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1., Introduction.

a. General Aspects on Carbon.

The carbon element, C (atomic number €) occurs a diamond
and graphite and in a variety of so-called amorphous forms.
Owing to the structural variety of carbon, the electrical

6

conductivity covers a wide range between 105—10 £2-cm (near
semiconductor) and 10“4§zwcm (comparable to metal), and the
thermal conductivity also extends from the value of metals to
that of insulator. Chemically the resistivity to corrosion
is remarkable except under oxidizing conditions. The mechan-~
icalproperties are also excellent particularly at high temper-
ature above 15OOOC because of low vapor pressure at high
temperature and high melting point (about 3700°C under about
100 atm).

In the past 20 years, major improvements have been in
the properties of carbons which are used in their ‘old’ appli-
cations, such as electrodes for electric arc furnace, and have
resulted in developements of ‘new’ applications, such as pyro-
lytic carbon, synthetic diamonds, carbon fibers and so on.
Due to noted physical and chemical properties, ""carbon
materials" recently appear before the footlights in '"the age
of materials'. Carbon, therefore, is truely worthy of
calling as an "old but new material'.

b. Structure of Graphite and Graphitization of Carbon.

The crystal structure of graphite is shown in Fig. 1.
In the hexagonal net of carbon atom (usually called '"layer
plane'), carbon atoms are bound to three neighbours by strong

covalent bond of sp2

hybrid orbital. One of four electrons
in the outermost shell, IL-electron, is equally resonated in
the layer plane. Therefore, the order of the carbon-carbon
bond in the plane is 4/3 and its length is 1.415% which is

a little longer than that in benzene. The interaction force
between layer planes is so week that it has been said

van der Wwaals force. The ABAB..- sequence of parallel
stacking of layer planes is the most common one in natural

graphite. This crystal belongs to the heﬁagonal system and
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its unit cell is shown in Fig. 1 by dotted line. The a,-
spacing of the cell is 2.4568 and the co—spacing is 6.708 3
which is twice of the spacing of layer planes stacked parallel,
3.35388. A small amount of another sequence of layer
stacking, that is ABCABC.-.. sequence, has #1lso been found
in natural graphite. This is the rhombohecral modification
of graphite of which unit cell is shown in Fig. 2. In carbon,
graphite-like layer planes stack only parallel and rotate
about the normal of the layer plane in random. We call such
a structure as turbostratic one°

According to Houska and Warreﬁw, prior to the beginning
of graphitization, the layers of a parallel layer group have
random orientations about the normal of layer planes and a
spacing of 3. yuR. Presumably, there is no incentive for
neighbouring layers to take on the ordered relation until
the layer diameter La exceeds a value of the order of 1003
In the stages of graphitization, some of the pairs of neigh-
bouring layers assume the graphite relatioﬂaaz and the spacing
decreases to approximately that of graphite 5.3548.

By suitable heat treatments, carbons having the turbo-
stratic structure show a gradual change in structure towards
the three-dimensional ordering of crystalline graphite and

the growth of crystallite occurs. The process of such a

transformation from the turbostratic structure to the graphitic
- . ~6)

one seems to be roughly divided in two stageéD o In the

first stage, any evidence of the existence of the three-
dimensional ordering of layer planes in the carbon cannot
be detected, while the small decrease in the mean interlayer
spacing €o/2 and the increase in layer pl ne size occur.
This stage is called as pregraphitization. The second stage
is characterized by the appearance of the three-dimensional
ordering of layer planes. The graphitization in the second
stage can be followed phenomenally by the modulation of the
(hk) diffraction bands of X-ray and electron and by the
decrease in interlayer spacing.

Carbons prepared by the carbonization of organic sub-
stances differ strongly in the degree of graphitization even
when the carbons are heat-treated up to BOOOOC, in other words,



differ in graphitizability. Some carbons show, on heating
to temperatures up to BOOOOC, a continuous and homogenecus
evolution from the turbostratic to the graphitic structure.
These are referred to graphitizing carbon” or soft carbons®,
Other carbons show no trace of homogeneous developement of
the graphitic structure even after heating to BOOOOC ana are

N ?) 3 8)
referred to nongraphitizing carbons’ or hsrd carbons’’

¢c. View on Geological Occurrence of Natural Graphite.

Graphite is one of the chief representatives of elemen-
tary substances among rock-forming minerals. It is wicely
distributed georrarnically in the world. Geologically, 1t
is mostly limited to areas where older rocks, such as
Precambrian znd lower Paleozoic, are exposed. This 1is
particularly true for disseminated flaky grapnite and for
veln graphite. Some of the so-called amorphous graphites
occur with younger rocks.

The vein grarhite deposits are only believed to have
been formed by reduction, at high temperatures and pressures,
of carbon dioxice liberated during the assimilation of lime-
stone and dolomite by charnockitic and related igneous magmas.
Csalcite, ousrtz, ryrite and augite are the minerals most
commonly associatea with graphite; others include scapolite,
vollastonite, forsterite, tremolite and phlogopite.

Disseminated flaky graphite is associated with olaer
rocks subjected to a high degree of regional metamorphism.
Occurrence is therefore mostly limited to regions in which
such rocks as marble, gneisses, schists, slate and guartzites
exist. The genesis thecry of flaky graphite is not so well
known because the original form of the mother rock is conjec-
tural, the original composition and structure having been
obliterated by shearing stresses and high temperatures during
metamorphosis.

By considering phenomena of occurrences of graphite
deposits, it seems to be able to classify these geneses into
the following types of mineralogical background”: (1) This
first type of mineralogy is that expected in the geologically



older rocks such as Precambrian and lower rzlecgoic, which
have been subjected to diastropic forces, peruzaps even several
periods of them, resulting in the production of recrystallizec
rock such as marbles, gneisses, shists, quartzites anc slates,
together with the structure and mineral ascociations, and
alterations expected in them such as biotite and muscovite,
The Madagascar deposits are outstanaing examples of such min-
eralogic association with graphite in a large scale. (2)
The second type of mineralogic background is the so-called
rneumatolytic suite of minerals accompanying mainly calcite.
By far the best example of this occurrence are the Ceylon
deposite which have been giveh the most attention. Danalo)
supposed that grarhite might have resulted from the metamor-
pnism of carbonaceous material entrapped in sediments, the
assimilation and reduction of carbon compounds by hydrothermal
solutions or magmatic fluids, and possibly the crystallization
of original magmatic carbon. However, there is no general
agreement as to the physical and chemical conditions leading
to the formation of large bodies of gravhite. In Japan, it
is seemed that Chinotani Mine in Toyama pref. and Kamioka Mine
in Gifu pref. are typical examples of this type. (3) The
third type of mineralogical background is the contact or ther-
mal metamorphism of coal beds to produce the end products
such as anthracites and graphite. The Sonora, Mexico, dervrosits
are examples of this type.

In all these examples, the mineral originating as a re-
sult of secondary processes such as weathering and the effect
of circulating waters are also to be expected. As mentionec
above, a wide range of accompanying minerals and resulting
complicacy make it difficult to explain the general mechanism
of the occurrence of natural graphite. According to Craig's
data of isotopic analyses of a large number of natural graph-
ites“i however, it seems likely that most graphite deposits
are driven from organic matter and calcium carbonate, which
interpretes wide variation in isotopic composition.

Unfortunately on account of the lack of experimental
data on the mineralogical formation of graphite, it aprpears
very doubtful that geological data will cast much light on
the mechanism of the formation of graphite. Only a few

-5 -



literatures are available to discuss the m<coranism of the
formation of graphite.

On the formation of carbon from the decomposition of
siderite (FeCO,) to magnetite, French anc Rosenbergm)studied
with externall?—heated cold seal pressure vessels of Tuttle-
type and found that small but significant amount of black
carbonaceous material, which proved later to be disordered
carbonmz were formed in the sealed tube at the temperatures
of qSSO-Q65OC under moderate pressures (500 to 2000 bars).
These temperatures and pressures are consistent, at least in
part, with those suggestea by Wyllie and Tuttleﬂyﬁ? Gellatlym)
suggested later that the graphite in carbonate and other
alkaline igneous rocks might have also been formed by the
decomposition of siderite or iron-rich carbonates on the
basis of their resultém%{ﬁ

Giardini and SalottiM)investigated the reaction of calcite
with hydrogen in a cold seal pressure vessel over a range of
pressure from 7 to 800 atm, temperature from 420 to 97OOC and
duration from a few minutes to 64 hours. They reported the
following observations concerning with the hydrogen-calcite
reaction; (1) the reaction initiated at about 500°C, (2) the
reaction rate was strongly temperature-dependent and, within
the range investigated, secondarily pressure- and time-
dependent, (3) methane and water are ubiguitous reaction
products; ethane and carbon monoxide appeared under certain
conditions; carbon dioxide was not observed, (4) carbon
having graphitic structure, and possibly solid hydrocarbons
were formed by some reactions, (5) the reaction rate was
crystallographically anisotropic. From these observations
and the equilibrium calculations that hydrogen can be an
important species in a gas phase in équilibrium with rock
material at elevated temperature, they suggested that
hydrocarbons and graphite in igneous rock could have formed
by this hydrogen~carbonaceous solid reaction process, and
that the enigmatic graphite veins might have formed by
similar reaction, and some graphite in graphitic marbles

and schists also may have an ablotic origin.
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On the other hand, Mueller and Condie proposed the
derivation of graphite on the basis of thermodynamic analysis
of the carbon-mineral assemblages to be as follows:

CaCoO

+ MgCO5 + 28510, = CaMgSi, 0, + 2C + 20

3 3 2

As mentioned above, there have been few report concerning
with the genesis of graphite on geological aspects. However,
it would appear that the mechanisms presented have been the
subject of speculation rather than detailed experimental

analysis.

d. Survey of earlier Investigations on Catalytic Graphi-
tization and on Graphitization under Pressure.

Acheson (1896) found deposits of graphite at the area
of the highest temperature in silicon carbide furnace and
supposed the graphite deposit might result from the decompo-
sition of silicon carbide. In this experiments, however,
he could not detect such an effect in the case of lithium
carbonate, calcium oxide, manganese dioxide and nickel oxide.,
Almost the same time, Moissan (1896) obtained well-crystallzed
graphite flakes during cooling of molten iron. Seven years
later, Bockers (1903) observed the accelerating effect of
alumina and metallic aluminum on graphitization. In Japan,
Ishikawazwfirst reported the accelerating effect on graphi-
tization resulting from the additions of metallic silicon,
aluminum, iron and tungsten and also their oxides. On the
basis of his experimental facts that graphite was formed
even below temperatures at which no amount of carbide could
be detectabléui however, he assumed a critical attitude to
Acheson's explanation for graphite formation.

For the purpose of manufacturing of artificial graphite
and understanding of the genesis of natural graphite, phe-
nomena of catalytic graphitization have been devoted atten-
tion of many investigators.

Foster st»aluwobtained well crystallized graphite
flakes by thermal decomposition of aluminum carbide at
'ZAOOOC. Noda and Tanaké?wheat~treated a carbon rod, which

- 7 -



consisted of carbon black and binder pitch, embedding in
aluminum powder under pressure and found a remarkable accel-
eration of graphitization. For the carbon heat-treated
above 240000, the same c,-spacing as that of natural graphite,
6.7088, was obtained. Taoka et aImoalso obtained the
graphite flakes of single crystal on the inside wall of the
1id of graphite crucible by thermal decomposition of zlumi-
num carbide. The possible mechanism of the formation of
graphite single crystal was assumed to be a chemical trans-
port of carbon atoms through vapor of some compounds of
aluminum and carbon. Ishikawa et alzsjobserved the cata-
lytic actions of sericite and kaolinite on graphitization
around the temperatures of 1800°-2000°C. They suggested
the intermediate formation of various carbides as the cata-
lytic mechanism. Silicon was found to accelerate the
graphitization of carboizazf?eat—treating carbon black with
small amount of silicon.

Badamiﬂodemonstrated a definite relationship between
the structure of carbon pseudomorphs, which was formed by
the thermal decomposition of silicon carbide, and the struc-
ture of the parent crystalline carbide.

Shwartz and Bokrosdnshowed that the grayhitization of
pyrolytic carbons made in fluidized ved could be accelerated
by titanium. Irving and Walkerw)found the catalytic effects
of tungsten, tantalum, titanium, platinum and molybdenum on
graphitization. They suggested the carbide formation as
the mechanism except for molybdenum. For molybdenum, dif-
fusion mechanism of carbon was suspected. Miura et al>?
investigated the catalytic action of iron and nickel on
graphitization. Transition metals, such as iron, cobalt
and nickel, are known to show the excellent catalysts for
the thermal decomposition of carbon monoxide and hydrgg&ggons
to give flaky graphite at low temperature of pyrolysis. The
precipitation of well-crystallized graphite flakes from a
carbon saturated melgwggnmetals and carbides, for instances
Fe, Ni, TiCc, 2rC, VC , has been observed by slight deviation
from equilibrium conditions. Graphite flakes were also

reported to have been separated from boron carbide melt in



a grarhite crucille%? It was reported that highly crystal-
line graphite wase precipitated from melts of hexaborides of
rare earth elemerts when the melts were kept in contact with
carbon heat-treated above 2000°C. The interlayer spacing
of these gravhite crystals was from 3.462 to 2.3778 and
small amount of boron and rare earth metals were detected
in itfﬁ

Kotlenskyﬁnobserved on boron-~doped nyrelytic granhite
prepared by co-deposition technicue at 2000°C that the Co=
spacing of the pyrolytic graphite heat-treated decreased with
the increase in boron level up to 1.0wt% of carbon, but de-
creased with further increase in bhoron level, Lowe114wfound
that boron dissocolved substitutionally in carbon up to Z.35wt%
at 255000 and that the co~spacing of carbon decreased and
ag=-spacing increased with increase in the content of boron.

According to Yokogawa et a14? graphitizing carbons were
obtained from the resins and other organic compounds, wiich
gave nongraphitizing carbons by usual treatments, if sone
compounds of copper, nickel, cobalt and manganese, such as
chloride or oxide, were added to them before their carboni-
zation, whereas no detectable effect was observed by the
addition of copper compounds to pitches or other compounds
which had been known to give graphitizing carbons. Carbons
prepared from humic acids and carbon black also changed
their graphitization behavior by the addition of copper
compounds, Some intermediate compounds between copper and
carbonized resins were suggested to be responsible for the
accelerating effect of metals, and carbon-carbon linkages
between condensed aromatic clusters in carbonized resins
were asumed to be broken by the metal atoms. = The rate-
determining step of the graphitization process should be the
decomposition of the intermediate compounds. Sul fur has
been! known to be a negative catalyst for graphitization.
When sulfur was added to pitches or resins which gave graphi=-
tizing carbons by pyrolysis, the graphitizability of the
resulting carbons was lowered, decreasing to that of non-
graphitizing carbon. Kippling et alm)reported that sulfur
acts as an agent both for cross-linking of graphite-~like



layers and for dehydrogenation.

According to Noda&? many works on the effect of foreign
minerals can be classified in four categories by their pos-
sible mechanisms;

(1) formation and subsequent decomposition of carbide,

(2) solution of carbon in metals or metallic compounds and
subsequent deposition as graphite,

(3) substitutional solid solution of foreign element in carbon,
4) chemical reaction during carbonization causing structural
change in resulting carbon,

Pearce and Heintzgwexplained the effects of ambient atmos-
rheres and several additives on the graphitization process

of carbons by using kinetic and chemical mechanisms. The
effect of catalysts was explained by recucing the energy
barriers which oppose the graphitization through intermediate
state,

Although there are so many works on catalytic graphiti-
zation of carbon, as mentioned above, the discussions on
mechanism of the accelerating effect of foreign minerals are
still mere guess-work because of some singularities of carbon.

On the other hand, the density of carbon incréases and
the atomic volume of carbon decreases when amorphous carbon
transforms to graphite. This means that the pressure favors
the graphitization of carbon. Ubbelohde et alm)hot—pressed
pyrolytic carbon by applying uniaxial pressures of about LOO-
BOOkg/crn2 at temperatures above 2800°C and obtained gravhite
blocks of which the c-axes were orientated perfectly, compa-
rable with those of natural graphite. However, the orien-
tation of a-axXes of each crystallite in the graphite blocks
was still random. When carbons were heat-treated under
10kbar, a very abrupt change of the c,~spacing was observed
with heat treatment around 15OO°C5? Noda eteﬂfﬂmanvestigated
the effect of pressure on graphitization of carbon in detail.
They suggested that the graphitization of carbon under pres-
sure without any coexisting minerals could be classified into
the following two stages. In the first stage, the graphiti-
zation corresponds to the same homogeneous one as that in the
‘heat treatments of carbon under normal pressure and in this

- 10 =



stage, the cy-spacing decreased gradually to about 6.853 and
the crystallite size Lc¢ increased, but no graphitic component
could be detected by X-ray diffraction method. In the second
stage, the graphitization is so-called "heterogeneous one'"

and the profile of (00L) diffraction line was the composite
one, consisting of the graphitic component and the turbo-
stratic component, after the cy-spacing had reached to 6°85ﬂ.

e, Purpose of the Present Study.

although the extent of the occurrence of natural graphite
has inspired much study by earth science authorities, little
is known about the origin, due to varieties of the principal
country rocks and the lack of experimental data of systematic
and synthetic works.

In the nature, a good quality of graphite crystals has
been found in beds of metamorphic rocks, such as limestone.
The temperature-vressure condition for the graphite formation
was estimated geologically as the temperature of several
hundreds degrees and the pressure of several kilobars. However,
the conditions reported for the formation of the graphite were
still more severe than that of natural graphite in spite of
csome investigations which might have been cirected to obtained
the well-crystallized gravhite at low temperature. Taking
hints from the geological vhenomena, one can expect to re-
produce the phenomena of the occurrence of natural graphite
on a laboratory scale.

