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Abstract

SiC/C composites were investigated by sintering a mix of wood charcoal and SiO2 powder (32–45�m) at 1400, 1600 and 1800◦C under
N2 atmosphere with a pulse current sintering method. Thermoelectric properties of SiC/C composites were investigated by measuring the
Seebeck coefficient and the electrical and thermal conductivities as a function of heat treatment temperature and reaction time. The Seebeck
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coefficient showed a p-type to n-type transition at a heat treatment temperature around 1600◦C. The electrical conductivity showed a stead
increase with temperature for all three heat treatment temperatures. For the thermal conductivity, the samples heated at 1800◦C showed high
values at room temperature which strongly decreased with increase in measurement temperature. In total, thermoelectric prope
improved with an increase in measurement temperature. A maximum in the figure of merit of 3.38× 10−7 K−1 was reached at 200◦C in the
sample heated at 1400◦C for 30 min.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Research on the development of new energy sources has
recently received a lot of attention due to concern about envi-
ronmental problems. Attention has gathered for thermoelec-
tric energy conversion technology, as clean power genera-
tion, which does not depend on a fossil fuel. Many efforts
have been devoted to the development of thermoelectric ma-
terials and are directed towards the development of materials
to be used in thermoelectric conversion at high temperature.
SiC-based material is such a candidate material with a high
thermal, chemical and mechanical stability. It has been re-
ported that SiC composites have a high figure of merit at
high temperature.1

∗ Corresponding author. Tel.: +81 774 38 3664; fax: +81 774 38 3664.
E-mail address:fujisawa@rish.kyoto-u.ac.jp (M. Fujisawa).

On the other hand, research on SiC composites base
biomass has recently drawn a lot of attention.2 Due to both
abundance of waste wood and high strength properties of
ceramics, SiC composites has widely been used for indus
applications.

In our research, we have manufactured SiC/C comp
ites from wood charcoal by a pulse current sintering meth
The pulse current sintering method is a novel process wh
metals, ceramics, and composites can be sintered in a s
time.3 As the current passes through the graphite dies
well as through the sample, the sample is heated fr
both the inside and outside at the same time. Compa
with the hot pressing methods, the pulse current sinter
method can be an alternative to fast sintering of fully den
materials.4

We produced SiC/C composites by mixing powder
wood charcoal and SiO2 and sintering them together unde
N2 atmosphere in a pulse current sintering device. In this
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per, the microstructure and thermoelectric properties of the
specimen were studied.

2. Experimental procedure

Japanese cedar (Cryptomeria japonica) was chopped into
30 mm large pieces. These pieces were heated in a laboratory-
scale electric furnace with a heating rate of 4◦C/min up to a
temperature of 700◦C under an Ar gas flow (100 ml/min) and
kept there for 1 h. The wood charcoal powder and SiO2 pow-
der (Nacalai Tesque Co. Ltd.) sized 32–45�m were prepared
using a sieve and vibration mill. Samples with 50 wt.% SiO2
powder were prepared based on the dry weight of wood char-
coal. The powder mix was put into a 10 mm diameter graphite
die, which was heated up to 1400, 1600 and 1800◦C at a rate
of 500◦C/min and with a holding time of 10 or 30 min under
an N2 gas flow of 1 l/min using a pulse current sintering ap-
paratus (VCSP-II). After the reaction, it was naturally cooled
to room temperature. A pressure of 40 MPa was applied right
from the start of the heating and was released immediately
after the reaction. The temperature was measured at the front
surface of the graphite die by an optical pyrometer monitoring
the reaction temperature. After the SiC/C was cut into discs of
10 mm in diameter and approximately 1 mm in thickness, it
was used for X-ray diffraction, scanning electron microscopy
( For
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Fig. 1. X-ray powder-scans of specimen heated at 1400, 1600 and 1800◦C:
(a) holding time 10 min and (b) holding time 30 min. (�) �-SiC and (�)
SiO2.

peaks of�-SiC were observed, corresponding to the�-SiC
phase: (1 1 1), (2 2 0) and (3 1 1) at 2θ of 36◦, 60◦ and 72◦, re-
spectively. The sharpest�-SiC peaks appeared at 1600◦C,
while the SiO2 peaks clearly appeared only at 1400◦C.
It is reported that Si3N4 has a high n-type thermoelectric
property.5 However, peaks of Si3N4 did not appear in the
result.

Fig. 2 shows SEM images of cross sections of samples
heated for 30 min at 1400, 1600 and 1800◦C. In Fig. 2a the
particles seem to be closely packed among each other. As the
SiO2 peaks were clearly observed only at 1400◦C in Fig. 1,
it is suggested that SiO2 was melted and covered the whole
fractured surface of the specimen. As the arrows indicate,
large-sized open pores were observed among the particles in
Fig. 2b. As the sharpest�-SiC peaks appeared in the speci-
men of 1600◦C in Fig. 1, the formation of�-SiC was most
pronounced on the surfaces of wood charcoal at 1600◦C and
as a result large-sized pores appeared. InFig. 2c the particles
were more closely packed than in the previous two cases. The
wood charcoal has become denser following the increase in
heat treatment temperature.

The bulk density of specimens heated at 1600◦C showed
drastically decreased values compared with the other speci-
mens as shown inFig. 3. Thicker�-SiC coating on the sur-
faces and large-sized pores of wood charcoal at 1600◦C were
consistent with the results of X-ray diffraction analysis and
S

SEM), electrical conductivity and thermal conductivity.
eebeck measurements, the SiC/C was cut into rectan
haped samples of 1 mm× 1 mm× 5 mm.

