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The surface texture, a major way to decrease friction and wear of the cylinder-piston ring friction pair, was conducted on cylinder-
piston ring friction pair specimen using the orthogonal experimental design method to investigate the effect of different texture
parameters (size, depth, shape, and surface density) of the friction and wear characteristics. Through simulation analysis, the
texture parameters that affect the friction and wear characteristics are obtained. Using the evaluation method of friction coefficient
and mass wear rate, the influence sequence and optimal values of texture parameters that affect friction and wear characteristics
are obtained through range analysis. The results show that, after surface texture treatment under mixed lubrication conditions, the
friction characteristics of the friction pair have changed and the friction coefficient and friction and wear rate have been sig-
nificantly reduced. The results show that the triangular texture has a good antifriction effect, the texture depth is deepened, and the
surface density and the size increases have a positive effect on the improvement of friction and wear. An ultra-depth microscope
was used to observe the wear morphology of the friction and wear tests. The results show that the weakening of the third body wear
by the texturing treatment and the maintenance of oil lubrication are the main reasons for reducing friction and wear.

1. Introduction

Hydraulic cylinder is a common hydraulic actuator that
converts hydraulic energy into mechanical energy. It has the
advantage of simple structure, and high reliability can realize
linear reciprocating motion (or swing motion). It can be
used solely or combined with other components, so it is
widely used in hydraulic systems [1]. Piston ring-sleeve
friction pair has been under heavy load and high load for a
long time; its friction performance and service life are im-
portant factors that affect the overall service life and reli-
ability of the cylinder [2]. In the current research, although
the material improvement of the hydraulic cylinder-piston
ring has achieved initial results, some treatment methods are
still needed to further improve the performance and extend
its service life.

Texturing is a method of texturing smooth surfaces to
improve surface contact performance [3-5]. The main
method is to introduce well-defined identical features (such
as discrete pits and grooves) on the contact surface [6]. The
texture can be used as a lubricant reservoir to provide lu-
bricant to the contact surface in the case of insufficient
lubrication and to capture wear debris to minimize third
body wear [7-10]. Texturing is widely used in cutting tools,
internal combustion engine pistons, mechanical seals, and
bearings [11-17]. Current research and applications show
that texturing processing is feasible and effective, has a wide
range of application scenarios, and has a good application
prospect in future industrial production.

Current research shows that texture parameters mainly
involve four parameters of texture size, depth, shape, and
surface density. Qiu and Khonsari [18] mainly studied the
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influence of the size of the texture on the bearing capacity.
The texture improves the bearing capacity of the oil film
through cavitation. Etsion et al. [19] studied the influence of
different texture depths on oil film bearing capacity and
antifriction performance. Wang et al’s [20, 21] research
shows that when the texture depth is close to the oil film
thickness, the oil film bearing capacity reaches its peak; when
it is slightly larger than the oil film thickness, the abrasion
resistance and surface integrity are the best; when it is less
than the oil film thickness, the texture becomes negative
effect. The research of Guzek et al. [22-24] compared the
effects of rectangular, elliptical, spherical, and other texture
shapes on the bearing capacity and the antifriction prop-
erties of the oil film. Studies [25] have shown that rectan-
gular texture has obvious advantages in bearing capacity,
spherical texture has significant effects on contact perfor-
mance and friction reduction, and the texture effect is best
when the contact surface slides along the long axis of the
elliptical texture. Xiao et al. [26, 27] found that tilting or
stepping the bottom of the texture can effectively increase
the thickness of the oil film. Zhang et al. [28, 29] conducted a
series of studies on the influence of the surface density of the
texture. The studies found that the lowest density at which
the texture produces a positive effect is about 8.6%; the
texture density of oil-lubricated metal components is be-
tween 5% and 13% and, at this time, the antifriction rate is
the highest; and the texture density should be avoided as
much as possible to exceed 25% to avoid stress concen-
tration. Henry et al.’s [30] research shows that higher texture
density is more beneficial. In their experiments, it was shown
that texture with 30% areal density has better results and the
stress concentration is not obvious. However, the test results
also show that the fully textured contact indicates low ef-
ficiency, so there is still an upper limit on the surface density
of the texture. The influence of texture parameters on the
bearing capacity and antifriction properties of the contact
surface is more than that of the above-mentioned factors.
For example, Guzek et al. [22, 31] also found that the texture
distribution on the fixed surface is more efficient because the
texture on the moving surface will cause pressure accu-
mulation at the lubricating fluid inlet due to the squeezing
effect. Of course, texturing on the two contact surfaces will
produce additional effects. In the current research, the main
consideration for the application of texture is the influence
of related parameters, and different texture parameters are
designed for different application scenarios. For example, in
Xu et al’s [32-36] research, the application of different
texture parameters in cylinders was studied, and friction and
wear tests were carried out on the textured elements using a
friction and wear machine. The research results provided a
good understanding for the lubrication mechanisms of
different textured surfaces.

