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PREFACE TO THE THIRD EDITION

The first edition of this book was published in 1965 and the second in 1970. The
book continued to sell well during the 1970s and, once it was out of print, pressure
developed for a new edition to be prepared. The subject had grown greatly during
the 1970s and R.W.C. hesitated to undertake the task alone. He is immensely
grateful to P.H. for converting into a pleasure what would otherwise have been an
intolerable burden!

The second edition contained twenty-two chapters. In the present edition, eight of
these twenty-two have been thoroughly revised by the same authors as before, while
the others have been entrusted to new contributors, some being divided into pairs of
chapters. In addition, seven chapters have been commissioned on new themes. The
difficult decision was taken to leave out the chapter on superpure metals and to
replace it by one focused on solute segregation to interfaces and surfaces — a topic
which has made major strides during the past decade and which is of great practical
significance. A name index has also been added.

Research in physical metallurgy has become worldwide and this is reflected in the
fact that the contributors to this edition live in no fewer than seven countries. We
are proud to have been able to edit a truly international text, both of us having
worked in several countries ourselves. We would like here to express our thanks to
all our contributors for their hard and effective work, their promptness and their
angelic patience with editorial pressures!

The length of the book has inevitably increased, by 50% over the second edition,
which was itself 20% longer than the first edition. Even to contain the increase
within these numbers has entailed draconian limitations and difficult choices; these
were unavoidable if the book was not to be priced out of its market. Everything
possible has been done by the editors and the publisher to keep the price to a
minimum (to enable readers to take the advice of G.CHR. LICHTENBERG [1775]: “He
who has two pairs of trousers should pawn one and buy this book™.).

Two kinds of chapters have been allowed priority in allocating space: those
covering very active fields and those concerned with the most basic topics such as
phase transformations, including solidification (a central theme of physical metal-
lurgy), defects and diffusion. Also, this time we have devoted more space to
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experimental methods and their underlying principles, microscopy in particular.
Since there is a plethora of texts available on the standard aspects of X-ray
diffraction, the chapter on X-ray and neutron scattering has been designed to
emphasize less familiar aspects. Because of space limitations, we regretfully decided
that we could not include a chapter on corrosion.

This revised and enlarged edition can properly be regarded as to all intents and
purposes a new book.

Sometimes it was difficult to draw a sharp dividing line between physical
metallurgy and process metallurgy, but we have done our best to observe the
distinction and to restrict the book to its intended theme. Again, reference is
inevitably made occasionally to nonmetallics, especially when they serve as model
materials for metallic systems.

As before, the book is designed primarily for graduate students beginning
research or undertaking advanced courses, and as a basis for more experienced
research workers who require an overview of fields comparatively new to them, or
with which they wish to renew contact after a gap of some years.

We should like to thank Ir. J. Soutberg and Drs. A.P. de Ruiter of the
North-Holland Publishing Company for their major editorial and administrative
contributions to the production of this edition, and in particular we acknowledge the
good-humoured resolve of Drs. W.H. Wimmers, former managing director of the
Company, to bring this third edition to fruition. We are grateful to Dr. Bormann for
preparing the subject index. We thank the hundreds of research workers who kindly
gave permission for reproduction of their published illustrations: all are acknowl-
edged in the figure captions.

Of the authors who contributed to the first edition, one is no longer alive: Robert
Franklin Mehl, who wrote the introductory historical chapter. What he wrote has
been left untouched in the present edition, but one of us has written a short
supplement to bring the treatment up to date, and has updated the bibliography.
Robert Mehl was one of the founders of the modern science of physical metallurgy,
both through his direct scientific contributions and through his leadership and
encouragement of many eminent metallurgists who at one time worked with him. We
dedicate this third edition to his memory.

April 1983 Robert W. CAHN, Paris
Peter HAASEN, Gottingen



Chapter 1. The historical development of physical metallurgy, by Robert F. Mehl

CONTENTS

PART 1

QRA R CORRI . o 5 2 5 558 a 5 5 5 5 oo o o st o 5 5 0 mESE s 5 7 5 &be
Lo IntrodUCtION G v et = & 50b B o feles w1105 58 3, 6 1o 5o o 5078 o k65708 o b & i 0 & 50 (34 8 S gt mpomt o o o) i o 5
2 Before:the nineteenth-Centlinyic s . 515555 58 5550 s oo o 8 05 o @ 85 6506 3 5508 3166 5.6 36 55 65 9
3. Thenineteenth CEMtUTY o o o5 41 216 § (6 55 08 we BB IRTTE T o5 i (o1 1046 W58 G008 5.5 581
s, TOOO=T9BO! .o 60 5 0w 75 0o ) oyt i i) ot o st iR 5t o A5 BUABAE P 4 B 5 5508 45 o g o e st
5 TOADSTOOB! e e i ciin e 57100 0 0 TG 5 B . i i S AWAITANE: 50908 B s S RS
6. Supplement Citea 1963198 ; o v v oo i ois o aisse T8 S5 Seis) 2108 s o-18)orlor 1008 22151 s v o o
Further YeAGINE =oizis i e 505 505 515 18 5075 6V 1608 U2 SN 161001305 By (516 BErs ) i o) g 4o ot (s o100 e fon
Chapter 2. Structure of the pure metals, by HW. King . . ................
L. [Electronic.structiire;and the Periodic Table: «ccws o ov iomvmivn bm 55 55 08 55 555 25 858 308 oo me
2. BondingforceSTMCEYSIANS' v v wie 5o i mrs ors w5 §uisr s a0 810 By & 601510, 58 $1% on 610500 SR 3, 8 AV
2.0 T ONIC DO s s wise e 7800 e 500 e T 8 B 858 0 8 78 S0 8
2:0. Thecovalentbond :: os seesosmis Smam 05 simss s 5 0s 55 a6 o 55 S 508 55 B o aeese
23: Thevan 0er Waals boNd: ..uicseviass 5e 55 45 s 56 50 w6 58 515 518 58 52 35 $6 2 65 S
24 ThemetallieBORd ;s s o5 55 506 95 98 55503 58 08 08 S0 bad 508 505 825 5 G W5 58 3% wstrm e
2:5 ReSODANCEDONAINR! 515 5 55 6 51 & 55505 F05RURR R 53161 5 6 by o e St 415 508 3 4 51 e e v
3. Crystal structures-of the metallic eleMeNTS - <« <« 5 wre sy @ wm B8 5is s 505 w05 5w ws Wi 505 975 6 =
3. Typicaimetallic SICUCLUTES .. ; oo v o s mis sus wos s w03 515 % 402 By s s o o 540 o, 298 st BV Sl 08
3.2. Crystal structures:of ‘the B-subgroupelements « . c x5 ¢ o5 civmivsnvanomswssemsns

vii

12
19
27
35

37

38

44
46
47
48
49

50
50
55



viil Contents

33t Thelanthanideand ActiidE SETIES . . ..coovons e orns cuioe s womtinls 55 53 0% Binsmw oo
3. ATIOTTODY g icv:o5- 5 I s inine. it o ee i3 siiio v oits) e oo i 558 5 90 ERTE B ronim wp mrce mivel o dachs
4_ Physical properties related to:coheSIVETOTEES : - v msaomimeimsms ssmamsmae s % 55 2 5
4;1. ‘SUMMATY O PTOPETIES 2 5% 68 5 o oo ins cuon om0 & i 6 e Wit /6058 SIS 86 3 0 5 5506 ot o goecd e o
4.2. Thetwo ShOLt PErIOAS ¢ 5. v o ciooio e e oo ioeimeisiome oo sio oo eisie 58 oo a s am oo oo
43. GroupSIAandTIA .. .. ... ..cucvunovinsessosmesoesssosseaemesesessss
4.4. The transition metals and groups IBand IIB . . . ... ... .. ... ... ..............
4.5: The B-Subgroup LAl . « v v wem o wrs siin ab b g s 6% 5§50 g o o o om 5o s s mes s
4.6. Lanthanides and ACnides » . o« viosia om0 m 5 g0 500 w850 850 5 i e o6 n it o605 it o 500 01 o 67 8 350 8
RELETENCES . 4 0 o 0 < ) o155 55 G0 552 818550 BB 5rimn w100 2 1m0 o0 000 e oimd ) 88 R eyt et 0 B Biahe g BT B 50 e o i ot
FUGtNEE YEAAINE i 5 o o o0 0 0 85 800 e 208) ey 981 ¥ 1600 vl VTR 0 B R 556 S it e A 41, TN 151 U T
Chapter 3. Electron theory of metals, by D.G. Pettifor .. .................
L. TDOQUCHION < o ¢ % o ¢ 56 22575 i o onior b wissmog o 7o $5201 8 B o o sioe Sig b 1 9178 e S 0.8 e i i cova dorie

