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Abstract

Fully dense boron carbide specimens were fabricated by the spark plasma sintering (SPS) technology in the absence of any sintering additives.
Densification starts at 1500 °C and the highest densification rate is reached at about 1900 °C. The microstructure of the ceramic sintered at 2200 °C,
with heating rates in the 50-400 °C/min range, displays abnormal grain growth, while for a 600 °C/min heating rate a homogeneous distribution of
finely equiaxed grains with 4.05 &+ 1.62 wm average size was obtained. TEM analysis revealed the presence of W-based amorphous and of
crystalline boron-rich BsoN, secondary phases at triple-junctions. No grain-boundary films were detected by HRTEM. The formation of a transient
liquid alumino-silicate phase stands apparently behind the early stage of densification.

© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Boron carbide (B4C) is a promising material for a variety of
applications that require elevated mechanical properties [1-10].
The realization of this potential is hindered by the very high
temperature required for sintering, on account of the covalent
bonding that prevails in boron carbide [11]. A sintering
schedule at that elevated temperatures leads to rapid grain
coarsening [12,13] and is an expensive processing approach. In
order to alleviate this problem, the sintering of boron carbide is
commonly performed with free carbon as a sintering additive.
Schwetz and Grellner [14] have shown that adding 1-3 wt% of
excess free carbon to the boron carbide powder with a specific
surface area higher than 15 m?*g, allows fabricating sintered
bodies with a relative density above 95% and with a finely
grained microstructure. The sintering additives, however,
which usually appear as secondary phases, significantly affect
the mechanical properties of the sintered ceramic. Recently,
attempts were made to apply the relatively novel spark plasma
sintering technique for fabricating fully dense B,C specimens
[15-18]. A maximal relative density of about 99.2% was
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attained by Dipankar et al. [16] in specimens with an initial
particle size of 800 nm. In the present study, we conducted a
systematic investigation of the sintering behavior and the
microstructural features of boron carbide, processed by the SPS
approach and in the absence of any sintering additive.

2. Experimental procedure
2.1. Starting materials and experimental set-up

Boron carbide powder HS grade (see Table 1), supplied by
H.C. Starck Company was inserted into a graphite die (inner
diameter 20 mm, outer diameter 40 mm), which was covered
with 20 mm thick graphite wool for thermal insulation
(Fig. 1). The die was placed into a SPS apparatus (type HP
D5/1, FCT System, Rauenstein, Germany) equipped with a
50 kN uniaxial press. The sintering procedure was conducted
in the 1800-2200 °C temperature range in a vacuum of
1072 torr and under 32-51 MPa pressure. The heating rate was
varied in the 50-600 °C/min range and the holding time at the
highest temperatures was 0—10 min. The cooling rate at the
peak temperature 1000 °C was 100 °C/min. A typical
temperature and pressure regime over the densification cycle
is shown in Fig. 2.
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Table 1
Powder characteristics.
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Specific surface area

Particle size
<3 mm
<0.8 mm
<0.2 mm
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2.2. Density and microstructural characterization

The density of the sintered bodies was determined by the
liquid displacement method in distilled water. The micro-
structure was studied using electron microscopy: scanning
electron microscopy (SEM, JEOL-35) in conjunction with an
energy-dispersive spectrometer (EDS). Transmission elec-
tron microscopy (TEM) characterization was carried out on
Tecnai F20 G2 and on JEOL FasTEM 2010 microscopes
equipped with the Noran energy-dispersive spectrometer
(EDS) for microprobe elemental analysis. The samples for
the SEM characterization were prepared using standard
metallographic procedures that included a last stage of
polishing with 1 pwm diamond paste. Polished sections were
electro-chemically etched with a solution of KOH. TEM and
STEM samples were prepared as follows: 1 mm thick foils
were cut using 0.4 mm diamond saw and ground down to
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Fig. 1. Schematic set-up of SPS tools.

500 wm. Disks of 3 mm diameter were drilled with cooper
drill pipe and 40 wm diamond paste, ground down to 70 pm
thickness, glued to a Cu support and polished to 30 pm
thickness. Final thinning to electron transparency was carried
out with a Gatan™ model 691 precision ion polishing
system until perforation.

