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This is the abridged version of a comprehensive volume on the thermal conductivity of the elements.
It contains recommended reference values resulting from critical evaluation. analysis. and synthesis

of all the available data. It also gives estimated values for those elements for which no thermal conduc-
tivity data are available. Thus. the work nrovides recommended or estimated thermal conductivity

values for all the elements over the full temperature ranges where experimental data are available or
reliable extrapolations or estimations can be made. The results on each element are presented in both
graphical and tabular forms. Summary graphs arranged by group in the periodic table are also given.
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THERMAL CONDUCTIVITY OF THE ELEMENTS 281

1. Introduction

The purpose of this work is to present and discuss the
lable data and information on the thermal conduc-
ry'of each element of the periodic table, to critically
k aluate, analyze, and synthesize the data, and to make
weommendations for the most probable values of its
chérmal conductivity over a wide temperature range.

The work is published in two companion versions: a
somprehensive volume [1],! which is to be published as
W supplement to the Journal of Physical and Chemical
Réference Data, and this abridged version. In addition
o the recommended and estimated thermal conductivity
values for the elements, the comprehensive volume
iresents the original data, specimen characterization,
iiid measurement information for the 5200 sets of raw
jata -which were exiracted from the primary literature.
{l contains also a detailed discussion for every element,
eviewing. the individual pieces of available data and
_imformation together with the considerations involved
“in arriving at the final assessment and recommendations
~and the theoretical guidelines or semi-empirical cor-

‘relations on which the critical evaluation, analysis, and

:s,ymhesm are based. The -complete bibliographic cita-
tions for the 1630 references are also included. This
:abridged - version of the comprehensive volume is
“designed for the practical user of data and contains
vonly the recommended and estimated thermal conduc-
‘tivity values.

“The thermal conductivity values given cover the
.widest possible temperature ranges and are for the
purest form of each element for which measurements
have been made. In the one instance of iron, values for
‘Armco iron, a form of lower purity much used as a

~thermal conductivity reference material, have also
been included.

Experimental thermal conductivity data are available
in the world literature for 82 elements and estimated
values for four other elements. The elements for which
experimental data are lacking comprise all elements
having an atomic number above 94 and twelve others:
namely, actinium, astatine, barium, calcium, europium,
francium, polonium, promethium, protactinium, radium,
radon,

and strontium. For all these elements estimated
values have been included in this work at least for nor-
mal temperature.

The original papers upon which this work is based
were retrieved through a continuing, comprehensive
monitoring of the world literature carried out by the
Thermophysical Properties Research Center (TPRC).
The cut-off date for literature inclusion in this work was
January-1971. The authors are keenly aware of the pos-
sibility of omissions or errors which may be encoun-
tered in a work of this scope. It is hoped that these
faults will not be judged too harshly and that we will
receive the benefit of suggestions regarding references

1 Numbers in brackets refer to Iiterature references in Section 5.

omitied, improvements in presentation, and, most
important, any inadvertent errors.

Inherent in the character of this work is the fact that
we have drawn most heavily upon the scientific litera-
ture and feel a debt of gratitude to the authors whose
tesults have been used. While their often discordant
resulis have caused as much difficuity in reconciling
their findings, we consider this to be our challenge and
our contribution to the negative entropy of information
as an effort is made to create from the randomly- dis-
tributed data a more orderly state.

2. General Procedures for the Eyuluaﬁon,
Correlation, and Estimation of Thermal
Conductivity

In this section it is proposed to outline some of the
methods of treatment that have been employed and
which are common to many of the elements and to group
together some of the resulting thermal conductivity
values with a view to revealing any general trends which
might be of assistance in the prediction of values for
other elements or in data extrapolation.

2.1. Theoretical background

In metals the principal carriers of heat are electrons
and lattice waves, and it is commonly assumed that the
total thermal conductivity

k=ke+kg 1))

where k. and k, are the thermal conductivity compo-
nenis due to the transport of heat respectively by the
electrons and by the phonons. or lattice waves. In a
very pure metal, k, is extremely small compared with
ke and in the majority of cases it can practically be
neglected.

The electronic component is given by
ke=W;1= (Wo+W;)-! )

where W, is the electronic thermal resistivity, Wy is the
residual electronic thermal resistivity due to-scattering
of electrons by static imperfections, and #; the intrinsic
electronic thermal resistivity due to electron-phonon
interactions.

