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Foreword

The Journal of Physical and Chemical Reference Data is published jointly by the
American Institute of Physics and the American Chemical Society for the National
Bureau of Standards. Its objective is to provide critically evaluated physical and
chemical property data, fully documented as to the original sources and the criteria
used for evaluation. One of the principal sources of material for the journal is the
National Standard Reference Data System (NSRDS), a program coordinated by
NBS for the purpose of promoting the compilation and critical evaluation of
property data.

The regular issues of the Journal of Physical and Chemical Reference Data are
published quarterly and contain compilations and critical data reviews of moderate
length. Longer monographs, volumes of collected tables, and other material
unsuited to a periodical format are published separately as Supplements to the
Journal. This monograph, “Thermal Conductivity of the Elements: A Compre-
hensive Review,” by C. Y. Ho, R. W. Powell, and P. E. Liley, is presented as
Supplement No. 1 to Volume 3 of the Journal of Physical and Chemical
Reference Data.

David R. Lide, Jr., Editor
Journal of Physical and Chemical Reference Data
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Thermal conduétivity of the elements:

a comprehensive review
C. Y. Ho, R. W. Powell, and P. E. Liley

fhermophysical Properties Research Center,
Purdue University, West Lafayette, Indiana 47906

This work presents and discusses the available data and information on the
thermal conductivity of the elements and contains the recommended reference
values resulting from critical evaluation, analysis and synthesis of the available
data and information. It also gives estimated values, at least for normal tempera-
ture, for all those elements for which no thermal conductivity information is
available. Experimental thermal conductivity data are available in the world
literature for 82 elements and estimated values for four other elements. Estimated
values for the remaining 19 elements are given here, although only rough
estimates are given for the trans-plutonium elements. Thus, this work provides
recommended or estimated thermal conductivity values for all the 105 elements.
This work is published in two companion versions: this comprehensive volume
and an abridged version. In addition .to the recommended and estimated thermal
conductivity values for elements, the comprehensive volume presents the original
data, specimen characterization, and measurement information for the 5200
sets of raw data compiled; contains a detailed discussion for every element
reviewing the individual pieces of available data and information together with
the considerations involved in arriving at the final assessment and recommendations,
and with the theoretical guidelines or semi-empirical correlations on which the
critical evaluation, analysis, and synthesis are based; and includes also the complete
bibliographic citations for the 1658 references. The abridged version contains only
the recommended and estimated thermal conductivity values.

Key words: Conductivity; critical evaluation; data analysis; data compilation;
data synthesis; elements; gases; liquid metals; liquids; metallic elements; metals;
molten metals; most probable values; nonmetallic elements; recommended refer-
ence values; reference data; solids; standard reference data; thermal conductivity.
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Preface

Thermal Conductivity of the Elements: A Comprehensive Review is the result
of many years of effort by the Thermophysical Properties Reseach Center (TPRC)
as part of an overall program to generate tables of numerical data for science and
technology. The property, thermal conductivity, was selected as a priority task
because of its scientific and technical importance and because of TPRC’s extensive
bibliographic coverage of the literature on this property.

This volume can serve many purposes. It provides engineering and design data
for those elements such as tungsten, molybdenum, carbon (graphite), aluminum,
copper, germanium, silicon, liquid sodium, mercury, etc. which are used in nearly
pure form as engineering materials. It provides reliable data for those elements
that can be used as reference materials to check apparatus for thermal conductivity
measurements or as standards in comparative thermal conductivity measurements.
It provides data against which theoreticians can test their theories. Furthermore,
the knowledge of the thermal conductivity of the elements is essential for the
estimation and prediction of this property for the more complex engineering
alloys. Since precise measurement of thermal conductivity is very difficult, a
capability for the estimation and prediction of this property within confidence
levels acceptable to technological requirements would be very valuable. A knowl-
edge of the thermal conductivity of the elements is an essential requirement for
the development of such a capability.

Thermal Conductivity of the Elements: A Comprehensive Review has been pub-
lished in two companion versions. This comprehensive volume makes it possible
for serious students of the subject to have access to the original data without
having to duplicate the laborious and costly process of literature search and data
extraction. It is quite appropriate at this point to mention that omly original
sources have been used for the critique of the data and that all cited documents
are available at TPRC in standard microfiche format. Also, for the active
researchers in the field, a detailed discussion is presented for each element
reviewing the available experimental data and the considerations by which the
authors arrived at their final assessment and recommended values.

Since the comprehensive version is voluminous and perhaps somewhat cumber-
some for frequent use as a reference, an abridged version has been published
(Journal of Physical and Chemical Reference Data, 1, 279, 1972) which gives
the recommended values with minimal discussion. Reprints of the abridged version
should provide inexpensive, personal, desk-top reference sources for designers,
engineers, students and scientists who have a need for ready access to these data.

The input of data to Thermal Conductivity of the Elements: A Comprehensive
Review has a cut-off date of January 1971; works published subsequent to this
date have not been considered. However, TPRC monitors and retrieves the world
literature on a continuing basis and our state of knowledge on the thermal con-
ductivity of the elements is being kept on a current basis, and the recommendations
are being constantly evaluated and revised if and when deemed necessary.

While this volume is primarily intended as a reference work for the designer,
researcher, experimentalist, and theoretician, the teacher at the graduate level may
also use it as a teaching tool to point out to his students the topography of the
state of knowledge on the thermal conductivity of the elements. We believe the
contents of the volume also provide ample ground for reflection by the specialist

and the academician regarding the meaning of original data and their information
content.

The authors are keenly aware of the possibility of omissions or errors which may
be encountered in a work of this scope. We hope that these faults will not be
judged too harshly and that we will receive the benefit of suggestions regarding
references omitted, improvements in presentation, and, most important, any
inadvertent errors.
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This volume is primarily the result of financial support and interest of the Office
of Standard Reference Data of the National Bureau of Standards. The support
of the extensive documentary work necessary for the preparation of this volume
was made possible through the support received from the Air Force Materials
Laboratory of the Air Force Systems Command.

While the preparation and continued maintenance of this work is the responsibility
of TPRC’s Data Tables Division, this work would not have been possible without
the direct input of TPRC’s Scientific Documentation Division and, to a lesser
degree, the Theoretical and Experimental Research Divisions. It should be clearly
understood, however, that many have contributed over the years within and outside
of TPRC, and their contributions are hereby acknowledged.

In order to give a greater degree of confidence to the recommendations set forth
in this work, preliminary sections of this volume have been submitted to some
70 international expert workers in this field for their comments and critique.
The authors wish to express their appreciation and gratitude to all who responded.
Particular acknowledgement is made for the valuable contributions made by the
following individuals:

.Dr. A. R. Adams, University of Surrey, London, England.

Dr. N. Bicklund, The Royal Institute of Technology, Stockholm, Sweden.

Dr. R. Berman, University of Oxord, Oxford, England.

Prof. C. F. Bonilla, Columbia University, New York, New York.

Dr. R. I. Boughton, The Ohio State University, Columbus, Ohio.

Dr. A. Cezairliyan, National Bureau of Standards, Washington, D.C.

Dr. L. J. Challis, University of Nottingham, Nottingham, England.

Dr. J. G. Cook, National Research Council, Ottawa, Canada.

Dr. M. J. Duggin, CSIRO, National Standards Laboratory, Chippendale, N.S.W.,
Australia.

Prof. L. P. Filippov, Moscow State University, Moscow, U.S.S.R.

Mr. D. R. Flynn, National Bureau of Standards, Washington, D.C.

Prof. A. V. Grosse, Research Institute of Temple University, Philadelphia,
Pennsylvania.

Dr. H. J. Hanley, National Bureau of Standards, Boulder, Colorado.

Dr. M. G. Holland, Raytheon Company, Waltham, Massachusetts.

Prof. J. J. Jackson, Howard University, Washington, D.C.

Dr. D. T. Jamieson, National Engineering Laboratory, Glasgow, Scotland.

Dr. J. Kaspar, Aerospace Corporation, El Segundo, California.

Dr. B. T. Kelly, United Kingdom Atomic Energy Authority, Reactor Materials
Laboratory, Warrington, Lancs, England.

Prof. J. Kestin, Brown University, Providence, Rhode Island.

Prof. P. G. Klemens, The University of Connecticut, Storrs, Connecticut.

Dr. M. J. Laubitz, National Research Council of Canada, Ottawa, Canada.

Prof. S Legvold, Iowa State University, Ames, Iowa.

Dr. W. W, Lozier, Union Carbide Corporation, Cleveland, Ohio.

Prof. A. V. Luikov, Heat and Mass Transfer Institute, Minsk, U.S.S.R.

Mr. 1. B. Mason, Atomic Energy Research Establishment, Harwell, England.

Mr. J. D. McClelland, Aerospace Corporation, El Segundo, California.

Dr. D. L. McElroy, Oak Ridge National Laboratory, Oak Ridge, Tennessee.

Dr. E. McLaughlin, Imperial College, London, England (now at Louisiana State
University, Baton Rouge, Louisiana).

Prof. G. T. Meaden, Dalhousie University, Halifax, Nova Scotia, Canada.

Prof. A. Missenard, Société Frangaise des Thermiciens, Paris, France.

Mr. J. P. Moore, Oak Ridge National Laboratory, Oak Ridge, Tennessee.

Dr. Ya. M. Naziev, Esman Baku Institute of Power Engineering, Baku,
Azerbaidzhan, U.S.S.R.

Dr. H. Poltz, Physikalisch-Technische Bundesanstalt, Braunschweig, West
Germany.

Dr. R. L. Powell, National Bureau of Standards, Boulder, Colorado.
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Dr. F. Richter, Thyssen Rohrenwerke Aktiengesellschaft, Diisseldorf, West
Germany.