2. B GO o5 o mees e tos s es 25 2052 R RER €56 9% @85S 5 e 568 0% 5% w5 EEs g
21, "THECONBIMIBIE AROMIE o 5 o v 6 55 55 0« n 8 5 5 s 08 (90 ¥ 1 5 6 50 SR § % AR O B R i m
2.2 Bond FOTTAALION & 515 56 35 s s i o smt e ot o ounionsos s 708 o 301 0 €05 010005 562 1580 51k . (50 5 S 655180 Bogpd o foe ot io ki 35 o
2.3:, BaNd TOEMALION & . « o o e o o i o100 o cai 0 oy 0 fo e dor o S50 0 00 5 001 5 165 5 foy for 6 1s1 5 105 & st o a0 o i o e w i o o @ e 0

3. Simple-metalbands. ... ... iimcmecencoocmsonaes T r T T L T T
3.1. 'Theifree-clectronApPIOXIMATION . o . oo oo oo e oo s wio bis Sie s 0l o 50 o s o oim oime
3.2. Nearly-free-electron APPIOXIMAION. . o v« w1 o o ot o 614 508 67 915 6 50,5 i0r o oo 2y 0 o0 0 cop 000 2100 5
3.3. Violume AEPENABIITE: .. . o « iovevirons oo i0: o i s 50 5% 55 518 550 o B0 050 551 5 i « o o0 o i 5110 2oy 1550 wi0m2

A “TranSition=metal BANAS) s 566 56 G- es w0 e o i seons a0 arsms 5de 5 i 5, &850 %0 S8 BB B BB v oo e o o
4.1. Tight-binding approximation . . . . ....... .. ... ...ttt
4.2. Hybrid NEE—TB BANTS: . . . oo s uie 5ot s o fief o B atise o jo, ozeits o wvatia: s e o
4.3, Voluie ACPENACITE «: .« & : v wiw <0 s S 51E i 51 5105 5 518 515 6 el s 18 e e w1158 002 i

St BullopTOPERtIES s 55 5o dw s msmissier suonm o eiiemoinsion T (885101580 o 7351 5 P15, 18 5o s 0 gl o ot o s o
51 SIMPIEIICTALS ¢ 54 < oo saie o0 peitmnimitosim oo R16 o Sasiorio 5 v nim e By o o 8 TG s n i o o Aerim oot hotin
5.2; TIanSilONIEIAIS! s oo ite oo musianm. et o5 5 e B0 o oS 580,88 St o oo okt il mie it i

6. STEUCHIrAlIStADIIEY 5 4% o s 0 RSB e smner sais svesioro: s s 93055 6 S vis: B S Toie: Gesdiins, 108 8 3% 00 i
6.0 Blemental MEtalS 5 505555 mv s wasiomin s, 5ol o aa i s 16 0 505 ol & 163 B G55 508 Bk eiss 5x 3
6.2 "BINATY /AINOVS! 2 5555 5 - s ki miioitokios i e iosiop o 5m) B s 8 a1 2 15k m 1) 1 958 8k 48 1 0 v 3 09 58 58 %t i e

T, HEAtOf TOTMAION v . 3 s b w05 5o 88 A & 5 55 315 GUR /5 4 8 6 1515 15 & 61 & 4a} 4 197 5 1 3 430 6 4061 3 465 & 61 78 (80 5 541 4 48] 6 033 & %
B MIEBOEHSII ;. i - i o o i o6 5 o1 580 2 50 5 50 5 50 ot 9163 0 30 0 8 L B 5 53 ke i o o gt e o o o 1 51
REFCTOICES) . 5 o1 5 515 5 2 61 o it & 1000 1 o, it i) i ot i e il 6 o o501 058 1551 4 280 5050 55 60 3 3 i it it i st i

FOSTHERTCAAINED. 555 1 105500500 50 el e v s st oo isosssimns. 1ok =37 c8:hd1 5108 8 RNV om0 6080 B ol mowmsceties e

Chapter 4. Structure of solid solutions, by T.B. Massalski

1. Solid solubility

2. Terminology (types of solid solutions)

56
57

60
60
66
67
67
69
70

71
79

13

74

76
76
85
91

9
92
94
100

105
105
110
114

116
116
119

125
125
130

133
143
149
152



Contents X

3. Factors governing solid solubility (Hume-Rothery rules for primary solid solutions) . . ... ... 158
4. The meaning of €leCtron CONCEMTAION! « : o wrs wvouain s 000547 Bissiie Saes sle, il siind 3l B 815 Bers 161
5. Termination of primary SOlAd'SOIUBIIEY : 5 « oo oo n ovnoroie oo sisin wron 5805 6 bt 5187 8 o i oxies ot o 163
5.1. Electronic theories of primary solid solutions based on noble metals. . . . ... ........ 163

5.2. Primary solid solubility in transition metal alloys . .. ......................... 166

5.3. Progress in the electronic theoriesof alloys . .. ............. ... ... ......... 168

6: Theratomit 5178 in. Solid SOTOMIONI = 2% 116 w6 305 55618 615 im5 6 tevs 918 45,5 6] 5 197 6 50 & 37 5 58 8, 5 2o & 50 B8, mome o 169
6.1, THE SIZELACION .. & 5 1505 Bale 115 @ 2505 B 6 ) mivmsiel o ousi o 2o 5 abios on 41 605 G5k 01435 58e b T A i o s o 171

6.2. The measurement of atomic size in termsof volume . ... ...................... 173
6.3. Combined effects of size and electronegativity . . .. .......................... 175

6:4: Strain'in SOHASOIMIONS, « i: o i« s s = 5 5 w0 w08 505) 55 7 500w w35 5008 05 Sive, 601311030 sy 0k 20 s 1 8 @i 8 176

6'5: Deviation from VegardiSlamr . i c i e nis s m 508505 w5 lenssa i s o 600 65 5853 558 516 5 178

6.6 Measurement of actual atomic sizes in solid solutions . . ... .................... 179

7. Intermediate phaseswith:wide SOlid SOIDINEY, o ciswra i S 570 85 55l s wrtop a4 w0, 5 samiaon s s 180
Toli. TheieleCtTOMPIASES: o oiwrs o b 585 o 5050 555 508805 180 S50 5.0 s 1085 55 800 o 5 S 08 52 8 5 180

7.2. Blectron phases with GUBICSYMMEY oo ui s .05 & mmsiasissaas o o 56 9F 98 L8 9@ 182

7.3. Electron phases with hexagonal symmetry . . . .............................. 184

T4, L AVESIPNASCS. .. iacns o )i chtiesas it (a8 14 e il e mich s mals, By7e! 208 i 1S I RIS sk Bt e 190

7.5. Phases with wide solubility formed by the transition elements . .................. 192

8. [Lattice spacings NSOl SOIMHONS .« « wia s o mvs 5 a7 s 50905508 516 S0s 515 S8 S8 BU6 813 92 818 (S50 194
8.). Lattice'spacingsin pritnary Solid solutions:: : « : « s 55 &0 z08 s 565 v sove sreanes s s @ 0% 5 194

8.2. The relationship between lattice spacings and magnetic properties . . ... ........... 199

9. DDEfCCt STMICTHIES < 225 5 5 & 51 505 3 [ o 6} - st alimi = lox 1 1osio! 0.5 7 o1 1o s ohiot 5. e B3 0.8 Bl b o i i v 7 o 200
9.1, "Vacanciesiand vacant sitesin Structures:of alloys: . . . «v s se v vs vio viocigoewomomemss 201

