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Nanoscale ceramic powders are very important for sintering densification and deviceization. A new salt-assisted combustion
synthesis process was used to prepare pure quasi-nanocrystalline zirconium diboride (ZrB,) powder on a large scale. The
Zr0,-B,0;-Mg system with single NaCl salt and NaCI-KCl mixed salts as diluents was adopted to prepare ZrB, powders.
The results show that high-purity ZrB, quasi-nanocrystalline powder with average size of ~105 nm and purity of 99.24% was
obtained by adding molten salts diluent. The impurity mainly existed in the form of Mg,,Zr,;0, s phase and Mg;B,0, phase.
The effects of diluent content and type on the adiabatic temperature, powder purity, particle size and microstructure of the
system were studied. This work will provide theoretical basis and technical support for large-scale preparation of boride nano-
ceramic powders.
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Introduction with smaller particle size and higher surface energy can

well solve this problem [16, 17].
The boride ceramic materials, known as ultra-high At present, the commonly used preparation methods
temperature ceramics, exhibit exceptional physical and of ZrB, are carbothermal reduction method [18, 19],

mechanical properties characterized by high melting sol-gel method (Sol-Gel) [20, 21], self-propagating
points and hardness. They also demonstrate remarkable high temperature synthesis method (SHS) [22, 23],

impact and wear resistance, excellent resistance to salt-assissed combustion synthesis [24, 25], mechanical
chemical agents, as well as a high capacity for neutron alloying (MA) [26, 27], etc. In recent years, Gye et al.
absorption [1-3]. Zirconium diboride (ZrB,) is an [28] used ZrO, and B.,C as raw materials to synthesize
ultra-high temperature ceramic material with great submicron ZrB, powder with minimum particle size of
development prospect. It has high melting point, high 245 nm by carbothermal reduction method. Hossein et
hardness and strength, high thermal conductivity and al. [29] prepared ZrB, powders with average particle size
electric conductivity [4-6], good oxidation resistance, less than 250 nm by sol-gel method using ZrCl, and
wear resistance and corrosion resistance [7, 8]. Owing H;BO; as raw materials. Mustafa et al. [30] used ZrO,,
to these excellent properties, ZrB, is widely used in B,O; and C as raw materials to prepare ZrB, powder
propulsion materials, electrodes, thermocouples, high by mechanical alloying. The crystallite size was 0.5~1.0
temperature structural ceramic materials, anti-corrosion um. Wang et al. [31] added a diluent NaCl into the raw
and wear-resistant coating materials and cutting tools materials of ZrO, and amorphous B, and synthesized
in aerospace [9-13]. However, the development and ZrB, powder with an average particle size of 500 nm
application of most high melting point compounds such by salt-assisted combustion. According to recent study,
as ZrB, are limited by the poor sintering performance most of the reported ZrB, powder particle size is above
[14]. The main reason is that the strong covalent bond, 250 nm, which does not really reach the nanometer level.
low self-diffusion coefficient and large particle size in Therefore, large-scale preparation of ZrB, nanopowder
the material jointly inhibit the diffusion and degradation (~100 nm) is technical bottleneck.
of grains [15]. However, the preparation of ZrB, powder In this paper, ZrO,-B,Os;-Mg system was adopted
by salt-assisted combustion synthesis. By regulating
*golrresggnldsi;ggasultgggs thermodynamic [32, 33] and kinetic conditions [34, 35]
sz; 18 6 13909310023 via addlng s1ngle' NaCl gnd mixed NaCl-KCl salt as
E-mail: zhanfagi@lut.edu.cn (Fagi Zhan); diluents, high purity quasi-nanocrystalline ZrB, powder
pqla@lut.edu.cn (Peiqing La) with the average particle size of ~100 nm was obtained.
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The effect of the inert diluent on the purity and particle
size of ZrB, and its mechanism were investigated.

