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Thermal conductivity and Raman spectra of carbon fibers
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The thermal conductivity between 12 and 300 K is reported for graphite fibers carbonized from a
variety of precursors, including spun polyacrylonitrile, petroleum pitch, or grown by chemical vapor
deposition of methane. The fibers were studied as grown as well as heat treated to temperatures up
to 3000'C. First-order Raman spectra of the same fibers were taken with use of a microprobe, and
the intensity ratio I»«/Il580 between the disorder-induced line at 1360 cm and the Raman-
allowed line at 1580 cm ' correlates well with the amplitude of the low-temperature thermal-
conductivity data. Using the Kelly model for the phonon-dominated thermal conductivity, we
deduce the defect-limited phonon mean free path L~ from our data below 100 K. We find L~ ap-
proximately equal to L„, the x-ray in-plane correlation length which had been related by Tuinstra
and Koenig to the Raman intensity ratio Il36Q/Il580. We show further correlations between L~ and
the electrical resistivity p, the interplane distance 2 co, and the c-axis correlation length L, .

INTRODUCTION

Recently published' values of the thermal conductivi-
ty of fibers grown by carbon chemical vapor deposition
and subsequently heat treated to 3000'C show that these
readily available materials can conduct heat at least four
times better than copper near room temperature. The
present study is aimed at characterizing graphite fibers
prepared in different ways by thermal conductivity mea-
surements along the filament axis. The thermal conduc-
tivity is further related to other measured quantities
known to characterize the degree of disorder in the ma-
terial, such as x-ray diffraction or Raman spectros-
copy. '

The majority of carbon or graphite fibers are obtained
in either of three ways.

(1) Carbonization of spun polyacrylonitrile ("PAN-
based" fibers).

(2) Carbonization of spun petroleum pitch ("pitch-
based" fibers).

(3) Carbon chemical vapor deposition, mainly from
benzene or methane.

In this paper, we first review the scanty data available
for the longitudinal thermal conductivity K of various
types of graphite fibers. Then we report a systematic
series of measurements of K, made between 10 and 300 K.,
on fibers of different origin and prepared under a variety
of heat-treatment temperatures chosen. Our samples are
chosen as prepared or heat treated so as to bracket the
possible range of conductivities achievable with each type
of fiber.

Finally we report first-order spectra taken with a Ra-
man microprobe on individual fibers taken from the same
batches that were used for thermal conductivity measure-
ments. Obvious experimental correlations can then be es-

tablished between the phonon mean free path, the intensi-
ty of the disorder-induced Raman peak at 1360 cm ', the
c-axis lattice spacing, and the electrical conductivity.
Carbon fibers grown by carbon chemical vapor deposition
are, highly graphitizable.

It was pointed out for benzene-derived' and methane-
derived fibers, even as early as 1958, that the longitudi-
nal thermal conductivity IC of vapor-grown fibers heat
treated around 3000 C is comparable to that of single-
crystal graphite. Most recently it has been shown that
heat treatment of the fibers to 3000'C increases the
room-temperature thermal conductivity of as-grown
methane-derived fibers from 40 to -2000 Wm ' K

Data for pitch-based fibers are relatively s'parse. The
most reliable data are reported on Union Carbide type-
VSC-25 fibers in Ref. 7. The room-temperature value of
%is 500 Wm 'K

A summary of the data available in the literature for
the thermal conductivity of PAN-based fibers is given in
Fig. 1. The data were either obtained using bundles of
fibers, or deduced from measurements on composite ma-
terials. Radcliffe and Rosenberg measured bundles of
Courtaulds Ltd. general purpose (A), high-tensile (HT),
and high-modulus (HM) fibers: see the data points in Fig.
1. These extrapolate well, at T~ 100 K, into the data ob-
tained by Pilling and co-workers on Morganite Modmore
high modulus (HMS, line 1 in Fig. 1) and high-tensile
strength (HTS, line 2) fibers, though the latter results were
deduced from measurements on composites. Earlier mea-
surements obtained on fiber bundles are reported on
PAN-based fibers' heat treated at different temperatures
(lines 3, 4, and 5 of Fig. 1). Finally the data of Hull
et al. ," obtained on composites in the temperature range
of 375 to 625 K on Stackpole Panex 30 Y/800 d and
Celanese Celion DG 125 fibers are also reported (lines 6
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and 7), despite the surprising temperature dependence ob-
served in line 6. The picture that emerges is unclear. It is
probable that some data reported above 100 K, where ra-
diative heat losses become an important source of experi-
mental error, are not entirely reliable.

EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 1. Thermal conductivity of PAN-based fibers. The
data points are taken from Ref. 8: Q for the HM type, for
the HT type, 0 for the A type. The solid lines represent the
thermal-conductivity data measured by Refs. 9—11. Lines 1

and 2 are data from Ref. 9, 1 for HMS-type fiber, 2 for HTS.
Lines 3, 4, and 5 are from Ref. 10, for fibers heat treated at
2800, 2600, and 1400'C, respectively. Lines 6 and 7 are copied
from Ref. 11, for Panex 30 Y/800 d and Celion DG 12S, respec-
tively.

The fibers used in this work are:
(i) Vapor-grown fibers' deposited from natural gas

around 1100 C, and similar fibers heat treated to 3000'C.
(ii) Commercially available pitch-based fibers: Union

Carbide, type P 100 grade VSO 054 and type P 55 grade
VSB-16-OS, which were heat treated by the manufacturer.
The fibers used in this work were unsized (not coated).

(iii) PAN-based fibers C 6000 from Celanese, ' also un-
sized, and the same fibers heat treated to 3000'C.

(iv) A highly stretched PAN-based fiber, supplied by
Fibers Materials, Inc. (FMI) (Ref. 14).

We characterized our samples by x-ray diffraction,
deducing the interplane distance from the (002) peak and
the c-axis correlation length l., from its broadening. '

The data are summarized in Table I. The room-
temperature resistivity was measured on several filaments
of each bundle used to measure the thermal conductivity.
Resistivity measurements employed a four-probe method
and the geometrical factors were measured in an optical
microscope or in a scanning electron microscope. The
values are reported in Table I and are accurate to within
15%—which is the scatter in data from filament to fila-
ment for all types of fibers except those supplied by Fibers
Materials Inc. : in a bundle of these, a few filaments have
a resistivity three times smaller than the average. A bun-

TABLE I. Properties of the samples for the chemically vapor-deposited (CVD), pitch-based (P 55 and P 100), and PAN-based
(FMI, C 6000) fibers. We report in row 1 the highest temperature to which the fibers have been exposed in our laboratory. The x-.ray
data d&oo2& and L„, the room-temperature resistivity p(RT) and thermal conductivity K(RT), and the tensile strength and modulus are
reported: (a) as measured by us on the sample used for the thermal conductivity studies and (b) as reported by the manufacturers.
The phonon mean free path L~, and the ratio of intensities of Raman scattering at 1360 cm ' to that at 1580 cm ' as deduced from
the present measurements are summarized. The last six rows report the values for the parameters [peak position, intensity, and line

width half-width at half maximum (HWHM)] obtained by fitting Lorentzian line shapes to the Raman peaks.

Property

Heat-treat. temp.
d&oo2&

I,
p(RT) (a)

(b)
E(RT) (a)

(b)
Strength (b}
Modulus (b)
I.p
I1360/I1580
Peak position
Intensity
Width
Peak position
Intensity
Width

Units

nm
nm
Qm

Wm-' K.-'

GPa
GPa
m

cm
arb. units
cm
cm-'
arb. units
cm

CVD

1130
0.347
3.8
1.02 X 10

35

3.6X10-'
0.778
1605
24400
26.5
1379
17700
26

I

CVD
HT

3000
0.335
& 100
7.1X10-'

1950

2.9X10-'
0
1582
3900
6.8

P S5

0.341
8

9.6X10-'
7.5 X10-'
100
100
2.1

380
1.5 X 10-'
0.316
1S72
4000
16
1350
480
17

P 100

0.337
18
3.6X10-'
2.S X 10-'
300
520
2.2
720
1.3X10-'
0.109
1569
13 800
10.5
1352
450
20

C 6000

0.3S3
1.6
1.8 X 10-'
1.5 X10-'
12

2.7
230

C 6000
HT

3000
0.3395
7.2
5.9X10-'

2.8X 10
0.196
1570
7000
10
1350
1700
20

FMI

0.341
54
3.0X 10-'

140

3.3
480
2.2X 10
0.337
1575
12400
11
1350
5400
20
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die of each type of fiber was then mounted in the cryostat,
and the geometrical ratio of the bundle was now deduced
from its electrical resistance and the previously measured
resistivity. The thermal and electrical geometrical ratios
are assumed equal. The thermal conductivity measure-
ment technique is described elsewhere. The temperature
dependence of the electrical resistivity of the various
fibers is shown in Fig. 2, and in Fig. 3 we report the tem-
perature dependence of the thermal conductivity of the
same fibers.

Since in a11 the fibers studied the graphite-layer planes
are preferentially oriented along the fiber axis, ' ' we
can reasonably assume that we are measuring the in-plane
thermal conductivity of graphites or carbons of varying
degrees of ordering, except perhaps in the case of Celion
6000. At temperatures. above 10 K, heat is transported
along the graphite planes almost entirely by phonons.
The theory for the thermal conductivity in the case where
defects limit the phonon mean free path was developed by
Kelly. ' We follow here the same treatment as in Ref. 2:
we assume that the phonon dispersion relations are little
affected by the degree of order, a hypothesis which is con-
sistent with the similar temperature dependence of our
data in Fig. 3 below 100 K, and with the persistence of
the 1580 cm ' Raman line, as we shall discuss later. The
effect of disorder on the phonon dispersion relations was
considered from a theoretical point of view in Ref. 4.

