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Distribution of carbon atoms on the boron carbide structure
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Abstract

Optical absorption and reflectivity measurements in the spectral range of the 1580 cm™?! phonon, the stretching
mode of the central atom of the three-atom chain in the unit cell of boron carbide, were simultaneously fitted
by suitable model calculations to determine quantitatively the carbon distribution within the unit cell in the
homogeneity range. For example, in B,;C, which is confirmed to be the carbon-rich limit composition, there are
81% C-B-C and 19% C-B-B chains, and exactly one carbon atom substitutes an icosahedral site. The concentrations
of the C-B-C and C-B-B chains change abruptly between 11 and 14 at.% C, while the concentration of the
carbon atoms in the icosahedra varies non-monotonically. The reduction in the carbon content towards the boron-
rich limit of the homogeneity range is accompanied by an increasing number of unit cells without any chains.
This number exceeds even 50% at about 8 at.% C. These results allow us to explain easily the variation in
several structure and disorder-dependent physical properties of boron carbide and they disprove certain fundamental
model assumptions. The force constants of the C-B and B-B bonds in the chain were determined. At B,,;C

they have the same value of 5.6(1) mdyn A~ at lower carbon contents they differ.

1. Introduction

Hitherto boron carbide has been the boron-rich solid
which has received the most extensive technical use by
far, e.g. for grinding and polishing, wear-resistant tools,
surface hardening, light weight armour, and high tech-
nology ceramics (see refs. 1 and 2, and references
therein). Moreover, boron carbide is a very promising
material for direct thermoelectric energy conversion
(see refs. 3 and 4). Nevertheless, the structural details
have not yet been resolved, in particular the distribution
of the carbon atoms in the structure, although this
distribution has a significant influence on several phys-
ical, and especially on the electronic, properties of
boron carbide, as is evident from experimental and
theoretical investigations [5, 6].

Boron carbide exhibits a large homogeneity range
extending from about B, ,C at the carbon-rich to about
B,,C at the boron-rich limit. Throughout the whole
range the structure is single phase consisting of an
icosahedral arrangement of twelve atoms at the vertices
of the rhombohedral unit cell, and a three-atom chain
on its main diagonal, which coincides with the crys-
tallographic ¢ axis (Fig. 1) (see ref. 5). The primary
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structure model of B,C (according to recent investi-
gations [7], better represented as B,,C), which has
been the technically most important chemical com-
position until now, was based on a (B,,)C-C-C ar-
rangement, but more recently a (B,;C)C-B-C arrange-
ment has become favoured. For the structure
modifications towards the boron-rich limit of the ho-
mogeneity range several models have been discussed:
planar B, groups [8] or C-B-B chains replacing sta-
tistically the carbon-rich chains, and a decreasing sub-
stitution of icosahedral sites by carbon atoms. However,
all these models were more or less speculative, because
the experimental methods hitherto used failed or did
not yield unambiguous results [9-12]. Theoretically
calculated energies of different structure variants are
not significantly different in most cases, and therefore
the disregard of additional influences on the energies,
eg. the Jahn-Teller effect [13, 14] or the structural
reconstruction of the icosahedron in the case of carbon
substitution [15], in the calculations makes the validity
of such results [16-18] doubtful, particularly when only
small energy differences between different structure
modifications are obtained.

In this paper a new method to determine the dis-
tribution of carbon atoms in the unit cell of boron
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Fig. 1. Unit cell of boron carbide: O, icosahedral boron atoms;
S, equatorial boron atoms of the icosahedron bonding to the
end atoms of the chain; @, atoms of the three-atom chain (C-B-C
or C-B-B) on the main diagonal of the unit cell, parallel to the
¢ axis of the structure.

carbide is presented. It is based on the experimentally
obtained phonon spectra in the range of the stretching
mode of the three-atom chain and on suitable model
calculations to fit the absorption and reflectivity spectra
simultaneously.

2. Sample material and preparation

Specimens produced by different methods (Table 1)
were provided by Elektroschmelzwerk Kempten (Kemp-
ten, FRG) an H. C. Starck (Laufenburg, FRG). A
reliable characterization needs particularly a precise
chemical analysis. Experience shows that the chemical
composition of synthesized boron carbide, particularly
in the case of hot pressing, deviates more or less
substantially from the proportions of the ingredients,
and so compositions as mentioned for example in ref.
19 can be regarded as not more than rough estimations.