Material and Methods

Material
The experimental materials were shown in Table 1.
The total chemical reaction equation is as follows:

710, + B,O; + 5Mg + wNaCl/NaCl-KCl
= 5MgO + ZrB, + wNaCl/NaCl-KCl 1

7r0,, B,O; and Mg powders were mixed at the molar
ratio of 1:1:6.25 (with 25% excess of Mg). The mass
percent w of the diluent was 0 wt.%, 50 wt.%, 60 wt.%,
70 wt.% of the total mass of the material (excluding
excess Mg). The mixed powder was ball milled for 8
h. ZrB, powder was synthesized by self-propagating
reaction in a self-designed combustion synthesis furnace
under the protection of 2.0 MPa argon [36, 37]. After
natural cooling of sample in the reactor, the black sample
was taken out and crushed. The reaction products need
to be purified to completely remove MgO and residual
salts by washing with 3.0 mol/L hydrochloric acid
and distilled water. Finally, the product was dried in a
vacuum oven at 70 °C for 12 h.

Characterization methods

The products before and after leaching were identified
by D/MAX-2400 X-ray Diffractometer (XRD) with
copper target K, as radiation source. The particle size

Table 1. The experimental materials.

Materials ~ Purity (wt.%) Impurity Specifications
71O, >99.5 0, S, Al etc. 1 um
B,0;s >98.0 - 1 um
Mg >99.5 CL S, O etc. <200 mesh
KCl >99.5 Na, SO, Fe <200 mesh
NaCl >99.5 Mg, K, Fe, SO~ <200 mesh

and microstructure of ZrB, powder were analyzed by
JSM-6700 Scanning Electron Microscope (SEM) and
JEM-2010 Transmission Electron Microscope (TEM).
The particle size distribution of the samples was analyzed
by Image-Pro Plus 6.0 image statistical software. The
specific surface area of sample was measured by JW-
BK200C specific surface and pore size analyzer (BET).
The surface element content and chemical valence of the
samples were determined by Shimadzu AXIS SUPRA
X-ray Photoelectron Spectrometer (XPS).

Results and Discussion

Thermodynamic calculation of system

The Gibbs energy AG of the possible reactions
(Table 2) in ZrO,-B,Os-Mg system was calculated, and
the relationship curve of AG-T of each reaction was
presented in Fig. 1. The relevant data were referred to
the Handbook of thermodynamics [38].

Fig. 1 showed the change trend of AG in each reaction
with temperature. It could be seen that the AG was less
than zero in the temperature range of 298 K to 1800 K,
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Fig. 1. Relationship of AG-T in the ZrO,-B,0;-Mg system.

Table 2. Standard Gibbs energy change of reaction in ZrO,-B,Os;-Mg system.

No. Reaction A+BT / (J-mol™) Temperature region / K
-110460+31.48T 298~922
) 2Mg + ZrOx(s) = Zr(s) + 2MgO(s) -127140+49.34T 922~1363
-373400+228.28T 1363~2000
-574890+112.74T 723~922
3) 3Mg + B,O; ()= 2B(s) + 3MgO(s) -599910+139.50T 922~1363
-969300+525.66T 1363~2000
4) Zr(s) + 2B(s) = ZrBa(s) -328000+23.4T 298~2125
-1013350+167.62T 723~922
Q) Zr0O, + B,05 () + 5Mg = ZrB, + SMgO -1055050+212.24T 922~1363
-1670700+777.34T 1363~2000
6) 3MgO + B,Os (1) = Mg:B,0s -190023.62+22.74T 723~2316
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which indicated that the reaction could be spontaneous.
In these reactions, AG of reaction (5) was the most
negative. This indicated that the positive trend of reaction
(5) was the largest, and ZrB, and MgO formed by the
reaction were the most stable phases. In addition, the
three stages of reaction (2), (3) and (4) which constitute
reaction (5) were spontaneous.

In addition, the AG of reaction (2) and (3) was greater
than zero as the temperature exceeded 1800 K, and it was
likely that the inverse reaction would occur. Inadequate
magnesium thermal reduction resulted in residual ZrO,
or the formation of intermediate product Zr.Mg,O, [39,
40]. Further, impurity phases were generated in reactions
(6), and AG was slightly higher than that of reaction
(3). So the Mg;B,O¢ was inevitably generated in the
reaction [41]. In conclusion, it was necessary to consider
that the reaction temperature was too high, which leaded
to reverse magnesium thermal reduction and even the
formation of impurities in the early stage of experimental
design.

The adiabatic temperature 7,4 refers to the maximum
temperature that the system can reach under ideal
adiabatic conditions. There is no heat exchange between
the system and the outside world, the reaction is strictly
in accordance with the reaction equation and there is
no leftover of the reactants at standard atmospheric
pressure, which is the ideal adiabatic conditions [42].
According to experience, spontaneous reactions can be
maintained at 7,,>1800 K. If 7,,<1800 K, preheating,
chemical furnace and thermal explosion can be used for
heating system.

