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Abstract: Based on the basic mechanism and bionics principle that texture affects the dynamic
pressure effect of lubricating medium, a V-shaped texture that converges along the sliding direction
is designed. Through numerical simulation, the optimal geometric parameters and distribution of
the V-shaped and textures are obtained. A textured surface with various texture features is prepared
using a nanosecond ultraviolet laser with bearing steel as substrate. Tribological experiments with
friction and wear tester are performed to investigate the effect of characteristic parameters and
distribution of surface texture on the lubrication performance and the lubrication properties are
compared and analyzed with that of circular texture. Hence, this investigation provides a research
direction to improve the lubrication performance between frictional pairs under fluid lubrication
condition to reduce the frictional wear of mechanical systems. The results show that under the
conditions of optimal parameters, due to the effect of convergence and extrusion on the flow of
lubrication medium, the V-shape texture is better than the circular texture in improving the lubrication
performance. The optimal characteristic parameters of V-shape texture are: 60° for the angle between
the two wings, 0.53 for shape parameter, 25.9% for area ratio, 13 pm depth, 60% texture area coverage
ratio, and the inlet of flow field of the texture distribution position.

Keywords: surface texture; surface coverage; textured shapes; distribution characteristics;
friction characteristics

1. Introduction

Friction is prevalent in the movement of mechanical mechanisms, having a great
impact on the utilization of energy [1,2]. According to a survey, 30% of energy consumption
in industrialized countries is caused by mechanical friction losses [3,4], and serious wear
and tear greatly reduces the service life of equipment, including lubrication failure [5,6].
Moreover, excessive wear [7,8] is the main cause of important safety accidents in machinery
and equipment. With the development of modern processing technology, the processed
workpiece can be generated according to different production requirements with specific
characteristics and morphological features with regular shapes [9,10], which can improve
the tribological properties or other properties of the friction subsurface, while a certain
regular and directional distribution of the surface texture can not only increase the storage
of lubricating fluid [11,12], but also improve the quality of lubricating oil film generation,
thereby increasing its load-bearing capacity, in turn improving the lubricating effect and
enhancing the anti-wear performance [13,14]. The surface texture formed by the process
can accommodate the abrasive particles generated during the operation of the machinery
and reduce the wear of the workpiece [15,16]. Surface texturing technology has been
applied to mechanical components, such as mechanical seals, engine cylinders, and sliding
bearings [17,18]. However, due to the significant influence of texture shape and geometrical
parameters on the tribological performance of friction subsets, the system performance can
be adversely affected if the surface texture is improperly designed instead [19,20]. Therefore,
one of the important research directions in recent years has been to study the influence law
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of the shape, geometric parameters, and distribution of the texture on the friction reduction
effect, so as to optimize the characteristic parameters of the surface texture [21,22].

Elaborate structures with excellent tribological properties [23] have been developed
by organisms during the evolution of the race of things and have become a source of
innovative designs in bionic tribology [24,25]. Based on this bionic idea, the hydrophobic
microstructure on the surface of a lotus leaf [26] and the V-shaped groove structure on
the outer surface of shark skin [27] were discovered and borrowed, which can greatly
reduce the resistance generated by seawater to shark swimming. For the study of such
bionic structures, hydrophobic properties and excellent tribological properties of machined
surfaces can be achieved [28,29]. Long et al. [30] studied six different leaves and concluded
that the leaf vein bionic texture exhibited excellent friction and wear reduction properties
in the absence of lubrication. Tu [31] improved the texture shape by the optimization
algorithm to improve the bearing capacity, and the optimal shape after optimization for
different operating conditions is a “V” shaped texture. Abdel-Aal [32] systematically sum-
marized the relationship between the functional characteristics possessed by the surfaces
of different terrestrial vertebrates and their tribological properties. Pattnayak et al. [33]
applied a combination of biomimetic fish texture and micro-pits to a plain bearing and
found that the combination of the two could significantly improve the static and dynamic
characteristics of the plain bearing. Shen and Khonsari [34] used a quadratic programming
numerical optimization algorithm to compare the shape of the texture under unidirectional
and bidirectional sliding conditions with a regular shaped texture, finding that the optimal
shape under unidirectional sliding is a “V”-like texture with a flat front end, while bidi-
rectional sliding consists of a trapezoidal shape pair, and the improvement of lubrication
performance is attributed to the high pressure generated at the front end of the texture by
the convergence effect. Shen et al. [35] systematically investigated the effect of herringbone
texture parameters on the tribological performance and proposed a V-shaped arrangement
to significantly improve the lubrication performance of the texture. Sharma et al. [36]
conducted a comparative study of V-shaped projecting bearing, tough fossil deformed
bearing and non-deformed bearing by numerical simulation analysis to analyze the effect of
considering eccentricity ratio, texture distribution, texture height and texture depth on two
types of texture bearings. The simulation results show that the projecting texture bearing
has the largest load carrying capacity and the largest friction coefficient in the full texture
region and the front half texture region compared with the non-texture bearing, and that
the projecting and tough fossil texture bearings have the largest performance enhancement
rates in the full texture region and the rear half region at eccentricity ratios of 0.4 and 0.8 for
the texture height and texture depth, respectively. In recent years, applied research based
on bionics [37] has been demonstrated in various fields, and significant breakthroughs
have been made in mechanical seals and drag reduction technologies in aerospace [38,39],
among others.

