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The dependence of the thermal conductivity K of polycrystalline carbons and graphites on the
,  mean crystallite diameter L, was experimentally investigated for ambient temperatures ranging
from 100°K to 400°K. The conductivities were determined by the standard method of measuring
the temperature gradient established along the axis of a cylindrical specimen by a definite power
input. The mean erystallite diameters were determined from the broadening of X-ray diffraction
lines. For well-graphitized samples the thermal resistivity, 1/K, varies almost linearly with the
reciprocal of mean crystallite diameter 1/L,. For such samples the thermal resistivities can be
separated into two parts which correspond to scattering by the boundaries of crystallites and
to the mutual lattice-wave seattering. The dependence of the lattice scattering on temperature
and the values of the corresponding free paths are obtained by linear extrapolation to 1/L, — 0.
For poorly- and non-graphitized carbons the thermal resistivity increases much faster than
linearly with increase of 1/L,. Possible reasons for the breakdown of Debye’s linear relationship
are discussed.

I. INTRODUCTION usually taken to be equal to 3. In poly-
The thermal conductivity of carbons _‘ggystalline materials two kinds of scattering
and graphites has been studied by a num- Pprocesses occur: Scattering by other lattice

ber of investigators. A review by Castle' ~waves (lattice scattering-mean free path
contains references to the main publications 0) and by the boundaries of crystallites

prior to 1954, a condensation of the results oundarv SC&ttWMM__@)
and a discussion of their significance. It IH.VI?W of the additivity of scattering prob-
_seems generally accepted that for materials abilities, one has

thr hich heat 1s transported exclu- e v

sively by lattice vibrations, the conductiv- (2) V1= 1/ b+ 1/ {B
ity must satisfy the Debye relation, that is

Since £, increases with decrease of tempera-

(1) K = ypCuv{ ture, at sufficiently low temperatures

. . ) 1/¢, can be neglected and the mean free
where pis the density, C 'the specific h(?at MMQ@ESW
for unit mass, v 'the velocity of the lattice ‘independent and equal to ¢, ; that is, ap-

waves transporting the thernr.lal energy, “proximately equal to the average dimension
¢ the mean free path for scattering of these “ ¢ . otollites. Thus for sufficiently low

waves and y a numerical factor which s or Heratures, neglecting the possibility of

* Performed in part under the auspices of the small variations in the velocity of the lat-
U. 8. Atomic Energy Commission. In its initial tice waves, K should be proportional to the
stages the work was supported by the U. S. Office specific heat . However, it was found by

of Naval Research. Reproduction in whole or in .
part is permitted for any purpose of the United Berman and by Tyler and Wilson (references

States Government. 1 and 3 in paper by Castle') that at low
1J. G. Castle, Jr., This volume, page 13. temperatures the heat conduction of poly-
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crystalline graphites increases with tem-

n explanation was proposed by Klemens’

in which it is assumed that the discrepancy
Sy et e
is intrinsic to the graphitic structure and
is connected with the shape of graphite
crystals. The suggestion of Tyler and Wilson
that the discrepancy might be_due to.an
additional scatterlng at the crystalline
‘contacts led Smith® to mvestlgate heat
conduction of a single graphite crystal.
Smith found that K in the ternperature

“Tang€ 5° t0 39 K 18 abott Mproportlonal to 7%

in a limited range of temperatures for the
specific heat of a two—dimgr_lsional lattice
“structure such as that of graphite.*
Several papers have recently appeared
in which results of measurements on the
specific heat of polycrystalline graphite
performed at low temperatures are reported.
According to DeSorbo and Tyler® ¢ « T
in the range T = 13° to 54°K, but more
recently Bergenlid et al® found C o« T"*
around 7' = 90°K and C « T°* between
T = 1.5 and 12°K. On the other hand, the
results of DeSorbo and Tyler and also
those of Bergenlid do not agree well in the
lowest temperature range with the work of:
Keesom and Pearlman,” who found in the
lowest temperature range (1°-2°K), C =
ol + bT? _the linear term being inter-
reted as the specific heat due to the conduc-
“tion electrons and holes and the cubic term

_as_the lattice specific heat; for somewhat

2P. G. Klemens, Australian J. Phys. 6, 405
(1953).

3 A. W. Smith, Phys. Rev. 95, 1095 (1954).

4 See reference 11, this volume, page 16, and
papers by J. Krumhansl and H. Brooks, J. Chem.
Phys. 21, 1663 (1953), H. B. Rosenstock, J. Chem.
Phys. 21, 2064 (1953), and T. Nagamiya and K.
Komatsu, J. Chem. Phys. 22, 1454 (1954).

