Contents

PartI Introductory Aspects

1 Crystalsand Melts . ........... ... ... ... .. 3
1.1 Crystals . ..o 3
1.2 MeItS. .o 4

1.2.1 Viscosity of Melts ..............iiiiiiinen... 5
1.3 Comparison of Crystalline and Melt Structures. .............. 8
1.3.1 RDFs and Local Atomic Densities ................ 9
1.32 Radial Distribution Functions (RDFs).............. 10
1.4 Structure of Melts . ... 10
1.4.1 RDFs in Monatomic Melts . ...................... 10
1.4.2 RDFs in Molecular Melts ........................ 12
1.5 Theoretical Estimates of RDFs ............................ 14
1.5.1 Atomic Coordinationin Melts .................... 15
1.5.2 Atomic Packing . ............ .. ... ... 17
1.5.3 Bonding in Liquids .................. .. ... .. 18
1.54 Influence of Temperature on RDFs ................ 19
1.6 Theories of Melting and the Liquid State . . .................. 20
1.6.1 Lattice Vibrational Instability..................... 20
1.6.2 Hole Theories of Liquids ........................ 21
1.7 SUMMArY . ..o 23
References ..........iii i 24
2 Thermodynamics of Crystal-Melt Phase Change .................. 27
2.1 Enthalpy: Heat and Work Exchanges in Solid-Liquid
Transformations . ......... ...ttt 27
2.2 Comparison of Termsin AHy............................. 31
2.3 Co-existence of Solidsand Melts .......................... 32
2.3.1 Solid-Melt Critical Point. . ....................... 34
2.4 Thermal Supercooling and Metastability .................... 34
2.4.1 Characteristic Melt Supercooling. ................. 37
25 Free Energy Changes During Freezing and Melting . .......... 38

