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

A
SAMUEL JOHNSON, A.M.
From lest paragraph of Preface to his two-

volume Dictionary of the English Language.
Vul. I, page 5, 1755. London. Printed by Strehan
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Foreword
In 1957, the Thermophysical Properties Research that about 100 journals are required to yield fifty

Center (TPRC) of Purduc University, under the pcrce t. But that other fifty percent! It is scattered

leadership of its founder, Professor N I S. Touloukian. through more than 3500 joLrals and other dou.
began to devclop a coordinated experimental, ments, often items not readilxidentifiahle or oh-
theoretical, and literature re',iew program covering tainable. Nearly 50,000 references are now in the
a set of properties of great importance to science and files.
technolog . Ovcr the Nears, this program has gro,,n Thus, the man \% ho "ant', to use existing data,

steadily, producing bibliographies, data compila- rather than make nes, measurements himself, faces
tions and recommendations, experimental measure- a long and costly task if he ,'ants to assure himself
ments, and other output. The series of volumes for that he has found all the relevant results. More often
which these remarks constitute a foressord is one of than not, a search for data stops after one or i%%o
these many important products. These volumes are a results are found--or after the searcher decides he
monumental accomplishment in theiseles. ie- has spent enough timeIC looking. Now \with the
quiring for thcir production the combined kno ledge appearance of these volumes, the scientist or engineer
and skills of dozens of dedicated specialists. The \ho needs these kinds of data can consider himself
Theriophysical Properties Re earch Center de- very fortunate He has a sir-e soturce to turn t;
serves the gratitude of every scientist and engineer thousands of hours of search time will be saved,
who uses thcst compiled data. innumerable repetitions of measurements wdil be

The individual nontechnical citizen of the avoided, and several billions of dollars of investment
United States has at stake in this ssork also, for much in research ssork \\ill have been preserved.
of the science and technology that contributes to his Ho\%ever. the task is not ended with the genera-
wNell-being relies on the use of these data. Indeed, tion of these volumes. A critical evaluation of much
recognition of this importance is indicated by a of the data is still needed. Why are discrepant results
mere leading of the list of the financial sponsors of obtained by different experimentalists? What un-
the Thermophysical Properties Research Center; dctected sources of systematic error may affect some
leaders of the technical industry of [ie United States or esen all measurements? What \aluc can be dcriscd
and agencies of the Federal Government are well as a "recommended" figure from the various con-
represented. flicting values that may be reported? These questions

Experimental measurements made in a labora- are difficult to answer, requiring the most sophisti-
tory have many potential applications. They might cated judgment of a specialist in the field. While a
be used, for example, to cb"ck a theory, or to help number of the volumes in this Series do contain
design a chemical manufacturing plant, or to con- critically e\aluated and recommended data, these
pute the characteristics of a heat exchanger in a arc still in the minority. The data are now, beine
nuclear power plant. The progress of science and more i|etenskelO ,aluated by the staff of TPRC as an
technology demands that results he published in the integral part of the effort of the National Standard
open literature so that others may use them. For- Reference Data System (NSRDS). The task of the
tunately for progress, the useful data in any single National Standard Reference Data System is to
field are not scattered throughout the tens of thou- organize and operate a comprehensive program to
sands of technical journals published throughout prepare compilations of critically evaluated data on
the wsorld. In mIos, fields, fifty percent of the useful the properties of substances. The NSRDS is ad-
work appears in no more than thirty or fortyjournals, ministered by the National Bureau of Standardsi However, in the case of TPRC, its field is so broad under a directive from the Federal Council for Science
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VIII Foreword

and Technology, augmented by special legislation books. Scientists and engineers the world over are
of thc Congress of the United States. TPRC is one indebted to them. The task ahead is still an awesome
of the national resources participating in the National one and I urge the nation's private industrics and all
Standard Reference Data System in a united effort concerned Federal agencies to participate in fulfilling
to satisfy tie needs of the technical community for this national need of assuring the availability of
readily accessible, critically evaluated data. standard numerical reference data for science and

As a representative of the NBS Office of Stan- technology.
dard Reference Data, I want to congratulate Professor EDWARD L. BRADY
Touloukian and his colleagues on the accomplish- Associate Directorfor Information Programs
ments represented by this Series of reference data National Bureau of Standards

A
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Preface

Thcrmophysical Properties of Matter. the TPRC numerical data of science and technology without a
Data Se.ies, is the culmination of twelvc years of continuing activity on contemporary coverage. The
pioneering effort in the generation of tables of loose-lcaf arrimgements of many works fully recog-
numerical data for science and technology. It nize this fact and attempt it) dcelcop a conibinaton
constitutes the restructuring, accompanied by cx- ofbound volumes and looc-lCaf supplemCnt arrange-
tensivc revision and expansion of coserage, of the ments as the work becomes increasingly large.
original TPRC Data Book. first rclcased in 1960 in TPRC's Data Update Plan is indeed unique in this
loose-leaf format. I I' x 17" in size, and issued in sense since it maintains the contents of the TPRC
June and December annually in the form of supple- Data Series current and live on a day-to-day basis
ments. The original loose-leaf Data Book was or- bet\,ccn editions. In this spirit, I strongly urge all
ganized in three volumes: (I) metallic elements and purchasers of these ,olumcs to complete in detail
alloys, (2) nonmetallic elements, compounds, and and return the ohane Rgistration Certijicate
mixtures \which ar s.lid at N..P.. and (3) Mtun- which accompan., each volurne in order to assure
metallic clemients. conipou nd,, and mi xti uic, Ahich lhenl,,les of thle continuous, receipt of' annlual

are liquid or gascous at N.T.P Within each \olume. listing of corrigenda during the life of the edition.
each propert) corntituted a chapter. The TPRC Data Series consists initially of 13

Bcauc of the ,ast proportions the Data BRou independent volunes. The initial ten volumes will
began to assume over ihe .cars of its gr,,,th and the be published in 1970, and the rcmaining three by
greatly incresed efor tinccssary in itsN maintenance 1972. It is also contemplated that subsequent to the
by the user. it \as decided in 1967 to change from the first edition, each ,olumc "ill be revised, updated,
loose-leaf format i t t constional publication, and reissued in a new edition approximately every
Thus, the December 1 9,; supplemeni of the original fifth year. The organization of the TPRC Data Series
Data Book %%as the last supplement disseminated by makes each volume a self-contained entity available
TPRC. indixidually without the need to purchase the entire

While the mianilold phical, logistic, and Series.
economic adiiantages of the hound volume over the The cocragc of the specific thermophysical
loose-leaf oversize format are obious and Nelcome properties represented by this Series constitutes the
to all who hate used the unieldy original volumes, most comprehensive and authoritative collection of
the assumption that this work will no longer be numerical data ofits kind for science and technology.
kept on a current basis bccaue of it, bound format Whenever possible, a uniform format has been
wkould not be correct. I ully rccogni/ing the need of used in all %olumes. except when variations in
mnrivy important research and development programs presentation uere necessitated by the nature of the
which require the latest available information, propert, or the phlsical state concerned. In spite of
TPRC has instituted a Data (pidate Plan enabling the wealth of data reported in these volumes, it
the subscriber to inquire, by telephone if necessary, should be recognized that all volumes are not of the
for specific information and receive, in many in- same degree of completeness. Ho\vcr. as additional
stances, same-day rcponsc on any new data pro- data are processed at TPRC on a continuing basis,
cessed or revision of published data since the latcst subsequent editi.ns kill become increasingly more
edition. In this context, the TPRC Data Series departs complete and up to date. -ach ,oluime in the Series
drastically from the conventional handbook and basicallI comprises three scctions, consisting ofatext,
giant multi, olume classical \works, which are no the body of numerical data with source references,longer adequate media for the dissemination of and a material index.

ix
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X Peface

The aim of the textual material is to provide a the result of obtaining internally consistent sets of
complementary -r supporting role to the body of property values, termed the "recommended reference
n)umterical dita rather than to present a treatise on valu;.i." In such work, gaps in the data often occur,
the subject of the property. The user will find a basic fot ranges of temperature, composition, etc, When-
theoretical treatment, a comprehensive presentation ever feasible, various techniques are us,.d t8 fill in
of selected works which constitute reviews, or coin- such missing information, ranging from empirical
pendia of empirical relations useful in estimation of procedures to detailed theoretical calcuiations. Such
the property when there exists a paucity of' data or studies are resulting in valuable new estimation
v hen data are completely lacking. Established methods being developed which have made it possible
major experimental techniques are also briefly to estimate values for substances and/or physical con-
rcviewced. ditions presently unmeasured or not amenable to

The body of data is the core of each volume laboratory investigation. Depending on the available
ai.l is presented in both graphical and tabular formatS information for a particular property and substance,
for con iclenice of the user. Every single point of the end product may vary from simple tabulations of
numerical data is fully rcfercnced as to its original isolated values to detailed tabulations with generating
source and no secondary sources of information are equations, plots showing the concordance of the
used in data extraction. In general, it has not been different values. and, in some cases, over a range of
possible to critically scrutinize all the original dala parameters presently unexplored in the laboratory.
presented in these %olumes, except it) eliminate The TPRC I)ata Series constitutes a permanent
perpetuation of gross errors. However, in a signifi- and valuable contribution to science and technology.
cant number of cases, such as for the properties of 1These constantly growing volumes are invaluable
liquids and gascs and the thermal conductivilt of sources of data to engineers and scientists, sources in
all the elements, the task of full c.aluation, synthesis, which a wealth of information heretofore unknown
and correlition has been completed. It is hoped that or no. readily asailable has been made accessible.
in subsequent editions of this continuing work. We !ook forward to continued improvement of both
not only iew% inforrmflation mill be reported but the format and contents so that TPRC may serve the
critical evaluation will be ext.endcd to inircabiigly scientific and technological community with ever-
broader classes of materials and properties. increasing excellence in the years to come. In this

The third and final major section of each volume connection. the staff of TPRC is most anxious to
is the material index. This is the key to the volume, receive comments, suggestions, and criticisms from
enabling the user to exercise full freedom of access to all users of these volumes. An increasing number of
its contents by any choice of substance name or colleagues arc making available at the earliest pos-
detailed alloy and mixture composition. trade name, sible moment reprints of their papers and reports as
synoyn. etc. Of particular interest here is the fact well as pertinent information on the more obscure
that in the case of those properties which are re- publications. I wish to renew my earnest request that
ported in separate companion volumes. the material this procedure beconiesa universal practice since it
iitdcx in each of the volunes also reports the con- will prove to be most helpful in making TPRC's
tents of the oilier companion %olunies.* The ts of continuing effort more complete and up to date.
companion volumes arc as follows: It is indeed a pleasure to acknowledge with

Thermal cooductivitv: Volumes 1, 2, 3 gratitude the multisource financial assistance re-

Specitic heat: Vol u mes 4, 5, 6 ceived from over firty of TPRC's sponsors which
ciaic heart : Volumes 7, 8. 9 has made the continued generation of these tables

Thermal expansion: Volumes 12, 13 possible. In particular, I wish to single out the sus-
T l so 1tained major support being received from the Air

The ultimate aims and functions of TPRC's Force Materials Laboratory-Air Force Systems
)aia Tables Division are to extract, caluate, re- Command. the Office of Standard Reference Data-

cncile. correlate, and synthesize all available data National Bureau of Standards, and the Office of
for the thernophysical propcrties of materials with Advanced Research and Technology-National Aero-
1nautics and Space Administration. TPRC is indeed__ *lt'r hc lirst cditlInn o1" ihc Serie. Iis arrangement vwus not

fcasible for Voltime 7 due iw the coiuieicc and the schedule proud to have been designated as a National In-
(f it Iiuihhcatiton. this situaioul s il% be resolved if SO)- formation Analysis Center for the Department of
sequent cdiions. Defense as well as a component of the National

F.
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Preface xl

Standard Reference Data System under the cog- thank those members of the staff, research assistants,
nizance of the National Bureau of Standards. graduate research assistants, and supporting graphics

While the preparation and continued mainten- and technical typing personnel without whose dili-
ance of this work is the responsibility o, TPRC's gent and painstaking efforts this work could not have
Data Tables Division it would not have been possible materialized.
without the direct input of TPRC's Scientific Docu- Y *S. ToULOIKIAN

mentation Division and, to a lesser degree, the
Theoretical and Experimental Research Divisions. Director
The authors of the various volumes are the senior Thermophysical Properties Research Center
staff members in responsible charge of the work. Distinguished Atkins Professor of Engineering
It should be clearly understood, however, that
many have contributed over the years and their Purdue University
contributions are specifically acknowledged in each Lafayette, Indiana
volume. I wish to take this opportunit to personally July 1969

Ii
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Introduction to Volume 1

This volume of Thermophysical Properties of Matter, Such recommended values are those that were
the TPRC Data Series, is perhaps the most compre, considered to be the most probable when assessments
hensive of all the volumes of the Series. Indeed, it is were made of the information available in late 1968.
the result of one of TPRC's oldest data tables Their inclusion adds a unique feature that is designed
programs, initiated in 1959. to provide the user with acceptable values. It should

The volume comprises three major sections; be realized, however, that these recommended values
namely, the front text material together with its are not necessarily the final true values and that
bibliography, the main body of numerical data and changes directed toward this end will often become
its references, and the material index. necessary as more data become available. Future

The text material is intended to assumc a role editions will con,. i these changes and will provide
complementary to the main body of numerical data similar recoii n..,.dations made for an increasing
which is the primary purpose of this volume. It is number of materials.
felt that a moderately detailed discussion of the As stated earlier, all data have been obtained
t eoretical nature of the property under consideration from their original sources and each data set is so
together with a review of predictive procedures and referenced. TPRC has in its files all documents
recognized experimental techniques will be appro- cited in this volume. Those that cannot readily be
priate in a major reference work of this kind. The obtained elsewhere are available from TPRC in
extensive reference citations given in the text should microfiche form.
lead the interested reader to sufficient literature for a The material index at the end of the volume
detailed study. It is hoped, iowever, that enough covers the contents of all three companion volumes
detail is presented for this volume to be self-con- (Volumes 1, 2, and 3) on thermal conductivity.
tained for the practical user. It is hoped that the user will find these comprehen-

The main body of the volume consists of the sive indices helpful.
presentation of numerical data compiled over the This volume has grown out of activities made
years in a most comprehensive and meticulous possible, initially by TPRC's Founder Sponsors,
manner. The scope of coverage includes the metallic and, since 1960, through the principal support of the
elements and most metallic alloys and intermetallic Air Force Materials Laboratory-Air Force Systems
compounds of engineering importance. The extrac- Command, under the monitorship of Mr. John H.
tion of all data directly from their original sources Charlesworth. The effort to make critical assessment
ensures freedom from errors of transcription, of the data for the elements was made possible
Furthermore, some gross errors appearing in the through the support of the Office of Standard
original source documents have been corrected. Reference Data-National Bureau of Standards,
The organization and presentation of the data under the monitorship of Dr. Howard J. White, Jr.
together with other pertinent information in the use Over the past ten years, many graduate students and
of the tables and figures are discussed in detail in the research assistants have rendered assistance for
section entitled Numerict, lata. varying periods under the authors' supervision.

The part of the data tables covering the elements We wish to acknowledge in chronological order of
deserves special mention. We wish to point out that their association with TPRC, the contributions of
the extensive original literature data from near Messrs. K. H. Chu, C. Y. Wang, A. Cezairliyan,
absolute zero to past the melting point have been K. C. Lin, D. Y. Nee, R. L. Feng, J. J. G. Hsia,
critically reviewed and analyzed, and "recommended M. Mangkornkanok, M. Nalbantyan, G. K. Kirjilian,
reference values" are presented, and Mrs. E. K. C. Lee, and Mr. K. Y. Wu. The

Ij.. -,~Ii



xlv Introduction to Volume I

two last mentioned are still at TPRC and partici- point out to his students the topography of the state
pated in the final organization of the tables and of knowledge on the thermal conductivity of metals.
figures and the demanding task of checking of We believe there is also much food for reflection by
details. We wish also to acknowledge the benefit of the specialist and the academician concerning the
extensive discussions with Dr. J. Kaspar, Senior meaning of "original" investigation and its "informa-
Staff Scientist, Materials Sciences Laboratory, tion content."
Aerospace Corporation, and with Dr. A. Cezairliyan, The authors and their contributing associates
Physicist, National Bureau of Standards. They are, are keenly aware of the possibility of many weak.
respectively, Visiting Research Professor and Con- nesses in a work of this scope. We hope that we
sultant at TPRC. will not be judged too harshly and that we will

Inherent to the character of this work is the receive the benefit of suggestions regarding references
fact that in the preparation of this volume, we have omitted, additional material groups needing more
drawn most heavily upon the scientific literature detailed treatment, improvements in presentation
and feel a debt of gratitude to the authors of the or in recommended values, and, most important,
referenced articles. While their often discordant any inadvertent errors. If the Volume Registration
results have caused us much difficulty in reconciling Certificate accompanying this volume is returned,
their findings, we consider this to be our challenge the reader will assure himself of receiving annually
and our contribution to negative entropy of informa- a list of corrigenda as possible errors come to our
tion, as an effort ii made to create from the randomly attention.
distributed data a condensed, more orderly state. Lafayette, Indiana Y.S. TOULOUKIAN

While this volume is primarily intended as a ly 1 nin Y. S. TOWLL

reference work for the designer. researcher, experi- July 1969 R. W. POwELL
mentalist, and theoretician, the teacher at the C.. Ho 1-P. 0. KLEM1ENS
graduate level may also use it as a teaching tool to

401011111111111
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Grouping of Materials and List of Figures and Tables xvii1

GROUPING OF MATERIALS AND
LIST OF FIGURES AND TABLES

1. ELEMENTS

Figure and/or Name Symbol Page No.
Table No.

1" Aluminum Al ...... .. . .. .............. I

2* Antimony Sb. ........ .. .............. 10

3 Arsenic As ... ........... ... .. .. 16

4* Buryllium Be ...... . . . ............. . .

5* Bismuth t3. ........ .. . . ............ 25

0 Boron B ...... ................ 41

7" Cadmium Cd ...... ................ 45

8* Cerium Ce ...... ................ 50
9* Cesium C ...... ................ 54

I0* Chromium Cr ...... ................ 60

1" Cobalt Co ...... ................ 64

12* Copper Cu ................ 68

134 Dyb, rosium Dy ...... ............... 82

14" Erbium Er ...... . ............... 86

15 Europium Eu ...... ................ 90

16* Gadolinlum Gd ...... ................ 93

17' Galltium Ga ...... . ............... 97

I 19" Germanium Ge ...... ................ 108

19" Gold Au ...... ................ 132

20* Hafnium Hf ...... ................ 138

21* Holmium Ho ...... ................ 142

22* Indium In ...... ................ )46

23* Iridium Ir ...... . ................. 152

24* Iron Fe ...... ................ 156 1
25* Lanthanum La .... . .. . ................ 171

20* Lead Pb .... . .. . . . . ............. 175

27* Lithium Li ...... ................ 192

28* Lutetium Lu ...... ................ 198

29* Mlagneslum Mg ..... ................ 202

30* Manganese Mn. ..... ................ 208

31* Mercury Hg ................ 212

32* Molybdenum Mo ...... ................ 222

33* Neodymium Nd ...... ................ 230

34 Neptalum Np . . . . . . . . . . . . . . . . 234

35 Nickel N. ........ ... ......... ... 237

36* Nioblum Nb ...... ................ 245

37* Osmium O. ...... ................ 254

38* Palladium Pd ...... ................ 258
39* Platinusi Pt ...... . ............... 262

Number marked wilh an asterisk Indicates that recommended values are also reported for this material
on separate tigure and table of the same number followed by the letter H.Ai i
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xviii Grouping of Materials and List of Figures and Tables

EUk.2'iFNTS (continued)

Figure and./or NaeSmolPg o
Table No.

40* Plutoniu PQ...................270

41* Potassium K...................274A

42* Praseodymium Pr...................281

43 Promethium P'm........ ............ 285

44' Rheniwn Re...................288

45, Rh od im Rh...................292

46' Rubidium Rb...................296A
47* Ruthenium Ru..................300

48 Samnarium Sm..................305

49 Scandium SQ 0

50' Selemuum So....................313

51" Silicon S..................326

52> Silver Ag...................340

53 Sodium Na...................349

54 Tantalum Ta....................55
55 Technetium T ................... 363

su- Tellurium Te...................366

57'~ Terbium Tb.....................2

58' Thallium TI..................376

59' Thorium T .................... 81

60- Thuliuim Tm..................385 7

61" Tin Sn..................389

U2 , Titani Ti.............................................410

63~ Tungsten ............................................... 415

64' Uranium U . . . . . . . . . . . . . . . . 429

65' Vanadium V . . . . . . . . . . . . . . . . 441

66* Ytterbium Yb.............................................4A

67* Yttrium. Y...................449

68, Zinc Zn........................................53

69' Zirconium Zr...................461

2. NONFERROUS Bfl4ARY ALLOYS

Figure and/or Name Formula Page No.
Table No.

70 Aluminum + Antimony Al + S.................469

72 Aluminum C Iero AI+Cu...........................
71 Aluminum + Cropn AlI + Feu..................470

73 Aluminum ,Magnesium AlI + g.................477

74 Aluminum + Silicon A1 i.................480

75 Aluminum + Tin AlI + Sn.................483

76 Alunumw - Uranim AlI + U..................464

77 Aluminum Zinc AlI + Zn..................487

78 Antimony Aluminum Sb -. Al.................488

79 Antimony + Bismuth Sb + Bi.................189

Nimber marked with ar, asterisk Irylicates that recommeudceil values arp also reported for Iii Ib materilal
on separate f~pure andl table or the same number followed by the lvtter It.
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Grouping of Materials and List of Figures and Tables xix

2. NONFERROUS BLNARY ALLOYS (continued)

Flguro and/or Name koriiiula Page No,
Table No.

80 Antimony + Cadmium Sb + Cd ..... ........ ...... 492

81 Antimony + Copper Sb + Cu ..... ............... 495

82 Antimony + Lead Sb + Pb ..... ............... 496

83 Antimony + Tin Sb + Sn. .... ............... 497
34 Beryllium + Aluminutm Be + Al 498

S5 Beryllium + Magnesiunm Be + Mg .. ............... 499

6 Bismuth + AnuImoin Bi + Sb ..... ............... 502

87 Bismuth + Cadm nl Bi + Cd ...... ............... 505

S8 Binudih - U. ad Bi + Pb . . . . . . . . . . . . . . . 50S

89 Bismuth + Tin Ci + Sn ....... ............... 511

90 Cadmium + Antimony Cd + Sb ........ ............... 514
t91 Cadmium + Bismluth Cd + e01 . . . . . . . . . . . . . . . 517

e2 Cadmium + Thallium Cd + TI 520

96 Cadmium t Tin Cd + Sn ..... ............... 521

94 Cadnmium + Zinc Cd "4 Zn . . . . . . . . . . . . . . . 524

95 Chromium + Nickel Cr + Ni . . . . . . . . . . . . . . . 52.,

96 Cobalt + Carbon co + C . . . . . . . . . . . . . . . 526

97 Cobalt + Chromium Co + Cr . ..... .............. 527

98 Cobalt + Nickel Co + Ni. ..... ............... 528

99 Copper + Aluminum Cu + Al ..... ............... 530

100 Copper + Antimony Cu + Sb. ..... ............... 534

iul Copper + Arsenic Cu + Aa . . . . . . . . . . . . . . .. . . . .  535

102 Copper + Bereliuwi Cu t Be ..... ............... 538

103 Copper + Cadmium Cu + Cd ..... ............... 541

104 Copper + Chromium Cu + Cr ..... ............... 542

Io5 Copper + Cobalt Cu + C U.............. 545

106 Copper , Gold Cu + Au . 548

107 Copper * Iron Cu + Fe ..... ............... 551

I10 Copper - Lead Cu + Pb ..... ............... 554

109 Copper + Manganese Cu + Mn. ..... ............... 557

110 Copper + Nickel Cu + NI ..... ............... 561

I11 Copper - Palladiun Cu + Pd ..... ............... 568

112 Copper + Phosphorus Cu + P ..... ............... 571

113 Copper + Platinum Cu + Pt ..... ............... 574

114 Copper + Silicon Cu + Si ............... 575

115 Copper + Silver Cu + Ag ..... ............... 578 A

116 Copper + Tellurium Cu + Te ..... ............... 581

117 Copper + Tin Cu + Sn .. ............. ...... 584

118 Copper Zinc Cu Zn ..... ............... ,588

119 Germanium + Silicon Ge 4 S. ..... ............... 597

120 Gold + Cadmium Au + Cd ............... 600

121 Gold + Chromium Au + Cr ........ ............... 603

122 Gold + Cobalt Au I Co ..... ............... 606 I
123 Gold + Copper Au + Cu ..... ............... 609

124 Gold i Palladlwua Au + Pd ............... 614

125 Gold + Platinwit Au + Pt ..... ............... 617

5 126 Gold * Silver Au + Ag ..... ............... 620

: __
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127 Gold + Zinc Au + Zn ...... ............... 623

128 Hlafnium + Zirconium ill + Zr ...... ............... 624

129 Indium + lead In + Pb ..... ............... 627

130 Indium + Thalhum In + TI ...... ............... 630

131 Indlum + Tin In + Sn ...... .. ............... 634

132 Lead + Antimony Pb + Sb ...... ............... 637

133 Lead + Bismuth Pb + BI ...... ............... 640

134 Lead + Indium Pb + In ...... ............... 643

1:35 Lead + Silver Pb + Ag ........ ............... 646

136 Lead + Thallium Pb + TI ...... ............... 649

13- Lead + Tin Ph + Sn ...... ............... 652

138 Lithium + Sodium I + Na ...... .. ............... 655

139 Magnesium , Aluminum Mg i Al ............... 653

140 Magnesium + Cadmiwn Mg t Cd ...... ............... 661

141 Magnesium + Calcium Mg + Ca ..... ............... 662

142 Magnesium * Cerium ig 
+ 
Cc . ..... ............... 663

143 Magnesium + Coppur %Ij; + Cu ...... ............... 666

144 Mancsiun * Manganese Mg , M n ...... ............... 669

145 Magnesium + Nickel Mg + Ni ...... ............... 672

146 Magnesitun + Silicon Mg + Si.. ...... ............... 675

147 Magnesium + Silver Mg + Ag ...... ............... 675

148 Magnesium + Tin Mg , Sn ...... ............... 679

149 Magnesium + Zinc Mg + Zn ........ ............... 680

150 Manganese + Copper Mn + Cu ...... ............... 683

151 Manganese + Iron Mn + Fe ....... ............... 684

152 Manganese + Nickel M n + Ni ........ ............... 685

153 Mercury + Sodium Jig + Na ...... .. ............... 686

164 Molybdenum + Iron Mo + Fe ...... ............... 690

155 Molybdenum + Titarium Mu + Ti ...... ............... 691

156 Molybdenum + Tungsten Mc + W ..... .... .............. 634

157 Nickel + Chromium Ni + Cr ...... ............... 697

158 Nickel + Cobalt Ni + Co ...... ............... 700

159 Nickel + Copper Ni + Cu ...... ............... 70.

160 Nickel + Iron Ni + Fe ...... ............... 707

161 Nickel + Manganese Ni + Mn. ........ ............... 710

162 Nioblim + Uranium Nb + U ...... ............... 713

163 Niobium + Zirconium Nb + Zr ...... ............... 716

164 Palladium + Copper Pd + Cu ...... ............... 720

165 Palladium + Gold Pd + Au ........ ............... 723

166 Palladlum + PlaUnwn Pd + Pt ..... ............... 726

167 Palladium + Silver Pd + Ag ...... ............... 727

168 Platinum + Copper Pt + Cu ...... .. ............... 73u

169 PlaUnum + Gold Pt + Au ...... . ............. 733

170 Platinum + Iridium Pt + Ir ...... ............... 734

171 Platinum + Palladium Pt + Pd ..... ............... 737

172* Planum + Rhodium Pt A Rh ...... .. ............... 738

Number narkei with an asterlsk Indicate- that recommended values are also reported for this material
on separate figure and table of the same number flt.w, ,i by the letter It.
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2. NONFERROUS BINARY ALLOYS (continued)
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173 Platinum + Ruthenlum Pt + RQ. ...... ............... 743

174 Platinum + Silver Pt + Ag ............... 745

175 Plutonium + Aluminum Pu + Al ...... ............... 746

176 Plutonium , Iron Pu4 + Fe ...... ............... 747

177 P1otalsium + Sodium K + Na ...... ............... 748

178 - Rubidium + Cesiun Rb + Cs ...... ............... 751

17$ Selenium + Bromine Se + Br ........ ............... 754

18U Selenium + Cadmium Be + Cd 7...............755

181 Selenium + Chlorine Se + CI . ............... 756

152 Scleuum + Iodine Se + I ........ ............... 757

183 Selenium + Thaliuin Se + Ti................ 75.

14 Silicon + GCermaniumni Se Gc ............... 761

185 Silicon + Iron Si + Fe ............... 764

16 Silver - Antimony Ag + 5b ...... ............... 767

1A7 Silver + Cid111iuin Ag + C.d ........ ............... 770

,Ins Silver + Coplp'r Ag + Cu ............... 773

189 Silver + Gll Ag * Au ...... ............... 774

19U Silver -lndium Ag - In ...... ............... 777

110 Silver 4 Lead Ag t i.b ........ ............... 780

1'9a Silier - Mia%.incs Ag * Mn ........ ............... 783

13 Siler - Palladiui Ag • hI ................. 786

194 Silver * Il' tii .: Ae, I.. ............... 790

195 Sliver + Tin AM * So. . .... ............... 791

196 Silver + Zine Ag + Zn ?............... 792

197 Sodim + Mt'rcuo !.a 4 fig................ 795

19b Sodium + l'oalnium Na * K ............... 798

199 Tantalunn + Nloium ' . - . .b 0...............801

20v Tantlum + Tungsten Ta + W ............... 802

201 Tellurium * Sclunum Tv - Ste ...... ............... 805

2U2 Tellurium Thalium Te + Ti ............... 808

2U: Thalhum 4 Cadmium TI + Cd ...... ............... 811

204 Thallium + indium TI + In ...... ............... 812

205 Thallium + Lead TI + P . . ................ 815

206 Thallium + Tellurium TI * Te ...... ............... 818

207 Thallium + Tin TI + Sn ...... ............... 821

208 Thorium + Uranium Th + U ..... ............... 822

209 Tin + Aluminum Sn + Al ............... 823

210 Tin 4 Antumony Sn + Sb. ............... 824

211 Tin , Bismuth Sn + Bi ............... 827

212 Tin + Cadmium Sn + Cd ...... ............... 830

213 Tin + Copper Sn + Cu ...... ............... 833

214 Tin + Indlum Sn + Ln ...... ............... 834

215 Tin + Lead Sn + Pb . ....... ............... 839

216 Tin + M4erctry Sn + fig ...... ............... 842

217 Tin * Silver Sn + Ag ...... ............... 845

218 Tin + Thallium Sn + TI ............... 846

I.
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219 Tin + Zinc Snt Zn ..... ............... 847

220 Titanium - Aluminuni TI + Al ........ ............... $8s

221 Titanium + Manganiese Ti + Mn ........ ............... 849

222 Titanium t Oxygen Ti + 0 ..... ... ............... 52

223 Tungsten + Rhenium W + Re ...... .. ............... 35
224 Uranium * Alumiinuni U + Al ........ ............... 855 -

225 Uranimt - Chromium U * Cr . ..... .............. 859

226 Uranium + Iron U + Fe ..... ............... 862
227 Uranium * Magnesium U + Mg ...... .. ............... R63

22" Uranium Molybdenum U o ........ ............... ,64

229 Uranium + Niobium U Nb . . . . . . . . . . . . . . . tt;7

230 Cranium + Silicon U + Si ..... ... ............... _

231 Uranium + Zirconium U + Zr. . .... .............. 71 j

232 Vanadlm-r Iron V , Fe ..... . .............. t-74

23:1 Vanadium Yttriwuu V Y . . . . . . . . . . . . . . .

