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“In this work, when it shall be found that much is omitted, let it not be forgotten
that much likewise is performed..."”

SAMUEL JOHNSON, A.M.

From last paragraph of Preface to his two-
volume Dictionary of the English Language,
Vol. |, page 5, 1755, London, Printed by Strahan.



Foreword

In 1957, the Thermophysical Properties Research
Center (TPRC) of Purdue University, under the
leadership of its founder, Professor Y. S. Touloukian,
began to develop a coordinated experimental,
theoretical, and literature review program covering
a set of properties of great importance to science and
technology. Over the years, this program has grown
steadily, producing bibliographies, data compila-
tions and recommendations, experimental measure-
ments, and other output. The series of volumes for
which these remarks constitute a foreword is one of
these many important products. These volumes are a
monumental accomplishment in themselves, re-
quiring for their production the combined knowledge
and skills of dozens of dedicated specialists. The
Thermophysical Properties Research Center de-
serves the gratitude of every scientist and engineer
who uses these compiled data.

The individual nontechnical citizen of the
United States has a stake in this work also, for much
of the science and technology that contributes to his
well-being relies on the use of these data. Indeed,
recognition of this importance is indicated by a
mere reading of the list of the financial sponsors of
the Thermophysical Properties Research Center;
leaders of the technical industry of the United States
and agencies of the Federal Government are well
represented.

Experimental measurements made in a labora-
tory have many potential applications. They might
be used, for example, to check a theory, or to help
design a chemical manufacturing plant, or to com-
pute the characteristics of a heat exchanger in a
nuclear power plant. The progress of science and
technology demands that results be published in the
open literature so that others may use them. For-
tunately for progress, the useful data in any single
field are not scattered throughout the tens of thou-
sands of technical journals published throughout
the world. In most fields, fifty percent of the useful
work appears in no more than thirty or forty journals.
However, in the case of TPRC, its field is so broad

that about 100 journals are required to yield fifty
percent. But that other fifty percent! It is scattered
through more than 3500 journals and other docu-
ments, often items not readily identifiable or ob-
tainable. Nearly 50,000 references are now in the
files.

Thus, the man who wants to use existing data,
rather than make new measurements himself, faces
a long and costly task if he wants to assure himself
that he has found all the relevant results. More often
than not, a search for data stops after one or two
results are found—or after the searcher decides he
has spent enough time looking. Now with the
appearance of these volumes, the scientist or engineer
who needs these kinds of data can consider himself
very fortunate. He has a single source to turn to;
thousands of hours of search time will be saved,
innumerable repetitions of measurements will be
avoided, and several billions of dollars of investment
in research work will have been preserved.

However, the task is not ended with the genera-
tion of these volumes. A critical evaluation of much
of the data is still needed. Why are discrepant results
obtained by different experimentalists? What un-
detected sources of systematic error may affect some
or even all measurements ? What value can be derived
as a “recommended” figure from the various con-
flicting values that may be reported ? These questions
are difficult to answer, requiring the most sophisti-
cated judgment of a specialist in the field. While a
number of the volumes in this $eries do contain
critically evaluated and recommended data, these
are still in the minority. The data are now being
more intensively evaluated by the staff of TPRC as an
integral part of the effort of the National Standard
Reference Data System (NSRDS). The task of the
National Standard Reference Data System is to
organize and operate a comprehensive program to
prepare compilations of critically evaluated data on
the properties of substances. The NSRDS is ad-
ministered by the National Bureau of Standards
under a directive from the Federal Council for Science

vii



viii Foreword

and Technology, augmented by special legislation
of the Congress of the United States. TPRC is one
of the national resources participating in the National
Standard Reference Data System in a united effort
to satisfy the needs of the technical community for
readily accessible, critically evaluated data.

As a representative of the NBS Office of Stan-
dard Reference Data,I wanttocongratulate Professor
Touloukian and his colleagues on the accomplish-
ments represented by this Series of reference data

books. Scientists and engineers the world over are
indebted to them. The task ahead is still an awesome
one and I urge the nation’s private industries and all
concerned Federal agencies to participate in fulfilling
this national need of assuring the availability of
standard numerical reference data for science and
technology.
EDpWARD L. BrRADY
Associate Director for Information Programs
National Bureau of Standards



Preface

Thermophysical Properties of Matter, the TPRC
Data Series, is the culmination of twelve years of
pioneering effort in the generation of tables of
numerical data for science and technology. It
constitutes the restructuring, accompanied by ex-
tensive revision and expansion of coverage, of the
original TPRC Data Book, first released in 1960 in
loose-leaf format, 11" x17” in size, and issued in
June and December annually in the form of supple-
ments. The original loose-leaf Data Book was or-
ganized in three volumes: (1) metallic elements and
alloys, (2) nonmetallic elements, compounds, and
mixtures which are solid at N.T.P., and (3) non-
metallic elements, compounds, and mixtures which
are liquid or gaseous at N.T.P. Within each volume,
each property constituted a chapter.

Because of the vast proportions the Data Book
began to assume over the years of its growth and the
greatly increased effort necessary in its maintenance
by the user, it was decided in 1967 to change from the
loose-leaf format to a conventional publication.
Thus, the December 1966 supplement of the original
Data Book was the last supplement disseminated by
TPRC.

While the manifold physical, logistic, and
economic advantages of the bound volume over the
loose-leaf oversize format are obvious and welcome
to all who have used the unwieldy original volumes,
the assumption that this work will no longer be
kept on a current basis because of its bound format
would not be correct. Fully recognizing the need of
many important research and development programs
which require the latest available information,
TPRC has instituted a Data Update Plan enabling
the subscriber to inquire, by telephone if necessary,
for specific information and receive, in many in-
stances, same-day response on any new data pro-
cessed or revision of published data since the latest
edition. In this context, the TPRC Data Series departs
drastically from the conventional handbook and
giant multivolume classical works, which are no
longer adequate media for the dissemination of

numerical data of science and technology without a
continuing activity on contemporary coverage. The
loose-leaf arrangements of many works fully recog-
nize this fact and attempt to develop a combination
of bound volumes and loose-leaf supplement arrange-
ments as the work becomes increasingly large.
TPRC’s Data Update Plan is indeed unique in this
sense since it maintains the contents of the TPRC
Data Series current and live on a day-to-day basis
between editions. In this spirit, I strongly urge all
purchasers of these volumes to complete in detail
and return the Volume Registration Certificate
which accompanies each volume in order to assure
themselves of the continuous receipt of annual
listing of corrigenda during the life of the edition.

The TPRC Data Series consists initially of 13
independent volumes. The initial ten volumes will
be published in 1970, and the remaining three by
1972. It is also contemplated that subsequent to the
first edition, each volume will be revised, updated,
and reissued in a new edition approximately every
fifth year. The organization of the TPRC Data Series
makes each volume a self-contained entity available
individually without the need to purchase the entire
Series.

The coverage of the specific thermophysical
properties represented by this Series constitutes the
most comprehensive and authoritative collection of
numerical data of its kind for science and technology.

Whenever possible, a uniform format has been
used in all volumes, except when variations in
presentation were necessitated by the nature of the
property or the physical state concerned. In spite of
the wealth of data reported in these volumes, it
should be recognized that all volumes are not of the
same degree of completeness. However, as additional
data are processed at TPRC on a continuing basis,
subsequent editions will become increasingly more
complete and up to date. Each volume in the Series
basically comprises three sections, consisting of a text,
the body of numerical data with source references,
and a material index.
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The aim of the textual material is to provide a
complementary or supporting role to the body of
numerical data rather than to present a treatise on
the subject of the property. The user will find a basic
theoretical treatment, a comprehensive presentation
of selected works which constitute reviews, or com-
pendia of empirical relations useful in estimation of
the property when there exists a paucity of data or
when data are completely lacking. Established
major experimental techniques are also briefly
reviewed.

The body of data is the core of each volume
and is presented in both graphical and tabular format
for convenience of the user. Every single point of
numerical data is fully referenced as to its original
source and no secondary sources of information are
used in data extraction. In general, it has not been
possible to critically scrutinize all the original data
presented in these volumes, except to eliminate
perpetuation of gross errors. However, in a signifi-
cant number of cases, such as for the properties of
liquids and gases and the thermal conductivity of
all the elements, the task of full evaluation, synthesis,
and correlation has been completed. It is hoped that
in subsequent editions of this continuing work,
not only new information will be reported but the
critical evaluation will be extended to increasingly
broader classes of materials and properties.

The third and final major section of each volume
is the material index. This is the key to the volume,
enabling the user to exercise full freedom of access to
its contents by any choice of substance name or
detailed alloy and mixture composition, trade name,
synonym, etc. Of particular interest here is the fact
that in the case of those properties which are re-
ported in separate companion volumes, the material
index in each of the volumes also reports the con-
tents of the other companion volumes.* The sets of
companion volumes are as follows:

Thermal conductivity: Volumes 1, 2, 3
Specific heat: Volumes 4, 5, 6
Radiative properties:  Volumes 7, 8, 9
Thermal expansion: Volumes 12, 13

The ultimate aims and functions of TPRC’s
Data Tables Division are to extract, evaluate, re-
concile, correlate, and synthesize all available data
for the thermophysical properties of materials with

*For the first edition of the Series, this arrangement was not
feasible for Volume 7 due to the sequence and the schedule
of its publication. This situation will be resolved in sub-
sequent editions.

the result of obtaining internally consistent sets of
property values, termed the “recommended reference
values.” In such work, gaps in the data often occur,
for ranges of temperature, composition, etc. When-
ever feasible, various techniques are used to fill in
such missing information, ranging from empirical
procedures to detailed theoretical calculations. Such
studies are resulting in valuable new estimation
methods being developed which have made it possible
to estimate values for substances and/or physical con-
ditions presently unmeasured or not amenable to
laboratory investigation. Depending on the available
information for a particular property and substance,
the end product may vary from simple tabulations of
isolated values to detailed tabulations with generating
equations, plots showing the concordance of the
different values, and, in some cases, over a range of
parameters presently unexplored in the laboratory.

The TPRC Data Series constitutes a permanent
and valuable contribution to science and technology.
These constantly growing volumes are invaluable
sources of data to engineers and scientists, sources in
which a wealth of information heretofore unknown
or not readily available has been made accessible.
We look forward to continued improvement of both
format and contents so that TPRC may serve the
scientific and technological community with ever-
increasing excellence in the years to come. In this
connection, the staff of TPRC is most anxious to
receive comments, suggestions, and criticisms from
all users of these volumes. An increasing number of
colleagues are making available at the earliest pos-
sible moment reprints of their papers and reports as
well as pertinent information on the more obscure
publications. I wish to renew my earnest request that
this procedure become a universal practice since it
will prove to be most helpful in making TPRC’s
continuing effort more complete and up to date.

It is indeed a pleasure to acknowledge with
gratitude the multisource financial assistance re-
ceived from over fifty of TPRC’s sponsors which
has made the continued generation of these tables
possible. In particular, I wish to single out the sus-
tained major support being received from the Air
Force Materials Laboratory—~Air Force Systems
Command, the Office of Standard Reference Data—
National Bureau of Standards, and the Office of
Advanced Research and Technology—National Aero-
nautics and Space Administration. TPRC is indeed
proud to have been designated as a National In-
formation Analysis Center for the Department of
Defense as well as a component of the National



Standard Reference Data System under the cog-
nizance of the National Bureau of Standards.

While the preparation and continued mainten-
ance of this work is the responsibility of TPRC’s
Data Tables Division, it would not have been possible
without the direct input of TPRC’s Scientific Docu-
mentation Division and, to a lesser degree, the
Theoretical and Experimental Research Divisions.
The authors of the various volumes are the senior
staff members in responsible charge of the work.
It should be clearly understood, however, that
many have contributed over the years and their
contributions are specifically acknowledged in each
volume. I wish to take this opportunity to personally

Preface xi

thank those members of the staff, research assistants,
graduate research assistants, and supporting graphics
and technical typing personnel without whose dili-
gent and painstaking efforts this work could not have
materialized.

Y. S. TOULOUKIAN

Director
Thermophysical Properties Research Center
Distinguished Atkins Professor of Engineering

Purdue University
Lafayette, Indiana
July 1969
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This volume of Thermophysical Properties of Matter,
the TPRC Data Series, was initiated in recent years
and follows the general format of the Center’s earlier
works on other properties except where departures
and innovations were found necessary for the effective
presentation of thermal radiative properties.

The volume consists of three major sections: the
front text material together with its bibliography,
the main body of numerical data and its references,
and the material index.

The text material is intended to assume a role
complementary to the main body of numerical data,
the presentation of which is the primary purpose of
this volume. It is felt that a moderately detailed
discussion of the theoretical nature of the properties
under consideration together with a review of pre-
dictive procedures and recognized experimental
techniques will be appropriate in a major reference
work of this kind. The extensive reference citations
given in the text should lead the interested reader
to sufficient literature for a detailed study. It is
hoped, however, that enough detail is presented for
this volume to be self-contained for the practical
user.

The main body of the volume consists of the
presentation of numerical data compiled over the
years in a most comprehensive and meticulous
manner. The scope of coverage includes the metallic
elements and metallic alloys of engineering im-
portance. The extraction of all data directly from
their original sources ensures freedom from errors of
transcription. Furthermore, some gross errors ap-
pearing in the original source documents have been
corrected. The organization and presentation of the
data together with other pertinent information in the
use of the tables and figures are discussed in detail
in the text of the section entitled Numerical Data.

In addition to the original data presentation in
the Numerical Data section, the Analyzed Data
Graphs will give the user an evaluative review of the
data. This analysis work is first a filtering process;
it identifies data which are felt to be reliably or

typically identified with the materials and gives the
user a good feeling of “relief” from the “spaghetti”
type of presentation shown in the original or ar-
chival data graphs. The analyzed curves are based,
in some instances, on experiences of the research
team as well as the original data sources. This
analysis work is an innovative feature of the radiative
properties volumes and should not be considered as
recommended reference values identified in other
volumes of this Series; the work is intended to
make the best reliable data available to the thermal
designer.

As stated earlier, all data have been obtained
from their original sources and each data set is so
referenced. TPRC has in its files all documents cited
in this volume. Those that cannot readily be obtained
elsewhere are available from TPRC in microfiche
form.

This volume has grown out of activities sup-
ported principally by the National Aeronautics and
Space Administration, Office of Advanced Research,
under the monitorship of Mr. Conrad Mook. We
wish to acknowledge the benefit of extensive dis-
cussions with Mr. D. W Gates, Space Sciences
Laboratory, NASA-MSC, and Mr. W. F. Carroll,
Materials Section, Jet Propulsion Laboratory, who
have followed the progress of work from the
outset.

Over the past four years, many graduate
students, research assistants, and technical staff have
contributed to the preparation of this volume for
varying periods under the authors’ supervision. In
chronological order of their association with TPRC,
we wish to acknowledge the contributions of I. M.
Yeyinmen, R. S. Hernicz, B. Compani-Tabrizi,
M. C. Muinzer, P. Sioshansi, J. J. Hsia, C. K. Hsieh,
and R. L. Jones. Special mention should be made of
two of these contributors still at TPRC: Mr. Muinzer
was responsible for the final organization of the
tables, figures, and text, and for the demanding task
of checking details. Mr. Hernicz participated in
nearly all phases of the program since its outset

X



xiv Introduction to Volume 7

and made valuable contributions to the data analysis
activity in particular.

The authors acknowledge the assistance of Mr.
Joseph C. Richmond, National Bureau of Standards,
who provided valuable suggestions relating to nomen-
clature and subproperty classification; many of the
ideas in the text portion of this volume are a result
of his direct effort.

Inherent in the character of this work is the
fact that in the preparation of this volume we have
drawn most heavily upon the scientific literature and
feel a debt of gratitude to the authors of the referenced
articles. While their often discordant results have
caused us much difficulty in reconciling their findings,
we consider this to be our challenge and our con-
tribution to negative entropy of information, as
an effort is made to create from the randomly dis-
tributed data a condensed, more orderly state.

While this volume is primarily intended as a
reference work for the designer, researcher, experi-
mentalist, 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 radiative properties of
metals. We believe there is also much food for re-
flection by the specialist and the academician con-
cerning the meaning of “original” investigation and
its “information content.”

The authors and their contributing associates
are keenly aware of the possibility of many weaknesses
in a work of this scope. We hope that we will not be
judged too harshly and that we will receive the bene-
fit of suggestions regarding references omitted,
additional material groups needing more detailed
treatment, improvements in presentation or in
recommended values, and, most important, any
inadvertent errors. If the Volume Registration Cer-
tificate accompanying this volume is returned, the
reader will assure himself of receiving annually a
list of corrigenda as possible errors come to our
attention.

TOULOUKIAN

Lafayette, Indiana Y. S.
D. P. DEWITT

July 1969
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Grouping of Materials and List of Figures and Tables  xvii

GROUPING OF MATERIALS AND
LIST OF FIGURES AND TABLES

1. ELEMENTS

Figure and/or

Table No. Material and Sub-property Page
1A Aluminum - Hemispherical Total Emittance . . . . . . . . . . . . 2
1 Aluminum - Hemispherical Total Emittance . . . . . . . . . . . . 3
2 Aluminum - Normal Total Emittance. . . . . . . . . . . . . . . 8
3 Aluminum - Normal Spectral Emittance. . . . . . . . . . . . . . 12
4 Aluminum - Angular Spectral Emittance. . . . . . . . . . . . . . 15
5% Aluminum - Angular Integrated Reflectance . . . . . . . . . . . . 18
6 Aluminum - Hemispherical Spectral Reflectance . . . . . . . . . . . 20
TA Aluminum - Normal Spectral Reflectance . . . . . . . . . . . . . 24
7 Aluminum - Normal Spectral Reflectance ., . . . . . . . . . . . . 25
8 Aluminum - Angular Spectral Reflectance . . . . . . . . . . . . . 34
9% Aluminum - Angular Spectral Reflectance . . . . . . . . . . . . . 38

10%* Aluminurm - Normal Solar Reflectance . . . . . . . . . . . . . . 40
11% Aluminum - Hemispherical Integrated Absorptance . . . . . . ., . . . 42
12% Aluminum - Normal Integrated Absorptance . . . . . . . . . . . . 45
13 Aluminum - Normal Spectral Absorptance . ., . . . . . . . . . . . 47
14% Aluminum - Angular Spectral Absorptance , . . . . . . . . . . . . ’ 50
15 Aluminum - Normal Solar Absorptance . . . . . . . . . .+« .+ .« . . 52
16% Aluminum - Angular Solar Absorptance ., . . . . . . . . . . . . . 55
17 Aluminum - Normal Spectral Transmittance . . . . . . . . . . . . 57
18 Aluminum - Angular Spectral Transmittance . . . . . . . . . . . . 60
19 Antimony - Angular Spectral Reflectance . . . . . . . . . . . . . 63
20% Antimony - Normal Spectral Transmittance . . . . . . . . . . . . 66
21 Barium - Angular Spectral Reflectance . . . . . . . . . . . . . . 68
22 Beryllium - Normal Total Emittance. . . . . . . . . . . . . . . 7
23% Beryllium - Normal Spectral Emittance. . . . . . . . . . . . . . 74
24% Beryllium - Normal Spectral Emittance. . . . . . . . . . . . . . 76
25 Beryllium ~ Normal Spectral Reflectance . . . . . . . . . . . . . 78
26 Beryllium - Normal Spectral Transmittance . . . . . . . . . . . . 82
27 Bismuth - Normal Spectral Transmittance . . . . . . . . . . . . . 85
28 Bismuth - Angular Spectral Transmittance. . . . . . . . . . . . . 88
29% Cadmium - Hemispherical Total Emittance . . . . . . . . . . . . 91
30 Cadmium - Angular Spectral Reflectance . . . . . . . . . . . . . 93
31% Cadmium - Hemispherical Integrated Absorptance . . . . . . . . . . 96
32 Cadmium -~ Angular Spectral Absorptance . . . . . . . . . . . . . 98
33* Chromium - Hemispherical Total Emittance . . . . . . . . . . . . 101
34 Chromium - Normal Total Emittance, , . . . . . . . . . . . . . 103
35% Chromium - Normal Spectral Emittance., . . . . . . . . . . . . . 106
36% Chromium - Normal Spectral Emittance , . . . . . . . . . . . . 108

Note: Figure number with "A'" indicates analyzed data graph.
*No figure
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1. ELEMENTS (continued)

Figure and/or

Table No. Material and Sub-property
37 Chromium - Normal Spectral Reflectance
38% Chromium - Angular Spectral Reflectance .
39 Chromium - Normal Spectral Absorptance .
40%* Chromium - Normal Solar Absorptance .
41 Chromium - Normal Spectral Transmittance .
42 Cobalt - Normal Total Emittance .
43A Cobalt - Normal Spectral Emittance .
43 Cobalt - Normal Spectral Emittance .
44 Cobalt - Angular Spectral Reflectance
45A Copper - Hemispherical Total Emittance
45 Copper - Hemispherical Total Emittance-
46A Copper - Normal Total Emittance .
46 Copper - Normal Total Emittance .
47 Copper - Normal Spectral Emittance .
48A Copper - Normal Spectral Emittance.
48 Copper - Normal Spectral Emittance .
49A Copper - Normal Spectral Reflectance
49 Copper - Normal Spectral Reflectance
50 Copper - Angular Spectral Reflectance
51 Copper - Angular Spectral Reflectance
52 Copper - Normal Solar Reflectance
53* Copper - Hemispherical Integrated Absorptance .
54 Copper - Normal Integrated Absorptance
55% Copper - Normal Spectral Absorptance .
56A Copper ~ Normal Spectral Absorptance .
56 Copper ~ Normal Spectral Absorptance .
57 Copper - Angular Spectral Absorptance .
58% Copper ~ Hemispherical Solar Absorptance.
59 Copper - Normal Solar Absorptance .
60A Copper - Normal Spectral Transmittance
60 Copper - Normal Spectral Transmittance
61%* Erbium - Normal Spectral Emittance.
62 Gadolinium - Normal Spectral Reflectance .
63 Gadolinium - Normal Spectral Transmittance .
64 Gallium - Normal Spectral Reflectance .
65 Gallium - Normal Spectral Absorptance.
66 Gallium - Normal Spectral Transmittance .
67 Germanium - Normal Total Emittance
68% Germanium - Normal Spectral Emittance
69A Germanium - Normal Spectral Emittance
69 Germanium - Normal Spectral Emittance
70A Germanium - Normal Spectral Reflectance .
70 Germanium - Normal Spectral Reflectance .
71A Germanium - Normal Spectral Transmittance .

Note: Figure number with ""A" indicates analyzed data graph.
*No figure

Page
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1.

ELEMENTS (continued)

Figure and/or
Table No.
71
72
73A
73
74%
T5A
75
76
T7A
T
78
79*
80%
81%

95A
95
96A
96
97
98*
99
100
101%
102
103
104%
105%
106%*
107%
108%
109%*

Grouping of Materials and List of Figures and Tables

Material and Sub-property

Germanium - Normal Spectral Transmittance .
Germanium - Angular Spectral Transmittance,
Gold - Hemispherical Total Emittance

Gold - Hemispherical Total Emittance

Gold ~ Normal Total Emittance.

Gold - Normal Spectral Emittance.

Gold - Normal Spectral Emittance.

Gold - Normal Spectral Emittance.

Gold ~ Normal Spectral Reflectance

Gold - Normal Spectral Reflectance .

Gold -~ Angular Spectral Reflectance .

Gold - Normal Solar Reflectance ..
Gold - Hemispherical Integrated Absorptance .
Gold - Normal Spectral Absorptance .

Gold - Normal Spectral Absorptance .

Gold ~ Angular Spectral Absorptance .

Gold - Normal Solar Absorptance .

Hafnium - Hemispherical Total Emittance .
Hafnium - Normal Spectral Emittance
Hafnium - Normal Spectral Emittance

Indium - Angular Spectral Absorptance .
Iridium - Normal Spectral Emittance.

Iridium - Normal Spectral Emittance,

Iridium - Normal Spectral Reflectance
Iridium - Angular Spectral Reflectance .
Iridium - Angular Spectral Reflectance .

Iron ~ Hemispherical Total Emittance

Iron - Normal Total Emittance .

Iron ~ Normal Total Emittance .

Iron - Normal Spectral Emittance .

Iron - Normal Spectral Emittance .

Iron - Normal Spectral Emittance .

Iron - Normal Spectral Reflectance

Iron - Normal Spectral Reflectance

Iron - Angular Spectral Reflectance

Iron - Normal Spectral Absorptance .

Iron - Normal Spectral Absorptance .

Iron - Normal Solar Absorptance .

Lead - Hemispherical Total Emittance

Lead ~ Normal Total Emittance

Lead - Hemispherical Integrated Absorptance .

Lead - Normal Integrated Absorptance
Lead - Normal Spectral Absorptance .
Lead - Angular Spectral Absorptance.

Note: Figure number with "A" indicates analyzed data graph.

*No figure
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XX Grouping of Materials and List of Figures and Tables

1. ELEMENTS (continued)

Figure and/or

Table No.

110
111
112
118%
114%
115
116
1177
118%*
119
120%
121A

122A
122
123
124A
124
125
126%*

133
134A
134
135A(1)
135A(2)
135

136

137
138%
139

140
141%
142
143A
143
144

Material and Sub-property

Lutetium - Normal Spectral Reflectance

Lutetium - Normal Spectral Transmittance

Magnesium - Hemispherical Total Emittance .

Magnesium - Normal Spectral Reflectance .
Magnesium - Angular Spectral Reflectance .
Magnesium - Normal Solar Reflectance .

Magnesium - Normal Solar Absorptance.

Magnesium - Normal Spectral Transmittance .

Manganese - Normal Spectral Emittance
Manganese - Angular Spectral Reflectance .
Manganese - Angular Spectral Absorptance.

Molybdenum - Hemispherical Total Emittance.

Molybdenum - Hemispherical Total Emittance
Molybdenum - Normal Total Emittance .
Molybdenum -~ Normal Total Emittance -
Molybdenum ~ Normal Spectral Emittance .
Molybdenum - Normal Spectral Emittance .
Molybdenum -~ Normal Spectral Emittance .
Molybdenum - Normal Spectral Reflectance
Molybdenum -~ Angular Spectral .Reflectance
Molybdenum - Normal Spectral Absorptance
Molybdenum - Angular Spectral Absorptance
Molybdenum - Normal Solar Absorptance
Nickel - Hemispherical Total Emittance
Nickel - Normal Total Emittance .

Nickel - Normal Total Emittance .

Nickel - Normal Spectral Emittance .
Nickel -~ Normal Spectral Emittance .
Nickel -~ Normal Spectral Emittance .
Nickel - Normal Integrated Reflectance .
Nickel -~ Normal Integrated Reflectance .
Nickel ~ Angular Integrated Reflectance .
Nickel - Angular Integrated Reflectance .
Nickel -~ Angular Integrated Reflectance .
Nickel - Normal Spectral Reflectance
Nickel -~ Angular Spectral Reflectance

Nickel - Hemispherical Integrated Absorptance

Nickel - Normal Spectral Absorptance
Nickel -~ Angular Spectral Absorptance
Nickel - Hemispherical Solar Absorptance .
Nickel - Normal Solar Absorptance
Niobium - Hemispherical Total Emittance .
Niobium - Hemispherical Total Emittance .

Niobium - Normal Total Emittance

Note: Figure number with "A'" indicates analyzed data graph.

*No figure

Page
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480



1. ELEMENTS (continued)

Figure and/or
Table No.
145
146A
146
147A
147
148
149%
150%*
151
152
153%*
154
155
156*
157
158A
158
159
160
161A
161
162
163*
164%
165
166
167%
168

Grouping of Materials and List of Figures and Tables

Material and Sub-property

Niobium - Normal Spectral Emittance
Niobium - Normal Spectral Emittance
Niobium -~ Normal Spectral Emittance
Niobium - Normal Spectral Reflectance .
Niobium -~ Normal Spectral Reflectance .
Niobium - Angular Spectral Absorptance
Osmium -~ Normal Spectral Emittance
Palladium - Hemispherical Total Emittance
Palladium - Normal Total Emittance .
Palladium - Normal Spectral Emittance .
Palladium - Normal Spectral Emittance .
Palladium - Normal Spectral Reflectance
Palladium - Normal Spectral Absorptance .
Palladium - Normal Solar Absorptance .
Palladium - Normal Spectral Transmittance.
Platinum - Hemispherical Total Emittance .
Platinum - Hemispherical Total Emittance .
Platinum - Normal Total Emittance .
Platinum - Normal Spectral Emittance
Platinum - Normal Spectral Emittance
Platinum -~ Normal Spectral Emittance
Platinum - Normal Spectral Reflectance
Platinum - Angular Spectral Reflectance
Platinum - Angular Spectral Reflectance
Platinum - Normal Spectral Absorptance
Platinum - Angular Spectral Absorptance
Platinum - Normal Solar Absorptance
Rhenium - Hemispherical Total Emittance .
Rhenium - Normal Total Emittance
Rhenium - Normal Spectral Emittance
Rhenium -~ Normal Spectral Emittance
Rhodium - Hemispherical Total Emittance .
Rhodium - Normal Total Emittance .
Rhodium - Normal Spectral Emittance
Rhodium - Normal Spectral Emittance
Rhodium - Normal Spectral Reflectance .
Rhodium - Angular Spectral Reflectance.
Rhodium - Angular Spectral Absorptance
Rhodium - Normal Solar Absorptance
Ruthenium - Normal Spectral Emittance
Silicon - Normal Total Emittance .

Silicon - Normal Spectral Emittance .
Silicon - Normal Spectral Emittance .
Silicon - Normal Spectral Emittance .
Silicon - Normal Spectral Reflectance

Note: Figure number with "A'" indicates analyzed data graph.

