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Abstract: Recently, silicon carbide–boron carbide compo-
site ceramics have attracted more and more attention. The
most important achievements of the silicon carbide–boron
carbide composite ceramics should be applied in terms of
mechanical, physical, and chemical for use in various
advanced industries, such as armor plates, nozzles, abra-
sive tools, mechanical seals, etc. To prepare silicon carbide–
boron carbide composite ceramics with good performance,
the synthesis of silicon carbide–boron carbide composite
powders is the basis. The synthesis approaches of silicon
carbide–boron carbide composite powders are systemati-
cally summarized in this review, including ball milling,
high-energy ball milling, self-propagating high-temperature
synthesis (SHS), and sol–gel. Particularly, nanosized silicon
carbide–boron carbide composite powders can be in situ
synthesized by high-energy ball milling, SHS, or sol–gel.
When commercial silicon carbide and/or boron carbide pow-
ders are used as raw materials to synthesize silicon carbide–
boron carbide composite powders, the pretreatment of acid
etching can significantly remove oxide layers existing on the
surfaces of initial powders.

Keywords: silicon carbide, boron carbide composite pow-
ders, nanosize, ball milling, high-energy ball milling, self-
propagating high-temperature synthesis, sol–gel

1 Introduction

Today, refractory carbides are of particular importance,
and their application is rapidly growing. This is not only
because of their commercial aspects but also due to their
refractory applications and abrasion resistance, including
cutting and abrasive tools. In addition to their appropriate

chemical resistance, these carbides have high hardness and
thermal resistance. They are important non-oxide ceramics,
widely used in tools, abrasion-resistant materials, aerospace
industries, microelectronics, as an amplifier in super-alloys
and composites, wall protective layer of nuclear reactors,
absorbent of environmental pollutants, etc. [1–3].

Silicon carbide and boron carbide are of some good phy-
sical performance, such as high melting point (2,700°C for
silicon carbide, 2,427°C for boron carbide), low density
(3.21 g/cm3 for silicon carbide, 2.52 g/cm3 for boron carbide),
high hardness (24 GPa for silicon carbide, 36 GPa for boron
carbide), and high elastic modulus (400 GPa for silicon car-
bide, 450 GPa for boron carbide) [4–9]; both of silicon carbide
and boron carbide have good wear resistance [10–12]. In par-
ticular, silicon carbide has low thermal expansion coefficient,
high thermal conductivity, and good oxidation resistance
[13,14]; boron carbide possesses good neutron absorption cap-
ability [15,16]. Silicon carbide and boron carbide are widely
applied in engineering fields due to their good performance.

Because of the good properties of silicon carbide and
boron carbide, they are often used together to prepare
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silicon carbide–boron carbide composite ceramics. The
silicon carbide–boron carbide binary system can provide
a combination of high hardness, low density, and relatively
high fracture toughness. Silicon carbide–boron carbide
composite ceramics have a wide application (Figure 1),
such as armor plates, turbine engines, heat-conducting
tubes, nozzles, abrasive tools, sliding bearings, thrust bear-
ings, and mechanical seals [17–22].

Silicon carbide–boron carbide composite ceramics have
outstanding properties and wide applications; thus, silicon
carbide–boron carbide composite ceramics have received
considerable scientific attention in recent years. To prepare
silicon carbide–boron carbide composite ceramics, the synth-
esis of silicon carbide–boron carbide composite powders is
the basis. The performance of silicon carbide–boron carbide
composite powders, such as particle dispersion uniformity,
purity, and particle size, will determine the properties of
silicon carbide–boron carbide composite ceramics. Therefore,
it is important to study the synthesis of silicon carbide–boron
carbide composite powders. Different from the synthesis of
single-component powders, the dispersion uniformity of two-
component particles is particularly important for the synthesis
of two-component powders. Previously, a lot of work has
been done on the synthesis of individual silicon carbide
powders and individual boron carbide powders [23–26];
however, the research on the synthesis of silicon carbide–
boron carbide composite powders has received widespread
attention recently. At present, the main synthesis approaches
of silicon carbide–boron carbide composite powders include
direct mixing of commercial silicon carbide and boron car-
bide powders by ball milling or high-energy ball milling as
well as in situ synthesis by high-energy ball milling, self-
propagating high-temperature synthesis (SHS), and sol–gel.
Particularly, high-energy ball milling, SHS, and sol–gel are

approaches to synthesizing silicon carbide–boron carbide
composite powders with nanosize in situ. When commercial
silicon carbide and boron carbide powders are used as raw
materials, prior to synthesizing silicon carbide–boron car-
bide composite powders, silicon carbide and boron carbide
raw materials can be pretreated to remove oxide layers
existing on the surfaces of initial silicon carbide and boron
carbide powders. The present work aims to summarize the
available literature on the synthesis of silicon carbide–boron
carbide composite powders, which can provide some theore-
tical basis and guidance for the synthesis of silicon carbide–
boron carbide composite powders and the preparation of
silicon carbide–boron carbide composite ceramics.

2 Pretreatment of raw materials

For non-oxide ceramic raw materials like silicon carbide
and boron carbide, oxide layers usually exist on their sur-
faces [27,28]. The thickness of the oxide layer is affected by
many factors, such as the humidity of the air and the par-
ticle size of the powder [29,30]. These oxide layers on the
non-oxide ceramic raw materials would cause grain coar-
sening and are not beneficial to the densification of the
obtained ceramics during the subsequent sintering [31].
When commercial silicon carbide and/or boron carbide
powders are used as raw materials to synthesize silicon
carbide–boron carbide composite powders, it is necessary
to pre-treat the raw materials. Usually, adding carbon into
silicon carbide–boron carbide composite powders can remove
these oxide layers from silicon carbide and boron carbide
powders by the reactions between carbon and SiO2 and
between carbon and B2O3, respectively, during the subsequent
sintering at high temperatures [32,33]; however, if the amount
of oxygen of silicon carbide and boron carbide starting pow-
ders is too high, more carbon would be added into silicon
carbide–boron carbide composite powders, which can result
in the reduction in the hardness of the obtained silicon carbide–
boron carbide composite ceramics [34]. To remove the oxide
layers from silicon carbide and boron carbide powders, the
commercial silicon carbide and boron carbide raw materials
can be pretreated before the synthesis of silicon carbide–
boron carbide composite powders.

