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Abstract: Based on the Discrete Element Method (DEM), an abrasive wear system composed of
pangolin scale models and abrasive sand was established. The wear morphology of pangolin scale
models under different velocities were simulated by PFC2D®. Their wear behaviors were discussed
with regard to the contact bond fields, the contact force chains, the velocity fields and the displacement
fields of the abrasive wear system. Moreover, the resistance of the pangolin scale models under
different velocities were analyzed. In the DEM simulation, the fracture and debris locomotion on the
scale model were observed at a meso-microscopic scale. The results show that the geometrical shape
of the pangolin scale is helpful for decreasing the boundary stress, with the wear rate decreasing
when the velocity is higher than 0.62 m-s~!. The wear rate is no more than 0.006 g/m under the
abrasive sand, with a radius of 0.11-0.20 mm. The wear rates of the pangolin scale model agree with
the experimental results, and the DEM provides a new way to study the abrasive wear behavior of
this non-smooth biological surface.
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1. Introduction

In order to provide a basic theory for the research of a bionic wear-resistant surface and structure,
it is important to investigate the wear behavior of typical biological wear-resistant surfaces [1-3].
The Malayan pangolin (Manis pentadactyla) is a typical soil animal which often digs and locomotes in
sand and soil to feed on prey. Pangolin has a uniquely evolved body surface, which can efficiently
resist the abrasion of abrasive sand/soil due to its long period of evolution. The morphology of the
pangolin surface is composed of a series of arranged scales [4,5], which are about 3 cm long and 2 cm
wide, as shown in Figure 1.

Figure 1. The scales of pangolin (Manis pentadactyla).
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In general, some important wear behaviors that occur at a meso-microscopic scale are difficult
to analyze using laboratory experiments [6], such as the breakaway of partial structure and the
desquamation of abrasive debris. Meanwhile, the traditional method of numerical simulation, such
as the Finite Element Method (FEM), cannot analyze the uneven evolvement of structure or the
dynamic fracture and breakaway at the meso-scale [7]. For the nonuniform evaluation of the dynamic
wear behaviors of non-smooth biological surfaces, the Discrete Element Method (DEM) can be
applied to simulate and analyze injury and failure in the nonuniform area of the continuum at a
meso-microscopic scale.

DEM is a numerical simulation method which has been widely used in the non-continuous
materials. However, research proves that DEM can also be used to analyze the continuous materials
and structures [8]. Furthermore, DEM can reveal the mechanism of the mechanical, physical and even
the chemical evaluative process of materials and structures [8]. Therefore, DEM provides a new way to
study the wear evolution process of the complex biological non-smooth surface.

In this paper, based on a geometric model of a single pangolin scale, a DEM model of the arranged
scales and their wear systems were established using PFC2D®. The abrasive wear behaviors of the
pangolin scale model were analyzed through a qualitative analysis of the morphology, contact bond
fields, contact force chains, velocity fields, displacement fields under different velocities. Furthermore,
the dynamic force and the wear rate of the wear-resistant structure were studied through quantitative
analysis. In the simulation, we observed meso-microscopic scale changes due to micro-injury, fractures
and debris locomotion, and further revealed the wear behavior of the biological wear-resistant body
surfaces. Moreover, our analysis provides a theoretical basis for the research of bionic wear parts, so as to
improve the wear performance of traditional parts and develop parts with high wear resistance, which
is of great significance for saving energy, manpower and improving machine production efficiency.

2. Materials of Methods

2.1. The Establishment of Models

In DEM, the continuous model of materials on a meso-microscopic scale can be established by
integrating the contact elements. Based on the mechanical characteristics of pangolin scales, a nonlinear
mechanical model of pangolin scales was established, as shown in Figure 2. In the figure, A and B are
two contact elements, the normal and the shear contact springs represent the linear contact stiffness
model, the slider represents the slip model, the normal and the shear viscous dashpots imitate the
effects of viscous damping and the clamp device represents the contact bond model. The bond will
break once the value of the normal tensile or shear contact force exceeds the respective strength [9].
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Figure 2. The non-linear mechanical model of scale structure.

