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Abstract: By researching the influence of micro-groove texture on the surface tribological properties
of the stator and rotor pair of oil production hydraulic motors, this paper aims to reduce the frictional
resistance moment of the spiral pair of hydraulic motors, and further solve the problem of the difficult
restart of the pump of a certain type of hydraulic-driven screw pump. According to the spiral pair of
screw motors, a metal-rubber flat plate reciprocating friction model is established, and rectangular
micro-grooves with different texture angles and depths are machined on the surface of the metal
specimen. A combination of finite element simulation and tribological tests is used to carry out a
study on the influence of different texture parameters on the friction performance of the hydraulic
motor spiral pair. The results showed that at a certain texture angle, the friction coefficient of each
specimen basically increases with the texture depth. When the texture depth is constant, the friction
coefficient increases first and then decreases with the increase of the texture angle. The texture angle is
the main factor affecting the friction coefficient. Under the same test conditions, the friction coefficient
of the textured specimen can be reduced by 20.2% compared with the untextured specimen. In
the metal-rubber contact pair of the stator and rotor of the hydraulic motor, the friction reduction
mechanism of the texture mainly transport the lubricating medium through the micro-grooves to
improve the lubricating conditions. Samples with a reasonable design of texture parameters can
effectively reduce the friction coefficient of the friction pair without reducing the service life of
the hydraulic motor, which is conducive to the smooth restart of the oil production system of the
hydraulically driven screw pump.

Keywords: hydraulic motor; scraping force; finite element simulation; texture parameters

1. Introduction

With the continuous development and maturity of oil and gas exploration and devel-
opment technology, at present, the oil recovery technologies involved are well-completion
technology, stratified water injection technology, artificial lift technology, microbial oil
recovery technology, thermal oil recovery technology, nanotechnology, etc. [1-4]. Among
them, artificial lifting technology comprises pumping units, screw pumps, electric sub-
mersible pumps, gas lifts, and other lifting technology [5-7]. When the oilfield is in the late
stage of development, the paraffin and asphaltenes produced can cause many problems to
the normal production of oil wells. Many wax-containing substances will accumulate on
the pipe wall, reducing the oil flow area and leading to blockage and other problems, which
can even lead to production stoppage in serious cases and affect oil recovery efficiency [8,9].
However, due to structural reasons, the dominant pumping unit lifting technology system
efficiency is low, with high energy consumption. The screw pump, because of its compact
and simple structure, low energy consumption, and high pumping efficiency for high wax,
high sand, high gas crude oil and in slanting wells, horizontal wells, swampy blocks, and
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offshore platforms with unique superiority make it widely used, and its status is second
only to the century-old pumping lift technology [10,11].

The hydraulic motor is one of the important power transmission parts in the screw
pump production system. Under the conditions of low speed and heavy load, it is difficult
to establish the oil film on the surface of the hydraulic motor moving pair, which in turn
leads to the increase of friction between the moving pair of hydraulic motors, reducing the
mechanical efficiency of the hydraulic motor and increasing the cost of oilfield exploitation.
Therefore, the harsh lubrication conditions on the surface of the moving pair of hydraulic
motors are an important factor limiting the cost reduction and efficiency improvement of
the oilfield [12]. However, at present, the research on the key technologies of reducing
friction and drag on the surface of the hydraulic motor friction pair mostly focuses on the
structural design [13-15], the surface coating [16-18], and the chemical modification of the
rubber stator surface [19-22]. The friction reduction effect is achieved mainly by changing
the material properties of the friction pair, but the lubrication between the friction pair is
not improved.

