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This article summarizes and comments on the characteristics of zirconium carbide and boride powders synthesized by
traditional synthesis methods. These methods include direct synthetic method, carbothermal reduction, magnesiothermic
reduction, sol-gel, mechanical alloying, liquid phase precursor conversion, pre-ceramic polymers, and self-propagating high-
temperature synthesis techniques. Additionally, this paper describes the latest research progresses of the self-propagating high-
temperature synthesis (SHS) technique of zirconium carbide and boride, and prospects the nanocrystallization and large-scale
will be the direction of future industrial researches.
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Introduction materials. This means that a better and advanced
production process is needed, while the current
Many transition metal carbides and borides are ideal preparation process is difficult to produce high-quality
ultra-high temperature ceramics (UHTCs) [1, 2], such powder on a large-scale. At present, the following
as HfB,, ZrB,, HfC, ZrC, and TaC, because of their problems exist in the preparation of zirconium carbide
high melting point (higher than 3000 °C), excellent and zirconium boride powders: poor purity, excessive
physical and chemical properties, high electrical and oxygen content, uneven particle size, serious particle
thermal conductivity, good thermal shock resistance, agglomeration, poor sintering performance, and small-
moderate thermal expansion rate, high hardness and scale, etc [13]. Therefore, how to prepare high-purity
high strength under high-temperature conditions [3, 4]. and nano ceramic powders on a large scale is an
Furthermore, they are not only applied in UHTCs but important challenge for us.
also have great potential in other fields [5]. Carbides This article reviews on different preparation methods
are used in cutting tools, wear-resistant coatings, and of zirconium carbide and zirconium boride, and
the preparation of cemented carbide [6,7,8]. The summarizes the main factors on purity and particle size
excellent properties of borides make them a candidate distribution, which lays a foundation for the synthesis
material for a range of future applications such as of high-quality nano ceramic powders in the future.
hypersonic aircraft [9, 10], the molten metal crucible,
furnace electrode, cutter, and wing leading edge [11]. Preparation Method of ZrC and ZrB,
However, a common problem of ultra-high melting
point compounds is poor sintering property, which is There are many preparation methods for carbides and
mainly restricted by the purity and particle size of borides. The conventional synthesis methods include
powders and has always been a hot and difficult point direct elemental synthesis method [14], magnesium
in the research of such materials [12]. Therefore, more thermal reduction method [15], carbothermic reduction
and more attention has been paid to the preparation of method [16], boron thermal reduction method [17],
ultrafine nano ceramic powders with excellent sintering mechanical alloying method [18], self-propagating
properties. high-temperature synthesis method [19], sol-gel method
It is worth noting that different preparation processes [20], chemical vapor deposition method [21], spark
have a significant impact on some properties of plasma sintering [22], etc. Besides, liquid phase precursor
zirconium carbide and boride powders (for example, conversion [23], pre-ceramic polymers [24], microwave
particle size, purity, chemical reactivity, etc.), which synthesis [25], electric pulse synthesis and molten salt
will further affect the practical performances of the electrolysis [26], etc. can also be used.
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Fig. 1. Typical SEM images of: (a) initial Si/C powder mixture; (b) 90 min as-milled Si/C material at 17 G conditions (i.e., 650 rpm) and its

corresponding combustion product (c) [28].
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Fig. 2. SEM images of ZrB, and ZrC powders mixtures [29].

vacuum. The equation is as follows [27]:

Zr+ C=7rC (1)
Zr + 2B = ZrB, 2)

Mukasyan et al. [28] used this method to synthesize
pure SiC nanopowders (size between 5 and 200 nm) in
the Si+ C system (Fig. 1). The biggest advantage of
the direct synthesis method is that it is synthesized in
one step, no by-products are generated, and the product
purity is high. However, a higher reaction temperature
and a certain raw material ratio are required, and the
particle size of the product cannot be controlled.

Tsuchida et al. [29], under the condition of Zr:B:C =
2:2:1 (atomic ratio), mixed powders of ZrB, and ZrC
were obtained by reaction in a graphite crucible (Fig.
2). The mixed powder is composed of sub-micron and
<5 pm particles. The particles are fine and uniform
with high purity, but the agglomeration of particles is
serious.

This method has the advantage of high purity and
simple synthesis condition. However, for powder
products, the raw materials are expensive, the particle
size is large, the agglomeration is serious, and the
reactivity is low. For the process, the energy consumption
is high, the cost is high, and industrial production is
difficult. Therefore, it is only suitable for a small

amount of high-purity preparations in the laboratory.

Carbothermal reduction method

The carbothermal reaction uses organic or inorganic
carbon as a reducing agent to synthesize the target
product through an oxidation-reduction reaction.

ZrC preparation reaction equation [30]:

ZrSiO4 + 4C = ZrC + 3CO7T + SiO? 3)
ZrO,+ 3C = ZrC + 2CO1 @)
ZrB, preparation reaction equation [27]:

710, + B,O3 + 5C = ZrB, + 5CO? 5)
2710, + B4C + 3C = 2ZrB, + 4CO? ©6)

Zhou et al. [31] synthesized Zirconium carbide

Fig. 3. TEM micrographs for ZrCy powders synthesized using
starting ZrH,:C ratios of: (a) 1:0.98 after heating to 1300 °C, (b)
1:0.98 after heating to 2000 °C, (c) 1:0.60 after heating to 1300 °C,
(d) 1:0.60 after heating to 2000 °C [31].
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Fig. 4. ZrB, powders prepared by boro/carbothermal reduction of
ZrO, under the different reaction atmosphere [32].

(ZrC,) powder at 1300-2000 °C by reaction of zirconium
hydride (ZrH,) with carbon black in solid state. The
crystal structure, lattice parameters and grain size of
ZrC, powders with ZrH,: C starting ratio of 1:0.60 and
1:0.98 were characterized (Fig. 3). Crystallite sizes as
small as about 50 nm were obtained due to the low
synthesis temperature. Oxygen dissolved into the ZrCy
lattice when carbon vacancies were present.

