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Abstract: In recent decades, with the advancement of
micro-electro-mechanical systems technology, traditional
materials have become insufficient to meet the demands
of cutting-edge technology for various material properties.
Composites have attracted widespread attention as an
effective and viable solution. Silicon carbide whiskers
(SiCw) have emerged as excellent reinforcements due to
their high thermal conductivity, low thermal expansion
coefficient, high melting point, superior mechanical prop-
erties, and high chemical stability. This article provides a
comprehensive review of the reinforcement mechanisms
and current research state of SiCw-reinforced composites.
The reinforcement mechanisms include mainly grain refine-
ment, load transfer, and crack bridging. The composites are
categorized based on the type of the matrix: ceramic-based,
metal-based, and polymer-based composites. The influence
and parameter performance of the reinforcement mechanism
on SiCw-reinforced composite materials with different
matrices vary. However, the key to improving SiCw-rein-
forced composites lies in understanding the interplay of
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properties between the matrix and the reinforcement, as
well as the ordered and regular distribution and binding
at the interface. Finally, the current state and limitations
of SiCw-reinforced composites are summarized, and future
development trends are discussed. This article represents a
great contribution to the future applications of SiCw-rein-
forced composite materials.

Keywords: silicon carbide whisker, ceramic-based compo-
site, metal-based composite, polymer-based composite, rein-
forcement mechanism

1 Introduction

In recent decades, micro-electro-mechanical systems (MEMS)
have emerged as a multibillion-dollar industry, encompassing
various applications such as inertial sensors (accelerometers
and gyroscopes), digital projectors, mechanical filters, pres-
sure sensors, and radio-frequency resonators [1]. MEMS
devices integrate mechanical and electronic components
on a single chip (or equivalent structure) with high production
yield and low cost, enabling the fabrication of micro-functional
devices such as power generators, chemical reactors, and bio-
medical devices, providing unique capabilities [2].

Currently, silicon-based MEMS technology has achieved
significant success in producing small-sized and usually
low-cost sensor arrays used in aerospace, process control,
automotive, and consumer electronics, among others [3].
However, silicon-based MEMS has certain limitations, such
as being unsuitable for fabricating multi-layered MEMS
devices, especially complex multi-layer movable structures.
In addition, silicon is fragile at low temperatures and has
poor creep strength at high temperatures, which can cause
other design issues due to its properties. Therefore, it
restricts the further development of MEMS devices. With
the rapid advancement of MEMS, non-silicon MEMS
technology has found widespread application in device fab-
rication [4]. Non-silicon MEMS utilizes a wide range of non-
silicon materials with diverse properties. Compared to
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Table 1: Characteristics of several alternatives to silicon [3]
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Material name

Material characteristics

Ceramic Good mechanical properties, corrosion resistance, high-temperature performance

SiC High-temperature performance, semiconductor, excellent wear, and corrosion resistance
Sapphire High-temperature performance, outstanding corrosion, and wear resistance

Quartz Good and highly stable mechanical properties and inherent piezoelectric properties
Polymer Low cost and easy to manufacture

Paper Extremely low cost and very simple to manufacture

silicon materials, these materials exhibit particularly attrac-
tive characteristics (Table 1), such as high-temperature perfor-
mance, corrosion resistance, excellent mechanical properties,
good wear resistance, and straightforward manufacturing pro-
cesses. Based on the features of non-silicon microfabrication
technology and the availability of various materials, versatile
non-silicon MEMS devices with complex structural forms can
be prepared, offering broad application prospects in aviation,
aerospace, information technology, biomedicine, environment,
military, and other fields [5].

As a key technology of the twenty-first century, the
success of MEMS heavily relies on addressing material-
related challenges associated with complex device design
and fabrication [6,7]. Given the current market demand, the
application of MEMS devices is expected to expand significantly,
encompassing potential applications such as micro-power
generation, high-frequency switches, sensors, and digital mon-
itoring. Therefore, researchers have started exploring compo-
sites composed of two or more substances, capable of
meeting specific performance requirements, to develop
advanced materials with higher strength, density, electrical
and thermal conductivity, dimensional stability, and micro-
scale manufacturability [8].

Silicon carbide (SiC) has drawn extensive attention due to
its low density, high strength, high melting point, excellent

mechanical properties, and high chemical stability [9-11]. Its
various forms, including particles, fibers, and whiskers, have
shown promising results as reinforcements in composites
[12-14]. Among these, SiC whiskers (SiCw) have different rein-
forcement mechanisms compared to SiC particles (SiCp) and
exhibit excellent enhancement effects on the strength, tough-
ness, friction, and other properties of composites. SiCw-
reinforced composite materials have broad development
prospects due to their excellent strengthening effect.

2 SiCw-reinforced composites
characteristics

2.1 SiCw characteristics

SiC is one of the most widely used ceramic materials in the
industry. It possesses notable features such as high melting
point, good oxidation resistance, excellent thermal conduc-
tivity, strong microwave absorption capability, wide bandgap,
and high mechanical strength, making it extensively applied
in aerospace, biocompatible materials, and high-temperature
semiconductor devices [15,16].
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Figure 1: Crystal structure of B-SiC single crystal (001) surface [17].
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SiCw is a one-dimensional nanostructured and highly
ordered single-crystal SiC with a needle-like or needle-like
appearance, with diameters ranging from approximately
0.1 to 5 pm and lengths exceeding 5 pm. The crystal struc-
ture of B-SiCw on the (001) surface under vacuum condi-
tions is depicted in Figure 1. Among various structures, the
C (2 x 2) structure is more common in oxidative or neutral
atmospheres, while the C (3 x 2) structure is more easily
obtained under vacuum or reducing atmospheres. The
inherent structural characteristics of SiCw result in remark-
able advantages, including low density, high hardness, high
elastic modulus, low thermal expansion coefficient, excellent
corrosion resistance, and high-temperature oxidation resis-
tance (Table 2). SiCw, due to its exceptional properties, has
become a highly sought-after material in various industries,
including electronic devices such as sensors, field emission
diodes, and solar cells. Its widespread applications extend to
sectors such as defense, aerospace, chemical engineering,
energy, environmental protection, automotive, and many
more [18-21].

2.2 SiCw composite reinforcement
mechanisms

2.2.1 Mechanical properties

The reinforcement and toughening effect of SiCw on the
matrix primarily depends on the interface condition between
the two phases, the mechanical properties and unique struc-
ture of both the whiskers and the matrix, as well as the
influence of the reinforcement on dislocation density and
movement within the matrix. The strengthening mechanisms
of SiCw-reinforced metal matrix composites can be classified
into direct strengthening and indirect strengthening. The

Table 2: Properties of various whiskers [17]
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former involves SiCw carrying the load and enhancing the
material’s performance, while the latter refers to the effect of
SiCw on the matrix microstructure, including dislocations
and grain size. The main strengthening mechanisms are as
follows: grain refinement, Orowan strengthening, coefficient
of thermal expansion (CTE) strengthening, and load transfer
strengthening.

2.2.1.1 Grain refinement

The grain size of the matrix is one of the factors influencing
strength. When SiCw is added to the matrix material, the
whiskers act as pinning agents at the grain boundaries
during the growth process of matrix grains. This effectively
inhibits grain growth, leading to grain refinement and
enhancing the material’s ability to resist loads. This process
is known as grain refinement [22-24]. The contribution of
grain refinement can be calculated using the Hall-Petch
formula [25-27], expressed as follows:

ay = 0p + kyd 03, ()
Ao = ky(dl—O.S - dO—O.S)’ 2

where oy is the yield strength, g, is the friction stress
required for dislocation movement, k;, is the Hall-Petch
constant related to the material, d is the average grain
diameter, Ao represents the contribution of grain refine-
ment to strength, and d, and d; are the average grain
diameters before and after reinforcement.

It is evident that within a certain range of grain sizes,
smaller grains result in higher yield strength. Therefore,
the addition of a fine second phase can effectively enhance
the strength of the composites. Additionally, at the same
volume fraction, smaller reinforcement particles lead to
better grain refinement in the composites.