912, Stacking TATlEs: ¢ ;o 5w o owr sa e 65 @ v 8 8 DiswE B 5 RS I He Sl B s ) sy o 508 it B0 6 204

93 MetaSEIbIESIEUCIINES . o1 v 5 a5 e 5 56550 51 159 B8] 54 S, ofaon BINal A1 S B s o 88 B0, 207

10!, Order-in:solid SOITIONS, -+ & oS wipse st it ores foicerma it s 51950 8508133 Sui B Briaaraiiss g ok el kil e ovseeso 208
1011 Bypes of SUPETIATHCES 1 vy isius wiconirs wrmmensn s o inirs e 8o 51 i, iy AUAH s S5 0 o8 S BENS 209
10:2; Long-period'SOPETIAtCES. -« sc oo sam v s mmaEsivie 455w s D s s S5 5 gF wes 210
103. Longrange.orderand ShOtt-rangeOrder . s < o.vi 55,8 wis ss wis- i s 50 46 60 B w78 516 58 3 213

R CECTEIICES: iy 57 'w3ie 53157 i e ishislhiol G55 & (3G 15, 551 & 17 (AN S50 0 5 5010 I3 8050, o 3 i i oo b A 5 981 3 S5 214
EOCthEr TEAGIIIE, . o) -l= e o3t 3t e o\1s V218 hif5 s = o ks oy o onwiger = 7onls F25is o [E] b e Mot ST 5 2o /o e et sl FerloIRY 217
Chapter 5. Structure of intermetallic compounds, by K. Girgis . . .. .. ........ 219
1 ANEOAUCIOT: 5 s ¢ 1o 5 5700 = 50 0080 5 55 5051 5000 B0 5 &0 BANAVEL § 505 oo B s W48 1 & 5250 3,000 5% loih 5,55 Al B wstome 220
Lolls AN o0 ii oo sin i & ol 9515 6 8 01T S S P w8 R S e S I e S A 5 e e mikarie 220

1.2. Definition of intermetalliccompounds .. .. ....cccuceevaniiasiasenasoeaoees 220

1:3:, 'CryStal STUCTUTCIAATA. .. 5.5 000 % (5 405 518 0inoine oiiwmmiie mprer Bt i it oiias 5,8 0590 31580 Giakhons o o iat oo 10 220

1.4, Definition of Structure type . . . . . . oo vttt et ee e ronennconscneeneeneenn 221

1.5. Definition of asolid solution . . . .. ... ... .. ... = 221

2. Factors which govern the structure of intermetallicphases . . . ....................... 222
21 IDITOANEHION. 5 o5 553 5 e 510 08 aleal coite o inikot o Koo SornoelSa7 o ¥4k o o 6 633 2 0% 21550 5 s Lo 5t S 5 222

2.2. Geometrical principles of metal structures . . . . . ........ ... ... .. ... ..., 222
22.1. Spacefillingprinciple. . . . ... .. ... 222

22.2. SymmetryPrNCIPIE: « i v o v oo e e st sie bio it assenensmemnmsna 222



Contents

22,307 ([CONTECHON PRINCIPIE: v « et oo 5wy 1« ciomvsusanin s son g a6 B B s . w08 5 L 5y s
2.3. Ionic.and covalent bonding: valence compounds: . . .« .o v vt v i i et e e e e s o
2:4.. Electrons-per-atomratio: electron compounds . z s« v t5 56 3 bis v @ oip o o i o wmie
2.5. Size factor: size-factorcompounds « : s svas 555 555 5 o as s om o w s 5a 5 6 5 Es S
VAIENCE COMPOUDER, .o oite orie o) isite atie: i b iroreo o a2 5155 5o cnsronss2es 1 0,30 ESREE Mo A1 Tomrinen & R TR 5
3.1. Normal Valence:COMPOUNGS . « « o v v oo s wis e s siu e s o wswm 56506 0 smsissessisesss
3.2. ‘Generalvalénce COMPOUNGS, ..« sresmme ons iinmon=s: 5555 5058 50 BRI 8 S 508 B8 B 16is 508 50/9 5%
3:2.1. Polyanionic valence COMPOUNAS: s v o, s s s 5o s 41058555l 505 5, evies o1 i 418170
3i2:2. Polycationic valence comMPOUNGAS: 5« i3 5 w155 s 55 50 %08 518 5 5 605 5.5 01w a0 o005
3.3;, Normalitetrahedral SIICOUTeS sz ms s a5 151508 S8 S0 555508 255 Sxel di orion sl 4551 7o S 90,0150
34, Defectitelralie@raliStrnCUIEs s s i o5 om0 T V10605 B8 550 i 8o, e o) 56 shiss 1o
EISETON COMPONMNUS! 0w inistisisayiussesrs mis hisss: o .5 375 55116 rssnons oo L8y Bt vosto 16, 5o 0,8 B s i 988
41, Hume-RONERYPHASES « 5. s mom s i 505 e s 68 B S S B0 B0 S BB B 56 B35 51 s e
4:2. Interstitial cCompeuIES: . .« e o e 515 e S B S P R S B BT & %S e s e e e
A1), DeBRnon o o wosw s sis a8 50 505 S0 B S0 RE SEE SRS e w s S SR E e e
4.2.2. Correlation between VEC and structure of interstitial compounds . . ... ......
4:2:3. BaNAMIOUCIS 5« i« oueminmuie miio isiisisonis siis siissions, o 105 o o1 isim sl s iotie 1 @ 615 o1 s at @ (im0 %1 % 0
4.2.4. Miedema’s model for metal hydrides .. ............. ... ... .........
4.2.5. Some important properties of interstitial compounds . ... ................
Size-factor compounds . .. ...
5.1. Regularities in intermetalliccompounds . ... ............. .. ... ... L. ...
5.1.1. Correlation between interatomic distance and concentration-weighted mean
ALOMIC FAQIUS . eov viv o0 oe oiie 310 ot 001 0501 00 0 003 55 o 510 165 0 56" 0 Fou 0 505 061 8 1w 5 i & o 5 2o
5.1.2. A narrow range for the values of axial ratios and generalized space-filling factor .
5.1.3a. Correlation between position of elements in the Periodic Table and their equi-
point occupation:in the structure .« cw sy wsmemowebsw DB s@amims s
5.1.3b. Narrow grouping in an isostoichiometric diagram of binary element combina-
CONSHe s & 5% 860 A0 (6 8 5o S0 00 o481 %18 508 508 B 5 B 15000 (918 555 0 B0 0k 0 i 0o 765 % i ot 5
5:1:4. 1Grouping in VEG-A% DOt & o5 ¢ 5656 5 e s 5o 5 o 55 85 8605 s fors 00 8 st ooy o s
5.2. Prediction of new intermetalliccompounds . . .............. ... ... ... ...,
5.2.1. Savitskii—Gribulya-Kiselyovamethod . . ............ ... ... .. .......
5.2.2. Villars—-Girgis—Hulligermethod . .................................
5.3, TCAVESIPRASES . ¢ oo oiini o ot min: oiess sismyonien i o1 v a3 71 B Wit 468 o381 et s oA 9 2 0 IS e s e G s
5:4. TheSigmaPhase: . « - . . sni v s simses o vo she oo s <508 Sewis S, 250 B8 518 508 o 16 ol § 2
54:1.. Crystalstructure:of the:Sigma/Phase .« . s su oo o g simrs so 5 8e s s 5 50 £ 15 500 558
542, Electronicfacton: « qw e v e s v pmess o0 SR e Saie s S8 515 5 o s ies s o
5.55 IKASPCrPRASEE! g i 51 515 91500145 W Ko 58 57 0 IR 6 o B 5 A o 08 64 6580 (6 4 o 6 B
516:. FUTtheT PNASES: siecim 7 5t o 5% 5757 o TTEY B o L0000 . T 84 6 2R 5, gl o G0 5t o ok
SuperconductingmMAterials: = s e o oo o0 605 55 b 6 8 5 BBy S o S8 S8 SE w1 e s
6.1 DefiNIoNS «rvsm s comsm s s sie sse 0w o5 iane 5 R 5 5a s s b o5 & 06 3 ks
6:1:1. ‘SUPEIrcONAUCHIVILI & 5555 5 5615 68 B snssilnud sud 5ud b 58 318 & sssne oy 20, Sy ie
6.1.2. Thecritical magneticfield H, . ........... ... ... ... ... ... ........
6.1:3: ‘The cntical:CUITEAtAENSIET.T. . oo ovoinicvio oo oo v s wie “a i Siiobnts o1 aiie ot
6.1.4. Typel (soft) superconductors . ... ..............iiuuuneeennnnna...
61,5, Typell(hard) SUDELCOMAUCEORS oo v s wi-niieris i vaws oo 5516 w1cs. W 500 8 o ot oy vl
62, SUPeTcONdUCHINGSHIOCIUTES: v ovvir o snrewuras o imm: e s 0015 i i-8osr 8 0 L S BUB 3o S8 U8, ) 8L s
6:3. Structure and superconductivity of A1S compounds . o« s i oo « i s ais ais gie o0 o ws aieos
6.3.1. AlS(Cr;Si) structure descrption:. . « s w4 wsws o s 55 55 a6 e 0s s 55w 505 s
6.3.2. The search for relations between 7, and different parameters . .............

