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Synopsis :

Kawasaki Steel's new carbon powder, KMFC (Kawasaki mesophase fine carbon) is
produced from mesophase spherules formed by heat-treating pitch. KMFC has
out-standing self-sinterability to produce isotropic carbon blocks of high density and
strength without any extra binder components. In the present study, changes in the
physical properties of KMFC compacts during the sintering process were examined in
order to determine the sintering mechanism of a KMFC green compact. The high
densification and high strength of KMFC compacts result from the large reduction in
pore volume due to he fusion of KMFC at 400-600°C, and from the large shrinkage of the
compact over 600°C. Light fractions such as HS (hexane-soluble) components, AS
(acetone-soluble) components, and TMO (tar middle oil) play an important role in
achieving this high densification and high strength by governing the fusibility of KMFC
particles at 400-600°C for their subsequent adhesion.
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1 Introduction

Carbon blocks have such useful properties as high
conductivity of electricity and heat, high stability up to
about 3 000°C under a nonoxidizing atmosphere, high
strength at high temperature, high mechanical worka-
bility, and self-wettability, with wuseful applications in
chemistry, machinery, electricity, metallurgy, nuclear
reactors and so on. With the further development of
industrial technology, isotropic carbon blocks of even
higher density and higher strength are demanded,

Kawasaki Steel’s new kind of carbon powder, KMFC
(Kawasaki mesophase fine carbon) is produced from
mesophase spherules'™ formed by the heat-treatment of

* Originally published in Kawasaki Stee! Giho, 24(1992)2. 83-87

Synopsis:

Kawasaki Steel’s new carbon powder, KMFC (Kawasaki
mesophase fine carbon) is produced from mesophase
spherules formed by heat-treating pitch. KMFC has out-
standing self-sinterability to produce isoiropic carbon
blocks of high density and strength without any extra
binder components. _

In the present study, changes in the physical properties
of KMFC compacts during the sintering process were
examined in order to determine the sintering mechanism
of a KMFC green compact. The high densification and
high strength of KMFC compacts result from the large
reduction in pore volume due to the fusion of KMFC at
400-600°C, and from the large shrinkage of the compact
over 000°C. Light fractions such as HS (hexane-soluble)
components, AS (acetone-soluble} components, and TMO
(tar middle oil} play an important role in achieving this
high densification and high strength by governing the
Sfusibility of KMFC particles at 400-600°C for their sub-
sequent adhesion.

Table 1 Physical properties of graphite block? made
from a typical KMFC

Bulk density (gfcm?) 1.90
Shore hardness 85
Bending strength (MPa) 98
Electrical resistivity (#Q-cm) 1 400
Cormpressive strength (MPa) 181
Anisotropic ratio of thermal

expansion coeflicient 1.01

i) “F-ormingpressure : 54 MPa
2500°Cx2h

Graphitizing:

coal tar pitches.®® KMFC has high self-sinterability for
producing tsotropic carbon blocks of high density and
strength without any extra binder components by form-
ing, baking, and if necessary, graphitizing steps, as
shown in Table 1.%'"

The manufacturing process lor KMFC shown in Fig.
1 comprises four main steps, using coal tar pitch as the
raw material: (1) heat-treatment, (2) solvent-extraction
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Fig. 1 Manufacturing process for KMEFC powder

and filtration, (3) drying and calcination, and (4) classifi-
cation. One of the keys to this process has proved to be
the solvent-extraction step that leaves S-resin (benzene-
insoluble and quinoline-soluble component) in the
mesophase spherules as a binder by using tar middle oil
as solvent. The other key is the calcination step for
removing the remaining solvent and for adjusting the
sinterability of KMFC by thermally polymerizing the §-
resin.!"

In the present study, changes in physical properties of
KMFC compacts during the sintering process between
room temperature and 1 000°C were examined in order
to determine the sintering mechanism of a KMFC
green compact. The influence of the light oil fractions
green compact. The influence of the light oil fractions
contained in KMFC and the heating rate on the sinter-
ability of KMFC were also examined.