The adiabatic temperature calculation formula of the
system [43]:

Tir
~AHzog = J;;S nCp(products) dT + ndH,,
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Fig. 2. Effect of different diluent additions on adiabatic
temperature.

Where AH 5 is the standard molar enthalpy of formation
of the product at 298 K; C, is the molar constant pressure
heat capacity of the product; 7, is the melting point of
the product, and AH, is the melting heat of the product.
C, can be calculated as:

C,= A+ A, x 10° T+ A x10°T* + Ay x 10°T° (3)

Where A;, As, A; and A, are the coefficients of each
temperature term in the constant pressure molar heat
capacity calculation formula of matter, which are obtained
by querying the thermodynamic manual [38]. Thus, the
adiabatic temperature of the system with different diluent
additions was calculated by Formula (4):

1074
nC,(NaCl) dT

Tad

—AHZ5 = f

nC,(MgO0 + ZrB,)dT + f
298

298

Toi 1044
+ndH,y74(NaCl) + f nC',(NaCl)dT + f nC,(KCl) dT
1074 298

+n8H, 044 (KCD) + [ nC'y(KCDAT  (4)

Fig. 2 showed the effect of NaCl and NaCl-KCl as
diluents on the adiabatic temperature of ZrO,-B,Os-
Mg system. The adiabatic temperature of the system
gradually decreased with the increase of the amount of
diluent added. The 7,4 reduced from 3090 K to 1949 K
with 60 wt.% NaCl and 2028 K with 60 wt.% NaCl-KCI
as the diluent. In comparison of the two diluents, NaCl
had a better effect on reducing the adiabatic temperature
for the same addition amount. When the amount of
diluent was 70 wt.%, the reaction didn’t occur in the
actual experiment.

Phase composition of ZrB, powder

Fig. 3 was the XRD images of ZrB, prepared by
adding different diluents. In Fig. 3a, the main phases
before washing were ZrB,, MgO and NaCl with addition
of NaCl. And the main phases were ZrB,, MgO, NaCl
and KCl with addition of NaCI-KCl. No obvious
reactant phase was observed in each group of samples,
which indicated that the reaction was sufficient. When
the addition amount of NaCl and NaCl-KCl was 0~60
wt.%, the combustion synthesis reaction of ZrO,-B,0s-
Mg system could be carried out normally, the reaction
was sufficient and the excess Mg was also completely
volatilized. Here, diluent salt phase appeared in each
group, indicating that the diluent was not completely
volatilized during the reaction.

In Fig. 3b, the final product after washing was pure
ZrB, only when the NaCl addition was 60 wt.%, while
slight Mg »Zr,s0:5s phase appeared in other samples.
According to the relative peak intensity of impurity
phase and main phase, the content of impurity phase was
low. After the initial product obtained by the salt-assisted
combustion synthesis was washed, the by-product MgO
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Fig. 3. XRD patterns of ZrB, with different diluents: (a) before washing, (b) after washing.

Table 3. The element content of ZrB, with different diluents.

Diluent Zr (at.%) B (at.%) Mg (at.%)
0 wt.% NaCl 3221 67.79 -
60 wt.% NaCl 30.97 68.27 0.76
60 wt.% NaCl-KCl 35.18 63.47 1.35

and residual salt were completely removed, but the
impurity phase Mg,Zr,80;s couldn’t be removed by
hydrochloric acid [41]. The reason for the formation
of Mgy»Zr,30;s phase was the intermediate product of
insufficient reduction of ZrO, by Mg. When the NaCl
addition was 60 wt.%, a large amount of molten salt
provided liquid mass transfer for the reaction, which was
beneficial to the full reaction of Mg and ZrO,.When
the NaCl-KCl addition was 60 wt.%, a small amount of
impurity phase appeared. This was because the viscosity
of the mixed molten salt was higher than that of the
single molten salt [44, 45], resulting in a slower mass
transfer rate and a part of Mg,,Zrs0,s phase remained.