5 W. DeSorbo and W. W. Tyler, J. Chem. Phys.
21, 1660 (1953).

6 U. Bergenlid, R. W. Hill, F. J. Webb and J.
Wilks, Phil. Mag. 45, 851 (1954).

7P. H. Keesom and H. Pearlman, Phys. Rev.
99, 1119 (1955).

higher temperatures Keesom and Pearlman
find ¢ = aT + ¢T* — d and above T =
10°K, C = eT* — f. These disagreements
in specific heat values are, however, rela-
tively small and it seems quite certain that. ..

in_this range the heat conduction Increases—
faster with temperature. than.the specific.

heat, Unfortunately different investigators
used samples of polycrystalline graphite of
different origins and of an unspecified
average crystallite size and type of carbon
so that essentially all the results are not
exactly comparable. Furthermore the tem-

perature variation of the velocity » has not

een

“been determined and_consequently ~ofie is
not sure what the extent of the deviations

in temperature dependence between K and
C actually is. It would seem that if there
are eviations caused by the poly-
crystallinity of the material, the deviations
should become more pronounced as the
crystallite size becomes smaller. A syste-
matic study of the heat conduction in a
wide temperature range using carbons
with well-controlled crystallite sizes seems
imperative not only in order to test the
general predictions as they were discussed
in Castle’s' paper, but to disentangle the
different factors involved. The work re-
ported below represents the first step in this
direction. It is gratifying to see that although
these investigations cover a relatively nar-
row temperature range a considerable
amount of information about different
factors can be extracted from the results.
It is hoped that an extension of this work to
lower and higher temperatures will bring
about a better understanding of the mecha-
nism of heat conduction in polycrystalline
materials in general and for carbons in par-
ticular.

II. APPARATUS AND EXPERIMENTAL
PROCEDURES
A. Preparation of Samples

A mix was prepared which consisted of
100 parts of Kendall coke (soft type car-
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bon), 42 parts of medium grade coal tar
pitch and 2 parts of Socony Vacuum Oil
Co. Vacwax 80 as “‘extrusion oil.” The coke
was “‘calcined” to 1100°C, crushed into
powder using a roll-mill and passed two
times through a small Raymond mill. A
range of particle sizes from very fine flour
to a powder just able to pass through a
No. 50 Tyler sieve was obtained. The mix
was extruded through a % inch die and cut
into 6-inch-long sections. The rods so ob-
tained were baked, a period of five days
being used to reach the top temperature of
1100°C. Subsequently the rods were heat
treated to various temperatures as required,
in a graphitizing furnace using a nitrogen
atmosphere to prevent oxidation. The
temperature was determined by means of an
optical pyrometer. In each heat treatment,
the rods were soaked at the maximum tem-
perature for about five minutes. After each
heat treatment a small amount of the carbon
was scraped from the ends of the rod for

X-ray studies. The apparent density of each

rod was checked before and after baking
and after each heat treatment.

B. Measurements of Crystallite Sizes

Since most of the heat conducted through
carbons and graphite is transported along
the graphitic planes, the crystallite dimen-
sion of the greatest interest is the diameter
of the crystalline planes or the so-called
L, dimension. The L, dimension was deter-
mined from the broadening of the X-ray
diffraction lines; as usual the procedure
followed in the determination of L, for
the non-graphitized carbons differed some-
what from that for graphites. The L, dimen-
sion can be calculated from the broadening
of X-ray diffraction lines by means of the
formula L, = ao\/B cos ¢ where X is the
wavelength of the X-ray used, ¢ the angle
of incidence of the X-rays on the sample,
B the full width of the X-ray diffraction
line at half intensity and « a constant. ¢
and B are expressed in radians. It has been
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shown by Warren® that for the non-graphi-
tized carbons, when L, is being determined
from the broadening of two-dimensional
diffraction lines, « has to be taken as equal
to 1.85. The line used for this purpose in
this work was the 10 line; for graphites the
three-dimensional 110 line was used, in
which case a« = 1.00.

The shape of the diffraction lines was
obtained by using the “fixed count” method
with a North American Philips X-ray
counter spectrometer. Copper K, radiation
filtered through nickel was wused. The
“half widths” obtained from the diffraction
lines were corrected for the three following
effects:

1. Some broadening of the lines results
from finite slit widths, scattering of X-rays
in air and from penetration of the X-rays
into the sample because of the weak absorp-
tion of X-rays by the carbon material. The
total broadening from these three sources.