234 Zinc + Aluminum Zn + Al ....... ................

235 Zinc + Cadnhim Zn - Cd ..... .................. 1

236 Zirconium + Aluminum Zr * Al ..... ............... .2
23'7 Zirconium + llaluum Zr lfit ........ . .............. $3

2:i, Zircoruuni t Niobium Z r * N . ... . . ..............

239 Zirconium - Tin Zr - Sn ........ . .............. 8,s7

240 Zirconium + ritanium Zr + Ti. ..... ............... 690
241 Zirconium Uranimr Zr 'U ..... ............... 91

3, NONFINIHOUS MULTIPLE ALLOYb
4

242 Aluminum , Copper --X Al + Cu + E. ...... ............. 895
243 Aluminum + Iron + DC2  At + Fe + .i ..... .. ........... 903

244 Aluminum Magnesium + D.' A.I + .1.g + LXi ....... ............. 90$A

245 Aluminum + Manganese + LK At + Mn E .. . ............... 911
246 Aluminum Nickel + LNi Al + Xi + E...... ............. 914

247 Aluminum + Silicon + ±X 1  Al + Si + ED. .... ............. 917
24b Aluminum + Zinc + '-rX, Al + Zn + .X... ............... 922

249V Aluminum + Si At = .C1  . . . . . . . . . . . . .  925

250 Antimony + Beryllium .t rC Sb + Be + EDC. . . . . . . . . . . . . . . . . .  926
251 Beryllum + Fluorine + DC 1  Be ' F + .-X .... ............. 929

252 Beryllium + Magnesium + -Xi  ie + Mg + EX.. . .. ............. 932
253 Bismuth * Camnium + 3I B1 + Cd + !, . .- . .  . . . . . . . . . . . . .  935
254 ismluthl + Lead + DC1 Bi + Pb + E .. .................... V38

255 Cadmium - Bismuth + '-Xt  Cd F BI + ZC1 .X . . . . . . . . . . . . .. . . . . . 941

25b Chromium * Iron * DC1  Cr + Ye + !Xi . . . ............... 944

257 Cobalt + Chromium + I Co + Cr + =(. ... ............. . 947
25b CobaL + lron + LX i  Co + Fe + D-. i .... ............. 950

"59 Cobalt Nickel - E 1  Co * Ni + LX..... ............. .. 951
260 C.pper + Aluminum - X, Cu * AI + DX i  ... . ... .... .. 952

it
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3, NON FEHROUS MULTII'Lk ALLOYS (continued)

J
Filurt' and/or oN

Table No. Name Formula Page No.

261 Copper + Beryllium N Cu lie + IN.. ............. 955

26;2 Copper + Cadiluin4C ; , 3
2(;:3 Copp' * i d +calt + 1 U + Co + - ............... 95

264 Copper + Iron L 1X1  Cu + Fe + S...! .................... .. 960
2635 Copper + Lead 1 SNI Cu + M + VX .... ............. 961

266 Copper + Manganedc + !NJ CU * Mn + '-X ... .............. 964

267 Coppr - Nickel + .X1  Cu + NI + EX .... ............. 969

26S Copper + Silicon + LXf Cu + Si + :X. ....... ............. 972
2G Coppelr"i * I'm CU + S + _ ... . . . . ... ..... 975

2 C,'r + zinc + .. Cu f Zn + 'X i. . . ............... 979

71 Copper 4 Zirconitun + TXI  Cu + Zr + -... . ... ... .......... 9S5

272 Lantlianum + Ntodymniui SN 1 + Nd ...X...............94+
7 tlAd + AntimIony , .,, 1b + 1+ S . . . .............. 991

274 Lithium , lno B I~ : -x i, + 13 + !-,; I . . . . . . . . . . . ..I * * 1 992

Lit11un SwU||ol][ , VNLIU I Li + Na + 1YX . . . . . . . . . . . .. . 995v • 992
2t Magr t Aluminum + iMg + At + L1X. 99.............

2.t " l wcsium Cerium + SxN 1g Cc + EN. .. . ........ 1001

271 Mag .ie um t Cobalt xi lg + Cu :X .................... 4

.. o Slagn1%nsiwu t Nckl Mg + NJ + .. .................. I

21 Man Ianesc Iron . %\, Mn c 'X ...... .. ........... 1U09

L.S2 Manganese * Silicon + -X 1  Mn + Si * S.Z . .... . . ........... 1012

2,;:1 MI'olyl)-b niderm - 1 0 '' n Mo Fc 4 - . . .............. 1013
2t4 Nickel Aluminum t Ni + Al * -.. .... . . . .......... 1014

2..5 Nickel 4 Chroiniumi 4 !X, Ni + Cr * S I ...... .. ........... 1017

II2cc6 Nickel Cobalt I :X Nit+ Cu+ ........................ 102. ]

2 Nickel Copier + N Ni Cu + 16 . . . . . . . . . . .. . I031

2i' Nickel Iron - Ni + lc -.. J35

2c3 Nickel + Ma l iganese Ni NI ! M I . . . . . . . . . . . 10:3+

2%0 Nickel ' Molyl.lcniu t 7N-1  Ni + Mo * . .. .... .. . .......... 1041
A

291 Niukel S-1  NI + :x. ... . . . .......... 1044
292 Niobittn Molybdenum- , 1X i  Nb + No + '-N1 . . . . . . . . . . . . . . . .  1J46

293 Nobniuii Tantalum - -\1 Nb , a * a LX .... .. . .......... .. 1049
294 Niol mi Titanium t SN Nb + Ti + '-X. ....... . ............ 135.2

295 Niobium Tungsten SNX Nb + W NKi . . . . . . . . . . . . . 1055

2"W S 1. t CtdIIIlUnI + rxi Ag + Cd + . .-X ..... . . . ........... U.

297 Silver ± --X Ag + a. . . ............. 1061

29m Tantalum + ,Niobium + N Ta + Nb I x.. .... ............. . 1062

299 Tantalum 4 Tungsten 4 Ta + W + N . . . . . . . . . . . . . 1065
Jut Tellurium t Ar inic 4 SrN Tv + As LX. ...... ............. 106R

:mol Tin + Antitnony + r-X Sn + ,R + SN... . .. ............. 1069

Tin 1 Copper + D i Sn I Cu X I... u.............1072

Titanium * Aluilnw 4 -. Ti + Al + . . . .1 1073

304 Titanium t Chromium I SX TI + Cr - S, . . . . . . . . . . . . . . . . . .  1077

;ot. fitantuni Iron 
+ 

'- K1 TI Fe + '-NX1 ...... . . . .......... 1 o0

J0 Titarium + Manganese - DC1  Ti + Mn '-N . . . ........ 1+3

Number marktl with :an astrisk hlxtlcates that recommended values are also rtported for this material
on separate fIgure :ad table of the same number followed i, te letter R.
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Figure and/or Name Formula Paue No.
Table No.

307 Titanium + Vanadium + '"1  Ti + V .. ............. 1086

308 Titanium + SXi TI + Sit .. ................. 1089

309 Tungsten + Iront + L W + Fe + !;i I . .  . . . . . . . .. . . . . .  109o

lI Tungsten + Nickel + !;X, W + NI + X .i . . . .  . . . . . . . . . . . . .  1o1

311 Uranuma + Molybdenum + -X, U + Mo + D. . ............. 1094

312 Uranium, + Zircortant D !:X 1  U + Zr + D " . . ......... 1097

313 Zinc 1 Aluminum + jA1  Zn + Al + . .... ............. 1098
314 Zinc + Lead + DCXi  Zn +b .+ . . .. ............. ... 1099
319 Zirconluno + Aluminum + -X Zr + Al + .XI  . . . . . . . . . . . . .  1100

316 Zireonium + Hafnium + C-X1  Zr + lit ..- I............. 1101

31-7 Zlrcotuuni Molybdenwn + rCX, Zr + \,) - -" ............. 11,14

d1 Zircuruwn + Tuntalun Z Z.l  Zr + Ta + EX. .... ............. 1115

;MI Zirconium t Tin + Xr Zr + Sn + .... ............. 11US

320 Zircoruum + Ura.sun :;x, Zr ,U -I . . . . . .  . . . . . . .. . . . . . 1111

j 2 l Zir'umui r '- 1  Zr + D-CN ....... . 1

4. FERROUS ALLOYS

A. CARIBON STEELS

382 Iron t Carbon DC1i Fc + C * -X1 Group I .. ........ 1113

323 Iron + Carbon + 'N1  Fe + C + Dx Group II ......... . 1124

B. CAST IRONS

324 Iron + Ca boni D' 1  Fe " C --K, Group I ............. "

325 Iron r Carbon +DC\ Fe + C '-X Group I1 ... ........ 112

C. ALLOY STEELS

326 Ir-n + Alumirn + ,-X Fe + AI Z D Group I .... ........ 142

327 Iron + Aluinum + DrX1  Fe + Al .X1 Group 11 ........ 114.
32b Iron + Chromiutm + :D( i  Fu' + Cr + xX i  Group I . . . . . . . .

329 Iron + Chromniuni + *.'1 Fe + C r -,v1  Group 11 .. .. .. . . 1

330 Iron : Chromium + Nickel + 21  Fe + Cr + Ni + DI Group I ........ 1t,
3310l Iron + Chromiutm + Nickel + '-Xi Fe + Cr + Ni + EX, Group 11 . .. .. . . . 1)

332 Iron + Cobalt I !...i Fe + Co + --K Group I . .. .. . . . 1

333 Iron + Copper + 1Xi  Fe + Cu + :x, Group I ........ 1-9

334 Iron + Manganese DC1 i  Fe + Ni + EXi  Group I ........ 11-2
: 335 Iron + Manganese + 1:X Fe + Nin + Z--XI  Group UI . .. .. . .. 1191

336 Iron + Molybdenum + S 1 Fe + Mo + LX, Group 11 ........ I I
337 Iron + Nickel + '-1 Fe + Ni + !D1 Group I . .. .. . .. 1197

335 Iron + Nickel + LX1 Fe " N1 + -X1I Group 11 . . . . . . . .

331 Iron r Nickel + Chromium + 2'NI Fe NI Cr + !Y1 Group I .... ........ 1- 9

340 Iron ± Nickel - Chromium + !X 1  Fe Ni + Cr " DC1  Group 11 .. ........ 1212

Nuntbr mark( I with en a.,tvri k indicates that rr',onlt'ijrh)l(l Va'lues are also rtr'1 rtrd for this material
on sclpxratt fia.Ir' ind IA of tht samn , number followv., by Ot- It-tt(- It.
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4. FE ROUS ALLOYS (continued)

Figureand/Or Name Formula Page No.

Table No.

C. ALLOY STEELS (continued)

341 Iron * Phosporus 4 cXi  Fe + P + EI Group I. ........ 1216

342 Iron + SiLicon + Xi  Fc + Si + EX, Group I ... . . ..... 1217

343 iron + Silicon + LX Fc + Si + -x! Group II. ......... . 1221

344 Iron + Titanium + EX1  Fe + Tj + IDi Group I . ........ . 1225 5
.345 Iron3 + Tungsten + EX, Fe + W + ZXi  Group I . . . .. . .. 12-2(;.

:146 Iran 4 Tungsten + !X i  Fe + W + .XK Group 11 . . . . . . . . 12.!9

5. 14TERMETALLIC COMPOUNDS

-i1urc and;or I-Jl'ltiu3J l'agc No.
Table No.

:347 Slj 2Tc. .. .......... .. . ......................... 1241

:348 .8 2TC'. ........... ......................... 1244

14LP Ba 2 .b ............. . . ....................... 1245

:35u Ba 2Sn .......... . .. . ........................ 1246

351 13CNb) ......... . .. . . . . . . ....................... 1247

52 BCT.a ............ .......................... 1.

353 B .xU ... ...... . . . . . . . . ........................ 13

354 . . ... . ... ... .. ...................... 1.

:i15 ]3I2TC. ........... ......................... 1257 4

BxSy ........... ......................... 1262
:157 CdSb ...... . . . . .. . . . . . . ....................... 1 64

358 CdTc ...... . . . . . . . . . ....................... 1267

. - axIb. .. ............. .. ....................... 127

;316 . CaSn .. . . .. . . . . .. . .......................... 7:
:MIo csl ..................................... 1274

:362 C .2 . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . 1275

363 CUCI .  . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . .  1276
364 GaAs ............. . . . . ....................... 177

J65 GeTe . . . . . . . . . . . . . . . . . . . . . . . . . 12"

366 AL1,C1Uy . . . . . . . . . . . . . . . . . . . . . . .. . 12.1

:167 . . ......... . . . . ....................... 12

369 IAs. .......... .. .. ......................... 2

370 .n, . ... .. ...................... . 1295

371 n'. . . ...... . .. . . . . ....................... 129

372 ASt.. ............ . .. ............... .... 1301

373 lATV... . ......... ......................... 1:o4

:374 lTe. . ........ . . . . . . . ....................... 13

37312 . . . ......... . .. ....................... 1310

377 Mg8. ............. ......................... 1314

3g78n . . . . . . . . . . . . . . . . . . . . . . .. . 1317

(
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5. INTERMETALLIC COMPOUNDS (conunued_

Figure and/or Formula Page No.
Table No.

379 ligSe ... .. .. .. . ........................ I

380 IHgTc . .e. . . . . . . . . . . . . . . . . . . . 1321

381 NoSI .  . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . .  1J24

382 Ni.Sb ........... . .. ......................... 1327

383 Rc4s. .. .......... ......................... 1;131)

384 ixC 5  . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .  13:31

385 RcSe3  . . . . . . . . . . . . . . . . . . . . . . . . . 1:13-

386 AgS)TC2 . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . .  1:135

337 AgCu . . . . . . . . . . . . . . . . . . . . .. .

35b Ag2Sc .. ....... .... ......................... 133:

389 AgT .ey ......... . .. .. ......................... 2

390 SrSI ........ .. .. .. ......................... 1:

391 Sr2Sn ..... . .. ... .. . . . . ...................... 1141

392 TaB2  . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . .  1:14.'

33 TaGc 2 . . . . . . . . . . . . . . . . . . . . . . . . . mjl-

394 TIPb .......... . ... . . ....................... 1:14 -

395 SS2 ........... . .. .. ....................... 1:1,

396 SnTc ......... . .. .. . . ....................... 1::, -

397 Ti2 . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . .  1 .
398 / TiNt. . .................................. 1361

3 .99 .  I . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .  1364

400 WB ........... ......................... 1365

4U1 Who 2 . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . .  1368

402 ,2 . ........ .... .. ....................... 1:169

403 WTc . .  . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .  137v

404 ZnSt.. . ....... ... ........................ 1371
405 ZnSLAs 2 . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . .  1:174
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Notation
A Cross-sectional area x Reduced frequency (x = h/KT)

a Cube root of the atomic volume; Half the Ax Distance difference

focal length of an ellipsoid; Axis of ellipse Parameter

B Coefficient of equation (19) , Constants
b Axis of ellipse; Numerical constant p Parameter
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CH Spectral specific heat Anam ictcofcitC~v) Spetra spcifc hat Amplitude decrement of temperature

c Atomic concentration of point defects wave; Coefficient of equation (11)

D Thermal diffusivity; Coefficient of wae C toai o
equation (19)

E Energy; Voltage drop Fermi eerau
e Electronic chargeBDeytmprur K Boltzmann constant

G Band gap energy Wavelength
h Planck constant A,. Minimum wavelength

I Electric currcnt v Frequency
k Thermal conductivity P, Debye limiting cutoff frequency
k, Thermal conductivity maximum ir Peltier coefficient; Ratio of the circum-

aThermal conductivity of a reference ference of a circle to its diameter

L Ltenz p Electrical resistivity
o Lorenz number Electrical conductivity

I Mean free path; Effective length of a
specimen 

Subscripts

M Atomic mass d Dislocation

" Constant e Electronic component

N Number of atoms per unit volume ee Electron-electron scattering

N. Number of conduction electrons per atom g Lattice component

n Exponent; Constant gd Lattice component due to the scattering

P Slope of phonons by dislocations

q Heat flow per unit time (and length) ge Lattice component due to the scattering

r Radial distance of phonons by electrons

S Seebeck coefficient gp Lattice component due to the scattering

T Temperature of phonons by point defects
• TC Superconducting transition temperature t Intrinsic

Tm Temperature corresponding to thermal j Type of carrier

conductivity maximum n Normal state

AT Temperature difference p Phonon

Time pe Phonon-electron scattering

U Coefficient of equation (24) RT Room temperature

V Electrical potential s Superconducting state

t Velocity U Umklapp process

W Thermal resistivity ( Type of scattering process
W. Theoretical constant thermal conduc- 0 Residual

tivity at high temperature 1, 2, 3, Locations, times, or materials
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Theory of Thermal Conductivity of
Metallic Materials
1. INTRODUCTION cantly to heat transport. In metals it is a relatively

Heat in solids is conducted by various carriers: rare occurrence, to be considered only in the case of

electrons, lattice waves (or phonons), magnetic very small particles, very thin wires, or superconduc-

excitations, and, in some cases, electromagnetic tors at extremely low temperatures.

radiation. The tutal thermal conductivity is additively The principal carriers of heat in metals are
composed of contributions from each type ofcarrier. electrons and lattice waves, leading to an overall
It cai be shown that thermal conductivity

I k = k, + k, (2)
k = - C,l)! (1) where k, is tlhe electronic component and k, the

' lattice component.
where the subscript j denotes the type of carrier, Generally kg of metals, alloys, and semimetals
C, is the contribution of carriers of type i to the is of magnitude comparable to the lattice thermal
specific heat per unit volume, r, is the velocity of the conductivity of insulators of corresponding elastic
carrier (we regard the carrier as a particle; if the properties, except at low temperatures (where
carrier is a wave, the appropriate velocity is the group phonon-electron interaction reduces k, in metals).
velocity), and 1, is a suitably defined mean free path. The relative importance of k, and k, thus depends on

The theory of thermal conductivity of solids the magnitude of k,. The electronic component often
has been the subject of' numerous investigations and parallels the electrical conductivity (Wiedemann-
several review articles and has constituted a large Franz law), and the electrical conductivity is highest
portion of the material in several books [1-15]. It is in pure metals, reduced in the case of alloys, and
the purpose of this introductory text to present the even lower in semimetals and semiconductors.
major results of the theory only to the extent to We thus have, as a rough rule, that in highly
which it is needed by the user of these tables: to conducting metals, i.e., pure metals with room
caution him as to which results are likely to be temperature resistivities of up to say 5 pQ cm, k, is
structure sensitive and thus likely to vary from the dominant component over all or almost all
specimen to specimen, and to help him to judge temperatures. For poorly conducting metals of
which materials are likely to have similar properties higher resistivity, k, forms an appreciable component
and thus to guide him in guessing the thermal at ordinary temperatures. For alloys of more than
conductivities of materials which have not been 0.5 to I percent solute content, k, is substantially
measured, decreased below the value of the parent metal at low

The occurrence of a mean free path in equation temperatures (i.e., below room temperature) where
(I) opens up the possibility that in some cases one k, becomes significant, but at higher temperatures
cannot uniquely define the thermal conductivity of a k, approaches the value of pure metals of comparable
material. This happens whenever a carrier mean free conductivity. Thus k, is an important component of
path becomes comparable to the smallest external alloys below room temperatures; above room
dimension of the specimen. It happens particularly temperatures it is important when the parent metal
in insulators at low temperatures, because of long is a poor conductor.
phonon mean free paths, and in transparent solids at As we consider materials of increasingly poorer
high temperatures, where photons contribute signifi- conductivity, k, becomes less important relative to
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k.. In semimetals and degenerate semiconductors k, the Fermi energy, all states of E > { are empty, and
and k, are frequently comparable except at low all conduction properties occur in an energy interval
temperatures, where k, is small. In most semicon- C ± 0(KT), where KT < . Under these circumstances
ductors the electronic thermal conductivity has to be the electronic component of the specific heat C. or T.
considered only at elevated temperatures. v, is typically 108 cm sec - ' and independen of

Since ke and k. behave differently as functions temperature. Thus
of temperature and with the introduction of imper-
fections, it is important to know the relative roles of k. = C v, oc TI, (4)
these two carriers if predictions are to be made;
unfortunately, it is not always easy to know what and its temperature dependence is governed by the . I

fraction of the measured thermal conductivity can temperature dependence of 4.
be ascribed to each (see, for example, reference [1]). Now the electron mean free path 1 also deter-

For purposes of the theory of conduction mines the electrical conductivity. Theories of the
properties, we distinguish between three temperature electron mean free paths are thus at the same time
regimes: high, intermediate, and low, with rough theo.ies of the electrical conductivity a of metals,
divisions at temperatures (on the absolute scale) of while the thermal and the electrical conductivity are
0 and 0/3 respectively, where 0 is the Debye tempera- related by the Wiedemann-Franz-Lorenz law
ture. For our purposes this temperature is related A
to the upper frequency limit v,, of the spectrum of ki1aT = Lo= =7(/e) (5)

lattice waves by hy, = KO, where h and K are the
Planck and Boltzmann constants, respectively, where e is the electronic charge. In practical units the
Roughly speaking, at high temperatures each atom Lorenz number Lo is 2.443 X 10 - 8 V2 K- 2.
vibrates independently of its neighbors, and the The electron mean free path is limited both by
theories of lattice vibration simplify. At low tempera- electron scattering by defects (chemical impurities
tures the vibrations are highly correlated and are and physical defects) and by the thermal vibrations;
best described by elastic waves in a continuum with for in a perfectly periodic crystal lattice 4, would be
corresponding simplification. The intermediate infinite. To the extent to which the scattering rates
regime is somewhat awkward, and theoretical due to different processes are additive,
results are obtained by interpolation.

All the carriers have mean free paths which are l/l, = 1/1o + 1/l4(T) (6)

limited in part by the structural imperfections of the where 1o is the residual mean free path and 1(T) the
solid and in part by the dynamic imperfections pro- intrinsic mean free path. The first term On the right
duced by thermal vibrations, so that, for each carrier, hand side of equation (6) describes scattering of

1/1 = 1/l.) (3) electrons by defects, and varies from specimen to A

(a) specimen, but is independent of temperature as long ]
as the nature and concentration of defects are notthe summation being over all processes a( which tfunctions of temperature.* The second term describes ,

scatter the carrier. The theory describing scattering jucinoftpraucThsendemdsrbs
byather themalriraThtio dedscring saten scattering of electrons by lattice vibrations and varies
by the thermal vibrations depends on the temperaturethe c-
regime, and this accounts for the different theories wihtmeau.Inhesplcsehnteee-
to be used for the conduction properties. tron gas is isotropic, i.e., the velocity and apparent

Most solids have Debyc temperatures B around density of electrons do not depend upon direction
300MK.obusatomicallyheavy solids have ltres s arelative to the crystal axes, equation (6) leads to ani ~~300 K. but atomically heavy solids have lower O's adivtyotec, ,ndgeltralndee-i

(well below 200 K for gold and lead), while most additivity of the co onding electrical and r tcc-

light-atom solids (diamond, beryllium) have much tronic thermal resistivitie' i.e.,
higher Debye temperatures. 1/o=p=p0 +p,(T (7)

and
2. ELECTRONIC THERMAL (ONDUCTIVITY I/k, = W, = Wo + W, (8)

In metals, where the density of electrons is *An important exception would be the vacancy concentration
high, the electron gas is highly dtgenerate, that is, just below the melting point, which in some metals depends
all electron states of energy E < Z are filled, being on temperature.

I-
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Here po is the residual electrical resistivity, varying and
from specimen to specimen, p,(T) the intrinsic L, = p / WT = 7-8 N .- 1;3(T/0) 2  (13)
electrical resistivity, and W0, W, are corresponding
components of the thermal resistivity. where Na is the number of conduction electrons per

The Wiedemann-Franz-Lorenz law, equation atom. The electronic thermal resistivity at/ow tern-
(5), is based on the following requirements: .pcratures can thus be written in the form

(a) The electron gas is highly degenerate--this W, = oT2 + P/T (14)
appears to be the case in all metals except Thus
possibly some transition metals at elevated
temperatures. 1

(b) The electron mean free path 1,is the same for k t a7 2 +l/T (15)
electrical as for thermal conduction, so that where P8-- polL o depends on the specimen, while a.
it cancels in the ratio k/a. is an intrinsic property of the metal. Equation (15)

An analysis of the second requirement shows implies that ke, and thus the total thermal conducti-
that this is almost always satisfied for defect scattering vity of pure metals, should pass through a maximum
[!, 2]; hence at low temperatures; the purer the specimen, the

higher the maximum conductivity and the lower the
temperature at which the maximum occurs.

The exceptions are some cases of magnetic impurities, In order to predict theoretically the magnitude
where scattering is simultaneously inelastic and of a, or the magnitude of pi, one would need to
anisotropic; even here the departure from (9) is predict the strength of the interaction beteen
significant only at low temperature, where KT is electrons and lattice waves and the correspondingI comparable to the Zeeman level splitting of the electron scattering probabilities. This interaction can
impurity, only be ebtimated very roughly.

As regards p, and W1 , these are related by the In a similar manner, the ability of fundamental
Wiedemann-Franz-Lorenz law in the high-tempera- theory to predict the absolute magnitude of g for a
ture limit only, while at lower temperatures given concentration of impurities or other defects is

very limited. Since such calculations also predict Po,
p/WET = Li (10) and since electrical resistivities are measured more

is generally less than L. for reasons given in reference readily than thermal conductivities, such calculations
(2]. Generally L, < Lo and in the limit of low are usually classified under electrical resistivity
temperatures calculations. There is an extensive literature on this

subject [12], dealing both with theoretical methods
L, = S(T/d) "  (11) and with the vexing question of determining from

where the coefficient 8 depends on the topology of the experiments the specific resistivity of a given number
Fermi surface. of physical defects of various kinds (i.e., vacancies,

Explicit theoretical expressiornfor p, and W, interstitials, dislocations, stacking faults) [16]. Even

have been obtained only for the very simplest of the specific resistivity (or Po per atomic percent) of a

models, with the electron gas similar to a gas of free given species ofsolute atoms is not a trivial determina-

electrons, with spherical energycontours in momentum tion. Generally speaking the theory is well able to
space, and the underlying crystal structure replaced predict po due to point defects which scatter electrons
by a uniform distribution of positive charge to mainly by virtue of a valence difference (vacancies,
compensate the charge of the electron gas. This solute atoms), but does poorly when distortion effects
model, the "jellium" model [12], thus foregoes any
considerations of effects due to crystal structure are important (interstitials, dislocations).
and the corresponding electronic band structure of The theoretical equation (15) has been exten-
Teal ietals. On such a model, using a Debye model sively compared with low-temperature experimental
r sa uydata for high-purity metals, and disagreements are
for tesetu ofltievbainone obtains
tthe spectrUml ow-tempef attice vibrations,mits found [55-57] in that the power of T for most metals

fweis not 2 but greater, and the coefficient a is not a

c W, c 7-2 (12) constant for a metal. Considerin$ the temperature

• _-_ _
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dependence of the coefficient o and the interaction room temperatures, and thus to estimate Pa and W0
between intrinsic and residual thermal resistivities, in terms of the room temperature values ofp, and W,.
equation (15) is modified semiempirically [55-57] At room temperature K2> is about 0.01 in most
to become solids (depending somewhat on atomic volumes and

I elastic constants, which are not very variable). If we

l e + (16) arbitrarily ascribe scattering by a point defect to be
+ P/T equivalent to unit shear strain over one atomicwhere volume, we find that

= PO (Pi)RTC

Wo T(r VORcTRT (18)
and %', in, and ni are constants for a metal. The
value of n lies between.2 and 3 for most metals, where (P )Rr, (W1)T are the room temperature
Much better agreements are obtained in using intrinsic resistivities, Tar " 300 K, and c is the
equation (16) for fitting experimental data, and atomic concentration of point defects in percent.
this equation has been used extensively for calculating Actual values of po and WoT deviate from the esti-
the recommended values presented in this volume for mates of equation (18) by factors of up to about 3
highly conducting elements at temperatures below either way, but equation (18) is very useful in
about 1.5 T,,. %% ith T, the temperature corresponding estimating resistivities due to unknown point defects,
to the maximum conductivity k,, of the curve. and applies to all metals and semimetals irrespective

At high temperatures the theory becomes of the details of the band structure.
simpler in form. though it is still difficult to predict In addition to the scattering of electrons by
absolute %alues. The theory predicts in the limit, well defect and by thermal vibrations, it is also possible
aboe the Debye temperature, for the electrons to scatter each other, producing

both an electrical and thermal resistivity. These
p, o T effects seem important mziiniy in metals of high

IV, = p1,'LoT = W, (17) density of states such as transition metals, and lead
to resistivities of the form

where W1', is a constant. This is essentially a conse-
quence of the fact that, at high temperatures the Pee = BT 2

intrinsic scattering probability, or 1d,(T). varies Wee n DT (19)
as (C2>, the mean square thermal strain, which in
turn varies as T. These effects are thus generally important at low

All this needs qualification if finer details are temperatures, where they tend to dominate over the
to be investigated. Thus, for example, thermal respectively T 5 and T 2 variation of p, and IV,
expansion as well as high-order interactions might provided of course that the samples are pure enough
cause deviations from 1, c T - 1, and corresponding so that the residual resistivities p0 and WO do not yet
deviations of W, from constancy. There are further dominate at those low temperatures. As transition
deviations of L, from L. at high temperatures, metals are obtained in increasingly pure form, the
generally small but not entirely negligible, arising need of additional terms of the form (19) in the
from the transport equations [12]. Thus W,(T) electrical and thermal resistivity equations is found in
tending to a constant value is a good picture only more and more cases.
to a first approximation. Finally the assumption of Major results of the theory of electronic thermal
high degeneracy. i.e.. KT < ;. which is required so conductivity have been briefly presented as above.
that p c 1/ and IV c T11, becomes questionable in For detailed theoretical developments and discus-
some metals at elevated temperatures (i.e.. transition sions, the reader is referred to the review papers and
metals, actinides), while in the simpler metals we books cited before and to other papers on this
believe it to be a good assumption right up to the subject [17-66].
melting point.