*No figure
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xxii Grouping of Materials and List of Figures and Tables

1. ELEMENTS (continued)

Figure and/or

Table No. Material and Sub-property
184 Silicon - Normal Spectral Reflectance
185 Silicon ~ Angular Spectral Reflectance
1867 Silicon - Normal Spectral Absorptance
187 Silicon - Normal Spectral Transmittance
188 Silver - Hemispherical Total Emittance .
189% Silver - Normal Total Emittance
190% Silver - Normal Spectral Emittance .
191%* Silver - Normal Spectral Emittance
192A Silver - Normal Spectral Reflectance.
192 Silver - Normal Spectral Reflectance.
193 Silver - Angular Spectral Reflectance. .o
194% Silver - Hemispherical Integrated Absorptance
195% Silver - Normal Spectral Absorptance
196% Silver - Normal Spectral Absorptance .
197 Silver - Angular Spectral Absorptance
198 Silver - Normal Solar Absorptance . . . .
199 Silver - Normal Spectral Transmittance
200A Tantalum - Hemispherical Total Emittance.
200 Tantalum ~ Hemispherical Total Emittance.
201A Tantalum - Normal Total Emittance . . . .
201 Tantalum - Normal Total Emittance .
202A Tantalum - Normal Spectral Emittance . . .
202 Tantalum - Normal Spectral Emittance .
203A Tantalum - Normal Spectral Emittance .
203 Tantalum - Normal Spectral Emittance .
204A Tantalum - Normal Spectral Reflectance
204 Tantalum - Normal Spectral Reflectance .
205 Tantalum - Angular Spectral Reflectance
206 Tantalum - Normal Solar Absorptance
207 Thallium - Normal Spectral Reflectance.
208 Thallium - Angular Spectral Reflectance,
209 Thallium - Normal Spectral Transmittance.
210% Thorium - Normal Spectral Emittance
211% Thorium - Normal Spectral Emittance
212% Tin - Hemispherical Total Emittance. . . .
213%* Tin - Normal Total Emittance
214 Tin - Normal Spectral Reflectance
215% Tin - Hemispherical Integrated Absorptance
216* Tin - Normal Integrated Absorptance
217 Tin - Normal Spectral Absorptance
218 Tin - Angular Spectral Absorptance
219 Tin - Normal Spectral Transmittance
220 Titanium - Hemispherical Total Emittance .
221 Titanium - Normal Total Emittance . . .

Note: Figure number with "A'" indicates analyzed data graph.
*No figure
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1.

ELEMENTS (continued)

Figure and/or
Table No.

222

223

224

225
226A
226
227A(1)
227A(2)
227
228%
229%
230
231A
231
232A
232
233A
233
234A
234

Grouping of Materials and List of Figures and Tables

Material and Sub-property

Titanium - Normal Spectral Emittance.
Titanium - Normal Spectral Emittance.
Titanium - Angular Spectral Emittance
Titanium - Angular Spectral Emittance
Titanium - Normal Spectral Reflectance
Titanium - Normal Spectral Reflectance
Titanium - Angular Spectral Reflectance .
Titanium ~ Angular Spectral Reflectance .
Titanium - Angular Spectral Reflectance .
Titanium - Normal Solar Reflectance
Titanium - Angular Spectral Absorptance .
Titanium - Normal Spectral Transmittance
Tungsten - Hemispherical Total Emittance
Tungsten - Hemispherical Total Emittance
Tungsten - Normal Total Emittance
Tungsten - Normal Total Emittance
Tungsten - Normal Spectral Emittance
Tungsten - Normal Spectral Emittance
Tungsten - Normal Spectral Emittance
Tungsten - Normal Spectral Emittance
Tungsten - Angular Spectral Emittance
Tungsten - Angular Spectral Emittance
Tungsten - Angular Integrated Reflectance
Tungsten - Normal Spectral Reflectance
Tungsten - Normal Spectral Reflectance
Tungsten - Normal Spectral Reflectance
Tungsten - Angular Spectral Reflectance .
Tungsten - Angular Spectral Absorptance .
Uranium - Hemispherical Total Emittance
Uranium - Hemispherical Total Emittance
Uranium - Normal Spectral Emittance .
Uranium - Normal Spectral Emittance .
Uranium - Normal Spectral Emittance .
Uranium - Normal Spectral Emittance .
Uranium - Normal Spectral Emittance .
Vanadium - Normal Spectral Reflectance .
Vanadium - Normal Spectral Reflectance .
Vanadium - Angular Spectral Reflectance .
Vanadium - Angular Spectral Absorptance
Yttrium - Normal Spectral Emittance
Zinc - Hemispherical Total Emittance .
Zinc - Normal Total Emittance

Zinc - Normal Spectral Reflectance .

Zinc - Normal Spectral Reflectance .

Note: Figure number with "A" indicates analyzed data graph.

*No figure
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XXiv

1.

2.

Grouping of Materials and List of Figures and Tables

ELEMENTS (continued)

Figure and/or
Table No.
253%*
254
255
256
257
258
259%
260

BINARY ALLOYS

Figure and/or
Table No.
261
262
263
264
265%
266
267%
268%
269%
270%
271%
272
273
274
275%
276%
27T7TA
277
278
279
280%
281%
282
283
284%
285
286
287
288

Material and Sub-property

Zinc - Hemispherical Integrated Absorptance .,
Zinc - Normal Spectral Absorptance ,

Zinc - Angular Spectral Absorptance
Zirconium - Normal Total Emittance
Zirconium - Normal Spectral Emittance
Zirconium - Normal Spectral Emittance
Zirconium - Normal Spectral Reflectance
Zirconium - Angular Spectral Absorptance .

Material and Sub-property

Aluminum + Cobalt - Normal Spectral Reflectance
Aluminum + Magnesium - Normal Spectral Reflectance
Aluminum + Silicon - Normal Spectral Reflectance
Aluminum + Silver - Normal Spectral Reflectance
Bismuth + Tin - Normal Integrated Absorptance
Cobalt + Aluminum - Normal Spectral Reflectance
Cobalt + Iron - Normal Spectral Emittance

Cobalt + Nickel - Normal Spectral Emittance
Copper + Nickel - Normal Total Emittance,
Copper + Tin ~ Normal Spectral Reflectance
Copper + Zinc - Hemispherical Total Emittance
Copper + Zinc - Normal Total Emittance

Copper + Zinc - Normal Spectral Reflectance
Copper + Zinc - Angular Spectral Reflectance

Copper + Zinc - Hemispherical Integrated Absorptance

Copper + Zinc - Normal Integrated Absorptance
Copper + Zinc - Angular Spectral Absorptance
Copper + Zinc - Angular Spectral Absorptance
Gold + Silver - Normal Spectral Reflectance
Iron + Carbon - Normal Total Emittance

Iron + Chromium - Normal Spectral Reflectance
Iron + Chromium - Angular Spectral Reflectance
Iron + Nickel - Normal Spectral Emittance

Iron + Tungsten - Normal Spectral Emittance
Lead + Tin - Hemispherical Total Emittance

Magnesium + Aluminum - Normal Spectral Reflectance

Molybdenum + Titanium - Normal Total Emittance
Molybdenum + Titanium - Angular Total Emittance

Molybdenum + Titanium - Normal Spectral Emittance

Note: Figure number with "A" indicates analyzed data graph.

*No figure
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2.

Grouping of Materials and List of Figures and Tables

BINARY ALLOYS (continued)

Figure and/or

Table No.
289A
289
290%
291
292A
292
293
294%
295
296
297TA
297
298*
299
300%*
301A
301
302
303%

307

309*
310%
311A
311
312A
312
313A
313
314%
315%*
316
317
318*
319
320
321*

Material and Sub-property

Molybdenum + Titanium - Normal Spectral Reflectance

Molybdenum + Titanium - Normal Spectral Reflectance

Molybdenum + Tungsten - Hemispherical Total Emittance .

Molybdenum + Tungsten - Normal Spectral Emittance
Nickel + Chromium - Normal Spectral Emittance
Nickel + Chromium - Normal Spectral Emittance
Nickel + Iron - Normal Spectral Emittance

Nickel + Silver - Normal Total Emittance

Niobium + Tungsten - Hemispherical Total Emittance
Niobium + Tungsten - Normal Spectral Emittance
Niobium + Zirconium - Hemispherical Total Emittance
Niobium + Zirconium - Hemispherical Total Emittance
Niobium + Zirconium - Normal Total Emittance

Niobium + Zirconium - Normal Spectral Emittance .

Platinum + Rhodium - Hemispherical Total Emittance .

Platinum + Rhodium - Normal Total Emittance
Platinum + Rhodium - Normal Total Emittance
Platinum + Rhodium - Normal Spectral Emittance
Silver + Aluminum - Normal Spectral Reflectance
Silver + Aluminum - Angular Spectral Reflectance
Silver + Beryllium - Angular Spectral Reflectance
Silver + Gold - Normal Spectral Reflectance

Silver + Silicon - Angular Spectral Reflectance
Tantalum + Tungsten - Normal Total Emittance
Tantalum + Tungsten - Normal Spectral Emittance
Tin + Indium - Normal Integrated Absorptance
Titanium + Manganese - Normal Total Emittance
Titanium + Manganese - Normal Total Emittance
Titanium + Manganese - Normal Spectral Emittance.
Titanium + Manganese - Normal Spectral Emittance.
Titanium + Manganese - Normal Spectral Reflectance
Titanium + Manganese - Normal Spectral Reflectance

Titanium + Manganese - Normal Solar Absorptance .

Tungsten + Molybdenum - Hemispherical Total Emittance .

Tungsten + Molybdenum - Normal Spectral Emittance
Tungsten + Rhenium - Hemispherical Total Emittance
Tungsten + Rhenium - Normal Spectral Emittance
Uranium + Niobium - Hemispherical Total Emittance
Uranium + Niobium - Normal Spectral Emittance

Zinc + Aluminum - Normal Spectral Reflectance

Page
962
963
967
969

1000
1001
1004
1007
1009
1012
1015
1018
1021
1024
1026
1028
1029
1032
1033
1036
1037
1041
1043
1045
1048
1051
1053
1056
1059
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XXVi Grouping of Materials and List of Figures and Tables

3. MULTIPLE ALLOYS

Figure and/or
Table No.
322
323A
323
324A
324
325A
325
326
327
328A
328
329
330%
331
332A
332
333%*
334
335%
336%
337A
338
339A
339
340
341
342
343A
343
344
345
346
347A
347
348A
348
349
350
351
352%
353
354A
354
355A

Material and Sub-property

Aluminum + Copper + EXi -~ Hemispherical Total Emittance .
Aluminum + Copper + Z}Xi - Normal Total Emittance
Aluminum + Copper + EXi - Normal Total Emittance
Aluminum + Copper + Z}Xi - Normal Spectral Emittance
Aluminum + Copper + ZXi - Normal Spectral Emittance
Aluminum + Copper + ZXi - Normal Spectral Reflectance .
Aluminum + Copper + Z‘Xl. - Normal Spectral Reflectance .
Aluminum + Copper + EXi - Normal Solar Reflectance
Aluminum + Copper + ZJXi - Normal Solar Absorptance
Aluminum + Iron + EXi - Normal Spectral Reflectance
Aluminum + Iron + E‘Xi - Normal Spectral Reflectance

Aluminum + Iron + ZXi - Normal Solar Reflectance

Aluminum + Magnesium + EXi - Hemispherical Total Emittance.

Aluminum + Magnesium + ZXi - Normal Total Emittance .
Aluminum + Magnesium + EXi - Normal Spectral Reflectance
Aluminum + Magnesium + EXi - Normal Spectral Reflectance

Aluminum + Magnesium + EXi - Normal Solar Absorptance

Aluminum + Manganese + ZXi - Hemispherical Total Emittance .

Aluminum + Manganese + EXi - Normal Total Emittance
Aluminum + Zinc + ZXi - Hemispherical Total Emittance .
Aluminum + Zinc + Z}Xi - Normal Total Emittance
Aluminum + Zinc + EXi - Normal Spectral Emittance
Aluminum + Zinc + EXi - Angular Spectral Emittance
Aluminum + Zinc + Z}Xi - Angular Spectral Emittance
Aluminum + Zinc + Z}Xi - Normal Solar Reflectance
Aluminum + Zinc + Z}Xi - Normal Solar Absorptance
Beryllium + Iron + EXi - Angular Spectral Reflectance
Cobalt + Chromium + ZXi - Hemispherical Total Emittance
Cobalt + Chromium + ZXi - Hemispherical Total Emittance
Cobalt + Chromium + EXi - Normal Total Emittance
Cobalt + Chromium + EXi - Normal Spectral Emittance
Cobalt + Chromium + EXi - Normal Spectral Emittance
Cobalt + Chromium + Z}Xl. - Normal Spectral Reflectance .
Cobalt + Chromium + EXi - Normal Spectral Reflectance .
Copper + Aluminum + EXi - Normal Total Emittance
Copper + Aluminum + Z?Xi - Normal Total Emittance
Copper + Aluminum + EXi - Normal Spectral Emittance
Copper + Aluminum + EXi - Normal Spectral Reflectance .
Copper + Aluminum + ZXi - Normal Solar Absorptance
Copper + Nickel + EXi - Normal Spectral Reflectance
Copper + Tin + EXi - Normal Spectral Reflectance

Iron + Chromium + EXi - Normal Total Emittance

Iron + Chromium + EXi - Normal Total Emittance

Iron + Chromium + EXi - Normal Spectral Emittance

Note: Figure number with ""A" indicates analyzed data graph.

*No figure
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Grouping of Materials and List of Figures and Tables

3. MULTIPLE ALLOYS ¢ontinued)

Figure and/or
Table No.

355
356A
356
357A
357
358
359
360A
360
361A(1)
361A(2)
361A(3)
361
362%
363A
363
364A
364
365A
365
366A(1)
366A(2)
367A
367
368
369%

371%
372
373
374
375%
376%
377
378
379A
379
380A
380
381
382
383A
383
384°%

Material and Sub-property

Iron + Chromium + TXi - Normal Spectral Emittance

Iron + Chromium + EXi - Normal Spectral Emittance Ce e
Iron + Chromium + ZIXi - Normal Spectral Emittance

Iron + Chromium + EXi - Normal Spectrdl Reflectance

Iron + Chromium + EXi - Normal Spectral Reflectance

Iron + Chromium + ZXi - Normal Spectral Absorptance . . . .
Iron + Chromium + EXi - Normal Solar Absorptance

Iron + Chromium + Nickel + Z)Xi - Hemispherical Total Emittance .
Iron + Chromium + Nickel + EXi - Hemispherical Total Emittance .
Iron + Chromium + Nickel + ZXi ~ Normal Total Emittance

Iron + Chromium + Nickel + EXi - Normal Total Emittance . .
Iron + Chromium + Nickel + EXi - Normal Total Emittance

Iron + Chromium + Nickel + EXi - Normal Total Emittance

Iron + Chromium + Nickel + EXi - Angular Total Emittance

Iron + Chromium + Nickel + EXi - Normal Spectral Emittance

Iron + Chromium + Nickel + ZXi - Normal Spectral Emittance

Iron + Chromium + Nickel + EXi - Normal Spectral Emittance

Iron + Chromium + Nickel + EXi - Normal Spectral Emittance

Iron + Chromium + Nickel + ZXi - Angular Spectral Emittance

Iron + Chromium + Nickel + ZXi - Angular Spectral Emittance
Stainless Steel 303 - Angular Spectral Emittance

Stainless Steel 303 - Angular Spectral Emittance [
Iron + Chromium + Nickel + EXi - Normal Spectral Reflectance
Iron + Chromium + Nickel + EXi - Normal Spectral Reflectance
Iron + Chromium + Nickel + EXi - Angular Spectral Reflectance
Iron + Chromium + Nickel + EXi - Angular Spectral Reflectance .

Iron + Chromium + Nickel + EXi - Normal Solar Reflectance .

Iron + Chromium + Nickel + EXi - Hemispherical Integrated Absorptance

Iron + Chromium + Nickel + ZXi - Normal Spectral Absorptance
Iron + Chromium + Nickel + EXi - Angular Spectral Absorptan(ze
Iron + Chromium + Nickel + EXi - Normal Solar Absorptance

Iron + Manganese + EXi - Hemispherical Total Emittance

Iron + Manganese + EXi - Normal Total Emittance

Iron + Manganese + ZXi - Normal Solar Absorptance

Iron + Nickel + EXi - Normal Spectral Reflectance

Iron + Nickel + Chromium + EXi - Hemispherical Total Emittance .
Iron + Nickel + Chromium + EXi - Hemispherical Total Emittance .
Iron + Nickel + Chromijum + Z?Xi - Normal Spectral Emittance

Iron + Nickel + Chromium + ZXi - Normal Spectral Emittance

Iron + Nickel + Chromium + EXi - Normal Spectral Reflectance
Magnesium + Aluminum + ZXi - Normal Total Emittance .
Magnesium + Uranium-+ ZXi - Normal Spectral Reflectance .
Magnesium + Uranium + ZX_ - Normal Spectral Reflectance .

i
Magnesium + Aluminum + EXi - Normal Solar Absorptance

Note: Figure number with "A" indicates analyzed data graph.

*No figure
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xxviii Grouping of Materials and List of Figures and Tables

3. MULTIPLE ALLOYS (continued)

Figure and/or
Table No.

385%
386%
387%*
388A
388
389A(1)
389A(2)
389
390A
390
391A(1)
391A(2)
391
392A(1)
392A2)
392
393
394
395%
396
397
398
399A
399
400A
400
401%*
402A
402
403
404
405
406
407A
407
408A
408
409A
409
410
411
412%
413A
413

Material and Sub-property

Magnesium + Thorium + EXi - Normal Total Emittance

Magnesium + Thorjum + EXi - Normal Spectral Reflectance .

Magnesium + Thorium + EXi - Normal Solar Absorptance .
Nickel + Chromium + EXi - Hemispherical Total Emittance
Nickel + Chromium + EXi - Hemispherical Total Emittance
Nickel + Chromium + EXi - Normal Total Emittance
Nickel + Chromium + EXi - Normal Total Emittance
Nickel + Chromium + EXi ~ Normal Total Emittance

Nickel + Chromium + EXi ~ Normal Spectral Emittance
Nickel + Chromium + EXi - Normal Spectral Emittance
Nickel + Chromium + EXi - Normal Spectral Emittance
Nickel + Chromium + EXi - Normal Spectral Emittance
Nickel + Chromium + EXi - Normal Spectral Emittance .
Nickel + Chromium + EXi - Normal Spectral Reflectance .
Nickel + Chromium + EXi - Normal Spectral Reflectance .
Nickel + Chromium + EXi - Normal Spectral Reflectance .
Nickel + Chromium + EXi - Normal Solar Reflectance
Nickel + Chromium + EXi ~ Normal Spectral Absorptance .
Nickel + Chromium + EXi - Angular Spectral Absorptance.
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Nickel + Cobalt + EXi - Normal Spectral Emittance
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Note: Figure number with "A' indicates analyzed data graph.
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Speed of light in a medium

Speed of light in a vacuum

Planck’s first radiation constant, 27cy2h
Planck’s second radiation constant, cyh/k
Specific heat (constant pressure)
Elemental area on radiating surface

Base of natural logarithms

Irradiance

Electric field strength

Solid angle of cone

Planck constant

Magnetic field strength

Radiant intensity

Imaginary unit

Index of absorption

Boltzmann constant

Complex dielectric constant

Relative permittivity or real dielectric con-
stant, real part of K*

Relative loss factor, imaginary part of K*
Mean free path

Radiance

Sample mass

Radiant exitance

Electronic mass

RMS slope (surface roughness parameter)
Index of refraction

Number density of free electrons

Degree of polarization

Electronic charge

Radiant energy

Electrical resistivity

Reflectance factor

Solar (wavelength distribution)

Time

Total (blackbody wavelength distribution)
Temperature (absolute)

Volume

Radiant density

Distance

Intrinsic impedance
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Absorptance; Absorptivity

Solar absorptance

Plane half angle of right circular cone
Attenuation factor, real part of y

Radiance factor

Phase factor, imaginary part of y

Complex propagation factor

Emittance; Emissivity

Permittivity of free space

Complex permittivity

Real permittivity, real part of *

Loss factor, imaginary part of e*

Angle between surface normal and direction
of incident flux, zenith angle, or co-latitude
Angle between surface normal and direction
of reflected or emitted flux

Wavelength

Integrated (wavelength distribution)
Permeability of free space

Complex permeability

Frequency

Constant, 3.14 . ..

Reflectance; Reflectivity

Electrical conductivity (Roberts’ model only)
Stefan—-Boltzmann constant

RMS roughness (surface roughness param-
eter)

Transmittance

Azimuthal angle of incident flux

Azimuthal angle of reflected or emitted flux
Radiant flux

Solid angle of incident beam

Solid angle of reflected or emitted beam

27 x frequency

Subscripts

CRRLING -

Perpendicular polarized component
Parallel polarized component

Blackbody conditions

Spectral concentration

Total (blackbody wavelength distribution)
Solar (spectral distribution)
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Thermal Radiative Properties of Metals

1. INTRODUCTION

Radiation is one of the three fundamental
modes of heat transfer, the others being conduction
and convection. Radiation differs from the other
modes in two important respects; first, no medium is
required for transport of energy by radiation, and
second, the rate of heat dissipation by radiation
varies approximately as the fourth power of the
absolute temperature, while that by the other modes
varies approximately as the first power of tempera-
ture. For these reasons radiation becomes the
dominant mode of heat transfer at high temperatures
and in the absence of an atmosphere.

There has been a marked increase of interest in
radiant heat transfer and thermal radiative properties
since about 1957, which is reflected in the scientific
literature. In large measure this is due to the advent
of the space age, because in the vacuum of space,
radiation is the only mode of heat transfer to or from
a satellite or space vehicle that does not also involve
mass transfer.

The thermal radiative properties of the opaque
metallic materials are strongly influenced by surface
effects arising from methods of preparation, surface
finish, thermal history, and environmental inter-
action. Oxide films in particular may significantly
affect the thermal radiative properties and may
change in thickness and in character as a result of
heating unless very careful precautions are taken to
prevent formation of such films, both prior to and
during testing.

The difficulties of characterizing data—un-
ambiguously relating the measured property data to
the conditions of the specimen—and of understand-
ing environmental influences have frequently required
the designer to measure the desired property of
the actual surface as it will be used in the environ-
ment of the application. Much of such effort can be
reduced through proper use of the extensive com-
pendia presented in this volume; also through the
availability of such a bulk of data, it is likely that

attention to the characterization of materials
(surfaces) will increase.

The thermal radiative properties are descriptive
of a radiant energy—matter interaction; this inter-
action can be phenomenologically described by
other properties as well, such as the optical constants,
complex dielectric constant, or propagation factor,
each of which is especially convenient for studying
various aspects of the interaction. If the designer
is to make effective use of radiative properties data,
it is helpful that he be aware of the basic mechanisms
of the radiant energy-matter interaction which
models the radiative transport process.

The purpose of the text material following is to
expose the user to some of the pitfalls and limitations
in the use of existing data. The exposition begins
with Section 2 briefly defining the terms—processes,
things, quantities, properties, and modifiers—used
in discussing thermal radiation phenomena. Follow-
ing this, Section 3 presents a more rigorous definition
of the properties and the notion of their dependency
upon wavelength, temperature, polarization, and
geometric directions. Section 4 reviews the physics
of thermal radiation; then Section 5 discusses the
interaction of radiant energy with materials. The
interrelations between the properties—as described
by geometric and wavelength modifiers—need to be
understood in order for the user to synthesize
fragments of data as available; Section 7 treats the
more important concepts.

Theoretical models, Section 8, are presented
which can be used in some instances to predict data
values or to check the consistency of measurements.
Such tools are useful to only ideally smooth materials;
engineering materials as a rule do not fall in this
category and detail regarding the surface must be
understood if the theoretical tools are to be of any
value. Section 9 discusses surface characterization
and, where possible, quantitative information con-
cerning influences is shown. This section serves to
focus attention on the pitfalls in use of data and to
justify the detail that must be presented to character-
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ize radiative properties data. Section 10 deals with
measurement techniques and apparatus, to inform
the reader regarding the more conventional ap-
proaches used by the experimentalist. It is not the
aim here to evaluate and recommend techniques, but
rather to briefly review the limitations and capability
of the various techniques.

The depth of presentation has been aimed at the
reader with a background in the physics of thermal
radiation; special attention has been given to
providing general references, usually standard texts
or extensive review articles, for the reader’s benefit.
The development of thermal radiation studies over the
past ten years can be followed through the con-
ference proceedings starting as an informal one in
1958 to the annual society meetings in most recent
years [3, 17, 21, 29, 71, 72, 82, 114]. The data
compilations of references [65] and [143] are most
useful supplements for property coverage on
materials not contained in the data section of this
volume; the TPRC Retrieval Guide [142] permits
rapid access to the literature on the thermal radiative
properties—and twelve other thermophysical prop-
erties—of all classes of materials. Through these
references, the reader will have access to a very
viial portion of knowledge created in the field of
thermal radiation and a full appreciation of the
technical problems involved in application of the
basic principles to real situations.

2. DEFINITION OF TERMS [4]

A. Processes

Radiation. The process by which radiant energy is
emitted by a body, also the process by which
energy is transferred in the form of radiant energy.

Reflection. The process by which radiant energy
incident on a surface or medium leaves that
surface or medium from the incident side.

Transmission. The process by which radiant energy
incident on a surface or medium leaves that surface
or medium on a side other than the incident side.

Absorption. The process by which radiant energy is
converted into another form of energy.

Refraction. The process by which a beam of radiant
energy, on transmission through the interface
between two media of different index of refraction,
is deviated toward the normal to the interface in
the medium of higher index of refraction.

Propagation. The process or processes by which
radiant energy is transferred from one point to
another in space.

B. Things

Radiator. A source of radiant energy.

Thermal Radiator. A radiator that emits thermal
radiant energy, as a consequence of its temperature
only.

Blackbody. A body or surface that absorbs all of the
radiant energy incident upon it, and emits the
maximum possible amount of thermal radiant
energy at each frequency for a body at its tempera-
ture.

Reflector. A body that reflects incident radiant

energy.
Transmitter. A body that transmits incident radiant
energy.
Absorber. A body that absorbs incident radiant
energy.

Retroreflector. A reflector that reflects incident
radiant energy in directions close to the direction
of incidence.

C. Quantities

Radiant energy, Q. Energy in the form of electro-
magnetic waves or photons. Joules, ergs, or
kilowatt-hours.

Thermal Radiant Energy, Q. Radiant energy that is
emitted by a thermal radiator.

Radiant Density, W. W = dQ/dv. Radiant energy per
unit volume. Joule per cubic meter, erg per cubic
centimeter.

Radiant Flux, ®. ® = dQ/dt. Time rate of flow of
radiant energy. Erg per second, watt.

Radiant Intensity, 1. I = d®/dw. Flux per unit solid
angle from a source. Watt per steradian.

Radiance, L. L = d?®/dwdA cos 6. Flux propagated
in a given direction, per unit solid angle about that
direction and per unit area projected normal to the
direction.

Exitance, M. M = d®/dA. Flux per unit area leaving
a surface.

Irradiance, E. E = d®/dA. Flux per unit area in-
cident on a surface.

D. Properties*

Reflectance, p. The ratio of reflected flux to incident
flux.

*Note: Properties ending in “ance” are properties of real
specimens, regardless of thickness or surface condition.
Properties ending in ““ivity” are instrihsic properties of the
material of which the specimen is composed, and can only
be approached by values measured on real specimens that
have clean optically smooth surfaces and are opaque.



Absorptance, «. The ratio of absorbed flux to in-
cident flux.

Transmittance, . The ratio of transmitted flux to
incident flux.

Emittance, . The ratio of the radiant exitance of a
body at a given temperature to that of a black-
body radiator at the same temperature.

Reflectivity, p, p,,. The reflectance of a specimen that
has an optically smooth surface and is thick enough
to be opaque.

Absorptivity, a, o,. The absorptance of a specimen
that has an optically smooth surface and is thick
enough to be opaque.

Emissivity, €, €,. The emittance of a specimen that
has an optically smooth surface and is thick
enough to be opaque.

Reflectance Factor, R. The ratio of the flux reflected
by a specimen under specified conditions of irra-
diation and viewing to that reflected by the ideal
completely reflecting, perfectly diffusing surface,
identically irradiated and viewed.

Radiance Factor, B. The ratio of the reflected radiance
of a specimen in a given direction under specified
conditions of irradiation to that of the ideal
completely reflecting, perfectly diffusing surface,
identically irradiated.

E. Modifiers

Spectral. For a property, at a given wavelength,
designated by (1) following the symbol for the
property. For a quantity, spectral concentration,
designated by the subscript A, such as @, =
d®/dA.

Total * Refers to blackbody wavelength distribution.
For a quantity, the spectral quantity is integrated
and designated by the subscript z. For the property
emittance, which is a ratio, the numerator and
denominator are integrated separately and desig-
nated by the symbol (¢) following the property
symbol.

Solar. Having the spectral distribution of solar
energy, or integrated over the solar spectrum. It is
designated by the symbol (s) following the
property symbol.

Integrated.t Having a spectral distribution pre-

*Frequently the modifier foral is used to include any wave-
length distribution including blackbody; in this volume it
refers only to blackbody conditions and as such is applicable
only to the property emittance.

+This modifier is not in widespread usage but is most con-
venient for sub-property classification purposes in this
volume.

Theory, Estimation, and Measurement Sa

scribed by integration over some specified portion
of the spectrum; designated by the symbol (})
following the symbol for the property and
necessarily some comments regarding the spectrum
must be given.

Directional. In a given direction. The direction is
completely specified by two angles, § and ¢; 6 is
the angle between the specified direction and the
normal to the surface, and ¢ is the azimuth of the
specified direction measured from some fiducial
mark on the specimen. For quantities, direction is
denoted by the subscripts 8, ¢ (¢ is only required
when the surface structure has lay). For properties,
the symbols 6, ¢ indicating direction are enclosed
in parentheses following the symbol for the
property as (0, ¢; 6’, ¢"); those indicating the
incident direction first, followed by a semicolon,
then the primed symbols indicating the direction
of the reflected or transmitted rays.

Normal. A special case of directional where 6§ = 0°;
in the context of this volume, this modifier
includes conditions where 6 < 15°, see Section
6.B.a for further detail.

Angular. A more general case of directional where
0 > 0°, that is, for cases other than normal; in the
context of this volume, this modifier includes
6 > 15°, see Section 6.B.a for further detail.

Conical * Over a finite solid angle smaller than a
hemisphere. Both the size and direction of the
solid angle must be specified. If the angle is a right
circular cone, the direction is the axis of the cone
and is designated by the symbols 6, ¢ as above,
and the size is designated by the plane half angle
of the cone, «. If the solid angle is not a right
circular cone, it must be described in detail in the
text and is designated by the symbol g. As above,
primed symbols are used to indicate transmitted
or reflected beams.

Hemispherical ¥ Over a complete hemisphere, desig-
nated by the symbol 2= replacing the 6, ¢, g or
0’ ¢’, g’ in parentheses following the symbol for
the property or quantity.

Specular. In the direction of mirror reflection. Under
these conditions, 8’ = 8 and ¢’ = ¢ + 180°.

Diffuse. Applied to a reflector or transmitter;
reflecting or transmitting in all directions over a
hemisphere. Applied to incident radiant energy,
incident from angles over a hemisphere.

*Note: Unless otherwise indicated, it is assumed that the
incident radiance is uniform over the specified solid angle
for conical or hemispherical irradiation. No such assump-
tion is made for emitted, reflected or transmitted radiance.
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Perfectly Diffuse. With equal radiance in all direc-
tions from a surface.