However, the current research on texture processing
technology is still relatively limited. On the one hand, it fails
to effectively combine multiple parameters. On the other
hand, there is no reference for the texture processing pa-
rameter settings, and the parameter data has no simulation
or theoretical basis. This paper uses simulation methods to
determine the texture processing parameters and uses the
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orthogonal test method to study the order and optimal value
of the texture processing methods of different sizes, depths,
shapes, and surface densities on the hydraulic cylinder-
piston ring friction pair. The wear morphology of the friction
contact surface after texture treatment was analyzed by SEM
electron microscope.

2. Texture Parameter and Methods

2.1. Texture Parameter Setting. The current research mainly
focuses on two aspects of the friction reduction effect of the
contact surface and the improvement of the bearing capacity
by the change of texture parameters. However, in the current
experimental research, most of the texture parameters are
determined without theoretical guidance; there is no ex-
perimental verification for the theoretical research on tex-
ture parameters. In this paper, a simulation study of texture
parameters is carried out, and the texture parameters are
determined by the CFD method and MATLAB simulation
technology, combined with relevant research conclusions
and analysis, which is used as the basis for subsequent or-
thogonal experiment parameter settings.

The setting of texture parameters mainly involves four
aspects of texture size, depth, shape, and areal density. The
texture parameters directly determine the thickness and
bearing capacity of the oil film, so the parameter settings in
this article are based on the oil film and bearing capacity as a
setting reference. The depth of the texture is a parameter that
directly affects the thickness of the oil film. The relationship
between the thickness of the oil film and the depth of the
texture is shown in the following formula and Figure 1:

h=hy+h, (1)

2.2. Texture-Influencing Factors. The main parameters that
affect the texture are the size, depth, shape, and surface
density of the texture. According to the research of Sahlin
et al. [37], when the depth of the texture is close to the depth
of the internal circulation (vortex) generated by the fluid in
the texture, the texture has the greatest bearing capacity. In
the study of Cupillard et al. [38—40], this depth is defined as
the critical depth of the texture. In the study of Du et al.
[21, 41], it is shown that the roughness has a certain influence
on the average depth of the texture of the contact surface.
When the roughness is close to the depth of the texture, the
rough surface will adversely affect the texture. In addition to
depth, the shape of the texture also affects the thickness and
bearing capacity of the oil film lubricated. Foulflias et al. [42]
conducted a study on the influence of textures of different
shapes on the thickness of the oil film and showed that the
appropriate texture shape has a positive effect on the
thickness of the film. Papadopoulos et al.’s [43] research
found that the rectangular texture has the greatest bearing
capacity in oil film lubrication. The study of Hu et al. [44]
shows that different texture shapes have a certain effect on
the stability of the lubricating oil film. In this section,
MATLAB and ANSYS simulations are performed on the
four parameters that affect the texture performance, namely,



Advances in Materials Science and Engineering

LX
I
i
I
I <
I
I
i X
i <
I

PR/ S

I

2rp

FIGURE 1: Relationship between oil film thickness and texture depth.

texture size, depth, shape, and surface density. The simu-
lation results verify the influence of the four parameters on
the texture’s oil absorption capacity and oil film bearing
capacity.

Using MATLAB to simulate the thickness of the oil film
formed by the texture of different shapes, the simulation
results are as shown in Figures 2-4.

According to the simulation results of Figures 5-8, it is
found that textures of different shapes have different effects
on the thickness of the oil film, which is reflected in the
difference in the shape and thickness of the oil film gain. The
results show that the appropriate texture shape has a certain
positive effect on the thickness of the oil film.

