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Abstract 

We present measurements of the thermal conductivity (30<T<300  K) and specific heat (80<T<300 K) of 
po&crystalline boron carbides (Bl-xCx) for carbon concentrations spanning the single-phase field (0.1 <x<0.2)  
and compare our results with studies in other temperature regimes. The thermal conductivity decreases continuously 
with decreasing x as it evolves from crystalline behavior for carbon-rich specimens to a glass-like conductivity 
characteristic of amorphous solids. The specific heat of boron carbides is insensitive to the carbon concentration 
for T>60 K. 

1. Introduction 

Boron carbides (B~_xCx) possess unique structural, 
electronic and thermal properties. Owing to their ex- 
treme hardness, they have historically been used as 
abrasives and armor [1]. The large neutron capture 
cross-section of the l°B nucleus has also led to their 
use as control elements in nuclear reactors [2]. More 
recently, the use of boron carbides in high temperature 
thermoelectric generators has become attractive owing 
to their mechanical robustness, high melting points and 
substantial thermopowers [3]. As a result, efforts have 
been made to maximize the thermoelectric figure-of- 
merit Z=SZ~r/A, where S is the Seebeck coefficient, o- 
is the electrical conductivity and A is the thermal 
conductivity [3]. It is therefore important to know the 
lowest attainable thermal conductivity of these materials. 
Prior studies have indicated that the thermal conduc- 
tivity is sensitive to the carbon content of the lattice 
but have not produced a clear answer to the question 
of its lowest value. In order to clarify this issue, we 
measured the thermal conductivity of boron carbides 
for various carbon compositions over the single-phase 
region (0.1 <x < 0.2). Our results show that the thermal 
conductivity evolves from crystalline to glass-like be- 
havior as carbon is removed from the lattice. The 
thermal conductivity decreases continuously with de- 
creasing carbon content and approaches a limiting value 
at high temperatures. In addition, we report measure- 
ments of the specific heat of boron carbide which 
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illustrate that the specific heat is insensitive to x for 
T>60 K. 

2. Structure of boron carbides 

Bl-xCx exists as a single crystallographic phase for 
carbon concentrations between approximately 9 and 20 
at.%, although there is some disagreement over the 
precise boundaries of the single-phase field [4--6]. The 
crystal structure of boron carbide is a modification of 
the a-B structure. The unit cell of a-B is rhombohedral 
with lattice parameter a=5.19 • and vertex angle 
a=  65018 ' [7]. The lattice constants of boron carbides 
are sensitive functions of their carbon content as well 
as the presence of impurities [8]. In B~_xCx, slightly 
deformed boron-rich icosahedra are centered at each 
vertex of the rhombohedron. Each icosahedron has 12 
externally directed bonds emanating from it. Six of 
these bonds join atoms in a given icosahedron to their 
counterparts in the six neighboring icosahedra along 
the edges of the rhombohedral cell. The remaining six 
bonds join icosahedral atoms to end atoms of a three- 
member chain within each rhombohedral cell. These 
so-called intericosahedral chains are directed along the 
long body diagonal (threefold axis) of the unit cell. 
Studies to date suggest that the primary configurations 
of the intericosahedral chains are carbon-boron-carbon 
(CBC) and carbon-boron-boron (CBB) depending upon 
the carbon content of the sample [9]. It is generally 
recognized that the microscopic arrangement of boron 
and carbon is uniquely determined by the stoichiometry 
of the sample rather than resulting from randomly 
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populating arbitrary atomic sites with boron and carbon 
in order to achieve the correct stoichiometry. Rather, 
boron and carbon atoms preferentially populate either 
the icosahedra or the intericosahedral chains as dictated 
by the overall carbon content of the lattice. However, 
despite this regularity, the boron carbides still retain 
a form of compositional disorder as we discuss below. 