The electrical resistivity is likewise composed of a
residual and an intrinsic component

pP=potpi.

The residual thermal and electrical resistivities -are
related by the Wiedemann-Franz-Lorenz law

Po
w, 7= Lo

J. Phys. Chem. Ref. Data, Vol. 1,No. 2, 1972
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hence

W= (pn/Lo)T_1= (3)

where 8=po/Lo, Ly is the theoretical Lorenz number
(Lo=2.443x10-8V2K-2) and T the absolute temperature.
The intrinsic thermal and electrical resistivities are
related by the Wiedemann-Franz-Lorenz law only in
the high-temperature limit, while at lower temperatures

B
T

Pi__ g

w.T L

is generally less than Lo. In the limit of low temperatures
Li=58(T/0)*

where 8 is the Debye temperature and the coefficient
8 depends on the topology of the Fermi surface.

The derivation of theoretical expressions for #; and
pi involves the solution of the Bloch integral equation
-[2] which is very complicated. Explicit expressions have
been obtained only for the very simplest model, first
by Wilson [3] and later by several others [4—13] The
general form of their results is the same. In the low-
temperature limit

pi« T?
W;x< T? (4)
v and 7
Li=pifWT=T.8N;23(T[9)*

where N, is the number of conduction electrons per
atom. From equations (2—4), the low-temperature elec-
tronic thermal resistivity can therefore be written in
the form

W.=al*+BIT.

Thus
k :_....l.__ - (5
c= T+ BT )

Equation (5) has been extensively compared with
low-temperature experimental data for high-purity
metals whose kg is negligibly small, and disagreements
have been found [14—16] in that the power of T for most
metals is not 2 but greater and the coefficient « is not
a constant for a metal. Considering the temperature
dependence of the coefficient « and the interaction
between intrinsic and residual thermal resistivities,
Cezairliyan [14] and Cezairliyan and Touloukian [15, 16]
have modified equation (5) to become

1
T+ BIT (©)
or, assuming /%y being ncgligible, simply
1
F =T BIT @

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972

where

B \ (m=n)(m+1)
o =a' ( ”} @)
no

and o«'', m, and n are constants for a metal. The value
of n lies between 2 and 3 for most metals.

At low temperatures the thermal conductivity of a
metal has a maximum value k. at a corresponding
teraperature 7. The purer the sample, the higher is the
maximum conductivity and the lower is the temperature
at which the maximum occurs. Physically, the constant
m in equation (8) is the absolute value -of the slope of
the straight line (in a logarithmic plot) passing through
the maxima of the thermal conductivity curves of dif-
ferent samples of different purity and imperfection,
hence different po and B.

Figure 1, reproduced from Cezairlivan’s treatise
shows how, by plotting a reduced thermal conduectivity
klkw (denoted by £*) against the corresponding reduced
temperature T/T,, (denoted by T*), the data then (1962)
available for 22 metals (some 1000 data points for 83
samples) were found to approximate to a single curve

k*z[% (T*)HFE;_*}‘I. 9)

The standard deviation of points from this curve was
calculated as 0.032.

[n this work for most of the metallic elements whose &
is negligibly small, equations (7) and (8) have been use«
to fit experimental data for deriving recommendec
thermal conductivity values at temperatures below
about 1.5 T,. For a number of metallic elements the
values of the constants m, n, and " to he used in equa-
tions (7) and (8) for low-temperature thermal conduc-
tivity calculations are given in table 1.

In equations (7) and (8}, the only parameter is 3, and
each low-temperature thermal conductivity curve is
uniquely determined by its value. An experimental
value of 8 is obtainable by fitting equations (7) and (8)
to the measured thermal conductivity data at tempera-
tures below T,. Using equations (7) and (8) and the con-
stants for each of the metallic elements given in table 1,
the low-temperature thermal conductivity of a particular
sample can be calculated when the appropriate value of
B is used. Different values of B give a family of thermal
conductivity curves for each metallic element and a
family of recommended curves could have been gen-
erated in this way for each metallic element.