The purposes of the present study are to examine the
effect of coexisting minerals on graphitization of carbon
under pressure and to elucidate its mechanism. The results
of the present study are expected to give important and use-
ful informations on the understanding of complicated graphi-
tization phenomena, which has been reported by others, and
may develope new industrial techniques to make artificial
graphite. The results of the present study are also ex-
pected to give the substantial laboratory data for the
formation mechanism of natural graphite.



2. Experimental—— Sample, Heat Treatment under Pressure
and X-ray Diffraction.

In this chapter, the carbon sample, the apvaratus for
heat treatments under pressure and the conditions for X-ray
diffraction are described. New technique was developed to
know the real pressure on the small specimen in high pressure
cell. The procedure of graphical separation of the composite
profiles of X-ray diffraction, which has been observed on the
carbons heat-treated under pressure, is explained in detail.

a. Carbon Sample used.

The carbon sample used was a coke (PV-7) prepared by
carbonization of polyvinylchloride and consequently heated
up to 680°C. This coke is well known to be a typical
graphitizing carbon. The grain size of the sample was
limited in the range between O.1 and O.4mm because of the
suitableness for heat treatment under pressure.

b. High Pressure Apparatus and Arrangements of Pressure
Cell.

A hirh pressure apraratus used was a simple piston-
cylinder Lype one shown in Fig. 3, which was made from a
tool steel SKH-4A°.  The bore and outer diameter of the
cylinder were 24 and 50mm, respectively, and the cylinder
was protected by a soft steel guard ring. The diameter of
the pistons is 23.6mm.

The arrangements of pressure cell used are shown in
Fig. 4. The carbon sample was placed between disks of
coexisting minerals., The pressure was transmitted through
pyrophyllite. The arrangement A in Fig. L4 was mostly used
in the present study. The arrangement B in Fig. 4 was used
only in the experiments which were performed in order to
examine the influence of water vapor on graphitization. 1In
order to eliminate the effect of adulterstion through water
vapor caused by the decomposition of pyrophyllite during

- 12 =
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heat treatments under pressure, a part of raw pyrophyllite
holder close to the graphite heater was replaced with the
pyrophyllite tube (2.1mm thick) which was calcined at 97000
for 60min to be dehydrated. Even if the calcined pyrophyl-
lite was partly used in the holder (the arrangement B), the
relation between real pressure applied on the specimen and
applied load was found not to be different from the arrange-
ment A (without calcined pyrophyllite). The heat treatments
at temperatures up to 15OOOC under 3kbar were able to be
carried out with such arrangements without any technical
troubles.

The heating of the carbon sample was performed with the
graphite heater through which the alterating current was
passed via the upper and lower pistons. The electrical
insulation between cylinder and pistons was assured by a
Myler-asbestos composite paver of O.lmm thick on each piston.
The whole pressure apparatus was cooled in the flowing water.

¢c. Calibration of Pressure.
(1) Principle of the Method.

Calibration of pressure in a high pressure range of
above 25kbar has been usually performed by detecting the
discontinuity in electrical resistance changes associated
with the phase transition of metals, such as Bi, Tl, Cs and
BaJ€> Below 25kbar, however, most of calibrations has been
accomplished by detection of discontinuity in volume change
at the phase transition points of standard substances‘mf,’,a>
On carrying out high pressure experiments with the high
pressure cell in which a furnace assembly is placed, the
volume fraction of the specimen to the whole volume of the
pressure cell is considerably small. In such a case, one
can hardly detect the phase transition of a standard sub-
stance placed in the sample room by detecting the abrupt
movement of piston.

Since the volume fraction of specimen was as small as
about 8.7% of the total volume of pressure cell in the
present study, it was difficult to use the usual method in

which resistance discontinuity and piston mecvement were
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detected, for the calibration of pressure. In the present
study, therefore, a new method for detecting of small volume
change of standard substances was developed. The principle
of the new method is the detection of the volume change of
standard substance by measuring the change in inductance of
high frequency coil which is wound on the standard substance.
The flow of pressure transmitter of pyropnyllite was also
examined by means of the same method.

(2) Experimental.

The standard substances used were KNO% and Agl which
are known to transform at room temperature at the pressure
of 3.6kbar from II-phase to IV-phase associating with the
volume change of 9% and at the pressure of 3.0kbar from
TI1-phase to III-phase associating with the volume change of
16%, :f'espectivelyflm2J

Specimen of KNO3 was prepared in the form of rod of
the diameter of 10mm by melting and subsequently sclidifying
the powder of the chemical reagent grade in a glass tube.
Specimen of AgI was obtained in the form of rod by compres-
sing the powder of the chemical reagent grade. After wound
by an enameled copper wire of 0.35mm in diameter, the speci-
men of standard substances was set into the pressure cell as
snown in Fige. 5. The volume cccupied by the specimen was
about 8.7% of the whole volume of the pressure cell. Wire
leads of the coil was drawn out of the pressure cell through
a insulation tube inserted in the lower piston. This
arrangement is exactly the same as that used in the heat
treatment of carbon under pressure if the specimen of the
standard substances is replaced with a furnace assembly.

The measurement of inductance changes was done with the
stabilized high frequency circuit shown in Fig. 6 which con-
sists of an oscillation, buffer, amplifier and resonance
parts. The inductance change was followecd by recording the
capacity change of the variable condenser in the oscillation
circuit which is necessary to resonate with the frequency of
a crystal oscillator (83%66.7KHz) in the rescnance part.

Thus tne phase transition of the specimen cculd be found by



-

a : steel disk (I8¢ x3) b : graphite disk (184 x2)
c :specimen (10¢ x10) d : enameled copper coil

« : pyrophyllite holder (24¢ <20) f : insulator tube
3¢, g : enameled copper wire lead (0.35¢)

Fig.5 Arrangement of pressure cell.
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searching for the discontinuity of the changes in the capac-
ities of the variable condenser. The accuracy of the reading
of capacity was within O.1pF. Therefore the decrease of
capacity means the increase in inductance of the coil.

(3) Results.

(a) Calibration of Pressure in the Present High Pressure
Apparatus.

Figure 7/ shows tne capacity changes induced by volume
changes of KNO5 and AgI with the applied loads in the pres-
sure cell shown in Fige. 5. One can observe the abrupt in-
ductance changes corresponding to the volume change associated
with phase transition. Gradual capacity decrease before and
after phase transition seemed to be due to the densification
of the specimene. The transition points of the standard sub-
stances were detected with good accuracy and reproducibility.
The loads necessary to start the transition were 16.4 = 0,2t
and 13,8 = 0.2t for KNO3 and Agl, respectively. Standard
substance KNO5 showed a relatively larger inductance change
at its transition point than Agl, although KNO3 had smaller
volume change than Agl at the transition point. This seems
to be caused from that dielectric constant of KNO3 changes
at its transition point. No abrupt inductance change but
only monotonous increase of inductance was found if a pyro-
phyllite rod was used instead of standard substances.

The resulting relation between applied load and pressure
is shown in Fig. 3. A linear extrapolation of these two
experimental roints were found to pass the origin of the co-
ordinates. The pressure loss was known to ne as small as
about 3% in the present arrangement, Usually the vressure
loss in the same type of piston-cylinder avparatus is known
to be about 10%.

In order to understand the role of the steel disks in
the pressure cell, further experiments were carried out by
replacing a set of steel and graphite disks with a raw vyro-
phyllite or a calcined pyrophyllite disks. For an evanple
the inductance change with load for the arrangsment usec

- 18 -
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calcined pyrophyllite disks is shown in Fig. 9. In compar-
ison with Fig. 7, it was found that the transformation of

KNO
5
place over relatively wider range of load. Conclusively,

started to occur from a little higher load and took

if steel, calcined pyrophyllite and raw pyrophyllite disks
are used in the pressure cell, the phase transition of KNOz
starts to occur from 16.4 # 0.2, 16.9 # 0.3 and 17.8 * O.3tons,
respectively and spreads in a range of 1, 2 and 3 tons, re-

spectively.

(b) Measurement of Flow of Pyrophyllite in the
Pressure Cell,

The flow of pressure transmittor of pyrophyllite during
compression was studied by following the inductance change
of KNO
capacity changes with time are shown after compression of

3 in the arrangement shown in Fig. 5. In Fig. 10, the

KNO5 to various pressures of 1, 2 or 3kbar. In the present
experiments, pressure was increased with the rate of 0.2kb/min.
At the moment when pressure was reached 3kbar, the flow of
pyrophyllite was found to be completed. At 1kbar, however,
it required about further 5min to complete the flow of pyro-
phyllite. Capacity changes with time after compressing to
3kbar for the three kinds of pressure cells are shown in

Fig. 11, In the arrangement of pressure cell used steel
disks, the flow of pyrophyllite was completed at the moment
when pressure was reached 3kbar. On the other hand, time
intervals required to complete the flow of pyrophyllite were
about 5min for the pressure cell used the raw pyrophyllite
disks and about 2min for that used the calcined pyrophyllite,

(4) Discussion.

The pressure in the simple piston-cylinder type appara-
tus used was calibrated with good accuracy and reproducibility
by detecting the volume change associated with polymorphic
transitions of KNO3 and Agl as the change of inductance of
high frequency coil wound on the specimen. The present
method is expected to be used for detecting the transition
associlated with the change in dielectric constant or magnetic
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susceptinility.

The inauctance L of high freouency colil is related to
its diameter D, winding width § and turn numbers N as follows;
2 2

- D

T

N

L o<

and the resonance frequency f is combined with the capacity C

according to the following equation;

1

ZTE\I L-C

Therefore it is essential to search for a suitable value of D,
f, and N, in order to obtain Q value as high as possible (Q
value is one of the measures of the quality of high freguency
coil). Thus it 1s necessary to determine the spacing of
wire not to‘contact with each other by densification of the
specimen during compression. For instance, it is diffcult
to detect the transition of the specimen smaller than L4mm in
diameter and 10mm in height with 8366.7KHz used. However,
if higher frequency can be used, the measurement of the tran-
sition may be able to use a smaller specimen than that used
in the present work.

It was found that the flow of pyrophyllite is greatly
affected by the arrangement of pressure cell. As the ar-
rangement of pressure cell used in the heat treatments of
carbon under 3%.2kbar is the one used the steel disks as shown
in Fig. 4, it is sure that the flow of pyrophyllite may be
completed in a moment when pressure is reached 3.2kbar. Since
the pressure gradient was observed at the transition point of
the standard substances because of the use of solid pressure
transmittor of pyrophyllite, the pressure applied on the speci-
men is considered to be not hydrostatic but guasi-hydrostatic.

The pressure loss in the present high pressure apparatus
with the arrangement A in Fig. 4 was as small as 3% if one
compared with that of 10% reported previously in tne same type
of a simple piston-cylinder apparatus. This result seems
to be caused from the reduction of frictions between cylinder
and piston by using a Myler-asbestos composite paper and from

- 2% -



the pressure multiplication with the steel disks used. The
pressure multiplication by using the steel disk was understood
from the experimental fact that the larger load was required
to start the transition of standard substances in the arrange-
ment with steel disk than that with pyrophyllite.

In the present study, the heat treatments were performed
always at the constant applied load of 14L.9tons, that is the
constant pressure of 3.2kbar which was evaluated from the

obtained relation shown in Fig. 8.

d. Measurement of Temperature and Temperature Gradient
in Pressure Cell.

The heat trectment temperature (HTT) was estimated from
input power using the relation between temperature and input
power, which was determined beforehand using a chromel-alumel
thermocouple inserted in the carbon specimen. The arrange-
ment used for the measurement of this relation was exactly
the same as that used for the actual heat treatments of carbon,
except that the thermocouple was inserted through lower piston,
metal and graphite disks.

The measurement of temperature was carried out as fol-
lows; under the pressure of 3.2kbar, electrical input power
was increased and after 2min the temperature was measured by
using the thermocouple, and then input power was increased
again. Such a measurement was repeated at least three times
using different pressure cell. Though the chromel-alumel
thermocouple contact directly witn carbon, no error seemed
to result from the contamination of the thermocouple. The
thermocouple showed the same e.m.f. before and after exposed
to the temperature up to 1200°C in contact with carbon. The
obtained relation between temperature and input power was
snown 1in Fig. 12. Above 125000, the obtained relation was
extraporated up to 150000.

The reproducibility of the relation between input power
and temperature in three runs of temperature measurement was
excellent as shown in Fig. 12 and so the temperature could
be estimated from input power with the accuracy of about 20°¢c.
This deéviation in the relation between temperature and input
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power seemed to result from the fluctuation of input power,
errors in dimension of pressure cell assemblies and mainly
from the displacement of the Jjunction of thermocouple from
the center of carbon specimen.

Relations between temperature and input power varied,
beyond the observed deviation (20°C), with the change in the
kind of coexisting minerals and the arrangement of pressure
cell. Therefore the temperature-input power relation was
determined whenever either the kind of coexisting minerals
or the arrangement of pressure cell was changed.

A few of experiments were done in purpose of detecting
the temperature gradient in the carbon specimen heat-treated.
The junction of the chromel-alumel thermocouple was placed
individually at the central part (Cpart in Fig. 13), at the
part close to a disk or the coexisting mineral (A part in
Fig. 13) and at .he part close Lo the gravhite heater in
carbon specimen (D in Fig. 13), It was found that the tem-
perature of the pa.t close to a disk of the coexisting min-
eral was lower by about 500C and the temverature at the part
close to the graphite heater was higher by about EOOC than
tnat of the central part which was heated at 1200°C,

e. Procedure for Heat Trea.ments of Carbon under Pressure,

The carbon sample of 180mg was placed between two disks
of coexisting mineral ( 8.0mm in diameter and 3.5mm tnick)
so as to make a samdwich-type specimen as shown in Fig. 4.
The pressure cell was set in the cylinder and then put between
pistons on which the composite of Myler-asbestos were wound.

After pressure of 3.2kbar was applied on the carovon
sample, water for cooling was led into the water jacket. Then
a given electric power was put in the graphite heater at once
in order to attain a given temperature within 2min. The
temperature was controlled by adjusting manually the input
power during heat treatment. The accuracy of the controll
of temperature was within 20°¢c. After heat treatment for
a given time, the electric input power was cut off and the
pressure apparatus was still held in the water jacket. Only
a few minutes were required to cool the carbon specimen down

- 26 -



to room temperature.

f. Method for Determination of a Measure of Graphitization.
(1) X-ray Diffraction Method.

Most of the heat-treated carbon specimens were obtzined
as caked tablets. Thus the sample for X-ray diffraction was
taken from the different parts of the specimens as shown in
Fig. 12.

1f one measures the diffraction profile with a recording
¥-ray diffractometer, the observed diffracted intensity is
known to be affected strongly by some factors, such as Lorentz-
polarization factor, atomic scattering factor and geometrical
factor of X-ray diffractometer used < In order to perform
corrections of the profile for these tactors, one must carry
out the deconvolution procedure by means of Fourier analysis?ﬁs}
However such a procedure is tremendously troublesome. Due
to some approximations introduced in the process of estimation,
the questions on the symmetry of the profile still remain
after the correction.

The thickness of the sample for X-ray diffraction meas-
urement was limitted to O.2mm so as to reduce the effect of
X-ray absorption. Moreover the observed diffracted intensity
was correctec for Lorentz-polarization, atomic scattering and
absorption factors Dby conventional methodsa?

The profiles of (004) diffraction line of the heat-
treated carbon specimens were measured hy & recording X-ray
diffractometer with Geigercounter using Ni-filtered Curd
radiation. The conditions used were as Tollows;

Voltage; 30kV
Current; 15mA
s1it system; 1°-1°9-0.2mm (Rigaku Denki type)
0.5-C.1=1.0mm Chimazu type)
Scauning speec; 10/4min
Recording system
Scale factor; L~ 5 (Rigaku Denki type)
Multiplier; 1.0 (Rigaku Lenki tyve)
Full scale; 200~ 1000 (Shimazu type)
Time constant; Zsec

Chart syeed; lcm/min
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The internal standard used was silicon of 99.99% purity,
which was pulverized until it passed through 325 mesh sieve
and then annesled in the oil bath at temperature of 260°c.

The silicon mixed into carbon sample was 20wtf%.

(2) Determination of a Degree of Graphitization.

Two kinds of profiles of (00z2) diffraction line were
observed on the carbon heat-treaied under pressure. One
is almost symmetrical profile. The carbon specimen showing
such a protite seemed to consist of only oune structural com-
ponent. The other is so-called composite.protiie which
seemed to consist of at least two different kinds of compo=-
nent profiles. The carbon specimen showing such a compo-
site profile seemed to be comnosed of at least two structural
components. In order to investigate the process of graphi-
tization by following the changes of the profiles of (002)
diffraction line, it was necessary to analyse these composite
profiles.

The observed single profiles were corrected for the
Lorentz-polarization, atomic scattering and absorption factors
by the conventional methocgﬁ) The co-sracing and the thick-
ness of crystallite Lc were measured from the diffraction
angle 26 and the half wicth of the corrected profile, respec-
tively.

