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Abstract-Thermal conductivity, thermal diffusivity, thermal expansion, electrical resistivity and heat 
capacity results which collectively encompass temperatures from 4 K to over 3000 K are presented on this 
graphite which is being considered as an international reference standard. Invoking the semi-continuum 
model for thermal energy transport, a theoretically predicted thermal conductivity curve is developed from 
70 to 1000 K including crystal boundary and phonon-phonon scattering components. Graphite crystallite 
dimensions, the porosity/tortuosity factor and the modeling of crystallite interactions are shown to be fully 
reconcilable with theory and yield a predicted conductivity in very good agreement with the extensive 
measurements results. Above 1000 K and extending to 3000 K the experimental results from many different 
investigators show a clear hyperbolic temperature dependence in accord with expectations for a pure phonon 
conductor. Deficiencies in the theoretical modeling of energy transport in graphite are cited, and are shown 
to be relatively unimportant in the analysis conducted here. 

A quantitative relationship between electrical conductivity and the crystal boundary limited component of 
the thermal conductivity over a wide temperature range is demonstrated. However, as expected, no general 
relationship was found between electrical conductivity and the total thermal conductivity. A series of 

recommendations are made for additional experimental measurements on this graphite. 

LOMENCLATURE 

C”? constants, n = 1-6; 

CP heat capacity [J/kg K] ; 
e, electronic charge [e.m.u.] ; 
J,(X), transport integral; 

L, graphite crystallite scattering length 
or equivalent mean free path [A] ; 

LO, Lorenz number [V2/K2] ; 
n, carrier density [m-“1 ; 

T temperature [K]. 

Greek symbols 

m, tortuosity/porosity factor (=/I&); 

P? porosity/density factor ; 
E, tortuosity factor ; 
8, Debye temperature [K] ; 
4 thermal conductivity [W/m. K] ; 

A carrier mobility [e.m.u.-s/kg] ; 

P> electrical resistivity [Cl. m] ; 
density [kg/m31 ; 

0, electrical conductivity [(n. m)- ‘I; 

5, shear stress [m2 s2]. 

Subscripts 

u, parallel to basal plane; 

4 crystal boundary component; 
L, perpendicular to basal plane ; 
e, electronic ; 
h, holes ; 
1, lattice; 

L, longitudinal ; 
0, out-of-plane; 
T, transverse ; 
TH, thermal ; 
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1, 
2, 
3, 
4. 

5, 
6, 

Umklapp process or anharmonic 3-phonon 
interaction component ; 
longitudinal basal plane component; 
transverse basal plane component ; 
out-of-plane basal plane component ; 
longitudinal c-axis component ; 
transverse c-axis component ; 
out-of-plane c-axis component. 

I. INTRODUCTION 

A RELATIVELY wide range of experimental electrical 
and thermal transport property measurement results 
on Poco AXM-5Ql graphite* have become available 
recently because of its consideration for use as a broad 
temperature range international standard reference 
material for thermophysical properties. The compre- 
hensive extent of the data base motivated this critical 
analysis of the empirical results based on theoretical 
interpretations of energy transport in graphite. These 
models have also been broadened and refined recently 
to the extent that quantitative, theoretically based 
expressions for the transport properties can be for- 
mulated without severely limiting assumptions at least 
above about 1OOK which is the focus of this analysis. 

The theoretical models deal with highly oriented, 
essentially defect- and void-free materials such as 
pyrolytic graphite. Thus, application of the cor- 
relations to polycrystalline materials such as this Poco 
graphite requires the use of essentially empirical 

* Product of Poco Graphite, Inc., Garland, Texas. Grade 
designation : AXM : medium grain fuel cell grade ; SQ : 2500°C 
grdphitization temperature; 1: purified. 
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factors accounting for increased resistance to energy 
transport from the following effects: (a) variable 
orientation of the highly anisotropic graphite crystal- 
lites; (b) macro- and micro-voids; (c) intercrystalline 
contact resistance. Effect (a) is often termed the 
tortuosity factor, E, while effects (b) and (c) are usually 
lumped as a density effect factor, B. Even though these 
effects may increase the resistance to thermal and 
electrical energy transport by over a factor of 10 above 
the levels observed for high quality pyrolytic graphite, 
it is generally found that the theoretically predicted 
temperature functionality of the transport properties is 
maintained. Support for this assertion is based at least 
in part of the fact that below the peak in the thermal 
conductivity curve (typically around 300 K for polyc- 
rystalline materials) but above temperatures where 
electronic contributions are important (- 10 K) the 
temperature dependence of the thermal conductivity 
of polycrystalline graphites agrees with that observed 
for highly oriented pyrolytic graphite (N 7”.‘) which 
in turn is reconcilable with recently refined theory. The 
tortuosity/porosity factor developed in analyzing ther- 
mal energy transport is also assumed to apply to 
correlation of electrical energy transport although 
there are some qualitative reasons to expect differences 
as elaborated on further below. 

A further simplification of considerable significance 
is usually invoked in modeling energy transport in 
polycrystalline graphites. The basic graphite crystal- 
lites are very highly anisotropic, whether the material 
is single crystal, pyrolytically deposited or polycrystal- 
line. The basal plane thermal conductivity is often over 
200 times the c-axis conductivity [l, 21, whereas the 
electrical conductivity anisotropy ratio may even be 
greater, on the order of 1000 [3]. Thus, it is usually 
assumed that basal plane transport overwhelmingly 
dominates total transport in polycrystalline materials, 
and thus equations based on the theory parallel to the 
basal plane (that is, perpendicular to the hexagonal 
axis) are used to model net energy transfer. Most of the 
complications which limit the utility of the theory in its 
present state of development either arise at tempera- 
tures below about 50K or have to do with the 
equations for the c-axis conductivity which will not be 
used here because the contribution of this component 
in polycrystalline graphite is so small. These effects 
have to do with (1) uncertainties in the elastic constant 
values used in evaluating the c-axis conductivity 
component and (2) sensitivity of the low temperature 
c-axis conductivity (below 50 K) to crystal boundary 
parameters (L,. is usually assumed to be infinite) and 
electronic contributions [4, 51. The following analysis 
is confined to temperatures above 50 K using modeling 
results expressed in terms of the basal plane com- 
ponent only. Thus, the limitations of the theory of 
crystal boundary scattering fortunately are not es- 
pecially important here. 