For the present work the chemical analyses were
performed on pieces of the specimens in the immediate
neighbourhood of the investigated samples, and in the
same laboratory (Elektroschmelzwerk Kempten) to ex-
clude different methods of procedure. The method is
described in ref. 20 and allows the separate deter-
mination of bonded and free carbon in boron carbide.
In particular, some samples were at our disposal which
had been used by Schwetz and Karduck [7] for the

new determination of the carbon-rich limit of the ho-
mogeneity range of boron carbide. Their wet chemical
and microprobe analyses let to the same results. Only
in the case of the '°B-enriched specimen was no analysis
available, but the preparation was performed according
to the standardized procedure for the carbon-rich limit
composition, so that the composition B,,C can be
assumed in this case, too.

The sample surfaces were mechanically ground and
carefully polished with diamond (finest grade, 1 um)
to avoid scattering of the light at the surfaces as far
as possible. In some not completely dense samples the
loss by scattering was corrected by a specially developed
procedure [21].

3. Optical spectra

Reflectivity spectra of the samples were obtained
with a Fourier transform IR spectrometer in the spectral
range between 10 and 5000 cm~! with a resolution of
2 cm ™. By use of the Kramers—Kronig relation (KKR)
the absorption spectra were calculated. Towards high
frequencies the prerequisite for KKR was fulfilled,
because the measurements were extended to the ap-
proximately dispersion-free range between absorption
edge and lattice vibrations. Towards low energies there
is no dispersion-free range in boron carbide because
of the influence of the plasma edge on the optical
properties [22, 23]. However, using a suitable extrap-
olation, which takes this semiconductor behaviour at
low frequencies into account, the prerequisites for the
allowable application of the KKR could be realized.

Characteristic reflectivity and absorption spectra (cal-
culated by the KKR) of boron carbide are shown in
Fig. 2 in comparison with the remeasured highly solvated
spectra of the structurally related B,O [24, 25]. The
spectrum of B4O essentially contains vibrations of the
icosahedron only. Contrary to boron carbide, its ar-
rangement of two oxygen atoms on the main diagonal
of the unit cell has no IR-active valence vibration
(stretching mode). Therefore the stretching mode (Ellc),
which is object of the present investigation, is seen
neither in the spectrum of B,O nor in that of the
single-crystal B, sC sample with the investigated surface
oriented closely perpendicular to the crystallographic
¢ axis.

The difference between the absorption spectra of
samples with different isotope enrichments is obvious.
The change in the chemical composition as well leads
to a distinctly different form of the absorption band,
and moreover to a distinct frequency shift of the res-
onance curve (Fig. 3). Since the vibration mode under
consideration is polarized parallel to c, for a quantitative
comparison it must be ensured that the polycrystalline
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TABLE 1. Samples and their properties

Designation ESK 10 ESK 5 ESK 4 ESK 1 ST 43 ST 35 ST 15 ESK (1)

Producer ESK ESK ESK ESK H.C. Starck H.C. Starck H.C. Starck  ESK

Nominal B,.C ByoiC B, 2:C B,;C B;5iC By 5,C By, C B,C
composition

B isotope Natural Natural Natural Natural Natural Natural Natural 929 °B
distribution

Preparation Molten Molten Molten Molten Hot pressed Hot pressed Hot pressed Hot pressed

and molten

Chemical analysis (wt.%)

B 68.26 78.22 79.19 83.10 84.00 82.0 88.7 ND

C (total) 31.57 21.65 20.78 14.65 11.8 10.7 9.5 ND

Impurities (ppm)

o) 1500 800 700 18200 26800 42000 1100 ND

N 1100 200 100 5100 9100 7400 13500 ND

Fe <100 <100 <100 2900 19000 1100 ND

Mg 60 (typical) 60 (typical) 60 (typical) 1500 1600 10 ND

Al <100 <100 <100 ND

Ca <100 <100 <100 ND

Si <1000 <1000 <1000 ND

Other metals <2000 - - - 2100 3400 2400 ND

B:C ratio 43 43 4.3 6.30 7.91 8.52 10.37 4.3
(C bonded) (4.20(12)) (4.34(12))

C (at.%) 18.87 18.87 18.87 13.70 11.22 10.50 8.80 18.87

ESK, Elektroschmelzwerk Kempten; ND, not determined.

samples are randomly oriented. This is largely the case,
because the size of the crystallites in the molten spec-
imens is about 1 mm and in the hot-pressed samples
less than 0.1 mm, and therefore the optical focus size
of about 5 mm is sufficient to average the different
crystallographic orientations. Excess carbon in boron
carbide precipitates as graphite {1] and affects the
spectrum of the matrix only by accordingly reducing
the reflected signal. Therefore this error in the spectrum
of sample B, ,C could be easily corrected.

