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I. INTRODUCTION

Pyrolytic graphite is the product of the pyrolysis of
hydrocarbons on surfaces heated to 1000-2500°C. In
recent years this material has attracted very considerable
attention from research scientists, technologists, and
engineers working in various fields of science and tech-
nology. This is because of the many quite unique proper-
ties of pyrolytic graphite. Its strength at temperatures
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above 2500° exceeds that of any other known material. It
has the highest ratio of strength to density (Fig. 1); its
thermal and electrical properties show a very charac-
teristic and highly developed anisotropy, the thermal con-
ductivity being very low in the direction normal to the
plane of deposition.

The particular method of preparation used ensures that
pyrolytic graphite is practically a non-porous material.

Pyrolytic graphite (or pyrographite) also has great
practical interest as one of the starting elements used in
the production of other pyrolytic materials (pyrometals,
pyrocarbides, pyrocarbonitrocompounds, etc.). The
results of investigations on the production, structure, and
properties of pyrographite can evidently be used to a great
extent in the characterisation of these other pyrolytic
materials. This is particularly true of the various pyro-
carbides and pyrocarbonitrides, which can be expected to
play an increasing part in the immediate future.

The study of the effect of formation conditions upon the
structure and properties of pyrographite is very interest-
ing also from a purely scientific point of view. Single
crystals of graphite large enough to permit measurements
of its physical and chemical properties have not yet been
prepared. The properties of graphite are commonly
studied using polycrystalline two-component or multicom-
ponent materials, prepared by a kind of ceramic technique
from graphitised carbon particles and a binding medium.
The properties of specimens of these materials depend on
many extraneous factors, such as the degree of dispersion
of the particles, complex contact phenomena, uncontrolled
porosity, etc.

The properties of pyrographite, which is prepared
without the use of a binder, depend only on purely struc-
tural arrangements. Therefore, pyrographite is very
attractive as a subject for investigation, especially in
studies of the electrophysical properties of graphitised
carbons.

IL SHORT DESCRIPTION OF THE METHODS FOR THE
PREPARATION OF PYROGRAPHITE

Pyrolytic carbon can be prepared by two paths:

1. Carbonisation, i.e. pyrolytic decomposition of carbon-
-containing materials in a condensed phase.

1100 1550 2000 2550 °C

Fig. 1. Effect of temperature on the specific
strength (ratio of strength to specific gravity)
of pyrographite and of some other materials:
1) pyrographite, along the a axis;
2) stainless steel;
3) tungsten;
4) graphite.
[The units of specific strength are not given;
it is often given as strength/density (Ed. of
Translation).]

2. Deposition of carbon, i.e. homogeneous or hetero-
geneous decomposition of hydrocarbon gases and vapours.

In addition, pyrographites can be classified according
to their preparation temperature into low-temperature
(produced at 800-1100°) and high-temperature materials
(produced at temperatures above 2000°). Low-tempera-
ture pyrographite can be prepared by deposition and by
carbonisation methods, whereas the high-temperature form
is usually prepared exclusively by deposition.

In the deposition method1»2, hydrocarbons are made to
impinge on a heated surface either in a stream of carrier
gas at atmospheric pressure or by diffusion of gaseous
hydrocarbons or the vapours of liquid hydrocarbons in an
evacuated reactor. The carrier is usually an inert gas
(nitrogen, argon, or helium).

There are many reports 3" 1 4 of the use of various
amounts of hydrogen in the reaction mixture, added to
decrease the rate of pyrolysis.

The solid deposition substrate, usually made of graphi-
tised carbon, is heated either by induction or by a direct
or an indirect resistance heater. Maintaining a constant
temperature during the deposition seems to be very impor-
tant. Many vacuum processes for making pyrographite
have been described8"8»15. They differ mainly in the
degree of vacuum used (from 10"1 mmHg9"8 to 10"7 mmHg15).

ΠΙ. PHYSICOCHEMICAL PROCESSES OCCURRING
DURING THE PREPARATION OF PYROGRAPHITE

The extreme thermal decomposition of hydrocarbons
has been investigated by many workers 1»2>7»8>11~81. One
of the earliest papers on the mechanism of the thermal
decomposition of hydrocarbons was published by Berthelot41

as long ago as in 1866.

There are a number of opinions regarding the mechanism
of the high-temperature pyrolysis of hydrocarbons.

According to Tesner and his coworkers20»22"35, and also
some non-Soviet authors12"14»21, the decomposition of
hydrocarbons on surfaces heated to high temperatures
involves the direct dissociation of hydrocarbon molecules
into carbon and hydrogen. However, Wheeler considers a

that the decomposition proceeds through the adsorption of a
hydrocarbon molecule on the surface, followed by dehydro-
genation of the adsorbed molecule.

At low concentrations, the formation of pyrolytic graphite
can only occur heterogeneously, since gaseous reactions
are precluded. According to Tesner and Rafal'kes25»29,
the rate of formation of a pyrolytic film at 800-1000° is
directly proportional to the hydrocarbon concentration, i.e.
the reaction is of the first order with respect to the hydro-
carbon. As the concentration is raised, the probability of
gaseous reactions increases, and at a well-defined critical
concentration (which Tesner calls2 9 the "threshold" con-
centration) the reactions in the gas phase begin to produce
carbon in a very fine state of subdivision (soot). However,
the formation of carbon at the heated surface continues
even when soot begins to precipitate in the reaction volume.

Tesner and his coworkers believe ̂ J 2 2 " 2 8 » 2 9 that the
inhibition by hydrogen of the pyrolysis reaction results
from activated adsorption of hydrogen on the surface or
from Stefan flow of hydrogen from the surface31. Accord-
ing to other workers "-«r2 1, the effect of hydrogen can be
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explained by a shift of the equilibrium towards the reac-
tants.

