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Abstract

Excessive surface friction encountered during metal-forming processes typically leads
to die wear and seizure in part surfaces, which consequently shortens the die’s service
lifespan and lowers the surface quality of the formed parts. To minimize surface friction,
tool surface modification is required. This study focuses on reducing the sliding friction
of SKH51 high-speed steel by fabricating micro-grooves with various crosshatch angles
using a nanosecond pulse laser. The effects of laser texturing parameters on achieving
the groove aspect ratio of 0.1 were investigated. This aspect ratio facilitates lubricant
retention and enhances lubrication performance on the contact surfaces. The influence of
groove crosshatch angles (30°, 60°, and 90°) on the friction in the sliding contact between
a textured high-speed steel disc and an AISI304 stainless steel pin was evaluated using
a pin-on-disc test with a constant load. Moreover, the contact pressure distribution and
stress concentration associated with each groove pattern were numerically analyzed using
the finite element method. The results demonstrated that a laser power of 20 W effectively
produced groove geometries with the desired aspect ratio. Among the tested patterns, the
surface textured with a 60° crosshatch angle exhibited the lowest coefficient of friction
of 0.111, compared to 0.148 for the untextured surface. Finite element analysis further
revealed that the 60° crosshatch pattern provided the most balanced combination of load
redistribution, reduced mean pressure, and average stress, which may reduce the friction
under sliding conditions. These findings confirm that laser surface texturing, particularly
with an optimized crosshatch angle, can significantly reduce sliding friction and enhance
the tribological performance of high-speed steel tools.

Keywords: micro-grooves; crosshatch angle; nanosecond pulse laser; numerical contact
pressure distribution analysis; sliding friction

1. Introduction

Reducing friction and wear in metal forming processes is crucial for improving the
quality of the formed parts, extending the tool life, and enhancing the tool performance [1].
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Excessive friction at the tool-workpiece interface not only increases the forming load but
also accelerates tool wear. Various approaches have been investigated to mitigate friction
and wear, including the use of wear-resistant materials [2—4], surface treatments [5,6],
coatings [7,8], lubrication [9,10], and surface texturing [11,12]. Among these methods,
surface texturing has gained increasing attention as a potential approach for the reduction
of friction and wear. By introducing micro-scale features, such as dimples or grooves, onto
tool surfaces, surface texturing can modify contact mechanics, trap wear debris, and act as
micro-reservoirs for lubricants [13-15]. Various fabrication methods have been developed
to produce such textures, including electrochemical machining [16-19], electrical discharge
machining [20], abrasive-jet machining [21], and laser surface texturing [13,22-24]. Among
these surface texturing techniques, laser surface texturing (LST) stands out because of
its precision, repeatability, flexibility in pattern design, and ability to process a wide
range of materials without the need for complex tooling [25-27]. Recent advancements
in laser surface engineering have enabled the precise control of microstructures using
both ultrafast and nanosecond pulsed lasers. For instance, ultrafast femtosecond lasers
have been successfully employed for the precision removal of thin silver coatings on
ceramic substrates, achieving selective ablation with minimal thermal damage through
electron-lattice interaction modeling [28]. Additionally, Zhu et al. [29] proposed a hybrid
laser—electrochemical-abrasive post-processing method to improve the surface quality of
silicon microstructures, demonstrating the synergistic benefits of combining laser-induced
conductivity with chemical and mechanical actions. These advancements underscore the
growing potential of laser-based technologies for creating functional surface textures with
high precision and high efficiency.

LST has been extensively studied for creating patterns such as dimples, linear grooves,
wavy grooves, and crosshatches in various tribological applications [23,30]. The ability
of surface textures to reduce friction significantly depends on their geometry, orientation,
density, and distribution. For micro-dimples, Kasem et al. [22] reported that surfaces
textured with small and shallow dimples exhibit improved tribological performance under
lubrication. Daodon and Saetang [24] demonstrated applying LST to cold-work tool steel
in contact with advanced high-strength steel reduced the coefficient of friction with a
dimple density of 5.6%, compared to surfaces without texturing. Similarly, Tang et al. [15]
discovered that a dimple density of approximately 5% generated the highest hydrody-
namic pressure among various densities, leading to significant reductions in both friction
and wear. Further studies have investigated the influence of dimple geometry and its
distribution. Schneider et al. [31] examined the effects of dimple aspect ratio, area density,
and arrangement under mixed lubrication conditions. Their findings showed that the
lowest friction was achieved with a dimple density of 10%, an aspect ratio of 0.1, and a
hexagonal arrangement. In metal-forming applications, excimer laser radiation has been
used to fabricate micro-pores on TiN-coated punches, enhancing lubrication during cold
forging [32]. The pressurization of lubricants trapped in micro-reservoirs can extend the
tool life in forging processes [33,34]. Moreover, Meng et al. [35] showed that texturing small
rectangular dimples with flat bottoms on tool steel surfaces reduced friction by improving
lubricant retention and distribution across the contact interface.