xi



xii Contents

2.5.1 Reversible Solidification......................... 38

252 Irreversible Solidification ........................ 39

2.6 Principal Types of Binary Alloy Solidification ............... 41

2.7 Mlustrative Examples ........... ... ... 43

2.8 SUMmMAry . ... 50

References .. ... ... 51

3 Thermal Concepts in Solidification .............................. 53

3.1 Near-Equilibrium Freezing ............................... 53

3.1.1 Preliminary Definitions .. ........................ 53

3.12 Energy Balances Within a Freezing System . . ....... 56

3.1.3 Energy Conservation . .............coovuuuneenn .. 57

3.2 Energy Balances at Crystal-Melt Interfaces .................. 60

321 Stefan’s Interface Energy Balance . ................ 60

322 Fourier’s Law of Heat Conduction. ................ 62

323 Thermal Conduction . ................ .. ........ 64

324 Newton’s Law of Cooling: Heat Transfer Coefficients 65

325 Interfacial Gradients ............................ 66

3.3 SUMMATY ..o ettt e e e e e 68

References .. ... ..o 68

4 Solidification of Pure Materials.................................. 69

4.1 Quasi-static Theory.............. ... i i 69

4.1.1 Introduction ........ ... ... 69

4.1.2 Analysis of 1-Dimensional Freezing ............... 71

4.1.3 Quasi-staticResults . ............................ 75

4.1.4 Solidification of a Circular Cylinder ............... 76

4.2 Moving Boundary Analysis ............. ... i, 80

4.2.1 Introduction ........ ... ... 80

422 Conduction-Advection . .................c.coo..... 81

423 Neumann’s Solution: Semi-infinite Freezing ........ 85

4.3 SUMMATY ..ottt e e e e 96

References ...... ... 97
Part I Macrosegregation

5 Solute Mass Balances: Macrosegregation . ........................ 101

5.1 Local and Global Interfacial Equilibrium.................... 101

5.1.1 Introduction ......... ... ... i 101

5.1.2 The Distribution Coefficient, kg . .................. 103

5.2 Solute Rejection at the Solid—Liquid Interface ............... 106

5.2.1 Interfacial Solute Balance . ....................... 106

53 Gulliver—Scheil Macrosegregation Theory ................... 109

5.3.1 Determination of the Distribution Coefficient ....... 110



Contents xiii

54 Macrosegregation with Solid—State Diffusion ................ 113

54.1 Solid-State Diffusion................ ... ... ... 113

542 Mass Balances with Solid-State Diffusion .......... 114

543 Time Dependence of Fraction Solidified............ 116

544 Solutal Fourier Number ......................... 118

5.5 Limits of the Brody—Flemings Solute Balance ............... 120

5.6 Binary Alloy Segregation Curves ....................cc..... 121

5.6.1 Gulliver—Scheil Segregation: Solubility Limits . ... .. 121

5.6.2 Influence of the Fourier Number .................. 122

5.7 Purification via Freezing ................. .. ... .. .. ... 123

5.7.1 Fractional Crystallization ........................ 123

5.7.2 Chemical Purity . ...... ... ... ... .. ... 124

5.7.3 Why Pure Materials?............................ 124

5.7.4 Cyclic Unidirectional Solidification ............... 125

5.8 Zone Refining ........ ... 129

5.8.1 Single Zone Pass: Pfann’s Equation ............... 129

5.8.2 Multipass Zone Refining. . ....................... 133

5.9 SUMMATY .ot 143

References ..........iiiii i 143

6 Plane-Front Solidification. ........................... ... ... ... 145

6.1 Introduction . ... ... 145

6.1.1 Steady-State Macrosegregation ................... 146

6.1.2 Steady-State Plane-Front Freezing ................ 146

6.1.3 Solute Boundary Layers ......................... 152

6.2 Transient Macrosegregation . .. ..........ouuveinneennnenn.. 154

6.2.1 Initial Transients in Infinite Systems ............... 155

6.2.2 Transients in Finite Systems...................... 158

6.2.3 Final Segregation Transient ...................... 159

6.3 Numerical Studies in Finite Systems ....................... 160

6.4 SUMMATY ..ottt e e e 161

References ...... ... i 161

7 Composition Control .. ......... ... ... . ... ... ..., 163

7.1 Convection in Freezing Melts ............................. 163

7.1.1 Mixing Limits . ...t 163

7.1.2 The BPSModel ............ .. i ... 166

7.1.3 Solution to the BPS Transport Equations ........... 167

7.2 Effective Distribution Coefficients ......................... 171
7.2.1 Definition and Role of Effective Distribution

Coefficients . ... 171

7.2.2 Results from BPS Theory ........................ 173

7.3 SUMMATY .« .ottt et e e e e 175

References . ... ... 176



Xiv Contents
Part III Solid-Liquid Interfaces: Capillarity, Stability, Nucleation

8 Crystal-Melt Interfaces.............. ... ... ... i, 181

8.1 Capillarity . ... 181

8.1.1 Background ........ ... ... 181

8.2 Planar and Curved Interfaces . ............ ... ... .. ... .... 183

8.2.1 Surface Patches ............... ... ... ......... 184

8.2.2 CUIVAUIES . ottt e e e e e e e 185

823 Kinematics of Interfacial Deformation ............. 187

824 Interfaces ......... .o i 193

8.2.5 Interfacial Energy ............ ... ... ... ... .. 196

8.3 Gibbs-Thomson Effect........... ... ... ... . ... ... ... 199

8.3.1 Equilibrium at Curved Interfaces . ................. 199

832 Chemical Potentials at Curved Interfaces ........... 202

8.3.3 Interfacial Shapes ............ ... ... ... .. ..., 204

8.3.4 Kelvin’s Equation ............. ... ... ..., 205

8.4 SUMMATY . ..o e 211

References .....ooii i e 211

9 Constitutional Supercooling. .................. ... ... ... ...... 213

9.1 Introductory Remarks . .......... ... ... i 213

9.2 Background . ...... .. ... 214

9.3 Decanting Studies . .......... ... ... i 214

9.3.1 Interfacial Instabilities in Single Crystals ........... 215

9.3.2 Interfacial Instabilities in Polycrystals ............. 216

9.4 Constitutional Supercooling. .............. ... ... 221

94.1 Introduction ........ ... ... i 221

9.4.2 The Interfacial Solute Mass Balance ............... 221

943 Constitutional Gradient.......................... 223

9.4.4 Stable Interfaces ............. . ... ... 224

9.4.5 Unstable Interfaces .................. . ......... 225

9.4.6 Marginal Stability ........... ... ... . L 226

9.4.7 Bulk Crystal Growth: Limiting Forms for Stability . . . 229

9.5 Verification of Constitutional Supercooling . ................. 230

9.5.1 Experiments .............oiiiiiiiiiiiii . 231

9.6 SUMMATY .ot e 234

References ..........oiiiii 235

10 Linear Morphological Stability . . ................................ 237

10.1 Introduction . ........ .ttt e 237

10.2 Perturbation Theory ............ . ... i, 238

10.2.1  Stability of Planar Interfaces .................. ... 239

10.3 Steady-State Plane-Front Freezing ......................... 240

10.3.1  Boundary Conditions ........................... 240



Contents

11

12

XV

10.3.2  Transport Field Equations. ....................... 241

10.3.3  Perturbation Analysis: The Concept ............... 241

10.3.4  The Transport Solutions .................coun.... 242

10.3.5  Local Interfacial Equilibrium . .................... 246

10.3.6  Linearization of the Curvature .................... 247

10.3.7  Interfacial Flux Balances ........................ 247

10.3.8  Solutions to the Field Equations .................. 248

10.4 Stability Criteria ...t 249
10.4.1  Amplitude Evolution . ........................... 250

10.4.2  Criteria for Interfacial Stability ................ ... 251

10.4.3  Marginal Stability .............................. 252

10.5 Low Wavenumber Limit.................. . ..., 254
10.6 General Stability Analysis ......... ... i 254
10.6.1  Marginal Wavenumber .......................... 256

