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Thermal conductivity of boron carbides
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Knowledge of the thermal conductivity of boron carbide is necessary to evaluate its potential for high-
temperature thermoelectric energy conversion applications. We have measured the thermal diffusivity of
hot-pressed boron carbide B„C samples as a function of composition (4 «x «9), temperature (300-1700
K), and temperature cycling. These data, in concert with density and specific-heat data, yield the thermal
conductivities of these materials. We discuss the results in terms of a structural model that has been previ-
ously advanced by two of us (D.E. and C.W.) to explain the electronic transport data. Some novel mechan-
isms for thermal conduction are briefly discussed.

I. INTRODUCTION

Boron carbides have been utilized extensively in reactor
technology for the absorption of thermal neutrons. More
recently the high-temperature stability and striking electron-
ic transport properties of these and similar semiconducting
material (e.g. , the boron-rich borides) have sparked interest
in their use for high-temperature thermoelectric energy con-
version. We have reported elsewhere'~ on the measure-
ment and analysis of the steady-state electronic transport
properties of a variety of boron carbides. Here we report on
the thermal transport properties of B„C in the single-phase
compositional range 4 «x «9 from 300-1700 K. Previous
studies of the thermal conductivity have focused on the sin-
gle composition B4C (Refs. 5—8) with the exception of An-
dryushin et al. , who investigated compositions mainly
within the two-phase carbon-rich side of B4C: x (4 in B„C.
They observed a maximum of the thermal conductivity at
the 84C composition. Our interest is in the single-phase re-
gion, 4 «x «10.4, containing less carbon.

Over the compositional range 4 «x «10.4, boron car-
bides are usually viewed as crystallizing in a rhombohedral
structure (D3d-83m), the u-boron structure. This struc-
ture consists of deformed icosahedra located at the corners
of the rhombohedral unit cell (Fig. l). As illustrated in Fig.
1, there are direct bonds between the icosahedra. In addi-
tion, in a-boron, icosahedra are linked by three-center
bonds normal to the trigonal axis. These are not shown in
Fig. 1. Rather, Fig. 1 illustrates the situation of the boron
carbides in which three-center bond linkages are sometimes
replaced by three-atom structural units along the trigonal
axis. These are widely thought to be (as illustrated)
carbon-boron-carbon chains (CBC).'0 However, carbon-
carbon-carbon (CCC)' chains have also been suggested. "
Here the end atoms of the three-atom chain are bonded to
three icosahedra in addition to the central member of the

chain. The bonding of the end atom of the chain to three
icosahedra plays the role of the three-center bond; it links
three icosahedra. For compositions with low carbon con-
tent, e.g. , B9C, the three-atom chain may be replaced by a
linkage of four boron atoms;" Carbon atoms generally re-
side in the boron carbides as constituents of the three atom
chains. ' ' "" They also substitute for boron atoms within
the icosahedra. '"' This structure accommodates to a
range of carbon concentrations. In doing this, the unit cell
shrinks only slightly with increasing carbon concentration.
All compositions within this single-phase region melt at
about 2600 K.

~(
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FIG. 1. Hypothesized crystal structure for boron carbide. Carbon
atoms are distributed among open circles and within icosahedra.
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II. EXPERIMENTAL PROCEDURE 2.0

The boron carbide specimens of this study were prepared
by vacuum (10 '—10 ' Torr) hot pressing ( -2400 K) at
6000 psi for 2 h using high-purity (B with —30 ppm and C
with —10 ppm maximum impurities) powders (352 mesh)
in boron-nitride-lined graphite dies. Similar samples, exam-
ined by x-ray diffraction, were found to be of a single-
phase. The lattice constants vary with nominal composition
in a manner similar to that reported by Bouchacourt and
Thevenot. "

A heat-pulse method' "was employed to determine the
thermal diffusivities. Here a He-Ne laser or xenon flash
lamp applies a heat pulse to one side of a sample. An InSb
infrared detector or thermocouple measures the temperature
rise of the rear surface of the sample. Where necessary,
corrections were applied for heat losses and finite pulse
times. '8 The apparatus was satisfactorily calibrated against
the results of an international program' on thermal dif-
fusivity measurements of ASM-SQ graphite.
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FIG. 3. The specific heat (C~) of boron carbides vs temperature
(n.