An alternative mechanism suggested for the formation
of pyrocarbon states that hydrocarbons are dehydrogenated
during pyrolysis1 to give complex polymeric aromatic
compounds, which are ultimately converted into solid
particles. According to this hypothesis, pyrocarbon is
an aggregate of extremely high-melting polymeric hydro-
carbons1'8'9'17»38»39»51. This provides a fairly simple des-
cription of the pyrolysis of aromatic compounds. Kinney
et al. M8»39 studied the pyrolysis of benzene and some of
its derivatives and found that the yield of pyrocarbon in-
creases with the molecular weight of the aromatic com-
pound, and that under these conditions fission of the aro-
matic rings does not occur, since low-molecular-weight
acetylene hydrocarbons are not detected in the effluent
gases even when hydrogen is used as the carrier gas —
hydrogen should favour the formation of these compounds.
Gases which usually accompany acetylene (e.g. ethylene)
are also absentl.

These features of the pyrolysis of aromatic compounds
were confirmed by the work of Rudenko2, who demon-
strated the absence of products from the decomposition of
the benzene ring in the gases obtained from the pyrolysis
of benzene. In a study of the pyrolysis of anthracene,
Kinney et al.39 obtained resinous products as well as solid
carbon. Chromatographic analysis of the resin revealed
the presence of the anthracene condensation products
9,10-diphenylanthracene and 1,2,5,6-dibenzanthracene. A
fraction having an ultraviolet adsorption spectrum identical
to that of 9,9'-bianthryl was isolated. Multiple dehydro-
condensation, analogous to the process observed during
coking of petroleum products52, obviously occurs:

+ H, + H,, etc.

Thus, the pyrolysis is characterised by the so-called
"wall effect", i. e. the recombination of radicals at the
walls of the reaction chamber or at other surfaces within
the reaction zone.

In addition to wall recombinations (chain breaking),
reactions between radicals occur also in the reaction
volume: these lead to a whole spectrum of more complex
hydrocarbons.

Hague and Wheeler44 consider that the initial act in the
decomposition of methane is the formation of hydrogen and
a methyl radical.

Bone and Coward11, and also Fischer36»45, are of the
opinion that the first stage in the decomposition of methane
involves the formation of the radicals CH,, CHg, and CH.

Rice et al.46 have shown that gaseous hydrocarbons, in
particular butane and propane, when passed through a
quartz tube heated to 800-1000° at a pressure of 10 mmHg,
can destroy Pb, Zn, and Sn mirrors at a distance of
30-40 mm from the reaction zone. This is evidence for
the presence of free radicals.

Rice and Dooley47 showed that the main reaction occur-
ring during the pyrolysis of ethane is dissociation into free
radicals rather than splitting off of molecular hydrogen,
as had been assumed by many other workers.

Poltorak and Voevodskii58 used deuteration to prove that
the pyrolysis of propane occurs by a radical mechanism;
this relies on the ready exchange between deuterium and
the hydrogen of free radicals. Propane was pyrolysed in
the presence of deuterium, and deuterium was detected in
the hydrocarbons produced by the reaction in amounts
which were not a function of reaction time.

Shantarovich and Pavlov60 studied the kinetics of the
thermal cracking of methane on porcelain and carbon black
surfaces. The shape of the kinetic curves given by the
cracking reaction on carbon black is indicative of auto-
catalysis, the acceleration being due to the development of
a chain process. The authors conclude that the decom-
position of methane occurs by the following scheme:

The presence of diphenylanthracene is due to the excess
hydrogen, which causes partial rupture of the aromatic
rings. The reaction occurs on the surface as a result of
sorption and dehydrogenation of the hydrocarbons, with
formation of highly condensed products unlikely to diffuse
into the gas phase. On this model, hydrogen lowers the
yield of carbon by causing hydrogenation.

The fact that hydrogen has a more pronounced effect in
the pyrolysis of non-aromatic hydrocarbons22 lends
support to these views, since these compounds evolve more
hydrogen.

Grisdale and coworkers 17>50 have suggested a similar
mechanism, but they believe that condensation of aromatic
rings occurs in the gas phase, with subsequent deposition
of high polymers on the surface. The main evidence in
favour of their mechanism is the frequent appearance of
spherical drop-like formations on the pyrographite sur-
face. However, the authors do not advance any really
serious arguments in support of their views. The attempt
by Conroy et al.38 to detect highly condensed aromatic
hydrocarbons in the gas phase was unsuccessful.

Other workers 15»40-49>51>53»58»60 point out that the pyro-
lysis of hydrocarbons involves a free-radical mechanism.

H + CHi-CHj + H,,
CH,-*CH, + H,

CH, + CHt-»CH, or CH. + CH4-.2CH,.

Retardation by hydrogen is probably associated with
chain breaking by hydrogen, and with displacement of the
equilibrium towards the reactants. A critical inspection
of the suggested mechanisms prompts the following remarks.

The direct decomposition mechanism lacks adequate
experimental proof. The authors quote only activation
energy values, which are found to be of the same order as
the energy of the C-H bond. The formation of carbon
from aromatic hydrocarbons is inexplicable on the basis
of this mechanism.

The multiple dehydrogenation mechanism is more
realistic, and can claim sounder experimental confirmation.
The retarding effect of hydrogen on the rate of formation
of pyrolytic graphite is an additional indirect proof of the
dehydrogenation scheme for the formation of carbon films.
However, in view of the work of Stehling and others40»42, a
purely condensation type of mechanism is unacceptable.
It is clear that this mechanism occurs in conjunction with
radical polymerisation.
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The radical mechanism for the formation of pyrolytic
graphite appears to us to be the most probable, since it
has quite unambiguous experimental confirmation. We
may therefore describe the formation of pyrolytic graphite
as follows.

When the hydrocarbon molecules enter the high-tem-
perature region, they are split into free radicals. With
aromatic hydrocarbons, fissure occurs at C-H bonds,
whereas with aliphatic hydrocarbons the C-C bond is
mainly affected61. The hydrogen atoms produced by the
cleavage of the molecules react with the incandescent carbon
surface to give lower hydrocarbons and their radicals:
0^x1.49 ΟΓΙ39 (^2*^5 J ^ 2 * ^ 1 y ^ 2 " < ϊ y 2 y EHICI L ^ C < J. H 6 S G

produce active centres on the carbon surface, able to react
with newly formed radicals. Extensive dehydrogenation
and consolidation of the radicals occurs before these can
enter into the reaction from the gas phase.

