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Abstract

A powder mix of wood charcoal and Sj@as sintered into a SiC/C composite. The heat treatment temperatures were 140C;188&iQ
concentration 0, 10, 30 and 50 wt.% with respect to the dry weight of wood charcoal. The microstructure, electrical resistance and thermal
conductivity were studied. SEM and EDX confirmed thatarithick layer ofg-SiC was formed on the surface of the wood charcoal pieces.

The bulk density did increase only slightly with temperature and SiC contents. The electrical resistance decreased slightly with temperature
butincreased with Sigcontents. The thermal conductivity did increase both with temperature and SiC contents. By coating the wood charcoal
in this rather natural way by such a ceramic layer we can use the SiC/C composite at least up>©, I80Beyond the carbon oxidation

limit of 500°C.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction the phenomenon of microscopic electric discharge between
particles is generated under pressure. Compared with the hot
Wood charcoal has been focused upon as an importantpressing methods, the pulse current sintering method can

material with functions such as gas absother electrical be an alternative to fast sintering of fully dense matefials.
conductol functions which are greatly influenced by the In this way one can control and shorten the heat treatment
carbonization process. considerably.

We have applied a new method in which a pulsed elec- In recent years, research on SiC composites based on
tric current is directed straight through graphite dies and biomass has gathered a lot of attentfof® First of all there
sample>* The pulse current sintering method is a novel pro- is a lot of waste wood and secondly SiC ceramics exhibit a
cess where metals, ceramics, and composites can be sintereldigh strength, a good thermal conductivity, heat-resistance
in short time>~ As the current passes through the graphite and wear ability. Therefore, it has been widely used for
dies as well as the sample, the sample is heated from bothindustrial applications. It does not come as a surprise that
the inside and the outside at the same time. In this techniquealready some attempts has been reported to develop SiC

composites based on wood charctal?
mspondmg author. Tels81-774-36-3664: .|I’.l this research, we tried' to mal§e SiC/C compositgs by
fax: +81-774.38-3664. ’ mixing powder of char and Siand sinter them togetherin a
E-mail address: fujisawa@rish.kyoto-u.ac.jp (M. Fujisawa). pulse current sintering device. The microstructure, electrical
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resistance and thermal conductivity of the specimen wereand the thermal diffusivity of the specimens were mea-

studied. sured at room temperature by the laser-flash method, us-
ing a thermal-constant analyzer (TC-7000H). The thermal
conductivity was calculated using the following equa-

2. Experimental procedure tion:
Japanese cedalCiyptomeria japonica) was chopped K = pCpa @
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 70Q for 1h. As pro- e m e E m o @
tective gas Ar was used with a flow rate of 100 ml/min. ©002) (“+'>$°1> (2200 G1D (110)
Afterwards the furnace was cooled down naturally to room i L i
temperature. The wood charcoal was mixed with SiOw- M

der (Nacalai Tesque, Kyoto, Japan) using a vibration mill

and a sieve so that the size became 33s#5 Samples .
with Owt.% SiQ (C-0), 10wt.% SiQ (C-10), 30wt.% 1600-C
SiO; (C-30) and 50wt.% Si@ (C-50) powder were pre-

pared based on the dry weight of wood charcoal. The
powder mix was put into a 10 mm diameter graphite die,
which was heated up to temperatures between 1400 and L e e
1800°C at a rate of 500C/min and with a holding time 10 20 30 40 50 60 70 80 90 100 110
of 5 or 30 min under an Ar gas flow of 0.1 ml/min using a 20(degree)

pulse current sintering apparatus (VCSP-II) as sketched in

Fig. 1 After the reaction, it was naturally cooled to room o me . =
temperature. Pressure at 40 MPa was applied right from 002) (11(101) (2200 (311) (b)

the start of the heating and was released immediately after $ l ¢ ¢

the reaction. The temperature was measured at the front M
surface of the graphite die by an optical pyrometer moni-

toring the reaction temperature. Finally, the SiC/C was cut

into discs of 10mm in diameter and approximately 1 mm ; .

in thickness. M

An X-ray diffraction device (RINT-ultra X18) was used
to analyze the crystal structure. The composition in the
specimen was analyzed by scanning electron microscopy
(SEM; FEI XL30S, JSM-5310) with an energy dispersive

Intensity

1400°C

Intensity

X-ray spectrometer (EDX). The electrical resistance was 10 20 30 40 50 60 70 80 90 100 110
measured at room temperature by a four-probe-method 26(degree)

