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Abstract

This study investigates the lubrication properties of GCr15 steel textured surfaces under the
conditions of low speed, heavy load, and boundary lubrication, with varying concentrations
of Al,Oj3 particles. Through pin-on-disk tests in 46# hydraulic fluid, it was found that the
texture density had little effect on the friction in the absence of abrasive particles and that
the friction increases with an increasing texture density in the presence of abrasive particles.
Abrasive particle concentration significantly increases the friction on smooth surfaces,
while textured surfaces can retain abrasive particles and lubricants, mitigating the increase
in friction. The impact of abrasive particles can wear down the texture edges and weaken
its friction-reducing effect. This study reveals the interaction between abrasive particle
concentration and texture density, providing a theoretical basis for designing textured
surfaces suitable for abrasive-containing lubrication environments.

Keywords: surface texture; abrasive wear; particle concentration; texture density

1. Introduction

Lubrication phenomena are common and play a key role in industrial and mechanical
engineering. Friction has a great impact on the performance, energy efficiency, and lifetime
of mechanical devices such as piston pumps [1], engines [2], and brake pads [3]. Therefore,
improving the lubrication properties of surfaces is a pressing issue. Surface technologies
including surface coating [4], surface modification [5], and surface texturing [6] have been
widely used to enhance the tribological properties of materials. Due to environmental
pollution and extreme working conditions, abrasive debris commonly exists in lubrication
conditions [7], which has an important effect on the wear behaviors. The corresponding
wear mechanism has been rarely reported.

Surface texturing, a method of enhancing the lubrication characteristics of the relative
sliding surfaces by machining grooved areas on the surfaces of the friction pair, is a key
technology for reducing the coefficient of friction of the contact surfaces and improving the
friction performance [8,9]. As early as the mid-1960s, Hamilton et al. [10] demonstrated
that micrometer-scale irregular shapes on rotating shaft seals add additional dynamic
water pressure, thus increasing the load-carrying capacity. In hydrodynamic lubrication
conditions, the surface texture can enhance the load-carrying capacity and oil film thickness
of the contact surfaces, effectively reducing the friction contact area, and decreasing the
wear [11]. Zhou et al. [12] investigated the mechanism of the influence of the texture param-
eters on the lubrication performance and pointed out that the surface texture can increase
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the carrying capacity by enhancing the cavitation effect. Zhang et al. [13] established a
numerical analysis model of a textured surface under lubrication conditions and found
that the surface texture can generate greater hydrodynamic lift, which increases the fit gap
and reduces the surface contact. Another lubrication condition is the boundary lubrication
condition, wherein solid contact also occurs. The surface texture can be used as a lubricant
storage container to provide the necessary lubrication for the friction pair and in the case
of insufficient lubrication will provide secondary lubrication. Liu’s team [14] designed a
bionic scale surface texture and experimentally demonstrated that the texture reduces the
surface friction and wear by the secondary lubrication effect under oil-poor conditions. Li
et al. [15] experimentally concluded that the friction coefficient of the textured surface was
reduced by 32.6% compared with the surface without texture. During the operation of the
friction pair, particles can appear due to solid contact or the intrusion of environmental
contaminants, destroying the lubrication between friction pairs and causing severe three-
body wear [16,17]. The lubricant reservoir function is particularly critical under starved
or boundary lubrication, yet its effectiveness is highly sensitive to geometric parameters.
Kelley et al. [18] experimentally validated this in textured rolling bearings, where friction
reduction was attributed to grease storage capacity rather than hydrodynamic enhance-
ment under oscillating motion. In the context of abrasive-laden lubrication, this reservoir
effect may simultaneously supply lubricant and capture wear particles. Zou et al. [19,20]
investigated the tribological properties of surface textures on particles of different grain
sizes and found that textures can store particles and reduce abrasive wear. As systemat-
ically reviewed by Etsion [21], micro-dimples serve three primary functions: they act as
micro-hydrodynamic bearings to enhance load capacity under full or mixed lubrication,
they function as lubricant reservoirs to improve lubrication under starved conditions, and
they serve as micro-traps for wear debris to reduce abrasive wear. He et al. [22] recently
employed discrete element simulation to reveal how particle breakage and escape dynam-
ics mediate these functions under high contamination, yet experimental validation under
controlled particle concentrations remains limited. The influence of abrasive concentration
on boundary lubrication conditions has attracted less attention, which is therefore the first
objective of this paper.

In addition to the aforementioned benefits, the negative impacts of texture should not
be overlooked when designing micro-textured surfaces [23]. For instance, texture edges
can lead to stress concentration, thereby increasing frictional losses [24]. Kovalchenko
et al. [25] found that laser surface texturing in lubricated non-conformal point contacts,
while reducing friction by accelerating lubrication regime transition, significantly increases
wear, thereby limiting its applicability in high-precision components. Vladescu et al. [26]
found that surface texture in reciprocating contacts exhibits significant lubrication-regime-
dependent effects, with grooves parallel to the sliding direction underperforming the
smooth surface across all lubrication regimes and texture positioned at stroke ends causing
oil film collapse and inducing friction spikes.