Electron probe X-ray microanalyser (EPMA) was
selected to detect the element composition of ZrB, in
each group. The test results in Table 3 indicated that the
samples contained Zr, B and Mg elements. The ratio of
Zr to B in other samples was close to 1:2, indicating
that the phase was ZrB,. From the XRD results, it is
found that the samples with high Mg content exhibit
high peak strength of Mgy,Zrys0,5 phase in the XRD
patterns, which indicated that Mg exists in the form of
Mgy2Z1950,5. The content of Mg was the lowest with
addition of 60 wt.% NaCl, and the purity of ZrB, was
99.24%, while the purity of ZrB, was 98.65% with

Table 4. Surface element atomic ratio of ZrB, with different
diluents.

Zr B (0] Mg
(at.%)  (at%)  (at%)  (at.%)

60 wt.% NaCl 10.54 25.39 62.22 1.86
60 wt.% NaCI-KCl  10.05 24.81 62.63 2.05

Diluent

addition of 60 wt.% NaCl-KCl mixed salt.

XPS was used to analyze the surface elements of
ZrB, prepared with different diluents. Fig. 4a showed
the XPS full spectrum analysis. It could be seen that
the surface elements of ZrB, include Zr, B, O and Mg.
This indicated that Zr and B were the main elements
of the product, O and Mg were impurity elements. The
specific atomic ratio of each element was listed in Table
4. It could be found that the ratio of Zr and B was close
to 1:2, and B was slightly excessive. It showed that the
main chemical state of these two elements was ZrB,,
but there was still a small amount of B enriched on the
surface under other chemical states. It was also found
that the content of Mg was relatively small. According
to the previous analysis, it was inferred that Mg existed
in the product in the form of Mgy,ZrysO;s or Mgs;B,Os.
According to the literature findings, the presence of
MgZrO, and Mg;B.O¢ does not exert any detrimental
impact on the utilization of ZrB, in high temperature
ceramic applications [6, 46]. The content of O element
was the highest. Except for the impurity phase formed by
the reaction with other elements, a large part of it comes
from the surface oxidation of ZrB, particles exposed to
air.

Fig. 4b was the relative content of high resolution XPS
spectra and chemical states of Bls and Zr3d peaks after
ZrB, washing treatment. Fig. 4b showed that the 3d level
of Zr shows typical 3ds, and 3ds, spin orbital splitting,
while the B 1s showed typical single peak, which clearly
indicated that there were two different bonding states
between Zr and B atoms. In the product ZrB, powder,
the binding energies of a group of Zr3ds», 3d;» doublet
states and Bls singlet state were 176 eV, 178.4 eV and
185.1 eV, respectively [47]. Another group of doublet
and singlet states appeared at higher binding energies
(180.2 eV, 182.6 eV and 189.9 eV), which were caused
by ZrO, and B,O; [47]. The content of B,O; in Bls peak
was higher when NaCl was added as diluent in Fig. 4c.
According to the calculated adiabatic temperature and
Gibbs energy, the adiabatic temperature of the system
with addition of 60 wt.% NaCl was 1949 K, This was
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Fig. 4. (a) XPS full spectra, High resolution XPS spectra (b) and relative chemical content of Bls (c) and Zr3d (d) peaks of ZrB,

with different diluents.

100 K lower than adding NaCl-KCl. At this temperature,
the Gibbs energy of the magnesium thermal reduction
reaction was greater than zero, and the inverse reaction
trend increased. Moreover, it was not conducive to the
binding of free B and Zr to generate ZrB, at a lower
temperature. Therefore, when NaCl was used as diluent,
the B,O,/ZrB; ratio of the product was larger. Fig. 4d
showed that the ZrO,/ZrB, of both samples were greater
than 1.0, and the ZrO,/ZrB, was larger when NaCl-KCl
was added. This indicated that the content of ZrO, was
higher, which was closely related to the oxidation of
Z1B; particles.

Particle size and microstructure of ZrB, powder
Fig. 5 was the SEM image of ZrB, powder prepared

by adding different diluents after immersion treatment. It

could be seen from Fig. 5a that ZrB, particles prepared

without diluents were coarse, and the particle size
was generally above 1.0 um. The particle shape were
irregular and agglomeration was serious. In Fig. 5b, the
ZrB, sample with addition of 60 wt.% had spherical
and rectangular particles, and particle size was small,
but there were adhesion and agglomeration between
particles. It could be seen from Fig. Sc, the ZrB, particles
with addition of 60 wt.% NaCl-KCI were finer and more
uniform, most of the particle size were about 100 nm, the
morphology was mainly spherical with good dispersion.

