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An investigation of sintering kinetics of boron and boron
carbide is presented. The in6uence of the powder size distribution
on the temperature dependence of sintering, on reaching a high
5nal density, and on gaining a homogeneous grain size has been
shown. The results on the a-rhombohedral usage in reaction
sintering for boron carbide production have been given. With the
example of boron, the maximum sintering density was reached
as the process was managed under the conditions providing the
successive phase transitions in boron, Bamorph.PBaPBb. The
results of sintering of boron and boron carbide pellets compacted
by explosive compression have been considered. Explosive press-
ing+sintering produces pellets of amorphous and a-rhombohedral
boron. ( 2000 Academic Press
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INTRODUCTION

Boron carbide and boron are neutron absorbers. They
are hard to sinter due to their rigid covalent bonds and
corresponding low di!usion mobility. The ways of pellet
formation and sintering of these materials have regularly
been of interest at previous symposiums on boron, borides,
and related compounds (1}7).

This paper contains "ndings on the e!ect of the powder
size distribution on boron carbide sintering parameters and
the structure of the sintered body, on the boron carbide
reactive sintering activated by phase transformations from
a-rhombohedral, and on sintering the explosively compac-
ted boron materials.

The obtained results sometimes di!er from the previous
data published by other investigators. An attempt to rein-
terpret these results has been made.

EXPERIMENTAL

Pyrolytic and electrolytic amorphous boron powder with
a purity of 99.9 wt% and 96 wt% accordingly was used in
this investigation. a- and b-rhombohedral boron was pro-
duced from amorphous boron by crystallization at temper-
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atures 1200 and 18003C, respectively. Boron carbide was
produced by a direct synthesis from the elements at temper-
ature 20003C. The pellets were hot pressed at temperatures
1900}21003C and pressures 20}40 MPa in boron nitride
lined graphite moulds using resistance and inductive heat-
ing.

Shock compression, as a result of an explosive deton-
ation, was realized in specialdesign ampoules. The powders
were pressed in these ampoules up to 30% of a theoretical
density. During the explosion the air was discharged as the
shock wave transmitted. By varying a number of the para-
meters (ampoule geometry, the initial density of compressed
material, the rate of a shock wave propagation, the preheat-
ing temperature, the choice of an explosive), it was possible
to reach pressures up to 10 GPa.

The structure of the powders of the speci"ed materials
was examined with the DSM-50 scanning electron micro-
scope, and the powder size distribution was studied with the
LEITZ-TAS device.

RESULTS AND DISCUSSION

The morphology of di!erent origin powders has been
characterized by electron microscopic investigations (Fig. 1)
and their particle size distributions are shown in Figs. 2a
and 2b. The particle size distribution of these powders
depends entirely on their production method. There was the
opportunity to change (to extend or narrow) it by means of
classifying.

It is well known that sintering rates, a "nal density, and
the structure of sintered solids depend on the particle size
distribution and the morphology of powder particles. Fig-
ure 3 shows the microstructures of hot-pressed boron car-
bide, illustrating homogeneous and inhomogeneous grain
size resulting from monodisperse and polidisperse powders.
The experimental data con"rm the possibility of reaching
higher densities from monodisperse powders, which is of
particular importance in pressureless sintering. At the
same time, it should be emphasized that the pellets
from the monodisperse powders were produced at lower



FIG. 1. Di!erent powders: (a) pyrolytic amorphous boron, (b) electrolytic amorphous boron, (c) boron of a-rhombohedral modi"cation, (d) boron of
b-rhombohedral modi"cation, (e) boron carbide-1, (f ) boron carbide-2.
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temperatures. Higher temperatures cause a great number of
twins and grain size inhomogeneity due to grain growth.

Reactive sintering, i.e., sintering combined with synthesis
under hot pressing is one of the conventional methods of
boron carbide pellet production. As is known mass trans-
port in reaction of boron and carbon powder mixtures
depends on various conditions. The boron}carbon reaction
takes place by directed mass transport, i.e., a preferred
boron di!usion into carbon (8, 9), and carbon dispersity is
determinative for the structure of the sintered pellet. The
combination of synthesis (1250}15003C) and sintering
(1800}22003C) in the same process gives certain advantages
of temperature conditions. Owing to an isostructural char-
acter of a-rhombohedral boron and boron carbide the ad-
vantage becomes great when a-rhombohedral boron and
carbon are mixed. Figure 4 shows the relative density de-
pendence on the hot-pressing temperature for the powder
mixtures (a-boron#C) and (Bamorph#C). The former mix-
ture starts to be compacted at 13003C and gradually in-
creases in density until the maximum value is reached at
18003C. The latter mixture (Bamorph#C) starts sintering at
16003C and "nishes at 2050}21003C.



FIG. 2. Particle size distribution: (a) boron powders, (b) boron carbide
powders.