Texturing treatment is a surface modification technology that can improve the tribolog-
ical properties of matching pairs by processing micro-morphologies with specific shape and
size characteristics on the surface of materials through ultra-precision machining [23-26].
The surface micro-texture under boundary lubrication conditions can act as a storage lubri-
cant medium and provide “secondary lubrication” to the contact surface. Currently, it is
mainly applied to pistons [27,28], cutting tools [29], sliding bearings [30], computer hard
disks [31], and other surfaces. Pettersson et al. used the embossing process for texture in
piston-roller friction pairs of reciprocating hydraulic motors and found that the texture an-
gle had a large effect on the tribological properties of the treated specimens [32]. Edachery,
Vimal et al. explored the fluidity and adsorption ability of texture ngle on the engineering
surface lubricant and found that when the texture angle is parallel to the flow direction,
the fluidity is better [33]. Zhang, Li et al. studied the effect of areal density on the wear
and drag reduction effect of texture, and found that the best tribological properties can be
obtained when the areal density is 10% [34,35]. Su, Liu et al. explored the mechanism of the
effect of groove texture depth on the tribological properties of stainless steel surfaces under
oil lubrication and found that the texture depth had a significant effect upon contact with
the tribological properties, and the best tribological properties were obtained for the mating
surfaces when the texture depth was 10 um [36,37]. He et al. studied the influence of
texture edge protrusions on the tribological properties of matching pairs and found that the
texture with edge protrusions would aggravate its friction and wear [38]. Zhenhai Xu, Ze
Wu et al. discovered that controlling the processing quality of surface texture can effectively
improve the wear and drag reduction performance of texture specimens [39,40]. Dzyura
and Maruschak et al. investigated the variation patterns of workpiece surface quality under
different operation techniques, and the results showed that good operation techniques
can obtain a suitable roughness surface and thus improve the serviceability characteristics
of the parts [41,42]. Although scholars have carried out a large number of experimental
studies on the tribological properties of texture treatment in friction behavior, it is generally
believed that the friction reduction mechanism is the dynamic pressure lubrication effect
generated by the lubricating medium in the micro-grooves [43—-45].

In summary, few scholars have researched the surface texture treatment of the metal-
rubber pair of hydraulic motors. Compared with metal contact pairs, the friction situation
in metal-rubber contact pairs is more complex and needs more in-depth research. The
introduction of surface texture technology to improve the surface tribological properties of
metal-rubber mating pairs has strong engineering significance.

To this end, the goal and objective of this study is to introduce texture technology
to improve and solve the start-up difficulties in screw pump production systems. In
this work, a 42CrMo-nitrile butadiene rubber (NBR) flat plate reciprocating model is
established according to the actual working conditions of the hydraulic motor, and the
finite element simulation and tribological test methods are used. The influence of different
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texture parameters on its tribological properties was studied, and the friction reduction
mechanism of texture in the metal-rubber pair of screw motors was analyzed. It provides
ideas for solving the problem of difficulty in the start-up of the oil production system of the
hydraulically driven screw pump after shutdown.

2. Tribological Test and Model Construction
2.1. Structure of Hydraulic Motor

The focus of this study is to explore whether the introduction of surface micro-texture
into metal-rubber pairs under interference fit conditions can be a new design direction
to solve the problem of the difficulty of restarting the hydraulic motor after shutdown.
However, the structure of the hydraulic motor is complex, and it is impossible to complete
the test according to the actual model with the existing laboratory equipment conditions.
Therefore, in this study, the actual material characteristics and assembly conditions of the
hydraulic motor are kept unchanged, and the spiral metal-rubber pairing is simplified to a
flat metal-rubber pairing to study the influence of the rotor surface texture parameters on
the tribological performance of the oil exploitation hydraulic motor. The simplified route is
shown in Figure 1.

C

Rubber stator - Metal 1otor

Figure 1. Model simplification. (a) Screw pump 3D model (b)Two-dimensional simplified model
(c) Simplified reciprocating model.

This time, the experimental study on the tribological properties of the surface texture
treatment of the screw motor rotor was carried out. The purpose is to simulate the tribo-
logical properties of a screw pump shut down after a time when the texture is introduced.
Therefore, the selected metal rotor material is 42CrMo alloy and the rubber stator material
is nitrile rubber. Tables 1 and 2 show the important material parameters of the selected
materials.

Table 1. Physical parameters of rotor alloy steel.

Density Elasticity Modulus
kg/m3 MPa

7800 2.1 x 10° 0.3

Poisson Ratio
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Table 2. Super elastic physical parameters of stator rubber bushing.

