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Preface

Over ten years have elapsed since the last edition of Smithells was published. Hence, a key objective
of the editors for the present edition was to update the existing content. Thus, as can be seen from
the table below, extensive changes have been made. In addition, the editors wished to expand the
coverage of Smithells, both with respect to topics that have been overlooked in previous editions
(such as metal working and machining) and to include aspects of metallurgy that have grown in
importance, since the last edition was published (for example modelling).

Chapter Title Changes

1 Related designations Rewritten completely, to reflect current designations.

2 Introductory tables and Major new section added on the statistics needed for

mathematical information process and quality control, etc.

3 General physical and chemical No major changes.

constants

4 X-ray analysis of metallic materials Numerous edits to text, references updated and obsolete
information removed.

5 Crystallography Numerous edits to text.

6 Crystal chemistry Updated comprehensively to bring all crystal structure
and lattice parameter data into accord with commonly
accepted values.

7 Metallurgically important minerals Data table updated; introductory paragraphs rewritten.

8 Thermochemical data No major changes.

9 Physical properties of molten salts No changes.

10 Metallography Rewritten completely to reflect modern specimen
preparation techniques for light microscopy and
contemporary practice in both electron microscopy and
analytical techniques. New section added on
applications in failure analysis. Numerous new
references.

11 Equilibrium diagrams Updated comprehensively to bring all phase diagrams
into accord with commonly accepted data.

12 Gas—metal systems Section on solutions of hydrogen updated completely and
re-written.

13 Diffusion in metals Numerous corrections, plus some new data.

14 General physical properties All data on solid pure metals has been updated to match
commonly accepted values. The section on liquid
metals has been rewritten and now includes a more
detailed narrative introduction.

15 Elastic properties, damping capacity Minor corrections and updating of references.

and shape memory alloys
16 Temperature measurement and New section on thermoelectric materials, with narrative

thermoelectric properties

and data. Additional thermocouple data.

(continued)

XV



xvi  Preface

Chapter Title Changes

17 Radiating properties of metals Text rewritten completely.

18 Electron emission Minor corrections.

19 Electrical properties New references added on superconducting materials.

20 Magnetic materials and their Text updated. Includes new references on contemporary

properties magnetic materials.

21 Mechanical testing Existing text edited extensively. Sections on tensile
testing and fracture toughness testing re-written
completely. New sections on fatigue testing, creep
testing and non-destructive evaluation added.

22 Mechanical properties of metals Minor editing of existing material; notes added

and alloys concerning the applicability of the standards cited. New
section added to provide data for cast Ni-base alloys.

23 Sintered materials Edited extensively and updated.

24 Lubricants Extensive revisions; new data tables.

25 Friction and wear Extensive revisions; new data tables.

26 Casting alloys and foundary data Extensive revisions, in particular extension and updating
of the compositional and property data for foundry alloys.

27 Engineering ceramics and Extensive revisions, including new data on the properties

refractory materials of ceramics and standards for these materials.

28 Fuels Extensive revisions, in particular to energy use data and
standards.

29 Heat treatment Rewritten entirely to reflect contemporary practice in
steel and aluminium alloy heat-treatment. Provides
a much greater level of detail than the previous edition.

30 Metal cutting and forming New chapter providing a comprehensive overview of
metal cutting and forming by both traditional and
non-traditional techniques. Replaces a chapter that was
focused narrowly on laser metal working.

31 Guide to corrosion control Rewritten completely. Includes a new section on
biocorrosion.

32 Electroplating and metal finishing No changes.

33 Welding Extensive revisions, in particular with respect to EN and
ISO standards.

34 Soldering and brazing Extensive revisions, principally to expand coverage with
respect to processes and to include lead-free solders.

35 Vapour deposited coatings and Coverage expanded to include a new section on thermal

thermal spraying spraying. Some revision of content on vapour deposition.

36 Superplasticity Rewritten completely to provide narrative and extensive
tabular information on both microstructural and
internal-stress superplastic systems.

37 Metal-matrix composites Property data expanded and updated.

38 Non-conventional and emerging New chapter providing narrative and tabular information

metallic materials on structural intermetallic compounds, metal foams,
metallic glasses and micro/nanoscale materials. Includes
numerous references to both overviews and original
research.

39 Modelling and simulation New chapter providing an overview of the methods used
to model metallic materials.

40 Supporting technologies for the New chapter containing information on furnace design,

processing of metals and alloys vacuum technology and metallurgical process control.

41 Bibliography of some sources New chapter comprised of a guide to major works of

of metallurgical information

reference, texts, journals, conferences, databases and
specialist search tools.
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Disclaimer

Although great care was exercised in the preparation of this volume, the contributors, editors and
publisher provide no warranty of any kind (explicit or implied) as to the accuracy, reliability or
applicability of the data and information contained herein. All data in this volume are provided for
general guidance only and cannot be used as evidence of: merchantability; suitability for engineering
design; fitness for a particular purpose; safety in storage, transportation or use; or other similar or
related purposes.

Information provided in this volume is derived from the relevant professional literature, or other
sources believed to be reputable by the contributors and editors, as specified in the detailed references
provided. Where copyrighted material has been employed, this is used with permission of the copy-
right owner. Copyrighted material, used with permission, is indicated at the relevant location in the
text. Mention of trademarked product or corporate names is purely for the purposes of identification
and these remain the property of their owners and there is no intent to infringe upon ownership rights
therein. Neither the presence, nor the absence of discussions of materials, processes, products or
other items provides any indication as to the extent to which such items actually exist, are available
commercially, or constitute original inventions.

Allinformation within this volume is used entirely at the reader’s own risk. Since the circumstances
in which the contents of this volume might be employed will differ widely, the contributors, editors
and publisher can not guarantee favourable results and expressly deny any and all liability connected
with the use (and consequences of the use) of the information and data contained herein.

This volume is intended for readers with suitable professional qualifications, supplemented by
sufficient experience in the field, to be capable of making their own professional judgement as to
the reliability and appropriateness of the information and data contained within. Before using any
of this information or data, a suitably qualified professional/chartered engineer must be consulted,
possible risks analysed/managed and rigorous testing conducted under the actual conditions to be
experienced.

Under no circumstances, whether covered in the disclaimer above or not, shall the liability of the
contributors, editors or publisher of this work exceed the original purchase price of this volume and
this shall constitute the sole remedy available to the purchaser (and subsequent readers) of this book.
No liability is accepted for consequential or implied damages of any kind resulting from use of this
volume.
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1 Related designations

The following tables of related designations are intended as a guide to alloy correspondence on the
basis of chemical composition. The equivalents should not be taken as exact, and in all cases of doubt
the relevant national specification or standard should be consulted. The tables do not represent an
exhaustive list of all alloys available; the references listed at the end of the chapter are more complete
sources.

In the case of the United Kingdom, France, and Germany, the tables refer to designations and
standards that have recently been superseded by European (EN) and international (ISO) standards.
The older standards have been referenced because the alloy designations are still in common use, and
because the new standards use in some cases several different designations for chemically identical
alloys, depending on the product form. A list of all designations is beyond the scope of this book;
the references should be consulted for further details.

Table 1.1 lists designations for steels, with subsections for steels of different types. Designations
for wrought aluminium alloys are listed in Table 1.2; cast aluminium alloys are shown in Table 22.2.
Table 1.3 gives related copper alloy designations, subdivided into coppers, brasses, bronzes, and
nickel silvers. Magnesium alloys cast and wrought are in Table 1.4. Related designations for nickel
and titanium alloys are listed in Sections 22.5 and 22.6, respectively.

Unified number designations—UNS designations are five-digit numbers prefixed by a letter that
characterises the alloy system as shown below.

UNS Letter Designation!

Aluminium and aluminium alloys

Copper and copper alloys

Specified mechanical properties steels

Rare earth and rare earth like metals and alloys
Cast irons and cast steels

AISI and SAE carbon and alloy steels

AISI H-steels

Cast steels (except tool steels)
Miscellaneous steels and ferrous alloys

Low melting metals and alloys
Miscellaneous nonferrous metals and alloys
Nickel and nickel alloys

Precious metals and alloys

Reactive and refractory metals and alloys
Heat and corrosion resistant (stainless) steels
Tool steels

Welding filler metals

sHunmmzZICR-“ZQTUEUow >

1-1



1-2  Related designations

Table 1.1 RELATED DESIGNATIONS FOR STEELS

US4 UK
Nominal AISI/SAE BS 970 Germany Japan Russia Sweden France China
composition (UNS) (En) DIN (Wk. No.) JIS GOST SIS AFNOR GB
1.1.1 Carbon steels
C 0.06 1006 030A04 Ck7 — 08Fkp 14 1147 XC6FF 05F
Mn 0.35 (G10060) (1.1009)
C 0.08/0.13 1010 045M10 Ck10 S9Ck 10kp 14 1311 CC10, AF34 10F
Mn 0.3/0.6 (G10100) (32A) (1.1121)
C0.13/0.18 1015 050A15 Ckl15 S15Ck 15kp 14 1370 XC15 15F
Mn 0.3/0.6 (G10150) (1.1141)
C0.17/0.23 1020 050A20 Ck22 S20C 20kp 14 1450 XC18, C20 20F
Mn 0.3/0.6 (G10200) (2C, 2D) (1.1151)
C0.22/0.28 1025 080A25 Ck25 S25C M26 — XC25 1025
Mn 0.3/0.6 (G10250) (1.1158)
C0.27/0.34 1030 080A30 Ck30 S30C 30G — XC32 30
Mn 0.6/0.9 (G10300) (5B) (1.1178)
C0.31/0.38 1035 080A35 Ck34 S35C 35 14 1572 XC35,C35 35
Mn 0.6/0.9 (G10350) (8A) (1.1173)
C 0.36/0.44 1040 080A40 Ck40 S40C 40 — AF60, C40 40
Mn 0.6/0.9 (G10400) (8C) (1.1186)
C 0.42/0.50 1045 080M46 Ck45 S45C 45 14 1672 XC45 45
Mn 0.6/0.9 (G10450) (1.1191)
C 0.47/0.55 1050 080M50 Ck50 S50C 50 14 1674 XC50 50
Mn 0.6/0.9 (G10500) (1.1206)
C 0.55/0.65 1060 080A62 Ck60 S58C 60, 60G 14 1678 XC60 60
Mn 0.6/0.9 (G10600) (43D) (1.1221)
C 0.65/0.76 1070 080A72 Ck67 — 70, 70G 14 1770 XC70 70
Mn 0.6/0.9 (G10700) (1.1231)
C 0.74/0.88 1080 080A83 80Mn4 — 80 141774 XC80 80
Mn 0.6/0.9 (G10800) (1.1259)
C 0.90/1.04 1095 060A99 Ck101 SUP 4 — 14 1870 XC100 —
Mn 0.3/0.5 (G10950) (1.1274)



Related designations  1-3

1.1.2 Carbon-manganese and free-cutting steels

C 0.10/0.16 1513 130M15 12Mn6 — — — 12M5 —

Mn 1.1/1.4 (G15130) (201) (1.0496)

C0.15/0.21 1518 120M19 21Mn4 SMnC420 20GLS 14 2135 20M5 18MnSi
Mn 1.1/1.4 (G15180) (1.0469)

C0.18/0.24 1522 150M19 20Mn6 SMn21 20G2 142165 20M5 18MnVB
Mn 1.1/1.4 (G15220) (14A, 14B) (1.1169)

C 0.30/0.38 1536 120M36 36Mn5 SMnl 35GL 14 3562 32MS5 35Mn2
Mn 1.2/1.55 (G15360) (15B) (1.1167)

C 0.36/0.45 1541 150M40 36Mn6 SMn21 40G2 14 2120 40M5 40Mn2
Mn 1.35/1.65 (G15410) (1.1127)

C 0.35/0.43 1139 216M36 35520 SUM41 A40G 14 1957 35MF4 Y40Mn
Mn 1.35/1.65 (G11390) (15AM) (1.0726)

S 0.13/0.20

C 0.40/0.48 1144 226M44 45820 SUM43 A40 141973 45MF6 —

Mn 1.35/1.65 (G11440) (1.0727)

S 0.24/0.33

CO0.12 1212 — 9S820 SUM21 All — 12MF4 —

Mn 0.7/1.0 (G12120) (1.0711)

S 0.16/0.23

C0.13 1213 230M07 9SMn28 SUM22 — 14 1912 S250 —

Mn 0.7/1.0 (G12130) (1.0715)

S 0.24/0.33

1.1.3 Alloy steels

C0.1/0.2 3415 655M13 14NiCr14 SNC22H 12ChHN3A — 12NC15 12CrNi3
Mn 0.3/0.6 (36A) (1.5752)

Cr 0.6/0.95

Ni 2.75/3.25

C 0.23/0.28 4125 708A25 25CrMo4 SCCrM1 25ChGM 14 2225 25CD45 —

Mn 0.7/0.9 (1.7218)

Cr 0.4/0.6

Mo 0.2/0.3

(continued)



1-4  Related designations

Table 1.1 RELATED DESIGNATIONS FOR STEELS—continued

Us4 UK
Nominal AISI/SAE BS 970 Germany Japan Russia Sweden France China
composition (UNS) (En) DIN (Wk. No.) JIS GOST SIS AFNOR GB
C 0.35/0.40 4037 605H37 GS-40MnMo43 SCCrM1 25ChGM 14 2225 25CD45 —
Mn 0.7/0.9
Mo 0.2/0.3
C0.28/0.33 4130 708A30 — SCM2 30ChMA 14 2233 30CD4 30CrMo
Mn 0.4/0.6 (G41300) SCM430
Cr0.8/1.0
Mo 0.15/0.25
C0.33/0.35 4135 708A37 CS-34CrMo4 SCM3H 35ChM 142234 35CD4 35CrMo
Mn 0.7/0.9 (G41350) (19B) (1.7220)
Cr0.6/1.10
Mo 0.15/0.25
C0.38/0.43 4140 708A40 42CrMo4 SCM4 38ChM 14 2244 42CD4 42CrMo
Mn 0.75/1.00 (G41400) (19A) (1.7225)
Cr0.8/1.10
Mo 0.15/0.25
C0.38/0.43 4340 816M40 40NiCrMo6 SNCMS 40ChMA 14 2541 35NCD6 —
Mn 0.6/0.8 (G43400) (110) (1.6565)
Cr0.7/0.9
Ni 1.65/2.00
Mo 0.2/0.3
C0.18/0.23 4419 — GS-22Mo4 SCPH11 — — 18MD4.05 —
Mn 0.45/0.65 (G44190) (1.5419)
Mo 0.45/0.60
C0.13/0.18 5115 527A17 16MnCr5 SCr21 15Ch 142127 16MC5 15Cr
Mn 0.7/0.9 (G51150) (1.7131)
Cr 0.7/0.9
C0.17/0.22 5120 — 20CrMnS3 SCr22 20Ch — 20MC5 20Cr
Mn 0.7/0.9 (G51200) (1.7121)
Cr 0.7/0.9
C0.28/0.33 5130 530A30 30MnCrTi4 SCr2H 27ChGR — 28C4 30Cr
Mn 0.7/0.9 (G51300) (184) (1.8401)

Cr0.8/1.1



C0.33/0.38
Mn 0.6/0.8
Cr0.8/1.05

C0.38/0.43
Mn 0.7/0.9
Cr0.7/0.9

C0.98/1.10
Mn 0.25/0.45
Cr1.3/1.6

C 0.48/0.53
Mn 0.7/0.9
Cr0.8/1.1
V0.15

C0.18/0.23
Mn 0.7/0.9
Cr 0.4/0.6
Ni 0.4/0.7
Mo 0.15/0.25

C0.38/0.43
Mn 0.75/1.0
Cr 0.4/0.6
Ni 0.4/0.7
Mo 0.15/0.25

1.1.4 Stainless steels

Cc09
Cr16/18
Ni 6.5/7.75
A10.75/1.5

5135
(G51350)

5140
(G51400)

E52100
(G52986)

6150
(G61500)

8620
(G86200)

8640
(G86400)

17-7 PH
(S17700)

530A36
(18C)

530A40
(18D)

535A99
G

735A50
(47

805A20

945A40
(10C)

301881

38Cr4
(1.7043)

42Cr4
(1.7045)

105Cr5
(1.2060)

GS-50CrV4
(1.8159)

2INiCrMo2
(1.6523)

40NiCrMo2
(1.6546)

X7CENiAlL7 7
(1.4564)

SCr3H

SCr4H

SCr5

SUP10

SNCM21

SNCM6

SUS631

35Ch

40Ch

SchChl15

50ChF

AS20ChGNM

38ChGNM

14 2245

14 2258

14 2230

14 2506-03

Related designations  1-5

38C4

42C4

100C6

50CVv4

20NCD2

40NCD2

177F00

35Cr

40Cr

50CrvA

20CrNiMo

1Cr17Ni7Al

(continued)



1-6  Related designations

Table 1.1 RELATED DESIGNATIONS FOR STEELS—continued

Us4 UK
Nominal AISI/SAE BS 970 Germany Japan Russia Sweden France China
composition (UNS) (En) DIN (Wk. No.) JIS GOST SIS AFNOR GB
Co0.15 202 284S16 X8CrMnNil8 8 SUS202 1Ch17N3GSAE 14 2357 — 1Cr18Mn8Ni5N
Mn 7.5/10.0 (S20200) (1.3965)
Cr17/19
Ni 4/6
N0.25
Co0.15 302 302825 X12CrNil8 8 SUS302 Ch18N9 14 2331 302F00 1Cr18Ni9
Mn 2.0 (S30200) (584) (1.4300) Z10CN18.9
Cr17/18
Ni 8/10
co0.8 304 304815 X5CrNil8 10 SUS304 0Ch18N10 14 2332 304F01 0Cr18Ni9
Mn 2.0 (S30400) (58E) (1.4301) Z5CN18.09
Cr 18/20
Ni 8/10.5
C 0.03 max 304L 304S11 X2CrNil9 11 SUS304L 03Ch18N11 14 2352 304F11 00Cr18Nil0
Mn 2.0 (S30403) (58E) (1.4306) Z2CN18.10
Cr 18/20
Ni 8/12
C0.25 310 310824 X12CrNi25 21 SUSY310 Ch25N20 310F00 2Cr25Ni20
Mn 2.0 (S31000) (1.4845) Z12CN25.20
Cr 24/26
Ni 19/22
co0.8 316 316816 X15CrNiMol7 13 3 SUS316 SW-04Ch19Ni1M3 14 2343 316F00 0Cr17Ni20Mo2
Mn 2.0 (S31600) (58)) (1.4436)
Crl6/18
Ni 10/14
Mo 2/3
C 0.03 max 316L 316 X2CrNiMo18 14 3 SUSY316L 03Ch16N15M3 14 2348 22CND17.12 00Cr17Nil4Mo2
Mn 2.0 (S31603) (1.4435)
Cr16/18
Ni 10/14

Mo 2/3



C0.08
Mn 2.0
Cr16/18

Ni 10/14

Mo 2/3

Ti 5x(C+N)/0.7

C0.08

Mn 2.0
Cr17/19

Ni 10/14

Mo 2/3

Nb 10xC/1.10

C0.08

Mn 2.0
Cr17/19
Ni9/12

Ti 5xC min

C0.08

Mn 2.0

Cr17/19

Ni 9/13

Nb+Ta 10xC min

C0.15
Mn 1.0
Cr 11.5/13.0

Co0.15
Mn 1.0
Cr11.5/13.5
Si 1.0

C 0.15 min
Mn 1.0
Cr12/14
Si 1.0

316Ti
(S31635)

316Cb
(S31640)

321
(S32100)

347
(S34700)

403
(S40300)

410
(S41000)

420
(S42000)

320817
(580)

318C17

321820
(58B/C)

347831

410821
(56A)

420537
(56C)

X6CrNiMoTil7 12 2

(1.4571)

X6CrNiMoNb17 12 2

(1.4580)

X6CrNiTil8 10
(1.4541)

X5CrNiNb18 10
(1.4546)

X10Cr12
(1.4006)

X15Cr13
(1.4024)

X20Cr13
(1.4021)

SCS22

SUS321

SUS347

SUS403

SUS416

SUS420J2

08Ch17N13M2T

0Ch18N9MB

08Ch18N10T

Ch18N11B

15Ch13L

12Ch13

20Ch13

14 2350

14 2337

14 2338

14 2301

14 2302

14 2304

Related designations  1-7

Z6CNDT17.12

Z4ACNDNDbI18.12M

Z6CNT18.10

ZACNNDb19.10M

Z15C13

Z12C13M

Z20CI13N

0Cr18Ni12Mo2Ti

O0Cr18Nill1Ti

0Cr18Nil INb

1Cr12

1Crl13

2Cr13

(continued)



1-8  Related designations

Table 1.1 RELATED DESIGNATIONS FOR STEELS—continued

Us4 UK
Nominal AISI/SAE BS 970 Germany Japan Russia Sweden France China
composition (UNS) (En) DIN (Wk. No.) JIS GOST SIS AFNOR GB
C0.12 430 430815 X8Crl7 SUS430 12Ch17 14 2320 Z8C17 1Crl17
Mn 1.0 (S43000) (60) (1.4016)
Cr16/18
C 0.48/0.58 21-4N 349852 X5CrMnNiN21 9 SUH36 5Ch20N4AGN — Z52CMN21.09 Y5Cr21Mn9Ni4N
Mn 8/10 (S63008) (1.4871)
Cr20/22
Ni 3.25/4.5
N 0.28/0.5
1.1.5 Tool steels
C0.8/1.0 M2 BM2 S6-5-2 SKH51 R6AMS 14 2722 6-5-2 W6Mo5Crd4V2
Cr3.75/4.5 (T11302rc) (1.3343)
Mo 4.5/5.5
W 5.5/6.75
V 1.75/2.2
C 0.65/0.8 Tl BT1 S18-0-1 SKH2 R18 — 18-0-1 W18Cr4V
Cr3.75/4.5 (T12001) (1.3355)
W 17.25/18.75
V0.9/1.3
C1.5/1.6 T15 BTI15 S12-1-4-5 SKH10 RI0KS5F5 — 12-1-5-5 —
Cr3.75/5.0 (T12015) (1.3202)
Mo 1.0 max
W 11.75/13.0
V 4.5/5.25
Co 4.75/5.25
C 0.35/0.45 H10 VHI10 X32CrMoV3 3 SKD7 3Ch3M3F — 32DCV28 —
Si0.8/1.2 (T20810) (1.2365)
Cr3.0/3.75
Mo 2.0/3.0

V 0.25/0.75



C0.33/0.43
Si0.8/1.2
Cr4.75/5.0
Mo 1.1/1.6
V 0.3/0.6

C0.32/0.45
Si0.8/1.2
Cr4.75/5.5
Mo 1.1/1.75
V0.8/1.2

C 0.26/0.36
Cr3.0/3.75
W 8.5/10.0
VvV 0.3/0.6

C1.4/1.6
Cr 11.0/13.0
Mo 0.7/1.2
V 1.1 max

C2.0/2.25
Cr11.0/13.5
W 1.0 max
V 1.0 max

C0.4/0.55
Si0.15/1.2
Cr1.0/1.8
W 1.5/3.0
V 0.15/0.30

C0.7/1.5

C0.8/1.5
V 0.15/0.35

HI1
(T20811)

H13
(T20813)

H21
(T20821)

D2
(T30402)

D3
(T30403)

S1
(T41901)

Wi
(T72301)

2
(T72302)

BHI11

BH13

BH21

BD2

BD3

BS1

BWI1B

BW2

X41CrMoV5 1
(1.7783)

X40CrMoV5 1
(1.2344)

X30WCrv9 3
(1.2581)

X155CrMol2 1
(1.2379)

X210Crw12
(1.2436)

45WCrV7
(1.2436)

CI25W1
(1.1663)

100V1
(1.2833)

SKD6

SKD61

SKD5

SKD11

SKD1

SKS41

SK2

SKS43

4Ch5SMF5

4Ch5MF15

3Ch2WS8F

Chl2

4ChW2S

ul2

14 2242

14 2730

142310

14 2710

14 1880

Related designations ~ 1-9

FZ38CDV5

Z40CDV5

Z30WCV9

Z200C12

Z200C12

55WC20

Y(2) 120

Y105V

3-2 Cr12MoV

3-1Crl2

2-2 5Crw2Ssi




1-10  Related designations

Table 1.2 RELATED DESIGNATIONS FOR WROUGHT ALUMINIUM ALLOYS

1SO—Nominal UK Germany Russia Sweden  France China
UNS composition USA/Japan ~ Former BS DIN (Wk. No.) GOST SIS Former NF~ GB
A91050  Al99.5 1050 1B Al99.5 (3.0255) Al 4007 AS L4
A91070  Al99.7 1070 Al199.7 (3.0275) A7 4005 A7 L2
A91080  A199.8 1080 1A Al199.8 (3.0285) — 4004 A8 L1
A91100  Al99.0Cu 1100 — — A2 A45 —
A91145 — 1145 — — AE, AT — — —
A91200  Al99.0 1200 1C Al99.0 (3.0205) A2 4010 A4 —
A91350 — 1350 1E, E57S EAI99.5 (3.0257) A00 4008 — —
A92011  Al-Cu6BiPb 2011 FC1 AICuBiPb (3.1655) — 4355 A-USPbBi  —
A92014  Al-Cu4SiMg 2014 H15 AlICuSiMn (3.1255) 1380, AK8 4338 A-U4SG —
A92017  Al-CudMgSi 2017 — AlCuMgl (3.1325) AK10, D17 — A-U4G LD9,LDI10
A92024  Al-Cud4Mgl 2024 21.97,2L98,L109, L110 AlCuMg2 (3.1355) 1160, D16 — A-U4G1 LY6,LY9, LY12
A92031  Al-Cu2NiMgFeSi 2031 H12 — — — A-U2N —
A92117  Al-Cu2Mg 2117 3L86 AlCu2.5Mg0.5 (3.1305) 1180, D18 — A-U2G —
A92219 2219 — 1201
A92618  Al-Cu2Mgl.5FeINil 2618 Hl6 — 1141, AK4-1 — — —
A93003  Al-MnlCu 3003 N3 AlMnCu (3.0517) 1400, AMts 4054 A-Ml1 —
A93004 — 3004 — AlMn1Mgl (3.0528) AMts2 — A-M1G —
A93103  Al-Mnl 3103 N3 AlCu2.5Mg0.5 (3.1305)  DI8 — — —
A93105  Al-MnMg 3105 N31, E4S AIMn0.5Mg0.5 (3.0505) — — — —
A94032 — 4032 38S — — — — —
A94043 4043 N21 S-AlSi5 (3.2245) — 4225 — LTl
A94047  Al-Sil2 4047 N21 — — — A-S12 —
A95005  Al-Mgl 5005 N41 AlMgl (3.3315) 1510, AMgl 4106 A-G0.6 —



A95050
A95052
A95056
A95083
A95086
A95154
A95251
A95454
A95456
A95754
A96060
A96061
A96063
A96082
A96101
A96463
A97005
A97020
A97072
A97075

Al-Mgl.5
Al-Mg2.5
Al-Mg5
Al-Mg4.5Mn
Al-Mg4
Al-Mg3.5
Al-Mg2
Al-Mg3Mn

Al-Mg3

Al-MglSiCu
Al-MgSi
Al-SilMgMn

Al-Zn4.5Mg
Al-Znl
Al-Zn6MgCu

5050
5052
5056
5083
5086
5154
5251
5454
5456
5754
6060
6061
6063
6082
6101
6463
7005
7020
7072
7075

3L44
2L55

N6, AS6S
N8

N5
N4
N51

H20, E91E
H9

H30

91E

BTR6

H17

21.95,L160, L161, L162, C77S

AlMgl .5 (3.3318)
AlMg2.5 (3.3523)
AlMg5 (3.3555)
AlMg4.5Mn (3.3547)
AlMg4.5 (3.3345)

AlMg2Mn0.3 (3.3525)
AlMg2.7Mn (3.3537)

AlMg3 (3.3525)
AIMgSi0.5 (3.3206)
AlMgSiCu (3.3211)

AlMgSil (3.2315)
E-AIMgSi0.5 (3.3207)
Al199.85MgSi (3.2307)
AlZnMgCu0.5 (3.4345)
(3.4335)

AlZnl (3.4415)
AlZnMgCul.5(3.4365)

1520, AMg2
AMg5

1540, AMg4
1530, AMg3

45Mg2, AMg6
1530, AMg3

1330, AD33
1310, AD31

1310, AD31
1910,m ATsM

AtsP1
1950, V95

Related designations  1-11

A-G1.5
A-G2.5C

A-G.5MC
A-G4AMC
AG3
A-G2M
A-G2.5MC
A-G5MC
A-G3M
A-GS
A-GSUC

A-SGMO0.7
A-GS/L
A85-GS
A-Z5G

A-Z5GU

LF2
LF10, LF5-1, LF51
LF4
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Table 1.3 RELATED DESIGNATIONS FOR COPPER ALLOYS

Related designations

1ISO—Nominal UK Germany Japan  Russia Sweden  France China
UNS composition USA Former BS DIN (Wk. No.) JIS GOST SIS Former NF GB
1.3.1 Coppers
C10200 Cu-OF OF C103 SE-Cu (2.0070) C1020 V3 5011 Cu/cl, Cu/c2  Cu-1, Cu-2
C11000 Cu-ETP, Cu-FRHC ETP C101 E-Cu57 (2.0060) C1100 — 5010 Cu/al, Cu/a2 T2
C11600 CuAg0.1 STP CuAg0.1 (2.1203) — 5030 — TAg0.1
C12200  Cu-DHP DHP C106 SF-Cu (2.0090) C1220 — 5105 — —
C12500  Cu-FRTP FRTP C104 (2.008) — — 5013 Cu/a3 —
C14200 CuAs(P) DPA C107 CuAs(P) (2.0150) — — — — —
C14500  Cu-Te, Cu-Te(P) DPTE C109 CuTeP (2.1646) — — — — —
C16200 CuCdl CDA 162 C108 CuCdl1 (2.1266) — MTsBB 5055 — QCdl
C17000 CuBel.7 CDA 170  CBI101 CuBel.7 (2.1245) C1700 BHT 1.7 — CuBel.7 QBel.7
C17200 CuBe2 CDA 172 CuBe2 (2.1247) C1720 BHT 1.9, M2, M3 — — QBe2
C17500 CuCo2Be CDA 175 A3/l CuCo2Be (2.1285) — — — — —
C18200 CuCrl CDA 182 A2/1 CuCr (2.1291) — Br.Kh, Br.Kh.5, Br.Kh.7, — — —

Br.Kh.8

1.3.2 Brasses
C21000 CuZn5 CDA 210 CZ125 CuZn5 (2.0220) C2100 L96, LT96 — U-Z5 H96
C22000 CuZnlO CDA 220 CZ101 CuZnl10 (2.0230) C2200 — — U-Z10 H90
C23000 CuZnl5 CDA 230 CZ102 CuZnl5 (2.0240) C2300 L85,L87 5112 U-Z15 H85
C24000 CuZn20 CDA 240 CZ103 CuZn20 (2.0250) C2400 L0 5114 U-720 H80
C26000 CuZn30 CDA 260 CZ106 CuZn30 (2.0285) C2600 L69, L70, LMSH68-.06 5122 U-Z30 H70
C26800 CuZn33 CDA 268 CZ107 CuZn33 (2.0280) C2680 L66, L68 — U-Z33 —
C27400 CuZn37 CDA 274 CZ108 CuZn37 (2.0320) C2740 L63 5150 U-Z37 H62, H63
C28000 CuZn40 CDA 280 CZ109 CuZn40 (2.0360) C2800 L58,L60 5163 U-Z40 H59
C35300 CuZn35Pb2 CDA 353 CZ119 CuZn36Pbl.5 (2.0331) — LS64-2 5165 — —
C36000 CuZn36Pb3 CDA 360 CZ124 CuZn36Pb3 (2.0375) C3603 LS63-3 — U-Z36Pb3 HPb63-3
C37700 CuZn38Pb2 CDA 377 CZ120 CuZn38Pb2 (2.0380) C3561  LS59-1,LS59-1L, LS59-1V 5168 — —
C38000 CuZn43Pb2 CDA 380 CZI122 CuZn43Pb2 (2.0402) — — 5168 U-Z39Pb2 —
C38500 CuZn39Pb3 CDA 385 CZI121 CuZn39Pb3 (2.0401) — — 5170 — —
C44300 CuZn28Sn CDA 443 CZ111 CuZn28Sn (2.0470) — LO70-1, LOAs70-1-005 5220 U-Z29E1 HSn70-1
C46400 CuZn38Snl CDA 464 CZ112 CuZn38Sn (2.0530) C4641  LO60-1, LO62-1 — — HSn62-1



1.3.3 Phosphor bronzes

C51000  CuSn4 CDA 510
C51100  CuSn4 CDA 511
C51900  CuSn6 CDA 519
C52100 CuSn8 CDA 521
C52400  CuSnl0 CDA 524
C54400 CuSn4Pb4Zn3 CDA 544
1.3.4 Aluminium-silicon bronzes

C60800  CuAlS CDA 608
C62300  CuAll0Fe3 CDA 623
C63000 CuAll10Fe5Nis CDA 630
C65500 CuSi3Mnl CDA 655
C68700  CuZn20Al12 CDA 687
1.3.5 Copper-nickel and nickel silvers
C70600 CuNilOFelMn CDA 706
C71000  CuNi20MnlFe CDA 710
C71500  CuNi30MnlFe CDA 715
C75200  CuNil8Zn20 CDA 752
C75700  CuNil2Zn24 CDA 757
C77000 CuNil8Zn27 CDA 770

PB102
PB101
PB103

PB104

CA101
CA103
CA105

CS101
CZ110

CN102

CN104, NS108, NS109
CN106, CN107
NS106

NS104

NS107

CuSn6 (2.1020)

CuSn8 (2.1030)

CuAl5As (2.0918)
CuAl10Fe (2.0938)
CuAll1Fe6Ni5 (2.0978)

CuSi3Mn (2.1525)
CuZn20Al (2.0460)

CuNil0Fel (2.0872)
CuNi20Fe (2.0878)
CuNi30Fe (2.0882)
CuNi18Zn (2.0740)
CuNil2Zn24 (2.0730)

C5101
C5101
C5191

C5441

C6161
C6031

C7060
C7100
C7150
C7521

C7701

Br.OF5.5-3
Br.OF4-.25
Br.OF6.5-.15

Br.OF7-.2
Br.OF7-.4
Br.O10-1
Br.OF10-1
Br.OSTs4-4-.25
Br.OSTs4-4-2.5

BRAS

Br.VAZh
Br.AZhN10-4-4L
Br.AZhN9-4-4
Br.KMTs3-1
LA77-2

MNZhMTs10-1.5-1

HM70, MH33
MNTs

Related designations

5667

5682
5246
5243

U-E5P
U-E9P

U-E9P

U-Z22A2

U-N10

U-N30
U-Z22N18

U-Z27N18

1-13

QSn4-0.3
QSn6.5-0.1
QSn6.5-0.4
QSn7-0.2

QSn4-3
QSnd-4-2.5
QSnd-4-4

QAI9-4
QAl/10-4-4
QA/11-6-6
QSi3-1

BFel0-1-1

BFe30-1-1
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Table 1.4 RELATED DESIGNATIONS FOR MAGNESIUM ALLOYS

1SO—
Nominal USA UK Germany Japan Russia Europe France

UNS composition ASTM BS 2970  DIN (Wk. No.) JIS GOST AECMA AFNOR

1.4.1 Cast alloys

M11101  Mg-Al9Zn AZI101A MAG3 — — MGS6, — —

ML6

M11810  Mg-Al8Zn AZB81A MAG 1 G-MgAl8Znl MB2, MS2 ML5 MG-C-61  G-A9
(3.5812)

M11910  Mg-Al9Zn AZ91A — GD-MgAI19Zn MDCIA — — —
(3.5912)

M11914 — AZ91C MAG 3 G-MgAI9Zn MC2 — — G-A9Z1
(3.5912)

MI12330 Mg-RE3Zn2Zr EZ33A MAG 6 G-MgSE3Zn2Zr1  MC8 — MG-C-91  G-TR3Z2
(3.5103)

M13320 Mg-Th3Zn2Zr  HZ32A MAG 8 MgTh3Zn2Zrl — ML14 MG-C-81  G-Th3Z2
(3.5105)

M16410  Mg-Zn4REZr ZE41A MAG 5 MgZn4SE1Zr1 — — MG-C-43  G-Z4TR
(3.5101)

MI16510  Mg-Zn5Zr ZK51A — — MCo6 MLI12, — —

VM65

M16610  Mg-Zn6Zr ZK61A — — MC7 VM65-3  — —

M19995  Mg99.95 9995A — H-Mg99.95 — — — —
(3.5002)

1.4.2 Wrought alloys

M11311  Mg-Al3Znl AZ31B MAG MgAI3Zn MTI1, MBI, — Mg-P-62 G-A3Z1

S-1110 (3.5312) MS1

M11600  Mg-Al6Znl AZ61A — MgAl6Zn MT2, MB2, MA3 Mg-P-63 G-A6Z1
(3.5612) MS2

MI11800 Mg-Al8Zn AZBOA MAG 7 MgAl8Zn MB3, MS3 MAS Mg-P-61 G-A8Z1
(3.5812)

REFERENCES

1. ‘Metals and Alloys in the Unified Numbering System’, 8th edition, Society of Automotive Engineers,

Warrendale, PA, 1999.

2. W. C. Mack, ed., “Worldwide Guide to Equivalent Irons and Steels’, 4th edition, ASM International, Materials

Park, OH, 2000.

3. W. C. Mack, ed., “Worldwide Guide to Equivalent Nonferrous Metals and Alloys’, 3rd edition, ASM
International, Materials Park, OH, 1996.
4. D. L. Potts and J. G. Gensure, ‘International Metallic Materials Cross-Reference’, 3rd edition, Glenium
Publishing, Schenectady, NY, 1988.
5. R. B. Ross, ‘Metallic Materials Specification Handbook’, 4th edition, Chapman and Hall, London, 1992.



2 Introductory tables and
mathematical information

2.1 Conversion factors

Conversion factors into and from SI units are given in Table 2.5. The table can also be used to convert
from one traditional unit to another. Convenient multiples or sub-multiples of SI units can be derived
by the application of the prefix multipliers given in Table 2.4. Table 2.6 gives commonly required
conversions.

The majority of the conversion factors are based upon equivalents given in BS 350:Part 1:1983
‘Conversion Factors and Tables’.

Throughout the conversions the acceleration due to gravity (g) has been taken as the standard
acceleration 9.806 65 ms~. Units containing the word force like ‘pounds force’ are converted to SI
units using this value of g.

The B.t.u. conversions are based on the definition accepted by the Sth International Conference
on Properties of Steam, London, 1956, that 1 B.t.u. Ib~! =2.326 J g~! exactly. Conversions to joules
are given for three calories; calories (IC) is the ‘international table calorie’ redefined by the 1956
conference referred to above as 4.186 8 J. Calories (15°C) refers to the calorie defined by raising the
temperature of water at 15°C by 1°C and calories (US thermochemical) is the ‘defined’ calorie used
in some USA work and is defined at 4.184 J exactly.

The conversions are grouped in alphabetical order of the physical property to which they relate
but are not alphabetical within the groups.

2.1.1 SI units

In this edition quantities are expressed in SI (Systéme International) units. Where c.g.s. units have
been used previously only SI units are given. However, familiar units in general technical use have
been retained where they bear a simple power of ten relation to the strict SI unit. For instance density
is given as gcm™> and not as kgm™3. Where Imperial units have been used (e.g. in Mechanical
Properties, etc.) data are given in both SI units and Imperial units.

The basic units of the SI system are given in Table 2.1, derived units with special names and
symbols in Table 2.2 and derived units without special names in Table 2.3.

Multiples and sub-multiples of SI units are formed by prefixes to the name of the unit. The prefixes
are shown in Table 2.4. The prefixed unit is written without a hyphen—for instance a thousand million
newtons is written giganewton—symbol GN. The name of the unit is written with a small letter even
when the symbol has a capital letter, e.g. ampere, symbol A. In the case of the kilogram, the multiple
or sub-multiple is applied to the gram—for instance a thousand kilograms is written Mg.

In this edition stress is expressed in Pascals (Pa). A pascal (Pa) is identical to a newton per square
metre (N m~2) and a megapascal (MPa) is identical to a newton per square millimetre (N mm~2).

PRINTED FORM OF UNITS AND NUMBERS
The symbol for a unit is in upright type and unaltered by the plural. It is not followed by a full stop
unless it is at the end of a sentence. Only symbols of units derived from proper names are in the

upper case.

2-1



2-2  Introductory tables and mathematical information

When units are multiplied they will be printed with a space between them. Negative indices are
used for units expressed as a quotient. Thus newtons per square metre will be N m~2 and metres per
second will be ms™!.

The prefix to a unit symbol is written before the unit symbol without a space between and a power
index applies to both the symbols. Thus square centimetres is cm? and not (cm)?.

Numbers are printed with the decimal point as a full stop. For long numbers, a space and not
a comma is given between every three digits. For example 7 =3.141592 653. When a number is
entirely decimal it will begin with a zero, e.g. 0.5461. If two numbers are multiplied, a x sign is used
as the operator.

HEADING OF COLUMNS IN TABLES AND LABELLING OF GROUPS

The rule adopted in this edition is that the quantity is obtained by multiplying the unit and its multiple
given at the column head by the number in the table.

For example when tabulating a stress of 2 x 103 Pa the heading is stress, below which appears
103 Pa, with 2.0 appearing in the table. If no units are given in the column heading, the values given
are numbers only. In graphs the power of ten and units by which the point on the graph must be
multiplied are given on the axis label.

TEMPERATURES

The temperature scale IPTS—68 has been replaced by the International Temperature Scale of 1990
(ITS-90). For details of this see chapter 16, where Table 16.1 gives the differences between ITS—90
and EPT-76 and between ITS-76 and between ITS-90 and IPTS—68. Figure 16.1 gives differences
(199 — teg) between ITS—90 and IPTS—68 in the range —260°C to 1064°C. Table 2.7 gives conversions
between the old IPTS—68 and the old IPTS—-48.

Table 2.1 BASIC SI UNITS

Quantity Name of unit Unit symbol
Length metre m

Mass kilogram kg

Time second s

Electric current ampere A
Thermodynamic temperature kelvin K
Luminous intensity candela cd

Amount of substance mole mol

Plane angle radian rad

Solid angle steradian sr

From ‘Quantities, Units and Symbols’, Royal Society, 1981.

Table 2.2 DERIVED SI UNITS WITH SPECIAL NAMES

Quantity Name of unit Symbol Equivalent Definition
Activity (radioactivity) becquerel Bq 571

Absorbed dose (of radiation) gray Gy Tkg!

Dose equivalent (of radiation) sievert Sv J kg_l

Energy joule J Nm m? kgs™>
Force newton N Jm™! m kg s—2
Stress or pressure pascal Pa Nm~2 m~ ! kgs2
Power watt \ Js7! m? kgs™3
Electric charge coulomb C As sA

Electric potential volt v wA-l m? kgs 3 A~

(continued)
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Table 2.2 DERIVED SI UNITS WITH SPECIAL NAMES—continued

Quantity Name of unit Symbol Equivalent Definition
Electric resistance ohm Q VA~ m?kgs—3 A2
Electric capacitance farad F cv-! m2kg~!s*A?
Electric conductance siemens S AV~! m kg3 A?
Magnetic flux weber Wb Vs m?kgs 2 A~!
Inductance henry H VsA~! m? kgs™2 A2
Magnetic flux density tesla T Wb m~2 kgs2A~!
Luminous flux lumen Im cd sr cd sr
[1lumination lux Ix cd srm™2 m~2cd st
Frequency hertz Hz 57! s7!

From ‘Quantities, Units and Symbols’, Royal Society, 1981.

Note: Symbols derived from proper names begin with a capital letter.

In the definition the steradian (sr) is treated as a base unit.

Table 2.3 SOME DERIVED SI UNITS WITHOUT SPECIAL NAMES

Quantity ST unit Symbol

Area square metre m?

Acceleration metre/second squared ms~2

Angular velocity radian/second rad s~

Calorific value joule/kilogram Jkeg™!

Concentration mole/cubic metre mol m™3

Current density ampere/square metre Am™2

Density kilogram/cubic metre kgm™3

Diffusion coefficient square metre/second m2s~!

Electrical conductivity siemens/metre Sm™!

Electric field strength volt/metre Vm~!

Electrical resistivity ohm metre Qm

Entropy joule/kelvin JK!

Exposure (to radiation) coulomb/kilogram Ckg™!

Heat capacity joule/kelvin JK!

Heat flux density watt/square metre W m~2

Latent heat joule/kilogram Tkg™!

Luminance candela/square metre cdm™2

Magnetic field strength ampere/metre Am™!

Magnetic moment joule/tesla JT-!

Molar volume cubic metre/mole m? mol~!

Moment of inertia kilogram/square metre kg m™2

Moment of force newton metre Nm

Molar heat capacity joule/kelvin mole J K=" mol

Permittivity farad/metre Fm~!

Permeability henry/metre Hm™!

Radioactivity 1/second 57!

Speed (velocity) metre/second ms~!

Specific volume cubic metre/kilogram m3kg™!

Specific heat-mass joule/kilogram kelvin JTkg 'K™!

Specific heat-volume joule/cubic metre kelvin Jm—3K!

Surface tension newton/metre Nm~!

Thermal conductivity watt/metre kelvin Wm~!K!

(continued)
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Table 2.3 SOME DERIVED SI UNITS WITHOUT SPECIAL NAMES—continued

Quantity ST unit Symbol
Thermoelectric power volt/kelvin VK-!
Viscosity—kinematic square metre/second m?s~!
Viscosity—dynamic pascal second Pas
Volume cubic metre m?
Wave number 1/metre m~!

Table 2.4 PREFIXES FOR MULTIPLES AND SUB-MULTIPLES USED IN THE SI SYSTEM OF UNITS

Sub-multiple Prefix Symbol Multiple Prefix Symbol

107! deci d 10 deca da

1072 centi c 10 hecto h

1073 milli m 103 kilo k

1076 micro W 100 mega M

107° nano n 10° giga G

1012 pico p 1012 tera T

101 femto f 101 peta P

10-18 atto a 10'8 exa E

From ‘Quantities, Units and Symbols’, Royal Society, 1981.

Table 2.5 CONVERSION FACTORS

To convert To convert

BtoA AtoB

multiply by A B multiply by
Acceleration

102 centimetres/second squared metres/second squared 102

3.937008 x 10 inches/second squared metres/second squared 2.54 % 1072

3.280 84 feet/second squared metres/second squared 3.048 x 107!

1.019716 x 107! standard acceleration due to metres/second squared 9.806 65

2.062 65 x 10°
3.43775 x 10
572958 x 10
1.59155 x 107!
6.36620 x 10

572958 x 10
1.59155 x 1071
3.43775 x 10
9.54927

10%
1.550003 x 103

gravity

seconds
minutes
degrees
revolutions
grades

degrees/second
revolutions/second
degrees/minute
revolutions/minute

barn
square inches

Angle—plane

radians
radians
radians
radians
radians

Angular velocity

Area

radians/second
radians/second
radians/second
radians/second

square metres
square metres

4.84814 x 10°
2.90888 x 10~
1.74533 x 1072
6.28319

1.57080 x 1072

1.74533 x 1072
6.283 19

2.908 88 x 10~
1.04720 x 107!

10—28
6.4516 x 1074

(continued)
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Table 2.5 CONVERSION FACTORS—continued

To convert To convert
BtoA AtoB

multiply by A B multiply by
1.076 391 x 10 square feet square metres 9.2903 x 1072
1.195990 square yards square metres 8.36127 x 107!

3.86102 x 1077
2471052 x 10~
104

2.471052

2.5x 107!
1.5625 % 1073

2.68392 x 1072
4.30886 x 107!
2.38846 x10~*

4.299 x 104
2.38846 x 1074

2.39006 x 1074

107!

1073

1.60359 x 107!
6.24280 x 1072
3.61273 x 107>
1.002241 x 1072
8.345434 x 1073
7.015673 x 10

10*

2.99793 x 10°
107!

2.99793 x 10°
107!

2.99793 x 10°
1073

1074

6.452 x 1074
9.2902 x 1072

2.777778 x 1077
1.01972 x 107!
237304 x 10
7.37562 x 107!
3.72506 x 1077
9.86923 x 1073

square miles square metres
acres square metres

hectares square metres
acres hectares
acres roods

square miles acres

Calorific value—volume basis
British thermal units/cubic foot joules/cubic metre
therms/UK gallon joules/cubic metre
kilocalories/cubic metre joules/cubic metre

Calorific value—mass basis

British thermal units/pound joules/kilogram
International joules/kilogram
kilocalories/kilogram

thermochemical joules/kilogram

kilocalories/kilogram

Compressibility

square centimetres/dyne metres/newton
Density
grams/cubic centimetre kilograms/cubic metre
ounces/gallon (UK) kilograms/cubic metre
pounds/cubic foot kilograms/cubic metre
pounds/cubic inch kilograms/cubic metre
pounds/gallon (UK) kilograms/cubic metre
pounds/gallon (US) kilograms/cubic metre
grains/gallon (UK) kilograms/cubic metre
Diffusion coefficient

square centimetres/second square metres/second

Electric charge
coulombs
coulombs

electrostatic units
electromagnetic units

Electric current
amperes
amperes

electrostatic units
electromagnetic units

Electric current density

amperes/square metre
amperes/square metre
amperes/square metre
amperes/square metre
amperes/square metre

electrostatic units
electromagnetic units
amperes/square centimetre
amperes/square inch
amperes/square foot

Energy—work—heat

kilowatt hours joules
kilogram force metres joules
foot poundals joules
foot pounds force joules
horsepower hours joules
litre (dm?) atmospheres joules

2.58999 x 10°
4.046 86 x 103
104

4.04686 x 107!
4

6.40 x 102

372589 x 10
2.32080 x 1010
4.1868 x 103

2.326 x 103
4.1868 x 103

4.184 x 103

10

103

6.23603
1.60185 x 10
2.76799 x 10*
9.97764 x 10
1.19826 x 102
1.42538 x 1072

104

3.33564 x 10710
10

3.33564 x 10710
10

3.33564 x 107°
10°

10*

1.55 x 10°
1.0764 x 10

3.6 x 10°

9.806 65
421401 x 1072
1.35582
2.68452 x 100
1.01325 x 102

(continued)
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Table 2.5 CONVERSION FACTORS—continued

To convert To convert
BtoA AtoB
multiply by A B multiply by
2.38846 x 107* kilocalories (IC) joules 4.1868 x 10°
8.85034 inch pounds force joules 1.1299 x 107!
9.47817 x 10~ British thermal units joules 1.05506 x 103
107 ergs joules 1077
6.241808 x 10'8 electron volts joules 1.6021 x 10710
9.47813 x 1077 therms (Btu) joules 1.05506 x 108
238846 x 107! calories (IC) joules 4.1868
2389201 x 10! calories (15°C) joules 4.1855
2390057 x 107! calories (US thermochemical) joules 4.184
Entropy
238846 x 107! calories (IC)/degree centigrade joules/kelvin 4.1868
526562 x 1074 British thermal unit/degree joules/kelvin 1.89911 x 103
Fahrenheit
Force
10° dynes newtons 103
3.596 94 ounces force newtons 0.278014
1.01972 x 102 grams force newtons 9.80665 x 1073
2.24809 x 107! pounds force newtons 4.44822
7.23301 poundals newtons 0.138255
1.00361 x 1074 UK tons force newtons 9.964 02 x 10°
1.124047 x 10~ US tons force newtons 8.896 422 x 10°
1.01972 x 107! kilograms force newtons 9.806 65

1.01972 x 1074
9.10042 x 1077

4.06273 x 1077
3.16226 x 1076

429923 x 1074
2.38846 x 10~
334552 x 107!
1.01972 x 1071

7.500 64 x 10

1010

100

9.979 84 x 10°
3.93701 x 10
3.280 84

1.093 61
621371 x 1074
5396118 x 10~
5399568 x 10~*
1.81 x 107!
2.5% 107!

107!

1.25% 107!

Fracture toughness

(kilograms force/square
centimetre),/(centimetre)
(kilopounds force/square inch)
/(inch)

(tons force/square inch)./(inch)
hectobars./(millimetre)

Heat—see Energy

newton//(metre)
newton/,/(metre?)

newtons/./(metre>)
newtons/./(metre?)

Heat flow rate—see Power

Latent heat
British thermal units/pound
calories (IC)/gram
foot pounds force/pound
kilogram force metres/kilogram

Leak rate
lusec (micron Hg litre/second)

Length
angstroms (A)
microns (i)
kx units
inches
feet
yards
miles
miles (naut UK)
miles (naut Int)
rods, poles or perches
chains
furlongs
miles (UK)

joules/kilogram
joules/kilogram
joules/kilogram
joules/kilogram

joules/second

metres
metres
metres
metres
metres
metres
metres
metres
metres
yards
rods, poles, etc.
chains
furlongs

9.806 55 x 103
1.098 85 x 10°

2.4614 x 10°
3.1623 x 10°

2.326 x 10
41868 x 103
2.98907
9.806 65

1.33322x 1074

10—10

10-°

1.00202 x 10710
2.54 x 1072
3.048 x 1071
9.144 x 107!
1.609 344 x 103
1.853184 x 103
1.852 x 10

55

4.0

10.0

8.0

(continued)
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Table 2.5 CONVERSION FACTORS—continued

To convert To convert
BtoA AtoB
multiply by A B multiply by
1.66 x 107! fathoms feet 6.0
833 x 1073 cable lengths fathoms 1.2 x 102
1.6447 x 1074 nautical miles feet 6.080 x 10
1.8939 x 10~4 miles (UK) feet 5.280 x 103

Magnetic conversions—see Magnetic units and conversion factors, Chapter 20

Moment of force—see Energy
Moment of inertia

107 grams centimetre squared kilograms metre squared 1077
3.41717 x 103 pounds inch squared kilograms metre squared 2.92640 x 10~
2.37304 x 10 pounds foot squared kilograms metre squared 421401 x 1072

5.46747 x 10*

7.23301
10°

5.643 819 x 102
3.527399 x 10
22046226
1.574731 x 107}
7.873650 x 102
1.968415 x 1072
9.842035x 1074
1.543236 x 10*
7.716 180 x 102
2.572063 x 102
3.215072 x 10
1.543237 x 10*
1073

1.102311 x 1073
5.0 x 103

8.92180 x 103
1.843 348
2.04816 x 107!
2.949357 x 10
3.227055

5.59973 x 102
6.71971 x 107!
2.01591

107

341214
8.59845 x 107!
737561 x 107!
2.38846 x 107!
1.341022 x 1073
1.35962 x 1073

2.7x 1071

ounces inch squared kilograms metre squared

Momentum
kilogram metres/second
kilogram metres/second

foot pounds/second
gram centimetres/second

Mass
drams (Av) kilograms
ounces (Av) kilograms
pounds (Av) kilograms
stones (Av) kilograms
quarters (Av) kilograms
hundredweights (Av) kilograms
tons (Av) kilograms
grains or minims (Apoth) kilograms
scruples (Apoth) kilograms
drams (Apoth) kilograms
ounces (Apoth or Troy) kilograms
grains (Troy) kilograms
tonnes (metric) kilograms
tons (short 2000 1b) kilograms
metric carats (CM) kilograms

Mass per unit area
kilograms/square metre
kilograms/square metre
kilograms/square metre
kilograms/square metre
kilograms/square metre

pounds/acre

pounds/square yard
pounds/square foot
ounces/square yard
ounces/square foot

Mass per unit length
pounds/inch kilograms/metre
pounds/foot kilograms/metre
pounds/yard kilograms/metre

Power—Heat flow rate
ergs/second watts
British thermal units/hour watts
kilocalories (IC)/hour watts
foot pounds force/second watts
calories (IC)/second watts
horsepower watts
metric horsepower (CV) (PS) watts

Pressure—see Stress

Radioactivity
curie becquerel

1.82900 x 1073

1.38255 x 107!
103

1.77185 x 1073
2.83495 x 1072
45359237 x 107!
6.350293
1.270059 x 10
5.08023 x 10
1.01605 x 103
6.47989 x 107
1.295978 x 1073
3.88793 x 1073
3.11035 x 102
6.479885 x 1073
103

9.071 85 x 102
20x 1074

1.12085 x 1074
5424912 x 107!
4.882432
3.39057 x 1072
3.05152 % 107!

1.78580 x 10
1.48816
4.96055 x 107!

107

2.93071 x 107!
1.163

1.35582
4.1868

7.457 x 10%
7.35499 x 10?

3.7 x 1010

(continued)
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Table 2.5 CONVERSION FACTORS—continued

To convert To convert

Btod AtoB

multiply by A B multiply by

Radiation—absorbed dose
102 rem sievert 1072
Radiation exposure
3.876 x 103 roentgen coulomb/kilogram 258 x 1074
Specific heat capacity—mass basis

1073 joules/gram degree centigrade joules/kilogram kelvin 103

2.38846 x 10~ calories*/gram degree centigrade joules/kilogram kelvin 4.1868 x 10

238846 x 1074 British thermal units/ joules/kilogram kelvin 4.186 8 x 103
pound degree Fahrenheit

1.85863 x 107! foot pounds force/ joules/kilogram kelvin 5.38032
pound degree Fahrenheit

1.01972 x 107! kilogram force metres/ joules/kilogram kelvin 9.806 65
kilogram degree centigrade

Specific heat—volume basis

10° joules/cubic centimetre degree joules/cubic metre kelvin 100
centigrade

2.388459 x 1074 kilocalories*/cubic metre degree joules/cubic metre kelvin 4.1868 x 10

1.491 066 x 1073

1.450377 x 1074
6.474 881 x 108
10

103

1077

1.019716 x 1077

7.500 638 x 1073
7.500 638 x 1073
7.500 638
9.869233 x 1076
1

6.474 8807 x 102

103
6.852178 x 1072
5710148 x 1073

1
1.8

18

1072

238846 x 1073
8.59845 x 10!
577791 x 107!

6.93347

centigrade
British thermal units/cubic foot
degree Fahrenheit

Stress
pounds force/square inch
UK tons force/square inch
dynes/square centimetre
bars
hectobars
kilograms force/square
millimetre
torrs
millimetres of mercury
micron of mercury
atmospheres
pascals
UK tons force/square inch

joules/cubic metre kelvin

newtons/square metre
newtons/square metre
newtons/square metre
newtons/square metre
newtons/square metre
newtons/square metre

newtons/square metre
newtons/square metre
newtons/square metre
newtons/square metre
newtons/square metre
megapascals

Surface tension

dynes/centimetre
pounds force/foot
pounds force/inch

newtons/metre
newtons/metre
newtons/metre

Temperature interval

degrees Celsius (centigrade)
degrees Fahrenheit
degrees Rankine

kelvins
kelvins
kelvins

Thermal conductivity

watts/centimetre degree
centigrade

calories/centimetre second
degree centigrade
kilocalories/metre hour degree
centigrade

British thermal unit/foot hour
degree Fahrenheit

British thermal unit inch/square
foot hour degree Fahrenheit

watts/metre kelvin

watts/metre kelvin

watts/metre kelvin

watts/metre kelvin

watts/metre kelvin

6.706 61 x 10*

6.89476 x 103
1.544 43 x 107
10~!

10%

107

9.806 65 x 10°

1.33322 x 102

1.33322 x 102

1.33322 x 107!
1.013250 x 10°
1

1.54443 x 10

1073
1.45939 x 10
1.751268 x 10?

;.55 x 107!
5.55x 107!
102

4.186 8 x 102
1.163
1.73073

1.44228 x 107!

(continued)
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Table 2.5 CONVERSION FACTORS—continued

To convert To convert
BtoA AtoB
multiply by A B multiply by
Time
1.66 x 1072 minutes seconds 6.0 x 10
277 x 107* hours seconds 3.600 x 10°
1.15741 x 1073 days seconds 8.64 x 10*
1.65344 x 1076 weeks seconds 6.048 x 10°
3.17098 x 10~8 years seconds 3.1536 x 107
1.1415525 x 10~ years hours 8.760 x 103
Torque—see Energy
Velocity
3.280 84 feet/second metres/second 0.3048
1.968 504 x 102 feet/minute metres/second 5.08 x 1073
3.6 kilometres/hour metres/second 0.277778
3.728227 x 1072 miles/minute metres/second 2.68240 x 10
223694 miles/hour metres/second 0.447 04
1.942 60 UK knots metres/second 0.514773
1.943 85 International knots metres/second 0.514444
1.136 x 1072 UK miles/minute feet/second 8.8 x 10
Viscosity—dynamic*
10 poise newton seconds/square metre 10~!
1.01972 x 107! kilogram force seconds/square newton seconds/square metre  9.806 65
metre
6.71971 x 107! poundal seconds/square foot newton seconds/square metre 1.48816
2.088542 x 1072 pound force seconds/square foot ~ newton seconds/square metre ~ 4.78803 x 10
Viscosity—kinematic
104 stokes square metres/second 1074
1.55003 x 103 square inches/second square metres/second 6.4516 x 10~
1.076392 x 10 square feet/second square metres/second 9.2903 x 1072

5.580011 x 106
3.875009 x 10*
3.6 x 103

6.10237 x 10*
3.531473 x 10
1.30795

103

2.19969 x 102
2.64172 x 102
1.759755 x 1073
2.19969 x 107!
3.519508 x 10

square inches/hour
square feet/hour
square metres/hour

square metres/second
square metres/second
square metres/second

Volume

cubic inches cubic metres

cubic feet cubic metres
cubic yards cubic metres
litres cubic metres
gallons (UK) cubic metres
gallons (US) cubic metres
pints (UK) cubic centimetres
gallons (UK) litres

fluid ounces (UK) litres

Work—see Energy

1.792 111 x 1077
2.580640 x 107>
2.77x 1074

1.63871 x 103
2.83168 x 102
7.64555 x 107!
103

4.54609 x 1073
3.78541 x 1073
5.68261 x 102
4.549 09
2.841306 x 1072

* newton seconds/square metre (Ns/m?) = pascal seconds (Pa s).
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Table 2.6 COMMONLY REQUIRED CONVERSIONS

Introductory tables and mathematical information

Acceleration
Angle

Area

Density
Energy

Force

Length

Mass

Power
Stress

Surface tension

Velocity

Volume

g =32 feet/second squared
1 radian

1 acre
1 hectare

1 gram/cubic centimetre

1 calorie (IC)

1 kilowatt hour

1 British thermal unit
1erg

1 therm

1 horsepower hour

1 dyne

1 pound force

1 UK ton force

1 kilogram force

1 angstrom unit (A)

1 micron (pum)

1 micron (pum)

1 thousandth of an inch

1 inch

1 foot

1 yard

1 mile

1 ounce (Av)

1 ounce (Troy)

1 pound (Av)

1 hundredweight

1 UK ton (Av)

1 short ton (2 000 Ibs)

1 carat (metric)

1 horsepower

1 pound force/square inch (p.s.i.)
1 UK ton force/square inch

1 bar

1 hectobar

1 kilogarm force/square centimetre
1 kilogram force/square millimetre
1 torr = 1 millimetre of mercury
1 atmosphere

1 pascal

1 dyne/centimetre

1 foot/second
1 mile/hour

1 cubic inch
1 cubic foot
1 cubic yard
1 litre

1 litre

1 UK gallon
1 UK gallon

9.806 65 metres/second squared
57.295 8 degrees

4046.86 square metres
10 000 square metres

1 000 kilograms/cubic metre

4.186 8 joules

3.6 megajoules

1 055.06 joules
10~7 joules
105.506 megajoules
2.684 52 megajoules

1073 newtons

4.448 22 newtons
9964.02 newtons
9.806 65 newtons

10~1° metres

10~% metres
0.03937 x 1073 inches
25.4 micrometres
2.54 centimetres
30.48 centimetres
91.44 centimetres
1.609 344 kilometres
28.349 5 grams
31.103 5 grams
453.592 grams
50.802 3 kilograms
1016.05 kilograms
907.185 kilograms
0.2 grams

745.7 watts

6.894 76 kilopascals
15.444 3 megapascals
100 kilopascals

10 megapascals
98.006 5 kilopascals
9.806 65 megapascals
133.322 pascals
101.325 kilopascals

1 newton/square metre

1 millinewton/metre

1.097 28 kilometres/hour
1.609 344 kilometres/hour

16.387 1 cubic centimetres
28.316 8 cubic decimetres
0.764 555 cubic metres

1 cubic decimetre

1.759 75 UK pints

4.546 09 cubic decimetres
0.160 544 cubic feet

kPa
MPa
kPa
Mpa
kPa
MPa

kPa
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Table 2.7 CORRECTIONS TO TEMPERATURE VALUES IPTS-48 TO IMPLEMENT IPTS-68
(IPTS-68)—(IPTS—48) IN °C

ts 0 -10 —20 -30 —40 -50 —60 -70 -80 —-90 -100 163°C
—~100 0.022 0.013 0.003 —0.006 —0.013 0.013 —0.005 0.007 0.012 (0.008 at O, point) ~100
-0 0.000 0.006 0.012 0.018 0.024 0.029 0.032 0.034 0.033 0.029 0.022 -0
165°C 0 10 20 30 40 50 60 70 80 90 100 163°C
0 0.000 —0.004 —0.007 —0.009 —0.010 —0.010 —0.010 —0.008 —0.006 —0.003 0.000 0

100 0.000 0.004 0.007 0.012 0.016 0.020 0.025 0.029 0.034 0.038 0.043 100
200 0.043 0.047 0.051 0.054 0.058 0.061 0.064 0.067 0.069 0.071 0.073 200
300 0.073 0.074 0.075 0.076 0.077 0.077 0.077 0.077 0.077 0.076 0.076 300
400 0.076 0.075 0.075 0.075 0.074 0.074 0.074 0.075 0.076 0.077 0.079 400
500 0.079 0.082 0.085 0.089 0.094 0.100 0.108 0.116 0.126 0.137 0.150 500
600 0.150 0.165 0.182 0.200 0.23 0.25 0.28 0.31 0.34 0.36 0.39 600
700 0.39 0.42 0.45 0.47 0.50 0.53 0.56 0.58 0.61 0.64 0.67 700
800 0.67 0.70 0.72 0.75 0.78 0.81 0.84 0.87 0.89 0.92 0.95 800
900 0.95 0.98 1.01 1.04 1.07 1.10 1.12 1.15 1.18 121 1.24 900
1000 1.24 1.27 1.30 1.33 1.36 1.39 1.42 1.44 — — — 1000
165°C 0 100 200 300 400 500 600 700 800 900 1000 163°C
1000 — 15 1.7 1.8 2.0 22 24 2.6 2.8 3.0 32 1000
2000 32 35 37 4.0 42 45 4.8 5.0 53 5.6 59 2000
3000 59 6.2 6.5 6.9 72 75 79 8.2 8.6 9.0 9.3 3000

From BS 1826:1952 Amendment No. 1, 2 February 1970. Example: 1000°C according to IPTS—48 would be corrected to 1001.24°C to conform to IPTS-68.
For conversions from IPTS-68 to ITS-90 see Table 16.1.
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Table 2.8 CORROSION CONVERSION FACTORS

The following conversion factors relating loss in weight and depth of penetration are useful in the assessment of
corrosion.

density of metal in grams/cubic centimetre = d

density of metal in kilograms/cubic metre = 10°d

To convert To convert
BtoA AtoB
multiply by A B multiply by
1073471 millimetres grams/square metre 103d
3.65x 1071 g~! millimetres/year grams/square metre per day 2.74d
8.76d~! millimetres/year grams/square metre per hour 1.14x107'd
3.937x 10724~ thousandths of an inch grams/square metre 2.54x10d
(mils)
1.44 x 104! mils/year grams/square metre per day 6.96 x 10724
3.45 x 102 d~! mils/year grams/square metre per hour 2.90 x 10~3d
1.201 x 104! mils ounces/square foot 8.326 x 10724

Table 2.9 TEST SIEVE MESH NUMBERS CONVERTED TO NOMINAL APERTURE SIZE FROM BS 410:1969

Wire cloth test sieves were designated by the mesh count or number. This method, widely used until 1962, was
laid down in previous British Standards—BS 410. Sieves are now designated by aperature size: see BS
410:1969, for full details.

The table gives the previously used mesh numbers with the corresponding nominal aperture sizes, the
preferred average wire diameters in the test sieves and the tolerances.

Aperture tolerances

Max. tolerance

Preferred for size of an Tolerance for
average wire individual average Intermediate
Nominal diameter in aperture aperature size tolerance

aperture size test sieve mm mm mm
Mesh No. mm mm + + +

3 5.60 1.60 0.50 0.17 0.34

3% 4.75 1.60 0.43 0.14 0.29

4 4.00 1.40 0.40 0.12 0.28

5 3.35 1.25 0.34 0.10 0.23

6 2.80 1.12 0.31 0.084 0.20

7 2.36 1.00 0.26 0.071 0.17

8 2.00 0.90 0.24 0.060 0.16

10 1.70 0.80 0.20 0.051 0.14

12 1.40 0.71 0.18 0.042 0.11

14 1.18 0.63 0.17 0.035 0.11

16 1.00 0.56 0.15 0.030 0.09

pm pm pm
nwm pm + + +
18 850 500 128 30 79
22 710 450 114 28 71
25 600 400 102 24 66
30 500 315 90 20 55
36 425 280 81 17 51
44 355 224 71 14 43
52 300 200 64 15 40
60 250 160 58 13 36
72 212 140 53 12 33
85 180 125 51 11 31
100 150 100 48 9.4 29
120 125 90 46 8.1 27

(continued)
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Table 2.9 TEST SIEVE MESH NUMBERS—continued

Aperture tolerances

Max. tolerance

Preferred for size of an Tolerance for
average wire individual average Intermediate
Nominal diameter in aperture aperture size tolerance
aperture size test sieve wm Kwm pwm
Mesh No. mm pm + + +
150 106 71 43 7.4 25
170 90 63 43 6.6 25
200 75 50 41 6.1 24
240 63 45 41 5.3 23
300 53 36 38 4.8 21
350 45 32 38 4.8 21
400 38 30 36 4.0 20

Notes:

(1) No aperture size shall exceed the nominal by more than the maximum tolerance.

(2) The average aperture size shall not be greater or smaller than the nominal by more than the average tolerance size.
(3) Not more than 6% of the apertures shall be above the nominal size by more than the intermediate tolerance.

For perforated plate sieve sizes with square or round holes—see BS 410:1969. Other national
standards for test sieves may be found for France in NF X11-501, for Germany in DIN 4188 and
for USA in ASTM E11-61.

2.1.2 Temperature scale conversions

The absolute unit of temperature, symbol K, is the kelvin which is 1/273.16 of the thermodynamic
temperature of the triple point of water—see Section 16. Practical temperature scales are Celsius
(previously Centigrade) symbol °C, and Fahrenheit, symbol °F. An absolute scale based on Fahrenheit
is the Rankine, symbol °R.

Where K, C, F and R, represent the same temperature on the Kelvin, Celsius, Fahrenheit and
Rankine scales, conversion formulae are:

5
K=C+273.15  C= (F-3)
F=§C+32 R=F +459.67

Rapid approximate conversions between Celsius and Fahrenheit scales can be obtained from
Figure 2.1.

2.2 Mathematical formulae and statistical principles

2.2.1 Algebra
IDENTITIES
@ —b* =(a—b)a+b)
@ + b = (a—ib)a+ib) wherei=/—1
@ —b = (a—b)d® +ab+ 1)
@ + b = (a+ b)a* — ab + b?)
"= =@—-b)a ' —a" b+ + b
d"+b" = (a+b)a" ' —a"2b+ - +b"1) whennisodd
(a+ by = a® £+ 2ab + b
(a £ by = a® +3d°b + 3ab* £ b
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214
°C==°F
500

900
450§ 850

800
400 750

700
350

650

600
300

550

500
250

450
200400

350

250
100

200

150
50

100

50

0

°C==°F
1000
1800
95041750
1700
900t 1650
1600
850
1550
1500
800
1450
1400
750
1350
7001300
1250
65041200
1150
600
1100
1050
550
1000
950
500

°C==°F

1500

2700
145042650

2600
14004-2550

2500
1350

2450

2400
1300

2350

2300
1250

2250
1200 2200

2150
115042100

2050
1100

2000

1950
1050

1900
1000

°C==°F
2000
3600
1950 = 3550
3500
1900 43450
3400
1850
3350
3300
1800
3250
3200
1750
3150
1700 3190
3050
1650 1-3000
2950
1
600 T 5900
2850
1550
2800
2750
1500

°C=°F

2500

4500
2450 4450

4400
2400 44350

4300
2350 4250

4200
2300

4150

4100
2250

4050
2200 4000

3950
2150 —4-3900

3850
2100

3800

3750
2050

3700

3650
2000

°C==°F
3000
F 5400
2950 5350
+ 5300
2900 5250
+ 5200
2850 4+
:5150
TF 5100
2800 4
+ 5050
+ 5000
2750 4+
4950
2700 ¢ 4900
- 4850
2650 —-4800
44750
2600 -+
.._'_—4700
¥ 4650
2550 &
o
4600
+ 4550
2500 -

Figure 2.1 Nomogram for approximate interconversion between Celsius and Fahrenheit temperature scales
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-1
(@a+by =d" +nd" 'b+ %a"‘zb2

—Dn—-2)(n—r+1 "
PRI CaC nk) M e )a"—’b"+~~+b"=Z<n>“"‘~*bx
r! = X

RATIO AND PROPORTION
If
a ¢
b d
then
at+b c+d
b d
and
a—b c¢—d
b d
In general,
a ¢ e pa’ +qc" +ret 4 - \/"
b d =f - (pb”+qd”+rf"+~~->

where p, ¢, r and n are any quantities whatever.

LOGARITHMS

If
a =N, thenx=log, N
log, MN = log, M + log, N

log,— = log, M —log, N
0! = lo; 0,
gaN ga ga
log,(M?) = plog, M

1
log, (M'") = ~log, M
r

log, N =

1
log, N
log,b % 0

In particular,
log, N = 2.302 58509 x log;, N e=2.71828

log,o N = 0.434294 48 x log, N
log, N = InN log,, N =1gN

THE QUADRATIC EQUATION
The general quadratic equation may be written
ax® +bx+c=0

_—b+ Vb% — dac

Solution  x =
2a
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If
A = (b* — dac)

the roots are real and equal if A =0
the roots are imaginary and unequal if A <0
the roots are real and unequal if A >0

Also, if the roots are « and S,

b
o+ p=——
a
c
aff = —
a
THE CUBIC EQUATION

The general cubic equation may be written
Vit+ay +ay+a=0

Ifweputy=x— %al the equation reduces to x> + ax + b = 0, where

1, 2, 1
a=a; — gal and b= Ea' — §a|a2+a3

Solution x=z4+v or 7z+vii\/§(z—v)’

2 2
where
1 b &
= o ——b — 4=
z + n + 5
and
1 b a3
= ——bh— |+
2 4 27
Alternatively,*

_ 0+ 2k
x=2 (;)ws+3n (k=0,1,2)

If
¥ &
I
there are two equal and one unequal root if A =0

three real roots if A <0
one real and two complex roots if A >0

* The second form of the solution is particularly useful when A < 0 (i.e. in the case of three real roots).



Mathematical formulae and statistical principles

2.2.2 Series and progressions

NUMERICAL SERIES

n
l+2+3+-~+n=5(n+1)

12+22+32+--~+n2=g(n+1)(2n+1)
nZ
134-23+33+~~+n3=j(n+1)2

ARITHMETIC PROGRESSION
a,a+d,a+2d,...,a+ (n—1)d
n
= E[Za + (n— 1)d]

where S,, denotes the sum to » terms.

GEOMETRIC PROGRESSION

a,ar,ar?, ... ,ar"!
S - a( —1) _ a(l —r")
" r—1 - 1=r)

where S,, denotes the sum to z terms.

If ¥»?<1 and n— oo,

a

S =
(I=r)

TAYLOR’S SERIES

( —ay

f(x) =f(a) + (x — a)f (a) + T — @+

( ) ua
3 — ")+ -

MACLAURIN’S SERIES

f(x)—f(0)+xf(0)+ f”(O)—!— f’”(O)—!—

In the following series, the region of convergence is indicated in parentheses. If no region is shown,

the series is convergent for all values of x.

BINOMIAL SERIES

—1 -2

(1£x)" = 1:I:nx+n(n2‘ )2 4 M 3)'(" L A B
1 D(n+2

(1:|:x)7"=1:|:nx+n(n+ )x2:':n(n+ )(n+ )X3+"' (X2<1)

2! 3!
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LOGARITHMIC SERIES

2 3 4

logc(lztx)::tx—%:t%—xzzl:--- o<1
(1+x) » X 2

1 -2 T 1

oge(l_x) x+3+5+ x* <1

| 2x—1+1 x—13+1 x—15+ o> 0)
0; = - — >
Be x k1 3 \xt1 ACEN *

loge(a +x) = logea+2 | ——— + (-~ QPR
0! = lo, - -
Bela T Be @ 2a+x 3 \2a+x 5\2a+x

(@a>0,x+a=>0)

EXPONENTIAL SERIES

(NS T
1+ o+ =+ o+

o
Il

21 31 4
.x2 x3 X4
€ =1+X+5+§+I!+"'
1 2 I 3
1 xlogas TlomaP | Gloga®

2! 3!

TRIGONOMETRIC SERIES

smx:x—i—i-a—?—i-
X2 x* x®
cosx =1 E+E_E+
28 17x7 62x°
tanx =x+ — 4+ — + —— (—7<x<7>
3 15 315 2835 2 2
P +1x3+13x5+135x7 Cl<x<1)
sinT x=x4+--—+=----—+--—-—- — — X
2 3 2 4 5 2 4 6 7 -
—1 T .
cos x:E—sm x
32X X
tan 'y = x— — 4+ — — T 4. —1l<x<1
an~ x = x 3+5 7+ (-1<x<1)
If
171’ ] 1+1 1+
x=1,-=1—-= - — =
4 35 7
cot7lx = = —tan"'x

SERIES FOR HYPERBOLIC FUNCTIONS

3 X5 x7

. x

smhx:x+§+§+%+...
[ R Y

COth:1+E+E+E+'”
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X2 17x7 62x° b4 g
tanhx = x — — — (—7<x<7)
3 5 315 2835 2
1 ¥ 1 3 x5 1 3 5 X7
inh 'x=x—-.—4_-.2. 2 __.2.2. — —1 1
sinh - x =x =3ty s T g g T ClexsD
3 5 7
tanh_lx:x-l—?—k%-i-%-i-“' (-l<x<1)
coth™! 1+1+1+1+ (-l<x<1)
X = — J— N — — X
x 33 55 TX7

2.2.3 Trigonometry

DEFINITIONS AND SIMPLE RELATIONSHIPS

a
SinA = —
b C
c
A= -
cos 5 2 b
a
tan A = —
c
B c A
b b c 1
cosecCA=cscA=— = ——; secA=- = ; COtA=- =
a sin A c Ccos A a tanA

versin A=vers A=1— cos A

coversin A =coversA=1 —sin A
. 1 .
haversin A =havA = 3 versin A

sin? A+ cos’ A=1

sin A cosA
tanA=——; CcotA=—
COSA sin A

1+tan® A =sec’ A

1 + cot? A = cosec® A

RADIAN MEASURE

7 radians = 180°, 7 =3.14159...

COMPOUND ANGLES
sin(A + B) = sinA cosB + cos Asin B
cos(A + B) = cosAcosB —sin Asin B
sin(A — B) = sinAcosB — cosAsinB

cos(A —B) = cosAcosB +sin Asin B
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Table 2.10  SIGN AND VALUE OF THE FUNCTIONS BETWEEN 0° AND 360°

Degrees 0° 90° 180° 270° 360° 30° 45° 60°
Quadrant 1 2 3 4

sin 0 + 1 + - -1 -0 12 W2 32
cos 1 + 0 - -1 - + 1 NEYER VNG )
tan 0 + o - 0 + o -0 1/4/3 1 V3
cot [e's] + 0 - o0 + 0 - [e'e] V3 1 1/ V3
Table 2.11 SUPPLEMENTARY AND COMPLEMENTARY ANGLES

x= 90 + 180 + o 270 £« n360 + o (or )

sin x +cosa Fsina —cosa +sina

cos x Fsinaw —cosa +sina +coso

tan x Feota +tano Feota +tana

cotx Ftan o +cota Ftan o +cota

tan A + tan B
tan(A+B) = ———
an(A +B) l —tanAtanB

tan A —tanB
tan(A — B) = 22 AN

1 +tanAtan B
sin2A = 2sin A cos A
cos2A = cos’ A —sin? A =1—2sin> A =cos’A — 1

2tan A

tan2A = ———
1 —tan? A

sin3A = 3sinA —4sin® A
cos3A = 4cos’ A —3cos A

. 2t
sin A =
1+17 A
where ¢t = tan —
17 2
COSA = ——
1+1¢2

A+B A—-B

sin A + sinB = 2sin cos

2
. . A+B . A-B

sinA —sinB = 2cos sin 2
A+B A—B

cos A 4+ cosB = 2cos cos 2
A+B A—B

cosB — cos A = 2sin * sin 7

PROPERTIES OF TRIANGLES

a b o
sinA ~ sinB ~ sinC

= 2R, where R = radius of circumcircle
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@ =B+ —2bccos A
B-C b-c A

= co
2 b+c 2

tan

a=>bcosC+ ccosB

Area of triangle = A = %ab sinC = /s(s —a)(s — b)(s —c¢), wheres= %(a +b+c)

A [(s —b)(s —c)
Sin— = —_—
2 bc
A [s(s—a)
COSE =,/ be

A (s—b)(s—c¢)
tan— = [ ———
2 s(s —a)

A+B+C=180°

. . . A B C
sinA 4+ sinB +sinC = 4cos5 cosz cosE

A B C
cos A 4 cos B + cosC = 4sin— sin— sin— + 1
2 2 2
tan A 4 tan B + tan C = tan A tan Btan C

A B C A B C
COtE + cot— + cot— = cot— coti coti

HYPERBOLIC FUNCTIONS

1
inhx = —(¢* —e ™
sinh x 2(e e™)

1
coshx = E(ex +e™)

sinh x ef—e™

tanhx = =
coshx e +e™
1 2
sechx = =
coshx e +e™*
1 2
cosechx = =

sinhx e —e*
cosh? x — sinh?x = 1
sinh(—x) = —sinhx
cosh(—x) = coshx
tanh(—x) = —tanhx
sinh(x 4+ y) = sinhxcoshy + coshx sinhy
cosh(x + y) = coshx cosh y + sinh x sinh y

(See also ‘Series and progressions’.)

2-21
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2.2.4 Mensuration
PLANE FIGURES

Parallelogram. Area=Dbase x altitude
Triangle. Area= % x base x altitude

Trapezium. Area= %(sum of parallel sides) x altitude

0 = AOB (measured in radians) OD = x

Circle. Radius=r

2. circumference = 277

Area=nmr
Length of arc ACB =r6

Area of sector OACB = 120

0
Length of chord AB = 2rsin 3
nr? e
Area of segment ACB = %rZ(G —sinf) = 5 [x r2 —x2 42 sin” <7)}
,
Ellipse. Area = mab, where a and b are the semi-axes

a? + b?

Perimeter = 27 2

(approximate)

SOLID FIGURES

Rectangular prism. Sides a, b and ¢
Surface area = 2(ab + bc + ca)
Volume = abc

Diagonal = v/a? + b% + ¢2

Sphere. Radius=r
Surface area = 4772; volume = %nr3

Curved area of spherical segment, height 2 = 27rh

Volume of spherical segment, height 4 = %nh2(3r —h)

Curved area of spherical zone between two parallel planes, distance / apart = 277/
Spherical shell. Internal radius = r, external radius = R

Volume of shell = %71(R3 -

= %m3 + 4ntrR

T
= 4rt + 313
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where ¢t = thickness = R — r

and ' = mean radius = (R +7)

Right circular cylinder.* Height=h, radius =r
Area of curved surface = 2nrh
Total surface area =2nr(h+r)
Volume = nr7?h

Right circular cone.t Radius of base = r, height=1h
Area of curved surface = mr/r? + h?

Volume = %rzh
Area of curved surface of frustrum (radii R and r) = (R + r)\/h? + (R — r)?

h
Volume of frustrum (radii R and r) = %(Rz +Rr+1%)

2.2.5 Co-ordinate geometry (two dimensions, rectangular axes)

The length d of the straight line joining the points A(x, y;) and B(x,, y») is given by

d =42 —x1)? + (2 — 31 )
AP
If P(x, y) is a point on AB such that — =
PB n

_mxy +nxy _ myy +ny

>

m-+n m-+n
STRAIGHT LINE
The general equation to a straight line is,
ax+by+c=0

Slope = —%. Intercept on y-axis = ——

Alternative forms are
Yoo _y—n
X2 — X1 X —X

1. for the line joining the points (x1, y1) and (x2, y2)

2. y =mx + c for the line of slope, m, cutting y-axis at point (0, ¢).

3. y —y1 =m(x — x;) for the line through the point (x, y;), slope m.

4. ol + r_ 1 for the line making intercepts of @ and b on the axes of x and y, respectively.
a

5. xcosa + ysin @ = p, where p is the length of the perpendicular from the origin to the line and
«a is the angle between the perpendicular and the positive direction of the x-axis.

The perpendicular distance d from the point (x;, y1) to the line ax + by +¢c¢=01is

:iaxl + by +c¢

d
NET

*Volume of any cylinder = area of base x vertical height.
 Volume of any cone or pyramid = %[area of base x perpendicular distance from vertex to base].
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The angle 6 between two lines of slopes m; and m, is given by:

If the two lines are parallel, m; = m;
If the two lines are perpendicular, m;m, = —1

TRIANGLE

The area of a triangle, vertices (x1, y1), (x2, y2) and (x3, y3) is
1
A = S (a1y2 = xop1 X235 — X3y + X3p1 — x1y3)

CIRCLE

The general equation to a circle is

X242 +2gx + 2 +¢=0

centre(—g, —f); radius=+/g2+f2—c¢
Equation to tangent at the point (x;, y;) on the circle is
xxp+y1+gx+x1)+f+y)+e=0

An alternative form of the equation to the circle is

(@ —a)’ +(—b’ =R,

centre(a, b); radius =R

ELLIPSE
X2 yz
—+ » = 1. Centre at origin and semi-axes a and b
a
; . .XX
Equation to tangent at point (x;, y;) is 721 + % =1
a
PARABOLA

¥* =4ax. Vertex at origin, latus rectum =2a

Equation to tangent at point (x;, y1) is yy; = 2a(x 4+ x1)

HYPERBOLA
P
2R 1. Centre at origin and semi-axes a and b
a
. . . XX
Equation to tangent at point (x;, y;) is —ZI - % =1
a

X
The asymptotes are — + % =0
a



2.2.6 Calculus*

DIFFERENTIALS
dax=a dx
d(u+v)= du+ dv
duwv=vdv+vdu

dg:vdu—zu dv
v Vi
A" =nx" 1 dx

e’ =y~ dx + x log, x dy

dsinx = cosx dx
dcosx = —sinx dx

dtanx =sec? x dx

dcotx = —cosec? x dx
dsec x = tanx sec x dx
dcosec x = —cotx cosec x dx
dvers x = sinx dx
dsin"'x=(1—x*)"12 dx
deos™'x=—(1 —x?)"1/2 dx
dtan~'x=(14+x?)"!dx
deot™'x=—(1+x*)""dx
dsec'x=x"'(? - 1)""2 dx

deosec ! x=—x"1(x? = 1)"1/2 dx

INTEGRALS
Elementary forms
1. fadv=ax

N

/a-f(x)dx:a[f(x)dx

[9%]

N

5. /udvzuv—/vdu
d d
./uavdxzuvffvavdx
n+1

n _x .
7 /x de= s A

(=)}

Mathematical formulae and statistical principles

de* =e* dx
de™ = ae®™ dx

da* =a* log, a dx
dlog, x=x""dx

dlog, x=x""log, e dx
dr* =x"(1 + log, x) dx

dvers™lx=Q2x —x*)"1/2 dx
dsinhx = coshx dx

dcoshx = sinhx dx

dtanhx = sech? x dx

d cothx = —cosech 2x dx

dsech x = —sech x tanhx dx
dcosech x = —cosech x cothx dx
dsinh~!x=(?+1)"1/2 dx
deosh™ ' x=(2—1)"12 dx
dtanh™'x=(1 —x?)~! dx
deoth ' x=—(x2—1)"" dx
dsech™lx=—x"1(1 —=x*)"1/2 dx
dcosech™'x=—x"1(x* + 1)~12 dx

. /d)(y)d.x: / 90) dy, wherey = &
Y dx

. /(u-i—v)dx:/udx—f—/vd.x, where u and v are any functions of x

* From Handbook of Chemistry and Physics, Cleveland, Ohio, 1945.
T Differentials have been written as above for ease in use, e.g. dax = adx instead of (d/dx)ax = a, which is the mathematically

correct.

2-25
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£/(x) dx
8. f S})() = log f(x), [df(x)="F'(x)dx]

dx
. /— =logx, or log(—x)
X

F)yde .
10. /2m_\/f(x) [d f(x) = F'(x) dx]

11. /e)‘dx:eY

13. /b b= 2
alogh

14. /logxdx:xlogx—x

Nl

15. /axlogadx:ax

16. /azixxzzétan_l(z), or —écot_l(g)
v [ = (5, o g S
o [ ()« i
o [ () o ()
20 :log[x—l—\/m

/ dx
VS ER

21

. ‘/x\/%zgcos’l (Z)

” / dx 1l a++/a? £x?
) ———=——log| ————
xva? +x? a ¢ X

23 /' dx 2 tan—! a+ bx 72t - a+ bx
.| —F/——==—=tan",/ , or ——tan
xJa+bx /—a —a Ja a

More complex integrals are to be found in Handbook of Chemistry and Physics, Cleveland, Ohio,
1945.

DIFFERENTIAL EQUATIONS

Equations of the first order

d
1. ay =f(x)¢(y) (Variable separable type)

Solution / % = /f(x) dx+ A4

d
2a. g =f (X> (Homogeneous equation)
dx X
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Letv:z
X

d
Solution /f(v)iv—v =logx +4

d b
Y atbyte (Reducible to homogeneous form if a’b — ab’ # 0)
dx dx+by+c
Letx=X +h; y=Y +k, where / and k are the values of x and y which satisfy equations
ax+by+c=0
dx+by+c =0

Solution  obtained as in (2a) by putting ¥ =vX

. M dx+ N dy=0 where M and N are functions of x and y and

oM ON .
— = — (Exact equation)
ay ox
Here, a function u(x, y) exists such that
du=M dx+ N dy

Solution u= / M dx (y constant) + / (terms in N independent of x) dy = constant

d
. & +Py=0Q (Linear equation)

dx
where P and Q are functions of x only (or constants).

Solution y e/Pd = /Q e/ dx 4+ 4 (Integrating factor = efpd")

dy

. —+Py=0y" (Bernouilli’s equation)

dx

where P and Q are functions of x only (or constants).
Multiplying both sides of the equation by (1 —n)y™", and putting z = y'~" the equation
becomes

& mpr=1
£+( —nPz=(1-n)Q

This equation is linear.
Solution  obtained as in 4. [Integrating factor = e/(l-mPdx)

d d
y:xay + f(ﬁ) (Clairaut’s form)

d
Let ay = p and differentiate the equation with respect to x,
dp
— ' =0
o [x+f'(p)]

d
Solution ap =0 or x+f'(p)=0

ie.p=constant=4 or y=Ax+B

This solution is obtained by eliminating p from this equation and the original equation. The
solution contains no arbitrary constant and is known as the singular solution.

Equations of the second order

d?y
w

Solution y= /F(x) dx+Ax+ B, where F(x)= /f(x) dx
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d?y
8. —S=f
oz =0
dy 1,
Let—==p;, —-p = |f(y)dy+4
oo P / () dy +
Integration of this equation of the first order may then lead to the required solution.
d?y dy . , -
9.* a@ + ba +c¢y=0 (Linear equation, constant coefficients, RHS = 0)
Auxilliary equation. am* +bm +c =0
Solution

(a) If b*> > 4ac (roots m; and my), Ae™* 4 Be™*

(b) If b> = 4ac (two equal roots, m, ), e"*(4x + B)

(c) If B < 4ac (roots m; = imy),e™* (4 sin myx + B cos myx)
or Ce™* sin (m} + @)
or  Ce™* cos (m3 — o)

d? d
10.* aa)z/ + bay +cy=P (Linear equation, constant coefficients, RHS a function of x only)

Solution y= complementary function + particular integral.
The complementary function is the solution of the equation when P =0 [see (9)].
The particular integral is any solution of the equation which involves no arbitrary constants.
The following examples of values of the particular integral may be useful:

(a) P=constant=m
. . m
Particular solution y = —
c

(b) P=p+qx+r*+--- (p,q,r...are constants)
Particular solution y =A + Bx + Cx*+ - - -
If C #0, P and y are of the same degree.

d
IfC=0,P and ay are of the same degree.
(c) P=ke™

Particular solution y = A e"™
If "™ is a term of the complementary function, try y = Ax e"™*
If x €™ is a term of the complementary function, try y = Ax? e*.

(d) P =1 sin nx + m cos nx (I and m constants, or zero)
Particular solution y = A sin nx + B cos nx
If C sin nx + D cos nx is a term of the complementary function try
Ax sin nx 4 Bx cos

Note: The constants 4, B, C, D, etc. in the particular solutions are evaluated by substitution in the original equation.

2.2.7 Introduction to statistics

2.2.7.1 Introduction and cross-references

This section provides a brief introduction to statistics (Sections 2.2.7.2 and 2.2.7.3) and statistical
process control theory (Section 2.2.7.4). Related material includes Sections 10.5 (Quantitative Image
Analysis) and especially 40.4 (Metallurgical Process Control).

The field of statistics is the science of collecting and summarising data and drawing inferences
from the resulting data summary. The field is divided into two branches: descriptive statistics (section
2.2.7.2) and inductive (or inferencial) statistics (section 2.2.7.3).

* Reproduced with permission from G. W. Caunt, Introduction to the Infinitesimal Calculus, Oxford University Press, 1928.
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2.2.7.2 Descriptive statistics

Descriptive statistics comprises of all methods that summarise collected data and is subdivided into
2 categories: (i) Numerical (or quantitative) measures of the mean (or the centre), and of variability.
(i1) Pictorial and tabular measures: which consist of histograms and boxplots.

MEASURES OF CENTRE

Mean (or arithmetic average), median, geometric mean, harmonic mean, and the mode.

Example 1

The following data reports the oxidation-induction time (in minutes), X, for various commercial oils
(data from Lubrication Engr., 1984: 75-83).

87,103, 130, 160, 180, 195, 132, 145,211, 105, 145, 153, 152, 138, 87,99, 93, 119, 129 minutes.
Since there are 19 sample values, then the sample size is n=19.

The value of the 1st observation is x; =87, the 2nd observation is X, =103, ..., and the nth
sample value is x, = 129.

The sample (arithmetic) mean is defined as

For the above data 221 xj =2 563, and hence the value of the sample mean is Xx=2563/19=
134.894 7 minutes.

In order to obtain the median, the data has to be put in order statistic format (i.e. rearranged
from the smallest observation to the largest). The order statistics for the above data are x(;) =87,
X@2)= 87, X@3) = 93, X@4) = 99, X5 = 103, X(6) = 105, X(7) = 119, X@®8) = 129, X(9) = 130, X(10) = 132,
X1y = 138, X(12) = 145, X(13) = 1457 X(14) = 152, X(15) = 153, X(16) = 160, X17) = 180, X(18) = 195,
Xm) =211. If the value of n is odd, like in this example, then the median or the 50th percentile is
simply the value of the middle order statistic X(n.+1)/2)-

For our example, the median is X so = X = x(19) = 132. However, if the data contain an even number
of observations such as n = 10, then the sample median is given by Xo.50 =X = (Xn/2) + X(1+m/2)))/2.
As an example, the lifetimes of 10 incandescent lamps (in ascending order) are 2 120, 2 250, 2 690,
4450, 4800, 4950, 5700, 5840, 5888, 6990 hours. The median for this data is the average of the
Sth and the 6th order statistics, i.e. X9.50 = X = (4 800 + 4 950)/2 = 4 875 hours. Note that, unless the
data contain outliers or is very skewed (i.e. asymmetrical), the values of the sample mean and median
should generally be fairly close. The mean time to failure (MTTF) of the ten lamps is X =4 567.800
hours.

The Geometric mean is defined as Xy = (X1, X2, . . ., Xn)'/", L.e. X, is the nth root of the product
of all n sample items, [[;_, x;, only if all x;’s > 0 for all i, and in general X, <X. For the data of

Example 1, X, = ( ]_[ilzl x)/1? =130.564 812 < 134.894 7 =X. Geometric mean has applications in
DOE (design of experiments) where at least 2 responses from each experimental unit are measured.

The Harmonic mean is defined as X, = [> i, (l/xi)/n]71 =(n/X(1/x;)), x; #0 foralli, i.e. Xp,
is the inverse of the average inverses of x;’s. For the data of Example 1:

19
> /%)
i=1 19

Xh = —— oo = 126.3923 < X,.
0.15032558852253

(1/87) + (1/103) + (1/130) + - - - + (1/129) = 0.1503256 —>

The Harmonic mean has applications in ANOVA (analysis of variance) when the design is
unbalanced and gives the average sample size over all levels of a factor, and in general X <X, <X.

The mode is the observation with the highest frequency. For the data of Example 1, MO1 =87 and
MO?2 = 145 because both observations 87 and 145 have a frequency f=2 (i.e. the data is bimodal).
Most populations that should not be stratified for the purpose of sampling generally have a single
mode. If a manufacturing product dimension has more than one mode, then there are quality problems
with the process that manufactures the product. This is due to the fact that the ideal situation occurs
when there is a single mode with a very high frequency at the ideal target of the product dimension.
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MEASURES OF VARIABILITY

We present two measures of variability: the 1st measure, defined by R/d,, is used in statistical
process control when the size of the sample n < 12. The random variable R represents the sample
range defined as R = X(n) — X(1), where X(y) is the nth order statistic (i.e. the sample maximum) and
X(1) is the sample minimum (i.e. the 1st order statistic). The parameter d, = E(R/0); the quantity
R/o, where o is the process standard deviation, is called the relative range in the field of statistics
and E represents the expected value operator. For a normal universe, the values of d, are given in
Table 2.12 below.

For n> 15, the sampling distribution of sample range, R, becomes unstable and hence it is
inadvisable to use R as a measure of variation regardless of the underlying parent population.

The 2nd measure of variability, and the most common, is the standard deviation (stdev)=S.
In order to compute the stdev, S, we must always compute the variance first.

The sample variance, SV, is the average of deviations of x; (i=1, 2, .. ., n) from their-own-mean
squared, i.e. SV= Y"1, (x; — X)?/n, but SV generally underestimates the population variance o
because E(SV) = ((n — 1)/n)o?, where E stands for the expected-value operator. This implies that SV
is a biased estimator of 0. In order to get rid of this bias, the quantity S =(1/(n — 1)) Y1 (xi — X)*
is used as a measure of variability. Another reason for dividing the corrected sum of squares
CSS= YiL, (xi —X)? by (n—1), instead of n, in order to obtain a measure of variation, is the
fact that the CSS= 3"\, (xi — X) has only (n— 1) degrees of freedom because of the constraint
YL, (xi — X) = 0. For the above two stated reasons, S is loosely referred to as the sample vari-
ance. The square root of S? provides the stdev, S, and dividing S by /n gives the (estimated)
standard error of the mean 65 =S/ /n. A simple binomial expansion of (x; — X)? shows that the
CSS=Y1 (x—x?=YpL,x— (L, xi)z/(n) =USS — CF, where USS= Y"1, x? is called

2 . .
the uncorrected sum of squares and CF = (Z?:l xi) /n=n(X)? is called the correction factor.

For the data of Example 1, the value of the correction factor CF =2 563% /19 =345 735.210 526 316,
the USS=872+1032+ 130+ --- +129°=368501, and thus the CSS=368501—
345735.21053 =227 65.789473 7. Since there are 19 sample values, then there are 18 degrees
of freedom and as a result S? =22765.7894737/18 = 1264.766 1 minutes.? Clearly, the units of
variance is that of the data’s squared and hence the true measure of variation is the positive square
root of variance, namely S = +/S2 = (1264.766 1)/ = 35.56 355 minutes. Although in Example 1
the sample size n=19 is a bit too large to use & =R/d, as a measure of variation, we will com-
pute this statistic for comparative purposes. The values of d, for n=16, 17, 18, 19, and 20 are
3.532, 3.588, 3.640, 3.689, and 3.735, respectively. The sample range for the data of the example
is R=211—87=124, and hence 6 = R/d, =124/3.689 =33.613 445 4. For majority of samples
encountered in practice, the value of 6 < S. Note that 6 without a subscript represents the stdev of
individual elements in the sample while 65 = S//n gives the estimate of the standard error of X given
by se(X) =o//n.

As yet another example, for the n=10 time to failures of incandescent lamps (2120,
2250, 2690, 4450, 4800, 4950, 5700, 5840, 5888, 6990 hours), S=1687.018264 while

6x =R/d, =1582.196 23132, and 65 =1687.018 264/+/10 =533.482 02.

HISTOGRAM

Grouping a data set in the form of a histogram is appropriate only for large samples, say n > 40
units. In order to illustrate the construction of a histogram for a large data set, we will go through an

example in a stepwise fashion.

Example 2

The data set given below consists of n =58 observations on shear strength of spot welds made on a
certain type of sheet (arbitrary units).

Table 2.12 VALUES OF d; FOR A NORMAL UNIVERSE

n 2 3 4 5 6 7 8 9 10 11 12 13 14 15

dy 1.128 1.693 2.059 2326 2.534 2.704 2.847 2970 3.078 3.173 3.258 3.336 3.407 3.472
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5434, 5112, 4820, 5378, 5027, 4848, 4755, 5207, 5049, 4740, 5248, 5227, 4931, 5364,
5189,4948,5015, 5043, 5260, 5008, 5089, 4925,5621,4974, 5173, 5245, 5555, 4493, 5 640,
4986,4521,4659,4886,5055,4609,5518,5001,4918, 4592, 4568, 4723, 5388, 5309, 5069,
4570, 4806, 4599, 5828,4772,5333,4803,5138,4173, 5653, 5275, 5498, 5582, 5 188.

The Ist task in developing a histogram is to decide on the number of subgroups, denoted by C.
The two guidelines for C are C = /n and Sturges’ practical guideline C = 1+ 3.3 log,((n). It can
be verified that for n > 40, «/n > 1+ 3.3 log,((n), and thus we generally select 1 + 3.3 log,, (n) <
C < /n with the option that both 1+ 3.3 log,,(n) and +/n can be either rounded down or up to the

next positive integer in order to obtain the value of C. For our shear strength data, /58 = 7.62 and
1+3.3log;, (58)=6.82, and hence 6 < C < 8. We settle on the value of C = 6 subgroups (or classes)
for our histogram.

The 2nd task is to determine the length, A, of a subgroup, where it is mandatory to have equal
class interval length. This is given by A =R/C, where it is necessary to always round up to the same
number of decimals as the data. For our shear strength data, R =5 828 — 4 173 = 1 655 and hence the
length of each subgroup is equal to A =1655/6 =276. Note that if the value of R/C is not rounded
up in order to obtain A, then in most cases the C subgroups will not span over the entire data range.

The 3rd step in developing a histogram is to determine the class limits and boundaries for each
subgroup, bearing in mind that class limits must have the same number of decimals as the original data
while boundaries must have one more decimal than the original data. Table 2.13 gives the frequency
distribution for the shear strength data, which clearly shows that the upper limit of the 1st subgroup
is 4448 and the lower class limit of the 2nd subgroup is 4 449. However, the upper boundary of
the 1st class is UB; =4448.5 which is equal to the lower boundary of the 2nd subgroup LB,, i.e.
UB; =LB; =4448.5. In a similar manner, UB, = LB3 =4724.5, UB; = LB;=5000.5, UB; =
LBs=5276.5,and UBs = LB¢ =5 552.5. Further, Aj = UB; — LB; = A =276 forall j, and because
there cannot be any overlapping of successive subgroups, then the chzl f; must always add to n (=58
in this case). The midpoint of the jth subgroup is given by m; = (UB; + LB;)/2, or the average of upper
and lower class limits of the same subgroup. Table 2.13 shows thatm; = (4 448 +4 173)/2=4310.5,
my =(4724.5+4448.5)/2=4586.5, ..., mg=5690.5; note that A must equal to m; —m;_; for
i=2,3,4,...,C,i.e. A= mj — mj_;. The histogram from Minitab software is provided in Figure 2.2.

Table 2.13 FREQUENCY DISTRIBUTION FOR DATA IN EXAMPLE 2

Subgroup Limits 41734448 44494724 4725-5000
fj 1 9 14
Class Limits 5001-5276 5277-5552 5553-5828
fi 20 8 6

20 —

20

Frequency
>
|

14

0 —
T T T T T T
4310.5 4586.5 48625 5138.5 5414.5 5690.5

SHST

Figure 2.2 Histogram of Shear Strength (SHST) Data
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If an experimenter does not possess the raw data but only the histogram is available, then the
computing formulas for the mean and standard deviation for grouped data may be used as given
below:

c
1
z 1 f
Xg " ; (m; x £)),
where the subscript g stands for grouped, and

1
n—1

C C C 2
_ 1 (2= mj x )
= 2 —g X = | Y < f - =
j=1 j=1
The raw mean and standard deviation for the shear strength data are Xx=5057.552 and
S =344.6809, while those of the histogram in Figure 2.2 are X, = 5067.1207 and S, =341.218 3.

THE BOXPLOT

A boxplot is a graphical measure of variability, and it can also assess if the data contain mild or
extreme outliers. For the sake of illustration, we will obtain the boxplot for the data of Example 2 in
a stepwise manner.

Step 1. Draw a vertical line through the median X = x50 = 5 046.

Step 2. Draw vertical lines through the 25th percentile x¢ 25 = Q1 and the 75th percentile
x0.75 = Q3; then connect at the bottom and the top to make a (rectangular) box. For the data of
Example 2, the box is shown below.

X0.25 X0.50 X0.75

4806 5046 5275

Step 3. Compute the values of interquartile range, IQR =Q3 — Q1, 1.5 x IQR, and 3 x IQR.
For the Example 2, IQR =5275—-4806 =469, 1.5 x IQR =703.50 and 3 x IQR =1407.00.
Then all data points less than Q1 — 3 x IQR =4 806 — 1407 =3 399 or larger than Q3 4 3 x
IQR=527541407=6682 are extreme outliers. Example 2 data has no extreme outliers
because no data point lies outside the interval [3399, 6 682]. Next determine if there are
any mild outliers by obtaining the interval [xg,5 — 1.5 x IQR, x¢.75 + 1.5 x IQR] =[4 102.5,
5978.5]. Since no data point falls outside the interval [4 102.5, 5978.5], then Example 2 has
no mild outliers.

Step 4. Draw whiskers from Q1 =x¢,5 and Q3 =x¢ 75 to the smallest and largest order
statistics that are not outliers.

Note that only outliers for which assignable causes are found, and the corresponding corrective
actions taken, should be removed from the data for further analysis, or else the outlier must remain
as a part of the data.

LAWS OF PROBABILITIES

Definition. The occurrence probability (pr) of an event A is defined as the function

N

P(A) = NO)
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Top tank
Port 2
Bottom tank
Port 1

Figure 2.3  Heat exchanger geometry for use with example 3

iff (if and only if) all the N(U) elementary outcomes in the universe U are equally likely, and N(A)
are those elementary outcomes that are favourable to the occurrence of the event A.

Example 3

An aluminium-alloy heat exchanger is furnace brazed so that the tubes, fins, and side rails, plus
the headers used to attach the top and bottom tanks come out of the furnace as a single unit that
makes up the body of the heat exchanger. After brazing, the top and bottom tanks are crimped into
place. The orientation of the top and bottom tanks will determine the relative position of the ports
through which coolant enters and leaves the heat exchanger. Thus, for the heat exchanger shown
is in Figure 2.3, there are 4 possible outcomes because of the body symmetry. The two tanks can
be assembled correctly as shown or vice versa on the other side of the body. The two unacceptable
assemblies occur when port 1 (at the left of bottom tank) and port 2 (at the right of top tank) are on
different sides. Letting F represent a port on the front and B a port on the back, the set of all possible
outcomes for the assembly is U= {(Fj, F»), (Fi, B,), (B1, B2), (B1, F2)}. The conforming units are
those with either (F;, F,) or (B, B;) outcomes.
The function P(A) must satisfy the following axioms:

(1) 0<P(A) <1 because 0 <N(A) <N(U).

(2) P(U)=1, and P(¢) = 0, i.e. the occurrence pr of the null set ¢ is identically zero.

(3) IfA and B are mutually exclusive (MUEX), then P(A N B) =P(¢) =0,and P(AUB) =P(A) +
P(B); further, if Aj, Ay, As, ... is a countably infinite jointly MUEX events, then

P(UZ,Ai) = ) P(A)
i=1

The event AN B occurs iff both A and B occur simultaneously, and A UB occurs iff at least
one of the two events occur. The event A’ occurs iff A does not occur, i.e. the event A’ is the
complement of the event A. Since A and A’ are MUEX events, then AUA’=U and as a result
P(AUA)=1=P(A)+P(A’) - P(A")=1-P(A).

Let events A and B belong to the same sample space U. Then in general P(A UB)=P(A)+ P(B) —
P(A NB) for all events A and B in the same universe U.

Example 4

A repairman claims that the pr that an air conditioning compressor is ‘all right” is P(A) = 0.85, and
P(B) = 0.64 that its fan motor is all right, and 0.45 that both the compressor and fan belt are all right.
Can his claim be true?
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P(AUB)=P(A)+P(B) —P(ANB)=0.85+0.64 — 0.45=1.04. Clearly, his claim is false! If
he revises his claim to P(B) =0.55, then his claim would be correct because P(A UB)=0.95 in
which case the probability that neither A nor B occur is P[(A UB)']=P(A’'NB’) =0.05.
PERMUTATIONS
The total number of different ways that n distinct objects can be permuted is given by
2Pn=n!

As an example, consider the 3 distinct objects A, B, C. The permutations of these objects are
ABC, ACB, BAC, BCA, CAB, CBA, of which there are six. Therefore,

Py =31=6

The total number of ways that r(<n) objects can be selected from n objects and then permuted is
given by

n!

P=—"_
T (=)

For example, consider 4 objects A, B, C and D. Then the elements of 4P, are: AB, BA, AC, CA,
AD, DA, BC, CB, BD, DB, CD, DC, of which there are 12 =4!/(4 — 2)!, i.e. the permutations of
4 objects taken two at a time is equal to 4P, = 12.

COMBINATIONS

The total number of different ways that r distinct objects can be selected from n (r <n) is given by

_(n) _ _ n!
eom (2) = e

For example, consider the combinations of the 4 objects A, B, C and D, taken 2 at a time:

AB, AC, DA, BC, DB, CD,
of which there are 6 =4C, =4!/(2! x 2!) of them. Note that AB and BA are the same element of
4C,, while they are two distinct elements of 4P,.