3. THERMAL RADIATIVE PROPERTIES*

A. Interrelationships of Properties

All matter is continually emitting radiant
energy as a result of the themral vibration of the
particles (electrons, ions, atoms, and molecules) of
which it is composed. This process is called thermal
radiation, and the radiant energy so emitted is
called thermal radiant energy.

Each solid body is not only continually emitting
thermal radiant energy, but it is also continually
being bombarded by radiant energy from its sur-
roundings, some of which is absorbed. The net rate
of heat transfer by radiation to or from the body is
equal to the difference in the rates of emission and
absorption. Hence, the properties of the body that
influence these rates are called thermal radiative
properties.

When a body is irradiated, part of the incident
radiant energy is reflected, part is absorbed, and the
rest is transmitted. Nothing else can happen to it.
The incident flux ®; is equal to the sum of the
reflected flux @,, the absorbed flux @, and the
transmitted flux @,:

D, =0, + 0, + O (1)

The reflectance p is the ratio of reflected flux to
incident flux; the absorptance « is the ratio of
absorbed flux to incident flux; and the transmittance
7 is the ratio of transmitted flux to incident flux.
Dividing both sides of equation (1) by @, gives

l=p+toatr )

For opaque materials, = =0, hence for such
materials

(r=0) 3

Kirchhoff’s law states that the absorptance is equal
to the emittance

pra=1

o =c¢ 4)
Thus, for an opaque material
pte=1 %)

and the thermal radiative properties of an opaque
body are fully described by either the reflectance or
the emittance. However, there are certain restrictions

*References for general background review are [67, 127, 133,
134, 137, 140, 145].

that apply to equations (2) through (5) which will be
discussed later.

B. Blackbody Radiation

A blackbody radiator absorbs all radiant energy
incident upon it and emits the maximum possible
amount of flux per unit area at any given wavelength
or wavelength interval for any body at its tempera-
ture.

The only true blackbody radiator that exists is a
completely enclosed cavity with opaque walls at a
uniform temperature. All real materials reflect
part of the radiant energy incident upon them and
emit less radiant energy than a blackbody radiator
at the same temperature. Nevertheless, the concept
of a blackbody radiator is indispensable to a dis-
cussion of thermal radiation processes. The radiant
exitance M (the flux emitted per unit area) of a
blackbody radiator is given by the Stefan—-Boltzmann
equation

M = oT* (6)

in units of watts per square meter, where o is the
Stefan-Boltzmann constant, 5.6697 x 1078 W-m~2
K~*and T is temperature in kelvins. The spectral, or
wavelength, distribution of this flux is given by the
Planck equation

M; = c;A70[eAT — 1]72 @)

in which M, is the spectral exitance in watts per
square meter and meter wavelength interval, ¢, is the
first radiation constant, 3.7415 x 10718 W-m?, ¢, is
the second radiation constant, 1.43879 x 1072 m-K,
and e is the base of natural logarithms. The geo-
metric distribution of this radiant exitance is given
by Lambert’s cosine law

Ig = Io Ccos 0 (8)

in which I, is the directional intensity of a plane
source in the direction 8 (measured from the normal
to the surface) and I, is the intensity of the source in
a direction normal to its surface.

While the radiation laws expressed in equations
(6), (7), and (8) apply only to blackbody radiators,*
they can be applied to real surfaces by using the
emittance as a proportionality factor. For instance,

*There is a further restriction. These equations apply rigorous-
ly only to the case where the blackbody is emitting into a
vacuum. Whem emitting into a medium of index of refraction
greater than unity, the emitted flux is increased by #2, where
n is the index of refraction of the medium. The increase in
emitted energy when radiating into air (» = 1.0003 approx.)
is too small to be detected in ordinary measurements.



the exitance M of a real specimen is given by
M = e¢(27; 1) T* 9

where €(27; ¢) is the hemispherical total emittance of
the specimen at temperature 7, and the spectral
exitance M, is given by

M = e(2m; N)e, A~ 5[ece*T — 1]-1 (10)

where €(27; A) is the hemispherical spectral emittance
of the specimen at wavelength A and temperature 7.
The directional radiance L,, where 6 is the angle
from the given direction to the normal to the surface,
is given by

Ly = €(0; )or™1T* (11

where €(0;t) is the total directional emittance in
direction 6 at temperature 7. The directional
spectral radiance, Ly ,, of a specimen is given by

Ly ; = e(0; ey 1A 75 [e/4T — 1]72 (12)

where (0, A) is the directional spectral emittance of
the specimen at wavelength A and temperature 7 in
the direction 6.

Equations (9), (10), (11), and (12) suggest that
the emittance of a specimen may change with wave-
length, angle of incidence, and temperature. This is
indeed the case. All thermal radiative properties
vary with wavelength, direction (measured from
the normal to the surface) of the incident or exitent
radiant energy, temperature of the specimen, the
degree of polarization, and, for polarized incident
or exitent flux, with the angle between the plane of
polarization and the plane of incidence. The plane
of incidence is the plane defined by the direction of
the incident ray and the normal to the surface. The
modifiers defined in the Definitions of Terms are used
to indicate the conditions under which the properties
or quantities were evaluated.

The variation of the thermal radiative properties
with temperature, wavelength, and geometric con-
ditions (including polarization) of irradiation and
viewing pose certain restrictions on equations (2), (3),
(4), and (5). For equations (2) and (3) to be valid,
«, p, and 7 must be evaluated under the same con-
ditions, which means that the temperature of the
specimen must be the same, and the spectral com-
position, direction, solid angle, and degree and
direction of polarization of the incident radiant
energy must be identical, and all of the reflected and
transmitted radiant energy must be measured.

C. Kirchhoff’s Law
Kirchhoff’s law, equation (4), is derived for the
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condition that the specimen is irradiated in a black-
body cavity with walls at the same temperature as the
specimen, which means that the specimen is uni-
formly irradiated over a hemisphere with unpolarized
radiant energy having the spectral distribution of that
of a blackbody radiator at the temperature of the
specimen. However, it can be proved that equation (4)
is also valid for the two conditions: (1) any solid
angle less than a hemisphere if the direction and solid
angle of the incident beam for the absorption
evaluation is identical to the direction and solid
angle (but opposite in sense) of the emitted beam for
the emittance evaluation, and (2) for plane-polarized
radiant energy with the plane of polarization at any
given angle to the plane of measurement, provided
that it is the same for the incident radiant energy
for the absorption evaluation and the emitted radiant
energy for the emittance evaluation. Even with these
modifications, equation (4) applies strictly only
provided the spectral composition of the incident
radiant energy for the absorptance is that of black-
body radiant energy at the temperature of the speci-
men. This would appear to impose a severe restriction
on the general applicability of equation (5). However,
it can also be shown that equation (4) applies to any
small wavelength band, as well as tototal blackbody
radiant energy. The properties of reflectance,
absorptance, and transmittance do not vary with the
amount of incident radiant energy until very high
flux densities are reached. Within the narrow wave-
length band used in measuring spectral thermal
radiative properties the spectral distribution of
radiant energy from almost any thermal source is
approximately the same as that from a blackbody
radiator at the temperature of the specimen. Also,
polarization effects are completely absent for
normally incident radiant energy and are negligible
at angles near the normal. Hence equations (4) and
(5) can be considered valid for normal spectral
properties and can be used to convert normal
hemispherical reflectance to normal emittance with
but little error.

4. PHYSICS OF THERMAL RADIATION*

A. The Nature of Radiant Energy

Radiant energy can be treated in two ways, as
electromagnetic waves, or as photons. In both forms
it travels in straight lines at the speed of light, which,

*General references are [22, 147].
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in vacuum, is a fundamental constant of nature c,,
with a value of 2.997925 x 10'° cm sec™.

Photons are particles of zero rest mass, each of
which contains or consists of a fixed amount of
energy, called a quantum. Quantum mechanical
treatment of photons is the most convenient way of
studying the generation and interaction of radiant
energy with matter on a micro scale, but interactions
on a macro scale are handled more readily by wave
mechanics, in which radiant energy is considered as
waves.

Electromagnetic waves are characterized by
frequency or wavelength and amplitude. Frequency »
and wavelength A are related by

c=vA (13)

The energy content of a wave is the square of the
amplitude.

The frequency v is constant, regardless of the
medium through which the wave is propagated, but
the speed and wavelength change with the index of
refraction » of the medium

n = co/cy = Ao/Ay (14)

where A, and c, are the wavelength and speed in the
medium of index of refraction n, and A, and ¢, are
the corresponding values in vacuum.

Electromagnetic waves consist of magnetic (H)
and electric (E) field vectors which successively
oscillate in directions perpendicular to the direction
of travel and to each other; this is a characteristic of
transverse waves as described by the Maxwell
equations governing electromagnetic wave phenom-
ena. The plane of polarization of the wave is
defined as the plane containing the electric field
vector. If the waves are oriented with their planes of
polarization parallel, the beam is plane polarized. If
the planes are randomly oriented, the wave is termed
unpolarized. The terms circularly or elliptically
polarized identify other conditions of amplitude and
oscillation direction of the electric field. Most
practical radiant energy sources and beams within
optical systems—particularly after reflectance from a
plane surface—are partially polarized; that is, there
is a partial, but not complete, preferred orientation
of the planes of polarization of the waves making
up the beam.

The plane of polarization of such a partially
polarized beam is taken as the plane of polarization
for which the intensity of the beam is maximum. The
degree of polarization P of such a beam is measured
as

I, -1,

= 15
I, + I (3

where I, is the intensity of the beam when polarized
parallel to its plane of polarization, and I; is the
intensity when polarized normal to its plane of
polarization.

The frequency, and hence the wavelength, of
electromagnetic radiation theoretically can vary from
zero to infinity. Thermal radiant energy, however, is
generally restricted to the wavelength range of
0.1 um to 1 mm. This overall range has been broken
down into seven subranges [4], as follows:

Range Designation  Wavelength Range,
pm

Ultraviolet uvcC 0.1-0.28

UVB 0.28-0.315

UVA 0.315-0.400
Visible VIS 0.380-0.780
Infrared IRA 0.78-1.4

IRB 1.4-3

IRC 3-1000

B. Basic Laws

The Planck equation, (7), is the basis for all
thermal radiation measurements. All of the other
important relationships can be derived from this
simple equation:

M;. — Cl)\_S[CCEM’T - 1]—1 (7)

This equation was derived by quantum mechanics.
The radiation constants ¢; and ¢, are related to more
fundamental constants as follows:

¢, = 2mcyh
C2 = doh/k
where ¢, is the speed of light in vacuum, % is the
Planck constant, 6.6256 x 1073% J-sec, and k is the
Boltzmann constant, 1.38054 x 10723 J.K 1.
Since for a blackbody radiator, L = M/,

equation (7) can be rewritten to give spectral
radiance:

L, = cyn=I\5[eoAT — 1]-1 (16)

An inspection of equation (16) shows that the
right-hand side can be reduced to a single variable,
AT, by multiplying both sides of the equation by T~ 5:

L,T7% = ¢;n Y(AT) ~8[e/*T — 1] 72 17)

Equation (17) shows that the shape of the spectral
distribution of the radiance of a blackbody radiator
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Fig. 1. The Planck distribution law, spectral radiance of
blackbody radiation as a function of temperature and wave-
length.

is a function of AT and not of A and T separately.
This is one form of Wien’s displacement law, which
states that the peak of the spectral distribution curve
occurs at a wavelength that is inversely proportional
to the absolute temperature. This is shown in Fig. 1.
Setting dL/dX equal to zero and solving for (AT)y.x
gives

(AT pex = 2898 um - K (18)

which is the Wien displacement equation.

Two other equations were developed prior to
the Planck equation and are important not only for
their historical significance but also because they are
useful approximations in certain wavelength ranges.
Both were developed by classical wave mechanics.
The first is known as Wien’s law, and in its original
form was expressed as

L,= F(,\)e—f(l)/T (19)

in which F(A) and f(A) were unknown functions of A.
It was later found that the true equation is

Lﬂ, = Clﬂ_lh_se_czllT (20)

Note that it is identical to the Planck equation
except for the minus one in the denominator. This
equation is a useful approximation at short wave-
lengths, and is much used in optical pyrometry. It
gives values of L, that are too low at long wave-
lengths. The error is less than 1 percent when AT is
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less than 2898 um-K. The second important relation
is the Rayleigh—Jeans law, and is expressed as
aT
L,= (21)

C 2‘ITA4

Equation (21) is valid at very long wavelengths where
AT > 10,000 pm-K with but small error.
If equation (7) is integrated over all wavelengths,

© e ASdN me
M =f A )
e T — 1 15044

which is equation (6). Thus, ¢, the Stefan-Boltzmann
constant, is expressed in terms of other constants as
774(,'1 2k4775

G = _——

15¢c,*  15¢y2h3

The fraction of the total exitance of a blackbody

at temperature 7 that is emitted within the wavelength
interval 0 to A, may be obtained as follows. The

exitance in the wavelength interval will be designated
as M-z, and is given by

4 LV )
M- nr = f M;dx = f c_liﬁ
0 oez —_—

fﬂ T%,(\T)~5 d(T)

ec,MT —1

(23)

0

f" T4,(A\T)~5 d(\T)

ecg/AT -1

0
The total exitance is M; = oT*, thus
AT T4 (AT)~5 d(AT)

ecz/AT _ 1

cT*

M(O—A)T/Mt = f
0

1 f" ¢;(AT)=8 d(A\T) o

c P |

Substituting M, within the integral for its equivalent,
¢ A7 8/(e%AT — 1), gives

1 AT
M(O-/I)T/Mt =5 M7 d(AT) (25)
cT*J,
Since for blackbody M = =L, then equation (25) is
equally valid if L is substituted for M wherever it
occurs.

The ratio Ly _4yr/L; or M_,r/M; is given in
Table I for various values of AT. The fraction of the
total exitance or radiance of a blackbody at tempera-
ture T, occurring in any wavelength interval A; to
Ay (A3 > A;) may be obtained by subtracting the
value from the table for A;7 from that for A,T. The
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Table I. Blackbody Radiation Functions

AT, Ly,p/oT?, nLy (0—AT)/cT* Ly, 3/(Lo)ar=2808
pm- K m--K-1sr-?
p q D q p q
200 0.375195 -21 0.341796 —26 0.519451 -23
400 0.490424 -7 0.186468 —11 0.678981 -9
600 0.104056 -2 0.929299 -7 0.144064 -4
800 0.991183 -1 0.164351 —4 0.137277 -2
1000 0.118508 +1 0.320780 -3 0.164072 -1
1200 0.523935 +1 0.213431 -2 0.725376 -1
1400 0.134411 +2 0.779084 -2 0.186089 0
1600 0.249128 +2 0.197204 -1 0.344913 0
1800 0.375563 +2 0.393449 -1 0.519959 0
2000 0.493422 +2 0.667347 -1 0.683133 0
2200 0.589636 +2 0.100897 0 0.816338 0
2400 0.658848 +2 0.140268 0 0.912161 0
2600 0.701271 +2 0.183135 0 0.970894 0
2800 0.720216 +2 0.227908 0 0.997123 0
2898 0.722294 +2 0.250126 0 0.100000 +1
3000 0.720229 +2 0.273252 0 0.997142 0
3200 0.705948 +2 0.318124 0 0.977369 0
3400 0.681517 +2 0.361760 0 0.943546 0
3600 0.650369 +2 0.403633 0 0.900422 0
3800 0.615199 +2 0.443411 0 0.851730 0
4000 0.578040 +2 0.480907 0 0.800283 0
4200 0.540370 +2 0.516046 0 0.748131 0
4400 0.503231 +2 0.548830 0 0.696712 0
4600 0.467321 +2 0.579316 0 0.646996 0
4800 0.433089 +2 0.607597 0 0.599602 0
5000 0.400794 +2 0.633786 0 0.554890 0
5200 0.370562 +2 0.658011 0 0.513035 0
5400 0.342428 +2 0.680402 0 0.474084 0
5600 0.316361 +2 0.701090 0 0.43799%4 0
5800 0.292287 +2 0.720203 0 0.404664 0
6000 0.270108 +2 0.737864 0 0.373958 0
6200 0.249710 +2 0.754187 0 0.345718 0
6400 0.230973 +2 0.769282 0 0.319777 0
6600 0.213775 +2 0.783248 0 0.295967 0
6800 0.197997 +2 0.796180 0 0.274123 0
7000 0.183524 +2 0.808160 0 0.254085 0
7200 0.170247 +2 0.819270 0 0.235703 0
7400 0.158065 +2 0.829580 0 0.218837 0
7600 0.146883 +2 0.839157 0 0.203356 0
7800 0.136614 +2 0.848060 0 0.189139 0
8000 0.127177 +2 0.856344 0 0.176075 0
8500 0.106766 +2 0.874666 0 0.147816 0
9000 0.901414 +1 0.890090 0 0.124798 0
9500 0.765296 +1 0.903147 0 0.105953 0
10000 0.653243 +1 0.914263 0 0.904400 -1
10500 0.560490 +1 0.923775 0 0.775987 -1
11000 0.483294 +1 0.931956 0 0.669110 -1
11500 0.418701 +1 0.939027 0 0.579683 -1
12000 0.364373 +1 0.945167 0 0.504466 -1
13000 0.279441 +1 0.955210 0 0.386880 -1



Theory, Estimation, and Measurement 11a
Table I (continued)
AT, Lb,/\/GTs, wLy, (0 —AT)/cT* La.A/(Lb.A)/\T=2sss
pwm-K m-+K " tsr-?
P q p q p q
14000 0.217628 +1 0.962970 0 0.301301 -1
15000 0.171855 +1 0.969056 0 0.237930 -1
16000 0.137421 +1 0.973890 0 0.190257 -1
18000 0.908187 0 0.980939 0 0.125736 -1
20000 0.623273 0 0.985683 0 0.862908 -2
25000 0.276458 0 0.992299 0 0.382750 -2
30000 0.140461 0 0.995427 0 0.194465 -2
40000 0.473862 -1 0.998057 0 0.656052 -3
50000 0.201592 -1 0.999045 0 0.279100 -3
75000 0.418572 -2 0.999807 0 0.579503 —4
100000 0.135744 =2 1.000000 0 0.187934  —4
Note: Value in each case is p x 107
value for the exitance M, _,,,r may be obtained by
multiplying the resulting value by o7T°, and the
radiance L, _;,,r» by multiplying the value by
oT5 /.
Figure 2A is a plot of the ratio Ly_;yp/oT*,
dotted line, and L,/oT3, solid line, both plotted as a =
function of AT. "; -
Another useful relationship is the fractional = = T
change in L, or M, produced by a fractional change in 5“?; %a °
the temperature T of a blackbody radiator. Differ-
entiating equation (16) with respect to T gives
dL, /dT e%/AT
—L—z T = (cof AT)W (26)
This ratio is plotted as a function of AT in Fig. 2B, 0
dotted line, and shows that the change in spectral B
radiance with temperature increases with decrease in
AT, particularly at values of AT below 2898 um-K. 5
The term on the right of equation (26) can be S » o
simplified to c,/AT for use at AT < 2898 um-K with Q- —os
an error of considerably less than 1 percent. Again 2 108 o
the equation applies to either spectral radiance L, or K j:: 2
spectral exitance M,. 4= os ¥
The value of the right side of equation (26) can =1 oa T
be used for the exponent x in the relationship 6 o &
4 —10.2
L,~T* 27 2 m——— e __ o
00 20100 4000 6000 8000 10000 12,000 14,0100 16,000 IS.C;OO 20000

which is a good approximation when the change in
temperature is a small fraction of 7. Again M, can be
substituted for L, in equation (27). The value of x is
5.0 at 2898 um-K, and varies as 1/AT, hence is about
10 at 1500 pm-K, 15 at 1000 pm-K, and 2.5 at
6000 um-K.

The relationship shown in equation (26) and

AT [pmeK]

Fig. 2. (A) Relative spectral radiance of blackbody radiation
as a function of AT, solid curve; and fraction of spectral
radiance in the wavelength interval 0-A7, dashed curve.
(B) Relative spectral radiance of blackbody radiation as a
function of AT, solid curve; and percentage increase in spectral
radiance produced by a 1 percent increase in absolute tem-
perature as a function of AT, dashed curve.
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plotted in Fig. 2B is extremely important to re-
member in making measurements of L, by direct
comparison of the radiance of a hot specimen to that
of a blackbody radiator at the same temperature; it
shows the effect of a small temperature difference on
the accuracy of the results obtained.

5. INTERACTION OF RADIANT ENERGY
WITH MATTER

A. Wave Behavior [22, 147]

When an electromagnetic wave in vacuum is
incident on the plane surface of an optically homo-
geneous specimen, interaction of the wave with the
material of the specimen will occur. The electrical
and magnetic properties of the specimen will be
different from those of the vacuum, and, as a result,
there may be a change in the direction of propagation
of the wave, its velocity, amplitude, wavelength, and
phase, and it may be separated into two portions, one
reflected and one transmitted. The transmitted
portion will be partially or totally absorbed. The
only property of the wave that never changes is its
frequency.

Similar changes in the wave will occur when-
ever it is incident on an interface between two
media of different properties. The changes can be
computed from the properties of the material, or the
differences in properties on the two sides of the inter-
face, and from the direction of propagation of the
wave relative to the interface and the direction of its
plane of polarization relative to the plane containing

the direction of incidence and the normal to the
interface at the point of incidence.

B. Optical Properties [59]

The Maxwell equations describe the change in a
wave as it crosses an interface and propagates into
the material:

E = Eyexp(jwt — yx) (28)

where
y=o+jB (29)

Equation (28) indicates that the electric field vector
E, at the interface where x = 0 (x is the distance
from the interface in the material) is attenuated on
penetrating into the material by an amount « and that
a phase change B has occurred in crossing the inter-
face. Thus, two parameters (or one complex one)
of the material are needed to define the changes in
amplitude and phase which occur in crossing the
interface.

Many different sets of parameters, called optical
properties in this discussion, can be found in the
literature, each having some merit in interpreting
the interaction of a wave with a material. Table II
presents several of the more commonly used optical
properties, together with a brief description and
summary of their interrelationship.

C. Thermal Radiative Properties

The optical properties describe the interaction
of an electromagnetic wave with matter in terms of
phase and amplitude, while the thermal radiative

Table II. Parameters and Relations Descriptive of Electromagnetic Wave—~Material Interaction

Complex permittivity *F=¢ —je”

Complex permeability u* = po
Complex propagation factor y=oa+jB
*
Complex dielectric constant K*="=K —jK”
€o
Complex index of refraction n* =n — jk
u*
Intrinsic impedance Z* = >
. (n = 1)% + k2
Normal spectral reflectivit 0;0) = —m———
p y p(0; 2 GT R

¥ = Jaletut)t s

n*=\/IF‘

¢’—Real permittivity

€ “—Loss factor

Valid assumption for almost all applications.
a—Attenuation factor

B—Phase factor

K’ — Relative permittivity or real dielectric constant
K” — Relative loss factor

n—Index of refraction, ratio of phase velocities
k—Index of absorption

Z*—Ratio of electric to magnetic field vectors

Ratio of squares of the electric field vector of reflected
and incident waves

1
* = ¢ l—ja_)_r




properties describe the energy transfer during the
interaction. It is obvious that the two types of
properties, optical and thermal radiative, are related.
In some cases the relationships are simple.

One situation in which the relation is not simple
is that for the general case of a wave incident on an
interface. By solving the Maxwell equations for the
boundary conditions, the Fresnel relations for specu-
lar reflection can be derived. The specular reflectance
at the interface (fraction of incident flux reflected in
the direction of mirror reflectance) is given as

a? + b% — 2acos 8 + cos? 0

(6 = 30
ps(®) a®> + b% + 2acos 8 + cosZ 0 (30)

a® + b% — 2asin @ tan @ + sin? 6 tan2 4
po(0) = p(O)———
a’+b

+ 2asinftan 8 + sin? 6 tan? 0

@31
where
2a? = [(n? — k% — sin? 0)? + 4n2k?]H2 32)
+ (n%2 — k? — sin? 0)
2b% = [(n? — k2 — sin? 0)? + 4n?k?]'/2
(33)

— (n%? — k% — sin?9)

The angle 0 is the angle between the incident
ray and the normal to the interface, p; is the re-
flectance for plane-polarized incident radiant energy
with its plane of polarization normal to the plane of
incidence (the plane containing the incident ray and
the normal to the interface at the point of incidence),
and p, is the reflectance for plane-polarized incident
radiant energy with its plane of polarization parallel
to the plane of incidence.

If the incident radiant energy is completely
unpolarized, it can be shown that

p(0) = 3lps(6) + p5(0)] (34)

The Fresnel equations, (30) and (31), have been

expressed in terms of n and k, but the relations are

found in various forms in the literature. The simplest

case occurs for normal incidence (6 = 0), where the
equations reduce to

pp(0) = py(0) (35)
b=k (36)

Hence, for radiant energy incident from vacuum or a
medium of index of refraction of 1,
©) (n— 1?2 + k2 37
P = 3
(n+ 1% + k*®
The above relations express the energy transfer
in terms of electromagnetic wave theory, and no

and
a=n
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specification of the material, other than its optical
properties » and k, is necessary. As indicated
previously, the reflected, absorbed, and transmitted
flux sum to the incident flux, hence

ptrH+a=1 2

6. DETAILED DISCUSSION OF THERMAL
RADIATIVE PROPERTIES

A. Primary Properties

The primary properties—emissivity, reflectivity,
absorptivity and transmissivity—have been pre-
viously introduced. The suffix ivity denotes the prop-
erty of the ideal material—optically smooth and
homogeneous. For metallic materials that are neither
smooth nor homogeneous, the radiative parameters
are not unique properties of the bulk material, but
rather are properties of the surface. In these more
frequent situations the properties are denoted by the
suffix ance and hereafter the properties are referred
to and defined as follows:

—Ratio of the radiant exitance of
the specimen to that emitted by a
blackbody radiator at the same
temperature and under the same
geometric and wavelength con-
ditions.

—Ratio of the reflected radiant
flux to the incident flux.

«, absorptance —Ratio of absorbed radiant flux

to the incident flux.

T, transmittance—Ratio of some specified portion

of the transmitted flux to the

incident radiant flux.

€, emittance

p, reflectance

For each of these primary properties, it is necessary
to specify the geometric and wavelength conditions
to which the particular property corresponds.
Unfortunately, there is no generally accepted con-
vention on the choice of symbols or terminology to
describe these conditions. After due consideration
and consultation, a nomenclature system suitable
to classification needs in the organization of this
compendium was adopted. To assist the reader, the
system used in this volume will be fully explained
and then related when appropriate to the various
terminologies found in the literature [4, 6, 81, 98].

B. Subproperty Descriptors

a. Geometric Descriptors

Figure 3 shows the general case of reflection at a
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NORMAL TO
SPECIMEN
INCIDENT VIEWED

REFERENCE DIRECTION
i ON SPECIMEN SURFACE

s SPECIMEN

Fig. 3. Geometric parameters descriptive of reflection from a
surface. 6 is the zenith angle, or co-latitude, in degrees; ¢ is
the azimuthal angle, or longitude, in degrees; o is the beam
solid angle, in steradians; and the symbol ’ refers to viewing
conditions.

surface and indicates the necessary geometric param-
eters required to fully describe the incident and
reflected fluxes. The beams representing the incident
or viewed flux are described by the zenith angles for
0 or 6§’ and by the beam solid angles w or w’. The
longitudinal angles ¢ and ¢’ relate the axes of the
beams to each other and some reference line on the
specimen; as a practical matter very few measure-
ments so specify this angular descriptor. It is the
convention in this volume to distinguish three sets of
conditions as follows:

Normal —Conditions for incidence and/or
viewing through a solid angle w or
w’, normal to the specimen; that
isforf < 15°

Angular —Conditions for incidence and/or

viewing through a solid angle w
or o' at some direction specified
by 6 or ' > 15°
Hemispherical—Conditions for incidence and/or
viewing of flux over a hemi-
spherical region; that is o or
o =2
The descriptors normal and angular do not fully
describe the geometric conditions; « and/or o’ and
6 and/or 6’ must be provided to fully specify the
geometry.

It has been suggested that other descriptors be
used to indicate the two extreme conditions for w
or w’. If the incident or viewed beam is parallel, then
w or w’ = 0; this condition can be approximated in
practice where w or ' is so small that slight in-
creases have no influence. In this case, the term
directional is used and when w or w’ is not negligible,

the term conical is applied. As a practical matter for
categorization of subproperties, only the terms
normal, angular, and hemispherical are separately
distinguished in the subsequent data tables. When-
ever information is given on w or «’, it is reported in
an appropriate column. To a great many thermo-
physicists details on @ or w’ may not be essential,
but they should be fully aware that such information
is available.

For the subproperties of emittance and absorp-
tance, only one geometric descriptor is required to
designate the conditions of viewing and incidence
respectively. For the subproperties of reflectance and
transmittance, two geometric descriptors are required
since both incidence and viewing conditions need to
be specified. While the three descriptors selected for
categorization are not fully descriptive, they give
good practical resolution from a classification and
retrieval viewpoint.

b. Wavelength Descriptors

These descriptors indicate spectral or wavelength
conditions for which the subproperties are specified.
Each of the four prime properties needs to be
characterized by the wavelength conditions of the
radiant flux—emitted, incident, reflected, or trans-
mitted. The following terminology is used in this
volume to refer to the common conditions:

Spectral—For a very narrow band of wavelengths,
also referred to as monochromatic; no
maximum band width criteria has been
established by convention; symbolically
denoted by A.

Total —Refers to blackbody wavelength distri-
bution; this descriptoris applicable only
to emittance; symbolically denoted by ¢.
The temperature of the blackbody
should be given, since spectral distribu-
tion varies with temperature.

The properties, being dimensionless ratios,
cannot be integrated. The term integrated, when
applied to such ratios, means that the numerator and
denominator are integrated separately, then divided.
An ““integrated” ratio can also be thought of as a
weighted average, where the weighting factor is the
spectral distribution of the source, or blackbody in
the case of emittance.

Integrated—Relative to some specified wavelength
distribution of the irradiating source
or some specified broad band; for
such subproperties it is necessary



that details of the spectral charac-
teristics of the source be fully pre-
sented; symbolically denoted by 2.
Solar —Having the wavelength distribution of
the sun; the solar distribution can be
either natural or artificial—lamps,
arcs, etc., in which case the nature of
the source needs to be specified;
symbolically denoted by s.

In a later section, interrelationships between the
various wavelength conditions will be discussed with
a view to exposing the reader to methods of com-
puting the subproperties from fragments of other
subproperty data.

¢. Symbolic Representation

In subsequent discussion the various sub-
properties are expressed according to the following
convention. The symbols for the four primary
properties—e, p, o, and 7—have already been pre-
sented. The geometric (incidence and viewing
condition) and wavelength descriptors, in that same
order, are symbolically represented within the
parentheses being separated by semicolons. The
most general case would be (using reflectance as an
example):

P8, ¢, w; 0", 8", ;)

where the wavelength descriptors used in this text
are A, ¢, A, and s indicating spectral conditions pre-
viously defined.

