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Foreword

In 1957, the Thermophysical Properties Research that about 100 journals are required to yield fifty
Center (TPRC) of Purdue University, under the percent. But that other fifty percent! It is scattered
leadership of its founder, Professor Y. S. Touloukian, through more than 3500 journals and other docu-
began to develop a coordinated experimental, ments, often items not readily identifiable or ob-
theoretical, and literature review program covering tainable. Over 78,000 references are now in the
a set of properties of great importance to science and files.
technology. Over the years, this program has grown Thus, the man who wants to use existing data,
steadily, producing bibliographies, data compila- rather than make new measurements himself, faces
tions and recommendations, experimental measure- a long and costly task if he wants 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 foreword is one of than not, a search for data stops after one or two
these many important products. These volumes are a results are found-or after the searcher decides he
monumental accomplishment in themselves, re- has spent enough time looking. Now with the
quiring for their production the combined knowledge appearance of these volumes, the scientist or engineer
and skills of dozens of dedicated specialists. The who needs these kinds ef data can consider himself
Thermophysical Properties Research Center de- very fortunate. He has a single source to turn to;
serves the gratitude of every scientist and engineer thousands of hours of search time will be saved,
who uses these compiled data. innumerable repetitions of measurements will be

The individual nontechnical citizen of the avoided, and several billions of dollars of investment
United States has a stake in this work also, for much in research work will have been preserved.
of the science and technology that contributes to his However, the task is not ended with the genera-
well-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 reading of the list of the financial sponsors of obtained by different experimentalists? What un-
thf , hermophysical Properties Research Center; detected sources of systematic error may affect some
leaders of the technical industry of the United States or even all measurements ? What valvie can be derived
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 check a theory, or to help number of the volumes in this Series do contain
design a chemical manufacturing plant, or to com- critically evaluated and recommended data, these
pute the characteristics of a heat exchanger in a are still in the minority. The data are now being
nuclear power plant. The progress of science and more intensively evaluated by the staff of TPRC as an
technology demands that results be 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 world. In most 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 Standards
However, in the case of TPRC, its field is so broad under a directive from the Federal Council for Science

vil



,iii Foreword

and Technology, augmented by special legislation books. Scientists and engineers the world over are
of the 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 industries and all
Standard Reference Data System in a united effort concerned Federal agencies to participate in fulfilling
to satisfy the 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 Director for Information Programs
ments represented by this Series of reference data National Bureau of Standards
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Preface

Thermophysical Properties of Matter, the TPRC longer adequate media for the dissemination of
Data Series, is the culmination of eighteen years of numerical data of science and technology without a
pioneering effort in the generation of tables of continuing activity on contemporary coverage. The
numerical data for science and technology. It loose-leaf arrangements of many works fully recog-
constitutes the restructuring, accompanied by ex- nize this fact and attempt to develop a combination
tensive revision and expansion of coverage, of the of bound volumes and loose-leaf supplement arrange-
original TPRC Data Book, first released in 1960 in ments as the work becomes increasingly large.
loose-leaf format, II" x 17" in size, and issued in TPRC's Data Update Plan is indeed unique in this
June and December annually in the form of supple- sense since it maintains the contents of the TPRC
ments. The original loose-leaf Data Book was or- Data Series current and live on a day-to-day basis
ganized in three volumes: (I) metallic elements and between editions. In this spirit, I strongly urge all
alloys: (2) nonmetallic elements, compounds, and purchasers of these volumes to complete in detail
mixtures which are solid at N.T.P., and (3) non- and return the Volume Registration Certificate
metallic elements, compounds, and mixtures which which accompanies each volume in order to assure
are liquid or gaseous at N.T.P. Within each volume, themselves of the continuous receipt of annual
each property constituted a chapter. listing of corrigenda during the life of the edition.

Because of the vast proportions the Data Book The TPRC Data Series consists initially of 13
began to assume over the years of its growth and the independent volumes. The first seven volumes were
greatly increased effort necessary in its maintenance published in 1970, Volumes 8 and 9 in 1972, Volume
by the user, it was decided in 1967 to change from the 10 in 1973, and Volume II in 1975. Volume 12 is
loose-leaf format to a conventional publication, planned for publication in late 1975 and Volume 13 is
Thus, the December 1966 supplement of the original planned for 1976. It is also contemplated that
Data Book was the last supplement disseminated by subsequent to the first edition, each volume will be
TPRC. revised, up-dated, and reissued in a new edition

While the manifold physical, logistic, and approximately every fifth year. The organization of
economic advantages of the bound volume over the the TPRC Data Series makes each volume a self-
loose-leaf oversize format are obvious and welcome contained entity available individually without the
to all who have used the unwieldy original volumes, need to purchase the entire Series.
the assumption that this work will no longer be The coverage of the specific thermophysical
kept on a current basis because of its bound format properties represented by this Series constitutes the
would not be correct. Fully recognizing the need of most comprehensive and authoritative collection of
many important research and development programs numerical data of its kind for science and technology.
which require the latest available information, Whenever possible, a uniform format has been
TPRC has instituted a Data Update Plan enabling used in all volumes, except when variations in
the subscriber to inquire, by telephone if necessary, presentation were necessitated by the nature of the
for specific information and receive, in many in- property or the physical state concerned. In spite of
stances, same-day response on any new data pro- the wealth of data reported in these volumes, it
cessed or revision of published data since the latest should be recognized that all volumes are not of the
edition. In this context, the TPRC Data Series departs same degree of completeness. However, as additional
drastically from the conventional handbook and data are processed at TPRC on a continuing basis,
giant multivolume classical works, which are no subsequent editions will become increasingly more

ix
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x .Preface

complete and up to date. Each volume in the Series The ultimate aims and functions of TPRC's
basically comprises three sections, consisting of a text, Data Tables Division are to extract, evaluate. rec-
the body of numerical data with source references, oncile, correlate, and synthesize all available data
and a material index. for the thermophysical properties of materials with

The aim of the textual material is to provide a the result of obtaining internally consistent sets of
complementary or supporting role to the body of property values, termed the "'recommended reference
numerical data rather than to present a treatise on values." In such work, gaps, in the data often occur.
the subject of the property. The user will find a basic for ranges of temperature, composition, etc. When-
theoretical treatment, a comprehensive presentation ever feasible, various techniques are used to fill in
of selected works which constitute reviews, or com- such missing information, ranging from empirical
pendia of empirical relations useful in estimation of procedures to detailed theoretical calculations. Such
the property when there exists a paucity of data or studies are resulting in valuable new estimation
when data are completely lacking. Established major methods being developed which have made it possible
experimental techniques are also briefly reviewed, to estimate values for substances and/or physical con-

The body of data is the core of each volume and is ditions presently unmeasured or not amenable to
presented in both graphical and tabular formats for laboratory investigation. Depending on the available
convenience of the user. Every single point of information for a particular property and substance.
numerical data is fully referenced as to its original the end product may vary from simple tabulations
source and no secondary sources of information are of isolated values to detailed tabulations with
used in data extraction. In general, it has not been generating equations, plots showing the concordance
possible to critically scrutinize all the original data of the different values, and, in some cases, over a
presented in these volumes, except to eliminate range of parameters presently unexplored in the
perpetuation of gross errors. However, in a significant laboratory.
number of cases, such as for the properties of liquids The TPRC Data Series constitutes a permanent
and gases, the thermal conductivity and thermal and valuable contribution to science and technology.
diffusivity of all the elements, and the thermal These constantly growing volumes are invaluable
expansion of most materials in all material categories, sources of data to engineers and scientists, sources in
the task of full evaluation, synthesis, and correlation which a wealth of information heretofore unknown
has been completed. It is hoped that in subsequent or not readily available has been made accessible.
editions of this continuing work, not only new We look forward to continued improvement of both
information will be reported but the critical evaluation format and contents so that TPRC may serve the
will be extended to increasingly broader classes of scientific and technological community with ever-
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 are making available at the earliest possible
detailed alloy and mixture composition, trade name, moment reprints of their papers and reports as well as
synonym, etc. Of particular interest here is the fact pertinent information on the more obscure publica-
that in the case of those properties which are reported tions. I wish to renew my earnest request that this
in separate companion volumes, the material index in procedure become a universal practice since it will
each of the volumes also reports the contents of the prove to be most helpful in making TPRC's continu-
other companion volumes.* The sets of companion ing effort more complete and up to date.
volumes are as follows: It is indeed a pleasure to acknowledge with grat-

Thermal conductivity: Volumes 1, 2. 3 itude the multisource financial assistance received
Specific heat: Volumes 4, 5, 6 from over fifty sponsors which has made the con-
Radiative properties: Volumes 7. 8, 9 tinued generation of these tables possible. In particu-
Thermal expansion: Volumes 12, 13 lar, I wish to single out the sustained major supportreceived from the Air Force Materials Laboratory-

*For the first edition of the Series. this arrangement was not

feasible for Volumes 7. 8, and 12 due to the sequence and the Air Force Systems Command, the Defense Supply
schedule of their publication. This situation will be resolved in Agency, the Office of Standard Reference Data-
subsequent editions. National Bureau of Standards, and the Office of



Preface xi

Ivanced Research and Technology-National Aero- tions are specifically acknowledged in each volume. I
.autics and Space Administration. TPRC is indeed wish to take this opportunity to personally thank

proud to have been designated as a National Informa- those members of the staff, assistant researchers,
tion Analysis Center for the Department of Defense graduate research assistants, and supporting graphics
as well as a component of the National Standard and technical typing personnel without whose diligent
Reference Data System under the cognizance of the and painstaking efforts this work could not have
National Bureau of Standards. materialized.

While the preparation and continued mainten- Y. S. TOULOUKIAN

ance of this work is the responsibility of TPRC's
Data Tables Division, it would not have been possible
without the direct input of TPRC's Scientific Docu- Director
mentation Division and, to a lesser degree, the Thermophysical Properties Research Center
Theoretical and Experimental Research Divisions. Distinguished Atkins Professor of Engineering
The authors of the various volumes are the Senior
staff members in responsible charge of the work. It Purdue University
should be clearly understood, however, that many West Lafayette, Indiana
have contributed over the years and their contribu- June 1975



Introduction to Volume 12

This volume of Thermophysical Properties of Matter, presented in the volume together with the original
The TPRC.Data Series, presents the data and informa- experimental data. Such recommended values are
tion on the thermal expansion of metallic elements, those that were considered to be the most probable
alloys, and intermetallic compounds. when assessments were made of the available data

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

The text material is intended to assume a role changes.
complementary to the main body of numerical data, As stated earlier, all data have been obtained
the presentation of which is the primary purpose of from their original sources and each data set is so
this volume. It is felt that a moderately detailed referenced. TPRC has in its files all data-source
discussion of the theoretical nature of the property documents cited in this volume. Those that cannot
under consideration together with an overview of readily be obtained elsewhere are available from
predictive procedures and recognized experimental TPRC in microfiche form.
methods and techniques will be appropriate in a We wish to gratefully acknowledge that this
major reference work of this kind. The extensive volume has grown out of activities made possible
reference citations given in the text should lead the principally through the support of the Defense Supply
interested reader to sufficient literature for a more Agency (DSA) under the technical monitorship of
comprehensive study. It is hoped, however, that the Army Materials and Mechanics Research Center
enough detail is presented for this volume to be (AMMRC). The guidance and support of representa-
self-contained for the practical user. tives of the sponsor have been essential to the success

The main body of the volume consists of the of the activities. Particular mention should be made
presentation of numerical data compiled over the of the understanding support given by Mr. Joseph
years in a most comprehensive and meticulous L. Blue and Mr. Michael Corridore of DSA and Mr.
manner. The extraction of all data directly from their Samuel Valencia and Dr. John J. Burke of AMMRC.
original sources ensures freedom from errors of Over the years, several assistant researchers have
transcription. Furthermore, gross errors appearing contributed to the preparation of this volume for
in the original source documents have been corrected. varying periods under the authors' supervision. In
The organization and presentation of the data together chronological order of their association with TPRC,
with other pertinent information on the use of the we wish to acknowledge the contributions of Messrs.
tables and figures are discussed in detail in the intro- P. L. Wang, B. M. Whitcomb, S. N. Vo, and T. Y. R.
ductory material to the section entitled Numerical Lee. Mr. Lee, who is still at TPRC, not only has
Data. The materials covered include 64 metallic participated in all phases of work in the preparation
elements, 94 intermetallic compounds, 125 binary of this volume but has made significant contributions
alloy systems, and 70 groups of multiple alloys. Of to it.
these 353 materials and systems, the data for 246 (i.e., Inherent in the character of this work is the fact
70%) have been critically evaluated, analyzed, and that in the preparation of this volume we have drawn
synthesized, and recommended reference values or most heavily upon the scientific literature and feel a
provisional values have been generated and are debt of gratitude to the authors of the referenced

mli
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Iv otroduction to Volume 12

articles. While their often discordant results have are keenly aware of the possibility of many weaknesses
caused us much difficulty in reconciling their findings, in a work of this scope. We hope that we will not be
we consider this to be our challenge and our contribu- judged too harshly and that we will receive the benefit
tion to negative entropy of information, as an effort of suggestions regarding references omitted, addi-
is made to create from the randomly distributed data a tional material groups needing detailed treatment,
condensed, more orderly state. improvements in presentation or in recommended

While this volume is primarily intended as a values, and, most important, any inadvertent errors.
reference work for the designer, researcher, experi- If the Volume Registration Certificate accompanying
mentalist, and theoretician, the teacher at the graduate this volume is returned, the reader will assure himself
level may also use it as a teaching tool to point out to of receiving annually a list of corrigenda as possible
his students the topography of the state of knowledge errors come to our attention.
on the thermal expansion of metallic elements, alloys,
and intermetallic compounds. We believe there is also
much food for reflection by the specialist and the West Lafayette, Indiana Y. S. TOULOUKIAN
academician concerning the meaning of "original" June 1975 R. K. KIRBY
investigation and its "information content." R. E. TAYLOR

The authors and their contributing associates P. D. DESAI
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14 Erbium Ir ..... ............... 98
15 Europium E9u. ....... ............... 104
16 Gadolinium ro ........ ............... 107

17 Gallium La. ........ ............... 115
26 Geranum e ........ ............... 116
19 Gold Au ....... ............... 125
20 teu u. ....... ............... 134
21 Holmnium Ho ....... ............... 138
22 Indane In ....... ............... 143
23 Iridium r ..... ............... 153

24 Iron Fe .... ............... 157
25 Nmum La ........ ............... 173

26 Lead Nb ..... ............... 178
27 Lithium Li . . . . . . . . . . . . . . . 186

28 Luteium Lu ..... ............... 190
29 Magnesium Mg ............... 194
30 Manganese v ain ..... . .g.r. . .t.b. . . 01
31 Mercuiry mg . . . . . . . . . . . . . . . 2O6

32 Molybdbyum Me ..... .......... 208
33 Neodymium Nd .. ........ ... .. 219

34 Nickel Ni ..a.o. .l. .a.c.l.t. .f. .d. 225
35 Niobium M~ . . . . . . .. . . . . . . . 236

36 Osmium Oa .-........... ... 24

Number marked with an asterisk indicates that recommended/provisional/tylical values are not reported
for this material; for others these values are reported in separate figure and table of the same nber
followed by the letter R.
No ortginal-data figure given.

*Only provisional values calculated from density data presented.
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1. ELEMENTS (continued)

Figure and/or Page

Table No. Name Symbol No.

37 Palladium Pd . . . . . . . . . . . . . . . 248

38 Platinum Pt ..... ... ............... 24

39 Plutonium Pu ........ ............... 260

40' t Polonium Po ..... ............... 270

41* Potassium K ..... ............... 271

42 Praseodymium Pr ..... ............... 272

43 Protactinium Pa ..... ............... 277

44 Rhenium Re . . . . . . . . . . . . . . . 280

45 Rhodium Rh ..... ............... 285

46 Ruthenium Ru ..... ............... 290

47 Scandium Sc. ..... ............... 296

48 Silver Ag ..... ............... 298

49 Sodium Na ..... ............... 310

50 Strontium Sr ..... ............... 313

51 Tantalum Ta ..... ............... 316

52 Terbi.am Tb. ..... ............... 323

53 Thallium Ti ........ ............... 328

54 Thorium Th ..... ............... 332

55 Thulium Tm ..... ............... 336

56 Tin Sn ..... ............... 339

57 Titanium Ti ........ ............... 346

58 Tungsten W ...... .. ............... 354

59 Uranium . ........ ............... 365

60 Vanadium V. .... ............... 373

61 Ytterbium .b .... ............... 382

62 Yttrium y . . . . . . . . . . . . . . . 387

63 Zinc Zn ..... ............... 391

64 Zirconium Zr ..... ............... 400

2. INTERMETALLIC COMPOUNDS

Figure and/or Page
Table No. Formula No.

65 AISb ........... ......................... 414

66A* A],Cu ........... ......................... 417

66B* AICu ..... ........ ................... 419

66CC AlCug . . . . . . . . . . . . . .  . . . . . . . . . . .. . . . . . . . . . . . . . 420

66D* AI4CuO .............. ......................... 421

66E* AlCu . . . . . . . . . . . .  . . . . . . . . . . . . . .. . . . . . . . . . .  422

67 AInAu ........... ......................... 423

68A Al$Fe2 . . . . . . . . . .  . . . . . . . . . . . . . . .. . . . . . . . . .  426

Number marked with an asterisk indicates that recommended/provislonal/typical values are not reported
for this material, for others these values are reported in separate figure and table of the same number
followed by the letter R.

t No original-data figure given.
* Only provisional values calculated from density data presented.
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2. INTERMETALLIC COMPOUNDS (continued)

Figure and/or Page

Table No. Formula No.