Emin has developed a microscopic description of the 
boron carbide structure [10]. In this picture the structure 
at the carbon-rich end of the single-phase field is 
envisioned to consist of BloC icosahedra centered at 
the unit cell vertices with CBC intericosahedral chains. 
This limit is believed to correspond to a composition 
near, but slightly less than, 20 at.%. For ease of notation 
we will hereafter refer to the carbon-saturated limit 
as "x=0.2" and "B4C". We wish to emphasize that 
this notation is a formalism which is meant to indicate 
the carbon-rich limiting composition. Although the car- 
bon-saturated material is composed entirely of B~IC 
icosahedra and CBC chains, there is still some disorder 
in the lattice associated with the random placement 
of a single carbon atom amongst many sites within a 
particular icosahedron. For carbon-unsaturated speci- 
mens it is suggested that carbon atoms are first pref- 
erentially removed from the intericosahedral chains, 
thereby Converting CBC configurations to CBB. This 
process also introduces additional lattice disorder, since 
only enough CBC chains are randomly converted to 
CBB chains in order to achieve a particular overall 
carbon concentration. The CBC--* CBB process con- 
tinues until all the three-membered chains have been 
converted to CBB chains at an overall carbon con- 
centration of x=0.133. As x continues to decrease, 
carbon atoms are then removed from some of the 
icosahedra, thereby driving the process B~IC ~ B~2 until 
the lower limit of the single-phase field is reached. 
However, even at the carbon-poor limit of the phase 
field, some B~1C icosahedra will still be present in the 
lattice. Such a microscopic description of the boron 
carbide lattice has been shown to be in good agreement 
with existing structural, acoustic, electrical and thermal 
data [11]. 

size of the graphite powder is unknown [13]. Additional 
details are given in ref. 12. Grain sizes of the resulting 
polycrystalline samples were approximately 10-20/.~m 
for carbon-rich samples (x=0.2) and 50-60 /zm for 
carbon-poor samples (x---0.1) [13]. The carbon contents 
of the three measured samples were x =  0.1, 0.133 and 
0.2. Their mass densities were p= 2.45, 2.49 and 2.55 
g cm -3 respectively [13]. In Table 1 an estimate of the 
theoretical density for each composition assuming 100% 
11B and 100% 12C enrichment and using unit cell volumes 
as reported by Aselage and Tissot [8] is included. We 
see that the samples measured in this investigation are 
all nearly fully dense. Specimens were prepared by 
cutting with a diamond saw. The samples were penny 
shaped with diameters of approximately 1 cm and 
thicknesses of approximately 1 mm. Before performing 
measurements, the thermal diffusivities above about 400 
K were measured by Dr. C. Wood at the Jet Propulsion 
Laboratory (JPL) using a flash technique and then 
returned to Sandia for Raman spectroscopy to confirm 
that their carbon content had not changed as a result 
of the diffusivity measurements. 

We employed the 3t0 method, described in detail 
elsewhere [14], to measure thermal conductivity between 
30 and 300 K. The 3to method was developed to minimize 
errors due to thermal radiation which plague standard 
gradient techniques for measuring thermal conduetiv- 

TABLE 1. Mass densities and speeds of sound used for calculation 
of the Debye specific heat and Ami, of B~_xC~. Measured sample 
densities [13] are compared with estimated theoretical densities 
for approximated isotopic composition of 100% UB and 100% 
nC using unit cell volumes reported by Aselage and Tissot [8]. 
Tabulated molar masses 3~t assume 100% ~tB and 100% 12C 
enrichment. Number densities of atoms obtained from Pth and 

for each composition. Average room temperature speeds of 
sound measured by Gieske et al. [26] on a different set of boron 
carbides (but from the same boule as the samples measured in 
this investigation) with densities p(x=0.1)=2.45 g cm -3, 
p(x=0.133)=2.49 g c m  -3 and p(x=0.2)=2.55 g cm -3. Debye 
speed of sound, vo, calculated from longitudinal and transverse 
speeds of sound for each composition. Cut-off temperature 
Oi=vi(6~r2n)~(h/kB) for longitudinal and transverse phonon po- 
larizations. Debye temperature OD.VD(6~r2n)l:3(h/kB) calculated 
using tabulated values of VD 

3. Experimental details 
B9C B13C2 BaC 
(x = 0.100) (X = 0.133) (x = 0.200) 

3.1. Thermal conductivity 
The samples used in our thermal conductivity mea- 

surements were prepared by Dr. T. Aselage at Sandia 
National Laboratories by hot pressing (T=2450 K, 
P=6000 lbf in -2) a mixture of boron and graphite 
powders under an argon atmosphere in a graphite die 
lined with boron nitride [12]. The crystalline boron 
powder was approximately 97% enriched in 11B and 
had a particulate size of less than 150/~m; the particulate 

p (g cm -a) 2.45 
Pth ( g c m  -a) 2.48 
rn (g mol -z) 111.084 
n (1023 cm -3) 1.34 
vl (105 cm s -1) 12.098 
vt (105 cm s -1) 7.342 
VD (105 cm s -1) 8.113 
0~ (K) 1843 
0t (K) 1119 
0D (K) 1236 