Because the size and depth of the texture have a certain
impact on the oil absorption capacity of the texture, this
paper uses ANSYS software to simulate the size and depth of
the texture on the oil absorption capacity of the texture. The
flow field simulation uses a steady-state flow field model to
simulate the flow state of oil flowing through the texture
under actual working conditions. The simulation sets up
1500 iterations and converges when the iteration error is less
than one-thousandth.

CFD simulation uses the pressure of the hydraulic
cylinder under actual working conditions as the inlet
pressure of 32 MPa and the actual pressure setting of the
outlet pressure of 31 MPa to calculate the oil flow through
the texture area under the steady flow field. The oil is
conventional hydraulic oil. The temperature is designed for
40 degrees Celsius under normal working conditions. We
analyzed the depth and size of different textures on the flow
of oil through the texture area. The analysis results show that
the size, depth, and surface density of the texture have a
certain effect on the ability of the texture to absorb oil. When
the ratio of size to depth is appropriate, the ability of the
texture to absorb oil increases, corresponding to the increase
of oil flow lines inside the texture in the simulation diagram
in the streamline diagram. The oil enters the texture and
forms an internal circulation within the texture, indicating
that the oil is retained inside the texture.

In this section, MATLAB is used to verify the influence
of texture shape on the bearing capacity of the oil film,
and the CFD method is used to verify the influence of
texture size, depth, and areal density on the maintenance
of the oil film by the texture preservation oil. The two
simulations verify the retention of the texture on the oil
film through two different angles. The simulation results
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FIGURE 2: Quadrangular texture oil film gain diagram.
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FiGURE 4: Circular texture oil film gain diagram.

finally determine the comprehensive influencing pa-
rameters of texture, namely size, depth, shape, and
surface density.

3. Test Preparation

The test samples were prepared by using 59# copper, which
is commonly used for piston rings, and 45# steel, which is
commonly used for hydraulic cylinders, as the test materials,
and the samples were prepared. A laser beam was used to
process the micro-textured array on the surface of the 59#
copper piston ring sample, and the friction-reducing effects
of different texture parameters were compared through the
friction and wear test in the orthogonal test method. The
selection of each factor level is shown in Table 1, because the
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FIGURE 5: 500 micron diameter and 200 micron depth texture fluid pressure diagram and streamline diagram.
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FIGURE 6: 700 micron diameter and 200 micron depth texture fluid pressure diagram and streamline diagram.
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FIGURE 7: 500 micron diameter and 300 micron depth texture fluid pressure diagram and streamline diagram.

Ly (4*) orthogonal sequence design experiment is used. The
interaction of the main factors was ignored. In addition, a
control untextured test group and a parameter median
control group were set up to conduct comparative friction
tests with and without oil lubrication.

3.1. Material Preparation. The raw materials used in the test
are 59# brass sample and 45# steel friction block.

According to the test equipment and the purpose of the
test, the brass sample is set as a sheet sample with a
thickness of 25 mm*25mm and a size of 5mm. The steel
friction block is cut according to the size of the fixture.
First, the copper sheet is polished to ensure its surface
roughness and parallelism. Second, the steel friction block
is polished to ensure its parallelism so that the steel block
and the copper sheet can achieve surface-to-surface
friction.
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FI1GURE 8: 700 micron diameter and 300 micron depth texture fluid pressure diagram and streamline diagram.

TaBLE 1: Levels of factors in texture parameters.

Levels
Factors (j) 1 2 3 4
Texture diameter (ym) 500 300 700 900
Texture shape Rectangle Circle Triangle Rhombus
Texture depth (ym) 100 200 300 400
Surface density (%) 2 4 6 8

3.2. Texturing. Laser equipment is used to texture the copper
sample. The texture processing includes the following pa-
rameters: texture size (diameter), shape, depth, areal density,
processing form, and texture surrounding material orga-
nization structure. In this study, the texture size, shape,
depth, and surface density are the main influencing factors,
and the orthogonal design method is used for texture
processing. Each level factor is selected as shown in Table 1,
so the L4 (4% orthogonal design is adopted, and the in-
teraction of the main factors is not considered, as shown in
Table 2. Ultrasonic washing is performed on the textured
copper sample to wash away impurities and laser burning
products. It is ensured that the laser-processed textured
surface presents the required four shapes and the texture
presents the correct size and depth. The area density design
is obtained by dividing the area treated by the texture by the
total area. After cleaning, it is necessary to check whether the
area density meets the design requirements again. Then, the
BSM?220 precision balance is used to weigh the sample before
the friction test, and the data are recorded.