Prof. B. H. Sage, California Institute of Technology, Pasadena, California.

Prof. G. Samsonov, Institute of Problems of Material Science, Kiev, U.S.S.R.

Dr. N. H. Saunders, University College of Swansea, Swansea, Wales.

Dr. J. T. Schriempf, Naval Research Laboratory, Washington, D.C.

Prof. A. E. Sheindlin, Director of Scientific Research, Institute of High Tem-
perature, Moscow, U.S.S.R.

Prof. E. E. Shpil’rain, Institute of High Temperature, Moscow, U.S.S.R.

Dr. G. A. Slack, General Electric Research Laboratory, Schenectady, New York.

Dr. I. A. Smirnov, Institute of Semiconductors, Leningrad, U.S.S.R.

Prof. N. B. Vargaftik, Moskovskii Aviatsionnyi Institut, Moscow, U.S.S.R.

Dr. P. Wagner, University of California, Los Alamos Scientific Laboratory,
Los Alamos, New Mexico.

Dr. G. K. White, CSIRO, National Standards Laboratory, Chippendale, N.S.W.,
Australia.

Prof. S. B. Woods, University of Alberta, Edmonton, Alberta, Canada.

Prof. M. Yaqub, The Obio State University, Columbus, Ohio.

It goes without saying that while the individuals mentioned above have read °
selected parts of the preliminary version of this work and have given helpful
comments and criticisms, this in no way commits them to the views and judg-
ments expressed in this volume for which the authors assume complete responsi-
bility. In this connection, Drs. C. Y. Ho and R. W. Powell have jointly performed
the analysis of the data for the elements which are solid at normal temperature
and pressure (N.T.P.) and Dr. P. E. Liley has performed the analysis for those
elements which are in the liquid or gaseous state at N.T.P.

Y. S. Touloukian
Director, Thermophysical Properties Research Center
Distinguished Atkins Professor of Engineering

Purdue University
West Lafayette, Indiana
June 1972
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THERMAL CONDUCTIVITY OF THE ELEMENTS L1

1. Introduction

The purpose of this work is to present and review the
available data and information on the thermal conduc-
tivity of each element of the periodic table, to critically
evaluate, analyze, and synthesize the data, and to make
recommendations for the most probable values of its
thermal conductivity.

The recommended (or provisional) thermal conductivity
values generated 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 of the 105 elements known
to exist and estimated values for four other elements. The
23 elements for which experimental data are lacking com-
prise 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 these 23 elements esti-
mated values have been given in this work at least for
normal temperature. Thus, this work provides recom-
mended (or provisional) thermal conductivity values for
all 105 elements.

This work is organized in three distinct sections: namely,
an introductory text, the body of information and data,
and the source references. The introductory text describes
the general procedures and methods for the evaluation,
correlation, and synthesis of the available thermal con-
ductivity data and for the generation of recommended or
provisional thermal conductivity values. It also discusses
the presentation of data and other considerations concern-
ing the body of data. This is followed by the body of
information and data, treating each element separately,
reviewing the individual pieces of available data and
information, and describing the considerations involved in
arriving at the final assessment and recommendation and
the theoretical guidelines or semi-empirical correlations
on which the data analysis and synthesis are based. Figures
and tables following the discussions present the recom-
mended (or provisional) values, in addition to the original
data, specimen characterization, and measurement informa-
tion for the 5200 sets of raw data extracted from the
primary literature. The last section consists of the 1658
references used in the extraction of data and/or informa-
tion. Only original sources have been used for this purpose
and the effective cut-off date for literature inclusion in this
work was January 1971,

Inherent in the character of this work is the fact that we
have drawn most heavily upon the scientific literature and
feel a debt of gratitude to the authors whose results have
been used. While their often discordant results have caused
us much difficulty in reconciling their findings, we con-
sider this to be our challenge and our contribution to the
negative entropy of information as an effort is made to

create from the randomly distributed data a condensed,
more orderly state.

An abridged version of this work, which contains only

‘the recommended (or provisional) thermal conductivity

values, has been published in the Journal of Physical and
Chemical Reference Data [608a]. It should be noted that,
while the thermal conductivity values presented here for
most of the elements are identical with those published in
the Journal [608a], minor improvements in data smooth-
ing have been made for several elements, which result in
some small differences in a few values for several of the
elements between the present values and those in the
Journal. Therefore, wherever there is a difference, the value
given here is preferred.

2. General Procedures and Methods for the
Evaluation, Correlation, and Synthesis of
Thermal Conductivity Data

In this section it is proposed to outline the general
procedures and some of the methods for the evaluation,
correlation, and synthesis of the available thermal con-
ductivity data and for the generation of recommended
(or provisional) values and to group together the resulting
thermal conductivity values with a view to revealing any
general trends which might be of assistance in the predic-
tion of values 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=Fk, 4k, (1)

where k., and k, are the thermal conductivity components
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 k. and in the majority
of cases it can practically be neglected.

The electronic component is given by
ke == We—l = (Wo + W‘i)—ls (2)

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

The electrical resistivity is likewise composed of a resid-
ual and an intrinsic component (Matthiessen’s Rule)

P=po+ P

where p, is temperature independent but depends on the
type and concentration of imperfections, whereas p; is tem-
perature dependent but is independent of the imperfections.
The residual thermal and electrical resistivities are related
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by the Wiedemann-Franz-Lorenz law

Po
=L,
w.a  °
hence
Vo= (/L) T2 =1, 3)
where 8 = po/Lo, L, is the theoretical Lorenz number

(Lo = 2443 X 10-® V2 K-2) and T is the absolute tem-
perature. The intrinsic thermal and electrical resistivities
are related by the Wiedemann-Franz-Lorenz law only in
the high-temperature limit, while at lower temperatures

pi
=1L
wr

is generally less than L,. In the limit of low temperatures

Li=3(T/6)°,

where 6 is the Debye temperature and the coefficient § de-
pends on the topology of the Fermi surface.

The derivation of theoretical expressions for W; and
pi involves the solution of the Bloch integral equation
[169a] which is very complicated. Explicit expressions
have been obtained only for the very simplest model, first
by Wilson [1568] and later by several others [875, 789a,
773a, 773b, 1448a, 1342a, 1342b, 1342c, 1612a, 770a]. The
general form of their results is the same. In the low-
temperature limit

W4 o« Tz, (4‘)
and
Ly = p/WIT =78 Ng%/% (T/6)%,

where N, is the number of conduction electrons per atom.

From equations (2-4), the low-temperature electronic
thermal resistivity can therefore be written in the form

We=al?+ B/T.
Thus, at low temperatures

N 1
T T2 B/T

Equation (5) has been extensively compared with low-
temperature experimental data for high-purity metals
whose k, is negligibly small, and disagreements have been
found [248-250] in that the power of T for most metals
is not 2 but greater and the coefficient o is not a constant
for a metal. Considering the temperature dependence of
the coefficient o and the interaction between intrinsic and
residual thermal resistivities, Cezairliyan [248], and
Cezairliyan and Touloukian [249, 250] have modified
equation (5) to become

(5)

e

1
bo=———— 6
T + B/T ()

or, assuming k, being negligible, simply
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1
b 7
T { B/T ™

, ok B\ mmsmin
e —aoy ’ (8)
nall

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

where

Figure 1 shows a family of thermal conductivity curves
at low temperatures according to the theoretical equation
(7) for samples of a typical metallic element. The curves
with different values of 8 and p, are for different samples
with different amounts of impurities and imperfections.
Each thermal conductivity curve has a maximum value k,,
at a corresponding temperature T',,. The purer the sample
(the smaller the 8 and p,), the higher is the maximum
conductivity and the lower is the temperature T, at which
the maximum occurs. The locus of the thermal conduc-
tivity maxima is also shown in figure 1 which is a straight
line in" a logarithmic plot. Physically, the constant m in
equation (8) is the absolute value of the slope of this
straight line.

Figure 2, reproduced from Cezairliyan’s treatise, shows
how, by plotting a reduced thermal conductivity k/kn
(denoted by k*) against the corresponding reduced tem-
perature T/T,, (denoted by T*), the data then (1962)
available for 22 metals (some 1000 data points for 83
samples) were found to approximate a single curve

1 2 -1
k* = —(T*)* 4 ’ (9)
3 3r*
which may be derived from equation (7) for the limiting
case n = 2. The standard deviation of points from this

curve was calculated as 0.032.

In this work for most of the metallic elements whose
k, is negligibly small, equations (7) and (8) have been
used to fit experimental data for deriving recommended
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 be used in equations {7) and
(8) for low-temperature thermal conductivity calculations
are given in table 1.

In equations (7) and (8), the only parameter is 8
(since o/, m, n are constants for a metal), and each
low-temperature thermal conductivity curve is uniquely
determined by its value. An experimental value of B is
obtainable by fitting equations (7) and (8) to the
measured thermal conductivity data at temperatures below
Tn. Using equations (7) and (8) and the constants 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 g8 is
used. Different values of 8 give a family of thermal con-
ductivity curves for each metallic element and a family
of recommended curves could have been generated in this
way for each metallic element as shown in figure 1.
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THERMAL CONDUCTIVITY OF THE ELEMENTS

In this work, at low temperatures only .one recommended
curve for one particular sample has been generated and
this usually relates to the lowest value of B 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 have included purer samples yield-
ing much lower values for B, 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 for transition metals. There is
some evidence [600, 1193, 1275] that electron-electron
scattering may become important for exceedingly high-
purity samples and necessitate one additional term T
such that

k= [aT™ -+ BT 4+ vyT1]. (10)

Also, for many of the elements available data are in-
sufficient to determine the constants m, n, and o” of
equation (8).

