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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 uss 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 Series 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). i he 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
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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.
EDWARD L. BRADY
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° x 17" 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 o~der 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 ext,
the body of numerical data with source references,
and a material index.
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x Preface

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 nuioer 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 freedum 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 whicl are re-
ported in separate companion volumcs, 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:

Volumes 1, 2, 3
Volumes 4, 5, 6
Volumes 7, 8, 9
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

Thermal conductivity:
Specific heat:
Radiative proprties:
Thermal expansion:

*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
walues.” 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
equaticns, 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 tect nology.
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-
~ible 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 efiort 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
Advascud Research and Technology-National Aero-
nauucs 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
staffl 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. 1 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




Introduction to Volume 6

This volume of Thermophysical Properties of Matier,
the TPRC Data Series, covering the specific heat of
fluids, presents the data on nonmetallic materials
which are in the liquid or gaseous state at normal
temperature and pressure. It is not as comprehensive
as its two companion volumes, Velumes 4 and 5,
primarily because we have not been able to cover an
extensive number of fluids due to lack of technologi-
cal interest.

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

The text material is intended to assume a role
complementary to the main body of numerical data
which is the primary purpose of this volume. It is felt
that a concise discussion of the theoretical nature of
the property under consideration together with a
review of predictive 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 a highly comprehensive 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 datacompiledoverthe years
in a most meticulous manner. The coverage includes
a selected number of pure substances, identical to
those covered in Volume 3 of this Series, which are
felt to be of greatest engineering importance. The
extraction of all data directly from their original
sources ensures freedom from errors of transcription.
Furthermore, some gross errors appearing in the
original source documents have been corrected. The
organization and presentation of the data together
with other pertinent information on the use of the
tables and figures are discussed in detail in the text
of the section entitled Numerical Data.

All the data presented in this volume have been
critically reviewed and analyzed, and “recommended
reference values™ are presented.

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.

The material index at the end of the volume
covers the contents of all three companion volumes
(Volumes 4, 5, and 6) on specific heat. It is hoped
that the user will find these comprehensive indices
helpful.

This volume has grown out of the activities
made possible principally through the support of the
Air Force Materials Laboratory-Air Force Systems
Command, under the monitorship of Mr. John H.
Charlesworth, and the Office of Standard Reference
Data-National Bureau of Standards, under the
monitorship of Dr. Howard J. White, Jr. The authors
wish to acknowledge the contributions made by Dr.
K. Hamanoue and Messrs. O. Takagi, K. Kamata,
and K. Ueda of TPRC's Kobe Affiliate Group.

Inherent to 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 contribu-
tion to negative entropy of information, as an effort
is made to create from the randomly distributed data
a condensed, more orderly state.

While this volume is primarily intended as a
reference work for the designer, researcher, expari-
mentalist, and theoretician, the teacher at the gradu-
ate level may also use it as a teaching tool to point
out to his students the topography of the state of
knowledge on the specific heat of fluids. We believe
there is also much food for reflection by the specialist
and the academician regarding the meaning of
*“‘original™ investigation and its “information con-
tent.”

The authors and their contributing associates
are keenly aware of the possibility of omissions or
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xiv Introduction to Volume 6

errors which may be encountered in a work of this
scope. We hope that these faults will not be judged
too harshly and that we will receive the benefit of
suggestions regarding references omitted, additional
material groups needing more detailed treatment,
improvements in presentation, and, most important,
any inadvertent errors. If the Volume Registration

Certificate accompanying this volume is returned,
the reader will assure himself of receiving annually
a list of corrigenda as possible errors come to our
attention.

Y. S. TOULOUKIAN
T. MAKITA

Lafayette, Indiana
July 1969
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Velocity of sound

Total number of phase cells in the phase space

A constant in rotational energy states,
B = h/83CI

Conversion factor from atmospheres to
dynes cm~2, b = 1.0132 x 108

Constant temperature coefficient ; A constant
in Boltzmann statistics, equation (38)

Velocity of light, ¢ = 2.997925 x10'° cm
scc-l

Specific heat at constant pressure

Specific heat under saturated conditions

Specific heat at constant volume

Specific heat due to electronic configurations

Specific heat due to nuclear spins

Specific heat due to rotation of molecule asa
whole

Specific heat due to translation of center of
gravity of the molecule

Specific heat due to vibration of atoms inside
the molecule

Total energy of all n molecules; Internal
energy of system; Electrical voltage

Base of Naperian logarithms

Number of degrees of freedom

Flow rate of fluid through calorimeter

Electronic statistical weight

Nuclear spin statistical weight

Enthalpy

Planck constant, h = 6.6262 x 10-%7 erg sec

Moment of intertia of a molecule; Electrical
current

Number of units of spin of the nucleus of
an atom

Rotational quantum weight; Electrical equi-
valent of heat

Boltzmann constant (gas constant per
molecule), k = 1.3806 x 10~ 8 ¢rg K !

Logarithm to the base e

Mass of a molecule

Avogadro’s number; Total number of
molecules
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Number of atoms in a molecule

Number of molecules in rth phase cell

Pressure, in atm

Partition function (sum of states); Heat
energy exchanged with system

General designation for statistical weight

Universal gas constant

Entropy

Absolute equilibrium temperature

Vibrational statistical weight

Total volume

Number of different complexions corre-
sponding to a statistical state of a gas

Work done on or by system

Reduced temperature, x = 8,,,/T = he/kT

Compressibility, Z = PV/RT

E. ponent in expression PV2 = constant in
expansion of real gases, see equation (89)

Volumetric coefficient of expansion

Specific heat ratio, C,/C,

Volume of a phase cell

Average energy of a molecule

Vibrational characteristic temperature,
Oy = hv/k

Isothermal compressibility

Wavelength, in cm

Joule-Thomson coefficient

Frequency of vibration, in cycles sec~?,
vV=cw

A mathematical constant, = = 3.14159....

Mathematical symbol indicating product of
a series of i terms

Density

Mathematical symbol indicating summation
of a series of / terms

Symmetry number in rotational states for the
different spatial orientations of a molecule
which are physically indistinguishable

Volume of the phase space in which repre-
sentative molecules may be found

Wave number, in cm~!, w = 1/A




Specific Heat of Liquids and Gases

1. INTRODUCTION

The specific heat is one of the most important
thermodynamic properties of pure substances, and
at the same time it is one of those measurable in the
laboratory to a degree of confidence proportional to
the expenditure of care and the refinement of
technique. In the particular case of gases, accurate
heat-capacity measurements, at several pressures
and over a range of temperature, are valuable in at
least two ways: (a) They may be extrapolated to
zero pressure at the several temperatures to obtain
a set of values of ideal-gas specific heat. For gases
of any complexity, the specific heats thus obtained
frequently may be used to decide questions or struc-
ture or vibrational frequency. Once a reliable set of
molecular constants is available, the zero-pressure
thermodynamic properties may be calculated over a
temperature range far larger than that of the specific
heat experiments. (b) The values obtained for the
change of specific heat with pressure may be an order

0)magnitude more accurate than the same quantity

calculated from data of state of good accuracy.
Thus there is provided an opportunity to check or
modify existing equations of state.

In the past two decades it has become accepted
that ideal-gas specific heat of diatomic molecules and
others of very simple structure can be calculated
statistically with at least as good reliability as they
can be obtained from experimental measurements.
This does not mean, however, that gas specific heat
measurements are no longer necessary; on the
contrary, they are becoming more important both
in regard to C,° and equation of state for the vast
majority of substances in the vapo: state which are
too complex for reliable statistical calculations.

In this introductory presentation a brief review
of the basic nature of the specific heat or heat
capacity is given, together with the thermodynamic
relations for its derivation from data of state and
various experimental and theoretical methods.
These thermodynamic equations are perfectly general

and apply to both the liquid and gaseous state
except where the relations are for the dilute or
perfect gas. The treatment also presents a very brief
exposition to the calculation of zero-pressure specific
heat of gases because of its basic importance. Fora
more detailed exposition on the subject, the read:r
may refer to a number of excellent texts or original
articles cited herein.

As to the liquid state, it has long been customary
to classify liquids into two classes, normal liquids
and associated liquids, based on the general guidelines
whether their physical properties obeyed certain
empirical relationships or not. Those liquids whose
properties exhibited anomalies were referred to as
associated liquids because their deviation from
empirical rules were thought to be due to association
of the molecules in the vapor phase to form larger
molecules in the condensed phase. In present day,
because of our better understanding of the molecular
state, we define normal liquids as the state in which
the internal degrees of freedom of each molecule are
not seriously disturbed by the close proximity of the
other molecules in the liquid. In such a state the
partition functions will be the product of a partition
function for the translations ot the molecules and a
partition function for the internal degrees «..” freedom
of each single molecule, the latter being very similar
to those for gaseous molecules. In an associated
liquid, on the other hand, the originally gaseous
molecules interact so intimately that the rotational
and vibrational degrees of freedom are seriously
modified; some rotations may become frozen, and
atoms from different molecules may become bound
to each other so tightly that one speaks of the forma-
tion of new chemical links.

The study of associated liquids has only been
started and few liquids have been examined by
modern methods. Even when we exclude association
there are incomparably greater difficulties in applying
statistical mechanics to a liquid than to a dilute gas
or to a crystal. For in a dilute gas we have complete
randomness of configuration and in a crystal we

3a
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have almost complete order; in a liquid we have
neither and it is this fact which makes it so difficult
to find a useful model.

Until recent years all attempts to discuss the
liquid state have been based on the theory of dense
gases. However, more recently, we have reached the
conclusion that a liquid is much more like a crystal
than like a dense gas and the structure is conveniently
referred to as quasi-crystalline. Whereas in a crystal
each molecule is surrounded by a definite invariable
number of nearest neighbors, this number is not
definite in a liquid. Nevertheless, at temperatures
well below the critical temperature, the number of
nearest neighbors has a fairly well defined average
value, and although there are fluctuations about this
average, these fluctuations are not serious, and the
geometrical relationship of each molecule to its
immediate neighbors is on the average very similar
to that in a crystal.

2. DEFINITION OF SPECIFIC HEATS

In thermodynamics, the specific heats at constant
pressure and at constant volume are given by

definition as
Tyl 2 |
) ar),, M

Cy (:—i) @

Furthermore, the property enthalpy, H, is given by
definition as H = U + PV. Based on these three
definitions, and using the First Law of thermo-
dynamics we shall interrelate C, and C, to the heat-
energy quantities measured experimentally in their
determination.

For a unit mass of a substance undergoing a
change of state. we can write the First Law of
thermodynamics as

dQ = dE + d(Wk) 3)
Let us select two specific constant-pressure processes

for the unit mass to undergo, between the same
identical end states in each process:

and

First process:  Heat is exchanged but no shaft
work crosses the boundaries of
the constant-pressure system.

Under these conditions the above First Liw
relationship reduces to

dQ = dE + PdV
or
dQ = d(E + PV)
= dH

Second process: The process is adiabatic but
shaft work is done on the
constant-pressure system.

)

Under these conditions the First Law relation-
ship reduces to

0 = dE + PdV — d(Wk)
d(WK) = dE + PdV
= d(E + PV)
= dH (5)

When the magnitude of the heat exchanged in the
first process is made equal to the shaft work done in
the second process |dQ| = |d(WKk)|, thea the enthalpy
changes, dH, in the two processes would have been
the same and the system would have undergone an
identical change of state between the same end
states irrespective of the process. Therefore, we have
shown that for a constant-pressure process where no
shaft work is involved, dH = dQ and therefore
C, = (dQ/dT),. Hence the term “specific heat” is a
misnomer unless its definition includes a sufficiently
circumscribed description of the process in which at
constant pressure dH = dQ.

A very similar type of treatment is made to
show that for a constant-volume process dE = dQ,
and hence C, = (dQ/dT), under specified conditions
only.

In addition to the constant-pressure and
constant-volume processes which are of primary
interest in the evaluation of the specific heat, the
specific heat of saturated liquids and solids,
C, = (dQ/dT),, is also of importance in a number
of engineering applications. This definition implies
that during the addition of heat the solid or liquid
is kept in equilibrium with an infinitesimal amount of
its saturated vapor. Strictly speaking, the heat
capacity of a saturated liquid or solid cannot be
measured at constant pressure, because the tempera-
ture rises during the absorption of heat and the
pressure varies according to the vapor pressure
relation. If the pressure were kept constant the
liquid or solid would evaporate and one would
measure the latent heat effect and not the specific
heat. Since the difference between C, and C, is
usually negligibly small, many investigators have




used C, instead of C, for the liquid or solid under
saturated vapor pressure. In this volume, the symbol
C, is maintained for liquids under saturated vapor
pressures, and the designation “saturated liquid”™ is
specified in the departure plots.

3. USEFUL RELATIONSHIPS BETWEEN C,,
C, AND OTHER THERMODYNAMIC
PROPERTIES [11]

A. The Difference between C, and C,

Although there is no apparent connection be-
tween the two heat capacities C, and C,, we may
develop several relations without any limiting
assumptions by simply using the First and Second
Laws of thermodynamics. Several useful relationships
are summarized as follows:

cmene (D), o
coanr (@)D, o
o[ (9 (D],

c c T@V (3” 9
p— Ly = (‘a_z'.)pa_r)v )

) )G, o
2
) /G), o

= - T(8 2
(C, C,,) _ [Z - T(¢Z/eT),) (12)
R [Z — P(6Z/0P)s)

As there is no restriction in the derivation of these
equations, they are applicable to any substance in
any physical state. Equations (9) and (10) are especi-
ally convenient in practical use, because the differ-
ence between the two heat capacities may be repre-
sented by P-V-T relation only. Furthermore,
substituting in equation (10) the volumetric coeffi-
cient of thermal expansion 8 = [(1/V)oV/eT),]
and the coefficient of isothermal compressibility
kp = — [(1/VX¢V/eP);], we may obtain for the
ideal-gas state

9]
h-}
|
n
i

)
v
1
e
]

2
c,-c,,=f-VT (13)

Kt

The value of C,—C, for most solids is relatively
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small, and values for the elements in the solid state
range up to ten percent of the values of C,,. The value
of C,—C, for a substance in the liquid state is
usually larger than for the same substance in the
solid state, since the value of the coefficient of
expansion is usually larger in the liquid state. For
an ideal gas, the difference between C, and C, can
be simply derived from any one of equations (5)
through (10), in using the condition that defines the
ideal gas:

C,-C,=R (14)

where R is the universal gas constant,
1.9872 cal g-mole~! K~!. For the real gas at | atm,
the value of C,—C, is not greatly different from R.

In general, if we know the value of either C, or
C, for a substance, the other may be derived from
the above equations, using the P-V-T data, an
appropriate cquation of state for the substance
concerned. or the compressibility. This volume con-
cerns itself only with the specific heat at constant
pressure.

Similarly, the difference between C, and C, is
represented in the same form as equation (9) as

follows:
C C, T(aV (61’ (15)
P ar),, ar),

B. The Ratio of C, over C,

The ratio of the heat capacities at constant
pressure and constant volume, designated by y, is
also important in reversible adiabatic processes. The
fundamental relation used to express this ratio is

given by
C, (eV\ [(¢V
c. \eprl,/ \er/,

where the subscript s refers to an isentropic process.
The adiabatic compressibility is defined as

),

and after using the isothermal compressibility «r as
defined by equation (17), equation (16) may be
written as
Kg
y-—— (18)

Kr

The propagation of sound compresses the fluid
adiabatically. The velocity of sound aat low frequency
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and low amplitudes in a fluid of density p is given by
the following exact relation:

aP\12
g (—) = () (19)
op/,
Substituting this relation into equation (16), we
obtain
a? (8V 20)
L7 ap),

Consequently, the ratio of heat capacities may
be derived from experimental values of velocity of
sound together with the knowledge of P-V-T rela-
tions. Furthermore, combining equation (20) with
equation (9) or (10), we can obtain the values of C,
or C, for fluids:

T(2P/eT),XeV/eP)y an
'@/ V? + (2P/2V),
2
T(2P/2T), @)

T Ty (VY

This procedure is frequently used as one method of
indirect experimental determination of specific heat.

C. General Thermodynamic Relations for C, and C,

The indirect determination of C, and C, as a
function of pressure and temperature are based on
the formulation of well known general thermo-
dynamic relations for pure substances which involve
the definitions of these two properties, knowledge of a
valid equation of state or data of state (P-V-T data),
and one other auxiliary set of data such as the Joule-
Thomson coefficient u; = (2T/oP), or the constant-
temperature coefficient C = (9H/éP);. In fact the
interrelationship

C
Cop=—— (23)
(D]
is often used in comparing experimental data from
various sources. Through the use and manipulation
of the.Maxwell relations onc obtains relations for
C, as a function of (H, S, T) or P, ¥, T); such as

C, = T(g)’ (24)
or
G-, @

Using these relationships C, may be derived through

thermodynamic functions or tabulations. However,
in normal practice C, is used in the formulation of
these derived thermodynamic functions (i.c.,
enthalpy, entropy, free energies, etc.) and its deter-
mination is based on statistical mechanical deduc-
tions or experimental calorimetry.

4. PREDICTION OF ZERO-PRESSURE
SPECIFIC HEAT OF GASES (11, 12, 13]

A. General Considerations

The study of specific heats at vanishingly low
pressures (zero pressure) is of importance because
numerical calculations can be performed with
extreme accuracy through theoretical considerations
of the internal energy of matter. As in the statistical
mechanical theory of matter the quantity calculated
is the internal energy; theiefore, the specific heat at
constant volume is obtained directly from these
calculations from the definition C, = (2E/eT),. At
vanishingly low pressures (perfect gas) C, = R — C,,

From classical statistical mechanics and Max-
well’s law of equipartition of energy the average
energy per degree of freedom for a molecule consist-
ing of a point mass with no intermolecular forces, is
given by

é = }RT, per degree of freedom (26)
and the specific heat

P
C, = (—() = }R, per degree of freedom (27)
oT/,

The classical statistical mechanics assumes only
translational and rotational energies to exist and on
this basis leads to C, values shown in column 5 in the
following table. As is well known, equations (26) and
(27) apply with great accuracy to monatomic gases
but are quite inadequate for diatomic and polyatomic
gases as they predict C, to be independent of
temperature and to be an integral multiple of }R.
Actually, C, for diatomic* and polyatomic gases

*For diatomic molecules at about room temperature C, is
approximately $ although such gases really fall into 3
groups: (1) For one gas, Ha, C, is appreciably less than § at
room temperature and decreases fairly rapidly with decreasing
temperature. (2) For a group of diatomic gases (Oa, N;, CO,
NO, HCl, HBr, HI) C, is nearly 5§ over a wide range of
temperatures, the members of this group showing small but
well established differences in C,. (3) The halogen gases
(Cly, Bry, and I;) have higher values of C,, about 6 at
ordinary temperatures, but are more dependent on tempera-
ture than those of group (2). Polyatomic gases have values
of C, almost always greater than 6.
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{ R/, cal/mol C
J from classical C,

Molecule Translation Rotation Vibration®* mechanics Observed

S S
Monatomic 3 0
Diatomic k) 2
Triatomic 3 3
n,-atomic 3 3

0 1IR3 3
1 4R~ S 5
3 SR 6 >6
3n, -6 tR~6 >6

*The number of vibrational degrees of freedom of a molecule containing n,

atoms is calculated as follows:

o=y = fio =fro=3nA-3 -3 =3n,-6

increases with increasing temperature. The variation
of C, with temperature may be explained, at least
qualitatively, on the basis of the acquisition of
additional degrees of freedom by the molecule.
However, this is not generally successful, and in the
case of H, it is necessary to assume that the two
degrees of *‘rotational’” freedom disappear at lower
temperatures, a result quite incompatible with the
classical theory.