In this work, at low temperatures only one recom-
mended curve for one particular sample has been gen-
erated and this usually relates to the lowest value of 3
for the purest sample for which a thermal conductivity
measurement has been made. For generating other
curves for other samples equations (7) and (8) and the
recommended constants of table 1 may be used. It
often happens that electrical resistivity investigations
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TABLE 1. CONSTANTS FOR LOW-TEMPERATURE THERMAL
CONDUCTIVITY CALCULATIONS USING E GUATIONS
(7) AND (8)

Element m n o' x 104
Aluminum 2.62 2.00 0.0479
Cadmium

(Il to c-axis) 5.00 4.50 0.0468
(4-to c-axis) 5.00 4.50 0.0468
(polycrystalline) 5.00 4.50 0. 0168

Chromium 2.20 2.00 0.592
Cobalt 2.20 2.10 0,540
Copper 2.63 2.21 0.0423
Gallium

(i to a-axis) 2,78 2.00 2.04

( Ii to b-axis) 2,78 2.00 0.806

(il to c-axis) 2.78 2.00 6.57
Gold 2.46 2.00 G.460
Indium 3.00 2,00 3.50
Iridium 4,40 3.00 0.000272
Iron 2.20 2.00 0.517
Lead 3.50 3.00 4,12

Lithium 2.25 2.00 0.774
Magnesium 2.10 2.00 0.627
Molybdenum 3.20 2.60 0.00967
Nickel 2.60 2. 00 ¢.192
Nichium 2.00 2.00 6.21
Osmium 5.80 3.00 0.00000379
Palladium 2.40 2.00 1.54
Potassium 2,10 2.00 18.0
Rhenium 3.30 2.20 0.0656
Rhodium 3.00 2.80 0.0132
Ruthenium 5.80 2.60 0.00000521
Silver 2.75 2.20 06.073
Sodium 2,138 2,00 2.89
Tantalum 2.54 2.00 1.39
Thallium 2,80 2.00 26.2
Thorium 2.80 2.79 1.7
Titanium 2.9 2.30 G.188
Tungsten 2.80 2.40 0.0539
Zinc 3.40 3.00 0. 06750
Zirconium 2.46 2.00 3.99

J. Phys. Chem. Ref. Data, ¥el. 1, Ne. 2, 1972
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have included purer samples yielding much lower values
for 8, but to use these values seems unwise at present
as some doubt exists as to the validity of this simple
treatment for samples of much greater purity, especially
fur transition metals. There is some evidence [17-19]
that electron-electron scattering may become important
for exceedingly high-purity samples and necessitate
one additional term yT such that

k= [aT"+ BT+ vT]-!- (10)
Also, for many of the elements available data are in-
sufficient to determine the constants m, n, and '’ of
equation (8).

A further complication may arise with metallic
samples of very high purity in that boundary scattering
can become important and render the thermal con-
ductivity at very low temperatures dependent on the
size of sample or on that of the individual crystallites
of which it is composed. Since the late 1930’s, see for
instance the work of Casimir [20], size dependence has
been known for the thermal conduetivity of nonmetallic
crystals but measurements by Olsen and Wyder {21]
and by Boughton and Yaqub [22] have more recently
directed attention to the influence of crystal size on the
cleetronic thermal conductivity of a mctal of sufficicntly
high physical and chemical purity. Isotopic content is
another factor that has been shown to influence the
thermal conductivity . at low . temperatures. See for
instance the work on an isotopically enriched germanium
by Geballe and Hull [23], on tellurium by Oskotskii et al.
[24], and on solid helium by Berman et al. {25] (see
also [26]).

As the temperature rises from the liquid-helium
temperature region, the value of the Lorenz function
falls quite appreciably to a minimum. but near the Debye
temperature it again tends asymptotically towards the
theoretical value (see, e.g. Wilson [27], Makinson [4]).
For some metals including the transition metals def-
initely higher values of the Lorenz tunction may be
attained, but the excess seldom exceeds about 30
percent. It follows that in the region from about normal
to high temperatures the Lorenz function is generally
reasonably close to the theoretical value, and for a
particular metal follows a fairly predictable departure
curve. Thermal conductivity values can then be cal-
culated from the derived. assumed, or experimentally
determined Lorenz function values as a function of
temperature and from the measured electrical resistiv-
ity data. Considcrable usc of thc Lorcnz rclationship

has therefore been made, both when analyzing thermal -

conductivity data in the above-normal temperature
region and when attempting to make estimations or
extrapolations in this range.

For elements such as gallium and yttrium. whose
transport properties are strongly anisotropic, un-
certainties are associated with the derivation of values
from single crystal data that would apply to a poly-
crystalline sample.