To reduce the oxygen amount of silicon carbide and
boron carbide raw materials, acid etching is an effective
method. Yaşar and Haber [35] used 50% hydrofluoric acid
(HF) and diluted hydrochloric acid (HCl) to wash silicon
carbide and boron carbide raw materials, respectively.
After acid etching, the oxygen content of silicon carbide
starting powders is reduced from 1.69 to 0.66 wt%, and

Figure 1: Applications of silicon carbide–boron carbide composite
ceramics.
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the oxygen content of boron carbide starting powders is
reduced from 2.90 to 1.70 wt%. Acid etching to silicon car-
bide and boron carbide raw materials can significantly
reduce their oxygen contents, but it cannot completely
remove their oxide layers. Furthermore, the particle sizes
of silicon carbide powders before and after acid etching
are 0.65 and 0.60 µm, respectively, and the particle sizes
of boron carbide powders are 0.60 µm before and after
etching. This indicates that the acid etching process would
not significantly change the particle sizes of silicon carbide
and boron carbide rawmaterials. In addition, to synthesize
silicon carbide–boron carbide composite powders, Wang
et al. [36] also used HF and HCl to wash silicon carbide
whiskers and boron carbide powders to remove SiO2 and
B2O3, respectively; Hwang et al. [37] used HCl–H2O solution
to wash boron carbide starting powders before synthe-
sizing silicon carbide–boron carbide composite powders.
For the subsequent mixing process, the acid-etched silicon
carbide and/or boron carbide powders are used to synthe-
size silicon carbide–boron carbide composite powders.

The pretreatment of acid etching to silicon carbide and
boron carbide rawmaterials can significantly remove their
oxide layers, which is a method to obtain silicon carbide–
boron carbide composite powders with low oxygen content
and can also lay the foundation for the preparation of
dense silicon carbide–boron carbide composite ceramics
during the subsequent sintering.

3 Synthesis approaches of silicon
carbide–boron carbide composite
powders

To obtain silicon carbide–boron carbide composite cera-
mics with high relative density and good properties, the
synthesis of silicon carbide–boron carbide composite pow-
ders is the foundation and prerequisite. The technology for
producing composite powders usually involves mixing two
or more finely dispersed powder systems. The popular
synthesis approaches of silicon carbide–boron carbide com-
posite powders include ball milling, high-energy ball milling,
SHS, and sol–gel.

3.1 Ball milling

Ball milling is a common approach to preparing composite
powders by directly mixing multi-component powders.

Generally, composite powders can be prepared from mul-
tiple single-component powders by dry mixing or wet
mixing. The common preparation approach of silicon carbide–
boron carbide composite powders is the direct mixing of
commercial silicon carbide and boron carbide powders by
ball milling (Figure 2) [38–41]. Usually, silicon carbide and
boron carbide powders obtained through industrial manu-
facturing are micron-sized. During the ball milling, the sizes
of both silicon carbide and boron carbide powders are
hardly changed due to low ball milling energy and the
high hardness of silicon carbide and boron carbide particles.
In general, the size of silicon carbide–boron carbide compo-
site powders synthesized by ball milling is submicron/
micron, which depends on the initial size of the raw mate-
rials. It is hard to fabricate dense silicon carbide–boron
carbide composite ceramics from these composite powders
with the size of submicron/micron; thus, various sintering
additives are added to mix with silicon carbide and boron
carbide powders together during the ball milling to promote
the subsequent sintering.

The synthesis of silicon carbide–boron carbide compo-
site powders by ball milling involves mixing two finely
dispersed powder systems. If the silicon carbide–boron
carbide composite powders synthesized by ball milling
are uneven, the properties of the silicon carbide–boron
carbide composite ceramics produced by the consolidation
of such composite powders would be significantly degraded.
Dry mixing and wet mixing are two methods to mix silicon
carbide powders and boron carbide powders by ball milling.
Wet ball milling is adding solvent when mixing silicon car-
bide powders and boron carbide powders, such as ethanol
and water. In contrast, dry ball milling is the mixing of silicon
carbide powders and boron carbide powders without addi-
tional solvent. Compared with the silicon carbide–boron car-
bide composite powders synthesized by drymixing, the silicon
carbide–boron carbide composite powders synthesized by
wet mixing are more uniform and are more conducive to

Figure 2: Procedure of ball milling.
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obtaining silicon carbide–boron carbide composite ceramics
with good structural uniformity and high relative density [35].
Yaşar and Haber [35] noted that the relative densities of the
spark plasma sintered silicon carbide–50 wt% boron carbide
composite ceramics produced from the silicon carbide–boron
carbide composite powders synthesized by wet ball milling
and dry mixing are 98.9 and 97.5%, respectively; meanwhile,
the silicon carbide–boron carbide composite powders synthesized
by wet ball milling can provide a more uniform microstruc-
ture for the resulting silicon carbide–boron carbide com-
posite ceramics (Figure 3(a)), whereas large pockets of
individual components exist in the silicon carbide–boron
carbide composite ceramics prepared from the silicon
carbide–boron carbide composite powders synthesized
by dry mixing (Figure 3(b)). The agglomerates of indivi-
dual components in the silicon carbide–boron carbide com-
posite ceramics resulting from the dry mixing of silicon
carbide powders and boron carbide powders would cause
an effect on the mechanical properties of the resulting
silicon carbide–boron carbide composite ceramics. With
the increase of boron carbide content in the resulting silicon
carbide–boron carbide composite ceramics from 10 to 50wt%,
the hardness, fracture toughness, Young’s modulus, shear

modulus, bulk modulus, and Poisson’s ratio of the silicon car-
bide–boron carbide composite ceramics produced from the
silicon carbide–boron carbide composite powders synthesized
by wet ball milling show a trend, i.e., the hardness increases,
and the fracture toughness, Young’s modulus, shear modulus,
bulk modulus, and Poisson’s ratio decrease; however, the
hardness, fracture toughness, Young’s modulus, shear mod-
ulus, bulk modulus, and Poisson’s ratio of the silicon carbide–
boron carbide composite ceramics prepared from the silicon
carbide–boron carbide composite powders synthesized by dry
mixing do not exhibit a regular trend due to the inefficient
mixing. Furthermore, Zhang et al. [42–44], So et al. [45], and
Matović et al. [46] also noted that the silicon carbide–boron
carbide composite powders synthesized by wet ball milling
can provide a good particle dispersion for the obtained pres-
sureless sintered silicon carbide–boron carbide composite
ceramics (Figure 4(a)), hot-press sintered silicon carbide–
boron carbide composite ceramics (Figure 4(b)), and ultra-
high pressure sintered silicon carbide–boron carbide compo-
site ceramics, respectively (Figure 4(c)).

In brief, the silicon carbide–boron carbide composite
powders synthesized by ball milling of silicon carbide pow-
ders and boron carbide powders basically maintain the

Figure 3: Microstructures of spark plasma sintered silicon carbide–50 wt% boron carbide composite ceramics produced from silicon carbide–boron
carbide composite powders synthesized by: (a) wet ball milling and (b) dry mixing [35].

Figure 4: Microstructures of silicon carbide–boron carbide composite ceramics produced from silicon carbide–boron carbide composite powders
synthesized by wet ball milling: (a) pressureless sintered 40 wt% silicon carbide–60 wt% boron carbide composite ceramics [43], (b) hot-press sintered
50 wt% silicon carbide–50 wt% boron carbide composite ceramics [45], (c) ultra-high pressure sintered 50 wt% silicon carbide–50 wt% boron carbide
composite ceramics [46].
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original characteristics of the raw materials, and the silicon
carbide powders and boron carbide powders are just
uniformly mixed. Until now, due to the advantages of sim-
plicity, convenience, and low cost, direct ball milling of com-
mercial silicon carbide and boron carbide powders is the
most widely used approach to synthesizing silicon carbide–
boron carbide composite powders [34,47–65]. Therefore, this
approach is very suitable for the industrial synthesis of
silicon carbide–boron carbide composite powders. How-
ever, ball milling is not suitable for synthesizing silicon car-
bide–boron carbide nanocomposite powders because the
agglomeration of silicon carbide nanoparticles and boron
carbide nanoparticles is difficult to be broken by ball
milling, resulting in the inhomogeneous distribution of
silicon carbide nanopowders and boron carbide nano-
powders in the synthesized silicon carbide–boron carbide
nanocomposite powders. This significantly degrades the
performance of final silicon carbide–boron carbide nano-
composite ceramics prepared by the consolidation of such
composite powders.