Since the carbothermal reduction reaction is
endothermic, it needs to provide heat from the outside
to proceed, which will lead to the growth of crystal
grains, and other technical means are usually required
to control the particle size. Qiu et al. [32] prepared the
ZrB, powders by boro/carbothermal reduction methods
with different carbon source and reaction atmosphere.
Results revealed that the carbon black as the carbon
source led to a finer ZrB, powder compared with
graphite in vacuum. In addition, vacuum atmosphere
resulted in the formation of rod-like ZrB, powder,
whereas argon atmosphere was conducive to form
quasi-spherical ZrB, powder.

Chandran et al. [33] synthesized ZrB,-SiC powders
from different boron sources with coral-like micro-
structure and an average particle size of 6.6 um. When
B,0; is used as a boron source, the prepared ZrB; is
porous and easily oxidized, but this problem can be
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effectively solved by using B,C instead of B,O; as a
carbon source, so that it has a dense, oxidation-resistant
glass film. However, the disadvantage of B,C is that
high adiabatic temperature will cause the particle size
of ZrB, to become larger.

Lun et al. [34] synthesized nano ZrC powder by
carbon thermal reduction of zirconia at 1600 °C. The
prepared ZrC powder was fine and uniform, with a
particle size of about 189 nm (Fig. 5) and oxygen
content as low as 0.88 wt.%. The effects of low
synthesis temperature, rapid heating and cooling rates,
and electric current effectively inhibit particle growth.

The advantage of this method is that the equipment is
simple and the process is mature. Low cost of raw
materials and easy to control composition, such as
zirconium carbon ratio. The disadvantages are high
energy consumption, low yield, coarse product particles,
and strict reaction control. Besides, when using boron
oxide to produce ZrB,, boron oxide is volatile and
affects quality of products. When using boron carbide
instead, the volatilization problem of boron oxide is
solved, but the cost of boron carbide is high and the
particle size is large.

Magnesium thermal reduction method

The magnesium thermal reduction method uses
magnesium as a reducing agent to replace metal
elements in metal oxides through reduction reactions,
which are often used in industrial metallurgy. It is
worth noting that a post-leaching treatment of the
synthesis products is required to eliminate undesired
phases.

ZrC was prepared by magnesium thermal reaction
equation [35]:

71O, + C + 2Mg = ZrC + 2MgO @)

ZrB, was prepared by magnesium thermal reaction
equation [36]:
1 3 _ 3 1

B,O; + 5Mg + ZtO, = ZrB, + SMgO 9)

Fig. 5. (a) particle size distribution and (b) SEM image of ZrC powder synthesized by heating at 1600 °C for 2 h [34].
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Fig. 6. TEM image of synthesized ZrB, [39].

The magnesium thermal reduction reaction will
release a lot of heat. If the excess heat is not handled
effectively, it will accelerate growth of grain and tend
to agglomerate. The addition of endothermic substances
can effectively absorb excess heat and achieve the
purpose of grain refinement. La et al. [37] prepared
ZrC powder with an average diameter of 46 nm, the
specific surface area of 18.19 m?g, and high purity
using zirconium oxide as zirconium source, carbon
black as carbon source, and magnesium powder as
reducing agent in NaCl-KCI mixed molten salts. The
mechanism of NaCIl-KCl is mainly phase-change
endothermic and accelerated nucleation in liquid phase.
Li et al. [38] used molten salt magnesium thermal
reduction method to synthesize pure phase ZrB,-SiC
composite powder at 1200 °C for 3 h. The results show
that the reaction temperature and excessive Mg have an
important influence on the synthesis of composite
powder. The optimal values for determining n(B)/n(Zr)
=2.2, n(C)/n(Si) = 1.0, and excessive 50 wt.% Mg. The
average crystallite sizes of ZrB, and SiC in the
composite powder are about 500 and 30 nm, respectively.
Emamalizadeh et al. [39] synthesized ZrB, nanopowders
with different particle sizes and morphology by using
low-temperature methane thermal reduction technology,
magnesium metal powder as reducing agent and NaCl
as diluent (Fig. 6). ZrB, particles are agglomerated, but
the size distribution of nanoparticles is narrow, and the
grain size is 11-69 nm.

Benefits of magnesium thermal reduction method:
Replacement of expensive elemental metal with a
metallic oxide can achieve cost reduction, mature
processes, and convenient preparation process. The
process of magnesium thermal reduction is exothermic,
providing energy to the system, reducing extra energy
consumption, the reaction process is fast and high
efficient. Drawbacks: excessive heat can easily cause
the grains to grow large and agglomerate, in addition to
post-soaking treatment is required.

Sol-gel method

Sol-gel technology refers to the use of organic and
inorganic metallic compounds as precursors. These
precursors are evenly mixed in the liquid phase,
followed by hydrolysis, condensation reactions, and

Fig. 7. SEM images and EDS spectra of ZrC sample heated in
vacuum at: (a) 1200 and (b) 1400 °C [40].

ultimately heat treatment to form oxides or other
compounds.

This method synthesizes the product through the
pyrolysis of the organic precursor and widely used in
the preparation of ultrafine powder. In the sol
environment of the liquid phase, the product particles
are uniform and regular. Arianpour et al. [40] chose
zirconium acetate and sucrose as precursors of
zirconium and carbon to synthesize irregular particles
with a carbide phase less than 100 nm at 1400 °C in a
vacuum, by combining sol-gel and carbothermic
reduction (Fig. 7). Importantly, the optimal molar ratio
of carbon to zirconium is 4:1, which gives the highest
carbide content (96.6 vol.%) and lattice parameter
(4.7003 A).

Sol-gel method can not only control the particle size
of the powder, but also has an important influence on
the morphology of the powder. Zhang et al. [41]
prepared ZrB, particles that were spherical by sol-gel
method with different contents of water, and the
average particle size decreased from 65 nm to 20 nm.
In addition, with the increase of gelation temperature,
the shape of particles changed from spherical particles
at 65 °C to chain particles at 75 °C, and then formed
rod particles at 85 °C.