6.3.3. Long-range order parameter (S)and 7_dependence ....................

223
224
224
225

226
226
227
228
228
228
229

230
230
233
233
233
233
235
236

237
237

237
237

238

238
238
239
239
239
240
245
245
245
246
248

249
249
249
249
249
249
249
250
250
250
252
255



Contents X1

6.3.4. Electron density and bondingin AlSstructures. . .. .................... 257

6:3:5. Influenceiof the atom tyPeron Ty = « w o o suerevs = swyn nus-ue o ewises oo 9262 w201 o 257

6.4. Martensitictransformation’ . u: e uwmessmee 2 5n vw s @ s s s @ e o w e e e s s e e W 257
6.5, Chevrel PHASES o umue s w0 05w 0s 5 s 56 6 s S 008 6§66 B0 55 S 506 518 0 8 15 o6 8 6 6 6 5 s 258

Th. MagneticistriiCtuTEs s e v ovesnsis i wes v s o ons o) €7 v %6 56 e o onate 4ol o io} o1 @ fo W ias & o1 6 259
Tils Types OF MAGNCHSI: oo ois e v o tua s (656 ter aians mapera: o 1o s o5-a s soisniasias om: w78 876 w3 o0 w5 259
711 Diamagnetisnr(atomic Ormolecular): . « . ws s o s w0 wne s o o s 0o ioe o s 5 s o s 259

7:1:2. Paramagnetism(atomiccormolecular): : :w s wsiw s wm s s se sm ot e s s s 259

7.1.3. Ferromagnetism (structore-dependent)i. .« cs s wsmcmsmimagso s @ v s 2n 5 8 259

7.1.4. Antiferromagnetism (structure-dependent) . . ......................... 261

7:1.5. Fertimagnetism (Structure-dependent) .. iz svasssenigimsmems nsmses 261

T2 SHeUSIEr PRASES .o o e e oo torie ettt artabie el el et s e S el e ) o et e =iy = A el s 261

73, CaCis SEACLUTE EYPC: - o oo oo o omiezeimize e oiie s srio s ol siie wisst s, 3101 iio o sive. oiser =io. miiosin 262
TS ATBS SUCtURC AYDC oraie | e e s ol e ion e ionte comiwiottg b osto ol e ) e e )2 3ol ey et Fo 263

7.5. 'NiAs structure type and rélated SITUCTUIES . .. - . <« coo o vio cio oo oo oio siw wis sin e s e siacs 264
TS INTASISITUOEUDC ci o co s o o o0 s w6 w0 o 51 5 a1 585aibr o e oixer-aimst 3720 et it 61260 iz 6-veh o0 iy o34 17 264

D52, INigTNISEUCIOTE ¢ s s atevars: suvat o o1 6 5 19 3116 » 1 s o ariansotvss s S o (6105t S bt 7 610 264

F:5:3s MOPSEUCIUTE i o e v 500 2.0 8 100 005 9060 8 45] His) 5 5l oy o8 81 2 Gt 9100 0000 1980 e b 5 0 4 6 264

#.59:, Maghietic DTOPETHES i, : mr o s 5 os = 5 o sl o 6] & SC8E 081 8 & 5 3 § 508 §78 Beai e 5 S B S 264
Appendix A. Brief explanation of space groupsymbols . . . .......... ... ... 0 oo 266
REECTETICES! 15 70 7 err o 0107 1 o o o 46 514 i o s i o 18 83 & 350 8 b )G 15 e 6, A 8 T S 81080 e & BB Bk 266
RUSEREr YEAGINE, 20z s 510 s o Simt 7608 ) 2451 S0 5,080 06 3 190 00580 0 @ #7606 60 8 1 100 3 B0 080 0 7 ) 0 & 56y 6060 & & 580 o 63 8.8 268
6. Metallurgical thermodynamics, by D.R. Gaskell . .................... 271
L, INrOQUCHIONS ¢ 5 5 5 550 5 100 & o5 v B 90 5 065 s 080 500 & 560 8 150 o fob 8007 8 500 & 361 5 163 & 163 o 39t s o0 § 000 & 8% & 18 2 180 & 5 272
1.1. The First and Second Laws of Thermodynamics ............................ 272

1.2. Auxiliary thermodynamic fuNCONS o« msa swsmsmemsts s o simsmPeinisimss 273

2. Metallurgical thermoChemISITY '« o s ss 5o 50sm 5 0w 5 165 %8 686 560 58 008 5618 16 5 158 & 9 ie: @ & 5 100 8 61 & i 650 275
241. The measurementof'changesin enthalPY s i s« ¢ s o s s a5 s i 555 w16 6% w5 54 5 5 10t s 50 % 0 275

2:2; The measurementolentropy «: sz s i@ s m s v @i MEBs BEED e sm5 8505 msasesn 277

3. Phase equilibrium in a one-component SyStem . ... ... ... ... 280
4, Chemical reaction BqUINBIIOI .« oo e e o ons 508 50856 155 35 505 06 @5 6555 95 4% 818 s 8 8 e s lo o 283
Sy  Ellingham Gagrams’ .« : w s wow s o ous 5w ow e0m sis e D § 1006 5 5 6 5 5605 56 5% 0 8 195505 ot o 80 % 48 o 1o 287
6. The thermodynamic properties of solutions . .. ........... ...ttt . 292
6l IVIIXINZIDTOCEERES: ives e o0 s s 1w soeew (591 o S FoUiR e, TRt e o i [ ot e ou 1 1 o 4w i o 5 1 5 292

6.2 Regularsolution behavior v s w s wisim s 58 w0s wve v e mun sve wie o5 6 5o s s 97 8 106 66 56 88 297
The thermodynamic origin of phase diagrams. s u.« «c e cie e sie v e i o i sis e siis aie wiie, &5 300

8. Reaction equilibrium involving solutions and the Gibbs phaserule . . . ................. 305
8.1. The dependence of the equilibrium state on activity . ......................... 305

8.2. TheGibbsphaserule ....... .. ... .. .. . . .. ..., 307

9. The thermodynamics:of surfaces.and inferfaces . .:.:w:mic ez amonims v vms s sions se 310
9.1.. The Gibbs;adsOTPUONISOINETTN .. - .- whn e wis i i Bl 200 334 Hirciorlie 50 Bod 506 B0E st bim 506 Burd 310

9.2. The Langmuir adsorptionisotherm . . .. ... ... ... ... ... ... ... ... .. ... ..., 314

9.3, Curved Interfaces . . . ... v ittt it ittt ettt ettt 316



xii Contents

10. The measurement of thermodynamic activity . . ......... ... ... ..., 317
10.1. Determination of activity by experimental measurement of vapor pressure .......... 318
10.2. Determination of activity by establishing heterogeneous equilibrium ... ........... 321
10:3.. Electrochemical measurement OF ACHVILY .. « .« 5 i sniaisin o @ ubiais oo e oo oo o e mie s 5o 324

