
Contents

I: METALLURGY

Chapter 1. Equilibriumand Nonequilibrium Phases

1.1 EquilibriumPhases 3
1.1.1 Electron/Atom Ratio Systematics 3

1.1.2 ElectronicStructureand Phase Stability 4
1.2 β-TitaniumAlloys 5

1.3 α-TitaniumAlloys 7
1.4 BinaryTitanium-Transition-MetalAlloys 9
1.4.1 FurtherClassificationSchemes forTitanium-AlloyPhases 9

1.4.2 The Ti-Cr System 10
1.4.3 The Ti-Nb System 12

1.5 Multicomponent Titanium-Transition-MetalAlloys 15
1.5.1 Titanium-BaseMulticomponent Alloysin General . 15

1.5.2 The Ti-Zr-Nb System 15
1.6 Nonequilibrium Phases 21
1.6.1 The Martensiticand Athermal ω-Phasesin Quenched

Titanium-Transition-MetalAlloys 21
1.6.2 The Quenching Process 22
1.6.3 StabilityLimit of the β-Phasein Titanium-Transition-

Metal Alloys 25
1.7 Formation and Structuresof theMartensiticPhas 31

1.7.1 Morphology of Martensites 32
1.7.2 Structureof the Martensites 36
1.7.3 Crystallographic,Thermodynamic, and AcousticAspects

of the MartensiticTransformation 37
(a) Crystallography 37
(b) Thermodynamics and Acoustics 37



1.8 Occurrence and Structureof the Quenched ω-Phase 38

1.9 Summary―The Occurrence of the Martensitic and ω-Phases in

Quenched Titanium-Niobium Alloys 46

Chapter 2. Aging and Deformation

2.1 The Aging of Quenched /^-Titanium Alloys 49

2.2 The Athermal and Isothermal co-Phases 50

2.2.1 Athermal co-Phase 50

2.2.2 Isothermal co-Phase 50

2.3 β-Phase Separation 54

2.3.1 Occurrence of the Reaction 54

2.3.2 Ti-Cr 56

2.3.3 Ti-Mo 56

2.3.4 Ti-Nb 57

2.3.5 Thermodynamics of the Phase-Separation Reaction 57

2.4 a-Phase Precipitationfrom β-Titanium Alloys 58

2.4.1 Direct Precipitation 58

2.4.2 Precipitationfrom the β'+ β-Phase 59

2.4.3 Precipitationfrom the ω + β-Phase 59

2.5 Down-Quenching and Up-Quenching―ω- Reversion 60

2.6 Effects of Third Element Additions on Precipitation in

Quenched-and-Aged Titanium-Transition-Metal Alloys 60

2.6.1 The Ternary ω + β-Phase Regime 61

2.6.2 The Ternary β'+ β-Phase Regime 61

2.7 β-Phase Immiscibility 62

2.8 Effects of Cold Deformation on the Microstructures of

Quenched β-Titanium Alloys 66

2.8.1 Low- and High-Level Deformation Microstructures 66

2.8.2 Further Studies of Cold Rolling 67

2.8.3 Swaging 68

2.8.4 Flattening 68
2.8.5 Wire Drawing 70

2.8.6 Summary 72

2.9 Influence of Stress,Strain,and Interstitial-ElementAdditions

on the Transformation Kinetics of Quenched /3-Titanium

Alloys 73
2.10 Influence of Stresson the Transformation 75

2.11 Influence of Heavy PlasticDeformation 75

2.11.1 Influence of Heavy Deformation on the Kinetics of Pre-

cipitation 76

(a) Decomposition of Ti10-Zr40-Nb50 76

(b) Decomposition of Ti33-Zr30-Ta7-Nb30 77



2.11.2 Influence of Aging on the Fibrous Cell Structure 78

(a) Dislocation Motion 78

(b) Cell Growth 79

2.12 The Influence of Interstitial-ElementAdditions 80

2.13 Summary―The Occurrence ofIsothermal ω-and Equilibrium

α-Phases in Deformed and/or Aged Titanium-Niobium Alloys 84

2.13.1 The Isothermal ω-Phase 84

2.13.2 The Equilibrium α-Phase 85

Chapter 3. Mechanical Properties

PART1. HARDNESS

3.1 The Hardness Test 87

3.2 Hardness of Quenched Titanium-Transition-Metal Alloys 88

3.3 Hardness of Aged Titanium-Niobium Alloys 89

3.4 Influence of Third-Element Additions on the Hardnesses of

Unalloyed Titanium and Titanium-Niobium Alloys 90

3.5 Hardness of Ternary and Quaternary Transition-Metal Alloys 93

3.5.1 Composition Dependence 93

3.5.2 Aging Studies 94

3.6 Theoretical Relationships Between Hardness and Strength 94

3.6.1 Hill'sTheory 95

3.6.2 Marsh's Theory 95

3.6.3 Relationship Between the Models 95

3.7 Application of the Marsh formula to the Determination of the

Yield Strength of a Wire 96

3.7.1 Newton-Raphson Solution of the Simplified Marsh

Equation 97
3.7.2 Trial-and-Error Solution of the Simplified Marsh Equation 97

3.7.3 Graphical Solution of the Marsh Equation 97

3.7.4 Applications to Ti-Nb 97
3.8 Normal and Anomalous Tensile Propertiesof Superconductors 98

3.8.1 The "Normal" StaticTensile Properties 99

3.8.2 The "Anomalous" StaticTensile Properties 99

PART 2. ANOMALOUS MECHANICAL PROPERTIES

3.9 Anomalous Tensile and Related Properties 100

3.9.1 Serrated Yielding 100

(a) The General Phenomenon 100

(b) Serrated Yielding in Ti-Nb 100

3.9.2 Thermoelasticity 105



3.9.3 Pseudoelasticity 106
(a) The General Phenomenon 106

(b) Pseudoelasticityin Ti-Nb 106
3.9.4 The Shape-Memory Effect 107

(a) The Shape-Memory Phenomenon in General 107

(b) The Shape-Memory Effectin Ti-Nb 108
3.9.5 The BauschingerEffect 108

(a) The Bauschinger Effectin General 108
(b) The BauschingerEffectin Cu/Ti-Nb Composites 110