68B A13 Fe ........... ......................... 427

68C AlFe ........... ......................... 428

69A AIFe ........... ......................... 433

69B AlFe3  . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .  434

70 AINi ........... ......................... 438

71 AlNi 3  . . . . . . . . . . . . . .  . . . . . . . . . . .. . . . . . . . . . . . . .  441

72 AlAg2 .  . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .  444

73 AIU .......... ....................... .. 447

74 SbGa .............. ......................... 450

75 Shin ........... ......................... 455

76*t SbLa ........... ......................... 460

77 8-BeTHf2 ........... ......................... 461

78 Be1 2 Nb ........... ......................... 464

79A Be1 2 Ta ........... ......................... 467

79B Be, TTa2 ........... ......................... 468

80 Be13 U ......... ..... ......................... 472

81 Bet3Zr ........... ......................... 475

82A Bi 2Pt ........... ......................... 478

82B BiPt ........... ......................... 479

83 CdAu ........... ......................... 483

84A CdLi ........... ......................... 487

84B
*  

Cd3Mg ........... ......................... 491

94C Cd'Te .......... ......................... 488

85 CaMg2 .......... ......................... 493

86A CeIn3 ........... ......................... 496

86B CePd. ........... ......................... 497

87 CeR . . ....... . ... ......................... S01

88 CeSn3 .  . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .  504

89 
"  

CrFe . ......... . .... ............... 507

90A Co2Dy ........... ......................... 508

90B CogGd ........... ......................... 509

91A CoY 2 . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . 13

91B CoY ........... ......................... 514

92A a CaAM. . ............................ 518

92B CuAu ........... ......................... 519

93* CuMg ........... ......................... 523

94* CuSZn, ........... ......................... 524

95*t CuZn ........... ......................... 525

96A Gdln. ........... ......................... 526

96B Gd 1Fe,7 ........... ......................... 527

96C GdPd3 ........... ......................... 528

97 GaNi ....... ....... .................. 533

4Number marked with an asterisk indicates that recomnended/provislonal/typcal values are not reported
for this material; for others these values are reported In separate figure and table of the same number
followed by the letter R.

t No original-data figure given.
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2. INTERMETALLIC COMPOUNDS (continued)

Figure and/or Page
Table No, Formula No.

98 ' GaAgs . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .  538
99* t GeLa ........... ......................... 537

100 t GeMg2. . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .  538

lOIA Ge2Pr ........... ......................... 539

101B GePr ........... ......................... 540

101C Ge 3Pr5 . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .  541

102*
t  

Au4Mn ........... ......................... 546

103 Au2Mn .............. ......................... 547

104" AuMn ........... ......................... 550

105 t AuV ........... ......................... 552

106 AuZn. .............. ......................... 554

107 HoZ%... . ........ ......................... 557

lOA InPd ........... ......................... 561

108B InsPr ........... ......................... 562

109A InsYb ........... ......................... 566

109B InY ........... ......................... 567

110 Fe1 lLu . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .  571

111
e 
t FeNt . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .  574

112*
t  

FeRh ........... ......................... 575

113 FeTY . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .  576

114A LaRu2  . . . . . . . . . . . . . . . . . . . . . . . . . 579

114B LaSn .  . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . 580

115*
t  

PbLi ........... ......................... 584

116 MgAg ........... ......................... 585

117 Mg2Sn ........... ......................... 588

118*t Mnlfg .......................... 591

119*t MnNi ........... ......................... 592

120* t MnPd ........... ......................... 593

121*t Mn3Pt ........... ......................... 594

122  MnPt. .. . ........... ......................... 595

123
*t  

NisNb ........... ......................... 596
124* NITi .............. ......................... 597

125 NiSY ........... ......................... 598

126 NbaSn ........... ................... ..... 601

127A Pd.Sn .......... ......................... 605

127B Pd2 Yb .............. ......................... 806

1-8A PrRu2  . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . .  . . . . 610

128B PrSn. .............. ......................... 611

129 BmAC . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .  15

130* AgTb. ............. ......................... .818

131 AgZn .............. ......................... 19

132 NaTI ........... .......................... 22

133 YbZn . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .  . 25

13 4 t ZnjZr ........... .........................

Number marked with an asterisk indicates that recominended/provislonal/typical value@ are not reported

for this material; for others theme values are reported in separate figure and table of the same mumber
followed by the letter R.

t No original-data figure given.
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3. BINARtY ALLOY SYSTEMS

Figure and/or pape
Table No. Nam Formula No.

135 Alumim-Beryllium Al-Be...... ..... ..... ........ 60

136 Aluinm-Copper A.Cu.......................634

137 Aluminum-Iron Al-Fe...... ..... ............. 639

136 Aluminum-Magnesium Al-Mg....... .................. 646

139" Alumimn-Manganese Al-Mn.........................653

140 Aluminum-Molybdemim Al-Mo....... ..... ............. 654

141* t Aluminum-Nickel Al-NI..... .................... 657

142A* Aluminum-Plutonium Al-Pu........................660

142B Aluminum-SIicon Al-i.........................658

142C Aluminum-Titanium Al-Ti................... .... 659

143A Aluminum-Uranium Al-U...... .................. 664

143B Aluminum-Zilc Al-Zn.......................665

144 Aluminm-Zirconium Al-Zr...... .................. 669
145A Antimozny-Biamuth Sb- ..... .................... 673
145B Antimiony-Silver Sb-Ag.......................674

146* Beryllium-Copper Be-Cu....... .................. 678

14 7* t Beryllium-Iron Be-Fe..... ..... ..... ........ 680

148* Bismuth-Lead Bi-Pb...... ..... .............. 68

149 Bismuth-Ti Bi-Sn.............. ... .... 64

iset CadmiumGold Cd-Au..........................66

151A Cadmium-Lead Cd-Pb....... .................. 69

151B* Cadmium-Magnesium Cd-Mg... ..... ..... ..... ...... 93

151C Cadmium-Silver Cd-Ag.........................690

lS 2  Cadmium-Tin Cd-Sn..... ... ... ...... 69

153A Cerium-Magnesium. Ce-Mg... ..... ..... ..... ..... 702

1S3B* Cerium-Thorium Ce-Th.........................704

154* Chromium-Cobalt Cr-Co............ ............. 705

155 Chromium-Iron Cr-Fe....... ..... ..... ........ 707

156A* Chromium-Manganese Cr-Mn... ..... ..... .......... 714

156B Chromium-Molybdemnm Cr-Mo... ..... ............... 713

156C* Chromium-Nickel Cr-Ni...... .................. 719

157 Chromium-Sillcon Cr-SI..... ..... ..... .......... 721
Ise t Chromium-Tin Cr-Sn..... ... ... ...... 725

159' Chromium-Titanium Cr-Ti........................726

260A Chromium-Uranium, Cr-U................ ....... 7218

IGOB Chromium-Vanadium Cr-V.. ....................... 729

161*t Cobalt-Gold Co-Au.........................735

162 Cobalt-from Co-F.........................736

163A* Cobalt-Manganese Co-Mn........ ..... .......... 744

1639 Cobalt-Molybdeu Co-M ... ..... ..... ..... ..... 743

164A* Cobalt-Nickel. Co-Ni...... .................. 747

164B* t Cobalt-Niobium Co-Nb....... .......... ........ 751

Number marked with an asterisk inicates that rooumended/provisiomal/tyioal values are aft reported
for this material; for others thee values are reported In separate fgur and table of the same inber
followed by the letter R.

f No origilnal -data figure given.
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3. BINARY ALLOY SYSTEMS (continued)

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

184C* Cobalt-Palladium Co-Pd....... ... ... ... 752

165* Cobalt-Platinum Co-Pt... ... ... ....... 754

186* Cobalt-Tatalum Co-Ta.... ... ... ... ... 755

l67* t Cobalt-Titaniumn Co-TI... ... ... ....... 756

168 Cobalt-Tungsten Co-W .. ............... 757

169* t Cobalt-Vanadium Co-V.... ... ... ...... 761

170* t Cobalt-Zirconium Co-Zr....... ... ... ... 762

l71*t Copper-Gold Cu-Au.................763

172A* Copper-Indium Cu-In.. ............... 768

172E* t Copper-Iron Cu-Fe....... ... ... ... 771

172C Copper-Magnesiumn Cu-Mg.................767

173 Copper-Manganese Cu-Mn..... ............ 773

174A* Copper-Molybdenum Cu-Mo........... ...... 779

174B Copper-Nickel Cu-Ni...... ... ... .... 778

175A Copper-Tin Cu-Sn... ... .......... 788

175B Copper-Tungsten Cu-W ................. 789

176 Copper-Zinc Cu-Zn.................796

177 Dysprosium-Tantalum Dy-Ta.... ... ... ...... 804

176* Gallium-Plutonium Ga-Pu.... ............ 807

179* Gold-Indium Au-In.................809

180 Gold-Palladtumn Au-Pd.... ... ......... 812

181 Gold-Platinum Au-Pt................817

l82* Gold-Silver Au-Ag.... ... ......... 821

183 Hafnium-Zirconium Hf-Zr... ... ... ....... 822

is"* Indium-Lead In-Pb.. ............... 827

184a Indium-Silver In-Ag.. ... ... ......... 826

185 Indium-Thallium In-T ................ 832

186* t Indium-Tin In-Sn.................835

187A* Iridium-Osmium Ir-O .. ... ... ... ...... 836

187B* Iridium-Platinum Ir-Pt.... ............. 838

187C* IrIdium-Rhenium Ir-Re.. ... ............ 839

187D* Iridium-Rhodium Ir-Rh.................840

I88* Iron-Manganese Fe-Mn..... ...... ...... 841

189* Iron-Molybdenum Fe-Mo..... ... ......... 845

190 Iron-Nickel Fe-Ni... ... ... ....... 848

191* Iron-Platinum Fe-Pt...... ... ... .... 861

192 Iron-RhodIum Fe-Rh.... ... ......... 864

193 Iron-Sil~con Fe-Si..... ... ... ...... 868

194 Lead-Tin Pb-Sn................872

195* t Lead-Thallium, Pb-TI... ... ... ....... 876

196A* Magnesium-Manganese Mg-Mn......... ... .... 878

196B Magnesium-Nickel Mg-Ni.... ... ......... 877

*Number marked with an asterisk indicates that recommended/provisional/typical values are not reported
for this material; for other. these values are reported In separate figure and table of the same number
followed by the letter R.
No on ignal-data figure given.
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3. BINARY ALLOY SYSTEMS (continued)

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

197 Magnesium-Silver Mg-Ag..................88

199 Maogesum-Tin Mg-Sn................884

1OBA* Magnesium-Uranium Mg-U.................889

199B MagnesIum-Zinc Mg-Zn..................88

200A Manganese-Nickel Mn-NI................892

200B* Manganes-ilver Mn-Ag.................893

200C* Manganese-Titanium Mn-TI...................89

201* t Molybdenum-Nickel Mo-N ................ 899

202 Molybdenum-Nioblum Mo-Nb.................900

203 Molybdenum-Rhenium Mo-Re.................904

204A* Molybdenum-SelenIum Mo-Se..................907

204B* Molybdenumn-Tellurium Mo-Te.................909

205 Molybdenum-Titandum Mo-Ti................910

206 Molybdenum-Tungsten MO-W................915
207 Molybdenum-Uranium Mo-U.................919

208 Molybdenu-VanadIum Mo-V.................923
209 NIckel-Palladium NI-Pd..................926

210* Nickel-Pitaum Ni-Pt.................90

211 Nickel-Silicon NI-SI.................932

212 Nickel-Tin Ni-Sn................935

213 Nickel-Titanium Ni-TI....... .......... 988
214 NIckel-Tungsten NI-W ................... 941

215 Nickel-Vanadium NI-V.................43

218 Nickel-ZInc NI-Z ................ 946

217A Niobium-Rhenium Nb-Re................949

217B Niobium-Tantalum Nb-Ta................950

218A Niobium-Uranium Nb-U................954

2183* Niobiuma-VanadIum Nb-V................957

219 Niobium-Zirconium Nb-Zr..................................98

220 Palladium-Silver Pd-Ag................962

221* Platiu-Rhodium Pt-Rh..................987

222 Platium-Rutbentum Pt-Ru................970

223 Rhenium-Tungsten Re-W ................. 973
224 Silver-Tin Agn ................ 976
225 Tantalum-Tungsten Ta-W ................. 979
226* Terbtum-Yttrium T-Y.................983
227* Tin-Zirconium Sn-Zr..... ............ 86
228* Titanium-Tungsten Ti-W ................. 988
229 Titanium-Vanadium Ti-V................989
230 Titanium-Zirconium TI-Zr................993

231 Uranium-ZirconIum U-Zr................997

*Number marked with an asterisk indicates that recornnended/provisiowa/typical values are not reported
for this material; for others these values are reported in separate figure and table of the same amuer
followed by the letter B.

t No orIginal-dt figure given.
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4. MULTIPLE ALLOYS

Figure and/or Page

Table No. Name Formula No.

232 Aluminum + Beryllium + EXi  Al + Be + LX.. .. ............ 1006

233 Aluminum + Copper + LXi  Al + Cu + LX. ... ............ 1011

234* Aluminum + Iron+ _Xi  Al + Fe + Xi ............ 1026
235 Aluminum + Magnesium + LXi Al + Mg + LX. ... ............ 1028

236 Aluminum + Manganese + LX i  Al + Mn + LX i ... ............ 1034

237 Aluminum + Nickel + LX Al + NI + EXi ............ 1038

238 Aluminum + Silicon + LX 1  Al + Si + LX. . .. ............ 1042
239 Aluminum + Zinc + EXi Al + Zn + LX. ... ............ . 1051

240 Beryllium + Aluminum + EX i  Be + Al + LX .... ............ . 1057
241 Chromium + Iron + LXi  Cr + Fe + LX. ... ............ 1060

242 Chromium + Silicon + EX i  Cr + SI N . . . ............ 1064

243 Cobalt + Chromium + .Xf Co + Cr + LX i ... ............ 1067
244 Cobalt + Iron + EXi  Co + Fe 4X i ............ 1073

245 Cobalt + Nickel + EX Co + Ni + EX .... ............ . 1085

246 Copper + Aluminum + LX, Cu + Al + LX. ... ............ . 1089
247 Copper + Beryllium + EX1  Cu + Be + LX i ... ............ 1095

248 Copper + Lead + LX1  Cu + b + N1 ... ............ . 1098

249*'t Copper + Manganese + EX1  Cu+ Mn+ LEX ... ............ 1102
250 Copper + Nickel + EX 1  Cu + Nt + LX. ... ............ 1103

251 Copper + Silicon + EXI Cu + Si + LXi ... ............ 1107
252 Copper + Tin + EXi  Cu + Sn + LX. ... ............ 1110
253 Copper + Zinc + EXi  Cu + Zn + EX .... ............ . 1114

254" Dysprosium + Tantalum + ELX Dy+ Ta+ LX .... ............ 1120

255" Gold + Silver + Xi Au + Ag + LX. ... ............ . 1121

256A Iridium + Osmium + LX, Ir + Os + EX ... ............ 1122

256B Iridium + Platinum + EXi  Ir + Pt + LX i ... ............ 1123

256C Iridium + Rhenium + EXi  Ir + Re + ZX. ... ............ 1124

256D Iridium + Rhodium + EX i  Ir + Rh + EX. ... ............ 1125

257 Iron + Carbon + LX i  Fe + C + X i ... ............ . 1131

258 Iron + Chromium + L'Xt  Fe + Cr + EX ... ............ 1138

259 Iron+ Cobalt+ EXi  Fe + Co + LX i ... ............ 1158

260 Iron+ Copper + LXi Fe + Cu + EX 1 ... ............ 1162
261 Iron + Manganese + X1  Fe + Mn + X i ... ............ 1165
282 Iron + Nickel + EXi  Fe + NI + LX .... ............ . 1175

263 Iron+ Tungsten+ EX i Fe + W + EX. ... ............ 1199

264 Magnesium + Aluminum + EX Mg + Al + LX i ... ............ 1202

265A Magnesium + Copper + LX i  Mg + Cu + LX i ............ 1207

265B Magnesium + Thorium + EXt Mg + Th+ EN ... ............ 1208

285C Magnesium + Zinc + EX, Mg + Zn + EX ... ............ 1209

266* ' Molybdenum + Titanium + L'Xi  Mo + Ti + EX. ... ............ 1214

267* t Nickel + Aluminum + EXi  Ni + Al +-X I ... ............ 1215
268 Nickel + Chromium + EXi  Ni + Cr + LX. ... ............ 1216

269 Nickel + Cobalt + EXi  NI + Co + EX . . . . . .  . . . . . . .. . . . . 1227

* Number marked with an asterisk indicates that recommended/provlslonal/typical values are not reported
for this material; for others these values are reported in separate figure and table of the same number
followed by the letter R.