In the spectral range close to the stretching vibration
there are several small absorption bands, whose oc-
currence and strength are systematically related neither
to the carbon content nor to a distinct impurity con-
centration.

4. Calculation model

Natural boron contains the isotopes ''B (80.2%) and
9B (19.8%). This means a mass difference of the
vibrating atoms of 10% which, as already discussed in
ref. 26, leads to a measurable shift of the phonon
frequencies and to a modification of the form of the
phonon absorption bands depending on the number of
atoms vibrating. Quantitatively, according to the prob-
ability distribution of the isotopes on the boron sites
in the structure a discrete distribution of the oscillator
strengths on the single vibration frequencies must be

expected. The analysis of the stretching mode of the
central atom of the three-atom chain in boron carbide
was based on these considerations. In addition to this
frequency shift depending on the different masses of
boron isotopes, the probable occupation of different
sites by carbon atoms must be taken into account.
Carbon consists of 99% of the isotope '*C, and therefore
a consideration of the isotope distribution is not nec-
essary in this case. Thus it is obvious that the different
arrangements of atoms in the three-atom chain of boron
carbide (B-B-B, C-C-C, C-B-C, C-B-B, B-C-B),
which can be assumed at first to be possible in principle,
lead to different probability distributions of oscillator
strengths of defined vibration frequencies, which make
them distinguishable in the absorption and reflectivity
spectra. For example, Fig. 4 shows the calculated prob-
ability distribution of the resonance frequencies of the
C-B-C and the C-B-B chains in B, ;C. It will be shown
below that this chain combination has been proved to
be the only applicable combination for boron carbide.
The calculated probability distributions are immediately
related to the experimentally obtained absorption spec-
tra of the corresponding samples in Fig. 3.

Indeed, it is necessary to prove that the calculations
can really be restricted to those three atomic sites. In
particular, the essentially covalent bonds of the end
atoms of the chain to the three adjacent equatorial
atoms of the neighbouring icosahedra must be negligible,
at least in a first approximation. These bonds are



252 U. Kuhlmann et al. | Distribution of C atoms in B carbide

11

B O (shifted by 0.45)
09 °

B‘ 3C ELC (shifted by 0.25) |

Reflectivity

A 10B-isotope (shifted by 0.1}
0.3

041 " NI 1 FE—T L N PR 1 L " " "
0 500 1000 1500 2000
(@) Frequency [em™1]
8

x 6} BeO (shifted by 3.8)
0
T
£
C
O 4
a
5)) B, ,C ELC (shifted by 2.0)
2

2 10B-Isotope (shifted by 1.0}

B, ,C
0 n . n ] R " N randill} n I T " i
0 500 1000 1500 2000

(b) Frequency [cm~1]

Fig. 2. Typical phonon spectra of boron carbide (160 K). (a)
Reflectivity (measured). (b) Absorption index (calculated from
the reflectivity by the KKR). The spectrum of B,O (300 K) is
included for comparison. The steep increase in reflectivity and
absorption towards low energies is due to the strongly damped
plasma vibrations.