3.3. Friction and Wear Test. The dry sliding wear test was
carried out at room temperature using a multifunctional
tribometer (Zhongke Kaihua CFT-I), which was equipped
with a block-to-disk assembly, as shown in Figure 9. A
normal load of 80N was applied to the 45# steel friction
block, it was slid at a speed of 10 mm in radius and rotated
for 120 minutes at a speed of 900 rpm. In the test process, the
PLC control needle tube oil injection method was used to
supplement the oil of the friction pair to simulate the state of
mixed friction with exhausted oil in actual working con-
ditions. In addition to the friction test on the 16 specimens in

the orthogonal test table, the friction and wear tests on the
median level specimens of the four factors and the untex-
tured specimens were carried out. The test conditions were
the same as those in the orthogonal test table. After the
friction and wear tests were over, the test piece was ultra-
sonically cleaned again with absolute ethanol. The BSM220.4
high-precision balance was used to weigh the specimen after
the wear test, and the data were recorded.

3.4. Wear Observation. After cleaning the copper sheet,
pictures were taken with an ultra-depth field again to ob-
serve the annular friction area formed by rotating friction.
The focus was on the observation of plow-shaped grooves
caused by common friction and the wear and scratch
morphology caused by friction in the third body wear. The
wear width and furrow depth of the corresponding area were
measured.

4. Results and Discussion

4.1. Hardness Analysis. According to [45], when the laser is
used to texture the metal surface, the heating and burning
process of the laser may cause the local hardening of the
material, which indirectly improves the wear resistance of
the material surface. To avoid the influence of the hardening
of the material itself on this test, this paper uses a micro-
hardness tester to test the microhardness of the specimens
before and after the texturing treatment. The test results
show that the texturing treatment has no significant effect on
the hardness of the copper sample (163 HV~166 HV). It can
be considered that, in this experiment, the hardening and
strengthening effect of laser processing technology on the
material can be ignored.

4.2. Friction Analysis. The friction coeflicient is a direct
manifestation of the pros and cons of the friction perfor-
mance. The multifunctional tribometer in this test can
display the friction coefficient between the contact surfaces
in real time. The friction coefficient comparison chart is
shown in Figure 10.
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TaBLE 2: The L6 (4% orthogonal array of texture parameters.
Exp. no. Texture diameter (ym) Texture shape Texture depth (ym) Surface density (%)
S1 500 Rectangle 100 2
S2 500 Circle 200 4
S3 500 Triangle 300 6
S4 500 Rhombus 400 8
S5 300 Rectangle 200 6
S6 300 Circle 100 8
S7 300 Triangle 400 2
S8 300 Rhombus 300 4
S9 700 Rectangle 300 8
S10 700 Circle 400 6
S11 700 Triangle 100 4
S12 700 Rhombus 200 2
S13 900 Rectangle 400 2
S14 900 Circle 300 8
S15 900 Triangle 200 6
S16 900 Rhombus 100 4
0.30
Normal load . 0.25 4
0.20 A
Wear track

Steel block

Specimen ——p

F1GURE 9: Schematic of the block-on-disc wear test.

Figure 10 shows the real-time monitoring graph of the
friction coefficient under working conditions, dry friction
conditions, and mixed friction conditions. The working
condition is the load force obtained by multiplying the
contact area by the actual hydraulic oil pressure. In the case
of actual load force, considering the commutation speed
and working length of the actual hydraulic cylinder, the
corresponding rotation speed is 900 rpm, and the test is
performed with 120 min as the test time. Analyzing the
friction coeflicient changes in the graph, it can be found
that, compared with the oil-free friction, the friction co-
efficient between the copper sample and the steel block
grinding head decreases significantly under the mixed
lubrication condition, indicating that the oil film has a
significant antifriction effect. Comparing the friction co-
efficient curve of the sample after the texture treatment and
the friction coefficient curve of the sample without the
texture treatment, we can find that the friction coefficient of
the sample without the micro-texturing treatment is still
significantly greater than that of the sample after the
texturing treatment, and the friction coefficient curve of the
sample after the texturing treatment is smoother. This
shows that the samples after the texturing treatment in-
dicate that the texture has a significant effect on

0.15 4

0.10 4

Friction coefficient

0.05

0.00 4

100 120

Time (min)
—— No texture oil friction

—— Textured oil friction
—— No texture dry friction

FiGure 10: Friction coefficient curves of friction pairs under dif-
ferent conditions.

maintaining the stability of the oil film and ensuring the
integrity of the oil film [46].