Significantly, it should be avoided to maintain a long
time in the high reaction temperature range to prevent
excessive growth of crystal grains. Miao et al. [42]
using the Zr-B-C-O precursor(molar ratio of Zr:B:C is
1:4:20) is synthesized from the organic precursor of

[ SN

Fig. 8. SEM and TEM images of pyrolysis products in SPS heat
treatment at 1700 °C for 5 min with Zr:B:C = 1:4:20 [42].
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zirconium by the sol-gel method. Then, with the rapid
synthesis of plasma sintering at 1700 °C for 5 min,
successfully synthesized the pure phase ZrB, (Fig. 8).

The advantage of the sol-gel method is that the
product quality is better, such as small particle size,
low oxygen content, high chemical uniformity, large
specific surface area, high reactivity, which is beneficial
to sintering and subsequent processing. Usually, this
method is used to prepare ultra-fine powder materials.
However, it has shortcomings such as low production
efficiency, many influencing factors, and complex
operational processes.

Mechanical alloying (MA)

The process of solid-state alloying is realized by high
energy grinding machine or ball mill. It is a complex
physical and chemical process, the reaction mechanism
is generally divided into two categories: one is the
reaction mechanism about the gradual diffusion of
atoms on the interface, and the second is the mechanism
that the self-propagating reaction caused by the
mechanical collision of the high-energy ball mill [18].
In the high-energy ball milling alloying reaction, the
reaction product is usually an unbalanced product,
which depends on the diffusion process, not on the
overall composition. The second reaction mechanism is
that when the particles reach the critical fine structure,
the energy generated by the collision can induce the
chemical reaction of the powder and release a lot of
heat at the same time. This part of energy provides the
power for further reaction. When the reaction is fully
completed, the products generated should be in a stable
equilibrium state. However, in the process of high-
energy ball mill, strains, defects and nanoscale
microstructure will be introduced, pushing the material
away from the equilibrium state [27, 43].

The high-energy ball milling process can effectively
improve the reactivity of the reactants and accelerate
the reaction. It can crush large-sized particles, but it

Intersity

20 (degree)

Fig. 9. X-ray diffraction patterns and FE-SEM images of the ZrC
prepared by mechanochemical synthesis (30 h milled): (a) before
leaching, (b) after leaching [44].
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Fig. 10. SEM images of Zr:B:C = 1:1:1 samples obtained by (a)
MA-SHS in air and (b) 1200 °C in argon [46].

can also cause uneven particle size distribution.
Davoodi et al. [44] use the mechanochemical process
in a high-energy ball mill to obtain nanostructured ZrC
powder (Fig. 9). It can be seen that the size of the large
particles is 410 nm, and that of the small particles is
75 nm, and the morphology is irregular.

If the reactivity of the product is too high,
agglomeration will inevitably occur. Tabrizi et al. [45]
used a mechanochemical combustion method to
synthesize vanadium boride nano-powder in a high-
energy ball mill. The grinding time was 100 min, and
vanadium boride could be generated without further
heating. The results show that the obtained vanadium
boride agglomerates are composed of nano-scale initial
particles with an average diameter of 36 nm. Takeshi et
al. [46] used the powder mixture with Zr:B:C = 1:1:1
molar ratio to grind by planetary mill, spontaneous
combustion, and high-temperature synthesis of ZrC and
ZrB, occurred at the same time (Fig. 10). The results
show that the high reactivity of disordered carbon
formed by mechanical activation of graphite plays a
decisive role. The product has obtained fine and
uniform microstructure through MA-SHS in atmospheric
environment, and is expected to become the precursor
of ZrC-ZrB, composite.

The method can be used to prepare ultra-high melting
point materials, the process is simple and efficient, and
the product has high activity. However, because of the
reaction caused by this mechanical impact, the particle
size is uneven, easy to agglomerate, and impurities are
introduced during the preparation process.

Liquid phase precursor conversion

Liquid phase precursor conversion method is to
impregnate fiber preforms with precursor solution or
molten solution, dry or solidify them under certain
conditions, then pyrolysis at high temperature, and
repeat the impregnation pyrolysis process for several
times to obtain fiber-reinforced composites.

The agglomeration problem of the product prepared
by this method is well alleviated. Wang et al. [47]
synthesized nano ZrC powder by environmentally
friendly aqueous solution method, using zirconium
acetate and sucrose as raw materials, combined with
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5 nm

Fig. 11. TEM, HRTEM and SAED images of ZrC powder synthesized from precursors in different proportions [47].

Fig. 12. SEM images of ZrB,/ZrC/SiC ceramics [48].

polyvinylpyrrolidone (PVP), forming a highly stable
ZrC precursor. The precursor can be converted into
cubic ZrC by carbothermal reduction reaction at 1600-
1650 °C. The SAED image reveals that the equiaxed
particles are cubic ZrC (Fig. 11). The three powders
show similar morphology and similar particle size, with
an average particle size of 60 nm. The powder particles
are dispersed and the degree of agglomeration is low.

Li et al. [48] prepared ZrB,/ZrC/SiC liquid precursor
using polyzirconia, boric acid and polymethyl silicon
acetylene as raw materials by one-pot method. Nano-
crystalline ZrB,/ZrC/SiC ceramics were synthesized by
pyrolysis in argon at 1400 °C. The results show that the
ceramics are mainly composed of ZrB,, ZrC and B-SiC
phases with an average size of about 100 nm (Fig. 12).
The oxidation of ZrC and ZrB, was inhibited by the
presence of SiC at 1000 °C.

The preparation of carbide and boride powder by this
method has simple equipment requirements and can
greatly shorten the process period. It is a kind of

preparation technology with great development potential.
However, the organic solvents used in this method are
harmful to human body and pollute the environment.

Pre-ceramic polymers (PCPs)

The method of hot cracking organometallic polymers
into ceramics is suitable for the manufacture of ceramic
materials with complex shapes such as films and fibers.
Because of the meltable soluble organic metal polymer,
the polymer chemical molding method, forming the
polymer after the melting treatment (make the polymer
crosslinking curing, change into a state of melting
insoluble) and high temperature hot cracking, can be
transformed into the corresponding shape of ceramic
materials.