arranged approximately in a plane, and the equatorial
sites are occupied statistically by both boron isotopes
and probably carbon atoms as well. The stretching
vibration of the chain strains these bonds perpendicular
to their orientation. It is known from the appropriately
arranged molecules "'BF;, 'BCl,, and ''BBr; (see ref.
27 and references therein) that in these cases the
restoring forces are less than 10% of the restoring
forces of the valence vibrations. This can be assumed
to be valid compared with the valence vibration of the
chain as well, when the relation between restoring
forces and distances of atoms belonging to the same
row of the periodic table is considered [28], whose
validity in the case of boron-rich solids was shown in
ref. 29. Moreover, model fitting calculations including
the equatorial atoms of the icosahedra proved to be
unsatisfactory (Fig. 5).
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Fig. 3. Absorption spectra of the stretching mode of the three-
atom chain in boron carbide for different chemical compositions
and isotope enrichments.
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Fig. 4. Calculated relative probability distribution of the stretching
vibration of the three-atom chain in B,3C boron carbide (the
absolute position in the spectrum was obtained from the adaptation
of the measured spectra in Fig. 3): (a) B,3C (natural isotope
enrichment); (b) B,;C ('°B, 92% enriched).
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Fig. 5. Some test adaptations based on different bonding models
of the end atoms of the three-atom chain. Even the best fit
assuming a quasi-free C-B—-C chain only proves not to be sufficient.
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Fig. 6. Simultaneous adaptation to the IR spectra (absorption
index and reflectivity) of the stretching mode of the three-atom
chain: lower part C-B-C chains only; upper part, combination
of C-B-C and C-B-B chains. Attention should be paid to the
high precision of the measured reflectivity spectrum needed for
reliable adaptations, particularly with respect to the absolute
reflectivity.

However, when, according to the vibrations of a free
linear XY, molecule, only the atoms of the chain were
considered, the fitting calculations proved to be con-
vincing, although only for the case that the combinations
are restricted to C-B-C and C-B-B chains. Of course,
only such fits were considered as physically meaningful
which were based on low numbers of variables. For
instance, Fig. 6 shows that the assumption of C-B-C
chains only does not fit the experimental result, while
the additional consideration of C-B-B chains leads to
a satisfactory fitting. It is important to note that un-
ambiguous results are only achievable when the ab-
sorption and the reflectivity spectra are fitted simul-

taneously. The damping of the phonons was taken into
account by a gaussian distribution adapted to the ex-
perimental spectra. It was proved that possible small
contributions of the Lorentz type can be neglected in
our mode] calculations.

The results are consistent within the whole homo-
geneity range investigated and for the different isotope
enrichments as well. For all B-C bonds and vibrations
discussed the restoring force in the fits was kept un-
changed for each specific composition; towards the
boron-rich side the restoring force of the B-B bonds
decreases. The damping was of the same order in all
cases but differed slightly depending on the sample
quality. For the '°B in comparison with the B isotope
an isotope shift of 0.4% caused by the different zero-
point energies had to be considered unchanged in the
whole homogeneity range.

Hence, in the first approximation, apart from C-B-C
and C-B-B, all the other chain compositions mentioned
are largely to be excluded, and the same applies to
the planar B, arrangement [8] as well. The error of
this statement is less than about 5% related to the
total number of unit cells.

5. Evaluation

The relative concentrations of the C-B-C and C-B-B
chains obtained by a simultaneous fitting of the ab-
sorption spectra (Fig. 3) and the corresponding re-
flectivity spectra are presented in Fig. 7. While a
monotonic decrease in the number of C-B-C chains
and the corresponding increase in the number of C-B-B
chains with decreasing carbon concentration is not
surprising, the abrupt change in the relative chain
concentrations between 14 and 10 at.% carbon is strik-
ing. To estimate the absolute contents of C-B-C and

o o o
-~ [o] [e o)
T T T

Relative Chain Distribution
o
N
T

Carbon Content [at.%]

Fig. 7. Relative occurrence of C—-B—C and C-B-B chains in the
unit cells of boron carbide depending on the carbon content.
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C-B-B chains in the structure, in Fig. 8 the integral
oscillator strengths of the stretching vibration repre-
senting the sum of both types of chains is shown. On
the basis of the qualified assumption that the stretching
vibrations can be at least approximately considered as
localized lattice vibrations, and taking the transition
probability as constant, these integrals are proportional
to the number of three-atom chains in the unit cells
of boron carbide. Then it is obvious that a considerable
proportion of unit cells increasing non-monotonically
with decreasing carbon content contains neither C-B-C
nor C-B-B chains. Also, the relative damping shown
in Fig. 8 does not increase with decreasing carbon
content. This justifies the model used of an approxi-
mately free stretching vibration of the three-atom chain,
and makes it clear that the reduced oscillator strength
is essentially not caused by strong damping processes
in the boron-rich region of the homogeneity range.