Whisker name Melting Density Tensile Specific strength Elastic Specific elastic
point (°C) (grem™3) strength (GPa) (106 cm) modulus (GPa) modulus (10° cm)
B-SiCw 2,316 3.15 21 — 551-828 —
a-SiCw 2,316 3.15 21 — 482 —
SisNg 1,960 3.18 14 44 382 12
MgO 2,799 3.6 — — 344 —
K, TigO13 1,370 33 6.86 — 274 —
CasSO, 1,450 2.96 20.5 — 178 —
BeO 2,570 2.85 13 47 350 12
B4C 2,450 2.52 14 56 490 19
AIN 2,199 33 — — 344 —
Al,03 2,040 3.96 21 53 430 1"
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2.2.1.2 Orowan strengthening

Orowan strengthening is a mechanism in which the inter-
action between dislocations and second-phase particles leads
to an increase in strength. When dislocations encounter the
reinforcement particles, they bypass and form dislocation
loops, creating obstacles to dislocation movement and indu-
cing hardening [28]. The formation of dislocation loops
increases the lattice distortion energy, thereby increasing
the resistance to dislocation movement [29]. The Orowan
reinforcement theory formula is

T

T(::Tm"'m:

where 7, is the shear strength of composite materials, 7, is
the shear strength of the matrix, b is the Burgers vector of
the matrix, [ is the average spacing of reinforcements, and
T is the dislocation line tension. The premise of Orowan
strengthening is that the strength of the reinforcement
phase is sufficient to resist dislocation motion. SiCw, with
its high strength, meets the requirements for strength-
ening, but its high aspect ratio makes it challenging to
form dislocation loops [30,31]. As a result, SiCw-reinforced
composites can experience Orowan strengthening, but this
mechanism typically does not dominate.

2.2.1.3 Thermal mismatch strengthening

When the matrix and reinforcement phase are well bonded
at the interface in the composites and have a significant dif-
ference in the CTE, the production process induces lattice
distortion near the interface, increasing the resistance to dis-
location migration toward the grain boundary and thus
enhancing the material’s strength [32]. This strengthening
mechanism is known as thermal mismatch strengthening,
also known as CTE strengthening. The strengthening effect
of CTE in the composites can be expressed by the following
formula [33]:

Adcre = aGb /p, 3)

where Adcre is the increment in CTE strengthening, a is the
material constant, G is the shear modulus of the matrix, b is the
Burgers vector of the matrix, and p is the dislocation density.

Arsenault and Shi [34] studied the increase in disloca-
tion density caused by thermal mismatch in composite
materials using in situ transmission electron microscopy
and established a relevant model:

_ AaATNA

b )
where Ap is the increase in dislocation density, Aa is the
difference in CTE between reinforcement and matrix, AT is

DE GRUYTER

the temperature difference, N is the number of reinforce-
ments, A is the total surface area of each reinforcement,
and b is the Burgers vector of the matrix. According to the
above formula, the effect of thermal mismatch strength-
ening decreases with the increase of the size of the rein-
forcement and increases with the increase of the volume
fraction of the reinforcement.

2.2.1.4 Load transfer strengthening

Load transfer strengthening involves transferring external
loads through the interface to the main carrying phase
(whiskers). The theory is based on the shear-lag model
[35,36], assuming that SiCw is oriented in the direction of
the applied load. The strengthening effect of load transfer
on the performance of composite materials mainly depends
on the interface strength between the reinforcement and the
matrix, as well as the volume fraction and aspect ratio of the
reinforcement. Kelly and Tyson [37] revised the shear lag
model, which is the most commonly used description of the
load transfer mechanism:

o = Gm{ Bt D Vm],

2
where g, is the yield strength of composite materials, gy, is
the yield strength of the matrix, V;, is the volume fraction
of whiskers, s, is the whisker aspect ratio, and V;, is the
volume fraction of the matrix.

When the average length of the whiskers is less than
the critical length at which they can bear the maximum
stress within the matrix, failure occurs through debonding
and pullout. Conversely, when the whisker length exceeds the
critical length, failure occurs through fracture [38-40]. The

load transfer strengthening formulas are as follows [41,42]:

Aoir = oty - onVe, (L <L), @
c
L
Aoir = o Vil - —| - oWk, (L 2 L), 5)
2L,
do,
L=, ®6)
2Tm

where Agyr represents the increment in load transfer
strengthening; a,, V;, L, and L. refer to the strength, volume
fraction, average length, and critical length of the reinfor-
cement phase (whiskers), respectively; gy, is the strength of
the matrix; and t,,, is the tensile strength of the matrix.
Fracture mechanics theory indicates that the essence
of material toughness lies in the properties of crack pro-
pagation. From an energy balance perspective, the critical
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condition for crack propagation in a solid is when the
elastic strain energy release rate equals the fracture energy
required per unit area of crack extension. Therefore, any
factors affecting this balance can modify the material’s tough-
ness. The reinforcement effect of whiskers on the matrix
depends significantly on the interface condition between
the two phases. A favorable interface bonding state facilitates
the effective utilization of whiskers, leading to superior
performance. Several mechanisms contribute to the enhance-
ment of fracture toughness (Kic) in whisker-reinforced com-
posites, and they are as follows [43-45]:
(a) Crack bridging

When a crack propagates to the whisker, a bridging
zone is formed at the crack tip. The whisker bridges the crack,
applying compressive stress on the crack surfaces, reducing
the force acting on the crack tip, and suppressing further
crack extension, thereby enhancing toughness. As the load
increases, the whisker eventually fractures or pulls out,
allowing the crack to continue to propagate, thus significantly
consuming fracture energy [46,47], as shown in Figure 2.
(b) Crack deflection

When the crack propagates to the whisker, it must
either deviate around or pass through the whisker to con-
tinue its propagation. When the crack surface makes a
small or even parallel angle with the whisker orientation,
the crack will tend to propagate along the whisker direc-
tion due to the strong bonding between the whisker and
the matrix. This leads to a change in the crack propagation
direction, causing the crack’s path to lengthen and the
newly generated crack surface area to increase. As a result,
the material absorbs more energy during the fracture pro-
cess, leading to an improvement in material toughness
[47,49], as illustrated in Figure 3.
(c) Pull-out effect

Fracture direction
l >

SiC,,
Bridging

Figure 2: Schematic of crack bridging [48].
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Figure 3: Schematic diagram of crack deflection [48].

When the whisker orientation forms a large angle with
the crack surface, the shear stress generated at the inter-
face between the matrix and the whisker reaches the shear
yield strength of the matrix but not that of the whisker. As a
result, the whisker consumes additional energy to overcome
the interfacial bonding and pulls out from the matrix, a phe-
nomenon known as the pull-out effect. Under certain condi-
tions, a longer pull-out length corresponds to a greater energy
consumption, leading to a more significant enhancement of
the whisker-reinforced material. Therefore, comparing the
pull-out lengths of whiskers can serve as an indirect method
to assess the effectiveness and utilization of the whisker rein-
forcement [50].

It is obvious that the prerequisite for whisker pull-out
is whisker debonding, which requires energy to generate a
new interface. Assuming that the debonding energy of the
whiskers is equal to the strain release energy on the whis-
kers caused by stress release, the debonding energy of each
whisker is

AQ = (md?o31.)/48E.,

where AQ is the whisker debonding energy, d is the
whisker diameter, oy, is the whisker strength, [ is the
whisker pull-out length, and E,, is the whisker modulus.
After the whisker debonding, the whisker pull-out relaxes
the stress at the crack tip, slowing down the propagation of
cracks and improving the toughness of the composite
material [51].

The interface bonding between the whisker and the
matrix can be classified into two types: physical bonding
and chemical bonding. When the interface is physically
bonded, the two phases are mechanically interlocked with
a relatively low interface bonding strength. In this case, the
pull-out effect primarily occurs due to the overcoming of
frictional forces [52]. Conversely, when the interface is
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chemically bonded, a new phase is formed at the interface,
and the two phases are joined by chemical bonds, resulting
in a higher interface bonding strength. This situation
reduces the likelihood of interface debonding and
whisker pull-out, which is beneficial for strengthening
and toughening the composite. However, if the inter-
face bonding is excessively strong, surpassing the
whisker strength, the interface debonding and whisker
pull-out may not occur, leading to whisker fracture
instead [53,54]. By appropriately reducing the interface
bonding strength, the pull-out effect of the whisker can be
fully utilized to enhance the strength and toughness of the
composites [55].