On the other hand, the magnitude of the load has a significant effect on the lubrication
of the textured surface [27-29]. Ding et al. [30] applied different loads ranging from 100
to 700 N to textured samples under different lubrication conditions and found that under
the sufficient lubrication condition the friction coefficient decreases with the load, whereas
under the insufficient lubrication condition an optimal load was observed to minimize the
friction coefficient. In industries such as aerospace and construction machinery, heavy-load
conditions are common [31,32]. As the load increases, the oil film thickness decreases,
leading to a shift in the lubrication state [33]. Nevertheless, the effect of heavy loads on the
effectiveness of textured lubrication under conditions of abrasive-containing lubrication
has not been fully investigated. Therefore, the second research objective of this paper is
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to clarify the performance of different texture densities under heavy-load conditions with
abrasive debris lubrication.

This paper studies the interaction between particle concentration and texture density
under low-speed and heavy-load conditions and reveals the corresponding wear mecha-
nism. This paper will be organized in the following sequence. The Materials and Methods
are presented in Section 2. The Results and the Discussion are introduced in Section 3.
Finally, conclusions are presented in Section 4. This study provides a basis for the design of
surface textures under particle-contaminated lubrication sliding conditions.

2. Materials and Methods

Pin-on-disk tribological tests were conducted to analyze the lubricating properties
of the textured surfaces as affected by low-speed, heavy load, and abrasive particles.
The experimental form was a uniform reciprocating slide. The HSR-2M (high-speed
reciprocating friction and wear tester) apparatus was used to determine the coefficient
of friction and wear of the textured surface [34,35]. The experimental principle and its
installation are shown in Figure 1. The friction experiment was carried out between the
upper and lower samples and the specific experimental assembly is shown in Figure 1b.
The load generated by the spring was applied on top of the CuZn40 pin so that the
pin was pressed against the surface of the GCrl5 disk, which contained the textured
surface. The disk was submerged in an oil solution in which the alumina particles are
uniformly dispersed. The lower sample is moved horizontally in a reciprocating manner
by a motorized drive, and the coefficient of friction is monitored in real time during the
experiment.

Load

(a)

AlyO;3 Particles

| O

3 %w.w LR N | o
Oo| [T

Sliding

Figure 1. Experimental principle and installation, (a) experimental principle, (b) installation.

2.1. Materials

GCr15 steel is widely used in key mechanical transmission components for its excellent
mechanical properties [36]. In this study, GCr15 steel disks served as the lower sample.
Each disk has a diameter of 32 mm and a thickness of 5 mm. The pin was made from a brass
alloy (CuZn40). The diameter of the pin’s convex bottom clamping part is 6 mm, while the
diameter of the top friction part is 4 mm. Tables 1 and 2 show the chemical composition
of the pin and disk. The lubricant applied is No. 46 hydraulic oil (46# oil) with a viscosity
of 46 mm? /s at 40 Celsius degrees. Before processing the surface texture, the disk surface
is polished with a metallographic polishing instrument to achieve a surface roughness
of Ra0.3.

Table 1. The main chemical composition of GCr15 steel.

Element C Mn Cr Si P/S
Content 0.95-1.05%  0.25-0.45% 1.40-1.65%  0.15-0.35% < 0.025%
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Table 2. The chemical composition of the CuZn40 brass alloy.
Element Phosphorus Cobalt Iron Zinc Copper
Content 0.002% 0.013% 0.134% 41.3% 58.3%

2.2. Surface Texturing

To better elucidate the relationship between texture density and abrasive particle
concentration, this paper focuses on a single surface texture parameter. It has been demon-
strated that a texture with a depth-to-diameter ratio of 0.1 [37] and a depth of 20 um [38]
exhibits optimal friction performance. Referring to the conclusion of the above paper, this
paper used laser surface texturing to create circular textures on the surface of the GCr15
disk, featuring a depth of 20 pm and a constant texture diameter of 0.219 mm, which takes
into account the size of the abrasive particles. The optical profile and specific parameters of
the texture are presented in Figure 2.

Diameter: 219 ym

Depth: 20

200 250 300 350 400 450 500
Position (jum)

Figure 2. The Optical profile of the texture with specific parameters.
The texture density is calculated as follows:

A D?
T, = A‘j % 100% = h % 100% 1)

where Tj is the texture density; A; is the area of the texture (A; = ”D 2 =), Ay is the area of
the texture unit (A; = K?); D is the diameter of the texture; and K is the variable length of
the texture unit as shown in Figure 3. Similar descriptions of textures can be found in the
literature [38].

elolols
----- cloleies
----- OO

ejolole

Figure 3. Schematic diagram of texture arrangement.