' No original-data figure given.
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4. MULTIPLE ALLOYS (continued)

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

270 Nickel + Copper + EX, Ni + Cu + EX i ... ............ 1230
271* Nickel + Iron + EXi  Ni + Fe + ,Xi ... ............ . 1236
272 Nickel + Manganese + EXj Ni + Mn + EX. ... ............ 1241

273 Nickel + Molybdenum + Xi  Ni + Mo + LX i ... ............ 1245

274* Nickel + Silicon + ZX1  Ni + Si + EX. ... ............ 1249
275 Niobium + Molybdenum + EXi  Nb + Mo + EXi ... ............ . 1250

276 Niobium + Tantalum + E X i  Nb + Ta + EX. ... ............ 1253

277* Nioblum + Titanium + EX i  Nb + Ti + EX. ... ............ 1257
278 Niobium + Tungsten + EXi  Nb + W + EXi ... ............ 1259
279* t Palladium + Gold + LXi  Pd + Au + EX. ... ............ 1265
280A Tantalum + Niobium + EXi Ta + Nb + 'LX. ... ............ . 1266
280B Tantalum. Tungsten + EX Ta + W + BX. ... ............ 1267
281 Titanium + Aluminum + EXi Ti + Al + EX. ... ............ 1272
282 Titanium + Chromium + i Ti + Cr + LXi ... ............ 1285
283A Titanium + Tin + E X Ti + Sn + LX i ... ............ . 1290

283B Titanium + Vanadium + LX1  Ti + V + EX. ... ............ 1291

284 Tungsten + Nickel + EXi  W + Ni + LX i ... ............ 1297
285* t Tungsten + Rhenium + LX i  W + Re + EX. ... ............ 1300

286A.  
Uranium + Aluminum + EXi  U + Al + EX. ... ............ 1301

286B* Uranium + Molybdenum + LX U + Mo + LX i ... ............ 1303

287* Uranium + Niobium + EXi U + Nb + LX. ... ............ 1304
28 8* Uranium + Plutoniun + x1  U + Flu + zX i  ............ 1306
289* Uranium + Vanadium + LX i  U + V + LXi  ............ 1309
290*" Vanadium + Chromium + LXi  V + Cr + EX. ... ............ 1310
291* " Vanadium + Titanium + EX. V + Ti + EN ............ 1311

292* Zirconium+ Tin+ EXi  Zr + Sn + LX. ... ............ 1312

293* Zirconium + Titanium + EXi Zr + Ti + LXi ... ............ 1317

* Number marked with an asterisk indicates that recommended/provisional/typical values are not reported
for this material; for others theme values are reported in separate figure and table of the same mmher
followed by the letter R.

No original-data figure given.
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Notation

A Amplitude of vibration h Planck's constant; Miller index
a Lattice spacing; Constant k Boltzmann constant; Constant, Wave
a, a2, a3  Empirical constants number, Miller index
Bs  Adiabatic bulk modulus L Length
B, Isothermal bulk modulus L293  Length at 293 K
B, Isothermal bulk modulus at 0 K L, Length at Tj
B, Isothermal bulk modulus of composite L, Length of reference material
Bd Isothermal bulk modulus of dispersed L, Length of specimen

material I Miller index
Bi Isothermal bulk modulus of ith material m Mass
Bm Isothermal bulk modulus of matrix N Number of particles; Order of inter-

material ference
b Lattice spacing: Constant N(EF) Density of energy states
C Empirical constant: Capacitance n Number of vacancies; Index of refraction
C, Heat capacity of ith mode P Pressure
CP Heat capacity at constant pressure P,, Static pressure
C, Heat capacity at constant volume Ph Thermal pressure
C 21)3  Heat capacity at constant volume at p pth fringe

293 K Q Constant
C, Heat capacity of free electrons R Gas constant; Radius of a circle
C1, Heat capacity of lattice S Entropy
C.9 Heat capacity of magnetic interaction Si  Sound velocity of the ith branch
c Lattice spacing s Anharmonicity constant; Entropy of
Co iC Calibration constants formation; Distance between fringes
I Elastic constant S,, Elastic compliances
Di Thickness of ith material T Temperature
d Diameter; Separation of lattice planes TM Temperature at melting point
d, Diameter of pth fringe T Mean temperature
E Young's modulus t Time
Ei Young's modulus of ith material V Volume
ED Internal energy V Volume at 0 K
E293  Internal energy at 293 K V2 )3  Volume at 293 K
EM Internal energy at TM VM Volume at TM
Em Magnetic interaction energy t' Fractional part of order of interference
F Free energy; Frequency Cd Volume fraction of dispersed material

, Fth Free energy of thermal vibrations Vi Volume fraction of ith material
f Focal length of lens W Distance
G, Shear modulus of composite x Position of particle
Gm, Shear modulus of matrix material a Coefficient of linear thermal expansion;
g Acceleration of free fall Angle between lattice spacings h
H Enthalpy of formation and c

'a



2a Notation

a293  Coefficient of linear thermal expansion ?0  GrUneisen parameter at 0 K
at 293 K ii Griineisen parameter of ith mode or ith

ac Coefficient of linear thermal expansion of branch
composite ij GrUneisen parameter tensor

a Instantaneous coefficient of linear therm- 7,1 Griineisen parameter of free electrons
al expansion 7,,, Gruneisen parameter of free electrons

01 Mean coefficient of linear thermal ex- and magnetic interactions
pansion from 0 K to TM Y11 GrUneisen parameter of lattice

ai, Coefficient of linear thermal expansion of yms GrUneisen parameter of magnetic inter-
lattice actions

a, Coefficient of linear thermal expansion of YX Gruneisen parameter at high tempera-
bulk material tures

O Coefficient of linear thermal expansion of OD Debye temperature
dispersed material 0o  Debye temperature at 0 K

01i Coefficient of linear thermal expansion of 0 Angle of incident rays
ith material Wavelength

O,, Mean coefficient of linear thermal expan- i, Wavelength in vacuum
sion A Poisson's ratio

acm Coefficient of linear thermal expansion p Poisson's ratio of ith material
of electronic and magnetic interactions 110 Frequency of oscillation of a particle

alt Coefficient of linear thermal expansion of VO Debye frequency
lattice vibrations vj Frequency of ith mode

Ot, Coefficient of linear thermal expansion of p Density
matrix material o Stress

fi Coefficient of thermal expansion; Angle t Period of a pendulum
between lattice spacings a and c 0 Potential

P293  Coefficient of thermal expansion at 293 K o0, Potential energy of a lattice including
PC Coefficient of thermal expansion of com- zero point energy

posite 0 Angle
PM Mean coefficient of thermal expansion 0,020 ,13 Angles between crystallographic transla-

from 0 K to T. tion vectors
Pm Mean coefficient of thermal expansion fa Solid angle
Img Coefficient of thermal expansion of mag- 0w Angle

netic interactions cv, Angle between direction of interest and
7 Grineisen parameter; Angle between the principal crystallographic axes

lattice spacings a and b
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Theory of Thermal Expansion of Solids

I. INTRODUCTION For instance, a change in temperature of 10 deg will

"From ghoulies and ghosties, and long leggety cause a change in period of about 0.01 % if the

beasties and things that go bump in the night, Good pendulum is made of brass. It is not surprising,
therefore, that some of the first quantitative measure-Lord deliver us" is an old Scottish prayer. Among ments of thermal expansion were made in order to

the things that went "bump in the night" were oets oeraeaon wee measrerto

certainly coats of armor, structural members of obtain more accurate clocks. These measurements

buildings, etc., as they cooled off. It is not difficult were made by Petrus van Musschenbrock [1], a
to visualize the consternation of our forefathers whenUtrecht, around 1730.

Professor Musschenbrock measured the thermal
such items suddenly emitted strange sounds. Modem expansion of iron, steel, copper, brass, tin, and lead.
homes also creak and groan when changing thermal He found that lead expanded the most and iron the
gradients cause stresses due to unequal thermal least. In his own words, "Therefore it is very proper
expansions. The uses of thermal expansion in our
daily lives are readily observable-mercury thermo They are not so good of Steel; and much worse of
meters to indicate temperature, thermostats to control Theyet sometimes te ae md e ofour heating and cooling systems, and even the use of Brass, yet sometimes they are made of Copper,
hot water to "loosen" a stuck jar lid. On a hot because it is not so liable to rust; but yet, that issummwer dythe "loet f terlid. nOn wod wrong." Since this time, a large amount of informationsum m er day the effect of therm al expansion would on t e m l xp si n h s b n o ta ed nd w hbe radiy aparnt f no alowe fo bythe on thermal expansion has been obtained and with
also be readily apparent if not allowed for by the advances in technology the quality of the information
design engineer. To paraphrase a facetious comment has improved. A great deal of this information, how-
that appeared in a small book, Physics for Fools, ever, is worthless, or nearly so, because the material
published in Russia in 1908: Bridges, railroad tracks, was not sufficiently characterized and/or the experi-
and concrete sections of highways are always made ment was not sufficiently documented. In particular,
shorter than they should be since bodies always accurate data on well characterized materials are
expand when heated. Even so, after an unusually needed to understand the behavior of alloy and
hot day, newspapers will have photographs of high- co
ways that have buckled and draw bridges that have mposite systems. Even so, within the past 20 years
stuck. The importance to technology of accurate measurements on thermal expansion have greatly
knowledge of thermal expansion is readily apparent increased our knowledge in areas such as lattice
when one considers the problems associated with dynamics, electronic and magnetic interactions,
high-performance engines, atomic reactors, re-entry
vehicles, and the like.

One of the first scientific problems associated 2. DEFINITIONS
with dimensional changes in solids caused by tempera- When heat is added to a material so that there is
ture fluctuations concerned the measurement of time a change in temperature, T --. T2, there is a corre-
with pendulums. Although the period, t,* of a sponding change in volume, V, -+ V2. To describe this
pendulum is almost independent of the amplitude, it change the mean coefficient of volumetric thermal
does critically depend upon its length: expansion of the material is defined by

_ 2-V (2)
*See Notation, p. Ia. for meaning of symbols used in text. V1(T - TO 3ai
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The limiting value of this ratio (at constant pressure P) is defined as
as the temperature changes by a differential amount L 2 - L,
dT is defined as the true coefficient of volumetric Of = - at T- T2 + T (12)
thermal expansion, or just as the coefficient of L 2 9 3(T 2 - j) T 2

thermal expansion, i.e., where L2 9 3 is the length at 293 K. If the expansion

I JOV I  over a limited temperature range can be approxi-
W = (3) mated by a polynomial,

The thermal expansion of the substance on heating L - L 293 = ao + a1 T + a2T 2 + a3T 3 + (13)
from T, to T is often expressed as percent expansion, L293

100( V2 - Vo) IOOAV then
or (4)

V, V a/ = a I + 2a2 T + a3 14T -T 2 T 2 ) + (14)

The corresponding definitions for the linear (or and
unidirectional) case are L 2 L- L, = -9 3 (a, + 2a2T. + 3a3T+ (15)

(5) 1 +a1 +3 3  ~ ') (5
,m LI(T2 - T) (5) From these equations it can be shown that

(6) p= - 4(AT)2 - ... (16)

and If L2 9 3 -, L and AT- 0 then a - a,. If the expansion

100(L2 - L,) IOOAL can be represented by a quadratic, a 3 = 0 in Eq. (16),

Lo L large temperature intervals can be used.
The coefficients needed to describe the expansion

where L represents the length. If the expansion is of crystals with different symmetries [2] are shown in
determined from measurements of density, p, then Table I. The principal coefficients (a, a2 , and a3)

Pm - P2 (8) describe the volume change of the crystal so that
P2(T 2-T) fi=a 1 +a 2 +a 3  (17)

and These coefficients are not necessarily in the direction
of the crystallographic translation vectors but are

- = P- (9) orthogonal to each other. The remaining coefficients
(a, a,, and a6) describe the change in shape (but not

If the substance is isotropic the coefficient of thermal the symmetry) of the crystal. For example, a mono-

expansion is equal to three times the coefficient of clinic crystal will change shape during a temperature
linear thermal expansion. i.e., change even if cut in the crystallographic reference

system, but the interaxial angles 4' and 03, v'hich are
# = 3a (10) restricted to 900 by the symmetry, will not cbnge.

The same is not strictly true, however, for the mean
coefficients, where

#. n- 3am[l + (T2 - T)a,] (11) Table I. Thenmal EkimIOUm Caklemb for Varil. Crysa

Ordinarily the coefficient of thermal expansion is Symmetries

not measured directly but it is either calculated Cubic 2, , 2, 0 0 0
directly from consecutive observations of expansion Hexagonal 2a , 23 2 0 0 0
or by differentiating an equation that represents the Tetragonal 2, 2 23 0 0 0
expansion. Under certain conditions the instantane- Trigonal 2, 21 23 0 0 0
ous coefficient of linear thermal expansion will Orthorhombic 2, 12 23 0 0 0Monoclinic 2 22 " 2 0 xa
satisfactorily represent the true coefficient. The Triclinic of 2 0' 0 Is 0

instantaneous coefficient of linear thermal expansion 2 22 a3 24 J3 a,
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The expansivity of a single crystal in a given average position of the particle does not shift and
direction is given by there is no corresponding thermal expansion.

3

= Ya ,cos 2 ci (18)
= 14. DERIVATION OF THE GRtNEISEN

where co, are the angles between the direction in RELATION
question and the principal crystallographic axes. In the quasi-harmonic approximation the effect
For hexagonal, tetragonal, and trigonal symmetries of anharmonic interactions is simulated by treating
this relationship reduces to the vibrations as harmonic but with frequencies

= al + (a3 - ad cos 2 (03  (19) that are volume dependent [43. Applying statistical
mechanics to this model it can be shown that

ilZF 1 3N

3. POTENTIAL WELL-A SIMPLE MODEL OVOT V YC (24)

A three-dimensional array of atoms which are where F is the free energy of the system and C is the
free to vibrate about their equilibrium positions is a contribution of each vibrational mode to the heat
reasonable model for a solid substance. The heat capacity at constant volume,
capacity of this model can be calculated by assuming 3sN
that the vibrations are harmonic and their energies are CV C, (25)
quantized. While these assumptions are very success- 1=

ful in calculating the heat capacity of real solids the The term y, is the measure of the volume dependency
vibrations must be assumed to be anharmonic in of the frequency of each vibrational mode,
order to account for thermal expansion.

This can be understood qualitatively by consider- V dr, d In v,
ing the vibrations of a single particle in the asymmetric ' = V dV - dIn V (26)

potential well and hence indicates the effect of the anharmonic

) = CX2 
- ksCx3  (20) interactions. If the overall effect of the interactions is

An approxmatt. solution of the nonlinear equation of taken as the weighted average of the individual

motion 3(

d~x I, I =1

m- + Cx - sCx2 =0 (21) C, (27)

can be shown [3] to be then
-6FsA F CV

x - A Cos rot - COS 2rot + (22) = (28)

where A is the amplitude of the motion. Since Since it can also be shown from thermodynamics that

(cos vot> (cos 2vot> = 0, the time-average posi- Ce2F
tion of the particle is 01 T - BT# (29)

sA2

x = -- 2 (23) where B is the isothermal bulk modulus, the Grunei-
sen relation can be obtained:

A shift of the average position that is proportional to 7Cv
the anharmonicity constant s has therefore occurred P BT (30)
toward the softer side of the potential well (see Fig. 1). VB(
According to classical theory, A' is proportional to where y is known as the Gruneisen parameter.
temperature so that the value of <x> can represent the Since both y and the product of V and BT are
thermal expansion of the system and the coefficient of weak functions of temperature, the value of # is nearly
thermal expansion is a constant that is proportional to proportional to Cv at all temperatures: that is, at
s. In the case of a harmonic potential where s = 0, the high temperatures # is nearly a constant and at low

7.-.



6a Theory, Estimation, and Measurement
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Fig. I. Plot of asymmetric potential energy well and time-averaged position of vibrating particles.

temperatures, where the atoms must be treated as while static pressure is given by
quantum oscillators, -, 0 as T -+ 0 K.

.t o (32)

5. DEBYE EQUATION OF STATE where 00 is the effective energy of the lattice which
The reaction of a solid to external pressure can includes zero point energy. The total pressure is

be divided into two parts, thermal and static. From equal to the sum of the thermal and static pressures,
thermodynamics it can be shown that thermal
pressure in a solid is given by p - - (33)Sv a-V (33

- ( ahV (31) To approximate the effect of anharmonic interactions

Ti

.. ..'
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Debye [5] assumed that the characteristic temperature, In a broader sense y is also a function of temperature,
hand without assuming that the lattice vibrations are
O D= (34) harmonic it can be defined by

k

in his model of the lattice heat capacity, is a function y(V. T) = (42)
of volume only. By differentiating Eq. (34) it can be

shown with the help of Eq. (26) that where S is the entropy of the system. In terms of the

"'OD OD; (35) GrUneisen relation, 3'( V, T) can be expressed as

T) - I'BV ^ TJ 43

It is obvious that in this model - is also a function of C" C, 3)

volume only. Since it can also be shown from thermo- where is the adiabatic bulk modulus and is thedynamics that weeB, steaibtcbl ouu n Cp i h
heat capacity at constant pressure. At temperatures

CFlh, I iFh T) _ ED (36) higher than the Debye characteristic temperature 0,
' 01(I/T) 0 the value of ' is nearly constant since the whole

where ED, is the Debye energy of the lattice vibrations, spectrum of vibrational frequencies is excited and ",, is
whee Eis he eby enrgyof he attce ibrtios, merely the arithmetic average of the ,

the Debye equation of state can be obtained:

Po OFhl eo _ o +,-ED i 3N(4
P +.1 -o/  (31 WN Y-
~'V eO4( ~V V V

GrUneisen's relation can be obtained by differentiating In the low-temperature limit the Debye continuum is

P with respect to temperature at constant volume, i.e., a valid model and again ,, will approach a constant
value,

0cT V= B.fl (38) VdOo (
0, dV

If the pressure is set equal to zero in Eq. (37),
V(eAio/? V) is expanded in a Taylor series in volume, where 0o is the limiting value of 0, at low temperatures.
and the constants of the series evaluated at zero If the weighting of the ;,j changes with tempera-
Kelvin, the Griineisen equation can be obtained [6]: ture the results can be a large variation of 7 with

temperature, sometimes leading to negative values.
VT - V° _ ED (39) This can happen in open-structure crystals, such as

Vo Q - kED germanium between 16 and 40 K [7] (see Fig. 2),

where when the transverse modes, which can have negative
),j, outweigh the longitudinal modes, which have

Q = VOBO (40) positive 7 -The result is that the coefficient of thermal

expansion is also negative and the material will
has a value that is large when compared to ED . The contract on heating. This can be explained by a simple

has vaue hatis lrgewhe copare toED.The model in which the atoms that lie in directions
constant k is best determined by experiment but can peen ic the dton ovation arecpulle
be related to the potential energy function. perpendicular to the direction of vibration are pulled

further than they are forced outward by their own

vibrations.
6. GRUNEISEN PARAMETER In solids which have noncubic symmetry,

Gruineisen's relation can be expressed as
As indicated in Section 4, the Grineisen para-

meter, ;, is a weighted average of the y,, the weight for Ct 6

each vibrational mode being its contribution to the a Sij , i1.2, 3 (46)

heat capacity. In the Debye model ,- is a function of I

volume only: where s,1 are the elastic compliances [8]. This equation
gives a linear relation between components of the