An X-ray diffraction device (RINT-ultra X18) was used
nalyze the crystal structure. The microstructure of the

ure surface of the specimen was observed by SEM (J
SM-5310). Seebeck coefficients were measured under
um in a temperature range from room temperature to 45◦C.
he electrical conductivity by Van der Pauw’s method u
C and AC Hall effect measurements (ResiTest 8300)

he thermal conductivity by the laser-flash method usi
hermal-constant Analyzer (TC-7000H) were measured
er vacuum in a temperature range from room temper

o 800◦C.
The figure of merit of the specimen was calculated u

he following equation:

= S2σ

KT

(1)

hereZ is figure of merit (K−1), S is Seebeck coefficie
V/K), σ is electrical conductivity (�−1 m−1), KT is therma
onductivity (W/(m K)).

. Results and discussion

.1. Microstructure

X-ray powder scans were recorded for samples ke
400, 1600 and 1800◦C for 10 and 30 min (Fig. 1). Clear
 EM observation.
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Fig. 2. SEM image of cross section of specimen heated for 30 min: (a) at
1400◦C; (b) at 1600◦C and (c) at 1800◦C. Arrows indicate the pore.

Fig. 3. Relationship between bulk density (ρ) and heat treatment temperature
(T): (�) holding time 10 min and (�) holding time 30 min.

Fig. 4. Temperature dependence of Seebeck coefficient (S) of specimen
heated for 30 min: (�) heat treatment temperature 1400◦C; (�) heat treat-
ment temperature 1600◦C and (�) heat treatment temperature 1800◦C.

3.2. Thermoelectric properties

Fig. 4shows the temperature dependence of the Seebeck
coefficient (S) of samples heated for 30 min. As the sample

Fig. 5. Temperature dependence of electrical conductivity (σ) of specimen
heated for 30 min: (�) heat treatment temperature 1400◦C; (�) heat treat-
ment temperature 1600◦C and (�) heat treatment temperature 1800◦C.

Fig. 6. Temperature dependence of thermal conductivity (KT) of specimen
heated for 30 min: (�) heat treatment temperature 1400◦C; (�) heat treat-
ment temperature 1600◦C and (�) heat treatment temperature 1800◦C.

heated at 1400◦C showed a positive sign, only this sample
is expected to be a p-type semiconductor. The value ofS
was insensitive to a change in temperature up to 450◦C. The
Seebeck coefficient of samples heated at 1600 and 1800◦C
showed a negative sign, corresponding to an n-type semicon-
ductor. The absolute value ofSof samples heated at 1800◦C
did increase considerably with temperature. It seems that the
p-type to n-type transition takes place at a heat treatment
temperature of 1600◦C.

Fig. 5shows the temperature dependence of the electrical
conductivity of samples heated at 1400, 1600 and 1800◦C for
30 min. The electrical conductivity of all samples increased
with an increase in measurement temperature. The electrical
conductivity of samples heated at 1400◦C was larger than
that of samples heated at 1600◦C, which may be caused by
the open pores observed by SEM. In general, one can say
that the electrical conductivity of the SiC/C samples is close
to that of SiC due to the high conductivity of the extra SiC
coating on the wood charcoal.

The results of the thermal conductivity are plotted inFig. 6.
The thermal conductivity of the sample heated at 1800◦C was
relatively high at room temperature, but decreased drastically
with an increase in measuring temperature. In contrast to met-
als, in which electrons carry heat, SiC ceramics transport heat
primarily by phonons. Phonon–phonon interaction plays an
important role in the thermal conduction of SiC.6 The SiC be-
i es of
w the

ng formed inside the open pores and on the free surfac
ood charcoal in the SiC/C composite relates directly to
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Fig. 7. Temperature dependence of the figure of merit (Z) of specimen heated
for 30 min: (�) heat treatment temperature 1400◦C; (�) heat treatment
temperature 1600◦C and (�) heat treatment temperature 1800◦C.

increase in thermal conductivity. Thermal conductivity de-
creases with phonons being scattered by pores.7 Therefore,
the micro structural change, as shown inFig. 2, influences
not only the electrical conductivity but also the thermal con-
ductivity.

The figure of merit of the samples was calculated by using
Eq. (1). The results are plotted inFig. 7. The sample heated
at 1400◦C showed a high value over the whole temperature
range from room temperature to 400◦C. The samples heated
at 1600 and 1800◦C showed a figure of merit, which greatly
increased with an increase in measurement temperature. It
can be considered that this happened as a result of an in-
crease in the Seebeck coefficient and electrical conductivity.
In the sample heated at 1800◦C, the figure of merit was extra
affected by a considerable drop in thermal conductivity with
increasing measurement temperature up to 800◦C. A maxi-
mum in the figure of merit of 3.38× 10−7 K−1 was obtained
at 200◦C in the sample heated at 1400◦C for 30 min. These
results suggest good prospects of using SiC/C composites
made from a mix of wood charcoal and SiO2 powder as a
thermoelectric material for high temperature applications.

4. Conclusion

We developed a SiC/C composite from a mixed
p r-

rent sintering device. The Seebeck coefficient showed
a p-type to n-type transition during a heat treatment
temperature at 1600◦C. The thermoelectric properties
improved at higher measurement temperatures. A max-
imum in the figure of merit of 3.38× 10−7 K−1 was
obtained at 200◦C in the sample heated at 1400◦C for 30
min.
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