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A general review of available data on heat conduction in carbons and graphites is presented.
The interpretation of these data is given in terms of scattering of lattice waves by other lat-
tice waves and by crystalline boundaries and leads to predictions for the dependence of thermal

conductivity on heat treatment temperature.

I. INTRODUCTION

Measurements of thermal conductivity of
solid carbon materials have been reported
within the last two years by Berman!,
Mizushima? and Tyler and Wilson®. Prior to
1952, the best data available were those of
Powell and Schofield!: 3,

This paper attempts to present all of the
recently published data and to discuss pre-
dictions® of the heat-conducting properties
based on these data.

The data on graphite are presented in
Section TI; baked carbons are treated in
Section III. The brief survey of the theory
of heat flow in nonmetallic crystals given
in Section IV serves as introduction to the
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formulation of predictions in Section V. The
conclusions are given in Section VI.

II. EXPERIMENTAL RESULTS ON GRAPHITE

The best starting point for the discussion
of heat conduction in carbons is the thermal
conductivity of single crystals of graphite.
Single crystals are available only from na-
tural graphites. Measurements on single
crystals of graphite are difficult in the ex-
treme, because of the peculiar mechanical
properties of the material. A single crystal
of graphite supports very little shear stress
parallel to the graphitic planes, making it
difficult to obtain good thermal contact.

Berman' reports measurements below
room temperature on a single piece of natural
graphite for heat flow directed along the
graphitic planes and also perpendicular to
the planes. His data, plotted against tem-
perature in Fig. 1, show two significant
features:

1. The thermal conductivity of natural
graphite in either direction shows a maxi-
mum below room temperatures and falls off
to very low values as the temperature de-
creases toward absolute zero.

2. Heat flows much more easily along the
graphite planes than normal to them. The
factor of three for Berman’s sample may well
be larger for a more nearly perfect crystal.
As a result of this anisotropy of the single
crystals most of the heat conducted through
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Fic. 1. Thermal conductivity of mnatural
graphite according to Berman.!
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Fie. 2. Schematic arrangement of crystallites
in polyerystalline graphite.

polycrystalline material 1s carried along the
graphitic planes of the small crystallites.

In well-graphitized carbon stock, the
small crystallites of graphite are usually
hooked together in a rather disorderly way.
Fig. 2 attempts to illustrate the situation for
such material by schematically showing
several crystallites (or platelets”) composed
of just a few graphite layers viewed edgewise.
As pointed out above, one expects most of
the heat to be carried along the planes as
indicated by the arrows in Fig. 2. However,
the planes which are not hooked at the
junction of crystallites are relatively ineffec-

7§, Mrozowski, This volume, page 31.
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Tig. 3. Thermal conductivity of polyerystal-
line graphite. The numbers refer to references in
the text. || means parallel to the axis, 1 perpen-
dicular to the axis; E—extruded, M—molded
material.

tive in carrying heat. It is also apparent that
the arrangement of the coke particles and
the crystallites within the particles deter-
mines the total length of path for the heat
flow. Therefore, one expects for the thermal
conductivity of polycrystalline graphites,
values lower than for the single crystal in the
parallel direction due to incomplete joining
of the graphitic planes and to disorderly
crystalline arrangement, in addition to the
lowering due to the porous. micro- and
‘macro-structure. of the.material.

The published data on polycrystalline
graphite are plotted versus temperature in
Fig. 3. There is a pronounced maximum in
the thermal conductivity (K) of polycrystal-
line graphites at or below room temperature®
and a slow decrease of K with increasing
temperature above room temperature. This
trend is in agreement with the behavior of
natural graphite as far as the latter has been
measured. The significance of such tempera-

8 Neither A. P. Crary (J. Appl. Phys. 4, 332
(1933)) nor R. Buershaper (J. Appl. Phys. 15,
452 (1944)) found a maximum in this region.
Since their results are in such complete disagree-
ment with all the more recent work, they are not
included in this review.
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ture dependence of thermal conductivity is
discussed in Section IV.