BIDHORTAPHY .. o= 05 5555 555 8 a0 5408 rrns o ioncsd onisrsé o015 5 i 3,680 B oo (7 % 151 55 3 8 o 56 8 605 (K0 B ibvm s v 326

Chapter 7. Phase diagrams, by Arthur D. Pelton . ... ............... ... 327

L. INGrodbctoN : : o5 ¢ 6 s 5s 5 s s 2w ¥ S S50 5 5 €0 §5 8 D% 515 o %) & 504 %05t 66 1 5 %1 5 5% S S8 8 328

2., Binary PHASSIAIAGTANS 5. s e oseos o o mitere-ios o/1n wsdl 4 55 = 1ok (5 6h1s 5} 500800377 B Biion ¢ i o vos o o o ki 328
2.1. The thermodynamic origin of phase diagrams . . ............................ 330
2i2. Minima and MAXINA 1N tWO-PhASSTERIONS . . . sio e 55 oo &8 55w oia oo o s 0ie « oo wimstiar 00 333
253 MISCIDIIEY BAPS' <. oo wmnamensre 9 S pis 58 406 T8 @S58 i5, Suis: o iactatns 5o75a, 6 [0V 0,78 10 BIE IS 334
i, SIMPIE CNECHCEYRIEME, v comosin s a0 85 6105 15 000 3908 4515 s s S 40 818 50 o e 8 S0 B 1 336
2.5. Binary phase diagrams with no intermediatephases . ......................... 237

2.5.1. Thermodynamic origin illustrated by simple regular solution theory ......... 337
2.5.2. Liquid-liquid immiscibility — monotectics . . ... ...................... 339
2i5L3L  PETIUECHICS 5 o it 2 5150088 S0 w omioe e i siiodon o s rsst 90 Sbims RURITE A&/ 57 5 5 08 B oot vnir 339
215:4., SYNUECHICS 15 15557 5 505 af 0 ot o miioiien » e tovis, w7 oiro fovims Smrstish B8 058 005 o158 B B s i ovim 341
2.6. Limited mutual solid solubility . . . . . ... ... ... ... .. 341
2.7. Calculation of limiting slopes of phase boundaries . .......................... 344
2:8: Intermediate PHASES s o s wi v aoga m s sno ore s 5§ o585 % 500 5o 15 5 8 58t 493 i o o s o o1 401 e 345
2.9. Topology of binary PHASCAIATTAMS . <y 5.5 5ve wis 579 5ie 8.5 5 e w00 ohoi 00 w0 o it 0 60 58 %05 5ot o 28 347
2.9.1. 'Order—disorder transfOrmations: « s s/ 316 45 56w imiie: i w5 om0 widy w081 5465 398 316 350
2.10. Computer-coupled thermodynamic/phase diagram analysis . ................... 351
2.10.1. Calculation of metastable phase boundaries .........cccocoieervnsvesen 354
2.11. Ab-iitiocalculation:of phase/dia@rams:. . . . - o oo o wie oot sis b6 5505 B s w0E 5 85806 o os 355
2.12. Binary phase diagrams involving a gaseousphase . . . ... ...................... 355
2.12.1. Binary pressure—composition phase diagrams . . ....................... 357

3, "Ternary\phaseidiaRTAINS o & 5 5.5 5o llaE S i o oaies sy st oo s 50 opdl ¥ 1a: fagish oy o1 131 B iy HB0SE: 180 78 D BL A 357
3.1. Theternary composition triangle. . . ... .. ... oo cmeuio. i seaiomiemoig e o omeme 358
32, Ternary SPaceINOUCl oo o voc o v we o oo w06 on0 51 o 181081851 6 5606 355 6015705 L8 e sovie Louto imnie: e iotce 359
3.3.. Polythermal projections of HGIdUS:SULLACES . .. wiato s 5is e 0565 aors o n wie os aie o oo 360
34 "“Ternaryisothermal SECtOMS < v wis s+ w0 G 58 s SR T IT w0 o i & sipe. este 856 it 118 56218 ot 58 364

3.4.1. Topology of ternary isothermal SECHONS ¢ s i s sissis o6 s 0w srio s wis 318 o s is0s 365
3.5. Calculation of ternary phase diagrams from binarydata . ...................... 367

4. Differentitypes:of phase diagramms « . v« vt o wvmnwrsme Brahisms ssmeisoisios nesonssenisis 370
4.1; 'Elassification of phase QIAETAMS::. ¢ 5 o @ - s 5555 515 B 80 ies 510m 615 5 5 oo 3150 Bi362 0 505 s s $i 376

5. Experimental techniques of measuring phase diagrams . . .......................... 376
$1: ThermalANAIYEIS: oiuiviuiei sie v v o o sime o o susnset ite ol o) 85 306 4] 5006 317658 a1 w 5oy o1 o 101 /701 o 501 50 377
5.2. Sampling techniques:and quenching techniques .. :...v:%c0vevevmeoswonsess 379
5.3: OthertechnIGUES o osmismme s o o w705 L S0 55, Sie Sue sie st siae e os sie v o7 380

6:: BIBLOFIAPIY: 5.5 o5 o051 55 e o oo iorins o imiionionto) oilonis/ <58 mier Sk ST 40580, G280 0 o0 ST o808, Sty imh et e o 381
6.1. Compilationsof phasediagrams . . ... ................... ... ... ... 381
L2, TIOXES % 55 o 55 BB i, ) i oo oz o o o730 Tt 80 S B8 9381 1 ol i el oo e et s 381

RELETEICES" - : 1i 57505 wvis s 5 BV S G S SRS RS S 0855 B8 55 Gkl Bhs S s HIE IS ST A8 s ies BE s 382

Further TeAdING o 5§ wus s avsiss ensi s 5 o § 905050 5 @05 5 3 305803 o) & 7500537, 3180 410 o/ i 8 o i w2067 4 7 007 & o001 383