In addition to the issue of allowing for finite values 
of L, if indeed it is very small, on the order of 0.1 L,, or 
less, Kelly and Taylor state that the other outstanding 
problem in the understanding of the thermal con- 

ductivity of graphite is possible electron contributions 
at temperatures above 2000K [8]. As will be shown 
later no evidence of such contributions appears in the 
available results on AXM-5Ql. 

2. THE SEMI-CONTINUUM MODEL OF 
CRYSTAL BOUNDARY SCATTERING 

Above 10 K and extending to around 300 K crystal 
boundary scattering dominates thermal energy trans- 
port. Above 300K and extending to at least lOOOK 
crystal boundary effects diminish gradually to neglig- 
ible proportions as anharmonic phonon-phonon in- 
teractions assert dominance. Thus, the accurate 
modeling of crystal boundary scattering is most im- 
portant over the range where the net thermal con- 
ductivity of graphite is changing rapidly and dramati- 
cally. Crystal boundary scattering of phonons has 
been most readily analyzed in quantitative terms using 
the relaxation time approximation and frequency 
spectrum equations based on the Komatsu semi- 
continuum model of dynamic lattice response. This 
model is based on the fact that there is strong 
interatomic bonding within the graphite basal plane 
but relatively weak binding between the layers. Thus, it 
is envisioned that the dynamic vibrational response of 
the lattice can be approximated as a system of 
elastically coupled thin plates. Each elastic plate 
responds to bending, stretching and shearing while 
adjacent plates couple via shear and 
tensile-compressive displacements [6]. Geometri- 
cally, the crystal boundary scattering of these thin 
plates is characterized by scattering lengths L, and L, 
perpendicular to the hexagonalaxjs (parallel to the 
basal plane) and parallel to the hexagonal axis (per- 
pendicular to the basal plane), respectively. 

Since the graphite crystal ‘possesses hexagonal sym- 
metry there are two independent principal thermal 
conductivities, 1,, and i,., respectively, parallel and 
perpendicular to the basal planes. The three acoustic 
modes. contributing to each of the principal con- 
ductivities are the in-plane longitudinal and transverse 
modes and the out-of-plane mode. Thus, the overall 
crystal boundary scattering limited conductivity can 
be represented as, 

Is=1,+~,=[1,+~2+~3]+[~4+~~+~6]. (1) 
basal phne ~-axis 
components COlllpO”~“tS 

If, as mentioned above, the contributions of the c-axis 
components to the total conductivity are neglected 
then the net crystal boundary limited conductivity 
becomes 

i, = I, y 1, +,&+i3. (la) 

In the quantitative calculations of each of these terms 
using the semi-continuum model further simplifi- 
cations can be made. As a first approximation, for the 
longitudinal and transverse conductivity contri- 
butions parallel to the basal planes, 1, and i.,, effects of 
the L, boundaries are neglected (i.e. L, = co); that is, 
scattering is assumed to be by the boundaries per- 
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pendicular to the basal plane only. The shear in- 
teraction between the layers is also neglected (i.e. z 
= 0). Under these conditions the in-plane modes 1, 
and I, are essentially two-dimensional. For the out-of- 
plane model, i,, however (even with T = 0), significant 
velocity components exist parallel to each of the three 
principal axes and, hence, it is necessary to examine the 
extent to which finite values of L, effect the magnitude 
of 1,. The numerical calculations show that i., is 
significantly effected when L,. < 0.1 L,, at low tempera- 
,tures (below 1OOK) but to a much lesser degree at 
higher temperatures [4]. 

The integral equations for I,, 1, and i., developed 
by Kelly [4] and by Taylor et al. [7] are of the 
following form, 

(2) 

(3) 

(4) 

An important point to note is the linear dependency of 
each component on the effective crystallite size L,. 
Numerical evaluation of these equations and com- 
parison with experimental results on pyrolytic gra- 
phite leads to the following general observations. First, 
the magnitudes of i.,, I, and i, are such that, asshown 
in Table 1, each of the, three acoustic modes contri- 
butes significantly to the total basal plane con- 
ductivity, i.,. Second, for the two in-plane modes, 
assuming a zero value for the, interplanar shear 
constant becomes questionable only below about 
50 K ; assuming 5 = 0 and L, = co is justified above 
these temperatures. Third, for the out-of-plane contri- 
bution to the basal plane conductivity, I,, assuming an 
infinite value of L, does not effect the results. Only if 
L, < 0.1 L, does an effect arise and even this is of little 
importance at temperatures above about 100 K. Fur- 
ther, non-zero values of interplanar shearing are of 
little importance above 50 K for this component. 

In summary, based on quantitative numerical re- 
sults using the semi-continuum model, above 50K 
little inaccuracy is introduced in assuming that L, 
= cc and z = 0 in the equations for the total con- 
ductivity of graphite parallel to the basal planes. 
Further, the crystallite boundaries parallel to the 
hexagonal axis define an effective basal plane scatter- 

ing length L,. This scattering length is equivalent to an 
effective crystallite size for the basal plane “thin 
plates”. Since I,, 1, and d3 are directly proportional to 
L, the value assumed for this important independent 
physical variable is most significant in the temperature 
range where crystal boundary scattering dominates 
the total conductivity. In the analysis which follows, a 
value of L, = 1500 8, was applied based on two 
considerations : 

(a) According to data of Klein and Taylor [6], for 
an annealing temperature of 2500°C (which is 
used for AXM-SQl), the mean free path for 
crystal boundary scattering is in the 1OOOA 
range. 

(b) Correlations of thermal conductivity measure- 
ments for polycrystalline graphites by Taylor 
[7] yield L, values in the 1500-2000 A range. 