Consider an orthorhombic crystal, such as that of
gallium, for which k., k), and k. are the thermal con-
ductivity values for the three main crystal axes a, b,
and ¢, and £, is the thermal conductivity of the poly-
crystal. By considering the conductivities to be additive.

Voigt [28] showed that

kp=7 (ka+ ko + ke) . {11)

ol

If however the thermal resistivities are considered to
be additive, which Hall, Legvold, and Spedding [29]
regarded to be preferable in the case of rods of yttrium,

then
Lot/ 11
3 (Jaf PRl kc) (12)

or

Sk ak bk 4

ko = o & kke + ok

(13)

For gallium at 300 K, £,=0.406, £,=0.883, and k.=
0.159 W em-! K-!. Hence the values of &, according to
equations (11) and (12) are respectively 0.483 and
0.304 W cm~ K~!, and differ by some = 25 percent from
the mean value of 0.393 W em~! K-. A more recent
treatment, in which Hashin and Shtrikman {30] used a
variational method. that for the case where
ke < ke < ky

shows

ko (443 + Bkpka -+ Bhoky + Thake)
L6/ + Shoka + Skokp + kake

k> ko (4k2+ 8k ko + 8kcky + Thaky)
¢ Lok% 4 Skeky + Skeky + kaky

(14)

which leads to extreme values of 0.444 and 0.377 W
cm~' K-' for Ap in the casc of gallium at 300 K. The
treatment embraces a narrower (+8%) range of values
and gives a mean of 0.410 W cm~! K-! which happens to
be only about 1 percent greater than k.. In this instance
the value of k, has been taken as representing approxi-
mately the thermal conductivity of polycrystalline
gallium, but it is clear that more attention could well be
devoted both experimentaily and theoretically to this
problem. Electrical conductivity would behave similarly
and this property is likely to be measurable with greater
aceuracy, although high acenracy wonld not bhe <o
necessary with the large differences indicated for gal-
lium. A practical difficulty could however arise in this
instance from the ease with which gallium solidifies
in the single crystal form, and the difficulty experienced
so far in preparing truly polycrystalline samples of this
metal.

[u this work, the mean of the values given by equations
(10) and (11) has been adopted as the value for a poly-
crystalline sample of an element of large anisotropy.

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972



286 HO, POWELL, AND LILEY

In connection with the thermal conductivity of molien
metals, reference will frequently be made to estimated
values that are due to Grosse [31, 32]. These values
have been derived from the melting to the critical point
using the equation k=LcT with derived values for the
electrical conductivity, o. and usually assuming the
theoretical Lorenz number, L. to hold throughout the
range. To derive an expression for the electrical con-
ductivity, Grosse has proposed an equation of the form of
a simple equilateral hyperbola [33]

(c'+b) (T'+b)=a (15)

where the reduced electrical conductivity o’ = a¢/oy, the
reduced temperature T '=(T—T)/(T-—Ty). oy is
the electrical conductivity of the molien metal at the
melting point, and o7 is the electrical conductivity at a
temperature T between 7, the melting point, and 7T,
the critical temperature. The quantities a and b are
constants. At T both o and % are assumed 10 be zero.

Since these predictions were made, increasing un-
certainty has developed as to the Lorenz function of
molten metals and its variation with temperature.
Previous work. for instance of Powell [34], had indicated
the Lorenz function to approximate to the theoretical
value, as was assumed by Grosse {31, 32}, but according
to the work of Filippov {35] on tin and lead and some
other recent measurements [36, 37] the Lorenz function
continues to decrease with increase in temperaiure to
values that are well below Lo. This uncertainty needs
resolving and, pending confirmation and theoretical
support for the lower values, values closer to those of
Grosse have provisionally been adopted in the present
work.

2.2. Data Evaivation

The data analysis and synthesis employed in this work
have included critical evaluation of the validity and
accuracy of available data and related information.
resolution and reconciliation of disagreement in con-
flicting data. correlation of data in terms of various
parameters (sometimes in reduced forms using the
principle of corresponding states), curve fitting with
theoretical or empirical equations, and comparison of
resulting data with theoretical predictions or with
results derived from semi-theoretical relationships
or from generalized empirical correlations. Besides
critical evaluation and analysis of the existing data.
thermodynamic, kinetic, or statistical mechanical
principles ‘and semiempirical techniques have been
employed to fill gaps and to extrapolate existing data
so that the resulting recommended values are internally
consistent and cover as wide a range of the controlling
parameters as possible.