Due to the uniform atomic distribution of component
elements, premixed polymer method is an effective
method to synthesize ceramics at low temperature. Tao
et al. [49] synthesized a new polymer-polyzirconoxanesal
(PZS) from the reaction of zirconium oxychloride

34 8 15,0kV 10.4mm x50.0k SE(

Fig. 13. SEM image of the synthesized ZrC powders at 1300 °C
for 2 h [49].
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1_pm 200 nm

Fig. 14. SEM photos of ZrB, transformed from the precursor: (a)
low magnification, (b) large magnification [50].

octahydrate (ZrOCl, 8H,0) with acetylacetone (Hacac)
and salicyl alcohol (SA) by one-pot protocol. Pyrolysis
of this polymer at 1300 °C in argon provides nanosized
ZrC with spherical morphology and size of 20-100 nm
(Fig. 13).

Xie et al. [S0] prepared ZrB, polymer precursors
using [(C4HgO)Zr(acac),], and (NHCH;);B;N3H;.
During heat treatment in argon at 1500 °C for 2 h, the
precursor with B/Zr molar ratio of 2 can be completely
transformed into ZrB,. The formed ZrB, particles are
evenly distributed with a size of about 50-100 nm (Fig.
14). In addition, the formation of ZrB, particles is
carried out through the liquid-phase reaction mechanism,
and aggregation will occur in the pyrolysis process.

The process is used for the preparation of carbides
and borides, one of the most important reasons is the
potential reduction in manufacturing costs and relatively
simple equipment requirements. However, agglomeration
of the products will occur in different degrees during
the pyrolysis process.

Self-propagating high-temperature synthesis (SHS)

The self-propagating high-temperature synthesis
method, also known as the combustion synthesis
technology, is a method for producing compounds by
exothermic combustion reactions [51]. Reactions can
occur between a solid reactant coupled with either gas,
liquid, or other solid. This heat can supply the activation

Table 1. Advantages and disadvantages of the preparation methods

energy necessary for the reaction, which continues
under the support of its exotherm until the combustion
wave extends over the entire material. The reaction or
combustion wave caused by combustion is quite fast,
generally as 0.1-25.0 cm/s. The combustion reaction
temperature is usually higher than 2100-3500 K. SHS
relies on the energy self-sufficiency way to achieve the
reaction between the initial ingredient. After ignition
starts, external energy is no longer needed. Moreover, it
can use cheaper raw materials to produce many
products with high value-added and has good economic
advantages. This method is an ideal method of large-
scale preparation of refractory materials (including
powders, metal alloys, ceramics, etc.), and the larger
scale can achieve a better energy-saving effect. It
should be noted that the combustion process has a large
thermal gradient and cooling rate, which may lead to
the formation of complex phases. Therefore, it is
necessary to choose a reaction system that can meet the
kinetic and thermodynamic requirements of the reaction.

The solid metal M and the solid non-metal X react to
form a solid product MX, the calculation formula of its
adiabatic temperature (7,4) [52]:

AH) = | : Co(MX)dT

AH is the enthalpy of formation of MX at 7, (J:mol™),
and Cp is the molar heat capacity of solid products
(J-mol-K).

Since SHS depends on the heat provided by the
system itself to maintain the reaction, the adiabatic
temperature of the reaction system must meet its
thermodynamic requirements. According to experience,
self-propagating can be maintained spontaneously only
at T, > 1800 K. In the calculation of the adiabatic
temperature in the real reaction, the researchers will
take into account the temperature change caused by the
phase transition when the reaction temperature exceeds
the phase transition temperature of the reagents.

Methods Advantages

Disadvantages

Direct synthesis High purity, simple condition

Low reactivity, large particle size, serious agglomera-
tion, high energy consumption, high cost

Carbothermal reduc-
tion

Magnesium reduction
Sol-gel

MA

Liquid phase precursor
conversion

Pre-ceramic polymers
SHS

The equipment is simple, the technology is mature, the
cost is low

Low cost, mature process, simple operation

The particle size is small, uniform, high purity, and
high reactivity

High reactivity, simple operation, simple equipment

Low synthesis temperature, simple equipment and
short cycle

Low manufacturing cost and simple equipment demand
High purity, high reactivity, low cost, high efficiency

High energy consumption, low yield, coarse particles,
serious agglomeration

Coarse particles, serious agglomeration, a post-leaching
treatment

Low efficiency, strict conditions, complex operation

Long cycle, low purity, non-uniform particles

Organic solvents are harmful and pollute the environ-
ment

Particle agglomeration
Particle agglomeration and process control difficulties
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Table 2. Synthesis of ZrC-based ceramics.
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Ref. # Precursor Process condition Product quality
Sol-gel technology
153 ZrOCl,-8H,0 + H;BO; + Ethyl Pyrolyzed at 1600 °C for 2 h et ~220 nm, D50: ~255 nm, and diygy: ~5 pm.

50571

61581

71591

g [60]

glol]

101

11 [25]

121

13064
1404

15 [65]

16164

17 [44]

orthosilicate (TEOS) + glucose

ZrOCl,-8H,0 + TEOS + Ethanol +
Phenolic resin

Zirconium-(IV)-1-1-propanol (Zr
(OPr")4) + n-propanol + Toluene +
Sucrose

ZrO (NO;), + Y(NO3); + HNO; +
Carbon black + hexamethylenetetramine
(HMTA) + Urea

ZrOCl,-8H,0 + TEOS + Sucrose +
Ethanol

Zirconyl oxychloride octahydrate
(ZOO0) + Gum Karaya + NaOH

TI(OC4H9)4 + Zr(OC4H9)4 + C4H90H +
benzene-1.4-diol+ Acetylacetone
(AcAc)

ZrOCl,-8H,0 + Sucrose

Zirconium n-propoxide (ZNP) + AcAc
+ CsHgO, + ethanol + co-polymer
surfactant (P123)

ZrH, + carbon black

ZI'OZ + C12H220|1 + Mg

Zr+C

ZrO, + phenolic resin
ZrO, + Phenolic resin

ZrO, + TiO, + graphite

ZrO, + NiO + Mg + C

ZrO, + graphite + Mg

C: (Zr + Si)=17: (1 + 1) molar ratio, at
1600 °C for 1 h in Ar atmosphere.