2.49 2.55 
2.50 2.55 

83.560 56.037 
1.35 1.37 

13.934 14.184 
8.723 8.851 
9.608 9.752 

2128 2177 
1332 1358 
1467 1497 
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ities of amorphous solids above about 100 K. This a.c. 
technique derives its name from the measurement of 
the third harmonic of voltage across a quasi-one-di- 
mensional metal heater-thermometer which is heated 
by a current at angular frequency to. This line is deposited 
(with contact pads for current and voltage leads) on 
the surface of the sample to be measured and is 
patterned either photolithographically or by evaporation 
through a shadow mask. Joule heating of the line 
generates a cylindrically symmetric thermal wave which 
diffuses into the sample. This wave is exponentially 
damped in the radial direction away from the 3to line 
and has a frequency-dependent penetration depth ,~ of 
magnitude ~= (D/2to) in, where D is the thermal dif- 
fusivity of the underlying substrate. The I2R heating 
of the 3to line causes its temperature to oscillate at 
2to, thereby giving its electrical resistance the same 
frequency dependence. The net voltage drop across the 
metal line will therefore have a small component which 
oscillates at 3to. The in-phase (real part) r,m.s, value 
of this voltage 1/3,o varies with frequency and can be 
measured with a lock-in amplifier. The resulting analysis 
shows that the thermal conductivity can be determined 
from the frequency dependence of 1/3,o via the relation 
[141 

13R[ ln(f2) - ln(f~)~dR 
A= 47r/k 1/3,,. _---V3--~. 23~,. 2]~---7: (1) 

where I is the r.m.s, current through the metal line, 
R is its average resistance and l is its length. V3,,., and 
1/'3̀ o, 2 are the r.m.s. 1/3,~ voltages measured at two different 
frequencies fl and f2 and dR/dT is the derivative of 
the resistance vs. temperature calibration of the metal 
line. Experimentally we measure 1/3~ at several fre- 
quencies and thereby extract the thermal conductivity 
of the sample by measuring the slope of such a frequency 
scan on a semilogarithmic plot. In this case we replace 
the bracketed ratio in eqn. (1) by the inverse of this 
slope. This tends to minimize the scatter in the resulting 
A(T) data. 

Because our samples are electrically conducting, it 
was necessary to electrically insulate the metal line 
from the substrate. This was done by coating the sample 
surface with a dilute solution of General Electric 7031 
insulating varnish and thinner. The sample was inclined 
at approximately 45 ° and the solution was poured over 
the surface. The excess was blotted away from its edge 
and the coating was cured under a heat lamp for about 
8 h. This procedure produces films less than 10 /zm 
in thickness. Because these were bulk samples, it was 
sufficient to pattern the 3to line on their surfaces 
by thermally evaporating 100/~ of NiCr (for improved 
adhesion) and 2000 ~ of Ag through a shadow mask 
fashioned out of two nearly touching razor blades. The 

blades were aligned under an optical microscope. This 
technique produced lines 20-30/~m in width and about 
4 mm in length, with room temperature electrical 
resistances of 10-80 f~. Electrical contact to the current 
and voltage pads was achieved using four spring-loaded, 
gold-plated pins. 

A typical frequency scan showing the magnitude of 
the in-phase voltage as a function of frequency is shown 
in Fig. 1. At low frequencies the penetration depth of 
the thermal wave is much larger than the thickness of 
the insulating layer and the slope of the frequency 
trace in this limit is inversely proportional to the thermal 
conductivity of the substrate. At higher frequencies the 
3to wave is rapidly damped out within the varnish layer 
and the assumption of cylindrical heat flow breaks down 
as the penetration depth of the 3to wave becomes 
comparable with the width of the 3to line. It is therefore 
not meaningful to extract a thermal conductivity for 
the varnish in this case. There is a smooth transition 
between the two regimes at intermediate frequencies. 
The upward trend in the signal at the highest frequencies 
is due to phase shifts introduced by the electronics. 
However, we note that the 3to method has been suc- 
cessfully used to measure thermal conductivities of films 
with thicknesses t>  10 tzm [15]. Such films require 
photolithographically patterned heater-thermometer 
lines of widths about 2/~m. From the position of the 
knee in the frequency trace of Fig. 1 and an estimate 
of the thermal diffusivity of the varnish layer, we estimate 
the insulator thickness to be about 6/~m. The sample 
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Fig. 1. Typical frequency scan forx=0.133 sample (BI3C2) coated 
with GE 7031 varnish showing real part of 3to voltage as a 
function of excitation frequency. At low frequencies (to/2~<40 
Hz) the penetration depth of the thermal wave is much larger 
than the varnish thickness and thus we probe the Bl3C2 substrate 
to measure 5 .1x10 -2 W crn -1 K -1 as the thermal conductivity 
of the sample. For frequencies above about 800 Hz the thermal 
wave is damped out within the varnish layer (see text). 
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temperature was varied between 30 and 300 K using 
an insertion-type 4He cryostat [16]. 