The above results and discussion indicate the
very limited validity of classical mechanics and it is
only by abandoning the ‘“‘general” validity of the
theorem of equipartition that the specific heats of
gases can be satisfactorily explained. The proper
mechanics to use in dealing with atomic and molec-
ular systems has been discovered in the process of
development of the quantum theory.

For our present purpose, the total energy of a
molecule can be divided into energies of translation,
rotation, vibration, electronic excitation, and nuclear
spin. We may describe the state of affairs with a
considerable degree of accuracy by the statement that
these energies can be assumed to be independent of
each other and additive. Strictly speaking, vibrational
and rotational energies cannot be separated into two
parts since actual molecules are not perfectly rigid
structures and the equilibrium distance will vary
somewhat with the state of rotation. In other words,
there will be an interaction between vibrational and
rotational states. We must also say that even the
energy of translation is ‘‘quantized,” but for any
actual gas the temperature at which a deviation
from the classical laws could be observed is so close
to the absolute zero that the relatively large depar-
tures from ideal-gas behavior due to intermolecular
forces make it impossible to detect the deviation

predicted by the quantum theory. The only exception
to this statement is the *“‘electron gas’ in metals.
We can therefore write in symbolic form

€ =€+ €t ey t+ € + €y (28)

or
it
oT (29)
= (Cohr + (Cro + (Cluip + (Cler + (Co)u
But
C'=CC—-R

Hence

CPO = R + (Cu)tr + (Cv)ro + (Cv)vlb
+ (Cv)el + (Cv)nu

B. Statistical Mechanical Definitions

a. The Phase Space and Phase Cell

In studying a system of N identical molecules,
each possessing f degrees of freedom, it is convenient
to imagine a 2f-dimensional phase space. Each
molecule of the gas can then be represented by a
point in the phase space. The phase space is divided
into equal volume elements of size A where the
element A is supposed to be very small but neverthe-
less finite. The following discussion is restricted to a
system of monatomic gas.

If then our system of molecules is contained in a
volume V and if the greatest energy any molecule
can possess is ¢, then it can be shown that the
volume of the *“phase space” accessible to represent.
ative points is given by the equation

(30)

é = $nV(2me)*? (1))
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For points which represent molecules with energies
in the range ¢ to ¢ + ¢, where 8¢ is small but finite,
the available volume 8¢ of the phase space is obtained
from equation (31) with sufficient accuracy by the
equation

8¢ = 2 V(2m)3 % %5¢ (32)

If we denote by a, the number of *‘cells,” each of
volume A, which corresponds to encrgies in the
range ¢, to €, + 3¢, we find from equation (32)

0 27V .
a, = :’ = %-(2;»)3"2:,“2 ¢ (33)

b. Boltzmann Statistics

In classical statistics we have no information
about the proper size of the phase cell. For a
monatomic gas whose total energy is E, the value of
¢ can be obtained from equation (31) by replacing
e by E. This phase volume ¢ we imagine divided up
into a large number of cells, the volumes of which
are equal but otherwise arbitrary. A statistical state
of the whole gas is specified by giving the number of
representative points in each phase cell; a complexion
is described by specifying the individual molecules in
each cell. This, of course, assumes that identical
molecules can be distinguished for the purpose of
enumerating the number of complexions which
correspond to a givc{l statistical state. If we assume
that the probability‘;\of a statistical state is propor-
tional to the number of complexions corresponding to
this state, we can show that the most probable
statistical state is the one that occurs in the equi-
librium state of the gas.

Based on these considerations and the conditions
that:

Zn, = N = const, Xon, =0 (34)
Yen, = E = const, Xe,0n, =0 (35)
In Wisa maximum, SnW =0 (36)

We obtain the most important result of Boltz-
mann’s statistics; namely,

n, = 'El,'exp( —¢,/kT) @37

where n, = number of molecules in the rth phase
cell of volume A, ¢, = the energy of a molecule in
the rth phase cell, and C =a constant (to be
evaluated later).

c. Quantum Weights
If the possible energy states (levels) of a molecule

—— ===y

are arranged in an increasing order, it may be
possible that these energy levels can be divided into
groups, such that the energy difference between any
two levels in a group is small compared with the
energy difference between two successive groups. If
q, is the number of levels in such a group and if we
can assign without appreciable error the energy e,
10 cach level in the group as the same, then it is
convenient to treat such a group g'f states as a single
state of “quantum® or “statistical weight ¢,.® Under
these conditions equation (37) of Boltzmann’s
statistics is written in the form*

n, = %’cxp( -€,/kT) (38)

d. Sum of States-The Partition Function

Corresponding to each of the types of energy
into which we have divided the total energy of a
molecule, equation (28), there is a certain function Q,
called the *'sum of states™ or the ‘‘partiticn function,”
which is frequently used in calculating the thermo-
dynamic properties of an ideal gas. If ¢, €, ..., €
denote the energy levels for the type of energy
considered, and if the level of energy ¢, has a quantum
statistical weight ¢,, then the sum of states Q is given
by the expression

Q = qoexp(—e/AT) + q,exp(— ¢, /kT) + -+~
+ g,exp(—¢,/kT) = Lq,exp(—¢,/kKT)  (39)

Q in equation (39) stands for any one of the functions
Ourr Crot Qvibs Qets Onyu. Each of these is a function
of T only, except Q,,, which is a function of T and P.
If we restrict our considerations to conditions of
temperature and pressure under which the Boltzmann
statistics is valid, we find, in view of equation (38),

1
N=3Zn, = —C—‘ Zq,exp(-€,/kT) = Q/C (40)
Hence,

cu'? - Y ep(—ekT)  (41)
= N "r—‘aqrexP €y

N
E = Zen, = aEe,q, exp(—e,/kT)

*It can be shown that the value of the constant C in
equation (38) is very large for all gases (except the “*electron
gas™ in metals), even at very low temperature, if the pressurc
of the gas is moderately low. On this basis we can conclude
that the Boltzmann statistics is sufficiently accurate for all
usual applications to gases and we need not consider any
other types of statistics (i.e., Fermi-Dirac or Bose-Einstein
statistics).

e -




NZleq,exp(—e€/kT)
- Zg,exp(—¢,/kT)

- -nfong] - wrfth0)

£=er(

42)

2ln Q) 3)

oT

where Nk = R.
From equation (43)

¢ ¢ (T%¢InQ
ML P
éT), ~eT\ eT
¢¥(Tn Q)
T,
The complete partition finction Q of a molecule
is defined by the equation
Q= Qtr x Qrot. X Qvlb x Qel x Qnu (45)

Since,InQ =In Q,, + In Q.. + ..., it is seen that
equations (43) and (44) can be applied to any one
of the various partition functions to give the cor-
responding values of energy and specific heat.

c;=Rr[ (44)

C. Contributions of the Various Forms of Energy to
the Total Energy of a Molecule and the
Specific Heat

a. Translational Energy

The translational energy of a molecule is
obtained with great accuracy from classical statistics
by considering the center of gravity of the molecule
to have a kinetic energy of translation as given by
equation (26),

é = }RT, per degree of freedon (26)

Therefore for the three degrees of freedom of transla-
tion

Eu- = ;RT

(Codee = 4R (46)
The translational energy may also be quantized
leading to the translational partition function

2Qrmk T)*2NkT

S Pbi®

and

(47)

when the pressure P is expressed in atmospheres and
b = 1.0132 x 10° is the factor that converts atmos-
pheres into dynes per cm?. Q,, is seen to be a func-
tion of T and P. For one mole of a gas, equations (43)
and (47) give
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(@InQy) 3
E, = RT? = -RT
A o 2 “)

and from equations (44) and (47) or differentiating
equation (48) with respect to T
é(Tln Qu)] N ;R

oT? )

(Cohe = RT|
b. Electronic Encrgy (Excited States)

If the electronic levels of energy are represented
in ascending order by ¢, ¢;, ¢, . . . with correspond-
ing statistical weights go, 21, g2, - . ., the electronic
partition function is given by the expression

O = 8o exp(—¢o/kT) + g, exp(—e,/kT) + - -
= g.exp(—€/kT) (50)
where,
Be =8 +grexpl—(eg —VkT]+ -
From equation (50),

€

In Qa = lnge = H.. (1)

€0
TInQy=Tlng, — — (52)

3

From equations (43) and (51)
ding, d(e/k
E, = er[ ng. (o/ T)]
dT dT
ding,

= RT"( ) + (Ep)e 53
T (Eo)et (53)

where (Ey)., is the electronic energy per mole when
all the molecules are in their lowest electronic level.

d (T%dIng, d{TIng,)
(Cola = RdT( dT ) RT[ dT? ] i

At low temperatures, all the atoms or molecules
will be in the lowest level ¢,; the same statement can
be made for room temperature or even moderately
high temperatures if the difference (¢; — ) is very
large compared with kT. Under these circumstances,
the partition function given by equation (50) can be
represented with sufficient accuracy by the equation

Qe = 8o exp(—€/kT) (55)

Under these conditions it can be seen that in equa-
tions (53) and (54) the derivatives of Ing, with
respect to T are negligibly small. For the case of
equation (55) [where g, from equation (50) reduces
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to g, = constant] equations (53) and (54) reduce

to
E, = (Eo)ol (56)

(Ca =0 (57)

In most calculations, except at very high tempera-
tures, C,, is assumed negligible.

c. Vibrational Energy
From quantum mechanics it is found that the
energy ¢, °f a harmonic oscillator in a diatomic
molecule (linear oscillator) or polyatomic molecule
{nonlinear oscillator) is given as a whole multiple
of a quantum (4v) by the equation
€ = hy[v+1) (58)
where,
hv = hcw, {59)
An expression for the partition function Q;
(for strictly harmonic vibration) is

y= o

Qv = z exp[—hv/k T(v+1})]

y=0

= exp( —hv/2k T)[1 + exp(—hu/k T)
+ exp(—2hv,/kT) + + -]
exp(—hv/2kT)
"1 = exp(—m/kT)]
Letting

(60)

x; = v /kT

from equation (60) we can write
Xy
In Qup = e In(1 —e~ %) (61)

From equations (43) and (61) we get

RTx, RTx,
Eyy = e A ]

i
=i +§RTX‘ =

and from equation (62)

+ (Eodw  (62)

c oz i 63
(Codvw = e -1y (63)
In equations (62) and (63) v, are independent of
pressure and temperature and are obtained from
spectroscopic measurements of the gas at rather very
low pressures to reduce the effect of molecular
encounters and thus obtain sharper spectrograms.

d. Vibrational Characteristic Temperature
For a linear (diatomic) harmonic oscillator the

characteristic vibrational temperature is defined as

P) hv' wa (64)
vib & k k

then x becomes
Ooro

X =—

Hence, if 8,,, is given for a particular vibration, we
can calculate E,,, and (C,),,, from equations (62)
and (63) by using values of the Einstein functions:

3RTx o
(E = Ep)y = 1 Einstein  (65)
e -
3Rx%e* -
(Cowp = m, Einstein (66)

Since the Einstein functions [equations (65) and (66)]
refer to an oscillator with three degrees of freedom,
then for a given vibration in a gas molecule we shall
have the relations

Eyy = *(E)Elnsuln (67)
(o vib = s(Cv)Elnsuln (68)

Einstein functions are found tabulated (for both
E,,, and C,,,) as a function of x or 8,,.

e. Rorational Energy

Here we have to distinguish between linear
(diatomic) molecules and nonlinear (polyatomic)
molecules. We must also introduce the “‘symmetry
number” &, which is the number of different spatial
orientations of a molecule which are physically
indistinguishable. For example, the molecules AB,
AAB, ABC, have each a symmetry number equal to
1; the molecule AA and ABA have each a symmetry
number 2. Molecules like CH, and CCl, possess a
symmetry number 12.

Since the moments of inertia of a molecule are
functions of the vibrational and rotational states, an
exact expression for the rotational energy is some-
what _omplicated. We shall consider here the simple
casc where the moment of inertia / of a diatomic
molecule is assumed to be constant. On this assump-
tion the rotational energy is obtained from the
relation

¢/hC = J(J + 1)B (69)

where B is a constant, B = h/8x*CI. For diatomic
molecules, quantum mechanics gives for the statistical
weight of the energy level ¢, the quantity (27 + 1).
The partition function of the states Q.. can be




expressed then by the relation

J=e heB
Qrav = 2 (20/ + l)exp[—cl(al # l)—] (70)
= kT

A sufficiently accurate value of the summation
of equation (70) is

kT  8n2lT

= - 71
Orot chcB ch? o
Therefore from equations (43) and (71)
8721k
dIn
E., = RT? n RT (72
rot = %5 1* (72)
and
d(RT)
(Codrot = a7 - R (73)

At very low temperatures Q.. will be repre-
sented by the first two terms of the above sum
[equation (70)]; and it can be shown that both E,,,
and (C,)..« approach zero exponentially as T
approaches zero. Equations (72) and (73) are for the
case of a diatomic molecule, where it is regarded as
a small “‘dumbbell.” Rotation about the axis joining
the two molecules is not affected by collisions and is
not effective, but the two rotations of the molecule
about its center of gravity in two planes at right
angles can be changed by collisions, and hence the
molecule has two effective rotational degrees of
freedom. A rigid molecule containing more than two
atoms will have one more additional effective rota-
tional degree of freedom. Hence for a polyatomic
molecule, equations (72) and (73) become

Er = IRT (74)
(Codror = §R (75)

J. Combined Rotational and Vibrational Energies

Since actual molecules are not perfectly rigid
structures, the equilibrium distance between any
two vibrating nuclei in a rotating molecule will vary
somewhat with the state of rotation. Hence the
vibration frequencies and moments of inertia will not
be strictly constant. In other words, there will be an
interaction between the rotational and vibrational
states, and the complete expression for the rotational
~vibrational energy cannot be strictly separated into
two parts, one containing only the rotational quan-
tum number J, the second containing only the
vibrational quantum number ».
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An approximate value of Q,, which includes
both vibrational and rotational states of a diatomic
molecule is obtained by multiplying Q,,, of equa-
tion (60) by Q... of equation (71). Thus we find

872IkT
o exp(hcB/3kT) « exp(—x/2)
g

Qv.l = (1 -e9) (76)

Equation (76) can be used for ordinary temperatures
and above and would replace the partition functions
given by equations (60) and (71). The term
exp(hcB/3kT) can be replaced by unity except when
the moment of inertia of the molecule is exception-
ally small.

For nonlinear polyatomic molecules which have
no internal rotations, we shall merely write down the
partition function which corresponds to equation (76)
for diatomic (linear) molecules. If we let I}, I3, and I,
be the three principal moments of inertia about the
three mutually perpendicular axis, then, when the
moments of inertia are large and the tempe:. fures
are high, the following expression is valid:

2(873f. + I+ J.)1/2 -
e 8n%(8n°1, s’z 13) Ty ] exp( xl/z)‘
ch 1 — exp(—x,)

an

g. Nuclear Spin Energy

If the nucleus of an atom has i, units of spin
(unit of spin = h/2x) there are (2i, + 1) different
orientations of the spin axis which make (2/, + 1)
different contributions to the energy of the atom.
We may represent these (2i, + 1) nuclear energy
levels by e, €, €5, etc. The nuclear partition function
can be expressed then

Qn“ = exp(—(o/."{j) + cxp(-q/kT) 5 0G0 (78)

However, it is to be noted that the difference be-
tween ¢, €;, €, ctc., are exceedingly small, so that, for
any temperature even a few degrees above absolute
zero equation (78) can be written as

Qnu = EnueXp(—€/kT) (79)
where g, = (2, + 1), called sometimes the nuclear
multiplicity.

From equation (79):

InQ,y = Ingy, — /kT (80)

and

TinQuy = Ting,, — ¢o/k (81)




12a Theory, Estimation, and Measurement

From equations (43) and (80)
d(Ingy,)

Eyy = RT? dT + (Eo)nu (82)
and from equations (44) and (81)
dX(TIng,,)
(Coau = RTT (83)

The magnitude of equations (82) and (83) are
negligibly small for all gases except H,; and D,. It is
only for H, and D, that we need to concern ourselves
about nuclear spin contributions in applying func-
tions calculated by statistical mechanical methods.

h. Summary

In concluding the discussion of the previous
pages we see that for most gases (except Hp and D,
and the *“electron gas’ in metals)

(Co)el ~0
(Cv)nu ~0

Therefore we can write equation (30) in the
form:

Diatomic Gases

3
C = Cpo == (—R) + (R)ror
2 /e
v 2
[R x* exp(x,) 2] (84)
v lexp(x)) — 1}
or
7 o x2expl(x,)
Cl=-R+ [R ——————] 85
s v lexp(x) = 1J? Gl
Polyatomic Gases:
C —C°—R—(2R) +(3R)
ST 2 /e \2
& x2exp(x) )
R) —— M — (86)
( w lexp(x)) = 1P/

or
o _ & x2exp(x) ]
Cl=4R + [R vz fexpG) — 1T (87)

Example: For the molecule CF;H (consisting of
5 atoms) we see that the number of vibrational degrees
of freedom are: f = (3 x 5 — 6) = 9. Therefore
there are 9 frequencies of vibration, », to vy, which
can be obtained from spectroscopic studies. For
CF3H the values of vy are [13]:

v; = 3100 cycles cm~?
1100 cycles cm ™!

Vg =

vy = 700 cycles cm™?

ve = vg = 1250 cycles cm™!
ve = vq = 900 cyclescm™?
vg = vy = 500 cycles cm™?

Using equation (87), where x = hv,/kT, C,° can be
calculated.