The well-known anisotropy in physical
properties for the transverse and Tongitudi-
nat diféctions in extruded rods is not evident
from the data of Powell and Schofield. An
anisotropy in K for extruded rods is ex-
pected due to the alignment of the coke par-
ticles in the samples and to the alignment of
the crystallites of graphite in the coke par-
ticles”. The first effect is principally due to
the external shape of the original coke
particles and their alignment in the extru-
sion process. %Jects therefore, varying
degrees of anisotropy in K for extruded
rods made under slightly different condltlons
or from different green mixes..

The scatter in thermal conductivity (K)
as seen in Fig. 3 arises from a variety of
sources. K depends on the density but not,
however, in a unique matter. The value of
K is affected by the shape and distribution
of voids; furthermore, considerable amount
of resistance to heat flow is localized at the
junctions between particles. Both effects are
controlled by such factors as the amount,
and type of binder material, the size and
shape of coke particles, the conditions at
extrusion or molding and the temperature to
which the graphite was heat treated. One
therefore expects a spread in K values from
sample to sample because, due to lack of
information, no good corrections to the data
can be made for such structural differences.

III. EXPERIMENTAL RESULTS ON
BAKED CARBONS

A number of determinations of the heat
conductivity of baked carbons at room tem-
perature have been made in the past with
strongly differing results. They are all re-
ferred to in the paper by Powell and Scho-
field®. The scatter is certainly due to the
same causes which were discussed in the pre-
vious section. Powell and Schofield have
investigated the temperature dependence of
K and have shown that K varies approxi-

‘most independent of temperature.
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mately linearly with ambient temperature
up to the heat-treatment temperature,
whereas above this temperature K increases
somewhat faster, the exact dependence on
temperature in this higher range being not
well established. Their curve for the range
below heat-treatment temperature is given
in Fig. 6 as a continuous line.

Mizushima? investigated the dependence
of K on crystallite size (strictly speaking on
the size in the a-direction, that is, the diame-
ter of turbostratic crystallites of carbon) for
a definite type of carbon (made from a pitch
coke) at room temperature. His results are
included in Fig. 6.

TV. HEAT FLOW IN NON-METALLIC CRYSTALS

Metals and non-metals have distinetly
different heat-conducting properties. Metals
exhibit a thermal conductivity which is al-
Non-
metallic crystals show a thermal conduc-
tivity (K) whose temperature dependence
is indicated by the solid curve in Fig. 4,
which has a maximum K at intermediate
temperature and decreases to small values
for very low and very high temperatures®.
Occasionally for a non-metallic crystal the
maximum is found to be higher than the
value for a good metallic conductor, but
over most of the temperature range non-

® The general dependence of K on Tempera-
ture is discussed in a recent review by J. L. Olsen
and H. M. Rosenberg, Advances in Physies 2,
28 (1953).
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temperatures and is independent of T at
high temperatures. Recently Gurney has
shown!! that the two-dimensional structure
of graphite leads to a 7% variation at moder-
ately low temperatures; this is not incon-
sistent with the data of Magnus. With the
temperature variations of the C factor as
given in Fig. 5 and assuming the velocrty of
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ent,_of temperature, one can derive. the
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Fra. 5. Specific heat of graphite according to
Magnus.®

metals have lower thermal conductivities
than good metallic conductors.

The general temperature-dependence
curve shown in Fig. 4 is basic for the inter-
pretation of the thermal conductivity of
baked carbons. It is expected to have the
shape indicated for the following reasons:

For an electrically insulating crystal, heat
energy in the form of lattice vibrations is
carried by vibrational or acoustic waves

through the crystalline lattice. Resistance to

the flow of heat is due to the scattering of
these acoustlc waves. Vlbratlonal waves in
a perfect non-metallic crystal are scattered
by two rather distinct mechanisms, namely,
by the temperature motion of the atoms
(i.e., other vibrational waves) and by the
boundaries of the crystal.

As was originally shown by Debye, the
thermal conductivity of non-metallic crys-
tals is

= 3 (v, 1

where C is the specific heat per unit volume
of the crystal, » is the speed of the acoustic
waves transporting the heat and ¢ is the
mean free path of the acoustic waves con-
cerned.