TaBLE 1. Constants for low-temperature thermal conductivity
calculations using equations (7) and (8)
Element m n a” X104

Aluminum 2.62 2.00 0.0479
Cadmium

(|l to c-axis) 5.00 4.50 0.0468

(L to c-axis) 5.00 4.50 0.0468

(polycrystalline) 5.00 4.50 0.0468
Chromium 2.20 2.00 0.592
Cobalt 2.20 2.10 0.540
Copper 2.63 2.21 0.0423
Gallium

(Il to a-axis) 2.78 2.00 2.04

(Il to b-axis) 2.78 2.00 0.806

(Il to c-axis) 2.78 2.00 6.57
Gold 2.46 2.00 0.460
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 0.192
Niobium 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 0.00000321
Silver 2.75 2.20 0.0730
Sodium 2.13 2.00 2.89
Tantalum 2.54 2.00 1.39
Thallium 2.80 2.00 26.2
Thorium 2.80 2.79 1.75
Titanium 2.90 2.30 0.188
Tungsten 2.80 2.40 0.0539
Zinc 3.40 3.00 0.0750
Zirconium 2.40 2.00 3.99

A further complication may arise with metallic samples
of very high purity in that boundary scattering can be-
come important and render the thermal conductivity at
very low temperatures dependent on the size of sample or
on that of the individual crystallites of which it is com-
posed. Since the 1930’s, see for instance the work of
Casimir [243], size dependence has been known for the
thermal conductivity of nonmetallic crystals, but measure-
ments by Olsen and Wyder [1053] and by Boughton and
Yaqub [185] have more recently directed attention to the
influence of crystal size on the electronic thermal con-
ductivity of a metal of sufficiently high purity and perfec-
tion. Isotopic content is another factor that has been
shown to influence the thermal conductivity at low tem-
peratures; see for instance the work on an isotopically
enriched germanium by Geballe and Hull {480], om
tellurium by Oskotskii, et al. {1057], and on solid helium
by Berman, et al. [141] (see also [143]).

As the temperature rises from the liquid-helium tem-
perature 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 [1569], Makinson
[875]). For some metals, including the transition metals,
definitely higher values of the Lorenz function 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 calculated from the
derived, assumed, or experimentally determined Lorenz
function values as a function of temperature and from the
measured electrical resistivity data. Considerable use of
the Lorenz relationship has therefore been made in this
work, 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 trans.
port properties are strongly anisotropiec, uncertainties are
associated with the derivation of values from single crystal
data that would apply to a polycrystalline sample.

Consider an orthorhombic crystal, such as that of
gallium, for which k,, k,, and %, are the thermal con
ductivity values for the three main crystal axes a, b, anc
¢, and k, is the thermal conductivity of the polycrystal
By considering the conductivities to be additive, Voig
[1487] showed that

k,,:é (ko 4 Fo -+ ko). 1)

If however the thermal resistivities are considered to b
additive, which Hall, Legvold, and Spedding [577] re
garded to be preferable in the case of rods of yttrium, ther
1 1 1 1 1
— = (), (12,
kE, 3 Ek ky kK,

or
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Eo— 3kokok,

P kakb + kakc + kbkc.

For gallium at 300K, &k, = 0.406, &k, = 0.883, and k, —
0.159 W cm™ 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 cm K-. A more recent treat-
ment, in which Hashin and Shtrikman [592] used a varia-
tional method, shows that for the case where &, < k, < kp

Koy (Aky2 4 8koky + 8koky + Thaks)
16k,2 & Skoka + Skoky + kake

(13)

kc (4‘k02 + 8kcka + 8kckb + 7kakb)
16k.2 + Skokg + Skoky + Faky > (14

which leads to extreme values of 0.444 and 0.377 W
cm K- for k, in the case of gallium at 300 K. The treat-
ment 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 approximately
the thermal conductivity of polycrystalline gallium, but
it is clear that more attention could well be devoted both
experimentally and theoretically to this problem. Electrical
conductivity would behave similarly and this property is
likely to be measurable with greater accuracy, although
high accuracy would not be so necessary with the large
differences indicated for gallium. 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 poly-
crystalline samples of this metal.

> kp >

In this work, the average of the values given by equa-
tions (11) and (12) has been adopted as the estimated
value for a polycrystalline sample of an element of large
anisotropy if experimental data are not available.

In connection with the thermal conductivity of molten
metals, reference will frequently be made to estimated
values that are due to Grosse [546, 548]. These values
have been derived from the melting to the critical points
using the equation & = L,oT with derived values for the
electrical conductivity, o, and usually assuming the theo-
retical Lorenz number, L,, to hold throughout the range.
To derive an expression for the electrical conductivity,
Grosse has proposed an equation of the form of a simple
equilateral hyperbola [545]

(e’ + b) (I"4+b) =a, (15)

where the reduced electrical conductivity ¢ = or/0y, the
reduced temperature T’ = (T — T;)/(T; — Ty), o is
the electrical conductivity of the molten metal at the melt-
ing point, and ep is the electrical conductivity at a tem-
perature T between T, the melting point, and T, the
critical temperature. The quantities @ and b are constants.
At T, both ¢ and k are assumed to be zero.

Since these predictions were made, increasing uncer-
tainty has developed as to the Lorenz function of molten
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metals and its variation with temperature. Previous work,
for instance of Powell [1120], had indicated the Lorenz
function to approximate the theoretical value, as was
assumed by Grosse [546, 548], but according to the work
of Filippov [435] on tin and lead and some other recent
measurements [884, 1593] the Lorenz function continues
to decrease with increase in temperature to values that are
well below L,. This uncertainty needs resolving and, pend-
ing 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. Evaluation, Correlation, Analysis,
and Synthesis

Data analysis and synthesis involve critical evaluation
of the validity and accuracy of available datd and related
information, resolution and reconciliation of disagreement
in conflicting data, correlation of data in terms of various
controlling parameters (sometimes in reduced forms using
the principle of corresponding states), curve fitting with
theoretical or empirical equations, comparison of result-
ing data with theoretical predictions or with results
derived from semitheoretical relationships or from general-
ized empirical correlations, etc. Besides critical evaluation
and analysis of the existing data, thermodynamic, kinetic,
or statistical mechanical principles and semiempirical tech-
niques are employed to fill gaps and to extrapolate existing
data so that the resulting recommended values are inter-
nally consistent and cover as wide a range of each of the
controlling parameters as possible.

In the critical evaluation of the validity and uncertainty
of a particular set of data, say, the thermal conductivity
of a solid, the temperature dependence of the thermal con-
ductivity was examined and any unusual dependence or
anomaly carefully investigated, the experimental technique
reviewed to see whether the actual boundary conditions
in the experiment agreed with those assumed in the theory
and all the stray heat flows and losses were prevented or
minimized and evaluated, the reduction of data examined
to see whether all the necessary corrections had been
applied, and the estimation of uncertainties checked to
ensure that all the possible sources of errors had been
considered.

For a steady-state absolute measurement of the thermal
conductivity of a solid specimen, for example, the sources
of errors may include the uncertainty in the measurements
of specimen dimensions and of the distances between
points of temperature measurements; the uncertainty in
determining the necessary correction to the thermal con-
ductivity value due to the effect of thermal expansion;
the uncertainty in determining the power input to the speci-
men heater; the uncertainty in determining the heat 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 thermo-
couple wires and the ceramic insulating tubings or beads;
the uncertainty in temperature measurements due to poor .
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thermocouple calibration, poor thermocouple contact, poor
sensitivity of the measuring circuits, and temperature drift;
the uncertainty due to the effect of thermal contact resist-
ance; the uncertainty for measurements at elevated tem-
peratures due to thermocouple contamination, specimen
oxidation, and 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 resistance, and
from the additional uncertainty in the conductivity of the
reference sample (especially if the conductivity values of
the “reference” sample are blindly taken from the litera-
ture). For a nonsteady-state measurement, large uncer-
tainty may result if the density 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 critical evalua-
tion of experimental data 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 sources of systematic errors, or there must
be essential unrecorded sample differences. Therefore, al-
though one has to assume that the author’s error estimate
bears some relationship to the truth, the exact functional
relationship depends on the author himself and on other
factors, e.g., was he a new investigator or an experienced
worker? was the paper a rushed project to meet a con-
ference or contract deadline? etc.

Besides evaluating and analyzing individual data sets,
correlation of data in terms of various controlling param-
eters is a valuable technique that is frequently used in
data analysis. These parameters may include purity, com-
position, residual electrical resistivity or electrical resis-
tivity ratio (if a metal), density or porosity, hardness,
crystal axis orientation, degree of cold working, degree of
heat treatment, etc. Applying the principle of correspond-
ing states, reduced property values may be correlated with
reduced temperature and other reduced parameters. Certain
properties of the elements may also be correlated with the
atomic numbers of the elements in the periodic system;
examples are critical temperatures, critical pressures, criti-
cal volumes, and atomic volumes at 0 K. Wherever appro-
pripate, such correlation 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 conductivity, specific
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heat, and density can be correlated with thermal diffusivity,
and viscosity and specific heat of a gas can be correlated
with thermal conductivity through the Chapman-Enskog
theory or through the experimental Prandil number. For
a fluid, the property of the saturated liquid can 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 specimen
should include, whenevér applicable, the following: purity
or chemical composition, carrier concentration; type and
concentration of lattice defects; 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
polycrystalline 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, etc.; and refer-
ence 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. It has been found in this and
other studies 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 supplied the specimen and it can at best
represent only the nominal purity or composition (the
actual purity or composition varies from sample to sample) .
In other cases there is a strong tendency for only certain
elements to be covered by a particular chemical analysis,
which could miss other quite important constituents.