Based on the mechanical characteristics and the non-linear mechanical model of pangolin scales,
the DEM parameters were obtained. Compared to the pangolin scale model [10], there exists a cohesion
between the sand particles, but the model displays weaker contact restraints. The DEM calculation
parameters of the pangolin scale model and the sand particles are shown in Tables 1 and 2 [11,12].
The abrasive wear simulation system is shown in Figure 3.
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Table 1. The Discrete Element Method (DEM) calculation parameters of scale structure.

. Particle-Particle Particle-Particle Normal Shear
. Particle Contact Contact . .
P Density . Contact Normal Contact Shear Friction
arameters 3 Radius . . Bond Bond . .
(kg/m?) Stiffness Stiffness Coefficient
(mm) (N-m-1) (N-m-1) Strength Strength
m m (N) (N)
Value 1755 0.15 9.42 x 107 1.44 x 107 1.10x 10> 1.02 x 10? 0.75
Table 2. The DEM calculation parameters of sand.
Particle Particle-particle  Particle-Particle Normal Shear
Parameters Density Radius Contact Normal Contact Shear Critical Critical Friction
(kg/m®) (mm) Stiffness Stiffness Damping  Damping Coefficient
(N-m™1) (N-m-1) Ratio Ratio
Value 1605 0.11-0.20 9.25 x 107 1.01 x 107 0.80 0.58 0.72

Soil abrasive

4 4

Geometry model ~ Simulation model

Figure 3. The DEM simulation system of pangolin scale.

2.2. The Experimental Method

A JMM rotary disc type tester was used, as shown in Figure 4. The rotary disc rotates to drive
the abrasive against the abrading specimen during the tests. A set of four specimens is fixed to the
specimen holder at 90° intervals. The specimens are positioned at a depth of about 70 mm inside the
abrasive. The impact angle of the tangential direction of the abrasive against the substrate surface of
the abrading specimen was 35°. The total sliding distance is 82 m for each specimen. A total of 30%wt
of abrasive was substituted with a new abrasive every four specimen tests. The room temperature
was 20-23 °C during the tests. Three compacting wheels were kept at a constant height in order to
keep the constant density of the abrasive. The abraded mass loss was calculated by weighing the
specimens before and after the abrasive tests. Five sets of tests were performed for each type of
specimen. Each set includes tests at two different relative velocities of the specimen with regard to
the disc [1]. Polyvinylidene difluoride (PVDF) was selected as the material for the tested samples.
The abrasive is a kind of quartz sand with diameters ranging from 0.11 mm to 0.20 mm. The sample
material played a secondary role in the paper. Moreover, the wear test was focused on obtaining the
sample geometry in order to validate the wear behaviors in DEM simulation.



Appl. Sci. 2020, 10, 2896 40f11

. Abrasive material

Figure 4. Abrasive wear tester based on rotary abrasive disc. (a) Photograph of the tester, (b) schematic
diagram of the tester. Values 1-3 indicate the compacting wheels; 4 is the scraping plate; 5-8 refer to
the test specimens; 9 indicates the subsoiler; 10 is the abrasive rotary disc.

3. Simulation and Analysis

3.1. Qualitative Analysis

Using the dynamic abrasive wear system, the abrasive wear behavior of the arranged pangolin
scales subjected to abrasive sand were simulated with velocities of 0.50 m-s~!,0.62m-s7! and 0.74 m-s~1,
respectively. Figure 5 shows the morphology of the scales after wearing at 0.05 m and 0.10 m under
each velocity. The figure shows that the wear degree of the scales increases continuously with the
increase in the number of contacted sand abrasives. After a process of rapid growth, the wear rate and
wear extent decrease and reach a stable state. Only the tip part of the scale is worn off by the abrasive
sand when the velocity is 0.50 m-s~!. The wear extent increases with the wear velocity, until severe
fracture and slip appear at a velocity of 0.62 m-s™'. When the velocity is over this value, the wear
extent slows down. It is obvious that the tip of the pangolin scale is worn severely, and the wear part is
separated from the pangolin scale. The worn part finally reaches an arc.