The composite profiles were graphically separated into two
symmetrical component protfiles. The schema of the separation
is shown in Fige. 14« After the observed composite profile
(profile 1 in Fig. 14) is corrected for the Lorentz-polariza-
tion, atomic¢ scattering ana obsorption factors by the conven-
tional method®™ (the profile (2)), the high angle side of the
sharp profile is folded to the low angle side and the profile
(3) is obtained. Subtracting the profile (3) from the com-
posite one (2), the balanced profile (4) is obtained. Since
the profile (4) is not symmetrical, however, the profile (5)
for the broad component by folding the low angle side of the
profile (4) at the angle of the maximum intensity. Finally,
the profile (6) for the sharp component is obtained by sub-
tracting the profile (5) from the profile (2). By a few
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times of trial and error adjustments, two symmetrical compo-

nent profiles are obtained. The structural components which
correspond to the sharp (high angle side in the present work)
and broad (low angle side) component profiles are designated

as GM and Ay, respectively in the present study.

The c,-spacing of the two components were measured from
the each separated component profile. As w;ll be described
in following chapters, the component Gy 1is considered to have
the graphitic structure, because it has the cg-spacing of
6.728 and the same diffraction pattern of six-fold symmetry
as that of graphite single crystal. Therefore, the content
of the component GM was used as a measure of graphitization
of the specimen. The coutent of the component Gy was ob-
tained from the ratio of the area under tne profile for the
component Gy to the total area under the composite profile.
The ratio of ares was measured by using a planimeter and
then corrected for the preferred orientation of crystallite
in the samples for X-ray aiffraction.

The correction for preferred orientation of crystallite
in the sample was done as follows; When the sample for X-ray
diffraction is mounted on the sample holder, the c-axis of
crystallites tends to orient parallel to the normal of th=
surface of the sample holder. This tendency is emphasized
as the structure of carbon develops and is well graphitized.
In order to estimate the real content of the component Gy,
one should eliminate such a effect of the preferred orienta-
tion of crystallite. However, in the present work a degree
of orientation of crystallite in the mounted sample for X-ray
diffraction could not be measured directly. Therefore, the
conventional method of correction for the preferred orienta-
tion of crystallite was employed. The composite profiles
of (002) diffraction line similar to those of carbons heat-
treated under pressure were obtained by mixing two kinds of
carbons which were different in a degree of graphitization;
one is a petroleum coke heat-treated at 1600°C (co=6.858)
and the other petroleum coke heat-treated at 320000 (cO=
6.723). The obtained composite profiles were separated
and then the ratio of areas of component profiles was
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measured in the same way as that mentioned before. Figure 14
shows the relation between the weight percentage x of the coke
heat-treated at BZOOOC in the mixture and the observed ratio y
of the area of the profile for the component Gy to total area.
The general formula for the relation between x and y is
written as follows;
voeox
y = (1)
T+ (¥ = 1)x

The constant ¥ in Eq. (1) was estimated to be 2.1 for the ex-
perimental result of Fig. 1h4. Thus the content x of the
graphitic component Gy in the sample can be calculated from
the area ratio y of the profile for the graphitic component GM
to the composite profile by using the following equation,

the content of - Y (2)

(2.1 - 1.1y)

the graphitic component Gy
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%, Accelerating Effect of Calcium Compounds on Graphitizatiocn
of Carbon under Pressure,

In tnis chapter, the experimental results of the heat
treatment of carbon under the pressure of 3.2kbar in the pres-
ence of calcium compounds, such as limestone, calcium carbonate
and calcium hydroxide, were described and the effect of co-
existing calcium compounds on graphitization of carbon was

discussed.

a. Heat Treatments of Carbon under Pressure in the Presence

of Limestone.

(1) 1Introduction.

In the nature, a good quality of graphite crystals has
been found in the beds of metamorphic rocks, such as limesc.one,
as described in the section 1.c. The temperature-pressure
condition for the graphite formation was estimated geologically
at the temperatures of several hundreds degrees and the pres-
sures of several kilobars. On the other hand, it nhas been
found that the carbon is graphitized very rapidly at around
I5OOOC under the pressure of 10kbarﬂjand under 5 and 3kbar§?
However, any indication of the presence of graphite structure
could not be found by X-ray diffraction at temperatures lower
than 130000. Therefore, the limestone might have some effect
on graphitization, like the pressure and the temperature had.

The purpose of the present work is to understand the ef-
fect of the coexistence of limestone on the graphitization of
carbon under pressure.,

(2) Experimental and Results.

The carbon sample used was a polyvinylchloride coke PV-7
(see section 2.a.). Limestone disks of 3.5mm thick ana 8.0mm
in diameter were cut out from Fusulina limestone from Akasaka,
Gifu Pref., Japan. The bulk density of limestone was about
2.6g/cm5.

The arrangement A of pressure cell (see Fig. 4) was used.
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The carbon sample used was 180mg. The heat treatments were
performed at various temperatures between 800° and 150000 for
20 - 240min under the quasi-hydrostatic pressure of 3.2kbar
by means ot exactly the same method as described in the
chapter 2.

Above TOOOOG, the carbon specimens heat-treated with
limestone were obtained as caked tablets. In the tablets,
appreciable amounts of calcium carbonate were detected by
X=-ray diffraction method anaithe amounts increased with HTT.
Limestone disks themselves were found to have recrystallized
when carbon specimeu was heat-treated above 1000°¢C. The
thickness of recrystallized part of limestone increased with
the increase in HTT and residence time. The grains of re-
crystallized limestone was found to grow along the tempera-
ture gradient, that is, parallel to the axial direction of
the heater (Fig. 15). Limestone was found to have melted
above 12500C° Above 125000, a small amount of calcium oxide
was detected by X-ray diffraction method not only in tne disks
of limestone but in the carbon specimen.

The profile of (002) diffraction line of the heat-treated
specimens was measured by a recording X-ray difiractometer
using Ni-filtered CuKet radiation (see the section 2.f.).
Samples for X-ray diffraction were taken from the central
part of heat-treated carbon specimens.

The profiles of (002) diffraction line of the carbon
specimens heat-treated in the presence of limestone above
1000°C were found to be composite, a relatively sharp profile
at 26.50 in 26 overlaping on a broad profile at an angle lower
than 26.2°. The former seemed to correspond to the profile
of the graphitic component Gy because its cy-spacing is almost
6.728, and the later corresponds to the profile of the turbo-
stratic component Ay. With the increase in HTT and residence
time, the sharp profile of the graphitic component Gy became
stronger and narrower, and the broad band profile of the
turbostratic component Ay shifted to higher angle side. The
representative change of the profile with HTT is shown in
Fig. 16.
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Fig.16 Change of profile of (002) diffraction line
of carbon specimen heat-ireated in the presence
of limestone with HTT
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According to the same methods cescribed, the composite
profile was separated graphnically into two component profiles
(see the section 2.f.) and the c,-spacing and the content of
the graphitic component Gy were measured (see the section 2.f.).
The variation of the c -spacing with HTT is shown in Fig. 17.
The cy-spacing of the component Gy was almost constant and
around 6.728, while the c,-spacing of the component Ay de-
creased gradually from 6.91 to 6.808. Changes of the content
of the component Gy with HTT are shown in Fig. 18 for several
residence times. The content of the component Gy increased
very rapidly with the increase in HTT. The content attained
about 45% with the heat treatment at 1300°C for 60 min.
However, with a longer treatment as 240min, only a small in-
crease in the content was observed.

In comparison, the carbon sample was heat-treated under
the same pressure of 3.2kbar without limestone, replacing
limestone disks by glassy carbon plates and pyrophyllite disks.
Glassy carbon plates were used to prevent the direct contact
of carbon specimen with pyrophyllite disks. In this case,
the profile of (002) diffraction line of the carbon specimen
heat-treated even above 1BOOOC had only a hump at about 26.5o
in 2. The representative change of the profiles with HTT
is shown in Fig. 19.

From the present result, it can be concluded that the
graphitization of carbon was accelerated in the presence of
limestone. The graphitization of carbon occurred already at
1100°C with an appreciable amount.

b. Heat Treatments of Carbon under 3.2:zbar in the Presence
of Calcium Carbonate.

(1) Introduction.

It was found in the previous work that the graphitization
of carbon under pressure was evidently accelerated in the pres-
ence of limestone. In order to elucidate the mechanism of
the effect of coexisting mineral on graphitization of carbon,
similar experiments with various kinds of coexisting minerals
should be carried out. However, it is difficult to find out
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Fig.19 Representative change of (002) diffraction
line with HTT without any minerals



all kinds of minerals of high purity in the nature. Therefore,
the powder of chemical reagent grade should be used in a
series of the present study so as to exclude the additional
actions of impurities on graphitization and to obtain the
further detailed data of the accelerating effects. On the
heat treatment of carbon sample placed between two disks of
coexisting minerals under pressure, one should also play due
regard to the effect of the physical properties of coexisting
minerals, such as the porosity and crystallite size etc, on
the experimental results.

In the present work, the heat treatments of the coke
PV-7 were carried out under quasi-hydrostatic pressure of
%3,2kbar and under nitrogen gas flow at atmospheric pressure
by samdwiching between disks of calcilum carbonate. The coke
was also heat-treated under 3.ckbar in the absence of any

minerals.

(2) Experimental.

The disks of calcium carbonate, 8.0mm in diameter and
3,5mm thick, were prepared by compressing calcium carbonate
powder (chemical reagent grade, 99% vurity, calcite type)
under 3. 5kbar. The bulk density of the disks was about
2.2g/cm3 (ca. 20% porosity).

The arrangement A of pressure cell used and the procedure
for the heat treztments of carbon under 3.2kbar were described
before (see section 2.b. and 2.e.). The heat treatments of
carbon under the same pressure of 3,2kbar without any minerals
were carried out by replacing the disk of calcium carbonate
with a set of a graphite plate of 1.0mm thick and a disk of
calcium fluoride of 2.5mm thick. The graphite plate served
for avoiding the direct contact of calcium fluoride with tne
carbon sample.

In order to examine the effect of pressure on graphiti-
zation of carbon in the presence of calcium carbonate, the
carbon sample pressed moderately with two disks of calcium
carbonate was heat-treated in a graphite resistance furnace
under a flow of nitrogen gas at ordinary pressure.

The profiles of (002) and (004) diffraction lines of the
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heat-treated specimens were measured by using Ni-filtered CuKe
radiation (see section 2.f.).

The heat-treated specimens were also observed with an
electron microscope. The sample for electron microscopy was
dispersed in trichloroethylene by ultrasonic vibration, then
supported on an evaporated carbon film. Bright-field and
dark-field micrographs and selected area diffraction patterns
of the particles of the sample were observed with transmission
electron microscope (JEM-T7).

(3) Results.

(a) Observation of Heat-treated Specimens.

The carbon specimens heat-treated above the temperature
of 98OOC under 3%.2kbar in the presence of calcium carbonate
were obtained as sintered cakes. The obtained cakes were
roughly classified into two; one has the thickness of about
2.5mm and the other of about 3.1mm. The cakes of about 2.5mm
thick contained only small amount of calcium carbonate so that
it was detected only by X-ray diffraction method. On the
other hand, in the cakes of about 3.1mm calcium carbonate ex-
isted visibly in the form of stratum. Disks of calcium car-
bouate, obtained when carbon specimen was neat-treated above
1O7OOC for 60min under 3.2kbar, have recrystallized and those
heat-treated above 136000 were found to melt at the part in
contact with carbon specimen., Above 136OOC, calcium oxide
was detected by X-ray diffraction method in the carbon specimen.
Figure 20 shows the polarization micrograph of a thin section
of the calcium carponate disk heat-treated at 136OOC for 60min
under 3.,2kbar. The grains of recrystallized calcium carbonate
was found to grow along the direction of temperature gradient,
that is parallel to the axial direction of the heater. The
thickness of recrystallized part increased with the lncrease
in HTT and residence time. This result is very similar to
that obtained for limestone. However the rate of increase in
the thickness of recrystallized part with heat treatment was
slower than that in the disks of limestone.

In the case of heat treatments of the carbon sample under
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3, 2kbar without any minerals, the carbon specimens heat-treated
above EBOOOC were obtained as sintered cakes whose bulk den-
sities were about 1@5g/cm3°

In the heat treatments of carbon under a flow of nitrogen
in the presence of calcium carbonate, even the carbon specimen
heat-treated at 1550°C for 60min could not be caked and showed
no difference in appearance from the original carbon sample.
Disks of calcium carbonate heat-treated above 1000°C were com-
pletely decomposed to change into disks of calcium oxide. In
this case, no amount of calcium carbonate or calcium oxide was

detected in the carbon specimen.

(b) Changes of Profile of (002) Diffraction Line.

Figure 21 shows the change of profile of (002) diffraction
line with HTT for the central part of the carbon specimens
heat-treated under pressure in the presence of calcium carbon-
ate. The profiles of (002) line were found to be composite
above 107000 for 60min consisting of a sharp profile for the
graphitic component Gy and a broad profile for the turbostratic
component Ay. With the increase in HTT, the sharp profile
for the component Gy became stronger and narrower, being fixed
at almost constant diffraction angle, while the broad profile
of the component Ay shifted to higher angle side and became
slightly narrower. Similar change of profile with residence
time was also observed at the constant temperature of 1280°¢
(Fig. 22).

In heat treatment of carbon under pressure without any
minerals, the change of profile of (002) diffraction line with
HTT was considerably different from that in the case of the
presence of calcium carbonate. Any composite profiles could
not be observed up to 150000 as shown in Fig. 23. Also in
the heat treatments of carbon with calcium carbonate under a
flow of nitrogen, any component Gy could not be found below
1550°C as shown in Fig. 2i. The profile of (002) diffraction
line became slightly stronger with shifting to higher angle
side. '

The variations of cg-spacing and crystallite size Lc with
HTT are shown in Fig 25 and Fig. 26, respectively. The
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co-spacing of the component Ay in the carbon specimen heat-
treated with calcium carbonate under pressure decreased grad-
ually from the value of about 6.918 of the original carbon
sample with the increase in HTT and reached about 6.89% at
156000. The crystallite size Lc of the component Ay increased
slightly to about 808 with the increase in HTT. The component
GM was observed on the profile of (002) diffraction line ob=-
tained for the carbon specimens heat-treated above 1070°C for
60min, above 1210°C for 4Omin and above 1270°C for 20min. The
c,-spacing of the component Gy was almost constant at around
6.728 and the crystallite size Lec increased rapidly with the
increase in HTT. The value of cy-spacirg of the component Gy
was also estimated as about 6.728 from tre profile of (004)
diffraction line.

Figure 27 shows the changes of the content of the com-
ponent Gy with HTT. The content of the component Gy was found
to increase with the increase in HTT. By comparing with the
result for limestone (Fig. 18), one can see that the increasing
rate of the content of component Gy in the presence of lime-
stone is much higher than that in the presence of calcium car-
bonate. In both cases of limestone and calcium carbonate,
the higher HTT was, the shorter the time for the occurrence
of the component Gy.

The thickness of recrystallized part of the disk of cal-
cium carbonate increased with the increase in HTT and residence
time. The good relation between this thickness and the con-
tent of the component Gy in the central part of the carbon
specimen was found as shown in Fig. 28. This relation seemed
to be held regardless of HTT and residence time. The relation
between the content of the component Gy and the thickness of
the recrystallized layer of the calcium carbonate disk is in
good accord with that of limestone presented by the dotted
line in the same figure.

(¢) Electron Microscopic Observations.

Electron microscopic observations were done on the carbon
specimens heat-treated under pressure in the presence of cal-
cium carbonate and those without any minerals. The particles
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having the diffraction pattern of six-fold symmetry of graphite
single crystal were found in the carbon specimens which showed
the existence of the component Gy on the profile of (002) X-ray
diffraction line. Therefore, these particles seemed to be
responsible to the graphitic component Gy on X-ray diffraction
profile. The number of those particles tended to grow in
concert with the increase in the content of the component GM
which was estimated from the profiles of (002) diffraction
line. Other particles showed the rings of (10) and (11) re-
flections. These particles seemed to be the turbostratic
component AM. There also existed some particles which showed
the diffraction pattern of six-fold symmetry of graphite single
crystal overlapping on the reflection rings (Fig. 29). However,
these particles were proved to consist of two kinds of parti-
cles, that is the particles of graphitic and turbostratic
structures, by dark field microscopy. For example, the
bright-field micrographs and selected area diffraction pat-
terns taken on the carbon specimen heat-treated at 1070°C for
60min with calcium carbonate under 3.2kbar are shown for each
kinds of particles in Figs. 30 a) and b).

In the carbon specimen heat-treated up to 1500°C under
3.2kbar without any minerals, no particles showed the diffrac-
tion pattern of six-fold symmetry.

From both of electron microscopic observation and the
profile of (002) X-ray diffraction line, it can be concluded
that the component Gy has the graphitic structure and the
component Ay has the turbostratic structure.

Conclusively, the graphitization of carbon under 3,2kbar
is evidently accelerated by calcium carbonate. The temper-
ature at which the graphitic component Gy began to appear was
almost the same as that in the case of limestone. Therefore,
the chief species in limestone having the accelerating effect
on graphitization of carbon seems to be calcium carbonate
itself. Phenomenally, the developement of the graphitic
component seems to be closely related to the recrystallization
of the coexisting calcium carbonate on the basis of the good
relation between the content of the graphitic component Gy and
the thickness of the recrystallized layer of calcium carbonate
disk.
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Fig.29  Particle showing diffraction pattern of

six-fold symmetry of graphite single crystal
overlapping on reflection ring
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¢. Accelerating Effect of Calcium Hydroxide.

(1) Introduction.

It was found in the works descrived 1n above sections
that the graphitization of carbon is accelerated by the heat
treatments under pressure in the presence of limestone and
calcium carbonate. The beginning of graphitization, that is,
the appearance of the component having the graphitic structure,
was found to be closely related to the recrystallization of
coexisting minerals (see Fig. 28).