In addition to dimple-based textures, micro-grooves have also demonstrated signifi-
cant potential for improving the friction and lubrication performance of various tribological
systems. The use of nanosecond pulsed lasers enables precise control of the groove ge-
ometry, dimensions, and surface microstructure by adjusting process parameters, such
as laser power and scanning speed, allowing for the fabrication of well-defined groove
patterns on metallic surfaces [27]. Numerous studies have examined the effects of groove
spacing, orientation, and crosshatch angles on friction and wear under different lubrication
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conditions. Wang et al. [36] investigated the effect of micro-groove spacing and inclination
angle on the tribological behavior of textured AISI 304L stainless steel. They found that
increasing the groove spacing initially reduced the friction and wear, but beyond a certain
point, both began to rise again. Additionally, the groove orientation (inclination angle)
played a crucial role, with the groove orientation perpendicular to the sliding direction
resulting in the lowest average friction and wear rates, indicating that the interaction be-
tween the groove orientation and sliding direction directly affects lubrication. In a related
study, Wang et al. [37] examined the combined effects of micro-groove density and superhy-
drophobic coatings on the tribological performance of AISI H13 hot-work tool steel. Groove
densities ranging from 10% to 40% (corresponding to spacings from 200 to 50 um) were
tested, and although the lowest friction was achieved at 10% density, higher densities also
exhibited a decreasing trend in friction due to enhanced lubrication. Numerical simulations
by Wu et al. [38] further emphasized the importance of groove geometry (rectangular,
triangular, and cuneal bottom profiles) on the lubricating performance of water-lubricated
bearings. Their findings indicated that grooves with rectangular bottom profiles offered the
best lubricating performance by maximizing the load-carrying capacity and minimizing
friction at low speeds. Experimental work by Meng et al. [39] demonstrated that AISI
316 stainless steel surfaces patterned with micro-grooves and filled with solid lubricants,
such as tungsten disulfide (WS,) and graphite, exhibited significant reductions in friction,
with the graphite-filled micro-grooves achieving the lowest average coefficient of friction.
The optimal texture density for friction reduction was 14%. Groove orientation has also
been proven to be critical in cutting tool applications. Fouathiya et al. [30] studied the use
of dimples, linear and crosshatched grooves (90° angle) on titanium-aluminum-nitride
(TiAIN)-coated tools for machining titanium alloys. Their results indicated that the cross-
groove pattern improved hydrophilicity, oleophobicity, and lubricant retention, leading
to lower cutting forces, reduced friction and wear, and improved tool life. Similarly, Segu
et al. [40] investigated the cross-groove and dimple textures applied to JIS SKD11 cold-work
tool steel in combination with hybrid nanofluids. Textures with an average groove width or
dimple diameter of 100 um and a density of 10% enhanced lubricant and debris entrapment,
provided additional hydrodynamic lift, and reduced asperity contact, thereby decreasing
friction more effectively than polished surfaces did. Combining textured surfaces with
nanofluids can further improve the friction performance and anti-wear capabilities.
Although several studies have investigated the effect of laser-textured surfaces on
enhancing tribological performance, the influence of groove crosshatch angles on friction
behavior and stress concentration still requires further exploration, especially under lubri-
cated sliding conditions. While previous studies have focused on specific aspects, such as
groove density, shape, and orientation, there has been limited attention on how crosshatch
angles specifically influence friction reduction and stress concentration in high-speed steel
surfaces. To address this knowledge gap, this study focuses on friction reduction and con-
tact mechanics through surface texturing, with practical implications for reducing sliding
friction during the deep drawing of stainless steel sheets, where improved lubrication and
reduced friction are essential requirements. The effects of laser-textured groove patterns
with different crosshatch angles (30°, 60°, and 90°) on the frictional behavior and stress
concentration of JIS SKH51 high-speed steel surface were investigated. The groove pat-
terns were fabricated using a nanosecond-pulsed fiber laser, and tribological tests were
conducted using a pin-on-disc configuration under lubricated conditions, simulating the
interaction between a high-speed steel tool surface and stainless steel workpiece in deep-
drawing processes. Additionally, finite element method (FEM) simulations were performed
to analyze the resulting contact pressure distributions and stress concentrations induced by
different groove orientations. These findings provide insights into optimizing the groove
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geometry, particularly the crosshatch angles, to enhance the tribological performance of
high-speed steel tools used in deep drawing operations.

2. Materials and Methods

2.1. Micro-Groove Fabrication

A nanosecond pulsed laser (YLP-1-100, IPG Laser GmbH & Co. KG, Burbach, Ger-
many) with a wavelength of 1064 nm was employed to fabricate micro-grooves on the
surface of JIS SKH51 high-speed steel (also known as DIN 1.3343 or AISI M2). The me-
chanical properties and chemical compositions of the high-speed steel are listed in Table 1.
Laser texturing was performed at a constant laser pulse duration T of 100 ns and a repe-
tition rate f of 100 kHz. The laser beam was directed and focused onto the surface of a
high-speed steel workpiece using a galvanometer scanner equipped with an f-theta lens
with a 100 mm focal length. Scanning was performed at a traverse speed of 10 mm/s. The
laser beam distribution was Gaussian, and the focused beam diameter at 1/¢? intensity
was 100 pm, as shown in Figure 1. This beam diameter was selected to generate grooves
with an approximate width of 100 pm. The groove dimensions targeted in this study
were based on prior research [31,40—-42], which identified an aspect ratio of approximately
0.1 as optimal for micro-grooves, as it promotes effective lubricant retention, enhances
lubrication and reduces friction between contacting surfaces. Segu et al. [40] reported
that textures with groove width of 100 pm and density of 10% enhanced lubricant and
debris entrapment, generating additional hydrodynamic lift and reducing asperity contact.
Therefore, groove width and depth of 100 um and approximately 10 pum (aspect ratio ~
0.1), respectively, were selected as the design targets. To achieve this depth, a series of
preliminary experiments was conducted to determine the appropriate average laser power
(P). Prior to laser texturing, the surfaces of the high-speed steel samples were cleaned with
methanol to remove any contaminants. Through trial testing, it was found that using an
average laser power in the range of 10-25 W and varying the number of passes from 1 to 3
allowed for the successful fabrication of micro-grooves with the expected width and depth.
The laser parameters used for texturing are presented in Table 2.

Table 1. Mechanical properties [43,44] and chemical composition [42,45] of high-speed and
stainless steels.

Properties JIS SKH51 AISI 304
Modulus of elasticity (GPa) 207 193
Poisson’s ratio 0.29 0.29
Densities (1073 g/mm3) 8.14 8.00
Tensile strength (MPa) 2302 505
Yield strength (MPa) 1600 215
Hardness (HV) 783 129
Chemical composition (wt.%)
C Si Mn P S Cr Mo W \Y% Ni
max max max
JISSKH51  0.80-0.88 045 Max 0.40 0.03 0.03 38—-45 47-52 59-6.7 1.7-2.1 -
AISI 304 0.08 0.60 1.50 - - 18.5 - - - 10
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Figure 1. Schematic of laser texturing.

Table 2. Laser parameters utilized for texturing micro-grooves.

