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Abstract: A water hydraulic axial piston pump has become the preferred power component of
environmentally friendly water hydraulic transmission systems, due to its advantages of a compact
structure, high power density, and so on. The poor friction and wear performance in the water
medium, especially under extreme conditions of high speed and high pressure, limit the engineering
application of the water hydraulic axial piston pump. In this review, the research progress for key
friction pair materials (such as special corrosion-resistant alloys, engineering plastics, and engineering
ceramics) for water hydraulic axial piston pumps is, firstly, summarized. Secondly, inspired by nature,
the processing methods, lubrication drag-reduction mechanism, and tribological properties of the
biomimetic surface textures are discussed. The effects of the surface texture shape, equivalent
diameter, depth, and arrangement on the pump’s tribological properties are reviewed in detail.
Finally, the application status of, and problems with, surface texture technology in water hydraulic
axial piston pumps are summarized. It is suggested that future studies should focus on the multi-field
coupling lubrication anti-friction mechanism of the multi-type composite texture under extreme
conditions and mixed lubrication; and the anti-wear performance of the texture coupled with a
coating modification, to further promote the surface texture in the field of lubrication antifriction
engineering applications.

Keywords: water hydraulic axial piston pump; friction pair material; biomimetic surface texture;
friction; wear; lubrication

1. Introduction
1.1. Development of Hydraulic Transmission Technology

Water hydraulic technology is a green transmission technology that uses filtered fresh
water or seawater, instead of mineral oil, as the working medium. As early as 1795, the
British inventor Joseph Braman. invented the world’s first water hydraulic press and, in the
following 100 years, hydraulic systems were based on water as the working medium [1].

At the beginning of the 20th century, with the rise of the petroleum industry and the
development of oil-resistant sealing materials, such as butadiene rubber, the mineral oil
hydraulic medium, with its good comprehensive physical and chemical properties, soon
replaced water, and became the most important working medium in hydraulic systems [2].
In 1905, American professor Harvey W., and engineer Reynold J. developed an oil hydraulic
axial piston pump. However, mineral oil has two serious shortcomings, inflammability
and pollution, which not only make oil hydraulic transmission difficult to popularize and
apply in the food, beverage, medicine, electronics, packaging, and other industries, but
have also caused it to gradually lose its applications in metallurgy, hot rolling, casting, and
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other high-temperature, open-flame occasions, and in coal-mine, underground, and other
flammable, explosive environments [1,3,4].

As ecological environmental protection, safe production, and energy conservation
receive more and more attention, the outstanding advantages of the water medium, such
as no pollution, a low cost, safety, and good dynamic characteristics mean that water
hydraulic technology has incomparable advantages in some applications, and has attracted
the general attention of the international hydraulic field and engineering circles, once
again [5-10]. Meanwhile, the physical and chemical characteristics of the water medium,
such as a low viscosity, poor lubrication, strong corrosion, and high vaporization pressure
also bring about a series of inevitable common technical problems in the development of
water hydraulic components and systems, such as lubrication and sealing, friction and wear,
corrosion, and cavitation [11-13]. In recent years, the rapid development of engineering
ceramics, polymer materials, and other new engineering materials [14,15], the progress of
precision machining technology, and the appearance of bionic tribology [16-18] suggest
that the key technical problems faced by the research into water hydraulic technology can
be effectively solved, to promote the rapid development of water hydraulic technology.

1.2. Water Hydraulic Axial Piston Pumps

The research and development of water hydraulic components is the fundamental
power in promoting the development of water hydraulic technology. The water hydraulic
pump is the key power component of the water hydraulic system, which converts the
mechanical energy (torque T, speed n) output of the prime mover (motor, internal com-
bustion engine, etc.) into the hydraulic energy of the transmission medium, transports
the hydraulic energy in the form of pressure p and flow g to the hydraulic system, and
drives the hydraulic actuator to work externally. The efficiency of the water hydraulic
pump determines the quality efficiency and service life of the water hydraulic system [4].

The structure and working principle of an axial piston pump, used in several types
of mainstream hydraulic pumps, are shown in Figure 1. The pump consists of a swash
plate (2), slippers (3), pistons (4), a cylinder block (5), a port plate (7), and other main parts.
The swash plate (2) and port plate (7) are fixed, the drive shaft (14) drives the cylinder block
(5) and the pistons (4) to rotate together, and the slippers (3) are pressed against the swash
plate (2) by the return plate (12). When the drive shaft rotates in the direction shown in the
figure, the piston gradually extends out of the cylinder block in the half circle rotating along
the swash plate from outside to inside, so that the volume of the sealing working chamber
in the cylinder hole continues to increase, resulting in a local vacuum, which inhales the
liquid through the suction window of the port plate. The piston is gradually pushed into
the cylinder in the half circle rotating from inside to outside, so that the volume of the
sealing working chamber in the cylinder hole is continuously reduced, and the liquid is
discharged from the drain window of the port plate to the system.

Figure 1. Structure of the water hydraulic axial piston pump: 1—pump front cover, 2—swash plate,
3—slipper, 4—piston, 5—cylinder block, 6—thrust plate, 7—port plate, 8—pump rear cover,
9—spring, 10—pump shell, 11—sliding bearing, 12—return plate, 13—shalft seal, 14—drive shaft.
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The piston pump depends on the reciprocating movement of the pistons in the cylinder
hole to achieve the functions of liquid suction and liquid ejectment. From a manufacturing
process, it is easier to obtain a small clearance fit between the cylindrical piston and
the cylinder hole. From a design perspective, it is easier to ensure that the piston has a
sufficient sealing length inside the cylinder hole [19,20]. The Naval Civil Engineering Lab
(NCEL) of the United States carried out an in-depth calculation and analysis of the force
condition of the gear pump, vane pump, and axial piston pump, and found that the pv
value in the friction pair of the axial piston pump is much smaller than those of the other
two pumps, which is more conducive to reducing the requirements of wear resistance in
the materials [21]. Therefore, the water hydraulic axial piston pump can be used as the
preferred power element in the water hydraulic system.

However, there are still some technical problems to solve. The corrosion of water
is strong, which means that the parts made of metal materials in oil axial piston pumps
corrode and rust easily in the water medium, especially the key friction pairs, such as the
slipper pair, piston pair, and barrel/port plate pair [11]. Due to the low viscosity and poor
lubrication of water, if the clearance of the friction pair is too large, it will lead to leakage. If
the clearance of the friction pair is too small, the lubricating water film cannot be formed,
resulting in the direct contact of the friction pair surfaces, and increased friction, wear, and
overturning in the slipper [4,12].

Based on the friction and wear characteristics, and lubrication mechanism of the key
friction pair of water hydraulic axial piston pumps, this paper systematically discusses the
effects of material selection and surface texture on the corrosion resistance and tribological
properties of friction pairs under water-lubricated conditions, hoping to provide a valuable
reference for the design, development, and application of water hydraulic axial piston
pumps, and other water hydraulic components.

2. Materials

Selecting a suitable material pairing is the primary method of improving the friction
performance of key friction pairs in water hydraulic axial piston pumps. Scholars have
conducted much research on the search for friction-pair materials with corrosion resistance,
wear resistance, and self-lubricating properties. It has been found that special corrosion-
resistant alloys [22,23], engineering plastics [24], and engineering ceramics [25] are materials
suitable for key friction pairs, and have been verified via engineering practice.

2.1. Special Corrosion-Resistant Alloy

Some special metal alloys (stainless steel, titanium alloy, nickel alloy, aluminum alloy,
etc.) are very suitable for use in water lubrication, especially in seawater lubrication
environments, because of their excellent high specific strength, corrosion resistance, and
high—low temperature resistance. Seawater has the interaction of lubrication, cooling, and
corrosion on the friction pair [26-28]. Lubrication and cooling make the friction coefficient
under seawater conditions lower than that under pure water and dry friction conditions,
while corrosion accelerates the abrasion of alloys. The alloy friction pairs of Cu-6Sn-
6Zn-3Pb/AISI321 stainless steel [26], ZChSnSb8-8 alloy /52100 stainless steel [27], TC4
alloy /316 stainless steel, Hastelloy C-276 alloy /316 stainless steel, Inconel 625 alloy /316
stainless steel, and Monel K500 alloy /316 stainless steel [28] are all dominated by abrasive
wear and plastic deformation under pure water and dry friction conditions, while the
friction behaviors become abrasive wear, plastic deformation, and corrosion wear under
seawater conditions. Zhang’s research [29] showed that 304 austenitic stainless steel (with
a low fault energy) is prone to martensitic phase transition under the action of friction
stress in a seawater environment. The martensitic phase with high hardness improves the
wear resistance of stainless steel, but the phase transition intensifies the electric coupling
corrosion on the friction contact surface, thus causing the synergistic effect of corrosion and
wear, as shown in Figure 2 [29].
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Figure 2. Schematic showing the effect of «’-martensite on tribocorrosion during sliding [29].

