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Featured Application: This Procambarus clarkii inspired bionic inspired novel micro-thorn and
convex hull coupled structured surface could provide theatrical and technical references to en-
hance the wear resistance performance of soil-engaging component of agricultural machinery
and mitigate the problem of abrasive wear failure.

Abstract: Procambarus clarkii was found to have excellent anti-wear performance against abrasive
materials. To improve the wear resistance performance of the soil-engaging component of agricultural
machinery, in this study, the micro-thorn and convex hull coupled geometrical structured surfaces
inspired from the cephalothorax exoskeleton of the Procambarus clarkii was selected as the bionic
prototype. By adopting bionic engineering techniques, three types of novel geometrical structured
surfaces were proposed, which were bionic single, double and triple micro-thorn coupled convex hull
surfaces (Bionic Type 2, 3 and 4, respectively). The anti-abrasive wear properties of these proposed
geometrical surfaces were compared with a conventional bionic convex hull structured surface
(Bionic Type 1) and a surface without any structures (smooth). Abrasive wear tests were conducted
by using a rotational abrasive wear testing system. The accumulative test time was 80 h and the
total wear distance was 6.09 x 10° m. By adopting the EDEM software (discrete element modeling),
the Archard Wear model was selected to simulate the wear behavior of five different surfaces. In
addition, the wear mechanisms of different surfaces were investigated. The results showed that the
smooth surface suffered the most severe abrasive were, the abrasion loss reached 194.1 mg. The
anti-abrasive properties of bionic geometric structured non-smooth surfaces were greatly improved;
the reduction in terms of abrasion losses ranged between 20.4% and 94.1%, as compared with the
smooth surface. The wear resistance property of micro-thorn and convex hull coupled structured
surfaces were greatly improved as compared with convex hull and smooth surface. Bionic Type 3
was found to have the best anti-abrasive wear property: the abrasion loss was 11.5 mg. The wear
morphology was observed by a scanning electron microscope. Smooth surface was characterized
with wide, large size of grinding debris, while the bionic non-smooth surface featured narrow and
small size abrasive dust. The results obtained from EDEM simulation agreed well with those of
the aforementioned real scenario tests. It was revealed that the wear areas of the micro-thorn and
convex hull coupled structured surface were mainly concentrated on the edge of convex hull and
micro-thorn that faced the coming direction of particle flow. The geometric structure of the convex
hull had beneficial effects on changing the movement behavior of particles, which means the stream
of particle flow could be altered from a sliding to rolling state. Consequently, the ploughing and
cutting phenomena of particles that act on the surfaces were greatly mitigated. Moreover, after being
coupled with micro-thorns, the anti-abrasive wear preparty of the bionic convex hull geometrical
structured surface was further improved. The rebound angle of particle flow that contacted the
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bionic micro-thorn coupled convex hull structured surface was greater than that of the conventional
convex hull surface. Therefore, the dispersion effect of particle flow was further enhanced, since
the movement behavior of the subsequent impact particle flow was altered. As a result, the wear
of the bionic non-smooth surface was further reduced. This biconically inspired novel micro-thorn
and convex hull coupled structured surface could provide theatrical and technical references to
enhance the wear resistance performance of the soil-engaging component of agricultural machinery
and mitigate the problem of abrasive wear failure.

Keywords: bionic; abrasive wear; abrasion loss; EDEM; geometrical structured surface;
surface morphology

1. Introduction

With the rapid advancement of agricultural tillage mechanization, the wear failure
of soil-engaging components of agricultural tillage machinery has become increasingly
serious [1]. The reduction in abrasive wear is of primarily engineering interest in the
industrial sector of agricultural machinery, as it could lead to the design and development
of novel soil-engaging components capable of reducing energy consumption and improving
work quality in the fields [2]. Wear usually refers to the contact and relative movement
of objects due to mechanical, physical and chemical effects, resulting in the displacement
and separation of surface materials, surface shape, size, structure and performance change
process. According to the different wear mechanisms, it can be divided into adhesive
wear, abrasive wear, fatigue wear and erosion wear [3]. Abrasive wear is generated by the
sliding motion of soil-engaging components that are in contact with the soil [4,5]. The wear
behavior of agricultural machinery could be classified as abrasive wear, which is commonly
found in the mouldboard plough [6], rotary tiller blade [7], disc cutter [8], ditching disc [9]
and other agricultural machinery soil working parts. In the working process, soil-engaging
components are usually in direct contact with soil and gravel, resulting in serious low-stress
abrasive wear, restricting its service life, and having a negative impact on the efficiency of
agricultural operation [10].