Example 5

A production lot contains 80 units of which only 6 are nonconforming (NC) to customer specifica-
tions. A random sample of size n = 10 is drawn from the lot without replacement and the number of
NC units in the sample is counted. What is the pr that the sample contains exactly 2 NC units? What
is the pr that the sample contains at least one NC unit? Let the variable X represent the number of
NC units in the random sample of size n = 10. Then,

(6) (74>
2) {8
px=2)= DG _ =0.13730531627,

80C10 80
10

74C1o

and

PX>1)=1-P(X=0)=1— =0.5636742172.

8010

Note that the procedure outlined in the above example is generally referred to as sampling inspection
in the field of quality control (QC). Its objective often is to rectify an outgoing lot by first deciding
whether to accept or reject a lot, and in case the lot is rejected, then it is subjected to 100% screening
in order to remove all defective units before shipment to customer.
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RANDOM VARIABLES AND THEIR FREQUENCY FUNCTIONS

A random variable (rv) is a real-valued function defined on the universe U. If the range space of a
rv is discrete, then its frequency function is generally referred to as a pr mass function (pmf), and
if its range space is continuous, then its frequency function is called a pr density function (pdf). For
example, the rv of the Example 5 is discrete because its range space Ry = {0, 1,2,3,4,5, 6} and its
pmfis given by

6 74
x ) \10 —x
80 ’
10
In fact the above pmf is called the hypergeometric in the field of statistics. Clearly, if p(x) is a pmf,

then it is absolutely necessary that ) ", p(x) = 1, and similarly, if the rv, X, is continuous with pdf
f(x), then it is paramount that fo f(x)dx = 1 (or 100%). The population mean, p, and population

p(x) = x=0,1,2,3,4,5,6

variance, o2, of a rv are given by (the symbol E used below represents the expected-value operator).

Z xp(x), if X is discrete

p=Ex) =1 "

/ xf(x) dx, if X is continuous

and

> (x— )’ p(x), if X is discrete

o =V(X)=E[(X —p]=1{"

/ (x — w?f(x) dx, if X is continuous
Ry
The most two important pmfs in the field of statistics are the binomial and Poisson.

THE BINOMIAL PMF

Consider n > 1 independent (or Bernoulli) trials in successions, where the experimental result can
be classified as either ‘success’ or ‘failure’. The binomial rv, X, is defined as X = ‘The number of
generic successes observed in n trials’, where Ry = {0, 1,2,3,...,n —1,n}, and p = pr of a success
at each single trial. Then, the binomial pmf is given by

b(x;n,p) =.Cxp*(1 —p)" ™

The PDF (pr distribution function) in this equation is called the binomial with parameters n and p
and is denoted by Bin(n, p). Its cumulative distribution function (cdf) is given by F(x) =P(X <x) =
B(x;n,p)= > 1 b(i;n,p)= Y ;o nCi x p' x "', where q = 1 — p represents the failure prat each
tr%al. It can be verified that the binomial pmf, b(x; n, p), has a mean of E(X)=np and a variance
o” =npq.

Example 6

A manufacturing process produces parts which are, on the average, 1% NC to customer specifications.
A random sample of n =30 items is drawn from a conveyor belt. Compute the pr that the sample
contains exactly x =2 NC units.

b(2;30,0.01) = 30C2(0.01)%(0.99)*® = 0.032 83.

The pr that the sample contains at most two NC units is given by P(X <2)=B(2; 30,
0.01)=0.996 6823, and the pr that the sample contains at least two NC units is given by
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PX>2)=1-PX<1)=1-B(1; 30, 0.01)=0.036 148. The expected number of NC units in
the sample is given by & =n x p = 0.30 and the variance of X is given by V(X) = o = npq = 0.297.

Note that in the context of the Example 6 the statistic p = X/n is called the sample fraction NC and
is used as a point estimate of process fraction NC, p. The binomial expansion of (a + b)" is given by

n
@+b)" =) ,Coia"'bl
i=0
which shows that ) 1 b(x;n,p) =Y o nCxp*(1 —p)* * = (p+q=1"=1.

THE POISSON DISTRIBUTION

Consider many Bernoulli trials (i.e. n — 00) such that occurrence pr of success at each trial is small
(say p < 0.15) and average number of successes per time unit, £ =n X p=A4, is a constant. Let the
rv, X, denote the number of Poisson events (or generic successes) that occur during one time interval
of unit length. Then the PDF (or pr distribution function) of X is given by

X

A
p(x; X)) = ;e’)‘, x=0,1,2,3,4,... 2.1)

It can be shown that the Poisson pmf in (2.1) is simply the limiting distribution for a Bin(n, p)
as n — oo and simultaneously as p — 0 but the product n x p stays fixed at a rate equal to A, and is
generally required that n x p <20. For n x p > 20, the process becomes practically Gaussian (a pdf
that will be defined later).

Example 7

The number of accidents per day in a certain city is Poisson distributed at an average rate of
5 accidents/day. The pr of no accidents occurring in the city during the next day is given by
p(0; 5)=(5%/0!)e~> =0.006 738. The pr of at most 4 accidents occurring during the next day is
PX<4)= F.(4;5)= 22:0 (5%/x!)e™> =0.440493 3.

The Poisson distribution can be used to compute probabilities over intervals of length t (t # 1 unit
oftime). Let Y = number of Poisson events occurring during an interval of length t (t # 1) where the
average number of Poisson events per unit of time (t=1) is A = u =np. Then the average number
of Poisson events per interval of length t is E(Y) = At. As a result the pmf for the rvY is given by

)Y
p(y;)»t):%e_“, y=0,1,2,3,4,...
y

Consider the Poisson process of Example 7. We wish to compute the pr of exactly 6 accidents occur-
ring during the next 2 days. Then, A =np =5 accidents/day, t =2 days — A x t=10 accidents/two
days — P(Y =6)=(10°/6!)e~1©=0.1444582, i.e. Y is p(y; 10) read as Poisson distributed at
an average rate of 10 accidents per two days. The ?r that there will be exactly 11 accidents in
the city during the next 3 days is P(Y =11)=(15"1/11!)e™13 =0.066 287 4. The pr that there
will be at least 11 accidents in the next 3 days is given by P(Y>11)=1—-P(Y <10)=1-—
Fy(10;15)=1— Y19 (15%/x!)e "5 = 0.881 536.

It can be verified that the long-term (or weighted) average of X, as expected, is given by
pw=EX)=2 and V(X)=A=pu. As a result, all Poisson processes have a CV (coefficient of
variation = o/ 1) equal to (100/+/A)%.

CONTINUOUS FREQUENCY FUNCTIONS

If the range space of a rv is continuous, then the occurrence pr of a single point in the range space

is zero, but the pr over a real interval [a, b] is given by j;ib f(x) dx, where f(x) is the probability
density function (pdf) of the rv X. There are numerous pdfs in the field of statistics, each of which
has specific applications.

The three most commonly encountered in practice are the uniform, normal (or Gaussian), and the
exponential. The normal distribution is used to approximately model the distribution of almost any
manufactured dimension, and the exponential has extensive applications in life testing and in Markov
processes (specifically in queuing theory). The uniform distribution has extensive applications in
statistical simulations because of the fact that all continuous cumulative distribution functions in the
universe are uniformly distributed over the interval [0, 1].
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THE UNIFORM pdf
A continuous rv, X, is said to be uniformly distributed over the real interval [a, b] iff its pdf'is given by

1
f(x)={b—a’
0, elsewhere.

a<x<b

This is expressed as X~ U(a, b). The population mean of a rv X~U(a, b) is given by
u=E(X) = (a+b)/2 and its population variance is given by V(X) = o2 = (b — a)?/12.

THE NORMAL (OR GAUSSIAN) DISTRIBUTION N(u, 0%)

A continuous rv, X, is said to be normally distributed with mean p and variance o iff its pdf is
given by

£(x; p, 0) = Ce WD/ — CExp[ — (x — p)?/(207)], —00 <X < 00

where C is a normalising constant and must be evaluated in such a manner that the total area under
the pdf is exactly equal to 1 (or 100% pr), i.e. we must require that

oo
/ Ce 2=/ gy — 1,

o0

which leads to C? = 1/(2n0?). Therefore, the only unique value of C that makes the value of the above
improper integral equal to 100% is C = 1/(0+/27). These developments show that a continuous rv,
X, is N(u, 0%) [read as normally distributed or Gaussian with mean y and variance o] only if its
pdf is given by

f(x;pu, o) = 712 e 2C=mIo)  _o6 < x < o0,
T

The graph of the normal pdf in the equation above is symmetrical and is provided in Figure 2.4.

It can easily be verified that the modal point of a N(u, 02) distribution, as shown in Figure 2.4,
occurs atx = . Secondly, its points of inflection occur atx = p £ o. Therefore, one invariant property
ofall normal distributions is the fact that the distance between the line x = p and the point of inflection
is exactly one standard deviation o. Because of the enormous importance of this distribution, we list
its first 4 moments, where the kth moment about a real constant C is given by E[(X — C)¥].

0.05
M X0.95

Figure 2.4 The modal point of a N(u, o%) distribution
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It can be verified that the Ist four moments of any Gaussian distribution are u}=pu,
VX)=pur=0?% a3 = u3/o> =0, and ag = u*/o* =3.00, where gy = E[(X — n)*] is called the
4th central moment of X, and p; represents the kth origin moment.

It must be emphasised that the normal distribution has unlimited applications in all facets of
human life (for example, in all sciences, in all fields of engineering, in agriculture, pharmacy and
medicine, etc.). In fact the distribution of every dimension that is manufactured can be modelled
closely by a normal curve! This implies that over 75% of all parent populations in the universe are
assumed normally distributed with some mean p and some variance 0. Application examples will
now follow.

Example 8

The design tolerances (or consumers’ specifications) on length of steel pipes is 30 +0.25 cm. The
dimension or length of a pipe, X, is N(30, 0.006 4 cm?). We wish to compute the pr that a randomly
selected pipe has length below 30.10 cm?

30.10 1 )
P(X <30.10cm) = / e /Gl g
—0o  ON2m

where 1 = 30.00 cm and o = 0.08 cm. To simplify the integrand, let (x — p)/o = z; then, dz/dx = 1 /o
or dz =dx/o.
Substituting the transformation z = (x — u)/o into the above integral results in:

1.25 1 ) 1.25
P(X < 30.10) = / ——e T2z = d(z)dz = d(1.25).

—00 J —00

The pdf ¢(z) =(1/ «/ﬂ)e’zz/ 2 is called the standard normal density function because its mean is
zero and its variance is equal to 1. Unfortunately, ¢(z) has no closed-form simple antiderivative, and
therefore its cdf has been tabulated for different values of z (using numerical integration) in tables in
almost all statistical texts. For example, see pages 722—723 of J. L. Devore ‘Probability and Statistics
for Scientists and Engineers’, Duxbury Press, Belmont, CA, 2000. The cdf of the standard normal
density N(0, 1) is universally denoted by ®(z). For example, from Table A.3, p. 723 of Devore,
®(1.5)=0.93319, (—1.5)=0.066 81, &(1.96) = 0.975, d(—1.96) = 0.025, &(3) = 0.99865,
®(—3)=0.001 35 [Note that &(—z) = 1 — ®(z)]. Thus, P(X < 30.10) =Fx(30.10)=P(Z < 1.25)=
®(1.25)=0.894 35. The graph of ¢(z) is shown in Figure 2.5. Microsoft Excel will provide both
normal prs and the normal inverse. The reader can open Excel, click on Insert, Function, Statistical,
scroll down to NORMSDIST, insert the desired value of z, then Excel will provide the corresponding
value of cdf of z, that is denoted by ®(z). Figure 2.5 graphs the standard normal density ®(z) versus z.

(1.25)

0.106
0 1.25

Figure 2.5 Standard normal density ®(z) versus z
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Suppose a pipe is selected at random. We wish to compute the pr that its length falls within 20 of
the mean u =30 cm.

P(IX — u| < 20) = P(29.84 < X < 30.16)

29.84-30 X-—pu  30.16—-30
=P < <
0.08 - o 0.08

=P(—2<Z <2)=dQ2)— d(—2) = 0.97725 — 0.02275 = 0.954 50.

Further, the pr that the length of a pipe is within 3 sigma of u is given by P(|X — | <30)=
P(-3<Z<3)=®3)— P(—3)=0.99865—0.00135=0.99730. Finally, the P(u — 40 <X <
n+40)=>d4) — P(—4)=0.999968 33 — 0.000 031 671 =0.999 936 66.

Next, the fraction of the pipes that are not conforming to the lower specification limit
LSL =29.75cm and upper specification limit USL =30.25 cm is called the fraction NC (FNC)
of the process, denoted by p, and is computed below.

p = FNC = P(X < 29.75) + P(X > 30.25) = P(Z < —3.125) + P(Z > 3.125)
= ®(=3.125) + [1 — ®(3.125)] = 2 x D(—3.125) = 2 x 0.000 889 025 = 0.001 778 051.

Suppose that the process in the Example 8 is not centred at ;= 30.00 cm. Then, the process
fraction NC under the condition that x 7 30.00 cm will always exceed p=0.001 778 (at the same
value of o). For example, if u = 30.05cm, then Z; = —3.75, p. = 0.00008842, Zy = 2.50,
pu = 0.00621, and p=10.006298 1 at 0 = 0.08 cm.

THE PERCENTILES OF A NORMAL DISTRIBUTION

For the standard normal density, N(0, 1), the 95th percentile is denoted by z( o5, and is defined such
that the P(Z < zy9s5) =0.95. Similarly, the 90th percentile of Z is defined as P(Z <z 9) =0.90.
This definition implies that for the standard normal density function (STNDF), ®(zs5)=10.95
and ®(zp 19) = 0.90. Table A.3 on page 723 of Devore shows that zy s = 1.645 while zj ;o = 1.282.
By symmetry of the STNDE, it follows that the 5th percentile of Z is equal to zp9s = —1.645
and the 10th percentile zgg9=—1.282, i.e. the P(Z<—1.645)=®(—1.645)=0.05 and the
P(Z < —1.282) = &(—1.282) =0.10. It should be noted that zy s = 1.645 is also called the 5 per-
centage point of the STNDF and zj ;o = 1.282 is called the 10 percentage point of a STNDF. It turns
out that in the field of statistics, a percentage point, such as z,, is the distance from the origin beyond
which the right tail pr is exactly equal to . Further, for the STNDF, it should be clear that z, = —z;_,
for all 0 <« < 1. Figure 2.5 shows that zj 19565 = 1.250 and hence 7 89435 = —1.250.

If the rv, X, is normally distributed but either . # 0, or o # 1 (or both), the 95th percentile of X is
defined as x¢ 95 such that the P(X < x¢.9s5) =0.95, and similarly the 90th percentile of X is defined
such that P(X < x¢.90) = 0.90. Furthermore, in general X 95 7 — X0.05 OF Xp 7 X|—p.

THE REPRODUCTIVE PROPERTY OF THE NORMAL DISTRIBUTION

Suppose X, Xy, . . ., X, are n normally distributed rvs with means p; and variances O'iz and correlation
coefficients pj; = 0}/ 0;0;, where o = E[(X; — i) x (Xj — ;)] is called the covariance between the
two random variables X; and X; (i #j). Further, ¢y, c3, . . ., ¢, are known or given constants. Then it

has been proven in the theory of statistics that the linear combination (LC).
n
Y=cX;+cXp+ - FcpXy = ZCiXi
i=1
is also normally distributed with mean

E(Y)= ) cin

i=1
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and variance

n n—1 n n n n—1 n
V(Y)= Zcizaiz +ZZZCiCjGij, ie, Y~N Zcim,Zcizaiz—i-ZZZcicjaij
i=1 i=1 i=1

i=1 j>i i=1 j>i

If the dimensions X; and X; are mutually independent for all i # j, then oj; = 0, and the V(Y) reduces
to af =31, cizaiz. Note that zero covariance does not always imply independence.

Example 8 (continued)

Three steel pipes are selected at random from the N(30, 0.0064) process and placed end-
to-end. Compute the pr that the total length of the assembly exceeds 90.24cm. [n=3, each
c¢i=1, and each X;~N(30.00, 0.0064)]. > Y =X, + X, + X3 — E(Y)=30+ 30+ 30=90.00,
V(Y)=0.0064+0.0064 4 0.006 4 =0.004 8 —Y ~N(90, 0.019 2), and hence

- 24— 90.
P(Y >90.24cm) = P (y py 9024 —90.00

oy 0138564
1= ®(1.732051) = 1 — 0.958 368 = 0.041 6323.

> =P(Z>1.732051)

THE CENTRAL LIMIT THEOREM (CLT)

If X;,Xy,..., X, are independent, but not necessarily normal, rvs with E(Xj) = p; and V(X;) =
oiz, then the distribution of Y=X;+X;+ --- +X;, as n— oo, approaches normality with
E(Y)= Y, nmiandV(Y)= > i, af. Note that the more skewed the frequency functions of the indi-
vidual X;’s in the sum )., X; are, the more slowly (in terms of n) the distribution of Y approaches
normality. For example, if the X;’s are uniformly distributed, then for n > 8§, the distribution of the
sum,Y = ) 1, X;, is approximately normal, while if X;’s are exponentially distributed, then a value
of n > 200 is needed. The uniform skewness is a3 = E [(X — ,u/a)3] =0, while that of exponential
distribution is a3 = 2.00.

In case X;’s have the same mean and variance, then the distribution of Y approaches normality
with E(Y) =n e and V(Y) = no?. A general conservative rule of thumb is that a value of n > 25«3 and
simultaneously n > 5¢4 (and in most applications at leastn > 30) is needed in order for the distribution
ofthesumY = Y 1, X; to become approximately Gaussian. Again, the quantity o3 = E[(X — 1t)* /0]
is called the coefficient of skewness, or simply the skewness of X. The closer a3(X) is to zero, the
smaller n is needed for an adequate normal approximation to the distribution of the sum ) | X;.

Example 9

A large freight elevator can transport a maximum of 10 000 kg of load. A load of cargo containing
50 boxes of a certain product is transported on the elevator every hour. The weights of the boxes are
independent (not normal but identically distributed) each with E(X;) = 190 kg and V(X;) = 900 kg?.
Estimate (using the CLT) the pr that the maximum limit is exceeded on a given hour and disrupts
the transporting process?

Solution: Y =a Cargo Load= Y20, X; — E(Y) =50 x 190 = 9500 and V(Y)=50 x 900 =
45000.00. P(Y > 10000kgs) = P(Z > (10000 —9500/212.132)) = P(Z > 2.35702)=1—
®(2.357023) =1 —-0.990789 = 0.009211 1.

THE NORMAL APPROXIMATION TO THE BINOMIAL

Since a binomial rv, Xg;j,, is the sum of n independent Bernoulli rvs, i.e. then the binomial rv
XBin = Zi":l Xj, where each Xj is Bernoulli (i.e. Xj has a binomial distribution with the parameter
n=1) with E(X;) =p and V(Xj) =pq. As a result of the CLT, as n — oo, the binomial pmf can be
approximated by a normal pdf with E(X) = np and V(X) = npq. However, because a binomial rv has a
discrete range space, a correction for continuity has to be applied as will be illustrated in the following
example. The approximation is adequate when n is large enough such that the product np > 15 and
0.10 < p < 0.90. If np < 15, we would recommend the Poisson approximation to the Binomial. The
general rule of thumb was that n must be large enough such thatn > 25a§ and simultaneously n > 54,

where for a single Bernoulli trial % = (q — p)*/(p x q),and o = (1 — 3p + 3p*)/(p x @) = (1 — 3 pq)/
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(p x q). It can be shown that for a Bin(n, p) distribution the value of skewness is a3 = (q — p)//npq
and the binomial ay = E[((X — n)/0)*] = E(Z*) is given by ay = (1 4 3(n — 2)pq/npq).

Example 10

Consider a binomial distribution with n=150 trials and p=0.30 (so that u =np=15). Note
that we would like to have np > 15, but 2501% =19.05 implies that the requirement on skew-
ness n=>50 > 2503 is easily satisfied and similarly, Soq = 14.8762 shows that the oy require-
ment is also satisfied because n > 14.8762. Then the range space of the discrete rv, Xp, is
Rx={0,1,2,3,...,50}. The exact pr of attaining exactly 12 successes in 50 trials is given by
b(12; 50, 0.30) = P(Xp = 12) = 50C12(0.30)'2(0.70) = 0.083 83.

To apply the normal distribution (with =15 and o =npq= 10.50) in order to approximate
the P(Xp = 12), we 1st have to select an interval on a continuous scale, X¢, to represent Xp = 12.
Clearly this continuous interval on X¢ has to be (11.5, 12.5), i.e. we will have a correction of 0.50
for continuity. In short, Xp =12 = (11.5, 12.5)¢. Thus,

P(Xp=12) = P15 <Xe < 125) =P L2 1 5, 1251
PEAE I == T 32404 T 7T 732404

=P(-1.0801 <Z < —0.77152) = &(—0.771 52) — &(—1.080 1)
= 0.220200 — 0.140 044 = 0.080 157.
Since the exact pr was 0.083 83, the percent relative error in the above approximation is

0.083 83 — 0.080 157
0.083 83

% Relative Error = ( > x 100 = 4.382%.

Next we compute the exact pr that X exceeds 12, i.e. P(Xp > 12) = 1 — B(12;50,0.30) =
1 —0.222 8658 = 0.777 134. The normal approximation to this binomial pr is

P(Xc > 12.5) = P(Z > —0.77152) = 0.77980 = P(Xp > 12).

The % error in this approximation is 0.343%.

As stated earlier, the normal approximation to the binomial should improve as n increases and as
p — 0.50. To illustrate this fact, consider a binomial distribution with parameters n = 65 and p = 0.40.
Then, £ = np = 26,0 = (npq)'/? = 3.9497, and P(Xp = 22) =45C22(0.40)*2(0.60)** = 0.0617.
The normal approximation to this b(22; 65, 0.40) is P(21.5 <X¢ < 22.5) = P(—1.13933 < Z <
—0.88615) = 0.18777 — 0.127 28 = 0.060 5 with relative % error of 1.935%.

Further, P(Xp < 23)=B(22; 65, 0.40)= Ziio 65Cx(0.40)%(0.60)%~* = 0.188 327. The normal
approximation to this binomial cdf corrected for continuity (cfc) is P(X¢ < 22.5) = P(Z <
—0.88615) = ®(—0.886 15) = 0.187 769 2 with an error of 0.296 2%.

THE EXPONENTIAL pdf

A continuous rv, X, with pdf f(x; 1) =ie ~** is said to be exponentially distributed at the average
rate of A > 0. The cdf of the exponential density is given by

F(x) = / reMdt=1—e ™.
0

The exponential pdf has widespread and enormous applications in reliability engineering (or life
testing) and in stochastic processes (specifically queuing theory). The majority of its applications
occur because of its relation to the Poisson distribution as shown below.

Consider a Poisson event that occurs at a rate of A per unit of time. The average number of
occurrences during an interval of length t is At. Let X(t) represent the number of Poisson events
occurring during an interval of length t, i.e. Rx) ={0,1,2,3,...}. Then from the Poisson pmf

(}‘t)o ef)q _ e—kt

PIX() = 0] = e =
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Next, define a continuous rv, T, as follows: T = the time between the occurrences of 2 successive
Poisson events (or T = intercurrence or intervening time of 2 successive Poisson events). Clearly,
the following two events are equivalent.

[X(t) = 0] = [T > t].
Thus,

PT>t)=PX(t)=0l=e™M=1—-P(T<t)=1—-Ft) — Ft)y=1—e™
—  f(t) = dF(t)/dt = re™

The above developments show that if the number of occurrences of an event is Poisson distributed,
then the occurrence time, T, to the next Poisson event measured from the last occurrence is
exponentially distributed.

Example 11

The number of downtimes of a computer network is Poisson distributed with an average of 0.20
downtime/week. Compute the pr of exactly 2 failures next week.

0.20)>
p(2;0.20) = (T) x e %20 =0.0164.

Next, the pr that the time between 2 future successive downtimes exceeds one week is given by
P(T > 1) =P[X(1)=0] =e¢%2° =0.818 73. The pr that exactly 2 failures occur in the next 3 weeks
is computed as follows.

Y = number of failures/(3 weeks) —> wu = At =(0.20) x 3 = 0.60

0.60)?
P(Y =2) = %e*“‘) =0.09879.

The pr that the time between 2 successive downtimes (or failures) exceeds 3 weeks is
P(T > 3)=P[X(3) =Y = 0] = ¢~%0 = 0.548 812. The pr that the time between next 2 failures will be
shorter than 2 weeks is given by P(T <2)=P[X(2) > 1]=1—-P[X(2)=0]=1—-¢7%%=0.3297.
This pr can also be computed by the direct integration of the exponential pdf as P(T <2)=
702067020t =1 — e020x2=0.3297.

Finally, the pr that the time (since the last system failure) to the next downtime will be less than
4 weeks is P(T <4)=1—¢"%80=0.5507.

In this last example, the P(T < 4) also is referred to as the unreliability at time t =4 weeks, and
therefore, the reliability at time t =4 weeks is defined as R(4) =P(T > 4)=1—P(T <4)=0.449 3.
Note that by reliability at 4 units of time we mean the pr that a system survives beyond t=4,
i.e. in general R(t) =Pr(survival > t)=P(T > t) = ﬁoof(x) dx, where f(t) represents the mortality
(or failure) density function of the rv T.

2.2.7.3 Statistical inference

By statistical inference (SI) we mean estimation and/or test of hypothesis. There are two types of
estimates: point and (confidence) interval estimate. A point estimate, or estimator,* is a random
variable (or statistic) before the sample is drawn, but it becomes a numerical value after the sample
is drawn estimating a population parameter (such as  and o). For example, any one of the statistics,
the sample mean X, the median X, the sample mode MO, etc., can be considered as point estimators
of the population mean 4. If the parameter under consideration is the population variance 2, then
we may use any one of the statistics

[~ VTP _
=D i-%, &= (%,
i=1 i=1

* The term estimator, 0, is applied to the random variable, and the word estimate is reserved for the numerical value of 6 taken on
by the random variable after the sample is drawn and the experimental data have been inserted.
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or (R/d,)? as estimators of 2, where R is the sample range, d, = E (R/5), and the rv w = R/c is called
the relative range in the field of QC. Note that any symbol with a hat atop it implies an estimator. The
question is then how one chooses among several available estimators of a given process parameter?
The obvious answer is to select the estimator that is the most accurate, i.e. whose value comes closest
to the true value of the parameter being estimated in the long run.

Since a point estimator, 0, is a random variable (i.e. it changes from sample to sample), it has a pr

density function, and for 6 to be an ‘accurate’ estimator, the pdf of 6 should be closely concentrated
about the population parameter 6. The criterion used to decide which one of the two estimators

(6, or 6,) of the parameter @ is better now follows.

The statistic 6, is said to be a more accurate estimator of 6 than &, iff E[(9; — 8)*] < E [(6, — 6)?].
Since E[(§ — 6)*] is defined to be the mean square error of §, i.e. MSE(0) = E[(§ — 6)?], then § is a
more accurate estimator than 6, iff MSE (8;) < MSE ().

PROPERTIES OF POINT ESTIMATORS

An estimator is said to be consistent iff the limit (n — c0) of & = 6. If the population is finite of size

N, then 6 is consistent iff limit of = 6 as n — N. For example, X is a consistent estimator of u for
both finite and infinite populations because limit of X = 1 as n — N. However, S? is not a consistent
estimator of o for finite populations but S? becomes consistent as N — oo.

One of the most important property of a point estimator is the amount of bias in the estimator.
The amount of bias in a point estimator is defined as

B(®) = E(@®) — 6 =E@ — 0)

and, therefore, 8 is an unbiased estimator iff E(é) =0 (i.e. B=0). Users make the common mistake
that an unbiased estimator is one whose value is equal to the parameter it is estimating. This is
completely false!

We now give the relationship between the accuracy of an estimator 6, measured by its MSE, and
the amount of bias in 6. It can be shown that

MSE(®) = V(0) + B* = [E(F*) — E*(§)] + B2
This equation clearly shows that MSE (0)= V() iff  is an unbiased estimator of 6.

Example 12

Consider an infinite population (not necessarily a normal population) with parameters x and o2, and
a simple random sample of size of n > 1 is drawn. Then E(X) = , i.e. X is an unbiased estimator of
the population mean p. The identity

D=0 =) (i — )~ @ wP ==Y (- W) - = ),
i=1 i=1

can be used to further prove that E (S?) = ¢ only for infinite populations. That is, S? is an unbiased
estimator of process variance o for any infinite population.

The relative efficiency (REL-EFF) of 0 to 0, is defined as MSE(8,)/MSE(®,). As an
example, consider a random sample of size n=6 from a population with unknown mean . Let

01 = (X1 +X2+ X3 + X4 + X5 +X6)/6 =X, and &, = (2x) + x4 — X6)/2. Then, E (@1) =E (éz) =u,ie.
both 6, and 8, are unbiased estimates of x but the MSE (6;) = 0% /6, MSE(6,) = 1.50? so that the
REL-EFF of 6; to 6, = (1.50%)/(6?/6) = 900%.

SAMPLING DISTRIBUTIONS OF STATISTICS WITH UNDERLYING NORMAL PARENT
POPULATIONS

In carrying out statistical inference, we will assume that the underlying distribution (or the parent
population) is Gaussian (or approximately so) in which case the sampling distribution of sample
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elements X1, Xy, . . ., X, is normal and mutually independent of each other. A summary of the most
commonly occurring normally-related statistics that are used to conduct SI on different population
parameters will now follow.

(i) Suppose X ~N(1,0?) and a random sample of size n has been drawn with sample values
X1, X2, . . ., Xn. Since the statistic X = (}_{_, x;) /n is a linear combination of normally and
independently distributed (NID) rvs, then X is also N(u, %/n). This implies that the sampling
distribution (SMD) of Z = (X — u)/(0/+/n)=((X — n)+/n)/o is that of the standardised
normal distribution N(0, 1) so that Z can be used for SI on u if the value of o is known.

(ii) If o is unknown and has to be estimated from the sample statistic S, then the SMD of
((X — w)+/n)/S = (X — 1)/ 0% is that of a Student’s t with (n — 1) degrees of freedom.

(iii) To compare the means of two normal populations, we make use of the fact that the SMD of
X) — X isN(p1 — 2, (012 /ny)+ (022 /1n3)). In case the two population variances are unknown
but equal, i.e. 07 =02 =02, then rv [(X] —X2) — (1 — 42)]/[Spy/(1/n1) + (1/n2)] has a ¢

sampling distribution with v=n; + n, — 2 df, where

¢ _ m—DS +m -1} _ CSS, +Css;
P n+n—2 T o4 m -2

(iv) It can be shown that if Z~N(0, 1), then the rv Z> has a chi-square (x?) distribution
with 1 degree of freedom (df). Using this fact, then it can be shown that the SMD of
S?(n—1)/0? =3I, (xi —X)?/o? follows a x* with (n —1) df (not n degrees of freedom).
If S,Z( represents the sample variance of machine X from a random sample of size ny and
S§ represents that of machine Y, then from statistical theory the sampling distribution of
S3/03)/(S /o, follows (SirR.A.) Fisher’s F with numerator degrees of freedom v =ny — 1,
and denominator degrees of freedom v, =n, — 1, where ny is the number of items sampled
at random from machine Y.

(v

~

CONFIDENCE INTERVALS FOR ONE PARAMETER OF A NORMAL UNIVERSE

Let (1 — &) be the confidence interval (CI) coefficient (or confidence level) for the population mean
. In the case of known o for the normal underlying distribution, the two-sided confidence interval
for w is given by

X = Zo/20/+/0 < o <X+ Zypp0/+/n, (2.2a)

where Z,, is the (a/2) x 100 percentage point of a standardised normal distribution. For example,
Z.025 = 1.96 is the same as the 97.5 percentile (or the 2&1/2 percentage point) of a N(0, 1) distribu-
tion. If the quality characteristic of interest, X, is of smaller-the-better (STB) type (such as loudness
of'a compressor, or radial force harmonic of a tire), then from an engineering standpoint it is best to
obtain an upper one-sided confidence interval for u given by

0 < u <X+ Zy0/4/n. (2.2b)

Conversely, if the quality characteristic, X, is of larger-the-better (LTB) type (such as tensile
strength, efficiency, etc) then it is best to provide a lower one-sided confidence interval for p, which
is given by

X — Zo0/+/n < 1 < 00. (2.2¢)

If the population standard deviation, o, of the normal universe is unknown and has to be estimated
by sample statistic S = /(1/(n — 1)) >, (x; — X)2, then in equations (2.2) for the CI on u, replace
o by its estimator S and replace Z, with t,.,_; Where ty.n—; is the o x 100 percentage point of a
Student’s t distribution with (n — 1) degrees of freedom.

Example 13
A normal process manufactures wires with a strength lower specification limit LSL = 8.28 units
and variance o = 0.029 93 units? (‘units’ is used to indicate some measure of strength). A random

sample of size n =25 items gave leil X; =217.250 units. Our objective is to obtain the point and
95% interval estimators (1 — « = 0.95) for the process mean .
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The point estimator of the process mean strength, u, is

25

1
=X= TZ = 8.690 units.

Since w is an LTB type parameter, then we develop a 95% lower CI for u (note that there
are no concerns about strength being too high from the consumers’ standpoint). The lower

95% confidence limit for u, from (2.2¢), is given by pup =X — Zo 5 X 6/4/n =8.690 — 1.645 x

0.173/+/25 = 8.690 —0.0569 = 8.633 1 units. Thus, we are 95% confident that y lies in the inter-
val 8.633 1 < u < 0o. The number interval [8.633 1 units, co] no longer has a pr of 0.95 to contain the
true value of u because that pris either 0 or 1. However, the random interval X — 1.6450/4/n < 1 < 00
has a pr of 95% to contain p before the sample is drawn because X is a rv before the random draw-
ing of the n sample values. This implies that if we wish to test the null hypothesis Hy : © = 8.621
versus the one-sided alternative H; : i > 8.621 at the level of significance of o =0.05, then our
95% CI: 8.6331 < u < oo dictates that we must reject Hy in favour of H; at the 5% level of sig-
nificance because the hypothesised value of process mean o= 8.621 is outside the 95% CI, or
o =8.621 < . =8.633 1 units. On the other hand, our 95% CI does not allow us to conclude that
> 8.650 units at the 5% level because 8.650 is inside the 95% CI 8.633 1 < u < o0.

With the above example we have demonstrated that all confidence intervals in the universe are
tests of hypotheses in disguise because a lower (1 — «)100% one-sided CI for u provides all pos-
sible right-tailed tests at the level of significance « for the parameter w. In the above example
if the process variance o> were unknown and had to be estlmated from the sample, then the

sample values must be used to compute the USS = [ x2, say that for the above example

the uncorrected sum of squares were computed to be Y i, x?=1888.790 units>. Then, the
CSS=1888.790 — 217.252/25 = 0.887 50, S> = 0.887 5/24 = 0. 0370 and S = 0.192 3 units would
the point estimate of the unknown parameter o. The corresponding 95% lower confidence limit for

wis givenby up =X — to.0s.04 X S/4/n=8.690 — 1.711 x 0.192 3/+/25 = 8.624 units, which results
in the confidence interval 8.624 < u < co.

CONFIDENCE INTERVALS FOR PARAMETERS OF TWO NORMAL UNIVERSES

The Student’s t distribution must be used (except when the two process variances are known) in order
to compare two population means while the Fisher F distribution is used to compare two process
variances. We provide an example of how to compare two normal population means.

Example 14

For the sake of illustration consider the Experiment reported in the Journal of Waste and Haz-
ardous Materials (Vol. 6, 1989), where X; = weight percent calcium in standard cement, while
X, = weight percent calcium in cement doped with lead. Reduced levels of calcium would cause
the hydration mechanism to become blocked and allow water to attack various locations of the
cement structure. Ten samples of standard cement gave X; =90.0% with S; =5.0 while n, =15
samples of lead-doped cement resulted in X, = 87.0 with S, =4.0. Assuming that X; ~N(u1, 0?)
and X, ~ N(uz,02), then the rv [(X; —X2) — (111 — 12)1/[Spy/(1/n1) + (1/n;)] has a ¢ sampling
distribution with v=n; + n, — 2df. The expression for the two-sided 95% CI for ;| — u, is given
by X1 —Xz —to.02523 X Sp/(1/n1) + (1/m2) < a1 — 2 X1 — Xz +to.02523 X Sp/(1/11) + (1/1m2),
where tg 02523 = 2.069 and Sg =[9(25) 4+ 14(16)]/(23) = 19.521 74. Substitution of sample results
into the above expression yields (it — p2)L =3 —2.069 x 1.8038 = —0.732 and (it — u2)y =3+
3.732=6.732. Since this 95% CI, —0.732 < u; — up <6.732, includes zero, then there does not
exist a significant difference between the two population parameters 1| and j, at the 5% level, i.e.
the null hypothesis Hy : ;1] — i, = 0 cannot be rejected at the 5% level of significance. This implies
that doping cement with lead does not significantly (at the 5% level) alter water hydration mecha-
nism. Note that the null hypothesis Hy : 1} — 1, = 7 must be rejected at the 5% level of significance
because 7 is outside the 95% CI.

When the variances of the two independent normal populations, o? and o7, are unequal and
unknown, then the CI for ;; — u, must be obtained from the fact that the SMD of the rv

(X1 —X2) — (u1 — p2)
s s2
Sy %
np ny
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follows a Student’s t distribution with df v given by the following equation.

_(Si/ni + S3/my)?
(St/m)*  (S3/m)
L et

n; — 1 n; — 1

2.3)

where Max(n; — 1,n; — 1) <v <nj; +n; —2. As a general rule of thumb, we would recommend
against using the pooled t procedure outlined in Example 14 if S? > 282, or vice a versa. From the
above discussions we conclude that in case $2 > 2S2, then the t statistic for testing the null hypothesis
Ho: 1 — pp =6 is given by

_(Ki=%)-4
s s?
o1y 2
n np

to

If the test is 2-sided, then the acceptance interval for testing Hy : 101 — p = & at alevel of significance
0.05 is given by (—to.025:v, t0.025:v), Where v is given in equation (2.3).

2.2.7.4 Statistical process control (SPC)

The objective of SPC is to test the null hypothesis that the value of a process parameter is either at a
desired specified value, or at a value that has been established from a long-term data. This objective
is generally carried out through constructing a Shewhart control chart from m > 1 subgroups of data.
Further, it is assumed that the underlying distribution is approximately Gaussian, and for moderately
large sample sizes, it is also assumed that the SMD of the statistic used to construct the Shewhart
chart is also Gaussian. When a sample point goes out of control limits, the process must be stopped
in order to look for assignable causes, and if one is found, then corrective action must be taken and
the corresponding point should be removed from the chart. In case no assignable (or special) causes
are found, then the control chart has led to a false alarm (or a type I error). Since false alarms are
very expensive and disruptive to a manufacturing process, all Shewhart charts are designed in such
a manner that the pr of committing a type | error, «, is very small. The standard level of significance,
«, of all charts are set at « =0.002 7.

When departures from the underlying assumptions are not grossly violated, then a Shewhart
control chart will generally lead an experimenter to 27 false alarms in 10000 random samples.
Moreover, setting the value of « at 0.002 7, will correspond to three-sigma control limits for a
control chart as long as the normality assumption is tenable. We will discuss only two types of
charts: (1) Charts for continuous variables, and (2) Charts for attributes, where the measurement
system merely classifies a unit either as conforming to customer specifications or nonconforming
to specifications (i.e. success/failure, 0/1, defective/effective, etc.).

SHEWHART CONTROL CHARTS FOR VARIABLES

As an example, suppose we wish to control the dimension of piston ring inside diameters, X, with
design specifications X: 74.00 + 0.05 mm. The rings are manufactured through a forging process.
Since the random variable X is continuous, then we need two charts; one to control variability (or
o), and a second chart for controlling the process mean p. If subgroup sample sizes, n;, are identical
and lie within 2 <n <15, then an R-chart (i.e. range-chart) should be used to monitor variability,
but for n > 15, an S-chart should be used for control of variation. This is due to the fact that the
SMD of sample range, R, becomes unstable for moderate to large sample sizes. Samples of sizes
n; i=1,2,..., m) are taken from the process, generally at equal intervals of time, (where hourly
or daily samples, or samples taken at different shifts, are the most common), and the number of
subgroups m should generally lie within 20 < m < 50. Samples should be taken in such a manner as
to minimise the variability within samples and maximise the variability among samples, a concept
that is consistent with design of experiments (DOE). Such samples are generally referred to as
rational subgroups.
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R- AND X-CHARTS (FOR 2 <n < 15)

In practice the R-chart should be constructed first in order to bring variability in a state of statistical
control, followed by developing the X-chart for the purpose of monitoring the process mean. In order
to use the R-chart for monitoring process variation, the subgroup sample sizes n; (i=1,2,..., m)
must be the same, i.e. n; =n for all i, or else an R-chart cannot be constructed. All univariate control
charts consist of a central line, CNTL, a lower control limit LCL, and an upper control limit UCL.
Further, nearly in all cases, LCL =CNTL — 3 x se (sample statistic) and UCL = CNTL + 3 x se
(sample statistic), where in the case of the R-chart the sample statistic will be the sample range R,
while for the X-chart the sample statistic will be the sample mean X. The pertinent formulas are
provided below.

CNTLgr =R =

gl=

m
>
i=1

Note that we are taking the liberty to use the terminology standard error, se, as the estimate of the
Stdev of the sample statistic.

The se(R) = 6r = d3R/d,, the values of d; are giveninTable 2.12 forn=2,3, ..., 15, d% =V(R/o),
and the values of d; for a normal universe are given in Table 2.14. Since the most com-
mon of all sample sizes for constructing an R- and X-Chart is n=35, we compute 6 only for
n=>5. From Tables 2.12 & 2.14, se(R)=0.864 x R/2.326=0.37145 x R. Then for n=35, the
LCLr =R —3x0.37145 x R=R(1 — 1.1144) - LCLg =0, and UCLg =2.11436 x R. In fact,
it can be shown that the LCLg =0 for all sample sizes in the range 2 <n < 6, but LCLg > 0 for all
n> 6.

The central line for an X-Chart is given by CNTLy=1/m ) i", X; =X and the se(X) = o/ /1.
Since a J)oint estimateiof o is given by &y :ﬁﬁiz, then 65x=R/dy/n, as a result the
LCLy =X —3 x se(X) =X — 3R/dy+/n, and UCLg =X+ 3R/dy+/n. For samples of size n=35,
these last two control limits reduce to

LCL;y = X — 0.5768R, and UCLg = X + 0.5768R.

S- AND X-CHARTS

If subgroup sample sizes differ and/or n> 12, then process variation must be monitored by an
S-chart. The most common occurrence of an S-chart is when the sampling design is not balanced,
ie.ni’s (i=1,2,..., m) are not the same, then the experimenter has no option but to use an S-chart
for the control of variation. The central line is given by

mo T2 m
CNTLs =S, = [m} = [Z (n; — DS?/(N — m)}
i=1 i i=1

1/2

j=n;
=1
of squares within the ith subgroup. It can be shown (using the properties of x?) that for a
normal universe the E(S)=c40, where the constant ¢4 =,/2/(n — 1) x I'(n/2)/T'[(n — 1)/2] lies
in the interval (0.7978845, 1) for all n>2 and its limit as n— oo is equal to 1. Further,
the authors have shown that for n> 20 the value of c4 can be approximated to 5 decimals by
c4 = 4n® —8n+3.875/(4n — 3)(n — 1). These discussions imply that, in the long-run, the statis-
tic S underestimates the population standard deviation o, and hence an unbiased estimator of o for
a normal universe is given by 6x = S/c, (this is due to the fact that E(S) = c40).

where N= Y"I="'n;, and the quantity (n; — 1)S> =

(xij —X;)* is called the corrected sum

Table 2.14 THE VALUES OF d; FOR A NORMAL UNIVERSE

n 2 3 4 5 6 7 8 9 10 11 12 13 14 15

d; 0.853 0.888 0.880 0.864 0.848 0.833 0.820 0.808 0.797 0.787 0.778 0.770 0.763 0.756
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To compute the se(S), we make use of the fact that V(S) = E(S?) — [E(S)]* = 02 — (cs0)? =

(1—c3)o?. This development implies that se(S) = (1 — ¢3)1/26x = (1 — ¢3)/2(S/cy) = Sy/(ca) 2 — 1.
Thus the control limits are given by

LCLi(S) = Sp — 3Spv/(ca) 2 — 1 = [1 —3v/(ca)2 — 118,
UCLi(S) = Sp +3Spv/(ca)2 — 1 = [14+3/(ca)2 — 1S,

Note that the LCLs =0 when 2 <n; <5, but LCLg > 0 when n> 5. If the sampling design
is balanced, i.e. nj=n> 12 for all i, then replace S, in the previous two equations with
S=(1/m)35, Si. . . o

Once variability is in a state of statistical control (i.e. all sample S;’s lie within their own control
limits), then an X-chart is developed to monitor the process mean. The central line for an X-chart is
given by

CNTLgr =X = ) nX/N

where N = Z:l“ n;. Since the V(X;) = 0% /n;, then se(X;) = 6x //; = (Sp/c4/M), and as a result

_ S — S
LCL(X) =X — P Li(X) =X+ 3——. 2.4
CLi(X) =X 304 = and UCL;(X) X—|—3c4 = 24

Note that if the sampling design is unbalanced, then all points on the S- and X-charts have the
same CTLNSs but every point on both charts has its own control limits due to differing sample sizes.
When the sampling scheme is balanced (i.e. n; =n for all i), then in equation (2.4) replace S, with

S=(1/my",s.

SHEWHART CONTROL CHART FOR FRACTION NONCONFORMING (THE P-CHART)

As an example, consider an injection moulding process that produces instrument panels for an
automobile. The occurrence of splay, voids, or short shots will make the panel defective. Thus we
have a binomial process where each panel is classified as defective (or 1) or as conforming (or 0).
The binomial rv, X, represents the number of nonconforming panels in a random sample of size n;,
where it is best to have at least m > 20 subgroups in order to construct the p-chart, where p is the
FNC of the process. The sample FNC is given by p = X/n, and if n > 30 and np and nq > 10, then
the SMD of p is approximately normal with mean p and se(p) = /pq/n, where q= (1 —p) is the
process fraction conforming (or process yield). The central line is given by

X monps
CNTLP _ Zl:l - — ZI:I nip — 5
2isi N

where N = Z:jl" n; is the total number of units inspected by attributes in all m samples, X; represents
the number of NC units in the ith subgroup, and p; = X;/n; is the sample FNC of the ith subgroup.

Since the estimate of the se(p;) = /p(1 — p)/ni, then the control limits for the ith subgroup is given
by LCLi(p) = p — 3\/W, and UCL;(p) =p + 3+/p(1 — p)/n;. Note that, when subgroup
sizes differ on a Shewhart p-chart, then every sample FNC, p;, has its own control limit. If the
difference between maximum and minimum sample sizes do not exceed 10 units, then a p-chart
based on average sample size should be constructed for monitoring process FNC. In all cases the
central line stays the same, but the average control limits simplify to

p(1 —p)

LCL(p)=p—3 and  UCL(p)=p+3)/ ~—,

p(1 —p)

—
where T = (1/m) Y} | n;. The reader is cautioned to the fact that if a p-chart based on an average
sample size is used to monitor process FNC, then all points (i.e. all sample FNCs) that are close to
their average control limits (whether in or out of control) must be checked against their own limits
to determine their control nature.
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Table 2.15 DATA FOR TEXTILE PROCESS EXAMPLE

Sample number (i) 1 2 3 4 5 6 7 8 9 10
Square metres 180 150 120 90 150 160 120 140 130 175

i 9 15 6 5 16 10 4 12 14 9

nj 1.8 1.5 12 0.90 1.5 1.6 1.2 1.4 1.3 1.75
uj 5.00 10.00 5.000 5.556 10.667 6.25 3333 8.571  10.769 5.143
LCL; 1.123  0.555 0.00 0.00 0.555 0.762  0.00 0.327  0.0724 1.038
UCL; 13.012 13.579 14348 15474 13.579 13.372 14348 13.807 14.062 13.096

SHEWHART CONTROL CHART FOR NUMBER OF NONCONFORMITIES PER UNIT (THE u-CHART)

Since the construction of the u-chart is not as straight forward as the others discussed thus far, we
will describe the methodology through an example. In practice, it is best to have at least m =20
subgroups, but herein for simplicity we will use m = 10 samples of differing sizes. Consider a textile
process that produces oilcloth in lots of differing sizes, measured in square metres. An inspector
selects m = 10 lots at random and counts the number of defects, c;, in each lot (or sample). The data
is displayed in Table 2.15.

Note that in Table 2.15, because of different square metres, we have arbitrarily let 100 square
metres equal to one unit, although 50, or, 10, or any other convenient square metres would work
just as well. Further, u; =cj/n; represents the number of defects per unit. Note that because of
differing sample sizes, it would be erroneous to compute the average number of defects per unit
from (1/m) Y ;2| u; =7.028 9, where this last formula would work only if all n;’s were identical. The
correct formula for the central line is given by

CNTL, =1 = Yimic imnw 100
u - —_ =

i- . = =7.0671
SIS n 1415

It is well known that the number of defects per unit, c, follows a Poisson process and hence its
variance is also given by E(c), i.e. V(c) can be approximated by u. Unfortunately, the terminology and
notation for a u-chart has been somewhat confusing in statistical and QC literature and we anticipate
no change. Therefore, herein we attempt to remedy the notational problem to some extent. First of all,
the fifth row of Table 2.15 actually provides the average number of defects per unit for the ith sample,
and hence the proper notation for the fifth row should be u; (not u; as is used in QC literature) because
a bar is generally placed on averages in the field of statistics. This implies that a u-chart is actually a
u-chart because it is the average number of defects per unit that is plotted on this chart. Secondly, the
central line should be called u because the CNTL gives the grand average of all average number of
defects per unit. These discussions lead to the fact that firstly V(u) = V(c)/n, and secondly V() can
be estimated by u/n. Since we do not wish to deviate from QC literature terminology, we will stay
with the existing notation and let u; represent the average number of defects per unit with CNTL asu
and the se(u) = +/u/n;. Thus, the LCL;(u) =u — 3/u/n;, and UCL;(u) =u + 3,/u/n;. The values of
control limits for all the m = 10 samples are provided in the last two rows of Table 2.15. Table 2.15
clearly shows that each u; is well within its own control limits, implying that the process is in a state
of excellent statistical control. Note that in all cases when the value of LCL became negative, a zero
LCL was assigned in row 6 of Table 2.15.

This example provides a good illustration of a process that is in an excellent state of statistical
control, but one that is in all pr not capable of meeting customer specifications due to the fact that
u=7.0671 is too large and customers in today’s global market will generally demand lower average
number defects per unit. If this manufacturer does not improve its process capability through quality
improvement (QI) methods, it may not survive very long in global competition.

Further, SPC is not a QI method but simply an on-line procedure to monitor process quality and
to identify where the quality problems lie. After problems are identified, then off-line methods (DOE
or Taguchi methods) can be applied to fine-tune a process.
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3 General physical and chemical

constants

Table 3.1 ATOMIC WEIGHTS AND ATOMIC NUMBERS OF THE ELEMENTS

International International

Atomic  atomic weights* Atomic  atomic weights*

number 1971 number 1971
Name Symbol % 2c=12 Name Symbol % 2c=12
Actinium Ac 89 (227) Iridium Ir 77 192.2,
Aluminium Al 13 26.981 54 Iron Fe 26 55.847
Americium  Am 95 (243) Krypton Kr 36 83.80
Antimony Sb 51 121.75 Lanthanum La 57 138.9055
Argon Ar 18 39.944 Lawrencium Lr 103 (260)
Arsenic As 33 74.9216 Lead Pb 82 207.2
Astatine At 85 (210) Lithium Li 3 6.94;
Barium Ba 56 137.34 Lutetium Lu 71 174.97
Berkelium Bk 97 (247) Magnesium Mg 12 24.305
Beryllium Be 4 9.01218 Manganese Mn 25 54.9380
Bismuth Bi 83 208.9804 Mendelevium Md 101 (258)
Boron B 5 10.81 Mercury Hg 80 200.59
Bromine Br 35 79.904 Molybdenum Mo 42 95.94
Cadmium Cd 48 112.40 Neodymium Nd 60 144.24
Caesium Cs 55 132.9054 Neon Ne 10 20.179
Calcium Ca 20 40.08 Neptunium Np 93 237.0482
Californium  Cf 98 (251) Nickel Ni 28 58.69
Carbon C 6 12.011 Niobium Nb 41 92.906 4
Cerium Ce 58 140.12 (Columbium)
Chlorine Cl 17 35.453 Nitrogen N 7 14.0067
Chromium Cr 24 51.996 Nobelium No 102 (259)
Cobalt Co 27 58.9332 Osmium Os 76 190.2
Copper Cu 29 63.54¢ Oxygen (0] 8 15.9994
Curium Cm 96 (247) Palladium Pd 46 106.42
Dysprosium Dy 66 162.5¢ Phosphorus P 15 30.9738
Einstenium  Es 99 (254) Platinum Pt 78 195.09
Erbium Er 68 167.2¢ Plutonium Pu 94 (244)
Europium Eu 63 151.96 Polonium Po 84 (209)
Fermium Fm 100 (257) Potassium K 19 39.09g
Fluorine F 9 18.998 40 Praseodymium  Pr 59 140.908
Francium Fr 87 (223) Promethium Pm 61 (145)
Gadolinium  Gd 64 157.25 Protactinium Pa 91 231.0359
Gallium Ga 31 69.72 Radium Ra 88 226.025
Germanium  Ge 32 72.59 Radon Rn 86 (222)
Gold Au 79 196.966 5 Rhenium Re 75 186.2
Hafnium Hf 72 178.4¢ Rhodium Rh 45 102.9055
Helium He 2 4.002 60 Rubidium Rb 37 85.467g
Holmium Ho 67 164.9304 Ruthenium Ru 44 101.07
Hydrogen H 1 1.0079 Samarium Sm 62 150.36
Indium In 49 114.82 Scandium Sc 21 44.9559
Todine I 53 126.904 5 Selenium Se 34 78.9

(continued)
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Table 3.1 ATOMIC WEIGHTS AND ATOMIC NUMBERS OF THE ELEMENTS—continued

International International

Atomic atomic weights* Atomic atomic weights*

number 1971 number 1971
Name Symbol % 2c=12 Name Symbol % 2c=12
Silicon Si 14 28.0855 Thulium Tm 69 168.934
Silver Ag 47 107.868 Tin Sn 50 118.71
Sodium Na 11 22.9898 Titanium Ti 22 47.88
Strontium Sr 38 87.62 Tungsten w 74 183.85
Sulphur S 16 32.06 Uranium 8] 92 238.029
Tantalum Ta 73 180.947¢ Vanadium A\ 23 50.9414
Technetium  Tc 43 (98) Xenon Xe 54 131.30
Tellurium Te 52 127.6¢ Ytterbium Yb 70 173.04
Terbium Tb 65 158.925 Yttrium Y 39 88.9059
Thallium Tl 81 204.383 Zinc Zn 30 65.39
Thorium Th 90 232.038 Zirconium  Zr 40 91.224

*Atomic Weights of the Elements 1981, Pure and Applied Chemistry 1983, 55 (7), 1101-1136. A value given in brackets denotes
the mass number of the isotope of longest known half-life. Because of natural variation in the relative abundance of the isotopes
of some elements, their atomic weights may vary. Apart from this they are considered reliable to £1 in the last digit, or £3 if that

digit is subscript.

Table 3.2 GENERAL PHYSICAL CONSTANTS

The probable errors of the various quantities may be obtained from the reference given at the end of the table.

Quantity Symbol Value Units
Acceleration due to gravity (standard) Zn 9.806 65 ms~2
Atmospheric pressure (standard) Ao 1.01325 x 10° Pa
Atomic mass unit my 1.6605655 x 10~%7 kg
Atomic weight of electron Nyme 5.4868026 x 1074 u*
Avogadro number Ny 6.022045 x 105 mol~!
Boltzmann’s constant k 1380662 x 10723 JK!
Bohr radius ap 5.2917706 x 10~ m
Bohr magneton up 9.274078 x 10724 JT!
Charge in electrolysis of 1 g hydrogen F/H 9.572378 x 10* C
Compton wavelength of electron AC 24263089 x 10712 m
Classical electron radius Te 2.8179380 x 10713 m
Compton wavelength of proton hep 1.3214099 x 10715 m
Compton wavelength of neutron Aen 1.3195909 x 10713 m
Density of the earth (average) 8 5.518 x 103 kg m™3
(core) 1.072 x 10* kgm™3
Density of mercury (0°C, 4g) Dy 1.359508 x 10% kgm™3
Density of water (max) Sm(H0) 9.99972 x 102 kgm™3
Electronic charge e 1.6021892 x 10719 C
Electron rest mass me 9.109534 x 1073! kg
Electron volt energy E, 1.602192 x 10719 J
Electron magnetic moment e 9.284832 x 10724 JT!
Faraday constant F 9.648 456 x 10* Cmol™!
Fine structure constant o 72973506 x 1073 —
Gas constant Ry 8.31441 JK~! mol™!
Gravitational constant G 6.6720 x 10711 Nm? kg2
Ice point (absolute value) To 27315 x 10% K
Litre (12th CGPM 1964) 1 1.0 exactly x 1073 m?
(1963 weights and measures) 1.000028 x 1073 m3
Neutron rest mass my 1.6749543 x 10727 kg
Planck’s constant h 6.626 176 x 1073 Js
Proton rest mass my 1.6726485 x 10727 kg

(continued)



General physical and chemical constants ~ 3-3

Table 3.2 GENERAL PHYSICAL CONSTANTS—continued

Quantity Symbol Value Units
Radiation constant—first 8mhe 4992563 x 1072 Jm
Radiation constant—second ¢ = helk 1.438 786 x 1072 mK
Rydberg’s constant Roo 1.097373 177 x 107 m~!
Stefan—Boltzmann constant 5.67032 x 10~8 Wm—2 K~
Velocity of light ¢ 2.997 924 580 x 103 ms~!
Volume of ideal gas (0°C, 4q) Vo 224136 x 1072 m3 mol~!
Wien’s constant AT 2.8978 x 1073 mK
Zeeman displacement 4.66858 x 10 mWb~!

*u = unified atomic mass unit (amu) based on u = % of the mass of 12C.

REFERENCES

‘Quantities, Units and Symbols’, The Royal Society, 1981.

Table 3.3 MOMENTS OF INERTIA
Moment of inertia = Mk? where M is mass and k radius of gyration.

Body Dimensions Axis* k2
Uniform thin rod length / Through centre, perpendicular to rod ~ 12/12
Through end, perpendicular to rod 273
Rectangular lamina sides a and b Through centre, perpendicular to (a® + b2)/12
plane of lamina
Through centre, parallel to side b a*/12
Circular lamina radius Through centre, perpendicular to 212
plane of lamina
Through any diameter /4

Annular lamina

Rectangular solid

Sphere
Spherical shell
Thin spherical shell

Right circular cylinder

Hollow circular
cylinder

Thin hollow circular
cylinder

Right circular cone

Ellipsoid

radii | and

sides a, b and ¢

radius
radii 7; and
radius
radius
length /

radii 7; and
length /

radius
length /

height i
base radius r

semi-axis a, n and ¢

Through centre perpendicular to
plane of lamina

Through any diameter

Through centre, perpendicular to
face ab

Through any diameter

Through any diameter

Through any diameter
Longitudinal axis through centre
Through centre perpendicular to
longitudinal axis

Longitudinal axis through centre
Through centre perpendicular to
longitudinal axis

Longitudinal axis through centre
Through centre perpendicular to
longitudinal axis

Longitudinal axis through apex
Through centre of gravity
perpendicular to longitudinal axis
Through centre along axis a

1 +13)2

(r} +13)4
(a* +b%)/12

2r%/5

2 — 1350 = 13)
2213

22

r2/4+ 1212

o} +rd)2
(r} +13)/4+ 1212

72

2241212

3r2/10
3(r2 + h%/4)120

B+ A5

*If the moment of inertia 7, about an axis through the centre of gravity is known, then the moment, /, about any other parallel

axis may be obtained from

[ =1, + MK

where 4 is the distance from the centre of gravity to the parallel axis.
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Figure 3.1 The Periodic Table

1 H 2 He
1 2
1.007 94 40026
| |
3 U 4 Be 5 B 6 C 7 N 8 O 9 F 10 Ne
21 2:2 2.3 24 25 2.6 2.7 2.8
6941 9.01218 10-81 12.011 14.0067 15.999 18.998 20.183
| | | | | | |
1 Na| [12 Mg 13 Al 14 Si 5 P 6 S 17 Cl 18 Ar
2.8-1 2.8-2 283 284 285 286 287 288
22.9898 24.312 26.9815 28.0855| | 309738 32.064 35.453 39.948
| | | | | | |
19 K 20 ca| [21 sc 22 Ti[23 V|24 cr[2s mn[26 Fe[e7 coles Ni| [20 cu] [0 zn 31 Ga| [32 ae| [33 As| [34 se| [s5 Br 36 Kr
-8-8-1 -8-8-2 -8-9-2 -8-10-2 [ -8-11-2 | -8-13-1 | -8-132 | -8-14-2 | -8-15-2 | -8-162 -8-18-1 -8-18-2 -8-18:3 -8-18-4 -8-18:5 -8-18-6 -8-18.7 -8-18-8
39102 40-08 44.956 47.88 | 50942 | 51.996 | 54.938 | 55847 |58.9332| 58-69 63-54 65-39 69.72 7259 74.9216 78.96 79-909 83-8
| | | [ [ [ [ T [ ] | | | | | | |
37 mo| [s8 sr| [s9 ¥ 40 Zr [41 Nb[42 Mo[43 Tc|44 Ru[45 Rn[46 Pd| [47 Ag 48 cd| [49 n 50 sn| [51 sb| [52 Te| [s3 1 54 Xe
-18-8-1 -18-8-2 -18-92 -18-10-2 |-18-12-1|-18-13-1|-18-13-2 [-18-15-1 |-18-16-1|-18-18-0  |-18-18-1| |-18-18-2| |-18-18-3 -18-18-4| |-18-18-5| |-18-18-6| |-18-18-7| |-18-18-8
85:47 87-62 88:905 91-224 [ 92-906 | 9594 | (98) | 10107 |102:905| 106-42 107-870 112:40 114.82 11871 121.75 1276 126:904 131-30
| | | [ [ [ [ T [ | | | | | | | |
55 Cs| [s6 Ba| [57 La 71 Lu[72 Hi[73 Ta|74 W[75 Re|76 Os|77 |78 Pt| [79 Au 80 Hg| [81 T 82 Po| [83 Bi 84 Po| [85 A 8 Rn
-18-8-1 -18-8-2 -18-9-2 -32-9-2 |-32-10-2|-32-11-2 |-32-12-2|-82-13-2 | -82-14-2 | -32-15-2| -32-16-2|  |-32-18-1| |-32-182| [-32-18-3 -32-18-4| |-32-18-5| |-82-18-6| |-32-18-7| |-32-18-8
132905 137-34 13891 A 17447 | 178-49 |180-948 | 18385 | 1862 | 1902 | 1922 | 195.09 196967 200-59 204-83 207-19 20898 (209) (210) (222)

58 Ce[59 Pr[60 Nd[61 Pm[62 Sm[63 Eu
19-92 | 20-92 | -22-8-2 | -23-8-2 | -24-8-2 | -25-8-2
140-12 |140-908 | 144-24 | (145) | 15035 | 151.96
Rare earths KEY.
64 Gdl65 Tble6 Dy[67 Holes Er[69 Tm|70 Yb ) )
-25-92 | 26-9-2 | -28-8-2 | -29-8-2 | -30-8-2 | -31-8-2 | -32-8-2 Atomic Chemical
number symbol
157.25 |158-925 | 162:50 | 164-93 | 167-26 |168-934 | 173.04
I N A decron| 0
electron (%) ’ .
87 Fr| [88 Ra| [89 Ac 90 Th|91 Pal92 U[93 Np|94 Pu|95 Am|96 Cm|97 Bk[98 Ci|99 Es[100 Fm [101 Md [102 No[103 Lr|104 R shells ™ Atomic weight
-18-8-1 -18-8-2 -18-9-2 19-9-2 | -20-92 | -21-9-2 | -22-9-2 | -23-9-2 | -24-9-2 | -25-9-2 | -26-9-2 | -28-9-2 | -29-8-2 | -30-8-2 | -31-8-2 | -32-8-2 f)’?k':"nzzss:‘t‘n";ai’
(223) (226) (227) 232.038 | (231) | 238.03 | (237) | (244) | (243) | (247) | (247) | (251) | (254) | (257) | (258) | (259) | (262) | (261) isotope
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3.1 Radioactive isotopes and radiation sources

Tables 3.4, 3.5 and 3.6 are so arranged as to assist in selecting an isotope with a given half-life and
decay radiation energy, for positron, beta and gamma emitters.

Tables 3.7 to 3.12 list the most commonly used commercially available alpha, beta and neutron
sources.

Table 3.4 POSITRON EMITTERS (USEFUL NUCLIDES)

Btenergies
Isotope Half-life MeV %
Oxygen-15 2.0 min 1.73-99.9
Nitrogen-13 10.0 min 1.20-99.8
Bromine-80 17.4 min 0.85-2.6
Carbon-11 20.4 min 0.96-99.8
Manganese-52 m 21.1 min 2.63-96.4
Gallium-68 68.0 min 0.82-1.1
1.90-87.9
Fluorine-18 109.8 min 0.63-100
Titanium-45 3.1h 1.04-84.8
Scandium-44 39h 1.48-94.4
Iron-52 (Daughter: Mn-52 m) 8.3h 0.80-56.0
Zinc-62 9.3h 0.61-7.6
Gallium-66 9.4h 0.36-1.0
0.77-0.7
0.92-4.1
1.78-0.4
4.15-49.6
Copper-64 12.7h 0.65-17.9
Niobium-90 14.6h 1.50-53
Cobalt-55 17.5h 0.44-0.27
0.48-0.03
0.65-0.46
Arsenic-72 26.0h 0.81-0.5
1.87-6.0
2.50-64.0
2.64-0.1
3.33-16.5
Nickel-57 36.1h 0.30-0.41
0.46-0.87
0.72-5.7
0.84-33.1
Gold-194 39.5h 1.16-0.64
1.49-1.0
Bromine-77 56h 0.34-0.73
Yttrium-87 80.3h 0.45-0.16
Iodine-124 4.2d 0.81-0.29
1.53-11.2
2.14-11.2
Manganese-52 5.6d 0.58-29.6
Caesium-132 6.5d 0.6-0.3
Todine-126 13.0d 0.47-0.2
1.13-0.8
Vanadium-48 16.2d 0.56-0.1
0.70-50.0
1.99-0.09
0.94-25.7
Arsenic-74 17.8d 1.54-3.4
Rubidium-84 32.8d 0.78-14.4
1.66-11.9
Cobalt-58 70.8d 0.48-15.0
Cobalt-56 78.8d 0.42-1.1
1.46-18.8
Yttrium-88 106.6d 0.76-0.22
Zinc-65 243.9d 0.33-1.5
Sodium-22 2.60yr 0.55-89.8
1.89-0.06

Aluminium-26 7.2 x 103 yr 1.17-81.8
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Table 3.5 BETA ENERGIES AND HALF-LIVES

Half-life
B~ -energy
MeV <1 hour 1-10 hours 10 hours—1 day
0-0.3 IOIMO 233Th 31si IOSRu 117c¢ ZSMg 77GC 1301
’ 127Te: 165Dy: 171 gy, 188Re ’ ’ ’
177y
0.3-0.5 8Rb,  100Mo,  16mIp,  Mn,  6Co ONi, Mg BK "2Ga
2337 9NDb,  105Ru,  117¢q, 77Ge,’ 972;, 1301,
1321 149N, gy, 187y, 188Re, 194,
177y, 197p¢
0.5-0.7 0Ga,  %Br,  ¥Rp,  ONi,  PGe,  UNb, ®Cu, 2Ga,  7"Ge,
101N, 101, Homp, — 105Ry n7¢q, 127, 7y, 13op, 142p,.
19p 2337 1320 Isampy 171y 159G4, 187y, 188Re,
1947, 197py
0.7-1.0 4 Ca, 97n, 80Br, 4lAr, 56Mn, BGe, Mg, BK, 72Ga,
81ge 88Rb, 101\ o 85my - 97Nb. 105Ry, 71Ge 977y 1307
101, 16my, U7y, 7¢q, 132 139R,, 159Gq, 187y, 1941
144p,. 155G, 199p¢ 152mpy 165Dy 171g, 197p¢
2337hH
1.0-1.5 B, Yca, 31si, YAr, Mn,  2*Na, BK,  "Ga,
SOBI‘ 81 Se. lOlMO 61 Co 65Ni 75Ge 77Ge 97Zr 109P¢
IOITC, IOSAg, llémln, 97Nb, 105R11, “7Cd, 1301’ 187VV; lSSRe,
1557y, 123mg, 128 1321, 1497, 165Dy, 1941,
155G 199p¢ 2331y 1715y 176my 177y
1.5-2.0 271\/[g 49Ca SITi IOSRu 117Cd, 1321 42K 43K 72Ga
66Cu ’ 70Ga’ SOB; 149Nd: ISZmEu ’ 77G’C 97ZI’. 1301 ’
Slse IOIMO IOSAg 188Re 194Ir
128] ’ 1555m: 199p( ’
2.0-3.0 281, B¢y, ¥Ca,  “Ar, S6Mn, 05N, 28Mg/28Al, 2Ga,
495 SITy 52y 7¢yq, 1321 1395, 71Ge 142p,. 183Re
66Cu 88Rb IOIMO 1941r
1281, 144Pr
>3.0 B¢, 88Rb K, 2Ga
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1-10 days 10-100 days 100 days—1 year > [ year
67Cu 76AS 77AS 33P 3SS 591:e 45Ca 110mAg 144Ce 3H 14C 63Ni
25 PMo. 15RL. 9Nb '03Ru IISmC:d, 1827, ’ T ossg, 9%37; 106R,,
1Bl 132, 133y l24gp. 129m/129Te 125G}, 1291 1340
143Ce '49Pr;1 151 py '47Nd,, 160T} 1910g 147p 1525, 154,
1661q 169Fy  175yp, 192y 203Hg’ 233p, 1555, 210py, 275,
1770, 198 Au, 199 Au ’ ’ 28R, 287y L Dp ’
22Rn+D.P. 25U+ DP,
238U/234Th
47g. 67cy T6As.  45c.  Fe oy 1ompg IBgy Mce 600 87Rb 9T
T ps. szBr’ PMo. 57r 103Ru’ HSmeg 1827, ’ " iasgp. 134Cg, ’ 1525,
121Sn 1311 133Xe 124sb 1261 154Eu 226Ra+DP
151pp, 161Tb 1661, 129m/129, 140g, 27A¢ +DP,
169Er ’ 175Yb 177Lu ’ 141 Ce 147Nd, IGOTb’ 228 Ra+D.P
199A1; 222R.1’1’+DP ’ lSle’ ISSW ’ 228Th+D4P4’
B5U+DP
41Ca, 1S, O7Cu, S6Rb, 1Mm/ll4py 10m A g 182, 85Kr, 90gy. 947h,
T6as. TAs. 10SRp. 115mc¢ 24gy ’ 125y, ‘34Cs 1370
”‘Ag’, nscé’ B3I, ’ 129m/129 140, 152Ey, 154Eu
30 151py. 1583, 14lce. 160y 1921, 26R, 1+ DP
161Tp, 1930, 233p, 28R4 A,
22Rn+D.P. 28Th+D.P.
OMo, Ag, 115Cd, ™As, SRb 957 127 1440g/144p, 360, 152, 154,
122Gy, Bl 43ce 103Ry  124gp 126p 70Ty, 2047 226Ra 4 D.P
149p ISlpy  1S3gm  129m/1297 14°Ba 2750 +DP, ’
186Re, 1930, T 198a, M3pp 147y q 1607}, 28R ,/228 A
22Rn+D.P. 1921r 28Th+ D.P.
41ca, T6As, PMo, TAs,  ®Sr, 957, 123gn 182, 40K 1370 152,
Mg Scq 122gh 1267 120m/129p 154Eu 226R0 1+ D.P
14°La, 143CC 149P1r; 14OBa/140La 227AC +D.P. ’
15lpy 186Re.  193(g, 28R4228 A,
20Bj, 2Ry 4 DP. 28Th 4+ DP,
238(5,234mp,
41Ca, T6As, 12gp,  32p, 9Fe, 86Rb. 82T, 60Co 106R /196 Ry
1407 5. 1661 ’ 91Y Ham /14y, ’ 154Eu’ 226Ra+D.P',
222Rn+D.P. ’ HSmeg, 124G, 228Ra/228AC ’
129m/129, 28T 4 Dp
140g,/1407 1607
T6pas. 90V H0p, 124Gy 1403,/140) o 110m/110 90,90y,
222Rn’+ DP’ ’ ’ 144Ce/l44Pr, 106Ru/106’Rh
226Ra+D.P,
22Th + DP,
228R./228A¢
238U/234mPa
22Rn+DP. 106R /106 Rp

226Ra+D.P.
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Table 3.6 GAMMA ENERGIES AND HALF-LIVES

Half-life
y-energy
MeV <1 hour 1-10 hours 10 hours—1 day
0-03 Mg,  Ga,  fmSe,  Fe,  'Co,  Ge, Mg, 4K, % Co,
81 Se. 94mNb IOIMO SOmKI. 85mKr 99mTC 77CIe 97Zr 109Pd,
101 lémp, 17y, 105Ry 17¢yg, 12776 1231 159G, 187y
155gm.  199p¢ 1321 134mg 139, 1947, 197mpe  197pg
149Nd, 152mEu 165 Dy
171 Er, 1 77Yb, 180m Hf
0.3-0.5 51Ty 101 1017, 65j 75Ge. 8Smyc 28Mg 2K BK
lemp,  128] 1559 87mgy 97Nb 105Ry 55Co 69mz 77Ge
19p¢ 17y, 127 1321 97, 109pg 123
149N, 152mpy 165Dy, 1301 159G, 187y
171g, 180mppe 194
0.5-0.7 llC 13N 150 ISF 44Sc 45Ti 43K SSCO 64Cu
SITi 80Br 81 Se. SZFC 65Ni 66Ga 72Ga 77Ge 97Zr
101 fo.  101T¢ 104Rp 68Ga 75Ge. CONS 109pg, 1231 1301
108pg 171y, 1281 105Ry, 17¢yg, 132 142p,. 159Gd, 187y,
144Pr 155Qm, 199Pt 149Nd, 152mEu léSDy 1941r
l71Er lSOme
(Including isotopes giving 0.51 MeV gamma rays from annihilation of positrons)
0.7-1.0 Mg, STy, 66y, 45T;, 6\, 61Co, BMg, 2y By
80Ry 8lge 88Rb 65N 66Ga 105Ry 55C0o 2Ga 77Ge
101\, 108Ag 116mp, 17y, 1321 149N, 977:9TmNB 109pg,
1281 155G 199p¢ 12mpy 165Dy, 171, 1231 1301 187y
177y, 1947,
1.0-15 Mg, ¥Ca, 2y, 38, 4MAr, M8, Na, BMg,  #K,
6Cu,  Ga,  ¥Br STi 65Ni 86Ga,  Co 84Cu,  Ga
88Rb.  101Mo 1087 ¢ 68Ga 97Nb 105Ry 71Ge 97y 1301
l6mp,  128] 144p,. 17y, 1321 1393, 1947,
155gy  199p¢ 149N, 152mpy 165Dy,
177Yb
1.5-2.0 28A1 38C 52V 41Ar 56]\/[1,.1 65Ni 28Mg/28A1 42K
88Rb.  101Mo 16mpy, 66Ga 68Ga 97Nb. 2Ga 77Ge 977y
105Ry 17y, 1321 142p,. 1941,
139,
20-30 8¢, ¥Ca,  Rb, 4gc, %Mn,  %Ga,  2*Na, 42K, 33Co,
101N 16mp,  144py 17y, 1321 2Ga 77Ge 1947,

>3.0 ¥Ca, BRb 6Mn,  °Ga
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1-10 days 10-100 days 100 days—1 year > ] year
47SC, 67Cu 67Ga, 59Fe 73AS 83 Rb, 57C0, 75 Se, 1 lOmAg’ 44Ti, 109C 125 Sb,
T As 77Bl’, ngr, 103pd/103mRh llSSn’ 119mgy 127mT€, 1291’ 133Ba, 152Eu’
97Ru, 99M0’ 105Rh 103Ru/103mRh IOSAg, 139Ce, 144Ce, 153Gd, 154Eu 155Eu, 208P0,
lllAg, lll]rl 115C0 114mh.l 125[ 170Tm, 181\;\/’ 182Ta, 210Pb 226Ra+D.P.,
1311’ 132Te 133mBa 129m/129Te 131 Ba, 19540 227A¢ +D.P,
133mXe, 133Xe 14°La, l31mXe, 140Ba, l‘”Ce, 228Ra/228AC,
143 Ce, 149 Pm, 151 Pm, 147Nd, 160Tb, 169Yb, 228Th +DP, 230Th,
153gm, lélTb 166HO 175Hf, 181Hf, lS}Re, 231Pa, 232U, 233U’
174Yb, 177Lu, lg(’RC, 18505, 19105, 19211,’ 235U+ D.P, 237Np,
193 Os, 197Hg, 199Au, 203 Hg, 223Ra, 233py 238U/234Th, 239Pu,
200Bi, 222Rn 4+ DP 241Am
224Ra, 22556
47Ca, 67Cu 67Ga, 7Be, SICI‘, 85 Sr. 75 Se, 106Ru/106Rh, 125 Sb, 133Ba, 134CS,
77Br, 87Y, 97Ru, 103Pd, IOSRU, IOSAg 1 IOmAg, 13g,/113my, 152Eu 154Eu, 207Bi,
99M0’ lOSRh’ lllAg, 1151nCd 124Sb, 1261’ 226Ra+DP
115Cd’ 1311’ 132CS, 129mTe/129Te’ lSlBa, 227A¢ +D.P,
140La, 143Ce, I51pm 14083/140La, 147Nd, 228Ra/228AC,
153 Sm, lGlTb, 175Yb, 160Tb 169Yb, 175Hf, 2281, +DP, 231})8.,
177Lu, 19305, 198Au, ISIHf 183Re, 1921, 232U 233U,
206Bi, 222R1’1 +DP, 223Ra 233Pa 235U +DP, 239Pu
224Ra, 22506
52Mn’ T2Ag 76AS, 48V, 56C0, 58Co 57C0 “Zn, SSY, 22Na, 26A1, 85 Kr,
77AS, 71 Br. 82Bl’, 74AS, 83Rb, 84Rp IOGRu/106Rh 1 lOmAg, 94Nb, 125 Sb, 134CS,
87Y, 97Ru. QQMO, 85 Sr, 103Ru IOSAg 127mT6, 144 C/144pp 137Cs/'37mBa, ISZEU,
lllAg, llSCd’ IZZSb, 114m1n, 124Sb 1261’ 154Eu, 207Bi, 208]30’
1241’ 1311’ 132CS, 129‘“Te/129Te, lSlBa, 226Ra+ D.P,
143Ce, 149p I51py 14OBa’ 147Nd, 160Tb, 227A¢ +D.P,
153Sm, lGlTb, 166HaJ lSle’ 185059 1921, 228Ra/228AC,
ISGRC, 19305, 198Auj 223 Ra 228Th +DP,
206Bi, 222R1’1 +DP, 238U/234m Pa
224Ra, 22506
47Ca, Sle’l, 67Ga, 46SC, 48\/, 56Co 54Mn SSY, 94Nb, 134CS, 152Eu
72AS, 76AS 77B1’, 58C0 83Rb, 84Rb, lOéRu/IOORh llOmAg’ 154Eu, 207Bi,
82p;, Ru, PMo, ¥sr, 9SNb, Bzr, 18Ty, 210p, 226Ra+D.P,
]”Ag, 1241 1311’ IOSAg 14mpy IlSmcd’ 227AC+D.P.,
140La, I43Ce 149p 124Sb 1261’ 228Ra/228Ac,
151ppy 166H0 186Re’ 129"‘Te/129Te, '31Ba, 2281 +DP,
193OS 206B] 14oBa/140La, 160Tb, 2381y/234mp,
222Rp +D.P. 18505’ 1921,
47Ca, SZMI’I, 72AS, 46 SC, 48\/, 56C0, 65 Zn, 106Ru/106Rh, 22Na, 26A1 40K
76AS, 77Br, SZBI', 59FC 74AS 84Rb, llOmAg, 123 Sn, 60007 134CS 152Eu
122Sb, 1241 132cs 86Rb 91Y lOSAg, 144CC/144PI, 1821, 154Eu 207B1,
143CC, 166H0 198Au 115mcd’ 124sb 1261’ 226Ra+DP
206Bi, 222R_1’1 +D.P. lzngC/lngC, '31Ba, 227AC +DP,
160Tb 228Ra/228Ac,
228Th 4+ D.P,
2381j/234mpy
72AS, 76AS, SZBI', SGCO 58C0, 84Rb, SSY, 106R11/106Rh, 26A1 152Eu, 154Eu,
1241, 132CS, 140La, 124sb 140821/140112l llOmAg 20781 226}{2l +DP,
166H0 206Bi, 228 Ra/ZZSAC
22Rn+DP. 28T 4 D,
2381y/234mpy
72AS, 76AS, 1241, 48v 56C0 124 Sb, SSY" 106Ru/106Rh, 26A1, 226Ra +DP,
140La, 206Bi, 14OBa/140La l44ce/144Pr 228Th+ D.P
22Rn+DP.
2As 36Co
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Table 3.7 NUCLIDES FOR ALPHA SOURCES

General physical and chemical constants

a-energies Associated 8 and y radiation

Nuclide Half-life MeV MeV
Americium-241 4322 yr 5.44,5.48 Ymax 0.060
Lead-210 (+daughters) 223 yr 5.305 Brmax 1.17

Ymax 0.80 (very weak)
Plutonium-238 87.74 yr 5.352,5.452, 5.495 Y 0.096 (very weak)
Plutonium-239 241 x 10* yr 5.096, 5.134, 5.147 Ymax 0.451 (weak)
Polonium-210 138.4d 5.305 y  0.80 (very weak)
Radium-226 (+daughters) 1600 yr 4.589-7.68 Bmax 3.26

Vimax 243

Table 3.8 NUCLIDES FOR BETA SOURCES

Bmax Associated o and y radiation
Nuclide Half-life MeV MeV
Carbon-14 5730yr 0.159 —
Cerium-144 + praseodymium-144 284.3d 2.98 y  0.034-2.19
Iron-55 2.7yr 0.0052 y  0.0059-0.0065
Krypton-85 10.72yr 0.67 y 051
Lead-210 + bismuth-210 22.3yr 1.17 a 530

Ymax 0.80 (very weak)

Nickel-63 96 yr 0.066 —
Promethium-147 2.62yr 0.225 —
Ruthenium-106 + rhodium-106 368.2d 3.6 y  043-241
Strontium-90 + yttrium-90 29.12yr 2.27 —
Thallium-204 3.78 yr 0.77 —
Tritium 12.35yr 0.018
Yttrium-90 64.0h 2217 —

Table 3.9 NUCLIDES FOR NEUTRON SOURCES—POLONIUM-210 (ALPHA, N) SOURCES WITH

VARIOUS TARGETS
Neutron energy (MeV)

Neutrons s~
Target TBq~! Mean Maximum
Aluminium 5.4 x 10° — 2.7
Beryllium 6.8 x 107 43 10.8
Boron 5.4 % 10° — 5.0
Fluorine-19 2.7 x 10° 1.4 2.8
Lithium 1.4 x 10° 0.48 1.32
Magnesium 8.1 x10° —
Oxygen-18 2.7 x 107 — 43
Sodium 1.1 x 10° —
Mock fission 1.1 % 10° 1.6 10.8
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Table 3.10 NUCLIDES FOR NEUTRON SOURCES—(GAMMA, N) SOURCES

Observed Observed neutron

neutron s~ ! energy
Nuclide Half-life Target TBq~! keV
Antimony-124 60.20 d Beryllium 43 x 107 24.8
Radium-226 (+daughters) 1600 yr Beryllium 3.5 x 107 700 (max)
Radium-226 (4-daughters) 1600 yr Deuterium — 120

(heavy water)

Thorium-228 (4-daughters) 191yr Beryllium — 827
Thorium-228 (4-daughters) 1.91yr Deuterium 32 x 107 197

(heavy water)

Table 3.11 NUCLIDES FOR NEUTRON SOURCES—(ALPHA, N) SOURCES WITH BERYLLIUM TARGETS

Gamma emission

Neutrons s~ uGyh~lat1m

Nuclide Half-life TBq~! from 10° neutrons s~
Actinium-227 (+daughters) 21.77 yr 4.9 x 108 80
Americium-241 4322 yr 5.9 x 107 11.4
Lead-210 (+daughters) 223 yr 6.2 x 107 88
Plutonium-239 2.41 x 10*yr 3.8 x 107 17
Polonium-210 138.4d 6.8 x 107 0.4
Radium-226 (+daughters) 1600 yr 4.2 x 108 600
Thorium-228 (4-daughters) 1.91yr 6.8 x 108 300
Table 3.12 SPONTANEOUS FISSION NEUTRON SOURCE

Gamma emission

uGyh='at 1m
Nuclide Half-life Neutrons s~ mg~! from 10° neutrons s~
Californium-252 2.64 yr (effective) 2.3 x 10° 0.7

REFERENCES

‘Radionuclide Transformations, Energy and Intensity of Emissions’, ICRP Publication 38, Pergamon, Oxford,
1983.
‘Radioactive Decay Data Tables’, DOE/TIC-11026, Technical Information Center, U.S. Department of Energy,
1981.
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4 X-ray analysis of metallic materials

4.1 Introduction and cross references

X-rays are very short wavelength electromagnetic waves. Their range encompasses the interatomic
distances in crystalline materials, typically 0.5 to 2.5 A, which permit the analysis of crystalline and
to a lesser degree amorphous materials by X-ray diffraction (XRD). When atoms are irradiated with
radiation of sufficient energy, they emit characteristic X-ray spectra, fluorescence, which are analysed
in X-ray fluorescent analysis (XRF) to give element analysis. Individual electrons are emitted from
an irradiated surface with energies related to the electron levels in the atom. The energies of these
electrons are analysed in X-ray photoelectron spectroscopy (XPS) to provide an elemental analysis
of surface atoms together with information on the chemical bonding between them.

This chapter reviews the applications of XRD to the investigation of metallic materials. The subject
is well covered in detail in several standard textbooks including ‘X-ray Metallography’ by A. Taylor;!
‘Structure of Metals’ by C. S. Barrett and T. B. Massalski;? ‘X-ray Diffraction Procedures’ by H.
P. Klug and L. E. Alexander.> ‘Elements of X-ray Crystallography’ by L. V. Azaroff,* ‘Structure
Determination by X-ray Crystallography’ by M. F. C. Ladd and R. A. Palmer,> ‘An Introduction to
X-ray Crystallography’ by M. M. Woolfson,® ‘Elements of X-ray Diffraction’ by B. D. Cullity and
S. R. Stock,” and ‘The Basics of Crystallography and Diffraction” by C. Hammond.®

Chapter 5 discusses crystallography and crystal structure data can be found in Chapter 6.

4.2 [Excitation of X-rays

X-rays are produced (excited) when an electron experiences a sudden acceleration or (more
commonly in practice) deceleration as, for example, when a beam of fast-moving electrons strikes
an atom. The frequency v or wavelength A of the radiation produced as a result of energy loss E is
given by the equation

_hc
T

E=hv

The maximum value of £, E,,x, and corresponding smallest value of A occurs when all the electron
energy is lost on impact, i.e.
he

Enax = Ve =
max )"SWI

where V' = accelerating voltage and Ag,1 = short wavelength limit or cut-off wavelength.
Substitution of numerical values gives

12.34

Aswl = I

where gy is expressed in Angstrom units and ¥ in kilovolts.

However, most electrons undergo repeated collisions of varying energy losses until finally stopped
giving rise to a whole range of A values — the so-called ‘white’ or ‘Brehmstrallung’ radiation.

Ifthe intensity of the radiation is plotted against the wavelength, for relatively low applied voltages
a curve is obtained rising from zero to a more or less pronounced maximum at a wavelength of about
4/3 hswi, falling again to a low value with increasing wavelength. It has been found that for this
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curve of so-called ‘white radiation’ both the total radiation and the intensity of the peak are closely
proportional to the atomic number of the target material. Thus if white radiation is required a target
of one of the heavy metals should be selected, and since the total intensity (the area under the curve)
is proportional to the square of the applied voltage the latter should be as high as possible.

On increasing the voltage beyond a certain limit, which is different for different targets, a line
spectrum begins to appear, superimposed upon the continuous or white spectrum, the wavelengths of
the lines being constant and characteristic of the target. The lowest critical voltage at which these lines
appear is that which endows the bombarding electrons with just sufficient energy to eject electrons
from one of the inner shells in the target atoms. Each vacancy as it occurs is filled by an electron
jumping in from one of the outer shells, the jump being accompanied by an emission of energy of
frequency v given by the Bohr relationship

]’lV:Wl—Wz

where W, — W, represents the change in potential energy of the system and / is Planck’s constant.

The K series of lines is excited when electrons are ejected from the K shell and their places taken
by electrons from the L, M or N shells. It consists principally of five lines Koj, Karp, KBy, KB3 and
KB, the o lines being associated with jumps from the L shell, 8; and 83 with those from the M shell,
and B, with those for the N shell. Other series of lines are emitted when the bombarding electrons
eject electrons from the L, M or N shells. The K emissions which are the most intense are generally
used in XRD while all the spectra are employed in XRF.

If ¥} is the critical voltage at which the K spectra first appear and e is the electron charge, then
the energy needed to remove an electron from the K shell is Ve which is equivalent to radiation of
frequency v and wavelength A given by

he
V()e hvk )\k
where c is the velocity of light. This critical wavelength A, termed the K absorption edge of the
material, together with slightly shorter wavelengths are heavily absorbed in the material. In XRD,
to avoid fluorescence (high background) and low penetration into the sample a radiation is chosen
which is on the long wavelength side of any absorption edge of the sample.
The empirical expression

=KWV -7’

where K is a constant, relates the intensity, /, of the characteristic radiation to the difference between
the tube voltage V' and the critical voltage V| of the target material. It is found that the relative
intensity of the characteristic radiation to that of the continuous wavelength (white) radiation is
greatest for tube voltages of about four times the critical voltage. A method of achieving partial
monochromatisation of the X-ray beam is to reduce the intensity of the Ky radiation with respect
to that of the K, by using a filter of an element with K absorption edge between the K and K,
wavelengths. The thickness of the filter is usually chosen to reduce the intensity of Kz to about
1/600 of the transmitted K,. Generally, the element preceding the target element in the periodic
table will act as a Ky filter. Filters cannot separate the «; and o, components and where they are
not resolved in a diffraction pattern, d values are calculated using a weighted average wavelength
where o, the stronger of the two, is given twice the weight of o,. Full monochromatisation can be
achieved with a single crystal monochromator oriented such that only Ko«; component is diffracted.
Monochromators in the form of a single crystal lamina bent to produce focusing are widely used
in diffractometry to remove all unwanted radiation. Construction of focusing monochromators is
described in ‘International Tables for X-ray Crystallography’.’

Table 4.1 lists wavelengths, minimum excitation potentials and Kp filters for targets frequently
used in XRD. Table 4.2 gives minimum excitation potentials for characteristic K, L, M, and N
spectra while Tables 4.3 and 4.4 give K and L emission spectra and L;;; absorption edges for all
elements. Crystals suitable for monochromators are listed with comments on their performance in
Table 4.5.

4.2.1 X-ray wavelengths

The X-unit defined by Siegbahn and very nearly equal to 10~3 A was based on the atomic spacing
in calcite as determined from the expression:

ap 3
pNV
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where M = molecular weight of calcite, p = density of calcite, N = Avogadro’s number, /' = volume
of calcite rhombohedron with unit distance between the faces considered.

kX units were widely used up to about 1945 but were then gradually replaced by Angstrém units as
more precise methods for determining X-ray wavelengths were introduced. The nanometer (10~° m)
is now declared to be the standard unit for X-ray studies. However, in view of the much greater
familiarity with A, and the very simple conversion factor, in this edition the Angstrom unit is used
unless the contrary is stated.

1 kX unit=1.002 02 Angstrém units
1 Angstrom unit, A =107 m or 10! nanometers

Emission lines are frequently quoted in keV

12.3975

lkeV = — =272
Wavelength in A

Table 4.1 WAVELENGTHS, EXCITATION POTENTIALS, AND g FILTERS FREQUENTLY USED IN
CRYSTALLOGRAPHIC WORK

Target B-filter
Mass Material content
Excitation absorption ———————————
Atomic Wavelength*  potential® Absorption  coefficient Thickness
Element  No. Line A kv Element  edge ulp gem™?  mm
Cr 24 Ka; 228962 5.98 A% 22675 77.3 0.009 0.016
Koy, 229351
Ko 22909
KB 2.08480
Mn 25 Koy 210175 6.54 Cr 2.0701 71 0.011 0.016
Koy,  2.10569
Ka  2.1031
KB 191015
Fe 26 Koy 193597 7.1 Mn 1.8954 61.9 0.012 0.016
Ko, 193991
Ka 1.9373
KB 1.75653
Co 27 Ka;  1.78892 7.71 Fe 1.7429 58.6 0.014 0.018
Ka, 179278
Ka 1.7902
KB 1.62075
Ni 28 Ka; 1.65784 8.29 Co 1.6072 51.6 0.015 0.018
Ka, 166169
Ka 1.659 1
KB 150010
Cu 29 Koy 154051 8.86 Ni 1.4869 48.0 0.019 0.021
Ko, 1.54433
Ka 1.5418
KB 139217
w 74 Loy 147635 12.1 Cu 1.3802 42.0 0.019 0.021
Lo, 148742
Zn 30 Koy 143511 9.65 Cu 1.3802 42.0 0.019 0.021
Kap, 1.43894
Ka 14364
KB, 1.29522
Au 79 Loy 127639 14.4 Ga 1.1957 37.0 0.028 0.047
Loy, 1.28777
Kap, 0.78588
Ka, 0.79010
Ko 0.78729 80.5 Sr 0.769 69 18.1 0.053 0.210

(continued)
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Table 4.1 WAVELENGTHS, EXCITATION POTENTIALS, AND g FILTERS FREQUENTLY USED IN

CRYSTALLOGRAPHIC WORK—continued

Target B-filter
Mass Material content
Excitation absorption
Atomic Wavelength*  potential' Absorption  coefficient Thickness
Element  No. Line A kV Element  edge ulp gem™?  mm
Zr 40 Kg  0.70170
Mo 42 Koy 0.70926 20 Zr 0.688 8 17.2 0.069 0.108
Ko, 071354
Ko 07107
KB 0.63225
Rh 45 Koy 0.61325 232 Ru 0.5595 15.4 0.077 0.064
Ko, 0.61761
Ka  0.6147
KB 0.54559
Pd 46 Ka;  0.58542 24.4 Rh 0.5341 14.6 0.091 0.073
Kay  0.58980 or
Ko  0.5869 Ru 0.5595
KB 0.52052
Ag 47 Ka; 055936 25.5 Pd 0.5090 13.1 0.096 0.079
Kay 0.56378 or
Ko  0.5609 Rh 0.5341
KB 0.49701

* 1Ke is here defined as (22Ka| + AKa2)/3.

T The optimum voltage for operating a tube with raw alternating currents is approximately 5 times the excitation potential, and
4 times the excitation potential with fully smoothed direct current, but normally 80 kV cannot be exceeded owing to the
danger of electrical breakdown.

Table 4.2 EXCITATION POTENTIALS IN kV FOR CHARACTERISTIC X-RAY SPECTRA

Atomic No. Atomic No.

and element K L and element K L M N
11 Na 1.07 — 49 In 27.80 421 0.83 0.12
12 Mg 1.30 — 50 Sn 29.06 4.42 0.88 0.13
13 Al 1.55 — 51 Sb 30.35 4.69 0.94 0.15
14 Si 1.83 — 52 Te 31.66 4.93 1.01 0.17
15P 2.13 — 531 33.01 5.16 1.08 0.19
16 S 2.46 — 55Cs 35.80 5.68 1.21 0.23
17 Cl 2.81 0.24 56 Ba 37.24 5.92 1.29 0.25
19K 3.69 0.34 57 La 38.75 6.24 1.36 0.27
20 Ca 4.02 0.40 58 Ce 40.27 6.53 1.43 0.29
21 Sc 448 0.46 59 Pr 41.81 6.81 1.51 0.30
22 Ti 4.94 0.53 60 Nd 43.37 7.10 1.58 0.32
23V 5.44 0.60 62 Sm 46.63 7.71 1.72 0.35
24 Cr 5.96 0.68 63 Eu 48.29 8.02 1.80 0.36
25 Mn 6.51 0.76 64 Gd 50.00 8.35 1.88 0.38
26 Fe 7.08 0.85 65 Tb 51.76 8.67 1.96 0.40
27 Co 7.67 0.92 66 Dy 53.55 9.01 2.04 0.42
28 Ni 8.29 1.01 67 Ho 55.36 9.35 2.13 0.43
29 Cu 8.94 1.10 68 Er 57.22 9.71 222 0.45
30 Zn 9.62 1.19 69 Tm 59.07 10.06 2.31 0.47
31 Ga 10.32 1.29 70Yb 61.02 10.45 2.41 0.50
32 Ge 11.05 1.41 71 Lu 63.01 10.82 2.50 0.51
33 As 11.81 1.52 72 Hf 65.01 11.23 2.60 0.54
34 Se 12.59 1.65 73 Ta 67.09 11.63 2.69 0.57
35Br 13.41 1.78 74 W 69.18 12.04 2.80 0.59
37Rb 15.13 2.05 75 Re 71.28 12.46 2.91 —

(continued)
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Table 4.2 EXCITATION POTENTIALS IN kV FOR CHARACTERISTIC X-RAY SPECTRA—continued
Atomic No. Atomic No.
and element K L M N and element K L M N
38 Sr 16.03 2.20 — — 76 Os 73.54 12.91 3.03 0.64
39Y 16.96 2.38 — — 77 Ir 75.77 13.35 3.15 0.67
40 Zr 17.92 2.52 0.43 0.05 78 Pt 78.02 13.80 3.28 0.71
41 Nb 18.90 2.69 0.48 0.05 79 Au 80.42 14.29 3.41 0.79
42 Mo 19.91 2.86 0.51 0.06 80 Hg 82.69 14.77 3.55 0.82
44 Ru 22.02 3.21 0.59 0.06 81Tl 85.28 15.27 3.69 0.86
45 Rh 23.12 3.39 0.62 0.07 82 Pb 87.66 15.79 3.84 0.89
46 Pd 24.23 3.60 0.67 0.08 83 Bi 90.03 16.31 3.99 0.96
47 Ag 25.40 3.81 0.72 0.10 90 Th 109.27 20.36 5.17 1.33
48 Cd 26.59 4.00 0.77 0.11 92U 115.54 21.66 5.54 1.44
Table 4.3 K EMISSION LINES AND K ABSORPTION EDGES IN A
Line transition o) o B3 B B K
intensity rel. KL KL KM KM KNip111 Absorption
to Ko 50 100 15 15 5 edge

3Li 228.0 — — — 226.5

4 Be 114.0 — — — —

5B 67.6 — — — —

6C 44.7 — — — 43.7

7N 31.6 — — — 31.0

80 23.62 — — — 233

9F 18.32 — — — —
10 Ne 14.61 — 14.452 — —
11 Na 119101 — 11.575 — —
12 Mg 9.8900 — 9.521 — 9.5117
13 Al 8.34173 8.33934 — 7.960 — 7.9511
14 Si 7.12791 7.12542 — 6.753 — 6.744 6
15P 6.160 6.157 — 5.796 — 5.786 6
16 S 5.37496 537216 — 5.032 — 5.0182
17 Cl1 4.7307 47278 — 4.4034 — 4.3969
18A 4.19474 4.191 80 — 3.8860 — 3.8707
19K 3.7445 3.7414 — 3.4539 — 3.43645
20 Ca 3.361 66 3.35839 — 3.0897 — 3.070 16
21 Sc 3.0342 3.0309 — 2.7796 — 2.7573
22 Ti 2.75216 2.748 51 — 2.51391 — 24973
23V 2.50738 2.503 56 — 2.28440 — 2.2690
24 Cr 2.29361 2.28970 — 2.084 87 — 2.0701
25 Mn 2.10578 2.10182 — 1.91021 — 1.8964
26 Fe 1.93998 1.936 04 — 1.756 61 1.7442 1.7433
27 Co 1.792 85 1.78897 — 1.62079 1.6089 1.608 1
28 Ni 1.66175 1.65791 — 1.500 14 1.4886 1.4880
29 Cu 1.544 39 1.540 56 1.3926 1.39222 1.38109 1.3804
30 Zn 1.43900 143516 — 1.29525 1.28372 1.2833
31 Ga 1.34399 1.34008 1.20835 1.207 89 1.196 00 1.1957
32 Ge 1.25801 1.25405 1.12936 1.12894 1.116 86 1.1165
33 As 1.17987 1.17588 1.057 83 1.05730 1.04500 1.0450
34 Se 1.108 82 1.104 77 0.992 68 0.99218 0.97992 0.97978
35Br 1.043 82 1.03974 0.93327 0.93279 0.92046 0.91995
36 Kr 0.984 1 0.980 1 0.8790 0.8785 0.866 1 0.86547
37 Rb 0.929 69 0.925553 0.82921 0.828 68 0.81645 0.81549
38 Sr 0.87943 0.87526 0.783 45 0.78292 0.770 81 0.769 69
39Y 0.833 05 0.828 84 0.74126 0.74072 0.728 64 0.727 62
40 Zr 0.790 15 0.78593 0.70228 0.70173 0.68993 0.68877
41 Nb 0.750 44 0.746 20 0.666 34 0.66576 0.654 16 0.65291
42 Mo 0.713 59 0.709 30 0.63287 0.63229 0.62099 0.61977
43 Tc 0.67932% 0.67502% 0.601 88" 0.60130" 0.59024+ (0.5891)
44 Ru 0.64741 0.643 08 0.57307 0.57248 0.561 66 0.560 05

(continued)
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Table 4.3 K EMISSION LINES AND K ABSORPTION EDGES IN A—continued

Line transition o) o B3 B1 B2 K
intensity rel. KL KLy KM KM KN Absorption
to Ko 50 100 15 15 5 edge

45 Rh 0.617 63 0.61328 0.546 20 0.54561 0.53503 0.5338
46 Pd 0.58982 0.58545 0.52112 0.52052 0.51023 0.5092
47 Ag 0.563 80 0.55941 0.497 69 0.48707 0.48703 0.4858
48 Cd 0.53942 0.53501 0.47573 0.47510 0.46533 0.464 09
49 In 0.516 54 0.51211 0.45518 0.454 54 0.44500 0.443 88
50 Sn 0.43524 0.42592 0.424 67 0.43184 0.43175 0.424 68
51 Sb 0.474 83 0.47035 0.41774 0.41709 0.40797 0.406 63
52 Te 0.45578 0.45130 0.400 66 0.39999 0.39110 0.38972
531 0.43783 0.43332 0.384 56 0.38391 0.37523F 0.37379
54 Xe 0.42087T  0.41634" 0.36941F 0.368 72F 0.36026™ 0.35849
55Cs 0.404 84 0.40029 0.35505 0.35436 034611 0.344 74
56 Ba 0.38967 0.38511 0.34151 0.340 81 0.33277 0.33137
57 La 0.37531 0.37074 0.328 69 0.32798 0.32012 0.31842
58 Ce 0.361 68 0.35709 0.31652 0.31582 0.308 16 0.30647
59 Pr 0.34875 0.344 14 0.30498 0.304 26 0.296 79 0.29516
60 Nd 0.33647 0.33185 0.294 03 0.293 30 0.286 1% 0.28451
61 Pm 0.324 80 0.32016 0.283 63T 0.28290" 0.2759% 0.2743
62 Sm 0.31370 0.309 04 0.27376 0.27301 0.2662 0.264 62
63 Eu 0.303 12 0.298 45 0.264 33 0.263 58 0.256 92 0.25552
64 Gd 0.293 04 0.288 35 0.25534 0.254 60 0.248 16 0.246 80
65Tb 0.28342 0.278 72 0.246 83 0.246 08 0.2397F 0.23840
66 Dy 0.27425 0.269 53 0.238 62 0.23788 0.2317F 0.23046
67 Ho 0.265486  0.26076 0.23083 0.23012 0.2241F 0.22290
68 Er 0.25711 0.25237 0.22341 0.222 66 0.216 7% 0.21566
69 Tm 0.249 10 0.24434 0.21636 0.21556 0.209 8+ 0.2089
70 Yb 0.24142 0.236 66 0.209 67 0.208 84 0.2033F 0.20223
71 Lu 0.23408 0.22930 0.203 09" 0.20231F 0.196 9% 0.19584
72 Hf 0.22702 0.22222 0.196 86™ 0.196 07 0.190 8+ 0.18981
73 Ta 0.22031 0.21550 0.19089 0.19009 0.18510 0.18393
74 W 0.21383 0.20901 0.18518 0.18437 0.179 51 0.17837
75 Re 0.20761 0.20278 0.17970 0.178 88 0.174 15 0.173 11
76 Os 0.201 64 0.19679 0.17443 0.173 61 0.169 90 0.167 80
77 Ir 0.19590 0.191 05 0.16937 0.168 54 0.164 05 0.162 86
78 Pt 0.19038 0.18551 0.164 50 0.163 68 0.15929 0.158 16
79 Au 0.18508 0.18020 0.159 81 0.15898 0.15472 0.15344
80 Hg 0.17996 0.17507 0.15532 0.15449 0.15030 0.14923
81Tl 0.17504 0.170 14 0.15098 0.150 14 0.146 04 0.14470
82 Pb 0.17029 0.16538 0.146 81 0.14597 0.14201 0.14077
83 Bi 0.16572 0.16079 0.14278 0.14195 0.13807 0.13706
84 Po 0.16130%  0.15636" 0.13892F 0.13807* 0.13428+ —

85 At 0.15705%  0.15210" 0.13517* 0.13432F 0.13067* —

86 Rn 0.15294F  0.14798% 0.13155% 0.13069% 0.12708* —

87 Fr 0.148967  0.14399+ 0.12807+ 0.12719% 0.123 68 —

88 Ra 0.14512F  0.14014F 0.12469* 0.12382F 0.12039 —

89 Ac 0.14141F  0.13642F 0.12143* 0.12055% 0.11721F —

90 Th 0.13783 0.13281 0.11827 0.11740 0.11415% 0.11293
91 Pa 0.13434%  0.12933F 0.11523+ 0.11435% 0.11118% —
92U 0.13097 0.12595 0.11230 0.11139 0.10827" 0.106 80

FInterpolated values.
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Table 4.4 L EMISSION SPECTRA AND ABSORPTION EDGES IN A

Line transition 1 n o) o B1 Ba B3 B2 Bs Y1 L Absorption edges
intensity Liii Mi Lii Mi Liii Miv Liii Mv Lii Miv Li Mii Li Miii Liii Nv Lii Oiv, v Lii Niv

rel. to o) 30 10 10 100 80 20 30 60 60 40 Li Lii Liii

17 Cl 67.90 67.33 — — — — — — — — 52.084 61.366 61.672
18A 56.30" 55.9* — — — — — — — — 43.192 50.390 50.803
19K 47.74 47.24 — — — — — — — — 36.352 42.020 42.452
20 Ca 40.96 40.46 36.33 — — — — — — 31.068 35417 35.827
21 Sc 35.59 35.13 31.35 31.02 — — — — — 26.831 30.161 30.457
22 Ti 31.36 30.89 27.42 27.05 — — — — — 23.389 26.831 27.184
23V 27.77 27.34 24.25 23.88 — — — — — 20.523 23.702 24.070
24 Cr 24.78 24.30 21.64 21.27 — — — — — 18.256 21.226 21.596
25 Mn 22.29 21.85 19.45 19.11 — — — — — 16.268 18.896 19.248
26 Fe 20.15 19.75 17.59 17.26 — — — — — 14.601 17.169 17.484
27 Co 18.292 17.87 15.972 15.666 — — — — — 13.343 15.534 15.831
28 Ni 16.693 16.27 14.561 14.271 — — — — — 12.267 14.135 14.448
29 Cu 15.286 14.90 13.336 13.053 — — — — — 11.269 12.994 13.258
30 Zn 14.02 13.68 12.254 11.983 — — — — — 10.330 11.840 12.106
31 Ga 12.953 12.597 11.292 11.023 — — — — — 9.535 10.613 10.855
32 Ge 11.965 11.609 104361 10.175 — — — — — 8.729 9.965 10.228
33 As 11.072 10.734 9.6709 9.4141 — — — — — 8.107 9.128 1 9.3767
34 Se 10.294 9.962 8.9900 8.7358 — — — — — 7.467 8.4212 8.6624
35Br 9.585 9.255 8.3746 8.1251 — — — — — 6.925 7.7523 7.9871
36 Kr — — 7.817F 7.576% — — — — — 6.456 7.1653 7.4227
37 Rb 8.3636 8.0415 7.3251 7.3183 7.0759 6.8207 6.7876  — — — 6.006 6.6538 6.8752
38 Sr 7.8362 7.5171 6.8697 6.8628 6.6239 6.402 6 6.3672 — — — 5.604 6.1856 6.3996
39Y 7.3563 7.040 6 6.4558 6.448 8 6.2120 6.0186 5.9832 — — — 5.1931 5.7098 59141
40 Zr 6.9185 6.606 9 6.0778 6.0705 5.8360 5.668 1 5.6330 5.5863 — 5.3843 4.8938 5.3709 5.5737
41 Nb 6.5176 6.2109 5.7319 5.7243 54923 5.3455 5.3102 5.2379 — 5.0361 45911 5.0247 5.2260
42 Mo 6.1508 5.8475 5.4144 5.406 6 51771 5.0488 5.0133 49232 — 4.7258 43207 47133 4.909 3
43 Tc — — — 5.1148% 4.8873% — — — — — 4.064 3 44271 4.6254
44 Ru 5.5035 5.2050 4.8538 4.8458 4.6206 4.5230 4.486 6 43718 — 4.1822 3.8413 4.1765 4.3663
45 Rh 52169 49217 4.6055 45974 43741 4.2888 4.2522 4.1310 — 3.9437 3.6416 3.9490 4.1389
46 Pd 49525 4.6605 43759 43677 3.9902 40711 4.0346 3.9089 — 3.7246 3.4300 3.7136 3.8969

(continued)
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Table 4.4 L EMISSION SPECTRA AND ABSORPTION EDGES IN A—continued

Line transition / n o) o] Bi Ba B3 B Bs Y1 L Absorption edges
intensity Liii Mi Lii Mi Liii Miv Liii Mv Lii Miv Li Mii Li Miii Liii Nv Lii Oiv, v Lii Niv

rel. to o) 30 10 10 100 80 20 30 60 60 40 Li Lii Liii

47 Ag 4.7076 44183 4.1629 4.1544 3.9347 3.8702 3.8331 3.7034 — 3.5226 3.2382 3.4948 3.6729
48 Cd 44801 4.1932 3.9650 3.9564 3.7382 3.6820 3.6450 35141 — 3.3356 3.0843 3.3224 3.5007
49 In 4.2687 3.9833 3.7807 37719 3.5553 3.5070 3.4698 3.3384 — 3.1621 2.9333 3.1550 3.3215
50 Sn 4.0717 3.7888 3.6089 3.5999 3.3849 3.3434 3.3059 3.1751 — 3.0012 2.7888 2.9949 3.1695
51 Sb 3.8883 3.6077 3.4484 3.4394 3.2257 3.190 1 3.1526 3.0234 — 2.8516 2.6330 2.8230 2.9964
52 Te 3.7170 3.4383 3.2985 3.2892 3.076 8 3.046 6 3.0089 2.8822 — 2.7124 2.5027 2.6825 2.8516
531 3.5575 3.2798 3.1579 3.1486 2.9374 29121 2.8743 2.7505 — 2.5824 2.3898 2.5532 2.7190
54 Xe — — — 3.016 6™ — — — — — 22745 2.4306 2.5933
55Cs 3.2670 2.9932 2.9020 2.8924 2.6837 2.666 6 2.6285 25118 — 2.3480 2.1725 23127 24723
56 Ba 3.1355 2.8627 2.7855 2.7760 2.5682 2.5553 2.5164 2.404 4 — 22415 2.0834 22022 23611
57 La 3.006 2.740 2.6753 2.6657 2.4589 24493 2.4105 2.3030 — 2.1418 1.9789 2.1003 22579
58 Ce 2.8917 2.6203 2.5706 2.5615 23561 2.3497 23109 2.2087 — 2.0487 1.8908 2.0094 2.1641
59 Pr 2.784 1 2.512 24729 2.4630 2.2588 2.2550 22172 2.1194 — 1.9611 1.8131 1.9231 2.0771
60 Nd 2.6760 2.4094 2.3807 23704 2.1669 2.1669 2.1268 2.0360 — 1.8779 1.7376 1.8424 1.9945
61 Pm — — 22926 22822 2.0797 — 2.042 1 1.9559 — 1.7989 1.6684 1.7658 19189
62 Sm 24823 2.2182 22106 2.1998 1.998 1 2.0010 1.9624 1.8822 1.8470 1.7272 1.601 1 1.694 4 1.8446
63 Eu 2.3948 2.1315 2.1315 2.1209 1.9203 1.9255 1.8867 1.8118 1.7772 1.6574 1.5382 1.6259 1.7749
64 Gd 23122 2.0494 2.0578 2.046 8 1.8468 1.8540 1.8150 1.7455 1.7130 1.5924 1.4787 1.5608 1.7096
65 Tb 22352 1.9730 1.9875 1.9765 1.776 8 1.786 4 1.7472 1.6830 1.6510 1.5303 14227 1.5011 1.6484
66 Dy 2.1589 1.8974 1.9199 1.908 8 1.7106 1.7210 1.6822 1.6237 1.5884 1.4727 1.3693 1.4436 1.5903
67 Ho 2.0860 1.8264 1.8561 1.8450 1.6475 1.6595 1.6203 1.5671 1.5378 14174 13194 1.3900 1.5353
68 Er 2.015 1.756 6 1.7955 1.7843 1.5873 1.6007 1.5616 1.5140 1.4848 13641 1.2709 1.3372 1.4824
69 Tm 1.9550 1.696 3 1.7381 1.726 8+ 1.5304 1.5448 1.5063 1.4640 1.4349 13153 1.2271 1.2886 14314
70Yb 1.8942 1.6356 1.6829 1.6719 1.4757 1.4914 1.4523 14155 1.3870 1.2677 1.1814 1.2415 1.3852
71 Lu 1.8360 1.5779 1.6303 1.6195 14236 1.4406 1.4014 1.3701 1.3418 1.2223 1.1401 1.1975 1.3404
72 Hf 1.7815 1.5233 1.5805 1.5696 13741 1.3922 1.3530 1.3264 1.2976 1.1790 1.0986 1.1531 1.2957
73 Ta 1.7284 14711 1.5329 1.5220 1.3270 1.3458 1.306 8 1.2845 1.2555 1.1379 1.0608 1.1126 1.2543
74 W 1.6782 1.4211 1.4874 1.476 4 1.2818 1.3016 1.2627 1.2446 1.2155 1.0986 1.0250 1.0744 1.2153
75 Re 1.6306 1.3734 1.4440 1.4329 1.2386 1.2592 1.2203 1.2066 1.1772 1.0610 0.9901 1.0365 1.1772
76 Os 1.5850 1.3279 1.4023 1.3912 1.1973 1.2184 1.1796 1.1698 1.1405 1.0250 0.9557 1.0013 1.1414



77 Ir

78 Pt

79 Au
80 Hg
81Tl

82 Pb
83 Bi
84 Po
85 At
86 Rn

87 Fr
88 Ra
89 Ac
90 Th
91 Pa
92U

93 Np
94 Pu

1.5409
1.499 5
1.4596
14216
1.3848
1.3499
13161
1.2829

1.1672

1.1151
1.0908
1.0671
1.0428
1.0226

1.2845
1.2429
12027
1.164

1.1277
1.0924
1.0586

0.907 4

0.8545
0.8295
0.8051
0.7809
0.7591

1.3625
1.3243
1.2877
1.2526
1.2188
1.1865
1.1554
1.1255%
1.096 7"
1.0690™

1.0423
1.0166
0.9918%
0.9679
0.944 8%
0.9226
0.9011
0.8803

1.3513
1.3130
1.2764
1.2412
1.2074
1.1750
1.1439
1.1139
1.0850™
1.0572%

1.0305
1.004 7
0.9799*
0.9560
0.9328
0.9106
0.8891
0.8683

1.1578
1.1199
1.0835
1.0487
1.0151
0.9829
0.9520
0.9220
0.8935%
0.866 1

0.8394
0.8138
0.789 0%
0.7652
0.7423
0.7200
0.698 5
0.6777

1.1796
1.1422
1.106 5
1.0722
1.0392
1.007 5
0.9769
0.9475

0.8407
0.7926
0.7699
0.7480
0.7267
0.7062

1.1409
1.1039
1.0679
1.0336
1.000 6
0.969 1
0.9386
0.9091
0.8814%
0.8544%

0.8279%
0.8027
0.7782%
0.7548
0.7323
0.7103
0.6892
0.668 7

1.1353
1.1020
1.0702
1.0398
1.0103
0.9822
0.9552
0.9294

0.858
0.8354

0.7935
0.7737
0.7547
0.7362
0.718 5

1.1059
1.0724
1.0404
1.0099
0.9806
0.9526
0.9256
0.899 6

0.8063

0.7647
0.7452
0.726 3
0.708 1
0.6907

0.9909
0.9580
0.9265
0.8965
0.8675
0.8397
0.8131
0.7875
0.7629
0.7393%

0.7165%
0.694 6
0.6735%
0.6531
0.6336™
0.6148
0.5965
0.5789
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0.92425
0.89405
0.863 78
0.83531
0.807 87
0.78153
0.756 49
0.73219
0.709 15
0.68675

0.665 37
0.644 61
0.6248
0.606 1
0.5875
0.5697
0.5531
0.5366

0.967 00
0.934 84
0.90277
0.87790
0.843 55
0.81552
0.78910
0.763 77
0.73873
0.71529

0.69290
0.671 14
0.6500
0.6301
0.6106
0.5919
0.5742
0.5571

1.106 0
1.0731
1.0403
1.0094
0.979 68
0.95112
0.924 59
0.89761
0.87234
0.84845

0.82529
0.802 84
0.7816
0.7615
0.7414
0.7223
0.7039
0.6864

+ Interpolated values.
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Table 4.5 CRYSTALS FOR PRODUCING MONOCHROMATIC X-RAYS

Properties of crystal
Properties of reflection P f ery
Spacing Crystal
Crystal Reflection A Peak intensity Breadth imperfection Stability Mechanical properties Special uses
B alumina 0002 11.24 Weak Moderate Great Perfect Hard, brittle For long wavelengths, but
0004 5.62 Weak-medium usable crystals hard to
obtain
Mica 001 10.1 Weak Small Negligible for Fair Flexible, easily cleaved For point-focusing devices;
004 2.53 selected exhibits irradiation effects
specimens
Gypsum 020 7.60 Medium-strong ~ Very small Good specimens  Poor Soft, flexible For small-angle scattering;
hard to find focusing long wavelengths
Pentaerythritol 002 4.40 Very strong Moderate Great Poor Soft, easily deformed General purposes; exhibits
irradiation effects
Quartz 1011 3.35 Weak-medium  Very small Negligible Perfect Can be elastically bent For small-angle scattering;
focusing
Potassium bromide 200 3.29 Medium-strong ~ Moderate Negligible Slightly — —
deliquescent
Fluorite 111 3.16 Medium-strong ~ Moderate Small Perfect Moderately hard For eliminating harmonics;
220 1.94 Very strong general purposes; short
wavelengths
Urea nitrate 002 3.14 Strong Very large Very great Very poor Very easily deformed For large specimens; soon
decays
Calcite 200 3.04 Medium Small Negligible Perfect Moderately soft For small-angle scattering;
isolation of @ or
Rock salt 200 2.82 Medium-strong ~ Large Great Slightly Can be plastically bent in For focusing
deliquescent ~ warm supersaturated saline
Aluminium 111 233 Very strong Moderate to — Good Soft, can be seeded and For focusing; diffuse
large grown to shape, then scattering
plastically shaped at room
temperature
Diamond 111 2.05 Weak Very small Negligible Perfect Very hard For eliminating harmonics
Lithium fluoride 200 2.01 Very strong Small-moderate ~ Negligible Perfect Hard, can be plastically For focusing; diffuse
bent at high temperature scattering; general purposes
Graphite 002 3.35 Very strong Small Negligible Perfect Easily shaped Widely used for

monochromators on
diffractometers
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4.3 X-ray techniques

The techniques, involving X-rays, which are commonly employed in the investigation of metal-
lic materials are X-radiography, X-ray diffraction analysis, X-ray small angle scattering, X-ray
fluorescence, and X-ray photoelectron spectroscopy (XPS). The basis of these techniques and their
metallurgical applications are given in Table 4.6.