Thus, a large number of local interactions occurs
simultaneously at many sites. The resulting film of pyro-
lytic graphite is a true replica of the outline of the sub-
strate surface, showing that the carbon atoms cannot move
over the surface at high temperatures.

The hydrocarbon residues, being on a hot surface whose
energy is higher than that of the surrounding gas phase,
can split off hydrogen and react with neighbouring residues,
thus forming a crystal lattice.

Since aromatic structures are thermodynamically the
most stable at high temperatures, cyclisation takes place
on the surface, with formation of a graphitic network. The
distance between graphitic planes, and the development of
three-dimensional order, depend on the deposition tem-
perature. At low hydrocarbon concentrations (whether
under atmospheric pressure or in a vacuum) and at tem-
peratures of the order of 2000° the fundamental processes
take place on the surface. At temperatures above 2800°
in a vacuum the vapour pressure above the carbon surface
is so high62 that the radicals cannot reach the surface, and
decomposition of the hydrocarbons occurs in the gas phase.

At relatively low temperatures (~ 1100°) the energy of
the surface is much lower, and the radicals can penetrate
inside the pores of the carbonaceous material and decom-
pose there. This is the basis of the bulk densification of
graphitised carbon articles, designed to impart greater
strength and hardness and lower permeability to gases19»20.
The process should be carried out at low concentrations,
for otherwise the orifices of the pores may become rapidly
covered over, and prevent the penetration of the hydro-
carbon into the material.

Simultaneously with the surface decomposition, reactions
leading to the formation of biphenyl, acetylene, hydrogen,
etc. take place in the bulk43. The rate of these reactions
is determined by the concentration of the vapours under-
going pyrolysis and also by the temperatures and duration
of the process and by the physicochemical properties of
the surface.

The influence of temperature and of partial pressure
of the gas on the rate of growth of the carbon film was
investigated by Murphy et al. **, who used the logarithmic
equation of Chen et al.ω to describe the effect of these
factors:

the diameter of the film of pyrographite, ρ the electrical
resistivity of the film, L the length of the film of pyro-
graphite, 6 the thickness of a monatomic layer of carbon
in the film of pyrographite, Κ the rate constant for the
growth of a monatomic layer, k Boltzmann's constant, h
Planck's constant, AS* the entropy of activation under
standard conditions, ΔΗ* the activation energy standard
conditions, R the gas constant, and Τ the absolute tem-
perature.

The rate constants measured experimentally for the
pyrolysis of benzene, toluene, and methane are plotted
against 1/T in Fig. 2. The linear plot shows that the reac-
tion rate is quite low at temperatures below 860°, but
becomes very large above 940°.

Similar kinetic curves were reported by Mar'yasin and
Tesner23»24, who studied the kinetics of the deposition of
pyrographite films by the pyrolysis of methane in the tem-
perature range 1400-1700°. This indicates that the tem-
perature coefficient of the pyrolysis reaction rate is high.
Between 1600° and 1800° this coefficient can apparently
exceed the temperature coefficient which determines the
lowering of the activation energy attending the ordering of
the structure of the pyrographite film. This results in the
phenomenon of structure disordering described below, and
causes a decrease in the density of pyrographite in this
temperature range.

The influence of the surface on the production of pyro-
lytic graphite needs special consideration.

Kobozev56, in his study of the cracking of methane to
acetylene, investigated the possible catalytic effect of the
surface in the pyrolysis of methane to carbon. He found
that the yield of carbon on the walls of the reactor was
increased 50- to 100-fold when quartz or porcelain vessels
were used. The reaction was typically catalytic, as
shown also by the very specific action of various materials,
depending on the type of surface, which was observed dur-
ing a search for catalytic poisons to suppress the pyrolysis
of methane to carbon.

Benevolenskaya and Kel'tsevs9 state that active alumina
surfaces produce the most extensive decomposition of
hydrocarbons undergoing cracking. At 1300° the hydrogen
content of the effluent gases was as high as 96-i

RT

where m is the rate at which the electrical conductance
increases, p the partial pressure of the hydrocarbon, D

Fig. 2. Temperature variation (after
Murphy et al.6*) of the rate constant (K)
for the pyrolysis of: i:
1) toluene;
2) benzene;
3) methane.
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Kinney and Del Bel1 studied the pyrolysis of aromatic
hydrocarbons from benzene to chrysene on different sur-
faces. They found, in particular, that the rate of pyro-
lysis (e.g. of anthracene to carbon) increases -with the
amount of coke present in the reactor, which suggests a
heterogeneous catalytic reaction. The rate of reaction is
increased also by silicon, mullite, and quartz, the quartz
being by far the least effective.

According to Holdeman and Botty55, heavy metals are
the most active catalysts for the formation of pyrolytic
carbon. They believe that the cracking of methane to
carbon at temperatures up to 1000-1200° is a purely sur-
face catalytic process. The actual catalyst in this case is
either adsorbed carbon or the substrate surface, modified
by the reducing action of hydrocarbon radicals and hydro-
gen at these temperatures.

Fig. 3. Electron diffraction pattern of pyrographite.

IV. STRUCTURE OF PYROGRAPHITE

The remarkable properties of pyrographite are very
much bound up with the structure of the material. This is
particularly true of its highly developed anisotropy.

We know64 that the various kinds of graphitic carbon
material have in common a highly polymeric arrangement
of the carbon atoms, which exist in hexagonal planes of
different sizes and differently oriented in space.

