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Abstract

Boron carbide is one of the hardest materials and a highly refractory material that is of great interest for structural,
electronic and nuclear applications. B4C is commercially manufactured by the carbothermal reduction of a mixture of
boron oxide (B2O3) in an batch electric arc furnace process. However the carbothermal reaction on the stoichiometric
starting composition results an excess carbon residue because of the boron loss in the form of B2O2. Thus, a modified
carbothermal reaction is applied with an excess B2O3 to compensate the loss and to obtain stoichiometric powders. The
aim of this work is to study the sinterability of this powder with the lower carbon residue acting as sintering additive.
Pressureless sintering in the temperatures of  1900ºC/30min and 2100ºC/30min in argon atmosphere were applied. The
synthesized powders were analysed by DRX and SEM. Density of  94% of theoretical density was achieved for sample
prepared with the powder obtained with  50% B2O3 excess synthesized at 1700ºC/15min

1.  Introduction

Boron carbide (B4C) is the third hardest material next to
diamond and cubic nitride, having a hardness of 28-35
GPa Knoop hardness [1]. B4C  possesses a combination
of properties, besides high hardness, low density (2.52
g.cm-3), high Youg’s modulus (450-470 GPa), high
corrosion and oxidation resistance, high cross-section for
neutron capture and excellent high-temperature
thermoeletric properties [2,3].  It  has been used for
lightweight ceramic armor, wear-resist components such
as blasting nozzles, bearings, cutting tools, dies and
grinding wheels. B4C is currently used as a neutron
absorber material (control rods) in the majority of
nuclear plant  and control rods in nuclear reactors [2-5].
Boron carbide exists as a solid solution in the range of
8.8 to 20 mol% carbon. Its crystal structure is complex
owing to the highly covalent nature of interatomic
cohesion. Twelve atom boron-rich icosahedra reside at
the corners of a rhombohedron, and each icosahedron is
bonded to six others via direct bonds, and three-atom
inter-icosahedral chains reside between the icosahedra
[6].
For  B4C powder synthesis, the most widely used route,
used at an industrial scale, is the carbothermal reduction
method of boron-oxygen compounds such as boron oxide
(B2O3), boric acid (H3BO3), borax (Na2B4O7), boracite
(Mg7Cl2B16O30) , as well as by the direct combination of
the elements [7,8]. Commercially, B4C is produced by
reducing boric acid or boron oxide with graphite or
petroleum coke at a temperature near to the melting point
of B4C in a batch electric arc or resistance furnace [9].
Overall reaction is described by [7]:

            2 B2O3  +  7C  = B4C  +  6 CO                   (1)

∆Hº= 1812 kJ/mol, at 2200 -2500ºC.

This reaction, however, requires an extended period of
time because the rate of heat conduction that controls the
whole process is quite slow [7]. Consistent with the
process, the product obained is in the chunk form and
coarse grained. The milled powder is inherently
associated with contamination resulting from the
grinding media and hence requires an acid leaching for
purification.
Preparation of B4C by carbothermal route has been
reported to be associated with the loss of boron in the
form of boron oxide/suboxide [7,10]. The reaction by-
product such as carbon monoxide carries volatile boric
species away from the reaction site, which breaks the
stoichiometry. Therefore, the final B4C contains
considerable amount of free residue wich could
deteriorated the final properties. However carbon has
been the best known additive for pressureless sintering of
B4C [11-13]. As in the case of other covalently bonded
materials, the sintering of pure B4C is difficult due to low
diffusivity. Without the use of additives, dense B4C has
been formed by hot pressing at temperatures higher than
2100ºC. With additives, various levels of success in the
sintering of this ceramic have been reported [14]. The
role of carbon is believed to be the reduction of boron
oxide surface layers on boron carbide particles [14], a
process that decreases the contributions of vapor-phase
transport by sub-oxides of boron. Vapor-phase transport
does not lead to densification and, in fact, contributes to
coarsening of the microstructure of boron carbide [15].
The feasibility of simultaneously produced a B4C powder
with a carbon residue, which may act as a sintering
additive to densify boron carbide by pressureless sinering
has been the aim of this work.
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2. Experimental Procedure

2.1  Carbothermal Reduction

The raw material used were boric acid (H3BO3-Baker
Analyzed Reagents) and carbon (graphite-ROCOL
Morganite do Brasil ltda). The H3BO3 was firstly
dehydrated in an eletric furnace at a temperature of
300ºC/1h, with heating rate of 10ºC/min. The reaction to
obtain B2O3 can be written as:

        2 H3BO3(s)  →   B2O3(s)   +  3 H2O (g)          (2)

The obtained B2O3 was ground in a mortar and sieved
(150µm) to obtain a fine powder. Three compositions
were prepared with the B2O3 and carbon. One
composition with the stoichiometric relation presents in
equation (1); a second with 50 wt% in excess of B2O3
and a third one with 100 wt% in excess (Table I). After
measured on the desired ratio, the reactants were mixed
with a mortar and pistol.