5. EXPERIMENTAL DETERMINATION OF
SPECIFIC HEAT OF FLUIDS

A. General Considerations

The specific heat of gases and liquids has been
studied extensively by a variety of methods and their
multivariants. Several comprehensive works have
authoritatively reviewed the experimental methods
and techniques on specific heat measurements;
therefore, this section constitutes only a brief review
of the general features of the more important method
in use and for study in depth, the reader should refer
to the major reference works [1-9].

An important milestone in the history of gas
heat capacities was the publication in 1924 of
Partington and Shilling’s Specific Heat of Gases [1].
That volume not only gave a detailed description of
each worker’'s method and apparatus, but also
tabulated the results obtained by all workers, for a
large number of gases. The reader should consult this
work for discussion of some of the classical experi-
ments and detailed description of apparatus and
methods.

In 1968, an extensive publication appeared
under the series title Experimental Thermodynamics.
Volume 1 of this series entitled Calorimetry of Non-
reacting Systems, edited by McCullough and Scott [2],
constitutes a most exhaustive coverage of all aspects
of experimental calorimetry with the exception of
microcalorimetry. This work in essence upgrades the
earlier review of Partington and Shilling, except that
no experimental data are reported or reviewed. The
specialized field of microcalorimetry is well covered
by references [4, 5] while reacting systems is reviewed
in references [7, 8].

For the purpose of this review, direct determina-
tions of the specific heat at constant pressure are
those which involve a calorimeter. The major
methods that come under this category are:

a. Constant-flow calorimeter gas
b. Isothermal drop calorimeter liquid




¢. Conduction calorimeter liquid
d. Mixing method calorimeter  gas, liquid
¢. Heat-exchanger calorimeter  gas, liquid

Indirect determinations of specific heat are those in
which another variable is measured, and C, may be
derived only with knowledge of the equation of state
or the specific heat of a calibrating fluid. The major
methods in the category are:

a. Isentropic expansion method gas
b. Velocity of sound method gas, liquid
c. Joule-Thomson effect method gas

The above methods of direct or indirect calorimetry
are named after the phenomenological process
associated with the method. Other calorimeters are
named after the scientist who first used it extensively.
Examples are:

a. Bunsen ice-calorimeter—isothermal

b. Nernst calorimeter—isothermal shield (also
referred to as isoperibol)

¢. Joule twin calorimeter—also referred to as
twin or differential calorimeter

d. Dewar low-temperature calorimeter—also
referred to as cryostat

e. Calvet calorimeter—twin isothermal micro-
calorimeter

f. Callendar radiation balance—also referred to
as radio balance microcalorimeter

The names of several calorimeters also describe a
characteristic property or function of the calorimeter.
Examples are: microcalorimeter, flow calorimeter,
aneroid calorimeter (copper block calorimeter), radia-
tion calorimeter, receiving calorimeter, etc.

B. Choice of the Calorimetric Method

The first question raised in undertaking a calori-
metric project is the choice of the method to be used.
There are a large number of factors to be considered
(both scientific and fiscal) some of which are briefly
touched upon below.

Two of the primary decisions to be made at the
very outset are the desired accuracy of results and
financial and personnel commitments. These factors
while seemingly unrelated are very much intercon-
nected indeed since an order of magnitude improve-
ment in accuracy implies several orders of magnitude
increase in effort but also the type of expertise the
personnel should have to undertake the task. Most
calorimetric determinations at moderate tempera-
tures can be made with reasonable effort to within
1 percent accuracy. Accuracies of the order of
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0.1 percent are obtained with sophisticated instru-
mentation and techniques while accuracies of 0.001
percent are very seldom encountered if at all justi-
fiable from the standpoint of effori required. An
important factor related to accuracy is the factor of
absolute or relative measurements. The latter leads
to simpler methods if adequate standard reference
samples are available for calibration purposes
commensurate with the accuracy desired. It should
be clear that in the design of relative measurements
the accuracy of the results obtained will be approxi-
mately one order of magnitude less than the accuracy
with which the property of the reference samples are
known.

The temperature and pressure range involved as
well as the amount of sample available are also key
factors in the selection of the method to be used. For
instance, flow calorimeters are suitable when a large
volume of the gas is available while the drop tech-
nique will do best for small samples of liquids where
ease of sample replacement will be advantageous
for measurements on a large number of samples.
However, in the final analysis, in most practical
instances limitations of available instrumentations,
time, and qualifications of personnel force at times
drastic compromises with the resultant deficiencies
in the results.

In general, there is no such thing as a best
method. For a given situation several methods may
yield the same overall performance. Once sample size
is determined for a liquid or gas and the accuracy
required specified, based on their degree of sophisti-
cation, the personnel involved will optimize the
resources at their disposal with such other parameters
as heat leak characteristics of shields and thermal lag
of calorimeter components for the temperature
range under consideration. Above all one should
never lose sight of the fact that equilibrium thermo-
dynamics requires both the initial and final statés of
the sample to be well known. When one suspects
strong temperature dependence of the specific heat,
the determinations should be carried out at as small
temperature increments as feasible. This latter
practice will also assure that any phase changes that
may take place either in the sample or the calorimeter
material will be detected.

C. Standard Reference Materials

It was mentioned earlier that relative measure-
ments are easier to perform as compared to absolute
measurements, should standard reference samples be
available to calibrate the calorimeter. By this

e

e e
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statement it should not be inferred that a calorim-
eter can be calibrated to yield results of accuracy
comparable to the accuracy of the values established
for the standard reference samples.

One of the prime uses of standard reference
samples is to ascertain the performance of any
absolute calorimeter, to establish periodic checks on
the stability of a calorimeter, or to intercompare
calorimeters at various laboratories. In such instances
the availability of well characterized high-purity
stable samples whose properties are determined
with great care on well proven instrumentation is
essential. Such materials may be procured from
special sources, the most prominent of which is the
Office of Standard Reference Materials, National
Bureau of Standards, Washington, D.C. 20234. A
list of available standard reference materials,
together with prices, is given in NBS-Miscellaneous
Publication 260 “‘Standard Reference Materials.”*

In 1949, the Fourth Calorimetry Conference [10]
recommended three substances to be used as “‘refer-
ence standard” materials for heat capacity measure-
ments. These are benzoic acid and n-heptane in the
low- to moderate-temperature range and aluminum
oxide primarily for the high-temperature range.
Near room temperature, water has long been used as
a reference material. Because of its low cost, repro-
ducibility in extreme purity, and the very large
number of determinations made on liquid water, its
specific heat is known within 0.01 percent in the
range of 0 to 100 C.

D. Brief Description of Typical Calorimeters

As discussed carlier, there are few basic methods
for the practical and precise determination of the
specific heat of fluids, and especially of gases, because
of their low heat capacities at normal and moderate
pressures. Although there are many variants and
minor modifications or improvements described in
the various references cited below, the most impor-
tant ones are described in references [1] and [2] and
are briefly reviewed below.

a. Direct Methods

(i) Constant-Flow Calorimeter. The constant-flow
electric-heating method is the only way yet devised of
measuring directly absolute values of C,. The first

*Standard samples of hydrocarbons of certified purity which
were prepared by NBS in cooperation with the American
Petroleum Institute are now available only as API Standard
Samples from: AP! Samples, Carnegie-Mellon University,
Schenley Park, Pittsburgh, Penn. 15213.

apparatus was designed for measurements o liquid
samples by H. L. Callender in 1902, and K. Scheele
and H. Heuse made measurements on gases in 1912,
This method has since been considered as the most
accurate and the standard method in the determina-
tions of C, for vapors and gases, because the specific
heat of a gas is so low that a closed system, such as an
adiabatic calorimeter, cannot be used reliably on
account of the comparatively large heat capacity of
the container.

In simplest terms, the method consists in obtain-
ing a constant, measured rate of flow through a tube,
then measuring the temperature of the fluid at two
points along the tube between which a constant
measured electric power is being applied. Obtaining
and measuring a constant flow rate to the desired
precision, measuring temperatures which accurately
represent the state of the fluid, and reducing the heat
leak of the calorimeter to manageable proportions
are only three of the problems which are encountered
and which tend to make any flow calorimeter built
for precision work extremely complicated.

The specific heat is calculated from the flow rate
and the energy supplied, by the equation

El
Cp=—r—
JRT; - T)
where E is the voltage applied to the heater, 7 is the
heating current, T, is the temperature at the outlet,
T, is the temperature at the inlet, F is the flow rate of
the sample fluid, and J is the electrical equivalent of
heat, 4.1833 int. joule cal-!,

Several improved modern flow calorimeters,
which can be used for vapors which are liquid at
room temperature, have been developed and used for
a number of extensive measurements of organic
vapors [14-17]. In this type of calorimeter, the vapor
produced in a vaporizer, which is immersed in a
thermostat about 0.2 C higher than the boiling point
of the sample, is passed through the preheating coil
in the calorimeter thermostat and then into the
calorimeter, where a measured amount of heat is
supplied clectrically. The temperatures before and
after the calorimeter are measured by platinum
resistance thermometers. The flow rate of the vapor
is known accurately from the measurement of the
electrical energy input to the vaporizer and the known
heat of vaporization of the substance. The heat loss
of the vapor during the passage from the calorimeter
to the outlet thermometer can be accounted for by
measurements at several flow rates and the extrap-
olation to infinite flow, where the heat loss would

(88)




become zero. This apparatus has been employed in
the range of 50 to 200 C and 100 to 800 mm Hg, with
an error of less than 0.1 percent.

Metal calorimeters of this type have been also
developed at the National Bureau of Standards
[18,19). One of the most refined of this type of
apparatus was built by Osborne, Stimson and
Sligh [18]. A simplified version of this apparatus was
described by Wacker, Cheney, and Scott [20].

A small-scale flow calorimeter with a vaporizer
was reported by Reynolds and De Vries [21]. Only
a 25-m! liquid sample is required and the error
would be about 1 percent.

Waddington, Todd, and Huffman [16] described
an all-glass flow calorimeter which has been employ-
ed extensively by the Bartlesville group of the
United States Bureau of Mines for investigations,
with an accuracy of 0.1 to 0.2 percent, of vapors of
hydrocarbons and related compounds. McCullough
et al. have published revisions of this calorimeter [25].
Other flow calorimeters are those of De Vries and co-
workers {26, 27] and Pitzer [14). These are also of
glass, operating generally at 1 atm or below, with
somewhat less precision than the Bartlesville
apparatus.

A flow calorimeter for high temperatures was
designed by Bennewitz and Schultz [22] and im-
proved by Dailey and Felsing [23]). A temperature
difference is produced along the flow tube between
two blocks of copper through which the sample fluid
flows. A thermopile of copper—constantan placed
between two copper blocks detects the temperature
drop due to the stream of gas. Electric power which
is necessary to compensate the temperature drop is
measured. The specific heat can be calculated from
the flow rate, temperature difference, and electric
power supplied, by use of equation (88). Precision is
somewhat lower with this method.

A typical high-pressure flow calorimeter was
designed by Krase and Mackey [24], who measured
the specific heat of gases at pressures up to 700 atm
and temperatures to 150 C. The sample gas passed
through a thermostat, a calorimeter, an expansion
valve, a flowmeter, a humidifier, and a wet-test meter.
The calorimeter consisted of a coil of steel tube em-
bedded in a copper casting and placed in a dewar
flask. The copper casting contained an electric
resistance heater and a thermometer. The com-
pressed gas is passed through the apparatus at a
steady rate, between 0.7 and 1.5 moles min~2. The
rate is regulated manually by an expansion valve.
The wires for the thermocouples, reading the inlet
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and outlet temperatures of the gas stream, are intro-
duced through vertical steel tubings. The heat loss
due to conduction of heat through each tubing is
corrected for by the measurement of the temperature
gradient along the tubing. Other corrections were
made for inductive heating of the calorimeter by the
winding and for the temperature change due to the
Joule-Thomson effect resulting from the pressure
drop in the calorimeter.

(ii) Isothermal Drop Calorimeter. In a calorim-
eter of this type, it is possible to measure the evolu-
tion of heat under conditions where there is no tem-
perature change, and the heat capacity of the material
undergoing phase change and the calorimeter are not
involved. The temperature is maintained constant
by using the equilibrium between the melting solid
and liquid phases of a suitable substance. The change
in temperature of a liquid sample which is introduced
in the calorimeter can be measured by the change in
volume of the melting equilibrium system. The “ice
calorimeter” was first designed by Bunsen, and
various calorimeters using ice-water equilibrium
have been designed since [28, 29). Calorimeters using
the melting equilibriums of diphenyl ether [30],
phenol [31], and naphthalene [32] are also employed
along the same principle. The change in volume of
the equilibrium system is measured by direct reading
of a graduated glass tube, or indirectly by the weight
of mercury. Therefore, precise electric measurements
are not necessary. However, the isothermal calorim-
eter is limited to one temperature. Since it is diffi-
cult to introduce the liquid sample at a temperature
much different from that of the equilibrium system,
this calorimeter is not extensively used.

(iii) Conduction Calerimeter. This calorimetric
method depends upon the relative rate of temperature
risc when a liquid sample is heated indirectly by the
conduction of heat from a low-pressure gas. A gas,
at a fixed pressure, is introduced between the sample
container and the heating cylinder around which an
electric wire is wound. Heat evolved by the heater
conducts to the sample container across a constant
small temperature difference (2 to 3 C). When the
stationary state of heat flow is attained, the heat flux
is a function of thermal conductivity and pressure
of the gas, the temperature difference between heating
cylinder and sample container, and the dimensions
of the apparatus. However, it is not necessary to
know the absolute value of the heat flux if the rate
of temperature rise of a standard reference substance,
whose heat capacity is known, would be measured
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under the same condition. Although this method is
relatively simple in instrumental and experimental
procedures, it would be difficult to expect high accu-
racy. Therefore, the application of this method is also
limited [33-35].

(iv) Mixing Method Calorimeter [36). Two parts
of a fluid at different temperatures are mixed in a
calorimeter, and the change in temperature of the
calorimeter is measured. This method is simple
and applicable to both liquid and gas. Although it
has been used at considerable high temperatures, the
results obtained represent a mean specific heat over a
wide range of temperature. The accuracy of the
method is not good because of the difficulty in cor-
recting for various sources of errors.

(v) Heat-Exchanger Calorimeter. This method
was devised by Workman [37) and was used to
measure the ratio of the heat capacity at a selected
high pressure to that at some standard pressure (e.g.
1 atm) for hydrogen, oxygen, and nitrogen. The
method involves exchanging heat between the flow
gas at high pressure and the same gas stream after
throttling to the lower pressure. The only measure-
ments required are the temperatures and pressures of
the high- and low-pressure gas before and after the
heat-exchanger. Although the procedure is simple
and the sources of heat loss are cancelled out in this
method, only the relative values of specific heat at
two pressures are obtained.

b. Indirect Methods

The indirect determination of the specific heat
depends mostly upon both experimental measure-
ments and thermodynamic calculations. Therefore,
the knowledge of P-V-T relations is always essential
to calculate the specific heat. Hence the accuracy of
the results in these methods should be evaluated
considering both the experimental techniques and the
reliability of the basic values used in the calculation.
The following are representative of the major methods
used.

(i) Isentropic Expansion Method. In reversible
adiabatic (isentropic) expansion of an ideal gas, the
quantity PT"=" js a constant, and the value of y
can be obtained from an experiment in which the
pressure and temperature are measured carefully just
before and just after an adiabatic expansion. In the
case of a real gas, however, the exponent « in the
expression PT® = constant can be shown readily to
be

RIZ + (2Z/2T),]

where Z = PV/RT.

Using such an expression, or equivalent ones
involving y or C,, and appropriate equations of state,
various workers have investigated the isentropic
expansion of a number of gases. In these experiments
the volume of gas involved should be large and the
container and temperature-measuring device should
have as little mass as possible. Consequently, nearly
all work has been done near 1 atm. Brinkworth [38,
39]). Eucken and von Lude [40], and Kistiakowsky
and Rice [41] are among the main workers with this
method. Other workers are Partington and Shilling
[42], Eucken and Parts [43]), and Sage, Webster,
and Lacey [44).

(ii) Velocity of Sound Method. The measure-
ment of velocity of sound is the most useful indirect
method which is applicable to both gases and liquids.
The velocity of the propagation of the ultrasonic
waves generated by a piezoelectric quartz crystal is
measured by the interferometric method [45-50],
the pulse technique [51, 52), and the optical diffrac-
tion method [53, 54). The values of the ratio of the
specific heats y and the specific heat at constant
pressure C, can be calculated using the knowledge of
the P-V-T relations as shown in the following equa-
tions:

(89)

y = —(a*/ V3)|oV/oP) (90)

C, = —T(eP/oT) %[l + V?*/a?) (C2))

where a is the velocity of sound in the fluid sample.

The velocity of sound must be measured at sufficiently

low frequency so that dispersion is not encountered.

The specific heat obtained by this method is not of the

highest accuracy because of possible accumulated

errors in both the experimental measurement and the
P-V-T data available.

Partington and Shilling and their co-workers
[55-59) were advocates of this method. Sherratt and
Griffiths [6C, 61), Hubbard and Hodge [62], and
Cornish and Eastman [63] have worked with im-
proved version of this method and obtained good
precision. In the latter reference there is a detailed
discussion of the method.

The resonance method developed by Clark and
Katz [64] and the self-sustained oscillation method
developed by Koehler [65] are closely akin to the
sound velocity method.

(iii) Joule-Thomson Effect Method. The adia-
batic Joule-Thomson experiment for a gas gives C,




by means of the following equations:
1
Cp, = ——I[V - T(2V/2T),) (92)
By

where p; is the Joule-Thomson coefficient, defined by
ng = (0T/2P),

When a gas expands through a porous plug or a
throttle under adiabatic conditions, the enthalpy
of the gas remains constant. The changes in tempera-
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ture and pressure before and after the expansion
are measured by a differential thermocouple and
manometers, respectively. If the final pressure is
atmospheric and the pressure difference across the
plug is plotted against the temperature difference,
the slope on the straight line gives the Joule-
Thomson coefficient p;. The procedures in this
method are described in references [66-69). Burlew
[70] reported an interesting application of the Joule-
Thomson effect to the accurate determination of the
heat capacity of liquids.
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Data Presentation and Related General

Information

1. SCOPE OF COVERAGE

The selection of the 56 substances reported in
this volume was based on considerations of scientific
and technological importance, current interest, and
the needs of the engineering and scientific community.
In this sense the substance coverages in Volumes 3, 6,
and 11 (thermal conductivity, specific heat, and vis-
cosity, respectively) are identical to the extent made
possible by the availability of the data. Substances
investigated are organized in alphabetical order by
name and are assigned consecutive substance num-
bers. All textual discussions, tables, and plots con-
cerning a substance carry the same substance
number irrespective of its physical state, For a given
substance, the liquid state appears first followed by
thegaseous state. Foreach physical state the sequence
of presentation consists of text, table, and figure. While
the coverage of the world literature reported in this
volume is extensive, it is far from complete. This is
due to the inability of the authors and their associ-
ates to extract and scrutinize all data available to
them. Itis felt, however, that the recommended values
for the substances covered would not be affected
appreciably in the light of the additional data’which
will be incorporated in the second edition.