The surface of a titanium alloy will immediately form a protective film in constant-
temperature seawater, so that it is in a passivated state [30], and no pitting or crevice
corrosion occurs. Ding et al. [31] found that the friction coefficient of the TC11/GCr15
pair in artificial seawater is lower than that in pure water. The reason is that, with the
increase in the load, the local stress of the friction contact point increases, and fine grinding
chips are formed under the action of normal stress. These chips act like “ball bearings” in
seawater, to further reduce the friction coefficient [32]. The lubrication film formed on TC11
in seawater also helps to reduce the friction coefficient, but its wear is higher than that in
pure water, because corrosion by the seawater accelerates the wear. The wear mechanism
of TC11 in seawater is mainly fatigue shedding and abrasive wear. Li et al. [33] studied the
tribological behavior of TC4/GCr15 friction pairs in the environments of air, pure water,
and simulated seawater, and also reached a similar conclusion.

Table 1 shows the comparison of corrosion, wear, and interaction in different metallic
materials. Austenitic stainless steel (316L) can improve chloride ion corrosion resistance,
and is more suitable for moving parts in corrosive seawater environments than martensitic
stainless steel (304). Compared with single austenitic stainless steel, ferrite and austenitic
duplex steel (2205) can further improve the corrosion resistance of parts, and prolong the
service life in corrosive media. Titanium alloy (Ti6Al4V) has better wear and corrosion
resistance. However, the corrosion-accelerated wear of titanium alloy is about 37% of
the total material loss, indicating that corrosion is the key factor leading to the total wear
damage of titanium alloy. The pure mechanical wear rate of aluminum alloy (2024) is
approximately 98.1-80.2%, which is significantly higher than that of stainless steel and
titanium alloy, and becomes the key factor leading to abrasion failure in aluminum alloy.
Therefore, improving the wear resistance of the aluminum alloy is the primary problem
faced when applying it to moving parts in a corrosive medium. Compared to stainless
steel and titanium, nickel alloy (Monel K500) performs well in terms of both mechanical
properties and corrosion resistance, making it more suitable for moving parts in harsh
corrosive environments.

2.2. Engineering Plastics

Compared with metal, engineering plastics (polymer composites) can undergo de-
formation under certain conditions, and have a better complete recovery ability. The
property of embedding abrasive particles greatly improves the wear resistance, meaning
that engineering plastics can be widely used as a key material for friction pairs in the
water environment. It has been found that polytetrafluoroethylene (PTFE), polyether ether
ketone (PEEK), polyimide (PI), polyamide (PA), polyphenylene sulfide (PPS), and ultra-
high molecular weight polyethylene (UHMWPE) are several types of polymer composite
material with potential lubrication in the water environment. The tribological properties,
and friction and wear mechanisms are shown in Table 2.
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Table 1. Comparison of corrosion, wear, and interaction in different metallic materials [34-39].
Conditions Material Loss Rate/(mm?® mm~2.y~1)
. Friction i
Materials o Pure . Wear Corrosion
Medium Speed Load Potential Coefficient Total Mechanical wgl(:(r)l;(l)ts;(\)llelar Accelerated Accelerated
Wear Corrosion Wear
—-0.7V 0.375 360 360 — — —
304/Al,03 Seawater 80 r/min 80N ocr! 0.405 530 359.96 0.04 10 160
+0.1V 0.427 650 359.9 0.1 17 273
—-0.7V 0.397 520 520 — — —
410/ Al,03 Seawater 80 r/min 80N ocp! 0.435 730 514.87 0.13 22 193
+0.1V 0.380 610 529.6 0.4 55 25
—0.8V 0.420 127.80 127.80 — — —
2205/Al0Os  Seawater  20mm/s 100N oCP! 0.425 103.38 90.34 0.000437 0.22 12.82
Pure water . 0.55 145.0 — — — —
1
316L/ALOs g water ~ 200r/min 100N ocp 0.43 185.4 134.8 0.0308 17 482
Pure water 0.29 42.0 — — — —
; 1
OCP1 Seawater ~ 200t/min 100N ocp 0.24 68.7 438 0.00493 22 27
—-0.6V 0.22 1.56 1.56 — — —
ocr! 0.17 2.18 1.56 0.00245 0.25 0.37
OCP1 Seawater 200 r/min 100 N +0.1V 0.12 3.42 1.56 0.00791 0.65 1.2
+05V 0.09 5.93 1.56 0.01697 2.05 2.3
+09V 0.08 9.31 1.56 0.03624 5.08 2.63
2024 5N 0.490 1012.0 993.9 0.00152 0.2 17.9
Aluminum Seawater 20mm/s 25N ocp! 0.465 4111.2 3682.0 0.00152 1.7 427.5
alloy/Al,O3 50 N 0.455 7472 4 5995.1 0.00152 1.9 1475.4

! Open circuit potential (OCP).
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Table 2. Tribological properties, and friction and wear mechanism of several engineering plastics in
the water environment.

Materials Tribological Properties Friction and Wear Mechanism References
Excellent self-lubrication, chemical
corrosion resistance, and high- and It is difficult to form a transfer film on the counter surface.
PTFE low-temperature resistance The friction and wear properties are improved by water [40]
Low water absorption and boundary lubrication and cooling.
hydrophobicity
(1) The hydrophilic carbonyl groups form a strong
adsorption film with the water molecules, forming a
boundary lubrication film between the friction interfaces.
Good mechanical properties and (2) Water molecules penetrate the surface of PEEK, causing
PEEK chemical stability swelling, the surface shear strength decreases, and the
. . . . - [41]
Many hydrophilic carbonyl groups in  friction coefficient decreases.
the macromolecular chains (3) The strong heat dissipation of water rapidly dissipates
frictional heat, and the frictional surface is in a viscoelastic
or even glass state, which significantly reduces the
adhesive transfer of PEEK to the frictional counter surface.
Excellent specific strength, high- and (1? The polar amide groups contained in PI eas'ily comb‘ine
low-temperature resistance, radiation with water mole%cule.s through hy.dr.o gen bonding, forrfung
PI . P . ! a water adsorption film on the friction surface to lubricate. [42]
resistance, and chemical . .
corrosion resistance (2) The surfaCfs absorb‘s Water, causing the swelling, shear
strength, friction coefficient, and wear rate to decrease.
(1) PA does not easily form transfer film on the counter
surface because of its high water absorption, and
mechanical micro-cutting continues to occur.
Stable chemical properties, high (2) Friction heat intensifies the hydrolysis of amide groups
PA mechanical strength, and low friction in the molecules and the action of water molecules, [43,44]
coefficient with steel weakens the hydrogen bond between the surface
molecules, partially breaks the C-C bond, softening and
damaging the material surface, and leads to a higher wear
loss than dry friction.
Excellent high-temperature resistance,
corrosion resistance, anti-friction and (1) PPS friction coefficient decreases.
PPS wear resistance, dimensional stability,  (2) Water can penetrate the material surface, resulting in [45]
mechanical properties, thermal reduced strength and increased wear.
conductivity, and cohesiveness
An engineering plastic of linear
UHMWPE structure, with excellent impact The hardness of the matrix is low, and the resistance to [46]

resistance, self-lubrication, corrosion
resistance, and low water absorption.

abrasive wear is poor.

