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Abstract
The 6082-T6 aluminium alloy is widely used in engineering applications but its broader deployment is restricted by poor wear 
and friction resistance. Solid lubricants such as molybdenum disulphide (MoS2) can improve its tribological performance; 
however, their effectiveness is limited by short service life and the need for frequent replenishment. Laser surface texturing 
(LST) has proven effective in extending lubricant lifespan, yet the influence of tribological system configuration on textured, 
solid-lubricated aluminium surfaces remains insufficiently understood. In this study, the combined effects of groove texture 
density (TD) and pin-on-disc configuration on the tribological behaviour of MoS2-coated 6082-T6 aluminium alloy were 
systematically investigated. Groove patterns with TD values ranging from 25 to 100% were fabricated using an infrared 
nanosecond pulsed fibre laser, and MoS2 coatings were applied by spraying. Tribological performance was evaluated under 
dry and lubricated conditions using three configurations: textured pin, textured disc, and both pin and disc textured. Finite 
element analysis was conducted to examine the influence of surface texturing and groove orientation on compression and 
ejection normal stresses. Laser surface texturing extended the MoS2 lubricant service life by approximately 2 to 50 times 
compared with non-textured surfaces, depending on TD and configuration. Increasing TD consistently enhanced lubricant 
lifespan. Among all configurations, the pin-and-disc system exhibited the longest service life, while the textured pin con-
figuration showed the shortest. Finite element results identified ejection stress as the dominant factor governing lubricant 
depletion, providing new insight into stress-mediated solid lubrication mechanisms for 6082-T6 aluminium alloy.
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1  Introduction

6082-T6 aluminum alloy (6082-T6) is widely used in aero-
space, automotive, and energy applications due to its high 
strength-to-weight ratio, excellent corrosion resistance, 
and good formability [1–3]. Despite these advantages, its 
comparatively low hardness and strong adhesive tendencies 
lead to poor tribological behavior, particularly manifesting 
as high friction and accelerated wear. Consequently, the use 

of lubricants is often indispensable in applications involving 
6082-T6 [4].

To overcome these limitations, a wide range of lubri-
cants including solid (powders), semi-solid (greases), and 
liquid (oils and water-based solutions) has been explored. 
Solid lubricants are especially suitable for severe operating 
environments characterized by elevated temperatures, high 
loads, or vacuum conditions [5, 6]. Among them, molybde-
num disulphide (MoS2) is notable for its chemical inertness, 
low solubility, high wear resistance, and exceptionally low 
coefficient of friction [5, 7–9]. However, the durability of 
MoS2 lubrication is constrained by gradual depletion dur-
ing sliding, necessitating periodic replenishment to maintain 
performance.

Surface texturing has emerged as an effective strategy 
to mitigate lubricant depletion and extend lubrication lifes-
pan. Engineered textures act as micro-reservoirs capable 
of storing and gradually releasing solid lubricant during 
sliding, compensating for material loss and prolonging the 
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effectiveness of the coating. Additionally, textured features 
can entrap wear debris and thereby reduce abrasive interac-
tions, further improving wear resistance [9–13]. A variety 
of methods have been employed to produce such textures, 
including mechanical machining [14], chemical etching [15], 
electrical discharge machining [16], plasma treatment [17], 
and laser processing [12, 18–20]. Of these, laser surface tex-
turing (LST) is particularly attractive due to its environmen-
tal cleanliness, absence of tool wear, high reproducibility, 
capability for automation, and capacity for fabricating pre-
cise and diverse microgeometries [9, 12, 18, 19]. The avail-
ability of multiple laser types with differing wavelengths and 
pulse durations further enhances the flexibility of LST for 
tailoring surface architectures.

When applying LST to aluminum alloys such as 6082-T6, 
the choice of laser wavelength and pulse duration plays a 
critical role in determining texture quality. Ultraviolet lasers 
provide strong optical absorption in aluminum but are lim-
ited by operational complexity, high power consumption, 
and low pulse energy [21, 22]. Green lasers offer higher 
pulse energy and operational simplicity, although their 
absorption remains lower than that of ultraviolet sources [23, 
24]. Infrared lasers, despite lower absorption, are widely 
used due to their significantly higher pulse energies and ease 
of operation [22]. Regarding pulse duration, nanosecond-
pulsed lasers remain the most commonly adopted for LST 
because they limit the heat-affected zone (HAZ) while deliv-
ering sufficient energy for efficient ablation [25]. In contrast, 
continuous-wave, millisecond, and microsecond pulses gen-
erate excessive melt and a large HAZ, compromising texture 
precision [23]. Ultrashort pulsed sources (picosecond and 
femtosecond) minimize thermal effects but require substan-
tially more pulses due to lower pulse energies, resulting in 
longer processing times [13, 18, 25, 26].

In addition to laser parameters, texture density (TD) is 
a critical factor governing the tribological response of tex-
tured, solid-lubricant-coated surfaces. TD influences both 
friction behaviour and lubricant lifespan [7–9, 12, 19, 20, 
27–30]. However, the optimal TD is not universal; it depends 
on several interacting variables, including the solid lubricant 
type, texture geometry, substrate properties, lubricant depo-
sition method, and importantly the nature of the tribologi-
cal contact. While increasing TD may enhance performance 
under certain conditions, improvements are often confined 
to a specific TD range determined by the system’s mechani-
cal and kinematic characteristics [10, 20, 27]. To optimise 
texture design and better understand the mechanisms gov-
erning friction, wear, lubricant retention, and stress distribu-
tion, researchers have increasingly employed finite element 
analysis (FEA) as a complementary tool alongside experi-
mental investigations. FEA enables detailed assessment of 
local contact conditions and provides valuable insight into 

the influence of texture geometry and density on tribological 
performance.