On the basis of this evidence of unit cells without
three-atom chains the remaining carbon atoms, which
are assumed to substitute boron sites in the icosahedra,
can be calculated using the chemical analysis data (Table
1). Two different models are considered.

(1) The unit cells without three-atom chains are «
rhombohedral boron like, which means that there are
no atoms saturating the three-centre bonds of the
equatorial atoms of the icosahedra.

(2) Similarly to the boron halides, single boron atoms
are positioned in the centre of a triangle of neighbouring
atoms, here saturating the three-centre bonds of the
equatorial atoms like the end atoms of the three-atom
chain or the separate atoms in BO and homologous
compounds [30].
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Fig. 8. Relative integral oscillator strengths of the stretching
mode of the three-atom chains in boron carbide obtained by
integrating the absorption bands in Fig. 3 and the damping
constants used in these fits, related to the values obtained for
B,;C.

It can be obtained from Fig. 9 that these two as-
sumptions do not lead to significantly different carbon
concentrations in the icosahedra. Therefore it is of
minor importance that it cannot be decided from the
present results which of the two assumptions is correct.

In Fig. 9 a third model is also included for comparison,
namely the calculation for the case that, in contrast
to the oscillator strengths obtained from experiment,
decrease with decreasing carbon content, all the unit
cells are completed by C-B-C or C-B-B chains in the
proportion determined. However, such an assumption
seems very improbable. The assumption that up to
more than 50% of the material has a completely different
structure seems improbable for different reasons, par-
ticularly because X-ray diffraction showed that the
specimens investigated are largely single phase. Only
in the most boron-rich compound were traces of 8
rhombohedral boron detectable [31]. The transition
probability of the phonons could depend on the carbon
content, and indeed the resonance frequencies of the
C-B-C and C-B-B chains vary by about 3% within
the homogeneity range (Fig. 10). However, this small
shift seems merely to contradict the assumption that
the transition probability is reduced by up to more
than 50%, which would be necessary to explain the
results this way. In particular, the results calculated
according to the third model are not compatible with
several specific composition-dependent properties of
boron carbide.

On the basis of model 1, in Fig. 11 the variation in
the relative concentrations of the different structural
elements in the unit cell of boron carbide (B,, and
B,;C icosahedra, C-B-C and C-B-B chains) and of
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Fig. 9. Averaged number of carbon atoms per icosahedron for
two structural models with and without boron atoms saturating
the three-centre bonds of the equatorial atoms of the icosahedra.
The lowest curve corresponds to the very improbable assumption
that each unit cell of boron-rich boron carbide contains a three-
atom chain (see text).
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Fig. 10. Stretching mode resonance frequency of the C-B~C and
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Fig. 11. Concentration of the structural elements (B;; and B;;C
icosahedra, C-B-C and C-B-B chains) in the rhombohedral unit
cells and the proportion of chainless unit cells of boron carbide
depending on the carbon content.

chainless unit cells throughout the homogeneity range
are shown. Obviously the best-ordered region is that
near the carbon-rich limit of the homogeneity range,
and the region of highest disorder is the range between
12 and 14 at.% C. Near 11 at.% C there is a narrow
region of relative order compared with the neighbouring
composition regions. For the calculation of the force
constants the r;((ny)) frequency formula for linear XYZ
molecules [27] was used with X=7Z and fg for C-B-C
respectively Y = Z and at first f g # fpg for C-B-B chains.
The average fo_p p=(fcg+fss)/2 was verified by re-
calculating the experimental spectra successfully.

From the adaptation to the measured phonon spectra
of B,;C (Fig. 3) the force field constant of the C-B
bond in the C-B-C chain was determined:

f=0.56(1)<10° kg s~ ' =5.6(1) mdyn A !

This value agrees quite well with f=5.4 mdyn A~!
theoretically calculated for the same problem by Abbott
and Beckel [32], by applying a central force field model,
and assuming C-B-C chains only. This B-C force
constant was assumed to be valid in the C-B-B chain
also, and the B-B force constant was calculated from
the spectral shift of the corresponding resonance fre-
quencies and was found to be the same. Hence in B, ;C
the end atoms of the chains must be equally charged,
independently of whether they are boron or carbon
atoms. This can be taken as an experimental confir-
mation that from a carbon atom at the end position
of the chain in B,;C one electron more than from a
corresponding boron atom is transferred to the ico-
sahedron.