As shown in Table 2, engineering plastics generally have excellent self-lubrication and

corrosion resistance in water environments, but they have a low mechanical strength and
poor wear resistance. Their comprehensive performance can be improved by filling and
blending. The common filling methods are fiber filling, particle filling, and mixed filling.
Carbon fiber (CF) and glass fiber (GF) are the main fibers used in the reinforced
modification of engineering plastics. CF has a high strength, good thermal conductivity,
and corrosion resistance, and can be firmly combined with the matrix to improve the
strength and hardness of polymer composites. In the friction process, most of the load
is borne by the CF, with good wear resistance, which prevents the micro-peaks on the
counterparts from plowing the matrix [47,48]. In addition, the cooling effect of water helps
to maintain the material strength, and inhibit fiber shedding, reducing the wear to the
matrix material. However, the scraping action of CFs will affect the formation of the transfer
film on the counter surface [49]. GF has the advantages of strong heat resistance, good
corrosion resistance, and a high tensile strength, but it is brittle and easy to break. Yang [50]
found that GFs can prevent crack propagation, and reduce the wear of PTFE. However,
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when the content of the GFs increases to 30%wt, a large number of prominent GFs will
scrape the counter surface, and prevent the formation of the transfer film. In addition, GF
is weakly bound to the matrix, and is easily peeled off under friction force, increasing the
friction and wear. PTFE, graphite, MoS,, and ceramic powder are the main particle fillers
used in the modification of engineering plastics [51]. Via the mixing of the fiber and particle
filling, the two can promote each other, and synergistically improve the performance of the
composite materials [52].

2.3. Engineering Ceramics

Compared with metal, the elastic modulus of engineering ceramic is about 50% higher
than that of steel, the compressive strength is about 5-7 times that of steel, the mass is about
40% that of steel of the same volume, the thermal expansion coefficient is about 20% that of
steel, and the hardness can reach 1700 [53]. However, engineering ceramic has a greater
brittleness, and a poor embedding performance, so it easily causes more serious abrasive
wear than metal.

As shown in Table 3, researchers studied the friction and lubrication mechanism of
Si3Ny/SisNy, SiC/SiC, Al,O3/ Al,Os, Ti3AlC;, /SizNy, TizAlC, /SiC, TisAlC, / Al O3, and
so on, in a water/seawater environment, and proposed the Tribochemical Wear Theory.
It is found that the lubrication film is formed on the friction surface of ceramic materials
through a tribochemical reaction in a water-lubricated environment, which reduces the
friction coefficient and wear rate. The interaction of Na+ with other ions in seawater can
accelerate the formation of the lubrication film, meaning that it has better tribological
characteristics. Ceramic friction pairs are mainly influenced by the interaction between
mechanical wear and friction chemical wear, and the boundary lubrication gradually
transforms into hydrodynamic lubrication or mixed lubrication in the friction process.

Table 3. Tribological properties of several ceramic materials in a water/seawater environment.

Friction Pair Friction Coefficient Friction and Lubrication Mechanism Tribochemical Reaction Film References

hydrodynamic lubrication,

SizNy /SizNy 0.002 (under water) mixed lubrication Si(OH)4 [54,55]
tribochemical wear
SiC/SiC 0.013 (under seawater) tribochemical wear SiO, [56,57]
ALOn/ALO 0.2 (under water) mechanical wear -
23 23 i i
0.12 (under seawater) b01.mdary ll.lbrlCatIOIl Al(OH); (58]
tribochemical wear
TizAlC, /SizN,  0.54 (under seawater) mechanical wear --
Ti3AIC,/SiC  0.14 (under seawater) boundary lubrication TiO,, Al,O3 and SiOy [59,60]

tribochemical wear

TizAlC, /AlL,O3 0.5 (under seawater) mechanical wear -

The rapid development of special corrosion-resistant alloys, engineering plastics, and
engineering ceramics provides an important basis for the selection of key friction pair
materials in water hydraulic axial piston pumps and also lays an important technical
foundation for the revival of water hydraulic technology. In addition, on the premise of
not damaging the properties of materials, surface engineering technologies, such as ion
implantation and surface coating, are used to strengthen or regenerate the surface properties
of materials, so that the surface of a material has excellent tribological properties [61,62].
In recent years, this has become an important method of realizing the properties of water
hydraulic equipment materials.

3. Biomimetic Surface Texture

Over the long history of hundreds of millions of years, plants and animals have
constantly evolved to adapt to their living environment. Most of the surface of organisms in
nature presents a variety of microscopic non-smooth structures, which allow them excellent
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desorption, drag reduction, and wear resistance functions. In 1960, Steele J first proposed
the concept of “bionics” at the first Bionics Forum in the United States. Bionic tribology is
an important branch of bionics [63], and provides a new approach to solving the corrosion
and wear problem of the key friction pairs in water hydraulic axial piston pumps.

Through the study of applying the biomimetic surface texture in the friction pairs
under different working conditions, it is found that the tribological properties are improved
by the proper texture shape, equivalent diameter, depth, and arrangement of the biomimetic
surface texture. Advanced processing methods provide important technical support in
the realization of the biomimetic surface texture. The detailed classification of current
mainstream processing methods is shown in Figure 3 [64].

3.1. Mechanisms

Hamilton [65] first proposed the lubrication theory of micro-irregularities in 1966, which
is the initial expression of surface texture. Etsion [66—68] established the lubrication model
of the textured mechanical seal under hydrodynamic pressure, and analyzed the antifriction
effect of the textured surface, theoretically and experimentally. Since then, the effectiveness
of the surface texture in improving tribological properties has been widely discussed.

The lubrication antifriction mechanism of the surface texture is related to the lubrica-
tion state, which mainly includes fluid lubrication, boundary lubrication, and dry friction.
The Stribeck curve (Figure 4) [69] can present the three different types of lubrication states:
boundary lubrication (A < 1, A is the ratio of surface separation and comprehensive rough-
ness), mixed lubrication (1 < A < 3), and hydrodynamic lubrication (A > 3), and the transition
between the different lubrication states.

Surface texture
I

¥ v
Single process Hybrid process
¥ I v
__ Removing material Adding material Deforming material Vibration-assisted
technology technology technology machining
Laser direct - Laser shock 4 .
" ablation(LST) Lazetciadding processing Mixed machining
Mechanical Deposition
™ machining " Technique
Electrical discharge . N
" machining(EDM) Eleciroforming
Electrochemical

machining(ECM)

Abrasive Jet
Machining

Figure 3. Classification of various texture processing methods [64].



Lubricants 2023, 11, 324

9 of 37

ROTOR

et S 7 A N e I I I I I l
<1 213 A>3
Boundary Mixed Full film

Ftiction coefficient, u

-
-

Increasing film thickness :>

Duty parameter, Un/W

Figure 4. Stribeck curve of lubricants [69].

3.1.1. Hydrodynamic Effect and Cavitation Effect

No matter the type of textured surface, it is a combined micro-structure of convex and
concave, through surface-molding technology. In the hydrodynamic lubrication and mixed
lubrication state, the main lubrication mechanism is the hydrodynamic effect and cavitation
effect [70]. Hamilton [65] found that micro-irregularities on the surface can improve the
bearing capacity of the lubricant film. The micro-irregularities form a convergent wedge
on their leading edge, thus generating additional hydrodynamic pressure on the lubricant
film. The divergent wedge on the trailing edge causes a cavitation phenomenon, which
restrains the generation of negative lubricant film pressure. Thus, the asymmetric pressure
distribution occurs in the lubricant film, and the bearing capacity of the lubricants is
improved, further separating the two friction surfaces with relative motion, as shown in
Figure 5 [65] and Figure 6 [71]. Studies have shown that the hydrodynamic lubrication
performance of the surface texture is affected by the shape [72], depth—diameter ratio [73],
area ratio, relative position change [74], the contact mode change in the friction pair (line
contact, surface contact) [75], etc.

STATOR

= — ROTOR P
STATOR CAVITY

AMBIENT PRESSURE

AMBIENT PRESSURE

\ CAVITY PRESSURE =

(a) (b)

Figure 5. Sketch of idealized surface asperity and associated general pressure profile [65]: (a) no
cavitation occurs; (b) cavitation occurs.
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Figure 6. Mechanism of the hydrodynamic effect and cavitation effect of the surface texture under the
fluid lubrication condition [71]: (a) single texture cell; (b) typical pressure distribution over a single
texture with cavitation; (c) typical pressure distribution over a single texture with inertia effects;
(d) stepped slider; (e) partially textured slider; (f) typical pressure distributions over a stepped and
partially textured slider.