4.3.1 X-ray diffraction

Diffraction effects are produced when a beam of X-rays passes through the three-dimensional array
of atoms which constitutes a crystal. Each atom scatters a fraction of the incident beams, and if
certain conditions are fulfilled then the scattered waves reinforce to give a diffracted beam. These
conditions are expressed by the Bragg equation:

nix = 2dhkl sin 6

where 7 is an integer, A the wavelength of the incident beam, dj; the interplanar spacing of the Akl
planes, and 0 the angle of incidence on the A4/ planes.

A randomly oriented single crystal irradiated with monochromatic radiation is unlikely to have
any planes at the correct orientation to satisfy the Bragg equation. Hence when single crystals or
more usually individual grains are examined they are either rotated in the X-ray beam or continuous
wavelength (white) radiation is used as in the Laue technique.

In the case of powder or fine grained material sufficient crystals are irradiated for some to have
planes oriented to satisfy the Bragg equation. The number is increased by rotating or translating
the specimen. A series of concentric diffraction cones with semiapex angle 26 are produced which
intersect a narrow film placed around the specimen in a series of arcs, which is the diffraction pattern.
This is either recorded on film or scanned with an electronic radiation detector.

4.3.1.1 Experimental methods

The experimental methods of X-ray diffraction and their common metallurgical applications
are reviewed in Table 4.7. Film methods are included (only to illustrate particular applica-
tions) as they have virtually been replaced by computer automated diffractometer methods. Fully
automated diffractometer systems are now commercially available for all XRD applications,
ranging from routine rapid qualitative and quantitative analysis to detailed single crystal structure
analysis.

With these systems, diffraction data are collected and processed automatically, peaks are identified
and 20, d, peak intensity and width and integrated intensities are measured.

The data are stored in preparation for further evaluation specific to the applications, for example
phase analysis and quantification, crystallite size and strain determination from peak breadths and
crystallographic evaluations. These are obtained from the determination of unit cell, indexing of
peaks and lattice parameter measurements.

The speed of data collection can be increased some 50 to 100 fold by replacing the scintil-
lation counter previously supplied as the standard detector on conventional diffractometers with
a Position Sensitive Detector (PSD). With this conversion a complete diffraction pattern can be
obtained in a few minutes. The increase in speed is achieved by simultaneously recording diffrac-
tions over a 260 range of about 12° as compared with only, typically, 0.05° with a conventional
detector. There are two different modes of operation, stationary and scanning. In the stationary mode
diffractions over a 26 range of about 12° are simultaneously recorded, similar to, but much faster
than recording on film. In the scanning mode, the detector is moved round the 26 circle like a con-
ventional detector. The scanning mode is often called Continuous Position Sensitive Proportional
Counter (CPSC).!?

Particular applications of each mode are:

Stationary mode—small angle scattering
phase transition
residual stress determination
Scanning mode—to produce a rapid throughput of specimens
phase transition where a complete diffraction pattern is needed
use with a high temperature chamber
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Table 4.6 METALLURGICAL INVESTIGATION TECHNIQUES INVOLVING X-RAYS

Technique

Principle of technique

Metallurgical applications

X-radiography

X-ray diffraction

Small angle X-ray scattering

X-ray fluorescence

X-ray photo-electron
spectroscopy (XPS)

Sample placed between divergent X-ray beam and detector
(usually a photographic film). Dark areas on negative show
regions of low X-ray absorption (i.e. low density in specimen
such as cracks) and vice versa

Beam of X-rays of specific wavelength (1) diffracted at certain
angles (0) by crystal planes of appropriate spacing (d)
which satisfies the Bragg equation, i.e.

nk = 2d sin 6

Angular position of diffraction peaks, shape of peaks, and
intensity peaks give information on crystal structure and
physical state

Large regions (e.g. 10 — 10000 A) of inhomogeneous electron
density distributions (e.g. vacancy clusters or Guinier—Preston
zones) cause scattered radiation pattern near main beam

Electrons ejected from inner shells of atoms cause emission
of X-rays (fluorescence) characteristic of atomic species—
exciting radiation may be photons (y and X-rays), positive
ions or electrons. Fluorescent X-rays analysed by wavelength
or energy dispersive spectrometers.

Electrons from inner shells of atoms are ejected by
X-radiation of specific wavelength. Energy of ejected electron
measured by spectrometer gives information on binding
energy of electron shells

Crack and other defect detection in castings, welded fabrications, etc.
Very widely used inspection and quality assurance technique

Identification and quantitative analysis of crystalline chemical compounds
(phase analysis and quantification, e.g. retained austenite determination)

Crystal structure determination
Residual macro- and micro-stress analysis and crystallite size

Texture (preferred grain orientation) measurement
Detection of cold work and imperfections (by stacking faults, etc.)
N.B. All results obtained from thin (typically 50 pm) surface layer

Determination of size, shape and composition (in terms of electron
density) of Guinier—Preston zones, vacancy clusters, etc. in metallic
transmission technique therefore limited to thin samples—typically 10-50 pm

Elemental analyses Na to U routine. C, N, O, F require specifically
designed equipment. Hence used for routine analysis of composition
of ores, semi-finished and finished metals and their alloys.
Quantitative analysis normally employs calibrated standards.

N.B. Results are obtained from surface layer of approx. 2 um thickness
Qualitative and quantitative analysis of surface layers, XPS signals
typically come from depths of less than 50 A. Elemental

analysis He to U including, C, N, O, F. Information on the state of
bonding of analysed elements
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Experimental technique

Description

Metallurgical applications

Single crystal
Single-crystal camera
Weissenberg camera
Precession camera
Automated single crystal
diffractometer

Back reflection or transmission
Laue camera

Powder or fine-grained sample
Debye-Scherrer camera

Glancing angle camera

Guinier camera

Diffractometry

Small single crystal or metallic grains oriented on a two-axis
goniometer with a prominent crystallographic axis along the
goniometer axis. Crystal rotated in a monochromatic or filtered
X-ray beam. Produces a spot diffraction pattern related to the
symmetry of the crystal.

Stationary sample, single crystal or polycrystalline irradiated with
white, continuous wavelength radiation. The back scattered, (back
reflection) and forward scattered transmission diffraction patterns
are recorded on flat films perpendicular to the incident beam. The
symmetry of the diffraction pattern is related to the symmetry of
the crystal in the beam direction. The transmission pattern can be
electronically recorded on large-area detectors.

Cylindrical compact of powder or wire sample (approx. 5 mm long
and 0.5—1 mm in diameter) rotated (to avoid texture effects) in
monochromatic X-ray beam. Diffraction cones intersect narrow
cylindrical film (coaxial with sample) to give line spectrum.

Diffraction spectra obtained by irradiating surface or edge sample at
glancing angle and recording one half of total diffraction spectra
(other half absorbed by sample) on photographic film.

Flat sample positioned on the circumference of the camera is
irradiated by a monochromatic or filtered beam of X-rays diverging
from a film around the circumference.

Flat sample irradiated by a diverging beam of monochromatic or
filtered X-rays. Detector rotated at twice the angular speed of the
specimen to maintain the Bragg-Brentano focusing conditions.

Determination of unit cell dimensions

Crystal structure analysis (i.e. determination of atom positions and
thermal vibrations) etc.

Texture studies on deformed (worked) metallic materials

Confirmation of crystal symmetry
Determination of crystal orientation

Phase identification

Quantitative analysis of mixtures of chemical compounds usually
with aid of calibrated standards

Composition of alloy phases by correlation of lattice

parameters with varying constituent elements

Examination of bulk samples, simultaneous detection and analysis
of surface film (e.g. oxides) and parent metal substrate

Improved resolution and inherently low background aids identification
and comparison of specimens with small differences of structure.
Diffractions at low Bragg angles (high d values) can be studied

Phase identification and quantification (usually with calibrated
standards)
Studies of crystal imperfections, e.g. stacking faults, microstrain, etc.
by detailed measurement of spectra profiles
With appropriate attachments the following are possible:

Residual stress measurement

Texture (preferred orientation) determination

Thermal expansion parameter measurement

Phase transition monitoring
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4.3.1.2 Accessory attachments for diffractometers

The range of applications of diffractometers is increased by accessory attachments for particular
applications. These include:

o Specimen holder with rotation and translation scanning for analysing coarse grained solid and
powder samples.

e Specimen changers for the sequential analysis of up to 40 specimens.

o Chambers for high and low temperature measurement. Temperature control and data collection

can be automated and with a CPSC, rapid data collection system, a 3D display of 260 and intensity

against temperature can be obtained in a few hours.

Preferred orientation is measured with a Texture Attachment. Intensity data are automatically

collected and results displayed as either a conventional pole figure or as orientation distribution

functions (ODF).!!

Attachments for quantitatively measuring residual stress.

Diffraction patterns can be obtained from thin surface films by irradiating the surface at a

shallow angle to increase the effective thickness of the film.

4.3.2 Specific applications

4.3.2.1 Phase identification and quantitative measurements

Phase identification and quantification depend on the accurate measurement of the interplanar
(d) spacings and relative intensities of the diffractions in a diffraction pattern. For routine phase
identification the observed d spacings and relative intensities are compared with standard X-ray data
listed in the X-ray Powder Diffraction File (PDF) published by the International Center for Diffrac-
tion Data (ICDD), formerly the Joint Committee on Powder Diffraction Standards (JCPDS).!? The
file contains data for over 90 000 materials and is regularly updated. It can be obtained on computer
files for computer search and match procedures which have virtually replaced the previously used
manual procedures.

Interactive graphic search programmes are commonly employed. After entering any chemical
information, the PDF files are automatically searched and possible matches listed. These are subse-
quently subtracted from the unknown pattern and the residual displayed for further analysis. With a
mixture, the intensities of the file patterns can be varied to produce the best fit.

In practice, the success in analysing a mixture often depends on the availability of additional
information. For example chemical analysis of individual phases or particles carried out by EDAX
in a SEM, or a manual separation of phases for separate XRD analysis. The patterns can then be
subtracted from the unknown pattern.

Quantitive determinations are carried out by comparing integrated intensities of selected diffrac-
tions. In order to allow for absorption, powders are usually analysed by adding a known fraction of
standard calibrating powder and comparing the intensities of a diffraction from the component to
be analysed with the intensity of a diffraction from the internal standard. Methods are thoroughly
discussed in references 3,9, 10 and 11.

X-ray diffraction analysis is used for the identification of atmospheric pollutants. Examples
include silica'® and asbestos particles collected on multipore filters. The method requires the taking
of an X-ray scan directly from the filter and determining the amount of pollutant by comparison
with calibration curves prepared from similar filters containing known amounts of the pollutants.
As little as 2 g cm ™2 of silica can be detected by this method.

Most metallurgical samples of interest, however, are solid and cannot be analysed by the above
methods. In this case either a calibration curve is constructed from well characterised standards, show-
ing, for precisely defined diffraction conditions, the variation in intensity of a particular diffraction
with percentage of the phase to be analysed. Alternatively, theoretical intensities are calculated for
diffractions from each phase to be analysed and the ratios of their amounts determined from the
observed intensity ratios. The method is illustrated below for the determination of retained austenite
in steels but can be extended to other systems. X-ray data for calculating diffraction intensities are
listed in Tables 4.8, 4.9, 4.10 and 4.11.
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Table 4.8 ANGLES BETWEEN CRYSTALLOGRAPHIC PLANES IN CRYSTALS OF THE CUBIC SYSTEM

(HKL) (hkl) Values of a, the angle between (HKL) and (hkl)
100 100 0° 90°
110 45° 90°
111 54° 44/
210 26° 34/ 63° 26 90°
211 35° 16 65° 54/
221 48° 11’ 70° 32/
310 18° 26/ 71° 34 90°
311 25° 14/ 72027
320 33° 41’ 56° 19’ 90°
321 36° 43/ 57° 42 74° 30/
110 110 0° 60° 90°
111 35° 16 90°
210 18° 26/ 50° 46/ 71° 34
211 30° 54° 44/ 73° 13/ 90°
221 19° 28’ 45° 76° 22/ 90°
310 26° 34/ 47° 52/ 63° 26 77°5
311 31°29 64° 46 90°
320 11°19 53° 58/ 66° 54/ 78°41
321 19° ¢ 40° 54/ 55° 28 67°48' 79° 6
111 111 0° 70° 32/
210 39° 14/ 75°2
211 19° 28’ 61° 52 90°
221 15° 48’ 54° 44’ 78° 54
310 43° 5 68° 35/
311 29° 30 58° 31 79° 58’
320 61° 17 71° 19
321 22012/ 51° 53’ 72° 1 90°
210 210 0° 36° 52/ 53° 8 66° 25’ 78° 28’ 90°
211 24° 6/ 43° 5 56° 47 79° 29’ 90°
221 26° 34/ 41° 49 53° 24/ 63° 26/ 72° 39 90°
310 8° 8 58° 3 45° 64° 54’ 73° 34’
311 19° 17 47° 36 66° 8 82° 15
320 7T 29° 45’ 41° 55 60° 15 68°9' 75° 38’ 82° 53’
321 17° 1 33° 13 53° 18 61° 26/ 70° 13/ 83° 8’ 90°
211 211 0° 33° 33 48° 11’ 60° 70° 32 80° 24/
221 17° 43’ 35° 16/ 47° 7 65° 54 74° 12/ 82012
310 25021 49° 48’ 58° 55 75°2' 82° 35/
311 19° 8 42024/ 60° 30 75° 45’ 90°
320 25°9 37° 37 55° 33’ 63° 5 83° 30/
321 10° 54/ 29° 12/ 40° 12/ 49° ¢/ 56° 56/
70° 54/ 77° 24 83° 44/ 90°
221 221 0° 27° 16 38° 57 63° 37 83° 37 90°
310 32031/ 42027 58° 12 65° 4 83° 57
311 25° 14/ 45° 17 59° 50/ 72° 27 84° 14/
320 22024/ 42° 18’ 49° 40’ 68° 18 79° 21 84° 42/
321 11°29 27° 1 36° 42/ 57° 41 63° 33/ 74° 30
79° 44/ 84° 53’
310 310 0° 25° 51’ 36° 52/ 53° 8 72° 33/ 84° 16/
311 17° 33/ 40° 17 55° 6 67° 35 79° 1 90°
320 15° 15 37° 52 52° 8 74° 45 84° 58
321 21° 37 32019 40° 29 47° 28’ 53° 44/ 59° 32/
65° 75° 19 85°9' 90°
311 311 0° 3506 50° 29’ 62° 58’ 84° 47
320 23° 6 41° 11 54° 10/ 65° 17’ 75° 28 85° 12/
321 14° 46/ 36° 19 49° 52/ 61°5 71° 12 82° 44/
320 320 0° 22037 46° 11’ 62° 31 67° 23 7205 90°
321 15° 30 27° 11" 35023/ 48°9 53° 37 58° 45/ 63° 36
72° 45’ 77°9 85° 45’ 90°
321 321 0° 21° 47 31° 38° 13/ 44° 25 50° 60°

64° 37 69° 4/ 73° 24 81° 47 85° 54/
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Table 4.9 SYMMETRY INTERPRETATIONS OF EXTINCTIONS*

Condition for Symbol of
Class of non-extinction symmetry
reflection  (n=an integer) Interpretation of extinction element
hkl h+k+1=2n Body centred lattice 1
h+k=2n C-centred lattice C
h+1=2n B-centred lattice B
k+1=2n A-centred lattice A
h+k=2n
h+1=2n Face centred lattice F
{ k+1= Zn}
< h, k, 1, all even
or all odd
—h+k+1=3n Rhombohedral lattice indexed on hexagonal reference system R
h+k+1=3n Hexagonal lattice indexed on rhombohedral reference system — H

* From M. J. Buerger, ‘X-ray Crystallography’, John Wiley & Sons, New York, 1942.

Table 4.10 MULTIPLICITY FACTORS FOR POWDER PHOTOGRAPHS

Laue or point-group Cubic system

symmetry hkl hhl 0kl Okk hhh 00/
33m, 43, m3m 48 24 24 12 8 6
23, m3 2x24 24 2x12 12 8 6

Laue or point-group

Hexagonal and rhombohedral systems

symmetry hkil hh2hl  Okkl hki0  hh2hO  0kkO 000/
62{n, 6mm, 62, 6/mmm 24 12 12 12 6 6 2
6, 6, 6/m 2x12 12 12 2x6 6 6 2
3m, 32,3m 2x12 12 2x6 12 6 6 2
33 4x6 2x6 2x6 2x6 6 6 2
Tetragonal system
Laue or point-group
symmetry hkl hhl Okl hk0 hhO 040 00/
4_12tn, 4mm, 42, 4/mmm 16 8 8 8 4 4 2
4,4, 4/m 2x8 8 8 2x4 4 4 2
Orthorhombic system
Laue or point-group
symmetry hkl Okl hol hk0 h00 040 00/
mm, 222, mmm 8 4 4 4 2 2 2
Monoclinic system
Laue or point-group
symmetry hkl hol 0k0
m,2,2/m 4 2 2
Triclinic system
Laue or point-group
symmetry hkl
1,1 2

‘Where the multiplicity is given, for example, as 2 x 6, this indicates two sets of reflections at the same

angle but having different intensities.
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Table 4.11 ANGULAR FACTORS

1 4 cos? 26 1 4 cos? 26 1+ cos?26 1 4 cos® 26
6° sin20 sin 20 sinz O cosd 6° sin29 sin 20 sin2 O cosO
0 0.0000 oo 00 45 0.500 1.000 2.828
1 0.0003  57.272 6563 475 0.5436 1.011 2.744
3 0.0006  38.162 2916
2 0.0011  28.601 1639.1 50 0.5868 1.046 2731
2500019 22.860 1048
3 0.0027  19.029 727.2 524 0.6294 1.105 2785
3100037 16289 533.6 55 0.6710 1.189 2.902
4 0.0049  14.231 408.0 575 07113 1.300 3.084
45 0.0061 12.628 321.9
5 0.0076  11.344 260.3 60 0.7500 1.443 3.333
6 0.0109 9411 180.06
7 0.0149 8.025 131.70 625 0.7868 1.622 3.658
8 0.0193 6.980 100.31 65 0.8214 1.845 4.071
9 0.0243 6.163 78.80 67%  0.8536 2.121 4.592
10 0.0302 5.506 63.41 70 0.8830 2.469 5.255
12 0.0432 4.510 43.39 72 0.9045 2.815 5.920
14 0.0581 3.791 3134 74 0.9240 3.244 6.749
16 0.0762 3.244 23.54 76 0.9415 3.791 7.814
18 0.0955 2815 18.22 78 0.9568 4.510 9.221
20 0.1170 2469 14.44 80 0.9698 5.506 11.182
25 0.1465 2.121 11.086 81 0.9755 6.163 12.480
25 0.1786 1.845 8.730 82 0.9806 6.980 14.097
275 02133 1.622 7.027 83 0.9851 8.025 16.17
84 0.9891 9.411 18.93
30 0.2500 1.443 5.774 85 09924 11344 22.78
851 09938  12.628 25.34
320 02887 1.300 4.841 86 0.9951 14.231 28.53
35 0.3290 1.189 4.123 861 09963 16289 32.64
371 03706 1.105 3.629 87 09973 19.029 38.11
871 0.9981  22.860 45.76
40 0.4131 1.046 3.255 88 0.9988  28.601 57.24
881 09993  38.162 76.35
421 04564 L.011 2.994 89 09997 57272 114.56
45 0.5000 1.000 2.828 90 1.000 00 0o

4.3.2.2 Determination of retained austenite in steel

An important example of quantitative phase analysis by X-ray diffraction is the determination of
retained austenite in steels. The method is based on the comparison of the integrated diffracted
X-ray intensities of selected (kkl) reflections of the martensite and austenite phases. The necessary
formulae and reference data are given below; for more details of the experimental methods the
definitive paper by Durnin and Ridal'* should be consulted.

The integrated intensity of a diffraction line is given by the equation:

Ty = 1* Vi (LP) e™*™ (F)? 4.1
in which /() = integrated intensity for a special (kkl) reflection; n=number of cells in cm?;
V' = volume exposed to the X-ray beam; (LP)= Lorentz-Polarisation factor; m = multiplicity of
(hkl); e=™ = Debye—Waller temperature factor; F = structure factor (which includes £, the atomic
scattering factor.)

For n’V we may substitute ¥ /v2, in which v is the volume of the unit cell.
If the ratio between the integrated intensities of martensite and austenite is denoted by P:

I martensite (@) VaVJz,ma(LP Nay ™ (Fo)
 Taustenite (y)  V,v2m,(LP)ye; > (F),)?

4.2)
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Each factor is determined from the International Tables’ and depends on the reflection used.
A factor G is then determined for each combination of « and y peaks used; hence:

P=-%x— (4.3)

If @ and y are the only phases present:

v 1
Y714 GP

(44

Hence, measurement of the ratio (P) of two diffraction peaks and calculation of the factor G will
give the volume fraction of austenite V,.

The factors involved in the calculation of G for two steels—16.8%Ni—Fe(0.35%C) and NCMV (a
Ni—Cr—Mo-V steel with composition wt % 0.43C; 0.31Si; 0.57Mn; 0.009S; 0.005P; 1.69Ni; 1.36Cr;
1.08Mo; 0.24V; 0.11Cu), Mo, Co and Cr radiation and a selection of 4kl peaks have been extracted
from the ‘International Tables for X-Ray Crystallography” by Durnin and Ridal'* and are presented
in Table 4.12.

These factors may be used to calculate G for different radiations and peaks. The results are
presented in Table 4.13.

When the alloy compositions are being investigated the factors which make up G must be
determined from the International Tables.’

Accuracy obtainable using a diffractometer is in the region of 0.5% for the range 1.5-38 volume
percentage of austenite. X-ray diffraction determination accuracy thus compares favourably with
other techniques such as metallography, dilatometry and saturation magnetisation intensity methods
which are all inaccurate below 10% austenite content.

The main source of error in X-ray determination of retained austenite comes from overlapping
carbide peaks. The carbides and their diffraction peaks most likely to cause problems are summarised
in Table 4.14.

4.3.2.3 X-ray residual stress measurements

Residual stresses can be divided into two general categories, macrostresses where the strain is uniform
over relatively large distances and microstresses produced by non-uniform strain over short distances,
typically a few hundred A. Both types of stress can be measured by X-ray diffraction techniques.

The basis of stress measurement by X-ray diffraction is the accurate measurement of changes in
interplanar d spacing caused by the residual stress. When macrostresses are present the lattice plane
spacing in the crystals (grains) change from their stress-free values to new values corresponding
with the residual stress and the elastic constants of the material. This produces a shift in the position
of the corresponding diffraction, i.e. a change in Bragg angle 6. Microstresses however give rise
to non-uniform variations in interplanar spacing which broaden the diffractions rather than cause a
shift in their position. Small crystal size also give rise to broadening.

Measurement of Macro-residual stress'>>713

The working equation used in most X-ray stress analysis is
_dydy E 1

[of X X
¢ d " 14+v s’y

(O]

where o, is the surface stress lying in a direction common to the surface and the plane defined by
the surface normal and the incident X-ray beam. £ and v are Young’s modulus and Poisson’s ratio
respectively, dy and d, are the interplanar spacings of planes with normals parallel to the surface
normal and at an angle ¥ to the surface normal. These angles are related to the direction of the
incident X-ray beam, as shown in Fig. 4.1. Thus o can be determined from two exposures, one with
the incident beam inclined at 6 to the surface to measure d; and the other at an angle  the first to
measure dy . This technique is known as the two-exposure technique.
Alternatively equation (1) can be rewritten as

1
dy=d. (%) opsin’ ¥ +d, ©)
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Table 4.12 INTENSITY FACTORS FOR DIFFERENT RADIATIONS AND PEAKS!4
Peak

Material Radiation Factor «200 a2ll 200 220 y311
16.8%Ni-Fe Mo Bragg angle, 6 14.41 17.73 11.49 16.32 19.21
NCMV Mo 14.40 17.70 11.49 16.32 19.21
16.8%Ni-Fe Co 38.67 49.89 29.99 44.92 55.85
16.8%Ni-Fe Cr 53.15 78.05 39.74 64.65 —
Both compositions All Multiplicity, m 6 24 6 12 24
Both Mo Lorentz and 29.46 18.84 47.56 22.55 15.78

Co polarisation 3.44 2.73 5.79 2.83 2.96

Cr (LP) 2.81 9.26 3.29 4.01 —
16.8%Ni-Fe Mo Debye—Waller 0.910 0.869 0.943 0.889 0.847
NCMV Mo temp. e~2M 0.910 0.869 0.943 0.889 0.848
16.8%Ni—Fe Co 0.908 0.869 0.941 0.889 0.852
16.8%Ni-Fe Cr 0.912 0.869 0.943 0.889 —
16.8%Ni-Fe Mo Atomic scattering, 15.1 13.4 17.0 14.0 12.8
NCMV Mo fo 14.7 13.1 16.6 13.7 12.5
16.8%Ni-Fe Co 10.78 9.14 12.69 9.84 8.60
16.8%Ni-Fe Cr 13.19 11.54 15.09 12.24 —
Both All Structure factor, F' 2 2 4 4 4
Both All 1/V2 (V is volume 1.79 x 1073 kx units 4.68 x 10* kx units

of unit cell)
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Table 4.13 AUSTENITE DETERMINATION FACTOR G FOR DIFFERENT RADIATIONS AND PEAK COMBINATIONS '

Peak combination

Material Radiation «200-y200 «200-y220 «200—-y311 a211-y200 a211-y220 a211-y311
16.8%Ni—Fe Mo 222 1.36 1.50 1.16 0.71 0.78
NCMV Mo 223 1.38 1.51 1.15 0.72 0.78
16.8%Ni—Fe Co 2.52 1.40 2.15 1.09 0.61 0.93
16.8%Ni—Fe Cr 1.66 2.50 — 0.17 0.26 —

Table 4.14 INTERFERENCE OF ALLOY CARBIDE LINES WITH AUSTENITE AND MARTENSITE LINES'*

Austenite and

martensite ‘d’

spacings Fe;C MeC V4Cs MoCorW,C  WC Cr3Ce Cr;Cs

(200)y 1.80 A Clear Clear Clear Clear Clear Strong overlap Strong overlap
(200)x 1.43 A Clear Strong overlap Clear Clear Weak overlap ~ Weak overlap Weak overlap
(220)y 1.27 A Weak overlap Strong overlap Weak overlap ~ Strong overlap ~ Weak overlap ~ Medium overlap ~ Clear

21D 1.17A  Strongoverlap  Clear Clear Weak overlap Weak overlap ~ Medium overlap ~ Medium overlap
(311)y 1.08 A Weak overlap Medium overlap ~ Clear Weak overlap Clear Strong overlap Clear
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Figure 4.1

This shows that dy is a linear function of sin?y. The intercept on the d axis gives d, and the slope
d 1 ((1+v)E)o¢p. A positive slope corresponds to a tensile stress and a negative slope to compression.
This technique takes advantage of measurements involving a number of dy, values.

The determination of interplanar spacings depends on the accurate measurement of the
corresponding Bragg angle 6 where

A
2sin 9;,/([

Back reflection diffractions are used as the highest sensitivity to changes in interplanar spacing are
obtained as 6 tends to 90°. In practice the specimen is rotated through ¥ between exposures (or the
tube and detector together through the same angle on portable systems for measuring large samples).

Due to the limited penetration of commonly used X-ray wavelengths, typically 4 pm for chromium
radiation to 11 wm for molybdenum in steel, only surface stresses are measured. Stresses at lower
depths in the sample are determined by repeating measurements after removing (electropolishing)
layers of known thickness. The measured values are subsequently corrected for changes in stress
resulting from the removal of upper layers.

Residual stress in small components can be measured on a converted diffractometer by adding a
specimen support table with three orthogonal adjustments to permit the surface of the component to
be brought into the beam. Fully automated portable systems are available for determining residual
stress in large components.

Typical accuracy for steel is £1.5-3.0 x 107 Pa (&1-2ton in~2).

diy =

MEASUREMENT OF MICROSTRESSES216:17

A worked surface gives rise to broadened diffractions due to a combination of microstresses and
small crystallite size. An approximate method to separate the two effects is to assume that the breadth
is the sum of the separate broadening from each effect.



4-22  X-ray analysis of metallic materials
. The relationships between diffraction breadth 8 and average crystallite size ¢ and mean stress
o are:
1. Small crystallite alone
kX
P )

ﬂS.C. =

where k is a constant ~1 and &, is the linear dimension perpendicular to the measured /k/
plane.
2. Microstresses alone

46 tan ©
Ep

where Ejy; is the elastic constant perpendicular to skl

Bms. =

When both effects are present, then

.8 = ﬂs.c. + ﬂM.S.
_ A 46 tan ©
" epgcos® Epu

which can be rewritten in the form:
Becos® 1 46 sin @
A Enkl AEp

If only these defects are present, then a plot of Scos ® /X against sin ® should be a straight line,
with intercept on the 8 cos ®/A axis giving 1/e;; and the slope 46/AE .

For non-cubic materials, for example tetragonal and hexagonal, separate plots should be made
for the hkO and 001 results.

In the above formulae, diffraction breadth is measured as either the breadth in radians at half the
peak height (HPHW) or as the integral breadth which is the integrated intensity of the diffraction
divided by the peak height. It corresponds to the width of a rectangle having the same area and
height as the diffraction. The latter is particularly useful in analysing peaks with partially resolved
aja; doublets. The measured breadths include the instrumental breadth which is independent of any
crystal defects. This can be measured for subsequent subtraction from the measured breadths by
running a scan from a defect-free specimen.

4.3.2.4 Preferred orientation

Preferred orientation can be represented in two ways, either as a convential pole figure or as an inverse
pole figure. A conventional pole figure shows the distribution of a low-index pole—normal to a
crystallographic plane, over the whole specimen. With a cubic metal, these are generally constructed
for {100}, {110} and {111} planes while for hexagonal metals usually the basal (0001) planes
{1010} or {1011} planes are selected. A high density of poles shows the preferred direction of the
pole with respect to the sample.

An inverse pole figure on the other hand shows how the grains are distributed with respect to
a particular direction in the sample. Inverse pole figures are usually constructed for the principal
directions of the sample, for example the extrusion, radial, and tangential directions in extruded
material. The method is rapid, and data for a single direction can be determined from a conventional
diffractometer scan taken from a surface which is perpendicular to the required direction. The method
is based on the fact that all diffractions recorded on a conventional scan come from planes which are
parallel to the surface and their intensities are related to the number of grains (volume of material)
which has this orientation. The diffraction intensities are compared to those from a sample having
random orientation. These can be either theoretical calculated values or values measured directly
from a corresponding scan taken from a sample with random orientation. These relative intensities
are called texture coefficients (TC) and are expressed mathematically as

0
Loy [

TCohy = T=i7— J0—
3220 I(hkl)/ l?hkl)

where

I = measured integrated intensity of a given Akl diffraction

1% = corresponding intensity for the same Akl diffraction from a random sample
n = total number of diffractions measured.
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The TCy; values are proportional to the number of grains (volume of sample) which are oriented
with an hkl plane parallel to the sample surface.

The values can be plotted on a partial sterographic projection and contour lines drawn through
the plotted points to produce an ‘Inverse Pole Figure’ for that particular specimen direction. High
values show the preferred grain orientation in the specimen direction.

4.3.2.5 Specimen preparation

Methods for preparing standard diffractometer specimens are discussed in references 1-3. The most
common method is to pack loose powder into a flat cavity in an aluminium specimen holder, taking
care not to introduce preferred orientation. Another method is to mix the powder into a slurry and
smear some over a glass cover slip. Coarse powders which tend to slide out of the cavity during a scan
can be mixed with petroleum jelly or gum tragacanth which themselves give negligible diffraction.

A problem when analysing a small amount of material is diffraction and scatter from the specimen
holder. These effects are reduced by using a single crystal holder of a low element material which
has been polished so the surface is just off a Bragg plane.

Most laboratories have developed procedures and specimen holders for non-standard applications.
These have been surveyed by D. K. Smith and C. S. Barrett and the results published in ‘Advances in
X-ray Analysis’.!® One application is the analysis of air-moisture reactive powders. A simple solution
is to fill and seal the powder in thin walled glass quills inside a dry box. After removal from the glove
box the quills are mounted in raft fashion across a recessed specimen holder. Sealed cells are also
used to avoid handling delicate quills inside a glove box. One such method for lithium compounds
was to load the powder inside a glove box into a recessed specimen holder and cover the powder
with a flanged 0.001 in. thick aluminium foil dome. Petroleum jelly was lightly smeared round the
flange to hold the dome on to the specimen holder and make a moisture seal.

Metal samples submitted for XRD analysis are generally metallurgically mounted and polished
samples. Due to the limited penetration of the X-ray beam into the sample it is always advisable
to first electropolish the surface. Useful electropolishes are listed in Chapter 10, Table 10.4. An
electropolish frequently used in preparing specimens for retained austenite determinations is

7 vol% perchloric acid
69 vol% ethanol
10 vol% glycerol
14 vol% water

At a voltage of 23 V. Electrolyte maintained at temperature below 12°C.

EXTRACTION TECHNIQUES

Precipitates that are present at very low concentrations can be concentrated by dissolving away the
matrix and collecting the residue. Typical solutions used for extraction are as follows.'°

(i) Carbides and certain intermetallic compounds

(a) Immersion overnight in 5 or 10% bromine in methanol, or

(b) Electrolytically in 10% hydrochloric acid in methanol at a current density of 0.07 A cm™2.
Extraction for 4 h provides sufficient powder residue.

The intermetallic phases which can be extracted using these solutions are sigma phase, certain

of the Laves phases, FesMo; etc.

(il) Gamma prime, eta phase, M(CN)

(a) Electrolytically in 10% phosphoric acid in water at a current density of 10 A dm~2. Time
of extraction 4 h. It is sometimes necessary to add a small amount of tartaric acid in order
to prevent the formation of tantalum and tungsten hydroxides,
or

(b) Electrolytically in 1% citric acid plus 1% ammonium sulphate in water. Current density
2 A dm~2, duration 4 h. For quantitative work this solution is preferred to the phosphoric
acid electrolyte.

Certain of the Laves phases may also be extracted using either of these solutions.

(iii) Precipitates and intermetallic compounds in chromium

Immersion overnight in 10% hydrochloric acid. This has been used to extract carbides and

borides.

Precipitates can also be concentrated by heavily etching a surface to leave them proud of the sur-
face as used to produce replicas in electron microscopy.
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Table 4.15 CRYSTAL GEOMETRY

System dpig = Interplanar spacing V="Vol. of unit cell
1 R+ k+ P2
Cubic 5= % V=d
®ook P
Tetragonal - =5+t V =dc

d?  a?  a?
. I I S
Orthorhombic =2 + = + = V = abc

1 (h* 4+ K2 + P)sin® a 4 2(hk + kI 4 hi)(cos® a — cos )

— — 3 2 3
Rhombohedral* = 2(1 —3cosa 1 2cos a) V =a/(1—3cos*a+2cos’ )
4 (B + hk +k? 2 V3
t —_— = — — =YY"= 2

Hexagonal =3 < 2 ) + 3 Vv 5 e 0.866 a“c

1 n? K? ? 2hl
Monoclinic — = —— + 5+ 5 (.;OZS A V = abcsin B

d a’sin® B b*  c2sin*B acsin’ B

1 1
Triclinic 2= W(s“h2 + s22k2 + S3312 + 2s12hk + 2523kl + 2513h1) V =abey/(1 — cos? o — cos? B — cos? y + 2 cos  cos Scos y)
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System ¢ = angle between planes hikly and hyk 1)
hihy + kiky + 41
Cubic cos¢p = > 1§+2122+122 5
VI + ki + D)5 + k5 + )]
Tetragonal cosg Uniha/a?) + (hika/a®) + (i /)
VA /@) + (k3 @) + (1 /e)h5 /a?) + (k3 /b2) + (15 /)]
Orthorhombic cos¢p = (nha/a®) & (hika/0%) + (ha/?)

VA3 /a2 + (i /b?) + (1B /(3 /a®) + (k3 /%) + (13 /)]

(h1hy + kiky + L) sin? a 4 (ki 4 kaly 4 Ly + By + hiky + haky)(cos? @ — cos @)
VAR + 1+ B)sin o + 2(hiky + kil 4 hil)(cos? a — cos @)][(h3 4 k3 + 1B) sin® & + 2(haka + kalo + hob)(cos? a — cos )]}

Rhombohedral® cos¢p =

hihy + ki + Y(hka + haky) + 2(@?/c) - I

Hexagonal* cosp =
VAR + K+ ik + (@2 /RN + 1 + hake + 3(a?/c?) - B}
. (hiha/a®) + kiky sin® B/b%) + (b /¢®) — [(ha + ) cos B/ac)]
Monoclinic cos¢p = P T ) ) PR 5 7 2
VA1 /a?) + (ki sin” B/b?) + (17 /c?) — (k111 cos B/ac)][(h3/a?) + (ks sin® B/b%) + (I3 /c*) — (2hal; cos B/ac)]}
Triclini Ayt - dAnykoly
riclinic Cos ¢ = —————=[s11h1hy + snkiky + 5330112 + s23(k1 12 + ko [1) + s13(lhz + ) + s12(hka + hoky)]

V2
2.2 ¢in2 _ 2

where s;; = b°c”sin“« 512 = abc” (coswcos B — cosy)

sy =a*c*sin® B 533 = abc (cos feosy — cosa)

s33 = a*bsin’y 513 = ab®c (cos y cosa — cos f)

* Rhombohedral axes.
T Hexagonal axes, co-ordinates hkil where i = —(h + k).
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4.3.2.6 Formulae and crystallographic data

Formulae for calculating interplanar dpy spacings from lattice parameters and data for calculating
intensities together with other useful information on crystal symmetry are given in Tables 4.8, 4.9,
4.10,4.11 and 4.15.

INTENSITIES

The relative intensities of diffractions recorded on a diffractometer scan are given by the formula

1 + cos?20
10((27>|F\2~T-p~A

sin” cos 6

1+ cos?6 5 . o
where (| ———— ||F|*-T-p-A = Combined polarisation Lorentz factor (Table 4.11)
sin” 6 cos 6

F = structure factor involving the summation of scattering from all atoms in the unit cell
T = temperature factor, e~ (8sin*0/2%)
p = multiplicity factor, Table 4.10

A = an absorption factor.

For a diffractometer specimen of effectively infinite thickness, 4 = K/ where K is a constant
and u the linear absorption coefficient of the sample. A is therefore independent of 6. A criterion
for this condition is that the thickness of the specimens is >3.2/u.

Tables 4.16 and 4.17 give values of Mean Atomic Scattering Factors and Mass Absorption
Coefficients, respectively.
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Table 4.16 MEAN ATOMIC SCATTERING FACTORS*

Sing & -1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 12
H 1.000 0.811 0.481 0.251 0.130 0.071 0.040 0.024 0.015 0.010 0.007 0.005 0.0035
H-! 2.000 1.064 0.519 0.255 0.130 0.070 0.040 0.024 0.015 0.010 0.007 0.005 0.0035
He 2.000 1.832 1.452 1.058 0.742 0.515 0.358 0.251 0.179 0.129 0.095 0.071 0.054
Li 3.000 2215 1.741 1.512 1.269 1.032 0.823 0.650 0.513 0.404 0.320 0.255 0.205
Lit! 2.000 1.935 1.760 1.521 1.265 1.025 0.818 0.647 0.510 0.403 0319 0.254 0.203
Li~! 4.000 2.176 1.743 1.514 1.269 1.033 0.826 0.654 0.516 0.408 0.323 0.257 0.205
Be 4.000 3.067 2.067 1.705 1.531 1.367 1.201 1.031 0.878 0.738 0.620 0.519 0432
Bet! 3.000 2.583 2.017 1.721 1.535 1.362 1.188 1.022 0.870 0.735 0.618 0.520 0.436
Bet2 2.000 1.966 1.869 1.724 1.550 1.363 1.180 1.009 0.855 0.721 0.606 0.508 0.427
B 5.000 4.066 2711 1.993 1.692 1.534 1.406 1.276 1.147 1.016 0.895 0.783 0.682
B! 4.000 3471 2.551 1.962 1.688 1.536 1.410 1.283 1.154 1.028 0.908 0.798 0.698
B+2 3.000 2757 2.290 1.928 1.707 1.552 1414 1278 1.144 1.016 0.896 0.786 0.687
B+ 2.000 1.979 1.919 1.824 1.703 1.566 1.420 1.274 1.132 0.999 0.877 0.767 0.669
C 6.000 5.126 3.581 2.502 1.950 1.685 1.536 1.426 1.322 1218 1.114 1.012

c+? 4.000 3.686 2.992 2.338 1.910 1.672 1.533 1.429 1332 1.233 1.131 1.030

ch 3.000 2.842 2.487 2.133 1.874 1.697 1.564 1.447 1.335 1.225 1.116 1.012 0.913
cH 2.000 1.986 1.945 1.880 1.794 1.692 1.579 1.459 1.338 1.219 1.104 0.994 0.893
N 7.000 6.203 4.600 3.241 2.397 1.944 1.698 1.550 1.444 1.350 1.263 1.175 1.083
N+3 4.000 3772 3227 2.635 2172 1.869 1.682 1.558 1.461 1.373 1.287 1.199 1.112
N+ 3.000 2.890 2.619 2.306 2.038 1.837 1.690 1.573 1.472 1.375 1.281 1.188 1.097
N-! 8.000 6.688 4.631 3.186 2.364 1.929 1.694 1.551 1.446 1.352 1.263 1.170

0 8.000 7.250 5.634 4.094 3.010 2.338 1.944 1.714 1.566 1.462 1.374 1.296 1.220
ot! 7.000 6.493 5.298 4.017 3.016 2.356 1.956 1.717 1.567 1.461 1.374 1.296

0+2 6.000 5.647 4.776 3771 2.924 2327 1.948 1716 1.568 1.463 1378 1.301

o3 5.000 4760 4.151 3.410 2.745 2.246 1.913 1.701 1.562 1.463 1.382 1.308

o-! 9.000 7.836 5.756 4.068 2.968 2.313 1.934 1.710 1.566 1.46 1373 1.294

F 9,000 8.293 6.691 5.044 3.760 2.878 2312 1.958 1.735 1.587 1.481 1.496

F! 10.00 9.108 7.126 5.188 3.786 2.885 2.323 1.972 1.747 1.596 1.486 1.399 1.322
Ne 10.00 9.363 7.824 6.987 4617 3.536 2.794 2.300 1.976 1.760 1.612 1.504 1.419
Na 11.00 9.76 8.34 6.89 5.47 429 3.40 276 231 2.00 1.78 1.63 1.52
Na+t 10.00 9.551 8.390 6.925 5510 4.328 3.424 2771 2314 2.001 1.785 1.634 1.524
Mg 12.00 10.50 8.75 7.46 6.20 5.01 4.06 3.30 272 2.30 2.01 1.81 1.65
Mg*2 10.00 9.66 8.75 7.51 6.20 4.99 4.03 328 271 2.30 2.01 1.81 1.65
Al 13.00 1123 9.16 7.88 6.77 5.69 471 3.88 321 271 2.32 2.05 1.83
Alt! 12.00 10.94 9.22 7.90 6.77 5.70 471 3.88 322 2.70 2.32 2.04

(continued)
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Table 4.16 MEAN ATOMIC SCATTERING FACTORS*—continued

Sing x-1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 1.2
AlT? 11.00 10.40 9.17 7.65 6.79 5.70 471 3.88 3.22 2.71 2.33 2.05 1.84
AlT3 10.00 9.74 9.01 7.98 6.82 5.69 4.69 3.86 3.20 2.70 2.32 2.04 1.84
Si 14.00 12.16 9.67 8.22 7.20 6.24 531 447 3.75 3.16 2.69 235 2.07
Si—3 11.00 10.53 9.48 8.34 727 6.25 5.30 4.44 3.73 3.14 2.67 2.34

Si~* 10.00 9.79 9.20 8.33 7.31 6.26 5.28 4.42 3.71 3.13 2.68 2.33 2.06
P 15.00 13.17 10.34 8.59 7.54 6.67 5.83 5.02 428 3.64 3.11 2.69 2.35
S 16.00 1433 11.21 8.99 7.83 7.05 6.31 5.56 4.82 415 3.56 3.07 2.66
s-! 17.00 15.00 11.36 8.95 7.79 7.05 6.32 5.57 4.83 4.16 3.57 3.08 2.67
s—2 18.00 (15.16) (10.74) (8.66) (7.89) (7.22) (6.47) (5.69) (4.93) (4.23) (3.62) (3.13) .71)
cl 17.00 1533 12.00 9.44 8.07 7.29 6.64 5.96 5.27 4.60 4.00 347 3.02
clr! 18.00 16.02 12.22 9.40 8.03 7.28 6.64 5.97 5.27 4.61 4.00 3.47 3.03
A 18.00 16.30 12.93 10.20 8.54 7.56 6.86 6.23 5.61 5.01 443 3.90 3.43
K 19.00 16.73 13.73 10.97 9.05 7.87 7.11 6.51 5.95 539 484 4 383
K+! 18.00 16.68 13.76 10.96 9.04 7.86 7.11 6.51 5.94

Ca 20.00 17.33 14.32 11.71 9.64 8.26 7.38 6.75 6.21 5.70 5.19 4.69 421
Ca't! 19.00 17.21 1435 11.70 9.63 8.26 7.38 6.75 6.21 5.70 5.19 4.68

Ca™2 18.00 16.93 14.40 11.70 9.61 8.25 7.38 6.75 6.22 5.70 5.18 4.68

Sc 21.00 18.72 15.38 12.39 10.12 8.60 7.64 6.98 6.45 5.96 5.48 5.00 4.53
Sct! 20.00 18.50 15.43 12.43 10.13 8.61 7.64 6.98 6.45 5.96 5.48 5.00 5.53
Sct? 19.00 17.88 15.27 12.44 10.18 8.64 7.65 6.98 6.45 5.96 5.48 5.01 4.54
Sct3 18.00 17.11 14.92 12.38 10.22 3.68 7.76 6.98 6.44 5.96 5.49 5.02 4.56
Ti 22.00 19.96 16.41 13.68 11.53 9.88 8.57 7.52 6.65 5.95 5.36 4.86 4.43
Tit! 21.00 19.61 16.55 13.64 11.53 9.98 8.56 7.52

Tit? 20.00 18.99 16.52 13.75 11.50 9.86 8.58 7.52

Tit3 19.00 18.24 16.27 13.82 11.58 9.84 8.55 7.53

\% 23.00 20.90 17.23 14.39 12.15 10.43 9.05 7.95 7.05 6.31 5.69 5.15 4.70
\ax 22.00 20.56 17.37 14.36 12.15 10.44 9.05 7.95

v+2 21.00 19.94 17.35 14.46 12.12 10.41 9.07 7.96

v+3 20.00 19.19 17.11 14.54 12.19 10.38 9.04 7.97

Cr 24.00 21.84 18.05 15.11 12.78 10.98 9.55 8.39 7.44 6.67 6.01 5.45 4.97
Crt! 23.00 21.50 18.20 15.07 12.78 10.99 9.54 8.40

crt? 22.00 20.89 18.18 15.18 12.75 10.97 9.56 8.40

crt3 21.00 20.15 17.96 15.26 12.82 10.94 9.53 8.41

Mn 25.00 22.77 18.88 15.84 13.41 11.54 10.04 8.84 7.85 7.03 6.34 5.75 5.25
Mn't! 24.00 22.44 19.02 15.79 13.42 11.55 10.04 3.84
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18.76
18.71
18.81
18.91

19.50
19.55
20.35
20.19
20.39

20.99
21.03
21.18
21.74
21.68

21.77
21.88
22.49
23.24
24.00

13.38
13.45
13.54
14.05
14.05

14.02
14.08
14.18
14.69
14.70

14.66
14.72
15.34
15.34
15.30

15.36
15.98
15.99
15.95
16.00

16.64
16.60
17.29
17.30
17.30

17.95
17.92
18.05
18.61
18.63

18.58
18.61
19.28
19.95
20.62

11.53
11.50
11.53
12.11
12.12

12.09
12.06
12.09
12.67
12.68

12.66
12.63
13.25
13.25
13.24

13.20
13.82
13.83
13.81
13.77

14.40
14.40
14.98
14.99
14.93

15.57
15.57
15.53
16.16
16.16

16.16
16.11
16.75
17.35
17.95

10.06
10.03
10.00
10.54
10.54

10.56
10.54
10.50
11.05
11.04

11.07
11.04
11.56
11.55
11.58

11.56
12.07
12.07
12.09
12.07

12.59
12.61
13.11
13.10
13.11

13.63
13.65
13.60
14.16
14.16

14.18
14.17
14.69
15.22
15.76

8.84
8.85
8.82
9.29
9.29

9.29
9.30
9.28
9.74
9.74

9.74
9.76
10.20
10.20
10.19

10.21
10.66
10.66
10.65
10.68

11.12
11.12
11.59
11.60
11.61

12.06
12.06
12.07
12.54
12.54

12.53
12.53
13.02
13.50
13.98

8.25

8.66

9.08

9.46

10.33

10.76

11.19

11.62
12.06
12.50

10.07

10.46
10.86
11.26
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7.01

8.05

8.40

9.47
9.84
10.21

6.06

6.37

6.68

7.00

7.32

7.64

7.97

8.63
8.97
9.31
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7.91
8.21
8.53

(continued)
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Table 4.16 MEAN ATOMIC SCATTERING FACTORS*—continued

Sing 41 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 12
Rb 37.00 34.11 28.97 24.75 21.29 18.55 16.30 14.47 12.94 11.66 10.58 9.65 8.84
Rb*! 36.00 33.82 29.11 24.70 2131 18.55 16.30 14.48

Sr 38.00 35.06 29.83 25.51 21.96 19.15 16.84 14.96 13.39 12.07 10.95 9.99 9.16
Y 39.00 36.01 30.68 26.28 22.64 19.76 17.39 15.46 13.84 12.48 11.32 10.34 9.48
Zr 40.00 36.96 31.54 27.04 23.32 2037 17.94 15.95 14.29 12.89 11.70 10.68 9.80
Zrt 36.00 34.72 31.39 27.25 23.39 2031 17.92 15.97

Nb 41.00 3791 32.40 27.81 24.01 20.98 18.49 16.45 14.74 13.31 12.08 11.04 10.13
Mo 42.00 38.86 3325 28.57 24.69 21.60 19.04 16.95 15.20 13.73 12.46 11.39 10.45
Mo+! 41.00 38.59 3339 28.51 2472 21.59 19.04 16.96

Te 43.00 39.81 34.12 29.34 25.38 2221 19.60 17.46 15.65 14.15 12.85 11.74 10.78
Ru 44.00 4076 34.98 30.12 26.07 22.83 20.16 17.96 16.12 14.57 13.24 12.10 1111
Rh 45.00 4172 35.84 30.89 26.76 23.46 20.72 18.47 16.58 14.99 13.63 12.46 11.45
Pd 46.00 42,67 36.70 31.67 27.46 24.08 21.28 18.98 17.05 15.42 14.02 12.82 11.78
Ag 47.00 43.63 37.57 32.44 28.16 24.71 21.85 19.50 17.52 15.85 14.42 13.19 12.12
Agt! 46.00 4337 37.71 32.38 28.18 24.70 21.85 19.50

cd 48.00 44.58 38.44 3322 28.85 25.34 242 20.02 17.99 16.28 14.81 13.56 12.46
In 49.00 4553 39.31 34.00 29.56 25.97 22.99 20.53 18.46 16.71 15.21 13.93 12.80
Sn 50.00 46.49 40.17 34.78 30.26 26.60 23.56 21.05 18.93 17.15 15.61 14.30 13.15
Sb 51.00 4745 41.05 35.57 30.96 2274 24.14 21.58 19.41 17.59 16.02 14.67 13.49
Te 52.00 48.40 41.92 3635 31.67 27.87 2471 22.10 19.89 18.03 16.42 15.05 13.84
I 53.00 49.36 42.79 37.14 32.38 28.51 2529 22.63 2037 18.47 16.83 1542 14.19
Xe 54.00 50.32 43.66 37.93 33.09 29.16 25.87 23.16 20.86 18.92 17.24 15.80 14.54
Cs 55.00 51.27 44.54 38.72 33.80 29.80 26.46 23.69 21.34 19.36 17.65 16.18 14.90
Ba 56.00 5223 45.41 39.51 3451 30.44 27.04 2422 21.83 19.81 18.07 16.57 15.25
La 57.00 53.19 46.29 40.30 35.23 31.09 27.63 24.76 2232 20.26 18.48 16.95 15.61
Ce 58.00 54.15 47.16 41.09 35.94 31.74 2822 2530 22.81 2071 18.90 17.34 15.97
Pr 59.00 55.11 48.04 41.89 36.66 32.39 28.81 25.84 2331 21.17 19.32 17.72 1633
Nd 60.00 56.07 48.92 42.69 37.38 33.04 29.40 26.38 23.80 21.62 19.74 18.11 16.69
Pm 61.00 57.02 49.80 4348 38.10 33.69 29.99 26.92 24.30 22.08 20.16 18.51 17.05
Sm 62.00 57.98 50.68 4428 38.82 34.35 30.59 27.46 24.80 22.54 20.58 18.90 17.42
Eu 63.00 58.94 51.56 45.08 39.55 35.01 31.19 28.01 25.30 23.00 21.01 19.29 17.79
Gd 64.00 59.91 52.45 45.88 40.27 35.66 31.79 28.56 25.80 23.46 2144 19.69 18.16
Tb 65.00 60.87 5333 46.68 41.00 36.33 3239 29.11 2631 23.93 21.87 20.09 18.53
Dy 66.00 61.83 5421 47.49 4173 36.99 32.99 29.66 26.81 24.39 2230 20.49 18.90

Ho 67.00 62.79 55.10 48.29 42.46 37.65 33.59 30.21 27.32 24.86 22.73 20.89 19.27
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Er 68.00 63.75 55.98 49.10 43.19 38.31 34.20 30.76 27.83 25.33 23.17 21.29 19.65
Tm 69.00 64.71 56.87 49.90 43.92 38.98 34.81 31.32 28.34 25.80 23.60 21.70 20.03
Yb 70.00 65.67 57.75 50.71 44.66 39.65 35.42 31.88 28.85 26.28 24.04 22.11 20.40
Lu 71.00 66.64 58.64 51.52 45.39 40.32 36.03 32.44 29.37 26.75 24.48 22.51 20.78
Hf 72.00 67.60 59.53 52.33 46.13 40.99 36.64 33.00 29.88 27.23 24.92 22.92 21.17
Ta 73.00 68.56 60.42 53.14 46.86 41.66 37.25 33.56 30.40 27.70 25.36 23.33 21.55
w 74.00 69.52 61.31 53.95 47.60 42.33 37.87 34.12 30.92 28.18 25.80 23.74 21.93
Re 75.00 70.49 62.20 54.76 48.34 43.01 38.48 34.69 31.44 28.66 26.25 24.16 22.32
Os 76.00 71.45 63.09 55.58 49.08 43.68 39.10 35.26 31.96 29.14 26.70 24.57 22.70
Ir 77.00 72.42 63.98 56.39 49.83 44.36 39.72 35.82 32.48 29.63 27.14 24.99 23.09
Pt 78.00 73.38 64.87 57.21 50.57 45.04 40.34 36.39 33.01 30.11 27.59 25.41 23.48
Au 79.00 74.35 65.77 58.02 51.31 45.72 40.96 36.96 33.53 30.60 28.04 25.83 23.87
Aut! 78.00 74.14 65.88 57.96 51.35 45.70 40.97 36.97

Hg 80.00 75.31 66.66 58.84 52.06 46.40 41.59 37.54 34.06 31.08 28.50 26.25 24.27
Hg*? 78.00 74.65 66.90 58.79 52.05 46.41 41.59 37.53

Tl 81.00 76.27 67.55 59.66 52.81 47.08 42.22 38.12 34.60 31.59 28.68 26.68 24.67
TI+! 80.00 76.07 67.67 59.59 52.84 47.06 42.23 38.12

TI+ 78.00 75.03 67.82 59.71 52.76 47.08 42.24 38.10

Pb 82.00 77.24 68.45 60.48 53.56 47.71 42.85 36.69 35.13 32.08 29.42 27.11 25.07
Pb+3 79.00 76.00 68.71 60.53 53.50 47.46 42.87 38.68

Bi 83.00 78.20 69.34 61.30 54.30 48.45 43.47 39.27 35.66 32.57 29.87 27.53 25.46
Po 84.00 79.17 70.24 62.12 55.05 49.14 44.10 39.85 36.19 33.06 30.33 27.96 25.86
At 85.00 80.13 71.13 62.94 55.80 49.82 44.73 40.43 36.73 33.55 30.79 28.38 26.26
Rn 86.00 81.10 72.03 63.76 56.56 50.51 45.36 41.01 37.26 34.05 31.25 28.81 26.66
Fe 87.00 82.07 72.93 64.58 57.31 51.20 45.99 41.59 37.80 34.55 31.71 29.24 27.06
Ra 88.00 83.03 73.82 65.41 58.06 51.89 46.63 42.17 38.34 35.04 32.17 29.67 27.46
Ac 89.00 84.00 74.72 66.23 58.82 52.58 47.26 42.75 38.88 35.54 32.64 30.10 27.87
Th 90.00 84.97 75.62 67.06 59.57 53.27 47.90 43.34 39.42 36.05 33.10 30.54 28.27
Pa 91.00 85.93 76.52 67.88 60.33 53.97 48.53 43.93 39.96 36.55 33.57 30.97 26.68
U 92.00 86.90 77.42 68.71 61.09 54.66 49.17 44.51 40.50 37.05 34.04 31.41 29.09

* Condensed from ‘International Tables of X-ray Crystallography’, Kynoch Press, Birmingham, England, 1962.
Note: For elements of atomic number 22 or more factors are from Thomas—Fermi-Dirac Statistical Model.
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Table 4.17 MASS ABSORPTION COEFFICIENT n/p, CORRECTED FOR SCATTERING*

Radiation
Ag Pd Rh Mo Zn Cu Ni Co Fe Mn Cr Ti
Ka=0.5609 0.5869 0.6147 0.7107 1.4364 1.5418 1.6591 1.7902 1.9373 2.1031 2.2909 2.7496
Absorber KB=0.4970 0.5205 0.5456 0.6323 1.2952 1.3922 1.5001 1.6207 1.7565 1.9102 2.0848 2.5138
H 1 0.371 0.373 0.375 0.381 0.425 0.434 0.446 0.462 0.482 0.509 0.545 0.658
0.366 0.368 0.370 0.376 0.414 0.421 0.430 0.442 0.458 0.479 0.506 0.595
He 2 0.195 0.197 0.199 0.207 0.348 0.384 0.430 0.490 0.569 0.673 0.813 1.261
0.190 0.192 0.194 0.200 0.306 0.334 0.369 0.414 0.474 0.554 0.661 1.010
Li 3 0.187 0.191 0.196 0.217 0.611 0.716 0.850 1.025 1.254 1.556 1.960 3.260
0.178 0.181 0.185 0.200 0.493 0.572 0.673 0.804 0.978 1.209 1.520 2.533
Be 4 0.229 0.239 0.251 0.307 1.245 1.498 1.823 2.245 2.796 3.526 4.474 7.636
0.208 0.215 0.224 0.258 0.958 1.149 1.393 1.711 2.130 2.688 3.439 5.884
B 5 0.279 0.295 0314 0.393 1.965 2.386 2.927 3.628 4.545 5.757 7.378 12.58
0.245 0.257 0.270 0.327 1.490 1.806 2.213 2.742 3.438 4.365 5.614 9.674
C 6 0.400 0.432 0.464 0.625 3.764 4.603 5.680 7.075 8.899 11.31 134.53 24.83
0.333 0.356 0.383 0.495 2.815 3.446 4.257 5.310 6.697 8.542 11.02 19.08
N 7 0.544 0.597 0.658 0.916 6.132 7.524 9.311 11.62 14.64 18.63 23.95 40.96
0.433 0.471 0.515 0.700 4.557 5.603 6.950 8.698 11.00 14.05 18.16 31.47
(0} 8 0.740 0.821 0.916 1.313 9.337 11.48 14.22 17.76 22.39 28.48 36.61 62.52
0.570 0.628 0.696 0.980 6.917 8.53 10.60 13.28 16.80 21.48 27.76 48.07
F 9 0.943 1.056 1.187 1.737 12.79 15.72 19.48 24.34 30.67 39.01 50.10 85.38
0.710 0.790 0.884 1.276 9.459 11.67 14.51 18.19 23.02 29.43 38.02 65.72
Ne 10 1.308 1.471 1.662 2.463 18.53 22.79 28.23 35.26 44.41 56.43 72.39 123.0
0.965 1.082 1.218 1.792 13.96 16.91 21.03 26.37 33.36 42.62 55.01 94.82
Na 11 1.644 1.857 2.106 3.147 23.96 29.45 36.46 45.50 57.24 72.65 93.07 157.5
1.198 1.350 1.528 2.275 18.05 21.87 27.19 34.05 43.05 54.95 70.83 121.7



Mg
Al

Si

20

21

22

23

24

25

2.171
1.568

2.671
1.917

3.330
2.379

3.992
2.842
5.014
3.561
5.796
4.109
6.486
4.592
8.238
5.830

9.872
6.984

10.66
7.543

12.08
8.548

13.54
9.585

15.67
11.11

17.39
12.34

2.458
1.774

3.030
2.174

3.783
2.703

4.539
3.234

5.705
4.056
6.599
4.684
7.385
5.238
9.382
6.651

11.24
7.970

12.14
8.608

13.75
9.754

15.41
10.94

17.83
12.67

19.78
14.08

2.794
2.014

3.450
2474

4312
3.082

5.179
3.692
6.513
4.824
7.536
5.356
8.435
5.992
10.72
7.611

12.83
9.120

13.86
9.851

15.70
11.16

17.58
12.51

20.34
14.49

22.54
16.08

4.202
3.024

5.208
3.736

6.525
4.672

7.852
5.614
10.43
7.403
11.44
8.172
12.81
9.148
16.26
11.62

19.48
13.93

21.00
15.03

23.65
17.02

26.56
19.06

30.67
22.03

33.94
24.42

32.15
24.26

39.90
30.14

50.06
37.84

60.04
45.47
84.24
57.03
86.38
65.68
95.83
73.06
120.4
92.09

142.5
109.3

151.7
116.7

169.0
130.6

185.8
144.2

210.7
164.3

2283
179.1

39.49
29.35

48.98
36.55
61.42
45.73
73.58
54.88
92.00
68.74
105.6
79.03
116.9
87.75
146.6
110.3

173.1
130.7

183.8
139.2

204.3
1553
224.0
171.0

253.1
194.2

273.3
210.7

48.86
36.47

60.53
4524

75.87
56.75

90.78
68.02
1133
85.08
129.8
97.70
143.5
108.3
179.6
135.9

211.5
160.6

223.9
170.7

248.0
189.9

271.0
208.4

305.0
235.9

327.8
255.0

69.92
45.65

75.37
56.57

94.41
70.92

112.8
84.90
140.5
106.0
160.6
121.5
177.2
134.4
2213
168.3

259.7
198.4

274.1
2103

302.5
233.2

329.2
255.1

368.7
287.5

394.1
309.5

76.55
57.65

94.57
71.35

118.4
89.40

141.1
106.8

175.5
133.2
200.1
152.3
220.2
168.1
274.0
210.0

320.6
246.7

337.1
260.6

370.5
288.0

401.0
313.6

446.7
351.8

57.20
376.6(k)
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97.01
73.50

119.6
90.82

149.4
113.7

178.0
135.6
220.8
168.7
251.1
192.5
2753
211.8
341.5
263.8

398.0
308.9

416.5
325.0

4553
3574

489.9
387.3

55.67
431.9

72.59
54.90

124.1
94.60

152.7
116.7

190.8
146.0

226.4
173.7
280.0
215.5
317.4
2452
346.7
268.9
428.1
333.6

496.6
389.0

516.8
407.3

561.2
445.5

68.38
479.7(k)
70.08
53.30

93.00
70.78
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209.0
161.9

255.9
198.7

318.8
2479

3759
2933
461.5
361.5
518.5
408.1
560.9
443.7
684.6
545.0

783.4
628.2

802.4
649.0

98.45
75.84

116.2
89.57

118.8
91.70

157.4
121.6

(continued)
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Table 4.17 MASS ABSORPTION COEFFICIENT 1/p, CORRECTED FOR SCATTERING*—continued

Radiation
Ag Pd Rh Mo Zn Cu Ni Co Fe Mn Cr Ti
Ko =0.5609 0.5869 0.6147 0.7107 1.4364 1.5418 1.6591 1.7902 1.9373 2.1031 2.2909 2.7496
Absorber KB=0.4970 0.5205 0.5456 0.6323 1.2952 1.3922 1.5001 1.6207 1.7565 1.9102 2.0848 2.5138
Fe 26 19.91 22.63 25.79 38.74 254.9 303.7 362.5 53.48 67.25 85.29 109.2 184.4
14.14 16.11 18.41 27.92 200.2 235.6 283.9 342.8(k) 50.61 64.56 83.16 142.6
Co 27 21.83 24.79 28.23 42.31 271.5 322.0 48.18 60.17 75.48 95.66 122.4 206.1
15.52 17.68 20.19 30.55 215.7 251.5 301.6(k) 45.02 56.85 72.47 93.29 159.6
Ni 28 25.18 28.59 32.53 48.62 303.5 45.99 56.15 69.88 89.03 112.7 144.1 242.1
17.93 20.42 23.30 35.19 243.0 281.7(k) 42.49 53.17 67.17 85.49 110.0 187.7
Cu 29 26.55 30.12 34.24 51.05 40.41 49.61 61.32 76.35 95.81 121.2 154.7 259.3
18.93 21.54 24.58 37.03 30.53 36.91 45.82 57.31 72.28 92.01 118.2 201.3
Zn 30 29.30 33.22 37.74 56.09 45.73 56.10 69.30 86.23 108.1 136.7 174.2 291.1
20.92 23.80 27.13 40.78 34.57 41.77 51.83 64.78 81.65 103.9 1333 226.4
Ga 31 31.04 35.16 39.90 59.12 49.49 60.69 74.92 93.15 116.7 147.3 187.6 312.5
22.20 25.24 28.76 43.11 37.44 4522 56.08 70.05 88.22 112.1 143.8 2435
Ge 32 33.49 37.90 42.98 63.43 54.70 66.91 82.55 102.6 128.3 161.9 205.9 341.8
24.00 27.27 31.04 46.39 41.34 49.90 61.85 77.20 97.14 123.3 158.0 266.7
As 33 36.29 41.04 46.49 68.36 60.44 74.03 91.25 1133 141.6 178.4 226.6 374.8
26.07 29.60 33.66 50.14 45.81 55.26 68.44 85.36 107.3 136.1 174.1 293.0
Se 34 38.31 43.28 48.97 71.69 65.14 79.72 98.19 121.8 152.1 191.3 242.6 399.8
27.59 31.29 35.56 52.78 49.52 49.57 73.73 91.88 1154 146.2 186.8 313.3
Br 35 41.95 47.33 53.50 77.97 72.75 88.97 109.5 135.7 169.2 212.7 269.2 441.8
30.29 34.32 38.96 57.61 55.26 66.55 82.31 102.5 128.6 162.7 207.6 346.9
Kr 36 44.18 49.79 56.19 81.49 78.20 95.57 117.5 145.4 181.2 2274 287.4 469.4
31.98 36.20 41.05 60.46 59.47 71.56 88.44 110.0 137.9 174.3 222.0 369.5
Rb 37 47.51 53.47 60.26 83.32 85.88 104.9 128.8 159.2 198.2 248.2 313.2 509.2
34.49 39.01 44.18 64.78 65.39 78.61 97.1 120.6 151.0 190.6 242.4 401.8
Sr 38 50.74 57.03 64.18 92.04 93.51 114.1 140.0 172.9 214.8 268.7 338.3 547.3
36.95 41.74 47.22 68.92 71.30 85.63 105.6 131.2 164.0 206.7 262.4 433.0
Y 39 54.50 61.16 68.71 97.92 102.5 124.9 153.1 188.8 2343 292.5 367.6 591.3
39.83 44.93 50.76 73.72 78.24 93.87 115.7 143.5 179.2 225.5 285.8 469.2
Zr 40 57.66 64.61 72.45 14.94 110.7 134.8 165.1 203.3 251.9 3139 393.6 629.3
42.29 47.66 53.76 77.63(k) 84.64 101.5 124.9 154.8 193.0 242.5 306.7 501.0



Pd
Ag
Cd
In

Sn
Sb

Te

41

42

43

44

45

46

47
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49
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53

54

61.23
45.09

63.87
47.23

66.43
49.36

69.16
51.65

72.82
54.68
13.32
56.28(k)
14.42
10.20
15.11
10.70

16.14
11.42

16.96
12.00

17.94
12.71
18.54
13.14
20.15
14.29

21.03
14.93

68.49
50.73

71.30
53.07

84.01
55.37

76.88
57.83
14.34
61.10(k)
15.17
10.75
16.41
11.64

17.20
12.21

18.36
13.03

19.29
13.69

20.41
14.50
21.09
14.99
2291
16.29

2391
17.01

76.65
57.14

79.63
59.67

14.22
62.14(k)
15.07
64.78(k)
16.37
11.63
17.32
12.31
18.74
13.32
19.63
13.97

20.95
14.91

22.01
15.66

23.29
26.58
24.04
17.14
26.12
18.63

27.24
19.44

16.23
82.02(k)

19.90
14.22

21.57
15.42

22.85
16.35

24.81
17.75
26.22
18.78
28.35
20.31
29.68
21.28

31.65
22.71

33.21
23.85

35.10
25.23
36.21
26.04
39.30
28.29

40.94
29.50

119.5
97.71

145.9
111.9

157.0
120.7

165.2
127.2

178.0
137.3
186.7
1443
200.2
155.0
207.8
161.3

219.6
170.9

228.2
178.0

238.9
186.8
243.8
191.2
261.7
205.9

269.5
212.7

145.4
109.6

177.2
133.8

190.6
144.1

200.2
151.7

215.5
163.5
225.7
171.6
241.6
184.1
250.5
191.2

264.2
202.2

274.0
210.2

286.4
220.3
291.8
225.0
312.5
241.7

321.2
249.1

177.8
134.8

216.5
164.4

232.5
176.9

243.9
185.9
262.1
200.2
284.0
209.8
292.9
224.7
303.1
233.1

319.1
246.1

330.2
255.3

3445
267.1
350.1
2723
374.0
291.9

383.3
300.2

218.7
166.9

265.8
203.1

285.1
218.2

298.6
229.1

320.3
246.3
334.2
257.6
356.5
2755
368.1
285.2

386.7
300.6

399.2
311.2

415.3
324.9
420.9
330.5
448.3
353.4

458.0
362.5

270.5
207.7

3283
252.6

3513
271.0

367.2
283.9

393.1
304.7
409.2
318.1
4355
339.5
448.4
350.7

469.9
368.7

483.5
380.9

501.5
396.5
506.5
401.2
537.4
428.7

546.8
438.3

336.5
260.5

407.5
316.2

435.1
338.5

453.7
354.0

484.5
379.1
502.9
394.8
533.7
420.4
547.8
433.1

572.0
454.0

586.3
467.5

605.9
485.1
609.2
490.3
643.4
520.6

651.2
530.2
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420.9
328.8

508.4
398.3

541.5
425.4

563.0
4437

599.2
473.9
619.9
492.1
655.4
522.4
670.1
536.4

696.8
560.4

710.6
574.6

730.8
594.0

730.6
597.6
766.8
631.5

642.2(I1)
639.6(L)

668.6
534.1

802.1
643.2

847.8
682.6

874.3
707.0
922.2
749.4
944.7
777.1
988.1
812.1
998.4
825.9

102.5
853.9

103.0
864.9

975.4
883.5(h)
513.1(ly)
727.3(l)
223.0(/m)
447.8(Ir)

2439
470.1(ly)

(continued)
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Table 4.17 MASS ABSORPTION COEFFICIENT s/p, CORRECTED FOR SCATTERING*—continued

Radiation
Ag Pd Rh Mo Zn Cu Ni Co Fe Mn Cr Ti
Ka=10.5609 0.5869 0.6147 0.7107 1.4364 1.5418 1.6591 1.7902 1.9373 2.1031 2.2909 2.7496
Absorber KB=10.4970 0.5205 0.5456 0.6323 1.2952 1.3922 1.5001 1.6207 1.7565 1.9102 2.0848 2.5138
Cs 55 22.40 25.46 29.00 43.54 283.1 336.6 400.6 476.9 567.0 671.3 669.7(11) 271.1
15.90 18.13 20.71 31.39 224.2 261.9 314.9 379.1 456.9 550.1 659.8(L) 212.4
Ba 56 23.31 26.48 30.16 4521 290.2 3443 408.5 484.6 573.3 565.9(l) 417.0(/1) 293.3
16.56 18.87 21.56 33.64 230.7 268.9 3225 387.1 464.7 556.8(L) 555.1(h) 230.0
La 57 24.76 28.12 32.01 47.94 303.7 359.2 424.8 501.8 590.7 359.0(/n) 197.7 3229
17.60 20.06 22.93 34.64 242.2 281.6 336.8 402.9 481.8 574.2(L) 576.6(l) 254.1
Ce 58 26.34 29.91 34.03 50.89 317.9 375.0 442.0 519.8 512.8(lr) 383.1(I) 218.0 354.5
18.74 21.35 24.37 36.82 254.5 295.1 352.0 419.7 499.6(L) 497.1(ly) 374.9(In) 279.7
Pr 59 28.04 31.82 36.21 54.07 332.7 391.1 459.3 537.5 333.4(1y) 190.6 240.1 388.3
19.96 22.73 25.95 39.16 267.5 309.1 367.6 436.4 517.3(L) 518.3(h) 186.2 307.2
Nd 60 29.29 33.24 37.80 56.37 341.4 400.1 467.9 461.4(Ir) 349.4(In) 205.7 258.4 415.7
20.87 23.76 27.11 40.87 275.7 317.7 376.6 445.5(L) 442.4(l) 337.4(in) 200.9 329.9
Pm 61 3091 35.05 39.85 59.34 3534 412.6 480.4 304.1(in) 169.4 2113 265.2 425.3
22.04 25.09 28.61 43.08 286.8 329.3 388.9 458.0(L) 458.5(l) 357.0(ly) 206.4 338.1
Sm 62 31.99 36.28 41.22 61.28 358.6 417.2 411.6(11) 314.9(In) 174.2 217.1 272.2 435.2
22.84 25.98 29.63 44.54 292.5 334.6 393.8(L) 390.9(h) 300.5(/) 167.7 212.1 346.4
Eu 63 33.72 38.22 43.41 64.43 370.1 326.5(i1) 276.0(/1) 153.1 189.4 235.6 294.7 468.1
24.09 27.41 31.24 46.90 303.6 345.9(L) 340.7(l) 404.7(Ir) 317.7(in) 182.4 230.2 374.0
Gd 64 34.66 39.26 44.57 66.04 371.8 367.1(i1) 284.1(inr) 162.3 200.4 248.7 310.3 489.6
24.79 28.18 32.11 48.14 306.9 348.1(L) 345.1(l) 268.1(111) 154.2 193.0 243.1 392.6
Tb 65 36.38 41.20 46.75 69.14 324.1(h) 249.3(ly) 142.9 175.1 215.8 267.3 332.6 520.7
26.04 29.60 33.72 50.48 316.6(L) 357.6(L) 356.7(l) 281.9(1) 166.5 208.0 261.3 518.1
Dy 66 37.83 42.82 48.56 71.69 217.7(In) 259.4(in) 152.7 186.9 229.9 284.1 352.5 547.4
27.11 30.80 35.06 52.41 323.2(L) 309.8(h) 242.5(in) 143.4 177.8 221.7 277.8 442.6
Ho 67 39.83 45.06 51.07 75.26 230.1(/n) 135.7 165.0 201.7 247.5 305.0 377.3 580.7
28.57 32.45 36.93 55.11 333.8(L) 212.9(In) 256.0(/) 155.1 191.9 238.7 298.4 471.9
Er 68 41.73 47.19 53.46 78.62 241.4(In) 139.0 168.9 206.1 252.7 311.0 383.9 587.9
30.03 34.02 38.70 57.66 292.2(l1) 223.6(In1) 129.1 158.7 196.1 243.7 304.2 479.1



Hf

Ta

Os
Ir
Pt
Au

Hg

69

70

71

72

73

74

75

76

77

78

79

80

43.04
30.93

44.49
32.02

46.41
33.45

53.58
38.66

55.53
40.13

57.57
41.66

59.37
43.03

60.97
44.25
63.40
46.09
65.68
47.82
67.84
49.48

69.90
51.07

48.63
35.11

50.25
36.33

52.40
37.93

60.48
43.82

62.63
45.46

64.88
47.16

66.87
48.69

68.63
50.05
71.32
52.10
73.93
54.02
76.19
55.87

78.46
57.62

55.06
39.91

56.87
41.28

59.26
43.08

68.34
49.75

70.74
51.58

73.24
53.49

75.42
55.19

77.36
56.69
80.33
58.98
83.09
61.12
85.67
63.16

88.15
65.11

80.81
59.37

83.28
61.30

86.60
63.85

99.63
73.60

102.9
76.16

106.3
78.81

109.1
81.12

111.6
83.17
115.6
86.32
119.2
89.24
122.5
91.96

125.7
94.57

117.6
198.6(i11)
120.6
206.2(I)
123.5
215.4(ly)
124.9
302.4(/)
1333
103.3

142.1
110.3

151.4
117.7

158.5
123.6
168.4
131.7
178.5
140.0
188.3
148.1

198.8
156.8

142.2
230.9(I)

145.6
110.8

149.0
113.5

151.0
114.8

160.9
122.6

171.3
130.8

182.0
139.3

190.5
146.1
201.9
155.3
213.7
164.8
224.9
173.9

237.1
183.8

172.7
132.2

176.6
135.4

180.6
138.6

183.3
140.3

195.1
149.7

207.3
159.4

219.8
169.5

229.6
177.5
242.9
188.3
256.3
199.4

269.2
210.0

283.2
221.6

210.6
162.3

215.2
166.1

219.8
169.9

223.6
172.4

237.4
183.5

251.7
195.1

266.3
207.0

271.7
216.4
292.8
229.1
308.2
242.0
322.7
254.3

338.6
267.7

257.8
200.4

263.2
204.9

268.5
209.4

273.8
212.8

290.0
226.1

306.7
239.9

323.6
253.9

336.5
264.9
353.7
279.6
370.9
294.5
386.9
308.6

404.8
324.0
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316.9
248.7

323.0
254.0

329.1
259.2

336.5
264.1

3554
279.9

374.6
296.2

394.0
312.7

408.4
3253
4273
342.1
451.9
359.0
463.2
374.8

482.7
392.3

390.6
310.1

397.3
316.1

404.1
322.1

414.7
329.2

436.4
347.9

458.3
366.9

479.9
385.7

495.4
400.2
515.6
419.0
535.0
437.6
552.3
454.7

572.6
474.0

595.2
486.3

602.2
493.5

609.2
500.7

632.0
516.3

658.0
540.7

682.9
564.8

706.0
588.1

719.6
603.7
736.1
623.5
749.6
641.7
758.7
656.8

773.1
675.9

(continued)
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Table 4.17 MASS ABSORPTION COEFFICIENT 1/p, CORRECTED FOR SCATTERING*—continued

Radiation
Ag Pd Rh Mo Zn Cu Ni Co Fe Mn Cr Ti
Ko =0.5609 0.5869 0.6147 0.7107 1.4364 1.5418 1.6591 1.7902 1.9373 2.1031 2.2909 2.7496
Absorber KpB=0.4970 0.5205 0.5456 0.6323 1.2952 1.3922 1.5001 1.6207 1.7565 1.9102 2.0848 2.5138
Tl 81 71.77 80.49 90.37 1284 206.7 245.7 2925 3482 414.0 490.3 576.1
52.52 59.23 66.87 96.90 163.6 191.2 229.9 276.8 333.6 401.7 481.9
Pb 82 73.74 82.63 92.67 1312 2154 255.6 303.1 359.5 425.6 500.5 583.1
54.07 60.93 68.75 99.31 171.1 199.6 2392 2872 344.7 413.0 4922
Bi 83 76.60 85.78 96.13 135.7 226.8 2683 3174 375.0 4415 516.2 596.0
56.26 63.37 71.44 103.0 180.0 2103 2515 301.0 359.9 429.2 508.1
Po 84 79.42 88.86 99.50 1399 237.7 280.3 3303 388.5 454.6 527.3 602.0
58.44 65.77 74.11 106.5 190.3 220.6 263.1 313.7 3734 4425 519.5
At 85 81.40 90.97 101.7 122.1(h) 249.2 293.1 344.4 403.4 469.6 540.7 611.0
60.05 67.53 76.00 108.8(L) 200.2 231.6 2755 3274 388.1 457.5 5332
Rn 86 82.38 91.97 102.7 122.5(l) 249.0 291.9 341.5 397.8 459.8 5243
60.91 68.44 76.96 109.8(L) 201.1 231.7 274.7 325.1 383.4 448.6
Fr 87 83.36 92.98 103.7 91.18() 258.8 302.2 351.8 407.2 466.7 526.0
61.77 69.35 77.92 110.8(L) 210.1 241.1 284.8 3355 393.1 456.2
Ra 88 85.43 95.17 106.0 95.03(/m) 266.6 309.9 358.7 412.0 467.3
63.47 91.20 79.91 113.1(L) 217.8 248.9 292.7 342.7 398.6
Ac 89 86.25 95.95 106.7 97.50(/1) 273.6 314.6 364.3 415.4
64.30 72.04 80.75 102.1(l) 224.7 255.8 299.5 348.8
Th 90 88.04 97.82 97.75(ir) 100.3(/11) 278.6 320.5 366.1
65.81 73.66 82.48(L) 75.07(I) 230.6 261.1 304.0
Pa 91 90.63 88.60(i1) 72.19(irr) 103.2(/n) 290.1 332.8 378.6
67.91 75.95(L) 84.95(L) 77.4(I) 240.2 272.2 316.0
u 92 93.18 89.92(h) 74.20(/m) 105.9(im) 294.9 336.7 380.7
69.94 78.17(L) 87.38(L) 79.70(In1) 246.7 275.2 3203

* Reproduced by permission from the International Tables for X-ray Crystallography.
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4.4 X-ray results

4.4.1 Metal working

Table 4.18 GLIDE ELEMENTS OF METAL CRYSTALS

Low temperatures Elevated temperatures Most closely packed
Glide Glide Glide Glide Lattice Lattice
Structure Metal plane direction plane direction  plane direction
Cubic, face Al
centred Cu 1(111) 1[101]
Ag (100) [101] 2(100) 2[100]
Au 3(110) 3[112]
Pb
Ni
Cu-Au (111) [101] — — — —
«-Cu-Zn
a-Cu-Al
Al-Cu
Al-Zn
Au-Ag
Cubic, body a-Fe (101) [111] — —
centred (112) [111] — — 1(101) I[111]
(123) [111] — — 2(100) 2[100]
w (112) [111] — — 3(111) 3[110]
Mo (112) [111] (110) [111] — —
(123) [111] (123) [111] — —
Na (112) [111] (110) [111] — —
— — (123) [111] — —
B-Cu-Zn  (110) [111] — — — —
a1y — — — — —
a-Fe-Si, (110) — — — — —
5% Si
Hexagonal, Mg (0001) (1010)
close Zn or (1011) (0001)
packed Cd (1010) 5 or 5 (0001) 5
Be (1010) [1120] (1012) [1120] (0001) [1120]
Ti or (1010)
Zi } (0001) (1010)
Tetragonal B-Sn (110) [001] 1(100) 1[001]
(white) (100) [001] (110) [111] 2(110) 2[111]
(101) — — — 3(101) 3[100]
(121) [101] — — — 4[101]
Rhombohedral ~ As — — — — 1(110) 1[101]
Sb (111) [101]and — — 2(111) —
Bi (111) [101] — — — —
Hg (100) — — — — —

and complex

4.4.2 Crystal structure

Crystal structural data for free elements are given in Table 4.25. The coordination number, that is
the number of nearest neighbours in contact with an atom, is listed in column 4 and the distances
in column 5. In complex structures, such as @« Mn where the coordination is not exact, no symbol is
used and the range of distances between near neighbours is given.

A co-ordination symbol x in column 4 indicates that each atom has x equidistant nearest neigh-
bours, at a distance from it (in kX-units) specified in column 5. The symbol x, y indicates that a
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Table 4.19  PRINCIPAL TWINNING ELEMENTS FOR METALS

Twinning Twinning Second
Crystal plane, direction, undistored Direction,
structure K, N1 plane, K, m Shear
B.c.c. {112} <111> {112} <I11> 0.707
Fe.c. {111} <112> {111} <112> 0.707
Rhombohedral (As, Sb, Bi) {110} <001> {001} <110>
All c.p.h. {1012} <1011> {1012} <1011>
{1121} <1126> {0001} <1120>
Some c.p.h. {1122} <1123> {1124} <2243>
{1123} — — —
Hg {135} <121> {111} <011>
Diamond cubic (Ge) {111} <112> {111} <l112> 0.707
Tetragonal (In, 8-Sn) {301} <103> {101} <101>
{101} <101> {101} <101>
{130} <310> {110} <110> 0.299
{172} <312> {112} 0.228
Orthorhombic {112} <312> 0.228
a-U {121} <311> 0.329
{176} <512> {111} <123> 0.214

From C. S. Barrett and T. B. Massalski, ‘Structure of Metals’, 1980.2

given atom has x equidistant nearest neighbours, and y equidistant neighbours lying a small distance
further away. These distances are given in column 5. In complex structures, such as @-Mn, where the
co-ordination is not exact, no symbol is used, and the range of distances between near neighbours is
given in column 5.

The Goldschmidt atomic radii given in column 6 are the radii appropriate to 12-fold co-ordination.
In the case of the f.c.c. and c.p.h. metals the radius given is one-half of the measured interatomic
distance, or of the mean of the two distances for the hexagonal packing. In the case of the b.c.c. metals,
where the measured interatomic distances are for 8-fold co-ordination, a numerical correction has
been applied. In some cases, where the pure element crystallises in a structure having a low degree of
co-ordination, or where the co-ordination is not exact, it is possible to find some compound or solid
solution in which the element exists in 12-fold co-ordination, and hence to calculate its appropriate
radius. In a few cases no correction for co-ordination has been attempted, and here the figures, given
in parentheses, are one-half of the smallest interatomic distances. It should be emphasised that the
Goldschmidt radii must not be regarded as constants subject only to correction for co-ordination and
applicable to all alloy systems: they may vary with the solvent or with the degree of ionisation, and
they depend to some extent on the filling of the Brillouin zones.

Ionic radii vary largely with the valency, and to a smaller extent with co-ordination. The values
given in column 8 are appropriate to 6-fold co-ordination, and have been derived either by direct
measurement or by methods similar to those outlined for the atomic radii. All are based, ultimately,
on the value of 1.32 A obtained for O?* ions by Wasastjerna,?' using refractivity measurements.
Tonic radii are also affected by the charge on neighbouring ions: thus in CaF; the fluorine ion is 3%
smaller than in KF, where the metal ion carries a smaller charge. It is not possible to give a simple
correction factor, applicable to all ions: the effect is specific and is especially marked in structures of
low co-ordination. Figures in arbitrary units indicating the power of one ion to bring about distortion
in a neighbour (its ‘polarising power’), and indicating the susceptibility of an ion to such distortion
(its ‘polarisability’) are given in columns 9 and 10, respectively.

The crystal structures of alloys and compounds are listed in Chapter 6, Table 6.1. Other sources
of data are references 12 and Pearson?? which is particularly valuable as the variation of lattice
parameters with composition as well as structure is given. Structures are generally referred to standard
types which are listed in Pearson and in Table 6.2 in Chapter 6. Further information on crystallography
can be obtained from International Tables for X-ray Crystallography.’
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Texture Texture
Metal or alloy 1 2 Metal or alloy 1 2 3
Face-centred cubic Body-centred cubic (continued)
Cu (110)/[112] Fe+35 wt % Co (100)/[011]
Cu (123)/[121] Fe+35 wt % Ni (100)/[011] B B
Cu* (123)/[121] B-Brass (100)/[011] (112)/[110] (111)/[112]
Cu 70%-Zn 30% (110)/[112] (111)/[110]
Cu 70%-Zn 30%* (110)/[112] _ Hexagonal close-packed
Cu+ 12 at. % Al (123)/[121] (110)/[112]
Cu+ 1.5 at. % Al (110)/[112] Be, € 15847 (0001)/[1010]
_ - a
Cu+3at. % Au (123)/[121] (110)/[112] i
Cu+29.6 at. % Ni (123)/121] Ti, ‘- 1.5873 (0001) tilted approx. 25-30° round RD out of rolling plane;
Cu+49 at. % Ni (123)/[121] (110)/[112] a [1010] parallel RD
Ni (123)/[121]
Au (123)/[121] Zr, € —1.5893 (0001)/[1120]
Au+10at. % Cu 1oyl 12] 4 (0001) tilted 30—40° round RD out of rolling plane;
Al (123)/[121] [1010] parallel Rd
Al (110)/[112]
Al+2at. % Cu (110)/[112] Mg, c_ 1.6235 (0001) parallel rolling plane
- a
Al+1.25at. % Si (123)/[121]
Al+0.7 at. % Mg (110)/[112] (123)/[121] B-Co, < =1.623 (0001) parallel rolling plane
- a
Ag (110)/[112]
Pb+2 wt. % Sb (110)/[011] Zn, - 1.8563 (0001) tilted 20° round transverse direction
a
out of rolling plane
Body-centred cubic
a-Fe (100)/[011] Cd, £ 18859
_ a
a-Fe (100)/[011] (112)/[110] B
Mo (100)/[011] Mg + Al (<4% by wt) (0001)/[1010]
w (100)/[011] ~ Mg+ 2% Mn (0001) tilted ~15° out of rolling plane
v (100)/[011] (112)/[110] Mg+ 0.4% Co round transverse direction
Fe +4.16 wt. % Si (100)/[011] Scatter increases with
Si Content Rhombohedral B
a-U (102)/[010] (012)/[021]

* Straight-reverse rolling treatment.
From A. Taylor, ‘X-ray Metallography’, John Wiley and Sons Inc.
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Table 4.21 FIBRE TEXTURES OF DRAWN AND EXTRUDED WIRE

Parallel to drawing direction Parallel to
extrusion
Metal 1 2 direction
Face-centred cubic
Al Cu [110]
Ni, Pd, Ag, Au, Pb, Cu+0.47% Ag, [111] [100]
Cu+0.45% Sb, Cu+ 1.0% As,
Cu+0.009% Bi
Cu-Ni (<32% Ni), Cu-Al (<2.16% Al), [110], [113]
Cu-Zn (<2.35% Zn) and [110]
Cu-Al (>4.4% Al), Cu-Zn (>4.8% Zn) [111]
a-Brass, a-Bronze, Ni 4 20% Cr, Ni-Fe, [111] [100]
austenite, 18/8 and 12/12 Cr-Ni steel
Body-centred cubic
a-Fe, B-Brass [111] and [100]
Na, a-Fe, W, V, Nb, Ta [110]
Hexagonal close-packed
Mg, £ 16235 [0001]L [0001]
a -
[1120]
[1010]
Zn, - 1.8563 [0001] approx. 72° to drawing
a
direction
Ti, £ =1.5873 [1010] [1011]
a
Zr, € 15893 [0001]L
a
Se, £ =1.131 [1120]
a

From A. Taylor, ‘X-ray Metallography’, John Wiley and Sons Inc. 1961

Table 4.22 TEXTURES IN ELECTRODEPOSITS*

Metal Fibre textures

Ni [100]; [100] +[110]; [112]
Cu [1107; [100]

Ag [111]14[100]; [111]; [110]
Pb [112]

Au [110]

Fe [111];[112]

Co [110]

Cr [100]+[111] (f.c.c.); [0001] (hexagonal)
Sn [111]; [001]

Cd [1122]

Bi [211]; [100]

*From C. S. Barrett and T.B. Massalski, ‘Structure of Metals’,

McGraw-Hill, New York, 1980.
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Table 4.23 TEXTURES IN EVAPORATED AND SPUTTERED FILMS*

Metal deposited Texture Technique
Face centred cubic Ag [111]; [100]; [110] Evaporated
Al [111]; [100]; [110] Evaporated
Au [110]; [111] Evaporated
Pt [100]; [111] Sputtered
Pd, Cu, Ni [111] Evaporated
Body centred cubic Fe [111] Evaporated
Mo [110] Evaporated
Hexagonal Cd, Zn [0001] Evaporated
Rhombohedral Bi [111];[110] Evaporated

*From C. S. Barrett and T. B. Massalski, ‘Structure of Metals’, McGraw-Hill, New York, 1980.

Table 4.24 TEXTURES OF CAST METALS*

Structure Metal Normal to cold surface

Body centred cubic Fe—Si (4.3% Si) [100]
pB-Brass [100]

Face centred cubic Al
Cu
Ag
Au
Pb
«-Brass

Hexagonal close packet!  Cd(c/a =1.885) Columnar grains, [001]; (100) || to surface Chilled
surface, [001]
Zn(c/a=1.856) Columnar grains, [001]; (100) || to surface Chilled
surface, [001]
Mg(c/a=1.624)  Columnar grains, [100]; (205) || to surface and (001) 37°

[100]

from it
Rhombohedral Bi [111]
Tetragonal B-Sn [110]

*From C. S. Barrett and T. B. Massalski, ‘Structure of Metals’, McGraw-Hill, New York, 1980.

T Three indices system; equivalent indices in four indices systems are as follows: (001) = (0001) = basal plane;
[100] =[2110] = diagonal axis of type I = close packed row of atoms in basal plane; [100] normal to surface = (120)
parallel to surface.

The density of a material is calculated from crystallographic data with the relation

i
Pe = VN

where 7 is the number of atoms contained in the unit cell of volume V', 4 is Avogadro’s constant and
A is the mean atomic weight of the atoms. 4 is computed from the atomic percentages p;, p», etc, of
the elements forming the alloy and their atomic weights A, 4,, etc, using the formula
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Table 4.25 ATOMIC AND IONIC RADII

1 2 3 4 5 6 7 8 9 10
As element In ionic crystals
Atomic TBpe of Co-ordination Inter-atomic Gold-schmidt State of Gold-schmidt Polarising
number Symbol structure No. distances at. radii ionisation ionic radii power Polarisability
1 H c.p.h 6,6 — 0.46 H 1.54 0.62 —
2 He — — — — — — — —
3 Li b.c.c. 8 3.03 1.57 Lit 0.78 1.64 0.075
4 Be c.p.h. 6,6 222,228 1.13 Be?t 0.34 17.30 0.028
5 B — — — 0.97 B3t 0.2 — 0.014
d. 4 1.54 0.77 4t
6 ¢ hex. 3 1.42 — ¢ <02 - -
7 N cub. — 0.71 N3+ 0.1-0.2 — —
8 0 orthorh. — — 0.60 o+ 1.32 L15 3.1
9 F — — — — F~ 1.33 0.57 0.99
10 Ne f.c.c. 12 3.20 1.60 — —
11 Na b.c.c. 8 3.71 1.92 Na* 0.98 1.04 0.21
12 Mg c.p.h. 6,6 3.19;3.20 1.60 Mgt 0.78 3.29 0.12
13 Al f.c.c. 12 2.86 1.43 AP+ 0.57 9.23 0.065
14 Si d 4 235 1.17 sit 198 - -
! ’ ’ (1171 Si*t+ 0.39 26.30 0.043
15 P orthorh. 3 2.18 [1.09] P>t 0.3-0.4 — —
§2- 1.74 0.66 7.25
16 S f.c. orthorh. — 2.12 [1.04] o+ 034 51.90 o
17 Cl orthorh. 1 2.14 [1.07] Cl~ 1.81 0.30 3.05
18 A f.c.c. 12 3.84 1.92 — — — —
19 K b.c.c. 8 4.62 2.38 K™ 1.33 0.57 0.85
f.c.c. 12 3.93 1.97 24
20 Ca cp.h. 6.6 3.98: 3.99 200 Ca 1.06 1.78 0.57
f.c.c. 12 3.20 1.60 34
21 Sc cp.h. 6.6 3.23:3.30 164 Sc 0.83 435 0.38
Ti>* 0.76 — —
22 Ti c.p.h. 6,6 2.91;2.95 1.47 Ti3* 0.69 — —
Ti4t 0.64 9.76 0.27



23

24

25

26

27

28

29
30

31
32

33

34
35
36
38
39
40

Cr

—— e —— —— ———

b.c.c.

b.c.c. (@)
c.p-h. (B)
cub. (@)
cub. (B)
fie.t. ()

b.c.c. (@)
f.c.c. (y)
c.p.h. (@)
f.c.c. (B)
c.p.h. (@)
f.c.c. (B)
f.c.c.

c.p.h.

orthorh.
d.

TI.

hex.

orthorh.
f.c.c.
b.c.c.
f.c.c.
c.p.h.
c.p.h.
b.c.c.

2.63

2.49
2.71;2.72

2.24-2.96
2.36-2.68
2.58;2.67

2.48
2.52

2.49;2.51
2.51

2.49;2.49
2.49
2.55
2.66;2.91

2.43-2.79
2.44

2.51;3.15

2.32;3.46

2.38
3.94
4.87
4.30
3.59; 3.66
3.16;3.22
3.12

1.28
1.36

[1.12]
[1.18]
~137

1.28
1.26

1.25
1.26

1.25
1.25
1.28
1.37

1.35
1.39

[1.25]

[1.16]

[1.19]
1.97
2.51
2.15
1.81
1.60
1.61

V3+

V5+
Cr3+
Cr6+

Mn2t+
Mn3t+
Mn4+

F62+
F63+
C02+
Co3t

N]'2+

Cut
Zn2+

Ga2+
Ge4+
AS3+
ASS+
Se?~
S e6+
Br—

Rb™
g2t
v3+

Zr4+

0.65
0.61
~0.4

0.64
0.3-0.4

0.91
0.70
0.52

0.87
0.67

0.82
0.65

0.78

0.96
0.83

0.62
0.44
0.69

1.91
0.3-0.4

1.96

1.49
1.27
1.06

0.87

X-ray results  4-45

2.90

7.80
20.66

0.55

0.26

0.45
1.24
2.67

5.28

4.17

1.81
1.42
1.04

(continued)
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Table 4.25 ATOMIC AND IONIC RADII—continued

1 2 3 4 5 6 7 8 9 10
As element In ionic crystals
Atomic TBype of Co-ordination Inter-atomic Gold-schmidt State of Gold-schmidt Polarising
number Symbol structure No. distances at. radii ionisation ionic radii power Polarisability
Nb#+ 0.69 — —
41 Nb b.c.c. 8 2.85 1.47 { NbS+ 0.69 10.50 o
Mo** 0.68 — —
42 Mo b.c.c. 8 2.72 1.40 { MoS+ 065 o o
43 Tc — — — — — — — —
44 Ru c.p.h 6,6 2.64;2.70 1.34 Ru*t 0.65 — —
Rh3+ 0.68 — —
45 Rh f.c.c. 12 2.68 1.34 { Rhi+ 065 B B
46 Pd fe.c. 12 2.75 137 Pd** 0.50 — —
47 Ag f.c.c. 12 2.88 1.44 Ag® 1.13 0.78 —
48 Cd c.p.h. 6,6 2.97,3.29 1.52 Ccd?t 1.03 1.88 —
49 In f.ct. 4,8 3.24;3.37 1.57 I3+ 0.92 3.54 —
50 S d. 4 2.80 1.58 Sn#- 2.15 — —
n tetra. 4,2 3.02;3.18 — Sntt 0.74 7.30 —
51 Sb r. 3,3 2.90; 3.36 1.61 Sb3+ 0.90 — —
. Te?~ 2.11 0.45 9.6
52 Te hex. 2,4 2.86; 3.46 [1.43] { Teb+ 089 o o
I~ 2.20 0.21 6.28
53 1 orthorh — 2.70 [1.36] { 5+ 094 o o
54 Xe f.c.c. 12 4.36 2.18 — — — —
55 Cs b.c.c. 8 5.24 2.70 Cs* 1.65 0.37 2.79
56 Ba b.c.c. 8 434 2.24 Ba%* 1.43 0.98 2.08
c.p.h. 6,6 3.72;3.75 1.87 34
57 La { foc. 1 375 1.87 La 1.22 2.01 1.56
53 C c.p.h 6,6 3.63;3.65 1.82 ce’t 1.18 — —
e f.c.c. 12 3.63 1.82 Cett 1.02 3.84 1.20
59 Pr hex. 6,6 3.63;3.66 1.83 Prit 1.16 — —
f.c.c. 12 3.64 1.82 Prit 1.00 — —

60 Nd hex. 6,6 3.62; 3.65 1.82 Nd3+ 115 — —



75

76
77

78
79

81

82

Sm
Eu
Gd

Tb

Dy
Ho

Tm

Yb

Lu
Hf
Ta

Os
Ir

Pt

Au
Hg

Tl

Pb

b.c.c.
c.p.h.

c.p.h.

c.p.h.
c.p.h.
c.p.h.
c.p.h.
f.c.c.

c.p.h.
c.p.h.
b.c.c.
b.c.c. (@)
cub. (B)

c.p.h.

c.p.h.
fc.c.

fc.c.

fc.c.
r.

c.p.h.
b.c.c.

f.c.c.