As a practical matter not all the designations are
always needed and many are omitted for con-
venience sake; usually ¢ and ¢’ are not used and, of
course, for emittance and absorptance, the incidence
and viewing geometry symbols, respectively, are not
applicable.

C. Reflectance Factor

The reflectance factor R is defined as the ratio of
the flux reflected by a specimen under specified geo-
metric conditions of irradiation and viewing to that
reflected by the ideal completely reflecting, perfectly
diffusing surface, under identical conditions of
irradiation and viewing [81]. A perfectly diffusing
surface is defined as a surface whose reflected radiance
is independent of direction of viewing and hence
obeys Lambert’s law.

Reflectance factor is relatively easy to measure
because comparatively simple equipment can be used.
Integrating sphere reflectometers are frequently
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used for these measurements. While the ideal
completely reflecting, perfectly diffusing surface does
not exist, several materials can be used that are
reasonably close approximations to such a surface.
Examples are freshly smoked magnesium oxide,
magnesium carbonate, high-purity barium sulphate,
sodium chloride, flowers of sulphur, and some good
white paints [2, 64, 89]. For those conditions where
the specimen is diffusely irradiated over a hemi-
sphere, a high-quality first-surface mirror can be
used as the reference standard. When integrating
sphere reflectometers are used, the sphere coating it-
self may be used as the reference.

Integrating sphere reflectometers are generally
restricted to operation over the solar range (0.25 to
2.5 pm) where conventional sphere coatings such as
smoked magnesium oxide and barium sulphate have
high reflectance. Operation has been extended farther
into the infrared by use of flowers of sulfur and
sodium chloride sphere coatings.

Reflectometers such as the hohlraum reflec-
tometer, where the specimen is irradiated over a
hemisphere, actually measure reflectance factor. This
also applies to the ellipsoidal mirror, paraboloid
mirror, and Coblentz hemisphere reflectometers
when used in the inverse mode, so that the specimen
is irradiated over a hemisphere.

The primary distinction between true reflectance
and reflectance factor measurements is that in true
reflectance measurements the incident flux is
measured directly, then the reflected flux is measured
directly, and the reported reflectance is the ratio of
the second measured value to the first. In reflectance
factor measurements either (1) the incident flux is
measured indirectly by measuring the flux reflected
by a diffusely reflecting standard, or (2) the radiance
of the flux incident on the specimen is measured over
a small solid angle, either by viewing the source
directly as in a hohlraum, or by viewing it indirectly
by use of a mirror standard, as in the ellipsoidal
mirror, paraboloid mirror, or Coblentz hemisphere
instruments.

Reflectance factor data are useful to the thermo-
physicist, because for a diffuse reflector the reflec-
tance factor measured under any given geometric
conditions of irradiation and viewing is a good
estimate of the reflectance of the specimen measured
under the same conditions of irradiation, but with
hemispherical viewing. The error in the estimate is
zero if the specimen is a perfectly diffuse reflector,and
increases with both the departure of the specimen
from a perfectly diffuse reflector and with the
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variation of the solid angle of viewing from a hemi-
sphere.

The fundamental relationship by the use of
which the various types of reflectance and reflectance
factor can be related to each other is [51]

P01, b1, w1; 05, b, wo) _ p(0z, da, wa; 61, @1, wy)
COoS 01(01

cos By w,
(38)

where the bidirectional reflectance, p(4, ¢, dw; 6', ¢/,
dw') is defined as
L'(0',¢")cos 0’ do’
(0, d,dw; 8", ¢',dw') = 39)
L0, ¢)cos0dw

where L is the radiance of the beam incident on the
specimen over the elementary solid angle dw from
direction 6, ¢, and L’ is the reflected radiance of the
specimen over the elementary solid angle dw’ in the
direction 8’, ¢’. The geometry for equations (38) and
(39) is shown in Fig. 3.

The only restriction on the general application
of equation (38) to solid angles of any size is that L,
the incident radiance, must not vary with angle over
the solid angle of incidence in either case.

By the use of equation (38) it can be shown that
the following relationships hold:

RQ2m; 0, w') = R(8, w; 2m) (40)
where § = 0’ and w = w'.

p(2m; 2m) = R(2w; 2m) 41)
p(0, w; 2m) = R(0, w; 2) (42)

where 6 and  are the same for p and R.
R(0y, wy; 05, wg) = R(8;, wg; 0;, wy) (43)

w’ cos 0’
pl, w;0', w') = ——R(0, w; 0, w") (44)
kK

where for large solid angles, »’ cos 8" = [+ cos 6"
sin 6" d@’ d¢’.

7. INTERRELATIONSHIPS BETWEEN
PROPERTIES .

A. Geometric Relations

In many cases the data required for a specific
application will not be available in the literature. In
some of these cases, it is possible to obtain the
desired data from other data that may be available
for the same or a similar material by judicious use

of the relationships previously mentioned and
realistic estimates of the geometric distribution of the
reflected or emitted radiant energy.

The geometric distribution of the radiant
energy emitted or reflected from a metal surface is
greatly influenced by the surface roughness, or
rather by the ratio of the surface roughness, o,
evaluated in one dimension, to the wavelength of
the radiant energy involved, or o/A. An optically
smooth metal surface, o/A < 0.05, reflects specu-
larly. A very rough surface, o/A > 10, such as might
be produced by severe sandblasting, reflects diffusely,
although a rough metal surface is not a close
approximation to a perfectly diffusing reflector. A
smooth metal surface emits diffusely in the sense
that it emits radiant energy in all directions accord-
ing to the Fresnel relations, but it is far from a
Lambertian emitter. The radiance of a smooth
metal surface increases with angle from the normal
to a near-grazing angle (8’ > 85°) then drops to zero
at grazing (6’ = 90°). The angle at which the radiance
is a maximum is a function of both the electronic
structure (resistivity, in the most simple case) of the
metal and the wavelength of the emitted radiant
energy. The polarization of the emitted radiant
energy also increases with angle from the normal.
As the surface becomes rougher, it approaches a
Lambertian emitter, and the degree of polarization
decreases.

The two extremes for geometric distribution of
reflected flux are thus specular and diffuse reflection.
These are useful limits that are only approximately
attained by real metal surfaces. The equations given
below will be found quite useful in converting data
from one parameter to another. Additional detail is
given in references [137] and [74]; reference [81]
treats reflectance and reflectance factor subproperties.

From Kirchhoff’s law [equations (4) and (5)]

e=a=1-p 45)

Equation (45) is restricted by the geometric and
wavelength distribution of the reflected and emitted
radiant energy. Considering the geometric distribu-
tion only, for opaque specimens

a0, w) =1 — p(8, w; 2m) (46)
where 0, w are the same for « and p. and
(0, w) = a(f, w) é7

where 6 = 6’ and o = w’. Equation (46) was
derived on the basis of conservation of energy.
Incident radiant energy that is not reflected must be
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Fig. 4. Reflectance of polished metals, at 10 pm, computed
from the Schmidt—Eckert equations.

absorbed and equation (47) is a statement of
Kirchhoff’s law. Equations (46) and (47) can be used
to convert one type of data (subproperty) to another.
If normal emittance data are not available, for
instance, normal absorptance or normal hemi-
spherical reflectance can be used to compute the
desired values.

In the classification system used in the data
section of this volume, reflectance and transmittance
subproperties are grouped (geometrically) by com-
mon incidence conditions. The relations which can
be used to compute one subproperty of reflectance
from another for different geometric conditions
are as follows:

For perfectly diffuse reflecting surfaces

p(0, w; 27) = constant, forall 6 (48)
m

p(6, w; 2m) = p(6, w30, 0)  (49)
w’' cos @’

where 0 and o are the same on both sides of the
equation.

R0, w13 6,’, ") = R(,, wy; 05, wy') (50)
where 6; and 6,, 8," and 0,’, w; and wy, w;" and wy’

can have any values.
For perfectly specular reflecting surfaces

p(0, ¢, w;2m) = p(0, b, w; 6", 4", &) (51)
ifand only if 0’ = 0,¢’ = ¢ + 7and o’ > .
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The geometric distribution of reflected radiant
energy for perfectly diffuse reflectors is described by
Lambert’s cosine law and that for perfectly specular
reflectors by the Fresnel equations. Figure 4 shows
how specular spectral reflectance at 10 um changes
with angle of incidence for surfaces with different
electrical resistivities, computed from the Schmidt-
Eckert relation discussed later in Section 8 and
Table V. The curve for r = 5000 is typical of di-
electric materials in general. The reflectance is
essentially constant out to angles of about 50° from
the normal, then decreases to a minimum which
occurs somewhere between 80° and 90° from the
normal. It should be emphasized, however, that the
curves are for unpolarized incident radiant energy.
When the incident radiant energy is polarized in the
plane of incidence, the reflectance increases with
angle of incidence to a value of 1.0 at 90°, with no
minimum. When the incident radiant energy is
polarized normal to the plane of incidence, the
reflectance decreases with increasing angle of in-
cidence to a minimum then increases to 1.0 at 90°.
The curves for the two polarized components at
10 pm are shown in Fig. 5 for a metal with r = 100.
The reflectance for unpolarized incident radiant
energy is the average of the two reflectances for
polarized incident radiant energy.
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Fig. 5. Reflectance of a polished metal (10pm, r = 100) for
incident radiant energy polarized normal p;(f) and parallel
p»(0) to the plane of incidence and for unpolarized incident

monochromatic radiant energy p(6).
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The different reflectances for incident radiant
flux polarized in different directions means that un-
polarized incident radiant energy is partially polar-
ized after reflection. The degree of such polarization,
defined earlier as equation (15), is shown in Fig. 6,
for four different metals at 10 pum. The degree of
polarization is small at angles out to about 70°
from the normal, especially for metals with high
reflectance (low r). The degree of polarization is
inversely related to the reflectance.

The radiant energy emitted by a polished metal
is also partially polarized. Figure 7 is a plot of the
degree of polarization at 10 um for two metals
having r values of 2.4 and 500, respectively. The
degree of polarization increases with angle of view-
ing in a smooth S-curve, and is not a strong function
of the resistivity of the metal, and hence of the
reflectance. Polarization of emitted radiant energy
begins to become significant at angles of viewing
greater than about 25° to the normal.

To compute one subproperty of emittance from
another, for different geometric conditions, the
following equation may be used.

/2 27
f f Lye(0’, ¢', w") cos 0 sin 0’ d6’ d’
6=0%Y ¢=0

2 —
€(2m) L .
o7 7 T T T 1T T T T T T T
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Fig. 6. Degree of polarization (P) of reflected radiant energy
(10 um) from polished metals as a function of their electrical
resistivity (r).
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This equation is sometimes written

€(27) = l [‘

™

€(0’, w')cos 0’ dow’ (53)
o
For a perfectly diffuse emitter, which may be
approximated by a roughened metal surface,

«2m) = (0, ') = €(0, @) (54)

The geometric distribution of radiant energy
emitted by a polished metal surface is given by the
Fresnel relations, and by the Schmidt-Eckert
relation that will be discussed in a following section.
The ratio of the hemispherical to normal emittance
is given by another Schmidt-Eckert relation, which
shows €(27)/e(0) to vary from 1.33 to 1.05 as a
function of «(0).

As a matter of convenience and practicality in
much of the development for theoretical relations,
little attention has been given to specification of the
solid angles of illumination or viewing (w or w’). Two
cases appear in the literature distinguishing the
importance of the relative size of the solid angle.
The term conical is applied when the solid angle is
sufficiently large that there is a variation of radiance
across the front of the solid angle. In the limit when
the solid angle is 2w, the term hemispherical has been
used. The term directional is applied when the solid



angle is so small that there is insignificant variation
of the radiance within this solid angle. This concept
is carried through the literature for bidirectional
reflectance [p(f, w; 6, @') where w = @’ =~ 0] and
directional emittance [¢(6’, »') where o’ ~ 0].

More detailed considerations of angular or
geometric relations for the reflectance (and trans-
mittance) properties utilize the concept of a distribu-
tion function [94]. This function permits computa-
tion of any of the various geometric subproperties of
reflectance. There are not too many instances where
such a function is available in the literature and
normally there are insufficient fragments of sub-
property data available to permit one to formulate
it.
B. Wavelength Relations

The four specific wavelength conditions identi-
fied in the data section of this volume have been

defined earlier as: spectral (}), total (¢), integrated (),
and solar (s). Straightforward methods can be used
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to obtain one subproperty from another, although
in some instances the calculations can be laborious.
The interrelation between spectral and total
emittance which follows directly from their defini-
tions is
eMMy(A, T) dA
: (55)

{ My(A, T) dA
Y0

If the function ¢(A) can be simply prescribed, the
integration can be performed by a numerical tech-
nique on a high-speed computer. In practice, it is
convenient to redefine the limits of integration to
correspond to the wavelength limits between which
some specific fraction of the total energy is found.

The™ Planck blackbody function indicates the
distribution of energy throughout the spectrum.
From such considerations, Fig. 8 is derived with the
cross-hatched region indicating the wavelength band
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encompassing 99 percent of the flux emitted by a
blackbody source at the specified temperature. For
example, 99 percent of the energy emitted by a
blackbody at 1000 K is in the wavelength band 2 to
28 um. Hence, for this temperature, the integra-
tion limits of equation (55) above can be simplified
with small error in the result.

In the process of computing total emittance
data from spectral values, it is essential to identify
the wavelength band over which most of the radiant
energy is emitted. To do so permits one to assess the
validity of a very common assumption used in heat-
transfer calculations; namely, that the surface in
question is a grey body which has no spectral
variation in emittance. Another situation arises when
it is necessary to evaluate the possible effect extrap-
olation of limited spectral data may have. An
example of this arises when considering metallic
conductors in which the spectral emittance in the
visible and near infrared (say to 1wm) is quite
variable, but in the longer wavelength region is
monotonic of a form approximated by the Hagen—
Rubens relation.

The computations by integration of equa-
tion (55) can be done by finite wavelength intervals

Ag
S My, T)AX
() = (56)
S M,(A, THAX
A1

where the limits A; and A, are selected to include
substantially all of the flux emitted by a blackbody
radiator at the temperature 7.

In the Weighted Ordinate Method, uniform
values of AX are used, and each value of ¢(A) must be
weighted by a factor proportional to L,(A, T), the
flux emitted per unit area, unit solid angle, and,
within the wavelength interval A and (A + AA), by
a blackbody at the test temperature 7. In the Selected
Ordinate Method, the area under the blackbody
spectral distribution curve is divided vertically into
X units of equal area. The X selected ordinates are
then the X median wavelengths of the X areas. In
this case, AX varies, but the product L(A, T)AA is held
constant and for X = 100 this is 0.01. Under these
conditions then

A1oo

() > 0.01 > () (57)
A1

A high degree of precision in the computation of
€(t) can be attained using either the Weighted or
Selected Ordinate Method by taking a large enough
number of ordinates. With any given number of
ordinates, the computation error will be smaller by
the Selected Ordinate Method than by the Weighted
Ordinate Method. Since the spectral emittance
curves for solids do not normally have sharp peaks
or valleys, the 100-Selected Ordinate Method gives
values of adequate precision for most applications.

The wavelengths representing the 100 selected
ordinates for the temperature range 600 to 1400 K
are presented in Table III [117]. This table along
with equation (55) should be most useful for com-
computing total emittance from spectral emittance
data.

The spectral subproperties of reflectance, ab-
sorptance, and transmittance are used to find the
corresponding integrated values according to the
relation (shown for absorptance)

b
f «(N)E(X) dA
a) = ————— (58)
f E(\) dx

where E(X) is the spectral irradiance of the illumina-
ting source. The integration is performed over the
wavelength interval or band denoted by the limits of
a and b.

Should the source be a blackbody at some
temperature T, the absorptance can be evaluated by
use of an equation similar to equation (55). A
special case of the integrated subproperty is where
the illuminating source is that of the solar disc,
natural or artificial. The solar absorptance is
normally specified for the geometric condition of
normal or angular incidence and can be determined
from spectral data in the following manner.

[o9]

«(8; ) Ey(N) d
a(8;5) = (59)
f E(X) d)

0

where E/(A) denotes the solar irradiance [80, 116].
Frequently, the solar absorptance is determined from
room temperature reflectance data

a(0;N) = 1 — p(8; 27; ) (60)

using Kirchhoff’s law.
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Table III. Wavelengths for Computation of Total Emittance from Spectral Data by the 100 Selected Ordinate Method [117]

A, pm, at various values of T

%* AT, pK 600K 700 K 800 K 900K  1000K  1100K  1200K  1300K  1400K
0.5 1322 2.203 1.889 1.652 1.469 1.322 1.202 1.102 1.017 0.944
1.5 1534 2.557 2.191 1.918 1.704 1.534 1.395 1.278 1.180 1.096
2.5 1662  2.770 2.374 2.078 1.847 1.622 1.511 1.385 1.278 1.187
3.5 1762 2.937 2.517 2.202 1.958 1.762 1.602 1.468 1.355 1.258
4.5 1846  3.077 2.637 2.308 2.051 1.846 1.678 1.538 1.420 1.318
5.5 1920 3.200 2.743 2.400 2.133 1.920 1.745 1.600 1.477 1.371
6.5 1989  3.315 2.841 2.486 2.210 1.989 1.808 1.657 1.530 1.424
7.5 2052 3.420 2.931 2.565 2.280 2.052 1.865 1.710 1.578 1.466
8.5 2111  3.518 3.016 2.639 2.346 2.111 1.919 1.759 1.624 1.508
9.5 2168  3.613 3.007 2.710 2.409 2.168 1.971 1.806 1.668 1.549
10.5 2222 3.703 3.174 2.778 2.469 2.222 2.020 1.852 1.709 1.587
11.5 2274  3.790 3.249 2.842 2.527 2.274 2.067 1.895 1.749 1.624
12.5 2325  3.875 3.321 2.906 2.583 2.325 2.114 1.937 1.788 1.661
13.5 2374  3.957 3.391 2.968 2.638 2.374 2.158 1.978 1.826 1.696
14.5 2423 4.038 3.461 3.029 2.692 2.423 2.203 2.019 1.864 1.731
15.5 2470  4.117 3.529 3.088 2.744 2.470 2.245 2.058 1.900 1.764
16.5 2517 4.195 3.596 3.146 2.797 2.517 2.288 2.097 1.936 1.798
17.5 2563  4.271 3.662 3.204 2.848 2.563 2.330 2.136 1.972 1.831
18.5 2609  4.348 3.727 3.261 2.899 2.609 2.372 2.174 2.007 1.864
19.5 2654  4.423 3.792 3.318 2.949 2.654 2.413 2.212 2.042 1.896
20.5 2698  4.496 3.854 3.372 2.998 2.698 2.453 2.248 2.075 1.927
21,5 2743 4.571 3.919 3.429 3.048 2.743 2.494 2.286 2.110 1.959
2.5 2887  4.645 3.982 3.484 3.097 2.787 2.534 2.322 2.144 1.991
23.5 2831  4.718 4.044 3.539 3.146 2.831 2.574 2.359 2.178 2.022
24.5 2876  4.793 4.109 3.595 3.196 2.876 2.615 2.397 2.212 2.054
25.5 2920  4.866 4.172 2.650 3.244 2.920 2.655 2.433 2.246 2.086
26.5 2964  4.940 4.234 3.705 3.293 2.964 2.695 2.470 2.280 2.117
27.5 3008  5.013 4.297 3.760 3.342 3.008 2.735 2.507 2.314 2.149
28.5 3052 5.086 4.360 3.815 3.391 3.052 2.775 2.543 2.348 2.180
29.5 3097 5.161 4.424 3.871 3.441 3.097 2.815 2.581 2.382 2.212
30.5 3141 5.235 4.487 3.926 3.490 3.141 2.855 2.617 2.416 2.244
31.5 318  5.310 4.552 3.982 3.540 3.186 2.896 2.655 2.451 2.275
32.5 3231 5.385 4.616 4.039 3.590 3.231 2.937 2.692 2.485 2.308
33.5 3217 5.461 4.682 4.096 3.641 3.277 2.979 2.731 2.521 2.341
34.5 3323 5.538 4.747 4.154 3.692 3.323 3.021 2.769 2.556 2.374
35.5 3369 5.615 4.813 4.211 3.743 3.369 3.063 2.807 2.592 2.406
36.5 3415 5.691 4.879 4.269 3.794 3.415 3.105 2.846 2.627 2.439
37.5 3462 5.770 4.946 4.328 3.847 3.462 3.147 2.885 2.663 2.473
38.5 3510  5.850 5.014 4.388 3.900 3.510 3.191 2.925 2.700 2.507
39.5 3558  5.930 5.083 4.448 3.953 3.558 3.235 2.965 2.737 2.542
40.5 3607  6.011 5.152 4.509 4.008 3.607 3.279 3.006 2.775 2.576
41.5 3656  6.093 5.223 4.570 4.062 3.656 3.324 3.047 2.812 2.611
42.5 3706  6.176 5.294 4.632 4.118 3.706 3.369 3.088 2.851 2.647
43.5 3157 6.261 5.367 4.696 4.174 3.757 3.415 3.131 2.890 2.684
44.5 3809  6.348 5.441 4.761 4.232 3.809 3.463 3.174 2.930 2.721
45.5 3861  6.435 5.516 4.826 4.290 3.861 3.510 3.217 2.970 2.758
46.5 3914  6.523 5.592 4.892 4.349 3.914 3.558 3.262 3.011 2.796
47.5 3968  6.613 5.669 . 4.960 4.409 3.968 3.607 3.307 3.052 2.834
48.5 4023  6.705 5.747 5.029 4.470 4.023 3.657 3.352 3.095 2.874
49.5 4079  6.798 5.827 5.099 4.532 4.079 3.708 3.399 3.138 2.914
50.5 4136  6.893 5.909 5.170 4.596 4.136 3.750 3.447 3.182 2.954
51.5 4194  6.990 5.992 5.242 4.660 4.19 3.813 3.495 3.226 2.996
52.5 4254 17.09% 6.077 5.318 4.727 4.254 3.867 3.545 3.272 3.039
53.5 4314 7.190 6.163 5.392 4.793 4.314 3.922 3.595 3.318 3.081
54.5 4377 7.295 6.253 5.471 4.863 4.377 3.979 3.647 3.367 3.126
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Table III (continued)

A, pm, at various values of T’

o* AT, uK 600K 700 K 800 K 900 K 1000K  1100K 1200 K 1300K  1400K
55.5 4440 7.400 6.343 5.550 4.933 4.440 4.036 3.700 3.415 3.171
56.5 4505 7.508 6.436 5.631 5.006 4.505 4.095 3.754 3.465 3.218
57.5 4572 7.620 6.532 5.715 5.080 4.572 4.156 3.810 3.517 3.266
58.5 4640 7.733 6.629 5.800 5.156 4.640 4.218 3.867 3.569 3.314
59.5 4710 7.856 6.729 5.888 5.233 4.710 4.282 3.925 3.623 3.364
60.5 4782 7.970 6.832 5.978 5.313 4.782 4.347 3.985 3.678 3.416
61.5 4856 8.093 6.937 6.070 5.396 4.856 4.415 4.047 3.735 3.469
62.5 4932 8.220 7.046 6.165 5.480 4.932 4.484 4.110 3.794 3.523
63.5 5010 8.350 7.157 6.262 5.567 5.010 4.555 4.175 3.854 3.579
64.5 5091 8.485 7.273 6.364 5.657 5.091 4.628 4.242 3.916 3.636
65.5 5175 8.625 7.393 6.469 5.750 5.175 4.705 4.312 3.981 3.696
66.5 5262 8.770 7.517 6.578 5.847 5.262 4.784 4.385 4.048 3.759
67.5 5351 8.918 7.644 6.689 5.945 5.351 4.865 4.459 4.116 3.822
68.5 5444 9.073 7.777 6.805 6.049 5.444 4.945 4.536 4.188 3.889
69.5 5541 9.235 7.916 6.926 6.157 5.541 5.037 4.617 4.262 3.958
70.5 5641 9.401 8.059 7.051 6.268 5.641 5.128 4.701 4.339 4.029
71.5 5745 9.575 8.207 7.181 6.383 5.745 5.223 4.787 4.419 4.105
72.5 5854 9.756 8.363 7.318 6.504 5.854 5.322 4.878 4.503 4.181
73.5 5968 9.946 8.526 7.460 6.631 5.968 5.425 4.923 4.591 4.263
74.5 6087  10.145 8.696 7.609 6.783 6.087 5.533 5.072 4.682 4.348
75.5 6212 10.353 8.874 7.765 6.902 6.212 5.647 5.176 4.778 4.437
76.5 6343  10.571 9.062 7.929 7.048 6.343 5.766 5.286 4.879 4.531
77.5 6482  10.803 9.260 8.102 7.202 6.482 5.893 5.401 4.986 4.630
78.5 6628  11.046 9.469 8.285 7.364 4.628 6.025 5.523 5.098 4.734
79.5 6783  11.304 9.690 8.479 7.537 6.783 6.166 5.652 5.218 4.845
80.5 6948  11.580 9.926 8.685 7.720 6.948 6.316 5.790 5.345 4.963
81.5 7123  11.871 10.176 8.904 7.914 7.123 6.475 5.936 5.479 5.088
82.5 7311  12.185 10.444 9.139 8.123 7.311 6.646 6.092 5.624 5.222
83.5 7514  12.523 10.735 9.392 8.349 7.514 6.831 6.261 5.780 5.367
84.5 7732 12.886 11.046 9.665 8.591 7.732 7.029 6.443 5.948 5.523
85.5 7969  13.281 11.385 9.961 8.854 7.969 7.245 6.641 6.130 5.692
86.5 8228  13.712 11.755 10.285 9.142 8.228 7.480 6.856 6.329 5.877
87.5 8513  14.188 12.162 10.641 9.459 8.513 7.739 7.094 6.548 6.081
88.5 8829  14.714 12.613 11.036 9.810 8.829 8.026 7.357 6.691 6.306
89.5 9183  15.304 13.119 11.479 10.203 9.183 8.348 7.652 7.064 6.559
90.5 9583  15.971 13.690 11.979 10.648 9.583 8.712 7.986 7.371 6.845
91.5 10042  16.746 14.346 12.552 11.158 10.042 9.129 8.386 7.726 7.173
92.5 10577  17.628 15.110 13.221 11.752 10.577 9.615 8.813 8.136 7.555
93.5 11215  18.524 16.022 14.019 12.461 11.215 10.195 9.345 8.627 8.011
94.5 11996  19.993 17.137 14.995 13.329 11.996 10.878 9.996 9.228 8.569
95.5 12990  21.649 18.558 16.238 14.433 12.990 11.809 10.825 9.992 9.278
96.5 14327  23.877 20.468 17.909 15.919 14.327 13.025 11.939 10.021 10.233
97.5 16295  27.157 23.279 20.369 18.105 16.295 14.814 13.579 12.535 11.639
98.5 19724  32.872 28.178 24.655 21.915 19.724 17.931 16.436 15.172 14.088
99.5 29372 48.951 41.961 36.715 32.635 29.372 26.702 24.476 22.594 20.980

*The wavelength A is chosen so that the indicated percentage of blackbody radiation occurs at wavelengths shorter than the indi-
cated wavelength.

8. THEORETICAL MODELS—IDEAL

SURFACES

A. Classical Free-Electron Theory

The earliest attempts to predict the optical
properties of metals were made by Lorentz, Drude

[40], Kronig [88], and Mott and Zener [103], who
assumed the metal to contain electrons which were
essentially free to move under the influence of the
electric field induced by the incident electromagnetic
wave. These free electrons are the valence electrons
in the outer shell of the atoms constituting the metal.
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Table IV. Classical Models for the Optical Properties of Metals (MKS Units)

Drude Free Electron. Assumes the metal contains free
electrons which are subjected to an oscillating electric
field and a viscous damping force proportional to the
velocity of the electrons arising from collisions between
accelerated electrons and the atomic lattice.

Simplified Drude Free Electron. Drude theory valid for
long wavelengths where currents in the metal are in phase
with electric field.

Extension of Drude Theory—Roberts’ Model. Drude
theory extended to include several types of free and bound
electrons subjected to viscous damping and elastic restoring
forces.

A2 1 i(AJX
0 + /A) M2
Ao = [ 9°N ]
A
K*=—j
ceor
KymA? A2 n
k=14 e >
A% — X%, + j0mAsmA  2meeq Arn — JA
m n

When the wave is incident upon its surface, an
oscillating electric field parallel to the surface is
induced in the metal and the free electrons will
oscillate under the influence of this field at the
frequency of the incident wave. There is a phase
difference between the oscillation of the electrons
and that of the field, caused by a viscous damping
force arising from collisions between accelerated
electrons and the atomic lattice. To describe the
optical behavior of the material requires two
parameters: the number density of free electrons, N,
being excited by the induced field, and the average
time (relaxation time 7) between collisions of the
electron with the atomic lattice. These two param-
eters can be estimated from the number of valence
electrons per unit volume, the electrical conductivity
and the assumption of a spherical Fermi surface.
This is called the Drude Free Electron model, and is
shown in Table IV expressing the complex dielectric
constant as a function of the two parameters N and 7.
If the phase change arising from electronic
collisions can be neglected, the model describing the
optical behavior of the material is greatly simplified.
This situation occurs when the relaxation time is
zero or when the time between electronic collisions
is much less than the period of the induced electric
field. For this condition, the optical behavior can be
completely described by one material parameter—
the dc electrical conductivity. Table IV presents the
resulting model for the complex dielectric constant,
labeled the Simplified Drude Free Electron model.
This simplified model for the optical constants
serves as the basis for relations used to compute the
thermal radiative properties of materials from
knowledge of the electrical conductivity (or resistiv-
ity) as a function of temperature. If the appropriate
relation between the complex dielectric constant, K*,

and ¢(0; A) is used with the simplified Drude model,
the normal spectral emissivity can be expressed as
a function of the electrical resistivity, r, in the series
form

(0; X) = 0.365 (/A2 — 0.0464 (r/A) + ... (61)

where the units are r(ohm-m) and A(m). This cele-
brated relation is frequently referred to as the
Hagen—Rubens relation.

From the above discussions, the assumptions
used to derive this basic model limit the Hagen—
Rubens relation to long wavelengths (usually beyond
10 pm) and high temperatures for metals in which
the electronic structure can be approximated by one
class of free electrons as the current carriers. This
relationship has found extensive use in engineering
applications.