3.1.2. Secondary Lubrication Effect

In the boundary lubrication state, the lubrication mechanism mainly manifests as a
secondary lubrication effect. The schematic diagram is illustrated in Figure 7 [64]. A surface
texture of any shape can always form a concave space that can store more lubricant than
a smooth surface [70,76,77]. As the friction process progresses, the lubricant between the
friction surfaces decreases gradually, due to the friction contact, and the friction coefficient
and surface temperature both rise. The resulting thermal expansion effect releases the
solid lubricant stored in the concave space in the textured surface, and the polar molecules
adsorbed on the friction surface form a boundary lubrication film with different properties
from the lubricating medium, which effectively prevents direct contact between the friction
surfaces, and achieves secondary lubrication [70,76,78].
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Figure 7. Mechanism of the secondary lubrication effect of the surface texture under the boundary
lubrication condition [64].

3.1.3. Wear Debris Storage

In the dry friction state, the main lubrication mechanism is the storage of wear debris.
With the relative movement of the friction pairs, wear debris is produced, and forms furrows
on the contact surface, damaging the surface topography [79]. The working mechanism of
the surface texture mainly includes the storage and containment of grinding particles and
grinding chips. The secondary wear on the matrix, caused by high friction and wear due to
the furrowing effect, can be reduced [80], as shown in Figure 8.

Dlmple Wear p&l‘llb'es

W pa.rh 1
il 245 Material [ Material [

W U
\
N

Material II Material II

Figure 8. Mechanism of wear debris storage of the surface texture under the dry friction condition [80].

3.2. Texture Shape

As shown in Figure 9, scholars believe that the introduction of a micron or nanometer
texture on the surface of key friction pairs can reduce the friction coefficient, reduce wear,
and improve the friction and wear characteristics of friction pairs [65,71,81,82]. There are
many common surface micro-texture processing methods [64], including laser surface
texturing (LST) [82-84], electrochemical machining [85], micro-grinding [86], milling [87],
electrical discharge machining (EDM) [88], abrasive jet machining [89], electroforming [90],
and hybrid processing methods [91].
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Figure 9. The surface structure of natural organisms: (a) Stenocara; (b) dung beetle; (c) shell; (d) ant;
(e) earthworm; (f) mole cricket.

The shape categories of surface micro-texture include pits, convex bodies, grooves, and
scales. Inspired by the microscopic appearance of the body surface of the natural organisms
in Figure 10, the specimens with surfaces of hemispherical, elliptical, and triangular pits are
processed, and tested for their tribological properties [92-95]. Based on the body surface
of organisms, scholars have associated and designed some optimized and non-traditional
micro-pits with different textures [96-98], shown in Figure 11. At the same time, it has been
found that the combination of pits and grooves could also improve the effect of friction
reduction and resistance, utilizing the texture morphology of the shell surface [99-101].
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Figure 10. Cont.
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Figure 10. Friction surfaces with different bionic pit structures [92]: (a) hemispherical pits on the
surface of a golf ball; (b) elliptical pits on the shell surface of a dung beetle; (c) triangular pits on the
skin surface of a snake.

(b) (c)

Figure 11. Photographs of disks with different pit shapes [98]: (a) circular; (b) bullet; (c) fish shape.

The micro-nano structure of the epidermis of the shark and Phrynosoma cornutum
could inhibit the influence of turbulence. Figure 12 [102,103] and Figure 13 [104] simplify
the scales into triangular, rectangular, arc-shaped, and trapezoidal groove units, which have
a certain anti-friction effect. Earthworms can shuttle back and forth in the soil without being
contaminated or worn by the soil, relying on the combined action of their surface groove
texture, and mucus [105-107]. Due to its daily activities in the water, the relative angular
velocity between the shell and gill cap of the water snail may inevitably lead to wear and
tear at the interface between the shell and operculum [108]. However, the superimposed
rings are concentrically distributed on the surface, which can generate hydrodynamic
lubrication. The drag reduction mechanism of the groove, combining geometry and fluid
mechanics, is revealed, theoretically and experimentally, in Figure 14 [109]. Biological
morphology in nature not only has two types of pits and grooves. In Figure 15 [110],
there is also a surface convex structure, and the wings of the dragonfly have a convex
texture. There are also many shapes of surface convex bodies, including hemispherical,
square, rectangular, cylindrical, and conical [110,111]. These also provide ideas for the
textured-surface friction pairs.

LN,
’ ,,E L]

snmpllﬁed

Base plate

Spine

Figure 12. Different groove textures in shark scales [102,103].



Lubricants 2023, 11, 324 14 of 37

(Y] 60°

ﬂ 45°

Figure 13. Scale micro—-nano structure of the Phrynosoma cornutum epidermis [104]: (a) Phrynosoma
cornutum; (b) the ventral scale structure; (c) schematic diagram of the bionic rhombic texture; (d) the
rhombic textures of 60°; (e) the rhombic textures of 45°.

81.5% m Red area
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Figure 14. Tribological mechanism of water snails [109]: (a) morphology of the operculum of a fresh

snail specimen; (b) morphology of the wear traces of the operculum after the dry friction experiment;
(c) surficial topography of the operculum before the dry friction experiment; (d) surficial topography
of the operculum after the dry friction experiment; (e) extraction of the red area (0-25 pum) before and
after the dry friction experiment; (f) extraction of the green area (—5-—25 um) before and after the
dry friction experiment; (g) bar graph of the proportion of red and green area before and after dry
friction; (h) schematic illustration of the wear caused by dry friction for one micro-ridge.
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Fabricated spikes

Figure 15. Imitation dragonfly convex-texture surface [110].

Full-width spikes

Edge spikes

In addition, as shown in Figure 16, some natural organisms also secrete a lubricating

medium to achieve friction reduction [107,108,112-116]. For example, human joint friction
performance mainly comes from synovial fluid. The synovial fluid is mainly composed
of hyaluronic acid (HA), mucin, glycoprotein, and brush components [113]. These macro-
molecules in synovial fluid have a high hydration level. Brasenia and papaya seeds contain
a natural nano-cellulose material, with a significant ability to reduce friction [108,114,115].

Table 4 shows the friction and wear mechanism of different biological structure shapes.

" E

Slight deformation,~~ AV

Figure 16. Schematic illustration for the mechanism of friction and wear [107]: (a-1-a-3) TPU

composite; (b-1-b-4) lubricating mechanism of the lignum vitae at the contact interface.

Table 4. Tribological mechanism of different bionic micro-textures.

Organism/Tissue Shape-Texture Function Mechanism Reference
Snake Triangular pit texture Anti-friction Reduce contact area [92]
Golfball Semi-spherical pit texture Anti-friction Reduce contact area [92]
Dung beetle Elliptical pit texture Anti-friction Reduce cont'a ct area imd store [92,95]
lubricating oil
Shell Groove texture Anti-wear Provide hydrodynamic lubrication [95,96]
Phrynosoma Diamond t'exture and Anti-friction Form a lubricating film [104]
cornutum lubricant
Shark Groove texture and lubricant Anti-friction Chan.ge turbulent pressure and [102,103]
increase the viscosity
. . . Form a gas-phase region and suppress
Dragonfly Micro-spike texture Anti-drag circulation flow and whirling [110]
Earthworm Groove texture and mucus Anti-drag Reduc.e contacjc area and [105,106]
viscous friction
Water nail Groove texture Anti-friction Provide hydrodynamic lubrication [109]
Lignum vitae Fiber, conduit, and resin Anti-friction Fiber-reinforced, emulsion-forming [107,112]
Joint Synovial fluid Anti-friction Hydration [113]
Brasenia Mucus Anti-friction Hydration [114,115]
Papaya seeds Seed mucus Anti-friction Hydration [108]
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3.3. Equivalent Diameter

One way to increase the bearing capacity of the friction surfaces is to produce a better
hydrodynamic pressure. Recent studies have shown that microscopic textures, such as
pits, can achieve better hydrodynamic effects. In addition, the rapid development of laser
technology [117] and diamond-like carbon (DLC) coating technology [118] provides good
technical support in the fabrication of micro-structures. Therefore, based on flexible and
accurate micro-manufacturing technology, the friction performance and bearing capacity of
a non-smooth bionic texture can be further improved by optimizing the size parameters
of the pits. One of the important size parameters of the pit is the diameter. It is worth
mentioning that the circular pit is easy to manufacture, and low cost. It is the most popular
texture pattern, but because the shape of the pit also has various styles, such as square, this
section discusses the equivalent diameter of the texture.