At present, researchers mainly focus on the following methods to improve the abra-
sive wear performance of soil-engaging components of agricultural machinery: using
high-strength wear-resistant materials, such as high manganese steel ZGMn13 [11] and
wear-resistant chromium cast iron 3Cr15Mo1V1.5 [12]; resorting to a hot working treatment
and surface strengthening process to increase the wear resistance, such as the secondary
stage quenching of the 65 Mn steel stubble cutter blade with hardening agent [13]; adopting
engineering technologies of surface treatment, such as surfacing welding, coating wear-
resistant materials; using thermal spraying, in which a layer of wear-resistant material is
formed on the surface of substrate to protect working parts [14], such as the thermal spray-
ing of Al,O3 composite coating on the surface of tillage machinery, for example, the plough
share, plow moldboard plough wall, rake blade, rotary tillage blade, etc. [15-17]; designing
the soil-engaging components of agricultural machinery detachable parts. Therefore, parts
that prone to worn could be replaced regularly [18].

However, improving the wear resistance of soil-engaging components of agricultural
machinery from the perspective of the material and treatment process is restricted by
complex techniques and a high economic cost. The emergence of bionics provides a novel
and effective method to solve the engineering problems. After billions of years of evolution,
soil animals have formed excellent surface structure and morphology that to adapt to their
surrounding living environment, which provides an important reference for solving the
problem of the wear failure of agricultural machinery [19-21]. For example, Tan et al. [22]
designed a heavy tractor friction plate with a bionic hexagonal groove by studying the
microstructure and friction adhesion mechanism of a frog toe end, and carried out a friction
and wear test. It is was demonstrated that the bionic hexagonal groove friction plate
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has better friction and wear characteristics than an ordinary friction plate. Ma et al. [23]
observed the microstructure of a clam shell surface, and found that there were numerous
of holes on the surface of prismatic layer. The wear behavior of clam shell was studied,
and the abrasive wear resistance mechanism was investigated. Zhang et al. [24] learned
from the pangolin scale and established a DEM model of the arranged scales; then, the
abrasive wear behaviors were analyzed. Chen et al. [25] studied the surface morphology
of soil animals, designed a stripe-like non-smooth surface, and carried out friction and
wear tests. The results showed that the wear resistance of several non-smooth surfaces was
better than that of smooth surfaces. Zhang et al. [26] studied the abrasive wear behavior
of the subsoiler shovel blade with a bionic rib geometry structure. The experimental
results showed that the bionic geometry structure could change the motion state of the
abrasive material and effectively reduce the wear severity of the surfaces. The research
mentioned above successfully adopted bionic engineering technology, that by learning
the surface morphology of soil animals and applying them to optimize the surface of
a bionic geometrical structure, effectively enhances the wear resistance performance of
agricultural machinery.

In the investigations of abrasive wear behavior, the discrete element method is an
important numerical simulation approach to solve the discrete problem of materials [25].
The wear of the sample surface is caused by the continuous impact and friction of a large
number of particles. The numerical simulation of abrasive wear with the discrete element
method could be comprehensively used to investigate the movement of particles, reveal
the wear mechanism of different geometrical structured surfaces, obtain the microscopic
wear behavior of the worn surface, quantitatively calculate the abrasion loss, display the
geometric characteristics of the worn surface, and predict the wear area of the sample
surface [27]. For example, Rong [28] used the discrete element method to simulate the soil
abrasive wear behavior of the bionic geometric structure surface and analyzed its wear
mechanism. It was proved that the rebound angle after the contact between the abrasive
material flow and the wear surface had a great influence on the worn surface. Li et al. [29]
developed the discrete element model of the semi-autogenous mill, then studied the main
factors that affected the grinding performance of the semi-autogenous mill by EDEM
numerical simulation. Kalala et al. [30] and Franke et al. [31] used the discrete element
method to analyze the wear characteristics of ball mill liner, and effectively predicted
the main wear area. In the bionic design on the geometrical structure by learning from
wear-resistant organisms carried out by [32-34], the abrasive wear performance of the
bionic non-smooth geometric structure surface was studied by the discrete element method,
and the wear resistance mechanism was analyzed. It was found that the wear resistance
of the bionic non-smooth geometric structure surface was better than that of an ordinary
smooth surface.