The particle size distribution was showed in Fig. 6. It
could be found more intuitively that the particle size of
ZrB; powder decreased with the increase of the amount
of diluent. The product had the smallest particle size,
more uniform distribution and more regular morphology
with addition of 60 wt.% NaCl-KCl. According to the
thermodynamic calculation, the adiabatic temperature of

Fig. 5. SEM images of ZrB, with different diluents: (a) 0 wt.% NaCl, (b) 60 wt.% NaCl, (c) 60 wt.% NaCl-KCI.
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Fig. 6. The particle size distribution of ZrB, with different diluents: (a) 0 wt.% NaCl, (b) 60 wt.% NaCl, (c) 60 wt.% NaCI-KCl,

(d) average particle size of ZrB, samples.

the system without diluent was 3090 K, but it decreased
to 1949 K and 2028 K with addition of 60 wt.% NaCl
and NaCl-KCl, respectively. This resulted in the reaction
at a lower temperature and reduced the growth rate of
Z1B; particles. At the same addition amount, NaCl-KCl
had higher specific heat and viscosity than NaCl [48,
49], which was beneficial to slow down the heating
rate of the system and reduce the crystal growth rate.
Therefore, adding NaCl-KCl as diluent could effectively
reduce particle size.

The specific particle size indexes of each group of

samples were listed in Table 5. The particle size of
Z1B; powder could be controlled from 2.0 um to below
100 nm by adding diluents. When 60 wt.% NaCl-KCl
was added, the D10, D50 and D90 of ZrB, particles
were 50 nm, 100 nm, and 179 nm, respectively. The
minimum average particle size is 105 nm. According to
the literature findings, for ZrB, and its composite ceramic
materials, a reduction in grain size leads to enhanced
sintering densification of the powder, thereby improving
the mechanical properties and high-temperature thermal

Table 5. Particle size index of ZrB, with different diluents.

properties of the material [50, 51].

Fig. 7 showed the TEM images of ZrB, with different
diluents. In Fig. 7a, particle size of ZrB, without salt
was large, about 2.0 um, and the morphology was
extremely irregular. When 60 wt.% NaCl-KCl was
added, ZrB, particles with particle size less than 150
nm were obtained, and the minimum particle size was
52 nm (Fig. 7b). The TEM results were consistent
with the SEM particle size statistics. The crystal plane
spacing of (001) and (100) planes measured from the
high-resolution image in Fig. 7c was 3.54 A and 2.75
A, respectively, corresponding to the standard ZrB,
crystal [53]. In addition, combined with selected area
electron diffraction (SAED) diagram of Fig. 7d, it was
determined to be hexagonal ZrB, particle [54].

In addition, the ZrB, powder prepared in other
literatures was also compared in Table 6, and it was
found that the ZrB, prepared in this paper possessed the
smallest average particle size (~105 nm). Importantly,
compared with the method reported in other literatures
(high-temperature synthesis requires more than 1200 °C),

Diluent D10/nm D50/nm D90/nm Average size (d)/nm
0 wt.% NaCl 1200 2256 3098 2421
60 wt.% NaCl 79 135 211 140
60 wt.% NaCl-KCl 50 100 179 105

Note: D10, D50 and D90 correspond to the particle size of the sample whose cumulative particle distribution reaches 10%, 50%,

and 90%, respectively [52].
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Fig. 7. The particle size distribution of ZrB, with different diluents: (a) 0 wt.% NaCl, (b) 60 wt.% NaCl-KCl, (¢, d) HRTEM and

SAED images of 60 wt.% NaCl-KCIL.

Table 6. The comparison of ZrB, powder prepared in other literatures.

No. Precursor Process condition Product quality Ref#
1 Zr[OCH(CHs),]s+H;BO; 1500 °C, 1 h d =100 nm [16]
2 ZrO,tB4C+C 1800 °C, 4 h d=2-4 um [19]
3 ZrO+C+B,C 1200 °C d =100 nm [55]
4 Zr0,,Na,B;0; 1200 °C, 3 h d < 0.7 mm [56]
5 ZrOy+B05+C 1550 °C, 0.5 h d = 100-200 nm [57]
6 ZrO,+CaBg 1200 °C d =200 nm [58]
7 ZrOC18H,0+B,C+C 1550 °C, 1 h Rfld;h;‘g fjrnBz [59]