At present, most of the research on V-shaped texture uses a numerical optimization
algorithm to derive the V-shaped surface texture and numerical simulation to study its
unidirectional sliding lubrication characteristics, but there is no detailed and systematic
analysis of the characteristic parameters of V-shaped texture, shape parameters, distribution,
density of texture surface, and surface coverage on the lubrication performance. Theoretical
and experimental analyses have not been combined. In this paper, inspired by the drag
reduction effect of fish scales on the outer skin of different species of fish, a V-shaped texture
is designed to enhance the hydrodynamic effect of the texture by changing the structural
parameters to regulate the convergence interval along the flow direction of the lubricating
fluid, and the influence of the surface density, geometric parameters, distribution, and
surface coverage of the V-shaped texture on the lubrication performance is studied through
numerical simulation and friction wear (pin-to-disc) tests. The theoretical analysis of the
V-shaped texture systematically provides a theoretical basis for the rational design of the
surface micro-texture and the influence of the distribution characteristics of the texture on
the lubrication characteristics, in addition to a research direction to improve the lubrication
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performance between the friction pairs in the fluid lubrication state to reduce the frictional
wear of the mechanical system.

2. Simulation Analysis of Theoretical Mode Shapes and Calculation Methods
2.1. Calculating the Mode Shape

The optimization of the texture characteristics is carried out by using a single V-shaped
and circular micro-texture shown in Figure 1a. The texture parameters are optimal in that
the texture is an ordered array with regular distribution, so the flow field entrance and exit
walls perpendicular to the sliding direction are set as periodic boundaries, and the two
walls parallel to the sliding direction are set as symmetric boundaries. The surface texture
mode shape shown in Figure 1b is used to study the overall distribution characteristics
of the texture and the law of surface coverage affecting the lubrication performance, and
the entrance/exit boundary perpendicular to the sliding direction is set as the pressure
inlet/outlet boundary in the calculation.
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Figure 1. Calculation model diagram. (a) Different shapes of micro-texture models (b) Texture

distribution model.

As shown in Figure 1a, the parameters of the texture mode shape are: L is the side
length of the square calculation cell, & is the thickness of the lubricant film in the character-
istic region of no texture between the two friction subsets, /1, is the characteristic depth of
the texture, u is the velocity of the relative motion between the two friction subsets, R is the
radius of the circular texture, D is the diameter of the circular texture, M and N are the side
length and width of the V-shaped texture, respectively, while the parameter « is introduced
and defined as the ratio of the V The ratio of the width N of the V-shaped texture to the
side length M, and 6 is the angle between the two wings of the V-shaped texture, where the
circular and V-shaped texture area rates S, are as follows:

- R?
M- N -sin?
=7 2 ()

As shown in Figure 1b, the local texture basin mode shape parameters are as follows:
Xa, Yp and X;, Y; are the calculated basin and surface texture lengths along the x and y
directions, respectively, i and h; are the thickness of the lubricant film in the untextured
region between the two friction subsets and the texture depth at different distribution
locations along the x direction, respectively (i =1, 2, 3, ..., n), u is the relative motion speed
between the two friction pairs. The area of the texture area is A; = X; — Y}, and the area of
the whole basin is A; = X; — Y, so the coverage of texture A, = A¢/A,.



Lubricants 2023, 11, 139

40f18

2.2. Mathematical Mode Shapes

In this paper, computational fluid dynamics (CFD) software is used to solve the
N-S equation, and lubricant is used as the lubricator. Since the lubricant film produces
cavitation, the cavitation effect is considered in the calculation process, and the cavitation
mode shape considers the lubricating medium as a fluid mixed with two phases (gas phase
and liquid phase). Thus, the continuity equation and momentum equation of the mixed
lubricating fluid can be written as:

2 (om) + V- (owom) =0 ®

d T
57 (n0m) + V- (omonn) = =Vp+ V- [un(Vom + Vou )l +pong ()

The mixing density of the lubricating fluid is:

Pm = dopy + (1 — ao)p; @)

d
&(“vpv) + V. ("‘vpvﬁ) =R, — R, (6)

where «;, is the volume fraction of the gas phase in the mixed lubricating fluid; p is the
pressure of the lubricating film; v;, is the velocity of motion of the mixed lubricating fluid;
Um is the dynamic viscosity of the mixed lubricating fluid; p; is the density of the liquid
phase lubricating fluid; and p, is the density of the gas phase lubricating fluid.