Contents Xiil

Chapter 8. Diffusion in metals and alloys, by J.L. Bocquet, G. Brébec and

W EIIHORE: wirover o st 5 e S 2 23 e kvl i e i ok o8 2 ) 770y AL B 5 ) e 385
1. Macroscopic:and microscopic theories:of diffusion - . . .. sccvvevimisoecmenaneneossa 386
1.l: Thexmechanisms of dUEUSION: . <.« « wivwswiesis oo s fue e i B oo ses ionsssmianen s s 386
Li.1: 'EXChange DIEChATISIIR .. i e s s m s 605 0655 8 Sy 5746 see) sroti. s, ok e sve ais 386
1:12. 'Mechanisis involving pointidefects . .c.o cos s b5 53 wews anmese s wsos wse 386
1:1.3: Mechamsins involvingextended defects .. :c vc5 v i vesonsmenemsvsnsosas 389
12: ‘The macroscopic theory:of Aiffusion . - oz s o om s seme oo gmamsios o smsmsmems 389
1:2: ) OBHETALItIOS i moivs o s 908 0605 & o.66% 1005 551 6 o 6 o) o 390 & for ¥ 560 6 008 W08 061 % 0 & 61 G L 6 389
1.2.2: Binary:alloys and vacancymechaniSm : s : «c..vimsmemcvsmsmanasmsnemss 389
123, SoMeSpecial Cases: i s s sia s if 5 itiniriniaini@iminipinicicinis 392
1.2.4. ‘Thewariousdiffusion coefficients: .« .o v mipiwsmemesc wamiBmomsssme 393
1.2.5., PICKS SeCONAICaW ¢ 5 0.5 55 73 & e one sonie 100 st sotes s 5 8 248 8 Slaws 4 3 3 SRLE S Sm o 050 o 394
1.3. The microscopic theory of diffusion . . ... ... ... ... ... ... ... ... .. .. .... 396
1.3.1. Einstein relation and flux expression . .............................. 396
1.3.2. Calculation of X and X? in terms of jump frequencies . .................. 397
1.3.3. Binary alloys and vacancy mechanism . . ............................ 400
1.3, Correlationeffets ¢ i =m v e mivioimic cinmie oo 20 oo 5 ool @503 SRR et sirle a, grins o 400
1:3:5. Thelimitation Of FICKSLAW « . v wummive o 5rs dhoisnt: sudTobs av sost o imgresprios wrie: anra 401
14: ‘The:diffusion COCTTICIENTE i« <y s siw i s s an 5is s Shis Bris B ssists: 6 o e e w0695 Bs) 38 402
L4.]. Vanation WithtBMPEratiure . = s o5 sus F58135.8 cu8) ans 3560 & 5 315 5 5w 555 568 402
1:4:2; VariatiONWItIUDTESSUTE oo wus siis o o o) 8 61 5 (5,00 1ol o 1 F80 5 (315 38 (8o [ 8 1818 603 o0 18 403
L4:3,. VatationWith-atomicamass  c: «zws szt idsmims ssnsmemim s Ssms @ s@s e 404
2. Experimental MEthodS o i o wis o sis ors 5w ono moe s %5 5 s s 058 5 5 ot 10 5 tor s 0 S 10y 0 6 8 0 5 565 5 0 3 75 404
2.). MacroscopiCmethods . .x cu srs e s 36 5 i 31055 519050 3185 16679 8 o s 370 990 610 578§ 9 3 3 405
2:1.1; D IromtheiC (50) CUIVC . i v w05 5/ 5 s 51515 51 5 18 B 5 055 & (00 5 i 5080 51000 B9 s (91 & 60 & 588 55198 405
2.1.2., 'Other IACrOSCOPIC MEhOAS: . ;15 56 w0 55015 36ne is 0 7o) 0o b 1oy o 20006 8000 0 180 5160510 8, 538 406
22. Microscopic(orlocal) methods o :u s zmas smimem smeos s bmt s w5 56 358 5 B IR 407
2.2.1. REIaXatioNTOCTHOMS! o 5.0 50 FHEEEE S inersss o 946 oot 10 6 5 318 S8 8 2 B B 00 407
222, SpectroscopicTNCtNOS o5 .o s oie vie oo wie pie wie e i g B0 0 e oo e 412
3. Seli-diffusion I PUTE MELAIS s - 2 512 56 58 05 SIERE S0 SUPEE Sl el T8 R o8 oo te 5 B GG S 414
3.1 NotimalSBIFEAEIGSION. « 50 o5 58 53505 55 08 S ms) ieoreics s 691800 5308 05, WA e B 6B T8 Ge 414
32, Anomalons SEH=diffusTOn « o ot em% 3% i erie susinons: s bom sife. @i Subiesio s 8506 06 B ot onvmsorin 417
3.3. Prediction of the self-diffusion coefficients . ............ ... ... ... ......... 418
3:3:1. Theoretical cAlCUIAHONOL DY . oo wyeseivions wis o o8 WS whis Fd B0 pures s o mpint i “onio 418
3132, ‘Simulation Of tHEYUID : ocver o s wee e s ms 50 60 o0 B ey jsies mite, & 56 ioits ke o s ovs s 418
333, EmpIfical TEIAtONS . - o - v wvs svs sos 500 508 prs 508 508 58 515 v & 5 4 5168 5 isetas iR v B 6158 418
4. Self- and solute diffusionindilutealloys ... ..... ... ... .. ... ... ... . ... ... .. ... 419
4.1.. Vacancy diffusionin:diliute A<BIAllOYS ...cuw o oo o i 5510 1080 558k Brintiorios wrian o wires wize: it 418 419
4.1.1. Standard modelsTor bec AnALCC:aAllOYS « .o oo wn 35 i s wm e mies siies 5150 1 5951 .55 H3s 419
4.1.2. Kinetic expressions of the phenomenological coefficients L, o, Log, Lgs and
T s imoes v o 1170 0 0 0 0 T B ot 585 e B R0 8 B R B i 421
4.1.3. Experimentally accessible quantities . . ............................. 423
4.1.4. Determination of vacancy jump frequencies . ......................... 424
4.1.5. Determination of the solute-vacancy bindingenergy ... ................. 427
4.2. A-B alloys with a high solute diffusivity . .. ............................... 427
4.2.1. Purelyinterstitial solutes . .......... ... ... .. . ... ... . ... 427
4.2.2. Complex diffusion mechanisms . . ... ........... ... .. .............. 428
5.  Diffusion CONCERtTALEAIALIONS i ¢ i< 15 805 513508 BE 518 5 ¥ 8 S on 6w oher & 508 5 845 409 s B BLBEE e mr o 429

5.1. Diffusion of A* and B* tracers in homogeneous disordered alloys . ............... 429



Xiv Contents

5:1.1. ExperitnentalireSults o ov :m o5 oo o 5s s i Simm ois 16581 5178 5108 581 605 20,8 G1s e, S

5.1.2. Atomic models for diffusion in a disordered alloy . .....................

3.1.3: Manning’ssrandomalloy Model . .« o ovv w5500 w6 55 50 50 8T BT sn o wrene o sins

5.2. Diffusion of A* and B* tracers in ordered binary alloys . ......................
5.2.1. Point defects in ordered alloys of CsCl type .. ... o N R e

52.2. Bxperimental TESHIS: ... .o coviiuioivs vos sinm do s e s s mis o os sn oa 5w s wh

5.2.3. Atomic models for diffusion in ordered alloys . . . ......................

513 Chemical diffUSION. .« cs wrvisio v s 50 5.5 5 G2 5 5 5 o o o088 5oy 50w 65 5 400350 W3R B fo10e G % 67 o 288 &
5.3.1. Chemical diffusion in binary systems and Kirkendall effect ...............

6. Electro- and thermomigration . .. .. .. ... ... ...ttt
6.1, ThermodynamiCALASPEELS! .. « s e s o o 5 o 515 8 5 ier & 75 550 5 1550 o) o 1ot o s o fon o 2 5 55 5 %00 5 101 5 57 6 0 ¥ 8

6.:2.. IVECroSCOPICANMAINVEIS . « 1 < v oo s s 0 6 50 5505 12 2 16 580 & g o 15 it & o 0 00 & 905 o 5 0 00 3 93 & %0 5 6
6.3, Bxperimental methods: 1 . w v« oo o v ok 2osvso 55 5 o5 6 o 6 8 505 515 o8 & 6 750 880 E9 8 5 55 o
6.:4. [Experimental results:and iQiSCUSSION' s 5« 5 < o6 & 515 5o 5 & 51 85 518 508 5on 51e8 5rel o) me s
6:4:1. TherMOmMIGration'= - s« s« 95 555 ¢ 5 55 5 ot o 008 S 2% 518, 5585 5581 350 Bl ot o ot oomuimii

6.4.2;. EleCtromigration’ - s w5 s5. 500050 i Sarsis S0 518 5108 55 370 B0 e aisl @1 0 wis 5

6.5. Electromigration in:ShOTt-CIICUILS . . o oo wo oo w5 s 6 o om 50056 5 855 Sblaiie o v mione o alorom

6.6. Electromigration as a purification process . . .. ... ........ ...,

7. Ditfusion along ShOTt-CITCOIES .o v i i w12 513 s a8 ovs simiasil 5108 55214 s o LG GG 0 (5.1 8109
1. PhenomenolOfiCal:approachi .« s e s ds 5s s s i Sisiens s G5 805 s BUs RS 408 o o siions
Tl Semi-itfinite BICEYStAl : s 560 a0t 0 s 0 = w08 B9, 2 518 5 55,8 5 FE16 SEminns o 4 ronstemnin

7.1.2.  Semi-infinite crystal with an isolated dislocation . . .....................

7:1:3.  SHOrt-CiteUIt NBIWOTKS) . v w0 x v o oo 8 5 15 o o 606 Hs 5 2 o oLcmtior o o o ot st o 603105 64

7ol ExperimentalieSulls .. cwov i s sie Brs 58 o s o oie o0s 08 w00 515 St 651 5 smoe s

7:2. New:advancesin grain-boundary diffusion’ : :c: s ccs s vess s swssenomaseses
T2.l; IPUBIEYEITECHS 5 o o g o5 80 5505 51 8 515 @ & 5 & 15 595 Sitel 1651 50 rd 780 o St 9460 a8 5 0

7.2.2. Diffusion-induced grain-boundary migration . ........................

7.3. Atomistic approach to diffusion in short-circuits . .............. ... ... .. ...
7.3.1.  Atomic model for grain-boundary diffusion . ......... ... ... ... .. .. ...