Besides specimen characterization, a full description of
experimental details should, of course, be given by the
author in order that his data can be meaningfully evalu-
ated and fully utilized. Sometimes, as an initial method of
evaluating the quality of a paper, consideration may be
given to the amount of experimental details reported in
the paper. Lack of experimental details could lead to the
results being given less weight. However, it should be
emphasized again that the real enemy of reliable data is
the systematic measurement error, whose existence in his
measurement is usually unknown to the author. As the
author was unaware of it, he provided little information
about it in his paper. Therefore, in data evaluation one
should not only try to find out what was wrong with a
measurement according to the author’s description, but
also try to detect with reasonable suspicion any possible
sources of systematic error unknown to the author in his
measurement.

It is apparent that any data that can be considered

J. Phys. Chem. Ref. Data, Vol. 3, Suppl. 1, 1974
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reliable must be free of systematic error. In practice, for
example, if several sets of data that agree with one another
were produced by different authors using different abso-
lute experimental methods, these data can usually be
considered reliable. However, if they were produced by
the same experimental method, the agreement may be
spurious and there still exists a probability that they may
all suffer from a common, but unknown, systematic error.

In estimating the degree of uncertainty of our recom-
mended values for the various ranges of temperature, it is
clear from the above discussion that only for the thermal
conductivity of 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 uncertainty are generally given; these are based also
on other factors and considerations such as general knowl-
edge of the worker, the accuracy of measurements of other
materials using the same or similar apparatus, etc. The
estimated uncertainty also takes into consideration the
behavior of the material itself. For a well-behaved mate-
rial narrower limits are given when the temperature
dependence of its thermal conductivity is predictable from
theoretical considerations or from empirical correlations.
For an ill-behaved material or a material with phase
and/or magnetic transformations, such as the rare earths,
the estimated uncertainties are greater. For the recom-
mended values of the thermal conductivity of fluids, the
uncertainty estimation is sometimes 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 state-of-the-art of the measurement techniques.
At other times, the scatter around the recommended values
of those experimental data considered reliable forms the
basis of uncertainty estimation.

2.3. Summary Graphs

With a view to bringing out any similarities or differ-
ences between the recommended values for the elements
of a particular group of the periodic table, these values
for all the elements of each group have been plotted in
figures 3 to 14, 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 temperatures
not covered in the sections which follow.

In figure 15 the thermal conductivity of each element
at 300 K is plotted against the atomic number of the
element. A fairly definite pattern 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. The thermal conductivities of the elements at
300 K and at the Debye temperature are further tabulated
in a periodic table appearing on page I-10. This table
shows more clearly the variations of the thermal conduc-
tivity values of the elements within each group.
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Figure 15a is a plot of the thermal conductivities of a
number of solid nonmetallic elements at 300 K against
the melting temperatures of the elements. A reasonable
curve can be drawn through the points to indicate roughly
the thermal conductivity at 300 K as a function of the
melting temperature. This information was used to obtain
an estimated value for the thermal conductivity of astatine
as shown in the figure.

In the other estimations, estimated thermal conductivity
values for barium, calcium, europium, polonium, pro-
tactinium, and strontium have been based on electrical
resistivity data, and those for radon are based mainly on
a generalized correlation by Owens and Thodos [1058].
The value for radium comes from collected data by
Samsonov [1239], and is attributed to Chirkin [274],

but no detail is given.

3. Specific Considerations Concerning the
Body of Data

This compilation contains a large number of graphs and
tables of thermal conductivity as a function of tempera-
ture. 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, diamond,
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 most of the nonmetallic
elements which are liquid or gaseous at normal tempera-
ture and pressure (N.T.P.) and for iodine, thermal con-
ductivity values are given for the solid, saturated liquid,
saturated vapor, and gas. For the other elements, values
are given only for the solid state or for both the solid and
liquid states.

In all figures containing experimental data, a data set
consisting of a single point is denoted by a pumber en-
closed by a square and a curve that connects a set of data
points is denoted by a ringed number. These numbers
correspond to those given in the accompanying tables on
specimen characterization and measurement information.
When several sets of data are too close together to be
distinguishable, some of the data sets, though listed in the
table, are omitted from the figure for the sake of clarity.
For those omitted curves, one is referred to the TPRC
Data Series, Volumes 1 and 2 [1421, 1422], in which
numerical data tables are also given. The much heavier
curves drawn in the figures represent the proposed values
of the thermal conductivity. These heavy curves may be
continuous, short-dashed, or long-dashed. Heavy con-
tinuous (solid) curves properly labeled represent recom-
mended reference values or provisional values. Accompany-
ing sections of short-dashed curves represent values in the
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temperature ranges where no experimental data are avail-
able. In some instances, notably for nonmetals and semi-
metals at low temperatures where the specimen cannot be
uniquely characterized to correspond exactly with the
thermal conductivity values, values considered as typical
are represented by heavy long-dashed curves.

For all the elements, logarithmic plotting of thermal
conductivity against temperature is adopted in order that
details are clearly shown for the lower temperature region.
In the cases of elements which become superconductors
at low temperatures these figures contain the available
data for both the normal and superconducting states, but
so far all recommendations have been limited to the
normal state. Corresponding linear plots are also given
for those solid elements which have received considerable
attention at temperatures above normal. In addition, for
each of the liquid and gaseous elements one or more
departure plots are included which show the deviations
of the available data from the recommended values.

In the figures, the melting point (M.P.), phase transition
point (T.P.), superconducting transition point [T.P.(s.c.) ],
critical temperature (C.T.), Curie temperature, Néel tem-
perature, etc., of the elements have been indicated. Some
of these transition points are also mentioned in the text.
The inclusion of these transition points is intended to
caution the reader against the existence of such transi-
tions so that one must be extremely cautious in attempting
to extrapolate the thermal conductivity values across any
such transition temperature, since at such temperature the
thermal conductivity generally exhibits sharp discontinui-
ties. No attempt has been made to critically evaluate these
transition temperatures, and they should not be considered
as recommended values. Some of the given values, how-
ever, 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
the boiling point of mercury.

In the departure plots for the nonmetallic elements which
are liquid or gaseous at N.T.P.,

Percent departure —
Experimental value — Recommended value

% 102 (16)

Recommended value

By the above definition, departures are positive if the
experimental data are greater than the recommended values
and vice versa.

The tables on specimen characterization and measure-
ment information give for each set of data the following
information: the publication reference number, author’s
name (or names), year of publication, experimental
method used for the measurement, temperature range
covered by the data, substance name and specimen desig-
nation, as well as detailed description and characterization
of the specimen and information on measurement condi-
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tions that are contained in the original paper. Whenever
available, information on the electrical resistivity has also
been included. In these tables the code designations used
for the experimental methods for thermal conductivity
determinations are as follows:

Comparative method

Direct electrical heating method
Forbes’ bar method

Longitudinal heat flow method
Periodic or transient heat flow method
Radial heat flow method
Thermoelectrical method

S EEO

For a comprehensive yet concise review of all these
methods, the reader is referred to the text in [1421].

In the tables of recommended, provisional, or typical
thermal conductivities, the values are presented with uni-
form but step-increasing increments in temperature as
the temperature increases. For those elements which are
solid at N.T.P. and for mercury, the values are presented
such that temperatures with uniform increments in both
kelvin and Celsius are accommodated. In other words,
those values given for temperatures 123.2 K, 173.2 K,
223.2 K, 273.2K, 323.2K, . . . 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 figure are given for the thermal conductivity
values, but this is only for internal comparison and for
tabular smoothness and should not be considered indica-
tive of the degree of accuracy. The accuracy of the recom-
mended or provisional values for each element in different
temperature ranges is given in the discussion. The aster-
isked values in the tables are interpolated, extrapolated,
or estimated, but more factually they are in the tempera-
ture ranges where no experimental data are available. The
thermal conductivity is zero at absolute zero temperature,
i.e., at the point (T = 0, k = 0). This is a theoretical
consequence based upon the premise that the specific heat
is zero at absolute zero temperature according to the third
law of thermodynamics.

The compiled 5200 sets of experimental thermal con-
ductivity data were published over a period of 110 years
from 1861 to 1970. It is realized that many different tem-
perature scales were used for these data. However, in
thermal conductivity measurements, the thermal conduc-
tivity values are determined by the measured differences
in temperature and not by the absolute magnitude of
temperature. Furthermore the thermal conductivity is only
a weak function of temperature. Therefore, 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 valies, the tem-
peratures 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-') was adopted as



THERMAL CONDUCTIVITY OF THE ELEMENTS

the SI unit for thermal conductivity. In this work, the unit
“W cm* K is used which is a slight modification of the
SI unit. Table la 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 in any of the several other units listed.

For a solid element at moderate and high temperatures
the true thermal conductivity values for different well-
annealed high-purity (99.99+%) samples at each tem-
perature should be close, and therefore a set of recom-
mended thermal conductivity values can be given for a
well-annealed high-purity element. At low temperatures,
however, the thermal conductivity values for different
samples with small differences in impurity and/or imper-
fection differ greatly, and a set of recommended or pro-
visional values applies only to a sample with a particular
amount of impurity and imperfection. Thus, the low-
temperature thermal conductivity of a solid element may
be represented by a family (or families, for a non-cubic
crystal) of curves, each of which is recommended for a
sample of a particular amount of impurity and imperfec-
tion, and hence having a particular residual electrical
resistivity. for a metal, as shown in figure 1. In this work,
such a family of recommended curves for specimens with
different hypothetical impurities 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-
temperature values in the table, which are for the purest
form. of each element for which a measurement has been
made, are of course only applicable to that particular
characterized sample whose residual electrical resistivity
has clearly been specified. Consequently, this recommended
curve should not be interpreted as a unique function for
the low temperature region, but it is only applicable to a
sample of specified conditions. For samples with different
amounts of impurities and imperfections, i.e., having dif-
ferent residual electrical resistivities for a metallic element,
one may similarly derive low-temperature thermal conduc-
tivity curves following the same guidelines and procedures
as used in this work or may exercise proper selectivity and
discretion based on the extensive information reported for
each data set in the accompanying table for specimen
characterization and measurement information.

