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PREFACE
This volume was prepared by the Thermophysical and Electronic Properties
Information Analysis Center (TEPIAC), a DOD Information Analysis Center operated
by the Center for Information and Numerical Data Analysis and Synthesis (CINDAS),
Purdue University, West Lafayette, Indiana.

The overall program is aimed at providing data and information on all the important
thermophysical properties of twenty-seven selected aerospace materials, This Part I
contains data and information on thermal radiative properties only. Other parts are in

preparation to cover other thermophysical properties,

Because of the extensive scope and highly specialized nature of the work, the
staff who contributed to this volume were drawn not only from TEPIAC but also from
other CINDAS programs, The following key personnel comprised the team responsible
for the authorship (including data compilation, evaluation, and generation of recommended
values) of the sections on the various selected materials: Mr. M. W. Johnson ( Aluminum
Alloy 2024), Dr. P, D, Desai (Aluminum Alloy 7075 and Titanium Alloy Ti-6Al-4V}),
Mr. T. Y. R. Lee (AISI 304 Stainless Steel), Dr. R. A, Matula (Aluminum oxide, boron
nitride, calcium aluminum silicate, magnesium fluoride, Pyroceram, and vitreous silica}),
Mr. T. N. Havill (silicon), Dr. K. Y, Wu (silicon carbide), Dr. T. C. Chi (silicon
nitride, acrylic resins, Lucite, polycarbonate plastics, and silicone resins), and Dr,
H. H, Li (aluminized grafoil, boron fiber aluminum matrix composite, graphite fiber
aluminum matrix composite, boron fiber epoxy composite, glass fiber epoxy composite,
and graphite fiber epoxy composite). The Scientific Documentation Division of TEPIAC

provided the in-depth search of the literature supplemental to its basic coverage,

We wish to take this opportunity to ackniowledge the assistance provided by many
of our friends both in governmental laboratories and in industry. In most cases this
assistance has taken the form of providing reports or papers not readily available,

It is hoped that the present volume will prove useful to a large technical community
as it provides a wealth of knowledge heretofore unknown or inaccessible to many. In
particular, it is felt that the critical evaluation, analysis and reference data recommenda-

tion, whenever possible, constitute perhaps the most unique aspect of this work.

In putting a volume of this magnitude together it is nearly impossible to avoid
some errors and omissions. It is hoped that we were able to keep these to a minimum,
The editors and contributors would be most grateful if those who use this volume bring
to their attention any additional known data or any possible errors that might have been
inadvertently committed.

Y. S. TOULOUKIAN

Director of CINDAS

Distinguished Atkins Professor of
May 1976 Engineering
West Lafayette, IN 47906 Purdue University
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SUMMARY

This volume presents the mort comprehensively compiled experimental data and
the critically evaluated and recommended values for the thermal radiative properties
(hemispherical, normal, angular) spectral emittance, reflectance, absorptance, and
transmittance of twenty-seven selected aircraft/spacecraft structural materials of tech-

nological interest.

Each subproperty is treated with respect to both wavelength and temperature
dependences whenever possible. In the compilation of experimental data, all available
data covering from the photographic region of the spectrum up to 100 ym are included.
The recommended values resulting from critical evaluation, analysis, and synthesis
of the availahle data and information cover the wavelength range of present interest from
visible region (below 1 ym) to the infrared of 15 ym, if possible, Furthermore, the
recommended values as a function of temperature are given for four particularly useful

wavelengths (whenever possible): 2.8 ym, 3.8 ym, 5.0 ym, and 10. 6 ym.

The experirental data and the recommended values for each dependence of each
subproperty of each material are presented in both tabular and graphical forms, together
with a discussion text and a specification table. The former reviews and discusses the
available data and information, the theoretical guidelines and other factors on which the
critical evaluation, analysis, and synthesis of data are based, and the considerations
involved in arriving at the final assessment and recommendations, and the latter gives
the information on the specimen characterization and measurement method and condition

for each set of experimental data.

In order to enable the user to fully utilize and properly interpret the data and
information presented in this reference work and also to enhance the usefulness of the
data themselves, the theoretical background of thermal radiative properties is given at
the beginning of the volume. Since most of the selected materials are not well known,
a concise description of each of the materials is given at the beginning of each of the

subsections.