Finite element analysis has demonstrated to be a valu-
able tool for investigating the influence of laser-induced 
textures on the tribological properties of various systems. 
Uddin et al. [31] investigated the effect of the texture geom-
etry, encompassing surface and 3D profile, as well as aspect 
ratio and texture density, on the tribological performance of 
the liquid-lubricated system under multidirectional sliding. 
Texture density was found to exert a higher influence on the 
friction coefficient than aspect ratio. Chevron, ellipsoid, and 
triangle geometry presented anisotropic tribological proper-
ties with respect to the sliding orientation. Zhang et al. [32] 
carried out a comparable investigation under single direction 
sliding conditions, employing different texture morpholo-
gies. Among the textures investigated, fish and bullet texture 
patterns exhibited the optimal stress distribution for the tri-
bological properties. Lu et al. [33] utilized the same simula-
tion methodology to determine the optimal texture pattern to 
improve the wear resistance of the cobalt alloy under sliding 
reciprocating conditions. Texture patterns investigated com-
prised dimples, groove, and grid configuration, with grid 
patterns yielding the lowest wear ratio, attributed to the uni-
form normal stresses distribution. Ahuir-Torres et al. [34] 
investigated the effect of the laser-induced texture pattern 
morphology on the lifespan of the MoS2 lubricant under a 
ball-on-disc configuration employing finite element analysis. 
Groove pattern exhibited longer lubricant lifespan relative 
to the grid patterns, attributed to its more favorable normal 
stress distribution for the lubricant ejection. Collectively, 
these studies demonstrate that texture geometry and density 
significantly influence contact stress distribution, lubricant 
retention, friction behavior, and wear resistance. However, 
the optimal texture configuration remains highly dependent 
on the tribological system, lubrication mechanism, and oper-
ating conditions, highlighting the need for further investiga-
tion of texture design in solid-lubricated systems.

Although extensive studies have examined LST and MoS2 
lubrication on various metallic substrates [7–9, 12, 19, 20, 
27–30], comparatively little work has focused on aluminium 
alloys such as 6082-T6. Moreover, the influence of tribologi-
cal system configuration, whether the texture is applied to 
the pin, the disc, or both on the friction behaviour of solid-
lubricated textured surfaces remains insufficiently under-
stood. Most investigations focus on the surface texturing of 
a single contact body. These gaps limit the ability to design 
optimised surface architectures for MoS2-assisted tribologi-
cal systems involving aluminium alloys.

To address these shortcomings, the present study inves-
tigates the combined effects of groove-type texture density 
and tribological system configuration on the friction and 
wear behaviour of MoS2-coated 6082-T6. Grooves were 
fabricated using an infrared nanosecond fibre laser under 
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scanning mode, with TD varied from 0 to 100%. Pin-on-disc 
tests were conducted under three configurations: (i) textured 
pin against smooth disc, (ii) textured disc against smooth 
pin, and (iii) both components textured. Finite element 
simulations were performed to evaluate how system condi-
tions—including textured vs. non-textured surfaces, groove 
orientation relative to sliding direction, and contact body 
type—affect the spatial distribution of normal stress within 
the tribological interface. The resulting insights establish the 
optimal combination of texture density and system configu-
ration required to maximise the tribological performance of 
MoS2-coated 6082-T6.

2 � Experimental Set‑Up and Methodology

2.1 � Material

The tribological experiments employed 6082-T6 as the pri-
mary test material. Its chemical composition is presented in 
Table 1. Two sample geometries were prepared: (1) Discs 
(40 mm diameter, 3 mm thickness) used as the rotating 
component in the pin-on-disc tests, and (2) Cylindrical rods 
(6 mm diameter, 30 mm length) used as the stationary pins.

2.2 � Laser Surface Texture

Prior to LST, samples were mechanically polished to a sur-
face roughness (Sa) of approximately 100 nm using P1200 
SiC abrasive paper, a condition recommended for optimal 
laser processing [35]. Samples were then cleaned following 
a multi-stage procedure consisting of detergent washing, a 
freshwater rinse, distilled water rinse, isopropanol spray, and 
heat drying. Groove patterns were selected as the texture 
geometry due to their extensive use and proven effectiveness 
in LST applications [36].

LST was performed using an infrared nanosecond-
pulsed fiber laser (SPI Laser G3 20 W) equipped with a 
1064 nm beam expander (Linos 2–8 ×), a galvanometric 
scanner (Nutfield Extreme-15-YAG) operated via SAM-
Light v3.05 (SCAPS GmbH), and a 100 mm focal-length 
f-theta lens (Linos Ronar). Samples were mounted on a 
three-axis automated positioning stage (Aerotech Ltd., 
UK). A schematic of the system is shown in Fig. 1. The 
laser operated at 1064 ± 5 nm in TEM00 mode (M2 = 2.1), 
with pulse durations between 9 and 200 ns and repeti-
tion frequencies of 1–500 kHz. The maximum average 
power and pulse energy before the optical system were 

22 W and 880 µJ, respectively. The beam expander pro-
duced a 5.7 mm raw beam diameter. Beam steering via 
the galvanometer enabled scan speeds from 10−2 mm/s 
to 2 × 104 mm/s. Grooves were generated using a 400 µm 
defocused beam with overlapping pulses along the scan-
ning direction.

TD of 25, 50, 75, and 100% were produced. Post-tex-
turing, samples were cleaned using the same procedure 
described earlier. The complete set of LST parameters is 
provided in Table 2.

Table 1   Chemical composition 
of 6082-T6 (wt%)

Element Al Si Mg Mn Fe Cu Zn Ti

Concentration (wt%) 96.82 1.00 0.90 0.70 0.25 0.05 0.10 0.05

Fig. 1   Schematic of the laser surface texturing setup [34]

Table 2   Laser processing parameters used for surface texturing

Parameter Value

Wavelength (nm) 1064 ± 5
Pulse length (ns) 200
Transverse electromagnetic mode 00
Focussing lens focal length (mm) 100.00
Raw beam diameter (mm) 5.7
Beam quality factor 2.1
Focused beam size (µm) 51
Rayleigh length (µm) 898
Distance to the focal point (µm) 400
Defocused beam size (µm) 56
Scan rate (mm/s) 625
Pulse repetition frequency (kHz) 25
Atmosphere Air
Pulse energy (µJ) 236
Average power (W) 5.8
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2.3 � Tribological Tests

Tribological tests were carried out using a pin-on-disc appa-
ratus (Koehler K93590) under three configurations (Fig. 2): 
(1) pin configuration: textured or non-textured 6082-T6 pin 
against an SAE 52100 steel disc. (2) disc configuration: SAE 
52100 steel pin against a textured or non-textured 6082-T6 
disc. (3) pin-and-disc configuration: textured or non-textured 
6082-T6 pin against a textured or non-textured 6082-T6 
disc. SAE 52100 steel counter bodies (6 mm × 30 mm pin; 
100 mm × 30 mm disc) were supplied by Koehler Instru-
ments. The tribological testing parameters were selected in 
accordance with ASTM G99-18 [37].

