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PREFACE

The phenomenal growth of science and technology since the early forties has brought about a universal
appreciation of the fact that present limitations in many technical developments are often a direct result of
the paucity of knowledge on the properties of materials. Engineering developments in the years ahead will
be closely linked to the research that is done today to contribute to a better understanding of the properties
of matter, of which thermophysical properties constitute a major segment.

With a realization of the seriousness of this situation, a great deal of research effort has been made in
recent years on the thermophysical properties of materials with the result that the volume of research litera-
ture has increased many fold. In spite of this fact, it is generally agreed that the present level of research on
thermophysical properties still falls substantially short of existing needs and anticipated future demands.
However, what is even more disturbing is the fact that engineering groups across the nation are using no
more than a fraction of the information already available, ¢ her because it is in a form not directly useful
to them or, often, because its existence is not generally known.

To partially remedy this situation concerning the thermophysical properties of high temperature ma-
terials, the Materials Laboratory of the U.S. Air Force at Wright-Patterson ir Force Base sponsored a
project in 1957 to bring together a large portion of the then available data in a single work for easy refer-
ence. From this compilation, performed by the Armour Research Foundation, a four-volume work en-
titled Handbook of Thermophysical Properties of Solid Materials emerged. It was first published in 1960 as
WADC TR58-476; in 1961 it was issued as a hard-bound set by The Macmillan Company.

Because of the favorable reception given to this original work, the Materials Laboratory of the U.S.
Air Force requested the Thermophysical Properties Rescarch Center (TPRC), in 1964, to update and revise
this reference work in order to increase its usefulness and to put it on a more current basis. The present six-
volume work, entitled Thermophysical Properties of High Temperature Solid Materials, consists of nine
books totaling more than 8,500 pages. It is the result of a two-year project by TPRC. This new encyclo-
pedic reference work cannot be called a revised edition of the earlier publication since nearly every page
has been changed through major additions, corrections, and re-evaluation. An effort was made to ad-
here to the basic format of the earlier work. However, the organization of the material and the index to
materials have been completely redesigned for greater ease in locating the information desired.

Inevitably, not all of the properties covered have received the same degree of attention. The material
on thermal radiative properties, thermal diffusivity, and specific heat has been totally revised and rewritten.
Materials on the coefficient of thermal expansion and thermal conductivity have received major revisions,
and those on electrical resistivity, density, and melting point have had moderate revisions. Finally, lesser
revisions were made to data concerning vapor pressure and heats of transformation. The new information
incorporated into the work covered research conducted primarily during the years 1957 to 1964, although
some major refercnces are included from 1965 and some from as far back as 1910.

In processing the large amount of new and old data incorporated in these volumes, it was necessary
that some degree of selectivity be exercised both from the standpoint of the references cited and the data
extracted from them. It is hoped, however, that no major source of information has been omitted. Whenever
possible, an effort was made to suggest recommended values of the properties. In the plots, recommended
values are indicated by curves. Ii should be clear, however, that the designation of “‘recommended values’’
in no way implies that a critical analysis has been performed in all cases, nor does it suggest that they repre-
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sent definitive values. Because most of the materials covered are not well-defined engineering materials,
and because there is often a great paucity of information, any critical evaluation of these data is most diffi-
cult—if not impossible.

With a full appreciation of these inherent difficulties it is nevertheless hoped that the present compendia
will prove to be of great usefulness to engineers seeking information on thermophysical properties. In spite
of thc extreme care exercised in processing the data and proofing the manuscript, it is possible that some
errors might have been inadvertently overlooked. Should any instance of such oversight be uncovered, the
Editor would be most indebted if it is brought to his attention.

The fact that such an enormous undertaking could be accomplished in such a short time is attributable
primarily to TPRC’'s unique resources in the area of thermophysical properties information. Grateful
acknowledgment is made to the Electronic Properties Information Center for assistance in providing biblio-
graphic searches on electrical resistivity and to the Air Force Materials Laboratory for general assistance in
bibliographic information. Extensive personal inquiries were made to the authors of research papers and
reports requesting clarification and original data. The enthusiastic response to these inquiries (in the majority
of the cases) is also gratefully acknowledged. The Editor and the contributing staff wish to give a special
note of thanks in acknowledging the valuable assistance and cooperation they received individually and
collectively from TPRC'’s Scientific Documentation Division personnel and the supporting staff of graphics
and technical typists without whose painstaking and skillful contributions this work would not have been
possible.