In the most highly ordered state (graphite single crys-
tals) the hexagonal planes of carbon atoms are stacked in
the sequence ABAB. Theo interatomic distance in the six-
-membered rings is 1.42 A, and between the symmetri-
cally disposed planes it is 6.71 A. In the hexagonal
graphite lattice, three σ electrons form strong covalent
bonds with three neighbouring atoms in the plane, and the
fourth electron forms a weak ττ bond with a carbon atom
from a neighbouring plane. The highly anisotropic pro-
perties in two mutually perpendicular directions is a direct
consequence of this arrangement

The opposite limiting case, a completely disordered
state, corresponds to a statistically indeterminate dis-
tribution of the separate carbon planes over the volume of
the material, the binding between the planes involving
hetero-atoms, functional groups, or linearly polymerised
carbon atoms.

However, this is an extreme case. In practice, even
the most disordered carbonaceous materials consist of
stacks of hexagonal planes which are mutually parallel,
oriented with respect to the normal, and have dimensions
of the order of 25 A in thickness and 35 A in diameter.
These crystallites are bound together by the uncompensated
valencies of the corner atoms, and also by the linearly
polymerised carbon, hetero-atoms, etc. already mentioned.

Between these two extremes we find a whole range of
intermediate structures 6 5. Their distinguishing feature
is the fact that the size of the crystallites in the direction
of a axis varies from 50 to a few hundred Angstrom units,
and that only two-dimensional order persists. This means
that orientation is complete only with respect to the normal
to the crystallites.

Pyrographite is typical of the class of polycrystalline
intermediate structures. However, it is distinguished by
a high degree of preferential crystal orientation, observed
in the aggregates of crystallites. The evidence for this is
the electron diffraction pattern shown in Fig. 3 and the

clearly developed hexagonal symmetry of the reflection
patterns. X-Ray diffraction studies 66>67 have shown that
the individual crystallites have a well-developed texture of
(002) planes parallel to the deposition surface (Table 1).

This crystallographic picture is in good agreement with
the results obtained by Fialkov et al.m in an X-ray struc-
tural investigation of natural graphites which had been
made amorphous.

Other diffraction work has shown 8,β7>6θ that the degree
of orientation of the hexagonal planes with respect to the
deposition surface increases at higher deposition tempera-
tures. The preferential orientation of pyrographite as a
function of deposition temperature is assessed by X-ray
diffraction67 from the intensity of the (002) reflections
obtained when the deposition surface is aligned at various
angles to the incident beam. The degree of preferential
orientation was evaluated67 as the ratio of wmax tow mm, the
relative intensities obtained with the deposition surface
perpendicular and parallel to the incident X-ray beam.

Bragg and Packer TO, from measurements of the integral
intensity of the (002) line, constructed a plot of this para-
meter (expressed in arbitrary units) against the inclination
of the specimen (a) to the incident beam. They showed
(Fig. 4) that the intensity of the (002) line varies linearly
with a [Fig. 4 shows that the logarithm of the intensity
varies linearly with a 2 (Ed. of Translation)] for specimens
deposited at 1950° (1) and 2100° (2). Heating at 3000° for
various times (curves 3 and 4) introduced some departures

TABLE 1. X-Ray diffraction analysis of pyro-
graphite.

Specimen

Prepared** in induction-
-heated vacuum furnace
•t 2300P

Prepared in induction-
-heated vacuum furnace
at 2400°

Prepared" in a vacuum
resistance furnace at
210(f

Prepared in a vacuum
resistance furnace at
25O0P

Intorplanor
spacing,

4» . A

3.38

3.35

3.42

3.37

Crystallite
size along

a axis, La, A

300

600

235

—

Degree ol
graphitisa

tion
(Ref. 71)

0.57

1.0

0.07

0.78
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Fig. 4. Variation of the intensity I002 with
the angle of incidence of the X-ray beam
(after Bragg and Packer70) for different
specimens of pyrographite, deposited:
1) at 1950°; 2) at 2100°; 3) at 2100°,
followed by heat treatment for 5 min at
3000°; 4) treated for 25 min at 3000°.

TABLE 2. Influence of temperature and method of heating of the
deposition surface upon the degree of preferential
orientation.

Deposi-
tion tem-
perature,

°C

2100

2100

2100

2300

2100

2300

1700

1700

2400

2100

2500

Method of heating

in resistance furnace (at
atmospheric pressure)

in resistance furnace (at
atmospheric pressure)

in resistance furnace (at
atmospheric pressure)

in resistance furnace (at
atmospheric pressure)

in resistance furnace (at
atmospheric pressure)

in resistance furnace (at
atmospheric pressure)

induction (in vacuo)

induction (in vacuo)

induction (in vacuo)

in resistance furnace (in
vacuo)

in resistance furnace (in
vacuo)

Subsequent
heat treat·

ment

none

none

heated to
2900°

heated to
2900°

heated to
3400°

heated to
3400°

none

3 h at
2500°

none

none

none

Preferential orientation

"max^min

5

5

2000

2000

4000

Literature
references

from linearity. However, Fig. 4 justifies the general con-
clusion that the (002) planes of the crystallites in pyro-
graphite show a gaussian distribution, which can be
expressed in the form:

where σ is the variance of the distribution.

At higher preparation temperatures, and after high-
-temperature treatment, σ decreases. Measurements of
the diamagnetic susceptibility of a pyrographite film in the
above-mentioned directions are a good method for evaluating
structural anisotropy10.

Data on the degree of preferential orientation as a func-
tion of deposition temperature and method of heating are
reproduced in Table 2. It can be seen that the value of
w max A min varies from 5 at 1700° to approximately 4000 at
2500°.

The magnetic measurements reveal quite substantial
changes in anisotropy after heat treatment (up to 3400°) of
specimens prepared at 2100-2300°.

At temperatures of 2200-2300° and above, the pyro-
graphite begins to develop three-dimensional order. This
transition is preceded by a steady increase in crystallite
size with temperature (both the height Lc and the diameter
La), and by a decrease in interplanar spacing (Table 1).
The transition manifests itself by the appearance and
development of a (112) X-ray structural reflection, detected
by the increase in the ratio of line intensities /U 2//U 0 .

