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Ahard carbon, phenolformaldehyde resin char carbon ized to 700℃, was heat-treated under

aquasi-hydrostatic pressure of 5kbar at various temperatures between 1100-1800℃ for the res-

idence times of 3, 20 and 60min. The graphitization process of the hard carbon under pressure
consisted of three stages. In the first stage of the graphitization, the profile of (002) diffraction line
was symmetrical. It means that there is only one component AH in the sample. In the second and
third stages of graphitization, the (002) profile became composite. In the second stage, three com-
ponents AH, G'H and G"H coexisted in the sample. The sum of the contents of the components
G'H and G"H was less than 20% and increased gradually with heat treatment temperature. In the
third stage, two components All and G"H coexisted. The content of the component G"H increased
abruptly up to more than 70% at about 1400,1500 and 1700℃ for the residence time of 60,20 and

3min, respectively. The components AH and G"H have the turbostratic and graphitic structures,

respectively. The component G'H seemed to have the intermediate structure between turbostratic

and graphitic structures.

Hard carbons or non-graphitizing carbons are

hardly graphitized even at very high temperatures

such as 3000℃. So-called two-or three-phase

graphitization was often observed for hard carbons
at high temperatures of heat treatment.1-4) Re-

cently, Oberlin and Rousseaux gave a beautiful

representation of two-phase graphitization of a sugar

charcoal by means of dark field electron micro-

graphs and electron microdiffraction.5) On the
other hand, soft carbons are easily graphitized under

the same condition and multi-phase graphitization

has never been observed. Under high pressure

above 3 kbar, the graphitization of soft carbons was
found to proceed very rapidly at relatively low tern-

peratures as 1500℃ and the phenomenon similar to

the two-phase graphitization was observed.6,7) It

was found that even glassy carbon, a typical hard

carbon, was graphitized around 1500℃ under

10kbar.6) In the present work, phenolformalde-

hyde resin char, one of hard carbons, was heat-

treated under the pressure of 5 kbar at various tem-

peratures for three different residence times. The

graphitization process of the sample was precisely

followed by analyzing the profile of (002) diffraction
line and was compared with that of soft carbon
under the same pressure.

Experimental and Results

The sample used was a carbon prepared at 700℃

from phenolformaldehyde resin, which was made by

a conventional method using ammonium hydroxide

as catalyst. The sample was a hard carbon and was

Fig. 1. Change of profile of (002) diffraction line
of the hard carbon, heat-treated under 5 kbar for
60min, with HTT.
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Fig. 2. Schemalof separation of composite profile observed on the hard carbon.

named as PH-7 in order to make easy to distinguish

from the sample of a soft carbon PV-7, which was

used in the previous works.6 9> The particle size of

the sample was limited in the range of 0.1-0.4mm.

The used high pressure apparatus and the arrange-

ment of specimen cell were the same as reported

previously.7> The heat treatments of the sample
were performed under a quasi-hydrostatic pressure

of 5 kbar at various temperatures between 1100-

1800℃ for residence times of 3,20 and 60min. The

heat treatment temperature (HTT) was evaluated
from the electric input power by using the relation
between temperature and input power, which was
determined beforehand for the same arrangement
and sample. For the heat-treated sample, the
profile of (002) diffraction line was measured by
using Ni-filtered CuKα radiation and a recording

goniometer.
Change of (002) diffraction profile with HTT for

the residence time of 60 min. is shown in Fig. 1.
Above 1200℃, the profile appeared to be composite,

consisting of at least two component profiles. Such
a composite profile was separated into the component
profiles by almost the same procedure as previously
described.7,8) In the present work, however, the
profile on the low angle side is folded at the angular
position where the tail of the folded profile coincides
well with the tail of the composite profile on the high
angle side (Fig. 2). When this profile on the low
angle side is subtracted from the composite profile,
the balance gives another component profile, which
is on the high angle side. In the present work, these
two components corresponding to the profiles on the
low angle side and high angle side are designated as
AH and GH, respectively. *2

For each separated profile, the co-spacing was

measured by referring to the inner standard of silicon

and the area under the profile was measured by using

a planimeter. In order to obtain the content of the

component GH, the ratio of the area under the pro-

file for the component GH to the total area of the

composite profile was obtained and then corrected

for the preferred orientation of crystallite in the

specimen by using the same calibration curve as

reported previously.8) Changes of co-spacing of two

components with HTT are shown in Fig. 3 and the

Fig. 3. Changes of c0-spacing of two components
AH and GH with HTT.
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*2 The suffix "H" stands for the component observed

on hard carbon.
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Fig. 4. Changes of content of the component GH
 with HTT

● 3min ○ 20 min □ 60min

Changes of content of the component Gs of the soft
carbon PV-77) were shown by the broken lines.

change of content of the component GH with HTT is
shown in Fig. 4.