3.2 High-energy ball milling

The basic principle of high-energy ball milling, which is also
called mechanical alloying, is to use mechanical energy to
induce chemical reactions or to induce changes in the struc-
ture and properties of materials. Different from common
ball milling, high-energy ball milling can reduce the particle
size of the milled materials in the repeated extruding and
crushing process due to high ball milling energy. More
importantly, high-energy ball milling is an approach to
synthesizing ultrafine powders with a disordered structure,
resulting in the formation of a number of lattice defects and
the change of stoichiometric ratio [66]. Although lattice
defects are increased in the synthesized powders, such pow-
ders with a disordered structure have higher sintering
activity.

3.2.1 Synthesis of silicon carbide–boron carbide
composite powders by direct high-energy ball
milling of silicon carbide and boron carbide
powders

Reducing the particle sizes of silicon carbide and boron
carbide raw materials is one of the effective methods to
promote the sintering of silicon carbide–boron carbide com-
posite ceramics. Another strategy is to make the silicon car-
bide–boron carbide composite powders produce a disordered

structure, which can be realized during the high-energy ball
milling, so as to enhance the sintering activity of the silicon
carbide–boron carbide composite powders. Silicon carbide–
boron carbide composite powders with reduced particle size
and disordered structure can be synthesized by high-energy
ball milling of silicon carbide and boron carbide powders.

Zhang et al. [67] used silicon carbide and boron car-
bide raw materials with a mass ratio of 1:1 whose initial
particle sizes are 2.57 and 3.11 μm, respectively, to synthe-
size silicon carbide–boron carbide composite powders by
high-energy ball milling in Ar gas. The number of small
particles increases, and the particles gradually tend to be
homogenized in the synthesized silicon carbide–boron car-
bide composite powders by appropriately increasing the
ball-powder mass ratio or prolonging the milling time
[68]. After milling with the ball-powder mass ratio of 30:1
for 120 h, the mean particle size of silicon carbide–boron
carbide composite powders reduces from 2.5 to 0.7 μm, and
the morphology of the composite powders changes from
irregular and sharp-edged shape to spheric shape with
narrow size distribution (Figure 5(a) and (b)). As the
milling time is more than 120 h, the particle size and the
shape of silicon carbide–boron carbide composite powders
are not changed with an increase in milling time (Figure 5(c)).
After high-energy ball milling, some silicon carbide–boron
carbide composite powders adhere together and agglomerate
inevitably because of the increased activity of the powders
and the heat released during the milling.

Moreover, although the silicon carbide and boron car-
bide raw materials have perfect crystallinity, the synthe-
sized silicon carbide–boron carbide composite powders
possess a disordered structure, indicating that the order-
disorder transformation of silicon carbide–boron carbide
composite powders occurs during the high-energy ball
milling [67]. By comparison, the silicon carbide–boron car-
bide composite powders (0.7 μm) synthesized by wet ball
milling have a perfect crystallinity; however, for the silicon
carbide–boron carbide composite powders synthesized by
high-energy ball milling, lattice defects are generated and
the amorphous structure of silicon carbide and boron car-
bide is significantly increased. The crystal silicon carbide
and boron carbide raw materials are not completely trans-
formed into the amorphous structure owing to their high
hardness and high bond energy of Si–C and B–C. The dis-
ordered structure of silicon carbide–boron carbide compo-
site powders has an important effect on the subsequent
sintering of silicon carbide–boron carbide composite cera-
mics. On the one hand, during the sintering, the disordered
structure of silicon carbide–boron carbide composite pow-
ders can increase the molecular diffusion channel, which is
favorable for the densification of the silicon carbide–boron
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carbide composite ceramics. On the other hand, the disor-
dered structure of the silicon carbide–boron carbide com-
posite powders can be transformed into the ordered
structure of the resulting silicon carbide–boron carbide
composite ceramics during the sintering; the energy is
released during the disorder-order transformation, which
can serve as a driving force for the sintering. Therefore,
the silicon carbide–boron carbide composite powders
with the disordered structure synthesized by high-energy
ball milling have high sintering activity, which is a fea-
ture different from the silicon carbide–boron carbide
composite powders synthesized by ball milling.

Compared with the relative density of the hot-press
sintered silicon carbide–boron carbide composite ceramics
produced from the silicon carbide–boron carbide compo-
site powders synthesized by wet ball milling, the relative
density (96.4%) of the hot-press sintered silicon carbide–
boron carbide composite ceramics produced from the
silicon carbide–boron carbide composite powders synthe-
sized by high-energy ball milling is 13% higher, and the
microstructure of the silicon carbide–boron carbide com-
posite ceramics produced from the silicon carbide–boron

carbide composite powders synthesized by high-energy
ball milling is denser (Figure 6) [67]. This demonstrates
that the silicon carbide–boron carbide composite powders
synthesized by high-energy ball milling have an improved
sintering activity owing to their disordered structure. With
the same particle size of silicon carbide–boron carbide
composite powders and the same sintering process, the
microstructure and relative density of the obtained silicon
carbide–boron carbide composite ceramics produced from
the silicon carbide–boron carbide composite powders
synthesized by high-energy ball milling and ball milling are
extremely disparate. The synthesized silicon carbide–boron
carbide composite powders via high-energy ball milling can
realize the preparation of dense hot-press sintered silicon
carbide–boron carbide composite ceramics under relatively
low temperatures without any sintering additive. As a result,
the resulting silicon carbide–boron carbide composite cera-
mics produced from the silicon carbide–boron carbide com-
posite powders synthesized by high-energy ball milling can
obtain improved mechanical properties; the flexural
strength, hardness, and fracture toughness can reach
430 MPa, 24.5 GPa, and 4.6 MPa m1/2, respectively.

Figure 5: Silicon carbide–boron carbide composite powders: (a) starting mixture composed of silicon carbide and boron carbide particles, (b) after
high-energy ball milling for 120 h, and (c) after high-energy ball milling for 160 h [67].