This work was performed under Contract No. AF33(615)1642, sponsored by the Air Force Materials
Laboratory, Research and Technology Division, Air Force Systems Command, Wright-Patterson Air Force
Base, Ohio. The personnel directly affiliated with this program were Mr. D. A. Shinn, Chief, Materials In-
formation Branch; Mr. E. Dugger, Technical Manager, Information Processing; and Mr. J. H. Charlesworth,
engineer in charge of this project. Their understanding cooperation has contributed much to the success of
the program.

It is sincerely hoped that Thermophysical Properties of High Temperature Solid Materials will constitute
an even more valuable contribution to technology than its predecessor. This work should prove to be an
invaluable source of information on an important group of properties of materials to every engineer, pro-
viding him with reliable information of a scope that would be impossible for any one individual to master.
If we have been able to upproach these goals, the results will be highly gratifying.

June 1966 Y. S. ToOULOUKIAN, Director
Thermophysical Properties Research Center
Purdue University
2595 Yeager Road
West Lafayette, Indiana 47906
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EXPLANATORY TEXT

I. SCOPE OF COVERAGE

Thermophysical Properties of High Temperature Solid Materials comprises six volumes. Volumes 2,
4, and 6 each consist of two parts because of the large amount of material covered. The general contents

of the respective volumes are as follows:

Volume 1—Elements
Volume 2—Nonferrous Alloys
PART I—Nonferrous Binary Alloys
PART lI—Nonferrous Multiple Alloys
Volume 3—Ferrous Alloys
Volume 4—Oxides and Their Solutions and Mixtures
PART I—Simple Oxygen Compounds and Their Mixtures
PART II—Solutions and Their Mixtures of Simple Oxygen Compounds, Including Glasses and
Ceramic Materials
Volume 5—Nonoxides and Their Solutions and Mixtures, Including Miscellaneous Ceramic Materials
Volume 6—Intermetallics, Cermets, Polymers, and Composite Systems
PARrT I—Intermetallics
PART II—Cermets, Polymers, and Composite Systems

The specific properties covered in each volune are:

. Density (p)

. Melting Point (M. P.)

. Heat of Fusion (Ah()

. Heat of Vaporization (ah,)

. Heat of Sublimation (Ah,)

. Electrical Resistivity (r)

. Specific Heat at Constant Pressure (c,)

. Thermal Conductivity (k)

. Thermal Diffusivity (a)

. Thermal Linear Expansion (AL /L)

. Thermal Radiative Properties:
Absorptance (a), Emittance (), Reflectance (p), and Transmittance (r)

12. Vapor Pressure (p)

Generally, only materials with melting points above 800°K (approximately 1000°F) are included, ex-

cept for materials within the categories of polymers, plastics, and composites. A detailed discussion of the
material classification procedure is presented in the following sections. A Material Index for the entire

work is included at the end of each volume.
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II. TPRC CLASSIFICATION OF MATERIALS

Materials are classified into the eight categories listed below. Whenever applicable, the compositions
are reported in weight percent of the constitutents. For purposes of material classification TPRC considers
the following elemerits as nonmetallic: H, He, C, N, O, F, Ne, P, S, Cl, A, Br, Kr, I, Xe, At, and Rn.

1. Elements: For the purpose of classification an element is specified as follows:

A. For metallic clements. the limit of impurities is <0.20 percent for each foreign constituent and
<0.50 percent total impurities.

B. For nonmetallic elements (i.c., carbon including graphite and diamond), the limit of impurities
is <2.0 percent for each foreign constituent and <5.0 percent total impurities.

2. Nonferrous Alloys: This category is for alloys in which the major constituent is other than iron. For
the purpose of classification, nonferrous alloys are specified as follows:

A. Nonferrous Binary Alloys: The sum of the binary constituents is >99.5" percent and other con-
stituents <0.20 percent each.

B. Nonferrous Multiple Alloys: The sum of the first two constituents is <99.50 percent and /or
any other constituent >0.20 percent. Alternatively, the major constituent is <99.50 percent and
each oi the other constituents <0.20 percent (or not given).

