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Solid particle erosion is a common phenomenon in engineering fields, such as manufacturing, energy, military and
aviation. However, with the rising industrial requirements, the development of anti-solid particle erosion materials
remains a great challenge. After billions of years of evolution, several natural materials exhibit unique and excep-
tional solid particle erosion resistance. These materials achieved the same excellent solid particle erosion resistance
performance through diversified strategies. This resistance arises from their micro/nanoscale surface structure and
interface material properties, which provide inspiration for novel multiple solutions to solid particle erosion. Here, this
review first summarizes the recent significant process in the research of natural anti-solid particle erosion materials
and their general design principles. According to these principles, several erosion-resistant structures are available.
Combined with advanced micro/nanomanufacturing technologies, several artificial anti-solid particle erosion materi-
als have been obtained. Then, the potential applications of anti-solid particle erosion materials are prospected. Finally,
the remaining challenges and promising breakthroughs regarding anti-solid particle erosion materials are briefly
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1 Introduction

Solid particle erosion is a very common phenomenon
at material surfaces, which causes mass flaws in mate-
rial surfaces due to the collision of material surfaces
and solid particles [1, 2]. Therefore, erosion can signifi-
cantly decrease the service life of industrial equipment.
This phenomenon causes much inconvenience and even
serious damage in our daily life and production, moreo-
ver, which leads to high economic losses every year. For
instance, solid particle erosion is a frequent problem
in oil and gas industry, solid particle erosion obviously
reduces the service life of oil and gas pipeline, which
results in increased equipment maintenance costs [3,
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4]. Solid particle erosion exists in hydropower field too,
the erosion of solid particles in water can cause serious
damage to the surface of hydraulic turbine blade, which
is an important reason for efficiency and performance
loss of hydropower plant [5, 6]. Fan is a typical venti-
lation in industrial production and erosion is a com-
mon phenomenon for it, erosion leads to a material
loss of blade and a decrease of blade chord and effec-
tive camber that together take down the aerodynamic
performance of fan [7, 8]. In harsh working conditions,
the hazard of solid particle erosion will become much
worse. Generally, to overcome the problems caused
by solid particle erosion, some engineering technolo-
gies have been used to increase the solid particle ero-
sion resistance of materials. The traditional methods
include oxidation, heat treatment, thermal spraying,
and other technologies [9-11]. These solutions enhance
the solid particle erosion resistance of materials by
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improving their mechanical properties and are widely
used in industrial fields. Although studies of solid par-
ticle erosion resistance have been carried out for many
years and obviously improved the service life of the
aforementioned devices, these issues still not perfectly
resolved. Moreover, in some fields with complex work-
ing conditions and high safety requirements, especially
in military and aviation, there are still some challenges
because of the properties of materials improved by tra-
ditional solutions are limited [12, 13]. In details, the
service life of rotor and engine are greatly reduced due
to the erosion of sand when a helicopter flies in desert
area [12]. Engine blades of plane are seriously damaged
owing to the erosion of volcanic ash when a plane sails
in volcanic eruption area [13]. These phenomena can
reduce the reliability and safety of apparatus, they are
crucial to military and aviation fields. Therefore, explor-
ing new solutions to solid particle erosion is necessary,
which can offer new ideas to the erosion protection of
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the aforementioned devices, and may provide the pos-
sibility to solve the foresaid challenges.

After a long period of evolution, creatures in nature
have evolved perfect abilities to adapt to their sur-
rounding environments. Nature provides us with a
large number of bio-inspired solutions for realizing
splendid mechanical properties and mechanism ele-
ments to tackle specific engineering requirements, such
as superhydrophobic surfaces with self-cleaning prop-
erties inspired by lotus leaves [14, 15], high-transmis-
sion and multiple antireflective surfaces inspired by the
bimolecular 3D ultrafine hierarchical structure in but-
terfly wing scales [16, 17], and power efficient mecha-
noreceptors with flexible organic transistor circuits
inspired by human skin [18]. These successful stud-
ies promote us to seek new insights from nature and
to develop more bio-inspired functional materials. In
nature, some typical creatures and organs provide new
solutions to solid particle erosion (Figure 1). According

Natural
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Figure 1 Different examples of natural resistance to solid particle erosion and the corresponding micro/nanostructures: (a) The armor of the

desert scorpion (Androctonus australis) with special surface structures (curve, grooves, bumps and pits) has excellent erosion resistance [19]; (b) The
tamarisk (Tamarix chinensis) can effectively resist sand erosion due to the special surface structures (curve, grooves and bumps) of the trunk surface
[20]; (c) The layer-like nacre of a gastropod (Haliotis laevigata) assembled by aragonite platelets can reduce external impacts to protect the inner
soft body [21]; (d) The lobster cuticle (Homarus americanus) with the twisted plywood structure exhibits excellent mechanical properties [22, 23];

(e) The desert lizard skin (Laudakin stoliczkana) can be used for preventing erosion from sand and have a hard layer and a soft layer in their buffered
structure (Image of desert lizard provided by He Huang) [24]; (f) The sandfish skin (Scincus scincus) is durable [25, 26]; (g) Schematic illustration of the
self-healing process of skin [27]; (h) Schematic illustration of the self-healing process of bone [28]
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to these new solutions, advanced bio-inspired func-
tional materials can be designed for solid particle ero-
sion resistance. For example, for protective purposes,
the body surfaces of the scorpion and tamarisk, where
a special surface structure is ubiquitous, can resist sand
erosion very well [19, 20]. This structure can improve
the solid particle erosion resistance of natural creature
surfaces by changing solid particle erosion factors. The
nacre of a shell and the cuticle of the lobster also have a
special internal structure [21-23]. The nacre is used for
protecting internal soft tissue, and the cuticle is used
for attacking prey because the special internal struc-
ture can improve the fracture toughness of the natural
materials. The skins of the desert lizard and sandfish
can resist wind-blown sand very well, mainly due to the
buffering effect of the two-layer structure, which con-
tains a hard layer and a soft layer [24—26]. For self-heal-
ing purposes, the internal vascular system of the skin or
bone can transport healing substances to injury sites to
repair the injury and prevent deterioration of the injury
[27, 28]. Therefore, by simulating natural materials with
these special structures, novel and ingenious solutions
to solid particle erosion can be found.

Several reports have been published on solid par-
ticle erosion resistance, which were mainly based on
coatings, composite materials and solid particle ero-
sion mechanisms [29-31]. However, to the best of
our knowledge, a review on systematically introduc-
ing bionic solutions to solid particle solutions has not
been presented. The traditional researches on ero-
sion resistance to solid particle erosion often involve
improving the mechanical properties, such as the hard-
ness, strength and fracture toughness, by conventional
processing technologies. The effectiveness of these
solutions is limited. Therefore, we need to find new
inspiration from nature. To this end, we summarize the
recent progress in bio-inspired anti-solid particle ero-
sion solutions. First, the basic theories of solid particle
erosion resistance performance are briefly introduced,
and the effect of the main factors that can affect the
solid particle erosion resistance of materials is also
noted. Next, by learning from nature, the solid particle
erosion resistance mechanisms of eight natural exam-
ples are explained, and they are divided into four types.
Afterwards, according to the different types of anti-
solid particle erosion solutions inspired by nature, the
fabrication and anti-solid particle erosion effect of arti-
ficial anti-solid particle erosion materials are discussed.
In addition, the current and promising applications of
bio-inspired anti-solid particle erosion materials in dif-
ferent areas are also presented. Finally, the challenges
and opportunities for bio-inspired anti-solid particle
erosion materials are briefly addressed.
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2 Basic Theories and Main Influencing Factors

of Solid Particle Erosion Resistance
2.1 Solid Particle Erosion Mechanisms
When solid particles impact material surfaces, a mate-
rial loss phenomenon occurs at the material surfaces
due to the exchange of energy, and part of the kinetic
energy of the solid particles is involved in surface mate-
rial removal. This process is the root of the solid parti-
cle erosion phenomenon. The process of surface material
removal depends on many parameters, such as the size,
shape, impact velocity and impact angle of the solid par-
ticles, hardness of the surface material and solid particles,
and fracture toughness of the surface material. Based on
the energy exchange process, researchers explained the
solid particle erosion mechanism of materials through
different technical means. Because of the different dam-
age mechanisms of surface materials, we often divide
materials into ductile materials and brittle materials to
more accurately explain the solid particle erosion phe-
nomenon. Next, the solid particle erosion mechanisms of
different materials are briefly introduced.