FIG. 4. Relative density vs hot pressing temperature for mixtures:
(1) Ba#C, (2) Bamorph#C.
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Powder metallurgy requests the usage of "ne powders for
the improved sintering and density rise. According to (10),
to raise the relative density from 35 to 62% during sintering
at 21003C (1 h, helium atmosphere), the mean size of
amorphous boron powder must be 0.036 lm. According to
(7), no density change occurred during vacuum sintering of
FIG. 3. The microstructure of hot-pressed boron carbide: (a) from m
b-rhombohedral boron powder pellets of mean particle dia-
meter 9 lm at temperatures 1800}19503C. An increase in
interparticle contacts and the speci"c surface change, how-
ever, were detected. Our investigations (11) indicate that
when a pellet of b-rhombohedral boron powders (average
powder size 2 lm, speci"c surface 1.2 m2/g, 35% initial
porosity) was sintered pressureless for 2 h at 19603C in
argon, a 15% porosity was reached. The process kinetics
was determined by the powder size and the lattice distortion
degree as well as the degree of cold precompacting. By the
suggested (10) ratio D/k54]10~6 cm/s (D, self-di!usion
factor; k, particle size), the requirements as to the particle
size of covalent bonded materials can be satis"ed in the area
of nanopowders (0.5]10~3 lm). Table 1 contains the data
on hot pressing of boron having di!erent forms: a- and b-
rhombohedral boron and amorphous boron. The sintering
conditions were chosen coincidently to all familiar phase
transitions (12, 13) in amorphous and a-rhombohedral
onodisperse powder (]300), (b) from polydisperse powder (]300).



TABLE 1
Data on Hot-Pressed Boron Pellets

Initial powders
b-rhombohedral

boron
Amorphous

boron
a-rhombohedral

boron

Grain size and
speci"c surface 2 lm, 1.27 m2/g 0.2 lm, 12.76 m2/g 2.74 lm, 0.89 m2/g

Initial pressure
(MPa) 15 15 15

Heating rate
(3C/min) 50 (up to 19503C) 5 (950}12003C) 20 (950}16503C)

20 (1200}16503C) 50 (up to 9503C
50 (up to 9503C and over 6503C)
and over 16503C

Final pressure
(MPa) 30 30 30

Final sintering
temperature 19503C 18003C 18003C

Final phase b-Rhombohedral b-Rhombohedral b-Rhombohedral
Final density

(% of theoretical) 87% 99% 91% FIG. 6. Boron carbide (]500) after the explosive compression and
thermal treatment at 8003C.
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boron (the phase transitions: amorphousPaPbIPbIIPb),
which enhances sintering. This phenomenon, called the
Hedvall e!ect, manifests itself in solid-state activity rise as
a result of phase transformations. The obtained results show
that better sintering property can be achieved as follows:
BbPBaPBamorph. At the "nal stage, all modi"cations of
boron transform to the b-rhombohedral modi"cation,
which is the only stable form at high temperatures.

At the same time the consolidation of the pellets of
low-temperature boron modi"cations is of great scienti"c
and practical interest. The possibilities of achieving high
density using static and isostatic pressing are limited. Ex-
plosive compression turned out to be more promising.
Figure 5 presents the hard-to-etch structures of the explos-
ive compacted pellets of a-rhombohedral and amorphous
boron. The pellets hold the initial phase. Even at densities
over 98% of theoretical, no cohesion of powder particles
occurred in the pellets. The pellets made by explosive
FIG. 5. a-Rhombohedral (a) and amorphous (b
compacting were subsequently sintered at considerably low
temperatures: boron carbide at 16003C and amorphous and
a-rhombohedral boron at 1000 and 12003C, respectively
(below the temperature of a phase transformation). A ther-
mal treatment for 10 min was quite su$cient to diminish the
remaining micropores after the explosive compression and
for grains to grow together. It was previously reported (14)
that an explosive compression of boron may form defects
and structure distortions favoring the activation of sub-
sequent sintering. Even intermediate thermal treatment at
8003C facilitates to etch and detect individual grains (Fig. 6).
A thermal treatment under the above-mentioned conditions
forms the structures presented in Fig. 7.

CONCLUSION

Some problems of sintering of boron carbide as well as
di!erent modi"cations of boron have been investigated. The
) boron (]300) after the explosive compression.



FIG. 7. (a) Boron carbide (]800) after the explosive compression and thermal treatment at 16003C; (b) a-rhombohedral boron (]800) after the
explosive compression and thermal treatment at 12003C.

JSSC=8835=SG=VVC

198 KALANDADZE, SHALAMBERIDZE, AND PEIKRISHVILI
powder size distribution of boron carbide was found to
determine the microstructure of a sintered pellet. The
usage of a-rhombohedral boron to produce boron carbide
pellets in reactive sintering could lower the maximum
sintering temperature to 18003C due to its isostructural
character.

A comparison between a-rhombohedral, b-rhombohed-
ral, and amorphous boron sintering property indicates that
their sintering into the b-rhombohedral phase at the "nal
stage can give higher densities as follows: BbPBaPB

!.031)
,

which is attributed to the phase transformation occurrence
from amorphous boron to b-rhombohedral boron through
a-rhombohedral boron modi"cation.

Explosive compacting and subsequent sintering of boron
and boron carbide were performed. The absence of interpar-
ticle cohesion by explosive compacting as well as the occur-
rence of the interparticle cohesion after a short thermal
treatment was detected.
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