The specific heat observed for graphite
by Magnus!® is shown in Fig. 5. For all
substances, the atomic specific heat due to
lattice vibrations varies as T° at very low

10 A, Magnus, Ann. Physik 70, 303 (1923).

shape of the curve in Fig. 4 from the rela-
tlon (1) by considering the scattering of
waves by the two mechanisms just men-
tioned—namely, temperature motion of the
atoms and crystalline boundaries. For

e e eapete v e pem e 3 A o s .
convenience let us divide the curve into

three regions and consider separately the
low temperature region, the high tempera-
ture region and the temperature region
near the maximum in K.

‘The decrease of K at high temperatures is
due to a combination of a slowly increasing
“specific Theat factor and a strongly decreasing
{ factor. The decr ease in the mean free path,

£, W1th mcreasmg temperature is caused by

/an increase in the number of excited lattice

waves and in their amplitudes, and as a
result ‘of that a vibrational wave travels a
shorter distance before finding atoms which
are sufficiently displaced by temperature
motlon to scatter the wave concerned#¥As
Debye “has shown £ « 1/T for very high
temperatures (above the Debye temperature
6); the atomic heat is almost constant for
T > 0 and the result is a decreasing thermal
conductivity with increasing temperature.
At low temperatures, with the less vigor-
ous vibrations of the atoms, an acoustic
wave can travel much farther without
being scattered by other vibrations. When
this distance becomes very large, the wave
will be scattered mainly by the boundary
of the crystal and by lattice imperfections.
The mean free path £ becomes, under these
conditions, of the order of the linear dimen-
sion of the crystal (qr the average distance

11 R. W. Gurney, Phys. Rev. 88, 465 (1952).



HEAT CONDUCTION IN CARBON MATERIALS 17

between . imperfections) and practically L L

independent of temperature for a particular oel
crystal. Therefore, the thermal conductivity
at low tempefatures will have the same
temperature dependence as the specific heat.

The maximum in K occurs at a tempera-
ture when the two scattering mechanisms
are about equally effective, that is, when
£r due to temperature vibrations (predami-.
nant at high temperatures) is_about.equal
to 5 due to boundary. scattering (predomi- O e T
nant at low temperatures).

The shape of the curve around the maxi-

©  Powsit and Schofisld [reference 5)
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mum and the value of the maximum are Fra. 6. Expected .te?mperature dependlence of
the thermal conduetivity of polyerystalline car-

controlled by several factors. If the rESI'St' bons as a function of crystallite size. Case of
ance due to both boundary and lattice Jahsence of intercrystalline resistances. Data for
scattering is low, crystalline imperfections— / baked carbons taken from Powell and Schofields
dislocations, impurities and the like—may j2 (O) and from Mizushima? (X).

be the principal resistance to heat flow and vineing, agreement with the relative sizes
thereby depress K values at low tempera- | of crystallites as determined for several types

tures and flatten out the maximum. / of polycrystalline graphites by X-ray
The similarity of the shapes of the curves  gifractiont. 3

in Fig. 1 and Fig. 4 shows that all of the
heat in crystalline graphite is conducted by
atomic _vibrations. Graphite has so few
T .

conduction electrons that they apparently
do not contribute appreciably to either
the specific heat or the thermal conductivity
in the temperature range below 2400°C.

‘The increase in K aboYe tl}is temperature® \hat is to be expected. The expected de-
may be due to a contribution of free elec-

,,,,, pendence of K on T is presented in Figs. 6
trons to the heat conductivity, since more and 7 by dashed lines, where each dashed
and more free carriers are present in graphite  Jine is intended to correspond to a sample
as the temperature is increased. of the same carbon material, but heat
treated to a different temperature. The
curves for the larger crystallite sizes have

If one assumes that the scattering by shapes similar to that of well-graphitized
lattice vibrations is similar in all crystallites stock (upper solid curve) with a reasonably-
of carbon irrespective of their size (¢ the well-defined maximum in K near room
same for all types of carbons), the maximum temperature. For smaller crystallite sizes,
in K versus T (where £r ~ {;) isexpected to  the K values at low temperatures are lowered
occur at higher temperatures as the crystal- very markedly and the peak in K moves to
lite size decreases, since €5 is of the order higher temperature and becomes poorly
of crystallite dimensions (that is, about defined.
equal to the diameter of the crystal). The A region of considerable practical and
location of the peak in K (see Fig. 3) has theoretical interest is the high temperature
been shown to be in fair, but not very con- region (up to 2000°C for the present discus-