The cavitation effect resulting from the abrupt change of the flow field gap due to
microtexture is described by the Schnerr-Sauer cavitation mode shape, and the cavitation
pressure is the saturated vapor pressure of the lubricating fluid p. = 3540 Pa. The equations
of the source phase R, and R, are:

PoP 3 [2pc—p
Re="—"a(l—a)—,/= 7
. ( )RBH3 o @)
PopPl 3 [2p—pc
R, = a(l—a)—,/= 8

For p. < p, the bubble radius Rp is determined by the following equation:

For p. > p,

x 317
1_0(5770) )

Rp = (

where 1y is the bubble number density constant, and the default value of 1y = 1013 is used
in the calculation.

2.3. Boundary Conditions and Solution-Related Notes

According to the boundary lubrication conditions analyzed by the numerical simula-
tion of Wang et al. [40]. Fluent software is used for calculation, the upper wall surface is
set as the moving wall surface, the speed is set to 1 m/s, the oil film thickness is 1 = 10 pm
in the non-texture area between the two frictional pairs, the lubricating medium param-
eters are set to: kinematic viscosity 0.046 cSt, density 833.3 kg/m?, mixture multiphase
flow mold, and Schnerr-Sauer cavitation mold are selected to predict the cavitation phe-
nomenon caused by texture characteristics, and the cavitation pressure is set to 3540 Pa.
The pressure-velocity coupling calculation method is chosen as Simple discrete algorithm,
and the first-order windward format is chosen as the differential format.
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3. Sample Preparation and Tribological Tests

Specimens with different distribution characteristics and shapes were prepared on
metal surfaces by nanosecond laser processing. A pin-to-disk test was performed on the
prepared specimens using a friction and wear tester to investigate the influence of the
texture characteristics and distribution on the friction and lubrication properties.

3.1. Sample Surface Texture Preparation

In this test, the higher strength carbon structural steel C45 was selected as the upper
test piece material, and the upper test piece was the pin head; the bearing steel GCr15
was selected as the lower test piece material, and the lower test piece was the base chassis.
The lower specimen is 69.85 mm in diameter and 6.60 mm in thickness, and the upper
specimen is a cubic block with a side length of 10 mm. The surface was ground and polished
with 600 mesh, 800 mesh, 1200 mesh, and 2000 mesh sandpaper respectively, followed by
ultrasonic cleaning in anhydrous ethanol for 5 min, and then the specimens were dried
with heated nitrogen gas. After the treatment was completed, the surface roughness was
measured with an average value of Ra = 0.03 um.

The process parameters for laser processing of the texture: maximum laser power of
7 W, laser wavelength of 355 nm, laser spot processing diameter of 50 pum, laser repetition
frequency set to 20 KHz, laser power magnitude set to 60%, laser pulse width < 25 ns,
laser scan line spacing set to 0.005 mm, and laser energy density of 5.61 J/cm?. The laser
scanning speed for obtaining a specific texture depth was determined through the test as
145 mm/s and 130 mm/s for processing a texture of 8 pm depth on the upper and lower
specimen surfaces respectively; when the processed texture. Figures 2 and 3 show the
actual picture of the upper and lower specimens and the laser-processed surface structure
of the specimens, respectively.

(b)

Figure 3. Textures etched through laser processing on the test piece. (a) Upper test piece (b) lower
test piece.
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3.2. Textured Surface Friction Performance Test

For the tribological performance test, the UMT-2 shaped tribological wear tester was
selected, as shown in Figure 4. Table 1 shows the device parameters of UMT-2. For the
upper test piece, the surface of the pin head was machined, and the machining range was a
square with a side length of 10 mm. For the lower test piece, the surface of the base plate
was machined, and the machining range was a circular area with a radius of 15~25 mm,
and the width of the machining was 10 mm. This parameter setting was used to ensure
that the relative motion speed between the two friction pairs remained the same when
conducting the tribological wear test, and both were 1 m/s, with a test duration of 1200 s
and a lubricant dynamic viscosity of 0.03833 Pas. Tribological tests were conducted in a
room temperature environment.

Force sensor

Pin fixture

Upper test piece

Disc fixture

Driving device

Figure 4. Friction and wear testing machine.

Table 1. UMT-2 friction and wear testing machine parameters.