\w;c_e_d’_fg%a method ouflined

_by Jones,” A sample composed of very
large (effecf/—v ely infinite) gr@b}tg crystal-
lites s was used to determine the broadening
not due to diffraction effects. Ceylon graphite
was_used Tor this _purpose. Correction

Correction
curve “a” from Jones’ paper was then used
to determine the correct diffraction width.
Curve “a” was decided on in preference to
the curve “b” given by Jones because it
gave consistent results for the most highly
graphitized samples when a number of
different slit width combinations were used
so that different instrumental broadenings
had to be corrected for. This correction
turned out to be considerable only for the
well-graphitized samples.

2. Some error in half width is introduced,;
because of failure to resolve the Koy and

8 B. E. Warren, Phys. Rev. 69, 693 (1941).

9 F. W. Jones, Proc. Roy. Soc. A166, 16 (1938).
See also R. W. James, The Optical Principles of the
Diffraction of X-Rdys, Bell & Sons, Ltd., London
(1948) p. 541, and L. Alexander and H. P. Klug, J.
Appl. Phys. 21, 137 (1950).
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F1c. 1. Schematic drawing of the apparatus for
the determination of the heat conductivity K.

Ka, components of the X-ray radiation.
Using a method essentially similar to the
above one and given also by Jones’ it was

found that this correction was negligible in

all our cases.

3. The two dimensional 10 line i
carbons must be corrected for the change in
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axis of a long cylindrical rod by a definite
power input. The apparatus is shown in
Fig. 1.

A heat coil made from nichrome wire
was wound at the middle of the rod. The
temperature gradients on each side of the
heater were determined by means of chro-
mel-constantan thermocouples whose junc-
tions were pressed into small shallow holes
drilled in the samples at the positions
marked “X’’. Three thermocouples were
HWk the
li 1 alc
bath temperatures used were found to agree
with the values given in tables published by
the National Bureau of Standards.” The
thermal emf’s were determined using a type
K potentiometer which was sensitive to
1 pV in the circuit used. The differences in
thermal emf between the first and third
thermocouples were always greater than
200 uV. As a general check, the samples
were run first with a definite arrangement
of the thermocouples and then again with
the thermocouples interchanged. The dif-
ferences between the results of such runs
were of the same order as the maximum
scattering of results for one arrangement,
that is, less than 5% in conductivity.

The whole chamber was evacuated to

make sure that all the power 1ntroduced

ape resulting from thé appearance of the 1nto the heater coil flows out to the ends of'

three dimensional 101 line as soon as graphi-

tization (three dimensional order) sets in.

f This correction was made by subtracting

| graphically the 101 hump from the 10 Jie,
"2100°C, the intensity of the 101 line be-
Zomes too Targe topermit a reliable correc=

_had to be used.
T R

C. Measurements of Thermal Conductivity

The thermal conductivities were deter-
mined by the standard method of measuring
the temperature gradients set up along the

“the sample. The sample heater coil was much
hotter than the sample itself because of poor
thermal contact. To prevent excessive heat
loss from the heater, a small radiation
shleld “made of brass tube with two brass
rings, cut longitudinally into two parts W&L

clamped tightly around the center part of
the.wle so that it enclosed the heater

coil. A large‘réﬂdlamon shield was made by
‘cutting a plastic cylinder longitudinally into

two parts. The sample was then clamped

10 H. Scﬁenker, J.I. Lauritsen, R. J. Corrucini,
and S. T. Lonberger, Nat. Bureau of Standards,
Cire. 561, April 27, 1955.
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between these two sections and another
heater coil was wound around the middle
of the radiation shield. Power was supplied
to this heater coil in order to equalize the
- .

temperature gradients along the shield to
those along the sample. A differential ther-
mocouple with one junction touching the
surface of small shield and the other touch-
ing the inside of the radiation shield, at
points indicated by “XX”, indicated the
equalization of the gradients.

In order for the chamber to be easily
assembled and disassembled and have the
vacuum seals hold over the range of tem-
peratures used, a gasket made of soft solder
was clamped between the flanges, as shown
in_Fig. 1. The bolts were passed through
iron spacers so that as the chamber was
cooled the relative contractions were such
that the gaskets were clamped more tightly.

One end of the sample and radiation
shield holder was pressed in direct thermal
contact with the end of the chamber and
the other end was in contact indirectly by
means of a section of braided copper. A
stiff coil spring maintained the direct
contact in spite of thermal contractions.