4.3. Wear Analysis. Table 3 lists the abrasion test results of
the 16 texture samples of the orthogonal test group and the
untextured smooth samples. Taking the mass loss of the
smooth sample as a reference, the relative wear rate of the
textured sample is less than 1, indicating that the textured
sample has better wear resistance under mixed friction
conditions.

In order to obtain the optimal value of the texture pa-
rameter, the friction and wear results of the orthogonal test
group were analyzed by range. The results of the range
analysis are listed in Table 4.

The results of C> A > B> D show that the texture factors
that affect friction and wear are depth, size, shape, and
surface density in order. The best results of A;B;C5D, show
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TABLE 3: Wear test results of friction test specimens.

Exp. no. Wear loss (mg) Relative wear rate (%)
Smooth specimen 12.3 100
S1 4.5 36.59
S2 3.0 24.39
S3 2.2 18.89
S4 0.4 3.25
S5 1.7 13.82
S6 3.0 24.39
S7 2.4 19.51
S8 1.8 14.63
S9 2.3 18.70
S10 1.1 9.94
S11 1.0 8.13
S12 1.6 13.01
S13 2.5 20.33
S14 0.9 7.32
S15 1.9 15.45
S16 5.7 46.34

TaBLE 4: Range analysis results of relative wear rates.

Factor (j) A B C D
Ki 79.47 77.64 71.137 80.893
&2 81.91 83.74 83.333 83.13
Kj3 87.81 84.755 85.365 78.253
Kj4 77.64 80.693 84.553 84.553
Range (R]-) 10.17 7.115 14.228 6.3
Rank order of factors C>A>B>D

Optimum levels As B; Cs D,

that the best texture parameters are diameter 700 ym, tri-
angle shape, depth 300 ym, and surface density 6%. The
results of this group of experiments are close to the results of
recent studies [23, 28, 30, 33, 34], indicating that the results
of this group of experiments are reasonable.

4.4. Wear Morphology. After processing the data in the
orthogonal experiment group, we selected the untextured
sample, the orthogonal experiment optimal group sample,
and the parameter median group sample for ultra-depth
observation. Figures 11-13 show the local topography of
abrasion.

Focusing on the observation of the wear morphology of
the wear area, we can obtain the following conclusions by
analyzing and comparing the three samples. The wear
condition of the wear area in the optimal group of the
orthogonal test in Figure 11(a) and the parameter median
group in Figure 11(b) is relatively uniform. The grooves in
the optimal group of the orthogonal test in Figure 11(a) are
evenly distributed, with good continuity, and the grooves are
long and shallow, indicating that the friction is in a relatively
slight two-body wear stage. The wear groove in Figure 11(b)
has a discontinuous distribution, and the groove depth has a
certain degree of unevenness. This shows that the wear of the
parameter median group is still mainly slight two-body wear,
but there is a certain amount of three-body wear caused by
debris, which causes uneven changes and discontinuities in

the depth of the groove. Comparing the above two sets of test
analysis graphs, we can see that, under the condition of the
texture, the wear is dominated by abrasive wear. Among
them, two-body wear dominates, and there is less three-body
wear [47-49].