2.3. AL, O3 Particle Parameters

The size of the abrasive particles has an important influence on friction. To examine
how abrasive concentration affects the lubricating performance of textured surfaces, this
experiment added precisely measured alumina particles into No. 46 hydraulic oil. The
parameters for the abrasive content are detailed in Table 3. The average diameter of the
chosen alumina particles is 7 pm. The size distribution of the alumina particles is analyzed



Lubricants 2025, 13, 553

50f19

using a Bettersize 2600E laser particle size analyzer (Dandong Bettersize Instruments Ltd.,
Dandong City, China), with the results shown in Figure 4. The texture depth of 20 pm
was chosen to be approximately three times the average abrasive particle diameter (7 pm),
ensuring sufficient capacity to capture particles and prevent them from escaping the texture
during sliding. The texture diameter of 0.219 mm is significantly larger than the particle
size to avoid clogging of the texture by individual particles while still maintaining a high
density of storage sites.

Table 3. The Experimental parameters of the wear tests.

Load Velocity Particle Mass Fraction Surface Topography
(N) (m/s) (Oil/Particle)
100 0.067 60 ML/6 g (About 10%) Round, 3%, 15%, 30% density,
100 0.067 60 ML/3 g (About 5%) 20 um depth, Texture diameter
100 0.067 60 ML/0 g (0%) 0.219 mm
100 0.067 60 ML/6 g (About 10%)
100 0.067 60 ML/3 g (About 5%) Non-textured surface
100 0.067 60 ML/0 g (0%)
Particle Size Distribution
100 il ‘ P —— 5 Particle Size(nm) | Content%
P
90 \ /’ D50=6.840 45 0.000-0.100 0
8 sgesizs, |B 0.100-0.200 0
70 35 0.200-0.500 1.15
§ 60 3 o 0.500-1.000 3.00
=" 2 1.000-2.000 5.09
0 ’ 2.000-5.000 27.45
¥ " 5.000-10.00 29.65
2 ; 10.00-20.00 21.44
‘2 | Z‘S 20.00-45.00 7.97
001 0.1 1 10 100 1000 45.00-75.00 4.25
Particle Size

Figure 4. Al,O; particle size distribution.

To create lubricant samples with various concentrations of abrasive particles, a precise
mass of alumina particles (Al,O3) is weighed and added into No. 46 hydraulic oil. After
thorough mixing, the abrasive particles are uniformly dispersed in the oil. Three lubricant
samples with different concentrations of abrasive particles were successfully prepared: 0%,
5%, and 10%. The specific parameters for each sample are listed in Table 3. These samples
are subsequently used in tribological tests to evaluate particle concentration effects on
lubrication performance.

The three abrasive concentrations (0%, 5%, and 10%) were selected to represent clean,
light, moderate, and severe contamination levels commonly encountered in lubrication
systems operating under particle-laden conditions. The chosen range is consistent with
documented sand contamination levels observed on sand-molding machine guide rails [39],
ensuring relevance to both hydraulic and other heavy-load lubricated interfaces.

2.4. Wear Testing

Prior to the experiment, the GCr15 disks and brass pins are cleaned using deionized
water for 2 min to remove any contaminants. They are then securely mounted on the test
bench and their surfaces are wiped down with anhydrous ethanol for further purification.
As shown in Figure 1, the pre-mixed oil is poured into the oil reservoir to ensure complete
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coverage of the disk surface. During the experiment, the base containing the disk moved
in a uniform reciprocating motion, while the upper specimen pin remained stationary.
Motor speed was maintained at 200 rpm, while the friction reciprocating distance was set
at 10 mm, which corresponds to a reciprocating speed of 0.066 m/s. A normal load of
100 N was applied to the pin so that the contact pressure is about 8.0 MPa. The ambient
temperature was controlled at 25 °C throughout the experiment. Each experiment lasted
for 1800 s and each condition was repeated three times to reduce the experimental error.
The specific experimental parameters and working conditions are given in Table 3. After
the experiment, the GCr15 disk wear surface is observed by Confocal Laser Scanning
Microscope (CLSM, Leica DCM3D, Frankfurt, Germany) and Optical Microscopy (OM,
Leica DMI 3000 M, Frankfurt, Germany) to evaluate the lubricating performance.

3. Results and Discussion
3.1. Coefficient of Friction

Time evolutions of the friction coefficient are presented in Figure 5, for the same
density textured surface at different concentrations. For the smooth surface (Figure 5a), the
curve 52 shows that the friction coefficient starts at 0.151 for the first 20 s, drops sharply to
0.139 after 300 s and stabilizes, then gradually rises after 1400 s, and finally stabilizes near
0.154. The curve S3 has an initial friction coefficient of 0.160, which quickly rises to 0.183,
then slowly drops to 0.165 and remains there until 1450 s. After that, it experiences a wave-
like increase in amplitude and eventually stabilizes near 0.200. Comparing the three friction
coefficient curves, the data indicates that as the abrasive content increases, the friction
coefficient increases, producing more pronounced fluctuations. The abrasive particles act
as a third body in the friction process, increasing the surface unevenness and roughness of
the specimen, thereby increasing friction [40]. This phenomenon indicates that the number
of abrasive particles significantly affects the friction properties of smooth surfaces.