Mrozowski® pointed out that carbons
present an excellent opportunity for an
investigation of the changes occurring in
heat conduction as a result of a decrease in
crystallite size through the whole range from
a single crystal down to almost amorphous
material and gave a schematic picture of

V. HEAT FLOW IN POLYCRYSTALLINE CARBONS
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sion). If there were little or no resistance in
the connections between crystallites, then
as Mrozowski points out® one expects K
to be independent of crystallite size in this
high temperature region. This behavior is
shown schematically in Fig. 6 by the dashed
curves joining the curve for well-graphitized
stock. For this case, all the values of K
coincide because the mean free path {r is so
short that the scattering at the boundaries
can be neglected. Suppose, on the other
hand, that the Intercrystalline regions
add resistance to the flow of heat from one
crystallite to the next. The high temperature
K values will then be lower the smaller the
crystallites are, because of the larger number
of boundaries per unit length of sample.
This intercrystalline resistance effect is
indicated schematically in the high tempera-
ture portion on Fig. 7 by the dashed curves
being successively lower as the crystallite
size is decreased. Available data are too
meager to permit a statement concerning
the existence of such an intercrystalline
resistance. One has, however, to keep in
mind that intercrystalline resistances might
well be strongly temperature dependent and
might become negligible at high tempera-
tures, thus leading to a case resembling
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Fic. 7. Expected temperature dependence of
thermal conductivity of polyerystalline carbons
as a function of crystallite size. Case of presence
of intercrystalline resistances at high tempera-
tures.

Fig. 6. In fact, at low temperatures Tyler
and Wilson?® found that K for polycrystalline
graphites varies somewhat more rapidly
with temperature than the atomic heat does;
they suggest that the source of this discrep-
ancy may be in the existence of temperature-
dependent resistance to the heat flow across
crystallite contacts.

So long as a sample is not heated beyond
its previous heat treatment, its thermal
conductivity will repeat itself for similar
excursions in temperature. But heating to
temperatures high enough to enlarge the
crystallites within the sample will cause the
thermal conductivity to shift up to a higher
dashed curve on Figs. 6 and 7 along which
K will again be repetitive. The changes in
K expected to occur during the heat treat-
ment are indicated on Fig. 6 and 7 by a
heavy broken line.

For baked carbons in the range from
room temperature to about 1000°C K is
linear with 7, which is consistent with the
approximate linear dependence of C. For
such small crystallite sizes the maximum
of K is expected to shift to quite high
temperatures, well above the heat-treat-
ment limit, and so to be beyond observa-
tion. For the baked carbons a proportional-
ity of K with the crystallite size 1s also
expected; Mizushima’s data? do not show
the proportionality too well and thus are
not as convincing a demonstration of the
type of relationship between these two
quantities as one would like to have.

VI. CONCLUDING REMARKS

In conclusion the following seems to be
worth emphasizing:

A. The measurements on natural graphite
indicate that most of the heat conducted
through graphitic material actually flows
along the graphitic planes. This feature
predicts anisotropy in thermal conductivity
of polycrystalline material similar to the
anisotropy observed in its electrical resistiv-

ity.
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B. The few data that are available show
sufficient variation in the property of heat
conduction from sample to sample to indi-
cate real differences in the thermal conduc-
tivity of polyerystalline graphite due to
crystalline arrangement, binder type and
content, and base material. It remains for
more systematic experimental study to
clarify the extent of these differences well
enough to allow satisfactory prediction in
specific cases.

C. The general shape of the temperature
dependence of the thermal conductivity of
polycrystalline graphite shows that almost
all of the heat is conducted by the lattice.
Assuming this to be true in general for all
carbons, predictions of the thermal con-

ductivity of polyerystalline carbons with
intermediate crystallite sizes can be made.
The predicted curves are given in Figs. 6
and 7. Experimental data to check these
predictions are scarce and more satisfactory
experimental support is needed before one
can make a choice between the two cases.
However, one can say in general that the
recent data on thermal conductivity tend
to support a unified explanation for the
conduction of heat in solid carbons and
graphites. It is expected that more system-
atic data, when available, will support the
general predictions as sketched in Fig. 6 or
7 and will improve our understanding of the
mechanism of heat conduction in carbon
materials.