Checking on the effects of radiation losses,
it was found that for the least conducting
sample (1200°C heat treatment), a change
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Fic. 2. Heat conductivities K of Kendall coke
carbon rods heat treated to different temperatures
as a function of ambient temperature.
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of three per cent in the shield gradients
caused a change of one per cent in the sam-
ple gradient.

The whole chamber was immersed in

baths of respectively boiling water, melting

1ce, dry ice in acetone and liquid nitrogen.

Because of oxidation, each heat treat-
ment resulted in a small decrease in density
of the rods. All the results have been recal-
culated for a common density of 1.49 g/cm’.
The density correction was obtained by
comparing the thermal conductivities for
two samples of slightly different densities
which had been simultaneously heat treated
to the same temperature. The corrections
turned out to be small in all cases.

III. RESULTS AND DISCUSSION
A. General Results

The thermal conductivities as obtained
for different rods and for different heat
treatments are plotted in Fig. 2 as a function
of ambient temperature. One can see here
the transition from the characteristic tem-

perature dependence for well-graphitized
samples with a maximum of conductivity

around the room temperature to an almost

TABLE 1

Interpolated values of thermal conductivity K
in watt/cm °C for different rods corrected to a
density 1.49 gr/cc. Crystallite diameters L, for the
same rods as obtained from widths of X-ray lines
(corrected values in parentheses). The value in
square brackets was estimated by extrapolation,
see Fig. 4. .

. K

HT, °C La, A

115°K | 205°K | 295°K | 385°K
1200 | 37 0165 | .0369 | .0571 \ .0775
1350 | 42 .0228 | .0478 | .0720 | .0920
1500 | 47 (50) .038 .075 108 | 135 ~¢
1750 | 64 (61.5) | .061 128 176 212
1950 | 74 (79) 110 .220 .302 .365
2100 | 102 (98) 172 .331 435 | .492
2200 | 126 (128) | .245 470 | 1592 | .651
2300 | 184 .345 | .650 .795 .840
2430 | 290 .500 | .900 [1.04 |1.06
3100 | [1050] 1.18 |1.80 [1.75 11.54
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F16. 3. Plot of the product CR where R is the
thermal resistivity and C the specific heat as a
function of inverse crystallite size. E; is the inter-
crystalline resistance observed at smaller crystal-
lite sizes in addition to the predicted one on the
basis of Eqg. 1.

exact linear increase with temperature

for baked material (compare the predictions

Fig. 6 and 7 i erence 1). The interpo-
lated values for the.conductivities at four
temperatures, 115°K, 205°, 295° and 385°K,
after being reduced to the common density
1.49 gr/cm®, are given in Table I, columns
3 to 6. In the second column of the same
table the crystallite diameters as obtained
from the X-ray line widths are given. When
he crystallite diameters were plottem
m
some_irregularities_were noticed. On_the
other hand, the heat conductivities similarly

Totted gave & perfectly smooth curve which
Mtha’o the scattering in crystallite
sizes 18 probably due to errors in the meas-
ine widths rather than to any real
~Jeviations Trom a smooth relationship. The
“Corrected diameters corresponding to the
smoothed out curve are given in the same
column in parentheses. In the following
these corrected crystallite-diameter values
are used exclusively.

CONFERENCES ON CARBON

One can see from Table I, that for the
lowest ambient temperature a change in
crystallite size by a factor of about 8
(290/37) results in an increase in conductiv-

ity by a factor of 30. Now fz = L,, since

the conduction takes place mainly along the ™}
graphitic planes. One can see, therefore,

Eat a serious deviation from the propor-
ionality of K with £ required by the Debye
formula (1) for low temperatures is present.
MM is even greater
than this since the mean free paths are not
equal to £5’s, but are slightly smaller (eq.
(2)). In order to see the character of these

deviations it is convenient to rewrite eq.
(1) in the form

(3) CR = 1/‘YLPU€L + l/VBPULa

where R is the thermal resistivity and two
different v’s are introduced for reasons to
be explained later. The equation (3) means
that CR plotted as a function of 1/L, should
1ol & straight Line Tor each ambient fem-
perature. In Fig. 3 the values of 1/K taken
from Table I and multiplied by correspond-

ing values of spemﬁc heat taken from the
data of” Magnus' are plotted as a function
_of inverse crystallite diameter. An approxi-
mately linear relationship is obtained only
for large crystallite sizes, the values of CR
for small ecrystallites being very much
greater than the expected ones and increas-
ingly so as the crystallite size diminishes.