3.10 AcousticEmission from Copper and Titanium-Niobium 110
3.11 Mechanical Fatigueof Composite Conductors 112

3.12 Thermomechanical Heating 113

3.12.1 StrainHeating Due to SerratedYielding 113
3.12.2 StrainHeatingin a Cu/Ti-Nb Composite 117

PART 3. NORMAL MECHANICAL PROPERTIES OF TITANIUM-NIOBIUM
ALLOYS AND COMPOSITE CONDUCTORS

3.13 Young's Modulus of Titanium-Niobium Superconductors 121
3.14 Hardness and Modulus of Titanium-Niobium Superconduc-

tors 124
3.15 Hardness, Modulus, and YieldStrengthin Titanium-Niobium

Superconductors 127

3.15.1 The Hill and Marsh RelationshipsApplied to Ti-Nb
Alloys 127

3.15.2 Case Studiesof Ti-Nb(30, 39,and 50 at.%) 128
3.16 TensileStrengthsof Titanium-AlloySuperconductors 129

3.17 TensilePropertiesofTitanium-Niobium TechnicalSupercon-
ductingAlloys 133

3.17.1 The Fractureof Ti-50Nb and Ti-55Nb 144
3.17.2 Influence of the Thermomechanical Processingon the

Fractureof Ti-50Nb 146
(a) Large Inhomogeneously Distributeda-Phase Par-

ticles 146
(b) FinelyDispersedα-PhasePrecipitates 147

3.18 StrengthsofTitanium-Niobium-Base Multicomponent Alloys 147
3.18.1 Ternary Alloys 147

3.18.2 Quaternary Alloys 152
3.19 Modulus and Strengthof Composite Superconductors 152
3.19.1 RelationshipsBetween the Mechanical Propertiesof the