V ?0D (41) expansion tensor and the heat capacity. The coefficient
0= " 9V of thermal expansion is the trace of the expansion
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Fig. 2. Coefficient of expansion of germanium showing negative values between 16 and 40 K.

tensor so that hexagonal close-packed structure, c/a = 1.633, should

6 be isotropic. In this case a, = a3 and s, I + S12 =
I Y_ SiA (47) S13 + S33 (see Table I1). From Table II and Eq. (46)
V= i~ j= it is obvious that in anisotropic materials the larger

where so,4j = 4, 5,6) = 0, as in cubic, hexagonal, expansion occurs in the softer direction. For example,
orthorhombic, and some tetragonal crystals. A single in the case of zinc the structure is drawn out in the c
value of , can be determined by direction and compresses more easily along this axis

3 .than normal to it. The lattice vibrations in this

,'= sij (48) direction, therefore, are generally of lower frequency
i = t .and are excited first when the temperature is raised

For hexagonal crystals (see Table I), above zero Kelvin. This results in a rapid expansion
along the c axis accompanied by a contraction normal

= -,(s + si2)y + s13 '3] (49) to it (see Fig. 3).
V1 In 1958 Sheard [9] applied an anisotropic con-

tinuum model to calculate the GrUneisen parameters
at3 = --f'[2Si3Yi + s33', 3] (50)

/1 = -[2(sI + S12 + S13)'/, + (2s13 + s33 Y3] (51) Talde I. Isotropy of Hexamoal Close-Packed Crystal

and Crystal cta s1 + s33 23/"1

SIS + S12

2(s1 1 + S12 + S1 3 )1 + (2s3 + s 2 3)Y3 (52) Zn 1.856 2.36 4.95

2sji + S33 + 2s12 + 
4
S,3  Mg 1.624 1.04 1.07

Be 1.567 0.46 0.72

The thermal expansion and elasticity of an ideal

I '
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Fig. 3. Thermal linear expansion of zinc showing rapid expansion along c axis and contraction along a axis below 200 K.

at low and high temperatures from the pressure and for low termperatures
dependence of the elastic constants. Assuming that33
at long wavelengths for each of the three acoustic f 'iSi dO Y c 3/2 do2
branches in cubic crystalsf

pso = =i (5583d

xf

! IS, is the velocity of sound and ci is the elastic constant)
I and where Ql is the solid angle within the Debye sphere.

Vi =k~j 54) These integrations are usually accomplished by
vi =k~i 54) numerical techniques on a computer. It can be seen

where the application of cyclic boundary conditions from Eq. (56) that when the pressure derivative of an

requires that elastic constant is sufficiently small or negative, the
corresponding y; will be negative. If this y, also corre-

kL = 0, ±+1, ±+2,..... ±_N (55) sponds to a dominant mode (such as a shear or
transverse mode at low temperatures) it then can

(k is the wave number and L is the length of the cause the weighted average to be small or negative,
crystal), it can be shown that with a resulting small or negative coefficient of

V dv, I BT dSj BT dci 1 thermal expansion.
h =- = -V +  - - = -c d- -6 (56) In 1960 White [10] reported his measurements

on the electronic contribution to the thermal expan-
Thus, for high temperatures sion of metals. Because the entropy and the free

3 3energy are additive functions of s: -Griineisen's

7. j 'N =i j2- f dD (57) parameter can be expressed as a sum of contributions
' 3-N from the lattice vibrations and the conduction

wi

-Jt

-J
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electrons in metals: electronic GrUneisen parameter for a metal is given

7(V, T ) + (59) + 1

n( by
C,, + C., = + ('lnV ] r (62

In the case of nonmagnetic metals, the heat capacity InV T(

of the lattice and the conduction electrons at very where N(EF) is the density of states at the Fermi
low temperatures can be approximated by surface. For the free electron model. ,', = 2,3. In

magnetic metals the contribution of the magnetic
CI, -- bT and C, -aT (60) interaction gives rise to an additional thermal

Griineisen's relation can therefore be expressed as expansion term

a T (61) - 1mg ra (63)B B_ ,etaT + BTVbT1 P61)

and if the values of BT V#1/Tare plotted against T2 , the where the magnetic Gruneisen parameter is given by
values of ,',a and t,,b can be obtained from the inter-
cept and slope. Since , and h are of the same magni- Om= I TnV (64)
tude, these measurements must be made in the range
where Cc1 - Cf,. In the case of copper and aluminum Ems is the interaction energy. The magnetic contribu-
this means below 10K and 20 K, respectively. The tion, however, is also proportional to T at low

lo

z

9.

Q
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_j a mG d)

L~C I M 1 I ,
z

Is.

0

0 too 200 300 400
TEMPERATURE, K

Fig. 4. Coefficients ofexpansion of Invar showing that the combined electronic-magnetic contribution nearly cancels the lattice contribution

causing the expansion to be nearly independent of temperature.
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temperatures, so that it is not possible to separate it at least 1879 [11]. On the average the total expansion
from the electronic contribution. In this case a ofthe close-packed metals on heating from 0 K to T is
combination parameter, Yom, is determined.

The low expansion of Invar, a face-centered VM - V0 - 0.0681 (65)
cubic iron-36 i,,, nickel alloy, can be explained by a V0
large negative value of -;m I - 20). The result is that
the electronic and magnetic contribution to the That this is proportional to the melting temperature
expansivity, ar, which is proportional to the tempera- can easily be shown:
ture, predominates at low temperatures and almost
equals the lattice contribution, o(,. at room tempera- T.,, Cf fT,

twre (see Fig. 4). 1 = f dT = fl dT = Tfl (66)

7. SOME SEMIEMPIRICAL RELATIONSHIPS where fl. is the mean coefficient of thermal expansion
from 0 K to T,. The corresponding relationship for

In Section 4 it was pointed out that the changes linear expansion is
of expansivity and heat capacity with temperature are
similar, and because they are both determined as LM - L°= To(, -0.0222 167)
derivatives of experimental data, mathematical tech- Lo
niqueg that are used in the computation and analysis
of heat capacity are useful in the computation and A rule of thumb for engineering materials with melting
analysis of expansivity. temperatures aboNe 900 K is that these materials

The relationship of fP to the melting temperature, will expand about 2 ,, on heating from room tempera-
T , for crystalline materials has been known since ture to their melting temperature (see Fig. 51.

2.5

2.0 SILVER AND TUNGSTEN
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0 400 Boo 1200 1600 2000 2400 2-00 3200 3600
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Fig. 5. Thermal linear expansion of silver and tungsten showing that both expand to about 2",, at their respective melting temperatures.
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Fig. 6. Thermal linear expansion of iron showing effect of phase transition.

A slightly more useful empirical equation for fcc, based on the GrUneisen equation. From Eq. (39) and
bcc, and hcp crystals is its derivative we find that

V293 - V° E29 1 (71)
Tma 2 - 0.0244 (68) Vo K - 71)3

and
where a(Tw/2) is the coefficient of linear thermal
expansion at half the melting temperature. l 29 3  7)QC

It should be noted that P is related to all para- (Q- 3E (72)

meters that are also related to the amplitude of Dividing Eq. (71) by Eq. (72), we get
thermal vibrations. For example, if EM is the vibra-
tional energy at the melting point, then in the classical V2 9 3 - V0 = E2 9 3(Q - kE 29 3  73
limit it is equal to 3RTM, and from E- (66) Vo/i 2 9 3  QC 29 3

EMPMw = 3R(0.0681) (69) Since kE 29 3 << Q for most engineering materials thecontraction from 293 to 0 K can be estimated from
where R is the gas constant. Also from Eq. (39) one can

infer that V,,, - 11,0' E(0O/293)30  - #29 (74)
VOB°OP = 3R (70)

or

A useful relationship for estimating the contrac- L2 93 - Lo E(0o, 293)
tion from room temperature to zero Kelvin can be Lo =C(0/293) 2

93 (75)

~I
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where E(OD/ 2 9 3) and C(OD/ 29 3 ) are the values for body-centered cubic and the face-centered cubic
energy and heat capacity calculated from the Debye forms (see Fig. 6). The change in volume may be
equations [5]. Since the characteristic temperatures, large or very small and positive or negative. In multi-
0oD of these materials usually fall between 400 and phase systems such as alloys, the transition may
500K, a good approximation [12] for the linear extend over an appreciable temperature range and
contraction is occur at generally higher temperatures on heating

than on cooling, with hysteresis as the result.
L2 9 3 - °- 180293 (76) Second-order transformations are generally

Lo characterized by the disappearance of ordered

structures, with the result that a discontinuous change
occurs in the coefficient of thermal expansion at

I.P ERANSTIONS, POINTconstant temperature and pressure (see Fig. 7). The
change in the coefficient may be large or very small

First-order transformations in single-phase and positive or negative. The ordered structures may
systems are characterized by a discontinuous change consist of chemical compounds in alloy systems.
in volume at constant temperature and pressure. This magnetic moments as in ferromagnetic materials, and
type of transformation, in which a discontinuous electron energy states in superconductors.
reconstruction of the lattice occurs, includes the If individual crystals in a polycrystalline material
change from one crystal structure to another as in are highly anisotropic, such as uranium, the material
iron at 1184K, where the change is between the may increase in size as the result of a thermal cycle
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Fig. 7. Coefficient of expansion of MgCd showing effects of order -disorder transformation.W......................................
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over several hundred degrees. The most probable the effect of applied pressure on the expansivity of a
cause of this growth is the large thermal stress solid is given by
between neighboring crystals that do not have their -T 1 0r
crystal axes aligned with each other [13]. Because of = i80l ,

the differences in the axial expansivity of the crystals B-2 (T- ,

the stress is built up at the low end of the cycle on Since (eBTCT)p is negative, the expansivity will
cooling, which results in plastic deformation, and decrease with increasing pressure. The following
near the upper end on heating, but in the opposite equation. which can be derived [15] from the Murna-
direction. If the temperature is high enough at the ghan equation of state, is very useful for estimating
upper end of the cycle, the stress will be relieved. As a the coefficient of thermal expansion at high pressures:
result, voids are created and the material grows even
after more than a thousand cycles, f#(P, T) = - B(O, T)fl(, T81

In general the presence of voids in a solid will P(BT(O, T)/CP)r + BT(O. T) (
not significantly affect the expansion since the hole The effect of uniaxial stress, a, on the linear expansivity
will expand an equal amount. This will not be true, of a solid [16] is given by
however, if the number of voids changes with tempera-
ture. For example, when a material is heated to 00t I _ E (82)
temperatures close to its melting point a significant T E2 T](8
number of thermal vacancies, n, are generated, where E is Young's modulus (the tensile stress is

taken as negative). In terms of the bulk modulus and
n = N esk e-H 'k

T (77) Poisson's ratio, /u, the effect of stress is given by

where S is the entropy of formation and H is the ea r= 3- __ [ I T- B1 - 2 p) 11

(e 3BT0 -I 2 _)B _ T (enthalpy of formation per vacancy. If the vacancy is L83)
formed by an atom moving from a lattice site in the
interior to a lattice site on the surface (a Schottky
defect) the density of the crystal will be decreased. 10. THERMAL EXPANSION OF
Since the dimensions of the crystal lattice at low COMPOSITES AND MIXTURES
vacancy concentrations will not be significantly When thermal stresses arise in solids because ofchanged, the increase in the vacancy concentration on differences between the expansion of neighboring
heating from some sufficiently low temperature can be grains or substructures the expansion of the compo-determined asgrisosusrcuethepasoofheom -

site will be a function of the expansivity and the

(AL Aai elastic properties of the individual grains or sub-
N13 - (78) structures. In general. the thermal behavior of a

"a !composite is a complex function of the thermal and
where a is the lattice parameter as measured with x elastic properties of the components but can be
rays [14]. It follows that predicted by the use of a discrete element method of

analysis with the aid of a computer [17]. Many

nit (79) simplified relationships have been derived, however.
3NkT 2  and some of these are cited here.

In composites where the elastic properties of the
where oh is the expansivity of the bulk and ot. is the components are nearly equal and in mixtures where
expansivity of the lattice. In the case of copper at the thermal stresses do not arise, such as in loose powders.
melting point o(, - o = 1.5 x 10 ",K. the expansivity of the material can be calculated with

the simple rule of mixtures.

9. EFFECTS OF PRESSURE AND STRESS x, ( ofr, (84)

ON EXPANSION where r, is the volume fraction of the ith component.

From the definitions of the coefficient of thermal An initially straight bimetallic strip will bend
expansion and the bulk modulus it can be shown that and form an arc of a circle when subjected to a
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temperature change AT [18]. The radius of the circle is while a composite composed of a matrix of one phase
given by in which another phase is dispersed will expand

3(D + D2)2 D, D2E1 E2  according to

+ DEI + DE 2 )(DIE, + D3E 2) -

R - + I --- -E2  (85) Ofc = m + l2BmtG, F v  1 1 -

+ IBwhere D, and D, are the thicknesses of the metal 3B.. + -3 4Gm + 3 Bl ._8
strips. The expansivity of a symmetrical laminate (89i
(sandwich) composite in the direction parallel to the A polycrystalline specimen of an element or a
layers [19] is compound that is anisotropic can also be considered

EE(D, /6) EDI as a composite material. In this case

, = A I , I - 186) #Coll +22 +1 (90)

The expansiity of a composite in which the However, for crystals with hexagonal symmetry
thermal shear stresses are low, such as some alloys, is where Young's modulus E depends on the angle ('13

given by Turner's formula [20] with respect to the principal crystallographic axes

,- / [2], the expansivity can be approximated by
/ 2B Bc1 . (87) =c 

"f aE sin (1 3 d) 3

According to Kerner [21], a composite made with -f E sin W3 d(1 3 1
packed grains, none of which are continuous, will All of the approximations for the expansivity of
expand according to composites depend upon the following assumptions:

4G. - _ (1) no voids; (2) no cracking or sintering during a
2C = + 3( 88) temperature cycle: (3) the thermal strain does not

exceed the elastic limit: and (4) no chemical reaction
(where G, is the shear modulus of the composite), between phases.



Methods for the Measurement of the Linear
Thermal Expansion of Solids

I. INTRODUCTION reference material that separated the optical flats in
his interferometer (a very difficult measurement forMany different methods and variations of him to make), he routinely measured the expansion of

methods for measuring the thermal expansion of specimens relative to that material. Reimerdes 126] in
solids have been developed, especially during the past 1896 followed by Scheel [27] in 1902 was among the
fifty years. A variety of methods are useful for many first to use interferometry to measure thermal expan-

different reasons. For instance: (1) high accuracy and sirn in the true absolute sense.

sensitivity are necessary for measurements at tempera- iin t etr et 2ut sesd

tures approaching absolute zero where the coefficient In 1927, Becker [28] successfully used x rays to

of thermal expansion is very small; (2) at moderate measure thermal expansion. This was particularly
temperatures an industrial application may call for important because it became possible to directly

automation and fast response; or (3) a knowledge of measure the expansion of anisotropic crystals and to
study high-temperature phases. In 1960, White [29]the lattice spacings is needed to understand the used a highly sensitive capacitance technique at low

behavior of an anisotropic material. The choice of temeatureslt esre te c niut o

method may also depend upon the material to be electrons to the thermal expansion of a metal.

measured, the amount of material available, the eelons are tinuinion of mear

temperature range of the measurement, and the type Developments are continuing on methods of measur-

of information required. ing thermal expansion with the application of modern
Broadly speaking, all methods for measuring technology. Examples are the use of stabilized lasers

thermal expansion may be divided into two classes: [30] to obtain sensitivities of 10 13 in expansion
(1) relative methods in which the expansion of the measurements and the use of computer-controlled

material being investigated is measured relative to the data acquisition systems to measure a specimen

expansion of another material; and (2) absolute during a rapid temperature change [31].
methods in which the expansion of the material In the sections that follow, the major methods are

being investigated is measured directly. briefly described. For finer details of experimental

Among early measurements of expansion were design and technique, the reader is referred to the

those of Musschenbrock in the 18th century. In his references given for the individual methods.

apparatus the expansion of a horizontally mounted
specimen (about 15 cm in length) was magnified by a 2. PUSH-ROD DILATOMETERS
simple gear train. Heat was provided by 1, 2, 3,4, or 5 The push-rod dilatometer method for measuring
candles placed beneath the specimen. In 1805, thermal expansion is experimentally simple (see Fig.
Lavoisier and Laplace [22] used an optical leer for 8), reliable, and easy to automate [32]. With this
magnification in an improved version of Musschen- mehod, the easy o t e ci e i t isbrock's apparatus. Ramsden [22] in 1785 used a method, the expansion of the specimen is transferred
vriatio ofparte. twnemicroscon (comparedat out of the heated zone to an extensometer by means ofvariation of the tw in-telem icroscope (com parator) r d o u e ) o o e s a l a e i l h x a s o
technique to measure thermal expansion. This tech- rods (or tubes) of some stable material. The expansion
nique was further developed by Callendar [23] in 1887 of the specimen is given by
and by Holborn and Day [24] in 1900. Although AL (AL).
Fizeau [25] measured the absolute expansion of a L293  L + -2
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IFig. 9. Schematic diagram for Baudran dilatometer.