Procambarus clarkii is also known as red crayfish or freshwater crayfish. In order to
adapt to its surrounding living environment, this species of soil animal needs to contin-
uously excavate caves in the abrasive soil for most of its lifetime. The time duration of
a single burrowing activity of Procambarus clarkii could last as long as 8 h, and the sin-
gle excavation depth could reach 40 cm. The external surface of the exoskeleton of its
Cephalothorax could still remain intact after such long time of contact with the soil particles.
Many studies have shown that the external surface of Procambarus clarkii has excellent wear
resistance performance [35-37]. In this study, bionics engineering was used as the technical
approach, and the surface morphology of the cephalothorax exoskeleton of Procambarus
clarkii was adopted as the bionic prototype. The geometrical structure characteristics were
analyzed and extracted, and the bionic non-smooth geometrical structure surface model
was established. The abrasive wear test and EDEM simulation investigations were carried
out to explore the abrasive wear performance and wear resistance mechanism under the
impact action of abrasive particles, which provides a theoretical basis for the bionic design
of agricultural machinery with improved wear resistance performance.
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2. Materials and Methods
2.1. Bionic Prototype and Geomerical Sturctured Suface Design

The Procambarus clarkii were collected from Chenggong District of Kunming City,
Yunnan Province. The mature individuals with body lengths of about 100 mm and dark
red body surfaces were selected as the research objects. Field emission scanning electron
microscopy (Nova Nano-SEM 450, FEI, Hillsboro, OR, USA) and transmission electron
microscopy (JEM-1011, Nippon Electronics, Kitakyushu, Japan) were used to observe the
cephalothorax exoskeleton of Procambarus clarkii. It was found that, unlike the ordinary
convex hull non-smooth structure commonly seen in the body surface of other soil ani-
mals [2], the body surface of Procambarus clarkii presented a special micro-thorn and convex
hull coupled structure. Moreover, the number of micro-thorns distributed on the edge of
the convex hull was different (Figure 1).

. ,Micro-t‘hm_‘:_?

€~ Convex Hull

Cephalothorax 200 pm

Exoskeleton

Figure 1. Microstructure of Cephalothorax exoskeleton of the Procambarus clarkii.

The special surface structure and excellent wear resistance behavior of Procambarus
clarkii Cephalothorax exoskeleton provide an excellent natural blueprint prototype for
innovative bionic wear resistance surface design. In this study, based on the wear resistance
theory of a bionic non-smooth surface [38,39], as shown in Figure 2, three bionic non-
smooth geometrically structured surfaces were designed by learning from the micro-
thorn and convex hull coupled structured surface on the cephalothorax exoskeleton of
Procambarus clarkia. They were bionic single (Bionic Type 2), double (Bionic Type 3) and
triple (Bionic Type 4) micro-thorn and convex hull coupled structured surface. To compare
the performance of abrasive wear resistance, a convex hull structured surface (Bionic
Type 1) and conventional smooth surface without any structures (Smooth) were used
as control. The SolidWorks software was used for three-dimensional modeling; a high-
precision 3D printer (Wiiboox One, Wiiboox 3D Technology Co., Ltd., Nanjing, China)
was used to prepare experimental samples. The sectional dimensions of the samples were
60 x 40 mm, and the height was 4 mm.



Appl. Sci. 2021, 11, 6655

50f18

Direction of abrasive material

20 mm I
| I

NN

/
AR T

Bionic Type 1  Bionic Type 2 Bionic Type 3 Bionic Type4  Smooth

Figure 2. Five types of abrasive wear experimental sample (the direction of abrasive material is from
left to right).

2.2. Abrasive Wear Testing System and Procedure

An abrasive wear testing system was developed to study the anti-abrasive wear per-
formance of test samples. With the purpose of evaluating the abrasive wear resistance
performance of soil-engaging components of agricultural machinery, in this study, a rota-
tional abrasive wear testing system that was dedicated to the abrasive wear test of working
parts was designed. As shown in Figure 3, the testing system mainly included an electric
motor, an abrasive storage box, a sample fixture, a speed control device and a data acquisi-
tion device. The motor was a three-phase asynchronous motor, the rated power was 2.2 kw
and the rated speed was 2840 r/min. The spindle inside the abrasive material bin was
powered by chain drive. The size of the abrasive material bin was 600 x 600 x 600 mm;
the spindle had a length of 750 mm, with a diameter of 20 mm, and was located in the
center of the material storage box. The sample fixture was installed in the central position
of the spindle and rotates with the spindle simultaneously. The test sample fully contacted
the abrasive material during the test. Four of the test samples could be installed on the
fixture at the same time. Two leakproof flanges were installed inside the contact position
between the spindle and the abrasive material bin to prevent the leakage of the abrasive
material. The electric motor speed was controlled by the frequency converter and RC41B.
The RC41B digital display tachometer was equipped with a Hall sensor. The speed range
was ranged between 3.8 and 10,000 r/min, and the error range was £0.5 %o, which met the
test requirements.