2 Experimental

2.1 Preparation of the KMFC Samples

Approximate analyses of the KMFC samples used in
the study are shown in Table 2. Samples A, B and C
were produced in the commercial KMFC plant in the

Table 2 Properties of KMFC wvsed in this study

(wt%)
Sample® | TV ‘ QI VM Ash
A 97.5 r 95.5 8.6 0.36
A-HI 98.0 96.4 8.2 —
B 7.4 t 92.7 9.0 0.32
B-AI | 98.0 r 93.5 8.8
C o968 95.0 9.1 0.36
C-TMO bo95.7 | 940 10.2 —
1A, BL 7Pr(7);'lucrc73(7:l i';y theT{MFOcommercial plant
A-HI: Hexane insoluble component of A
B-Al: Acetone mnsoluble component of B
C-TMO: Obtained from C by kneading tar middle oil of

2wt 9%,
¥} TI: Toluene insoluble
@3 QI: Quinoline insnluble
4 VM: Volatile matter (weight reduction after leaving at
800°C for 7 min)

Chemical Division of Kawasaki Steel under various op-
crating conditions. A-HI is the hexane-insoluble com-
ponent of A, and B-Al is the acetone-insoluble compo-
nent of B, which were both prepared by solvent-extrac-
tion. C-TMO was obtained from C by kneading with
2 wi% of tar middle oil (b.p. 125-250°C).

2.2 Forming and Heat Treatment

The experimental procedure is shown in Fig. 2.
KMFC samples of 50 g were each formed into a green
compact of 50 mm dia. x 20 mm height by cold iso-
static pressing (CIP) under a pressure of 54 MPa. The
green compacts were heatl treated o the specified
temperature ranging from 200°C to 1 000°C with heat-
ing rates of 104 or 5.2°C/h in coke breeze.

2.3 Measurement of the Physical Properties and
Analysis of the Fine Structure

A thermogravimetric(TG) analysis of the KMFC
samples was conducted by using a Shimadzu DT-40
thermal analysis system. The measurement conditions
were as follows: sample weight, 200 mg; healing rale,
10°C/min; maximum temperature, | 000°C and nitro-

KMFC
samples

[Forming

Heat treated
compacts

Heat-
treatment

Method: CIP
Pressure:
54 MPa
Size:
5 mmehx
200mm in height

Final temperature:
200~ 1 000°C

Heating rate:

* Bulk density

« Shrinkage

« Compressive
strength

* Pore valume

= Apparent density

« SEM observation

104 or 5.2°C/h

Fig. 2 Experimental procedurc
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gen atmosphere flow rate, 100 mi/min.

The physical properties of the green and heat-treated
compacts were evaluated by measuring the bulk density,
dimensional shrinkage, and compressive strength. The
bulk density of the compacts was obtained by the
underwater specific gravity measurement. A Shimadzu
AGS-500A autograph was used to measure the com-
pressive strength, the sample size being 100 mmf x
10 mm Wx [0 mmA. The dimensional shrinkage (4L]L)
of the compacts during the sintering process was calcu-
lated from the following equation:

ALJL = (&ELE') ¥ 100 - e e D

0
where [ is the diameter of the green compact, and D,
is the diameter of the heat-treated compact.

To analyze the fine structure, the crushed face of the
heat-treated compact was observed with a scanning elec-
tron microscope (SEM), and the pore volume of the
compact was measured with a Mercury Porosimeter
pore sizer 9300 made by Micrometric. The distribution
of pore size was measured in the range from 0.001 ym
to | gm. Apparent density was calculated from the fol-
lowing equation:

where AD is the apparent density, BD the bulk density,
and P the pore volume.

3 Resuits

3.1 Changes in the Physical Properties and Fine
Structure of KMFC Compacts during the
Sintering Process

The changes in bulk density and dimensional shrink-
age of the KMFC compacts of sample A during the
sintering process are shown in Fig. 3. At temperatures
below 400°C, the dimensional shrinkage was only 0.5%,
and no increase in bulk density was apparent. On the
other hand, at temperatures from 400°C to 1000°C,
increases in dimensional shrinkage and bulk density of
the compact were clearly observed with increasing heat-
treatment temperature.