The material and property coverage of this volume is summarized in the table
entitled '"Page Index to Materials and Properties' which appears on the next page.
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1. INTRODUCTION

This reference work presents the most comprehensively compiled experimental
data and the critically evaluated and recommended values on the thermal radiative prop-

erties of twenty-seven selected aircraft/spacecraft structural materials.

The twenty-seven specific materials and generic groups of materials covered

are the following:

1. Metals

(1) Aluminum Alloy 2024

(2) Aluminum Alloy 7075

(3) AISI 304 Stainless Steel
(4) Titanium Alloy Ti-6A1-4V
(5) Hadfield Manganese Steel

2. Dome Materials

(6) Aluminum oxide (Wesgo Al-300)
(7) Boron nitride
(8) Calcium aluminum silicate (Corning 9753)
(9) Magnesium fluoride (Kodak IRTRAN 1)
(10) Pyroceram (Corning 9606)
(11) Silica (vitreous)
(12) Silicon
(13) Silicon carbide
(14) Silicon nitride

3. Transparent Materials

(15) Acrylic resins
(16) Lucite

(17) Polycarbonate plastics

(18) Polyphenylquinoxaline
(19) Silicone resins

4, Composites

(20) Aluminized grafoil

(21) Boron fiber aluminum matrix composite
(22) Graphite fiber aluminum matrix composite
(23) Boron fiber epoxy composite

(24) Glass fiber epoxy composite

(25) Graphite fiber epoxy composite

(26) Silicon nitride with chopped graphite fiber
(27) Silicon nitride with vitreous silica

Melting Point (K)

775-911
750-911
1670-1727
1803-1908
1470-1480

2315-2320
3273(sublimation)
1723-1773

1528

1623 (softening)
1950-2000

1687

>2400(sublimation)

2200(dissociation)

277-511(softening)

397 (softening)
520(decomposition)
430(softening
580(decomposition)
780-830(decomposition)
473-873(thermal degradation)

933.52(M, P, o Al)
933.52(M. P. of Al)
933.52(M. P. of Al)
590( epoxy decomposition)
590( epoxy decomposition)
590(epoxy decomposition)

The thermal radiative properties covered include the four prime properties:

emittance, reflectance, absorptance, and transmittance. Additionally, each of the



prime properties are divided into three subproperties: hemispherical spectral, normal
spectral, and angular spectral, and each subproperty is treated with respect tv both

wavelength and temperature dependences, wherever possible,

In the compilation of experimental data, all available data covering from the
photographic region of the spectrum up to 100 um are included. The recommended val-
ues resulting from critical evaluation, analysis, and synthesis of the available data and
information cover the wavelength range of present interest from visible region (below
1 ym) tothe infrared of 15 um, if ,ossible, Furthermore, the recommended values
as a function of temperature are given for four particularly useful wavelengths (when-

ever possible); namely: 2.8, 3.8, 5.0, and 10.6 um,

In order to enable the user to fully utilize and properly interpret the data and
information presented in this report and also to enhance the usefulness of the data them-
selves, Section 2 provides the theoretical background of thermal radiative properties,
which is believed useful. In Section 3 the procedure for data evaluation and the gener-
ation of recommended values is briefly outlined. The original experimental data and the
critically evaluated and recommended values in both tabular and graphical forms for
the various subproperties of the selected materials are given in Section 4, together with
a discussion text and a table on measurement information, The discussion text reviews
and discusses the available data and information, the theoretical guidelines and other
factors on which the critical evaluation, analysis, and synthesis of data are based, and
the considerations involved in arriving at the final assessment and recommendations.

In this discussion text the accuracy or uncertainty of the recommended values is also
stated. The table on measurement information contains the information on the specimen
characterization and measurement method and condition for each set of experimental data,
Since most of the selected materials are not well known, a concise description of each

of the materials is given at the beginning of each of the subsections in Section 4, The
complete bibliographic citations for the 332 references are given in Section 5.