One could object to the general use of the
ecific heat of graphite for all carbons on
the ground that the specific heat might be

——— - Iy ssamend
dependent on_the crystallite size. Unfor—x,

tunately, this question has not yet been
experimentally investigated."! As Stratton'
has shown, there are reasons to expect that
MC heat for fine polycrystalline”

‘Tuaterials might differ slightly from the

11 A difference in specific heat was found Be-
tween activated charcoal and graphite by F. Swiee
ion and R. C. Swain, Z. Physik. Chem. B, 28, 189
(1035).

12 R, Stratton, Phil. Mag. 44, 519 (1953).
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. specific_heat of single crystals due to the
presence of suriace terms 1n the energy
expression. However, percentage-wise, im-
portant_ differences in _specific heats are

»M | 0600°K
‘expected only at low temperatures and for T
small crystallite sizes, that Is, in the region ' o5 ok

‘where the deviations are so greal that the o
corrections would not materially affect the
way. Consequently all the conclusions
reached below will hold irrespective of the )
exact values for the specific heat of carbons. |

385°K

205°K

CR{cm sec/g)
N

o 115 °K

B. Polycrystalline Graphite 4 p

The section of Fig. 3 corresponding to A rRB
Jarge crystallite sizes is replotted on a . ‘ L
larger scale in Fig. 4. One can see that the 0 1 2 34 56 789

linear relationship between CR and 1/L, /L (1072 A7)

is really not obeyed even for quite large F1a. 4. Plot of the product CR where R is the
crystallite diameters. Although straight thermal resistivity and C the specific heat. En-
lines are drawn through the pairs of experi- larged portion of Fig. 3 for large crystallite diame-
mental points corresponding to the largest ters. Circles give values of the product CR esti-

] R . mated using the data of Powell and Schofield and
diameters determined, one has to admit fitted into position on the linear plot. The squares

that some curvature might still be present correspondingly represent the results for the 3100

even here and consequently the crossings sample.

of these straight lines with the CR-axis

might lead to rather too low than too high _

vaﬁles for the product CR extrapolated to @ bovifye = (CYR o C@w){"’/ QR‘”

the infinitely large crystals. It would be that is, an abgolute value for the mean free

very gratifying to have some experimental path ¢y is obtained directly from the graph

points on the graph located at lower 1/L, ; up to the unknown factor y./vs . The values
nfortunately determinations of the crystal —of v s/v1Ls so found are plotted in the upper

_»diameterskvv_WS%m part of Fig. 5 as a function of temperature T

too jl}gwww As will be explained below, vz > v at

on the linearity of the curves at great L,. low temperatures; when the temperaturp is

Tt seems rather that the procedure could be increased, vz — 7. . Taking the very roughly

reversed and by fitting the CR values taken estimated values of the ratio vs/v; from the

at several temperatures into the graphs slopes (see below) the broken curve is ob-

very great crystallite sizes could be esti- tained for 1/¢, . This curve is actually the

mated: This was actually the way the crys- curve of CR., multiplied by a factor fo.fit

tallite size given in the Table I for the the scale.

13100° C sample was obtained. One can see from Fig. 5 that the lattice
From the values of CR obtained by ex- §g§ttering (inverse_mean free path 1/¢;)

rgpo]ation, the mean free paths correspond- / increases faster than linearly with tempera-
hg To the Iattice scattering alone can be{ ture; this is_what had to be expected,

obtained from e uation (3), by noting & Since due to the linearity of the specific
CM | "heatin this femperature region according to

L

N‘J "sj\Jwa’\
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F16. 5. Temperature dependence of the inverse
mean free path for lattice scattering 1/¢, as esti-
mated by extrapolation of the results Fig. 4 (upper
insert) and by using data of Powell and Schofield
(main curve from 400°K up).

o84 (1) no maximum in heat _conductivity
would be obtamed for well-graphitized
EropoxM Tn order to find the de-
pendence of 1/¢, on T at higher tempera-
tures the data for the condugtivity of poly-
crystalline graphites obtained by Powell
and Schofield were taken (see curves 4F ||
and 55 L in Fig. 3 of Castle’s review, ref. 1)
and the corresponding CR values fitted into
the graphs Fig. 4 (mrcles) A mean crystal-
lite diameter of I, = 800 A is found for
their graphite; one has to note that such a
fitting is permissible because the apparent
density of their graphite was not much
higher than that of the one used in the work
here reported. From the Powell-Schofield
CR values, the extrapolated values CR,
were obtained by using slopes equal to the
slope of the experimental line for 385°K
(this is a small correction however, and of

no consequence at all for temperatures
above 1000°K). The final values for the

lattice scattering in the range 100°K to

CONFERENCES ON CARBON

2900°K are plotted in Fig. 5. The decrease ]
above 2500°K is due either to a contribution

from the electronic conduction or to the 1
radiative _conduction through the pores |
‘and_will not be considered further.
Debye has shown that above the Debye
temperature © the lattice scattering is