For ductile materials, many different solid particle
erosion mechanisms have been proposed by different
researchers. Finnie proposed a micro-cutting mecha-
nism; he considered abrasive particles as cutting tools,
and small craters could be created as the result of the
impact of the particles [32]. This solid particle ero-
sion mechanism explains the relationship between
the erosion rate and impact angle and predicts that
the maximum erosion rate occurs at a low impact
angle. However, this mechanism is only applicable
at low impact angles, and a large error appears when
the impact angle is high, especially at 90° [32]. Bitter
explained solid particle erosion as a phenomenon com-
bining deformation and cutting, and this mechanism
can easily be used to obtain an erosion curve; how-
ever, specifying the appearance of solid particle ero-
sion is difficult [33, 34]. Hutchings put forward a low
cycle fatigue solid particle erosion theory for when
the impact angle is 90° [35]; he discussed the relation-
ship between the phenomenon of solid particle erosion
and the increment of plastic strain of surface material
and thought that a critical plastic strain results in the
removal of wear debris. Sundararajan found that the
friction force between impact particles and the sur-
face of the eroding material brings about deformation
beyond the critical plastic strain and energy dissipation
of the impact particles, regardless of normal or oblique
impact, which is the main reason for solid particle ero-
sion [36]. Bellman and Levy proposed a macroscopic
solid particle erosion mechanism, and they thought
that the removal of surface material can be described as
a combination of forging and extrusion processes [37].



Zhang et al. Chin. J. Mech. Eng. (2020) 33:42

Particles hitting the material surface create shallow cra-
ters or platelet-like pieces during the process of solid
particle erosion, and these pieces are knocked out by
the subsequent impact particles. This mechanism can
explain the solid particle erosion phenomenon of mate-
rials very well (Figure 2a) [31, 37, 38].

Compared with ductile materials, the solid particle
erosion mechanism of brittle materials is easy to under-
stand. Rather than plastic deformation, cracks occur on
brittle material surfaces when solid particles impact the
surfaces. Due to the continuous impact of solid parti-
cles, the cracks gradually expand, and surface material
can be removed because these cracks divide the surface
material into small scraps (Figure 2b) [32, 38—40]. Fun-
damentally, the formation and growth of cracks on the
surfaces of brittle materials lead to the phenomenon of
solid particle erosion [41, 42].

The above solid particle erosion mechanisms are
widely accepted and used. In summary, in the solid
particle erosion process of ductile and brittle materi-
als, energy exchange occurs between the impact parti-
cles and material surfaces. The impact particles transfer
part of their kinetic energy to the material surfaces,
which causes damage to the material surfaces. For duc-
tile materials, this energy causes plastic deformation or
direct removal of surface material. In contrast, for brit-
tle materials, this process brings about cracks, and with
the growth of the cracks, surface material is eroded.
In other words, solid particle erosion is the process of
energy exchange and surface material removal owing to
the energy from the impact particles. The above clas-
sical mechanisms have guiding significance for the
research of the solid particle erosion process of engi-
neering materials, although some engineering materials
are not typically ductile or brittle materials.

b Obligue impact
A

Obligye impact
a N

Brittle materials

Ductile materials

Normal impact Normal impact

Brittle materials

Ductile materials

Figure 2 Schematic diagrams of the solid particle erosion process of
ductile and brittle materials: (@) Ductile materials; (b) Brittle materials
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2.2 Main Factors for Assessing Solid Particle Erosion
Resistance

2.2.1 Particle Properties

The properties of solid particles, such as the shape, size,
hardness, impact velocity and angle, have a significant
influence on the process of solid particle erosion, and
the influence of different factors is different. When
solid particles hit material surfaces, angular particles
are more likely to damage the material surfaces than
spherical particles because angular particles can cut
surface materials more easily and cause a stress concen-
tration due to the presence of sharp corners. Hutchings
found that angular particles mainly cause deformation
as a result of cutting, and spherical particles cause rel-
atively more furrow deformation [43]. Levy et al. [44]
reported that the erosion rate caused by angular par-
ticles is four times that caused by spherical particles.
Particle hardness also has an important relationship
with the erosion rate. With the breakup and adherence
of softer particles, the energy used to remove mate-
rial decreases, which leads to a reduction in the ero-
sion rate [31, 44]. Therefore, harder particles can easily
damage material surfaces, and the erosion rate does
not increase after the particle hardness reaches a cer-
tain value (Figure 3a) [31, 44]. Particle size is another
parameter influencing the erosion rate of materials. As
the particle size increases, the kinetic energy of parti-
cles becomes larger, which leads to an increase in the
erosion rate, and larger particles intrude into surface
materials more deeply than smaller particles [45, 46].
However, the erosion rate almost does not increase
when the particle size exceeds a certain value (Fig-
ure 3b) [45, 46]. Particle velocity is another main fac-
tor of the erosion rate which is directly related to the
kinetic energy, and a relationship is manifested between
the erosion rate and particle velocity [32, 47, 48]. The
kinetic energy of particles exponentially rises when the
particle velocity linearly increases, which leads to more
energy being used to damage surface material, and the
erosion rate obviously increases (Figure 3c). Similarly,
particle density has a close relationship with the weight
of the impact particles which is an important indicator
of kinetic energy, particle density also can affect ero-
sion rate because particles with higher density have
higher kinetic energy and create more impact force,
high particle density, high erosion rate [44]. Because of
the difference in the solid particle erosion mechanisms
of ductile and brittle materials, different materials show
different erosion curves as the particle impact angle
changes [49-51]. For ductile materials, with increas-
ing impact angle, the erosion rate first rises and then
decreases after the impact angle reaches a certain
value (Figure 3d) [49, 51]. For brittle materials, with
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Figure 3 Schematic diagrams of the influence of different factors on the erosion rate: (a) Particle hardness (impact angles of 30° and 90°) [44]; (b)
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increasing impact angle, the erosion rate continues to
rise and reaches a maximum value at approximately 90°
(Figure 3d) [49, 50].

2.2.2 Surface Material Properties

The properties of the surface material, such as the hard-
ness and fracture toughness, also have an important
influence on the solid particle erosion process. Materials
with a higher hardness are generally thought to exhibit
a higher solid particle erosion resistance; for example,
AISI316 steel with a higher hardness shows better solid
particle erosion resistance when impacted by silica sand
particles because a surface material with a high hard-
ness can better resist plastic deformation (Figure 3e) [52].
Simultaneously, according to the solid particle erosion
mechanisms of brittle materials, the fracture toughness
of brittle materials is also associated with the erosion
rate. With decreasing fracture toughness, the brittleness
of materials increases, which leads to the propagation
of cracks becoming easier and results in a high erosion
rate of the materials (Figure 3f) [31, 53]. Erosion perfor-
mance is a complex phenomenon, therefore, the evalu-
ation of the erosion resistance of materials by a single
factor is limited. In recent years, there are some studies
about assessing wear and abrasion resistance of engineer-
ing and biological materials. Using mechanics models of
contacting surfaces under both normal and tangential
loads, the mechanistic frameworks for assessing wear

and abrasion resistance of materials are presented [54,
55]. Moreover, under the guidance of the functions con-
taining multiple material properties, such as hardness,
fracture toughness and strength, the wear and abrasion
resistance of various engineering and biological materials
can be compared and evaluated, the material parameters
contained in the functions are different under different
mechanics models [54, 55]. As an important branch of
wear, the above described evaluation method provides a
good reference for the evaluation of the erosion resist-
ance of materials. It is more reasonable to consider the
effects of various material properties on the erosion
resistance. In comparison with existing parameter, a new
parameter defining by various material properties, such
as hardness, fracture toughness, can be used to precredit
the erosion mechanism of materials at different operat-
ing conditions more accurately [56]. In summary, the
enhancement of the hardness and fracture toughness
of a surface material improves the solid particle erosion
resistance of the material. Moreover, the microstruc-
ture of the surface material also affects the erosion rate
because which is related to the hardness and fracture
toughness of materials. In other words, materials with
various microstructures have different resistance to the
removal of materials, which determines their different
erosion resistance [31].

In addition to the above factors, other factors can affect
the erosion rate of materials too. For example, work
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hardening, fluid properties and ambient temperature.
The influence of these factors can be explained in relation
to the factors detailed above. The impact of solid particles
on materials can cause work hardening which increases
the hardness of materials and reduces the toughness of
materials, these two factors are closely related to the ero-
sion resistance of materials. The properties of fluid, such
as the concentration and viscosity, also have a large influ-
ence on the dynamic performance of the impact particles
to affect the phenomenon of erosion [57]. High concen-
tration means that more solid particles erode materials,
which results in higher erosion rate [57]. Fluid viscosity
affects the trajectory of the solid particles in fluid, thereby
affecting the phenomenon of erosion [57]. The change of
ambient temperature brings out the change of the prop-
erties of materials and fluid, resulting in the change of the
erosion rate [31, 57]. Generally speaking, the solid par-
ticle erosion phenomenon is determined by a variety of
factors, and these factors work together to affect the ero-
sion rate of materials (Figure 4).

