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Abstract Nano-Zirconium diboride (ZrB,) powder
was vital raw material for manufacturing ultra-high
temperature ceramics (UHTCs) and C/C composite
materials, which were widely used in extreme envi-
ronment. In this paper, a convenient way of synthe-
sizing nano-ZrB, powder was proposed. Firstly,
the precursor consisting of ultrafine-ZrC and C was
obtained via vacuum carbothermal reduction of nano-
Zr0,. And then, the carbothermal reduction product
was boronized by B,C in Ca melt. In boronation pro-
cess, Ca melt would play a key role as decarburizer.
By boronation reaction at 1373 K and 1473 K, cau-
liflower-shaped ZrB, particle and smooth polyhedral
ZrB, particle were obtained, respectively. XRD and
BET analyses showed that the grain sizes and BET-
equivalent particle diameters of these two products
were less than 100 nm.
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Introduction

The characteristics such as extreme melting point
(3245 °C), high hardness, and well oxidation resist-
ance make ZrB, a superior material used in the
extreme environment [1]. ZrB,-based ceramics
and ZrB,-containing C/C composite materials are
expected to find wide application in thermal shield
materials for rockets and hypersonic vehicle [2, 3].
Since nano-ZrB, powder has a higher sintering activ-
ity, the sintering temperature would be significantly
decreased if coarse raw material is replaced with
nano powder [4]. In addition, using nano-powder as
raw material is an important way of reducing grain
size of sintered products, and thus improve their
strength and hardness [5, 6]. Moreover, manufacture
of ZrB,-containing C/C composite materials needs
homogeneous ZrB, slurry for coating and impregnat-
ing, and nano-ZrB, powder is vital raw material for
obtaining homogeneous ZrB, slurry [7, 8]. Therefore,
synthesizing nano-ZrB, powder is crucially important
for developing ZrB,-based materials.

Lots of methods had been provided to synthesize
nano-ZrB, powder. By mechanochemical process-
ing and subsequent annealing, Guo et al. [9] obtained
nano-ZrB, with grain size of 540 nm using the raw
materials of ZrH, and amorphous boron. In work of
Wau et al. [10], nanocrystalline ZrB, (10~ 14 nm) was
prepared via mechanical alloying using Zr and B.
Based on mechanically induced self-sustaining reaction
(MSR) among ZrO,, B,0;, and Mg, Jalaly et al. [11]
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and Yuan et al. [12] manufactured nano-ZrB, pow-
der with size of 56 and 50 nm, respectively. Bai et al.
[13] synthesized ultra-fine ZrB, powders (100 nm) by
RF thermal plasma-assisted metallothermic reduction
reaction. In work of Zoli et al. [14], ZrB, with size of
100 nm was obtained by reaction between ZrO, and
NaBH, at 900 ‘C. Camurlu and Maglia [15] studied
preparation of nano-sized ZrB, powder by self-propa-
gation high-temperature synthesis (SHS), and the fin-
est ZrB, product reached 32 nm. In order to compare
these methods, the characteristics of these methods are
listed in Table 1. High-value raw materials (such as
metallic Zr, amorphous B, and borohydride), special
equipment, or strong reaction heats made those meth-
ods are not suitable for industrial production. Therefore,
even if many different methods had been proposed, it
was still a challenge to produce nano-ZrB, powder via a
simple, efficient, and low-cost pathway. In our previous
work [16, 17], a universal method for the synthesis of
refractory metal diborides had been proposed. In addi-
tion, the inheritance relationship of particle size among
raw oxide, intermediate carbide, and finally prepared
diboride was revealed. In this method, readily-accessi-
ble materials (ZrO,, C, B,C, and Ca) were used, which
would ensure a low overall cost. These characteristics
make nano-ZrB, expected to be synthesized in mass
production at a low price.