(Loresta HP MCP-T410). The specific thermal capacity
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Fig. 1. Schematic diagram of a pulse current sintering apparatus. (1) Fig. 2. X-ray powder-scans of specimen heated at 1400, 1600 and €800
Graphite die, (2) graphite punch, (3) sample, (4) copper plate, (5) chamber, for (a) C-10 wt.% Si@, (b) C-30 wt.% SiQ, (c) C-50 wt.% SiQ. (@)
(6) vacuum pump, and (7) optical pyrometer. C, (W) B-SiC, (A) SiO,.
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whereK is the thermal conductivity (W/m/K)p is the bulk and 1800C for 30min. The C and SiC peaks could be

density (g/cm), C, is the specific thermal capacity (J/g/K), observed in all samples. The carbon peaks correspond to

anda is the thermal diffusivity (cri/s). the graphitic phase: (002), (101) and (110). The detection
of such C peaks can be considered as proof that unreacted
carbons are present which do not form SiC. The,Si@aks

3. Results and discussion could barely be indexed only in the C-50 sample. The SiC
peaks correspond to thg-SiC phase: (111), (220) and
3.1. Microstructure (311). They became bigger than those for carbon as thg SiO

contents increased. This is due to the fact that the amount

In Fig. 2 X-ray powder scans are reproduced for the C- of active carbon decreases in the formatiorge®iC. It is
10, C-30 and C-50 samples which were kept at 1400, 1600 considered that there is an optimum ratio of 50 carbon
so as to form3-SiC.

Fig. 3ashows a SEM image of the C-50 sample heated
at 1600°C for 30 min. It was confirmed by EDX anal-
ysis that a SiC layer was formed on the surface of the
wood charcoal piecedzig. 3b and cshows SEM images
of broken surfaces of the C-30 sample heated for 30 min
at 1400 and 180TC, respectively. As the arrows show,
the particles were more closely packed with an increase
of heat treatment temperature. The samples’ structure sin-
tered by pulse current sintering changed in a similar way as
samples produced by spark plasma sintering (SPS) which
were previously reporteti’-8 In the pulse current sinter-
ing method, densification has taken place much faster than
in the hot pressing methods. Fig. 3bthe shape of the
wood charcoal pieces of which the surface has reacted with
the SiQy are still recognizable. This is less so kig. 3c
Similar changes were observed in the other sample. The
change in structure depends on reaction time, temperature
and pressure, all influencing the properties of the end prod-
uct severely.
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Fig. 3. SEM/EDX image of the C-50 wt.% SjOspecimen heated at Fig. 4. Relationship between bulk density and heat treatment temperature
1600°C for 30 min (a). SEM image of broken surface of C-30 wt.% SiO  (a) holding time 5min, (b) holding time 30 min®) C-10 wt.% SiQ,
specimen heated (b) at 1400 for 30 min and (c) at 1800C for 30 min. () C-30 wt.% SiQ, (A) C-50 wt.% SiQ, (x) C-0 wt.% SiQ.
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The bulk density of the composite is shown kig. 4. It seems that the micro structural difference between 5
It shows only a slight tendency to increase with £iO and 30 min of heating time and the subsequently thicker
contents and heat treatment temperature for both 5 andSiC layer prevent these curves to overlap. The amount of
30 min reaction time. A maximum in the bulk density of SiC increases with an increase in Si@ddition. As the heat
2.25glcni was reached in the C-50 sample after 30 min at treatment temperature increases and the reaction time gets

1800°C. longer, a higher formation of SiC is also promoted. So, it is
expected that the electrical resistivity of the SiC/C composite
3.2. Electrical properties can be controlled by heat treatment temperature, reaction

time and the addition of Si©

The electrical resistance at room temperature of samples As the electrical resistance in this experiment shows*10
heated at temperatures between 1400 and 180@or 5 to 10°Qm, it is considered that the SiC/C composite is
or 30min, are shown irFig. 5 The electrical resistance well conducting. It can be applied as thermoelectric material
decreased with an increase in heat treatment temperaturavhich makes it very attractive for the electric power gener-
but showed almost no dependence on concentration or re-ation industry:®21
action time. The C-50 sample showed a slightly different
behavior. 3.3. Thermal properties