3 Natural Solutions for Resisting Solid Particle
Erosion

As mentioned above, solid particle erosion is affected by
many factors. In the design of engineering equipment
for solid particle erosion resistance, the particle proper-
ties are not easy to control because they are related to
the working environment of the engineering equipment.
Therefore, changing the properties of the surface mate-
rial is the main method to reduce erosion damage from
solid particles. To find new solutions to improve the solid
particle erosion resistance of materials, considering the
mechanisms mentioned above, we look for inspiration
from creatures that have excellent solid particle erosion
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Figure 4 The main factors affecting the erosion rate of materials
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resistance. Commonly, we often first choose creatures
from desert, semidesert and sand-beach environments,
as these creatures have undergone long-term natural
selection to adapt to the sand erosion environment; thus,
they have excellent resistance to solid particle erosion.
Many types of natural solutions to solid particle ero-
sion that learn from nature can be found. After prelimi-
nary selection, the micro/nanostructure has a positive
effect on the excellent mechanical properties of bioma-
terials. In this section, we summarize recent research
progress in bio-inspired anti-solid particle erosion solu-
tions and expound their solid particle erosion resistance
mechanisms.

3.1 Special Surface Structure

To adapt to different living environments, a wide range
of creatures have evolved various extraordinary struc-
tures on their body surface, such as scorpions and tama-
risks living in desert or semidesert areas. These creatures
are often eroded by sand and have evolved special anti-
solid particle erosion body surfaces. Many studies on the
extraordinary structure of the special surfaces have been
performed. This structure has a special influence on the
trajectory of impact particles, thus changing key influ-
encing factors of the erosion rate, including the velocity
and impact angle of the particles, among others. The spe-
cial surface structure can be divided into grooves, bumps,
curve and pits (Figure 5). Next, we specifically explain
the solid particle erosion resistance principles of these
structures.

3.1.1 Groove

Grooves have been found on the body surfaces of sev-
eral creatures that frequently suffer from solid particle
erosion. For instance, the carapace of the scorpion is
composed of several dorsal mesosoma segments, and
adjacent segments are connected by an unsclerotized
and flexible articular membrane, forming a groove struc-
ture (Figure 5ai) [58]. The tamarisk trunk surface suffers
from long-term sand erosion, which causes the cells to
divide faster, forming a groove structure on the sur-
face (Figure 5aii), and the windward surface has better
mechanical properties than the leeward side of the trunk
[59]. The grooves observed in the carapace of the scor-
pion and body surface of the tamarisk can decrease the
erosion rate by a similar strategy. The special flow pat-
tern in groove structure significantly influences the solid
particle erosion resistance of biomaterials. The rotating
flow forms an air cushion in the groove structure, which
changes the trajectory and velocity of solid impact parti-
cles (Figure 5aiii) [60—62]. On the one hand, the groove
structure can enhance fluid turbulence, which changes
the flow field around the surfaces of groove structure.
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Figure 5 Special surface structures and their anti-solid particle erosion mechanisms: (a) (i) Grooves of the desert scorpion (Androctonus australis)
[19], (ii) grooves of the tamarisk (Tamarix chinensis) [20], (iii) the anti-solid particle erosion mechanism of grooves (Androctonus australis) [20]; (b) (i)
Pits of the desert scorpion (Androctonus australis) [19], (i) the anti-solid particle erosion mechanism of pits [19]; (c) (i) Bumps of the desert scorpion
[19], (ii) bumps of the tamarisk (Tamarix chinensis) [66€], (iii) the anti-solid particle erosion mechanism of a bump [66]; (d) (i) Curve of the desert
scorpion (Androctonus australis) [66], (i) the anti-solid particle erosion mechanism of a curve [66]

Meanwhile, the motion pattern of the solid impact par-
ticles is subsequently changed, and the frequency of par-
ticles impacting the surfaces is decreased. On the other
hand, the velocity of the solid impact particles in the
two-phase flow is also decreased because of the detract-
ing flow velocity. The rotating flow can absorb and dimin-
ish the collision energy of the solid impact particles, thus

reducing the erosion rate of surface biomaterials. The
effect of the groove structure on the erosion rate is differ-
ent when the impact angle changes. The groove structure
can decrease the erosion rate at impact angles ranging
from 20° to 60°. When the impact angle is outside of this
angle, a smooth surface shows better solid particle ero-
sion resistance [63]. Similarly, the ribs of a shell, which
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are perpendicular to flowing water or sand in the middle
part, can not only alter the trace of the solid impact par-
ticles but also change the stress distribution produced by
the solid impact particle flow to improve the solid parti-
cle erosion resistance similar to grooves [64].

3.1.2 Pit

Moreover, pits have been found in the armor of the scor-
pion (Figure 5bi). Pit structure can form rotational flow
when solid particles are smaller than pit [19]. Which
affects the motion of the solid impact particles, in par-
ticular, the impact velocity and the number of the solid
particles impinging on biomaterial surfaces are both
decrease (Figure 5bii) [19]. The velocity and kinetic
energy exhibit an exponential relationship, a decrease in
the kinetic energy of the solid impact particles can lower
the erosion rate. In addition, the reduce of the solid parti-
cles number impinging on the biomaterial surfaces mean
less energy are used to damage the biomaterial surfaces,
which indicates lower erosion rate. Moreover, when the
solid particles are bigger than pits, the solid particles
could not be blown inside the hexagonal pit interior.
Rotational flow could reduce the normal velocity of the
solid particles, which is advantageous for reducing the
erosion rate [19].

3.1.3 Bump

Additionally, other structures that can reduce the erosion
rate have also been found. Bumps existing in the carapace
of the scorpion and the trunk surface of the tamarisk also
play an important role in the anti-solid particle erosion
process [20, 65]. Due to the stimulation of sand, the pro-
liferation and differentiation of tissue cells on the trunk
surface of the tamarisk are promoted, resulting in a bump
structure after a long time (Figure 5ci) [59], and the for-
mation process of the bumps of a scorpion is similar (Fig-
ure 5cii). The bump structure can change the relative
impact angle of solid impact particles. When a solid par-
ticle collides with the bump surface, the relative impact
angle is not equivalent to the angle between the trajectory
of the solid particle and the horizontal plane; the relative
impact angle is the angle between the trajectory of the
solid particle and the tangent of the bump structure at the
collision point. When the maximum erosion angle of the
material is 30°, the bump structure is divided into three
areas, Sy, Syo_ and S, (Figure 5ciii) [66]. Regardless of
the impact angle of the solid impact particles, only at the
intersection of Sy, and Sg,_ (the red arc) is the relative
impact angle equivalent to the angle between the trajec-
tory of the solid particle and the horizontal plane [66]. In
addition, regarding the areas of S3;, and S;_, the relative
impact angle is larger than the angle between the trajec-
tory of the solid particle and the horizontal plane in the
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area of Sy, , whereas the relative impact angle is smaller
than the angle between the trajectory of the solid parti-
cle and the horizontal plane in the area of S;,_ [66]. The
impact angle is obviously an influencing factor that affects
the process of solid particle erosion, and a change in the
impact angle from when the impact angle is the maximum
erosion angle reduces the erosion rate. The bump struc-
ture can improve the solid particle erosion resistance per-
formance of surface biomaterials by changing the relative
impact angle [66]. Moreover, the S, area (a small portion
of the bump structure and the planar portion near the
bump) is not eroded by solid particles, which also greatly
reduces the total erosion rate of the surface biomaterial
[66]. Geometrically, the smaller the impact angle is, the
larger the area that is not impacted by the particles, and
the lower the erosion rate of the material.

3.1.4 Curve

In the end, curve has been observed on the body surface
of the scorpion (Figure 5di). This structure also greatly
improves the anti-solid particle erosion function of the
body surface of the scorpion. When solid particles col-
lide with the surface of the curved structure, the relative
impact angle is often different from the angle between the
trajectory of the solid particles and the horizontal plane of
the surface (Figure 5dii) [66]. Similar to the principle of
the bump structure, the curved structure reduces the ero-
sion rate by changing the relative impact angle [66].

In general, compared with the smooth structure, these
structures (groove, bump, pit and curve) exhibit better
solid particle erosion resistance. Although a single struc-
ture can significantly improve the solid particle erosion
resistance of biomaterials, the combination of different
structures can work better; this phenomenon has been
verified in the body surfaces of scorpion and tamarisk
because they have a variety of surface structures [19, 65,
66]. For example, the body surface of the tamarisk has
groove, bump and curve structure, and they work syner-
gistically to improve the solid particle erosion resistance
[20]. The armor of the desert scorpion has excellent solid
particle erosion resistance because of the comprehen-
sive role of groove, bump, curve and pit structure [19,
66]. The special surface structure is generally accepted
to mainly improve the solid particle erosion resistance
of biomaterials by changing the velocity and trajectory of
solid impact particles and reducing the eroded area of the
biomaterial surface.