Parameter Value
Laser wavelength (nm) 1064
Laser pulse duration, T (ns) 100
Laser pulse repetition rate, f (kHz) 100
Laser scanning speed, v (mm/s) 10
Laser beam diameter at 1/¢? (um) 100
Average laser power, P (W) 10, 15, 20 and 25
Number of passes, n land 3

Following the texturing of the micro-grooves, the surface of the workpiece was ground
using a series of emery papers with progressively finer grit sizes (800, 1000, 1500, 2000,
and 2500 grit) to eliminate the protrusions of the recast structures that had accumulated at
and near the groove edges. Subsequently, the samples were ultrasonically cleaned with
methanol and dried using hot air. The groove width and depth produced at each laser
power setting were measured using a 3-D laser confocal microscope (OLS5000, Olympus
Corp., Tokyo, Japan). The laser power that generated an aspect ratio close to 0.1 was
identified and used for preparing the high-speed steel samples employed in the subsequent
friction experiments. Microhardness measurements were performed at six locations near
the groove edges of the laser-textured surface and compared with those obtained from the
untextured surface.

In addition to the experimental measurements of the groove dimensions, this study
developed a model to predict the groove profile. The temperature distribution induced by
a moving Gaussian laser beam was calculated using the following expression:

_ 4(1-R)P 2x2
Txz) = e wppchvz &P <_ w? ) +o M)

where R, P, ¢, wy, p, cp*, v, and T, are the metal reflectivity (approximately 0.4), laser
power, thermal diffusion length factor, laser beam radius, metal density (approximately
8140 kg/m?), equivalent specific heat capacity of the metal, laser scanning speed, and
ambient temperature, respectively. The thermal diffusion length factor ¢ is defined as the



Lubricants 2025, 13, 419

6 of 27

ratio of the thermal diffusion length, given by (4at)!/2, to the laser beam radius. a and t are
the metal’s thermal diffusivity and time, respectively. The equivalent specific heat capacity
cp* is calculated by using:

- Cp,s(Tm - To) +Lm+ Cp,l(TV — Tm) + Ly

P (TV _ To) (2)

c

cps and ¢, are the specific heat capacities of the metal in the solid (~550 J/kg °C)

and liquid phases (~750 J/kg °C), respectively. Ly, and Ly are the latent heats of fu-

sion (~2.65 x 10° J/kg) and vaporization (~6.5 x 10° J/kg). Tm and Ty are the melting

(~1460 °C) and vaporization (~3000 °C) temperatures of the metal, respectively. Since

multiple laser passes were employed in this study, the laser power P is a function of the
number of passes, expressed as:

P =nEpf 3)

where 1, E,, and f are the number of passes, laser pulse energy, and laser pulse repetition
rate, respectively. By substituting Equations (2) and (3) into (1), the groove profile is
determined by using:

4(1 - R)nE 2x2
z(x) = 0= Rjnkef exp <—2> (4)
e wy,vp [cpls(Tm — To) + Lin + cpi(Ty — Tm) + Lv} Wy

2.2. Friction Test

The effect of micro-grooves oriented at various crosshatch angles on friction was
evaluated using a pin-on-disc tribometer with laser-textured JIS SKH51 high-speed steel
discs and AISI 304 stainless steel pins (J 3 mm) as counter bodies, as illustrated in Figure 2a.
Three crosshatch orientations (30°, 60°, and 90°) were produced on the high-speed steel disc
surface, and the laser power that produced the groove with a width of 100 um and depth
of approximately 10 um was employed. The center-to-center spacing of the groove was
fixed at 500 pm, resulting in a texture area density of 36% (Figure 2b—d). These geometric
parameters were selected based on prior investigations that micro-grooves perpendicular to
the sliding direction [36], and a high texture density demonstrated their potential to lower
sliding friction [37]. The friction response of each textured sample was compared with
that of a smooth, untextured sample. Prior to the frictional evaluation, the laser-textured
discs were polished using emery papers with grit numbers of 800, 1000, 1500, 2000, and
2500 to remove the recast structure at the groove edges. This procedure achieved surfaces
with an areal mean roughness (S,) of approximately 0.1 um. The discs were subsequently
ultrasonically cleaned with methanol for 10 min and dried in hot air to eliminate surface
contaminants. During the friction tests, the high-speed steel disc was rotated in contact
with a stationary AISI 304 stainless-steel pin under a normal load of 10 N, as shown in
Figure 2a. The pin-on-disc test conditions were carefully selected to replicate the tool-
workpiece interactions in sheet metal forming, where the SKH51 high-speed steel disc
represented the tool steel die material, and the AISI 304 pin corresponded to the blank sheet
materials. A sliding speed of 150 mm/s was employed, which corresponds to the punch
velocity typically observed in deep-drawing processes. A flat-ended pin (&J 3 mm) was used
instead of a spherical-ended pin to promote planar contact, enabling lubricant entrapment
within the grooves and inducing hydrodynamic effects during the sliding. Although this
configuration provides a lower nominal contact pressure than a ball-on-disc setup, it offers
a more representative mechanism for lubricant retention and release on the forming die
surfaces. The applied normal load of 10 N was chosen based on the operational capacity of
the tribometer; although higher loads would more closely simulate real forming conditions,
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they exceeded the operating range of the equipment. The test was conducted at a constant
rotational radius of 2.5 mm and a total sliding distance of 500 m. All experiments were
performed under lubricated sliding conditions at room temperature (25 °C). A forming
lubricant, Castrol Iloform TDN81 (BP—Castrol (Thailand) Ltd., Bangkok, Thailand), with
a kinematic viscosity of 157-180 cSt at 40 °C was manually applied using a brush prior
to testing. The friction was continuously recorded during the sliding test. Each test was
repeated three times. The conditions used for the friction tests are listed in Table 3.

10N
AISI304 stainless steel

(Pin) ™S

Sliding radius

<—
T AT
T, ST T
(o R A
SN IR B IR Ao J
S I

e

S,
Sateiatel

JIS SKH51 higlh-speed steel
(Disc)

m ~10 ym

(d)

Figure 2. (a) Schematic diagram of friction test with pin-on-disc configuration, micro-grooves with
crosshatch angles of (b) 30°, (c) 60° and (d) 90°.

Table 3. Friction test conditions.