Leakage-proof flange Test sample
Sample fixture

Abrasive material bin

Motor frequency converter

Leakage-proof flange

Electric motor

(a) Virtual model (b) Internal structure

Figure 3. Abrasive wear testing system.
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The particle size of abrasive particles has a certain effect on the wear of the sample
surface during abrasive wear. The abrasion loss generally increases with the abrasive
particle size [40]. When the abrasive particle reaches a critical size (70 to 100 pm), the
abrasive particle size continues to increase and the wear amount tends to be stable [41].
In this study, the mixture of 96.5% quartz sand and 3.5% Bentonite soil was selected as
the abrasive of the abrasive wear test. The moisture content of the abrasive was measured
by a water sensor, and the moisture content was controlled between 3% and 5% (mass
fraction) [42]. The #40 mesh sieve filter screens were used to filter large particles, and
#60 mesh sieve filter screens were used to filter small particles, so as to ensure that the
abrasive particle size range was between 260 and 420 pum.

The material used to prepare test sample was polylactic acid (PLA). PLA has weak
abrasive strength, which aids in speeding up the abrasive wear procedure and shortening
the testing time. In addition, PLA has excellent thermal stability [43]. With the increase in
friction time, considerable heat could be accumulated, which will raise the temperature
of the friction surface of the friction sample. During the test, the temperature of the test
sample was checked by an infrared thermometer (GM321, Biaozhi Science and Technology
Co., Ltd., Shenzhen, China). It was found that when the test duration was kept within 1 h
and the speed of the motor was controlled at 200 r/min, the temperature of the sample
surface remained below 50 °C. Therefore, the continuous testing time duration was set at
1 h. After each continuous experiment for 1 h, the motor was stopped. The mass loss of
the sample before and after the tests was measured with an electronic balance (Excellence
IT Excellence, Shanghai Analytic Ping Scientific Instrument Co., Ltd., Shanghai, China).
After the test samples were cooled for 0.5 h, the samples were reinstalled to the fixture, the
motor was restarted, and the tests continued. The cumulative time of abrasive wear test
was 80 h. After the tests were finished, the wear distance was calculated to be 6.09 x 10° m
in total. After the abrasive wear test, the wear morphology of the friction specimen surface
was observed by a scanning electron microscope (Quanta 200, FEI Company, Hillsboro,
OR, USA).

2.3. Settings Material Properties and Contact Parameters in EDEM

The discrete element software EDEM (version 2018, DEM Solutions Ltd., Edinburgh,
UK), was used to numerically simulate the abrasive wear process of five different types
of surfaces. In order to effectively investigate the wear behavior and morphology of the
sample surface in the post-processing of EDEM software, the models need to be meshed.
The developed models of the micro-thorn and convex hull coupled structured, convex
hull structured and smooth surfaces were transformed into the ‘STP’ file. Then, they were
imported into ANSYS Workbench software for meshing operation. The mesh size was
0.1 mm (Figure 4).

Figure 4. Mesh generation of geometrical model.

To correlate to the abrasive wear test in a real scenario, the quartz sand model was
selected as the abrasive particle for the EDEM simulation. As shown in Table 1, the material
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properties and contact parameters of particles and samples were obtained by referring to
the literature and experimental calibration [44,45].

Table 1. Material properties and contact parameters.

Type Parameter Value
Shear modulus/GPa 0.2
Quartz sand Poisson’s ratio 0.25
Density /kg-m > 2350
Shear modulus/GPa 1.4
PLA Poisson’s ratio 0.35
Density /kg-m 3 1248
Coefficient of restitution 0.3
Contact between quartz sand particles Static friction factor 0.5
Rolling friction factor 0.01
Coefficient of restitution 0.2
Contacts between quartz sand and PLA Static friction factor 0.5
Rolling friction factor 0.01

2.4. Settings of EDEM Contact Model and Theoretical Basis

The adequate selection of a contact model is the prerequisite for the effective devel-
opment of the EDEM discrete element simulation model. The contact between quartz
sand particles was set as rigid contact without plastic deformation. The contact between
spherical particles and particles will generate normal overlap ¢. The calculation formula is
as follows:

{=Ri+Ry—|r1 — 17 1)

where R; and R; are the radius of two spherical particles, and r; and r; are the center
position vectors of two particles.

The normal contact force F,, and the tangential contact force F; generated by friction
will be generated by the contact of two spherical particles, where the calculation formula
of Fy is as follows:

Fn = Sng (2)

where 5, is the normal equivalent stiffness of the particle contact surface, which could be

expressed as:
4aG
Snh = 3
= ®)
where G and v are the shear modulus and Poisson’ s ratio of particles, respectively, and a is
the radius of the particle contact surface.