Figure 6: Hot-press sintered silicon carbide–boron carbide composite ceramics at 1,950℃ produced from the silicon carbide–boron carbide com-
posite powders synthesized by: (a) ball milling and (b) high-energy ball milling [67].
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3.2.2 In situ synthesis of silicon carbide–boron carbide
composite powders by high-energy ball milling

Although silicon carbide–boron carbide composite pow-
ders can be synthesized using commercial silicon carbide
and boron carbide as raw materials via high-energy ball
milling, the average particle size of silicon carbide–boron
carbide composite powders is submicron, which is attrib-
uted to the high hardness of silicon carbide and boron
carbide particles. In order to fabricate nanosized silicon
carbide–boron carbide composite powders, Zhang et al.
[69] used boron carbide (3 μm), softer Si (200 mesh), and
amorphous carbon (1 μm) as raw materials and increased
the ball milling energy to in situ synthesize silicon carbide–
boron carbide nanocomposite powders by high-energy
ball milling in Ar gas. The mixture of starting raw mate-
rials is of micron size with a large size distribution range,
and the shape of particles is sharp-edged and irregular
(Figure 7(a)). After high-energy ball milling, the composite
powders are composed of nanocrystalline boron carbide
(5–20 nm) with an increased volume of lattice defects and
amorphous silicon carbide. The crystal boron carbide raw
material is not completely transformed into an amorphous
structure owing to its high hardness and high bond energy
of B–C. There are no amorphous Si and amorphous C in the
synthesized silicon carbide–boron carbide composite pow-
ders. The particle size of the synthesized silicon carbide–
boron carbide composite powders is 50–150 nm with a
homogeneous distribution, and the silicon carbide–boron
carbide composite powders are sphere-like (Figure 7(b)).
The synthesized silicon carbide–boron carbide composite
powders are of a nanoscaled size and disordered structure;
as a result, they have high sintering activity. The silicon
carbide component in the synthesized nanosized silicon
carbide–boron carbide composite powders is formed from C
and Si via mechanochemical processing (Si + C → SiC); thus,
using boron carbide, amorphous carbon, and Si powders as

rawmaterials via high-energy ball milling is a novel approach
to in situ synthesizing homogeneously dispersed silicon carbide–
boron carbide nanocomposite powders composed of amor-
phous silicon carbide and nanocrystalline boron carbide.
Correspondingly, the resulting silicon carbide–boron car-
bide composite ceramics produced from these nanosized
silicon carbide–boron carbide composite powders in situ
synthesized by high-energy ball milling exhibit higher rela-
tive density (98.6%), hardness (34.3 GPa), and fracture tough-
ness (6.0MPam1/2) compared to the silicon carbide–boron
carbide composite ceramics produced from the silicon carbide–
boron carbide composite powders synthesized by direct high-
energy ball milling of silicon carbide and boron carbide
powders.

For the synthesis of nanocomposite powders via high-
energy ball milling, there are two reaction mechanisms
during synthesis. One is the gradual diffusion reaction,
and the other is the mechanically induced self-propagation
reaction [70]. The mechanically induced self-propagation
reaction mechanism exists in the highly exothermic system
and is related to high-temperature reactions. Because of
the ball-to-ball and ball-to-powder collisions during high-
energy ball milling, the local temperature may be higher
than the ignition temperature; thus, the combustion reac-
tion would occur regionally, resulting in the complete
synthesis of the crystalline products in a short time at
the local high temperature. Also, a large number of ignition
events occur during the milling. As a result, the mechanically
induced self-propagating reaction is a massive and explosive
process during high-energy ball milling. For the gradual dif-
fusion-reactionmechanism, the powders around the colliding
balls first undergo severe plastic deformation; then, the flat-
tened particles contact with clean surfaces, forming the com-
posite powders through gradual diffusion of thin layers. This
formation process is gradual and slow. Accordingly, the pro-
duct synthesized through the gradual diffusion reaction has
an amorphous structure rather than a crystal structure.

Figure 7: In situ synthesized silicon carbide–boron carbide nanocomposite powders: (a) starting mixture composed of boron carbide, Si, and
amorphous carbon and (b) after high-energy ball milling for 96 h [69].
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For the synthesis of single-phase silicon carbide parti-
cles via high-energy ball milling using Si and C, both the
gradual diffusion reaction mechanism and the mechani-
cally induced self-propagation reaction mechanism work
because both crystal and amorphous silicon carbide struc-
tures exist in the products [71,72]. However, for the synth-
esis of silicon carbide–boron carbide composite powders,
the solid-state reactions between Si and C are highly
diluted due to the existence of boron carbide powders
when boron carbide, Si, and C powders are milled together
by high-energy ball milling, hindering the formation of
crystal silicon carbide. The dilution of reactants increases
the ignition temperature required for the explosion reac-
tion and significantly decreases the reaction rate. As a
result, the mechanically induced self-propagation reaction
of silicon carbide is hindered by the dilution of reactants,
although silicon carbide is prone to undergo self-propa-
gating synthesis. Therefore, the reaction mechanism of
silicon carbide–boron carbide composite powders synthe-
sized by high-energy ball milling with boron carbide, Si,
and amorphous carbon as raw materials is only controlled
by the gradual diffusion reaction mechanism [73]. In the
high-energy ball milling process, the powders of C and Si
are rapidly refined to generate nanocrystalline and amor-
phous phases with high defect density, allowing the large
clear interface area, high driving force, high diffusion rate,
and short diffusion path for the diffusion of C atoms into
the interstices of Si lattice to form an interstitial solid solu-
tion Si (C). A severe lattice distortion is implied in Si (C)
lattice because of the large mismatch of the structure and
atomic radius between C and Si. This lattice distortion of Si
(C) is improved with an increase in milling time, resulting
in the destruction of the distorted chemical bond of Si–Si;
thus, C atoms located in interstices of Si lattice gradually
occupy the positions of Si to generate amorphous silicon
carbide with an increase in milling time [73]. Generally, the
solid solubility rate of C atoms into the interstices of Si is
about 0 due to a little larger radius of Si atoms (0.1172 nm)
than that of C atoms (0.0914 nm); however, it can be greatly
extended due to the function of mechanical force and the
large volume of grain boundaries in the high-energy ball
milling process. No Si and C atoms dissolve into the inter-
stices of the boron carbide lattice or occupy the positions of
B or C atoms in boron carbide to generate a solid solution
due to the high bond energy of B–C and the saturation of C
atoms in boron carbide (the B/C ratio of 4:1) [73].

In brief, high-energy ball milling is a simple, industrial,
practical, economically variable but powerful approach
to synthesizing nano/submicron-sized silicon carbide–boron
carbide composite powders with a disordered structure. In
particular, the silicon carbide–boron carbide nanocomposite

powders can be synthesized in situ through solid-solid
reactions via high-energy ball milling. The changes in raw
materials during the high-energy ball milling include the gen-
eration of lattice defects to increase disordered structure and
the reduction in particle size; thus, the synthesized silicon
carbide–boron carbide composite powders possess higher
sintering activity, which can increase sintering energy and
reduce sintering temperature for the preparation of silicon
carbide–boron carbide composite ceramics. During the sub-
sequent sintering, the silicon carbide–boron carbide compo-
site powders with disordered structures are transformed into
the final silicon carbide–boron carbide composite ceramics
with ordered structure. The released power during the dis-
order-order transformation serves as a sintering driving force
and is beneficial to sintering. Meanwhile, the structural dis-
order-order transformation can enhance mass transport [74].
In this way, dense silicon carbide–boron carbide composite
ceramics can be produced under lower sintering tempera-
tures. These characteristics of the silicon carbide–boron car-
bide composite powders synthesized by high-energy ball
milling cannot be achieved by other technologies. Therefore,
the silicon carbide–boron carbide composite powders synthe-
sized by high-energy ball milling have also been widely used
in the production of silicon carbide–boron carbide composite
ceramics [33,75–81]. In addition, it is worth noting that if the
high-energy ball milling is carried out in the air, extra B2O3

that is detrimental to densification would be generated on the
surface of boron carbide nanocrystals [82]. To eliminate the
oxide film on the silicon carbide–boron carbide composite
powders formed during the high-energy ball milling in air,
annealing post-treatment in Ar is an effective approach
[82,83]. However, the annealing post-treatment is only to elim-
inate the oxygen impurities formed during the high-energy
ball milling in air, and it cannot provide oxygen-free powders
due to the spontaneous passivation of boron carbide in con-
tact with air.