The significance of the value of the crystallite size used 
in arriving at an analytical expression for the total 
thermal conductivity begins to diminish as the tem- 
perature moves above 300K since the crystal boun- 
dary limited conduction contribution to the total 
conductivity gradually decreases. At around 1OOOK 
the influences are small since anharmonic three- 
phonon scattering is the principal determinant of the 
effective scattering mean free path and in turn of the 
effective total conductivity. 

The numerical values for i.,, 1, and 1, calculated by 
Kelly [4] and by Taylor et (I/. [7) do not agree exactly. 
Discussion with the authors [29] indicated that a small 
numerical error existed in the Taylor et uI. results and 
thus the data of Kelly should be used. The latter was 
therefore applied in the calculation of 1, for AXM:SQl 
graphite. 

3. THE THERMAL CONDUCTIVITY 
IN THE 70-IOOOK RANGE 

In this temperature range, encompassing the peak in 
the conductivity curve, both crystal boundary scatter- 
ing and anharmonic phonon interactions contribute 
signiticantly to the total effective conductivity. Below 
the peak in the curve, from approximately 70-300 K, 
crystal boundary scattering predominates. Beyond the 
peak the anharmonic phonon interaction component 
is increasingly dominant. Quantitatively the thermal 
resistivities are presumed to be additive as indicated in 
‘equation (5). Further, as mentioned above, it is 
assumed that the basal plane conduction E.,, dominates 
the total conduction and that the tortuosity/porosity 

Table 1. Relative contributions of the three components of the crystal boundary limited thermal conductivity of graphite 

Temperature 

(“TK, 

100 
200 
400 
600 
800 

1000 

Longitudinal component Transverse component Out-of-plane component 
lOOi,/i, lOOj.Ji,, looi,/& 

(%) (%) (%) 

18 2-l 55 
21 29 50 
32 30 38 
38 30 32 
41 29 30 
42 28 30 
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Table 2. Crystal boundary and anharmonic phonon scattering contributions to the total thermal conductivity of AXM-5Ql 
graphite (a = 7.17) 

Temperature Total conductivity 

(‘:) (W,lLK) 

70 12.3 
loo 25.1 
150 51.1 
200 75.3 
250 88.7 
300 95.7 
400 90.1 
500 83.5 
600 78.5 
800 67.4 

1000 58.0 

Crystal boundary component Umklopp process component 
100&/L I OOE.,, .:i. 

(%I C”) 

99.8 0.2 
99.5 0.5 
98.2 I.8 
89.7 10.3 
76.4 23.6 
65.7 34.3 
45.8 54.2 
35.3 64.7 
29.8 70.2 
22.2 77.8 
18.3 81.7 

correction required to express the transport in polyc- 
rystalline materials in terms of the expressions de- 
veloped for well ordered graphites is encompassed in 
the factor M = E/I, 

i-r = Lx;.,; = Lx[i,‘+i;‘]. (5) 

With the model described in the previous section 
along with the restriction discussed (principally 7 = 0, 

L, = ~0, L, = 1500 A) the theoretically predicted crys- 
tal boundary scattering component iLB for AXM-5Q1 
can be derived. 

The quantitative relationship for i., as a function of 
temperature was an exponential of the form I., cc e”‘r, 
where 13 = 2480 K is an average value Debye tempera- 
ture suggested by Taylor [2]. Unfortunately, the 
theoretical basis for the modeling of phonon-phonon 
interaction conduction in graphite which pre- 
dominates at high temperatures is developed in only a 
rudimentary form. Thus, the calculations of i., are 
really empirically based. As discussed later there is a 
rationale for assuming that the anharmonic phonon 
interaction component of the total thermal resistivity 
is simply linear in temperature, i.,aT-‘, which gives a 
better overall representation of the empirical measure- 
ment results as the temperature is extended above 
1000 K. 

The results of the calculations are plotted in Fig. 1 
and tabulated in Table 2. Table 2 also includes the 
relative contributions of i., and i, as a function of 
temperature. At 1OOK over 99% of the total con- 
duction is due to crystal boundary effects. In the 
vicinity of the peak, just below 300K, l.B and i., are 
comparable in magnitude. At 1000 K over 80% of the 

total is due to anharmonic phonon interaction contri- 
butions. The numerical values in the second column of 
Table 2 represented the theoretically predicted total 
thermal conductivity of AXM-5Ql graphite. Unfor- 
tunately, experimental results are not available below 
300K, and hence experimental confirmation of the 
position of the peak and the overall shape of the curve 
is yet to be established. 

Experimental data, both directly measured thermal 
conductivity and conductivity inferred from measured 

parison of the predictions from theory and the expe- 
rimental measurements along with the i, and i, 
components are shown in Fig. 1. The experimental 
results curves are least squares tits of an extensive 
series of thermal conductivity (upper curve) and 
thermal diffusivity (lower curve) measurements by 
different investigators on AXM-SQl graphite [9]. The 
actual experimental data points are shown in Figs. 2 
and 3 in thermal resistivity form. 

The value of the empirical tortuosityldensity cor- 
rection factor, a, was determined by matching the 
theoretically predicted conductivity at 1000 K (2 
= 416.0) with the least squares fit of the experi- 
mental direct conductivity results (I = 58.0). Thus, a 
= 416.0/58.0 = 7.17. This value compares favorably 
with an average value of a = 7.53 for a series of 
polycrystalline graphites analyzed by Taylor et trl. [7], 
although the spread of their values (a = 4.25-13.9) 
was rather wide since highly anisotropic polycrystal- 
line graphites unlike the Poco material were included. 

120 
I 

, I 
20O 

, 
ew 400 Em TEMPERA%& , T ,K ) 

uco 

Fro. 1. Predicted and measured thermal conductivity of 
Poco AXM-SQl graphite. thermal diffusivity, is available above 300 K. A com- 
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Fm. 2. Thermal conductivity measurement results plotted as 
i-’ =.f(7-,. 

OoO 
TEMPERATUlE t I K , 

FIG. 3. Thermal diffusivity measurement results converted to 
conductivity and plotted as 1- ’ = f (7’). 

For isotropic graphites presumably more clearly anal- 
ogous to AXM-SQl the range was somewhat nar- 
rower (a = 5.3-7.15). 