The calculation formula could be expressed as follows:

. 3n(l1-V)
- 2n(1-¢)
where 1 is the number of contact surfaces of a single particle, ¢ is the equivalent porosity

of the medium, and R is the local mean curvature radius of the contact surface.
For an ideal spherical particle, the R could be expressed as:

R 4)

7R1><R2

- 1x 5
Ri+ R ©)

Since the tangential contact force F; is relatively complicated, its size depends on the
loading history but is not entirely determined by the relative position of particles. For
example, the normal contact force increment AF,, and the tangential contact force increment
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AF are used to describe the loading history of particles, and the tangential contact force Fy
can be calculated by the following equations:

8aG
ARy =SAG, Se= 17— (6)
AF, = jAF, @)
Fr§1ax> ‘AFt| ::quPn 8

where S; is the tangential equivalent stiffness, A¢ is the tangential displacement increment,
Jris the friction coefficient, and AF° .y is the static friction force.

When the static friction force is greater than the tangential contact force increment,
the particles do not cause micro sliding on the contact surface. Therefore, the Hertz-
Mindlin no-slip contact model was selected as the contact model between quartz sand
particles [46,47].

When quartz sand particles were in contact with the test samples, since a ploughing
effect from the abrasive materials existed, the test surfaces were subject to micro shearing,
ploughing and cutting. Therefore, grooved grinding marks were generated. In this study,
the Hertz-Mindlin with Archard Wear model was selected as the contact model between
quartz particles and the surface of the test sample [48].

The general calculative equation could be expressed as:

W
V == kaﬁs (9)

where V is the volume of geometric wear, W is the normal load, s is the friction distance, H
is the hardness of the material, k; is the abrasive wear constant which is usually determined
by the hardness, shape and the number of abrasive particles for cutting.

The EDEM software simplified the setting of Archard Wear model parameters, which
means it only needed to set the value of k,/H. In this study, by referring to investigations
by Yuan [49], the value of k,/H was set as 4.4 x 1071,

In the EDEM approach, as presented in Equation (10), to show the wear morphology
of the geometry surface, each particle contact unit sets a wear depth d to represent the wear

amount of the geometry.

v

where S is the contact area between the geometry and the particle.

Considering the calculation time of the simulation and the size of the geometry grid,
the radius of the particles was set to 0.2 mm; the angle between the particle flow and the
test surfaces was 30°; the particle velocity was 1 m/s, the number of particles generated
per second in the particle factory was 2.0 x 10%; and the total number of particles that
participated in the calculation was 4.0 x 10°.

3. Results and Discussion
3.1. Abrasion Loss and Worn Surface Micromorphology

Abrasive wear tests were carried out on five types of test samples. As shown in
Figure 5, the results showed that there were different severity degrees of abrasive wear on
the surface test samples. Among them, the abrasion loss of the conventional smooth surface
sample was 194.1 mg. The wear mass of Bionic Type 1 surface sample was 154.5 mg, which
was 20.4% lower than that of the smooth surface sample. The abrasion losses of Bionic
Type 2, Bionic Type 3 and Bionic Type 4 test samples were 20.9, 11.5 and 63.1 mg, which
were 89.2%, 94.1% and 67.5% lower than those of the conventional smooth surface sample,
respectively. It was demonstrated that the abrasion losses of all of the bionic non-smooth
surface test samples were less than that of conventional smooth surface ones. Among the
bionic non-smooth surfaces, the wear resistance performances of micro-thorn and convex
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hull coupled structured surfaces were substantially further improved as compared to that
of the convex hull structured surface without coupled micro-thorn. Among the micro-
thorn and convex hull coupled structured surfaces, the Bionic Type 3 had the smallest
abrasion loss; therefore, it achieved the best wear resistance performance. To mitigate
the problem of the wear failure of soil-engaging components of agricultural machinery,
many researchers also applied the bionic approach to the structural surface design to
improve component wear resistance. For example, Zhang et al. [50], inspired by the ridged
structures on Pangolin squama and Chlamys farreri shell surfaces, demonstrated that that
the mass loss of bionic samples was less than that of the flat surface samples. The wear
resistance improved, ranging between 33.1% and 77%. Tong et al. [2] learned from the
Copris ochus Motschulsky, and designed bio-inspired embossed surfaces consisting of an
array of convex domes, and proved the abraded volume reductions ranged between 12.1%
and 58.1%. Zhang et al. [24] established an abrasive wear system composed of pangolin
scale and abrasive sand based on the discrete element method (DEM), and proved that
the geometrical shape of the pangolin scale is helpful for decreasing the boundary stress,
especially with the wear rate decreasing when the velocity is higher than a certain degree.