According to Wyllie and Tuttle , the melting point of
calcium carbonate is greatly depressed by the addition of a
small amount of water. For example, the melting point of
calcium carbonate, 151OOC at lkbar, is depressed to 115000 by
the addition of only 8wt% of water. In the preliminary ex-
periment, the carbon sample was heat-treated under pressure
in the presence of calcium carbonate disks, which absorbed
about 8wt% of water. The graphitization of carbon was
found to start at about 1OOOOC, about 100°C lower than that
in the case of dry calcium carbonate. However, it was dif-
ficult to draw any conclusion, because the exact control of
the amount of water in calcium carbonate disks was technically
difficult with the arrangement of pressure cell used and be-
cause it was not known whether water vapor affects the graphi-
tization of carbon or not.

In the present work, the heat treatments of carbon were
performed under pressure in the presence of calcium hydroxide,
whose melting point is known :o be 84000 at 3kbar , in order
to confirm the relation betwe:n the graphitization of carbon
and recrystallization or melting of coexisting minerals.

(2) Experimental and Results.

The carbon sample used was the coke PV-7 (see section 2.a.).
The disks of calcium hydroxide, 8.0mm in diameter and 3.5mm
thick, were prepared by compressing calcium hydroxide powder
(chemical reagent grade) under 3.5kbar. The bulk density of
the disks was about Z,Zg/cm3 (ca. 15% porosity). The disks
and powder of calcium hydroxide were kept in an evacuated de-
s%ccator to avoid the absorption of carbon dioxide during the
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storage. The heat treatment were performed at temperatures
between 600°C and 850°C for residence times of 20 - 24Omin
under 3.2kbar. The arrangement of pressure cell and the
procedure for the heat treatments were exactly the same as
described previously. The heat treatments above 85000 were
failed because the melt of the coexisting calcium hydroxide
reacted with the graphite heater and invaded into the graphite
heater.

The profiles of (002) diffraction line for the central
part of the heat-treated specimens were measured by using Ni-
filtered CuKd radiation (see section 2.f.). The same part
of the specimen was dispersed in trichloroethylene by ultra-
sonic vibration, supported on an evaporated carbon film, and
then observed with transmission electron microscope.

The carbon specimens heat-treated above 600°C were ob-
tained as caked tablets. In the cakes, calcium hydroxide
was detected by X-ray diffraction method. The disks of cal-
cium hydroxide recrystallized when the carbon specimen was
heat-treated above 6OOOC$ and were found to melt above 800°C
at the part in contact with carbon épecimen. Above BOOOC,

a small amount of calcium oxide was detected by X-ray dif-
fraction method not only in the disks of calcium hydroxide
but in the carbon specimen.,

Figure 31 shows the change of observed profile of (002)
diffraction line by heat treatment. Above SOOOC, a sharp
peak corresponding to the graphitic component Gy was observed
overlapping on a broad band. The composite profiles were
separated graphically into two component profiles for the
graphitic component Gy having almost constant co-spacing of
6.728, and the component Ay of 6.908 which was not so dif-
ferent from the original value of 6.913. The measured con-
tent of the component Gy is given for each profile in Fig. 31.
The content of the component GM increased slightly with the
increase of residence time. However, it was evident that
the increase of HTT seemed to be more effective than that of
residence time, if the result at 85000 for 20min was compared
with that at 800°C for 60min.
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By electron microscopic observation, the particles having
the diffraction pattern of six-fold symmetry of graphite single
crystal were found besides the particles having the turbo-
stratic structure even in the specimen heat-treated at 600°¢
for 60min, for which any indication of the presence of the
graphitic component Gy was not found on the profile of (002)
line, Bright-field micrographs and selected area diffraction
patterns of graphitic and turbostratic particles in the carbon
specimen heat-treated at 600°C are shown in Figs. 32 and 33,
respectively.

d. Discussion and Summary.

The graphitization of carbon under pressure was evidently
accelerated in the presence of limestone. Under 3.2kbar in
the presence of limestone, the graphitic component Gy began to
appear just above 105000 and consequently the composite profile
of (002) line was observed. This temperature was found to be
much lower than that in the case of the heat treatment of the
same carbon sample under the same pressure without limestone.
As mentioned before, the graphitic component GM appeared in
the carbon specimen heat-treatet at 1O7OOC for 60min under
3,2kbar with calcium carbonate, while no graphitic component Gy
could be found in the carbon specimens heat-treated up to 15000C
under 3,2kbar without any minerals and under a flow of nitrogen
with calcium carbonate. The temperature at which the forma-
tion of the graphitic component began was almost the same in
the case of limestone and of calcium carbonate. Conclusively,
calcium carbonate itself, which is the chief ingredient of
limestone, accelerates the graphitization of carbon under pres-
sure; (1) The increase of content of the graphitic component
with heat treatment temperature was less steep in the case of
calcium carbonate than in the case of limestone, (2) The cgy-
spacing of the component Ay in the case of limestone decreased
rapidly with heat treatment temperature and reached about 6.808
at 1300°C, while the c -spacing in the case of calcium carbon-
ate decreased only to 6.898 even with the same heat treatment,
(3) The heat treatment temperature, at which a trace of de-
composition was found in the disk, was 1250°C in the case of
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limestone, but 135000 in the case of calcium carbonate. (4) In
addition, the thickness of the recrystallized layer in the
disk of limestone was larger than that of calcium carbonate at
the same heat treatment temperature.

These differences in accelerating effect on graphitization
between limestone and calcium carbonate seem to result from
higher purity and lower density of the disks of calcium carbon-
ate than limestone. Silica, alumina and iron oxide, which
were reported as inpurities in Fusulina limestone used , are
known as the catalysts for graphitization of carbon, Since
these minerals are also known to react with calcium oxide at
higher temperatures to form low melting compounds, the re-
crystallization of limestone must be accelerated. On the
other hand, lower density of the disks causes the decrease in
the thermal conductivity. Thus the gradients of pressure and
temperature in the graphite heater may be different in these
two cases, that is the gradients of pressure and temperature
in the case of calcium carbonate seemed to be more steeper than
those in the case of limestone. However, it is suggestive
that the same relation between the thickness of the recrystal-
lized layer of the disk and the content of the component GM
holds both in the cases of limestone and calcium carbonate.

The acceleracting effect of coexisting calcium hydroxide
on graphitizatior. of carbon is more remarkable than those of
limestone and calcium carbonate. Even at a heat treatment
temperature as low as 6OOOC, the particles having the graphitic
structure were found with electrom microscope. The tempera-
ture of the beginning of formation of the graphitic component
Gy on the (002) profile is much lower than those found in the
heat treatments of the same coke in the presence of limestone
and calcium carbonate, as well as without any minerals.

The experimental results obtained from X-ray diffraction
and electrom microscopy on the heat-treated carbon sample,
described in details in previous sections, suggested that the
component AM and the component Gy coexisted individually with
fairly large-sized crystallite in the same heat-treated carbon
specimen and the turbostratic component Ay had transformed
directly to the graphitic component without going through any
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intermediate state between turbostratic and graphitic structures.
This heterogeneous process of graphitization looks like to be
similar to that observed on the same carbon heat-treated under
pressure without any coexisting mineral . However, there is

a definite difference in the graphitization process between the
heat treatments of carbon only and of carbon with calcium com-
pounds under pressure. In the case of the heat treatments of
carbon under pressure without any minerals, the graphitic com=-
ponent could be observed on the X-ray diffraction profiles only
after the co-spacing of the turbostratic componént decreased to
about 60843o In the case of the heat treatments of carbon
under pressure with calcium compounds, however, the transforma-
tion of the turbostratic component to the graphitic component
began to occur even when the c -spacing of the turbostratic
component AM was measured to be around 6.903 which was not so
different from the original value. These facts seem to suggest
that the mechanism of these two processes may be different from
each other. This deduction is considered to be certified
reasonable by the additional fact that the graphitic component
began to appear at much lower temperature in the heat treatments
of carbon with coexisting minerals, for instance, at 600°C in
the presence of calcium hydroxide, than that without any co-
existing minerals.

The fact that a small amount of free calcium oxide was
found in the heat-treated specimens suggests a chemical theory
of acceleration of graphitization. Reactive calcium oxide
formed by the decomposition of calcium compounds, such as cal-
cium carbonate and calcium hydroxide, is well known to react
with amorphous carbon at relatively low temperature to form an
intermediate compound which decomposes inversely to form stable
graphite and calcium oxide.
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L. Effect of Reactivity of Coexisting Calcium Oxide-.on the
Graphitization of Carbon under Pressure.

In this chapter, the experimental result of the heat
treatments of carbon under pressure in the presence of three
kinds of calcium oxide, which have different reactivity from
one another, and the result of the measurement of the distri=-
bution of calcium element in the carbon specimens heat-treated
in the presence of calcium compounds were presented. These
results are discussed in relation to the mechanism of acceler-
ating effect of calcium compounds on graphitization under

pressure.
a. Accelerating Effect of Calcium Oxide.

(1) Introdution.

It was found in the previous works that the graphitization
of carbon was accelerated by the coexistence of calcium carbon-
ate and hydroxide during the heat treatment under the pressure
of 3kbar. The graphitic component began to appear in carbon
specimen at about 105000 in the presence of calcium carbonate
or limestone and at about 600°C in the presence of calcium
hydroxide. The (002) diffraction line of these specimens had
a composite profile, that is, graphitic component co-existed
side by side with turbostratic component. The turbostratic
component transformed directly to the graphitic component with-
out going through intermediate state. Though this hetero-
geneous process of graphitization seems to be similar to that
observed on the same carbon heat-treated under pressure without
any coexisting mineral, the mechanism of accelerating effects
of these two processes were considered to be different from
each other. As one of the possible mechanism of accelerating
effect, the intermediate formation of unstable carbide was
suggested to occur by a chemical reaction of carbon with co-
existing compounds.

In the present work, calcium oxide calcined at different
temperatures were used as the coexisting mineral in the heat
treatment of carbon under pressure of 3.2kbar. The effect of
reactivity of calcium oxide on the acceleration of graphitization
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was examined.

(2) Experimental.

The carbon samvle used was the coke PV-7 (see section Z.a.).
Three kinds of calcium oxide were prepared in the form of disk
of 8,0mm in diameter and 3.5mm in thickness by calcination of
disk of calcium carbonate at 920, 1050 and 1470°C for 60min,
respectively. It was checked by X~ray diffraction method
whether calcium carbonate had decomposed completely or not.

The disks of calcium oxide thus prepared were covered with cal-
cium oxide powder and kept in an evacuated desiccator. Any
indication of calcium hydroxide and carbonate could not be
detected in X-ray diffraction pattern in the disks of calcium
oxide remained in the evacuated desiccator after all the ex-
periments were finished. The crystallite size and bulk densi=-
ty of three kinds of calcium oxide thus prepared (designated

as Ca0-9, Ca0-10 and Ca0-15) are shown in the following Table 1.

Table 1. Properties of Calcium Oxide used.

Sample Calcination Crystallite Bulk Density  Porosity

°c min Size i g/cm5 %
Ca0=-9 G20 60 720 2.78 18
Ca0-10 1050 60 950 2.88 15
Cal-=15 1470 60 >1000 2.95 13

Calcium oxide calcined at a lower temperature is known to be
more reactiveG”Nf”

The heat treatment of the carbon sample in the presence
of calcium oxide was carried out at various temperatures be-
tween 900 and 1500°C for 60min under the guasi-hydrostatic
pressure of 3.2kbar in a simple piston-cylinder type vessel.
The cell arrangement and the procedure for the experiments
were exactly the same as described before (see section 2.e.).

The profile of (002) diffraction line was measured from
the central part of the heat-treated carbon specimen by using
Ni-filtered CuKa radiation and a recording goniometer. The
composite profile observed was separated graphically into two
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component profiles corresponding to the graphitic component GM
and turbostratic component Ay, and then the Cyp-spacing, crys-
tallite size Lc and the content of the graphitic component GM

were measured.

(3) Results,

Carbon specimens heat-treated above 1000°C were obtained
as a caked tablets. In these caked specimens, calcium oxide
was always detected by X-ray diffraction method and its amount
increased with the increase of heat treatment temperature (HTT).
In the specimens heat-treated above 1300°C in the presence of
Ca0-9 and those heat-treated above 1400°C in the presence of
Ca0-10, calcium carbide was detected in the part where carbon
and calcium oxide contacted with each other. Recrystalliza-
tion of calcium oxide was not observed in the present exXperi-
ment.,

The changes of profile of (002) line with HTT are shown
in Figs. 34 a), b) and c). It can be seen from these figures
that there is a certain difference in the accelerating effect
of the three kinds of calcium oxide on graphitization of carbon.
In the presence of Ca0-9, the graphitization of the carbon
began at about 1100°C and the profile for the graphitic compo-
nent Gy developed repidly with the increase of HTT, The
graphitization of the same carbon was found to begin at about
the same HTT in the presence of limestone and calcium carbonate
as shown in the last chapter. In the presence of Ca0-10, the
graphitic component Gy was detectable on (002) profile above
1400°¢, In the presence of Ca0-15, however, the graphitic
component Gy, even hump at the corresponding diffraction angle,
could not be detected up to 1500°¢C. From profile of (0OL)
line, the same results were deduced.

The variations of content of the graphitic component GM
in the presence of calcium oxides are shown in Fig., 35 as a
function of HTT. In the presence of the most reactive
calcium oxide Ca0-9, the graphitic component GM increased very
rapidly. It turned out almost 100% at HTT of 1500°C. In the
presence of less reactive Ca0-10, however, only a small amount
of the graphitic component Gy was found above 1400°C and in
the presence of Ca0-15 no graphitic component GM was observed
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up to 1500°C.

The changes of c,-spacing and crystallite size Lc with
HTT are given in Figs. 36 a) and b) together with the results
in the presence of calcium carbonate and without any coexisting
mineral. The c,-spacing of the graphitic component GM was
almost constant at 6.728 in all cases. The crystallite size
Lc of the component Gy increased with the increase of HTT,
and become larger than 1000% at 1500°C in the case of Ca0-9.
The co-spacing of the turbostratic component Ay decreased
gradually and its crystallite size Lc increased only slightly
with the increase of HTT.

In the specimens heat-treated above 1100°C in the presence
of Ca0-9 and those heat-treated above 1400°C in the presence
of Ca0-10, well-crystallized flaky particles, having the same
six-fold diffraction patterm as graphite single crystal, were
found under an electron microscope, besides the particles
having continuous diffraction rings. Bright-field micrographs
and selected area diffraction patterns of graphitic and turbo-
stratic particles in the carbon specimen heat-treated at 1100°¢C
 with Ca0-9 are shown in Figs. 37 and 38, respectively.

b, Distribution of Calcium and Graphitic component in Heat-
Heat-Treated Specimens.,

(1) Introduction.

It was found that the graphitization of carbon was re-
markably accelerated by the heat treatment under pressure in
the presence of coexisting calcium compounds. The mechanism
of the accelerating effect on the graphitization was suggested
to be a chemical one. If so, there must be certain relation
between the content of calcium and that of the graphitic
component Gy in the carbon specimen heat-treated under pressure.

In the present work, the distribution of calcium element
in carbon specimens heat-treated in the presence of calcium
compounds under pressure was measured by using an electron
microproebe analyser, and compared with the distribution of the
graphitic component Gy wlich was determined from the X-ray
diffraction method.
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(2) Experimental and Results.

The specimens used were the caked ones heat-treated under
3,2kbar for oOmin at 10900 and 1360°C in the presence of cal-
cium carbonate, and at 11000, 14000 and 150000 in the presence
of calcium oxide Cal0=9. The details of the heat treatments
are described in the previous section. The size of the caked
specimens was about 7.6mm in diameter and 2.5mm in thickness.

The specimen was cut into halves across their diameter.
One half was used for the ~lectron microprobe analysis and the
other for the X-ray diffra:tion analysis.

The half for the electr n microprobe analysis was mounted
in resin, and the surface O>f the cross section was polished
on an abrasive paper and finishecd to a very flat surface by
using a felt with very fine corundum powder dispersed in
etnanol. The use of ethanol was essential so as to avoid
reactions between calcium compounds in the carbon specimen and
water, Two kinds of width of electron beam, 10/ and 100K,
were used in the present work. Electron beam was scanned
along the thickness (h-direction) and also along the radial
direction (r-direction) on the polished section of the caked
specimen as shown in Fig. 39.

The sample for the X-ray diffraction analysis was taken
from the different parts of the other half of the caked speci-
men as shown in Fig. 40.

In Figs. 41 a) and b), the profiles of (002) diffraction
line are shown for different parts of the specimen heat-
treated under 3.2kbar at 1280°C in the presence of calcium
carbonate and at TBOOOC in the presence of Ca0-9, respectively.
The content of the graphitic component Gy was measured from
these profiles (see section 2.f.(2)).

The distributions of calcium obtained with the electron
beam width of 100 are shown in Figs. 42 and 43, In these
figures, the distribution of the component Gy is shown in
figures. The content of the component Gy could be determined
as an average over a range of distance showed with the arrows,
because certain mass of the carbon was needed for X-ray dif-
fraction. In the presence of calcium carbonate, the content
of the graphitic component Gy was found to be larger in the
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central part of the specimen than in the peripheral part which
was close to carbonate layer. This distribution of the gra-
phitic component seemed to correspond with a temperature gradi-
ent in the specimen described in the section 2.d. and also
coincide with the distribution of calcium. In the presence
of calcium oxide, on the other hand, the reverse distribution
of the graphitic component GM was observed as shown in Fig. 43,
that is the content of the graphitic component was smaller in
the central part than in the peripheral part. However both
distributions of the component GM and of calcium coincided

with each other. The reason why the distribution of calcium
in the heat-treated carbon specimen was different in these two

cases are not clear yet. However in both cases the part having
a larger content of the graphitic component GM has a larger
concentration of calcium. The same relation was observed for

all specimens examined in this work. With the use of the
electron beam width of 10U, the similar relations were also
obtained. Figures 44 and 45 show the results on the specimens
heat-treated under 3%.2kbar in the presence »f calcium carbonate
and calcium oxide, respectively.