Friction Test

Disk material JIS SKH51
Pin material AISI 304
Sliding speed (mm/s) 150
Sliding distance (m) 500
Groove densities (%) 36
Crosshatch angle (°) 30, 60 and 90
10

Normal load (N)

2.3. Numerical Simulation of Pin-on-Disc Test

The commercial code Ansys 2024 R1 was employed to perform a transient structural
analysis for simulating the pin-on-disc configuration. This simulation aimed to numerically
investigate the contact pressure distribution and stress concentration of a high-speed steel
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surface textured at different crosshatch angles during sliding contact, as shown in Figure 3a.
It is important to note that the simulations were not intended to predict wear or friction
coefficients directly; rather, they aimed to understand how micro-groove orientations
influence the distribution of contact pressure and von Mises stress concentrations during
tribological contact. The geometry consisted of a disc made of JIS SKH51 high-speed steel
and a cylindrical pin (3 mm in diameter) made of AISI 304 stainless steel in contact with
the disc surface. To minimize the computational cost and time, only one-quarter of the disc
was modeled, taking advantage of the rotational symmetry of the setup. This is because
the contact area of the 3 mm pin behaves consistently across each quarter of the disc.

This pin was positioned 2.5 mm from the disc center to define the contact location,
as illustrated in Figure 3a. Micro-grooves with crosshatch angles of 30°, 60°, and 90°
and dimensions shown in Figure 2b—d were modeled on the disc surface to reflect the
experimental conditions. The materials were defined as elastic—perfectly plastic, assuming
no strain hardening and exhibiting isotropic properties. The mechanical properties of
JIS SKH51 high-speed steel and AISI 304 stainless steel were obtained from the literature
and are listed in Table 1. The mesh was refined near the contact region, as shown in
Figure 3b, to ensure accurate stress resolution, particularly at the groove edges, where
stress concentrations were expected.

After the disc and pin geometries were defined and their material properties were
established, the following boundary and loading conditions were configured for the finite
element model. The simulation was performed in two sequential steps. In the first step,
the pin was vertically pressed against the disc with a constant normal load of 10 N applied
downward to the top surface of the cylindrical pin, as shown in Figure 3a. In the second
step, the relative sliding motion between the pin and disc was simulated. Although in
the experimental configuration, the disc was rotated while the pin remained stationary,
the numerical model was designed such that the disc remained fixed and the pin was
rotated instead. This approach not only preserved the same relative motion between the
contacting surfaces but also reduced the computational time by limiting the number of
moving elements [46]. The pin was rotated around the disc center at a constant angular
velocity of 60 rad /s, corresponding to a linear sliding speed of 150 mm/s at a radial distance
of 2.5 mm from the center. The following boundary conditions were applied:

e  Pin constraints: The movement of the pin was allowed in all directions, and the rota-
tional displacement was restricted about the Z- and X- axes while allowing rotation
around the disc axis (Y-axis) to simulate the circular sliding motion.

e  Disc constraints: The disc was fully constrained in all translational and rotational
directions to remain fixed during the simulation, reflecting its stationary role in
the model.

o  Contact definition: A surface-to-surface contact interaction was defined between the
pin and disc using an elastic contact condition and penalty-based tangential contact
model to allow frictional sliding. Because the friction force was not the primary focus
of the simulation. A constant friction coefficient of 0.25 was assigned to all surface
configurations to enable a controlled comparative analysis of the crosshatch angle
effects. This represents a simplification of the complex tribological interactions com-
pared to the reality in which friction coefficients vary with contact pressure, sliding
velocity, temperature, and lubrication conditions [47,48]. By maintaining identical
friction parameters across all cases, the resulting differences in contact pressure and
stress distribution can be directly attributed to the surface texture geometry without
interference from the varying friction variables [49]. This approach allows for clear
isolation of texture-induced effects on contact mechanics.
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Figure 3. (a) Geometrical model of pin-on-disc test setup and (b) illustration of finite element mesh

showing the arrangement and type of elements within the model.

These boundary conditions ensured that the pin rotated under the applied normal
load, whereas the disc remained stationary, thus replicating the relative sliding contact
observed in the pin-on-disc test. The model allowed for the investigation of pressure and
stress distribution, with particular attention paid to the contact stress concentrations around
the edges of the laser-textured grooves under tribological loading conditions.
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3. Results and Discussion
3.1. Effect of Laser Power and Number of Passes on Width and Depth of Micro-Grooves

The groove width and depth increased with increasing laser power, as shown in
Figure 4a,b. The predicted values followed the same trend and showed good agreement
with the experimental results. This behavior is attributed to the higher heat input at
higher power levels, which enhanced material ablation and resulted in larger grooves. The
number of passes had a more pronounced effect on the groove depth than on the width.
During multipass texturing, the groove dimensions primarily changed along the beam
direction for deepening the groove rather than in the lateral direction, which would result
in groove widening. Based on the measured groove width and depth, the aspect ratio was
calculated and is presented in Figure 4c. As previously mentioned, an aspect ratio of 0.1 is
the target of this study, given its strong potential to enhance lubricant retention. According
to the results, this target aspect ratio was consistently achieved with minimal variation
when a laser power of 20 W and three passes were applied. Under these conditions, the
fabricated grooves exhibited an average width of 115.62 pm and a depth of 15.07 pm,
leading to an aspect ratio of 0.13, which is nearly identical to the intended value of 0.1.
These optimized parameters were therefore selected for preparing the textured samples
used in the subsequent tribological tests. Figure 4d shows the groove profile obtained after
the texturing. It can be observed that recast structures protruding from the groove edges
measured approximately 3 um in height. Although this recast height is relatively small, the
textured surface was polished post-process in this study to fully remove the recast layer
and achieve an areal surface roughness (S,) of approximately 0.1 um. Furthermore, the
numerically predicted groove profile exhibited close agreement with the experimentally
measured profile, thereby confirming the reliability and accuracy of the predictive model
in representing the groove geometry.

40
Number of passes Number of passes
—0—-1 ——3 —0—1 ——3
| ---1(predicted) ---3 (predicted) - - -1 (predicted) - --3 (predicted)
30
€
i 2
<
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(a)

Figure 4. Cont.