In the critical evaluation of the validity and uncer-
tainty of a particular set of data, say, the thermal con-
ductivity of & solid substance, the temperature
dependence of the thermal conductivity has been

J. Phys. Chem. Ref. Dote, Vol. 1, No. 2, 1972

examined and any unusual dependence or anomal

carefully investigated. the experimental techniqu

reviewed 10 see whether the actual boundary condition.
in the experiment agree with those assumed in the
theory. and the author’s estimations of uncertainties
checked 1o ensure that all the possible sources of errors
have been considered. For a steady-state absolute meas-
urement of the thermal conductivity of a solid specimen,
for example. the sources of errors may include the un-
certanty in the measurements of specimen dimensions
and of the distances between points of temperature
measurements; the uncertainty due to the effect of
thermal expansion; the uncertainty in determining
the power input to the specimen heater; the uncertainty
in determining the heal gains or losses to or from the
specimen due to direct radiation interchange or to
conduction through the surrounding insulation, along
the electric leads, and along the thermocouple wires
and the ceramic insulating tubings or beads; the unccr-
tainty in temperature measurements due to poor ther-
mocouple calibration, poor thermocouple contact, poor
sensitivity of the measuring circuits. and temperature
drift; the uncertainty due to thermal contact resistance;
the uncertainty for measurements at elevated tem-
peratures due to thermocouple contamination, specimen
oxidation, or reaction of specimen with apparatus com-
ponents; etc. In a comparative measurement, additional
uncertainties may come from the conductivity mismatch
between the specimen and the reference sample(s),
from the additional interfacial thermal contact resist-
ance, and from the additional uncertainty in the con-
ductivity of the reference sample (especially, if the
conductivity values of the “réference” sample are
blindly taken from a handbook). For a nonsteady-state
measurement, large uncertainty may result if the den-
sity and specific heat values are taken from the literature
and not directly measured on the specimen for which
the thermal diffusivity data are obtained. The above-
mentioned and other possible sources of errors have
been carefully considered in this work.

Many authors have included detailed error estimates
in their published papers. and from these it is possible
to evaluate the uncertainty for a particular method.
However, experience has shown that the uncertainty
estimates of most authors are unreliable. In many cases
the difference between the results of two sets of data
is much larger than that given by the sum of their stated
uncertainties. Cases even occur where measurements
reported to be accurate to within 1 or 2 percent differ
from each other by more than 100 percent. In these
cases either the actual error must greatly exceed its
estimated value, or the author was unaware of the
additional sources of error, or there must be essential
unrecorded sample differences.

Besides evaluating and analyzing individual data sets,
correlation of data in terms of various relevant param-
eters is a valuable technique that is frequently used in
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imta analysis. These parameters may include purity,
.omposition, residual electrical resistivity or electrical
-eeistivity ratio (if a metal), density or porosity, hardness,
‘rystal axis orientation, degree of cold working, degree
»f heat treatment, etc. Applying the principle of cor-
esponding states, reduced property values may be
:orrelated with reduced temperature and other reduced
yarameters. Certain properties of the elements may
also be correlated with the atomic numbers of the
clements in the periodic system. Examples are critical
temperatures, critical pressures, critical volumes, and
ntomic volumes at 0 K. Wherever appropriate, such
vorrelation techniques have been applied to the thermal
conductivity of the elements in the present work.
Several properties of the same material can also be
cross-correlated. For example, thermal conduectivity,
specific heat, and density can be correlated with thermal
diffusivity, and viscosity and specific heat of a gas can
he correlated with thermal conductivity through the
(Chapman-Enskog theory or through the experimental
Prandtl number. For a fluid, the property of the saturated
liquid may also be correlated with that of the saturated
vapor.
For meaningful data correlation, the information on
specimen characterization is very important, especially
“for solid specimens. A full description of a solid speci-
men should include, whenever applicable. the follow-
mng: purity or chemical composition, carrier concentra-
tion; type of crystal, crystal axis orientation for a single
crystal; microstructure, grain size, preferred grain
orientation, pore size and shape and orientation,
inhomogeneity and additional phases for a polycrystal-
line specimen; specimen shape and dimensions, method
and procedure of fabrication; thermal history and cold
work history, heat treatment. mechanical, irradiative.
and other treatments; manufacturer and supplier, stock
number. and catalog number: test environment, degree
of vacuum or pressure. heat flow direction. strength and
orientation of an applied magnetic field; pertinent physi-
cal properties such as density. porosity. hardness.
electrical resistivity (residual. ratio, and temperature
variations). Lorenz function. transition temperature.
ete.: and reference material and its property values for
a comparative method of measurement. Data (no matter
how accurate) on poorly characterized materials can
hardly be analyzed or used for data correlation. h
has been found in this and other that the
specimen purity or composition reported by the author
is often unreliable. This is because in many cases the
stated purity or composition is the result of ladle analysis
which the author obtained from the company who sup-
plied the specimen and it can at best represent only the
nominal purity or composition. In other cases there is
a strong tendency for only certain elements to be covered
by a chemical analysis. which could miss other quite
important constituents.
Besides specimen characterization, a full description
of experimental details should. of course, be given by