Finally, the fact that scattering of electrons by 3. LATICE THERMAL CONDUCTIVITY
thermal vibrations is proportional to <f

2
\ enables

us to estimate the order of magnitude of point The thermal vibrations of solids contribute to
defect scattering in terms of thermal scattering at the thermal conductivity. In insulators this is the

I1 ---------------------
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only mechanism of heat transport except at elevated the theory of the specific heat are usually not too
temperatures. The theory as it applies to insulators is important.
described in somewhat greater detail in Volume 2. In a perfectly periodic crystal which also obeys
The lattice thermal conductivity of metals is governed perfectly the laws of linear elasticity or Hooke's law
by the same theoretical considerations, but a number (i.e., all restoring forces are linear functions of rela-
of cases which occur in insulators are not relevant to tive displacements, the elastic energy is a quadratic
metals, so that the present discussion is not as function of relative displacements), each elastic wave

comprehensive. General reviews of lattice thermal is completely independent of all other elastic waves
conductivity are given in references (1-4]. Individual and maintains forever whatever energy it possesses.
research papers on the theory of lattice thermal Such a crystal could carry a heat current or net
conductivity include (67-132). flow of elastic energy without a driving force, and

The thermal vibrations of a perfect crystal are would thus have an infinite thermal conductivity.
described in terms of lattice waves which occupy a Real crystals, by virtue of structural defects and
spectrum of frequencies from the lowest frequencies deviations from linear elasticity, have lattice waves
to some upper limit, v,, of the order of 1011 Hz. At which continuously interchange energy with each
low frequencies these waves are identical to the other, so that each lat-ice wave has a finite mean free
elastic waves in the corresponding elastic continuum; path. From equation (I), generalized to take account
at the higher frequencies the atomic structure of the of the fact that this mean free path I(v) is generally a
crystal lattice leads to dispersion effects. The function of the frequency of the lattihc vave, v, the
corresponding wavelengths range from long waves lattice thermal conductivity becomes
down to waves of length comparable to the inter-
atomic distances. I f Q")

These waves are randomly excited in thermal 3 3 J
equilibrium and the energy content of the solid is
given in terms of the laws of statistical mechanics. where , = dv/d(l/A) is the group velocity of the
The specific heat of solids varies as T' at the lowest waves, and C() is the spectral specific heat, given
temperature, and is independent of temperature in approximately by (20).
the high- temperature regime (T > 0, where =hO j) The lattice thermal conductivity is thus governed

The spectral distribution of the specific heat per unit by the mean free path of the lattice waves, in an
volume as given, to a first approximation. by the analogous manner to tne electronic conduction
Debye theory, is of the form properties which are governed by the electron mean

ST3 x 4eC free path.
C(P)dv = 9NK-- .... dx (20) Each individual wave can be regarded as a

\ ,(u--1) normal mode (or almost normal mode, if I is finite)

where x = hv/KT is a reduced frequency and N the of the crystal, and obeys the dynamical equations of a
number of atoms per unit volume. This holds for harmonic oscillator. According to the laws of
v < v,,; for P > ;, C(v) = 0. quantum mechanics, the energy of each oscillator

The Debyc approximation disregards the disper- is not continuously variable, but an integral number
sion of the high-frequency lattice waves, disregards of quanta, each ofenergy hv. In fact, this was included
differences of polarization of different lattice waves, in the statistical mechanics leading to (20). Each
and smears out the crystal structure of the solid, quantum of energy is called a phonon, and each
The only concession to the discreteness of the lattice lattice wave contains an integral number of such
is the choice of the cutoff frequency v,, or the phonons. By focusing attention on the phonons, as
corresponding minimum wavelength A.. = ,,, where if they were particles, one can describe the thermal
v is some average sound velocity. It is chosen so that energy of vibration of a crystal as a gas of phonons,
the total number of waves corresponds to the and use the concepts of !he kinetic theory of gases.
correct number of normal modes (3N) which this This description is completely equivalent to the
assembly of N atoms ought to have. description in terms of lattice waves, and also leads

In spite of the obvious inadequacy of the Debye to (21): it has certain advantages of ease of con-
approximation, it is frequently chosen as the basis ceptualizati on, particularly when we talk of the
of discussing thermal conductivity, because the processes of energy interchange between different
inadequacy of that theory is such that small errors in waves, which can be regarded as scattering of

f- -
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phonons from one wave into another, or the breaking In detail, however, the theory is quite compli-
up of a phonon into other phonons, etc. The final cated, involving not only the strength of the anhar-
results are equivalent, and the phonon mean free monic interaction y, which cannot be estimated
path 1(v) can be defined in an equivalent manner, with accuracy, but also the detailed crystal structure.
We shall use either description according to con- (An elastic continuum would not have a thermal
venience. resistivity.) Nevertheless, rough estimates have been

At elevated temperatures in good crystals, the made [3, 79 and the intrinsic thermal resistivity of
principal process limiting the mean free path is the the lattice component is of the form
interchange of energy, or scattering of phonons, due
to departures from Hooke's law. A local strainc ( 3 A T
introduces a fractional change in local sound velocity Wu U (24)
of ye, where the coefficient y, a measure of the Ma 0'
anharmonicity, is of order unity (frequently y = 2).
At high temperatures the thermal strain at neighbor- where M4 is the atomic mass and a 3 the atomic
ing atomic sites is almost uncorrelated, and scattering volume. The numerical coefficient U, typically of
is proportional to K'2 > and, in turn, proportional to order I/3, is somewhat uncertain, and depends on
T. Thus the intrinsic mean free path varies as the details of the crystal structure. The major factor

controlling the intrinsic lattice conductivity, however,
1, o. I/T (22) is the Debyc temperature. Solids of high 0 will

analogously to the similar variation of the electron generally have higher valties of k,.
mean free path [see equation (17)]. This has been The subscript U staods for Urnklapp, or flip-
pointed out by Debye [67]. over; in Peierls' theory the resistive processes areThere is an important di[7 erence, however, processes in which the phonon interaction is com-

bined with a Bragg reflection of the lattice wave, orThe electrons contributing to the conductivity all Ainedppiprocesses. ee are distic fromthe
have a short wavelength, but the lattice waves have a nml processes, phoso incto wh
continuous spectrum of wavelengths. A perturbed enali rmle quilir, ton otatoic ite acin asan ndeenentscaterng help establish thermal equilibrium, but do not I
atomic site, acting as an independent scattering change the net energy flow associated with the 1
source, would scatter long-wave lattice waves very
weakly, and 1(v) would increase so rapidly with phonon gas. The need to distinguish between these

decreasing s that the thermal conductivity integral, processes and their different role in producing

equation (21), would diverge at the low-frequency thermal resistivity adds further complexity to the

limit. In fact this model would lead to 1(v) oc I/v, theory, particularly at intermediate teperaturcb,
and since C(v) C 2 at lowest frequencies see and makes detailed numerical predictions very

equation (20)], one can readily appreciate the difficult.

divergence difficulty. This simple model is thus At low temperatures the thermal resistivity
inadequate at low frequencies. To avoid this diffi- decreases exponentially according to WL, X e- O ' ,

culty, PeierlIs [681 set up a theory of the anharmonic where b iz a numerical constant, which also dependsinteraction between lattice waves, which is the basis sensitively on the crystal structure and the dispersion
of all subsequent theoretical work. The theory of the high-frequency lattice waves. This exponential
roalsbsheque theoirtil wo. ther thor temperature variation has been observed in perfect

resovesthethemalvibatios ito hei prper insulators, but in many insulators it is overshadowed
spectral components of lattice waves, and treats in
detail the interchange of energy between groups of by the thermal resistance which arises from the
three lattice waves, or breaking up of one phonon scattering of lattice waves by various defects.into two other phonons (or vice versa), satisfying In metals, however, another resistive processcertain interference conditions between the fre- usually dominates at low temperatures: scatteringquencies and condans waveenthe fe- of the lattice waves or phonons by the free electrons.The theory l the direction and wavelengths involved. This is of course the very same process as the scatter-to leads, with some approximation, to a ing of conduction electrons by lattice waves or
variation vso

thermal vibrations which had been invoked earlier
1/1, oc 0 T (23) to limit the electronic conduction properties and

which gave rise to pi(T) and W,(T). These inter-
and avoids the divergence difficulties [3]. actions limit the phonon mean free path; the corre-

___
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sponding reciprocal mean free path for phonon- alloys has been given by Lindenfeld and Pennebaker

electron scattering [105].
Finally we must consider the scattering of

.i'Ipe(p) C (25) lattice waves by crystal defects or imperfections.

must be added to the other scattering processes As a rough rule we can state that extended
according to equation (3) to obtain !(v) of equation defects contribute to the lattice thermal resistivity,
(21). Ilk,, most importantly at lowest temperatures (long

The result of this scattering mechanism is that waves), while point defects make their most impor-
k. of metals is lower than k, of insulating crystals of tant contribution to Il/k, at intermediate tempera-
the samc elastic properties, particularly at low tures (at temperatures at or above the maximum

- temperatures, where k, ac T2. At high temperatures, in k,).
however, anharmonic resistive processes dominate, At low temperatures the frequency dependence
and k, tends to equal 1/WV and thus varies as lT. of the phonon mean free path is reflected in the
The lattice conductivity will thus have some maxi- temperature dependence of the lattice conductivity.
mum value at intermediate temperatures. This This is readily seen from equation (21), using
imaximum value is usually considerably smaller than expression (20) for C(v). If l(v) c v ac T-'x - n,

that of' insulating crystals, and also smaller than k,
of most pure metals. Typical values of k, at its k, x T3-" (27)
maximum (which may lie between 20 and 50 K)
would not exceed 0.5 W cm -1 K - 1, while k, of One can show (e.g., reference [3]) that the frequency
metals and k. of insulators may peak at values dependence of 1(v) depends on the geometry of the
ranging from tens to hundreds of watt-units, imperfections. For point defects n = 4, for line

Equation (25) was based on the assumption defects n = 3, and for sheets n = 2. Dislocations
that the electrons have such a long mean free path have a long-range strain field which is responsible
that the lattice wave can interact with individual for most of the scattering; for dislocations n = 1.
electrons. If ' is the electron mean free path, this is The additional scattering by the core has a frequency
equivalent to requiring that dependence n = 3, but it is only a mninor component.

P > A(26) At lowest temperatures dislocations are generally1' > , (26) the most important imperfections scattering phonons.

where A is the wavelength of the lattice wave (or Since the frequency dependence is the same as that
phonon). In alloys, where 1' is finite, this relation for scattering by electrons, these two resistive
breaks down for sufficiently long waves, i.e., at processes are additive, so that
sufficiently low temperatures. With I' typically i00a
for I percent impurity and A = J a(9/T) for the I--= W, W ,,,t + Wda cc T - 2  (28)
important thermal waves, where a3 is the atomic k,
volume, equation (26) is barely satisfied at liquid
helium temperatures for a 1 percent alloy (a typical where W,, is the lattice resistivity due to electrons,
minimum concentration at which k, can still be and W,, is that due to dislocations. Typically, Wd
separated from k and studied). becomes comparable to W,, for dislocation densities

In the opposite extreme (' ,< A), the lattice of the order of 1010 per cm'. The lattice thermal
wave no longer interacts with individual electrons, conductivity of alloys is thus sensitive to the state
but with the electron gas as a whole [83]. The of cold work, even though cold work in alloys pro-
scattering is no longer given by equation (25), but duces only small fractional changes in Po and thus
reduced by a factor of order (1'/,), so that I/!p,(&) c v2 only small changes in k,.
and k, c T instead of T2, and appropriately in- Relation (27) does not hold, strictly speaking,
creased. This changed temperature dependence is for point defects, where n = 4, for if I cc I/v the

clearly seen in concentrated alloys of p0 > 10 ,I2Q cm. integral (21) diverges at low frequencies, though the
But even in more dilute alloys the effect is partially resulting resistivity frequently is of the form Wv o T.
present at liquid helium temperatures and should be Point defects must always be considered in con-
more apparent at lower temperatures. A theoretical iunction with another resistive process-in con-

analysis of these intermediate situations and a com- junction with electron scattering at low temperatures,
parison with data for the lattice component of in conjunction with anharmonic interactions at high

2

Ia



IO Theory, Estimation, and Measurement

temperatures, and the corresponding integrals (21) new mechanism of heat transport, and at the same
can only be evaluated numerically, time as a resistive mechanism of electronic and

At low temperatures point defects lead to a phonon transport [185-198].
departure from k, oc T2, which becomes progressively In order for the localized magnetic moments
larger as the temperature is increased. Around the arranged in a lattice to act as a carrier of heat, the -

maximum of k, they depres:, the maximum and tend magnetic dipoles of neighboring atoms must be
to flatten the curve, and at even higher temperatures coupled together, either by direct magnetic forces,
they depress the conductivity and lead to a tempera- or by indirect effects carried by the medium of the
ture dependence slower than T-'. As a consequence free electrons. Both the electronic magnetic moments A
of the properties of equation (21), their resistivity and the nuclear magnetic moments can be involved A

effect increases more slowly than linearly with point in principle, though the latter would become
defec: concentration, and in the limit of high important only at much lower temperature. The
temperatures and high defect concentration c exchange energy is probably a rough criterion of the

upper limit of temperature at which these effects need
kec [c(I - c)]-' 2 x  (29) be considered. The rare earths, with their wide

variety of magnetic effei.ts, forni a group of materials
This is a result of the fact that in equation (21) point where magnetic effects are no doubt important, but
defect scattering lcacs the mean free path of the their thermal conductivities are not well understood
lowest frequencies essentially unchanged. at present. Ferromagnetic and nearly ferromagnetic

Qaantitative estimates of the strength of the transition metals are another group where magnetic
point defect scattering can be made in terms of the effects iuld be important. We are unable at present
difference in mass from that of a normal site and in to give a comprehensive treatment of this field
terms of the %olume misfit [3]. compactly.

Equation (29) assumes absence of any correla- The thermal conductivity of semimetals is
tion between the position of point defects. Short understood in principle, but in practice we do not
range crder can lead to different frequency depend- always have enough information to interpret it.
enccs and corresponding changes in the temperature There are two practical complications: (i) the
dependence of k, An extreme case is presented electronic and lattice components are comparable
by systematic spatial variations in the concentration, and (2) the electronic component does not follow the
such as, for example. those due to the strain field of Wiedemann-Franz-Lorenz law except at low tem-
dislocations. These impurity atmospheres lead to peratures.
scattering that simulates the scattering due to the The departure from the Wiedemann-Franz-
dislocations which control the atmospheres [129]. Lorenz law follows front the lack of degeneracy at -A

higher temperatures, i.e., the density of states, the j
4. Oelectron velocity, and the electron mean free path

.OTHER CASES vary as a function of electron energy, and the frac-
With at least two types of carriers responsible tional variation over an energy interval of the order

for heat transport. and with each of them being of ,T above and below the Fermi energy 4 is not
limited by several possible mechanisms, thermal negligible, as it is in the case of the degenerate
conductivity in metals and alloys [133-138] shows electron gas of good metals. Rules can be stated
a wide range of differing behavior, which the present concerning the departure of the Lorenz number
review cannot cover comprehensively. To add further k,IaT from L, in terms of the functional form of this
to the variety, we have to consider other mechanisms variation [1]: the trouble is that in many cases we
of heat transfer and other mechanisms of resistivity, do not have enough information about the electronic
we also have to take into account cases of non- band structure of the semimetals to benefit from these I
degeneracy of the electron gas. as are found in semi- rules. Where we have this information, as in the case
metals and semiconductors [139-158] of high carrier of graphite. we can make fairly good predictions
density. and finally we have to consider the thermal about the Lorenz number; again in the limit of low
conductivity of superconductors [159-184]. temperatures we expect the Lorenz number to tend

Cooperative effects between the magnetic mo- toward L0.
ments arranged in a regular lattice, leading to the Since in many cases we are not certain of the
concept of spin waves or magnons, can act both as a Lorenz number, we do not always know what
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fraction of the total thermal conductivity should be intrinsic or defect-induced resistance. At sufficiently
ascribed to k, and to k. low temperatures, where the latter mechanism

The same considerations apply to semiconduc- dominates, k, decreases exponentially as a function
tors. In many cases k, predominates and semi- of TIJT.
conductors should be classed as insulators for While k, is reduced. k, is often increased in the
purposes of thermal conductivity. There are, how- superconducting state, because one mechanism of
ever, a few cases where k, is not negligible at higher lattice thermal resistance, the scattering of phonons
temperatures. Since in the case of intrinsic semi- by electrons, is reduced. Well below the transition
conductors the Lorenz number can exceed Lo by a temperature, k, would be similar in character to k,
substantial fraction, of order (GiK') 2 /12, where G is of a dielectric solid of corresponding mechanical
the band gap energy, the Wiedemann-Franz- properties, and be controlled by external boundaries,
Lorenz law is not always a reliable guide in estimating by lattice imperfections, and, in the case of poly-
the magnitude of ke. When G/KT is large, i and ke crystalline aggregates. by the grain size.
are in any case small, but for intermediate values In the case of pure superconductors, the total
this enhancement of the Lorenz number, also known thermal conductivity k, decreases below k,, joining
as ambipolar diffusion, can be significant [I]. k, at T,; with decreasing temperature it first falls

It remains to consider the thermal con- rapidly, reaches a minimum (when k,, becomes
ductihity of superconductors. Below the transition appreciable). and then increases again. In that region
temperature T , a fraction of the conduction electrons it is ,cry structurc sensitive. Finally k, reaches a
rearrange themselves into an ordered state, of zero maximum, and decreases again with decreasing
entropy, which can carry current without electrical temperature. At this lowest temperature k, should
resistance, and also exhibits special magnetic depend on external or grain size, and may also be
properties. This phenomenon of superconductivity influenced by dislocations.
can be quenched by a magnetic field; in many cases klany superconductors form an intimate mixture
the required critical field is quite moderate. It is thus of normal and superconducting regions, either for
possible to measure the thermal conductivity below geometric reasons or because (in superconductors
To, nut only in the superconducting, but also in the of the second kind) such a mixed state is inherently
normal state. more stable. The phase boundaries will then also

In the superconducting state, the electronic act to limit the carrier mean free paths, and rather
component ke is reduced. The ratio Aj/k,, is a complex dependences on the history of the specimen
function of 7'T,; near T, it also depends on the may ensue. These phenomena are at present only
degree to which W,, = IJk , is composed of partly understood.



Experimental Determination of
Thermal Conductivity

heater in the center. The heat supplied by the internal
1. INTRODUCTION heat , passes through the specimen in a radial

In the experimental determination of the direction without loss. However, in reality it is very
thermal conductivity 6f solids, a number of different difficult to fabricate a spherical heater which pro-
methods of measurement are required for different duces uniform heat flux in all radial directions.
ranges of temperature and for various classes of It is also difficult to fabricate spherical specimens
materials having different ranges of thermal con- and to measure the heat input and the temperature
ductivity values. A particular method may thus be gradient in this experimental arrangement.
preferable over the others for a gisen material and A more commonly used method of controlling
temperature range, and no one method is suitable for heat flow in the prescribed direction is the use of
all the required conditions of measurement. The guard heaters (combined with thermal insulation in
appropriateness of a method is further determined most cases) so adjusted that the temperature
by such considerations as the physical nature of the gradient is zero in all directions except in the direction
material, the geometry of sar.'ples available, the of desired heat flow. In most methods of measuring
required accuracy of results, the speed of operation, thermal conductivity, a cylindrical specimen geo-
and the time and funds entailed. metr' ranging from long rod to short disk is utilized,

The various methods for the measurement of and the heat flow is controlled to be in either the
thermal conductivity fall into two categories: the longitudinal (axial) or the radial direction. Thus,
steady-state and the nonsteady-slate methods. In the most methods can be subdivided into longitudinal
steady-state methods of measurement, the test and radial heat flow methods, as discussed in more
specimen is subjected to a temperature profile which detail later.
is time invariant, and the thermal conductivity is Experimental study of the thermal conductivity
determined directly by measuring the rate of heat of solids was started in the eighteenth century.
flow per unit area and temperature gradient after Benjamin Franklin [199] seems first to have pointed
equilibrium has been reached. In the nonsteady-state out, in 1753, the different ability of different materials
methods, the temperature distribution in the specimen "to receive and convey away the heat." He observed
varies with time, and measurement of the rate of materials such as metal and wood to be good or
temperature change, which normally determines the poor conductors of heat by the degree of coldness
thermal diffusivity. replaces the measurement of the felt when touched. Fordyce [200] pioneered in 1787
rate of heat flow. The thermal conductivity is then with experiments on the "conducting powers" of
calculated from the thermal diffusivity with a further pasteboard and iron. The first steady-state corn-
knowledge of the density and specific heat of the parative method for the measurement of the thermal
test material. conductivity of solids was suggested by Franklin

The primary concern in most methods of and carried out by lngcn-Hausz as reprted in 1789
measurement is to obtain a controlled heat flow in a [201]. This method was improved by Despretz as
prescribed direction such that the actual boundary reported in 1822 [202]. and Despretz's method was
conditions in the experiment agree with those later used by Wiedemann and Franz as reported in
assumed in the theory. Ther -(,:ally, the simplest 1853 (17] to determine the relative thermal con-
method to obtain a controlled heat flow is to use a ductivity of a number of metals, leading to the
specimen in the form of a hollow sphere with a postulation of the WiedemannFranz law. Since the

t 133

Kb



14& Theory, Estimation, and Measurement

first steady-state absolute method was reported in the moving heat source method, and two compara- I
1851 by Forbes (203, 204] (see also (205, 206]) and tive methods.
the first nonsteady-state absolute method was It is worth noting that some of the methods
reported in 1861 by Angstrom [2071, a number of discussed below are not suitable for good conductors.
differc t methods and their variants have been They may be suitable for poor conductors such as
developed over the years. Several general surveys semiconductors and some for materials such as
[208-218] are available for the experimental develop- metallic powders and insulators.
ments of the methods. The mathematical theories
of the methods have been reviewed in several books A
(219-223]. 2. STEADY-STATE METHODS A

In the sections that follow, the major methods
and the extent of their applicability will be briefly A. Longitudinal Heat Flow Method A

described and discussed. For finer details of In the longitudinal heat flow methods, the

experimental designs and techniques, the reader experimental arrangement is so designed that the
is referred to the references given to the individual flow of heat is only in the axial direction of a rod

methods. (or disk) specimen. The radial heat loss or gain of the

In the category of steady-state methods, we will specimen is prevented or minimized and evaluated.
discuss the longitudinal heat flow method. the Under steady-state conditions and assuming no
Forbes' bar method (which is a quasi-longitudinal radial heat loss or gain, the thermal conductivity is
heat flow method), the radial heat flow method, the determined by the following expression from the
direct electrical heating method, the thermoelectrical one-dimensional Fourier-Biot heat-conduction equa-

method, and the thermal comparator method. In the tion (224, 225]: A

longitudinal and radial heat flow methods, a distinc- - ql(30)
tion is made between absolute and comparative k = A

methods according to the means of measuring the I
heat flow. In an absolute method, the rate of heat where k is the average thermal conductivity corres-
flow into a specimen is directly determined, usually panding to the temperature()(T +T 2),AT = T2-T1,
by measuring the electrical power input to a heater q is the rate of heat flow, A is the cross-sectional area
at one end of the specimen. The rate of heat flow out of the specimen, and Ax is the distance between
of a specimen may be measured with a flow calo- points of temperature measurements for T, and T2 .

rimeter or boil-off calorimeter. With the latter the The different variants of this method are discussed
rate of heat flow is determined by the boil-off rate of separately below.
liquid, such as xsater. of known heat of vaporization,
while with the former it is determined by the flow a. Absolute Methods
rate and tcnpcrature rise of a circulating liquid, (i) Rod Method. This method is suitable for
such as water, of known heat capacity. In a com- good conductors and for all temperatures except
parative method, the rate of heat flow is usually for very high temperatures. In fact, this method has
calculated front the temperature gradient oser a been used for almost all measurements below room
reference sample of known thermal conductivity, temperature. The specimen used is in the form of a
which is placed in series with the specimen and in relatively long rod so as to produce an appreciable
uhich, hopefully, the same heat flow occurs. The temperature drop along the specimen for precise
methods are further subdivided according to the measurement. A source of heat at a constant tem-
various specimen geometries. perature is supplied at one end of the rod and flows

- In the category of nonsteady-state methods, we axially through the rod to the other end, where a
will discuss the periodic and the transient heat flow heat sink at a lower constant temperature is located.
methods. Accordirg to the direction of heat flow, The radial heat loss or gain of the rod should be
each of them is also subdivided into longitudinal and negligible. In order to calculate the thermal conduc-
radial heat flow methods. Within the transient heat tivity from equation (30), it is necessary to measure

flow methods, we will discuss also the flash method the rate of heat flow into arid/or out of the rod, the
(which is a variant of the longitudinal heat flow cross-sectional area, the temperatures of at least
method), the line heat source and probe methods two points along the rod, and the distance between
(which are variants of the radial heat flow method), points of temperature measurements.

_ _ _ _I__
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= For measurements at cryogenic temperatures, have been analyzed by Bauerle [251].
radial heat loss does not constitute a serious problem, A variation of this method has been used (252- 4
and thermal insulation and guard heaters are nor- 254] in which the specimen heater is located in a
mally not necessary. The measurement is usually cavity at the center of the rod specimen and a heat
-made under high vacuum to prevent gas conduction sink is at each end. A mean value of the temperature
and convection, and a radiation shield surrounding gradient established towards the two ends is used A

the specimen may be used to minimize radiation for the thermal conductivity calculation.
- losses. The heat issupplied to one end of thespecimen

by a heating coil of fine resistance wire (which may (ii) Plate(or Disk) Method.This method issuitable A
be wound directly onto the specimen to eliminate for poor conductors such as semiconductors and for
contact resistance between heater rnd specimen) or low-conductivity materials such as compacted metal-
by a carbon resistor attached to the end. The tem- lic powders and insulators. It is similar to the rod
peratures may be measured by gas thermometers, method except for the specimen length to width
vapor-prcssure thermometers, thermocouples, re- ratio being greatly reduced to a small fraction. This
sistance thermometers, or magnetic-susceptibility specimen geometry is favorable for measuring poor
thermometers. General reviewsofthelow-temperature conductors, because, the smaller the length to width
measurements and experimental techniques have ratio, the smaller is the ratio of lateral heat losses to
been presented by White [7"6. 227]. For details of the heat flow through the specimen, and the shorter
some of the useful low-tem, .rature apparatus the is the equilibrium time. The size of specimen used in
reader may consult references (228-239]. various apparatus designed for different kinds of

For measurements at high temperatures, heat materials varies greatly. For apparatus designed to
loss becomes a serious problem because radiant measure semiconductors, the specimen used may be
heat transfer increases rapidly with temperature. about 1-cm wide [255), while the apparatus for
To prevent radial heat losses, a guard tube surround- measuring less homogeneous insulating or refractory
ing the specimen with controlled guard heaters may materials may require a specimen of over I foot in
be utilized. Insulating powder is usually used to fill width (256].
the space between the rod specimen and the guard In this method, the thermal conductivity is also
tube, which should have the same temperature given by equation (30). The rate of heat flow may be
distribution along it as does the rod specimen. determined by the electrical power input to a guarded
In fact, as early as 1887, Berget (240, 2411 started the heater [256-258]. by a guarded water-flow calori-
ise of a guard ring surrounding (and with the same meter (259], by a boil-off calorimeter [260-263), or
temperature distribution as) the specimen to prevent by a heat flow meter [264]. Temperature measure- A
heat losses. ments are made generally with thermocouples

The rate of heat flow into the specimen may be inserted in the specimen or embedded in grooves on
determined by measuring the power input to a the specimen surfaces, depending on the materials
guarded electrical heater at the free end of the rod tested. Lateral heat losses may be prevented either
specimen 1242 -244]. or by measuring the heat flow by utilizing guard heaters or by using a large speci-
out of the specimen with a water-flow calorimeter at men, of which only a relatively small central area is
the low temperature end [245], or by both [246-248]. used for measurement. In the first detailed mathe-
Temperature measurements are made usually with matical analysis of the plate method reported in
thermocouples. In order to get correct temperature 1898, Peirce and Willson [265] found already that.
measurements and to minimize heat conduction if the radius of the specimen is five times larger than
along thermocouple leads, the thermocouples should that of the central test section whose thickness equals
be made of fine wires of low-conductivity alloys, its radius, the temperature at any point within the
and the leads from the junction should be along central test section would not sensibly differ from the
isothermal lines, temperature at the corresponding point in an infinite I

This method, as used for measurements at high disk of the same thickness and same face tempera-
temperatures, has been comprehensively reviewed turcs. Further mathematical analyses of the errors

and discussed by Laubitz (249] and Flynn (250]. due to lateral heat loss in guarded hot plate apparatus
Systematic errors in measurements caused by the have been given in [266-268].
effects of heat losses, thermal contact resistance, Detailed descriptions of recent apparatus for
poor thermocouple contacts, and temperature drift measurementi at cryogenic temperatures can be
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found in the articles collected in [269], and for (or samples) of known thermal conductivity is
measurements at high temperatures in [2701. A placed in series with the unknown specimen with
comprehensive review of the plate method has been hopefully the same rate of heat flow through both
given in [271]. A description of the NBS steam the reference sample and the specimen. Under such
calorimeter apparatus and some useful discussions ideal conditions, the thermal conductivity of the
on this method have also been given in [250]. specimen is given by

There are two main kinds *)f experimental A,(AT/Ax),
arrangements for the absolute plztz (or disk) method: k = k (31)
the single-plate system and the twin-plate system. A(A T/Ax)

The single-plate system [255, 258-265] requires only where the subscript r designates the reference sample.
one specimen, which is placed between a hot plate This method may be divided into two distinct

and a cold plate, while the twin-plate system [256, groups: the "long-specimen" type [276, 278, 279]

257] requires two similar specimens to be sand- for measuring the thermal conductivity of good
wiched between a hot plate in the middle and two conductors, and the "short specimen" type [275,

cold plates on the outside. The plate method employ- 277, 280-283] for measuring poor conductors.
ing the single-plate system was probably first used Comparative methods have the advantages of

by Clement, whose experiment on copper was simpler apparatus, easier specimen fabrication, and

cited by Peclet [272] in 1841. Peclet also used this easier operation. Their disadvantages include addi-

method to measure the thermal conductivity of tional measurement errors due to the required

copper, and both of them obtained erroneous results. additional measurements of temperatures and ther-
Later improvements on this method have been made mocouple separations, difficulty in matched guarding,
by Peirce and Willson [265] and Lees [273] among and lower accuracy due to the additional uncertainty
others. The idea of a twin-plate system was developed in the conductivity of the reference sample, due to

by Lees [273] in 1898. but he did not actually adopt the conductivity mismatch between specimen and

the twin-plate system for his plate method in the reference sample, and due to the interfacial thermal

series of measurements as reported in [273]. How- contact resistance. These have been carefully analyzed
ev-r, he used the twin-plate systcm in his experiments by Laubitz [249] and Flynn [250]. Flynn [250] has
on the effect of pressure on thermal conductivity pointed out that the ASTM standard cut-har method
reported in 1899 [274]. Great improvement on the C408-58 [282] is not well designed, and the data

plate method employing the twin-plate system was obtained by using this method -an be subject to
made by Poensgen (257] in 1912, who introduced !:-rgc errors,
the guard-ring heater to the system as the prototype (ii) Plate (or Disk) Method. This comparative
of the modern guarded hot-plate apparatus. method is suitable for poor conductors and insulators

and is similar to the divided-rod method in principle
b. Comparative Methods except that the specimen and the reference samples

In the earliest steady-state comparative method are inow flat plates (or disks) sandwiched between a
suggested by Franklin and carried out by Ingen- hot and a cold plate. Christiansen [284] was the first
HausL [201] as reported in 1789. rods of various to report in 1881 the use of this type of comparative
metals were coated with wax and heated at one end method in which he compared the thermal con-
to a common temperature in a bath of hot water or ductivity of liquids with that of air. Peirce and
oil. The wax melted over a greater distance on a rod Willson [265] used this method to measure the
of better conducting material, and under steady-state thermal conductivity of marble slabs with glass
conditions the ratio of the conductivities of the rods plates as reference material for comparison. Sieg
is roughly proportional to the squares of these [285J employed the guard ring in his apparatus to
distances. The modern comparative methods are prevent lateral heat loss.
divided-rod (or cut-bar) method and the comparative
plate method as discussed below.