2. PROCESSING AND PRESENTATION OF

DATA

As in the case of each volume of this series, the
source information used was made available by
TPRC's Scientific Documentation Division, With
very rare exceptions, all data were extracted from the
original reference sources. In addition to the numeri-
cal data, the extraction process retrieves all pertinent
information concerning thc experimental or theoreti-
cal method used, estimated accuracy, reported error,
purity of the sample used, and other specifications

which are necessary in the critical evaluation of the
data.

The data correlation procedure varies with the
substance, physical state, and, in special cases, with
the temperature and pressure ranges considered.
Usually the values are first plotted to indicate the
approximate concordance of the available informa-
tion. Depending on this representation, as well as
the reliability of the original data, all the reported
values are critically evaluated. Data points and data
sets are assigned appropriate, equal or unequal,
weight. The data are then fitted by means of a least
mean square polynomial using a digital computer.
In rare cases, simple empirical fits or graphical
smoothing procedures are used when justified. In the
use of polynomial fits, the simplest formula is selected
which gives the best fit compatible with the estimated
accuracy of the input data. In the analysis method
used, every polynomial equation is followed by the
mean and maximum deviations, as well as the tem-
perature range in which the correlation is applicable.
The extrapolation of the equation beyond the limits
specified is not recommended since it would be fre-
quently unreliable.

Subsequent to the establishment of the corre-
lating equation, the tabulated recommended values at
preselected temperature increments are generated by
the computer. The computed values are further
rounded off and differenced to check for consistency
and compatability of the values with the estimated
limits of error. These values are accompanied by
indications of phase transition temperatures where
these fall within the range of the tabulation.

All original experimental data and major
theoretical calculations are compared with the tabu-
lated recommended values irrespective of the weight
given to these data in the original critical evaluation
process. In preparing the departure plots the follow-
ing definition is used:

23a
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(Value)yper — (Value),,

100
(Value),,p =

percent Departure =

By the above definition, departures are positive if
the original experimental or theoretical data are
greater than the tabulated values and vice versa.
Again, the extrapolation of the values beyond the
limits of the tables is not recommended. If however,
this must be done, the departure plots should be
examined to obtain an indication of the probable
trend in the values in regions yet undocumented.

3. SYMBOLS AND ABBREVIATIONS USED
IN THE FIGURES AND TABLES

Most abbreviations and symbols used in this
volume are those generally accepted in engineering
and scientific practice and convention.

The abbreviation NTP signifies “rormal tem-
perature and pressure.” The notations, “n.m.p.,”
“n.b.p.,” and “c.p.” refer to normal melting point,
normal boiling point, and critical point, respectively.

In the discussion of the data, numbers in paren-
theses and those signified by the notation **Reference”
on the departure plots correspond to the References
to Data Sources listed at the end of the Numerical
Data Section. In the tabulation of recommended
values, the notation 5 sometimes appears as the last
digit of a value if the actual value of the next signi-
ficant figure is less than 5. If no bar appears above
the 5, in further rounding off the preceding figure
can be increased by unity.

In the departure plots, curve numbers are sur-
rounded either by circles or squares, the latter being
used to indicate a single data point or a cluster of
points. Solid lines are used in the plots to ¢onnect
experimental data joints and dotted lines indicate
major correlations or calculated values. For clarity
in presentation, sometimes bands are indicated when
many curves are crowded together or coincide.

When percent departures for some of the original
data fall outside the limits given in the departure
plot, the numerical value of the departure is indicated
correctly on the temperature axis and a vertical
arrow, up or down, points to the fact that the value
is beyond the limits of the plot.

4. CONVENTION FOR  BIBLIOGRAPHIC
CITATION

For the following types of documents the biblio-

graphic information is cited in the sequences given
below.

Journal Article:

a. Author(s)—The names and initials of all
authors are given. The last name is written
first, followed by the initials.

b. Title of article—In this volume the titles of
the articles listed in the References to Text
are given, but not those listed in the Refer-
ences to Data Sources.

¢. Journal title—The abbreviated title of the
journal as in Chemical Abstracts is given,

d. Series, volume, and number—If the series is
designated by a letter, no comma is used
between the letter for series and the numeral
for volume, and they are underlined together.
In case series is also designated by a numeral,
a comma is used between the numeral for
series and the numeral for volume, and only
the numeral representing volume is under-
lined. No comma is used between the numer-
als representing volume and number. The
numeral for number is enclosed in paren-
theses.

e. Pages—The inclusive page numbers of the
article.

f. Year—The year of publication.

Report:

a. Authors).

b. Title of report—In this volume, the titles of
the reports listed in the Reference to Text
are given, but not of those listed in the
References to Data Sources.

¢. Name of the responsible organization.

d. Report, or bulletin, circular, technical note,

etc.

Number.

Part.

Pages.

. Year.
ASTIA’s AD number—This is given in
square brackets whenever available.

Book:

. Author(s).

. Title.

Volume.

. Edition.

Publisher.

Place of publication.
Pages.

. Year.

TSm0

[= - S

Fw o0 a0




E

Numerical Data 25a
[}
NAME, FORMULA, MOLECULAR WEIGHT, TRANSITION TEMPERATURES, AND PHYSICAL CONSTANTS
OF ELEMENTS AND COMPOUNDS
Molecular Density Melting (or Normal Boiling  Critical C C Dipole
Name Formula  “woight  @5C), Triple) Point, Point, Temp., (25%),  (25'C),  Moment,
gem= K K K cal g-'K-! cal g=IK~! Debyes
Acetone C;HO 58.081  0.933 ()t 178 329 508 0.528 (1) 2,88
Acetylene CyHy 26.039 1,077 -3** 179 191 309 0. 407 0.329 0
Air 28.966  1.184 -3 60 79b, 82d 133 0.240 0.172
Ammonia NH 17.031  0.601 -3 19 240 405 0.515 0.387 1. 47
Argon Ar 39,948 1,634 3 84 88 151 0.125 0.075 0
Benzene CeHg 78,117  0.876 (1) 279 353 563 0.415 (1) ~- 0
Boron Trifluoride BF, 67.807 146 172 261 = = v
Broraine Bry 159, 818 266 332 584 0.113 = 0
i-Butane 1-CHy 58,126 114 262 408 0. 404 0.132
n-Butane n-CHy 58,126  2.491 -3 137 273 426 0. 409 0.358 50,05
Carbon Dioxide co, 44.010 1.811 -3 216(5atm) 195 304 0.203 0.158 )
Carbon Monoxide co 28,011 1,145 -3 68 81 134 0.249 0.177 0.112
Carbon Tetrachloride CCl, 153.824 1.589 () 250 50 556 0.204 () -- v
Chlorine cl, 70.906 2,944 -3 172 239 417 0.114% 0,084 0
Chloroform CHCl, 119.378 1.469 (1) 210 334 535 0.228 () ~-- 1.01
n-Decane CyHyp  142.290 0,728 () 243 446 619 0.527 (1) --
Deuterium Dy 4.028  0.165 -3 19,16 at)y 23 38 1L731* 1241 0
Diethylamine CHyN  73.143  0.711 () 233 329 496 0.616 (1) -- L1
Ethane CqHg 30.070 1,243 -3 9546 185 305 0.422 0.335 0
Ethyl Alcohol CsHgO 46.070 0.789 (1) 1593 351 516 0.580 (1) -- 1.69
Ethyl Ether CHupO 74125 0.716 (1) 157), 150(8) 308 467 0.569 (1) -- 1.15
Ethylene CyH, 28.055 1.155 -3 104 170 283 0,374 0.297 0
Ethylene Glycol CiHeOy  62.070 1,100 (4) 256 471 0.515 (1) -- 2.28
Fluorine Fy 37.997 1,553 -3 54 86 144 0.197*  0.152 0
Freon 11 CCLF  137.369 5,840 -3 162 297 an 0.136*  0.125 0.45
Freon 12 CCL,F; 120.914 5.045 -3 116 243 385 0.146 0.128 0.51
Freon 13 CCIF;  104.460 4.388 -3 91 191 302 0.153* 0,138 0.50
Freon 21 CHCL,F 102.924 4,284 -3 133 282 451 0.141*  0.119 1.29
Freon 22 CHCIF, 86,469 3,588 -3 113 233 369 0.151 0.133 142
Freon 113 CiCLF; 187.377 1.564 (4) 238 321 481 0.225 (1)
F-eon 114 C,CLF, 170.922 17.012-3 179 276 419 0.170 0.157 0.5
Glycerol CiHeOy  92.096 1,263 (1) 291 563 0.567 (1)
Hellum He 4.003  0.164 -3 3.5 4 5.4 1.240* 0,748 0
n-Heptane CiHyg 100,208  0.681 (4) 183 an 540 0.536 (1) --
n-Hexane CeHyq 86.181  0.657 (1) 179 342 508 0.543 () ~--
Hydrogen Hy 2.016 0,082 -3 14 20 33 3,420 2,438 0
Hydrogen Chloride  HCl 36,461 1,502 -3 166 188 325 0.191%*  0.140 1.08
Hydrogen lodide HI 00040 (27,918 223 237 423 0.054*
Hydrogen Sulfide H,S 34.080 1,409 -3 190 214 374 0.240*  0.157 0.97
lodine I 253.809 4.93 (s) 387 458 785 0.052 (8) ~-- 0
Krypton Kr 83.80  3.429 -3 117 120 210 0.059* 0,035 0
Methane CH, 16.043  0.657 -3 %0 112 190 0.533 0. 409 0
Methyl Alcohol CH,O 32.C43 0,789 (1) 175 338 513 0.602 (1) 1.70
Methyl Chloride CH,Cl 50. 488 175 249 416 0.193
Methyl Formate C;HO;  60.054 0,974 (4) 174 305 487 0.516 =
Neon Ne 20,183 0,824 -3 25 27 4 0.246*  0.150 v
Nitric Oxide NO 30.006 1.228 -3 m 121 180 0.238 0.167 0.153
Nitrogen Ny 28,018 1,146 -3 63 78 126 0.249 0.178 0
Nitrogen Per oxide  NOy 46,006 1.44 (1) 263 295 431 0. 369 (1) 0.316
Nitrous Oxide N;O 44,013 176£7 184 310 0.209% 0,170 0.167
n-Nonane CoHy  128.262 0,714 (1) 220 424 594 0.529 (1) --
n-Octane CeHy  114.234 0,701 () 216 399 569 0.530 (1) --
Oxygen 0, 31,999 1,310 -3 55 90 155 0.220 0,167 )
n-Pentane M.W, CjHy 72,154  0.621 (1) 144 309 470 0.561 (L)
Cyclopropane 42. 080 <FrHiy C3g +4voee +2000.6|(L) 146 240 -
Propane C3Hy 44.098 1,854 - 86 231 369 0. 400 0.350 0,084
Propylene CyHe 42.082 0.514(8) 87 226 365 0.370 0.3¢
Radon Rn 226 202 211 377 0
Sulfur Dioxide 50, 64.063 2.679 -3 198 263 430 0.149* 0,081 1.63
Toluene CrHy 92.144 1.028 (4) 178 394 504 0.410 () -- 0.36
Tritium Ty 21 26 44 0
Water HsO 18,015  4ve0® (1)0,9Q7273 373 647 0.998 (1) -- 1.85
Xenon Xe 131,30 6,397 -3 161 165 289 0.0378* 0,022 ©

D

For ideal gas state.
L L)

The notation -3 signifies 10~, so that 1,077 -3 means 1,077 x 109, etc.
f(l.) and (s) designate liquid and solid state, respectively.




e

Numerical Data

&

t L9000°T | ¢OT X 898T ¥ | (0T X KBIST ¥ S9RT ‘¥ WS9ST ¥ T N L9000 T WL9000°T -4 1-atlmg
1E££666 "0 _ 1 cOT X RI°Y | (OT X WIST ¥ By WISty 1£0666 "0 WTEREE6 0 I n -d -at Prog
w
=01 »0r
b-0T X 998SE°Z | 90T X 9006E ' 1 W s-0T 0T X |9 0T X wscn.nﬁ X N9¥SBE 2 | p-0T X 9006€ °T X W9YO06E ‘T =B
01 »O1 =0t 0T
X (W/9¥88E'Z)| X (IN/9006€ *T) W/t 1 W/g-01 P} X (W/9¥88€ °2)|y-01 X 9¥88E°Z | X (IWN/9006E "Z)| 9 OT X 9006€ 2| 3N ploW~3x p
9¥88£2 0 9006£2 "0 Ot ¢OT X W L W 9¥88LZ 0 W9#88€2°0 9U06€Z°0 W9006€2 "0 -2
W/9¥88€2 0 W/9006€2Z '0 W/g0T X T 0T X ¥ K/t 1 W/9¥8E€2 "0 9¥88EZ2°0 | I/9006€2°0 9006€2 "0 1- pJow-3 p
1 L9000°T| (OT X 898T ¥ | 01 X WS9IST ¥ 898T°¥ WS98T 'Y 1 N L9000°T WL19000°T =0 Tu.—.:-o
W/t /L9000 T 0T X(IN/89BT°¥) ¢OT X 898T ¥ W/8981°% 8981 ¥ W/t T N/L9000°T £9000°1 §-0 ytow-31Io
TEEL666 "0 T 01 X BT ¥y 0T X N¥BT ¥ sIL°y WSy T1££666 0 MWIELL666 "0 T N -0 -l&&fdo
W/1€€666 "0 W/T [ OT X /BT €Ot X BTy W/WT°y [ 2 d W/1E666 "0 TE€666 "0 N/t ) 4 (') .Lolsuﬂ-ao
. jes—NIV180
1-0 s-10W-3 1=0 |-low- P

wdatlmg) g, a®wg | wetr [npowsne| ow,3r | odrow-3e| 0,3 Ly, | 10 +3Te0 LR sﬂaa.“.n iq

A1dLLINK

o —

LY3H JLA103dS 40 SLINN HOJ SHOLDVA NOISHIANOD




S. NAME, FORMULA, MOLECULAR WEIGHT,
TRANSITION TEMPERATURES, AND
PHYSICAL CONSTANTS OF ELEMENTS
AND COMPOUNDS

The table on page 25a contains information
on the molecular weight, transition temperatures,
and physical constants of the elements and com-
pounds included in this volume and of a few selected
compounds in addition. This information is very
useful in data analysis and synthesis. The electric
dipole moment values grg guoted from the recent
compilation of Nclson%nd Maryott, National
Standard Reference Data Series—National Bureau
of Standards, NSRDS-NBS, 10, 1967.

6. CONVERSION FACTORS FOR UNITS OF
SPECIFIC HEAT

The conversion factors given in the table on

Numerical Data 27a

page 26a are based upon the following basic defini-
tions:

11b = 0.45359237 kg*

1 cal,y = 4.184 (exactly) J*
1 cal;p = 4,1868 (exactly) J*
1 Btuy, 16" F~! = ] cal,, g7 C~Yt

1 Btugp Ib"! F~! = ] caljz g7t C't

The subscripts “th’” and “IT” designate ‘‘thermo-
chemical” and “International Steam Table,” respec-
tively.

In the table, the symbol M is the molecular
weight.

*National Bureau of Standards, **New Values for the Physical
Constants Recommended by NAS-NRC,” NBS Tech, News
Bull. 47(10), 175-7, 1963.

$Mueller, E. F. and Rossini, F. D., **The Calory and the Joule
in Thermodynamics and Thermochemistry,” Am. J. Phys.
12(1), 1-7, 1944.
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DEPARTURE PLOT FOR SPECIFIC HEAT AT CONSTANT PRESSURE OF GASEOUS SULFUR DIOXIDE

FIGURE 21
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F; Specific Heat, Cp,, B Ib™! F-!
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(Temperature, T,
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MATERIAL INDEX TO SPECIFIC HEAT
COMPANION VOLUMES 4, 5, AND 6

Material Name Vol. | Page Material Name Vol,. | Page
Acetone [ (CHy),CO) 6 113 Aluminum silicates:
Acetylene (CHCH) 6 117 AlSi0g 5 |[1289
Acetylenogen (see Calcium dicarbide) AlS1,044 5 1292
Alr 6 |293 Al,81,0,+ 2H,0 | 5 |1295
AISI 301 4 693 || Dialuminum silicon pentaoxide (A1,Si0O;) 5 1289
AISI 304 4 699 || Hexaaluminum disilicon 13-oxide (Al45i,0,y) I 5 (1292
AISI 305 4 702 Dialuminum disilicon heptaoxide dihydrate
(AL,S1,0,- 2H,0) | 5 {1295
AISI 310 4 705
Aluminum sulfates:
AISI 316 4 708
AL, (SO,), 5 [1161
AISI 347 4 711
AL (80,4 6H,0 5 |1164
AISI 420 4 678
Dialuminum trisulfate [ A1,(SO,),] 5 |1161
AISI 430 4 681
Dialuminum trisulfate hexahydrate lAlz(SO.),J
AIS] 446 4 684 6H20] 5 1164
Alpha brass alloy 4 346 Aluminum titanate (see Dialuminum titanium
pentaoxide)
Alumel 4 568
Dialuminum titanfum pentaoxide (Ai,TiOg) 5 1298
Alumina (see Aluminum oxide)
Ammonia (NH,) 6 61
Aluminosilicate glass (SiO, + AL,O5 + T X)) 5 1227
Ammonium aluminum sulfates;
Aluminum 4 1
NH,A1(SO,), 5 [1170
Aluminum + Copper +IX4 4 511
NH,AL(SO,)," 12H,0 5 [1173
Aluminum + Zinc +IXy 4 514
Ammonium aluminum disulfate | NH,A1(SO,),)l 5 |[1170
Aluminum alloys (specific types)
Ammonium aluminum disulfate dodecahy-
24 S (same as 2024) 4 511 drate | NH,A1(80,),* 12H,0) 5 1173
75 8 (same as 7075) 4 514 || Diammonium sulfate [(NH,),SO,] 5 [1167
2024 4 511 AMS 4901 B (see Titanium, Ti-75 A)
7075 4 514 Antimonic acid anhydride (see Diantimony
pentaoxide)
Aluminum antimonide (AISb) 5 297
Antimony 4 6
Aluminum carbide + TX; (A1,Cy + TXj) 5 395
Antimony oxides:
Aluminum trifluoride (AIFy) 5 915
Sb,04 5 30
Aluminum nitride (AIN) 5 |1075
Sb,0y 5 33
Aluminum oxide (Al,04) 5 26
Aluminum phosphide (A1P) 5 517