3. Ferrous Alloys: This category is for alloys in which iron is greater than or equal to any other con-
stituent. For the purpose of classification, ferrous alloys are specified as follows:

A. Carbon Steels: Carbon <2.0 percent and carbon > any other alloying constituent,

a. Group I: Every other ulloying constituent is <0.20 percent except for Mn, P, S, Si, which
may be <0.60 percent each.

b. Group II: At least one other alloying constituent >0.20 percent and /or any of Mn, P, S,
Si >0.60 percent.

B. Cast Irons: Carbon > 2.0 percent and carbon > any other alloying constituent.

a. Group I: Every other alloying constituent <0.20 percent except for Mn, P, S, Si, which may
be <0.60 percent each.

b. Group lI: At least one other alloying constituent >0.20 percent and/or any of Mn, P, S,
Si >0.60 percent.

C. Alloy Steels (including alloy cast iron): The major alloying constituent is other than carbon.

a. Group I: Every other alloying constituent <0.20 percent except for Mn, P, S, Si, which may
be <0.60 percent each, and C <2.0 percent.*

b. Group I1: At least one other alloying constituent >0.20 percent and/or any of Mn, P, §,
Si >0.60 percent.*

4. Nonmetallic Compounds and Their Mixtures and Solutions: Ceramic materials such as oxides, bro-
mides, carbides, carbonates, nitrides, silicates, etc., are inciuded in this category. For the purpose of
classification, they are specified as follows:

A. For simple compounds and their solutions, the limit of impurities is <2.0 percent for each
foreign constituent and <5.0 percent total impurities.

¢ Exception is made when Mn, P, S, or Si is the major alloying constituent. For instance, in the case of Fe + Mn + ZX; alloys
the specifications corresponding to Groups 1 and 1l would be as follows:
a. Group I: Every other alloying constituent <0.20 percent except for P, S, Si, which may be <0.60 percent each, and
C <2.0 percent.
b. Group Il: At least one other alloying constituent >0.20 percent and/ any of P, S, Si >0.60 percent.
In the above example, Mn has a higher weight percentage than any of P, S, or Si but does not necessatily have a weight per-

centage higher than G.60 petcent. Thus, the limits of Mn percer.tage may be written:
Fe > Mn > P, S, Si and any other alloying constituent and Mn >0.20.
The same guideline is applied to ferrous alloys containing P, S, or Si as major alloying constituents.
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B. For mixtures of simple compounds and their solutions, the major constituent is <95.0 percent,
or any other constituent is > 2.0 percent.

5. Intermetallics: An intermetallic is a metal-metal compound formed by metallic elements in a fixed
simple atomic ratio. For the purpose of classification, specifications are the same as those for Class 4.

6. Cermets: Cermets are ceramic materials such as carbides, oxides, etc., fused with or bonded by one
or more pure metals. However, there are also metal-metal cermets, metal-intermetallic cermets, etc.,
which are also included in this category.

7. Polymers: Polymers are chemical compounds or mixtures of compounds formed by polymerization
and consisting essentially of repeating molecular structural units.

8. Composite Systems: A composite system may consist of materials in combination, with clearly de-
fined boundaries existing between components of the system, or a homogencous material having a
distinct configuration.

For the reader’s convenience, the classification scheme for Classes |1 through 4, described above, is

summarized in the following table.
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SUMMARY TABLE OF TPRC CLASSIFICATION OF MATERIALS

Classification
-A. METALLIC
1. ELEMENTS —
LB, NONMETALLIC
-A. BINARY
2. NONFERROUS ALLOYS
ALLOYS —
(X > Fe)
| B. MULTIPLE
ALLOYS
GROUPI —
rA. CARBON
STEELS
GROUP II ——-[
3. FERROUS rGROUP I ——
_IB. casT
ALLOYS s
(X = Fe 2X,)
L GROUP I
~-GROUP I ——
Lc. ALLoys® ]

STEELS
LGROUP II —[

Limits of Composition (weight pcrcent)