Tests were conducted under dry and MoS2 conditions. 
Dry tests were performed only on non-textured 6082-T6 

discs and used as a baseline. For lubricated tests, samples 
were coated with an aerosol spray with 70% in volume of 
MoS2 purity and various organic binders (CRC “Dry Moly 
Lube”, RS Components). Coatings were cured for 24 h, 
resulting in a final thickness of 15 ± 3 µm, measured by opti-
cal profilometry (Sect. 2.4). In the pin-and-disc configura-
tion, both components were coated with MoS2, while the 
SAE 52100 counter bodies remained uncoated throughout 
all tests.

Testing parameters are summarized in Table 3. Each test 
was repeated at least three times to ensure statistical signifi-
cance. Error bars in all graphical results represent the stand-
ard deviation of the repeated measurements. It is important 
to note that the nominal contact pressure was calculated 
in accordance with ASTM G99-18 [37]. However, factors 

Fig. 2   Schematic representation of the three pin-on-disc test configurations used in this study with and without lubrication
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such as surface roughness, plastic deformation, and texture 
geometry can locally alter the contact pressure distribution. 
To evaluate the influence of these factors on local contact 
stresses and pressure distribution, a series of finite element 
simulations were performed, as described in Sect. 3.

2.4 � Characterization Methods

Surface topography and groove geometry were character-
ized using a Bruker ContourGT optical profiler operating 
in vertical scanning interferometry (VSI) mode with green 
light illumination and a 50 × objective. Groove width and 
depth were calculated by averaging measurements from ten 
randomly selected textured areas.

Surface morphology and chemical composition were 
analysed using a Hitachi TM4000 Plus SEM. Imaging was 
performed using secondary electron (SE) and backscattered 
electron (BSE) detectors at accelerating voltages of 5 and 
15 kV, beam currents of 70 µA, and spot sizes of 2 and 3 µm. 
Elemental composition was obtained via energy-dispersive 
X-ray spectroscopy (EDS) using BSE detection at 15 kV and 
a spot size of 3 µm.

3 � Finite Element Analysis Modeling

Finite element simulations were conducted to evaluate the 
influence of test configuration on normal stress distribu-
tion, a key parameter affecting solid-lubricant ejection and, 
consequently, lubricant lifespan [38]. All simulations were 
performed using ANSYS 2024.

Models were constructed for non-textured surfaces 
and textured surfaces with 75% TD on the pin, disc, and 
both components (Fig. 3). Geometries were scaled down 
to reduce computational cost: (1) Pin: 0.60 mm diameter, 
1.50 mm length and (2) Disc: 1.50 × 1.50 × 1.5 mm.

Textured components were modeled as 6082-T6 Al, 
while non-textured surfaces were modeled as AISI 52100 
steel. The physical properties of the materials were obtained 
from ANSYS 2024 library. Groove geometry (width, depth, 

and spacing) was taken from experimental measurements 
(Sect. 4.1). The disc center was positioned at the origin, 
and the pin center was placed at (X = 0, Y = −0.40 mm, 
Z = 1.55 mm). 2D shell elements with triangular meshes 
(0.01 mm element size) was used, approximately four times 
smaller than the groove width (~ 45 µm).

Contact between the bodies was dynamically updated 
during sliding. The coefficient of friction was set to 0.30 to 
represent the lubrication condition, consistent with lubri-
cated experimental conditions (Sect. 4.2). A normal load of 
−0.10 N was applied to the pin to maintain the experimen-
tal contact pressure (354 kPa). Sliding motion was applied 
along the Y-axis at −0.10 ms−1, with either the pin or disc 
displaced depending on the configuration. In the real situa-
tion, the linear velocity gradually varies as a function of the 
position into the pin for pin-on-disc configuration, ranging 
from 0.13 ms−1 at the position furthest from the rotational 
center to 0.07 ms−1 at the position closest to the rotational 
center. The linear velocity employed in the simulations thus 
corresponded to the average of two real linear velocity val-
ues. Notably, these simulations were conducted as a qualita-
tive investigation of the tribological processes rather than a 
quantitative one. The non-moving body was fixed to prevent 
rigid-body motion. Gravity (9.807 N kg−1) was included in 
all simulations.

Because the disc rotates during testing and the groove 
orientation is unidirectional, the relative alignment between 
grooves and sliding direction varies continuously. There-
fore, simulations for textured surfaces were carried out under 

Table 3   Pin-on-disc test parameters

Parameter Value

Rotational speed (rpm) 100
Linear velocity (mm/s) 100
Worn track radius (mm) 10
Load (N) 10
Pressure (Pa) 354,000
Temperature (K) 298, room temperature
Humidity (%) 80, natural
Atmosphere Natural air

Fig. 3   Modeled system used for FEA simulation of the pin-on-disc 
configuration



	 Tribology Letters (2026) 74:8989  Page 6 of 17

three scenarios (Fig. 4): (a) grooves perpendicular to sliding, 
(b) grooves at 45°, and (c) grooves parallel to sliding. These 
scenarios were unnecessary for non-textured surfaces, which 
are tribological isotropic.