Kelly's' theory essentially describes the thermal con-
ductivity as
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FIG. 3. Temperature dependence of the thermal conductivity
of carbon and graphite fibers. From top to bottom (at 300 K)
we identify the data for each of the fibers as follows: The CVD
fibers heat treated at 3000'C (k, }, P 100 (~ ), the C 6000 heat
treated at 3000'C (~ ), the FMI fiber (Q'), P 55 ( ), the as-
grown CVD fibers (D), and C 6000 (0 ). For C 6000 again two
bundles were measured.
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FIG. 2. Temperature dependence of the electrical resistivity
of the various fibers, using the following legend: C 6000 (0),
as-grown CVD (4}, P 55 (0), C 6000 heat treated at 3000'C
(~), P 100 (~ ), FMI (Q), and CVD fiber heat treated at 3000'C
(j). An estimate of the absolute error (see error bar) in the data
points is provided by the results for C 6000: two different sets
of samples were measured and the data were superimposed
without any normalization. C 6000 is an abbreviation for
Celion 6000.

lc. =Ly g f S(o,p)u(p)do. ,

where S is the heat capacity, u is the velocity of a phonon
in a mode p, and g is the normalized wave vector, the in-
tegral being performed over the whole Brillouin zone.
Three phonon modes p have to be considered, in-plane
longitudinal and transverse and out-of-plane transverse,
with the propagation direction in the the plane. I

&
is the

phonon mean free path, which is assumed to be indepen-
dent of temperature, phonon mode, or wave vector in the
present picture. This approximation is acceptable when
phonon scattering by defects is dominant. We estimated
the complete integral numerically, and if we assume that
the elastic constant C44 ——0, this theory essentially
predicts a T law for temperatures 'above 30 K and
below the temperature where phonon-phonon umklapp
processes become dominant. As this is the case for most
of our experimental curves, though not for Celion 6000,
we can quantitatively fit each of them to Eq. (I) using
only one adjustable parameter I.&. The values of the pho-
non mean free path I.~ so obtained are reported in Table
I. The thermal-conductivity results on Celion 6000 are
unusual in two aspects. Unlike the case of other fibers,
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the temperature exponent between 30 and 300 K is lower
than 2.3. Below 25 K, the exponent is further lowered
down to 1. A similar behavior was observed by Radcliffe
and Rosenberg also on PAN-based fibers, although their
curves show a transition at a lower temperature. Obvious-
ly data much below 10 K must be gathered before any
quantitative conclusions can be reached. It is nevertheless
worth pointing out that PAN-based fibers contain ribbon-
like features' ' with "ribbons" made by stacking 5—10
graphite layers. A transverse out-of-plane phonon propa-
gates along the plane at a velocity of approximately 1000
msec ' (see elastic constants in Ref. 19). Phonons with
an energy of 25 K (where the kink in temperature-
dependent thermal conductivity occurs) have a wavelength
of roughly 20 A, i.e., a typical thickness for a ribbon. o

We thus concur with Ref. 8 and attribute the change in
the temperature dependence of the thermal conductivity
to a size effect.

We used a Raman microprobe, which could illuminate
an area as small as 4&4 pm, to obtain the first-order
spectra of individual filaments of the same batch as those
used for the thermal and electrical conductivity measure-
ments. At the argon-ion laser wavelength, 4880 A, the
optical skin depth of the fiber is -600 A. The frequency
shift was measured with a double grating monochroma-
tor, a diode array detector, and a multichannel analyzer.
The quality of the data nevertheless depended on the re-
flectivity of the fibers studied. The PAN-based fibers, in
particular Celion 6000, both in its as received and heat-
treated forms, had a rather rough surface at the laser
wavelength, thus severely restricting the accuracy of our
Raman microprobe data. The FMI fibers had smoother
surfaces, but their diameters (4 pm) were close to the
minimum size of the focused laser beam. This also affect-
ed the quality of the spectra. Although the FMI fibers we
used were not specifically uncoated, as were all other
fibers, we expect that the laser beam evaporated the sizing
layer during our Raman experiment.