Table 1 Several preparation methods of nano-ZrB,

In order to avoid the direct reaction between B,C
and oxides which could lead to the vaporization loss
of boron, the high-temperature process was divided
into two steps, achieving the accurate batching of
boron source. In the first step, the carbothermal reduc-
tion of ZrO, (Eq. (1)) was taken place to remove the
oxygen and generate ZrC. In the second step, ZrC
was boronized by B,C (Eq. (2)), and Ca would react
with residual carbon to form CaC, (Eq. (3)). Reaction
enthalpy and adiabatic temperature of each reaction
showed that the carbothermal reduction reaction was
endothermic, while the boronation and decarburization
reactions were not violent exothermic reactions. There-
fore, this method was expected to be operated in large
batches. In Fig. 1, The changes of Gibbs free energy
(AG®) for these reactions were calculated, which indi-
cated that these reactions would spontaneously occur in
a wide temperature range.

710, + 3C = ZrC + 2CO(g)
AH,gq > +680kJ « mol™! M

ZrC+0.5B,C = ZrB, + 1.5C
AH298 = —95kJ » mOI_lTadzgg =1291K (2)

Ref Raw material Reaction condition

Phase of product Particular size/nm Features

[9]1 ZrH,, amorphous B Ball milling and self-propagating

reaction

[10] ZrH,, amorphous B Ball milling

[11] ZrO,, Mg, B,0; Ball milling and leaching

[12] ZrO,, Mg, B,0O; Ball milling and leaching

[13] ZrCly, Mg, amorphous B RF thermal plasma system and

leaching

[14] ZrO,, NaBH, 1173~1373 K

[15] Zr, amorphous B, NaCl  Igniting and leaching

ZrB,, ZrO, 24.87 Simple reaction process
Impure product
Expensive amorphous B
Special equipment

7B, 10 Simple reaction process
Expensive amorphous B
Special equipment

ZrB, 56 Cheap raw materials
Strong heat release
Special equipment
Z1B, 200-400 Cheap raw materials
Strong heat release
Special equipment
7B, 100 Special equipment
1B, 100 Simple reaction process

Expensive NaBH,

Simple reaction process
Strong heat release
Expensive amorphous B

7ZrB, 32
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Fig. 1 Changes of the standard Gibbs free energy of related
reactions

2C + Ca = CaC,
AH s = —60kJ » mol™ T,y05 = 1059K @)

For removing by-product CaC, and residual Ca,
the product was soaked in hydrochloric acid. Our pre-
vious findings suggested that there may be an inher-
itance rule in particle sizes of final boride products
and raw oxides. According to the above analysis, this
method might use cheap raw materials to prepare
nano-ZrB, powder through a mild reaction process.
Therefore, in order to synthesize nano-ZrB,, nano-
ZrO, was used in this work. This article would focus
on the effects of various parameters (proportion of
carbon black, boronizing temperature, and proportion
of Ca) on particle size and microstructure of ZrB,
powder products.

Experimental procedure

In this work, the used raw materials were nano-
ZrO, powder (purity > 99%, Shanghai Macklin Bio-
chemical Co., Ltd., Shanghai, China), carbon black
powder (purity >98.5%, Mitsubishi Chemical Cor-
poration, Tokyo, Japan), B,C powder (purity > 98%,
2~10 pm Shanghai Aladdin Bio-Chem Technol-
ogy Co. Ltd.), and Ca particles (purity>99.5%,
1-5 mm, Beijing Universal Jin Xin International
Science and Technology Co., LTD, Beijing, China).
Micromorphologies of raw powders are displayed in
Fig. 2. Among them, sizes of spherical nano-ZrO,

and carbon black particles are 30~100 nm
and~50 nm, respectively, while B,C has polyhe-
dron particle with size of several microns.