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 > > pi, and hence p, may be written as

LT

= 17
p A (17)

It is po which is determined experimentally as the residual
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electrical resistivity resulting from electron-defect scatter-
ing. If however p, is calculated from an equation similar
to (17) but using a measured value of the thermal con-
ductivity, this value is & and not k.. Denoting the value
so calculated by p,’, then '

, LT LT Po
b T T ket Rk, 14 Ey/k,
It can be seen from equation (18) that if &, = 0 then p,” ==

po- This is usually true, and the experimental p, is then the
value given to correspond with the recommended % values.

(18)

It happens occasionally, however, that the calculated
po’ > po, implying that k, < 0. As negative values for k,
are impossible, the measured p, is concluded to be in error,
and in this case the calculated value p,” has been given as
corresponding with the recommended k values.

Regarding those elements which are liquid or gaseous
at N.T.P., the provision of recommended values of the
thermal conductivity at the critical point takes no account
of anomalies in the immediate vicinity of this point. While
evidence seems to be accumulating that 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 extrap-
olations of the saturated 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 wili 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 correlation 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 con-
ductivities have been found to give consistent values when
comparing “critical” thermal conductivities of families of
substances. At the present time, similar treatments of
“4rue” critical values present serious difficulties.

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 yet included in this work.
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4. Thermal Conductivity of the Elements

Actinium

No information is available for the thermal or electrical
conductivity of actinium. However, very rough estimation
of its room-temperature thermal conductivity may be made
on the basis of similarities between actinium and the other
elements of the same group. The thermal conductivity
values at 300 K of the other three members scandium,
yttrium, and lanthanum of Group III B are 0.158, 0.172,

and 0.135 W em™ K-, respectively. The extrapolation to
atomic number 89 of a curve fitted to these points plotted
in a large working graph of thermal conductivity versus
atomic number similar to figure 15 gives a value of 0.115
W em™ K- for actinium at 300 K. This derived value is
probably good to %50 percent.

Aluminum

There are 111 sets of data available for the thermal
conductivity of aluminum as listed in table 3 and shown
partly in figures 16, 17, and 17a.

At low temperatures, most of the thermal conductivity
maxima conform well to a straight line (in a log-log
graph) for which the slope is —2.62, and most of the
experimental data at temperatures below 1.5 T, can be
fitted by equation (7) using constants m — 2.62, n = 2.00,
a” = 4.79 X 10 as given in table 1 and using appro-
priate values for the parameter .

The heavy curve shown in figure 16 for which the cal-
culated p, equals 0.000594 pQ cm and 8 = 0.0243 fits the
data of Fenton, Rogers, and Woods [425] (curve 64),
whose experimental p, of 0.000568 u2 cm gives an experi-
mental L of 2.337 X 10-® 72 K2 which is 4.3 percent
below the theoretical value. Therefore p, = 0.000594 uQ
cm (instead of 0.000568 2 c¢cm) is used to correspond to
this recommended curve.

To derive recommended values at higher temperatures,
the curve which fits the data of Fenton, et al. {425] (curve
64) to their upper limit of 25 K continues to decrease
smoothly towards the data of Powers, Schwartz, and
Johnston [1154] (curve 1) at a little above 100 K. It
continues in an intermediate position between their data
and the lower curve of Flynn [446] (curve 110) and, after
a minimum at about 240 K, rises to a gentle maximum
around 360 K. Through weight given to the recent deter-
minations by Duggin [372] (curves 106 and 107) the
recommended curve to the melting point has been lowered
by about 1 percent at 800 K from TPRC’s earlier recom-
mendation [1126], and now lies above the data of Duggin
[372] and Flynn [446] and below those of Powell, Tye,
and Woodman [1143] (curves 48 and 49).

It is interesting to note that it was not until the publica-
tion of the data of Powell, Tye, and Woodman [1143]
(curve 50), which show a pronounced minimum of thermal
conductivity in the subnormal-temperature region, that
the existence of such a minimum was fully recognized.
Although theoretical investigations of the electronic thermal
conductivity of metals by Bloch [169a], Wilson [1568,
1569], Makinson [875], Kroll [789a], Umeda and

Yamamoto [1448a], and Sondheimer [1342a-1342c] all
indicate a minimum in the theoretical curve of thermal
conductivity, which occurs at a temperature around /4,
where 6 is the Debye temperature, it has often been stated
that such a minimum has never been observed experi-
mentally [see, e.g., 719a, 1612b, 287a]. On the premise
of nonexistence of such a minimum of thermal conduc-
tivity, several subsequent theoretical investigations have
been devoted to the elimination of this minimum from the
theoretical curve. Thus, by modifying Bloch theory in his
recalculations, Ziman [1612a] has greatly reduced the dip
in the theoretical conductivity curve to about 9 percent
from Bloch’s original 40 percent of the high-temperature
limiting value, and furthermore the minimum is shifted
to a higher temperature of between 0.4 ¢ and 0.5 4. He was
disappointed with the remaining “discrepancy” that the
conductivity minimum was not entirely eliminated, though,
he said, he was working in the right direction to remove
it. Collins and Ziman [287a] have pursued this idea
further and their resulis show that with sufficient in-
crease in the proportion of electron-phonon Umklapp
scattering to normal scattering in their model used, the
minimum eventually disappears. Klemens [770a] has
modified Sondheimer’s method by solving the Bloch
equation numerically. He obtained a shallower minimum,
around which his result for thermal conductivity exceeds
Sondheimer’s by 11 percent. A further modification of
Sondheimer’s method was made by Kasuya [719a]. His
result is, in turn, about 20 percent greater than that of
Klemens, and shows that the conductivity minimum is
completely removed.

In spite of the efforts which successfully remove the
minimum from the theoretical thermal conductivity curve,
such a minimum exists in reality. In fact, long hefore the
publication of the data of Powell, et al. [1143], Lees [830]
has reported a thermal conductivity minimum for a sample
of 99 percent aluminum (curve 108) more than half a
century ago, and the thermal conductivity curve of Powers,
Ziegler, and Johnston [1156] (curve 109) published in
1951 for an aluminum alloy with 98.17 percent Al (by

difference) has also a minimum; both appear to have been
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overlooked. Subsequent to the publication by Powell, et al.,
the thermal conductivity minimum for aluminum has been
reported by Flynn [446] (curve 110) and by Moore,
McElroy, and Barisoni [987] (curve 81). All the con-
ductivity minima occur at different temperatures, ranging
from about 0.35 6 to 0.6 6, and indicate a general trend
that the lower the conductivity minimum, the lower is the
corresponding temperature. The present recommended
curve shows a minimum at about 240 K, which is about
0.62 6 (6 = 390 K for aluminum at room temperature).

It should be pointed out that most of the theories men-
tioned above have been developed for monovalent metals,
to which aluminum does, of course, not belong. However,
a minimum does exist also in the thermal conductivity of
sodium, a monovalent metal whose earlier experimental
thermal conductivity has often been compared with theory
and has ironically been the basis for the assumption of
nonexistence of the conductivity minimum.

The few experimental values for the thermal conduc-
tivity of molten aluminum differ considerably. Only Powell,
Tye, and Metcalf [1140] (curve 51) included measure-
ments of the electrical conductivity, and it is interesting to
note that their values of the Lorenz function are close to
the theoretical value, being respectively only about 0.5
percent and 1.5 percent lower at 973 and 1223 K. Mention
of this is made because Grosse [546] has assumed the
theoretical value of the Lorenz function to hold from the
melting point to the critical point when deriving values
for the thermal conductivity of aluminum over the entire
liquid range (curve 111).

The electrical conductivity values assumed by Grosse
[546] for liquid aluminum near the melting point were
those of Roll and Motz [1217]. These values were some
6 percent higher than those of Powell, et al. [1140] which
accounts for much of the difference between the two almost
parallel thermal conductivity curves. The present recom-
mended curve is the heavy and partly short-dashed line
shown between them in figure 17a, but biased toward the
experimentally determined thermal conductivity values.
At about 950 K this line passes close to the values of
Konno [778] (curve 13) which are the first such measure-
ments made on liquid aluminum.

These recommended values indicate that on passing from
the solid to the liquid state the thermal conductivity of
aluminum decreases by a factor of about 2.3.

An observation regarding the effect of heat treatment
on the electrical conductivity of molten aluminum was
reported by Kononenko, Yatsenko, Rubinshtein, and
Privalov [779], who found that preheating to 1300 K for
one hour in vacuum led to lower resistivity values. They
believed that oxides became partially dissociated and rose
to the surface of the melt. Following this treatment their
electrical resistivity values at 973 and 1273 K were respec-
tively 7 and 7.6 percent less than those of Powell, et al.
[1140], whose electrical resistivity determinations have
been made in air, whereas their thermal conductivity values
were determined under vacuum conditions, but without
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any preheating.

The findings of Kononenko, et al. [779] suggest that
further measurements on molten aluminum are required
for both thermal and electrical conductivities.

The recommended values for the solid are thought to
be accurate to within = 5 percent below room temperature
and =2 to =3 percent above. The values below 150 K are
applicable only to aluminum having residual electrical
resistivity of 0.000594 xQ cm. For liquid aluminum near
the melting point the values are probably good to within
=+8 percent. Above 1273 K the values are provisional.