0.40 0.40

(a) Density:0%(Smooth) (b) Density:3%
0.35 0.35
5030 £ 030
S o
i 0.251 = 0.25
o 5}
8 0.20 8 0.204
Eousf 015 r@
.2 0.15 =] .2 015
2 o010 2 0.10
= ] =} 1
== —S1,conc=0% T — S4,conc=0%
0.05 82 conc=5% 0.05 S5.conc=5%
M — §6.cone=10%
0.00 10 0.00 L
0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800
Sliding time(s) Sliding time(s)
0.40 - 0.40 -
(c) Density:15% (d) Density:30%
0.354 0.351
£ 0.304 5 0.30-
‘S ‘g
1= 0254 = 0.25
o o
S 0.204 S 0.20+4
=3 =
.90,|5ﬁu__________,_—-—-—-————-——' -G i
5 2
0.104 0.104
= ——— 87, conc=0% = conc=0%
0.05 4 —— 88,cone=5% 0.05+ conc=5%
50 —10% conc=10%
0.00 S .o . [ T V¥ N . v
0 200 400 600 S00 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800
Sliding time(s) Sliding time(s)

Figure 5. Friction coefficient curves for the same density textured surface at different concentrations.
(a) Density of 0%; (b) density of 3%; (c) density of 15%; (d) density of 30%.

For the texture with a density of 3% (Figure 5b), the curve S5 shows that the friction
coefficient remains stable at approximately 0.153 for the first 840 s, then slowly increases
and stabilizes at 0.160. The curve S6 exhibits a pattern of decreasing, stabilizing, and then
increasing, but the overall change amplitude is relatively small, with a fluctuation of only
0.005. Compared to the smooth surface, the fluctuation of the friction coefficient curve for a
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high concentration of abrasive chips on textured surfaces is significantly slower than on
smooth surfaces. This is because the texture has the ability to store abrasive particles [41],
which can reduce the impact of abrasive particles on surface roughness, resulting in a more
stable friction coefficient performance.

However, the enhancement of lubrication behavior stability is lost at higher texture
densities, as shown in Figure 5c,d. The curve S8 shows that the coefficient of friction
remains stable around 0.164 until 535 s, then increases sharply and stabilizes around 0.193.
The curves S9, 511, and 512 exhibit similar trends, stabilizing around 0.157, 0.183, and 0.185,
respectively, within the first 1000 s and then continue to rise to near 0.210, 0.214, and 0.203.

Figure 6 systematically illustrates the influence of texture density on friction behavior
under different particle concentrations. The friction coefficient curves for all conditions
show an upward trend with sliding time, indicating progressive wear. Under clean lubrica-
tion (Figure 6a), the friction coefficients of all samples stabilize rapidly, with texture density
exhibiting a negligible effect. Following the introduction of Al,O3 particles (Figure 6b,c),
the friction coefficients rise markedly and fluctuate severely due to three-body abrasion.
Concurrently, the disparity in friction performance between different texture densities
is amplified. Specifically, a higher texture density corresponds to an increased friction
coefficient. This trend suggests that an excessively high texture density may compromise
the friction-reduction performance in high particle concentrations, potentially due to mech-
anisms such as particle accumulation at texture edges or loss of texture integrity, which
will be further discussed in Section 3.3.

0.40 1 0.

. 4 0. 4
a) Concentration:0% i(b) Concentration:5% () Concentration:10%
o 0.35 0.3 . 0.359
= =
.20.30 .20.30 .2 0.301
] 2 2
Eo.2 0.2 & 0,254
L 13 L
So.20 So.20 S 0.204
g g {=—
80.15 80.15 80.15
5 k3] 5
-20.10 smooth 2010 smooth -2 0.109 ——smooth
o o B —— density=3% ~ —— density=3%
0.051 0.05 —— density=15 0.057] —— density=15%
0.00 0.00 density=30 0.00 density=30°
0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800
Sliding time(s) Sliding time(s) Sliding time(s)

Figure 6. Friction coefficient curves for the same particle concentrations at different densities. (a) Con-
centration of 0%; (b) concentration of 5%; (c) concentration of 10%.

The mean coefficients of friction for all of the conditions are presented in Table 4,
with each condition repeated 3-5 times. Figure 7a displays the mean friction coefficients
for surfaces with different densities and the influence of the concentration is presented in
Figure 7b. We first consider the influence of the texture density. To intuitively illustrate
the combined influence, Figure 7c presents a heat map of the average friction coefficient.
The color distribution reveals that the coefficient does not increase linearly with either

texture density or particle concentration alone; instead, its magnitude is governed by the
simultaneous effect of both parameters.