2.2.2 Frictional performance

Friction inevitably leads to wear, which characterizes the
continuous damage of the surface materials in mutual con-
tact during relative motion. Materials separate from the
surface in the form of particles or flakes. This separation
process in materials causes the formation and propagation
of cracks until detachment from the matrix. From this per-
spective, wear is a mechanism of surface damage caused by
mechanical forces. Generally, wear can be classified into four
basic types: abrasive wear, adhesive wear, surface fatigue
wear, and corrosive wear [56].

2.2.2.1 Abrasive wear

When external hard particles or asperities on the sliding
surface act on the material surface during friction, mate-
rial is detached from the surface due to the action of these
abrasive particles, which is called abrasive wear. The force
of abrasive particles on the solid surface can be divided
into two components: the normal force and the tangential
force. The normal force presses the abrasive particles into
the material surface, while the tangential force propels the
abrasive particles forward. When the shape and orienta-
tion of the abrasive particles are appropriate, they act like
cutting tools, creating chips on the material surface.

2.2.2.2 Adhesive wear

Adhesive wear occurs when two materials in relative
motion adhere to each other due to the welding or adhe-
sion between the two sliding surfaces. In this wear
mechanism, material is detached and adheres to the
opposing surface, resulting in the formation of wear
debris during friction.

DE GRUYTER

2.2.2.3 Surface fatigue wear

In rolling or sliding with rolling friction and sliding fric-
tion, cyclically changing contact stresses cause fatigue spal-
ling of the material, leading to the formation of pits. This
type of wear is referred to as surface fatigue wear or con-
tact fatigue wear. Factors influencing fatigue wear include
material properties, contact stress, and physical and che-
mical characteristics of the contact surfaces.

2.2.2.4 Corrosive wear

Corrosive wear refers to the phenomenon where material
undergoes environmental chemical or electrochemical
reactions with the surrounding medium during friction,
resulting in a reduction or transfer of the surface mate-
rial. Chemical reactions and mechanical actions may
occur either simultaneously or subsequently. For instance,
chemical reactions may happen first, followed by the removal
of corrosion products through mechanical action, or the gen-
eration of small fragments may precede environmental reac-
tions. Even slight chemical reactions can enhance the effects
of mechanical action.

The wear mechanisms vary for different materials, but
usually, one mechanism dominates, while sometimes mul-
tiple mechanisms coexist. In SiCw-reinforced composites,
the wear mechanism in frictional behavior changes with
the effectiveness of SiCw reinforcement. When the matrix
material is in its inherent state, it is influenced by its
intrinsic strength. A matrix with lower intrinsic strength
is more prone to adhesion, resulting in higher wear rates
due to matrix transfer. Therefore, the wear mechanism in
this case is generally dominated by adhesive wear [57,58].
When the content of the reinforcing phase is relatively low,
the introduction of the second phase leads to the exposure
of detached whiskers during friction. These detached whis-
kers become abrasive particles that contribute to the wear
process in addition to adhesive wear. Hence, the wear
mechanism becomes a combination of adhesive wear and
abrasive wear [59,60]. As SiCw content increases, the strength
of the material also increases gradually. The increased strength
reduces the occurrence of adhesive wear, and the higher SiCw
content enhances whisker agglomeration, resulting in
increased porosity of the composites. Consequently, during
wear, whiskers are more likely to detach and join the wear
process as abrasive particles, leading to abrasive wear
becoming dominant with the increase in the content of the
reinforcing phase [61-63]. When the strength of SiCw compo-
sites is enhanced to a certain extent, minimal deformation
occurs during friction, and no significant damage is visible.
However, after extended periods of friction, under repeated
cyclic stresses, the region just beneath the material surface
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becomes the primary site for energy accumulation and dis-
sipation, causing thermal aging, chemical degradation, or
other effects that reduce the material strength. As a result,
the wear mechanism transitions from adhesive wear to
fatigue wear [64,65].

For particle-reinforced composites, whiskers generally
show better enhancement in the material’s frictional per-
formance, and the unique properties of whiskers such as
orientation and aspect ratio significantly influence the fric-
tional behavior.

SiCw acts as hard phases in wear, protecting the
matrix and bearing the load [66]. When the whiskers are
oriented perpendicular to the friction surface, they are
deeply embedded in the matrix, preventing plastic defor-
mation along the sliding direction of the surface. According
to the delamination theory, cracks parallel to the friction
surface are less likely to initiate and propagate perpendi-
cular to the whiskers, resulting in reduced whisker detach-
ment. Consequently, there are few whiskers in the wear
debris, and the wear surface does not exhibit deep plowing.
However, when the whiskers are oriented parallel to the
friction surface, the material’s resistance to plastic deforma-
tion is poorer, and cracks are more likely to propagate along
the axial direction of the whiskers, leading to increased
detachment of whiskers in the wear particles.

2.2.3 Thermal properties

The thermal conductivity of composites is related to the
inherent thermal conductivity of the reinforcing and matrix
materials, as well as the type, size, and content of the reinfor-
cing phase [67,68]. Due to its large aspect ratio, good thermal
conductivity, and excellent physical properties such as
mechanical strength and stiffness, SiCw are considered effec-
tive reinforcing agents for thermally conductive composites
[69-71]. For matrix materials with low thermal conductivity,
the addition of SiCw can effectively improve the thermal
conductivity of the composite. For other matrix composites,
the addition of whiskers is more critical for improving other
properties.

When the content of the reinforcing phase is low, SiCw
is surrounded by the matrix and has little interaction with
each other. At this stage, the interaction between whiskers
is weak, and no thermal pathway or network is formed
inside the composites. Thus, the thermal conductivity of
the composites increases slowly with the increase in the
content of the reinforcing phase [72]. Under high content of
the reinforcing phase, SiCw with a high aspect ratio tends
to contact with each other, forming thermal pathways or
networks, providing a pathway for phonon transmission.
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Therefore, the thermal conductivity of SiCw-reinforced
composites increases rapidly, and the relationship between
thermal conductivity and the content of the reinforcing
phase exhibits nonlinearity [73-75].

The thermal conductivity of composites mainly depends
on the thermal pathways or networks inside the material. For
matrix materials with low thermal conductivity, high content
of the reinforcing phase can result in higher thermal conduc-
tivity [76]. However, a high content of SiCw may introduce
defects and voids into the composites, which not only reduces
the mechanical properties but also leads to a large interfacial
thermal resistance, thus reducing the thermal conductivity of
the composite [77,78]. Therefore, to obtain composites with
high thermal conductivity and good mechanical properties, it
is necessary to select an appropriate content of the reinfor-
cing phase and take effective measures to optimize the inter-
face. Surface modification of the reinforcing phase is one of
the effective measures to improve interface compatibility and
enhance the interaction between the reinforcing phase and
the matrix [79,80].

The academic community has proposed many theore-
tical and empirical models to predict the effective thermal
conductivity of composites [81-85]. For SiCw-reinforced
composites, the simplest approach is to consider the rein-
forcing and matrix materials as being parallel or series
arranged in terms of heat flow. This method can calculate
the upper or lower limit of the effective thermal conduc-
tivity. For parallel conduction models:

K. = KV + KV W)

For the series conduction model:

k& ®
where K, is the thermal conductivity of the composites, Ky,
and V,, are the thermal conductivity and volume fraction
of the matrix material, respectively, and K; and V; are the
thermal conductivity and volume fraction of the reinforce-
ment material.

Maxwell utilized the potential theory to derive a model
for the thermal conductivity of uniform spheres with a
random distribution and no mutual interaction within a
homogeneous medium. However, to account for the influ-
ence of reinforcement particle shapes on the thermal
conductivity of composites, modifications to the Maxwell
equation are considered, as follows [86]:

[K; + (n - DKn + (n - DV(K; - Kn)]

Ke = Kn [K: + (n = DKy - V(K - Kn)] @

where n is the shape factor related to the sphericity of the
reinforcement. If the reinforcement has a spherical shape,
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n = 3, and the equation can be simplified to the original
Maxwell equation. However, SiCw has a high aspect ratio,
which results in n > 3.