- = [}

o] ] (o2} (=]

o o o o
T T T T

Abrasion Loss /mg

S
o
T

Bionic Type 1 Bionic Type 2 Bionic Type 3 Bionic Type 4  Smooth
Types of test sample

Figure 5. Abrasion loss of 5 types of test sample.

As shown in Figure 6, after 80 h of accumulative test time and the total wear distance
of 6.09 x 10° m, the micro-thorns were well preserved. The edges of the micro-thorns were
generally neat, even though some fraying was present.

Direction of abrasive material
=
>

» LR o o LN ¢ e

20 mm
| I

Bionic Type 1  Bionic Type 2 Bionic Type 3 Bionic Type 4 Smooth

Figure 6. Wear surfaces in macroscopic scale of five types of abrasive wear experimental samples
(the direction of abrasive material is from left to right).
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Figure 7 shows that the variation pattern of abrasion loss of five different types of test
samples behaved differently. Among all the test samples, the wear rates of the conventional
smooth surface and Bionic Type 1 fluctuated greatly with time. Generally, in the first 20 h of
wear time, the differences in wear rates of all the test samples were not obvious. However,
after 20 h of wear time, the wear rates of the conventional smooth surface and Bionic Type
1 were dramatically increased. Over 80 h of wear time, the wear rates for all of the three
micro-thorn and convex hull coupled structured surfaces (Bionic Typel, Bionic Type 2 and
Bionic Type 3) were stable and much less than the conventional smooth surface and convex
hull structured surface. Among three of the aforementioned test samples, after 50 h of
wear time, the wear rates of Bionic Type 2 and Bionic Type 3 slightly decreased with time;
however, Bionic Type 4 showed an obviously upward trend.

50 —a— Bionic Type | —e—Bionic Type 2
“" [ —&—Bionic Type 3 —w— Bionic Type 4
[ —4— Smooth T
5040 B
g
~—
é 30
c
o)
‘w20
=
O
< 10 F
0F

Wear time /h

Figure 7. Temporal evolution of wear rates.

The worn micro-morphologies of the sample surfaces are shown in Figure 8; it was
observed that there were different sized micro grooves and flakes on the surface of test
samples, indicating that micro cutting and plastic extrusion peeling occurred during the
abrasive wear process. By comparison, it is found that there were obvious wear scars and
debris on the surface of the smooth and Bionic Type 1. Although the surface of Bionic
Type 1 had more wear scars and debris, the grinding marks were narrow in length, short
in length and small in size. However, on the smooth worn surface, the wear scars were
thicker, longer and larger as compared with Bionic Type 1. Therefore, the smooth surface
suffered much more severe abrasive wear as compared with the Bionic Type 1 surface.



Appl. Sci. 2021, 11, 6655

110f18

(a) Smooth at 50 um

(c) Smooth at 100 pm (d) Bionic Type 1 at 100 pm

Figure 8. Worn micromorphology of different test samples.

The wear morphology of different bionic geometry surfaces is shown in Figure 9. The
convex hull structured surface of Bionic Type 1 showed a higher degree of worn severity.
A large volume of debris and wide wear scars (Figure 9a) were distributed. However,
as shown in Figure 9b,c, only minor wear scars and debris were observed on the worn
surfaces of Bionic Type 2 and Bionic Type 3. Especially for surface of Bionic Type 3, only a
mild wear phenomenon was observed. There were coarse wear scars and debris distributed
on the wear surface of Bionic Type 4 (Figure 8d). Therefore, among bionic non-smooth
surfaces, Bionic Type 3 showed the best anti-abrasive wear performance.
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Figure 9. Surface wear patterns of different bionic geometrically structured surfaces.

3.2. Analysis of EDEM Simulation Results and Wear Mechanism Investigation

The EDEM approach was used to simulate the interaction between abrasive particles
and five different geometric structured surfaces. In the EDEM post-processing module, the

“geometry bin” function was used to divide the geometry area (as shown in Figure 10). The

particle flow impact area was included in the divided geometry bin. The averaged abraded
depth of the divided geometry area was exported. The simulation results are shown in
Table 2; it was found that the abraded depth of the conventional smooth surface was the
highest, and the average abraded depth reached 1.9766 x 10~7 mm. The average abraded
depth of Bionic Type 1 was 1.7221 x 1077 mm, and the wear resistance performance was
better than that of the smooth surface, but worse than the micro-thorn and convex hull
coupled structured surfaces. Among the micro-thorn and convex hull coupled structured
surfaces, Bionic Type 3 showed the lowest abraded depth, which was 1.5656 x 10~ mm. It
was further proved that among all the test samples, Bionic Type 3 had the best abrasive
wear resistance performance. The results obtained from the EDEM simulations generally
agreed well with the real scenario experiments.
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Geometry bin

Figure 10. Geometry bin for analysis divided from geometry region.

