (d) Coating-P, (e) Coating-S, and
(f) Coating-T1.

Analysis of the cross-sectional profiles of wear scars in Figure 5c reveals that under the
friction conditions of 10 N and 4.8 × 104 revolutions (corresponding to 3600 s at 800 rpm),
none of the three coatings show catastrophic material removal. However, the surface
morphology of Coating-T1 is the smoothest, with noticeably fewer high-frequency scratch
peaks in the wear scar area compared to the other two groups. This result is corroborated
by the corresponding ball sample wear scar morphology shown in Figure 5d–f. The wear
scar diameter for Coating-T1 (322.8 µm) is approximately 6% smaller than that of Coating-P
(342.3 µm) and Coating-S (344.2 µm). This demonstrates that picosecond laser texturing
pretreatment can effectively improve the tribological performance of coatings, while the
modification effect of conventional mechanical polishing and sandblasting is relatively
limited under the same sliding conditions.

Figure 6 displays the morphologies of the three different composite coatings after
friction tests at 10 N and 800 rpm. For Coating-P (mechanically polished pretreatment),
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the wear was the most severe, with noticeable material spalling observed in the wear
scar region (Figure 6a). High-magnification microscopic examination (Figure 6d) further
revealed a network of microcracks within the coating. This damage characteristic indicates
that the material underwent brittle fracture and local delamination during the friction
process. In contrast, Coating-S (sandblasted pretreatment) exhibited significantly reduced
wear (Figure 6b), though localized short cracks and material smearing caused by plastic
deformation were still observed (Figure 6e). This suggests that while its wear resistance
outperformed Coating-P, insufficient coating–substrate bonding strength remained a limit-
ing factor for suppressing microcrack initiation under cyclic shear. Meanwhile, Coating-T1
(picosecond laser-textured pretreatment) demonstrated the best wear resistance (Figure 6c).
Its wear scar boundaries were indistinct, with almost no observable spalling on the sur-
face. High-magnification imaging (Figure 6f) confirmed a dense coating structure with
no obvious cracks or delamination. These results further validate that picosecond laser
texturing pretreatment enhances interfacial bonding and structural integrity of the coating,
effectively suppressing crack initiation and propagation during wear.

 

Figure 6. Morphological of the worn surfaces for (a,d) Coating-P, (b,e) Coating-S, and (c,f) Coating-T1
at 100× and 500× magnification.

This study systematically investigates the influence of three micro-texture morpholo-
gies (linear, circular, and square) on the tribological performance of coatings, aiming to
identify the optimal texture shape. Figure 7a–c present the friction coefficient evolution
curves of three textured coatings (Coating-T1/T2/T3) under different rotational speeds
of 500, 800, and 1000 rpm. The results demonstrate that, within the tested parameter
range, the linear-textured coating consistently exhibits the best tribological performance,
maintaining a stable average friction coefficient between 0.045 and 0.053 (Figure 7d), which
is significantly lower than those of square- and circular-textured coatings. Notably, when
the rotational speed increases to 1000 rpm, the circular-textured (Coating-T2) and square-
textured (Coating-T3) coatings show a sharp rise in friction coefficient after 8.6 × 103 and
2.1 × 103 cycles, respectively, indicating coating failure and substrate exposure. In contrast,
the linear-textured coating maintains stable frictional performance even under these severe
sliding conditions, confirming its superior wear resistance and friction-reducing properties.
These findings provide direct experimental evidence for optimizing the surface texture
design of coatings and highlight the advantages of linear micro-textures in enhancing
durability and tribological efficiency.
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Figure 7. (a–c) The variation in the friction coefficient with the sliding time for three different coatings
at test conditions of 500, 800, and 1000 rpm, respectively. Inset in (c) is the photograph of samples
showing copper substrate exposure after failure of Coating-T2. (d) Average friction coefficient
obtained at different rotational speeds.

3.3. Mechanism Analysis

Figure 8a–c respectively present the electron micrographs of the scratches on the
surfaces of Coating-P, Coating-S, and Coating-T1, under progressive loading conditions
(0–50 N, loading rate 0.1 mm/s). The corresponding evolution curves of the normal force
and friction coefficient versus loading time are also shown. A comparison of the three sets
of images reveals that as the load increases, the friction coefficients of all three coatings
initially rise to a peak of approximately 0.3, followed by fluctuations within a certain range.
Notably, Coating-P almost completely delaminates from the copper substrate after the load
reaches 7.05 N, and its friction coefficient stabilizes between 0.25 and 0.30, consistent with
extensive coating removal and direct copper participation in sliding.