\

Vprgportlonal to the absolute temperature.
Peierls"’

has discussed the scattering at
temperatures below © and shown that at

sufficiently low temperatures

1/, ~« T + \T°¢ ",

_where the linear part is due to lattice defects

and the exponential part to the mutual
1nteract10n of accoustical waves. In Fig. 5
a well-developed straight-line section is
present for 7' > 1600°K so that it seems that
the average Debye temperature correspond-
ing to the lattice scattering is © =~ 1500°K.
Since the heat is transported by both longi-
tudinal and transverse vibrations along
the graphite plane, this value seems to be of
the right order of magnitude. At low tem-
peratures the dependence is definitely not
purely exponential; it might be a combina-
tion of a linear and exponential term, or
might be more complicated. With all the
possible errors of extrapolation, it is im-
possible to decide as to the exact shape of the
curve. It is clear, however, at this stage
that _‘ghem a_definite contrlbutlon from
lggffce 1mgerfect10ns The lattice 1mperfec- -
tions involved are undoubtedly those which
had no time to diffuse out and were frozen-in
in the graphite crystallites when the mate-
rial was cooled at the end of the heat-
treatment process. Consequently a strong

dependence of the shape of the low tem-
perature part of the curve, FMJ%EE?_
“method of cooling the graphite should be

expected. It 1s also clear that since the lat-

tice scattering does decrease about linearly

13 R. Peierls, Ann. der Physik 8, 1055 (1929). Se-
also his recent book, Quantum Theory of Solids,
Clarendon Press, Oxford, 1955; in particular, pages
40-43 and 52-53.
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with temperature, in all Q_ecussmns on the \> ity still larger. It seems, therefore, that thls \
dlsagreement between the temperature/ high value would be a lower limit. :
Actually vz is about equal to y, (and

“dependence of C and K before the compari- |
son is made, the latter should be corrected consequently equal to about %) only when
_f::lgmice _secattering, down. to..the lowest” the accommodation coefficient o at the
temperatures.. (see.Fig...0). _boundaries is equal to 1. If the heat travel-
~ In order to find the velocity of the waves ling through the lattice is scattered at the
responsible for the heat transport from the boundaries so, that the distribution of
slopes of the straight lines, Fig. 5, the re- energy among vibrational modes in the
sistivity values E have to be corrected for scattered waves Oorresponds to the local
two effects. One is the porosity of the mate- temuature at “the boundary, then (by
rial which for artificial carbons made definition) the accommodation coeﬂi(nent
according to the usual mix formula leads is_equal to one. However, when the waves Z
<,
)

in the case of our rods to a factor' of about are “Lust reflected by the boundaries,. the
2.0. The other is the so-called path factor “accommodation coefﬁment is zero, and the
Whlch _represents the increase in path 1ength /—\—beattransport from one end of the crystal
due to the “disordered directional drstr'ﬁﬁ- to the other W111 be shghtly greater (=2 /7).
“tion of erystalhte planee This factor varies Moreover it twe-erystals are. joined_at the
from about +/3 for a completely disordered boundary by _direct_valence bonds an m_z

arrangement, to about 1 for aligned crys- coming wave will set the common boundary
tallites. In Kendall coke the crystallite .t vibrations. Consequently forea < 1a
planes are aligned quite well along the axis

of extrusion and therefore this last factor
is not much greater than 1. Consequently
both effects lumped together will lead to a

fraction of waves through the second “crystal
w1ll _possess a_distribution of modes corre-
§p_“d1ng to a higher temperature than the
emperature of the crystalhne Contact from

. 15 o~
C(f)rrte}ftm? fac‘ior tz .?th'?vamm thebilepe which they originate. Thug the heat cone
2 e -owest siral Hne. one ObtAMS - duction will be increased. One can easily

b= 5370 m/sec-z/vy . L. show that for the conduction across in-

Accordi he standard d t f . . . .
the ilizrt lcr:)i (;Sc’;civ?tysf ?(I)lr aar ga.se;;VZi\l/erll iOn finitely long c¢rystalline strips of the width
L, in the direction of the width 1/y; =

kinetic theory, vy = $%; repeating the same ) .
type of calculation f:;r a two-dimensional ™21 — (1 — a)if’, where ¢ is tl}e fraction
case, however, yields v = 1. The normal of nonaccommodated ruodes .Whlch passed
_component. of -the mean. free path contribu- into the secen'd crys.talhte s‘trlp. When two
tion to the conduction is for the two dimen: crystals are joined dlrectlyl, it seems reason-