Laser power (W)
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Figure 4. Effect of laser power and number of passes on (a) width, (b) depth, (c) aspect ratio of
micro-grooves; (d) groove profile.

3.2. Effect of Groove Crosshatch Angles on Friction and Wear of High-Speed Steel Surfaces

The friction coefficients for laser-textured surfaces with different crosshatch angles,
and for a smooth, untextured surface across various sliding distances are presented in
Figure 5a. During the initial stage of testing, all the surfaces exhibited a rapid increase
in the friction coefficients. The surface with a 90° crosshatch angle showed a decrease
in friction as the sliding distance extended to approximately 50 m. After this distance,
the friction coefficient for the 90° crosshatch-textured surface began to rise again. The
textured surfaces with 30° and 60° crosshatch angles exhibited a gradual increase in
the friction coefficients, whereas the untextured surface continued to exhibit high and
fluctuating friction levels throughout the test. Across all sliding distances, the textured
surfaces exhibited consistently lower friction than the untextured surfaces. This observation
suggests that the presence of micro-grooves contributes to enhanced lubricant retention on
the surface [13,14]. The retained lubricant is crucial for maintaining a stable lubricating film
at the contact interface, in contrast to a smooth surface, which is less capable of sustaining
such a film. Furthermore, the flow of lubricant through the textured surfaces induces
localized hydrodynamic pressure, which improves the load-carrying capacity between the
contact surfaces and further reduces friction [50,51].

The average coefficients of friction obtained from the surfaces textured with different
groove crosshatch angles showed that the surface with a 60° crosshatch angle exhibited
the lowest friction. The average coefficient of friction for this pattern was 0.111, which
was lower than the 0.112 and 0.127 recorded for the 90° and 30° patterns, respectively
(Figure 5b). In contrast, the smooth, untextured surface exhibited the highest friction
coefficient, recorded at 0.148. Although all textured surfaces had the same groove area
density (groove area to total surface area) of 36%, the differences in the crosshatch angles
led to different groove area distributions, which significantly affected the friction behavior.
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Figure 5. Friction coefficient of sample surfaces with various groove crosshatch angles (a) recorded as
function of sliding distance and (b) average coefficient of friction of each test.

Figure 6 illustrates a schematic representation of the contact regions between the tex-
tured surface and sliding pin, emphasizing the differences in the micro-groove distributions
across crosshatch angles of 30°, 60°, and 90°. Notably, the surface with a 30° crosshatch
angle had a larger flat area than those with 60° and 90° crosshatch angles. These extensive
flat regions served as the primary contact areas during sliding. Such regions reduced
the ability of the lubricant to spread uniformly across the surface, thereby restricting the
formation of a continuous lubricating film. Consequently, a relatively high coefficient of
friction was observed for the 30° pattern. The direct observation of the contact interface
between a textured tool and work surfaces during the forming process by Shimizu et al. [52]
demonstrated that there was less lubricant transfer, and the lubricant failed to reach the
nearby micro-lubricant reservoirs for a longer portion of the flat area.
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Figure 6. Schematic illustrations of the contact interface between the cylindrical pin with 3 mm

Total contacting aa: 32.74

diameter and laser-textured disc surface, showing distribution of flat contact area and micro-groove
regions with different crosshatch angles: (a) 30°, (b) 60° and (c) 90°, and simulated total contact area
between the pin and textured surface along a circular sliding path, positioned at a radius of 2.5 mm
from the disc’s center.

A geometric analysis of the intersection areas formed by the groove patterns further
elucidates this behavior. The calculated intersection areas, defined as the overlapping
regions of grooves at each crosshatch angle, were 20,000 um?, 11,547 pm?, and 10,000 pm?
for the 30°, 60°, and 90° angles, respectively. A larger groove intersection area in the
30° pattern implies a higher reservoir volume; however, this larger volume may inhibit
the dynamic supply of lubricant to the contact interface, thereby causing higher friction.
According to Shimizu et al. [52], an excessive reservoir volume delays the lubricant outflow.
This makes it difficult for the lubricant to reach the subsequent reservoir in the sliding
direction, resulting in higher friction due to insufficient surface separation. In contrast,
the surfaces textured with 60° and 90° crosshatch angles exhibited smaller flat areas and
relatively lower groove intersection areas. These configurations allowed for better lubricant
flow between the grooves and better retention across the entire contact surface. Additionally,
the improved lubricant distribution promoted the generation of localized hydrodynamic
pressure, effectively increasing the separation between the contacting surfaces [40], thereby
reducing friction more effectively than the 30° pattern.

To quantitatively assess these effects, a schematic geometric analysis was performed
to determine the total contact area on the sliding path of the pin at a radial distance of
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2.5 mm from the disc center. The model assumed a sliding track width equal to a pin
diameter of 3 mm, groove width of 100 um, and spacing of 500 pm between grooves. The
total contact areas during sliding were calculated as 32.80 mm?, 32.72 mm? and 32.74 mm?
for the 30°, 60°, and 90° crosshatch angles, respectively. Although the differences were
small, the slightly lower contact area in the 60° pattern aligned with its lowest recorded
friction coefficient, indicating that an optimized groove orientation can improve lubricant
performance and frictional behavior.

The microhardness values measured near the groove edges of the laser-textured
surfaces are shown in Figure 7. Although the average coefficients of friction varied among
the surfaces textured with groove crosshatch angles of 30°, 60°, and 90°, the surface
hardness values of all textured samples were only slightly higher than that of the untextured
surface. This indicates that the increase in surface hardness due to laser texturing was
minimal and had a negligible effect on friction reduction. Therefore, in this study, the
variation in frictional behavior was primarily attributed to the orientation of the groove
crosshatch angle rather than changes in surface hardness.
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Figure 7. Microhardness measurements near the groove edge of laser-textured surface compared to
untextured surface.