Components 152
3.19.2 TensileData 157

3.19.3 Influence of Heat Treatment, Cold Work, and Cu/SC

Ratio on theTensileStrength 157



3.20 Determination of the Tensile Propertiesof Composites 158

3.20.1 The Mixture Rule for Modulus and Strength Estimation 160

(a) The Mixture Rule for Modulus 162

(b) The Mixture Rule for Strength 162

3.20.2 Young's Modulus 162

3.20.3 Tensile Strength 164

3.21 Strengthening Principlesin Alloys and Composite Conductors 166

3.22 Strengthening of Alloys 166

3.22.1 Duplex Aging 166
3.22.2 Cold Working and α-Phase Precipitation 167

3.23 Strengthening of Composite Conductors 168

3.23.1 Mechanical Propertiesof the Cu Matrix 168

3.23.2 ElectricalResistivityof the Cu Matrix 169

3.23.3 Propertiesof StainlessSteelReinforcement 171

3.23.4 Concluding Note on Composite Strengthening 171

3.24 Workability of Titanium-Alloy Superconductors 171

3.24.1 Principlesof Workability 171

3.24.2 Influence of Temperature on the Workability of Ti-Nb

Alloys 172

3.24.3 Influence of Solute Additions on the Workability of Ti-Nb

Alloys 174

II: PHYSICS

Chapter 4. Dynamic Elastic Modulus

4.1 Determination of Dynamic Moduli 179

4.1.1 Definitions and Interrelationships 179

4.1.2 Terminology 181
4.1.3 Long-Wavelength Measurement Techniques 181

4.2 Ultrasonic (MHz) Methods in Elastic Modulus Measurement 184

4.2.1 Cubic Monocrystals 184

(a) Basic Theory 184

(b) The Significance of C for Transition-Metal Alloys 185

4.2.2 The Isotropic Solid 186

4.2.3 The Anisotropic Solid 187

4.3 Calculation of PolycrystallineElasticModuli from the Mono-

crystallineCompliance Moduli and StiffnessModuli (i.e.,the

Elastic Constants) 188

4.3.1 The VRH Approximation 188

4.3.2 The VRHG Approximation―The Debye Temperature 190



4.4 The ElasticModuli of Titanium-Transition-Metal Alloys 191

4.5 Systematic Variation of ElasticModuli with Composition and

Microstructurein Titanium-Transition-Metal Alloys 194

4.5.1 The β-Isomorphous Alloys Ti-V, Ti-Nb, and Ti-Mo 194

4.5.2 The β-Eutectoid Alloys: Ti-Cr, Ti-Mn, Ti-Fe, Ti-Co, and

Ti-Ni 197

4.6 The Dynamic Modulus of Titanium-Niobium 198

4.7 The Dynamic Moduli of Composite Superconductors 201

Chapter 5. ElectricalResistivity

5.1 ElectricalResistivityof Titanium-Alloy Superconductors 205

5.2 ResistometricallyMonitored Transformation and Aging 215

5.3 The Resistivityof Alloys―Composition Dependence 217

5.3.1 Simple Models of Alloy Resistivity 217

5.3.2 Residual Resistivitiesof Binary Transition-Metal Alloys 218

5.3.3 Relative ScatteringStrengths of Simple-Metal and Transi-

tion-Metal Solutesin Ti 219

5.4 The Resistivityof Alloys―Temperature Dependence 220

5.4.1 Dilute Alloys at Low Temperatures 220

5.4.2 Ti-Alloy Resistivityat Moderate-to-High Temperatures 222

5.4.3 Ti-Alloy Resistivityat Moderate to Low Temperatures―

Gross Features 223
5.5 Anomalous ResistivityConcentration Dependence and Tem-

perature Dependence in Titanium-Base Alloys 228

5.5.1 Anomalous Concentration Dependence 228

5.5.2 Negative Temperature Dependence 231

(a) Ti-V 232

(b) Ti-Nb 232

(c) Ti-Cr 233

(d) Ti-Mo 233

(e) Ti-Fe 233
5.6 Three Case Studies of Negative dp/ dT 234

5.6.1 Negative dp/dT in Ti-V and Ti-Mo 234

5.6.2 Negative dp/dT in Ti-Cr 235

5.7 Mechanisms of Anomalous ResistivityTemperature Depen-

dence 236
5.7.1 Impurity-Scattering Mechanisms 236

5.7.2 Ideal- (i.e.,Phonon-) ScatteringMechanisms 236

5.7.3 Anomalous dp/dT in Strong-ScatteringDisordered Binary

Alloys 237

5.8 Magnetoresistivityin Normal Metals 239



Chapter 6. Thermal Conductivity

6.1 Thermal Conductivity in Insulators and Normal Metals 241

6.2 Insulators 243

6.2.1 IntrinsicLattice Conductivity 243

6.2.2 Influence of Impurities 244

6.2.3 Influence of Grain Boundaries and LatticeDisorder 245

6.3 Conductors 246

6.3.1 Relative Magnitudes of Insulator and Conductor Conduc-

tivity 247

6.3.2 The Electronic Component 249

(a) Thermal Resistivitydue to Electron-Impurity Scatter-

ing, Wes 250

(b) Thermal Resistivitydue to Electron-Phonon Scatter-

ing, Weg 250

(c) Summary 250

6.3.3 The Lattice Component―Thermal Conductivity under

Phonon-Electron and Phonon-Impurity Scattering 251

6.4 Thermal Conductivity of Alloys 252

6.4.1 Influence of Solute Concentration 252

6.4.2 Separation of the Electronicand Lattice Components 253

6.5 Thermal Conductivity Data 254

6.6 Thermal Conductivity in a Magnetic Field 255

6.7 Superconductors 256

6.7.1 The ElectronicThermal Conducitivity of Superconductors,

Kse 256

6.7.2 The Phonon Thermal Conductivity of Superconductors,

Ksg 258
6.8 The Mixed State 261

6.8.1 General Conclusion 262

6.9 Transition-Metal-Alloy Superconductors 263

6.9.1 Normal-State Electronic Resistivity 265

6.9.2 Normal-State Lattice Resistivity 265

6.9.3 Superconducting State 265

6.10 Thermal Transport in Titanium-Niobium Alloys 266

6.10.1 Thermal Conductivity of Ti-Nb 266

6.10.2 Thermal Diffusivityof Ti-Nb 270

6.11 Thermal Resistance of Superconductor/Normal Interfaces 271

6.11.1 Occurrence of the Thermal-Boundary Effect―Kapitza

Resistance 271

6.11.2 Kapitza Resistance of the Cu/Ti-Nb Interface 272

6.11.3 Temperature Drop at the Cu/Ti-Nb Interfacein a Com-

posite Conductor―A Simple Model Calculation 273



Chapter 7. Magnetic Susceptibility

7.1 Introduction 275
7.1.1 Magnetic Susceptibilitiesof Solids 275

(a) Quantitiesand Units Employed 275

(b) Classesof Magnetic Behavior 275
7.1.2 The Role of Magnetic Susceptibilityin Ti-AlloyPhysics 277

7.2 Components of theTotalMagnetic Susceptibilityof Transition

Metals and Their Alloys 279
7.3 PauliParamagnetic Susceptibility 280
7.3.1 Many-Body Effectsin PauliParamagnetism 280

7.3.2 Many-Body Effectsin ElectronicSpecificHeat 281

7.3.3 CalorimetricallyDetermined xP 283
7.4 Landau Diamagnetism 284
7.5 Ion-Core Diamagnetism 285
7.6 OrbitalParamegnetism 285

7.7 Magnetic Susceptibilitiesof Some Pure TransitionElements 286
7.8 SusceptibilityComposition Dependences in BinaryTransition-