Considering the main gaseous product is CO,
according to stoichiometric ratio of Eq. (1), three
proportions of carbon black (C/ZrO,=0.8, 1.0, 1.2)
were selected, which represented the conditions of
deficient, theoretical, and excess carbon addition,
respectively. Firstly, nano-ZrO, and carbon black
with different proportions were weighed and homo-
geneously mixed in a slurry state by adding abso-
lute ethyl alcohol in an agate mortar. Next, slurry
was dried and subjected to carbothermal reduction.
In order to obtain as fine ZrC particles as possible,
vacuum condition (10 Pa) was adopted to reduce
the carbothermal reduction temperature. The reac-
tion was carried out in a tube furnace at 1773 K.
According to Reaction (2), the B,C powder was
weighed according to a Zr/B,C molar ratio of 0.5.
The obtained carbothermal reduction precursor
was mixed with B,C powder, and then Ca particles
were added to the mixture powder. Boronation reac-
tion was performed in a graphite crucible. For the
investigations of boronation stage, including the
influences of boronizing temperature (1273, 1373,
and 1473 K) and mass ratio of Ca to carbothermal
reduction product, the sample with a carbon propor-
tion of 1.2 was used for all experiments. All experi-
mental parameters are listed in Table 2. After boro-
nation reaction, the sample was immersed in dilute
hydrochloric acid (~9 wt.%) for 1 h. The remaining
solid was washed with deionized water, and dried
powder was collected for characterization.

The phases of samples were detected using pow-
der X-ray diffraction analysis (XRD, SMARTLAB
(9), Japan, Cu-Ka radiation, A=1.54178 A) in a 20
range of 20 ~80° with a scanning rate of 30°-min~".
The micromorphology of powders was obtained
using a field-emission scanning electron microscope
(FE-SEM, (FE-SEM, Gemini SEM500, ZEISS,
Germany). The C content was analyzed using a car-
bon-sulfur analyzer (EMIA—920V2, HORIBA).
The O content was analyzed using an oxygen—nitro-
gen-hydrogen analyzer (EMGA—830, HORIBA).
The changes of Gibbs free energy of reactions
were calculated using thermodynamic software
Fact-Sage 7.0. The surface area was determined
by Brunauer—-Emmett-Teller method (ASAP 2460,
Micromeritics, USA).
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Fig. 2 FE-SEM images of raw material powders: a nano-ZrO,; b carbon black; ¢ B,C

Table 2 Experimental

No  Carbothermal reduction stage Boronation stage
parameters of study
Carbon Temperature schedule ~ Mass ratio of Ca to carbo-  Temperature schedule
proportion thermal reduction product
1 0.8 1773 K, 4 h 1.0 1373 K,4h
2 1.0 1.0
3 1.2 1.0
4 1.0 1273 K, 4 h
5 1.0 1473 K, 4 h
6 0.5 1373 K,4h
7 2.0
Results and discussion with different carbon proportions are displayed.
The relative intensities of ZrO, decrease in reduced
Influence of carbon proportion on boronized product products, as gradually increasing carbon proportion.
However, even though the amount of reducing agent
In Fig. 3a, the XRD patterns of carbothermal products is sufficient for sample with a carbon proportion of
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Fig. 3 XRD patterns of a carbothermal reduction products and b boronized products

1.0, there is still a small amount of unreduced ZrO,.
This phenomenon might be due to that the remaining
Zr0O, and carbon black were isolated by the formed
ZrC particles. So, the excess carbon addition (such
as 1.2) could obviously facilitate the reduction of
ZrO,. As shown in Fig. 3a, there are not too much
ZrO, remaining in the product. After boronizing by
B,C in Ca melt, all boronized products were pure
ZrB,, as shown in Fig. 3b. It was worth noting that
the precursor containing unreacted ZrO, was also
fully transformed to ZrB,. This result indicated that
71O, could also be reduced by Ca and then boronized
by B,C, as described by Eq. (4). The thermodynamic
calculation (Fig. 1) reveals that this process can occur
spontaneously.