The Agari model, as a semi-theoretical model for pre-
dicting the thermal conductivity of polymer composites,
introduces two factors, C; and C,, to consider the influence
of the filler’s dispersion state in the matrix. This is in con-
trast to previous models [87]:

logK. = G logK; + (1 - V;)1og(CiKp), (10)

where C; is a factor related to crystallinity and crystal size,
while C, indicates the ability to form thermal conductivity
chains in the filler. According to the Agari model, the value
of C, largely depends on the filler’s capability to form
thermal conductivity chains, with 0 < C, < 1. Due to
SiCw’s higher aspect ratio compared to SiCp, SiCw have a
C, value closer to 1, making them more prone to form
thermal conductivity chains and networks [88].

2.2.4 Dielectric properties

Traditional dielectric materials, such as organic polymers
and inorganic ceramics, are no longer able to meet the
strict requirements of advanced capacitors. Additionally,
efficient dissipation of the heat generated by electronic
devices to maintain their working temperature at the desired
level is crucial. This is because the dielectric strength of
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dielectric materials decreases with increasing temperature

due to their poor thermal conductivity [89,90]. Therefore,

SiCw with high dielectric performance and high thermal con-

ductivity has become an excellent reinforcement for dielec-

tric composites, as its excellent heat dissipation capability
helps extend the lifespan of the dielectric material under

higher working temperatures [91].

Polarization is an inherent property of dielectric mate-
rials, referring to the generation of dipoles and migration
of positive and negative charges in the material under an
external electric field, resulting in an electric dipole moment.
According to the polarization mechanisms inside dielectric
materials, polarization types can be categorized into four
types (Figures 4 and 5) [92-94]:

(1) Electronic polarization: In an applied electric field, the
positive atomic nuclei and negative electrons experience
relative displacement, creating a net dipole moment
known as electronic polarization. Electronic polarization
occurs in the frequency range of 10**-10'® Hz and is inde-
pendent of temperature changes for any material under
an applied electric field.

(2) Ionic polarization: Ionic crystals consist of positive and
negative ions held together by ionic bonds. In the
absence of an electric field, the positive and negative
ions are aligned, resulting in electrical neutrality.
However, in the presence of an external electric field,
the positive and negative ions undergo relative dis-
placement, generating an electric dipole moment
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Figure 4: Four polarization forms: (a) electron polarization, (b) ionic polarization, (c) dipole polarization, and (d) interface polarization.
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known as ionic polarization. Ionic polarization occurs
in the frequency range of 10°-10" Hz.

Orientation polarization (dipole polarization): Orientation
polarization typically occurs in molecules with permanent
dipole moments. In the absence of an electric field, the
dipole moments of molecules are randomly arranged,
resulting in a total dipole moment of zero, making the
molecules electrically neutral. However, under the influ-
ence of an external electric field, the dipole moments of
molecules align in an ordered manner along the direction
of the electric field, resulting in a non-zero total dipole
moment known as orientation polarization. Orientation
polarization occurs in the frequency range of 10°-10° Hz
and exhibits a strong temperature dependence.

Interface polarization (IP, space charge polarization):
Interface polarization usually occurs at the interfaces
between two or more phases of composites. Due to the
presence of phase interfaces in composites, charge car-
riers migrate to the interface, where they get trapped
by defects. Under the influence of an external electric
field, the trapped charge carriers undergo separation,
resulting in a dipole moment known as interface polar-
ization. Since the formation of space charge takes time,
interface polarization occurs in the frequency range of
107%-10% Hz and only affects the dielectric performance
of materials under direct current and low-frequency
conditions.

Q)

@)

SiCw has dimensions at the micro and nanometer
levels, and smaller dimensions result in a larger interface
area, which promotes interface polarization in dielectric

Relaxation regime

E.Zz
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composites [95]. Based on the doping of the reinforcement,
dielectric composites can be classified into two categories
[96]: dielectric—dielectric nanocomposites containing semi-
conducting nanofillers with high dielectric constants and
dielectric-conductive nanocomposites containing conduc-
tive nanofillers.

For dielectric-conductive nanocomposites, the dielectric
constant € can be described using the following model [97,98]:

€= ¢en|V- VS, (11

where &, is the dielectric constant of the matrix, V is the
volume fraction of the reinforcement, s is an exponent
close to 1, and V. is the percolation threshold of the
reinforcement.

In SiCw-reinforced dielectric composites, due to the
higher electrical conductivity of semiconductor SiCw com-
pared to the matrix, charge carriers at SiCw-matrix inter-
face act as electron dipoles, enhancing the polarization
effect of the composites. At low SiCw content (V < V), the
dielectric constant shows slight frequency dependence. As
SiCw whiskers are well-isolated, charge separation is sig-
nificantly restricted, resulting in lower electron polariza-
tion, and the dielectric constant increases linearly and
slowly with SiCw concentration [99,100]. When SiCw con-
tent approaches the percolation threshold, the dielectric
constant increases sharply, indicating the onset of percola-
tion. When electrons can tunnel or hop between several
adjacent conductive particles, the charge confined within
individual filler particles can be significantly released, enhan-
cing charge separation and leading to a rapid increase in the
dielectric constant. At higher SiCw content (V > V), as SiCw
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Figure 5: Four polarization types and their frequency dependence.
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whiskers come into contact with each other, long-range
charge carrier migration occurs [101]. In this case, the dielec-
tric constant shows a decrease over a wide frequency range,
and a strong frequency dependence is observed. Unlike the
good frequency stability at lower content, strong frequency
dependence signifies strong interface polarization, also
known as the Maxwell-Wagner-Sillars effect, occurring
in non-uniform phases with different conductivities, leading
to an enhanced dielectric constant [102-104].

The essence of the percolation threshold model transi-
tion is when the volume fraction V of the reinforcement
increases to the critical (percolation) threshold V., the rein-
forcements start to establish extensive contact with each
other, forming a conductive network that spans the entire
system. Before the conductive network is fully connected
(V< V), the separated reinforcements act like micro-capa-
citors. As the volume fraction approaches the critical value,
each micro-capacitor exhibits an abnormally large capaci-
tance. This process promotes the migration and accumula-
tion of charge carriers at the interface between the polymer
and conductive filler. These charge carriers are generated
either by surface plasmon resonance or by charge injection
from external electrodes. This charge accumulation con-
tinues as the frequency increases until the percolation tran-
sition occurs, during which the distance between adjacent
conductive fillers becomes lower than the electron tun-
neling range or direct contact. During the charge accumula-
tion process, the carriers at the interface enhance interface
polarization, leading to a significant increase in dielectric
constant at lower frequencies.

For SiCw-reinforced composites, dielectric loss (€”) can
be described using the following model [105]:

£ = &l + i * &5, (12)

where . is the conduction loss factor, &y is the interface
polarization loss factor, and & represents the dipole loss
factor.
The conduction loss factor is obtained from the fol-
lowing equation:
_ O

= 13)

where gy, and f represent the direct current conductivity
and frequency, respectively.

Usually, dielectric loss can be regarded as the sum of
polarization loss and leakage loss in the studied frequency
range. The composites exhibits an initial decrease and sub-
sequent increase as the frequency increases. The low-fre-
quency dielectric response is believed to originate from
IP and leakage [106-108]. IP mainly results from charge
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carriers trapped at the interface between the reinforce-
ment and the matrix, while SiCw contributes more signifi-
cantly to leakage. At low SiCw content (V < V), the dielec-
tric loss of the composites is nearly independent of the
whisker content, mainly due to the larger distance between
the reinforcements [109-111]. At high SiCw content (V> V),
the dielectric loss of SiCw-reinforced dielectric composites
first increases sharply to a very high level and then
decreases rapidly with increasing frequency. The high
dielectric loss at low frequencies results from the direct
current conduction of the conductive network formed by
high-content SiCw, leading to charge accumulation at the
phase interfaces and during the electron conduction
process [112]. Therefore, for SiCw-reinforced dielectric
composites, high dielectric loss with strong frequency
dependence is often observed.