X4
>99, 50

295.0

Fe

Fe
Fe
Fe

Fe

Fe
Fe
Fe

X, + X,

C =2,0

C 2.0
C 2,0
C <2.0

C>2,0

C>2,0
C>2.0
C>2.0

#C
#C

#C
#C

4, NONMETALLIC COMPOUNDS AND THEIR MIXTURES AND SOLUTIONS

A, SIMPLE COMPOUNDS AND THEIR
SOLUTIONS

B. MIXTURES OF SIMPLE COMPOUNDS
AND THEIR SOLUTIONS

NOMENCLATURE:

X; = Major Constituent
X, = Second Highest Constituent
Xy = Third Highest Constituent
Where: X; 2X;2Xy 2X;2-- -

*In case Mn, P, S, or Si represents X, this particular element is dropped from the last column.

—

Xy
295,0

<95.0
295.0
<95.0

X,
<0.20
£2.0

20,20
>0.20
20,20
>0.20
<0,20

0,20

<0,20
>0.20
>0.20

<0, 20

<0, 20
>0.20
>0,20
<0,20 and
Cs2,0
£0.20
>0, 20
>0,20

<2.0

<2.0
>2.0
>2.0

X;
<0.20
£2.0

<0.20
>0.20
<0.20
>0.20
<0.20

Mn, P
Sor Si
<0, 60
>0, 60
<0, 60
>0, 60
40, 60
>0, 60

<0, 60
>0, 60

<0. 60

>0, 60
<0. 60
>0, 60
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III. PRESENTATION OF DATA

Each of the six volumes consists of seven sections arranged in the following order:
. Preface
. Table of Contents
. Explanatory Text
Conversion Factors
. Body of Data
References
7. Material Index.
In the following paragraphs a detailed description of Sections 5, 6, and 7 is given. The contents of the first
four sections are self-explanatory.

AWV h W -

BODY OF DATA

Data on cach material are presented in graphical or tabular form for selected sets of measurements,
and are accompanied by a Reference Information Table with corresponding specifications and remarks.
The first five properties listed in Section I of this Explanatory Text are considered as point values and are
grouped together in a single table in the same manner as the graphs for the other remaining properties.
Furthermore, for a given material group, where several properties are reported, data are arranged in ac-
cordance with the order of the property list given in Section I of this text.

Graphic Presentation

Data extracted from various references on a given material and property are shown on a single
graph by means of distinct plotting symbols, which are identified in the Reference Information Table
on the page following the graph. Each set of symbols indicates the data of a given investigator, but
does not necessarily imply actual measured points. In numerous instances authors present only smoothed
values, either in graphical or tabular form, and it is frequently impossible to distinguish interpolated or
smoothed values from actual observed data.

In reporting data on thermal linear expansion, investigators sometimes give a single average value
of this property for a considerable temperature range. In such instances it is assumed that a linear re-
lationship is implied. All data on thermal linear expansion were reduced to a datum of 293°K (20°C);
i.e.,, (AL /L) = 0 at 293°K (20°C). This point is identified by a cross (+) on each graph.

The definition of (AL /L) used in this work is

(AL/L) = Lr — L2gs X 100
L2g3

where Lt = length of specimen at temperature T.
L,gs = length of specimen at 293°K (20°C).

To compute the ‘‘coefficient” of thermal linear expansion 8 from 293°K to any temperature T, the
following relation may be used.*

1 AL
3 =

. =1
=== in KK
100(T —293) L

* It is necessary to divide the right-hand side of this equation by 100 because the graphical presentation of (AL /L) is in percent
expansion from 293°K.
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In some instances the coefficient of thermal linear expansion is reported in tabular form.
Curves drawn through the plotted points are the ‘‘most probable’’ curves based on the data shown.
As additional information becomes available in the future, these recommendations may well be modified.

Point Value Table

Data extracted from various references are identified by distinct symbols in the same manner as
data points on a graph. “Most probable’” values are given either at the top of the table or are indicated
in a footnote. These selections are usually made solely on the basis of the data presented. Sometimes
these point values are also reported as a function of temperature or composition, in which case they
are shown in graphical form and placed immediately following the tabular values.