ZrO+B+B,C 1650 °C, 1 h d=15-47 pm [60]
9 ZrSiO,+C+B,0; 1200 °C, 3 h d =500 nm [61]
10 ZrOstB 1100 °C, 2 h d = 200-500 nm [62]

the self-spreading technology only needs to be ignited
at ~250 °C to complete the preparation reaction, and the
energy cost is lower. Some methods use organic raw
materials, which are expensive and difficult to synthesize
ZrB, powder on a large scale. In a comprehensive
comparison, the technology in this paper has the
advantages of low cost, low energy consumption and
suitable for large-scale production, which provides
convenience for nano-powders used in the device
sintering of boride ceramics.

Formation mechanism of ZrB, nanopowder in
diluent medium

The reaction process of ZrO,-B,O;-Mg system was
presented in Fig. 8. The initial mixture was placed in
the reactor and preheated to the combustion temperature

(533 K) of the ignition agent. The combustion of the
ignition agent induced the materials to conducted
magnesium thermal reduction reaction, and the self-
propagating combustion heating stage began (Fig. 8a).
As the temperature of the system increased, the melting
point of B,O; (723 K), Mg (923 K), and NaCl (1074
K) were reached successively. Liquid phase continuously
appeared and the reaction degree was constantly
intensified [63]. Liquid Mg reacted with ZrO, and liquid
B,0; respectively, and the heating rate of the system
was accelerated (Fig. 8b). The micro reaction region
became the heat source of the system and possessed
the highest temperature. At the same time, NaCl phase
transition absorbed heat and slowed down the heating
rate of the system, making it the lowest temperature
point in the system. In this case, the temperature field
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Fig. 8. Formation mechanism of ZrB, powder synthesized by
salt-assisted combustion: (a) initial state, (b) temperature-rise
period, (c) constant temperature stage and (d) cooling stage.

of the system exhibited a maximum temperature gradient
[64]. When the heat release rate of the reaction and
the heat absorption rate of NaCl reached equilibrium,
the system reached the highest temperature [65]. After
that, the system kept constant temperature at the NaCl
crystallization point. During the constant-temperature
process, NaCl continuously melted to provide sufficient
liquid phase to coat the reactants and products, as
shown in Fig. 8c. At this time, the free Zr* and B*
migrated and diffused in molten salt, and combined to
form ZrB, crystal nuclei after contact with each other.
The small crystal nuclei continued to grow. However,
due to the dilution and dispersion of NaCl, the molten
salt surrounded the nucleated grains and inhibited the
crystal growth [63]. The special molten salt environment
was conducive to the nucleation and growth of ZrB,
crystals into fine and uniform particles. Finally, at the
cooling stage, the molten salt crystallized, the crystals
stopped nucleating and growing [66], and all reactions
completed, as shown in Fig. 8d.

Conclusion

In this paper, a new salt-assisted combustion synthesis
process was proposed to prepare quasi-nanocrystalline
ZrB, ultrafine powders by adding different diluents
into ZrO,-B,0;-Mg system. The two different diluents
were single salt NaCl and mixed salt NaCl-KCIl. The
effects of the two diluents on the purity, particle size
and microstructure of the product ZrB, were investigated
as well as its mechanism. The quasi-nanocrystalline
ZrB, powders with purity of 99.24% and 98.65% were
obtained by adding 60 wt.% NaCl and NaCl-KCl,

respectively. The impurity elements mainly existed in
the form of Mgy,Zr,sO:s phase and Mg;B,Os phase.
Morphology and particle size analysis showed that both
of two diluents could effectively reduce ZrB, powder
particle size and obtain quasi-nanocrystalline powder
with complete morphology and uniform particle size
distribution. ZrB, power particle size could be controlled
from 2.0 pm to below 100 nm by adding various
diluents. Particle size of the product was the smallest
with addition of 60 wt.% NaCl-KCl, and the D10, D50
and D90 of ZrB, particles were 50 nm, 100 nm, and 179
nm, respectively. The minimum average particle size is
105 nm. The salt-assisted combustion reaction degree,
the mass transfer rate, crystal nucleation and growth rate
were all affected by the phase transition temperature,
specific heat and viscosity of diluents. This work will
provide theoretical basis and technical support for large-
scale preparation of boride nano-ceramic powders, which
has broad application prospect.
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