Densit Elasticity Material Material
Kk g/m3y Modulus Poisson Ratio Constant Constant
MPa C10/MPa Cm/MPa

1200 11.49 0.4996 1.879 0.038

2.2. Establishment of Simulation Model for Texture

To explore the influence of different texture angles and depths on the conveying
capacity of the lubricating medium, a unit-textured fluid domain model was established
with the simplified process shown in Figure 2. The size of the test sample is fixed, so
the length of the texture on the plane is automatically determined by the determined
texture angle.
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(a) Simplified process (b) Unit textured fluid domain model

Figure 2. Simplified process and unit textured fluid domain model.

The fluid parameters and editing conditions of the lubricating medium fluid domain
in the unit texture are set as follows:

The density of the lubricating medium in the unit texture structure is 827 kg/m?>, and
the dynamic viscosity is 0.02514 N - s/m?. The flow state of the lubricating medium in
the unit texture is set to laminar flow. The laminar model was set up in Abaqus as the
computational model for the fluid in the cell texture, and the contact form was “hard”
contact, with the rotor surface as the primary surface and the stator surface as the slave
surface. At the same time, the mesh quality was checked, and the average mesh quality
of the textured fluid domain model of this element was 0.84 (the maximum was 1), which
met the calculation requirements, and there were 140,776 mesh elements in total. The
upper wall is set as a slip interface with a sliding velocity of 100 mm/s, the entrance
and exit are set as periodic boundary conditions, and the lower wall is set as no slip. By
simulating and analyzing the flow rate of the lubrication medium in the micro-groove
model under different texture parameters, the influence of the texture parameters on the
transport capacity of the lubrication medium was judged, and the influence law of the
micro-grooves under different texture parameters on the motion of the lubrication medium
was obtained.

To grasp the influence of the texture topography parameters of the textured rotor on
the scraping ability of the rubber stator, the three-dimensional simulation model of 42CrMo
alloy and nitrile rubber material shown in Figure 3 was established.
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(a) The simulation model (b) Meshing

Figure 3. Simplified 3D model of flat plate reciprocation and meshing.

The boundary conditions of the flat plate reciprocating simplified 3D model are set
as follows:

The lower specimen material was selected as NBR and the upper specimen material
was selected as 42CrMo alloy. The material properties are shown in Tables 1 and 2, and the
Mooney-Rivlin constitutive model was chosen to characterize the hyperelasticity of the
NBR material. In order to study the effect law of grooves on rubber surface stress under
different texturing parameters and ignoring the effect of friction, a 42CrMo-NBR contact
pair is established, a fixed constraint is applied to the lower surface of the rubber specimen,
and a vertical downward displacement of 0.3 mm is added to the upper surface of the
metal specimen to achieve an interference fit. Then, a horizontal displacement of 0.3 mm is
applied to the metal specimen after the interference fit is completed.

W = Cyo(l1 —3) + Co1(L2 — 3) 1)
where Cjp and Cyg arethe characteristic parameters of the material.

2.3. Tribological Tests
2.3.1. Experimental Design
To grasp the drag reduction effect of the micro-texture under different parameters, the

UMT-Tribolab friction and wear testing machine shown in Figure 4 was used to conduct
the tribological test and extract the friction force under different texture parameters.

Figure 4. Test equipment.

To simulate the start-up process of the hydraulic motor, the flat plate reciprocating
motion module is used to carry out the test; that is, the speed of the upper specimen
increased from 0 to the maximum value and then gradually decreased to 0 in a periodic
motion, simulating the start-stop state of the test piece twice in one motion cycle. Table 3
shows the table of the levels of factors influencing the orthogonal test and the test equipment
selected in this study. The 42CrMo metal block upper test piece simulates the metal
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rotor and the 60HA hardness NBR lower test piece simulates the rubber stator. The
selected specimen materials were consistent with the hydraulic motor materials with
starting difficulties.

Table 3. Influence factor level of orthogonal test.

Factors
Level
Angle/° Depth/um
1 0 5
2 30 10
3 60 15
4 90 20

The lubricating medium chosen for this test is the 600XP220 lubricant produced by
Mobil Corporation in Jiangsu Province, mainland China, and the test load F is 79.844 N,
according to the interference amount of the hydraulic motor. Since the purpose of this
research is to improve the starting performance of the hydraulic motor, the state change
from static to motion is mainly considered, and the speed requirement is not high, so
the default linear reciprocating stroke of 5.0 mm is selected for the test bench, as is the
maximum 10 mm/s Linear velocity V, friction time 1200 s, and room temperature.

