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Abstract

B4C based ceramic composites with additions of CrB2 up to 25 mol% were fabricated by hot pressing at 2050 �C with a low
applied load of 5 MPa. The CrB2 addition enhanced the densification of B4C due to the formation of CrB2 –B4C eutectic liquid.

Both a high strength of 684 MPa and a modest fracture toughness of 3.2 MPa m1/2 were obtained for the B4C– 22.5 mol% CrB2
specimen. Furthermore, the electrical conductivity was increased remarkably for the specimens with more than 15 mol% CrB2,
which was attributed to the formation of three-dimensional network of the electrically conductive CrB2 phase.
# 2002 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Boron carbide (B4C) has excellent properties for an
engineering material, such as extreme hardness, a high
elastic modulus, a high melting point, good chemical
stability, and a high neutron absorption cross section.
Furthermore, B4C ceramics have high erosion and
abrasion resistance [1–5]. They are employed in nuclear
energy and high-temperature thermoelectric conversion
as well as erosive-wear applications such as nozzles.
However, their range of applications is restricted by
their low strength and fracture toughness as well as
poor sinterability and machinability. Fully densified
B4C ceramics without additives are usually fabricated
by means of hot pressing above 2100 �C with an applied
load of more than 30 MPa [13], which is relatively expen-
sive. The addition of carbon was found to be an effective
sintering additive for B4C [6–10]. A B4C ceramic with a
relative density of 96.4% was pressureless-sintered at
2150 �C with the addition of carbon [10]. By means of a
post-HIP treatment for this material, full densification

could be achieved. A flexural strength of 579 MPa and a
fracture toughness of 2.4 MPa m1/2 were obtained for the
post-HIPed specimen. Aluminium and Al-containing
compounds such as AlF3 and Al2O3 were also found to be
effective for the densification of B4C [11,12]. The sinter-
ability was remarkably improved by the addition of a
small amount of Al2O3, and a flexural strength of 550
MPa was obtained for a B4C ceramic fabricated by hot-
pressing of a B4C powder with 2.5 vol.%Al2O3 at 2000

�C
[12]. The effects of other additives such as SiC, TiC, WC
and BN were also examined, with limited success [13–16].
The purpose of the investigations mentioned above

was mainly to promote the densification and to increase
the strength of B4C ceramics. On the contrary, B4C–
TiB2 composites were investigated to improve both
strength and toughness [17,18]. The improvement of
fracture toughness by the addition of TiB2 was
explained in terms of microcrack formation caused by
the thermal expansion mismatch of dispersed particles
of TiB2 and the B4C matrix [17–19]. Skorokhod and
Krstic fabricated a B4C–TiB2 composite with a flexural
strength of 621 MPa and a fracture toughness of 6.1
MPa m1/2 by reaction-hot pressing of B4C powder with
the addition of TiO2 and C at 2000

�C [18]. We have
reported that a B4C–20 mol% CrB2 composite with
both a high strength of 630 MPa and a modest fracture
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toughness of 3.5 MPa m1/2 could be obtained by hot-
pressing powder mixtures of fine B4C and CrB2 at
1900 �C with an applied load of 50 MPa [22, 23].
Liquid phase sintering is expected to be an alternative

method for fabricating dense B4C ceramics with
improved mechanical properties, analogous to the den-
sification of non-oxide ceramics with high covalency,
such as silicon carbide and silicon nitride [24,25]. It was
reported that the addition of a small amount of Fe
enhanced the densification of B4C–TiB2 composites due
to the formation of an iron-rich liquid phase [17, 20].
Tuffe et al. fabricated a B4C–50 mass% TiB2 composite
with a flexural strength of 620 MPa and a fracture
toughness of 5.7 MPa m1/2 by hot pressing with the
addition of 0.5 mass% Fe at 1800 �C [17]. However,
research on the liquid phase sintering of B4C based
ceramics is very limited.
In our previous work [24,25], the B4C–CrB2 compo-

sites were fabricated without a liquid phase during hot
pressing, since the sintering temperature of 1900 �C was
lower than the eutectic temperature of the CrB2–B4C
system [26]. At higher sintering temperature, liquid
phase sintering is expected to occur by the formation of
a CrB2–B4C eutectic liquid phase. In addition, as CrB2
has high electrical conductivity, it was expected that
conductivity of the composite material could be
increased to such a degree that electrical discharge
machining would be available. In the present study, the
B4C–CrB2 composites were fabricated by liquid phase
sintering with a low applied load, and the mechanical
and electrical properties of the specimens were exam-
ined and compared with the monolithic B4C.

