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Graphitization behavior of polymer in the gelcasted alumina by

sintering
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A new fabrication method of electrical conductive alumina/carbon composite ceramics has been investigated. An advantage of
this material is good electrical conductivity based on the uniformity of carbon network generated from polymer in the
gelcasted green body. In this study, we discussed the graphitization behavior of the polymer into a gelcasted alumina. As a
result of the graphitization, the density, electrical conductivity and degree of graphitization were increasing at a higher tem-
perature. Especially, those values were remarkably increased from 1500°C. The sample sintered at 1700°C, it has an electrical
conductivity of 4.11 S/cm and high graphitization similar to pyrolytic graphite. It is thought that the presence and sintering of

alumina particle has an important factor in this behavior.
©2009 The Ceramic Society of Japan. All rights reserved.
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1. Introduction

Recently, there had been various proposed methods in fabri-
cating an electrical conductive ceramics. Some of this common
method in improving the electrical properties for an insulating
ceramics is incorporating electrically conductive fillers such as
metals,” metallic oxides”? or carbon. However, in order to
achieve the desired level of electrical properties, usually high
percentage of fillers was added to the composite material but in
this case loading or the mechanical properties might deplete or
cause great effect on the physico chemical properties of the
ceramic/composite materials such as the refractoriness, hardness
and stiffness. Hence, the reduction or small amount of additive/
filler is desired. To lessen these problems, a nano-carbon fiber
was introduced as fillers in the composite system.*” Carbon-
nanotubes (CNTs) have an advantage as conductive filler, which
includes high tensile strength, electrical conductivity, low density
and large surface area. However, CNTs have strong coagulation
properties due to the strong attractive force of the van der Waals
in each CNTs particles.” Coagulated fillers can cause defects of
ceramics matrix that could eventually decrease in the mechanical
property of the composite material. To reduce this occurrence,
various studies have been developed in preventing coagulation of
CNTs particles.®

A new approached of fabricating alumina/carbon network
composite material by combination of gel-casting method” and
sintering under inert atmosphere'®-'" had been developed in our
group. In this method, the uniform polymer network is generated
from the monomer dissolved into the slurry during gelcasting
process, inducing a precursor of carbon. Then, the resultant car-
bon exists homogeneously around each alumina particles. There-
fore, the homogeneous carbon that is less than 1 wt% in the
ceramics matrix can induce a high and homogeneous electrical
conductivity to the composite material.

Generally, induced electrical property of composite material
fabricated by mixing with conductive filler is greatly affected by
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the property of fillers, hence, an investigation between them
should be studied.

In previous works,'" it is confirmed by electron diffraction
that the carbon in the alumina matrix sintered at 1700°C has a
graphite structure. However, the graphitization process is not yet
investigated. The degree of graphitization is an important factor
for the electrical property of graphite carbon materials. In this
study, it aims to clarify the graphitization behavior of polymer in
the alumina matrix under sintering process, and the effect of the
degree of graphitization on electrical conductivity is investigated.

2. Experimental

2.1 Sample preparation

The materials used in this study were shown in Table 1. An
alumina powder of mean particle diameter 0.5 #m (AL160-SG4,
Showa Denko Co., Yokohama, Japan) was used as a resource of
the ceramics matrix. Methacryamide and N,N’-Methylene-bis-
acrylamide were dissolved in a distilled water as gellants. The
alumina powder was dispersed to the solvent with a dispersant
(Seruna D-305, an ammonium salt of polycarboxylate solution,
Chukyo Yushi, Japan) by ball milling for 24 h. The well dis-
persed slurry was agitated under a vacuum condition for 15 min
to degas. Then, ammonium persulfate solution of 10 mass% and
N,N,N’,N’-Tetramethylethylenediamine were added to the slurry
in order to have a polymerization reaction. The initiated slurry
was poured into the mold until solidifies for 12 h. The solidified

Table 1. Composition of Alumina Slurry Obtained by Gelcasting

Kinds of starting materials Composition (mass%)

alumina 80.0
distilled water 15.1
dispersant 0.720
methacrylamide 3.15
N,N’-methylenebis- acrylamide 1.05
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wet green bodies were demolded and dried at 25°C for 5 d under
controlled humidity from 90% to 60%. The dried green-body
was sintered at 900, 1100, 1200, 1300, 1400, 1500 and 1700°C
for 2 h under argon atmosphere at 150 kPa.

2.2 Characterization

The apparent density of sintered bodies was measured by
Archimedes method.

The cutting surface of sintered bodies was observed by scan-
ning electron microscopy (SEM) (JSM-7000F, JEOL Ltd.).
These samples were observed without conductive coating.

Electrical conductivity was measured by 4-probe method by
using DC voltage current source/monitor (R6243, Advantest,
Japan). In this measurement, the probe current was fixed to
0.1 mA.

The carbon content in green body and sintered body was mea-
sured by Carbon Combustion Analyzer (EMIA-110, Horiba,
Ltd.).

Raman spectroscopy for analysis of the carbon in the sintered
body was recorded over the frequency ranging from 1000 to
2000 cm™ at an interval of 1.86 cm™ with collection time of 10 s
(Laser Raman Spectrometer NRS-3100, JASCO Co.). A 532 nm
laser beam of 11 mW was used as excitation source.

3. Results and discussion

Figure 1 shows the apparent density of the alumina carbon
composite material at each sintering temperature. It was clearly
shown that the density was constant around 2.20 g/cm® up to
1300°C but dramatically increased when the sintering tempera-
ture reached from 1500 to 1700°C. This resulted to 2.85 g/cm®
as the highest density at 1700°C.