ZrO, + 0.5B,C + 2.25Ca = ZrB,+ 2CaO + 0.25CaC,
AH = —478.9kJ e mol ™" T,4,0¢ = 2663K
“

The phase analysis results showed that carbon pro-
portions had no effect upon the phase composition of
final boronized product.

In order to study the morphological regularity
of the carbothermal reduction products, the micro-
morphologies of products with different carbon pro-
portions are shown in Fig. 4. In sample with a car-
bon proportion of 0.8 (Fig. 4a), two type particles
with sizes of~1 pm and~200 nm are observed.
EDS analysis shows stronger O signal in the region
of large particles. Combining with the XRD diffrac-
tion results, these large particles were identified as

ZrO, and the small particles were confirmed as ZrC.
Compared with the raw nano-ZrO,, the size of these
residual ZrO, increased by a dozen times. This phe-
nomenon was due to the fact that nano-ZrO, could be
easily sintered at 1223 ~1473 K [18, 19]. When the
carbon proportion is 0.8, the carbothermal reduction
products would contain a large amount of un-reduced
Zr0,, and these nano-ZrO, particles would be sin-
tered to bigger particles. However, sintering of ZrC
needed a high temperature of above 2000 K [20, 21],
which indicated that ZrC particles would not con-
tinue to grow up in the current conditions. Therefore,
ultrafine-ZrC particles would be remained in prod-
ucts. In products with carbon proportions of 1.0 and
1.2 (Fig. 4 b and c), large ZrO, particles are no longer
observed, and the sizes of obtained ZrC particles were
also~200 nm. Especially for the case with a carbon
proportion of 1.2, ultrafine particles of excess carbon
black can still be found around the ZrC particles.
Next, carbothermal reduction products with dif-
ferent carbon proportions (0.8, 1.0, and 1.2) were
boronized. After leaching and drying, the correspond-
ing FE-SEM images of products are shown in Fig. 5.
Phase analyses had shown that these products were all
pure ZrB,. For boronation product with a carbon pro-
portion of 0.8 (Fig. 5 a and b), two types of particles
with different sizes are also observed and are similar
to carbothermal reduction products, since original
sizes of both ZrC and ZrO, particles were inherited
to ZrB, formed during boronizing process. Both two
types of ZrB, particles are not smooth. The small
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Fig. 4 FE-SEM images of carbothermal reduction products obtained with a carbon proportion of a 0.8, b 1.0, and ¢ 1.2

particles are cauliflower-like, while the large particles
are porous. The formation of ZrB, with cauliflower-
like morphology was resulted from boronization
of ZrC. In this process, the molar volume becomes
larger from 15.47 (ZrC) to 18.49 cm?®mol™! (ZrB,),
as shown in Table 3. Originally smooth ZrC particles
transformed into non-smooth ZrB, due to volume
expansion and the resulting stress. But the transfor-
mation from ZrO, to ZrB, was a process of reducing
molar volume (from 21.2 to 15.47 cm*mol™"), so the
porous large ZrB, particle was the result of volume
shrinkage. For boronation products with carbon pro-
portions of 1.0 and 1.2, there are only cauliflower-
like ZrB, particles with size of 200 nm in the view.
Through the above analysis, it can be seen that the
excess C addition could ensure that there are no lager
ZrO, particles in carbothermal reduction product,
which would make the final boronized product fine
and homogeneous.

Influence of boriding temperature on boronized
product

In order to obtain finer ZrB, powder, carbothermal
reduction product with a carbon proportion of 1.2

@ Springer

was used for further researches. Boronation experi-
ments at different temperatures were performed, and
the XRD patterns of the products are shown in Fig. 6.
After boronizing the sample at 1273 K for 4 h, there
are ZrC, ZrB,, and CaB,C, in product. The charac-
teristic peak of ZrC is the highest in XRD spectrum
of product, and it can be concluded that the borona-
tion reaction of ZrC was weak at such a low tempera-
ture (1273 K). In addition, B,C could react with Ca
to form CaB,C,, and this phenomenon had also been
verified in the process of preparing CaB, with Ca
and B,C as raw materials [22]. As the temperature is
increased to 1373 and 1473 K, the boronized product
is pure ZrB,.