Table I- Compositions of the B2O3 and Carbon mixture

The boron-oxide-carbon mixtures were uniaxilly die-
pressed into green pellets, having 25 mm diameter and 5
mm thickness.  Then these pellets were heated in a
graphite furnace at two temperatures: 1750ºC/15min and
1800ºC/15min with a heating rate of 30ºC/min, under Ar-
flowing atmosphere. The B4C formation after
carbothermal reduction was analysed by X ray diffraction
(XRD-Model Phillips PW 18/30) using monochromated
CuKα-radiation  and their morfology was investigated by
scanning electron microscopy (SEM-Model Zeiss DSM).

2.2   Powder Sintering

Two types of samples were prepard with obtained
powder of the carbothermal reduction: one without  extra
additive (code:B1) and other with 5wt% of Al2O3
(code:B2). To improve the pressing process 1wt% of
polyvinyl alcohol (PVA) was added to both samples.
Powder compacts were prepared by placing loose powder
in a die and punch assembly and uniaxilly pressed (5 mm
in height and 12 mm in diameter). The pellets were then
submitted to a isostatical pressing at 300 MPa. A
graphite resistance furnace (model-Spembly II) was used
for heat treatments which were comprised of graphite
heating elements and fibrous insulation. A heating rate of
20ºC/min  was used  to 1900ºC/30min and
2100ºC/30min.  Temperature was monitored using a
pyrometer sighted on the graphite casing near the
samples.

3. Results and Discussion

3.1 Carbothermal Reduction

Fig.1 shows the XRD pattern of the B2O3 powder
obtained from the dehydrated H3BO3. The powder shows
a good cristallinity with straight peaks.

Figure 1- XRD patter of the B2O3 obtained after
dehidratation of H3BO3.

A spongy black powder was obtained in  both treatments
(1700ºC and 1800ºC) for all compositions (Fig.2). These
material was easily crushed and compacted.

Figure 2- Samples in a graphite crucible after
carbothermal reduction in argon atmosphere.

To investigate the phase formation, the synthesized
powders are analyzed with XRD, which are shown in
Fig.3 and Fig.4 for samples heat-treated at 1700ºC/15min
and 1800ºC/15min, respectively.

Figure 3- The XRD patterns of the powders synthesized
at 1700ºC/15min.

Sample
B2O3 concentration code B2O3 (wt%) C  (wt%)

    stoichiometric B-C 62.4 37.6
   50 wt%  excess 50B 71.3 28.7
100wt%  excess 100B 76.8 23.2

1 cm
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Figure 4- The XRD patterns of the powders synthesized

at 1800ºC/15min.

The composition prepared from the stoichiometric
relation  shows a relative high concentration of carbon.
This aspect is observed even in the sample treated at
1800ºC/15min. The intensity of carbon peak (2θ=26,5º)
decreases with the excess of B2O3 in the initial mixture.
However there is an significant amount of carbon to be
considered as a sintering additive.
The powders prepared at 1700ºC/15min were chosen to
continue the study about sinterability. This low
temperature leads to a lower cust process, besides is
likely to have a higher carbon residue. Fig. 5 shows
micrographs of the powder 50B and 100B of the
carbothermal  reduction at 1700ºC.

(a)

(b)

Figure 5- SEM micrographs of the powders synthesized
at 1700ºC/15min : (a) 50 wt% of B2O3 excess; (b)
100 wt% of B2O3 excess.

Using excess boron oxide the morphology of the
synthesized powders shows two types of particle shape:
one is uniform and fine sized morphology and the other
is needle-shape particles with a big aspect ratio.
Generally, this needle-shape morphology is often
obseved in the B4C powders synthesized from the
gaseous products.

3.2 Powder Sintering

The addition of  5wt% of Al2O3 in combination with the
carbon residue from the carbothermal reduction resulted
in a higher densities em relation to undoped samples
(Table II).

Table II- Densities of the samples pressureless sintered.

*%TD-theoretical density of B4C was used for the
undoped case (2.52 g.cm-3).

Sintering of pure B4C is difficult due to the low
diffusivity as in the case of other covalently bonded
materials. Dense boron carbide powders are difficult to
sinter to a high density without the use of additives,
because of the interference of boron oxide coatings on
the particles at lower temperatures [11].
With additives, various levels of success in the
pressureless sintering of this ceramic have been reported
[14-17]. The role of the additives is believed to be the
reduction of boron oxide surface layers on boron carbide
particles, a proecess that decreases the contributions of
vapor-phase transport by sub-oxides of boron [17]. The
presence of  Al2O3 and carbon could eliminate B2O3 from
boron carbide compacts.
 Fig.6 shows two SEM macrographs of the fracture
surface of the samples heated at 2100ºC. The sample B1
shows large grains with extended porosity. On the other
hand sample B2 shows a transgranular fracture with
lower porosity. The undoped sample (B1) had probably
undergone much coarsening. The presence of B2O3 liquid
may have provided a rapid diffusion path along particle
surfaces, facilitating particle coarsening. The coarsening
forms a dense polycrystaline solid, surrounded by large
inerconnected pores. The pores became stable and acted
as densification barriers.