3.3.1. Study on the Critical Value of Pit Equivalent Diameter

The research shows that the friction process is mainly divided into two stages. In
the early stage of running-in, the friction coefficient fluctuates obviously. In the second
stage, the texture pattern and the smooth pattern are stable. As shown in Figure 17, the
experimental data of Sun [119] show that the wear volume in the first stage accounts for
about 60% of the total friction process, and the wear amount in the steady friction process in
the later stage of the running-in is less. The surface texture with a relatively small diameter
may improve the friction performance.

0.8

Running-in

0.7 4 D: 180 um

Steady-state
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R ]
Q
= 0.5 1
=
k5, - i
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4 ]
1
5§ 03- .
3 ;
151 1 i
‘" 024" : e: 25 %
R 1 i Load: S N
0.1 4 i Velocity: 0.05 m/s
1 i
0.0 . i . . . : .
0 100 200 300 400

Sliding distance /m

Figure 17. The variations in the friction coefficient of the untextured and textured surfaces with
different dimple diameters, at a normal load of 5 N, and the sliding distance of 400 m [119].

Some studies have found that the diameter of the pit is not linearly related to the friction
coefficient and the hydrodynamic pressure. As shown in Figure 18 [119], there is a critical
value for the contact width. If the diameter is greater than or less than the contact width,
the lubricant film thickness and the bearing capacity will change significantly [120-122].
A pit diameter which is equal to, or less than, the contact width will reduce the friction
coefficient, while the pit diameter which is much larger than the contact width will increase
the friction coefficient. This contradicts the experimental data of Sun [119] mentioned
before. We believe that it is because the sample point selection methods of the two are
different, and the number of samples is different. The selected sample diameter of Sun’s
study [119] was much larger than the contact width, resulting in a linear correlation.
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Figure 18. The effect of the dimple diameter on the friction coefficient at the sliding speed of 0.21 m/s [119].

3.3.2. Study on Micron Level Size Diameter

The size of the micron scale is mainly distributed between 10 um and 1000 pm. Under
the same conditions, the lubrication effect will be better with the increase in the radius of
the pit. As shown in Figure 19, in order to better show the friction performance, Yin [123]
proposed the average dimensionless friction force Fy;. The experimental results show that
the radius increases from 20 mm to 60 mm, resulting in a 27% reduction in Fys, indicating
that the increase in the pit radius has a significant positive effect on the lubrication. In the
case of low speed and high speed, the influence of the diameter of the micro-texture on the
friction performance is not obvious, but at the medium speed, the influence is obvious, the
correlation is not linear, and there is an optimal size. Studies have shown that the best size
is about 40 um in the case of linear motion [124].
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Figure 19. The dimensionless friction force with S, = 0.35 and hy, = 4.8 um for different dimple radii
rp [123].

It should be emphasized that different motion modes and directions also lead to
different friction properties. Texture can be constructed on the coating by combining DLC
and laser technology. The groove texture is created using this method. When the groove
is orientated along the sliding direction, it is similar to the larger texture, and the friction
wear rate is higher. However, when it is perpendicular to the sliding direction, the friction
and wear properties are good [125,126].

The motion mode of the swash plate and the other structures of the axial piston
pump is circular motion, and the friction law of linear motion cannot be applied directly.
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Therefore, some scholars have focused on the influence of the micron texture radius on the
friction performance of circular motion. Tang [127] optimized the mechanical parameters
of the texture based on the multi-objective agent model. Figure 20 shows that there is no
linear relationship between the diameters and frictional properties under circular motion,
but the optimal solution is between 15 um and 18 um, which is similar to the rule of linear
motion of the former.

Leakage rate
(L/min)
0.003000
0.003409
0.003818
0.004226
0.004635
- 0.005044
0.005453

0.005861
0.006270

Texture radius » ( um)

Texture depth /2 (um)
Figure 20. Objective-function contours, based on a comprehensive sampling of the texture design [127].

It is worth mentioning that the lubrication mechanism of pits is different under
the conditions of lubrication and dry friction [128,129]. Under dry friction conditions,
the texture diameter of the micron texture has no significant influence on the friction
performance. However, as shown in Figure 21, with the increase in diameter, the abrasive
wear turns to adhesive wear, leading to the reduction of wear [130].

(a) No texture

(d) 100 pm (e) 150 pm

Figure 21. Microscopic morphology of the wear scars of different pit diameters, under dry fric-
tion [130]: (a) no texture; (b) 10 um; (c¢) 50 um; (d) 100 um; (e) 150 pm.
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3.4. Depth

The depth of the texture is the main factor affecting the hydrodynamic lubrication
performance of the surface-textured fluid. Designing the most suitable geometric parame-
ters for the surface texture can make the textured surface obtain the optimal tribological
properties and lubrication performance. Through the study of biological external morphol-
ogy, surface morphology, internal structure, and other structural characteristics, scholars
have explored the physical nature of different biological surface morphologies, and have
applied it to the design and development of the surface texture, providing new ideas
and methods for the design and preparation of mechanical parts. At the same time, in
the design of surface bionic texture, we should not blindly pursue the reproduction of
biological structures, but need to innovate and optimize the design in imitation, to obtain
the optimal design parameters. Through the above analysis, the geometric parameters of
different types of bionic surface textures are summarized, as shown in Table 5.

Table 5. Geometric parameters of the bionic surface texture.

Bionic Surface Texture Type Bionic Object Bionic Size/mm
Natural structure Raindrop ellipsoid structure 1~10
Surface of plants Green radish surface 0.01~0.1

Lotus leaf surface 0.01~0.1
Dung beetle chest back plate pit 0.01~1
Surface of insects Beetle head bump 0.01~1
Pill worm body surface ripple 0.01~1
. . Pangolin squama surface 0.1~10
Surface of terrestrial animals Snake scale surface 0.1~10
Surface of marine organisms Shark skin 0.1~10
Shell surface 0.01~1

3.4.1. Effects of Different Depths

Under fluid lubrication, the depth plays a decisive role in the thickness and bearing
capacity of the lubricating film. When the depth is shallow, the thickness of the lubricat-
ing film will increase significantly, while, when the depth is deep, the thickness of the
lubricating film will decrease locally [131]. This conclusion is consistent with Kaneta’s
research [132].

The dynamic pressure generated in the fluid film between the two friction surfaces
enhances the bearing capacity of the texture. The depth of the surface texture is an important
geometric parameter affecting the hydrodynamic lubrication. The bearing capacity of the
lubricant film will increase first, and then decrease, with the increase in depth. Scholars
have verified the two-dimensional model and the three-dimensional model, successively.
Sahlin [133] used knowledge of fluid mechanics to calculate the two-dimensional fluid
domain between two parallel walls, with pits on the lower wall. The geometric structure
is shown in Figure 22, and the pressure and streamline of the upper wall, with different
Reynolds numbers and different pit depths, are compared. The calculation results for the
upper wall pressure are shown in Figure 23. The results verify that the depth of the pit has
a nonlinear relationship with the dynamic pressure-bearing capacity. As the depth of the
pit increases, the pressure on the upper wall increases first, and then decreases. Han [134]
used the computational fluid dynamics (CFDs) method to analyze the hydrodynamic
lubrication characteristics of the micro-pit surface-sliding friction pair in three dimensions.
In the case of different Reynolds numbers, the bearing capacity increases first, and then
decreases, with the increase in the depth of the pit. The calculation results verify the
two-dimensional analysis.
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Figure 22. The fluid domain of the cylindrical geometry, including the geometrical parameters and
boundary conditions [133].
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Figure 23. Upper-wall pressure distribution for the cylindrical geometry, with w* = 0.30 [133]:
(a)d* =0.25; (b) d* = 0.75; (c) d* = 1.25.