From the basic theory yielding the Hagen—
Rubens relation, various models have been de-
veloped for expressing total and angular property
values. Table V shows these retations, expressed in
terms of the emissivity, which have been developed
over the years [117]. Aschkinass [8] obtained an
expression for the normal total emissivity, €(0; ), by
normalization of the first term of the Hagen-
Rubens relation with the Planck blackbody distribu-

tion curve.
€(0; \)L,(A, T) dA
0

€0;1) =

_ ©)
[ nona

0
The result of the integration gives two terms
€(0; 1) = 0.5736(r T)*'2 — 0.1769(r T) (63)

For many metals, particularly at higher tempera-
tures and for relatively high purity, the electrical
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resistivity is proportional to temperature; through
integration of equation (55) it can be shown that the
normal total emissivity is proportional to the first
power of the temperature. For a blackbody radiator,
the radiant exitance, M, is proportional to the fourth
power of temperature, that is

M = coT* (64)
and for a nonblackbody
M = ¢(0;t)oT* (65)

The Aschkinass relation, coupled with the linearity
of electrical resistivity and temperature, shows that
the radiant exitance of a metallic surface is to a first
approximation proportional to the fifth power of the
temperature.

Foote [49] improved the utility of the Aschkinass
relation by including the second term of the Hagen—
Rubens relation in the integration. This gives rise
to a third term in the «(0;¢) relation as shown in
the Table V.

The relations so far have considered only the
case of emission normal to the surface. The classical
electromagnetic wave theory can prescribe the angu-
lar variation in the optical behavior of the material.
Equations (30) and (31) relate the two polarization
components of reflectivity to the angle as measured
from the surface normal in terms of the optical

constants # and k. In the simple Drude theory,
n and k are determined by the electrical resistivity.
Davisson and Weeks [33] were the first to treat this
problem of determining the hemispherical total
emissivity using the Fresnel relation for angular
dependency.

e2m; 1) = 0.751 (rT)YV2 — 0.632(rT) + . .
forrT < 0.1

The limitation in the product rT is usually not
more restrictive than the assumptions of the basic
model itself. Schmidt and Eckert [130] removed
the product of rT limitation and also developed the
relations for hemispherical spectral emissivity as
shown in Table V. These four relations, along with
the Hagen—Rubens relation, constitute the conven-
tional and basic equations used to estimate the
radiative properties of metals.

The Schmidt-Eckert relations also yield the
ratio of hemispherical to normal emissivity of
metallic surfaces. Table VI presents the results show-
ing that for metals the hemispherical emissivity
ranges from 1.33 to 1.05 times the normal emissivity;
the values are also shown graphically in Fig. 9 and
compared to the theory for nonconductors.

Useful relations for predicting the angular
variation of spectral emissivity for the two degrees of
polarization are:

" (66)

Table V. Classical Models for the Emissivity of Metals (MKS Units)

Hagen and Rubens [66]. Also called the Drude-Zener relations;
applicable at long wavelengths and/or high temperature;
derived from classical electromagnetic theory assuming
negligible phase change of electrical field within the metal.

Aschkinass [8]. Obtained by integration of Hagen—-Rubens’
first term with Planck distribution curve; when combined with
r vs T linearity relation then radiant energy is proportional
to the fifth power of the temperature.

Foote [49]. Obtained by integration of Hagen—-Rubens’ first
and second terms with Planck distribution curve.

Davisson and Weeks [33]. Using the Fresnel relation for
angular dependency, hemispherical emissivity is obtained.

Schmidt and Eckert [130]. With graphical integration tech-
niques, the limit of applicability of the Davisson—Weeks
model is extended.

Parker and Abbott [109]. Assumed the Drude theory with
finite relaxation time; expressions for €(0;¢), ¢=; A) and
e(27; t) are also developed.

e(0; A) = 0.365 (r/)/2 — 0.0464 (r/2) + . ..

«0; 1) = 0.5736 (*rT)*'2 — 0.1769 (rT)

«0; 1) = 0.578 (*T)*/2 — 0.178 (rT) + 0.0584 (rT)°"?
em; t) = 0.751 (¢ T)H2 - 0.632 (¢/T) + ... rT < 0.1

(23 N) = 0.476 (P12 — 0.148 (r/X) 0<rA<05
«(2m; ) = 0.442 (r[N)M2 — 0.0995 (/) 0.5 < r]A <25

eQm; 1) = 0.751 (¢rT)*'2 — 0.396 (rT) 0<rT<02
e(2m; t) = 0.698 (rT)*2 — 0.266 (rT) 02<rT<05
r\™?2 7.8
) = — 1)yr+lgn T
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where j = [(1 4+ y»)¥2 — y]'3, y =
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(05 %), = - _ ()
60A/r + 2(30A/r)Y2 cos 0 + cos? @
o) 4(30/r)12
P T 0V r) cos? 0 + 230012 cos 6 + 1

(68)

The wavelength dependence is based upon the
Hagen—-Rubens relation; the angular dependence
and polarization are prescribed by the Fresnel
relation as a direct consequence of electromagnetic
wave theory and the interaction process with polished
metals [77].

The models prescribed above all assume that the
phase difference between the induced electric field
and the electron current carriers is negligible. That is,
the relaxation time of the electron carriers is small
compared to the period of the induced electric field.
Parker and Abbott [109] have developed a relation
for the emissivity which accounts for a finite relaxa-
tion time. The resulting equation for the normal
spectral emissivity is presented in Table V. To use
this equation, one needs to know two parameters of

Table VI. Ratio of Hemispherical to Normal
Emissivity of Metallic Conductors [77]

€2m; t) €(27; t)[e(0; t)

.33

.27

.225
.185
.145
.105
.075
.055
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Fig. 9. Ratio of hemispherical to normal total emissivity of
radiating surfaces [77].
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the material: the relaxation time, 7, and the free
electron density, N. This model develops relations
for other subproperties of emissivity but does not
find widespread use because of the difficulty in
evaluating = and N as functions of temperature. As
a result, this model would find more utility in evalua-
tion of measured data rather than in estimation of
property values.

Figures 10 and 11 compare the classical theory
with selected data on the normal total and hemi-
spherical total emissivity of several metallic elements.
The dashed line—denoted as theoretical—refers to
negligible relaxation time; thus the appropriate
equations in Table V are those of Schmidt-Eckert
and of Parker—Abbott.

Figure 12 shows the results of a recent study by
Bennett and Bennett [14] regarding the validity of the
Drude theory; the infrared reflectance of carefully
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Fig. 12. The infrared reflectance of silver, gold, and aluminum
high-vacuum evaporated films compared with the Simple
Drude model [14].

prepared ultrahigh-vacuum-deposited silver, gold,
and aluminum films are shown to be in excellent
agreement with the theoretical predictions. Their
work points out the need for proper specimen
preparation if the appropriate theoretical mode's are
to be in agreement.

B. Other Models

The failure of the free-electron models to yield
computed values that agree with experimental data
in the wavelength regions of interest should not be
interpreted as a failure of the classical approach, but
rather should be ascribed to the over-simplification
of the mechanism of the absorption process.
Quantum theory states that both free and bound
electrons exist in a metal and that both types can
exist in different energy state.

The basic classical model of a metal consisting
of one type of free electron which is responsible for
the absorption process is too simple to explain the
behavior of many metals. There may be several
types of free electrons each characterized by a
different relaxation time and density function. Con-
tributions to the absorption process arising from the
influence of the induced electric field can come from
electrons which are bound to the lattice. It is normally
assumed that the electrons are elastically bound in
their equilibrium positions and each type of bound
electron is characterized by particular values of the
three parameters—an elastic restoring force, a
viscous damping force, and the number density of
the electron type.

The equations for the optical constants for the
most general case of a metal with several types of
free and bound electrons are presented in Table IV.
Roberts [121, 122, 123] has shown that his form of
the relation is successful in describing ‘“humps” and

inflection points observed in the optical constants
data. The relation is primarily useful for correlation
of measured data, and in general this approach does
not permit prediction or estimation of the optical
properties. Despite the large number of parameters,
the correlation is not an arbitrary curve-fitting
operation, as there are certain physical constraints
that the relation parameters must satisfy.

The influence of bound-electron contributions
on optical behavior can only be ignored in the long-
wavelength region of the spectrum. The resonance
wavelength of the bound electrons in metallic ma-
terials is usually found in the visible or very near
infrared (less than 1 pm), but the effect or con-
tribution to the absorption process is not confined
to the immediate wavelength region about the
resonance wavelength. Using the terminology of
Roberts, the influence of individual terms of the
multi-free bound electron model on emissivity is
presented in Fig. 13 for typical metals.

Seban [131] studied the Roberts model for
the emissivity of the transition metals iron, nickel,
and platinum in the spectral region 2 to 15 um.
Several types of free-electron carriers and one reson-
ance term are required to correlate the data. The
study deals with the possibility of predicting high-
temperature property values from room-temperature
measurements and knowledge of the temperature
dependence of the various model constants, especially
the conductivity terms.

Edwards and deVolo [47] studied the influence
of free-electron carriers for some twenty metals for
the purpose of developing useful approximate
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expressions for correlating experimental data. No
simple techniques have been developed for estimating
or predicting the Roberts or multi-free/bound model
parameters, consequently this more complicated but
realistic model of the absorption process finds limited
applications, primarily in research studies.

The classical free-electron theory resulting in the
several models discussed previously all assume that
the relaxation time is small compared to the period
of the electrical field induced by the absorbed radiant
energy. At low temperature and short wavelengths
(high frequency) it is no longer permissible to make
this simplifying assumption. The strength of the
electric field changes appreciably within the mean
free path of the electrons, and hence the current
density (free-electron flow) at a given point within the
metal is determined only by the value of the electric
field at that point. The theory to account for this
effect is called the anomalous skin effect and is
applicable to low-temperature regions for the alkali
and noble metals [38, 135]. Relations have not been
developed to treat metals which are other than one
band type, and even then the comparison of theory
and data is only just fair.

Recently a more generalized quantum theory for
the optical constants has been developed [132]. The
theory deals with normal dispersion (in contrast to
anomalous dispersion) so that the frequency spec-
trum involved must be sufficiently removed from the
anomalous region in which photoelectric resonances
of bound electrons become important. As a result of
theory, a simple expression for the normal spectral
emissivity is

€(0; ) = 2(wr/2m) 2 [b(w, T)]*? (69)

The term b(w, T) is a quantum correction factor, which
in the limit of the wavelength spectrum approaches
unity. In this sense, the formula above may be
referred to as the generalized Hagen—Rubensrelation.

The quantum “b-factor” is determined from the
overall electronic damping coefficient which is the
sum of contributions by electron—phonon collisions,
electron-electron collisions, and impurity scattering.
The electron—phonon process is of primary import-
ance for pure metals while the electron—electron
process may be significant either at very low tem-
peratures or in the high-frequency limit of the
spectrum. By comparison of the theory with
optical constants data, it is possible to determine the
damping coefficients along with other lattice para-
meters. Then with these values at one temperature,
the theory provides for determining the parameters at
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any other temperature. While the theory has not been
rigorously tested, there is sufficient evidence to
believe that the approach could eventually be
utilized for engineering applications.

9. SURFACE CHARACTERIZATION

A. Real Surface Effects [37, 54, 124]

It has been understood for many years that the
surface condition of metallic specimens plays a
dominant role in the magnitude of the radiative
properties. The literature abounds with examples of
test surfaces shown to be very sensitive to methods
of preparation, thermal history, and environmental
conditions. Despite this awareness, descriptions of
test surfaces are generally inadequate because of our
modest understanding of the important mechanisms
of real surface effects and how to properly character-
ize a surface.

From consideration of wave theory, it is
apparent that the reflection process is influenced by
the surface condition. The depth of penetration of an
incident electric field can range from very small to
very large values depending upon the absorption and
scattering properties of the material. For metals, the
absorption property dominates the process, since the
extinction coefficient is quite large in the thermal
spectrum and radiant energy will not travel more than
a few hundred angstroms before being totally
absorbed. This is not the case for nonmetallic or
dielectric materials, which are shown to be less
sensitive to surface conditions [118]. In the emission
process for metals, internally generated radiant
energy reaching the surface originates from atomic
and molecular oscillators characteristic of the
chemical composition and physical state in a very
thin surface layer from O to perhaps 1000 A deep.

Topographical, chemical, and physical (struc-
tural) characteristics all influence the properties of
the metallic surface. The topographical character-
istics describe the profile or geometry of the surface—
the boundary between the material and the surround-
ing medium. The chemical characteristics describe
the composition of the surface layer including such
features as inhomogeneities and contaminants. The
physical characteristics describe the structure of the
surface such as crystal lattice orientation, particle
size, strain, and other features which might affect the
radiant energy exchange process.

To isolate the individual surface characteristics
as outlined is a difficult task. For most materials it is
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not practical to alter one characteristic without
causing an influence on another. The control of the
many variables required to study surface character-
ization in a logical manner is a complex problem. As
a result only the simplest of surface profiles or
compositional effects have been studied or are
understood. In the succeeding sections studies on
characterization are discussed.

The most important influences on the radiative
properties of metals arise from surface roughness
and films (oxide growth). The effect is most pro-
nounced on the spectral radiative properties when
the characteristic profile variation or film thickness
is on the same order as the wavelength of interest.
For some situations a thin dielectric film has a more
significant influence on emittance properties than
does surface roughness of the same dimension.
These changes in spectral properties are also appar-
ent as changes in angular distribution of reflected or
emitted energy.

The influences of surface characteristics—
topographical, chemical, physical—can be con-
siderably dependent upon the energy spectrum of
importance to the radiative property of interest.
For example, the description of a surface for use as a
room temperature absorber (5 < A < 40 um) will be
quite different than that for a solar absorber
(0.25 < X < 4 pm). Also the techniques required to
study each will be quite different.

B. Topographical Characterization

The profiles of real metal surfaces are always
shown as irregular patterns of peaks and valleys.
Various parameters are in common use to describe
the topography of'a surface including RMS (root
mean square) height, CLA (center line average)
height, lay, average slope, height distribution, etc.
[1, 83, 136]. Such parameters are obtained primarily
from stylus-type profilometers and to some extent
from interferometry techniques.

The effect of surface roughness on the optical
properties of materials was first studied by Lord
Rayleigh, but only recently has this problem been of
intense interest. If the size of the irregularities is of
the order of the wavelength or larger, the interaction
can be described by geometrical optics [141]. In this
case, the facets of the surfaces reflect in various
directions, and the properties/orientation of the
facets must be described by some statistical process
in order to explain the optical behavior of the surface.
If, however, the surface irregularities are much

smaller than the wavelength, the optical behavior
can be explained by diffraction phenomena.

The diffraction problem was originally studied
by Rice [111] and Davies [32] and their work was
extended and experimentally verified by Bennett
and Porteus [16]. Their expression for the relative
reflectance ratio of the rough, p, to smooth, p,
surface at normal incidence is given as

P exp[—(4ma/A)2] + 320%(c/NEAO)/m (70)
Po

where o is the RMS roughness, m is the RMS slope,
and A4 is the half angle of acceptance of the optical
system. The first term represents the coherently or
specularly reflected fraction and the second term the
incoherent or diffusely reflected term. The second
term is shown proportional to (a/A)%, and hence for
longer wavelengths and smoother surfaces the first
term predominates.

Porteus [110] showed that when the second term
is important, that is for larger values of ¢/A still within
the diffraction range, an increasingly exact statistical
description of the surface is required. This necessarily
follows when taken to the limiting case of the
geometrical optics region. For a surface of Gaussian
height distribution, approximated by aluminized
ground glass, the theory is in good agreement with
the data [12].

This theory, adequate for the range of o/A
within the diffraction region, assumes that there is
no change in the hemispherical reflectance of the
roughened surface when compared to the smooth
one, but rather a change in the ratio of specular to
diffuse reflected fractions. It would then follow
directly from Kirchhoff’s law that no change in
total emittance can occur in this region because of
surface roughness; a value of ¢/A = 0.15 is an upper
limit for the diffraction range. For room temperature
the maximum energy occurs at 10 um and hence,
for a surface of roughness of 1.5 um or 60 win. (a
rather rough finished metal surface) there is a negli-
gible effect on the energy radiated.

For very rough surfaces and short wavelengths,
geometrical optical effects predominate. Zipin [149]
studied the directional reflectance of a series of
regular V-shaped specimens of RMS heights (o) 2, 5,
12, and 24 pin. in the visible region. The combina-
tion of o/A is such that the two limiting cases of
geometrical and diffraction effects could be studied
conveniently. In the range of geometrical effects,
only regular-shaped asperities can be handled



without resorting to elaborate statistical tools [10,
13]. Little progress has been made in the correlation
of rough surface characteristics in this region [19,
125, 126].

C. Chemical Characterization

The real metal surface unavoidably has a surface
film of one type or another. In engineering applica-
tions, these films may be greases or other deposits,
but normally they are oxides of the base metal. Even
if only the natural oxide layer is considered, charac-
terization is difficult. The layer is a mixture of
several different chemical species (metal atoms,
oxygen ions, and one or more metal ions); the
interface between oxide and base metal is not smooth;
the rate of oxide growth is dependent upon the base
metal surface topography, structure, temperature,
and atmospheric conditions. Numerous reviews and
studies have been reported on oxide-layer growth, but
the basic mechanism is not completely understood
for some metals, for there are many conflicting
theories and opinions. It is evident that considerable
work is necessary to further our understanding of
how to chemically characterize a surface.

‘The coatings or films formed by oxidation can
have very significant effects on the thermal per-
formance of a surface. Generally speaking, the use of
coatings—combinations of layers or films—for
tailoring thermal performance is very much a topic
of current interest. The behavior of the material
ranges from that of a pure base metal surface to the
condition where the oxide (or other film) dominates
behavior and the surface has the characteristics of a
nonmetallic material. Oxidized metallic surfaces can
be stabilized and are useful for many purposes;
oxidized Kanthal and sand-blasted/oxidized Inconel
are two such materials and are in current use as
reference standards of emittance [115].

D. Physical (Structural) Characterization

The surface characteristics just discussed—topo-
graphical and chemical—are easily understood to
have important influences on optical behavior.
However, the effects caused by physical structure
beneath the surface are not so apparent [39]. In the
case of a perfectly smooth surface free from surface
films, a surface layer several hundred angstroms deep
(skin depth of penetration of radiation) is responsible
for the optical behavior of the metal. Structural
features of this layer, such as adsorbed gas atoms,
lattice imperfections, and crystallinity variations, can
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be expected to have an influence on the optical
behavior.

It has been shown that some mechanical polish-
ing processes cause structural changes in layers near
the surface [128]. There is evidence of a layer of
supercooled fluid metal that fills the scratches caused
by the abrasive [11]. This layer (called the Beilby
layer) has no clearly defined interface with the under-
lying metal. The outermost regions of this layer
appear to be completely noncrystalline, and the
structure becomes more crystalline as the depth from
the outer surface increases. In some cases, the layer
will contain oxide. It has also been suggested that the
polished layer is unstable and will revert, in time, to
the ordinary crystalline state.

Heat-treating, cold-working, various surface
preparation treatments, and many other processes
can give rise to variations in physical and chemical
characteristics between the bulk and surface layers.
However, concrete evidence is lacking that these
variations can in all cases cause significant changes
in the optical behavior of metals.

10. METHODS OF MEASUREMENT

A. Basic Techniques

Many experimental techniques for measuring
the thermal radiative properties of materials have
been described in the literature. It is obviously
impossible to describe all of the methods in detail
here. Instead, the general principles involved will be
discussed briefly, and a few general methods will be
outlined. The reader is referred to the original refer-
ences for detailed descriptions of the methods.

In selecting a method for evaluating a given
property, it is well to keep in mind the equations
previously discussed, which can be used to compute
one property from another. It frequently happens
that the desired property data can be obtained more
easily by computation from data obtained by direct
measurement of another property, than by direct
measurement of the desired property.

Methods of evaluating radiant flux fall into two
general categories, calorimetric and radiometric. In
calorimetric techniques the radiant flux absorbed or
emitted by a sample is evaluated in terms of the heat
lost or gained by the sample. In radiometric tech-
niques, the radiant flux is measured directly. In
general, calorimetric techniques tend to be relatively
simple and free from systematic error, but of
relatively low precision. Radiometric techniques, on
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the other hand, tend to require more elaborate
equipment, and, while capable of relatively high
precision, are subject to systematic errors that may be
difficult to evaluate.

Calorimetric techniques are used to measure
absorptance and emittance; they are not suitable for
direct measurement of reflectance. In essence, a
sample is placed in an environment where all heat
transfer to or from it is by radiation, or is in a form
such that it can be evaluated directly in power units,
such as power input to a direct electrically heated
sample, or heat loss in terms of the rate of boiling of
a liquid such as water or nitrogen. If a steady-state
condition is achieved, the heat input can be equated
to the heat output, and the net radiant heat transfer
can be related to the temperature of the sample. If
the temperature of the sample is changing, the net

heat transfer to or from the sample can be related to
the temperature and rate of temperature change. The
desired thermal radiative properties can be computed
from the measured rate of radiant heat transfer, the
geometry of the system, and the temperature of the
sample and its surroundings.

In radiometric techniques the emitted incident
and/or reflected radiant flux is measured directly and
the desired property is computed as the ratio of
measured fluxes. Rather elaborate optical systems
may be required to collect the radiant flux from the
source and focus it onto the sample for reflectance
measurements and to collect the flux reflected or
emitted by the specimen and focus it onto the detector
for reflectance and emittance measurements. If
spectral measurements are made, a monochromator
must be included in the optical path. The major

Table VII. Primary Reflectance Techniques

Wavelength  Temperature

Type of reflectometer Property range, um range, K References Remarks
Heated Cavity (Hohlraum) p(0; 27) 2-35 RT-900 58 A versatile infrared instru-
ment; in widespread use.
Integrating Spheres

Substitution/comparative type R(0; 27) 0.3-2.6 RT 61, 76  Sample mounted at sphere
surface; technique used in
many commercial spec-
trophotometers; may be
sensitive to sample texture.

Absolute p(0; 27) 0.2-2.6 RT 48 Sample mounted at sphere
center; suitable for sample
of arbitrary reflection dis-
tribution function.

Laser source R(0; 27) 0.63,1.15 RT--2500 85 Laser used as conventional
source.

Integrating Mirrors

Coblentz hemisphere p(0; 2m) 1-15 RT-600 30, 78 Sample and detector or
source are located at con-
jugate focal points of
a hemispherical mirror;
aberrations are a serious
source of error.

Paraboloidal p(@; 27) 2-100 RT 42, 104 Suitable for samples of arbi-
trary reflection distribution
function.

Ellipsoidal p(0; 2m) 1-15 RT-400 43 Aberrations are reduced by
using an ellipsoidal mirror
with true focal points
instead of a hemispherical
mirror.

Multiple Reflection
Strong technique p(0; 0) 0.3-35 RT 50, 56, 139 For specular reflectors only.
Bennett—Koehler modification p(0; 0) 0.2-35 RT 15 Errors minimized by unique

optical design, accuracy
state of the art +0.001
unit.




errors in radiometric determinations arise from flux
losses in the optical system.

As mentioned in Section 9, the thermal radiative
properties of metallic surfaces are as much related to
the character of the surface as to the material of which
it is composed. Any report of thermal radiative
property measurements should therefore include a
complete description of the surface, giving all
available information on its physical and chemical
characteristics.

B. Reflectance Techniques [44]

The more important techniques for measuring
reflectance are summarized in Table VII. Only
methods that measure essentially all of the reflected
radiant energy are included in the table, since
methods that measure only a portion of the reflected
radiant energy have only limited application.
Goniometric reflectance methods, which measure the
geometric distribution of the reflected radiant energy
are described in a separate section.

Five separate techniques are described in the
following sections; they are: (a) heated cavity
reflectometers, (b) integrating sphere reflectometers,
(c) integrating mirror reflectometers, (d) specular
reflectometers, and (e) gonioreflectometers.

a. Heated Cavity Reflectometers

The Gier—Dunkle reflectometer [58] is sketched
in Figs. 14A and B. The sample forms part of the
wall of a blackbody cavity and is irradiated over a
hemisphere by blackbody radiation from the hot
cavity walls. Images of the sample and a spot on the
cavity wall are alternately focused by the optical
system onto the entrance slit of the monochromator.
The output of the monochromator is the ratio of the
radiances in the two beams, which is a measure of
the hemispherical directional reflectance factor
R(27; ', ") of the specimen.

The sample is usually viewed at an angle of
about 4° from the normal, so that the specular
component is included in the measured value. If
desired, the sample can be viewed normally, so that
the specular component is not included in the
measured value.

The double-beam monochromator frequently
used with the hohlraum reflectometer is a prism
instrument with a thermocouple detector that covers
the wavelength range of 1 to 35 um. The wavelength
range is set primarily by the energy available for
measurement and the sensitivity of the detector.

Because R(2w; 0', w’) = p(0, w; 27), the results
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sample arrangement, (B) Auxiliary optics—sample and ref-
erence beam viewing.

are frequently reported as the directional hemi-
spherical reflectance and are reported as such in the
data compilation of this volume, with a footnote to
the effect that R(27; 6, ') was actually measured.

There are many sources of error in heated
cavity reflectance measurements which have been
discussed in detail in the literature [42, 73, 138]. The
principal sources of error arise due to nonuniform
irradiance of the sample over the hemisphere as a
result of the aperture and thermal gradients in the
cavity, emission from the sample due to heating,
and failure of the radiance of the spot viewed on
the cavity wall to represent the average radiance
of the cavity walls, again due to thermal gradients
in the cavity.
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The hohlraum reflectometer irradiates the sample
over nearly a complete hemisphere with nearly
uniform radiance, hence the measured values are
nearly independent of the geometric distribution of
flux reflected by the sample. The instrument can be
used to measure both specularly and diffusely
reflecting samples. It is not recommended that
measurements be made on heated samples since it is
not possible to separate the radiant energy reflected
and emitted by the sample.

Several versions of the heated cavity reflecto-
meter have been built and the reader is referred to
the literature for details. One major advance [41] has
been to place the water-cooled specimen at the
center of the cavity, away from the walls, so that the
angle of viewing can be varied from normal to near
grazing. This modification has the further advantage
that cooling of the cavity walls by the cooling water
for the specimen is virtually eliminated, hence
thermal gradients within the cavity are usually much
smaller than for the type of cavity shown in Fig. 14A.

b. Integrating Sphere Reflectometers

Integrating sphere reflectometers are used in
greater numbers than any other type, and many
different commercial instruments of this type are
available. The reflectometer uses an integrating
sphere to collect the radiant energy reflected by a
sample. The reflected flux is distributed uniformly
over the surface of the sphere, where it can be
sampled by a detector. The sphere has an inside
surface that has a high uniform reflectance and is a
near-perfect diffuse reflector. There are several
apertures in the sphere, one for the incident beam,
one for the detector, and one for the sample. There
may also be one for the comparison standard.

The theory of the integrating sphere is based on
two fundamental laws of radiation: (1) the flux
received by an elemental area from a point source is
inversely proportional to the square of the distance
from the source and directly proportional to the
cosine of the angle between the normal to the surface
and the direction of incidence, and (2) the flux re-
flected by a perfect diffuser follows the cosine
distribution law, which means that the flux per unit
solid angle reflected from a unit surface area in a
given direction is proportional to the cosine of the
angle between the normal to the surface and the
given direction. Thus, for a sphere having an inner
surface of uniform perfectly diffuse reflectance, the
flux reflected by an area on the sphere wall is uni-
formly distributed over the surface of the sphere.

Integrating sphere instruments can be operated
in the direct or indirect mode. In the direct mode the
sample is irradiated directly, and the detector views
an area on the sphere wall. A similar reading is then
taken on a comparison standard of known reflectance
under the same conditions. The measured directional-
hemispherical reflectance factor R(, w; 27) is then
the ratio of the sample reading to the standard
reading times the known reflectance of the standard.

In the indirect mode the beam from the source
is first incident on the sphere wall, and the sample is
irradiated uniformly over the hemisphere. The
detector views the sample directly. A similar read-
ing is then taken on a comparison standard of
known reflectance under the same conditions. The
measured hemispherical-directional reflectance factor
R(27; 0', ') is then the ratio of the sample reading
to the standard reading times the known reflectance
of the standard. The measured reflectance factors
R(6, w; 27) and R(27; 6', »') are each equal to the
directional hemispherical reflectance p(6, w; 27) and
are frequently reported as such.

The sample may be removed and replaced by
the standard (substitution method), or there may be
separate sample and standard apertures which are
alternately irradiated or viewed (comparison method).
Practically all double-beam recording instruments
use the comparison method. In this method the sample
and standard apertures should be, and usually are,
located symmetrically with respect to the entrance
aperture, the detector aperture, and the area of
sphere wall viewed by the detector or irradiated by
the source.

Errors which may be significant for some speci-
mens can be avoided if there is an internal shield in
the sphere which prevents the radiant energy reflected
by this specimen, in direct-mode operation, from
falling directly onto the area of sphere wall viewed
by the detector, or, in indirect-mode operation, that
prevents the radiant energy reflected by the sphere
wall on the first reflection from falling on the speci-
men.

Integrating sphere reflectometers frequently
include a monochromator, which usually is located
in the incident beam between the source and the
sphere in instruments operated in the direct mode,
and between the sphere and the detector in instru-
ments operated in the indirect mode.

The wavelength range over which an integrating
sphere reflectometer can be used is determined by the
reflectance characteristics of the sphere walls. For
the most commonly used wall coatings, magnesium



oxide and barium sulfate [100], the spectral range is
about 0.25 to 2.5 um. There are many reports [2, 99]
in the literature on the techniques of preparing
smoked magnesium oxide, and its reflectance
properties. A recent report [64] indicates that high-
purity barium sulfate may be superior to smoked
magnesium oxide as a sphere coating. Other materials
that have been used at longer wavelengths include
flowers of sulfur [89], sprayed sodium chloride [85],
and coated roughened glass [46]. Such materials
have not found extensive use in integrating sphere
reflectometers, but have been used in flux-averaging
spheres in the infrared [45].

Comparison standards of reflectance are required
for most integrating sphere reflectometers. The work-
ing standard that is used routinely is usually a piece
of white vitrolite glass or white porcelain enamel that
has been calibrated against freshly smoked magnes-
ium oxide, MgO [5]. The measured relative reflectance
(actually the reflectance factor) may be reported
relative to MgO or as “absolute” reflectance, which
is the reflectance relative to MgO times the reflectance
of MgO. In many cases, the values have been reported
simply as reflectance, with no further designation. A
second standard frequently used is a block of mag-
nesium carbonate, MgCOj, the surface of which is
scraped from time to time to provide a fresh layer of
material. Both MgO and MgCO; have reflectances
greater than 0.95 over most of the wavelength range
where they are used. Hence, for most engineering
purposes, no serious error is introduced if the reflect-
ance of the reference standard is considered to be 1.0
instead of 0.95 to 0.99, as it will be in the visible and
near infrared. However, the reflectance of MgO and
MgCO; is low in the ultraviolet, and significant
errors can be introduced if it is taken as 1.0 in the
wavelength range of 0.25 to 0.4 pm.