[oXNNe Ne e

(o))

2;2,4

6,6

3.96
3.55;3.62

3.51;3.59

3.50;3.58
3.48;3.56
3.46;3.53
3.45;3.52
3.87

3.44;3.51
3.13;3.20
2.85
2.74
2.82;2.52
2.82
2.73;2.76

2.67;2.73
2.71

2.77

2.88
3.00

3.40;3.45
3.36

3.49

2.04
1.80

1.77

1.77
1.76
1.75
1.74
1.93

1.73
1.59
1.47
1.41
1.41

1.38

1.35
1.35

1.38

1.44
1.55

1.71
1.73

——

Sm3+
Eu3+
Gd3+
Tb3+
Tb4+

H 03+
Er3+
Tm3+
Yb3+
Lu3+
Hf*t
Ta5+

W6+

OS4+
Ir4+

P4t

1.13
1.13
1.11
1.09
0.89

1.07
1.05
1.04
1.04
1.00

0.99
0.84
0.68
0.68
0.65

0.67
0.66
0.52
0.55
1.37
1.12

1.49
1.06

2.15
1.32
0.84
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Table 4.25 ATOMIC AND IONIC RADII—continued

1 2 3 4 5 6 7 8 9 10
As element In ionic crystals

Atomic TBpe of Co-ordination Inter-atomic Gold-schmidt State of Gold-schmidt Polarising
number Symbol structure No. distances at. radii ionisation ionic radii power Polarisability
83 Bi I. 3,3 3.11;3.47 1.82 Bi3* 1.20 — —
84 Po monocl. — 2.81 [1.40] — — — —
85 At — — — — — — — —
86 Rn — — — — — — —
87 Fr — — — — — — —
88 Ra — — — — Ra* 1.52 — —
89 Ac — — — — — — —
90 Th f.c.c. 12 3.60 1.80 Th*+ 1.10 3.31 —
91 Pa — — — — — —
92 U orthorh. — 2.76 [1.38] Ut 1.05 — —
93 Np — — — — — — — —
94 Pu — — — — — — —
95 Am — — — — —
96 Cm — — — — — — — —
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4.5 X-ray fluorescence

X-ray fluorescence occurs after an electron has been ejected from a shell surrounding the nucleus
of an atom. The X-radiation is characteristic of the atom from which the electron has been ejected,
and hence provides a means of identifying the atomic species. The ejection of an electron may be
induced by irradiating the sample with photons (X or y-rays) electrons, protons, charged particles
or, indeed, any radiation capable of creating vacancies in the inner shells of the atoms of interest in
the sample. The relative merits of each technique are given in Table 4.26. A further comparison of
X-ray or radio-isotope sources for X-ray fluorescent spectroscopy is given in Table 4.27. Details of
suitable available isotope sources are given in Table 4.28.23

Analysis of fluorescent X-rays is achieved by wavelength dispersion using crystal analyser (or
several in a multichannel instrument), or by energy dispersion with solid-state detectors. Wavelength
dispersion offers more accurate quantitative analysis, especially for the detection of small concentra-
tions of elements where X-ray spectra from several elements overlap. Energy dispersion is preferred
when rapid or quantitative analysis is required of an unknown sample.

Examples of the detection limits for X-ray excited samples are given in Tables 4.29 and 4.30, and
for ion excited samples in Table 4.31.

Accuracy levels for elemental analysis are typically:

for X-ray excitation better than 1%.
for electron and ion excitation ~ 1-2%.

These values can be improved with very carefully calibrated standards, but are frequently much
worse, especially when the specimen surface is rough. Unlike X-ray diffraction, powdered samples
are the most difficult sample form to analyse.

Table 4.26 COMPARISON OF X-RAY FLUORESCENCE TECHNIQUES

Exciting
radiation Advantages Limitations
Electrons High-intensity energy-regulated sources easily Specimen must be in vacuum with source
produced Signal-to-background ratio relatively poor
Can be focused into submicron spot size
Low cost
Good light element detection
Positive Better signal-to-background ratio than electrons Specimens must be in vacuum with source
ions Can be focused Expensive equipment
Very sensitive to low concentrations
Photons Convenient—specimen need not be in vacuum Cannot be focused
X-rays or Widely used Not as sensitive to small samples as positive
y-rays Wavelength can be chosen for maximum ion excited methods

sensitivity for element of interest Light elements (<Mg difficult)

Table 4.27 COMPARISON OF X-RAY AND RADIOACTIVE SOURCES FOR X-RAY FLUORESCENT
SPECTROSCOPY

Radiation
source Advantages Limitations
X-rays Controllable high-intensity source which can Bulky, expensive equipment—requires
be switched off when not required high voltage generator
Intensity can be 10~10* times that of
radioisotope source
Radio Cheaper, portable, and smaller than X-ray Permanent radioactive hazard
isotopes systems Low intensity means long exposure times
Can be built into process plant for local and/or larger samples
on-stream analysis Relatively small number of available isotopes

(see Table 4.28)
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Table 4.28 RADIO-ISOTOPE SOURCES FOR X-RAY FLUORESCENCE

Nuclide Half-life Emission energies keV
SSFe 2.7 years 5.9

19¢d 453 days 22.1,87.7

1251 60 days 27

241Am 458 years 12.17, 60

S7Co 270 days 6.4,1.22, 144

28py 86.4 years 12-17

Source: Jaklevic and Goulding, in ref. 23, p. 33.

Table 4.29 30 DETECTION LIMITS FOR X-RAY EXCITED SAMPLES

Experimental conditions

Wavelength dispersion Cr tube

100 s analysis time

Energy dispersive Ag tube 10 min analysis time

2500W  Agfilter 1.8W  Ag+ W filter 22W

Element 30 Detection limits in 1072 gem™

Mg 2 80

Al 3 40

Si 3 20

S 9 12

Cl 9 16

Ca 2 28

Fe 18 140 Fe impurity in Be window
Zn 7 30
Br 28 20
Pb 30 50

Source: J. V. Gilfrich, in ref. 23, p. 405.

Table 4.30 30 DETECTION LIMITS FOR BULK SAMPLES

Experimental conditions: Wavelength disperision; All measurements in p.p.m.

Iron and steel sample W target,

Fe and Ni base alloys W target

Element 2240 W 10 min analysis time 2025W 100s
Si 170 4
P 35
S 8
Ti 1.0

\% 1.9

Cr 4.0 1
Mn 14 5
Ni 5.4

Ca 8.5 12
As 6.8

Zr 4.6

Mo 4.5 22
Sn 39

Source: J. V. Gilfrich, in ref. 23, p. 408.
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Table 4.31 EXAMPLES OF DETECTION LIMITS FOR ION EXCITATION

Energy Current Detection limit
Sample mount Ions MeV or charge Time Detection limit criterion
1 mgem™2 o 50 1nA 400s Cul9x10712¢g P/B=0.1
VYNS Sn32x10712g
Pb5.5x10712¢g
1020pgem=2  pt 5 5uC 100200s K 1x 1072 gem™2 30 Bgd
carbon or Cu2x 10~ gem™2
nitrocellulose Brlx10~%gem™2
Au5x107% gem™2
o 5 5uC 100200s K 1x 1072 gem™2 30 Bgd
Br10 x 107° gecm™2
Au20 x 107 gem™2
40 pgem2 p* 1.5 SpHA 30 min Ca03x10"12g 100 counts
Carbon Culx10"2g above Bgd
Ba20x 102 ¢g
Pb10x 10712 ¢
4 wm Mylar pt 1 10pnC 500s Ca7x10%gem2 30 Bgd

Znl8 x 10~ gcm’2
Zr300 x 107 gem™2
Pb 90 x 10~2 gem ™2

0.3 10.C 500s Ca3x107%gem™2 30 Bgd
Zn5x107% gem™2
Zr30 x 1072 gcm’2
Pb 23 x 1072 gem—2

Source: J. V. Gilfrich, in ref. 23, p. 406.
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5 Crystallography

5.1 The structure of crystals*
5.1.1 Translation groups

Metals and alloys, like most condensed matter, are aggregates of crystals; they are built up of units,
consisting of small groups of atoms regularly and indefinitely repeated throughout the body by
parallel translations. If the co-ordinates of the atoms within such a group are given, then three
independent translations represented by vectors a, b, ¢, which are not all parallel to the same plane,
suffice to specify the position of any other atom in the crystal. Let the vector from an arbitrary origin
to an atom be

r=xa-+yb+zc
then atoms of the same kind will be found at all points
1y = (n +x)a+ (ny +y)b+ (n3 +z)c

where n;,n,,n3 may be any positive or negative integers. Such a succession of regularly arranged
points in space constitutes a space lattice.

The lattice may be regarded either as a system of translations relating identical points in a structure,
or as a system of points arranged in parallel and equidistant nets, each net consisting of series of
parallel and equidistant rows in which the points are spaced at equal distances. The points of such an
array can be arbitrarily arranged in an infinite number of ways in parallel equidistant linear rows or
planar nets; they can, in other words, be referred to an infinite number of systems of three primitive
vectors, but investigation has shown that any structure possessing the symmetry observed in crystals
can be referred to one of 14 lattices, defined by its primitive vectors and by the character of its unit
cell, the latter being the parallelepiped formed by the three translations selected as units. In general,
unit translations are selected so as to give the simplest cell having edges as short as possible, but
there are several cases in which a more complex cell is chosen so as to display the symmetry of the
lattice, or its relation to other lattices, to greater advantage.

The system of three vectors a, b, ¢, is described by their lengths a, b, c and by the angles between
them: (bc) = «, (ca) = B, (ab) = y. The face of the unit cell which is parallel to the plane of the (a)
and (b) axes, and which therefore intersects the (c) axis at distance ¢ from the origin is termed the ¢
face. Similarly, the face parallel to the b—c axial plane is the a face, and that parallel to the a—c axial
plane the b face.

The simplest cell, having points only at its corners, is termed ‘primitive’ and is given the symbol
I" (Schoenflies) or P (Hermann). Other cells, termed ‘face centred’, have points at the corners and
at the centres of two or more of their faces, and are given symbols indicating the faces carrying
these additional points. Thus 4, B, C, F represent centring on the a, b, ¢ and all faces respectively.
Finally there is the ‘body centred’ cell, having points at its corners and one additional point at the
intersection of the body diagonals. This is given the symbol / (Hermann). Centred cells are indicated
by Schoentflies by dashes. The 14 space lattices are listed in Table 5.1.

*This chapter can be cross-referenced with chapters 4 (X-ray diffraction) and 6 (crystal chemistry), plus section 10.4 (electron
microscopy).

5-1



5-2  Crystallography

Table 5.1 THE FOURTEEN SPACE LATTICES*

Symbols
System Axes Angles Unit cells Schoenflies Hermann
Triclinic a#b#c atBEy Primitive T'tr P
Monoclinic a#b#c a=y=90° 1 Primitive I'm P
B obtuse 2 ¢ face centred 'm' C
Orthorhombic a#b#c a=p=y=90° 1 Primitive T'o P
2 ¢ Face centred I'o'(c) C
3 All face centred o F
4 Body centred F” 1
Tetragonal a=b+#c a=p=y=90° I Primitive I't P
2 Body centred re I
Cubic a=b=c a=B=y=90° 1 Primitive e P
2 All face centred rd F
3 Body centred re” 1
Rhombohedral a=b=c a=p=y#90° Primitive I'rh R
Hexagonal a=b#c a=p=90° Primitive Th C
y = 120°

*The 14 space lattices are also referred to as Bravais lattices (after Auguste Bravais 1811-63). The centred cells are chosen to
display most clearly the symmetry of the lattice, but all space lattices may be represented by primitive cells. For example, the
all-face and body-centred cubic lattices may be represented by rhombohedral unit cells having @ = g = y = 60° and 109.48°
respectively. These are referred to as alternative settings of the unit cell of the lattice.

5.1.2 Symmetry elements

Symmetry elements may be classified as axes, planes, and centres. A body has an axis of symmetry
when rotation through a definite angle about some line through it (the axis of rotation) causes it
to assume its original aspect. Crystals can only have axes of 2-, 3-, 4- and 6-fold rotation, involving
coincidence after rotation through 180°, 120°, 90° and 60° respectively. If a plane passes through
a body such that every point on one side of the plane stands in mirror-image relationship to a
corresponding point on the other side, the plane is said to be a reflecting plane or mirror plane of
symmetry. A point within a body is a centre of symmetry or centre of inversion if a line drawn
from any point of the body to the centre and extended to an equal distance beyond it encounters a
corresponding point. Other symmetry operations are:

Rotoinversion (or inversion) axes of symmetry, involving rotation through 180°, 120°, 90° and
60°, combined with an inversion through a centre of symmetry.

Screw axes of rotation, combining rotation about a 2-, 3-, 4- or 6-fold axis with a translation
of a specified length in the direction of the axis.

Glide planes, combining reflection with a translation parallel to the plane of the mirror.

In the case of screw axes, the amount of the shift must be a rational fraction of the translation
along the same axis, the denominator of the fraction being the multiplicity of the rotation. Thus for
a 6-fold axis, the shift may be 1/6, 2/6, 3/6 ... of the translation. In the case of the glide plane, the
shift must be one half of some translation in that plane. Thus it may be a/2 or b/2 parallel to the a and
b axes, or of half the face diagonal in the direction parallel to that diagonal. If the cell is centred on
that particular face, the shift may be one half of the distance to the centre, i.e. of the face diagonal.

5.1.3 The point group

The point group may be defined as a group of symmetry elements distributed about a point in
space, and may be conveniently visualised as an assembly of points generated by the operation of
the symmetry elements in question upon a single point having co-ordinates xyz referred to specified
axes, the symmetry elements passing through the origin. Thus a symmetry plane, passing through
the origin and containing the x and y axes, will generate, from the point xyz, an equivalent point of
which the co-ordinates are xyz. These two points serve to characterise the point group.

The 32-point groups define all the ways in which axes, planes and centres of symmetry can be
distributed so as to intersect in a point in space, and correspond to the 32 classes of morphological
crystallography.
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5.1.4 The space group

The space group may be defined as an extended network of symmetry elements distributed about the
points of a space lattice, and may be visualised as an assembly of points generated by the operation
of symmetry elements on a series of points situated identically in each cell of the lattice. Whereas
in the point group the repeated operation of any symmetry element must ultimately bring each
point back to its original position, in the space group an operation need only bring the point to an
analogous position in the same or in another cell of the lattice. Thus in the space group the more
complex symmetry operations of screw axes and glide planes are possible, combining translation
with rotation and reflection respectively.

Point groups, placed at the points of space lattices belonging to the same system of symmetry, give
rise to the simplest of the 230 space groups. The remainder are generated by replacing the simple
planes and axes of the point group by glide planes and screw axes.

5.2 The Schoenflies system of point- and space-group notation

The symmetry elements chosen by Schoenflies are axes of n-fold rotation, reflection planes, rotore-
flection (rather than rotoinversion) axes of symmetry and centres of inversion. The symbols assigned
to the various point groups are as follows:

C,, = groups having a single n-fold axis;

C" = groups having a single vertical n-fold axis, together with a horizontal reflection plane;
C, = groups having a single vertical n-fold axis, together with n vertical reflection planes;
D, = groups having an n-fold axis and n two-fold axes at right angles to it;

V = a symbol frequently used as an alternative to D;;

O = the two cubic groups which possess the maximum possible number of rotation axes, namely
three 4-fold axes parallel to the cube edges, four 3-fold axes parallel to the cube diagonals
and six 2-fold axes parallel to the face diagonals;

T = the three remaining groups of the cubic system;

S, = groups having an n-fold axis of rotary reflection.

The suffix i signifies a centre of inversion.

The suffix s signifies a single plane of symmetry.

The suffix d signifies a diagonal reflection plane, bisecting the angle between two horizontal
axes.

The symbols for the space groups are simple modifications of those for the point groups: the index
and subscript of the point group are combined to give the subscript of the space group symbol, and
an index is added representing the order in which Schoenflies deduced the symmetry of the group.
Thus C}), represents the mth group derived from the point group ch.

Table 5.2 gives the point groups, their symbols and elements of symmetry, the crystal classes with
which they correspond, and the co-ordinates of equivalent points.

5.3 The Hermann—Mauguin system of point- and space-group notation

The symbols used by Hermann and Mauguin to indicate the various symmetry operations are as
follows:

Rotation axes: the number 2, 3, 4 or 6 denoting the multiplicity.
Screw axes: the symbol denoting the multiplicity of rotation, with a subscript indicating the
magnitude of the shift. The complete set of screw axes is 21; 31, 32; 41, 42, 43; 61, 67, 63,
64, 0s.
Rotoinversion (or inversion) axes: 2,3,4,6, the numeral indicating the multiplicity.
Centre of inversion: 1.
Reflection plane: m.
Glide plane:  with shift in the a direction: a
with shift in the b direction: b
with shift of 1/2 the face diagonal: n
with shift of 1/2 the centring translation: d.

The full space group symbol consists of the translation (or lattice) symbol followed by symbols of
the symmetry elements associated with specified crystallographic directions in a specified order.
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Table 5.2 POINT-GROUP NOTATION (SCHOENFLIES)

Crystal class
Schoenflies
System Class no.  symbol Schoenflies Dana Miers
Triclinic 1 C Hemihedry Asymmetric Asymmetric
2 C; Holohedry Normal Central
Monoclinic 3 Cy = Cf’ Hemihedry Clinohedral Planar
4 G Hemimorphic Hemimorphic Digonal polar
hemihedry
5 Cg Holohedry Normal Digonal equatorial
Orthorhombic 6 cy Hemimorphic Hemimorphic Didigonal polar
hemihedry
7 V =D,y Enantiomorphic ~ Sphenoidal Digonal holoaxial
hemihedry
8 yh = Dé Holohedry Normal Didigonal equatorial
Tetragonal 9 S Tetartohedry Tetartohedral Tetragonal alternating
of 2nd sort
10 y4 = D‘Zl Hemihedry Sphenoidal Ditetragonal alternating
of 2nd sort
11 Cy Tetartohedry Pyramidal Tetragonal polar
hemimorphic
12 C] i’ Paramorphic Pyramidal Tetragonal equatorial
hemihedry
13 Cy Hemimorphic Hemimorphic Ditetragonal polar
hemihedry
14 Dy Enantiomorphic ~ Trapezohedral Tetragonal holoaxial
hemihedry
15 Dﬁ Holohedry Normal Ditetragonal equatorial
Cubic 16 T Tetartohedry Tetartohedral Tesseral polar
17 " Paramorphic Pyritohedral Tesseral central
hemihedry
18 T4 Hemimorphic Tetrahedral Ditesseral polar
hemihedry
19 o Enantiomorphic ~ Plagihedral Tesseral holoaxial
hemihedry
20 o" Holohedry Normal Ditesseral central
Rhombohedral 21 C3 Tetartohedry Not named Trigonal polar
22 Cg =S5 Hexagonal Trirhombohedral ~ Hexagonal alternating
tetartohedry
of 2nd sort
23 (04 Hemimorphic Ditrigonal Ditrigonal polar
hemihedry pyramidal
24 D3 Enantiomorphic ~ Trapezohedral Trigonal holoaxial
hemihedry
25 Dg Holohedry Rhombohedral Dihexagonal alternating
Hexagonal 26 3 Trigonal Not named Trigonal equatorial
paramorphic
hemihedry
27 Dé’ Trigonal Trigonotype Ditrigonal equatorial
holohedry
28 Ce Tetartohedry Pyramidal Hexagonal polar
hemimorphic
29 Cé' Paramorphic Pyramidal Hexagonal equatorial
hemihedry
30 Cy Hemimorphic Hemimorphic Dihexagonal polar
hemihedry
31 Dg Enantiomorphic ~ Trapezohedral Hexagonal holoaxial
hemihedry
32 Dg Holohedry Normal Dihexagonal equatorial
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Typical

example Symmetry elements Co-ordinates of equivalent points
— None xyz

Copper sulphate  Centre of inversion Xyz, Xyz

— Horizontal reflecting plane Xyz, Xyz

Tartaric acid 2-fold axis Xyz, Xyz

Gypsum
Topaz

Sulphur

Barytes

Chalcopyrite
Wulfenite

Scheelite

Zircon

Ullmanite

Pyrites

Blende

Cuprite

Galena

Dioptase

Tourmaline

Quartz
Calcite

Nepheline
Apatite
Greenockite

Beryl

2-fold axis and horizontal plane

2-fold axis and vertical plane
Three 2-fold axes

Three 2-fold axes and
horizontal plane

4-fold rotary reflection

4-fold axis, two 2-fold axes and
diagonal vertical plane
4-fold axis

4-fold axis, horizontal plane
4-fold axis, vertical plane

4-fold axis and four 2-fold axes

4-fold axis, four 2-fold axes,
horizontal plane

Three 2-fold axes coincident with
cube axes, and

Four 3-fold axes coincident with
cube diagonals

As for T plus a horizontal plane

As for T plus a diagonal vertical plane

As for T plus six 2-fold axes coincident
with face diagonals thereby converting
the three original 2-fold axes

into 4-folds

As for O plus a horizontal plane

3-fold axis
3-fold axis and centre of inversion

3-fold axis and vertical plane

3-fold axis and three 2-fold axes
3-fold axis, three 2-fold axes and

diagonal vertical planes

3-fold axis and horizontal plane
3-fold axis, three 2-fold axes and
horizontal plane

6-fold axes

6-fold axis and horizontal plane
6-fold axis and vertical plane

6-fold axis and six 2-fold axes

6-fold axis, six 2-fold axes and
horizontal plane

e,

Xyz, Xyz, XyzZ, XyZ

XYz, Xyz, Xyz, Xyz

Xyz, XYz, XyZ, Xyz

XYZ, XYZ, XYZ, XYZ, XVZ, XVZ, XYZ, XVZ

Xyz, YXzZ, Xyz, yXz

XyzZ, XYZ, XVZ, XYZ, YXZ, YXZ, VXZ, YXZ, YXZ
Xyz, yXz, Xyz, yxXz

XYz, YXZ, XVZ, YXZ, XVZ, YXZ, XYZ, YXZ

XYz, YXZ, XyZ, YXZ, XVZ, YXZ, XVZ, YXZ
Xyz, YXZ, XYz, YXZ, XyZ, YXZ, XVZ, YXZ

XYz, YXZ, XyZ, YXZ, XVZ, VXZ, XYZ, YXZ
XYZ, VXZ, XYZ, YXZ, XYZ, YXZ, XVZ, YXZ
Xyz, XYz, Xyz, Xyz
ZXY, ZXY, ZXY, ZXy
yzX, VIX, YZX, yzX

XYz, Xyz, Xyz, Xyz

Those of T plus { zxy, zxy, zZXy, zxy
VzZX, VZX, YZX, YZX
yXz, YXZ, YXZ, Xz

Those of T plus { xzy, xzy, Xzy, Xzy

ZYX, ZyX, ZVX, Z)X
VXZ, yXZ, YXZ, YXZ

Those of T plus { Xzy, Xzy, xzy, xzy

ZyX, ZYX, ZVX, Z)X

Those of all the four preceding classes
xyz, zxy, yzx referred to rhombohedral axes

xyz, (v — x)xz, y(x — y)z, xyz, (y — X)Xz,
y(x — y)z (hexagonal axes)

Wz, (9 — x0Tz, 7(x — y)z, (x — )FZ, i,
X(y —x)z

WZ, (v — 0XZ, J(x = Y)Z, (x = y)yz, yxz,
X(y — x)z (hexagonal axes)

Wz, ) — 2z, (7 — x)iz, 52, 55 — )z,
(x — y)xz (hexagonal axes)

y(x — y)z, (x — y)xz (hexagonal axes)
Those of Cg plus X(y — x)z, (v — x)yz, yxz,
x(x — )z, (x — y)yz, yxz (hexagonal axes)
Those of Cg plus X(y — x)z, (v — x)yz,

Those of all the four preceding classes
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The direction associated with a reflection or glide plane is that of its normal: no direction can be
specified for a centre of inversion.
The specified directions are:

Triclinic system: none
Monoclinic system:  the b direction, i.e. the b axis.
Orthorhombic system: the a, b, ¢ directions, in that order.

Tetragonal the a, b, and (a—b) directions, in that order. The direction rep-
Hexagonal systems: resented by the vector difference is one of the diagonals of the
Rhombohedral c-face.

Cubic system: the directions ¢ (a + b + ¢), and (a—b), in that order, i.e. the c-axis the cube
diagonal and a diagonal of the c-face.

If a symmetry axis has a symmetry plane normal to it, the two symbols are combined in the form of
a fraction, thus %, %, alternatively written 2/m, 4, /d.

If one of the specified crystallographic directions has no symmetry element associated with it,
this is indicated by inserting the symbol 1 in the appropriate position in the space group symbol. The
1 may be omitted without risk of misunderstanding if it occurs at the end of the space group symbol.
Symmetry symbols may also be omitted if they can be derived from those already indicated. These
abbreviated symbols are termed ‘short’.

As already explained, the symmetry of a space group can be derived from that of a point group
by placing the latter at the points of the various lattices appropriate to the crystal system, and by
using glide planes and screw axes as well as reflection planes and rotation axes. Thus the point group
symbol will contain no symbol for the lattice; its symmetry planes will be indicated by m and its
axes by numbers specifying the multiplicity and without subscripts. Thus the point group 2/m will
be associated with the space groups P(2/m); P(21/m); P(2/c); P(21/c); C(2/m); and C(2/c).

5.3.1 Notes on the space-group tables

For a full description of the space groups, reference should be made to the International Tables for
Crystallography, Vol. A (1983) published for the International Union of Crystallography by Kluwer
Academic Publishers.

If there are n symmetry elements associated with any space group, their operation upon any single
point having co-ordinates xyz will give rise to a total of » points which may be termed geometrically
equivalent. If, however, the co-ordinates xyz are such that the point lies, say, on an axis or plane of
symmetry, then the number of equivalent positions will be reduced, while if it lies at the intersection
of two elements the number will be reduced still further. A knowledge of these so-called special
positions is of importance, because experience has shown that they are the positions which are
frequently occupied by the atoms or ions in an actual crystal. In sodium chloride, for example, the
four sodium ions are situated in one set of four equivalent positions, those having co-ordinates 000,
%%O, %0%, 0% %, whilst the four chlorine ions are situated in another set of four points, having co-

111

ordinates 5 5 5,00 % ,0 % 0, %00. The co-ordinates of all the special positions for each space group were

given by R. W. G. Wyckoft in The Analytical Expression of the Results of the Theory of Space Groups
(Washington Carnegie Institution, 1930) and are also listed in the International Tables, Vol. A.

The last column of Table 5.3 gives the missing x-ray reflections characteristic of each space
group. If the unit cell is centred on one or more faces, or is body centred, certain reflections will
be absent, because in directions corresponding to the missing reflections the waves scattered by the
atoms at the face or body centres will be exactly out of phase with those scattered by the atoms at
the cell corners. In other words, the spacings of certain planes are halved, and odd-order reflections
from these planes are destroyed. Thus with the body-centred lattice all reflections are absent for
which (h+ k +1) is odd. Again, a glide plane halves the spacings in the direction of glide, and a
2-fold screw axis halves those along the axis. Consequently, odd order reflections are missing in
these directions. Similarly with a 3-fold axis; the only reflections occurring in the direction of the
axis are those for which (/) is a multiple of three.

InTable 5.3, x-ray reflections of the type indicated do not occur unless indices which are underlined
are even, or unless the sum of indices joined together by brackets is even. Thus:

00l means that reflections will not occur unless / is even.
Okl means that reflections will not occur unless (k +1) is even.
hkO  means that reflections will not occur unless both 4 and k are even.

Bkl means that reflections will not occur unless (h+ k+1)is even.
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hk]  means that reflections will not occur unless the sums of any two
—  indices are even.

hhl means that reflections will not occur if the first two indices are equal,
unless the third index, /, is even.

A subscript 3, 4 or 6 means that the marked index, or the sum of the marked indices, must be a
multiple of that number for reflections to occur. Thus

Okls  means that reflections will not occur unless (k + 1) is a multiple of 4.
hkly means that reflections will not occur unless / + 2k + [ is a multiple of 3.

Table 5.3 THE HERMANN-MAUGUIN SYSTEM OF POINT- AND SPACE-GROUP NOTATION

Space group Space group
Hermann—Mauguin Schoen- . Hermann—Mauguin Schoen- L
lies Missing spectra e Missing spectra
Full Short Full Short
Triclinic system Class mm?2 (short mm)—C,, continued
Class 1 C, Pma?2 Pma 3, hO!
Pl C! — Pmn2, Pmn C, hot
3
Class 1 c. Pec2 Pec ci, Okl, hOI
P o _ Pca2, Pca c3, Okl, kOl
Pcn2 Pcn cs, Okl, 0!
Monoclinic system Pha2 Pba cs, Okl ho!
Class m C, Pbn2, Pbn cs, Okl hOI
1 -
Pm G - Pnn2 Pnn (&1 Okl. ho!
Pc ct hot Cmm2 Cmm  Cl} hkl
Cm H hid Cme2, Cme €12 i, kot
Ce ¢ [kt hOl Cec2 Cee  CB kL. Ok, hO!
Class 2 C, Amm2 Amm Cis k!
P2 c} — Ama2 Ama  C1E Ikl, hO!
P2, c 0k0 Abm?2 Abm [&H hkl, Okl
C2 C3 hkl Aba2 Aba Cil hkl. Okl, hO!
nx o I
2 Fmm2 Fmm Cit Ikt
Class— Cap i9 =
m Fdd2 Fdd c1e Bk, Okl hol,
—
2 Imm?2 Imm c3e hkl
P= Cly — ol
m Ima2 Ima c3? hkl. hO!
v i - -
21
P2_1 cz, 0ko Iba2 Iba c3l Inkl. Okl KOI
m
p? cs, Ol
c
Class 222 (short 22)—D
PA C3 hOL, 0kO ¢ )
¢ P222 HUS B
2(1/2
Cg , kd P222, Di(V?) 00/
m P2,2,2 D3(¥y  hOO, 0kO
c CS hkl, hOI P2,2,2, D3(v*) 0O 0kO. 00!
¢ c222 DSOS ki
Orthorhombic system C222, D3(V®) hki. 00!
Class mm2 (short mm) C,, F222 DI(V") )
2y
Pmm2  Pmm ci, — 1222 DY(V®) hk(
Pmc2,  Pmec ez, Kol 12,2,2, D30 Ikl
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Table 5.3 THE HERMANN-MAUGUIN SYSTEM OF POINT- AND SPACE-GROUP NOTATION—continued

Space group

Hermann—~Mauguin

Full

Short

Schoen-

flies

Missing spectra

Space group
Hermann-Mauguin

Full Short

Schoen-

Slies

Missing spectra

222
Class-—-—— (short mmm)—D,,(V,)
mmm

Pmmm

Pmmn

Pnnm

Pnnn

Pmma

Pnna

Pmna

Pnma

Pbam

Pban

Pcem

Pcen

Pbcm

Pbcn

Pbca

Pcca

Cmmm

Cmma

Ceem

Ceca

Cmem

DY
DR
DY
DL, (%)
D3V}
D3
D)
EH (A
D3,(Y)
AU
D3,
DR
D)
D%
D)
IR
DR
DLW
DR
DERUAS

DL

hkO
0k, 1l

Okl, hOJ, hkO
kO

Ok, hOI, kO
hOl, hkO

Okl, hkO

Ok, HO!

Okl, HOI, kO
Okl, hol

OKl, hO1. hkO
Ok, KO

OKI, KO, hkO
OKl, hol, hkO
OKl, hOL. hkO

hkl

hil, kO

hkl, Okl, hO]

fikl. Okl, hOL. hkO

Bk, o1

222
Class ——— (short mmm)— D,,(V,)—continued
mmm

222
cLit Cmca  DL(W,'®)  hkl, Ol hkQ
mca bl
222
FLL2 D323
wmm Fmmm (/) @
222 24 24
Jdd Fddd Dy (%) {'-1_'_,“(-{ Okly, hOL,, hkO4
222
| i 251/ 25
o Immm  DZ}(V,2%) ﬁ’il
222
e Ibam  DIF(42%) Akl Okl hol
22,2,
oy 281728
" Imma D3 (2% ﬁ’_‘f hk0
2,2,2
1222228 Ibea DI (V27)  hkl. Okl, hOI, hkO
bca ot e e 2
Tetragonal system
Class 4 Sa
P3 s} —
13 s2 hk!
Class 4 C,
P4 ci -
P4, Cc3 00!
P4,, P4, c3, Ci 00/,
14 cs hkl
14, cs hkd, 0L,
4
Class— Can
m
4 1
P cl, —
4
P- Ci, hkQ
n oo
4
P;Z ci, 00!
4, .
Pt ct, hk0, 00/
4 5
I~ ci, ki
4, 6
17 Can ﬂ(_{, h_kO 00/,

Class 42m (or, in other orientation, 4m2)}—D,(V,)

Pa2m

D3,V
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Table 5.3 THE HERMANN-MAUGUIN SYSTEM OF POINT- AND SPACE-GROUP NOTATION—continued

Space group

Space group

Hermann—-Mauguin Schoen- . He - M i -
flies Missing spectra rmann=M duguin ;icel;oen Missing spectra
Full Short Full Short
Class 4 . o 422 .
ass 42m {or, in other orientation, Class — = — (short 4/mmm)—D ,,—continued
4m2) D,,(V,)—continued: mmm
P&2c DL  hhl 4,22
- Vo) - p2ZZ P&/mmc D3, hhi
P&2,m D,V hOO mmc
4 4 4,22
P&2ic DLW kil h0O P22 Paymem D19 Okl
Pdm2 DLV — mcm -
422
Pdc2 D5,V Ok Pt Pdjmcc D2, OKl, hhl
P2 D}(V,) Okl
42,2
Pdn2 D&,V Ok P-S—  P4mbm D3, Okl
12m  DIWY  hkl 422
bt 241
124 DR K, b, P Pd/mbc D)} Okl, hhi
14m2 DLV hkl 4,2, 2
o 22212 14
15 DRV e ot P P4/mnm DL ]
Class 4 Cap 42,2
mm av p_iZ P4/mnc DS, Okl hhl
P4mm Pdmm  Cj}, — mnc -
7 42,2
P4,mc Pdmc Ca hhl ;;1; P4/nmm D], {l_’fo
P4 cm Pdcm  C3, Okl
- 4,2,2
Pdce Pécc c3, Okl, hhi f;‘; P4/nmc D1} hkO, hhl
P4bm P4bm  C3, Okl 4.2, 2
Pa,he Pabe  C3, OKL. hhl wem P4mem Dif hk0, Okl
P Pam €, 0K 42,2 4 s hKO, OKI, hhl
Pdnc Panc  C&, OKl, hhi nec P Da el
14mm 14mm  C3, hkd 422
* o —2Z P4/nbm D3, hkO, Okl
14cm l4em  CL0 ki, Okl nbm =T
11 X 4,22
14,md l4md  C3, hil. fihla o Pajnbc D1} kO, OKL, hhi
14,cd lded  C12 hkl, Okl hhl, noc
- 4,22 12
Class 422 (short 42) D, o P4/nnm D4 ’ll_IICO. Okl
P42 P42 DL — 422
P4422 P412 Di 00_] ;;Z P4/nnc D:,, "I_Ifo. 0\51. hh_l
P4,22 P4,2 D3 ool 14 22 " i ’
P4, 22 P42 D] Ya mmm fmmmDa e
P42,2 P42, D2 h00 422
- ——— I4/mem  D}f hkl, Okl
P4,2,2 P42, DS 001, h0O mem -
2 4,22
P4,2,2 P42, Dy 00/,. HOO 1.1."_'; 14/amd D12 ;_'.‘f," kO, ;‘,_;‘,_44
Pa,2,2 P42, DB - 4
4,22
1422 1422 D3 hk] 17‘23 I4/acd D3P hicl, hkO, OKl, hhl,
14,22 14,2 Di° hkl, 001,
422 Cubic system
Class -"“—r;'—n—(short 4/mmm)—D 4, Class 23 T
422 P23 T! —
P——= P4/mmm D}, —
mmm P2,3 T4 h0O
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Table 5.3 THE HERMANN-MAUGUIN SYSTEM OF POINT- AND SPACE-GROUP NOTATION—continued

Space group

Space group

Hermann—Mauguin Schoen- Missin . Hermann-Mauguin Schoen- Missi
flies issing spectra flies issing spectra
Full Short Full Short
. 4.2
Class 23 T—continued Class —3—(short m3m}—O0,—continued
mm
F23 T? 4
bﬁ! P13 2 Pm3n O} hhl
123 T3 Bkl m n =
12,3 TS Bkl
4, .2
= P23Z  pudm  Of hk0
2 n m -
Class— 3 (short m3) Ty
m 4.2
P P-3- Pnin 0} hkO, hhi
P23 Pm3 T} — non -
m
4.2 s
P23 Pn3 T2 kO F-3- Fm3m 03 i
n
2
P13 Pa3 T, kO Fi32 Fm3c 0§ B, ki
a - m ¢ Uy =
F 2 Fm3 N K, 4, .2
m " " G FL3Z  Fdim 0] kkl, k0
d m g —a
2
FZ3 Fa3 T hidl, hkO 4 2
d ==l F7‘ 32 Fd3c 0% Rkl kKO, hhl
c o —
123 Im3 T} hk!
m e 4,2 .
=32 Im3m 0} hkl
2. . m m =
1—3 Ia3 T, hkl, hkO
a u =
JAlk X ladd 0P hkd, hkO, hhi,
Class 43m T a d
P43m T} —
Pasn L h Rhombohedral (all indi d multipl
ombohedral system (all indices and multiplicities
Fa3m Uy .’_’ﬁ.ﬁ referred to hexagonal axes)
Fae T Ik, khl Class 3 Cs
183m 7;3 E’j C3 C;l, —
'k 6
ML hid, fihla €3,¢3,  chci oo
Class 432 (o] R3 Cc3 Izul\‘_‘l3
P432 P43 o! — Class 3 Cy;
P4,32  P4,3 0? h0O Cc3 Cci —
P4,32 P43 o’} R3 c, ikl
h,00
P4;32 P433 0° - Class 3m(to indicate orientation distinguish 3ml and
F432  F43 03 Kl 31m) C3
F4,32 F4,3 04 ki, ,00 C3mi Cs3, —
1432 143 0% Ikl Ciel cl, kol
14,32 14,3 0% hkl, h,00 C3lm ci, —
4.2 C3lc Cc3, hhl
Class p 3 - (short m3m)—0, R3m C3, hkl,
R3c cs, hkls. HOI

4_2
pP—3— Pm3m
m m

o) —
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Table 5.3 THE HERMANN-MAUGUIN SYSTEM OF POINT- AND SPACE-GROUP NOTATION—continued
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Space group
Hermann—Mauguin

Full

Short

Schoen-

Slies

Missing spectra

Space group

Hermann—

Full

Mauguin

Short

Schoen-

Slies

Missing spectra

Class 32 (to indicate orientation distinguish 321 and

312)

c321
C3,21
3,21
C312
C3,12
C3,12
R32

D3
D3

D3
oy}
D}
I
i)

D}

00{

00{

hkl
ok

2
Class 3; (short 3m) (to indicate orientation dis-

tinguish 3ml and 3im)— D5,

2
31 C3ml D3, —
m
2; 4
C3EI C3cl D3 hot
2 1
cI- C3lm D}, —
m
2 2
c31= C3le D3, hhl
P L
=2 =
R3— R3m D3, hkl
m 3
_2 6
R}E R3c DS, hkly, hOl
Hexagonal system
Class 6 C,
cé Ch —
Class 6 Ce
Cc6 Ci —
C6,4 (o 00/
C6,, C6, Cs, C 00/
C6,, C6, C% C} 00!
6
Class—
assm Cep
6
C— ! —
m C6h
6
c2 Ch 00!

Class 62m (in other orientation 6m2)-—D,,

Cc62m
C62¢
C6m2
Cbec2
Class 6mm
C6mm C6mm
C63me Come
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6 Crystal chemistry

6.1 Structures of metals, metalloids and their compounds’

The elements have been arranged in the following order:

1. Group la—Li, Na, K, Rb, Cs
2. Group [Ia—Be, Mg, Ca, Sr, Ba
3. Group llIa—Sc, Y, La, Ce, Pr, Nd, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Ac
4. Group IVa—Ti, Zr, Hf, Th, Pa, U, Np, Pu, Am, Cm
5. Group Va—V, Nb, Ta
6. Group VIa—Cr, Mo, W
7. Group VIla—Mn, Tc, Re
8. Group VIII—Fe, Co, Ni; Ru, Rh, Pd, Os, Ir, Pt
9. Group Ib—Cu, Ag, Au
10. Group IIb—Zn, Cd, Hg
11. Group IlIb—Al, Ga, In, Tl
12. Group IVb—Si, Ge, Sn, Pb
13. Group Vb—As, Sb, Bi
14. Metalloids etc.—B, C, P, N, Te, Se, S

A compound or solid solution composed of the elements ABCD.. ... is placed under that element,
A, B, C, D, ...which occurs /ast in the above list. If there are several compounds containing this
particular element, they are arranged in the following order:

(a) Compounds containing the same elements—in the order of increasing content of the second
element.

(b) Compounds of different elements—in the order in which the other elements occur in the above
list.

For example, Na, K is described under K, because K comes after Na in the list; MgSr and Mg, Sr are
both entered under Sr, and are described in that order, in accordance with (a); Li,Ca and Mg,Ca are
entered under Ca, and described in that order, in accordance with (b).

The second column of Table 6.1 gives the symbol for the structural type to which the element or
compound is assigned, the notation used being that of Strukturbericht.* Detailed descriptions of the
structural types are given in Table 6.2.

The third column of Table 6.1 gives the lattice constants of the various elements and compounds.
For cubic crystals the single parameter « is given, in A units; for tetragonal and hexagonal crystals
a and ¢, in that order; for orthorhombic, @, b and c; for rhombohedral a, «; for monoclinic a, b, ¢, .

Temperatures given in parentheses are those at which allotropic or polymorphic modifications
are stable; figures such as 4 = 28, M = 4, also given in parentheses, refer to the number of atoms
(4) or molecules (M) included in the unit cell; alternative structures are given where the available
evidence is insufficient to permit of a decision being reached between them, and in such cases the
authorities are quoted. Finally, it should be noted that in the case of the sulphides, only those having
relatively simple structures have been included.

T For information on crystallography, see Chapter 5. Techniques that enable determination of crystal structure can be found in
Chapter 4 and Section 10.4.

* Strukturbericht of Z. Krystallographie, Leipzig.
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Although this system of classification is not used in any other compilation of intermetallic com-
pounds, it has been retained as it has its own logic in keeping together compounds of similar systems
in a Group; this would be lacking in a strictly alphabetical classification.

Since this compilation was first made, data on a very large number of intermetallic compounds
have been published, far more than can be included in this list without extending it to over 1000
pages. Table 6.1 refers to the more frequently encountered compounds. Other compilations should
be consulted for compounds not found in Table 6.1.

A comprehensive database is: ‘Pearson’s Handbook of Crystallographic Data for Intermetallic
Phases’ (4 volumes) by P. Villars and L. D. Calvert, published by A.S.M., Materials Park, OH, 1991.
For an annually updated database, see the ‘Powder Diffraction File’, published by the International
Center for Diffraction Data, Newtown Square, PA.

Pearson has introduced a new system of symbols based on the crystallography of the classes of
isostructural compounds. This cannot be deduced readily from the Structurbericht Classification
used in Table 6.1 and described in Table 6.2. Hence a comparison of the two nomenclatures is
provided in Table 6.3.

The Pearson symbols take the form aBn, where:

a denotes the crystal system, i.e. cubic, hexagonal, etc.

B denotes the space lattice of the unit cells using the Hermann—-Mauguin symbols,
ie.P,C, E1 etc.

n denotes the number of atoms per unit cell.

The crystal systems are:

¢ = Cubic 0 = Orthorhombic
h = Hexagonal t =Tetragonal
m = Monoclinic

The space lattices of the unit cells are:

P = Simple C = One face-centred*
F = All Face-centred™ R = Simple (rhombohedral)
I =Body-centred

*Monoclinic and Orthorhombic
*Cubic and Orthorhombic
e.g. A1(Cu) is cF4 and C14(MgZn,) is hP12.

As will be evident from Table 6.3, a Pearson symbol can be the same for several different structural
types or prototypes. See note at end of references for sources of data.

Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS

Element or Additional
compound Structure type Lattice constants, remarks Refs.

Group Ia: Li, Na, K, Rb, Cs

Li A2 3.5093 1
A3 3.111; 5.093 (spontaneous transformation at —195°C)
Al 4.355 (high pressure phase)

Na A2 4.2820(5)
A3 3.767; 6.154 (low temperature phase below —237°C)

K A2 5.33017(34)

NaK Cl4 7.48;12.27

Rb A2 5.585

Cs A2 6.141(7)

Group Ila: Be, Mg, Ca, Sr, Ba

Be A3 2.2826;3.5836

BejsMg D23 10.166 2

Ca () Al 5.5884 (<~443°C)

) A3 4.00(2); 6.50(2) (>~443°C)

LiyCa Cl4 6.248(8); 10.23(2)

Bej3Ca D23 10.312 2

Mg, Ca Cl4 6.225;10.18

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.

Group Ila: Be, Mg, Ca, Sr, Ba—continued

Sr Al 6.0849(5)
MgSr B2 3.900
Mg Sr Cl4 6.426(8); 10.473(8)
Ba A2 5.013(5) 3
Mg,Ba Cl4 6.636(8); 10.655(8)
Group IITa: Sc, Y and Rare Earths
Sc (@) A3 3.310(1); 5.274(2)
Y A3 3.6515(2); 5.7474(4)
B613Y D23 10.24
La () A3 3.770; 12.159 (room temp.) 4
B) Al 5.31 (above 310°C) 4
MgLa B2 3.97
MgyLa C15 8.774
Mg3 La D()3 7.478
Ce (@) Al 4.832(4)
B) A3 3.16; 4
Bej3Ce D23 10.376
MgCe B2 3.90
Mg, Ce C15 8.733
MgszCe D03 7.42
Pr Al 5.183
A3 3.6715;11.830 4
MgPr B2 3.88
Mg3Pr D02 7.42
Nd A3 3.656; 11.798 207
Eu A2 4.5827 208
Gd 3.6336;5.781 209
Tb 3.6055;5.696 6
Dy Ve 3.5915;5.6501
Ho 3.5764;5.6136
Er 3.5610(2);5.5929(10) 210
Tm 3.5375;5.554
Yb Al 5.4847
Lu A3 3.503 1(4); 5.5509(4)
Ac Al 5.670 6
Group IVa: Ti, Zr, Hf, Th and Pa, U, Np, Pu, Am, Cm
Ti («) A3 2.9503(6); 4.681 0(2) (<~882°C)
B) A2 33112 (>~882°C)
BeLiy hex. 10.92; 8.94 (M = 6) 211
Be,Ti Cl15 6.4532(4)
Bei,Ti D2a 29.44; 7.33 (may be considered as D2b 7.35; 4.19)
Ti2B617 Tthi17 7.36; 7.30
Ti2B617 szBe” 7.34; 10.73
Zr (@) A3 3.23178; 5.148 31 (<~863°C) 7
B) A2 3.568(5) (>~863°C) 7
BesZr D2d 4.564(2); 3.485(2)
Bei7Zra Be7Nbs 7.5381(1); 11.015(1)
BeyZr C32 3.814; 3.230 8
B613Zr D23 10.044
Hf (@) A3 3.198; 5.061 < 1743°C 9,10
B) A2 3.615
Hf2B617 szBC” 7.494; 10.93 213
HfBe13 D23 10.005
HfBes D2d 4.519; 3.465
Th Al 5.0842
Bi3Th D23 10.41
Mg, Th C36 6.086; 19.64 (at and below 700°C) 12
C15 8.570 (at and above 800°C) 12
Pa A6 3.940; 3.244 13

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Group IVa: Ti, Zr, Hf, Th and Pa, U, Np, Pu, Am, Cm—continued
U (o) A20 2.8537,5.8695;4.9548 214
B) D8g 10.7589; 5.653 1 (range 668—776°C) 14
) A2 3.5335(>776°C)
UH; AlS 4.147(3)
Be;3U D23 10.24887(2)
TiU, C32 4.828;2.847 16
Np (@) Ac (<278°C) 6.663; 4.723; 4.887
B) Ad 4.897(2); 3.388(2) (range 278-540°C)
B3Np D23 10.266 to 10.256 19
Pu (@) monocl. 6.183; 4.822; 10.963; B = 101.79 20
B) monocl. 11.830; 10.449; 9.227; B = 138.65 215
) Al 4.6347 21
(€8] A6 3.339(3); 4.446(7) 21
(e) A2 3.6375 21
Am P63 /mmc 3.4681(2); 11.241(3) 216
Group Va: V, Nb, Ta
\Y% A2 3.027 22
Be,V Cl14 4.385;7.130
BepV D2b 7.35;4.24
BeyNbs D3a 6.49(1); 3.35(1) 217
Bej7Nb, R3m 7.409(2); 10.84(1) 218
Be2Nb D2b 7.376(5); 4.258(5)
Nb A2 3.300
Ta A2 3.30256(5)
BeTay C16 6.010(4); 4.890(4)
Bej7Ta;y R3m 7.388; 10.74
Be;Ta C15 6.507
ZrV3 C14 5.28; 8.65
TiV A2 3.159 219
Group Vla: Cr, Mo, W
Cr A2 2.8844
CrH Bl 3.8605(5)
Be,Cr Cl14 4.260; 6.988
BepCr D2b 7.238(4); 4.174(2)
TiCr A2 3.12 219
TiCr C15 6.932(4)
ZrCr;y (1) Cl14 5.102; 8.273 24
?2) C15 7.205 24
NbCr; C15 6.991
TaCr; (1) C15 6.985
?2) Cl14 4.950; 8.245
Mo A2 3.1470
BeaMo Cl14 4.448;7.310
BejxMo D2b 7.251(2); 4.234(1) 25
Bei;zsMo tetr. 10.27; 429 (M = 4)
BeyyMo cubic f. 11.634(2)
BeMojs AlS 4.39 220
ZrMo; C15 7.5875 26
UzMo (y) C11b 3.427,9.834 27
W (o) A2 3.16379
Be, W Cl14 4.559;7.333
WBe, o] 11.631(2) 220
BenW D2b 7.362(5); 4.216(5)
ZrW, C15 7.613(2)
Group VIla: Mn, Tc, Re
Mn (@) Al12 8.9125 (<727°C)
B) Al3 6.3152 (727-1100°C) 28
() Al 3.860 (1100-1138°C)
(©) A2 3.080 (>1138°C) 30

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.

Group VIIa: Mn, Tc, Re—continued

YMn, C15 7.675 (M = 8) 221
YMny be.tetr. 8.808; 12.521 (M = 12) 222
YMn, D2b 8.541; 4.785
Be,Mn Cl4 4.231; 6.909
BejpMn D2b 7.276(5); 4.256(5)
GdMn;, C15 7.74
TiMny Cl4 4.832; 7.930 31
TiMn D8b 8.880; 4.542
ZrMny Cl4 5.026; 8.258
ThMnj; D2b 8.74(1); 4.95(1)
TheMny3 D8a 12.443
ThMn;, Cl4 5.485; 8.896
UMn;, C15 7.1628
UsMn D2c¢ 10.312(5); 5.255(4)
VMny D8b 8.92;4.61
NbMn; Cl4 4.872;7.975
TaMn; Cl4 4.864; 7.943
CrMn;3 D8b 8.86; 4.59
Tc A3 2.7407(1); 4.398 0(1)
Re A3 2.7615;4.456 6
BezRe Cl4 4.345; 7.087
BexRe o] 11.560(1)
ZrRe; Cl4 5.259; 8.615
HfRe; Cl4 5.254(1); 8.600(2) 223
URey ortho. <180°. 5.600; 9.180; 8.460
Cl4 >180°. 5.405; 8.683 224
Group VIII: Fe, Co, Ni; Ru, Rh, Pd; Os, Ir, Pt

Fe () A2 2.8670; (<912°C and >1394°C)

(y) Al 3.6544 (912-1394°C)
BeyFe Cl4 4.215; 6.853
BesFe Cl15 5.875 (stable only > ~1000°)
BesFe hex. 4.137(2); 10.720(5)
BejyFe D2b 7.253(5); 4.232(5)
CeFey C15 7.300
GdyFes cubic 825 (M =6)
GdFes rhomb. 5.157;24.70; 120°
Gd;Fer ortho. 5.71;6.78; 7.15 (M = 2)
GdFey hex. 5.15;6.64 (M =2) 225
GdFes ch 4.92; 411 (M =1)
GdyFey7 hex. 8.496; 8.345
GdFe; C15 7.39
YFe; C15 7.37 221
TiFe; Cl4 4.79;7.81
TiFe B2 2.976
TiFe30 E9; 11.15
TisFe, O E93 11.28 32
TiyFe E9, 11.305 33
ZrFe, C15 7.065
ZrFe; C36 4.988; 16.32
ThFes D2d 5.1113(4); 4.0522(4)
UgFe D2c 10.3022; 5.2386(1)
UFe, C15 7.058 226
VFe D8b 8.965; 4.633
NbFe, Cl4 4.845;7.893
TaFe, Cl4 4.825; 7.875
CrFe (o) D8b 8.796 6(6); 4.558 2(3) 35
MoFe (o) D8b 9.190; 4.814 35
MogFer D8s 4.754 6(5); 25.716(3); 120°
WFe; Cl4 4.737(3); 7.694(4)
WeFe7 D8s 4.764(3); 25.85(2); 120°

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Group VIII: Fe, Co, Ni; Ru, Rh, Pd; Os, Ir, Pt—continued
MnFey A3 2.530; 4.079 (not an equilibrium phase)
Co (@) A3 2.507 1(3); 4.069 5(5) 227
B Al 3.568 8 (>422°C)
BeCo B2 2.624
Bej2Co D2b 7.237(5); 4.249(5)
BesCo C15b 5.852
YCoy Cl15 7.22 221
La3Co DOy 7.277(9); 10.02(10); 6.575(8) 228
Cojzla D23 11.344
CeCos D2d 4.933;4.011
Co,Tb D2d 5.090; 12.52
CosHo D2d 4.9138;3.9750
Gd;Co DOy 7.027; 9.496; 6.296 235
GdCo Bf 3.90;4.87;4.22 (M =2)
Gd;Co3 cubic 7.98 (M = 6)
GdCoy Cl15 7.359
GdCos rhomb. 5.039; 24.522; 120°
GdCoy hex. 5.47;6.02 (M =2)
GdCos D2d 4.960; 3.989
CeCop C15 7.15
TiCoy C36 4.73; 15.41 (Co-rich)
Cl15 6.692
TiCo B2 2.993
TizCo O E9;3 11.30 (Rostoker>?)
TiyCo cubic f. 11.283
ZrCoy Cl15 6.950
ThCos rhomb. 5.03; 24.54; 120°
UCoy C15 6.9783(4)
UCo Ba 6.3525
UsCo D2c¢ 10.36; 5.21
VCos DOy 5.037; 12.29 229
V3Co AlS 4.676
NbCos Cl15 6.760
CoyTa C36 4.747;15.47
CosTa () C15 6.788
B) C36 4.728; 15.45 230
CoTa () Cl4 4.838;7.835
B) Cl15 6.752
(y) C36 4.747;15.47
CrCo (o) D8b 8.84(1); 4.60(1) 36
MoCos DO0jg 5.194;4.212
MogsCo7 D85 4.761(2); 25.58(2); 120°
Moz Coy D8b 9.279; 4.871
WCos DO0jg 5.120; 4.120
WeCo7 D8s 4.739 8(17); 25.542(11); 120°
FeCo 5% %ggggl transf. temp. ~730°C; constants at room temp.
Ni Al 3.5350
BeNi B2 2.625
Belei5 cubic 7.619
MgNiy C36 4.807; 15.77
Mgy Ni Ca 5.205(1); 13.236(2)
CaNis D2d 4.952;3.937
YNiy C15 7.182 221
YNi3 hex. 4.977(4);24.44(2) } 231
YNi ortho. 7.156(3);4.124(1); 5.515(2)
YNis D2d 4.867;3.973
LaNis D2d 5.016; 3.983
LaNi, Cl15 7.340
CeNis D2d 4.879; 3.994
CeNiy C15 7.208(5)

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.

Group VIII: Fe, Co, Ni; Ru, Rh, Pd; Os, Ir, Pt—continued

CeNij3 D0y 4.945(5); 16.48(1) 233
PrNis D2d 4.9675;3.9725
PrNip Cl15 7.287
Gd3Ni DOy 6.95;9.68; 6.36 234
Gd3Nip tetr. 7.28;8.61 (M = 4)
GdNi B27 5.428(2); 4.353(2); 6.931(2)
GdNiy Cl15 7.213
Gd,Niy hex. 4.953;24.21
GdNiy hex. 535,583 (M =2)
GdNis D2d 4.909; 3.965
GdzNi” Tthi” 8.43; 8.04
NisSm D2d 4.925;3.960
NisTb D2d 4.894(5);3.966(5)] 232
NisHo D2d 4.867;3.966
NisYb D2d 4.842;3.959
TipNi OZ—Fd3m 11.324 236
TiNi3 D0y 5.1028;8.2719
TiNi B2 3.007
TipNi E9; 11.29
TisNi,O E93 11.30
ZrNis C15b 6.702(4) 38
ZryNi Cl6 6.483(3); 5.267(5) 238
ZrNip Cl15 6.9155
ZrNi3 D09 5.215(8); 4.244 2(6)
ZrNi ortho. 3.268;9.937; 4.101
Hf;Ni Cl6 6.405; 5.252
HfNi Bf 3.218;9.788;4.117
ThNis D2d 4.941; 4.000
ThNiy C32 3.960(3); 3.844(4)
UNis Cl15 6.785
UNi, Cl4 4.963 0(5); 8.235(1)
UgNi D2c 10.37;5.21
PuNiy monocl. 62/m 4.87; 8.46; 10.27; B = 100° (M = 6) 239
PuNi3 rhomb. 5.00; 24.35; 120° 240
PuNi Bf 3.59;10.21; 4.22 241
VNi3 D0y 3.54;7.22
VNi, orh. 2.559;7.641; 3.549
V19Ni11 D8b 8.97; 4.64
NDbNi3 D05, 3.62;7.41
TaNi3 DOa 5.122;4.235; 4.522
CryNi A2(tetr. deformed) (c/a = 1.09; metastable intermediate by quenching)
MoNiy Dla 5.683; 3.592
MoNi3 DO0a 5.064; 4.223; 4.449(2) 242
WNiy Dla 5.730(1); 3.553(1)
MnNi3 L1, 3.593 (<510°C)
MnNi Lly 3.69; 3.49 (<~700°C)
A2 2.974 (range ~700-900°C; constant at 745°)
FeNi3 L1, 3.5550 (<586°C)
FesCrsNi cubic b.c. 8.88 (powder diagram similar 412-type)
Ru A3 2.7058; 4.281 6, 2.705 3; 4.282 0
RuyBes D53 11.42 252
RuBe; Cl4 5.96;9.18
RU3 Be10 D82 11.03
Ru,Ce Cl15 7.539 244
TiRu B2 3.07 40
ZrRuy Cl4 5.131; 8.490
URu3 L1, 3.977(3) 39
RuU, monocl. 13.106; 3.343; 5.202; 96.17°(M = 4) 245
Rh Al 3.8030
RhMg B2 3.099(2) 246
RhBe B2 2.7397(5)

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Group VIII: Fe, Co, Ni; Ru, Rh, Pd; Os, Ir, Pt—continued
Rh,Sr Cl15 7.695
Rh3Ti L1, 3.823
RhyHf L1 3.911 248
Rh3Nb L1, 3.865
Rh3Zr L1, 3.887(1)
Rh3V L1, 3.795
Rh3Ta le 3.86
Pd Al 3.8874(1)
BePd B2 2.813
BesPd C15b 5.982 (ordered as Be4Be, Pd)
C15b 5.982 [disordered as Bey (Be, Pd),]
Bej2Pd D2b 7.271(5); 4.251(5)
Pd,Ca Cl15 7.652
Pd;,Sr Cl15 7.800 247
Pd;Ba C15 7.967
TiPd3 D0y4 5.489; 8.964
Pd3Zr D04 5.6119(2);9.231 6(5)} 248
Pd;Hf D0y 5.5935(2);9.1928(5)
Pd4Th L1, 4.113(3) 249
PdTi, Cl1b 3.09; 10.04 342
PdZr, Cl1b 3.299(1); 10.88(1) 342
PdHf, Cl11b 3.251; 11.061 342
PdMg B2 3.17(1) 341
UPd, D04 5.770; 9.652 39
Pd,V ortho. 2.750; 8.250; 3.751 250
Pd;V D0y 3.847;7.753
FePd; L1, 3.848
FePd L1y 3.855(2); 3.714(2)
Os A3 2.7338;4.3195
Be 205 monocl. 10.628(6); 8.4803(3); 11.305(3); 96.55(1)°
TiOs B2 3.081 40
ZrOs; Cl4 5.20; 8.53
UOs; Cl15 7.514(4) 39
TaOs (o) D8b 9.91(6); 5.10(8) 41
OsW; (o) D8b 9.63; 4.98 41
Ir Al 3.8390
IrSr Cl15 7.849 247
Ir3Ti L1, 3.847 250
lr3 Hf L12 3.935
Ir;Nb L1, 3.890(2)
IrsZr L1, 3.94
sV L1, 3.812
Zrlrp C15 7.36
Ulr, Cl15 7.4954 39
Irw B19 4.452;2.760; 4.811
Pt Al 3.9233
Pt;Ca Cl4 5.373;9.311
Pt Sr C15 7.742
Pt;Ba Cl15 7.947
PtMg B20 4.863 341
Pt3Mg L6g 3.88;3.72 341
CePt Cl15 7.725
TiPt3 DO0yy 5.520;9.019
Tiz Pt cubic. 5.030 43
ZrPt3 D04 5.624;9.213
Pt;Hf D0y 5.636;9.208 248
Pt;U DOy 5.748; 4.898 39
Pt,U ortho. 5.60; 9.68; 4.12 251
FePt3 Ll 3.87(2) (<700°C)
FePt Aa 3.905; 3.735

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Group VIII: Fe, Co, Ni; Ru, Rh, Pd; Os, Ir, Pt—continued
Fe;Pt L1, 3.730 (<850°C)
CoPts3 L1, 3.831 (constant at 700°C; transformation to disordered state
~750°C; constant at 800°C = 3.829)
CoPt Llg 3.80; 3.70 (constant at 700°C; transformation temp. to
disordered A1-type ~ 825°C)
NiPt Llg 3.821;3.591 (<600°C)
Group Ib: Cu, Ag, Au
Cu Al 3.613
BeCu (y) B2 2.702(3)
Be,Cu Cl15 5.977 to 5.97
Bes3Cu hex. 4.179(3); 2.557(3)
Zrlr B2 3.318
Zrylr Cl6 6.51;5.62
MgCuy Cl15 7.048
Mg, Cu Cb 9.07; 5.284; 18.25
CaCus D2d 5.092; 4.086
LaCus D2d 5.186;4.110
CeCu B27 7.19 (14); 4.30(8); 6.23(12) 253
CeCuy ortho. lmma 4.433;7.064; 7.472 254
CeCug ortho. Pnma 8.109; 5.098; 10.172 255
CeCus D2d 5.104;4.112
CusTb D2d 5.030; 4.090 (also C15b7.041) 256
CusSm D2d 5.07; 4.104 256
TizCu Lla 4.158;3.594
CuTi, Cl1b 2.953;10.734
Ti;Cu D23 11.24
TigCuyO E93 11.47
TiCu () L1y 3.140; 2.856
¥) B11 3.107; 5.919
TiCus (B) A20 2.585;4.527; 4.351 (>~600°C)
B) L6y 5.169; 4.342; 4.531 (<~ 600°C)
CuZr Cl1B 3.2204;11.1832 342
CuHf, Cl11B 3.1643; 11.153 342
ThCuy C32 4.383(4); 3.496(3) 47
ThyCu Cl16 7.324(5); 5.816(5) 47
UCus C15b 7.03
PdCus L1, 3.722 (also A1 3.701)
tetr. 3.710(3); 25.655(21)
PdCu Al 3.766
PtCu Al 3.776 9(5)
Ag Al 4.086
LiAg B2 3.168
BerAg CI15 6.287
MgAg B2 33114
MgsAg cubic 17.622(7)
CasAgs tetr. 8.039; 15.011 258
LaAg B2 3.814
CeAg B2 3.785(16)
PrAg B2 3.723
TiAg Llg 4.104; 4.077 (also B11 2.90; 8.14)
ZrAg Bl11 3.471; 6.603
AgZry C11B 3.253;7.952 342
ThyAg Cl6 7.581; 5.854 48
Pt3Ag L1 3.900
Au Al 4.07894(5)
NaAuy Cl15 7.85(1)
NaxAu Cl6 7.415(5); 5.522(5)
BeAu B20 4.668(1)
BesAu C15b 6.100
MgAu B2 3.266

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Group Ib: Cu, Ag, Au—continued
MgsAu DO;g 4.64; 8.46
TiAug Dla 6.460(7); 3.975(8)
TiAuy C11b 3.419;8.514
TizAu L1, 4.096
TizAu Al5 5.0889(6) 43
ThyAu C16 7.462; 5.989 48
V3Au AlS 4.880 49
Nb3Au A15 5.205 49
MnAu ortho. 3.146; 3.182; 3.291
AuyMn Cl1b 3.359; 8.746 259
AugMn Dla 6.45;4.03 260
CuAu Llg 3.968; 3.662
Al 3.872
ortho. 3.676(2); 3.956(3); 39.72(2)
CuzAu L1, 3.747
Group IIb: Zn, Cd, Hg
Zn A3 2.66474(4); 4.9469(1)
LiZn B32 6.234
NaZnj3 D23 12.2836(3)
KZn;3 D23 12.335(5)
Mgy Zny D8c 8.552(5)
MgZn, Cl4 5.223(1); 8.566(3)
CaZnyz D23 12.185(5)
CaZns D2d 5.371;4.242
SrZns orthorh. Pnma 13.147(7); 5.312(2); 6.707(3) 50
StZns D2d 5.549; 4.283
SrZnj3 D23 12.242(2)
BaZns orthorh. Cmem 10.788(8); 8.441(5); 5.318(3) 50
BaZn;3 D23 12.359(5)
LaZns D2d 5.416;4.217
LaZn B2 3.76(1)
CeZn B2 3.70(1)
PrZn B2 3.692
TiZn3 Ll 3.9322(3) 51
TiZny Cl4 5.064; 8.210 51
ThyZn C16 7.614(4); 5.658(4) 47,52
ThZn, C32 4.20;4.17 261
ThZny D13 4.273;10.359 261
ThZng D2d 5.237;4.442 52
ZrZny; f.c.c.Fd/3m 14.103(1) 262
ZrZng tetr. 12.7; 8.68 262
NbZny C36 5.05; 16.32 264
MnZn;3z (§) monocl. c. 13.483(5); 7.662 6(10); 5.134(3); 127.78(4)°
MnZn3 (o) L1, 3.86 (<320°C)
~MnZn (B) B2 3.070
(B1) A3 2.7339;4.4550
FeZn3(§) monocl. 13.424(5); 7.608 0(10); 5.061(3); 127.30(4)°
CoZni3(§) monocl. 13.306(33); 7.535(2); 4.992(12);
126.78°
CoZn Al13 6.319
NiZn (81) L1y 3.895;3.214
B) B2 2.9083
PdyZn C23 5.35;7.65;4.14 341
PdyZn3 (B1) B2 3.049(>~600°C)
PdZn (B) L1y 4.100; 3.346 53
PdyZn B2 3.055 (>~600°C)
PtZn (&) Llg 4.05; 3.51
Pt3Zn L1, 3.893 (<~800°C)
CuZnjz (8) A2 3.001(8) (stable between 550—-700°C)

(continued)



Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Structures of metals, metalloids and their compounds 611

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Group IIb: Zn, Cd, Hg—continued
CusZng (y) D8, 8.859(3)
CuZn (B) A2 (>450°C) 2.95
B) B2 (<~450°C) 2.959
CuyTiZn CsCIl (B2) type  2.96 265
AgZn3 A3 2.8231(2); 4.4407(3)
AgsZng D8, 9.351(3) 54
AgZn (B) B2 3.083(3)
(63) Bb 7.6360;2.8197
(Ag0.10Zn9.90)2 Mg hex. 5.21; 90.3 (long period structure)
AuZr; C11B 3.28;11.6 342
AuHf, Cl11B 3.2309; 11.6057 342
AuZnz cub Pm3n 7.903 266
AusZnj ortho. 6.345;8.971; 4.486
AuZn B2 3.14
AuzZn tetr. 5.586(5); 33.4(1)
ortho. 16.650; 5.585; 5.594
Cd A3 2.979; 5.617
LiCds A3 3.083; 4.889
LiCd B32 6.715(2)
LizCd Al 4.250
RbCd;3 D23 13.88
CsCdy3 D23 13.89
MgCds D09 6.2335;5.0449
MgCd B19 5.0051(3); 3.2217(2); 5.2700(3)
Mgz Cd D019 6.310; 5.080
CaCd, Cl14 5.996(2); 9.654(2)
SrCd B2 4.003 55
BaCd B2 4.213(2) 55
BaCd; tetr. 12.040(5); 7.740(5) 56
LaCd B2 3.910
CeCd B2 3.855
PrCd B2 3.827
TiCd B11 2.904; 8.954 (M =4) 267
TipCd C11b 2.865(3); 6.71(1) 267
ZrCd, cubic f.c. 43768 51
ZrCd Bl11 3.124; 8.75 51
NaCd, Fd3m 30.56 268
PdCd L1y 4.2817(1); 3.6310(1) 53
~PtCds (y) b.c.c 19.804 2(9) (also f.c.c. 9.9200(3))
PtCd Llg 4.1835;3.8163 53
Cd3Cuy tetr. 13.701; 9.944 (also f.c.c. 25.871(2))
AgCd; A3 3.071;4.8162
AgCd A3 2.9750;4.8255 269
AgCd (B) A2 (>440°C) 3.382
B1) A3 (230-440°C) 3.007; 4.852
B) B2 (<210°C) 3.332
AuCds D0y 8.147(2); 8.511(2)
Au,Cd A3 2.9198;4.8045
AuCd (B1) B2 3.3232(5) (>60-80°C)
B) B19 4.764 5(5); 3.154 0(5); 4.864 4(5) (<~60°C)
AuzCd (o) Llg 4.111; 4.133 (<~400°C)
Hg A10 3.458; 6.684; 120° 59
LiHg; DO0jg 6.240; 4.794
LiHg B2 3.286(1)
Li}Hg D03 6.548
NaHg ortho. 7.19;10.79; 5.21 (M =8) 60
NazHgp tetr. 8.52;7.80 (M =4) 60
KHg triclinic 6.59; 6.76; 7.06 (« = 106°5", B=101°52"; y =92°47") 61,62

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.

Group IIb: Zn, Cd, Hg—continued

KsHgr ortho. Pbem 10.06; 19.45; 8.34 (M =4) 270

KHg, ortho. 8.10; 5.16; 8.77 (M =4) 61,62

MgHg) Clly 3.83;8.781

MgHg B2 3.4480(1)

MgsHgs D8y 8.259;5.931

MgsHg D03 4.83;8.62

SrHg B2 3.955 55

BaHg B2 4.131 55

BaHg D2e 9.586

LaHgy cubic b.c. 10.968

LaHg; DOy9 6.816;4.971

LaHg) Cc32 4.956; 3.637

LaHg B2 3.864

CeHg B2 3.808

PrHg B2 3.791

TiHg L1y 4.26;4.04 51

TizHg A15 5.187(1) 51
L1, 4.1654(4) 51

Hg;Th A3 3.361; 4.905 271

HgTh Al 4.80 (high temp. phase >500°C)

ZrHg L1y 4.45(1); 4.17(1) 51

ZrHgs Ll 4.368 51

Zr3Hg AlS 5.560(2) 51

ThHg3 A3 3.361; 4.905 47

ThAg f.c.c. 4.80 272

NdHg B2 3.772

UHg3 D019 6.654(9); 4.888(5)

UHg, C32 4.976;3.218

NiHgy b.c.c. 6.016

PdHg Lly 4.2716;3.7067

Pt3Hg Al 3.9795(5) 341

AuzHg A3 2.9180;4.8113

CdHg A6 3.932;2.872

CdHg» Clly 3.965; 8.607 63

Group IIIb; Al, Ga, In, T1

Al Al 4.04950(12)

LiAl B32 6.3703(5)

Mgy Alz (B) Cl14 5.73; 9.54 (several other structures exist)

Al1gMgzCrp f.c.c. 14.53(1) 273

Y3Al tetr. 8.258;7.7025

YAl B33 3.8707; 11.599; 4.396 0 274

Yal B2 3.754(12)

CaAly D13 4.353;11.07

CaAly CI5 8.040

SrAl cubic 12.76

SrAly Dl3 4.460; 11.20

BaAly Dl3 4.566; 11.250 66

LaAly D13 4.48;10.42

LaAlp CI15 8.125

CeAl ortho. 9.27;7.68; 5.76 67

CeAly D13 4.380; 10.030

CeAly C15 8.060

NdAl ortho. 5.940; 11.728; 5.729

TiAlz D0y 3.8537(3); 8.5839(13)

TizAl (a2) D09 5.780; 4.647 60

TiAl Lly 4.001; 4.071

ZrAlz D0y3 4.0074(6); 17.286(4)

Z]‘3A1 L12 4.373 82

ZryAl c7 4.882;5.918 277

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued
Element or Additional
compound Structure type Lattice constants, remarks Refs.
Group IIIb; Al, Ga, In, Tl—continued
ZnAl; ortho. Fdd2 9.617(3); 13.934(3); 5.584(2) 278
ZrsAlz hex. 5.424(1); 5.405(2) 279
Zr3Alp tetr. 7.633 3(8); 6.996(2) 280
HfAI B33 3.240; 10.803; 4.278 281
HbAL ortho. 9.474; 13.737; 5.501 282
ThAl; DOyo 6.499; 4.626 48
ThAl, C32 4.412(13); 4.173(13) 48
Th3Al tetr. P4/mbm 8.134; 4.221 48
ThyAl C16 7.614; 5.857 48
UAly D1b 4.42;6.30
UAL L1, 4.262; 13.63
UAlL Cl15 7.78
NpAl, C15 7.79 70
NpAl; L1, 4.260(1) 70
NpAly D1b 4.42;6.26; 13.71 70
PuAlz hex. 6.082; 14.433 81
VAl3 D0y 3.780; 8.322
NbAlz D0y 3.841(1); 8.609(2)
NbyAl tetr. 9.945;5.171 283
NbzAl cubic 5.186 337
TaAl3 D0y 3.8513;8.5583
CrAl Cl1b 3.005; 8.649
CrzMg3A118 Fd3m 14.53(1) 76
(E phase)
MoAlj; b.c.c. 7.573 284
MoAl; monocl. 5.12;13.0; 13.5(B=95°)
WAl4 monocl. 5.272;17.771; 5.218; 100° 12’ (a/cell = 30) 285
MosAl A15 4.950(1)
WAIs hex. P63 4.9020; 8.857(1) 78
WAL, cubic. b.c., m3 7.5803(5) 77
MnAlg ortho. ¢ 7.551(4); 6.499 4(3); 8.8724(17) 79
MnAly ortho. p 6.795; 9.343; 13.897
MnAl Ll 3.92;3.54
tetr. p 3.92;3.57
MnsAljg hex. p 7.543; 7.898 287
MnsAl}, tricl. 5.095(4); 8.879(8); 5.051(4); @ 89.35(7)°; 286
B 100.47(5)°; y 105.08(6)°
MnAl3 ortho. Pnma 14.79; 12.42; 12.59 (M =36) 288
(Mn, Cr)Alj;  cubic b.c., m3 7.509(1) 71
TcrAls D513 4.16;5.13
TcAljn b.c.c. (WAL 2) 7.528(1) ] 289
TcAly monocl.c 5.1(1); 17.0(1); 5.1(1); B=100(1)°
ReAls isomorph with MnAls ~ 7.609 1(9); 6.611 7(6); 9.023(10) 275
ReA112 WA112 7‘5270(5)
FerAls ortho. ¢ 7.644; 6.411; 4.220 80
FeAl, (v) tricl. 4.88; 6.46; 8.80; v = 91.70°; f="73.3%; y = 96.90°
FeAl; monocl. ¢ 15.509(3); 8.066(2); 12.469(2); B = 107.72(2)°
FeAl (82) B2 2.9076
FeszAl (By) D03 5.791 (disordered A2=2.911)
CorAlg D8d 10.149(6); 6.290(5); 8.556 5(5); B = 142.40°
ConAls D811 7.6560; 7.5932
CoAl B2 2.863
NiAl; D0y 6.598; 7.352; 4.802
NirAls D513 4.036(1); 4.897(1)
NiAl B2 2.848(14)
NizAl L1, 3.5718(2)
Nip TiAl L2 5.865
NiFe,Al () L2; 5.758
RuAl B2 3.036 290
RuAl, C54 7.99;4.71; 8.76

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Group IIIb: Al, Ga, In, T1—continued

RuAlz D0yy 4.81;,7.84

PdAlz D513 4.219(1); 5.161(1)

PdAl hex. 15.659(4); 5.251(2) 83

B2 3.0532 (560-700°C)

OsAl B2 3.001(1) 83

TrAl B2 2.985 83

PrAl ortho. 5.964(5); 11.777(10); 5.745(5) (also Ela type 83

high-temp. phase 9.146; 7.625; 5.698)

PtAl, C1 5910

PtsAl3 ortho. 5.413(1); 10.73(1); 3.950(1) 338

RhAl B2 2.9806(5)

Rh2A15 D811 7.893; 7.854

RhyAly D8d 8.721; 6.428; 6.352; 94° 48’

Pt3Al L1, 3.8775

CuAl, C16 6.067(1); 4.877(1)

CuAl () monocl. 12.066; 4.105; 6.913; 55.04°

CuzAl, (y2) Cc7 4.146(1); 5.063(3)

CuoAly (y) D83 8.7068(3)

Mg, CugAls D8c 8.311(3)

MgCuAly Ela 4.00;9.23;7.14

MgCuAl C36 5.102; 16.76 (also other hex. structures)

MnCupAl (8') D03 5.968

FeCuyAly E9a 6.336(1); 14.870(2)

AgrAl (y) A3 2.8779;4.6225

AgsAl(B) Al13 6.942

B) A2 3.24(3) (hightemp. phase)

AuAly C1 5.995(1)

AugAl Al13 6.92

Ga All 4.5242;7.6618;4.5195

LiGa B32 6.150(7)

MgsGay D8y 13.708; 7.017; 6.020

Mg, Ga hex. 7.794(2); 6.893(1)

CaGay C32 4.325;4.327

LaGay C32 4.320; 4.427

CeGay C32 4.321;4.320

PrGa, C32 4.2817;4.2898

aGaTis D019 5.750(4); 4.636(3) 291

TiGa Llp 3.968; 3.970 85

TiyGa B8, 4.51;5.50 86

TiGaz D0y 3.789; 8.734

ZrGaz D0y 3.963(4); 8.712(4)

ZrsGas D8g 8.075; 5.738 291

Nb3Ga Al5 5.176 337

V3Ga Al5 4.8194(5) 337

MosGa AlS 4.944(15)

CoGa B2 2.875 83

NiGag D8, 8.424(3)

NiyGas D513 4.054(1); 4.882(2)

NiGa B2 2.886(1)

Ni;Ga A6 3.75;4.78

RhGa B2 3.0063(8)

PdGa B20 4.965

PtGa, C1 5911

Pt,Gaz D513 422,517

PtGa B20 4910

Pt;Ga L1, 3.892 5 (several other structures exist)

PtsGas ortho. 8.031; 7.440; 3.948

CuGa; (9) tetr. 2.830; 5.839

CuyGay D83 8.7295

cubic 8.747(2)
CuyGa Al 3.665
AgzGa A3 2.8869;4.6753

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Group IIIb: Al, Ga, In, T1—continued
AuGay C1 6.075 8(10)
AuGa B31 6.262(2); 3.463(2); 6.397 1(5)
In A6 3.2522;4.9507
Liln B32 6.792 0(6)
Naln B32 7.332
Mgln; cubic 4.60
Mgln (8") Llg 4.606; 4.421 (A6 phase also exists)
Mgy In Cc22 8.27;3.42
thTi3ln D()]g 5.92; 4.78 291
Mnj3In D83 9.453(4)
ZrIn Al 4418 291
Thins L1, 4.694 292
NipIns (8') D53 4.387(3); 5.295(4)
Niln (8) B2 3.060 (>760°C)
(&) B35 4.536(5); 4.434(5)
NizIn c7 4.1889;5.1230
NiszIn (y) D09y 5.332(2); 4.234(2)
PdIn; D383 9.433 4(5) (also D8, 9.42)
PdyIns D53 4.5352(2); 5.5117(2)
PdIn B2 3.2495(2)
Pd;In A6 4.06; 5.36 (also L1 4.0729(2); 3.791 8(2))
Pt3Iny D8f 9.435
Ptln, C1 6.366
Pt3In L1, 3.992(1) 342
Pty In3 D513 4.53;5.51
Cu7lInz (y) tricl. 10.071(5); 9.126(5); 6.724(4); e =90.22°;
B=182.84°;, y=106.81°
CuyMnlIn D03 6.206
Auln tricl. (4.30; 10.59; 3.56; « = 90.54°; B=90.00°; 80
y=90.17°)
AusIn DO0a 5.8572;4.7352;5.1504
Tl A3 3.458;5.518 (<230°C)
A2 3.871(2) (>230°C)
LiTl B2 3.438(3)
NaTl B32 7.448 0(4)
MgTl B2 3.628
Mg, Tl Cc22 8.0829(4); 3.679 6(4)
MgsTl, D3g 14.285(3); 7.328(2); 6.197(2)
CaTl3 le 4.796
CaTl B2 3.8522(6)
SrTl B2 4.038
LaTls L1, 4.803
LaTl B2 3.936(3)
ThTl; L1, 4.751 292
PrTI1 B2 3.895
Pd,TI C23 5.719; 4.228; 8.363
Pd;T1 D033 4.117; 15.274 (D07, high temp. phase also exists) 342
PtTI1 B35 5.605; 4.639
HgLi, Tl B2 3.352(2)
Group IVb: Si, Ge, Sn, Pb
Si A4 5.4306
Mg, Si C1 6.35
CaSi, C12 3.855(5); 30.6(1); y = 120°
CaSi B33 4.545(3); 10.728(10); 3.890(3) 102
BaSi B33 5.028(5); 11.929(6); 4.131(3) 294
LaSi Ce 4.318; 13.84
CeSiy Ce 4.191; 13.949
PrSiy Cc 4.29; 13.76 (ortho. phase also exists)
NdSi; Cc 4.142(6); 13.65(2) (ortho. phase also exists)
SmSi, Cc 4.08; 13.51 (ortho phase also exists)
YSi Bf 4.25;10.50; 3.82 (M =4) 295

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Group IVb: Si, Ge, Sn, Pb—continued
YSiy ortho. 4.05; 3.95; 13.40 (several other structures exist)
TiSi B27 6.551(6); 3.633(3); 4.983(5) 296
TisSi3 D8g 7.4610(3); 5.150 8(1)
ZrSi Cl6 6.609(3); 5.298(3) 95, 96
Zr5Si3 Cle6 7.903; 5.581 95
ZrSip c49 3.73; 14.60; 3.66 94
HfSiy C49 3.672(4); 14.57(1); 3.641(4) 94
ThSi, Cc 4.107; 14.07
USi, (@) Cc 3.99; 13.15 . 9
8) 32 3.830; 4.72 } Zachariasen®’
USi B27 7.585; 3.903; 4.663
UsSip D5a 7.3299(4); 3900 5
UsSi DOc 6.033; 8.690
NpSiz Ce 3.97(1); 13.70(3)
PuSiy Cc 3.98(1); 13.58(5) 99
VSi C40 4.58;6.37
ViSi Al5 4.7272 (tetr. phase also exists)
V5Si3 D8g 7.135;4.842 100
NbSi; C40 4.819(2); 6.592(2)
NbsSi3 D8g 7.52; 5.24 (also D8,, and D8, phases) 100
TaSiy C40 4.782; 6.565
CrSip C40 4.45;6.529
CrSi B20 4.622(1)
Cr3Si Al5 4.556(4)
MoSi; Clly 3.206; 7.846 101
MosSi A15 4.898
Mos Si3 D8, 9.6425(5); 4.909 6(3) 100
WSiy Cl1, 3.213;7.887 101
MnySiy tetr. 5.525(1); 17.463(3)
MnSi B20 4.558
Mns Sis3 D8g 6.912(5); 4.812(5)
Mn; Si D03 5.720
ReSiy Cl1, 3.138; 7.666
FeSiy tetr. 2.690 1; 5.134 (also ortho. phase)
FeSi B20 4.517(5)
FesSi3 D8g 6.759(5); 4.720(5)
FesSi D03 5.644
CoSiy C1 5.356(1)
CoSi B20 4.450
Co,Si C37 4.919;3.725;7.104
NiSip C1 5.406
NiSi B31 5.190(1); 3.330(1); 5.628(2) 106
NiySi (6) hex. 3.836(1); 4.948(1) (>981°C) 106
) Cc23 5.022(1); 3.741(1); 7.088(1) (<981°C) 106
Ni3Si (81) L1, 3.505 (<1040°C)
Ru, Si3 tetr. 5.52; 4.46 (also ortho. phase)
RuSi (1) B2 2.909(2)
2) B20 4.7075
RhSi B31 5.630; 3.061; 6.311 107
Rh;, Si C23 5.370; 3.935; 7.360
RhsSi3 ortho. 5.317; 10.131; 3.895
Rh3Si; B8, 3.949; 5.047 (also B8, with same lattice 293
parameters reported)
RhSi B31 5.630; 3.061; 6.311
PdSi B31 5.617(3); 3.386(2); 6.149(4)
Pd,Si c22 6.496(5); 3.433(4) 108
Os;Si3 ortho. 11.157(2); 8.964(1); 5.580(1)
OsSi B2 2.960(1) (also B20 phase) 297
Ir3Si DO0c 5.222;7.954
I Si C23 5.284; 3.989; 7.615
Ir3Sip B8, 3.963; 5.126 (also D8, with same lattice 293

parameters reported)

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.

Group IVb: Si, Ge, Sn, Pb—continued

1IrSi3 D013 4.350; 6.630 (several other structures exist)

PtSi B31 5.595;3.603; 5.932

Pt,Si C22 6.525; 3.603 (various tetr. structures also reported) 110

BeZrSi BB, 3.722;7.232 8

Pd4Al3Si B20 4.840 83

Cu153i4 (8) DS(, 6.915

CusSi tetr. 8.815;7.903

Cu7Si A3 2.5605;4.184 6

CujsMgesSiz D8a 11.65(2) (4 =116) 111

Cu3SiMg, Cl4 5.004(5); 7.872(8)

Aly3CrySig cubic F 10.917(1) 112

AloMn3 Si E9¢ AljoMn3 7.42;7.72

AlsFeSi; tetr. GasPd 6.07; 9.50

AlNi Si B20 4.537 83

Ge A4 5.6577

Mg, Ge C1 6.380 (C15 phase also reported)

CaGe, Cl12 3.949; 30.72; 120° 114

Y5Ges D8g 8.46(1); 6.36(1) 298

I(,::é‘; 622 gg 2‘2‘;51; '12‘%_00(5) (ortho. phases also reported) 299

TiGey C54 8.588(8); 5.032(3); 8.862(6)

TisGes D8g 7.563(2); 5.228(2)

ZrGe; C49 3.810(3); 15.07(2); 3.769(2)

ZrsGes D8g 8.029(2); 5.594(2) 115

Hf5Ges D8y 7.941(1); 5.542(2) 298

oThGey Ce 4.133; 14.202

ThGe; C49 4.223(2); 16.911(6); 4.052(2) (other ortho 301
structures also proposed)

ThGes cubic 11.72

V3Ge Al5 4.763

NbGe, C40 4.977(2); 6.809(3)

TaGe, C40 4.938(2); 6.740(2)

TasGes D8g 7.581;5.15 115

Cr3Ge AlS 4.6252(8) 337

CrGe B20 4.800(5)

CrsGes D8m 9.427; 4.786 115

MosGe Al5 4.932

MnsGes D8g 7.197; 5.038

FeGe) C16 5.908(3); 4.957(3)

Fe,Ge B8, 4.058; 5.038

CoGe monocl. 11.65; 3.807; 4.945; 101.1° 293

CoGe; ortho. 5.670(3); 5.670(3); 10.796(3) (pseudo tetragonal)

NiGe B31 5.381;3.428; 5.811

Ni;Ge B8, 3.934; 5.056 (also C23 B8 structures)

NizGe L1y 3.570 (also B32)

GeRu B20 4.846 302

GesRup ortho. 11.436(5); 9.238(4); 5.716(2) (tetr. at high T)

PdGe B31 5.782;3.481; 6.259

Pd,Ge Cc22 6.712(1); 3.408(1) 108

OsGes monocl. 8.995(6); 3.094(4); 7.685(2); 119.17°

Ir4Ges tetr. 5.615; 18.308 293

IrGey hex. 6.215;7.784

Ir3Gey D8f 8.735(1)

IrGe B31 5.600(1); 3.493(1); 6.290(1)

PtGe B31 5.719(2); 3.697(1); 6.084(2)

Pt,Ge C22 6.68;3.53 108

Pt3Ge monocl. 7.930; 7.767; 5.520; B=135.28° 293

Pt3Gep ortho. 12.240; 7.549; 6.854

Pt,Ges ortho. 16.441 1(21); 3.377 1(3); 6.201 7(7)

PtGe; Cl18 6.185;5.767; 2.908

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Group IVb: Si, Ge, Sn, Pb—continued
Cu3Ge (1) DOy 4.169; 7.499 (>636°C)
?2) DO0a 5.28;4.22; 4.54; 2.64; 5.45; 4.19 (<636°C)
3) hex. 4.17;4.92 (570-750°C)
CusGe A3 2.612;4.231
CosGaGes B20 4.64 83
PdsAlsGe B20 4.87 83
RhsGaGey B20 4.832 83
Sn grey A4 6.4892(1) (<13.2°C)
metallic A5 5.8308; 3.1810 (>13.2°C)
NajsSng D3¢ 13.14(2)
MgsSn C1 6.77 (C15 type phase also documented)
CaSn3 L1, 4.732(3)
CeSnj3 L1, 4,722
PrSn; Ll 4.716(3)
TisSn3 D38g 8.04; 5.45
TizSn D09y 5.921(3); 4.762(2)
HfsSn3 D8y 8.36; 5.710 304
ThSn3 L1, 4.719 292
USn3 L1, 4.608 9(23)
MnSn; C16 6.659(3); 5.447(3)
Mn;, Sn c7 4.404; 5.529
FeSny Cl16 6.542; 5.326
FeSn B35 5.307; 4.445
Fe3Sny hex. 5.344(5); 19.845(5)
Fe3Sn D019 5.44; 4.36 (oxygen stabilised phase)
CoSny C16 6.363(3); 5.456(3)
CoSn B35 5.278;4.258
Co3Sny hex. (high temp.) 4.162; 5.233
Co3Sny hex. 16.445;5.179
CoMnSn D03 5.985 116
NizSnyg D7a 12.214(6); 4.060(2); 5.219(3); 105.0(1)°
Ni3Sny ortho. 7.0615(8); 5.153 0(4); 8.0903(12)
hex. 4.146; 5.253
Ni3Sn A3 (>900°C)
DO0j9 (<900°C), 5.305; 4.254
NipMgSn D03 6.097(4)
Ni;MnSn D03 6.059 116
RhSn B20 5.122
Rh3Sny C7 4.331;5.542
RhSn; (1) Cl16 6.410(3); 5.656(3); (>500°C)
?2) D2, 4.487(1); 17.717(3); (<500°C) 117
ortho. 6.319(5); 6.319(5); 11.97(1) (pseudo tetragonal) 118
PdSny Dl. 6.388 8(1); 6.4415(1); 11.4462(2)
PdSn; (1) ortho. 6.478(3); 6.478(3); 12.155(3) (pseudo tetragonal) 117
2) tetr. 6.490(1); 24.378(4) (low temp. mod.) 118
PdSn B27 6.31; 3.86; 6.12
Pd3Sny C7 4.389; 5.703
Pd;Sn L1, 3.976(1) (Disorders to A1 3.970)
IrSn B8, 3.98;5.63
PtSny Dl1, 6.3823(1); 6.4190(1); 11.366 6(2)
PtSny C1 6.433 1
Pt2Sn3 D5y 4.3345;12.960 6
PtSn B8, 4.104(2); 5.436(2)
Pt3Sn L1, 4.000(1)
CugeSns (1) B8, 4.192(2); 5.037(2) 119
CuzSn (g) DO, 5.49;4.32;4.74 119
ortho. 5.529(8); 47.75(6); 4.323(5) 120
Cu3Sn DO, 5.49;4.32;4.74 121
CuzSn C15¢ 6.1176(10) (high temp. phase) 122
CujoSn3 hex. 7.330(4); 7.864(5) 122
Cug1Sny cubic 17.980(7)
Cuy7Sn3 (B) A2 3.0261 (stable >600°C)
CupMnSn D03 6.166

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.

Group IVb: Si, Ge, Sn, Pb—continued

Ag3Sn D0a 5.968(9); 4.7802(4); 5.1843(9)

AuSny Dlc 6.5124(1); 6.5162(1); 11.706 5(1)

AuSnj ortho. 6.909; 7.037; 11.789 80

AuSn B8, 4.3222;55222

InSny Af 3.205; 2.995 63

In3Sn A6 3.456; 4.391

Pb Al 4.9508(4)

LiPb B2 3.561

LizPb D03 6.687(3) 124

Li;Pb, hex. 4.751(2); 8.589(4) 124

LigPbs monocl. C2/m 8.240; 4.757; 11.03; B=104° 25’ (M =2) 125

LijoPbs Dg; 10.082

LixyPbs f.c.c. 20.08 305

NaPb tetr. 10.580(5); 17.746(15) 126

NajsPbg D8 13.02

KPb, Cl4 6.66; 10.76 127

Mg, Pb Cl 6.836

CaPbs L1y 4910

SrPbs Llg 4.965; 5.024

LaPbs L1, 4.902(2)

CePbs L1, 4.876(2)

PrPbs L1, 4.8596(3)

TisPb D019 5.962; 4.814 128

UPbs Ll 4.791

ThPb; L1, 4.853 292

RhPb; Cl6 6.674(3); 5.831(3)

PdPb, Cl6 6.865(3); 5.844(3)

Pd;Pb; c7 4.4650;5.7090

Pd;Pb Ll 4.035(1)

IrPb B8, 3.993(5); 5.566(5)

PtPby Dl, 6.666(10); 5.978(10)

PtPb B8, 4.26;5.47

Pt3Pb Ll 4.058(1)

Ag4Pb A3 2.92;4.76 129

AuPb, Cl6 7.338(4); 5.658(4)

AuyPb Cl15 7.911(2)

Group Vb: As, Sb, Bi

As A7 3.7597(1); 10.4412(2); 120°

LizAs D013 4.450; 7.880

LiAs monocl. P2,/C 5.79(1); 5.24(1); 10.70(2); p=117.4° 306

NazAs DO 5.088; 8.982

K3As DO 5.782;10.222

MgzAsy D53 12.355

MgLiAs Cly 6.19

CeAs B1 6.0815

NdAs B1 5.971

ZrAs B1 5.4335(6) 307

TiAs B8 3.645; 6.109 (high temp. phase) 130

B; 3.64; 12.050 130

CrAs B31 5.591; 3.573; 6.128 (B8, at high temp.)

CrAs C38 3.618(1); 6.350(1)

~MnAs (1) B8, 3.722;5.702 (up to 27°C) 131
?2) B31 5.72; 3.676; 6.379 (40 to 125°C) 132

MnyAs C38 3.785(5); 6.265(5)

Mn3As DOd 3.788; 3.788; 16.29 (pseudo tetr.)

FeAsy Cl18 5.300 1(5); 5.983 8(5); 2.882 1(4)

FeAs B31 5.4401(5); 3.3712(4); 6.025 9(5)

FerAs C38 3.63;5.98

CoAs3 D0, 8.208

CoAs) Cl18 5.051(2); 5.873(2); 3.127(1)

(monocl. phase also reported)

(continued)



620  Crystal chemistry

Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Group Vb: As, Sb, Bi—continued
CoAs B31 5.2631(3); 3.456 9(1); 5.801(1)
NiAs, C18 4.782; 5.83; 3.545 (Rammelsbergite)
ortho. 5.7718(5); 5.834 2(6); 11.421 4(12)
NiAs B8, 3.619; 5.044
NijjAsg tetr. 6.852(7); 21.81(3)
NisAs; hex. 6.815(1); 12.506(2)
PdAsy Cc2 5.9845(10)
PtAsy Cc2 5.968 1(1)
CuzAs cubic 9.619(1) (M = 16) (Domeykite)
hex. 7.102(20); 7.246(20)
CuMgAs C38 3.953; 6.225
AgMgAs Cly 6.21
ZnAs) monocl. 9.287(1); 7.691(2); 8.010(1); 102.47° 133
Zn3Asy hex. 7.27;12.08
ZnLiAs Cl 5.940(1)
ZnNaAs C38 4.176; 7.088 134
ZnAgAs C1 5912 134
Cd3As; D59 8.96; 12.66
AlAs B3 5.6610
AlLi3As) ortho. 11.87; 11.98; 12.11 [orthorh., deformed (D%Zl)
superstructure]
GeAs; ortho. Pbam 14.76; 10.16; 3.728 (M =8) 308
GaAs B3 5.654 309
InAs B3 6.062 309
SnAs B1 5.716
Sb A7 4.3007; 11.222; 120°
Li3Sb (@) DO 4.701; 8.309
B) D03 6.559
NaSb monocl. 6.80(2); 6.34(2); 12.48(4); 117.6(2)° 306
NazSb DO 5.355;9.496
K3Sb DO;g 6.025; 10.693 (also C'16 phase reported)
Cs3Sb B32 9.148 4 (D03 phase also reported) 135
Mg3Sby D5, 4.573;7.229
CeSb B1 6.388 (tetragonal phase at 9.5 Kelvin also reported)
PrSb B1 6.38
NdSb B1 6.321
TiSb, Cl6 6.654(3); 5.806(3)
TiSb B3, 4.115; 6.264
Tiz3Sb A15 5.2228 310
D8m 10.465; 5.2639(M = 32)
ThSb B1 6.318(1) 136
Th3Sby D73 9.3840(5) 136
ThSb; C38 4.34;9.15 136
VSb, Cl6 6.5541(4); 5.6385(5) 131
V3Sb Al15 4.939(1) (M =2) 337
Nb3;Sb Al5 5.2643(M =2) 337
CrSby C18 6.0183(4); 6.8736(2); 3.2704(2)
CrSb B8, 4.115;5.493
MnSb B8, 4.130; 5.786
Mn; Sb C38 4.080; 6.550 137
FeSb, Cl18 5.85; 6.575; 3.240
FeSb B8, 4.124;5.173
CoSby C18 5.600; 6.380; 3.370 (monocl. phase also reported)
CoSb B8, 3.8757;5.1802
CoMnSb Cl 5.899 (other structures also reported)
NiSb, Cl18 5.215; 6.358; 3.855
NiSb B8, 3.9325;5.1351
Ni3Sb D0a 5.3207(5); 4.2808(3); 4.5147(4)
NiMgSb Cly 6.045
Ni;MgSb D03 6.050(4)
NiMnSb Cly 5.929
NizMnSb D03 6.027

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Group Vb: As, Sb, Bi—continued
RhSb B31 5.9718(7); 3.862 1(7); 6.324(9)
PdSb, C2 6.460(1)
PdSb B8, 4.078; 5.592
IrSby Ely 5.63; 6.573; 3.575; 90.8° 80
PtSb, C2 6.4400(4) 13
PtSb B3, 4.126; 5.481
Cu,Sb (y) C38 4.0014;6.1044
CuzSb D03 (>400°C) 6.00 (DO, structure also reported)
CuMgSb Cly 6.152
CuMnSb Clp 6.100
AgzSb DO, 5.99; 4.85; 5.24 (other structures also reported)
AuSb, C2 6.6583(5)
ZnSb Be 6.23;7.76; 8.14
ZnMg, Sby D5, 4.428(4); 7.185(7)
CdSb Be 6.469(1); 8.251(2); 8.522(2)
Cd3Sby ortho. 8.40; 7.89; 12.00
CdCuSb C16 6.2625
AlSb B3 6.1350 309
GaSb B3 6.0951 309
InSb B3 6.47 309
T17Sby L2, 11.618(6)
SnSb B1 5.880(4)
Bi A7 4.5330(5); 11.797(1); 120°
LiBi Lly 4.753; 4.247
LisBi D03 6.708
NaBi L1y 4.89; 4.80
Naz Bi D()lg 5.448; 9.655
KBiy Cl15 9.501(5)
K3Bi DO;g 6.178; 10.933
Mg3Biy D5, 4.666; 7.401
MgLiBi Cly 6.74
LaBi Bl 6.61
CeBi B1 6.505(2)
PrBi B1 6.47
ZrBij ortho. 15.49; 10.18; 3.97 312
Th3Bis D73 9.562 (M =4) 311
ThBi; C38 4.495; 9.308 141
UBI B1 6.356 141
MnBi B8 4.28; 6.11 (ortho. phase also reported)
NiBi B8, 4.07;5.33
NiMgBi Cly 6.166
RhBi B8, 4.0894; 5.6642 220
PdsBi3 B8, 4.48(5); 5.86(5)
PtBi, c2 6.683 (several other structures also reported) 80
CuMgBi Cly 6.256
AuyBi C15 7.942(2)
InBi B10 5.015;4.771 142
InyBi Cc7 5.496; 6.579
Pb;Bi Al 4.9714(3)
Metalloids, etc.: B, C, P, N, Po, Te, Se, S
B Ag 8.75(2); 5.075(1)
hex. 10.96; 23.89 (105 atoms per cell) 144
hex. 10.926 5(4); 23.809 6(13) (111 atoms per cell)
hex. 4.91; 12.57 (12 atoms per cell) 145
hex. 10.932(2); 23.819(5) (141 atoms per cell)
tetr. 10.14(1); 14.17(1) (196 atoms per cell)
BesB Cl 4.663 314
BeBg tetr. 10.16; 14.28
MgB, C32 3.085;3.523 146
CaBg cubic 4.1512

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.

Metalloids, etc.: B, C, P, N, Po, Te, Se, S—continued

SrBg cubic 4.199
BaBg cubic 4.252(2)
YBg cubic 4.102
LaBg cubic 4.1566
EuBg cubic 4.19(1) 315
TbBg cubic 4.102 316
TbB4 Dle 7.120(3); 4.042(2)
CeBg cubic 4.1396(4)
CeBy Dle 7.198; 4.085
PrBg cubic 4.148
NdBg cubic 4.128(1)
GdBg cubic 4.1111(2)
ErBg cubic 4.100
YbBg cubic 4.102
TiB; C32 3.03;3.22
TiB B27 6.105; 3.048; 4.551 (B1 structure also reported) 149
ZrB1a D2f 7.383(3) 151
ZrB, C32 3.1694(2); 3.5307(4) 151
ZrB B1 4.65 148
(149, 150)
ThBg cubic 4.100
ThB4 Dle 7.122 6(5); 4.024 2(3)
UB12 D2f 7.475
UBy4 Dle 7.077;3.983
PuB B1 4.905(4) 317
PuB; C32 3.1862(2); 3.949(2)
PuBy Dle 7.101 8(3); 4.002 8(1)
PuBg cubic 4.1134(3)
VB, C32 2.998; 3.055
V3By D7y 3.052; 13.35;2.98 152
VB By 3.060(3); 8.048(3); 2.972(1)
NbB; C32 3.110; 3.270
Nb3 B4 D7y 3.342; 14.12; 3.143
NbB By 3.298;8.722; 3.164
TaB, C32 3.098; 3.225
TazBy D7y 3.036; 12.846; 2.958
TaB By 3.280(1); 8.670(3); 3.155(2)
TaB Cl16 5.783(3); 4.866(3)
CrB; C32 2.969; 3.066
Cr3By D7, 3.0004(8); 13.018(3); 2.951 6(8) 318
CrB By (also B33) 2.9782(7); 7.870(1); 2.934 6(7)
CrsB3 D8, 5.480; 10.01 153
Cr,B Dly 14.56; 7.320; 4.208 153
Moy Bs D§; 3.007,20.91, 120°
MoB, C32 3.039; 3.055 (C12 structure also reported)
MoB Bg 3.103; 16.95
Mo,B C16 5.547(3); 4.739(3)
W>Bs Dg; 3.011(3); 20.93(1)
WB, C32 3.020(2); 3.050(2)
WB (1) By 3.19; 8.40; 3.07 (>1 850°C)
) Bg 3.0973(2); 16.956 7(25)
W,B C16 5.568(3); 4.744(3)
Mn3By D7, 3.035; 12.838; 2.960
MnB B27 5.562;2.976; 4.146
Mn,B Cl6 5.148 4(6); 4.208 1(6)
MnyB D1y 14.53;7.293; 4.209
ReB, hex. 2.900(1); 7.478(2) 319
FeB B27 5.502;2.947; 4.058
Fe;B Cl16 5.110(3); 4.249(3)
CoB B27 5.260; 3.042; 3.954
CoyB C16 5.012;4.220

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Metalloids, etc.: B, C, P, N, Po, Te, Se, S—continued
Co3B DOy 5.232; 6.636; 4.418 154
Ni;B C16 4.991(3); 4.247(3)
Ni3B DOy 5.21573(31); 6.618 41(46); 4.391 59(21) 154
RuB cubic 7.02 320
RuB; orthorh. 2.865; 4.045; 4.645
Rh;B orthorh. 5.42(1); 3.98(2); 7.44(3) 155
Pd3By hex. 6.48; 3.42
PdsBy monocl. C2/c 12.786; 4.955;5.472 (B=97°2'; M =4) 321
Pd;B DOy 5.463; 7.567; 4.852
OsB cubic 7.03
Pt;B tetr. 2.63;3.83
AlB, C32 3.005; 3.257
AlBjg orthorh. 8.881;9.100; 5.690 (M =2) 339
AlB12 ortho. 16.623(5); 17.540(5); 10.180(5) (384 atoms per unit cell)
16.573(4); 17.510(3); 10.144(1) (396 atoms per unit cell)
tetr. 10.161(7); 14.283(8)
AlgMo7B7 ortho. 7.03; 6.34; 5.76
Bs3Si hex. R3m 6.319; 12.713 (tetr. structure also reported) 322
C A4 3.566 986(3) (diamond)
A9 2.464(2); 6.711(4)
RbCs ortho. 4.926(4); 8.532(6); 22.472(10)
CsCg hex. 4.945;17.76
Be,C Cl 4.340(2)
MgC, tetr. 3.92(2); 5.02(2)
Mg, Cs hex. 7.43(3); 10.59(5)
CaC, Cll, 3.89(1); 6.38(1)
SrCs Cll, 4.11; 6.68
BaC, Cll, 4.40; 7.06
LaCy Cll, 4.000; 6.58 323
La,Cs D5c 8.8162(5)
CeC, Cll, 3.881(2); 6.487(3)
PrC, Cll, 3.847(1); 6.428(2)
NdC, Cll, 3.822; 6.386
TiC B1 4.327(1)
ZrC B1 4.694 1
HfC B1 4.628
ThC, Cll, 4.14;5.28 156
Cg 6.684(2); 4.220(1); 6.735(2); 103.91° 157
ThC Bl 5.3221(5)
uc, Cll, 3.522(1); 5.988(1) 161
U,Cs D5c¢ 8.074 162
ucC B1 4.960 6(5)
PuyCs D5c¢ 8.132
PuC Bl 49725
vC B1 4.172(3)
V4Cs hex. 2.919(2); 27.79(3)
NbC B1 4.470 163
Nb,C B8, 5.4169(2); 4.971 9(6) 163
TaC Bl 4.4562(2)
Ta,C B8, 3.105; 4.940
C3Tay hex. 3.116(5); 30.00(5) 164
Cr;Cs ortho. 4.526(5); 7.010(5); 12.142(5)
Cr;C3 hex. 14.01; 4.53
Cr3Cy D51o 5.5329(5); 2.829 0(2); 11.4719(7)
Cr3Ce D8y 10.63
MoC By 2.903; 2.820 (several other hex. structures proposed).
MoC Bl 4.26
Mo, C B8, 2.9949(5); 4.373 24(6)
wC By, 2.906; 2.837
Ww,C B8 2.992; 4.725 (other hex. structures reported)

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Metalloids, etc.: B, C, P, N, Po, Te, Se, S—continued

Mn;C3 ortho. 4.545; 6.962; 11.984 (isom. with Cr;Cs)

Ml’l23 Ce, D84 10.598

Fez0Co ortho. 9.06(3); 15.69(3); 7.94(1) 165

Fe,C ortho. 4.704(16); 4.318(5); 2.830(6) 166

Fe;C D0y 5.0787; 6.729 7; 4.514 4 (Cementite)

(¢e”) hex. 4.767; 4.354 167
Fe (+0.25%C) L'2 (deformed tetr.) 2.842;3.008 M . ]
(+0.75%C) L2 (deformed tetr.) 2.850;2.939 | Martensite at low temp.
Fe (+C) Al 3.654 4 (Austenite at high temp.)
A2 2.935 (Ferrite)

FesMosC E93 11.10

Fey1 Mo, Cg D84 ordered 10.546

FesW;C E9; 11.10

Fep1 W2 Ce D84 ordered 10.533

Co,C C18 2.910; 4.469; 4.426 326

CozC DOy 5.07; 6.70; 4.53

Co3W3C E9; 11.08

CozWoCy hex. 7.826;7.826 168

Co3W19Cy hex. 7.848; 7.848 (isom. Fe, Ni-compounds)

NizC hex. 4.553;12.92 169

CNizW3 E93 11.15 170

NisWesC () cubic 10.873 170

NizW6Ce hex. 7.8183;7.8180 170

AlLCs D7, 3.338;25.117

AlMn3;C E2; 3.8722(1)

~AlFe;C E2y 3.78

Sic gg 4.358 1(5) } there are several other

3.076;5.048 [ hexagonal modifications
B4C Dlg 5.60; 12.12
P (red) cubic 11.31 (4 = 66) (also claimed to be 7.331)
(white) 1432 18.51 (4 =224; other possible space groups;
1 m3 m and 143 m)

Li}P DO]g 4.273; 7.594

Na3zP DO0;g 4.980; 8.797

BesP; D53 10.15(3)

Mg3 P, D53 12.01(1)

MgLiP Cl1 6.023 (C1y structure also claimed)

AIP B3 5.500

GaP B3 5.4499(7) 309

InP Bl 5.423 309

LaP Bl 6.034 6(9)

CeP Bl 5.927

PrP B1 5.903

NdP B1 5.682

Th3Py D73 8.618

U;Py D75 8.2039

uP Bl 5.5844(5)

V3P tetr. 9.400; 4.750

CrP B31 5.346(6); 3.107(4); 5.999(6)

Cr3P DO, 9.1887(1); 4.5593(1)

wpP B31 5.731(4); 3.248(2); 6.227(4)

MnP B31 5.2409(3); 3.180 6(2); 5.902 7(4)

Mn, P C22 6.059; 3.440

Mn3P DO, 9.178(3); 4.608(3) (isom. Cr3P)

FeP, C18 4.9729(7); 5.656 8(8); 2.723 0(4)

FeP B31 5.208; 3.16; 5.812

Fe,P Cc22 5.8644;3.4560

Fe3P DO, 9.110; 4.458 (isom. Cr3P)

CoP B31 5.06; 3.27; 5.58

Co,P C23 5.63; 3.52; 6.60

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.

