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Porous B,C ceramic was produced through microwave sintering technique by using pure boron carbide powder. A thermal
insulation container, of our own design, was adopted during sintering process to reduce the heat loss. The effects of the relative
density of green body on the porosity, mechanical property and microstructure of the as prepared samples were investigated.
The application of microwave sintering technique was helpful to the preparation of the porous B,C ceramic.

Keywords: Boron carbide, Microwave sintering, Microstructure, Mechanical property, Porous ceramic.

Introduction temperature for preparing B,C and its valuable ceramic
skeleton is as high as 2,100 °C [34]. This apparently
Boron carbide shows outstanding physical and restricts the promising application of B4C/Al composite
mechanical properties including extreme hardness and materials because of the high cost to prepare porous
dystectic point, great wear and impact resistance, good B,4C precursor by conventional sintering [35].
chemical stability as well as wonderful neutron absorptivity Microwave sintering method is fundamentally different
[1-6]. Furthermore, B,C possesses an excellent wet- from its counterparts in which heat is delivered to the
ability for melting aluminum to prepare ceramic-matrix sintered samples by thermal radiation
composites [7-12]. Thus, B4C ceramic is a suitable and conduction. In contrast, microwave energy acts
skeleton material to fabricate ceramics-metal composites directly on the sintered materials by molecular interaction
adopting an economic method called “melt infiltration” in the microwave electromagnetic field [36-39]. Generally,
[13-16], in which molten aluminum infiltrates into uniformity is an apparent advantage of microwave
porous B,C ceramic skeleton at the temperature above sintering, mainly because the thermal energy is directly
the melting point of Al. So far, the B,C/Al composite coupled into the sample rather than transferred from an
materials have been successfully applied in many fields additional heating source [40, 41]. The overall heating
which require high strength, high modulus and high rate in microwave furnace is 50-100 °C/min (according
abrasive properties, such as abrasives, nozzles, neutron to different applied power). Considering the slow
absorbents, automotive breaks and body armor [16-26]. heating rate (about 15 °C/min) during the conventional
Unfortunately, B,C is highly difficult to densification sintering method, there is a conspicuous shortening
resulting from the strong covalent B-C bonding, almost in the process time, which leads to proper porosity.
no plasticity and the great difficulty to grain boundary In addition, the sintering temperature is lower than
sliding in the solid state [27, 28]. In the sintered raw conventional method. Actually, B,C has been successfully
material, B,Os covering the surface of B,C particle also densified below 2,000 °C by microwave sintering [42].
impedes the densification process [28, 29]. Plenty of However, to the best of our knowledge, porous B,C
research has been devoted to the sintering densification ceramic prepared by microwave sintering has not been
of B4C in the past [26, 29-33]. In order to obtain adequate reported in previous literature.
densification and proper porosity, the basically required In the present study, a porous B,C ceramic with
uniform structure and suitable porosity was obtained by
*These authors contributed equally to this work. microwave sintering from commercial raw material.
*Corresponding author: Moreover, the influences of relative density of green
Lel : 10086-10-82413063 body on the porosity and mechanical strength of
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Experiment

B4,C powder (W1.5, Mudanjiang Boron Carbide
Company, China) was employed as the starting material.
The B,C powder has a B:C ratio of approximately 4, a
mean grain size of 1.5 um, a purity of 97%, an oxygen
content of 1.7 wt.% and a carbon content of 1.3 wt.%.
Pelleting was conducted by a 200-mesh screen. Green
body with a size of 20 mm x 10 mm were uniaxially
pressed using a hydraulic pressure tablets machine
(FW-4A, Nanjing NanDa Instrument Plant, China) by
different mechanical pressures. Then the compacts were
processed by different cold isostatic pressures (GTM-
26867, Avure Technologies Incorporated, USA) to give
green bodies of varying relative densities.

Microwave sintering was experimenting with a 2.45
GHz microwave multimode applicator (MMT-101,
GAMA Microwave Technology Company, USA) in a
flowing argon atmosphere. All the specimens were
sintered from room temperature to 1,700 °C within 20
minutes with a soaking time of 10 min. A complex
system of thermal isolation was adopted, as shown in
Fig. 1. The samples were placed into an alumina crucible
arranged with SiC rods. The crucible was placed into a
quartz container filled with graphite filler. The heating
regime was determined together by the microwave
absorption of sample, the structure of thermal isolation
and the performance parameters of the sintering equipment
[39-43]. The surface temperature of the sintering sample
was measured using a thermocouple (below 1,000 °C)
or an optical pyrometer (above 1,000 °C).