Al
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Material Name Vol. | Page Material Name Vol, | Page
Baking soda (see Sodium bicarbonate)
Barium 4 13
Diantimony tetraoxide (8b,0,) 5 30
Barium carbonate (BaCO,) 5 1109 )
Diantimony pentaoxide (Sb,O) 5 a3 ]
Barium dichloride (BaCl,) 5 785
Antimony aulfide (see Diantimony trisulfide)
Barjum dichloride dihydrate (BaCl,* 2H,0) 5 788
Diantimony trisulfide (Sb,Sy) 5 635
Barium fluoride (see Barium difluoride)
Antimony sulfur iodide (SbSI) 5 485
Barium difluoride (BaF,) 5 918
Argentum (see Silver)
Ba: um dinitrate | Ba(NOy),) 5 1139
Argon 6 1
Barium oxide (BaO) 5 42
Armco iron 4 102
Barium silicates:
Arsenic 4 9
BasSiO, 5 |1301
Arsenic acid (see Diarsenic pentaoxide) L
Ba,S10, 5 1304
Arsenic anhydride (see Diarsenic pentaoxide}
BaSi,0; 5 |1307
Arsenic triiodide (Asly) 5 488
Ba;Si,0, 5 |1310
Arsenic oxides:
Barium silicon trioxide (BaSiOy) 5 |1301
Ale, 5 36
Dibarium silicon tetraoxide (Ba,Si0,) 5 [1304
A830| 5 39
Barium disilicon pentaoxide (BaSi,Og) 5 11307
Arsenic sesquioxide (As,0y) 5 36
Dibarium trisilicon octaoxide (Ba,SiyOp) 5 |1310
Diarsenic trioxide (see Arsenic sesquioxide)
Barfum sulfate (BasO,) 5 | 1176
Diarsenic pentaaxide (As,O) 5 39
Barium sulfide (BaS) 5 644
Arsenic sulfides:
Barium titanates:
AsS 5 638
BaTiO, 5 1313
Ale, 5 641
Ba,TiO, 5 |1316
Arsenic sulfide (AsS) 5 638
Barium titanium trioxide (BaTiOy) 5 [1313
Arsenic tersulfide (see Diarsenic trisulfide)
Dibarjum titanium tetraoxide (Ba,TiO, 5 |1316
Diarsenic trisulfide (As,S,) 5 641
- Barium uranate (see Barium uranjum tetra-
Arrenious acid (see Arsenic sesquioxide) oxide)
Arsenious iodide (see Arsenic triiodide) Barium uranium tetraoxide (BaUQ,) 5 |1319
Arsenious oxide (see Arsenic sesquioxide) Barjum zirconate (see Barium zirconium
trioxide)
Arsenious sulfide (see Diarsenic trisulfide)
Barium zircorijum trioxide (BaZrO,) 5 |1322
Arsenous anhydride (see Arsenic sesqui-
oxide) Benzene (C¢H,) 6 121
Arsenous sulfide (see Diarsenic trisulfide) Beryllia (see Beryllium oxide)
ASTM B 265-58 T, grade 3 and 4 (see Beryllium 4 16
Titanium, Ti-75A)
Beryllium + Beryllium oxide, cermet
Aurum (see Gold) (Be + BeO)
| Austenite (see steel, gustenite)
AN, W s s *




Material Name Vol. | Page Material Name Vol. | Page
Beryllium aluminate (see Beryllium dialum- Boron carbide (see Tetraboron carbide)
fnum tetraoxide)
Tetraboron carbide (B,C) 5 402
Beryllium dialuminum tetraoxide (BeAl,0,) 5 1325
Boron trifluoride (BF;) 6 67
Diberyllium carbide +ITX; (Be,C + TXj) 5 399
Boron nitride (BN) 5 |1078
Beryllium cermet (specific types)
Boron nitride + Diboron trioxide + X,
QMV 5 |1243 cermet (BN + B,Oy + TX)) 5 |1270
YB 9052 5 1243 Boron nitride + Carbon, cermet (BN + C) 5 1273
YB 9054 5 |1243 || Boron sesquioxide (B,0;) 5 51
Beryllium difluoride (BeF,) 5 921 Diboron trioxide (see Boron sesquioxide)
Beryllium oxide (BeO) 5 45 || Borosilicate glass (SiO, + B0y + EX) 5 1230
Beryllium oxide + Beryllium, cermet (BeO + Brass 4 346
Be) 5 [1246
Brimstone (see Sulfur)
Beryllium oxide + Beryllium + Molybdenum,
cerimet (BeO + Be + Mo) 5 (1249 Bromine 6 7
Beryllium oxide + Molybdenum, cermet i-Butane (1-C;H,y) 6 129
(BeO + Mo) 5 (1252
n-Butane (n-CH,,) 6 136
Beryllium oxide + Molybdenum dodeca-
beryllide, cermet (BeO + MoBe,,) 5 |1255 Butter of zinc (see Zinc dichloride)
Beryllium oxide + Niobium dodecaberyllide, Cadmium 4 29
cermet (BeO + NbBey,) 5 [1258
Cadmium + Magnesium (MgCd) 4 294
Beryllium oxide + Tantalum dodecaberyllide,
cermet (BeO + TaBey,) 5 [1261 || Cadmium + Magnesium (MgyCd) 4 297
Beryllium oxide + Titanium dodecaberyllide, Cadmium + Magnesium (MgCdy) 4 300
cermet (BeO + TiBey,) 5 |1264
Cadmium dibromide (CdBr,) 5 759
Beryllium oxide + Zirconium 13-beryllide,
cermet (BeO + ZrBeyy) 5 1267 || Cadmium dichloride (CdCl,) 5 791
Diberyllium silicon tetraoxide (Be,S10) 5 1329 Cadmium ijodide (see Cadmium diiodide)
Beryllium sulfate (BeSO,) 5 1179 || cadmium diiodide (Cdl,) 5 491
Bimethyl (see Ethane) Cadmium oxide (CdO) 5 54
Bismuth 4 21 Cadmium sulfide (CdS) 5 650
Bismuth + Lead 4 291 Cadmium telluride (CdTe) 5 720
Bismuth glance (see Dibismuth tritelluride) Calcia (see Calcium oxide)
Bismuth sesquioxide (Bi,0) 5 48 || Calcium 4 32
Dibismuth trioxide (see Bismuth sesquioxide) Calcium aluminates:
Dibismuth trisulfide (Bi,Sy) 5 647 CaAl,0, 5 1332
Dibismuth tritelluride (Bi;Tey) 5 717 CaAl,0, 5 |[1335
Bitter spar (see Calcium magnesjum dicar- CayAl,04 5 [1338
bonate)
Ca,zAl“Ou 5 1341
Boralloy (see Boron nitride)
Calcium dialuminum tetraoxide (CaAl,0,) 5 1332
Boron 4 25
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Calcium tetraaluminum heptaoxide (CaAl,O,)( 5 1335 Calcium fluoride (see Calcium difluoride)
Tricalcium dialuminum hexaoxide (CasAl;0)| 5 1338 || Calcium difluoride (CaF,) 5 924
Dodecacalcium 14-aluminum 33-oxide Calcium diiron tetracxide (CaFe,0,) 5 |1356
(Ca3A11Oqs) 5 [1341
Dicalcium diiron pentaoxide (Ca,Fe,0f) 5 11359
Calclum aluminum silicates:
Calcium magnesium dicarbonate
CaAL,S1,0, 5 (1404 [ CaMg(COy), ) 5 |[1115
Ca,A1,810, 5 |1401 }| Calcium magnesium silicates:
CaAl,81,04° 2H,0 5 1407 CaMg$i,0, 5 1413
Ca,Al 8140, TH,0 5 {1410 Ca,Mgsi,0, 5 |1416
Calcium dialuminum disilicon octaoxide CagMgsi,0, 5 |1419
(CaAl,Si,0) 5 (1404
C%Mg‘si.o”' H,O 5 1422
Dicalcium dialuminum sflicon heptaoxide
(Ca,Al,810) 5 |1401 Calcjum magnesium disilicon hexaoxide
(CaMg81,0¢) 5 [1413
Calcium dialuminum disilicon octaoxide
dihydrate (CaAl,81,04° 2H,0) 5 11407 |{ Dicalcium magnesjum disilicon heptaoxide
(Ca,MgS1,0,) 5 |[1416
Dicalcium tetraaluminum octasilicon
24-oxide heptahydrate (Ca;A18140y° THy0)| 5 (1410 || Tricalcium magnesium disilicon octaoxide
(Cl,MgSiIO‘) 5 1419
Calcium borates:
Dicalcium pentamagnesium octasilicon 23-
CaB,0, 5 [134 oxide monohydrate (Ca,MgS140,4° H;0) 5 1422
CaBO, 5 [1347 || Calcium molybdate (see Calcium molybde-
num tetraoxide) 5 |[1362
CaszO. 5 1350
Calcium molybdenum tetraoxide (CaMoO,) 5 1362
CayB,0, 5 [1353
Calcium oxide (CaQ) 5 57
Calcium metaborate (see Calcium diboron
tetraoxide) Calcium silicates:
Monocalcium horate (see Calcium diboron CaSiOy 5 |1365
tetraoxide)
Ca,S10, 5 |1368
Calcium diboron tetraoxide (CaB,0,) 5 |1344
CagSi0; 5 |13
Calcium tetraboron heptaoxide (CaBOy) 5 |1347
CagSi,0, 5 |1374
Dicalcium diboron pentaoxide (Ca,B,0f) 5 |1350
Calcium metasilicate (see Calcium silicon
Tricalcium diboron hexaoxide (CayB,04) 5 (1353 trioxide)
Calcium dicarbide (CaC,) 5 405 || Calcium orthosilicate (see Dicalcium silicon
tetraoxide)
Calcium carbonate (CaCOy) 5 1112
Calcium silicon trioxide (CaSiO,) 5 |1365
Calcium dichloride (CaCl,) 5 794
Dicalcium silicon tetraoxide (Ca,Si0,) 5 |1368
Calcfum ferrites:
Tricalcium silicon pentaoxide (CasSiOj) 5 (1371
CaFe;0; 5 |[1356
Tricalcium disilicon heptaoxide (CaySij0,) 5 |1374
Ca,Fe,04 5 |1359
Calcium sulfates:
Calcium metaferrite (see Calcium diiron
tetraoxide) CaS0, 5 |1182
Calcium orthoferrite (see Dicalcium diiron CaS0, 1/2H,0 5 1185
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Calcium sulfates - continued Carbon dioxide (CO,) 6

CaSO,+ 2H,0 5 j1188 || carbon steel (Group I) 4
Calcium sulfate (CaSO,) 5 |1182 Carbon steel (Group II) 4
Calcium sulfate hemihydrate (CaS0O,°1/2H,0){ 5 [1185 || Carbon steel (Group II), eutectoid 4
Calcium sulfate dihydrate CaSO,* 2H,0) 5 1188 || Carbon steel (Group II), hyper eutectoid 4
Calcium sulfide (CaS) 5 653 |] Carbon steel (Group II), U-8 4
Calcium titanates: Cassiopeium (see Lutetium)

CaTiOg 5 1377 Celtium(see Hafnium)

CayTi, 0y 5 {1380 || Cerium 4
Calcium titanium trioxide (CaTiOy) 5 |1377 || Cerium trifluoride (CeFy) 5
Tricalcium dititanijum heptaoxide (CayTi;0;) | 5 (1380 || Cerium axides:

Calcium tungstate (see Calcium tungsten CeO 5
tetraoxide)
Ce 0y 5
Calcium tungsten tetraoxide (CaWO,) 5 (1383
Cerium dioxide (CeO,) 5
Calcium uranate (see Calcium uranium
tetraoxide) Cerium sesquioxide (Ce,Oy) 5
Calcium uranium tetraoxide (CalQ,) 5 [1386 Dicerfum trioxide (see Cerium sesquioxide)
Calcium vanadates: Cerium sulfides:

CaV,0, 5 [1389 CeS 5

Ca,V,0, 5 [1392 CesS, 5

CayV,0, 5 1395 || Cerium sulfide (CeS) 5
Calcium divanadium hexaoxide (CaV,0q) 5 11389 || Dicerium trisulfide (Ce,Sy) 5
Dicalcium divanadium heptaoxide (Ca,V,0;) 5 (1392 || Cermets:

Tricalcium divanadium octaoxide (CagV,04) 5 (1395 Be + BeO 5
Calcium wolframite (see Calcium tungsten BeO + Be 5
tetraoxide)
BeO + Be + Mo 5
Calcium zirconate (see Calcium zirconium
trioxide) BeO + Mo 5
Calcium zirconium trioxide (CaZrO,) 5 1398 BeO + MoBey, 5
Carbon, diamond 5 4 BeO + NbBey, 5
Carbon, graphite 5 9 BeO + TaBe, 5
Carbon + Silicon carbide, cermet (C + SiC) 5 (1276 BeO + TiBey, 5
Carbon tetrachloride (CCl,) 6 159 BeO + ZrBey; 5
Carbon oxides: BN + B,0s +IX; 5