The location of the peak in the predicted total 
conductivity curve is sensitive to the value of L,, both 

with respect to the temperature at which it occurs and 
the absolute magnitude of the thermal conductivity. 
Higher values of L, both increase the magnitude of the 
maximum conductivity and decrease the temperature 
at which the maximum occurs. Higher values of L, 
correspond to a more ordered structure which could 
be affected by higher annealing temperatures, for 
example. However, the value of L, chosen does not 
much affect the calculated value of c( since in the case 
discussed here a was purposely calculated at IOOOK 
where the crystal boundary contribution is rekitively 
small, around 18% according to Table 2. 

4. ANHARMONIC PHONON INTERACTION 
LIMITED CONDUCTIVITY: 1000-3000 h 

As the temperature increases beyond the maximum 
in the conductivity curve, predicted to occur around 
300K for this graphite, the contribution of 
phonon-phonon limited conduction becomes pre- 
dominant ; at 1000 K this component contributes over 
80% as mentioned earlier and completely dominates 
the total conduction at higher temperatures unless 
mechanisms such as ambipolar diffusion or other 
phenomena of basic electronic origin come into play. 
As will be shown below, the measurement results on 
this graphite do not substantiate the existence of any 
electronic contribution even at the highest test tem- 
perature, 3000 K. 

As pointed out by Kelly [6, lo], no comprehensive 
theory of phonon-phonon scattering in the anisot- 
ropic graphite crystal lattice has yet been developed, so 
quantitatively predicted values of polycrystalline gra- 
phite conductivity at high temperatures are not trace- 
able to first order principles. Numerical predictions are 
thus derived from classical analyses of the temperature 
functionality predicted for ordered dielectrics with the 
various numerical constants involved being evaluated 
via curve fitting of experimental data. An expression of 
this form was used in the previous section in describing 
the phonon-phonon scattering contribution up to 
IWO K. There is a difference of opinion as to whether 
the temperature functionality of the anharmonic pho- 
non conductivity is exponential or hyperbolic. Kelly 
[lo] notes that the conductivity above the peak falls 
roughly exponentially at first and then at a decreasing 
rate up to about 2000 K. Confirming the exponential 
dependence at temperatures up to 900 K with pyrolytic 
graphite data, Taylor [2] notes a linear relationship 
between In (i.,) and T- ‘. It is further suggested that 
above 2000 K the conductivity becomes temperature 
independent, a phenomenon of electronic origin. The 
results on AXM-5Ql graphite show disagreement 
with these observations to the extent that both the 
direct conductivity results and the thermal diffusivity 
results (converted to conductivity) show a temperature 
dependence following a T- ’ relationship from 400 K 
all the way to 3000K. However, below lOOOK de- 
viation from linearity is expected since the crystal 
boundary limited component is significant. Figures 2 
and 3 present the thermal transport property measure- 
ment results from a considerable number of in- 
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vestigations in Europe and the United States using a 
variety of measurement techniques, both steady state 
and transient. Altogether 16 different sets of measure- 
ments are included. Although most of the results are 
summarized in [9], in Figs. 2 and 3 the primary 
literature sources are cited where numerical data can 
be found. Within the spread of the measurement 
results plotted in thermal resistivity form in these 
figures, no functionality other than linear is really 
justified, although polynomial fits can also be applied 
to the data (Table 4 [9]). This dependence does not, 
however, conflict with Taylor’s suggestion of an ex- 
ponential dependence in the 400-900K range since 
either a hyperbolic or an exponential temperature 
functionality represents the data within the scatter of 
the numerical results over this limited range. 

Logatchov and Skal [ 161 have outlined in rudimen- 
tary form a theoretical treatment of phonon-phonon 
scattering basal plane thermal conductivity suggesting 
that the in-plane modes dominate the conduction at 
high temperatures. It is concluded that a thermal 
resistivity linear in temperature is to be expected 
outside the region where crystal boundary scattering 
contributes. 

The thermal resistivity curves from Figs. 2 and 3 are 
replotted in Fig. 4 along with the theoretically pre- 
dicted total conductivity curve from Fig. 1 (as i.- ’ ). A 

/ 

Fro. 4. Thermal resisti$ty: comparison of theory and ex- 
periment. 

nonlinear term has been included in the direct con- 
ductivity curve below 1000 K since it produces a better 
tit with the experimental data. The deviation of the 
predicted conductivity from the linear representation 
of the experimental data below about 8OOK is expec- 
ted since crystal boundary scattering contributions 
become important as the temperature decreases. The 
agreement of the direct conductivity experimental 
results and the theoretical predictions of combined 

crystal boundaryiphonon-phonon scattering, equa- 
tions (2)-(5), was found to be excellent between 300 
and 1000 K as displayed in Fig. I. 

Looking to temperatures above lOOOK, it is in- 
teresting to note in Fig. 4 that even up to about 1600 K 
the exponential temperature dependence for 
phonon-phonon scattering used in the predicted 
relationship gives essentially the same results as a 
linear thermal resistivity. At temperatures above 
1600 K, however, the exponential thermal resistivity 
dependence dips rapidly below the actual measure- 
ment results which follow a linear dependence as 
shown in Figs. 2 and 3. 

The differences between the two linear thermal 
resistivity relationships in Fig. 4 describing the directly 
measured thermal conductivity and the conductivity 
derived from measured diffusivity represent an ano- 
maly which is not presently resolvable. Even with the 
spread in the numerous measurement results the 
approximate 5% difference in the least squares curves 
at high temperature is considered to be real, represent- 
ing most likely systematic measurement errors rather 
than uncertainties in density-heat capacity data used 
in the diffusivity conversion. 