Metalloids, etc.: B, C, P, N, Po, Te, Se, S—continued

Ni,P c22 5.88:3.36
NizP DO, 8.812; 4.373 (isom. Cr3P)
RhyP Cl 5.5021(3)
Ir,P Cl 5.543
PtP, 2 5.6950(5)
CusP D0y; 6.88;7.18
ZnP; tetr. 5.073 6; 18.561 (several other structures claimed)
Zn3P; D59 8.0889; 11.4069
ZnLiP Cl1 5.779
cdp, tetr. 5.2852(7); 19.787(3) (isom. with ZnP;)
Cd3P, D5 8.7537; 12.2669
AlP B3 5.500
AlLizP, ortho. 11.47; 11.61; 11.73
GaP B3 5.4499(7)
InP B3 5.847
LisN hex. 3.648(1); 3.875(1) (several other hex. structures claimed)
BE3N2 D53 8.134(10)
MgzN, D53 9.96(1)
MgLiN c1 4.970(2)
“Yw Do HAT0) v, phase s reporc
ScN Bl 4.505(7)
LaN Bl 5.305(2)
CeN B1 5.044
PrN B1 5.163
NdN Bl 5.132(2)
EuN Bl 5.017(3) 172
GdN B1 49830
SmN B1 5.046(2) 172
YbN B1 4.786(2) 172
TN Bl 4.239(1)
TiLisN; E9y 9.700(2) 173
ZiN Bl 4.585(2)
ThyNs3 D5, 3.883(2); 6.187(4)
UN, Cl 5.299
UzNj3 D5, 3.700(2); 5.825(3) (also 10.68, D53)
UN B1 4.887(3)
NpN B1 4.8987(5)
PuN B1 4.9046
VN Bl 4.13470(2)
NbN (1) B1 4.377(1)

) B8, 2.967; 5.538

3) B; 2.959; 11.271
Nb,N B; 3.058(1); 4.961(1)
TaN By, 2.936; 2.885 174
Ta;N B8, 3.048;4.918
CiN B1 4.148
CrpN hex. 4.796; 4.470
MoN hex. 5.725; 5.608
Mo, N tetr. 4.200; 8.010
WoN (B) hex. 2.89;22.85
Mn3 N, tetr. 2.974(1); 12.126(4)
MnyN E2y 3.871
FeoN hex. 4.787;4.418
FesN (¢) B3, 2.705; 4.376
Fe4N (¢) E2y 3.896(2)
FesN (') B1 3.790(1)
FegN (o) tetr. 5.720; 6.292
CoxN Cl18 4.605 6(10); 4.344 3(10); 2.853 5(5)
CosN hex. 2.66; 4.35
NisN hex. 4.616(1); 4.298(3)

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Metalloids, etc.: B, C, P, N, Po, Te, Se, S—continued
CuzN D0y 3.813
Zn3N2 D53 9.743(5)
ZnLiN Cly 4.877(2) (ordered)
Cd3Ny D53 10.79(2)
AIN B4 3.12;4.97
AlLi3N; E9d 9.461(3)
GaN B4 3.190(1); 5.189(1)
GaLi3zNy E9d 9.594(3)
InN B4 3.533(4); 5.693(4)
o Si3Ny hex. Dé—P3lc 7.818(3); 5.591(4) 327
B Si3Ny hex. Cgh—P6/3m 7.595(1); 2.902 3(6)
SiLisN3 E9d 9.436(2)
GesNy hex. P3/c 8.196 0(8); 5.930 1(5) (also P6/3m structure reported) 173
GeLisN3 E9d 9.614(2) 173
BN B3 3.6153(4) (several other structures also reported)
AlsC3N E94 3.285;21.65
Po (@) Ah 3.359(1)
B) A10 5.093(2); 4.927(2); 120°
PbPo B1 6.590(3)
Te A8 4.312(1); 5.957(2) 175
LiyTe Cl 6.504
Na,Te Cl 7.294(1)
K,Te Cl1 8.148
BeTe B3 5.6269(5)
MgTe B4 4.53(1); 7.38(2)
CaTe Bl 6.356(1)
SrTe B1 6.659(6)
BaTe B1 7.005(10)
EuTe B1 6.594
YbTe B1 6.361(1)
TiTe; C6 3.777(3); 6.498(6)
TiTe B3, 3.834; 6.390
TisTes tetr. 10.164;3.7720 328
UTe B1 6.155 176
UsTey D73 9.31 176
UTe, C38 4.243(5); 8.946(5)
VTe B3, 3.983;6.133
CrTe B8, 4.0047(10); 6.241 8(13)
MoTe; c7 3.510; 14.00 329
WTe, ortho. 3.496; 6.282; 14.073 (C7 phase also reported) 177
MnTe; C2 6.9532(12)
MnTe B8, 4.1497; 6.76 (B1 phase also reported)
FeTe; Cl18 5.260; 6.268; 3.876 (several other structures also reported)
FeTe C38 3.829(2); 6.288(4)
CoTe, c6 3.804;5.405 C2 structure also reported
Cl18 5.328;6.310;3.875
CoTe B8, 3.890; 5.373
NiTe; c6 3.8542;5.2604
NiTe B8, 3.965; 5.358
RuTe; C2 6.3910(2)
PdTe; C6 4.0365;5.1262
PdTe B8, 4.20;5.79
OsTe; C2 6.425
PtTe; C6 4.0259;5.2209
CuyTe Ch 4.188; 7.251
Cu,Te cubic f.c. 6.03 80
CuTe ortho. 3.10; 4.02; 6.86 80
AgyTe cubic 6.6 (high temp. mod.)
monocl. 5.09; 4.48; 6.96; 123 .4°
ZnTe B3 6.079(5) (B1 structure also reported)
CdTe B3 6.482 (B4 structure also reported)
HgTe B3 6.453; 6.429 (Coloradoite) 175

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Metalloids, etc.: B, C, P, N, Po, Te, Se, S—continued
GayTes B3 5.892(3)
InTe B37 8.444;7.136 63,80
lnzTe3 B3 6.135
TeTl b.c.tetr. 12.95(1); 6.18(1)
TesTl, monocl. 17.413; 6.552; 7.910; 133.16° 331
SnTe Bl 6.315(1)
PbTe Bl 6.438 4(4) (Altaite)
AsyTes monocl. 14.3573(9); 4.0199(2); 9.899 0(7); 95.107(5)° 178
SbyTes C33 4.264(1); 30.458(7) 179
Te, SbTI F5 4.439; 23.20; 120° 332
Te,BiTl F35 4.509; 23.13; 120°
BiyTes C33 4.3850(2); 30.487(2); 120°
Se (y) A8 3.910(1); 5.080(1)
(o) Ak 15.018(1); 14.713(1); 8.789(1); 93.61°
B) Al 12.85; 8.07; 9.31; 93° 8’
LipSe Cl1 6.0014(4)
Na,Se Cl1 6.799
K>Se C1 7.675
BeSe B3 5.1477(5)
MgSe hex. 4.145(5); 6.723(8)
CaSe Bl 5.932(2)
SrSe Bl 6.2432(12)
BaSe Bl 6.593(16)
EuSe Bl 6.192
YbSe Bl 5.933
TiSe, (&9 3.540(1); 6.008(3)
TiSe B8, 3.571; 6.301 (B31 and rhomb. phases also reported)
ZrSes monocl. 5.41;3.77;9.45 (=97.5°) 340
ZrSe; c6 3.772(2); 6.125(5)
UsSey D73 8.820(1) 334
UsSes D5g 11.34; 4.057; 10.92 334
ThSe, C23 7.629; 4.435; 9.085
ThsSei2 D8k 11.570(6); 4.23(1)
Th,Ses D5g 11.57(5); 4.27(1); 11.34(5)
ThSe Bl 5.8896(2)
USes monocl. 5.652; 4.056; 10.469; 115.03° 180
VSe, c6 3.356; 6.150
VSe B8, 3.660; 5.988
CrzSes hex. 6.28; 11.64 (several other structures reported)
CrSe B8, 3.699 1(4); 6.072 1(8)
CrNaSe; F5; 3.7323(2); 20.396(3); 120°
WSe, c7 3.282(1); 12.96(1)
MnSe; C2 6.430
MnSe («) Bl 5.46(6)
B) B3 5.82
) B4 4.12;6.72
FeSey C18 4.804(2); 5.784(3); 3.586(2) (C2 phase also reported)
FeSe B8, 3.632;5.910
B10 3.775; 5.527 (L1 structure also reported)
CoSe, C2 5.8593(5)
CoSe B8, 3.613; 5.300
NiSe; C2 5.973
NiSe B8, 3.652;5.347
BI13 10.007; 3.333; 120°
RuSe; C2 5.930
RhSey Cc2 5.963 9(6) 181
OsSes C2 5.946(1)
PtSe, (&9 3.7278;5.0813
CuSe B18 3.976; 17.243 (several other hex. and ortho. phases reported)
Cu;,Se Cl1 5.759(1) (Berzelianite) (numerous other structures

also reported)

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Metalloids, etc.: B, C, P, N, Po, Te, Se, S—continued
AgySe cubic 5.006(1) (ortho. phase also reported)
ZnSe B3 5.663 (B4 structure also reported)
CdSe B3 6.04(3)
B4 4.2995;7.0120
CdCr;Seq HI1 10.742 (‘normal’ H 11-type) 182
HgSe B3 5.65 (Tiemannite) 175
GaSe hex. 3.754(1); 15.945(1) 63,
hex. several phases reported 184, 185
hex. 3.7553; 31.990(10) 63,
Ga;Ses B3 5.446 (several other structures reported) 184
Iny Ses hex. 16.06; 19.28 (numerous other structures reported) 186
TISe B37 8.024; 7.18 (cubic structure also reported)
GeSe, ortho. 6.953(1); 12.221(5); 23.04(3) (several other phases
also reported)
GeSe Bl16 10.825; 3.833(4); 4.388(4) 336
SnSe B16 11.62(1); 4.282(5); 4.334(4) 187
PbSe B1 6.1213(8)
Sb,Ses D5g 11.793 8(9); 3.985 8(6); 11.647(7)
BizSes C33 4.129; 28.60 80
S (orthorh.) Al6 10.464 6(1); 12.866 0(1); 24.468 0(3)
(monocl.) C25h 11.02; 10.96; 10.96; 96.7°
(rhomb.) rhomb. 10.9; 4.27
LipS Cl 5.708
NayS Cl 6.523
KaS Cl 7.393
Rb,;S Cl 7.65
BeS B3 4.863(5)
MgS Bl 5.1997(5)
CaS Bl 5.700 (Oldhamite)
SrS B1 6.024(6)
BaS B1 6.387(3)
La,S3 D73 8.692(3) (several other structures reported)
CesS3 D73 8.608 4(18) (several other structures reported)
CesSy D73 8.6250(5)
CeS B1 5.776
DyS Bl 5.489(6)
AcsS3 D73 8.99(1)
TiS; C6 3.402(1); 5.716(1)
ThS; C23 7.267(3); 4.273(2); 8.615(4)
ThyS3 D53 10.99(5); 3.96(3); 10.85(5)
ThS Bl 5.6851(3)
ZrSy c6 3.663(2); 5.827(6)
UsS3 D53 10.62; 3.86; 10.39
us Bl 5.483
Np2S3 D53 10.32(1); 3.86(5); 10.62(1)
PuyS3 D73 8.454 6(8)
PuS Bl 5.53
Am;S3 D73 8.4344(3)
VS B8, 3.360; 5.813 (several other structures reported)
TaS; c6 3.365(2); 5.853(2) (numerous other phases reported)
CrS B8, 3.419; 5.550
monocl. 3.826; 5.913; 6.089; 101.60°
CrNaS; F5, 3.554;19.52; 120°
CrKS; F5; 3.602(6) 21.15(5); 120°
MoS, c7 3.161; 12.295 (Molybdenite)
WS, Cc7 3.154; 12.36 (Tungstenite)
MnS,; C2 6.1016
MnS Bl 5.222 6 (Alabandite)
B3 5.59
B4 3.988; 6.433
MnCr;S4 H1, 10.111

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.
Metalloids, etc.: B, C, P, N, Po, Te, Se, S—continued
FeS, Cc2 5.293(2) (Pyrites)
Cl18 4.464; 5.44; 3.39 (Marcasite)
FeS B8 3.445; 5.763 (numerous minor variants) 183, 189
Fe7Sg hex. 6.8673(9); 17.062(2) (several other structures proposed)
FeKS; F5a 7.079(1); 11.304(2); 5.398(1); 113.20(1)°
FeCr,S4 Hl,y 9.998 193
CoSy Cc2 5.427(2)
Co3S4 Hl1; 9.404(1) (Linnaeite)
CoS B8, 3.44;5.79
CoySg D8y 9.930(2)
CoCr,S4 Hl,y 9.923
NiSy Cc2 5.6765(1)
Ni3 Sy H1, 9.489
NiS B8, 3.437;5.350
NiS B13 9.607(1); 3.143(1) (Millerite)
NigSs ortho. 3.254; 11.334; 16.43
NizS; rhomb. 5.738(2); 7.126(2); 120°
NizFeS4 Hl1 1 9.465
RuS; Cc2 5.607(3)
RhS, Cc2 5.607(4)
PdS B34 6.429(2); 6.611(2)
OsS; Cc2 5.620(2)
PtS; c6 3.5432;5.0388
PtS B17 3.470 1(3); 6.109 2(8) (Cooperite)
CuS B138 3.760(1); 16.20(4) (Covellite)
CuyS Cl, 5.564 (several other structures also reported)
Cu3VSy H24 5.391(5) (Sulvanite)
CuFeS; El 5.2864(8); 10.410 2(8) (Chalcopyrite)
CuFe;S;3 ortho. 6.231(2); 11.117(6); 6.467(1) (Cubanite)
CusFeSy tetr. 10.94; 21.88 (several other structures also reported)
CuCo,S4 Hl 9.472(1) (Carrollite)
AgsS monocl. 4.231; 6.930; 9.526; 125.48° (several other phases
also reported)
AgFeS; Ely 5.66; 10.30
ZnS B3 5.3829 (Zincblende) (low temp. mod.)
B4 3.8226(3); 6.260 5(15) (Wiirtzite) (high temp. mod.)
ZnAlySy H1, 10.009 3(10) (<~1000°C)
B4 3.743; 6.089; >~1000°C
Cds B4 4.100; 6.650 (Greenockite)
Bl 532
CdCryS4 H1, 10.242
HgS B3 5.8514(3) (Metacinnabarite)
B9 4.1479(7); 9.496 0(15) (Cinnabar)
HgCr,S4 Hl 10.239(1)
Al S3 B4 3.579(4); 5.829(7)
GazS3 () B3 5.153; < 550°C
B B4 3.682(1); 6.031(1)
InS ortho. 4.447(1); 10.648(2); 3.944(1) 198
In,S3 Hl 10.728 (various other structures also reported)
InyCaSy Hl 10.774(9)
lnzMgS4 Hll 10.719(6)
InyMnS4 HI1 10.7396(5)
In,FeSy HI1, 10.618(3)
Iny; CoSy Hl, 10.646(5)
Iny NiSy Hl 10.518(1)
Il‘legS4 H11 10.812(7)
TIS B37 7.77(1); 6.79(1)
TS rhomb. 12.20; 18.20; 120°
SiS; Cc42 9.545(3); 5.564(2); 5.552(2)
GeSy C44 11.691(8); 22.41(3); 6.68(1)

(continued)
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Table 6.1 STRUCTURES OF METALS, METALLOIDS AND THEIR COMPOUNDS—continued

Element or Additional
compound Structure type Lattice constants, remarks Refs.

Metalloids, etc.: B, C, P, N, Po, Te, Se, S—continued

GeS Bl6 10.449(9); 3.653(4); 4.306(4)
(Fe, Ge)Cu, Sy Ely 5.332(1); 10.531(1)
SnS; c6 3.66; 5.96
SnS B16 11.32(1); 4.050(4); 4.242(4) (several other structures
also reported)
SnCuyFeSy tetr. 5.449(2); 10.757(3)
PbS Bl 5.914 3(4) (Galena)
PbSnS; B16 11.35; 4.05; 4.29 (Teallite)
AsS B1 7.153(4); 9.994(6); 12.986(6); 120.6° (Realgar)
AsyS3 D5f 4.256(2); 9.577(4); 12.191(5); 109.76(8)° (Orpiment)
CoAsS c2 5.576(2) (Cobaltite)
NiAsS FO0; 5.690 (Gersdorffite)
CuAsS ortho. 11.35; 5.456; 3.749
Sb,S3 D5g 11.380(5); 3.829(2); 11.189(5) (Stibnite)
FeSbS monocl. 6.02; 5.93; 6.02; 67.87° (Gudmundite)
NiSbS FO0; 5.933(3) (Ullmannite)
CuSbS; F5¢ 6.008(10); 3.784(10); 14.456(30) (Wolfsbergite)
BizS3 D53 11.31; 3.98; 11.13 (Bismuthite)
NaBiS; B1 5.75(2)
KBiS; B1 6.00(1)
CuBiS; F5¢ 6.1426(3); 3.9189(4); 14.528 2(7) (Emplecite)
AgBiS; Bl 5.648
hex. 4.07(2); 19.06(5)
BiyTe, S rhomb. 4.14; 29.45; 120°

Table 6.2 STRUCTURAL DETAILS

See note at end of references for sources of these data.

A1 (Cu type)

Cubic: O;-Fm3m;a=3.61491;4=4

Co-ordinates: 4Cu(Oy): 000, 1102

A2 (W type)

Cubic:  O)—~Im3m;a=3.16379;4=2

Co-ordinates: 2W(Oy):  000; %%%

A3 (Mg type)

Hexagonal: D$,—P63/mmc;a=3.20944,c=5.21076;4=2

Co-ordinates: 2Mg(Dzp): % %0‘ 121

A4 (Diamond type)

Cubic: Oszd3m; a=3.566986(3);4 =38

Co-ordinates: 8C(Ty): 000; % %0;); % % %; % % 41;)

AS5 (Tin type)

Tetragonal: D.)—14/amd;a=5.8308,c=3.1810;4 =4

Co-ordinates: 4Sn(Dyq): 000, % % %; %041; 0% %

A6 (In type)

Tetragonal: D)) —F4/mmm;a=3.2522,c=4.9507;4=4

Co-ordinates: 4In(Dgy):  000; %%0; J

A7 (As type)

Rhombohedral: D3 ,~R3m

Co-ordinates: Rhombohedral (1), 2As(C3,):  £(xxx)
Rhombohedral ~ (II), 8As(C3,):  (000; 3 10; 2) + (xxx)
Hexagonal (IID), 6AS(C3y): (0005 14122y + (00x)

(continued)
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Table 6.2 STRUCTURAL DETAILS—continued

Rhomb. 1 Rhomb 11 Hexagonal IIT

A=2 A=38 A=6

a o a o a c X cla
As 4.12 54° 10/ 5.57 84° 38 3.7597(1) 10.4412(2) 0.226 2.78
Sb 4.50 57° 06’ 6.20 87° 24/ 4.3007 11.222 0.233 2.61
Bi 4.74 57° 14/ 6.57 87° 32 4.5350(5) 11.814(1) 0.237 2.61
Simple cub. — 60° — 90° — — — 2.45
A8 (Se type)
Hexagonal: D3-P3,21 (and D§-P3,21)
Co-ordinates: 3Se(Cy): x00; )‘o‘c%; Ox% (and x00; )‘o‘c% ; Ox%)

a c cla X

Se 3.956(1) 5.069(2) 1.28 0.22
Te 4312(1) 5.957(2) 1.38 0.27
Simple cub. — — 1.23 0.33
A9 (Graphite type)

(o) Hexagonal: Dgh—P63 /mmc (if z=0); or
Ci —P63/mc (if z # 0);a=2.47(1),c =6.93(1); A =4

Co-ordinates: 2C(Dsj, or C3,):  000; 001
2C(D3j or C3y): % %z; % ;(% + z);z ~ 0 (or very probably z =0)
(8) Rhombohedral: ng—R3m;a=2.46,c= 10.1;4=6
Co-ordinates:  6C(Csy):  (000; 34 4; 122y 4 (00x), withx ~ } (or very probably x = $)
A10 (Hg type)
Rhombohedral: D3, ~R3m
Co-ordinates: Rhombohedral (I): 1Hg (D34): 000
Rhombohedral (II): 2Hg (D34): 000; % % %
Rhombohedral (III): 4Hg (D34): 000, 7 20;)
Hexagonal — (IV): 3Hg(Dsg): 000;3%4;312
Rhombohedral Hexagonal Ideal cubic
I Vg ur w 1 i ur Hex.
a 3.00 4.90 4.38 3.46 $V2 0 546 a £J2
o 70°32"  41°25 9815 @ — 60° 33°33  90° —
¢ — — — 6.71 — — — ay/3
A 1 2 4 3 1 2 4 3
cla — — — 1.94 — — — 2.45

A11 (Ga type)

Orthorhombic:  DY-Abma;a=4.5242,6=4.5195,c=7.6618;4=8
Co-ordinates:  8Ga(Cy):  (000;01 1) &+ (x0z; 1 +x, 1,2) with x=0.079;2=0.153

A12 («-Mn type)

Cubic: T3-143m;a=8.9125;4=>58
Co-ordinates:  (000; % % %) +2Mn(Ty)
+8Mn(Cs,)

2 000

xXxx; Xxx; 2; with x =0.32

+24Mn(Cy):  xxz; 2; Xxz; J; XxzZ; J: xxz; J; with x =0.36;z =0.04
+24Mn(Cy) with similar co-ordinates but with x =0.09; z=10.28

(continued)



6-32  Crystal chemistry

Table 6.2 STRUCTURAL DETAILS—continued

A13 (B-Mn type)

Cubic: 0°~P433 and O7—P4,3;a=6.315(2); 4 =20

Co-ordinates:  8Mn(C3): xxx; (3 +x)(3 — 0% 9 G =0 —0CE -2 (4 —0E +0)(4 +x); 25
withx =0.061
12Mn(C): %X(% +x); 23 %(% +x)( —Xx); 2; x(4 +x); 25 8(2 fx)( —Xx); 2;
with x =0.206

An alternative structure has been proposed (Wilson®) with space group Og—F m3c;a=12.58;4 =160

A15 (Cr3Si type)

Cubic: Oh —Pm3n;a=4.556(4); A

Co-ordinates:  2Si(7j): 000; % 33

6Cr(Dyg):  $03;0; 103

A16 (orh. S type)

Orthorhombic: D24 —Fddd;a=10.464 6(1) b=12.8660(1),c =24.486 0(3) A=128

Co-ordinates: 4 tlmes 32S(Cy) in (000, 3 20 D) +xyz; xy7; (4 x)(% —y)(4 z); (4 +x)(— —y)(% +z);
X2 5925 (5 —0(F )G +2): (G +0G +0)G —2)

X y z

S1 —0.017  0.083  0.072
S1I —0.094 0.161  0.200
SHr  -0.167  0.105  0.125
SIV. —0.094 0.028  0.250

A20 («-U type)
Orthorhombic: D%l Cmcem;a _2 8444 b=5.8689,c=4.9316;4=4
Co-ordinates: 4U(Cay):  (000; 33 L0y + Oy4 ; Oy4 ;»=0,105
Aq (Pa type)
Tetragonal: D}J;I“/mmm a= 3 0 c=3.244;4=2
Co-ordinates: 2Pa(Dgyy): 000 5 7 7
Ap (B-U type)
Tetragonal: ij—P4nm; a=10.7589,¢=5.6531;4=30
Co-ordinates: 2U(Ca,):  00z; 3 (3 +2);2=0.66
4U(Cs):  xxz;Xxz; (2 +x)(§ —x)(2 +z); (5 —)c)(2 -Q—x)(2 +z);x=0.11;2=0.23

4U(Cy) in s1m11ar position with x =0.32;z=0.00
4U(Cy) in similar position with x =0.68;z = 0.50
8U<cl) 0252 (3 + 003 =) +25 (3 =0+ +2:0z552 (3 +)
L —x)(2 +2); (3 = »)(§ +x)( +2); with x =0.56;y =0.24;2 =0.25
8U(C1) in similar position with x =0.38;y =0.04;z=10.20
Thewlis'# compared the lattice constants at 720°C of pure A-U and Cr containing -U.

a c

Pure g-U at 720°C 10.759  5.656
1.4 at % Cr-U alloy at 720°C ~ 10.763  5.652
1.4 at % Cr-U alloy at 20°C 10.590  5.634

Ac (ot—Np)

Orthorhombic:  D)0—Pmcn;a=6. 663(3) b 4. 723(1) c=4.887(2);A=8

Co-ordinates: 4Np(Cy): :t(4yz) :l:(4, 3=V 3 ! 42);y=0.208;2=0.036
4Np(Cy) in similar posmons with y =0.842;z=10.319

Aq (B-Np)

Tetragonal: Dﬁ—P421 ca=4. 897(2) c=3.388(2);4=4

Co-ordinates: 2Np(D;): 000, 4 3 50

2Np(Cy): 702, Ozz,z =0.38

(continued)
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A, (B-TiCuj type)
Orthorhombic: DY) ~Cmem;a=2.585,b=4.527,c=4.351;4=4
Co-ordinates: 4Ti or Cu(Cay):  (000; 1 30)+0y%;053;y=0.345
Ay (HgSne_13 type)
Hexagonal: Déh7P6/mmm; a=3.205,c=2.984; 4 =1 (data for HgSng)
Co-ordinates: 1Hg or Sn (Dg;): 000
Ag (B type)
Tetragonal: P4, /nnm;a=8.75(2),c =5.075(1); 4 =150
Co-ordinates: 2B(S4): OO%; %%0
6 times 8B (C1):  xwz; (L =)L+ +2)
23 (5 +0(3 =3 +2)
P2 (5 +0)(3 )5 —2)
Y3z (5 =)z =)z —2)

BI BII Bl B1V BV BVI

x 0328 0.095 0.223 0.078 0.127 0.250
y 0095 0328 0078 0223 0.127 0.250
z 0395 0395 0.105 0.105 0395 —0.078

Ay (a-Po type)

Cubic: O} -Pm3m;a=3.359(1);4=1

Co-ordinates: 1Po(Oy): 000

4i (B-Po)

Rhombohedral: D3 ,~R3m;a=3.37;a=98°13; 4=1

Co-ordinates: lPo(Dg ) 000

Ak (a-Se)

Monoclinic: C25h—P2| /n;a=9.31;b=8.07,c=12.85; =93.13°;4 =32
Co-ordinates: 8 times 4Se(Cy):  =£(xyz) £ (% +x, % -y, % +2z)

Se I Se 11 Selll SelV SeV Se VI Se Vil Se VIII

x 0321 0427 0317 0.134 —0.081 —0.156 —0.084 0.131
y 0486 0.664 0.637  0.820 0.686 0.733 0.520  0.597
z 0237 0357 0535 0.556 0.521 0.328 0.229  0.134

Ai (B-Se)
Monoclinic: C25h—P2| Ja;a=12.85,b=28.07,c=9.31; =93° 08/; 4 =32
Co-ordinates: 8 times 4Se(Cy):  =£(xyz) £ (% +x, % —»,2)

Se I Se IT Selll SelV SeV SeVl  SeVIl  SeVIll

x 0334 0227 0.080 0.102 0.159 0340  0.409 0.459
y 0182 0221 0397 0578 0.832 0.832 0.763 0.476
z 0436 0245 0238 0.050 0.157 0.141 0.366 0.336

B1 (NaCl type)

Cubic:  Oj—Fm3m;a=5.640;4=8

Co-ordinates:  (000; 1 10;.0) +4Na(0;): 000
+4CLOy): 13

D=

B2 (CsCl type)
Cubic:  O}-Pm3m;a=4.123;4=2
Co-ordinates: Cs(Op):  000; Cl(Op): % % %

(continued)
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B3 [Sphalerite (ZnS) type]

Cubic: T3-FA3m;a=5.3829;4=8

Co-ordinates:  (000; § 10; J) +4Zn(7,): 000
+48(Ta): 4%

B4 [Wurtzite(ZnS) type]

Hexagonal: CgV—Pégmc; a=3.8227(1),c=6.2607(1); A=4

Co-ordinates: 2Zn(C3y):
28(Cs): 4

walro WI—

B8 (a-NiAs type; B-Niy In type)

Between the main types («) and (B) there exist a number of intermediate arrangements due to the variation of
the stoichiometric formulae. The axial ratio ¢/a may change from the value 1.75 (in type «) to 1.22 (in type B).
Similarly, there is virtually a continuous change from the B8 type to the C6 type.

a-NiAs type (B81)
Hexagonal: Dgh7P63/mmc; a=3.619,c=5.044,c/a=139;4=4
Co-ordinates: 2Ni(D34):  000;00%

. 121.213
2As(D3n): 3533531

B-Niy In type (B8;,)
Hexagonal: Dgh—P63 /mmc;a=4.1889,c=5.1230,c/a=1.22;4=6
2Ni(Ds3q):  000;00%; 2Ni(D3y): £23;211

334°334
. 121.213
2In(D3n): 3575533

B9 [Cinnabar (HgS) type]
Hexagonal: D}—P3121 and D$-P3,21;a=4.1479(7),c = 9.499 60(15); 4 = 6
Co-ordinates: 3Hg(C): xOO;)’cfc%; Ox%;x =0.33

38(Cy): x04;3%2;0x5x=0.21

B10 (LiOH type)
Tetragonal: Dzh—P4/nmm; a=3.552,c=4.347,4A=4
Co-ordinates: 2Li(Dyq):  000; £ 0

20H(Cy): 01z;50z;2=0.20
For FeSe: z=0.26

B11 (PbO type)
Tetragonal: DZh7P4/nmm; a=3.9744(5),c=5.0220(5); 4 =4
Co-ordinates:  2Pb(Cay): 0%2; %02; z=0.24
20(Csy): the same with z=0.74
For y-TiCu:  z(Ti)=0.65;z(Cu) =0.10
B13 [Millerite (NiS) type]

Rhombohedral: C35‘,—R3m; a=5.64;0a=116°35; A=6
Co-ordinates: 3Ni(Cy): xxz; 2; x=0;z=0.264
3S(Cy):  the same withx =0.714;z=10.361

B16 (GesS type)

Orthorhombic:  DJ0—Pbnm; a =4.306(4), b= 10.449(9), c =3.653(4); 4 =8
Co-ordinates: 4Ge(Cy):  £(xyd); £[( —x)(3 +x)11x=0.167;y =0.375
4S(Cy):  the same with x=0.111;y=0.139

B17 [Cooperite (PtS) type]
Tetragonal: Dzh—P42/mmc; a=3.47013),c=6.1092(8); 4 =4
Co-ordinates: 2Pt (Dy): 0305 301,2S(Dyy): 0015003

(continued)
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B18 [Covellite (CuS) type]

Hexagonal: Dg,;P63/n1mc; a=3.768(3),c=16.27(6); 4 =12

Co-ordinates: 2Cu(D3p): i(%%%)

4Cu(Cyy): (332 (4, 3,1 —2)2=0.107
28(Ds): +(33%)
4S(C3,):  £(002); £(0,0, L — 2);2=0.063

B19 (AuCd type)
Orthorhombic: Dghmecm; a=3.1437,b=4.8717,c=4.7690,4A=4
Co-ordinates: 2Au(Cy): j:(Oy%);y =0.805
2Cd(Cay): £(3ylyy=0315
For MgCd: y(Mg)=0.818;y(Cd)=0.323
B20 (FeSi type)
Cubic: T4-P2,3;a=4.483;4=38
Co-ordinates: 4Fe(C3):  xxx; (% +x)(% —x)x; 2; x=0.137
4Si(C3):  the same with x = —0.158

For BeAu: x(Be)=—0.156;x(Au)=0.150
For RhSn:  x(Rh)=0.142;x(Sn)=0.159

B27 (FeB type)

Orthorhombic:  DJ0—Pbnm; a=4.064,b=5.503,c=2.946;4=38
Co-ordinates: 4Fe(Cy): (v 1) (4 —x, 1+, 1;x=0.125,y=0.180
4B(Cy): the same withx=0.61;y=0.036

For MnB:  x(Mn)=0.125; y(Mn) =0.180; x(B) =0.614; y(B) = 0.031
For USi:  x(U)=10.125;y(U)=0.180;x(Si) = 0.611; y(Si) = 0.028
For TiB:  x(Ti) = 0.123;(Ti) = 0.177; x(B) = 0.603; yB) = 0.029
B29 (SnS type)

Orthorhombic:  DIS—Pmen; a =4.050(4), b=4.242(4),c =11.32(1); A =8
Co-ordinates: 4Sn(Cy): £(3yz); (4,5 —». 3 +2);»=0.1152=0.118
4S(Cy):  the same with y =0.478;z = 0.850
If this description, given in Strukturbericht vol. 3, p. 14, is transformed to the following, it is virtually

identical with the B16 (GeS type).

Orthorhombic: Déngbnm; a=4.33,b=11.18,c=3.98;4=38

Co-ordinates:  4Sn(Cy) = (xy§); £(3 — X, 3+, 1);x=0.115;y =0.382
4S(Cy):  the same with x =0.022;y =0.150

B31 (MnP type)

Orthorhombic: D;%Pcmn; a=5.9027(4),b=3.1806(2),c=5.2409(3); A =8

Co-ordinates:  4Mn(Cy): :I:(x%z); :i:(% —X, %, % +z);x=0.20;z=10.005
4P(Cs):  the same with x =0.57;z=0.19

For AuGa: x(Au)=0.184;z(Au)=0.010;x(Ga) =0.590;z(Ga) =0.195

For PdSi:  x(Pd) =0.190; z(Pd) = 0.070; x(Si) = 0.570; z(Si) = 0.190

For PtSi:  x(Pt)=0.195;z(Pt) =0.010; x(Si) = 0.590; z(Si) = 0.195

For NiGe:  x(Ni)=0.190;z(Ni) = 0.005; x(Ge) = 0.583;z(Ge) =0.188

For PdGe: x(Pd)=0.188;z(Pd)=0.005; x(Ge) =0.595; z(Ge) = 0.190

For IrGe:  x(Ir) =0.192; z(Ir) = 0.010; x(Ge) = 0.590; z(Ge) = 0.185

For PtGe:  x(Pt)=0.195;z(Pt) =0.010; x(Ge) = 0.590; z(Ge) = 0.195

For PdSn:  x(Pd)=0.182;z(Pd) =0.007; x(Sn) = 0.590; z(Sn) = 0.182

For RhSb:  x(Rh)=0.192;z(Rh) = 0.010; x(Sb) = 0.590; z(Sb) = 0.195

For NiSi:  x(Ni) =0.184; z(Ni) = 0.006; x(Si) = 0.580; z(Si) = 0.170

B32 (NaTl type)
Cubic: OZ—Fd.’ym;a =7.480(4);4A=16

Co-ordinates: (000; 1 10; 0)+ 8Na(7,;):  000; § %%
+8TI(Ty): 411333

(continued)
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B34 (PdS type)

Tetragonal:  C3,~Pdy/m;a= 6 429(2),c=6.61 1(2) A4=16

Co-ordinates: 2Pd(S4):  001;003;2Pd(Cyy):  050; 101
4Pd(Cy): :i:(xyO) :t:()'cy%);x:O 475 ;y=0.250
8S(C1):  £(xyz); £(p2); £(0,%, § +2); 20,5, 1 — 2)
withx=0.20; y=0.32;z=0.22

B35 (CoSn type)

Hexagonal: Déh—P6/mmm; a=5.278,c=4.258,4A=

Co-ordinates:  1Sn(Dgy): ~ 000;2Sn(Ds): 121214
3Co(Dyp): —OO 0l 0, 3 20

B37 (TISe type)
Tetragonal: D}U’E—M/mcm a=28.024,c="1. 18 A=16
Co-ordinates:  (000; 3 1) +4TI(Ds): 00} 00 3. +4T1(D2d) Lo

2222 0
+88e(Ca): (r. +x 0L+

[N}
=Rl
= .-
x D=
[ SH

><|

,U);

B, (UCo type)

Cubic: T°-123; a—6 3525;4=16

Co-ordinates:  (000; 4 2 5 7) +8U(C3):  xxx; (% + x)(% —X)¥; J; x=0.035
+8Co(C3): the same with x =0.294

By (¢-AgZn type)
Hexagonal: C}i—Pi;a=7.636 0;¢c=2.8197;4=9
Co-ordinates:  1Zn(C3;):  000; +2Zn(C3): %%z; %%z;z ~ %

(1.5Zn+4.5Ag) (C1): *(xyz); *(G,x —y,z); £( — x,X,z) withx=0.350;

y=0.032;z=0.750

B, (CaSi type)
Orthorhombic: D17 Cmmc a=3.90(3),b=4.545(3),c =10.728(10); A =8

Co-ordinates: (000 0 )+4Ca(C2V) i(40z) z=0.36
+4Si(Cyy):  the same with z=10.07

0.179

By choosing different axes and origin from those given in the original paper, this type becomes virtually

identical with the Bf (CrB type):

D)]-Cmem;a=4.59,b=10.80,c=3.91;)(Ca)=0.14;»(Si) = 0.43

By (1-NiSi)
Orthorhombic:  D}0—Pbnm;a=S5. 628(2) b=5. 190(1) c=3. 330(1) A=8

Co-ordinates:  4Ni(Cy):  xy0; xy2 (2 —x)(2 +)0; (2 + x)( y)2 ;x=0.184;y=10.006

4Si(Cy):  the same with x =0.080; y =0.330

By choosing different axes and origin from those given in the original paper, this type becomes identical

with the B31(MnP type):

DYo—Pemn; A=5.62,b=3.34,c =5.18; x(Ni) = 0.184; z(Ni) = 0.006; x(Si) = 0.580;

2(Si)=0.170
B, (CdSb type)
Orthorhombic:  D}3—Pbca; a=6.476 9(1) b 8.251(2),c=8. 522(2) A=16

Co-ordinates:  8Sb(C1):  +(wz); (5 +x, 5 =32 +F L+, 5 -2 (3
8Cd(Cy): the same

Sb Cd orZn

X y z X y z

CdSb  0.136  0.072 0.108 0456 0.119 —0.128
ZnSb  0.142  0.081 0.111 0461 0.103 —0.122

—x,5,%+2)

(continued)
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By (CrB type)

Orthorhombic: D% Cmcm a=2.970,b="7.865,¢=2.936;4=38

Co-ordinates:  (000; 1 10)4+4Cr(Cy,):  £(0y 4) y=0.146
+4B(Cyy):  the same with y = 0.440

For NbB: y(Nb)=0.146;y(B) =0.444

For CaSi:  y(Ca)=0.14; y(Si) = 0.43 (cf. Be type)

B, (MoB type)
Tetragonal: D})-I4/amd;a=3.103,c=16.95;4=16

Co-ordinates: (000, 1 1 1)+8Mo(Cay):  £(002); £(0, 1

°22

) 3» 4 +2);z=0.197
+8B(C2y): the same with z=0.35
By, (WC type)
Hexagonal:  D},—Pém2=2.906,c=2.837;4=
Co-ordinates: 1W(Dg;):  000; 1C(D3j,): 124,211
B; (y'-MoC type)
Hexagonal: D$,~P63/mmc;a=2. 932 c=10. 97 A=8
Co-ordinates: 4Mo(Csp): é %z, 35 (2 2); 2 53 (2 +2); % % Zz N é
4C: inholes
By [Realgar (AsS) type]
Monoclinic:  C3,~P21n;a=9.994(6), b= 12.986(6), c = 7.153(4); f = 120.6°;4 =32
Co-ordinates: 4 times 4As(C) and 4 times 4S(Cy) in:
o) £ +x, 3 —x, 1 +2)

AsT As Il As Il As IV S7 S S SV
X 0.118 0.425 0.318 0.038 0346  0.213 0.245 0.115
y 0.024  —0.140 —0.127 —0.161 0.008 0.024 —-0.225 —0.215
z —=0241 —0.142 0.181 -0.290 —0.295 0.120 —0.363 0.048

By, (TiB type)
Orthorhombic:  D}0—Pnma; a_6 105,5=3. 048 c=4.551,4=8
Co-ordinates: 4T1(C ): j:(x z); :i:(2 —X, 4, 5 L 4 2)x=0.177;2=0.123
4B(C;s):  the same with x =0.029;z =0.603
If the axes are changed from those of the original paper, this type becomes identical with the B27 (FeB) type:

DYS—Pbnm;a=4.56,b=6.12,c=3.06;x(Ti) =0.123; )(Ti) = 0.177;
x(B) =0.603; y(B) = 0.029
C1 (CaF; type—MgAgAs type)
(o) Cubic: O3 -Fm3m; a= 5.4626;4=12
Co-ordinates:  (000; 4 7 2O J)+4Ca(0y): 000
+8F(Ty): +(33%) ‘
In those cases in which the F-position is occupied by two components in an ordered fashion—for example
in As(MgAg)—the space group is changed to
(B) Cubic: T2-F43m;a= 6 24;4=12
Co-ordinates:  (000; 4 35 10; 2)+4As(T;): 000
+4Ag(Ty): 41
+4Mg(Ty): 333

C2 [Pyrites (FeS,) type]

Cubic: T6 —Pa3;a=5.293(2); A =12

Co-ordmates 4Fe(S3:): 000; 5 ;0 )
8S(C3): =% (xxx); :I:(2 +X,5 —X,X; J); x=0.386

For MnS;,x =0.401; for CoAsS and NiAsS (random distribution of As and S) x = 0.385; for PtBi: x=0.38.

(continued)
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C6 (Cdly) type)

Hexagonal: ng —P3ml;a=4.244;¢=6.859;4=3

Co-ordinates: 1Cd(D3g):  000;2(c3,): 1 %z, 2lzn

There is virtually a continuous change from this type to the BS type.

C7 (MoS; type)
Hexagonal: D2h7P63 /mmc;a=3.1
Co-ordinates: 2Mo(Dsy): 2% % %; % % I
4S(Csy): 332517 02(3 — 2234 +22=0.62
Clla (CaC; type)
Tetragonal: D}J—M/mmm a=3.89(1),c=6.38(1),c/a=1.64;4=6

Co-ordinates:  (000; 3 1 1)+2Ca(D4y): 000
+4C(Cay): £ (002);2=0.38

C11b (MoSi, type)

Tetragonal: D4h—1/mmm a=3.208,c=7.900,c/a=2.46;4=6
Co-ordinates:  (000; 31 +2Mo(D4y): 000
+4Si(Cay):  £(002);2 ~ 1
This type is a superstructure of the Aa(Pa) type.
C12 (CaSiy type)
Rhombohedral: D3 ,~R3m;a=10.4;0=21°30";4=6
Co-ordinates: 2Ca(C3y):  =£(xxx);x=0.083
2Si(C3y):  the same with x =0.185
2Si(C3y):  the same with x =0.352
Hexagonal axes: a=3.88,c=30.4; 4=18
Co-ordinates: (000; 31 4;§53)+6Ca(Cs,):  +(00x); x =0.083
+ 6Si(C3y):  the same with x =0.185
+ 6Si(C3,):  the same with x =0.352

C14 (MgZn; type)
Hexagonal: D2h7P63/mmc c= 5 223(1) c_ 8.566(3); A =12
Co-ordinates: 4Mg(C3y): ﬁ:(3 32, 3, 3, 2 —z)z ™ ? =0.062

27Zn(Ds4): 000 00—

6Zn(Cay):  (x,2x, 1;2%,%, fixd v & — 1 =-0.170
C15 (MgCuy, type)
Cubic:  O]—Fd3m; a—7 048;4=24
Co-ordmates (000; 1305 2)+ 8Mg(7,):  000; ;&

+16Cu(D3y): 535007

022

C16 (CuAl, type)
Tetragonal:  D}S-74/mem; a=6.063(3),c =4.872(3); A=12
Co-ordinates:  (000; 3 1 1y+4Cu(Dy): £ (001)

+ 8AI(Cyy): :l:(x, 7 +x 0; 5 +x X,0);x=0.158

AuNay MnSn, FeSny CoSnp RhSn, TiSb, VSb; TapB Mo,B  W3,B Mn,B

x  0.160 0.159 0.160  0.116 0.161 0.158  0.158 0.167 0.170  0.170  0.163

For the compounds FeGe,, (Rh,Pd,Au)Pb, no deviation from x = 0.158 has been reported.
C18 [Marcasite (FeS;) type]

Orthorhombic: D12 —Pnnm;a=4.441,b=15.425,¢=3.387; A=6

Co-ordinates: 2Fe(C2h) 000; 41 %

4S(Cy): E(xp0); i(z +x,5 = 2) x=0.20;y=0.38
For FeAs;: x=0.18;y=0.36
For NiAsy: x=0.22;y=0.37

(continued)
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For SeSby:  x=0.18; y=0.36
For FeP,: x=0.16; y=0.37
For CoTep: x =0.22;y =0.36
For FeTe;: x=0.22; y=0.36
For FeSe;: x=0.21; y=0.37
C22 (Fe,P type)

Hexagonal: P62m; a = 5.8644, c =3.4560; 4 =9
Co-ordinates: 3Fe(C,):  x00; 0x0; xx0;x =0.26
3Fe(C): x01;0x);%xL;x=0.40
1P(D3): 003
2P(C3): (322~ §=0.125

€23 (PbCl, type)

Orthorhombic:  DY—Pmnb;a=4.534,b=17.622,c=9.044;4 =12
Co-ordinates: 4Pb(Cy): £ (1yz); (1)1 + », 3 — 2);=0.246;2=0.905
4CI(Cy): the same with y =0.85;z=0.93
4CI(Cy): the same with y =0.95;z=0.33

For Co, P, Ni;Si* and ThS; the parameters are:

P Co Co Th S S Si Ni Ni

y 0250 0862 0970 0250 0.850 0.965 0236 0.825 0.958
z 0900 0930 0333 0.875 0942 0320 0886 0937 0.297

C32 (AlB; type)
Hexagonal: Déh—P6/mmm;a:3.005,0:3.257;A =3
Co-ordinates:  1Al(Dg;): 000

0w $35:H4

C33 (BipTe; S type)

Rhombohedral: ngfRSm; a=10.31;0=24°10;4=5
Co-ordinates: 2Bi(C3,):  £(xxx);x =0.392
2Te(Csy;):  the same with x =0.788
1S(D34): 000

C34 [Calaverite (AuTe;) type]

Monoclinic: Cgh C2/m a=7.1947(4),b=4.4146(2),c =5.0703(3); B=90.038(4); A=6
Co-ordinates:  (000; 4 10)+2Au(Cyy): 000
+4Te(Cy):  £(x0z);x = 0.689; 2 = 0.280

> 212

C36 (MgNij type)
Hexagonal: Dgh—P63/mmc a=4. 807 c=15. 77 A=24

Co-ordinates: 4Mg(C3v):  +(3z2); (3,1 3 Ltzyz~ 2
4Mg(Cs)): :I:(OOz) (0,0, 1 +2);z ~ %
6Ni(Cyp): $00;0% 0,;;0,202,01%%7%
6Ni(Cay): :I:(x, 2x, 4,2x x, 4, il
ANi(C3)): +(§3z;+(3,1.% +z),z ~ %

C37 (CozSi type)

Orthorhombic: le’benm a_7 104,b=4. 919 c=3.725;A=12
Co-ordinates: 4Sl(C) :i:(xy ); :I:(z —X, +y, 4) x=0.440;y=0.070
4Co(Cy): the same withx = 0 103;y=0.090
4Co(Cy):  the same with x =0.772;y =0.193
With a different choice of axes and origin, a similarity to the C23 (PbCl, type) becomes apparent:
Orthorhombic: D} —Pmnb;a=3.73,b=4.91,c=7.10;4=12

* If Toman’s'®? description of §-Niy i is charged from Phnm to Pmnb, and if the origin is chosen differently, this compound

belongs to the C23 type.

(continued)
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Co-ordinates: 4Si(Cy):  (1yz); (4.4 +», 1 —2)y=0.07;2=0.94

4Co(Cy):  the same with y =0.59;z=0.897

4Co(Cy): the same with y =0.693;z=10.228
With this orientation the lattice constants are virtually identical with those of §-NiSi (¢ =3.73,56=4.99,
¢=7.03) which has the C23 type. A redetermination of the Co,Si type might lead to a still closer similarity
than that appearing in this description.

C38 (Cu, Sb type)
Tetragonal: Dzh7P4/nmm a=4. 0014 c=6.1044;4=6
Co-ordinates: 2Cu(D;): ooo, z 110

2Cu(Cyy): 0l 3% 3 Oz, z=0.27

2Sb(Cyy): the samc with z=0.70

For Cuy_,Te; z(Cu) = 0.27; z(Te) = 0.715, with vacant sites in the (0 %z)—position.
For FeyAs and CrpAs:  z(As) =0.735; z(Fe or Cr) =0.33. For CuMgAs:  z(As)=0.75; z(Cu, Mg) =0.335.
For AINaSis: z(Si)=0.79; z(Na, Al) =0.37.

A very similar arrangement is shown by CuGa; with a =2.83, ¢ = 5.84. The 3 atoms per cell take the

position 000; 7 2x, 2 2y with x =0.70; y = 0.27. For comparison a larger cell with @’ = a+/2 can be chosen:

Tetragonal: C4V —P4Amm;a =4. 03 c=584;4=6
Co-ordinates: 2Ga(Cy,): 000, 2 20
2Ga(Cyy): 04 523 10z;2=0.70
2Cu(Cyy): 01z 30z;2=027

C40 (CrSiy type)
Hexagonal: Dg(or Dg )—-P6,22 (or P6422) a=4.430(2),6.365(5); A=9
Co-ordinates: 3Cr(D): l00, ; ; ;,0— B

6Si(Cy):  £(x,2x,0); xx3,xx3,2x X, 532X, x3,x% é

> 3 >
C42 (SiS; type)
Orthorhombic: D36 —Icma; a=5.564(2); b= 5 552(2);¢=9.545(3);4 =12
Co-ordinates: (000, 11 13)+48i(Dy):  £(050)

+8S(Cy): :I:(sz) £(x§Z);x=0.208;z=0.119

C44 (GeS; type)

Orthorhombic: €1 ~Fdd2;a=11.691(8),b=22.341(3); ¢ = 6.68(1); A =72
Co-ordinates: (000, 37 0) + 8Ge(C): 000; 4 i 4— Z
+16Ge(Cr): xyz;xpz; (5 — (5 + 05 +2): (5 +0)(5 —»)(§ +2) with
x=0.125;y=0.139;z=0.00
+16S(C1): the same with x =0.022; y =0.081;z=0.183
+16S(C1): the same with x =0.153;y=—0.014;z=—0.183
+16S(C1):  the same with x =0.063;y =0.125;z=—0.278

C46 [Krennerite (AuTe;) type]

Orthorhombic: Cf;PmaZ; a=16.51(3),b=8.80(3),c =4.45(3); A =24
Co-ordinates: 2Au(C,): 00z; 1 0z;z=0
2Au(Cy): %yz; 72,y=0.319;2=0.014
4AW(Cr):  xyz vz (5 —x)yz; (3 + 0Pz 0 =0.124;y = 0.666; 2 = 0.500
2Te(Cy): %yz; %j}z;y=0.018;2=0.042
2Te(Cs):  the same with y =0.617;z = 0.042
4Te(Cy): as 4Au (Cy) with x =0.003;y = 0.699; z = 0.042
4Te(C1): the same with x =0.132;y =0.364;z=0.500
4Te(Cy): the same withx =0.119; y =0.964;z =0.500

C49 (ZrSi type)

Orthorhombic: D1}~ Cmcm a=3.725,b=14.774,c = 3.664;4 =12

Co-ordinates:  (000; 33 Loy +4zi(Cy): i(Oy%);y =0.106
+48Si(Cyy):  the same with y =0.750
+48Si(Cyy):  the same with y =0.355

(continued)
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C54 (TiSiy type)
Orthorhombic: D34 —Fddd a=8.2671(9), b =4.800(5),c =8.5505(11); 4 =24
Co-ordinates: (ooo 10;0)  +8Ti(Dy): 000; 111

+16Si(C,): :i:(xOO) GH+0ihG-—0ihx~]

> 22

Ca(MgyNi type)
Hexagonal: D} (D3-P6,22(P6422);a=5.205(1), ¢ = 13.236(2); A = 18
Co-ordinates: 3Ni(D2):  004;002;002

6
3Ni(D»): 011 '03 L5

26’2 6’275
6Mg(C):  £(% 02),22(3+z),22(§fz)0 (3+z)0 (G -zxz=3%
6Mg(Co): (x, 2x, 0); X% 45 x4 5 23, x !

5392-x X3,X:€

Cp(MgaCu type)

Orthorhombic: D24—Fddd a=5.284,b=9.07,c=18. 25 A 48

Co-ordinates: (ooo, 130,09y +16Cu(Cr): £(002); FE(L +2) 114 —2)2=0.128
+16Mg(C,):  the same with z=0.411
+16Mg(Co): £(0y0; L(4 + 01 13 —»ly=0.161

C.(ThSi; type)
Tetragonal: DL}-14)/amd;a=4.107,c=14.07;4=12
Co-ordinates:  (000; 3 31) +4Th(Dye): 000;01 %
+8Si(Cay): £(002);05(% +2);04(4 —2);2=0417

C.(CoGe; type)

Orthorhombic:  C}7 Aba a~b=5.670,c= 10 796(3) A=24
Co-ordinates: (000 0 ) +4Co(Cy): 00z; 4 3 2z z=-0.012
+4Co(Cy): the same with z = —0.238
+8Ge(C1):  xyz;xyz; (% — x)(% +y)z (3 + x)(% — y)z; with
x=0.342,y=0.158;z=—5
+8Ge(Cy): the samewithx:y:%;z:é

The real composition is Cog 9 Ge;.

%

Tetragonal: a series of types composed of alternating sheets of the Fluorite—and the C16(Al, Cu)—type.

Whereas the length of the a-axis is approximately constant, the length of the c-axis varies due to the
different possibilities of the sheet sequences.

RhSn,  PdSmp

a 6.38 6.55
c 1788 24.57

Cq(ThC; type)
Monoclinic:  C§,~ C2/c;a=6.684(2), b=4.220(1),c=6.73(5), = 10391(1)°s A =12
Co-ordinates:  (000; 3 3 2O) +4Th(Cy): :I:(Oy4) y= 0202

+8C(C1):  £(xyz); £(x, ¥, 2 + z); with x =0.29;y =0.13;z=0.08

Cj, (CuyTe type)
Hexagonal: D('),;P6/mmm; a=4.188,c=7.251;4=6
Co-ordinates: 2Te(Cg,): +(00z);z=0.306

4Cu(Csp): (3 22y (4 22),2=0.160

D0 (CoAs3 type)

Cubic:  T;—-Im3;a=28.208;4=32
Co-ordmates (000, % %%) +8Co(C3;): % % %; %% %; J

+24As8(Cy): H(xy0; 2) £(x30; J); x=0.35; =0.15

(continued)
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D03 (BiF3 or BiLij type)
Cubic:  07—Fm3m; for BiLiz: a=6.708;4 = 16 (for BiF; a = 5.853(6))
Co-ordinates: (000; 210;0)  +4Bi(0;): 000

+4Li(0p): 1%

+8Li(Ty): (51D

D09(ReO3 or CuzN type)

Cubic: O},—Pm3m; for CusN;a =3.813;4 =4 (for ReO3 a =3.74774(4))
Co-ordinates: IN(Op):  000;3Cu(Dg4p): %00; J

DOy (FesC type)
Orthorhombic: DS ~Pbnm; a=4.523,b=5.090,c = 6.748; 4= 16
Co-ordinates: 4Fe(Cy): (1) £(3 —x, 1+, 1);x=0.833;=0.040
8Fe(C1):  E(xyz);x,y, % -z :I:(% —-X, % +.z; % —-X, % +, % —z);
x=0.333;y=0.183;z=0.065
4C(Cy): Eydyi £ —x, L+, Dix=047y=0.86

DO0;g (NazAs type)
Hexagonal: D2h7P63/mmc; a=5.088,c=8.982;4=38
Co-ordinates: 2As(Dsj): :I:(% % 4l)
2Na(D3;): £(001)
4Na(Csy): (3223, 1,4 +2);2=0.583
D019 (Mg3Cd type)
Hexagonal: Dgh—P63/mmc; a=6.310,c=5.080;4=38
Co-ordinates: 2Cd(D3p): i(% % %)
6Mg(Cay):  £(Qx,x, Srix g%, 2x, bix~ L
D0y (NiAlz type)
Orthorhombic: D8 —Pnma;a=6.618(1),b="7.368(1),c =4.814(1); 4 = 16
Co-ordinates: 4Ni(Cy): (x1z); (3 +x, 1,3 —2);x=-0.731;2=-0.055
4A1(Cy):  the same withx=0.011;z=0.415
BAI(CY):  +(2); (3 +3, 3 =7, 3 — 2% 3 =025+ +xy, 5 —2)
withx=10.174;y =0.053;z=0.856
Following the choice of co-ordinates and of the origin in the original paper, NiAl; was described in the
Strukturbericht as a separate type. However, another choice of co-ordinates and of origin shows that
the structure is very similar to the D01 (Fe3C) type:
Orthorhombic: Défjﬁanm; a=4.814(1),b=6.618(1),c=17.368(1),A=16
Co-ordinates: 4AL(Cy): £(w1)£(F —x, 4 +», Dix=0.915y=0.011
BAIC)): H(wzxvd —2) (2 —x, L +yz 4 —x, L+, 1 —2);x=0.356;
y=0.174;z=10.053
ANI(Cy): (1) (3 —x, 4+, $)x=0.445; =0.869

D0,1(CusP type)
Hexagonal: Dg‘d—P(); cm;a=06.88,c=7.18,4=24
Co-ordinates:  6P(C2):  +(x01); £(0x1); £(FF); x=0.38
2Cu(Cy;): 000,00}
4Cu(Cs): (332 +(3, 3.3 +2);2=017
12Cu(C1): [y e — )z (v — 0z 52(5 + 26 — y)(§ +2) 6 —y(3 + Dk
x=0.69;y=0.07;z=0.08

See remarks by Haraldsen2%

D02,(TiAlj type)

Tetragonal: D}/ —14/mmm;a=3.846,c=8.594;4=38

Co-ordinates: (000; 333) +2Ti(Das): 000
+2A1(Dyy): 003
+Al(Dyg): 0415101

(continued)
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DO0,3(ZrAl3 type)

Tetragonal: D}/ —14/mmm;a=4.0074(6),c = 17.286(4); 4 =16

Co-ordinates: (000; 5 13) +4Zr(Csy): £(002);z=0.122~ }
+4AI(Dyy): 0305300
+4Al(Dyg): 0i 11l
+4Al(Cyy): £(002);2=0.361 ~ 3

D074 (TiNi3 type)

Hexagonal: Dsh —P63/mmc;a=>5. 102 8,c=8.2719;4=16
Co-ordinates:  2Ti(Dsq):  000;00% 2T1(D3h) 121213
6Ni(Cpy): 300503 0 10; 503,051,111

’22’2 2> 2°222

6Ni(Cay): (2033 25, %, Lixk e = ~ —|

6
DO, (B-TiCus type)
Orthorhombic: D)3 —Pmmn; a="5.169, b=4342,c=4.531;4=38
Co-ordinates: 2Ti(Cyy): 00z; 1 3 EZ z=0.655
2Cu(Cy,): 01 3% 2Oz z=0.345
4Cu(Cy): sz x0z; (2 +x)32; (E —x)zz x= 4,2_0 155

DO, (UszSi type)
Tetragonal: D}$-14/mem; a=6.0328(4),8.6907(6); 4 =16
Co-ordinates: (ooo, 13 44Uy £(00))
+8U(Cyy):  *(x, ; +x,0); i(% +x,%,0);x=0.231

+48i(Dyg): 0145304

D0, (Mn3As type)
Orthorhombic:  D}3—Pmmn;a ~ b=3. 788 c=16.29;4=16
Co-ordinates: 3 times 2Mn(Cy,):  00z; 1 3 22
2As(Cyy):  the same
3 times2Mn(Cy,): 01z 10z
2As (Cyy):  the same

00z)-position 01 2)-position
2

Mn/ Mn IT Mn /11 AsT MnlV  MnV Mn VI As Il

z 0194 —0.194 —0.435 0409 0.307 —0.307  —0.066  0.091

D13 (BaAly type)
Tetragonal: D}/ —14/mmm;a=4.566,c=11.250;4 =10
Co-ordinates: (000; $33) +2Ba(D4y): 000

+4A1(Cyy):  £(002);z=0.380

+AlDyg):  0%4;30%

D1, (MoNiy4 type)

Tetragonal: th —I4/m;a=5.683,c=3.592;4=10
Co-ordinates: (000, 11 1) +2Mo(Cyp): 000
+8Ni(Cy):  £(xy0); £(yX0); x = 0.400; y = 0.200

D1y (UAl4 type)
Orthorhombic:  C2° (or D3¥—12ma (or Imma); a =4.42,b=6.30,c = 13.63;4 =20
Co-ordinates:  (000; 3 11)+4U(Ca):  £(012);2=0.111

+4Al(Cy,):  the same withz=—0.111

+4Al(Cy,): 000,041

+8AI(Cy):  £(0yz2); £(0, § — y,2);y=—0.033;2=0.314

(continued)
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D1, (PtSny type)
Orthorhombic:  C37—Aba2;a=6.3823(1),b=6.4190(1),c = 11.366 6(2); 4 = 20
Co-ordinates:  (000; 03 1) +4Pt(C2): 00z; § 1z;2=0

+2 times 8Sn(Cy):  xyz; ¥z (5 + (3 =)z (3 =04 +»)z

X y z

Sn1 0.173  0.327 0.125
Snll  0.33 0.17 —0.13

D1y (PtPby type)

Tetragonal: Dih —P4/nbm;a=6.666(10),c=5.978(10); 4 = 10
Co-ordinates:  2Pt(Ds): ooo, 110
8Pb(Cy): x(2 +0)z33(% =)z (3 + 07z (3 — oz x(E =073 + 02 (5 + 00z
( —x)xz;x=0.175;2=0.255

D1, (UBy4 type)
Tetragonal: D3 ,—P4/mbm; a—7 077, c—3 983;4 =20
Co-ordinates: 4U(Cyy): ﬂ:(x, 7 +x 0, 7 X%, 0);x=0.31
4B(Cy):  £(00z; 1 2 22) z=0.2
4B(Cyy): i(x +x,2,2+xx,2)x_01
4B(Cy): £ [wirli A +0d -G +0E + 01 ]x=0.2;y=0.04

D1y (MnyB type)
Orthorhombic: D3} ~Fddd; a = 14.53,b = 7.293, c = 4.209; 4 = 40
Co-ordinates:  (000; 33 10; ) +16Mn(Cy):  £(0y0); 4(4 +y L 3 14 7= }‘ ;»=0.333

+16Mn(Cy):  £(x00); (4 -i-x)4 4,(4 —x)4 4,x—O 083
+8B((?): at random in the same position with x =0.375

D1g (B4C type)

Rhombohedral: D3,~R3m;a=5.19;0=66°18;4=15

(Hexagonal setting: a=5.60,c=12.12;4=45)

Co-ordinates: (000; +21:212)y43C(D3y): 001 +6C(C3y):  £(002);2=0.385
+18B(C1):  H(x¥z); £(x, 2x, 2); £(2%, %,2);x =0.106;z =0.113
+18B(Cy):  the same withx = ;2=0.360

D2; (CaBg type)
Cubic:  O)—Pm3m;a=4.1512;4=1
Co-ordinates: 1Ca(Oy): 000

6B(Cay):  £(31x;9);x=0.20

D23 (NaZnj3 type)

Cubic:  OS-FM3c;a=12.2836(3);4 =112

Co-ordinates:  (000; 7 20 J) +8Na(0): :I:(4 7 4)
+8Zn(Ty):  000; 111
+96Zn(Cy):  £(0yz; J; $zy; 5 0yZ; 5 125 25y =0.1806;
z=0.1192

For Be3U, neutron diffraction gave: y=0.178;z=0.112

D2j, (ThMny; type)

Tetragonal: D}/ —14/mmm;a=8.74(1),4.95(1); A =26

Co-ordinates:  (000; 34 4)+2Th(Dsy): 000
+8Mn(Cyy): §E4, 23500
+8Mn(Cay): :l:(xOO) j:(OxO) x=0.361
+8Mn(Cay):  E(x10); £(1x0);x =0.277

(continued)
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D2. (Us Mn type)
Tetragonal:  D}$-14/mem (or subgroup); a = 10.312(5),b=75.255(4); 4 =28
Co-ordinates:  (000; 3 1 1) +4Mn(Ds):  £(00)
+8U(Cay): £ (x, 1 +x,0); £(4 +x,% 0);x=0.405
+16U(Cy): £ (0903 y%0; x5 yx 1 );x =0.213; = 0.103
D2, (CaCus type)
Hexagonal: Déh7P6/mmm; a=5.092,c=4.086;4=6
Co-ordinates: 1Ca(Dg): 000
2Cu(Dsp): $30;%50;3Cu(Day): 3030545354
D2, (BaHg, type)
Cubic:  O)—Pm3m;a=9.586;4 =36
Co-ordinates: 3Ba(Dyy): %00; J
1Hg(Op,):  000; 8Hg (C3,): % (xxx; xxX; J); x =0.155
12Hg(Cyy):  £(xx0; J); £(xx0; 2); x =0.345
12Hg(Cyy):  (ax ] 2); £ 55 2); x=0.275
D2; (UBy3 type)
Cubic:  O;—Fm3m;a=7.475;4=52
Co-ordinates:  (000; 4 10;) 2) +4U(05): 000
+48B(Coy): £ (3xx; )y £ (G D)y x= 1
D2, (FegN type)
Tetragonal: D}‘Z44/mmm; a=5.720,c=6.292;4=18
Co-ordinates:  (000; 3 3)+2N(Dyp): 000
+4Fe(Dyg): 3040
+4Fe(Cy,):  £(002):2=0.56
+ 8Fe(Cyy): £ (xx0); + (xx0);x = %

D=
N

D5, (Lay O3 type)
Hexagonal: ng—Pﬁml; a=3.937,¢=6.130,c/a=1.56;4=5
Co-ordinates: 2La(Cs,): % %z; % %z; z~0.23
10(D3q): 0003 20(C3,): 3222 17220.63
Apart from the different ¢/a-values and small differences in the z-values this type is similar to the
D513 (NizAl}) type.
D53 (Mnz 03 type)
Cubic:  T/-Ia3;a=9.414;4=280

Co-ordinates: (000; % %%) +8Mn(C3;): % % %; % % %; 2;
+24Mn(Cy): £ (015 )£ () 35 9);x=-0.030

+480(C1): £ (xyz; 2); £ (x,7; % —z;J); £ (% +X,3,2; 2);
(x, 1 +3,2, 0 x=0.39;y=0.15;2=0.38
D5g (SbyS3 type)
Orthorhombic:  DY—Pbnm;a=11.189(5), b= 11.380(5), c = 3.829(2), 4 = 20
Co-ordinates: 4Sb(Cy): £ (xy1); £(3 —x, 1+, 1);x=0.33;=0.03
4Sb(Cy):  the same with x =—0.04;y = —0.15
4S(Cy):  the same with x =0.88;y =0.05

4S(Cy):  the same with x =—0.44;y =—0.13
4S(Cy):  the same withx=0.19;y=10.21

For other substances:

M7 M1 S1 S S

U,S3,x 0311  —0.008 0.878 —0.439  0.206
y —0.014  —0.195 0.053 —0.129  0.230

ThyS3,x 0314 —-0.019 0.878 —0.439  0.206
y —=0.022 -0.200 0.053 —0.129 0.230

(continued)
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D59 (Zn3P; type)
Tetragonal: DJ‘Z—P4/nmc; a=28.10,c=11.45;4=40
Co-ordinates: 4P(Cp): £ (00z); £(1, 3,1 +2);2=025
4P(Cyy): 042,102,053 +2); J0() —2);2=0.24
8P(Cy): = (ux0:%x0; 5 +x, 5 4+x, 514 —x, 3 +x, 1)x=026
8Zn(Cy):  Oxz; 0%z;x0%; %07 1 (3 +0)(3 — 2 33 =0 -2 (3 +01(3 +2);
(A —0i +2;x=0222=0.10
8Zn(Cy): the same with x =0.28;z=0.39
8Zn(Cy): the same with x =0.26;z =0.65
D510(Cr3C; type)
Orthorhombic: Dészbnm; a=11.4719(7),b=5.5329(5),c =2.8290(2); A =20
Co-ordinates: 4C(Cy): £yl £ —x, 1 +y, yx=0.11y=-0.10
4C(Cs):  the same with x =—0.06;y =0.22
4Cr(Cy):  the same with x =4.406;y = 0.03

4Cr(Cy):  the same with x =—0.230;y =0.175
4Cr(Cy):  the same with x = —0.070;y = —0.150

D513 (NipAls type)
Hexagonal: D3}, — P3ml;a=4.036(1),c=4.897(1),c/a=121;4=5
Co-ordinates: 2Ni(Csy): % %z; % %z; z=0.149
1AI(Ds3q):  000; 2A1(C3,): 33232 12;2=0.648
Apart from the different c¢/a-values and small differences in the z-values, this type is similar
to the D5, (LayO3) type.
For NipGaz:  z(Ni) =0.138;z(Ga) = 0.625
For NirInz:  z(Ni) = 0.135; z(In) = 0.641
D5, (U3Siy type)
Tetragonal: Dih—P4/mbm; a=7.3299(4),c=3.9004(5); A=10
Co-ordinates: 2U(Cyy):  000; 110
4U(C): £, +x D2 +x,% Dx=0.181
48i(Cay): £ (x, 3 +x,0); £ (3 +x,%, 1);x=0.389
D5j, (Pt2Sn3 type)
Hexagonal: D2h7P63/mmc; a=4.3345,c=12.9606;4=10
Co-ordinates: 4Pt(Cs,): (3 22); j:'(%, 21 2)z=0.14
4Sn(Cs3y):  the same with z=—0.07
2Sn(Ds): £(001)
D5. (PuyCs type)
Cubic: T$-143d;a=8.132;4=40
Co-ordinates:  (000; %%%) + 16Pu(C3):  xxx; (x + %)(x + %)(x + %); (% +x, 1 —x,3); 0
G40 03 —x);2;x=0.050
+24C(C2): y035 93 (3 —1)0%: 25 (342003525 (3 —1)04; 25y =028
D5, (NizS; type)
Rhombohedral: Dng32; a=4.08;a=89°25";4=5
Co-oridinates: 3Ni(Cy): %x}‘c; dx=
28(Cs): & (wxx);x= 1
D57 (As2S3 type)
Monoclinic:  C2,~P21/n;a=12.191(5),b=9.577(4), c = 4.256(2); f = 109.76(8)°; A = 20
Co-ordiantes: 4As(Cr): £ (wy2); :I:(% —x, % +, % —2)
All the other atoms in the same position.

=

Asl As Il S1 S S

x 0268 0.482 0410 0.340  0.125
0.187 0.313  0.120 0.380  0.305
0.161  —0.339 0454 —0.046  0.455

N <

(continued)
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Table 6.2 STRUCTURAL DETAILS—continued

D7,(Al4C;5 type)
Rhombohedral: ngngm; a=8.53;a0=22°28";4="7
(Hexagonal setting: a=3.32,c=24.95;4=21)
Co-ordinates: 1C(D3g4): 000
2C(C3y): £ (xxx);x=0.217
2A1(C3y):  the same with x =0.293
2A1(C3y):  the same with x =0.128
D7, (Co384 type)
Cubic:  O]—-Fd3m;a=9.404(1); 4=56
Co-ordiantes:  (000; 1 $0; 2)+8Co(T,):  000; 1 %
+16Co(D3g): 233;211.)

888 888] 1 1 1 1 1
+328(C3y): x; xXX; D3 (7 —x)(5 —X)(5 —X); (3 —x)(z —x)(5 +x);
Jix=—0.135

An ordered variety of this type is described as H1 (Spinel) type.
D73 (Th3P4 type)
Cubic:  T$-143d;a=8.618;4=28
Co-ordinates:  (000; 4 1 1)+ 12Th(S4): §30;0; 3100
+16P(C3): xxx;(i +x)(i +x)(% +x); (% +x)(% +X)%; J; (% +x)(% —x)
(G —x); Jix=~1=0.083
In the compounds (La, Ce, Ac, Pu, Am),S3, 10% metal ions occupy the Th positions at random.
D7, (Ni3Sny type)
Monoclinic:  C3,~C2/m; a=12.214(6), b= 4.060(2), c = 5.219(3); f = 105.0(1)°; A = 14
Co-ordinates:  (000; % %O) + 2Ni(Cy): 000
+4Ni(Cy): % (x02);x=0.220;z=0.350
+4Sn(C;):  the same with x =0.428;z=0.675
+4Sn(Cy):  the same with x =0.180,z =0.800
D7, (TazBy type)
Orthorhombic: D%f;]mmm; a=3.036,b=12.846,c=2.958,4=14
Co-ordinates:  (000; % % %)+ 2Ta(Day): 000%
+4Ta(Cay): = (0y0); y=0.180
+4B(Cyy):  the same with y =0.375
+4B(Cay): £ (0yl)y=0.444
D8, (Fe3Znjo type)
Cubic:  O)-Im3m;a=9.018(3);4 =52
Co-ordinates: (000; % % %) + 12Fe (Cgy): £ (x00; D); x ~ %
+16Zn(C3y): % (xxx; xXx; J); X~
+247Zn(Cyy): % (xx0; J; xx0; 2); x

QT

1
3
D8, (CusZng type)
Cubic: T3-143m;a=28.859(3);4 =52
Co-ordiantes: (000, 13 1)+ 12Cu(Cyy): % (x00; J); x=0.355~ 1
+8Cu(C3)):  xux X ) v =—0.172~ — 1
+8Zn(C3,): the same withx=0.110~ 4+ %
+24Zn(Cy):  xxz; J; xxz; 2 Xxz; D5 xxz; ) x =0.313 ~ %;
z=0.036~0
D83 (CugAly type)
Cubic:  T)-P43m;a=8.7023(5); 4 =52
Co-ordinates: 6Cu(Cs,): = (x00;J); x=0.356~ %
6Cu(Cay): + (i1 ix=0856~1+1
4Cu(Csy):  xxx;xxx; 23 x=—0.172~
4Cu(Csy):  the same withx =0.331~
4Cu(Csy):  the same with x =0.601 ~
4AI1(C3y):  the same withx=0.112~ =
12A(Cy):  xxz; J; x¥z; ) ¥z; J; az;x = 0.812~ 4 + 112 =0.536~ |
12Cu(Cy):  the same with x =0.312~ %;z =0.036~0

1
6

+

—ol—oi— |
N—N—

o

(continued)
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Table 6.2 STRUCTURAL DETAILS—continued

D84 (Crp3Cg type)

Cubic:  O—Fm3m; a=10650(2);4=116

Co—oridlantes (000; 1 Lo; )y 4+ 4Cr(0p): 000
+8Cr(Ty):  x£(AiD)
+32Cr(Csy): = (xxx; xxx; 2); x=0.385
+48Cr(Cyy): =% (xx0; J; xx0; 2); x =0.165
+24C(Cqy): £ (x00; 0); x=0.275

022

D3s (Fe7Ws type)
Rhombohedral: ngngm; a=9.02;0=30°31";4=13
(Hexagonal setting: a=4.74,¢=25.75;4=39)
Co-ordiantes: 1Fe(D3gz): 000
6Fe(Cy): = (xxz; 2); x=0.09;z=0.59
2W(Cy): £ (onx);x = £ =0.167
2W(C3y):  the same with x = 0.346
2W(C3y):  the same with x = 0.448

D8g (CuysSi4 type)

Cubic: T$-143d;a=9.6154=176

Co-ordinates: (000,%%%)+12Cu(5'4): 013203 L
+48Cu(Cy): xyz; 3 xp(% —2); 95 (%
G+ 5 G =G +0G —2: 9 (G
x=0.12;y=0.16;z=0.04
+168i(C3):  xonaF(L —x); 25 (3 03+ +20: (2 —0E +0 —x); %5 x=0.208

yE: s 7L =0z 3 A+ +x)
G =G -2 G = =2 (4 +2: 9

D8g (MnsSis type)
Hexagonal: Dgh7P63/mcm a=6.912(5),c =4.812(5); 4 = 16
Co-ordinates: 4Mn(D3): 1 20, g éO, %%%, %%%
6Mn(Csy): :I: (xO4 ; Ox4 JXX g ),x =0.23
6Si(Cyy):  the same with x = 0.60
For MgsHgs: x(Mg)=0.25;x(Hg) =0.615

D89 (Co9Sg type)

Cubic: O5 —Fm3m; a_9 930(2); 4 =68

Co-ordinates: (000; 1305 2)+4Co(0y): 111
+32C0(C3,): = (onx; x¥%; J); x~ &
+88(Ty): £(ihH
+24S(Cay):  £(x00; D) x ~ &

Nl—

°22

D81 (CrsAlg type)

Rhombohedral: C35V—R3m; a=17.79;a=109°8";4=26

(Hexagonal setting: a=12.70,¢=7.90,4 =78)

Co-ordinates: 1Cr(C3y):  xxx;x=0.097
3Cr(Cy):  xxz; 23 x=—0.103;z=0.106
3CR(Cy): the same withx =0.170;z=—0.172
3Cr(Cy): the same with x =0.003;z=0.352
1AI(C3y):  xxx;x=—0.164
3AI(Cy):  xxz; 2; x =0.006;z = —0.352
3AI(Cy):  the same with x =0.291;z=0.058
3AI(C3):  the same with x = —0.322;z=0.044
6A1(Cy):  xyz; J; xzy; 23 x =0.330; y = —0.297; 2 = —0.042

D811 (CoyAls type)
Hexagonal: Déh—P63/mmc a=7.6560,c=7.5932;4=28
Co-ordinates: 2Co(D3p): 211.1 3 3
6Co(Cay): =+ (x,2x, &
2A1(D3g): 000; 00%
6AI(Cay): = (x,2x, 1325, %, Lixk 1) x =0.467
12AI(Cy): & (2x,x,2;%, 2%, 2023 2%, %, § +23x,2x, § 4230, %, 1 +2);0=0.196;
z=0.061

323X, X xx4) x=0.128

’4,

(continued)
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Table 6.2 STRUCTURAL DETAILS—continued

D8, (Th¢MNa3 type)

Cubic:

O;—Fm3m; a_12 443;4=116

Co—ordmates (000; 4 2 2O ) +24Th(Csy):  £(x00; J); x =0.207

N\'—‘

+4Mn(Op): 553
+24Mn(Dyy):  £50:2; ;30 M)
+32Mn(Cs,): == (exoe; xxx; J); x =0.378
+32Mn(C3y):  the same with x =0.178

D8, (o type, as for example: V3Niy)

(a) According to Bergman and Shoemaker

202.

Tetragonal: Di27P42/mnm; for o-FeCr: a = 8.7968(5),c =4.5585(3); A =30
Co-ordinates: 2 atoms A(Dy;):  000; % é é

4atoms B(Cay): = (xx0); £ (4 +x, 1 x,z)x—f—04()0

8atoms C(Cy): £ (xp0); £(x0); £(3 +x, 5 =y, Dy £ (L +2, 4 —x 1)
x= 15 =0.468; y= 15_0134

8 atoms D(Cy): the sameWIthx—ﬁ—O 735,y = %—0.067

8 atoms E(Cy): =+ (xxz); & (xxZ); j:(2+x,2—x,2+z);j:(%+x,%—x,%—z);
x_m_0183 z=1=0250

The space groups C—P4nm and D2 ;—P4n2 could not be ruled out.

(b) According to Kasper, Decker and Belanger,2%* who investigated o-CoCr: the same space group;
a=238.84(1),c=4.60(1); 4 =30.
Co-ordinates: 2 atoms A(Day): 005, 3 50

4 atoms B as under (a) but x =0.100

8 atoms C as under (a) but x =0.373;y =0.027
8 atoms D as under (a) but x =0.573;y =0.227
8 atoms E as under (a) but x =0.300;z = %

D8 (Mg2CugAls type)

Cubic:

T)—Pm3;a=8.311(3);4=39

Co—ordmates 6Mg(Cay): :I:(xO 1) x=0.32

6Cu(or Zn 1) (Cypy): 2 j:(xOO; 2); x=0.225

12Cu(or Zn II)(Cy): =+ ( yz; J); + (%yf; 2);y=0.243;2=10.336
1Al(or Zn TII)(T3): %31
6Al(or Zn IV)(Ca,): £ (x10;2); x=0.16
8Al(or Zn V) (C3): :i:(xxx xxx.)) x=0.215

D=
[NENS

For MgyZny;: x(Zn1) = 0.235; p(Zn II) = 0.243;z(Zn 1) = 0.343;x(Zn IV) = 0.160; x(Zn V) = 0.222.
DSd(CozAlg)

Monoclinic: Czh—P2| /c=10. 149(6), b=6.290(5),c =8.5565(5); B =142.40°;4 =22
Co-ordinates: 2 Al I(C;) =000; O

4 times Al II, Al III Al IV, A1V and Co in: + (yyz); + 4 7 +X, 53 =5,2)

Co

Alll Al T ALV AlV

x 03335 0.2682  0.2309 0.9986  0.0417
y 0.6149 09619 02899 0.1931  0.6148
z 02646 04044 0.0889 03891  0.2159

D8, (Mg32X49 type)

Cubic:

TP-Im3;a=14.16;4 =162

Co-ordinates: (000; 13 1y + 12MG(Cay): £ (x04; 2); x=0.605

2222
+12Mg(Cy,): =+ the same with x =0.185

+16Mg(C3): =% (xxx; xxx; J); x=0.185

+24Mg(Cs): £ (0yz; J; 0yz; 2); »y=0.300;z=0.115

£2AKTy): 000

+24 atoms (83% Zn; 17% Al)(Cy): % (0yz; 2; 0yz; 2); y =0.097;z=0.157
+24 atoms (44% Zn; 56% Al)(Cs): the same with y = 0.195;z = 0.310
+48 atoms (48% Zn; 52% Al)(Cy): % (xyz; 2; xpz; 2; Xyz30; ¥yz;2);
x=0.160;y =0.190; z = 0.400

(continued)
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D8 (Ir3Ge7 type)

Cubic: 0271m3m; a=28.735(1); A =40

Co-ordinates:  (000; § 1 1)+ 121r(Cyy): £ (x00; 2); x = 0.342
+12Ge(Dag):  £(501),7)
+16Ge(C3y):  (xxx; xxx; J); x=0.156

D8; (MgsGay type)

Orthorhombic:  D3%~Ibam;a=13.708,b=17.017,c = 6.020; 4 =28

Co-ordinates:  (000; 1 1 1)+8Ga(Cy): £ (xp0); £ (xp1);x=0.122;y =0.262
+8Mg(Cy): the same with x =0.080; y = 0.660
+8Mg(Co): £ (x01); £ (%0]);x=0.242
+4Mg(D2):  £(003)

[Unpublished work by E, Hellner; for MgsTl: x(TI) &~ %; y(Tl) =~ %]

D8, (W,Bs type)

Hexagonal: Dgh7P63/mmc; a=298,c=13.87,4=14

Co-ordinates: 4W(C3,):  +(322); £(3,3,4 —2);2=0.139

2B(D3p): £(003); +2B(D3): £(333)
2B(D34): 0005001
4B(Csy): (332 £(3, 3,1 —2);2=-0.028

D8; (Mo, Bs type)

Rhombohedral: D3 ,~R3m;a=7.19;0=24°10';4=7

(Hexagonal setting: a=3.01,¢=20.93;4=21)

Co-ordinates (for hex. setting):  (000; 12 1; 212y 46Mo(C3,):  £(002);z=0.075
+6B(C3,): the same with z = %
+6B(C3,): the same with z=10.186
+3B(C34): 004

D3y (ThsS), type)

Hexagonal: Cgh7P63 /m;a=11.04,¢c=3.98;4=19

Co-ordinates: 1Th(Sg): =+ (00%)
6Th(Cy): (i) £@x —y, b0 —x,%, 1)x=0.153;y=—0.283
6S(Cy): the same with x =0.514;y =0.375
6S(Cy):  the same withx=0.235;y=0+0.010

E1; (CuFeS; type)

Tetragonal: D)2-142d;a=5.2864(8),c=10.4102(8);4 =16
Co-ordinates:  (000; 111 +4Cu(Sy):  000; 204
+4Fe(Ss): 0015103

+8S(Ca): hvas 2ty piiy=027

E1l, MgCuAl, type)
Orthorhombic: Dészmcm; a=4.00,p=9.23,c=7.14,A=16
Co-ordinates:  (000; § 10) +4Mg(Cy,): £ (0y1);»=0.072
+4Cu(Cay): £ (0p1)y=-0.222
+8AI(Cy): £ (0yz); £(0,y, 5 —2);» =0.356;z=0.056

E1; [AuAgTey (Sylvanite) type]
Monoclinic: Cgh—PZ/c; a=28.96(2),b=4.49(2),c=14.62(2); B=145°26/; 4 =12
Co-ordinates: 2Au(C;): 000; OO%
2Ag(Cy): £ (0yL;y=0.433
4Te(Cr): £ (xyz); £ (x,p, % +2z);x=0.298;y=0.031;z=10.999
4Te(Cy): the same with x =0.277;y =0.425;z=0.235

(continued)
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E93 (FesW3C type)

Cubic:  O]-Fd3m;a=11.10;4=112
Co-ordinates:  (000; 1 10; J)+16Fe(Dsq): 332;311.)
1

222 8882888
+32Fe(C3,): xon xi; 25 (3 —0)(5 =0 =25 (§ =0 + 04 +x%
2 x=1.175
+H48W(Cay): £ (x00;0); (3 +x0)1 1505 (3 =01 4:x=0.195
+16C(C3a): §33:833:7

E94 (AlsC3N type)

Hexagonal: Cgv—Pégmc; a=3.285;c=21.65;4=18

Co-ordinates: 2AIl(C3,):  00z; OO(% +2);z=0.150
2A1(Csy):  the same with z=0.345
2AI(Cs,): 53755 5(5 +2);2=0.045
2A1(C3y):  the same with z=0.456
2A1(Cs3y):  the same with z=0.240
2C(C3y) the same with z=0.133
2C(C3y):  the same with z=0.369
2C(Csy):  00z;00( + 2);2=10.001
2N(C3y):  the same with z=0.250

E9, (FeCuyAl; type)
Tetragonal: Dgh7P4/mnc; a=6.336(1),c=14.870(2); A =40
Co-ordinates: 4Fe(Cy): £ (002); £(1, 1, +2);2=0.300
8Cu(Cy): £ 0y £ (3 +x 45—y, Dm0y (4 +»,§ +x, 1);x=0278;y=0.092
4AICy): £(002); £ (4, 1, L +2)2=0.122
BAICY): +(x, % +x 154 —x 54 —xx $ix=0.167
16A1(C1): =+ (xyz; Xyz; yxz; yxz; % +x, % -, % +z; % —X, % +, % +z;
3y +x g +zs -y 4 —x 5 +2:x=0203;y=0414;2=0.100

E9;, (FeMg3AlgSis type)
Hexagonal: D§h7P62m; a=6.63,c=7.94;,4=18
Co-ordinates: 1Fe(Ds3;): 000
3Mg(Cay): x01;0x1;3% L x=0.445
1AI(Dsp): 004
3AI(Cyy): x00; 0x0; xx0;x =0.403
4AI(Cs): (322 £(432);,2=0.231
6Si(Cy): x0z;x0z; Oxz; Oxz; Xxz; xxz; x = 0.750;,z = 0.223

E9. (Mn3AlySi type)
Hexagonal: Dgh7P63/mmc; a=742,c=17.72;4=26
Co-ordinates: 6Mn(Ca,): = (x,2x, 1); £ (2x,x, 3); £ (x¥1);x=0.120
6Al(Cyy):  the same with x =0.458
12AI(Cy): & (v, 2%, 23 2x,x, B x%zs 0, 2x, 4 — 220,00, § 4+ 230, %, 5 — 2);0 =020
z=-0.067
2Si(D3q):  000;00%

E94 (AILi3N; type)

Cubic: T)-la3;a=9.48;4="96

Co-ordinates:  (000; 1 1 1) +16A1(C3): £ (oor); £ (4 +x, § —x,32);x=0.115
H48LI(C): £z (5, 5 — 2 £ —x .5 0%
=+ (x, % —7,2;2); x=0.160;y = 0.382,z=0.110
+8N(C31): 000; 110;0
+24N(Cy): £ (x0%; D) £ (¥ 45 0);x=0.205

For GaLizNy:  x(Ga)=0.117;x(Li) = 0.152; y(Li) = 0.381; 2(Li) = 0.114; x(N) = 0.215

(continued)
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E9.[CuFe;S3 (Cubanite) type]

Orthorhombic:  DY¢—Pnma; a=6.231(2),b=11.117(6).c = 6.467(1): 4 =24

Co-ordinates:  4Cu(Cy): @iz (G -x 3, 4= é,z_ 5

SFe(C): (0% 4 +xd—rid -z L4 E L np d b b= diz=

8S(Cy): the same withx= ;= 5;z2=5
I

4S(Cy): £z £ —x 3 f 4=

sZ= 1
FO0p [NiSbS (Ullmannite) type]
Cubic: T*-P213;a=5.933(3);4=12
Co-ordinates: 4Ni(C3):  xxx; (% +x)(% — X)X 5 x &~ 0
4Sb(C3):  the same with x &~ 0.385
4Sb(C3):  the same with x =~ 0.615

F51 (NaHF; type)

Rhombohedral: D3 ,~R3m;a=5.05;a= 40°2’ =4

(Hexagonal setting: a=3.45,¢=13.90,c/a=4.03;4=12)

Co-ordinates: 1Na(Dsg): 000; IH(D3g) = %%%
2F(C3y): % (xxx);x=0.410

For CaCNy: a=43°50";¢c/a=3.63;x=0.37

For NaCrS: o =29°48";c/a=5.59;x=0.236

For NaCrSey: a=30°18";¢/a=15.49;x=0.235

For RbCrSey: a=21°33";¢/a="7.85

F56 (CuSbS; type)

Orthorhombic: Déngnma; a=06.008(10), 5 =3.784(10),c = 14.456(30); A =16

Co-ordinates: 4Cu(Cy): = (x32); £ (4 +x, §, 5 —2);x=0.252=0.83
4Sb(Cy):  the same with x =0.23;z=0.06

4S(Cy):  the same withx=0.63;z=0.10
4S(Cy):  the same with x =0.88;z=0.83

F5, (KFeS; type)
Monoclinic: Cgh C2/c a=7.079(1),b=11. 304(2) c=5.398(1); B=113.20(1); A= 16
Co-ordinates:  (000; 1 10)+4K(Cy): + Oy 4) y=0.355

+Fe(Cy): the same with y =—0.008

+8S(C1): £ (wyz); £(x,p, % +2z);x=0.195;y=0.111;z=0.10

°22

H1; [Spinel (Al;MgOy) type]
Cubic: O] -Fd3m;a=8.075:4 =56
Co-ordinates:  (000; 4 3 20 J)+8Mg(ly):  000; %%%
+16Al(D3y): 333; %g%;)
+320(Cy): P0G 5 (3 =03 —0(F — 03 (3~ g ¥ g 0
Dix A _é

In some compounds, better agreement with observed intensities is obtained by assuming that the metal
atoms are distributed at random among the 24 available sites, or that the trivalent element occupies all
the 8-equivalent sites and half of the 16-equivalent ones. In some cases lattice sites may be vacant,

e.g., y-AlbO3 or Iny S3.

H24[CuzVS4 (Sulvanite) type]
Cubic: T}-P43m;a=5.391(5);4 =8
Co-ordinates: 3Cu(Daq):  500;010;00%
IV(Ty): 000
4S(Csy):  xxx; xxx; 23 x=0.235

H?2g [Stannite (FeCuySnSy4) type]
Tetragonal: D}}—142m;a=5.449(2);¢c=10.757(3);4=16
Co-ordinates:  (000; 1 1) +2Fe(Dyy): 000
+28n(Dag): 001
+4Cu(Ss): 014;501
+8S(Cy): xxz;xxz;xxz;xxz;x =0.245;2=0.132

(continued)
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Table 6.2 STRUCTURAL DETAILS—continued

6-53

L1j (CuAu type)
Tetragonal: D4h P4/mmm a=3.964;c=3.672;4=4
Co-ordinates:  (000; 1 10)+2Cu(D4y): 000
+2Au(Dyy): 01
Superstructure of the A1 (Cu) type
L1, (CuzAu type)
Cubic: O —Pm3m;a=3. 747 A=4
Co—ordmates 3Cu(Day): 5 —0 J
1Au(Op): 000
Superstructure of 41 (Cu) type
L2; (CuyMnAl type)
Cubic: Oh —Fm3m; a_5 968;4=16
Co-ordinates:  (000; 1 10; J +4A1(0,): 000
+8Culla): 3333313
+4Mn(0y): %3

°22

°22

Superstructure of the 42 (W) type; this type is virtually identical with the D,3 (BiF3 or BiLi3) type

L2 (Tl;Sb, type)

Cubic:  O]—Im3m;a=11.618(6); 4=>54

Co-ordinates:  (000; 31 1)+2T1(0;): 000
+16TI(C3,): = (o, x¥%; 2); x=0.17 ~ L
+24TI(Cyy): = (xx0; J; x%0; J; x =0. 35 &
+12Sb(Cay): £ (x00; 2); x=0.29 ~

§

L} (FesN type)

Cubic: O' —Pm3m or O5 F 'm3m (depending on the distribution of the N atoms); a =3.896(2); 4 =5
Co-ordmates 4Fe at OOO, 3 éO J

IN at Z Z 1, or atf 7 5, probably the latter; or at random at 7 —, 2= —, J; and (or) at

%%%, %%%,);aﬂd(or)at ; é ;, éOO,)
L'1; (~AlFe;C type)
Cubic:  O)—Pm3m;a=3.78;4 ~ 5
Co-ordinates: 1Al(Oy): 000
3Fe(Dyy):  100;0
0.6t0 0.9C(Op) at S 11
L'2 (Martensite type)
Tetragonal: D}/ —14/mmm;a=2.84,c=2.97;4=2Fe + (up t0) 0.12C
Co-ordinates: 2Fe(Daj) at 000 111

»222
The C atoms at random: 2 3 10 and (or) 00%

L'3 (Interstitial A3 type)

Hexagonal: D4 —P63 /mmc or Dsh -P6 /mmm

Co-ordinates: 2 metal atoms (D3p): 0 1 %

CorN(Cs): 13z 3 j(% +2);
L6 (TizCu type)
Tetragonal: Dj‘hfP4/mmm; a=4.158,c=3.594;4=4
Co-ordinates: 1Cu(Dgy): 000
ITiDg): 5 go
2Ti(Dy): 0345403
Tetragonal deformed L1, (CuzAu) type; superstructure of 46 (In) type

ol Nl—

2.
3

W\N

(3 —zsz~ 3;0r004;003

D=

1
3

g

5 z;

L'6 (Interstitial 46 type)

Tetragonal: D}J—F 4 /mmm (or D}th—P4/ mmm depending on the distribution of the N atoms)
Co-ordinates: 4 metal atoms (D4y,):  000; 4 2 20 J;

N atoms in the holes: 1 11.133. RS S Sy
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Table 6.3 COMPARISON OF STRUKTURBERICHT AND PEARSON NOMENCLATURE

Strukturbericht Typical compound Pearson
structural type or element symbol
Al Cu cF4
A2 w cl2
A3 Mg hP2
A4 C (Diamond) cF8
A5 Sn (Beta) tl4
A6 In t12
A7 As hR2
A8 Gamma-Se hP3
A9 C (Graphite) hP4
A10 Hg hR1
All Ga oC8
Al12 Alpha-Mn cI58
A13 Beta-Mn cP20
Al5 Cr3Si cP8
Al6 Alpha-S oF128
A20 Alpha-U oC4
Aq Pa t12
Ap Beta-U tP30
Ac Alpha-Np oP8
A Beta-Np tP4
A Beta-TiCus oF4
Ay HgSnjg hP1
Ag B tP50
Ap Alpha-Po cP1
A; Beta-Po hR1
Ay Alpha-Se mP32
Ay Beta-Se mP32
Bl NaCl cF8
B2 CsCl cP2
B3 ZnS (Sphalerite) cP2
B4 ZnS (Wiirtzite) hP4
B8, NiAs hP4
B8, NizIn hP6
B9 HgS hP6
B10 LiOH; PbO tp4
BI13 NiS hR6
Bl6 GeS oP8
B17 PtS tP4
B18 CuS hP12
B19 AuCd oP4
B20 FeSi cP8
B27 FeB oP8
B29 SnS oP8
B31 MnP oP8
B32 NaTl cF16
B34 PdS tP16
B35 CoSn hP6
B37 TISe tI16
B, UCo clle6
By AgZn hP9
B, CaSi oP16
By NiSi oP8
B, CdSb oP16
B ia CrB oC8
By MoB tI16
By, wC hP2
B; MoC hP8
B AsS mP32
By, TiB oP8
Cl1 CaF, cF12
Cc2 FeS; cP12
c6 Cdl hP3
c7 MoS; hP6

(continued)
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Table 6.3 COMPARISON OF STRUKTURBERICHT AND PEARSON NOMENCLATURE—continued

Strukturbericht Typical compound Pearson
structural type or element symbol
Cl1l1, CaC, tlo
Cl1, MoSij tl6
C12 CaSiy hR6
Cl4 MgZn, hP12
C15 MgCuy cF24
C15;, AuBes cF24
C16 CuAl; tI12
C18 FeS; (Marcasite) oP6
C22 Fe,P hP9
C23 PbCl, oP12
C32 AlB; hP3
C33 BixTes S hR5S
C34 AuTe; (Calaverite) mC6
C36 MgNiy hP24
C37 CosSi oP12
C38 Cu, Sb tP6
C40 CrSiy hP9
Cc42 SiS, oll2
C44 GeS; oF72
C46 AuTe; (Krennerite) oP24
C49 ZrSiy oCl12
C54 TiSip oF24
C, Mgy Ni hP18
Cp Mg, Cu oF48
Ce ThSi, tI12
C, CoGej oC24
Cq ThC, mC12
Cp CuTe; hP6
D0y CoAs3 cl32
D03 BiF 3 cFl16
D0y ReO3/CusN cF4
D0y FesC oP16
DO;g NaszAs hP8
D019 Mgz Cd hP8
D020 NiA13 oP16
D0y CusP hP24
D0y TiAl3 oPl16
D073 ZrAls tl16
D0yy TiNij3 hP16
DO, TiCus oP8
DO, UsSi tI16
DOy Mn3As oP16
Dl BaAly tI10
D1, MoNig tI1o
D1 b UAly 0l20
D1, PtSny 0C20
D1y PtPby tP10
D1, UB4 tP20
D1 f Ml’lB4 oF40
Dlg B4C hR15
D2, CaBg cP7
D23 NaZn3 cF112
D2y ThMnj; t126
D2, UgMn t126
D2, CaCus hP6
D2, BaHg; cP36
D2y UBej» cF52
D2, FegN tI18
D5, LayOs3 hP5
D53 Mn,03 cI80
D5g Sb,S3 oP20
D59 Zn3P, tP40

(continued)
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Table 6.3 COMPARISON OF STRUKTURBERICHT AND PEARSON NOMENCLATURE—continued

Strukturbericht Typical compound Pearson
structural type or element symbol
D519 Cr3C; oP20
D513 NiAlz hP5
D5, UsSip tP10
D5y Pt;Snj hP10
D5, Pu,C3 cl40
D5, Ni3S; hRS
D5¢ As2S3 mP20
D7y AlyCs hP7
D7, Co3Sy cF56
D73 Th3 P4 cl28
D7, NizSng mC14
D7y TazBy4 oll4
D8, FezZnyo cl52
D8, CusZng cls2
D83 CugAly cP52
D84 Cr3Cq cF116
D85 Fe7We hR13
D8¢ CuysSig cl76
Dgg Mns Si3 hP16
D89 CogSg cFo8
D810 Cl‘5Alg hR26
D811 CorAls hP28
D8, TheMny3 cF116
D8y Sigma (FeCr) tP30
D8C Mgzcu6A15 (Mgzanl) cP39
D8, CozAlgy mP22
D8, Mgz X49 (X=Al, Zn) cl162
Dgy Ir3Gey cl40
D8, MgsGay ol28
Dg;, W;>Bs hP14
DS; Mo, Bs hR7
D8y Th7Sy; hP19
El CuFeS; tl16
El, MgCuAlp oCl6
Ely AuAgTey mP12
E9; FesW3C cF112
E94 AlsC3N hP18
E9, FeCuyAl; tP40
E()b FeMg3Alg Si6 hP18
E9. Mn;3AlgSi hP26
E9, AlLi3N; cl96
E9, CuFe;S3 oP24
FO NiSbS cP12
F5 NaHF, hR4
F5¢ CuSbs; oP16
F5, KFeS, mC16
Hl MgAl, 04 cF56
H 24 CLI3VS4 cP8
H2¢ FeCu;SnS4 tP16
L1y CuAu tP2
L1, CuzAu cP4
L2 CuyMnAl cFl16
L22 T17 sz cls4
L/1 FesN cF5
L'l AlFe;C cPS
L2 Fe-C (Martensite) tI2
L'3 FeoN hP3

L6 CuTis tP4
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7 Metallurgically important minerals

Table 7.1 gives data on the minerals from which the more widely used metallic and non-metallic
elements and their compounds are extracted. The elements in this table are given in alphabetical
order for easy reference. A ‘mineral’ is a naturally occurring, homogenous, inorganic solid material
that has a definite, but not always fixed, chemical composition. It may be crystalline or amorphous
and may have formed, in nature, by inorganic or biological processes.

Most elements form more minerals than those listed; minerals of primary importance are shown in
bold type in column 2. Not all elements cited are metals although they have widespread utility in
metallurgical and materials processing applications. For example silicon (Si) is a non-metal used
in semiconductor (computer chip) applications, while chlorine and bromine are utilised in metal-
extraction technologies. Some elements are hardly ever used as such but rather in compound forms.
For example, boron (B) compounds have hundreds of uses in the form of B,03, H;BOs, or Na,B407
etc. Many elements, such as germanium (Ge)—an important component of semiconductor devices,
are normally extracted as by-product of sphalerite (ZnS) or bauxite processing residues.

Extraction technologies often incorporate a number of process steps including concentration
(flotation), smelting (pyro-metallurgy), and leaching (hydro-metallurgy). Parentheses indicate that
the element or its compounds are recovered as by-products from the extraction residues of other
primary materials. The mineral-producing countries are listed in order of decreasing production
volume in column 5 while major end product sources are given in column 6. When data are not
available or not certain, US import sources are cited in column 6. The figure for abundance given in
column 1 is the concentration of the element (in p.p.m., parts per million) in the crustal rocks of the
earth. The figure for metal production in column 7 refers to recovered primary element production
except where indicated as contained quantities in produced ores or concentrates or as secondary
refining production. Salines is used to include all salt waters, bitter lakes and the sea.

Abbreviations used in the table:

p.p-m. : Parts per million (or gram per metric ton)

m.t. : Metric ton = 1000 kg = tonne

N/A  : Not available or not disclosed due to strategic or proprietary reasons
Equiv. : Equivalent

Est. : Estimated
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Table 7.1 MINERALS, SOURCES, AND USES

Element: symbol 1999/2000

and abundance Density Major mineral Major World production Primary uses

(p-.p-m.) Minerals Formulae (gem™3) sources sources (m. t.) and applications

1 2 3 4 5 6 7 8

Aluminium Bauxite (ore with Fe, Ti, clay 2-2.55 Australia, USA, Russia, 23.1 x 10° Containers,

Al impurities) Guinea, China, Canada construction,

81300 Gibbsite Al;(OH)g 2.35 Brazil electrical, machinery,
Kyanite Al SiOs 3.55-3.66 Jamaica equipment, aerospace

Antimony Senarmotite Sby 03 5.3 China China 118 x 103 Flame retardant,

Sb Valentinite Sby O3 5.6 S. Africa Mexico lead-alloys, plastics

0.2-1 Kermesite SbyS,0 4.6 Russia Australia filler, ceramics, glass,
Stibnite Sb,S3 4.54.6 Bolivia corrosion resistance

Arsenic Arsenopyrite FeAsS 6.07 China, Chile, China, Chile, In the form of Wood preservation,

As Orpiment AsyS3 3.49 Ghana, Mexico Ghana, Mexico Asy 03 glass additive,

1.8-5 Realgar AsS 3.48 36.9 x 10 pesticides, Cu-Alloy

Barium Barite (or BaSO4 4.5 China, India, China, India, In the form of Chemicals,

Ba barites) BaCO;3 43 USA, USA, BaSO4 filler/extender, glass,

4000 Witherite Morocco Morocco 6.2 x 10° well drilling

Beryllium Bertrandite B4Si;07(0OH), 2.59-.66 USA, Russia, USA Metal Equiv.: Electronics, alloy

Be Beryl B3Al,SigO;g 2.7 Kazakhstan 226 with Cu, defence

2-6 applications

Bismuth Native (in PbS) Bi 9.7-9.8 China, Mexico, China, Mexico, 4.37 x 103 Alloys, solders,

Bi Bismuthinite BiyS3 6.4-6.5 Peru Peru, Belgium pharmaceuticals,

0.2 glazes chemicals

Boron Colemanite CaBgO1; - 5SH,0 242 USA, Turkey, USA, Turkey, B,03 Equiv.: Glasses, insulators,

B Tincal (Borax) Na;B407 - 10H,0 1.7 Russia Russia 4.47 x 10° soaps/detergents,

10 Ulexite NaCaBs0y - 8H,O 1.65 chemicals, refining

flux

Bromine Bromyrite AgBr 6.5 USA, Israel, USA, Israel, 542 % 103 Fire retardants,

Br Embolite Ag(Cl, Br) 53-54 United United drilling, pesticides,

2.5 (also NaBr, Kingdom, Kingdom, water-treatment,
KBr in salines) China China photography, rubber



Cadmium
Cd
0.17

Calcium
Ca
36300

Carbon
C
200

Cerium
Ce
60-78

Caesium
Cs
3

Chlorine
Cl
130

Chromium
Cr
167

Cobalt
Co
25

Greenockite
(also from ZnS
processing)

Calcite
(limestone)

Aragonite
Gypsum

Graphite
Diamond

Bastnazite
Monazite

Pollucite

Halite
Sylvite
Carnalite

Chromite

Smaltite

Linnaceite
Erythrite
Cobaltite

CdS

CaCOs3 (Hex.)

CaCO3 (Orth.)
CaSOy - 2H,0

C (Hex.)
C (Cub.)