Reference Information Table

A table giving the reference information associated with each set of data obtained in the graph im-

mediately follows the graph. The table contains the following information:

1. Symbol. The plotting symbols are identical with and correspond to those used in the graph.

2. Reference. References are identified by hyphenated numbers which serve to locate the biblio-
graphic citation in the section of References at the end of each volume. The initial two digits
indicate the year of publication and the last digits identify the specific reference within the given
year. In those instances where a reference does not carry a date, the letter symbol ND is used in
place of the year of publication. Undated references are listed at the end of the list of References.

. Temperature Range. Range covered by the data in a given paper or report.

. Reported Error. The author’s estimated accuracy (or precision).

5. Sample Specification. This column contains all pertinent available information about the test
sample. This information consists of the following:

a. Commercial trade name, chemical formula, etc., followed by manufacturer’s name, if it is

necessary for correct identification.

b. Composition of the sample, expressed in weight percent. Unless otherwise stated, the percent

sign is omitted.

c. Physical characteristics of the material, such as a single crystal, polycrystalline, dcnsity, crystal

structures, etc.

d. Specimen designation by the author is given in brackets at the end of the citation.

6. Remarks. This column contains information on:

a. Special process used in fabrication of the sample, such as being sintered, chill-cast, etc.

b. Sample history, such as cold-worked, hot-pressed, annealed, etc.

¢. Conditions under which the specimen was investigated, environment, etc.

d. Other pertinent remarks.

& W

REFERENCES
The section on Reference gives complete bibliographic citations for all the references from which data

were extracted. They are arranged chronologically by year of publication, and in arbitary sequence within

any given year.
For the preparation of the references, the following order and convention is used.

Periodicals
1. Author(s) name: Last name first, followed by initials.
2. Journal name: Standard TPRC journal name abbreviations are used.
3. Series, volume, and number.
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a. If the series is represented by a letter, it is underlined together with the volume number.
b. If the series is represented by a number, then only the numeral representing the volume is under-
lined.
¢. The numeral for the issue number is shown in parentheses.
4. Pages: Indicate the beginning and ending pages.

Reports
1. Author(s) name is given in the same form as for periodicals.
The name of the responsible organization, if any.
The name of sponsor.
Report, bulletin, or circular designation.
Number.
Part.
Pages (same as for periodicals).
AD and PB numbers or equivalents.

2Rt

1
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Books 1
The bibliographic citation for books lists: author(s), title, volume, edition, publisher, and page(s).

In general, private communications are not listed as references. However, if TPRC did obtain addi-
tional substantjve information from an author through private communication, and if this information was
used, the remark “‘additional data obtained from author(s)” is added at the end of the reference citation. K|

3
MATERIAL INDEX ¢
The Material Index lists all the materials included in this work by their proper trade or commercial
names arranged in alphabetical order and, for materials designated by number codes, the listing is in increas-
ing numerical order. Location of information on a particular property for a particular material is specified
by the volume number and page numbers indicated within the appropriate property column of the index.
The page number always indicates the starting page of the graphs or point value tables. Chemical formulas
are given in parentheses following the proper names of materials which can be chemically identified. However,
for materials within a general group, e.g., different oxides of cerium, the entries are only by chemical formulas
listed under the material group designation, such as “‘cerium oxides.”” Whenever applicable, an effort is
made to list commercial materials under their several accepted names. In the case of broad classes of materials,
such as steels, glasses, etc., the materials are listed under their common names as well as under the heading of %
their general class when the designation is merely a letter and number code. %
Simpler inorganic compounds (e.g., aluminum oxide, tantalum boride) are named according to the con- =
vention given in the Handbook of Chemistry and Physics (The Chemical Rubber Co., 45th edition, 1964, 3
and—if not available there—the 43rd edition, 1962). Other inorganic compounds are generally named in
accordance with the convention given in the Chemical Abstracts by giving the more electropositive part of the
name first and the more electronegative part second. For nonferrous and ferrous alloys, only the first two
components are listed and XX; is added to designate multiple alloys. An exception is made, however, for
chromium-nickel and nickel-chromium ferrous alloys, in which cases, all three major constituents are listed.
For other inorganic ccmpounds and their mixtures and solutions, all components with weight percent
greater than 2 percent are listed. Finally, for cermets, the name of the ceramic part is given first and the metal
part second, each in their respective alphabetical order regardless of their weight percentages, with the excep-
tion of beryllium cermet (e.g., Beryllium Y B-9052), in which case the name of the metal part is given first.
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CONVERSION FACTORS

NOTE: In preparing the conversion factors, the following basic definitions were used:

lin. = 2.54 cm*
11b. = 453.59237 g*
1 cal;, = 4.184 (exactly) Joule*

1 cal,, = 4.1868 (exactly) Joule*
1 Btu, Ib™'F™ = 1 cal ,g"'C”"t

The subscripts ‘“Th*’ and “IT"” denote ‘‘Thermochemical”’
and “International Steam Table” units, respectively.