Name Scope of Work Accuracy
Sensor 0-200 N 10 mN
Vertical displacement mechanism 0-10 mm/s 0.1 mm/s
Horizontal displacement mechanism 0-10 mm/s 0.1 mm/s
Principal axis of rotation 0-5000 rev/min 0.1 rev/min

In order to ensure that the whole test process is in a state of hydrodynamic lubrication,
the lubrication method is oil pool lubrication. Before each test, lubricating oil is added to
the clamped oil box so that the lubricating oil is completely immersed in the whole sample
disc. During the test, the oil sealing box can keep most of the lubricating oil stored in the
oil box to continuously supply oil at the contact interface. At the same time, in order to
ensure that the lubricating oil fully permeates into the processed texture pit, the test was
carried out after each addition of lubricating oil and standing for 10 min.

The tribological tests on the textured surfaces were conducted by analyzing the per-
formance of the designed circular texture and investigating the single directionality. After
polishing and cleaning the surface of the specimen, several sets of textures with the same
geometrical characteristics and arranged along the array were processed, and then tri-
bological tests were conducted to investigate the influence of the shape, size, processing
position (top/bottom specimen) and distribution (inlet/middle/outlet of the flow field) of
the textures on the friction and lubrication characteristics. In order to improve the accuracy
of the test data and to reduce the errors caused by the wear and tear between the equipment
and the specimens, each set of tests was repeated three times before the data were analyzed.

4. Simulation Results and Analysis
4.1. Effect of Texture Area Ratio on Lubrication Performance

By changing the V-shaped texture edge length M and width N to set the texture area rate
Sp to 6.4%, 8.5%, 13.2%, 19.0%, 21.7%, 25.9%, 29.7%, 33.8%, and other parameters, namely depth
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hy =13 pm and two wing angle 6 = 60°, the effect of surface texture area rate on the lubricity
performance of the specimen was analyzed. The calculation results are shown in Figure 5.
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Figure 5. Maximum positive and negative pressure value change curve of V—shaped texture under
different area ratios.

From Figure 5, it can be seen that the maximum positive pressure value increases
gradually with the increase of V-shaped texture area ratio on the processing surface, and this
trend was due to the enhanced convergence of the lubricating medium on the V-shaped
texture surface along the edges of the texture shape. The V-shaped texture area rate
increases to a certain extent, the maximum positive pressure value changed to a decreasing
trend, probably because the negative pressure value also increased to a certain extent, the
positive and negative pressure interaction to cancel, the maximum interference effect and
making a change in the trend. When S, = 25.9% the maximum positive pressure reached
the maximum, the change curve of the maximum positive and negative pressure value of
V-shaped texture with the change rate of texture was analyzed. When the V-shaped texture
area rate reached 25.9%, the specimen surface has the best dynamic pressure effect.

In order to investigate the optimal area rate of circular texture to ensure that the com-
parison of the lubrication performance of V-shaped texture and circular texture was carried
out at their respective optimal parameters, the area rate of circular texture was set to 5%, 10%,
15%, 17.5%, 18.5%, 20%, 22.5%, 25%, and 40%, respectively, and the other parameters were:
circular texture diameter D = 500 um; depth was taken as the optimal depth of /1, = 8 um. The
calculation results are shown in Figure 6. Similarly, from the maximum positive and negative
pressure values with the variation curve of the texture area rate, combined with the pressure
clouds at different area rates, it can be concluded that the circular texture has the best dynamic
pressure effect corresponding to an area rate of 20%.
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Figure 6. Maximum positive and negative pressure value and pressure change curve of circular
texture under different area ratios.

4.2. Influence of the Angle between the Two Wings of the Texture on the Lubrication Performance

The angle 6 between the two wings of the texture was set to 40°, 50°, 60°, 70°, 80°, 90°,
and 100°, and the effect on the pressure and lubrication characteristics of the flow field
formed in lubrication was studied by changing the angle of the V-shaped texture. Other
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parameters were: S, = 25.9%, h, = 13 um, and the shape parameter a = 0.53 of the texture,
and the calculation results are shown in Figure 7.
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Figure 7. Maximum positive and negative pressure value and pressure change curve of V—shaped tex-
ture with different angles between sides: (a) Maximum positive and negative pressure value change
curve; (b) Center section pressure variation curve; (c) Pressure distribution on cross-sectionalarea of
the dimple unit provided by Wang et al. [40].

By comparison with Figure 7c, it can be seen that the flow field pressure change
curve obtained by the simulation results in this paper has the same trend as the pressure
change curve obtained by the simulation results in published papers, which proves that
the numerical simulation program is correct.