Following the friction tests, the worn surfaces of the samples were examined using a
3-D laser confocal microscope and an optical microscope to evaluate wear, as illustrated
in Figure 8. The observations revealed no significant material loss in the sliding direction
on any of the tested surfaces. Only slight surface scratches were observed, which corre-
sponded to abrasive wear. These scratches were attributed to the interaction between the
AISI 304 stainless steel pin and the test sample, as well as the presence of loose debris
generated during sliding, particularly recast particles located within the grooves. These
recast particles, often composed of hard oxide phases, can act as third-body abrasives,
contributing to superficial scratching on the textured surface during the pin-on-disc test.
The wear features observed were similar across all four surface conditions, regardless of
the groove orientation.
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Figure 8. Wear scars observed on (a) untextured and textured surfaces with groove crosshatch angles
of (b) 30°, (c) 60° and (d) 90°.

However, under the current experimental conditions, it should be noted that with a
sliding distance of 500 m, only mild abrasive scratches were observed on the SKH51 steel
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surfaces, with no measurable material removal. As a result, quantitative measurements
of wear width, wear depth, and wear rate were not obtained in this study. Therefore, the
influence of laser-textured groove patterns with different crosshatch angles on improving
wear resistance could not be clearly demonstrated. Consequently, it remains difficult to
conclusively determine whether the presence of laser-textured micro-grooves contributes
to a reduction in the wear rate compared to untextured surfaces. Therefore, further investi-
gations are required to address this limitation. Future studies should consider extending
the sliding distance beyond 500 m under elevated loading conditions. A comparative anal-
ysis of wear volumes between textured and untextured surfaces under more demanding
conditions would offer clearer insights into the wear resistance and durability benefits
of micro-groove textures. Additionally, high-magnification imaging techniques, such as
scanning electron microscopy (SEM), should be employed to provide a more detailed
characterization of wear scars and surface damage. Such extended investigations would
not only confirm the wear resistance properties of laser-textured surfaces but also help
elucidate the additional advantages and limitations of surface texturing beyond its proven
effectiveness in reducing the sliding friction.

3.3. Numerical Simulation of Contact Behavior
3.3.1. Mesh Independence Study

A mesh independence study was conducted to ensure the reliability and accuracy
of the numerical simulations. This analysis was performed using a disc model textured
with micro-grooves at a 30° crosshatch angle, selected as the representative case. The
primary objective was to verify that the simulation results, particularly the von Mises stress,
were not significantly influenced by the mesh density. The mesh independence analysis
was based on a comparison of the von Mises stress values obtained from different mesh
densities while maintaining consistent geometry and boundary conditions. Tetrahedral
elements were employed to generate the finite element mesh with local refinement applied
in the contact region between the pin and disc to accurately capture the stress gradients,
particularly around the groove edges where stress concentrations were expected. Six mesh
densities were evaluated, with the total number of elements ranging from 24,231 to 143,294
for both pins and discs. As summarized in Table 4 and illustrated in Figure 9, the von Mises
stress decreased and gradually converged with an increase in the mesh refinement. For
the coarsest mesh (24,231 elements), the von Mises stress was 4103.28 MPa. As the mesh
density increased to 32,120, 41,234, and 54,231 elements, the corresponding von Mises stress
values were 3791.26 MPa, 3532.67 MPa, and 3322.68 MPa, resulting in relative differences
of 8.23%, 7.32%, and 6.32%, respectively, compared to the previous mesh level. Further
refinement to 73,425 elements obtained a stress value of 3157.84 MPa, with an error or
tolerance of 5.22%. When the mesh was increased from 73,425 to 143,294 elements, the
change in the von Mises stress was only 0.0012%, which is negligible and well below the
0.1% threshold typically used to confirm the mesh convergence.

Table 4. von Mises stress obtained from mesh independence study.

Total Number of Elements  Von Mises Stress (MPa) Error (%)
24,231 4103.28 -
32,120 3791.26 8.230
41,234 3532.67 7.320
54,231 3322.68 6.320
73,425 3157.84 5.220

143,294 3157.80 0.001




Lubricants 2025, 13, 419

17 of 27

Pressure distribution

Coarse mesh > Fine mesh

(@)

4200

4000

3800

3600

3400 r

von Mises stress (MPa)

3200

3000 L L L
0 50,000 100,000 150,000
Total nubmer of elemens

(b)

Figure 9. (a) Effect of mesh refinement on pressure distribution over disc surface and (b) von Mises

stress obtained from mesh convergence study.

Figure 9a shows the effect of mesh refinement on the pressure distribution, clearly
demonstrating enhanced resolution and sharper pressure gradients with finer meshes.
Figure 9b presents the trend of von Mises stress versus the total number of elements, show-
ing a clear convergence behavior of the stress with mesh elements of 73,425 or greater. Thus,
it is suggested that simulations with mesh densities equal to or greater than 73,425 elements
provide results that are independent of the mesh resolution, with an acceptable balance
between computational efficiency and accuracy. This mesh sensitivity analysis validated the
reliability of the finite element model in predicting contact-induced stresses and allowed for
an accurate evaluation of stress concentrations near textured groove features. Accordingly,
a mesh with 73,425 elements was adopted for all subsequent simulations in this study.

3.3.2. Contact Pressure Distribution and Stress Concentration

The numerical analysis revealed the distribution of the contact pressure on the disc
surface reflected over the pin surfaces during the initial pressing phase (time step 1), as
shown in Figure 10. Comparisons were made between untextured and laser-textured discs
with groove crosshatch angles of 30°, 60°, and 90°. For the untextured disc (Figure 10a),
the contact pressure distribution was nearly uniform and exhibited a symmetrical and
continuous pattern across the contact area. The maximum pressure (red zone, 0.54 MPa)
was located at the central region of the pin—disc interface and gradually decreased toward
the outer edge in a concentric manner. This distribution reflects full surface direct contact
and the capability of fully direct centralized load transmission, where no micro-texture
exists to redistribute the load.
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Figure 10. Pressure distribution reflected over the pin surfaces in the first step of vertically pressing

the pin against (a) untextured and laser-textured discs with groove crosshatch angles of (b) 30°,
(c) 60°, and (d) 90°.