In further optimizing the performance of SiCw-rein-
forced dielectric composites, constructing a core-shell struc-
ture for the fillers is considered the most effective method to
suppress dielectric loss. By coating the surface of SiCw with
organic or inorganic insulating layers, the dramatic increase
in dielectric loss and leakage current at V. can be signifi-
cantly suppressed to a low level [106].

3 SiCw-reinforced composites

SiCw was initially developed in the early 1960s, but its
application was initially limited to reinforcing metal matrices
such as aluminum. These metal-matrix composites were only
a minor commercial success, mainly due to the high cost of
SiCw, which made it prohibitively expensive. It was not until
the 1980s that whisker-reinforced ceramic materials (alu-
mina) were first prepared. From then on, people began to
develop industrial-scale methods for mass-producing whis-
kers at an acceptable cost. Today, SiCw has become an
economically viable reinforcement material and has been
applied in electronic devices such as sensors, field emission
diodes, and solar cells [113]. With the rapid development of
composites and the successful commercialization of some
products, the demand for whiskers has also increased.
Over the years, many companies have developed various
methods for growing whiskers and have filed multiple
patents in this field. Currently, commercially available whis-
kers are limited to a few companies, with SiCw being the
main focus. Additionally, these companies have also
researched and produced TiC, TiN, Al,03, mullite, SizNy,
and B,C whiskers. However, SiCw remains the most stu-
died and commercially successful whisker [114,115].
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Table 3: Summary of SiCw reinforced ceramic matrix composites

Ref.

Properties

Density (g-cm™)

Whisker loading

Special process

Matrix

Reinforcement

[125]

4612+ 5.4

0f=523.2£14.1; HV =19.6 + 0.6

o¢ = 510; Kic = 5.28

Kic =314 % 0.15; F

99.4%
3.02

5 wt%
5 wt%
10 wt%

High-energy ball milling, spark plasma sintering
Mechanical alloying, spark plasma sintering

Reaction sintering process, CVD

3D printing technology
3D printing technology

(Hf-Ta-Zr-Nb-Ti)C

SiAICN
RBSC

SiCw
SiCw

[126]
[127]

PyC-SiCw

SiCw
SiCw
SiCw
SiCw
SiCw
SiCw
SiCw

[128]

0f = 405 £ 98; Kic = 7.1+ 1.20; HV =17.6 + 0.84

97.1%
1.77

10 vol%
5 wt%

A|203
Sioc

[129]

98.4+12.3
of = 461; Kic = 6.97 £ 0.13; HV =13.01

Kic = 5.8; 0¢ = 523.2

Oc =

[130]
(48]

15vol%
5 wt%
8 wt%
5 wt%

Oscillatory pressure sintering

ZrOZ—A|203
SiAICN
SiC

Mechanical alloying, spark plasma sintering

[131]

of = 352.2; HV = 17.54

2.95

Vat photopolymerization, liquid silicon infiltration

Digital light processing

[132]

0f = 260.1 + 49.7; Kic = 3.23 £ 0.12

HvV

SiCo
SiC

[133]

30.68; Kic = 6.66; o = 733

99.45%

5.42 wt%

Oscillatory pressure sintering

Kic: Fracture toughness (MPa-m™); g¢: Flexural strength (MPa); a.: Compressive strength (MPa); HV: Hardness (GPa); E: Young’s modulus (GPa).
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3.1 SiCw-reinforced ceramic-based
composites

Ceramic materials are typical brittle materials and very
sensitive to structural defects, and their low Kic greatly
limits their application range. To overcome the drawbacks
of low Kjc and high defect sensitivity in ceramic materials,
various ceramic-based composites reinforced with parti-
cles [116,117], whiskers [118-120], and continuous fibers
[121-123] have been developed and extensively studied.
These composites are commonly used in the manufac-
turing of components for aerospace vehicles, gas turbines,
and other related applications [124].

Compared to single-base materials, SiCw-reinforced
ceramic-based composites exhibit significantly improved
mechanical properties and have potential application
value. Adding SiCw to ceramic materials can enhance
their strength, Kjc, thermal conductivity, thermal shock
resistance, and high-temperature creep performance. These dis-
coveries have sparked further research into these composites.

Table 3 shows the current progress of SiCw reinforced
ceramic matrix composites. Tiegs [134] analyzed the tough-
ening behavior of SiCw-reinforced alumina composites and
found that crack-whisker interactions, including crack
bridging, whisker pull-out, and crack deflection, are the
main toughening mechanisms. For these mechanisms to
be effective, debonding along the alumina matrix—whisker
interface (usually associated with crack deflection) must
occur during crack propagation, allowing the whiskers to
bridge the crack at their tails. Observations of the fracture
surfaces of whisker-reinforced composites revealed rough
fracture surfaces with clearly visible whiskers under a
microscope, as shown in Figures 6 and 7.

Figure 6: Fracture surface of SiCw-reinforced alumina showing very
rough surface and tortuous crack propagation [134].
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Figure 7: Fracture surface of SiCw-reinforced alumina. SiCw is clearly
observed on the exposed surfaces [134].

Garnier et al. [135] studied the thermodynamic proper-
ties of SiCw-reinforced Al,0s-based composites with two
different surface chemical compositions, where SiCw con-
tent was 35 vol%. The two types of whiskers had different
oxygen contents, with low oxygen content (6 at%) and high
oxygen content (39 at%), labeled as “L” and “H,” respec-
tively (Figure 8). Whisker “L” had a smaller cross-sectional
area, while whisker “H” had a relatively larger cross-sec-
tional area and surface roughness. They separately mixed
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the two types of whiskers with Al,05 to form slurries and
then fabricated the composites using hot-pressing at 45 MPa,
1,850°C, and in a nitrogen environment. The study revealed
that the surface chemical composition of the whiskers was
related to the thermomechanical properties of the compo-
sites, primarily influenced by the oxygen content on their
surfaces. High oxygen content on the whisker’s surface
affected the interface bonding between the whiskers and
the matrix. The test results of the mechanical properties at
room temperature are shown in Table 4. Additionally, the
authors investigated the influence of the two types of whis-
kers on the mechanical properties of the composites in the
range of 800-1,300°C (Figure 9). After high-temperature heat
treatment of SiCw-reinforced Al,Os-based composites, SiCw
underwent oxidation in an air environment, leading to the
formation of an amorphous substance. The amorphous soft-
ening occurred above 1,200°C, indicating that the oxygen
content on the surface of SiCw raw material also signifi-
cantly influenced the high-temperature mechanical proper-
ties of the composites.

SiCw-reinforced alumina-based composites have shown
significant improvements in mechanical properties, such as
strength and Kjc. These composites are typically densified
through pressure-assisted sintering, specifically hot pressing,
with SiCw content ranging from 10 to 30 vol%. They are
mainly applied in the field of high-nickel alloy cutting tools,

Figure 8: SEM micrographs of SiCw: (a) “L” whisker and (b) “H” whisker [135].

Table 4: Room temperature mechanical properties of Al,03-35 vol% SiCw “L” and “H” composites [135]

Mechanical properties Al,03 Al,03 + 35 vol% SiCw “L” Al,03 + 35 vol% SiCw “H”
Relative density (dth%) 99.1 100 99.6

Young’s modulus (GPa) 406 + 10 421 +10 407 + 9

Vickers hardness (10 kg) 1,854 + 38 2,107 + 32 2,032 + 62

Flexural strength (MPa) 488 + 151 639 + 21 549 + 41

Kic (MPa-m™®?) 54+0.4 79+0.3 6.9+0.2
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Figure 9: Variation of flexural strength and Kic with temperature [135].

while their applications in other wear-resistant and structural
fields are still under development.

Song et al. [136] reported on SiCw-reinforced compo-
sites with SiCp as the matrix material, prepared using a
reactive sintering method at 1,650°C. They investigated the
effect of KH-550 pre-treatment on the dispersion perfor-
mance of SiCw and its subsequent influence on the mechan-
ical properties of the composites. The study examined the
variation of mechanical properties with different SiCw con-
tents (0-20 wt%). The results showed that the mechanical
properties of SiCw were significantly improved after KH-550
pre-treatment (Table 5). The composites reached its max-
imum flexural strength and Kic at a SiCw content of 15 wt%
(290 MPa and 5.6 MPa'm 2, respectively, Figure 10).