3.2 Extraordinary Inner Structure

In addition to the impact velocity and angle of solid par-
ticles, the solid particle erosion resistance is also affected
by the hardness and fracture toughness of biomaterials.
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During the process of solid particle erosion, high hard-
ness and fracture toughness can reduce plastic deforma-
tion and the crack generation rate to improve the solid
particle erosion resistance. Generally, the hardness and
fracture toughness of common engineering materials are
opposite to each other, but they are both important fac-
tors affecting the ability to resist solid particle erosion.
Therefore, it is urgently need to find a new way to solve
this problem. In nature, some biomaterials with both
high hardness and excellent fracture toughness have been
found, which provide us with new ideas for solving solid
particle erosion. To understand the special mechanism
of these biomaterials, in recent years, many studies have
focused on their complex internal architectures [67-69].
We can design new materials with excellent mechanical
properties by mimicking their strategies. In this review,
we mainly discuss two types of biomaterials, the nacre
of gastropods and the cuticle of the lobster. Because gas-
tropods mainly live on the beach and lobsters are also
widely distributed in the offshore sea and on the shore,
they are inevitably subject to the erosion of sand, as they
live in such environments. Therefore, the study of their
mechanical properties has important engineering sig-
nificance for the research of anti-solid particle erosion.
According to the different arrangements of their inter-
nal structure, we divide their structure into the following
types for discussion.

3.2.1 Brick and Mortar Structure

The brick and mortar structure is found in nacre and
plays a critical role in the impressive mechanical per-
formance of nacre [70, 71]. The nacre of gastropods is
used to protect against predator attacks and erosion
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from seawater sediment (Figure 6a). Nacre is composed
of aragonite (at least 95% by volume) and organic poly-
mer (at most 5% by volume) [72]. Aragonite is a brittle
material that is highly prone to crack generation and
expansion, and aragonite has terrible fracture toughness.
Therefore, aragonite is extremely vulnerable to damage
when impacted by foreign objects. However, with the
addition of softer material (organic polymer), mortar
is formed between brittle slices of aragonite (approxi-
mately 0.5 pm thick), aragonite and the organic polymer
together form a brick and mortar structure (Figure 6b,
¢) [73, 74]. In the brick and mortar structure, aragonite
is the brick and the organic polymer is the mortar [75].
Stress redistribution occurs in the areas of stress concen-
tration as a result of sufficient inelastic deformation of
the softer material [68]. We mainly discuss the mechani-
cal behavior of the fracture resistance of nacre during
the expansion process of cracks. The fracture resistance
is attributable to the special brick and mortar structure.
The principal toughening mechanisms of nacre are crack
deflection along the tablets, crack bridging, and sliding of
the microscopic tablets. As shown in Figure 6d, during
the process of crack spreading, reinforcing “bridges” are
formed across the faces of the cracks. At the same time,
owing to the stress concentration, high stress zones are
formed near the cracks, which are divided into the “fron-
tal zone” and “wake zone” [76]. In these zones, aragonite
tablets slide between each other because of the shear
stress. Therefore, the energy of fracture is greatly con-
sumed in these zones, which prevents further growth of
cracks, as the expansion of the cracks requires energy
[76]. As a special construction, a particular deformation
behavior appears in nacre, and its fracture toughness

d 1 Virgin material 2 Bridging

Crack
® o I I

3 Frontal zone 4 Wake
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Figure 6 (a) The inner iridescent region of a gastropod (Haliotis laevigata) [2

the fracture resistance of brick and mortar structure [76]

scanning electron microscopy (SEM) [21]; () A close-up view on the platelets obtalned by high-magnification SEM [21]; (d) Schematic diagram of

b) The fractured cross section of the nacreous layer obtained by
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(approximately 1.5 kJ/m?) is 3000 times that of a pure
aragonite single crystal (approximately 0.001 kj/m?) [73].
Moreover, there is still controversy about the mecha-
nisms of the restrain sliding of aragonite tablets. For
example, breakage of mineral bridges: mineral bridge
nanostructure is observed and measured in organic
matrix layers, compare with aragonite layers, organic
matrix layers are weak interfaces, mineral bridge nano-
structure can strengthen the weak interfaces, resulting in
the interfaces more suitable for propagation [77]. Inelas-
tic shearing of nano-asperities: there are nano-asperities
on the surface of aragonite tablets, the matched asperities
first climb over each other until they are juxtaposed, then
the tablets slip over the peaks of asperity in “steady-state”
[78]. Visco-plastic deformation of organic material: there
is a modular fibre between adjacent aragonite tablets,
and sliding causes the fibre to be stretched and eventu-
ally destroyed. In the process of the fibre failure, multiple
domains are sequentially broken, and the energy stored in
the fibre is transferred as heat [79]. These mechanisms all
believe that restrain sliding will increase the energy dissi-
pation during the process of fracture, thereby improving
the toughness of material. In general, when solid parti-
cles hit the biomaterial surface, because the main body
is a brittle material, microcracks are first formed on the
biomaterial surface. However, due to the above theories,
a complex internal toughening process of the biomaterial
occurs. This phenomenon can effectively reduce the ero-
sion damage of solid particles to improve the solid parti-
cle erosion resistance of biomaterials.

3.2.2 Twisted Plywood Structure

The twisted plywood structure can be observed in some
biomaterials, such as lobster cuticle [80, 81], stomato-
pod dactyl club [82], beetle exocuticle [83] and fish scales
[84]. These biomaterials exhibit excellent mechanical
properties that help the creatures resist predator attack
and other impact damage. Lobster often live in the off-
shore area and on the beach, and the cuticle of the lob-
ster can effectively resist the impact of a foreign object.
We take the cuticle of the lobster as a typical case to ana-
lyze the characteristics of the twisted plywood structure.
The cuticle of the lobster consists of the procuticle and
underlying epidermal tissue, and the procuticle is made
up of the exocuticle and endocuticle. The endocuticle is
the hardest and stiffest tissue of the cuticle of the lobster.
Figure 7a, b show the special structure of the endocuti-
cle, which is formed by the multilayer twisted plywood
structure [85—87]. Many twisted plywood structures con-
stitute the multilayer structure inside the endocuticle.
The twisted plywood structure is formed by chitin—pro-
tein fibers helicoidally arranged in space, cuticle proteins
and microscopic biominerals [23, 85]. The plane of the
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cuticle exhibits a honeycomb-like structure with elliptic
openings as the result of mineralization [85]. The chi-
tin—protein fibers are assembled from clustered nanofi-
brils wrapped with proteins, and they are distributed
among a mineralized-protein matrix [85]. Furthermore,
the clustered nanofibrils are formed by a-chitin chains
[23]. Fundamentally speaking, at the molecular level,
the nanofibril is N-acetyl-glucosamine [85]. Figure 7c
shows the elastic behavior of different hierarchical struc-
tural units of the lobster cuticle obtained with different
simulation methods. The anisotropy of the mineralized
chitin—protein nanofibril is 1.75, but it decreases to 1.4
for the twisted plywood structure [85]. This result shows
that the twisted plywood structure can improve the ani-
sotropy of the biomaterial by twisting the fibrillar planes
to improve the mechanical properties of the biomaterial
[85]. Additionally, the plywood structure of biomateri-
als can prevent the propagation of cracks and dissipate
a great deal of energy during the impact process, which
are beneficial for improving the solid particle erosion
resistance of biomaterials [85]. Other discussions about
the twisted plywood structure of other biomaterials have
been presented too, it is believed that this structure leads
to enhanced damage tolerance and energy absorption of
biomaterials due to the orderly arrangement of fibers,
fibrils, or reinforcements [82—84, 87]. As the mechanical
properties of biomaterials improve, the solid particle ero-
sion resistance is improved.

In general, regardless of the brick and mortar structure
or the twisted plywood structure, during the fracture
process of biomaterials, the special arrangement of these
internal structures improves the fracture toughness of
the biomaterials. The fracture toughness is an important
factor affecting the solid particle erosion resistance of
materials. In particular, for brittle materials (e.g., ceram-
ics), a high fracture toughness means that the probability
of scrap falling off the material surfaces is lower during
the process of solid particle erosion. For ductile materi-
als, the energy dissipation reduces the stress concentra-
tion and plastic deformation on the surfaces, achieving
the purpose of improving the solid particle erosion resist-
ance of materials.

3.3 Buffered Structure

Many types of buffered structures exist in nature, and
when biomaterials are impacted by foreign objects, buff-
ered structures can absorb part of the impact energy,
reduce stress concentration and improve the damage
resistance of biomaterials. A buffered structure is versa-
tile, and we mainly discuss its anti-solid particle erosion
feature according to two typical creatures. After thou-
sands of years of evolution, desert lizards have perfect
abilities to adapt to sandy environments. In particular,
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Figure 7 (a) The twisted plywood structure of the lobster cuticle (Homarus americanus) [85]; (b) SEM micrographs of the fractured surfaces of the
lobster cuticle at increased resolution [23]; (c) 3D maps of the Young's modulus for different hierarchical structure units (a-chitin chains, chitin—
protein nanofibrils in a planar array, twisted plywood stack of chitin—protein planes without pore canals, and twisted plywood stack of chitin—
protein planes with pore canals) of the lobster cuticle obtained with different simulation methods [85]

the sandfish (a small desert lizard) can move a significant
distance in sand, similar to a fish swimming in water, and
the skin of the sandfish is durable in this process [25, 88,
89].