However, this does not hold in the more boron-rich
structures of boron carbide. From the composition-
dependent resonance frequencies of the C-B-C and
C-B-B chains (Fig. 10) the force constants of the B-C
and the B-B bonds were derived. For this calculation
at first again the assumption was made that the C-B
force constant is the same in C—-B—C and C-B-B chains.
However, this assumption yielded distinctly lower force
constants for the C-B bond (Fig. 12). Therefore the
real force constant in the C-B-B chains corresponds
to the average of the B-C and B-B values in Fig. 12.
From B,;C to B, it is largely independent of the
carbon content, and then decreases linearly as the
carbon content decreases further. The validity of the
presumed linear force law was checked by calculating
the spectral shift between the resonance frequencies
of both types of chains: they proved to agree exactly

5.5

Force Constant [mdyne A3

) ] L " n L .
8 11 14 17 20

45 0

Carbon Content [at. %1

Fig. 12. Force constants of the B—C and B-B bonds in the three-
atom chains of boron carbide. The curve labelled “B-B bond”
is only an interim result in the calculation. It is based on the
assumption that the B—C force constants are the same in C-B-C
and C-B-B chains, which is only fulfilled in B,;C (see text).
The curve labelled “average C-B-B” represents the real force
constant obtained for the C-B-B chains (average of B-C bond
and B-B bond).
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Fig. 13. Shift of the central atom of the C-B-B chain depending
on the unsymmetric force constant at different carbon contents.
Absolute values calculated related to the B—C distance in B,,C
(33].

with the data obtained from the empirically fitted
spectra.

Hence, contrary to B,;C, in the boron-rich boron
carbides the end atoms of the C-B-B chains are dif-
ferently charged, which leads to a shift of the central
boron atom from the central position into the direction
of the higher force constant. The C-B force constant
of the C-B-C chain was again assumed to be valid in
the C-B-B chain as well, and this shift was calculated
(Fig. 13). At higher carbon contents in the homogeneity
range the central atom is slightly shifted towards the
boron atom. This shift changes its sign close to BgsC,
and with the approach to the boron-rich limit the bond
length change amounts to about 0.11 A, i.e. about 8%
of the B-C bond length of 1.436 A within the chain
of B,;C [33].

6. Discussion

The results of this work require that the present
ideas of the structure of boron carbide and its change
within the homogeneity range are to be revised. Neither
the structure (B,;C)C-B-C of the chemical composition
B,C at the carbon-rich limit of the homogeneity range
nor (B,,)C-B-C, the structure of B, sC, which has been
assumed by a number of researchers to be the really
ideal structure of boron carbide, exists as a uniform
crystal structure. Until now it has generally been ac-
cepted that with decreasing carbon content the mod-
ification of the boron carbide structure can be described
by a statistical exchange of B,;C by B,, icosahedra and
of C-B-C by C-B-B chains; this is disproved by the
present results, too.

In reality, nowhere in the homogeneity range is the
structure uniform; rather it consists of mixtures of B,,

and B,,C icosahedra at the vertices, and of mixtures
of C-B-C and C-B-B chains on the principal diagonal
of the rhombohedral unit cells. Moreover, particularly
with decreasing carbon content a growing proportion
of unit cells without three-atom chains develops, whose
concentration exceeds even 50% at carbon contents
lower than about 9 at.%. Throughout the homogeneity
range complicated vagaries of these structural elements
determine the actual structures. Apparently in the case
of boron carbide a completely homogeneous structure
is not the energetically most favourable state. This is
in accordance with the recent observation of Schwetz
and Karduck [7] that the carbon-rich limit composition
is not the simple composition B, but B,,C. This is
additionally supported by the asymptotic approach of
the C-B-B chain concentration to the carbon-rich limit
of the homogeneity range.

These new results on the one hand explain easily
the dependence of several properties of boron carbide
on the chemical composition, while on the other hand
they disprove some essential assumptions used until
now in certain models for the interpretation of prop-
erties.