Another quantitative test of the incipient three-dimen-
sional ordering is provided by the sharp increase in elec-
trical and thermal anisotropy. Taking a value of approxi-
mately 3.42 A for the interlayer distance in the disordered
state, and 3.355 A in the single crystal, Kasatochkin and
Kaverov71 proposed the parameter γ for estimating the
degree of graphitisation:

τ == 3.425 — C / 2 3.425 — C/2

0.0053.425 — 3.355

where Co/2 is the measured interlayer distance of the
specimen.

Fig. 5 shows the variation of the three-dimensional
ordering parameter of pyrographite with deposition tem-
perature. By using induction heating (curve I), values
varying between 0 and 1 can be obtained in the temperature
range 1700-2400°.

These changes are characteristic of all types of graphitic
carbon showing good graphitisation (homogeneous graphi-
tisation, in Franklin's terminology72). When heating is by
passage of an electric current through the specimen on
which deposition is taking place (c/. curve 2 of Fig. 5), the
graphitisation parameter is much lower. The difference
between the two methods of heating is most probably due to
an increasing thermal isolation of the pyrographite layer on
the heater, causing a decrease in deposition temperature
with increasing distance from the original surface of the
heater.

Blackman and Ubbelohde 6 9 have published photometric
curves obtained in an X-ray diffraction study of individual
specimens of pyrographite of different thickness. Fig. 6
shows that the (feOZ), (hkl), and (00/) lines decrease in
intensity and increase in width as the thickness of the
deposit increases, indicating a decrease in the degree of
three-dimensional order with increasing separation from
the original deposition surface.

1100 1900 2100 2300 2i
deposition temperature, ° C

Fig. 5. Effect of deposition temperature and
method of heating on the parameter for three-
-dimensional structural ordering in pyrographite:
1) heating in induction furnace;
2) heating in resistance furnace.
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20 30 40
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SO

Fig. 6. Photometric traces from an
X-ray diffraction study69 of pyrographite,
taken at various distances from the basal
deposition plane:
1) 0.33 mm; 2) 0.49 mm; 3) 0.59 mm.

Fig. 8. Structure of pyrographite, observed in an electron micro-
scope (X8400).

Quite sharp differences in character between the resulting
structures are revealed by the X-ray diffraction data for
deposits of pyrographite obtained by Collingan andGalasso37.
These authors showed that the structure of pyrographite is
not a function of temperature only. Thus, they report that
the (hkl) lines of specimens prepared at 1900° in an induc-
tion-heated furnace are sharper than those of specimens
produced in a resistance furnace at 2200° and 2300°. It
is right to point out, in this connection, that the deposition
temperature is not a unique and sufficient criterion for the
formation of the pyrographite structure. In addition to
the temperature and to the method of heating, the composi-
tion and pressure of the gas phase, the gas flow rate, etc.,
can be expected to have a definite effect on the structure.

Fig. 7 shows a typical pyrographite microstructure,
consisting of columnar formations of conical shape. As
shown by X-ray diffraction, the hexagonal carbon planes
are preferentially oriented normally to the conical forma-
tions, whose dimensions are typically a few microns. At
higher deposition temperatures the columnar formations
become dispersed9»73»120.

High-temperature plastic deformation at 2750° tends to
convert (10) lines into (100) and (101) lines. Thus, the
degree of three-dimensional order — assessed by the

increase in intensity of (101) lines — increases with the
amount of plastic deformation74. Examination of pyro-
graphite 7 5 in the electron microscope has revealed poly-
gonal formations with a very fine internal structure.

The present authors have been able to detect120 sub-
grains of less than 0.1 μπι diameter in pyrographite pre-
parations in the electron microscope (Fig. 8), thus con-
firming earlier reports 75»7e.

V. PROPERTIES OF PYROGRAPHITE

1. Density

The specific gravity of polycrystalline graphitised
carbon materials is one of their most important charac-
teristics. This criterion is also very informative with
pyrolytic graphite.

The variation of density with deposition temperature has
been described by Brown and his coworkers7»8»73»77.

On the curve of density against deposition tempera-
ture (Fig. 9) we may distinguish the following sections:
(1) 1000-1400°; (2) 1400-1700°; (3) 1700-2000°;
(4) 2000-2500°.

It can be assumed that the density of a pyrolytic graphite
deposit is controlled by two main factors: (1) the mobility
of carbon atoms on the deposition surface (the rate of

Fig. 7. Microstructure (x 50) of pyrographite, pre-
pared by the authors1 2 0 in vacua at 2100° in a res i s-
tance furnace.
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Fig. 9. Variation in density of pyrographite
with temperature (after Brown and Watt8).
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reorganisation of the crystallites); (2) the size of the
hydrocarbon radical involved in the decomposition process
at the surface.

In the temperature region 1000-1400° the mobility of
carbon atoms is low and the hydrocarbon radicals are
small, so that the resulting deposits are weakly oriented
and have a high density (2.0-2.1 g cm"3). Between 1400°
and 1700° the activation energy of the dehydrogenation
processes decreases, and the rate of formation of hexa-
gonal carbon planes increases. At the same time, the
hydrocarbon radicals become very much larger. The net
result of these effects is to produce poorly oriented
deposits of quite low density (as low as 1.29 g cm"3 at
1700°).

At temperatures above 1700°, there is a sharp increase
in the mobility of the hexagonal carbon planes, and fairly
well oriented deposits of high density are formed in spite
of the possibility of larger hydrocarbon radicals (the
density exceeds 2.22 g cm"3, and approaches the value of
2.26 g cm"3 found in single crystals9).

The density and other properties of the deposits are not
a function of the nature of the hydrocarbon7»8»20»73»77.