Simulation assumptions: (1) Disc and pin dimensions 
were scaled down through the correct adjustment of the 
pressure. It is justified by the flat surfaces of the pin and 
the disc. In flat surfaces, the contact area is equivalent to 
the nominal surface area of the interacting bodies. (2) The 
applied normal force was directly adjusted to maintain the 
experimental contact pressure, which enabled by the rela-
tive flat surfaces of the bodies. (3) Groove-rim asperities 
were omitted because the MoS2 coating fully covered the 
textured surface. (4) Material deformation was neglected, 
as MoS2 lubrication mitigated the elastic–plastic deforma-
tion of the material under the tested conditions, which was 
also observed for similar conditions in C28000 brass [34]. 
(5) The temperature of the simulations was maintained con-
stant, as the heat generated during the tribological testing 
is insufficient to melt the solid lubricant or alter its fluid-
ity. (6) The coefficient of friction was assumed as 0.3 due 
to this value corresponding with the coefficient of friction 
measured during the effective lubrication service period, 
according to the experimental results (Sect. 4.2.3). (7) The 
lubrication capability of the solid lubricant was assumed to 
remain constant over time as these parameters were observed 
to be stable during the tribological testing until the failure 
of the lubricant for the experimental results (Sect. 4.2.3). 
Accordingly, these simulations were conducted to analyze 
the configuration and texture influence on the lubrication 
compression and ejection while the solid lubricant exhibited 
an effective lubrication effect.

4 � Results

4.1 � Surface Characterization

Optical profilometry confirmed that the laser-gener-
ated grooves consistently exhibited a spherical-cap 

cross-section (Fig. 5a and b), characteristic of U-type 
textures [39, 40]. This geometry arises because only the 
central portion of the Gaussian beam possesses sufficient 
energy fluence to induce material removal. Pronounced 
crests were observed along the groove edges. These are 
attributed to the hydrodynamic displacement of molten 
material and the recoil pressure acting on the melt during 
nanosecond-pulse ablation, followed by rapid solidifica-
tion [36]. The average groove width and depth were 45 ± 4 
and 4.5 ± 0.4 μm, respectively (Fig. 5b), giving a depth-
to-width ratio of 0.1, a value commonly associated with 
favourable tribological behaviour under lubricated condi-
tions [9, 41–43].

TD was determined from the groove width (w) and 
the spacing between adjacent grooves (l), Table 4, using 
Eq. (1) [34]. Notably, groove width encompassed both 
the crest and the valley regions; consequently, the groove 
patterns at 100% TD exhibited a slight degree of overlap 
between the crests of the adjacent grooves.

Laser texturing produced distinct modifications to the 
surface topography relative to the non-textured condition 
(Fig. 5). These morphological changes became more pro-
nounced with increasing TD. At lower TD values, a rela-
tively wide flat region remained between adjacent grooves; 
however, this region diminished progressively at higher TD. 
At 100% TD, the pattern differed notably: adjacent grooves 
were separated only by narrow walls (~ 10 μm wide) formed 
by consolidated crest material, giving the surface a more 
ridge-like texture. Sa increased with increasing TD, which 
is a well-established effect of the laser surface texturing.

SEM imaging (Fig. 6) revealed the presence of re-solid-
ified ejected material surrounding all groove patterns, con-
firming that phase explosion was the dominant ablation 
mechanism. In nanosecond-laser ablation at high fluence, 
rapid superheating leads to the nucleation and expansion 
of liquid–vapour bubbles that rupture explosively, ejecting 

(1)TD = 100 ×
wl

l2

Fig. 4   Relative alignment 
between groove orientation and 
sliding direction: a perpendicu-
lar, b diagonal, c parallel



Tribology Letters (2026) 74:89	 Page 7 of 17  89

Fig. 5   a and b Optical profilometry of a representative laser-induced groove: a 3D topography, b cross-sectional profile. Surface topography of c 
non-textured sample and d–g textured samples at TD values of d 25%, e 50%, f 75%, and g 100%. h Summary of average surface roughness (Sa)
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molten material from the ablation site [44, 45]. The mor-
phology of the redeposited material observed here is con-
sistent with this mechanism.

Table 4   Lists the corresponding 
groove spacing used to produce 
TD values of 25–100%

TD(%) 25 50 75 100

l(μm) 180 90 60 45

Fig. 6   SEM-SE images of groove patterns on 6082-T6 at TD values of a 25%, b 50%, c 75%, and d 100%

Fig. 7   SEM top-view images of MoS2-coated groove patterns at 75% TD: a SE morphology, b BSE chemical contrast showing uniform coating 
distribution
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Figure 7 shows the morphology and chemical distribution 
of the MoS2-coated textured surfaces. The surface topogra-
phy of the coated samples was significantly affected by the 
groove structure (Fig. 7a), confirming that the MoS2 film 
(15 ± 3 μm) was sufficiently thin to be influenced by the 
laser-induced textures. BSE images (Fig. 7b) demonstrated 
uniform coating coverage across both groove interiors and 
crest regions. High-magnification SEM inspection indi-
cated that the coating consisted of MoS2 flakes with lateral 
dimensions of several hundred nanometres. Their nanoscale 
size enabled effective infiltration and anchoring within the 
textured grooves, ensuring adequate lubricant availability 
within the reservoirs.

4.2 � Pin‑on‑Disc Testing Results (Lubricant Service 
Life)

4.2.1 � Non‑textured Samples in Dry and Under Lubrication 
Conditions (Reference Values)

Figure 8 presents the temporal evolution of the coefficient 
of friction for non-textured 6082-T6 samples tested under 
dry and MoS2-lubricated conditions across the three pin-
on-disc configurations. Under dry sliding, all configura-
tions exhibited a rapid increase in coefficient of friction 
during the initial running-in stage, followed by a transi-
tion to a quasi-steady-state regime. The steady-state coef-
ficient of friction stabilised at 0.75 ± 0.07, 0.90 ± 0.08, 
and 0.70 ± 0.07 for the pin, disc, and pin-and-disc con-
figurations, respectively. These steady-state dry friction 
values were subsequently used as reference thresholds to 
define the loss of lubricating effectiveness of the MoS2 
coating. It is important to note that coefficient of friction 

thresholds associated with the lubrication lifespan were 
exclusively defined by the configuration of the tribological 
testing, as the lubricant coating was completely removed. 
Specifically, the MoS2 layer was considered functional if 
the measured coefficient of friction remained below the 
corresponding dry friction level for each configuration [9, 
11, 46].