Cco 6 152 BN +C 5

co, 6 |143 C +8iC 5
Carbon monoxide (CO) 6 152 SiC +C +TX; 5
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Cermets - continued Trichromium dicarbide (CryC,) 5 408
wC +CO 5 |1282 Tetrachromium carbide (CrC) I 5 414
Zr0, + Ti 5 1285 Pentachromjum dicarbide (CrgC,) 5 411
Cesium 4 40 || Heptachromium tricarbide (Cr,Cy) 5 417
Cesium aluminum disulfate dodecahydrate Chromium chlorides:
l CsAl(SO‘)z- 12“10] 5 1191
CrCl, 5 | 800
Cesium chloride (CsCl) 5 797
CrCl, 5 803
Cesium monohydrogen difiuoride (CsHF,) 5] 931
Chromium dichloride (CrCl,) 5 800
Cesium jodide (Csl) 5 494
Chromium trichloride (CrCly) 5 803
Chlorine 6 11
Chromium sesquioxide (Cr,0j) 5 67
Chlorodifluoromethane (see Freon 22)
Dichromium trioxide (see Chromium sesqui-
Chlorotrifluoromethane (see Freon 13) oxide)
Chloroform (CHCly) 6 166 Chromium silicides:
Chloromethane (see Methyl chloride) Crsi 5 565
Chromel A (see Nichrome V) Crsi, 5 568
Chromel P 4 392 CrySi 5 559
Chromium 4 44 CrSiy 5 | 562
Chromjum + Aluminum 4 304 Chromium silicide (CrSi) 5 565
Chromium + Aluminum +IX| 4 517 || Chromium disilicide (CrSi,) 5 568
Chromium + Iron 4 307 || Trichromium silicide (Cr,Si) 5 559
Chromium + Iron +TX| 4 520 || Pentachromium trisilicide (CrgSiy) 5 562
Chromium + Manganese 4 311 Cobalt 4 48
Chromium alloys (specific types) Cobalt + Chromium +TX 4 523
526
Aluminothermic chromium 4 520 Cobalt + Dysprosium (DyCog) 4 314
Ferrochromium 4 520 Cobalt +Iron 4 317
Chromium borides: Cobalt + Nickel 4 320
CrB 5 335 Cobalt alloy, HE 1049 4 526
CrB, 5 338 || Cobalt chlorides.
Chromium monoboride (CrB) 5 335 CoCl, 5 806
Chromium diboride (CrB,) 5 338 CoCl,*6H,0 5 809
Chromium carbides: Cobalt dichloride (CoCl,) 5 806
CryC, 5 408 || Cobalt dichloride hexahydrate (CoCl,- 6H,0) 5 809
CrC 5 414 |} Cobalt ferrites:
criC, 5 | 411 CoFe,0, 5 | 1425
CryCy 5 417 CoxFe 0, (nonstoichiometric) 65 1428
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Cobalt diiron tetraoxide (CoFe,0p) 5 [1425 || Copper alloys (spucific types)
Cobalt iron tetraoxide, nonstoichiometric Manganin 4 338
(CoxFe 0, 5 (1428
yO Monel 4 562
Cobalt difluoride (CoF,) 5 934
Copper bromide (CuBr) 5 762
Cobalt oxides:
Copper chlorides:
CoO 5 70
CuCl, 5 | 812
C 5 73
s CuCl,- 2H,0 5 | 815
Cobalt monoxide (CoO) 5 70
Copper dichloride (CuCl,) 5 812
Tricobalt votraoxide (Cog0,) 5 73
Copper dichloride dihydrate (CuCl,* 2H,0) 5 815
Cobalto-cobaltic oxide (see Tricobalt tetra-
oxide) Copper ferrites:
Cobaltosic oxide (see Tricobalt tetraoxide) CuFej 0, 5 |1437
Cobaltouscobaltic oxide (see Tricobalt tetra- Cuxi‘?);m (nonstcichiometric) 5 | 1434
oxide)
Copper diiron tetraoxide (CuFe,0,) 5 |1437
Cobalt silicide (CoSi) 5 571
Copper iron tetraoxide, nonstoichiometric
Cobalt sulfate heptahydrate (CoSO,: 7H;0) 5 |1194 (CuxFe’,O‘) 5 11434
Cobalt tungstate (see Cobalt tungsten tetra- Copper hemioxide (see Copperous oxide)
oxide)
Dicopper monoxide (see Copperous oxide)
Cobalt tungsten tetraoxide (CowO,) 5 [1431
Copper oxides:
Columbium (see Niobjum)
CuO 5 80
Constantan 4 341
Cy,0 5 76
Copper 4 51
Copperas (see Iron sulfate heptahydrate)
Copper, electrolytic 4 31
Copperic oxide (CuQ) 5 80
Copper, electrolytic tough pitch (Fed. Spec.
QQC-502) 4 51 Copperous oxide (Cu,0) 5 76
Copper, electrolytic tough pitch (Fed. Spec. Copper protooxide (see Copperous oxide)
QQC-576) 4 51
Copper suboxide (see Copperous oxide)
Copper, OFHC 4 51
Copper sulfides:
Copper + Aluminum 4 323 *
Cus 5 662
Soppor—i-Chrominm—-Eiir -t | 508
Cu,S 5 | 665
Copper + Gallium 4 327
Copper sulfide (CuS) 5 662
Copper + Iron 4 331
Dicopper sulfide (Cu,S) 5 665
Copper + Magnesium 4 335 :
Cordierite (see Dimagnesium tetraaluminum
Copper + Magnesium + Aluminum pentasilicon 18-oxide)
(0.3 -xAly) 4 529
BCUs-xAlx Corning 1723 glass 5 1227
Copper + Magnesium + 8ilicon (MgC i) | 4 532
" Ul Corundum (see Aluminum oxide)
Copper + Manganese 4 338
Crucible H#MN HNM 4 | 714
Copper + Nickel 4 341
Cuprum (see Copper)
L Copper + Zinc 4 346
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n-Decane (C; '5,) 6 170 || Ethylene alcohol (see Ethylene glycol)
Deuterium 6 15 || Ethylene glycol (CH;OHCH,OH) 6 192
Diamond (see Carbon, diamond) Ethyne (see Acetylene)
Dichlorodifluoromethane (see Freon 12) Europium 4 68
Dichlorofluoromethane (see Freon 21) Europium oxide (Eu,0y) 5 89
1,2-Dichloro-1,1,2,2-tetrafluoroethane Dieuropium trisulfate octahydrate (Eu,(SO)y
(see Freon 114) 8H,0) 5 1197
Dimethyl (see Ethane) Ferric oxide | see Iron (ic) oxide)
Dimethyl keytone (see Acetone) Ferroniobium 4 574
Dimethylmethane (see Propane) Ferrous chloride (see Iron dichloride)
Dysprosia (see Dysprosium oxide) Ferrous ferric oxide (see Triirontetraoxide)
Dysprosium 4 62 |] Ferrous fluoride (see Iron difluoride)
Dysprosium trichloride hexahydrate Ferrous oxide | see Iron (ous) oxide)
(DyCly: 6H,0) 5 818
Ferrum (see Iron)
Dysprosium oxide (Dy;0,) 5 83
Flowers of tin (see Tin dioxide)
Dysprosium sesquioxide (see Dysprosium
oxide) Fluorine 6 19
Didysprosium trioxide (see Dysprosium Freon 10 (see Carbon tetrachloride)
oxide)
Freon 11 {C1,CF) 6 200
Erbia (see Erbium oxide)
Freon 12 (Cl,CF,) 6 204
Erbfum 4 65
Freon 13 (CICFy) 6 210
Erbium trichloride hexahydrate (ErCly- 6H,0 5 | 822
Freon 20 (see Chloroform)
Erbium gallate (see Trierbium pentagallium
dodecaoxide) Freon 21 (CL,CHF) 6 212
Trierbium pentagallium dodecaoxide Freon 22 (CICHF,) 6 218
| ErgGaOy, (Garnet)) 5 [1440
Freon 113 (CCLFCCIF,) 6 224
Erbium oxide (Er,0y) 5 86
Freon 114 (CCIF,CCIF,) 6 228
Erbium sesquioxide (see Erbium oxide)
Gadolinia (see Gadolinium oxide)
Dierbium trioxide (see Erbium oxide)
Gadolinium 4 72
Ethane (C,H,) 6 174 ]
Gadolinium trichloride hexahydrate
1,2-Ethanediol (see Ethylene glycol) (GdCly+ 6H,0) 5 826
Ethene (see Ethylene) Gadolinium trinitrate hexahydrate
(Gd(NOy)y* 6H,0) 5 |1142
Ethine (see Acetylene)
Gadolinfum oxide (Gd,0y) 5 92
Ethoxyethane (see Ethyl ether)
Gadolinium sesquioxide (see Gadolinium
Ethyl Alcohol (C,H;OH) 6 180 oxide)
Ethyl ether | (C,H;);0) 6 19¢ || Digadolinium trioxide (see Gadolinium oxide
Ethyl oxide (see Ethyl ether) Gallium 4 75
Ethylene (CH,CH,) 6 | 185 ]| Gallium antimanide (GaSb) 5 300
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Gallium arsenide (GaAs) 5 307 || Graphites (specific types) continued
Gallium oxide (Ga,0y) 5 95 Canadian natural CNG 5 9
Gallium sesquioxide (see Gallium oxide) Canadian natural boronated CNG-B 5 9
Digallium trioxide (see Gallium oxide) Ceylon natural graphite
Gallium phosphide (GaP) 5 520 Graphitized lampblack SA-25 5 9
Gallium telluride (see Digallium tritelluride) Natural] Madagascan 5 9
Digallium tritelluride (Ga,Tey) 5 723 Pile H-CS II 5 9
Genetron 11 (see Freon 11) Pyro 5 9
Genetron 12 (see Freon 12) Hafnia (see Hafnjum dioxide)
Genetron 13 (see Freon 13) Hafnium 4 87
Genetron 22 (see Freon 22) Hafnium + Zirconium 4 356
Genetron 113 (see Freon 113) Hafnium beryllide (see Dihafnium 21-
beryllide)
Genetron 114 (see Freon 114)
Dihafnjum 21-beryllide (Hf,Be,) 5 313
Germanium 4 79
Hafntum diboride (HfB,) 5 341
Germanium tetrahydride (GeH,) 5 [1033
Hafnium carbide (HfC) 5 420
Germanium oxide (see Germanium dioxide)
Hafnium tetrafluoride (HfF,) 5 937
Germanium dioxide (GeO,) 5 98
Hafnium nitride (HfN) 5 |1081
Germanium silicide, nonstoichiometric
(GexSiy) 5 574 || Hafnium dioxide (HfO,) 5 101
Glass ceramics (see pyroceram) Hastelloy B 4 571
Glasses (see individual glass) Hastelloy C 4 556
Glucinum | ee Beryllium) Hastelloy R-235 4 553
Glucinum sulfate (see Beryllium sulfate) Haynes stellite, HE 1049 4 526
Glycerin (see Glycerol) Heavy hydrogen (see Deuterium)
Glycerol (CH;OHCHOHCH,OH) 6 230 || Helium 6 23
Glycol (see Ethylene glycol) n-Heptane (C,H;) 6 232
Glycyl alcohol (see Glycerol) n-Hexane (C¢H,,) 6 238
Gold 4 83 High silica glass (Si0, +TXy) 5 |1234
Gold + Nickel 4 353 Holmia (see Holmium oxide)
Craphites (specific types) Holmium 4 90
Grade 3474 D 5 9 Holmium trichloride hexahydrate (HoCly
6H,0) 5 | 829
Grade 7087 5 9
Holmium oxide (Ho,0Oy) 5 104
Grade ATY 5 9
Holmium sesquioxide (see Holmium oxide)
Grade CS 5 9
Diholmium trioxide (see Holmium oxide)
Grade GBH 5 9
Hydrargyrum (see Mercury)
Acheson 5 9
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Hydrogen 6 26 || Iron + Chromiwum, Group I (25 < Cr <50) 4 635
Hydrogen chloride (HCI1) 6 72 ]| Iron + Chromium + Manganese, Group 1 4 638
Hydrogen iodide (HI) 6 76 {| Iron + Chromium + Manganese + X, Group
II (Cr<5.0) 4 687
Hydrogen sulfide (H,S) 6 78
Iron + Chromium + Manganese +%X;, Group
Inco 713 C 4 550 1M (14sCr<29) 4 690
Incoloy 4 726 { Iron + Chromium + Nickel + ZX;, Group II
(15-16 Cr, 4-5 Ni) 4 717
Incoloy 901 4 565
Iron + Chromiwm + Nickel +ZX{, Group II
Incoloy alloy 800 (see Incoloy) (17-20 Cr, 8-11 Ni) 4 699
Incoloy alloy 901 (see Inccloy 901) Iron + Chromium +EX;, Group Il 4 678
Inconel 702 alloy 4 553 || 1ron + Cobalt +ZX;, Group I 4 641
Inconel alloy 4 533 || Iron + Cobalt +ZIX; Group I), eutectoid 4 641
Inconel alloy 600 (see Inconel alloy) Iron + Copper +£X;, Group I 4 | 644
Inconel alloy 702 (see Inconel 702 alloy) Iron + Manganese + Carbon, Group I 4 655
Inconel alloy X-750 (see Inconel X alloy) Iron + Manganese + Carbon (Group I),
eutectoid 4 655
Inconel X alloy 4 553
Iron + Manganese + ZXj, Group I 4 647
Indium 4 95
Iron + Manganese +S;xi, Group 1
Indium + Tin 4 359 (10 < Mn £ 50) 4 650
Indium antimonide (InSb) 5 303 ] Iron + Manganese + ZX;, Group II 4 723
Indium arsenide (InAs) 5 310 |} 1ron + Nickel, Group I 4 726
Indium phosphide (InP) 5 523 || 1ron + Nickel + Carbon, Group I 4 665
Diindium sulfide, nonstoichiometric (IngS,) | 5 668 || tron + Nickel + Chromium +TX;{, Group IT 4 729
Inquartation silver 1 208 1| fron + Nickel +ZX;, Group I 4 660
Invar 1 660 || 1ron + Silicon +ZX;, Group I 4 668
Iodide titanium 4 257 Il 1ron + Silicon + ZX{, Group II 4 732
Todide zirconium 4 268 || 1ron + Tin, Group I 4 672
Iodine 5 15 |f Iron + Titanium, Group I (TiFe,) 4 675
Iridium 4 99 1l Iron + Titanium +£X;, Group Il 4 | 735
Iron 1 102 |l 1ron + Tungsten +ZIX,, GroupII 4 738
Iron, Armco 4 102 1] Iron aluminate (see Iron dialuminum tetra-
oxide)
Iron, electrolytic 4 102
Iron dialuminum tetraoxide (FeAl,0,) 5 1443
Iron + Aluminum, Group I 4 626
Iron carbide (see Triiron carbide)
Iron + Antimony, Group I 4 629
Triiron carbide (FeyC) 5 424
Iron + Carbon +LX;, Group I 4 619
Iron dichloride (FeCl,) 5 832
Iron + Carbon +EZX;, Group II 4 623
Ironous chloride (see Iron dichloride)
Iron + Chromium, Group ! (8 g Cr < 25) 4 632 y
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Iron chromite (see Iron dichromium tetra- Iron sulfide (FeS) 5 674
oxide)
Iron disulfide (FeS,) 5 677
Iron dichromium tetraoxide (FeCr,0p 5 [1446
Iron sulfide, nonstoichiometric (Fe,S) 5 671
Iron cobaltite (see Iron dicobalt tetraoxide)
Iron tellurides:
Iron dicobalt tetraoxide (FeCo,0,) 5 |1449
FeTe, 5 729
Iron difluoride (FeF,) 5 940
Fex’l‘e (nonstoichiometric) 5 726
Iron oxides:
Iron ditelluride (FeTe,) 5 729
FeO 5 107
Iron telluride, nonstoichiometric (FeyTe) 5 726
Fe,03 5 110
Iron titanate (see Iron titanium t.{oxide)
Fey0, 5 114
Iron titanjum trioxide (FeTiOg) 5 |1455
Diiron trioxide [see Iron(ic) oxide]
Iron vitriol (see Iron sulfate heptahydrate)
Triiron tetraoxide (FeyO,) 5 114
Iron(ic) oxide (Fe,0y) 5 110
Iron selenides:
Iron(ous) oxide (FeO) 5 107
FeS, 5 527
Isotron 11 (see Freon 11)
FeyS, 5 | 536
Isotron 12 (see Freon 12)
FeqSeq 5 533
Isotron 13 (see Freon 13)
l’-‘exSe (nonstoichiometric) 5 530
Isotron 22 (see Freon 22)
Iron diselenide (FeSe,) 5 527
Isotron 113 (see Freon 113)
Triiron tetraselenide (Fe,Se,) 5 536
Isotron 114 (see Freon 114)
Heptairon octaselenide (Fe;Se,) 5 533
Jodium (see Iodine)
Iron selenide, nonstoichiometric (Fe,Se) 5 530
Kalium (see Potassium)
Iron silicides:
Krypton 6 34
FeSi 5 577
Lanthana (see Lanthanum oxide)
Fe,Si 5 583
Lanthanum 4 110
Fe,Si, 5 580
Lanthanum oxide (La;Oy) 5 118
Iron silicide (FeSi) 5 877
Lanthanum sesquioxide (see Lanthanum
Triiron silicide (Fe,ySi) 5 583 oxide)
Pentairon trisilicide (FegSiy) 5 580 ]| Dilantanum trioxide (see Lanthanum oxide)
Iron orthosilicate (see Diiron silicon tetra- Tayghing gas (see Nitrous oxide)
oxide)
Lead 4 113
Dijron silicon tetraoxide (Fe,SiO,) 5 (1452
Lead + Tin 4 363
Iron sulfate heptahydrate (FeSO,* 7TH,0) 5 |1200
Lead - tin solder (Sn + Pb) 4 446
Iron sulfides:
Lead glance (see Lead sulfide)
FeS 5 674
Lead diiodide (Pbly) 5 497
¥FeS, 5 677
Lead molybdate (see Lead molybdenum
Fe.8 (nonstoichiometric) 5 871 tetraoxide)

All
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Lead molybdenum tetraoxide (PbMoO,) 5 {1458 || Lithium fluoride (LiF) 5 943
Lead oxides: Lithium hexafluoroaluminate (see Trilithi»m|
aluminum hexafluoride)
PbO 5 122
Lithium hydride (LiH) 5 | 1036
PbO, 5 | 125
Lithium monohydrogen difluoride (LIHF,) § 953
Pb,04 5 | 128
Lithium iron dioxide (LiFeO,) 5 | 1467
PbsO, 5 [
Lithium iron tetraoxide, nonstoichiometric
Lead oxide (PbO) 5 122 (leFey04) 5 1470
Lead dioxide (PbO,) 5 125 Lithium oxide (Li0) 5 134
Lead monoxide (see Lead oxide) Dilithium oxide (see Lithium oxide)
Lead peroxide (see Lead dioxide) Lithium titanate (see Dilithium titanium
trioxide)
Lead protoxide (see Lead oxide)
Lithium metatitanate (see Dilithium titanjum
Lead sesquioxide (Pb,0Oy) 5 128 trioxide)
Lead superoxide (see Lead dioxide) Dilithjum titanium trioxide (Li,T{Oy) 5 | 1473
Dilead trioxide (see Lead sesquioxide) Lithium zinc ferrite !see Lithium zinc iron
tetraoxide (nonstoichiometric))
Trilead tetraoxide (PbsO,) 5 131
Lithium zinc iron tetraoxide, nonstoichio-
Lead sulfide (PbS) 6 681 metric (LixZnyFe 0y 5 | 1476
Lead tungstate (see Lead tungsten tetra- Lutetia (see Lutetium sesquioxide)
oxide)
Lutetium 4 121
Lead tungsten tetraoxide (PbWO,) 5 (1461
Lutetium sesquioxide (Lu,Oy) 5 137
Lead wolframate (see Lead tungs‘en tetra-
oxide) Dilutetium trioxide (see Lutetium sesqui-
oxide)
Libbey-Owens~-Ford plate glass No. 9330 5 [1240
Magnesia (see Magnesium oxide)
Lithia (see Lithium oxide)
Magnesium 4 124
Lithium 4 117
Magnesium + Aluminum + TX; 4 535
Lithium + Magnesium 4 366
Magnesium + Silicon 4 369
Lithium gluminate (see Lithium aluminum
dioxide) . Magnesium + Thorium +TX; 4 538
Lithium metaaluminate (see Lithium Magnesium + Zinc +IX; 4 541
aluminum dioxide)
Magnesium alloys (specific types)
Trilithium aluminum hexafluoride (LiyAIF) 5 947
AN-M-29 4 535
Lithium aluminum dioxide (L1A10,) 5 [1464
AZ-31B 4 535
Dilithium beryllium tetrafluoride (Li;BeF,) | 5 950
AZ-80 4 535
Dilithium carbonate (Li,CO,) 5 |1118
HK-31A 4 538
Lithium chloride (LiCl) 5 835
HM-21XA 4 538
Lithium ferrites:
HM-31XA 4 638
LiFe0, 5 |1467
ZK-60A 4 541

uxroyo‘ (nonstoichiometric)
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Magnesium aluminate (sce Magnesium di- Magnesium germanide (see Dimagnesium

aluminum tetraoxide) germanide)
Magnesium metaaluminate (see Magnesium Dimagnesium germanide (Mg,Ge) 5 481
dialuminum tetraoxide)
Magnesium diiron tetraoxide (MgFe,0,) 5 | 1485
Magnesium dialuminum tetraoxide (MgAl,Op)f 5 |1479
Magnesium iron tetraoxide, nonstoichio-
Magnesium aluminum silicate (see Dimagne- metric (ngreyo‘) 5 | 1488
sium tetraaluminum pentasilicon 18-oxide,
Magnesium molyhdate (see Magnesium mo-
Dimagnesium tetraaluminum pentasilicon 1 ybdenum tetraoxide)
18-oxide (Mg,A1,51;04y) 5 1503
Magnesium molybdenum tetraoxide (MgMoO,)| 5 | 1491
Magnesium borides:
Magnesium nitride (see Trimagnesium di-

MgB, 5 345 nitride)

MgB, 5 348 || Trimagnesium dinitride (MgsN,) 5 | 1084
Magnesium diboride (MgB,) 5 345 |) Magnesium oxide (MgO) 5 140
Magnesium tetraboride (MgB,) 5 348 || Magnesium silicates:

Magnesium cadmium alloys: MgSiO, 5 | 1494
MgCd 4 294 Mg,Si0, 5 | 1497
Mgy,Cd 4 297 || Magnesium silicon trioxide (MgSiOy) 5 | 1497

Wagnesium chlorides: Dimagnesium silicon tetraoxide (Mg,SiO,) 5 | 1497
MgCl, 5 838 || Trimagnesium tetrasilicon undecaoxide

monohydrate (MgsSi;04* H,0) 5 | 1500

MgCl,+H,0 5 841

Magnesium titanates:
MgCl;* 2H,0 5 844
MgTiOy 5 | 1506
MgCl,* 4H,0 6 847
MgTi 04 5 | 1509
MgCl,® 6H,0 5 850
Mg,TiO, 5 | 1512
Magnesjum dichloride (MgCl,) 5 838
Magnesium dititanate (see Magnesium
Magnesium dichloride monohydrate dititanium pentaoxide)
(MgCl,*H,0) 5 | 841
Magnesium metatitanate (see Magnesjum
Magnesium dichloride dihydrate (MgCl,- titanium trioxide)
2“20) ) 844
Dimagnesium titanate (see Dimagnesium
Magnesium dichloride tetrahydrate (MgCl,* titanium tetraoxide)
4H,0) ) 847
Magnesium titanium trioxide (MgTiOy) 5 | 1506
Magnesium dichloride hexahydrate (MgCl,*
€H,0) 5 850 ||Magnesium dititanium pentacxide (MgTi,0;) 5 | 1509
Magnesium chromite (see Magnesium i~ Dimagnesium titanium tetraoxide (Mg,TiO,) 65 | 1512
chromjum tetraoxide)
Magnesium tungstate (see Magnesium

Magnesium dichromium tetraoxide (MgCr;O,) 5 | 1482 tungsten tetraoxide)