In contrast, the laser-textured discs (Figure 10b—d) exhibited significantly more hetero-
geneous pressure distribution patterns, characterized by alternating high- and low-pressure
zones that followed the geometry of the textured grooves. Compared to the untextured
case, the overall pressure intensity was reduced, while the formation of localized con-
tact points became increasingly prominent. The influence of the groove crosshatch angle
was evident, as increasing the angle from 30° to 90° progressively enhanced the pressure
distribution heterogeneity. The 30° crosshatch angle (Figure 10b) showed localized con-
centrations of contact pressure primarily along the acute-angle edges near the center of
the pin—disc interface. The 60° pattern (Figure 10c) provided improved load redistribution
with a more uniform pressure spread, although slightly localized intensities remained. The
90° crosshatch pattern (Figure 10d) produced the most pronounced pressure concentra-
tions along the groove edges, generating a distinct grid-like distribution of the contact
pressure owing to their orthogonal alignment. These findings are consistent with those of
Yuan et al. [53] and Wang et al. [54], who observed that textured grooves induced stress
concentrations at their edges.

Overall, the results demonstrate that laser surface texturing significantly alters the
contact pressure characteristics during the initial loading stage of the tribological test.
Whereas the untextured surface exhibited a uniform, centrally concentrated pressure
distribution, the textured surfaces promoted heterogeneous and localized pressure zones
dictated by the groove geometry. The variation in the crosshatch pattern angles from 30°
to 90° exhibited a progressive trend toward a reduced real contact area and increased
localized pressure intensity at specific contact points. The observed pressure redistribution
mechanisms suggest that surface texturing can be strategically employed to control the
local contact pressure concentrations and potentially influence the friction behavior in
tribological and forming applications.
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Figure 11 illustrates the contact pressure distribution reflected over the pin surface
during the second motion step, corresponding to the relative sliding of the pin against
the disc surface for both the untextured and laser-textured discs with groove crosshatch
angles of 30°, 60°, and 90°. Similar to the initial pressing phase, the general distribution
trends were maintained; however, the region of maximum contact pressure shifted toward
the trailing (backside) edge of the pin in the sliding direction owing to the change in the
relative motion.

For the untextured surface (Figure 11a), the pressure distribution was characterized
by a smooth, continuous gradient, with the highest pressure (red zone, ~628 MPa) concen-
trated at the trailing edge of the pin—disc contact zone. This pressure gradually decreased
toward the surrounding contact area, reflecting uniform load transmission without local-
ized disruption from the surface textures. In contrast, the textured surfaces (Figure 11b—d)
exhibited highly heterogeneous pressure patterns with distinct localized high-pressure
zones along the groove edges. These localized peaks were primarily located near the
trailing edge of the contact interface relative to the sliding direction and were oriented
perpendicular to the sliding direction, where the groove-asperity interactions intensified
the contact stress. These concentrations arose from the geometric discontinuities introduced
by the micro-grooves, which disrupted the otherwise uniform pressure field. All textured
configurations reduced the overall real contact area compared to the untextured surface,
leading to sharper pressure gradients and more pronounced stress concentration sites.

The 30° crosshatch pattern (Figure 11b) produced moderately localized high-pressure
zones, with the maximum value reaching ~1094.7 MPa, distributed along the oblique groove
edges. The 60° configuration (Figure 11c) exhibits a greater degree of localization, with
more clearly defined pressure peaks (~1158.5 MPa). The 90° crosshatch pattern (Figure 11d)
demonstrates the most distinct grid-like arrangement of high-pressure zones, with pro-
nounced peaks (~1260.5 MPa) concentrated at the groove corners, which is consistent with
the symmetrical orthogonal groove layout.

These observations show that while surface texturing increases localized peak pres-
sures compared to untextured surfaces, it also disrupts the continuity of high-pressure
regions, potentially altering the contact of the pin-disc interface. These findings are consis-
tent with those of previous studies [53,54], which reported that high-stress concentration
regions were located at the groove edge. This effect was particularly pronounced when the
grooves were oriented perpendicular to the sliding direction.
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Figure 11. Pressure distribution reflected over pin surfaces in the second motion step for (a) untex-
tured and laser-textured discs with groove crosshatch angles of (b) 30°, (c) 60°, and (d) 90°.

The corresponding von Mises stress distributions during the second phase of motion,
when the pin slid relative to the disc, are shown in Figure 12. In all cases, the highest stress
intensities occurred at the trailing edge of the contact interface between the pin and the disc.
The untextured disc (Figure 12a) exhibited the lowest maximum von Mises stress, which
was concentrated near the backside of the contact area beneath the sliding path with a rela-
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tively uniform distribution. In contrast, the laser-textured discs (Figure 12b-d) displayed
significantly higher localized stress peaks, particularly concentrated at the corners of the
groove edges. This behavior aligns with the findings of Yuan et al. [53] and Wang et al. [54],
who reported that sharp texture boundaries act as stress concentrators, amplifying von
Mises stresses.

Sliding direction of pin

\ 7<—@
48939
435.01
38064
326,26
271.80
217.51
163.14
108.76
"""" ey 54387
(@)

0.0005 0.0015

Sliding direction of pin

\ 7<—@Y
1080.8
960.75 \L
840.66
720.57
600.47
A g 480.38
- 360.28
240.19
0 0.001 0.002 (mm) 120.09
T . 2.1329)(10»‘3

0.0005 0.0015
(b

Sliding direction of pin
7 <—=@

11404
1012.7
886.99 X
760,28
633.57
506.85
380,14
253.43
126.71
21038105

\
\
\

)
0.0005 0.0015
(0
Sliding direction of pin
7<—@"
997.36
886.54
77572 X
664.91
554,09
a3.27
33245
221.64
0.002 (mm) 110.82

0.0005 0.0015 213x10°

(d)