Under MoS2 lubrication, all non-textured samples exhib-
ited an initially reduced coefficient of friction, ranging 
between 0.2 and 0.5, depending on the test configuration. 
Although solid lubricants such as MoS2 can theoretically 
achieve friction coefficients as low as 0.03, practical values 
are often higher due to variations in surface roughness, coat-
ing thickness, contact pressure, coating microstructure, and 
test conditions [1, 7, 9]. After a configuration-dependent 
sliding duration, the coefficient of friction increased abruptly 
to values comparable to those observed under dry condi-
tions, indicating the depletion or failure of the MoS2 lubri-
cating layer [11, 46, 47]. The duration of this low-friction 
regime, defined here as the lubricant service life, varied 
markedly with the test configuration. The service life was 
measured as 210 s for the pin configuration, 95 s for the disc 
configuration, and 1550 s for the pin-and-disc configuration.

The longer service life observed in the pin configuration 
compared to the disc configuration can be attributed to dif-
ferences in lubricant loss mechanisms. In the pin configu-
ration, MoS2 applied to the pin surface initially adheres to 
the steel disc under contact pressure. During sliding, the 
transferred MoS2 accumulates preferentially along the edges 
of the wear track on the disc, effectively delaying loss of 
tribological effectiveness from the contact zone [48]. Con-
versely, in the disc configuration, lubricant loss occurs 
through a combination of adhesion to the pin surface and 
mechanical dragging of the MoS2 film by the leading edge 
of the pin, resulting in more rapid depletion of the lubricant 
layer [18, 46, 49]. Although the disc configuration exhibits 
a larger rubbishing area, which may delay the loss lubri-
cant efficiency through the mitigation of thermal abrasive 
particle formation, the increased probability of the local-
ised lubricant failure with the enhancement in the rubbish-
ing area neutralises this beneficial effect on the lubrication 
performance.

The pin-and-disc configuration exhibited the longest 
lubricant service life among all non-textured cases. This 
behaviour is primarily attributed to the presence of MoS2 
coatings on both contacting surfaces, effectively doubling 
the available lubricant thickness. Since lubricant service life 
is directly proportional to coating thickness [1, 7, 9], this 
configuration inherently sustains lubrication for a longer 
duration. Additionally, lubricant removal in this configura-
tion is dominated by dragging mechanisms rather than adhe-
sion-driven transfer, further contributing to the extended 
service life.

Fig. 8   Temporal evolution of the coefficient of friction for non-tex-
tured 6082-T6 samples under dry and MoS2-lubricated conditions 
across the three pin-on-disc configurations
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These lubricant service life values for non-textured sam-
ples provide essential baseline reference points against 
which the influence of laser-induced texture density on lubri-
cated tribological performance is evaluated in subsequent 
sections.

4.2.2 � Influence of TD on Lubricant Service Life

All laser-textured samples exhibited a substantial increase 
in lubricant service life compared with non-textured refer-
ences across all test configurations (Fig. 9). This enhance-
ment is primarily associated with the role of groove 

textures as solid lubricant reservoirs. During sliding, 
localised contact pressures combined with relative motion 
promote the gradual release of MoS2 from the grooves 
into the contact interface. This continuous lubricant sup-
ply compensates for lubricant loss during testing, thereby 
stabilising the coating and extending its effective lifetime 
[4, 11, 28, 46]. The grooves further act as traps for wear 
debris generated during sliding. Debris accumulation 
within the contact interface can disrupt lubricant adhesion 
and accelerate coating failure; therefore, its sequestration 
within the textures further contributes to improved lubri-
cant durability [11, 47, 49].

Fig. 9   Evolution of the coefficient of friction under MoS2 lubrication 
for non-textured and textured 6082-T6 samples with TD values of 25, 
50, 75, and 100% for a pin configuration, b disc configuration, and c 

pin-and-disc configuration. d Graph and e table of the lubricant ser-
vice life as a function of texture density for all configurations
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For all configurations, the lubricant service life increased 
systematically with increasing TD (Fig. 9d), reaching values 
up to approximately 50 times higher than those of non-tex-
tured samples under optimal conditions. This trend is attrib-
uted to the greater volume of MoS2 retained within denser 
groove patterns, as the amount of stored lubricant scales 
directly with the surface coverage of the texture [19, 28, 
47]. Higher TD also reduces the spacing between grooves, 
thereby limiting the extent of non-textured regions where the 
MoS2 coating is thinner and more susceptible to premature 
failure. Since lubricant service life is strongly dependent on 
coating thickness, reducing these weak regions delays the 
onset of lubricant depletion [1, 7, 9]. Surfaces with higher 
TD moreover provide a greater number of cavities, enhanc-
ing debris entrapment efficiency and further stabilising the 
lubricant layer [11, 47, 49].

Among all configurations, the pin-and-disc configuration 
consistently delivered the longest lubricant service life at 
every TD level, exceeding the other configurations by a fac-
tor of approximately two to four. This superior performance 
results from the combined effects of a doubled MoS2 coating 
thickness on both contacting surfaces [1, 7, 9], an increased 
total lubricant reservoir capacity due to texturing of both 
bodies [19, 28, 47], and improved debris trapping efficiency 
[11, 47, 49]. In addition, a lubricant feedback mechanism 
is enabled in this configuration: MoS2 detached from one 
surface can be re-captured by the textured grooves on the 
opposing surface, contributing to partial coating restoration 
and sustained lubrication.

At lower TD values (25 and 50%), the lubricant service 
lives of the pin and disc configurations were comparable. 
However, at higher TD values (75 and 100%), the disc con-
figuration exhibited a noticeably longer service life than the 
pin configuration. This behavior is attributed to differences 
in the spatial distribution and magnitude of normal stress 
acting on the textured surfaces. Normal stress governs the 
rate at which lubricant is ejected from surface reservoirs, 
thereby influencing lubricant depletion kinetics [48]. The 
contrasting stress distributions associated with pin and disc 
texturing become increasingly influential at higher TD, 
where texture–contact interactions are more pronounced. A 
detailed analysis of normal stress distribution and its effect 
on lubricant ejection is presented in Sect. 4.3.

The increase in Sa associated with the enhancement in 
TD exhibited negligible effect on the coefficient of friction 
of the samples, indicating the minimum influence of this 
factor in the friction under investigated conditions.