3.2. Specific heat 
Measurements of specific heat for 80 < T<300 K 

were performed using a diffusive heat pulse technique 
as described by Fischer et al. [17]. In this method a 
voltage pulse is applied to an evaporated thin film 
heater which nearly covers one side of a penny-shaped 
sample. A small, thin film bolometer is evaporated on 
the opposite face of the sample. The time dependence 
of the bolometer's temperature rise allows one to extract 
the heat capacity and thermal diffusivity of the sample. 
Knowledge of the sample's mass density then permits 
calculation of its thermal conductivity via the relation 

A 
O = -- (2) pc. 

where D is the thermal diffusivity, A is the thermal 
conductivity, p is the mass density and C r, is the specific 
heat per unit mass (at constant pressure). The BI_~C~ 
samples measured using this heat pulse technique were 
the same ones measured by Tiirkes et al. [18] and are 
described in that reference. The specific heat mea- 
surements reported by Tiirkes et al. below 100 K were 
performed using an adiabatic calorimeter method as 
described in detail elsewhere [16]. They also measured 
thermal conductivities below 100 K using a steady state 
heat flow (gradient) technique. 

4. Expe~mental results 

4.1. Specific heat 
The specific heat data [18-23] presented in Fig. 2 

span a wide range of carbon compositions, preparation 
methods, morphologies and measurement techniques. 
Between about 60 and 1000 K the specific heat is 
essentially independent of carbon concentration x. At 
lower temperatures (not shown here) the specific heats 
fail to follow this common behavior. Fischer et al. have 
shown that low temperature specific heat anomalies 
observed in certain boron carbide specimens are ex- 
trinsic in origin [17]. However, it is the T> 60 K data 
which will be relevant to the interpretation of the high 
temperature thermal conductivity and thermal diffu- 
sivity. In this regime we believe that the measured 
specific heats are intrinsic. The independence of the 
specific heat on x suggests that the phonon frequencies 
and their density of states are essentially insensitive to 
the amount of carbon in the lattice. For the carbon- 
rich samples the average atomic mass is higher and 
we might expect to have lower vibrational frequencies 
on average in these samples, all other things being 
equal. This would lead to a higher specific heat at a 
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Fig. 2. Specific heat of BI-~C, and /3-B (x = 0). Data for x = 0.2 
samples: granular, crystalline specimen (96% B4C, 4% free and 
included graphite) due to Kelley [19] (open circles); hot-pressed 
specimen due to Gilchrist and Preston [20] (solid circles); granular, 
crystalline specimen (similar to Kelley's above) due to King [21] 
(open squares); specimen of unknown morphology due to Schein- 
dlin et al. [22] (solid squares); sample GA 8798-95-2 due to 
Tiirkes et al. [18] (open triangles). Data for hot-pressed x = 0.133 
and 0.1 specimens: this investigation (open stars, open diamonds). 
Data for E-B: single-crystal specimen seed pulled from the melt 
due to Tiirkes et al. [18] (x) ;  sample vacuum hot pressed from 
amorphous boron powder due to Johnston et al. [23] (+).  The 
solid curve is the calculated specific heat of B9C in the Debye 
approximation (see text). 