025 . . —
(a) 022 - Without additional (b) 0.24 Donsity 3% (C) Friction Coefficient Distribution
+ 023 -4~ Concentration 5% 929 4 Density 15% I
S 0.22 1~ Concentration 10%) 5 0221 v Density 30% % 0147 biss
5021 5 921 1 non-textured et -
5:020 w020 — 3 z
8 0.19 s w 0.19 P SIS 0.141 0.188 0.169 el
o % S8 s = z 2
018 o 2 .
Sonr g o017 A = a I E
5 0.16 5 o6 s o b <l £3 0.148 0175 0.148 2
Eo1s ‘=015 e e % £
¢ . -
0.14 014 % ................ % =
0.13 = 5 - 0.13 0 0.141 0143 0.173 ke
0% 3% 15% 30% 0% % 10%
. ; .
Texture density Concentration Particle Concentration (%)

Figure 7. Performance of friction coefficients for different texture densities and abrasive particle
concentrations. (a) Friction coefficients for different texture densities; (b) friction coefficients for
different abrasive concentrations; (c) heat map of friction coefficient distribution under different
combinations of texture density and particle concentration.
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Table 4. Average friction coefficients under different sample types and concentrations.
Sample Type Non-Textured (Smooth, 0%) Density: 3%
. 1st 2nd 3rd 4th 5th Standard 1st 2nd 3rd 4th Standard

Concentration  ~qp COF COF COF COF Average  poviation ~ COF COF COF COF Average  poviation
0% 0.133 0.135 0.156 0.141 0.01274 0.154 0.147 0.141 0.148 0.00651
5% 0.131 0.143 0.155 0.143 0.012 0.149 0.155 0.194 0.204 0.175 0.02755
10% 0.151 0.173 0.152 0.202 0.185 0.173 0.02185 0.154 0.147 0.142 0.148 0.00492

Sample Type Density: 15% Density: 30%
0% 0.143 0.133 0.146 0.141 0.00681 0.147 0.134 0.160 0.147 0.013
5% 0.184 0.196 0.185 0.188 0.00666 0.183 0.206 0.197 0.196 0.01159
10% 0.163 0.154 0.17 0.189 0.169 0.01485 0.237 0.193 0.163 0.211 0.201 0.02212
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For experiments with no abrasive particles, the friction coefficient is reasonably inde-
pendent of the texture density, as shown in Figure 7a. This phenomenon is attributed to the
significant difference in hardness between the brass alloy and the GCr15 test pieces. Under
heavy-load conditions, the brass alloy is prone to damage and generates abrasive particles,
which prevents the formation of a reliable oil film. Consequently, the lubrication effect of
the texture is inhibited.

For the abrasive particle concentrations of 5% and 10%, the coefficient of friction
generally exhibited an increasing trend with higher texture density. This observation is
consistent with the findings reported by Chen et al. [42]; they investigated the friction
performance of a DLC-film textured surface of a high-pressure dry gas sealing ring. Dong
et al. [43] also noted that the coefficient of friction increased with elevated texture density.
The rise in texture density leads to a reduction in inter-texture distance, a decrease in the
smooth area, and a decline in overall surface smoothness. Consequently, these changes
enhance the resistance to the motion of the friction pair, resulting in an elevated coefficient
of friction and the formation of more furrows during the friction process. For further details,
refer to Section 3.3.

The influence of the particle concentration is subsequently considered. For non-
textured surfaces, the coefficient of friction increased with an increase in abrasive particle
concentration. When the texture density is high, for example, at a texture density of
30%, the coefficient of friction significantly increased with an increase in abrasive particle
concentration. A similar situation is also found in Dong et al. [43], which pointed out
that abrasive debris destroyed the lubricating film between the friction pairs, reducing
their tribological performance. However, for medium-density textured surfaces, such
as those with a surface texture density of 3% and 15%, a decrease in the coefficient of
friction occurred at high particle concentrations. This is because, compared with high-
density textured surfaces, medium-density surfaces are subjected less to impact grinding
and retain a certain texture function. Meanwhile, high-concentration abrasive debris can
form a solid lubrication film on the surface [44]. To visually confirm the composition of
this lubrication film, Figure 8 (before-cleaning image of the lower specimen) is presented,
showing white Al,Oj3 particles, black mixed metal debris (from both the GCr15 disk and
the CuZn40 pin wear), and residual hydraulic oil. The Al,O3 particles act as hard abrasive
components dispersed in the oil, while the mixed metal debris serves as soft metallic fillers.
This mixed phase reduces shear resistance during sliding, which is consistent with the
observed friction coefficient reduction in medium-density textured surfaces under high
particle concentrations (e.g., 5% and 10% in Figure 7b). Notably, the solid lubrication film
initially covers the texture topography, preserving its structural integrity and enhancing the
lubrication reservoir function under abrasive conditions. However, as sliding progresses,
the film deteriorates due to abrasive wear, leading to a loss of protection and a subsequent
rise in the friction coefficient (evident in Figure 6¢, where the coefficient remains stable
for the first 1000 s before increasing sharply). This deterioration aligns with the texture
degradation process described in Section 3.3, where the gradual wear of the textured
structure reduces its ability to trap particles, ultimately triggering functional failure.
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Figure 8. Before-cleaning optical image of the lower GCr15 specimen showing Al,O3 particles
(white), mixed metal debris (black), and residual hydraulic oil after tribological testing at 10%
abrasive concentration.