Metal Alloys 286
7.8.1 Total Magnetic Susceptibility 286

7.8.2 PauliParamagnetism 287
7.8.3 OrbitalParamagnetism 287

7.9 SusceptibilityTemperature Dependences of Pure Transition

Elements 288
7.10 Curie-Weiss Paramagnetism in Titanium-Transition-Metal

Alloys 291
7.10.1 DiluteAlloys 291

7.10.2 ConcentratedTi-Mn Alloys 292
7.11 SusceptibilityTemperature Dependence in Concentrated

Titanium-BaseAlloys―CaseStudiesof Ti-Al,Ti-V, and Ti-
Mo 294

7.11.1 β-PhaseAlloys 294
7.11.2 a-Phase Alloys 299

7.12 Concentration,Microstructure,and Temperature Dependen-

ces of Magnetic Susceptibility―ACase Study of Titanium-
Vanadium 297

7.12.1 Concentrationand MicrostructureDependence 297
7.12.2 Anomalous Temperature Dependence 298

7.13 Magnetic Susceptibilityas a Function of Microstructurein

Titanium-BaseAlloys 299
7.13.1 Quenched Ti-TM Alloys 299

7.13.2 Magnetic Susceptibilityof w-Phase 301



7.14 Magnetic Studies of Precipitationand Aging in Titanium-

Transition-Metal Alloys 303

7.14.1 The Aging Process in theω + β-Field 303

7.14.2 Properties of a "Saturation-Aged" to+ /3-Phase Ti-TM

Alloy 305

Chapter 8. Low-Temperature Specific Heat

8.1 Low-Temperature SpecificHeat of Solids 307

8.1.1 SpecificHeat of Insulators 307

(a) Quantities and Units Employed 307

(b) Temperature Dependence of the LatticeSpecificHeat 308

8.1.2 Low-Temperature SpecificHeat of Metals 308

8.1.3 InterrelationshipsBetween y and 0D 310

8.2 Composition and Microstructure Dependence of Low-

Temperature Specific Heat in Titanium-Transition-Metal

Alloys 311

8.2.1 General Description 311

8.2.2 Low-Temperature SpecificHeats of Ti-V, Ti-Mo, and Ti-

Fe 312

8.2.3 Normal-State Low-Temperature Specific Heat of Ti-Nb 313

8.3 Low-Temperature SpecificHeats of Superconductors ... 316

8.3.1 Experimental Observations 316

8.3.2 LatticeSpecific Heat in the Normal and Superconducting

States 317
8.4 The Superconductive Electronic SpecificHeat 318

8.4.1 The Gorter-Casimir Two-Fluid Relationships 318

8.4.2 The Exponential Form 319

8.4.3 The Full BCS Electronic SpecificHeat 320

8.4.4 The Electronic SpecificHeat at Tc―Height of the Specific

Heat Jump, AC 320

8.5 The Electron-Phonon Coupling Strength 321

8.5.1 Coupling Strength and the Temperature-Ratio TC/0D 321

8.5.2 Coupling Strength and the Deviation Function, D(t) 324

8.6 Relative Height of the SpecificHeat Jump at Tc as a Function

of Coupling Strength 326

8.6.1 Jump Height in Terms of the Deviation Function 326

8.6.2 Jump Height in Terms of Tc/0D 327

8.7 Empirical Determination of the Electron-Phonon Coupling

Constant―A Case Study of Ti-Mo Alloys 329

8.7.1 Electron-Phonon Enhancement of the Density-of-States―

Theoretical 329



8.7.2 Electron-Phonon Effects―Semiempirical 329

(a) BCS Theory 329
(b) McMillan Theory 330

8.7.3 Electron-Phonon Effects―EmpiricalMethod foran Alloy

Series 330

Chapter 9. Low-Temperature Thermal Expansion

9.1 Thermal Expansion ofInsulatorsand Metals 335
9.1.1 Harmonicity and Anharmonicity in Thermal Expansion 335

9.1.2 Development of the Subject 338
9.1.3 The Electronic,Magnetic,and Other Contributionsto Low-

Temperature Thermal Expansion 339
9.1.4 LiteratureSources―Planof the Chapter 340

9.2 Thermal Expansion of Insulators 341
9.2.1 Thermodynamics of the Debye IsotropicContinuum 341

(a) Internal Energy Formulation of the Expansion

Equation 341
(b) Entropy Formulationof theGriineisenRelation 343

9.2.2 Lattice-DynamicalApproach 344

(a) Cubic Crystals 344
(b) Noncubic Crystals 346

9.3 Thermal Expansion of Metals 347
9.3.1 The ElectronicExpansion Coefficient 347

(a) The Heat-CapacityAnalogy 347
(b) Entropy Formulation of the ElectronicExpansion

Coefficient 349

9.3.2 The Free-ElectronExpansion Coefficient 350

9.3.3 RelativeLinearExpansion at Low Temperatures 350
9.3.4 FurtherCalculationsof theElectronicThermal Expansion

Coefficient―Departuresfrom the Free Electron Model 351
9.4 Thermal Expansion of Magnetic Solids 351
9.5 Thermal Dilatometry 353