III. EXPERIMENTAL RESULTS

The thermal diffusivities of various boron carbides (B„C,
with 4~X ~9) are plotted against temperature in Fig. 2.
The general consistency of measurements upon progressive
heating of the sample (5) with those with subsequent suc-
cessive cooling ('7) indicates the insensitivity of these mea-
surements to thermal cycling. In addition to data on our
hot-pressed samples, we include data from commercial sam-
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ples of B4C produced by Eagle-Picher (the EP samples), and
the data of Gilchrist and Preston" on their high-density
(2.38 gm cm') B4C sample. We note that the Gilchrist-
Preston data on low-density (1.85 gmcm ) B4C are almost
exactly coincident with our 2.38-gm cm3 sample results (98%
of theoretical density). Furthermore, our samples differ
from the Eagle-Picher samples in that ours are reactively
hot pressed, while the EP samples are fabricated by hot
pressing prefabricated 84C powders. Gilchrist and Preston's
data are typical of a considerable body of data in the litera-
ture. ~ All of the published data are on commercial-grade
material or on material with unspecified preparation. As
such, they are poorly characterized. Therefore, we cannot
definitively account for the differences in magnitude
between the various 84C samples. We suspect that our
samples have less long-range crystalline order. This would
account for our lower thermal diffusivities. There are two
points we wish to stress. First, although there are signifi-
cant differences in the magnitudes of the thermal diffusivi-
ties of various samples of 84C, the temperature dependences
of thermal diffusivities of various samples of 84C are similar
to one another. Second, the temperature dependences of
the thermal diffusivities of 84C are quite distinct from those
of boron carbides with significantly less carbon, e.g. , B9C.

The specific heats C~, shown in Fig. 3, were measured by
a differential scanning calorimeter (Dupont model 1090),
using sapphire as a standard. The thermal conductivities
(~) were obtained from the thermal diffusivities (a), using

TABLE I. Boron carbide densities.

Specimen Experimental
density (g/cm )

Percent of the theoretical
density

I I I I I I I I I I I I

6 7 8 9 10 ll 12 13 14 15 16 17 18

T (10 ~)
FIG. 2. The thermal diffusivity (a) of boron carbides as a func-

tion of temperature (T). (EP refers to Eagle-Picher comrnerical-
grade boron carbide. )

B4C (EP)
B4C

B6.sC
B75C
89C
B9C

2.44'
2.38
2.38
2.48
2.43
2.33

'Average of three samples.

97
98
96

100
98
94
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FIG. 4. The thermal conductivity (K) of boron carbides as a
function of temperature ( T).

IV. DISCUSSION

The electronic transport properties of these boron car-
bides have been studied in detail. '~ It is concluded that the
boron carbides are weakly degenerate semiconductors, in
which the predominant charge carriers are small bipolarons,
which hop between nonequivalent carbon-containing
icosahedra (B~~C). This nonequivalence arises from two
sources. First, carbon atoms can be distributed among
nonequivalent positions within B~lC icosahedra. Second,
only a fraction of the available intericosahedral chain loca-
tions are generally filled by CBC chains. Ideally, at the
high-carbon end of the single-phase region B&C, each inter-
icosahedral chain position is filled by a CBC chain, and each

the relationship K = C~np, with C~ being treated as constant
above 900 K. The sample densities (p) listed in Table I
were determined by the Archimedes principle, and are. com-
pared with the theoretical values determined by
Bouchacourt and Thevenot. " No allowance was made for
the decrease of density with increasing temperature, since
the volume expansion is only of the order of 2%' over the
whole temperature range studied. This is well within the es-
timated error of our measurement of thermal conductivity
( +5%). The thermal conductivity curves are plotted in Fig.
4. Two further samples of B9C, II and III (excluded from
Fig. 2 for clarity), prepared by hot pressing at higher pres-
sures ( —8000 to 9000 psi) for shorter periods (15 min),
are also shown in Fig. 4. As illustrated by both the B4C
and B9C samples, the magnitudes of the thermal conductivi-
ties depend upon the method of sample preparation. How-
ever, despite the sample-to-sample variations, both the mag-
nitudes and temperature dependences of the thermal con-
ductivities vary significantly with composition. This we view
to be of the most interest.

icosahedron contains a single carbon atom BllC. Thus,
apart from the nonequivalence of the carbon locations
within icosahedra, 84C resembles an ideal crystal.