The data is automatically recorded by the computer during the test. Each group of
tests was carried out three times. The average value of the three experimental data was
taken as the final friction and wear test result, and the ratio of friction force to load at each
time point was taken as the friction coefficient.

2.3.2. Specimen Preparation

Among many surface texturing technologies, laser processing technology is the most
widely used because of its advantages of high precision, low cost, low pollution, and high
efficiency [46]. Before laser processing, the metal specimen is roughed with a grinder, and
then a wire-cutting machine cuts the metal sample into small pieces that meet the size
requirements of the testing machine. Then, the surface of the specimen is filleted to simulate
the contact between the stator and the rotor. The number of texturing tests required in this
study is small. Under the condition of ensuring the processing accuracy, the YLP-20W fiber
laser marking machine was selected to process the 42CrMo surface after rough grinding, as
shown in Table 4 (the left number in the code indicates the texturing angle and the right
number indicates the texturing depth), keeping the width W = 400 um and the area ratio
10% constant, with the groove-shaped texturing angle and depth as variables [23,34,36,45].
The laser processing parameters are as follows: processing speed 300 mm/s, power 15 W,
and laser frequency 20 KHz.

Table 4. Sample number.

5 10 15 20
Angle

0 0-5 0-10 0-15 0-20
30 30-5 30-10 30-15 30-20
60 60-5 60-10 60-15 60-20
90 90-5 90-10 90-15 90-20

By changing the placement angle of the specimen on the workbench of the laser
marking machine to change the texture angle, under the influence of the laser thermal
shock effect, the periphery of the texture will cause a bump. At this time, after the groove
is machined and formed, the grinder-treated specimen is polished again with 2000-grade
sandpaper to reduce the influence of the texture edges and obtain a metal specimen that
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meets the surface roughness requirements of the metal rotor of the hydraulic motor, as

shown in Figure 5.

Figure 5. Textured specimens at different angles.

By changing the laser processing times to control the texture depth, the processing
times selected in this experiment are 1, 3, 5, and 7, respectively. The texture morphology
was observed by the ContourGT InMotion 3D optical microscope to obtain the surface
profile shown in Figure 6. From the observation results, the groove depths h corresponding
to different processing times were 5, 10, 15, and 20 um, respectively.
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3. Results
3.1. Effect of Texture Angle on Tribological Properties
3.1.1. The Influence of Texture Angle on the Transport Capacity of the Lubricating Medium
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Research on the tribological characteristics of screw pumps has focused on the effects
of friction factors, overfill, and operating differential pressure on rubber contact wear [1].
This paper is the first to study the start-up of a screw pump by introducing the texturing
technique, and analyzing the laws of friction coefficients, lubricating media, and scraping
and cutting forces on rubber contact wear in the presence of texture. The lubricating
medium flow line of the screw motor stator during the texturing process for each texturing
parameter is shown in Figure 7. Extraction of the lubricating medium flow rate at the cross
section in the unit texture was conducted for subsequent analysis.
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Figure 8 shows the effect of the change of texture angle on the flow rate of the lubricant
medium in the texture of each group of specimens under the same texture depth. From the
general trend, the flow rate of the lubricating medium at the cross-section in each depth
texture shows a decrease with increasing angle. When the texture angle is 0°, the maximum
flow rate of the lubricating medium is obtained, and when the texture angle is 90°, the
minimum flow rate of the lubricating medium is obtained. Therefore, when the scraping
effect of the texture on the rubber is not considered, the arrangement direction of the texture
should be consistent with the relative movement direction between the specimens; that is,
the texture angle should be 0° to ensure that the surface of the matching pair has better
lubrication conditions.

0.5 T T Ty Ty
[ [ i i
04 [I30 i ; i
— 1 1
£ [ 60 5 5
%3 I ! ! 1
o i i
H H
D2t g g i
1 1
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Figure 8. The effect of angle change on the flow rate of the lubricating medium in the textured
cross-section of each group of specimens under the same texture depth.