Table 2. Averaged abraded depth.

Type of Samples

Bionic Type1l  Bionic Type2  Bionic Type3  Bionic Type 4 Smooth

Averaged wear
depth/10~7 mm

1.7221 1.5741 1.5656 1.6293 1.9766

The worn cloud maps of the five different surfaces are shown in Figure 11. For the
conventional smooth surface, the wear severity at different positions of this surface were
relatively uniform. For Bionic Type 1 of the convex hull surface without micro-thorn, the
worn area was concentrated at the edge of the convex hull that faced the particle flow, while
the wear severity of other areas was light. For the micro-thorn and convex hull coupled
structured surfaces, the worn area was not only concentrated at the edge of the convex hull
that faced the particle flow, but also the micro-thorns that showed a certain degree of signs
of wear.

(a) Smooth surface (c) Bionic Type 2

Archard Wear (mm)
1.00x10%

800107
6.00:107
400107

200107

(d) Bionic Type 3 (e) Bionic Type 4 0
Figure 11. Cloud map of worn surface morphology (the direction of abrasive movement is indicated
by the arrow).

In the process of the abrasive wear test, the abrasive particles had an impact on the
sample surface. As a result, a particle-surface contact system was formed. The movement of
a single abrasive particle was not only affected by the geometrical structures on the contact
surface, but also the surrounding abrasive particles. The wear mechanism of a particle—
surface contact system was related to the abrasive particles group and the movement
state of each single of abrasive particle. The sliding behavior of abrasive particles played
a fundamental role in the wear of the sample surface. The rolling behavior of abrasive
particles on the sample surface could substantially mitigate the wear severity of the sample
surface [49,51]. The movement of abrasive particles on different types of surfaces is shown
in Figure 12. When the abrasive particles were in contact with the smooth surface, the
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abrasive particles mainly slid on the surface. Therefore, the smooth surface was subjected
to high impact force and cutting force. Therefore, the surface wear was more serious.
When the abrasive particles were in contact with the bionic Type 1 surface, the edge of the
convex hull geometrical structure that faced the particle flow was firstly hit by an incoming
flow of particles. Thus, this area was subjected to severe impact force and cutting force,
and resulted in being seriously worn. However, the convex hull geometrical structures
could alter the contact condition of the abrasive particles in the particle—surface system. By
guiding the abrasive particles and changing their direction of motion, the contact behavior
altered its form from a sliding to rolling state. Therefore, the wear severity was greatly
reduced. Moreover, when the abrasive particles were in contact with the micro-thorn
and convex hull coupled structured surfaces, along with the convex hull structure that
changes the motion behavior of the particle flow, the guiding and rolling effects were
greatly enhanced due to the sharp angle of the micro-thorn structure. The direction of
particle movement was further changed by guiding the movement of the abrasive particles
to both sides and upwards of the micro-thorn. As a result, abrasive particles that altered
from a sliding state to rolling state were substantially increased. Furthermore, the rebound
angle of abrasive particles after contact with the sample surface was related to its surface
morphology [52,53]. The guiding and rolling effect resulted from the micro-thorn and
convex hull coupled structured surfaces were much better than that of the convex hull
surface and smooth surface.

(a) Smooth surface (b) Bionic Type 1

(c) Bionic Type 3

Figure 12. Interaction between abrasive particles and different types of surfaces by EDEM numerical simulation.

After the impact of abrasive particles, the rebound angle and the degree of dispersion
of particle flow on Bionic Type 3 were greater than that of Bionic Type 1 and the smooth
surface. After the impact on the convex hull structure, part of the particles were rebounded
and the rebounded particle flow was formed. The rebounded particle flow was further
impacted by the forward incoming particles and then moved backward. In the process
of backward movement, they were impacted again by the rebound flow of the previous
abrasive particles. In the process of repeated impact, a considerable amount of impact
energy was consumed. The repeated impact of abrasive particle flow at different levels
could buffer the impact kinetic energy of the incoming frontal impact particles; therefore,
the impact and cutting force of the abrasive in contact with the Bionic Type 3 surface
were greatly reduced. Therefore, the wear resistance performance of Bionic Type 3 was
greatly enhanced.