The vorticity and recirculation of the fluid in the texture depend on the depth of the
texture, and increase with the depth of the texture. In 2018, Vilhena [94] used the CFD
method to perform a three-dimensional analysis of the sliding friction pair on the surface
of the semi-circular cavity. The geometric model is shown in Figure 24. The streamlines at
different depths in the cylindrical cavity are shown in Figure 25. Through the observation
of the streamlines at different depths in the cylindrical cavity, the dynamic performance
of the fluid is understood. As the depth of the semi-circular cavity increases, a vortex is
formed in the cavity, with a closed contour.
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Figure 24. Geometrical parameters for the cylindrical geometry [94].
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Figure 25. Streamlines (colored according to static pressure [Pa]) in the cylindrical geometry for
different values of depth, where the cavity width = 128 um, spacing = 500 um, u = 0.1 m/s [94]:
(a) depth = 8 um; (b) depth = 16 um; (c) depth =22.8 um.
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Different texture shapes show different friction characteristics under different depth
conditions. For example, Wang [96] compared the friction properties of six different bionic
shell-surface textures. As shown in Figure 26, the composite structure of the grooves and
pits shows a better wear reduction effect, and the optimal depth parameters are obtained
under different area ratios.
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Figure 26. The impact of the texture depth on the friction coefficient of the six texture shapes at
different densities [96]: (a) S, = 18.08%; (b) Sp = 18.22%; (¢) Sp = 19.56% (U = 4000 r/min, i = 16 um).

3.4.2. The Influence of the Different Depth-to-Diameter Ratio

For different working conditions, there is also an optimal ratio of texture depth to
diameter [135]. Regarding the diameter and the depth of the texture, it is not a case of the
larger, the better. When the depth-to-diameter ratio is high, to a certain extent, it is easy for
micro-vortexes to form in the pit, which affects the hydrodynamic lubrication. When the
diameter is too large, the pit can be approximated as a flat plate, unable to produce a fluid
hydrodynamic effect, and thus losing meaning.

In 2014, Kim [136] used a pin-on-disk friction test bench to study the effects of surface
texturing on the frictional behavior, and the test flow chart is shown in Figure 27. A com-
parative test is performed at two depth-to-diameter ratios of 0.14 and 0.3. It is concluded
that under high lubrication parameter values, the friction coefficient of a small depth-to-
diameter ratio is lower than that of a large depth-to-diameter ratio. The test results are
shown in Figure 28.

The spherical bump texture effectively improves the tribological properties of water-
lubricated friction pairs. The texture of the spherical bulge reduces the contact area be-
tween the friction pairs, thereby reducing the adhesion effect. The spherical convex texture
changes the streamline between the friction pairs, and increases the flow rate of the water so
that the debris cannot be retained on the worn surface, thereby reducing abrasive wear. The
spherical convex structures with different depth-to-diameter ratios have different contact ar-
eas of friction pairs, so their tribological properties are different. In 2019, Hu [137] prepared
a spherical convex surface on the bearing surface. Under water lubrication conditions, it is
concluded that a bearing with a small aspect ratio has the best friction performance.
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Figure 27. Equipment setup for the tribology test [136].
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Figure 28. Comparison of the coefficients of friction from three different surface area densities, at a
high lubrication parameter value, for two different depth-to-diameter ratios [136].

With the deepening of the research, some studies have shown that the optimal geo-
metric size of the surface texture will be affected by the working conditions, lubrication
methods, and other factors. In 2017, Li [138] established a lubrication model of micro-
dimple array friction pairs based on Navier-Stokes equations, using a three-dimensional
CFD simulation method. The effects of different texture area ratios and depth-to-diameter
ratios on the average lubricant film bearing capacity and friction coefficient were ana-
lyzed at Reynolds numbers 5, 50, and 250. As shown in Figures 29 and 30, the average
lubricant film bearing capacity increases first, and then decreases, with the increase in the
depth-diameter ratio. At low Reynolds numbers, the friction coefficient decreases with the
increase in the aspect ratio. At high Reynolds numbers, the friction coefficient decreases
first, and then increases, with the increase in the aspect ratio.
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Figure 29. Effect of the texture density and depth-to-diameter ratio on the dimensionless average
film-carrying force [138]: (a) Re = 5; (b) Re = 50; (c) Re = 250.
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Figure 30. Effect of the texture density and depth-to-diameter ratio on the friction coefficient [138]:

A

(a) Re = 5; (b) Re = 50; (c) Re = 250.

3.5. Arrangement

A

The arrangement of the texture is also one of the factors affecting the surface friction.
It can be mainly based on the area ratio and the rules of arrangement. It is not the case that
the higher the number of surface micro-textures, the better. It is necessary to select the best
arrangement for reducing friction, through simulation or experimental comparison.
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300 um

3.5.1. Texture Area Ratio

The area ratio of the texture is determined by the density of the texture arrangement,
which is one of the vital factors in improving the tribological performance. On one hand,
the surface texture will increase the surface roughness and actual contact pressure, which
will lead to friction and wear, and increase the coefficient of the friction. On the other hand,
the texture will act as a reservoir for storing lubricants, which can improve the lubrication
condition, and reduce the friction coefficient [139].

Shimizu [140] produced the surface texture of a brass plate, with the surface texture
of 40%, 25%, and 10% respectively, in the condition of dry friction, as shown in Figure 31.
It can be seen that the friction coefficient is the lowest, and the wear is the lowest, when
the area ratio is 40%. Similarly, Hu [141] made micro-pits with different area ratios on the
surface of Ti-6Al-4V, and carried out a series of experiments under dry friction and molyb-
denum disulfide lubrication conditions. The results show that the friction performance is
much better when the area ratio is 44% than when it is 13% or 23%, or when there is no
microstructure. Meng [142] carried out friction and wear experiments on laser-textured
surfaces under dry friction and W-5-C solid lubrication conditions, as shown in Figure 32.
In the case of dry friction, the friction coefficient decreases with the increase in the groove
area ratio. After solid lubrication, the groove area ratio maintains a good friction perfor-
mance until 9%. Li [143] prepared surface textures with different area ratios on No. 45
steel, and found that the wear condition is the lightest when the area ratio of the texture is
8.1% under dry friction and oil deficiency conditions. Under the action of dry friction, the
area ratio of the surface texture directly affects the contact area, and the capture of wear
particles. In a certain range, the larger the area ratio, the smaller the friction coefficient.
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Figure 31. Micrographs of the wear trajectories on the surface of an advanced technical texture [140]:
(a) with an area ratio of 40%; (b) with an area ratio of 25%; (c) with an area ratio of 10%; (d) with the
effect of the area ratio on the friction coefficient.
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Figure 32. Comparison of different friction coefficients of the surface texture under dry friction
and solid lubrication conditions [142]: (a) the average friction coefficient under dry friction; (b) the
average friction coefficient under W-S-C solid lubrication; (c) the magnitude of the decrease in the
friction coefficient between the surface texture and the non-surface texture.

In Hu’s study [137], using a QSn7-0.2 bearing under the same pressure and speed, the
friction and wear tests were carried out by fluid lubrication on a non-textured, quarter ball,
one-third ball, and one-half ball, at the area rate of 25%, 31%, 38%, and 44%, respectively.
As shown in Figure 33, the results show that the surface texture with an area rate of 38%
has the lightest wear at three different sphere heights, and the wear is more serious when
the area rate increases to 44%. Zhang [139] studied the relationship between the average
friction coefficient and the texture area ratio, under the condition of a 3 N load and 0.69 m/s
sliding speed. It is concluded that the average friction coefficient is the smallest when the
texture area ratio is 15%, and then an increase in the area ratio will lead to an increase in
the average friction coefficient. Wei [144] obtained the optimum area ratio of the zither-
shaped surface texture through simulation and friction lubrication experiments. Firstly, the
maximum positive pressure and the maximum lubricant film bearing capacity are obtained
via simulation, when the area ratio is 22.7%. Then, the adjacent area ratio is tested, to
obtain the minimum friction coefficient for the surface texture area ratio of 22.7%. In fluid
lubrication, if the area ratio of the surface texture is too low, it will not increase the pressure
of the water film, resulting in an unstable water film, and poor lubrication. When the area
ratio is too high, the texture is arranged too closely, which will hinder the formation of a
continuous water film on the worn surface, and this will also lead to wear. Therefore, it is
necessary to select the appropriate area ratio, according to different types of textures, to
minimize friction and wear.

60 T T -
[J25%
1%
50 |- s |
a4%
S40 | 1
E
@
® 30 1
£
:
=20 1
10 | 1
0
non-texture 1/4 sphere 1/3 sphere 1/2 sphere

Figure 33. Attrition at different texture heights and area ratios [137].
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In summary, according to the type of texture and lubrication conditions, the optimum
texture area ratio of the typical texture is summarized, as shown in Table 6. Considering
the different materials, it is also necessary to optimize the design for special cases.

Table 6. The optimum area ratio of different texture types.