2. THEORETICAL BACKGROUND*

2.1. General Remarks

The purpose of this section is to briefly explain the theoretical background that
is helpful in understanding thermal radiative properties and the material presented in
this report.

When light or other forms of electromagnetic radiation is incident on a material,
three things can happen: the light is reflected, the light is absorbed, or the light is trans-
mitted. Materials in general exhilbit selective reflectance, absorptance, and transmit-
tance, which means that the reflectance, absorptance, and transmittance vary with the
wavelength of the incident light. For example, if the fraction of the incident light or
radiative energy transmitted is plotted against wavelength, it would show peaks and val-
leys. What is the significance of peaks in a transmittance curve as a function of wave-
length? When looking through a piece of blue glass which is illuminated by white light,
it would appear blue to an observer. This means that the blue light with its character-
istic wavelengths passes through the material and is not absorbed. Red glass which is
illuminated by white light will appear red to an observer meaning that the red light with
its characteristic wavelengths is not absorbed and passes through the glass with little
loss in intensity. Thus, as a generalization, it can be stated that the wavelengths of
light that are transmitted by a material are those wavelengths at which the light is not
selectively absorbed by the material. This generalization holds not only for visible light
but also for thermal radiation. The peaks or high values of transmittance correspond
to the thermal radiation which is not absorbed at those particular wavelengths and the
valleys or low values of transmittance correspond to the thermal radiation which is ab-
sorbed at those particular wavelengths. What physically occurs when light or thermal
radiation at certain wavelengths is absorbed? A material is made up of a large number
of atoms and/or molecules. These atoms or molecules can undergo various kinds of
motion or changes in condition by excitation with light or other electromagnetic radiation
of certain wavelengths. When the wavelength of the incident radiation is the same as
the wavelength necessary to excite various kinds of motion or changes in condition, the
atoms or molecules absorb the radiation of those wavelengths and the remaining radiation
with other wavelengths is transmitted through the material.

Radiation is one of the three fundamental means of heat transfer, the others being
conduction and convection. Radiation differs from the other means in two important -e-
spects: first, 110 medium is required for the transport of energy by radiation, and second,

* For details, see the text in [T61238 and T66579].
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the rate of heat dissipation by radiation varies approximately as the fourth power of the
absolute temperature, whiie that by the other means varies approximately as the first
power of temperature. For these reasons, radiation becomes the dominant means of

heat transfer at high temperatures and in the absence of an atmosphere.

The thermal radiative properties - emittance, reflectance, absorptance, and
transmittance - are the parameters which are descriptive of the energy transported by
means of radiation. The properties can he prescribed in greater detail to account for
the spectral or wavelength conditions and the geometrical or directional conditions in
which the radiant energy interacts with the solid. This interaction can be phenomenol-
ogically 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.

There is a marked contrast between the radiative properties of metallic and
nonmetallic solids. The magnitude of the radiative properties of the metallic solid is
determined to a large extent by the surface condition; due to the high absorption index
radiant energy will not travel more than a few hundred angstroms into the metal before
being totally absorbed. As a result, surface roughness, oxide layer formations, struc-
tural defects due to mechanical stresses, etc. can be predominating influences on the
property variations. The nonmetallic or dielectric materials are known to be less sen-
sitive to surface conditions; the absorption and emission processes are '"bulk" or ' volume"
phenomena. This is a consequence of appreciable transparency of the nonmetallic solid

to thermal radiation.

The understanding of the basic mechanism of interaction between radiant energy
and metallic solids is reasonably well developed. The behavior of the metallic solid
is fairly adequately described by the free electron models which indeed are only approx-
ima‘e, but do provide simple and useful tools. The more sophisticated theories, while
still not useful as yet for the prediction of numerical values from structural parameters,
do provide a means for evaluation of experimental data and a basis for developing em-
pirical relations to meet specific conditions. Our understanding of the theory of nonmetal-
lic behavior is less well developed. The simplest model ascribes the nonmetallic behavior
as due to a combination of several tvpee of free electrons and electrons bound to the lat-
tice. The theory is useful for basic understanding of behavior but not tractable for direct
computation of property values., The problem is further complicated by transparency,
scattering phenomena, and temperature gradients within the solid, which can usually
be treated only in a gross or oversimp'ified manner.