One of the most common sources of error in
using dilatometers is the measurement of temperature.
All too often the temperature that is measured is not
the temperature of the specmen. This is especially
true in measurements made while the temperature is
changing. If a thermocouple is used, care must be
taken to ensure that its junction and the specimen are
at the same temperature, they can be at different

Fig 8 Schematic diagram for push-rod difatometer temperatures even if in contact with each other.
Not only should the extensometer and thermo-

where (AL)o is the apparent change in length as meter be very carefully calibrated but care should be
calculated from the difference between the extenso- taken to avoid any drift in the calibration. If the
meter readings at two different temperatures and co  calibrations are accurate, the value of co in Eq. (92) is
and c, are calibration constants for the system. If the equal to I. If the push rod and the reference rod in the
reference rod is made the same length as the push rod usual type of dilatometer expand exactly the same, c,
and a second specimen placed on the base plate, the is the expansion of that part of the reference rod that is
dilatometer will measure the difference between the equal in length to the specimen. In the differential or
specimens [33]. The difference, or differential expan- Baudran dilatometer c, should be equal to zero. In
sion, is given by normal usage, however, c0 and c1 will be found to vary

(AL), (AL), (AL). from their ideal values. A single reference material of
-L - L - Co - + CI (93) known expansion can be used to determine the value
L2 -3 L2 43 L293  of c, , or two or more reference materials can be used

When used this way the dilatometer can have a very to determine the values of both co and c, [351. It can
high sensitivity. This technique is also very useful for he shown that the latter method is better except when
quality control measurements and for studying phase the expansion of a reference material is within two
transitions. percent of the test material.

In the Baudran [34] or scissors dilatometer, the When used at temperatures below 1200 K dilato-
expansion of a specimen is sensed by rods that pene meters are usually made of vitreous silica [36]. For use
trate the hot zone in a direction perpendicular to the at higher temperatures they are made of alumina [37],
specimen axis instead of in line with it (see Fig. 9). silicon carbide [38], tantalum [39]. and other refrac-
Because the expansion of the rods does not add to the tory materials. Linear variable differential trans-
expansion of the specimen, the measurement is formers [32] are most frequently used for measuring
absolute. expansion, but many other types of extensometers
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Fig. 10. Schematic diagram for telemicroscope method.

have been used. These include dial gauges [36], optical The furnace windows may cause significant
levers [40], microscopes [41], optical gratings [42J,. errors in length measurements if both surfaces are not
interferometers [43], and micrometers [44]. flat. An argon atmosphere is sometimes necessary to

keep the windows clean, especially if an optical pyro-
meter is used to measure temperature. When an

3. TWIN-TELEMICROSCOPE METHOD atmosphere is used, however, care must be taken to

The twin-telemicroscope method is most useful avoid the bending of the sight paths when they pass

for measuring the absolute expansion of large Sci through nonperpendicular temperature gradients [48].
mens at high temperatures. The best results with this Each microscope should be separately calibrated and

method are obtained when the two microscopes are positioned on the supporting bar so that its plane of

rigidly mounted to a bar of low-expansion material focus coincides with that of the other. Because of the
and the length change measured with filar micrometer large sample size, an effort should be made to provide

eyepieces [45]. Telemicroscopes (microscopes with a either a sufficiently large constant temperature zone

relay lens) are needed because of the large working or a zone with a known temperature gradient [49].

distance imposed by the furnace (over 15cm) and
the necessity for a magnification of at least 50 x to 4. INTERFEROMETERS
obtain measurements with a sensitivity of 10-6 m. These methods are based on the interference of
In the temperature range below 1200 K fiducial marks monochromatic light reflected from two surfaces (50]
may be cut into or indented into flat surfaces machined that are separated by a specimen or by the combina-
on the specimen [46]. Above 1200 K the gauge length t
is best defined by knife edges machined into the on of a specimen and a reference material. The
specimen in such a way that they will form sharp g
images [47]. Both knife edges should face the same 2nL cos 0 = N,,. (94)
direction (see Fig. 10), so that vaporization or changes
in lighting conditions will not affect the measurements, where n is the index of refraction of the atmosphere
Small, clean holes drilled through a thin section of the between the surfaces, L the distance between the two
specimen are also satisfactory [48]. surfaces, 0 the angle between the direction of the

i
1 

.
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incident rays and the normal to the surfaces, N the The number of fringes that move past a reference
order of interference, and A,. the wavelength of the point during the expansion of a specimen can be
light in vacuum. Monochromatic light sources that counted by eye or automatically by photographic [55]
may be used include cadmium, helium, mercury, and or photoelectric [56] techniques. Another way of
sodium low-pressure discharge lamps [51] and a determining AN is by finding the value of N at each
stabilized He-Ne laser [52]. temperature. This can be done by using at least three

If slightly inclined surfaces are illuminated with different wavelengths [51]. From Eq. (94) it can be seen
collimated light and viewed at normal incidence (0 = 0 that
for all rays), then fringes of equal thickness are (N, + v,)A, = (N2 + '2) 2 = (N3 + 3 )' 3 (100)
observed. When the surfaces are flat the fringes will
be straight. otherwise they are determined by the where N1 , N2 , and N 3 are the fringe integers and v,.
contour of the surfaces. This type of interference is V2, and v3 are the fringe fractions for each of the three
used in the Fizeau interferometer [53]. If plane-parallel wavelengths. In the method of exact fractions a value
surfaces are illuminated with an extended source (0 is guessed for N, (- 2nL/A,) and using the measured
will vary), then fringes of equal inclination are ob- value of v, the values of(N 2 + V 2) and (N 3 + r3 ) are
served. This type of interference (concentric rings) is calculated. This procedure is repeated with different
used in the Fabry-Perot interferometer [54]. values of N1 until the calculated values of t2 and L"3

When an interferometer is used to measure agree with their measured values. If N is known, then
thermal expansion, the expansion of the specimen is AL AN An
given by L N - (101)

AL A, AN An
- (95) The Fizeau interferometer can be used to

L 2nL cos 0 n measure either the absolute or relative expansion of a
where AN is the number of fringes that pass a fiducial specimen. In the relative method a pedestal of one
mark and An is the change of refractive index. A material fills most of the space within a ring or
useful approximation for the refractive index is cylinder of a second material (see Fig. 11). The

T,P pedestal is preferably made of a reference material.
n = I + (n, - I) (96) While the ring supports the optical flat, the inter-

P, T ference is formed by reflections from the optical flat

where n, is the index at the reference temperature T, and the top surface of the pedestal. Since the reflecting
and the reference pressure P,. In vacuum or in a surfaces are close together this method has three
sufficiently low-pressure atmosphere advantages: (1) the fringes are bright and well defined;

(2) the change of the refractive index of the gas within
AL _ 2, AN (97) the small space does not affect the measurements: and

In a Fizeau interferometer (straight fringes) the SURFACES

fractional part of AN is easily determined from
measurements of the position of the fiducial mark
between two fringes. In a Fabry-Perot interferometer
(circular fringes) the fractional part, v, is given by (REFERENCE

'2 
MATERIAL)Ld2

v = p - I + SUORT
RING

where d, is the diameter of the pth fringe (counted
from the center of the concentric pattern) and f is the SPEIMENS
focal length of the lens that forms the pattern. If
measurements are made on the second and fourth
fringes, the fractional part is BASE

3dj - (99
- d Fig. II. Schematic diagram for Fizeau interferometer, relative method.

V

_ .p -
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(3) longer specimens can be used with a corresponding measurement of expansion is independent of wave-
increase in sensitivity. The thermal expansion is given length:
by Ad(hklo t _ sin 0 - sin 02

ALs+ .AAN +L - LR An (0)d(hkl) - ctO Sin 02 (05

s 2nLs L Ls n The relationship between the separation of
lattice planes and the symmetry of the crystal latticewhere the subscripts refer to the specimen and isgenb

reference materials. When L, - Ls the last term can

be ignored. d2 
- [I - cos 2 ae - cos 2 fi - cos 2;'

If one or all three of the separators in a Fizeau r (h)2
interferometer expand differently, that difference will + 2 cos a cos #i cos -] - sin2 a
cause a rotation and/or change in the spacing of the ILa
fringes. In the first case where the two similar separa- Ik\ 2 ( 1\2 2hk
tors made from a reference material are exactly the + sin2 fP + sin 2  + ab-

same length the difference in expansion of the other

material is given by X (Cos O Cos - ,,) + 2h (Cos 1 Cos
ac

A s_ AL) =W A, I _I (132k
(Lj L 7i, 2Ls( n2S2 - n 1 03) - CosfP) + -(Cosfi Cosy -Cos 2)] (106)

where W is the perpendicular distance between the Using this equation it can be shown that the expansion
specimen and the line that joins the separators that of cubic crystals (where a = b = c and a = - -

are made from the reference material and s is the 900) can be obtained from any set of lattice planes
distance between fringes. 90'):

When the optical flats of a Fabry-Perot inter- (hkl):
ferometer are made highly reflecting the multiply Aa Adchkl)

-= --- cotO0AO (107)
reflected beams cause a great increase in sharpness a d(hkl)
of the fringes. This sharpness results in a higher For monoclinic crystals, where the symmetry restric-
sensitivity in the measurement of fringe fractions and tions are a = - = 90', only the expansion in the
hence in the expansion measurements. The sensitivity (0, 1, 0] direction can be obtained directly:
of a polarizing intrferometer [57] is also higher
because the measurement of the polarization angle is Ab = Ad(OkO) (108)
a more sensitive way of determining a fringe fraction. b d(OkO)
The laser is an extremely efficient source of radiation The expansion of the interdependent quantities a, c,
for this type of interferometer because it can be and f# of a monoclinic crystal can be obtained from the
constructed to emit a polarized beam. variation of the spacings of three noncoplanar planes

of the (hOl) type.
The thermal expansion of crystalline materials

5. X-RAY METHODS can be accurately measured with x-ray cameras and

These methods are based on the diffraction of a diffractometers under conditirns that preclude the

collimated beam of monochromatic x rays that is use of any other method, as when the specimens are
scattered by atoms in a crystal lattice. The Bragg law very small, weak, and/or irregular in shape. Thesemethods are also unique in that they can easily be

= 2d(hki) sin 0 (104) used to determine the principal coefficients of thermal
expansion of anisotropic crystals and permit direct

gives the condition for constructive reflection of the observation of phase changes. There is a further
incident radiation. Here d is the separation of the advantage in that measurements with x rays do not
lattice planes, h, k, and I are the Miller indices for the include effects that are observed in measurements on
planes, and 0 is the angle measured between the direc- bulk specimens.
tion of the incident or reflected beam and the planes. When using the camera method [58] the specimen
Except for a small correction due to refraction, the must be either a fine-grained polycrystalline wire. a

I-
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Fig. 12A. Schematic diagram for Debye-Sherrer x-ray camera method.

III DIFFRACTION
200 DIFFRACTION\

Fig. 12B. Diffraction pattern of face-centered cubic crystal-

fine powder, or a single crystal that is rotated during X-ray diffractometers, in which a diffracted beam
the exposure of the film. In powder form the specimen is detected with an ionization counter and the angle
can be held in a thin-walled glass tube. The basic determined from a wide-angle goniometer, are widely
geometry of the Debye-Sherrer method is illustrated used for expansion measurements [59]. In x-ray
in Fig. 12A. The specimen is located at the center of diffractometers it must be possible to determine and
the cylindrical camera and the film is placed on the to adjust the position of the specimen on the focusing
inside wall. Filtered x rays enter through a collimator circle at any temperature.
and either are diffracted by the crystal planes accord- The problems associated with heating the speci-
ing to Eq. (104) or are scattered or pass directly men and accurately measuring its temperature in
through the exit. The diffracted rays are recorded on both x-ray cameras and diffractometers are discussed
the film as sharp lines. Figure 12B shows the pattern in several articles (58, 59, 60]. Large temperature
obtained for a fcc crystal. Not all the angles possible gradients across the specimen are often encountered
according to Eq. (104) are diffracted, however, unless special arrangements are made [61]. At 2000 K
because of the structure factor [5]. For example, in the temperature gradient may typically be 20 K/cm
the case of a fcc crystal reflections can occur only and the temperature measurements accurate to only
from those planes for which the Miller indices (hkll are 50 K. Even larger values may occur when powder
all even or all odd. The values of 0 for the diffracted specimens are used. It is possible to use a material of
rays are determined from the position of the lines on known expansion to determine the temperature [58].
the film. For increased accuracy the value of d is In many cases this reference material can be mixed
obtained using large values of 0. The accuracy also with the specimen and heated with it.

* depends upon the centering of the specimen, the axial Unique x-ray techniques exist for special situa-
divergence of the collimated beam, corrections for tions. In particular, the use of the Bond technique for
absorption and refraction within the specimen, single crystals [62] has resulted in a sensitivity of
knowledge of the camera diameter, and the shrinkage 10' in measurements of Aa/a [63]. In this technique
of the film during development, the specimen is rotated between equivalent diffracting

m n~m m m m ,,,,~m m ll m m i m~l m l mmu lllm m m il
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Table Il1. Various Coatributlioo to Coeffidejits of Linear Thermal Expansion at Low Temperatures

Si KCI A120 3
Pb(0, - 100K) Cu(0, - 340K) Fe(0 a - 470K) (0, - 640K) (0, - 240K) (0, - 1030 K)

Electro-
T. K Lattice Electronic Lattice Electronic Lattice magnetic Lattice Lattice Lattice

0 0 0 0 0 0 0 0 0 0
4 4 x 10-1 2 . 10' 1 x 10 9  

2 x 10' 9 x 10- 24 x 10- 9  
3 x 10' I x 10

.9  
2 X l0

8 192 x l0 - 1 6 × 10' 25 x 10' 7 x 10' 2 x l0' 10 . 10-8 8 x 10" 4 . 10' 5 . 10
-
I
°

12 134 x 10-' 1 x l0' 13 x 10' 2 x l 0 ' 6 x l0' 22 x 10-8 4 x l0
-9  

3 . l0
-  

3 x 10
'

16 361 x l0
-  3 x 10-' 45 x 10' 3 x 10

-
8 1 . 10 -  

4 x [0
-
' 9 x 0

- 9  I 10
-
6 9 A 10

-9

20 740 x 10' 4 x lO
-' 119 x 10' 4 x 10' 3 x t0-' 6 x 10-' 6 . 10

-9  
3 x 10- 2 x 10'

24 6 . 10- 9 x 10-' -3 x I0' 5 . I0o
-

28 I x l0
-  I x I0

- '  
-I x 10-' 9 X l0

32 2 x 10
-  I x iO-' -3 x 10-' I X t0 - '

36 -7 x 10-' 2 x 10-'
40 -I x 10-  

4 x 10
-
'

orientations on either side of the incident beam. The - The three-terminal parallel plate capacitor tech-
value of 0 thus obtained is unaffected by any specimen nique that was developed by White [29] has been
eccentricity, absorption, and zero errors, and errors used extensively [65, 66, 67] in the range of 0 to 310 K.
due to specimen tilt and beam axial divergence are In this technique the capacitance of the plates is
minimized. measured with a capacitance bridge at about 1000 Hz.

Neutron diffraction has also been used to The value of the capacitance, C, is about 10 pF and it
measure thermal expansion [64]. The use of neutrons can be measured with a sensitivity of 10- pF. As
instead of x rays offers several advantages because routinely used, this technique measures the relative
the scattering depends upon the nuclei of the atoms expansion of the test material,
instead of the electron distribution. These include the
measurement of materials that are composed of light =AL (AL + LR - L -AC (109)
elements such as hydrogen and carbon and of some s LR
neighboring elements such as iron and cobalt. Another
advantage is that neutrons are diffracted from many Since (LR - Ls)/Ls is of the order of 3 x 10-3. the
deep crystal planes (V - I cm 3) and not from just a relative expansion can be measured to 10- i0. As can
few near the surface. This tends to make both furnace be seen in Fig. 13, the capacitance is measured between
construction and temperature measurements easier. electrodes (1) and (2). Electrodes (2) and (3) are both

Sources of thermal neutrons (atomic reactors) are, made of the reference material, which is usually copper.
however, somewhat more difficult to obtain than Electrode (3) completely surrounds the other two
sconductors and forms an earth shield so that thesources of x rays.

capacitance between (1) and (2) does not involve the

lead wires.
6. HIGH-SENSITIVITY METHODS - Kos and Lamarche [68] have used a capacitance

The precise measurement of very small coefficients technique to measure the expansion of copper, silver,
of linear thermal expansion requires that the sensiti- and gold from 4 to 15 K. In their technique a three-
vity of the measurements be of the order of 10- 10. At terminal capacitor is connected to a high-Q coil which
low temperatures (<30K) expansivities are very is immersed in liquid helium to form an LC circuit.
small (see Table I11), but the determination of their The resonant frequency, F, of this circuit is mixed
temperature dependence contributes a great deal to with a standard frequency and the beat frequency is
the understanding of lattice dynamics. On the other determined with a counter. The expansion of the
hand, the behavior of low-expansion materials at specimen is given by
ambient temperatures is of technological importance.
Five methods that have been successfully used for A) = 2(Lx - Ls)(AF) (110)
these measurements are briefly described. L s Ls

I I-
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Fig. 14. Schematc diagram for variable differential transformer

method.

measured to 10-0", the expansion can be measured
to 10- " when the specimen's length is 10cm.