10.7 Experimental Validation.................................. 257
10.8 Absolute Stability .......... ... . L 258
10.9 Summary . ... 260
References . ............uuuui 261
Non-linear Stability Models . . ................................... 263
11.1 Limitations of Linear Stability............................. 263
11.2 Interfacial Patterns Just Beyond Marginal Stability ........... 264
11.3 Patterns Further from the Margin of Stability ................ 264
114 Morphological Stability Maps . ..., 266
11.5 Absolute Stability in the Non-linear Regime ................. 268
11.6 Plan-Forms of Instabilities . . ...................... .. ..... 269
11.7 SUMmMAry . ... 271
References .. ........iiii i 272
Nucleation Catalysis ............ ... ... ... 273
12.1 Introduction . ... 273
12.2 Fluctuation-Dissipation ............. ... oo, 274
12.3 Heterogeneous Equilibrium . .............. . ... ... ..., 275
12.3.1  Free Energy Changes for Nucleation............... 277

12.4 Homogeneous Nucleation ................. ..., 278
12.4.1  FreeEnergy Barrier............... ... ... ... .. 279

12.5 Heterogeneous Nucleation . ..................oiiviunn.... 283
125.1 Background .............. ... ... il 283

12.5.2  Spherical CapModel . ........................ ... 284

12.5.3  Heterophase Fluctuations on a Substrate............ 289

12.6 Grain Refinement ......... ... ... ... 290
12.6.1  Inoculants..............oiiiiinniiinnneenn. 291

12.6.2  Substrate Area, Contact Angle, and Phase Spreading . 293
12.6.3  Accommodation Strains ......................... 294



XVi Contents

12.6.4  Athermal Heterogeneous Nucleation. .............. 295

12.6.5  Melt Flow Control and Cavitation . ................ 298

12.7 SUMMATY . ..o e e e 300

References ...... ... 301
Part IV Microstructure Evolution

13 Dendritic Growth . ........ ... ... ... 305

13.1 Introduction . ...... ... 305

13.1.1  Some Early History . ............................ 306

13.2 Dendrites in Metals Processing . ........................... 306

13.2.1  Observations and Simulation of Dendritic Growth ... 307

13.2.2  Initiation of Dendritic Growth ................. ... 308

13.2.3  Directional Solidification ..................... ... 309

13.3 Dendrites in Castings . .. .....veunie i 311

13.4 Dendritic Growth Theory . . ........ ... i, 312

13.4.1  Ivantsov’s Transport Model ...................... 313

13.4.2  Ivantsov’s Transport Solution..................... 317

13.5 Dendritic Boundary Layers .......... ... ... ... oo, 320

13.5.1  Boundary Layer Thickness....................... 320

13.5.2  Boundary Layers at Small Péclet Numbers ......... 321

13.5.3  Boundary Layers at Large Péclet Numbers ......... 322

13.6 Dendritic Capillarity . ...t 324

13.7 Marginal Stability Hypothesis . ........... ... ... . ... .... 326

13.77.1  Estimatingvand Ryjp ...l 327

13.8 Dendritic Growth Experiments ............................ 328

13.8.1  Velocity Experiments ........................... 328

13.8.2  Gravitational Effects ................ ... . ... 328

13.8.3  Stability Constants for Dendritic Growth ........... 330

13.9 Stochastics and Determinism. .. ..., 332

139.1 Background .............. ... ... il 332

13.9.2  Anisotropic Capillarity .......................... 333

13.9.3  Energy AniSOtropY. ... ...oveeuuinneeenunnnneeen. 334

13.9.4  Shape AniSOtropY ... ....vviiineneiiaeennn. 334

13.9.5  Deterministic Dynamics: Two Dimensions. ......... 338

13.9.6  Deterministic Dynamics: Three Dimensions ........ 340

13,10 Summary .. ... 341

References .. ........iiiii i 342

14 Microsegregation . ............ ...ttt 345

14.1 Introduction . ...... ... 346

14.2 Cellular Microsegregation . ...........c..oouuieiunennnann. 346

1421  Key AssSumptionS. .............uuiiiinunnnnaan.. 346



Contents

15

16

XVvii

14.2.2  Intercellular Solute Mass Balance ................. 347

14.3 Dendritic Microsegregation . ...............couuuuieeeon... 355
143.1  Microsegregation in Mushy Zones ................ 356