The density and heat capacity results used to 
convert the measured diffusivity to thermal con- 
ductivity are shown in Fig. 5 where a thermal expan- 
sion correction for the density has been applied. The 
thermal expansion coefficient used (Table 6 [17]) was 
derived from direct measurements on this material [18, 
191 and is estimated to have an uncertainty of no more 
than 4%; thus, the temperature corrected density is 
considered to be accurate to better than loA, the main 
uncertainty being the inaccuracy in the baseline room 
temperature density rather than its variation with 
temperature which is estimated to be known within 
0.5%. The uncertainties in heat capacity especially at 
higher temperatures are estimated to be about 3% 
based on the direct measurements on this graphite by 
Cezairliyan and Righini [20] and the agreement of 
these results with the data of West and Ishihara [21] 
(within 0.6”/,) using an entirely different measurement 
technique. Representative numerical C, data points 
are shown in Fig. 5 including the lower temperature 
measurements of Binkele [12] also made on this Poco 
graphite. At lower temperatures (below 1400K) a 
curve fitting the results of Binkele was used since the 
equation of West and Ishihara was valid only above 
this range. 

5. ELECTRICAL ENERGY TRANSPORT 
IN AXM-5QI GRAPHITE 

(A) Thermal and crystul boundary scattering 
A series of electrical resistivity measurements on 

AXM-5Ql graphite by Cezairliyan and Righini [20] 
and Hust [22] have broadened the temperature range 
coverage on this property so that the curve can be 
estimated from 4 K all the way to 3000 K. These results 
together with the measurements previously reported 
by Brandstaedter and Binkele [12] are shown in Fig. 6. 
The p(T) relationship was established by drawing a 
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FIG. 5. AXM-5Ql Poco graphite heat capacity and density. 
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FIG. 6. AXM-5QI Poco graphite electrical resistivity. 

curve directly through the high temperature data of 
Cezairliyan and Righini and through the low tempera- 
ture data points of Hust. In the mid-temperature range 
the curve is a good representation of the average 
Binkele/Brandstaedter results although individually 
these measurements deviate from the curve by about 
5-8x. Because of these differences an average un- 
certainty in electrical resistivity is difficult to specify 
although at the high temperature end Cezairliyan and 
Righini estimate their error to be only 1%. At and 
below room temperature the resistivity is apparently 
quite sensitive to specimen-specimen variations with 
an interspecimen spread of up to 10% according to 
Hust [22]. However, individual measurements by 
Hust were found to be accurate to within 1% or better. 

With these electrical transport property results and 
the thermal transport property information from the 

previous section, it is possible to examine in quanti- 
tative terms the relationships between these transport 
mechanisms. As with thermal transport it is envisioned 
that the electrical resistivity of a polycrystalline gra- 
phite is that of the in-plane component (perpendicular 
to the c-axis) of the single crystals multiplied by an 
empirical factor accounting for density-tortuosity 
effects [3]. The same empirical factor as that derived 
for thermal transport, OL = a/i, is often invoked [7]. 

The functional form of the theoretically based 
expression for the electrical conductivity is written as 
the electronic charge multiplied by the product of the 
mobility and carrier density for holes and electrons. If 
an average carrier mobility p = (JQJ,,)*‘~ is assumed 
along with an average temperature dependent carrier 
density, a relatively simple expression results. The 
reciprocal of the average mobility is further expanded 
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in terms of a mean free path with crystal boundary and 
thermal scattering components. Thus, 

p = p,a = 0$e@,n,+p,n,)]-’ CT a[n,+n,]-‘[ej]-’ 

= a[(n,+n,]-‘C4 r I ;+&- 
0 TH 

= a[C,/(C, + c, T)] . (6) 

Even though there is an apparent general empirical 
relationship between electrical and thermal con- 
ductivity of polycrystalline graphites around room 
temperature [23-261 there is no reason to expect a 
general proportionality between electrical con- 
ductivity and total thermal conductivity over a wide 

electrical conductivity, then a proportionality could be 
anticipated between the electrical conductivity and the 
crystal boundary scattering component of the thermal 
conductivity. Such a relationship was indeed found to 
exist for Poco graphite between about 70 and 700 K as 
shown in Fig. 7. 

Equation (6) can be used to calculate the mean 
crystallite size, L,, based solely on electrical transport 
measurements. This avenue of approach provides a 
method of independently cross-checking the value of 
L, calculated from the thermal transport property 
correlations. Applying equation (6), the value of L, was 
calculated using low temperature electrical resistivity 
data (where L,, was large and hence L.;i was small). 
Calculated values of L, were 957 and 1233 8, at 77 and 
273 K respectively. 
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FIG. 7. Correlation between electrical conductivity and crystal boundary limited thermal conductivity. 

temperature range for at least two important reasons: 
(1) unless temperatures are extremely low (N 10 K) or 
extremely high (above 2500-3000K) no significant 
amount of net thermal energy is transported via 
electrons, (2) phonon-phonon scattering which does 
not involve electrons at all contributes significantly to 
the total thermal resistance at all temperatures above 
about 100 K. The lack of any such simple relationship 
is seen in the insert, Fig. 7, where electrical con- 
ductivity is plotted as a function of total thermal 
conductivity. The relationship is not even single value. 
Just for reference, the various empirical relationships 
between the room temperature electrical and thermal 
transport quoted in the literature [23-251 give thermal 
conductivities predicted based on experimental electri- 
cal resistivity values for AXM-5Ql between 1 = 93.0 
and L = 98.0 (W/m .K) about 30% below the experim- 
ental results (Figs. l-3). Thus, these apparently ge- 
neral relationships do not hold for Poco AXM-5Ql 
graphite. 

On the other hand if it is assumed that crystal 
boundary scattering is the predominant influence on 

These values are in the same range as the values 
assumed in the thermal conductivity correlation but 
somewhat lower in numerical value: 36 and 18% 
respectively. Other investigators found L, values cal- 
culated from electrical resistivity data to be in general 
agreement with values deduced from the thermal 
properties although thescatter in theresults amounted 
to over 100% (cf. Fig. 24, [6]). Taylor et al. [7] found 
that L, values obtained from electrical data were from 
30 to 50% lower than those obtained from thermal 
conductivity analysis on a series of polycrystalline 
graphites. Their results are thus consistent with the 
calculations above for AXM-5Ql graphite. Reasons 
offered for these observed differences include (1) dif- 
ferent values of a may govern thermal and electrical 
transport ; for example, contact resistance effects may 
act differently in impeding thermal and electrical 
energy transpbrt, (2) a significant influence of defects 
on electron/hole carrier concentrations, (3) crystallite 
orientation influences electrical transport to a greater 
degree than thermal transport giving net lower values 
of L, for electrical transport. 
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(B) Electronic contributions to thermtrl energy trans- 
port 

