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B.C based ceramics composites with 0-25 mol% CrB, were fabricated by pressureless
sintering in the temperature range 1850°C to 2030°C. The CrB, addition enhanced the
densification of B4,C due to the CrB,-B,C eutectic liquid phase formation. Both a high
strength of 525 MPa and a modest fracture toughness of 3.7 MPam'/?2 were obtained for the
B,C-20 mol% CrB, composite with a high-relative density of 98.1% after sintering at
2030°C. The improvement in fracture toughness is thought to result from the formation of
microcracks and the deflection of propagating cracks resulting from the thermal expansion
mismatch of CrB, and B,C. © 2002 Kluwer Academic Publishers

1. Introduction

Boron carbide (B4C) based ceramics are useful for vari-
ous industrial applications because of their outstanding
properties such as hardness, elasticity, wear resistance,
high melting point and light weight [1-5]. However,
poor sinterability caused by low self-diffusivity as well
as relatively low strength and fracture toughness places
restrictions on their wide application. Fully densified
B4C ceramics without additives are usually fabricated
by means of hot-pressing above 2100°C [11], which
is relatively expensive and limits sample shape. From
such a standpoint, several studies have been conducted
to develop a pressureless sintering process for B4,C
ceramics.

The addition of carbon has been examined for the
purpose of densification of B4C [6-11]. A specimen
with a relative density of 96.4%, which exhibited a flex-
ural strength of 475 MPa and a fracture toughness of
2.8 MPam'/?, was achieved by pressureless sintering
and doping with 2 mass% carbon at 2150°C [10]. It was
reported that Al, TiB, and AlF3 were effective additives
and that a high relative density of 95% was achieved for
B4C ceramics with Al addition pressureless-sintered at
2200°C [12]. The effects of SiC and TiC additives were
also investigated, with limited success [11, 13].

Skorokhod et al. prepared dense B4C-TiB, compos-
ites by reaction sintering B4C with TiO; and C [14, 15].
A flexural strength of 513 MPa and a fracture toughness
of 3.71 MPam!/? were obtained for a B4C—15 vol%
TiB, composite sintered at temperatures from 1900°C
to 2050°C [14].

Liquid phase sintering is expected to be an alterna-
tive method to fabricate dense B4C ceramics, analo-
gous to the densification of non-oxide ceramics with
high covalency, such as silicon carbide and silicon
nitride [16, 17]. Relative densities higher than 95%
were achieved for a B4C-TiB,—1 mass% Fe system by
pressureless sintering in the temperature range 2150°C
to 2175°C [18]. It was suggested that the liquid phase
formed by the iron-rich phase promoted the densifica-
tion. However, research on the liquid phase sintering of
B,4C based ceramics is very limited.

Chromium diboride is expected to be an effective
additive for the promotion of liquid phase sintering of
B4C based ceramics, because of the eutectic at 2150°C
in the phase diagram of the B4C—CrB, system [22]. In
the present study, the densification behaviour of B4C
with CrB, was investigated, and the mechanical prop-
erties of B4C-CrB, ceramics were evaluated.

2. Experimental procedure

High-purity B4C powder (Grade 3000F, Elektro-
schmelzwerk Kempten GmbH, Munich, Germany) and
CrB; powder (Japan New Metals Co., Osaka, Japan)
were used as starting powders. The mean particle size
and specific surface area of the B4C powder were
0.43 um and 15.3 m?/g, respectively. The B4C pow-
der contained oxygen (2.0 mass%), Fe (140 ppm), and
Al (50 ppm) as impurities. The mean particle size of the
CrB, powder was 3.5 um. The powders were blended
using a planetary ball mill with a SiC pot and SiC balls
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in methanol. The amount of chromium diboride addi-
tion was from 10 to 25 mol%. The slurry was dried
in a rotary vacuum evaporator for 1 h, followed by
drying at 115°C for 24 h. The powder mixture was
passed through a 60-mesh sieve. Green compacts were
formed by uniaxial pressing at a pressure of 20 MPa,
followed by isostatic pressing at a pressure of 200
MPa. Two types of green compacts were fabricated:
(i) discs of dimensions 11 mm ¢ x 6 mm for examin-
ing densification behaviour and (ii) bars of dimensions
49 mm x 41 mm x 7 mm for measuring mechanical
properties.

Pressureless sintering was performed in a graphite
crucible using a carbon resistance furnace. Green com-
pacts were sintered at temperatures between 1850°C
and 2030°C for 1 h in a flowing Ar atmosphere. The
temperature was monitored by an optical pyrometer,
which was calibrated in advance using a thermocouple.
The heating rates were 40°C/min to 1200°C, 20°C/min
to 1500°C and 10°C/min to the sintering temperature.
Specimens were cooled down at a rate of 20°C/min.
For comparison, monolithic B4C specimens without
any CrB; addition were also fabricated using the same
procedure.