In using a "combined" method, the apparatus
(i) Diided-Rod(orCut-Bar)mnethod.Thedivided- combines the features of both absolute and corn-

rod method was originated by L.odgt "51 in 1878 parative methods. The late of heat flow is deter-
and later used by Berget 1276]. Lc,:, 12771, and mined both through a reference sample placed in
many others, In this method a reference sample series with the specimen and simultaneously by a

A
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water-flow calorimeter [286-288] or by measuring review Laubitz (249] has discussed in detail the
the electrical power input to a heater [289]. In the generalized Forbes' bar method, including the other
measurements reported in (289], a "dual combined" major variants currently in use [292-294].
method was employed in which a heater is located
at the center of the divided rod between two short C. Radial Heat Flow Methods

specimens with two longer reference samples at the There are several different types of apparatus
two ends which are cooled by flowing water. all employing radial heat flow. The classification is

mainly based upon specimen geometry. In the follow-
B. Forbes' Bar Method ing we will briefly describe the cylindrical, spherical,

Forbes' original method [203-206] consists of ellipsoidal,concentric sphere, concentric cylinder, and
two separate experiments. The first was termed by plate methods. The reader is referred to the references
Forbes the statical, and the second the dynamical, given for the individual methods for finer details.
or cooling experiment. In the stati,al experiment a A comprehensive review of radial heat flow methods
square wrought iron bar with 1.25-inch side and has been made by McElroy and Moore (295).
8 feet long was heated at one end by molten lead or
solder at a fixed high temperature, and the steady- a. Absolute Methods

state temperature distribution along the bar x.,as (i) Cylindrical Method. The cylindrical method
determined with the surface of the bar losing heat by uses a specimen in the form of a right circular

convection and radiation to a constant-temperature cylinder with a coaxial central hole, which contains
environment. In the dynamical or cooling experiment, either a heater or a heat sink, depending on whether
a similar bar but only about 20 inches long was the desired heat flow direction is to be radially
cooled in the same environment from a high uniform outward or inward. The use of this method was

temperature, and the rate of heat loss was deter- first reported by Callendar and Nicolson (296] in

mined. From these two experiments, the thermal 1897 for measuring the thermal conductivity of cast

conductivity may be computed as follows, iron and mild steel. The cylindrical specimens used

Replacing Ax/AT in equation (30) ny dx/dlT, were 5 inches in diameter and 2 feet long with I-inch
differentiating the resulting equation with re .ect to coaxial holes heated by steam under pressure. The

x. and rearranging gives outside of the cylinder was cooled by water circulating

I dq I rapidly in a sria; t'be. Niven [2971 in 1905 also

k (32) used the radial heat flo%% method for measurements
A thd I.V2  on wood, sand, and sawdus:. His method is close to

The statical experiment provides values for the so-called hot-wire method developed by Andrews
d2 T/dx2, and the heat losA per unit time per unit [298) in 1840 and Schleiermacher [2991 in 1888 for
length of the bar in the cooling experiment is measurements on gases. Kannuluik and Martin [300]

dq dT used the hot-wire method for measurements on

-- AC--- (33) powders as well as on gases.
dv di In the early experiments and also in many later

where dT/dt is the measured cooling rate and C the designs [301-304], end guards are not employed.
specific heat per unit volume. The effect of heat losses from the ends of the specimen

Hogan and Sawyer [290] have improved this is minimized by using a long specimen and monitor-
method so that it is not necessary to know the ing the electric power within only a small section of
specific heat of the material. They used a thin long the specimen away from the ends.
rod enclosed in an isothermal furnace. Radial heat The guarded cylindrical method employing end
loss from the specimen was determined by passing guards at both ends of the specimen to prevent
an electric current through the specimen and measur- axial heat losses was developed by Powell [305] and
ing the electric power required to maintain it at a first repotted in 1939 for measurements on Armco
temperature slightly above that of the furnace. This iron at high temperatures. In the guarded cylindrical
replaces Forbes' cooling experiment, and it is riot method the specime.i is generally composed of
necessary to know the specific heat since a steady- stacked disks with a coaxial central hole containing
state condition is prevailing, either a heater or a heat sink. Temperatures within

Hogan and Sawyer's method was further the specimen are measured either by thermocouples
improved by Laubitz [291]. In his comprehensive or by an optical pyrometer. For details of some of
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the useful apparatus employing the guarded cylin- the isothermal surfaces near the p'ane of the minor
drical method, the reader may consult references axes of an ellipsoid are rather flat so that straight
[295, 305-310]. thermocouple wires can be used without ill effect.

The thermal conductivity is calculated from the If a is halr the focal length of the ellipsoid and T
expression and T2 are temperatures measured at respectively

q ln(r2/rl) two radii r, and r2 on the minor axis, the thermal
k 2-1(T, - T2) (34) conductivity is determined by the expression

where I is the length of the central heater and T, k q 

and T2 are temperatures measured at radii r, and r2, 8-a(T - T2)
respectively. ( +ra2)-a V(a + r 2) + a

Hoch et al. [311 ] have developed a quasi-radial xin 2 r2
2)- a 2-2a - (36)

heat flow method in which the specimen in the form + r ) + a ./(a2 + r,2)
of a disk or short cylinder is heated at its convex Despite the aforementioned advantage, the ellip-
cylindrical surface in high vacuum by means of soidal method is also rarely used due to the other
high frequency induction and is losing heat from its experimental difficulties common to both the
flat circular end faces by radiation. In this method ellipsoidal and spherical methods.
the inward flow of heat from the cylindrical surface, (iii) Concentric Sphere and Concentric Cylinder
at which the generation of heat is localized, into the Methods. Concentric sphere and concentric cylinder
interior of the specimen is, of course, not strictly methods are used mainly for measurements on
radial, and the temperature gradient of the flat powders, fibers, and other loose-filled materials.
circular end faces along the radius is related to the The specimen is filled in the space between two
thermal conductivity. The theory of this method has concentric spherical (or cylindrical) shells, with the
recently been revised by J. Vardi and R. Lemlich inner sphere (or cylinder) being a heater or a heat
(to be published in the Journal of Applicd Physics in sink. In a concentric cylinder apparatus, end guards
1970). are usually used to prevent axial heat flow.

(ii) Spherical and Ellipsoidal Methods. In a spheri- A concentric sphere method was first used by
cal method, the heater is completely enclosed inside PNclet [316] and reported in 1860 with the inner
the specimen which is in the form of a hollow sphere. sphere filled with hot water as heater. However, a
The heat supplied by the internal heater passes steady-state condition was not achieved in his
through the specimen radially without loss. Theo- pioneering measurements. Later Nusselt [317] suc-
retically, this method is ideal. However, there are a ceeded in using this method for measurements on
number of practical difficulties such as difficult insulating materials with an electric heater installed
fabrication of a spherical heater which produces inside the inner spherical shell. A modern apparatus
uniform heat flux in all radial directions, difficult using a boil-off calorimeter in the inner sphere was
fabrication of spherical specimens, difficult position- described in [318].
ing of thermocouples along spherical isotherms, etc., A concentric cylinder method was used by
which have prevented this method from being Stefan [319] and reported in 1872 for the measure-
popular. Laws, Bishop, and MeJunkin [312] seem ments on gases. It was later adopted for measuring
the first to have used this method on solids (not loose- loose-filled materials. Reference [3201 describes a
filled materials). A detailed description of a modern modern apparatus employing a guarded boil-off cal-
design may be found in [301]. The thermal con- orimeter inside the inner cylinder. Recently, Flynn
ductivity is calculated from the expression and Watson [321] used a concentric cylinder method

to measure the high-temperature thermal conduc-
q(l/r 1 - l/r2) tivity of soil.

(35) (iv) de Senarmont's Plate Method. de Strnarmont(322-326] in 1847-48 used a radial heat flow plate
The ellipsoidal method is similar to, but has method to determine the anisotropy in thermal

some advantages over, the spherical method. It was conductivity of crystalline substances. However, this
developed by a group of researchers at MIT [313- method does not yield absolute values of thermal
315], The major advantage of using a specimen in conductivity, and furthermore, the axial heat loss
the form of an ellipsoid instead of a sphere is that is not prevented.

O
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In his method, a thin plate of the sample was T. and T4 in the reference sample, at r, and r4 ,

coated with a thin film of white wax; heat was applied respectively.
at a central point by means of a hot, thin silver tube
tightly fitted in a hole at the center of the plate. (ii) Disk Method. Robinson [331] developed a
The wax melted around the region where heat was method, which he termed the "conductive-disk
supplied and the bounding line of the melted wax method,"forcomparativermeasurementsoninsulators.
was the visible isotherm, the shape of which indicated This method employs inward radial heat flow from
the variation of thermal conductivity in the different a heater at the circular edge of a disk of suitable
directions. conductive reference material sandwiched between

If the substance is isotropic, the bounding curve two like specimens, which are in turn sandwiched
of the melted wax is a circle, whereas for aniso- between two circular cold plates at a constant lower
tropic substances, this curve is elliptical. In such a temperature. However, the heat flow in this case is
case, the ratio of the two thermal conductivities ka not strictly radial, since, as the heat flows radially
and kb along the two axes a and b of the ellipse is in the conductive disk toward the center, it flows
given by the expression also from the disk through the specimens to the

Icold plates. As a result, the steady-state temperature
- (37) of the disk decreases toward its center, and the rate

kb of decrease depends on the thermal conductivity of
Powell [327] has modified the method in his the specimens. Robinson obtained an expression for

calculating the thermal conductivity of the specimenssimple test for anisotropic: materials. In testing frmtekonhralcduivyadtikesfrom the known thermal conductivity and thickness
gallium, he cooled a slice of crystal locally by means
of a piece of solid carbon dioxide and observed the ofthediskandfromthetemperaturesofthecoldplatesontoursec of theide abndifrot aa w ored and of the disk at its center and at a suitable radius.contours of the dew and frost areas which formed

around the cooled zone. For testing graphite, he
followed de S~narmont's original method but the D. Direct Electrical Heating Methods
surface of the plate used was covered with frost by In direct electrical heating methods, the speci-
precooling instead of being coated with wax. men is heated directly by passing an electric current

b'. Conparati'e Meulhods through it. These methods are therefore limited to
measurements on reasonably good electrical con-

(i) Concentric Cylinder Method. This method has ductors. Furthermore, they usually yield thermal
been used for measurements on some special materials conductivity in terms of electrical conductivity
such as those that are radioactive or reactive [328-- rather than directly. However, direct electrical
330] and not for ordinary materials, because it does heating methods have also certain advantages over
not have any major advantage over the absolute other methods. They otTer a means of easily attaining
method. A typical apparatus of this kind consists of very high temperatures, use simpler apparatus and

a cylindrical specimen which is surrounded by a experimental techniques than other methods at high
concentric cylindrical reference sample of known temperatures, use relatively small specimens, require
thermal conductivity. A coaxial central hole in the relatively short time to reach equilibrium, and also

- sp ci m n c nta ns h e t so rce w h ch rod ces o ff er th e p o ssib ility o f co n curren t d eterm in atio n s o f

heat flowing radially through both the specimen and a number of physical properties on the same
the reference sample. The advantage of using this specimen. According to specimen geometry, these

,ietl" for measuring radioactive or reactive methods fall into two major categaries: cylindrical
mater.. 's is that the reference sample which encloses rod and rectangular bar. They will be briefly dis-
the specimen serves also as a means of containment, cussed below. Comprehensive reviews [332-334] on
The thermal conductivity is determined from the direct electrical heating methods are available.

expression The thermoelectrical method to be discussed
k,(_a= 7") Inrz.rl)later involves also the direct passage of an electric

Tk -T T 4) ln(r2/r2 ) (.38) current through the specimen. However, in that
( T, - T2 ) ln(r41 r3) method the specimen is heated (and cooled) by the

where T, and T2 are two temperatures measured in Peltier effect which is totally diffe rent from the
the specimen at two radii r, and r2, respectively, and Joulean heating responsible for maintaining the

, ,
, I
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specimen temperature in the direct electrical heating the thermal conductivity is given by the simple
methods discussed here, It is therefore preferable to relation 7,
discuss the thermoelectrical method separately in El
another section. k = (40)4ir 1( T, - T2)
a. Cylindrical Rod Methods where I is the electric current, E it the electricalThe direct electrical heating methods in thiste direct eolvectri heating mentheods in t potential drop over a length I at the central region
category involve heating specimens in the form of oftescmnndTadT 2 reheeprtusof the specimen, and T, and T2 are the temperatures
rods, thin wires, or tubes by the passage of regulated aat the axis and surface, respectively, of the rod at the
electric current, and measuring potential drops and central region. These temperatures were too smalltemperatures for the calculation of thermal con-tempertus ffor precise measurements on metals, but Powell andSchofield (342) used it for poorer conducting carbon

There are many different techniques and variants and graphite, and they also took account of the
that have been employed over the years since v
Kohlrausch [335-338] first developed this method. variation of thermal and electrical conductivities
The different variants may be divided into three with temperature.

categories as discussed below. (iii) Thin-Rod-Approximation Method. The general
form of the present method uses a long thin filament(i) Longitudinal Heat Flow Method. In this
heated electrically in vacuum and allows both longi-raod thea lisel insouate ogulded hto tudinal heat conduction and lateral heat transfer byprevent radial heat losses so that the Joule heat
radiation. The "thin-rod approximation" involvesgenerated in th- specimen flows to the two ends. the assumption that the temperatures and potentialsThush [33i-338].sIf the o l eoerd ae Khld in all planes normal to the specimen axis are uniform,ra usch [335-338 ). If the tw o ends o f the rod are held t e r d fe e c s i h a i l d r c o r

at the same temperature and assuming that in a small i.e., their differences in thfi radial direction are
temperatu-e range the thermal and electrical con- negligible. Worthing (343] first employed this method

for measurements on U-shaped filaments at incan-
ductivitiecs are independent of temperaturet the

descent temperatures. There are many variantsth erm a l c o n d uctiv ity is give n b y th e sim p le rela tio n 3 4 58 of t i m e h d al w th o r o r es(344-358] of this method, all with more or less
I ( V, - V3)2 different experimental designs, mathematical assump-k = "(39) tions, and/or computational techniques.

8P ( T2- TI)
Taylor, Powell, and co-workers [354, 356-358] at

where p is the electrical resistivity, V, and Va are the TPRC have made improvements and advancements
electrical potentials at locations I and 3 on the on this method. They have taken the Thomson effect
specimen which are at equal and opposite distances into account, which had never been done before, and
from the midpoint 2, and T, and T2 are temperatures have included the temperature dependence of various
at locations I and 2. This method was first used for physical properties. They used the general equation
actual measurements by Jaeger and Diesselhorst directly and their advanced computational tech-
[339]. A variant of it has been used by Mikryukov niques have eliminated the need for mathematical
(332]. The so-called "necked-down-sample method" approximations and for matching certain experi-
(340] may also be considered as a longitudinal heat mental conditions.
flow method. It seems appropriate to mention the considerable

(ii) Radial Heat Flow Method. This method uses a discrepancies which have resulted from the data
thick rod or tube and allows radial heat transfer,. obtained by various workers, all of whom used
Under steady-state conditions, the Joule heat different variants of the direct electrical heating
generated in the specimen at regions remote from method. One of the most recent of the TPRC papers
the ends flows radially to the surface and is then 1358] contains an interesting graphical presentation
transferred by convection and radiation to the of all the determinations made on tungsten by these
surroundings. This method was first suggested by methods for the temperature range 1600 to 2800 K.Mendenhall and applied by Angell (341]. In the Six of the fourteen groups of workers obtained
case of a cylindrical rod specimen and assuming that results lying well above the recommended curve of
in a small temperature range the thermal and ccke- Powell, Ho, and Liley [359], and one was well below
trical conductivities are independent of temperature, it, the spread being of the order of 50 percent,

,
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80 percent, and 70 percent at 1800, 2200 and 2600 K, serious errors being associated with the method of
respectively. The other seven had results within about Vasilos and Kingery, which were not apparent for
10 percent of the recommended curve, while the substances of lower thermal conductivity. Incidently,
curve fitting the new results of [358] was some 3 to had the much simpler measurement of electrical
5 percent below the recommended curve. Earlier resistivity been also made, the unusually low resultant
reports [333, 356] had contained examples of similar Lorenz function should have provided warning that
discrepancies for other high-melting-point metals, abnormal data were being obtained. It might well be
such as molybdenum, stainless steel, and platinum, added that the inclusion of electrical resistivity
The main reasons for these differences include measurements on all possible occasions is a simple
failure to measure accurately small temperature extra measurement which also serves to provide
gradients at high temperature, failure to match very useful iniormation about the properties of tie
boundary conditions, errors resulting from simplify- material under test and its behavior on temperatare
ing mathematical approximations, and the use of cycling.
temperature regions in which the thermal conduction The foregoing example also indicates th-.t users
term is small compared with the Joulean heating and of the data tables of these volumes shoulk,, in the
radiation loss terms. absence of any analysis that has produced a curve of

These have been quoted as examples of current recommended values, tend to be critical of the values
experimental work at the TPRC, which became presented, until these are seen to be well supported
necessary because of the need to resolve some seriously by independent experiments, correlations, or by
discordant data and to gain further insight into their additional checks such as that of a reasonable
causes. The impression must not be given, however, Lorenz function.

that such discrepancies are confined to metals or to An additional outcome of the current TPRC
direct electrical heating methods. This is by no means investigation has been the development of a method
the case, and the literature of heat conduction and of equipment capable of determining a large
contains many examples of discordant results for all number of high-temperature physical properties
types of methods used. Titanium carbide, one of the [367]. Their multiple-purpose apparatus is the first
materials dealt with in Volume 2, may be mentioned. operational model that can accurately measure the
The first determinations rep jrted on titanium carbide thermal conductivity, electrical resistivity, total and
by Vasilos and Kingery [360] to high temperatures spectral hemispherical emittance, Thomson coeffi-

showed the thermal conductivity to decrease from cient, and Lorenz function on one and the same A
about 0.2 W cm - ' C - ' at 2e ' C to 0.1 W cm-' C -  specimen. This apparatus can also measure the
at 500 C and 0.04 W cm - ' C - 1 at 1000 C. Two specific heat, enthalpy, thermal diffusivity, thermal
methods had been used: the divided-rod comparative expansion, Seebeck coefficient, Peltier coefficient,
method for a cube sample up to about 800 C and an and Richardson coefficient. The merit of obtaining
ellipsoidal radial-flow method from about 500 to many different physical properties from one and the
1100 C. The former method gave results which were same specimen so as to permit meaningful quan-
greater by from 30 percent to 20 percent over their titative cross-correlations between properties need
common temperature range. In 1961 Taylor (361] not be emphasized here.
used a better-substantiated radial heat flow method

for cylindrical samples of titanium carbide, and b. Rectangular Bar Method
found t&re thermal conductivity to increase linearly This method was developed by Longmire [368]
from 0.38 W cm-' C-' at 600 C to 0.47 W cm-1 C-' and is a geometrically-deformed variant of the radial
at 1600 C. heat flow method. The specimen used is in the form

These two sets of values, differing at about of a long rectangular bar. This special specimen
1000 C by about one order of magnitude and having geometry enables all temperature measurements toS temperature coefficients of opposite sign, naturally be made on the surface of the specimen. As the

aroused interest, and subsequent contributions by specimen is heated electrically in vacuum, the heat
Laubitz [362), Hoch and Vardi [363], and Powell loss by radiation establishes a radial temperature
[364, 365) and the nonsteady-state measurements of gradient, and the temperature at the center line of
Taylor and Morreale [366] all supported the higher the wider surface of the rectangular bar will be
values of Taylor (3611. It would seeni that the higher higher than that at the center line of the narrower
thermal conductivity of titanium carbide led to surface. From measurements of these two I

M
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temperatures and the electrical conductivity and oped by H6rinckx and Monfils [379]. In this method
total hemispherical emittance of the bar, the thermal a direct electric current is passed through the
conductivity can be calculated using the equation specimen and the time dependence of the resulting
derived by Longmire. potential drop across the specimen is observed.

Longmire's method was improved by Pike and The thermal conductivity can be derived from the
Doar [369-3711 both in mathematical analysis and shape and asymptote of this potential drop versus
in experimental techniques. They further extended time curve provided that the Seebeck coefficient is
this method to the determination of anisotropy in known,
thermal conductivity.

.F. Thermal Comparator Method
E. Thermoelectrical Method The thermal comparator method was developed

The thermoelectrical method was developed by by Powell [380-383] and is a simple comparative
Borelius [372) and reported in 1917 for the combined method for the rapid, casy measurement of thermal
measurement of the Peltier heat and thermal con- conductivity.
ductivity of the same material, and is particularly The essential part of the thermal comparator is
applicable to the measurements on thermoelectric an insulated probe with a projecting tip. The probe
materials, is integral with a thermal reservoir held at a tempera-

In this method, the specimen !s held between ture about 15 to 20 degrees above room tempera-
metallic contacts through which a small direct ture. A surface thermocouple is mounted at the tip
electric current is passed. Peltier heating thus occurs of the probe and is differentially connected to the
at one end of the specimen and Peltier cooling at the thermal reservoir for the measurement of the
other end, which establishes a temperature gradient temperature difference between the reservoir and
along the specimen. Under steady-state conditions, the tip.
the rate of Peltier heat generation at the hot end is In operation, the probe is gently placed on the
just balanced by the rate of heat conduction from surface of the test material. Upon contact of the
the hot to the cold end. Thus the thermal conductivity probe tip of known thermal conductivity k, and
can be calculated from the rate of Peltier. heat originally at temperature T, with tile surface of the
production 74 (17 being the Peltier coefficient), the test material of thermal conductivity k2 and at room
temperature difference between the ends AT, the temperature T2, the temperature of the probe tip
cross-sectional area A, and the length I by the drops quickly to an intermediate temperature, T,
expression given by the expression

k --- (41) T, - T= (TI - T O (42)
AAT

Since 7r = ST, S being the Seebeck coefficient, 7r This temperature difference is registered by the emf
can be determined by measuring the Seebeck coeffi- reading of the differential thermocouple after a brief
cient from the potential difference between the ends transient period (I to 2 seconds) has elapsed.
after the temperature difference AT is established. From the emf readings of tests on a series of

When the direct electric current is passed through reference samples of known thermal conductivity,
the specimen, Joulean heating will occur, of course. a calibration curve is obtained, and the thermal
However. the Joulean heating effect can he made conductivity of an unknown specimen can thus be
negligibly small in a good thermoelectric material by determined from the emf reading through the cali-
choosing the current small enough, because the bration curve.
Joule heat production is proportional to 12 while the Powcll (384] has made a comprehensive review
Peltier heat production is proportional to 1. The on this method. Some subsequent developments are
Thomson heat effect is generally small. discussed in (385]. The thermal comparator has been

Borelius' method was used by Sedstr6m [373, developed by TPRC as an instrument [385] for the
374] for measurements on alloys. Some forty years rapid determination of the thermal conductivity of
later, Putley [375] and Harman [376, 3771 reinvented solids and liquids and is commercially available
this method. A recent apparatus is described in [378]. from The McClure Park Corp., West Lafayette,

A transient thermoelectrical method vas devel- Indiana.

_ __ _ _ _ _ _ _ _ _ _ _ _ _
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- 3. NONSTEADY-STATE METHODS form of long rods may not be available, and in other
cases, such as in the measurements on poor con-In nonsteady-state methods, the temperature ductors at high temperatures, heat guarding to

distribution in the specimen varies with time. The put lathh p u heat gurding toprevent lateral heat losses from a long rod may be -
rate of temperature change at certain positions along
the specimen is measured in the experiment, and noCthespeimn i mesued n te xpeimet.andno the form of a small plate or disk have been developed
measurement of the rate of heat flow is required. t o f m erse vl
These methods normally determine the thermal [392-39411

diffusivity, from which the thermal conductivity can
be calculated with an additional knowledge of the b. Radial Heat Flow Method A
density and specific heat of the test material.Nonsteady-state methods fall into two major In this method, the specimen in the form of a

cylinder is heated by a heat source capable of
categories, the periodic and the transient heat flow

producing a periodical temperature variation eitherm etho d s, as b riefl y isc u ssed b elo w . T h ese m eth o d s at h e xi o r t t e c r u m r n e , nd h e a i lat the axis or at the circumference, and the radial
have been comprehensively reviewed by Danielson
-temperature variations with time are measured.
and Stdhes [36] Dand willsbe deThe thermal diffusivity may be calculated from the -i

phase change of the temperature oscillations, or I
A. Periodic Heat Flow Methods from the amplitude 6ariation of the oscillations withfrequency.

In periodic heat flow methods, the heat supplied Tanasawa 395 used this method in 1935 for
S ~~~~to the spcc'ien is modulated to have a fixed period.Taswa[9]uethsmhoin13frto te secimn i modlatd t hav a ixedperod, the measurements on humid materials. In his method,

The resulting temperaturc wave which propagates
through the specimen with the same period is a sinusoidal temperature was produced on the surface

of a cylindrical specimen, and the temperatures atattenuated as it moves along. Consequently, the dfeetrda itne eemaue o h

thermal diffusivity can be determined from measure-
ments of the amplitude decrement and/or ph calculation of thermal diffusivity.
direnc of the tmpatue vebe een phase Filippov and his co-workers have further
diference of the temperature waves etween certain

developed a method of this type r396] and used itpositions in the specimen. In most of the periodic for the measurements on metals [397] and moltenheat flow methods, heat flow is in the longitudinal metals [398 399] at high temperatures.
(axial) direction. However, methods with heat flow
in the radial direction have also been used. The nonsteady-state radial heat flow method

has also been employed for measurements on

a. Longitudinal Heat Flow Method insulators [400, 4011.IThe periodic neat flow method was first devel-
oped by Angstr6m [207. 387] and reported in 1861. B. Transient Heat Flow Methods
In his method a variable heat source capable of Transient heat flow methods, both longitudinal! producing a sinusoidal temperature variation was and radial, were first used by Neumann (402, 403]
attached to the center of a long thin rod specimen. and reported in 1862. lIt his method, one end of a
and the temperatures as a function of time at bar was heated by a flame until the temperature
two positions I apart towards the ends of the rod

attained the equilibrium state. The flame was then
-ermeasurents, theFveoci, t d teamp litud-e suddenly removed and temperatures at two positionsmeasurements, the velocity, v, and the amplitude along the bar were measured as a function of time.
decrement 8 of the temperature wave can be deter- Thermal diffusivity can then be calculated from these" =- mined for the calculation of thermal diffusivity.
Thsmto"a enmdfe n mrvdb measurements. For the measurements on poor con-

This method has been modified and improved by ductors, he used another method in whF h a cube or
King [388] and others [389-391]. The thermal sphere was heated uniformly to a higi. mperaturediffusivity may be calculated from the expression adhen was aed toicoli th air. T tpera-re; [390]and then was allowed to cool in the air. The tempera-
390] tures at the surface and at the center were measured

D . (43) as a function of time.
2 In 8 The modern transient heat flow methods have

The AngstrOm method, which uses a long rod, a wide variety. In the following a number of the
has its limitations. In some cases, specimens in the major variants are briefly discussed.

t
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a. Longitudinal Heat Flow Method In modern apparatus, specimens in the form of

Similar to thi; longitudinal periodic heat flow cylinders arc used. A long cylindrical specimen,
method, the longitudinal transient heat flow method hollow or solid, which is initially at uniform tempera-
can also be subdivided into two major categories, ture, is heated either at the axis or at the outer
those using a long rod and those using a small plate surface and the temperatures as a function of time 4

(or disk). at different radial distances are measured. In the I
Methods in which one end of a long rod, which methods developed by Ginnings (416] and by Cape, A

is initially at uniform temperature, is subjected to a Lehman, and Nakata [417], cylindrical specimens
short heating pulse have been developed (404, 405]. were continuously heated at the outer surface. A-

There are also methods in which steady heating is Specimens in the form of hollow disks stacked
provided at one end of a rod and the temperatures as on an axial heater with outer disks as end guards .j

a function of time at two or more positions along have been used by Carter, Maycock, Klein, and
the rod are observed [406-408]. Danielson [418].

Transient heat flow methods in which the speci- Although the line heat source and probe methods I
men used is in the form of a small plate or disk have are also radial transient heat flow methods, they are A
been developed by a number of workers (409-412]. quite different from other methods and will be

discussed in a separate section below.

b. Flash Method d. Line Heat Source and Probe Methods
Although the flash method is a variant of the The line heat source method was originally

longitudinal transient heat flow method using a developed by Stalhane and Pyk (419] in 1931 and
small thin disk specimen geometry, it has a very used for measurements on ceramic'materials [420].
special feature which makes it a class of its own. This method is suitable for the measurements
In the "'flash" method, a flash of thermal energy is
supplied to one of the surfaces of a disk specimen n his meterial h a ers.
within a time interval that is short compared with In this method, a long thin heater wire which
the time required for the resulting transient flow of serves as a line heat source was embedded in a large

heat to propagate through the specimen. This specimen initially at uniform temperature. The
method was developed by Parker, Jenkins, Butler, heater is then turned on, which produces constant
and Abbott [413] and reported in 1961. heat, q, per unit length and time, and the temperature

at a point in the specimen is recorded as a function
In use, a heat source such as flash tube or laser atint in therspecimenistrecoredsasiaeunbtione

supplies a flash of energy to the front face of a thin tit
disk specimen, and the temperature as a function of expression
time at the rear face is automatically recorded.
The thermal diffusivity is given from the thickness k = -- In - (45)
of the specimen, /, and a specific time, i,2, at which 4"(T 2 - T1) t

the back-face temperature reaches half its maximum where (Ta-T,) is the temperature difference at two
value by the expression times t, and t2 . Subsequently, this method was also

D = 1.37 1." r
2t112  44) developed by van der Held and his co-workers

[421, 4221, and others.
Other expressions for the calculation of thermal The probe method is a more practical line heat
diffusivity have also been used. source method in which the heat source is enclosed

Subsequent improvements on this method have inside a probe for protection and for easy insertion
been made [414, 415] by the application of correc- into a specimen. This method was developed by
tions for the finite pulse-time effect and the radiation- Hooper and his co-workers [423, 424), and others.
loss effect. Blackwell [425, 426) has derived theoretical treat-

ments for practical departures from a true line source,
c. Radial Heat Flows Method and in the discussion of a paper [427] dealing with

As mentioned before, a radial heat flow method the use of a probe method in connection with the
was used by Neumann [402, 403] for measurements routing of electric power cables, he advocated the
on poor Lonductors. His specimens were of spherical use of very small thermistors as an alternative to
shape. thei mocouples.
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e. Moving Heat Source Method method, two identical sets of composite blocks are
The moving heat source method was developed used. Each set consists of a test specimen and a

by Rosenthal and his co-workers [428-430], and reference sample whose properties are known.
involves the establishment of a quasi-steady-state Initially, the two sets are heated separately to uniform

temperature distribution in a long tubular-shaped but different temperatures, and then they are suddenly
specimen heated by a moving localized heat source brought into contact, with the two test specimens
of constant intensity. As the heat source approaches touching each other. The transient temperature at
and moves away, each point in the specimen is the contact plane between the test specimen and
subjected to a temperature rise and fall. When the reference sample corresponding to a certain time is
heat source passes over the specimen, the tempera- measured, and from this the thermal diffusivity of
ture at a point remote from the ends is recorded as the specimen can be calculated.
a function of time. From this record, a curve of the Anothertransient-heat-flow comparative method
logarithm of the temperature variation with time is has been used by Deem et al. [433] for the measure-
made. The thermal diflusivity is given from the mnts on irradiated materials. The method of
velocity of the heat source, r, and the slopes P, and Pf measurement is to place the lower ends of a specimen
on the rising and falling portions of the curve at the and a reference sample, which are of the same size
same temperature by the expression and initially at room temperature, in molten tin

maintained at a constant elevated temperature and

D . .(46) then measure the times required for the upper ends
Pr + P' to reach a predetermined intermediate temperature.

f. Comparative Method The ratio of the thermal diffusivities is assumed

A comparative method employing transient directly proportional to the ratio of the two times

heat flow was developed by Hsu [431, 432]. In this measured for the specimen and the reference material.