The micromorphology of boronation products
obtained at 1373, 1273, and 1473 K are displayed
in Figs. 5d and 7 a and b, respectively. For products
prepared at 1273 K, there are many ultra-fine par-
ticles and a small number of large particles in the
view. The EDS analysis (point 1) show that B and
Ca elements are enriched in region of bigger parti-
cle, from which it could be speculated that the large
particles are CaB,C,. In high magnification view,
cauliflower-like particles and smooth particles are
found, both of which are about 200 nm. Moreover,
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Fig. 5 FE-SEM images of boronized products with carbon proportion of a and b 0.8, ¢ 1.0, d 1.2

EDS analysis (points 2 and 3) indicated that cauli-
flower-like and smooth particles are ZrB, and unre-
acted ZrC, respectively. This finding was consist-
ent with the above analysis. For products prepared
at 1373 K (Fig. 5d), there were all cauliflower-like

particles with size of ~200 nm. However, the mor-
phology of ZrB, prepared at 1473 K is significantly
different from that obtained at lower temperatures.
Most of ZrB, particles are smooth polyhedrons with
the sizes of less than 100 nm. Compared with low
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Table 3 Physical parameters of related compounds

Compound 7r0, ZrC ZrB,

Density/g-cm™> 5.813 6.675 6.104
Molar mass/g-mol~! 123.22 103.23 112.84
Molar volume/cm® mol ™! 21.20 15.47 18.49

Fig. 6 XRD patterns of
boronized products with
different conditions

temperature product, the dispersity of product is sig-
nificantly improved. In addition, nano-carbon par-
ticles cannot be observed in all boronized products,
which means that excess carbon black were removed
by Ca melt (Reaction (3)). Therefore, the boriding
temperature was an important factor affecting the rate

! 1-ZrB, 2-ZrC 3-CaB,C,
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ﬂ 1 1 | 1 1
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Fig. 7 FE-SEM images of boronized products with different temperatures: a 1273 K, b 1473 K
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of boronation process and microstructure of produced
ZrB,.

Influence of Ca proportion on boronized product

To compare the effect of Ca addition amount on
the boronation process, experiments with differ-
ent Ca mass ratios were also carried out at 1373 K.
Phase analysis shows that the composition of these
products is single phase ZrB,, as shown in Fig. 6.
FE-SEM images of products with Ca proportions of
1.0, 0.5, and 2.0 are shown in Figs. 5d and 8 a and
b, respectively. Since these products were prepared at
1373 K, all of them are cauliflower-like particles with
size of ~200 nm. In addition, it could be concluded
that the Ca proportion had no significant effect on
boronized products.

Assessment of nano-ZrB,

In order to compare the difference of ZrB, powders
prepared at two temperatures (1373 and 1473 K),
some relevant parameters are listed in Table 4. Firstly,
full width at half maximum (FWHM) was used for
calculating grain size by Scherrer’s formula (Eq. (5))
[23, 24] (where Dc is calculational grain size; 4 is the
X-ray wavelength, 0.154178 nm; @ is the diffraction
angle).

Do = — 089

" FWHMcosf )

Obviously, the Dy value (49 nm) was smaller
than the size (about 200 nm) of the caulifiower-
like particles observed in Fig. 5d. This phenom-
enon indicated that the cauliflower-like ZrB, were
not single crystal particles, and were aggregates

Fig. 8 FE-SEM images of boronized products obtained with different Ca proportions: a 0.5, b 2.0
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Table 4 Relevant parameters of ZrB, powders prepared at two temperatures