Magnesium ferrites: Magnesium tungsten tetraoxide (MgWO,) 5 | 1615
MgFe,0, § | 1486 || Magnesium vanadates:
ngFeyo‘ 5 |1488 MgV,;0, 5 | 1518

M | ride (MgF,) 5_1 956 Mg;V,0, 5 ] 1521/
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i
Magnesium metavanadate (see Magnesium Manganese sesquioxide (Mn,0O,) | 5 ' 151
divanadium hexaoxide) f
Dimanganese trioxide (see Manganese sesqui+ |
Magnesium pyrovanadate (see Magnesium oxide) |
divanadium hexaoxide)
Trimanganese tetraoxide (MnyO,) 5 | 154
Magnesium divanadium hexaoxide (MgV,0q) 5 |1518 |
Manganese (ic) oxide (see Manganese sesqui-
Dimagnesium divanadium heptaoxide oxide)
(Mgzvzo-,) 5 1521 |
Manganese (ous) chloride (see Manganese |
Magnesium wolframate (see Magnesium dichloride)
tunsten tetraoxide)
Manganese (ous) fluoride (see Manganese
Manganese 4 127 difluoride) |
Manganese, electrolytic 4 127 || Manganese (ous) oxide (see Manganese
monoxide)
Manganese + Aluminum 4 372
Manganese (ous) sulfide (see Manganese l
Manganese + Copper 4 377 sulfide)
Manganese + Nickel 4 380 || Manganese selenide (see Manganous selenlde)‘
Manganese aluminum carbide (see Trimanga- Manganese silicate (see Manganese silicon l
nese aluminum carbide) trioxide)
Trimanganese aluminum carbide (MnjAIC) 5 427 || Manganese silicides:
Manganese carbide (see Trimanganese Mn,Si 5 586
carbide)
MnSiy monstoichiometric) 5 | 589
Trimanganese carbide (MnyC) 5 | 433 !
Trimanganese silicide (MngSi) 5 586
Manganese carbonate (MnCOy) 5 | 1121 !
Manganese silicide, nonstoichiometric
Manganese chlorides: (MnSiy) 5 589
MnCl, 5 853 || Manganese silicon trioxide (MnSiOy) 5 1524
MnCl,* 4H,0 5 856 || Manganese sulfide (MnS) 5 684
Manganese dichloride (MnCl,) 5 853 || Manganese monosulfide (see Manganese
sulfide)
Manganese dichloride tetrahydrate (see
Manganous dichloride tetrahydrate) Manganese telluride (see Manganous tellur-
ide)
Manganese difluoride (MnF,) 5 959
Manganese zinc carbide (see Trimanganese
Manganese oxides: zinc carbide)
MnoO 6 145 || Trimanganese zinc carbide (MnyZnC) 5 430
MnO, 5 148 || Manganin 4 338
Mn,04 5 151 || Manganomanganic oxide (see Trimanganese
tetraoxide)
MnyO, 5 164 :
Manganous dichloride tetrahydrate (MnCl,"
Manganese binaxide (see Manganese dioxide) 4H,0) 5 856
Manganese dioxide (MnO,) 5 148 || Manganous selenide (MnSe) 5 539
Manganese monoxide (Mr.0), 5 145 |} Manganous telluride (MnTe) 5 732
Manganese peroxide (see Manganese dioxids) Marsh gas (see Methane)
Mangenese p *otoxide (see Manganese mon- Mercuric oxide { see Mercury (ic) oxide]
oxide)
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]
Mercuric selenide (see Mercury selenide) Molybdenum silicides:
Mercury 4 131 MoSi, 5 592
Mercury selenide (HgSe) 5 | 542 Mo,Si 5 595
Dimercury sulfate (Hg,SO,) 5 l 1403 || Molybdenum disilicide (MoSiy) 5 592
Mercury sulfide (HgS) 5 687 1| Trimolybdenum silicide (Mo,Si) 5 595
Mercury (ic) oxide (HgO) 5 ' 157 || Molybdenum sulfide (see Molybdenum di-
sulfide)
Methane (CH,) | 6 | 244 ,
Molybdenum disulfide (MoS,) i 5 690
Methanol (see Methy! alcohol) f ,
Mond nickel 4 146
Methyl alcohol (CH;OH) 6 252
Monel alloy 4 562
Methyl chloride (CH;Cl) 6 257
Monel alloy 400 (see Monel alloy)
Methylbenzene (see Toluene)
Monel alloy K-500 (see Monel K alloy)
Methyl methane (see Ethane)
Monel K alloy 4 562
Molybdenum 4 | 135
MSM-70 (see Titanium, Ti-75A)
Molybdenum + Titanium [ 4 383
! MSM-2.5 Al-16V (see Titanium alloy
Molybdenum + Titanjum + X | 4 | 544 Ti-2.5A1-16V)
Molybdenum + Tungsten 4 386 || MSM-6A1-4V (sce Titanium alloy Ti-6A1-4V)
Molybdenum beryllide (see Molybdenum | MSM-8Mn (see Titanium alloy C-110 M)
dodecaberyllide) !
MST-2.5 Al-16V (see Titanium alloy
Molybdenum dodecaberyllide (MoBey,) 5 | 316 Ti-2.5A1-16V)
Molybdenum borides: I [ MST-6A1-4V (see Titanium alloy Ti-6A1-4V) |
MoB 5 358 |{MST-8Mn (see Titanium alloy C-110M)
|
MoB, 5 | 352 ||Natrium (see Sodium) [
Mo,B 5 355 || Neodymia (see Neodymium oxide)
Molybdenum boride (MoB) l 5 | 358 || Neodymium 4| 146
Molybdenum diboride (MoB,) [ 5 352 |} Neody mium trichloride hexahydrate
(NdCly: 6H,0) 5 859
Dimolybdenum boride (Mo,B) | 5 355
Neodymium gallate (see Trineodymium
Molybdenum carbide (see Dimolybdenum [ pentagallium dodecaoxide)
carbide)
Trineodymium pentagallium dodecaoxide
Dimolybdenum carbide (Mo,C) 5 436 | NdGagOy,(Garnet)) 5 | 1527
Molybdenum hexafluoride (MoF) 5 962 || Neodymium oxide (Nd,Oy) 5 166
Molybdenum oxides: Neodymium sesquioxide (see Neodymium
| oxide)
MoO, 5 | 160
Neon 6 37
MoO; 5 | 163
Neptunjum 4 143
Molybdenum dioxide (MoO,) 5 160
Neptunium + Calcium + z:xi 4 547
Molybdenum trioxide (MoOy) 5 163
Neptunium dioxide (NpO,) 5 169
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Nichrome V 4 556{| Nickel alloys (specific types) continued
Nickel 4 146 OKh 20 N60 B 4 559
Nickel, electrolytic 4 146 Rene 41 4 556
Nickel, mond 4 146|] Nickel chlorides:
Nickel + Aluminum 4 389 NiCl, 5 863
Nickel + Chromium 4 392 NiCl,* 6H,0 5 866
Nickel + Chromium +TX, 0 <Crs11) 4 550|| Nickel dichloride (NiCl,) 5 863
Nickel + Chromium +ZX; (15 < Cr < 16) 4 553{] Nickel dichloride hexahydrate (NiCl,* 6H,0) 5 866
Nickel + Chromium +ZX;j (18 <Cr < 20) 4 556]| Nickel ferrites:
Nickel + Chromium tEXi ({Cr> 20) 4 559 NiFe,0O, 5 1530
Nickel + Copper 4 398 NiyFe Oy (nonstoichiometric) 5 11533
Nickel + Copper +IX; 4 562]| Nickel difluoride (NiF,) 5 973
Nickel + Iron 4 403} Nickel fluosilicate hexahydrate (A) (NiSiFg:
6H,0) 5 | 966
Nickel +Iron +TX; 4 565
Nickel fluosilicate hexahydrate (B) (NiSiFg*
Nickel + Magnesium (MgNi,) 4 407 6H,0) 5 970
Nickel + Manganese 4 410|| Nickel diiron tetraoxide (NiFe,0,) 5 [1530
Nickel + Manganese + TX; 4 568]| Nickel iron tetraoxide, nonstoichiometric
(NixFe\,O4) 5 1533
Nickel + Molybdenum + TX; 4 571 '
Nickel oxide (NiQ) 5 172
Nickel + Silicon 4 413
Nickel monoxide (see Nickel oxide)
Nickel + Tungsten (Ni,W) 4 416
Nickel protoxide (see Nickel oxide)
Nickel + Zinc 4 419
Nickel selenides:
Nickel alloys (specific types);
NiSe, 5 549
60Ni 15Cr (ASTM B83-46) 4 565
NiySe (noastoichiometric) 5 545
80 Ni 20Cr 4 556
Nickel diselenide (NiSe,) 5 549
90 Ni 10Cr 4 550
Nickel] selenide, nor:stoichiometric (NiySe) 5 545
Alumel 4 568
Nickel sulfate hexahydrate (NiSO,* €H,0) 5 1206
Chromel A (see Nickel alloy Nichrome
V) Nickel sulfides:
Chromel-P 4 392 Nis 5 693
EI-435 4 559 Ni;S, 5 696
GE J 1500 (same as M252) Nickel sulfide (NiS) 5 693
GEJ 1610 (same as Rene 41) Trinickel disulfide (NiyS,) 5 696
M252 4 556|| Nickel tellurides:
Monel 4 562 NiTe, 5 738
Nichrome V 4 556 NiTe, (nonstoichiometric) 5 735
OKh 21 N78 T 4 559]1 Nickel ditelluride (NiTes) 5 738
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I
Nickel telluride, nonstoichiometric (NiTe,) 5 735 |{Niobium pentafluoride (NbFg) : 5 | 976
Nickel zinc ferrite | see Nickel z.nc diiron Niobjum oxides: I

tetraoxide (nonstoichiometric))

NbO 5 | 175
Nickel zinc diiron tetraoxide [leZnyFezo‘

(nonstoichiometric)) 5 1536 NbO, 5 | 178
Nickel (ous)oxide (see Nickel oxide) Nb,O; ' 5 | 181
Niobium 4 153 || Niobium monoxide (NbO) 5 | 175
Niobium + Iron +TX; 4 574 || Niobium dioxide (NbO,) 5 1178
Niobium + Molybdenum + TX; 4 577 ||Diniobium pentaoxide (Nb,Os) 5 | 181
Niobium + Tantalum + TX; 4 580 {|Nitric oxide (NO) 6 83
Niobium + Titanium +TX; 4 583 || Nitrogen 6 | 39
Niobium + Tungsten + TX; 4 586 ||Nitrogen peroxide (NO,) 6 90
Niobium + Zirconium 4 422 ||Nitrous oxide (N,0) 6 92
Niobium alloys (specific types) n-Nonane (CgH,) 6 | 261

5 Mo-5 V-1 Zr 4 577 ||n-Octane (Cy4H,q) 6 | 266
27 Ta-12 W-0,5 Zr 4 580 ||OFHC copper 4 51
10 Ti-5 Zr 4 583 ||Olefiant gas (see Ethylene)
15 W-5 Mo-1 Zr-0.05 C 4 586 |]Osmium 4 | 157
10W-5 Zr 4 586 ||Oxygen 6 438
10W-1 Zr-0.1C 4 586 || Palladium 4 | 160
CB-752 4 586 || Palladium + Silver 4 |[425
D-36 (see Niobium alloy 10 W-5 Zr) Palladium tellurides:
F-48 4 586 PdTe 5 1741
Ferroniobjium 4 574 PdTe, 5 | 744
FS-82 B 4 580 ||Palladium telluride (PdTe) 5 | 741
Niobjum dodecaberyllide (NbBey,) 5 319 || Palladium ditelluride (PdTe,) 5 | 744
Niobium borides: Pearlite 4 655
NbB, 5 | 365 |[[n-Pentane (CgH;,) 6 | 272
NbB, (nonstoichiometric) 5 361 || Perchloromethane (see Carbon tetrachloride)
Niobium diboride (NbB,) 5 365 j| Phenylmethane (see Toluene) 18
Niobium boride, nonstoichiometric (Nbe) 5 361 || Phosphorus 5 18
Niobium carbides: Phosphorus, black 5 ] 18
NbC 5 442 || Phosphorus trichloride (PCl,) 5 | 869
NbC, (nonstoichiometric) 5 439 || Phosphorus (ous) chloride (see Phosphorus
trichloride)
Niobium carbide (NbC) 5 442
Pittsburgh No, 3235 glass 5 1230
Niobium carbide, nonstoichiometric (NhC,) 5 439
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Plate glass No. 9330 5 11240 || Potassium nitrate (KNOy) | 5 (1145
Platinum 4 | 163 Potassium dioxide (see Potassium super- ’
oxide)
Platinum sulfides: |
Potassium superoxide (KO,) 5 | 184
PtS 5 | 699
Dipotassium sulfate (K,SO,) [ 5 [1209
Pts, 5 | 702
Praseodymium 4 | 177
Platinum sulfide (PtS) 5 | 699
Praseodymiumoxide (see Hexapraseodymiuml
Platinum disulfide (PtS,) 5 | 702 undecaoxide)
Platinum tellurides: Hexapraseodymium undecaoxide (PrgOyy) 51 187

PtTe 5 | 747 || Propane (CyHg) 6 | 279

PtTe, 5 | 750 || 2-Propanone (see Acetone)

Platinum telluride (PtTe) 5 | 747 Pyrex 774 5 | 1230
Platinum ditelluride (PtTe,) 5 | 750 || Pyrex glasses | S | 1230
Plutonium 4 167 Pyroacetic ether (see Acetone)

Plutonium + Cerium + zxi 4 589 Pyroceram 5 11237
Plutonium carbide (PuC) 5 | 445 || Pyroceram 9606 5 11237
Plutoninm dioxide (PuO,) 5 | 190 || Pyroceram 9608 5 (1237
Potassium 4 | 171 || Quartz 5| 207
Potassium + Sodium 4 | 428 || Quartz crystal 5| 207
Potassium aluminum silicates: Quartz glass 5| 202

KAl4Si30¢4 5 (1540 }| Quick silver (see Mercury)

KAlSiyO¢,* H,0 5 (1543 || RC-70 (see Titanjum, Ti-75 A)

Potassium triajuminum trisilicon undeca- Rene 41 4 | 556
oxide (KAlLySi30yy) 5 [1540
Rhenium 4 | 181
Potassium trialuminum trisilicon undeca-
oxide monohydrate (KA14Siy0¢+ H,0) 5 (1543 || Rhenium trichloride (ReCly) 5| 878
Potassium aluminum sulfates: Rhodium 4| 184

KAl (80), 5 (1212 RS-70 (see Titanium, Ti-75 A)

KAl (509)," 12H;0 § {1215 || Rubidium 4| 187
Potassium aluminum disulfate [ KAI(SO,),] 5 11212 || Rubidium bromide (RbBr) 51 769
Potassium aluminum disulfate dodecahydrate Rubidium fluoride (RbF) 5| 985

[ KAL(SO,),* 12H,0} 5 (1215

Rubidium monohydrogen difluoride (RbHF,) 5] 988
Potassium bromide (KBr) 5 | 765

Rubidium iodide (Rbl) 5| 503
Dipotassium carbonate (K,COy) 5 |1124

Ruthenium 4| 190
Potassium chloride (KC1) 5 § 872

Rutile (see Titanium dioxide)
Potassium fluoride (KF) 5 | 979

SAE 1010 4 647
Potassium hydrogen difluoride (KHF,) 5 | 982

Samaria (see Samarium oxide)
Potassium iodide (KI) 5 | 500
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Samarium 4 193 || Silver selenides: ‘
Samarium oxide (Sm,0y) 5 193 Ag,Se | & 553
Samarium sesquioxide (see Samarium oxide) AgySe (nonstoichiometric) 5 556
Disamarium trioxide (see Samarium oxide) Disilver selenide (Ag,Se) 5 553
Scandia (see Scandium oxide) Silver selenide, nonstoichiometric (Ag,Se) 5 556
Scandium 4 198 || Silver sulfide, nonstoichiometric Ag,S) 1 5 705
Scandium oxide (Sc,03) 5 196 || Silver tellurides:
Scandium sesquioxide (see Scandium oxide) Ag,Te 5 753
Discandium trioxide (see Scandium oxide) Ag,Te (nonstoichiometric) 5 756
Selenium 4 201 || Disilver telluride (Ag,Te) 5 753
Silica (see Silicon dioxide) Silver telluride, nonstoichiometric (Ange) 5 756
Silica glass 5 202 || Soda lime glass (§i0, + Na,O + LX) 5 (1240
Silicon 4 204 || Soda-lime silica plate glass /gee Soda lime
glass)
Silicon carbide (SiC) 5 448
Sodium 4 213
Silicon carbide + Carbon + T X, cermet
(8iC +C +IX;) 5 1279 }| Sodium, electrolytic 4 213
Silicon tetrachloride (SiCl) 5 881 |{ Sodium + Potassium (Na,K) 4 431
Silicon tetrafluoride {SiF,) 5 991 || Trisodium aluminum hexafluoride (NajAlFg) | 5 997
Silicon nitride ¥ Si; "4. 5 1087 || Sodium aluminate (see Sodium aluminum
dioxide)
Silicon dioxide [ 81O, (cristobalite)] 5 210
Sodium metaaluminate (see Sodium aluminun;
Silicon dioxide [ SiO, (Quartz crystal)) 5 207 dioxide)
Silicon dioxide | SiO, (Quartz glass)) 5 202 || Sodium aluminum dioxide (NaAlO,) 5 11549
Silicon dioxide [ $i0, (Tridymite)) 5 213 || Sodium aluminum silicate (see Sodium
aluminum trisilicon octaoxide)
Silicon dioxide + Dialuminum trioxide + Xy
(810, + AL,03 +TX)) 5 1546 || Sodiumn aluminum trisilicon octaoxide
(NaAlSi,0p) 5 11602
Sillimanite (see Dialuminum silicon penta-
oxide) Sodium tetraborate (see Disodium tetra-
boron heptaoxide)
Silver 4 208
Sodium borates:
Silver, electrolytic 4 208
NaBO, 5 |1552
Silver, inquartation 4 208
Na,BO; 5 |[1556
Disilver carbonate (Ag,COy 5 1127
Fg Sodium boron dioxide (NaRQ,) 5 |1552
Silver chloride (AgCl) 5 884
Disodium tetraboron heptaoxide (Na,B,0,) 5 11556
Silver nitrite (AgNO,) 5 1148
Sodium bromide (NaBr) 5 772
Silver oxide (Ag,0) 5 199
Disodium carbonate (Na,COy) 5 |1130
Disilver oxide (see Silver oxide)
Sodium bicarbonate (NaHCOy) 5 11133
Sodium chloride (NaCl) 5 887
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Sodium ferrite (see Sodium iron dioxide) Sodium sulfates:
Sodium fluoride (NaF) 5 994 Na,S0, 5 | 1218
Sodium hydrogen carbonate (see Sodium Na,80,° 10H,0 5 | 1221
bicarbonate)
Disodium sulfate (Na,SO,) 5 | 1218
Sodium hexafluoroaluminate (see Trisodium
aluminum hexafluoride) Disodium sulfate decahydrate (Na,SO¢ 10H,0)| 5 | 1221
Sodium monohydrogen difluoride (NaHF,) 5 1000 || Sodium tellurate (see Disodium tellurium
tetraoxide)
Sodium jodide (Nal) 5 506
Disodium tellurium tetraoxide (Na,TeO,) 5 | 1575
Sodium iron dioxide (N;FeO,) 5 | 1560
Sodium titanates:
Sodium molybdates:
Na,TiOs 5 | 1578
Na,MoO, 5 1563
NﬂzT)zOs
N82M0201 5 1566
Na,Ti;0,
Disodium molybdenum tetraoxide (Na,MoO,)| 5 | 1563
Sodium dititanate (see Disodium dititanium
Disodium dimolybdenum heptaoxide pentaoxide)
(Na;Mo,04) 5 | 1566
Sodium metatitanate (see Disodium titanium
Sodium nitrate (NaNO,) 5 |1151 trioxide)