Figure 6 shows the dynamic contact bond fields of the pangolin scale under different velocities.
The contact bond is the inherent structural strength of the biological surface, which reflects the fracture
mechanism; the structural strength will be broken once the acting forces of abrasive sand on the
pangolin scale exceed the contact bond strength [13], thereby causing the breakaway of the wearing
parts from the pangolin scale, as well as partial fracture and injury. The figure shows that the contact
bond of the tip is severely broken. One reason for this is that the total structural force in the tip is
less than other parts. Furthermore, greater cohesion in the lower layer of the sand contributes to the
fracture of the tip. The contact bond can also be seen when the wearing parts are separated from
the pangolin scale. According to the contact bond fields, microscopic injury and deformation were
observed. Therefore, the fracture trend at the following moment can be predicted through the contact
bond fields.

0.05m SR st 0.10m &

(a) V=050 m-s™

Figure 5. Cont.
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(b) V=0.62 m-s™-

() V=074 ms"

Figure 5. The abrasive wear morphology of pangolin scale.
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Figure 6. The dynamic contact bond field of the pangolin scale and abrasive sand.
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Figure 7 shows the dynamic contact force chains between the pangolin scale model and the
abrasive sand. The contact force contains contact stress and contact tension, which reflects the dynamic
force in the simulation system. In Figure 7, the size of the line represents the value of the contact force.
The nonuniformly distributed force in the scale is observed from the contact force fields. The size
and the direction of the contact forces are the main reasons for the fracture of the pangolin scale.
The wear simulation by DEM shows the desquamating behaviors of the wear parts subjected to the
abrasive sand. As long as the normal stress is larger than the normal contact bond strength (shown
in Table 1) or the tangential stress is larger than the shear contact bond strength (shown in Table 1),
wear will appear. The cracks and the injuries were generated by the discrete forces on the scale, and
the failure extent intensified when the forces increased. From the dynamic contact force fields, due
to the stress concentration, it can be seen that the corners of the pangolin scale suffer severely from
stress concentration, where the fracture extent is greater. The fractures occurred because of tensile
stress. This indicates that the partial stress on the scale structure is largest under a velocity of 0.62 m/s.
When the wear extent becomes stable, the acting forces at the corners of the pangolin scale tend be
distributed uniformly.
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Figure 7. The dynamic contact force fields of the pangolin scale and abrasive sand.

Figure 8 shows the dynamic velocity fields of the interactions between the pangolin scales and
abrasive sand under different velocities. The direction and the length of the arrows represent the
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direction and the size of the velocity. The velocity field reflects the velocity change for each element
at any time. With the pangolin scale moving forward, some particles of abrasive sand are propelled
forward, and some others are forced to move up or down due to the resistance of the frontal sand
abrasives. The vortex flow of the abrasive sand caused by the moving scale emerges near the scale
tip [14]. Correspondingly, due to the abrasive resistance, the element velocity of the scales seems to
undergo a nonuniform change. With the velocity increasing, the kinetic energy of the pangolin scale
increases greatly. The larger kinetic energy intensifies the motion state of the abrasive sand near the
pangolin scale surface, the change frequency of the sand displacement increases and the change range
expands. In Figure 8, the nonuniform velocities of the scales, which are caused by the contact force
acting on the scales, are shown.

0.05m 0.10m

(a) V=050 m-s"
0.05m 0.10m

(b) V=0.62 m-s"

0.05m dewin, 0.10m

(c)V=0.74 m-s"

Figure 8. The dynamic velocity fields of the pangolin scale and abrasive sand.

Figure 9 shows the dynamic displacement fields in the abrasive wear system. The direction and
the length of arrow represent the direction and the size, respectively. The displacement field reflects
the displacement vector change for each element. Therefore, the displacements in the structure reflect
the microscopic deflection of the scale structure. In a similar way to the velocity field, the disturbance
of the abrasive sand in the partial area is intensified when the velocity increases. Likewise, the element
displacement of the scale appears due to the nonuniform change characteristics created by the resistance
of the abrasive. The displacement motion of the abrasive sand in the 0.15 m motion had become stable
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compared of the 0.05 m motion, which indicated that the wear rate of the scale structure led to an
invariable constant. From the velocity and the displacement fields of the simulation system, we can
see that the scale shape causes the motion of the abrasives to be disturbed by the scale structure during
wearing, due to which the abrasive wear trend increases prominently.