From the pressure distribution cloud chart, it can be seen that, with the increase of the
edge length angle 6, the V-shaped texture negative pressure zone spacing also increased,
and the negative pressure area appeared to reduce the trend, with the positive pressure
zone area of the proportion of the first increase, and subsequent decrease in the trend.
This was due to 6 smaller V-shaped texture and parallel to the sliding direction of the
distribution of the longitudinal texture on the lubrication characteristics of the friction pair
was similar, when the lubricating medium flowing through the texture was mainly guided
by the V-shaped texture two wing length, and that supported by the fluid shear resistance
was smaller, so the V-shaped vertex position of the extrusion effect was weakened, resulting
in the area of positive pressure zone and the maximum positive pressure value was smaller.
When 60 was larger, the V-shaped texture and perpendicular to the sliding direction of the
distribution of the transverse texture of the dynamic pressure effect was approximate, at
this time for the flow of lubricating medium obstruction to be greater than its guiding
effect. The V-shaped apex position of the squeeze effect was enhanced, but the 6 angle
was too large when the lubricating medium flow through the texture characteristic of the
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flow distance was reduced, resulting in the V-shaped apex position of the squeeze effect
having a tendency to reduce. Thus, there was the best dynamic pressure characteristics of
the V-shaped texture edge length angle. In Figure 7, it can be seen that when 6 = 60°, the
center section of the maximum value of positive pressure, and the area of positive pressure
area accounted for the largest, thus contributing to improve the lubrication characteristics.

4.3. Influence of Texture Shape Parameters on Lubrication Performance

In order to study the effect of specific parameters of the texture shape on the lubrication
performance, the experimental design was to keep the side length M of the V-shaped texture
constant and to calculate by changing the value of the texture width N. The V-shaped texture
shape parameters were designed as 0.07, 0.14, 0.36, 0.43, 0.46, 0.5, 0.51, 0.53, and 0.57 to
study its effect on the pressure distribution of the flow field formed in the lubrication
characteristics and lubrication performance. Other parameters were: S, = 25.9%, h, = 13
um, 6 = 60°, M = 700 um, and the calculation results are shown in Figure 8.
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Figure 8. Maximum positive and negative pressure value and pressure change curve of V—shaped
texture under different shape parameters: (a) Pressure variation curve of central section; (b) Maximum
positive and negative pressure value change curve.

As could be seen from Figure 8, the V-shaped texture formed two areas of positive
and negative pressure. In the process of friction lubrication, when the lubricating medium
flowed through the V-shaped texture two wing entrance position, would flow into the
texture gap, so the lubricating medium in the flow through the V-shaped texture entrance
position, the formation of two separate negative pressure area, as the lubricating medium
continues to flow into the V-shaped texture, the V-shaped texture along the side direction
of the pressure was also increasing, when the pressure increased to a certain extent, in
the V-shaped texture at the apex position to form a positive pressure region. Due to the
shape of the V-shaped texture itself, its two wings of the expansion of the edge could guide
the flow of lubricating medium along the edge length direction. The lubricating medium
constantly infiltrated the V-shaped texture in the apex of the location of the collection,
with the accumulation of lubricating medium thus forming the extrusion effect, further
improving the lubrication performance. By observing the texture pressure distribution
cloud and analysis of the positive and negative pressure values, the results showed that the
maximum positive pressure value and the formation of positive pressure area were much
larger than the negative pressure value of the two negative pressure area and negative area,
which was due to the continuous flow of lubricating medium produced by the extrusion
effect of lubricating medium and the formation of the test piece surface dynamic pressure
effect, and because the positive pressure value was higher than the negative pressure value,
which then offset the balance. There was still some positive residual pressure. This part
of the positive pressure applied to the oil film, i.e., the two frictional vice separations,
improved its lubrication performance.

Figure 8a shows the pressure variation curves of the central section of the V-shaped
texture with different shape parameters, and the following results could be obtained
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through the analysis of the variation curves. Combined with the maximum positive and
negative pressure change curves under different shape parameters shown in Figure 8b,
when the shape parameter & of the V-shaped texture reached 0.53, the pressure in its
central section was maximum, and the texture characteristics at this time could support the
extrusion effect of the lubricating medium to provide the maximum load-bearing force for
the oil film formed between the two friction pairs.

4.4. Effect of Texture Depth on Flow Field Pressure Distribution

The texture depths were designed as 5 um, 8 um, 10 pum, 11 pm, 12 pm, 13 pm, 14 pm,
15 um, and 20 pm to study the effect of texture depth on the pressure distribution and
lubrication characteristics of the flow field. Other parameters were: S, = 25.9%, hj = 13 um,
6 = 60°, and the calculated results are shown in Figure 9.
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Figure 9. Maximum positive and negative pressure value and pressure change curve of V—shaped
texture with different depths: (a) Pressure variation curve of central section; (b) Maximum positive
and negative pressure value change curve.