A mechanistically superficial yet widely used index 
for evaluating whether there is a significant electron 
contribution to thermal energy transport is the magni- 
tude and temperature dependency of the 
Wiedmann-Franz ratio: the measured thermal con- 
ductivity times the measured electrical resistivity di- 
vided by the temperature, ip/T. This function divided 
by the classical Sommerfeld free electron gas value of 
the Lorenz function, Lo, is plotted in Fig. 8. If this ratio 
is significantly above unity then it is said that lattice 
conduction predominates. From Fig. 8 it is clear that 
this situation obtains with the ratio even exceeding 400 
around 150K. Even in the 2000-3000K range the 
Wiedmann-Franz ratio is several times Lo and is still a 
strong function of temperature. 

FIG. 8. Wiedmann-FranzjLorenz function ratios as a fun- 
ction of temperature for AXM-5Ql Poco graphite. 

At a temperature of about 2000K the 
Wiedmann-Franz ratio is about nine times Lo. This 
fact coupled with the linear dependence of the thermal 
resistivity with temperature discussed earlier strongly 
suggests that electronic contributions to net thermal 
energy transport are insignificant. 

In the range between 2000 and 3000K a further 
examination of the measurement results is required in 
evaluating possible electronic effects on the thermal 
conductivity. As observed elsewhere [9], two basically 
different approaches are generally used. The first is to 
assume that the total thermal conductivity is given by 
A = ,%, + i, and thus that the electronic contribution is 
the difference between the measured total conductivity 
and the lattice conductivity. If the lattice component is 
assumed to obey a i.;‘aT functionality (usually 
extrapolated from low temperatures), then the numeri- 
cal values of the “predicted” electronic component is 
simply the difference of 1- 1,. The second approach is 

to develop a theoretically based expression for the 
Lorenz function and in turn the electronic contri- 
bution to thermal energy transport based on some 
assumed mechanism of energetic electron interaction. 
Then the difference between the measured total con- 
ductivity and the “predicted” electronic component, I 
- 1,, at high temperature is attributed to either lattice 
conduction (aT_‘) and/or to inaccuracies in the 
assumed transport model. 

The first approach is illustrated in an analysis of 
transport property measurements on ATJ-S and a 
different, finer grain Poco graphite (AXF-SQ) by 
Bapat and Nickel [26,27]. These authors conclude for 
both these graphites that the electronic contribution 
increases from a very low level at 1000 K (5% or less) to 
about 20-25% in the 3000-3300 K range. The effective 
Lorenz ratio which follows from this analysis was on 
the order of Lo. The difficulty with this approach, 
which is not discussed by these authors and in turn a 
factor which weakens the assertion of significant high 
temperature electronic contributions, is the un- 
certainty in the inferred electronic contribution which 
arises due to the scatter in the measured total thermal 
conductivity, E.. Since the electronic component is 
calculated as the difference between the measured 
conductivity A and a lattice component, i, = (T - ’ ), 1, 
= l-l,, then any imprecisions in 1. will be greatly 
magnified in the value of 1, especially if the difference L 
-I, is small. Thus, if the inaccuracy of the measured 
conductivity, i, is in the range of +lO% which is 
typical for such materials at high temperatures ( f 7% 
is quoted by these authors) a substantial uncertainty is 
introduced in deriving an effective electronic com- 
ponent which is claimed to- contribute only 525% of 
the total. It is a question of inferring small differences 
between relatively large numbers where there is a 
significant error band associated with the latter. 
Further, since the effective Lorenz ratio is calculated 
from the inferred electronic contribution via the 
Wiedmann-Franz ratio a similar large uncertainty in 
its magnitude also occurs. Thus, even though there is a 
trend in the results given by these authors for the 
measured total high temperature thermal conductivity 
to lie above a iaT_ ’ curve extrapolated from low 
temperatures, it is not entirely clear that the difference 
can be ascribed to electronic effects at least to the 
quantitative degree suggested. Other measurements 
on the ATJ-S graphite by Lincoln and Heckman [15] 
show a somewhat lower total measured conductivity 
in the 2000-3500 K range than that obtained by Bapat 
although some additional uncertainty may have been 
introduced in converting the Lincoln/Heckman mea- 
sured diffusivity results to thermal conductivity. How- 
ever, the Lincoln/Heckman results on the ATJ-S 
graphite are such that no electronic component what- 
ever need be introduced to explain the temperature 
dependency in the 2000-3500 K range. 

For themeasurement results on AXM-5Ql graphite 
presented earlier in Figs. 2 and 3, the spread in the data 
are such that it simply is not warranted to assume 
anything other than a IaT-’ functionality. Further, 
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no trend away from this temperature dependency is 
noted in the 2000-3000K range. Thus, based on this 
analysis approach, the results are fully reconcilable 
with the pure lattice conduction model. In the long run 
though, higher accuracy thermal measurements will be 
vital to resolve clearly these different interpretations as 
to the presence or absence of relatively small high 
temperature electronic contributions. 

The second analysis approach requires (1) the 
statement of an electron energy transport model, (2) 
the calculation of an effective Lorenz function as a 
logical consequence of this model and (3) the calcu- 
lation of an electronic contribution to thermal trans- 
port using the Lorenzfunction and measured electrical 
resistivity in a Wiedmann-Franz Law relationship. 
The more recently developed models of describing 
high temperature contributions of electronic origin 
which could be invoked in this approach are reviewed 
by Kelly and Taylor [8]. Briefly, it is expected that a 
constant Wiedmann-Franz ratio above 2000K is a 
natural consequence of significant bipolar contri- 
butions to the net thermal energy transport. The 
bipolar contributions are then modeled in terms of 
either the simple two-band model or a true energy 
band model. Quantitative evaluations based on these 
models give effective Lorenze number from 2 to 3 times 
the classical value, Lo. Assessing the electrical and 
thermal property measurement results on AXM-5Ql 
using this model the following observations were 
made: (1) between 2000 and 3000K, with L = Lo the 
inferred lattice component of the thermal resistivity, (i. 
- j.,)- ’ exhibits a linear temperature dependency, (2) 
between 2000 and 3000 K, with L = 3L0, (i-j.,)- * 
deviates up to about 22% from temperature linearity, 
(3) w)ith the higher value of the Lorenz function L 
= 3L o, the calculated electronic component at 2500 K 
is about 50%. 