(Ce,La,Di)(CO3)F
(Ce,La,Y,Th)PO4

CsAlSi;Og - H, O

NaCl
KCl1
KC1.MgCl; - 6H,0

FeCrOy4

CoAsy
Co3Sy
Co3As;0g - 8H, 0
CoAsS

5.00

2.71

2.94
2.3

2-23
3.52

49-52
4.6-5.4

2.9

6.4
4.85
2.95
6-6.3

China,
Australia, USA,
Mexico

All countries

China, India,
Brazil, N. Korea

China, Brazil,
India, USA,

Canada,
Namibia,
Zimbabwe

USA, China,
Germany,
France, Canada

S. Africa,
Kazakhstan,
India,
Zimbabwe

As byproduct of
Cu and Ni:
Australia,
Canada, Cuba,
Congo

Japan, China,
USA, Belgium

Limestone,
cement and
dolomite:

USA, Canada,
China, Australia

China, Brazil,
Mexico, USA

China, France,
Japan, USA

Canada,
Germany, UK

USA, European
Union, Canada,
China

S. Africa,
Kazakhstan,
India,
Zimbabwe

Congo, Finland,
Norway,
Zambia,
S. Africa

Metallurgically important minerals  7-3

19.7 x 103

Extensive; US-
usage calcite:
998 x 10°
dolomite:

101 x 10°

602 x 103

Est.
compounds:
6500

N/A

Est.: 20

Est.: 50 x 10°

Ores:
Cr-Equiv.:
content
4.32 x 10°

35% 103

Batteries, pigments,
coatings, plastics

Minerals used in
cement making,
roads, construction-
aggregates,
agriculture, chemicals

Batteries, lubricants,
electrodes,
refractories

Lighters, lanterns,
catalysts, glass

Electronics,
photoelectric,
medical

Polymer production,
pesticides, pulp/paper
bleaching, water
treatment

Stainless steel,
refractories, metal
plating, chemicals

Superalloys,
magnets, corrosion
resistant alloys,
tools, catalysts

(continued)



7-4  Metallurgically important minerals

Table 7.1 MINERALS, SOURCES, AND USES—continued

Element: symbol 1999/2000
and abundance Density Major mineral Major World production Primary uses
(p.p-m.) Minerals Formulae (gem™3) sources sources (m. t.) and applications
1 2 3 4 5 6 7 8
Copper Native Cu Cu 8.95 Chile, USA, Chile, Japan, 11.4 x 10° Conductor (wires),
Cu Chalcopyrite CuFeS; 4143 Indonesia, USA, China ingots/rods,
55-70 Malachite Cuy(OH), 4.05 Australia brasses, bronzes
Azurite Cu3(OH)»(CO3), 3.77
Covellite CuS 4.6-4.76
Chrysocolla CuSiO3 - 2H,O 2-2.2
Fluorine Fluorite CaF, 3.0-3.25 China, China, As CaF, Mainly as CaF, in HF
F Cryolite Na3AlFg 2.97 S. Africa, S. Africa, 4.52 x 10° production, ceramics,
625 Mexico, Brazil Mexico, Brazil enamels, glass,
steel-flux
Gallium Gallite CuGaS; 4.2 Australia, France, Est.: 40-60 Photo-electric
Ga (in Baucxite, Germany, Kazakhstan, devices, electronics
15 sphalerite, Japan, Russia
and fly-ash) Kazakhstan
Germanium Renierite (Cu,Zn)11(Ge,As)2 43 China, USA, China, USA, Est.: 70 Fibre optics,
Ge FeqS16 Belgium, Russia Belgium, Russia infrared optics,
1.5-7 Germanite CuyeFesGeyS3p 44-4.6 polymerisation,
(in bauxite electrical/solar
and fly-ash)
Gold Native Au 19.3 S. Africa, USA, S. Africa, USA, 2550 Jewellery, conductor
Au Calaverite AuyTes (Mon.) 9.2-9.3 Australia, Australia, in electronics,
0.005 Krennerite AugTeip (Orth.) 8.62 China, Canada China, Canada finance
Petzite AgzAuTe, 8.7-9.0
Hafnium In Zircon at a Zircon: ZrSiO4 See Zircon France, France, Est.: 12 Neutron absorber,
Hf concentration of Germany, Germany, reactor-rods,
345 (Zr:Hf) =50:1 Japan, Canada Belgium lanterns, refractories
Indium Mainly with Sphalerite: ZnS See China, Canada, Belgium, 220 Low melting point
In sphalerite at Sphalerite France Canada, China, solders, alkaline
0.1 p-p-m. levels France batteries



Todine

0.5

Iridium
Ir
0.001

Iron
Fe
50000

Lanthanum
La
30

Lead

Pb

13-16
Lithium

Li

20-65
Magnesium
Mg

20900

Manganese
Mn
1000

Todyrite
Lautarite
Marshite
(Iodine: from
caliche, salines,
oil wells)
Native: see
Platinum group
metals (PGM)
Haematite
Magnetite
Pyrite

Siderite
Limonite
Monazite
Bastnazite
Xenotime
Galena
Cerussite
Anglesite
Spodumene
Amblygonite
Petalite
Magnesite
Dolomite
Epsomite

(also in salines)
Pyrolusite
Rhodochrosite
Manganite
Psilomelane

Agl
Ca(103),
Cul

Fe, 03

Fe304

FeS;

FeCO3

2Fe,03 - 3H,0
(Ce,La,Y,Th)PO4
(Ce,La,Di)(CO3)F
YPOy4 (also has La)
PbS

PbCO;3

PbSO4

LiAlSi;Og
Li(FOH)AIPO4
Li(AlSig)Oj9
MgCO3
CaMg(CO3)2
MgSOy4 - 7TH,0

MnO,

MnCO3
MnO(OH)
BaMnoO16(OH)4

5.69
4.59
5.68

22.65

49-53
5.18
4.8-5.1
3.7-3.9
3.64.0
5.27
49-52
4.46-5.1
7.4-7.6
6.55
6.38
3.13-3.20
3-3.1
2.4
2.8-3.0
2.8-29
1.67

4.4-5.0
3.7
43
4.7

Chile, Japan,
USA, China

See PGM

China, Brazil,
Australia, India

China, USA,
India, Russia

Australia, China,
USA, Peru

Chile, USA,
Argentina,
Australia

Russia, China,
USA, Slovakia

S. Africa,
Ukraine, Brazil,
Gabon

Chile, Japan,
USA, China

See PGM

China, Brazil,
Australia, India,
USA

China, France,
Japan, India,
USA,

USA, Australia,
Canada, China

Chile, USA,
Argentina

China,
Australia,
Canada

China,

S. Africa,
Ukraine,
France, Gabon

Metallurgically important minerals ~ 7-5

18 x 10

Est.: 4

Fe Equiv.:
635 x 106;
ore 92 x 10°

N/A

Est.: less
than 1000
Mine output:
310 x 10°

Minerals and
brines: 37 000

Compounds
MgO Equiv.:
11.1 x 10°

Ores:
metal Equiv.:
7.28 x 106

Pharmaceuticals,
sanitation, animal
feed, catalysts,
photography

See PGM

Cast iron, steels,
pigments, chemicals

Catalytic converters,
ceramics, magnets,
catalysts, TV screens
Acid batteries,
solders

Ceramics, glass,
batteries

Compounds as
refractories, flue-gas
treatment, and as
metal in aircraft

Steel, batteries,
chemicals

(continued)



7-6  Metallurgically important minerals

Table 7.1 MINERALS, SOURCES, AND USES—continued

Element: symbol 1999/2000

and abundance Density Major mineral Major World production Primary uses

(p.p-m.) Minerals Formulae (gem™3) sources sources (m. t.) and applications

1 2 3 4 5 6 7 8

Mercury Cinnabar HgS 8.09 Kyrgyzstan, India, Mine output: Electrolytic Cl, and

Hg Spain, Algeria, Singapore, minimum NaOH production,

0.05-0.5 China Spain, UK 1640 dentistry, gold
amalgamation

Molybdenum Molybdenite MoS, 4.7-4.8 USA, Chile, USA, Chile, 129 x 103 Stainless steel,

Mo Wulfenite PbMoO4 6.3-7.0 China, Mexico China, Mexico catalysts, lubricants

1-15 Molybdite Fe, 03 - 3Mos - 8H,0 4.5

Nickel Pentlandite (Fe,Ni)S 5.0 Russia, Canada, Russia, Japan, 1.12 x 10° Steels, corrosion

Ni Garnierite (N1,Mg)SiO4 2.2-2.8 Australia, New Canada, resistant coatings,

78 Millerite NiS 5.3-5.6 Caledonia Australia Cu-alloys, magnets

Niobium (Nb) Columbite (Fe,Mn)(Nb,Ta),0¢ 5.2-6.4 Brazil, Canada, Brazil, Canada, 32.6 x 103 Steel, jet engines,

or Columbium Pyrochlore NaCb,O6F 4.45 Australia Germany carbides

23 also in tin slags

Osmium Native in Os 22.61 See PGM See PGM Est.: 22 See Platinum group

Os Pt or Ir alloys metals (PGM)

0.005

Palladium Native in Pd 12.02 Russia, Russia, 174 See Platinum group

Pd Pt alloys and S. Africa, S. Africa, metals (PGM)

0.01 Cu-Ni ores USA, Canada USA, Canada

Phosphorus Apatite with F, USA, Morocco, USA, Morocco, P,0s5 Equiv.: Fertilisers,

P Cl and/or OH: China, Russia, China, Russia, 42 x 10°; phosphoric acid,

1000 Fluorapatite (E,C1,0H) Cas(PO4)3 3.1-3.2 ore: 133 x 10° chemicals

Hydroxylapatite

Platinum Native Pt Pt 21.45 S. Africa, S. Africa, 155 See Platinum group

Pt Sperrylite PtAs; 10.6 Russia, Russia, metals (PGM)

0.01 Braggite PtS and (Pt,Pd,Ni)S 10.0 Canada, USA Canada, USA

Cooperite PtS 9.5-10.2



Platinum
group metals
(PGM)

0.03

Potassium
K
25900

Rhenium
Re
0.001

Selenium

Se
0.08

Silicon
Si
277200

Silver
Ag
0.085

Sodium
Na
28300

Native and in
alloys with Pt
or PtS/PtAs;,
in Chromite
(FeCr,04)
Sylvite
Carnalite
Nitre

Rheinite (in
Cu, Mo-ores)

Clausthalite
Berzelianite
Naumannite
(from Cu-anode
slimes)

Quartz

Opal

and numerous
silicates

Native Ag
Argentite
Pyrargyrite
Hessite (also
gold recovery
byproduct)

Halite
Mirabilite
(Galuber’s salt)
Trona

(also from
salines as NaCl)

Pt, Pd, Rh, Ir, Os, Ru

KCl1

KCI-MgCl, - 6H,0
KNO3

ReS,

PbSe
CuySe
AgySe

Si0y
SiO; -nH,0

Ag

Ag2 S
Ag3SbS3
Ange

NaCl
NayS04.10H,0

Nay;CO3 - NaHCOs -
2H,0

see
individual
elements

NN =N
[ - N

7.8-8.08
6.71-7.23
7.0-8.0

2.65
2-2.25

10.5
7.19-7.36
5.7-5.9
8.4

22
1.48

2.13

S. Africa,
Russia, Canada,
USA

Canada, Russia,
Germany, Belarus

USA, Peru,
Kazakhstan,
Chile

Japan, Canada,
Belgium
Germany

China, Russia,
Ukraine, USA,
Brazil

Mexico, Peru,
Australia, USA

USA, China,
Mexico,
Germany,
Russia, India

S. Africa,
Russia, Canada,
USA

Canada, Russia,
Belarus, Germany

USA, Chile,
Germany,
Russia
Canada,
Philippines,
Korea,
Australia,

China, Russia,
Ukraine, USA,
Brazil

Mexico, Peru,
Australia, USA

USA, China,
Mexico,
Germany,
Russia, India

Metallurgically important minerals  7-7

365

K20 Equiv.:
25 x 10°

Mine output:
28.4

1460

Ferro-silicon:

43 % 10°;
Si: 7.2 x 100

18.3 x 10°

Na Equiv.:
100.23 x 10°

Catalytic converters,
petroleum refining
catalysts, jewellery,
ceramics, electronics

Fertilisers, chemicals

Catalysts, Mo-Ni-and
W—Alloys, heat-
sensors, electronics

Glass, metallurgy,
electronics,
agriculture

Steels (as ferrosilicon
additive) and
computer chips

as silicon

Photography,
batteries, electrical,
electronics, catalysts

Glass, soaps and
detergents, textiles,
household, pulp and
paper. Use pattern:
NaCl: 83.9%
Na,COs3: 14.9%
NayS0y4: 1.29%

(continued)



7-8  Metallurgically important minerals

Table 7.1 MINERALS, SOURCES, AND USES—continued

Element: symbol 1999/2000
and abundance Density Major mineral Major World production Primary uses
(p.p-m.) Minerals Formulae (gem™3) sources sources (m. t.) and applications
1 2 3 4 5 6 7 8
Strontium Celestine (or SrSOy4 3.96 Mexico, Spain, Mexico, Sr Equiv.: TV tubes, magnets,
Sr Celestite) Turkey, China, Germany, 139 x 103 fire-works
375 Strontianite SrCO;3 3.6-3.7 Russia China, France China and
Russia: N/A
Sulphur Native Sulphur N 2.07 USA, Canada, USA, Russia, 57.2 x 100 Sulphuric acid,
S Pyrite FeS; 4.8-5.1 China, Russia Saudi Arabia, (phosphate fertilisers,
260 Chalcopyrite CuFeS; 4.1-4.3 Poland, UAE oil refining, copper
Galena PbS 7.4-7.6 ore leaching)
Sphalerite (also ZnS 3942
from crude oil)
Tantalum Tantalite (Fe, Mn)Ta;0¢ 5.7-7.3 Australia, Australia, 836 Electronics,
Ta Brazil, Congo, Nigeria, Japan, aerospace, carbides,
2.05 Canada China heat- exchangers
Tellurium Tellurite TeO, 5.9 Japan, Peru, UK, Est. 140 Steel additive,
Te Hessite AgoTe 8.4 Canada Philippines, (USA numbers catalysts, chemicals,
0.06 Sylvanite AuAgTe; 8-8.2 Belgium, N/A) photoelectric devices
Calaverite AuyTeq (Mon.) 9.2-9.3 Canada
Thallium Carlinite TI,S 8.1 Canada, Belgium, Est.: 0.5 Electronics, radiation
Tl Avicennite T1,03 9.57 Belgium, Germany, detection equipment,
0.7 Fangite TI3AsS4 6.18 Mexico Mexico, UK catalysts, medical
Lorandite TIASS, 5.53
(byproduct of
Pb, Zn, Cu ores)
Thorium Monazite (Ce,La,Y,Th)POy 5.27 Australia, India, France, 6.2 x 103 Welding, catalysts,
Th Thorianite ThOy 9.7 Norway, Brazil, Switzerland (monazite refractories, radar,
10.2 Thorite ThSiO4 53 concentrate) microwave ovens
Tin Cassiterite SnO; 6.8-71 China, Peru, China, 238 x 103 Electrical, bronzes,
Sn Stannite Cu, SnFeSy 4.4 Indonesia, Peru, Bolivia, Brazil solders,
2-40 Brazil, Bolivia, cans-containers,

Australia

chemicals



Titanium
Ti
4400

Tungsten
w
1.5-69

Uranium
U
1.8-4

Vanadium
\Y%
145

Yttrium
Y

33

Zinc
Zn
50-132

Zirconium
Zr
165-220

Rutile
Ilmenite
Sphene
Leucoxene

Scheelite
Wolframite
Ferberite
Huebnerite

Pitchblende
(or Uraninite)
Torbernite
Carnotite

Patronite
Vanadinite
Carnotite
(also

Rascoelite
U-ore processing
byproduct)

Monazite
Xenotime

Sphalerite
Smithsonite
Hemimorphite
Willemite

Zircon
Baddeleyite

TiO,

FeTiO3

CaTiSiOs

Variant of Ilmenite

CaWOq
(Fe,Mn)WO4
FeWO4
MnWO4

2003 - UO,

Cu(UO,),P,05 - 12H,0

K;0-2U;03 -
V,0s5-2H,0

VSy

PbsCI(VO4)3
K;0-2U;03 -
V,0s5-2H,0

3V;0s5 - 10Si0; - 4H,0

(Ce,La,Y,Th)PO4
YPO4

ZnS

ZnCO3
Zn4Si,O7(OH); - H,O
ZnSiOy4

ZrSi0y4
ZrOy

42
4.5-5.0

5.9-6.1
7.1-7.9
7-1.5
7.0

6.4

3.5
4.7-5.0

2.82

47-5.0

2.97

5.27
4.46-5.1

3.9-42
4-4.5
3.45
4.0-4.1

4.68
5.4-6.02

Australia,
Brazil, India,
China, Norway

Russia, China,
Austria,
Portugal

Canada,
Australia,
Niger, Namibia

S. Africa,
China, Russia,
Kazakhstan

China, India,
Canada

China,
Australia, Peru,
USA

Australia,
S. Africa, USA,

Australia,
Canada,
Norway,
S. Africa

Russia, China,
Austria,
Portugal

Canada,
Australia, USA
Niger, Namibia

China, Russia,
S. Africa

China, France,
UK, Japan

China,
Australia,
Canada,
Kazakhstan

France,
Germany, Japan
USA

Metallurgically important minerals ~ 7-9

Ti Equiv.:

Est.

1.493 x 10° as
(ilmenite: 88.8%,
rutile:11.2%)

37.4% 103

Mine output:
31172

43 x 103

Mine output
Y,03 Equiv.:
2400

Mine output:
8.73 x 10°

760 x 10°
(mineral
concentrate)
excludes USA

Pigments (for paper,
coatings, plastics),
aerospace, armour,
medical tools

Carbides, tools,
armaments, steels,
catalysts, high
temperature
applications

Nuclear fuels,
weapons, medicine

Steels, catalysts,
ceramics

TV monitors,
fluorescence, lasers,
jet engines, ceramics
Galvanising, alloys,
brasses and bronzes

Nuclear reactors,
heat exchangers,
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8 Thermochemical data

Except where otherwise indicated, the data given in these tables have been selected from three main
sources: ‘Selected Values of the Thermodynamic Properties of the Elements’, by R. Hultgren, P. O.
Desai, D. T. Hawkins, M. Gleiser and K. K. Kelley, and by the same authors, ‘Selected Values of the
Thermodynamic Properties of Binary Alloys’; also ‘Metallurgical Thermochemistry’, 5th edn., by
0. Kubaschewski and C. B. Alcock.* These works represent authoritative compilations of critically
assessed data presently available, to which reference should be made for original sources or details
of assessment.
See also the following: ‘NIST-JANAF Thermochemical Tables’, 4th edn., by M. W. Chase, Jr.

8.1 Symbols

6,, = melting point in °C
6. = boiling or sublimation point in °C at 760 mmHg
6, = transition temperature in °C
s = sublimation point in °C
T = absolute temperature in K
L,, = latent heat of fusion
L, = latent heat of vaporisation
L, = latent heat of transition
L, = latent heat of sublimation
AV, = volume change during melting [(Viig — Viotia)/Vsotial%
AH,g3 = heat of formation at 2908 K (25°C) in kT mol~! (or kJ g-atom™') or in Jg~.
(The value of a heat evolved during a reaction is taken to be negative)
AG = maximum work (change of free energy) in kI mol~! (or kJ g-atom ™)
So3 = standard entropy at 298 K (25°C) in JK~! mol~! (or J g-atom™!)
p (mmHg) = vapour or dissociation pressure in mmHg
N = mol fraction of the first component
N, = mol fraction of the second component
C, = specific heat in JK~! mol~!
¢, = specific heatinJ g~ k™!

in kI mol™! (or kJ g-atom™") or in Jg~!

* Now called ‘Materials Thermochemistry’, 6th edn., with P. J. Spencer added as an author.
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Thermochemical data

8.2 Changes of phase (phase diagrams may be found in Chapter 11)

Table 8.1 ELEMENTS

Latent heats and temperatures of fusion, vaporisation and transition, and change in volume on melting.

Melting  Boiling Ly, at m.p. L, kJ g-atom™! or mol™! L,
point 6,,  point 0, 6, kJ g-atom ™! kJ g-atom ™! AV
Element °C °C °C or mol~! Ly at 25°C L. atbp. or mol ™! %
Ag 960.8 2200 — 11.09 284.2 257.8 — (3.8)
Al 660.1 2520 — 10.47 321.9 290.9 — 6.5
Am — 2600 — — — 238.6 — —
As 817 603 — Asq =4As + 118.1kJ — 10
Au 1063 2860 — 12.78 378.9 342.4 — 5.1
B 2180 3800 — 22.6 577.8 — — —
Ba 729 1700 370 7.66 (192) 177.1 0.59 —
Be 1287 2470 1254 12.22 324.4 292.6 2.55 —
Bi 271 1564 — 10.89 207.2 179.2 — —3.35
Bry -73 58 — 10.55 — 30.56 — —
C (3800) (50000 — — 712 — 1.90 —
(graph) diam —
graph
Ca 843 1484 464 8.36 176.2 150.7 0.25 —
Cd 320.9 767 — 6.41 112.2 99.6 — 4.0
Ce 798 3430 726 5.23 (407) 376.0 2.9) —
Clp —101.0 —34.1 — 6.41 — 20.423 — —
440
Co 1495 2930 1 120} (15.5) 425 — 0.25,0.92 35
Cr 1857 2672 — (20.9) 397 342.1 — —
Cs 29.8 700 — 2.09 78.7 66.6 — 2.6
Cu 1083.4 2560 — 13.02 341.2 304.8 — 4.2
Dy 1409 2560 1384 — — — — —
Er 1522 2860 1470 — — — — —
Eu 826 1490 — — — — — 4.8
F, —219.6 —183.0 — 1.595 — 6.531 — —
914 pS.11*
Fe 1536 2860 { 1 391} 15.2 398.6 340.4 y0.563* 35
y — §0.84
Ga 29.7 2420 — 5.594 285.0 270.5 — -32
Gd 1312 3290 1260 — — — — —
Ge 937 2830 — 36.8 383.8 327.8 — =5.1
H, —259.2 —-252.5 0.117 — 0.909 — (12.3)
Hf 2227 4600 1940 24.07 611.3 571.1 (6.91) —
Hg —38.87 357 2.324 — 61.1 — 3.7
I, 113.6 183 — 15.78 62.4 41.9 — 21.6
In 156.4 2070 — 3.27 242.8 2324 — 2.0
Ir 2443 4430 — (26) 669.9 612.5 — —
K 63.2 779 — 2.39 90.0 79.5 — 2.55
La 920 (3.420) 868 (8.37) 4229 402.4 2.9) —
Li 181 1324 — 2.93 161.6 147.8 — (1.65)
Mg 649 1090 — 8.79 146.5 127.7 — 4.12
710 2.22
Mn 1244 2060 {1090] (14.7) 291.0 231.1 2.22] (1.7)
1136 1.80
Mo 2620 4610 — 35.6 664.5 590.3 — —
N, —210.0 —195.8 —237.5 0.720 — 5.581 0.2290
Na 97.8 883 — 2.64 108.9 98.0 —
Nb 2467 4740 — 29.3 722.2 683.7 —
Nd 1016 3070 862 7.14 323.6 — 2.98 —
Ni 1453 2910 358 17.16 429.6 374.3 0.58 4.5
Np 637 — 280,577 — — — — —

* Only together with the tabulated heat capacities of iron: Table 8.10.

(continued)



Table 8.1 ELEMENTS—continued

Changes of phase  8-3

Melting  Boiling Ly, at m.p. L, kJ g-atom™! or mol™! L,

point 6, point 6, 6 kJ g-atom™~! klg-atom™' AV,
Element °C °C °C or mol~! Lg at25°C L, at bp. ormol™! %

—249.5 0.0938
(o)) —218.8 —183.0 7229.4} 0.445 — 6.8 {0.7436] 7.4
Os 3030 5030 — — 791 — — —
P 44.1 280 — 2.64 ;208(71541))2)} {51'9(P“) 17.6 3.5
(vellow) yell. — red
Pb 327.4 1750 — 4.81 196.4 178.8 — 3.5
Pd 1552 2940 — (16.7) 377.2 361.7 — —
Po 246 965 (100) — — 100.9 — —
Pr 932 3510 798 (11.3) — — — —
Pt 1769 4100 — (19.7) 545.0 469.2 — —
Pu 640 3420 122,205, 2.9 343.7 352.0 3.39,0.59, 2.5
318, 452, 0.54, 0.08,
476 1.84

Ra 700 1500 — — — — —
Rb 38.8 688 — 2.198 87.5 75.8 — 2.5
Re 3180 5690 — 33.5 779.2 (712) — —
Rh 1966 3700  (1030) (22.6) 556.0 (494) — —
Ru 2250 4250 — — — — — —
S (thomb.) 112.8 4445 955 1.235 — * 0.38 (5.1)
S (mon.) 119.0 — — — — — — —
Sb 630.5 1590  — 19.89 — (167)(Sby) — 0.8
Sc 1538 (2870) 1334 — 376.0 — — —
Se (met.)  220.5 685 — 6.28 — 95.5(Sex) — 15.8
Si 1412 3270 — 50.66 450.1 384.8 (—10)
Sm 1072 1803 917 8.92 207.2 165.0 3.10 —
Sn 231.9 2625 13 7.08 302.3 296.4 222 2.3
Sr 770 1375 235, 540 (8.4) 177.1 154.5 —
Ta 3015 5370 — (24.7) 782.5 — — —
Tb 1360 3220 1290 — — — —
Te 450 988 — 17.6 171.6(Te;)  104.7(Tep) — 4.9
Th 1750 4790 1325 — 576.1 (511) — —
Ti 1667 3285 882 (17.5) 469.3 425.8 3.34 —
Tl 304 1473 234 43 180.9 166.2 0.38 2.2
U 1132 4400 662,770 12.5 482.2 417.4 2.85,4878 —
\% 1902 3410 — 16.74 510.2 457.2 — —
w 3400 5555 — 35.2 847.8 (737) —
Y 1530 3300 1485 11.43 424.9 367.6 5.0 —
Yb 824 1194 760 — — — — —
Zn 419.5 907 — 7.28 129.3 114.3 — 4.7
Zr 1852 4400 852 (19.3) 612.1 579.9 3.85 —
* Lo at bp.: Sy, 106.4 (625°C); S4, 96.0 (625°C); Ss, 66.2 (527°C); Sg, 63.1 (490°C).
AV, ref. 4.
Table 8.2a INTERMETALLIC COMPOUNDS

Latent heats and temperatures of fusion.

If an intermetallic phase is completely disordered, the entropy of fusion (Z,,/7},) can generally be calculated
additively from the entropies of fusion of the components. If it is completely ordered, —19.146 (N; log N| +
N> log N>) is as a rule to be added to the calculated entropy of fusion.

Ly
Ny Om
Phase 1072 °C kJ g-atom ™! Jg~!
5-Ag-Cd 67.5 592 8.46 4 0.42 76.2
y-Ag-Zn 61.8 664 7.79 +0.33 95.5
5-Ag-Zn 72.1 632 8.75 4 0.42 131.5

(continued)
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Table 8.2a INTERMETALLIC COMPOUNDS—continued

L

Ny Om
Phase 102 °C kJ g-atom ™! Jg~!
Al Cu 333 590-605 12.6 £ 0.8 320.3
y-Al-Mg 57.2 455 8.8+0.8 346.7
AuCd 50.0 627 8.96 +0.50 57.8
AuPb, 66.7 254-300 8.00 £ 0.75 39.4
AuSn 50.0 418 12.81+£0.33 81.2
B-Au-Zn 50.0 760 12.31 +0.54 93.8
&-Au-Zn 88.9 490 7.45+£0.38 93.4
Bi-In 50.0 110 — 7.33
Bi-In; 66.7 — — 4.81
§-Bi-Tl 40.0 214 7.24+0.25 352
§-Cd-Cu 38.4 555 9.71+£0.21 103.8
§-Cd-Cu 40.0 562 9.55+0.21 103.0
Cd-Mg 25.0 349-368 5.86 56.5

50.0 415-430 6.05 87.9

75.0 489-515 6.91 152.4
Cd;Na 333 385 7.87£0.63 95.5
CdSb 50.0 456 16.0 £0.33 136.9
GaLi 50.0 700-760 16.7+0.8 4354
GaSb 50.0 703 25.1+£1.7 131.0
HgyNa 333 350 8.8+£0.8 63
y-Hg-Tl 28.6 14.5 2.01£0.13 10.0
InLi 50.0 630 13.4+0.8 219.8
InSb 50.0 425 24.7+£0.8 205.2
KNay 66.7 7 2.9+0.1 103.4
Mg, Pb 333 550 134+13 155
MgZny 66.7 590 143+0.8 260
NasPb; 28.5 400 7.18£0.5 95
NaPb 50.0 368 84+04 71
B-Na—-Pb 71.5 320 7.1+£0.4 46
NaTl 50.0 250-305 84+0.8 73.7
y-Pb-Tl 87.5 329-339 5.23+0.17 25.5
y-Pb-Tl 63.0 379 5.65+0.17 27.6
Ref. 3.
Table 8.2b INTERMETALLIC COMPOUNDS
Latent heats and temperatures of transition.

The method of measurement is subject to error. Most of the reported values are probably too low.
Ny [ L

Phase 1072 Transition °C J g—atom_1
B-Ag—Cd 50.0 B-B 211 712
AgZn 50.0 order—disorder 258 2449
AuCu 50.0 order—disorder 408 1779
AuCus 75.0 order—disorder 390 1214
AuSb, 66.7 By 355 335
CdsMg 27.0 order—disorder 95 963
CdMg 50.0 order—disorder 50-260 2638
CdMg3 75.3 order—disorder 80-165 1256
CrFe 52.0 o« 805 1633
CuPt 50.0 order—disorder 800 3810
Cu3Pt 20.0 order—disorder 610 1968
B-Cu—Zn 50.0 B-B 470 2219
FeNis 74.3 order—disorder 506 2721
MnNi3 75 order—disorder (500) 3119
Pd3;Sb 25 BB 950 10300
Zn3Sby 40.0 — 409-455 6.071

Ref. 3.
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Table 8.3 OTHER METALLURGICALLY IMPORTANT COMPOUNDS

Latent heats and temperatures of fusion, vaporisation and transition.
(If not stated otherwise, the values of the latent heats are for the temperatures of transition, fusion, evaporation or
sublimation, respectively. Boiling and sublimation points are for 1 atm pressure of the undissociated molecules).

Om,Oe, 05 or 6; Ly, Le, L, or Ly Om, e, 05 or 6 Ly, Le, L, or Ly
Compound °C kJmol~! Compound °C kJ mol !
Carbides Halides—continued
CHy O, —182.5 Ly, 0.938 CaCl, Om, 772 Ly, 285
6., —161.4 L., 8323 CaBr; O, 741 Ly, 28.9
FesC 6, 190 L;,0.75 Cal, Om, 779 Ly, (42)
O, 1227 Ly, 51.62 CdF, O, 1072 Ly, 22.6
Mn3;C 6, 1037 L, 15.1 0., 1750 Le, 2252
CdCl, Om, 568 Ly, 30.1
Halides 6, 961 Le, 1252
AgCl O, 455 Ly, 13.0 CdBr, O, 565 Ly, 33.5
6., 1564 L, 177.9 6., 863 L., 113.0
AgBr Om, 430 Ly,92 Cdl, Om, 390 Ly, 20.9
0., 1560 L., 1922 0., 796 L., 106.3
Agl Om, 557 Ly, 9.42 CeCl3 O, 817 Ly, 53.6
6., 1506 L., 144.24 CeBr3 O, 732 Ly, 519
Hex. — cub. Cels O, 760 Ly, 51.1
6,, 147 L, 6.07 CoCI, O, 740 Ly, 59.0
AlF3 0, 1280 L, 280.5 0., 1025 L., 1574
Al,Clg Om, 193 Ly, 71.2 CrCly O, 815 Ly,31.4
65, 160 L, 111.8 6., 1304 L., 198.9
AlyBrg Om, 97 Ly, 22.6 CrCls 65, 945 Lg,237.8
0., 255 L., 45.6 CsF Om, 703 L,,21.8
Allz Om, 191 L, 16.3 6., 1210 L, 155.7
6., 385 L., 64.5 CsCl O, 646 Ly, 20.5
AsF3; O, —6 Ly, 10.38 6., 1300 Le, 159.9
6, 58 L.,29.7 6;, 469 L;,2.5
AsFs Om, —80 Ly, 11.47 CsBr Om, 636 Ly, 23.66
0e, —53 L., 209 0., 1300 L, 150.7
AsCl3 Om, —16 Ly, 10.13 Csl O, 621 Ly, 239
6, 130 L., 314 6., 1280 L., 150.3
AsBr3 Om, 31 Ly, 11.7 CuCl O, 430 Ly, 7.5
0,221 Le, 47.7 CuBr O, 488 Ly, (9.6)
Asls Om, 142 Ly,,92 Cul Om, 588 Ly, (10.9)
6., 424 L, 59.5 FeCl, O, 677 Ly, 43.1
BaF, Om, 1290 Ly, 28.5 6., 1026 L., 126.4
6.,2382 L.,270 FeCls Om, 304 Ly, (43.1)
BaCl, Om, 962 Ly, 16.7 0., 315 Le, 60.7 (FeaClg)
6,922 L, 17.2 Fel, 6,375 L;,0.83
BaBr, O, 854 Ly,314 O, 590 Ly, 44.8
Bal, O, 711 Ly, 264 6, 935 L, 111.8
BeCl, O, 415 Ly, 8.7 GaCls Om, 78 Ly, 11.5
0;,403 Ly, 16.8 0., 302 L., 62.8
6., 532 L., 104.7 Ga,Clg 6., 201 L.,44.0
BeBr, O, 488 Ly, 18.9 GaBr3 O, 122 Ly, 11.7
6., 511 L., 100.0 6.,314 L., 58.6
65, 473 L, 125.6 GayBrg 00,292 L., 50.2
Bel, Om, 480 Ly, 209 Gals O, 212 Ly, 163
6., 482 L, 96.3 6., 349 L., 67.8
65, 488 Ly, (79.5) Gaylg 6., 462 L., 82.5
BiCl3 O, 230 Ly, 239 GeCly 0., 84 Le,294
0., 441 L., 724 GeBry 0., 189 L, 36.0
BiBr3 O, 218 Ly, 218 HF Om, —83 Ly,3.94
6., 461 L., 754 HCI O, —114.2 Ly, 1.99
CF4 O, —183.6 Ly, 0.701 6., —85.1 L., 16.161
0., —151 L, 13.063 HBr O, —86.9 Ly, 2.407
CBry Om, 90 Ly, 3.957 0., —67 L, 17.626
0, 47 L, 595 HI Om, —50.8 Ly, 2.872
6, 190 L.,44.4 6., —35.4 L., 19.778
CCly O, —23 Ly, 251 HfCly 6,316 L, 99.65
0., 77 L, 30.6 HgCly O, 278 Ly, 19.47
CaF, Om, 1418 Ly, 29.7 0., 304 L., 59.0
6.,2510 L, 3122 HgBr, Om, 238 Ly, 18.0
6, 1151 L;,4.77 6,319 Le, 59.0

(continued)
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Table 8.3 OTHER METALLURGICALLY IMPORTANT COMPOUNDS—continued

Om, e, b5 or 6; Ly, Le, L, or Ly

Om, e, 05 or 0;

Ly, Le, L, or Ly

Compound °C kJmol~! Compound °C kJmol~!
Halides—continued Halides—continued
Hgl, (yellow) Om, 250 L, 18.8 OsFg O, 33 Ly, 7.5
yellow — red 6,,47.5 L., 28.1
0,127 L, 2.72 PCl3 Oy —92 L, 4.5
Hgly (red) Om, 256 Ly, 193 0, 74 L, 30.6
e, 354 Ly, 59.9 PCls 05, 163 Ly, 64.9
InCl O, 225 Ly, 9.2 PBr3 0, 174 Le,39.8
0., 608 L., 884 PbF, O, 818 Ly, 174
InCl3 05, 498 L, 1583 6., 1293 L, 160.4
InBr Om, 275 L,,243 PbCly O, 498 Ly,243
e, 660 Le, 95.0 6., 954 Le, 1239
InBr; e, 630 Le, 82.5 PbBr; Om, 370 Ly, 18.0
InBr; 05,371 L, 108.4 0., 914 L., 116.0
Inl Om, 365 Ly,22.4 Pbl, O, 410 L, 16.2
e, 770 L., 96.7 0., 872 L., 103.8
IrFg O, 44 Ly, 5.0 PdCl, O, 678 Ly, 184
e, 53 L., 272 PrCl; O, 786 Ly, 50.7
KF Om, 857 Ly, 28.26 PrBr3 O, 693 L,,47.3
0, 1510 L., 186.7 Prl3 Om, 735 Ly,532
KClI Om, 772 Ly, 26.6 PuF; Om, 1426 Ly, (59.9)
e, 1407 L., 162.4 0,, (2120) Ly, (321)
KBr O, 740 Ly, 25.6 PuFg O, 52 Ly, 17.6
0., 1383 L., 1553 6., 62 L, 30.1
KI O, 685 Ly, 24.07 PuCl3 Om, 760 Ly, 63.6
e, 1330 Le, 1453 6., 1790 L, 186
LiF O, 848 Ly,26.8 PuBr3 O, 681 Ly, 51.5
0., 1681 L., 214 0., 1460 L., 193
LiCl Om, 610 Ly, 19.89 RbF Om, 775 Ly, 23.0
0, 1382 L, 150.7 6., 1390 L, 177.9
LiBr Om, 550 Ly, 17.6 RbCl O, 717 Ly, (21)
0, 1310 L., 148.2 0., 1381 Le, 165.8
Lil O, 469 Ly, 14.7 RbBr O, 682 Ly, (18.4)
0., 1171 Le, 170.8 6., 1352 Le, 1549
MgF; Om, 1263 Ly, 582 RbI O, 641 —
0e, 2332 L, 292.2 0., 1304 Le, 150.7
MgCl, O, 714 Ly, 43.1 ReFs 0,221 L, 582
0., 1418 L., 136.9 ReFg Oy 19 Ly,42
MnCl, Om, 650 Ly, 37.7 0., 34 L., 285
0, 1190 L., 1239 ReF7 0., 48 Ly, 7.5
MoFs 0e, 214 Le, 519 0., 74 Le, 36.0
MoF¢ O, 17 Ly,42 SF¢ O, —51 Ly,59
0., 34 Le,28.1 65, —64 —
MoCls Om, 194 Ly, 34 S>Cl, Om, —80 —
e, 268 L, 68.8 0., 138 L., 364
NaF Om» 992 Ly, 32.7 SbCls O, 73 Ly, 12.6
0., 1710 Le,216.9 0,219 L.,43.5
NaCl Om, 801 Ly, 28.1 SbCls Om, 2 Ly, (10.5)
e, 1465 L, 170.4 SbBr3; Om, 97 Ly, 14.7
NaBr Om, 750 Ly, 262 6., 280 Le, (59.0)
0, 1392 Le, 38.0 Sbls O, 170 Ly, 17.6
Nal O, 660 Ly,23.7 6,401 L, 68.7
0., 1304 Le, 159.5 ScCl3 Om, 966 Ly, 674
NbFs Om, 77 Ly, 12.1 0., 967 Ly, 272.1
e, 233 L, 523 SeFg O, —34 Ly, (8.4)
NbCls O, 205 Ly, 28.9 05, —46 Ly, 26.8
0e, 250 L., 54.8 SiF4 65, —95 Lg,25.8
NdCl3 Om, 760 Ly, 502 SiCly Om, —70 L, 7.75
NdBr3 O, 684 Ly, 452 0, 57 L., 289
NH4Cl 0;, 184 L, 43 SiBry 0, 153 L, 38.1
NH4Br 0;, 138 L, 32 Sily 6,301 L, 50.2
NiCl, Om, 1030 Ly, 77.5 SnCl, O, 247 Ly, 12.77
NiCl, 05,970 L, 2253 0., 652 L., 829
NiBr; 05,919 Ly, 224.8 SnCly Om, —33 Ly, 9.2
NpFs O, 54 Ly, 17.6 0, 115 Le, 339
e, 55 L, 30.1 SnBr, O, 232 L.,98.4
OsFs 0e, 226 Le, 65.7 6., 639 Ly, (7.5)

(continued)
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Table 8.3 OTHER METALLURGICALLY IMPORTANT COMPOUNDS—continued

Om, e, b5 or 6;

Ly, Le,Lg, or Ly

Om, e, O or 6

Ly, Le,Lg, or Ly

Compound °C kJmol~! Compound °C kJmol~!
Halides—continued
SnBry Om, 30 L, 12.6 ZnBr; O, 402 Ly, 15.7
6., 205 L.,41.0 6,, 650 L., 984
Snl, O, 320 Znl, O, 446 Ly, (18.8)
O, 714 L, 99.6 6., 727 L., 96
Snly e, 145 Ly, 19.3 ZrFy 65, 908 L, 2324
0., 348 L., 50.2 ZrCly 6y, 334 Lg, 103.8
SrF; Om, 1477 Ly, 18.4 Z1Bry 65, 356 L, 108.0
0, 2480 Le,297.2 Zrly 6,431 L, 121.4
SrCly O, 874 Ly, 159
SrCly 0;, 730 L, 5.0 Nitrides
SrBrp Om, 657 Ly, 10.5 MgzN, 6y, 550 L;,0.46
0;, 645 L, 12.1 6;, 788 L;,0.92
Srl, O, 538 Ly, 19.7
TaCls Om, 217 Ly, 36.8 Oxides
e, 234 L., 502 As406 6, —33 L, 5.7
TaBrs Om, 269 Ly, 45.6 O, 309 Ly, 36.8
6., 347 L, 62.4 6., 459 L,59.9
Tals O, 497 — BeO O, 2580 80.8
Oe, 543 L., 75.8 6.,4120 L., 471.0
TeF4 Om, 130 Ly, 268 Cdo 65, 1559 Ly, 251
TeCl, e, 322 L., 64.1 Fep 950 Om, 1378 Ly, 31.0
TeCly O, 224 Ly, 18.8 Fe304 O, 1597 Ly, 138.2
e, 392 L., 70.3 H,O Om, 0 Ly, 6.016
ThCly Om, 770 — 6., 100 L., 41.11
0., 921 L., 152.8 MgO Om, 2 825 Ly, 77.0
ThBr4 O, 679 Ly, 544 MnO Om, 1875 Ly, 54
6., 857 L., 144.4 Mn3 04 6, 1172 L;,20.3
Thly O, 566 Ly,48.1 MoO3 O, 795 L,,484
0Oe, 837 L., 1319 6., 1100 L, 192.6
TiF4 05,283 L, 90.0 NbO, 6, 817 Le,2.9
TiCly O, —25 Ly, 937 0s04 (white) O, 42 Ly, 9.6
0., 136 L., 36.22 6, 130 L., 39.57
TiBry Om, 39 Ly, 13.0 P4O¢ 6., 175 L., 43.5
e, 233 L., 444 PbO (yellow) Om, 886 Ly,29.3
Til, 65, 1170 Ly, 222.7 6., 1470 L, (214.8)
Tily Om, 154 Ly, 19.8 Rey 07 O, 298 Ly, 64.1
0., 377 Le, 56.1 6,363 L., 754
TIF e, 700 L, 116.0 SO, Om, —75.5 Ly, 7.5
TIC1 Om, 430 Ly,15.9 6., —10 L., 2495
0., 816 L., 103.6 SO3 Om, 17 (@) Ly, 2.1
TIBr O, 460 Ly, 163 6, 52 () Ly, 66.6
6., 825 L., 103.4 SbsO¢ 6,570 L, (14.2)
TII 0., 845 L., 103.8 O, 656 Ly, 109.9
O, 440 Ly, 14.8 0., 1425 Ly, 214.4 (m.p.)
UF4 Om, 1036 Ly, 42.7 SeO; 6,316 Ly, (102.6)
6., 1457 Le,221.9 SiO; 6,250 L, 1.3
UFs O, 64 Ly, 193 (cristobalite) Om, 1713 Ly, 10.9
05, 57 L, 48.1 SnO; 6,410 Ly, 1.88
UCly Om, 590 Ly, 44.8 0;, 540 Ly, 1.26
0., 789 L., 141.5 SrO O, 2460 Ly, 523 (25°C)
UBr4 O, 519 Ly, 553 Tcy07 O, 119 Ly, 48.1
0, 777 L, 113.5 6., 312 L, 58.6
VFs 0.,48.3 L., 46.5 TeO, Om, 733 Lg,237.8 (m.p.)
VCly e, 160 L, 33.1 TiO 6,991 L;,3.43
WFq Om, 0 Ly, 1.76 TizOs 6,177 L;,9.38
0, 17 L., 26.6 VO, O, 1550 Ly, 56.9
WCls e, 298 L, 52.8 6;, 67 L, 4.29
Om, 240 Ly, (17.6) V,0s5 Om, 670 Ly, 653
WClg Om, 282 Ly, 6.7 WO3 Om, 1473 Ly, 456 (m.p.)
6., 337 L., 582 71O, 6, 1175 L;,59
ZnF, O, 875 Ly,41.8
e, 1500 L, 184.2 Sulphides
ZnCl, Om, 318 Ly, 10.5 Ag>rS 6, 176; 586 L, 5.9;,—
e, 732 L., 119.3 O, 830 Ly, 11.3

(continued)
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Table 8.3 OTHER METALLURGICALLY IMPORTANT COMPOUNDS—continued

Om» e, 05 o1 6; L, Le, Ls, or Ly

Om, e, 05 or 0y Ly, Le, L, or Ly

Compound °C kJmol~! Compound °C kJmol~!
Sulphides—continued Sulphides—continued
cS, 0,, 452 L., 272 HgS 6,, 345 L, 42
CusS 6,, 103 L;,3.85 H,S O, —85.3 Ly, 2.43
0;, 350 L, 0.8 0., —60.2 L, 18.686
Om, 1130 Ly, 109 MnS Om, 1530 Ly, 26.8
FeS 0;, 138 L, 2.39
6;,325 L,,0.50 Na,$S O, 978 Lo, (6.91)
O, 1195 Lo, 32.36 SbaSe O, 550 L, 126.3 (25°C)
GeS O, 615 Ly, 214 — Ly, 214.4 (m.p.)
6y, 760 Lg, 1453 ZnS 6, 1020 L, (13.4)
8.3 Heat, entropy and free energy of formation
Table 8.4 ELEMENTS
Standard entropies.
5208 5298 8298
Element JK! Element JK! Element JK!
Ag 42.7 Hf 44.0 Rh 31.8
Al 28.34 Hg 76.20 Ru 28.5
As 352 I 58.6 S (thomb.) 31.90
Au 47.39 In 58.2
B (cryst.) 59 S (monocl.) 32.57
Ir 35.6 S» (gas) 227.8
Ba (67.8) K 63.6 S4 (gas) 306.1
Be 9.50 La 56.9 Se (gas) 376.0
Bi 56.9 Li 29.1 Sg (gas) 471.4
Br, (lig.) 1524 Mg 325
C (graph.) 5.69 Sb 45.6
Mn 31.82 Sc 34.3
Ca 41.66 Mo 28.6 Se (met.) 423
Cd 51.5 Na 191.63 Si 18.8
Ce 64.1 Na 51.29 Sm 69.5
Clp 223.24 Nb 36.55
Co 30.06 Sn 51.5
Nd 73.3 Ta 41.4
Cr 239 Ni 29.81 Te 49.61
Cs 82.9 0, 205.24 Th 53.42
Cu 33.37 Os 32.7 Ti 30.31
Dy 74.9 P (yellow) 44.17
Er 73.3 Tl 64.27
Pb 64.9 U 50.2
) 203.1 Pd 37.89 \Y% 29.3
Fe 27.2 Pr 73.3 w 33.5
Ga 41.0 Pt 41.9 Y 44.4
Gd 66.2 Pu 51.5
Ge 31.19 Zn 41.7
Rb 76.6 Zr 38.9
Hy 130.75 Re 37.3
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Table 8.5a INTERMETALLIC COMPOUNDS

Heats of formation in kJ and standard entropies.

—AH
$298

Phase or compound kJ g-atom ™! kImol~! JK~ ! mol~!
Ag—Au See Table 8.5¢ —
Ag-Cd See Table 8.5¢ —
Ag—Zn See Table 8.5¢ —
AbAu (o) 42.1 126.4 —
AlAu (B) 38.7 77.4 —
AlAu; (y) 349 104.7 —
AlCa — 218.5 138.1
AlyCa — 216.8 85.4
AlyCo (y) 322 — —
AlsCo;y (¢) 42.0 — —
AlCo (&) 55.2 — —
Al;Cr (0) 13.4 — —
Al]]Cl‘z (7}) 15.1 - -
Al4Cr (¢) 17.2 — —
AlgCr4 (y4) 15.9 - —
AlgCI‘5 ()/2) 15.1 — —
AlCr; (B) 10.9 — —
AlyCu () 13.4 — —
AlCu (12) 20.0 — —
AlCu; (y) 23.0 — —
Al-Fe See Table 8.5¢ —
AlgLa (B) 352 — —
Al La — 150.7 98.8
AlAs — 122.6 60.3
AlSb — 50.2 65.0
Al3Ni (¢) 37.7 150.7 110.7
Al3Nij (8) 56.5 282.6 136.5
AINi (B) 59.2 118.5 54.1
AlNi3 (o) 37.7 150.8 113.8
Al4Pu 36.2 181.0 —
Al3Pu 452 180.8 —
AlyPu 473 141.9 —
Al3Ti (y) 35.6 142.3 94.6
AlTi () 37.0 — 523
AlTi3 (e) 27.6 — —
Al4U 26.0 129.7 163.3
Al U 28.6 1143 136.0
AlLU 329 98.8 106.7
ALV (§) 27.6 — _
AsIn — 57.8 74.7
An-Cd See Table 8.5¢ —
Au—Cu See Table 8.5¢ —
Au-Ni See Table 8.5¢ —
Au-Pb See Table 8.5¢ —
AuSb, — 19.5 119.3
AuSn See Table 8.5¢ —
AuzZn (a) (18.0) — —
AuZn (B) (26.0) — —
Ba3812 — 670 —
BaMg; (B) 2.1 6.3 —
BayPb 97.6 293.0 —
BaPb 75.0 150.0 —
BaPbs 44.0 176.0 —
BazSby 146.5 733 —
BaySn — 377.0 126.8
BaSn3 — 194.6 188.0
BiyCas — 528.0 117.9

(continued)
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Table 8.5a INTERMETALLIC COMPOUNDS—continued

—AH
S298

Phase or compound kJ g-atom ™! kJmol~! JK~"mol~!
BiKj3 — 226.5 198.0
BiMn 9.8 19.7 —
BiNa 327 65.3 109.6
BiNaj 47.6 190.5 160.0
BiNi 3.9 7.8 88.3
Bi-Tl See Table 8.5¢ —
CaCds 314 126.0 —
CaMgy — 39.3 —
CayPb — 215.6 105.5
CaPb — 119.7 80.8
CazSby — 728.4 157.4
CaySu — 314 100.5
CaSn — 159.0 70.7
CaSn3 — 180.0 —
CaTl 81.6 163.2 —
CaZn (8) 36.6 73.2 66.6
CaZny 31.4 94.2 101.7
CaZns (&) 23.0 138.1 —
Cd-Hg See Table 8.5¢ —
Cd-Mg See Table 8.5¢ —
Cd-Sb See Table 8.5¢ —
CdzAs) — 38.1 207.2
CdgNa (B) 7.5 — —
Cd;Na (y) 11.7 — —
CeMg (B) 8.0 — —
CosAs) — 111.3 223.1
CorAs 18.8 56.5 96.3
CozAs) — 113.8 160.3
CoAs — 56.9 64.5
CopAs;3 — 144.0 164.1
CoAsy — 92.1 92.9
CoSb (y) 20.9 41.8 70.7
CoSby(x = 0.74 — 0.96)
CoSn 14.7 29.3 71.6
Cr-Ni See Table 8.5¢ —
CrTa 9.0 27.0 88.1
Cuzlns (8) 8.5 — —
Cuzln (1) 8.0 — —
Cu-Mg See Table 8.5¢ —
Cu-Pt See Table 8.5¢ —
Cuy1Sbz (1) 0.26 — —
CugSb; (¢) 0.54 — —
Cu,Sb () 42 — —
Cusz1Sng(8) 5.36 — —
Cu3Sn(e) 7.5 — —
Fe—Ni See Table 8.5¢ —
FeyPu(¢) 9.1 27.3 —
FeSby(¢) 9.6) — —
FeTi(¢e) 20.3 40.6 —
Fe,U(e) 10.9 32.2 —
GaAs — 81.6 64.2
GaSb — 41.9 77.4
GeU See Table 8.5¢ —
HggK 11.6 104.6 —
HgsK 18.0 90.0 —
HgzK 20.9 83.6 —
HgxK 38.7 77.4 —

(continued)
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Table 8.5a INTERMETALLIC COMPOUNDS—continued

—AH
S298

Phase or compound kJ g-atom ™! kJmol~! JK~"mol~!
HgK 28.1 56.1 —
HgsLi 28.2 113.0 —
HgyLi 34.8 104.4 —
HgLi 44.0 88.0 —
HgsNa 16.7 83.5 —
HgNa 214 42.7 —
HgyNas 18.8 94.4 —
HgyNas 134 93.8 —
HgNaz 11.7 46.9 —
HgsTl See Table 8.5¢ —
InSb — 31.1 87.7
KNaj See Table 8.5¢ —
K3Bi 56.6 226.4 —
K3Sb 47.1 188.4 —
KTI 28.3 56.5 —
LaMg(¢) 9.0 18.0 —
LisPb(y) 35.2 — —
LiPb(¢) 30.6 — —
Li3Bi — 2323 —
Li3Sb — 180.0 —
LiTl — 153.6 —
BLi-Sn 39.3 — —
LisSny(8) 40.2 — —
LiSn(¢) 35.1 — —
Mg, Ge — 115.2 73.0
Mg, Sn — 80.6 101.5
Mg, Pb — 48.1 119.3
Mg3Sby — 300.1 136.7
Mg3Bi; 253 126.8 191.9
Mg, Ni 17.3 51.9 95.0
MgNiy 18.8 56.5 88.7
MgZn(y) 10.5 — _
MgZnj(¢) 10.9 — —
MgzZny1(8) 10.0 — —
MnAs — 573 —
Mn; Sb — 32.6 136.9
NazAs — 217.7 —
Na3Sb — 197.6 176.2
NaSb — 66.2 99.8
Na3Bi — 190.5 (160)
NaBi — 65.3 (110)
NasSn 11.7 58.6 —
Na,Sn 20.1 60.3 —
NaSn 25.1 50.2 —
Na-Pb See Table 8.5¢ —
NaTl See Table 8.5¢ —
NbCr; — 20.9 83.7
NbFe; — 61.5 75.3
NbNi(y) 22.6 — —
NbNi3(8) 31.8 — —
Ni;Ge — 110.1 90.8
NiAs — 72.0 51.9
Ni3Sb(8) 18.8 — —
NisSby(8') 21.8 — —
NiSb(y) 33.1 66.2 78.3
NiSba(e) 24.7 — —
NizSn(f8) 252 103.0 131.4

(continued)
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Table 8.5a INTERMETALLIC COMPOUNDS—continued

—AH
S298
Phase or compound kJ g-atom ™! kJmol~! JK~'mol~!
NizSna(y) 38.5 192.3 173.7
Ni3Sny(8) 33.7 235.7 257.9
NisTi 35.1 140.3 104.6
NiTi 333 66.6 53.2
NiTi, 27.9 83.7 83.6
Pb-TI See Table 8.5¢ —
Pb-U See Table 8.5¢ —
Sb-Zn See Table 8.5¢ —
TaFe, — 57.8 106.7
ThRe; — 174.1 123.7
ThMg, — 31.4 92.5
UCd;; — 45.6 583.5
UFe, — 322 104.7
URh;3 — 259.5 148.2
URu3 — 217.6 108.4
Table 8.5b SELENIDES AND TELLURIDES
Heats of formation in kJ and standard entropies.
—AH S$208 Accuracy
Compound kJmol~! JK-! kJ
AgySe 435 150.3 1
AgrTe 36.0 153.6 0.5
Al Se3 540.0 157.0 15
AlyTes 319.0 188.4 4
AsySes 102.6 194.6 18
AsyTes 37.7 226.5 7
AuTe, 18.6 141.8 3
BaSe 393.5 89.6 40
BaTe 269.6 99.6 30
BiSes 140.2 240.0 4
BiyTe 78.3 261.2 4
CaSe 368.4 69.1 25
CaTe 272.1 80.8 33
CdSe 144.8 83.3 14
CdTe 101.8 93.1 1
Cu,Se 65.3 129.8 7
CuSe 41.9 78.3 5
Cu,Te 41.9 134.8 11
FeSeo.96 67.0 69.2 7
FeSe1 14 66.1 87.7 4
Fe3Seq 212.2 280.0 3
FeTeo.9 23.0 80.2 4
FeTe; 72.0 100.3 5
GaSe 161.2 70.3 11
Ga,Ses 406.0 192.1 17
GaTe 123.5 85.4 11
Ga,Tes 272.1 2227 13
GeSe 69.1 87.5 13
GeSe, 113.0 112.6 21
GeTe 327 89.2 13
H,Se(g) —29.3 218.9 1.3
HzTe(g) —99.6 229.0 0.9

(continued)
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Table 8.5b  SELENIDES AND TELLURIDES—continued

—AH S$208 Accuracy
Compound kJmol~! JK-! kJ
HgSe 433 100.9 15
HgTe 31.8 113.0 45
InSe 118.0 81.6 13
InySes 326.5 2013 17
In,Te 79.5 157.0 2
InTe 72.0 105.7 2
In,Tes 191.7 238.6 3
In, Tes 191.7 — 2.5
K;Se 372.6 — 2.5
La,Ses 933.5 202.3 21
LasTes 784.9 223.4 25
LiySe 401.8 71.2 40
Li,Te 355.8 77.4 —
MgSe 272.9 62.8 17
MgTe 209.3 74.5 21
MnSe 154.9 90.8 11
MnTe 111.3 93.8 9
MnTe; 125.6 145.0 40
Na,Se 3432 — 13
NaSe 194.2 62.8 21
Na,Te 343.2 94.6 25
NaTe 1733 83.7 11
NaTes 210.6 145.3 21
NiSe; o5 749 752 4
NiSey 143 79.7 77.2 2.5
NiTe 35.7 80.1 2
PbSe 99.6 102.6 4
PbTe 69.1 110.1 1
PtsSeq 265.4 327.3 25
Re,Tes 122.6 253.3 25
SbaSes 127.7 211.4 5
SbyTes 56.5 246.1 2
SiSe; 146.5 94.2 40
SnSe 88.7 86.2 7
SnSe; 124.7 118.0 5
SnTe 60.7 98.8 1.5
SrTe 397.7 80.8 38
SrTe 259.5 — 25
Tl,Se 94.2 173.7 2.5
TISe 61.3 102.6 1.5
Tl Te 80.4 174.1 12
Use 275.9 96.6 21
ZnSe 159.1 70.3 9
ZnTe 119.3 78.2 1

The above values of the heat of formation AH were measured calorimetrically at room temperature
or at about 600°C, or have been calculated from measurements of vapour pressure or electromotive
force at different temperatures. They are probably correct to within £10%. As the molar heats of
alloys are obtained nearly additively from the atomic heats of the components (Neumann and Kopp’s
rule) all the heats of formation (even if measured at higher temperatures) are probably valid also
at room temperature within the limits of error mentioned above. The formulae of the compounds
are given only to indicate composition, independent of whether the phases form a broad or narrow
homogeneous field, or are ordered or disordered.
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Table 8.5¢

INTERMETALLIC PHASES

Heats, entropies and free energies of formation.

Temp. —AH —AG AS
Phase N> °C kJ g-atom ™! kJ g-atom ™! JK~! g-atom™! Remarks
Ag—Au, s.s. 0.55 600 4.02 8.08 5.02
aAg-Cd 0.40 400 7.16 — 4.15
&Ag-Cd 0.564 400 6.78 — 4.52
BAg—Cd 0.494 450 6.62 — —
y Ag-Cd 0.60 400 8.37 — 1.88 Cd solid
&£ Ag-Cd 0.70 400 6.45 — 2.85
AgMg 0.50 500 19.47 17.08 1.38
Ag-Pd, s.s. 0.40 727 5.65 — —2.09
BAg—Zn 0.50 600 3.14 10.34 8.25 Zn solid
¢ Ag—Zn 0.50 51 6.45 — —
y Ag—Zn 0.612 600 4.48 10.09 6.41 Zn solid
0 Al-Fe 0.26 900 28.1 — —3.94
n Al-Fe 0.30 900 28.26 — —3.56 Al solid
¢ Al-Fe 0.33 900 272 — —2.34
AlFe 0.50 900 272 — 0.13
a Al-Zn 0.20 380 —4.02 — 7.45
o Au-Cd 0.35 427 17.38 15.78 —2.26
B Au-Cd 0.50 427 21.35 18.42 —4.19 Cd liquid
§ Au-Cd 0.62 427 19.05 16.20 —3.48
& Au—Cd 0.70 427 19.26 15.83 —4.90
Au—Cu, s.s. 0.58 500 5.32 9.67 5.65
AuzCu 0.26 25 4.02 4.90 2.97
AuCu I 0.50 25 8.96 8.96 0.00
AuCu II 0.50 400 6.03 8.79 4.10
AuCus 0.75 25 6.87 7.24 1.26
AuNi, s.s. 0.53 877 -7.5 — 8.71
AuyPb 0.33 227 —0.96 1.34 4.61
AuPb; 0.67 227 2.09 1.80 —0.72
AuSn 0.50 25 15.24 — —0.23
Bi-Tl, § 0.47 150 2.81 5.28 5.86
Bi-TL, y 0.80 150 3.18 5.15 4.69
Bi,U 0.333 25 342 — —3.93
Bis U3 0.43 25 38.1 — -5.0
BiU 0.50 25 36.8 — —4.96
p Cd-Hg 0.50 25 4.35 4.06 —0.92 Hg liquid
Cd-Mg, s.s. 0.50 270 5.61 7.96 435
Cd3;Mg 0.25 25 5.19 5.19 —0.04
CdMg 0.50 25 8.37 8.08 —1.05
CdMg3 0.75 25 5.65 5.61 —0.17
CdSb 0.50 25 6.67 6.42 —0.86
CdTe 0.50 20 50.9 49.7 —4.12
CeHgy 0.80 342 66.6 7.54 —96.13 Hg gas
o Co-Fe, s.s. 0.50 870 6.6 — —
o Cr-Fe, s.s. 0.50 1280 -59 —7.63 8.42
o Cr-Fe 0.55 750 —4.73 — 6.91
Cr-Mo, s.s. 0.47 1400 —7.24 — 7.70
Cr-Ni, f.c.c. 0.50 1265 —6.70 — 9.21
CuyMg 0.333 25 11.18 — —8.4
CuMg, 0.667 25 9.6 — —
Cu—Ni, s.s. 0.65 700 —1.84 — 4.40
Cu-Pd, s.s. 0.40 640 12.6 — —5.32
Cu-Pt, s.s. 0.50 640 15.5 — —4.15
Cu,Sb 0.33 25 42 — —3.56
a Cu-Zn 0.39 25 9.38 10.22 2.81
B Cu-Zn 0.50 — 9.17 — 4.19

(continued)
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Table 8.5¢ INTERMETALLIC PHASES—continued

Temp. —AH —AG AS
Phase Ny °C kJ g-atom ™! kJ g-atom ™! JK~! g-atom™! Remarks
B’ Cu-Zn 0.50 25 11.72 12.14 1.47
y Cu—Zn 0.615 — 12.35 — 0.54
& Cu—Zn 0.79 25 7.20 7.49 1.00
y Fe-Mn 0.5 1127 5.0 — —
y Fe-Ni,s.s.  0.65 1000 435 — 3.60
FeSb, 0.67 560 3.4 — —0.8
GezU 0.25 1100 26.8 — —1.47
Ge,U 0.33 1100 29.3 — -1.3
GesUsz 0.375 1100 30.2 — —1.3
GeU 0.50 1100 30.77 — —1.09
Ge3Us 0.625 1050 29.48 — —0.38
y Hg-Tl 0.286 -59 —0.29 1.05 6.45
B In-Sn 0.42 100 2.1 — —
KNay 0.667 25 —-0.75 0.63 4.61 NayK, Na, K: liquid

0.667 25 —0.04 0.29 1.13 NayK, Na, K: solid
NasPb, 0.286 25 20.5 — —6.7
NagPby 0.31 25 20.9 — —6.3
NaPb 0.50 25 23.0 — —8.8
NaPbs 0.714 25 13.8 — —2.1
NaTl 0.50 25 16.54 — —3.98
a Pb-T1 0.50 250 1.80 4.19 4.56
B-Pb-T1 0.85 270 2.81 2.81 0.0
PbsU 0.25 700 19.7 — —-0.4 } Pb solid
PbU 0.50 700 18.8 —1.3
SbZn 0.50 25 9.52 8.85 —2.26
SnzU 0.25 950 239 —0.63
i

SnsUs 0375 950 272 ~1.17 Sn solid
Sny U3 0.60 1000 26.8 — —1.05
ThyZn 0.333 700 22.2 15.5 —7.75
ThZn; 0.667 700 40.2 25.5 —15.1
ThZny 0.80 700 38.5 23.0 —15.1
ThyZny7 0.895 700 327 13.0 —16.96
UyZny7 0.895 700 243 7.5 —17.2
ZrZn 0.50 500 63.6 322 —40.6
ZrZn; 0.667 500 56.1 30.1 —33.5
ZrZn; 0.75 500 54.22 28.5 —33.29
ZrZng 0.86 500 40.6 18.8 —28.26
ZrZn4 0.933 500 28.1 9.42 —24.07

AS = entropy of formation.

N> =mol fraction of second component.

s.s. = solid solution.

8.4 Metallic systems of unlimited mutual solubility

While mutual solubility in the solid state is usually limited, that in the liquid state is frequently
unlimited. Thus, the curves of concentration against integral heat, free energy and entropy of forma-
tion are convex with a maximum or a minimum. The thermochemical values at the concentrations
corresponding to these maxima and minima are given in Table 8.6.

According to van Laar the form of the heat of mixing curve may be represented by

AH =

aNy(1 — Ny)

1+b-N,

where N, is the mol fraction of the second component and a and b are constants for each binary

system.
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For a system, completely disordered, the entropy of formation is often represented by this equation:
AS = —19.155(N; log Ni + N, log N») JK™! g-atom ™!
which has a maximum value of 5.78 JK~! at N; = N, = 0.5. Some deviations from this value may

be due to experimental errors, but others are real.
For more detailed discussions see refs 1-3.

Table 8.6 LIQUID BINARY METALLIC SYSTEMS

Heats and entropies of formation.

Heat of formation Entropy of formation
AHmax ASmax
System °C Ny Jg-atom™! Ny JK~! g-atom™!
Ag-Al 1000 0.30 —6410 0.60 7.58
Ag-Au 1077 0.50 —5150 0.50 3.81
Ag-Bi 727* 0.75 1700 0.50 6.17
Ag—Cu 1150 0.45 4260 0.50 6.27
Ag-In 827* 0.32 —5680 0.70 3.82
Ag-Mg 1050 0.50 1215 — —
Ag-Pb 1000 0.53 3720 0.47 7.62
Ag-Sb 977 0.20 —3120 0.52 8.37
Ag-Sn 977 0.19 —3220 0.56 6.68
Ag-Tl 702* 0.56 2510 0.50 6.32
Al-Bi 900 0.40 7340 — —
Al-Cu 1100 0.60 —9435 0.60 9.25
Al-Ga 750 0.40 670 0.50 6.10
Al-Ge 927 0.53 —3915 0.50 6.20
Al-In 900 0.45 5735 0.50 6.36
Al-Mg 800 0.45 —3390 0.50 4.94
Al-Sn 700 0.45 4100 0.50 6.99
Al-Zn 727 0.51 2575 0.50 6.71
Au-Bi 700* 0.50 625 0.50 6.97
Au-Cu 1277 0.53 —4400 0.53 6.90
Au-Pb 927+ ’ 0.40 ~795 0.50 7.54
0.90 260

Au-Sn 550%* 0.45 —11595 0.42 7.91
Au-T1 700%* 0.50 140 0.50 7.86
Au—Zn 807* 0.52 —22810 0.25 4.50
Bi-Cd 500 0.65 880 0.52 7.25
Bi-Cu 927* 0.60 5420 0.50 7.59
Bi-Hg 321 0.70 555 0.50 5.55
Bi-In 627 0.55 —185 0.50 5.87
Bi-Pb 427 0.50 —1100 0.50 5.94
Bi-Sb 927 0.50 560 0.50 8.15
Bi-Sn 327 0.50 105 0.50 5.48
Bi-Tl 477 0.62 —4580 0.50 6.67
Bi-Zn 600 0.58 4685 0.50 7.85
Cd-Ga 427 0.50 2665 0.50 5.73
Cd-Hg 327 0.50 —2625 0.43 5.28
Cd-In 527 0.46 1435 0.50 6.32
Cd-Mg 650 0.50 —-5615 0.50 4.72
Cd-Pb 500 0.45 2665 0.45 6.50
Cd-Sb 500" 0.47 —2035 0.50 6.92
Cd-Sn 500 0.43 1815 0.50 6.91

(continued)
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Table 8.6 LIQUID BINARY METALLIC SYSTEMS—continued

Heat of formation

Entropy of formation

AHmax ASmax
System °C N J g-atom™! N JK~! g-atom™!
Cd-TI 477 0.40 2300 0.50 6.78
Cd-Zn 527 0.50 2090 0.50 5.86
Co-Fe 1590 0.45 —2610 0.58 3.80
CsK 111 0.59 126 — —
Cs—Na 111 0.65 1020 — —
Cu-In 800* { 0.23 -3390 0.55 4.83
0.82 305
Cu-Mg 827* 0.44 10445 0.50 2.53
Cu-Pb 1200 0.45 6800 0.49 6.85
Cu-Sb 917% [ 0.25 [ —5660 0.55 8.20
0.90 345
0.25 —4150
Cu-Sn 1127 090 o1 0.54 8.16
Cu-TI 1300 0.50 8580 0.52 7.75
0.05 1.05
Fe-Si 1600 0.48 —37950 { 0.54 { —1.66
0.95 0.65
Ga—Zn 477 0.58 1610 0.50 6.80
Hg-In 25F 0.48 —2260 0.45 525
(0.04) (0.4)
Hg-Na 400 0.40 —20570 [ 0.39 { —4.57
0.12 0.71
0.20 505
Hg-Pb 327 { 0.83 { _160 0.50 4.60
Hg-Sn 177+ 0.40 905 0.50 5.17
Hg-Tl 310 0.28 —1130 — —
Hg-Zn 300t 0.33 440 0.42 4.89
In-Mg 700 0.60 —7300 — —
In-Pb 400 0.48 963 0.50 6.29
In-Sb 627 0.45 3300 0.50 6.51
In-Sn 427 0.45 —200 0.48 6.76
In-TI 500 0.42 575 0.50 5.48
In-Zn 427 0.58 3235 0.53 6.99
K-Na 111 0.40 737 0.50 5.66
Mg-Pb 700 0.40 —10050 0.53 521
Mg-Sn 500 0.40 —14650 — —
Mg-TI 650 0.40 —7040 0.57 6.66
Mg-Zn 700 0.60 —6490 — —
Na—Rb 111 0.42 1260 — —
0.05 0.34
Na-Pb 427 0.40 —17100 0.20 -2.85
[ 0.80 [ 2.26
Ni-Pd 1600 0.50 1200 0.50 5.41
Pb-Sb 632 0.55 -75 0.50 6.21
Pb-Sn 777 0.50 1370 0.55 4.81
Pb-Tl 500 0.55 —1090 0.50 522
Sb-Sn 632 0.50 —1390 0.50 6.08
Sn-TI 500 0.45 724 0.47 5.17
Sn-Zn 477 0.57 3220 0.54 7.93

N, =mol fraction of second component.
* or T indicates that the standard state for the first or second component, respectively, is the hypothetical supercooled liquid.
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Table 8.7a

Partial molar free energies (—AG) in kJ.

LIQUID BINARY METALLIC SYSTEMS AND SOME SOLID SOLUTIONS

For the solution of 1 g-atom of metal C in a theoretically infinite amount of alloy of concentration N,

(mole fraction of the dissolved metal), —AG is given in kJ.

System Metal C Temp. °C N¢: 0.1 0.2 0.3 0.5 0.8
Ag-Al (sol.) Al 449 37.36 s+s 20.33 S+s s+s
Ag—Al (liq.) Al 1000 51.81 36.57 23.40 8.73 2.26
Ag—Au (sol.) Ag 527 25.87 19.46 15.03 8.54 2.20
Ag—Au (liq.) Ag 1077 32.99 24.16 18.51 10.63 3.01
Ag—Cd (sol.) Cd* 400* 3487« 26.41a 19.01« 10.47¢ I+s
Ag-Cd (liq.) Cd 950 42.41 29.53 2091 10.03 2.40
Ag—Cu (liq.) Cu 1150 15.94 10.20 7.41 4.58 2.06
Ag—Hg (sol.) Hg* 227* 19.28« 12.32« 6.24a 1+s I1+s
Ag-Mg (sol.) Mg 500 63.56« 51.33a s+s 32578 1
Ag-Pb (lig.) Pb 1000 20.99 13.56 9.51 5.50 1.96
Ag-Pd (sol.) Ag 927 25.85 21.00 18.16 13.52 3.49
Ag-Sn (lig.) Sn 977 25.34 21.02 17.68 11.50 3.50
Ag-TI (liq.) Tl 702 s 1+s (5.31) 2.77 1.20
Ag—Zn (sol.) Zn* 600* 30.96c 26.04« 19.69 11.578 s+1
Al-Mg (liq.) Mg 800 31.26 21.21 14.97 7.42 2.01
Al-Zn (sol.) Zn 380 3.34 1.99 1.64 1.41 s+s
Al-Zn (liq.) Zn 727 13.52 8.88 6.78 4.42 1.45
Au-Bi (lig.) Bi 700 1+s 1+s 10.45 5.11 1.94
Au—Cd (sol.) Cd* 427* 51.92c 44.12a 35.1602 18.848 1
Au—Cd (lig.) Cd 727 s s (38.0) 19.05 3.33
Au—Cu (sol.) Cu 527 28.90 23.41 19.24 11.88 2.17
Au—Cu (lig.) Cu 1277 49.19 36.15 27.32 14.95 3.84
Au-—Fe (sol.) Fe 850 17.27 8.95 4.44 0.44 s+s
Au-Hg (sol.) Hg* 227* 9.41a 3.208 1+s 1+s 1+s
Au-Pb (liq.) Pb 927 1+s 23.71 17.34 9.15 2.83
Au-Sn (lig.) Sn 550 1+s 44.03 30.87 13.51 2.28
Au-TI (liq.) Tl 700 1+s 1+s (13) 8.00 2.19
Au—Zn (liq.) Zn 807 s 68.04 51.84 26.32 3.86
Bi—Cd (liq.) Cd 500 15.28 11.10 8.61 5.07 1.34
Bi-Hg (lig.) Hg 321 9.77 6.52 4.69 2.52 0.74
Bi—K (lig.) K 575 87.44 78.57 70.33 48.10 I+s
Bi-Mg (liq.) Mg 702 60.04 54.44 50.17 42.48 3.73
Bi—Pb (liq.) Pb 427 17.24 12.52 9.48 527 1.43
Bi-Sn (liq.) Sn 327 10.76 7.36 5.43 3.11 2.01
Bi-TI (liq.) Tl 477 25.15 21.10 17.73 10.90 2.50
Bi—Zn (liq.) Zn 600 9.96 5.61 3.35 1.01 0.21
Cd—Cu (liq.) Cu* 600* 16.01 12.34 10.22 6.60 I+s
Cd-Ga (liq.) Ga 427 4.71 2.92 1.96 1.28 0.77
Cd-In (liq.) In 527 11.37 8.15 6.35 3.84 1.34
Cd-Mg (sol.) Mg 270 24.45 19.38 15.57 7.87 1.42
Cd—Na (liq.) Na 400 21.30 11.42 6.21 2.02 0.76
Cd-Pb (liq.) Pb 500 7.30 491 3.83 2.62 1.15
Cd-Sb (liq.) Sb* 500* 24.62 18.97 14.19 6.29 1+s
Cd-Sn (liq.) Sn 500 11.62 7.96 5.97 3.62 1.33
Cd-Zn (liq.) Zn 527 8.88 5.62 4.18 2.53 1.04
Co—Fe (liq.) Fe 1590 30.29 21.09 16.05 10.21 3.65
Co—Fe (sol.) Co, Fe both solutes approx. ideal in y phase

Co—Pt (sol.) Pt 1000 64.59 48.82 37.08 19.75 435
Cr—Fe (solw) Cr 1327 23.75 16.60 12.82 8.10 2.70
Cr—Mo (sol.) Cr 1198 15.15 9.14 6.25 3.64 1.59
Cr—Ni (sol.) Cr 1277 35.768 21.398 12.248 5.798 [
Cr-V (sol.) Cr 1277 37.96 28.36 22.66 14.17 3.88
Cu—Fe (liq.) Cu 1600 8.86 481 3.78 2.85 1.66
Cu—Ni (sol.) Ni 700 10.34 6.28 4.12 2.21 1.08
Cu-Pb (liq.) Cu 1200 12.18 6.74 4.53 2.88 1.96

(continued)
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Table 8.7a  LIQUID BINARY METALLIC SYSTEMS AND SOME SOLID SOLUTIONS—continued

System Metal C Temp. °C N.: 0.1 0.2 0.3 0.5 0.8
Cu-Pt (sol.) Cu 1077 54.27 41.52 32.98 20.38 5.44
Cu-Sn (liq.) Sn 1127 57.37 30.57 18.93 8.87 2.84
Cu—Zn (sol.) Zn* 500%* 3891« 29.67a 22.05c (14.4B) 2.28¢
Cu—Zn (liq.) Zn 1060 42.58 31.28 23.66 12.94 —
Fe-Mn (liq.) Mn 1590 32.24 22.19 16.58 9.71 3.26
Fe—Ni (sol.) Fe 927 — — 13.02y 7.45y 2.30y
Fe—Ni (liq.) Ni 1600 41.87 30.82 24.39 15.38 4.36
Fe—Ni (liq.) Fe 1600 48.15 33.54 23.75 11.74 3.60
Fe-Si (liq.) Si 1600 126.53 97.62 68.68 23.35 4.64
Fe—V (sol.) A% 1327 59.24a 41.78a 30.21a 15.43c 391a
Ga-Mg (liq.) Mg 650 43.89 35.68 28.86 17.50 3.04
Ga—Zn (liq.) Zn 477 12.03 8.11 5.93 3.38 1.15
Hg-K (liq.) K 327 69.98 44.39 25.56 6.33 1.09
Hg—Na (liq.) Na 400 64.02 46.64 3222 12.25 1.62
Hg-Pb (liq.) Pb 327 68.61 56.51 47.76 33.45 1.22
Hg-TI (liq.) TI* 25% 8.46 5.43 3.64 I+s 1+s
Hq—Zn (liq.) Zn* 300%* 8.12 5.55 4.08 2.26 1+s
In-Sb (liq.) Sb 627 31.33 23.07 16.56 8.08 1.88
In—Zn (liq.) Zn 427 6.41 3.53 2.05 1.21 0.51
K-Pb (liq.) Pb 575 49.77 42.69 35.17 17.78 2.24
K-TI (liq.) Tl 525 27.17 24.20 21.65 14.58 3.22
Mg-Pb (liq.) Mg 700 38.47 33.45 28.97 19.10 4.84
Mg-Sn (liq.) Mg 800 55.98 47.77 40.53 25.86 6.26
Mg—Zn (liq.) Mg 650 32.26 22.51 16.22 8.37 2.24
Mn—N:i (sol.) Mn 771 61.76y 43.10y 33.35y 17.22n 2.1y)
Na-Pb (lig.) Na 427 45.92 38.70 30.82 19.05 3.14
Na—Sn (liq.) Na 500 48.76 41.44 34.95 s 2.68
Na-TI (liq.) Na 400 41.06 32.05 24.07 10.47 1.47
Pb-Sb (liq.) Pb 632 18.86 13.32 9.99 5.69 1.75
Pb-Sn (liq.) Sn 771 9.27 7.37 6.57 4.79 1.80
Pb-T1 (liq.) Tl 500 16.32 11.90 9.16 5.43 1.41
Sb—Sn (liq.) Sn 632 22.73 16.40 12.34 6.89 1.97
Sb—Zn (liq.) Zn 677 1+s 18.82 15.12 8.10 0.81
Sn-TI (liq.) Tl 450 9.93 6.71 5.06 3.15 1.20
Sn—Zn (liq.) Zn 477 10.49 6.54 4.46 222 0.84

* Note standard state for metal C.

Table 8.7b  LIQUID BINARY METALLIC SYSTEMS AND SOME SOLID SOLUTIONS
Partial molar heats of solution (AH) in kJ.

System Metal C Temp. °C Ng:0.1 0.2 0.3 0.5 0.8

Ag-Al (liq.) Al 1000 —27.43 —18.71 —8.98 +5.53 +1.31
Ag—Au (sol.) Ag 527 —14.28 —11.72 -9.29 —5.07 —0.88
Ag—Cd (sol.) Cd* 400%* —23.42 —18.96 —15.42 — —
Ag—Cu (liq.) Cu 1150 15.70 10.76 7.48 3.77 0.63
Ag-Mg (sol.) Mg 500 —38.45 -31.18 (26.3) — —
Ag-Pb (lig.) Ag 1000 11.05 9.56 7.76 3.73 0.17
Ag—7Zn (sol.) Zn* 600* —14.22 —11.08 —9.41 —7.898 I+s
Al-Mg (liq.) Mg 800 —11.86 —9.14 —6.61 —2.68 —0.21
Al-Zn (sol.) Zn 380 11.93 8.99 6.30 3.79 s+s
Al-Zn (liq.) Zn 727 8.35 6.51 4.94 2.64 0.46
Au-Bi (lig.) Bi 700 I+s 1+s 1.77 0.70 0.04
Au—Cd (sol.) Cd* 427* —55.26 —49.42 —39.3lay —20.328 e+1
Au—Cu (sol.) Cu 527 —12.37 —12.00 —10.92 —7.39 —0.37

(continued)
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Table 8.7b  LIQUID BINARY METALLIC SYSTEMS AND SOME SOLID SOLUTIONS—continued

System Metal C Temp. °C N¢: 0.1 0.2 0.3 0.5 0.8

Au-Fe (sol.) Fe 850 18.48 14.14 12.02 9.67 s+s
Au-Pb (liq.) Pb 927 —3.05 —2.18 —1.14 —0.09 +0.60
Au-Sn (liq.) Sn 550 1+s —32.83 —22.70 -9.31 —0.48
Au—Zn (liq.) Zn 807 S —61.04 —48.12 —25.20 —-1.93
Bi—Cd (liq.) Cd 500 2.29 1.81 1.41 1.13 0.63
Bi-In (lig.) In 627 —5.02 —4.80 —3.64 —2.35 —0.19
Bi—Na (liq.) Na 500 —54.93 —66.36 —68.34 (—54) I+s
Bi-Pb (liq.) Pb 427 —3.35 —2.90 -2.29 —-1.07 —0.09
Bi—Sn (liq.) Sn 327 0.34 0.27 0.20 0.10 0.02
Bi-TI (liq.) Tl 477 —10.96 -9.33 —7.89 —7.18 —1.12
Bi-Zn (liq.) Zn 600 12.22 10.81 9.11 6.20 1.59
Cd—Ga (liq.) Cd 427 9.19 6.60 4.89 2.67 0.84
Cd-Hg (lig.) Cd 327 —7.85 —7.09 —5.66 —2.47 0.31
Cd-Mg (sol.) Mg 270 —14.88 —14.39 —12.29 —5.92 —0.34
Cd-In (liq.) Cd 527 14.15 3.54 2.89 1.70 0.39
Cd-Pb (liq.) Cd 500 7.89 6.54 5.28 3.14 0.84
Cd-Sb (liq.) Cd 500 1+s 1+s (—4.5) —3.24 +0.45
Cd-Sn (liq.) Cd 500 5.45 4.40 3.52 2.16 0.52
Cd-TI (liq.) Cd 477 6.49 5.56 4.65 2.80 0.65
Cd-Zn (liq.) Zn 527 6.82 5.37 4.04 2.12 0.40
Cr-V (sol.) Cr 1277 —7.48 —2.62 +4.43 —7.70 —1.49
Cu—Ni (sol.) Ni 700 3.52 3.96 3.94 2.93 0.69
Cu-Pb (liq.) Cu 1200 21.70 16.80 13.06 6.99 1.96
Cu—Pt (sol.) Cu 1077 —28.65 —27.41 —25.30 —13.10 —3.33
Cu—Zn (sol.) Zn* 500* —28.69 —24.65 —17.36 (—15.7B8) —2.40¢
Fe—Mn (sol.) Mn 1177 —12.36 —10.95 —9.59 —6.61 —1.65
Fe—Ni (sol.) Ni 927 —4.31 — —8.83 —-5.99 —
Fe—Ni (liq.) Ni 1600 —9.77 — —9.72 —7.22 —
Fe-Si (liq.) Si 1600 —125.15 —109.73 —81.20 —27.80 —1.82
Fe-V (sol.) Fe 1327 -9.29 —5.98 —0.57 +14.17 +10.71
Ga—Zn (liq.) Zn 4717 452 3.73 3.08 2.01 0.51
Hg—Na (liq.) Na 400 —72.24 —61.52 —40.18 —10.88 —0.35
Hg-Pb (liq.) Hg 327 —0.73 +0.16 +0.65 +0.96 +0.45
Hg-Sn (liq.) Sn* 177* 3.61 2.23 1.41 0.62 I+s
Hg-TI (liq.) TI* 25% —4.37 —2.78 —2.06 1+s I+s
In—Pb (liq.) In 400 2.98 2.40 1.88 1.00 0.17
In—Sn (liq.) In 427 —0.59 —0.46 —0.38 —0.21 —0.04
In-TI (liq.) Tl 350 2.12 1.51 1.05 0.42 0.04
In—Zn (liq.) Zn 427 9.50 7.98 6.50 3.78 0.91
Na-Pb (liq.) Na 427 —39.05 —37.55 —34.32 —23.86 —3.43
Na-TI (liq.) Na 400 —33.33 —30.22 —24.70 —10.98 —0.67
Pb—Sb (liq.) Pb 732 —0.14 —0.20 —0.19 —0.04 +0.03
Pb—Sn (liq.) Sn 771 4.69 3.48 2.59 1.34 0.25
Pb-TI (sol.) Tl 250 —4.50 —4.20 —3.98 —2.93 —1.08
Pb-TI (liq.) Tl 500 —3.11 —2.67 —2.18 —1.15 —0.15
Sb—Sn (liq.) Sn 632 —4.02 —3.56 —-291 —1.50 —0.15
Sb—Zn (liq.) Zn 577 1+s —4.73 -5.39 —2.70 +0.96
Sn—TI (liq.) Tl 450 2.70 1.94 1.28 0.41 0.08
Sn—Zn (liq.) Zn 477 8.22 7.47 6.43 4.13 1.35

*Note standard state for metal C.

8.5 Metallurgically important compounds

In Tables 8.8a to 8.8j values of the heats and free energies of formation from the constituent elements
are given throughout in kI mol~! of compound and standard entropies in J K~! mol~' of compound.
It is to be noted that the minus signs appear in the captions, and therefore positive numerical values
denote exothermic formation.
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The standard state of a reactant element is the most stable form at the temperature indicated
unless otherwise stated in the headings; the ideal diatomic gases were used as the standard states for
sulphur, bromine and iodine in computing the free energy values at room temperature. The standard
state of the compounds is the ideal stoichiometric proportion, and the state of aggregation where
necessary is indicated by s =solid, m = liquid and g = gaseous. Many compounds are stable with
slight deviations from stoichiometric proportion. Compounds which may exist over a range of com-
position are indicated by an asterisk (*). For such compounds thermochemical values must be used
with caution; dissociation pressures calculated from the free energy values may show considerable
deviations from measured dissociation pressures.

Free energy values are given at five temperatures; further values can be obtained by linear inter-
polation provided that no change in the state of aggregation occurs in the interval. Even then, a linear
interpolation will generally give a value within the accuracy of the data. The limits of accuracy are
given in the last column of the tables; they apply to the values of the heat and free energy of formation
below, say, 1 500 K. The errors may be greater at 2 000 K.

Dissociation pressures of sulphides and phosphides have only been determined for parts of many
systems, the data for the lowest oxidation steps often being absent. No total thermochemical values
for the formation of the compounds from the elements can therefore be given in Tables 8.8f and 8.8;
but dissociation pressures of the compounds rich in sulphur or phosphorus appear in Tables 8.9a and
8.9b, respectively.

The thermochemical values for the metal borides and carbides suggested below can only be used
as a guide. They are not sufficiently reliable for accurate calculations—mainly for two reasons:
(1) transition metals do not form stoichiometric compounds with boron and carbon but rather exten-
sively homogeneity ranges of which the investigators have taken too little heed. Thus the data below
are oversimplifications. (2) it is very doubtful whether the experimental zero-point entropies of
borides and carbides are generally zero. More likely, ‘frozen-in disorder’ of the substances studied
accounted for substantial zero-point entropies, so that the values in column 3 when obtained from
low-temperature heat capacities are not truly ‘standard entropies’.

Table 8.8a BORIDES

Heats and free energies of formation in kJ and standard entropies.

—AH»o8 S208 —AGs00 —AGsn —AG1000 —AG1500 Accuracy
Compound 25°C 25°C 27°C 227°C 727°C 1227°C +kJ
AIB, 67.0 — — — — — 12
AlBq» 201.0 — — — — — 15
CeBg 351.6 74.1 344.0 338.9 326.2 313.5 100
CoyB 125.6 59.9 123.8 122.5 119.5 116.4 30
CoB 94.2 30.6 92.6 91.1 89.8 86.2 25
CrB 75.3 24.1 73.6 72.5 69.6 66.8 25
CrB; 94.2 26.2 91.4 89.5 84.7 80.0 25
Fe,B 71.2 56.7 70.1 69.3 67.4 65.5 20
FeB 71.2 27.7 69.6 68.5 65.8 63.1 20
HfB,; 336.1 42.7 3322 329.5 323.0 316.5 10
MgB, 92.1 36.0 89.6 88.0 83.0 60.0 25
MgBy4 105.1 51.9 103.8 103.0 100.4 71.5 25
MnB 75.3 324 73.7 72.6 70.0 67.3 30
MnB; 94.2 34.5 91.4 89.6 85.0 80.4 30
NbB, 251.2 37.7 248.0 2459 240.6 235.2 25
NiyB3 311.9 114.7 305.2 300.7 289.7 278.6 60
NiB 100.5 30.1 98.8 97.7 94.9 92.1 25
TaB, 209.3 444 206.7 204.9 200.5 196.1 40
TiB, 342.0 28.5 319.9 317.2 3104 303.6 5
UB; 164.5 55.1 162.1 160.6 156.6 152.7 25
UB4 2457 71.2 2449 244 4 243.1 241.8 40
UB12 4332 139.8 438.8 442.6 452.0 461.4 40

ZrB, 324.0 36.0 319.6 316.7 309.3 302.0 10
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Table 8.8b CARBIDES

Heats and free energies of formation in kJ and standard entropies.

—AH»o3 S208 —AG3yo —AGspo0 —AGioo —AGisp0 —AGaeo Accuracy
Compound  25°C 25°C 27°C 227°C 727°C 1227°C 1727°C +kJ
AlyCs 215.8 88.7 203.6 — 174.1 153.3 122.2 8
B4C 71.6 27.09 71.2 70.8 69.8 68.7 67.4 19
Be,C 117.2 16.3 114.8 — — 100.9 78.8 5
CaCs 59.0 703 645() 695() 85.08)  103.0(8) 121.0(8) 13
CeyCs 176.6 173.7 — — — — — 7
CeCy 97.1 90.4 — — — — — 7
Co,C —16.7 74.5 —19.3 —12.1 —8.0 — — 21
CryC 98.4 135.6 100.0 72.0 104.2 118.3 — 9
Cr;Cs 228.1 200.9 2234 237.1 245.9 254.3 — 13
Cr3Cy 109.7 85.4 108.6 109.8 115.3 122.4 — 13
FesC —25.1 104.7 —19.0 —14.2 —1.93 +4.90 — 4
CH4 7490(g) 1863(g) 50.7(z) 327(g) —193(g) — — 4
Mg, C3 —79.5 —62.8 — — — — — 33
MgCs —879 — —84 — — — — 21
Mn;C3 112.2 239.0 111.4 112.6 118.9 113.9 — 13
Nb,C 186.3 64.0 — — — — — 13
NbC 138.1 35.1 — — — — — —
SiC 67.0 16.54 — 58.2 55.3 53.2 41.9 9
Ta,C 203.0 83.6 — — — — — 17
TaC 143.6 422 142.2 — 141.0 137.8 — 8
ThC 125.6 59 — — — — — 13
ThC, 117.2 70.3 — 124.3 117.2 — — 21
TiC 183.8 243 180.0 177.9 172.9 167.1 160.4 13
ucC 90.9 59.5 92.1 93.4 96.7 95.5 92.5 13
U,Cs3 205.1 138.4 205.2 205.2 206.4 199.3 187.1 17
uc, 96.3 67.8 98.4 100.0 101.7 99.6 93.8 13
vC 100.9 27.6 — — 94.6 91.3 80.4 17
wC 37.7 41.8 373 36.4 35.6 34.8 33.5 13
W,C 26.4 — — - — — — 7
ZrC 202.0 33.1 198.3 196.2 190.7 184.4 — 21

Table 8.8c NITRIDES

Heats and free energies of formation in kJ and standard entropies.

—AHs S —AGso —AGsoo —AGi0 —AGisoo0 —AGyoo Accuracy
Compound ~ 25°C 25°C 27°C 227°C 727°C 1227°C 1727°C +kJ
AIN 318.6 20.2 287.1 266.1 — — — 5
BN 254.1 14.8 — — — 48.1 27.6 5
BazNj 341.1 (152.4) 2922 2441 123.9 — — 38
BesN; 589.9 343 534.1 — — — — 5
CazNy 439.6 108.0 377 335 230 — — 23
CdsNy —161.6 — — — — — — 13
CeN 326.6 — 295.2 274.2 222 — — 38
CosN —8.4 98.8 — — — — — 21
CrN 123.1 — 96.7 78.7 40.6 — — 5
CrN 114.7 — 93.8 79.5 51.1 28.0 — 5
CuzN —74.5 — — — — — — 13
FeyN 10.9 (156.2) —4.2 —12.77 —41.0 — — 17
GaN 109.7 29.7 — — — — — 10
GeszNy 65.3 (167) — — — — — 9
HIN 369.3 50.6 — — — — — 2.5
NH3 46.1 192.47 16.7 —4.6 —61.5 — — 2.1
InN 138.1 43.5 — — — — — 13
LaN 299.4 44.4 270.5 249.5 197.2 — — 38

(continued)
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Table 8.8¢c  NITRIDES—continued

—AHyg  Syog —AG30 —AGse0 —AGioo0 —AGiso0  —AGoo  Accuracy
Compound ~ 25°C 25°C 27°C 227°C 727°C 1227°C 1727°C +kJ
LisN 196.8 — 154.1 125.6 — — — 2.1
Mg3zN, 461.8 93.7 399.4 359.6 258.3 — — 13
MngN 126.9 — — — — — — 4
MnsN, 201.8 — 156.2 125.6 49.4 — — 4
Mo, N 69.5 (87.9) 70.8 37.3 —8.8 — — 17
NbN 234 — — — — — — 11
Nb,N 248.6 67.0 — — — — — 4
NisN —08 — 272 — — — — 4
SizNy 745.1 113.0 622.2 571.9 410.3 251.2 64.5 17
Sr3N, 391.0 123.5 323.6 278.4 — — — 23
TapN 270.9 — — — — — — 13
TaN 252.4 42.7 214.8 202.2 166.6 134.0 103.8 13
Th3Ny4 1298.0 — 1185 1114 925 737 548 84
TiN 336.6 30.1 308.1 289.7 2433 195.9 148.2 8
UN 294.7 62.7 260.0 242.0 196.8 152.0 106.7 42
UsN, 708.5 128.9 — — — — — 17
VN 217.3 373 — — — — — 17
VoN 264.5 53.4 — — — — — 17
Zn3Np 22.2 140.2 — — — — — 8
ZrN 365.5 38.9 336.2 317.8 270.9 223.2 — 7

Table 8.8d SILICIDES

Heats and free energies of formation in kJ and standard entropies.

—AHj98 S208 —AGs00 —AGsp —AGj000 —AGis00 Accuracy
Compound 25°C 25°C 27°C 227°C 727°C 1227°C +kJ
CaySi 209.3 — — — — — 13
CaSi 150.7 — — — — — 9
CaSi 150.7 — — — — — 13
CosSi 117.2 — — — — — 10
CoSi 95.0 42.7 93.2 91.9 88.9 85.8 9
CoSip 98.8 64.0 97.7 97.0 95.1 95.5 12
Cr3Si 92.1 86.3 90.8 90.0 87.9 85.8 18
CrsSi3 211.4 1691 209.4 280.0 204.6 201.2 35
CrSi 53.2 43.9 53.6 53.8 54.4 55.0 10
CrSip 80.0 58.6 78.5 77.5 75.1 72.7 13
FeSi 76.9 41.8 75.6 74.8 72.7 70.9 5
Mg, Si 79.1 63.8 73.1 69.1 55.0 — 5
Mn;, Si 79.5 103.8 76.4 74.3 69.0 63.8 15
MnsSis 200.9 238.6 207.8 212.5 224.0 235.6 40
MnSi 60.7 46.5 59.5 58.6 56.6 54.5 13
MnySi7 308.5 228.1 299.3 293.1 277.7 262.3 65
MosSi 116.4 106.5 117.0 117.4 118.3 119.3 7.5
MosSi3 310.2 208.0 312.8 314.5 318.8 323.1 25
MoSi; 131.9 65.1 131.6 131.4 130.8 130.3 10
NbSi, 138.1 69.9 136.8 136.0 133.9 131.7 45
Ni, Si 142.7 — — — — — 11
Ni3Sip 2323 — — — — — 20
NiSi 89.6 44.4 88.4 87.5 85.4 83.3 7.5
NiSiy 94.2 65.3 93.6 93.1 92.1 91.0 13
ResSis 157.4 256.0 161.3 164.0 170.5 177.1 70
ReSi 52.7 554 52.5 52.4 52.0 51.7 21
ReSi; 90.4 74.1 90.2 90.0 89.6 89.2 30
Ta;Si 125.6 105.5 126.7 127.4 129.2 131.0 20

(continued)
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Table 8.8d SILICIDES—continued

—AH>3 S208 —AGs00 —AGsn0 —AG1000 —AG1500 Accuracy
Compound 25°C 25°C 27°C 227°C 727°C 1227°C +kJ
TasSi3 334.9 280.9 340.2 343.7 3524 361.2 35
TaSip 119.3 75.3 118.2 117.5 115.6 113.8 13
Th3Sip 279.6 166.4 270.2 263.9 248.1 2324 50
ThSi 126.0 62.8 123.2 121.3 116.6 111.9 17
Th;3Sis 477.6 2319 470.9 466.4 455.2 4441 85
ThSi, 170.8 89.2 170.3 169.9 169.0 168.1 30
TisSis 579.8 _ _ _ _ _ 65
TiSi 129.8 49.0 49.0 48.95 48.9 48.8 15
TiSi, 134.4 61.1 132.0 131.0 127.6 124.2 21
UsSi 92.1 167.4 91.5 91.1 90.1 89.1 13
Us3Si 170.8 197.6 173.6 175.5 180.2 184.9 11
USi 84.6 66.6 83.9 83.4 82.2 81.0 5
UsSis 354.6 231.5 353.7 353.1 351.5 350.0 17
USi, 129.8 82.0 127.1 126.9 124.0 121.1 3
USi3 130.6 106.3 130.5 130.45 130.3 130.1 3

Table 8.8e OXIDES

Heats and free energies of formation in kJ and standard entropies.

—AHyg  Spos —AG30 —AGsp0 —AGi0 —AGiso0 —AGyoo Accuracy

Compound  25°C 25°C 27°C 227°C 727°C 1227°C 1727°C +kJ
Ag,O 30.6 121.8 10.68 — — — — 2.1
Al,O3 1678.2 51.1 1584.0 1520.8 13624 1146.9 — 17
Asy03 653.77 122.80 577.4 526.3 — — — 33
Asy05 914.8 105.5 771.6 675.7 — — — 6.3
B,03 1272.5 54.0 1192.9 1139.8 — — — 8
BaO 553.8 70.3 524.5 504.4 455.0 — — 22
BaO; 634.2 93.1 — — — — — 13
BeO 608.4 14.1 580.0 560.7 513.4 466.9 412.9 13
Biy O3 570.7 151.6 496.6 — — — — 17
CO 110.5 198.0 138.2 155.7 199.50 2433 287.2 4
CO, 393.77 213.9 394.4 394.8 395.2 395.7 396.1 4
CaO 634.3 39.8 603.7 584.1 534.7 481.9 405.7 4
Ca0, 659.4 — — — — — — 4
CdO 259.4 54.8 229.7 212.1 204.1 106.6 — 4
Cey03 1821.7 150.7 1733.7 1676.9 — — — 8
CeO; 1089.4 62.4 1025.8 983.9 882.2 — — 13
CoO 239.1 52.96 212.7 198.9 163.3 127.7 — 4
Co0304 905.6 102.6 777.1 705.9 525.0 — — 13
Cr, 03 11304 81.2 1051.3 991.0 861.6 731.0 601.2 17
CrO; 582.8 51.0 — — — — — 8
CrO3 579.9 71.9 — — — — — 10.5
Cs;0 317.8 127.6 — — — — — 13
Cu;0 167.5 93.8 144.9 129.8 95.5 59.5 — 4
CuO 155.3 42.7 127.3 108.9 66.6 — — 4
Dy»03 1866.5 149.9 1773.9 1712.4 — — — 13
Er,O3 1899.1 153.2 1808.7 1748.4 — — — 8
Feg,950 264.6 58.82 241.2 228.6 197.2 165.8 — 13
Fe304 1117.5 151.6 1015.3 950.0 780.8 — — 25
Fe, O3 821.9 87.5 — 695.0 556.8 — — 21
Ga,0 347.5 — — — — — — 13
Gay03 1083.5 84.78 992.3 — — — — 8
Gdy 03 1817.1 150.7 1730.4 1651.7 — — — 13
GeO 30.7(g) 224.0(2)  542(g)  692() 105.7(g) — — 17

(continued)
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Table 8.8¢ OXIDES—continued

—AH9g 8298 —AG300 —AGsop0 —AGio00 —AGis00 —AGoo Accuracy
Compound 25°C 25°C 27°C 227°C 727°C 1227°C 1727°C +kJ
GeO» 580.2 39.7 525.3 488.7 397.1 — — 8
H,0 286.0(m)  70.13(m)  237.0(m) — — — — 0.8
H,0 242.0(g) 188.8(g)  228.6(g) 219.0(g) 192.6(g) 164.1(g) 1344(g) 13
H;0, 187.1(m) 109.5(m) 118.1(m) — — — — 2.1
H,0, 1352(z) 2269(g) — — — — — 13
HfO, 1113.7 59.5 1053.4 1014.0 919.4 828.1 739.0 4
HgO (red) 90.9 70.3 58.32 36.59 — — — 4
Ho,03 1882.4 158.3 1792.4 1732.1 — — — 13
Inp; O3 927.4 — 834.0 771.6 — — — 13
1IrO; 241.5 56.5 186.1 149.2 57.0 — — 17
103 “134(g) 290.5(5) — - - 850 — 76
K,;0 363.3 — 320.7 295.2 229.4 163.3 — 3
KO, 284.6 122.6 — — — — — 2.1
LayOs3 1794.1 128.1 1706.2 1648.4 1509.0 — — 8
LiO 596.6 37.93 560.2 534.2 467.7 — — 4
Li; Oy 635.6 — — — — — — 8
MgO 601.6 26.97 571.1 550.1 498.6 440.5 329.9 6.3
MnO 385.2 59.9 363.0 348.8 312.3 275.9 234.5 13
Mn304 1387.5 148.6 1280.3 1209.6 1035.8 — — 13
Mn; 03 960.5 110.5 882.2 821.9 703.8 — — 13
MnO, 520.4 53.2 462.2 424.5 334.9 — — 13
Mn; 07 728.9 — — — — — — 10.5
MoO; 588.7 50.0 5334 496.5 404.3 — — 4
MoO3 746.1 77.9 668.6 617.1 486.9 — — 4
Na,O 415.2 75.1 376.1 350.1 285.0 — — 8
Na, O, 515.0 94.6 — — — — — 6.3
NaO, 261.7 116.0 — — — — — 4
NbO 419.8 46.0 391.2 373.1 326.5 — — 17
NbO, 799.3 54.55 743.2 705.5 612.1 518.3 425.0 8
Nb,Os 1900.8 137.3 1766.0 1676.4 — — — 13
Nd,03 1809.1 158.6 — — — — — 17
NiO 240.7 38.1 213.1 194.7 150.7 108.4 57.4 13
NpO, 1030.0 80.4 — — — — — 42
0s0y4 393.9 136.9 — — — — — 13
P,0s 1493.0 229.0 1381.6 — — — — 25
PbO 219.4 66.3 188.8 168.3 117.2 — — 13
Pb304 719.0 2114 600.9 519.7 325.4 — — 25
PbO, 274.6 71.9 2153 175.8 76.9 — — 8
PdO 112.6 393 82.2 62.0 11.3 — — 17
Pr,05 1828.8 158.6 — — — — — 6
PrO; 7 937.8 — — — — — — 6.3
PrO, 974.9 80.0 — — — — — 17
PtO, —168.7(g) 256.0(g) — — — 157.8 — 8
PuO; 1058.4 82.5 1003.6 968.8 882.2 795 — 21
Rb,O 330.3 — — — — — — 13
Rby03 527.5 — — — — — — 42
RbO, 284.7 — — — — — — 25
ReO; 4329 62.8 379.0 343.0 253.2 — — 13
ReO3 611.3 80.8 — — — — — 21
Re,O7 1249.1 207.5 1073.7 959.0 — — — 8
RhyO3 383.0 92.1 — — — — — 17
RhO, 1959(g) 263.8(g) — — — 157.8 — 4
RuO, 304.4 60.7 252.3 217.6 130.9 442 — 8
RuO; 783(g) 2762(g) — — — — — —
RuO; 180.9(2) 290.1(g) — — — — — —
SO —5.0(g) 2223(g) — 732()  703(g)  79.1(g)  82.0(g) 8
SO, 297.05(g) 248.07(z) 340.8(z)  326.6(g) 290.1(g) 254.1(z) 217.7(g) 2.1
SO; 3952(g) 256.2(2) — 376.4(8) 295.6(z) 2144(g) — 6.3
Sby 03 699.2 123.1 — — — — — 13

(continued)
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Table 8.8¢ OXIDES—continued

—AHs S —AGso —AGsop  —AGi0 —AGisoo0 —AGaoo Accuracy

Compound 25°C 25°C 27°C 227°C 727°C 1227°C 1727°C +kJ
SbO, 454.0 63.6 - - — - — 25
Sby0s 10080 1252  — — — — — 63
Scy03 1906.7 77.0 1818.7 1756.8 — — — —
SeO, 236.1 66.7 — — — — — 4
Si0 98.4(g) 211.64(g) 1269(g) 144.5(g) 185.1(g) 223.7(g) — 13
SiO, 910.9(q) 41.5(q) — — 726.9 640.0 5385 13
Sm;y 03 1833.0 151.1 1744.2 1685.2 — — — 13
SnO 286.4 56.5 — — — — — 4
SnO; 580.7 52.3 519.4 478.3 — — — 4
SrO 592.3 55.5 562.4 542.3 492.3 — — 13
SrO; 633.7 59.0 — — — — — 17
Tay 05 20473 143.2 1910.9 1822.1 1612.8 1413.0 1220.0 21
Tby03 1828.8 — — — — — — 8
TbO1 .71 934.9 — — — — — — 4
TbO; g 947.9 — — — — — — 4
TcOy 4333 58.6 — — — — — 13
TcyO7 1113.7 184.2 996.0 917.7 722.2 — — 17
TeO, 322.4 74.1 268.3 232.2 138.6 — — 8
ThO;, 1227.6 65.3 1173.6 1135.0 1048.8 960.9 — 21
TiO 542.9 34.8 509.5 491.9 447.1 402.7 352.9 17
Tip O3 1521.6 77.3 1427.1 375.8 2457 1116.5 986.4 17
Ti3Os 24572 129.4 23094 22244 2010.1 1797.0 1581.8 13
TiO, 944.1 50.2 862.1 827.3 739.5 652.7 564.8 16
TI,O 167.4 134.3 — — — — — 4
T1,03 390.6 137.3 — — — — — 25
Tmy 03 1889.9 — — — — — — 8
UO, 1085.2 77.9 1032.0 996.9 913.6 827.7 740.6 13
U409 4513 3362 — — — — — 4
UsOg 35759 282.6 — — — — — 21
UO3 1230.7 98.8 — — — — — 21
VO 432.0 389 413.5 398.5 360.8 322.9 — 25
V,03 12194 98.4 1147.0 1099.7 982.0 864.4 — 33
VO, 713.7 51.5 678.4 643.8 567.2 — — 21
V,05 1551.3 131.0 1454.1 1373.7 1172.8 — — 50
WO3 838.6 75.9

WO, 589.9 50.6 — 480.6 405.7 334.5 — 13
Y,03 1906.7 99.2 1817.9 1759.3 1618.6 1482.1 1348.1 21
Yb,0; 18158  133.1 _ _ — _ — 8
ZnO 350.8 43.5 320.7 301.0 256.6 174.6 82.0 8
710, 1101.3 50.7 1042.2 1003.7 909.9 818.2 729.5 17

Table 8.8f SULPHIDES

Heats and free energies of formation in kJ and standard entropies.
In calculating the heats of formation, rhombic sulphur is taken as the standard state. For the free energies of
formation the perfect diatomic gas S; is taken as the standard state at all temperatures.

—AHj98 S208 —AGso —AGso0 —AGip0o —AGisoo0 —AGao Accuracy
Compound ~ 25°C 25°C 27°C 227°C 727°C 1227°C 1727°C +kJ
AgS 31.8() 144.4(x) 180.4(x) 70.8(B) 53.2(B) 32.2(m) — 2.1
AlpS3 723.9 123.5 — — — — — 17
As)S3 167.4 169.6 — — — — — 23
B;S3 252.4 92.1 — — — — — 9
BaS 443.8 78.3 481.9 463.9 419.1 — — 21
BeS 234.0 35.2 272 247 201 — — 21
Bi,S3 201.8 200.5 — — — — — —

(continued)
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Table 8.8f SULPHIDES—continued

—AH»og S208 —AGs0  —AGsn —AG1000 —AGi500 —AGyo Accuracy
Compound  25°C 25°C 27°C 227°C 727°C 1227°C 1727°C +kJ
CS, ~87.9(m) 151.6(m)  15.1(g)  16.3(g) 197(g)  234(g) — 4
COS 138.5 231.5 207.2 208.9 212.4 218.5 223.1 13
CaS 476.4 56.5 — 491.9 444.2 393.1 319.9 8
CdS 149.4 69.1 185.5 — — — — 4
CeS 456.7 78.3 496.5 479.8 437.9 396.0 354.2 21
Ce3Sy 1653.5 255.3 — — — — — 17
CerS3 1188.8 180.4 - — - — — 13
CoSp.89 94.6 52.3 125.2 110.5 73.3 — — 8
Co3Sy 359.2 184.6 — 427.9 — — — 13
CoS, 153.2 69.1 — — — — — 17
CrS 155.7 64.0 — — — — — 13
Cs,S 339.5 — — — — — — 33
CuzS 79.6 120.9 128.5 118.1 100.9 — — 8
CuS 52.3 66.6 — — — — — 4
FeS 100.5 60.3 1402(0)  126.4(8) 973(8) — - 4
FeS; 171.6 53.2 — 299.8 90.9 — — 8
GaS 209.3 57.7 — — — — — 13
GayS3 514.0 139.8 — — — — — 13
GeS 76.2 66.2 46.5 36.7 — — — 33
H,S 20.1(g)  205.6(g) 73.7(g)  65.10(g)  4124(z) 163(g) —8.0(g) 2.1
HgS 53.4 82.5 — — — — — 6.3
InS 133.9 69.1 — — — — — 13
InsSe 7744 174.6 — — — — — 84
InyS3 355.8 163.7 — — — — — 17
Ir,S3 244.5 97.1 — — 124.8 10.5 — 33
IrS, 144.8 61.6 — — — — — 25
K>S 428.7 — — — — — — 14.7
LasS3 12223 165.1 1235.5 — — — — 42
Li;S 446.6 60.7 — — — — — 8
MgS 351.6 50.4 — — 296.8 — — 8
MnS 213.5 80.4 2543 241.7 211.0 128.5 143.2(m) 6.3
MnS; 2239 99.9 — — — — — 10.5
Mo, S3 410.2 113.0 — — 309.4 195.1 — 29
MoS,; 275.4 62.6 — — 203.1 125.2 — 21
Na;S 374.6 79.5 — 388.1 3224 206.8 — 17
NaS 201.3 44.8 — — — — — 14.7
NaS, 206.0 83.7 — — — — — 14.7
Ni3S, 216.0 134.0 — 252.0 — — — 13
NiS 94.2 53.0 — — — — — 6.3
0OsS; 100.5 — 181.7 144.9 66.2 —8.8 — 17
PbS 98.4 91.3 134.6 120.6 81.7 — — 4
PtS 82.5 55.06 116.4 96.3 47.7 0.8 — 13
PtS, 110.1 74.73 179.6 141.1 494 — — 13
Rb,S 348.3 133.1 — — — — — 25
ReS; 139.0 60.7 2114 177.1 97.1 21.4 — 25
RuS;, 206.0 — 242.8 207.7 125.2 46.9 — 21
S —277.1(g) 1679(g) — —146.5(g) —115.1(g) —83.7(g) —532(g) 0.5
S2 —129.3(g) 228.2(g) 0(g) 0(g) 0(g) 0(g) 0(g) 4
S —103.0(g) 354.0(g)  179.6 121.8 234 - - 13
Sg —99.6(z) 423.3(g)  258.7 1742 ~37.7 — — 33
SbyS3 205.1 182.1 285 230 — — — 29
SiS, 213.5 80.4 278.4 — — — — 25
SnS 108.4 77.0 143.6 — — — — 6.3
SnSy 153.6 87.5 — — — — — 17
SrS 452.6 69.1 488.6 468.5 419 — — 42
Th,S3 1082.7 — — — — — — 10.5

(continued)
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Thermochemical data

Table 8.8f SULPHIDES—continued

—AHs S —AGsyo —AGspo —AGio —AGisp0  —AGaeo  Accuracy
Compound ~ 25°C 25°C 27°C 227°C 727°C 1227°C 1727°C +kJ
TiS 272.1 56.5 — — — — — 33
TS 95.0 1590 — — — — — 4
WS, 202.6 83.7 2784 243.7 162.4 85.4 — 17
ZnS 205.3 57.8 2354 219.1 174.3 90.4 —4.9 17

Table 8.8 HALIDES

Heats and free energies of formation in kJ and standard entropies.

