
DYNAMIC BEHAVIOR OF
MATERIALS

Marc Andre Meyers
University of California, San Diego

A WILEY-INTERSCIENCE PUBLICATION

JOHN WILEY & SONS, INC.

New York • Chichester • Brisbane • Toronto • Singapore



CONTENTS

1. Dynamic Deformation and Waves 1

1.1 Objectives and Approach 1
1.2 Structure of Book 6
1.3 Vibrating String and Spring 11
Bibliography 19

2. Elastic Waves 23

2.1 Dynamic Propagation of Deformation 23
2.2 Elastic Wave in Cylindrical Bar 25
2.3 Types of Elastic Waves 27
2.4 Propagation of Elastic Waves in Continuum 31
2.5 Calculation of Distortional Wave Velocity 38
2.6 Surface (Rayleigh) Waves 40
2.7 Elastic Waves: Indicial Notation 43
2.8 Wave Reflection, Refraction, and Interaction 45
2.9 General Solution of Wave Equation 50
2.10 Elastic Waves in Cylindrical Bars: Additional

Considerations 54
2.11 Spherical Stress Waves 59
2.12 Solution of Wave Equation by Method of Characteristics 61
References 65

3. Plastic Waves 66

3.1 Introduction 66
3.2 Plastic Waves of Uniaxial Stress 68
3.3 Plastic Waves of Uniaxial Strain 75
3.4 Plastic Waves of Combined Stress 77
3.5 Additional Considerations of Plastic Waves 81
3.6 Impact of Bars of Finite Length 82

3.6.1 Taylor's Experiments 82
3.6.2 The Wilkins-Guinan Analysis of the Taylor Test 89

References 97

xiii



XIV CONTENTS

4. ShockWaves 98

4.1 Introduction 98
4.2 Hydrodynamic Treatment 101

4.2.1 Basic Assumptions 101

4.3 Impact 110
4.4 Relationships between Shock Parameters 117
4.5 Real Shock Wave Profiles 117
References 122

5. Shock Waves: Equations of State 124

5.1 Experimental Methods for Obtaining EOS Data 124
5.2 Theoretical Calculations of EOS 126
5.3 Equation of State for Alloys and Mixtures 135
5.4 The EOS for Porous and Distended Materials 140
5.5 Temperature Rise Associated with Shock Waves 146
References 151

6. Differential Form of Conservation Equations and Numerical
Solutions to More Complex Problems 152

6.1 Introduction 152
6.2 Mathematical Review 153
6.3 Fluid Flow 157
6.4 Eulerian and Lagrangian Referentials 160
6.5 Differential Form of Conservation Equations 161

6.5.1 Conservation of Mass 162
6.5.2 Conservation of Momentum 163
6.5.3 Conservation of Energy 165

6.6 Finite Differences and Artificial Viscosity 167
6.7 Hydrocodes 172
References 178

7. Shock Wave Attenuation, Interaction, and Reflection 179

7.1 Introduction 179
7.2 Attenuation of Shock Waves 183
7.3 Shock Wave Interaction and Reflection 188
References 201

8. Shock Wave-Induced Phase Transformations and Chemical
Changes 202

8.1 Introduction 202
8.2 Thermodynamics of Phase Transformations 203



CONTENTS XV

8.3 Phase Transformations and the Rankine-Hugoniot Curves 206
8.4 Materials Undergoing Shock-induced Phase

Transformations 212
8.5 Shock-induced Melting, Solidification, and Vaporization 217
8.6 Transformations Induced by Tensile Stress Pulses 219
8.7 Shock-induced Chemical Reactions 219
References 227

9. Explosive-Material Interactions 229

9.1 Introduction 229
9.2 The Gurney Equation 234

9.2.1 Cylindrical Geometry 235
9.2.2 Spherical Geometry 236
9.2.3 Asymmetric Plate Geometry 237
9.2.4 Gurney Energies 238

References 242

10. Detonation 244

10.1 Introduction 244
10.2 Conservation Equations 247
10.3 Equations of State 247
10.4 Von Neumann Spike and Change Diameter Effects 253
10.5 Explosive-Material Interaction 260
10.6 Propagation of Detonation in Solid and Liquid Explosives 264
10.7 Thermal and Shock Initiation of Explosives 266
References 270

11. Experimental Techniques: Diagnostic Tools 271

11.1 Introduction 271
11.2 Arrival Time Detectors 272
11.3 Laser Interferometry 275
11.4 Piezoresistive Gages 279
11.5 Piezoelectric Gages 282
11.6 Electromagnetic Velocity Gages 285
11.7 Cinematographic and Flash X-Ray Techniques 287