3.3 SHS

SHS is an approach for the rapid synthesis of materials,
during which thermal energy of exothermic reactions can
result in the synthesis of materials and the self-combustion
wave propagation through the whole of a sample [84].
During SHS, high-speed heating and cooling of materials
can cause various defects in the synthesized materials. For
materials with kinetic and/or thermodynamic limitations
for reactions, they require activation prior to SHS. The
commonly used activation methods mainly include electric
field activation, mechanical activation, chemical oven, and
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preheat. Mechanical activation (high-energy ball milling) is
a simple and effective way of activation. On the one hand,
mechanical activation can not only reduce the particle size
of raw materials but also produce defects on the surface of
raw materials, leading to increased system energy, decreased
ignition temperature, and faster combustion velocity [85,86];
on the other hand, due to the high reaction rate of SHS, the
changes made for raw materials by mechanical activation
are influential even after the synthesis [87,88]. Meanwhile,
various defects caused by high-speed heating and cooling in
the synthesized powders during SHS are favorable for redu-
cing the sintering temperature of the subsequent ceramic
preparation.

3.3.1 Preparation process, synthesis mechanism, and
characteristics of silicon carbide–boron carbide
composite powders synthesized by SHS

The exothermic reaction formation of silicon carbide and
boron carbide from their elements is so low that the synth-
esis of silicon carbide–boron carbide composite powders
via SHS is difficult [89]. Thus, mechanical activation is
needed to improve synthesis conditions before the SHS of
silicon carbide–boron carbide composite powders. In addi-
tion to mechanical activation, the reduction reaction of
B2O3 by Mg, which is an exothermic reaction, can also be
used to synthesize silicon carbide–boron carbide compo-
site powders in situ. That is, element B is not used as the
raw material directly; instead, element B is generated
through the reduction reaction of B2O3 by Mg, and the
thermal energy released by this exothermic reaction is
the primary source of heating for the synthesis of silicon
carbide–boron carbide composite powders via SHS route.
Based on this, Roghani et al. [90] used B2O3, Mg, Si, and
graphite powders as starting materials to in situ synthesize
silicon carbide–boron carbide composite powders with a
molar ratio of 1:1 via the SHS approach, which is according
to the following reaction:

+ + + → + +2B O Si 2C 6Mg B C SiC 6MgO.2 3 4 (1)

Reaction (1) is composed of the following three separate
reactions:

+ → +B O 3Mg 2B 3MgO,2 3 (2)

+ →4B C B C,4 (3)

+ →Si C SiC. (4)

Before the synthesis of silicon carbide–boron carbide com-
posite powders, the powder mixture is first subjected to high-
energy ball milling as an activation process, during which the
grain sizes of reactants are reduced, themicrostrain is induced,

and the defect density in the mixed powders is increased;
thus, the system energy increases, and the subsequent reac-
tions would be promoted kinetically. No new phases are
generated during the mechanical activation. Appropriately
adjusting the milling parameters, i.e., increasing ball to
powder ratio, prolonging milling time, and increasing rota-
tion speed, can increase milling energy and microstrain,
reduce grain size, decrease starting time of ignition, and
increase combustion temperature; thus, a more complete
synthesis of silicon carbide–boron carbide composite pow-
ders and the reduction in amounts of unreacted raw mate-
rials can be achieved during the subsequent SHS [91].
Further, increasing the ball-to-powder ratio is more effective
than prolonging the milling time to realize the aforemen-
tioned purpose. After combustion reactions, compared with
the powder mixture composed of B2O3, Mg, Si, and graphite
subjected to mechanical activation, the same powder mix-
ture without mechanical activation contains raw materials
of Si and graphite, but does not contain silicon carbide,
indicating that the system energy is not enough for the gen-
eration of silicon carbide [92].

After the mechanical activation, the powder mixture is
compacted and then subjected to combustion reactions in
a tubular furnace at high temperatures (800–1,000°C) in
an Ar atmosphere. Appropriately increasing the synthesis
temperature can increase the system energy; thus, the par-
ticle size of the obtained composite powders is more uniform,
and the agglomeration of particles is reduced. Furthermore,
some unreacted melt Si phase surrounds the synthesized
grains when the temperature is 800°C, but it would disappear
as the temperature is increased to 900°C, indicating that the
Si reacts completely and there is no residual Si in the
system [90].

The synthesized composite powders after combustion
reactions are porous and agglomerated particles, and the
agglomerated particles with less than 10 µm consist of
flake-like shaped and rough fine particles (Figure 8(a)).
The synthesized composite powders after combustion reac-
tions contain boron carbide, silicon carbide, magnesium
oxide, magnesium borates, boron oxide, and residual carbon.
According to reaction (1), MgO is synthesized in the composite
powders; further, Mg2B2O5 and Mg3B2O6 byproducts also exist
in the composite powders, which are generated by the reac-
tion between generated MgO and remain unreduced B2O3

resulting from the insufficient Mg due to its evaporation
during combustion reactions [93,94]. As a result, the reaction
of boron carbide formation is incomplete. Thus, appropriately
increasing the molar ratio of Mg to B2O3 can decrease the
formation amount of Mg2B2O5 and Mg3B2O6 byproducts,
which is attributed to the more complete reduction reaction
of B2O3 by Mg [90]. Due to the evaporation of Mg in the
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combustion process, the use of more than the stoichiometric
molar ratio of Mg to B2O3 (Mg/B2O3 molar ratio of 7:2) is
suggested [90]. Furthermore, appropriately increasing the
molar ratio of Mg to B2O3 can also reduce the amount
of residual graphite and thus increase the amount of
synthesized boron carbide in the final composite pow-
ders, resulting from the more complete reduction reac-
tion of B2O3 by Mg and continuing reaction of generated
B with graphite; more complete reduction reaction of
B2O3 by Mg can result in more heat generation and
higher combustion temperature.