9.5.1 Introduction 353
9.5.2 InterferenceMethods 354

(a) LightWaves 354

(b) X-Rays 354
9.5.3 Resonance Methods 355

(a) Radio Waves 355

(b) Lightwaves 356
9.5.4 Push-Rod, Optical-Lever,SQUID, and CapacitiveTech-

niques 356



(a) Push-Rod Dilatometry 356

(b) Optical Lever Methods 357

(c) SQUID Technology 358

(d) The Three-Terminal Capacitance Method 358

9.5.5 Standards and Calibration Techniques 360

9.6 Thermal Expansions of Selected Metals and Alloys 361

9.6.1 Thermal Expansion of Cu 361
9.6.2 Thermal Expansion of Al 361

9.6.3 Thermal Expansion of Ti 361

9.6.4 Thermal Expansions of Some Selected Technical Alloys 363

9.6.5 Estimation of Thermal Expansion (Contraction) Curves 363

(a) Thermal Contractions of Metals and Alloys Based on

Their Room-Temperature Thermal Expansion

Coefficients 363

(b) Empirical Relationship Between the Melting Point

and the Room-Temperature Thermal Expansion

Coefficient 366

9.7 Thermal Expansion of Superconductors 367

9.7.1 Thermal Expansion Through the Superconducting Transi-

tion 367

9.7.2 Phenomenological Thermodynamic Relationships 369

9.7.3 Thermal Expansion At and Below Tc 370

(a) Modified Weak-Coupling Approach 370

(b) Strong-Coupling Approach 372

(c) Prognosis for Ti-Nb 373

9.7.4 Normal-State Thermal Expansions of Ti-Nb and Ti-Zr-Nb 373

9.8 Thermal Expansion of Metallic and Nonmetallic Composites 375
9.8.1 ParallelStrips 375

9.8.2 Isotropic Solid-StateDispersion 376

9.8.3 Granular Compacts 377

9.8.4 Fiber-Reinforced Composites 377

(a) The Longitudinal Thermal Expansion 377

(b) Transverse Thermal Expansion 379

(c) Thermal Expansion Data for Some Superconducting

Magnet Composites 379

III: THE SUPERCONDUCTING TRANSITION

Chapter 10. Calorimetric Studies of the Superconducting

Transition and the Mixed State

10.1 The Calorimetrically Determined Transition Temperature 383



10.2 Calorimetric Studies of Tc as a Function of Composition-

Related Microstructure―General Descriptions 384

10.2.1 Tc in the Martensitic Alloys 385

10.2.2 Tc in theω + β-Phase Alloys 385

10.2.3 Tc and Other Propertiesof ω-Ti-Mo 386

10.3 CalorimetricallyDetermined Superconducting Transitionsin

Quenched Low-Concentration αm-Phase Ti-TM Alloys 387
10.3.1 Typical Results 388

10.3.2 Atypical Results―Ti-Mn 389

10.3.3 Distributed Calorimetric Transitions 390

(a) An Early Analysis of Superconducting Transition

Rounding 390

(b) LaterExamples of CalorimetricTransitionRounding

in General 392

10.4 Transition Temperatures of Unstable bcc Alloys―A Case

Study of Titanium-Molybdenum 393

10.4.1 The Tcofbcc-Ti 393

10.4.2 The Tc of Dilute bcc Ti-Mo Alloys 394

10.5 Influence of Aging on the Transition Temperatures of

Titanium-Transition Metal Alloys 397

10.5.1 Magnetic Susceptibilityand ElectronicSpecificHeat . . 398
10.5.2 The Transition Temperature 399

10.5.3 Verificationof the Propertiesof β-Ti-Mo( 10.3at.%) 401

10.6 Low-Temperature Specific-Heatin the Mixed State 401

10.6.1 The ElectronicSpecificHeat 401

10.6.2 Height of the SpecificHeat Jump 403

10.7 Influence of Deformation Itself,and Deformation- or Solute-

Induced Phase Transformations on the Superconducting

Transition 404

10.7.1 Deformation of Pure Elements 404

10.7.2 Deformation-Induced Transformation in Ti-TM Alloys 406

(a) Deformation Martensite 406

(b) Deformation Twins 406

10.7.3 Solute-Induced Transformation in Ti-TM Alloys 406

10.8 Analysis of the Rounded Zero-Field Calorimetric Supercon-

ducting Transition 408

10.8.1 The Transition Temperature DistributionFunction 408

10.8.2 Outline of a Two-Component Model 411

10.8.3 Application of the Two-Component Model 412

10.9 Rounded Calorimetric Transitionsinto the Mixed State 414

10.9.1 General Principles 414

10.9.2 Deformation Structureand the Mixed State 416

10.9.3 Calorimetric Studies of kgl Modulation 417



Chapter 11. The Superconductive Proximity Effect

11.1 Introduction 419

11.1.1 Terminology 419

11.1.2 Coherence Length and LiteratureSurvey 420

11.1.3 Measuring Techniques 430

11.1.4 Influence of the Underlayer on Tsn 431

11.2 Selectionof Couples 431

11.3 Experimental Materials and Techniques 433

11.4 Theoretical Considerations―Cooper's Model 434

11.5 The Theory of de Gennes 435

11.5.1 Thick Films in Which Dn,s≫ξn,s 435

11.5.2 Thin Superconductive Film on a Massive Normal Under-

layer 436
11.5.3 Thin Films―The Cooper Limit (D ≪ξ) 436

11.6 The Theory of de Gennes and Werthamer 437

11.6.1 Formulations of the Theory 437

11.6.2 Proximity Effect Against Normal Metals 439

11.6.3 Proximity Effect Against Magnetic Metals 439

11.7 The Evolution of Proximity-EffectResearch 440

(a) Supercurrent Tunnelling 441

(b) Proximity Effectin Modulated Structures 441

(c) Low-Temperature Specific Heat in the Study of

Proximity Effect 441