14.4 Influence of Solid-State Diffusion.......................... 358
14.4.1  Solute Mass Balances in Mushy Zones . ............ 358

14.5 Structure of Castings ... .......uuieetiiinn i 365
14.6 SUMMATY .o e 367
References ..........iiii 367
Interface Structure and Growth Kinetics ......................... 369
15.1 Introduction . ....... ... o 369
15.1.1  Faceted Interfaces ..................c.oiioii.. 370

15.1.2  Non-faceted Interfaces ....................... ... 372

152 Two-Layer Interface Model .......... ... ... ... .......... 374
152.1  Background ........... ... i 374

15.2.2  Energy Changes for Interfacial Configurations ...... 374

15.3 Kinetic Theories . ........ ..ottt 382
15.3.1  Atomically Rough Interfaces ..................... 383

15.3.2  Molecularly Smooth Interfaces ................... 387

15.4 Kinetic Roughening ........ ... . ... ... . i 389
15.4.1 Introduction ...............cciiiiiiiiiiiaiin. 389

15.4.2  Interface Diffuseness................ ... ....... 390

15.4.3  Roughening Transition .......................... 390

15.4.4  EXPeriments .............oeuuuunneeennnnnneeenn 391

15.5 SUMMATY ..ottt e e e 393
References ..........oooiiiiii 395
Polyphase Solidification .................... .. ... ... ........ 397
16.1 Introduction . ........ ..o 397
16.2 BUtectiCS. . . oottt 398
16.2.1  Thermodynamics: Polyphase Solidification ......... 398

16.2.2  Classification of Eutectics. . ................... ... 400

16.2.3  Importance of Eutectics ......................... 402

16.2.4  Nucleation of Eutectics . ......................... 403

16.2.5 Growthof Eutectics............oooiiiiiiiii.. 404

16.2.6  Tiller’s Theory of Eutectic Growth ................ 405

16.2.7  Eutectic Phase Spacing . ......................... 412

16.3 Hunt-Jackson Theory of Eutectics ......................... 414
16.4 Eutectic Microstructures . ..............oeiiiunnnneeennn.. 415
16.4.1 Lamellar Eutectics . .......... ..., 415

1642 RodEutectics .........oooiiiiiiniiiiii . 416

16.4.3  Lamellar-to-Rod Transition ................... ... 418

16.4.4  Crystallography of Lamellar Eutectics ............. 420

16.5 Computation of Eutectic Microstructures. ................... 421



Xviii Contents
16.6 Directional Freezing of Polyphase Alloys ................... 421
16.7 Castlron. ... ... 424
16.8 SUMMATY . .ot e e e 424
References ...... ... oo 425

17 Rapid Solidification Processing .. ................................ 427
17.1 Introduction . ... ... 427
17.2 Background ....... ... 428

17.2.1  Splat Quenching of Alloys ....................... 428
17.3 Early Research in Rapid Solidification...................... 429
17.3.1  Non-equilibrium Phase Diagrams ................. 429
1732  Hypercooling ............ ... ... 429
17.3.3  Thermodynamic Limits.......................... 434
17.4 Solute Trapping . .. ...ttt 434
17.4.1  Interface Non-equilibrium ....................... 434
1742 LaserMelting..........cooviiiiiniiinnena... 435
17.5 Theory ... ..o 436
17.5.1  Introduction ................iiiiiiiinnnann. 436
17.5.2  Continuous Growth Models ...................... 437
17.5.3  Response Functions......................ooooe. 438
17.5.4  Quantitative RSP Experiments . ................... 439
17.6 SUMMATY .« .ottt et e e e e 442
References .. ... ..ot 445

Part V Appendices

A Thermodynamic Functions and Legendre Transforms ............. 449

B Grain Boundary Grooves .............. ... ... i, 459
References . ........ ... 465

C Deterministic Simulation of Dendritic Growth .................... 467
References ..........iiii i 474

D Directional Solidification Techniques............................. 475
References ...... ... 479

E Hunt-Jackson Theory of Eutectics............................... 481
References .. ... ..o 497



2 Springer
http://www.springer.com/978-1-4419-7343-6

Frinciples of Solidification

An Introduction to Mocdern Casting and Crystal Growth
Concepts

Clicksman, M.E.

2011, ¥, 520 p. 220 illus., Hardcowver

ISBM: 978-1-4419-7343-6





