Contents

1. Introduction. By G. Alefeld (With 6 Figures) . . . . . . . . . . . 1
1.1 Metal Hydrides as Heat Transformer for Energy Cascading . . 2
References . . . . . . . . . . . . ... 9

2. The System NbH(D), TaH(D), VH(D): Structures, Phase Diagrams,
Morphologies, Methods of Preparation

By T. Schober and H. Wenzl (With 48 Figures) . . . . . . . . . . 11
2.1 Background . . . . . . . ... ..o 1
22 Structures . . . . . . L L. L0 Lo o e e 14
2.2.1 Methods of Structure Determination . . . . . . . . . . 14
2.2.2 Niobium Hydrides and Deuterides . . . . . . . . . . . 15
2.2.3 Tantalum Hydrides and Deuterides. . . . . . . . . . . 18
2.2.4 Vanadium Hydrides and Deuterides . . . . . . . . . . 21
The V-H System . . . . . . . . . . . . . . .. ... 21

The V-DSystem. . . . . . . . . . . . . . ... .. 23

2.3 Phase Diagrams . . . . . . . . . . . . . . .. .. ... 26
2.3.1 Examples of Phase Transitions. . . . . . . . . . . .. 27
2.3.2 Nomenclature; Isotope, Impurity Effects . . . . . . . . 31
233 The NbH System . . . . . . . . . . . . . . . ... 31
Remarks . . . . . . . . . . .. Ce e ] |

2.34 TheTa-H System . . . . . . . . . . . . . . . ... 35
235 The V-H System. . . . . . . . . . . . ... ... 38
2.3.6 The V-D System. . . . . . . . . . . . . . . .. .. 40

2.4 Phase Morphologies. . . . . . . . . . . . . ... .. .. 41
2.4.1 Hydride Morphologies in the Nb-H System . . . . . . . 43
MetallographicResults . . . . . . . . . . . . . ... 43

Electron Microscope Results . . . . . . . . . . . .. 49

2.4.2 Hydride Morphologies in the Ta-H System . . . . . . . 51
MetallographicResults . . . . . . . . . . . . . . .. 51

Electron Microscopy of Ta-H Alloys . . . . . . . . . . 52

2.4.3 Hydride Morphologies in the V-H System. . . . . . . . 53
Metallography . . . . . . . . . . . ... ... .. 53

Electron Microscopy of V-H Alloys . . . . . . . . .. 54

2.5 Preparation of Samples . . . . . . . . . . . .. ... 55
2.5.1 Purification of the Matrix Metal . . . . . . . . . . .. 55

Bibliografische Informationen E
) digitalisiert durch 1
http://d-nb.info/790744384 BLIOT


http://d-nb.info/790744384

VIII Contents

2.5.2 Analysis of Impurity Contents. . . . . . . . . . . ..
2.5.3 Growth, Shaping, and Characterization of Single Crystals .
2.5.4 Synthesis of Hydrides . . . . . . . . . . . . . . ..

26 Conclusion . . . . . . . . . e e e e e
References . . . . . . . . . . . . . oL

3. Hydrogen in Palladium and Palladium Alloys
By E. Wicke and H. Brodowsky, with cooperation by H. Ziichner
(With 35 Figures). . . . . . . . . . . . . ... .. .

3.1 Overview . . . . . . L o e e e e e

3.2 Thermodynamics . . . . . . . . . . . . ...
3.2.1 Basic Relationships . . . . . . . . . . . . .. ...
3.2.2 Phase Diagram, Methods, and Results . . . . . R
3.2.3 Bulk and Surface Behavior . . . . . . . . . . . . ..
3.2.4 Equilibrium Isotope Effects . . . . . . . . . . . . ..
3.2.5 Statistical Thermodynamics of Solute-Solute Interactions .
3.2.6 Analogous Binary Alloys . . . . . . . . . . . . . ..

3.3 Interpretation of Nonideal Solution Behavior . . . . . . . . .
3.3.1 Lattice Strain Energy. . . . . . . . . . . . . . . ..
3.3.2 Excess Functions at Constant Volume and

at Constant Pressure . . . . . . . . . . . .. . ...
3.3.3 The Specific Heat Anomaly at 55K . . . . . . . . . .