Type Lubrication Density References
Circular pit Fluent 5-35% [145,146]

Ellipse Fluent 10.6-14.1% [147]
Hexagon Fluent 25% [148]
Bulbous Fluent 30-40% [137]
Kite Fluent 22.7% [144]
Dimples Dry 40% [140]
Grooves Dry 18-35% [142]
Grooves Solid 1-9% [142]

3.5.2. The Arrangement of Texture

The main common arrangement forms are transverse arrangement, longitudinal ar-
rangement, circumferential arrangement, staggered arrangement, and so on. The tribologi-
cal properties of different arrangement modes will also cause great differences. Therefore,
it is necessary to select the optimal arrangement form, by simulation or experiment.

The lubricating film pressure on the textured surface can be obtained by theoretical
simulation, so that the anti-friction benefit of the surface texture can be analyzed based on
the bearing capacity of the lubricating film, and the lubricating film thickness. Wang [149]
used the method of the numerical solution to simulate the rectangular grooves of 90°, 75°,
60°, 45°, 30°, and 15°, and analyzed the simulation results. The results show that when
the texture depth is less than 5 microns, the 75° and 90° grooves demonstrate a lower
friction coefficient; when the groove depth is greater than 5 microns, the groove with a 60°
arrangement shows the best friction performance and, at any depth, the groove with a 15°
arrangement is the worst, followed by those with 30° and 45°. Wang [150] used the CFD
method to simulate the lubricating film pressure of different arrangement surface textures.
The main arrangement method is shown in Figure 34. The simulation results show that
the staggered micro-pits have a better friction performance. Yi [151] established the finite
element model of sliding bearings, and simulated the arrangement of the micro-texture. The
results show that the influence of the micro-texture on the bearing characteristic coefficient
is more obvious when the micro-texture is arranged circumferentially. Wang [152] used the
numerical simulation method to study the friction performance of the micro-cylindrical
pit texture, and simulated the offset rate of different texture positions. The results show
that as the offset rate increases, the total pressure near each texture unit increases, and a
more effective bearing capacity is obtained. The above shows that the arrangement of the
micro-texture has a great influence on the friction performance, and that the circumferential
arrangement and staggered arrangement can better improve the friction performance. This
is because these two arrangements can make the lubricant produce an asymmetric pressure
distribution, and improve the lubricating film bearing capacity.
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Figure 34. The four different arrangements of surface texture [150]: (a) regular; (b) transverse;
(c) longitudinal; (d) staggered.

To improve the tribological performance of the bearing slider, Zhang [153] obtained
the optimal friction performance of the slider when the texture is arranged in a micro-
pyramid shape, via mathematical optimization. Schneider [154] carried out a one-way
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sliding experiment on the laser-textured surface, and studied the influence of different
texture arrangements on the surface sliding. The arrangements were hexagonally staggered,
cubically staggered, and random, as shown in Figure 35. Finally, it was concluded that the
friction coefficient of the hexagonal staggered shape was the largest. Under the condition
of boundary lubrication, Yue [155] fabricated micro-textures parallel, perpendicular, and
45° to the sliding direction, and the friction coefficient was lower than that without texture.
Antoszewski [156] found that the lubrication effectiveness depended on the shape, size,
and mutual distribution of the texture’s elements, and demonstrated the significant role of
the relationship between the trajectory of motion and the texture mesh.

Figure 35. Three different permutations [154]: (a) hexagonally interlaced; (b) cubic; and (c¢) random
permutations.

From the existing research, the reasonable arrangement of the surface texture can
effectively improve the anti-friction performance. The same texture arrangement form and
arrangement position are different, and the tribological performance is also quite different.
Therefore, while referring to the theoretical research, it is necessary to consider the actual
conditions, such as the lubrication state and the arrangement position of the texture.

3.6. Hardness, Microstructure, and Wettability in Texturing

During the process of processing textures (Figure 3), the laser, electricity, and cutting
tool not only change the surface shape of the materials, but also have an impact on the
hardness, microstructure, and wettability of the materials.

3.6.1. Hardness

The hardness change in the material surface during the process of manufacturing the
surface texture is a key factor affecting the friction performance. LST has attracted much
attention, due to its high flexibility, superior texture accuracy, and good controllability in
the processing of surface texture [82]. Guo [157] used laser shock processing technology
to fabricate the surface texture, and tested the hardness after processing. LST increased
the hardness of the dents. This is due to the existence of tensile stress, which will affect
the tribological behavior. Similarly, Garcia-Giron [158] has conducted similar research.
After LST, the wear rate of an aluminum alloy could be reduced by seven times, due to
the composite surface hardening and surface texture. After laser bionic texture treatment,
Li [159] found that the micro-hardness of the microstructure in the bionic texture area was
more than three times that of the untreated sample. Hussein [160] studied the effect of laser
treatment on the mechanical properties, wear resistance, and Vickers hardness (HV) of an
aluminum alloy. The results showed that the wear rate of the sample with circular grooves
after laser treatment was lower than that of the sample without grooves.

The ultrasonic vibration-assisted turning (UVAT) process is also one of the effective
methods to improve tribological properties. Amini [161] prepared micro-void arrays on
the surface of Al7075-T6 using UVAT, and evaluated the effect of the surface hardness of
the UVAT process on the surface microstructure and wear rate, via a hardness test. The
results showed that, due to the unique properties of the micro-voids generated on the
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surface by the UVAT process, the three-dimensional parameters of the surface geometric
properties and roughness could be improved, and the surface hardness increased. These
factors increased the wear resistance, and reduced the friction coefficient.

Ji [162] compared the wear resistance of the surface texture prepared using EDM
under different working fluids. The four types of samples were the sample prepared with
deionized water (named WMS), the sample prepared with kerosene (named KMS), the
sample prepared with water-in-oil (named WOMS), and the non-textured sample (named
SS). The surface micro-hardness of the different working fluids was obtained, as shown
in Figure 36. It can be seen from the figure that the surface hardness of the WOMS is the
highest. This is because the cooling rate of the WOMS working fluid is faster, which refines
the surface grains. The research results of the relevant literature show that the internal
properties of the material changed during the preparation of the surface texture, so the
hardness changed, and affected the wear resistance.
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Figure 36. Average surface hardness of the different samples [162].

3.6.2. Microstructure

In the process of manufacturing surface textures, the internal structure of the mate-
rial changes slightly, which will directly affect the friction performance of the material.
Syed [163] found that the ferrite phase in low-carbon steel was transformed into a harder
martensite or bainite phase by the laser ablation and laser interference of LST. Li [159]
constructed a bionic texture on the surface of 40Cr alloy steel. The bionic texture sam-
ples showed phase transformation and grain enhancement. After laser treatment, the
microstructure of the bionic texture region was mainly composed of dense fine-grained
martensite, compared with the microstructure of the matrix. As shown in Figure 37, the
mechanism of surface enhancement by the laser bionic texture is the generation of the
intensity phase, and the refinement of grains.

(b)

Figure 37. Microstructure before and after bionic texture construction [159]: (a) original microstruc-
ture; (b) microstructure of the bionic texture zone.
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In the process of the wear test, the internal properties of the material will also change
accordingly. By imitating soil animals, Chen [164] processed bionic units with a laser, and
analyzed the microscopic morphology through wear experiments, as shown in Figure 38. It
can be seen that the surface of the untreated sample had huge corrosion pits, and a large
number of cracks. On the reticular and striped samples, serious defects usually appeared
on the matrix near the unit, or at the junction of the matrix and unit. In addition, slight
corrosion pits were also observed on the unit, but much smaller than the corrosion pits that
occurred on the matrix.

Figure 38. Contrast of wear mass loss between the original sample and bionic samples with diverse
shapes, and the wear morphology of specimens [164]: (a) original sample; (b) the sample with
punctate units; (c) striped units; (d) reticular units.

In order to improve the wear resistance of the material, Zheng [165] conducted the
bionic coupling of the hardness gradient and surface texture. Through the hardness mea-
surement along the depth of the cross-section sample, and correlation with the observation
results of the metallographic microscope, the hexagonal texture sample quenched by laser
heat treatment presented a gradual transformation of the melted layer, phase transfor-
mation zone, heat-affected zone, and unaffected matrix, from the surface to the interior,
which mainly went through the phase-change process of needle-like martensite, granular
martensite, and residual austenite, respectively. It was concluded that the theory of hard-
ness decreasing from surface to interior was verified, and the bionic coupling had a lower
friction coefficient, and a smaller friction fluctuation.