given temperature for the carbon-rich samples. How- 
ever, if the carbon-boron (C-B) bond is stronger than 
the boron-boron (B-B) bond, this might compensate 
for the frequency reduction due to the higher atomic 
mass of the carbon. There is evidence to support this 
idea. Raman peaks associated with the intericosahedral 
three-member chains in Bl-xCx show a shift to lower 
frequencies as CBC chains are converted to CBB chains 
for carbon-deficient compositions [24]. X-Ray mea- 
surements show that the B1 _xC~ rhombohedral unit cell 
elongates along its body diagonal as carbon is removed 
[25]. However, this elongation is believed to reflect 
only increases in the length of direct bonds between 
icosahedra (along the rhombohedral cell edges) and 
increases in intraicosahedral bond lengths. These 
changes are thought to be due to the removal of bonding 
electrons as boron substitutes for carbon in carbon- 
deficient specimens. The elongation of the rhombo- 
hedral cell does not appear to be due to a lengthening 
of the intericosahedral chains themselves [8]. We will 
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see later that these observations are consistent with 4.5 
the structural changes in the rhombohedral cell which 
are believed to occur as the carbon content of the 4o 
lattice is varied. 

The solid curve in Fig. 2 is the calculated specific '4 ,s5 
heat for B 9 C  (x  = 0 . 1 )  in the Debye approximation based 
upon ultrasonic measurements of its room temperature ~ 3 0 
sound speeds [26] (see Table 1). The values of v~ and 
vt in Table 1 are averages for B 9 C  samples of various ~ ~)  
thicknesses measured by Gieske et al. [26]. The samples L ,~ 
in that study and the samples in this work were from 

~ 2.0  
the same boules. For calculational purposes we therefore 
take p=2.48 g cm -3 and assume that the tabulated v~ ~ 15 
and vt are reasonable approximations to their low 
temperature values. This yields a Debye velocity and E 

1.o temperature of VD=8.1×105 c m  s - 1  and 0D = .c 
VD(67r2ny/3(h/kB) = 1236 K respectively using - 
n=l.34x1023 cm -3 for the number density of atoms o.~ 
and h=h/27r, where h is Planck's constant and kB is 
Boltzmann's constant. We see that the theoretical curve 
agrees quantitatively well with all the data. In addition 
to the independence of the specific heat on x over the 
single-phase field, it is remarkable that the boron carbide 
specific heats are also in good agreement with data 
for /3-B hot pressed from amorphous boron powder 
(data due to Johnston et al. [23]) and single-crystal/3- 
B seed pulled from the melt (data due to Ttirkes et 
al. [18]). The crystal structure of/3-B is distinct from 
that of a-B and therefore also from the boron carbides 
whose structure is a modification of the a-B lattice. 
The universality of the high temperature specific heats 
of boron carbides is in stark contrast with the disaccord 
amongst their thermal conductivities. We now turn to 
this subject. 

4.2. Thermal diffusivity and conductivity 
The high temperature (T > 400 K) thermal diffusivities 

of BI_xCx measured by Wood are shown in Fig. 3 [11]. 
Over the entire temperature range the diffusivity de- 
creases as carbon is removed from the lattice. The 
increased amount of scatter in the data for the x = 0.192 
sample above about 950 K suggests that those data 
should be viewed cautiously. We have seen above that 
Cp is essentially independent ofx for T> 60 K. Because 
the thermal diffusivity is directly proportional to the 
thermal conductivity by eqn. (2), any variation in D 
should therefore be observed in A above about 60 K. 
We sought to confirm the compositional trend observed 
in the diffusivity measurements (Fig. 3) by measuring 
the thermal conductivity of Wood's samples at lower 
temperatures (30< T<300 K) using the 309 method. 

Figure 4 shows the thermal conductivity. The variation 
in the T>400 K thermal diffusivities with x is also 
present in the thermal conductivities at lower tem- 
peratures (T<300 K). As the carbon content of the 
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Fig.  3. T h e r m a l  diffusivity of  B1-,Cx for var ious  va lues  of  x as 
m e a s u r e d  by W o o d  [11]. All spec imens  were  hot  p re s sed  at 
Sandia  Nat iona l  Labora tor ies .  T h e x = 0 . 2 ,  0.133 and  0.1 samples  
are the  same  ones  m e a s u r e d  in this invest igat ion us ing  the  3~o 
me thod .  

lattice decreases, so does A. Also shown for comparison 
are previous low temperature (T< 100 K) thermal con- 
ductivity measurements (using a standard gradient tech- 
nique) on different samples [18] due to Tiirkes et al. 
(open symbols below 100 K). In addition, we compare 
our results with values of the thermal conductivity 
calculated from Wood's thermal diffusivity measure- 
ments (Fig. 3) using the average fit to the specific heat 
data described above (Fig. 2) and the appropriate sample 
density (open symbols above 400 K). The consistency 
of the data between the same samples and even between 
entirely different samples of nominally identical stoi- 
chiometry is striking. The additional fact that these 
data were all taken using different measurement tech- 
niques gives us confidence that the measured thermal 
conductivities are indeed intrinsic. 