Heated to 1495 °C at 10 °C-min’" in Ar,
with 3-30 min hold time.

C/Zr =3, at 1550 °C for 4 h in argon
containing 5%CO.

At 1500 °C for 1 h under vacuum,
12 vol.% SiC.

Synthesized for 1 h at 1550 °C.
a. GK-ZOO 1: 0.5 ratio

b. GK-ZOO 1: 2 ratio

c. GK-ZOO 1: 4 ratio

At 1600 °C in a vacuum.

Sucrose: The C:Zr = 3 molar ratio.
Emulsifier: 0.1 wt.% of ZrO,-gel.
Blowing agent: 1 wt.% of ZrO,.
Curing agent: 1.5 wt.% of ZrO,.

At 1500 °C for 1 h under flowing argon
atmosphere.

By Sol-Gel and Spark Plasma Sintering
Method.

P123: EtOH: AcAc: ZNP = 0.05:40:1,
and Zr:C = 1:10 molar ratio, at 1750 °C
for 5 min.

Direct synthesis

ZrH,: C=1:0.6 molar ratio, at 1300 °C or
2000 °C.

Self-propagating high-temperature synthesis.

40% endothermic rate.
At 800 °C for 10 min under an argon.

SHS: at 2390 + 80 °C, after 5-20 milling.
SPS: at 1850 °C for 20 min, 50 MPa

Carbothermal reduction

SPS + carbothermal reduction
Molar ratio (C/Zr) = 3.6, 800 °C pyrolysis.

SPS + carbothermal reduction

Molar ratios (C/Zr) = 3.6, at 1600 °C for 2 h.

At 1400 °C for 1 h.
Ti/Zr = 6:4.

Mechanochemical synthesis.

Powder: ball = 1:20 at 600 rpm under
argon.

M2: pre-activated for 6 h.

M3: extra 30 wt.% graphite.

ball: powder = 20:1, 600 rpm, time: 30 h

ZrC-SiC, D50: ~0.174 um.
Adding phenolic resin, D50: ~0.255 pm.

Ain: ~30 nm, d: 30 ~40 nm, core-shell
structure, and 5 nm Zr (C, O) shell.

5C: Zr (30 min) sample:

de: ~75 nm, and minor amounts of ZrO,.

ZrO,-ZrC-C (ZrCO)
Crush strength: 0.51 kg/spheres
Density: 2.28 g/cm’.
dz0p: ~33 nm and dz,c: ~81 nm.

ZrC morphology: nearly spherical.
Dso: ~268 nm.
Apin: ~180 nm

a. Exist unreacted carbon, large flaky particles
(5~10 pm), and finer (<l um) rough particles.

b. No oxide phases present, dy,: ~40 nm,
morphology: cubic structure.

c. Exist unreacted m-ZrO,, d,y.: ~800 nm, and
morphology: Spherical particles.

Exist monoclinic ZrO, phase.

Aave: ~133 nm £ 32 nm

TiC dyye: ~50 nm

7rC dyye: ~26 nm

710, dyye: ~63 nm. Agglomerate d: 1~5 um.

dyye: ~175 nm.

d: 100~500 nm.

ZrC, with partially ordered vacancies, and par-
ticles were agglomerated, d: 50 nm~1000 nm.

Irregular shaped d,,: ~50 nm,
free C: 0.96 wt. %, O: 3.23 wt.%.

yye: 12.5-5 pm, Vickers hardness: 17.5 £ 0.4 Gpa,
Fracture toughness: 2.6 = 0.2 MPa-m®?,
Mechanical strength: 250 MPa.

daye: ~200 nm, and O: 0.49 wt.%.

dyin: ~189 nm, O: 0.88 wt.%, and
Purity: 99.87%.

TiC-ZrC d,,: <250 nm.

ZrC-Ni composite powders

M2: d,,,: 42 + 4 nm, and spherical morphology.
M3: d,;»: 30 £ 3 nm, and morphology: entirely
spherical.

Morphologies: spherical and irregular.
Ape: ~45 nm.
Agglomerated d,,,.: ~300 nm.
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Table 2. Continued.

Ref. # Precursor

Process condition

Product quality

Liquid phase synthesis

18167 PZC + LPCS
in argon.

19¥7 7rO (CH;COO0), + C1,H»04; +

polyvinyl pyrrolidone (PVP) at 1650 °C.

ZrO (CH3COO)2 C]2H22011 = 415,

LPCS: PZC=1: 1 massratio, at 1550 °C  ZrC-SiC: two phases are uniformly distributed,

and spherical morphology.
Ape: < 60 nm.

d: 50 ~100 nm, d,,.: ~56 nm, and O: < 1.0 w%.

Chemical vapor deposition (CVD)

20181 7rO, + CH,4

Optimal CVD conditions: 1300 K,

0: 0.59 wt.%, and d,,,: ~170 nm.

30 minutes, C deposit (23 wt.%).
At 1800 K, 120 minutes.

Other advanced techniques

211 7rSi0, + carbon black

A one-pot electrolytic process ZrSiOy/C ZrC/ZrSi: multicore-shell structure.
(3 wt.% C), under 3.1 V at 850 °C for

ZrC d: 10~40 nm.

20 h in eutectic CaCl,-NaCl melt.

22091 710, + carbon black

Microwave synthesis.

d,e: <100 nm, and spherical morphology.

Microwave field: 2.45 GHz, at 3 kW for
50 min, Ty, 1400 °C.

Note: d = Particle size range, d,,.= Average particle size, dy;, = Minimum particle size, dj,,x = Maximum particle size, D50 = median diameter.