TabLE 2. Recommended thermal conductivity of aluminum#t

(Temperature, T, K; Thermal Conductivity, k, W em™ K™1)

Solid Liquid
T k T k T k T k
0 0 60 8.50 | 933.52 |0.907* |2673.2 |1.15*
1 41.11 70 5.85 | 973.2 ]0.921 (2800 |1.14*
2 81.8 | 80 4.32 11000 0.930 [2873.2 |1.13*
3 121 90 3.42 |1073.2 (0.955 [3000 [1.13*
4 157 [100 3.02 {1100 0.964 (3073 [1.12*
5 188 |123.2 |2.62 |1173.2 [0.986 (3200 [1.11*
6 213 {150 2.48 1200 0.994 (3273 [1.10*
7 229 (173.2 [2.41 |1273.2 [1.01 |3400 |1.09*
8 237  [200 2.37 1300 1.02* |3473 |1.07*
9 239 |223.2 |2.35 |1373.2 |1.04* {3600 |1.05*
10 235 {250 2.35 |1400 1.05% 3673 |1.05*
11 226 [273.2 |2.36 |1473.2 |1.07* (3800 |1.03*
12 214 1298.2 [2.37 {1500 1.07* 3873 |1.02*
13 201|300 2.37 [1573.2 |1.08* (4000 [0.997*
14 189  |323.2 |2.39 [1600 1.09* 4073  [0.986*
‘15 176|350 2.40 {1673.2 |1.10* [4273  [0.952*
16 163 [373.2 (2.40 |1700 1.11* |4500 [0.912*
18 138 {400 2.40 |1773.2 |1.11* |4773  |0.861*
20 117 [473.2 12.37 1800 1.12* |5000 |0.818*
25 75.2 1500 2.36 |1873.2 [1.13* |[5273 |0.764*
30 49.5 |573.2 |2.33 11900 1.13* [5500 |0.719*
35 33.8 |600 2.31 [1973.2 {1.14* |5773 |0.662*
40 24.0 |673.2 (2.26 {2000 1.14* 6000 10.614*
45 17.7 |700 2.25 |2073.2 |1.14* |6273  |0.555*
50 13.5 [773.2 |2.19 [2173.2 {1.15* (6500 {0.505*
800 2.18 2200 1.15* {6773  |0.444*
873.2 [2.12 |2273.2 {1.15* |7000 [0.392*
900 2.10 |2400 1.15* 7273  |0.329*
933.52 (2.08 [2473.2 [1.15* [7500 [0.275*
2600 1.15* 17773  10.210*
8000 |0.156*
8273  [0.0915*
8500 [0.0365*

tThe recommended values are for well-annealed high-purity
aluminum, and those below 150 K are applicable only to a specimen
having residual electrical resistivity of 0.000594 uQ cm. Above 1273
K the values are provisional.

*Estimated or extrapolated.
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Americium

No information is available in the literature for the
thermal conductivity of americium. Based upon the un-
published measurements of M. B. Brodsky on the electrical
resistivity of americium at temperatures from 4 to 60 K,
Meaden [914] has made an estimation of its thermal con-
ductivity at low temperature. The electrical resistivity
values of Brodsky [914] are 29, 30, 33, 39, and 45 pQ cm
at 4, 10, 20, 40, and 60 K. Using the theoretical Lorenz
number, Meaden [914] obtained £ — 0.008 W cm™ K-
at 10 K. However, he believed that this value was far too
low and the actual thermal conductivity of americium at
10 K might well be two or three times greater. The reason-
ing is based on the fact that the above residual electrical
resistivity contains an impurity-induced spin-disorder term
and only the true impurity resistivity should be used if
the electronic thermal conductivity is sought. At the same
time magnon and phonon conductions are to be expected,
leading to an increase in the Lorenz function which might

far exceed 2.443 X 108 2 K2,

The actinide elements are chemically very similar to the
lanthanide elements and their electronic structures are,
as a whole, also closely similar. The elements thorium,
protactinium, and uranium also partly resemble the IV B
to VI B transition metals (which may partially explain
their higher thermal conductivities than those of the
lanthanides), but the transuranium elements do not. The
transuranium elements are chemically and electronically
similar to the lanthanides only. For instance, available
evidence shows that americium and curium are, respec-
tively, quite equivalent to europium and gadolinium in
known chemical and physical properties. Since the first
two transuranium elements, neptunium and plutonium,
have their respective thermal conductivity values of 0.063
and 0.0674 W cm K-* at 300 K and since most of the
lanthanides have their thermal conductivity values between
0.10 and 0.14 W cm™ K- at 300 K, it seems reasonable
to estimate that the thermal conductivity of americium at
300 K is of the order of 0.1 W cm K. This estimated
value is probably good to =50 percent.

Antimony

The available information on the thermal conductivity
of antimony is all for the metallic crystalline form. Since
-antimony crystallizes in the rhombohedral form, a single
crystal of the metal has three principal axes. Rausch [1184]
has reported thermal and electrical conductivity values at
79.5 K and 91.2 K for flow directions parallel to each axis
(curves 13-18). The extreme differences in thermal con-
ductivity were only about 3 percent at 91.2 K and 6 per-
cent at 79.5 K, yet the corresponding electrical conduc-
tivities differed by nearly 50 percent. This would suggest
the presence of a considerable phonon component of
thermal conductivity. For the trigonal axis direction
Red’ko, Bresler, and Shalyt [1189] (curve 30) find the
phonon and electron components of the thermal con-
ductivity to be comparable in the region of 90 K. These
workers also find both components to increase to maxima
below 10 K, the total thermal conductivity having a
‘maximum value of 7.62 W cm™ K- at 742 K. Only
magnetic fields of moderate strength were required to
suppress the electronic component, and this enabled the
two components to be measured. Long, Grenier, and
Reynolds [858] (curve 26) have previously used this
method to determine the phonon component, kg, for another
single crystal in which the heat flow was perpendicular to
the trigonal axis, the total thermal conductivity then being
calculated from the relation & = k, 4+ L,T/p, where L,
is the theoretical Lorenz function and p is the measured
electrical resistivity. This yielded a maximum of 9.74 W
cm! K-* at 3.04 K. Subsequently, further measurements
to lower temperatures have been made on this sample. The
inclusion of proposed values for the principal crystal direc-

tions should however await more extensive experimental
information.

Antimony is a metal for which the low-temperature
thermal conductivity is predominantly due to phonon con-
tribution and therefore the values do not follow the correla-
tion adopted by Cezairliyan and Touloukian [248-250].
Hence for polycrystalline antimony a smooth curve has
been drawn for the range 2 to 90 K through the data of
White and Woods [1151] (curve 6) for their sample of
highest thermal conductivity and having p, = 0.054 pQ
cm. This curve has been extended to high temperatures
as a curve of gradually decreasing slope to the 850 K value
of Dutchak and Panasyuk [383] (curve 23). The course
followed is a little above, but in fair agreement with the
data of Rausch [1184] (curve 13-18), Gehlhoff and
Neumeier [481] (curve 2), Eucken and Neumann [406]
(curve 11), and Smith [1327] (curve 12), but is entirely
at variance with the data of Konno [778] (curve 3). These
last constitute the only set of measurements in the range
380 to 850 K, but have been considered doubtful.

There is clearly a strong need for further determinations
of the thermal conductivity of pure antimony from room
temperature upwards.

The thermal conductivity of molten antimony has been
measured by Konno [778] (curve 3) and by Dutchak and
Panasyuk [383, 384] (curves 23 and 24), whilst Mardykin
and Filippov [884] (curve 31) have derived values for
the range 1170 to 1430 K from thermal diffusivity observa-
tions for a sample of very low purity, 96.8 percent anti-
mony. The proposed curve has tentatively been drawn to
fit the later of the two determinations by Dutchak and
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Panasyuk [383] (curve 23) as these had indicated the
thermal conductivity to increase by 55 percent on passing
from the solid to the liquid phase, a change in fair agree-
ment with that of the elecirical conductivity. The curve is
also expected to lie above that of Mardykin and Filippov
owing to the low purity of their sample.

The tabulated values are for well-annealed high-purity

HO, POWELL, AND LILEY

metallic antimony. Those above 100 K are provisional
values and are considered accurate to within =15 per-
cent of the true values at moderate temperatures and
=25 percent near the melting point and above. Values
below 100 K are merely typical values for the low-
temperature thermal conductivity of high-purity poly-
crystalline antimony.

TsBLE 4. Provisional thermal conductivity of antimony }

(Temperature, T, K; Thermal Conductivity, k, W cm™1K-1)

Liquid

Solid
Polycrystalline
T k T
2 0.87 173.2
3 1.27 200
4, 1.86 223.2
5 2.58 250
6 3.34 273.2
7 4.06 298.2
8 4.63 300
9 4.89 323.2
10 4.80 350
11 4.50 373.2
12 4.07 400
13 3.79 473 .2
14 3.51 500
15 3.25 573.2
16 3.04 600
18 2.67 673.2
20 2.38 700
25 1.87 773.2
30 1.54 800
35 1.30 850
40 1.13 873.2
45 0.994 900
50 0.883 903.89
60 0.725
70 0.620
80 0.550
90 0.500
100 0.464
123 .2 0.405
150 0.356

SO OO O

oSO

SO OO oo o oo

oo oo

.326
302
.283
.267
.255

903.89

973.2
1000
1073.2
1100

0.259
0.267
0.270
0.277*
0.280%*

244
243
235
226
219

.213
.199
195
186
183

.176
174
170
.168
167

167
167
.167

tThe values are for well-annealed high-purity antimony, and those
below 100 K are merely typical values.

*Extrapolated.
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Argon

The thermal conductivity of argon in each physical state
is discussed separately below.

Solid

Available data on the thermal conductivity of solid argon
includes the work of Dobbs and Jones [365], White and
Woods [1552], Berne, Boato, et. al. [148, 170], and
Krupskii et al. [792, 791] while some calculations and
correlations have appeared [696, 751, 133, 131, 752].
Most of the above results have only been presented in
graphical form.