Goebel et al. [60] have shown how to obtain
reflectance of a coating directly through the use of an
auxiliary sphere with an integrating sphere reflecto-
meter. Kneissl and Richmond [85] have shown that,
in an integrating sphere in which the area viewed by
the detector is shielded from the specimen, the ratio
of the signal when the specimen is irradiated to that
when an area on the sphere wall not in the area
viewed by the detector and not shielded from that
area is irradiated is the absolute reflectance of the
specimen, except for small errors due to flux losses
out the apertures in the sphere.

Errors in integrating sphere reflectometers are
due to (1) flux losses out the apertures of the sphere,
(2) direct impingement of radiant energy reflected by
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the specimen or standard onto the area viewed by the
detector, (3) direct impingement of radiant energy
reflected by the sample onto the detector, and (4)
variations in the reflectance of the sphere coating and
deviations of the sphere coating from a perfectly
diffuse reflector. Error 1 can be minimized by reduc-
ing the ratio of the total area of the apertures to the
area of the sphere wall. Errors 2 and 3 can be virtually
eliminated by use of suitable radiation shields in the
sphere. Error 4 can be reduced by care in the choice
and application of the sphere coating. For well
designed spheres, carefully maintained, the errors
should not exceed 2 or 3 percent. If the sample and
comparison standard have the same geometric
distribution of reflected radiant energy, the flux
losses cancel out, and there is no error. The error for
any particular sample is a function of the geometric
distribution of reflected radiant energy for the sample.

The integrating sphere developed by Edwards et
al. [48] is unusual in that it is designed to measure
directional-hemispherical reflectance at angles of
incidence from 0° (normal) to 80° from the normal.
This instrument is illustrated in Figs. 15A and B. The
specimen is irradiated with monochromatic radiant
energy through port E, and the detector is located at
port C. For absolute reflectance measurements the
sphere wall, of coated magnesium oxide, is used as
the reference. This is accomplished by translation and
rotation of the sphere so that the incident beam
misses the sample and strikes the sphere wall as
shown in Fig. 15C. For relative measurements, a
calibrated standard is attached to the back of the
specimen holder as shown in the figures.

A recent development is the use of a laser-source
integrating sphere reflectometer [85, 86] to measure
directional-hemispherical reflectance of samples at
temperatures up to 2500 K. The instrument is used
at wavelengths of 0.6328, 1.15, and 3.39 um. The
high-intensity narrow-bandwidth chopped source, a
spike filter in front of the detector that transmits
only at the laser wavelength, and synchronous
amplification of the signal from the detector combine
to produce a good signal-to-noise ratio in the presence
of the large amount of radiant energy emitted by the
hot specimen.

While not an integrating sphere reflectometer,
the technique of McNicholas [96] and Martin [97]
gives data equivalent to those obtained with such an
instrument. In this type reflectometer, the specimen
is located at the center of curvature of a hemispherical
source and is viewed directionally through a small
hole in the hemispherical source. Hemispherical
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illumination of the sample is achieved by distributed
light sources about the exterior of the translucent
hemisphere.

c. Integrating Mirror Reflectometers

An alternative to the integrating sphere is to
replace the sphere with an integrating mirror. There
are both advantages and disadvantages to this
approach. Mirrors in general have high reflectance
in the infrared and are much more efficient than
integrating spheres, hence are highly advantageous
in the infrared where energy is low. On the other
hand, it is physically impossible to collect the radiant

energy, reflected by a sample into a hemisphere, into
a parallel beam of small cross section. For this
reason, an integrating mirror reflectometer requires
either a large area detector, a detector that is equally
responsive to energy incident on it from different
directions within a large solid angle, or a flux-
averaging device [46] in front of the detector.
Threetypesof integrating mirrors have been used:
hemispherical, ellipsoidal, and paraboloidal.*

*This discussion does not include the arc-image-type apparatus
[107, 146] which employ extensive integrating mirrors. Such
apparatus is most useful for measurements on nonmetallic
materials and for temperatures in the 2500 to 3700 K range.



(1) Hemispherical Mirror Reflectometers. The
hemispherical or Coblentz [30] mirror reflectometer
was one of the earliest reflectance techniques
developed. A diagram of the instrument is shown in
Fig. 16. The operation of hemispherical mirror
reflectometers is based on the fact that radiant energy
leaving a point source in the plane of the edge of the
hemisphere will be focused into a small image
surrounding a second point in the same plane,
diametrically opposite the source, and at the same
distance as the source from the center of the
hemisphere [23]. These two points are called con-
jugate focal points. The size of the image is deter-
mined by spherical aberrations, which for any
hemisphere increase with the distance from the
source to the center.

In the Coblenz instrument the sample is centered
on one conjugate focal point, and the detector is
centered on the other. The two conjugate focal
points selected are close to the center, and thus to
ecach other. The sample is irradiated directionally
through a small hole in the hemisphere. An enlarged
image of the irradiated area of the sample is focused
onto the detector. The detector can be moved to the
first focal point to measure the incident flux directly,
or a standard of known reflectance can be measured
to evaluate the incident flux. The ratio of the reflected
flux to the measured incident flux, corrected for
system losses, is the directional hemispherical
reflectance p(#; 27). When a standard of known
reflectance is used to evaluate the incident flux, the
instrument measures the normal-hemispherical
reflectance factor R(0; 2w).
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Major losses in the system are the absorptance
of the mirror, flux lost out the entrance aperture,
atmospheric absorption, and flux that misses the
detector due to aberrations. Additional errors are
due to failure of the detector to sense equally flux
incident from different angles (angular sensitivity)
and on different portions of the sensitive area (area
sensitivity).

Janssen and Torborg [78] modified the original
Coblentz instrument as illustrated in Fig. 17. A
diffuser at one conjugate focal point is irradiated
through a hole in the mirror, and the sample at the
second conjugate focal point is irradiated hemi-
spherically by the reflected flux from the diffuser.
The specimen is viewed directionally near normal
through a second hole in the mirror. This modi-
fication permits heating of the sample without
affecting the detector, which could not be done with
the original Coblentz instrument. A comparison
standard is required to evaluate the incident flux. The
instrument operated over the wavelength range of
0.4 to 20 pm and at sample temperatures up to 300 C.

White [144] designed an automatic recording
double-beam instrument employing a hemispherical
reflector. A Nichrome wire source is located at the
first focal point, and the sample at the second. The
source and specimen are viewed through a single
large hole in the hemisphere, by optical systems that
focus images on the entrance slits for the two beams
of a double-beam spectrometer. The wavelength
range is 2.5 to 22.5 pm. A unique internal chopper is
provided, so that measurements can be made on
heated specimens at temperatures up to 1000 C.
Measurements have also been made on specimens at
temperatures as low as — 196 C [84].

Birkebak and Hartnett [20] extended the hemi-
sphere to about three-fourths of a sphere, which
permitted the sample and detector to be tilted so that
the reflectance could be evaluated for different angles
of incidence. Kozyrev and Vershinin [87] used
baffles within the hemisphere to measure the flux
reflected into preselected solid angles. Other vari-
ations of the hemispherical mirror instrument are
described in references [34, 35, 129].

(i) Paraboloidal Mirror Reflectometers. The
paraboloidal mirror reflectometer [42] is shown in
Fig. 18. The basic principle of the instrument is the
same as for the hemispherical mirror reflectometer.
The movable mirror between the two paraboloids
permits the sample to be irradiated at any desired
angle. Neher and Edwards [104] used off-axis
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paraboloids, as shown in Fig. 19. In this case the
sample is irradiated hemispherically by a large-area
source, and is viewed directionally. The mirrors
designated FM in the figure are filter mirrors that
reflect only in the infrared and absorb at wavelengths
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Fig. 18. The paraboloid reflectometer.

Fig. 19. Neher-Edwards [104] paraboloidal reflectometer.

below 2 pm, thus reducing errors due to stray radiant
energy. The instrument operates in the 2 to 100 um
range.

(iii) Ellipsoidal Mirror Reflectometers. Aber-
rations in the optical system are reduced when the
hemispherical mirror is replaced with a prolate
ellipsoidal mirror, which has true focal points. If an
ellipsoid of low eccentricity is cut along a plane
through the major axis, one half can be used to
replace the hemisphere in a hemispherical mirror
instrument, with reduced aberrations in the image
and improved operation. Neu [106] and Heinisch
[70] have constructed instruments of this type.

If a prolate ellipsoid of appreciable eccentricity
is cut in a plane normal to the major axis that
contains one focal point, the smaller portion of the
ellipsoid can be used in an instrument of the con-
figuration shown in Fig. 20 [43]. In this case, the
sample is located at the first focal point, and irradiated
by a small chopped monochromatic beam through a
hole in the mirror. An enlarged image of the irradi-
ated area of the sample is formed at the second focal
point where the detector is located. Because the
image is blurred, a flux-averaging device [46],
usually an integrating sphere coated with u-sulfur or
sodium chloride, is used in front of the detector.
Shields can be placed in the first focal plane to con-
fine the measured flux to that reflected by the speci-
men into any desired solid angle. Corrections can
thus be made for all flux losses on the basis of the



actual geometric distribution of reflected radiant
energy from the sample being measured, and the final
error can be reduced to less than one percent. A
high-quality mirror of known reflectance is used as
the reference standard. The useful range of the instru-
ment used in this manner is about 0.4 to 8.0 um
with the long-wavelength limit being imposed by the
low efficiency of the averaging sphere. Detector
scanning devices [119] can be used to extend the
wavelength range to 15 pm.

An improved version of this instrument [119]
employs a large area source surrounding the second
focal point, which irradiates a sample at the first
focal point uniformly over a hemisphere. The speci-
men is viewed through a small hole in the mirror, and
the reflected beam is passed through a monochro-
mator in front of the detector. When used in this
mode, satisfactory operation was attained at wave-
lengths out to beyond 30 pm.

The ellipsoidal mirror reflectometer measures
directional-hemispherical reflectance factor R(6,w; 27)
when used in the direct mode (detector at second
focal point) and hemispherical directional reflectance
factor R(2m; 6, w’) when used in the inverse mode
(source at the second focal point).

d. Specular Reflectometers

For high-quality mirrors the multiple-reflection
technique [S0, 56, 139] is simple and accurate.
Figure 21 shows a schematic of the optical path. The
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reflectance is computed as the square root of the
ratio of two measured fluxes, hence the uncertainty
in the reflectance is about half that in the measured
ratio. Very accurate alignment of the mirrors, and
optically flat mirrors, are required to maintain the
same beam geometry for the two configurations. The
major source of error is due to slight displacement of
the reflected beam on the detector, since for most
detectors the output varies with the position of the
incident beam on the detector. Flux-averaging devices
in front of the detector can help to minimize this
error [15].

Bennett and Koehler [19] have improved the
optical system, as illustrated in Fig. 22, to reduce the
errors due to slight shifts in the alignment of the sample
mirror, or slight deviations of the sample from
optical flatness. They report accuracies of +0.001
reflectance units over the wavelength range of 0.45 to
22.5 pm.

e. Gonioreflectometers

A gonioreflectometer measures the bidirectional
reflectance as a function of angle of reflectance for
any given angle of incidence. Several instruments
[25, 62, 85] have been constructed to measure
bidirectional reflectance in the plane of incidence.
More elaborate instruments [24, 31, 101] have been
developed to measure bidirectional reflectance over
the entire hemisphere. The latter instruments permit
scanning over nearly the entire hemisphere for any
given direction of incidence, and the angle of incidence
can be varied from normal to near grazing. In
addition, the measurements can be made with
monochromatic incident radiant energy over the
wavelength range of about 0.5 to 1.0 pm.

C. Radiometric Emittance Techniques

Thermal emittance may be measured directly
by measuring the ratio of the radiance of a sample to
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that of a blackbody radiator at the same temperature,
and under the same geometric and wavelength condi-
tions of viewing. The measured property is then the
directional emittance of the sample, either total, if all
wavelengths are measured at once with a nonselective
detector, or spectral, if the measurement is confined
to a narrow spectral band.

The comparison blackbody may be either an
integral blackbody cavity, whose walls are formed
by the sample [9, 36, 75, 102, 120] or a separate
blackbody controlled at the temperature of the sample
[63, 113]. The integral blackbody is preferred when
working at very high temperatures, where temperature
measurement and control may be difficult, or at very
short wavelengths, where extremely close temperature
control is required for accurate measurements. This
technique is particularly suitable when measuring
samples that are heated in a vacuum or controlled
atmospheres, where they must be viewed through a
window. The transmittance of the window may be
changed as a result of condensation on its inner
surface of material volatilized from the hot specimen.
Such change in transmittance can cause serious
errors, which are compensated when both the sample
and comparison blackbody are viewed through the
same window. The separate blackbody technique is
most accurate at temperatures below 1800 K, where
temperature measurement and control by use of
conventional thermocouples present no serious
problems.

Spectral emittance is usually desired at all
wavelengths where significant amounts of radiant
energy are emitted. This range was shown as a func-
tion of temperature in Fig. 8. As a practical matter,
most measurements are made in the 1 to 15 um

range, with a few being extended out to 30 or 35 pm.
Measurements at wavelengths below about 1 um
are difficult because of temperature control problems;
measurements at long wavelengths are difficult
because of the low energy available for measurement.

The change in temperature required to change
the spectral radiance of a blackbody radiator by
0.5 percent is given in Table VIII for several wave-
lengths and temperatures. These data indicate the
degree of temperature control that is required for
accurate emittance measurements, particularly by the
separate blackbody technique.

An example of the separate blackbody technique,
described in reference [113], is shown in Fig. 23. The
sample, in the form of a flat strip, is heated by passing
a current through it and is enclosed in a water-cooled
shield to reduce thermal gradients due to convective
cooling. Two identical laboratory blackbodies are
used, designed to have an effective emittance of
0.998 or better. One blackbody always is used as the
source for the comparison beam of the spectrometer;
either the hot sample or the reference blackbody can
be used as the source for the sample beam of the
spectrometer.

In operation, the comparison blackbody is
brought to the desired temperature by manual
adjustment of the power input. The reference
blackbody is placed in position to serve as the source
for the sample beam of the spectrometer, and its
temperature is controlled to be the same as that of the
comparison blackbody by means of a differential
thermocouple, one junction of which is in each
blackbody. The ratio of the signals from the two
beams, plotted as a function of wavelength, is
referred to as the “100 percent line.” The reference
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Table VIII. Allowable Temperature Variation for a 1 1/2 % Variation of Blackbody Radiance

Temperature differences, AT (K)

A=0.4um A=0.5um A=0.75 pum A=1.0pum A =5um A= 15pm
T (K)

500 0.035 0.043 0.065 0.087 0.433 1.112
1000 0.139 0.174 0.261 0.348 1.640 3.215
1500 0.313 0.391 0.586 0.782 3.335 5.538
2000 0.556 0.695 1.042 1.389 5.302 7.949
2500 0.869 1.086 1.628 2.164 7.425 10.389
3000 1.251 1.564 2.343 3.102 9.639 12.848

blackbody is then replaced by the specimen furnace,
and the sample is controlled at the same temperature
as the comparison blackbody, again by means of a
differential thermocouple, one junction of which is
in the blackbody cavity, and the other being formed
by separate wire welds to the sample. The ratio of the
signals from the two beams, plotted as a function of
wavelength, is referred to as the “sample line.” The
specimen beam is then blocked near the specimen
furnace, and the ratio of the signals from the two
beams is referred to as the ““zero line.” The spectral
emittance at any wavelength, €(0; A) is then computed
as

S—Z

H-Z

where S is the height of the sample line, A the height of
the 100 percent line, and Z the height of the zero line
at wavelength A. Standards of emittance [117] have
been calibrated by this technique, and are available
from the Office of Standard Reference Materials,
National Bureau of Standards, Washington, D.C.
20234.

The integral blackbody approach is illustrated
in Fig. 24. A thin-walled tubular specimen is heated
by passing a current through it. The small hole in the

(0; ) = (1)
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Fig. 23. Schematic of apparatus for measurement of normal
spectral emittance [113].

wall of the tube approximates a blackbody at the tem-
perature of the wall if the tube walls are thin and of
uniform thickness and the hole diameter is small
compared to the diameter of the tube [36]. Thermal
gradients along the tube are virtually eliminated by
proper adjustment of the power input to the end
heaters. Larrabee [91, 92] has generated very-high-
precision emittance measurements on tungsten with
this approach although Kunz [90] has raised a
question regarding manner of viewing to obtain the
“zero’ reading.

Total normal emittance can be measured by the
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Fig. 24. Typical arrangement of blackbody technique for
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techniques described above if a detector is used that
has essentially the same spectral response over the
wave-length range of emitted radiant energy, or if the
sample is a graybody emitter [93]. This technique
has been used [7] to study the variation of total
directional emittance with angle of viewing. Normal
total emittance data are frequently computed from
normal spectral data, as has been discussed previously.

D. Calorimetric Techniques

In calorimetric techniques the emittance or
absorptance is measured in terms of the heat lost or
gained by the specimen through radiant heat transfer.
The ratio of the observed rate of heat transfer to the
computed rate of radiant heat transfer for a black-
body surface under the same conditions gives the
emittance or absorptance. The technique is only
suitable for total emittance, and usually hemispherical
total emittance, but can be used for absorptance for
incident radiant energy of any desired spectral
distribution, including narrow spectral bands.

One common factor in all calorimetric methods
is that the sample is thermally isolated from its
surroundings, so that essentially all heat transfer to
or from it is by radiation. The rate of heat transfer
is evaluated in terms of the rate of temperature change
of the sample, or the power input or output to or
from the specimen is in a form such that it can be
accurately evaluated. This assures that when the
sample reaches an equilibrium temperature, the
radiant heat transfer can be equated to the heat
transfer by other means.

a. Measurements at Temperatures above 500 K

The simplest calorimetric technique for measur-
ing hemispherical total emittance is the hot-filament
method [148]. The sample, in the form of a long
filament, is heated in vacuum by passing a current
through it. If the wire is of uniform cross section and
resistance, a section at the center will quickly come to
a uniform equilibrium temperature. A small length
of this central portion is instrumented with thermo-
couples, which can also serve as potential leads. After
the filament has come to equilibrium, its temperature,
the current flowing through it, and the potential drop
across the central section are measured. The total
hemispherical emittance is computed from the
following equation

Qmit) = VI/As(T,* — T4 (72)

where (27; t) is the hemispherical total emittance,
V is the voltage drop across the central section, I is

the current flowing in the filament, 4 is the surface
area of the center section, o is the Stefan—Boltzmann
constant, T; is the temperature of the central section,
and T, is the temperature of the surroundings.
Several simplifying assumptions were made in
deriving equation (72), which are discussed in the
literature. The same general method has been used
for metal strip samples [9, 112] with the addition of a
water-cooled chamber, and provision for expansion
of the heated specimen, and even guard heaters for
the ends of the sample. Figure 25 is a drawing of one
such apparatus. The overall accuracy is dependent
upon the magnitude of T; —T,, and the relative
magnitude of the heat losses by conduction in the
atmosphere of the chamber, through thermocouple
leads and the ends of the sample, and the assumptions
made in deriving equation (72). With careful work,
accuracy on the order of +2 percent is easily
attained.

Several error analyses of the method [95, 105]
have been published. Measurements to 1800 K are
relatively simple and reliable, with the use of conven-
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tional noble metal thermocouples. Measurements
have been made to 3000 K with the use of refractory
metal thermocouples, with a significant loss in
accuracy due to the instability of the thermocouples.

b. Measurements in the Range 270 to 500 K

The hot-filament method can be used at lower
temperatures by reducing T,. This is commonly done
by liquid nitrogen cooling and extends the useful
temperature range downwards to about 270 K [108].
Heat losses by conduction become a much larger
fraction of the total heat loss at these temperatures,
and more stringent precautions must be taken to
reduce them. Also longer times are required to reach
thermal equilibrium.

In this temperature range the heat input is
frequently by radiation [55, 57]. The sample may be
heated by a beam from a solar simulator, and the
a(s)/e(2m; t) ratio computed from the equilibrium
temperature attained by use of the equation [26]

w(8)/e(2m; t) = Aqo(Ty* — T,Y)/EA;  (73)
or during heating by use of the equation

a(s) = [e(2m; ) Ayo(Ty* — ToY) + MC, dT,/dt)/EA,
(74)

where «(s) is the solar absorptance, «(2w;¢) is the
hemispherical total emittance, 4, is the total surface
area of the sample, o is the Stefan—-Boltzmann constant,
T, is the temperature of the sample, T is the temper-
ature of the chamber walls, E is the irradiance on the
sample, A; is the irradiated area of the sample, M is
the mass of the sample, C,, is the specific heat of the
sample, and dT;/dt is the rate of temperature change
of the sample. The source is then turned off, and the
sample is allowed to cool. The hemispherical total
emittance can then be computed by the equation

e(2m; 1) = M (75)
cAy(Ti* — T5%)

¢. Measurements below 270 K

For measurements at temperatures below 270 K
the chamber walls may be cooled by liquid helium
[26, 79] and the a(s)/e(27; t) ratio measured by the
procedures outlined above. For steady-state measure-
ments, the heat input may be electrical [27, 52, 53].
Figure 26 shows a helium-cooled chamber used for
measurements at temperatures in the 20 to 300 K
range, in which electrical heating is employed. The

Theory, Estimation, and Measurement 41a

TO HIGH VACUUM
18 SYSTEM
6
10
7
|
9 5
. N 3
4 4
13
2
1
12 W 15
|
16 14
17

Fig. 26. Concentric sphere technique for low-temperature
hemispherical total emittance [27]: 1) Sample container,
2) liquid helium space, 3) super-insulated dewar, 4) liquid
nitrogen space, 5) dewar, 6) heat exchanger, 7) support tube,
8) nylon studs, 9) copper posts, 10) copper plate, 11) copper
plate, 12) copper block, 13) germanium resistance thermo-
meter, 14) sample, 15) differential thermocouple, 16) radiation
shield, 17) radiation shield, 18) hermetic seal.

total hemispherical emittance can be computed from
the net heat-transfer rate between two parallel plates
held at different temperatures. Figure 27 is one such
type of apparatus [68, 69] in which two samples of
the same material are used. The lower sample, 8 in.
in diameter, is electrically heated and maintained at
about 290 K, and the upper sample, 4 in. in diameter,
is cooled by the liquid nitrogen to about 80 K. The
net heat-transfer rate is measured by the rate of
boil-off of the liquid nitrogen from the inner dewar.
The emittance, €, is computed from

€
O =0
2 —¢

AT - T3%) (76)

where @ is the measured heat-transfer rate, A is the
area of the cold (upper) sample, T is the temperature
of the hot sample, and T, is the temperature of
the cold sample. The measured emittance, e, is an
average total hemispherical emittance for the sample
material at the two temperatures. The factor /(2 — ¢)
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Fig. 27. Flat-plate technique for averaged hemispherical
total emittance, low-temperature region [69].

in the equation arises from the geometrical view
factor between infinite parallel plates. This condition
is closely approximated by the small separation
between the plates, } in., and the larger size of the

lower plate. Caren [28] describes an instrument for
the range 10 to 300 K of a similar nature.

Biondi [18] measured the spectral absorptance
and reflectance of specularly reflecting samples at
4.2 K. The sample and a black absorber are thermally
bonded to copper stages of appreciable thermal mass,
which are in turn thermally connected to the liquid
helium sink through heat leads of the proper thermal
conductivity to give the stage a thermal time constant
of about 10. The black absorber is positioned to
receive the radiant energy specularly reflected by the
sample. The stages can also be electrically heated.
The sample is irradiated with a beam of mono-
chromatic radiant energy of known irradiance and
allowed to come to thermal equilibrium. The tem-
perature of the copper stages is then measured, as well
as that of the liquid helium sink. The source is then
turned off, and the copper stages are heated electrically
to the same temperature observed during irradiation.
The radiant flux absorbed by the sample and black
absorber is then equated to the electrical power
required to maintain each stage at its respective
temperature, and the reflectance and absorptance of
the specimen is computed.
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Data Presentation and Related General

Information

1. SCOPE OF COVERAGE

Included in this volume are data of 43 metallic
elements, 37 major classes of binary alloys, and 37
major classes of multiple alloys. These data were
obtained by systematically searching over 1000 docu-
ments on radiative properties (journals, reports,
theses, etc.) dated anywhere from 1895 to 1967 and
with a few selected 1968 papers; 371 contained usable
data. These 1000 documents were collected, orga-
nized,and coded by TPRC’s Scientific Documentation
Division, which scans the world literature through
abstracting journals and certain primary technical
and scientific journals.

Since the major area of interest in thermal
radiative properties is on materials in their solid
state, the data presented cover only the temperature
range from near 0 K to the melting point of the
materials presented.

The four primary properties covered in this
work, as defined in an earlier section, are emittance,
reflectance, absorptance, and transmittance. The
suffix ance is used to indicate that the radiative
parameters are not unique properties of the bulk
material, but rather depend strongly on the character
of the surface. This contrasts with the use of the
suffix ivity, which denotes the property of the ideal
optically smooth, and homogeneous material. Appli-
cation of the geometric and wavelength descriptors
to these four primary properties results in the 33 sub-
properties listed in Table IX.

The thermal radiation spectrum of engineering
importance includes a relatively small portion of the
total electromagnetic wave spectrum. Typically, the
interval runs from 0.3 to 50 microns. However, there
are many applications where there exist significant
amounts of energy outside these conventional
limits. For this reason, spectral data in this volume
covers the expanded wavelength range 0.05 to
1000 microns.

Table IX. Subproperty Designation

Emittance

Hemispherical total emittance
Normal total emittance
Angular total emittance

Hemispherical spectral emittance
Normal spectral emittance
Angular spectral emittance

Reflectance*

Hemispherical integrated reflectance
Normal integrated reflectance
Angular integrated reflectance

Hemispherical spectral reflectance
Normal spectral reflectance
Angular spectral reflectance

Hemispherical solar reflectance
Normal solar reflectance
Angular solar reflectance

Absorptance

Hemispherical integrated absorptance
Normal integrated absorptance
Angular integrated absorptance

Hemispherical spectral absorptance
Normal spectral absorptance
Angular spectral absorptance

Hemispherical solar absorptance
Normal solar absorptance
Angular solar absorptance

Transmittance*

Hemispherical integrated transmittance
Normal integrated transmittance
Angular integrated transmittance

Hemispherical spectral transmittance
Normal spectral transmittance
Angular spectral transmittance

‘Hemispherical solar transmittance

Normal solar transmittance
Angular solar transmittance

*The geometry descriptors refer to the conditions of the
incident radiant flux.
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2. PRESENTATION OF DATA

For each material, subproperty data are
separately presented in graphical and tabular form,
accompanied by a table presenting details of the test
conditions and specimen preparation and charac-
terization.

The format for the presentation of the thermal
radiative properties is designed specifically to supply
the reader with the aspects of the properties in a
comprehensive yet concise form. Each presentation
consists of four sections*; Original Data Plot,
Analyzed Data Graph, Specification Table, and Data
Table, in that same order.

The Original Data Plot is a graphical representa-
tion which presents most of the tabulated data. In
overcrowded figures some of the data which are
repetitive in nature are omitted. Occasionally
comments on the test conditions are included to add
clarity to the presentation.

The Analyzed Data Graph presents a new and
powerful approach to increasing the effectiveness of
literature data. It is an evaluative review identifying
and “recommending” reliable or typical data for
various surface or environmental conditions. The
study to generate these figures considers the inter-
relationships between the subproperties to give a
consistent set of data. Where the data are well
characterized or highly reliable, it is represented by a
solid curve; where there exists some speculation, the
data are represented by dashed lines or a shaded
band.

The Specification Table gives the most important
information concerning a set of data: the curve
number of correlating the information on the
Specification Table with that of the figures and Data
Table, the reference number corresponding to the
number given in the listed references, the year of the
publication from which the data were extracted,
independent variable range (temperature or wave-
length), geometric descriptors (6, 6’, w, w’), and the
error (%) reported by the author.

The “Composition (weight percent), Specifica-
tion, and Remarks” column of the Specification
Table provides all the available pertinent information
about the specimen and test conditions. The pre-
sentation is standardized in the following order:

(1) trade name of material if applicable
(2) composition (weight percent)

*In certain cases, where there exists only a small amount of
data, the Original Data Plot and/or the Analyzed Data
Graph may be omitted.

(3) film or foil thickness

(4) specimen preparation processes

(5) surface conditions (roughness, etc.)

(6) environment

(7) form in which data was presented in
original source document (smooth curve,
tabular, raw data, etc.)

(8) reference standard used in data observation
or reduction

(9) other pertinent information

(10) author’s sample designation

Following the Specification Table is the Data
Table, a tabular presentation of all the property
values shown or not shown on the figure and des-
cribed in the Specification Table.

Table IX lists the grouping of the various sub-
properties that are presented in this volume. It
shows the 33 subproperties which are classified for
organizational and retrieval purposes. The amount of
existing data for some of these subproperties is
quite small, but there are good reasons to present the
data using this generalized scheme. First, the clarity
of presentation is better by not grouping together
data which logically are unrelated. Also, this scheme
lends itself especially well to the systematic updating
and expansion contemplated in this continuing work.

3. CLASSIFICATION OF MATERIALS

The classification scheme for materials in
Volume 7, shown in Table X, is based upon bulk
composition rather than surface chemical composi-
tion which varies due to weathering, oxidation, etc.

4. SYMBOLS AND ABBREVIATIONS USED
IN THE FIGURES AND TABLES

Emittance €
Reflectance p
Absorptance o
Transmittance T
Wavelength, microns (u) A
Temperature, K T
Melting point M.P
Zenith angle, degrees 0,0
Azimuthal angle, degrees b, ¢’
Solid angle, steradians w, o'
Viewing conditions " (prime)
Greater than >
Less than <
Approximately ~
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Table X. Classification of Materials

Xl) % Xl + XQ! % Xz, % X3: %
Metallic elements >99.5 — <0.2 <0.2
Binary alloys — >99.5 >0.2 <0.2

— >99, . .
Alloys >99.5 >0.2 >0.2
— <99.5 >0.2 <0.2

Multiple alloys —

— <99.5 >0.2 >0.2
<99.5 —_ <0.2 <0.2

*Nomenclature: X; is the major constituent, X, is the second highest constituent, X; is the third highest constituent, and % is

the weight percent.