Desert lizard have excellent resistance to sand erosion,
as they live in a sandy environment. The skin of the desert
lizard is made up of many individual scales, and the scales
are interconnected but do not overlap [90]. Each single
scale contains two parts (Figure 8aii): a hard shell (cuti-
cle) and a soft core (dermis and subcutis) [24, 90]. When
sand impacts the skin of the desert lizard, the hard shell
can reduce elastic deformation, and the soft core can
absorb part of the kinetic energy of the sand particles.
In addition, buffered structure also can cut down stress
disturbance base on the theory of stress wave propaga-
tion in solid, which can prevent the failure of materials
[91]. Compared to single layer materials, this structure
effectively improves the solid particle erosion resistance
of the skin [24, 90]. The sandfish is another typical exam-
ple of a buffered structure; it can run several meters in
sand when avoiding natural enemies, and the speed of

the sandfish reaches 30 cm/s [26]. Surprisingly, the skin
of the sandfish shows better resistance to a blast of sand.
Further research indicated that the scales of the sandfish
can effectively resist normal loads but cannot withstand
long scratching times compared with most engineer-
ing materials, especially from the microscopic point of
view; the scales of the sandfish do not exhibit excellent
frictional behavior [26]. Therefore, we can speculate that
the scale is not the main reason for the sandfish’s abil-
ity to swim in sand. On the one hand, the dynamics of
subsurface locomotion of the sandfish are very mesmer-
izing; sand locally behaves as a viscous fluid instead of
a solid material, which leads to a significant decrease in
the kinetic energy of impacting sand (Figure 8b) [25, 88,
89]. On the other hand, the sandfish also has soft tissue
under its skin, and the soft tissue can further reduce the
impact kinetic energy of sand. The erosion rate naturally
becomes low with the reduction of the impact energy.

In summary, Figure 8c shows the principle of the buff-
ered structure. The soft layer can absorb part of the
kinetic energy of the impact particle, and the thickness
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Figure 8 (a) The buffered structure of a desert lizard (Laudakin stoliczkana): (i) desert lizard (Provided by He Huang), (ii) a microscopic image of

the scales of desert lizard [24], (iii) a section image of a single scale of desert lizard [24]; (b) Scales and dynamics of the sandfish (Scincus scincus): (i)
sandfish [25], (i) scales of the sandfish [26], (iii) X-ray image of the sandfish when moving on the surface [25], (iv) X-ray image of the sandfish when
moving subsurface but its limbs are not buried in sand [25], (v) X-ray image of the sandfish when moving subsurface and all its body is buried in
sand [25]; (c) A schematic diagram of the buffered structure: (i) an impact particle does not contact with the surface of the multilayer material, (ii) an
impact particle collides with the multilayer material, (iii) an impact particle leaves the surface of the multilayer material, H is the thickness of the soft

of the soft layer is changed. The hard layer further pro-
tects the material surface, with elastic deformation and
restraint of crack formation and expansion. In nature,
a soft layer beneath a hard layer is a common phenom-
enon. This structure is a typical buffered structure.
Although little literature links the buffered structure to
the solid particle erosion resistance of materials, we are
sure that the buffered structure has a positive effect on
the solid particle erosion resistance because of its excel-
lent energy consumption capability.

3.4 Self-healing Structure

In addition to the above solutions to improve the erosion
rate of materials, by learning from nature, another solu-
tion that has great potential to solve solid particle ero-
sion of material surfaces can be found. In nature, some
biomaterials have the ability of repairing themselves, and
we often call this ability self-healing [92-95]. This self-
healing property of biomaterials can improve the damage
resistance of the biomaterials.

Many examples of self-healing can be found in nature,
such as self-healing of skin and bone [27, 92, 93]. These
self-healing types have a common feature in the pro-
cesses of self-healing, that transport of healing sub-
stances to damaged sites is necessary, thereby achieving
the purpose of self-healing through the chemical action

of the healing substances [27, 92, 93]. With the appear-
ance of damage, such as skin abrasion and bone fracture,
healing substances are transported to the damaged sites
by the vascular capillary network in skin or bone (Fig-
ure 9) [27, 28, 92, 96]. Under the action of these healing
substances, the complex healing phenomenon occurs as
healing substances continue to reach the designated sites,
tissue continues to regenerate, and skin and bone com-
plete the process of self-healing. In this special process,
healing substances and their transportation are both key
factors [27, 96]. Research on healing substances is not the
focus of this review because they mainly involve chemical
behavior. This review mainly discusses the function of the
internal damage-resistant structure of biomaterials. The
premise of the repair process is that healing substances
can reach the damaged sites; otherwise, skin or bone
repair is not possible. In addition, in the process of self-
healing, the repair of tissue can also prevent the expan-
sion of damage and improve damage resistance. The
vascular capillary network is the structure for transport-
ing healing substances, which are widely present in skin
and bone. The vascular capillaries can deliver healing
substances to the injury sites through internal channels
after injury has occurred. Under the effect of healing sub-
stances, biomaterials can partially restore the mechanical
properties and prevent further damage. Compared with
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the other solutions, the self-healing structure has good
repair ability and saves maintenance time.

4 Bio-inspired Anti-solid Particle Erosion Materials
According to the several special structures described
above, the corresponding anti-solid particle erosion solu-
tions are summarized. Moreover, corresponding bio-
inspired materials are fabricated under the guidance of
different solutions. The bio-inspired materials can also
be classified into four categories based on the anti-solid
particle erosion mechanisms: bio-inspired anti-solid par-
ticle erosion materials with special surface structures,
extraordinary inner structures, buffered structure and
self-healing structures. Next, the progress in these bio-
inspired anti-solid particle erosion materials in recent
years is discussed.

4.1 Bio-inspired Anti-solid Particle Erosion Materials
with Special Surface Structures

The special structure on material surfaces has a con-
spicuous influence on the velocity and trajectory of solid
particles. In recent years, bio-inspired materials with
different surface structures have been manufactured by
various methods (Figure 10). The additive manufacturing
technique is the most common method for fabricating
bio-inspired materials with complex surface structures
due to its high precision and versatility. In the process of
additive manufacturing, acrylonitrile butadiene styrene
and steel are commonly used materials [19, 65, 66]. Other
techniques have also been used to manufacture relatively
simple surface structures, such as laser techniques and
machining [60, 61, 97].

Imitating the grooves of the scorpion and tamarisk,
bionic samples with different sizes of grooves were fab-
ricated. First, the grooves were produced by a wire cut
electric discharge digital control machine on the surface
of AA 6061 samples. The cross section of the grooves was

an equilateral triangle, and the surfaces of the samples
were carefully polished by SiC emery paper [60]. Ero-
sion wear tests showed that the anti-solid particle erosion
properties of V-groove samples increased by approxi-
mately 57.4% [60]. Further, to verify the effect of differ-
ent shape grooves on the solid particle erosion resistance
of samples, three different shape grooves were fabri-
cated on the surfaces of samples, and the matrix mate-
rial of the samples was steel-45 (Figure 10a) [61]. The
V-shaped groove samples showed the best solid particle
erosion resistance compared with the smooth samples,
with an improvement in the solid particle erosion resist-
ance of approximately 26% (Figure 11a) [61]. Pit bionic
units were processed by a YAG laser in the surfaces of
samples (Figure 10b). The pits affected the solid parti-
cle erosion resistance, and the arrangement of these pits
also affected the solid particle erosion rate of the samples
(Figure 11b) [97]. Furthermore, some studies on coupled
bionic samples (Figure 10c, d), which were all processed
by 3D printing technology, were performed, and the
matrix material of the samples was stainless steel [19, 66].
Bump and curve can obviously significantly improve the
solid particle erosion resistance of bionic samples when
only one factor is considered (Figure 11c, d) [19, 66]. The
bionic samples with coupled structures exhibited better
solid particle erosion resistance than the samples with a
single structure (Figure 1le), as coupled structures are
more similar to the body surface features of the scorpion
and tamarisk (Figure 10c, d) [19, 66].