The solid squares in Fig. 4 are the results for our 
x = 0.2 sample (corresponding to the chemical formula 
B4C) using the 3oJ technique. They agree well with 
Tiirkes et al.'s low temperature measurements [18] on 
a different sample of B4C (arc-melted ingot) obtained 
from Elektroschmelzwerk Kempten (ESK). Our data 
for B a C  extrapolate well to the high temperature (T > 400 
K) thermal conductivity, thereby giving us confidence 
in the quality of the data. The presence of a peak at 
about 60 K and the decreasing thermal conductivity 
above this temperature indicate that the thermal trans- 
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Fig. 4. Thermal conductivity of Bl-xCx. All solid symbols: hot- 
pressed samples from Sandia, this investigation, x = 0.2, 0.133 and 
0.1. Open symbols above about 400 K: thermal conductivities 
derived from thermal diffusivity data in Fig. 3 due to Wood (see 
text). Open symbols below about 100 K [18]: x=0 .2  arc-melted 
ingot from ESK;x =0.133 reactively hot-pressed sample GA 8798- 
92-1; x = 0.1 reactively hot-pressed sample GA 8235-147-2. Single 
data point for amorphous B due to Talley et al. [32] (* ) .  /3-B 
single-crystal specimen due to Golikova et al. [34] (dashed curve 
below 1000 K). Ami, curve: theoretical minimum thermal con- 
ductivity of BgC (solid curve, see text). 

port in B4C is indeed crystal like, although because of 
the low magnitude and weak temperature dependence 
of the conductivity, it appears that there is some disorder 
which scatters the phonons in the lattice (compare with 
the dashed curve for the probably more perfect crys- 
talline B-B). It is possible that this scattering is partially 
due to the presence of a small amount of free carbon 
in the sample, since the measured carbon content 
(x= 0.2) slightly exceeds the proposed carbon solubility 
limit (x=0.2-E,  e<< 1). We dismiss the possibility of 
scattering from grain boundaries or voids as will be 
discussed below. 

As reported in previous studies [17], the character 
of the thermal transport changes greatly once carbon 
is removed from the lattice. The solid circles are results 
for our sample of B13C2 (x=0.133). Note that the 
conductivity at room temperature is a factor of about 
4 below that of B4C. There is no longer a peak in the 
thermal conductivity as there was for B4C. Our results 
join on smoothly to Tiirkes et al.'s low temperature 
measurements [18] on a different sample (reactively 
hot pressed at General Atomics, sample number GA 

8798-92-1) of B13C2 and also extrapolate nicely to the 
high temperature thermal conductivity (open circles) 
derived from Wood's diffusivity data. Both the mag- 
nitude and temperature dependence of the composite 
data for B13C2 suggest the beginnings of a transition 
to a conductivity characteristic of an amorphous solid, 
although certain features such as the presence of a 
well-defined plateau are absent. 

Further reduction of x causes the thermal conduc- 
tivity to continue to depart from crystalline behavior 
in both magnitude and temperature dependence. Our 
results for B9C ( x = 0 . 1 )  match up reasonably well with 
the low temperature measurements [18] on a different 
sample (reactively hot pressed at General Atomics, 
sample number 8235-147-2) and with Wood's high 
temperature data. The important point is that the 
thermal conductivity has continued to decrease below 
that of B13C2. In contrast, Bouchacourt and Thevenot 
[3] concluded that the thermal conductivity decreases 
with carbon concentration and reaches a minimum at 
x=0.133, beyond which it rises again. In an earlier 
study [27] using different samples, Wood et al. had also 
observed some evidence for a minimum in the thermal 
diffusivity at high temperatures, although there was 
considerable scatter in the data. We see no such evidence 
for a minimum in the thermal conductivity or thermal 
diffusivity data presented here. Our data in this in- 
vestigation show remarkably little dependence on sample 
origin and we therefore believe that the measured 
thermal conductivities are intrinsic. Because of this, 
we suggest that earlier discrepancies in transport data 
were due to measurement technique. We therefore wish 
to stress that the data presented in this work complete 
our knowledge of thermal transport in boron carbides 
over several orders of magnitude in temperature. 