The changes in compressive strength are represented
in Fig. 4. At temperatures below 400°C, the compressive
strength of the heat-treated compact was nearly equal to
that of the green compact, showing that the strength of
the compact wasn’t improved by heat treating less than
400°C. At temperatures over 400°C, the compressive
strength was increased with increasing temperature.

Changes in the pore volume during the sintering
process are shown in Fig. 5. Only a small increase in
pore volume from 16.2% to 1{7.6% was observed with
increasing temperature up to 400°C. However, the pore
volume markedly decreased between 400°C and 600°C,
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Fig. 3 Change in bulk density and shrinkage of A-
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rate: 10.4°C/h)
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Fig. 4 Change in compressive strength of A-com-
pacts during sintering process (Heating rate:
10.4°C/h)
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Fig. 5 Change in pore volume of A-compacts during

sintering process (Heating rate: 10.4°C/h)

although it remained constant at temperatures over
600°C.

The change in apparent density, calculated from the
bulk density and pore volume, is presented in Fig. 6.
The apparent densily increased at temperatures over
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400°C with increasing heat-treatment temperature. Par-
ticularly at temperatures over 600°C, the apparent den-
sity, increased sharply, although it showed little increase
between 400°C and 600°C.

SEM photographs of the crushed face of sample A
compacts heat-treated at 400°C and 600°C are shown in
Photo 1. The spherical KMFC particles can be clearly
observed in the compact heat-treated at 400°C. How-
ever, in the case of the compact heat-treated at 600°C,
the spherical particles have disappeared and destroyed
particles can be seen. This observation of the compact
heat-treated at 600°C clearly shows fusion and adhesion
at the surface of KMFC particles. This result is also sup-
ported by the changes in pore volume shown in Fig. 5.
Namely, the decrease in pore volume between 400°C
and 600°C is thought to be due to fusion and adhesion
of the KMFC particles.

3.2 Influence of Light Qil Fractions on the
Sinterability of KMFC

TG profifes of the KMFC A-HI and C-TMO samples
are shown in Fig. 7, in comparison with samples A and
C, respectively. The weight loss rate of A-HI is clearly
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Fig. 7 TG-profiles of KMFC

less than that of A at temperatures below 400°C. C-
TMO has a significantly larger weight loss rate than that
of C al temperatures below 200°C. These results indi-
cate that the major hexane-soluble component and tar
middle oil used as solvents for extraction in producing
KMFC evolve at the early stage of the sintering process.

Figure 8 illustrates the influence of the light oil frac-
tions on the buik density and shrinkage of compacts
heat-treated at 1 000°C. The bulk density and shrinkage
of the heat-treated A-HI and B-Al compacts are smaller
than those of the heat-treated A and B compacts,
respectively. Conversely, the bulk density and shrinkage
of the hcat-treated C-TMO compact are larger than
those of the heat-treated C compact. These results
clearly show that the light oil fractions of HS, AS and
TMO are strongly related to the sinterability of KMFC.
B-Al suffered from a larger decrease in bulk density of
its resulting compact than A-HI did. The solubility of
acetone for pitches is greater than that of hexane, and
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Fig. 8 Influence of light oil fractions and heating rate

on bulk density and shrinkage of heat-treated
compacts at 1 000°C

the light oil fractions of the B-Al sample were removed
much more than those of the A-HI sample. The influ-
ence of the AS-HI fraction (acetone-soluble and hexane-
insoluble component) on the sinterability of the KMFC
compact is also apparent.

3.3 Influence of Heating Rate on the Sinterability
of KMFC

The influence of heating rate on the bulk density and
shrinkage of compact A heat-treated at 1000°C is
shown in Fig. 8. A heating rate of 5.2°C/h provided a
lower bulk density and shrinkage than that of 10.4°C/h.
The heating rate is also relevant to the sinterability of a
KMFC compact.