0.05m i g 0.10m

(a) V=050 m-s"
0.05m
0.10m

(b) V=0.62 m-s-

0.05m - G e ,A0-10n1f' :

(c) V=0.74 m-s"
Figure 9. The dynamic displacement fields of the pangolin scale and abrasive sand.
3.2. Quantitative Analysis

Figure 10 shows the dynamic forces of the pangolin scale surface under different velocities. With
the wear time increasing, the dynamic forces increase, and finally reach a stable state. With velocity
increasing, the dynamic force increases slightly. The peak in the line represents the concentration stress,
which is caused by the cohesion in the abrasive sand and the non-smooth surface of the pangolin scale
structure. The dynamic force is about 180~300 N under a velocity of 0.50~0.74 m-s~!. The largest
fluctuation in dynamic forces occurred under a velocity of 0.62 m/s during wearing, while the scale
structure was severely broken at this velocity.
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Figure 10. The dynamic forces of the pangolin scale.

Figure 11 shows the wear rate of the scale structure between simulations and experiments under
different velocities. The wear rate is calculated by the ratio of the wear loss of the scale structure and
its displacement. The wear rate is 0.0039 g/m, 0.0056 g/m and 0.0030 g/m at a velocity of 0.50 m-s~!,
0.62 m's~! and 0.74 m-'s~!, respectively, which is slightly larger than the laboratory test. There are two
reasons for this: one is that the contact bonds were added to the sand in case the calculated time of the
computer was too long, and the other is that the sample was the aggregate, composed of many discrete
particles, which was more easily affected by the abrasive sand in the DEM simulations. However,
the comparative abrasive results are that the qualitative wear trends of the curves and the abrasive
morphologies in the simulations and experiments are generally consistent with the abrasive results of
the experimental and simulation samples at a velocity of 0.62 m-s~! in Figure 11. Therefore, the wear
behavior was clearly obtained from the desquamating behaviors of the wear parts subjected to the
abrasive sand by DEM simulation. The change law of the wear rates agrees with that of the laboratory
results. The wear loss increases with the increase in velocities in a certain range, and decreases when
velocity exceeds this value [15]. In some cases, this is because of the increase in the kinetic energy of
the pangolin scales, which is discussed in Section 3.1.

0.02
—#— Simulation " :
/\é 0.01 4 |—®— Laboratory -
N
Q =
= 0.004 ®
—
S
S
= -0.01
02—
0.50 0.55 0.60 0.65 0.70 0.75
Velocity (m/s)

Figure 11. The wear rates of the scale structure of simulation and laboratory.
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4. Conclusions

Based on DEM theory and the geometrical characteristics of pangolin scales, a DEM dynamic
abrasive wear system was established. The abrasive wear behaviors of arranged pangolin scales
subjected to abrasive sand were simulated under three different velocities. Based on the dynamic
contact bond fields, the dynamic contact force fields, the dynamic velocity fields and the dynamic
forces acting on the scales, the dynamic abrasive wear behaviors of the pangolin scale were analyzed.

The wear extent increases with velocity in a certain range. When the velocity exceeds a certain
value, the increase in wear extent will slow down. With the kinetic energy increasing, the pangolin scale
models cannot make complete contact with the sand abrasives, and the wear extent decreases in some
cases. A severe concentration of stress occurs on the scale tip, where the scale is severely worn. The main
failure mode is fracture with relative displacements. The wear extent of scale then stress reaches a
stable state finally. Lastly, the morphology of the worn part reaches an arc. The vortex flow emerges
near the scale tip, caused by the passive movement of abrasive sand particles. The configuration of the
pangolin scale is helpful for intensifying the disturbance of the abrasive sand in some areas. The wear
rates in the simulations agree with those of the laboratory wear tests. The DEM simulation is helpful
to reveal the wear behavior of the pangolin surface. Moreover, it provides a new method for studying
the abrasive wear behaviors of biological surfaces.
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