Chen et al [137] employed a gel-casting combined with
precursor infiltration and pyrolysis (PIP) method to pre-
pare SiCw-reinforced SiCp composites. They investigated
the influence of different SiCw volume fractions on the
microstructure and mechanical properties of SiCw/SiC com-
posites, and further explored the enhancement mechanism.
The results showed that as the volume fraction of whiskers
increased from 34.81 to 41.9%, the flexural strength and Kjc
of the composite exhibited a trend of rapid enhancement
followed by a gradual increase. When the volume fraction
reached 41.9%, both the flexural strength and Kjc reached

Table 5: Room temperature mechanical properties of the composites [136]

their maximum values of 308.2MPa and 5.32MPa:m

respectively (Figure 11).

Wu et al. [138] fabricated SiCw-reinforced Ti (C, N)
based composites using the vacuum sintering method.
They investigated the influence of different whisker con-
tents on transverse rupture strength (TRS), Kic, and hard-
ness (HRA), and analyzed the underlying mechanisms. The
experimental results showed that the particle size of the
composites was related to the amount of SiCw added.
When SiCw content was 1.0 wt%, the composites exhibited
the smallest particle size, and their mechanical properties
were in the optimum state, with TRS and Kjc values
reaching as high as 2,279 MPa and 17.7 MPa-m™ "%, respec-
tively (Figure 12). However, when SiCw content was further
increased to 2.5 wt%, the porosity in the composites increased,
and some whiskers agglomerated, leading to a decline in the
mechanical properties of the composites.

Zhou et al. [139] used a vacuum hot-pressing sintering
technique to prepare MoSiy/SiCw reinforced SizN4-based
composite ceramic cutting tool materials at 1,650°C. They
investigated the influence of different reinforcement phase
contents on the microstructure, mechanical properties,
and friction and wear performance of the composites,
and analyzed the underlying mechanisms. The experi-
mental results showed that with the increase of SiCw

Flexural strength (MPa)

Kic (MPa-m™"3)

Materials
15 wt% SiCw (as-received) 256 + 11
15 wt% SiCw (pre-coated) 290 + 12

3.4 +0.08
56 0.1
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Figure 11: Flexural strength and Kic of SiCw/SiC composites with dif-
ferent SiCw volume fractions [137].

content as the reinforcing phase, Kic of the ceramic cutting
tool material continuously increased, and the anti-wear
capability significantly improved. The wear mechanism
transitioned gradually from adhesive—abrasive composite
wear to abrasive wear. The weight loss and wear depth of
the composites decreased significantly (Figures 13 and 14),
indicating that the addition of SiCw effectively enhanced
the wear resistance of Si;N, ceramics. When the MoSi, and
SiCw contents were both 10 wt%, the grain size was
smaller, and the material exhibited higher density, enhan-
cing the bridging and pull-out effects of whiskers. Therefore,
the material showed better mechanical properties, with a
flexural strength of 888.21 MPa, Kic of 10.22 MPa'm *?, and
HRA of 19.17 GPa.

The strength and toughness of the above-mentioned
SiCw-reinforced ceramic-based composites can be enhanced
to a certain extent. The degree of enhancement depends not
only on the preparation conditions of the composites (such
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as temperature, pressure, binder, and pH value of the
slurry) but also largely on the content of SiCw added to
the composites. Currently, SiCw-reinforced ceramic-based
composites have been successfully applied in the cutting
tools, engine structural components, and heat exchanger
linings, among other applications. Below are listed some
mechanical properties of SiCw-reinforced ceramic-based
composites at room temperature, as shown in Table 6.
Based on existing experimental data and micromecha-
nical models, the toughness Kiccompositey 0f the composite
can be described as the sum of the toughness of the matrix
Kicmatrivy and the toughening contributed by the whiskers
KIC(whisker—reinforced phase)s as EXPYESSEd bY Eq- (14) [134]:

KIC(composite) = KIC(matrix) + KIC(whisker-reinforced phase)- (14)

Table 6: Mechanical properties of SiCw toughened and reinforced
ceramics [140]

Composites Strength (MPa) Toughness
(MPa-m™7?)

Al,05 500 4

Al,03 + SiCw (20 vol%) 800 8.7

Al,05 + Zr0, (15 vol%) 1,080 6.2

Al,03 + ZrO; (15 vol%) + 1,100-1,400 6-8

SiCw (15 vol%)

Mullite 244 2.8

Mullite + SiCw (20 vol%) 452 4.4

3Y - TZP (+3 wt% Y,03) 1,150 6.8

3Y - TZP + SiCw 590-610 10.2-11.0

(20-30 wt%)

SisNg 520 5.14

SizN, + SiC (20 vol%) 890 1.3

A review of silicon carbide whisker-reinforced composites = 15

There are two associated whisker toughening mechan-
isms [141,142], represented by Eqs. (15) and (16):

W E

Fa- W E (15)

AKic(W'R) = Gf'\/
where AKic(W-'R) is the toughness improvement due to
whisker reinforcement, or is the fracture strength of the
whisker, V;is the volume fraction of whiskers in the com-
posite, r is the radius of the whisker, v is Poisson’s ratios of
the whisker and the composite, E. and E, are Young’s
moduli of the composite and the whisker, respectively,
Ym and y; are the fracture energies at the whisker bridging
and at the interface between the matrix and the whisker,
and B is a constant that depends on the stress distribution
at the bridging site.

AKic(W'R) = fdS*[E + ALif(d/R)I(1 - f), (16)

where AKic(W-R) is the toughness improvement due to
whisker reinforcement, f is the volume fraction of whis-
kers, d is the length of debonding of the whiskers, S is the
length of the whiskers, E is Young’s modulus of the whis-
kers, and R is the diameter of the whiskers.

From the analysis and discussion of toughening mechan-
isms and the two toughening behaviors mentioned above, it
is evident that the toughening of whisker-reinforced compo-
sites depends on parameters such as whisker diameter,
strength, volume fraction, as well as the elastic moduli of
the matrix and the whiskers, and the interfacial fracture
energy between them [143-145]. The whisker’s characteristics,
such as diameter, strength, and surface chemistry, directly
influence the toughening mechanisms and mechanical beha-
vior, while the surface chemistry affects the interface bonding
between the whisker and the matrix [146].

3.2 SiCw-reinforced metal matrix
composites

SiCw-reinforced metal matrix composites are suitable for
high-performance structural components in fields such as
aerospace, transportation, or military vehicles due to their
high strength, good wear resistance, and dimensional sta-
bility. SiCw can be easily combined with metals such as Al,
Mg, Ni, and Cu using traditional powder metallurgy or
squeeze casting methods [147-150].

The research on SiCw-reinforced metal matrix compo-
sites began in the mid-1960s when it was recognized that
whisker or discontinuous fiber-reinforced composites could
rival continuous fiber-reinforced materials in terms of mechan-
ical properties. With the continuous development of SiCw-
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reinforced metal matrix composites, numerous scholars and
entrepreneurs have conducted in-depth studies on the mechan-
ical properties of SiCw-reinforced different metal matrices.

Table 7 shows the current progress of SiCw-reinforced
metal matrix composites. Lianxi and Erde [159] used a two-
step squeeze casting method to produce SiCw-reinforced
ZK51A magnesium-based composites (SiCw/ZK51A) and inves-
tigated the effect of different casting temperatures on the
mechanical properties of the composites. Compared to the
matrix metal, the composites exhibited significantly improved
yield strength, Young’s modulus, and tensile strength. The
yield strength showed a linear increase with the volume frac-
tion of whiskers in the composite. However, the high strength
characteristic of SiCw reinforcement resulted in a reduction in
the ductility of the composite. Additionally, when the casting
temperature was below 760°C, the yield strength, Young’s
modulus, and tensile strength increased with temperature.
Beyond a critical temperature, the mechanical properties
exhibited a decreasing trend, as shown in Figure 15.