Density (g.cm-3)Sample 1900ºC 2100ºC

B1 1.97
(78 %TD)

2.23
(89 %TD)

B2 2.12
(84 %TD)

2.38
(94 %TD)
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(a)

(b)

Figure 6- SEM micrographs of fracture surface of  the
samples pressureless sintered at 2100ºC: (a) B1;
(b) B2.

4. Conclusion

Our results suggest that carbothermal process is
inherently associated with loss of boron. The addition of
50wt% excess of dehydrated boric acid (B2O3) in the
stoichiometric reaction for carbothermal reduction
proved to be efficient to nearly fully convertion to B4C
after 15 min reaction time at 1700ºC. Density of  94% of
theoretical density was achivied by pressureless sintering
at 2100ºC, using Al2O3 as sintering additive.

Acknowledgements

This work has been carried out under the Ballistic Impact
Resistant Materials Project supported by the Brazilian
Air Force.

References

[1]-Thevenot F., Boron Carbide- A Comprehensive
Review, J. Eur. Ceram. Soc., 1990, 6 [4], 205-225.

[2]-Gogotsi G.A., Gogotsi Y. G., Ostrovoj D.U.,
Mechanical Behavior of Hot-Pressed Boron Carbide in

Various Atmospheres, J. Mater. Sci. Lett., 1988, 7 [8],
814-116.

[3]-Weimer W., Thermochemistry and Kinectics in
Carbide, Nitride and Boride Materials Synthesis and
Processing. Ed. Weimer A.W., Chapman and Hall, New
York. 1997.

[4]-With G., High Temperature Fracture of Boron
Carbide : Experiments and Simple Theoretical Models, J.
Mater. Sci., 1984,19 [2], 457-466.

[5]-Gogotsi G.A., Groushevsky O.D. et al. Complex
Investigation of Hot-Pressed Boron Carbide., J. Less-
Common Met., 1986, 117 [4], 225-230.

[6]-Wei B, Vajtai R., Jung Y. J. et al., Massive
Icosahedral Boron Carbide Crystals, J. Phys. Chem. B,
2002, 106, 5807-5809.

[7]-Weimer A.W., Moore W. G., Roach R. P., et al.
Kinetics of Carbothermal Reduction Sythesis of Boron
Carbide, J. Am. Ceram. Soc., 1992, 75 [9], 2509-2514.

[8]-Kalandadze G.I., Sahlamberidze S.O., Peikrishvili
A.B., Sintering of Boron and Boron Carbide, J. Solid
State Chem., 2000, 154 [1], 194-198.

[9]-Scott J.J., Arc Furnace Process for the Production of
Boron Carbide, U.S. Pat. No 3161471 (1964).

[10]-Jung C. H., Lee M. J., Kim C.J. Preparation of
carbon-free B4C powder from B2O3 oxide by
carbothermal reduction process, Mat. Lett. 2004, 58, 609-
614.

[11]-Lee H., Speyer R.F., Pressureless Sintering of
Boron Carbide, J. Am. Ceram. Soc.,2003, 86 [9], 1468-
1473.

[12]-Lee H., Speyer R.F., Hackenberger W.S., Sintering
of Boron Carbide Heat-Treated with Hidrogen, J. Am.
Ceram. Soc.,2002, 85[8], 2131-2133.

[13]-Schwetz K.A., Grellner W., The Influence of
Carbon on the Microstructure and Mechanical Properties
of Sintered Boron Carbide, J. Less-Common Met., 1981,
82 [4], 37-47.

[14]-Thevenot F., Sintering of Boron Carbide and Boron
Carbide-Silicon Carbide Two-Phase Materials and Their
Properties, J.Nucl. Mater., 1988, 152, 154-162.

[15]-Dole S.L., Prochazka S., Densification and
Microstructure Development in  Boron Carbide, Ceram.
Eng. Sci. Proc., 1885, 6, 1152-1160.

[16]-Wang L.S., Yang Y.B., Zhang J.S. et al. Activatd
Sintering and Sintering Kinectics of Boron Carbide with
Carbon as Activator, Chin. J. Nonferrous Met., 2000, 10,
37-42.

[17]-Sigl L. S., Processing and Mechanical Properties of
Boron Carbide Sintered with TiC, J. Eur. Ceram. Soc.,
1998, 18 [4], 1521-1529.

                                                                                        6p3

Sintering'05 489




