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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

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



I-12

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 generate<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>