11.8 Low-Temperature SpecificHeats of Proximity EffectCouples 442

11.8.1 Theory of the Specific Heat and Its Discontinuity at Tc 442

11.8.2 Experimental Studies of Specific Heat in the Proximity

Effect Regime 443

11.9 Proximity Effectsin ω + β-Phase Transition-Metal Alloys―A

Case Study of Ti-Mo(10.3 at.%) 444

11.9.1 Experimental Results―-.General 444

11.9.2 Experimental Results―Ti-Mo(10.3 at.%) 445

11.9.3 Data Analysis―Ti-Mo( 10.3 at.%) Aged 880h/350°C 447

(a) Procedures 447

(b) Proximity Effect 449

11.9.4 Conclusion 451

Chapter 12. The Superconducting Transition Temperature

12.1 The BCS Weak-Coupling Result 453

12.2 Strong-Coupling Theory 454

12.3 The Cardinal Determiner of the TransitionTemperature 457



12.4 Transition Temperature Systematicsin Crystallineand Amor-

phous Transition-Metal Alloys 459

12.4.1 Transition Temperatures of bcc Transition-Metal Alloys 459

12.4.2 Superconductivity in Crystallineand Amorphous Transi-

tion-Metal Alloys 461

12.5 Transition Temperatures of Titanium-Niobium-Base Alloy

Superconductors― Some Experimental Results 463

12.5.1 Transition Temperature of Ti-Nb 463

12.5.2 Simple Metal Additions to Ti-Nb 466

(a) Transition Temperatures of Ti-Nb-Cu Alloys 466

(b) Transition Temperatures of Ti-Nb-Ge Alloys 466

12.5.3 Substitutesfor Titanium in Ti-Nb Alloys 467

(a) Transition Temperatures of Ti-Zr-Nb Alloys 467

(b) Transition Temperatures of Ti-Hf-Nb Alloys 468

12.5.4 Substitutesfor Niobium in Ti-Nb Alloys 468

(a) Transition Temperatures of Ti-Nb-V Alloys 468

(b) TransitionTemperatures of Ti-Nb-Ta Alloys 468

12.5.5 Substitutesfor both Ti and Nb in Ti-Nb Alloys 469

IV: THE MIXED STATE

Chapter 13. Magnetic Properties of Superconductors

13.1 Development of the ClassicalModels 473

13.2 Type-I and Type-II Superconductors 480

13.3 The London Penetration Depth, λL 481

13.4 Extension of London Theory 482

13.4.1 The Coherence Length, ξ 482

13.4.2 The Penetration Depth, λ 484

13.5 Parameters of the Ginzburg-Landau (G-L) Theory 485

13.5.1 Penetration Depths and Coherence Lengths 485

(a) The Penetration Depths 485

(b) The Coherence Lengths 486

13.5.2 The Ginzburg-Landau Parameters, kGL 486

13.5.3 Clean and Dirty Limits of kgl in Type-II Superconductors 488

13.6 The Thermodynamic CriticalField, Hc 489

13.6.1 Thermodynamic Relationships 489

13.6.2 The BCS "Thermodynamic" CriticalField 492

13.7 The Lower CriticalField, Hci―Onset of the Mixed State . . 493

13.8 The Upper CriticalField, Hc2―Onset of the Normal State 494
13.8.1 Microscopy Theory 494

13.8.2 Thermodynamic Relationships 495

13.9 The Surface Sheath CriticalField, Hc3 495



Chapter 14. The Mixed State

14.1 Temperature Dependences of the CriticalFields 499

14.1.1 Early Experimental Studies of Hc1(T) 500

14.1.2 Early Semiempirical Studies of Hc2(T) 500

14.2 Foundations of the Ginzburg-Landau-Abrikosov-Gor'kov

(GLAG) Theory of the Mixed State 502

14.2.1 The Ginzburg-Landau Parameter and Its Response to

Alloying 502

14.2.2 Structure of the Flux Lattice 504

14.3 Dirtinessand Irreversibilityin Type-II Superconductors 506

14.3.1 The Ginzburg-Landau-Gor'kov Impurity Parameter,

ξo/l 506

14.3.2 IrreversibleAlloy Superconductors 506

14.4 The Full Ginzburg-Landau-Gor'kov-Bardeen-Cooper-

SchriefferRelationships 507

14.5 Evolution of Nonparamagnetic Post-GLAG Theories of the

Upper CriticalField Temperature Dependences 507

14.5.1 Symbols for the Upper CriticalFields 507

14.5.2 Development of the Maki Dirty-Limit Equations 510

14.5.3 Magnetic and Calorimetric Determinations of K1(t) 513

14.5.4 Magnetic and Calorimetric Determinations of K2(t) . . 514

14.5.5 Final Developments in Nonparamagnetic Mixed-State

Theory 514
14.6 Evaluation of the Nonparamagnetic Upper CriticalField 517

14.6.1 Evaluation of Hc2 in Terms of Normal-State Properties 517

14.6.2 Evaluation of Hc2 in Terms of Superconductive-State

Properties 518

(a) FirstApproach 518

(b) Second Approach 518

(c) Third Approach 518

(d) Fourth Approach 518

14.7 Evaluation of the Thermodynamic CriticalField 519

14.7.1 Hc0 in Terms of Measurable Parameters 519

14.7.2 A Case Study with Ti-Nb 519

14.8 Evaluation of the Maki Lower CriticalField 520

14.8.1 Hc10 in Terms of Measurable Parameters 520

(a) The Method of Fietz and Webb for Irreversible

Superconductors 520

(b) The Method of Lubell and Kernohan 520

14.8.2 Validityof Nonparamagentic Maki Theory as a Descriptor

of Hc1 in Intermediate-KGL Alloys―A Case Study of Ti-

Doped Nb 521



Chapter 15. The Paramagnetic Mixed State

15.1 Pauli Paramagnetic Limitation 527

15.2 Mechanisms for the Relief of Pauli Paramagnetic Limitation 530

15.2.1 Early Observations 530

15.2.2 Thermodynamic Model for the SOS Relief of PPL 531