The high-strength phase can improve wear resistance, but it may also lead to the
formation of surface cracks, and the generation of tensile residual stress. Therefore, specific
analysis should be carried out on different parts of the components [166].

3.6.3. Wettability

Wettability has been a research focus in recent years, and there have been related
research reports on different materials and textures, among which superhydrophobic
properties are a key topic [167]. The essence of superhydrophobic properties is the change
in the material surface structure and surface energy after processing, which affects the
contact form between solid and liquid, resulting in a series of hydrophobic phenomena,
with the characteristics of corrosion resistance and wear resistance.
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The wettability of the texture surface is related to the shape, diameter, and depth
of the texture. The texture can provide a thin layer of air, reduce the mutual attraction
between the solid surface and the liquid, and make the surface show a hydrophobic effect,
as shown in Figure 39 [168]. The main texture types for superhydrophobic surfaces are
groove, grid, and columnar structures, in which the micro- and nano-composite structure,
such as the lotus leaf, can show strong hydrophobicity. Bhushan [169] proposed an ideal
superhydrophobic layered surface. For a droplet with a radius greater than, or equal to,
1 mm, the optimal design is a cylinder with a height H of 30 pm, diameter D of 15 um, and
pitch P of 130 um, as shown in Figure 40 [170]. The micro-column array with small spacing,
a small diameter, and a high height has a better hydrophobic effect [171].

A Before abrasion B Wear testing C After abrasion

Static
droplet

Weight Abradant  Superhydrophobic
| surface

Rolling
droplet

Solid-air composite interface Failed composite interface

Figure 39. Wearing out a nonwetting surface. A superhydrophobic surface generally loses its
liquid repellency after mechanical abrasion [168]: (A) a water droplet rolls on a superhydrophobic
surface, where the liquid is suspended by a solid-air composite interface; (B) the setup for a linear
abrasion test; (C) a droplet gets stuck on the same surface after abrasion, because of the failure of the
composite interface.

h
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Figure 40. Ideal superhydrophobic layered surface [170].

The processing changes the chemical energy of the material surface which, in turn,
changes its wettability. For example, ultrafast laser texturization will increase the chemical
polarity of the material surface, so it appears hydrophilic. But over time, the non-polar
bonds on the textured surface will increase, and the free energy will decrease, transform-
ing into, and eventually maintaining, hydrophobicity. Divin-Mariotti [172] found that
an aluminum surface, after femtosecond laser texturization, first showed hydrophilicity,
and then changed to hydrophobicity after 3 days. Singh [173] found that the surface of
304 stainless steel after femtosecond laser action immediately showed superhydrophilic
behavior and, after 50 days, showed highly hydrophobic behavior. Yan [174] studied the
wettability changes of mixed micro-nano textured brass surfaces. By placing the samples in
different media, such as air, NaHCOj3 solution, and NaCl solution, to explore the influence
of the environment on the wettability transition rate, it was found that the textured brass
sample could realize the transition from hydrophilic to hydrophobic after being soaked in
isopropyl alcohol for 3 h.

4. Summary and Prospects

The significant advantages of water hydraulic transmission technology have meant
that the research into water hydraulic axial piston pumps is commonly receiving attention
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in the mechanical engineering and environmental engineering fields. The rapid develop-
ment of special corrosion-resistant alloys, polymer materials, and engineering ceramics,
and the progress in precision-machining technology, have effectively solved the key tech-
nical problems facing the research into water hydraulic axial piston pumps. With the
development of water hydraulic axial piston pumps toward high speed and high pressure,
more stringent requirements are being put forward for the tribological performance of the
key friction pairs under extreme working conditions, such as high speed and a heavy load.

Inspired by the phenomenon of low friction and wear on the surface of natural
organisms, the biomimetic surface texture design of the key friction pairs in water hydraulic
axial piston pumps is considered to be an effective new approach to improving tribological
properties. The structure and organization in nature can reduce friction contact, improve
surface separation, and enhance mechanical properties, through the surface structure,
self-secreted lubricating medium, and coupling effect of the structure and lubricating
medium [116]. The common processing methods of the surface texture mainly comprise
removing material technology (LST, mechanical machining, EDM, etc.), adding material
technology (laser cladding, deposition technique, etc.), and deforming material technology
(laser shock processing, etc.).

The tribological properties can be improved through the proper shape, equivalent
diameter, depth, and arrangement of the surface texture. The lubrication antifriction
mechanism of the surface texture is related to the lubrication state. The main lubrication
mechanisms are the hydrodynamic effect and cavitation effect, secondary lubrication effect,
and storage of wear debris, respectively, in fluid lubrication, boundary lubrication, and
dry friction.

Many researchers have designed a variety of biomimetic structures, with the help of
the surface appearance of organisms. The shapes of surface texture are mainly divided into
four types: pits, grooves, convex bodies, and scales. Among them, pits and grooves have
been studied the most frequently. There is a nonlinear relationship between the equivalent
diameter of the surface texture, and the friction coefficient and the flow pressure. The
equivalent diameter, greater than or less than the critical value of contact width, will have
a significant effect on the lubricant film thickness. The research on the size of the micron
level is mainly distributed between 10-1000 pm. The influence of the equivalent diameter
of micro-texture on the friction performance is not obvious under low speed or high speed,
but is obvious under medium speed. Under fluid lubrication, the depth of the surface
texture plays a decisive role in the formation of the lubricant film. When it has a certain
depth, a micro-vortex will be formed in the pit, affecting the hydrodynamic lubrication.
Compared with the depth, using a depth-to-diameter ratio to describe the texture can better
reflect its morphological characteristics. The effect of the depth-to-diameter ratio on the
tribological properties is nonlinear. For different working conditions, there is an optimal
ratio of texture depth and diameter, to obtain the best friction performance. The area ratio
and the arrangement form of the surface texture have a great impact on friction and wear.
For the area ratio, compared with other lubrication methods, dry friction requires a higher
area ratio to obtain a smaller friction coefficient. Regarding the arrangement, staggered
arrangements and circular arrangements are better than other arrangements.

There is no doubt that surface texture techniques offer promising prospects in the
application of water hydraulic axial piston pumps, which have been shown to play a
positive role in improving lubrication, reducing drag and friction, resisting wear, and
decreasing vibration and noise. However, the research on surface texture still lacks a
systematic approach. According to the research progress and application demands of
surface texture, it is suggested that attention should be paid to the following aspects in
the future:

(1) Based on the study of pit texture, groove texture, and mixed texture, the lubrication
antifriction properties of the complex shape texture and the cross-scale composite
texture under complex type synergies need to be further studied.
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(2) Surfaces with different wettability can be obtained using surface coating techniques;
this is helpful in further improving the tribological properties of the textured surface.
The mechanism of coordinated regulating of lubrication and friction reduction under
the coupling of the surface texture and coating/thin film system is still unclear, and
needs to be further explored.

(38) The actual friction and wear process of the textured surface is a dynamic process,
in which the fluid, wall, and abrasive particles interact, and the friction coefficient,
friction temperature, and wear change in a complex manner. A multi-scale and multi-
field coupling method should be used to build a bridge from the micro-physical
field to the macro-tribological properties, and the influence mechanism of the surface
parameters, such as surface roughness, texture shape, and geometric parameters, and
dynamic changes in the properties of the lubricating medium on the friction and wear
properties of the sliding interface, should be studied.

(4) The high processing cost and the low industrial manufacturing degree of surface
texture (especially on the micro- and nano-level) are the main obstacles restricting
the application of surface texture engineering. It is urgent to make breakthroughs in
the technology of the processing, characterization, and evaluation of the micro- and
nano-complex surface textures with a high efficiency, high quality, and low cost.
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Abbreviations

NCEL Naval Civil Engineering Lab
PTFE Polytetrafluoroethylene

PEEK Polyether ether ketone

PI Polyimide

PA Polyamide

PPS Polyphenylene sulfide
UHMWPE  Ultra high molecular weight polyethylene
OCP Open circuit potential

CF Carbon fiber

GF Glass fiber

LST Laser surface texturing

EDM Electrical discharge machining
HA Hyaluronic acid

DLC Diamond-like carbon

CFD Computational fluid dynamics
HV Vickers hardness

UVAT Ultrasonic vibration-assisted turning
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