studies

the author in order that his data can be meaningfully
evaluated and fully utilized. Sometimes, as an initial
method of evaluating the quality of a paper, considera-
tion has been given to the amount of experimental
details reported in the paper. Lack of experimental
details has led to the results being given less weight.

In estimating the degree of uncertainty of our recom-
mended values for the various ranges of temperature,
it is apparent from the above discussion that only for
the few much studied materials has it been possible to
place close error limits that can be considered reliable.
For the less well studied materials, wider limits of un-
certainty are generally given; these are based on other
factors and considerations such as general knowledge
of the worker, the accuracy of measurements of other
materials using the same or similar apparatus. etc.
The estimated uncertainty also takes into considera-
tion behavior of the material itself. For a well-behaved
material narrower limits are given when the temperature
dependence is predictable trom theoretical considera-
tions or from empirical correlations. For an ill-behaved
material or a material with phase or magnetic transfor-
mation, such as the rare earths, the estimated uncer-
tainties are greater. For the recommended values of
the thermal conductivity: of fluids, the uncertainty
estimation is based on the degree of agreement of our
values with those proposed by other experimental or
analysis specialists, coupled with a more personal
opinion of the experimental accuracy of the existing
measurement techniques. Finally, the scatter around
the recommended value of those experimental points
considered reliable has been included in the uncertainty
estimates.

2.3 Summary Graphs

With a view to bringing out any similarities or differ-
ences between the proposed values for the elements of
a particular group of the periodic table, these values
for all the elements of each group have been plotied in
figures 2 to 13. which show some of the generalizations
for the property of thermal conductivity that were men-
tioned at the beginning of this section. These figures
may prove helpful when making estimations to tempera-
tures not covered in the sections which follow. In figure
14 the thermal conductivity of each element at 300 K is
plotted against the atomic number of the element. A
fairly definite patiern can be traced. and this has been
of assistance in deriving estimated values for certain
elements for which no information is available. These
include actinium, francium, and the trans-plutonium
elements. Estimated values for barium. calcium,
europium, polonium, protactinium. and strontium have
also been based on electrical resistivity data, and those
for radon are based mainly on a generalized correlation
by Owens and Thodos [38]. The value for radium
comes from collected data by Samsonov [39], and is
attributed to Chirkin [40]. but no details are given.

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972
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3. Specific Considerations Concerning the Body
of Data

This compilation consists of graphs and tables of
thermal conductivity as a function of temperature.
The conventions used in this presentation and special
comments on the interpretation and use of the data
are given below.

The thermal conductivities of the elements are pre-
sented alphabetically by the names of the elements,
but it should be noted that where information is given
for different forms of a particular element. these follow
that element. Thus, entries for amorphous carbon, dia-
mond, and for several types of graphite come in the entry
for carbon, and those for deuterium and tritium are
found after the entry for hydrogen. For the nonmetal-
lic elements which are liquid or gaseous at normal
temperature and pressure (N.T.P.), and for iodine.
thermal conductivity values are given mostly for
the solid, saturated liguid, saturated vapor. and gas.
For the other elements. values are given only for the
solid state or solid and liquid states.

In the figures. solid curves represent recommended
or provisional values. Accompanying sections of short-
dashed lines represent values in the temperature range
where experimental data are not available. In some
instances. notably for semimetals and nonmetals at
low temperatures, where the specimen cannot be
uniquely characterized to correspond exactly with the
thermal conductivity values, a curve considered as
typical is composed of longer-dashed lines. For all the
elements. logarithmic plotting of thermal conductivity
against temperature is adopted.