7.3.2. Molecular dynamics calculations of point-defect properties . ..............

7.4. Surfacediffusion ............ ... . ... .. ..., ST ot i i e ot i ot s
74.1. Atomicsstiuctiureand POINtAefects: ..« «.as 5% qie vievie v wis wte wie wa ot i w52

742, 'Experimental TeSUME) . wunociowe G s s 95 Gre s ohe e e i shedels 2% w e s w8 38

8. Diffusion under non-equilibrium defect concentrations . . .. ........................
8.1. Quenched-in vacancCies . ... . ... .... ...ttt

8.2. Cold-work-induced defects . ........... ... .. .
8.3. Defects created bYAGTAMIAtION. . v o 500 ¥ o B85 540 & 5o 16 5051 6 o0 08 5 1ok o 50 0 20 3 0 8 R o 50 3
8:3:1: Irradiation-énhanceddiffusion ;...::s:is.asssmisarmomensmsmsmsmensss

8.3.2. Irradiation-induced segregation and phase transformation . ...............
RETETOIICRN i § 5y e s0n 5.0t 0% G 5 5+t orsot ovtet 2 T i 8 2 e BT T Tt SR B, e o 0 N o St B oo e i 4
BUGDET TEAAINEG: . o 5/ 5 2050 58 D% St o eier it 21 o oo 08 A A2 37 858 B o B o v, i et 408, a8 158
Chapter 9. Solidification, by H. Biloni . ... .........................
L. IntrodUetiOn:: oo s orsimms srevsisie se seage 8 565 G50 58 s 5hanila (555 e 51 5 5w RIS 5 ars B 5 8 oid s
2. Heat flowin solidification . .. ... ... .. .. .. ...
2.1, Controlled' SOUAITCAION: - ;v o« s vorviser s 55 B0 300 S0 8 Sive i 0 20w 5 50 5 5 ot o fol 3 23 . 0 [ 5 B v o

429
430
431
432
432
433
434
437
437

441

SeEDRE

447
448

448
449
450
450
451
451
452
452
452
453
453
454
455
455
458

460
461
462
462
462
464

466
474

478

478
478
479



Contents

INICIEATION e ci.5 50 51 (50 51181 116 F81 51150 551 e o 0 S 00 3 US4 T 10 a8 AT 9 v 0 7
3.1. '‘Theory:of homogeneousNUCIEAtION:: « i« «rs i v wis i omm e v oo g a0 5 o g i
3:1.1.. .Calculationiof the critical £adius: . «uw s o oo wnss s o m g s e o e s mzs
3.1.2. Nu€leaionzate. :: »x sz on o5 o ps e mamsie © 5 ek o e @ eiemai sl sl we st
31.3. Nucleation (eMPEratiure: : . s o mrm G5 £ em s e @ AR RS &5 E e b e
32, ‘Theoryof heterogenCoUSNUCICAtON. « 53 sswie @05 45 5 50 s 0 v #5558 50 5 B aalega s
3.3. Comparison between experiments and nucleation theory . . . ....................
3:3.1. FlomOogenSOUSTIUCIEHION! e o oicn o i i2uiniin sosrmiso misscin issioialios 8 vaiem in o (8 0 W1ch s @isovionsrom
3.3.2. Heterogeneousnucleation . . . ...ttt
Interface KInelics! v ., wx 3 559 25 s GEme e s Re B E &S SR O R 60 P28 5106 10 ¢ 19 e e
4.1, GrowthmechaniSms .« wuime s« 2 6@ 6 608 B 585 E %5505 908 @8 478 50 A G 408 aiw s s
4.1.1. Two-dimensional nucleation . .. ..................................
4.1.2. Growthbyscrewdislocations .. ............... ... ... ... . ... ...
4.1.3. Uniform.orcontBuOUS BIOWEH. . .. o.ov v v oie e oo sisimin wiis 5.5 onie e wives 66 i 2ol
4.2, Natmre of theisolid=HAUIdINTEIFACE . o c e w505 wrn wia svemis sve sus ore sis S8 50808 @8 Bus G
Redistribution of solute for a planeinterface . ..................................
9.l The DATtUGOH COCHRCIBAL, . i <o = mi-cinss <ot 1070 o5 o ot siponie: for it 9015, o 105 8, s 0 o s S 50w, 555
592: INOIMALETCETIND! . i o s oo oy 5 500 5 e-aiie o 806 i 5553 5 o o 01 o1 oy /38091 ol o i o 5 6 5.0 o g TR0 (38, 5 1 8
512, BQuilibrumiFreezing: oo . v a vmms v s 00 6 @6 508 505 5 00 8 5 DS B 8 5@ SR8 W e 8
522, Non-miIXINGIreZINE: s s s s ms s o e s w5 v 668 85 818 K5 S8 @ 50 B s Sams
§22.3. CompleteMixing/PIOCESS: : . s vos @i %s woms Hiwese e @ @s @ BInsems
5.2.4. Convection effects, partial-mixing freezing .......c..co00vvieneiee. ..
53 Zonemelling . . :5.55 530 RS imsE im0 iniBIDIN R swiwaissss
Solid-liquid inferfacemorPhOIORIES: - v v v m - s mimis miwimimems Hoss @@ sossws
6.1, Inteiface:stability theory .. v :rcwsssaimsaimitsoinsnsmimsssFePiFsBeimaas
6.2, Freedendritic/growth :c:nsesasps g R @0 Qe RiBiPiPe B i@ as s iwams o es
6.2.1. The instability of a growing sphericalnucleus . .. ......................
6.2.2: Propagationiof the dendrite MAINSIEN « 1w« 5 a0 we 50 0 600 6 G 55 ) a s o n & ae
6.2.3. The non-steady-state solution of dendrite branches . .. ..................
6.3. Unidirectional solidificationof alloys . . .......... ... ... . ... .............
6:3.1. Relationship:to constitutionaliSUPETCOOINE . . o w: < wieione 1w siors 0 0o a5 05 91 0 08
EolyPhase SOAUNCATION < i i i i =i = o) et 7iod isbie iof = osies Fgoifoh o o€ )58 & Koo o151 ) oo 6 oo P o 6.
Tl PEritCetic SOIMAITICRIION e s sies witu o1 5168 Surct 180 b o 180 5.185 050 2,969 606010 it 50 515 33 3 6 6 16+ 88
7-1:1. Aligned peritecto/@rowth < s m v e mo o m em o s an s #e® LA 5 0% 8000
7.2: Butectic solidiFCAtion -« s n. sie wm 55 55 85 s Bhe 60 S50 9553 5 0.5 19 6 60 8 88 558 b 00 5 B 5
7:2:1; ButecliciclasSifiCRIION s <« s mh5s 5 @5 815 S 508 B850 2 35 S1005 @ 50 5iSs i o v
7.2.2. Class I: Non-faceted—non-faceted eutectics . .........................
7.2.3. Class II: Non-faceted—faceted eutectics . . ...........................
Ti2:4.  CEYSLAIOBTADRY . o o vion i wrios iios ot o wiinsios ocios o iioe o oine oot wicws oiie o 4550, s wiot movelonie. wiioss
T2S. BULECHCTATIEE o ooy o o e iarisiionioniotish sntomoviot wisesssits s 1o ien:os e oo 6 (5150 o w1 501t o 56579
7:3. Monotectic SONdICAtION - w25 & s v s 555 15 FE 05 56 55 5 5 blih & 5.8 odven o 53 508 509
Fluid flow and Gasting STCIITE. . ..o o0 wiw msismy s o s 0 8 55 055 Gla 56 B1E i Sa-BiE G S5 %
81 BINAIY o s s sie sm e svsesmns srsm o o s e wes 5 6 5 64 5% 508 REGHE 05 $E 56 06w o w0 ad
82 Convection inithe bulk liquid «.w..scv s ssvmsnsos sems 5o 55 G5 o s 5o 06 88 Fs 58
8.2.1: Fluid flowrmanipulation » « o« s 55 565 506 w5 6 03 206 505 55 B8 05 5.6 ws 5 5
813 Crystalimultiplieations « . o wm s e 0 B8 G605 05 e 5% 05 D5 G5 98 5605 @8 e me W
8  INGOLSITUCTUTE « sisma s B Rs aa o as 5 506 5% 55 A% 56 58 s ms 515 519 o s e 5 o G s 5es 3
8.4.1. Chill zone . . .