We submit that any effects on the thermal conductivity 
due to grain boundaries are negligible over the tem- 
perature range from about 30 to 300 K, since the 
phonon mean free path is much smaller than the size 
of the grains in this temperature regime. In order to 
see this, consider the expression for the thermal con- 
ductivity obtained by treating thermal transport as the 
diffusion of a phonon gas using the kinetic theory: 

A =~Cvpvf (3) 
where Cv is the specific heat (per unit mass), p is the 
mass density, v is the average sound velocity and /- is 
the average mean free path. Using the specific heat 
and thermal conductivity data presented here, we es- 
timate average mean free paths of 2×10 -3 and 0.1 
~m at 300 and 60 K respectively for B4C. This is much 
smaller than the lower limit of 10 tzm for the grain 
size of this sample. The average mean free paths are 
even smaller for samples with lower carbon content. 
We estimate 7× 10 -4 and (1-2)× 10 -2 /xm at 300 and 
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60 K respectively for B13C 2 and BgC. We conclude that 
the thermal conductivity is unaffected by scattering from 
grain boundaries for T> 60 K. It is also clear that this 
must be the case since such an extrinsic effect would 
not be consistent with the observed agreement between 
the measured thermal conductivities of samples with 
widely different origins and process histories. 

In addition, because all samples studied have densities 
in excess of 98% of their estimated theoretical values, 
the existence of voids within grains, which could sig- 
nificantly affect the thermal conductivity, appears to 
be precluded. This statement is also supported by the 
observed agreement between the data for all samples 
shown in Fig. 4. Theoretical models of electrical con- 
duction in discontinuous networks [28] have been shown 
to agree with the observed temperature-independent 
reduction of thermal conductivity in porous media such 
as Vycor glass [29]. Such models predict a negligible 
effect on the thermal conductivity in highly dense 
samples such as those studied here. 

Also shown in Fig. 4 are calculations of the theoretical 
minimum thermal conductivity (Aml . )  for a material 
with the composition B9C. This is based upon a model 
originally due to Einstein to explain the thermal con- 
ductivity of crystalline solids [30]. The model, subse- 
quently modified by Cahill and Pohl [31], treats thermal 
transport in amorphous solids and certain disordered 
crystals at high temperatures as a random walk of 
energy amongst weakly coupled, highly damped oscil- 
lators which have uncorrelated phases. These micro- 
scopic oscillators are individual atoms or small groups 
of atoms which transfer thermal energy to their neigh- 
bors within approximately one-half of their vibrational 
period. The lack of phase correlation precludes the 
existence of collective wave-like energy transport (i.e. 
phonons) and the model therefore failed in its original 
aim to explain the thermal conductivity of crystals. 
However, it appears to have some applicability to the 
high temperature thermal conductivity of amorphous 
solids and some disordered crystals [31]. 

For the calculation of Amln for a substance of the 
chemical composition B9C , we used the number density 
of atoms n=l.34X1023 c m  - 3  and the average room 
temperature sound speeds v~=l .2x  106 cm S -1 and 
v~=7.3X105 cm s -1 (see Table 1). As observed for 
amorphous solids, the calculated conductivities fall off 
much faster than the actual data at lower temperatures. 
This is expected because this theory does not include 
the contribution of long wavelength phonons which 
must exist at low temperatures. Note that there are 
no free parameters in the expression for Ami,; we only 
require knowledge of the speed of sound and number 
density of atoms. In light of this, the calculated Amin 
values agree remarkably well with the data as expected 
in the high temperature limit. In addition, the calculated 

Ami n for B9C is close to the single data point for an 
amorphous boron sample reported by TaUey et al. [32]. 
However, the microscopic details of such a transport 
model are not clear, because peaks in the Raman and 
IR spectra of these materials are sharp. They do not 
exhibit significant broadening as would be expected for 
highly damped oscillators [33]. 

We now consider the interpretation of the thermal 
conductivity in terms of the microscopic variation in 
site occupancy of the boron carbide lattice as a function 
of carbon content. Emin has developed such a picture 
in a effort to explain the observed structural, electronic 
and thermal properties [11]. At the carbon-saturated 
limit of the phase field the only form of disorder in 
the lattice is the random placement of the single carbon 
atom within the icosahedra. Apart from this disorder, 
the lattice is ordered. This is reflected in the thermal 
conductivity, which resembles that of a crystalline solid. 