Vit=

p _ _ _ _=

-. • . _ _. • ,__ _
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Data Presentation and Related
General Information
IS P O C E Gpredictions or with results derived from semi-

theoretical relationships or from generalized em-
Presented in this volume are the thermal con. pirical correlations. Besides critical evaluation and

ductivity data for 69 elements, 172 nonferrous analysis of the existing data, thermodynamic
binary alloy systems, 80 nonferrous multiple alloy principles and semi-empirical techniques are em-
systems, 25 ferrous alloy systems, 60 intermetallic ployed to fill in gaps and to extrapolate existing data
compounds, 16 mixtures of intermetallic compounds, so that the resulting recommended values are
and 13 miscellaneous alloys and mixtures. These internally consistent and cover as wide a range of A
data were obtained by processing over 2150 research the controlling parameters as possible. Future
documents on the thermal conductivity of metallic editions of this volume will contain recommended
materials dated from around 1800 to 1967, of which values for an increasing number of materials.
1000 contain usable data. Materials within each
group are arranged in alphabetical order by name, 2. PRESENTATION OF DATA
as listed in the Grouping of Materials and List o 2f

Figures and Tables in the front of the volume. In all, The thermal conductivity data and information
this volume reports 5539 sets of data on 892 materials, on test specimens for each material are generally
which are listed in the Material Index at the end of presented in three sections arranged in the following I
the volume. The Material Index lists also the order: Original Data Plot, Specification Table, and
materials contained in the companion volumes Data Table. For the elements and a small number ofJ
(Volumes 2 and 3) on thermal conductivity, alloys, a Graph and Table of Recommended Values

In addition to metals, semimetals and semi- is added as a fourth section. Furthermore, for a
conductors are included in this volume. Although a number of materials for which there exists only a
nonmetal, boron is also included because of its small number of data, the Original Data Plot may
extensive nse as an alloying element for metallic be omitted. 4

alloys. Of 'course, it is also contained in Volume 2, The Original Data Plot is a full-page log-log- i
which covers nonmetals. scale graphical presentation of the original thermal

The temperature ranges covered by the thermal conductivity data as a function of temperature.
conductivity data for many materials are from near When several sets of data are coincident, some of the i
absolute zero to past the melting point, though for data sets may be omitted from the plot for the sake
most high-temperature alloys the available data are of clarity. They are, however, reported in the Data

.!limited to the solid range. Table and Specification Table.
The data for the elements and a small number The Specification Table provides in a concise

of alloys have been critically evaluated, analyzed, form the comprehensive information on the test
and synthesized, and recommended reference values specimens for which the data are reported. The curve
are presented. This procedure involves critical numbert in the Specification Table correspond
evriluation of the validity of available data and exactly to the numbers which also appear in the
related information, resolution and reconciliation of Original Data Plot and in the Data Table. The
disagreements of conflicting data, correlation of Specification Table gives for each set of data the

* data in terms of various affecting parameters, and reference number which corresponds to the number
comparison of the resulting values with theoretical in the list of References to Data Sources, the year

39*
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40a Numerical Data

of publication of the original data, the method of are given ir the research paper only in a figure too
measurement, the temperature range. the reported small to warrant accurate data extraction compatible
estimate of error of the data, the specimen designa- with the reported accuracy of the measurement.
tion, and the specimen characterization and test The thermal conductivity data are given in watts
conditions. The information of the last category, per centimeter per degree Kelvin, and the tempera-
which is reported to the extent provided in the tures in degrees Kelvin. For data conversion, the
original source document, includes the following: reader is referred to the Conversion Factors for

Thermal Conductivity Units given later.
(I) Purity, chemical composition, carrier con- The eCo nd ed th e a t i y l

The recommended thermal conductivity values
centration; for a material are reported in a separate graph and

(2) Type of crystal, crystal axis orientation, table following the Data Table. The estimated
type and concentration of crystal defects;(3) Microstructure, grain size, inhomogeneity, accuracy of the recommended values and special

remarks on material characterization and identifica-
and additional phases; tion are also noted in the table.

(4) Specimen shape and dimensions, method
and procedure of fabrication;

(5) Thermal history and cold work history, 3. CLASSIFICATION OF MATERIALS
heat treatment, mechanical, irradiative,
and other treatments; The classification scheme as shown in the table

(6) Manufacturer and supplier, stock number, for the elements and alloys contained in this volume
and catalog number; is based strictly upon the chemical composition of

(7) Test environment, degree of vacuum or the material. This scheme is mainly for the con-
pressure, heat flow direction, strength and venience of materials grouping and data organiz-a-
orientation of the applied magnetic field; tion. and is not intended to be used as basic defini-

(8) Pertinent physical properties such as tions for the various material groups.
density, porosity, hardness, electrical re-
sistivity (residual, ratio, and temperature
variations), Lorenz functio ?c"fm"r d ' ""'4. SYMBOLS AND ABBREVIATIONS USED IN

4" 1 . I p 11 t r"'s

(9) Reference materia Itor" a comparative THE FIGURES AND TABLES
method of measurement; In the Specification Tables, the code designa-

(10) Form in which the extracted data are tions used for the experimental mrthods are a:
presented in the original source document follows:
other than raw data points;

(11) Additional information obtained directly C Comparative method
from the author. E Direct electrical heating method

Unfortunately, in the majority of cases the authors F Forbes' bar method

do not report in their research papers all the necessary L Longitudirtal heat flow method
pertinent information to fully characterize and P Periodic or transient heat flow methodprietR Radial heat flow method
identify the materials for which their data are

reported. This is particularly true for the authors of T Thermoelectrical method

earlier investigations. Consequently, the amount of Other symbols and abbreviations used in the
information on specimen characterization reported figures and/or tables are as follows:
in the Specification Tables varies greatly from fi

specimen to specimen. b.c.c, Body-centered cubic
In the Data Table, tabular presentation is given c. Cubic

for ail the data described in the Specification Table c.p.h. Close-packed hexagonal
and shown or not shown in the Original Data Plot. d Density
Many tabular data which are not presented in the d. Diamond (crystal structure)
original source documents have been obtained directly Decomp. Decomposition
from the authors through private communications. f.c.c. Face-centered cubic
Attempts have often been made to contact the f.c.t. Face-centered tetragonal
authors for tabular data whenever the original data h. Hexagonal

- w lwl 777 Ti
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Classiflcadloo of Materials

Limits of composition (weight mmrent)*

Classification X, X, + X, 2

1. Metalic elements-.- ---- - >99.5 - ~ 0.2 < 0.2
-A. Binary

2. Nonferrous alloys- ---- 99.5 0.2 0.2
alloys__ > 99.5 > 0.2 > .2

(X 1 7 Fe) B1. Multiple -<99.5 0.2 :s: 0.2
alloys - <99.5 > 0.2 > 0.2

~99. 5 - < 0.2 < 0.2

X, XX. Mn, P, S,orSi

-Group I-----Fe C 2.0 <0.2 <50.6A
A. Carboni

F steels -- 1  Fe C 2.0 < 0.2 > 0.6 -
L~opIt- Fe C <2.0 > 0.2 <50.6

Fe C 2.0 > 0.2 > 0.6

allooup I--- -----ionFe C -. 2.0 0. 2 >0.6

3. Ferrous k-B. cast ~C~. ~ . 062

irons --- Fc --. . .

. X e 4 -0opU Fe C:.20.2 5 0o.6

-[-Gst roup II-----FC >0. 50.6

tin case Mn. P, S, or Si represents X,,, this particular element is dropp;ed from the I,- -olumn. Alloy cast ironls

arce lso icdeinGroup 11 of this category.

I.D. Inside diameter Cur%, number -

k Thermal conductivity 40Single data point number
M. P. Melting pont -

monocl. Monoclinic 5. CONVENTION FOR BIBLIOGRAPHIC
NTP Normal temperature and pressure CITATION
0.D. Outside diameter For the following types of doc.uments thc bib-
orthorh. Orthorhombic
r. Rhombohedral liographic information is cited in the sequences
S.C. Superconducting given below.
Subi. Sublimation Journal Article:

TTemperature a. Author(s)-The names and initials of allI
t. Tetragonal authors are given. The last name is written
Temp. Temperature first, followed by initials.
T. P_ Transition point b. Title of article-In this volume, the titles of
VVi t iteu the journal articles listed in the Refcrne

p Electrical resistivity to Text are given, but not of those listed in
Micro the References to Data Sources.

> Greater than c. Journal titlc-The abbreviated title of the
<Less than journal as used in Chemnical Abstracts is

Approximately given.]
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Numerical Data 43a

d. Series, volume, and number-If the series is 6. CONVERSION FACTORS FOR THERMAL
designated by a letter, no comm, is used CONDUCTIVITY UNITS
between the letter for series and th e The conversion factors given in the table on
for volume, and they are underlined together. page 42a are based upon the following basic defini-
In case series is also designated by a numeral, tions:
a comma is used between the numeral for in. = 0.0254 (exactly) m*
series and the numeral for volume, and only lb = 0.45359237 kg*
the numeral representing volume is under- calmh = 4.184 (exactly)J*
lined. No comma is used between the I calT = 4.1868 (exactly) J*

numerals representing volume and number. I Btu,, lb- 1 F- 1 = I cal, g-1 C- 1 t
The numeral for number is enclosed in I BtuT lb- 1 F- 1 = I cal_, g-1 C-1t
parentheses.

e. Pages-The inclusive page numbers of the The subscripts "'th" and "IT" designate "ther-
article. mochemical" and "International Steam Table,"

f. Year-The year of publication, respectively.

Report: 7. CRYSTAL STRUCTURES, TRANSITION

a. Author(s). TEMPERATURES, AND OTHER PERTINENT

b. Title of report-in this volume, the titles of PHYSICAL CONSTANTS OF THE ELEMENTS
the reports listed in the References to Text The table on the following pages contains
are given, but not of those listed in the information on the crystal structures, transition
References to Data Sources. temperatures, and certain other pertinent physical

c. Name of the responsible organization. constants of the elements. This information is very
d. Report, or bulletin, circular, technical note, useful in data analysis and synthesis. For example,

etc. the thermal conductivity of a material generally
e. Number changes abruptly when the material undergoes any
f. Part transformation. One must therefore be extremely
g. Pages cautious in attempting to extrapolate the thermal
h. Year conductivity values across any phase, state, magnetic,
i. ASTIA's AD number-This is given in or superconducting transition temperature, as given

square brackets whenever available, in the table.
No attempt has been made to critically evaluate

Book: the temperatures/constants given in the table and
a. At... or(s) they should not be considered recommended values.
b. Title This table has an independent series of numbered
c. Volume references which immediately follows the table.

d. Edition *National Bureau of Standards, "New Values for the Physical
c. Publisher Constants Recommended by NAS-NRC,"* NBS Tech. NewsBull., 47 (10), 175-7, 1963.
f. Place of publication tfMuellcr, E. F. and Rossini, F. D., "'The Calory and the
g. Pages Joule in Thermodynamics and Thermochemistry," Am. J.
h. Year Phys., 12 (1), 1-7, 1944.

•l -"e i
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MATERIAL INDEX TO THERMAL CONDUCTIVITY A

MaeilName Vol. PaeMaterial INameVo.IPg

"A" _______________ OLUMES 1,2 AND9 3S 3v4

:1 4u AISI :1141;-

ben mit Ipvitv 44u al.lc AISI 401; 1 1 165,

j ~~AceLe1, 111' iIii1 1

*\dI i IN it I vm'2 it1 t AIMl 440 1 114

ALI-\ '107'~),' A IS 10V ~ c W I 15

% JipeljvildwL~ 1 2 I LS 4 11 4

ND' ASI -141, 1 1 .

AgCu I I13 AISI 11. I 5lS

I 14m;' 1200

Aee j~;Ikt;kL'( lk '- SCL Wh I 110)1 1111 b ANS 4 131) (L-v SAIL 4 13Q)

Po~j~'st,3  
1 1-17, AlsI 4 140 f k, t NA L 4 140o

gI) u 1. 1 AI-sI Il U4 12J.3,
11

A 6)' 'IC SIIhLL 1 11411

A g Si I 1 11 AISI C 10 F7,

I 110AISI u 1021Jv (bL SAFlu I020

Alli'v st,- v1 1 1214
Ag 1 1:142 I

1 .4 512 11e V C lc l igil 1 12~14

IA1 1 a, 1 4I,

151 .10:1 1 ;I15) Alumina (bcc aluminutm e,idu) h........



A2 
-

M~aterial Name Vo.Pg Material Name Vol Page

Alumnina + Mulite j2 :321 Alumintuii alloys (siyecific tNpcs) (continucd) :

Alumina fubcd bick 2 s72014 (samne a6 alumiinumn illov 14bi

Alumna porcelain 2 937 2024 (same as aluminum alloy 24S) 1 U88

Aluininalt: silicate 7231 giass 9 '2:1 j
2: 1. 461

Inn.suv:j (sanie as alunmi alloy :36) 1 912

Alutniniuni + Aiitiniony I 4
71004 (samec ab alumiinumi alloy 4S) 1 g12

Ilwninuni + Copper I 47v
5u52 (samne as alumium alloy 5 2S) 1 47b

Aluminuin + Coppe~r + T- 1 t195 j '30

Alu inuni i rm 1 474 -.u,:i (tsalin as d lunniinuin ov L Ic 1,K,: 1 90U9

Aluminuni + Iron + Z- I iunnic as alumlinuml alloy K] 8f) 1 go0,

Aluminumn 4 .\aglusnonn 1 477 1,;) 4 (samec as aluminumi alloyv A54S) j1 47b,

Aluminuni + MLgnL'biUm1 + EXI Dot 5451 1 g

Alutninuni * M~ingannec 4 1X g I1 I
ninl(bte ais aluminuni alloy 63S) 1 '0

A luainnuni 4 MAcOe + 1;xg1143U 775 (sanec as alununumii tll,)% 1 2

A unwiuni + Si licon 1 4,v 55~.uninnn.l.x77

Aluninun + Si licon + 1' g17

IAlpas. I
Aluiinunin liTi AlIh. 1 1 4

Aluininuni + Uraniumn 1 4s4

A luminuni 4 Zinc 1 Brts 1 1 o

Aluminuili 4 ZiI)c 4f 2.A 1 U '2,-I

Atiiui+92British L-.- 1 I 12:1

Alninuni+ N '25lIriish .- !5 1 bg1.

Aluminurn alloys (5s CjfiC t.%e IX ~ Britishi Y-1 1I 900U

2S (bVV alu ilnu in allo s 110) 
.O

Ctndl-Al 1 9'
4S tove zluiium i a!la,% :004 I tpei)1 '0

12 (LpIn I duo

b 9 9, DIN 712 1 475

DuoU Durulumin1 
';

14S (see uluinimumi alloy 2014)(hinnY ibc1 54

24S (see aluinminuin allov 202-I U 24

%S inee .ilki,11[UMo alloy 1mS JA.l

(,:I, (l-c ilunnuin alloy ((";) Jipanee 2E-5 1 8D9

:,,(bee alufninun, ahu) 71)751 IJmin~eM -1 1 P3991

III-) (ace aluninuin illi,, lAf-E;,) K1(1 (sce alufmilnuni Mloy SM

1190 (ameV 11b alumminumi 11llay 2S) II 07 K-S alloy 245 1 920

9 0 K-S alloy 2 h0 1 020
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Mateial Name Vol. Pa"ge Material Name Vl 'g

Aluinumi alloys tspecific types) (continued) Aluinnum wxide (AI203) (cuntmknud) Vl 'g

K-S alloy spe~cial I UI02 E9l2 101

LKkI, (SVC alunlinuin alloy 5oUbdl ) Gultolm Ils. B 2 10w

IA - \ (sani as aluminum ailoN 132) 1 9 19 Ill ;Liumlin 2 9

~~l~ 7?3l~mi T Ignited a lumma ~ 2 lot;

Nelsomn -Kel~bcnleg 1U I z i!96 Lode b.%IltIt bapplu -C. 2 9

RlAF: 40 C I 25Lucal'\ I2 101,

HAE 47 LI 1 1115 N~'roin :i%-vuv 2 102
104

RAL 47 Di1 '

HAL . I SitNppll I kcSjj.I~ I2

lilt d 1 91 07

IIH ;1 ) IC .\luriu ,2 v\~~+A~iiiii h-~m2 .2

lilt 9',.I

RHl 77 T

I /A'IuIiimn 'i I I SltCulI (110\111V
li1 .1 1 ) 1 ~~

SI~~ lawn.uil AULl)i uiLlim I I .di .'' - I Ztt)II .,( i .~ JA I o

-~~u. ~'li.'I .luIIuI bljbc;It- 1.;AlI, '2Si
1
4 2 '1 1

. , A lILIuJLla1 I1JA1 iii - .\LuU II I~ )Nj1'd 2 31

Aluiiium Ll..ilc' All(0 *Siol) 2 . 11 AjlilcaIIlli IR.uI 2 1W)0

BH i-a LWJjl/. I 2 2:,2 AIIIIIIum, ~Nl 1 195

AluImlum nill lilt- (A IN, 1 (""3,; Aiuma - :a i bstem I 44-2

AL'-.l 2 U 9n Almmma~i - carylcia sysmod I,%sm.1 4

co Imiii 'lull 1 1, 1U4, Ammiiium acidI lllilwtv Nll 4l1i-l 4  (see

llWlI'i&U OuloIi nam VIi'AtI L Sd
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NkeilName 1Vol. Page Material Name Vol. PAPg

Ammonium Perchlorate (NHtCIO 4), reagent Argon - carbon dioxide system :3 297
grade 2 757 Argon - deuterium system 3 299 i

Ammonium dihydrogen phosphate (NM4HIPO 4) 2 679 A -S

Argon - helium system 3 251
Aminonium dilkydrogen orthophosphate

rNHAH 2PO4 (see ammonium dihydrogen Argon - hydrogen system 3 301
phosphate)

Ammonium hdrogen sulfate (NH4HS4) 2 G87 Argon - hydrogen - deuterium - nitrogensystem 3 507

Ammonium phosphate, monobagic INH 41t2 PO4 : Argon - hydrogen - rutrogen system 3 493
(see ammonium dihydrogen phosphate)

Ammonium bphosphate rLNH4 H 2PO41 (see Argon - hydrogen - nitrogen - oxygen system 3 50b
ammonium dihydrogen phosphate)

Ammonium bisullate IiN}I4HSO4 j (see Argon - krypton system 3 263
ammonium hydrogen sulate) Argon - krypton - deuterium system 3 488

A MS 4908 A (see Ti-Stn) [I
I Argon - krypton - hydrogen system I 496

AINS 4925 A (see titanium alloy C-130 AM, Argon - krypton - xenn system 3 483
or titanium alloy RC -130S)

AMS 4926 (see titanium alloy A-110AT) Argon - krypton - xenon -deuteriun system 3 506

A.MS 4928 (see Ti-GA1-4V) Argon - krypton - xenon - hydrogen system 3 5i5

AMIS 492V ( ce Ti-15&A) Argon - methane system 3 304

AMS 469 (sec: Ti-15A) I Argon - neon system 3 258

AMS 53b5 C (see Haynes stellite alloy 21) Argon - nitrogen system 3 306

Angora wool 1092 Argon - oxygen system 3 311

Angren brown coul 2 808 Argon - oxygen - methane system 3 485

Anthracene fC 4H 4(CH)2 C8 H4J 2 j 985 Argon - propane system 3 316

Anthracin rC$H4(CHI)2CH 41 (see anthracene) Argon - propane -aeW~, system 3 499

Antimony 1 10 Argon - xenon system 3 267

Antimony + Aluminum 1 488 Argon - xenon - hydrogen - deuteriumA system 3 510
Antimony + Beryllium + ZX 1 926 2 1032S Armalon lamintes (nonmetallic) 2 13

Antimony + Bismuth 1 480 Armco iron 1 157,

Antimony + CadmIum 1 4 I2 157,

Antimony + Copper 1 495 160,
161,

Antimony + Lead 1 496 163

Antimony - tellurium intermetallic compound Arsenic 1 15
Sb 1Tc1  1 1241 Arsenic - tellurium intermetallic compoundrIAntimony + Tin 1 497 As 2Te3 1 I44

Antimony telluride [SbTe,) (se antimony - Arsenic telluride LiAs 2Tej (see arsenic -

tellurium Intermetallic compound) tclltrlum intermetallic compound)

Argentum (see silver) Asbestos cement board 2 1107

Argon 3 1 Asbestos fiber 2 1135

Argon - benzene system 3 295 Ash 2 1059

.. .. .. r. . . . .-- m- . . . ..
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Material Name Vol. Page Material Name Vol. 1 PageII

Ashkhabad clay 2 804 Barytes concrete 2 871
805

Basalt 2 7u7
Asphalt-glass wood pad 2 1108 a

NTS basalt 2 798
Asphaltic bituminous concrete 2 863

Olivine basalt 2 798
As 2Te1  1 '1244 Ba2

S n

STM B 265-58T, grade 6 (see titanium
alloy A-J I.UAT l Bauxite brick 2 9u1,

902
ASTM B 265-58T, grade 7 (see Ti-bMn) 0

Beef fat 2 1072

1030, Be 12  1 1248

Aurun (see gold) 
I 1

I 16 Benzene (COHg) 15

Austerutic stainless steel 1 Bt65, 3 I135
11t, Benzene, D-dibromo (CAll 4Br 2)  9 9

Balsa 2 1106U B1nzcnc, p-dichloro (C6 114 C l) 2 bb7

Pseudo 2 1060 Benzene, p-liiodo (CRHI12 2 96S

1aterproofcd 2 Benzene - hexane system7

Ba 2 lb 1 1245 Beryl 2 00

Barium-lead intermetallic compound Ba2O) i 1 1245 Brazil 2 ,ul

Barium-tin intermetallic compound Ba2Sn 1 11246 India 2 8Ul

Barium difluoride fBaF 2) 2 627 Beu-ylha (see beryllium oxide)

Barium oxide (BaO) 2 120 Berylwium l 18

Barium oxide + Silicon dioxide 4 EX 1 2 457 Berylium + Aluminum 1 498

Barium oxide + Strontium oxide 2 337 Beryllium + Beryllium oxide 1 1416

Barium oxide + Strontiun oxide + EX 2 460 Beryllbwn + Fluorine + Ti 1 929

Barium 8tannide :Ban] (see barium - tin Beryllium + Magnesium 1 499
internietallic compound)

Beryllium + Magnesium .+ EX 1 932
Barium titanates I

Berylhuin - niobium iiternictallic coinpouuids 1BaTiO3 2 257

Be Nb
BaO 2T10 3  

2 26U x y

Be 2Nb 1 124b
Barium metatitanate (BaTiO ) 2 257e1b1248
Barium metaUtanate + Calcium iietatitarnate Z 34Ue 7 b

Bierylhuwn - tantalum inter nIt't!ic compounds
Ca 0 . UBa 0 ,rgATiO 3  2 341

Be Ta 1 1230
Ca 0 .g ja~ 0.0TiO 3  2 341 X Y

TaBe1 2  1 1251
Ca0.,qBau.ATiO3 2 341 Ta 2Bl 1 1251 4

Barium nietatitanate + Magnesium zirconate 2 343I
Ber"llium - uranium intormetalhc compounds

Barium metatitanate + Manganese niobate 2 :344
Be U 1 f1253

Barium dititanaLe (1al'126 2 260

K - - - -----

* "~
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Dervlli - uranum interinetallic compound.5 Biphvny'1 l-iCHcCll1- (see diphenyi)

U~c,3 1 j1254 BHjplmnyl + o -, i- p -Tu rpiictivl1 + Hligher
pheny Is I see santo\wa L R)

Beryllium - zirconiumn interiveLailic coi-

p-ounds Be13Zr 1 11256 BiSbTc 3,!3  1 1390j

Beryllium bronze 51 19 B) j3,Tb 6 yTe ' 1d3

di )BervlIliumi carbide CBe 2C) 1 2 571 Bi 1.SSbO.Teji 3 I 18'

Beryliumi copper 1 539 Bi 1.7sSI)C25ci3es 1 1

Bcrylhiunj oxide (BL-O) 2 123 Bi 1 1j5Sb 0 ~zT 3 .j, 13h

3 U90a (iefractoi; 6r ade&, 2 125 BiiijSSbu 2 TC3.i. I 1390

4,11 BceU porcelain 12 124 Bi 1 1 6S6 0.2je 3 2 6 1

AOX grade 2 127, Bismuth I1 25
129

DI.9Bismuth +- Antino( n%- 1 502

B Iismuth + Cadmium 50o

Clifton metal grade 12 -1 Bsuh+Cdiun+E 3

Grd s Bismuth + LLead I1 D08

idcU2Bismuth + LeA-.d + IX 1 9:3S

orlin14 Bismuth - lead Cut42ctic 1 5U

Bismuth - tulluriwini iiiturmetali compound
I rianglu bery lLia 2 121 Du2Ty 3  1 1257

UOX grade 2 24 Bismuth +lot Tin cfc ~p 1 311

I127,

IlutchinI's allov 1 512

icriiIi~ oxide +- Aluminum oxide + EX, 461 I
Lipu\ia/ allo% U 3

B~enrliuim oxide + Magnesium oxide + EX 464I
Rose metal I1 9:39

lervlbuni oxide 4 Thorium dioxide + '-'X 2 467
Wood' s metal I1 9311

B~eryllium oxide + Uraniumn dioxide 2 I347 -

Bismuth stannate 'Bi 2 lSnO4 3 2 21

Beryllium oxide 4 Zircomtmnu dioxide + EX. 2 470 inuhIii~t i~n 3 3  seIs

lie rylbhurn oxide -berYlli cermiets 2 7u, moth stannatc)

Berylauni oxide - Iirylium imolybdenuiiu Bibmuth telluride fj Bi2 TU3 1j (see bismuth I[
cermets 2 j711 telluriam interimutallic compound)

Bci-vllium oxidc eziik - si~em 1 1257
cernivus 2 714 B 2 e

Bek~dmikv la I2 04 B12Te3 + Bi 2SU3  1 1393

B i2Te 3 + 1 13S8

fit, T a i1 1251

I~,T21 15 Bi2Tc1 + Slj2Te3 + Sb2Se3  
1 1392

IBI 2Te 3 + Te 1 1415
Be 13U 1 1254

Bc~ 2G Bi 2Te3 a 1415

Bi2TC3Z2 1 1255
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Bitter spar (see dolomite) Brass (specific tvpes) (continued)

B3itunl-n 2 11135 Cast 9b0

Bitumin concrete 2 863 tigh (see yellow brass)

Bituninuus concrete aggregat,, blended 2 803 High tensile 1 980

Black temper cast iron 113e Leaded free cutting 1 9,91
Bone chn.r 2 11 MS15 980

Bone fat 2 1072 NIS 76/ 22/2 1 980

Boralloy (see boron rutride) lied 1 591

Boric anhydride B20j_ (sue boron oxide) Red Gernian 1 981

Boric oxide 1B12 3 ] (see boron oxide) Rolled 1 989

Boron 1 41 Yellow 1 981,

Boron - siLicon internietallic compounds

Brazil bcil. L.) 8wSiB, 1 101
Si B 'Brazil topaz j2 252SiB 1 1262

13 Brazil tourmaline 2 855
(tetra)Bvron carbide (B4C 2 572

Bricks 59
(tetra)Boron carbide . Sodium mctasicate 2 541 2

Alumina fusee 2 897(tetia)aoron carbide - aluminum cermlets 2 717
Alumiinous fire clay 2 50uBoron triflu-iride IBF 3  a3 99

Bauxite 2 429,Boron nitride (BN "2 6 i 901.

Boron oxide (13203) .2 13S 902

Carl)ofrax 1 2 Z!97Boron susquioxidc 'B 20 3 1 (see boron oxide)
C arhofra~x carborundumi 2 895

•di,)Borol. trioxide B20 3 1 (sec boror, oidc) r
! ~Carlbon 2 ,U

Boron sulicides "see boron - silicon Cntur-metalbc conmpounds) i
Carsiat carborundui 2 895

Boronated graphite 61
Cement porous 2 890Burosilicate glass 2 923:,

924 Ceramic 2 890

BurosiLicate 3235 glass 2 923 Chamottv 2 890
Borosilicate clown glass 2 923 Chronic 2 454,897,

Boxwood 2 1061 899

Brass 1 391 Chrome fire brick 2 97

9,0. Chroni magnesite 2 SDO

1 ti Chromite 2 .173,

Brass (specilic types,

70; 1 590 Chromomagnebitc 2 4s1
Common 2 ]4!,

B.S. 249 1 951 om n

.... .~.-- - --- a -
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briukbk IULLIIUVcd I 3 cSCO!UIIU(i)

Corundum 4A M~agwbla 2 4',:,

697,

D ne2 j vi,

Dv-use tir(claN 2 4u 4

D,;tumlcutius I2 '(

Maignusitec Iiil-LI
Diatumaccous lnzulatmg 92 (

i o Magncz -

2 vi2

f,,y ptiai I! rv c lav NI a - b~ 2 '9 t

i~lc~ulli g~~I ~' - 93

NI2 -92
9(12.I -

M Ilru 2 4,j2

ix 401.

Nuial 2 4-

.4 49 1.

or, I n I /1

-'lVLIV P. (1. Ihflire 2 95

uII~ laY, 11)k I IIIt\ 'ou 2 (U

(Swurgla lki-L r I) PIotIs colcl t, 2 ,s94

I1110 ) 1 t id l.. 2 j '91 l'cIuS i i ll-V I 2a I'9'

111611 t I) . InbUIIatll1 2111 '91Ilc I

'Ved hard1 *ou 2, '5 4h2.

Jl~l I~iu V 1):. -115111

I'I~uauq;2 4 1.;
91 . Bcd t511:1110111, o.