Unlike the conclusions using the first analysis 
approach the above observations using the second 
approach are inconclusive as to the presence or 
absence of a significant electronic component. With L 
= Lo the first observation is consistent with the 
conclusion that there is an electronic component 
increasing from about 12-22% between 2000 and 
3000 K. On the other hand, bipolar modeling suggests 
higher values of L and dominent electronic conduction 
by the time 2500 K is reached. With L = 3Lo the non- 
linearity and large magnitude of the inferred lattice 
component (the second and third observation above) 
are inconsistent with expectations. 

6. CONCLUDING REMARKS 

Intrinsic features which make Poco ASM-5Ql 
graphite very attractive as a standard reference ma- 
terial include its ease of machining, low cost, extreme 
temperature range coverage, diffuse surface texture, 
high emittance and tenaceous physical stability with 
proper graphitization. Factors to be explored more 
fully in the context of reference material suitability are 
intra and interlot variability of density, electrical 
resistivity and the proper quantitative indices needed 

to assure that a given specimen or lot of material is 
truly homogeneous relative to the transport proper- 
ties, especially the thermal transport properties. Fur- 
ther, it is necessary to establish whether the sensitivity 
of the transport properties to the homogeneity indices 
is a function of temperature. For example, small 
variations in density and/or electrical resistivity near 
room temperature may be directly reflected in in- 
terspecimen variations of the thermal conductivity, 
whereas at 1500K for example, those effects may no 
longer be important. Hust has found that the LHe, 
LN, and ice point electrical resistivities both intra and 
interlot can be quite variable, on the order of 10% [22]. 
Once the density effect variations are separated out it is 
necessary to establish whether electrical resistivity 
variations are a sensitive index of the main property of 
interest-thermal transport. There is reason to sus- 
pect, based on the analyses of the foregoing sections, 
that electrical resistivity variability may not be of great 
significance as an index of thermal transport homo- 
geneity of a given lot of specimens or lot of graphite 
material. Density will clearly be important, and speci- 
mens in the range of 1750 kg/m3 can readily be selected 
using conventional measurement approaches or such 
techniques as radiation gaging [28]. 

As regards the experimental measurement data base 
on AXM-5Ql graphite, the results displayed earlier 
are most encouraging considering the large ,number 
and diversity of measurements conducted. However, 
several areas deserve further exploration including the 
following: 

(1) Thermal transport property measurements be- 
low 3OOK, down to at least 70 K, preferably 4 K to 
confirm or refute the predicted low temperature con- 
ductivity curve presented in Fig. 1 and Table 2. 
Simultaneous evaluation of specimen density and 
electrical resistivity should be conducted to establish 
the magnitude and importance of the thermal/electri- 
cal transport and density relationship in the range 
around room temperature and below. 

(2) Measurement of the effective graphite crystallite 
size independent of its inference from electrical and/or 
thermal transport correlation equations would be of 
utmost importance in quantitatively predicting the 
crystal boundary scattering limited component of the 
total thermal conductivity. 

(3) More extensive electrical resistivity eva- 
luations are required in the mid-temperature range 
from around room temperature to about 15OOK to 
decrease the mid-temperature range uncertainty of this 
property. Results reconcilable within 2-3% are not 
unreasonable to expect. 

(4) As stated elsewhere [9], higher precision, higher 
accuracy thermal conductivity measurements (on the 
order of f l%/ f 3% respectively) should be relatively 
straightforward with this material up to around 
1200K. At present the imprecision is at least on the 
order of 10% (Figs. 5 and 7 [17]).Jhesemore accurate 
empirical results will allow confirming the hyperbolic 
phonon-phonon conduction relationship extra- 
polatable to higher temperatures. The improvement in 
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this quantitative relationship would in turn allow (a) 
exploration of the apparently real systematic differ- 
ences between measured conductivity and converted 
thermal diffusivity and (b) the issue of very high 
temperature electronic contributions to thermal en- 
ergy transport. 

The analysis approach used here can be applied to 
other graphites where sufficient characterization infor- 
mation is available. The primary literature on these 
materials can be accessed readily through [30]. 
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ANALYSE DU TRANSFERT DES ENERGIES THERMIQUE ET ELECTRIQUE 
DANS LE GRAPHITE POCO AXM-5Ql 

RCumC-On prtsente, pour ce graphite qui est consider6 comme un &talon international de reference, 
des rtsultats sur la diffusivitt thermique, la dilatation thermique, la resistivitt Clectrique et la capacite 
thermique entre 4 et 3000 K. A partir d’un modele semi-infini pour le transfert d’tnergie thermique, on 
donne une courbe thtorique entre 70 et lOOOK, incluant la front&e du cristal et la diffusion phonon- 
phonon. Les dimensions du cristal de graphite, le facteur de porosite/tortuositt et la modelisation des 
interactions de cristallites sont pris en compte par la theorie et conduisent a une conductivite en tres 
bon accord avec les resultats experimentaux. Au dessus de 1000 K et jusqu’a 3ooO K, differents resultats 
experimentaux montrent clairement une dtpendance hyperbolique vis a vis de la temperature, en accord 
avec l’hypothbse dun pur conducteur a phonons. On enumere les faiblesses de la modtlisation thtorique 
du transfert d’energie dam le graphite et on montre qu’elles sont relativement sans importance dans 
l’analyse faite ici. 
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On donne une expression quantitative entre la conductivite Clectrique et la composante, limit& par la 
front&e du cristal, de la conductivitb thermique, dam un large domaine de temperature. Nianmoins 
aucune relation n’a CtC trouvte entre la conductivitt tlectrique et la conductivitt thermique totale. On 

formule une serie de recommandations pour les mesures additionnelles sur ce graphite. 