Studies of gas permeability19»73 have shown that open
pores are absent. This suggests that the change in density
of pyrographite is due exclusively to changes in the packing
of the crystallites and of their constituent hexagonal layers.

loo 4oo em no woo
temperature, °C

Fig. 10. Temperature variation of linear thermal expansion for
pyrographite and single crystals of natural graphite in two mutually
perpendicular directions80:
a) along the a axis:
1) of specimens prepared at at atmospheric pressure;
2) of coarsely crystalline structures prepared in vacua and heat
treated for 3 h at 2700°;
3) of coarsely crystalline structures prepared*» vacuo;
4) of microcrystalline structures prepared in vacuo;
5) of microcrystalline structures prepared in vacuo and heat
treated for 3 h at 2700°;
6) of single crystals of natural graphite;
b) along the c axis:
1) of single crystals of natural graphite;
2) of pyrographite as prepared;
3) of pyrographite heat treated for 1 h at 3000°.

2. Hardness

The hardness of pyrographite is afunction of the deposition
temperature, and shows a maximum at 1000-1520 ° according
to Tesner and Timofeeva20. This is because the material
prepared at these temperatures has the maximal amount of
structural disorder and the best developed system of cross-
- linking bonds.

The hardness of pyrographite has been found to be
higher in the deposition direction than at right angle to it.

According to Lozier and Manofsky9, pyrographite of
density 2.2 g cm"3 (deposited at 2000°) is nine or ten times
harder in the deposition direction than ordinary polycrys-
talline graphite. Subsequent heat treatment at 3000° pro-
duces a four- or five-fold decrease in hardness, both in the
deposition direction and perpendicular to i t

3. Linear Thermal Expansion

Pappis found78"81 that the linear thermal expansion
coefficient of pyrographite is directly related to the crys-
tallographic anisotropy of the material. Fig. 10 shows the
changes in linear thermal expansion of pyrographite speci-
mens in two mutually perpendicular directions as a function
of the temperature and method of preparation, and of heat
treatment. An increase in the deposition temperature, and
high-temperature heat treatment, cause the linear expan-
sion coefficient in both directions to approach the corres-
ponding values for single crystal specimens9. However,
as Fig. 10 shows, the two values differ very considerably.
This is because the linear expansion coefficient of pyro-
graphite is sensitive not only to crystallographic factors
but also to the microstructure, and to the internal stresses
which develop in the material. Heat treatment at 3000°,
by favouring the growth of structural anisotropy, also
relieves internal stresses in the material. Specimens

prepared at atmospheric pressure (unlike those prepared
in a vacuum) do not show a negative temperature coefficient
between 0° and 700° in the direction parallel to the deposi-
tion surface. This indicates a considerable decrease in
the degree of preferential orientation of the hexagonal
carbon layers.

The large difference (more than a factor of ten) between
the linear thermal expansion coefficients in two mutually
perpendicular directions causes the large internal thermal
stresses which appear in pyrographite on cooling69.

4. Mechanical Properties V4»78»80-84

There are large discrepancies between results obtained
by various authors, owing to the lack of a unique method of
determining the mechanical properties of pyrographite.
Hence, the statements made below should only be accepted
as tentative. Like many of its other properties, the
strength of pyrographite shows distinct anisotropy. It is
highest in the direction parallel to the deposition surface.

(a) The tensile strength increases with temperature
(as in the case of polycrystalline graphites). Pappis80

explains this phenomenon in terms of the increase in
plasticity of pyrographite on heating. However, it seems
more likely that the increase in strength of pyrographite
with temperature is associated with the relief of internal
stresses, the closing up of microcracks, and the increase
in area of contacting surfaces on heating.

The temperature coefficient of the tensile strength
depends on the deposition temperature (Fig. 11), and to a
lesser degree on the size of the conical fragments.

A decrease in grain size makes the appearance of
internal stresses less likely, and thus raises the strength
of these materials.
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400 SOU tWO 1600 WOO
temperature, °C

Fig. 11. Temperature variation of the tensile and
bend strengths of pyrographite:
1) bend strength80 with load applied parallel to the
c axis;
2) bend strength with load applied normal to the c
axis;
3) ultimate tensile stress8 5.

One of the main differences between pyrolytic graphite
and the normal polycrystalline graphite carbons is the
steady increase in strength of the former up to tempera-
tures 8 3 in excess of 3000°.

(b) The bend strength increases with decreasing size of
the conical formations, again because of the decreased
probability of crack formation. This parameter also
increases slightly with the temperature of the measure-
ment (Fig. 11).

(c) The elongation increases from 0.1% at room tempera-
ture to 24% and 59.2% at 2500° and 2750° respectively74.
At 1650° the elongation of pyrographite is higher than that
of any other form of synthetic graphite.

5. Thermal Conductivity8"9'β9'71»73'74»80"82»84'8β»87

It is evident, from the data of Table 3, that the aniso-
tropy coefficient at 300°K can vary from 50 to 100 accord-
ing to the conditions under which the pyrographite is
prepared87. In the direction parallel to the deposition
surface the thermal conductivity can be as high as
320 kcal m"1 h"1 deg-1, which is higher than the thermal
conductivity of copper, whereas in the perpendicular direc-
tion it has a value of the order of 1-3 kcal m"1 h"1 deg"1,
which corresponds to the best high-temperature thermal
insulants.

The temperature dependence of the thermal conductivity
of various types of pyrographite is shown in Fig. 12. It is
determined by phonon-phonon interactions and by the size
of the crystallites. The curves go through a maximum at
50-100°K. Below these temperatures Κι is proportional
to Ta, where a lies between 2.3 and 2.8. These data
show that the anisotropy coefficient of the thermal con-
ductivity of pyrographite is also a function of temperature.

TABLE 3. Thermal conductivity of pyrographite.