Curve number
Single data point

5. CONVENTION FOR BIBLIOGRAPHIC
CITATIONS

Periodicals

a. Author(s)—last name first, followed by
initials

b. Name of the journal-—standard literature
abbreviations as used in Chemical Abstracts

c. Series, volume, and number

d. Pages

e. Year

Reports

a. Author(s)

b. Name of the responsible organization (not
the name of the organization that executed
the research, if they are different)

c. Report or bulletin, circular, etc.

d. Number

e. Part

f. Pages

g. Year

h. ASTIA’s AD number—given in brackets
whenever available

a. Author(s)
b. Title

c. Volume
d. Edition
e. Publisher
f. Pages
Year

0

Theses
a. Author
b. Title
c. Degree—Thesis (MS, ScD, PhD)

Pages

Year
Department
University
City and State

F®mo o

6. CRYSTAL STRUCTURES, TRANSITION
TEMPERATURES, AND OTHER PERTINENT
PHYSICAL CONSTANTS OF THE ELEMENTS

Table XI contains information on the crystal
structures, transition temperatures, and certain per-
tinent physical constants of the elements. No
attempt has been made to critically evaluate the
temperatures and constants given in Table XI and
they should not be considered recommended values.
This table has an independent series of numbered
references, and these references immediately follow
the table.

7. CONVERSION FACTORS

Wavelength
1 micron (um) = 10~ ¢ meter (m)
10~ # centimeter (cm)
10~ 8 millimeter (mm)
= 103 nanometers (nm)
103 millimicrons (mg)
= 10* angstroms (A)
= 3.937 x 10~ % inch
= 10%/wave number (cm™1)
1.24/photon energy (eV)
= 2.998 x 10%%/frequency (cps)

]

Temperature
C =K —273.2
F = (9/5)(K — 273.2) +32
R = (9/5K
C = °Centigrade, F = °Fahrenheit, R = °Rankine,

K = °Kelvin



Numerical Data

S2a

*9[qE) 9Y} JO PUS Y} 18 PIYST| SeoULISFeL Seulsep saaqunu jdaosIodng
*pojOU SSTMISYIO SSOTUN 3] Z '€6 7 1B USAL3 oae sonfea AjIsusq q

*ofI-}ey umowy 3393uoy
30 sadojost Oy} Jo SIAqUINU SSEW 9y} 9Xe S9sayuared Uy 850y} ‘1961 UT ATISTweyD periddy pue aang jo UOTU[) TEUOTIBUISUL Y} £q pejdope s T = Dz; U0 Paseq 9I€ sIYSPM OTWoY e

689 €6° 168 0°992 YIOYI0 61T ¢ 606 6L se suywoxg
62 n 9 62
€,
00T F050¥% £LST 2981 STET (§-®) eL¥1 () "a opdumg 0S8 °g T18°0T S uoxog
[14 g € £ 2 4 ar
(req 42 18
‘m Evc 3L
(e gz 1e .
029%  8FPT8I , 935 'F¥S SFITT ZF6TIT ‘I d) 6°¢ X 8L°6 086 '802 €8 pnuwstg
12 € e € € 8 4 [:14
,sw.wz @vu.o.o q
€S19 00T F2HIe 08sT 1€0T 0911 9~ (g-m) egest ) ‘q-d-o 68°1T 2310 6 4 umAreg
113 g 92 € 92 801 ¥e 4 62
(6%2) L6 wmieyIag
asomam . @ .
£99¢ 0T6T 2866 91T 8 °'IFG 0TI a.av. . 8%9 (W) revo°q S'g $e"LeT 98 umgreg
1 g < €2 k44 e 14 (14
:omw ol gL (013) <] auneIsy
Tso:abano 'z
988 ‘Iqns £ Eoﬂﬁﬁné
. . . *
(ue 8 ce) (wge8gE) (mortof) "o (317 L8z ®
060T 060T SLT 9e3 (Aead) ra ‘Aeald) gL°g 9136 VL g oTmes1y
€1 €1 81 € L 62
(wje 1 pue
(v ~98) 32 eLe 18)
18T 628 8 €8 06 '9°0°y $38L100 "0 8¥%6 '6€ RT uoday
L1 413 un 14 9 [14
(€ @
. uorjeOPIpOW . ;
;39 606 awsmmwau._ﬂuz (@) 069 © ¢
686% OTF L06T L°€06 003 0ST ‘TMas) 9°2 (é-¢) 8°L9¢ ¢y -z ¥89°9 §L°12T T8 Auowrguy
ST € 113 b4 € 8 e 2 8z
0882 LV ‘y-d o agqnoQg LTt (e¥3) g6 UMIOLIOWY
801 62 [4 S
KL T
asoi.b LT°T
8
0598 €24 . 3886 06¢€ ST €2F 96T T *0°0°g 20L°2 ST86 92 etr umurumyy
131 62 [ 4 g € g 1 g
(3105 ~7e)
woomﬁ 002¢ 4 EBET , 00T , 7or *0°0°y L0°0T (223) 68 WUy
[4 ot
ST ST S 3 3 St S 3 a S §-OT g U3
‘o ¢ . ‘dwa ], ‘edwia ],
dua], ‘qurod Jurod 31 863 1® ‘S10 e ‘dwd] “dwidg, aamonas 14319M JaqunN
N y UORISUBL], uorjIsueLy, LKsuaq : oweN
Teopiad  Surrrog SuppPW  sameradway], 94q0Q PN FHID  gionpuooiodng oseuq e h1p q OO pluidui g

SJUIWI[H dY) JO SHUBISUO)) [BIISAYJ JUUNIdJ JYIO pue ‘sanjesddwd ], uonisuedy, ‘sainjonns [eysfi) IX dqeL



53a

Numerical Data

*Suryeay WO WIOJ "0 *q OJUI UIIOFSURI) A[QISISASLIT [[IM PUEB S[qe)SuUn ST
wroy 'y°d-o s1yy °sseooxd uonrsodsp Jo SUOT)IPUOO [Broads I9pUN 3 €67 MO[9q UOTIIS0depoI)oste Aq POuULIO) 9 ABW WNJUIOIYD JO UOTIBOHIPOUr Sur[[BISAIo Teucdexay peyoed-asoln

P
( "Sewoaaspyue
~0X119y)
S 58 GVN oraq
0%92 110€ gLLT 8ST seF gLl ¥LI G-S« ‘d-w 1eaN (©) "y-d-o 955 '8 05 291 99 umrsoxds£q
60T 44 u W 4 33 ¢ 24
. y-d-o arqnoq o L (L¥2) 96 wmrany
o0y 828
0088  0ZF 1183 . 9961 01g £ 3443 0107y €26 '8 ¥S°€9 63 1sddop
124 w 01T ¢ € € 13 (11
Gw « 007
6238 S9LT 98¢  LIFESH 0071 (g0) 069 (©) "q-d-o 298 '8 2686 ‘8% L3 eqodD
g o1 ‘e € g or (1] ) 42
ﬁ “2+0°q
SEF 8163 8112 ¥3v 28T 868 11e (6+0) 662~ §v, ‘gdo 9L 966 °TS 44 WIMTWOIYD
1 8¢ 1 € 1e P it i (14
(3185~17¢) (312 gL 1B)
LT¥ 0T '6€3 2 gLl .. STT k! $12€00 0 €g¥ og PA s surxoryd
St £r 9 3 4 9 (13
(8HM 2°T 1B)
nsooﬁ am ‘10€ “1nS
0902 6€6 6 "10€ e¥ SF 0¥ 0°0°q €181 606 "2€T s¢g umrsap)
STEPIECEIT 13 8z 44 [ H 82
MOERER
G-b: €00T « (A)0%0°3
?S:mﬂmmm @%.sdd afqnoa
00¥01 3L6€ L20T 8¢t 9¥T €T (g-0) sFeot ()00 06 ‘9 31 °0%1T 8¢ wmIa)
80T 1 92 e 1 28 114 49 82
0466-526¢ @, (evyduas)
R4 ¢ 1qng (0ssT TTEC0Y (o) " (9, 92°2  STIT0 'zt 9 uoqIed
4
(puourerp)
0018 £z8e< P81 SF0¥38 P 19°¢  SITT0'GL 9 uoqIep
i i 4 125 a 82
0L6€£-926€ (snoydaoure)
(S § lang ot V8T STIIoEL 9 uoqIep
(182) 86 WNTLIOHTED
(8H ww gg'0 9¥)
ST ‘1oms aw.u oq
1938 S9LT €211 0€3 SFPET (g-0) gL (0) 0703 [1-0e § 80 0% 02 umrore)
qr 3 18 4 € 29 L 62
(BHWwW TT"0 78)
1°76S (I8 ~1®
o0 0958 & .Sum:u.o.nwos KA 3«..0 0°q
€061 80T 8T °¥69 132 8%F32se 95°0 q-d-o ¢9°8 0% 3I1 8% Wmywpe)
ST 1 01 ‘¢ 1 € S 14 82
T b T i b bt bt bt bt ¢-0T -g W3y
“-dure, “qurod ‘quiod ‘3863 IE Spote  “dwey ‘-dweg aoﬂmﬂww L nwmmw%_e aamonyg fyrsuoq WBrey  JTequmy ouren
1ROILID Surrog Sunel samersdwag, 24qa( 198N E) 8 ule) mnﬁu_.._v.noohm dng m.wm.dn& 18IS 4L1p q™ LPTHOTY it ceiig




Numerical Data

54a

0£F028% . 9TLT 822 SF STV  PT°0 070 44 2°261 LL WNTpLIy
€ 0r'¢ € € [ 3] L tig
(8H ww 1€ "0 18)
a1 QT
o 91’862 "1q Mmmmzﬁv . . .
S8L 0g "LSY 8 '98¢ %01 yxoypro €6 ¥ 506 "921T €s aurpor
[ 62 62 ¥ o 62
0S0L
meﬁ . - . .
LLEY 9F 6L3%  9L'6%¥ 62T €°0F8 801 Sg0% e 1°0°% €°L 28 $I1T 6¥ umypug
9 H o1 ‘e ¥ g ] 1 82
(31 eg~1e
..oﬁaovg g0t (w3e 1 pue
LE°03 (s1gg~7e 33 °eL3 E)
g'ge 680z T'0F8El ‘ered) 911 qrd-o £8680000 0 26200 T 1 usSoxpAy
ST £r T % 91 62
“070q
(®),
822¢ PeLT 191 LFPIT (443 02 (9-0) -d-ur xeeN (o) 'y-d-o 088 0€6 "$9T L9 wmIwioH
18 (11 144 24 14 14 0 H4 62
. une og e (urye T pue
27 TR Gerem) . 3 262 %) wnon
€°g . i : (1} ‘qed-o S8L1000 "0 9200 ‘% 4 10
14 1 ey (14 e 14 91 (14
<=1} '00°q
801 AQN# . .
0ST ¥ GLCH S6¥2 €13 S¥ 958 910 G-avm 0Z3F €202 (o) ‘q-d-o 82 €T 6% "8LT 3L wmruyeq
(14 61 144 € 1] 1 8 (a3
0908 ST '9get
ae« €2 mw . . . . .
0096 o¥ze |, 2°98e1 8F 84T TF99T 07073 €61 196 96T 6L PIoD
113 € (1] S € g . 1 (44
sor V'8
(TBqy 8T T~ 38) .
Z¥99 001¢ 9°012T £0% Z2F8LE S°g P 9€°¢g 65 3L 144 WNTUBW IS
St € g 4 € W L (14
(SHwut 401 (31 g9~ (uonyeoyIpOow
X 98 '8 18) 1% BX)9)) eanssoxd-ysry (3 ww
9°6L2 SZ1 ‘M ed) z°L . EN. !
P v 88 90T X98 '8 18)
0294 0182 €6 °20¢ 0%3 L1g 160 T (g-0) 9°gL2 ?w.ﬁoﬁao 16°S 2L 69 1€ wnryen
114 € g 148 € g 41 62
00°q
ﬁw
" 0L98 . 0¥se 22.2 nmﬂ 494 . oLt ” 263 E.avsmmﬁ Ew.n 'd-o o 18°L G2 "LST ¥9 wmruropen
T
wsmg . 2°00¢€ . 6¢ (€22) L8 WnIouery
1
(urye 1 pue
3 g°8LT I®)
44 $2°S8 86 €S Awm-uw 0 S69T00 "0 $866 8T 6 surIon( g
ST €1 g 0T (11
(€93) 00T WNTULIS
009% 1261 6601 L3t 06~ '0°0°q S92 'S 96 "TIST €9 umrdoang
801 9 g € 14 L 8¢
20q
(®),
S_omﬁ. . 000¢€ zoEH :mﬁ 53««2 vow m: Séwmvﬁ ccw.n.m.o @ 90 6 97 "L9T 89 umiqry
(vs2) 66 WMUIe)Sury
b bt 3 3 31 3 31 nm q pit g-0T - g 3y
. ‘ “dupy,
durog, ‘yurod ‘jurod ‘3 863 I ‘Mo9e ‘dwsy ‘rdwey woL aamonns . YBoM IaquUmN
. y UoT}ISuBL], uopISuBL], Ay1susq ouIeN
1eoTITID Surrog Suneiy sanjexedwa ], 94qaQ 198N s1an) SuponpuooIodng osEYd 181841 q aoﬁﬁoﬁw OTWO}Y




55a

Numerical Data

. (urye T pue
n ¥ (10e~3%) 332 °gLE 1e)
s 44 €2°L2 8% 72 09 1000y 2006000 '0 €8T °02 118 uoaN
4 g S 14 9 (14
(Teroads)
6T @v *0°0°q
\4 (43
(Areurpio)
0062 9963 2631 8F8¥T 6ST 8 (g-%) sert () "y -d o a1qnoqg L00°L ¥ PVT 09 umywAposN
801 09 61 € € 14 € 8 62
. 0089T
000LT GLTFG8LS €882 LLE TTF65¥ . 26°0 t0°o°q $2°01 $6°96 ta2 umuspqAIoN
11 € £ € € [ 13 (44
2InjonI)s vwozvmv ( a‘mv
n30 T (3162 '$€2
. *dwey mog 1€ - 1oeg .
gor SOLT Asm 6¥6'8  yoppwopmer;  OSSe1d-1170°q UL
€eLT  €L°639 , 83°VET 8F 26 gL ~ (0) €ST'¥ onIsuslIeN (0) x 9¥%5°€T 65003 08 Lmozo
12 01 ’e e 13 8¢ 4 9 ) 62
(952) T0T  WMIASIOPUSIN
(9),0"2"a
(g4)_0T¥T (4), 3727 o R8T L
?-Sa pLeT GVN 0 @ (g)6z L
0809 09€2 €F LIST £9¢ ZeF 8T¥ 56 (g-0) 0001 (®) "8 (oey L 08€6 "¥S 14 asaueduey
601 €1 g € € g er 8c
0gse 68et €26 oge $SF 96€ qrd-o yL'T 21E %2 2T umnissuge
801 € gs € € L (11
ﬁuﬁ.o.o q
1i444 €261 91T 1144 (g+) -d-w xeeN %w.n.n.o S8°6 L6 "L 1L wmyemy
€ [11 € v 0§ 62
~durey mog je
aSoNpm UOTJBULIOJSURI)
0STH 66ST L €S¥% 324 LTF35¢ ONISUS)IBIN ‘0'0°q $€5°0 6€6°9 € wnryyry
113 £r (1} € € 9% L (14
. 09L%
00¥S  O0T¥3202 9.5 009 TFL8 SF 20T €61 "L 100y e 11 617202 28 peoL
12 w 111881 € [4 s 14 (14
(L82) €01 WNTOUSIME ]
(%), 0-2°q
GW €9 Q..B: P11 ?.cN A ¢
00S0T OLFETLE €6TT GF GeT €F o1 (v) 6°% Auéw €8¢ (®) "'y*d-o argnog 8T°9 16 '86T LS Wnueyue]
60T € 1 w o6 8 4 8 tig
(e 1 pue
(Jog~1e) 3 Z'€Lg 18)
%602 €6 61T 9°91T 09 '0°0°g 80.€00 "0 08 €8 9€ uoydAxsy
st 113 S 14 9 (13
Sw “2+0°q
(&) 0705
L
003 0076 (g=4) eLot (), ‘Bewrered- -0°0°q
05€0T 091¢ 018T €LE ITF LGV €¥0T £-g) €811 (V) "Beuroaxsy--o-o°q 18°L L¥8 "6¢ 92 uoay
¢4 0z (13 13 € or [4 L 82
pi p pii 31 pii i1 bt . aM ] nM 01 g W39
‘rdurag, ‘gurod ‘jutod ‘31 862 1B ‘SI0 e ‘dwog, ¢rdwo T, e un g, 2IMmonIIg g 1yStom JaqumN -
1eonIId Surprog Bunemw aanjexoduis], ahqa 198N a1y mﬂ%%ﬁ%”ﬂ%%m :ow_WMMM.ﬂH 1eIsL1D q ysued gPTHow oTWwIoly N




Numerical Data

56a

@) 00q

0068 919¢ ZF 2611 8eT TF 98 14 (g-°) 1201 (@) °‘y'd-o eyqnoq 69L°9 206 "0%T 68 umpwipodseid
601 08 6L 8L 114 1l 144 8 62
. 0¥12
0S%3 L20T 8 '9¢¢ 00T S'0F¥'68 010°q 98°0 20T "6€ 61 wmisseoq
119 19 S € € L 114
@, @),,576
1822 6e21 3°L3S 18 (g-0) s'1FLeE (0) "o erdurrg (0) €6 (0123) 8 umruofoq
ST 02 g € 9 L (14
ovm.o.u q
(- \9), BF LSL ( DRER
(,979),, 62 (9), "%
(94), 7168 () uiomao o]
‘[oouowxr O *
y ?unve.m@ ASN oo 4 (312862 1®)
L3LE L°216 9LT L1 (g-0) L°96g (M) "Toouowr a1dwrrg LEL 6T (392) ¥6 umuoIn|q
SL g 123 12) €L (4 [:14
0828 00TH . %02 SF 922 TF%€2 *0°0°g [ 44 60 "g6T 8L wnuyeid
[ H 0% H g [ (11
§: *YIOY)XO0 "D °F
aéa 91 862 (4, @z 69°2
aoﬂes 008t :.wbn 008 AE&” <43 ?-Se 9T 862 Gv, *9'0°q §,NNN.N
fw €66 o mmm@EQMm.Sm @EBW 9LS @EBN €61 a.avzmﬂ eov% q szmw T 8€L6 "0E ST snaoydsoyq
002¢ . G281 SL3 9TF €82 ‘070 20 2T $°90T 9% WInIpeTIed
€ 01 ¢ 143 € 13 82
A) o
(31052~18) vap
008 v ‘X
. 9% . . A\ (unye 1 pue
sz 06 (31 eeT~7e) Qﬁnvﬂ: 100 ¥818°€¥ 3 27882 T8)
8 "$ST 6T '06 8 %S 05z G-aw 100 F9.8°63 (@) "YIOyI0°0°q 625100 °0 $666 °ST 8 u8£x0
ST 43 S v 111 L 62
%9 ]
00TF 0065  OTFE832€ 00% 005 859°0 fqed-o 8%°22 Z 06T 9L wniwsQO
0L 89 89 19 g k4 62
(¥52) 20T WmIfeqoN
(315g~9®) QVS— .s
2921 , ¥ELL 62°€9 0L (g-v) 29-°se (0) "o 9052100 "0 L900 %1 L ueB0xIN
st [1443 1 14 (13 o [14
1°6
[]
m@wwwm smo ‘6
00061 e18% LZF THLY 092 SIFI¥2 er’6 *0°0°q L9°8 906 °26 ¥ WNIGOIN
601 99 3 i£] € g L 42
. 0SLTT . ¥ 93LT
¥629 8g0¢e . 93LT 344 Y1F L2 1€9 *0°07g 06°8 1L°8S 82 Te3OIN
st €9 or‘e € € o A 44
EN 5-0°q
?.SN €18 () N.a
. oSty Z7eT6 . €91 . T G.QNEm ﬁavw.foﬁuo 2% 02 (2€2) €6 umpungdaN
1 31 pit 31 31 St pit p: 4 it g 0T « g w3y
. ¢ ‘ . ‘*dwo, “du g,
dway, jutod Juroq 38627 ‘SI o1 ‘dwag ‘dura g, 2amonals 4 1YSom JoqumN
! S| :
1BO1IID Burrog SuppeI  eamexadwa], 9Lqeq 193N arIn) MSMMmewwmw.nsm co%MMMMuH TeIs 41D v i ormory oureN




57a

Numerical Data

8V ¥
8

00032 09F09LS 692¢ 44 SIFL¥T £8%'¥ *9t0°q 9°9T 8%6 "08T gL wmpeuey,
113 € S 148 € S 4 k44
(8H wux 2300 “0 1¥)
aw 89¢° 1S (Tov 3% .
ﬁnvu Z2 268 JSS 052 ﬁsp *Toouowt Qvauwm T
- 0) 0 0 0) 9°89¢ D) ‘1 0) L0°2 ¥90 "3€ 91 anymg
o ETETy ( SL7TL (0) 0°98E (o) tas (g ooz (&), ®), )y,
( bp.o “0q
ooy OTBE (#-d) 828 (g),wd
650€ SH9T ZH01 871 TFLPT (g-0) 88¥% (0) 007y 09°2 2918 8¢ wWnPUoIIS
g1 € g 144 (14 88 88 114
00%2 A
60t UOTJBULIOJSUBI)
0082 PSIT 0°1L8 SFSST TF .81 OIISUSIBI *9°0°q . gIL6°0 8686 32 11 wmypog
111 [ 4 € € 99 2 62
09%, STF89%C , 0°Peql 1144 €7 822 ‘0'0y S°01 028201 Ly J9ATIS
113 W e e € € [ (14
(1B 8ZT-BTT IB)
6S1S €9L2 2F 9891 269 TIF LP9 S°L P €€°2 980 8% 41 uoorys
st 8¢ 18 g € w L i
Qomva L30T (g-0) eov snoydaowre
. er L
(2€ Tag) (J15L~7e)
. 0896 voﬁ Gl.uﬁve 868 g.. q @28 ¥y
(31 6¥~98) (@eqy| 8TT~I®) (zomeOlLIIIA)
L5LT (%98) 6001 Z°06¥ 68 ¥'0FLIST €L $0¢ () "1oouUcW o) 0s°¥ 96 8L 43 umyus[es
111 (44 ¢ %€ 9% 9@ 2338 ¢ L 82
6)."070"a
[
. 0EF LESE . g18T ¢ 9Ly " 08F 0L% GéVN 09T ASN 'yd-o w 00°g 956 ¥V 13 WMIpueds
ASg “2+0°q
00%S 0%13 3 S¥ET YF 8T 911 90T 48 (§-0) 0611 (0) -x ¥SUL S€°08T 29 wWnyIBUIes
({1} € £ € v 8 8 (44 2€ [14
{9) ¢
(Q-4) €LLT A
127 ‘g1 &.v
:..35 o ST @ ¢
SZFG2EY 0T F €392 154 009 . 6p0 (-0 80€T (0) 'q+dro %31 L0 "T0T 44 umrusiny
€ 69 € 19 [ ] 131 ‘61 L (14
a_zomom
. 0012 656 $0 '21¢ 69 PFPS '9r0°q €5°T Ly °S8 Lg wmiproqny
ST STT*§IT o€ ¢ 4 € 4 62
S ELYT-ELET I8 UOTIBW
now«ommm @0 £€22 nomm nmmﬁ 08% ks -aopswexy ajqissod h.o.ou ﬂmv.ﬁ 506 "20T S¥ wnipoyy
T ¢
00002 SETFSE09 €578 SLZ 22F 62% 869°T y-d-o 1°18 2981 SL wnuayy
11 3 S € 3 92 [ v
(urye 1 pue
(31 002~9%8) N 3°eLg ¥e)
9T "L28 112 2°202 00% t0ro°y €2600°0 (223) 98 uopey
ST €1 S v L 63
006T 2°6L6 68 g (933) 88 wmrpey
€ g € (14
089% €0ST 292 65T 1 PR LE ST (1€2) 16 UmMIuroeI0Id
g g ¢ g 8 ® o-0q w
08.Z7  OTFESET 9 (8-0 cgry w o (gp1) 19 UMTRIIOL]
g 18 ozt (14 !
31 bt pit 1 bt bt 31 b pii ¢ 0T - ¢ W3y
“duray, ‘-dwag,
“dusy, ‘Jurod ‘urod 86z I8 H0e cdudg fdud ], UoWISUBL], uoTISUBL], eImonns ‘Ly1susq oM JequnN owreN
Teonad Surrog Sunew aanjexedwag, aLqaQq 199N arm) manmm.nooho dng ogE ug 1eI1sL1p q" OTHONY pidis el 4




Numerical Data

58a

G580 @w.o.o.n
00£2T 099% T4 %4 0532 $3F 682 9%5 '0 (g-0) cert ©) ‘y-d-o L8°9 2216 0¥ WNTUOOATZ
[1]8 02 61 14 4 g et L 89
. 0162 amw.o
6912 GLIT , SS9 °Z69 £F LET 02T 918 GL8°0 ydo 0FT "L LE°C9 0g ouz
ST 901 o1t ¢ € € g [4 (14
@s av0-q
0568 0L9¢ 86LT ¥12 2EF 892 (8-0) goLt (o) ‘y+d-o vy 506 °88 6¢ umranx
801 18 (111 ¥o1 € (143 (34 62
Anvs.u g
0ZHy 06T L60T 8T (g-m) , 1201 (o) _"ot0g 20°L $0 "gLT 0L umIqIeN X
601 € 49 £01 §°¢ (44 ¥
(une 1 pue
3 2'eLg 18)
GL 682 T°69T 2191 00§ 168500 "0 0€ 16T ¥S uousx
1 48 % 97 (14
amc ‘g
003TT V¥ 38SE 3F 2612 06€ $SF 928 g°g totq 1°9 3%6 "09 €2 umrpeuUEA
601 € 19 143 € 4 [4 8¢
(A-8) 16701 5, '070°q
o 20081 () 08°T g-)g8e6 (),
S
0092T _0SZF0S6E 9 °0F9 'SOFT 00€ 00g () 89°0 (0-%0) g1, 2%1.8 () "qromIo L0 "61 €0 863 26 wnuea
2 201 101 € 76 [ L 827
00082 00ZF0009 , , €998 £F 318 LIF88¢ 1100 *0°0°q €61 68 €8T vL uogsSuny,
113 € g1 01°g € € k448 [ 62
ﬁv,.u.o.n
986¢ €661 08¢ ST 9% . 6870 (g-0) se11 ©) ‘y-d-o [ 4 06 LY 22 wWnyueIL
001 66 148 € (] er 1 114
(o11Um) @) "z
- 00€6 ﬁﬁﬂaf oLt ¢ 6F 96T (13
Qﬁﬂwv ASF 3o szﬂm L
. 0008 $T¥99L ., 90508 Qﬁwvn $6% T 983 Auvm %eL’e G-avg €F 2983 Aaw *0°0°y covsoﬁ g 69°8TT 0g urL
( "oxxoyTIUE ioen-
=~ "0133]) ﬁvw 20
0e%9 9932 818T 29T TFL3T €S 144 (g-0) -d-w aeoN () *y-d-o 3€°6 $£6 "891 69 wnIny.L,
601 16 S 144 @ 96 [ 08 13 62
S8 &vw.o.u.n
0SSHT 00S% €203 00T oLt 89€°T (g-°) <zFeLIT @) 00y LTt 8€0°2€3 06 umrIoyg,
601 02 (13 143 V6 S €6 13 (a4
%m.m
uwm K4 ﬁvu.o.o.a
613¢ 6E6T 2°9L8 96 TF88 6€°2 §-0) €°80g @) "y-d-o 68 °11 LE°¥03 18 wnieYyL
st (43 (13 i € S S 13 8c
@Nu.o.n
018¢ 6391 85T 0ST 0€3 612 (g-0) *d*urageN (0) , ‘y-d-o Sz°8 $26 '8ST S9 WnqId L,
€ (13 w 16 08 06 14 b 4 62
‘ydaowre
S
(e 9g 7e ,(6) ¢ (‘udzowre) 00°9
emNmN mﬂmw: mp '2eL ”NQ 1549 ‘o obam.m G-Sa 129 cov, q §3§.m 09°231T 4 WMENRL
aN.S
. 0085 mcmﬁma& . & ; 158 mNN.w N.nd.o 28.: (66) 54 WINIBUYIDT,
pS1 b 1 ] b1 b1 bt bt 3 ’ g 0T + g w3y
«due, ‘qurod ‘quiod ‘I 867 e 1o “dwer “dudy :ommﬂw o :owww%ﬁ . aamonng A pom  equEN
TBOIIIAD SBurrrog Suntelw axmexaduwa ], 9499 199N arany mqﬁusw:ouam dng paa ua 1818 KX q L THoY ormoyy




A TR A o

L R e R N T e T e T
S ®® AU k@RS

21,
22.
23.
24.
25.
26.

217.
28.
29.
30.
3L
32.
33.
34.
35.
36.
31,
38.
39,
40.
41,
42,
43.
44,
45.

Numerical Data

REFERENCES

(Crystal Structures, Transition Temperatures, and Other Pertinent Physical Constants of the Elements)

Farr, J.D., Giorgi, A.L., and Bowman, M. G., USAEC Rept. LA-1545, 1-13, 1953.

Elliott, R.P., Constitution of Binary Alloys, 1st Suppl., McGraw-Hill, 1965.

Gschneider, K. A , Jr., Solid State Physics (Sietz, F. and Turnbull, D., Editors), 16, 275-426, 1964.
Gopal, E.S.R., Specific Heat at Low Temperatures, Plenum Press, 1966,

Weast, R.C. (Editor), Handbook of Chemistry and Physics, 47th Ed., The Chemical Rubber Co., 1966-67.
Foster, K.W. and Fauble, L.G., J. Phys. Chem., 64, 958-60, 1960.

The Institution of Metallurgists, Annual Yearbook, pp. 68-73, 1960-61.,

Meaden, G.T., Electrical Resistance of Metals, Plenum Press, 1965.

Matthias, B. T., Geballe, T.H., and Compton, V.B., Rev. Mod. Phys., 35, 1-22, 1963.

Stimson, H.F., J. Res. NBS, 42, 209, 1949.

Grosse, A.V., Rev. Hautes Tempér. et Réfract., 3, 115-46, 1966,

Spedding, F.H. and Daane, A.H., J. Metals, 6 (5), 504-10, 1954.

Rossini, F.D., Wagman, D.D., Evans, W.H., Levine, S., and Jaffe, I., NBS Circ. 500, 537-822, 1952,
deLaunay, J., Solid State Physics, 2, 219-303, 1956.

Gates, D.S. and Thodos, G., AIChE J., 6 (1), 50-4, 1960.

Gray, D. E. (Coordinating Editor), American Institute of Physics Handbook, McGraw-Hill, 1957,
Sasaki, K. and Sekito, S., Trans. Electrochem. Soc., 59, 437-60, 1931,

Anderson, C.T., J. Am. Chem, Soc., 52, 2296-300, 1930.