Most of the above tests were carried out when the ero-
sion angle was 30°. However, the influence of the bionic
surface structure on the erosion rate is different at dif-
ferent erosion angles. For example, grooves reduce the
erosion rate only at impact angles ranging from 20°
to 60° (Figure 11f) [63]. If the impact angle exceeds a
certain range, then the erosion rate will dramatically
increase. When the impact angle of particles relative to
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Figure 10 (a) Grooves with different shapes (square, U-shaped, and V-shaped), the material is steel-45 [61]; (b) Different arrangements of pits [97];
(€) A composite structure containing grooves, bumps and curve [66]; (d) A composite structure containing grooves, bumps and pits [19]

the surfaces of samples is outside the range of 20° to 60°,
the relative impact angle of particles on the surface of a
groove exactly falls in the angle range where the erosion
rate of materials is the largest [63]. Similarly, the other
surface structures can also change the relative impact
angle of particles on the surfaces of the structures,
and the type and feature size of the structure affect the
impact angle and even the velocity of particles. In addi-
tion, bump and curve can both reduce the erosion area of
material surfaces to reduce the erosion rate, and the fea-
ture sizes of bump and curve have a close relation with
the erosion area. The relative impact angle of particles,
the impact velocity of particles and the erosion area of
the surface all affect the erosion rate of materials. Thus,
different surface structures obviously exhibit different
solid particle erosion resistances. Furthermore, among
the four characteristic structures, the groove structure
has the best solid particle erosion resistance. Moreover,
composite structures show better performance, and the

combination of different structures also has a significant
effect on the erosion rate of materials. However, com-
pared with simple structures, the preparation of compos-
ite structures is relatively complex. Although the surface
structure has an obvious effect on improving the solid
particle erosion resistance of the materials, the func-
tion of the surface structure has certain limitations. For
example, these structures do not work well at all erosion
angles. A reasonable match between the size of the struc-
ture and the size of the component is also very impor-
tant to achieve the best economic benefit. In the actual
application process, different structures or their compos-
ite structure need to be chosen according to the actual
situation.

4.2 Bio-inspired Anti-solid Particle Erosion Materials

with Extraordinary Inner Structures
Due to the existence of the extraordinary inner structure,
the mechanical properties of nacre and lobster’s cuticle
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stands for the size of a pit [19]; (f) The erosion rate of the groove samples and smooth samples at different impact angles [63]
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have been greatly improved. In recent years, many stud-
ies on the fabrication of new bio-inspired materials by
mimicking the extraordinary inner structure have been
performed, and the preparation methods of these mate-
rials are various. Next, the bio-inspired materials with

brick and mortar structure or twisted plywood structure
are separately discussed.

Mimicking the inner structure of nacre, bio-inspired
materials with brick and mortar structure were fabri-
cated by different methods [71, 73, 87]. Freeze-casting is
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inspired by the freezing process of seawater (Figure 12a)
[67, 98-101], and the common approach of freeze-cast-
ing is as follows. When a ceramic slurry is frozen, ceramic
particles are repelled from the ice-water interface as the
ice front grows and settle down [98]. After sintering, the
target inner architecture is formed [67, 98]. Then, an
organic or inorganic phase is used to fill the void space
to yield a two-phase nacre-like composite structure,
which can dramatically promote the strength and frac-
ture toughness of bio-inspired materials [98]. Additive
manufacturing provides a new path towards fabricating
bio-inspired structural materials (Figure 12bi, bii). Differ-
ent compositions were used to build layered structures,
and the preparation process was precisely controlled by
a computer [102, 103]. Different proportions of compo-
sitions could be achieved by controlling the supply of
different compositions, and the dimensions of the struc-
tural unit could also be precisely controlled [103]. Coex-
trusion is another bulk processing technique to make
bio-inspired materials with brick and mortar structure
(Figure 12c). In the process of coextrusion, a feed rod
with specific core and shell diameters is produced, and
the cross section of the rod is reduced down to a filament
to preserve the aspect ratio during the extrusion process.
Then, the filament is divided into many single pieces,
representing individual “bricks” in the brick and mortar
structure [104]. Additionally, coextrusion technology can
control the volume of mortar precisely coated on a brick
to achieve high-ceramic/low-mortar volume fractions
[104]. Self-assembly is another alternative approach that
has been used to fabricate bio-inspired materials with
brick and mortar structure (Figure 12di). The extraor-
dinary inner structure of the nanocomposite consists
of iron oxide nanoparticles, which are linked with each
other due to the thermally induced crosslinking reaction
of oleic acid molecules [105]. Recently, mineralization
was also used to manufacture nacre-like bulk composites
(Figure 12e). A predesigned laminated structure with a
chitosan matrix was first prepared by freezing-induced
assembly, and the matrix was acetylated and transformed
to 5-chitin [106]. Then, the acetylated matrix was miner-
alized via the decomposition of Ca(HCOs;),; in the end,
through the process of silk fibroin infiltration and hot-
pressing, the final bio-inspired material was obtained
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[106]. Other methods can be used to fabricate nacre-like
materials, such as layer-by-layer, spin-coating, electro-
magnetic deposition and thermal spray methods [87],
but they are not very effective in the preparation of bulk
materials.

Some of the above methods that can fabricate nacre-
like materials can also be used to prepare bio-inspired
materials with twisted plywood structure, such as addi-
tive manufacturing and self-assembly [87, 107, 108].
Twisted plywood structure and herringbone-modified
twisted plywood structure could be manufactured with
a multimaterial 3D printer (Figure 12biii, biv); a stiff
acrylic polymer acted as the fibers and a soft elastomeric
polymer acted as the matrix in the bio-inspired material
[107]. The chiral nature of chitin nanowhiskers was taken
advantage of to drive self-assembly of the formation of a
chiral nematic phase, and the self-assembly occurred only
at certain ranges of pH and concentration (Figure 12dii)
[108]. Furthermore, magnetically assisted slip casting is
a manufacturing method combining the aqueous-based
slip casting process and magnetically directed particle
assembly, which can be used to prepare twisted plywood
structure (Figure 12f) [109]. In the process of slip cast-
ing, particles of a fluid suspension are deposited in a dry
porous mold with a predefined geometry, in which the
pore dimensions are usually smaller than the size of the
particles [109]. As a result of capillary forces, due to the
wetting of the pores of the mold, the liquid phase is con-
tinuously removed from the suspension, forming a layer
of jammed particles (cake layer) near the wall of the mold
[109]. An external magnetic field with a specific direction
is used to control the arrangement of the as-deposited
anisotropic particles in the cake layer to build the bio-
inspired material with twisted plywood structure [109].

Through these diverse methods, the mechanical prop-
erties of these bio-inspired materials are improved to a
certain level, and the fracture toughness is the common
factor. As shown in Figure 13, the J-R curve approach is
used to define the fracture toughness of composites [99,
109]. The J-R curve of nacre and the synthetic hybrid
composites exhibit extensive rising behavior, indicat-
ing extensive external toughening [99]. Furthermore, the
fracture toughness of the synthetic hybrid composites is
better than that of nacre, and the composites with brick

(See figure on next page.)

Figure 12 (a) (i) Schematic diagram illustrating freeze-casting [69], (i) the bio-inspired material with lamellar alumina [69], (iii) the bio-inspired
material with porous chitosan [69]; (b) (i) A flat nacre-like composite prepared by 3D printing [102], (i) a curved nacre-like composite prepared by
3D printing [102], (iii) helicoidal structure prepared by 3D printing [107], (iv) herringbone structure prepared by 3D printing [107]; (c) (i) Schematic
diagram illustrating coextrusion [104], (i) singlepass coextrusion counterparts SP-chop [104], (iii) multipass coextrusion counterparts MP-chop [104];
(d) (i) SEM image of the fracture surface of a nacre-like composite prepared by self-assembly [105], (i) SEM image of the cross section of a chitin/PAA
organic template sample with the twisted plywood structure prepared by self-assembly [108]; (e) (i) Schematic diagram illustrating mineralization
[106], (i) SEM image of the fracture surface of synthetic nacre [106], (i) SEM image of the aragonite layer of synthetic nacre [106]; (f) (i) Schematic
diagram illustrating magnetically assisted slip casting [109], (i) SEM image of the architecture of the periodic platelet [109]
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and mortar structure possess the best external tough-
ening (Figure 13a) [99]. Similarly, the composites with
twisted plywood structure also have excellent toughness

to resist the propagation of cracks (Figure 13b) [109]. As
shown in the crack growth resistance curves of the vari-
ous composites, the rising J-R curves indicate that the
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Figure 13 (a) The exception toughness of the composites with
different structures [99]; (b) The crack growth resistance curves of the
composites with anisotropic structure [109]

fracture toughness of the composites with twisted ply-
wood structure remarkably increases [109]. In general,
by imitating the extraordinary inner structure of natu-
ral materials, the bio-inspired materials exhibit excel-
lent crack growth resistance, which contributes to the
improvement of the fracture toughness. The fracture
toughness is a key factor affecting the solid particle ero-
sion resistance of materials, especially for brittle mate-
rials. Under the same conditions of the other factors,
the erosion rate of materials will decrease as the frac-
ture toughness increases. Due to the improvement of
the fracture toughness, the bio-inspired materials have
good solid particle erosion resistance. For the solid par-
ticle erosion of materials, bio-inspired materials with
extraordinary inner structures are an effective solution.
However, bio-inspired materials with extraordinary inner
structures also have some shortcomings in solid parti-
cle erosion resistance because some challenges in the
preparation of large area structural materials remain. At
present, realizing the industrialized production of bio-
inspired materials with extraordinary inner structures is

difficult.