UNTERSUCHUNG DES TRANSPORTS THERMISCHER UND 
ELEKTRISCHER ENERGIE IN POCO AXM-5Ql GRAPHIT 

Zusammenfassung-Fiir diesen Graphit, der als internationaler Referenzstandard betrachtet wird, werden 
Warmeleitftigkeit, Temperaturleitfiiigkeit, thermischer Ausdehnungskoeffizient, elektrischer Wider- 
stand und spezifische WIrmekapazitlt fur Temperaturen von 4 K bis 3000 K angegeben. Aufgrund eines 
Halbkontinuum-Modells fiir den thermischen Energietransport wird die Warmeleitfahigkeit zwischen 70 K 
und 1000 K berechnet, wobei die Gitter- und die Phononen-Streuungskomponenten beriicksichtigt werden. 
Es wird gezeigt, da13 die Graphit-Kristallabmessungen, der Porositats- und Verwindungsfaktor und das 
Model1 der gegenseitigen Kristalleinwirkungen vollstandig mit der Theorie iibereinstimmen; die errechneten 
Werte der Warmeleitfahigkeit stimmen sehr gut mit den umfangreichen MeRwerten i&rein. Zwischen 
lOOOK und 3000K zeigen die Megwerte vieler verschiedener Autoren eine eindeutig hyperbolische 
Temperaturabhangigkeit, wie sie sich fiir einen reinen Phononenleiter erwarten I&. Auf Fehler im 
theoretischen Model1 fiir den Energietransport in Graphit wird hingewiesen; in der hier durchgefiihrten 
Untersuchung erweisen sie sich als relativ unbedeutend. Es wird ein quantitativer Zusammenhang zwischen 
der elektrischen Leitfahigkeit und der Gitterkomponente der Wlrmeleitfahigkeit iiber einen weiten 
Temperaturbereich aufgezeigt. Erwartungsgemag konnte jedoch kein allgemeiner Zusammenhang zwischen 
der elektrischen Leitfiihigkeit und der gesamten Wgimeleitfahigkeit gefunden werden. Hinweise zur weiteren 

experimentellen Untersuchung dieses Graphits werden gegeben. 

AHAJIM3 TIEPEHOCA TEI-IJIOBOZi M 3JIEKTPHYECKOfi 3HEPl-MH B I-PA@HTE 
POCO AXM-SQI 

AIllloTal@lrl-B pa6oTe lTpCACTaBJIeIibI pe3yJIbTaTbI KOMIIneKCIiOrO HCCJIeAOBaHHII K03'&WHeHTOB 

~ennonpo~o~w3~~~, TeMnepaTyponpoeoAHocT~, TellnOBOrO paClUH~HHI, yAeJlbHOr0 3nCKTpE 

w~~oro conpoTFfwIeHar H T?%IJIO~MKOCTH B AHaIIa3oHe TeMrIepaTyp OT 4 K A0 CBbIIIIe 3000 K AJIl 
rpa@sTa FQCO AXM-SQI, KoTopbIfi paccMaTpHBaeTca KPK MexAyHapoAHblii 3TanOH. Ha OCHOBe 

TeOpCTHYeCKOti KBaSHKOHTHHyaJIbHOfi MOAUIH llepHOCa TeIIJIOBOfi 3HeprHH IIOCTpOeHa KpHBafi 

TennonpoBoArwCTxi &~~A~!anasoHa OT 70 K no 1000 Kc yveToM paccereu Ha IIOB~~XHOCTK KPH- 

CT-a W 4OEOH-+OHOHHOrO paCCeJ?HEiJl. nOKa3aH0, YTO pa3MepbI rpa&fTOBOrO KpHCTaJ'Ina, KO- 

3+$HUHeHT lIOpHCTOCTWA3BHnHCTOCTH H MOAeJIKpOBaHHe B3aHMOAefiCTBHfi KpHCTaAJIa IIOJIHOCTbIO 

COrAaCyIOTCSI C Teopiiefi H l'I03BOnlIIOT IIOJIy'IHTb XOpOAIee COOTBeTCTBHC MelKAy PaC'ieTHbIMH H 

H3Me~HHblMH3HaYeHHRMH3neKT~nPOBOAHOCTH.3KC~epAMeHTanbHbIepe3yAbTaTbI~RAHana30Ha 

TeMrIepaTyp CBbIUIC 1ooo K H BtIJlOTb A0 3000 K, l-IOny'leHNbIe ApyrHMH HCCneAOBaTenJIMH, IIOKa- 

3bIBaloT~kxy~rrHnep60nH~~KyIoTeM~e~aTy~HyH,3aBUCHMOCTb,KOTO~a~COrnaCyeTC~CTeO~eTH- 

'IeCKHMHAaHHblMHAJlSi 'IHCTO +OHOHHOrO IlpOBOAHUKa. 

B cTaTbe 0TMeYaIoTcfl 0rpainiveHwi npeAnoxeHwo8 Monen.ena npa pacchtoqxxm nepeifoca 
3HeprHH B rpa&iTe, HO nOKa3aH0, ‘IT0 OHW He RBIIRIOTCII C)‘IWCTBeHHbIMH B IIPOBOAHMOM aHaJIEf3e. 

i-IOKa3ZlHO KOJIH’feCTBeHHOe COOTHOLWWHe MelKAy WIeKTpOllpOBOAHOCTbKJ H TellJlOnPOBOAHOCTbH) 

r10eepx~ocT~ rcpsicranna B 1~~po~oMAHana3oHe TeMnepaTyp. OAHaKo,KaK w cnenosano omwalb, 

o6uret ~~BHCHMOCTH I@SKAy 3neKTpOIIpOBOAHOCTbEO H CyMMapHOfi TelUIOlIpOBOAHOCTbH) o6Hapy- 
lKCH0 He 6bIno. npeAJIOXS2H pJ?A PeKOMeHAaUHfi IT0 IlpOBeAeHHHJ AOlTOJIHATeJIbHbIX 3KClIepHhfeHTiUb- 

HblX H3Mep‘W#Harpa$HTe. 