Trombe, F., Bull. Soc. Chim. (France), 20, 1010-2, 1953.

Stull, D.R. and Sinke, G.C., Thermodynamic Properties of the Elements in Their Standard State, American
Chemical Soc., 1956.

Rinck, E., Ann. Chim. (Paris), 18 (10), 455-531, 1932.

Roberts, L.M., Proc. Phys. Soc. (London), B70, 738-43, 1957.

Zemansky, M.W., Heat and Thermodynamics, 4th Ed., McGraw-Hill, 1957,
Martin, A.J. and Moore, A., J. Less-Common Metals, 1, 85, 1959,

Hill, R.W. and Smith, P.L., Phil. Mag., 44 (7), 636-44, 1953.

Moffatt, W.G., Pearsall, G.W., and Wulff, J., The Structure and Properties of Materials, Vol. I,
pp. 205-7, 1964.

Grosse, A.V., Temple Univ. Research Institute Rept., 1-40, 1960.

Lyman, T. (Editor), Metals Handbook, Vol. 1, 8th Ed., American Soc. for Metals, 1961.
Lange, N.A, (Editor), Handbook of Chemistry, Revised 10th Edition, McGraw-Hill, 1967.
Paule, R.C., Dissertation Abstr., 22, 4200, 1962.

Burk, D.L. and Friedberg, S.A., Phys. Rev., 111(5), 1275-82, 1958.

Spedding, F.H. and Daane, A.H. (Editors), The Rare Earths, John Wiley, 1961.

McHargue, C.J., Yakel, H.L., and Letter, C.K., ACTA Cryst., 10, 832-33, 1957,

Arajs, S. and Colvin, R.V., J. Less-Common Metals, 4, 159-68, 1962.

Bonilla, C.F., Sawhney, D.L., and Makansi, M.M., Trans. Am. Soc. Metals, 55, 877, 1962.
Rosenberg, H.M., Low Temperature Solid State Physics, Oxford at Clarendon Press, 1965.
Arajs, 8., J. Less-Common Metals, 4, 46-51, 1962.

Edwards, A.R. and Johnstone, S.T.M., J. Inst. Metals, %(8), 313-7, 1956,

Lagneborg, R. and Kaplow, R., ACTA Metallurgica, E(l), 13-24, 1967,

Kittel, C., Introduction to Solid State Physics, 3rd Ed., John Wiley, 1967,

Kirshenbaum, A.D. and Cahill, J.A., J. Inorg. and Nucl. Chem., 2_5(2), 232-34, 1963.
Touloukian, Y. 8. (Ed.), Thermophysical Properties of High Temperature Solid Materials, MacMillan, Vol. 1, 1967,
Griffel, M., Skochdopole, R.E., and Spedding, F.H., J. Chem. Phys., _22(1), 75-9, 1956,
Gschneidner, K.A., Jr., Rare Earth Alloys, Van Nostrand, 1961.

Dreyfus, B., Goodman, B.B., Lacaze, A., and Trolliet, G., Compt. Rend., 253, 1764-6, 1961.

59a



60a Numerical Data

46, Spedding, F.H., Hanak, J.J., and Daane, A.H., Trans. AIME, 212, 379, 1958.

47, Buckel, W. and Wittig, J., Phys. Lett. (Netherland), 17 (3), 187-8, 1965.

48. Deardorff, D.K. and Kata, H., Trans. AIME, 215, 876-7, 1959.

49.  Panish, M.B. and Reif, L., J. Chem. Phys., 38(1), 253-6, 1963.

50. Miller, A.E. and Daane, A.H., Trans. AIME, 230, 568-72, 1964.

51. Spedding, F.H. and Daane, A.H., USAEC Rept. IS-350, 22-4, 1961.

52, Montgomery, H. and Pells, G.P., Proc. Phys. Soc. (London), 78, 622-5, 1961,

53. Kaufman, L. and Clougherty, E.V., ManLabs, Inc., Semi-Annual Rept. No. 2, 1963.

54, Lounasmaa, O.V., Proc. 3rd Rare Earth Conf., 1963, Gordon and Breach, New York, 1964.
55, Baker, H., WADC TR 57-194, 1-24, 1957.

56. Reed, R.P. and Breedis, J.F., ASTM STP 387, pp. 60-132, 1966.

57. Hansen, M., Constitution of Binary Alloys, 2nd Edition, McGraw-Hill, p. 1268, 1958.

58. Smith, P.L., Conf. Phys. Basses Temp., Inst. Intern. du Froid, Paris, 281, 1956.

59. Powell, R.W. and Tye, R.P., J. Less-Common Metals, 3, 202-15, 1961.

60. Yamamoto, A.S., Lundin, C. E., and Nachman, J. F., Denver Res. Inst. Rept., NP-11023, 1961,
61. Oriena, R.A. and Jones, T.S., Rev. Sci. Instr., 25, 248-51, 1954.

62, Smith, J. F., Carlson, O.N., and Vest, R.W., J. Electrochem. Soc., 103, 409-13, 1956.
63. Edwards, J.W. and Marshal, A. L., J. Am. Chem. Soc., 62, 1382, 1940.

64.  Morin, F.J. and Maita, J. P., Phys. Rev., 129 (3), 1115-20, 1963.

65. Pendleton, W.N., ASD-TDR-63-164, 1963.

66, Woerner, P.F. and Wakefield, G.F., Rev. Sci. Instr., 3_3_(12), 1456-7, 1962,

67. Walcott, N.M., Conf. Phys. Basses Temp., Inst. Intern. du Froid, Paris, 286, 1956.

68.  White, G.K. and Woods, S.B., Phil. Trans. Roy. Soc. (London), A251(995), 273-302, 1959.
69. Douglass, R.W. and Adkins, E.F., Trans. AIME, 221, 248-9, 1961.

70. Panish, M. B. and Reif, L., J. Chem. Phys., 37 (1), 128-31, 1962.

7L, Bridgman, P.W., J. Am. Chem. Soc., 36 (7), 1344-63, 1914,

72.  Slack, G.A., Phys. Rev., A139(2), 507-15, 1965.

73. Sandenaw, T.A. and Gibaey, R.B., J. Phys. Chem. Solids, 6 (1), 81-8, 1958.

74. Sandenaw, T.A., Olsen, C.E., and Gibney, R.B., Plutonium 1960, Proc. 2nd Intern. Conf. (Grison, E.,
Lord, W.B.H., and Fowler, R.D., Editors), 66-79, 1961,

75. Mulford, R.N.R., USAEC Rept. LA-2813, 1-11, 1963,

76. Goode, J.M., J. Chem. Phys., _2_§(5), 1269-71, 1957,

1. Cable, J.W., Moon, R.M., Koehler, W.C., and Wollan, E.O., Phys. Rev. Letters, 12 (20), 553-5, 1964.
78. Murao, T., Progr. Theoret. Phys. (Kyoto), 20 (3), 277-86, 1958,

79. Grigor'ev, A.T., Sokolovskaya, E.M., Budennaya, L.D., Iyutina, I.A., and Maksimona, M. V., Zhur.
Neorg. Khim., 1, 1052-63, 1956.

80. Daane, A.H., USAEC AECD-3209, 1950.

81. Weigel, F., Angew. Chem., 75, 451, 1963,

82. Nassau, K. and Broyer, A.M., J. Am. Ceram, Soc., 15_(10), 474-8, 1962,

83. McKeown, J.J., State Univ. of Iowa, Ph.D. Dissertation, 1-113, 1958,

84, Abdullaev, G.B., Mekhtiyeva, S.L, Abdinov, D.Sh., and Aliev, G.M., Phys. Letters, _2_§(3), 215-6, 1966.
85. Wittig, J., Phys. Rev. Letters, E(4), 159, 1965.

86. Fukuroi, T. and Muto, Y., Tohoku Univ. Res. Inst. Sci. Rept., A8, 213-22, 1956.

87.  Olette, M., Compt. Rend., 244, 1033-6, 1957,

88. Sheldon, E.A.,and King, A.J., ACTA Cryst., 6, 100, 1953.

89, Eastman, E.D. and McGavock, W.C., J. Am. Chem. Soc., 59, 145-51, 1937,

90. Arajs, S. and Colvin, R.V., Phys. Rev., A136 (2), 439-41, 1964,

91, Roach, P.R. and Lounasmaa, O.V., Bull. Am. Phys. Soc., 7, 408, 1962.

92. Shchukarev, S.A., Semenov, G.A., and Rat'kovskii, I.A., Zh. Neorgan. Khim., 7, 469, 1962.

93. Pearson, W.B., A Handbook of Lattice Spacings and Structures of Metals and Alloys, Pergamon Press, 1958.



94,
95.
96.
97.
98,
99.
100.

101,
102,
103.
104.
105.
106.
107,
108.
109.

111.

112.

113.
114.

116.
117.

118.
119.

120.
121,

122.

Numerical Data

Smith, P.L. and Walcott, N. M., Conf. Phys. Basses Temp., Inst. Intern. du Froid, 283, 1956,
Davis, D.D. and Bozorth, R. M., Phys. Rev., 118 (6), 1543-5, 1960.

Aliev, N.G. and Volkenstein, N.V,, Soviet Physics - JETP, _2_2_(5), 997-8, 1966.

Spedding, F.H., Barton, R.J., and Daane, A.H., J. Am. Chem. Soc., 79, 5160, 1957,
Raynor, G.V. and Smith, R.W., Proc. Roy. Soc. (London), A244, 101-9, 1958,

Savitskii, E.M. and Burhkanov, G.S., Zhur. Neorg. Khim., 2, 2609-16, 1957.

Argent, B.B. and Milne, J.G.C., Niobium, Tantalum, Molybdenum and Tungsten, Elsevier Publ. Co.
(Quarrell, A.G., Editor), pp. 160-8, 1961,

Argonne National Laboratory, USAEC Rept. ANL-5717, 1-67, 1957,

Holden, A.N., Physical Metallurgy of Uranium, Addison-Wesley, 1958.

Lounasmaa, O.V., Phys. Rev., 129, 2460-4, 1963,

Jennings, L.D., Miller, R.E., and Spedding, F.H., J. Chem. Phys., §_3_(6), 1849-52, 1960.
Ackerman, R.J. and Rauh, E.G., J. Chem. Phys., 36 (2), 448-52, 1962.

Rosenblatt, G. M. and Birchenall, C.E., J. Chem. Phys., ﬁ(:}), 788-94, 1961,

Streib, W.E., Jordan, T.H., and Lipscomb, W.N., J. Chem. Phys., 3_7(12), 2962-5, 1962,

Samsonov, G.V. (Editor), Handbook of the Physicochemical Properties of the Elements, Plenum Press, 1968,

Kopp, LZ., Russ. J. Phys. Chem., 41(6), 782-3, 1967.

Stimson, H.F., in Temperature, Its Measurement and Control in Science and Industry (Herzfeld, C. M., Ed.),

Vol. 3, Part 1, Reinhold, New York, pp. 59-66, 1962,

McLaren, E.H., in Temperature, Its Measurement and Control in Science and Industry (Herzfeld, C. M., Ed.),

Vol. 3, Part 1, Reinhold, New York, pp. 185-98, 1962.

Orlova, M. P., in Temperature, Its Measurement and Control in Science and Industry (Herzfeld, C.M. , Ed.),

Vol. 3, Part 1, Reinhold, New York, pp. 179-83, 1962.
Grosse, A.V., J. Inorg. Nucl. Chem., 28, 2125-9, 1966.
Hochman, J.M. and Bonilla, C.F., in Advances in Thermophysical Properties at Extreme Temperatures and

Pressures (Gratch, S., Ed.), ASME 3rd Symposium on Thermophysical Properties, Purdue University, March

22-25, 1965, ASME, pp. 122-30, 1965.
Dillon, I.G., Illinois Institute of Technology, Ph.D. Thesis, June 1965.
Hochman, J.M., Silver, I.L., and Bonilla, C.F., USAEC Rept. CU-2660~13, 1964.

Abdullaev, G.B., Mekhtieva, S.I., Abdinov, D,Sh., Aliev, G:M., and Alieva, S.G., Phys. Status Solidi,
13(2), 315-23, 1966.

Fisher, E.S. and Dever, D., Phys. Rev., 2, 170(3), 607-13, 1968.

Beaudry, B.J., J. Less-Common Metals, 14(3), 370~2, 1968.

Williams, R.K. and McElroy, D. L., USAEC Rept. ORNL-TM 1424, 1-32, 1966.

Jaeger, F.M. and Rosenbaum, E., Proc. Nederland Akademie van Wetenschappen, 44, 144-52, 1941.
Gibson, J.W. and Hein, R.A., Phys. Letters, 12(25), 688-90, 1964.

61a



1. ELEMENTS



000! 006

% ‘3YNLIVHIdNIL

008

_'4)_

S7104‘@3HSINod

@W—-@ ®W-@ W-@r

SLI3IHS NHL
‘S04 40 NOILVIMWVA TWOIdAL —

a— ——— —— ——

ONILSVT8 dOdVA 40 103443

WNNINYTTY - 40

JONVLLIANG WLOL "TVOIH3Hd

d3ZXIVNV
VI 3unold

SIN3H

0’0

20

€0

v0

g0

9’0

0

8’0

60

ol

3ONVLLINZ VLOL IWORI3HJSINIH



1500

ll];l I | [ |
[ o |
i o
——— O o
E 2]
| < _
- E 3
= S
ul
— 2 —
., T3 o
£ 5§ :
a < o
< S
S S
- m —
wl
. 3
& (2]
| 2]
E ]
(1] o
@ \@ g
S
N,
i |
| 1 | 1 10
2 3 3 S 3 b p4 P s 5 3

3ONVLLINI VLOL IVOIH3HJSINGH

TEMPERATURE, K



* 3 = 0 POWNSSE SIOYINE ‘UOTIRIPRI APOQ 3O®[q 3 $67 10 9OUBPIWS ¢ Amm wu g 0T Vv wmnoeA Ut

peJanseaw (proe p[od pue ‘[oom [99)s ‘aaded A1owo ‘yYsnaq SITM YJIM pauedo ¢ (3O1Y} UT 020 "0 ) 199YS 92 €G6T ¥ 8T
* 3 = 0 pOWNSSE SIOYN® ‘UOTIBIPBI ApOq YO®B[q 3] $6Z I0J 9ourjjwo AME W 4 0T >)
WMNoeA Uf POINSBOW ‘[OOM [991S puk ‘Iaded Lrowe ‘ysniq oIIm YJIM poued[od ¢ (3oTU} "UT 020°0) 199US 9L €861 ¥ LT
' 3 = 0 powmsse SIoYNE ‘UOHeIpel Apoq JOr[q I 63
10} 8oue)TUIe ¢ Awm WW 4 0T >) WNNOBA UT PAINSBIUW ‘YSNIG SITM UYJIM PIUBS[D ¢ (OIYs UL 0Z0 "0 ) 199Ys 9L €C61 4 9T
*' ) = 0 POWNSSB SIOYINE ‘UoT)IBIPBI
£poq Jo®r[q 3] $6Z J10F douUBPIWS * Awm Ww 4 0T >) WNNOBA UT POINSBIW : (YOTY "UT GT00 0 ) [T0f UOIID0D 9L €961 14 ST
‘3 = 0 powmsse SIoyjne ‘uoneipel
Apoq 3oe[q 3 $6Z 10] 2ouB)IWS ¢ Awm WW ¢ )T >) WNNOBA UL PAINSBOW ¢ (JoTY} "UT GO0 "0 ) [10] WOIIO0D 92 €S61 ¥ $1
* 3 = 0 PoWMSSE SIOYNE ‘UOIIRIPBI JUIPIOULI Apoq MOB[q 3 (00g IO 90UB)ITUWD
‘ AME ww , 0T 03 4 0T v wWMnoeA Ul poInseaur ¢ Ammooo.a doo~<v pauea[o proe joy ¢ AMuEu ‘ur 0go .ov j99yg [¢] 92 GG6T e eI
' ) = 0 pPOWMSSE SIOYINE (UOTIBIPBI JUapIour Apoq yoe[q
31 00€ X103 SduBTUS mAmm wut , 0T 039 0T ) WNNOBA UL POINSEOUW POUOY PMbI] * (YOI °UT 0Z0 '0) 399ug S 9L GS6T € (48
' 5 = 0 paWMSSse SIOYINE {UOTIBIPBI JUSPIOUL APOq JOBIq M 00€
J0j SouePIWS ¢ (SH WW , 0T 0} 90T ) WMNOBA Ul POINSBAUL {POUBI[O YSTLIQ SIAIM ¢ (3OTY3 "Ur 030 "0 ) 199U [ 9L GG6T e 11
‘3=m
pouUmMSSe SIOYINE (UOIIBIpEI JudpIour £poq JoT[q 3 00§ 10j douepPIwe ¢ (SH ww , 0T 03 90T ) umnoea
UT POINSBOUWL ‘PIOB P[OO PUB [o0oMm [99]s ‘Ioded Axowe ‘YsSnIg 9IIm YIm poues(o ! (SPTY Ut 020 "0 ) 199YS [ 9L GG6T e 1)
* 3 = 0 POWMSSE SIOYPNE ‘UOTIBIPEI JUSPIOUT Apoq YOBIq M 00g JIOJ 90UB)ITUID
mAwm ww ; 0T 039 0T ) WMNOBA U POINSEBIW ‘I[BY[® YJIM PIUBS[D ! (HOTY} Ul 0Z0 0) 97e[d 103097J01 z °ON BOITY S 9L GS6T g 6
' 3 = 0 PoUMSSe SIOYNE {UOTBIPBI JUSPIOUT ApOq MO®[Q 3] 00¢ JOJ SOUBPYIWS ¢ Amm ww
10T 03 g 0T ) WNNOBA UL PIINSeIW {Arowe aury YN M papues ¢ (o1 U 020 ‘0) 93e[d 10309TJ01 7 *ON BOOLY S 9L SS61 € 8
'3 = 0 powmsse SIOYNE ‘UOTIBIPEBI JUSpPIduUT Apoq }orIq 3] 00€
10} 9ouBPIWS ° Awm ww , 0T 03 3 0T ) WMNOBA UI POINSEBIW : (HOIY} UL 0Z0 0) 91e1d 10309301 g ‘ON BOOTY g 9L GS61 € L
‘3 =0 PRWMSSE SIOYNE (UOTIBIPRI JUIPIOUT Apoq Jjoerq 3
00¢ 10} 9ouB)IWS ¢ (SH wWw , 0T 0} 90T ) WNNOBA UT PAINSEIW ‘PIUBS[D PIO® PIOD : (IOIY} Ul 0Z0 '0) 199YS g 9L GG6T € 9
d = 0 powWMSse SIOYINE ‘UOHBIPLI JUSPIout Apoq YOo®BIq 3 00¢ I0]
sourPIW Awm W, 0T 03 g _OT ) WMNOBA UL 9DPIS 1811q Uo poanseowr * (o143 "UI GTO0 0 ) [10F SWOY YoIMInyg S 9L GG61 € g
') = 0 poWNSSe SIOYINE UOHPRIPBI JUSPIOUT Apoq o®B[q 3] 00§ I0]
souBNwWS Awm Ww , 0T 0} g 0T ) WNNOBA UL 9PIS JBUL UO PIINSBOW : (IOIY} "UL GTO0 '0) 1103 dwioy ysrmIny g 9L GS6T € i4
'3 = 0 POWMSSE SIOYINEB (UOTIBIPBI JUSPIour Apoq oe[q
3 00¢ 103 douEBPIWS * Awm ww , 0T 03 3 0T ) WNNO®BA UL PIINSEOW * (33 "Ur gTO0 ‘0 ) [10J 9WOY UOIHDI0D S 9L SG6T g g
'3 = 0 POWMSSE SIOYNE {UOTJBIPEI JUSPIOUT Apoq or[q
3 00€ JI03J 2ouUB)PTWD MAwm wuw , 01 0} wno.C UWMnoeA Ul poINSBaW (pa[eauueun ! (3OTY} "UuI 100 .ov 110] I9s1E] [ 9L GG6T € 4
*eyep [eIj0ads woaj pajemore)d €L8-€LS GG6T T T
%, ‘ 10axq 3] ‘eduey *ON *ON

S)IBWaY pue suoneoryroadg (jusoaad jydtom) uoryisoduio) IBIA

pajxoday aanjeaadwa], ‘199 aAIny

IWAONINATY 40 IONVLLIINT TVLOL TVOIYAHASINI H T °"ON dTdVI NOLLVOIAIDAdS



" (W0 SUOT (,0T X P8 "6 ) SUOT UsB0IPAY WIIM papaequioq 3do0xe SUOHIPUCO puk uowroeds @A0qy gLe €961 8 8g

* (WO STOT,0T X 09 "9 ) SUOT USS0IPAY YIIM popiequroq 1do0x0 SUOTIPUOD puk uowroeds oA0qy gLe €961 8 LS

" (WO SUOT 3,07 X GLT "¢ ) SUOT Us80apAYy Y/ popiequioq }dooxd SUOTIIPUOD pue UoUIods oA0qy gLe €961 8 98
. .ﬂm: WW ¢ 0T ) WNNOBA UL

poInseBaUI (PaYs1[0doI)o9d UST) PUE J[9} U0 Iopmod Sprxo umurumie 3118 009 WM poysturyead oand 66 ‘66 €Le €961 8 cg

“(8H ww , 0T X Z°0 S ) WMNoBA UL POINSBOW (OIS Staq ¢ (3oTY "Ur 100 ‘0) IO S'Z ¥ 18T €961 L e

(8H wwr , 0T X g°0 5 ) WNNOBA UT POINSBIW :9PIS JYSLIq ¢ (MOIyl ‘U $3000 ‘0) o4 S°3F 281 €961 L €€

*(8H WwW ; 0T X Z°0 5 ) WMNOBA UT PAINSEAWL (OPIS JYSTQ ¢ (HOTY) Ul 000 “0) TIod S'2F g8T €961 L 149

' (8H wuw 0T ) WMNOBA UL poansgow paystfod pury ! (HoT4} "Wl Z°0) 9reld eF %83%-L%¢g €961 9 135
* 5 = 0 POUMSSE SIOYNE {UOIJBIPEI JUSPIOUT Apoq OBIq 3] $67 0] S0UBPIUD

H Awm WL 4 0T >) WNNOBA U PAINSBIW ¢ ($59001d BOO[Y ) POUBSO PIOE 30U (YOI "UT 0Z0 "0 ) [0 9L €661 14 0¢
*3 = 0 POWNSSE SIOYNEB ‘UOIJBIPBI ApOq

JoBIq I $62 I0] SOUBPTWS {(SH WU 4 0T >) WMNIBA UT POINSEOW ¢ (¥OT} "UT GL000 "0) [10] SWOY JOSTE] 9L €C6T 4 62
' 5 = 0 POWNSSE SIOYMNE (UOTIBIPBL Apoq YOBIq

3 $62 10} souBPIWS : (SH WU ¢ (0T >) WNNOBA Ul POINSEBOUL {PI[ESUUEUN :(JOTY} “UT 100 '0) Tro3 IoSTRY 9L €961 14 8¢
' 3 = 0 powmSSse SIoYN® ‘UOIIBIpBI ApOq MOrB[q

3 $6g 0] 90oUBPIWS {(SH WW 4 0T >) WNNOBA UJ POINSEOW PI[edUUTUNn ¢ (YOTY} Ul 100 0) 10} IOSTEY 9L €961 4 Lg
*3 = 0 poumSse SIOYME ‘UorjeIpRl Lpoq

JO®IqQ 3 $67 10§ 2UBRPYIWS ¢ (SH WU 4 0T >) WNNOBA UI POINSLIW ¢ (JOTU} U GO0 ‘0 ) 110§ SWOY UOINO0D 9L €961 14 92
' D = 0 pOWNSS® SIOYNE ‘UOIjBIpBI Apoq

3PBIq 3 67 I0] 20UBHIWS * (SH WU ¢ 0T >) WNNOBA UI PIINSLIW ¢ (JOTYs "UT G100 '0) 1107 SWOY UOINO0D 9L €361 4 14
'3 = 0 pOWMSSE sIoyne ‘uoryerpea Apoq Mo®e[q I $6Z A0}

QoUBPIWS ¢ Awm Wt ¢ 0T VV WNNOBA Ul 9PIS JBUI U0 PIJINSBIW ¢ Axog ‘Uur GT00 .ov 1103 swoy Yormainy 9L €C6T 4 i 24
* D = 0 poumsse SIOYINE ‘uowBIpRI Apoq {O®[q 3 $67 I0F

souePIWwS  (8H WW ¢ 0T >) WNNOEBA UT SPIS JY31Iq UC POINSELIW ! (3PTY "UT G700 "0 ) 10§ dWOY YormInyg 9L €361 4 €3
' 3 = 0 powmsSse sIoyme ‘uorjerpea £poq Yor[q

SI $6¢ 10 9ouBPIWS me Wur 4 0T >) WNNOBA U PIINSBOUL (POUBS[O PIOE P[OD ¢ (31°143 "uT 070 "0) 199YS 9L €661 14 (44
' 3 = L POUMSS®e sIoyne ‘uorjBIpel Apoq OB[q

3 $6g 10y oouBIWS ¢ (3H WU 4 0T >) WMNnoeBA UL POINSEOW ‘pOUESTD PLo® PIod ! (YOI} "UT 030 "0 ) 199Yg 9L €961 14 134
' 5 = 0 POUMSS® SIOYNE ‘UoNeIpel Apoq YorIq I $67 I0F 20UBRHPIWS ¢ (SH WW 4 0T >)

WMNoBA UT PIINSBIW (3] 863 18 ST SIqISIA 10} 0g "0 = 5 ‘YOIy 'UI 0Z0 "0 ) 9%e1d 103091521 g "ON BOO[Y 9L €961 i4 0g
*'3 = 0 POWNSSE SIOYNE ‘UOI)BIpBI ApOq YOR[q

3 $63 10J 9ouBPIWS ¢ Awm W ¢ 0T >) WMNOBA Ul PINSBOW pPOuUBS[O I[BY[® ! (o1 "ur 030 *0) 199Yg 9L €G6T i4 61

S)IBWaY pue suoljeoijioadg ‘(jusoaad jydrem) uorjisodwo) Wmﬁﬂﬂwﬂ s .WEWNNMMW@ i Ie9X %wm o>. .M%O

(penurjuoo) T "ON HTHV.L NOLLVOIJIDAdS



‘UIW 0T J0j poIserq Jodea }deoxe suonIpuod pue usuwrosds saoqy eF Z9%~- 06¢ 2961 1T i44
‘Ut g JI0j po3iserq aodea 1deoxe SUOTITPUOD pur uswroads sAoqy eF ¥S¥- GLE 2961 It 157
‘098 (g 10] pe3selq Iodea 3deoxe suoOpIpuod pue usurdeds SAoqy €F ¥y gle G961 it (474
*(8H ww ¢ 0T ) WNNOBA UT pOINSEoW ‘poystiod puey €F S9%- ¥8¢ 96T 1T |84
*SAINO YJOOUWIS WOIY POJORIIXD BIBP (WNNOBA UT POINSBOW ‘Us30I)TU JO
WEdI)S B UT POLIP ‘[OYOO[E pUB I19)em PII[HSIP YNM pasull usyy 7l ¢ *xoxdde oy paysijod ¢axsyds moriol S F 829-¢0¥% 6¥61 (8 (14
' (8H ww ¢ 01 ) WhnogA
UL PAINSBIW :9UOJO0® YJIM POUEBIIO (80BIINS Tg0L 'ON °H "D punoae A[9soo] peddeam oy 2dA} proyssnoy ¥°LL 0961 6 68
% ‘I0xIy 3 ‘o8uey 1E0 *ON *ON
SYIBWaY puR SUONIEITIIdadg ‘(jusogad jydrom) uorjisoduro) parzodey sinjexedway, X ‘190 aAIND

Avozﬁunoov T °ON ATdV.L NOILVIILAIDAdS



9Z°0 29%
920 ge¥
L2°0 oI¥
gz2°0 06€
¥ AAEND
L2°0 12512
82°0 9%
82°0 6T%
2e°0 £0%
2€°0 ege
82°0 cLe
& 4A9ND
8T °0 542
0z°0 oed
1370 4
020 86¢
220 88¢
61°0 eLe
7% AAEND
E} L

¥1°0 9%
ST°0 asy
91°0 044
91°0 82¥
Lo 61¥
LT°o 60%
LT0 56€
9T "0 8¢
1% 4A90D
090°0 829
2500 €Lg
750 °0 €29
250 °0 gLy
050°0 €8y
6%0 "0 €0¥%
0v IA9ND
€50 "0 VoL
*6€ ZAUND
€790 0 €Lg
8€ ZAYND
0870 °0 €L
xL€ TAMAD
€170 °0 €Lg
*9€ AAYND
00£0 0 gLg
5¢ AA¥ND
090 0 181
€ AU
£90 "0 .1
£6 AAYND
) L

[> ‘eoueprmy :3‘L .v.bﬁduw&ﬁw,ﬂ

NANITNOTV JO HONVLIINA TV.LOL TVOIdIHdSINIH I

GS0 0 G8T
Z¢ IAUOD
90 0 e8¢
90 0 992
90 °0 09¢
90 °0 1414
90 '0 i444
90 °0 j 434
90 0 L33
1€ FA¥ND
¥620 "0 9L
%08 IAUND
9810 °0 9L
%62 AN
¥810 "0 9L
*§2 AAUND
€120 °0 9L
*1g AAGND
9810 °0 9L
%93 AAMND
¥020°0 9L
+GZ AAYA0
2130°0 9L
+%¢ AAUND
L1500 9L
*€2 AAUND
P L

'ON HIdV.L VILVd

j01d U0 UMOYS JON
B3

€820 °0 9L
%2% IAUND
LT€0°0 9L
«[2 AAUN0
L3800 9L
+02 AAUND
9580 °0 9L
+6T AAUND
25%0°0 9L
+8T HAUND
6190 *0 9L
*LT AAMND

ST190°0 9L

9T IA¥ND
0200 9L
ST AAEND
7020 °0 9L
T AAUN0
6200 9L
€T AAEN0
¥1°0 9L
2T dA¥00
900 9L
«IT IAEND

3 L

%0 "0 9L
0T HAHYND
G€0 0 9L
6 =A¥0D
gg0°0 9L
%8 d4A40D
920 0 9L
xL @AUND
820 0 9L
9 =A¥ND
320°0 9L
§ @AHND
120°0 9L
% AAEND
810 "0 9L
*€ HA¥ND
8710°0 9L
g dAd0d
*€TT "0 €L8
*ETT 0 €48
€IT°0 €L8
*0€T "0 €LL
0€T 0 gLL
SIT "0 €L9
20T "0 €LS
T dA¥ND
> L



1500

o

FIGURE 2
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