
Contents

Preface page iii
List of tables xiii
Notation xiv

Part I Basic Thermodynamics and Kinetics of
Phase Transformations 1

1 Introduction 3
1.1 What Is a Phase Transition? 3
1.2 Atoms and Materials 4
1.3 Pure Elements 6
1.4 Alloys – Unmixing and Ordering 9
1.5 Transitions and Transformations 12
1.6 Brief Review of Thermodynamics and Kinetics 15
Problems 19

2 Essentials of T-c Phase Diagrams 21
2.1 Overview of the Approach 21
2.2 Intuition and Expectations about Alloy Thermodynamics 23
2.3 Free Energy Curves, Solute Conservation, and the Lever Rule 27
2.4 Common Tangent Construction 30
2.5 Continuous Solid Solubility Phase Diagram 32
2.6 Solid Solutions 33
2.7 Unmixing Phase Diagrams 38
2.8 Eutectic and Peritectic Phase Diagrams 41
2.9 Ternary Phase Diagrams 45
2.10 Long-Range Order in the Point Approximation 47
2.11 Alloy Phase Diagrams 51
Problems 53

3 Diffusion 56
3.1 The Diffusion Equation 57
3.2 Gaussian and Error Function Solutions to the 1D Diffusion Equation 61
3.3 Fourier Series Solutions to the Diffusion Equation 66

7



8 Contents

3.4 Bessel Functions and other Special Function Solutions to the
Diffusion Equation 71

3.5 Kinetic Master Equation and Equilibrium 74
3.6 Linear Kinetic Response 76
Problems 77

4 Nucleation 80
4.1 Terminology and Issues 81
4.2 Critical Nucleus 82
4.3 Heterogeneous Nucleation 85
4.4 Free Energy Curves, Elastic Energy 88
4.5 The Nucleation Rate 91
4.6 Time-Dependent Nucleation 98
Problems 101

5 Effects of Diffusion and Nucleation on Phase Transformati ons 103
5.1 Non-Equilibrium Processing of Materials 104
5.2 Alloy Solidification with Solute Partitioning 107
5.3 Alloy Solidification – Suppressed Diffusion in the Solid Phase 108
5.4 Alloy Solidification – Suppressed Diffusion in the Solid and Liquid 113
5.5 Practical Issues for Alloy Solidification and Evaporation 115
5.6 Heat Flow and Kinetics 117
5.7 Nucleation Kinetics 119
5.8 Glass Formation 120
5.9 Solid-State Amorphization and Suppressed Diffusion in a Solid

Phase 122
5.10 Reactions at Surfaces 124
5.11 The Glass Transition 129
Problems 131

Part II The Atomic Origins of Thermodynamics and
Kinetics 135

6 Energy 137
6.1 Molecular Orbital Theory of Diatomic Molecules 137
6.2 Electronic Energy Bands in Solids 144
6.3 Elastic Constants and the Interatomic Potential 156
6.4 Linear Elasticity 160
6.5 Misfitting Particle 164
6.6 Surface Energy 169
Problems 172



9 Contents

7 Entropy 175
7.1 Static and Dynamic Sources of Entropy 176
7.2 Short-Range Order and the Pair Approximation 177
7.3 Local Atomic Structures Described by Clusters 181
7.4 Thermodynamics with Cluster Approximations 183
7.5 Concept of Vibrational Entropy 185
7.6 Phonon Statistics 188
7.7 Lattice Dynamics and Vibrational Entropy 190
7.8 Bond Proportion Model 193
7.9 Bond-Stiffness-versus-Bond-Length Model 201
Problems 204

8 Pressure 208
8.1 Materials under Pressure at Low Temperatures 208
8.2 Thermal Pressure, a Step Beyond the Harmonic Model 213
8.3 Free Energies and Phase Boundaries under Pressure 215
8.4 Chemical Bonding and Antibonding under Pressure 217
8.5 Two-Level System under Pressure 220
8.6 Activation Volume 223
Problems 224

9 Atom Movements with the Vacancy Mechanism 226
9.1 Random Walk and Correlations 226
9.2 Phenomena in Alloy Diffusion 235
9.3 Diffusion in a Potential Gradient 244
9.4 Non-Thermodynamic Equilibrium in Driven Systems 248
9.5 Vineyard’s Theory of Diffusion 252
Problems 258

Part III Types of Phase Transformations 261

10 Melting 263
10.1 Free Energy and Latent Heat 263
10.2 Chemical Trends of Melting 264
10.3 Free Energy of a Solid 265
10.4 Entropy of a Liquid 273
10.5 Thermodynamic Condition for Tm 276
10.6 Glass Transition 278
10.7 Two Dimensions 281
Problems 283

11 Transformations Involving Precipitates and Interfaces 285
11.1 Guinier–Preston Zones 285



10 Contents

11.2 Surface Structure and Thermodynamics 287
11.3 Surface Structure and Kinetics 293
11.4 Chemical Energy of a Precipitate Interface 296
11.5 Elastic Energy and Shape of Growing Precipitates 298
11.6 Precipitation at Grain Boundaries and Defects 301
11.7 The Eutectoid Reaction and Ferrous Metallurgy 304
11.8 The Kolmogorov-Johnson-Mehl-Avrami Growth Equation 310
11.9 Coarsening 313
Problems 316