For the free energies of formation the standard states for the halogens at all temperatures are the perfect diatomic

gases at a pressure of one atmosphere.

—AHog 8298 —AG300 —AGsop0  —AGioo0 —AGis00 —AGa0 Accuracy
Compound  25°C 25°C 27°C 227°C 727°C 1227°C 1727°C +KkJ
AgF 206.0 83.7 185.5 173.8 161.2(m) 146.5(m) — 8
AgF> 359.6 — 304.8 276.3 213.5(m) — — 13
AgCl 126.9 96.3 109.3 98.8 80.4(m)  69.9(m) — 0.8
AgBr 99.2 107.2 97.1 86.7 69.5(m)  65.7(m) — 0.8
Agl 62.4 115.6 77.0 66.6 50.2 46.1 — 0.8
AIF 2654(g) 2152(8) — — — — — 4
AlF3 1511.1(g) 66.6 1418.5 1377.9 — — — 0.8
AICI 51.5(g)  227.8(g) 75.3(2) 94.6(z) 133.5(z) 1649(g) 196.1(g) 2
AICI3 705.9 110.1 5723(g)  566.5(g)  334.7(g) 500.7(g) — 4
ALClg 12753(g) 4758 _ 12380(g) 11949(g) — — 2
AlBr3 511.3 180.3 515.0 — — — — 2
Alls 310.2 189.6 — — — — — 6
AsFs 958.0(m) 180.5(m) — — — — — 4
AsFs 921.7(2) 2893(g) — — — — — 4
AsCly 335.8(m) 233.6(m)  294.8(m) 278.0(g) 254.1(g) 217.7(g) — 25
AsBr3 132.1(z) 3639(g) — — — — — 6
Asls 64.9 213.1 94.6 61.5 — — — 10.5
AuF3 365.4 114.3 — — — — — 36
AuCl 34.8 92.9 17.6 5.4 — — — 4
AuCls 115.1 148.2 57.4 18.8 — — — 8
AuBr 18.4 119.0 16.3 4.6 — — — 4
AuBr3; 54.4 — 44.0 4.2 — — — 21
Aul —-0.8 — 12.6 0.0 — — — 4
BF; 1136.1() 254.6(g) — — — — — 2.1
BCls 427.0(m) 206.0(m) — — — — — 13
BCls 403.1(g) 290.1(g) — — — — — 13
BBr; 238.6(m) 2289(m) — — — — — 2
BBr; 2042(g) 3245(g) — — — — — 2
BaF, 1207.6 96.3 1146.3 11124 1035.8 952.5 — 13
BaCl, 860.8 123.7 — — — — — 3
BaBr; 755.3 148.6 736.0 702.5 622.2 553.5 — 13
Bal, 602.9 165.2 617.6 584.5 507.9(m) 447.2 — 21
BeF 175.0(2) 205.78(z)  236.6(z)  255.0(z) 299.8(z) 341.6(z) 378.5(g) 17
BeF, 1027.4 53.4 963.4 — — — — 13
BeCl —83(g) 217.7(g) 16.3(g) 356(z)  8L6(g) 1252(z) 1633(g) —
BeCl, 494.0 75.8 452.2 427.1 385.2(m) — — 8
BeBrn; 353.7 106.3 322 297 — — — 25
Bel, 192.5 120.6 186.7 159.9 — — — 25
BiF; 910.8 122.6 821 775 — — — 25
BiCl —25.1(g) 255.1(g) — — 523(g) — — 17
BiCl; 379.3 171.6 328.5 294.7 250.7 174.5 — 8
Bils 150.7 224.8 131.5 88 — — — 13

(continued)
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Table 8.8 HALIDES—continued
—AHj98 S2o8 —AG300 —AGsg —AG1000 —AGis00 —AGyoo Accuracy

Compound ~ 25°C 25°C 27°C 227°C 727°C 1227°C 1727°C +kJ
CF4 933.5(g) 262.5(g)  888(g) 858(g) 782(g) 707(g) — 21
CCly 1353(m)  214.8(m) 68.2 - — - - 2.1
CCly 103(z)  309.4(g) — 36.0 — — — 4
CBry —502(g) 3584(g) — — - - — 17
CaF; 1220.2 68.87 1167.1 1132.1 1050.7 970.3 — 9
CaCl, 796.2 104.6 752.5 724 653 599(m) — 5
CaBrn; 680.4 134.0 663.6 633.0 562.3 502 — 10.5
Cal, 535.1 142 551.4 519.6 498.4 385.6(m) 21
CdF, 697.1 83.6 648.1 613.4 538.0 — — 5
CdCl, 391.0 115.3 — — — — — 2.1
CdBr, 314.8 139.0 301.4 272.1 202.2 — — 8
Cdl, 204.2 158.4 — — — — — 4
CeCl3 1058.4 147.8 981.8 932.0 818.5 — — 8
Cels 650.4 214.7 679.1 631.4 520.4 424.1(m) — 21
CoF, 692.9 82.1 646.4 618.4 547.6 — — 13
CoF3 811.2 95.4 744.3 706.3 602.3 — — 33
CoCly 310.2 109.3 425.5 239.5 174.2 150.3 — 5
CoBr, 221.0 134.0 203.9 177.1 1227(m)  (87.1)(m) — 13
Col, 87.9 153.2 118.9 85.0 30.6(m) —5.0m) — 21
CrF, 779.9 89.7 — — — — — 13
CrF3 1113.9 93.95 1043 996 879 762(m) — 21
CrFy 1199.5 — 1118 1065.5 — — — 25
CrCly 395.6 115.3 351.3 327.0 272.1 233.6(m)  252.9(g) 13
CrCl3 556.7 123.01 491.9 445.0 327.4 — — 21
Crl, 158.3 — 179.6 151.1 88.3 46.5(m) — 21
Crls 205.1 199.6 — — — — — 21
CsF 555.1 88.3 527.5 507.0 458.8 416.9 — 8
CsCl 433.3 100.1 404.4 384.3 336.6 298.9 — 5
CsBr 394.8 113.5 382.3 361.7 318.2 284.7 — 13
Csl 337.0 — 340.4 318.6 273.0 250.0 — 10.5
CuF, 549.2 — 502.2 475.9 411.3 — — 17
CuCl 137.3 87.1 117.2 105.9 93.8 81.6 — 8
CuCly 217.6 108.4 163.3 132.7 — — — 13
CuBr 104.3 96.3 101.3 89.6 70.8 55.7 — 4
CuBr; 141.9 133.9 126.9 98.4 — — — 18.8
Cul 67.8 96.7 79.5 65.7 39.4 23.9 — 4
Cul, 7.1 — — — — — — 10.5
ErCl3 959.2 146.9 — — — — — 4
FeF, 711.6 87.1 667.6 640.8 574.3 — 25
FeF3 1042.3 98.4 975 929 824 728(m) — 54
FeCl, 341.2 120.2 304.4 279.7 222.7(m)  209.88 — 1.7
FeCl3 400.7 142.3 — — — — — 4
FeBr; 247.4 140.0 239.1 213.1 160.8 127.3(m) — 4
FeBrs 265.9 173.7 250.4 213.5 — — — 17
Felp 116.4 170.0 149.5 122.7 68.2(m) 32.7(m) — 17
GaCls 523.4 135.2 466.8 431(m) — — — 6.3
GaBr3 386.9 180.0 375.1 339(m) — — — 4
Gals 239.4 203.8 248.3 209(m) — — — 13
GdCl3 1005.3 146.1 — — — — — 4
GeFy4 1192.5(g)  302.9(g) — — — — — 2
GeCly 504.8(g) 347.5() 463 - — — — —
GeBry 330.8 396.9 309.0 266.3(g) — — — 10.5
Gely 37.7(g)  429.1(8) — — — — — 13
HF 227(g)  173.8(2)  2734(g)  2747(g)  2772(g) 2788(z)  279.7(g) 8
HCl 92.4(g) 186.94(g)  95.0(g) 96.7(z)  100.5(z) 103.4(g)  1072(g) 1.3
HBr 36.4(g) 198.9(g) 57.65(z)  59.58(z)  6335(z) 66.65(2) 69.75(z) 13
HI ~26.4(z)  206.8(2) 7.70(g) 9.67(g) 1357()  17.2(z)  21.52(g) 13
HfF4 1931.8 136.0 — — — — — 8

(continued)
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Table 8.8¢ HALIDES—continued

—AHyg  Sx98 —AG30 —AGsp0 —AGi0 —AGiso0 —AGyoo Accuracy
Compound ~ 25°C 25°C 27°C 227°C 727°C 1227°C 1727°C +kJ
HfCly 991.9 190.9 898.9 — — — — 17
HgF 246.2 — 219.0 — — — — 21
HeF» 3977 — — — — — — 4
HgCl 131.9 98.4 104.7 85.4 — — — 1.3
HgCl, 230.3 144.4 183.4 153.2 — — — 4
HgBr 103.4 1114 92.1 72.9 — — — 1.3
HgBr, 169.6 162.9 152.0 121.0 — — — 1.3
Hgl 60.3 121.4 66.2 48.6 — — — 0.8
Hgl, 105.5 170.8 119.3 87.5 — — — 1.7
InCl 186.3 95.0 180 163(m) — — — 10.5
InCl, 362.9 122.2 315.1 — — — — 18
InCl3 537.5 141.0 465 425.0 327(m) — — 13
InBr 173.8 113.9 — — — — — 8
InBr3 411.1 178.7 352 306 — — — 13
Inl 116.4 131.5 — — — — — 8
Inls 2491 — 285 247(m) — — — 13
IrCl1 67.0 — 50 42 8 — — 13
IrCl, 138.2 — 99.2 71 8 — — 13
IrCl3 254.5 114.9 — — — — — 13
KCl1 436.9 82.5 409.1 389.0 338.7 267.1(m) 223.6(g) 2
KBr 394.0 96.7 379.7 360.9 313.6 280.1(m) — 3
KF 568.9 66.6 532.6 510.4 455.9 416.2(m) — 3
KI 327.8 104.3 332.0 312.8 264.6(m) 228.2(m) — 1.3
LaCls 10714 (144.4) 999.8 9452 814.1 757.4(m) — 8
Lals 657.3 214.7 680.8 632.2 519.2 423(m) — 18.8
LiF 617.5 35.6 589.1 565.6 521.2 518.1(m) — 8
LiCl 405.7 59.0 381.4 364.3 323.6(m) 288.5(m) — 8
LiBr 349.2 — 340.8 324.1 283.9 255.8(m) — 8
Lil 271.3 — 279.7 265.0 227.8 201.8(m) — 8
MgF, 1113.7 57.4 1068.1 1034.6 949.6 — — 8
MgCly 642.3 89.6 591.6 550.8  484.8(m)  421.6(m) 349.6(z) 6.3
MgBr, 524.5 117.2 509.4 473.1 404.4(m) 360(m) — 13
Mgl 360.1 129.8 377.6 347.5 289.7(m) 242.0(m) — 13
MnF; 795.5 93.16 754 724 657 611(m) — 25
MnF3 996.5 — — — — — — 29
MnCl, 4823 11828 4425 4170 360.9(m)  324.9(m) — 63
MnBr 385.1 138.1 373.0 3362 2734(m)  231.5(m) — 8
Mnl, 242.8 — 262.9 233.6 172.9(m) 131.0(m) — 13
MoFg 1559.6(g) 350.6(g) 14734 — — — — 8
MoCls 527.4 238.6 — — — — — 10.5
NaF 575.6 51.5 542.1 521.6 469.3 — — 4
NaCl 412.8 72.9 384.8 365.1 315.7 253.7 — 2
NaBr 361.95 86.9 3514 333.6 288.3 259.8(m) — 4
Nal 288.0 98.4 295.2 276.3 232.8(m) 202.2(m) — 7
NbFs 1814.7 160.4 1702 — — — — 50
NbCl, 407.4 117 — — — — — 8
NbCla 67 5384  (1373) — — — — — 8
NbCl3 13 6012  (151.6) — — — — — 8
NbCly 6950  (1842)  — — — — — —
NbCls 797.6 (226) — — — — — —
NbBrs 5564  (306) — — — — — 8
NdCl3 1028.3 — 957.9 913 808 729(m) — 8
NdI; 628.9 — 652.3 603 490 394(m) — 13
NiF, 657.2 73.7 612.3 582 515 452 — 6.3
NiCl, 305.6 97.76 259.2 2324 163.7 109.7 — 2.1
NiBr; 212.2 136.0 202.2 174.2 100.9 71.6 — 8
Nil, 78.3 154.0 116.4 87.1 9.6 —15.5(m) — 8
NpF3 1507.2 118.5 — — — — — 33

(continued)
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Table 8.8¢ HALIDES—continued

—AHj98 S298 —AG300 —AGso0  —AGioo0 —AGiso0  —AGao Accuracy
Compound  25°C 25°C 27°C 227°C 727°C 1227°C 1727°C +kJ
NpCls3 904.3 160.3 — — — — — 21
NpCly 199.7 — — — — — — 21
PF3 920.9 2729(8)  — — — — — 33
PCl3 21m)  218.1(m) — — — — — 33
PCl3 288(z)  3123(z)  268.7(g) 2544(g) — — - 4
PCls 367.1(g)  364.6(2)  294.5(3) — — — — 13
PBr3 1323(2)  348.8(s) — — — — — 13
Pl 180(z) 374.6(g) — — — — - 21
PbF, 677.3 161.5 630.8 597.8 530.8 463.8 — 5
PbF4 930.7 — 845.3 791 — — — 18.8
PbCl, 359.2 136.5 312.8 284.5 220.6 196.8 — 2
PbBr, 277.6 161.6 263.8 234.9 171.2(m) — — 4
Pbl, 175.4 176.7 195.1 166.2 111.4 — — 8.3
PdCl, 180.0 103.8 138 105 25 — — 13
PdBr, 103.4 — 93.8 64.9 — — — 21
PrCl; 1057.4 (144.4) 985.2 940.4 833.6 754.0(m) — 2
Prl3 654.7 2353 679.7 631.2 520.7 4242 — 18.8
PtCl, 110.9 (129.8) 69.9 41.0 —-29 — — 13
PtCly 236.9 (205.1) 152 100.0 — — — 17
PtBr» 80.4 (1549) — — — — — 13
PtBry 140.7 (251.2) 117 63 — — — 17
Ptl, 16.7 — — — — — — 13
Ptly 72.9 (281.3) 97.1 15.5 — — — 33
PuF3 1553.0 113.0 — — — — — 17
PuCl; 949 .4 164.1 — — — — — 4
PuBr3 831.9 191.3 — — — — — 4
RbF 553.4 737 527.7 508.4 466.3(m) 427.4(m) — 8
RbC1 430.8 91.7 403.2 383.9 335.8(m) 298.5(m) — 8
RbBr 389.4 108.9 378.5 360.9 316.9(m) 279.3(m) — 8
RbI 328.7 118.1 334.5 3174 273.0m) 2353(m) — 8
ReFg 1163.9(m) — 1068(m) — — — — 50
ReCl; 263.8 — 200.1 157.4 — — — 13
ReBr3 164.5 — 145.7 101.7 — — — 2
RhCl 83.7 83.7 66.2 56.5 21 — — 13
RhCl, 163.3 121.4 123.1 94.2 29 — — 13
RhCl3 275.4 123.9 — — — — — 25
RhBr3 209.3 188.4 — — — — — 25
RuCl; 2533 127.7 182.1 136.1 26.4 — — 13
RuCly B4  3747(e) 649(2)  456(2) —50() — — 17
SbF3 915.9 127.2 860.5 818.5 — — — 21
SbClj 382.7 187.1 — 297.7 — — — 2.1
SbCls 438.8(m) — 357.1(m) 306.9(m) — — — 13
SbBr3 260.0 210.1 249.5 228.6(m) — — — 38
Sbls 100.5 215.5 133.6 111.0 — — — 33
ScF3 1658 90 — — — — — 50
ScCl3 900.2 — 828.6 782.9 670 586(m) — 50
ScBr3 711.8 — 686.2 638.5 531.7 450.1(m) — 50
SeFq 11174(g) 3l44(g) 1014(g)  — — - — 5
SeCly 188.4 194.6 — — — — — 6.3
SiF4 1607.7(5)  2822(z) — — — — — 25
SiCl 162.4(g) 282.0(g) — — — — — 5
SiCly 695.8(m) 239.9(m)  598.3(m) 571.9(m) — — — 8
SiBry 461.7(m)  279.6(m)  435(m)  389(m)  — — — 29
Sily 199.2 265.6 — — — — — 6
SmCl, 818.9 — — — — — — 4.6
SnCl, 350.0 — 309.8 283.0 230.7(g) — — 6.3
SnCly 520.1(m) 258.7(m)  473.9(m) 4363(z) 3609(z) — — 63

(continued)
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Table 8.8 HALIDES—continued

—AHj98 S298 —AG300 —AGso0  —AGio0 —AGis00 Accuracy
Compound  25°C 25°C 27°C 227°C 727°C 1227°C +kJ
SnBr; 266.3 — 256.7 229.9 — — 17
SnBry 3482(g)  412.8(g)  322.6(8) — — — 11
Snlj 144.0 167.8 165.4 136.9 — — 21
SrF, 1217.7 82.2 — — — — 5
SrCl, 829.0 114.9 780.8 755.7 686.6 628 5
SrBrp 716.4 143.6 699.2 667.8 597.0 539.7 5
Srly 563.1 159.1 580.3 548.9 486.9 428.3 5
TaCly 553.5 (155) — — — — —
TaCly 708.8 (193) — — — — —
TaCls 8604 (235 — — — — —
TaBrs 602.9 (306) — — — — 13
TeFs 13188(g)  337.9(g) 1223 1164 — — 5
TeCly 324.0 200.9 — — — — 10.5
TeBry 195.1 243.6 2017.2 1955.1 — — 13
ThF4 21122 142.14 2017.2 1955.1 — — 13
ThCly 1187.1 190.5 1095.7 1032.0 879 — 4
ThBr4 966.1 228.1 933 870.2 721.6 — 7
Thly 665 — — — — — 50
TiF3 1436.2 87.9 — — — — —
TiF4 1650.1 131.1 — — — — —
TiCl, 515.7 87.4 — — — — —
TiCl3 722.1 139.8 — — — — —
TiCly 804(m)  252(m) — - — - -
TiBr; 407.4 119.7 — — — — —
TiBr3 550.2 171.7 — — — — —
TiBry 619.6 239.5 — — — — —
Tily 241.1 138.1 — — — — —
Tily 375.9 246.1 — — — — —
TIF 325.6 95.7 286.6 272.1 251.2 228.2 5
TIF3 573.2 — — — — — 13
TICI 205.2 113.0 185.1 170.4 150.7(m) — 1.7
TICl3 315.2 152.4 — — — — 13
TIBr 172.5 125.2 169.2 156.2 136.1(m) — 2.9
I 1243 127.7 1373 1235 102.6(m) — 25
UF4 1884 151.9 1793.2 1736.7 1595.6 1464.1 25
UFs 2057.8 188.4 — — — — 25
UFs 2189.7 278  — 1999.2(g) — — 25
UCl; 893.9 159.1 827.7 785.0 678.3 — 13
UCly 1051.7 198.5 962.5 904.3 773.3(m) — 8
UCls 1094.8 (243) — — — — 13
UClg 11334 285.9 — — — — 21
UBr3 721.4 (188) 695.4 651.0 541.4 — 17
UBry4 826.9 — 794.2 734.8 606.2(m) — 13
Ul 478.1 (239) — — — — 8
Uly 529.6 — 565.2 512.9 410(m) — 17
VFE4 1404.0 121.4 — — — — 13
VFs 1481.0(m)  209.3(m) — — — — 25
VCl3 561.0 — — — — — 13
vl 5702(m)  235.3(m)  498.2(m) — — — 13
VBr; 347.5 125.6 — — — — 25
VBr3; 447.9 142.4 — — — — 25
VBiy 393.6(g) 3349(g) — — — — 25
Vi 2638 (147) — — — — 25
Vi 2805 (203.1)  — — — — 25
WF 17483(m) (251.2)  1643.7 — — — 29
WClg 414 217) 310 2119 100(g) 8(g) 29
YCl3 974.3 (136.9) 907.7 863.3 769.1 685.4 13
Y13 618.2 (207) 640.4 588.9 490.0 383.8(m) 42

(continued)
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—AHg S8 —AG3o —AGsoo —AGigo —AGisoo  —AGoo  Accuracy
Compound ~ 25°C 25°C  27°C 227°C 727°C 1227°C 1727°C +kJ
YbCl, 800.0 1306 — — — — — 13
ZnF; 764.9 73.7 721.0 700.0 622.6 — — 13
ZnCl, 416.6 108.4 369.7 339.1 278.8(m) 338.7(g) — 1.3
ZnBr; 327.8 136.9 313.6 284.7 2374 — — 2.1
Znl, 209.3 161.2 231.1 201.4 153.7 — — 1.7
ZrFy 1912.5 104.7 1820.0 — — — — 13
ZrCly 982.6 186.3 893.0 835.3 — — — 4
ZrBry 760.3 — — — — — — 8
Zrly 485.3 — — — — — — 8
Table 8.8h  SILICATES AND CARBONATES
Heats and free energies of formation from the constituent oxides in kJ and standard entropies.
The standard state of carbon dioxide is the perfect gas under 1 atm pressure; that of silica is quartz.
—AHg S —AGso —AGsoo —AGioo —AGise0  Accuracy

Compound 25°C 25°C  27°C 227°C 727°C 1227°C +kJ
AgrCO3 81.2 167.5 30.6 -2.9 — — 13
Al,SiO5 (kyanite) 8.4 837 — — — — 5

(andalusite) 59 994 — — — — 5

(sillimanite) 3.0 963 — — — — 5
AlgSip0)3 (mullite) 17.2 2750 — — — — 3
BaCOj3 (witherite) 269.4 1122 2149 183.1 97.3 17
BaSiO3 159.1 — 112.2 112.2 111.8 111.8 13
Ba,SiO4 270.0 — 270.0 270.5 — 13
BesSiO4 19.7 645 — — — — 3
CaCOj3 (calcite) 179.2 929 1310 98.8 18.4 — 8
CaSiO3 (wollastonite) 90.0 82.1 89.2 89.2 88.8 88.3 2.1
CaySiOy 136.9 120.6  128.1 128.9 131.5 134 6.3
Ca3zSiOs 113.0 168.7 117.2 118.9 122.7 — 8
CdCO3 98.8 — 48.1 14.6 — — 13
CoCO3 78.9 88.7 — — — — 21
CuCO3 47.5 879 — — — — 4
FeCOj (siderite) 82.7 92.9 35.6 —-0.4 — — 13
Fe;»Si04 (fayalite) 343 1453 — — 25.1 18.0(m) 13
K,CO3 393.7 155.6 3429 308.6 224.8 — 10
K,SiO3 274.2 169.6  260.8 260.4 259.6 — 13
K2 SisO9 307.4 265.8 — — — — 13
K>Si205 299.3 182.1 — — — — 13
Li;CO3 226.7 902 — — 37.7 — 15
Li,SiO; 139.8 804 — — — — 13
MgCO3 117.0 65.7 66.6 32.7 —-52.3 — 17
Mg, SiOy4 (forsterite) 63.2 95.2 63.2 63.2 63.2 63.2 6.3
MgSiO3 (clinoenstatite) 36.4 67.8 36.0 34.8 32.7 30.6 4
MnCOs3 116.8 85.8 60.3 22.6 — — 8
Mn; SiOy4 (tephroite) 47.3 — — — — — 8
MnSiOs3 (rhodonite) 24.7 89.2 20.9 18.4 12.1 5.9 4
NayCO3 322.0 136.1  280.9 253.7 185.9 — 17
NaySiOy4 360.0 1959 3169 319.5 325.3 — 25
Na,SiO3 2324 113.9 2324 232.8 2332 233.6 33
Na,Si; 05 230.6 165.0 2335 235.2 — — 13
NiCO3 46.9 854 — — — — 13
PbCO; (cerussite) 87.29 131.0 423 12.1 — — 13
Pb,SiO4 16.7 186.7 — 234 30.1 39.7 9
PbSiO3 17.6 109.7 — 18.0 19.2 26.4 4

(continued)
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Table 8.8h  SILICATES AND CARBONATES—continued

—AH>3 S208 —AGs00 —AGs0o —AG1000 —AG500 Accuracy
Compound 25°C 25°C 27°C 227°C 727°C 1227°C +kJ
Rb,CO3 404.9 — — — — — 29
SrCO3 2349 97.1 183.4 149.1 63.6 —-22.2 17
SrSiO3 130.6 — — — — — 4
SrpSi04 209.3 — — — — — 8
ZnCOs3 70.8 82.5 18.4 —-16.7 — — 4
ZnSiOy4 32.6 131.5 31.8 31.4 31.1 28.8 8
ZrSiOy4 24.0 84.6 — — — — 13

Table 8.8i COMPOUND (DOUBLE) OXIDES

Heats and free energies of formation from the constituent oxides in kJ and standard entropies.

—AH>3 8208 —AG300 —AGsoo —AG1000 —AGi500 Accuracy
Compound 25°C 25°C 27°C 227°C 727°C 1227°C +kJ
Al TiO5 8.4 109.7 10.9 12.6 16.7 20.9 8
BaAl, 04 100.5 148.6 108.7 114.2 127.8 141.6 7
Ba3A1205 188.4 — — _— — _— 9
BaH703 128.5 1224 126.3 124.7 121.0 115.2 17
BaMoO3 208.5 144.5 207.4 206.6 204.6 — 11
BaUO4 205.1 168.7 204.9 204.8 204.6 204.3 18
BeAl;O4 13.0 66.3 13.5 13.8 14.5 15.3 13
CaV,0¢ 143.6 179.2 146.2 148.0 152.4 (156.8) 3
CasV>07 262.5 220.6 265.6 267.8 273.0 (240.3) 3
Ca3zV,0g 3223 275.0 329.8 334.8 347.4 (314.7) 3
Ca3Al,O¢ 8.4 205.5 18.9 25.9 43.6 61.1 5
CaAl, 04 15.0 114.1 22.0 26.6 38.2 49.8 3
CaAlsO7 12.6 177.9 23.4 30.6 48.6 66.6 3
CaTiO3 80.8 93.8 81.9 82.6 84.4 86.2 5
Ca3Ti; O7 209.3 234.8 213.7 216.7 224.1 231.5 50
CayTiz Oy 297.2 328.6 362.7 306.4 315.7 3249 50
CaZrOs3 30.6 93.8 31.6 323 339 35.5 10
CaHfO;3 314 100.5 31.8 32.0 32.6 332 20
CaMoOg4 166.6 122.6 168.1 169.1 171.6 (150.0) 5
CaWOq4 146.1 126.4 149.3 151.5 156.8 162.1 11
CaUOy4 135.6 143.2 137.0 137.9 140.2 142.5 20
CaFe,Os 40.2 188.8 48.3 53.8 67.4 81.0 5
CayFey 04 20.9 145.2 36.5 46.8 72.8 98.8 11
CaSnOs3 72.8 83.7 70.3 68.6 64.4 60.2 3
CazSn04 71.6 128.3 70.5 69.8 68.0 66.2 3
CaTiO3 27.6 105.1 27.6 27.6 27.5 274 2
CdAl,Oq4 —15.1 125.2 -9.3 —5.5 4.1 13.7 5
CdWO4 79.1 154.9 86.3 92.1 103.2 115.3 8
CeAlO3 (13.6) 106.7 154 16.5 19.6 22.5 15
CoTiO3 24.7 96.9 22.8 21.5 18.3 15.1 5
CoWO4 62.0 126.4 61.3 60.7 59.5 58.3 5
CoAl,O4 335 99.6 323 31.3 29.1 26.9 5
CoCry04 59.9 126.8 57.7 56.2 52.6 48.9 3
CoFe;04 27.6 142.7 28.3 28.8 29.9 30.1 3
CuAlO, 11.9 67.0 10.4 9.4 6.8 43 3
CuAl,O4 —18.4 111.3 —13.1 -9.6 —0.8 8.0 3
CuGaO; 7.1 83.3 54 43 1.5 — 3
CuGay04 —17.2 146.5 —11.5 7.7 1.8 10.3 3
CuFeO, 36.4 88.9 36.2 35.7 35.0 343 10
CuFe;04 —10.0 146.4 (—5.0) (—1.7) 6.6 14.9 10

(continued)
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Table 8.8i COMPOUND (DOUBLE) OXIDES—continued

—AH>3 S208 —AG300 —AGsoo —AG1000 —AGi500 Accuracy
Compound 25°C 25°C 27°C 227°C 727°C 1227°C +kJ
CuCr,04 ~3.1 129.8 (=1.3) (=0.2) 2.8 57 3
FeTiO3 29.7 105.9 28.7 28.1 26.4 24.8 5
FeAl,O4 27.8 106.7 26.9 26.2 245 22.9 2
FepZnOy 5.0 134.9 6.1 6.8 8.6 10.4 5
FeMoO4 54.4 129.3 52.2 50.8 47.1 (20.0) 20
FeWO4 75.3 131.9 74.4 73.9 72.4 71.0 13
FesNiOy 22.6 126.0 22.7 22.8 23.0 232 10
FeyCoOy 27.6 142.7 28.3 28.7 29.9 31.0 5
FeCry0y4 52.1 146.9 54.1 55.6 58.0 61.5 3
FeV,04 243 157.0 243 24.3 243 — 3
LipTiO3 129.3 91.7 130.3 132.0 132.7 — 12
LiAlO, 54.0 53.2 56.8 58.3 62.6 66.9 7
LiFeO, 17.8 75.3 21.6 24.1 30.4 36.7 3
Mg, TiO4 — 103.8 — — — — —
MgTiO3 23.0 74.5 22.2 21.6 20.2 18.8 3
MgTizO5 — 127.3 — — — — —
MgAl,O4 35.6 80.6 36.4 36.9 38.2 39.5 3
MgFe; 04 15.5 123.9 18.3 20.8 25.5 30.2 3
MgMn, 04 113 — — - — — -
MgCry04 41.9 105.9 41.2 40.7 39.6 38.5 5
MgMoOy4 54.0 118.9 58.2 61.0 68.1 (61.0) 5
MgWO4 73.3 100.9 72.7 72.1 71.3 70.3 3
Mgy V,07 81.8 200.1 86.5 89.6 97.4 105.2 3
MgV,0¢ 49.2 160.7 50.3 51.0 52.8 — 3
MnAl;O4 37.7 103.8 35.5 342 30.6 27.1 5
MnCr; 04 69.1 134.0 67.0 65.6 62.0 58.5 5
MnMoOy4 61.1 136.0 60.6 60.3 59.5 (52.0) 12
Na;,TiO3 213.5 121.8 212.4 211.7 209.9 (206.0) 20
Na,Ti» O5 2323 173.7 231.7 2323 230.2 (224.0) 25
Na,Tiz 07 237.3 234.0 239.7 241.2 246.1 (247.0) 25
NaAlO, 87.5 70.7 89.8 91.3 95.2 99.0 5
NayCrOg4 334.5 185.9 346.1 353.9 373.3 392.6 14
NaCrO, 101.5 83.3 103.0 103.1 106.6 109.4 2.5
NaFeO; 44.0 88.3 46.1 47.5 51.0 54.5 10
Na;MoOy4 306.0 159.5 308.0 309.3 312.6 (315.9) 50
NaVO; 162.0 113.9 165.3 167.5 173.0 — 8
NagV,07 534.6 318.6 545.9 553.5 572.4 — 18
NazVOq4 357.5 189.6 361.0 363.3 369.2 — 13
NiAl,O4 6.1 98.4 8.9 10.7 15.3 19.9 2
NiTiO3 18.0 80.2 15.5 13.9 9.7 5.6 9
NiWO4 452 118.0 46.5 47.3 49.4 51.6 9
NiCryOy4 13.6 124.3 15.1 16.1 18.6 21.1 5
NiGay Oy 4.4 130.2 6.6 8.1 11.8 15.7 2
PbTiO3 34.6 112.0 332 324 29.9 27.5 20
Pb,V,07 146.9 — — — — — 7
Pb3V;,0g 170.8 — — — — — 9
PbMoO4 41.9 166.2 48.5 52.9 63.9 — 15
PbWO, 58.6 167.4 66.1 71.2 83.8 96.4 9
SrTiO3 134.0 108.4 134.8 135.3 136.5 138.8 4
SrpTiO4 159.1 159.1 158.4 157.9 156.7 155.5 9
SrHfO3 78.3 113.0 717.7 77.3 76.3 75.3 20
SrAl,O4 16.6 108.8 17.3 17.7 18.8 19.9 25
SrMoOy4 212.2 128.9 210.9 210.0 207.8 — 9
SrWOy4 186.3 134.0 187.0 187.5 188.8 190.0 20
ZnyTiOy4 33 148.2 3.6 8.8 13.8 — 3
ZnTiO3 6.7 95.0 7.0 7.2 7.7 — 3
ZnFe;0y4 5.0 134.9 6.1 6.8 8.6 10.4 5
ZnWOq4 41.9 144.4 49.3 54.3 66.7 79.1 3
ZnAl;Oq4 45.0 87.1 42.7 41.2 37.3 33.5 2
ZnCryO4 62.8 116.4 60.3 58.6 54.3 50.1 2
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Table 8.8j PHOSPHIDES

Heats of formation in kJ and standard entropies.

—AH>og Sh98 Accuracy —AH>,og Sh98 Accuracy

Compound 25°C 25°C +kJ Compound 25°C 25°C +kJ
AgP; 44.8 87.9 9 InP 75.3 59.8 9
AgPs3 69.1 105.5 11 Mg3 P> 464.6 77.4 80
AlP 164.5 473 3 MnP 96.3 52.3 17
AuyP3 97.5 150.7 15 MnP3 174.1 96.7 31
Ca3P; 506.5 123.9 25

NizP 200.2 106.3 11
CoyP 157.5 77.4 15 NisP; 391.4 185.0 19
CoP 125.6 50.2 21 Ni, P 164.5 77.4 18
CoP3 204.7 98.4 21 NigPs 556.3 276.3 60
CusP 129.0 119.3 18 NiP, 129.3 73.3 15
CuP, 90.1 81.6 11

NiP3 157.8 98.4 17
FesP 164.1 101.7 9 SiP 62.0 32.7 15
Fe, P 160.3 72.4 9 ThP 361.3 70.3 40
Fe P 138.1 — 13 Th3 Py 1195.1 247.0 110
FePy 221.0 — 17 Zn3P; 159.0 150.7 18
GaP 122.2 523 9

ZnP; 101.7 60.3 13
GeP 272 61.1 11

The standard state is white phosphorus and for P white — P red, AH = —17.4kJ g-atom~ . With respect to red phosphorus,
heats of formation are thus less negative per g-atom P by this amount.

Table 8.9a PHOSPHIDES

Dissociation pressures in mmHg*.

Phosphorus pressure mmHg

Dissociating Other condensed Temp.
phase phase °C PP, DPp, p
7766
AgP3(s) AgP>(s) 411-501 logp = - +12.74
7186
AgPa(s) Ag(s) 420-506 logp = - + 11.60
9124
AuyP3(s) Au(s) 501-700 logp = - +12.21
CoPs(s) CoP(s) 934 15 27 42
994 54 113 167
1037 120 280 400
CoP(s) CoyP(s) 1215 — — 24
CuP;(s) CuzP(s) 632 — — 18
672 — — 65
712 — — 200
762 — — 698
FeP;(s) FeP(s) 892 16.5 78.5 95
922 34 166 200
953 63 329 392
973 92 516 608
FeP(s) Fe,P(s) 1175 12.5 — 13
1215 25.5 — 27
GeP(s) Ge(s) 500 — — 64
524 — — 156
559 — — 394
11856
MnP3(s) MnP(s) 580-680 logp = - + 14.948

(continued)
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Table 8.9a  PHOSPHIDES—continued
Phosphorus pressure mmHg
Dissociating Other condensed Temp.
phase phase °C P, PPy p
NiP3(s) NiPy(s) 597 — 135 135
644 — 460 460
667 — 850 850
NiPy(s) NigPs(s) 740 4 109 113
761 7 193 200
780 11 323 334
804 19 585 604
NigPs(s) NiyP(s) 742 2 27 29
761 3 43 46
780 5 75 80
806 11 172 183
823 16 262 278
OsPa(s) Os(s) 1190 — — 8
ReP3(s) RePs(s) 863 11 57 68
904 31 186 217
935 63 430 493
956 101 762 863
RePy(s) ReP(s) 935 19 39 58
986 52 120 172
1028 111 278 389
1059 187 494 681
ReP(s) Re(s) 1110 8.5 — 9
1141 14 — 15
1172 23 — 24.5
1214 43 — 46.5
RhP;3(s) RhP,(s) 968 19 22 41
1012 39 45 84
1038 59 71 130
1067 98 125 223
RuP(s) RuP(s) 1190 34 — 34
SiP(s) SiPg 2(s) 1010 33 34 67
1055 76 86 162
1068 96 115 211
1101 169 220 389
TaP>(s) TaP(s) 787 7 111 118
816 14 221 235
836 23 397 420
846 29 494 523
VP;(s) VP(s) 657 — 148 148
670 — 195 195
680 — 298 298
689 — 402 402
WP(.96 WPq.65 750 1.65x 1073 — 1.65 x 1073
850 4.6x 1074 — 4.6x 1074
950 7.2 x 1074 — 72 %1074
ZrP>(s) ZrP(s) 729 2 26 28
774 5 74 79
814 12 165 177
848 25 357 382
Ref. 5.

*To convert the pressures given in mmHg to pascals multiply by 133.322.
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Table 8.9b SULPHIDES

Dissociation pressures in mmHg?
A = Dissociating phase. B = Other condensed phase.

Vapour pressure mmHg

Vapour pressure mmHg

Phases Temp. °C Ps, Xp Phases Temp. °C  ps, Xp
AA$Sy(g)  755-1075  logK, A PtS(s) 1060 30 30
Pt - Phss - PAs: - Pag B Pt(s) 1110 75 75
=log 20— — 1186 249 249
Phsrs} AReSy(s) 1110 13 13
312900 B Re(s) 1189 55 55
=-—F— +367 1225 96 96
A CoSj.95(s) 700 — 38 A RhyS5(s) 715 — 44
730 — 97 757 — 130
760 — 226 BRhyS3(s) 790 — 300
AC0S1 5(s) 700 — 40 830 — 610
730 — 86 ARhyS3(s) 953 — 19
760 — 200 1003 . 56
A CoS 5(s) 700 — 31 BRh3S4(s) 1043 — 137
730 — 79 1083 — 300
760 — 162 ARh3S4(s) 953 — 8
A CuS(s) 460 19 90 1003 — 24
B CuzS(s) 474 34 210 B RhoSg(s) 1043 — 54
AFeSioa(s) 629 —_ 66 1083 - 120
B FeS.12(s) 649 — 170 A RuS;(s) 1123 3.0 3.0
659 — 258 1153 53 53
669 _ 445 B Ru(s) 1184 9.7 9.7
A Tr3Sg(s) 880 — 400 1208 15.3 15.3
B IrSy(s) — — _ A Th3S7(s) 651 — 43
676 — 87
ATrS;(s) 880 — 52 -
B1nSs(s) 904 — 75 BT T8 163
944 — 153 -
A 102S5(s) 1020 o 55 ATiS;(s) 500 38.5 o1f
Blr (s) 1056 — 109 525 83 2237
1073 — 148 BTiS)(s) 538 122 3497
A MnSs(s) 408 — 424 351 173 429
B MnS(s) — — — A USs(s) 500 — ~2
: 608 — 34
ANiSy(s) 650 — 42 BUSH ) 650 - 135
700 — 153
730 _ 35 700 — 470
760 _ 650 AVS4(s) 390 — 48
BV,83(s) 412 — 131
A OsSy(s) 944 — 22 440 _ 350
994 — 85
B Os(s) 1044 _ 212 A ZrS 6(s) 783 52 52
1004 _ 490 814 98 98
B ZrS;(s) 847 187 187
A PdS;(s) 451 16 88* 874 311 311
B PdS(s) 476 35 210*
501 72 425%
APtSy(s) 616 — 38
BPtS(s) 651 — 98
691 — 240
*t°C Pse DPsg TtOC Pse Psg
451 52 20 500 43 9.5
476 125 50 525 1125 275
501 254 99 538 181 46
551 280 76
Ref. 6.

To convert the pressures given in mmHg to pascals multiply by 133.322.
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8.6 Molar heat capacities and specific heats

Table 8.10 ELEMENTS

Molar heat capacities.

The molar heat capacity C, may be given empirically by an equation of the form:
Cp=4.186 8(a + 1073bT + 103¢T~2) JK~! mol ™!

where a, b and ¢ are constants and 7" = temperature in K.
The values of the constants are given below.

Temp. range

Element a b c Remarks
Ag(s) 5.09 2.04 0.36 298-m.p.
Ag(l) 7.3 — — m.p.—1600
Al(s) 4.94 2.96 — 298-m.p.
Al(l) 7.0 — — m.p—1273
As(s) 5.54 1.32 — 273-1 090
Au(s) 5.66 1.24 — 298-m.p.
Au(l) 7.0 — — m.p.—1575
B (amorph.) 3.835 2.39 —1.50 2981240
B (cryst.) 4735 1.38 —2.20 2981100
Ba(g) —1.36 19.2 — 673-m.p.
Ba(l) 10.5 — m.p—1105
Be(s) 4.54 2.12 —0.82 298-1173
Be(l) 6.08 0.515 — 1560-2200
Bi(s) 4.49 5.40 — 298-m.p.
Bi(l) 478 1.47 5.05 m.p.—820
Bra(l) 17.2 — — 300
Bra(g) 8.93 0.11 —0.31 2981 600
C (graph) 0.026 9.307 —0.354 —4.155 x 107072 298-1100
5.841 0.104 1100-4 000
C (diam) 2.18 3.16 — 298-1200
Ca(a) 6.064 —1.736 — +5.67 x 107°72 273-720
Ca(p) —0.086 9.86 — 720-m.p.
Ca(l) 7.00 — — m.p.—1250
Cd(s) 5.31 2.94 — 298-m.p.
Cd() 7.1 — — m.p.—1 100
Ce(r) 5.613 2.485 +0.97 x 107°72 298-1003
Ce(p) 9.05 — — 1003-m.p.
Ce(l) 9.35 — — m.p—1373
Cly(2) 8.82 0.06 —0.68 298-3 000
Co(cx) 5.11 3.42 —0.21 298-650
Co(B) 3.30 5.86 — 718-1400
Co(y) 9.60 — — 1400-m.p.
Co(l) 9.65 — — m.p.—1900
Cr(s) 5.84 2.36 —0.88 2981823
Cr(l) 9.4 — — m.p.
Cs(s) 7.42 — — 298-m.p.
Cs(l) 7.62 — — m.p.—400
Cu(s) 5.41 1.40 — 298-m.p.
Cu(l) 7.5 — — m.p.—1600
Fa(g) 8.29 0.44 —0.80 —
Fe(a, 8,9) 8.873 1.474 — —56.927-1/2 298-m.p.
Fe(y) 5.85 2.02 — 11871 664
Fe(l) 10.0 — — m.p.—
Ga(s) 6.25 — — 298-m.p.
Ga(l) 6.65 — — 295-373
Ge(s) 5.16 1.40 — 298-m.p.
Ge(l) 6.60 — — m.p.—1573
Ha(2) 6.52 0.78 0.12 298-3 000
Hf(s) 5.61 1.82 — 2981346

(continued)
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Table 8.10 ELEMENTS—continued

Temp. range
Element a b c Remarks
Hg(l) 6.61 — — 298-b.p.
Io(s) 9.59 11.90 — 298-387
L(0) 19.2 — — 387-456
L(g) 8.89 — — 456-1500
In(s) 5.81 2.50 — 298-m.p.
In(1) 7.24 —0.33 — m.p.—800
Ir(s) 5.56 1.42 — 2981800
K(s) 6.04 3.12 — 298-m.p.
K(1) 8.886 —4.57 — +2.94 x 107072 m.p.—1037
La(s) 6.17 1.60 — 298-800
Li(s) 3.33 8.21 — 273-m.p.
Li(l) 5.85 1.31 2.07 —467 x 1076772 m.p.—580
Mg(s) 533 2.45 —0.103 298-m.p.
Mg(l) 7.80 — — m.p—1 100
Mn(a) 5.70 3.38 —0.375 2981000
Mn(B) 8.33 0.66 — 1108-1317
Mn(y) 6.03 3.56 —0.443 1374-1410
Mn(8) 11.10 — — 1410-1450
Mn(1) 11.0 — — m.p.—b.p.
Mo(s) 5.77 0.28 — +2.26 x 107072 298-2 500
Na(g) 6.67 1.0 — 298-2 000
Na(s) 19.71 —88.27 — +150 x 107672 273-m.p.
Na(l) 8.965 —4.594 — +2.542 x 1076712 m.p.—451
Nb(s) 5.66 0.96 — 298-1900
Nd(a) 3.503 6.434 +1.07 2981128
Nd(8) 10.65 — — 1128-m.p.
Ni(a) 4.06 +7.04 — 298-630
Ni(8) 6.00 +1.80 — 630-m.p.
Ni(l) 9.20 — — m.p.—2200
0,(2) 7.16 1.00 —0.40 298-3 000
Os(s) 5.69 0.88 — 298-1900
P (yell.) 457 3.78 — 273-m.p.
P (red) 4.05 3.56 — 298-800
P(l) 6.29 — — m.p.—370
Pb(s) 5.63 2.33 — 298-m.p.
Pb(1) 7.75 —0.74 — m.p.—1300
Pd(s) 5.80 1.38 — 298-1828
Pr(c) 6.21 0.3 — 2981068
Pr(B) 9.19 — — +3.11 x 107072 1 068-m.p.
Pt(s) 5.80 1.28 — 298-2 043
Pu(a) 5.91 5.8 298-395
Pu(B) 521 7.05 395-480
Pu(y) 2.98 11.1 480-588
Pu(s) 9.0 — — 588-753
Pu(e) 8.4 — — 753-913
Pu(l) 10.0 — — 913-2 000
Rb(s) 7.27 — — 298-m.p.
Rb(1) 7.85 — — m.p.—373
Re(s) 5.80 0.95 — 298-2300
Rh(s) 5.49 2.06 — 298-1900
Ru(e) 5.28 1.1 — 298-2 000
S (thomb.) 3.58 6.24 — 273-369
S (monocl.) 3.56 6.95 — 273-392
S() 5.4 55 — m.p.—b.p.
Sa(g) 8.54 0.28 —-0.79 298-2 000
Sbo(s) 5.51 1.78 — 273-m.p.
Sb(l) 75 — — m.p.—1000

(continued)
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Table 8.10 ELEMENTS—continued

Temp. range

Element a b c Remarks

Se(s) 453 5.5 — 273-490
Se(l) 7.00 — — 490-600
Si(s) 5.72 0.59 —0.99 298-1200
Si(1) 6.12 — — m.p—1873
Sm(x) 6.00 5.84 —0.61 298-1190
Sm(p) 11.22 — — 1190-1345
Sm(1) 12.57 — — m.p.—1398
Sn(s) 5.16 4.34 — 298-m.p.
Sn(l) 8.29 2.2 — m.p.—800
Ta(s) 6.65 —0.52 —0.45 +0.47 x 107672 298-2300
Te(s) 4.58 5.25 — 273-m.p.
Te(1) 9.0 — — m.p.—873
Th(s) 5.63 3.04 — 298-1300
Ti() 5.28 2.4 — 298-1155
Ti(B) 4.74 1.90 — 1155-1350
Tl() 3.74 6.04 +0.67 298-506
TI(B) 5.00 5.00 — 506-m.p.
TI() 7.2 — — m.p.—1760
U(x) 2.61 8.95 1.17 298-941
u(p) 10.0 — — 941-1 048
U(y) 9.1 — — 1048-m.p.
V(s) 4.90 2.58 +0.2 298-1900
W(s) 5.74 0.76 — 298-2000
Y(a) 5.72 1.805 +0.08 298-1758
Y(B) 8.37 — — 1758-m.p.
Y() 9.51 — — m.p.—1950
Zn(s) 5.35 2.40 — 298-m.p.
Zn(1) 7.5 — — m.p.—b.p.
Zr(a) 525 2.78 —0.91 298-1135
Zr(B) 5.55 1.11 — 1 135-m.p.

Table 8.11 ALLOY PHASES AND INTERMETALLIC COMPOUNDS

Molar heat capacities and specific heats.

Generally, Neumann and Kopp’s rule applies better to intermetallic compounds than to inorganic salts. Thus,
the molar heat capacity of an alloy may be calculated additively from the atomic heat capacities of the
components. This relationship is useful as only a few specific heats of alloys have been measured.

In the following cases Neumann—Kopp’s rule is obeyed to within +3% in the temperature range 0-500°C:

Ag-Au; AgzAl; y-Ag-Al; B-Ag-Mg; AlCu; Al,Cu; AlCus; AlsMgy; Bi~Cd; Co, Sn; CupMg; MgZny;
Mg, Si; Pd-Sb

The heat capacities of heterogeneous alloys must always be calculated additively from those of the components.
In other cases the calculated values differ from the determined values by more than 3%. This result may be
due in part to experimental errors.
C, may be represented empirically by an equation of the form:

Cp=4.1868(a + 1073bT + 103¢T~2) JK~! mol~!

where a, b and ¢ are constants and 7' is the temperature in K. The values of the constants are given below.

Temp. range

Phase a b c

AuCd 7.66 10.36 — 298-900
AuCd (liq.) 14.4 — — 900-1 100
AuCu See ref. 3 320-900
AuCuj See ref. 3 298-1200
AuPb; (liq.) 23.1 — — 527-800

(continued)



8-42  Thermochemical data

Table 8.11 ALLOY PHASES AND INTERMETALLIC COMPOUNDS—continued

Temp. range
Phase a b c
AuSby(«) 17.12 4.64 — 298-628
AuSn 11.13 3.8 — 298-691
AuSn (lig.) 14.6 — — 691-900
AuZn(p) 11.87 2.85 — 723-m.p.
AuZn (liq.) 13.6 — — m.p.—1200
Biz Tl 31.5 — — 298-487
BizTl, (liq.) 35.8 — — 487-700
Cd—Cu See ref. 2 292-373
Cd3Cu; (lig.) 41.5 — — 835-1000
CdsMg See ref. 2 298-543
CdMg See ref. 2 298-543
CdMg3 See ref. 2 298-543
Co7Ws 68.86 29.7 — 293-1145
Cro.48Feo 52() 5.02 2.78 — 1100-1400
Cr0.4gF60.52 8.06 — — 870-1 100
Cu—Ni 79-94% Ni see Figure 8.1
CuPd 12.02 1.96 —1.16 298-1200
CuszPd 20.98 8.80 —1.16 298-1200
Cu,Sb 16.38 6.60 — 298-600
Cuz Sb(B) 21.79 9.00 — 273-573
Cu—Zn See Figure 8.2
Fe7Ws 72.08 24.0 — 293-1145
FeW, 28.29 9.90 —1.60 298-1250
MgNi, 15.67 7.30 — 298-900
NizSn(8) 20.78 10.2 — 273-943
NigW 25.7 11.14 — 293-1100
PtSby 15.27 5.06 — 298-900
PtSn 11.26 2.20 — 298-1400

Cr—Ni. Atomic heats of alloys with 1.8—11 at. % Cr obey Kopp’s law above the Curie temperature.
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Figure 8.1 Specific heat of Cu—Ni alloys
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Figure 8.2  Specific heat of Cu—Zn alloys

Table 8.12a BORIDES

Molar heat capacities.

C, may be represented empirically by an equation of the form:
Cp=4.1868(a + 10737 + 10°cT~2) JK~! mol~!

where a, b and ¢ are constants and 7" = temperature in K. The values of the constants are given below.

1.00

075 _
2
=

0.50

300 400 500 600 700
Temperature (°C)

Temp. range

Boride a b c

CrB 10.12 3.83 —2.40 298-1200
CrB; 9.63 10.7 — 298-1200
Mo, B 18.42 1.3 — 298-800
MoB 9.77 3.07 —1.13 298-1200
MoB; 7.92 (13) — 600-1200
NbB, 11.01 9.38 —1.78 298-1200
NiB 10.26 35 —2.69 298-1300
Ni3By 37.28 11.74 —9.03 298-1300
TaB 7.82 58 — 500-1200
TaB, 14.21 4.49 —3.60 298-3370
TiB, 13.48 6.48 —4.17 298-3 190
UB; 25.58 -9.62 —8.48 298-2300
W,B 18.46 1.44 —-3.14 298-1200
WB 13.89 —0.78 —5.02 298-1200
W1 Bs 39.27 2.08 —16.72 298-1200
ZrB; 15.79 422 —3.51 298-1200
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Table 8.12b CARBIDES

Molar heat capacities.

C, may be represented empirically by an equation of the form:
Cp=4.1868(a + 10737 + 10°cT~2) JK~! mol~!

where a, b and ¢ are constants and 7’ = temperature in K. The values of the constants are given below.

Temp. range
Carbide a b c
Al4C3 36.97 6.866 —10.02 298-1 800
B4C 22.99 5.40 —-10.72 298-1100
Be,C 27.37 3.60 —14.23 430-1200
CaCs(c) 16.40 2.84 —2.07 298-720
CaCy(B) 15.40 2.00 — 720-1275
Cr;Cy 30.03 5.58 —74 298-1500
Cr7C3 57.00 14.38 —10.1 298-1500
CryC 29.35 7.40 —5.02 298-1700
Fe3C(e) 19.64 20.0 — 298-463
Fe3C(B) 25.62 3.0 — 463-1500
CHy(g) 5.65 11.44 —0.46 298-1500
Mn;C(a) 25.26 5.60 —4.07 298-1310
Mn3C(8) 38.00 — — 13101500
NbCo s 7.94 1.50 —1.025 298-1703
NbCo.75 8.95 225 —1.26 298-1763
NbC 10.79 1.73 —2.15 298-1790
Sic 12.14 0.47 —11.76 1.96 x 10873 298-3260
TaC 15.88 3.33 —2.05 298-3775
TaC 10.35 271 -2.10 298-4270
ThC).04 15.17 2.89 —221 298-1700
ucC 13.40 1.02 —1.46 298-2073
UyC3 29.9 3.06 —3.71 298-2 050
18[0)) 16.5 2.04 —2.25 298-2 050
VCo.s8 8.69 3.18 -17 298-2 000
wWC 10.37 2.06 —2.23 0.24x107072 298-2 500

Table 8.12¢  NITRIDES

Molar heat capacities.

C,, may be represented empirically by an equation of the form:
Cp=4.1868(a + 107357 + 10°cT~2) JK~! mol~!

where a, b and ¢ are constants and 7’ = temperature in K. The values of the constants are given below.

Temp. range
Compound a b c Remarks
AIN 8.22 4.05 —2.00 298-1500
BN (hexag.) 16.29 0.675 — —85471/2 2981400
BN (cubic) 8.10 3.52 —5.51 298-1200
BesN; 12.89 24.75 —422 298-430
Ca3N; 33.17 3.70 —6.29 298-1468
CeN 11.1 1.65 —1.73 298-2 000
CrN 15.24 6.8 — 298-800
CiN 9.84 3.9 — 298-800
Cu3N 21.7 — — 298-373
FesN 26.8 8.16 — 298-373
FeoN 14.9 6.1 — 298-373
NH3 7.11 6.00 —0.37 298-1 800
LisN 11.73 23.00 — 298-800
Mgz No(a) 22.81 7.30 — 298-823
Mgz N2(8) 29.60 — — 823-1061

(continued)
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Table 8.12¢  NITRIDES—continued

Temp. range
Compound a b c Remarks
MgzNa(y) 29.54 — — 1061-1300
MnyN 21.16 30.5 — 298-800
Mn;sN; 30.55 38.40 — 298-800
Mn3N, 22.32 22.40 — 298-800
Mo, N 11.19 13.8 — 298-800
NbN 8.69 5.40 — 298-600
Si3Ny 16.83 23.6 — 298-900
TapN 16.85 422 —1.69 298-3 000
TaN 13.21 0.65 —3.02 298-3360
ThN 11.34 2.28 —1.14 298-2 000
Th3Ny 27.78 31.8 — 298-800
TiN 11.91 0.94 —2.96 298-1800
VN 10.94 2.10 —2.21 298-1611
Zn3N, 19.00 22.5 — 298-700
ZiN 11.10 1.68 —-1.72 298-1700
Table 8.12d  SILICIDES
Molar heat capacities.
C, may be given empirically by an equation of the form:

Cp=4.186(a + 10735T + 103¢T72) JK~! mol~!

The values of the constants a, b and ¢ are given below.

Temp. range
Compound a b c
CoSi 11.75 2.89 —1.80 298-1733
CoSi (liq.) 20.88 — — m.p.—1900
CoSiy 16.935 4.46 —2.37 298-m.p.
CoSi; (lig.) 27.75 — — m.p.—1900
CrsSi3 47.46 11.78 —6.12 298-1300
CrSi 12.43 2.09 —2.01 298-1700
CrSip 15.68 5.38 —1.855 298-1730
CrSiz(liq.) 21.5 — — 1730-1900
FeSi 10.72 4.30 — 298-900
Mg, Si 17.52 3.58 —2.11 298-873
Mnj3Si 24.11 12.45 —3.52 298-950
MnsSi3 48.13 12.94 —4.68 298-m.p.
MnSi 11.79 3.05 —1.53 298-m.p.
Mnyg 37Si0.63 6.37 4.085 —1.16 298-1425
MosSi 20.52 5.42 +0.076 298-2200
Mos Si3 43.82 8.37 —2.87 298-2200
MoSi, 16.22 2.86 —1.57 298-2200
NbsSi3 45.21 7.36 —3.60 298-2 000
NbSiy 15.10 3.67 —0.67 298-2 000
Ni, Si 15.8 3.29 — 298-1582
NiSi 11.65 1.47 —1.56 298-1265
Nig.35Si0.65 5.98 0.88 —0.86 298-1200
ResSi3 45.60 10.8 —3.36 298-1500
TasSi3 42.95 9.35 —2.13 298-2 000
TaSiy 17.51 1.84 —-2.17 298-2200
V3Si 22.41 437 —1.66 298-1400
VSip 17.08 2.78 —2.25 298-1950
W5sSi3 42.94 9.36 —2.13 298-2200
WSi 16.21 2.64 —1.46 298-2200
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Table 8.12e OXIDES

Molar heat capacities.

C, may be given empirically by an equation of the form:
Cp=4.1868(a + 10737 + 10°cT~2) JK~! mol~!

The values of the constants a, b and ¢ are given below.

Temp. range

Compound a b c Remarks

Ag,0 14.18 9.75 -1.0 298-500
Al O3 25.48 4.25 —6.82 298-m.p.
As703 14.30 42.0 — 298-m.p.
B, 03 (cryst.) 13.63 17.45 -3.36 298-723
B,0; (glass) 2.28 42.10 — 298-723
B,0; (liq.) 30.45 — — 900-1 800
BaO 12.74 1.04 —1.984 298-1270
BeO 9.94 2.44 —4.15 —32x 107672 298-2835
Bi;O3(w) 24.74 8.0 — 298-800
Bi; 03(8) 35.0 — — 978-1097
CcO 6.79 0.98 —0.11 298-2 500
CO, 10.55 2.16 —2.04 298-2500
CaO 11.86 1.08 —1.66 298-1177
Cdo 11.53 1.525 —1.17 298-1500
CeO; 15.49 4.23 —1.815 298-1250
CoO 11.54 2.04 0.4 298-1800
Co0304 30.84 17.08 —5.72 298-1000
Cry03 28.53 2.20 —3.74 350-1800
Cu0 14.90 5.70 — 298-1200
CuO 9.27 4.80 — 298-1250
EuyO3(@) 29.60 6.48 —2.08 298-895
Euy03 (B) 31.06 4.16 — 895-1802
Eu, 03 (cubic) 31.90 4.38 —3.04 298-1350
Feg.9470 11.66 2.00 —0.67 298-m.p.
Fep.0470 (liq.) 16.30 — — m.p.—1800
Fe304(c) 21.88 48.2 — 298-900
Fe304(B) 48.00 — — 900-1 800
Fe;03(x) 23.49 18.6 —3.55 298-950
Fe;03(B) 36.0 — — 950-1050
Fe;03(y) 31.71 1.76 — 1050-1750
Gd, 03 (monocl.) 27.28 3.54 —2.54 298-1802
Gd, 0, (cubic) 28.72 2.84 —3.88 298-1550
H,0 (lig.) 18.03 — — 298-373
H0(g) 7.17 2.56 0.08 298-2 500
H>01(g) 12.50 2.84 —2.84 298-1300
HgO 9.00 6.0 — estim. 298-?
HfO, 17.39 2.08 —3.48 298-1800
IrO, 17.33 1.93 —3.68 298-1400
Lay03 28.86 3.08 —3.28 298-1771
LiyO(s) 14.94 6.08 —3.38 298-1045
MgO 11.71 0.75 —2.80 298-3 098
MnO 11.11 1.94 —0.88 298-1800
Mn304(e) 34.64 10.82 —-2.20 298-1445
Mn304(B) 50.20 — — 1445-1800
Mn;O3(s) 24.73 8.38 —3.23 298-1350
MnO, 16.60 2.44 —3.88 298-780
MoO3 20.07 5.90 —3.68 298-1068
Na,O(«) 13.26 16.78 0.99 —73%x 107072 298-1023
Na, O(B) 19.67 3.05 — 10231243
NayO(y) 20.28 2.56 — 1243-m.p.
NayO (liq.) 25.0 — m.p.—2200
NbO 10.04 2.35 —0.78 298-1700
NbO2 (@) 14.68 6.16 —2.42 298-1040
NbO2(B) 22.20 — — 1040-1200
Nb,Os 38.76 3.54 —-7.32 298-1780

(continued)
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Table 8.12e  OXIDES—continued

Temp. range
Compound a b c Remarks
Nd»03() 27.67 7.12 —2.84 298-1395
Nd,03(B) 37.20 — — 1395-1795
NiO(w) —4.99 37.58 3.89 298-525
NiO(B) 13.88 — — 525-565
NiO(y) 11.18 2.02 — 565-1800
P,0s5 17.90 38.8 —-3.73 298-700
P4010(g) 73.6 — — 631-1400
PbO (red) 10.95 3.75 -1.0 298-1900
PbO (yell.) 9.05 6.40 — 298-1000
PbO, 12.7 7.8 — estim. 298-7
PdO 10.83 1.68 —0.80 +0.09 x 107672 298-1200
PrO1; 95.29 26.16 —9.31 298-1172
Rh,0 15.59 6.47 — 298-973
RhO 9.84 533 — 298-1023
Rhy03 20.74 13.8 — 298-973
SO(g) 7.70 0.84 —0.65 298-2 000
SO (g) 10.38 2.54 —1.42 298-1800
SO3(g) 13.70 6.42 —-3.12 298-1200
Sby03 19.10 17.1 — estim. 298-930
SbO, 11.30 8.1 — estim. 298-1198
Sby0s5 10.95 57.57 — 298-500
Scy03 23.17 5.64 — estim. 298-2 500
a-quartz 10.49 0.24 —1.44 298-848
B-quartz 14.08 24 — 848-2 000
a-cristobalite 4.28 21.06 — 298-523
B-cristobalite 17.39 0.31 —-9.90 523-2000
a-tridymite 3.27 24.80 — 298-390
B-tridymite 13.64 2.64 — 390-2 000
SiO; (glass) 13.38 3.68 —3.45 298-2 000
SmyO3(x) 30.75 4.64 —4.30 298-1195
Smy03(B) 36.90 — — 1195-1798
Sm, O3 (cubic) 30.64 5.08 —3.96 298-1150
SnO; 17.66 2.40 —5.16 298-1500
SrO 12.34 1.12 —1.806 298-1270
TayOs 37.0 6.56 —-5.92 2981800
TeO, 15.58 3.48 —1.20 298-m.p.
TeO, (liq.) 26.95 0.52 — m.p.—1 146
ThO, 16.65 2.13 —2.24 298-2 500
TiO(«) 10.57 3.6 —1.86 298-1264
TiO(B) 11.85 3.0 — 1264-13800
Tiz O3 () 7.31 53.52 — 298473
Ti; 03(B) 34.68 1.3 —10.2 473-1800
Ti3Os() 35.47 29.50 — 298-450
TizOs(B) 41.60 8.0 — 450-1400
rutile 17.97 0.28 —4.35 2981800
anatase 17.83 0.50 —4.23 298-1300
U0, 19.20 1.62 —3.96 298-1500
U303 67.5 8.83 —11.94 298-900
UO;3 22.1 2.64 —2.65 298-900
VO 11.32 3.22 —1.26 298-1700
V703 29.35 4.76 —5.42 298-1800
VO, (@) 14.96 — — 298-345
VO2(B) 17.85 1.70 —3.95 345-1818
VO, (liq.) 25.5 — — 1818-1900
V;,0s5 46.54 —-3.90 —13.22 298-943
V,0s5 (liq.) 45.60 — — 943-1500
WO3 17.48 6.79 — estim. 298-1550
Y203(x) 29.60 1.20 —4.78 298-1330
Y203(8) 31.50 — — 1330-1800
ZnO 11.71 1.22 —2.18 298-1 600
ZrOs () 16.64 1.80 —3.36 298-1478
ZrO2(B) 17.80 — — 1478-1850
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Table 8.12f SULPHIDES, SELENIDES AND TELLURIDES

Molar heat capacities.

C, may be given empirically by an equation of the form:

Cp=4.1868(a + 10737 + 10°cT~2) JK~! mol~!

The values of the constants are given below.

Temp. range

Compound a b c Remarks

AgrS(a) 10.13 26.40 — 298-452
AgrS(B) 21.64 — — 452-850
AgsSe(w) 23.29 0.39 —4.0 298-406
AgsrSe(B) 20.4 — — 406-460
BirS3 26.25 9.8 — estim. —

Bi, Tes 36.0 13.05 -3.12 373-m.p.
CSa(1) 18.4 — — 298-b.p.
CSa(g) 12.45 1.60 —1.80 2981800
CaS 10.80 1.85 — estim. 298-2 000
CdS 10.65 3.30 — estim. 273-1273
CdTe 12.55 4.54 —1.76 298-m.p.
CoS 10.6 2.51 — estim. 273-1373
CuyS(w) 19.50 — — 298-376
CuyS(B) 23.25 — — 376-623
CuxS(y) 20.32 — — 623-1400
CuS 10.6 2.64 — estim. 273-1273
CuzSe(a) 14.0 18.5 — 298-395
CuySe(B) 20.1 — — 383-488
CupTe($) 20.9 — — 841-950
Cu,Te(e) 26.12 — — 633-841
CuyTe() 32.0 — — 590-633
CuyTe(y) 27.0 — — 531-590
Cu,Te(B) 14.45 12.8 — 433-531
CuTe(x) 14.3 12.8 — 298-433
FeS(a) 5.19 26.40 — 298411
FeS(B) 17.40 — — 411-598
FeS(y) 12.20 2.38 — 598-1468
FeS(1) 17.0 — — 1468-1500
FeS, 17.88 1.32 -3.05 298-1000
H>S(g) 7.81 2.96 —0.46 298-2 000
H;Se(g) 7.59 3.50 —0.31 298-2 000
MnS 11.40 1.80 — 298-1803
MnS(liq.) 16.00 — — 1803-2 000
MoS;(s) 11.2 13.5 — estim. 298-729
NiS 9.3 6.4 — 273-670
NiTe(s) 11.57 3.30 — 298-700
PbS 10.63 4.01 — 273-873
PtS 11.95 2.6 -2.12 estim. 298-1100
PtS, 14.07 7.08 —0.4 estim. 298-1000
SbyS3 242 13.2 — estim. 273-821
SnS(a) 8.53 7.48 0.9 298-875
SnS(B) 9.78 3.74 — 875-m.p.
SnS(1) 17.90 — — 1153-1250
SnS, 15.51 4.20 — 298-1000
SnTe 16.88 3.67 — 273-603
TiSy(c) 8.08 27.34 — 298-420
TiS2(B) 14.99 5.14 — 420-1010
ZnS(s) 12.16 1.24 —1.36 298-1200
ZnTe 11.11 2.61 — 298-m.p.
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Table 8.12g HALIDES

Molar heat capacities.

C, may be given empirically by an equation of the form:
Cp=4.1868(a + 10737 + 10°cT~2) JK~! mol~!

The values of the constants are given in the following table.

Temp. range

Compound a b c Remarks

AgCl(s) 14.88 1.0 —2.70 298-728
AgCI(1) 16.0 — — 728-900
AgBr(s) 7.93 15.40 — 298-703
AgBr(l) 14.9 — — m.p.—836
Agl(a) 5.82 24.10 — 298-423
Agl(B) 13.5 — — 423-600
AlCl3(s) 13.25 28.00 — 273-m.p.
AICI3(1) 31.2 — — m.p.—504
AlCl(g) 9.0 — —0.68 298-2 000
AlBr3(s) 18.74 18.66 — 273-m.p.
AlBr3(1) 29.5 — — m.p.—407
All;3(s) 16.88 22.66 — 273-m.p.
All3(1) 28.8 — — m.p.—480
AlF3(@) 17.27 10.96 —-2.30 298-727
AlF3(B) 20.93 3.0 — 727-1400
AlF(g) 8.9 — —1.45 298-2 000
AsCl3(1) 31.9 — — estim. 286-371
AsClz(g) 19.62 0.24 —1.42 298-1000
AsF3(1) 30.2 — — 298
AsF3(g) 18.18 1.66 —2.66 298-1000
BaCly (@) 22.20 0.76 —4.0 273-1198
BaCly(B) 26.61 — — 1198-m.p.
BaCl(1) 24.96 — — m.p.—1339
BaBr;(s) 15.96 6.22 — 487-1126
CCly(g) 24.90 0.48 —4.74 298-1000
CBry(e) 31.7 — — 295-320
CBr4(B) 33.0 — — 320-m.p.
CBr4(g) 25.03 0.60 —3.03 298-1000
CF4(g) 16.64 7.84 —4.00 298-1200
CaCly(s) 17.18 3.04 —0.6 600-1055
CaCly(1) 24.70 — — 1055-1700
CaBr,(s) 13.96 7.86 — 434-m.p.
CaBry(1) 27.38 — — m.p.—1132
CaF2(a) 14.30 7.28 0.47 298-1424
CaF2(B) 25.81 2.5 — 1424-m.p.
CaF;(1) 23.88 — — m.p.—1 800
CoCly(s) 14.41 14.60 — 298-1000
CrCly(s) 15.23 5.96 — 298-m.p.
CrCls(s) 19.44 7.03 — 298-m.p.
CsBr(s) 11.6 2.59 — estim. 273-909
CsCl(e) 12.78 1.23 —0.46 293-743
CsCI(B) 0.81 17.64 —0.89 743-m.p.
CsCI(1) 13.86 4.28 — m.p.—1170
CsF(s) 11.3 2.71 — estim. 273-957
Csl(s) 7.06 10.36 1.93 298-m.p.
Csl(1) —4.29 20.5 — m.p.—1170
CuCl(s) 5.87 19.2 — 298-703
CuClI(1) 15.8 — — 703-1200
CuCl(g) 8.92 — —0.47 298-2 000
CuCl;(s) 15.42 12.0 — 298-800
Cul(s) 12.1 2.86 — estim. 273-675
Culy(s) 20.1 — — estim. 274-328
FeCla(s) 18.94 2.08 —-1.17 600-950
FeCly(1) 24.42 — — 950-1100
FeCl3(s) 29.56 — —6.11 298-m.p.

(continued)
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Table 8.12g HALIDES—continued

Temp. range

Compound a b c Remarks K

HF(g) 6.43 0.82 0.26 298-2 000
HCl(g) 6.34 1.10 0.26 298-2 000
HBr(g) 6.25 1.40 0.26 298-1600
HI(g) 6.29 1.42 0.22 298-2000
HfF4(s) 31.9 74.8 9.0 273-1103
HfCly4(s) 3147 — —2.38 298-485
HgCl(s) 11.05 3.70 — estim. 273-798
HgCla(s) 15.3 10.3 — estim. 273-553
Hgl(s) 114 4.61 — estim. 273-563
Hglh () 18.50 — — 298-403
Hgla(B) 20.2 — — 403-m.p.
Hgly (1) 25.0 — — m.p.—603
KClI(s) 9.89 5.20 0.77 298-1043
KCI(I) 16.0 — — 1043-1200
KCl(g) 8.94 0.18 —0.24 298-2000
KBr(s) 12.84 2.50 —2.84 600-1000
KBr(g) 8.94 — —0.17 298-2000
KI(s) 21.10 —8.38 —10.38 600-1000
KF(s) 11.02 3.12 — 298-1130
LiCl(s) 11.0 3.39 — estim. 273-887
LiBr(s) 11.5 3.02 — estim. 273-825
LiF(s) 9.14 5.19 — 298-m.p.
LiF(1) 15.50 — — m.p.—1170
Lil(s) 12.5 2.08 — estim. 273-723
MgCly(s) 18.90 1.42 —2.06 600-987
MgCl, (1) 22.10 — — 987-1500
MgFa(s) 16.93 2.52 —2.20 298-m.p.
MgF» (1) 22.57 — — 1538-13800
MnCl;(s) 18.04 3.16 —-1.37 600-923
MnCl, (1) 22.60 — — 923-1200
MnF;(s) 14.79 5.70 —0.47 298-m.p.
NaCl(s) 10.98 3.90 — 298-1073
NaCl(1) 16.0 — — m.p.—1300
NaCl(g) 8.93 — —0.41 298-2000
NaBr(s) 11.87 2.10 — 298-550
NaBr(g) 8.93 — —0.29 298-2000
NaF(s) 10.40 3.88 —0.33 298-m.p.
Nal(s) 12.5 1.62 — estim. 273-936
NH4Cl() 11.80 32.0 — 298-457.7
NH4CI(8) 5.00 34.0 — 457.7-500
NiCly(s) 17.50 3.16 —1.19 298-1303
NiCly (1) 24.00 — — 1303-1336
PF3(g) 17.18 1.92 —3.88 298-2 000
PCI3(1) 28.7 — — estim. 284-371
PCl3(g) 19.15 0.74 —1.91 298-1000
PCls(g) 31.42 0.20 —4.27 298-2000
PBr3(g) 19.81 — —1.43 298-1000
PbCla(s) 16.1 4.0 — 298-771
PbCly (1) 28.2 — — m.p.—851
PbBr(s) 18.59 2.20 — 298-643
PbBr(1) 27.6 — — m.p.—860
Pblx(s) 18.00 4.70 — 298-685
PbI (1) 323 — — m.p.—776
PbFa(s) 16.5 4.12 — estim. 273-1091
RbF(s) 7.97 9.2 1.21 298-m.p.
RDF(1) —11.30 0.88 350.7 m.p.—1200
RbCI(s) 11.5 2.49 — estim. 273-987
RbBr(s) 11.6 2.55 — estim. 273-954
RbI(s) 11.6 2.63 — estim. 273-913
SbCl3(s) 10.3 51.1 — estim. 273-346

(continued)
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Table 8.12g HALIDES—continued

Temp. range

Compound a b ¢ Remarks K
SbBr3(s) 17.2 293 — estim. 273-370
SiCls(g) 24.25 1.64 —2.75 298-1000
SiBry(g) 25.19 0.64 —1.94 298-1000
SiF4(g) 21.86 3.15 —4.70 298-1000
SnCl,(s) 16.2 9.26 — estim. 273-520
SnCly(1) 39.5 — — estim. 286-371
SnCly(g) 25.57 0.20 —1.87 298-1000
SnBry(g) 25.80 — —0.97 2981000
Snly(s) 19.4 36.0 — 298-b.p.
Snl4(l) 40.1 — — b.p.—443
TeCly(s) 33.1 — — 298-m.p.
TeCly(1) 53.2 — — m.p.—538
TeFe(g) 3533 1.62 —7.00 298-2 000
TiCl(1) 35.7 — — estim. 273-372
TiCls(g) 25.45 0.24 —2.36 298-2000
TiBr4(s) 28.0 — — 298-m.p.
TiBra(1) 32.75 15.66 — m.p.—423
TICI(s) 12.00 2.00 — 298-700
TICI(I) 142 - - m.p.-803
TICI(g) 8.94 — —0.25 298-2 000
TIBr(s) 11.07 4.95 — 298-733
TIBr(1) 25.25 —-9.04 — m.p—800
UF4(s) 25.7 7.00 —0.06 298-1309
UF¢(s) 12.6 92.0 — 273-337
UF(g) 223 28.5 — 273-400
UCl3(s) 20.8 7.75 1.05 298-900
UCly(s) 27.2 8.57 —0.79 298-800
UCly(1) 25.8 14.4 — 890-920
UBr4(s) 31.4 4.92 —3.15 350-750
Ul4(s) 34.8 2.38 —4.72 380-720
UL(I) 39.6 - — 820-870
VCly(s) 17.25 2.72 —0.71 298-1200
VCls(s) 22.99 3.92 —1.68 298-900
ZnCly(s) 14.5 55 — 298-m.p.
ZnCly (1) 24.1 — — m.p.—1000
ZnBry(s) 12.6 10.4 — 298-m.p.
ZnBry (1) 27.2 — — m.p.—1 000
ZrCly(s) 31.92 — —2.91 298-604
ZrBry(s) 25.5 15.1 — estim. 298-630

8.7 Vapour pressures

Table 8.13 ELEMENTS
Vapour pressures.

The vapour pressure p (mmHg) of an element may be represented by an equation of the type:
A
logp = -7 +B+Clog T+ 1073DT

The values of the constants 4, B, C and D in this equation are given below.

Temp. range

Element A B C D

Ag 14710 11.66 —0.755 — 298-1234
14260 12.23 —1.055 — 1234-2 400

Al 16450 12.36 —1.023 — 1200-2 800

(continued)
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Table 8.13 ELEMENTS—continued

Temp. range
Element A B C D
Am 13700 13.97 —1.0 — 1103-1453
Asy 6160 9.82 — — 600-900
Au 19820 10.81 —0.306 —0.16 298-1336
19280 12.38 —1.01 — 1336-3240
B 29900 13.88 -1.0 — 1000-m.p.
Ba 9730 7.83 — — 750-983
9340 7.42 — — 983-1200
Be 10734 9.067 — —0.145 900-1557
Bi 10400 12.35 —1.26 — m.p.—b.p.
Bip 10730 18.1 —3.02 — m.p.—b.p.
Ca 10300 14.97 —-1.76 — 713—m.p.
9600 12.55 —1.21 — m.p.—b.p.
Ce 20305 8.305 — — 1611-2038
Cd 5908 9.717 —0.232 —0.284 450-594
5819 12.287 —1.257 — 594-1050
Co 22210 10.817 — —-0.223 1000-1772
Cr 20680 14.56 —1.31 — 298-m.p.
Cs 4075 11.38 —1.45 — 280-1000
Cu 17870 10.63 —0.236 —0.16 298-1356
17650 13.39 —1.273 — 1356-2870
Eu 8980 8.16 — — 696-900
Fe 21080 16.89 —2.14 — 900-1812
19710 13.27 —1.27 — 1812-3000
Ga 14700 10.07 —0.5 — m.p.—b.p.
Ge 20150 13.28 —0.91 — 298-m.p.
18700 12.87 —1.16 — m.p.—b.p.
Hf() 32000 11.81 —0.5 — 298-2023
Hf(B) 31630 11.63 —-0.5 — 2023-m.p.
Hf 29830 9.20 — — m.p.—b.p.
Hg 3308 10.373 —0.8 — 298-630
I 3578 17.72 —2.51 — 298-m.p.
3205 23.65 —5.18 — m.p.—b.p.
In 12580 9.79 —0.45 — m.p.—b.p.
Ir 35070 13.18 —0.7 — 298-m.p.
K 4770 11.58 —-1.370 — 350-1050
La 22120 10.39 —-0.33 — 298-m.p.
21530 9.89 —0.33 — m.p.—b.p.
Li 8415 11.34 —1.0 — m.p—b.p.
Mg 7780 11.41 —0.855 — 298-m.p.
7550 12.79 —1.41 — m.p.—b.p.
Mn 14850 17.88 —2.52 — 993-1373
13900 17.27 —2.52 — m.p.—b.p.
Mo 34700 11.66 —0.236 —0.145 298-m.p.
Na 5700 11.33 —1.718 — 400-1200
Nay 6540 10.7 — — —
Nb 37650 8.94 +0.715 —0.166 298-m.p.
Ni 22500 13.60 —0.96 — 298-m.p.
22400 16.95 —2.01 — m.p.—b.p.
P4 (yell.) 3530 19.09 —3.5 — 298-317
Py 2740 7.84 — — 317-553
Pb 10130 11.16 —0.985 — 600-2030
Pd 19 800 11.82 —0.755 — 298-m.p.
17500 4.81 +1.0 — m.p—b.p.
Pr 17190 8.10 — — 1425-1692
Pt 29200 13.24 —0.855 — 298-m.p.
28500 14.30 —1.26 — m.p.—b.p.
Pu 17590 7.90 — — 1392-1793
Rb 4560 12.00 —1.45 — 312-952
Re 40800 14.20 —1.16 — 298-3 000
Rh 29360 13.50 —0.88 — 298-m.p.

(continued)
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Vapour pressures ~ 8-53

Temp. range
Element A B C D
Ru 33550 10.76 — — 2000-2 500
S> 6975 16.22 —1.53 -1.0 m.p.—b.p.
Sy 4830 23.88 —5.0 — m.p.—b.p.
Sby 11560 22.40 —3.52 — 298-m.p.
Sby 11170 18.54 —3.02 — m.p.—b.p.
Sc(B) 19700 13.07 —-1.0 — 1607-m.p.
Sey 4990 8.09 — — 493-958
Si 20900 10.84 —0.565 — m.p.—b.p.
Sm 11170 13.76 —1.56 ~ 298-m.p.
Sn 15500 8.23 — — 505-b.p.
Sr 9450 13.08 —1.31 — 813-m.p.
9000 12.63 —1.31 — m.p.—b.p.
Ta 40 800 10.29 — — 298-m.p.
Te, 9175 19.68 —2.71 — 298-m.p.
7830 22.29 —4.27 — m.p.—
Th 30200 12.95 —-1.0 — 298-m.p.
Ti(B) 24400 13.18 —-0.91 — 1 155-m.p.
Ti 23200 11.74 —0.66 — m.p.—b.p.
Tl 9300 11.10 —0.892 — 700-1800
Tm 12550 9.18 — — 807-1219
U 25580 18.58 —2.62 — 298-1405
24090 13.20 —-1.26 — 14054200
\% 26900 10.12 +0.33 —0.265 298-m.p.
w 44000 8.76 +0.50 — 298-m.p.
Y 22230 11.835 —0.66 — 298-m.p.
22280 16.13 -1.97 — m.p.—b.p.
Zn 6883 9.418 —0.0503 —0.33 473-692.5
6670 12.00 —1.126 — 692.5-1000
Zr 31820 11.78 —0.50 — 1125-m.p.
30300 9.38 — — m.p.—b.p.
Table 8.14 HALIDES AND OXIDES
Vapour pressures.
A
logp = 7 + B+ Clog T + 10-3DT (mmHg)
Temp. range
Substance A B C D
AgCl —11830 12.39 —0.30 —1.02 298-m.p.
AgCl —11320 17.34 —2.55 — m.p.—b.p.
AgBr —12400 19.33 —2.97 — m.p.—b.p.
Agl —10250 20.09 —-3.52 — m.p.—b.p.
AlF3 —16700 23.27 -3.02 — 298-s.p.
Al Clg —6360 9.66 3.77 —6.12 298-s.p.
AlyBrg —5280 20.81 —-1.75 —4.08 298-m.p.
AlyBrg —5280 46.70 —12.59 — m.p.—b.p.
Al —-7150 17.76 0.12 —4.96 298-m.p.
Al lg —6760 46.67 —11.89 — m.p.—b.p.
AmF3 —24 600 36.87 —7.05 — 1100-1300
AsF3 —4150 61.38 —18.26 — 265-292
AsFs —1088 7.72 — — m.p.—b.p.
AsCl3 —2660 24.76 —5.83 — m.p.—b.p.
As406™* —5282 10.91 — — 373-573
* claudetite (continued)
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Table 8.14 HALIDES AND OXIDES—continued

Temp. range
Substance A B C
AsyOg' —5452 11.468 — — 488-573
As406 -3130 7.16 — — m.p.—b.p.
BCl3 —-2115 27.56 —7.04 — m.p.—b.p.
BBr3 —-2710 28.36 —7.04 — m.p.—b.p.
BI3 —3342 2431 —54 — m.p.—b.p.
B,03 —16960 6.64 — — 1300-1650
BaF, —20330 28.04 —5.03 — m.p.—b.p.
BaO —21900 9.99 — — 1200-1700
BeF, —13000 24.56 -3.79 — m.p.—b.p.
BeyCly —8970 37.0 —7.65 — 298-m.p.
BeCly —7870 27.15 —5.03 — 298-m.p.
BeCly —7220 26.28 —5.03 — m.p.—b.p.
BeyBry —8320 359 —7.65 — 298-s.p.
BeBrn; —7650 27.15 —5.03 — 298-m.p.
BeBr, —6570 25.63 —5.03 — m.p.—b.p.
Besly —8520 359 —7.65 — 298-m.p.
Bel, —7000 26.5 —5.03 — 298-m.p.
Bel, —5800 24.96 —5.03 — m.p.—b.p.
BiCl3 —6200 12.83 — — 298-m.p.
BiCl3 —5980 31.38 —7.04 — m.p.—b.p.
BiBr3 —6190 31.40 —7.04 — m.p.—b.p.
CCly —2400 23.60 —5.30 — m.p.—b.p.
CBry —2650 8.78 — — 298-m.p.
CBry —2330 7.89 — — m.p.—b.p.
CaFa (@) —23600 27.41 —4.525 — 298-1424
CaF,(B) —23350 27.23 —4.525 — 1424-m.p.
CaF, —21800 26.31 —4.525 — m.p.—b.p.
CaCly —13570 9.22 — — 1110-1281
CdF, —-16170 27.50 —5.03 — m.p.—b.p.
CdCl, —9270 17.46 —2.11 — 298-m.p.
CdCl, —9183 25.907 —5.04 — m.p.—b.p.
CdBr; —8250 18.15 -2.5 — 298-m.p.
CdBr, —7150 16.85 -2.5 — m.p.—b.p.
Cdlp —7530 18.01 -2.5 — 298-m.p.
Cdlp —6720 16.79 -2.5 — m.p.—b.p.
CeCl3 —18750 36.38 —7.05 — 298-m.p.
CeBr3 —18000 36.49 —7.05 — 298-m.p.
CoCly —14150 30.10 —5.03 — 298-m.p.
CoCly —11050 27.06 —5.03 — m.p.—b.p.
CrClp —14000 15.14 —0.62 0.58 298-m.p.
CrClp —13800 27.70 —5.03 — m.p.—b.p.
CrCl3 —13950 17.49 —0.73 0.77 298-s.p.
Crlp —16080 25.92 —3.53 — 298-m.p.
CrO,Cl, —3340 34.94 —9.08 — m.p.—b.p.
CsF —10930 17.51 —2.12 — 298-m.p.
CsF —9950 18.62 —2.84 — m.p.—b.p.
CsCl —10800 19.99 -3.02 — 700-m.p.
CsCl —9815 20.38 —3.52 — m.p.—b.p.
CsBr —10950 20.02 —3.02 — 700-m.p.
CsBr —10080 20.56 —3.52 — m.p.—b.p.
Csl —10420 19.70 —3.02 — 600—m.p.
Csl —9678 20.35 —3.52 — m.p.—b.p.
CuCl —10170 8.04 — — 10001900
CuzCl3 —-3750 4.90 — — 900-1 800
CuBr —7700 7.69 — — 1000-1480
CuzBr3 —4010 4.88 — — 10002 000
Cuzl3(@) —9463 11.14 — — 629
Cuszl3(B) —8351 9.41 — — 643-670
Cuzl3(y) —7853 8.68 — — 684-770
FeCl, —93890 11.10 — — 670-740
T arsenolite (continued)
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Temp. range
Substance A B C D
FeBr; —10220 11.95 — — 670-740
Fel, —12180 29.59 —5.03 — 298-m.p.
Fel, —8750 27.185 —5.535 — m.p.—b.p.
Fe,Clg —-9540 45.53 -9.5 — 298-m.p.
Fe(CO)s —2075 8.42 — — 298-b.p.
GaCl, —4 886 29.14 —6.44 — m.p.—b.p.
GaBr3 —4700 28.69 —6.44 — m.p.—b.p.
GeCly —2940 34.27 —9.08 — m.p.—b.p.
GeBry —-3690 35.00 —9.05 — m.p.—b.p.
Gely —4920 22.73 —4.02 — 298-m.p.
H,O —2900 22.613 —4.65 — m.p.—b.p.
H,0, —3560 29.68 —7.04 — m.p.—
HfCly —5200 11.71 — — 476-681
Hfl4(«) —10700 19.56 — — 575-597
HfLL(B) —7360 13.97 — — 598-645
Hfl4(y) —6173 12.13 — — 648-678
HgCly —4580 16.39 -2.0 — 298-m.p.
HgBr; —4500 11.47 0.05 —1.51 298-m.p.
HgBr —4370 24.18 —5.03 — m.p.—b.p.
Hgl —-5690 30.27 —6.47 — 298-m.p.
Hgl, —4620 25.72 —533 — m.p.—b.p.
InCl —4 640 8.03 — — m.p.—b.p.
InCl3 —8270 13.62 — — 500-s.p.
InBr —6470 16.31 —2.01 — 298-m.p.
InBr; —4480 7.48 — — m.p.—b.p.
InBr3 —-5670 11.67 — — 500-s.p.
Inl —6730 15.74 —-1.97 — 298-m.p.
IrFg —1657 7.952 — — m.p.—b.p.
KF —12930 17.30 —2.06 — 298-m.p.
KF —11570 16.90 —2.32 — m.p.—b.p.
Kl —12230 20.34 -3.0 — 298-m.p.
KCl1 —10710 18.91 -3.0 — m.p.—b.p.
KBr —11110 16.60 —-2.0 — 298-m.p.
KBr —10180 18.67 -3.0 — m.p.—b.p.
KI —11000 16.99 -2.0 — 298-m.p.
KI —10050 20.41 —3.52 — m.p.—b.p.
LaCl3 —19040 36.20 —7.05 — 298-m.p.
LaBr3 —18780 36.83 —7.05 — 298-m.p.
Lal; —18390 37.00 —7.05 — 298-m.p.
LiF —14560 23.56 —4.02 — m.p.—b.p.
LiCl —10760 22.30 —4.02 — m.p.—b.p.
LiBr —10170 20.55 —3.52 — m.p.—b.p.
Lil —11110 21.70 —3.52 — m.p.—b.p.
MgF; —19700 27.80 —5.03 — m.p.—b.p.
MgCl, —10840 25.53 —5.03 — m.p.—b.p.
MgBr, —10930 26.07 —5.03 — m.p.—b.p.
Mgl —8090 25.18 —5.03 — m.p.—b.p.
MnF; —17400 22.06 —3.02 — m.p—b.p.
MnCl, —10606 23.68 —4.33 — m.p.—b.p.
MoFs —-2772 8.58 — — m.p.—b.p.
MoF¢ —1500 7.77 — — m.p.—b.p.
MoOF4 —2854 9.21 — — 313-m.p.
MoOF4 —2671 8.716 — — m.p.—b.p.
MoCls —-5210 13.1 — — 298-m.p.
MoO3 —15230 27.16 —4.02 — 298-m.p.
MoO3 —12480 24.60 —4.02 m.p.—b.p.
NaF —14960 17.53 —2.01 — 298-m.p.
NaF —13500 17.93 —2.52 — m.p—b.p.
NaCl —12440 14.31 —0.90 —0.46 298-m.p.
NaCl —11530 20.77 —3.48 — m.p.—b.p.

(continued)
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Table 8.14 HALIDES AND OXIDES—continued

Temp. range

Substance A B C
NaBr —12100 20.39 -3.0 — 298-m.p.
NaBr —10500 18.81 -3.0 — m.p.—b.p.
Nal —10740 20.96 —3.52 — m.p.—b.p.
NbFs —4900 14.397 — — 298-m.p.
NbFs —2780 8.37 — — m.p.—b.p.
NbCly —6870 12.30 — — 577-651
NbCls —4370 11.51 — — 403-m.p.
NbCls —2870 8.37 — — m.p.—b.p.
NbBrs —4085 9.33 — — m.p.—b.p.
NbOCl3 —5333 8.79 — — 298-s.p.
NdCl3 —18220 36.27 —7.05 — 298-m.p.
NdBr3; —17650 36.51 —7.05 — 298-m.p.
NdI3 —17490 36.61 —7.05 — 298-m.p.
NiF, —14 650 20.28 —3.02 — 298-m.p.
NiCly —13300 21.88 —2.68 — 298-s.p.
NiBr; —13110 16.68 —1.71 0.35 298-s.p.
Ni(CO)4 —1530 7.73 — — 298-b.p.
NpF¢ —2892 18.48 —2.7 — 273-m.p.

—1913 14.61 —2.35 — m.p.—350
OsFs —3429 9.75 — — m.p.—b.p.
OsFg —1858 8.726 — — 273-m.p.
OsF¢ —1473 7.47 — — m.p.—b.p.
Os04* —2955 9.64 — — 273-329
0504t —2580 10.70 — — 273-315
0s04 —2065 8.01 — — m.p.—b.p.
PCl3 —2370 22.74 —5.14 — 273-b.p.
PCls —3520 11.035 — — 373-432
POCl3 —1830 7.72 — — 273-b.p.
P40yt —4350 9.81 — — 298-s.p.
PbF; —11800 26.48 —5.03 — m.p.—b.p.
PbCl, —-93890 15.36 —0.95 0.91 298-m.p.
PbCl, —10000 31.60 —6.65 — m.p.—b.p.
PbBr, —-9320 18.44 —2.08 0.34 298-m.p.
PbBr; —-9540 31.67 —6.76 — m.p.—b.p.
Pbl, —-9340 19.68 —2.35 0.32 298-m.p.
Pbl, —10000 39.80 —9.21 — m.p.—b.p.
PbO —13480 14.36 —0.92 0.35 298-m.p.
PbO —13310 19.47 —-2.77 — m.p.—b.p.
PrCl3 —18490 36.31 —7.05 — 298-m.p.
PrBr3 —17800 36.53 —7.05 — 298-m.p.
Prl3 —17470 36.66 —7.05 — 298-m.p.
PuF3 —24950 36.91 —7.05 — 298-m.p.
PuF; —23500 34.47 —6.45 — m.p.—200
PuCl3 —18270 32.60 —5.34 — 298-m.p.
PuCl3 —15490 31.76 —6.45 — m.p.—b.p.
PuBr3 —17460 31.32 —5.34 — 298-m.p.
PuBr3 —15030 32.34 —6.45 — m.p.—b.p.
RbF —11230 18.26 —2.66 — m.p.—b.p.
RbCI —-11670 20.157 -3.0 — 298-m.p.
RbCl —10300 18.77 -3.0 — m.p.—b.p.
RbBr —11510 20.155 -3.0 — 298-m.p.
RbBr —-10220 18.805 -3.0 — m.p.—b.p.
RbI —10280 20.64 —3.52 — m.p.—b.p.
ReFs —-3037 9.024 — — m.p.—b.p.
ReFg —1489 7.732 — — m.p.—b.p.
ReF7 —2206 13.045 —1.47 — 259-m.p.
ReF7 —244 —21.585 +9.91 — m.p.—b.p.
ReOF4 —3888 11.88 — — 323-m.p.
*yellow T white ¥ hexagonal (continued)
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Vapour pressures — 8-57

Temp. range
Substance A B C
ReOF4 —3206 10.09 — m.p.—b.p.
ReOFs5 —1959 8.62 — 303-m.p.
ReOFs —1679 7.727 — m.p.—b.p.
Re, O, F —3437 10.36 — m.p.—b.p.
Re, 07 —7300 15.000 — 273-m.p.
Rey 07 —-3950 9.10 — m.p.—b.p.
RuCl3 —-16750 30.53 —4.63 298-1000
SOza —2680 11.44 — 273-m.p.
SOz —2860 11.97 — 273-m.p.
SOzy -3610 14.00 — 273-m.p.
SO3 —2230 9.90 — m.p.—b.p.
S0,Cly —1660 7.65 — m.p.—b.p.
SbFs —2364 8.567 — 282-416
SbCl3 —3460 2.81 3.88 298-m.p.
SbCl3 —-3770 29.48 —7.04 m.p.—b.p.
SbCls —2530 8.56 — m.p.—350
SbBr3 —2860 7.97 — 435-561
Sblsz —3450 7.99 — 510-629
SbsO¢* —10360 12.195 — 742-839
SbsO6 —9625 11.312 — 742-914
Sb4O¢ —3900 5.137 — 929-1073
ScCl3 —14200 14.37 — 1065-1233
ScBr3 —13780 14.35 — 1042-1200
Sclz —13340 14.17 — 1010-1180
SeF4 —2457 9.44 — m.p.—b.p.
SeO; —6170 21.40 —3.02 298-s.p.
SiCly —1572 7.64 — 273-333
Sily —3863 23.38 -5.0 m.p.—b.p.
SnCly —1925 7.865 — 298-b.p.
SnBry —-3510 27.63 —6.5 303-b.p.
Snly —3990 10.08 — 298-m.p.
Snly —2975 7.666 — m.p.—b.p.
SrF, —21660 28.04 —5.03 m.p.—b.p.
TaCls —6275 34.305 —7.04 298-m.p.
TaCls —2975 8.68 — m.p.—b.p.
TaBrs —7320 34.85 —7.04 298-m.p.
TaBrs —-3260 8.14 — m.p.—b.p.
Tals —6660 31.61 —7.04 298-m.p.
Tals —3955 7.72 — m.p.—b.p.
Tc,07 —7205 18.28 — 298-m.p.
Tc, 07 —-3570 9.00 — m.p.—b.p.
TeF4 —-3174 9.093 — 298-m.p.
TeF4 —1787 5.640 — m.p.—467
TeFe —1460 9.13 — 194-241
TeCly —3350 8.51 — m.p.—b.p.
TeO, —13940 23.51 —3.52 298-m.p.
ThCly —12900 14.30 — 974-1043
ThCly —7980 9.57 — 1043-1186
ThBry —-9630 11.73 — 903-951
ThBry —7550 9.56 — 955-1126
Thi3 —6890 9.09 — 856-1107
ThO, —34890 10.87 — 2500-2900
TiF4 —5332 19.51 —2.57 298-s.p.
TiClp —15230 19.36 —2.51 298-m.p.
TiCly —13110 17.93 —2.51 m.p.—b.p.
TiCl3 —-9620 21.47 —3.27 298-m.p.
TiCly —-2919 25.129 —5.788 298-b.p.
TiBrs —3706 27.08 —6.24 m.p.—b.p.
Til, —12500 16.90 —1.51 298-1000
Tily —3054 7.576 — 430-643

*cubic T orthorhombic

(continued)
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Table 8.14 HALIDES AND OXIDES—continued

Temp. range

Substance A B C D

TIF —-7710 17.66 —2.18 — 298-m.p.
TIC1 —7370 16.49 —2.11 — 298-m.p.
TIC1 —6650 16.92 —2.62 — m.p.—b.p.
TIBr —7420 16.18 -2.0 — 298-m.p.
TIBr —6840 18.26 —3.02 — m.p.—b.p.
TII —7270 15.85 —2.01 — 298-m.p.
TIL —63890 18.20 —3.02 — m.p.—b.p.
UF4 —16400 22.60 —3.02 — 298-m.p.
UF4 —15300 29.05 —5.03 — m.p.—b.p.
UFg —23858 16.36 —1.91 — 273-s.p.
UCly —11350 23.21 —3.02 — 298-m.p.
UCly —9950 28.96 —5.53 — m.p.—b.p.
UClg —4000 10.20 — — 298-450
UBr3 —16420 22.95 —3.02 — 298-m.p.
UBr3 —15000 27.54 —5.03 — m.p.—~(b.p.)
UBry —10800 23.15 —3.02 — 298-m.p.
UBry —8770 27.93 —5.53 — m.p.—b.p.
Uly —12330 26.62 —3.52 — 298-m.p.
Uly —-9310 28.57 —5.53 — m.p.—b.p.
U0, —33120 25.69 —4.03 — 1500-2 800
VFs —2423 10.43 — — m.p.—b.p.
VCly —2875 25.56 —6.07 — 298-m.p.
VOCl3 —1921 7.70 — — 298-b.p.
V,0s5* —7100 5.05 — — m.p.—1500
WFg —1380 7.635 — — m.p.—b.p.
WClg(a) —3996 9.615 — — 458-503
WCl4(B) —3588 8.795 — — 503-554
WCl —3253 8.195 — — 555-598
WCls —-3670 9.50 — — 413-m.p.
WCls —2760 7.72 — — m.p.—b.p.
WClg(«) —4580 10.73 — — 425-t.p.
WClg(B) —4080 9.73 — — t.p.—m.p.
WClg —3050 7.87 — — m.p.—b.p.
WOF, —3605 10.96 — — 298-m.p.
WOF4 —-3125 9.69 — — m.p.—b.p.
WO3 —24600 15.63 — — 1000—m.p.
ZnF, —13650 26.90 —5.03 — m.p.—b.p.
ZnCly —8500 16.61 —1.50 — 298-m.p.
ZnCly —8440 26.37 —5.03 — m.p.—b.p.
ZnBr, —7120 16.21 —2.01 — 298-m.p.
Znl —6450 14.70 —-1.76 — 298-m.p.
ZnS —13980 8.98 — — 9701280
ZrFy —14700 30.80 —5.03 — 298-s.p.
ZrCly —5400 11.765 — — 480-689
ZrBry —6780 19.60 -1.76 —1.65 298-s.p.
Zrly —7680 20.87 —2.164 —1.344 298-s.p.

* Apparent vapour pressures V,Os loses oxygen with increasing temperature.
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9 Physical properties of molten salts

In the following tables are given densities, electrical conductivities, surface tensions and coefficients
of viscosity of pure molten salts, molten binary salt systems and other ionic melts. For comprehensive
data and treatment, reference should be made to G. J. Janz, ‘Molten Salts Handbook’, 1967, Academic

Press, New York/London.

Table 9.1 DENSITY OF PURE MOLTEN SALTS

The density of most pure molten salts varies almost linearly with temperature, and may be represented by the

equation:

di=a—10"3.bt

where d; is the density in g cm™

, a and b are constants, and ¢ is the temperature in °C over appreciable ranges

of temperature. Values of the constants and the appropriate temperature ranges are given below. Principal

references are in bold type.

Range of
observations*
Substance a b °C References
AgBr 6.025 1.04 m.p. to 820 91, 60, 33, 10
AgCl 5.257 0.849 467 to 637 140,97,91, 33
AgClO3 42626 1.742 m.p. to 250 18
Agl 6.139 1.01 600 to 800 33
AgNO3 4.167 1.00 m.p. to 410 108, 100,97, 18, 112,
105,93, 34, 10

AlBr3 2.875 2.314 m.p. to 225 89, 88, 38
AlCl3 1.805 2.5 194 to 250 38
Alls 3.70 2.5 m.p. to 250 38
Al O3 5.259 1.127 2102t0 2352 121
AsBr3 3.455 2.6 50 to 100 96, 34, 14
AsCl3 2.205 2.18 m.p. to 130 87,8, 1
AsF; d; =2.6659 =3.839-1073¢ +4.35- 10782 0 to 60 8

drs =3.01 78
AsFs 2.047 5.34 m.p. to =53 68
BBr3; dy=2.650 15
BCl; dy1 =1.349 52
BI; dso=3.3 12
B,03 1.609 0.0867 1030to 1310 101,114, 19
BaBI‘z dgso =4.00 102
BaCl, 3.8292 0.6813 966 to 1081 122,104, 103, 85, 19
BaF, 5.502 0.999 1327t0 1727 123
Ba(NO;), 3.448 0.70 — 124
BeCl, 1.976 1.1 430 to 475 47
BiBr3 5.248 2.6 270 to 330 34
BiCl3 4.42 2.20 240 to 350 120, 40, 34,23
Biz(M00O4)3 d73=5.170 125

(continued)
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Table 9.1 DENSITY OF PURE MOLTEN SALTS—continued

Range of
observations*

Substance a b °C References
CaCly 24108 0.4225 787 to 950 122,99, 86, 22, 19,92
CaF, 3.072 0.391 1367 to 2027 123,111
CdBr; 4.688 1.08 m.p. to 720 91
CdCl, 3.858 0.825 m.p. to 800 102,91
Cdlp 4.828 1.12 m.p. to 700 102
CeF3 5.997 0.936 1427 to 1927 123
CsBr 3911 1.22 m.p. to 860 113,34
CsCl 3.4785 1.065 667 t0 907 113, 34, 140
CsF 4.5489 1.2806 7120912 122,34
Csl 3918 1.18 645 to 855 113,34
CsNO3 3.3023 1.160 05 415 to 491 126,34
Cs2S04 2.956 0.586 1027 to 1477 34
Cu,Cly 4.010 0.79 m.p. to 585 47
CupS 6.76 0.75 1150 to 1400 119
FeS 3.85 0 1250 to 1450 119
GaBr, 3.753 1.69 160 to 175 127
GaBr3 3.507 2.95 m.p. to 230 70
GaCly 2.652 1.36 166 to 177 127
GaCl; 2.223 2.05 m.p. to 195 116, 70,9
Gayly 4.380 1.688 181 to 265 128
Gaylg 4.128 2.377 185 to 255 128, 70
HfCly dgzs = 1.71 129
HgBr; 5.8889 3.2331 238t0 319 130, 26
HgCl, 5.1577 2.8624 277 to 304 130, 26
Hg,Clp 8.00 4.0 m.p. to 580 47
Hgl, 6.0603 3.2351 259 to 354 130, 26, 107
1Cl 3.186 3.0 m.p. to 100 8,5
InBr3 3.674 1.5 450 to 530 48
InCl 4.055 1.4 269 to 365 48
InCl, 3.43 1.6 268 to 437 48
InCl3 3.37 2.1 597 to 666 48
Inl3 4.135 1.5 230 to 360 48
KBr 2.733 0.8253 747 t0 927 113,102, 140
KCl1 1.976 7 0.5831 777 to 947 146, 140, 102, 110, 104, 98
K2CO3 2.2934 0.442 907 to 1007 141
K>Cr, 07 2.5633 0.695 420 to 535 142
KF 2.4685 0.6515 881 to 1037 122,34
KHSO4 2.232 0.767 207 to 230 94
KI 3.098 5 0.9557 682 to 904 110,102
K2MoOy4 2.9922 0.549 1 93510 988 134,34
KNO, 2.005 0.700 440 to 500 106, 124
KNO3 2.116 0.729 m.p. to 600 106, 102, 77, 55, 34, 21, 18,

124, 126
KOH 1.893 0.44 400 to 600 45,37
KPO3 2.455 0.43 990 to 1200 34
K>S04 2.472 0.545 1100 to 1300 34
Ko WOy 3.8447 0.7273 944 t0 1053 135,34
LaBr;3 5.0089 0.096 0 796 t0 912 122
LaCls 3.8773 0.7774 873 t0 973 122,47
LaF3 5.607 0.682 1477t02177 123
LiBr 2.888 0.652 m.p. to 740 113,16, 60
LiCl 1.766 0 0.4328 627 to 777 110,102, 98, 34, 16
LiClO4 21712 0.6223 — 136
LiCO3 2.10 0.373 737 to 847 141
LiF 22243 0.4902 876 to 1047 122,34
Lil 3.540 0.918 m.p. to 670 113

(continued)
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Table 9.1 DENSITY OF PURE MOLTEN SALTS—continued

Range of
observations*

Substance a b °C References
Li;MoO4 3.2008 0.4152 781 to 963 134
LiNO3 1.924 0.548 m.p. to 550 34,18
LizSO4 2.3529 0.407 860to 1214 143,34
LioaWO4 4.9055 0.8053 764 to 901 135
MgCl, 1.894 0.302 727 to 967 144,47, 83, 133
MgF; 3.092 0.524 1377 to 1827 123
MnCl, 2.639 0.44 650 to 850 137
MoFg 2.637 491 m.p. to 34 64
MoO3 4.4436 1.4983 8210918 134,109
NazAlF¢ 3.036 0.94 m.p. to 1100 See Binary System

Na3AlF¢—NaF
NaBr 2.952 0.817 m.p. to 945 113,34, 16
NaCl 1.9911 0.543 803 to 1030 102, 147, 140, 146, 110, 98
NayCO3 2.357 0.449 867 to 1007 141
NaF 2.502 0.560 997 to 1057 34,45
Nal 3.368 0.949 m.p. to 915 113,102, 34
NayMoOy4 3.235 0.629 700 to 1400 35,109
NaNO; 2.004 0.690 280 to 500 106, 102
NaNO; 2.1248 0.715 317 to 427 106, 100, 102, 77, 34, 21, 18
NaOH 1.9374 0.4784 320 to 450 145
NaPOs3 2.545 0.44 905 to 1010 34,19
NaSO4 2.495 0.48 900 to 1050 34,16
Nay WOy 4.5199 0.9067 714 to 880 135,35, 16
NdBr3 4.7626 0.7779 695 to 860 122
NH4NO3 1.536 0.60 170 to 200 118
Ni(CO)4 di =1.3561—2213-1073¢ —4.107%¢2 0to 36 13
0sSO4 4.504 4.17 43 to 150 62
PBr3 2.924 2.48 0 to 200 8,1
PCl3 1.612 1.86 —80to 75 87,29,8,39, 1
PbBr; 5.036 1.45 377 to 497 91,21
PbCl, 5.702 1.5 502 to 710 91, 85, 61, 60, 21
PbCly dy=3.18 50
Pbl, dsg3 =5.625 10
PbMoOy di107=5.213 125
RbBr 3.4464 1.072 700 to 910 113,34
RbCl 2.880 0.883 m.p. to 925 113, 47,34
RbF 3.707 1.011 820 to 1005 34
RbI 3.638 1.14 655 to 905 113,34
RbNO; 2.782 0.97 350 to 550 34
RbySO4 3.260 0.665 1100to 1310 34
ReFg 3.776 8.51 m.p. to 47.6 79,76
Rey07 dy31 =4.30 67
ReO3Cl1 3.94 4.0 16 to 37 67
ReOF4 3.921 5.1 40 to 60 79
S>Cl, 1.710 1.57 0to 136 87,8,2
SOCl, 1.677 1.97 0 to 69 8
SO,Cl, 1.708 2.11 0 to 70 8
SbBr3 d=3.691 at m.p. 81,31,27,6,3
SbCls 2.849 2.268 m.p. to 165 84,54,41,20,3
SbCls 2.392 2.04 m.p. to 80 65,54,32,17
SbFs dr7=2.993 17
ScCls diooo =1.63 47
Se, Clp dys =2.774 51

(continued)
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Table 9.1 DENSITY OF PURE MOLTEN SALTS—continued

Range of

observations*
Substance a b °C References
SeFy d =2.8 at room temp. 56
SeFq d = 2.3 atm.p. 69
SeOBr, dsp =3.38 36
SeOCl, 2.478 2.08 m.p. to 80 63,57,43
SeOF, d =2.7 at room temp. 56
SiBry 2.812 2.63 — 8
SiCly 1.523 2.08 —30 to 60 87,8, 1
SnCl, 3.6739 1.253 247 to 407 47,34
SnCly 2.273 2.62 —19to 113 8,1
Snly 4.145 245 145 to 275 53
SrCly 32318 0.578 1 893 to 1037 122,19
SrF, 4.579 0.751 1477 to 1927 123
TeCly 2.965 1.64 230 to 430 59
TeFg 2.442 6.02 m.p. to —10 69
ThCly d =3.32 at about 830 47
TiBry 3.043 2.25 40 to 120 115
TiCly 1.761 1.72 m.p. to 135 73,71,8,1,90, 58
Tily 3.755 2.19 166 to 270 70
TIBr 6.9084 1.922 493 to 750 131
TICI 6.402 1.80 m.p. to 640 47
TINO3 5.2672 1.75 210 to 430 34
UCly 2.50 1.7 — 138
V,05 digoo =2.5 139
VOCl; 1.865 1.83 0to 125 25,11, 8,4
WF¢ 3.529 5.84 m.p. to 19 64
YCl, 2.87 0.5 m.p. to 845 47
ZnBr; 3.8512 0.959 397 to 627 144,72
ZnCl, 2.693 0.515 m.p. to 630 117,47,61
ZrCly dyg = 1.54 129

* Melting points will be found in Table 9.3.
T Between m.p. and 375°C density of SbClz given by:

d; =2.622 —2.268 - 10-8(r — 100) — 0.32 - 10~8(r — 100)°.
Between 375°C and 505°C:

d; =2.622 —2.268 - 1073(t — 100) — 0.32- 103(r — 100)* + 8.8 - 10~ '12(£ — 100)* — 3.4 - 10~14(r — 100)°.
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Table 9.2 DENSITIES OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC MELTS

The density (g cm ™) at temperature #(°C) and composition p(wt. %) of the first-named constituent is given as
dy, or the constants a and b in the equation d; =a — 1073 bt or 4, B and C in the equation

d; =10°4t72—103Bt~! + C are given together with the temperature range (°C). Principal references are in
bold type.