The abrasion morphology of the untextured sample is
shown in Figure 11(c). The wear area of the smooth sample is
larger than that of the above two samples, the pits and
grooves appearing in the wear are obviously increased, and
the continuity of the wear zone becomes worse, indicating
that there is abrasive wear and adhesive wear. Abrasive wear
occurs because the contact surface cannot effectively store
the oil to ensure the stability of the oil film. When the oil film
is damaged because the oil cannot be replenished in time, the
two contact surfaces of the friction pair will gradually come
into hard contact. The material of the hard surface is pressed
into the soft surface, and the groove is plowed out, which
produces a certain amount of wear debris, which cannot be
carried out of the contact area by the oil due to the poor
lubrication state [50]. The debris is squeezed by both sides of
the contact surface, resulting in three-body wear, which
intensifies the occurrence of plow-cutting. At the same time,
as the friction progresses further, the friction between the
wear debris and the two contact surfaces causes the tem-
perature to rise, and adhesive wear and abrasive wear occur
simultaneously [51]. As a result, adhesion and shearing
alternately occur during friction, and eventually grooves and
pit-shaped wear appear at the same time.

5. Verification Tests and Analysis

5.1. Verification of the Optimal Orthogonal Group. In order
to verify the accuracy of the orthogonal experiment analysis,
repeated experiments were performed on the optimal group
of orthogonal analysis. According to the analysis results of
the orthogonal experiment in Table 4, the parameters of the
texture orthogonal optimal group are set to 700 ym diam-
eter, triangle, 300 yum depth, and 8% areal density. The test
conditions of this group of tests are the same as the previous
test conditions. After the sample is tested, the abrasion mass
measurement is performed again. The results are shown in
Table 5.

5.2. Verification of the Dry Friction Control Group. In order
to verify the conditions that affect texture, this section
carried out an oil-free dry friction test on the optimal group
of orthogonal analysis and the smooth copper samples
without texture treatment. The two specimens of the dry
friction test group were subjected to abrasion mass weighing
and ultra-depth field photographs. The quality loss results
are shown in Table 6.

Observe the two sets of dry friction samples with an
ultra-depth of field in Figures 12 and 13. The friction co-
efficient comparison diagram is shown in Figure 14.

It can be found by comparing the two sets of dry friction
test data that the mass loss of the orthogonal optimal group
of specimens is greater than that of the smooth specimens.
This shows that, in the case of oil-free friction, the sample
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(a) (b) (©)

FIGURE 11: (a) Wear morphology of the orthogonal optimal test group. (b) Wear morphology of the parameter median group. (c) Wear
morphology of the untextured sample.
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F1GURE 13: Dry grinding morphology diagram of the optimal orthogonal sample group.

with texture wears worse, that is, when there is no oil found that a large amount of adhesive wear and abrasive
friction, the existence of texture plays a negative role. Thisis =~ wear occurred in the two test groups, which led to the flaky
because the existence of texture is equivalent to increasing  peeling of the material. When the friction surface gradually
the roughness of the contact surface, resulting in increased ~ comes into direct contact, the surface of the 45# steel ma-
wear. In the wear morphology in Figures 12 and 13,itcanbe terial with higher hardness is pressed into the surface of the
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TABLE 5: Mass wear rate under mixed lubrication conditions.

Exp. no.

Wear loss (mg)

Relative wear rate (%)

Smooth specimen
Orthogonal analysis optimal group

12.3 100
0.1 0.81

TABLE 6: Mass wear rate under dry friction conditions.

Exp. no.

Wear loss (mg)

Relative wear rate (%)

Smooth specimen
Orthogonal analysis optimal group

155.5 100
192.3 123.6

0.40
0.35
0.30
0.25
0.20
015

Frictional coefficient

0.10 4

0.05 4

0.00

Time (min)

—— Smooth sample
—— Optimal orthogonal sample

FIGURE 14: Comparison diagram of the friction coefficient in the
dry friction test.

softer copper material, and during the sliding process the
copper surface metal is continuously squeezed and grooves
are plowed on the surface. A certain amount of metal debris
is produced. This debris will be difficult to bring out of the
friction interface by the oil due to the deterioration of the
lubrication state and form three-body wear with the surfaces
of the two materials, which will aggravate the occurrence of
plowing, which will lead to an increase in the coefficient of
friction. At the same time, as the friction progresses, the
friction surface comes into direct contact, causing the two
metals to produce instantaneous high temperature at the
contact position, and the adhesion phenomenon occurs.
Then, the adhesion part is sheared due to the action of shear
stress. Under constant sliding friction, the adhesion and
shearing occur alternately, and when they accumulate to a
certain extent, they lead to adhesive wear [32, 35, 52, 53].
This shows that severe shear damage occurred during the
wear process. In addition, the material in the orthogonal
test group peeled more seriously, the peeling area was
larger, and the delamination phenomenon was more ob-
vious. According to the analysis of the wear morphology,
the samples of the orthogonal optimal group wear more
severely under dry friction conditions. This can also be
verified by comparison with the friction coeflicient graph of
Figure 14 as the friction coefficient of the samples of the

orthogonal optimal group is larger and the fluctuation is
more obvious.