Further analysis of the fluctuation ranges of the friction coefficients for Coating-S and
Coating-T1 in the later stages shows that the upper and lower limits of the friction coefficient
correspond to exposed copper regions and residual coating regions, respectively. Coating-S
exhibits high-frequency fluctuations, consistent with the dense asperities introduced by
sandblasting (Figure 2b). Although the arithmetic roughness (Ra) is comparable (Table 2),
the peak-to-valley height (Rz/Rt) of the sandblasted surface is much larger (on the order of
tens of micrometers), leading to discontinuous lubricant retention and frequent exposure of
local copper areas during scratching, its ability to trap and continuously retain lubricating
materials (graphite, MoS2, and MSH) is limited; therefore, the minimum friction coefficient
remains between 0.20 and 0.25. In contrast, Coating-T1 does not rely solely on random
roughness to capture lubricating phases. Instead, it leverages designed microgrooves (depth
~15 µm, width ~120 µm, spacing ~500 µm; Figures 2d and 4) to provide more effective
phase retention and replenishment pathways along the scratch/sliding direction, thereby
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reducing the minimum friction coefficient to 0.15–0.22 in the later stage of scratching.
Furthermore, based on whether the coating delaminates to expose the copper substrate, the
adhesion strengths of Coating-P, Coating-S, and Coating-T1 to the substrate are determined
to be 7.05 N, 15.85 N, and 26.05 N, respectively. This result provides a direct explanation for
the friction behaviors shown in Figures 5 and 7, indicating that linear texturing significantly
enhances the friction-reducing and anti-wear properties of the coating compared with
mechanical polishing and sandblasting.

Figure 8. During the scratch testing process, the evolution curves of the normal force and friction
coefficient versus scratching time, along with the microscopic morphology of the scratches, are
presented. Figures (a–c) correspond to the scratch results for Coating-P, Coating-S, and Coating-T1,
respectively. The critical load for coating–substrate adhesion is determined based on the exposure of
the copper substrate, which is marked in the figures.
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Figure 9a,b present the electron micrographs of scratches made by a conical indenter
on the surfaces of Coating-T2 and Coating-T3 under identical test conditions, along with the
corresponding evolution curves of normal force and friction coefficient versus loading time.
When the load gradually increases to 21.21 N, the coating corresponding to the circular
texture begins to delaminate. Moreover, during subsequent scratching, it fails to achieve
the capture and replenishment of lubricating materials, resulting in the friction coefficient
consistently remaining above 0.3. As for the square texture, its coating delaminates when
the load reaches 23.78 N. Although it exhibits some ability to replenish lubricating materials
in subsequent scratching, due to its lower adhesion strength compared to the coating with
linear texture, it still demonstrates inferior friction-reducing and anti-wear performance.

Figure 9. During the scratch testing process, the evolution curves of the normal force and friction
coefficient of the conical indenter versus scratching time, along with the microscopic morphology of
the scratches for (a) Coating-T2 and (b) Coating-T3. The critical load for coating–substrate adhesion
is determined based on the exposure of the copper substrate, which is marked in the figures.

Figure 10 shows the morphological and elemental distribution analysis performed
on Coating-T1 in a region close to substrate exposure after the scratch test. As the loading
depth increased, cracks within the coating gradually multiplied, accompanied by the ap-
pearance of extrusion wrinkles. These cracks were primarily distributed along both sides
of the scratch and extended inward with increasing load. Elemental mapping analysis
of Area 1 revealed that, although the coating was severely damaged by the indenter ac-
tion, elements such as Mg, Si, O, Mo, S, and C were still adhered to the copper substrate
surface. This indicates that lubricating phases composed of MSH, MoS2, and graphite
can be retained within the designed surface textures and continuously replenished during
sliding/scratching, thereby contributing to friction stabilization and suppression of catas-
trophic delamination. In combination with the enhanced critical load and the reduced wear
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damage morphology, the overall mechanism can be summarized as follows: picosecond
laser-induced microgrooves improve (i) mechanical interlocking at the coating–substrate
interface and (ii) lubricating phase storage/transport, which together enhance adhesion
and tribological durability.