While several mechanical-optical systems have
been developed [70, 71] the most interesting is that of
Pereira, Barnes, and Graham [72] for use from 2 to 30

(i) K. In this system the expansion of a 6-cm specimen
causes the rotation of a mirror which is attached to the

Fig. 13. Schematic diagram for three-terminal parallel plate center of a doubly twisted strip (see Fig. 15). The
capacitor technique, rotation of the mirror is detected with a photoelectric

device that has a sensitivity of - 10' rad. The system
is calibrated by the piezoelectric effect of a quartz

When AF/F = 1/(4 x 10") = 2.5 x 10-' and crystal which is placed in series with the specimen [73].
(L, - Ls)/L s = 3 x 10 - 4 , the expansion can be The response of the quartz crystal is -2 x 10 -"
measured to 10 - ". cm/volt. The overall sensitivity of the system for

A high-sensitivity variable differential trans- measuring expansion is 10- .
former was developed by Sparks and Swenson [69] A technique which utilizes the frequency shift of a
for use from 2 to 40 K. In this technique the relative Fabry-Perot interferometer has been developed by
displacement between the primary and secondary Foster [74] and by Jacobs [30]. The latter has used
windings of a transformer is detected with a mutual his system to measure low-expansion materials from
inductance bridge. As the secondary winding moves 273 to almost 600 K with a sensitivity of 10- 9. The
(see Fig. 14), the change in inductance is balanced beam from a stable He-Ne laser is passed through
by the inductance between the primary and the pickup an electro-optical modulator, an optical isolator, and
windings. Since the change in mutual inductance is a Fabry-Perot etalon whose mirrors are separated by
linear to within one percent over 1 mm and can be a spacer made from the specimen. The beam is il
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7. HIGH-SPEED METHODS

High-speed methods of measuring various
thermophysical properties of electrical conductors

MIRROR WINDOW have proved to be extremely useful [75]. Although no
accurate measurements of thermal expansion have
yet been made with these systems, they are feasible
and are of future importance. In these systems tempera-

TWISTED tures above 2000 K can be obtained in less than one
STRIP second by means of pulse heating in vacuum. Tem-

peratures are measured with high-speed optical
DIAPHRAGM pyrometers and the data collected with a digital

acquisition system.
Cezairliyan [31] has described a system in which

the expansion of a specimen is measured by detecting
SPECIMEN the change in radiance from a constant radiation

source. The change in radiance is caused by the
HEATER expansion of the specimen which partiolly blocks the

1- radiation. The incident radiation is modulated at
600 Hz so that an optical p)rometer alternately
measures the radiances from the source and specimen

OUARTZ together and from the specimen alone. The difference
IRYSTAL- _ between the two radiances is proportional to the

width (- 10 mm) of the specimen.
Fig. 15. Schematic diagram for mechanical-optical technique. Ruffino et al. [76] have described a very complex

system which utilizes two image followers and a

modulated so that frequency sidebands are impressed Michelson interferometer. Each image follower tracks
on it that can be tuned to coincide with a transmission the movement of a hole that has been drilled through
peak of the etalon. At coincidence, light passes through the specimen while a corner cube mounted on the
the etalon and the change in modulation frequency is follower forms part of the interferometer which
proportional to the expansion of the specimen. measures the amount of movement.

OI
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Other Major Sources of Thermal Expansion
Data

There exists in the literature a number of reference alloys, and ferrous alloys, respectively. This series is
sources which, while less extensive in scope than the an update of the five-volume series of Goldsmith,
present volume, may nevertheless prove valuable to Waterman, and Hirschhorn [84] entitled Handbook
the reader. While it is not the intent to cite here every of Thermophysical Properties of Solid Materials,
available review, it is felt that the following works which includes data on thermal expansion for
may prove to be of some value, materials melting above 1000 F. Data on a variety of

Volumes I and II of the International Critical materials are also included in the Landolt-B6rnstein
Tables [77] contain thermal expansion data on a tables [85]. Papadakis [86] gives a compendium of
variety of materials, but these data are rather out of engineering data for various alloys above room
date. Similarly, the Smithsonia, Physical Tables [78] temperature, and a recent handbook containing
give dataon a variety of materials. Corruccini and evaluated thermal expansion data is the Avierican
Gniewick [79] give data on technical solids at cryo- Institute of Phy'sics Handbook. Third Edition
genic temperatures. Gschneider [80], in his review (1972) [87], but these evaluations have been
article on physical properties and their interrelation- taken into account in the present Volumes 12
ships, includes data on metallic and semimetallic and 13.
elements. Wood and Deem [81] include thermal Comprehensive bibliographic citations (not data)
expansion data in their compilation of thermophysical are included in Volumes I and 3 of the six-volume
property data for materials useful above 1500 K, Supplement I to Thermophysical Properties Research
Pearson [82] gives a summary of published lattice Literature Retrieval Guide, edited by Touloukian,
thermal expansion data. Gerritsen. and Shafer [88].

Touloukian [83] edited a handbook series of six In addition to the above works, the proceedings
volumes (nine books) entitled Thermophysical Prop- of the Thermal Expansion Symposia [89, 90, 91]
erties of High Temperature Solid Materials. Volumes represent valuable references to data, methods, and
1, 2, and 3 include data on elements, nonferrous theory on thermal expansion.

as UWaw Baum
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Data Presentation and Related General
Information

I. SCOPE OF COVERAGE 2. PRESENTATION OF DATA

This volume presents the data on the percent The thermal expansion data and information for
thermal linear expansion and coefficient of thermal each material are presented generally in four sections
linear expansion for almost all metallic materials for arranged in the following order: (1) Recommended
which data are known to exist. The materials covered Values Table and Figure, (2) Original Data Plot, (3)
include 64 elements, 94 intermetallic compounds, 125 Specification Table, and (4) Data Table.
binary alloy systems, and 70 groups of multiple alloys. Recommended Values for the percent thermal
These data were obtained by processing over 1400 linear expansion of materials for which critical data
research documents dated from 1901 to 1972 and evaluation and analysis is possible are presented in
including a number of articles published more both tabular and graphic forms. Empirical equations
recently. Materials within each category are arranged in the form of a cubic polynomial which can approxi-
alphabetically by name, as listed in the Grouping of mately represent the recommended values are also
Materials and List of Figures and Tables in the front of given in the REMARKS of the table. In addition, a table
the volume. In all, this volume reports 4253 sets of of the coefficient of thermal linear expansion is also
data on 672 materials, which are listed in the Material given.
Index at the end of the volume. The Original Data Plot is a full-page linear-scale

Of the 353 materials, systems, and groups graphic presentation of the thermal linear expansion
covered, the data for 246 (i.e., 70 %) have been critically data as a function of temperature. The data on the
evaluated, analyzed, and synthesized, and recom- coefficient of thermal linear expansion for tempera-
mended reference values or provisional values have tures below 293 K and the data on the percent thermal
been generated and are presented in this volume linear expansion for superconducting materials below
together with the original experimental data. These superconducting transition temperature are given as
246 include 62 of the 64 elements, 65 of the 94 inter- inserts. Although the recommendations made are for
metallic compounds, 69of the 125binary alloy systems, pure materials, this type of figure should give an
and 50 of the 70 groups of multiple alloys, excellent overall view of the quality of data available

The temperature ranges covered by the thermal from the literature. For a number of materials for
expansion data for many materials are from near which there exists only a small number of data, the
absolute zero to near the melting point. The change in Original Data Plot is omitted. When several sets of
the thermal expansion due to transitions such as data are too close together to be distinguishable, some
super-conducting, magnetic, and structural transi- of the curves (or data sets) are omitted from the plot
tions are also taken into account, for the sake of clarity. These are clearly indicated by

It is important to note that, although the numeri- asterisks in both the Specification Table and the Data
* cal data presented in this volume are all for thermal Table.

linear expansion, values for thermal volumetric expan- The Specification Table provides in a concise
sion can easily be calculated from the data for thermal form the comprehensive information on the test
linear expansion by using the equations given in the specimens for which data are reported. The curve
text on the theory of thermal expansion. Consequently, numbers in the Specification Table correspond exactly
this volume is useful for both linear and volumetric to the numbers which appear in the original Data
thermal expansion of metallic solids. Plot and the Data Table. The Specification Table

33a
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gives for each set of data the reference number which allow accurate data extraction compatible with the
corresponds to the number in the list of References to accuracy of the measurements.
Data Sources, the names of authors, the year of Data on percent thermal linear expansion are
publication of the document, the method of measure- reported in this volume as percent elongation, given
ment, the temperature range, the particular name of by the expression
the material other than that appearing in the title of
the table and the specimen designation, and the AL LT -L2,3.

specimen composition, characterization, and the test L0 )= --- X 100

conditions, which include any variables reported by
the investigator that may be responsible for the
variation in the thermal expansion data. The informa- where LT and Lo are lengths (or lattice parameters) at

tion of the last category, which is reported to the temperature T and at 293 K. respectively. In order to

extent provided in the original source document, compare all the available data from the world litera-

includes the following: ture on the same basis, the thermal expansion has been
arbitrarily set to be zero at 293 K, whenever this is

(1) Purity, chemical composition, carrier con- possible. In these cases the zero-point correction or
centration, and type and concentration of the lattice parameters at the first measured tempera-
crystal defects: ture and the extrapolated value at 293 K are given in

(2) Type of crystal and crystal axis orientation: the Specification Table. This information is useful in
(3) Microstructure, grain size, inhomogeneity, deriving the original data from the presented data. In

and additional phases: cases where it is not feasible to change the author's
(4) Specimen shape and dimensions, and method original data to a 293 K reference (because a large

and procedure of fabrication: extrapolation is required or because of problems
(5) Thermal history, cold work history, heat as, ociated with phase transformations) the presented

treatment, and mechanical, irradiative, and form differs from this, and the new reference tempera-
other treatments: ture is specii.ed in the Specification Table. In the

(6) Manufacturer and supplier, stock number, cases where data are taken during the subsequent
and catalog number: cooling or heating cycles and "permanent sets" have

(7) Test environment, degree of vacuum or occurred, the data have been biased to zero expansion
pressure, strength and orientation of applied at 293 K and the appropriate zero-point corrections
magnetic field: are indicated in the Specification Tables. These

(8) Pertinent physical properties such as density, curves are not included in the Original Data Plot
porosity, and hardness: and this fact is indicated clearly on the individual

(9) Form in which the extracted data are pre- curves by asterisks in the Specification Tables and
sented in the original source document other Data Tables. Whenever an author reports data on
than raw data points: both thermal linear expansion and the coefficient of

(10) Additional information obtained directly from thermal linear expansion, the latter is also reported
the author. in a second Data Table. In this case the same curve

Unfortunately, in the majority of cases the authors do number is used in the Original Data Plot, Specification

not report in their research papers all the necessary Table, and the two Data Tables. In this way, the

pertinent information to fully characterize and identify information in the Specification Table for a given

the materials for which their data are reported. This is specimen applies to data on both the thermal linear

particularly true for the authors of earlier investiga- expansion and the coefficient of thermal linear expan-

tions. Consequently, the amount of information on sion for that specimen. If the author only reported

specimen characterization reported in the Specifica- coefficient of expansion data, these results are inte-

tion Tables varies greatly from author to author. grated to yield values of thermal expansion and this is

Tabular presentation for all the data described indicated by a double dagger () in the Data Table.

in the Specification Table whether shown or not in The coefficient of thermal linear expansion is
the Original Data Plot is given in the Data Table. defined as
Attempts have been made to contact authors for
tabular data whenever the original data are given in d AL- I dL
the research paper in a graph which is too small to LO LdT
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As discussed in the text on the theory of thermal substantiated. Therefore, the most probable values
expansion of solids, there are several other commonly for these materials are "provisional values" or
used definitions of the coefficient: most frequently "typical values," depending upon the scatter.
used is the mean coefficient between two tempera- There is a vast quantity of data on binary and
tures. Since the mean coefficient is applied to a range of multiple alloys reported in the world literature. How-
temperatures and cannot be specified for a single ever, the majority of the data, especially for the
temperature, such data are not reported. Instead, binary alloy systems, are either conflicting or not
they have been converted to thermal linear expansion. substantiated. Due to various limitations, the extent of

work involved in thoroughly analyzing all the data
for the binary alloy systems would be very time
consuming. Therefore, the most probable values for

The end result of critical evaluation, analysis, one or two illustrative compositions for each of the
and synthesis of the available data is the generation alloys, wherever possible, are reported as "provisional
of the "most probable values." Depending upon the values." In order to show such conflicting data more
level of confidence these values are designated as clearly, the most probable values for the constituent
"recommended values." "provisional values," or elements are also shown in the graph. In the same
"typical values." Whenever possible, the reliability way the most probable values for multiple alloys of
of experimental data is judged on the basis of a set of engineering importance are also reported as "pro-
objective criteria. However, there are many instances visional values." It is worth noting that, in the case of
when adequate information is not provided by the "provisional values," it may be the lack of corrobora-
author to fully assess the quality of the data. In such tion that has led to the assignment ofa high uncertainty.
cases, data evaluation becomes exceedingly difficult.
In such instances considerable weight is given to 4. CLASSIFICATION OF MATERIALS
factors such as past performance of the author and the The classification scheme shown in Table IV is
reputation of the laboratory where the measurement based on the chemical composition of the materials.
was made. The criteria for arriving at recommended This scheme is mainly for the convenience of materials
values are that the original data consist of concordant grouping and data organization and is not intended
results from measurements carried out by several goun ad ta rganition s ot iedto be used as the basic definitions for the various
reliable and competent researchers on well-character- material categories. The term "binary alloy system"
ized materials using proven techniques, or the resultsof asinle elible nd ompten resarcer n wll- refers to all alloys in the full range of composition ofof a single reliable and com petent researcher on w ell- tw co si u n el m t ,no a t r wh h c n tt e t
characterized materials using at least two independent element no Matte wihostientmethods. Any serious deviation from these conditions element is more prevalent. Multiple alloys are, how-
leads to designations as either "provisional values" or ever, classified such that in each group of alloys the
"typical values." two elements listed are the highest and second highest

The most probable values for the majority of the constituents, respectively.
elements are "recommended values." However, for 5. SYMBOLS AND ABBREVIATIONS USED
rare earth elements which cannot be obtained in the IN THE TABLES AND FIGURES
pure state and for which the linear thermal expansion
data scatter considerably depending upon the content In the specification tables the code designations
and the nature of impurities, the values are designated used for the experimental methods are as follows:
as either "provisional values" or "typical values" D Density method
depending upon the scatter. For many elements E Electrical capacitor method
considerable scatter is observed in the thermal F Electron diffraction
expansion data near phase transformations and the I Interferometer method
melting point mainly due to impurities and to the use L Dilatometer method
of unsuitable heating and cooling rates. In such cases, 0 Optical method
the uncertainty assigned to the values is either R Variable resistance transducer
increased, or they are designated as "provisional S Strain gauge method
values" or "typical values." T Telemicroscope method

Although most of the original data for inter- V Variable-inductance trainsformer
metallic compounds look fairly good, they are not X X-ray diffraction method

~~ t
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Table IV. Classillestim of Material Curve number for measurements to
b axis

Limits of composition
(weight percent)* Curve number for measurements to

c axis
X, X, + X, X2 X3 6. CONVENTION FOR BIBLIOGRAPHIC

I. Elements >9).5 - <0.2 <0.2 CITATION
2. Intermetallic compounds- >99.5 - <0.2 <0.2 For the following types of documents the
3. Binary alloy systems- - >99.5 - !0.2 bibliographic information is cited in the sequences

- <99.5 >0.2 >0.2 given below.
4. Multiple alloys <99.5 0.2 0.2- < 99.5 >0.2 >0.2 Journal Article

99.5 - <0.2 <0.2_____99.5___<_0.2_ <0.2_ a. Author(s)--The names and initials of all
*x, ;X2 2 x 3. authors are given. The last name is written

first, followed by initials.
b. Title of article.

Other symbols and abbreviations used in the c. Journal name-The abbreviated name of the

tables and/or figures are as follows: journal as used in Chemical Abstracts is given.
d. Series, volume, and number-If the series is

b.c.c. Body-centered cubic designated by a letter, no comma is used
c Cubic between the letter for series and the numeral
c.p.h. Close-packed hexagonal for volume, and they are underlined together.
d Density If the series is also designated by a numeral, a
f.c.c. Face-centered cubic comma is used between the numeral for series
f.c.t. Face-centered tetragonal and the numeral for volume, and only the
h Hexagonal numeral representing volume is underlined.
I.D. Inside diameter No comma is used between the numerals
AL/L o  Percent thermal linear expansion representing volume and number. The numeral
a Coefficient of thermal expansion for number is enclosed in parentheses.
M.P. Melting point e. Pages-The inclusive page numbers of the
monocl. Monoclinic article are given.
NTP Normal temperature and pressure f. Year-The year of publication.
O.D. Outside diameter
orthorh. Orthorhombic Report

r. Rhombohedral a. Author(s).

s.c. Superconducting b. Title of report.

Subl. Sublimation c. Name of the responsible organization.

T Temperature d. Report of bulletin, circular, technical note, etc.

t. Tetragonal e. Number.

Temp. Temperature f. Part.

T.P. Transition point . g. Pages.
A Micro h. Year.

> Greater than i. ASTIA's AD number-This is given in square

< Less than brackets whenever available.
Approximately Book

O Curve number for polycrystalline a. Author(s).
material if any of the following b. Title.
three kinds of curve number sym- c. Volume.
bols appears also in the same d. Edition.
figure; otherwise it just represents e. Publisher.
any curve number f. City, state (address of the publisher).

Curve number for measurements ito g. Pages.
a axis h. Year. A',
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7. CONVERSION FACTORS structures and melting points (wherever available) of
the intermetallic compounds covered in this volumeThe following conversion factors are used for the gvni al I hsifraini eyueu

conversion of the data/values reported in the Specifica- are given in Table VI, This information is very useful
tion Tables and Data Tables: in data analysis and synthesis. For example, the

thermal expansion of a material generally changes

t in. = 0.02 54 m abruptly when the material undergoes any transforma-
tion. One must therefore be extremely cautious in

1 lb = 0.45359237 kg attempting to extrapolate the thermal expansion data

I kX = 1.00202 A across any phase, state, magnetic, or superconducting
transition temperature, as given in the table. Each
table has an independent series of numbered references

T(K) = [5/9][t(0F) + 459.67] which immediately follows the table.
The same number of decimal places as in the original Even though no attempt has been made to
dt samen nubyther oftdecmal ptace in the original critically evaluate the temperatures/constants given
data given by the author was retained in the tempera- in the tables and these should not be taken as recom-
ture conversion. mended reference values, Table V for the elements is

The kilo X unit (kX) was used in early years for significantly different from the similar table published
relative wavelength measurements and is defined by earlier in Volumes 1, 2, 4, 5, 7, and 10 of this Series.