,put

Lnsulaling Ili,,-2
I ItOILuCIal~ linbua i L o11oll chainl lo LIU zIOIL 92

K'auijn lily I 2 44IIlltc2

2 ~972

2'l 5iliid 2 4-.9.
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Bricks (continued) BritishY-I Y- 900

Silica (continued) 2 s97, British Y-2 90

898,
900, British steel 11114, -

902, Ills,9Q4, :Ilb7

Brom-graphite 
i 2 768

Silica fire 2 894, 1 1
695, Bromine 3 13
905 Broinyride (see silver bromide)

Silica refractory" 2 i
Bronze 1 585,

Silicon carbide "2 553, 5SMt,
536, 976,
b95 1980

Silicon carbide, rfra-\ 2 G86, Bronie, aluminum 1 531,
906 532,

I953
Silicious 2 492,

902 Bronze, beryllium 1 539

Sillinite 2 329, Bronze, phosphor 1 585,
902 I 56,

Siliinanite refractorv 2 329,

403, Bronze, silicon 1 973
902, 5
903 Bronze, silver 1 5980Sil -0-cci 2

B4Si 1 1262
Sil-O-Cel, calcined 2 896

BISi 1 1262

Sil-O-Cel, natural 2 S96i9
Butane, i-ti-C4HI0) 3 1:39

Sil-O-Cel, special 2 1 59fi
Butane, n-(n-C 4 14 o) 3 141

Sit--Cel, Super 2 ! B p(i reit E robber

Slag 2 8a5s
Butter of zinc (see zinc dichloride)

Spinel fire 2 905

C adLiuin 1 45
Star-brand 2 185

Cadmiuin + Antimony 1 514
TripoLite '2 S'4

Cadmium - antimony intermnetallic compound
Vermiculite 2 b94 CdSIb 1 12(,4

Zirconia 2 535, Cadmium + Bismuth 1 517
1,90,

905 Cadmium + Bismuth + EX 1 941

Brimstone (see sulfur) Cadmium - tellurium intermetalliccompound
CdTc 1 167

British 2L-11 1 900I I Cadmium + Thallium I 5:2u

British C-32 1 948 ,
Cadhium + Tin 1 521

British carlbon steel 1 ll86
BiihL5I Cadmium + Zinc 1 z

British L-5 1 q Ci.e uI~rit~h  I' Cadmium antimonidv 'CdSb] (8ce cadmium'l
BiihL-b 1] 899 antimonyV intermetalihc compound')
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21 7__5__1__1271__

ldadmium 6erianiunt phiosphide (CdGe P2) 75 Ca 2 .l'i 1 127

Cadium tel lu rid IIC C d I see Cadiumn Ca 2 .0 Pb 1 127 1
tellurium iti2mletal he Conipouncl;

C alcia 'ser calcjiumi uxi(ICC, 01 17

Cacte2CarbuttL\ brick 2 z597

Calcim - ead ittetoetalac otupundsCarbofma\ carborundumi brickI

ca 11) 1 2-1 U Carbon2

CaX 17 Diamond 2 9

Graphite (see each individual graphite

LoitplackI

Ca~,Pb1 1271
P'etroleumt coke2

Ca~1 l'b1 1271I I
Carbon fOm-gutt G4

CCl Ut - tII n jte i nLtItI cCoUtjMIt UId
Ca rlon +Volatile materials

Ca.Sn -173
Carbon rimck 2 9

Calciumn carbonate %CaCO2 \ 2 I 7I,

Calciumi carbonate ICaCji) C a trn te trachtloride (C C14) .3 I I ii

B3lack itamle 2 -76 C at-bouti tnox ilc (CU) :I 15

Brown marble U 71 Cat-ber ntono.'ode - livdtoger. systemnt U

Matrble 2 71 0. Ca rbo n dtoxidc and eth%.lenc s%*stemI

Ca rbo n (lioxide - hvdr-ogen systemt 391
Mar-ble powder 2 71i0,I

73 Cariwit diomidc - nitrogcen systm 3 396

Nattural (see lt nestorice Carbon dtoxidc - omygven s551m :I 401

Wht arl 76 1 C arbon dioxide - propane steinm A 40

White A labanta marble 2 742 Carbon steel Il.
I 1119.

Calciuni diflutoride 'Cii:) 2 wil 124

Calcium oxitde iWaO) 2 141 11-s

CalIcium phosphate Lithiuni carboniate + ICarbon Steel:. liuitisl 1 1ii
Magnesiuim carbonate 2 7:

Calciu stannte (CanO) 2Carbon steel, Japanese i II

I Catrboruduni '
Calcium" Stjnnidle Ca2Smi 'See ea"cioii tin .- 5I

intuermctali c co ntpound) ,Uob

C alciu i intlatanate (CaTiO3) 2 1,7 Carboxy\ nitrile rubber 2 9 IS2

CUaLcItIII tunu;stUtr CaUi 7 u Cardbloard 2 10

Cal,-tUIIt We lfraUnate C'aWO4 ktsee Cale" C a rSiat call)r(1I(LIn bI iiC k '2 95
tunigstat ic

C:Attridgc brass 70'7s sce 1r ass- 70/ 30)

Ctaidiani natural 1;rapIbte I 12 A aS

C aI 1ii 12 1 1Sn1 1 -



All
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.abt Irun 1 1 2UJ. (CA2lulosC I1I)C11AMIrd 1

I 11.14,

2. v (1 ilc bt.4 P I, ll d CLIJILCIit

12 2 2II

Cast no-m, tpc .lI tpcs 11 ii);2

il~~dcIk tciflj'C

1I3 -, Cinl 1 jo hHIthlS WIIvI

1IL.L( I\,,lL;yLL14L~n c otc

Ct I 1uk1.avk l

I~ ~ ~ I,)t I 1

N:, kvin - I ri .1 122

I lam ':u

NI IAz D I..l.. 1-

94 ii 51, 2

Cdli 1 1 11 1x l,~ , l

I:(Ii 2i ' Ills.,~cu 1.I n I: I Ink. Ii T

Wdslj ZI 1 '6 1) 14 1 :1 CH I mh'i fl onwi an, CI- IIcIl"

22

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

- - ~ ~ ~ ~ ~ ~ 2 - . l ~-. **.,
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Chroiriaii 1 101 cobalt 1 64

C bionic Wiick 2 454, Cobalt ti- Caiibui 1 1 521,

hJl Cobalt + Chriomiium 1 527

clionic III,, brick 2 a7 CobiLt -f CIxiinuiii 1 9 '47

Chronic iagnesitc brick 2 aUu Cobalt + lion -* U ue

Cliioziicl 502 .1 1210 Cobalt + Nicktel .1 52"

CIlionicl A 1 61)", Cobalt + Nickcl + '-;X 1

hril C 1 1016 Cobalt - bilicon interinetallic coinpowid

CL'i!P1 I.JN 1274

Chr"Illitc. I',rik 2 473, Cobalt aillO\s taj.-c it ic t.% pcs&

Llritisli C -J21 9 4,x
Ci; a 01 ii 1i I 'u

Chiii~ 1liiin1 ~ U~ ~ il I LIvic Illl MU 11111 tidt 1 1414'
I[ lcs stellLc 2' 1 !A.

C l1-1io io Iron -f I' t )44

ChriiiinJLIII- Nickcl 1 WI I 1 9

X -42 1 '4"
CiI CIlil VII101U j Ib'. 1 * '\LLA1ItnzIUf lI 1 4I1

2 4~ i I ti )Coibalt btintiumi iiictatitaiaic Co Si'iu~) 7

C inde I aggric coilcidtW Cobalt 4.111C hcrratc-Co nTcO 22

Ula'.'s2 U
Co Iloi' :t i aggregc~ pulIcst\ jule ' '2

AsilIJiabiad 2 ,u04,
Uc., Colorless glass 2 '24

I ickid1IukO\ 2 1 U4 Coluiibhouiii (sec nliju~il

Cii-jiiite 2 'U4 CoUInbInIn1 AloyS seeC 111,1ai3 allo

l"in: cla'. ' U4 Co11IIijC icil cabtaiblU coXIO 2 sI

Kuclin 2 i'114 "

z,77
bandy. clay o ',,

Clay uggrc~gatc concrctc, expanded burncd 2 .u Conjinn Wrick 21 432

121 Concrutes 2 '

col2 $07 Asphaltic lbitwnirlliUs 2 t-G

Angrui bnmn coal l! ar

Dlurs anthlrac ite 2 i'ws iituin 2 ,6

Dmvics gas co)al 2 U.4 lBituiuinius aggrugate, blended2

C~il tar lactiunb 2 1 l5t Cinder aggregate

Coia tings,. appIlicd Inonmectall ic 2 1VU9

Clay. aggregatu, expanded burned ] U

~-- '%f
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z 75 Copper. liev-CuLtiig

(C pp1r 'Nygeli-frie hiilm-coridmicting I UJ

I~d~ ic aw gg icgat 71 4
Copper, lisAuislo.die 1 7 2

oggic~ 6 at 2 C ojpC irI26, leaded I i -5

Lcuiia Iaj 1' C jp +Al64iui

Light weght I ~ Cuppei + Alumninum X 5

L ight. \%eighm.. lo2u~ b74
ICup r + Alnti + liv 1 9 J-

Liniusetone giavc I 2 4. ciien u~~ 2 1 17

C' o Iipul --iTAr senic I :3
Lumi itec it 2 1

( uipc r + Bhviliuni 1 '

J\l'taillIj;C~lI IUIIIICC~I -

I,4 Coppv r I BervIiurii ZN

Paraoill( CIC1
2PP 4 C .I~LiI11 .II 1 9541

SIItil C V1II lt 2 1

I, j S14.~pl Co at

'U.

1 011,C) dI 4

Copper +IkC Lead 1 1-4~

Slagpc ag rgae 111ILadjumL 1r'L~ 2 -,7

Copper + a Pho!phorus 37

CLupperL I seleium ntes 1c +o 1 964
Coircd1 1 1274'

Coppr. clee -1 CoMr~Slio i

I-Ln-lv-a~ ~t- 4 Copper Niickel + X.1 972

I Copper Paium 1 56b

copoI3~~~~~ 1, I-ylur -ehiri LA1
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Ctotper + 'rclluriuii 1 5Sl Copper alloys (specific types) (continued)

Copper +- Tin I 3! 4 Cuppralloy type 5, Russian1 4

Lopper i Tirn + : 1 U73 Cupro nickel 97

CoIpper 4 Zinc 1 5!5 Cupro ruicl.,'NM -I 61 ussiaii 1 51,2

upperi + zimc 1 97 Eureka I 51j3

Coppei + .. iiCIUliim +~ 1 German silver 0J~J

Cop!W v alloys ispecific types)

Gun -nietal , ad,,iialtY 1 976b

'dvIeI 7 Gun-metal, ordiai 1 97(i

ASTM !fU 1:~ 5,(.:'

fii.',.ILtitt copper it)hn 5,
Maiigaim ,

L::2, NMinanin NNM ', la 1 U63

Na% M1 !77

Bas , W.-u Nickel silver 91I

SALK I-eaeing .illt.v 4v. I 7
lDrts- B. S. 2-l' 1 9~-1

SAEK buai iig alloy) f,4 I U7,

(;01lbc inmijik 1.l~l ) Cl

lir;,ss. rolled IlN t)i tope o!\d1.2U1

ye)abb Iok'u h91. CULL)

C.opVc beleflitL CuSc 5 L.e 2'je A

Cop ,1 .Xpe I (aulfoide )4..uS) seId C~~u

l~iui/.c, lciy liuui 1 ,) Coppe io um\dc (Cu.,() 1e 147K-pui ,i~

It irue ,pin sj''i-I ~ Copciius ullde CuS si ii kopp i

.11. i, ultppid bufd I

Brun,.e, aliewni 1 3I iulfd u

91.1 W Cordleritbul Mc+2L4)2 jicc Iib jd 2 91)I

Ii n,. j- biker "Itgr C2~KAO 919k'(LH

fit~~~~~ ~ ~ ~ ~ ~ mvpopII1 :x CP)ILbbll~ ('2S u
c~~r~stan(5,it. I 44 MIti, II

C j IdI,. I'l~k..1 I

== ..izu
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Cork 2 104,3 (CulS, 8 C~,,1 1400U

orrung u011 glass 2 i511, (CuSb& 2 )0 3 (C~,Svz)0 1  1 1400
92h 17

ICU 3S' 2  1 17
Corning 7740 b'laaai 2 9:

CU3SC2 + CUSb)So, 2  1 14ul
Cornstalk mwallboard j2 :1111

"D" nicke) I I 1u39g
Cor ronil I 02 6

DoLcan,, n-(ClOJf 22 ) i (
Corundumi 2 94,

99 Dense brick 12 44-1,
904

Corunduni brick i2 47)4,
!9U5 Deutcrium 21

Cotton 2 10i( Deuterium - hydrogen system 40

W~aste 2 lobv lcutvriumi - wut rogeci b thccc 41

M..dical 2 1069, Diamiou 9j

ot~~~flT ~ 01 Tpe I1 2 4 c

Cotton bilicatc felt fab~ric 2 T1p UV4 ~
104 DiomcacJoib aggriegatc tcuilcictc

Cotton wool I 2 100'.
I

Cruci1ble tl Japanese 1 .1204 Diatomiaccout varti, t 14

Cu + LieCo 1 '1420 Diatomraccous inzmlating bi-.ck 2 96

Cu 1 Au12mI

Diatomiteku agg Igt 292

Cupronickul. itbiin UM-1I 5~

C IcC l fbV I 1277

Cuproneu2 li+bin CuI-1 1 5620 1C2F 2 ~I 2 1S Fen14

CupriIbCU)0 1 C 3 Sc) 0 9  1140 Diethlcilice -)- ciiilcy t it ecci C1C1 4b7C2'-Vl

CUbISC2 , 3 C 2 (0  I I4U DmCC!, C1 .bt Frek 114)19

CuIS2 )3Cue ~1 114f1ilDcli~icx e -~ llyI~ 2tlrbhem3 4,.

(C U,';Se, )1.2'CUI'i 2 0. 1 140l1 , Ihe' laicclce (Cr I .1) 2 CO ib~ iluCMIC

;C U'Iblk 2 I)j*!C U3t;u 2)0g- I 1 401 lDircia.cn lickclai ~j~ti~cc' i

I I~lD 11cl% -61c l

(C UoS), 6 (u 1 e24 1 141 1)Wjclenl ,lit "V~ (4LJ

i 14OU icciit

. .. 77;



Maera Nae ol Page Material Name Vol., ag

Dolomite (cont.inued) Enamel (continued)

14TS dolomite 2 I811 Silicon 2 921

Domestic graphite, Japan 2 34, Erbium h6

Dune.tb anthracitv coal 2 t'Ob Ethane (rzll4) 3 j167T
Doncts gas coal s ob Ethanol ' C2 115011 (sev cth% I alcolhol)

Dow meiai I 0 "'t 1 Y' ehlcr
Do% ina I argon byslitcm . 454

Duralum in I l0', 4*thy4-- nwcthy formatu bhvbivm .1 474

Doraickl ~DIMtthyl iffher
DrnceI Ju M9s"0~4- pi'pali. bybtclU .1 451.

Dur-anjckvl alloY :401 (out duranickul) Ity alculiul !(' 211 (jl) I I"~

Duruil 56,00 2 !G, :'' EjivI clu r . C. ,A) 17

l),flt quartzIIc 1144i 1 II .lunk IC -,A

Dy-bprusiuiu I FO2 Vthvlt.w - 1lvi16-1 b3~ bi 111~ :1 4 13

La rth 2 :1 lo I-. ll Il-ick - 11t t 11IC b)k b~it 111 3 415

DiaLionact'oua - 14 FL. thyL-11 - IIA1 *',-ii b)' blt',i .3 417

Kjc, 'juhl igii 14 Kt L i - 61%I'l . 1 ,

* b -) ; U I 1 i l t -d i Ll 1 4 L j . i ) ~I I )"

Kab.% -F],~, ft]P.L r buldt I slIN-ci ail") A I li.) l;1tt lbiu. I I:,

F:Iniuk i-ul)Itc I I' l*l, I V07

E-j4.:. AIlt 11 C2s;.%t u1-k 2 491], lii2 107U

:Jul hm 2 10U73
1.) 277 Iiolbl~in 1 I''.

FI-41ltubhjan 1 10I2 L I ,I OCU11?liiI~U1lslll IW~.Iib IM 1(1-51

fj I%7 lb.Iban I I1.~ I ... ll'I,UII, liubhljl 1 94:,

I- -1A)"ilhillbL lllbiliai lb ll 1-N40

fcri)bllUoj Ru:/;,a ll1tis .1 :""'

Licktoll 2 1 U9j'j
I c Ii uILtiMIUii, JPu,,blir a

Hicetrlil por-Ceuairi2lI4
1-cl LOfloilbI-ltui,h 01IU 1 1000(

ElvCtIolytiv iron 1 17 (bii 7

1-;nan. iL- 2 921 I'itrumn (av.. Himn
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Fbrl 2 1115 Pubcd (partL .'sec silicon dioxide ifused)]

Fibe rite 2 1052 GaAb 1 1277

Fir 2 107:1 GaAs + Gall 1 142:j

Fir plyvwovd 2 1114 Ga.AbG,,'4 5  1 1424

Fiie: I)iick 2 4111. GaAs.C 110.36 1 1424

bb5, G aA s 0 , ".. 33  1 1424
* 902,

'K; GaAb .5l'c.: 1 1424

Fire clu)y. Aluininuus 2 4,1 G;aijljru 2 '31(i

Fi ic t luv light t' ight 2 40A1, Gadolinitim I1 :
4v4

Gaidoiiluu, 'id XLI sanliairiwi. oxide 2 Ji
r.rv cla) pirc.soed 2 40:1.

Gallium I1 1
fire cla% hrick 2 40.1,

4U4, Gallium~ - airauwe interictnlic cuiipJuflnl
49u, GaLAs I L.,77

* D, Gallium airsviude . G..tAt, (uce pahum
9 U1, aibeilic intilerinctaIit: tcmnlpoun'i I

Garnvt N13 NI, iSiOdlC 2 27 b
ire eia brick, aluinoisub 2 90

* Genctiun 11 *Clj'F, l (ec Firco1 11)
I ire cid) liclkk, deio,,. V 9-i

Genction 12 'Cl 2 F2' 'bVV Yruton 12)
Fire (lay b~rick, buperduty 2,o

Iissiuinnc ruln 11:U9
F18blui alloyGinctrun 22 'CICIIF? (bee Freon 221Z

fiu%erb ot (in (Liiv tini dioxidu)
Genoirun 11:1 - CC12Y*CC I-- (bkee Freon I 11:i)

Fluor-Ine 2

2 94, G1.iitr') 11 CCII'2 CCII', tscv Freon 114)

923 Georgia lire, brick 2 bt

lorslerLc (NMgSlO,) 2 2 75 German chru, in . I 1018,

ki-eon 10 CCl4 ' (OeC Laibon tetrachioride) Geriman tilvver I
iqbI

Freoni 1) jC, Ib')

Ireun 12 (Cl/M. 2 1 :j 17b emaSte- I 1

German Y alloy I 190,
Freon 1J1 (CLc F,) 3 191 19

Frixin 20 rCllCl2 ] (oee chlorolorm) IGerianluni 1 108

Freon 21 (ClZCllF-) 3 19:1 Gvrmianluni + Silicon 1 5197

I-ru 22 Cl~ll'1  1 17 G ianlumi - tellurium internictallicF 2( CI ')3(e Comipound CGt'le 1 1 2p0

Fre~on 1141 (CCI 2 CCIF2) :1 201

Gtvriniluin telluride Gu ge emnu
Vuel-fillud grapihite 2 545, tellurium Inturnmelallic compo~und 1

_____________ 4 e3
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Glasses 2 922 Glasses (continued)

Aluminate silicate 723 2 923 Soda-lime silica 2 511,
924,

Amber 924 927

BorosiLicate 2 923, Soda-lime silica plate 9330 2 923

924 Soft 2 511

Borosihcate 3235 2 923
r Solex 280n plate 2 923

Borobilhcate crolvn 2 19 231

Solex 2805 X 2 925

Cellular 2 923 Solex "IS" 2 925

Colorless i 2 924
Soldex "S" plate 2 923

Com111ig 9UW3 : 2 511,
928 Thurngian 

2 923,

i 924

Foanm 2 924.
925 Vycor-brand 2 926

Goldn plate (see amber glabs) White plate 2 923,

Gr ecn 2 923 923,
Window'2 23

Jena Gerite 2 924 924

9 92: X-ray protection 2 924

Monax 2 924 Glass fiber blankets (same as fiberglass) 2 1115

Phoeiux 2 924 Insulation 2 1117

Platc 2 923, Superfine 2 1116

924,
925, GlaBs fiber board 2 1124

926
Glucinum (see berylhum)

1,rex 2 499,
923, Glycerol (CII 2OIICHOIICII 2OH) .1 209

1 924,

926, Gnome salt 2 b32
927

Cold 1 132

1'icrx 7740 2 499,
923, Gold + Cadmium
9"4,

925, Gold + Chromium I

926

Gold + Cobalt I jU;

Quart L I 923,

924 Gold + Copper 1 I

Silica 2 92J, Gold - copper intermctalic compounds

925,
926 AuxCuy 1 12.'1

Silica, fused 2 925 CuAu I 1 1' '2

S1lcat 2 511 CuAu 1 12,2

Soda 2 923 Gold + Palladium 1 614

Soda-Uiie 926 Gold + l'latinum t,17

Soda-Iini plate 2 921; Gold 4 Silver 1 (20
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Gold + Zinc 1 623 Graphite (continued)

lden plate glass (see amber glass) Grade CEQ 2 63,

Goves-nnent ru)bcr-5tyrcne rubbcrr 2 977
Grad.- C FV "2 67

rmnitc 2 S17 Grade CFZ 2 6

NTS granite 2 61b 2 71I 71:

Graphite 2 5: 72

2 73 Grade CS 54,

55,

Boronatld 2 i1 56,
64

3irralh reactor grade A 2 69 Grade CS-112 
2 63

British reactor grade carbon 2 69,
70 Grade CS-12 2 6

Br'om -graphite '2 76o
Grade CSF 2 55

Brookhaven "2 26
Grade CSF-M TR 2 63

Canadian natural graphite 2 54 Grade )Y , - ,
7u,

Carbon rteaistor 2 73 71

Domestic. Japan 2 Grade EY 9A 
2 70

Grade G-5 2 60,
61I'ucl fi lh'd "2 54 5

54, Grade G-9 2 6u,

Graue n7SS 2 4 ade GBE 2 54,

Grade n90 S 2 49

Grade AGA 2 i64 Grade GlBt 2 33

Grade 1t41d 2 61
Gradle !590IS 2 457

Grade AGOT 2 13 Grade JTA 2 70,

72

Grade AGOT-KC 2 17 Grade L-117 2 63

Grade AGOT-CSF-MTI3 2 17 Grade %MUN L'I 2 70

Grade AGSR 2 57 Gade P1 2 /5

63, Grade R-OOS 2 60
64

Grade AGSX 2 G4 Grade 0025 2 71

Grade ATJ 2 2 Grade RT-00:i 2 54

GradeRVA 2 66,
Grade ATL 2 64 Grade BVA 2 67

Grad ATI-2 2 71
Grade RVt 2 f7

Grade AlC 2 63, Grade SA-25 2 42
64.

Grade TS-140 2 59

Grade AWG 2 24 Grade TS-Itm 2 59

Gradfe CDG I 65
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Graphite (continued) I Grecnheart 2 1074

Nuclear grade TSP 2 60 Gulton H.2. B aluminum oxide 2 103

Grade ZT 2 60, Gun metal, admiralty 1 U 76

71 Gun Uidinlay 1 071i

Grade ZTA 2 63, "H" ~unel 1032
66,

70 Iolnia isee haLnuni oxt.dc)

Grade ZTB 2 6 Hlafnium 1,lb

Grade ZTC 2 bb Hafniumn - boron intermetalLic compound
l 1,2  1 12,54

Giade ZTD 2 66
llainiumn + Zirconium 1 624

Grade ZrE 2 66
Ilaluunil carbide (Hfie) 2 37

Grade ZTF"2 b
lainjuni nitride (HfN) 2 b39

Graphitiecd carbon olack 2 60
Ilalmuni oxide (UlfOz) 2 1o3

Kar)ate 2 1 ,9

Hair felt 2 109
Korite '2 5

Hand-burned face brick 2 891

Mod rator graphte U Hardwood 2 10 5

Natural CcyIon block
ttastelloy A 1 1036

Ohmite 2 73
Hastelloy Ll 1 1042

Pencil lead graphite 2 6iA
Itastel 1o,, C 1 1016

l'urouu*-4U 2 63

HastelloyR-23 1019
Porous -6U '2 63

Haydite aggregate concrete 2 870
Pyrolyttc 2 .32

llaynes alloy N-15 1 1177
l gvlol)'Bc graphutc filament 2 32

ila'n, alloy Nb-752 1 1356
Reactor gr dc carbon stock 2 -a

Kohiyne I tcllite alloy 21 1 b.1n
Spektral Kohle 1 2 A4

llaynes stelhte alloy 23 1 9 4
Sulx'r m'np pyrolytic 2 72i

Ilaynes btellite alloy 27 1 1029
U. B. carbon 2 62

I Haynes tvtllt.. . ,vI3 (salme as cobalt

U.B. graphite 2 62 alloy X40) 1 94,

Graplute + Bromine 2 767 Heavy hydrogen (sec deutcrium, or tritium)

Graphite + Thorium dioxide 2 544 Helium 3 29

Graphite + Uranium dicarbide 2 770 Helium - air system 31b

Graphite + Uranium dioxide 2 547 lleliwn - argon - krypton system 3 4S1

Gray cast iron 1 130 5 Hcmiun - argon - rutrugen system 3 4-;

1 5 Helium - argon - xenon system 3 470l

Helium - n-butane system 3 120
Green glass 2 Helium - carbon dioxide system :3 322

7 7_

____ ____ ____. .
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Helium - cyclopropane system r3 ' 325 Hydrargyrum (see mercury) I
Helium - deuterium system 3 327 Hydriodlc acid (see hydrogen iodide)

leliuin - ethane system 3 329 Hydrochloric acid [HCII (see hydrogenIchloride)

Helium - ethylene sy'stem 3 co331rd
Hydrogen 3 I41

Helum - hydrogen system 3 :333 1 1
Hydrogen - oxygen system 3 429Helium - krypton systena 3 276 !Hydrogen - nitrogen system 3 419

Helium - krypton - xenon system 3 480

I Hydrogen - nitrogen - ammonia system 3 500
Hchum - methane system 3 338

u Hydrogen - nitrogen oxygen system 3 428
iehum - neon system m 3 . 271 Hik Hydrogen - nitrous oxide sytm3 427
Hehuni - neon - deuterium system 3 489

i Hydrogen chloride (HCI) 3 101
Helium - neon - xenon system J 4b2

IIHydrogen iodide (HI) 3 103
Hium - nitrogen system 3 340

hum - nitrogen symetsante m Hydrogen sulfide (H2S) 3 104Helium -nitrogen - methane 53stem [3 1,487

Hypalon S2 rubber 2 983
Helium - oxygen system 3 343

Hype (see soditim thiosulfate)
elium - ox)ygen - methane system 3 484

c o tI Hytex hydraulic pressed building brick 2 896 -4Helium - propane systein 3 345

Ignited alumina 2 106
Helium - propylene system 3 347

. llinium (see promethium)
HeLiu,n - xenon system 3 280 I

Hli ptane, n-(C1H) 3 i 21184

g3 InAs + InP 1 1426Hevea rubber ]2 983

InAs 0.GP 0 4 1 1427
Hexane, n-(C1,) 3 1214

I lnAso.SPo. 2  
1 1427

HgBc + 1 11284
I InAs°oneP°l 1 1427

2gSe 13
Hi31 InAs0oiPn, 1 1427

gTe 1102
I nco "713 C" 1 1022

Hle + CdTe ,1 :1407
Inconel 1 1018, -

Hi alumina 2 199 1019,
: 1021

High carbon steel, Japanese 1 1119
1 nconel alloy 600 (see inconel) A

High-permAV' 1 11199
H Inconel alloy 702 1 1022

ltigh temp. insulating brick 2 891
nconel alloy 713 (see lnco "713 C")

High temp. insulating blast furnace brick 2 899
Inconel alloy X-750 (see inconel X)

High Lircon porcelain 2 937

Holmium 1 142 Inconel X 1 1018

I India beryl 2 801
Honeycomb structures (metallic -nonmetallic) 2 1015

Indiana limestone 2 821

Honeycomb structures (nonmetallic) 2 1010
Indium 1 146

Hutchins alloy 1 512

-PIP

}T

7 -- 71
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indi an - antimony intermetallic compound Iron 1 156

InSb 1 11287
I Iron + Aluminum + X() 1 1142

Indium - arsenic interinetallic compound

InAs I i1292 Iron + Aluminum + 1X (I1) I 1145

Indium + Lead I 627 Iron + Carbon + EX (I) (C S-2.00%) 1 1113

ladiur - selenituni internietallic compound I Iron + Carbon + EX (U) (C S2.00%) 1 1124

111 ZSe 3  
i 1 1295

iron + Carbon + EX i (I) (C >2.00%) 1 1128

Indium - tellurium intermetalihe compound
In2Tc3 I 1298 Iron + Carbon + FX. (U1) (C > 2.00%o) 1 1132

Indium + Thallium 1 1 630 Iron + Chromium + LX (1) 1 1148

Indium * Tin 1 634 Iron + Chromium + EX (If) 1 1152

Jndium antimonmde InSbl (see indium - Iron + Chromium + Nickel + ''X (I) 1 1160
antimony, internietalhc compound)

Iron + Chromium + Nickel + LX. (l, 1 1164

indium arsenide rinAsj (sec indium -

arscmc intermetallic coinpaund) Iron + Cobalt + L- U) 1 1176

Indium oxide (iO) 2 153 Iron + Copper + '-X (1) 1 1179

Indium seletude .n12SC3 (see indium - I Iron + Manganese + _Xi (I) I 1182

selenium internetal-ic compound) i Iron + Mlananese + -Xi L11) 1 1191

Indium telluride , InTe s , (see indium - I
tellurium internietallic compound) Iron + Molybdenum + aX (I) 1 1194

1 I
Ingot iron 1 11134 Iron + Nickel + SX i (1) 1 1197

Sb1 I12a'i Iron + Nickel - !X. (I) 1 1202
I i

InSb + In2Te 3  
1 11403 Iron + Nickel + Chromium + Y- i (I) I 1209

InrSe 3  
1 '1295 Iron + Nickel + Chromium + -. (II) I I 1212

I1 I

insulating brick 2 i 443, Iron - Phosphor + !X (1) 1 1216

891, 
I

904 Iron + Silicon + LX (II 1 1217

Insulating fire brick 2 891 Iron + Silicon + X i (lI) 1 1221

Insulation fiberglass 2 11117 Iron + Titanium + LX i (I) I 1225

nsurok 2 .1023, Iron + Tungsten + SX (I) 1 122(;
10241 12(

Iron + Tungsten + 1- 1 (II) 1 1229

InTe 1 12 Iron, Armco 1 157,

InTe3 * Cu 2Te + Ag 2Te I 146 154,
159,

Intermetallic compounds (see each Individual 1tt,
intermetalLic compound) 161,

I 163
invar 1 1199

1 1205 Iron, electrolytic I 157,

Inyar, h'ce cut 1 1205 159

Iodine 2 b3 Iron, nodular 1 1222

lodvride 411 (see silver iodide) Iron, silal 1 1222,
I In 1223

lonium (see thorium)
Iron. Swedish 158

Irdium 1 152 i_ --

W'W
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Iron, oI 1 1163, KICSVclg I' .Iu car 2 614
I 1,210

IF)ioi ,I .nl rc'. 1 I Kiesvlguhr carLI, igilutud 2 ~ 14

I ri hol I 1J\l-xde 1544 )2
IKnapic 1 42

(cl io~umIc) IK0oldboarld 2 1123 I
hIb loil 11 IS u.. l"iicoi 11) . jK or itc rapliit o: 2 5I
lI oril 12 'tSec 11'Loll 12) oa 2:

ksecoi 14 CCIcont 1.3..
KI KIipp SLL'Ci 1 1115,

IsI run 22 15cu Iictm 2 2.) . 1i jt

lsolroii 1.14 bee Freon 114iKtpOI-(CI jl1StIlI .4
I Ki"' p tun - )I1w-gl bbic~i l 31 r, :1

Ito rv 2 ILI-,
Afia U o Kr) ptoli - nC~fl b'.sLLtiI m 214

Japancsu 2E-a -Z: ::-

3 apalncst: 11sh-plattA 3 5 119 i

Japalnubc M -1 Il\It~ m:11 a99 ,tn

Kuchin I) 0JaXIIicsC ;3tcuI 1,0
11210 U

U' ,:kcl 1 2.153Jena IL' I itt. glass 2 U 2.1 2

Ji,.IIuII .in ac' JVOMV LUM II~anCOid 2 10

K' Mnci1 1:12 LaiinattcS u)I1ICIic imiClliictailic I Ii~

K.S. allot\ 243 I 1 92U
L.1ii1 ,s111au 101illitlllC ) 2 :1021

K. S. allo -0 Iv U20
Ariao 2 10V:12

K. S, a Ilo spucial 1 U( 92 Anao

K. S. m~a~nct *tv1 '1172 109

Kabuin sutc putaoi~suzml) Inbu rok ~12
Kaolin fui IjWick 2 4U4. Liuci 2

U04 1024
K:I.li~i~ IInsuILlig clatim iluk 2 .7

Iax~ 2clh 107102
Ka~~ 2 077 Lainalc. q'j)xy RUsil! i5(1 S Ilk

K;illj.itU iaj-)ilctk 2 59 illlll '

Kul-I F2 u70 Laiipblack

I,1s I.