* NBS Technical News Bulletin, 47(10), 1963.
t Mueller, E. F., and Rossini, F. D., Am. J. Physics, 12(1), 4, 1944,
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BODY OF DATA

OXIDES AND THEIR SOLUTIONS AND MIXTURES

PART I

SIMPLE OXYGEN COMPOUNDS AND THEIR MIXTURES

NOTE: For purpose of classification, simple oxygen com-
pounds and their mixtures are specified as follows:

1, For simple compounds, the limit of impurities is
< 2,0 percent for each foreign constituent and
£ 6.0 percent total impurities.

2. For mixtures of simple compounds, the major
constituent is <95, 0 percent, or any other
constituent is > 2. 0 percent.
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RN TN 4

PROPERTIES OF ALUMINUM OXIDE

MOST PROBABLE VALUES
! Property I C.G.S. Units Brit. Eng. Units
Density, ., . ., ... .. 4.0 250
Melting Point , ., ., . . . 2316 4169
Heat of Sublimation . . . 4473298K 80525373
REPORTED VALUES
Density gcm™? b ft~?
O 4.0 250
< 3.4 212
D> 3.559% 0,001 222,18+ 0,06
® 3.9 243
Melting Point K R
A 2293 4127
O 2298 4136
v 2316 4169
A 2323 4181
<4 2315+ 7 4167 + 13
» 2307+ 16 4153 + 29
Heat of Sublimation cal ¢! Btu 1b™?
8 472,503 2650 4902R
(=] “732981( 8052537R
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Electrical Resistivity, ohm cm
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Specific Heat, Btu lb-! R™!
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11

Thermal Conductivity, Btu hr=!ft~! R™! x 10-2
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Normal Spectral Emittance
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Normal Spectral Reflectance
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Normal Spectral Transmittance
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Temperature, °R
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Temperature, K

TP
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VAPOR PRESSURE -- ALUMINUM OXIDE
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PROPERTIES OF ALUMINUM OXIDE

(8apphire)

MOST PROBABLE VALUES

Property 5 C.G.S. Units
D

Brit. Eng. Units

ensgity. « « « 00 . 3.73 233
Softening Point . ., . . . 2313 4163
REPORTED VALUES
Density gem™3 b f£3

O 3.983%0,001

248,65+ 0,06

O 3,73 233
Softening Toint K R
A 2313 4163
v >18713 >3371
O >1873 >3371
TPRC
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Electrical Resistivity, ohm cm
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Thermal Linear Expansion, percent

(earyddeg)
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Temperature, °R
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ELECTRICAL RESISTIVITY -- BARIUM OXIDE
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Specific Heat, Btu lb-!R~!
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Btu hr-! ft-! R-1 x 107?

Thermal Conductivity.
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PROPERTIES OF BERYLLIUM OXIDE

MOSET PROBABLE VALUES

Propcrty C.G.8. Units Brit. Eng. Units
——
Density . . . ... . .. 3,03 189
Melting Point , . . . . . 2843 5118
Heat of Fusion, . . . . . 551 991, 8
Heat of Vaporization ., . ., 4013 7223
REPORTED VALUES
Density gem 3 Ib ft™3
O 2.96 185
g 3.03 189
O 1.48 92. 4
v 3.08 192
¥y 2.8 170
® 2,84+0,03 177+ 2
A 3.0 187, 2
| 3,02 188, 7
Melting Point K R
Q12725 4905
A 2843+ 30 5118 + 54
Heat of Fusion cal g°! Btu }> !
® 551 991 8
Heat of Vaporization cal g! Btu b~ !
> 4013 7223
TPRC
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Temperature, °R
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