11.7.1 Shawdographs 287
11.7.2 Rotating-Mirror Camera 288
11.7.3 Image Converter, Electronic, and High-Speed

Television Cameras 290
11.7.4 Flash Radiography 290

References 295



XVi CONTENTS

12. Experimental Techniques: Methods to Produce Dynamic
Deformation 296

12.1 Introduction 296
12.2 High-Strain-Rate Mechanical Response 298
12.3 High-Strain-Rate Mechanical Testing 303

12.3.1 Intermediate-Strain-Rate Machines 303
12.3.2 Hopkinson (or Kolsky) Bar 305
12.3.3 Expanding-Ring Technique 311

12.4 Explosively Driven Devices 314
12.4.1 Line-and Plane-Wave Generators 314
12.4.2 Flyer Plate Accelerating 316

12.5 Gun Systems 318
References 321

13. Plastic Deformation at High Strain Rates 323

13.1 Introduction 323
13.2 Empirical Constitutive Equations 325
13.3 Relationship between Dislocation Velocity and Applied

Stress 330
13.3.1 Dislocation Dynamics 330
13.3.2 Thermally Activated Dislocation Motion 337
13.3.3 Dislocation Drag Mechanisms 345
13.3.4 Relativistic Effects on Dislocation Motion 349
13.3.5 Synopsis 361

13.4 Physically Based Constitutive Equations 362
13.4.1 The Zerilli-Armstrong Model 368
13.4.2 Mechanical Threshold Stress Constitutive Model 371

13.5 Experimental Validation of Constitutive Equations 374
13.6 Temperature Rise during Plastic Deformation 375
References 378

14. Plastic Deformation in Shock Waves 382

14.1 Strengthening due to Shock Wave Propagation 382
14.2 Dislocation Generation 393

14.2.1 Smith's Model 401
14.2.2 Hornbogen's Model 401
14.2.3 Criticism of the Smith and Hornbogen Models 402
14.2.4 Homogeneous Dislocation Nucleation 405
14.2.5 Mogilevsky's Model 408
14.2.6 Weertman-Follansbee Model 411

14.3 Point-Defect Generation 415



CONTENTS XVli

14.4 Deformation Twinning 420
14.4.1 Effect of Material and Shock Wave Parameters 420
14.4.2 Mechanisms 423

14.5 Displacive/Diffusionless Transformations 427
14.6 Other Effects 430
14.7 Mechanical Stability of Substructure 437
14.8 Shock Wave Effects in Ceramics 438
References 442

15. Shear Bands (Thermoplastic Shear Instabilities) 448

15.1 Qualitative Description 448
15.2 Constitutive Models: Elementary 458
15.3 Constitutive Models: Advanced 461
15.4 Metallurgical Aspects 474
References 486

16. Dynamic Fracture 488

16.1 Introduction: Fracture Mechanics Fundamentals 488
16.2 Unique Features of Dynamic Fracture 496
16.3 Limiting Crack Speed 497
16.4 Crack Branching (Bifurcation) 504
16.5 Stress Wave Loading of Cracks 506
16.6 Is the Fracture Toughness Strain Rate Dependent? 509
16.7 Determination of Dynamic Fracture Toughness 516
16.8 Spalling 523

16.8.1 Qualitative Description 523
16.8.2 Quantitative Spalling Models 526
16.8.3 Microstructural Effects 541

16.9 Fragmentation 546
16.9.1 Mott's Fragmentation Theory 547
16.9.2 Grady-Kipp's and Grady's Models 549
16.9.3 Internal Damage in Fragments 555
16.9.4 Fragmentation of Ceramics Due to Impact 558

References 563

17. Applications 567

17.1 Introduction 567
17.2 Shaped Charges and Explosively Forged Projectiles 570

17.2.1 Theory of Jet Formation and Propagation 573
17.3 Penetration 585
17.4 Armor 597
17.5 Explosive Welding 607



xviii CONTENTS

17.6 Explosive Forming and Hardening
17.7 Shock Processing of Powders

17.7.1 Introduction
17.7.2 Experimental Techniques
17.7.3 Materials Effects
17.7.4 Theory
17.7.5 Shock-Induced Phase Transformations and

Synthesis
17.8 Dynamic Effects in Geological Materials
17.9 Dynamic Events in Space
References

AUTHOR INDEX

SUBJECT INDEX

614
616
616
617
624
627

636
639
646
648

655

665