Besides, the volatilization loss of the reactants, the
particle size of the raw materials, molding pressure,
protective atmosphere, etc., all have an impact on the
reaction. Therefore, controlling these variables is of
great significance for the preparation of high-quality
powders. However, the SHS reaction time is very short,

Table 3. Synthesis of ZrB,-based ceramics.

which makes process-controlling been a hot and
difficult point of self-propagating high-temperature
synthesis technology.

Each preparation method has its advantages and
disadvantages, which are summarized in the Table 1.
The specific examples of ZrC and ZrB,-based ceramics

Ref. # Precursor Process condition Product quality
Boro/Carbothermal Reduction Method
171 7r0,+ B,C + C 7r0,:B,4C:C = 1:0.6:1.5, heated to 1650 °C, d- 0.9~1.03 um

vacuum, and heating rate: 10 °C per minute.

2 7rOCl,-8H,0 + B4C + C

331 710, + Sodium metaborate
(HBO,) + Carbon black

42 710, + B,C
B,C: 1.1~1.4 M ratio.

5 (74] ZI’SIO4 + B203 + Mg +C

6 7r0,+ B+ Mg

mass ratio.

708 7r0, + B,C + C Zr0,:B,C:C=2:13

At 1600-1700 °C

Raw materials in 2: 1.2: 3 M ratio,
temperature: 1600 °C held for 60 min.

HBO,: 60 wt.%, at 1600 °C in Ar atmosphere, Pure ZrB, powders, and hexagonal structure,
and adding 30 wt.% NaCl.

Heat-treated: 1250 °C in flowing argon,

a. Using expanded graphite at 1550 °C.
b. Using carbon black at 1500 °C.

The first step: 20% excess amount of Mg.
The second step; heat-treated, Mg:ZrB, = 10:1

Rod-like ZrB, d: 0.5~3 pm, and high aspect
ratios of >8.

d: 1~2 ym.

0:0.14% and C: 0.3%.
d: 5 pm(1.4) to 245 nm(1.1).

a. ZrB,: regular hexagonal shape, d,,: ~2.0 um.
SiC: whisker-shaped, d,.: ~0.15 pm and
aspect ratio: > 20.

b. Morphologies: granular and short rod-
shaped, and &: 0.2 pm~0.6 um.

The first step: O: 2.40 wt.%, d.: ~0.53 um
and D50: ~0.3636 um.

The second step: O: 0.50 wt.%, d,.: ~0.54 um
and D50: ~0.42 pm.

de: 10.9-12.9 um, Specific surface area:
1.8-3.6 m’g’!

A molten-salt-assisted mothed

81 7r0, + Na,B,0; + Si At 1200 °C for 3 h, and the addition of 20 wt.% Si.

9178 7rO, + Amorphous B + NaCl At 1223 K for 3 h, NaCl/Reactant = 0.25 mass
ratio, and ZrO,:B = 3:10 molar ratio.

101 ZrOCl,-8H,0 + Na,B,0,- ZrB:C=1:5:5

10H20 + C12H22011 + NaCl

At 1400 °C for4 h

Morphology: sheet-like, d,.: ~0.7 pm.
Ape: ~500 nm.

de: 1~2 pm, and aspect ratios of 3~10.
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Table 3. Continued.

Ref. # Precursor

Process condition

Product quality

Synthesis by solid solution

1189 7rO, + Ta,05 + Amorphous
boron + SiC

1281 7r0, + B + TiO,

and then 1550 °C/1 h.

ZrO, + 2.6 mol.% Ta,Os + B, at 1000 °C/2 h

Zx095Tag0sBs dae: < 0.5 pm

Addition of 10 mol% TiO,, at 1550 °C for 1 hour. d,,: ~0.37 pm.

A sol-gel method

138 7rCl, + H;BO; + TEOS +

Novolac resin for 1 h.

14831 [(C4HO) Zr(acac),], + Z1B,:SiC = 1:4.
[(NHCH3);B3N3;H3], +
Polycarbosilane

B:Zr=2.5 and C:Zr = 3, at 1470 °C in argon

et <250 nm, specific surface: 81.479 m? g™\,

Zr-containing spheres
At 1700 °C d: 200~300 nm.
At 1500 °C d: ~100 nm.

15841 ZrOCl,-8H,0 + H;BO; + TEOS  Precursor: at 353 K for 5-7 h, gel: oven-dried at  ZrB,-SiC d.: ~35 nm.
+ C¢H 1,06 H,0 + CsHgO,-H,O 373 K for 24 h, heated to 1273 K (20 K/min), Agglomeration d,,.: ~9 um.

+ C,HgO, and then 1573 K (10 K/min) for 3 h.
163 ZrO, + H;BO; + Carbon black  ZrO,:H;BO;:C = 1:3.6:5, adding 30 vol.% SiC, Regular columnar ZrB, d: 1~2 um.
+ SiC at 1500 °C for 90 min.
SHS method

178 Al +Zr + W + B,0;

1887 Zr+Ta+B At 2000-2100 °C

Adding extra boron

a. B,Os:Al:Zr:-W:B =2:2:3.5:1:1
b. B,O;:Al:Zr:W:B =2:2:2.5:2:0
¢. B,O3:Al:Zr:W:B =3:2:4:4:0

Composite phase structure: Al,05-ZrO,,
Ale;, and ZI'Oz, WB, ZrBz.

a. dye: ~135 mm.
b. de: ~143 mm.
C. dye: ~167 mm.

ZrB, d,.: ~6.7 mm, BET: 1.09 m%g
TaB, d,,.: ~1.5 mm, BET: 1.16 m%/g

Mechanical alloying

1988 7r0,+ B,0; + C

At 1750 °C, and ZrO,:B,05:C = 1:4.5:7.5.

Ape: ~67 NM.

Other advanced techniques

208 7rSi0, + H;BO; + C

219 7rO,+ B,0; + Na

22 el ZrOC128HZO + NazB407'
10H,O + C,Hx,0y; + Si

Situ synthesis

A microwave synthesis.
ZrSi04:H;BO;:C = 1:2.6:8, and at 1500 °C.