15.2.3 Mechanistic Interpretationof the SOS/PPL Effects 535

15.3 Calorimetric Evidence for the Paramagnetic Mixed State 536

15.4 The Spin-Paramagnetic Theories of Maki and of Werthamer,

Helfand, and Hohenberg 537

15.5.1 The Theories of Maki 537

15.4.2 The Theory of Werthamer, Helfand, and Hohenberg

(WHH) 538

15.4.3 The Conjoint Theories of Maki and WHH 538

15.5 The Maki Result 538

15.5.1 Pauli Paramagnetic Limitation(PPL) 538

15.5.2 Spin-Orbit Scattering(SOS) . 542

15.5.3 The Maki Mixed State ki(t) and Hc2(t) Relationships 543

(a) The Full Maki Mixed-State k,-Parameter 543

(b) The Maki Upper CriticalField 543

15.5.4 An Application of Maki Theory 545

15.6 The Werthamer, Helfand, and Hohenberg (WHH) Result 547

15.6.1 Essential Parameters and Formalisms of WHH Theory 547

15.6.2 The Order of the Transitionat Hc2 548

15.6.3 Early Applications of WHH Theory 549

15.6.4 Experimental Spin-Orbit Relaxation Time, tso 551

15.6.5 Influence of Atomic Number on the Spin-Orbit-Scattering

Frequency, t,o 551

15.7 Application of the Coupled Results of Maki and WHH 552

15.7.1 InterrelationshipsBetween the Maki and WHH Theories 552

15.7.2 Applications of the Coupled Maki-WHH Theories 554

(a) The Experiments of Barnes and Hake 554

(b) The Experiments of Brand 555

15.8 The Breakdown of Simple WHH Theory―Consideration of

Many-Body Effectsand Spin-Orbit-ScatteringFrequency 557

15.8.1 The Influence of Many-Body Interaction on the Clogston

Limiting Field 558

15.8.2 Spin-Orbit ScatteringFrequency 560

15.9 Conclusion―Summary of Essential Factors Controlling the

Magnitude of the Upper CriticalField 560

Chapter 16. The CriticalState

16.1 Reversible and IrreversibleType-II Superconductors 563

16.2 The CriticalState 566



16.2.1 Introduction 566

16.2.2 Thermodynamic Equilibrium in the CriticalState 567

16.2.3 The Elementary Pinning Force, fp 568

16.2.4 Introduction of the Maxwellian Supercurrent 569

16.3 CriticalState Models 570

16.4 The Bean Model of the CriticalState 571

16.4.1 Basic Phenomenological Equations of the Model 571

16.4.2 Cylinder Magnetization in the Bean Model 573

16.5 Models for the Pinned CriticalState 578

16.6 Applications of the CriticalState Models to Tube and Coil

Magnetization 579

16.6.1 Tube and Coil Magnetization Studies―A General

Introduction 579

16.6.2 The Tube-Magnetization Experiments of Kim et al 582

16.6.3 Relationship Between the 4πM versus H and B versus H

Diagrams 582
16.7 Relationship Between Applied Fieldand Induction in Irrevers-

ible(i.e.,Hard) Type-II Superconductors 584

16.7.1 Relationship Between B and H at the Surface 585

16.7.2 Relationship Between the Field Gradients in the Interior 585

16.7.3 Relationship Between μeq0and μeq 586

16.8 The Role of Hc1 in CriticalStateTheory 586

16.9 Experimental Studies ofInduction Profilesin the CriticalState 587

16.9.1 Induction ProfileScanning 587

16.9.2 Field Modulation Methods 590

Chapter 17. The Upper CriticalField

17.1 The Nonparamagnetic CriticalFields 597

17.1.1 Temperature Dependences of the CriticalFields 597

17.1.2 Evaluation of the Zero-K Upper CriticalField 598

17.2 The Paramagnetically Limited Upper CriticalField and Its

Temperature Dependence 599

17.2.1 Influence of Normal-State Pauli Paramagnetism 599

17.2.2 Further Developments of Mixed-State Theory 599

17.2.3 Influence of Electron-Phonon and Electron-Electron

Interaction on the Paramagnetic Limit, Hp0 603

17.2.4 Summary of Recent Advances in WHH Theory 604

17.3 Fundamental Determiners of the Upper CriticalField―Pros-

pects for Raising Hc2 604

17.3.1 Prospects for Raising H*c20 605

17.3.2 Prospects for Raising Hp0cl 606

17.3.3 Prospects for Raising Hp0 606



17.3.4 ProspectsforRaisingHc20above Hc20 607

17.4 Influence of Metallurgicaland Physical Variableson the
Measured Upper CriticalField 608

17.4.1 Cold Deformation 608
17.4.2 Aging 608

(a) Low ConcentrationTi-Nb Alloys 608
(b) Intermediate-ConcentrationTi-Nb Alloys 610
(c) High-ConcentrationTi-Nb Alloys 611

17.4.3 Influenceof Temperature 611
(a) The EntireTemperature Range 611
(b) The IncrementalTemperature Dependence Near Tc 612

(c) Conclusion 612
17.5 Measurement of theUpper CriticalField 613

17.5.1 TransitionCriteria 613
17.5.2 Measurement Current Densityand Other Considerations 613

17.6 Upper CriticalFieldsofTitanium-Niobium-Base AlloySuper-

conductors―Some ExperimentalResults 615
17.6.1 Upper CriticalFieldof Ti-Nb 615

17.6.2 Simple-Metal Additionsto Ti-Nb 616

17.6.3 SubstitutesforTiin Ti-Nb Alloys 617
(a) Upper CriticalFieldsof Ti-Zr-Nb Alloys 617
(b) Upper CriticalFieldsof Ti-Hf-Nb Alloys 618

17.6.4 SubstitutesforNb in Ti-Nb Alloys 619

(a) Upper CriticalFieldsof Ti-Nb-V Alloys 619
(b) Upper CriticalFieldsof Ti-Nb-Ta Alloys 619
(c) Upper CriticalFieldsof Ti-V-Ta Alloys 620