A qualitative criterion of the long-range order of the
structure is the degree of distinctness of the lattice
vibration bands of the icosahedron in the IR spectrum.
The present results confirm the experience obtained
from these spectra that the distortions are lowest near
the carbon-rich limit of the homogeneity range. How-
ever, at first it was surprising that the spectrum of
B, ,,Cis more distinct than those of the samples adjacent
in composition [34]. Figure 11 explains this immediately:
at 11 at.% C there is a very narrow range of higher
order in comparison with the adjacent compositions.

Several researchers [35-39] assumed the composition
B sC (structural formula, (B,,)C-B-C) to be the ideal
and therefore the best with which to make representative
conclusions. The present results show that this is not
at all the case. In reality this composition is close to
the least-defined structure in the homogeneity range
of boron carbide. Therefore the conclusions based on
this structural model have only a limited validity.

The variation in the lattice constants with decreasing
carbon content cannot be attributed simply to the
increasing number of B,, icosahedra only. The re-
increasing number and influence of B;;,C icosahedra
at carbon contents lower than about 13.5 at.% is
obviously compensated by the increasing number of
chainless unit cells. In the region close to the boron-
rich limit of the homogeneity range a significant pro-
portion of the chains, which contribute considerably to
the stabilization of the boron carbide structure near
the carbon-rich limit, is missing. Instead obviously the
more stable B;,;C icosahedra are needed to stabilize
the structure. This stabilization of the icosahedron by
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the substitution of a boron atom by carbon is known
from theoretical calculations [16, 17] and from inves-
tigations on carbon-doped B rhombohedral boron [15],
and it is in accordance with the Jahn-Teller effect [13]
as well.

From empirical industrial experience it results that
the maximum hardness of boron carbide is realized at
the carbon-rich limit of the homogeneity range and
decreases with decreasing carbon content. This has
been attributed to the decreasing lattice constant. How-
ever, Fig. 11 shows that at this composition the most
homogeneous structure within the whole homogeneity
range exists, and hence the microscopic stresses in the
structure are the lowest. This may be a more relevant
explanation for the hardness behaviour of boron
carbide.

The thermal conductivity of boron carbide decreases
abruptly when the composition is changed from B,C
to BesC. This was attributed to the redistribution of
the carbon atoms in the structure, particularly within
the icosahedra; carbon atoms at the end positions of
the chain are expected to bond preferably to boron
atoms on equatorial sites, while boron atoms at the
end positions prefer carbon atoms as bonding partners
[34, 40]. From Fig. 11 it results that much stronger
structural distortions are the real reason. Within this
rather small range of chemical compositions the struc-
ture changes from the most homogeneous to the most
distorted.

Towards the boron-rich limit of the homogeneity
range the thermal conductivity of boron carbide in-
creases slightly [41]. This is in accordance with the
results in Fig. 11 as well, showing that a certain kind
of lower order is developing because the B,,Cicosahedra
are being preferred, while unit cells with C-B-B chains
and such without chains are both close to 50%, keeping
the structure distorted to a considerable degree.

The acoustic velocity in boron carbide is quite large,
consistent with light atoms and stiff bonds [42]. It
decreases slightly from the carbon-rich limit to about
13 at% C content and rapidly with a further decrease
in the carbon content. When the force constant of the
stretching mode of the central atom in the majority
chains (Fig. 12) is taken as a criterion of the bond
strength of the whole structure, an immediate corre-
lation with the acoustic velocity varying as Vicgg is
evident.

In the carbon-rich part of the homogeneity range
the resonance frequency of the dominating C-B-C
chains (and of the C-B-B chain as well) decreases
slightly, while towards the boron-rich limit the resonance
frequency of the preferred C-B-B chains decreases
considerably. The reverse trend of the minority C-B-C
chain resonance in the transition range emphasizes the
local stresses in the structure, since the influence on

the largely freely vibrating stretching mode of the three
atom chain can be assumed to come particularly from
the immediate neighbourhood and not from the av-
eraged influence of the total structure.

The results of the present paper yield a new argument
[43] against a basic assumption in Emin’s theory on
the electronic transport in boron carbide [44]. He
attributes the carrier transport to the hopping of bi-
polarons between B,,C icosahedra. However, the max-
imum conductivity in boron carbide is at about the
composition B,C [4, 45, 46], which, according to Fig.
9, is close to the minimum concentration of B;,C
icosahedra in the structure.
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