2. Experimental procedure

Fig. 1 shows SEM photographs of starting powders.
The B4C starting powder (Grade 3000F, Elek-
troschmelzwerk Kempten GmbH, Munich, Germany)
has a mean particle size of 0.43 mm and a specific surface

area of 15.3 m2/g. The powder contained oxygen (2.0
mass%), Fe (140 ppm) and Al (50 ppm) as impurities.
The B4C powder was mixed with CrB2 powder with a
mean particle size of 3.5 mm (Japan New Metals Co.,
Osaka, Japan) using a planetary ball mill with a SiC pot
and SiC balls in methanol for 30 min. The amount of
CrB2 varied from 5 to 25 mol%. The slurry was dried in
a rotary vacuum evaporator for 1 h, followed by oven-
drying at 115 �C for 24 h. The powder mixture was
passed through a 60-mesh sieve. Hot pressing was per-
formed using a carbon resistance furnace in a rectan-
gular graphite die (47�42 mm) at 2050 �C for 1 h with a
low applied load of 5 MPa in a flowing Ar atmosphere.
The temperature was monitored by an optical pyrom-
eter, which was calibrated in advance using a thermo-
couple. The heating rates were 40 �C/min from room
temperature to 1200 �C, 20 �C/min to 1500 �C and
10 �C/min to 2050 �C. For the sake of comparison, the
B4C specimen without CrB2 was also fabricated by the
same procedure.
For measuring the mechanical properties, test pieces

were cut from the hot-pressed specimens and ground
with a 400-grit diamond wheel to dimensions of
42�4�3 mm. The flexural strength was measured by a
four-point bending test with inner and outer spans of 10
and 30 mm, respectively. The fracture toughness, KIC,
was measured by the SEPB method [21]. The densities
of test pieces were determined by the Archimedes’
method. Phase identification was performed by X-ray
diffractometry (XRD: RINT 2500, Rigaku Co, Tokyo,
Japan) with CuKa radiation. In order to observe the
microstructure, specimens were polished with a 1 mm
diamond slurry. Some specimens were etched with
Murakami’s reagent (10 g of NaOH and 10 g of
K3Fe(CN)6 in 100 ml H2O at 110

�C). Microstructural
analysis was carried out using scanning electron micro-
scopy (SEM: JSM5600, Jeol Ltd., Tokyo, Japan). The
mean grain size of B4C was measured using image ana-
lysis (Scion Image, Scion Co., Maryland, USA). The
ultrasonic pulse method was employed to measure the

Fig. 1. SEM photographs of starting powders: (a) B4C powder and (b) CrB2 powder.
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elastic modulus. The electrical conductivity was mea-
sured by the four-probe method.

3. Results and discussion

Table 1 summarises starting compositions and their
theoretical densities calculated based on the densities of
each compound. Fig. 2 shows the relative densities of
specimens hot-pressed at 2050 �C as a function of the
CrB2 content. The relative density of the monolithic
B4C specimen was as low as 79.3%. The sinterability
was improved by the addition of CrB2. The relative
densities of the B4C–CrB2 specimens increased with
increasing the CrB2 content. With the addition of more
than 10 mol% CrB2, high relative densities of over 95%
were obtained. In particular, the highest value of 98.0%
could be achieved for the specimen with 22.5 mol%
CrB2.
Fig. 3 shows the X-ray diffraction patterns of the

B4C–5 mol% CrB2 and B4C–20 mol% CrB2 specimens.
Only the B4C and CrB2 phases were identified, except
for a small peak at 35.7 �C, which corresponds to dif-
fraction from SiC (102). This SiC contamination is
thought to originate from the SiC pot and balls during
mixing. Therefore, the B4C–CrB2 composite specimens
were composed of B4C and CrB2 phases with a trace of
SiC.
Fig. 4 shows the microstructures of the B4C compo-

site specimens with 5, 10, 20 and 22.5 mol% CrB2
observed in the polished surfaces of the specimens. The
CrB2 phase appears as areas of high contrast in the
darker B4C phase. It can be seen that the size and the
number of pores decreased with increasing the CrB2
content. The morphology and size of the CrB2 phase of
the B4C–CrB2 specimens were quite different from those
of the CrB2 starting powder (Fig. 1b) and it seems that
the CrB2 penetrated among the fine equiaxed B4C
grains. Therefore, it is apparent that a liquid phase
formed in the B4C–CrB2 system during sintering at
2050 �C, although the eutectic temperature for the B4C–
CrB2 system was 2150 �C [26]. It is considered that

impurities in the raw powders or the deviation from the
stoichiometry of B4C lowers the eutectic temperature of
the system. In order to clarify the grain morphology of
the B4C phase in the composites, chemical etching was
conducted. Fig. 5 shows a polished and chemically
etched surface of the B4C–20 mol% CrB2 specimen.
Large pores were formed by dissolution of CrB2 during
etching. This composite specimen was composed of fine
equiaxed grains with a mean size of 1.75 mm in dia-
meter. The grain size of the B4C in the composite speci-
men was not significantly changed compared to that of
the starting powder (Fig. 1a). The densification was,
therefore, mainly attributed to B4C particle rearrange-
ment by the CrB2–B4C eutectic liquid phase. It seems
that the liquid phase enhanced the densification, there-
fore, the relative densities of specimens increased with
increasing the CrB2 content.
The flexural strength and fracture toughness of the

specimens as a function of the CrB2 content are shown
in Fig. 6. The flexural strength and the fracture

Table 1

Starting compositions and theoretical densities

No. Starting composition Theoretical

density (g/cm3)

B4C CrB2 B4C CrB2

mol% vol.%

1 100 0 100 0 2.52

2 90 10 93.8 6.2 2.71

3 85 15 90.4 9.6 2.82

4 80 20 87.0 13.0 2.92

5 77.5 22.5 85.2 14.8 2.98

6 75 25 83.3 16.7 3.03

Fig. 2. Relative densities of specimens as a function of CrB2 content.