The present thermal-conductivity study also supports this
view. As shown in Fig. 4, at the highest carbon concentra-
tion B4C, the thermal conductivity is not only at its largest,
but is also a decreasing function of temperature. By con-
trast, with lower carbon concentrations, -the thermal conduc-
tivities are much smaller, with much weaker temperature
dependences. The lower weakly temperature-dependent
thermal conductivities of samples with low carbon concen-
trations are similar to those of glasses (e.g. , fused quartz).
However, the thermal conductivities of the B4C samples
have temperature dependences characteristic of a crystal.
This is consistent with the view that at the 84C composition
all available intericosahedral chain positions are filled by
CBC chains. At lower carbon concentrations only a fraction
of the available chain locations are filled. Since these
carbon-containing intericosahedral chains are relatively stiff,
the absence of such structural units should affect the ther-
mal conductivity. In particular, thermal transport through
such a defect structure should resemble that through a
disordered material.

Further support for this interpretation is found in studies
of neutron-irradiated B4C. Namely, neutron irradiation has
been reported to disrupt the intericosahedral chains, produc-
ing disorder of the type we envision in samples of low car-
bon content. " Gilchrist and Preston report that upon neu-
tron irradiation' the thermal conductivity of B4C comes to
resemble that of our samples of low carbon concentration.
This is, indeed, what we would expect.

The thermal conductivity of these solids arises from two
sources. First, even in the absence of charge carriers, heat
is transferred directly between atoms of the solid. Second,
the motion of a charge carrier through a solid can also be
associated with a heat flow. In the boron carbides, the elec-
tronic transport represents a very distinctive type of small-
polaron hopping. '~ The associated thermal conductivity is
distinctive as well. In particular, vibrational energy is trans-
ported with a charge carrier as it hops between none-
quivalent sites. The average energy carried with a hopping
carrier, ET, is C(kT) ', where the constant C is defined by
C = zl'/16Eb, z is the number of nearest neighbors, J is the
intersite transfer energy, and Eb is the small bipolaron bind-
ing energy characterizing an average Bl lC icosahedron.
Thus, the transported energy increases with temperature.
Preliminary considerations indicate that the electronic con-
tribution to the thermal conductivity is a product of this en-
ergy ET, the electronic diffusion constant D, and the rate of
change of the carrier density with temperature (dn/dT), i.e.,
~T =END(dn/dT). This yields a very small electronic con-
tribution to the thermal conductivity, which increases with
temperature and is —15 mW/Kcm at 1600 K. This is
about one-third of the lowest measured value of the total
thermal conductivity. Hence, we ignore the electronic con-
tribution to the thermal conductivity relative to the lattice
contribution.

Finally, we note that the random removal of the (stiff)
intericosahedral chains should greatly alter the nature of the
lattice contribution to the thermal conductivity. In particu-
lar, in this situation, a significant fraction of the vibrational
modes becomes localized. In a purely harmonic system,
these modes will not participate directly in the passage of vi-
brational energy. However, anharmonic forces provide a



6814 BRIEF REPORTS 31

means of transferring energy between local and nonlocal vi-
brational modes. This facilitates the thermal transport.
Hence, contrary to customary (phonon scattering) treat-
ments of thermal conductivity, the thermal conductivity in-
creases as the anharmonic coupling strength increases.
While such behavior has been shown in theoretical
models, ' ' it has not heretofore been reported in actual
solids. The boron carbides B„C, of low carbon concentra-
tions (e.g. , x =9—6.5), may be examples of this distinctive
type of thermal transport. We are currently investigating
whether or not the observed behavior is attributable to such
anomalous thermal transport.
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