This revised Table V is an updated and upgraded

I kX = (200) plane spacing of calcite version of the earlier table in that most of the informa-

3.02945 tion/data given in Table V have been taken from the
most recent and reliable sources and that all tempera-
tures have been converted to the International Practi-

8. CRYSTAL STRUCTURES, TRANSITION cal Temperature Scale of 1968 (IPTS-68).
TEMPERATURES, AND PERTINENT
PHYSICAL CONSTANTS OF THE
ELEMENTS, AND CRYSTAL STRUCTURES
AND MELTING POINTS OF
INTERMETALLIC COMPOUNDS
COVERED IN THIS VOLUME

Table V contains information on the crystal
sti uctures, transition temperatures, and certain perti-
nent physical constants of the elements. Crystal
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Tabe V1. Crystal Strutwes am Melih Poke of Imermetli C.mpmw

Name Crystal Structure Melting Point, K Name Crystal Structure Melting Point, K

AlSb c. -1335 Gd 2Feg7 h. 3

Al2Cu b.c. t GdPd3  f.c.c.

AlCu Orthrh. GaNi b.c.c.

AlCu2  GaAg 3  c. p. b.

Al 4Cuq c. GeLa Orthrh. 5  
1627

AlCu 3  GeMg 2  f. c.c. 13894
Al 2Au f.c.c. 1334 Ge2Pr t. 

2  
17457

Al5 Fe2  Orthrh. -1440 GePr Orthrh. 2 18157
A13Fe Monocl. 1425 Ge3Pr 5  h. I 16977

Al 2Fe rhomb. Au 4Mn t.

AlFe b.c.c. Au 2Mn t.
AlFe3  b.c.c. AuMn b.c.c.

AlNi b.c.c. 1914 Au4V 1. 2

AlNi, f.c.c. AuZn b.c.c. 999
AIAg 2  c. p. h. 1000 HoZn 2  Orthrh.

8  
13328

Al2 U C. 2  
In3Pd f.c. t.

SbGa f.c.c. 985 ln3Pr c.

Sbin f.c.c. 800 In3Yb f.c.c. 2

SbLa f.c.c. ln 3Y f.c.c. 2

P-Be 7Hf 2  h. Fe17Lu 2  h. 3

Be 2Nb b.c.t. FeNi f.c.c.

Be2Ta b.c.t. FeRh b.c.c. 2

Be, 7Ta 2  r. Fel 7Y2  h. 3

Be 3U f.c.c. 2280 LaRu2  f.c.c. 2

Be13Zr f.c.c. 1920 LaS% f. c. c. 2  
14104

Bi2Pt c. PbLi r.

BiPt h. MgAg b.c.c. 1094

CdAu b.c.c. 900 Mg 2Sn f.c.c. 1045

CdLi f.c.c. 822 MnHg b.c.c. 2

Cd3Mg h. MnNi 2

CdTe f.c.c. 1365 MnPd 2

CaMg2  h. 990 Mn3Pt f.c.c. 2

CeIn s  f.c.c. 2b  
14194 MnPt t. 2

CePd f.C.C. 2 NiNb Orthrh. 1678

CeRu 2  f.c.c. NiTi b.c.c. 1585

CeSn 3  f.c.c. 14354 NiY h. 
3

CrFe t
2  

Nb3Sn c.

Co 2Dy f.c.c. 2  
Pd3Sn f.c.c. 1601

Co Gd f.c.c. 2  
PdYb f.c.c. 1 0

CoeTY2 h3 PrRu2  f.c.c. 2

CoSY h. 
2  

PrSn3  f. c. c. 2  
14194

CuAuI f. c.c. SmAg 3  I. It

CuAu f.c.c. 1184 Ag 2Tb t. 12

Cu 2Mg f.c.c. 1093 AgZn h.

CuZn6  b.c.c. NaTI f.c.c. 578

Cu-Zn YbZn2  Orthrh.

GdIn f. c.c. Zn2Zr f.c.c. 1454

SAll the information given in the table is taken from ref. (1] unless otherwise noted. All temperatures have been converted

to the 1968-IPTS scale.
Superscript numbers designate references listed at the end of the table.
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40N7 Steel 1185 AISI 446 1138
1145

445(G10 1167 AISI 455 
1145

2800 Steel 1177
AISI 633 1145
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Al 2219 1015 Alcoa 615 1030

Al 2618 1015 Alloy 7 1318

Al 3003 1034, Alloy 9 1318
1036
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Aluminum, soft 4
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1030 Aluminum, superafflnal 7

Al 5456 1028, Aluminum-Antmony Intermetallic Compound
1030
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1030 Aluminum + Beryllium + EX 1006

Al 6061 1028, Aluminum-Beryllium System 630
1030
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Al 7039 1051, Aluminum-Copper Intermetallic Compounds
1053

AI 2Cu 417,
Al 7075 1051, 418

1053
AlCu 417,

Al 7075-T6 1053 419

Al 7075-T73 1053 AlCu 3  417,
420

Al 7079 
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Al 4Cu 417,
Al 7079-T6 1053 421

Alcoa 28 641 AlCus  417,
1 422

Alcoa 3S 1034,
1036 Aluminum-Copper System 634

Alcoa 148 1014 Aluminum-Gold Intermetallc Compounds
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Alcoa 248 1014, Altminum-Iron Intermetallic Compounds
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Alcoa 248-T4 1013, 429,

1014 430
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429,
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Aluminum-Nickel System 657 Al 3003 1034,
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Aluminm-Plutonium System 660
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Aluminum-Silver Intermetallic Compound Al 5456 1030
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Aluminum-Titanium System 659, Al 6061 1030
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Aluminum-Uranium Intermetallic Compound

Al 7039 1051,
Al1 U 447 1053

Aluminum-Uranium System 664, Al 7075 1051,
666, 1053
667

Al 7075-T6 
1053

Aluminum + Zinc + X 1  051

Alumimn-Zinc System 665,
666, Al 7079-T6 1051,
668 1053

Aluminm-Zirconium System 669 Alcoa 3S 1034,
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Alcoa 17S 1014
AM-35 1145

Alcoa A17S 1015
AM-335 1145

Alcoa 1S 1013
AM-362 1145

Alcoa 24S 1014,
1015 AM-363 1145

Alcoa 24S-T4 1013, AMS-6487 1146
1014

AN-M-29 1204
Alcoa 25S 1013

Antimony Sb 13
Alcoa 75S 1053

Antimony-Bismuth System 673,
Alcoa 75S-T6 1053 675

Alcoa 615 1030 Antimony-Gallium Intermetallic Compound

Alpax-Gamma 1046 SbGa 450

Duralumin 1015, Antimony-Indium Intermetallic Compound
1016

SbIn 455
L5 1053

Antimony-Lanthanum Intermetallic Compound
Lo-Ex 1046

SbLa 460
RR-50 1046

Antimony-Silver System 674,
RR-53C 1046 675,

677
RR-77 1053

Armco 21-6-9 1148
Russian Alloy A12 1047

Armco Iron 160,
Russian Alloy AD31 1031 163,

164
Russian Alloy AL9 1054

Ascoloy 1148
Russian Alloy AMg5 1031 AS Boo 128ASTM B80 HZ-32A 1208,
Russian Alloy AMg6 1031 1212

Russian Alloy AMtS 1036 ASTM BOO ZH-62A 1213

Russian Alloy D16 1011, ASTM B90 HM-21A 1212
1019

Aterite 1105
Russian Alloy D18 1019

Austenate, 18Cr-1ONi 1138,
Russian Alloy V65 1011, 1147

1019
AZ31 A 1202,

Russian Alloy V94 1054 1204

SA-1 1046 B-120 VCA 1294

SA-14 1046 Barium Ba 21

Tens-50 1044 Berylco 25 1097

Verllite 1040 Beryllium Be 24

XB-18S 1016 Beryllium + Aluninum - j. i  1057A
EX,
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Beryllium Bronze 679 Bronze, Aluminum 1091

Beryllium-Copper System 678 Bronze, Beryllium 679

Beryllium-iron System 680 Bronze, Manganese 1116

Beryllium Alloy, Lockalloy 1057, Bronze, Phosphor 791,
1059 1112

Beryllum-Hafnium Intermetallic Compound C-120 AV 1274

D-Be, 7Hf2  461 Cadmium Cd 40

Beryllium-Niobium Intermetallic Compound Cadmium-Gold Intermetallie Compound

Be2Nb 464 CdAu 483

Beryllium-Tantalum Intermetallic Compounds Cadmium-Gold System 688

Be12Ta 467, Cadmium-Lead System 689,
469, 691,
470 692

BeiTTat 468, Cadmium-Lithium Intermetallic Compound
469,
471 CdLi 487,

489,
Beryllium-Uranium Intermetallic Compound 490

BeU 472 Cadmium-Magnesium Intermetallic Compound

Beryllium-Zirconium lbtermetallic Compound CdaMg 489,
491

Be 1 3Zr 
475

Cadmium-Magnesium System 691,
Billet A 334 693

Billet MX 334 Cadmium-Silver System 690,
691,

Bismuth Bi 33 695

Bismuth-Lead System 681 Cadmium-Tellurium Intermetallic Compound

Bismuth-Platinwn Intermetallic Compounds CdTe 488,
492

BhZPt 
478,

480, Cadmium-Tin System 697
481

Calcium Ca 49
BiPt 479,

480, Calcium-Magnesium Intermetallic Compound
482

CaMg2  493
Bismuth-Tin System 

684

Carbon Steel 1131,
Brass 1116 1133

Brass, 70/30 1116 Carbon Steel, SAE 1020 1167

Brass, Common 798 Carpenter 20-CB Steel 1177

Brass, Red 1116 Cast Iron 1131,
1134

Brass, Yellow ASTM B16 1116

Cerium Ce 53
Bronze 1110,

1112
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Cerium-Indium Intermetallic Compound Cobalt + Chromium + 2:Xi  1067

CeIn 3  496, Cobalt-Dysprosium Intermetallic Compound
498,
499 Co2Dy 508,

510,
Cerium-Magnesium System 702, 511

703
Cobalt-Gadolinium Intermetallic Compound

Cerium-Palladium Intermetallic Compound
Co2 Gd 509,

CePd 497, 510,
498, 512
500

Cobalt-Gold System 735
Cerium-Ruthenium Intermetallic Compound

Cu 2 51 Cobalt + Iron + I i 1073
Cobalt-Iron System 

736
Cerium-Thorium System 702,

704 Cobalt-Manganese System 744,
745

Cerium-Tin Intermetallic Compound Cobalt-Molybdenum System 743,

CeSn% 504 744,
746

Cesium Cs 60
Cobalt + Nickel + 'Xi  1085

Chromium Cr 61
Cobalt-Nickel System 747

Chromium-Cobalt System 705
Cobalt-Niobium System 747,

Chromium + Iron + EXi  1060 751

Chromium-Iron Itermetallic Compound Cobalt-Palladium System 747,
752

CrFe 507
Cobalt-Platinum System 754

Chromium-Iron System 707
Cobalt-Tantalum System 755

Chromium-Manganese System 714,
715 Cobalt-Titanium System 756

Chromium-Molybdenum System 713, Cobalt-Tungsten System 757
716

Cobalt-Vanadium System 761
Chromium-Nickel System 714,

719 Cobalt-Yttrium Intermetallic Compounds

Chromium + Silicon + DCi  1064 CoITY2  513,i +515,

Chromium-Silicon System 721 516

Chromium-Tin System 725 CoY 514,
517

Chromium-Titanium System 726

Cobalt-Zirconium System 762
Chromium-Uranium System 728,

730, Cobalt Alloys (specific types)
731

Elgiloy 1067,
Chromium-Vanadium System 729, 1069

730,
733 Haynes Stellite HE1049 1070

Cobalt Co 70 Nivco Alloy 1085,
1087

Cobalt, Electrolytic 73
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Stellite 3 1067, Copper-Magnesium System 767,
1069 768,

772

Stellite 6 
1067,

1069 Copper + Manganese + Ei 1102

Stellite 21 1067, Copper-Manganese System 773
1069

Copper-Molybdenum System 779,
Stelte 23 1067, 780

1069

Copper + Nickel + Ex i  1103
Stellite 25 1067,

1069 Copper-Nickel System 778,
779,

Stelite 27 1067, 781
1069 Copper-Silicon + .Xi  1107

Stellite 30 1067,
1070 Copper + Tin + EX i  1110

Stellite 31 1067, Coppei -Tin System 788,
1070 790

Cominco 69 395 Copper-Tungsten System 789,
790,

Constantan 781 795

Copper Cu 77 Copper + Zinc + rx 1  1114

Copper, Electrolytic 80 Copper-Zinc Intermetallic Compounds

Copper, OFHC Polycrystalline 80 CusZDs 524

Copper, Single Crystal 80 Cu-Zn 525

Copper, Standard Reference Material 736 82 CuftZn" 525

Copper + Aluminum + ZX 1089 CUM. ?ZnW. 3  524

Copper + Beryllium + EX i  105 Copper-Zinc System 796

Copper-Gold Intermetallic Compound Copper Alloys (specific types)

CuAu 519, Aterite 1105
520,
522 Beryleo 25 1097

Copper-Gold System 763 Brass 1116

Copper-Gold-Iodine Intermetallic Compound Brass, 70/30 1116

CuAuI 518, Brass, Manganese 1116
520,
521 Brass, Red 1116

Copper-Indium System 768 Brass, Yellow ASTMB16 1116

Copper-Iron System 768, Bronze 1110
771 1112

Copper + Lead + EX i  1098 Bronze, Aluminum 1091

Copper-Magnesium Intermetallic Compound Bronze, Phospher 1112

Cu1 Mg 523 Nickel Silver A",' 1105
1114
1116

-1 IL
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Material Name Page Material Name Page

Russian Alloy AZhMts 1092 FS-82 Niobium Alloy 1253,

Russian Alloy BrAZh 1092

FS-82B Niobiui" Alloy 125
Russian Alloy BrAZhN 1092

Gadolinium Gd 107
Russian Alloy BrB2  1097

Gadolinium-Indium Intermetallic Compound
Russian Alloy BrKMts 3-1 1107,

1109 Gdn 526,
529,

Russian Alloy Br OF 10-1 1112 530

Russian Alloy L62 1117 Gadolinium-Iron Intermetallic Compound

Russian Alloy LKS0-3L 1117 Gd 2Fe 7  527,
529,

Russian Alloy LS59-1 1116 531

Russian Alloy LZhMts 59-1-1 1117 Gadolinium-Palladium Intermetallic Compound

Tempaloy (soft) 1105 GdPd, 528,
529,

Tempaloy 836 1103, 532
1105

Gallium Ga 115
Tempaloy 841 1089,

1091 Gallium-Nickel Intermetallic Compound

Cubex 870 GaNi 533

D-43 Niobium Alloy 1259, Gallium-Plutonium System 807
1261,
1262 Gallium-Silver Intermetallc Compound

Dilver 0 710 GaAg3  536

Duralumin 1015, Germanium Ge 116
1016

Germanium-Lanthanum Intermetallic Compound
Dysprosium Dy 92

GeLa 537Dysprosium + Tantalum + LXi  12
s +Germanium-Magnesium 

Intermetallic Compound
Dysprosium-Tantalum System 804

GeMg1  3
Electrolytic Cobalt 73

Germanium-Praseodymium Intermetallic
Electrolytic Copper 80 Compounds

Electrolytic Iron 163 Ge 2Pr 539,
542,

Elektron Amt 1209 543

Elgiloy 1067, GePr 540,
1069 542,

544
Erbium Er 98

Ge3Pr$ 541,
Europium Eu 104 542,

Fernichrome 
1177,

1178 Gold Au 125

Fernico Steel 1178 Gold-Indium System 809

FP-175B 680

.4;
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Gold-Manganese Intermetallic Compounds Inconel 750 1221

Au 4Mn 546 Inconel HiC 1220

Athin 547 Inconel Low C 1220

Auldn 550 Inconel Med. C 1220

Gold-Palladium System 812 Inconel X 1221

Gold-Platinum System 817 Inconel X750 1216,
1221

Gold + Silver + EXi  1121 Indium In 143
Gold-Silver System 821

Indium-Lead System 827
Gold-Vanadium Intermetallic Compound

Indium-Palladium Intermetallic CompoundAu4V 552
InsPd 

561,
Gold-Zinc Intermetallic Compound 563,

564
AuZn 554

Indium-Praseodymium Intermetallic Compound
Grade A Nickel Alloy 1249

InsPr 562,

Gray Tin 341 563,
565

Hafnium Hf 134
Indium-Silver System 826,

Hafnium-Zirconium System 822 827,
830

Hastelloy B 1245,
1247 Indium-Thallium System 832

Hastelloy C 1245, Indium-Tin System 835
1247

Indium-Ytterbium Intermetallic Compound
Hasteiloy N 1245,

1247 InsYb 566,
568,

Hastelloy R-235 1219 569

Hastelloy X 1216, Indium-Yttrium Intermetallic Compound
1219

In3Y 567,
Haynes Stellite HE1049 1070 568,

570
Holmium Ho 138

Invar 852,
Holmium-Zinc Intermetallic Compound 853,

1175,
HoZn2 557 1178,

1179,
HZ-32A 1208, 1180,

1212 1181,
1182

Inco 713C 1219
Invar 36 1183

Inconel 1219

Iridium Ir 153
Inoonel 600 1216,

1220 Iridium + Osmium + Li 1122,1126,

In1onel 625 1220 1127

Inoonsl 718 1220, Iridium-Osmium System 836
1221

I.
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1123, Iron Alloys (specific types)
Iridium + Platinum + EXI 1126,