4.3 Bio-inspired Anti-solid Particle Erosion Materials
with Buffered Structure

According to the dorsal skin of the desert lizard, after
reasonable simplification (Figure 14a), a bionic sample
was designed (Figure 14b). 1060 aluminum alloy sheets
with a size of 10 mm x 10 mm were used to replace the
upper shell of the scales, which were reversed and placed
in the bottom of a 5 mm deep mold [90]. A mixture of
liquid silicone rubber and curing agent was used instead
of the soft core of the scales, which was poured into the
mold and compacted with a cover board. After it was
completely solidified, the bionic sample was demolded
from the mold [90]. Plastic balls with diameters of 6 mm
were used for the erosion test. According to the velocities
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of the plastic balls before and after the impact, the kinetic
energy loss rate of the plastic balls impacting the bionic
sample was approximately 56.5%, while the kinetic energy
loss rate of the contrast sample was approximately 31.2%.
The buffered structure can obviously absorb more kinetic
energy during the impact process [90]. Compared with
the contrast sample, the solid particle erosion resistance
of the bionic sample is improved by 10% after reaching
the steady-state period (Figure 14c) [24, 90]. Similarly,
some bionic samples with both buffered structure and
special surface structure were also produced by template
method or 3D printing method [58, 65, 91]. These cou-
pled structure materials exhibited better solid particle
erosion resistance than single special surface structure
materials due to the existence of the soft layer [58, 65].
The buffered structure obviously has ability to improve
the solid particle erosion resistance of bio-inspired mate-
rials. In the impact process, more energy dissipation
means less stress concentration at the impact positions
of particles. For ductile materials, the plastic deforma-
tion decreases, and for brittle materials, the probability
of crack generation also decreases, which improves the
solid particle erosion resistance of bio-inspired materials.
However, the application of buffered structures also has
some limitations. For example, such structures are not
suitable for surfaces that require long periods of strength
because long-term compression will cause the soft layer
of the buffered structure to lose its elasticity, and the elas-
tic soft layer is the foundation of the buffered structure.

4.4 Bio-inspired Anti-solid Particle Erosion Materials
with Self-healing Structures

In skin and bone, through the vascular system, healing
substances can be transported to damaged sites. Mim-
icking the vascular system, two types of structures can
be designed for the self-healing of materials, the micro-
capsule structure and microvascular structure [28, 110—
113]. Both of these structures are inspired by the vascular
system of skin or bone, and both have good self-healing
capability when damage occurs. For the microcapsule
structure, the healing material is wrapped into capsules
that are stored inside a matrix material, and the capsules
rupture with the expansion of internal cracks when the
matrix material is damaged, thereby releasing the healing
material, which flows into the cracks and comes into con-
tact with an embedded catalyst [95, 110, 114]. Through
the polymerization and solidification between these two
substances, the damage of the matrix material is repaired
[95, 110, 114]. However, the microcapsule structure is
not suitable for repeated self-healing because the cap-
sules can only be used once [110, 115]. Furthermore,
the catalyst can also be encapsulated in a microcapsule.
Under the action of an external force, the microcapsules
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Figure 14 (a) The fabrication procedure of a bionic sample with the buffered structure [90]; (b) The bionic sample with the buffered structure [90];
(c) The erosion rate of the bionic sample with the buffered structure and a contrast sample [90]

break and release the healing material and catalyst, which
then undergo a curing reaction to achieve the self-heal-
ing process of the matrix material [116, 117]. For some
special materials, catalysts are not necessary, and the
action of the healing material can achieve the purpose of
self-healing [118, 119]. Similarly, for the microvascular
structure, a healing material that is wrapped into micro-
channels can be delivered to injury sites through its inter-
nal microchannels when damage occurs to repair damage
of the matrix material [28, 111, 112, 120-122].

The key step in the preparation of a self-healing
structure is the formation of the microcapsule or
microvascular structure. In situ polymerization of
urea-formaldehyde is a common method for preparing
microcapsule structures [116, 123—-125]. Hollow micro-
capsules were prepared by the polycondensation reaction
of a urea-formaldehyde prepolymer on the surfaces of
entrained air bubbles in a reaction vessel. The prepared
microcapsules need to be dried and then mixed with
the matrix material to produce bio-inspired self-healing
materials with a microcapsule structure (Figure 15a)
[116, 123-125]. In addition, the formation methods
of the microvascular structure are various. Next, we
introduce several common preparation methods of

the microvascular structure. The microchannels of the
microvascular structure are often prepared with wire
[126-128]. In general, wires are first arranged in the
matrix material according to a certain arrangement, and
these materials are then processed and shaped together.
Finally, according to the type of the wires, corresponding
measures are taken to remove the wires from the micro-
channels; thus, the preparation of a bio-inspired material
with a vascular structure is completed, and this struc-
ture can repair impact damage of the self-healing mate-
rial (Figure 15b) [126-128]. In the method of assembly
of organic ink, organic ink is first deposited into epoxy
resin. After the epoxy resin is solidified, the materials are
heated to liquefy the organic ink and form microchan-
nels inside the epoxy resin (Figure 15c¢) [28, 111, 122,
129]. For electrospinning technology, core-shell nanofib-
ers are first fabricated by electrospinning, and then, heal-
ing agents are injected into these core-shell nanofibers to
form self-healing materials (Figure 15d) [130]. Electro-
spinning technology can also be used to prepare micro-
capsule structures [131]. In the evaporation process of
sacrificial fibers, sacrificial fibers with a specific posi-
tion, length, diameter, and curvature are mechanically
woven into a preform; then, they are cured and heated to
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Figure 15 (a) The microcapsule structure in an adhesive layer observed by optical microscopy [123]; (b) The impact damaged cross section of a
bio-inspired material with healing filaments [126]; (c) The microvascular network fabricated by assembly of organic ink [129]; (d) SEM micrograph
of nanofiber interlayers fabricated by electrospinning [130]; (e) Prevascularized composite laminate samples; X-ray computed microtomographic
reconstructions (top) of postvascularized vascular networks (bottom) [132]; (f) Representative image of epoxy-H samples [112]

vaporize the sacrificial fibers and form channels. Finally,
a healing material is injected into the formed channels
to obtain self-healing composites (Figure 15e) [132, 133].
3D printing can also be used to create an inner vascu-
larized structure. A transparent polyvinyl alcohol mold
with an inner vascularized structure was printed via a 3D
printer, and resins (healing material) were slowly poured
into the mold, filling the vessels through capillary action
(Figure 15f) [112].

In summary, the mechanical properties of bio-inspired
self-healing materials can be repaired by the self-healing
structure and healing materials, which avoids further
damage to bio-inspired self-healing materials and has
a positive effect on improving the solid particle erosion
resistance of materials. For materials with the self-heal-
ing structure on the surface layer, the effect on the solid
particle erosion resistance of the materials is even more
pronounced [28, 111, 118, 122, 129]. The standard to
measure the self-healing effect is not uniform, and the
healing efficiency is the most widely used standard. The
healing efficiency is generally defined as the ratio of the
fracture toughness of the material for a specific healing
cycle to the original fracture toughness; in other words,
a good healing efficiency means a high fracture tough-
ness of the healing material [110-113, 116, 117, 122, 129,
134, 135]. The recovery of the fracture toughness is ben-
eficial for improving the solid particle erosion resistance

of materials, and the damage of materials can be repaired
multiple times through the self-healing structure with a
microvascular structure. For example, for the samples
that have a surface material with a self-healing structure,
their fracture toughness can be partially restored after
the occurrence of damage, although it cannot completely
reach the pre-fracture level (Figure 16). The recovery of
fracture toughness can inhibit further crack propaga-
tion, and when material surfaces are damaged owing to
solid particle erosion, the self-healing ability can improve
the solid particle erosion resistance of materials. How-
ever, the application of this structure also has certain
limitations. The repair of damage by the healing mate-
rial requires a certain amount of time. During this time,
cracks continue to expand. Therefore, the application of
this structure in continuous working parts is limited.

5 Applications
As already described, we can obtain novel bio-inspired
anti-solid particle erosion materials inspired by the anti-
solid particle erosion phenomenon in nature, which can
be used in many fields, such as manufacturing, energy,
military, and aviation.

Erosion is universal phenomenon in manufacturing
industry. Fan is a typical ventilation device, its common
types are centrifugal fan, axial fan and mixed-flow fan.
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The blades of the fans are eroded by solid particles under
dusty conditions, which can bring about blade material
loss, decrease of blade chord and reduction of effective
camber, leading to a degradation in aerodynamic perfor-
mance (Figure 17a) [7, 8, 136]. Abrasive jet machining
is a non-traditional manufacturing technology based on
erosion localization and intensification, which is suit-
able for cut almost any material without obvious heat
damage and thermal stress. Nozzle is a critical part in
abrasive jet equipment. The impact of abrasive particles
results in serious nozzle erosion, which can cause mani-
fest decreasing precision and jet divergence. Frequent
replacement of nozzles not only raises processing cost,
but also decreases machining efficiency (Figure 17b)
[137-140].