In the figures. the melting point (M.P.), phase transi-
tion point (T.P.), superconducting transition point (T.P.
(s.c.)), critical temperature (C.T.), Curie temperaiure.
Néel temperature, etc. of the elements have been
indicated. The inclusion of these transition poinis is
intended to caution the reader of the existence of such
transitions so that. one must be extremely cautious in
attempting the extrapolate the thermal conductivity
values across any such transition temperature, since
at such temperature the thermal conductivity generally
exhibits sharp discontinuities. No atiempt has been
made to critically evaluate these transition tempera-
tures. and they should not be considered as recom-
mended values. Some of the given values. however, are
the defining fixed points or secondary reference points
of the International Practical Temperature Scale of
1968 (IPTS—68) such as the indicated melting points
of gold. silver. tin. zinc, aluminum, antimony. bismuth,
cadmium. cobalt, copper, indium, iridium. lead, mercury,
nickel, palladium, platinum, rhodium. and tungsten.
and boiling point of mercury.

The compiled 5200 sets of original thermal conduc-
tivity data which are presented in the comprehensive
volume {1] were published over a period of 110 years
from 1861 to 1970. 11 is realized that many different

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972

temperature scales were used for these data. However.
in thermal conductivity measurements, the therma
conductivity values are determined by the measured
differences in temperature and not by the absolute mag-
nitude of temperature. Furthermore the thermal con-
ductivity is only a weak function of temperature and the
effect of using different temperature scales on the
reported thermal conductivity values is practically
negligible. Consequently, no attempt has been made
to convert the original data to a common scale. For the
recommended values, the temperatures are based on
the IPTS—68.

In the Thirteenth General Conference of Weights
and Measures held in October 1967 in Paris. the unit
“watt per metre-kelvin” (symbol: W m-'K-1)was adopted
as the Sl unit for thermal conduectivity. In this work.
the unit “W em~'K-'" is used which is a slight modi-
fication of the Sl unit. Table 2 gives conversion factors
which may be used to convert the thermal conductivity
values in W cm~' K-! presented in this work to values
in the SI unit or to any of the several other units listed.

In the tables of recommended, provisional. or typical
thermal conductivities, the values are presented withs
uniform but step-increasing increments in temperature
as the temperature increases. For those elements which
are solid at NTP and for mercury, the values are
presented such that temperatures with uniform incre-
ments in both kelvin and Celsius are accommodated.
In other words, those values given for temperatures
123.2 K, 173.2 K, 223.2 K, 273.2 K, 323.2 K. . . . are
for —150 °C. —100 °C. =50 °C, 0 °C, 50 °C. . . .. The
©.2” has been dropped for temperatures above 3000 K.

In the tables the third and occasionally the fourth
significant figures are given for the thermal conductivity’
values. but this is only for internal cemparison and for
tabular smoothness and should not be considered
indicative of the degree of accuracy. The  accuracy
of the recommended or provisional values for each
element in different temperature ranges is given in the
REMARKS. The thermal conductivity is zero at absolute
zero temperature, i.e. at the point (=0, £=0). This
is a theoretical consequence based upon the premise
that the spccific hcat is zcro at absolutc zcro tempcra-

ture according to the third law of thermodynamics.

For a solid element at moderate and high temperatures
the true thermal conductivity valuee for different well-
annealed high-purity (99.99+4 %) samples at any given
temperature should be close, and therefore a set of
recommended thermal conductivity values can be given
for a well-annealed high-purity element. At low tempera-
tures, however. the thermal conductivity values for
different samples with small differences in purity and/or
imperfection differ greatly. and a set of recommended or
provisional values applies only to a sample of a par-
ticular purity and imperfection. ldeally the low-tempera-
ture thermal conductivity of a solid element should be
represented bv a family (or families, for a non-cubic
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crystal) of curves, each of which is recommended for a
sample of a particular purity and imperfection. and
hence having a particular residual electrical resistivity
for a metal. In this work, such a family of recommended
curves for specimens of different hypothetical im-
purities and imperfections has not been generated.
Instead. a single, well defined curve is drawn to link
with the recommended curve for moderate and high
temperatures so as to complete the functions for the full
range of temperature. The recommended low-tempera-
ture values in the table, which are for the purest form
of each element for which measurements have been
made, are of course only applicable to that particular
characterized sample whose residual electrical resis-
tivity has clearly been specified in the REMARKS.
Consequently, this recommended curve should not be
interpreted as a unique function for the low tempera-
ture region but it is only applicable 10 a sample of
specified conditions. For samples having different
impurities and . imperfections, i.e.. having different
residual electrical resistivities for a metallic element,
the reader may similarly derive low-temperature thermal
conductivity curves following the same guidelines and
procedures as used in this work.