To eliminate MgO, Mg2B2O5, and Mg3B2O6 in the compo-
site powders after SHS, using HCl aqueous solution is an
effective method to purify the silicon carbide–boron carbide
composite powders synthesized by the SHS route. The elim-
ination of MgO is according to the following reaction [95]:

+ → +MgO s 2HCl aq MgCl aq H O l .
2 2( ) ( ) ( ) ( ) (5)

During the elimination, the magnesium borates are decom-
posed to MgO and B2O3 in the acidic solution; MgO can
be dissolved in the acidic solution, while B2O3 remains
in the amorphous form [92]. Therefore, amorphous B2O3

(approximately 1.9 wt%) exists in the final silicon carbide–
boron carbide composite powders synthesized by SHS via
the above-mentioned route. Further, some impurities with
less than 2 wt% exist in the synthesized silicon carbide–
boron carbide composite powders, such as Fe and Mg. The
absence of Si proves the complete synthesis of silicon car-
bide; the existence of B2O3 illustrates that the maintenance
of more heat within the system seems to be necessary for
the complete synthesis of boron carbide. Therefore, the
main compositions of the synthesized silicon carbide–
boron carbide composite powders are silicon carbide,
boron carbide, B2O3, and C. The synthesized silicon carbide–
boron carbide composite powders cannot be purified by
burning up to remove residual carbon because silicon

carbide–boron carbide composite powders can react with
O2 in the air at 655°C [96].

The synthesized silicon carbide–boron carbide compo-
site powders by SHS after acid leaching have high homoge-
neity; the silicon carbide–boron carbide composite powders
are composed of polyhedral agglomerated particles; the
agglomerated particle size of the synthesized silicon carbide–
boron carbide composite powders is between 90 and 200 nm,
and most of the grain size is less than 30 nm (Figure 8(b))
[92,96]. Thereby, the grains of the silicon carbide–boron car-
bide composite powders synthesized by SHS possess a uni-
formity of size and shape. The reasons that the particle size
of the synthesized silicon carbide–boron carbide composite
powders is less than those of rawmaterials and the grain size
of the silicon carbide–boron carbide composite powders
is nanoscale are attributed to the high homogeneity and
decreased grain size caused by the high-energy ball milling,
high rate of combustion reactions, low synthesis tempera-
ture, and the formation of silicon carbide and boron car-
bide in a network of the generated MgO, which can
increase nucleation and prevent the excessive growth of
silicon carbide and boron carbide grains. Meanwhile, the
high homogeneity can prevent the abnormal growth of
silicon carbide grains by boron carbide grains generated
in situ and vice versa. Furthermore, the grain size of
silicon carbide is larger than that of boron carbide in
the synthesized silicon carbide–boron carbide composite
powders. On the one hand, after the mechanical activa-
tion, Si is crystalline, while C and B2O3 are amorphous;
thus, the raw materials for the synthesis of silicon carbide
are coarser; on the other hand, the synthesis of silicon
carbide is a one-step reaction according to reaction (4),
whereas the synthesis of boron carbide occurs in two steps
according to reactions (2) and (3); thus, silicon carbide has a
higher chance to receive heat and more time for grain
growth.

Figure 8: Silicon carbide–boron carbide composite powders synthesized via SHS in the tubular furnace: (a) after combustion reactions [92] and (b)
after acid leaching [96]. (c) Silicon carbide–boron carbide composite powders synthesized via SHS in the spark plasma furnace after acid leaching [96].
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3.3.2 The effect of heat sources

Different heat sources will have different effects on the
synthesis of silicon carbide–boron carbide composite pow-
ders. Besides the tubular furnace, the spark plasma fur-
nace can also be used to synthesize silicon carbide–boron
carbide composite powders. The combustion synthesis via
a spark plasma furnace is not realized upon reaching the
whole reactants at a specified temperature. Instead, it is
accessed by forming enough heat at a certain point on the
sample surface. Through the collision of spark plasma with
the raw materials, the combustion reaction propagates
within a fraction of a second in the raw material volume.
The temperature in the spark plasma furnace is not expected
to start synthesis effectively. Therefore, synthesis can be
achieved at an ambient temperature by applying a specific
current to raw materials in a spark plasma furnace. The
spark plasma furnace can be used as a rapid heating method
for the in situ synthesis of powder compounds under certain
conditions.

Compared with the synthesized silicon carbide–boron
carbide composite powders carried out in the tubular fur-
nace, the silicon carbide–boron carbide composite pow-
ders synthesized via the spark plasma furnace can obtain
a higher purity [96]. The amounts of residual B2O3 and C
in the silicon carbide–boron carbide composite powders
synthesized through the spark plasma furnace are signifi-
cantly lower than those in the silicon carbide–boron carbide
composite powders synthesized by the tubular furnace;
thus, the synthesis of boron carbide in the silicon carbide–
boron carbide composite powders is promoted by the spark
plasma furnace. The purity of the silicon carbide–boron
carbide composite powders synthesized through the spark
plasma furnace increases with an increase in reactant
volume. There are still less than 2 wt% impurities in the
silicon carbide–boron carbide composite powders synthe-
sized through the spark plasma furnace, such as O, Fe,
and Mg. The higher purity of the silicon carbide–boron car-
bide composite powders synthesized by the spark plasma
furnace is attributed to the decreased heat dissipation in the
spark plasma furnace. First, the use of graphite die prevents
particles from getting scattered and immunizes the reac-
tants from heat dissipation. Second, using a higher reactant
volume in the graphite die can cause a higher heat amount;
thus, for the synthesis in the graphite die, the energy gen-
erated is greater than the heat dissipation. As a result, more
heat promotes the synthesis of silicon carbide–boron car-
bide composite powders. Third, the high heating rate and
applying appropriate current at a minimum time can pre-
vent the differentiation of phases. In addition, it is worth
noting that the materials with a high electrical conductivity

that can dissipate created heat are not suitable for synthesis
by the spark plasma furnace [97]. The successful synthesis of
silicon carbide–boron carbide composite powders in the
spark plasma furnace is attributed to their semiconductor
nature.

Due to the decrease of amorphous residual B2O3, the
agglomeration in the silicon carbide–boron carbide com-
posite powders synthesized by the spark plasma furnace is
reduced; meanwhile, using raw materials with a larger
volume in the graphite die can generate a higher heat
amount, resulting in the perfect synthesis of the silicon
carbide–boron carbide composite powders. Therefore,
the silicon carbide–boron carbide composite powders
synthesized in the spark plasma furnace are composed
of plate-like particles with a thickness of less than 100 nm
and a diameter of 200–600 nm (Figure 8(c)). The grain size of
the synthesized silicon carbide–boron carbide composite pow-
ders through the spark plasma furnace increases with an
increase in reactant volume. Although the grain size of silicon
carbide–boron carbide composite powders synthesized through
the spark plasma furnace is larger than that of silicon carbide–
boron carbide composite powders synthesized through the
tubular furnace, which is attributed to the decreased thermal
dissipation in the spark plasma furnace, the grain sizes of the
silicon carbide–boron carbide composite powders synthe-
sized by both heat sources are at the nanoscale.