As can be seen from Figure 9, the maximum positive pressure value increases with the
increase of the texture depth, reaching a maximum at a texture depth of 13 um, and then
decreased. The reason for this phenomenon was that if the texture depth was too small,
the effect on the lubrication gap was small, and thus the hydrodynamic pressure effect
was weak, but when the depth was too large, vortices were generated at the bottom of the
texture (as shown in the velocity flow diagram at the bottom of the inlet of the two wings of
the texture at a depth of 20 um), and the excessive vortices consumed energy and reduced
the flow speed, resulting in a dragging effect. Therefore, the V-shaped texture could be
optimized for lubrication at the optimum texture depth of 13 um.

As can be seen from Figure 10, the circular texture depth was also optimized in order to
ensure that the lubrication performance of the V-shaped texture and the circular texture was
compared at their respective optimum parameters. The circular texture depths were set to
5um, 7 pm, 8 um, 9 pm, 10 pm, 12 pm, 15 um, and 20 pm, respectively, and other parameters
were: circular texture diameter D = 500 pum, S, = 20%. The calculation results show that the
circular texture has the best dynamic pressure effect corresponding to a depth of 8 um.
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Figure 10. Maximum positive and negative pressure value and pressure change curve of circular
texture with different depths: (a) Pressure variation curve of central section; (b) Maximum positive
and negative pressure value change curve.

4.5. Influence of the Coverage of the Texture Area on the Lubrication Performance of the
Friction Subsurface

The texture coverage affected the lubrication gap gradient effect induced by the texture,
and thus there existed an optimized texture coverage. The texture area coverages of 30%,
40%, 50%, 60%, 70%, and 80% were calculated to investigate their effects on the pressure
distribution and lubrication performance of the flow field formed during the lubrication
process. Other parameters were: a = 0.53, Sy = 25.9%, h, = 13 um, 6 = 60°, and the location
of the texture distribution was the entrance of the flow field.

A cloud plot of the V-shaped texture pressure distribution and the cross-sectional
pressure variation curves at different coverage rates were shown in Figure 11. From the
figure, it can be seen that the presence of the texture array generated a set of positive
pressures superimposed on the pressure curve. The positive pressure was generated by
the pooling effect of the two flanking edges of the V-shaped texture, which eventually
produced an extrusion effect at the location of the apex of the V-shaped texture by the
continuous influx of lubricating medium. The positive pressure region was formed at
the apex of each V-shaped texture distributed along the surface of the specimen in the
array and perpendicular to the sliding direction, and each positive pressure region was
separated from each other, thus providing more pressure to the convergence gap formed by
the V-shaped texture distributed along the sliding direction. Analysis of the cross-sectional
pressure changed in Figure 9 can be performed, i.e., he V-shaped texture cross-sectional
pressure value with the increase in texture coverage, and its tendency to increase relatively
slowly. The reason for this change was that the increase in texture coverage made the
lubricating medium flow through the texture area generated by the high-pressure area
and the low-pressure area between the spacing was reduced. When the texture coverage
was too large, the cross-sectional pressure value of the peak would become smaller, which
was due to the influence of the lubricating medium flow in and out or the low-pressure
dispersion wedge, resulting in the loss of positive pressure, which could be inferred from
the large texture coverage leading to the loss of positive pressure, directly affecting the oil
film between the two interfaces bearing capacity, making the lubrication effect worse.
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Figure 11. Pressure distribution cloud diagram (left) and cross—sectional pressure change curve
(right) of V—shaped texture under different coverage. (L1/L; /L3 are the cross-sectional center value)
(a) A =40%; (b) A = 60%; (c) A = 80%.

Figure 12 shows the change curves of oil film bearing capacity and friction coefficient
between two interfaces of relative motion under lubrication conditions with different
coverage of V-shaped texture. In addition, the texture coverage of the circular texture
used as a comparison was optimized, and the results showed that when the proportion of
circular texture surface was 50%, it could provide the maximum oil film bearing capacity
to separate the two opposing motion interfaces, corresponding to the smallest friction
coefficient and the best lubrication characteristics.
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Figure 12. Bearing capacity of oil film and friction coefficient variation curves of V—shaped texture
under different coverage.

4.6. Influence of the Distribution Position of the Texture on the Lubrication Performance

The distribution position of the texture on the friction subsurface also has a significant
effect on the change of the lubrication gap gradient generated by the texture. Therefore,
the distribution positions of the texture were set to the flow field entrance, center and exit
positions, and the effects of the V-shaped texture with different distribution positions on
the lubrication performance and flow field pressure distribution were studied. The other
parameters were: a = 0.53, S5, = 25.9%, hp =13 pm, and 6 = 60°, and the texture coverage
was 60%. The calculated results are shown in Figures 13 and 14.