With the development of the modern oil and gas indus-
try, these commodities are traded and transported more
frequently (Figure 17c). Today, pipeline transportation
is the common way to transport oil and gas, which has
significant advantages over other methods of transpor-
tation. However, sand is commonly produced during

the production of oil and gas [57], and sand can lead to
erosion of the pipeline, which is recognized as a main
problem in the transportation of oil and gas [3]. There-
fore, improving the solid particle erosion resistance of
a pipeline can reduce the maintenance costs and bring
about huge economic benefits [141]. In addition, with the
growth of energy demand, the development and utiliza-
tion of renewable energy sources, such as wind and water
energy, is very necessary [142, 143]. A turbine is the core
equipment of wind and water energy conversion. During
the operating time of a turbine, the blades of the turbine
are impacted by fluids, such as wind and water flow, and
solid particles in the fluid erode the blades (Figure 17d,
e). Solid particle erosion damages the blade surface,
affects the hydrodynamic performance of the turbine
and reduces the energy conversion efficiency [144—146].
In particular, in harsh environments, such as sandy
areas, this phenomenon will become more serious, and
the rated nominal power of turbines can be significantly
reduced [143, 146, 147]. Bio-inspired anti-solid particle
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Figure 17 (a) The erosion phenomenon of a fan blade [7]; (b) The erosion behavior of a ceramic nozzle [138]; (c) Conveying pipelines of oil or

gas; (d) The erosion phenomenon of a wind turbine blade [144]; (e) Sediment erosion of hydroelectric generator blades [143]; (f) Sand impact on
working helicopter blades; (g) The erosion phenomenon of a compressor blade: (i) A blade of compressor [149], (ii) Pits caused by solid particle
erosion in the critical zone [149]; (h) The cleaning setup of antireflective glass coatings eroded by a sandstorm; microscope picture of a sample with
antireflective coatings after treatment in the sandstorm chamber (inset) [157]

erosion materials may be safely stated to have significant
application in the energy field.

In the field of military, due to the particularity and
confidentiality of military, military equipment may be
located in desert, or may operate in desert. Severe sand-
storm in desert can cause great erosion damage to mili-
tary equipment, which will affect the implementation of
military tasks. Therefore, the surfaces of military equip-
ment are required to have the ability to resist wind and
sand erosion. For example, when a helicopter is flying
in the desert, sand hits the blades of the helicopter at a
very high speed (Figure 17f), causing the blades to be
strongly eroded by the sand [148]. If we do not take effec-
tive measures, once the aircraft blades fail, serious acci-
dents will occur. Similarly, building materials of military

base in the desert are need to be able to resist sand. On
the whole, bio-inspired anti-solid particle erosion mate-
rials can be used to overcome these problems and show
unique advantages in the military field.

Solid particle erosion is also a serious problem in the
field of aviation. A turbine engine is the core component
of jet aircraft, and its working performance plays a vital
role in the steady operation of jet aircraft. The impact of
small particles on the turbine blades at high speed will
cause permanent material loss and irreversible damage of
the blades [12, 149]. Therefore, as the clearance and blade
surface roughness increase (Figure 17g), the blade shape
changes (especially the leading and trailing edges), lead-
ing to turbine performance decline and maintenance cost
increase [150]. When jet aircraft are flown over a volcanic
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eruption area, the solid particle erosion of blades will be
more serious [151, 152]. Undoubtedly, the importance of
bio-inspired anti-solid particle erosion materials in the
aviation industry for resisting solid particle erosion in the
future is self-evident.

With the development of various functional surfaces,
their durability has been given increasing attention [153—
155]. In particular, if functional materials are exposed,
solid particle erosion is an important cause of their fail-
ure [156]. This erosion can lead to performance degrada-
tion or even complete failure of the functional surfaces.
For example, solid particle erosion of an antireflective
glass coating used for solar energy can reduce its optical
properties and service life (Figure 17h) [157]. In addition,
solid particle erosion is also a disadvantageous factor
affecting other functional surfaces. Therefore, improving
the anti-solid particle erosion performance of functional
materials is very important, along with the anti-solid par-
ticle erosion materials described in this review.

6 Conclusions and Outlook

In this review, we have summarized the recent progress
in novel bio-inspired anti-solid particle erosion materi-
als. By mimicking the extraordinary structure of natural
materials, bio-inspired artificial materials have excellent
anti-solid particle erosion performance. First, we have
summarized the progress in solid particle erosion resist-
ance theories in recent years. According to these theo-
ries, the main factors affecting the solid particle erosion
resistance of materials can be divided into the following
aspects: particle properties, surface material properties
and others. Traditional anti-solid particle erosion solu-
tions usually involve improving the solid particle erosion
resistance of materials by improving one or more of the
factors mentioned above. These solutions have a certain
positive effect in improving the solid particle erosion
resistance of materials. However, with the development
of society and the economy, especially the development
of bionic engineering, some new solutions have been
developed to meet the increasing requirements of solid
particle erosion resistance. Over hundreds of millions of
years of evolution, creatures in nature have evolved near
perfect structures to achieve many excellent properties.
Therefore, nature is a great source of inspiration for sci-
entists and engineers to imitate natural masterpieces in
real-life applications. According to the principles of solid
particle erosion resistance, the anti-solid particle erosion
solutions of natural creatures can be divided into four
categories: special surface structure, extraordinary inner
structure, buffered structure and self-healing structure.
The corresponding artificial bio-inspired anti-solid parti-
cle erosion materials are also divided into four categories
as described below.
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The first category is the bio-inspired anti-solid parti-
cle erosion materials with special surface structures. The
special surface structure can be divided into four types:
groove, pit, bump and curve. Such a structure improves
the solid particle erosion resistance of biomaterials by
changing the velocity and trajectory of impact particles
and the erosion area of material surfaces. In practical
applications, artificial bio-inspired materials with spe-
cial surface structures have excellent anti-solid particle
erosion performance compared to smooth surfaces. Dif-
ferent surface structures have different effects on the
solid particle erosion resistance, and the groove has the
most significant effect. In addition, the size of the struc-
ture also affects the solid particle erosion resistance of
materials.

The second category is bio-inspired anti-solid particle
erosion materials with extraordinary inner structures.
The extraordinary inner structure contains two types: the
brick and mortar structure and twisted plywood struc-
ture. During the fracture process of biomaterials, these
extraordinary inner structures lead to energy dissipation,
which can significantly improve the fracture toughness
of biomaterials. Artificial bio-inspired materials inspired
by the extraordinary inner structure also exhibit excellent
fracture toughness. The improvement of fracture tough-
ness is accompanied by the improvement of the solid
particle erosion resistance of the materials, especially for
brittle materials.

The third category is bio-inspired anti-solid particle
erosion materials with buffered structures. The buffered
structure consists of a hard layer and a soft layer. When
solid particles impact the hard layer, the soft layer below
the hard layer absorbs part of the kinetic energy of the
particles. Correspondingly, the energy used for erosion is
reduced, thus improving the solid particle erosion resist-
ance of the biomaterials. Due to the energy consumption
of the buffered structure, the solid particle erosion resist-
ance of artificial bio-inspired materials mimicking the
buffered structure of the lizard is improved.

The fourth category is bio-inspired anti-solid particle
erosion materials with self-healing structures. The self-
healing structure is another alternative anti-solid par-
ticle erosion solution. In the body of natural creatures,
when injury occurs, the repair material is transported
to injured sites through the self-healing structure, and a
chemical reaction occurs to complete the self-healing of
injured tissue and prevent further expansion of injury.
Two types of self-healing structures have been designed
for the self-healing function of artificial materials: the
microcapsule structure and microvascular structure.
Artificial self-healing materials can restore part of the
mechanical properties through the interaction of the
self-healing structure and healing substances, which can
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prevent the expansion of cracks and achieve solid particle
erosion resistance.

In addition, the rapid development of fabrication tech-
nologies provides new opportunities to explore and
develop artificial anti-solid particle erosion materials.
Artificial materials can be made in many ways. However,
to realize the wide application of artificial bio-inspired
anti-solid particle erosion materials, we need a general
technical method for preparing artificial materials over
large areas. Among the various new fabrication tech-
nologies, additive manufacturing technologies can be
used to fabricate all the above bio-inspired structures,
and precise structures can be designed and built using
computers. Simultaneously, with the advances of nano-
technologies, the combination of nanotechnologies and
additive manufacturing technologies can bring about a
new opportunity for the fabrication of large-area artificial
anti-solid particle erosion materials in the future. Finally,
we also report the potential applications of bio-inspired
anti-solid particle erosion materials. These materials can
not only be applied to the existing machinery to improve
their solid particle erosion resistance but also extend the
service life of new bionic functional materials. Learn-
ing and drawing inspiration from nature to realize new
functional materials is the most promising challenge of
the next few years. With the discovery of new biological
models and the continuous advancement of manufac-
turing methods, bio-inspired anti-solid particle erosion
materials are believed to have a bright future.
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