3.2. Wear Rate

As shown in Figure 9a, Confocal Laser Scanning Microscopy (CLSM, Leica DCM3D,
Germany) is used to characterize the specimens, enabling the acquisition of wear volume
and the calculation of wear rate. To ensure a more accurate derivation of the wear volume,
each specimen is rinsed with a 1 min stream of water before imaging. The wear rate is
calculated as follows:

Fot  Fot
where
um b
i (b)
40 ey Length =4 68mm Pt=37.6um Scale=100um
35 404
30
]
30 o
1] [
25 -10
0]
47 20 =30
o
50
s " o 0s 1 s 2 25 3 P H 45mm
10 Maximum depth 34.9um  Area of the hole 71,125 pm*
Meaximum height 27 um  Area outside #12pum*
XS4 7 mm 5
Y =953 um
Z=47 1um 0

Figure 9. Surface wear maps of the GCr15 disk captured by CLSM. (a) three-dimensional topography;
(b) two-dimensional profile.

AV is the volume lost (mm?), F is the contact force (N), v is the reciprocating speed
(m/s), and t is the experimental time (s). The cross-sectional area of the abrasion mark
S (mm?) was calculated from the two-dimensional profile (Figure 9b, area of the hole in
red) using CLSM analysis software (Leica Map, version 6.2) with the unworn surface as
reference. The scratch length / is the 10 mm reciprocating distance. A summary table of
the calculated wear rates is shown in Table 5 below.
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Table 5. Wear rate [10~® mm?/(Nm)] using different sample types and concentrations.

Concentration 0%

Concentration 5%

Concentration 10%

Sample Type 1st WR 2nd 3rd Average Standard 1st WR 2nd 3rd Aver-age Standard Ist 2nd 3rd Average Standard
(Density) WR WR WR Deviation WR WR WR Deviation WR WR WR WR Deviation
0% 3.003 4.027 5.133 4.544 1.065 18.614 18.271 17.982 18.289 0.317 1.190 1.263 1.747 1.399 0.303
3% 1.622 1.057 1.018 1.232 0.338 4.200 4.8183 4.463 4.494 0.310 9.882 10.028 9.023 9.644 0.543
15% 1.700 1.700 2.586 1.995 0.512 59.781 63.7 56.479 59.987 3.615 59.050 62.798 59.392 60.413 2.073
30% 2.334 1.874 2.184 2.131 0.688 67.978 67.286 68.081 67.782 0431 88.445 88.950 88.919 88.771 0.283
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Consistent with the friction coefficient heat map (Figure 7c), the wear rate heat map in
Figure 10c demonstrates that the wear rate is also simultaneously dictated by both texture
density and particle concentration, rather than by either variable in isolation. The effect
of texture density on the wear rate is not significant in the absence of applied abrasive
particles. As shown in Figure 10a, even though the texture area ratio increases, the wear
rate exhibited a slight tendency to decrease and then increase. However, the overall change
is minimal, indicating that the influence of texture density on the wear rate is limited
under lubrication conditions with minimal abrasive particles. The effect of texture density
becomes significant when abrasive particles are applied. As shown in Figure 10a, the wear
rate increased significantly with an increasing texture—area ratio, at 5% and 10% abrasive
particle concentrations. Notably, the increase is more pronounced at the higher particle
concentration of 10%. This observation suggests that higher texture density adversely
affects friction performance under high-particle-concentration conditions. Further analysis
indicates an interaction between texture density and particle concentration, as shown in
Figure 10b: at low texture densities (3%), the influence of abrasive concentration on wear
rate is not significant; in contrast, at higher texture densities (15% or 30%), the wear rate
exhibited a marked increase correlating with the rise in particle concentration.

- — (b) (c) Wear Rate Distribution
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Figure 10. Wear rate performance at different texture densities and abrasive particle concentra-
tions. (a) Wear rate at different texture densities; (b) wear rate at different particle concentrations;
(c) heat map of wear rate distribution under different combinations of texture density and particle
concentration.