Discussion and Summary

On the graphitization process of the hard carbon
PH-7 under 5 kbar, the profile of (002) diffraction
line showed the composite one. Similar composite

profiles of (00l) diffraction line had been observed
on the soft carbon PV-7 heat-treated under the same
pressure.8-9) The graphitization process of PH-7
under pressure seemed to be composed of two stages;
in the early stage the (002) profile of the heat-
treated sample being symmetrical and in the later
stage it consisting of two component profiles AH and
GH. However, the later stage could be divided
into two more stages from the view points of c,-spac-
ing, symmetry of the profile and content of the com-

ponent GH, which will be described below. There-
fore, the graphitization process of PH-7 under pres-
sure was considered to consist of three stages. On
the soft carbon PV-7, the graphitization process
under the same pressure was divided into two stages.

In the first stage of the graphitization, the (002)
profile is symmetrical though being very broad. It
means that there is only one component AH in the
sample. The presence of the high angle component
GH was not indicated. The c0-spacing of the com-
ponent An decreases from the original value to
6.88 A with the increase in HTT.

In the second stage of graphitization (above
1200℃), the(002) profile becomes composite, con-

sisting of the components An and GH. The content
of the component GH increases gradually up to about
20% and its apparent co-spacing decreases from
about 6.79 to 6.72Å with the increase in HTT. The

profile of the component G8 in this stage is not ex-
actly symmetrical and therefore may consist of two

components G'H and G"H. Assuming that the com-

ponent G'H has a relatively large co-spacing as
6.78Å and the component G"H has 6.72Å and

that the component G'H transforms to G"H, the

gradual decrease of the apparent co-spacing and the
lack of symmetry of profile of the component GH may
be explained. On the other hand, the component
AH becomes to have a constant co-spacing of 6.88A
through this stage, though the angular position of
this component profile has not been assumed as
constant before the separation of the composite pro-
file. On the soft carbon PV-7,7) the component
As on the low angle side had a little smaller co-spac-
ing and its profile was much sharper than that of the
compoent AH observed on the hard carbon PH-7 in
the present work.

In the third stage of graphitization, the content of
the component GH increases abruptly to more than
70% at about 1400,1500 and 1700℃ for the res-

idence time of 60, 20 and 3 min, respectively. The

profile of the component GH is almost symmetrical

Fig. 5. Diffraction pattern of the hard carbon heat-treated at 1500℃ for 60min under 5kbar.
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and has the c0-spacing of around 6.72Å. Therefore,

component GH may consist of only one component

the G"H in this stage. The co-spacing of the

component AH is also constant at 6.88Å through

stage. The sample obtained in this stage (the con-
tent of GA is more than 70%) was found to have
the three-dimensional diffraction lines such as
(101) and (112) lines (Fig. 5).

These experimental facts suggest the followings;
The component AH has turbostratic structure and
its c0-spacing in the second and third stages is the
same as that has been assigned for this structure by
others.1,10)) The component GH is considered to
consist of two components G'H and G"H. The
component G"H, which has the c0-spacing of 6.72Å

and shows the three-dimensional diffraction lines,

corresponds to graphitic structure and it may be the

same as the component Gs observed on the soft

cabon PV-7. The component G'H, whose co-spac-

ing is between 6,72 anal 6,88Å, corresponds to the

intermediate structure between turbostratic and

graphitic structures. The component G'H is observ-
ed only in the second stage of graphitization and its
content is much less than 20%. No component
having such an intermediate structure as G'H was
observed on the soft carbon PV-7.

As shown in Fig. 4 (for the convenience of com-

parison the change of content of the component Gs
in the soft carbon PV-7 are also shown), it is sur-
prising that the hard carbon PH-7 is graphitized as
abruptly as the soft carbon PV-7 at low temperature
as 1500℃ under 5 kbar. For the residence time of

3 min, the hard carbon PH-7 seems to be graphitized

somewhat faster than the soft carbon PV-7.

From the results of the present work, it is deduced

that the hard carbon heat-treated under pressure

consists of two or three components, each of which

has enough extent to produce the coherent X-ray

scattering. Such a constitution of the structural

components is very similar to that oberved on the

soft carbon.7)
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