Figure 9 is a schematic diagram of the lubricating medium passing area under different
weaving angles based on the simulation results of the effect law of weaving angle on the
transport capacity of the lubricating medium. Since the motion direction of the upper
metal specimen set in this study is consistent with the longitudinal direction, it is known
that the smaller the included angle between the texture angle and the motion direction
of the lubricating medium, the easier it is for the lubricating medium to flow through
the micro-groove through the metal-rubber mating contact area under the interference fit
condition. When the texture density is the same (the texture density selected for the test is
10%), and the smaller the included angle is, the easier it is for the lubricating medium to
enter the contact surface, and the larger the contact area that can pass through. When the
texture angle is 90°, there is no lubricating medium on the contact surface, the lubrication
condition is the worst, and the friction coefficient of the friction pair is the largest. When
the texture angle is 0°, the lubricating medium can pass through the whole contact surface,
the lubrication condition is the best, and the friction coefficient of the friction pair is
the minimum.

3.1.2. The Effect of Texture Angle on Scraping Force

Figure 10 is the maximum scraping force extracted from Figure 11, and each set of
data describes the effect of texture angle changes on the scraping force when the texture
depth is 5 pm, 10 um, 15 pm, and 20 pum, respectively. Observing and comparing the
data of each group, we can see that the texture angle-scraping force curves at different
texture depths all show a trend of increasing first and then decreasing. The maximum
scraping force is obtained when the texture angle is 60°, which has the most hindered
relative motion of the mating pairs. As can be seen from figure which shows the laws of
the effect of variation of texture depth on the friction coefficient of each test group under
the same conditions of texture angle, with the increase of the texture angle, the reduction
amount of the rubber scraping force inside the texture relative to the rubber scraping
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force at the texture boundary gradually increases. This indicates that as the texture angle
increases, more rubber is embedded in the texture, more rubber is damaged by the scraping
action, and the more significant the service life reduction effect is of the rubber stator of the
progressing screw pump.

v

v

— —
— —
- —
0° 30°
—» 1 > i}
- > —
— —
60° " 90° ”
——  Surface microtexture — Lubricating medium I Lubricating medium passing area

Scrape force (MPa)

Figure 9. Lubricating medium passing area under different texture angles.

1 L |
0 30 60 90

Texture Angle (°)

Figure 10. The effect of depth change on the scraping force of each group of specimens when the
texture angle is constant.
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Figure 11. Stress distribution on the rubber surface.

3.1.3. Effect of Texture Angle on Friction Coefficient

From Figure 12a—d, it can be seen that the friction coefficients of each sample tend
to reach a steady state after 600s. The arithmetic means that the value of solving for
the stabilized friction coefficient of each group of specimens goes in Figure 12e. The
experimental results show that, except for the sample with the texture depth of 5 pm,
the friction coefficient of each sample increases first and then decreases with the increase
of the texture angle, and reaches the maximum value when the texture angle is 60° and
reaches the minimum value when the texture angle is 0°. However, the maximum friction
coefficient mostly occurs in the experimental group when the texture angle is 60° instead
of the experimental group at 90°. This is because the change in the angle of the texture
will trigger changes in both the ability to scrape the rubber and the ability to transport
the lubricating medium. When the texture angle is 60°, the scraping rubber ability of
the matching pair reaches the maximum, and the obstruction ability of the matching pair
movement is the strongest.

3.2. Effect of Texture Depth on Tribological Properties
3.2.1. Effect of Texture Depth on Lubricating Medium Transport Capacity