3.4 Palladium Alloys . . . . . . . . . . . . . ...
3.4.1 Fermi Energy Rise and Nearest Neighbor Effects
in Ternary Systems . . . . . . . . . . . . . . . ..
3.4.2 Statistical Thermodynamics of Ternary Systems . . . . .
3.4.3 The Rigid Band Model and Its Limitations . . . . . . .
3.5 Hydrogen Mobility in Palladium and Palladium Alloys.
3.5.1 Surface Kinetics and Stationary Permeation . . . . . . .
3.5.2 Time-Lag Methods (by H. Zichner) . . . . . . . . . .
References . . . . . . . . . . . . . . . ..

4. Metal-Hydrogen Systems at High Hydrogen Pressures
By B. Baranowski (With 26 Figures) . . . . . . . . . . .

4.1 High Pressure Devices. . . . . . . . . . . . . . . . ...
4.1.1 First Experiments with High Pressures

of Gaseous Hydrogen . . . . . . . . . . . . . . ..

4.1.2 Devices Applying Liquid Transmitting Media . . . . . .

4.1.3 Devices Without Pressure Transmitting Media . . . . . .

4.2 Thermodynamic Properties. . . . . . . . . . . . . . . ..
4.2.1 General Considerations. . . . . . . . . . . . . . ..
4.2.2 Palladium and Palladium Alloys . . . . . . . . . . ..
4.2.3 Nickel and Nickel Alloys . . . . . . . . . . . . . ..

58
60

65
67



Contents IX

424 Other Systems. . . . . . . . . . . . . .. ... 177
The Cr-H System . . . . . . . . . . . .. .. ... 177

The Mn-H System . . . . . . . . . . . . . .. ... 179

4.3 Electronic, Structural, and Transport Properties . . . . . . . . 180
4.3.1 Electrical Resistance . . . . . . . . . . . . . . . .. 180
4.3.2 Superconductivity . . . . . . . . . .. ..o L. 187
4.3.3 Thermopower . . . . . . . . . . . . . o ... 189
4.3.4 Magnetic Measurements . . . . . . . . . . . . . .. 192
4.3.5 X-Ray Investigations. . . . . . . . . . . . . . ... 194
4.3.6 Thermal Conductivity . . . . . . . . . . . . . . .. 195
437 Diffusion. . . . . . . . .. ..o 196

4.4 Conclusions and Perspectives. . . . . . . . . . . . . . .. 197
References . . . . . . . . . . . . ... Lo 198
5. Hydrogen Storage in Metals. By R. Wiswall (With 16 Figures). . . . 201
5.1 Introduction . . . . . . . . .. ... oL oo 201
5.1.1 The Need of Storage . . . . . . . . . . . . . . ... 201
5.1.2 Methods of Storage . . . . . . . . . . . . ... .. 202
5.1.3 Other Reviews . . . . . . . . . . . .. ... ... 203

5.2 Hydrides as Storage Media. . . . . . . . . . . . . . . .. 203
5.2.1 Reversible and Irreversible Systems. . . . . . . . . . . 203
5.2.2 Pressure-Temperature-Composition (P-T-C) Relations . . 204
5.2.3 Complications of Real Systems. Hysteresis . . . . . . . 206
5.2.4 Thermodynamics of Hydrides . . . . . . . . . . . .. 209
5.2.5 Alloy-Hydrogen Reactions . . . . . . . . . . . . .. 210
5.2.6 Complex Hydrides . . . . . . . . . . . . . . . ... 212
5.2.7 Kinetic Considerations . . . . . . . . . . . . . . .. 212
5.2.8 Hydrogen Content . . . . . . . . . . . . . . . . .. 215
5.2.9 Temperature and Enthalpy Criteria. . . . . . . . . . . 215

5.3 Survey of Hydride Storage Systems . . . . . . . . . . . . . 217
5.3.1 Alkali Metals and Their Alloys . . . . . . . . . . .. 217
5.3.2 Alkaline Earth Metals and Their Alloys. . . . . . . . . 218
5.3.3 Metals of Group III and Their Alloys. . . . . . . . . . 220
5.3.4 Titanium, Zirconium, Hafnium, and Their Alloys . . . . 224
5.3.5 Vanadium, Niobium, Tantalum, and Their Alloys . . . . 228
5.3.6 Palladium, Uranium, Thorium, and Their Alloys. . . . . 229

5.4 Specific Applications . . . . . . . . . ... ... 229
5.4.1 Remote Generation of Electricity . . . . . . . . . . . 230
5.4.2 Electric Utility Load Leveling . . . . . . . . . . . .. 230
5.4.3 Automotive Propulsion. . . . . . . . . . . . . . .. 233