“ sional case larger because there are rela- able to assume that ¢ = 3. When they are

" Tively fewer _transports oceurring_ at Jarge separated by a few disorganized carbon
angles L(Lf_chmdueg@ on_of the transport. atoms, ¢ will become smaller. On the other
Taking vs = 1, one gets » = 27,000 m/sec. hand, the accommodation coefficient must
This is a very high velocity. A possible exist- increase with temperature, since there are
ence of intercrystalline resistances which more modes excited and there are more
Would lead to an additive term in Eq. 3 interactions leading to accommodation.
proportlonal to 1/L, would make this veloe-  Takin ‘__'gﬁfor the lowest temperature used in
— @Nwwork arbltrarrly a = 3 and assurmng

noiim no oo R,

14 8, Mrozowski, This volume, page 203. quite good bonding (t 3) one estimates

15 The consideration of the z-factor in caleula- —
~ v ~
tion of £, was not necessary since the factor can- vs = 0.8 and v = 15 OOO m/sec, what

cels out in Eq. (4). agrees well with the average Debye tem-
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F1a. 6. Dependence of the products CR and CRg
on temperature for highly graphitized samples.
Broken curves-extrapolations. dSTW curves ob-
tained by using the data by DeSorbo and Tyler?
and by Tyler and Wilson! without correcting them
for the difference in density. The erystal size esti-
mate was made however introducing such a
correction.

400

perature of ©® = 1500°K found above from
the lattice scattering.

The change observed in the slope of the
lines in Fig. 4 by a factor 1.44 between the
limits 115°K to 385°K is much too great to
be explainable by the temperature change
in the group velocity for a definite type of
vibration. Rather, this might be due to an

OF THE CONFERENCES ON CARBON

In Fig. 6, the product CR is plotted as a
function of temperature for highly graphi-
tized samples. Down to 115°K the behavior
is normal, the curves tending toward a
limiting value (CRgz)r—o = 1/(vsv)opLa,
and does not give any indication of the
upward trend incipient below 60°K. The
lowest curve was calculated using the data
for the specific heat by DeSorbo and Tyler’
and for the conductivity by Tyler and Wil-
son (Sample A). When the Tyler and Wilson
data are corrected for the density and
fitted into the graph Fig. 5 an average
crystal diameter of 900A is found for their
graphite Sample A. Subtracting the lattice

scattering from each of the curyesn Fig. &

a set of corresponding CR; curves is ob-

increase_of the coefficient o with the increase

of_temperature. One must remember that

in_ addition to the change in «, the type of

vibrations mainly responsible for the trans-

port of heat might change in the low-
temperature range. However, this was not
corrected for in constructing the broken
curve Fig. 5 where the whole change in
slope has been assumed to be due to varia-
tion in vz . At higher temperatures (>800°
K) whep all types of vibrations are excited

very little change in v or v is expected.

tai

pected (the temperature dependence. being
due to ygv). One might comment here
that the observed strong temperature
dependence of vyv plus the lattice scattering
correction make the discrepancy between
the temperature dependence of C and K
at lower temperatures even greater than
suspected.

C. Polycrystalline and Amorphous Carbons

The thermal resistivities of carbons
greatly exceed the values expected by ex-
trapolation of the linear trend observed
for large crystallites (See Fig. 3). The devia-
tion from linearity cannot be due to a size
dependence of the factor vz since vz de-
pends mainly on the nature of the inter-
crystalline bonding. If one assumes that
the deviation is due to an additive extra
resistance R;, this resistance can be es-
timated from Fig. 3 and plotted as a func-
tion of temperature (Fig. 7). It turns out
that this resistance E; is strongly decreasing
with increase in temperature and increas-
ingly so, as the crystallite size decreases.
One can try to interpret this resistance as
resistance due to the disorganized carbon
phase present between the crystallites.

. All three curves show thgws’ahme‘
relative temperature dependence, as_ex-

|
%

R
—— e ——
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F1a. 7. Temperature dependence of the inter-
crystalline resistances R;. .