XV

483
483
484
484
486
486
487
487
489

490
490
490
490
491
491

495
496
496
496
496
497
498
499

500
500
501
501
502
507
510
515

527
527
529
529
530
530
534
536
536

537

539
539
539
540
541
541
541
543
544



XVi Contents

8.5 Interdendritic fluid flow and macrosegregation . ............................ 545
8.5.1. Macrosegregation in industrial INGOLS : : «.« o v cc svvis s oo wis v ws wsmoms sy 547

86, Movementofliquid PIUB:SOIIT: i wi sm, 5 5 8 005505 005 besii oo o 60 Shs 55 ek 19 508 502 K& W00 3 4 3 550
8.7 Porosityand INCIUSIONS « s 65585 55 so s bige an e atos do ah s dadd ap u5 de b 86 i 551
BT POTOSILY 55555 555 80 55 505 806 S sy ot 0 610w 01 il s o o0 5 2y 2 00 8100 B o o 561 8 55 41 i o 551

872 INCIUSIONS! s £ 555 5.5 505 ioum oo v o oo i iton i o7 o 50 & 5 S A S R o8 558 P i o 552

9. ContDUOUSCASUDE o 5w s 55 ol » 912 5% 55 B03 S26518 51 B3 BIS S1S: ©16h S S el 70, B350 5/ 51002 08 B 5040 553
91, Continhous castingiofBeell ci: s v smisrs 565 56 s 515 500 5.5 S S0 s Biset 5 st ik B 6 08 S 554
9.2. Continuous casting of aluminum anditsalloys. ... .......................... 554

10.. Busion;welding SITUCTUEES! ... ..cosim sivmn: e mvs i g srias 616 5 S 5 BAk Bi1np o oy 6513 s, o3 5 el 80 8505, 570 5 555
101 IMIXEd MOIIEH ZOME: .11 wisnnss wirm b3 owien 313 59RO S50 SIS S 05 51463 i b it A i 5555 o s 556
10:1.1. Niucleationiand epitaxial Browth' = .. oqmm am e o s samnsevis s sisse s s agms 556

10:1:2; “Weld pool ZEOmBUEY: s s s sin oo 55 wis 518 @ 58 Bie W% i 508 578 5@ 5 255 556

10.1.3. Solidification structures and substructures in the mixed molten zone . . . ... ... 558

10:2: Welding macrostruCture szvum sinas 5 B8 50 58 515 5 Susiors 5us 48 018 STk o & 5 bih 46 0§ 558
10.3. Structure:of unmixed MO ZONE" . ... < o0 o s e s one e 5s sie w0 5w 5o ‘e 505 =5 5 5% 559
10:4. ‘Structure:of ‘partially Melted ZONE . . ... -« on v vieiemisoiomieims oo wis oo so mrsiae G oems 560
10.5, Heat-affeCted ZONE: ... .- =« e oo wie mie torn i55.0701 0 o0 Shim 5108 205 51 & igios oyl fo A TGS S5 s gl smrie i 560

11. Structure manipulation and NEW PTOCESSES . . . « .« v vt v v v vt et e ie e eenenanennnnnn. 560
11.1. ‘Structure MAnIPULALION . . 0 v« o v oveeoiemie ms we 50 o o w08 et i o o o1 oo o a ae o e 560
11.1.1. ‘Single-crystal growthfromthe Mel€ . .. oo cccis ot sese s v e soime mie e o o 561

11.1.2. Influence of gravity on macro- and microstructure . . . .. ................. 561

V183, MICTORTAVILY . oi v ns n siomn s s g svg 7 50 5100 B (05 (0168 6 5 50 1608 16 s 0 8 0 5 46 e ) i vt 562

1114, Grain TeANCMENt s e s o5 5 @8 35 315 G5 w86 s sl 68 68 o5 &5 8566 5% 858585 563

11518 IModification. s muw sw swan 55 53550 550 60068 25 6 i & 455 5 6 16 & 0% 1005 451 % e 5 ) Bost & 3 5 568

112 | NCW PTOCESSES! + 505 5 551 45,85, 8 518 5.5 5 0 b0 Srdh o ash 6.0 o o 3 580 00 & g ic 500 68 o065 I 5 15 548 B .08 5% 571
11.2.1. Electroslag refiling PIOCESS .. - o « o «.o: oo oo iote io 070 o 5 & o o 51 5 im: 668 o 8 8160 o o 571

11.2.2. Rheocasting and thixocasting . ...................... .. 0uuue..... 571

11:2:3. Practional MBIMNE .. - cmi e« oo oo oo 556 510 16 2500 G0t 018 8 5 8 5o ote 1075 Bes 05 100 8 cor o oo 573

11.2.4. Rapid-solidification processes . . ... ...........uiiuuuuneennneenn... 573
RETCTENGES .. wis svovisis i e 530 B 608 BUELETE AT 5 o0 o chiis 16 & 605 400 5 550:8 S5 e S50 6045015 160 300008 51 V08 B BRiade) &0 st m e 5 573
BUTtREE TCAAIND) 1o s s 519 s e S ne Wer 26 RS 2R SIS BS1 450 S 5500 061 T 471 S 03 o 08 A 579

Chapter 10A. Qualitative and quantitative surface microscopy, by H.E. Exner .. 581

Tntrodictionito chapters TOAand TOB : :.: w5 s 53 555285 56 508 Sxns e soiis e % aor's siis, S8 15055 55 518 582
L. OPHCALTIICTOSCOPT -« w5 55 51 » w0 50 5550 s G o rvs s Ko A5 00 01051 5008 ) 0 0 il 8, i gl 01 i it 583
Ll.. Metallographic:specimen Preparation: o : s s « s s %0 1% 518 i o e s i sios s 1o st oy s ik & seb iy i & 585

Ll Samplng v 5 5 wis 055065 595 506 0 6 BB A8 500 B8 e B 6] @86 B S0 5 S 0 SR 585

1.142:, NOUDTNG 55 505 1 5554 55 5 05 6 98 8 5 5 (808 e 081503 508 90 % 19) 8 908 91 995 5 8] ¥ 000 3 0 LB 585

LL8. ‘OO : ¢ s 5550755 s 5 et s 505 e 508 50 8 nd Sl a0 3 308 MG o5 s %o w5 E HEES &8 586

114, POMSHING 5 - 5 o565 5 25 7506 wus on sunuisa s 50 5 5k 50 o o0 5 968 08 o8 o0t e 908 5.6 35, 8 0.8 G0 586

115: ReplicateChniGUes 5« 5 it o o e o < 50 o ob 5 o0 85 S0k bus 518 ona 03 308 05 W3 o 8 g8 @ 5 506 589

1.2. Etching and other contrasting techniques . ................................ 589
1.2.1. 'Chemicaliand eleCtrolyHEICINE . .o v vov oo o e v oho b e baiorsims 85 2o i ¥ o5 w5 589

1.222; Thermal €I . .. viw o e ciemee orao sors oo i Siois v o s 8o 5 9 5008 508 B0 s e o gt s 590

0.7 A (o121 (1111 1V e O e S § T P PO S 590

124 SEAIngIHRGNEY . - o <o mis o 0w o it B ot 5 5o 5 5alhgh 51 8 54 3 IS B o 7 = 52 56t o 1 590

1.2.5. Interference-layercontrast ...« .. .o op oo onamesis e s i s a8 amemswsesws e 591