4.3 � Finite Element Analysis Simulation

FEA revealed that the magnitude and spatial distribution 
of normal stress on both the pin and disc surfaces depend 
strongly on (i) the presence or absence of surface texturing, 

(ii) the body considered (pin or disc), and (iii) the relative 
orientation between the groove pattern and the sliding direc-
tion (Fig. 10). In the simulations, positive normal stress val-
ues indicate stress acting in the opposite direction to the 
applied load direction, whereas negative values correspond 
to stress acting in the direction of the applied load direction. 
Accordingly, positive normal stresses were classified as ejec-
tion stresses for the disc and compression stresses for the 
pin. Conversely, negative normal stresses were considered 
compression stresses for the disc and ejection stresses for the 
pin. Notably, the groove bottom of the disc was oriented in 
the applied load direction, while the groove bottom of the 
pin was localized in the opposite to the applied load direc-
tion. This distinction is critical, as ejection stresses govern 
the rate of solid-lubricated expulsion from the surface res-
ervoirs, directly influencing lubricant service life.

4.3.1 � Non‑textured Surfaces

Non-textured surfaces exhibited exclusively ejection stresses 
on both contacting bodies (Fig. 10a), as the applied load 
from the opposing body induces stress acting opposite to the 
coated surface [50]. The spatial distribution of the normal 
stress closely followed the geometry of each body, appear-
ing square-shaped for the disc and circular for the pin. This 
stress distribution observed on the disc is attributed to its 
limited dimensions, which preclude the full observation 
of the characteristic circular stress distribution. However, 
the maximum concentration of both negative and positive 
stresses remains localized within the contact area [50]. In 
both cases, the maximum absolute normal stress occurred 
at the center of the contact region. Notably, the disc surface 
exhibited a more gradual spatial variation of normal stress 
compared with the pin, which displayed a steeper stress gra-
dient. These observations confirm that body geometry plays 
a dominant role in controlling normal stress distribution in 
non-textured contacts [50].

4.3.2 � Effect of Surface Texturing

The introduction of groove textures significantly altered both 
the type and spatial distribution of normal stresses, produc-
ing coexisting regions of compression and ejection stresses 
on the same surface (Fig. 10b–e). For both pin and disc, 
compression stresses were typically located near geometric 
boundaries, while ejection stresses were concentrated within 
or near the groove features. The coexistence of these two 
stress types is beneficial for solid lubrication, as compres-
sion stresses favor lubricant retention within the grooves, 
whereas ejection stresses promote controlled lubricant 
release into the contact interface [34, 38].
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4.3.2.1  Textured Disc  For the textured disc, the relative 
orientation between the grooves and the sliding direction 
exerted a pronounced influence on normal stress distri-
bution (Fig.  10b). When grooves were oriented paral-
lel or perpendicular to the sliding direction, the highest 
ejection stresses were predominantly localised within the 
grooves, while the inter-groove regions experienced com-
paratively lower ejection stresses. This distribution sup-
ports sustained lubrication by enabling gradual lubricant 
release while preserving lubricant reservoirs [34, 38]. 
In both orientations, the regions of high ejection stress 
extended along the groove direction. In contrast, when 
the grooves were oriented at 45° to the sliding direction, 
the highest ejection stresses became localised at the bases 
of the central grooves, whereas the groove edges expe-
rienced lower ejection stresses. Such a highly heteroge-
neous stress distribution can adversely affect lubrication 
efficiency, as excessive stress localisation can disrupt the 
balance between lubricant expulsion and retention within 
the textured cavities [34].

4.3.2.2  Textured Pin  For the textured pin, ejection 
stresses were also concentrated on the grooves; however, 
their spatial distribution was markedly more localized and 
heterogeneous than for the disc (Fig. 10c). Compression 
stresses appeared sporadically along groove edges, while 
ejection stresses were predominantly located within inter-
groove regions. This stress pattern reduces the effective-
ness of the groove structure in maintaining stable solid 
lubrication, as excessive heterogeneity weakens the bal-
ance between lubricant ejection and reservoir replenish-
ment [34]. Importantly, this stress distribution was largely 
independent of groove orientation, indicating that pin 
geometry dominates stress evolution in this configuration.

4.3.2.3  Textured Pin‑and‑Disc Configuration  When both 
pin and disc were textured, the normal stress distribu-
tion on the disc varied with groove orientation (Fig. 10d), 
while the stress distribution on the pin remained essen-
tially insensitive to orientation (Fig.  10e). The stress 
profiles on the disc closely resembled those observed for 
the textured-disc-only configuration, albeit with a more 
homogeneous spatial distribution. This indicates that 
counterbody topography exerts a limited influence on the 
stress distribution of the textured surface in contact.

4.3.3 � Maximum and Minimum Normal Stresses

Figure 11 summarises the maximum and minimum normal 
stress values extracted from all simulated configurations. 
These values varied significantly with body geometry, sur-
face texturing, and groove orientation—factors known to 
strongly influence solid lubrication performance [34].

Minimum normal stresses were negative for most con-
figurations, indicating compression, with the sole exception 
of the non-textured disc, which exhibited a positive mini-
mum value. Conversely, maximum normal stresses were 
predominantly positive (ejection stresses), except for the 
non-textured pin, which showed a compressive maximum.

The non-textured disc exhibited a higher maximum ejec-
tion stress (in absolute terms) than the corresponding value 
for the pin. This elevated ejection stress explains the shorter 
lubricant service life observed experimentally for the disc 
configuration relative to the pin configuration in non-tex-
tured systems. Since the solid lubricant ejection rate is pro-
portional to the magnitude of the normal stress acting away 
from the coated surface, higher ejection stresses accelerate 
MoS2 depletion [34].

For textured surfaces, both ejection and compression 
stresses were present, and their magnitudes depended on the 
body type and groove orientation. Across all textured con-
figurations, the disc consistently exhibited higher ejection 
stresses and lower compression stresses than the pin. This 
indicates that ejection stresses play a more dominant role in 
governing lubricant service life than compression stresses. 
The difference between ejection and compression stresses 
further was more pronounced for the disc than for the pin. 
Previous studies have shown that an increase in this stress 
differential can enhance lubrication efficiency, although 
excessively large differences may become detrimental [34].