AgBr-AgCl P 0 27.8 46.9 71.6 100
Ref. 25 a 5.262 5.523 5.678 5.832 6.025
b 0.94 1.08 1.12 1.07 1.04
r 480-630  440-580 420-590 420-580  440-600
AgBr-KBr P 0 50.8 70.4 85.7 100 64.6
Ref. 64, 25,7 a 2.706 3.686 4.376 5.156 6.023 4.077
b 0.80 0.98 1.03 1.12 1.05 1.03
r 750-800 593-700 380-600 380-600 440-600 546-629
AgBr-LiBr P 68.5
Ref. 65 a 4.504
b 0.877
r 517-555
AgBr-NaBr P 64.6
Ref. 66 a 4311
b 0.9
r 607-619
AgBr-RbBr P 53.2
Ref. 67 a 4.470
b 1.23
r 514-624
AgCl-AgNO3 P 0 9.00 12.5 15.5 20.0 30.0 40.0
Ref. 33 a 4.167 4.242 4279 4297 4338 4431 4.497
b 1.00 1.00 1.00 1.00 1.00 1.00 0.90
r 310-330
AgCI-KCl P 0 63.8 80.3 88.9 100
Ref. 25,7 a 1.988 3.286 4.001 4.463 5.263
b 0.60 0.88 0.96 0.95 0.94
r 785-880  560-745 385-640 433670 480-630
AgCl-PbCl, P 0 11.0 19.4 24.7 31.0 41.0 66.9
Ref. 25 a 5.702 5.660 5.634 5.582 5.543 5.520 5.387
b 1.50 1.45 1.42 1.34 1.28 1.26 1.08
r 516-710  520-700 470680 445670 444680 380-700 478-660
Agl-AgNO; P 20 30 40 50 60 70
Ref. 54, 30 a 4.53 497 5.12 5.31 5.44 5.53
b 1.2 22 2.1 2.1 1.8 1.5
r about 150-300
AgNO3— P 324 37.0 46.8 57.2 68.4 74.2
Cd(NO3), a 1.721 1.762 1.843 1.930 2.003 2.032
Ref. 50 b 1.01 1.05 1.10 1.15 1.15 1.14
r 210290  160-290 160-290  190-290  190-290  210-290
AgNO3;-Hgl, P 13.8 19.9 27.2 359 46.6 52.8 67.9
Ref. 49 a 5.826 5.732 5.584 5.364 5.188 5.074 4.930
b 1.58 1.46 1.46 1.46 1.40 1.34 1.28
r 160240 160-240 100-240 120-240 100-240 100-240 120240
AgNO3;-KNO3 P 15.7 29.6 41.9 52.8 62.7 79.7 93.8
Ref. 57, 46 a 2.284 2.534 2.654 2.856 2.986 3.516 3.765
b 0.76 0.97 0.84 0.89 0.76 1.08 0.85
r 350400 300400 250-400 250-400 250-400 170-350 200-400
AgNO3-NaNO3 P 0 10 20 30 40 60 80
Ref. 37 a 2.124 2.226 2.357 2.486 2.616 2.974 3.439
b 0.70 0.71 0.77 0.79 0.79 0.70 0.90
r about 290-370
AgNO3-NH4NO3 p 0 5 10
Ref. 58 dizo 1432 1.479 1.529

diso 1.426 1.474 1.523

(continued)
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Table 9.2 DENSITIES OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC MELTS—continued

AgNO3-TINO3
Ref. 26

AlBr3—HgBr»
Ref. 21,4

AlBr3—KBr
Ref. 28,4

2AIBr;-KCl
Ref. 23

AlBr3—NaBr
Ref. 28

2AIBr3.NaBr
Ref. 23

AlBr3—NH4Br
Ref. 21

2AIBr3.NH,Br
Ref. 23

AlBr3—SbBr3
Ref. 20, 4

AlBr3.SbBrj3
Ref. 32,23

AlBI‘} . SbBr37
AsBr3
Ref. 32

AlBr3—ZnBr,
Ref. 20

2AIBr3.ZnBr;
Ref. 23

AlCl;—KCI**

Ref. 63, 45, 29,
19

AICI;-LiCI**
Ref. 63,19

AICl3—NaBr
Ref. 63

AlCl3—NaCl**
Ref. 63, 45, 16, 19

AICl3.NH4Cl
Ref. 19

P

d100
dis0
dr00
dp2s

p
di10
d40

P
di10
dy40

d100

d100
di50

SNt Yoew o™

SN o

QU™ YT oo'w

25

4.638
4.579

59.7
3.577
3.504

81.8
2.818
2.775

2.846
1.445
80-170

83.8
2.827
2.797

3.005
1.5
110-170

84.5
2.842
1.30

2.848
1.36
110-160

0
3.697
3.594

3.541
23
80-170

0
3.232
3.193

70.5
3.014
2915

100
3.01

50.4
1.787
0.590
600-800

75.9
1.735
0.77
180-330

58.6
2.158
0.92

69.5
1.848
0.812
220-280

284
1.475

45

4.671
4.575
4.452
4.406

65.4
3.415
3.359

83.2
2.815
2.771

84.7
2.820
2.792

87.9
2.865
1.40

34.1
3.402
3.311

16.3
3.231
3.191

745
(2.957)
2.850

140
2.93

53.7
1.785
0.605
600-800

79.3
1.737
0.68
175-225

61.0
2.119
0.86
175-225

71.9
1.858
0.910
160-210

293
1.470

50

4.630
4.526
4.410
4.351

71.2
3.276
3.202

84.7
2.810
2.764

85.6
2.817
2.787

89.0
2.871
1.45

42.5
3.318
3.224

59.9
3.286
3.247

77.7
2914
2.811

180
2.81

62.5
1.755
0.600
600-800

82.5
1.757
0.80
175-225

65.7
2.064
0.92

73.5
1.839
0.849
150-210

311
1.445

60

4.554
4.435
4319
4.261

74.9
3.173
3.097

86.2
2.804
2.755

86.8
2.809
(2.777)

89.4
2.881
1.50
110-150

67.4
3.034
2.941

67.9
3.304
3.263

82.5
2.849
2.740

64.2
1.937
0.935
260-350

85.4
1.759
0.84
175-225

70.3
2.017
0.96

75.8
1.829
0.844
150-210

315
1.440

75

4.183
4.132

80.5
3.030
2.961

87.5
2.798
2.749

87.9
2.798
2.767

90.8
2.889
1.60

71.9
2971
2.881

77.3
3.310
3.274

85.0
2.811
2.704

71.2
1.859
0.902
240-280

87.9
1.768
0.90
175-225

74.8
1.979
1.02

79.5
1.792
0.715
150-210

324
1.425

90

4.074
4.024

89.6
2.827
2.755

88.0
2.790
2.741

88.9
2.786
2.756

100
2.877
2.30

91.3
2.737
2.641

86.8
3.330
3.295

88.4
2.768
2.657

76.1
1.819
0.789
190-270

90.4
1.741
0.80
175-225

79.3
1.944
1.12
200-275

84.1
1.787
0.840
175-225

354
1.420

100

3.922

100
2.624
2.555

100
2.644
2.556

100
3.346
3.313

100
2.644
2.534

84.2
1.820
0.850
175-225

90.1
1.810
1.04
175-225

(continued)
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Table 9.2 DENSITIES OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC MELTS—continued
AICI3—RbCl P 71.9 76.7
Ref. 63 a 1.992 1.975
b 0.96 1.00
r 175-225
AlF3-NasAlFg*  p 0 5 10 15 20 25 30
Ref 62,38,31,  digoo 2.096 2.078 2.048 2.015 1.977 1.930 1.873
24,22,15,14,13, di10  2.002 1.987 1.965 1.935 1.894 1.839 1.775
10,9,6
AlLO3—Na3AlFg p 0 2.5 5 7.5 10 12.5 15
Ref. 62, 38, 14, diooo  2.096 2.076 2.060 2.048 2.039 2.033 2.028
31,6 diioo  2.002 1.985 1.974 1.966 1.960 1.957 1.954
B,03-BaO P 20.7 30.0 39.8 49.2 59.7 67.9
Ref. 44 a 4.038 5.006 4.780 4.422 3.704 3.392
b — 1.32 1.40 1.34 0.96 0.96
r 1120 1000-1200  1000-1100 850-1100  850-1000 850-1100
B,03-CaO P 55.3 59.8 62.8 67.9 70.2 73.3
Ref. 44 a 2.926 2.901 2.876 2.871 2.932 2.844
b 0.44 0.45 0.46 0.51 0.59 0.56
r 1160-1200  1110-1210  1140-1190 1100-1200 1060-1100  900-1200
B,03—K,0 p 51.5 55.7 65.6 753 84.9 94.8 98.5
Ref. 40 a 2.690 2.534 2412 2.185 2.057 1.855 1.737
b 0.905 0.687 0.500 0.310 0.295 0.255 0.217
r 900-1000 800-1000 700-1000  800-1000  700-1000 600-1000 500-1000
B,03-Li,O P 71.3 85.2 89.4 93.5 97.2 100.0
Ref. 40 a 2.340 2.400 2.281 2.103 1.901 1.662
b 0.467 0.467 0.402 0.335 0.260 0.153
r 800-1 000 800-1 000 700-1000  600-1000 600-1000  600-1200
B>03-Na,O P 64.0 69.2 77.6 85.8 94.4 99.1 100.0
Ref. 40 a 2.540 2.778 2.413 2.137 1.898 1.759 1.662
b 0.57 0.86 0.435 0.278 0.235 0.222 0.153
r 900-1 000 700-800 700-1000  700-1000  600-1100 600-1000 600-1200
B,03-SrO p 449 49.6 56.8 61.6 65.2 70.0
Ref. 44 a 3.472 3.513 3.402 3.230 3.124 2.948
b 0.43 0.56 0.61 0.57 0.57 0.51
r 1150-1200 1120-1220 960-1100 950-1100 950-1100  920-1120
BaBr,—KBr p 39.2 45.1 55.5 62.5 73.0 82.2 88.2
Ref. 41 a 3.318 3.324 3.558 3.720 3.932 4.117 4.425
b 0.937 0.849 0.896 0.930 0.906 0.875 1.02
r 660-850 640-850 630-850 630-850 630-850 690-850 750-850
BaCl,—CdCl, p 0 18.99 39.00 57.35 100
Ref. 25, 1 a 3.870 3.996 4.018 4.069 3.672
b 0.84 0.93 0.93 0.96 0.52
r 582-725 597-700 580-700 600—690 above 1000
BaCl,—KCl p 20.4 29.6 47.4 58.2 70.1 82.8 91.4
Ref. 43 a 2.199 2.237 2.554 2.744 3.035 3.268 3.456
b 0.64 0.59 0.63 0.70 0.77 0.65 0.68
r 790-900 790-890 790-890 800-890 790-880 820-910 880-940
BaCl,-MgCl, P 9.95 25.0 50.2 75.1 90.0
Ref. 69, 35, 70 a 2.073 2.333 2.835 3.400 (3.642)
b 0.36 0.47 0.64 0.75 0.71
r 800-900
BaCl,—NaCl P 44.0 54.4 62.7 69.7 753 80.1 84.4
Ref. 71, 17 dns  — 2.204 2.350 2.491 2.620 — —
dsy  — 2.192 2334 2471 2.590 — —
d77s 1.992 2.180 2.318 2.452 2.560 2.650 2.760
dgoo 1.986 2.169 2.302 2.432 2.531 2.616 2.730
BaCl,-NH4NO3  p 0 1.5
Ref. 58 diso 1426 1.436

(continued)



9-10  Physical properties of molten salts

Table 9.2 DENSITIES OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC MELTS—continued

BaCl,—PbCl,
Ref. 25, 1

BaF,;—Na3AlFg
Ref. 15, 10

BaF,—NaF
Ref. 15

Ba(NO;)—
Ba(NO3),
Ref. 72

Ba(NO;),-KNO,
Ref. 72

Ba(NO3),-KNO3
Ref. 72, 36, 73

Ba(NO3 )2~
NH;NO;
Ref. 58
BaO-SiO,
Ref. 74

BeF,-LiF
Ref. 75

Bi-BiBr;
Ref. 68
Bi-BiCls
Ref. 61

CaCl,—KClI
Ref. 8

CaCl,—MgCl,
Ref. 35

CaCl,—NaCl**
Ref. 71,27,18, 8

CaF,—CaO
Ref. 53

N QT Yo

SN

AT Yook

o
'
e}

ST Yo
=3
=3

Yo
)
S
S

ofl.fb
e}
G

d700
d775
dgs0

dy 545

0

5.702
1.50
516-710

0

3.069

0.96
1020-1130

0

2.590

0.628
1010-1120

5.7

3.240
3.226
3.212

59.0

2274
2.245
2.132
2218

9.54

1.914
1.884
1.885

0
1.432
1.426

22.1
2.580
0.000

51.5
2.09
0.27
500-800

52.1
6.69

0

4.42
2.20
240-330

0
1.495
1.434

22.6
2.16
0.47
723-895

17.5

1.612
1.575

92.9
2.63

10.71
5.430
1.35
565-700

33.1
3.429
0.838
920-1175

452

3.291
0.626
955-1160

13.4

3.243
3.212
3.216

73.7

2.492
2.458
2.440
2.422

25.8

2.014
1.984
1.953

2.5
1.453
1.447

39.0
3.016
0.048

7.5

4.61
2.06
290-400

20
1.573
1.517

27.7
2.115
0.40
753-907

323

1.679
1.646

94.6
2.50

15.57
5.356
1.36
575-690

55.4
3.978
0.996
9601155

67.5
3.739
0.600
970-1165

80.0

2.615
2.577
2.577

33.1

2.068
2.036
2.004
1.974

5.0
1.474
1.466

52.3

3.401

0.068
1600-1950

14.7
4.87
2.08
270-420

40
1.671
1.613

42.6
2217
0.44
728-886

44.9

1.767
1.730
1.693

95.3
2.53

24.83
5.156
1.27
660-710

71.5
3.804
0.447
910-1120

80.7
4.195
0.624
955-1180

86.8

2.780
2.750
2.750

39.7

2.118
2.088
2.056
2.026

63.0
3.748
0.075

19.7
5.07
2.13
290-450

50
1.725
1.667

59.4
2.319
0.48
730-902

65.5

1.899
1.855
1.830
1.798

97.1
2.59

100

3.662

0.52

above 1000

92.5 97.6

— 3.154

2.950 3.126

2.921 3.099

2.921 3.099

459 51.5 57.0
2.143 2.201 —
2.111 2.168 2.228
2.080 2.136 2.196
72.0

4.044

0.080

23.8 97.9 100
5.24 10.39 10.39
2.15 1.29 1.29
310440 330-440 310440
60 80 100
1.780 1.896 2.057
1.734 1.850 2.009
76.6

2.365

0.45

746-898

74.0 88.5 94.5
1.944 — —
1.912 2.005 —
1.879 1.974 2.013
1.846 1.944 1.985
98.6 100

2.68 2.75

(continued)



Physical properties of molten salts ~ 9-11
Table 9.2 DENSITIES OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC MELTS—continued
CaF,—Na3AlF¢ P 0 10 20 30 40 50
Ref. 38, 31, 15 diooo 2.096 2.162 2223 2.283 2.334 2.366
diioo  2.002 2.070 2.135 2.200 2.256 2.294
CaF,—NaF P 0 269 48.0 65.0
Ref. 15 a 2.602 2.692 2.804 2.929
b 0.64 0.58 0.57 0.54
r 1010-1120 930-1185 870-1165 1050-1170
Ca(NO3)— P 0 5 10
NH4HO3 di79 1.432 1.460 —
Ref. 58 digo 1.426 1.453 1.480
Ca0-SiOy p 28.6 384 48.4 58.5
Ref. 74 a 2.578 2.651 2.758 2.840
b 0.066 0.064 0.084 0.103
r 1600-1950
CdBr,CdCl, p 0 38.55 55.46 73.64 100
Ref. 25 a 3.870 4.138 4.255 4.390 4.687
b 0.84 0.90 091 0.93 1.08
r 582-725 580-680 590-710 606705 580-720
CdCl,-CdI, P 0 14.2 33.2 59.9 100
Ref. 41 a 4.828 4.638 4.367 4.187 3.839
b 1.12 1.06 0.88 0.87 0.80
r 380-700 360-700 440-700 520-700 560-700
CdCLKCl1 p 0 44.77 62.10 78.10 92.36 100
Ref. 25,7 a 1.988 2.495 2.791 3.176 3.625 3.870
b 0.60 0.72 0.82 0.95 0.96 0.84
r above 750 604-750 460-680 464-680 534-700 582-725
CdCl,-LiCl p 0 59.1 81.2 92.9 100
Ref. 41 a 1.731 2.572 3.245 3.593 3.839
b 0.382 0.577 0.845 0.825 0.800
r 600-750 560-750 510-750 520-750 560-750
CdCl,—NaCl p 0 62.08 71.38 79.64 85.23 91.66 100
Ref. 25,7 a 2.053 2.896 3.090 3.315 3.543 3.678 3.870
b 0.63 0.83 0.86 0.92 1.04 0.95 0.84
r above 800 580-690 500-690 570-680 540-680 580-700 582-725
CdCl,-PbCl, p 0 27.62 52.14 75.66 85.40 100
Ref. 25 a 3.870 4.305 4.726 5222 5.402 5.702
b 0.84 1.02 1.18 1.39 1.43 1.50
r 582-725 540-680 515-700 480-680 545-680 510-710
CdI,—KI p 0 28.0 52.5 68.8 81.6 92.6 100
Ref. 41 a 3.108 3.469 3.769 4.120 4.431 4.645 4.828
b 0.96 1.09 1.12 1.22 1.29 1.17 1.12
r 680-800 540-800 400-800 190-700 300-700 360-700 380-700
Cd(NO3),-KNO3 p 50.0 55.7 65.7 74.1 81.2
Ref. 50 a 2.436 2.475 2.583 2.689 2.820
b 0.92 0.89 0.93 0.93 0.95
r 260-300 220-300 200-300 180-300 200-300
Ce—CeCl3 P 0.28 0.57 1.14 2.31 3.50 4.70
Ref. 76 dgso 3.1655 3.1695 3.1800 3.2055 3.2390 3.2875
dooo 3.1275 3.1327 3.1440 3.1700 3.2041 3.2490
doso 3.0877 3.0932 3.1040 3.1333 3.1740 3.2288
Cu,CL-KCl P 0 11.49
Ref. 5 dsoo 1.51 1.62
CuyS-FeS p 0 50 100
Ref. 60 a 3.85 5.10 6.76
b — 0.62 0.75
r 1250-1450 1100-1500 1150-1400
FeO-SiO; p 73.7 78.3 82.8 88.1 91.5 95.7 100
Ref. 55 dizoo 3.67 3.81 4.00 4.16 4.32 4.61 4.90

(continued)
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Table 9.2 DENSITIES OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC MELTS—continued

KBr-KNO3
Ref. 41

KBr—NaCl
Ref. 41

KBr-TIBr
Ref. 77

KBr—ZnSOq4
Ref. 42, 34

KCI-Kl
Ref. 52

KCI-KNOj3
Ref. 78

KCI-LiCl**
Ref. 52, 12

KCl-MgCl,
Ref. 35,69, 11

KCl-MnCl,
Ref. 79

KCIl-NaBr
Ref. 41

KCI-NaCl**
Ref. 52,17, 8

KCl-Nal
Ref. 41

KCI-PbCl,
Ref. 25,7

KCl-ZnCl,
Ref. 59

ST Y AWARSTST YoT Yoo

N oCRT Yo AR Yo RTm

Yot Yoem Yo Yo

0

2.116
0.729
330-600

67.2
2.447
0.723
750-800

5.7
6.4935
1.934,

490-628

34.7
3.090
0.46

0

3.098
0.956
680-900

6.4
2.101
0.728
349-540

0

1.766
0.433
620-780

10.7
1.896
0.31
706-886

12.6

2.337
2274
2212

41.8
2.449
0.728
750-800

0

1.991
0.543
800-1030

0

3.412
1.00
670-800

0

5.702
1.50
516-700

5.4
2.653
0.55
460-670

17.2
2.186
0.714
330-600

100
2.725
0.794
740-800

15.2
6.9084
3.4214

584-732

41.0
3.003
0.40

2.8
3.030
0.930
680-900

15.3
2.090
0.721
429-580

282
1.835
0.489
530-750

204
1.993
0.41
695-890

232

2.210
2.157
2.104
2.051

100
1.986
0.582
770-800

18.7
1.989
0.554
780-920

8.0
3.118
0.824
600-800

5.51
5.145
1.42
565-700

9.3
2.588
0.50
450-660

37.0
2.285
0.727
340-600

37.0

1.7816
3.878¢
4.192¢
707-759

42.6
2.985
0.42

7.8
2914
0.864
710-900

235
2.069
0.680
485-633

42.6
1.856
0.507
460-600

31.2
1.990
0.48
756-901

32.1

2.111
2.051
1.998
1.941

31.1
1.985
0.560
710-920

19.8
2.971
0.900
520-800

13.21
4513
1.28
580-680

20.0
2.542
0.62
450-660

54.1
2.415
0.779
440-600

414
5.7323
3.084;

750-799

552
3.105
0.80
500-550

13.3
2.873
0.890
640-910

55.8
1.885
0.528
390-590

41.5
1.924
0.44
734-894

36.6

2.063
2.007
1.958
1.898

40.6
1.982
0.557
710-930

33.0
2.724
0.815
540-800

22.94
3.960
1.13
490-680

31.1
2.448
0.66
450-640

70.2
2.476
0.730
530-800

57.6

32185
6.6315
6.0870
721-798

59.6
2.939
0.52

26.8
2.684
0.826
620-900

72.2
1.923
0.561
590-750

49.7
1.946
0.50
707-880

413

2.009
1.955
1.900
1.845

54.8
1.976
0.568
670-910

49.7
2.482
0.727
570-800

100

1.988
0.60
above 750

49.2
2272
0.60
440-660

86.9
2.635
0.801
650-800

60.5

6.4255
14.1605
10.3475
747-857

63.9
2.940
0.60

41.2
2.498
0.755
680-920

87.6
1.968
0.509
690-850

59.0
1.944
0.52
707-881

51.0

1.943
1.881
1.818
1.755

64.8
1.977
0.575
680-910

73.6
2.195
0.625
690-800

55.9
2217
0.60
450-650

100
2.725
0.794
740-800

74.6
3.9787
1.893¢

758-797

68.9
2.965
0.74

64.4
2274
0.690
710-900

100
1.977
0.583
780-940

80

1.946
0.54
704-876

63.5

1.795
1.727
1.668

82.9
1.979
0.581
720-930

100
1.986
0.582
770-800

70.1
2.080
0.57
690-720

(continued)



Physical properties of molten salts

Table 9.2 DENSITIES OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC MELTS—continued

KCI-ZnSO4
Ref. 42, 34

KF-LiF-NaF
eutectic
Ref. 80

KI-NaCl
Ref. 41

Ky;Mo0O4—MoO3
Ref. 81

KNO,-KNO;
Ref. 48, 72

KNO,-NaNO,
Ref. 48

KNO,-NaNO3
Ref. 48

KNO3;-LiNO;3
Ref. 78, 82

KNO3;-NaNO,
Ref. 48

KNO3-NaNOs3 **
Ref. 48, 47, 36,
82,8,3

KNO3;-NH4NO3
Ref. 58

KNO3-Pb(NO3);
Ref. 36

KNO3-Sr(NO3),
Ref. 73,36

K,0-Si0O;
Ref. 56, 39

K2S04-ZnS04
Ref. 34

SN0t Yo

NN Yo Rm Yot Yo Rt Yo'

232
3.024
0.68

59.0
29.2
2.47
0.68
600-800

33.6
2.253
0.632
720-800

17.5
3.9974
1.1337
761-869

0

2.116
0.73
340-500

0

2.004
0.69
380-500

0

2.121
0.68
350-500

16.7
1.954
0.599
257-403

0

2.004
0.69
380-500

0

2.121
0.68
350-500

0
1.432
1.420

40
3.080
1.00
275-345

529
2.403
0.721
421-452

239
2.353
0.14

26.59
(2.841)
2.812

29.0
2.884
0.64

55.0
2.484
0.706
680-800

275
3.9371
1.0997
614-750

26.5
2.068
0.69
340-500

17.8
1.959
0.59
260-500

15
2.117
0.70
300-500

26.7
1.974
0.623
264-350

20.5
1.991
0.61
300-500

20

2.127
0.71
290-500

2.5
1.441
1.429

50

2.881
1.00
230-365

60

2.360
0.760
365-445

26.7
2.320
0.11

32.66
2.751
2.727

31.4
2.821
0.58

74.1
2.727
0.819
560-800

43.0
3.7813
1.1189
637-792

35.9
2.062
0.70
340-500

29.1
1.951
0.58
260-500

35

2.073
0.66
200-500

40.9
1.997
0.638
219-445

44.0
2.028
0.66
200-500

40

2.127
0.72
250-500

5.0
1.451
1.439

60

2.679
0.908
275-380

70

2.285
0.748
300-420

29.9

2.377

0.16
1000-1400

35.15
2.731
2.708

38.2
2.681
0.56
475-550

86.9
2.893
0.858
580-800

522
3.6534
1.0529
632-779

50.7
2.052
0.70
380-500

45.1
1.961
0.59
260-500

50

2.057
0.68
200-500

59.5
2.033
0.683
328-476

59.4
2.048
0.67
200-500

60

2.126
0.73
240-500

7.5
1.462
1.450

70

2.483
0.750
300-390

80

2.226
0.752
305465

329
2.380
0.16

36.77
2.728
2.692

47.0
2.619
0.72

94.2
3.034
0.965
640-800

60.0
3.4282
0.9951
574-766

100
2.005
0.70
440-500

55.2
1.951
0.58
350-500

65

2.028
0.66
240-500

71.0
2.055
0.696
306454

73.1
2.061
0.67
200-500

80

2.126
0.72
290-500

10.0
1.473
1.460

80

2.362
0.787
320405

90

2.167
0.753
325-475

38.7
2.464
0.23

41.41
2.680
2.641

54.3
2.511
0.70

100
3.108
0.960
680-800

79.4
3.1637
0.7146
783-933

74.2
1.963
0.61
350-500

85

1.993
0.63
350-500

81.9
2.083
0.729
294-425

89.3
2.100
0.72
240-500

100
2.116
0.73
350-500

90

2.218
0.709
330420

100
2.113
0.730
350460

43.6
2.504
0.27

49.92
2.592
2.556

56.1
2.491
0.70

91.0
3.0360
0.6340
882-978

100
2.005
0.70
440-500

100
2.005
0.70
440-500

92.2
2.102
0.735
318452

100
2.116
0.73
340-500

100
2.113
0.730
350460

58.86
2.509
2.485

(continued)
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Table 9.2 DENSITIES OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC MELTS—continued

KoWO04-WO3 p 37.4 50.5 58.3 67.4 76.6 85.0 922
Ref. 83 a 5.8898 5.4865 5.3326 4.9553 4.5322 4.2444 4.0771
b 1.5538 1.5196 1.5620 1.3341 1.0157 0.9074 0.8452
r 897-999  772-943 655-783 682-851 803-910  860-987  904-1029
LiCI-LiNO3 P 6.4 133 20.8
Ref. 78 a 1.911 1.903 1.899
b 0.537 0.538 0.524
r 278-446  340-497 378-497
LiClO4 in PLiClO4 5 10 15
KNO3;—-NaNO3; «a 2.1201 2.1275 2.1394
eutectic b 0.7110 0.7232 0.744 1
(57.3% KNO3) r — 230400 —
Ref. 84
LiClO4-LiNO3 P 34.0 57.3 823
Ref. 73 a 2.014 2.088 2.134
b 0.610 0.629 0.629
r 240-357  198-347 225-336
LizMo0O4—MoO3  p 19.5 33.9 51.5 60.5 713 85.2 91.0
Ref. 81 a 3.9932 3.8951 3.7359 3.5641 2.9856 3.4559 3.3520
b 0.9502 0.8451 0.7723 0.644 8 0.0317 0.5930 0.5317
r 766-921  755-924 760-934 802-962 799-950  781-905  825-924
LiINO3-NH4NO; p 0 5
Ref. 58 digo 1.426 1.430
Li;O-SiO; P 16.1 21.8 25.9 31.9 42.8 48.1
Ref. 56,39 a 2.311 2.355 2.359 2.344 1.980 1.955
b 0.13 0.19 0.20 0.22 — —
r 1100-1400 1250-1400 1400
Li;WO4-WO3 p 54.6 59.7 69.0 77.5 85.2 92.3
Ref. 83 a 59718 6.0776 5.769 6 5.5275 52819 5.0160
b 1.1628 1.3411 1.1903 1.1124 0.9913 0.8511
r 809-939  764-968 755-978 736-930 714-923  733-959
MgCl,—NaCl p 20.0 45.7 60.6 75.8
Ref. 35 a 1.961 1.963 2.002 2.000
b 0.49 0.47 0.48 0.43
r 750-888  732-890 722-896 712-893
MgF,-NasAlFg  p 3 6 9
Ref. 62 d950 — — 2.14
dogo 2.12 2.13 —
MgO-SiO, P 32.8 355 383 41.1 44.0
Ref. 74 a 2.547 2.579 2.597 2.655 2.670
b 0.049 0.056 0.052 0.071 0.070
r 1600-1950
MoO3-Na;MoO4  p 21.4 26.4 51.2 62.2 71.2 83.7 86.2
Ref. 51 a 2.79 3.63 3.92 4.02 3.88 3.74 3.81
b — 1.0 1.2 1.2 1.0 0.8 0.9
r 700-830  690-790 660-760 650-810 650-750  730-840  780-880
NH4CI-NH4NO;  p 0 2.5 5 7.5 10
Ref. 58 di70 1.432 1.426 1.419 1.412 1.403
diso 1.420 1.414 1.407 1.403 -
NH4NO3— V4 92.5 95.0 97.5 100
(NH4)2S04 Piso — 1.435 1.430 1.427
Ref. 58 dao0 1.425 1.421 1.417 1.416
NH4NO3— P 89.9 95.0 100
Pb(NO3), d170 — 1.481 1.432
Ref. 58 digo 1.527 1.475 1.426
NH4NO3— P 95 100
St(NO3), d170 1.466 1.432
Ref. 58 di9o 1.453 1.420

(continued)



Physical properties of molten salts ~ 9—-15
Table 9.2  DENSITIES OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC MELTS—continued
NaCl-NH4NO3 P 0 1.5
Ref. 58 diso 1.426 1.432
NaCl-NaNO3 )4 1.4 2.8 4.2 5.7 7.1 8.6 10.1
Ref. 71 dss0 1.879 1.878 1.879 1.875 1.875 — —
daoo 1.842 1.841 1.843 1.839 1.839 1.840 1.836
daso 1.806 1.804 1.806 1.802 1.803 1.803 1.800
NaCl-PbCl, P 0 2.69 5.85 9.42 13.32 17.5
Ref. 17 dsoo0 4.96 4.72 4.34 4.21 3.96 3.66
deoo 4.82 4.57 4.22 4.08 3.77 3.50
NaF-Na3AlFgt P 0 10 20 40 60 80 100
Ref. 38,31,24,22,  diono 2.096 2.110 2.108 2.085 2.042 1.998 1.957
15, 14,13, 10, di100 2.002 2.017 2.019 2.002 1.970 1.933 1.895
9,6
NaF—UF4—ZrF4 PNaF 19.0
Ref. 85 Purs 11.4
a 3.93
b 0.93
r 600-800
NaF-ZrF4 P 17.05 22.0 27.3 31.8 51.1
Ref. 86 a 3.83 3.71 3.61 3.52 3.23
b 0.91 0.89 0.87 0.86 0.81
r 300-800
NaNO;NaNO3 P 0 213 44.8 65.4 82.1 100
Ref. 48, 41 a 2.121 2.094 2.066 2.043 2.028 2.004
b 0.68 0.68 0.68 0.68 0.70 0.69
r 310-500 250-500 220-500 270-500  270-500 280-500
NaNO3;-NH4NO3 )4 0 2.5 5.0
Ref. 58 di70 1.432 1.443 1.452
diso 1.426 1.436 1.446
NaNO3;-Pb(NO3),  p 40 50 60 70 80 90 100
Ref. 36 a 3.171 2.867 2.703 2.498 2.373 2.238 2.117
b 1.12 0.806 0.856 0.726 0.746 0.695 0.670
r 340-365 305-375 285-390 295400  305-420 310430 320-460
Na;O-P;,05 dpy =2.372 4 0.204p /(100 — p) — 0.338 x 1073
Ref. 87 p 30.4-48.5
e liquidus—1 070
Na,0-SiOy P 20.0 30.8 33.6 36.9 50.0
Ref. 56, 39 a 2.312 2.380 2.436 2.456 2.516
b 0.10 0.14 0.18 0.20 0.26
r 11001400 9001400 1050-1400
NayW04-WO3 P 459 50.9 55.9 65.1 74.2 83.0 91.6
Ref. 83 a 5.9636 57113 5.8825 44159 5.2325 49976 3.9344
b 1.4244 1.2289 1.5570 —0.0312 1.2262 1.1167 —0.0510
r 782-926 775-898  758-899 737-882  688-880 654-815 685-880
Nd(NO3); in PnaNos), 13 6.4 12.0 21.4 29.1 353
KNO3;-NaNO3 a 2.1285 2.1587 22186 2.2741 2.3371 24183
eutectic b 0.7317 0.7254 0.7571 0.6867 0.708 7 0.7533
(57.3% KNO3) r 230-400
Ref. 84
Nd(NO3); in PniNos), 353
KNO;-LiClO4—  a 24128
NaNO3 b 0.7071
(45%—-10%-45%) r 230-400
Ref. 84
PbBr,—PbCl, P 0 24.46 57.19 87.88 100
Ref. 25,2 a 5.702 5.840 6.025 5.264 6.338
b 1.50 1.52 1.55 1.71 1.65
r 516-570 492-620  465-640 410-600  505-600

(continued)
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Table 9.2 DENSITIES OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC MELTS—continued

PbCl,—ZnCl, p 67.1
Ref. 89 ds1o 3.733
dss3 3.703
PbO-B,03 p 57.9 68.1 76.3 82.9 88.2 92.9
Ref. 88 d1 050 2.8 35 4.0 4.6 53 6.0
PbO-SiO, p 61.4 71.2 78.8 84.8 89.7 93.7
Ref. 88 d1 050 4.2 4.9 5.7 6.0 6.7 7.0
PbO-V,0s p 15.3 39.6 52.8 65.4 79.0 85.1
Ref. 90 d1 000 3.1 4.0 5.0 5.0 6.2 6.8
PbO-Si0,-V,05 Pppo 28.5 38.6 58.4 60.0 68.5 80.0
Ref. 90 Psio, 10.3 10.4 10.4 10.1 10.6 10.0
d1000 3.8 3.8 4.0 4.0 4.0 5.2
SrO-SiO; p 48.1 53.4 58.5 63.3 67.8
Ref. 74 a 3.129 3.247 3.384 3.493 3.612
b 0.058 0.059 0.074 0.079 0.072
r 1600-1950
TICl-ZnSO4 p 55.23 57.99 59.86 61.04 63.55 69.24
Ref. 34 daso (4.116) 4.146 4.196 4.223 4.277 4.421
dso0 4.076 4.094  4.155 4.177 4.227 4.376

96.6
6.6

97.1
7.4

92.1
7.8

74.82
(4.573)
4512

* See also NaF-Na3AlFg.

T See also AIF3-Na3AlFe.

** See also ‘Physical Properties Data Compilations Relevant to Energy Storage I Molten Salts: Data on Single and
Multi-Component Salt Systems’, Janz et al., NSRDS-NBS 61.
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Table 9.3 DENSITY OF SOME SOLID INORGANIC COMPOUNDS AT ROOM TEMPERATURE

Density Density Density Density
Compound gem ™3 Compound gem™3 Compound gem ™3 Compound gem ™3
AgBr 6.47 Csl 4.51 LaCl3 3.84 RbySO4 3.61
AgCl 5.56 CsNO3 3.69 LiBr 3.46 ReFg 4.25
AgClO3 443 Cs2S04 4.24 Re; 07 6.10
Agl(o) 5.683 LiCl 2.07 ReOF4 4.03
AgNO, 4.35 Cu, Clp 4.14 Li,CO3 2.11 SbBr3 4.15
Cu, O 6.0 LiF 2.64
AlBr3 2.64 GaBr3 3.69 LiNO3 2.38 SbCls 3.14
AlCl; 2.44 GaCl3 2.47 LipSO4 222 SnCl, 3.95
All3 3.98 Gals 4.15 Snly 4.47
AsBr3 3.54 MgCl, 2.32 SrBr; 4.22
BI; 3.35 H3;BO; 1.44 MgF> 3.0 SrCl, 3.05
HgBr, 6.11 MgO 3.58
B,03 1.84 HgyBry 7.31 MnO, 4.9 SrF; 4.24
BaBr, 4.78 HgCl, 5.44 Na3AlFg 2.90 Srl, 4.55
BaCl, 3.856 HgxCly 7.15 SrO 4.7
BaCOs3 443 Na;B407 2.37 TeCly 3.26
BaF, 4.89 HgF, 8.95 NaBr 3.20 ThCly 4.59
Hgl, 6.36 NaCl 2.17
Bal, 5.15 Hgy 1 7.7 Na,CO3 2.53 TiBry 2.6
BaO 5.68 InBr3 4.74 NaF 2.56 TiF4 2.80
Ba0O; 4.96 InCl1 4.19 Tily 4.3
BaSO4 4.50 Nal 3.67 TiO; 4.26
BeBr; 3.47 InCl, 3.66 NaNO3; 2.26 rutile
InCl3 3.46 NaOH 2.13 3.84
BeCl, 1.90 Inl;3 4.69 NasP,07 2.53 anatase
BeF, 1.99 KBF4 2.55 NazSOy4 2.70 TIBr 7.56
BeO 3.00 KBr 2.75
BiBr3 4.72 Na; WO4 4.18 TIC1 7.00
BiCl3 4.75 KCl1 1.98 NH4Cl 1.53 T 7.1
KCN 1.52 Ni(CO)4 T 1.32 TINO3 5.8
C,Clg 2.09 K,CO3 243 NiO 6.67 WCls 3.88
CaBr; 3.353 K>Cr,07 2.68 0s04 491 WClg 3.52
CaCl, 2.15 KF 2.48
CaCOs3 2.71* PBr3 2.85 WO3 7.2
CaF, 3.18 KHSO4 2.31 PbBr; 6.66 UCly 4.87
KI 3.13 PbCl, 5.85 YCl3 2.8
CaO 3.25/3.38 KMnOy4 291 PbClyt 3.18 ZnBr, 4.20
CaS04 2.96 KNO3; 2.11 Pbl, 6.16 ZnCl, 291
CdBr; 5.19 KOH 2.04
CdCl, 4.05 RbBr 3.35 Znly 4.74
CsBr 443 K3POy4 2.56 RbCI 2.80
K, SiFg 3.08 (hex) RbF 3.56
CsCl 3.99 2.67 (cub) RbI 3.55
CsF 4.1 K>S0y 2.66 RbNO;3 3.11
* Calcite. T Liquid.
REFERENCES TO TABLE 9.3

1. ‘Handbook of Chemistry and Physics’, 58th edn, Cleveland, Ohio, 1977-78.
2. Gmelin, ‘Handb. anorg. Chem.’, 8th edn, Berlin.
3. I. W. Mellor, ‘A Comprehensive Treatise on Inorganic Chemistry’, London, 1922-1937.
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Table 9.4 ELECTRICAL CONDUCTIVITY OF PURE MOLTEN SALTS

The conductivity in 2~ cm™! is given at the melting point 6,,, and at 50° intervals beginning at 6, or as an equation in the temperature ¢, or at the temperatures given in brackets. All
temperatures are in °C. Extrapolated conductivities are also bracketed. Principal references are in bold type.

Conductivity Q' em™!

Om 0
Substance °C °C Oy 6 0450 0+ 100 0+150 04200 60+250 References
AgBr 430 450 28561 2.903 3.016 3.119 3214 33 3378 133, 96,19, 18,22
AgCl 455 500 3.817 3.972 4.131 4.276 4.407 4,523 4.626 133,96, 76,19, 18,
AgClO; 231 250 0.417 0.474 — — — — — 107,22,13
Agl 557 600 2.3 235 2.40 245 25 2.55 — 19,12
AgNO3 210 250 0.67 0.84 1.05 1.24 — — — 106, 100, 88, 87, 86,
85,79,76,55,71,22, 13, 4
AlBr3 97 150 (<1079%) 0.02x107%  0.10x 107 0.19 x 107 0.26 x 1076  — — 27,70, 68, 66, 62
AlCl3 193 200 4.6x 1077 5.5%x 1077 11.1 x 1077 — — — — 37, 60, 53, 52, 40
All; 191 200 (1.205x107%) 1.852x107° 5645x107°® 7.1x107° — — — 36,37
AsBr3 31 35 — 2.6x 1077 — — — — — 59,7
AsCl3 —16 —  1.0x1077 — — — — — — 39,6,38
AsF3 —-13 0 156x107° 1.84 x 1072 292 %1073 — — — — 74
Asls 142 Poor 8
BCl3 —107 Non-conductor 6
BF3 —128.7 —120 — <5.0x 10710 — — — — 74
B,03 570 600 — 12x 1076 3.0x 107 52%x107° 1.5%x 1073 23x107° 3.6x107°  101,99,81,12, 10
9200 — 6.6 x 1073 9.7x 1073 1.5x 1074 2.1x107* 29x107* 40x 107
1200 — 53%x 1074 — — — — —
BaBr, 847 850 — 1.178 1.307 1.440 1.572 1.705 — 108
BaCl, 960 975 — 2.085 2.176 (1000) 2.264 (1025) 2.354 (1050) 108, 109, 107, 105,
2.472 (1075) 2.532(1100) 78, 64, 56,9
Bal, 711 750  — 0.784 0.910 1.024 1.136 1.248 1.361 108
Ba(NO;), — 280 — 0.182 0.235(300) 0.260(310) 110
BeCly 405 450  0.87 x 1073 2986 x 1073 0.016 — — — — 111
BeF; c. 800 Poor 34
Bel, 510 Non-conductor 5
BiBr;3 — 250 — 0.3214 0.3813 0.4237 0.4487 0.4562 0.4462 111
550 — 0.320 0.298 0.260 0.224 — —
BiCl3 230 250 — 0.4122 0.4910 0.546 0.5772 0.5845 0.5680 134,32
550 [ — 0.515 0.468 — — — —
Bil3 — 400 — 0.285 0.300 0310 0.309 0.305 0.295 111

700 — 0.285 0.265 0.250 0.227 0.205 —
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Table 9.4 ELECTRICAL CONDUCTIVITY OF PURE MOLTEN SALTS—continued

Conductivity Q=" em™!

Om 0

Substance °C °C Om 0 0+ 50 64100 6+ 150 0+ 200 64250 References

Bi(MoO4)3 — 708 — 0.274 0.333(747) 0.433(794) 0.480(817) 112

0.550(847)

CaBr, — 750 — 1.420 1.573 1.727 1.882 2.037 2.194 108

CaCly — 800 — 2.116 2342 2515 2778 3.006 — 108, 105, 104, 78,
64, 63, 57, 56, 46, 42,
36,22, 14, 12,9,
107, 109

CaF, 1420 1500 — 3.9 4.1 — — — — 90

Cal, 800 — 1.172 1.292 1.390 1.486 1.566 — 108

CdBr, 565 600 — 1.125 1.229 1.324 1.419 1.517 — 108, 65

Cdcl, 568 600 — 1.950 2.085 2.206 2317 2425 — 108, 91, 86, 82, 65,

31,22
Cdl, 390 400 — 0.210 0316 0.425 0.533 0.640 0.750 108, 82
CeCl3 — 828 — 1.12 1.17(844) 1.21(858) 1.23(868) 1.29(886) 113
1.30(895) 1.38(931)

Cels 761 796 — 0.448 0.470(814) 0.499(836) 0.523(860) 114

CsBr 635 650 — 0.84 0.97 1.09 121 — 98

CsCl 645 650 — 1.12 1.27 1.42 1.57 1.83 98,31, 115

CsF — — ki = —4.511 + 1.642 x 1072 — 7.632 x 107072 at 725-921 109

Csl 630 650 — 0.69 0.80 091 1.00 1.09 — 98

CsNO3 417 — K = —0.2452 4 1.887 85 x 10737 at 415-491 116,21

CuCl 430 450 3.26 3.32 3.46 3.56 3.66 — — 86, 31

CuyS 1130 1150 60 70 80 90 100 120 130 97,16

1450 — 140 160 — — — —

ErCls — 801 — 0.468 0.496(818) 0.531(839) 117

FeS 1200 1250 1560 1540 1530 1520 1510 1500 1490 97

GaBr, — — log k; = 1.142 — 865/(t + 273) at 167189 118

GaBr3 125 — 5.0x 1078 — — — — — 41

GaCl, — — log k; = 1.180 — 784/(t + 273) at 167176 118,2

GaCly 77 — 1078 — — — — — 41

(approx.)



Gaz I4

Gaz I(,

GdBr3
GdCl3
HgBr;
HgCl,
HgxClp

HgIz
HoCl3
InBr3
InCl
InCl,

IIIC13
InI3
K3AlFg
KBF4
KBr

KCl1

KClO3
K,COs3
K,Cr, 07
KF

235
271
525

250

436
225
235

498
210
1035

742

770

368
895
398
857

800
629
240
280
550

260
747
450
250
250

500
250
1050
550

800
1100

900
400
900

— 0.444

— 0.382

— 1.38 x 10~
— 320x% 107
1.00 1.03

— 0.0299

— 0.431

0.168 0.167

0.88 1.04

0.23 0.26

(0.50) (0.50)
0.052 0.066

233 238

— 1.075

2.12 222

— 2.79

4.19 —

2.020 2.035

0.200 0.204

— 44728
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log k; = 2.887 — 1401/(t + 273) at 150-211
log k; = 1.292 — 1114/(t +273) at 211-279
log k; = 0.460 — 653.4(¢ + 273) at 279-350
log k; = —0.068 — 1041/(t + 273) at 185-222
log k; = —1.807 — 624.4/(t + 273) at 222-284
log k; = —2.660 — 147.6/(t + 273) at 284-352

log k; = —4.2112 + 822.6/(t + 273) at 352-400
0.476(823) 0.500 (842)
0.408(649) 0.465(675) 0.506(698)
2.08 x 1074(280) 2.85 x 1074(320)
3.57 x 107°(290)3.96 x 1073(300)

0.0240 0.018 8(350)
0.488(776) 0.526(800) 0.562(819)

0.162 0.156 — —

1.33 1.62 (1.89) —

0.36 0.46 0.56 0.64

(0.46) 0.41 0.37 0.32

0.080 0.092 (0.100) —

1.180 1.243 — —

K = —1.3271 +5.710¢ x 10731 — 2.3139 x 10702 at 760-980

2.35 2.46 2.56 2.65
2.1783 23221 — —
0.298 0.389 (0.474) —
4.6017 4.6975 4.7603 —

Ky = —3.493 + 1.480 x 1072¢ — 6.608 x 107°72 at 869—1040

0.72
(0.28)

119

119,41

117
117

108, 120, 75, 23
108, 120, 55,23
36

108, 120, 83, 55, 23
117

37

37

37

37
37

102

121

122,98, 82, 31, 21,
70, 12, 4

92, 82,78, 77, 63, 44,
107, 68, 56, 54, 49,
37,22

1

135

83,11

109, 121, 102, 47,
42,29,21

(continued)
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Table 9.4 ELECTRICAL CONDUCTIVITY OF PURE MOLTEN SALTS—continued

Conductivity Q' em™

O 0

Substance °C °C Om 0 0+50 6+ 100 0+ 150 0+ 200 04250 References

KHSO4 212 301 0.049 0.141 — — — — — 72

KI 682 700 1.82 1.32 1.42 1.52 1.60 1.66 — 92,82,31,21, 12, 4

K>MoOy — — K = —21.0210+4.4823 x 1072¢ — 22.506 6 x 107072 at 931-988 123

KNH, 330 340 — 0.389 — — — — — 20

KNO3 337 350 0.62 0.66 0.82 0.96 1.10 1.24 1.38 106, 93, 87, 86, 84,
83,82, 61,55,22,21, 116,
15,11, 1

KOH 410 See ref. 35

K>S0y 1069 1100 (1.78) 1.84 1.94 — — — — 9

K,TaF7 — 750 — 0.750 0.919 0.981 (1.052) — — 121

K, TiF6 — 850  — 1.359 1.462 1.559 (1.650) — — 121, 124

KyWOy4 — — Ky = —8.2953 4 1.763 3 x 10727 — 8.029 5 x 10~°7 at 946-1024 125

LaCls 885 900 1.550 1.602 1.748 1.8531 1.9170 — — 36,109

LizAlFg — 800  — 3.45 3.65 3.80 3.95 — — 102

LiBr 550 600  4.69 497 523 5.49 5.73 — — 98, 65

LiCl 614 650 5.7306 5.9219 6.1714 6.4021 6.6139 6.807 6.9813 92,82,77, 49, 31,

LiClO; — 1318 — 0.1151 0.1231(135.7) 0.125 8(136.5) 107, 60, 42 126

0.1370(140.8) 0.142 0(143.0)
LiF 844 875 — 8.663 8.889(915) 9.058(958) 9.216(1008) 121,109, 102, 42
9.306(1037)
Lil 465 500 — 3.800 4.067 4.250 4.417 4.570 4703 127,98
800  — 4.830 4.947 5.045 — — —

Li;MoOy4 — — K =43.2596 — 10.71 x 1072¢ + 72.668 x 10~°£% at 790-939 123

LiNO3 254 300 0.8038 1.0545 1.3357 1.6259 1.9251 22333 — 138,13, 21

Li; WOy, — — Ky =7.5067 4 1.8733 x 10721 — 8.803 4 x 107072 at 762-903 125

MgBr> — AT — 0.766 0.857 0.950 1.045 1.138 — 108

MgCl, 714 750 1.014 1.085 1.183 1.283 1.383 1.483 — 108,91, 78, 63, 54,

48, 44,31

Mgl, — 650  — 0.408 0.496 0.585 0.675 0.765 0.856 108

MnCl, — 850  — (1.436) 1.578 1.690 — — — 107,128

MoCls 194 200 — 0.3x107° 6.3 %1076 — — — — 32



MoO3
Na3AlFg

NaBr
NaCl
NaCN

Na;COs3
NaF

NaHSO4
Nal
Na;MoOy

NaNH;
NaNO;
NaNO3;

NaOH
NaPOs

Na;SO4
Na,TaF7
Nay WO,
NbCls
NdBrj;

NdCl3
Ndl3
NH4HSO4
NH4NO3
PbBrz

795
1000

745
800
562

850
992

182
655
687

208
270
310

322
625

885

696
210

761
787
145
169.6
370

1040

800
850
700

900
1003

200
700
750
1050
1350

210
300
350

350
650
950

900
750

228
713

800
799
150
200
400

2.799

2.87
3.58

2.8347

0.067
2.30
(1.15)

0.94

2.125
0.36

(2.19)

(0.587)

0.079
0.31
(0.57)

2.901

3.06
3.74
1.15

3.029
4.960

0.094
2.41
1.26
1.82
2.30

0.593
1.34
1.16

2.377
0.425
1.175

2.23
0.750
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K = —5.7537 + 1.4563 x 1072t — 8.1949 x 107642 at 823-891

2.997

3.22
3.87
1.27

3.222

0.168
2.55
1.37
1.90
2.37

1.62
1.36

2.827
0.55
1.30

2.37
0.919

3.37
4.02
1.39

3.49
4.16

4.29

4.985(1018) 5.082(1047) 5.111(1059)
5.179(1086) 5.209(1099) 5.271(1122) 5.335(1138)

0.241
2.68
1.49
1.98

1.89
1.55

3.277
0.675
1.42

2.50
0.981

2.80
1.57
2.07

2.16
1.73

0.80
1.54

2.64
(1.052)

2.92
1.66
2.14

K =—1.4108 4+ 0.3451 x 1072 — 0.2058 x 107072 at 706-871

022 x 107

0.466

0.692
0.396
0.086
0.41
0.68

0.821

0.154
(0.53)
0.85

0.945

1.03

(1.058)

1.19

0.498(731) 0.519(743) 0.541(759)

0.563(772) 0.603(797)

0.416(818) 0.440(842)

55,21,22, 11

1.05

(2.91)

123,89

102, 80, 77, 73, 69, 51,
50, 29

98,12, 4

104, 92,78, 77, 63, 107}
42

135
121, 102, 80, 50, 29

72
98,82,12, 4
89,21

20
91, 82
95, 93, 86, 82, 79,

35
12

121
125,21
26

117

32
114

72

4,1
96,11, 22

(continued)
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Table 9.4 ELECTRICAL CONDUCTIVITY OF PURE MOLTEN SALTS—continued

Conductivity Q=" cm™

1

O 6
Substance °C °C Om 6 0450 04100 04150 64200 04250 References
PbCl, 498 500 5.8295 5.8398 6.088 6.3166 136,137,96,107, 11
PbCly -15 0 — 8.0x 1077 — — — — — 32
Pbl, — 450 — 0.4326 0.4628 0.4939 0.5306 0.390 6(402.7) 127
PbMoOy — 1098 — 0.938 0.950(1107) 0.958(1116) 0.963(1118) 112
PrCls — — Ky = —1.189 4 2.75 x 1073 at 800860 129, 32
Prl3 738 763 0.399 0.426(786) 0.452(809) 114
RbBr 692 700 — 1.132 1.263 1.360 1.454 1.526 1.586 127,98

1000 — 1.637 1.679 1716 1.749 1.778 1.806
RbCl 722 750 1.50 1.58 1.72 1.85 1.97 — — 98, 31
RbI 647 650 — 0.86 0.96 1.04 1.12 1.19 1.25 98
RbNO; 316 350 0.431 0.509 0.618 0.72 0.8162 — — 21
SbBr3 97 100 228 x 10° 236 x 10° 355 % 107 450 x 107° — — — 23,45
SbCls 73 — 0.5x 107 — — — — — — 43,33,25
SbF3 290 300 — 0.065 — — — — — 94
SbFs 6 50 0.4 %108 5.85 x 1078 41.0 x 1078 (80) — — — 74
Sblz 170 200 391 x 1078 3.91 x 1078 483 %1078 5.68 x 108 6.44 x 1078 (7.11 x 10~%) — 23
ScCl3 960 980 0.56 0.63 0.66(1000) — — — 37,32,28
Si0, — — ca. 107> — ca.10~# at 1800-2600 130
SnCly 247 250 0.89 0.90 1.11 1.38 1.67 (1.93) — 86,36, 3
SrBry — 650 — 0.728 0.980 1.142 1.295 1.446 1.600 108
SrCl, 872 900 1.989 2.096 2.285 2477 2.670 — 108,9
Srl, — 550 — 0.516 0.637 0.758 0.875 0.989 1.100 108

850 — 1212 1.320 1.422 1.525 —



TaC15
TECIZ
TeCly

ThCl.4
Til
TIBr
TICI
TICL
TII
TINO;
TLS
UCl4
WCls

WClg
YCl3

ZnBr,
ZnCly

anz

221
175
224

770
150
460
430
c. 60
440
206
448
567
248

275
721

331

235
200
250

800

450

450
250

250

300
750
400
350
650
450

(0.005)
0.100

(0.54)

1.088
<5.0x 107

(0.530)
(0.35)

0.61 x 107

1.86 x 107°
0.42

03 %107
0.034
0.131

(0.61)

1.164

0.551
0.47

0.67 x 1076

2.60 x 1076
0.48

0.020

0.007

0.350

0.060

0.089 0.145
0.186 —

0.71

(0.86)
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1x 1077 — 6 x 1077 (180-240)

ki = —0.4611 +3.105¢ x 1073t — 0.732¢ x 107642 at 480-705

1.350 1.532
0.651 0.747
0.60 —
1.84 x 1076 —
4,05 x 107° (320)
0.58 0.69
0.043 0.085
0.020 0.050
0.462 —
0.118 0.190

1.700

0.840

See ref.
k= —0318 4 1.22 x 1073¢

0.79
0.145
0.090

0.267

(1.865)

6.94 x 107° (330)

0.215
0.156

0.310
0.243

26
32
32

37

41

131, 18
83,17,22
37

17

84, 55,22
24
132,32
32,25

32,25
37

108

108,103, 31, 1

108

1 See also 64, 60, 58, 57, 56, 54, 53, 52, 48, 46, 42, 31,22, 4.
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Table 9.5 ELECTRICAL CONDUCTIVITY OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC

MELTS

The electrical conductivity in Q~! cm~! at temperature #(°C) and composition p (wt.%) of the first-named
constituent is given as k;, or empirical equations for k as a function of temperature within the stated range are
given at each composition. Principal references are in bold type.

AgBr-AgCl
Ref. 59,3

AgBr-KBr
Ref. 59

AgBr-KCl
Ref. 77,78

AgCl-AgNO3
Ref. 36

AgCl-AlBr3
Ref. 13

AgCI-KBr
Ref. 77,78

AgClKCl
Ref. 59

AgCIl-PbCl,
Ref. 59

AgCI-TICI
Ref. 3
Agl-AgNOs3
Ref. 62,33

AgNO3-Cd(NO3),
Ref. 46

0

3.90
4.07
421

24.7
3.52
3.70
3.86
3.99

61.9

1.29
1.55

62.6

1.680
1.933
2.150

9.00

0.705
0.926
1.132

110
1.21

44.6
1.570
1.805
1.980

63.0

2.01
231

11.2
1.59
2.07
2.51

20.6
1.470

10

0.78
0.98

323
0.11

0.23
0.38

46.7
3.33
3.50
3.64
3.77

78.0
1.42
1.70
1.91

79.0

1.678
1.942
2.172
2.340

12.5

0.710
0.931
1.138

125
1.61

64.4

1.742
2.008
2.215
2.390

72.5
1.93
224
2.51

25.6
1.27
1.82
2.27
2.68

37.0
1.711

20

0.58
0.78
0.98

41.7
0.07
0.19
0.34
0.49

66.9
3.16
3.31
3.44
3.55

90.1
1.98
2.23
2.43

91.0

2.210
2432
2.602
2.742

15.5

0.712
0.932
1.138

13.29
130
1.68

83.0

2.600
2.871
3.065
3.220

87.9
2.30
2.70
3.00
3.22

435
1.67
2.20
2.61
2.96

58.0
2.260

30

0.38
0.60
0.80
1.00

51.8
0.15
0.28
0.44
0.61

84.0
3.00
3.16
3.28
3.38

100

3.03
3.21

100.0
3.020
3.215
3.374
3.505

20.0

0.950
1.161

140
1.90

100.0
3.965
4271
4.526
4.716

100

3.90
4.21
4.46

76.3
2.62
3.11
3.46
3.73

77.2
2.925

40

0.44
0.66
0.85
1.05

62.6
0.38

0.55
0.73

100

2.89
3.02
3.13
3.21

30.0

1.005
1.223

155
2.67

100

3.90
4.21
4.46

100
3.653

50

0.54
0.75
0.93
1.12

74.1
0.54

0.65
0.86

40.0

1.092
1.312

170
3.22

60

0.65
0.86
1.03
1.21
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Table 9.5 ELECTRICAL CONDUCTIVITY OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC

MELTS—continued
AgNO3-Hgl, p 4.0 13.8 272 35.9 46.6 59.9 77.0
Ref. 53,19 K100 — — — 0.08 0.07 0.08 0.08
K150 0.02 0.11 0.12 0.20 0.15 0.22 0.31
K200 0.09 0.24 0.22 0.30 0.27 0.36 0.51
AgNO3-KNOj3 P 0 20 40 60 80 90 100
Ref. 71, 61, 51,79 €250 — — 0.47 0.54 0.66 0.74 0.84
K300 — 0.56 0.64 0.73 0.85 0.93 1.05
K350 0.66 0.73 0.81 0.91 1.04 1.13 1.24
AgNO3-LiNO; p 0 38.0 62.0 78.6 90.7 100
Ref. 61 K250 0.78 0.79 0.80 0.81 0.82 0.83
€300 1.05 1.04 1.04 1.04 1.04 1.04
AgNO3-NaNO3 p 0 10 20 30 40 60 100
Ref. 38 €290 — 0.900 0907 0910  0.920 0.941 1.010
K330 1.076 1.088 1.094 1.104 1.103 1.118 1.173
K370 1.251 1.267 1.264 1.277 1272 1289  —
AgNO3-RbNO3 p 223 33.0 434 63.3 72.9 82.2 912
Ref. 52 €200 — 0.24 0.28 0.37 0.43 0.49 0.57
K250 0.33 0.38 0.42 0.54 0.61 0.69 0.77
K300 0.47 0.52 0.58 0.71 0.78 0.87 0.96
AgNO;-TINO;3 P 10 35 45 50 60 65 90
Ref. 29,3 K100 — — 0.137  0.123 0.145 — —
K200 0336 0.405 0.424 0427  0.468 0.488 0.560
K300 0.607 0712 0735  0.753 0.808 0.824  0.943
AlIBr;—HgBr, p 59.7 60.5 63.9 68.0 79.0 89.6 922
Ref. 25,3 102 k110 1.38 1.34 122 1.00 0.419 0.064  0.013
102 k1140 2.45 234 2.00 1.61 0.573 0.064  0.013
AlIBr;—KBr r 81.8 83.2 84.7 86.2 87.5 88.0
Ref. 30,23, 2 K110 0.0360 0.0331 0.0301 0.0269 (0.0242)  0.0233
K140 0.0601 0.0546 0.0493 0.0439  (0.0396) 0.0379
2AIBr3-KCl t 90 100 140 160 170
Ref. 28, 13 K 0.0232  0.0295 0.0587 0.0742  0.0829
4AI1Br3-LiCl t 80 100 120 140 170 180
Ref. 13 K 0.0110 0.0139 0.0170 0.0204 0.0242  0.0251
AlIBr;—NaBr p 83.8 84.7 85.6 86.8 87.9 88.9
Ref. 30 K120 0.0578 0.0533 0.0492 0.0441 0.0382  0.0346
K130 0.0674 0.0613 0.0565 0.0506 0.0444  0.0402
K140 0.0778 0.0687 0.0641 — 0.0500  0.0457
2AlBr3-NaBr t 110 130 150 170
Ref. 28 K 0.0515 0.0692 0.0887 0.1087
AlBr3—NaCl p 90.73 93.69  94.83 at p==80.1, k170 =0.036 5
Ref. 13 K110 0.0252  0.0262  0.0220
K130 0.0415 0.0310 0.0252
K150 — 0.0428 0.0313
AlIBr3—NH,4Br p 8450  86.90 88.98 89.42  90.81
Ref. 25 K110 0.022 0019 0017 0016 0014
K130 0.033 0.027 — 0.022  0.020
K150 0.043 0.036  0.031 0.029  0.025
2A1Br3-NH,Br t 110 160
Ref. 28 K 0.0220 0.0484
AlIBr3—SbBr3 p 0 7.58 1974 2665 4245 7469 8691
Ref. 23,2 10° k100 O 12 18 16 11 4 1
10° k40 O 16 25 26 20 7 1
AlBr3-SbBr3 t 100 150 170
Ref. 28 103 -« 11.6 263 322
AlIBr3-SbBr3-AsBr;  p 16.3 329 414 67.9 773 86.8 100
Ref. 35 10% - ks 0.089  0.121 0252  0.766  0.855 0.892  0.803
102 - k190 0.082 0.116 0264 0938 1.125 1.228 1.155

(continued)
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Table 9.5 ELECTRICAL CONDUCTIVITY OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC

MELTS—continued

AlBr3—ZnBr;
Ref. 23

2AIBr3-ZnBr,
Ref. 28

AICI;-KCl
Ref. 21

AlCI;—KCl**
Ref. 31

AlCl;-KCl
Ref. 31,21

AICIl3-LiClI**
Ref. 21

AlCl3—NaCl**
Ref. 15, 14, 5

AICI3-NH4Cl
Ref. 21

A1F3 7N33A1F6 *

Ref. 72, 65, 39,

34,12

A12 03 7Na3A1F(,

Ref. 72, 65, 39, 34,

80, 12,4

Al,O3-LizAlFg—
Na3A1F6

Ref. 80

Al,03-Si0;
Ref. 81

B,03-BaO
Ref. 50

B,03-Ca0O
Ref. 50

B,03;-K;0
Ref. 75,42

B,03-Li, O
Ref. 75, 42

P 7343 78.03 8257 87.03 91.42

K100 5.5 5 3 1 0

K130 12.5 105 8 — 0

K150 20 17 11 2 0

t 100 140 180

10« 515 1512 30.62

p 64.73 7330 80.11  81.55 89.14

K200 — 0200 0.165  0.157 0.105

K250 0346 0280 0228 0214 0.143

K300 0.458  0.357 0290  (0.270) (0.180)

p 50.4 537 625

K600 0.790 0.811 0.858

K700 0.900  0.935 1.005

K800 1.010  1.060 1.155

t 250 300 500 600 700

K« 0353 0479 0.706  0.862 1.018

t 174 184 217 259 303.5

K« 0354 0380 0.468  0.553 0.647

p 69.78  71.03 72.01  76.06 76.95

K200 0.436 0262 0280 0.160 0.170

K250 0.532 0378 0380 — 0.300

p 7137 7889 8546  90.89

K200 — — 0.177 0.114

K300 0.479 0387 0302 0.194

P 0 2 4 6 8

K1000 2.8 2.7 2.7 2.6 2.6

K1050 29 2.9 2.8 2.8 2.7

p 0 3 6 9 12

K1000 2.8 2.6 2.5 2.3 2.2

K1100 3.0 2.9 2.7 2.6 2.4

PALOs 6.4 32 8.8 3.6 9.8

PNasAlFg,  46.8 582  64.0 67.6 72.2

K1000 344 — 3.10 3.24 2.43

1030 52 — 47 4.8 55

Kkt = k1000 + et — 1000)

P 3 5.5 8 10 12

a —030 0.08 —040 —0.30 —1.00

1073p 5.9 5.7 4.1 4.8 3.0
log k; =a — b(t + 273) at 16001 800

p 30.0 350 445 492 59.7

€900 — — 0.007  0.005 0.002

K1000 0.10 0.07  0.036 0.024 0.013

K1100 0.19 0.15  0.089  0.062 0.037

K1200 0.28 0.23 —_— —_— —_—

p 553 598  62.8 67.9 733

K1000 — — — 0.025 0.013

K1100 — 0.12  0.10 0.069 0.047

1200 0.23 022 020 0.151 0.100

P 61.6 70.6  79.6 89.0 94.8

K600 0.016 0.003 — 1.8x107% 83x107°

K800 0.186 0.056 0.022 60x103 22x1073

1000 0.513 0309 0.112 3.0x1073 9.1x1073

P 79.9 87.1 92,0 95.5 97.2

K700 0.08 — — 0.003 0.001

K800 0.87 0.10  0.03 0.011 0.004

K900 3.02 026  0.10 0.026 0.011

K1000 525 040  0.17 0.051 0.019

800
1.174
327
0.687

81.25 82.51
0.090 0.070
0.178 —

351
0.731

10 20
25 23)
26 (2.4)

15 20
2.1 (1.8)
23 (2.0)
42

76.6

2.67

54

67.9

0.002
0.008
0.026
0.056

98.5

1.1x1073
22x1074
1.1x1073

98.5

0.0012
0.0028
0.0052

(continued)
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MELTS—continued
B;03—Na0 P 64.0 68.2 776 858 94.4 99.1
Ref. 75,42 K600 ~ — — — 65x107% 1.5x107* 1.6x107°
K800  — 0.33 0.08  0.022 48x1073 35x1074
k1000 1.74 1.32 040  0.107 21x1072 1.7x1073
B,03-PbO p 88.2 92.7
Ref. 69 keso  Sx 1077 4x 1077
k750 2x107° 0.6 x 1073
kgso  8.5x107° 2.0x 1073
B,03-SrO p 44.9 49.6 56.8  61.6 65.2 70.0
Ref. 50 K1000 — — 0.019 0.012 0.010 0.005
k1100 0.10 0.08 0.062  0.047 0.036 0.021
K1200 0.21 0.17 — — — —
BaBr,—KBr p 0 39.2 555 625 73.0 88.2 93.4
Ref. 43 k700 — 1.17 1.03  0.85 0.89 — —
k750 1.63 1.29 1.16  0.96 1.00 0.93 —
kgoo 176 1.41 127 1.06 1.13 1.06 0.98
kgso  1.87 1.52 139 117 1.25 1.19 1.12
BaCly—CaCl, p 17.3 32.0 446 556 65.3 73.8 88.3
Ref. 68 kgoo  1.84 1.80 176 171 1.65 1.62 —
kogo 223 2.15 208 205 1.98 1.93 1.82
k1000 2.57 2.51 244 238 2.32 2.27 2.14
Ki100 2.86 2.81 274 2.66 2.60 2.56 2.44
BaCl,—MgCl,t p 13.4 31.0 497 732 75.7
Ref. 37 kgo0  1.405 1.620 1.70 1.6l 1.57
kooo  1.590 1.810 191  1.83 1.785
k1000 (1.775) 2.000 212 205 2.000
BaCl,—NaCl p 28.4 47.1 598 704 78.1 84.2 93.4
Ref. 49,17 kgo0  3.00 2.55 226 2.00 1.54 1.20 —
koo 3.26 2.90 268 250 232 225 2.00
K1000 348 3.14 292 276 2.64 2.58 2.32
BaCl,~NaNO; p 1.17 1.98 6.14  9.12
Ref. 40 K350 1.124 1.107 1.073  1.024
K355 1.143 1.128 1.093  1.052
K360 1.163 — — —
BaF,-NaF p 66.6
Ref. 11 t 900 950 1000 1050 1100
K 4.027 4335 4.602 5.051 5.319
Ba(NO,),-KNO, p 478 59.0 683 763 83.5 89.6 95.0
Ref. 82 K300 — 0.494 0.438  0.393 — — —
K310 — 0.528 0.472  0.428 0.381 — 0.311
K320 — 0.560 0.505  0.464 0.415 0.386 0.345
K330 — 0.594 0.542  0.498 0.450 0.418 0.377
k340  0.670 0.628 0.572  0.534 0.486 0.452 0.411
k350 0.702 0.660 0.610 0.570 0.520 0.484 0.445
Ba(NO,),-KNO3;  p 26.8 31.3 438 548 64.5 73.3 81.0
Ref. 83 K320 — 0.50 — 0.42 — 0.39 —
K340 — 0.55 — 0.48 — 0.42 0.40
k360  0.65 0.60 0.58  0.55 0.50 0.49 —
kg0 0.73 0.68 0.62  0.60 — — —
Ba(NO,),-NaNO, p 19.4 39.2 539  64.0 73.9 84.5 94.5
Ref. 82 K240 @ — — 0.598  0.488 0.372 0.258 —
K260 — 0.852 0.700  0.588 0.464 0.334 0.200
kag0  1.120 0.957 0.802 0.688 0.554 0.410 0.260
k300 1232 1.064 0.910 0.788 0.646 0.486 0.320
k30  1.343 1.170 1.016 0.888 0.738 0.564 0.380
K340 1454 1.275 1.120  0.985 0.828 — —
Ba(NO3),-KNO, p 50.1 61.0 70.2
Ref. 83 k60 (0.38) 0.30 (0.28)
kago  0.41 0.36 0.31)
K300 0.49 0.41 0.35
k30  0.55 0.46 0.40

(continued)
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MELTS—continued

BeCl,—NaCl P 39.1 452 49.2 58.3 63.6 70.8 83.2
Ref. 58 K300 — — 0.69 0.58 0.49 — —
K400 — 1.00 1.10 0.98 0.85 0.56 0.19
K500 1.35 1.28 1.38 — — — —
Bi-Bil3 Y4 3.8 8.1 13.1 34.7 45.1 58.8 76.4
Ref. 84 K500 0.5 0.8 2.1 200 600 1400 3100
Ca—CaCl, P 0.22 0.29 0.36 0.47 0.62 0.88 1.10
Ref. 85 K855 2.50 2.52 2.55 2.58 2.61 2.68 2.73
CaCl,-KCl P 24.6 40.7 66.0 81.5
Ref. 37,3 K800 1.770 1.500 1.415 1.560
K900 2.035 1.790 1.685 1.890
CaCl,-MgCly T )4 10.8 19.0 28.0 41.2 62.1 77.1
Ref. 37 K700 (1.18) 1.34 1.47 1.65 (1.79) (1.87)
K800 1.37 1.53 1.68 1.90 2.07 2.20
K900 1.56 1.72 1.89 2.15 2.35 2.53
CaCl,—NaCl** )4 0 20 40 60 75 90 100
Ref. 67,49, 17, 18, K100 — 2.78 2.31 1.92 1.71 — —
8,6,3 K800 3.58 3.10 2.64 2.27 2.09 2.01 2.02
K900 3.79 3.37 2.96 2.60 2.40 2.32 2.32
K1000 4.00 3.58 3.22 2.92 2.71 2.67 2.68
CaF,—CaO 2 90.7 92.6 94.5 96.4 98.2 100
Ref. 55 K1500 4.3 4.6 53 4.2 4.1 3.9
K1545 4.6 4.7 7.2 52 4.4 4.1
CaF,—Na3AlFg P 0 5 10 20 30 40
Ref. 65, 39, 26, K1000 2.8 2.8 2.7 2.6 2.5 2.4
34,12 K1100 3.0 3.0 3.0 2.9 2.8 2.7
CaF,—NaF P 0 10
Ref. 4,11 K1000 3.15 3.0
K1020 33 3.1
Ca(NO3),-KNO3 P 0 16.9 24.0 342 44.8 54.9 65.5
Ref. 22 K300 — — 0.375 0.330 0.270 0.195 —
K350 0.666 0.570 0.525 0.460 0.390 0.315 0.255
K400 0.818 0.705 0.660 0.605 0.522 0.430 0.355
Ca0-SiOy P 20 30 35 40 45 50 55
Ref. 81 a 2.17 2.19 222 2.51 3.19 2.39 2.06
1073p 5.7 5.7 52 5.7 6.7 5.0 4.1
logk; =a — b/(t+273) at 1600-1800
CdBr,—CdCl, P 0 27.1 49.7 69.0 85.6 100
Ref. 24 K600 1.95 1.7 1.5 1.35 1.2 1.05
K640 2.1 1.85 1.65 1.5 1.35 1.25
CdCl,-CdI, P 0 14.2 332 59.9 100
Ref. 43 K400 0.22 0.35 — — —
K500 0.41 0.56 0.78 — —
K600 0.66 0.79 1.03 1.32 1.96
K700 0.95 1.05 1.30 1.57 2.09
CdCl,-KC1 P 40 50 60 70 80 90 100
Ref. 47,24, 3,27 K500 — 1.10 1.11 1.19 1.33 1.52 —
K600 — 1.24 1.27 1.36 1.51 1.71 1.96
K700 1.55 1.48 1.48 1.60 1.77 1.97 2.18
K800 1.81 1.73 1.66 1.78 1.94 2.09 2.25
CdCl,-LiCl P 0 59.1 81.2 92.9 100
Ref. 43 K550 — — 2.8 2.3 —
K650 6.0 4.1 32 2.6 2.1
K750 6.4 4.5 3.5 3.0 23
CdCl—NaCl 2 439 67.6 82.5 92.6 100
Ref. 24 K550 (2.25) 1.95 1.9 1.85 1.8
K600 2.4 2.15 2.1 2.0 1.9
K700 2.7 2.45 2.4 23 2.2

(continued)
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MELTS—continued

CdCL—PbCl,
Ref. 56,27, 24

CdCL-TICI
Refdd, 3

CdI—KI
Ref. 43

Cd(NO3),—CsNO3
Ref. 45

Cd(NO3),-KNO;3
Ref. 46

Cd(NO3),-RbNO;
Ref. 46

Cd(NO3),-TINO3
Ref. 45

Ce—CeCl3
Ref. 95, 96
Ce—Cels
Ref. 86

CsBr—NaCl
Ref. 87

CsBr—ZnS0Oq4
Ref. 62

CsCl-NaBr
Ref. 87

CsCI-TiCls
Ref. 88
CuCl-KCl
Ref. 47

CuO-V;,05
Ref. 74

CupS-FeS
Ref. 60

K500
K600
K700

K500
K600
K700

K300
K500
K700
K800

K200
K250
K300

P

K200
k250
K300

K200
K250
K300

K150
K200
K250
K300

K55

K820

K800
K850

K505
K550

K800
K850

K800

K450
K500
K550
K600

K800
K900
K1000

K1100
K1300
K1500

1.44
1.88
2.28

1.35
1.70
1.95

1.32
1.52

39.4

0.26
36.9

0.46
15.1

0.31
9.0

0.47
0.60

1.05
1.56

0.55
1.00

8.3
2.40
2.55

39.8
0.03
0.05

29.4
2.05
2.15

52.1
0.7

25.8

222
10
0.6
1.4
22

1.530
1.490

20

1.68
1.94
235

10

1.30
1.66
1.86

19.7

1.21
1.45

44.6
0.17
0.25

50.0

0.44
28.6

0.22
0.34

18.1

0.29
0.31
0.54

1.8
2.02

1.03
1.92

19.5
1.69
1.79

63.8
0.09
0.13

522
1.61
1.70

62.3
0.7

42.0
2.00
2.07
2.18
2.32

30
32
5.0

25

9.30
9.40
9.50

40
1.97
2.36

25

1.12
1.56
1.76

35.5

1.09
1.29

54.8
0.09
0.16
0.24

60.9
0.14
0.26
0.39

40.8
0.12
0.21
0.32

27.5
0.14
0.25
0.38
0.50

2.8
2.59

1.43
2.74

52.1
1.40
1.50

79.9
0.20
0.26

71.0
1.50
1.58

72.0
0.8

47.6
2.08
2.15
2.26
2.40

40
3.8
6.0

35

8.20
8.30
8.30

60
1.97
2.31

40

1.24
1.52
1.72

64.3
0.30
0.66
1.06
1.26

64.5
0.07
0.15
0.23

70.0
0.12
0.23
0.35

51.7
0.10
0.20
0.31

37.1
0.11
0.22
0.34
0.46

34
3.26

2.07
4.75

59.2
1.21
1.30

87.0
1.45
1.55

81.5
0.9

57.5
2.23
2.32
2.44
2.59

50
5.5
10.0

50
4.60
5.20

80
1.94
2.26

60

1.41
1.66
1.86

75.3
0.31
0.64
0.99

73.8

0.12
0.20

77.8
0.08
0.18
0.31

61.6
0.10
0.19
0.29

47.0
0.08
0.17
0.28
0.40

39
3.81

2.87
8.88

90.8
12

76.0
2.71
2.82
2.94
3.08

65
3.30
4.60

100
1.88
2.20

80
1.81
1.99

89.8

0.57
0.89

82.9

0.15

84.4
0.04
0.12
0.23

70.6
0.08
0.16
0.26

57.1

0.23
0.34

4.7
4.45

3.7
15.5

85.9
2.93
3.06
3.20
3.34

75
2.20
3.80

100

1.97
2.10

100

0.41
0.95

78.9

0.20
67.4

0.26

5.3
5.35

6.1
c. 60

100

3.32
3.43
3.54
3.66

100

0.50
1.30
1.70

(continued)
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Dy-DyCl3 2 0.0 0.9 2.7 49 7.8 12.0 16.7
Ref. 89 K700 0.42 0.46 0.54 0.65 0.76 0.90 0.98
Er-ErCl; p 0.0 1.0 3.0 3.8
Ref. 89 K820 0.50 0.55 0.67 0.69
FeO-SiO, P 55.9 63.3 68.6 72.4 75.4 78.7 84.9
Ref. 41 K1300 0.5 0.9 14 2.1 32 4.2 9.0
K1400 0.8 1.6 23 4.0 5.0 7.8 —
FeO-TiO; P 32.6 35.7 56.5 62.1 91.9 97.2
Ref. 63 K1300 48 50 40 38 145 —
K1400 48 47 34 33 155 225
Fe,03-V,05 P 15.0 194 30.5
Ref. 74 K900 1.4 3.8 6.8
K1000 2.0 5.8 11.6
K1100 3.6 10.6 —_—
Gd-GdBr3 p 0.0 0.4 1.3 23 2.7
Ref. 89 K820 0.47 0.58 0.87 1.27 1.46
Gd-GdCl3 P 0.0 0.3 0.6 1.0
Ref. 89 K650 0.41 0.43 0.45 0.49
HgBr,—NH4Br P 61.19 78.63 84.66 89.57 93.64 100
Ref. 32 K250 0.4 0.5 0.6(2) 0.6 0.45 0
K300 0.55 0.7 0.8(2) 0.75 0.6 0
HgCl,-Hgl, P 0 20 40 50 60 80 100
Ref. 19 K225 — 0.0295 0.0160 0.0094 0.0053 — —
K250 — 0.0281 0.0160 0.0097 0.0056 0.0011 —
K300 0.0280 0.0252 0.0160 0.0104 0.006 3 0.0020 0.000 8
HgCl,-NH4Cl p 71.42 81.82 83.54 86.12 92.21 93.84 95.31
Ref. 32 K250 0.7 0.9 0.7 0.8 0.55 0.78 0.4
K300 0.95 1.15 1.1 1.15 0.75 1.0 0.6
HgCl,-TINO3 p 0 10 20 40 50 60 75
Ref. 19 K225 0.416 0.344 0.274 0.184 0.150 0.126 —

K250 0.476 0.397 0.320 0.226 0.186 0.156 0.100
K275 0.536 0.450 0.368 0.269 0.222 0.188 0.126

Hglb—KI p 733 80.4 86.5 91.6 96.1 100
Ref. 44 K270 — 0.48 0.64 0.64 0.43 0.03
K290 0.50 0.56 0.69 0.69 0.45 0.03
K310 0.56 0.64 0.75 0.75 — —
Hgl,—NH41 )4 67.64 75.82 82.47 87.98 92.62 96.58 100
Ref. 32 K250 0.3 0.4 0.5 0.6 0.55 0.37 0.03
K350 0.6 0.5 0.73 0.77 0.7 0.4 0.03
Hgl,—TINO3 )4 0 20 40 50 60 80 100
Ref. 19 K250 0.476 0.302 0.174 0.154 0.136 0.142 —
K275 0.536 0.348 0.210 0.182 0.161 0.156 0.0305
K300 0.596 0.395 0.248 0.214 0.187 0.171 0.0280
Ho—HoCl3 P 0.0 0.7 32 6.3 10.6
Ref. 89 K800 0.53 0.56 0.69 0.84 1.05
K-KBr p 1 2 3 4 6 8
Ref. 73 K763 5.6 11.7 22.4 40.8 104.7 229.2
K870 6.8 16.3 29.5 513 129.0 263.0
K-KC1 p 1 2 4 6 8 10
Ref. 73 K316 3.8 6.2 14.1 31.6 64.6 117.5
K-KF )4 1.35 2.72 4.10 4.80
Ref. 90 K900 4.5 6.7 12.0 18.0
K—KI )4 0.5 1.0 1.5 2.0 — — —
Ref. 90, 91 K900 4.5 8.5 13.5 19.0 — — —
P 0.5 1.2 2.6 13.5 26.0 48.7 64.9
K700 3.7 7.9 19.7 500 1500 4200 7300
KBF4—KF P 30 40 50 60 70 80 90
Ref. 92 K600 — — — — 1.0 2.0 1.5
K700 — — 3.0 53 6.8 7.2 6.7
K800 5.0 8.0 10.0 11.5 12.5 12.8 12.6

(continued)
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Table 9.5 ELECTRICAL CONDUCTIVITY OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC

MELTS—continued

KBr-KNO;
Ref. 43

KBr-NaCl
Ref. 93

KBr-RbCl
Ref. 94

KBr-TIBr
Ref. 97

KBr-ZnSOy4
Ref. 48

KCI-KI
Ref. 57

KCI-LiCl**
Ref. 57,10

KCl-MgCl,
Ref. 56, 37, 16,
9,7

KCI-NaBr
Ref. 93

KCI-NaCI**
Ref. 57,16,9, 6,3

KCIl-Nal
Ref. 43

KCI-PbCl,
Ref. 98,47, 27, 24

KCI-RbBr
Ref. 94

P

K400
K600
k700
K800

p
K800
K850

p

€770
K800
K850

P

a

103
10%¢

t range

P

k475
K500
K550

K700
K300
K900

K500
K600
K700
K800

K600
K700
K300
K900

K300
K850

K700
K800
K900

K600
K700
K800

K450
K500
K550
K600
K650
K700

K770
K800
K850

0
0.82
1.38

33.7
2.97
3.05

19.7
1.64
1.70
1.80

22
0.489,
3.239,
0.835;
537-701

35.8
0.10
0.12
0.16

2.8

1.31
1.52
1.66

0

6.17
6.62

10

1.10
1.33
1.50

22.0
2.64
2.76

18.7

3.23
3.50

2.41
2.68

2.8

1.414
1.645
1.868
2.086

9.9

1.42
1.50
1.59

17.2
0.79
1.34

57.6
2.51
2.60

39.5
1.64
1.70
1.80

53
0.4419
2.957,
0.499,
473-640

40.0
0.15
0.21

7.8

1.38
1.56
1.72

28.2
3.51
4.10
4.56

20

1.17
1.37
1.54

32.0
2.40
2.53

32.1

2.98
3.24

8.0

1.88
2.20
2.51

4.5

1.176
1.401
1.609
1.807
2.018

22.7
1.58
1.65
1.73

37.0 54.1
0.78 —
1.29 1.30
85.9 89.0
2.20 1.95
2.29 2.05
59.5 81.3
1.64 1.65
1.70 1.72
1.80 1.82
9.7 18.4
2.008 2.3904
7.5465 8.8645
3.8457 4.9049
650-762  619-717
ki =a+ bt — ct?
444 50.2
— 0.13
0.14 0.16
0.19 0.23
13.3 26.8
1.41 1.48
1.61 1.70
1.76 1.88
42.6 55.8
2.31 1.87
2.87 2.40
3.42 2.88
3.82 3.24
30 50
0.97 0.98
1.21 1.24
1.39 1.44
1.56 1.62
514 74.0
2.29 2.21
2.39 232
40.6 54.8
2.52 2.35
2.85 2.64
3.11 2.88
19.8 33.0
1.68 1.54
2.04 1.86
2.37 2.16
6.1 14.8
1.142 1.034
1.345 1.205
1.558 1.364
1.723 1.515
1.913 1.684
39.8 63.9
1.70 1.88
1.77 1.98
1.89 2.09

70.2
1.31
1.53
1.76

30.3
0.4754
3.284;
0.845¢
626-791

60.0
0.21
0.25
0.33

41.2
1.56
1.80
1.97

72.2
1.90
2.35
2.72

60

0.97
1.27
1.48
1.67

64.8
221
2.53
2.76

49.7
1.51
1.84
2.44

20.7

0.937
1.106
1.273
1.417
1.572
1.716

86.9 100
1.53 —
1.76 1.76
539 72.0
0.8085  0.4265
4267; 5332
1478 0.865,
687-796 718783
64.7 73.0
0.24 0.34
0.29 0.41
0.39 0.55
64.4

1.66

1.96

2.14

87.6 100
2.04 —
2.36 2.24
70 80
0.98 —
1.34 1.48
1.56 1.76
1.75 1.87
82.9

2.34

2.56

73.6 100
1.87 —
2.17 2.22
37.9 51.2
1.038 (1.110)
1.174 1.230
1.306 1.350
1.467 1.519
1.624 1.670

(continued)



9-36

Physical properties of molten salts

Table 9.5 ELECTRICAL CONDUCTIVITY OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC

MELTS—continued

KCl-SnCl,
Ref. 99

KCL-TiCls
Ref. 88

KCl-ZnCl,
Ref. 66

KCI-ZnSO4
Ref. 48

K2 Cr2 O77KNO3
Ref. 44

KF-NaCl
Ref. 6

KI-NaCl
Ref. 43

KI-ZnSOy4
Ref. 48

KyMo0O4—Mo0O3
Ref. 100

KNO,-NaNO,
Ref. 82

KNO;3-LiNO3
Ref. 101

KNO3-NaNO3**
Ref. 19, 101, 79, 1

KNO3;—RbNO3
Ref. 45

K>S04—ZnS0O4
Ref. 62

KZ TaF77Ta2 O 5
Ref. 102

p 0.0
K300 1.115
K350 1.388
p 32.6
K300 1.0

p 0
K500 0.09
K550 0.16
K600 0.26
K650 0.37
P 19.0
K475 —
K500 0.09
K550 0.14
p 0
K350 0.56
K400 0.72
K475 0.95
P 33.20
K750 2.6
K850 3.4
K950 4.2

P 33.6
K600 —
K700 —
K800 3.06
P 47.4
K440 —
K460 0.09
K480 0.12
p 17.5
a —3.6606
10 0.9428
10¢ —-5.0101
trange  760-869
p 12.0
K300 1.262
K340 1.472
K380 —
K420 —
K460 —

P 66.0

4.1
1.079
1.331

42.0
1.05

10.5
0.40
0.51
0.63
0.76

24.0
0.09
0.12
0.16

24.4
0.52
0.66
0.88

49.85
2.9
3.6
4.3

55.0
2.24
2.58

50.9
0.08
0.10

27.5
—1.3120
0.3365
—1.0589
614-804

23.6

1.176
1.380
1.586

8.7 14.1
0.995 0.865
1.215 1.060
53.0 65.9
1.3 1.5
17.8 26.3
0.64 0.70
0.77 0.82
0.90 0.95
1.02 1.06
29.3 33.7
0.13 0.16
0.17 0.21
0.24 0.27
42.1 55.5
0.42 0.35
0.64 0.48
0.74 0.67
66.54 100
3.2 —
3.7 4.1
4.4) 45
74.1 86.9
1.56 1.35
1.87 1.64
2.20 1.91
54.8 60.4
0.11 0.13
0.13 0.16
0.15 0.18
43.0 52.2
—1.9820 —1.2083
0.5345 0.3333
—2.4426 —1.2061
654-783 642-794
ki =a+ bt +ct?
32.7 45.1
1.108 1.052
1.308 1.244
1.510 1.434
— 1.625

K, =—0.378 8 +3.40 x 1073¢ at 160-240
—0.403 74 3.47 x 1073¢ at 240-400

Kt

p

K300
K400
K500

K300
K350
K400

K450
K500
K550

K300
K900

0
1.364
1.720

7.1
0.51
0.63

31.6
0.04
0.06
0.07

78.0
0.71
0.85

20

0.820
1.160
1.496

18.6
0.40
0.52
0.65

41.8
0.06
0.08
0.12

83.4
0.80
0.94

40 50
0.706 0.652
1.024 0.966
1.351 1.284
31.4 40.7
0.42 —
0.55 0.57
0.68 0.70
52.0

0.05

0.08

0.12

89.0 94.5
0.87 0.91
1.00 1.04

20.3
0.688
0.871

81.4
1.8

359
0.76
0.89
1.01
1.14

39.8
0.21
0.25
0.32

74.4
0.22
0.34
0.52

94.2
1.47
1.73

62.9
0.15
0.18
0.20

60.0
—2.7280
0.8329
—5.3073
583-705

55.3

0.998
1.185
1.366
1.548

60

0.625
0.931
1.234

56.0

0.59
0.73

100.0
0.92
1.05

27.8
0.472
0.645

52.6
0.78
0.92
1.05
1.19

50.0
0.30
0.35
0.44

87.1
0.17
0.26
0.41

100
1.32
1.52

67.3
0.21
0.24
0.28

79.4
6.0644
—1.2999
8.1731
882—934

74.2

1.040
1.204
1.365
1.525

80

0.572
0.874
1.178

73.3

0.63
0.77

31.9

0.702

58.7
0.79
0.95
1.09
1.24
56.8
0.36
0.41
0.51

100

0.20
0.35

91.0
42506
—0.8537
5.5075
877-995

83.3

1.130
1.287
1.442

100

0.818
1.107

86.0

0.64
0.79

(continued)
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Table 9.5 ELECTRICAL CONDUCTIVITY OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC
MELTS—continued
K, TiF¢-TiO, p 81.9 87.5 92.3 94.5 96.6 98.3 100
Ref. 102 K870 1.18 1.22 1.28 1.30 1.31 1.39 1.40
K920 1.29 1.33 1.37 1.39 1.40 1.48 1.49
KoWO04-WO3 p 374 50.5 58.3 67.4 76.6 85.0 92.2
Ref. 103 a 2.8156 2.8809 23111 2.3562 54936 7.543 6 38.80
102 0.560 1 0.6150 0.5492 0.5650 1.2501 1.6402 7.964 6
10%¢ 2.0875 2.5011 24324 23923 5.8822 7.5248 39.636
trange 891-1010 759-912 754-770 674-819 773-955 842-1016 885-1029
k= —a+bt —ct?
La—LaBr3 P 0.0 0.4 1.2 2.5 4.1 5.5 6.5
Ref. 89 K820 0.70 0.94 1.55 3.15 7.35 15.8 25.9
La-LaCl3 P 0.3 1.1 2.0 3.0 4.6 6.2
Ref. 85 K910 1.51 1.84 2.46 3.21 5.02 7.21
La—Lal3 p 0.5 1.4 2.4 35 4.4
Ref. 86 K840 0.87 2.39 5.54 12.2 20.9
Li3A1F6—Na3A]F6 4 20 30 50 80
Ref. 80, 65 k1000 3.05 3.38 3.80 433
1000 48 4.8 4.8 4.8
K¢ = K1000 +(t — 1000) at 762-936
Li;M0oO4s~Mo0O3  p 19.5 33.9 51.5 60.5 71.3 85.2 91.0
Ref. 100 a 10.4708 7.4905 4.0311 4.6127 2.7958 21.3359 13.2305
1026 24981 1.8153  1.0289 11832 07539 53686 3.2259
10°% 13536 93589 44897 52117 2887 30734 16322
trange 778-917 800907 768917 799-945  845-956 764-872 809-908
k= —a+bt — ct?
LiNO3—RbNO3 p 10.5 16.7 23.8 31.9 52.3 65.2 80.8
Ref. 52 K200 — 0.20 0.24 — — — —
K250 — 0.33 0.36 0.41 0.53 0.61 —
K300 0.43 0.47 0.51 0.56 0.72 0.82 0.96
Li;WO4—WO3 p 54.6 59.7 69.0 71.5 85.2 92.3
Ref. 103 a 6.0152 2.1491 7.464 8 0.6063 5.2597 5.7237
10%b 1.3336 0.4558 1.7642 0.1086 1.2773 1.404 8
10%¢ 5.5948 0.3923 7.669 4 —1.9898 4.8237 5.7978
trange  805-952 769-924  757-938 735-890 716-897 734-907
k= —a+bt — ct?
MgCl,—NaCl p 23.2 39.1 57.2 69.0 81.5 90.3
Ref. 37,56,16,9 K700 2.80 231 1.97 1.78 1.63 1.39
K300 2.96 2.49 2.16 1.98 1.82 1.57
K900 3.12 2.67 235 2.18 2.01 1.75
MgF,-NasAlFg  p 5 10
Ref. 72 K950 — 2.2
K975 2.5 —
MnO-SiO; P 40 50 55 60 65 70 80
Ref. 81 a 2.32 2.26 1.85 2.25 2.94 2.21 2.00
1073 4.8 4.1 3.1 34 4.6 25 1.7
logk; =a — b/(t+273) at 1 600-1 800
MoO3—Na;MoOy4 p 21.4 26.4 51.2 62.2 71.2 83.7 86.2
Ref. 54 K700 1.06 1.07 0.86 0.80 0.75 0.63 —
K300 1.45 1.41 1.17 1.11 1.08 0.75 0.91
K900 — — — — — — 1.16
Na—NaBr P 0.25 0.5 0.75 1.0 1.5 2.0
Ref. 73 K803 4.0 6.3 7.4 8.2 — —
K894 4.8 7.7 9.7 11.5 14.7 17.5
Na—NaCl P 0.25 0.5 0.75 1.0 1.5
Ref. 73 K848 4.3 4.9 53 5.7 6.4
K893 4.4 5.0 5.5 5.9 6.7

(continued)
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Table 9.5 ELECTRICAL CONDUCTIVITY OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC

MELTS—continued
Na—Nal P 0.4 0.6 1.0 1.3 1.6 2.0
Ref. 90 K700 3.7 — — — — —
K800 4.5 3.5 6.5 — — _
K900 5.0 6.5 8.0 10.0 12.2 15.0
NaszAlF¢—NaF{ P 0 20 40 60 80 90 100
Ref. 65,39,34,12 k1000 5.4 4.9 4.4 3.9 33 3.1 2.8
K1050 5.7 5.1 4.6 4.0 3.5 32 2.9
K1100 59 54 4.8 4.2 3.6 33 3.1
NaBF4—NaF V4 40 50 60 70 80 90
Ref. 92 K500 — — 1.5 3.0 3.5 4.0
K600 — 3.0 5.0 6.0 6.5 7.0
K700 — 5.0 8.0 10.0 10.5 10.5
K800 6.5 12.0 14.0 15.0 15.5 15.0
NaBr—-NaOH P 17.7 25.0 30.4 39.8 48.4 52.3
Ref. 70 K300 1.18 1.14 1.03 0.95 0.83 0.79
K400 2.00 1.96 1.83 1.75 1.63 1.59
NaCl-Na,CO3 P 0 52.45 68.81
Ref. 6 K700 — 2.2 2.3
K850 2.4 3.1 3.0
K1000 2.8 3.1 3.4
NaCl-NbCls P 43.8 60.4 60.7 71.8 73.6 100
Ref. 20 K800 1.32 2.20 2.19 — — 334
K850 1.83 2.60 2.59 2.98 2.94 3.60
NaCl-PbCl, )4 0 2.55 9.01 20.05
Ref. 17 K500 1.445 1.51 1.58 1.645
K600 1.91 1.95 2.005 2.07
NaCl-TiCl3 V4 27.5 36.2 47.0 60.3 77.4
Ref. 88 K800 1.75 1.75 1.9 2.3 2.7
NaCl-ZrCly P 11.5 349 59.7 75.1 88.1 88.7
Ref. 20, 104 K350 0.46 — — — — —
K800 — 1.45 1.74 2.41 2.88 2.68
K825 — — 1.83 2.83 3.08 —
K850 — — 1.97 3.01 3.34 3.36
NaF-SrF, P — — 333 — —
Ref. 11 t 900 950 1000 1050 1100
K 4.441 4.798 4.961 5.407 5.642
Nal-NaOH P 21.5 35.0 44.8 52.8
Ref. 70 K300 1.14 0.87 0.72 0.63
K400 1.90 1.53 1.32 1.23
NaNO,—NaNO3 P 0 213 44.8 65.4 82.1 100
Ref. 43 K300 — 1.02 1.11 1.19 1.25 1.34
K350 1.16 1.27 1.34 1.44 1.51 1.62
K400 1.36 1.51 1.58 1.69 1.78 1.89
K450 1.55 1.73 1.79 1.92 2.02 2.10
Na, O-TiO, V24 28.3 41.7 44.6 51.7 60.0 65.5 71.6
Ref. 64 K1000 — 0.32 0.38 0.47 0.56 0.70 0.86
K1100 0.32 0.45 0.56 0.80 0.90 0.94 1.15
K1200 0.74 1.03 1.16 1.55 1.76 2.10 2.54
NayW04—WO3 P 459 50.9 55.7 65.1 74.2 83.0 91.6
Ref. 103 a 4.4509 7.0013 4.5634 7.2754 3.1368 6.0743 2.748 1
102 0.9625 1.5476 1.0326 1.7201 0.7399 1.5506 0.6718
10¢ 4.0364 7.0320 44555 8.5600 2.4220 7.1943 2.4958
trange  780-923  750-888  767-905  741-881 689-850  653-803 701-869
ki= —a+bt—ct?
Nd-NdBr3 P 0.4 1.5 3.6 7.5 11.4 13.9 15.4
Ref. 89 K730 0.53 0.61 0.79 0.94 1.01 0.96 0.92

(continued)
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Table 9.5 ELECTRICAL CONDUCTIVITY OF MOLTEN BINARY SALT SYSTEMS AND OTHER MIXED IONIC
MELTS—continued
Nd-NdCl3 P 1.7 2.4 3.8 7.3 11.0 14.6 18.6
Ref. 85 K855 1.20 1.24 1.32 1.54 1.67 1.77 1.84
Nd-NdI3 P 0.3 0.9 2.1 52 8.1 11.1 11.5
Ref. 86 €820 0.476 0.585 0.759 1.033 1.102 0.980 0.930
PbBr,—PbCl, P 0 23.7 453 66.6  83.8 100
Ref. 59,3 K450 — — 1.02 097 091 0.84

K500 1.43 1.34 1.25 1.17  1.10 1.03

K550 1.69 1.56 1.45 1.36 1.26 1.19
PbO-SiO; P 61.4 71.2 78.8 84.8 89.7 93.7 97.1
Ref. 105 logkgooy  —2.9 -2.0 -1.2 -0.7 -03 0.0 0.2

logkiiso —1.9 -1.2 —0.6 —-0.2 0.0 0.2 0.6
Pr-PrBr3 P 0.5 1.1 2.5 4.1 58 8.6 8.7
Ref. 89 K740 0.66 0.80 1.10 147 190 2.38 2.67
Pr-Prl3 P 0.3 13 2.6 4.2 6.3 8.1 8.9
Ref. 86 K780 0.61 1.28 2.48 424 825 14.8 21.0
RbCI-TiCl3 P 439 54.0 64.6 758  87.6
Ref. 88 K300 0.95 0.95 1.0 1.2 1.4
VCI; in KCI-NaCl p 9.6 12.8 17.9 224 297 39.7 52.0
(equi-molar: K600 0.22 0.48 2.34(610) 1.30 1.18(605) 1.46 0.050
56.1% KCl) K800 3.68 (810) 3.77(790) 3.94(790) 3.94 3.85 3.68(795) 2.93
Ref. 106

*See also NazAlFg—NaF.

**See also ‘Physical Properties Data Compilations Relevant to Energy Storage II Molten Salts: Data on single and
Multi-Component Salt Systems’, Janz ef al., NSRDS-NBS 61, Part II.

 Melts may contain up to 1% MgO.

1 See also AIF3—NazAlFg.
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Table 9.6 SURFACE TENSION OF PURE MOLTEN SALTS

941

The surface tension (mNm~!) at temperature ¢ (°C) is given as y;, or the constants a, b and £y in the equatior

y¢ =a — b(t — ty) are given for the temperature range r.

Principal references are in bold type.

AgBr
Ref. 16, 1

AgCl
Ref. 16,5

Agl
Ref. 16

AgNO3
Ref. 22,27, 19

Al O3
Ref. 28

B,03
Ref. 21

BaBr;
Ref. 20

BaCl,

Ref. 23,15, 12,9,2

Ba(NO3),
Ref. 22

BiBr3
Ref. 6

BiCl;
Ref. 6

BrF;
Ref. 18

BI‘F5
Ref. 18

CaBr;
Ref. 20

CaCly
Ref. 28,29

Calp
Ref. 20

Y500
Y600
Y700

Y500
Y600
Y700

Y600

[N

to

Y2050

Y700
Y1000
Y1300

Y900
Y950
Y1000

Y966
Y979
V984
Y996
Y1000
Y1050

to

Y250
Y350
Y450

V275
V325
V375

Y12
v27
v4s
Y9

V33

Y780
Y800

Y800
Y1000

Y800
Y900
Y1000

152
148
146

176
171
166

115

152.1
0.082
212
244-400

700

67
83
99

150
147
143

169.2
168.3
168.6
168.1
167.8
164

134.8
0.015
595
600-660

66
56
45

67
59
53

37
36
34
24
22

117.31
116.39

150.57
140.07

85
83
81

Ca(NO3)
Ref. 22

CdBI‘z
Ref. 16

CdCl
Ref. 16

CsBr
Ref. 28,29

CsCl
Ref. 29, 6, 12

CsF
Ref. 28,29

Csl
Ref. 28, 29

CsNO;
Ref. 22, 6

Cs2S04
Ref. 30

FeO
Ref. 28

GaCl 2
Ref. 24

GaCls
Ref. 17

GeO,
Ref. 21

HgBr2
Ref. 8
HgCl,
Ref. 8

IFs
Ref. 18

KBr
Ref. 16, 11,6, 27

V560

Y600
Y700

Y600
Y700
V800

Y650
V800
Y1000

Y700
Y900
Y1100

Y700
Y900
Y1100

Y650
V800
Y1000
a

b

to

’
Y1000
Y1250
Y1500

Y1400

fo

V80
Y110
Y140

Y1000
Y1200
Y1400

V241
Y276

Y293

Y18
Y28

Y750
V800
V850
Y900

101.5

67
65

83
81
78

82.5
73.35
61.147

87.50
71.18
54.86

106.1
92.26
78.46

73.47
64.77
53.17

92.5
0.069
414
421-597

114.25
98.84
83.75

584.0

56.6
0.18
170
166—-170

27
24
21

241
253
265

64
60
56

31
28

90
86
82
78

(continued)
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Table 9.6 SURFACE TENSION OF PURE MOLTEN SALTS—continued

KCl
Ref. 19, 16, 15, 12,9, 6, 27

K>Cr, 07
Ref. 30

KF
Ref. 28, 29, 30

KI
Ref. 27

KyMoOy
Ref. 30

KNO,
Ref. 22

KNO3
Ref. 27

KPO;3
Ref. 30

K>SO4
Ref. 13

KoWO4
Ref. 30

Lay03
Ref. 7
LiCl

Ref. 28, 29

LiF
Ref. 28, 29

LiNO,
Ref. 22, 6

Li;SO4
Ref. 13,6

NH4NO;
Ref. 22

NazAlFg
Ref. 31

NaBr
Ref. 16, 6, 27

V800
Y900
Y1000
Y1100

V420
Y470
V520

Y900
Y1100
Y1300
a

b

to

r

Y900
Y1200
Y1500

to

V350
Y450
Y600
V800

Y900
Y1200
Y1500

Y1100
Y1300
Y1500

Y900
Y1200
Y1500

Y2320

Y600
Y800
Y1000

V850
Y1050
Y1250

fo

Y900

Y1000
Y1100
Y1200

to

Y1000
Y1010
Y1020

Y750
V800
Y950
Y1150

98
90
82
75

140.28
138.28
136.28

138.12
123.12
108.12

138.7

0.087

0

(m.p. + 10)—
(m.p. +210)
151.47
132.87
114.27

107.6
0.080
435
445-501

108.61
102.21
92.61
79.81

193.54
171.94
150.34

143
130
116

162.41
134.51
106.61

560

137.14
123.22
109.30

250.46
228.60
206.74

115.4
0.053
255
276425

223
216
209
202

101.9
0.105
170
170-220

134.06
132.78
131.50

106
103
92
79

NaCl
Ref. 6,27

NaF
Ref. 6, 31

Nal
Ref. 27

Naz MOO4
Ref. 30

NaNO;
Ref. 22,27

NaNOs3
Ref. 27

NaPOs
Ref. 6, 30

NaSOq4
Ref. 13,6

NayWO4
Ref. 6, 30

PbCl,
Ref. 27

P,05
Ref. 21

RbBr
Ref. 28,29

RbCl
Ref. 28,29

RbF
Ref. 28, 29

Rbl
Ref. 28,29

RbNO3
Ref. 32

RbySO4
Ref. 30

116.42
107.12
97.82
88.52

185.21
168.81
152.41
144.21

147.4

0.090

0

(m.p. +10)—
(m.p. +210)
211.68
196.28
180.88
173.18

121.2
0.041
277
291-384

116.21
112.70
108.80
104.90

200.74
186.34
171.94
150.34

193
190
186
183

201.46
182.0
162.46
143.0

137.12
126.12
115.12

60
58
54

99.77
88.17
76.57

94.90
82.49
74.22
61.82

163.83
153.60
143.37

76.86
63.18
56.34

109.53
95.53
81.53

130.8
120.4
110

(continued)
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Table 9.6 SURFACE TENSION OF PURE MOLTEN SALTS—continued
SiO; Y1000 278 Sr(NO3), Y615 128.4
Ref. 21 Y1500 295 Ref. 22
Y2000 3131 TINO; a 94.8
SnCl, Y300 96.74 | Ref.22,6 b 0.078
Ref. 28,29 Y400 88.44 to 206
Y500 80.14 r 226-458
SrBr; Y700 147 TS a 215.6
Ref. 20 V800 143 Ref. 25 b 0.0356
Y900 138 to 445
Y1000 134 r 500-700
SrClp Y900 168 V,0s 71000 86
Ref. 20 Y950 165 Ref. 26
Y1000 162
Srlz Y600 112
Ref. 20 Y750 106
Y850 102
950 98
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