As shown inFig. 3g a thin film of SiC is formed as
coating on to the charcoal surface. In previous papers, itwas Similar to the electrical measurements also thermal data
reported that charcoal that forms a more graphitic layered were collected. The bulk density, specific heat capacity and
structure shows a higher electrical conducti¥ify® In this thermal diffusivity were measured on samples at room tem-
research, high electrical conductivity was indeed observed inperature after being treated from 1400 to 18Q0for 5 or
samples with a graphitic organization of the carbon structure 30 min. These data can be found Table 1 The thermal
of the charcoal, as seen in the results of XRD. As the SiC
layer is very thin, the influence on the electrical resistivity
is relatively small.
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Fig. 5. Relationship between electrical resistivity and heat treatment tem- Fig. 6. Relationship between thermal conductivity and heat treatment
perature (a) holding time 5min, (b) holding time 30 mir®) C-10 temperature (a) holding time 5min, (b) holding time 30 mi®)(C-10
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Table 1
Thermal constants of the sample
Sample Reaction Heat treatment Bulk density Specific heat Thermal diffusivity
time (min) temperature °C) (g/cn?) capacity&10~1 J/g/K) (x10~2crré/s)
C-10 wt.% SiQ 5 1400 1.26 8.66 1.55
5 1500 1.33 6.65 2.23
5 1600 1.36 7.02 2.24
5 1700 1.43 7.36 3.08
5 1800 1.49 6.82 3.58
30 1400 1.33 7.35 2.00
30 1500 1.35 7.40 2.37
30 1600 1.37 8.76 251
30 1700 1.49 5.89 3.45
30 1800 1.61 8.64 4.42
C-30 wt.% SiQ 5 1400 1.44 6.93 1.46
5 1500 1.30 7.01 3.13
5 1600 1.34 7.75 3.18
5 1700 1.49 6.35 5.03
5 1800 1.64 7.28 581
30 1400 1.20 9.73 2.29
30 1500 1.33 6.04 3.65
30 1600 1.40 8.56 4.80
30 1700 1.50 7.65 5.73
30 1800 1.70 7.73 8.47
C-50 wt.% SiQ 5 1400 1.75 6.59 1.75
5 1500 1.39 8.79 213
5 1600 1.32 7.95 6.04
5 1700 1.93 7.31 12.50
5 1800 2.16 6.54 18.84
30 1400 1.53 7.34 1.74
30 1500 1.44 7.17 7.19
30 1600 1.74 8.22 10.45
30 1700 1.59 6.47 18.32
30 1800 2.28 6.64 23.79
C-0 wt.% SiQ 5 1400 1.26 8.73 1.72
5 1500 1.30 6.90 1.92
5 1600 1.22 6.70 2.22
5 1700 1.38 6.03 254
5 1800 1.40 6.50 3.77
30 1400 1.31 6.97 1.69
30 1500 1.32 8.98 2.54
30 1600 1.38 7.17 2.46
30 1700 1.43 6.73 4.32
30 1800 1.57 7.30 4.04

diffusivity increased with Si@contents as well as with heat of 36 W/m/K was recorded in the C-50 sample at 1800
treatment temperature. The bulk density and the specific heafor 30 min.

capacity hardly changed. Consequently, it can be said that In contrastto metals, in which electrons carry heat, SiC ce-
the thermal diffusivity has a major influence on the thermal ramics transport heat primarily by phonons. Phonon—phonon

conductivity. interaction plays an important role in the thermal conduc-
The thermal conductivity of the samples was calculated tion of SiC22 The interface layer of SiC being formed in the
by usingEq. (1) The results are plotted irig. 6. The ther- SiC/C composite relates directly to the increase in thermal

mal conductivity increased with an increase in heat treat- conductivity.

ment temperature for all samples and for both 5 and 30 min  Pores greatly influence thermal conductivity. The thermal
reaction time except for the C-0 sample. The thermal con- conductivity decreases with phonons being scattered due to
ductivity of the C-0 sample made of only wood charcoal pores. It seems that the micro structural change, as shown
hardly changed. It is in the C-50 sample that the thermal in Fig. 3b and ¢ changes not only the electrical resistance
conductivity increased most, due to the influence of the SiC but also the thermal conductiviy. Therefore, it is to be ex-
layer formed on the surface of the charcoal. The maximum pected that the thermal conductivity of the SiC/C composite
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can be controlled by heat treatment temperature, reaction
time and the addition of Si©

In this experiment we fabricated a SiC/C composite from
a mixed powder of wood charcoal and Si@nd succeeded
in developing a material with a low electrical resistivity and

a high thermal conductivity. 9.

4, Conclusion

We developed a SiC/C composite from a mixed powder 11.

of wood charcoal and Sifusing a pulse current sintering
device. The microstructure, electrical resistance and thermal
conductivity were measured. SEM observations showed that*
the wood charcoal was covered with aurh thin coating.
X-ray diffraction revealed the coating to ieSiC. Due to

this coating it is possible to use this composite at least up 14.

to temperatures of 180C.

15.
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