X-ray fluorescence photographs for carbon and calcium in
the central area (400 x uoqu of the specimen heat-~treated
at 136000 under 3%.2kbar in the presence of calcium carbonate
are shown in Figs. 46 a) and b). The concentration variation
of calcium scanned from A to B (in Fig. 46 b)) across a carbon
grain is shown in Fig. 46 c). From these results one can see
that calcium was accumulated mainly in boundaries of carbon
grains. The concentration of calcium in the carbon grain
decreased very steeply within the distance of about 10 from
the boundary and only a minute amount of calcium was detected
in the inner part of grain. The same result was obtained for
the specimen heat-treated at 1100°C under 3.2kbar in the pres-
ence of calcium oxide, as shown in Figs. 47 a), b) and c).

c. Heat Treatments of Calcium Carbide under Pressure.

(1) Introduction.

From the fact that calcium carbide was formed in the
carbon specimen heat-treated above about 130000 under 3.2kbar
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in the presence of calcium oxide, it was necessary to examine
the possibility of the formation of graphitic component through
decomposition of calcium carbide under pressure in order to
deduce the possible mechanism of the formation of the graphitic
component Gy. In this section, the heat treatments of calcium
carbide were carried out under 3.2kbar and the formation of the
graphitic component was discussed.

(2) Experimental and Results.

Calcium carbide used was powder of the grain size of 0.1 -
O.7mm, which was obtained by pulverizing calcium carbide mass
(ca. 95% purity), and kept in an evacuated desiccator during
storage and handled carefully.

Heat treatments of calcium carbide were performed under
3.2kbar at various temperatures between 900 and 1500°C with
the cell arréngement shown in Fig. 48. In this cell arrange-
ment, calcined pyrophyllite sleeve was used around the graphite
heatér so as to avoid the reaction of calcium carbide with
water vapor caused from the decomposition of pyrophyllite during
heat treatment.

The content of the graphitic component formed by heat
treatment under 3%.2kbar was measured according to the following
chemical method. (1) The specimen taken from the central part
of the heat-treated calclium carbide specimen was weighed (A in
mg). (2) It was put into diluted hydrochloric acid. After
dissolving calcium compound completely, the solution was fil-
tered with a glass filter. (3) After drying the residue com-
pletely, it was weighed (B in mg). This residue was known
by X-ray diffraction method to consist of the graphitic com=
ponent and the turbostratic component. The turbostratic
component seemed to result from free carbon contained in the
original calcium carbide as an impurity. (4) The orig  nal
calcium carbide was treated by the same method as menticned
above and the proportion of free carbon was estimated (C in wt%).
Thus the content of the graphitic component formed was esti-
mated by using the following equation;
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the content of B

the graphitic component G (in wt%) = Dy x 100 - C

assuming that the amount of free carbon (C) did not change
after heat treatment.

The heat-treated specimens were also observed under an
electron microscope accordinz to the procedure described before.

Figure 49 shows the dependence on HTT of the content of
the graphitic component formed by the decomposition of caldium
carbide under 3.2kbir. The graphitic component was formed in
the calcium carbide specimen heat-treated at 1200°C. However,
below 1200°C no graphitic component could be detected by X-ray
diffraction method. It cvan be known from this fact that cal-
cium carbide can be decomposed above 1200°C to form the gra-
phitic component and calcium metal,

It should be noted that the determined content of the
component Gy is a sum of the graphitic component formed by the
decomposition of calcium carbide and of that formed possibly
by the catalytic graphitization of amorphous carbon, which was
included in calcium carbid: as impurity, by metallic calcium.

Figure 50 shows the bright-field micrograph and selected
area diffraction pattern of the graphitic component formed by
the decomposition of calcium carbide at 1200°¢C.

d. Discussione.

In the present work, many important facts were found that
were essential to elucidate the mechanism of the accelerating
effect of the coexisting minerals on graphitization under
pressure. From the results of the heat treatments of carbon
under 3.2kbar in the presence of three kinds of calcium oxides,
it was found that more reactive calcium oxide had more remark-
able accelerating effect on graphitization. In the presence
of the most reactive calcium oxide calcined at 92000, the
graphitization of carbon began at about the same heat treat-
ment temperature of 1100°C as in the presence of limestone and
calcium carbonate and the content of the graphitic component Gy
attained to almost 100% at 1500°C for 60min. While in the
presence of the least reactive calcium oxide calcined at Th?OOC,
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Fig.50 Bright-field micrograph and selected area
diffraction pattern of graphitic component formed
by decomposition of calcium carbide at 1200°C
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the graphitic component, even hump on the profile of (002)
diffraction line at the corresponding diffraction angle,

could not be detected in specimens heat-treated at 150000.

It was also found that a part having a larger content of cal-
cium had a larger content of the graphitic component. Calcium
carbide was found to decompose above 1200°C under 5e2kbar to
form the graphitic component and calcium metal. In addition
to these experimental facts, it was supposed that recrystal-
lization or melting of the coexisting minerals might not
concern directly with the mechanism of the accelerating effect
on graphitization under pressure, because any recrystalliza-
tion of coexisting calcium oxide could not be observed,

It is suggested from these facts that the formation of
the graphitic component in the presence of calcium compounds
under pressure proc-eds by the following mechanisms. One of
possible mechanisms is the intermediate formation and sub-
sequent decompositi n of calcium carbide. This mechanism
may be explained clearly by using the following formulae,

Ca0 + 3C (amorphous) -—> CaC, + CO (1)

caC. + CO —= CaO + 3C (graphite). (2)

2
This mechanism may be effective at temperatures above
1200°C because the formation of the graphitic component GM
from the decomposition of calcium carbide itself was found
above 1200°C under 3.2kbar. Calcium oxide distributed in the
carbon specimen must be the decomposition product of calcium
carbide according to Eq. (2). The content of the graphitic
component should vary with the content of calcium oxide in
the carbon specimen and this was in good accordance with the
experimental results as shown in the last section 4.Db.
However, the fact that calcium carbide was not detected below
1200°C in the specimen and the difficulty of the decomposition
of calcium carbide under such condition (see Fig. 36) make it
impossible to explain the formation of the graphitic component
at temperatures below 1200°C by this mechanism.  Below 1200°¢,
the formation of the graphitic component may proceed through

the following reactions:
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Ca0 + C (amorphous) —> Ca + CO (%)

Ca + CO —> CaO + C (graphite) (4)

This mechanism must be supported only by the further extensive
experiments. However, the formation of the graphitic compo-
nent by this mechanism is also possible at temperatures higher
than 12000C, though it is not main one. The driving force of
the graphite formation through the intermediate formatioen of
calcium carbide or calcium metal is the defference in the free
energy between amorphous carbon and graphite, according to two
mechanisms mentioned aoove,

The more reactive calcium oxide reacts with carbon easier
or at lower temperature. When calcium carbonate (limestone)
or calcium hydroxide vas used as the coexisting mineral,
nascent oxide formed during the heat treatment may have reacted
actively with carbon to form calcium metal.

Therefore, the apparent close relation of recrystalliza-
tion or melting of coexisting calcium carbonate (limestone)
and hydroxide with the acceleration of graphitization seems to
be mainly due to the increasing rate of reaction of the co-
existing minerals with carbon in the neighborhood of tempera-
tures where recrystallization or melting of minerals.occurs.
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5, Accelerating Effect of Some Metal Oxides on
Graphitization of Carbon under Pressure.,

In this chapter, the heat treatments of carbon under
pressure were performed in the presence of sodium carbonate,
alumina, silica and magnesia in order to verify the mechanism
suggested in the last chapter. The possible mechanism was
discussed under taking into consideration of the ohtained
results.

a, Introduction.

In the previous works, it was found that the accelerating
effect of coexisting minerals on graphitization of carbon
under pressure was greatly accelerated in the presence of
calcium compounds. Two possible mechanisms for the acceler-
ating effect of calcium compounds were proposed on the basis
of the experimental results. The formation of the graphitic

component was suggested to proceed by the reactions;

ca0 + C (amorphous) -—> Ca + CO —> Ca0 + C (graphite) (1)
below 1200°C and the reactions;

Ca0 +3C (amorphous) —> CaC, + CO —> Ca0 + 3C (graphite) (2)

and also by the reactions (1) above 1200%¢C.

In order to verify these two mechanism for the formation
of the graphitic component, the heat treatments of the coke
were carried out under 3.2kbar in the presence of sodium car-

bonate, alumina, silica and magnesia.
b. Experimental and Results.

(1) Heat Treatments of Carbon under 3,2kbar in the
Presence of Sodium Carbonate.

The carbon sample used was the coke PV-7. Disks of
sodium carbonate, 8.0mm in diameter and 3.5mm thick, were

made by compressing sodium carbonate powder (chemical reagent
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grade) under about L.Okbar. The porosity of the disks was
about 87%. The heat treatments were performed at temperatures
petween 4LOO and 750°C for the residence time of 60 = 240min
under 3.2kbar in a simple piston-cylinder type vessel. As the
sodium carbonate decomposes completely and melts at about 82000,
the heat treatment above SOOOC was difficult to carry out,.

The procedure for the heat treatments was exactly the same as
used in the previous works. The arrangement B of the pressure
cell (Fig. 4) was used, in which the calcined pyrophyllite
sleeve 1s used to avoid the reaction of sodium carbonate with
water vapor, which came from the decomposition of pyrophyllite.

The profile of (002) diffraction line of the central part
of the heat-treated specimen was measured by using Ni-filtered
CuKk radiation. The same part of the specimen was observed
with transmission electron microscope.

The carbon specimens heat-treated above 500°C for 60min
were obtained as caked tablets in which sodium carbonate was
found as much as seen with the naked eye. Any graphitic
component could not be found on (002) diffraction profile even
for the specimen heat~treated at 75000 for 240min, probably
due to a small amount of the graphitic component formed.
However, by electron microscopic observations, the particles,
having the diffraction pattern of six-fold symmetry of graphite
single crystal, were found besldes the particles, having the
turbostratic structure, even in the specimen heat-treated at
BOOOC for 60min. The number of the graphitic particle seemed
to increase with the increases in HTT and in residence time.

A bright-field micrograph and a selected area diffraction pat-
tern of such a particle in the carbon specimen heat-treated at
500°C for 60min are shown in Figs. 51 a) and b), respectively.

(2) Heat Treatments of Carbon under Pressure in the

Presence of Alumina and Silica.

The carbon sample used was the coke PV=7. The disks of
alumina, 8.0mm in diameter and 3.>mm thick, were prepared by
compressing d-alumina powder which had been obtained by the
calcination of alumina powder (chemical reagent grade) at
1200°¢c for 60min. The porosity of the disks used was about
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(a)

(b)

Fig.51 Bright-field micrograph and selected area

diffraction pattern of graphitic particle in carbon
specimen heat-treated at 500 C for 60min under
3,2kbar in the presence of sodium carbonate

(a) Bright-field micrograph
(b) Selected area diffraction pattern
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85%s The disks of silica were made by compressing silica
powder of which grain size was limited to 250 - 325mesh after
calcining silica gel (WAKO Silica-Gel B-0) at 1000°C for 60min.
The porosity of the disks of silica was about 82%.

The heat treatments of carbon were performed at various
temperatures between 900 and 150006 for 60min under 3%.2kbar.
The arrangement A of pressure cell (Fig. 4) was used in the
present experiments. The procedure for the heat treatments
was the same as described before.

In the presence of alumina, the carbon specimens heat-
treated above 1200°C were obtained as caked tablets in which
a small amount of aluminum oxide was detected by X-ray dif-
fraction method and, for the carbon specimen heat-treated at
1BOOOC for 60min, aluminum carbide was detected by X-ray
diffraction method in the part of contact with the alumina
disk.,

In the case of the presence of silica, the carbon speci-
mens heat-treated above 130006 were obtained as caked tablets.
By X-ray diffraction method, a small amount of silicon dioxide
was detected in all the caked specimens and even after the
heat treatment at 15000C no silicon carbide was detected.

The changes of the content of the graphitic component GM
with HTT were shown in Fig. 52. The graphitic component GM
began to appear in the carbon specimens heat-treated at 1200°¢C
and 1300°C in the presence of alumina and silica, respectively.
At 150000, the content of the graphitic component Gy turned
out to about 30% in the presence of alumina, but only about
10% in the presence of silica. A

A bright-field micrograph and a corresponding selected
area electron diffraction on the specimen neat~treated at
1200°C with alumina are shown in Fige 55.

(3) Heat Treatments of Carbon in the Presence of Magnesia.

Basic magnesium carbonate, obtained by the reaction be-
tween magnesium chloride and sodium carbonate, was dried up
and then calcined at 600°C for 60min. The magnesia powder

thus prepared was compressed in the form of disk, 8.0mm in
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diameter and 3.5mm thick, and then heat-treated at 75000 for
60min. These disks were kept in an evacuated desiccator.
such a disk was checked by X-ray diffraction method to be

completely decomposed to magnesia. The porosity of the disk
was about 90%.

Two series of heat treatments of carbon were carried out
in the presence of the disks of magnesia; the heaf treatment
under 3%.ckbar and that under a flow of nitrogen at ordinary
pressure.

The heat treatments of carbon under 3.Zkbar were performed
at various temperatures between 900 and 15000C for residence
times of 60 - 3%6Omin using the cell arrangement A (shown in
Fig. 4). The heat treatments of carbon under a flow of
nitrogen were done at temperatures between 1400 and ZMOOOC for
60min. In this case, the carbon sample which was placed be-
tween two sets of magnesia disk and a graphite plate was put
in a glassy carbon tube. The arrangement used'was shown in
Fig. 5L In a graphite plate, which was used as a cover of
the glassy carbon tube, a few narrow orifices were made so as
to let gaseous products go out. Whole of this assembly was
heat-treated under a flow of nitrogen at ordinary pressure in
a graphite resistance furnace. The heat treatments above
EBOOOC were difficult to carry out, because magnesia reacted
with the glassy carbon tube to make a hole.

The profile of (002) diffraction line of the central
part of the heat-treated carbon specimen was measured. The
same part of the specimen was also observed with an electron
microscope.

Tn both cases of the heat treatments, no amount of magne-
sium carbide could be detected by X-ray diffraction method,
and all carbon specimens could not be obtained as caked tablet.

In the case of heat treatments under a flow of nitrogen,
the weight loss of the carbon specimen because appreciable
above TQOOOC and remarkable above 190000, as shown in Fig.55.
This fact may suggest that the reaction of magnesia with the
carbon sample began to occur at around 1QOO°C. However, any
deposit of carbon could not be detected in the glassy carbon

tube up to ZQOOOC.
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In the case of heat treatments under 3.2kbar, no graphitic
component GM could be found on the profile of (002) diffraction
line for the carbon specimen heat-treated at 150000 for 60min,
as well as that heat-treated at 1400°C for 360min. Ths changes
of cy-spacing and crystallite size Lc with HTT are shown in
Figs. 56 a) and b).

However by the electron microscopic observations, small
number of the particles having the diffraction pattern of six-
fold symmetry of graphite single crystal were found in the
specimen heat-treated under 3,2kbar at 1400°C for 6Omin. The
number of such particle was found to grow with heat treatment.
While in the case of the heat treatments under a flow of
nitrogen, such particle could not be detected in all carbon
specimens heat-treated up to 240000. Figure 57 shows a
bright-field micrograph and a corresponding selected area dif-
fraction pattern of such a particle in the carbon specimen
heat-treated under 3.2kbar at 1400°C for 60min.

c. Discussion and Summary.

In relation to the supposed mechanisms for the acceler=-
ating effect of coexisting calcium compounds on graphitization
of carbon under pressure, the heat treatments were performed
in the presence of sodium carbonate, alumina, silica and
magnesia.

In the heat treatment of carbon under pressure in the
precence of reactive sodium carbonate, the particles having
thediffraction pattern of six-fold symmetry of graphite single
crystal were found even at the temperature as low as BOOOC.
Sodium carbonate is known to react with carbon to form unstable
carbide, which is completely dissociated at a temperature as
low as 600°C . This fact seemed to support that the minerals
which react with carbon at a lower temperature to form unstable
carbide should accelerate the graphitization of carbon at a
lower temperature. Though sodium carbonate was used as a co=-
existing mineral because of the difficulty of hendling sodium
oxide of high reactivity, carbon dioxide resulted from the de-
composition of carbonate seemed not to have an appreciable
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Fig-57 Bright - field micrograph and selected area
diffraction pattern of graphitic particle in carbon
specimen heat-treated at 1400 ¢ for 60min
under 3.2kbar in the presence of magnesia



effect on graphitization of carbon under pressure, The
graphitic component was reported before to appear at almost
the same temperature both in the presence of calcium carbonate
and calcium oxide calcined at 920°C (Ca0=9),

It is known that alumina begins to react with carbon at
relatively low temperature of around 130000. The reaction

products between alumina and carbon were reported to be un-

stable gaseous product AlEO, stable oxycarbides Al,Q,C
. P>~ 72> L4
AlEOC and stable carbide AlL*C3 . Aluminum carbide A1403
o P~

is thermally stable up to about 1600 C . In the case of
heat treatments of carbon in the presence of alumina, the
graphitic component GM began to appear above 1200°C and at
15OOOC traces of A14C5 were detected at the contact part of
the carbon specimen with alumina disk. This experimental
result shows no discrepancy with the reported facts mentioned
above. Below 140000, therefore, the graphitic component is
considered to be caused by the reactions;

A1.0, + C

203 —> 2A10 + CO ——>A120

(amorphous) 3 * C(graphite)

and at 15000C, in addition to the above reactions, the fol-
lowing reactions seems to be a main cause of the formation of
graphitic component.