12 Spinodal Decomposition 318
12.1 Concentration Fluctuations and the Free Energy of Solution 318
12.2 Adding a Square Gradient Term to the Free Energy F(c) 320
12.3 Constrained Minimization of the Free Energy 325
12.4 The Diffusion Equation 330
12.5 Effects of Elastic Strain Energy 332
Problems 335

13 Phase Field Theory 336
13.1 Spatial Distribution of Phases and Interfaces 336
13.2 Solidification 339
13.3 Ginzburg–Landau Equation and Order Parameters 341
13.4 Interfaces Between Domains 344
Problems 353

14 Method of Concentration Waves and Chemical Ordering 354
14.1 Structure in Real Space and Reciprocal Space 354
14.2 Symmetry and the Star 361
14.3 The Free Energy in k-Space with Concentration Waves 364
14.4 Symmetry Invariance of Free Energy and Landau–Lifshitz Rule

for Second-Order Phase Transitions 368
14.5 Thermodynamics of Ordering in the Mean Field Approximation

with Long-Range Interactions 372
Problems 377

15 Diffusionless Transformations 379
15.1 Dislocations and Mechanisms 380
15.2 Twinning 385
15.3 Martensite 387
15.4 The Crystallographic Theory of Martensite 393
15.5 Landau Theory of Displacive Phase Transitions 396
15.6 First-Order Landau Theory 401
15.7 Phonons and Structural Collapse 403
15.8 Soft Phonons in BCC Structures 404



11 Contents

Problems 408

16 Thermodynamics of Nanomaterials 410
16.1 Grain Boundary Structure 411
16.2 Grain Boundary Energy 412
16.3 Gibbs–Thomson Effect 415
16.4 Energies of Free Electrons Confined to Nanostructures 417
16.5 Configurational Entropy of Nanomaterials 419
16.6 Vibrational Entropy 422
16.7 Gas Adsorption 424
16.8 Characteristics of Magnetic Nanoparticles 427
16.9 Elastic Energy of Anisotropic Microstructures 429
Problems 431

17 Magnetic and Electronic Phase Transitions 433
17.1 Overview of Magnetic and Electronic Phase Transitions 434
17.2 Exchange Interactions 439
17.3 Correlated Electrons 443
17.4 Thermodynamics of Ferromagnetism 446
17.5 Spin Waves 450
17.6 Thermodynamics of Antiferromagnetism 452
17.7 Ferroelectric Transition 456
17.8 Domains 458
Problems 460

18 Phase Transitions in Quantum Materials 462
18.1 Bose-Einstein Condensation 462
18.2 Superfluidity 465
18.3 Condensate Wavefunction 468
18.4 Superconductivity 471
18.5 Quantum Critical Behavior 480
Problems 483

Part IV Advanced Topics 485

19 Low Temperature Analysis of Phase Boundaries 487
19.1 Ground State Analysis for T = 0 488
19.2 Richards, Allen, Cahn Ground State Maps 490
19.3 Low, but Finite Temperatures 490
19.4 Analysis of Equiatomic bcc Alloys 496
19.5 High Temperature Expansion of the Partition Function 497
Problems 499



12 Contents

20 Cooperative Behavior Near a Critical Temperature 501
20.1 Critical Exponents 502
20.2 Critical Slowing Down 502
20.3 The Rushbrooke Inequality 504
20.4 Scaling Theory 505
20.5 Scaling and Decimation 507
20.6 Partition Function for One-Dimensional Chain 508
20.7 Partition Function for Two-Dimensional Lattice 512
Problems 516

21 Elastic Energy of Solid Precipitates 517
21.1 Transformation Strains and Elastic Energy 518
21.2 Real Space Approach 520
21.3 k-Space Approach 522
Problems 525

22 Statistical Kinetics of Ordering Transformations 527
22.1 Ordering Transformations with Vacancies 528
22.2 B2 Ordering with Vacancies in the Point Approximation 530
22.3 Vacancy Ordering 535
22.4 Kinetic Paths 536
Problems 542

23 Diffusion, Dissipation, and Inelastic Scattering 544
23.1 Atomic Processes and Diffusion 544
23.2 Dissipation and Fluctuations 548
23.3 Inelastic Scattering 551
23.4 Phonons and Quantum Mechanics 554
Problems 558

24 Vibrational Thermodynamics of Materials at High Tempera tures 559
24.1 Lattice Dynamics 560
24.2 Harmonic Thermodynamics 565
24.3 Quasiharmonic Thermodynamics 566
24.4 Thermal Effects Beyond Quasiharmonic Theory 569
24.5 Anharmonicity and Phonon-Phonon Interactions 571
24.6 Electron-Phonon Interactions and Temperature 575
Problems 577

Further Reading 579
References 583
Index 595