In brief, silicon carbide–boron carbide composite pow-
ders can be synthesized in situ via the SHS approach. The
synthesized silicon carbide–boron carbide composite pow-
ders have high homogeneity, and the grains with nanoscale
possess a uniformity of size and shape. Further, various
defects are caused in the synthesized silicon carbide–boron
carbide composite powders because of the high-speed heating
and cooling process, which can promote the subsequent sin-
tering of silicon carbide–boron carbide composite ceramics.
Although silicon carbide–boron carbide nanocomposite pow-
ders can be synthesized using B2O3, Mg, Si, and graphite
powders as starting materials via SHS, MgO is dominant in
the combustion reaction products (approximately 72 wt%).
Therefore, the yield of silicon carbide–boron carbide nano-
composite powders synthesized by this route is relatively
low. Also, silicon carbide–boron carbide composite powders
synthesized by SHS need to be mechanically activated before
the synthesis and also need acid leaching after the synthesis;
thus, the synthesis process is relatively complex.

3.4 Sol–gel

Sol–gel is a chemical approach to synthesizing high-purity
powders by using inorganic or organic precursor metallic
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materials (alkoxides). The most important characteristic of
the final powder materials synthesized by the sol–gel route
is the compositional homogeneity on a molecular scale.
This is believed to be crucial merit for the synthesis of
multi-component powders. Meanwhile, the fine and micron-
sized powders can be prepared even without agglomeration
by chemical precise procedures. In particular, the sol–gel
route is one of the popular chemical approaches for the pre-
paration of nanosized powders.

Although there are a few studies carried out on the
synthesis of nano/submicron-sized single-phase silicon car-
bide and single-phase boron carbide powders by the sol–gel
approach [98–102], the research on the synthesis of silicon
carbide–boron carbide composite powders by sol–gel is
quite limited. In fact, different from the synthesis of single-
component powders via the sol–gel route, the synthesis of a
binary system is more complex. Different hydrolysis rates of
different components in the binary system can cause the
segregation of materials in the final binary sol, leading to
the formation of an inhomogeneous gel. This is a great chal-
lenge for the synthesis of binary system composite powders
by the sol–gel route. The use of binary alkoxide materials as
precursors of the sol–gel route is one of the effective ways to
solve this problem. The binary alkoxides are hydrolyzed and
polymerized in the same way as simple alkoxides, but the
final gel would contain the same portion of two homoge-
neous metallic alkoxides at an atomic level. To avoid the
above-mentioned influence caused by the different hydro-
lysis rates from the different components, a simple solution
is proposed that the alkoxide precursor with a lower hydro-
lysis rate is first hydrolyzed in the sol; after a certain time,
the other alkoxide with a higher hydrolysis rate is added to
the sol. Consequently, not only are both alkoxides hydro-
lyzed at the same time but also the latter alkoxide is cross-
linked with the first alkoxide [103].

Najafi et al. [104] utilized tetraethyl orthosilicate (TEOS),
tetramethyl/borate (TMB), and phenolic resin as precursors
for Si, B, and C, respectively, to synthesize silicon carbide–
boron carbide nanocomposite powders via the sol–gel approach
for the first time. Due to the faster hydrolysis rate of boron
methoxide than that of TEOS, TEOS is first exposed to water
before boron methoxide. According to reaction (6), the alk-
oxide undergoes partial hydrolysis and generates sialon
groups. Then, these sialon groups are cross-linked together
and create siloxane cross-linked groups according to reaction
(7), indicating the gelation reaction. Subsequently, boron
methoxide is added to the system. According to reaction (8),
the hydrolysis of alkoxide precursor of B can occur, and the
produced groups can also participate in condensation reac-
tions and produce the polymeric network of reaction products
according to reaction (9). However, atypical condensation

reactions (reactions (10) and (11)) are faster as compared to
self-condensation or typical condensation reactions (reactions
(8) and (9)). As a result, these complex mixtures of different
molecules (molecular groups of Si and B mixture) are more
likely to be close to each other rather than in two separate
systems, resulting from the dissimilar columbic charges
existing in these binary systems. Therefore, materials absorb
each other and get stabilized. Meanwhile, by adding a disper-
sant and controlling the pH in the sol, a homogenous gel with
uniform chemical composition is finally obtained according
to reactions (10) and (11). The heterogeneous growth of pre-
cursor particles or their agglomeration in the sol can be pre-
vented by controlling the hydrolyzing and stabilizing agents;
thus, the precursor particles of B and Si with a size of about
2.1 nm are synthesized, and this particle size is appropriate
with homogeneous and narrow distribution. Most of all, the
mixing of obtained precursor particles is on a molecular scale.
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To obtain silicon carbide–boron carbide composite
powders, it is necessary to heat the prepared gel powders.
After heat treatment at 700°C in Ar atmosphere, no crystal-
line phase is formed; the XRD result confirms that the
synthesized powders have an amorphous structure con-
taining elemental Si, B, C, and O. However, after heat treat-
ment at 1,350°C for 1 h, according to the XRD result, the
primary nuclei of silicon carbide and boron carbide parti-
cles are formed; after heat treatment at 1,350°C for 2 h, the
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finally synthesized silicon carbide–boron carbide compo-
site powders with spherical morphology are composed of
β-silicon carbide and boron carbide, suggesting that silicon
carbide and boron carbide particles can be formed simulta-
neously in the synthesized composite powders via the
simultaneous hydrolysis synthesis method. The synthesis
temperature is a decisive factor in the crystallization of silicon
carbide–boron carbide composite powders from the pre-
cursor particles. The increased temperature and prolonged
soaking time can make the precursor particles with an amor-
phous structure transform into silicon carbide–boron carbide
composite powders with an ordered structure, which has
been proved by the XRD analysis. The synthesized silicon
carbide–boron carbide composite powders are uniform and
have equiaxed grains; the particle size of the silicon carbide–
boron carbide composite powders is 20–40 nm (Figure 9), and
the particle distribution range is narrow. Also, the synthesized
silicon carbide–boron carbide nanocomposite powders pos-
sess a high specific surface area of 171.42m2/g, and the surface
of these nanocomposite powders is mesoporous. It is worth
noting that there are still oxide surface layers composed of
B2O3 and SiO2 on the silicon carbide–boron carbide composite
powders synthesized via this route.

In addition, Tkachenko et al. [105] developed a new
technology to synthesize silicon carbide–boron carbide
composite powders, in which silicon carbide–boron car-
bide composite powders can be obtained during the pre-
paration of the mixture synthesized by a combined sol–gel
and dissolution approach. A gel of silicic acid with as much
saccharose as needed for the subsequent silicon carbide
formation and an aqueous solution of boric acid with car-
bohydrates (saccharose) for a “solution” boron carbide are
pre-prepared, respectively. The initial solution and gel are
mixed in the specified ratio; as a result, the components
are distributed with each other on a molecular level. Then
water is removed from the solution by evaporation, and
carbohydrates are pyrolyzed to supply a carbon source.