TIN
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Lanthanum -teliuriwn internietaffic Uignui Vitae 2 179
compownd i

ILime sand brick 2 892
LaTe I 1:304

Limebtone 2 2
Lanthanum iiluorid(e kL.ar3) 2 633

idiana 2 521
Lanthanium solciude JXa3C (sve lanthanum -

soleniunt internietallic compound) IQueenstone grey 2 821

Lainthianuni saullde (LaS) 2 I7U2 Rania 2

Lantlianuin telluride LamTe_ 'selanthaium Liestone aggregate concrete '2 6G
tellurium inte rietail ICcoiiipouicl'

La~e i~iuI Limestone gravel concrete '4

LaTe 1 1:3 U4 Ljpowitz alloy 1 939

Laughing gas :5ccL ni1trous oxide - Litlmia (see litl-lum oxide I
Lueid I_1':' Lithiuni 1

Lead, py iol metrk nc atmlard I 15n:6, Lithium + Boron + 1 992
1.,41

I Lithium + Su dini 1 "
Lu ad AntLiujuI * omn +1 97

Lead + Aiit~ion% + 1 911

I Lithium fluoride -Li F 2 iI

Lead + lBismnntth I I o4U
ILithitim Iluoride + Potassium iuride +t LX 2 6!~ 1

Lead + Indium 1 6 436
Lithui hvd ride- ..172 7 7:3

Lead + Silver .4
Lithiu-m oxide (Ui2 0) 2 157

Lead - tell uru iun lte rniintl lieco iipu wi
LAohm 1 5t;4

l'bTe 1 1317
Lko\ alloY bteel 1 121:3

Lead + Thzlluiii 1 649
Low\%-exp-42 1 120)5

Lead + Tini 1 U -,2
Lowell Sanld 2 s:14,

Luad alloy, SAE l~ea,'iuin o 12 1 1 9!91

Lead glass 926 Lucalox 2 jut;

Lead oxide + Silicon1 dio0Xie 2 .15- 9 Luinite cement concreteI I'1

Lead oxide -I Silicon dioxide + a\ 2 .474 Luteium I 19?

Le ad telunide jbTu' (see lead -tellurium Nilicluv 6 steel 1 21

intermnetalt-ie coniisiuid I

Magnaliuin 1 7 s
Lead iutana'. !111,TiO 3) 1.

Magnesia (bee magniesium oxide,

Lecad zorconate 6 Ph)iUt3 ! 2 2j 2

Light weight linick 2 4 brici

I .- ~ - 99

900 Mgnesi'c b~rick 2 i -,,

Light necight concrete, 2on

w 5
Lih Fi~tLocce omd2 i
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7'itisuii1 202 Natural xiuy sinnul j2 264

NIziu~s utiA i ili i I u3 iiil 264
I ynlihtic -pl . 2' I2,

\laiicaiumi +- Aloinhuiii + !: 99.
M Nagnecsiumi ilunimactc i Mlagnesiumi oxidec Ui2

NI ~ucs u ii- ani non teric ulta IIic
Co ipnjsid M Iagnesim nal umiate + Sili con dioxide 2 J6N~ I 61,i

N~3Si jI IU MIagnesiumi alutinnatc +- 1di iuodjur uxide

I Nla~Mgiicsiun iiewa.cluimateiI \IgA12l.) 4 (a I I
Malgicsiumi f Calcluiul u I, :12 slul alUI.InIaic:

I Nagncsluii alt tilillidL %il3S))- (si'c iii~t

7aeg tics I10111 4cc Iil In1 i 1 Ties IurnI - M1IL I II [.\I IlI'[ r iL ta I Ie :oi nIsI>uU[dJ

M'agcluill 4 Cc Iii I IOUUI Mligrlt.Sll cabute-Ng(2 3'

NI agucalIikiI Cobalt T Z.\ I 100U4 NI,61S1,11 g 1c1i)l ' oxie igO;

NI aglli jul Co pperC 1 666A Malziisiuit Omdc + ilurvlliotti oxidc: 171

Nlagliicsuiii l Copper + LX 1 1003J '\j.It,InCSILLiI UXJIic CalUium11 UoiIC + SX 2 477

M-igiulii n gv liianiulii 111iLiiiictllic 0Iiic~oi \icv +i UCiill 11111tri1 +dA
cuiiililn I "

M Iaglicalull Oxide + C la1\ , 1744

Mlagnesiumt + Nicel t,7

Nla~iicsuin NMaglnesiumb~ oxide + Magncsiumi auinoiiat ' 3 75~
Mansu + Nickl + N 1 uon

Nlanciua S~ioi L \agticsiuii o~ide + Nickel oxideL 2 1 31

NI agnestiunli - iliconi ii tt' i tal11ic cli ilwd I \ l i i111O ~e S ici b,\~cI :

Mg~5i1 1314I
NI :gflesioill oxide + S1iLonl idiomide: + EX\ 464

M~agnesiumn ilc1I
\Iagncuu ox ,ie + Tale 33 55

Ma~gnesiumn + Till I I .

MNtI~inCSLunI OXIdC + Tin diox ide 3 :1a7
Nlagncaiiiii - tilt intcricall-ic coiipouiidI

Mlagnesiumn oxide + Urinium dioxidc 3 90

1alesul :1:117Vll xie 1 9
Magnesiium +~d Zinc oxd 6,61.1
Nianesiun Zic i~0 Magnesium silicuic (sec -oisterite) I

Miagnesiumu alloys5 Spci~fic typ'I I
'M \agnesiumi ortlisilicatc + Magnesiumi oxidC 1 :394

AN -.N-29 1 Iji
M \agnesiumn siicide I Ng 2Si );see magnusiunli 9

AZ 31I A (see iagncslumi ;illov. I silconiicillie colilixWilI)
A N -M -2 9,

Magnesumi st-annatc IMgSnU~l I 2 2'1

Dow nt~al I 1999
%II j,1 nesioin stannid, 'L Nlg-Sn :(5cu

Elckton 2 1 9 1) magne~~ls ium - t in intuetaucLll ic co mpound I

\lagncsiui~ aluinhlateb I agneasiun titanale poikclain 2 93i.7

M60O A1 21J3  2 2 1 I \agncLit 2 3i)

_____________________________________________________ i 481-
_ _ _ _ _ _ _ _ _ 2 2_ __0,_ _
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lagnezit brick 2 Marsh gas (see methane)

Mahogany 2 1 Marksa brick 2 899

Medical cotton 2 1069,langanese 1 20 1070

langanese + Copper 1 663 Mercury 1 212

Manaiese + Iion 1 684 Mercur " - selenium internietallic compound

langanese + Iron + 1 1009 HgSe 1 1320I I
,langaiiese + Nickel I 655 Micurv + Sodi un1 6 6

\tihganesc + ilicon+- 1 1012 Mercury - tclluiriwn intcrinctallic compound

langaneb alloys (specific types) HgTe 1321

Ferroniinganesc, Rubsian 1 '014, Mercury selenide lgSe. Isee mercurv -

1010 selenium interietallic conpound)

Sibcoiiauiganesc, Ruseiam 1 100, Mercury telluride tleTc (see mercury -

1012 tellurium interlnictalhc compound.'

Manganse terrate (Mne 2O4 ) "2 2-32 Mctallurgical brick 2 SD2,
s93

MN ganese o\.ides
M1ctallurg:al puroua brick 2, 1 3

Metallurgical pumice concrete 2 ,63Mna/ 2 170 .SI4

Manganiese monoxide r.MnO ] 1ce manganese Methacry late rubl)b.,r 2 963
oxides)

Methane (Clt4) 3 1 218
(di)Muigancse trioxidc v- Aluninum oxide 2 3p7

Methane - propane sy'steni 3 432

;dil),angancse trioxide + Magnesiun oxide 2 e Del oMethanol rCItIO01l (see mnethyl alcohol)
A hI anganese triuxidc + Silicon dioxide :399

Metlianol - argon systeim I 45atri %anganwsc tctraoxide " Iat scu
manganiese oxid'S) 2 170 Methanol - hexane System 1 46.0

ManganetsL, zinc lerrate Mn(Zn)-e 2 L "  2 295 Meuil\I alcohol (CH101l) 1 223

ianganin 1 965 Methyl chloride ICHS3C I 27

Maiaarun N1l Mtz, Russian 1 965 Methyl formate - propane system ;3 4,2

Manganomnanganic oxide NtnfO4 see Mg(Gs 1 1311
(tritnianganese tetramxide)

Mlaple 2 .10
m r Mg1i 1 1314%luarb hes

\g 2 Sn 1 1,17
Black 2 701

Mica '2 23.Brown 2 761 '9)2

Powder 2 100, Canadian phlogopitcs ' ,24,

White 2 701 Granulated vermiculite

Whitc Alabama 2 701 Madagascan phlogopites 2

I0 h. -
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lica (conLinued) Monel alloy 505 (see "S" monel)

Synthetic 2 825 Mone) alloy 506 (see "H" monel)

Mica, bonded 2 825 Monel alloy K-500 (ee "K" monel) I I

ticavite 2 1138 Monel alloy R-405 (see ,R, monel) I 2

lld steel 1 1186 Monolithic waLl 2 6

Mineral cotton (see mineral wool) MoSi 2  1 1324

Mineral fiber 2 1139 MSM-4AI-4Mn (see titanium alloy C-130 AM I
or titanium alloy RC-130s)N1ineral w ool 2 i1147 4

ineral wood, processed 2 1140 MSl-GAl-4V (see Ti-6Al-4V)

I \I4MST-(A!-4V (see Ti-6Ai-4V)
1,rd 2 14

MST-8,Ndn (see T,-6Mn)

Felt 2 '1141 I
I tlute 2 254.

%lipora 2 j944 934

issuouri firebrick I 2 905 MulLhte + Alumina j 2 335

Moderaxor graphite 2 i 70 Multimet N-155 1 1165

M olybdenum 1 222 Mystic slag 2 1150

%Molyldenum + Iron 1 690 N. S. nickel 1 '708

Mol'tndunwo + Iron + LX 1 1013 Naphthalene (C IoHOk I 2 995

Molvbdenum - silicon intotmetaIih com- Naphtha.in [C 1 ok0gj (see naphthalene) I
pound

Naphthul (C15H7011) 2 j 998M osi2 I IJ24 i
Natrium (see sodium)

Molybdenum + Thorium dioxm I 1 1429 I I
Natural Ceylon graphite 2 55

hiolybdenunm + Tititaun 1 Na691I 7

Nv 1 977
Molybdenumn + Tungsten 1 6 Nelon - Kebbnleg 10 1 896

Molyblenuin alloy, ferromolybdenum, e 1 8
Russian 1 690, Neodymium 1 230i 1013

Neon 
3 56

(diMolNybdenun carbide (Mo 2C) 2 579

tolybdenum disilicide [MoSi2I (see mlvb_ 1 ,Neon - argon - deuterium system 3 490

denum - silicon intermetallic compound) I Neon - argon - hydrogen - nitrogen system 3 509

Monax glass 2 924 Neon - argon - k.-ypton system 3 478

M onel 1 1032 Neon - argon - krypton - xenon system 3 504

Monel, cast 1 1032 Neon - ,-f-+on dioxide system 3 356

Monel, "It" 1 1032 Neon - deuterium system 3 360

Monet. "K" 1 1032 Neon - hydrogen system 3 362

Mone1, "R" 1 1032 Neon - hydrogen - nitrogen syaeeM 3 494

Monel. 'S" 1 1032 Neon - lydrogen - oxygen sy.temn 3 492

Monel alloy 400 (see rnonel'i Neon - krypton - deuterluza system 3 491

*E.*EH~~~~tV7 77.~ - . ~
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Neon - mtrogen syistem 3 365 Nickel + Iron 1 707

Neon - nitrogen - c\ygcn system 3 495 Nickel * Iron + EX 1 1035

Neon - oxygen system 3 361 Nickel + Manganese 1 710

Neon - xenon systent 3 291 Nickel + Majiganese + EX 1 1038

Neptunium 1 234 Nickel + Molybdenu, + EX1 1041

80 Ni-20 Cr (see chromel A) Nickel + I-X 1 1044

Ni -Cr steel 1 1167, Nickel alloys (specific ty'js)
116S,
1210. "A" nickel I 711
1213

LAluniel 1 1015,
Nickroni (sue chroniel A) t 10i5

Nichronc 101, Chroman 1 lois
1019,

1021, Chromel A 1 69b
101036

Chrunicl C I 1036
Ntchrolne N 1 t9b

Chromel 1 
1 698

Nichronie V lb_: chromncl A) 27 Contracid 1036

Nickel 1 2:17

Contracid B7M 1 1036

241. Corronil 1 1032
1029.1029 ".D" nickel 1 10o:I

Nickel, I'D" 1 10:19 DAranuckel 1 1015

Nickel, electrolytic 1 23t,, EI-433, Ilussian 1 122
239J,

24u El-oi07, Russian I 1 '1,
1020,

Nickel, 'L" 1 1 "28 1021

German chrumin 1 IiU0l
Nickel. 1'0'' 1 2,9

I Grade A I 711.
Nickel, "Z" (see duriicnkel) GaeA

Nickel 200 (see nickel. A) II nonu.l 1 :132

Nickel 211 (see nickel, D) lIstelloy A 1 1036

Nickel + Aluminum + D1 1 1014 llastelloy B 1 1042

Nickel - antinory intermetallic compound Hastelloy C 1 1018

NlSb 1 i1:.27 ilastclloy 11-235 1 101v

Nickel + Chromium 1 697 ltaynos stuillte 27 1 1029

Nicktl + Chromium + -X 1 1017 Iylln-0 1 IU:113

Nickel + Cobalt 1 700 INCO "713 C" 1 1022

Nickel + Cobalt + EX, 1 1026 Inconel 1 10 ,i 1019,

Nickel + Copper 1 703 J021

Nickel + Copper + EX 1 1031 Inconel 702 1 1022

n- ,
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Nickel alloys (sr.cific types) (continued) Nickel alloys (specific types) (continued)

Inoe .1y71 oeIc 71C)Rfaly26 IT(1029

lncoodX 1 016 Rene 41 0

Inconel X-7-10 (see inconei X) 'IS" imonci 1032

INOR -8 1 1042 Silicon mioe I 03

K nionel I 1032 "IZ" nickel (see duranickel) 1 13

KhU, 1lsia 1019 Nickel antimionide NiSlj, (8cc nickel

"L' nickel I :1, antinmny intermetailic computirai)

239 Nickel bronue I 1032

M 321 11022 Nickel oxide (NIO) 2 17

Monel I 1032 Nickel silver 1 11

Monci, cast I1 0 Nickvl bilver 12',- (see german silvvr)

Monel alloy 40U (du noul) (tri (NIckel disulitcde (NIj2) 12 I705
Moijei alloy 03u. tsec "S' rioric1 Nickul zinc ferratxe 'Ni(Zn)Yc 2O,4 , 2 29b

Mionci alloy K-O (see "K" inonci) Nicrosllal, British I 12v4

OuNi-2OjCr 1 !1019 Nigrine (de rutile)

Nichronic 1 I 10Th Nil alba (see zinc oxide)

1021, Nimucast 713CI I2

I Niinonlc 73 W 119
Nichromc N 'I (101I Nimonle 73, French

Nickel bjronze 1 10 12

Niniocabt 713 C 1 102 'lnnI2oI '1
* Nlmonic bQ;'40 A, French 1 1019

Nimonic 75 1iui 9001)01

Nimonic 75, French I 1019
!,inionic t3 I. 1019

Nimon~lc h0 1 101b,

109 Nimoniv 100 1 1u29~

Nimonic ho/SVA, Frunch 1 j1019 Niinonic 10-;' 1 1029

Nimonic 90 1 10U19 Nimonic 115 1 1029

Nirnonic 135 1 101t) Nimonicu DS, French 1 1213

Nlmonic 1041I 1 10U29 Njirnon~c PE 7 1 1206

Nimonic 105 1 1029 Niobiun 1 245

Nimonic 113 1 1021' Niobiumn + Niolybderrum + -'X. 1 1046

N.S. nickel 1 708 Nioblum + Tantalum + LX1 1049

"0", nickel 1 2319 Nioblum + Titaniumn + LX1  1 105i2

OKh 2U C"OB 1 1022 Niobium + Tungsten + I 1 11

"I'l monci 1 2 032 Niobium + Uranium 1 7 13
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Niobium + Zirnnlum 1 716 Nylon 2 945

Niobulm alloys (specific types) Nylon 6 (see polyhexa ydro-2H-azepin-2- 4
one), I

D-'16 (see niobiu'n alloy Nb-10W-5Zr) I
"0" nickel 1 239

Haynes alloy Nb-752 1 1056 I
Oak " i 2 1082

Nb-51lo-5V-lZr 1 J047 10

White i 2 i1082

Nb-27Ta-12W-0. 2Zr 1 1050 1 I
Octane, n-(Cits) a . 233

Nb-IOTi-SZr 1 105,3 2 3

Ohmiltc graphite 2 73
Nb-15W-SMo-lZr-0. 0YC I 1050

OKh20 N60 B, Russian , 11022
Nb-IOW-1Zr-0. IC I 105G

Olivine (bee forsteriLu)Nlj-1OW-SZr 1 1056

Olivine basalt 2 I 798
Nb-0. 5Zr 1 717 I

Ordzhonikid~e brick 1 2 ) 99Niobium carbide (NbC) 2 582 Osim 5

Osmium 1 2 54
NiSb 1 1327 I

Oxygen 3 76
Niwn (sef: radon)

Palladium 1 25t
Nitric oxude (NO) 3 106

Palladium + Copper 1 720Nlh'llc rubb-ur 2 Uh2 i

Palladium + Gold i i 7ej
Nitrogen j 64

Palladium + Platinum 1 724
Nitrogen - oxygen system 3 434 ,

Palladium + Silver I 1 727
Nitrogen - oxygen - carbon dioxide system I 497 I

Paper 2 '117
Nitrogen - propane system 3 438

Paraffin concrete- 2 863
Nitrogen dioxide l N0 21 (see nitrogen per-

oxide) PbTe 1 1U

Nitrogen peroxide (NO 2) 3 108 Peariitcl matrix cast iron, Nr. 1520 1 122

Nitrogen monoxide [NZUJ (see nitrous oxide) Pearitic pig iron, Russian I 1137

Nitrophenol (N0 2 Cg1i4011) 2 1001 Pencil lead graphite 2 65

Nitrous oxide (N0O) 3 114 Penn. Lire brick 2 OU5

Nivac 1 238 Pentane, n-(CH112 ) 236

Nodular iron 1 1137, PerieLase IG0
1222

PerUie 2 b27
Nonane, n-(CpHt20) 3 230

Petalite 2 D35
Normal brick 2 488,

489, Petroleum coke[ 2 i65900,I
901 Phenashrene (C1 4119o) 2 1004

NTS basalt 2 796 Phenanthrin 'C 1 4 lio0 ! (see pheananthrenc)

NTS dolomite 2 811 Phenyl ether '(CgIl')2Oj (see diphenyluxide)

NI S granite 2 81b Phoenix glass 2 124

7 7
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Phosphor bronze 1 58 5, Polyethylene 2 956
586.
976 Polyethylene. chlorosullonated (see rubber,hypalon)

Phosphorus 2 86l hyao)-

Polyhexahydro-2H-azepin-2-one, silon 2 959Pig fat 2 11073 ,Pigat 103 Poly(methyl methacrylate) [same as ]
Pines 2 1083 pledglasl 2 960

Pitch 2 1083 AN-P-44A 2 961

White 2 1083 Perspex 2 961

Pitch pines 2 i1083 Polystyrene 2 963

Pladuram 1 1 416 Colloidal aggregate 2 96b

Plaster 2 1 887 Styrofoam 2 965
Plate glass 2i 923, Polysullde rubber (see rubber, Tluokol)

2 925, PolytetraluoroehyLene (same as Teflon) 2 967

926
Plainoid 1 981 Polytrifluorochloroethylene 2 970

Polyurethane (see rubber, Adiprene)Platinum 1 262
Polyvinyl chloride 2 953

Platinum + Copper 1 730 Porcelains 2 936
Platinum + Gold i o332 9

I Alumina 2 I 937
i'latinu.m + Iridium I734

Electrical 2 937

Platinum + Palladium 1 737 E

High zircon 2 937
Platlnum + Rhodium 1 738

MgTiO, porcelain I 2 937
PIatinum + Ruthenium 1 743

Porcelain 576I 2 I937Platinm + Silver 1 745

Wet process 2 937

Pkl11LOs 2 960
Porous brick 2 894

Plexiglas AN-P-44A 2 961
Porous concrete brick 2 894

Pllofoam 2 950
Porous fire brick (Italy) 895Pluion cloth 2 111I00

Portland cement 2 861
Plutonium 1 270

Portland cement concrete 2 871
Plutonium, n- 1 271

Potassium 1 274
Plutonium + Alutminum 1 746 Potasium - Sodtum 748

Plutonium + Iron 1 747

Potassium acid phosphate [KHI2PO] (see
Plutonium alloy, delta-stahillzed 1 746 potassium dihydrogen phosphate)

Polychloroethylene (polyvinyl chloride) 2 953 Potassium bromide (KBr) 2 566

Polychloroethylene (polyvinyl chloride), Potaium bromide + Potassium chloride 2 779
plasticized 2 954

Potassium chloride (KCI) 2 6132
Polychlorotr ifluoroethylene (see polytri-

fluorochloroethylene'l Potassium chloride + Potassium bromide 2 782

. . . . . . . .. ._._ - _,_ _ . ._ _ _ _ _ _ _ _ _._-,_.I''
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= I I
. fberI {

Putabsiurn chrome alumn salt 2 69 Quartz fbr2 1114:3
Potassium chromiunt sulfate IKCr(S0)4 )2 " {Ina 2 1144

r121-12012 (sI
det 4ir'tw Quartz glass 2 167,

Potssium =_6wafv phosphate (KD 2 PO4) 2 1 680 188
4 923,

Potassium dihydrogen arsenate (KH 2AsO )  2 785 924

Potassium dihydrogen phosphate (KH 2PO 4) 2 684 Quartz sand 2 j 834,

Potassium hydrogen sulfate (K-S04 ) 2 I91 836,S837
Potasi itI nitrate (KNO 3) I2 647,. I i QueensLone grey hiimestone ''2 Ib21

Potassium phosphate, monobasic :KIiH2P0 4 } u n l 2
(see potassium dihydrogen phosphate) Quick silver (see mercury)

Potassium biphosphate KI12P04 , (see 'IV monel 1 1on
potassium dihydrogen phosphate) i

Radon 3 84
'otabssitim diphosphate (KI12PO4' (see

potassium dihydrogen phosphate) Rama limestone

Potassium rhodanude [KSCN] (ace potasaium RCA N91 I 701
thiocyanate) I

" I RCA N97 1 701
Potassium sullocyanate :KSCN] (sec

potassium thiocyannate) 1 Re3As7  1 1330

Potassium sulfocyanide 'KSCN (see Red brass 1 591
Potassium tuocyande) I I 1I-e

R_8 led brass, German 1 9bi
Potassium thiocyanate (KSCN) 2 .S

Powders (nonmetallic) 2 11040 Heblk{2{492,

Praseodymiurn 2os 1

, HRed brick, hard burned !2{896
Promeffiuw- 1 2S5

Red brick, soft burned 2 896
Propane (C21t 8) 3 240

2-1'ropanone iiCII2 )ZCO (see acetone) R 2 1084

2 1060 Bark 2 1084Pseudo balsa2 au, {

fed wood fiber 2 1091
Pyrex i2 49

923, Refracto. insulating brick 2 892
I I 924,

926. Refractory insulating common chainotte
927 brick 2 892

PyrHx 740 499, Refralloy 26 1 1029
923,
.424, Refrax 2 586
925,
5926 ReGe 1 1331

Pylruacetic acid (see acetone) lReGe 2  1 1331

Pyreceram 9U06 2 U40 Hone 41 I 1022

Pyroceranm brand glits--ceramic 2 939 Rene 41 cloth 2 1102

P1yrolytic graphite 2 I Rce 2  1 1332

Quartz 'see SiLicon dioxide (crIataline)'j Rex 78 1 1213

_____ _____i]

. _. -_._.. :____ 4 /,
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Rheniuin 1 288 Rubbers (continued)

Rhenium - arsenic intermetallic compound Nitrtle 2 982

ReAs 1  1330 Poly(ethyl acrylate) 2 983

Rherutn - germanium nitermetalhe Polysulfide (see rubber, Thiokol)
compoundsI

Resai-cured butyl 2 )83

ReGe 1 1331 1
Rubatex 2 981PeGe:2  1 13:1
Rubatex R203-H (same as Buna-N 

_Rhenium - selenium intermetallic compound foam) 2 981

RcSL 2  1 1332 Silicone 2 983

selenide FlieSe2l (see rhenium Tellurace-cured but)l 2 983
selenium intermtalLic coIIp,)und) h2

Thjokel ST 2 982
lHhodiLun 1 292

Viton 2 983Rock 2 S2t
X-ray protective 2 981

Rock cork 2 1146
Rubidium 1 296

Rock Nool 2 1148
Rubidium + Cesium 1 751

Huse metal 39
Russian alloy 1 1192,

Rubatex rubber 2 981 1218,
1222

Rubate~x R203-11 rubber 2 U81
Russian cupralloy. type 5 1 543

Rubbers 2 980
Russian cupro nickel, NlM-sb 1 562

Acryate 2 982
Russian stainless steel (see stainless steel)

Acrlic 2 982
Russian steel1 1118Adiprene 2 982

I Rutgers cordierite 2 919 ,

Buna-N foam (see rubber. Rubatex R

R203-H) Ruthenium 1 300

Butaprene E 2 9!2 Rutile 2 203

Carboxy nitrile 2 982 "S" monel 1 1032

Chloroprene 2 983 SAE 1010 1 1183

Dibenzo GMF-curcd bul3 1 2 983 SAE 1015 (vee AISI C 1015)

Eborite 2 971 SAE 1020 1 1183

Elastomer 2 974 SAE 1095 1 1114

Government rubber-styrerie 2 977 SAE 4130 1 1153

Hard 2 972, SAE 4140 1 1155
I 981

SAE 4340 (sec AISI 4340)

levea 2 983 SAE bearing alloy 10 1 1070

tlypalon S2 2 083 SAE bearing alloy 11 1 1070

Kel-lF 37001 2 983 SAE bearing alloy 12 1 991

M thac ry lute 2 98J SAE bearing alloy 40 1 976

._______- .=-- - .--. - ......- --= - -= _ _ = .. .... = , : --- -, -,,, . ..
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SAE bearing alloy 62 1 976 Sbj. 4BiO.eTe .a 3  I 1381

SAE bearing alloy 64 1 976 Sbi.4 Bloa.Te. 1 , 1 1383

SAE bearing alloy 66 I b62 Sbj. 4Bio.Tc 3.26 1 1384

Salt. gnome 2 832 Sbl.6Bi 0o.Te3  I 1381

marium 1 305 Sb,.5Bio.0 Tc3.0 1 1384

Sand 2 833 Sbj.5Bio.5TeC3 1 3  1 1382

Lowell 2 834, Sbl.5Bi0 .$Tej.19 1 1384

Q Sbj.&BiC.5Te 3.2 1 1354QuartL2 834,

835, Sb. 6 Bi 04 Te 3  1 1381
836,
:37 Sb i.BiC.,Te 3.06 1 1384

Silica 2 441, Sb. 6 BI. 4Te 3 13  1 1383
837

S37 Bi.TeI 1 1384
Sand cement concrete 2 874

Sb1 8Bi 0 .4 Tea, 1 1384
Sand and gravel aggregate concrete 2 868, 1

h(39 SbtBi.'0 Te 3  1 1381

Sandstone 2 640 Sb1 tBi 0 ,2Te 3  1 1381

Berea 2 b41, Sb.$Bio. 2TC3.1 3  1 1383
s42

Berkeley 2 641, Sb2.e s AgSe + PbSe 1 1379

r642 Sb2Te, 1 1241

St. i'.ters 2 841 Sb2Te 3 + Bi 2 re, 1 1380

Teapot 2 842 Sb2Te 3 + lnzTe 3  1 1386

Tensleep 2 841, Scandum 1 309
642

Scotchply laminate inonmetalli) 2 1029
TripoLite 

2 842

Sea-weed product 2 1128
Sandwiches (nonmetallic) 2 1044

Seleniunm 1 (31;3
Sandwiches (metallic - nonmetallic) 2 1047 S 1

S Selenium + Bromine 1 754Sandy, clay I 2 I805
I R Selenium + Cadmium 1 755Santowa. R I2 1005

Selenium i Chlorine 1 756
Sapphire 2 93

Selenium + Iodinle I 757
Sapphire, synthetic 2 95

ISelenium + Thallium 1 75a
Sapphire, Linde synthetic 2 94

Sharnotte brick 2 894,
Eatin wahiut 2 1089 898

Sawdust 2 1085 Sheep wool 2 IU92

Sb 1.2BiO.$Ti3. 3  1 1381 Silat iron 1 1222,

1223
Sb l.sBiu.geTe.u 1 138)

Sbj.BiO.Te3.g 1 383 Silica (see sillcon dioxide)Sbi.4 2i 0 .eTe3 .e 1 1383

' i
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Silica brick 2 408, Silicon dioxide (SiOG )  2 1
S489,