Comparison of the available data reveals reasonable
agreement at temperatures above about 10 K and severe
disagreement at temperatures lower than 10 K. In the
region from 5 to 8 K an order of magnitude difference
exists between the [1552] and [148] data. Such differences
are probably produced by structure variations caused by
different impurity content, although further high precision
experimentation is needed to confirm this supposition. The
disagreement at the higher temperatures has also been
ascribed by Krupskii as being due to this factor.

The provisional values were obtained from a large scale
plot of the available information and were not generated
for temperatures below 8 K due to the experimental uncer-
tainty. From 8 to 20 K the uncertainty may be as much
as fifty percent, the uncertainty gradually decreasing with
increasing temperature to ten percent at the highest tem-
peratures tabulated. Due to the almost complete absence
of tabulated experimental data, apart from the Krupskii
results, no departure plot is presented. Further experi-
mental studies are required to resolve the large discrep-
ancies between the results of Krupskii and others. While
the general trend of the Krupskii results appears to be
reasonable, the adoption of those results as reference values
would not enable any estimates of thermal conductivity
maximum or values for temperatures below the maximum
in thermal conductivity to be made using the White and
Woods values. It was felt that, at this time, the retention of
the former choice [1420, 608, 844] of the White and
Woods values as the basis, along with other results where
appropriate, would provide a means of tabulation of values
over a larger temperature range than would otherwise
be possible, even at possibly reduced accuracy. Further
experimental studies seem urgently needed to resolve this
difference.

Liquid

Five experimental works were located on the thermal
conductivity of liquid argon. Keyes [748] made measure-
ments in a coaxial-cylinder apparatus near saturation con-
ditions at three temperatures from 87 K to 112 K. The
measurements of Uhlir [1447] were made in a coaxial-
cylinder apparatus covering temperatures from 86 to 150 K
and pressures up to 96 atm. with an uncertainty reported
to be from 0.5 to 2.5 percent. Other measurements for the
liquid and gaseous phases were carried out in a coaxial-
cylinder apparatus with an accuracy of two percent, by
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Ziebland-Burton [229, 1612], from 93 to 151 K for the
liquid phase with pressures to 120 atm. Bailey and Kellner
[105] also used a concentric cylinder apparatus from 90
to 300 K and pressures to 500 kg/cm?, while Ikenberry
and Rice [654] made measurements from 91 to 150 K
for the compressed liquid.

In the initial analysis, values for saturated vapor pres-
sures were obtained from graphical extrapolation of the
data of both Uhlir and Ziebland-Burton, no correction
being made to the values of Keyes. The three sets of data
for the saturated liquid were given equal weight and were
fitted to a quadratic equation represented by

E (Wm*K') = 0.216149 — 9.714328 -
10¢ T — 1.070133 - 10-° T2,

In arriving at this formula, values at the critical point
were excluded. This equation, considered valid in the
temperature range from 80 to 140 K, fitted the above data
with a mean deviation of 0.6 percent and a maximum of
1.9 percent. Recommended values below 140 K were
generated from the above formula.

Subsequent to the initial analysis, the Ikenberry and
Rice and Bailey and Kellner data were examined. Values
for saturated vapor pressure were obtained, where required,
by graphical extrapolation. No significant discord with
the above formula was noted except for the 29 and 49
kg cm=2 isobars of Bailey. These isobars were also omitted
from Bailey’s own evaluation in his figure 8. Vasserman
and Rabinovich [1481] tabulated thermal conductivities
for integral temperatures and pressures from a considera-
tion of the [229, 748, 1447, 1611, 654] data. Approximate
values for the saturated state can be obtained from their
tables and agree with those recommended here to within
+2.5 percent for temperatures from 85 to 140 K. Their
correlation favors the Ziebland-Burton data.

The values recommended below 140 K are considered
to be correct within 2 percent. Values above 140 K were
obtained from a large-scale graph. The experimental diffi-
culties increase considerably in this temperature region
and the recommended values at 145, 150 X and the critical
point are probably uncertain by as much as five, ten and
twenty-five percent, respectively. As shown by Liley [845],
values of the thermal conductivity of argon in the saturated
states near the critical point can be correlated with the
enthalpy of vaporization. However, possible critical anom-
alies have not been considered. Both the Bailey paper cited
above and a further paper [104] show that any anomaly
must occur above about 150 K. The reliability of existing
data is not felt, at this time, sufficient to enable a detailed
study of this region.

Saturated Vapor

No experimental data were found for the thermal con-
ductivity of saturated argon vapor. The only information
located was estimations of Owens and Thodos [1058],
Uhlir [1447], and Ziebland, et al. [1612, 1610.] Below
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about 140 K the estimates are in fair agreement, the Uhlir
values being intermediate. Above 140 K a wide variation
in estimates exists, The more recent Vasserman and
Rabinovich [1481] tables present correlated values for
integral temperatures and pressures and not for the
saturated states.

The values were plotted on a large scale graph in which
the Owens and Thodos values were adjusted to agree with
the atmospheric pressure value at 88 K. The increase
necessary at 88 K was linearly reduced for higher tem-
peratures to zero at the critical temperature. Values ob-
tained in this way were in excellent agreement with the
Uhlir values up to 125 K. Above 125 K they were lower
than the other estimates.

The provisional values were deduced from the plot of
the Owens and Thodos estimates. Based upon the agree-
ment of these with other estimates and upon the uncer-
tainty in the saturated liquid values, they should be
accurate to about 2.5 percent below 125 K, fifteen percent
at 135 K and twenty-five percent at and above 145 K.
These error estimates agree roughly with the deviations of
the few values obtainable for saturated conditions from
[1481]. However, their values are invariably higher than
those presented here. Bailey and Kellner [105] measured
thermal conductivity-temperature isobars for 19.5 and
39.5 kg cm2. From plotting their tabulated data, it was
possible to draw a curve for the saturated vapor through

TasLE 6. Recommended thermal conductivity of argont

(Temperature, T, K; Thermal Conductivity, k, W cm™1 K1)

Solid Saturated liquid Saturated vapor
T kx103 T kx103 T kX102
84 1.270*
85 1.258 85 0.055*
8 60 90 1.201 90 0.059*
9 46 95 1.142 95 0.064*
10 37 100 1.082 100 0.068*
12 27 105 1.021 105 0.072*
14 22 110 0.963 110 0.077*
16 18 115 0.903 115 0.082*
18 16 120 0.842 120 0.088*
20 13.6 125 0.780 125 0.095*
25 9.9 130 0.718 130 0.103*
30 7.8 135 0.655 135 0.109*
35 6.5 140 0.592 140 0.120*
40 5.6 145 0.518 145 0.140*
45 5.1 150 0.404 150 0.19*
50 4.6 151 0.25*% 151 0.25*%
60 3.8
70 3.3
80 3.0

Values for the solid and saturated vapor are provisional.
*Estimated or extrapolated. {Pseudo-critical value.
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TaBLE 6. Recommended thermal conductivity
of argon—Continued

(Temperature, T, K; Thermal Conductivity, k&, W ecm™! K™)

Gas
(At 1 atm)
T | kx108% T kx103 T kx103 T kX103
400 | 0.2233 | 750 | 0.353 1500 | 0.561*
410 | 0.2276 | 760 | 0.356 | 1550 | 0.575*
420 [ 0.2318 | 770 [ 0.359 | 1600 | 0.588*
88 [0.0574* | 430 | 0.2359 780 | 0.362 1650 | 0.602*
90 10.0587 | 440 | 0.2400 | 790 | 0.366 1700 | 0.615*
100 {0.0652 | 450 | 0.2441 800 | 0.369 | 1750 | 0.628*
110 {0.0716 | 460 | 0.2481 | 810 | 0.372 1800 | 0.641*
120 [0.0779 | 470 | 0.2520 } 820 | 0.375 1850 | 0.654*
130 [0.0839 | 480 | 0.2559 | 830 { 0.378 1900 | 0.667*
140 |0.0898 | 490 | 0.2599 | 840 | 0.381 1950 | 0.680*
150 |0.0957 | 500 | 0.2638 [ 850 | 0.384 | 2000 | 0.692*
160 {0.1016 | 510 | 0.268 860 | 0.387 | 2100 { 0.717*
170 {0.1074 | 520 | 0.272 870 | 0.390 | 2200 | 0.741*
180 {0.1131 530 | 0.276 880 | 0.393 2300 | 0.766*
190 |0.1188 | 540 | 0.280 890 | 0.396 | 2400 | 0.790*
200 [0.1244 | 550 | 0.283 900 | 0.398 | 2500 | 0.815*
210 |0.1300 | 560 | 0.287 910 | 0.401
220 [0.1355 570 | 0.290 920 | 0.404
230 10.1409 | 580 | 0.294 930 | 0.407
240 [0.1462 | 590 | 0.297 940 | 0.410
250 (0.1515 | 600 | 0.301 950 | 0.413
260 {0.1567 | 610 | 0.305 960 | 0.416
270 |0.1619 | 620 | 0.308 970 { 0.418
280 [0.1671 630 | 0.311 980 | 0.421
290 10.1722 | 640 | 0.315 990 | 0.424
300 [0.1772 | 650 | 0.319 1000 | 0.427
310 (0.1822 | 660 | 0.322 1050 | 0.441
320 (0.1871 670 | 0.326 1100 | 0.454
330 10.1919 | 680 | 0.329 1150 | 0.468
340 (0.1966 | 690 ([ 0.333 1200 | 0.481
350 [0.2013 700 | 0.336 1250 | 0.495
360 [0.2059 | 710 | 0.339 1300 | 0.508
370 |0.2103 720 | 0.343 1350 | 0.521
380 [0.2147 730 | 0.346 1400 | 0.535*
390 10.2190 | 740 0.349 1450 | 0.548*

*Estimated or extrapolated.

the isobaric values at saturation temperatures. The values
so obtained are higher than those of [1481] or suggested
here.