Figure 13 shows the influence of the change of texture depth on the flow rate of the
lubricant medium in the textured section of each group of specimens under the same
texture angle. By comparing and analyzing the flow rate of the lubricating medium at the
cross-section of the texture at each angle, it can be found that the flow rate of the lubricating
medium at the cross-section of the texture at each angle increases with the increase of
the depth. There is almost no change in the flow rate difference when the texture depth
changes from 5 pm to 20 pm at each angle. The difference is that the smaller the texture
angle is, the greater the influence of texture depth on the flow of lubricating media is in the
cross-section.
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Figure 12. Influence of texture angle change on friction coefficient of each experimental group under
the same conditions of texture depth. (a) Friction coefficient at texture depth of 5 um (b) Friction
coefficient at texture depth of 10 pm (c) Friction coefficient at texture depth of 15 pm (d) Friction
coefficient at texture depth of 20 um (e) Average friction coefficient at different texture angles.
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Figure 13. The effect of depth variation on the flow rate of the lubricating medium in the cross-section
of each group of specimens under the same conditions of texture angle.
3.2.2. Effect of Texture Depth on Scraping Force

Figure 14 shows the scraping stress on the rubber surface extracted from each group
of specimens, and it can be observed that the rubber on the value path is affected by the
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Figure 14. Scraping stress on rubber surface under the same conditions of texturing angle.

3.2.3. Effect of Texture Depth on Friction Coefficient

Figure 15a—d show the laws of the effect of variation of texture depth on the friction
coefficient of each test group under the same conditions of texture angle. The friction
coefficients of the other groups of specimens all show the characteristic that the maximum
static friction force gradually decreases and finally tends to be stable. This is because when
the weaving angle is 90°, the micro-groove displays a negligible oil delivery capacity, the
lubrication state on the contact surface is dry friction, and the rubber is directly embedded
inside the micro-groove by elastic deformation at the beginning of the movement. Since the
rubber wears a lot, and the rubber embedded inside the micro-groove is completely scraped
off at about 50 s, the friction coefficient of each specimen begins to decrease gradually.

Figure 15e shows the histogram of the average friction coefficient of each group of
specimens after stabilization. The test results show that, except for the No. 90-5 specimens,
when the texture angle is constant and the texture depth changes, the friction coefficient
of each group of specimens shows a phenomenon that increases with the increase of
the texture depth. This is because as the texture depth increases, the amount of rubber
embedded in the micro-grooves also increases, and the ability to hinder the movement of
the contact pair is stronger.
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Figure 15. The effect of depth change on the friction coefficient of each test group under the same
conditions of texturing angle. (a) Friction coefficient at texture angle of 0° (b) Friction coefficient at
texture angle of 0 (c) Friction coefficient at texture angle of 0° (d) Friction coefficient at texture angle
of 0° (e) Average friction coefficient at different texture depth.

Figure 16 shows the storage of rubber debris in the micro-grooves at different texture
depths without considering the oil delivery capacity of the texture. The reason why the No.
90-5 specimens can obtain the maximum average friction coefficient when the texture angle
is 90°, while 0-5, 30-5, and 60-5 were the smallest group of specimens in each experimental
group with the same texture angle is because the N0.90-5 specimens are worse than the
above groups of specimens in terms of oil delivery, and the lubricating medium in the
micro-groove is negligible. The deeper the texture depth is, the more is rubber embedded
inside the micro-groove, and the more rubber debris is generated by scraping. When the
texture depth is too deep, it is difficult to discharge the rubber residues from the contact
area, and when the texture depth is too shallow, it cannot completely store the scraping
and cutting falling rubber residues. The above factors have a synergistic effect, resulting in
the deterioration of the surface contact condition of the friction pair, which in turn makes
the friction coefficient increase significantly.
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Figure 16. Storage of rubber debris in the texture at different texture depths.

In summary, the effect law of different texture parameters on the friction coefficient
in the experiment is basically consistent with the effect law of texture parameters on the
lubricating medium delivery capacity and scraping force in the model simulation results,
which verifies the accuracy of the simulation results, lays the simulation foundation for
subsequent research, and reduces the investment of experimental costs.

3.3. Wear Reduction Mechanism of Texturing in Metal-Rubber Pair of Screw Motors

Table 5 shows the orthogonal test results of the friction coefficients, where K; represents
the sum of the friction coefficients with the level number i in each column, t; represents the
arithmetic mean of the friction coefficients obtained at each level i, and R represents the
extreme difference, R = tjmax) — tigmin)- The larger the value of R, the greater the influence
of the factor on the test results. From the extreme difference analysis results, R texture angle >
R texture depth can be seen, which indicates that in the metal-rubber contact pair, the effect of
texture angle on the friction coefficient is greater than that of texture depth. At this time,
the test group No. 0-5 obtained the minimum friction coefficient of 0.122.