The process temperature needs to be less than 600°C to
prevent boron anhydride from melting, and the best tem-
perature is the carbon caramelization point to maximize
the carbon yield in coke residue. Carbide is produced in the
subsequent stage. The synthesized silicon carbide–boron
carbide composite powders are composed of three frac-
tions according to the morphology and grain size – that
is, equiaxial grains with 1–20 μm, platy and rod-shaped
grains up to 10 μm thick and up to 100 μm long, and grains
sintered into friable agglomerates with 50 μm in size, the
grain size in which is 1–10 μm. The first two fractions
belong to boron carbide, and the third fraction contains
both β-silicon carbide and boron carbide phases. Further-
more, a graphite-like phase exists as an impurity in the
synthesized silicon carbide–boron carbide composite
powders. Although the agglomerates and the platy and
rod-shaped particles exist in the initial resulting silicon
carbide–boron carbide composite powders, these agglom-
erates and particles can be almost completely pulverized
after grinding. Using these silicon carbide–boron carbide
composite powders synthesized by this combined sol–gel
and dissolution approach to produce the hot-press sintered
20wt% silicon carbide–80wt% boron carbide composite
ceramics, the average grain sizes of silicon carbide and
boron carbide in the ceramics are 2 and 5 μm, respectively.
The fracture surface of the obtained silicon carbide–boron
carbide composite ceramics shows the characteristic of
transgranular fracture, and the fracture toughness is
6.1 MPa m1/2.

In brief, for the sol– gel approach to synthesizing
silicon carbide–boron carbide composite powders, pre-
cursor materials for the subsequent formation of silicon
carbide and boron carbide, or B, Si, and C are used. These
precursor materials are dissolved and mixed in liquid sol-
vent on a molecular scale, resulting in a very homogeneous
and uniform mixing of the synthesized silicon carbide–
boron carbide composite powders. Especially, the sol–gel
approach can produce nanosized silicon carbide–boron
carbide composite powders. In the silicon carbide–boron
carbide composite powders synthesized by the sol–gel
route, the ratio of silicon carbide to boron carbide can be
adjusted by the number of precursors. The synthesized
silicon carbide–boron carbide composite powders by the
sol–gel approach are quite uniform and nanosized; how-
ever, this route is affected by certain key factors that
should be controlled precisely and properly in the process,
such as temperature, pH, and the number of dispersants.
Meanwhile, it is necessary to prevent the separation of
precursor materials for silicon carbide and boron carbide
in the multi-component gel. All these factors must be con-
trolled simultaneously to achieve a desired target silicon

Figure 9: Silicon carbide–boron carbide composite powders synthesized
by the sol–gel approach after heat treatment at 1,350°C for 2 h [104].
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carbide–boron carbide composite powders with high homo-
geneity. Therefore, the sol–gel route is relatively compli-
cated and cumbersome. Moreover, the advantage of the
combination of dissolution and sol–gel approach to synthe-
sizing silicon carbide–boron carbide composite powders is
that the resulting silicon carbide particles and boron carbide
particles can be dispersed very uniformly; but the disadvan-
tage of this approach is that the rapid heating during the
pyrolysis process can remove large amounts of carbon in
the form of volatile radicals so that the content of resulting
carbon reductant is undeterminable and the results of sub-
sequent carbidization are ambiguous. Thereby, it is difficult
to accurately control the amount of silicon carbide and
boron carbide formed in the synthesized composite powders.
Finally, it is also worth expecting and considering to develop
non-hazardous and inexpensive precursor materials for
silicon carbide–boron carbide composite powders [106].

4 Summary

For the silicon carbide–boron carbide composite ceramics,
good particle dispersion of silicon carbide and boron car-
bide is very important, especially considering mechanical
properties. Achieving this goal depends on the synthesis of
silicon carbide–boron carbide composite powders. Silicon
carbide–boron carbide composite powders can be synthe-
sized in several approaches. The characteristics of silicon
carbide–boron carbide composite powders synthesized by dif-
ferent approaches are summarized in Table 1. The advantages
and disadvantages of each approach to synthesizing silicon
carbide–boron carbide composite powders are summarized
in Table 2. Silicon carbide–boron carbide composite powders

can be synthesized by either physical methods, i.e., directly
mixing silicon carbide and boron carbide powders, or in situ
chemical synthesis methods. The physical methods to synthe-
size silicon carbide–boron carbide composite powders
include ball milling and high-energy ball milling; the
chemical synthesis methods to synthesize silicon carbide–
boron carbide composite powders include high-energy ball
milling, SHS, and sol–gel. One of the most important proper-
ties of composite powders is uniformity. Compared with the
silicon carbide–boron carbide composite powders synthe-
sized by physical methods, the silicon carbide–boron carbide
composite powders synthesized by chemical methods can
obtain a more uniform particle dispersion. Especially, the
silicon carbide and boron carbide particles are distributed
in each other on a molecular scale in the silicon carbide–
boron carbide composite powders synthesized via SHS and
sol–gel routes.

In addition, nanosized silicon carbide–boron carbide
composite powders are usually in situ synthesized by high-
energy ball milling, SHS, or sol–gel. The highly active silicon
carbide–boron carbide nanocomposite powders lay the
foundation for the preparation of silicon carbide–boron
carbide nanocomposite ceramics. On the one hand, using
the nanosized silicon carbide–boron carbide composite
powders can reduce the sintering temperature of silicon
carbide–boron carbide nanocomposite ceramics because
nanosized silicon carbide–boron carbide composite pow-
ders have shorter diffusion length among atoms and
higher surface energy; on the other hand, silicon carbide–
boron carbide nanocomposite ceramics can obtain better
structural homogeneity and higher fracture toughness
by using the nanosized silicon carbide–boron carbide
composite powders. Generally, the silicon carbide-–boron
carbide nanocomposite ceramics with better structural

Table 2: Advantages and disadvantages of each approach to synthesizing silicon carbide–boron carbide composite powders

Synthesis approach Advantages Disadvantages

Ball milling (dry) Simplicity, convenience, low cost, and suitable for
industrialization

Nonuniform mixing; not suitable for the synthesis of
nanocomposite powders

Ball milling (wet) Simplicity, convenience, low cost, uniform mixing, and
suitable for industrialization

Long time-consuming; not suitable for the synthesis
of nanocomposite powders

High-energy ball milling Simplicity, convenience, low cost, and suitable for
industrialization; uniform mixing; reduction in particle size;
suitable for the synthesis of nanocomposite powders

Generation of contamination from tank and balls

SHS Uniform mixing; suitable for the synthesis of nanocomposite
powders

Complex process, low yield, and high cost

Sol–gel Uniform mixing; suitable for the synthesis of nanocomposite
powders

Complex process and high cost; hazardous
precursors

Combination of
dissolution and sol–gel

Uniform mixing Complex process and high cost; uneven particle
size; difficult to accurately control the amount of
components
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uniformity and mechanical properties are produced from
the in situ synthesized silicon carbide–boron carbide nano-
composite powders, rather than from the milling of nano-
sized silicon carbide powders and nanosized boron carbide
powders. Silicon carbide–boron carbide nanocomposite cera-
mics are the result of the combination of silicon carbide–-
boron carbide nanocomposite powders and ceramic sintering
technology. The successful synthesis of silicon carbide–boron
carbide nanocomposite powders expands the application
field of advanced silicon carbide–boron carbide composite
ceramics to a new direction and height.
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