For groove patterns on the disc, both compression and 
ejection stresses were strongly influenced by groove orien-
tation. When only the disc was textured, the highest com-
pression stress occurred for grooves parallel to the sliding 
direction, while the lowest was observed at 45°. In contrast, 
ejection stresses were comparable for parallel and perpen-
dicular orientations, with the highest ejection stress occur-
ring at 45°. When both pin and disc were textured, disc ejec-
tion stresses followed a similar trend, whereas compression 
stresses differed: the diagonal orientation (45°) produced the 
highest compression stress, while parallel and perpendicular 
orientations yielded similar values.

For groove patterns on the pin, both compression and 
ejection stresses were comparatively insensitive to configu-
ration and groove orientation, exhibiting similar magnitudes 
across most cases. The only notable exception occurred for 
the textured-pin-only configuration with grooves oriented at 
45°, where compression stress reached its lowest value. In 
all cases, ejection stresses exceeded compression stresses.

Fig. 10   Spatial distribution of normal stress on pin and disc surfaces 
for a non-textured and textured configurations: b textured disc, c tex-
tured pin, d textured disc in pin-and-disc configuration, and e textured 
pin in pin-and-disc configuration. f Schematic drawing of the nega-
tive and positive stress direction

◂
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4.4 � Worn Groove Assessment

Post-tribological examination of the laser-textured samples 
revealed localised wear within the groove patterns (Fig. 12), 
indicating regions where the MoS2 coating had failed. The 
MoS2 layer exhibited non-uniform thickness across the 
6082-T6 surface, and thinner regions were more susceptible 
to accelerated wear. Once the coating was locally depleted, 
direct metal-to-metal contact occurred, leading to the initia-
tion of abrasive wear mechanisms [4, 28]. Despite differ-
ences in texture density and test configuration, all samples 
displayed similar wear-track morphologies after complete 
lubricant failure.

SEM observations of the worn grooves showed the pres-
ence of transferred layers, scratches, and particulate debris. 
Detached material from the sample surface was observed 
to re-adhere locally, likely through friction-induced adhe-
sion or micro-scale friction welding processes [4, 12, 47]. 
The scratches observed within the grooves were primarily 
attributed to abrasive wear caused by hard debris particles 
generated during sliding. Frictional heating during testing 

converted part of the kinetic energy into thermal energy, 
locally increasing the surface temperature. This thermal 
activation facilitated oxidation of detached aluminium 
debris in the presence of atmospheric oxygen. The result-
ing hard oxide particles subsequently acted as third-body 
abrasives, producing additional scratching within the wear 
tracks [19, 47]. The observed particles comprised a mix-
ture of wear debris and adhered MoS2 flakes, which were 
likely transferred from the counter-body surface and rede-
posited within the grooves [4, 47].

EDS elemental mapping of the worn grooves revealed a 
heterogeneous distribution of Al, S, Mo, and O (Fig. 13). 
Elevated aluminium concentrations were detected within 
the worn groove regions, accompanied by markedly 
reduced sulphur and molybdenum signals, indicating 
substantial removal of the MoS2 coating. Nevertheless, 
the residual presence of S and Mo suggests that a fraction 
of MoS2 flakes remained adhered to the surface, consist-
ent with previous reports [28]. Localised areas within the 
groove patterns exhibited relatively higher concentrations 

Fig. 11   a Minimum and b maximum normal stresses obtained from finite element simulations. Minimum stresses were positive only for the non-
textured disc, while maximum stresses were compressive only for the non-textured pin

Fig. 12   SEM-SE image of 
a worn groove in a 75% TD 
MoS2-coated texture on a 6082-
T6 pin
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of S and Mo, suggesting the formation or accumulation of 
MoS2 clusters during sliding.

Regions within the worn grooves also showed increased 
oxygen content, indicative of aluminium oxide (Al2O3) for-
mation. Following MoS2 depletion, frictional heating pro-
moted oxidation of the exposed aluminium surface through 
reactions with atmospheric oxygen, leading to the formation 
of a thermally oxidised layer [28, 30]. Although the highest 
oxygen concentrations were observed in the worn grooves, 
oxygen was also detected in regions where the MoS2 coat-
ing remained intact. This observation can be attributed to 
the formation of molybdenum trioxide (MoO3), which likely 
resulted from elevated local temperatures during testing. 
Under such conditions, sulphur in MoS2 can be partially 
substituted by oxygen, producing MoO3 [8, 19, 28, 30]. 
Since MoO3 is a relatively hard and abrasive compound, its 
formation contributed to scratch development and acceler-
ated coating degradation.

5 � Discussion

The present work demonstrates that laser-induced groove 
textures substantially improve the tribological performance 
of MoS2-coated 6082-T6, with lubricant service life gov-
erned by a complex interaction between texture density, 
contact configuration, groove orientation, and stress dis-
tribution. By combining experimental pin-on-disc testing 
with finite element analysis, this study provides mechanistic 
insight into how surface texturing controls solid lubricant 
retention, release, and ultimate failure.

The surface characterization results showed that the laser-
generated grooves possessed a consistent U-type geometry 
[39] with a depth-to-width ratio of approximately 0.1 [42], 
a configuration widely reported to be favorable for lubri-
cated sliding. This geometry enabled effective storage of 
MoS2 within the groove cavities while allowing gradual 
lubricant release during sliding. Compared with non-tex-
tured samples, all textured surfaces exhibited a pronounced 
extension of lubricant service life, confirming the role of 
grooves as lubricant reservoirs. In addition to lubricant stor-
age, the grooves acted as sinks for wear debris, as evidenced 

by SEM observations of worn grooves. The ability to trap 
debris reduced third-body abrasion and delayed coating deg-
radation, in agreement with previous reports on textured, 
solid-lubricated surfaces [12, 20, 27, 29, 30].

Texture density emerged as a key parameter control-
ling lubrication performance. Increasing TD consistently 
increased lubricant service life across all configurations, 
with improvements reaching up to approximately fifty times 
those of non-textured references. This behavior reflects the 
combined effects of increased lubricant reservoir volume, 
reduced spacing between grooves, and improved debris 
trapping efficiency. Higher TD reduces the extent of non-
textured regions where the MoS2 coating is thinner and more 
prone to early failure. Since lubricant lifespan scales with 
coating thickness, minimizing these weak regions delays 
lubricant depletion [1]. These findings highlight that tex-
ture density not only increases lubricant availability but also 
homogenizes the tribological surface, stabilizing the lubrica-
tion regime.