3.3. Wear Mechanism of Lubrication Containing Abrasive Particles

Microscope images of the edges of wear marks are presented in Figure 11a—-d, with
different area ratios at 0% abrasive concentration. Observations revealed a significant
presence of furrows in the wear area of the GCr15 material, indicating that the wear surface
experienced substantial plowing action. Consequently, the primary wear mechanism is
abrasive wear. When abrasive particles are introduced into the lubricant, particularly under
heavy loading conditions, some of these particles may become embedded between the
friction partners, leading to furrow formation during relative motion (see Figure 12a,b). This
process initiates three-body wear. Furthermore, residual abrasive particles are detected
within the texture (Figure 12¢,d), suggesting that the texture has a function of storing
abrasive particles. This reduces the abrasive grain content in the friction sub-surface,
explaining the significantly fewer furrows on the surface of low-density textures compared
to non-textured surfaces. Furthermore, as the texture density increases, the distribution of
furrows becomes denser (Figure 11b-d), indicating an escalation in wear. Therefore, proper
texture design can enhance friction performance and mitigate wear, especially when the
abrasive particle concentration is high, when the texture density should not be excessively
high to prevent exacerbating the wear phenomenon.
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100pm

100pum

Figure 11. Wear behavior of different surfaces at 0% abrasive concentration. (a) Non-texture (density
of 0%); (b) density of 3%; (c) density of 15%; (d) density of 30%.

Abrasive
o

4— Texture

Figure 12. Abrasive particles on abrasion marks. (a) Density of 30% and concentration of 5%;
(b) density of 30% and concentration of 10%; (c) density of 3% and concentration of 5%; (d) density of
3% and concentration of 10%.

Figure 13 presents microscope images depicting the effect of varying particle concen-
trations at a density of 30%. At lower particle concentrations (Figure 13a), furrows are
relatively sparsely distributed and exhibit a broader morphology, indicating milder wear.
As the particle concentration increased, more abrasive particles participated in the grinding
process, resulting in the removal of more material and the formation of deeper and denser
furrows. Further observation of Figure 13c revealed that the rate of increase in furrow
density began to slow with further increases in particle concentration. This phenomenon
is attributed to the gradual filling of the space between the abrasive particles, resulting in
a relatively balanced interaction among them. The increased wear is primarily reflected



Lubricants 2025, 13, 553

14 of 19

in the depth of the furrows, which reached a maximum of 47 um at a concentration of 5%
(Figure 14a) and a maximum of 66 pm at a concentration of 10% (Figure 14b). Additionally,

it is evident that the friction process significantly damages the texture.

200pum

Figure 13. Wear on surfaces with a texture density of 30%. (a) Concentration of 0%; (b) concentration
of 5%,; (c) concentration of 10%.
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Figure 14. Three-dimensional wear map of the textured surfaces at a density of 30%. (a) With particle
concentration of 5%; (b) with particle concentration of 10%.

Under conditions of heavy load and high concentrations of abrasive particles, the
integrity of the texture is not assured. It can be observed in Figure 12¢,d that abrasive
particles within the intact texture predominantly accumulated at the edges, specifically on
both sides of the sliding direction. This suggests that the frictional pairs transported surface
abrasives that impacted texture edges before settling into texture interiors during recipro-
cation. This reduces the abrasive grain content in the friction sub-surface, explaining the
significantly fewer furrows on low-density textures. Simultaneously, Figure 15 illustrates
that, for textures with varying degrees of wear, the initial damage occurred in the sliding
region. This suggests frictional pairs transported surface abrasives that impacted texture
edges before settling into texture interiors during reciprocation.

The progression of wear involves two concurrent material introduction pathways.
The schematic diagram of the texture wear degradation mechanism is shown in Figure 16.
On one hand, the wear of the counterpart (e.g., the brass pin, Figure 12a,b) generates
debris that enters the interface as new abrasive particles, which mix with the initially
added Al,O3 particles to form a hybrid third body. On the other hand, the gradual wear of
the textured structure itself leads to a continuous reduction in its depth. This causes the
abrasive particles originally trapped within the textures to be re-exposed to the contact
surface, thereby continuously supplying abrasives for subsequent impact wear. This self-
accelerating wear mechanism persists until the textured features are completely worn away
(Figure 15).
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Slide direction

o0um

Figure 15. Destroyed surface texture along the sliding direction for a sample with 30% texture density
and 10% abrasive concentration. (a) microscopic image of the wear mark edge; (b) initial wear
damage located in the sliding direction; (c) different degrees of wear and tear; (d) almost complete
disappearance of the texture features.

Impact

— re-exposed
3

Figure 16. Schematic showing abrasive particle generation, trapping, and texture degradation during
reciprocating sliding.

This dynamic wear process ultimately triggers functional texture failure, quantifiable
by the critical onset time of a sharp increase in the friction coefficient. As demonstrated in
Figure 6¢, at a particle concentration of 10%, the coefficient of friction remained relatively
stable during the first 1000 s for both 15% and 30% texture density samples, followed by
a sharp increase. This observation identifies the 1000 s duration as the critical temporal
threshold for texture degradation under these severe conditions.

Consequently, in terms of overall friction performance, the texture did not contribute
positively to friction reduction, particularly in environments with high concentrations of
abrasive particles.