Zr0,:B,03:Na=1:1:5 at 873 K.

Short columnar-like ZrB,, and SiC whiskers.
dpe: < 1 pm.

dpe: 0.1 pm.
Rod-shaped ZrB,, aspect ratio: > 8§,

At 1300 °C for 2 h and then at 1400 °C for 2 h. d,,.: ~300 nm.

Note: d = Particle size range, d,,. = Average particle size, d,;, = Minimum particle size, d,,x = Maximum particle size, D50 = median

diameter.

prepared by different methods are summarized in Table
2 and 3.

Research Status of Self-propagating
High-temperature Synthesis

Since the self-propagating high-temperature synthesis
technology was proposed by Merzhanov et al. [92, 93]
in 1967, it has been explored and researched for half a
century [94]. So far, it has been used in many fields
[95], such as self-propagating high-temperature synthesis
of carbides, nitrides, borides, oxides, composite oxides,
superconductors, alloys, and other materials [96].

Self-propagating high-temperature synthesis of
zirconium carbides

To reduce the excessive heat generated in the self-
propagating process, the researchers reduced the 7,
value by adding different content of diluents and

studied the effects of different carbon sources (graphite,
activated carbon, black carbon). Li et al. [97] prepared
particle size of 0.5-1 um ZrC powder by adding
sodium chloride (5 wt.%-30 wt.%) as a diluent in the
Zr-C system. The results show that when the carbon
source is black carbon, a product with a lower oxygen
content (0.38 wt.%) can be obtained. As the diluent
content increases, the adiabatic temperature of the
reaction system decreases. When NaCl is increased to
30 wt.%, the adiabatic temperature of the reaction
system is reduced to 1810 K, and ZrC ultrafine powder
of 50 nm can be obtained. Through the above research,
the results show that the use of sodium chloride as a
diluent will not reduce the purity of the product, and
the obtained powder has a smaller particle size and a
better morphology. It is worth noting that the total
amount of powder prepared in this study is relatively
small. In addition, there is a lack of research on the
mechanism of the diluent NaCl.
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To further improve the product quality, researchers
control the reaction process by adjusting the endothermic
rate of the reaction. Da et al. [25] used traditional
cheap zirconium dioxide powder (ZrO,), magnesium
(Mg), and sucrose (Ci,H»,0Oy;) as raw materials. The
synthesized ZrC nanopowder has high purity, low
oxygen content, uniform distribution, and an average
particle size of 50 nm (Fig. 15). Besides, because
sucrose decomposition and carbothermal reduction are
endothermic, the adiabatic temperature can be reduced
by controlling the proportion of endothermic reaction
in the system. However, as a reducing agent, magnesium
occupies a large proportion in the system, and its
melting and volatilization also have a great influence
on the thermal effect of the system [93]. Therefore, the

am
(300)

e (3300
=« U311

150

Fig. 15. Typical TEM (a, b), HRTEM (c), and SAED (d) images of
ZrC powder was prepared when the heat absorption rate was 40%.
[25].

Fig. 16. Microstructures of SHS products with (a) 0, (b) 10, (c) 20
and (d) 30 wt.% Cu-Zr-C reactants, respectively [98].

study lacked research on the amount of magnesium
added.

In addition, the research of adding metal powders
such as Cu, Al and Fe into reactants to promote and
accelerate the reaction and synthesize carbides by pre
forming liquid at low temperature has also attracted a
lot of attention. Zhang et al. [98] successfully prepared
ZrC particles by adding different contents of Cu to
zirconium carbon powder mixture through combustion
synthesis technology (Fig. 16). In Cu-Zr-C system, Cu
additive plays an important role in reaction behavior
and formation pathway. It not only inhibits the growth
of ZrC particles, but also participates in and promotes
SHS Reaction.

Self-propagating high-temperature synthesis of
zirconium borides

The researchers studied the macro-kinetic characteristics
of the combustion of the Ta-Zr-B system and the
mechanism of chemical reactions and phase formation
in the combustion wave. Kurbatkina [99] synthesized
refractory boride ceramics (Zr, Ta)B, with excellent
properties through SHS. It is found that the combustion
has the characteristics of a spin mode, which indicates
the restriction effect of gas-phase mass transfer on the
reactants. The researchers detected tantalum and
zirconium as the main solid solutions in the preheating
zone, and the temperature in this zone was lower than
the melting point of the reactants. After the zirconium
and boron melt, the temperature in the combustion
zone reaches the highest. Zirconium diboride (1-3 pm)
is precipitated from the supersaturated solution (Fig.
17), which is then hot-pressed into a dense ultra-high
temperature ceramic (UHTC). The highest hardness of
boride ceramics is 70 GPa, Young's modulus is 594 GPa,
and the elastic recovery rate is 96%. The thermal
conductivity of (Zr, Ta)B, is 35-42 W/mk. The plasma
torch test showed that the obtained ceramic has high
oxidation resistance at 2900-3000 °C. It can be seen
from Fig. 17 that the particles agglomerate seriously.
The study found that the combustion temperature is
3451 K. Excessive temperature will cause particle
agglomeration. Therefore, it is necessary to lower the
combustion temperature to reduce particle agglomeration.