Archimedes method with xylene as the immersion
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medium was using to measure the relative densities of
the green bodies. Porosity and average pore size of as-
prepared B,C ceramic skeleton was measured using a
mercury porosimetry (Auto Pore IV 9500, Micromeritics
Instrument Corporation, USA). The phases in the samples
were characterized by X-ray diffractometry (X' Pert
PRO MPD, PANalytical, Netherlands) with CuKa
radiation (\-1.5406A) operated at 40kV and 40mA. And
the scanning speed was 1°/min for 20, divergence and
scattering slit widths were set as 1° while the receiving
slit width was set as 0.36 mm. Sintered pellets were cut,
polished with 2500-grit paper and then gold-coated for
microscopic observation. The microstructure was detected
by the scanning electron microscope (SEM) (S-4800,
Hitachi-hitec, Japan). The flexural strength at room
temperature of sample was determined by three-point
flexural test on a universal testing machine (E45,
Mechanical Testing and Simulation incorporated, USA)
with a loading rate of 0.5 mm/min. The dimension of
the test piece was 15 mmx15 mmx10 mm. Hardness
test was performed by a Rockwell indentor (HR-
210MR, Mitutoyo Instrument Company, Japan) with a
load of 60 kg. All results were repeated for five times,
and then take an average. CAS numbers for all chemicals
mentioned above are listed in Table 1.

Results and Discussion

X-ray diffraction

The XRD patterns of the specimen before (a) and
after (b) microwave sintering are shown in Fig. 2.
Besides B,C, carbon and B,O; are detected phase

1 T T T T
T—_ 5 4 BC
. = o
A
-------------- * B0,
...................................... E A A
= .- = f?I_Ol LU Q4 AAMK asx O .
D .... g A (a)
54 B
> Bl =
ore \c’: A
.,.A 2 a
.. § A
..................................... g :ﬂ . J -
............... . Q 4 A 0] LIl 42 o (b
...... VARSI N (b’
4 ? 20 ' 40 ' 60 ' 80
Fig. 1. Schematic drawing of the attemperator: 1. quartz container, 26/degree (CuKo)

2. graphite fiber filler, 3. alumina crucible, 4. BN plate, 5. SiC rod
(assistant heat materials), 6. specimens, 7. optical pyrometer view
port or thermocouple in platinum tube.

Table 1. CAS numbers for all chemicals used

Fig. 2. XRD pattern of the sample before (a) and after (b)
microwave sintering.

Chemical boron carbide mercury

argon

xylene carbon boron oxide

CAS number 12069-32-8 7439-97-6

7440-37-1

1330-20-7 7440-44-0 1303-86-2
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according to curve a. After microwave sintering, the
diffraction peaks associated with free graphite reduce
greatly and no B,0; is found according to curve b. This
phenomenon indicates that some C react with B,O; and
generate B4C. The reaction temperature is about
1350 °C according to the research of G. Arslan [44]:

2B,0, +7C - B,C+6CO (1)

Porosity and mechanical property

Microwave sintering of samples are conducted from
the green bodies with different relative densities ranging
from 35% T.D. to 60% T.D. The relationship between
the relative density of starting body before sintering
and the porosity/bending strength of porous B4C is
illustrated in Fig. 3. The porosity of specimens decreases
with the increase in relative densities. This is because
the high-density of green body can promote mass
transport during the process of sintering. Besides, the
porosity curve declines rapidly when the relative density
of starting body is below 50% T.D. and then becomes
smooth and slow while the relative density continues
increasing. Contrary to the porosity, the increasing
relative density leads to an increase in the bending
strength of samples as shown in Fig. 3. The flexure
strength can reach 64 MPa when the relative density of
green body is 60% T.D. Macro-Hardness, which is also
an important property of porous ceramics used for melt
infiltration [45], increases with the relative density of
green pressing. The highest value of Rockwell hardness
obtained is 75.9 HRA.