Fig. 3. X-ray diffraction patterns of B4C–CrB2 specimens.
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toughness of the specimens with CrB2 content less than
10 mol% were very low due to insufficient densification.
The fracture toughness increased to 3.2 MPa m1/2 with
increasing the CrB2 content up to 20 mol% (13.0 vol%),
and thereafter it tended to be saturated (Fig. 6b). The
reported fracture toughness of monolithic B4C with
nearly full density was 2.5–2.8 MPa m1/2 [10,22,23].

When these values were compared with those of the
composite specimens with R. D. > 95%, it can be said
that the fracture toughness of the monolithic B4C was
improved by the addition of CrB2. The improvement in
fracture toughness for the B4C–CrB2 specimens can be
explained in terms of the residual stress around the CrB2
phase. The thermal expansion coefficient of CrB2 is lar-
ger than that of B4C [1], and, as a result, residual stress
is generated around the CrB2 phase during cooling. It
seems that this residual stress results in the formation of
microcracks and, to some degree, the deflection of pro-
pagating cracks, leading to improved fracture toughness
of the composite materials [17–19,27]. The addition of
CrB2 also increased the flexural strength, as shown in
Fig. 6a. A high strength of over 600 MPa was obtained
for CrB2 contents of 20–25 mol%. In particular, the
highest flexural strength of 684 MPa and a modest
fracture toughness of 3.2 MPa m1/2 could be achieved
for the specimen with 22.5 mol% CrB2. The improve-
ment in strength by the addition of CrB2 was apparently
due to the densification, which led to a reduction in the
number and size of the pores acting as the fracture ori-
gins.
The elastic modulus of specimens as a function of

CrB2 content is shown in Fig. 7. Since the pores in a

Fig. 4. Microstructures of B4C–CrB2 specimens: (a) B4C–5 mol% CrB2, (b) B4C–10 mol% CrB2, (c) B4C–20 mol% CrB2 and (d) B4C–22.5 mol%

Fig. 5. Microstructure of B4C–20 mol% CrB2 specimen.

302 S. Yamada et al. / Ceramics International 29 (2003) 299–304



sintered material have a detrimental effect on the elastic
modulus, the improvement in densification by the addi-
tion of CrB2 remarkably increased the elastic modulus.
An elastic modulus of about 445 GPa was achieved for
the specimens with 22.5–25 mol% CrB2. These values
were almost the same as those of 454 GPa for the
monolithic B4C [22].
Fig. 8 shows the electric conductivity of specimens as

a function of the CrB2 content. The estimated electric
conductivity based on Maxwell’s equation is also shown
in this figure by dotted line. In this calculation, it was
assumed that the electric conductivities for B4C and
CrB2 were 120 S/m [22] and 1.2�106 S/m [1], respec-
tively. The electric conductivity of the specimen without

CrB2 was as low as 74 S/m due to insufficient densifica-
tion. The electric conductivity of the B4C–CrB2 speci-
mens increased slightly to 300 S/m with increasing the
CrB2 content up to 15 mol%. However, a marked
improvement occurred with CrB2 content between 15
mol% (9.6 vol.%) and 20 mol% (13.0 vol.%). A high
electric conductivity of about 9�103 S/m was obtained
for the specimens with 22.5–25 mol% CrB2, which is
much higher than the value estimated assuming the iso-
lated dispersion of the second phase. Therefore, the
rapid increase in the electric conductivity was ascribed
to the formation of the three-dimensional network of
the CrB2 phase with a high electric conductivity. As a
result of this improvement in electric conductivity, elec-
tric discharge machining can be achieved.

4. Conclusions

B4C–CrB2 ceramic composites were fabricated by hot
pressing of a powder mixture of B4C and CrB2 at
2050 �C with a low applied load of 5 MPa. The densifi-
cation of B4C was enhanced by the addition of CrB2 due
to the liquid phase formation, and therefore, the elastic
modulus was increased. The fracture toughness was
improved, a change that was ascribed to the densifica-
tion and residual stress caused by the thermal expansion
mismatch of CrB2 and B4C. As a result of this
improvement in densification and fracture toughness,
the flexural strength was greatly increased. A B4C–CrB2
composite with a both high strength of 684 MPa and a
modest fracture toughness of 3.2 MPa m1/2 could be
obtained by the addition of 22.5 mol% CrB2. Moreover,
the CrB2 addition also remarkably increased the elec-
trical conductivity at a content of more than 15 mol%
CrB2, since a three-dimensional network of the CrB2
phase was formed.

Fig. 7. Elastic modulus of specimens as a function of CrB2 content.

Fig. 6. Mechanical properties of specimens as a function of CrB2
content:(a) flexural strength and (b) fracture toughness.

Fig. 8. Electrical conductivity of specimens as a function of CrB2
content.
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