Researchers studied the effect of NaCl as a diluent on

Fig. 17. Morphology of powders composed of (a) (Zr, Ta)B, and
(b) (Zr, Ta)B,-TaB, phases [99].
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Fig. 18. SEM micrographs of combustion synthesis TiB, with
various amounts of 0.5KC1-0.25NaCl-0.25CaCl, mixed salts:
(a) 0%, (b) 30%, (c and d) 45% [101].

powder characteristics. Professor La [100] added the
diluent NaCl to the mixed precursor and prepared the
submicron TiB, powder by the self-propagating high-
temperature synthesis method. The results showed that
the additional amount of diluent had a significant
influence on the sample morphology, particle size, and
phase. With the increase of NaCl content, the average
particle size of TiB, powder decreased from 496 nm to
268 nm. When the amount of NaCl in the raw
material was 0.5, 1.0, 1.5, and 2.0 mol, the impurity of
Mg;B,0Og in the leaching products was very few, and
the purity of the product was over 98%. It is worth
noting that if an excessive amount of diluent is added,
it will directly stop the entire reaction process.
Therefore, thermodynamic calculations and kinetic
simulations should be done in advance to determine the
effective amount of the diluent. Firoozi et al. [101]
chose salt mixture of 0.5KCI-0.25NaCl-0.25CaCl, as a
low melting temperature diluent to synthesize the nano-
sized TiB, powder. The results revealed that 45% salts
mixture led to the smallest average particle size of
~90 nm. Thermal analysis of the process indicated that
the addition of the low melting temperature salts
mixture led to a significant decrease in ignition and
combustion temperatures. Meantime, kinetic analysis
manifested that formation of a liquid salt phase that
improved heat and mass transfer between the reactants.

The researchers studied the effects of Mg and B,O;
on ZrB, powders in magnesium thermal reduction
system. Omran et al. [102] studied the self-propagating
high-temperature synthesis characteristics of 2WO;-
(1+x)B05-(9+y)Mg system using H;BO; as boron
oxide source. By adding different contents of B,O; and
Mg as diluents, the adiabatic temperature and reaction
speed can be controlled, as well as inhibiting crystal
grain growth and reducing the particle size of the
product. A composite powder of tungsten-containing
boride was synthesized. It can be seen from Fig. 19

Fig. 19. SEM micrographs of ZrB, obtained by adding different
additional Mg concentrations: (a) y = 2.5, (b) y=4.5,(c)y =9
[102].

that as the concentration of additional Mg increases,
the average particle size of the product decreases
slightly. When y increased to 9, the particle size of the
powder is significantly reduced from 2 pm to less than
1 um. However, compared with NaCl diluent, the effect
of Mg is much worse. Magnesium directly participates
in the reaction as a reducing agent and provides enough
heat for the reaction. Excessive magnesium can act as a
diluent, but its ability is limited. Therefore, there may
be better results when adjusting amounts of NaCl and
Mg at the same time in magnesium thermal reduction
system.

Ma et al. [103] proposed a simple molten salt process
for preparing pure-phase h-ZrB, crystallites without
using any protective atmosphere at 800 °C. Fig. 20
displays that the products have rose-like particle
morphology with nano-scale lamellar structure and the
h-ZrB, width of a single flake is 200 nm. Research
shows that to get good crystallinity of pure-phase h-
ZrB,, the weight ratios of KCI to Zr-B mixture is not
less than 4:1, insufficient KCI cannot guarantee to set
up an enough and homogeneous liquid environment to
isolate air for preventing products from oxidizing.
Melting KCI has a great influence on the crystallization
process of h-ZrB,, which is related to the viscosity of
the molten medium. Besides, in addition to accelerating
the diffusion rate of reactants and promoting chemical

Fig. 20. SEM images of h-ZrB, crystallites were prepared by
molten salt method at 800 °C [103].
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reactions, the KCI melt can also isolate air and prevent
the oxidation of h-ZrB,. The method is simple,
environmentally friendly, low-cost, and suitable for
large-scale preparation of h-ZrB, powder.

Through the above research status, some problems
existing in the current researches are found. (i) The
powder prepared by most studies has low purity, coarse
particle size, and serious agglomeration. (ii) The
preheating temperature of the most preparation process
is too high. (iii) Adding salt as a diluent based on high-
temperature self-propagating combustion synthesis process
can effectively reduce the size of powder particles,
but there are few kinds of literatures investigated on the
mechanism of the diluent and magnesium powder. (iv)
Most of the studies were conducted based on small-
scale synthesis (under 100 g), lacking data support for
large-scale (over 500 g) preparation of high-purity and
ultrafine powder. In conclusion, SHS has the advantages
of simple process, low cost, and high yield, and is very
suitable for large-scale preparation of high-temperature
ceramic materials such as carbides and borides. For the
shortcomings of the SHS process, there are currently
two measures, namely thermodynamics and kinetics.
From the perspective of kinetics, reducing the adiabatic
temperature of the system is the key to solving
problem, which can be usually solved by selecting a
suitable reaction system or adding an inert diluent.
From the perspective of kinetics, insufficient solid-
phase combustion is due to the low particle mobility of
the components in the initial mixture and insufficient
contact between particles. First, ball milling, microwave,
etc. can be used to provide kinetic energy for particle
migration or to improve the chemical activities of
interfacial particles. In addition, the introduction of the
liquid or gas phase during the reaction can reduce the
energy barrier that restricts particle migration and
increase the contact between particles.

Conclusion

The research of boride and carbide powder has been
carried out for a long time, from military to civilian
use, from being a raw material to become the main
material. With the continuous expansion of its application
fields, the requirements for its particle size, purity,
microscopic morphology, and functional properties are
getting higher and higher. Thereby, the preparation of
boride and carbide powders will continue to develop
toward more controllable, convenient, and targeted
aspects, and their functionality will become more
diverse. Especially for the large-scale preparation of
nano-powders, it is the most basic requirement to
increase the yield while ensuring its high purity and
controllable particle size, and it is also a very
challenging task. At this stage, most of the preparation
methods are difficult to meet these requirements at the
same time. There are many problems which are mainly

originated from two aspects. On the one hand, the
preparation method is not perfect, it is difficult to meet
the requirements of particle size and purity at the same
time; on the other hand, it is difficult to realize large-
scale processes, such as complex equipment, harsh
preparation conditions, and high cost. Therefore, the
current breakthrough direction is to combine multiple
methods based on the advantages of each method to
improve the inherent shortcomings of the method itself.
For example, combining MA and SHS can improve the
problem of uneven mixing of various raw materials in
solid-phase reactions. In summary, the future improvement
of the powder preparation process should ensure the
high purity, controllable particle size (nanoscale), large-
scale and low cost.
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