Generally, a decrease of porosity in material improves
mechanical strength. For the case of porous ceramics,
mechanical properties and porosity are contradictory, a
decreasing porosity usually results in an improvement
of bending strength and hardness [46, 47].

Changes of closed and open porosity percentage of
the specimens are respectively shown in Fig. 4. The
percentage of closed cell decreases significantly from
30.1 vol.% to 14.9 vol.%, while the percentage of open

66 66
644 —m— Prosity e |64
62 - e—Bending strength - 62
60 | Leo
[ 55 &
58 |58
= Les =
56+ F56 =
< F S
2 544 54 ©
(7] [ [0}
g 52 __52 ﬁ
50 | I 50
. [° 2
48 4 48 ©
o 8
46 4 F46 @
44 4 | 44
42 - L4z
40 4 [ 40

% 4 45 s s 60
Relative density of green body (% T. D.)

Fig. 3. Porosity and bending strength changes as a function of the
relative density of green body.
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cell decreases first and then increases when the relative
density of green pressing is higher than 50% T.D.
Furthermore, closed cell is dominated when the relative
density before microwave sintering is less than 43.2%
T.D. Open cell accounts for the majority of total pore
while the relative density before microwave sintering is
greater than 43.2% T.D. For porous B4C ceramic skeleton
with a sufficient strength, it is clear that the more open
pores, the more favorable for the infiltration of melting
aluminum. As shown in Fig. 4, the percentage of open
cell reaches to a maximum point (26.3 vol.%) when the
relative density of green body is 60% T.D. According
to the previous data on bending strength and hardness,
a green body with high relative density is preferred.

Microstructure

The properties of prepared ceramics skeletons are
remarkably influenced by the pore size and morphology
[48-50]. Fig. 5 shows the microstructure of porous B,C
samples sintered from green pressing with different
relative densities (35% T.D., 45% T.D., 50% T.D. and
60% T.D.). A limited sintering can be appreciated from
Fig. 5(a), a sample sintered from the pressing gets the
lowest relative density. Porosity is considerably large
because the distance between boron carbide particles is
long and the structure basically remains its initial states.
When the relative density of green pressing increases
to 45% T.D. (Fig. 5(b)), obvious sintering necks are
found. With the further increasing in the relative density,
the well-sintered samples with uniform structure and
micron pores which are nearly round in shape are
obtained (Fig. 5(c) and (d)). This appearance is probably
resulted from the shortening of the diffusion distance
because of the increase in the relative density of green
body.

Average pore size
Fig. 6 illustrates the mean pore size of the open cell
in porous B4C ceramic measured by mercury intrusion
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Fig. 4. Closed porosity percentage and open porosity percentage
changes as a function of the relative density of green body.
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Fig. 5. SEM micrographs of the polished fracture of B4C samples prepared from green bodies with different relative densities: (a) 35% T.D.

(b) 45% T.D. (c) 50% T.D. (d) 60% T.D..
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Fig. 6. Mean pore size of open cell of samples sintered from green
bodies with different relative densities.

method. When the relative density of the specimen
before sintering is low, the mean size of open cell of
the final sample is about 10.9 um. As the relative
density increases, the mean pore size drops sharply to
5.0 um and then stays flat.

Conclusions

Porous boron carbide ceramics with homogenized

structure were prepared by microwave sintering method
with a heat insulating apparatus. The sintering process
lasted just 30 min. The porosity of porous B4C ceramic
varied from 40.9 vol.% to 57.1 vol.% by adjusting the
relative density of green body. Open cell was dominated
when the relative density of green body was more than
43.2% T.D. The sample exhibiting open porosity of
26.3 vol.% and bending strength of 64 MPa was
obtained when the relative density of green body was
60% T.D. The average pore size decreased with an
increasing in the relative density of green pressing,
which was based on the data measured by mercury
intrusion method.

It is demonstrated that microwave sintering is an
effective method to fabricate porous B4C ceramics, and
this framework material with a certain extent of open
porosity and strength could be an appropriate precursor
skeleton to make wonderful composite. On the side,
porous B,C may have exciting potential applications in
the treatment of waste gas/water and catalysis field for
its large specific surface area.
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