2A1 .0

273 * 9C(amorphous)'~? A14C3 * 6CO'_>2A1203 * 9C(graphite)

Although aluminum oxide is known to have many modifications,

one of modifications, o~alumina, was used in the present work

because it is the most stable and well-known about its structure.
gilicon carbide is assumed to be formed in two steps as

follows;

5102+c —> 8i0 + CO (1)

sio + 2¢ —> 8iC + CO (2)

A thermodynamical estimation and the experimental results
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which have been reported have shown that silicon carbide is
formed above 1400°C and decomposed above 2000°C . In the
present experiment, the formation of silicon carbide could

not be observed, while the graphitic component was found in
the carbon specimen above TBOOOC and its content turned out

to about 10% at 1500°C. These experimental facts seem to
suggest that the possible mechanism of the accelerating effect
of silica on graphitization of carbon under pressure may be

explained as the following reactions without the formation
of silicon carbide.

5102 + C( Si0 + CO - SiO

amorphous) — 2 ¥ C(graphite)

This mechanism for the tormation of the graphitic compo-~
nen. without any carbide might be supported by the experimental
results on the heat treatment of carbon in the presence of
magnesia. The reaction between magnesia and carbon is the
basis of the Hansgirg process for the carbothermic production
of magnesium. Two kinds of magnesium carbides Mg02 and MgEC
are known and both of them are thermodynamically unstable over
the whole temperature range of 900 = 1500°C?”:?w In the present
experiment, however, any magnesium carbides were not detected
up to 150000, but the graphitic component was evidently found
under electron microscope. Therefore, a similar mechanism
as in the case of silica might be considered,

Mgl + C —> Mg + CO —» MgO +

(amorphous ) C(graphite)

It has been reported that this reaction begins to occur around
1300°¢"™  The experimental result of Fig. 55, that is, the
weight loss of the carbon sample became observable above 1BOO°C
in the presence of magnesia under a flow of nitrogen, might

be attributed to the effluence of magnesium vapor and carbon
monoxide (see above Equation) and so it is reasonable that

the graphitic component was not formed in the heat treatments
under a flow of nitrogen because of the effluence of the
resulting gaseous products. In the closed system, such as
under pressure, however, magnesium vapor and carbon monoxide
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might not skip out from the system and react with each other

to form magnesia and the graphitic component. This reaction
may be favorable in the high pressure system because the gas

pressure of the system would be reduced.

The present experimental result that the graphitic com-
ponent Gy was not found in the carbon specimen heat-treated
under a flow of nitrogen, but was found in the carbon speci-
men heat-treated under pressure, is considered to support the
above mentioned mechanism,

Conclusively, the present results on sodium carbonate
seemed to support one of the mechanism of the formation of
the graphitic component, that is the formation and succesive
decomposition of intermediate carbides. but the results on
magnesia and silica seemed to support another mechanism, that
is the formation of the graphitic component without gding
through the decomposition of carbide. The results on co-
existing alumina may be explained from both mechanisms.

The accelerating effect of these oxide, such as sodium
oxide, alumina, silica and magnesia is expected to give
certain informations on the occurrence of natural graphite in

the sandstone beds.
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6. Accelerating Effect of Water Vapor on Graphitization of

Carbon under Pressure in the Presence of Coexisting Minerals.

a. JIntroduction.

In the previous works, the graphitization of carbon was
found to be accelerated in the presence of calcium compounds,
such as oxide, carbonate and hydroxide, and phenomenally
related to the recrystallization or melting of the compounds.
Two possible mechanisms were proposed for the accelerating
effect of these compounds. Calcium fluoride has the melting
point (about 1370°C) close to that of calcium carbonate and
it has been known that natural graphite occurs often in the
bed of fluorite in the nature. In the present work, the
heat treatments of carbon were performed under 3.2kbar in the
rresence of calcium fluoride. However, calcium fluoride has

been known to react with water vapor to form reactive calcium
oxide above TEOOOCﬁU“;nd also it is known that pyrophyllite
(A1251401 (OH)Z) used as the pressure transmittor is decomposed
above 450°C under 3kbar to release water vapor . In the
present work, therefore, the effect of water vapor come from
pyrophyllite was observed particularly.

Since magnesium fiuoride is also known to react with
water vapor above 120000, the same heat treatments of carbon
were performed under 3.ckbar in the presence of magnesium
fluoride.

Heat treatments under 3.ckbar were performed in the
presence of calcium carbonate contained 8wt% water and the
results obtained were compared with those in the presence of

dry calcium carbonate.
Similar heat treatments were also carried out under 3.ckbar

in the presence of calcium oxide using two different kinds of
cell arrangement used 1n the case of calcium fluoride.

b, Experimental and Results.

(1) Heat Treatments of Carbon in the Presence of Calcium

Fluoride.

The carbon sample used was the same coke PV-7. The disks
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of calcium fluoride, &.0mm in diameter and 3.5mm thick, were
made by compressing calcium fluoride powder (chemical reagent
grade) under 3.5kbar. The porosity of the disks was about
82%.

Three kinds of heat treatment were carried out in the
presence of calcium fluoride, that is, the first under 3.Zkbar
using the cell arrangement A in Fig. 58 a), the second under
%3.2kbar using the cell arrangement B in Fig. 58 b), and the
third under the flow of nitrogen at one atmospheric pressure
using the arrangement in Fig. 58 c¢). The graphite heater
was surrounded by raw pyrophyllite. In the arrangement B,
however, it was surrounded by pyrophyllite sleeve (14.2mm in
outer and 10mm in inner diameter) calcined at 970°C for 6Cmin.
Therefore, the water vapor come from the decomposition of
raw pyrophyllite was not expected to go into the graphite
heater and to react with calcium fluoride in the arrangement B.
In the arrangement C, the positional relation between carbon
specimen and calcium fluoride was reserved to be the same as
those under pressure.

The heat treatments under 3.2kbar were performed at
various temperatures between 900 and 15OOOC for 60min by means
of the same procedure as described before. The heat treat-
ments under the flow of nitrogen at ordinary pressure were
carried out at various temperatures between 1000°C and 2000°¢C
for 60min. The details of the procedure of the heat treat-
ment will be described in the next chapter.

The profile of (002) diffraction line of the central part
of the heat-treated carbon specimen was taken by using Ni-
filtered CuKod radiation. The same part of the specimen was
observed with an electron microscope.

In the heat treatments of carbon under 3.2kbar with the
arrangement A, the carbon specimen was obtained as caked
tablets above 1000°C. In the caked tablets heat-treated at
various temperatures between 1000 and 125000, any amount of
calcium fluoride could not be detected by X-ray diffraction
method, while in the caked tablets heat-treated above 1300 C,

a small amount of calcium fluoride could be detected. A
trace of the melt was observed in the disks of calcium fluoride
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could be detected. A trace of the melt was observed in the
disks of calcium fluoride at the part in contact with the
carbon specimens heat-treated above 130000 as shown in Fig. 59,
The melted parts of the disks were examined with the solution
of the phenol-phthalein indicator, which was free from carbon
dioxide. The presence of calcium oxide was detected in the
disks of calcium fluoride in contact with the carbon specimen
heat-treated above 1300°C. This calcium oxide is supposed

to be attributed to the following reaction,

CaF2 + HEO = CaO + Z2HF,

In the heat treatments of carbon under 3.2kbar with the
arrangement B, the carbon specimen was obtained as caked
tablets above 1100°C and the disks of calcium fluoride in
contact with the carbon specimens heat-treated above 130000
was recognized to melt. However in the disks of calcium
fluoride, calcium oxide could not be detected.

In the heat treatments of carbon under the flow of
nitrogen, any reaction between the coexisting calcium fluoride
and the carbon sample could not be observed, but the melting
of calcium fluoride was observed above 13000Co

Figure 60 shows the change of the profile of (002) dif-
fraction line with HTT in the heat-treatments of carbon under
3,2kbar with the arrangement A. The profiles of (002) dif-
fraction line were found to be composite above 130000 and at
150000 the single vrofile of the graphitic component was
observed.

In this case, the particles having the graphitic structure
were found with electron microscope in the carbon specimen
heat-treated above 1300°C, as shown in Fig. 61.

In both heat treatments of carbon under 3,2kbar with the
arrangement B and under the flow of nitrogen, no graphitic
component could be detected by the X-ray diffraction method
and even by the electron microscopic observations. A1l
partlcles in the carbon specimens heat-treated at 1500 C under

3,2kbar with the arrangement B showed the continuous (hk) dif-

fraction rings, as shown in Fig. 62.
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The changes of the C,-spacing for the carbon specimens

with HTT are shown in Fig. 63. The c,-spacing of the turbo-

stratic component AM was found to change with HTT in the same
way in both heat treatments with the cell arrangement A and
with the cell arrangement B, The cy-spacing of the graphitic
component GM was almost constant value of about 6.72%.

Figure 64 shows the changes of the content of the gra-
rhitic component GM with HTT together with that of the heat
treatment of the same carbon under 3.2kbar in the presence of
the most reactive calcium oxide calcined at 92000 (Cad=-9).
The changes of the content of the graphitic component GM in
the presence of Ca0-=9 and calcium fluoride with the cell
arrangement A were very similar with each other.

(2) Heat Treatments of Carbon under Pressure in the
Presence of Magnesium Fluoride.

The carbon sample used was the same coke PV-7. The disks
of magnesium fluoride, &8.0mm in diameter and 3.5mm thick, were
prepared by compressing magnesium fluoride powder (chemical
reagent grade) under 3.5kbar. The porosity of the disks was
about 85%.

The heat treatment of carbon was carried out at various
temperatures between 900 and 150000 for 60min under 3.Zkbar by
the same procedure as used previously. The arrangement A in
Fig. 58 a) was used,

The disk of magnesium fluoride at the part in contact
with the carbon specimen heat-treated at 1200°C was observed
to melt and above 150000 the melted zone became thicker. The
carbon specimens heat-treated above 1200°C were obtained as
caked tablets. The graphitic component Gy could not be ob-
served on the profile of (002) diffraction line of the carbon
specimen heat-treated even at 1500°C.

By the electron microscopic observations, however, the
particles having the graphitic structure, though its number
was very small could be found besides the partiéles having
the turbostratic structure. In the carbon specimen heat-
treated at 150000, the number of the graphitic particle seemed
to increase. This result is in good agreement with the
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results in the case of the presence of magnesium oxide. Figure
65 shows a bright-field micrograph and a selected area diffrac-
tion pattern of the particle having the graphitic structure in
the carbon specimen heat—treatqd at 1400°C for 60min under

5.2kbar in the presence of magnesium fluoride.

(3) Heat Treatments of Carbon under Pressure in the
Presence of Calcium Carbonate absorbed Water.

The carbon sample used was the coke PV-7. The disks of
calcium carbonate were prepared by the same way as described
in the section 3.c. About 8wt% of water was absorbed in
these disks of calcium carbonate in equilibrium with water
vapor at room temperature.

The heat treatment was carried out at various temperatures
between 900 and 1200°C for 60min under 3.2kbar using the ar-
rangement A in Fig. 58, which is the exactly the same as in the
case of the presence of dry calcium carbonate.

The disks of calcium carbonate absorbed water were recog-
nized to melt and dissociate into calcium oxide at the part
in contact with the carbon specimen heat-treated above 120000.
Above 130000, further heat treatments were difficult because
the melt attacked the graphite heater to form calcium carbide,

The graphitic component GM began to appear in the carbon
specimen heat-treated at 1000°C. Figure 66 shows the change
of the content of the graphitic component GM with HTT together
with that in the presence of 'dry" calcium carbonate. The
graphitization of carbon was found to start in the presence
of "wet" calcium carbonate, about 100°C lower than that in the
case of "dry" calcium carbonate. In Fig. 66, there was also
presented the result of the heat treatments of the same carbon
under 3%.2kbar in the presence of calcium oxide calcined at
920°C (Ca0-9) using the cell arrangement as shown in Fig.58 b).
In the presence of calcium oxide, no appreciable effect of

water vapor on graphitization was found.

¢. Discussion.

In the heat treatment of carbon~under pressure in the
presence of calcium fluoride using the arrangemet A, the disks
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Fig.65 Bright-field micrograph and selected area
diffraction pattern of graphitic particle in carbon
specimen heat-treated at 1400°c for 6Omin

under 3.2kbar in the presence of magnesium fluoride
with cell arrangement A
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of calcium fluoride was recognized to melt and partly trans-
form to calcium oxide at the part in contact with the carbon
specimen heat-treated above WBOOOCo On the other hand, no
chemical reaction between calcium fluoride and the carbon
sample could found in the specimens heat-treated up to 2000°¢C
under the flow of nitrogen without any water vapor.

The graphitization of carbon began to start at 130000 in
the case of the use of cell arrangement A, while no graphitic
component could be observed in both cases of the use of cell
arrangement B and under the flow of nitrogen. Furthermore,
the change of the content of the graphitic component GM with
HTT well resembled with that in the case of most reactive
calcium oxide calcined at 92000o Theée experimental facts
might be explained as follows; water vapor caused by decompo-
sition of pyrophyllite during heat treatment, reacted with |
coexisting calcium fluoride according to the following
equation; that is

CaF., + H,0 = Ca0 + Z2HF.

2 2

The reaction between calcium fluoride and water became
remarkable at a temperature near the melting point of calcium
fluoride and nascent calcium oxide was formed. This reaction
is reasonable to occur at the part in contect with the carbon
specimen in the present work because of the temperature gra-
dient in the disk of calcium fluoride. The resultant reactive
calcium oxide accelerated the graphitization of carbon according
to the mechanisms mentioned in chapter 4.

In the nature, water vapor is known to be one of the im-
portant basic compound. Therefore, the present result may
suggest a mechanism for the formation of natural graphite as=
sociating with fluoride.

The result on magnesium fluoride seemed to be explained
from the similar mechanism, that is the reaction of magnesium
fluoride with water vapor and the subsequent formation of
reactive magnesium oxide. Because accelerating effect of
magnesium oxide on graphitization of carbon is not so remark-
able as calcium oxide, as discussed in chapter 5, however,
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the amount of the graphitic component was very small,

Figure 67 shows the isobaric equilibrium diagram for
the join CaCOB»HQO at 1000bar . From this diagram, the addi-
tion of water to calcium carbonate is suggested to decrease
greatly the dissociation temperature of calcium carbonate,

The present results on the effect of coexisting calcium
carbonate containing water on graphitization of carbon (Fig.66)
seemed to be explained by the presence of water, in other words,
by the formation of reactive calcium oxide at low temperature.
Unfortunately, however, the exact content of water in the re-
action system could not be known and so the dissociation tem-
perature could not be estimated in the, present work.

This result is also to consistent with that obtained in
the case of the presence of calcium oxide, that is, the lower
the calcination temperature of calcium oxide was, the easier
the formation of the graphitic component.

On the other hand, no remarkable effect of water vapor on
graphitization of carbon was recognized in the presence of
calcium oxide itself. This fact seems to be attributed to
the following reason. Since the coexisting calcium oxide was
suffered the calcination at the temperature of about 900°C
beforehand and the heating rate if it was very'fast, it cannot
react with water vapor to form calcium hydroxide so that the
oxide remain almost the same reactivity as the original one.

The effect of water vapor on graphitization of carbon
seemed to suggest one possibility that the formation of natural
graphite under moderate conditions in the bed of limestone of
water vapor. This seems to be one of the reasons why metaso=-
matism or mineralization with magma or pneumatolysis theory
has been considered as the mechanism for the genesis of natural

graphite.
In order to have the additional and quantitative informa-

tions for the effect of water vapor in the presence of calcium
compounds, further detailed experiments would be required to

carry out with cold-seal type pressure vessel so as to examine
the relation between the content of the graphitic component GM

formed and the proportion of added water..
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7. Effect of Nitrogen Gas on Graphitization of Carbon in the
Presence of Calcium Carbonate.

a. Introduction.

It was suggested in the previous chapters that the graphi-
tization of carbon under pressure in the presence of coexisting
minerals would proceed by the reaction of the coexisting mineral
with the carbon sample. One of the possible mechanisms for
the formation of the graphitic comvonent at a higher temperature
was proposed to be the chemical process going through the inter-
mediate formation of carbide and successive decomposition to
form the graphitic component. If the mechanism suggested was
the reasonable one, the graphitization of carbon in the presence
of the coexisting minerals would be also affected by nitrogen
gas as a chief component of air, according to the following

reaction of the formation of calcium cyanamide;

CaC, + N, = CaCNy *+ Crorapnite)

Therefore in the present work, heat treatments of the
carbon were carried out under both flows of nitrogen and argon
at ordinary pressure in the presence of calcium carbonate so as
to examine the effect of the atmosphere on graphitization of
carbon. Another heat treatments were also performed under
both flows of nitrogen and argon using calcium carbide in
order to elucidate the mechanism for the effect of nitrogen on
graphitization in the presence of coexisting calcium carbonate.

b. Experimental.

(1) Heat Treatment of Carbon in the Presence of Calcium
Carbonate.