1128 15-5 PH 1141

Iridium-Platinum System 836, 17-4 PH 1138,
838 1141

Iridium + Rhenium + LX 1124, 17-7 PH 1138,1126, 1141

1129
18NiCoMo Steel 1175,

Iridium-Rhenum System 836, 1177
839

20Cr - 25Ni 1186
Iridium + Rhodium + EXi  1125,

1126, 35G18 1167,
1130 1168

Iridium-Rhodium System 836, 40G5 1165,
840 1169,

1170
Iron Fe 157

40N7 Steel 
1185

Iron, Armco 160,
163, 45GI1 1167
164

2800 Steel 1177
Iron, Electrolytic 163

A-286 Steel 1177
Iron + Carbon + X 1  1131

AFC-77 1145

Iron + Chromium + EX, 1138
301S~ 1138,

Iron + Cobalt +ZX 1158 1141,
1142

Iron+ Copper + LX i  1162
AIl 302 1138,

Iron-Lutetium Intermetallic Compound 1142

FeILu2  571 AISI 303 1138,
1142

Iron + Manganese + LX I  1165 AIM 304L 1138,

Iron-Manganese System 841 1142

Iron-Molybdenum System 845 AISI 310 1138,
1142

Iron + Nickel + 1 1175
SAISI 316 1138,

Iron-Nickel Intermetallic Compound 1143

FeNI3  574 AISI 321 1138,
1143

Iron-Nickel System 848
AISI 30 1177

Iron-Platinum System 861
A/M 347 1138,

Iron-Rhodium Intermetallic Compound 1143,
1144

FeRh 575 406 1138,

Iron-Rhodium System 864 1144

Iron-Slicon System 868 AIM 410 1138,• 11"4
Iron + Tungsten + Ex, 1199

Iron-Yttrium Intermetallic Compound AIM 416 113%,
e1 576 111144

76 1 Y1 57 ______________________
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Material Name Page Material Name Page

AISI 420 1138 Multimet, Med C 114
1144

Nilo 36 1187
AISI 422 1138,

1145 Nilo 40 1187

AIR 430F 1138, Ni Span 1183
1145

Ni Span C 1183
AIR 440C 1138,

1145 PH14-8Mo 1148

AISI 446 1138, Russian Alloy 1Kb18N9T 1138,
1145 1141

AISI 455 1145 Russian Alloy 1SKhM 1141

AISI 633 (AM-36) 1145 Russian Alloy 18Kh2N4VA 1187

AISI 4340 1177 Russian Alloy EI-572 1138,
1147

AISI C2010 1167
Russian Alloy EI-606 1138,

AISI H-11 1148 1147

AM-35 (AIM 633) 1145 Russian Alloy EI-802 1145

AM-335 1145 Russian Alloy EP-479 1145

AM-362 1145 Russian Alloy Kh12M 1148

AM-383 1145 Russian Alloy Kh1SN24T2 1186

AMS-6487 (AIS.1.H-1l) 1146 Russian Alloy Kh17N2 1186

Armco 21-6-9 1148 Russian Alloy Khl7N7Yu 1138,
1188

Ascoloy 1148
Russian Alloy Kb217ANS 1148

Austenite 18Cr - 1ONi 1138,

1147 Russian Alloy N25Kh2T2 1185

Carbon Steel 1131, Russian Alloy N25Kb2T3 1185
1133

Russian Alloy OJ0hN3M 1187

Carpenter 20-CB Steel 1177

SAE 1010 1165,
Cast Iron 1131, 1167

1134
SAE 1020 (oart n steel) 1165,

Fernichrome 1177, 1167
1178

Superinmer 1182,
Fernico Steel 1178 1183

Invar 1178, K mnonel 1232
1179,
1180, Krornare 55 1183
1181,
1182 L5 1053

Invar 36 1183 L Nickel 227

Kromars 55 1183 IanthaUm La 173

Mora" Stel 1183

Multhmet, Low C 1146

-7
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Lanthanum-Ruthenium intermetallic Compound Magnesium-Zinc System 888,
889,

LaRt% 579, 891
581,
582 Magnesium Alloys (specific types)

Lanthanum-Tin Intermetallic Compound AN-M-29 1204

LaShs 580, ASTM B 80 HZ-32A 1208,
581, 1212
583 ASTM B 80 ZH-62A 

1213
Lead Pb 178

ASTM B 90 HM-21A 
1212

Lead-Lithium Intermetallic Compound AZ-31A .1202,

PbLI 584 1204

Lead-Thallium System 876 Elektron Amt 1209

Lead-Tin System 872 HZ-32A 1208,1212

Lithium Ui 186
ZH-82A 1213

Lookalloy 1057,
1059 Magnox A-12 640

Lo-Ex 1046 Magnox C 649

Lutetium Lu 190 Malleable Nickel 852,

M252 1221 858

Magnesium Mg 194 Mallory 1000 1297,

Magnesium + Aluminum + xi  1202 199

Magnesium + Copper + 1207, Manganese Mn 201
1210,
1211 Manganese Bronze 1116

Magnesium-Manganese System 870 Manganese-Mercury Intermetallic Compound

Magnesium-Nickel System 877, MnHg 591
878,
880 Manganese-Nickel IntermetaUle Compound

magnesium-Stiver Intermetallie Compound EinNi 592

MgAg 585 Manganese-Nickel System 892

894
Magnesium-Silver System 881 895
Magnesium + Thorium + i1208,

M 1210, Manganese-Palladium Intermetallic Compound

1212 MnPd 593

Magnesium-Tin Intermetallic Compound Manganese-Platinum Intermetallic Compound

MgfSn 588 MnPt 594

Magnesium-Tin System 884 MN. Pt, a 594

Magnesium-Uranium System 889 MDR 591

Magnsium + in +Oo121: , 894Magesum+ Znc+2209, Manganese-Silver System 893
1213 8974I121

-i1
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Manganese-Titanium System 894, Nickel S 228
898

Nickel + Aluminum + EX 1215
Maraging Steel 1183

Mercury Hg Nickel + Chromium + 2Xi  
1216

Nickel + Cobalt + Ex i  1227
Molybdenum Mo 208

Nickel + Copper + E i 1230

Molybdenum-Nickel System 899

Nickel + Iron + 2 Xi  1236
Molybdenum-Nioblum System 900

Molybdenum-Rnium System 9 Nickel + Manganese + EX i  
1241

Mol ybdeum-Selenium System 907 Nickel + Molybdenum + 1245

Nickel-Niobium Intermetallic Compound
Molybdenum-Tellurium System 907,

909 N1iNb 596

Molybdenum + Titanium + EX i  1214 Nickel-Palladium System 926

Molybdenum-Titanium System 910 Nickel-Platinum System 930

Molybdenum-Tungsten System 915 Nickel + Silicon + EXi  1249

Molybdemum-Uranium System 919 Nickel-Silicon System 932

Molybdeomi-Vanadium System 923 Nickel Silver Alloy 1105,
1114,

Momel 1230, 1116
1232

Nickel-Tin System 935
Monel 400 1232

Nickel-Titanium Intermetallic Compound
Monel K 1232

NITi 597
Mol 8 1232,

1233 Nickel-Titanium System 938

Multimet, Low C 1146 Nickel-Tungsten System 941

Muldlmet, Med. C 1146 Nickel-Vanadium System 943

Nb - 5Mo - 5V - lZr 1250, Nickel-Yttrium Intermetallic Compound
1252

Ni1 Y 598
Nb-132 1255

Nickel-Zinc System 946
Nb-752 1259,

1261 Nickel Alloys (specific types)

Neodymium Nd 219 Grade A 1249

Neromet 42 853 Hastelloy B 1245,
1247

Nickel NI 
225

Hastelloy C 1245,
Nickel A 227, 1247

1243
Hastelloy N 1245,

4 Nickel, gKletrolyic 227, 1247
748

Hastelioy R-235 1219
Nickel L 227

Hastelly X 1216,
Nickel, Mad 228 i19

* I
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Inco 713C 1219 Udimet 700 1229

Inconel 1219 Nile 36 1187

Inconel 600 1216, Nile 40 1187
1220

Nile 50 1238
Inconel 625 1220

Nimonto 80 1216,
Inconel 718 1220, 1221

1221
Nimonic 90 1216,

Inconel 750 1221 1221

Inconel Low C 1220 Niobium Nb 236

Inconel Med. C 1220 Niobium + Molybdemlm + ZX i  1250

Inconel High C 1220 Niobium-Rhenium System 949,
951,

Inconel X 1221 952

Inconel X750 1216. Niobium + Tantalum + LX i  1253
1221

Niobium-Tantalum System 950,
K Monel (Monel K) 1232 951,

953
L Nickel 227

Niobium-Tin Intermetallic Compound
M 252 1221

Nb3Sn 601
Monel 1..3.

1232 Nioblum + Titanium + EX, 1257

Monel 400 1232 Niobium + Tungsten + EX i  1259

Monel K 1232 Niobium-Uranium System 954

Monel S 1232, Niobium-Vanadium System 955,
1233 957

Mond Nickel 228 Niobium-Zirconium System 958

Nickel A 1243 Niobium Alloys (specific t es)

Nie 50 1238 D-43 Niobium Alloy 1259,
1261,

Nimonic 80 1216, 1262
1221

FS-82 Niobium Alloy 1253,
Nlmonic 90 1216 1255

Rene 41 1216. FS-82B Niobium Alloy 1255
1222

Nb-132 1265
Russian Alloy E1-607 1222

Nb752 1259,
Russian Alloy EI-617 1222 1261

Russian Alloy EI-929 1227, 4b-SMo-SV-1Zr 1250,
1229 1252

8 Monel 1232, Russian Alloy RN-6 1262
1233

Niromet 42 853
S 0 Nickel 228 Ni Span

Udimet 630 122

6 -. .. .. ,
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Ni Span C 1183 RAE-47D 1040

NLVCO Alloy 1085, RAE-55 1040
1087

OFHC Polycrystalline Copper 80 RC-130 B 1274

Osmium 0s 244 Rene 41 1216,1222

Palau 814 Rhenium Re 280

Palladium Pd 248 Rhenium-Tungsten System 973

Palladium + Gold + EXi  1265
Rhodium Rh 285

Palladium-Silver System 962

Palladium-Tin Intermetallic Compound R 5 1046

RR-53C 14
PdSn 605, 1046

607, RR-77 1053
608

Palladium-Ytterbium Intermetallic Compound Russian Alloys (specific types)

Pd3 Yb 606, 1KhlSN9T 1141
607,
609 15KhM 1141

Pallagold 814 18Kh2N4VA 1187

Permalloy 853, A12 1047
854

PH 14-8 Mo 1146 AD31 1031

Phosphor Bronze 791, AL9 1054

1112 AMg5 1031

Platinum Pt 254 AMg6 1031

Platimam-Rhodium System 967 AMtS 1036

Platinna-Ruthenium System 970 AZhMts 1092

Plutonium Pu 260 BrAZh 1092

Polonium Po 270 BrAZhN 1092

Potassium K 271 BrB 1097

Praseodymium Pr 272 BrKMts 3-1 1107,

Praseodymium-Ruthenium Intermetallic 1109
Compound

BrOF 10-1 1112
PrRuj 610,

612, D16 1011,
613 1019

Praseedymium-Tin Intermetallic Compound DIS 1019

Prog 611, EI-572 1138,
612, 1147
614 EI-6 1138,

Protactinium Pa 277 1147

RAE-" 1040 EI-07 1m8

RAE-?B 1040

__ _ _ _ _ __ _ _ _ _'
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EI-611 1222 Silver-Terbium 1termeallic Compound

EX-802 1145 AgtTb 618

EI-929 1227, Silver-Tin System 976
1229 Sflver-Zinc Itermetallic Compound

EP-479 1145 AgZn 819

Kh12M 1146 Single Crystal Copper 80

Kbl5N24T2 1175, S Monel 1232,
1186 1233

KhI7N2 1146 Sodium Na 310

Khl7N7Yu 1138, Sodium-Tkallium Intermetallic Compound
1146

NaTI 022
Kh2lG7ANS 1148

Soli Aluminum 4
L62 1117 Stainless Steele (specific types)
LK 80-IL 1117 17KhSN9T (Russian) 

U38,
LS 59-1 1116 1141

LZIMto 59-1-1 1117 15-5 PH 1141

M2 782 15KhM (Russian) 1141

N25Kh2T2 1185 17-4 PH 1141

N25Ih2T3 1185 17-7 PH 1138,
1141cI~1INSM 187' AFC-77 
1145

RN-a 1262; AISI 301 1138,
V65 1011, 1141,

1019 1142

V94 1054 AII 302 1138,
. ' 1142

VT-S 
1280

AISI 303 1138,
VT4 1280 1142

Ruthenium Ru 290 AISI 304L 1138,
1142

SA-1 1046 AISI 310 
1138,

8A-14 1046 1142

SAE 1010 842, AISI 316 1138
1165, 1143
1167

AISI 321 1138,
IAE 1020 1165, 1143

1167
AISl 330 1177

Iamriumilver Intermetallic Compound A118,

SMAg, 615 1148,
1144

AISl 406 
1128,

5t1r Ag 298 1144

ZION
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AISI 410 1138, Stellite 25 1067,
1144 1069

AISI 416 1138, Stellite 27 1067,
1144 1069

AISI 420 1138, Stellite 30 1067,
1144 1070

AISI 422 1138, Stellite 31 1067,
1145 1070

AISI 430F 1138, Strontium Sr 313
1145

AISI 440C 1138, Superinvar 1182,
1145 1183

AI! 446 1138, T-111 1267,
1270

1145

AISI 485 1145 T-222 1270

AISI 633 (AM-35) 1145 Tantalum Ta 316

Tantalum + Niobium + EXi  1266,
AM-35 (AISI 633) 1145 1268,
AM-335 1145 / 1269
AM-362 

1145 Tantalum + Tungsten + EX i / 1267,AM-362 1145 1270
AM-363 1145 1270

AMB-6467 (H-1) 1146 Tantalum-Tungsten System 979

EF-572 (Russian) 1147 Tantalum Alloys (specific types)

EI-606 (Russian) 1147 T-I1l 1267,1270

EI-802 (Russian) 1145 T-222 1270

EP-479 (Russian) 1145 Tempaloy 836 1103,

H-Il (AMS-6487) 1146 1105

Tempaly 8411089,
KhI2M (Russian) 1146 Tempaloy 841 1091

I 17N2 (Russian) 1146 Tempaloy (soft) 1105

Kh17N7Yu (Russian) 1146 Tens-50 1044

XIh17AN8 (Russian) 1148 Terbium Tb 323

PH144Mo 1146 Terbium-Yttrium System 983

Standard Reference Material 736, Copper 82 Thallium TI 328

Stellite 3 1067, Thorium Th 332
1069

stellite 6 1067, Thulium Tm 336

' 1069
10, Ti-150 A 1287

8t e ll e 1 0 : 7 , T I- 6 7 9 1 2 9 3

"teite Z3 1067, Ti-2. 5AI-16V 1294,

1069 1295
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TI-3A1-5Cr 1287 TI-4A1-3Mo-IV 1274,
1275Ti-4A1-3Mo-1V 1274,1275 Ti-sAl-2. 5Sn (A-U0 AT) 1274,1280

Ti-5A1-2. 5Sn (A-110 AT) 1274,
1280 Ti-SAL-5Sn-5Zr 1275,

1276
Ti-5A1-58n-5Zr 1275,

1276 Ti-5AI-5Sn-5Zr-lMo-lV 1276,
1277Ti-SAI-5Sn-5Zr -1Mo-IV 1276,TI-B l-6An-5n--IroMoV 1276,
1278

TI-6AI-2Sn-4Zr-2Mo 1277,

1278 Ti-6A1-4V 1278,
1279

Ti-6A1-4V 1278,
1279 Ti-6A1-4V-3Co 1279

TI-6AI-4V-3Co 1279 Tungsten W 354

Tin Sn 339 Tungsten + Nickel + EXi  1297

Tin, Gray 341 Tungeten + Rhenium + EXt  1300

Tin-Zirconium System 986 Tungsten Alloy (specifIc type)

Titanium Ti 346 Mallory 1000 1297,
1299

Titanium + Aluminum + TXi  1272
TZM Ailoy 912,

Ttanium + Chromium + EXi  1285 913

Titanium + Tin + LX I  1290 Udimet 630 1222

Titanium-Tungsten System 988 Udimet 700 1229

Titanium + Vanadium + x i  1291 Uranium U 365

Titanium-Vanadium System 989 Uranium + Aluminum + LX i  1301

Titanium-Zirconium System 993 Uranium + Molybdenum + Ex i  1303

Titanium Alloys (specific types) Uranium + Niobium + =Xi  1304

A-110 AT (T-SAI-2.58n) 1274, Uranium + Plutonium + zX i  1306
1280 Uranium + Vanadium + TX 1  1309B-120 VCA 1294

Uranium-Ziroomium System 997
C-120 AV 1274

Vanadim V 373

RC-130B 1274 Vanadium + Chromium + N 1310
SRussian Alloy VT-S 1280 i11

Vanadium + Titanium + LX1  1311
Russian Alloy VT-S 1280

Verilits 1040
iTI-ISCA 1287

1 XB-IBB 1016
Ti-79 1293. Y-Alloy 

1011,
TI-2. SAI-16V 1294, 1016

1295
YtOrum Yb 2s

Ti-Al-5Cr 1287
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Yttrbium-Zinc Intermetallic Compound

YbZn 625

Yttum Y 387

Zinc 391

Zinc-Zirconium Intermetallic Compound

ZnZr 628

Zircaloy-2 987,
1313

Zircaloy-4 1313,
1314

Zirconium Zr 400

Zirconium + Tin + EXi  1312

Zirconium + Titanium + ExC 1317

Zirconium Alloys (specific types)

Alloy 7 1318

Alloy 9 1318

Zircaloy-2 1313

Zircaloy-4 1313,

1314

t,- i