400

‘This phase, which is still very abundant
in | carbons after heat treatments to 1200°C,
dlsappears rapldly at higher heat treatments
(_als“ewdenced by the dlsappearanee of the
_diffuse low angle scattering) and very little
of it is left above HT = 1500°C.* The curves
in Fig. 3 do not show a corresponding be-
havior. However, as pointed out in Section
B only very few disorganized carbons lodged
between crystallites are necessary to increase
the accommodation coefficient and decrease
the transmission of the unaccommodated
part of the flux. The numbers of atoms neces-
sary for that are far below the sensitivity
limits of any method of detection (one or two

atomic layers between crystallites). Thus

the R; for relatively large crystallites is

165

vs becomes a constant (a =
tha .
the boundaries between crystallites should
present some kind of barriers to the trans-

1). It seems

mission of heat. The crystallites being

bonded at the peripheries by randomly
distributed C—C bonds, the transmission
of vibrations should become more effective
as the temperature increases (shorter wave-
lengths). If one includes the disorganized
carbon phase as part of the barriers one
can say in general that the curves Fig. 7
give the variation of the opacity of the bar-
riers to the flow of the accommodated flux,
as function of temperature.

On the other hand, one might consider
R; minus the part of R; due to change in
vs as the resistance of the disorganized
layers to the flow of accommodated flux,
that is consider the conduction as occur-

ring through a two component medium

(erystallites dispersed throughout an amor-

phous phase), the resistance of the amor-
phous phase decreasing strongly with in-

mainly due to the decrease of v» (down to

the limit %
="65A) and therefore igrelatively weakly
temperature dependent

For smaller crystals with thicker disor-
ganized transition layers (HT < 1700°C)

16 §, Mrozowski, This volume, page 31.

reached at or before about  the normal vibrations of the system cannot

crease of temperature.

For the smallest crystallite sizes (L, =
40 IOX) such a two component interpretation
is objectionable in view of the assumed
additivity of the resistances. The splitting
is obtained by extrapolating the linear rela-
tion (3) to low crystallite sizes and it seems
questionable if any meaning can be at-
tached to such a large extrapolation. When
the mean free path becomes of an order of
one or even several wavelengths, the con-
cept loses its usefulness because it becomes
impossible to speak about travelling waves,
inside such small systems as carbon crys-
tallites. This is true a fortiori for amorphous
substances. A mean free path of an order
of several interatomic distances means that

be decomposed into travelling waves, thus
the free path does not have the necessary
directional qualities. The interaction be-
tween different vibrational modes of a small
crystallite hooked to its neighbors through
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AMORPHOUS .-~

CR

1 DEBYE RANGE

INVERSE CRYSTALLITE DIAMETER

Fre. 8. Schematic drawing representing the
general trend of the variation of the product CR
as a funetion of inverse erystallite size from large
crystallite sizes down to amorphous material.
Broken line fitted according to Eq. (3). Circle at
crossing gives the apparent £z (L.) value if one
uses Eq. 1 for the amorphous material.

the disorganized phase is so strong that the
mean free path calculated from Eq. (1)
does not have to be in any direct relation
to the dimensions of the crystallite.

For these smallest crystallites sizes the
curves Fig. 3 show a slower rise: This is as
expected since all curves should level off,
tending to a limiting value CR, for a per-
fectly amorphous material. An extension of
the straight line relationship found for large
crystallites (or of the same relationship
but with vz = %) will lead to a crossing with
the CR curve. The value of L, for which

PROCEEDINGS OF THE CONFERENCES

ON CARBON
this will occur will have, however, no rela-
tion to any actual dimension in the system
(See Fig. 8). One can look at the same prob-
lem from another angle: In such fine poly-
crystalline or amorphous materials waves
are so strongly damped that there is not
very much point to speak about their veloc-

ity; what is observed is the diffusional veloc- )

ity of the transport of energy. With a
so-redefined velocity, Eq. 1 might yield
free paths directly related to the dimensions
in the microstructure. But no matter which
point of view is adopted, Eq. 1 becomes a
relation which cannot be subjected to an
experimental test.

In conclusion, it seems to the authors
that the shape of the CR curve in Fig. 8
might not only be characteristic of carbons,
but might in general correspond to the
transition from well-crystallized to amor-
phous material and furthermore, that al-
though ghe Debye relation explains well

the mechanism of heat conduction in the
well-crystallized materials, no satisfactory
explanation exists at present_for the inter-
mediate and amorphous substances.

The X-ray spectrometer used in this
work was obtained with the assistance of
a grant from the Research Corporation.
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