From the available research results, in the metal matching pair, the wear reduction
mechanism of the texture is as follows: (1) Under dry friction conditions, the abrasive
particles and debris are stored to improve the contact conditions; (2) Storing lubricant
and improving lubrication conditions provides lubricant to the contact surfaces when the
lubrication conditions are poor; (3) Under the condition of full oil lubrication, the elastic
hydrodynamic lubrication effect can add lift to the oil film and improve the bearing capacity
of the oil film.

From Figure 12e, it can be found that in the metal-rubber mating pair studied, the
0° specimen that cannot provide a convergence gap has a smaller friction coefficient than
the 90° specimen that can provide a convergence gap. One of the necessary conditions
for producing an elastic hydrodynamic lubrication effect is the wedge space that needs
convergence. Therefore, it can be determined that the main wear reduction mechanism
of the texture is different in the metal-rubber pair and the metal pair. Combined with
the effect of texture angle on the lubricating medium passing area in Figure 9 and the
extreme difference analysis in Table 5, it can be seen that the oil delivery capacity affected
by the texture angle is the main factor in which texture plays a role in reducing wear and
resistance in metal-rubber pairings. In addition, as in Figure 6a, a local contact zone exists
at its boundary during the period of the beginning of the samples” operation (running-in),
which is confirmed by the data from Figure 11 (red zones on the border of the formed
grooves). This, in turn, became the reason for the peak increase coefficient of friction at the
beginning of the operation of the samples (Figures 12 and 15a—d).
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Table 5. Friction coefficient orthogonal test results.

Factors Friction
Mark . .
Angle/(°) Depth/pum Coefficient
Untextured 0 0 0.153
0-5 0(1) 5(1) 0.122
0-10 0(1) 10(2) 0.143
0-15 0(1) 15(3) 0.144
0-20 0(1) 20(4) 0.168
30-5 30(2) 5(1) 0.125
30-10 30(2) 10(2) 0.208
30-15 30(2) 15(3) 0.241
30-20 30(2) 20(4) 0.255
60-5 60(3) 5(1) 0.149
60-10 60(3) 10(2) 0.209
60-15 60(3) 15(3) 0.275
60-20 60(3) 20(4) 0.275
90-5 90(4) 5(1) 0.27
90-10 90(4) 10(2) 0.208
90-15 90(4) 15(3) 0.223
90-20 90(4) 20(4) 0.253
Kq 0.577 0.666
Ky 0.829 0.768
K3 0.908 0.883
Ky 0.954 0.951
t 0.14425 0.1665
tr 0.20725 0.192
t3 0.227 0.22075
ty 0.2385 0.23775
R 0.09425 0.07125

4. Conclusions

In this paper, we have established the texture metal-rubber mating plate reciprocating
test model based on the spiral matching of hydraulic motor, and carried out the tribological
test research for the design of textured depths and textured angles, as well as the simulation
research of lubricating medium delivery capacity, and the simulation research of scraping
rubber capacity. Using the friction coefficient, lubricating medium flow rate, and rubber
surface stress as evaluation indexes, we analyzed the influence law of different texture
angles and texture depths on the tribological properties of screw motor friction pairs and
obtained the following main conclusions.

(1) The texture angle mainly affects the oil delivery capacity of the micro-grooves in the
metal-rubber pair. When the texture direction is consistent with the movement direction,
the oil feeding capacity is the strongest, and the texture depth mainly affects the scraping
effect of the micro-grooves on rubber, and the deeper the texture, the stronger the scraping
effect on rubber.

(2) In the metal-rubber friction pair, the texture angle is the main influencing factor of
the friction coefficient. The minimum friction coefficient was 0.122 for a set of specimens
with a texture angle of 0° and a texture depth of 5um, which was 20.2% lower than that of
the untextured treated specimens.

(3) When the design of texture parameters is reasonable, the existence of micro-grooves
can effectively improve the tribological properties of the specimen, which is conducive to
the smooth start-up of hydraulic motors.
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