The Raman spectrum of disordered carbons and carbon
fibers has been previously discussed in detail. ' ' ' It has
been used to provide important information on the crys-
talline perfection. Indeed, while in "perfect" graphite, the
only allowed high-frequency Raman line (at —1580
cm ) is limited to the Brillouin-zone-center mode, the
selection rules are relaxed in disordered graphite systems.
Thus, for less perfect graphites, contributions to the Ra-
man spectrum are observed at phonon frequencies where
there is a maximum in the phonon density of states, even
though these phonons are not zone-center phonons. This
effect gives rise to the -1360 cm ' line studied here. We
therefore consider as a measure of "disorder" the ratio of
the intensities of the disorder induced to Raman allowed
lines: I]36p/I]580. This ratio is zero in perfect graphites,
and can reach values as high as 1.2 in some amorphous
carbons. We fitted our Raman spectra (see Fig. 4) to
Lorentzian line shapes. The parameters of these fits (posi-
tion, amplitude above background, and line width) are re-
ported in Table I, along with the ratio of integrated inten-
sities Ii360/I, 5so. In Fig. 5, we plot this intensity ratio as
a function of the phonon mean free path L~ which was
obtained from the low-temperature thermal conductivity

CVD-HT

l I I I I i I s

CVD

P100

~ C

I i I & I i I I

P55

ea

~ p

~. '
Oip

~ ~ g- o~r
l

i
t i I l I

~ ~ ~
~ ~ +ps

C6000 HT

P
P. c

it

I i I i I & I

FMI

i. ~ + ~ ~'w ~
Ipg" ~'' 'Q-i~

~ ~

I i I s 1 i I s

1300 1400 1500 1600
Raman Shift (cm )

FIG. 4. First-order Raman spectra for the fibers studied
here. CVD fibers heat treated at 3000'C show only the
Raman-allowed line at 1580 cm '. All other fibers also exhibit
a disorder-induced line at 1360 cm ' and an increased line
width for the line at 1580 cm '. From top to bottom, the spec-
tra were generated by the heat-treated CVD fiber, the as-grown
CVD fiber, P 100, P 55, the heat-treated Celion 6000 fiber, and
the FMI fiber. The curves drawn through the experimental
points are Lorentzian fits to the data corresponding to the pa-
rameters reported in Table I. The resulting integrated intensities
were used to generate the ratios I/36Q/I&58p
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FIG. 5. Correlation between the defect-limited phonon mean
free path L~ deduced from the low-temperature thermal-
conductivity data {represented on the ordinate axis as 100
nrn/L~), and on the abscissa, the ratio I~36p/I&58O between the
integrated intensities of the disorder-induced and the Raman al-
lowed line at 1360 cm ' and the allowed Rarnan line at 1580
cm '. The symbols used for the various samples are the same
as in Fig. 2. The dashed line represents a similar correlation ob-
tained in Ref. 3 between 100 nm/L, and I$36o/I~58o, where L,
is the in-plane x-ray correlation length.
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FKx. 6. Results of x-ray diffraction patterns and electrical
resistivity plotted versus the phonon mean free path. The top
frame shows the c-axis interplane distance on a linear ordinate;
the rniddle frame has a logarithmic ordinate representing L„
the c-axis correlation length as deduced from the line width of
the (002) peak. In the bottom frame the room-temperature
value of the electrical resistivity is plotted on a logarithmic ordi-
nate. The abscissa is the defect-limited phonon mean free path
L~. The symbols again identify the various samples, as
described in Fig. 2.

data. A clear correlation is obtained, in spite of the fact
that Raman scattering only probes less than 1000 A into
the fibers while the thermal conductivity is a bulk proper-
ty, and the measurements were obtained on fibers
prepared in three very different ways. However, the
larger uncertainty in the Raman spectra obscures our data
on the PAN-based fibers.

In Ref. 3, the intensity ratio I)36o/It5sp was related to
the in-plane crystallite size L, . Using only a diffractome-
ter, we have been unable to generate reliable values for
this quantity for all types of fibers without explicit use of
a model for the morphology of the carbon samples being
used. It seems to us that the phonon mean free path I.~ is
a much more model-independent variable quantitatively
describing the degree of in-plane order. In Fig. 5, we plot-
ted, as a dashed line, the correlation between 100 nm/L,
and It36Q/I]5so as reported in Ref. 3. This figure shows
good evidence that I., and I.~ not only vary in similar
ways with crystalline perfection, but also are of very com-
parable magnitude.

The lower frame of Fig. 6 shows a plot of the room-

temperature electrical resistivity as a function of the pho-
non mean free path. The resistivity of the highly
stretched and heat-treated PAN-based fiber FMI is signi-
ficantly lower than that of the other fibers. The two
upper frames of Fig. 6 illustrate how the x-ray data
describing the c-axis interlayer spacing ( —,co) and coher-
ence length (L, ) vary with the phonon mean free path L~
which measures in-plane order. Although a correlation
between these e-axis properties and I.~ is not a priori ex-
pected, it appears experimentally and confirms previous
results.
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