Specimen

Raytheon pyrographite
(Ref. 87)

Raytheon pyrographite
(Ref. 87)

General Electric pyro-
graphite (Ref. 87)

Density,

g cm"

2.10

2.17

2.19

Thermal conductivity, kcal m* h*4 dag*1

measurement
temperature,

300

300

300

2.25

2.95

1.24

K|

215

320

57

Thermo 1
anisotropy
Kt/KL

95

110

46

S.SIO

8.SW

s.s w
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S.Btt3i 3 W 30 100 300 W003000 temperature ° Κ

Fig. 12. Temperature dependence of the thermal
conductivity of various specimens of pyrographite
(PG) and natural graphite (NG) at right angles to
the c axis, after Slack87. Values of K\\ (parallel
to the c axis) are given only for two specimens.
NG-15, Canadian natural graphite; PG-24,
National Carbon pyrographite; PG-21, Royal
Aircraft Establishment pyrographite; PG-20,
Raytheon pyrographite; PG-18, National Carbon
pyrographite; PG-0, General Electric pyrographite.

6. Electrophysical Properties

(a) E l e c t r i c a l r e s i s t i v i t y . Fig. 13, based on
Klein's results88, shows the effect of deposition tempera-
ture on the electrical resistivity in a direction parallel to
the deposition surface (see also Table 4).

The curve of Fig. 13 can be divided into sections corres-
ponding to the following temperature ranges: 1100-1700°,
in which the curve slopes gently; 1700-2000°, where the
electrical resistance falls sharply (by about a factor of
ten); above 2000°, where the curve slopes gently again.

This curve has a characteristic similarity to the
behaviour of conventional well graphitised materials. How-
ever, the inflections occur at lower temperatures with the
latter materials, and the resistance in the direction of the

4000

δ 3000

Ξ 2000

woo.

mi UU 2200 t*00 2SO0
deposition temperature, °C

Fig. 13. Effect of deposition temperature88 on
the electrical resistivity of pyrographite in the
direction of the a axis:
1) pyrographite prepared in an induction furnace;
2) pyrographite prepared in a resistance furnace.
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TABLE 4. Electrical resistivity at 20° of pyrographite
and some graphites.

Materials

Pyrographite**
prepared at 2500°

Graphite single crys-
tals ·

Graphite "whiskers" "
Synthetic graphite

Resistivity, 0 mm* m*

Pa | Pc

3

0.4
0.5

10

11000

50

Anisorropy

Pa/Pe

3670

125

deposition plane is much lower in the case of pyrographite.
This is yet another manifestation of the sharp structural
anisotropy of pyrographite. However, the electrical
resistance in the direction of the a axis is about an order
of magnitude higher than in a graphite single crystal.

For the reasons already discussed, the resistance at
right angles to the deposition surface increases with
deposition temperature. This gives rise to a large
increase in the anisotropy of the electrical resistivity with
increase in deposition temperature. As Klein points out88,
this effect is intimately related to the structural anisotropy
of the material («max/wrrin, measured by X-ray diffraction
as described above).

(b) M a g n e t i c s u s c e p t i b i l i t y . The magnetic
susceptibility of pyrographite, like that of other graphitic
carbons, is of the diamagnetic type. This is explained by
the aromatic structure of the carbon network.

Table 5 gives the diamagnetic susceptibility of pyro-
graphite specimens (after Fishbach10), together with
susceptibility data for single crystals.

The diamagnetic susceptibility of pyrographite was
measured in two mutually perpendicular directions: χ(,
and χ̂  (parallel and perpendicular to the deposition surface,
respectively). The measurements were made by the Gouy
balance method; the average susceptibility was calculated
by the expression \ a v = x± + 2χ(! CGS deg"1.

It is clear from the data in Table 5 that the anisotropy
of the diamagnetic susceptibility of pyrographite increases
after heat treatment

The effect of the heat-treatment temperature on the
average magnetic susceptibility of pyrographite prepared
at 2100-2300° is shown in Fig. 14. The susceptibility
minimum found at 2900° is due to the removal of structural
defects at these temperatures. Pyrographite prepared at
1900-2000° shows very small changes in susceptibility with
the temperature of heat treatment

TABLE 5. Diamagnetic susceptibility of pyrographite and of single
crystals of natural graphite at 20", 106 CGS g"1.

Materials

Pyrographite prepared at 2100° (after
Fishbach (Ref. 10)

Same specimen, heat treated at 2900°
Same specimen, heat treated at 3400°
Single crystals of natural graphite,

data by Poquet tl a I. (Ref. 92)
data by Krishnan and Ganguli (Ref. 93)

Vav

27.3
20.0
20.7

21.7
23.0

21.6
17.8
19.0

21.0
22.0

2.8
1-1
0.8

0.3
0.5

8
16
24

66
44

2000 2900 3000
temperature, ° C

Fig. 14. Variation of the mean diamagnetic
susceptibility of pyrographite with tempera-
ture of heat treatment (after Fishbach10):
1) pyrographite deposited at 2200-2300";
2) pyrographite deposited at 2100°;
3) pyrographite deposited at 2200°;
4) from Ref. 92;
5) from Ref. 93.

(c) Hall c o e f f i c i e n t The following conclusion
can be drawn from the variation of Hall coefficient and
degree of graphitisation with deposition temperature 88,
shown in Fig. 15.

(1) Pyrographite deposits offer a very wide range of
electrophysical properties.

(2) The sign of the Hall coefficient changes twice over
the range of deposition temperatures: from minus to plus
when deposition occurs at 1500-1600° and from plus to
minus at 2100-2200°.

(3) The highest value of the Hall coefficient in the
p-region occurs at about 1800-1900°, as compared with
2000-2100° for conventional well-graphitised carbons.
This same reduction by 200 deg in the critical temperature
occurs also, as stated above, in the curve of electrical
resistivity against deposition temperature: it is indicative
of lower-temperature processes taking part in the forma-
tion of intermediate structures in the case of pyrographite.

mo zooo mo zm uoo
temperature, °C

Fig. 15. Effect of deposition temperature on
the Hall coefficient of pyrographite88:
1) carbon black region;
2) curve for pyrographite;
a) prepared in an induction furnace;
b) the same, after heat treatment;
c) prepared in a resistance furnace;
d) the same, after heat treatment.
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TABLE 6. Hall coefficients of some graphitic structures.