In summary, then, pertaining to the principal differences between the metallic
and nonmetallic behaviors, it can be stated that there are two: (1) the contributions
of the transparency of nonmetallic solids giving rise to " volume' effects rather than
"gurface' effects which predominate the behavior of metallic solids, and (2) the lack
of theoretical tools and simplified models for nonmetallic solids as are available for

metallic materials.

2.2. Terminology

In order to understand the many terms and the notation used to desc>ibe thermal
radiation, an explanation of relevant processes, things, quantities, properties, and des-

criptors, etc. is called for.

a. Processes

Radiation. The process by which radiant energy is emitted by a body. This process

is also called emission.

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.

Propagation. The process or processes by which radiant energy is transferred from
one region to another region 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 fre-
quency for a body at its temperature.

Reflector. A body that reflects incident radiant energy.

Transmitter. A body that transmits incident radiant energy.



Transparent Body. A body that transmits radiant energy directly, without diffusion or
scattering, and has a relatively high transmittance.

Translucent Body. A body that transmits radiant energy principally by diffuse transmis-
sion. Objects are not seen distinctly through such a body.

Absorber. A body that absorbs incident radiant energy.

c. Quantities

Radiant Energy, Q. Energy in the form of electromagnetic 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, I. I =d$/dw. Flux per unit solid angle from a source. Watt per

steradian.

Radiance, L. L = d®/dw dA cos 8. 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 incident on a surface.

d. Properties

Properties ending in '"ance' are properties of real specimens, regardless of
thickness or surface condition., Properties ending in "ivity' are intrinsic properties
of the material of which the specimen is composed, and can only be approached by val-
ues measured on real specimens that have clean optically smooth surfaces and are
opaque.

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

Absorptance, a. The ratio of absorbed flux to incident flux.

Transmittance, 7. The ratio of transmitted flux to incident flux.

Internal Transmittance, T. The ratio of the radiant flux reaching the exit surface to

the flux which leaves the entry surface of a transparent body.



Emittance, ¢. The ratio of the radiant exitance of a body at a given temperature to that

of a blackbody radiator at the same temperature.

Reflectivity, p, ps. The reflectance of a specimen that has an optically smooth surface

and is thick enough to be opaque.

Absorptivity, a, a,. The absorptance of a specimen that has an optically smooth sur-

face and is thick enough to be opaque.

Emissivity, €, €x. 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 irradiation and viewing to that reflected by the ideal completely re-
flecting, perfectly diffusing surface, identically irradiated and viewed.

For each of the four thermal radiative properties it is necessary to specify the

wavelength conditions and the geometrical conditions applicable to the property.

e. Wavelength Descriptor

The only wavelength descriptor that is applicable to this report is the term
"spectral'. Used as a modifier for a thermal radiative property it means as a function
of wavelength. For example, spectral transmittance means transmittance as a function
of wavelength and is designated as 7()\). Used in the context of a condition, the concept
spectral means for a very narrow band of wavelength and is also referred to as mono-

chromatic.

f. General Geometrical Descriptors

Figure 1 shows the general case of reflection at a surface and indicates the
necessary geometric parameters required to fully describe the incident and reflected
fluxes. The beams representing the incident and viewed flux are described by the zenith
angles for 6 and 6' and by the beam solid angles w and w'. The lengitudinal angles ¢
and $' relate the axes of the beams to each other and some reference line on the spec-
imen; as a practical matter very few measurements so specify this angular descriptor.
It is {he convention in this report to distinguish three sets of general conditions as
follows:

Normal - Conditions for incidence and/or viewing through a solid angle w or w',
normal to the specimen; that is 6 or 8' <15°.



Figure 1. Geometric parameters decocriptive of reflection from a surface. 0 is
the zenith angle, or colatitude, in degrees; ® is the azimuthal angle,
or longitude, in degrees; wis the beam solid angle, in steradians; and
the symbol ! refers to viewing conditions.