Gas

Experimental measurements have been reported for the
thermal conductivity of gaseous argon for temperatures
between about 90 and 1173 K and many correlations and
calculations have appeared, the more recent extending to
temperatures well above 15 000 K. While our earlier tables
recommended values to 10 000 K [843, 1420, 608, 844],
the present work has limited the selection to an upper
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Iimit of 2500 K. This has been done since the accuracy of
some of the higher temperature studies was dubious.

As shown by the departure plots, most experimental,
correlated and calculated values are in reasonable accord
and the accuracy of the recommended values, derived by

J. Phys. Chem, Ref. Data, Vol. 3, Suppl. 1, 1974

drawing a smooth curve through these sources, can be
assessed as about one percent for temperatures between
100 and 500 K, five percent for temperatures below 100 K
and between 500 and 1500 K, and ten percent above
1500 K.
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Arsenic

Only two experimental determinations of the thermal
conductivity of arsenic have been found. The first was by
Little [852] (curve 1), who reported room temperature
measurements of several thermo-magnetic effects for a
polycrystalline sample of gray arsenic. Little’s value for
the thermal conductivity was 0.368 W cm= K-, The same
sample had an electrical resistivity of 46 pQ cm, and was
considered of good purity since the temperature coefficient
of electrical resistivity was 0.00435 @ cm K. From k, =
2.443 X 10-® T/p the elecironic thermal conductivity com-
ponent at 293 K is 0.156 W c¢m~ K- and the lattice com-
ponent k, is 0.212 W cm™ K. On the assumption that the
relation k — 2.443 X 10~ T/p -+ 62/T holds for the tem-
perature range 200 to 500 K, the lightly dashed curve has
been derived.

The more recent determination by Ohyama [1051]
(curve 2) provides one value lying about 26 percent below
that curve.

The stated high purity of Little’s specimen seems in
doubt in view of some electrical resistivity determinations
by Taylor, Bennett, and Heyding [1391], who from
measurements made at 293 K on single crystals reported
Py = 35.6 =1.8 and p = 25.5 =0.5 pQ cm. Assuming
very approximately that p = 1/3 (2 p, -+ p|) gives the
much lower value of 28.9 uQ cm for the electrical resis-
tivity of polycrystalline arsenic. On the further assumption
that the lattice component is of the same order for this
sample, the heavily dashed curve has been derived and
this is very tentatively proposed as representing the thermal
conductivity of pure polycrystalline gray arsenic. These
provisional values should be good to within *15 percent.

No information is available for molten arsenic.

Arsenic is clearly an element for which accurate thermal
conductivity determinations are required for a wide range
of temperature.

TaBLE 7. Provisional thermal conductivity of arsenict

(Temperature, T, K; Thermal Conductivity, k, W cm™1K™?)

Solid
Gray, polycrystalline

T k
200 0.690*
223.2 0.633*
250 0.578*%
273.2 0.539*
293.2 0.510
298 .2 0.502*
300 0.500*
323.2 0.474*
350 0.446*
373.2 0.427*
400 0.406*
473.2 0.360*
500 0.348*

1The provisional values are for well-annealed high-purity poly-
crystalline gray arsenic.
*Extrapolated or estimated.
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Astatine

No information on the thermal conductivity of astatine
is available. However, very rough estimation of its room-
temperature thermal conductivity may be made. In figure
15a, the thermal conductivities of a number of nonmetallic
solid elements at 300 K are plotted against the melting
temperatures of the elements, and a reasonable curve can

be drawn to indicate roughly the thermal conductivity at
300 K as a function of the melting temperature. From the
intercept of the curve with the melting temperature of
573.2 K, the thermal conductivity of 0.0197 W cm™ K-
is obtained for astatine at 300 K. This estimated value is
prebably good to =50 percent.

Barium

No values appear to have been reported for the thermal
conductivity of barium. Meaden [912] has listed values
for the electrical resistivity, p, over the range 4 to 295 K,
and, on the assumption that the theoretical Lorenz func-
tion, L,, holds for barium at 4 K and above the Debye
temperature, 110.5 K, the following values have been

derived from the expression k& — L,Tp*. These derived
values at 4, 150, 200, 250, and 295 K are 0.390, 0.205,
0.194, 0.186, and 0.184 W em K-, respectively. They
should be good to =20 percent. The value at 4 K is, how-
ever, applicable only to barium having a residual electrical
resistivity of 0.25 pQ cm.

TaBLE 9. Provisional thermal conductivity of barium¥

(Temperature, T, K; Thermal Conductivity, k£, W cm™! K1)

Solid

0

4
150
173.2
200

223.2
250
273.2
295

.390*
205*
199*
194*

[ R o R e B o]

190*
.186*
.185*
.184*

SO OO

$The values are for well-annealed high-purity barium, and the
value at 4 K is applicable only to barium having a residual electrical

resistivity of 0.25 uQ em.
*Estimated.
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Berkelium

No information is available for the thermal or electrical
conductivity of berkelium. The actinide elements are
chemically very similar to the lanthanide elements and
their electronic structures are, as a whole, also closely
similar. The elements thorium, protactinium, and uranium
also partly resemble the IV B to VI B transition metals
(which may partially explain their higher thermal con-
ductivities than those of the lanthanides), but the trans-
uranium elements do not. The transuranjium elements are
chemically and electronically similar to the lanthanides
only. For instance, available evidence shows that ameri-

cium and curium are, respectively, quite equivalent to
europium and gadolinium in known chemical and physical
properties. Since the first two transuranium elements,
neptunium and plutonium, have respective thermal con-
ductivity values of 0.063 and 0.0674 W cm~ K- at 300 K
and since most of the lanthanides have thermal conduc-
tivity values between 0.10 and 0.14 W cm™ K~ at 300 K,
it seems reasonable to estimate that the thermal conduc-
tivity of berkelium at 300 K is of the order of 0.1 W
cm . K-, This estimated value is probably good to 50
percent.

Beryllium-

Beryllium is an important technological metal, yet from
the examination of the data available for its thermal con-
ductivity a need clearly exists for further determinations
to be made, particularly at low temperatures. In only one
instance has the maximum been clearly defined by a set
of determinations. This maximum was at 115 K as obtained
by White and Woods [1543] (curve 96) for an impure
sintered rod of beryllium containing about 2 percent mag-
nesium and a trace of iron. For high-purity beryllium the
maximum should occur at a much lower temperature, but
owing to the dearth of information the nature of the
dependence of the maximum on purity and temperature
cannot at present be determined.

The highest thermal conductivity values obtained for

beryllium are those of Griineisen and Erfling [556] (curve

6). These relate to a single crystal with the heat flow
normal to the hexagonal axis, but were only measured for
two temperatures, 23 and 91 K, and the maximum would
appear to be between them. A rather tentative curve,
which fits these two points and has a maximum at about
36 K, has been generated by using equation (7) with
n = 2.80, o’ = 2.56 X 107, and 8 = 0.553.

At Tower temperatures the curve shows closely the same
slope as obtained for less pure polycrystalline beryllium
samples. At higher temperatures the curve decreases
through the temperature interval 91 to 295 K, which is
devoid of any acceptable determination for pure beryllium,
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to link near room temperature with the band of values
that range up to about 1400 K. Within this range a smooth
continuation of the curve has been chosen. Many of the
test samples contain beryllium oxide and it might be
anticipated that below about 700 K the presence of beryllia
would tend to give values for pure beryllium that are too
high and above this temperature values that are too low.
Thus, whilst at 500 K the recommended curve lies some
14 percent below the highest observed value, above 1200 K
it tends to lie above the mean of the observed values, and
nearly 10 percent below the highest-temperature values of
Tye [1438] (curves 80-91). Using Tye’s mean electrical
resistivity of 45.4 pQ cm for a temperature of 1264 K, and
a thermal conductivity value taken from this curve yields
a Lorenz function of 2.72 X 10-¢ V2 K-2, Further measure-
ments on pure single crystals over the full temperature
range are required. No information is available for molten
beryllium. :

The tabulated values are for well-annealed high-purity
polycrystalline beryllium. Owing to the low purity of the
samples studied, the uncertainty of the recommended
values (those above room temperature) is thought to be
of the order of =10 percent. The values below room
temperature are provisional, and furthermore they are
only applicable to beryllium having a residual electrical
resistivity of 0.0135 uQ cm. These values are probably
good to within +20 percent.
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TaBLE 10. Recommended thermal conductivity of beryllium

(Temperature, T, K; Thermal Conductivity, k&, W cm~! K1)

Solid
Polycrystalline
T k T k
0 0 250 2.36
1 1.81* 273. 2.18
2 3.62 298 2.01
3 5.42 300 2.00
4 7.23 323, 1.88
5 9.04 350 1.78
6 10.8 373. 1.68
7 12.6 400 1.61
8 14.4 473. 1.44
9 16.2 500 1.39
10 18.0 573. 1.29
11 19.8 600 1.26
12 21.6 673. 1.18
13 23.3 700 1.15
14 25.1 773. 1.09
15 '26.8 800 1.06
16 28 .4 873. 1.00
18 31.7 900 0.982
20 34.8 973. 0.927
25 41.2 1000 0.908
30 45.6 1073. 0.858
35 47.2 1100 0.842
40 46 .2 1173. 0.802
45 44.2 1200 0.787
50 40.0 1273. 0.751
60 29 .8 1300 0.738
70 21.7 1373. 0.705
80 16.2 1400 0.694
90 12.5
100 9.90
123.2 6.54
150 4.51
173.2 3.64
200 3.01
223.2 2.66

1The values are for well-annealed high-purity beryllium, and those
below room temperature are provisional and are only applicable to a
specimen having residual electrical resistivity of 0.0135 uQ cm.

*Extrapolated.
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