Tayebi et al [160] prepared SiCw-reinforced ZK60-
based composites using stir casting and studied the high-
temperature tensile properties and microstructure of the
composites under “as-cast” and “extrusion precipitation
hardening” conditions. The study showed that the tensile
properties of the composite samples were superior to the
unreinforced alloy due to effective load transfer and whisker
alignment. Compared to the unreinforced alloy, the composite
samples exhibited a 14% increase in yield stress, a 34% increase
in ultimate tensile strength, and an 11% increase in Young’s
modulus. The calculated Young’s modulus of the composites
agreed well with the predictions of the H-T model. Young’s mod-
ulus approached its upper limit at temperatures below 250°C and
exceeded the upper limit at temperatures above 300°C,

Table 7: Summary of SiCw reinforced metal matrix composites
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confirming the influence of whisker alignment on the anisotropic
properties of the composite. Additionally, microstructural obser-
vations revealed micro-pores and voids on the fracture surfaces,
indicating that the applied load caused whisker fracture due to
the strong whisker/matrix interface (Figure 16).

The H-T model, considering the influence of whisker
alignment on the anisotropic properties of the composite,
is described by the following equations [161,162]:

1 2[% 2 a7
EcL = me,
_LlrImf (18)

Ecr = ——En,
! 1_'7Tfm

where Eq;, and Ecy are the longitudinal and transverse elastic moduli
of the one-dimensional composite, respectively. Furthermore, Ls d,
and frepresent the length, diameter, and volume fraction of
the whiskers, respectively. Then, the values of n;, and 5 can
be calculated using the following equations:

Ey - En

.= )
19
Eg + 2[%]Em a9
ErT B Em
=00 (20)
,]T ErT + 2‘Em

where E,; and E,r are the longitudinal and transverse
whisker moduli, respectively.

Yih and Chung [163] used two hot pressing methods to
prepare SiCw-reinforced Cu-based composites, as shown in
Figure 17, and discussed the variation of the mechanical
properties of the composites within SiCw content range
from 33 to 54 vol%. When SiCw content was below 49.5%,

Reinforcement Matrix Special process Whisker loading  Density Properties Ref.
(g-cm™)
SiCw TigAlsV  Selective laser melting 1wt% — 0, =1,230.77 £ 30.33; g, = [151]
422.42 + 4.84; HV = 522.7
SiCw ZK60 — 20 wt% 96.34% 0. = 204; 0, = 154 [152]
SiCw/SiCp Ti(C, N)  High-energy ball milling 1.5 wt%SiCp/0.5wt  — TRS = 2,520.8; Kic = 16.56 [153]
%SiCw
Ti-SiCw W-20Cu Hot-press sintering 0.6 wt% 99.1% TRS =1,197; TC = 221 [154]
SiCw Cu, Mg  Stir-casting, warm accumulative 5 wt% — Ao, = 41%; ATC = 25% [155]
SiCw Cu Co-electrodeposition technology 05gL™ — TC =340 [156]
SiCw ZK60 KOBO extrusion method 10 vol% — AF = 35% [157]
SiCw Cu Pulse intermittent deposition, spark 1.1 wt% — oy = 346; TC = 261 [158]

plasma sintering

g, ultimate tensile strength (MPa); a,: Yield strength (MPa); HV: Hardness (GPa); Kic: Fracture toughness (MPa-m

“V2); g.: Compressive strength (MPa);

o Tensile strength (MPa); TRS: Transverse rupture strength (MPa); TC: Thermal conductivity (W-(mK™); E: Young’s modulus (GPa).
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Figure 15: Mechanical properties of SiCw/ZK51A composites [159].
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Figure 16: Fracture surfaces of composite samples after tensile testing: (a) at 150°C and (b) at 350°C [160].

the yield strength of the composites prepared by the slurry
infiltration method increased with the increase in whisker
content, and it decreased slightly when exceeding the cri-
tical value due to whisker agglomeration. In contrast, the
yield strength of the composites decreased with the increase
in SiCw content when using the powder mixing method
(Figure 18). This difference was primarily attributed to the
variation in porosity of the composites prepared by the two
methods, leading to differences in performance.

Li et al. [164] prepared SiCw-reinforced copper-based
composites using plasma sintering. To enhance the inter-
face bonding between SiCw and the copper matrix, the
authors used Ti and SiCp in different proportions to gen-
erate Ti3SiC, coating on the surface of SiCw through an in
situ reaction in a molten state (Table 8). Subsequently, the
mixture was plasma-sintered with the copper matrix under
reaction conditions of 900°C, 40-50 MPa, and H, atmosphere
for 20 min. Experimental results showed that the pre-treated
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Figure 17: Processing route for Cu-SiCw composites using two hot pressing
methods: (a) slurry coating method and (b) powder mixing method [163].

composites exhibited higher tensile strength compared to
untreated SiCw. Particularly, the composite prepared under
the condition labeled as S2 showed a tensile strength of 525 +
8.8 MPa, which was an increase of 48 and 47% compared to
pure copper metal and untreated SiCw composite, respec-
tively (Figure 19). Interface analysis revealed that the differ-
ence in mechanical properties was also attributed to the
bonding state between SiCw and the copper matrix.

Feng et al. [165] prepared copper-based composites
reinforced with SiCw having a consistent Cu coating and

700
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300

200 1 1 1 1 L
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Table 8: Composition of raw materials and reaction condition [164]

Sample Composition (molar ratio) Reaction
name condition

Nacl KCl SiC
SiC@TSC-S1 10 10 2 0.5 1,100°C, 30 min,
SiC@TSC-S2 10 10 2 1 argon protection
SiC@TSC-S3 10 10 2 2

orientation using powder metallurgy and hot extrusion
methods. The composites were fabricated into samples
with different whisker orientations, and their electrical
conductivity was tested. The influence of SiCw orientation
and content on the electrical conductivity of the compo-
sites was studied through experiments. The results indi-
cated that SiCw content was the main factor affecting the
electrical conductivity of the composites. As the SiCw orien-
tation angle increased, the electrical conductivity of the
composites improved (Figure 20). Scanning electron micro-
scopy was used to observe the microstructure of the com-
posites, revealing that SiCw aligned along the hot extrusion
direction and were uniformly distributed.

The above studies indicate that the performance of
SiCw-reinforced metal matrix composites can be enhanced
compared to pure metal materials due to the high strength
of SiCw. The strengthening effect of SiCw in SiCw-

25
20 - 'p ............
l"'
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; 18 fecsrrcccescrcancces 9’-' ........................
3 !
— '
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; /
'
& 10 =
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0 . .
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Figure 18: Relationship between compressive yield strength and porosity of Cu-SiCw composites prepared by two methods with SiCw volume

fraction: (O) slurry coating method and (CJ) powder mixing method [163].
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Figure 19: Stress-strain curves of the composites [164].

reinforced metal matrix composites mainly depends on
SiCw content and the strength of the interface bonding
between SiCw and the metal matrix. When SiCw content
is too low, the improvement in composite properties is not
significant, and when the content is too high, SiCw agglom-
eration can degrade the material’s performance. Additionally,
the importance of interface bonding strength was predicted
by previous researchers [166-168]. SiCw and the metal matrix
have a significant thermal mismatch, which can lead to high
residual stresses and dislocation density at the interface
during subsequent heat treatment processes.