Sodium oxides:
Na,O
Nao,
Na,0,

Sodium oxide (Na,0)

Sodium superoxide (NaO,)

Sodium peroxide (Na,0,)
Sodium dioxide (see Sodium superoxide)
Disodium oxide (see Sodium oxide)
Disodium monoxide (see Sodium oxide)
Sodium sflicates:

Na,Si0,

Na,Si,04

Sodium disilicate (see Disodium disilicon
pentaoxide)

Sodium metasilicate (see Disodium silicon
trioxide)

Sodium silicate glass No. 23
Disodium silicon trioxide (Na,SiOy)
Disodium disilicon pentaoxide (Na,Si,Of)

216
222
219
216

222

219

1569

1572

1240
1569
1572

Sodium trititanate (see Disodium trititanfum
heptaoxide)

Disodium titanium trioxide (Na,TiO;)
Disodium dititanium pentaoxide (Na,Ti,Og)
Disodium trititanium heptaoxide (Na,Ti40,)
Sodium tungstates:

Na,WO,

Na,W,0,
Disodium tungsten tetrnoxide (Na,wO,)
Disodium ditungsten heptaoxide (Na,W,0,)
Sodium vanadates:

NavoO,

NagvVo,

Na,V,0,

Sodium metavanadate (see Sodium vanadium
trioxide)

Sodium orthovanadate (see Trisodium
vanadium tetraoxide)

Sodium pyrovanadate (see Tetrasodium
divanadium heptaoxide)

Sodium vanadium trioxide (NavVOy)

Trisodium vanadium tetraoxide (NagVO,)
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Tetrasodium divanadium heptaoxide Steels (specific types) continued
(Na,V,0y) 5 | 1599
Steel 19 4 687
Solex 2808 plate glass 5 | 1240
,' Stellite HE 1049 4 526
Solex S plate glass 5 | 1240
T-261 4 655
Stainless steels (specific types)
L T-262 4 | 655
1 KH 18 N9T 4 699
- T-270 4 655
17-4 PH 4 717
T~278 4 655 4
17-7 PH 4 | 696 q
T-279 4 655 |
AISI 301 4 €93
T-310 4 655
AISI 304 4 699
T-311 4 655
AISI 305 4 702

Stibium (see Antimony)
AISI 310 4 705 .
Strontia (see Strontium oxide)

AISI 316 4 708
Strontium 4 218
AISI 347 4 711
Strontium bromide (SrBr) 5 775
AISI 420 4 678
Strontium carbonate (SrCO,) 5 |1136
AISI 430 4 681
Strontium chloride (see Strontium dichloride
AlISI 446 4 684
Strontium dichloride (SrCl,) 5 890
AM 355 4 117
Strontium difluoride (SrF,) 5 1003
Austenite 4 655
Strontium nitrate (s:(«o) ) 5 (1154
EI 257 4| 72 2
Strontium oxide (SrO) 5 225
EI 855 4 726
Strontium silicates:
HMN Crucible 4 714
8r8i0, 5 |1605
Stannia (see Tin dioxide)
Sr,810, 5 ]1608
Stannic oxide (see Tin dioxide)
Strontium silicon trioxide (Sr8iO,) 5 |1605
Stannous oxide (see Tin monoxide)
Distrontium silicon tetraoxide (Sr,810,) 5 |1608
Steel, austenite 4 655
Strontium sulfides:
Steel, eutectoid 4 655
8r8 5 708
Steel, pearlite 4 655
Sr8, 5 | m
Steels (specific types)
Strontium sulfide (Sr8) 5 708
4Kh13 4 690
Strontium disuilfide (SrS,) 5 711
Mark 1 X 18 N9T 4 699
Strontium titanates:
Mark 12 MX 4 723
SrTiO, 5 |1611
Mild steel 4 647
8r,Ti0, 5 |1614
OKh 16N 36V 3T 4 726 2

Strontium metatitanate (see Strontium
Stainless steels (see separate entries titanfum trioxide)
under stainless steels)




A22

Material Name Vol. | Page Material 'ame Vol. | Page
Strontium orthotitanate (see Distrontium Tellurium dioxide (TeO,) 5 231
titanium tetraoxide)
Terbium 4 232
Strontium titanium trioxide (SrTiOy) 5 1611
Tetrachloromethane (see Carbon tetrachlor-
Distrontium titanium tetraoxide {Sr,TiO,) 5 | 1614 ide)
Strontium zirconate (see Strontium zircon- Thallium 4 237
ium trioxide)
Thallium + Lead (PbTl,) 4 437
Strontium zirconium trioxide (SrZrOy 5 1617
Thallium monohydrogen difluoride (TIHF,) 5 | 1006
Sulfur 5 3‘1
" || Thallium nitrate (TINOg) 5 | 1157
Sulfur dioxide (50,) 6 97
Thoria (see Thorium dioxide)
Sulfuretted hydrogen (see Hydrogen sulfide)
Thorium 4 242
Sulfuric ether (see Ethyl ether)
Thorium tetraboride (ThB,) 5 375
Tantalum 4 221
Thorium carbide, nonstoichiometric (ThCy) 5 454
Tantalum + Niobium + Xy 4 592
Thorijum tetrafluoride (ThF,) 5 1009
Tantalum + Tungsten 4 434
Thorium dioxide (ThO,) 5 234
Tantalum + Tungsten + X, 4 595
Thulium 4 245
Tantalum alloys (specific types)
Tin 4 249
JONb-7.5V 4 592
Tin, grey 4 249
8W-2Hf 4 595
Tin, white 4 249
Tantalum beryllides:
Tin + Bismuth 4 440
TaBey, 5 | 322
Tin + Indium 4 443
TazBe" 5 325
Tin + Lead 4 446
Tantalum dodecaberyllide (TaBey,) 5 322
Tin + Magnesium (Mg,Sn) 4 449
Ditantalum 17-beryllide (Ta,Bey;) 5 325
Tin oxides:
Tantalum borides:
SnO 5 237
TaB 5 372
SnO, 5 | 240
TaB, 5 368
Tin monoxide (SnO) 5 237
Tantalum boride (TaB) 5 372
Tin dioxide (SnO,) 5 240
Tantalum diboride (TaB,) b 368
Titania (see Titanium dioxide)
Tantalum carbide (TaC) 5 451
Titanium 4 257
Ditantalum hydride (Ta,H) 5 | 1040
Titanium, Ti-75 A 4 257
Tantalum nitride (TaN) 5 | 1090
Titanfum + Aluminum + };x1 4 598
Ditantalum pentaoxide (Ta;04) 5 228
Titanium + Chromium + zxi 4 601
Tantalum disilicide (TaSi,) 5 598
Titanium + Iron + Cobalt 4 604
Telluric acid anhydride (see Tellurium
dioxide) Titanium + Manganese 4 453
Tellurite (see Tellurium dioxida) Titanium + Molybdenum 4 456
Tellurium 4 229 ]] Titanium + Vanadium + T Xj 4 607
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Titanium alloys (specific types) Titanium hydrides - continued
AMS 4928 (same as Ti-GAl-4V) 4 598 Tin (nonstoichiometric) 5 1044
C-110 M 4 543 || Titanium dihydride (TiH,) 5 1047
C-120 AV (same as Ti~GAl-4V) 4 598 {| Titanium hydride, nonstoichiometric (TiHy) 5 1044
M-6 4 456 || Titanium tetraiodide (Til,) 5 510
M-8 " 4 45¢ 1] Titanium nitride (TiN) 5 1093
M-9 4 456 || Titanium oxides:
M-10 4 456 Tio 5 243
MSM-2,5A1-16V (same as Ti-2, 5Al- TiO, 5 | 246
16V) 4 607
Ti,0, 5 | 250
MSM-6A1-4V (same as Ti-6Al-4V) 4 598
T304 5 | 256
MSM-8Mn (same as C-110M) 4 543
Titanium monoxide (TiO) 5 243
MST-2,5A1-16V (same as Ti-2,5Al-
16V) 4 607 || Titanium dioxide (TiO,) 5 246
MST-6Al-4V (same as Ti-6A1-4V) 4 | 598 ||Titanium sesquioxide (Ti,0;) 5 | 250
MST-SMn (same as C-110M) 4 543 || Trititanium pentaoxide (Ti;05) 5 253
RC-130 A (same as C-110M) 4 543 || Titanium silicides:
RS-110 A (same as C-~110M) 4 543 TiSi 5 6ol
Ti-4Al-3Mo-1V 4 598 TiSi, 5 604
Ti-2.5A1-16V 4 607 TiSi, 5 607
Ti-6Al-4V 4 598 || Titanium silicide (TiSi) 5 601
Ti{-8Mn (same as C-110M) 4 543 |} Titanium disilicide (TiSi,} 5 604
Ti-13V-~-11Cr-3Al 4 607 ||Pentatitanium trisilicide (T1;Si,) 5 607
Titanium beryllide (see Titanium dodeca- Toluene (CgHsCHg) 6 285
beryllide)
Trichlorofluoromethane (see Freon 11)
Titanium dodecaberyllide (TiBey,) 5 328
Trichloromethane (see Chloroform)
Titanium diboride (TiB,) 5 378
' Trichlorotrifluoroethane (see Freon 113)
Titanium bromides:
Tridymite | see Silicon dioxide (tridymite))
TiBrg 5 778
Tungsten 4 263
TiBr, 5 { 781
Tungsten + Cobalt (Co,W,) 4 459
Titanium tribromide (TiBry) 5 778
Tungsten + [ron (Fe,W) 4 462
Titanium tetrabromide (TiBr,) 5 781
Tungsten horides:
Titanium carbide (TiC) 5 457
wB 5 382
Tito 'm trichloride (TiCly) 5 893
w,B 5 | 385
Titani. 1 tetrafluoride (TiF,) 5 1012
W,B; 5 | 388
Titaniun "vdrides:
Tungsten boride (WB) 5 382

TiH,
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Ditungsten boride (W,3) 5 385 }|Uranium nitride (UN) 5 | 1096
Ditungsten pentaboride (W,B;) 5 388 ||Uranium nitride, nonstoichiometric (UNx) 5 | 1099
Tungsten carbide (WC) 5 460 || Uranium oxides:
Tungsten carbide + Cobalt, cermet (WC +Co) 5 1282 Uo, 5 259
Tungsten trioxide (WOy) 5 256 UO, 5 262
Tungsten disilicide (WSi,) 5 610 UyO4 5 265
Tungstic acid anhydride (see Tungsten tri- U0y 5 269
oxide)
Uranium dioxide (UO,) 5 259
Uranic chloride (see Uranium tetrachloride)
Uranium trioxide (UOg) 5 262
Uranic iodide (see Uranjum tetraiodide)
Triuranium octaoxide (UsOq) 5 265
Uranic oxide (see Uranium dioxide)
Tetrauranium enneaoxide (see Tetrauranium
Uranium 4 268 nonaoxide)
Uranium carbides: Tetrauranium nonaoxide (U,O,) 5 269
uc 5 463 |{Uranium silcides:
uc, 5 | 466 Usi, 5 | 619
U,Cs 5 472 USi, 5 616
UC, (nonstoichiometric) 5 469 UySi 5 613
Uranium carbide (UC) 5 463 UgSi; + UgSi 5 622
Uranium dicarbide (UC,) 5 466 || Uranium disilicide (USi,) 5 619
Diuranium tricarbide (U,Cy) 5 472 |{Uranium trisilicide (USiy) 5 616
Uranium carbide, nonstoichiometric (UC,) 5 469 || Trivranium siiicide (U,Si) 5 613
Uranium chlorides; Triuranium disilicide + Triuranjium mono-
silicide (U,ySi, + U,Si) 5 622
UCly 5 896
Uranous uranic oxide (see Triuranium octa-
ucCl, 5 899 oxide)
Uranium trichloride (UCly) 5 896 || Uranyl oxide (see Uranium trioxide)
Uranium tetrachloride (UC1,) 5 899 {|Uranyl uranate (see Triuranium octaoxide)
Uranium fluorides: Vanadic anhydride (see Divanadium penta-
oxide)
UF, 5 1015
Vanadium 4 271
UF, 5 |1018
Vanadium + Aluminum 4 465
Uranium tetrafluoride (UF,) 5 1015
Vanadium + Antimony 4 468
Uranium hexafluoride (UFy) 5 | 1018
Vanadium + Iron 4 471
Uranium trihydride (UH,) 5 |]1050
Vanadium + Tin 4 474
Uranium tetraiodide (Ul 5 513
Vanadfum + Titanium 4 477
Uranium nitrides:
Vanadium carbide (VC) 5 475
UN 5 | 1096

UNx (nonstoichiometric)

1099
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Vanadium chlorides: Triytterbium pentagallium dodecaoxide
{ YbyGagO,,(Garnet)) 5 |1620
vCl, 5 902
Ytterbium oxide (Yb,Oy) 5 284
VCl, 5 905
Ytterbium sesquioxide (see Ytterbium oxide)
Vanadium dichloride (VCly) 5 902
Diytterbium trioxide (see Ytterbium oxide)
Vanadium trichloride (VCly) 5 905
Yttria (see Yttrium oxide)
Vanadium trifiuoride (VFy) 5 1 1021
Yttrium 4 278
Vanadium hydride, nonstoichiometric (VHy)] 5 | 1053
Yttrium deuterides:
Vanadium nitride (VN) 5 1103
YD, 5 |1062
Vanadium oxides:
YDy 5 |1066
VO 5 272
Yttrium dideuteride (YD,) 5 11062
V;0; 5 275
Yttrium trideuteride (YD, 5 1066
V20, 5 | 278
Yttrium gallate (see Triyttrium pentagallium
V,0; 5 281 dodecaoxide)
Vanadium monoxide (VO) 5 2721 Triyttrium pentagallium dodecaoxide
{ YsGagOyy(Garnet)) 5 |[1623
Vanadium sesquioxide (V,04) 5 275
Yttrium hydrides:
Divanadium tetraoxide (V,0,) 5 278
YH, 5 (1056
Divanadium pentaoxide (V,0) 5 281
YH, 5 (1059
Vanadium silicides:
Yttrium dihydride (YH,) 5 (1056
Vsi, 5 628
Yttrium trihydride (YHy) 5 (1059
Vi 5 625
Yttrium oxide (Y,0y) 5 287
VgSiy 5 631
Yttrium sesquioxide (see Yttrium oxide)
Vanadium disilicide (VSi,) 5 628
Diyttrium trioxide (see Yttrium oxide)
Trivanadium silicide (V4Si) 5 625
Zinc 4 281
Pentavanadium trisilicide (V;Siy) 5 631
Zinc + Copper 4 480
Vycor 7900 5 | 1324
Zinc + Magnesium (MgZn,) 4 483
Vycor glasses 5 | 1234
Zinc + Zirconium (ZrZn,) 4 436
Water (H;0) 6 102
Zinc dichloride (ZnCly) 5 908
Wolfram (see Tungsten)
Zinc ferrite (see Zinc diiron tetraoxide)
X-metal (see Uranium)
Zinc difluoride (ZnF,) 5 |1027
Xenon 6 67
Zinc diiron tetraoxide (ZnFe,0) 5 (1626
Xenon tetrafluoride (XeF, 5 | 1024
Zinc oxide (ZnO) 5 290
Ytterbia (see Yiterbium oxide)
Zinc orthosilicate (see Dizinc silicon tetra-
Ytterbium 4 274 oxide)
Ytterbium gallate (see Triytterbium penta- Dizinc silicon tetraoxide (Zn,810,) 5 |1629
gallium dodecaoxide)
Zinc sulfate heptahydrate (ZnS80,* TH,0) 5 [1224
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[ Zinc sulfide (ZnS) 5 714|] Zirconjum silicon tetraoxide (ZrSiO,) 5 16::5 4
Zinc orthotitanate (see Dizinc titanium ZT-15-M 5 1285
tetraoxide) [
Dizinc titanium tetraoxide (Zn,TiO,) 5 | 1632
Zircaloy 2 4 501
; Zircon (see Zirconium silicon tetraoxide)
Zirconia (see Zirconium dioxide)
Zirconium 4 287
Zirconjum + Hafnium +zxi 4 613 1
Zirconium + Indium 4 489
E Zirconfum + Iron (ZrFe,) 4 492 ﬂ
Zirconium + Iron + TX| 4 610 i
Zirconium + Niobium 4 495 !
Zirconium + Silver 4 498
3 Zirconium + Tin 4 501
l Zirconium + Titaaium 4 504
k Zirconium + Uranium 4 507
Zirconfum + Uranium + I X 4 616
t Zirconium beryllide (see Zirconium 13-
F beryllide)
Zirconium 13-beryllide (ZrBe,y 5 a3
A Zirconium diboride (ZrB,) 5 391
: Zirconium carbide (ZrC) 5 478
Zirconium tetrachloride (ZrCl,) 5 911
Zirconium tetrafluoride (ZrF,) 5 | 1030
Zirconium hydrides:
ZrH, 5 | 1072
ZrHy (nonstoichiometric) 5 | 1069
Zirconium dihydride (Z2rH,) 5 | 1072
Zirconium hydride, nonstoichiometric
(Zrl‘g‘) 5 | 1069
Zirconium nitride (ZrN) 6 | 1106
Zirconium dioxide (ZrO,) 5 293
Zirconium dioxide + Titanium, cermet : 1
(2rO, + TH) 5 | 1285

Zirconium orthosilicate (see Zirconium
silicon tetraoxide)