Material*

Pyrolytic graphite" prepared in a resistance
furnace at 200(f

Pyrolytic graphite, heat treated" at 2600°
Single-crystal natural graphite
Industrial p-type graphite
Industrial η-type graphite

Λ Η . em* C"1

+0.12
—0.05
—0.05
+0.30
-0.01

temperature, C

Fig. 16. Temperature dependence of the
Seebeck coefficient of pyrographite99:
1) as prepared;
2) heat treated at 3000°.

This can be explained in terms of the preferential orienta-
tion of the hexagonal layers in pyrographite, facilitating
the subsequent structural transformations which ultimately
determine the electronic properties.

(4) The/)-region of the Hall curve corresponds to a
degree of graphitisation γ < 0.6. In this region we observe
the highest development of structural defects which act as
"traps" for electrons and thus give rise to positive holes.

(5) Heat treatment which causes y to increase beyond
y = 0.5 can also convert pyrographite from the p to the η
conduction type (see also Table 6).

(6) This latter circumstance offers the possibility of
realisingp-n junctions in thick layers of pyrographite
heat treated at different temperatures. These can be
used as high-temperature thermoelements.

Fig. 16 shows the change in Seebeck coefficient with
temperature for a/>-n junction in a flat wafer of pyro-
graphite. The p -region of graphitised carbons is known94'99

to conduct by both electrons and holes. The changes in
Hall coefficient in this case are due to recombination
effects arising from electron-hole interactions in the pyro-
graphite. At the appropriate concentrations of the two
types of carrier, and making allowance for the difference
in mobility of electrons and holes, conditions for the
minimal concentration of uncompensated positive charges
(holes) can arise. These correspond to the maximum in
the Hall curve.

VI. USES OF PYROGRAPHITE

The high heat resistance, strength, and density of
pyrographite, in conjunction with a highly anisotropic
thermal conductivity, enable this material to be used in

ultra-high-temperature technology as a highly heat-resist-
ing constructional material and for thermal insulation100-112.
It has been reported3»8»83»86»101»108"110'113"115 that pyro-
graphite can be used successfully as an erosion-resistant
coating for the nozzles of rocket motors, combustion
chambers, and nosecones. The properties of pyrographite
are said to be superior to those of the best grades of
graphite, previously used for these purposes*

Since pyrographite is a practically non-porous material,
it has an interesting application as a moderator in nuclear
technology. There has been a report118 of particles of
uranium or thorium dicarbide being covered with a
50-100 μΐη layer of pyrographite and mixed with graphite
to produce the heat-evolving elements of a reactor.

The freedom from pores and high corrosion resistance
of pyrolytic graphite enable it to be used in the chemical
industry as a replacement for scarce metals. Furthermore,
vacuum-tight and chemically stable high-temperature
materials can be produced by filling the pores of conven-
tional graphitised carbon ware with pyroltyic graphite 1 9~2 0.

Graphite tubes, coated with pyrolytic graphite, have
proved highly satisfactory as heater elements for electrical
resistance furnaces117.

The unique electrical properties of pyrographite offer a
wide scope for applications in electronics (various types of
resistor, shunts, etc.)18"18.

As stated above, the thermoelectric properties of
pyrographite enable p -n junctions to be prepared in the
material, and offer the possibility of using pyrographite
in high-temperature thermocouples and thermoelements.
The recent measurements by Rupprecht et al.118 of the
Seebeck coefficient of various pyrographites confirm this
prediction.

Thin films of pyrographite show interesting optical
properties83, including that of optical anisotropy. The
absorption coefficient for electromagnetic waves is a func-
tion of the direction of polarisation, as is the reflectivity.
Thus, thin films of pyrographite can be used to polarise
infrared radiation119.
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1. INTRODUCTION

According to Semenchenko's classification1, ionic salt
solutions belong to the group of homoeodynamic solutions.
Hence, solutions of ionic salts can be expected to show the
general properties of homoeodynamic solutions.

The theory of homoeodynamic solutions relies to a great
extent on statistical methods. However, at least for the
time being, any kind of statistical description can give no
more than a relatively crude picture of real solutions. We
believe, therefore, that simple and clearly defined physi-
cal models, whose conclusions can be put to simple experi-
mental test, should prove very valuable in this field. The
regular solution model is typical of such models.

According to the theory of regular solutions, the poten-
tial energy of formation of a solution, ΔΕ, is given by the
expression

Δ£= (!)

where NA* and ω are respectively, the number of bonds be-
tween atoms or molecules of different kinds in the case of
atomic or molecular solutions and the average potential
energy of one such bond (exchange energy). For solutions
of ionic salts, these quantities refer to the number of bonds
between ions of different kinds and the average potential
energy of one bond. If the solution, composed of the salts
AniCM2 and Bn3Cn4, contains n ^ ions of kind A and η^Ν2

ions of kind B, we have

(2)

Since the chemical potential of the ith salt component is
given by

it can also be expressed, using Eqns. (1) and (2), in the
form

ON,

where

(3)

(4)

and μ/ο denotes the chemical potential of the ith component
in its standard state (taken to be the pure compound); Δ5
is the entropy of mixing. In what follows, formulae relat-
ing to the first and to the second component of a solution or
of a system will be written in that order.

The present article discusses the application of regular
solution theory to solutions of ionic salts having a common
ion, and considers the relation between the exchange
energy ω and the properties of the individual constituents.
Considerable use is made of published data as well as of
values calculated by the writers.

2. DISTINGUISHABILITY OF THE COMMON ION

The earliest theories of ionic solutions2»3»4, and some
of the later ones5»6, determine the potential energy of a
solution in terms of the ionic radii and the composition.
The entropy of mixing is usually assumed equal to the nor-
mal entropy of mixing of ideal solutions. This approxima-
tion can be too crude when ions of different valencies are
involved, since the problem of the entropy of mixing is not
considered in those papers.

From the thermodynamic point of view, the formation
of an ideal solution presents three independent require-
ments:

1. The change in potential energy resulting from for-
mation of the solution must be zero.
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