Angular - Conditions for incidence and/or viewing through a solid angle
w or w' at some direction specified by 8 or ' > 15°

Hemispherical - Conditions for incidence and/or viewing of flux over a hemispher-
ical region; that is w or ' = 27
The descriptors normal and angular do not fully describe the geometric conditions; w
and/or ' and 8 and 6' must be provided to fully specify the geometry.

g. Present Classification Scheme

In the classification scheme used in the data section of this report, reflectance,
absorptance, and transmittance subproperties are grouped geometrically by incidence
conditions and emittance is grouped by viewing conditions.

For absorptance, transmittance, and reflectance, hemispherical means the
radiation is incident over a hemisphere, i.e., w = 27, while normal means 6 < 15° and
angular means 6 > 15°. For emittance, hemispherical means w' = 27, normal 6' < 15°,
and angular 6' 215°,

h. Symbolic Representation

The various subproperties are expressed according to the following convention.
The symbols for the four primary properties €, p, o, and T have already been presented.



The geometric (incidence and viewingconditions)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):

p(8, P, w; 0', &', w'; )
where the wavelength descriptor, A, used in this report has previously been defined.

As a practical matter not all the designations are always needed and many are
omitted for convenience sake; usually & and &' are not used and, of course, for emittance
and absorptance, the incidence and viewing geometry symbols, respectively, are not

applicable.

It should be noted that for the subproperties of emittance and absorptance, 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.

2.3. Interrelations Between Thermal Radiative Properties

All matter is continually emitting radiant energy as a result of the thermal
vibration of the particles (electrons, ions, atoms, and molecules) of which it is com-
posed. 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 surroundings, 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.

Wher 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, ‘bi’ is equal to the sum of the reflected flux, o, the absorbed flux, ‘ba’ and the
transmitted flux, d)t:

& =0+, +d, (2.3-1)

This is an example of the Law of Conservation of Energy.

The reflectance, p, is the ratio of reflected flux to incident flux; the absorptance,
o, is the ratio of absorbed flux to incident flux; and the transmittance, 7, is the ratio of
transmitted flux to incident flux. Dividing both side« of eq. (2.3-1) by cbi gives
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l=p+a+T (2.3-2)
For opaque materials, 7 = 0, henze for such materials
p+ra=1 (t=0) (2.3-3)
Kirchhoff's law states that the absorptance is equal to the emittance
Sl (2.3-4)
Thus, for an opagque material
p+e=1 (2.3-5)

and the thermal radiative properties of an opaque body are fully described by either the
reflectance or the emittance. However, there are certain restrictions that apply to egs.
(2.3-2) through (2.3-5). They are restricted by the geometric and wavelength distri-
bution of the reflected and emitted radiant energy. Considering the geometric distribution

only, for opaque specimens
a(8, w) =1-p(6, w; 2m (2.3-6)
where 6, w are the same for o and p, and
€(6', w) =a(6, w) (2.3-7)

where 6 = ' and w = w'. Equation (2.3-6) was derived on the basis of conservation of
energy. Incident radiant energy that is not reflected must be absorbed and eq. (2.3-7)
is a statement of Kirchhoff's law. Equations (2.3-6) and (2.3-7) 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 hemispherical reflectance can be used to

compute the desired values.

The variation of the thermal radiative properties with temperature, wavelength,
and geometric conditions (including polarization) of irradiation and viewing poses certain
restrictions on eqs. (2.3-2) through (2.3-5). For eqgs. (2.3-2) and (2.3-3) to be valid,
a, p, and T must be evaluated under the same conditions, which means that the temper-
ature of the specimen must be the same, and the spectral composition, 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.

Kirchhoff's law, eq. (2.3-4), is derived for the condition that the specimen is
irradiated in a blackbody cavity with walls at the same temperature as the specimen,
which means that the specimen is uniformly irradiated over a hemisphere with unpolar-
ized radiant energy having the spectral distribution of that of a blackbody radiator at

———
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the temperature of the specimen. However, it can be proved that eq. (2.3-4) 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 di-
rection 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 emit-
tance evaluation. Even with these modifications, eq. (2.3-4) 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 specimen. This would appear to impose

a severe restriction on the general applicability of eq. (2.3-5). However, it <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>