17.6.5 SubstitutesforBoth Ti and Nb in Ti-Nb Alloys 621

(a) Upper CriticalFieldsof Ti-Zr-Hf-Nb Alloys 621
(b) Upper CriticalFieldsof Ti-Hf-Nb-Ta Alloys 621
(c) Upper CriticalFieldsof Ti-Zr-Nb-Ta Alloys 622

Chapter 18. Fluxin Motion under the Influence of a FieldGradient

18.1 Classesof Flux Motion 626

18.1.1 Flux Creep 626
18.1.2 Flux Flow 626

18.1.3 Flux Jumping 627

18.1.4 Summary 628
18.2 PhysicalAnalogs of the Dynamic Mixed State 629
18.2.1 Mechanical and Thermal Analogs 629
18.2.2 An ElectricalTransport Analog 632



18.3 Electromagnetism of the Dynamic Mixed State 632

18.3.1 The Magnetic Driving Force 632

18.3.2 The Lorentz Driving Force 633

18.3.3 Electromotive Force and Power Dissipation Associated

with Flux Motion 633

18.4 The Tube Magnetization Experiment in Flux Dynamics

Studies 634

18.5 Flux Creep 638

18.5.1 Experimental Observations―Temperature Dependence

of the CriticalState 638

18.5.2 Experimental Observations―Time-Dependence of Criti-

cal State Decay 639

18.6 The Thermal Activation Theory of Flux Creep 640

18.6.1 Development of the Theory 640

18.6.2 Temperature Dependence of the CriticalParameter,αc(T) 642

18.6.3 Commentary on Anderson's Theory 643

18.7 Current-Voltage Relationshipsin the Creep State 644

18.8 Time Dependence of the CriticalState 644

18.9 RelativelyRecent Magnetic Studies of Flux Creep 646

18.9.1 Determination of Pinning Energy 646

18.9.2 Evidence for Flux Clustering 648

18.10 Flux Creep as Magnetic Diffusion 648

18.10.1 Atomic Diffusion 648

(a) Phenomenological Relationships 648

(b) Self-Diffusion 649

(c) Chemical Diffusion 649

(d) The Diffusivity,D 650

18.10.2 Magnetic Diffusion 650

18.11 Phenomenological Investigation of Electromagnetic Diffu-

sion 654
18.11.1 The Basic Equations 655

(a) Solid Cylinder of Radius a 655

(b) Hollow Cylinder of Inner Radius a and Outer

Radius b (Wall Field) 655

(c) Hollow Cylinder of Inner Radius a and Outer

Radius b (Core Field) 655

18.11.2 Application of the Electromagnetic Diffusion Equations

to the Measurement of Creep Resistivity 656

(a) Solid Cylinder: Radius a 656

(b) Tube: Inner Radius a, Outer Radius b, Internal

Field 657

18.12 Magnetic Studies of Flux Flow 658

18.12.1 The Flow ViscosityCoefficient 658



18.12.2 Experimental Design forViscosityCoefficientMeasure-

ment 660
18.12.3 Analysisof the Flux-Flow Equations 661
18.12.4 Flux-Flow Viscosityin Weakly-Pinned Alloys―A Case

Study of Annealed Ti-Nb and Zr-Nb Alloys .... 662
18.12.5 Conclusion―RelationshipBetween Pinning Strength

and theDynamics of Flux Motion 664
18.13 Flow Resistivitiesand CriticalCurrentDensitiesof Annealed

Ti-Nb(75at.%) and Zr-Nb(75 at.%) Alloys 665
18.13.1 Flow Resistivity 665

18.13.2 CriticalCurrent Density 666
18.13.3 Corollary 667

18.14 Magnetic Studiesof Flux Jumping 667
18.14.1 The Use ofTube and CylinderMagnetizationTechniques 667
18.14.2 The Experiments of Wipf and Lubell 671

18.14.3 The Experiments of Kroeger 672
18.14.4 The Experiments of Gandolfo 673

18.15 Magnetic Instabilityin Tube Magnetization 676

18.15.1 Incomplete and Full Flux Jumping―HistoricalBack-

ground and PresentStatus 676
18.15.2 IntrinsicStabilityConsiderations 677

18.16 Upper ShieldingLimit of FullCriticalStateStability,Hh―

The Lower Bound of the Incomplete Flux-Jump Regime 680
18.17 Upper Bound of theIncomplete Flux-Jump Regime, Hfj―

The Threshold of Runaway Instability 681

18.18 The Concept of "LimitedInstability" 682
18.19 Insightsinto Superconductor StabilizationDerived from

Flux-Jump Studies 684
18.19.1 The StabilityCycle 684
18.19.2 Stabilityand Degradation 686

Chapter 19. Magnetization and CriticalCurrent Density

19.1 Principlesof Magnetic CriticalCurrent Density Measure-

ment 687
19.2 StaticTube Magnetization 689
19.3 Saturation-MagnetizationReversal 691
19.4 Harmonic Analysis 694

19.5 StaticFieldProfileAnalysis 696
19.6 Dynamic FieldProfileAnalysis 696

19.7 Torque Magnetometry 698
19.8 Vibrating-SampleMagnetometry 699



19.8.1 Adaptation of the Magnetization-ReversalTechnique 700
19.8.2 Measurement of CriticalCurrent Density Anisotropy 700

(a) Principleof the Measurement 700
(b) MagnetizationStudiesof Twisted Multifilamentary

SuperconductingComposites 701

References 705

Symbols and Abbreviations 755

Index of Plottedand Tabulated Data 773

SubjectIndex 779


	page1
	page2
	page3
	page4
	page5
	page6
	page7
	page8
	page9
	page10
	page11
	page12
	page13
	page14
	page15
	page16
	page17
	page18
	page19
	page20
	page21