Despite the dominant influence of TD, significant differ-
ences in lubricant service life were observed between pin, 
disc, and pin-and-disc configurations. These differences are 
directly linked to the magnitude and spatial distribution of 
normal stresses at the contact interface, as revealed by finite 
element simulations. For non-textured surfaces, the disc 
experienced higher ejection normal stresses than the pin, 
explaining the shorter service life observed experimentally 
for the disc configuration. Since the solid lubricant ejection 
rate is proportional to the magnitude of the normal stress act-
ing away from the coated surface, elevated ejection stresses 
accelerate MoS2 removal [34].

Surface texturing fundamentally altered this stress land-
scape by introducing coexisting regions of compression and 
ejection stresses on the same surface. Compression stresses 
promoted lubricant retention within the groove cavities, 
while ejection stresses facilitated controlled lubricant release 
into the contact interface. The balance between these two 
stress components proved critical for sustaining lubrication, 
consistent with the stress-controlled lubrication framework 
proposed in previous studies [38]. The textured disc exhib-
ited a larger difference between ejection and compression 
stresses than the textured pin, a condition shown to enhance 

Fig. 13   EDS elemental maps of worn grooves within a MoS2-coated groove pattern (75% TD) on a 6082-T6 pin
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lubrication efficiency when maintained within an optimal 
range [34]. In contrast, the textured pin displayed a more het-
erogeneous stress distribution, with highly localized stress 
regions that impaired the balance between lubricant reten-
tion and expulsion, leading to reduced lubrication efficiency.

The relative orientation between grooves and sliding 
direction further influenced lubrication behaviour, particu-
larly for textured discs. Finite element results showed that 
grooves oriented at 45° to the sliding direction generated 
the highest ejection stresses on the disc, whereas the same 
orientation produced the lowest ejection stresses on the pin. 
Under rotational pin-on-disc testing, the 45° orientation is 
encountered more frequently than purely parallel or perpen-
dicular alignments. Since ejection stress was found to play 
a more dominant role than compression stress in govern-
ing lubricant service life, this orientation-dependent stress 
amplification explains why textured discs outperformed 
textured pins at higher TD values. Similar behaviour was 
observed in the pin-and-disc configuration, where the disc 
retained favourable stress characteristics, while the pin 
showed limited sensitivity to groove orientation.

Ultimately, lubricant failure in all configurations was gov-
erned by mechanical removal of the MoS2 coating due to 
sliding-induced stresses, as confirmed by friction evolution 
and post-test surface analysis. Once the coating was locally 
depleted, direct metal-to-metal contact initiated wear. SEM 
and EDS analyses revealed the formation of abrasive parti-
cles within worn grooves, resulting from frictional heating 
and oxidation processes [28, 30]. These hard oxide species 
acted as third-body abrasives, accelerating scratch formation 
and coating degradation. While thermally activated oxida-
tion contributed to lubricant failure, it primarily acted as an 
accelerating mechanism rather than the root cause. After 
the lubricant failure, the transferred layer further began to 
produce as a result of the cool welding formation and its sub-
sequent fracture. The elevated friction associated with the 
direct contact metal-to-metal facilitates cool welding, which 
is subsequently fractured by the relative motion between the 
bodies in contact [4, 12, 47]. The presence of the cracks 
following lubricant failure indicated fatigue process pres-
ence [29]. It is important to noteworthy that both the cracks 
formation and the cool welding generation can contribute 
to debris formation. Consequently, after the failure of the 
lubricant, the 6082-T6 underwent multiple wear mechanism, 
including adhesion (transferred material), abrasion (third-
body), and fatigue wear (cracks).

Overall, the results demonstrate that optimal solid lubri-
cation performance of MoS2-coated 6082-T6 is achieved 
through a synergistic combination of high texture density, 
disc-side texturing, and favourable stress distribution. By 
integrating experimental observations with numerical stress 
analysis, this study advances the understanding of stress-
mediated lubrication mechanisms and provides clear design 

guidelines for textured, and solid-lubricated 6XXX alumin-
ium alloys tribological systems.

6 � Conclusions

This study investigated the combined effects of laser-induced 
groove texture density and pin-on-disc configuration on the 
tribological performance of MoS2-coated 6082-T6. Laser 
surface texturing produced using an infrared nanosecond-
pulsed fiber laser significantly extended the solid-lubricated 
service life by approximately 2 to 50 times compared with 
non-textured surfaces, depending on texture density and con-
tact configuration.

Increasing texture density consistently improved lubricant 
service life across all configurations by increasing the solid 
lubricant reservoir capacity, reducing non-textured regions 
susceptible to early failure, and enhancing debris trapping. 
Among the tested configurations, the pin-and-disc configu-
ration exhibited the longest lubrication lifespan, up to 50 
times greater than non-textured references, followed by the 
textured disc and textured pin configurations. The superior 
performance of the textured disc relative to the textured pin 
is attributed to a more favorable normal stress distribution.

Finite element analysis demonstrated that surface textur-
ing fundamentally alters the magnitude and spatial distribu-
tion of normal stresses at the contact interface. The coex-
istence of compression and ejection stresses governs the 
balance between lubricant retention and release, with ejec-
tion stress identified as the dominant parameter controlling 
lubricant depletion rate. Groove orientation relative to the 
sliding direction significantly influenced stress distribution, 
with a 45° orientation producing favourable conditions for 
textured disc configurations and unfavourable conditions for 
textured pin configurations under rotational sliding.

MoS2 coating failure was primarily driven by progressive 
mechanical removal under sliding-induced stresses, with 
possible abrasive oxide formation accelerating degradation 
following lubricant depletion. Overall, this work demon-
strates that optimized laser-generated groove textures—
particularly when applied to both contacting surfaces—pro-
vide a robust strategy for controlling stress-mediated solid 
lubrication and significantly extending the service life of 
MoS2-coated aluminium components. Notably, multiple 
wear mechanisms can occur after the failure of the lubricant 
such as adhesion, abrasion, and fatigue wear.
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