The densities of specimens were determined by the
water displacement method. Theoretical densities were
calculated using the rule of mixtures based on the start-
ing composition. In order to observe the microstructure,
specimens were polished with diamond slurry down
to 1 um. Microstructural analysis was carried out us-
ing scanning electron microscopy (SEM: JSM5600,
JEOL Ltd., Tokyo, Japan). For measuring the mechan-
ical properties, test pieces were cut from the sintered
specimens and ground with a 400-grit diamond wheel
to dimensions of 42 mm x 4 mm x 3 mm. The flexu-
ral strength was measured by a four-point bending test
with inner and outer spans of 10 and 30 mm, respec-
tively. The fracture toughness, Kjc, was measured by
the SEPB method [23]. Phase identification was per-
formed by X-ray diffractometry (XRD: RINT 2500,
Rigaku Co, Tokyo, Japan) with Cu K, radiation.

3. Results and discussion
3.1. Densification behaviour
of B4C with CrBz

Table I summarises starting compositions and their the-
oretical densities calculated from the densities of each
compound. Fig. 1 shows the relative densities of the
specimens as a function of the sintering temperature.
In the case of the monolithic B4C specimen, very little
increase in relative density could be seen up to a sin-

TABLE I Starting compositions and theoretical densities

CrB, content

Theoretical
No. mol% mass% vol% density (g/cm?)
1. 0 0 0 2.52
2. 10 12.9 6.2 2.71
3. 15 19.0 9.6 2.82
4. 20 25.0 13.0 2.92
5. 22.5 279 14.8 2.98
6. 25 30.8 16.7 3.03
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Figure 1 Relative densities of specimens as a function of sintering
temperature.
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Figure 2 X-ray diffraction pattern of B4C-20 mol% CrB; specimen
sintered at 2030°C.

tering temperature of 1975°C. Above this temperature,
the relative density increased slightly with increasing
sintering; however, the relative density of the speci-
men sintered at 2030°C was as low as 60.5%. The rel-
ative densities of the B4C—CrB, specimens increased
slightly with increasing the sintering temperature up
to 1975°C. However, in contrast with the monolithic
specimens, significant densification occurred at around
2000°C, and after that, the relative densities increased
slightly with increasing sintering temperature. Higher
relative densities were obtained for the B4C with higher
CrB; contents. A high relative density of about 96% was
achieved for the B4C specimen with 20-25 mol% CrB,
sintered at 2030°C.

Fig. 2 shows an X-ray diffraction pattern of the
B4C-20 mol% CrB; specimen sintered at 2030°C. Only
the B4C and CrB, phases were identified, except for a
small peak at 35.7°, which corresponds to diffraction
from SiC (102). It seems that this SiC contamination
originated from the SiC pot and balls during mixing.
Therefore, the B4C-CrB, composite specimens were
composed of B4C and CrB; phases with a trace of SiC.

Fig. 3, 4 and 5 show the microstructures of the
B4C-CrB; specimens sintered at 2000°C, 2015°C and
2030°C. In the photographs, B4C and CrB, phases ap-
pear as dark and light areas, respectively, due to the
larger atomic weight of Cr compared to B and C. The
microstructure of the B4C-CrB; specimens sintered
at 2000°C was composed of a B4C matrix and CrB,
particles (Fig. 3). The size of the CrB, phase of the
B4C-CrB; specimens sintered at 2015°C was smaller
than that of the specimens sintered at 2000°C and pen-
etrated among fine equiaxed B4C grains (Figs. 3, 4).



Figure 3 Microstructures of B4C—CrB; specimens sintered at 2000°C: (a) B4C-15 mol% CrB;, (b) B4C-20 mol% CrBy, (c) B4C-22.5 mol% CrB;
and (d) B4C-25 mol% CrB,.

Figure 4 Microstructures of B4C—CrB; specimens sintered at 2015°C: (a) B4C-15 mol% CrB,, (b) B4C-20 mol% CrB,, (c) B4C-22.5 mol% CrB,
and (d) B4C-25 mol% CrB,.
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Therefore, it is apparent that a large amount of lig-
uid phase formed in the B4C—CrB, system during sin-
tering at 2015°C, although the eutectic temperature
for the B4C—CrB; system is 2150°C [22]. It is con-
sidered that a lower melting point composition was
formed by the reaction with impurities or by a shift
in the stoichiometry of B4C. Some grain growth of
B4C occurred for the specimens with CrB, content
greater than 20 mol%, with lengths of up to 20-50 um
(Fig. 4c and d). The B4C composite specimens sintered
at 2030°C with 10-15 mol% CrB, were composed of
fine equiaxed B4C and CrB, phases (Fig. 5a). Some
large B4C grains with a length of about 20 um could
be seen in the B4C-20 mol% CrB, specimen (Fig. 5b).
Rapid grain growth occurred for CrB; contents between
20 mol% and 22.5 mol%. Huge elongated B4C grains
with lengths up to 100-150 wm could be seen in the
B4C-22.5 mol% CrB, and the B4C-25 mol% CrB,
specimens, and faceting was evident in the B4C grains
(Fig. 5c and d). Since the abnormal grain growth pro-
ceeded at a considerably fast rate, a number of pores

-

Figure 5 Microstructures of B4C—CrB, specimens sintered at 2030°C: (a) B4C—15 mol% CrB,, (b) B4C-20 mol% CrB;, (c) B4C-22.5 mol% CrB;
and (d) B4C-25 mol% CrB,.

remained inside the elongated B4C grains, hindering
full densification.