Lubricants 2023, 11, 139

13 0f 18

Pressure
3100

2748
2305
186.2
1420
97.69
53.41
9.143
-35.13

-79.40
(kPa)

sevesegpvevee

(a)

A

N

/ﬂv

/

[ 2 1 o 8 10
X (mm)

Prossure
53.18

38.40

23.62

[KPa] 7984

(b)

X (mm)

Figure 13. Pressure distribution cloud diagram (left) and cross—sectional pressure change curve
(right) of V—shaped texture at different distribution positions. (Ls/Ls are the cross-sectional center
value) (a) Textures arranged at the center of friction surface (b) Textures arranged at the exit.
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Comparing the pressure change curve of the cross-section in Figure 13, it could be
concluded that under the condition of constant texture coverage, as the texture distribution
on the surface of the specimen approached the exit position of the flow field, the positive
pressure area would be disturbed by the low-pressure area formed by the two flanks, and
thus the positive pressure value tended to decrease along the sliding direction. From the
pressure distribution cloud shown in Figure 13, we can see that the lubricating medium in
the V-shaped texture formation of the negative pressure area of the two wings of the area
of the proportion of the texture distribution positioned closer to the exit position gradually
increased, when the positive and negative pressure offset effect was also correspondingly
enhanced. Thus, it would make the lubrication surface of the oil film bearing capacity
present a trend of reduction. When the distribution of the texture characteristics is located
away from the inlet position of the flow field, the lubrication surface of the oil film in
the sliding direction of the convergence effect was weakened, such that the dynamic
pressure between the two interfaces led to reducing the fluid, making the friction lubrication
performance worse. With the texture distribution position just in the lubricating medium
formed at the entrance of the flow field, the two relative motions of the interface between
the lubricating medium because of the shape of the V-shaped texture characteristics of the
obvious convergence compression phenomenon, for the texture convergence gap dynamic
pressure has an enhanced effect; and when the texture distribution is near the exit position,
the lubricating medium in the flow of the texture dispersion gap, the formation of a
larger negative pressure area, and smaller negative pressure value are observed to occur.
Therefore, the lubrication effect was better when the texture was distributed in the inlet
position, as shown in Figure 14.
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5. Test Results and Discussion
5.1. Effect of Texture Shape on Friction Coefficient

In order to study the effect of texture shape on the friction coefficient, the geometric
characteristics of the V-shaped texture were set as follows: texture shape parameters
a=0.53,Sp =25.9%, h, = 13 um, 6 = 60°, the offset distance of the pin head from the center
of the disk was set to 20 mm, and the coverage of the texture characteristics in the texture
structured area of the upper and lower specimen surfaces were 100%.

The test time for each group of tests was set to 20 min. During the test, the sampling
frequency was set to 100 Hz. In order to reduce the error during the test, the single test
results with the overall trend error within 5% of the average friction coefficient curve of
each group measured under the same test conditions were taken as the research object after
multiple groups of tests. Analyzing the trend of the V-texture friction coefficient curve
shown in Figure 15 and comparing different friction coefficients, it could be concluded
that in the pin-to-disk test, the friction coefficient was the smallest when only the V-texture
was processed on the bottom surface of the upper test piece, and there was also a trend of
decreasing the friction coefficient as the friction lubrication test was carried out. The friction
coefficient decreased because after a period of testing, the friction and wear between the
interface of the two relative movements tended to stabilize, and with the formation of a
more stable lubricant film at the contact position, the oil film bearing capacity also increased,
for the lubrication medium and the test piece surface between the fluid dynamic pressure
has a certain enhancement effect. It is worth noting that when the crater of V-shaped
texture was on the surface of the upper test piece, the dynamic pressure generated by the
lubricating medium had a favorable effect on the formation, so there was a trend that the
friction coefficient decreased with the increase of the test length, and when the crater of
V-shaped texture was prepared only on the surface of the lower test piece, the friction
coefficient was less than the test friction coefficient of the untextured surface but greater
than the test friction coefficient of the upper test piece after the texture treatment. From
the test results, it could be seen that the specimens with V-shaped texture on the contact
surface showed good friction reduction performance in the pin-to-disk test. In addition,
the friction coefficient was smaller, and the lubrication effect was better when the texture
crater was prepared on the upper specimen surface.
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Figure 15. Friction coefficient curves of V—shaped texture.