Temp./K  Micromorphology FWHM of D¢c/nm Sg/m2~g_1 Dg/mm  Carbon Oxygen Solgm™2 d/nm
[001] peak/ content/ content/
Rad wt.% wt.%
1373 Cauliflower-like particle 2.85x 1073 49 16.65 59.1 0.69 2.53 1.52x1073  1.16
1473 Smooth polyhedron 1.68x1073 84 10.74 89.9 0.64 1.57 1.46x1073  1.05

FWHM full width at half maximum, D, calculational grain size by Scherrer’s formula, S, specific surface area, Dg equivalent parti-
cle size according to specific surface area, S oxygen content per unit surface, d thickness of surface oxide layer

composed of many nano particles. In addition,
according to Eq. (6) [9] (where Dy is equivalent
particle size; S, is specific surface area and p is den-
sity of ZrB,, 6.104 g-cm™), the equivalent particle
size was estimated by using the specific surface
area.

6
Pe=5, ©)

Dg of cauliflower-like particles is 59.1 nm and
is similar to value of D calculated by Eq. (5). For
product obtained at 1473 K, D (84 nm) is larger
than that (49 nm) prepared at 1373 K. However, this
value was roughly equivalent to the particle size
observed by FE-SEM (Fig. 7b), which meant that
smooth polyhedron might be single crystal particle.
In addition, the corresponding Dy is 89.9 nm, which
is also near the value of D. For boronation reaction
at 1473 K, it was speculated that the original cau-
liflower-like agglomerates (D-=49 nm) grew into
smooth polyhedron (D-=84 nm) at high tempera-
ture. During growing process of cauliflower-like
agglomerates, several small grains were combined
to form a ZrB, particle with size of about 100 nm.
Meanwhile, the original agglomerates were disinte-
grated due to grain growth, and the dispersity of the
particles was also improved.

To further assess the purities of two samples,
C and O contents of two samples were also tested.
The carbon contents of two samples are similar, as
shown in Table 4. However, the O content of cauli-
flower-like particles is significantly higher than that
of polyhedral particles. This phenomenon might be
related to the specific surface area of sample. To
test this conjecture, the oxygen content per unit sur-
face was calculated according to Eq. (7) [9] (where
So is oxygen content per unit surface, S, is specific
surface area, and w% is oxygen content).

@ Springer
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The S values of the two samples are very similar,
that is, the O contents of the samples was indeed related
to the specific surface area. It could be considered that
the oxygen of the ZrB, powder was concentrated on the
surface of the particles. Since the boronation process
was carried out in a sufficient Ca melt, strong reducing
effect of Ca did not cause differences in oxygen content
between two samples. Because ZrB, could be corroded
in acidic solution [26, 27], it might be oxidized during
acid leaching or drying process. The larger specific sur-
face area would provide a larger interface for the oxida-
tion reaction.

If the total oxygen content of the powder (w,%) was
completely concentrated in a thin layer of ZrO, (mono-
clinal) on the surface of spherical product particles,
the relationship between particle diameter and oxygen
content could be expressed as Eq. (8) (where wy% is
oxygen content of the powder; p;,(, is density of mon-
oclinal ZrO,, 5.823 g-cm™; Pz, is density of ZrB,,
6.118 g-cm™; D is particle diameter, and equals to Dg;
Dg g is diameter of unoxidized inner ZrB, core; M
is molar mass of oxygen, 16 g-mol™'; My, is molar
mass of ZrO,, 123.22 g-mol_l). The thickness of sur-
face oxide layer (d) is given by Eq. (9). The calculation
result suggests that the oxide film thicknesses of the
two samples are 1.16 nm (cauliflower-like particle) and
1.05 nm (smooth polyhedron), which are close to pre-
pared ZrB, particles in literature [14, 24].