3.3 SiCw-reinforced polymer matrix
composites

In addition to SiCw-reinforced ceramic and metal matrix

composites discussed earlier, polymer matrix composites
have attracted attention due to their advantages such as

Table 9: Summary of SiCw reinforced polymer matrix composites
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Figure 20: Relationship between electrical conductivity, SiCw spatial
distribution, and volume fraction in SiCw/Cu composites [165].

lightweight, good flexibility, and ease of shaping in aero-
space, automotive, marine, sports, and leisure equipment
industries [169]. Considering the high thermal conductivity
and insulating characteristics of SiCw, researchers have
started to explore its use in enhancing polymer matrix
composites to improve hardness, Young’s modulus, thermal
conductivity, wear resistance, dielectric constant, etc. SiCw-
reinforced polymer matrix composites have been successfully
applied as structural materials or packaging materials in
energy storage, micro-electro-mechanical devices, and elec-
tromagnetic interference shielding materials [170-174].
Table 9 shows the current progress of SiCw-reinforced
polymer matrix composites. Zhou et al. [174] prepared
Si0,-encapsulated SiCw through calcination in air and
finally obtained SiCw@SiO,-reinforced polyvinylidene
fluoride (PVDF) composites. Fourier transform infrared
spectroscopy, X-ray diffraction, and thermogravimetric
analysis tests confirmed the formation of an insulating

Reinforcement Matrix Special process Whisker loading Properties Ref.
SiCw SR — 20 wt% TC =0.236 [175]
SiCw/SiO, PVDF Air-exposure calcination treatment 20 vol% g, = 30.1 [107]
BT/B-SiCw PVDF — 40.0 vol% BT/20.0 vol% B-SiCw TC =1.67 [101]
B-SiCw@SiO, PVDF Oxidation under air atmosphere 28 wt% TC =178 [174]
SiCw@rGO EP Stacking bed method — TC =0.51 [176]
SiCw EP Vacuum impregnation 20.63 vol% TC=179 [177]
BNNS@ SiCNWs EP Ultrasonic technology 20 wt% TC =117 [178]
SiICNWs@ Diamond PDMS CcvD 25 wt% TC=0.57 [179]
B-SiCw@SiO, PVDF High-temperature oxidation 50 wt% TC=241 [180]

TC: Thermal conductivity (W-m™K™); g.Tensile strength (MPa).
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Figure 21: Effects of SiCw mass fraction on the thermal conductivity of b-
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SiO, shell on SiCw surface, and the shell thickness increased
with increasing calcination time. Compared to composites with
untreated whiskers, SiCw@SiO,/PVDF composites showed
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Figure 22: Effects of SiCw mass fraction on the dielectric constant of b-
SiCw/BDM/DBA composites [181].

lower dielectric loss and higher tensile strength and mod-
ulus at the same reinforcement content, and the dielectric
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Figure 23: Effects of different SiCw contents on the mechanical properties of the composites [182].
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constant and dielectric loss of the composites decreased
with increasing calcination time, attributed to the formation
of SiO, layer enhancing interface compatibility.

Dang et al. [181] used powder blending and casting to
prepare SiCw-reinforced BDM/DBA composites. The study
showed that the composites’ mechanical properties were
optimal when SiCw content was 10 wt%, and parameters such
as dielectric constant and thermal conductivity increased with
increasing SiCw content (Figures 21 and 22). When SiCw con-
tent was the same, surface treatment of SiCw with KH-560
positively affected the thermal conductivity and mechanical
properties of SiCw/BDM/DBA composites.

Liu et al. [182] studied the preparation method of SiCw-
reinforced polyimide (PI) polymer composites and their
application in the field of interposers. The study discussed
the effect of different doping levels of SiCw in PI on the
mechanical and thermal properties of the composites. The
results showed that as the mass fraction of SiCw in the PI
polymer increased from 0 to 7%, the thermal conductivity
of the composites increased from 0.165 to 1.072 W-(m-K™),
Young’s modulus increased from 2.58 to 7.29 GPa, and
Vickers hardness increased from 41.7 HV to 77.3 HV. However,
when the mass fraction exceeded 7%, both the mechanical
and thermal properties declined (Figure 23). This is because
when the optimal composition is exceeded, SiCw tends to
agglomerate in PI polymer, leading to a decrease in the per-
formance of the composites.

Yang et al. [183] also reported a composite of SiCw-
reinforced SU-8 photoresist to improve the mechanical
properties of the polymer. The study discussed the effect
of different SiCw content on mechanical performance. The
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Figure 24: Effects of different SiCw contents on stress-strain behavior of
the samples [183].
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experimental results showed that when SiCw was uni-
formly dispersed in the SU-8 photoresist matrix, the com-
posites retained the photo-patterning ability and electrical
insulation properties of SU-8. Moreover, when SiCw con-
tent was 2 wt%, the elastic modulus and fracture strain of
the SU-8 sample increased by 73.88 and 103.4%, respec-
tively (Figure 24).

Zhang et al. [184] used SiCw to enhance polystyrene to
improve the tensile strength and impact strength of the
composites. They found that the optimal SiCw content
was 5 wt%, resulting in a tensile strength of 110 MPa and
an impact strength of 5.00 k]-m™ for the composites.

Regarding the issue of SiCw aggregation leading to a
decline in the mechanical properties of the composites,
relevant literature has conducted in-depth research on
this matter. For example, the use of surface-active agents
to modify and pre-treat SiCw can significantly improve its
dispersion, thereby increasing SiCw content in the polymer
matrix and ultimately enhancing various aspects of the
composites’ performance. Xu et al. [173] used chemical
modification methods with different silane coupling agents
to modify SiCw and then prepared composites with PVDF
using a solution casting method. They tested and analyzed
the dielectric properties of the materials. The results showed
that with an effective SiCw modification method, the com-
posites’ dielectric constant could be significantly increased
(almost eight times higher) compared to pure PVDF mate-
rial. Pan [185] also used a KH550 silane coupling agent to
modify SiC to improve the composites’ resistance to erosion
and wear. They systematically discussed the effect of KH550
dosage on the performance and found that the lowest wear
rate was achieved with a 1wt% KH550 dosage. Hui et al
[186] used sodium hexametaphosphate (SHP) and carboxy-
methyl cellulose (CMC) as dispersants to explore their effects
and dispersion mechanisms. The results showed that CMC
had a better dispersion effect compared to SHP, and their
dispersion mechanisms were distinct. CMC increased SiCw
surface hydrophilicity, thereby enhancing the absolute value
of SiCw surface potential, while SHP mainly increased the
electrostatic repulsion between SiCw particles.

4 Conclusion and recommendation

In summary, SiCw-reinforced composites have shown sig-
nificant improvements in various aspects of performance.
For composites, the correlation between the properties of
the matrix and the reinforcement, as well as the order and
regularity of interface bonding and distribution, is crucial
for enhancing the performance of SiCw-reinforced
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composites. The morphology of the matrix material and
reinforcement material has a certain impact on their per-
formance, so the preparation process of high-performance
reinforcement and matrix is also a means to improve the
performance of composite materials. The reinforcing effect
of SiCw plays a decisive role in the final performance of
SiCw-reinforced composites, and the interface is a key
factor influencing the reinforcing effect. Current research
primarily focuses on improving the interface compatibility
between the matrix and SiCw through interface regulation.

However, there are still some issues in SiCw-reinforced
composites. (1) Further research is needed on the structure,
functionalization, interface regulation, and the influence of
matrix structure on the performance of SiCw-reinforced
composites, and to identify their inherent correlations.
The influence of the distribution and orientation of rein-
forcing materials on composite materials has been proven,
but there are still significant limitations on the preparation
process of micro-nano-level whisker orientation, which
requires further improvement. (2) The quantitative rela-
tionship between the interface state and the performance
of SiCw-reinforced composites remains unclear and requires
further in-depth investigation by researchers. (3) The reinfor-
cement mechanism of SiCw in SiCw-reinforced composites is
not fully understood. It is essential to establish a relatively
unified and more accurate reinforcement mechanism model
to explain the influence of SiCw properties and states on the
performance of composites. (4) The industrial progress of
SiCw-reinforced composites is not satisfactory due to cost
and process limitations.

Based on the current research status and development
trends of SiCw-reinforced composites, future research in
composites can focus on the following three aspects: (1)
Interdisciplinary integration is becoming increasingly
important. Utilizing mathematical and computer-related
software for dynamic simulations of SiCw-reinforced
composites and constructing and optimizing mathema-
tical models should be fully explored. (2) Advanced
testing techniques can be employed to conduct in-depth
studies on the functionalization of SiCw, observe the
effects of interface regulation at the microscopic scale,
and analyze the underlying mechanisms. (3) Further
optimization of the preparation process of SiCw-rein-
forced composites is needed. In-depth investigations into
the effects of various parameters during the preparation
process on the structure, morphology, and performance of
the composites should be conducted to establish correla-
tions, enabling the production of composites with control-
lable properties through rational adjustment of preparation
process parameters.
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