3. Results and discussion
3.1. The sintering behavior of boron carbide

The densification behavior of the boron carbide powder may
be derived from the lower punch relative displacement curve
(RPD). The RPD curve of the SPS process at a heating rate
50 °C/min is presented in Fig. 3a (line B) and corresponds to
the superposition of displacements toward negative values, on
account of the thermal expansion of the graphite tool and of the
sample during heating, and toward the positive direction due to
sample densification at elevated temperature and the thermal
shrinkage during cooling. A calibration run using the same tool
set-up with a fully dense sample was performed (line A,
Fig. 3a), in order to separate the effect of the thermal expansion
of the graphite parts and the densification of the B,C powder
(line C, Fig. 3a). A similar procedure was performed for a
heating rate of 400 °C/min (Fig. 3b). According to these
figures, in both cases the densification process starts at 1500 °C
and the maximum densification rate is reached at about
1900 °C.

The effect of various parameters on the density of the
sintered samples is shown in Fig. 4. As expected, with
increasing the sintering temperature (Fig. 4a), holding time and
applied pressure (data presented for sintered temperature
1900 °C) (Fig. 4b and c) the density of the SPS processed
samples increases.

At the same time, a slight density decrease of the sample
after heating up 2200 °C (without holding) was observed for a
heating rate increase from 50 to 600 °C/min (Fig. 4d). This
feature is attributed to the total time duration (9, 3.75 and
3.5 min for heating rates of 50, 400 and 600 °C/min,
respectively) of the samples in the 1900-2200 °C temperature
range during heating and cooling, the temperature interval in
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Fig. 3. RPD curves: (a) curve A corresponds to the run with fully dense sample, curve B corresponds to the run with B4C powder and curve C represents the effect of
densification. The presented data correspond to the heating rate of 50 °C/min and (b) RPD curve corresponds to the heating rates of 400 °C/min.

the course of which most of the densification process takes
place.

According to the experimental results, a relative density of
about 98% may be obtained by an SPS treatment at 2050 °C for
6 min with a heating rate of 50 °C/min under applied pressure of
32 MPa The fully dense specimens (density of 2.520 £ 0.012 g/
cm’®) were fabricated under the same conditions with a holding
time of 10 min. As shown below, the treatment at higher
temperature leads to significant grain coarsening.
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3.2. The microstructure of the sintered specimens

3.2.1. SEM characterization

The microstructure of fully dense boron carbide processed
by SPS at 2050 °C/min for 10 min is shown in Fig. 5. The
microstructure displays a homogeneous distribution of fine
equiaxed grains with an average size of 4.05 + 1.62 wm. The
bright contrast of the grain boundaries (GB) is believed to be
due to GB grooving caused by etching. The apparent porosity in
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Fig. 4. The effect of various sintering parameters on the relative density of boron carbide specimens.
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Fig. 5. The microstructure of the boron carbide processed by SPS at 2050 °C
for 10 min.

the micrograph originates from the sample preparation
procedure (polishing and etching) employed for metallographic
characterization.

The effect of the heating rate on coarsening during
treatments at 2200 °C and with no holding time is shown in
Fig. 6. For the heating rates 50 and 400 °C/min, an abnormal
grain growth was observed, while for the samples, which were
heated at 600 °C/min, the microstructure was similar to that for
samples hold at 2050 °C for 10 min. The experimental results
related to the grain growth phenomenon as a function of heating
rate are in good agreement with the results reported by Dole
et al. [12] for hot-pressed boron carbide.

3.2.2. TEM characterization

TEM analysis was conducted in order to characterize the
grain-boundary structure of the SPS processed boron carbide.
The TEM image (Fig. 7) shows straight and sharp grain
boundaries and confirms the results of the SEM investigation
regarding the boron carbide grain size within the fully dense
samples (Fig. 5). The presence of sub-micrometer particles at
the grain boundaries and, in particular, at the triple-junctions,
can be detected. EDS analysis of these particles at higher
magnification and their electron diffraction images allow
discerning the presence of two major particle types: (a)
amorphous rectangular-shaped particles enriched with W, Fe, C
and Ti and (b) plate-like shaped and crystalline particles. The
latter are enriched with B and N and were attributed to the
BsoN, phase [19] (Fig. 8). These particles originate from the
impurities present in the boron carbide powder.