The marked densification observed at around 2000°C
was ascribed to the liquid phase formation. It seems that
B4C particle rearrangement and the B4C grain growth
caused by a large amount of liquid phase gave rise
to the increase in densities at sintering temperatures
above 2000°C. The increase of CrB, content and sin-
tering temperature tended to enhance the B4C grain
growth.

3.2. Mechanical properties
of pressureless-sintered specimens

The mechanical properties of the B4C specimens with
20 mol% and 22.5 mol% CrB, pressureless-sintered at
2015°C and 2030°C were measured. Table II shows
the densities and mechanical properties of the sin-
tered B4C-CrB, specimens. The relative densities of
the B4C—20 mol% CrB, and the B4;C-22.5 mol% CrB,
specimens sintered at 2015°C were as low as 90.2%

TABLE II Densities and mechanical properties of pressureless-sintered B4C—CrB; specimens

Sintering Measured density Relative Flexural Fracture toughness
No. Specimen temperature (°C) (g/cm?) density (%) strength (MPa) (MPa M'/%)
1. B4C-20 mol% CrB, 2015 2.63 90.2 404 2.6
2. B4C-22.5 mol% CrB, 2015 2.78 93.3 400 2.7
3. B4C-20 mol% CrB, 2030 2.86 98.1 525 3.7
4. B4C-22.5 mol% CrB, 2030 2.87 96.3 108 5.8
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Figure 7 Fractured surface of B4C—20 mol% CrB; specimen sintered at 2030°C.

and 93.3%, respectively. The relatively low flexural
strength of approximately 400 MPa and fracture tough-
ness of less than 3 MPam'/? for these specimens
were attributed to their low relative densities. High
relative densities of 98.1% and 96.3% were obtained
for the B4C-20 mol% CrB, and the B4C-22.5 mol%
CrB; specimens sintered at 2030°C, respectively. Both
a high strength of 525 MPa and a modest fracture
toughness of 3.7 MPam!/? could be achieved in the
B4C-20 mol% CrB, specimen. On the contrary, a
low flexural strength of 108 MPa and high fracture
toughness of 5.8 MPam!/? were obtained for the
B4C-22.5 mol% CrB,; specimen.

Fig. 6 shows the microstructures of the
B4C-20 mol% CrB, specimens sintered at 2030°C
used for measuring mechanical properties. This
microstructure was composed of fine B4C grains, some
grown B4C grains with a length of about 20 um, and a
CrB; phase similar to that shown in Fig. 5b. It seems
that the relative high strength of 525 MPa obtained for
this specimen was attributed to the high relative density

of 98.1% and a microstructure without significant
grain growth. The low strength of 108 MPa obtained
for the B4C-22.5 mol% CrB; specimen is attributed
to the huge elongated B4C grains with lengths up to
100-150 pm, as shown in Fig. Sc.

The reported fracture toughness of monolithic B4C
is 2.5-2.8 MPam'/? [10, 25, 26]. In the present work,
therefore, the fracture toughness of the composite spec-
imens sintered at 2030°C was improved by the addition
of CrB,. Fig. 7 shows the fracture surface of the B4C-20
mol% CrB; specimen sintered at 2030°C. It can be seen
that the B4C grains fractured transgranularly, whereas
intergranular fracture occurred partially at the inter-
faces between the CrB; phase and the B4C. It appears
that the mechanism of improvement in the fracture
toughness for these B4C—CrB; specimens is similar to
that for two-phase composites with distributed parti-
cles such as B4C-TiB, and Al,Os3-TiC [19-21, 24].
The thermal expansion coefficient of CrB, is larger
than that of B4C [1], and, as a result, residual stress
is generated around the CrB, phase during cooling. It
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seems that this residual stress results in the formation
of microcracks and, to some degree, the deflection of
propagating cracks, leading to improved fracture tough-
ness of the composite materials. It is thought that the
fracture toughness for the B4C-22.5 mol% CrB; spec-
imen was further increased to 5.8 MPam'/2 due to the
bridging of the huge elongated B4C grains (Fig. 5c).

4. Conclusions

B4C-CrB, ceramics composites were fabricated by
pressureless sintering of powder mixtures of B4C and
CrB;. The densification behaviour was investigated
and mechanical properties were examined. The den-
sification of B4C was enhanced by the addition of
CrB; due to the liquid phase formation. A high rela-
tive density of 98.1% was achieved for the specimen
with 20 mol% CrB, sintered at 2030°C. Both a high
strength of 525 MPa and a modest fracture toughness
of 3.7 MPam!/? were obtained for this specimen. The
thermal expansion coefficient of CrB, is larger than
that of B4C, and, as a result, residual stress is generated
around the CrB, phase. It seems that this residual stress
leads to the formation of microcracks and some deflec-
tion of propagating cracks, consequently improving the
fracture toughness.
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