5.2. Effect of Texture Surface Coverage on the Friction Coefficient

The effect of texture coverage on the friction coefficient was studied, in which the
bottom surface of the upper specimen was taken as the texture structured surface and the
parameters in the test were set as follows: V-shaped texture coverage was set to 40%, 60%,
80%, and 100%, respectively. The test results and published articles are shown in Figure 16.
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Figure 16. (a) Friction coefficient curves of surface V—shaped textures with different coverage;
(b) Different coverage test results provided by Zhang et al. [41].

By comparison with Figure 16b, it can be seen that the texture friction coefficients
obtained by the test results in this paper under different surface coverage rates have the
same trend as the test results in published papers, which proves the correctness of the test
results in this paper.

As could be seen from Figure 16, the friction coefficient on the surface of the fully
texture friction subsurface was significantly higher than the partially texture surface. A
possible reason for this was that the full texture could be equated to jut a simple increase
in the lubrication gap, which did not have a macroscopic lubrication gap gradient effect
when the texture was distributed in the lubricant inlet position. The partially distributed
texture enhanced the convergence of the oil wedge, and the convergence of the lubricant
film and squeezing effect was obvious, thus producing a larger fluid dynamic pressure,
thus showing a better friction reduction effect. When the texture coverage was less than
60%, the friction coefficient tended to increase, which was because the texture coverage was
too small to enhance the wedge of the lubricant. Thus, the experimental results showed
that there was an optimum texture coverage of 60% for the V-shaped texture for the best
lubrication effect, which was consistent with the numerical simulation results.

5.3. The Effect of Texture Distribution Position on the Friction Coefficient

In this group of tests, the texture structure was selected for the bottom surface of
the upper test piece, texture structure processing position for the lubricating medium
inlet, centered and outlet position for the test, in order to study the texture structure
distribution position on the lubrication performance of the shadow, where the V-shaped
texture structure coverage is 60%. Experimental test results are shown in Figure 17.
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Figure 17. Friction coefficient curves of V—shaped texture with different distribution positions.

As can be seen from Figure 17, the friction coefficient was obviously the smallest when
the texture was located at the inlet of the lubricating medium, the largest when the texture
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was located at the outlet, and the friction coefficient was in between when the texture was
located in the middle position, and the experimental test results were in full agreement with
the simulation results. The reason was that the influence of the texture on the lubricating
oil wedge was different when the texture was located at different positions. When the
texture was located at the entrance, it enhanced the convergence effect of the lubricating oil
wedge. When the texture was located at the exit position, it has a negative effect on the
convergence of the oil wedge.

In order to compare the effect of the V-shaped texture designed in this paper and the
commonly used circular texture on the lubrication effect, the samples were prepared with
the optimal texture parameters of the V-shaped texture and the circular texture, and the
experimental tests were conducted under the optimal texture distribution characteristics
(the texture was processed on the upper specimen surface and the distribution position
was both at the entrance position). The results are shown in Figure 18. It can be seen that
the V-shaped texture designed in this paper has a better lubrication effect than the circular
texture under the respective optimal texture parameters and distribution characteristics.
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Figure 18. Friction coefficient curves of textures with different shapes at the entrance.

6. Conclusions

a.  Under the optimal parameter conditions, the V-shape texture designed in this paper
has better lubrication characteristics than the circular texture commonly studied
today, because V-shape texture has pooling and squeezing effects on the flow of lubri-
cating medium, which is more conducive to the formation of fluid dynamic pressure.

b.  V-shape texture has more abundant control parameters. The converging and squeez-
ing effect of the V-shape texture on the lubricating medium can be optimized by
optimizing the characteristic parameters, such as the angle between the two wings,
shape parameter, and area ratio depth of V-shape texture, so as to achieve the best
lubrication effect. The results of simulation and test show that when the V-shaped
texture area rate Sp = 25.9%, the angle between the two wings 8 = 60°, the shape
parameter « = 0.53, and the depth /1, = 8 um, the hydrodynamic pressure effect is
the strongest, the vortex effect at the bottom is the weakest, and the bearing capacity
provided by the oil film is the largest.

C. The distribution position of texture and the coverage rate of texture area affect the
change of flow field clearance of lubricating medium, thus affecting the cavitation
effect and the distribution state of high and low pressure in the flow process of
lubricating medium. Under the condition that the texture position is at the entrance
of flow field and the coverage rate of texture area is 60%, part of the distributed texture
enhances the convergence effect of the oil wedge and has obvious convergence and
extrusion effects on the lubricating oil film. As a result, the fluid dynamic pressure is
greater, so it shows better antifriction effect and has the best lubrication effect.

d.  Systematic theoretical research and analysis of V-shape texture provides a theoretical
basis for the rational design of surface micro-texture and the influence of texture
distribution characteristics on lubrication characteristics, and provides a research
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direction for improving lubrication performance between friction pairs under fluid
lubrication and reducing the friction and wear of mechanical systems.
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