Figure 12. von Mises stress distribution and concentration on (a) untextured and laser-textured discs
with groove crosshatch angles of (b) 30°, (c) 60°, and (d) 90°.
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Figure 13 presents the average contact pressure and von Mises stress over time for
the untextured and laser-textured discs with groove crosshatch angles of 30°, 60°, and 90°.
During the initial pressing step (0-1 ms), both pressure and stress increased linearly as the
normal load was applied, with only minimal differences observed among the various sur-
face conditions of the samples. However, once sliding began (1-4 ms), the effect of groove
orientation became more pronounced. At the final time step (4 ms), the 60° crosshatch
pattern exhibited the lowest average contact pressure and von Mises stress, followed by
the 30° pattern, whereas the 90° crosshatch angle and untextured surface exhibited higher
values. The reduction in both pressure and stress for the 60° texture suggests more load
redistribution and a decrease in the real contact area, which can reduce the adhesive contact
and frictional forces. This behavior correlates with the experimental observation of reduced
friction coefficients for the 60° pattern, suggesting that improved load redistribution, lower
contact pressure, and stress contribute to enhanced the tribological performance.
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Figure 13. (a) Average pressure and (b) average von Mises stress over time for untextured and
laser-textured discs with various groove crosshatch angles.
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The quantitative results at the last time step, summarized in Table 5, present the aver-
age contact pressure and average von Mises stress for the untextured and laser-textured
discs with different groove crosshatch angles. The groove orientation significantly influ-
enced the average contact pressure across the tested surfaces. The untextured surface
exhibited the highest average contact pressure at 118.38 MPa, whereas the introduction
of textured groove patterns led to a consistent reduction in contact pressure. Among
the textured configurations, the 60° crosshatch pattern demonstrated the lowest contact
pressure at 84.79 MPa, followed by the 30° (95.53 MPa) and 90° (96.52 MPa) patterns.
Significantly, the 60° crosshatch orientation resulted in a 28% reduction in the average
pressure compared to that of the untextured surface. This reduction was attributed to
more effective load redistribution and a decrease in the real contact area owing to the
influence of the groove geometry [36]. A similar trend was observed for the von Mises
stress. The 60° crosshatch angle exhibited the lowest average von Mises stress (3048.9 MPa),
representing a substantial stress reduction compared to the untextured disc (3156.9 MPa).
The 30° crosshatch orientation showed a moderate reduction to 3125.0 MPa, whereas the
90° crosshatch pattern displayed a slightly elevated stress level (3184.0 MPa), which was
higher than that of the untextured case.

Table 5. Summarization of average von Mises and average pressure.

Average Von Mises Stress

Crosshatch Angles (°) Average Pressure (MPa) (MPa)
Untextured 118.38 3156.9

30 95.53 3125.0

60 84.79 3048.9

90 96.52 3184.0

The shift from a uniform pressure distribution in the untextured case to localized pres-
sure concentrations on the textured surfaces signifies a transition from full to partial contact
mechanics. While localized high-pressure zones at groove edges may intensify stress
concentrations, they also simultaneously promote load redistribution, reduce the mean
pressure, and enhance tribological performance by reducing adhesive contact. Among the
tested geometries, the 60° crosshatch angle appeared to offer the most favorable balance
between reducing the mean contact pressure and maintaining efficient load support, which
is in agreement with previous tribological findings on the influence of groove orienta-
tion [30,36]. This illustrates the potential of laser surface texturing as a design strategy for
optimizing contact mechanics in applications where friction reduction is critical.

4. Conclusions

In this study, the effects of laser-textured groove patterns with varying crosshatch
angles on the frictional performance, contact pressure distribution, and stress concentration
of JIS SKH51 high-speed steel surfaces were experimentally and numerically investigated.
Laser surface texturing was performed using different laser powers and passes to produce
grooves of controlled width and depth, and tribological tests and finite element simulations
were employed to evaluate friction reduction, wear resistance, and contact mechanics. The
following conclusions can be drawn based on the experimental and numerical results:

(1) A higher laser power led to a simultaneous increase in the groove width and depth,
whereas increasing the number of passes primarily increased the groove depth with
minimal influence on the groove width. The numerical predictions closely matched
the experimental measurements, confirming the reliability of the predictive model for
groove geometry.
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(2) Laser processing at 20 W with three passes produced grooves with an average width
of 115.62 um and a depth of 15.07 pum, resulting in an aspect ratio of 0.13, which is
close to the target value of 0.1 with minimal variation.

(3) Among the tested geometries, the 60° crosshatch pattern achieved the lowest average
coefficient of friction of 0.111, representing a 25% reduction compared with the un-
textured surface, which had a friction coefficient of 0.148. It was also superior to the
30° pattern, which had a coefficient of 0.127, and the 90° pattern, which had a friction
coefficient of 0.112.

(4) Variations in the crosshatch angle produced small differences in the total contact area
but significantly affected the distribution of flat contact zones. A more uniform and
well-distributed flat contact area contributed to improved friction performance.

(5) Pin-on-disc testing over a sliding distance of 500 m showed no measurable material
loss from the SKH51 surface, with only minor surface scratching observed.

(6) Finite element analysis revealed that the laser-textured surfaces disrupted the uniform
pressure distribution of the untextured surfaces, producing heterogeneous, localized
high-stress zones along the groove edges. The orientation of laser-textured micro-
grooves significantly influenced both average contact pressure and von Mises stress
during sliding contact. Among the tested configurations, the 60° crosshatch angle
exhibited the lowest average contact pressure (84.79 MPa) and average von Mises
stress (3048.9 MPa), with a reduction in contact pressure of approximately 28% com-
pared to the untextured surface (118.38 MPa). The 60° crosshatch pattern provided
the most balanced combination of load redistribution, reduced mean pressure and
average stress, which may reduce friction during service.

These findings enhance the understanding of how groove patterns with varying
crosshatch angles influence frictional behavior under lubricated conditions, offering prac-
tical guidelines for minimizing sliding friction in deep drawing processes. The observed
friction reduction achieved through the optimized groove orientations shows promising
potential for lowering the forming loads in sheet metal forming applications.

Although the current study demonstrates the tribological and mechanical advantages
of laser-textured groove patterns, further research is recommended to investigate the long-
term durability of textured surfaces under extended sliding and high load conditions. For a
more comprehensive analysis, numerical models should incorporate pressure-dependent or
experimentally derived friction coefficients under realistic lubrication and temperature con-
ditions. Moreover, three-dimensional computational fluid dynamics (CFD) simulations are
recommended to reveal the underlying mechanisms of lubricant flow within micro-textured
grooves and their influence on the load-carrying capacity and lubrication performance.
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