4 Discussion

The sintering of KMFC green compacts is considered
to progress in two temperature ranges: one from 40G°C
to 600°C and the other over 600°C. At temperatures
between 400°C and 600°C, sintering in ihe liquid phase

Binder component

a-component
(mesophase)

proceeds and particles adhere through fusion of a binder
component around the mesophase spherules which
remains from the extraction process. At temperatures
above 600°C, hexagonal layers of carbon and graphite
are developed and closely packed in the solid phase, so
that further densification of the compacts is achieved.
Qur results showing a decrease in porosity betwen
400°C and 600°C (Fig. 5), and a sharp rise in apparent
density over 600°C (Fig. 6), verify this. Liquid-phase
sintering promotes adhesion between the particles by
removing macropores at the interfaces of the particles.
This adhesion results in an increase in both the bulk
density and strength of the compact. At the same time,
some hydrocarbons are liberated from the compacts,
leaving micropores within the compacts. Sintering in
the solid phase at temperatures over 600°C is con-
sidered to have brought about the increase in bulk den-
stty through an increase in the apparent density. Macro-
pores would never be removed when the fusion of a
binder component is insufficient, even if significant
shrinkage occurs at temperatures over 600°C. The sin-
terability between 400°C and 600°C by fusion with a
binder component seems to govern the properties of
the ultimate carbon product. Figure 9 shows an inferred
sintering mechanism of KMFC green compacts based
on the foregoing hypothesis.

The extent of sintering in the liquid phase by fusion
with a binder component between 400°C and 600°C is
strongly influenced by the amount and quality of the
volatile fraction and heating rate. It was found that such
volatile fractions as the hexane-soluble component and
acetone-soluble component in the KMFC particles or
tar middle oil that was used in the extraction process
had strong influence on both the shrinkage and bulk
density of the compacts, although the greatest effect was
at temperatures below 400°C. It is considered that the
diffusion rate of these volatile fractions was slow inside
the compact during the sintering process, and a portion
of the volatile fractions remained in the compact be-
tween 400°C and 600°C. Consequently, the volatile frac-
tions are considered to contribute 10 the increase in
bulk density of the compacts, thus promoting fusion

Reduction of porosity Large shrinkage of
and adhesion of
KMFC particles

KMFC particles

1 | |

—fip-
KMFC green
compact
{ il |
RT 200 400

600 500 1 00¢

Heat-treatment temprature (°C)

Fig. 9 A model of the sintering mechanism of KMFC green compact
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with the binder component in the KMFC particles.

The influence of heating rate on the degree of fusion
has been reported for coal. ! ' Mochida and co-workers
have reported that a rapid heating rate shifted the
evolution point for volatile matter to a higher tempera-
ture, and that the influence of this volatile matter
became more significant to carbonization. Therefore,
the fusibility of coke was improved.

During the sintering process for the KMFC com-
pacts, the higher heating rate of 10.4°C/h allowed great-
er participation by the volatile fractions than the heating
rate of 5.2°C/h by retarded evolution. This result also
suggests that the volatile fraction in KMFC would play
an important role in the sinterabitity of the particles.

From this study, it is concluded very important for
the quality-control of KMFC not only to control the
level of aromaticity of the -resin which acts as a binder
in the compact, but also to adjust the amount and com-
position of the volatile fractions in KMFC.

5 Conclusions

The influence of the wvolatile fractions and heating
rate on the sinterability and physical properties of
KMFC compacts during the sintering process at tem-
peratures between room temperature and 1 000°C were
investigated, and the following conclusions have been
oblained about the high density sintering mechanism
KMFC green compacts.

(1) High densification and high strength of KMFC
compacts result from the large reduction of macro-
pores due to fusion and adhesion of the KMFC par-
ticles between 400°C and 600°C (sintering in the
liquid phase) and to the large shrinkage of the com-
pact above 600°C (sintering in the solid phase).

10

{2) The light fractions such as HS, AS and TMO play
an important role in achieving the high densification
and high strength of the KMFC compact by
governing the fusibility of the binder component in
KMFEC particles between 400°C and 600°C.

{3) Rapid heating accomplishes high densification of the
KMFC compact as it promotes fusion due to the
retarded volatilization from the KMFC compact,
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