While in Fig. 2, the SEM images of sintered samples at each
sintering temperature was shown. The image of sintered sample
at 900°C was not able to be taken because the low electrical con-
ductivity as described later. The change in the grain size was not
seen in (a) and (b) that was sintered below 1300°C. The grain
growth was confirmed at 1500°C, which becomes clearer at
1700°C. This tendency of grain growth is similar as the increas-
ing of apparent density shown in Fig. 1.

The electrical conductivity of sintered sample was shown in
Fig. 3. The sintered sample at 900°C has a very low quality of
electrical conduction so it was not shown in this study. But the
sintered samples at more than 900°C were shown in Fig. 3.
Based on the graph alone, one can observed that the electrical
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Fig. 1. Density of alumina/carbon composite ceramics as a function of
sintering temperature.
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conductivity linearly increased at elevated sintering temperature
especially above 1500°C.

From the results of the carbon content measurement as shown
in Table 2, the carbon content in the sintered body was almost
same regardless of the sintering temperature, and the carbon res-
idue rate was about 25%. The elimination and the carbonization
of the polymer in green body were completed at less than 900°C.
The carbon residue ratio was calculated as a ratio of the carbon
content in the green body and that in the sintered body. The
calculated value based on the slurry component is 2.95 mass%
similar to the measured value. These results indicate that the
occurrence of electrical conductivity at 1100°C and the conduc-
tivity change of increasing rate at 1500°C are not given by the
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Fig. 2. SEM images of the cutting surface of sintered sample at each
sintering temperature; a) 1100°C, b) 1300°C, ¢) 1500°C, d) 1700°C.
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Fig. 3. Electrical conductivity of alumina/carbon composite ceramics

as a function of sintering temperature.

Table 2. Carbon Content in Sintered Samples

Sintering temp.

Carbon content (mass%)

900°C 0.78
1100°C 0.70
1300°C 0.77
1500°C 0.78
(green body) 3.1
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Fig. 5. Correlation plot between the Avisso and I;3e0/1is80.

change of the carbon content. These can be further explaining
using the Raman spectroscopy measurement.

The result of a measurement by Raman spectroscopy was
shown in Fig. 4. Two characteristic peaks of the graphite struc-
ture appeared according to increasing of sintering temperature.
One of the peaks around 1360 cm™ was called D-band while the
other was called G-band at 1580 cm™.">"'3 The increasing and
the sharpening of G-band above 1500°C were remarkable. The
D-band was known as the disorder-induced Raman peak. This
peak indicates the existence of defect or edge plane on graphite
structure. The G-band is induced by basal plane of graphite
structure. These tow peaks were usual used for estimation of
graphite structure. An intensity ratio of D-band and G-band
(Li3e0/11s30) indicates the degree of graphitization. The half band
width of G-band (Avisg0) showed the crystallinity and turbostra-
ticity of graphite planes. These value decreases with the progress
of graphitization. A correlation plot hbetween the Avisgy and
Tiss0/Iiss0 was shown in Fig. 5. The graphite structure of the car-
bon content was guessed from a relative position in this plot. It
was thought that the structure of the graphite has changed from
amorphous into the turbostratic structure with small graphite
plane between 900°C and 1300°C because almost I;360/11580 con-
stant and Av,sgo decrease. At 1400°C, the progress of graphitiza-
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tion can be confirmed, because the value of I360/Iisso starts
decreasing. The progress of graphitization becomes more
remarkable at 1500°C, and the growth of the graphite plane and
the improvement of the orientation were seen in the graph. At
1700°C, I1360/I1580 and Avisgo indicates 0.32 and 24.1, and it was
similar to the edge side of the pyrolytic graphite.'¥

The increasing of electrical conductivity by the improvement
of the degree of graphitization was well known. It is confirmed
that the increase in the degree of graphitization was shown in the
Raman analysis and that the electrical conductivity can be
improved greatly at 1500°C.

In general graphitization from polymers, high temperature
about 3000°C is needed to improve the graphitization."> How-
ever, the progress of graphitization in this study was given at
lower temperature. Otani et al. have reported about catalytic
graphitization of carbon by various metals.'®'” They reported
about catalytic effects such as carbide formation-decomposition,
dissolution of carbon to the metals, removal of strain by oxida-
tion reaction and other effects. In previous study, the existence
of the aluminum carbide in the sintered body was confirmed by
the XPS measurement, and there is a possibility of the catalytic
carbonization effect by this carbide. However, the catalytic
graphitization in Otani’s study was reported on more high tem-
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perature above 2000°C. The sintering temperature of 1700°C of
the sample is too low for inducing graphitization. The accele-
rating effect of pressure in the graphitization reported by Inagaki
et al.'® is thought as another reason for high degree of graphiti-
zation on the sintered body. Because the progress of the sintering
shown in an increase of the density and the increase of the degree
of graphitization were synchronal at more than 1500°C, the
reorientation of graphite plane on the alumina grain boundary
might have been promoted by the local pressure of alumina sin-
tering.

4. Conclusion

The graphitization behavior of polymer in the gelcasted green
body under sintering process was discussed. The progress of
graphitization was given at lower temperature than the tempera-
ture for graphitization of the common carbon materials that led
to the increase of electrical conductivity. The resultant graphite
at 1700°C has a similar structure of the edge surface of pyrolytic
graphite. It is considered that the high degree of graphitization is
given by the catalytic graphitization of alumina particle and pres-
sure graphitization by sintering.
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