The presence of secondary phases at the GB of boron carbide
processed by hot pressing, has been reported by Chen et al. [20].
The authors suggested that the presence of impurities or/and
sintering aids contribute to the densification process by forming
a secondary liquid phase in the course of the hot pressing
process. In the SPS process, densification also starts at about
1500 °C (Fig. 3) and is also due to the formation of a secondary
liquid phase. In order to verify the presence of the secondary
phase, the grain-boundary structure was scrutinized closely. A
bright field image of a high-angle grain-boundary is shown in
Fig. 9. The selected area electron diffraction (SAED) that was
taken from the grain-boundary shows the superposition of
diffraction patterns of the boron carbide grains only and no
evidence for the presence of any other phase.

Fig. 6. SEM micrograph of boron carbide obtained at 2200 °C with heating rates of 50, 400 and 600 °C/min, with no holding time. Abnormal grain growth is
observable in samples, which were fabricated at a heating rate of 50 and 400 °C/min.
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Fig. 7. TEM and STEM bright field image of a secondary phase at the triple-junction of the B4C particles.

High resolution TEM images were obtained from the
same area (Fig. 10). Both grains clearly display lattice
fringes up to the boundary and with no evidence for any
grain-boundary phase or amorphous film presence. The
appearance of the relatively wide (2-3 nm) grain-boundary in
Fig. 10b is due to the inclination of the boron carbide
interface with respect to the observation zone axes. On the
basis of the HRTEM observations and EDS analysis, we
concluded that the grain boundaries in the SPS processed
boron carbide are clean with no evidence for the presence of
secondary phase films.

Covalent ceramic and boron carbide, in particular, are
difficult to sinter to high relative density (>99%) without using
at least a small amount of sintering additives [1,20,21]. In hot-
pressed ceramics such as SiC [22,23], the presence of

amorphous grain-boundary films with a thickness of about
several atomic layers was observed. In HP boron carbide,
however, no grain-boundary films were observed [20].
Nevertheless, the presence of impurities in particular Si and
Al, evidently, affects the sintering behavior and induces the
start of the densification process at 1500 °C (Fig. 3). This stage
of the densification may be attributed to the formation of a
transient alumino-silicate liquid phase that allows some
particle rearrangement. At higher temperature, this liquid
phase reacts with carbon that originated from the boron
carbide, partial reduction of the oxides takes place and volatile
sub-oxides SiO and Al,O escape from the partially sintered
samples. As a result of the reduction processes, free boron is
released and forms the stable high temperature boron-rich
phase, detected by TEM.
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Fig. 8. Typical shapes of the secondary phases at the GB and triple-junctions (a) and their compositions; (b) the presence of Cu in the EDS analysis is attributed to the

Cu grid that supports the boron carbide sample.
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Fig. 9. Bright field TEM image of a high-angle grain-boundary in SPS
processed boron carbide.

Fig. 10. Typical HRTEM images from the grain-boundary presented in Fig. 9.

4. Summary

Fully dense boron carbide specimens were fabricated by
spark plasma sintering technology in the absence of any
sintering additives. The densification behavior of the boron
carbide powder was derived from the relative lower punch
displacement curve (RPD) taking into account the thermal
expansion of the graphite tools. Densification starts at 1500 °C
and reaches a maximal rate at 1900 °C. The fully dense
specimens with finely equiaxed grains with average size of
4.05 £ 1.62 pm were obtained after an SPS treatment at
2200 °C with the heating rate 600 °C/min. The secondary
phases at triple-junctions, which originated from the impurities
of the starting boron carbide powder, were detected by TEM
analysis, while HRTEM observation did not reveal any
secondary phase films at the grain boundaries. It is suggested
that the formation of the transient liquid phase stands behind the

early stage of the densification. To summarize, boron carbide
powders can self-bond without the assistance of additives by
means of the SPS-processing at a faster and cheaper way and
retain a fine grain structure.
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