492, Crystalline 2 174
502,
894, Domestic (USA) 2 175
896.
S97, Foamed fused silica 2 18q
898, 2
900. Fused 183W 2,

1904, Unde silica 2 184
906

Slip 10 2 1S9
Silica fire brick I 2 94, I

b95. Slip is 2 18
9
05

Quartz glass i2 187,

Silica glass 2 923 188

926 Silica gel 2 165

Silica glass, fubed 2 !l5 Silica refractory bick 2 185

Silica sand 2 s37 Slip cast fused silica 2 1h4

Silicate glass 2 511 Star-brand brick 2 '15[I
Silicous brick 2 ' 492, Vitreous 2 184,

90 ' 165,

* Sdicomanganese. Russian I lv, 1
I 1012 Silicon dioxide + Aluminun oxide I 2 4V2

Silicon I 1 326 Silicon dioxide + Aluminum oxide + EX 2 I 487

!I

Silicon + Germanium 1 761 Silicon dioxide + Barion oxide + 2 495iI

Silicon + Iron 1 764 Silicon dioxide + Boron oxide + :X I 2 49b1 3
Silicon alloy, fvrrosillcon, Russian 1 i 765 Silicon dioxide + Calcium oxi'le 2 407

Silicon bronzc 1 973 Silicon dioxide + Calcium oxide + 'X 2 50l

Silicon carbide (SiC) 2 5b5 Silicon dioxide + (di)lron trioxide 2 410

Crystolon SIC 2 5bti Silicon dioxide 4 Lead oxide + 'X. 2 04

SiC brick. rcfrax 2 586 Silicon dioxide + (di)I'otasium oxide + 'N 2 507

Silicon carbide, refractor. (see refrax) Silicon dioxide + (di'Sodium oxide + -X 2 510

Silicon carbide + Graphite 2 i89 Silicone rubber 2 983

Silicon carbide - silicon ceriets 2 718 Silk fabric 2 1105

Silicon carbide + Silicon dioxide 2 553 Sillhmarute 2 454,
8415

Silicon carbide + Silicon dioxide + :.Xi  554
Sillimanite brick 2 902

Silicon carbide brick 2 595
Siliiinamtv refractory brick 2 902,

Silicon carbide brick, refrax 2 5b6, 903
906 Sil-O-Cel brick 2 896

* Silicon enamel 2 921
SI1--Cel brick, calcined 2 896

Silicon minote 1 10:12
i f 511--.-Cel brick, natural 2 696

(trl'ilicon tutran itride J 2 662

._ . . .-.. _.. _ _ , .- -: i
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Sil--Q-Cel brick, special 2 896 Silver chloride (AgCl) 2 620

Sl--O-Cel brick, super 2 896 Silver iodide (Agl) 2 563

Sil-O-Cel coarse grade diatomlte aggregate 2 1112 Silver nitrate (AgNO3 ) 2 650

Silon 2 959 Silver seleude Ag2 Se' (see silver -
seleruum intermetallic compound)

Silumin, sodium modiied 2 920
Silver solder, Easy-Fie 1059

y-Silumin, modified 1 920
Silver steel 1 1114

Silver 1 :140
Silver telluride Agjc 'see ilhcr -

Silver + Antinmony 1 ^167 telluriun' intermctaIlic ConpoundI

Silver - antimony - tellurium intermetallic Slag aggregate concrete, limestone treated 2 b7u
conmpounld

Slag brick 
2 Sul

AgSbTC2  I 1435
Slag cement ,6

Silver + Cadmium 1 77 S c

Slag concrete 2 zL4,
Silver + Cadmium + EX 1 105

Silver + Copper 1 77:1
Slag concrete, direct process '2 M14

Silver - copper intterietalhc compound

Slag concrtc, expanded 2 67,
AgCui 1 1j3!5 57

Silver + Gold 1 774 Slag cUnLCretC, leuna 2 ""4

Silver + Indium 1 ;77 Slag-Portland cunient 2

Sih er + Lead 1 7zh Slag wool (same a- mineral rool 2 1151

Silver + Mangane 3e 1 7s:3 Slate '2 m46

Silver + lallaLuni 1 7M6 bnSe: 1 13,2

Silver + i'latinun I 790 SnTe I LJ55

Silver - selenium inernietallic compound SnTe * AgSbTc2  1 1411

Ag 2Se 1339 Soapslone 2 '1:1

Silver - tellurium internitalhC compounds I Soda glass 2 92:3

Ag2.,Te 1 1J42 Suda-linie glass 2 926

Ag 2Te 1 1342 Soda-lime plate glass 2 92b

Silver + "in 1 791 Soda-liie silica glasb 2 511,
924,

Silver + Zinc 1 792 927

Silver + -'x 1 101] Soda-lime silica plate glass, 9330 2 923

Silver alloy, silver solder, Easy -Flo 1 1059 Soditun I J49

Silver antimony telluride [AgSbTe'
*

2 (see Sodium + Mrcury I 79
silver - antimony - tellurium inter-
metallic compound) S,.iqm + Potassium I 79b

Silver bromide (Agir) 2 569 Sodiwn + (dl)Sodiumn oxide 1 1412

Silver bronze 1 5'9, Sodium acetate (NaC 2 llp 2 . :11() 1 0
A980

......~~~~ ~ ~~ ... .-.. .._.... .
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Sdiulj cloride (NaCi)l 2 6 q21 Stainless steels (specific types) ]

Sodium fluoride (NaF) 2 642 1 Kh D3 N9T (Russian) I1 11614

Sodium lluoride + Bvi'vyllum difluvrtdc 2 b 45 15 Khi 12 V%'%1F, Russian ,see steel [

Sodiumnl tuoridle + Zirconiuml tetrafluuride + . 1- PH2 R s ia )

rx ] I" 4617-7 I 1 '11(i5

S d ium hydrate NaO llj (s ee udiulni 7 7I 1 6

hy'droxd ) i17-7 PH 1 1166

Sodiumn hydro-en sultate (NalWS4)  II2 ,I6U21--.11

1161,
Sodilihdrowadt kNaOll) 2 ! 70 1!7

i i11!6s.
Sodium ntrat (NaN 0)  2 I 651 416 1 11168 "

'dl .-SudlUill o ldk_, - sotlitll cer'lletb ! 2 %,7 1
, : :7&4 1 1 ' 1

Soi .duin h3 -%xjzuli.t. "Na%,S20;)" .H20, ,bee i ]AS I11 16

SUoliunj thijo8UllatV '. Al!: l 16

Sodium thiostillate (N.12S203 " .11120" - 6!93 AMS :102

Sodium1 tungs1ten 1)1o1/u (N'a\"') i 2 1 ;luI AlSI ;:i:1 6 ,

S IU1 higIi 11, 'N ,W 3 (v

sodium tungsten Ihron/,'- J AIbi 3U04 i1

Soft ;ste irn rn 112 ll361 [15

Soft g;s 2 5117 17

Sode, otI av A1SI1647 11165, 1

Sohz 2 Ob lat: glss I ;?311166.

Solux 2"Jub plt glass '2 9253I1 0 11649

Solex S" glass 9 925 AISl 41 03 1 115 U

Sole.- "5" plate: gals t i 2 . 9.2. 3 AIS1 420 1 1162

Spcktral Kohlu 1, 3' 4 A131 4 ;IU1 li

Spherical cast iron, Nr 151,II 1 1222
IA]. I 44u C 1 1154

Spinel 2 2M,
,3692, ALMI 44G_ 1 ,1149,
! t4b 1150,

I l 1155,
Spinel. natural ,'dv2 !2,14 1136

Jpne ficir 9u5 AM 333 4Rubsian) i1 116",

Spoduinw I mt51 AS 21 116

Sp uc 2 i JLg(i Aust-rutic .15
Sr2Si 1 1;34:3 

1  
1

SCrucible HtNNl 1 1168
~Sr 2Sn 1 1 44]1 5

11:141El 52, Rissian (same as stinless
steel It'-s) I116

fe

fl

ILM
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Stainless Steels (Epecific types) (continued) Steels (specific types) (continued)

EY a 1 T (see stainless steel 1 Kh 18 AISI C 1010 (see steel SAE 1010)
N9 T)

AISI C 101 (same as steel SAE 1015) 1 11G6
F. H. (British) 1 1161

AISI C 1020 (same as steel SAE 1020)Russian 1 1150,
1161 Alloy steel 1 1214

SF 11, British (see stainless steel Alloy steel, high 1 1214
AISl 403)I

AMS 2713 
1 121o

Staybrite 11617
N'IS5 2714 1 1213

Stanmc anhydridu SnO 21 (see tin dioxide)
IHaynes alloy N-155 17

Stanic selenide [SnSC2] (see tin - selenium
iuter metallic comn.pound) High carbon, Japanese 1 1119

Stailmous telluride LSnTe; Jseev tin -tellurium High-perni-49 1 1199internietalhic compound)I

Stannuin ( L High speed 1 1230,StIn n(eeti)1'21
12312,

Stavbrite steel, British 1 1.1 12:34

Steam - air system 3 4G4 High speed, PS I 12331

steam - carbon dioxide system j 466 High speed, 1s-4-1 1 1233

steam - nitrogen system 3 4 6.i l16i speed, M1 1 1195

Steam bronze (but navy M) High speed, M2 1 1233

SteaUte 2 5 High speed, M 1 1195

10 B 2 2 ' 5" High speed, TI 1 1233

12 C 2 1 -55 hivar 1 1199

226 2 t3 5: lnvar, free cut I i205

:SJ.pstone 2 I ,upanese 1 1195,

1210Steatite cordierite 2 919~

Jessop G 17, British 1 1213
Steels (sjpcific ty-pes)

K~h Zn (Russian) 1 1210
1 Kh 14 N 14 VZNM (see steel El n17)

Kovar 1 1203
5 ZA 2, Rusian 1 1213

Krupp 1 1115.
1Z MKII, Ilussian 1 1192 114

AISI 1010 1 11s5 K.S. mag-net 1 1177

ALSI 1095 (see steel SAE 1095) l.v. alloy 1 121:1

AlSI 2515 1 1!)8. low-exp-42 I 12u.,

1200 hw Mn I . IKI

AiS1 4130 (see steel SAE 4130) Macloy G 1 1,21

AISI 4140 (see steel SAE 4140) Mild steel 1 116i

AISl 4:140 1 1121:1. Ni1-Cri ste I Ii ]
11214 _114

,
S

1 1 '14
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tleek uspecilic ype's) (contnucl) Stcels (specilli' types) (continued)

Ni-Cr Steel (continued) 1 1210. Crucible 1 1204.

121'21 
1213

1214 1 1 f U

NIl-'pa.i C 1 1214 j1-257 (llusbian( i 1214

i1214
Nlchl~: 1 1210,

121:1 1-Ui ussiand I 1 ilit

Nijciuilal, lritish 1 I 124 11
El-nO

' 
iliussian) 1 1

Niino0nic DS. Er',tielh 1 1'213 1

imme DS, FrEI-n55 Ilusbian) 1 1214
NlnncPI.] 1 i12u6

I -- n -CNKI, BI iUtsh 1 11 4.

(ilI-hjltlii ii loin -Lit.o tinl g I 1 12.!s , 11.s6

17 lluSSiali) I 1 123 i 1151

I lU ,1liussian, i 1 12.1o E~n 1 i t h} 115 1, 4

, 1134; '

It1C I_ lluszilaii) I 1:1

L(2 i ln n 312 A- ( B I .. Ill-ritish11 111)2

It .lluslan) 1 a ATV ,i ti 5h 1 1213

I " EYA-2 I 1 1l;;

1l117 ENJ :1I lussl:in 2 I 12:1-5 i ]

l',.rrosilhc 4, . IRus-.on[ 1 121n'

1 11 ' 12:15 1
I I,'rrLitiniuni, lussian I 1225

i - ]Fish-plate. Ja.t):incie , 1 1110

I., ERl :1 K 12 {lRtibss ii) 21 11:, I
12,1; I'NCT I 1121.

1115 Kh 4 '.llussiini) 12:13 British 1121.1

11 21. B i-t sil 1 ti;-, 
I 1

li \ 7' I 1 121:1 1 1 1

I[. 2)U, Ill Iti:1h1 1 5

llussianl i 5j lI11>.,litalI
' i lit;i; 1 . 2 7 . l ritis h 4

Iluabiai alloy I 1 1i12i
• i12 .', H.41,, British ' 1154

122"2

AI (Al 1020I

iA 1A F1 I U' 5 111 4

SAL 1015 tbuv steel AISI C 10A17,) i E 5
Brts I ~SAE 4110 i 11151

Britishli 1 !l ll

SAL -140 I

C1 a1On, 
SAE 4:340 (s stee.l Abil 4140)

, 1110, 1 ' i1114

1 12G,. S1vr steel 1 1

I Ifll5 Soft I I I1121i
III S3S f 1 ,11 2(

c:arlon, British.I 1 1 St 42. 11 German; . I 1ii,

SJStainless steels tsec: separate entries

Chronmel 0-,2 I1 1210 under s~tainless stcels)

CUimax 1 119S. Tool steel 1 1115

1213 _ _ _ _ _ I

. . .. •- " .. ....... -- - . .. ,- . _-_._,__ _7<:



MtiaNaeI V'u . P'age Maztcial Nimimeli I Vl. PRigC

tccl, 'secitc tyes) coimmuuc~ I i~k1  b'SI bi-viXIlu - tumtilui mmdtcr,'i.I

\mcrolmummm F' 1 11212 I
WF Iuu uIussiain) I iIC:51) 1 

i ~ l~ dt~in 11

StiljOii~i~ ISatiion ntiv l~l I.ix jae'I 1

StUMMiiti 1i - 11 lKS I l kltIL tAU IC 111)llluId TIIIl 'iiiIfIILU muLaic ull jlu
I

rsi n 1 1:141
Tj~I 114~

t lolltiunil ox\ide i)0 - U-
ln lit+ Nl,'IjmU'II 1 '

Str'IltIuIm OXI.IC +~ li A~u' ILIlllllultI + 2 .1
T1LAlUMl + 7luni;stvn 2

2 d i14 llllIUil + '-X~c 1 1 luJ

Sti"'lltIUnM 0'\10C + ZIIC 0'\I(Il 4 :N.U122 ~d

IT I.I\\ -2111 1 lu
StI'('!tJju, j St~illlll]L SiSS,- ICC St I 1Idil - I

till Ilei ilictuill I c CulljxulII TjIitLluni Ix-i,l'. Till- SIct tLziltIIIII

1)1i I lIl l CiI)'11LC U lIt

SLII'i.Iuil lllc~ltj~lllrIc 2 Tantillv c'.rl'Ict 2 'a 1722.

StYMMtUi111 llItMlII 411ziN

SII'Illmul, LllillIL LI/ti il j ITJ

Ihoult l.' I I 2 :U7

SU~~~~~ I -IvihI ~rud"(

Sulfur dli,\hdc !SI 0 T wlimull

Siulfu',uks 'cm' 1 
i1iliydridc 5,Svc sulfur TuIiin +i Arsenic+

dixdeT Iliuii *um+ 6cCCImlIIII MIl
Sueritc i i p p .I\ hev tIC ;I.ilIIc 72I

T *1 r ilhl 2.
Ssscniis. Ii'isV1 lwoi'usi iiiCt:Illic - non-37

S.NSICIIIs, InisccllanuoubIU IIlllfllietlliC', I 2 1'1 A 'Ihalliuiii + (2 liillI

Ta-21uNb-7. A' 1 1011I1 Iliallimit -Indium 1 1l

TaI -2ft1ru i Ilia; iiu ni 4 LIead 1 1

.Taliz 1 1114.
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lhaml[AUm ii) - 1C.Iiil111etalIC ea' iiPookid TiB 1358I

T 1 I 149 Tin 1 389

1 Iialliuii + , rullu iii I 'lx I'm + Aluminum 2

Thial~iuii + 'rill I 211 Tin +. Antijnon I 24

Tha11ll broimmie (imi) 2 370 Tin + Antimony + EN.

Thathlum catrb ideu 11C ) 625 Tin + Bismuth1 b2

Tlokul bl, rubimei 2 9.O 2 Tin ACadhiwua

Tholi ii mim jinll 1 2 [rill + nd .11I I)

Thl-iuilli caiibitles T in + L&ead 19id

PIC 2 )92 1111 + MerICUry 1 3 42

PImC, 2 IjT ini - scleniuu in mte inmoetalc meoipou nd

Thoriumn dioxide + GU)Iiphi Fej2 .t ill Silve';

Thoumw dioxide + U raniumi diox\ide 2 41.) *rini tel ui-iu hitinil.- uic compoLund

Ti uh[ui I 3),:5 Tin + Thaulliumt ZA

Thi iritgian ;lass 2 92:), Tin - Zinc 1 64 7

TiltTin allo) s ispecific types I

Ti-1340A I 5o
II6x AL bearing ajlloy II 1 :1070

ri-I.:, A 1 11u-4 Mhite hearing i1Uctl1 1 Mu:07

Ti -3A1 - 11Cr- 13V 1 10l,7 Tin ash -Sn0 2 1 (see tin dioxide)

[i-4A1-AlMn (see titanium allov C-lAO AM, Tin dioxide (SnO 2 ) 2 199
ir tinliiumn alio iC -Iduot I

Tin dioxide + Magnvsiurn oxide2 41

Tin.AAI:m~-IV1 11074,

1075 'rill dioxitie 4 Magnesium oxide + LX. 2 2

Ti -S-Al-I. 4Cr-I 1 . 2,No Isce Ti-I 55 A) Tin dioxide Zinc oxide 2 4 1 1

Ti -.SAI-2. 'So (See LItlUiULl) allov A -110 AT) in dioixide + Zinc oxide + LN 2 2 ,Z

Ti -)AI1-4V 1 1074 Till lsroxiue 'SnO2lj (see tin dixie

Ti -2Cr--2Fu-2M\o (hut. Ti-.140 A) TiNi 1 1:14.

r I-nIn I ,.,o TIMi + Cu 1 14 M

Ti-:V-Ir:~j____________ j 1o ,7 Ti~i +Ni1 141;
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Titania (see titanilum Oxide) 1iamn auuys (specibute s (continiued)

I Thalbm tpes

Titanic anhydr ide TiC) j (See Uitaniui.1 -li~l(C ibn
(ii~'\i~iC) SNI-W-4M~n (see titaniumi alloy

C -1.10 AIM, or titatuunt alloy
ritaikc OUidu i) (sec titanium djo\ide\) P C -1A0,w)

Titanium 41u NISMl-6Al-4V (see titanium alloy

MST-iA1--IV ibec titanium allov
Tianu Almiu I 14,i-i;A!-4V(

Titmimuii + Almui+LI 1 10,i N1 Sr-!3Nn (sue titanijum allov Ti -tiM n i

Titanium - horon1 Intct I-ntilI C11o ic -13"

T1l12  1 1:iS1 Ti -J3U AU

Titaniumf Chromium -f IU177 *ri -140 A I 1'~ I

Titaiumii + Iron * EX 1 1 U % Ti - I-U A I U07.

Ti -13.)A I i 1074
ritaniwit iNl;IugWi SC +I SA 1i 1

ITi-2. &AI-ltiV 1 I lb

TiiI ldTi-:iAIllCi-IV 1 1IV8-1
Ti iTI -4A1 -4.\i ii (see titaniumi allov C -1:1

Ti taniun 4 Vanadium + i'l' l bt i-4A1l - I, V 1 1 4

I 105

Tianu .1 SN Ti -5Al1- 1 4C r-I 1. ,F--1. 2Mo u see

Ti1taaiium alloys (specific Lpea ) tit;ni alloy Ti-157, A)

l2t' VCA i j 10s- 1i-3AI-2. SSn ksee titanium alloy
I A-lIU AT)

A-f0 A 1 074Ti-IiA-4V 1 1074

AMS 49U6 '8vu tItamnimalloys Ti -NINn) *-1'.F ~o(S'ttnu lo

AMS 492.' A atctita-ium alloys L-1JU I Ti-14U A)
AM, or titanium alloys 1tC-1;1ot3)IITi -!3Nlit I ai "

AMIS 4926 (see titanium alloys A-110 I
A'l ITviAlV-IlCr -3A1 I (w 7

ANIS 4'j2- Isee 'itanium alloys Ti-uiAl- Titanium lioride FTi3 2S (see titairium - bror
4V)( inteinietallic compound)

AMtS 4921) !sue titanium alloys Ti-15., 'litanu Carbide (TIC) 2 '94

A I Titanium~ carbide -cobalt cciniuus 2 7:

ANIS 49G9t (set. lijtaniluiil alloYs li-IA?,iu ca'Id olat
A)cerniets IbU a I 2 1

ASTIN B3 2(i--1? T, gradie 6, (see I
titaniuul alloy A-IHo AT) Titanium carbide -nicke-l - iolywdenuir n

ASTI 21,- 54 T, gradc 7 (sue titanium flIill abd ultt 2
alloy. Ti -6tin) Titaruuii carbide -nickel - iiIiuin cabidrtI eclinets 2J A

L __________________________________________________________
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Titaum nti-lc (TN) 2 G Gz Tungsten - crull:i liltu ,1 PilUlilc coilpound i

Titanium dioiic (TiO2 ) 2 IV W&, 1 136

Dens ititaia 2 '04 Tungsten - silicon iiituiiiictallik; cumpoaund

Itutlt I 2 2'U 69~2  AI

T12 11ij 1 1:1 4D Tunlgsten - tellurium intciiiitallic compound

Toluene tC6ttC1[ j ;t 242 %kC 1 17

Tmnt stei I 1 1'115 Tungsten +Ttmuriurn ioid~e 14A39

I UngbtCi I I 113, flIiUtU I Ig-Stzi I lt 16!5.1.11, 1 I !v
Tou I Sled, .111 high -spcul 1 11W)'

Tungstun !}olide \l.13  (be t. tUnlgStCe 1-11PTot steel, Nt 10 high -sliced I 1' iicilcalcensn

toiipi '2 2 )lTungsteni Caiid- 'k\\C I 2 5

Tourmialin 2t ' unesiLen illo Q ide (W0)3) 2 08O

Tourminiire. lBtaLil ' I lla lung tll I(IL + At , inc ox ide 422

i'aisic2 110u Tungstein tlIseldV W%%Se,, (S tUngSten -I

autuiiiumn infl'llit;n I tC 'ili) lt
I iiaiiite liurvntb. 2 121'; I

1ui~ei(tS""i-d "". l % ':- S;'Ltl);SLen-
TIicIllto,,iitlarlti. Ct 3CF (--see lcol 114.11 Ji~~nl tCelitZLIIlC comp~ound)

jiicntnitttIuiolh~ieCC 12 1CCI rongsle acid ;ednviti-l WO (Seev tungsiten

IT 1 ujiI, Lije -131 3 bv ,CL on liii iuu i Idu 1' wsi .uitidui~ -%%0, ksu tuligsiicl rin-

1-icon 11.0) Tungtac oside ,l (see tungbtuti tiom\dc )

-I' initi ~lot, te nIC I t3 C "t' NO 2l3 I UIU07 UBt(c13 (se bceilIiumi - urIanium iiiIfUntto ilic
coilipund)

'Irijti.lit wik 2 4

U CianiC Oidv f L02;" (see uianiam (11UOV)te
TI lita 3ii7

UraniumI 4t)
Tubau iito sallic au, urliii ) 1 4 2!

"I Ulfon

l'ungbttii 1 i 15h
I Uranium + lrin II ungs ten - a 1stinc I intc-till ic li:compoiJund ruli 8t

U Lranium + M. i 1094nu

Viti 1; a ni t;, + N101111.11 n ...,A

'I lgstva i 4 ioili 4 SX 11 0Uiu

1 Ul 4 iic nj ,l,1
tlrtr 4Ncu +LaUD j:nium 4 Uraniumi ,ttuxhte 1442

lu~igt iiiUraruuii + Zirconiwn J~
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Uraniumi Zirconium LX 2cri~ brick

Uranim carljidc8 VLrlicuLite mica, granulated 2 52

U 2 ,U1 Vitallim ypv alkv\ '5c! Ilarlics sLcILbtu

UC 2  
2 u5 ~ Iloy 21)

rai um CAI bIdc - ul31U1 xaiiiu ~ t i2 Viti* incIt .2 -

Ia-U~ .,lc s4

U ranliun - ;t iblIiL Allyit0\,sli~

U raniumi- , lissiuin allov 'I 1u93,
10!1i7 VAcanic ablh (sutc tuII(

U railuiii - n lb,Iuiollo IQ 1Ui Vucant' libl

U~ I anhwi - lu r fibsiuciill&' , Io 10) ,V cur -hrand glasI i1)'

L.; raiur u \idcaIiiiILiltLbi~Iit

UU2  -IV Wal ibuiid 2 11.s1

Up 8  2J7i Walniut 2 Iusu

12'raildaill dhoulc (~Uo,) II uI \%3 A 2  .1 1311,4

Lraniuii diumd, iilc llrIl~ii Uoxijc 4 2.; ater 'l12() r 120

Usailuiii liox~iklu + Calciumi oxolc 4', WIS 1 1 , 5

11.15.

Wht oa 2 1,2~

I;~~ Vrliil& +i~t glOitnn p-l~xtc 2
2 . 1 .

Wht, L'uilp- 2.~ Jo"li

L ii :-ll ALji o~p L 227ul cv I-il4L

U ranoub unIc ROI)NIUIUIIs UII; 01bLC IL 2I:

(Li ~ ~ ~ ~ ~ ild\ gib 2i idlul t) lo2l \(liii I UIgL

tu nsten LIOWsctiLs) iiII

*aldml 1 4 41
Wu Il.,I'l)iitc 51

vanadmiI i ul1 m74

Vainadiumii a -t tI IlIlval ~ 1ui IIu in577I
W~ood four iiicoil

V';nadiIan aliIL (ervandu 2Iusn 1 Ui

I Wood prudu(Alb 112
VcgL aiJ le fin): O1,0111 .-d 2 11 29



* Wool 2 1 u~J Zinc -siIlcOl - asl'Cli ititcricuillic

*Arigui a 2 1o92 Aopun
ZnSiAs 2  1 1 1374

silt, 1'2 1u 92
~ .O~hL lollZinc alioy s tspccitic Lvp-:)

121 Zamak Ni- 4ou 1 (!3

1 1 Lii Zi'i.k Nr 4111 1 109 x

%WSi2  1 1:36 /:mank Nr 4:l 1 I~

1.I 1 ZincL dicil"I idc , ACI j 2 626

N i .I t k I ..c UII /llt idmin r Iitt:c /.. Fl } 2 314

I-~t irtuto Zinc2 -4 11 gC iviinh111i111 phuSj11h.J. (l(,Cc2) 2 7912

/,lltU\A Z,0i2 I24J1

L r i Itutirluiri t,\btcom I1;7 Zin1c umidc. 4 NEagmsiuniic 2 3

Xclo L -II 1 1 ta.I gVmI I_ I~ 1ir 374 wi +~t Strontiumriti A-A 2 )-

Xcvim - Ii~liciii \ ,cl /I r I xr IIV OX111 IIIiJ?2 4 '

Yc Ii'm )I. tc1 Zinic seirriIl,~k hilSk hic /.III( - buicililill
I . IlitciIiclt coimlpuil

\' tc ii u inl I 1 141 i. 4 1 C S'I Ui l r mSC III(I An iiiAs, (svc
/.c ~Iviiiunii - air,c ntcw iijl

Yti-iui~i I 1 4. /inc bu!Iaic )ic:jLItnlI'ii -154 j!)4I

yttioiuim aluinilaic. Y/AIU I U' Zmi..i -2 1

YttliitimI ItcI IMC Y 31.2,' VC0 4 3  ;11 Zii calu\ -4 1

U Iili11 i1',1 ml llt !bii C U AL F 11 IL'i'laic ) Z r un ri/A,~ 2 ;slu

YLLLIuimI uxidc: Y203) '4u Zlci'Ln 471.,2

Ytti ium uxidc + Uraniiumu dioxinic 4.12 Ziic-onia Isi': /.imcoliuin homdciil

''A' nickcLisc duimiiikcl I Ziicuiiia, bsi,biiliz,I2 2

Zarnak \i- 4VU I , / ircnim irick 2 :1,

Zamnak Ni, 4111 1 1uU" 90

Zaniak Ni 43U1 I 1u'li .IroIlcunifli 1 4(,1

Zinc 1 4.):1 Zii,.,iuin, jndidc- 1 462.

Zinc + ,Xluimimur I " ) 41,

Alunmonmim Z nriuili + Alumrinumi 1 2

I Ziymuni + Alumninunm + EX I 1 111111
Zinc 4 Cadm1iLuII1 13.11

Ziwi + uad+ :X I log Zirconiuni - boron intritiiicallit. coimpounid

ZIijc - slt':iiuili iitCI IIIcV iLiC C~Iiiij)ounil

h~~ .7 i rconium + flufnium SJ

- Zn~ 1 11171
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Ziruruun + Hlafniumn + E,1 11101 Zircomniu ot'thosilicatc (ZirSiiJ4\ (eoninud)

tirconliun + ;Mulybdfcnm i Z. 1 1104 Zarcon 2 .3 18

Zikeouinu + Nioblini I1 zs6Zircon tami

Zircorumn -t Tantalum ~1 1103 Zn61b + CdcSb 1 141-

Zir-coniiiu -f Tin 1 8 s7 Z nSv I

Zirconiumi + Tin + 1 1 hUS ZnSiAs, 1 1.:74

ei ujoium T 'itanium uu 1J0 il B 37

Zircoumun + Uranium I~ j

Zir-couuin+ Uranium + Z\ 111

Zi Icu~l + Z11rCOiIIUII 610\1le1C 1 1444

Zii-comtum + 1 11112

zi oumalloy! spcclihc LN-pcs

Viruadu% -2

ZircJII)\ -4I .. I
Zircniumi boride - iB-. (SUV 1.ii eunittin jI

bo loll I ntcinictalIlic coi pond)

Zircrnuni carbide /IIC) 2 uUJ

/Z1rcomuuii ijitrjdic Zi-N) 67j

zlr-uuuuu d Zxl it)O,) 2 2,,.4

Z ico n iu I i dox ide + A lu iii nnii u\ide 2 441

Z1iCOniJUin1 di,,',idc -f C;uCI- cion \1Ie 2 442

/.ircuniunil iumidu *t I C.lenu u+teI 2 1

Zirconium dioxide - titaiumn cciilitb 2 74

Zircurumn 'iu'-iditi Y tti-ur oxide 2 449

lirconjo"' dwli,,iI t Yttrium oxide + -' 2 .1

Znuiuudiuxjdc yttilum o\Idc e
iiouricec irnets 2 7.

r z~~ir-curuurn dioxide - itco;,ruUifl ceiflie-ts 2 75

Zircoruni siliclLc /,1SIU 4 - I'SUL LiI iLtIIIUiiI I
o rtho Sill catv)

Zirconium silicate, natural (bee eirc~on)

Zirconium orthiosiljcate (ZrSiO,) z2 51

B~rai, tircon 2 A1i

__~ _ __1