For carbon-deficient specimens the conversion of CBC 
chains to CBB chains continues until the composition 
x= 0.133, at which point all the intericosahedral chains 
have been converted to the CBB configuration. Recall 
that the thermal conductivity and thermal diffusivity 
begin to show departure (in magnitude and temperature 
dependence) from crystalline behavior for x<0.2, al- 
though it is not clear at precisely which value of x the 
thermal transport exhibits this transition. This may be 
a reflection of the random placement of CBC and CBB 
chains within the lattice in this region of the phase 
field. Continued removal of carbon from the icosahedra 
is accompanied by further reduction in the thermal 
conductivity over a wide range of temperature. Most 
noteworthy is the fact that it approaches both a mag- 
nitude and temperature dependence which is charac- 
teristic of amorphous solids. In particular, the similarity 
in the magnitude of thermal conductivity for carbon- 
poor Bl_xCx and the single data point shown for a-B 
suggests that the minimum thermal conductivity for 
single-phase boron carbides is nearly that of bulk amor- 
phous boron. 

In Emin's theory [11], electrical conduction in boron 
carbides occurs via phonon-assisted hopping of singlet 
bipolaronic holes which are localized on inequivalent 
icosahedra. In analogy with this idea, Emin has posited 
a hopping type of thermal conduction in which the 
predominant transport of energy is through the inter- 
icosahedral chains [33]. In this picture the central atom 
of the chain provides weak coupling between anhar- 
monic oscillators localized at the ends of the chains. 
One possible choice for such a vibrational unit would 
be the end atom of a chain and the three icosahedral 
atoms to which it is bonded. The vibrations of these 
relatively stiff end-chain units depend upon the atoms 
in the unit and their bonding with one another. As 
the carbon content of the lattice is varied, electrons 
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are removed from icosahedral bonding orbitals and the 
vibrational frequencies of these units will therefore 
shift. If the frequencies of two vibrational units at either 
end of a chain are sufficiently disparate, no energy will 
be transferred between the two. In particular, for carbon- 
poor boron carbides, different types of atoms reside 
at opposite ends of the CBB chains for x<0.133. As 
the carbon concentration is lowered even further, the 
bonding of these end-chain atoms to icosahedral atoms 
changes. This is because intraicosahedral bonding or- 
bitals are gradually depleted of electrons in carbon- 
deficient specimens. Using the structural model of Emin, 
we expect an increasing disparity in the frequencies of 
the end-chain vibrational units as the carbon-poor phase 
boundary is approached. One would therefore also 
expect a decreasing thermal diffusivity with decreasing 
carbon content [11] in agreement with this work. 

5. Conclusions 

Reliable data of thermal conductivity, thermal dif- 
fusivity and specific heat capacity for Bl_xCx now exist 
over a wide temperature range for specimens spanning 
the single-phase field (0.1<x < 0.2). The specimens 
examined have different origins and modes of prepa- 
ration. In addition, various measurement techniques 
were used in different temperature regimes. The 
consistency of the data amongst all these efforts indicates 
that the observed behavior is indeed intrinsic to B1 _,,Cx 
and permits several conclusions. First, the specific heat 
is independent of carbon concentration for T> 60 K. 
Measurements of the specific heat at low temperatures 
(T<60 K) exhibit anomalies which have been shown 
to be extrinsic in origin. Secondly, at the carbon-rich 
end of the phase field the thermal conductivity is 
characteristic of a crystal in temperature dependence, 
indicative of thermal transport via phonons. The con- 
ductivity shows signs of defect scattering, indicative of 
some disorder. It is possible that this scattering is 
caused by the presence of a small amount of free carbon 
in the x--- 0.2 sample rather than scattering from grain 
boundaries or voids. For carbon-deficient samples 
(x < 0.2) the thermal conductivity decreases in magnitude 
and evolves into behavior characteristic of an amorphous 
solid. The measured thermal conductivity for the x--0.1 
sample is the lowest of all and has a magnitude near 
that of amorphous boron. In particular, there is no 
evidence for a minimum in the thermal conductivity 
at an intermediate carbon concentration x = 0.133 as 
claimed by other researchers. The observed continuous 
decrease in thermal conductivity here is mirrored by 
a similar trend in measurements of thermal diffusivity 
at high temperatures (T> 400 K). Our results are in 
good agreement with these high temperature mea- 

surements after an appropriate conversion using known 
specific heat and density data. 
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