This section verifies the mass loss of the orthogonal
optimal group under mixed friction conditions and com-
pares the wear conditions of the orthogonal optimal group
and smooth specimens under dry friction conditions. It
shows that the texture works by maintaining the stability and
bearing capacity of the oil film, thereby protecting the
contact surface and reducing friction. Under dry friction
conditions, the texture has a negative effect because it in-
creases the roughness of the contact surface.

6. Conclusion

The influence of different texture parameters on the piston
ring-sleeve friction pair sample was studied, and the pa-
rameters were optimized by the orthogonal design method
and range analysis. The wear area and morphology were
observed by taking pictures with an ultra-depth-of-field
microscope, and the wear mechanism was analyzed. The
influence of texture on the antifriction effect is analyzed by
the mass-loss rate. The main conclusions obtained through
these analyses are as follows:

(1) In this paper, a simulation analysis of the actual
working conditions of the piston ring-sleeve friction
pair of the hydraulic cylinder is carried out. Through
simulation analysis and research, the size, shape,
depth, and surface density of the texture have a certain
influence on the thickness of the oil film and the
ability of the oil to enter the texture. The simulation
results show that the influence of the above four
parameters should be considered when the actual
sample is textured, which can play a theoretical
guiding role in the actual industrial processing.

(2) The texturing treatment has a positive effect on re-
ducing the friction and wear of the contact surface of
the friction pair. Under mixed friction conditions,
the mass wear rate of the sample after the texturing
treatment has been significantly reduced, and the
decrease in the friction coefficient also intuitively
reflects this law. Through orthogonal experiment
analysis and range analysis, the most influential
parameters are texture depth, followed by texture
size, shape, and surface density. The optimal values
of these parameters are 300 yum depth, 700 ym di-
ameter, triangle, and 8% areal density. As the size,
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depth, and surface density of the texture increase, the
antifriction effect of the texture treatment becomes
more obvious. The mechanism that affects this rule is
the maintenance and replenishment of the texture to
the oil film, which ensures that the contact surface is
always in the friction condition with oil friction to
the greatest extent and reduces the degree of friction
and wear. The test results show that, in heavy-duty
large hydraulic components, submillimeter-level
textures play an important role in maintaining oil
film and reducing friction and wear. Submillimeter-
level textures have broad industrial application
prospects in large hydraulic components.

(3) A confirmatory experiment was carried out on the
orthogonal optimal group. Tests have shown that the
textured surface will have a positive effect only under
mixed friction conditions, and the mechanism is that
the texture maintains the stability of the oil film. The
presence of texture under dry friction conditions is
equivalent to increasing the roughness of the contact
surface, which plays a negative role in friction. The
test results show that, in large hydraulic components,
due to the self-lubricating properties of the hydraulic
system, the working conditions of the texture in the
component friction pair are in a state of mixed
friction, and its effect can be fully manifested.

(4) Under mixed friction conditions, the friction and
wear of the piston ring-sleeve friction pair are
dominated by two-body wear of abrasive wear, ac-
companied by a small amount of three-body wear,
and the wear is relatively light and uniform. Under
dry friction conditions, the wear is mainly adhesive
wear, which is manifested in a large amount of pit-like
wear and flaky peeling of materials. That is, under
working conditions, the texture should be made to
maintain the stability of the oil film to the greatest
extent, to control the wear of the contact surface in a
relatively stable state of abrasive wear. Under actual
working conditions, hydraulic components are self-
lubricating; that is, the interior of the components is in
a state of oil-rich friction or mixed friction for a long
time. At this time, the texture, due to its mechanism of
action, makes the oil film better preserved and finally
makes the friction form of the piston ring-sleeve
friction pair of the hydraulic cylinder in a mixed
friction state, and the wear form is of a weak two-body
wear type, which is effective. The morphology of the
contact surface of the friction pair is guaranteed, and
the service life is prolonged.
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