The carbon sample used was the coke PV-7. The disks of
calcium carbonate (38.0mm in diameter and 2.5mm thick) were

made by the same method as mentioned in the section 3.b.
The heat treatments under the flows of nitrogen and argon
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(industrial grade) were proceeded as follows. The cell ar-
rangement for heat treatment is shown in Fig. 68. The carbon
sample (b) was set in the samdwich type form between the two
disks of calcium carbonate (a) in glassy carbon tube (c¢) with
graphite lids (f) (8mm in inner diameter). In order to in-
troduce gas into the inside of the glassy carbon tube, a few
narrow ditches were dug in the graphite 1lid. This assembly
was set in a graphite holder (d) and compressed slightly by
using a graphite screw (e) so as to make the carbon specimen
touch with the disks of calcium carbonate. Then, whole of
this graphite holder (d) was inserted into the graphite re-
sistance furnace which had been already heated up to a given
heat treatment temperature under the flow of nitrogen or argon.
The carbon sample was heat-treated for the residence time
of 60min after its temperature reached to the designated tem-
perature (about 10min was needed in the present case). The
temperature of heat treatment was measured with a corrected

optical pyrometer watching the glassy carbon tube.

(2) Heat Treatment of Calcium Carbide.

calcium carbide used was prepared by pulverizing to the
grain size of 0.5 - 1mm just before used from a mass (ca.
95% purity) which had been covered with fine calcium carbide
powder and kept in an evacuated desiccator.

The heat treatments of calcium carbide were performed
by the same procedure as mentioned above except that the disks
of calcium carbonate and the carbon sample were replaced with
calcium carbide powder, In this case, it was diffigult to
determine the content of the graphitic component formed only
by means of X-ray diffraction method. Therefore, the chem-
ical analysis as shown in Fig. 69 were used for the measure-

ment of content of the graphitic component formed. The
amount of calcium ion in the specimen was also checked by the
chemical analysis. The amount of free carbon, which was

contained in the original calcium carbide as impurity, was
estimated (C in wt%) by the same chemical analysis.  Then,
the content of the graphitic component was estimated according

to the following equation,
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the content of B

. = — X =
the graphitic component formed (in wt%) A 100 ©

by assuming that the turbostratic component Ay was resulted
from the free carbon in the original carbide and its amount
was not changed by the heat treatment.

The heat-treated specimens were also observed under a
transmission electron microscope.

c. Results.

(1) Heat Treatments of Carbon in the Presence of Calcium
Carbonate under the Flows of Nitrogen and Argon.

In the heat treatment under the flow of nitrogen, the
graphitic component began to appear in the carbon specimen at
173000. By electron microscopic observations, the graphitic
particles having the diffraction pattern of six-fold symmetry
of graphite single crystal were found in the carbon sample
heat-treated above 1730°C. The graphitic particles had well-
crystallized flaky appearance and some of them had the singular
discoidal appearance as shown in Fig. 70.

In the heat treatment under the flow of argon, the gra-
phitic component began to appear barely in the carbon specimen
at 193000. In this case, any discoidal particle could not be
found under electron microscope.

Figures 71 a) and b) show the bright-field micrograph and
the corresponding selected area electron diffraction pattern
of the graphitic particle in the carbon specimen heat-treated
at 185000 under the flow of nitrogen and at 1930°C under the
flow of argon.

The changes of the content of the graphitic component
with HTT were shown in Fig. 72 for both cases. In the heat
treatments under the flow of nitrogen, the content of the
graphitic component turned out to about 75% at 2020°C, while
under the flow of argon it reached only to about 20% even at
207000. The accelerating effect of nitrogen on graphitization
of carbon in the presence of calcium carbonate was known to be

as remarkable as expected.
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(2) Heat Treatments of Calcium Carbide under the Flow
of Nitrogen and Argon.

In the heat treatments of calcium carbide under the flows
of nitrogen and argon, the content of the graphitic component
was found to change with HTT as shown in Fig. 73. In both
cases, the graphitic component could be observed at 1000°¢C.
Over the whole temperature range employed, however, the content
of the grarhitic component formed under the flow of nitrogen
was much larger than that under the flow of argon. With re-
sponce to the increase of content of the graphitic comﬁonent,
the amount of calcium compound remained in the specimen
decreased.

The bright-field micrographs and the corresponding se-
lected area electron diffraction patterns of the particles
are shown in lig. 7h4.

In the heat treatment under the flow of nitrogen, calcium
cyanamide CaCNZ was identified by X-ray diffraction method
above 1220°C and above 1?5000 calcium nitride Ca,N, was also

374

detected as well as calcium cyanamide.

d. Discussion.

From the comparison between the experimental results
under the flow of nitrogen and of argon, it was found that the
formation of the graphitic component was much easier, in other
words, occured at lower temperature and much faster, under the
flow of nitrogen than of argon. In the flow of nitrogen
without any coexisting minerals, such a formation of the gra-
phitic component has never been observed on the same coke PV-7.
Therefore, nitrogen was concluded to have certain accelerating
effect on graphitization of carbon in the presence of calcium
carbonate.

The formation of the graphitic component in the coexist~
ence of calcium carbonate and nitrogen seemed to be formulated

as follows;
CaCO5 —> Ca0 + CO, (1)

— (2
ca0 *+ C(amorphous) Ca + CO )
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Ca +

2C(amorphous) — Cal, (3)

CaC2 + NZ — CaCZONE

—> Ca(CN —
( )2 CaCN, + C(graphitic) (4)

C&CZ —_— Ca + 2C (5)

(graphitic)

3Ca + 2N, —> Ca3N4 (6)

Ca5Nq + 6C + 2N, —> 3CaCN

2 2 7 3C(graphitic)' (7)

The formation of the graphitic component is possible by the
formation of calcium cyanamide (Eq. L), the decomposition of
calcium carbide (Eq. 5) and/or the reaction among calcium
Under the flow of
argon, evidently, the possible reaction for the formation of

nitride, carbon and nitrogen (Eg. 7).

the graphitic component is only the decomposition of calcium
carbide, except a small effect of nitrogen as impurity in
argon gas might come about because used argon gas was not the
extra pure grade but the industrial grade.

Under the flow of
found to form from the

amount was as small as

argon, the graphitic component was
calcium carbide above 1000°C though its
about 10% even at 1900°C, but it ap-

peared at about 19OOOC in the presence of calcium carbonate.
In latter, the formation of calcium carbide from calcium car-
bonate and carbon (Egs. 1, 2 and 3) was necessary at first and
it occurred above 1700°C. Moreover the higher temperature
was required for the decomposition of calcium carbide (Eq. 5).
Under the flow of nitrogen, all three possible reactions
(Egqs. 4, 5 and 7) must be considered.
the graphitic component was obtained above 1000°C and calcium
cyanamide was identified by X-ray diffraction method above
1220°¢C. In this case, therefore, the main reaction to form
the graphitic component is the formation of calcium cyanamide
(Eq. 4). At the temperature higher than 1700°C, other two

reactions (Egs. 5 and 7) seemed to occur with the accompany

From calcium carbide,
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of Eg. 4, because calcium nitride was detected in the specimen
above 17300C. In the heat treatment of carbon in the pres-
ence of calcium carbonate under the flow of nitrogen, the gra-
phitic component was observed above 173000, because high tem-
perature was needed to form calcium carbide at first.

Since such an accelerating effect of nitrogen on graphi-
tization of carbon requires the formation of calcium carbide,
the possible mechanism suggested for the effect of calcium
compounds on graphitization under pressure is unlikely to be-
come unavailable below 130000, because no calcium carbide
could be detected below 1300°C. Even above 1300°C, from the
facts that no calcium cyanamide could be identified but calcium
carbide and the amount of nitrogen gas is supposed to be very
small in the pressure cell, it is also seemed not to be recog-
nized that the reaction of calcium carbide with nitrogen (Eq.4)
might take place above 130000 to form the graphitic component.

From the present result, it is possible to suggest that
the catalytic graphitization of carbon seems to be affected
by the atmosphere in the heating system so that the experi-
mental results thus far reported on the accelerating effect
of catalysts on graphitization of carbon should be reexamined.
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8. Mechanism of Accelerating Effect of Coexisting Minerals
on Graphitization of Carbon under Pressure.

a. Possible Processes of Graphitization of Carbon under
Pressure in the Presence of Coexisting Minerals.

The graphitization of carbon was found to be remarkably
accelerated by the heat treatment under pressure in the pres-
ence of coexisting minerals, such as natural limestone, cal=-
cium carbonate, calcium hydroxide, calcium oxide, sodium
carbonate, alumina, silica and magnesia.

From the follow-up of the change of the composite profile
of (002) diffraction line with HTT, it was found that the
turbostratic component AM transformed directly to the graphitic
component GM without going through intermediate state. The
similar change of the composite profile has been reported on
the carbon heat-treated under pressure without any coexisting
minerals. In the graphitization of carbon in the presence
of coexisting minerals, however, the mechanism of graphitiza-
tion seemed to be different from the graphitization without
any coexisting minerals.

Since the temperature, at which the graphitic component
appeared, depended strongly upon the coexisting mineral and
was much lower than that in the heat treatment of the same
coke under the same pressure without coexisting mineral,
chemical reactions between carbon sample and coexisting min~
eral had to be taken into considerations in the present study
(in the heat treatment of carbon under 3.2kbar in the presence
of coexisting minerals). In the presence of socium carbonate
and calcium hydroxide, the graphitization occurred even at
the temperature as low as 500°C and 600°C, respectively, which
was much lower than that in the heat treatment of the same
carbon sample under the same pressure of 3,2kbar as well as
under normal pressure. In the case of the presence of cal-
cium carbonate, the temperature at which the graphitic compo-
nent began to appear Wwas almost the same as that in the case

of limestone. Because the main species in limestone is

calcium carbonate, this result shows that calcium carbonate
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itself accelerates the graphitization of carbon.

It was also found that the accelerating effect of calcium
oxide on the graphitization of carbon depended strongly upon
its reactivity. In the presence of the most reactive calcium
oxide used in the present study, the graphitization of carbon
took place at about 1100°C which was almost the same tempera-
ture as those in the cases of limestone and calcium carbonate.
While in the presence of the least reactive calcium oxide, any
graphitic component could not be detected up to 150000.

A certain relation between content of the graphitic com-
ponent and thickness of the recrystallized zone of the coex-
isting minerals were observed in the heat treatment of carbon
in the presence of calcium carbonate, limestone and calcium
hydroxide. This relation made the author imagine that the
graphitization of carbon might be related to the physical
phenomena, such as recrystallization or melting, of the coex-
isting minerals. In the case of calcium oxides, however,
any recrystallization could not be observed.

On the other hand, a small amount of free calcium oxide
was identified in all cases of calcium compounds not only
in the coexisting minerals but also in the carbon specimen.
In addition, calcium carbide was observed in the carbon spec-
imens heat-treated above 130000 under 3.2kbar in the presence
of calcium compounds and calcium carbide itself was found to
decompose above 1200°C to form the graphitic component
experimentally..

These experimental results in the presence of calcium
compounds suggest that the intermediate formation and subse-
quent decomposition of calcium carbide seems to lead to the
formation of the graphitic component. — Above 1300°C, the
formation of the graphitic component seems to be expreséed by

the following formulae;

+ 1)
CaO +3C(am0rph0u8) e CaCZ CO

On the other hand, there were the experimental facts that no
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calcium carbide was identified in the carbon specimen heat-
treated up to 150000 under 3.2kbar in the presence of calcium
compounds and that the decomposition of calcium carbide was
difficult to be found after the heat treatment under 3,2kbar
up to 1200°¢C. Therefore, it is impossible to interpret the
formation of the graphitic component below 1}OOOC‘by the same
mechanism as that above TBOOOC. Below 1§OOOC, the formation

of the graphitic component may proceed through the following
reactions:

Ca0 + C —> Ca + CO (%)

(amorphous)

Ca » CO > cab+ C(graphitic) (4)
The formation of the graphitic component by this mechanism
is also possible for the high temperature procedd but it may
not be the major one.

1t has been known by the earlier 1nvest1gatlonsﬂ> g%out
calcium carbide that the reaction (3) begins at lower temper-
ature than that of the reaction (1). However, it is difficult
to define the exact temperatures of the beginning of these
reactions because the temperature has been known to vary over
a wide range with experimental conditions. The temperatures
reported for the beglnnlng of the reactions (3) and (1) spread
from about /OO C to 1200 C and from 1300 C to 1900 C, respec~
tively. The reverse reactions (4) and (2) of the reactions
(%) and (1) are also well recognized to take place because

both of metallic calcium and carbide are the very powerful

reducing agents. It has been also known that the more reac-
tive calcium oxide reacts with carbon easier or at lower
temperature®®

Calcium oxide distributed in the carbon specimen heat-
treated must be the reaction products according to the reaction
(4) or (2). If so, the content of the graphitic component
should vary with the content of calcium oxide. This was
verified by X-ray diffraction method and electron microprobe

analysis.
The free energy of the formation of the graphitic
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component through c¢ither the reaction (3) to (4) or the re-
action (1) to (2) is given by the following equation;

AG

"

+ AG )

Aa +AG - (&
CaO) ( GCaO amorphous

graphite

= (G -AG )

graphite amorphous

Thus, the driving force of the graphite formation through the
intermediate formation of metallic calcium or calcium carbide
is considered to be the difference in the free energy between
amorphous carbon and ordered graphite. Figure 75 shows the
free energy diagram of amorphous carbon and graphite, presented
by Fitzer and Kegelﬁmfor the pressure of 100atm. As known
from this free energy diagram, one can recognize that the
value of (AG - AG

graphite amorphous
reactions (%) to (4) and (1) to (2) surely proceed to form

) is negative so that the

the graphitic component.

The results concerning with heat treatments of the same
carbon under pressure in the presence of alumina, silica and
magnesia also support these mechanisms. Especially in the
case of magnesia which was known to react with carbon above
130000 but not to form any carbide over the whole experimental
temperature range, it was proved that the graphitic component
could be formed through a similar reaction to Eq. (3) and (4).

In general, therefore, the following mechanisms can be
proposed to the accelerating effect of coexisting oxides on
graphitization of carbon under pressure;

at lower temperature by the reaction

—_ o]
MeXOy * Camorphous Mexoy—1 * C
¥ (5)
+

Mexoy Cgraphite

and at higher temperature mainly by the reaction

mMe Oy + (n4my)C o rphous Mep Oy * YOO

(6)

-

mMeXOy + (n+mY)Cgraphite
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and by the reaction (5)

which reaction of igs. (5) and (6) proceeds mainly, depends
upon whether or not the coexisting mineral react with carboh
to form the carbide and the carbide reacts with carbon monox-

ide again to give the graphitic component under the experi-
mental conditions.

b. Additional ] ffect of Surrounding Atmosphere on Formation
of Craphitic Compcnent.

There are principally three kinds of surrounding atmos-
rheres to be taken into consideration in the present study.

The first is carbon dioxide caused by the decomposition
of coexisting carbonate, such as limestone, calcium carbonate
and sodium carbonate, and resulted from the oxidation of the
carbon sample by included or absorpted oxygen., Carbon di-
oxide is considered to react with carbon sample according to

Boudouard reaction,

cO, +C =2 2c0 (7)

Under the conditions of temperature and pressure used in the
rresent study, the equilibrium of the reaction (7) should

lean to the right hand side. In the pressure cell, therefore,
most part of the surrounding atmosphere is to be carbon mon-
oxide. Carbon monoxide is also produced by the reactions (5)
and (6).

A relation between content of the graphitic component
and ratio C]B/C12 of the carbon isotope in the carbon speci-
men heat-treated under 3.2kbar in the presence of limestone
seemed to give certain informations on the effect of atmos-
pheric carbon monoxide on graphitization of carbon. This
measurements of the value of 5013 were performed by the same
way as that described in Craig's paper”% The results obtained

is shown in Table 2.
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Table 2. Measurement of Carbon Isotope.

the content of

Sample used 0130/00 the graphitic
component
The original carbon sample -0.66
(PV-7)
Carbon specimen heat-treated
at 1250°C in the presence of +1.20 349
limestone
Carbon specimen heat-treated
at 1100°C in the presence of +0, 00 15%
limestone
Carbon contained as carbonate +20.14 -
group in the limestone used
where 5013 is
ol
3 CTB/C1zsamp1e - C13/C1‘standard
C in®%g = v x1000
013/C125tandard

A negative value for 5013.means that the carbon sample is
"lighter'", that is, contains less 013 than the standard gas.
Thus the values represent only the variations of relative
abundance. Then the value x of 6013 for the graphitic
component itself is estimated as follows;

for the carbon specimen heat-treated at 125000 in the
presence of limestone

0.34x + 0.66 (=0.66) = +1.20
hence X = +4.71 (/o) ,

for the carbon specimen heat-treated at 1100°C in the

presence of limestone

0.,15x + 0.85 (=0.66) = #0.00
hence x = +3.73 ( %o -
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Thus it 1s assumed that the carbon specimen having a

higher content of the graphitic component contains a larger

amount of " fer" i i
heavier' carbon atoms. This assumption deduce

the followings; carbon dioxide formed by the decomposition

of the limestone might react with carbon sample according to
the Boudouard reaction to produce carbon monoxide, and carbon
monoxide thus produced might take part in the reaction be-
tween calcium oxide and carbon sample (Egs. (1) to (4)).