To further elucidate the mechanism behind the detrimental effect of high texture
density, a simplified finite element analysis was conducted using ANSYS Workbench
(version 2024 R2) under dry contact conditions (no abrasive particles) to study the influence
of texture on the surface stress distribution, as shown in Figure 17. The stress distribution
results clearly show that stress is primarily concentrated at the plane between texture
features. This finding provides a crucial complement to our experimental observations: at
high texture densities, the reduction in effective load-bearing smooth area forces the contact
pressure to be distributed over smaller, isolated planar regions. This not only increases the
resistance to motion but also generates localized stress concentrations, which weaken the
material and thus dramatically aggravate abrasive wear when particles are present. This is



Lubricants 2025, 13, 553

16 of 19

one of the reasons for the sharp increase in wear rate of high-density textures (15% and
30%) under high concentrations of abrasive particles.

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 0.13208 s
2025/12/13 1359

27.55 Max
23806

21161

18516

15871

13226

10581

07936

052911

026462
0.00012924 Min

Figure 17. Stress distribution in textured surfaces.

3.4. Practical Design Guidelines for Texture Selection

Based on the experimental data summarized in Tables 4 and 5, a comprehensive guide-
line for selecting optimal surface configuration under abrasive-laden boundary lubrication
is proposed (Table 6). This guideline assists engineers in designing surfaces for heavy-load
applications (contact pressure approximately 8 MPa) with varying contamination levels,
considering both friction and wear performance.

Table 6. Engineering guidelines for texture selection under abrasive-laden boundary lubrication.

Particle Concentration Design Priority Recommended Surface
Clean oil (0%) Manufac.t urng Non-textured
convenience

. I Energy efficiency Non-textured
O,
Light contamination (5%) Component durability 3% texture
Heavy contamination Energy efficiency 3% texture
(10%) Component durability Non-textured

Under clean lubricant conditions (0% particulate), surface topography is selected
primarily for manufacturing simplicity because the friction coefficients of the competing
configurations are statistically indistinguishable. When the oil is contaminated, two critical
design trade-offs emerge. At 5% contamination, non-textured surfaces minimize friction
for energy-efficient short-duration applications, whereas 3% textures reduce wear rate by
75% (from 18.3 to 4.5 x 10~® mm3/Nm) for extended service life. At 10% contamination,
3% texture reduces friction by 15%, but increases the wear rate by a factor of 6.9 relative to
non-textured surfaces. Overall, under heavy-load, abrasive-laden boundary lubrication,
elevated texture densities (>15%) consistently produce adverse tribological performance,
whereas low-density textures (3%) or non-textured surfaces represent more favorable
configurations based on application-specific priorities.

Although the present experiments were intentionally run in a boundary-lubrication
regime, the same texture-density question is often asked for hydrodynamic sliding, where a
full oil film separates the surfaces. Numerous studies have demonstrated that micro-texture
generally improves lubrication performance under full-film conditions by enhancing hy-
drodynamic lift and oil entrainment [6,12,21], a benefit that stands in stark contrast to the
wear-accelerating effect observed in the current particle-laden boundary regime. This is the
opposite trend to the boundary-lubrication recommendation given in Table 6, emphasizing
that lubrication regime must be the first selection filter in texture design.
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4. Conclusions

In summary, the effects of texture density and particle concentration on the wear
resistance of GCr15 textured samples were investigated. The influences of abrasive particles
on the texture were examined under conditions of low speed, heavy load, and boundary
lubrication.

The specific research points are summarized as follows:

1. The synergistic effect between texture density and particle concentration is a critical
determining factor for friction performance. Under clean lubrication conditions (0%
particles), the effect of texture density on the coefficient of friction was negligible.
However, when abrasive particles were present, the coefficient of friction increased
significantly with rising texture density. This is attributed to the increased number of
texture edges at higher densities, which exacerbate impact wear from particles and
reduce the effective load-bearing smooth area. Notably, at high particle concentrations,
the wear rate deteriorated sharply with increasing texture density, indicating inherent
drawbacks for high-density textures under such operating conditions.

2. Textures influence friction behavior through particle entrainment and removal mecha-
nisms. An increase in abrasive particle concentration significantly raised the coefficient
of friction on smooth surfaces, as particles acted as a third body to intensify surface
plowing. In contrast, textured surfaces exhibited a unique response: their dimple
structure could capture and store abrasive particles, effectively removing them from
the primary frictional contact interface and thereby reducing the abrasive content in
the friction subsurface. Concurrently, the lubricant storage function of the texture,
combined with the captured particles and wear debris, formed a mixed lubrication
layer. This layer mitigated the friction increase caused by high particle concentra-
tions to a certain extent. However, this beneficial effect is limited by the integrity of
the texture.

3. Texture degradation under severe conditions was observed; heavy loads combined
with high particle concentrations caused progressive wear at texture edges, reducing
texture depth until complete feature disappearance. This self-accelerating wear pro-
cess re-exposes trapped particles to the contact surface, ultimately leading to texture
failure. The relatively large dimples (diameter 0.219 mm, depth 20 um) were designed
to optimize particle-dimple interaction—the depth was approximately three times
the particle diameter (7 um) for sufficient storage capacity, while the larger diameter
prevented clogging. However, this design’s integrity was compromised under severe
conditions, leading to degraded friction performance.
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