 

Figure 10. (a,b) Surface morphologies and (c–i) corresponding EDS elemental mapping of Coating-T1
after nano-scratch test.

The experimental results above can be rationalized by considering contact mechanics.
The nominal Hertzian contact pressure under 10 N is 1.05 GPa (Section 2.2). The presence
of microgrooves modifies this stress distribution: stress concentration at groove edges
enhances mechanical interlocking, while the reduced real contact area lowers effective
friction. As illustrated in the lower-right inset of Figure 11, under load the counter-surface
undergoes local elastic deformation, pressing coating material into the microgrooves to
form mechanical anchors. Cyclic sliding also pumps solid lubricants from the grooves to
the interface.

Based on this contact-mechanical understanding, the PLST-fabricated linear mi-
crogrooves act as a parameter-controlled interfacial architecture that (i) provides mechanical
interlocking, retarding crack initiation and delamination, and (ii) serves as phase-rich reser-
voirs, continuously supplying lubricants to the sliding contact. During running-in, stored
lubricants are gradually released, facilitating a stable transfer film and stabilizing friction.
Under kerosene-contaminated conditions, the grooves also promote lubricant entrainment
and mitigate starvation. Overall, the synergy of interfacial strengthening and lubricant
retention accounts for the lower friction and enhanced adhesion of Coating-T1.

Building on these kerosene-contaminated results, it is instructive to consider how the
proposed mechanisms might behave under other lubrication regimes. Under fully dry
sliding, the absence of fluid-assisted transport could reduce lubricant replenishment from
the groove reservoirs, potentially shortening wear life. In oil-lubricated environments,
the microgrooves may additionally promote hydrodynamic effects, though compatibility
with solid lubricants would need further study. The present findings are limited to the
tested conditions (load, speed, counter-material, and kerosene contamination); broader
applicability remains to be verified.

https://doi.org/10.3390/lubricants14040162

https://doi.org/10.3390/lubricants14040162


Lubricants 2026, 14, 162 14 of 17

 

Figure 11. Schematic illustration of the friction-reduction and adhesion-enhancement mechanisms
enabled by linear laser microgrooves in Coating-T1.

4. Conclusions
In conclusion, this paper focuses on an MSH-containing solid lubricant coating pre-

pared on copper substrates and investigates the effects of substrate texturing pretreatment
(via picosecond laser) on the friction coefficient, wear behavior, and coating–substrate
adhesion. Ball-on-disk tests in a kerosene-contaminated environment show that texturing
pretreatment significantly reduces the steady-state friction coefficient and improves wear
resistance compared to traditional mechanical polishing and sandblasting. Nano-scratch
tests further demonstrate a marked increase in the critical load for coating failure, indicating
enhanced interfacial adhesion. This improvement is primarily attributed to (i) mechanical
interlocking facilitated by the designed microgrooves and (ii) storage and sustained re-
lease/replenishment of lubricating phases. Furthermore, the study reveals that the texture
shape has a significant impact on tribological performance: linear microgrooves provide
the most stable friction and the highest adhesion among the three investigated geometries
(linear, circular, and square). These findings support the use of textured substrate pre-
treatment as an effective strategy for improving the reliability of solid lubricant coatings
under severe sliding conditions, and they offer guidance for texture-shape optimization.
From a tribological optimization perspective, the results highlight that well-designed
interfacial micro-textures (fabricated via maskless and controllable picosecond laser pro-
cessing with limited thermal influence) are crucial for governing coating adhesion and
tribological stability.
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Nomenclature

PLST Picosecond laser surface texturing
MSH Magnesium silicate hydroxide
PI Polyimide
DMF Dimethylformamide
ps/fs Picosecond/femtosecond
Coating-P Coating on mechanically polished copper substrate
Coating-S Coating on sandblasted copper substrate
Coating-T1 Coating on linear-textured copper substrate
Coating-T2 Coating on circular-textured copper substrate
Coating-T3 Coating on square-textured copper substrate
HRC Rockwell hardness C scale
Lc Critical load for coating delamination
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