3 _n3 Mo
wO% B Pzr02 (D DB—O) Mz, (8)
100 erBzD%_o + Pzr0, (D3 - D]33_o)
D-D
d= % )
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Formation mechanism of nano-ZrB,

To explain the formation of nano-ZrB, particles, the
mechanism of particle evolution is shown in Fig. 9. In
Fig. 9a, the raw material for carbothermal reduction
is a mixture of nano-ZrO, and carbon black. During
the heating process, the ZrO, particles will first grow
to~200 nm through sintering before the carbother-
mal reduction reaction begins (below 1330 K). This
is because the sintering of nano-ZrO, can be per-
formed at a lower temperature (1273 ~ 1473 K). With
the further increase of temperature, the carbothermal
reduction reaction of ZrO, occur, and a new phase
ZrC is formed. However, since the growth of ZrC by
sintering can only be carried out above 2000 K, the
formed ZrC particles will maintain the size of ZrO,
particles (~200 nm). In boronation stage, ZrC is
boronized to form ZrB, by B,C in Ca melt. At a low
temperature (1373 K, Fig. 9b), since the molar vol-
ume of ZrB, is larger than that of ZrC, the particle
size of boronized product is also larger than that of
ZrC. The expansion stress occurred during boriding
process may cause the particles to be cauliflower-like.

Fig. 9 Formation
mechanism of nano-ZrB,
particles: a carbothermal
reduction, b boronation at
1373 K, ¢ boronation at
1473 K

Room
Temperature

Moreover, each ZrC particle may have multiple
nucleation points during boronation reaction, which
also lead to that the boronized product appears as
cauliflower-like agglomerated particles. Although the
size of the agglomerate is~200 nm, the grain size is
only tens of nanometers. This cauliflower-like fea-
ture is retained because ZrB, particles are difficult to
grow at lower temperatures. At a higher temperature
(1473 K, Fig. 9c), the cauliflower-like particles are
no longer stable. ZrB, grains will continue to grow
to about~100 nm due to the ripening. In addition,
the particle shows a smooth polyhedral shape, which
is a lower-energy state. In this process, the original
agglomerates are also disintegrated, and the disper-
sity of ZrB, powder is also improved. Although the
product obtained at 1473 K is resulted from effects of
ripeness and growth, the decline of surface of product
will effectively decrease the oxygen content of pow-
der product. After comparing the methods in Table 1,
the advantages of this method were more obvious.
The raw materials used in this process were cheap
and easily available, and the reaction could be real-
ized by using an ordinary high-temperature furnace.

2000'm ~200nm

1473K 1773K

b
( ) ~200nm
~50nﬁ:
| i
Room
Temperature 1373K
(C) ~200nm ~100nm
Boronation:

Room
Temperature

Reaction 2

1473K
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In addition, the product was pure ZrB, with particle
size of less than 100 nm.

Conclusions

IN this paper, a two-step method of synthesizing
nano-ZrB, powder was studied in detail. In first stage,
fine ZrC was prepared via vacuum reduction of nano-
ZrO, with carbon black. Next, ZrC was boronized to
ZrB, by B,C in Ca melt. Finally, pure phase ZrB, was
obtained after acid leaching. In carbothermal reduc-
tion stage, the carbon proportion was the key factor
affecting particle size and uniformity of final ZrB,.
Excess carbon could significantly reduce the large-
sized ZrO,, and ensure the fine size and uniformity
of the boronation product. In boronation stage, tem-
perature played an important role in the microstruc-
ture of ZrB,. Cauliflower-like aggregate (~200 nm)
and smooth polyhedron (~100 nm) were obtained
by boronizing the carbothermal reduced product at
1373 K and 1273 K, respectively. The grain sizes esti-
mated by Scherrer’s formula and equivalent particle
sizes calculated by BET results of these two products
were both less than 100 nm. The formation of nano
polyhedral particle with smooth surface was caused
by the growth and disintegration of the cauliflower-
like agglomerates by ripening at higher temperature.
Oxygen analysis results indicated that O element was
enriched on the particle surface, and the oxide layer
thickness was estimated to be 1.8 nm.
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