As mentioned before: the residual electrical resistivity
po is used for the characterization of a metallic sample
to correspond with the recommended low-temperature
thermal conductivity values. At temperatures around
4 K or below, po> p;, and hence po may be written as

LT
po= i

o

(16}

It is po which is determined experimentally as the
residual electrical resistivity resulting {from electron-
defect scattering. If however po is calculated from an
equation similar to (16) but using a measured value
of the thermal conductivity, this value is & and not k..
Denoting the value so calculated by py'. then

LT LT
P Tk Ak, 14k lk

(17)

It can be seen from equation (17) that if k,= 0 then
po’ < po. This is usually true. and the experimental p,

J. Phys. Chem. Ref. Data, Vol. 1, No. 2, 1972

is then the value given to correspond with the recom
mended k values.

It happens occasionally, however. that p,> p
implying that ;< 0. As negative values for k, seen
impossible. the measured pg is concluded to be in erroi
and in this case. the calculated value p; has been givel
as corresponding with the recommended & values.

Regarding those elements which are liquid or gaseou:
at N.T.P.. the provision of recommended values of th
thermal conductivity at the critical point takes no
account of anomalies in the immediate vicinity of thi:
point. While evidence seems to be accumulating tha
a rapid increase in thermal conductivity to very large.
if not infinite, values does occur in the immediate vicinity
of the critical point. the temperature span of any such
departure is very short, and in the preparation of the
present tables this factor has been disregarded. The
values recommended here for the critical point are thus
obtained through arbitrary extrapolations of the satui-
ated liquid and vapor curves with no considerations
being given to such anomalies. This approach was
considered justified by the very meager and indefinite
investigations which have been concerned with such an
effect. The present approach has been taken so that
interpolation of the recommended critical-point values
with those tabulated for lower temperatures will enable
intermediate temperature values to be obtained which
will be accurate except for the small temperature
region where anomalies may occur. Furthermore, the
values at the critical point are needed for data correla-
tion using the principle of the corresponding states.
Likewise. the error estimates refer to possible errors
in estimating such values. Should recent studies on
anomalies prove to be confirmed. the present values
might be regarded as “pseudo-critical’” values of thermal
conductivities. While the merit of our present approach
could be questioned by some. it might be added that the
above defined “critical” thermal conductivities have
been found to give consistent values when comparing
“critical” thermal conductivities of families of sub-
stances. At the present time. similar ireatments of
“true” critical values present difficuliies.

The recommended values for the various gases, which
cover very wide ranges of temperature. are only for a
pressure of one atmosphere. The pressure dependence
of thermal conductivity is not vet included in this
work.
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THERMAL CONDUCTIVITY CF ACTINIUM, AMERICIUM, ASTATINE, BERKELIUM,
CALIFCRNIUM, CURIUM, EINSTEINIUM, FERMIUM, FRANCIUM, LAWRENCIUM,
MENDELEVIUM, NCBELIUM, POLONIUM, PROTACTINIUM, ELEMENT 104,
ELEMENT 105, ELEMENT 106, AND ELEMENT 118

No information is available in the literature for the thermal conductivity of
these elements. Very rough estimations of their thermal conductivity values at
300 K have been made and they are given below. For details of the estimations, the
reader is referred to the comprehensive volume [1]. The values are very uncertain

and are probably good to =50%.

Thermal Conductivity at 300 K
(W em™ K™Y
Actinium .12
Americium
Astatine
Berkelium
Californium

P

O
—
-

Curium
Einsteinium
Fermium
Francium
Lawrencium

Mendelevium
Nobelium
Polonium
Protactinium
Element 104

Element 105
Element 106
Element 118

[VOREN B

NHO OO0 DO D OO OO
[e o]

LI U1 DO WS DD b bl e et b eed b

X 107? (in the gaseous
state; N.B. P.
262. 5 K)
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