4. Conclusions

With the purpose of improving the abrasive wear resistance performance of soil-
engaging components of agricultural machinery, the micro-thorn and convex hull coupled
structured surface that was inspired by the cephalothorax exoskeleton of Procambarus clarkii
was selected as the bionic prototype. The technical approach of bionic engineering was
adopted; bionic single, double and triple micro-thorn coupled convex hull geometrical
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structured surfaces (Bionic Type 2, 3, and 4, respectively) were designed and proposed.
Taking the abrasive wear performance as the evaluation index, the above-mentioned
geometrical structured surfaces were compared with the conventional surface without any
structures (smooth) and convex hull structured surface without micro-thorn (Bionic Type 1).
The rotary abrasive wear testing system was developed and used in this study to evaluate
the wear resistance performance of different types of surfaces. The cumulative test time
was 80 h, and the total wear distance was 6.09 x 10° m. Meanwhile, the discrete element
method was used to investigate the abrasion mechanism of different types of surfaces.
The anti-wear mechanism of bionic non-smooth structured surfaces was investigated.
In addition, scanning electron microscopy was used to analyze the wear morphology.

After the end of the test, the abrasion loss of the conventional smooth surface sample
reached 194.1 mg. The abrasion loss of the Bionic Type 1 surface sample was 154.5 mg,
which is 20.4% lower than that of the smooth surface sample. The abrasion loss of the Bionic
Type 2, Bionic Type 3 and Bionic Type 4 test samples were 20.9, 11.5 and 63.1 mg, which
were 89.2%, 94.1% and 67.5% lower than those of the conventional smooth surface sample,
respectively. It was demonstrated that the abrasion loss of all of the bionic non-smooth
surface test samples were less than that of conventional smooth surfaces. Among the bionic
non-smooth surfaces, the wear resistance performances of micro-thorn and convex hull
coupled structured surfaces were further improved as compared to that of the convex hull
structured surface without coupled micro-thorn. Among the micro-thorn and convex hull
coupled structured surfaces, Bionic Type 3 showed the smallest abrasion loss; therefore, it
achieved the best wear resistance performance.

Scanning electron microscopy (SEM) observation revealed that there were severe wear
scars and debris on the smooth surface. The smooth surface suffered much more severe
abrasive wear as compared with other surfaces. Among the micro-thorn and convex hull
coupled structured surfaces, only minor wear marks and debris were observed. The wear
severity for the worn surface of Bionic Type 3 was minimum; hence it showed the best
wear resistance performance.

The results obtained by the discrete element method EDEM demonstrated that the
abraded depth of the conventional smooth surface was the highest, and the average abraded
depth of the geometry bin surface reached 1.9766 x 10~7 mm. The average abraded
depth of Bionic Type 1 was 1.7221 x 1077 mm, and the wear resistance performance was
better than that of the smooth one, but worse than all of the micro-thorn and convex hull
coupled structured surfaces. Among the micro-thorn and convex hull coupled structured
surfaces, Bionic Type 3 showed the lowest abraded depth, which was 1.5656 x 1077 mm. It
was further proved that among all the test samples, Bionic Type 3 had the best abrasive
wear resistance performance. Therefore, the results obtained from EDEM simulation are
consistent with the real scenario experiments.

The EDEM simulation further revealed that for the conventional smooth surface, the
wear phenomena at different areas were relatively uniform. For Bionic Type 1, the worn
area was mainly concentrated at the edge of the convex hull that faced the particle flow,
while the wear of other areas was less severe. For the micro-thorn and convex hull coupled
structured surfaces, the worn area was not only concentrated at the edge of the convex hull
that faced the particle flow, but also on the micro-thorns. When the abrasive particles were
in contact with the conventional smooth surface, the abrasive particles mainly slid on the
surface. The smooth surface was subjected to high impact force and cutting force. Therefore,
the surface wear was more serious. The micro-thorn structure facilitated the motion state of
contact particles changing from sliding to rolling. The kinetic energy loss of rolling particles
on subsequent particle flow is greater than that of sliding particles. The repeated impact
of abrasive flow at different levels could buffer the impact kinetic energy of the frontal
impact particles; therefore, the impact and cutting force of the abrasive in contact with the
micro-thorn and convex hull coupled structured surface were greatly reduced. Moreover,
the small rebound angle when the abrasive particles were in contact with the smooth
surface has limited influence on the impact kinetic energy of the frontal impact particles,
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which further indicates that the wear resistance of the bionic micro-thorn and convex hull
coupled structured surfaces were better than that of the conventional smooth surface. The
research results provide a novel bionic design approach for improving the abrasive wear
resistance performance of soil-engaging components of agricultural machinery.
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