The proposed reactions (3) to (4) and (1) to (2) are rewritten
as follows;

% ¢
CaC™0 )
3 —> Ca0 + C 02

3 3R
C 02 * Camorphous c70 + CO

Ca0 + C

amorphous >| Ca * CO

8
¢ (8)

CM}+(%¢.+Cgu)

and

X%
CalC O5 —> Ca0 + C O2

C oy * Camorphous —>|C70 + CO
CaQ + Bcamorphous — CaC2 + CO
J, (9)
%
Ca0 + E(Cgr. +Cgr.)
where C% indicates the '"heavier" carbon. The similar par-

ticipation of carbon dioxide to the formation reactions of
the graphitic component must be taken into consideration in

the cases of other carbonates.
The second atmosphere which must be considered is water

vapor caused by thermal decomposition of raw pyrophyllite
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holdere. In this case, water vapor seems to act on the COm
existing mineral and also on the carbon sample. The typical
example of the actions of water vapor on coexisting minerals
is the case of the heat treatments of carbon under pressure
in the presence of fluorides. In this case, fluorides re-
acts with water vapor to produce the corresponding oxides.,
Thus the mechanism of the accelerating effect of fluorides
on graphitization is finally led to the same mechanism as

that in the presence of the corresponding oxides.

Me F,. + yHEO —> MeXO

xFoy + 2yHF (10)

J
On the other hand, the action of water wvapor on the calcium
carbonate (limestone) is considered to lower the dissociation
temperature and consequently more reactive calcium oxide is
formed.

On the action of water vapor on the carbon sample itself,
it seems to be possible to say that the water-carbon reaction
is unlikely to take place in the present work and consequently
produce the graphitic component by the equilibrium among
resultant gases, because no graphitic component could be found
in the carbon specimen heat-treated up to 1500°C under 2.2kbar
without any coexisting minerals wheh the pressure cell was
constructed with raw pyrophyllite. The experiments on the
effect of water vapor on graphitization of carbon were also
performed by Kamiya and Inagaki”)under S5kbar. They found the
accelerating effect of water vapor on graphitization in the
case of heat treatments above 15OOOC under DSkbar. Therefore,
the effect of water vapor on the graphitization of carbon is
negligible in the present study.

The third stmosphere which must be considered is nitrogen
gas included when the assembly of the pressure cell is built
in air. As discussed in chapter 7, the graphitic component
is likely to be formed only when nitrogen reacts with carbide
to form cyanamide or nitride. In the present work, however,
any cyanamide and nitride could not be detected in the carbons
heat-treated uncer pressure, because the amount of nitrogen
gas included is emall and traces of carbide could be observed
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only in a few cases. Therefore the possibility that the
graphitic component would be produced by the reaction of car-
bide with nitrogen seems to be excluded in the present study.

c. Effect of Pressure on Graphitization of Carbon in the
Presence of Coexisting Minerals.

There seems to be mainly four kinds of effect of pressure
on graphitization, concerning with the proposed mechanisms.

The first possible one is the change of the free energy
of the reactions (5) and (6) with pressure. The change of
Gibbs free energy with pressure at constant temperature is
given by the integral of V-dP. Thus, if there is an over=-all
volume change associated with a reaction, the equilibrium con-
stant for the reaction may be shifted with pressure.

Congider the reaction (5) again,

Path I
y * Camorphous‘e—“ mMexOy—1 + 00

W Path II

mMeXOy + Cgraphite‘

nMe_ O
X

The path I, in which gaseous product (carbon monoxide) is pro=-
duced, will tend to be repressed by pressure. However, once
the path I takes place, the path II may proceed simultaneously
toward right hand side, because the path II leads to the de-
crease in over-all volume. Consequently the reaction may
progress toward the right hand side to produce stable graphite.
The oxide Me Oy reproduced by the reaction may react again
with amorphous carbon. The same consideration can hold ex-
actly in the reaction (6). Therefore the over-all free energy
change with pressure should be taken into consideration as the
driving force of each reaction. The change of the free energy

with pressure can be given as follows;

0 o G ©
- (AG 4460 ) - (4G +AG )
AGy (AGye xOyT 8 T Me OyT CamorphT
[ AG o “'AG’
grm CamorphT
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. P .
At any high pressure P, AGT is obtained from the following
relation;

IAG

( ) = Aav

Y

where AV is the difference in the volumes between graphite
and amorphous carbon as a function of both T and P, that is,
LV = Vgr(PyT) = Vamorph(P’T)o Hence,

p
AGE, = AGC,I?‘ + 5AV~J.P .
(o]

In the free energy diagram Fig. 75,

Acy £ O ,
and on the basis of the fact that the unit cell volume of
graphite is smaller than that of amorphous carbon,

AV = £(P,T)< O ,
over the whole pressure and temperature. Therefore,
ack < AcQ ¢ o
T T ¢

This means that the application of pressure in the system is
favourable to form the graphitic component.

Since the driving force to produce the graphitic compo-
nent is the free energy difference[&Gg, it is not essential
to go through the decomposition of carbide for the formation
of the graphitic component. Thus only carbon monoxide and
a reducing agent, such as metal or carbide, is found to be
needed to form the graphitic component under pressure.

The second possible effect of pressure is the role of
the enclosure of reaction products and consequently make the
path II proceed easily. No graphitic component could be
detected under an electron microscope in the carbon specimen
heat-treated up to IEOOOC in the flow of nitrogen in the

- 1%0 -



presence of magnesia, in spite of the occurrence of reaction
between carbon and magnesia, In the case of the heat treat-
ments under 3.ckbar, however, the graphitic particles were
found in the carbon specimen heat-treated at 14,00°C. These
experimental facts seem to suggest the important role of en-
closure of the reaction products in order to form the gra-
phitic component. The similar reaction of Mg + CO->MgO + C
wvas also reported by Komarek et alﬂz and they could not get
the graphitic component under normal pressure but amorphous
carbon, This fact seems to demonstrate that some proper gas
pressure of carbon monoxide is required to proceed the path II
and to produce the graphitic component.

The third possible effect of pressure is the enhancement
of the contact surface area of reactants. The path I in the
reactions (5) and (6) is the solid-s0lid reaction between
carbon sample and coexisting mineral. In such a reaction,
the rate of the reaction depends greatly on the contact sur-
face area hetween reactants, Therefore the pressure is ex-
pected to -enhance the contact surface area and consequently
increase the rate of the path I. For instance, Mukaibo and
Yamanaka?® found that the higher the pressure for the moulding
of lime and carbon was, the higher the rate of the reaction (3)
became.

The fourth possible effect of pressure is the presence
of the shearing stress in the carbon specimen. Generally
speaking, shearing stress is known to increase the rate of
solid~solid reaction. In the present study, pressure on the
carbon sample is transmitted by solid medium of pyrophyllite
in a simple piston-cylinder type pressure vessel so that the
pressure is not hydrostatic but quasi-hydrostatic. Since
liquidous metal and carbon monoxide gas are formed in the
system, the deviation from the hydrostatic pressure may be
reduced to certain extent. However, the effect of shearing
stress on graphitization of carbon must be taken into consid-
eration, but is not yet'understood in detail. The further
experiments should be carried out to evaluate of the effect
of shearing stress on graphitization of carbon by using

hydrothermal or nydrostatic pressure devices.
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9. Summary.

The accelerating effect of coexisting minerals on
graphitization of carbon under bressure was investigated in
the present study.

Heat treatments of carbon in the presence of coexisting
minerals were performed under 3.2kbar with a simple piston=~
cylinder type pressure vessel. The carbon sample used was
the polyvinylchloride coke carbonized to 680°C and had a
particle size in the range of 0,1 - O.lLmm. The carbon sam-
ple was samdwiched between two disks of coexisting minerals.

In the heat treatments under pressure, the real pressure
on the small carbon specimen should be measured at first by
using the same arrangement of the pressure cell as that in
the heat treatment of carbon. The pressure in a simple
piston~cylinder type vessel used was calibrated by means of
a new method developed in the present study, which concerns
with detecting volume change associated with polymorphic
transformation of the standard specimen as the change of
inductance of high frequency coil wound on the standard
specimen, The flow of pressure transmittor of pyrophyllite
during compression was also studied by the same method.
Standard specimens used were KNO3 and Agl, which are known
to have the transformation at a pressure of 3.6 and 3%.0Okbar
at room temperature, respectively, The results obtailned
are summarized as follows: (1) The transformation points of
the standard specimens were measured with good accuracy and
reproducibility in spite of a small volume of specimen, about
8.7% of the total volume of pressure cell. (2) Loss of pres-
sure in the present high pressure apparatus and the arrange-
ment of pressure cell was as small as about 3% This seemed
to be caused from the reduction of friction between pistous
and cylinder by using Myler and’asbestos composite paper, and
from the pressure multiplication by the steel disk used,

(3) At the moment when pressure was reached 3kbar, the flow
of pyrophyllite was found to be completed. At 1kbar, however}

- 132 -



it required about 5min to complete the flow of pyrophyllite.
The flow of pyrophyllite was greatly affected by the arrange-
ment of pressure cell. The present method is expected to be
used for detecting the transformation associated with the
change in dielectric constant or magnetic susceptibility.

The X-ray diffraction profiles of the heat-treated car-
bon specimens were measured by using Ni-filtered CuKX radia-
tion. The observed diffraction intensity was corrected for
the factors, such as Lorentz-polarization, atomic scattering
and absorption factors, by a conventional method. The com-
posite profiles of (002) and (004) diffraction lines were
observed on some carbon specimens and were concluded to con-
sist of two component profiles, one corresponding to the
graphitic component GM and the other to the turbostratic
component AM“ The composite profiles observed were separated
graphically into two component profiles. The content of the
graphitic component GM was obtained from the ratio of the
area under the profile of the component GM to the total area
of the composite profile, after the correction for the prefer-
red orientation of crystallites in the specimen used for the
X-ray measurement. (chapter 2. )

In the presence of natural limestone and calcium carbonate,
the graphitization of the carbon took place at about 10*0 C
under 3%.2kbar and proceeded gradually with the increase in
heat treatment temperature. In the presence of calcium
hydroxide, the particles having the same diffraction pattern
of six-fold symmetry as graphite single crystal were found,
besides the particles having continuous diffraction ring for
the turbostratic structure, under electron microscope in the
carbon specimen heat- treated even at 600°C and the diffraction
profile due to the graphitic component was observed in the
carbon specimen heat-treated above 800°Cc.  Under the same
pressure and in the similar arrangement of pressure cell
without any coexisting minerals, however, no graphitic compo-
nent was found to occur up to 1500 C. Therefore, these low-~
temperature graphitization of the carbon was assumed to be
attributed to the coexistence of calcium compounds. Phenom~
enally, a close relation seemed to present between the
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graphitization of carbon under pressure and the recrystalli-
zation of the coexisting calcium compounds. In these cases,
however, a small amount of free calcium oxide was found in
the heat-treated carbon specimen and this seemed to suggest
a chemical theory of acceleration of graphitization.(chapter 3)
In order to study the effect of the reactivity of calcium
oxide on the graphitization of carbon under 3.2kbar, the car-
bon sample was heat-treated under 3.2kbar in the presence of
three kinds of calcium oxide which had different reactivities.
The difference in the accelerating effect of these calcium
oxides onh graphitization of carbon was found to be remarkable.
In the presence of the most reactive calcium oxide calcined
at 9ZOOC, the graphitization of the carbon began at almost
the same temperature of 1100°C as in the cases of limestone
and calcium carbonate, and the content of the graphitic com-
ponent turned out to 100% at 1500°C for 60min. In this case,
calcium carbide was detected in the specimen heat-treated
above 130000. While in the presence of the least reactive
calcium oxide calcined at 1470°C, any graphitic component,
even hump on the profile of (002) diffraction line at the cor-
responding diffraction angle, could not be found in the speci-
mens heat-treated up to 1500°C.  The distributions of the
graphitic component and calcium in the heat-treated carbon
specimens were measured by X-ray diffraction method and an
electron microprobe analyzer, respectively. It was found
that a part having a larger content of calcium had a larger
content of the graphitic component. The possible mechanisms
of the accelerating effect of calcium compounds on the gra-
phitization of carbon were considered to be chemical ones
concerning with intermediate formation of metallic calcium
and carbide. The formation of the graphitic component was

suggested to proceed by the reactions;

Ca0 + C(amorphous)"b Ca + CO —> (a0 * C(graphite) (1)

pelow 1300°C
and, above 1300°C, mainly by the reactions;
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caC + 5c(amorphous)—> CaC, + CO —> Ca0 + sc(graphite).<2)

(chapter 4)
The same heat treatments were carried out in the presence

of sodium carbonate, alumina, silica and magnesia so as to
verify the mechanisms suggested. In the case of the presence
of sodium carbonate which decomposes at the temperature of
600°C to form reactive sodium oxide, the particles having the
graphitic structure were found in the specimen heat-treated

at the temperature as low as 50000. In the case of alumina,
the graphitization took place above 1200°C and traces of alu-
minum carbide could be detected in the alumina disk at the

part in contact with the carbon specimen heat-treated at 1500°C.
In the case of silica, the grarhitic component began to appear
in the carbon specimen heat-treated at 13OOOC, any carbide
could not be identified. In the case of magnesia, though the
reaction between the carbon sample and coexisting magnesia

was found to occur above 130000, no graphitic component coulad
be formed in the heat treatments of carbon in the flow of
nitrogen. On the other hand, the particles having the gra-
phitic structure were observed, besides the particles having
the turbostratic structure in the carbon specimens heat-
treated above 1MOOOC.

These experimental results were explained by the similar
reactions to Eq. (1) and (2) as follows; the formation of the
graphitic component in the presence of alumina proceeded
through the similar process as that in the presence~of calcium

compounds,

—> 2A10 + CO -———>A1203 + (%)

C .
A1203 * Camorphous graphite

241,05 + 9C morphous > A1, C5 + 600 —>281,05 + 9cgraphite(q)

and in the presence of sodium carbonate, silica and magnesla,

the graphitic component seemed to be formed through one of

reactions,
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Nazo + C -» 2Na + CO-—abhao + C

amorphous graphite - (5)

Si0, + C

> —> 810 + CO —9'5102 + C

amorphous graphite (6)

MgO + C —> Mg + CO —Mg0 + C

(chapter 5)
In the presence of calcium and magnesium fluorides,

their accelerating effects on graphitization under pressure
was considered to be attributed to the corresponding oxide
produced by the reaction between fluorides and water vapor,
which was resulted from decomposition of raw pyrophyllite
used as pressure transmittor. On the other hand, water
absorbed in calcium carbonate is known to depress its dis-
soclation temperature and subsequently to make reactive
calcium oxide at low temperature. In the present work, the
graphitic component began to appear in the carbon specimen,
heat-treated under 3%.2kbar in the presence of calcium carbon-
ate contained water, at 100000, 100°C lower than that in the
‘case of dry calcium carbonate. (chapter 6)

Nitrogen was also recognized to have a remarkable accel-
erating effect on graphitization of carbon in the presence of
coexisting minerals. In the presence of calcium carbonate
under the flow of nitrogen at one atmospheric pressure, the
graphitic component began to appear at around 17OOOC, about
200°C lower than under the flow of argon. This effect of
nitrogen on graphitization of carbon in the presence of cal-
cium carbonate was explained by the following reactions;

Ca(;o3 —> Ca0 + CO, (8)
Ca0 + camorphous —> Ca + CO (9)
Ca + 2Camorphous ——4>'Ca02 (10)
CaC, + N, —> Ca(CN}a —> Cally + Cyrannite (11)
CaC, —> Ca + 2cgraphite (12)
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0a + ey — Cagh, (13)

CaBNLF + 6C + 2N, —>» 3CaCN, + 3C

graphite’ (14)

So, the graphitic component was formed through the formation
of calcium cyanamide, the decomposition of calcium carbide,
and the reaction among calcium nitride, carbon and nitrogen.
However, it was possible to say that, because the amount of
nitrogen was very small in the pressure cell and from the
fact that any calcium cyanamide and nitride could not be de-
tected in the specimens, this effect of nitrogen was hardly
accepted as the mechanism for the formation of the graphitic
component under pressure. (chapter 7)

On the basis of these experimental results, the possible
mechanisms for the formation of the graphitic component under
pressure at low temperature in the presence of coexisting
minerals were discussed. The process for the formation of
the graphitic component could be separated into two kinds of
reactions depending upon whether or not carbide could be
formed at the temperature under consideration, that is,

at lower temperature

Path 1
mMeXOy + C(amorphous) z::i mMeXOy_1 + CO

J Path II (15)
mMeXOy * C(graphite)

and at higher temperature

Path I
mMexOy * (n+my)c(amorphous) Memxcn + myCo

J path II (16)
mMeXOy + (n+my)c(graphite)’

The reaction (15) seems to be also possible to take place at

higher temperature.
The driving force of the formation of the graphitic

component through the intermediate formation of reduced oxide
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or carbide was considered to be the difference in the free
energy between amorphous carbon and graphite. In these cases,
pressure was assumed to increase the driving force, to act as
a function of enclosure of the reaction products in the re-
action system, and to increase the rate of path I of the solid-
solid reaction due to the enhancement of the contact surface
area between the coexisting mineral and the carbon sample,
However, since pressure has also opposite effect, that is, to
make the equilibrium of the path I lean to left hand side,

one should determine the proper pressure under taking into
account of these factors.

In the present study, sintered tablets of the carbon
sample having the bulk density of 1.6 = 1.7g/cm3'were obtained
by the heat treatments under 3.2kbar at the temperature as low
as around 1000°C. The graphitization was also taken place
at low temperature which could not be expected in the case of
heat treatments without any coexisting minerals under pressure
as well as under normal pressure. Especially in the case of
calcium fluoride, a good quality of sintered tablet was obtained
. by heat treatment of the carbon sample at 1000°C under 3.2kbar
and the graphitization of carbon was completed at about 1500°C.
Thus, it is expected from the results obtained in the present
study that the carbon sample is possible to be sintered and
also well-graphitized at extremely low temperature by the heat
treatment of carbon under pressure in the presence of a proper
coexisting minerel.

The results of the present study are also believed to
give the substantial laboratory data for the formation mecha-
nism of natural graphite, for example, in the beds of limestone
and fluorite,
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