5.4.4 Battery-Related Uses. . . . . . . . . . . . . . . .. 236



Contents

5.4.5 Nonfuel Applications . . . . . . . . . . . . . ... 236
Hydride Engines. . . . . . . . . . . . . . . . ... 236

Heat Storage . . . . . . . . . . . . . . . ... .. 237
Thermometers. . . . . . . . . . . . . . .. . ... 237
References . . . . . . . . . . . . ..o 238

. Superconductivity in Metal-Hydrogen Systems

By B. Stritzker and H. Wiihl (With 13 Figures) . . . . . . . . . . 243
6.1 Superconductivity and Normal-State Parameters . . . . . . . 243
6.2 Influence of Hydrogen on the Superconductivity

of Various Metals and Metal Alloys . . . . . . . . . . . .. 245
6.3 Special Preparation Methods for Superconductmg Thorium

and Palladium Hydrides . . . . . . . . . . . . . . . . .. 248

6.3.1 Preparation of Bulk Thy,H,5. . . . . . . . . . . . .. 248

6.3.2 Preparation of Superconducting Pd Hydrides (H/Pd >0.8) . 249
High Pressure or Electrolytic Charging

at Low Temperatures. . . . . . . . . . . . . . . .. 249
H Implantation at He Temperatures . . . . . . . . . . 249
Codeposition of Pd and Hydrogen . . . . . . . ... . 250
6.4 Superconducting Properties of the Pd-H System. . . . . . . . 250
6.4.1 T, Dependence on H(D) Concentration. . . . . . . . . 251
6.4.2 Pressure Effecton 7,. . . . . . . . . . . . . .. .. 252
6.4.3 Critical Field . . . . . . . . .. ... ... .. .. 253
6.4.4 T, Variation in the H(D) Charged Systems Ni-Pd-Pt
andRh-Pd-Ag . . . . . . .. ... ... 253
6.4.5 T, Variation in H(D) Charged Pd-Noble Metal Alloys . . 255
6.4.6 T,in Other Hydrogenated Pd Alloys . . . . . . . . . . 256
6.4.7 T,in Pd Alloys with Interstitial Elements . . . . . . . . 257
6.5 Superconducting Properties of the Th-H System. . . . . . . . 257
6.5.1 T,of the Th-H(D) System. . . . . . . . . . . . . .. 257
6.5.2 Pressure Effecton 7,. . . . . . . . . . . . .. ... 258
6.5.3 Critical Field . . . . . . . . . . . ... ... ... 258
6.5.4 T, of Th Alloys with Other Interstitials . . . . . . . . . 258
6.6 Electron and Phonon Properties of the Pd-H System . . . . . . 259
6.6.1 Low Temperature Specific Heat . . . . . . . . . ... 259
6.6.2 Neutron-Scattering Experiments . . . . . . . . . . . . 260
6.6.3 Tunneling Experiments. . . . . . . . . . . . . . .. 261
6.6.4 Temperature Dependence of the Electrical Resistivity . . . 264
6.6.5 Theories . . . . . . . . . . . . . .. ..o 265
6.7 Electron and Phonon Properties of the Th H System. . . . . . 267
6.7.1 Low Temperature SpecificHeat . . . . . . . . . . . . 267
6.7.2 Neutron-Scattering Experiments . . . . . . . . . . . . 267
673 Theory. . . . . . . . . . ..o 268
6.8 Conclusion . . . . . . . . . . ..o 268

References . . . . . . . . . ..o e e e e 269



Contents XI

7. Electro- and Thermotransport of Hydrogen in Metals

By H. Wipf (With 7 Figures) . . . . . . . . . . . . . . .. .. 273
7.1 Background . . . . . . . . . ..o 273
7.2 Phenomenological Description . . . . . . . . . .. .. .. 274
7.2.1 Forcesand Hydrogen Flux . . . . . . . . . . . . .. 274
7.2.2 The Influence of Stresses . . . . . . . . . . . . . .. 276
7.2.3 Steady States . . . . . . . . .. ... 277
7.2.4 Time-Dependent Transport Processes. . . . . . . . . . 278
7.2.5 The Onsager Relations . . . . . . . . . . . ... .. 279

7.3 Atomistic Origin of the Forces . . . . . . . . . . . . . .. 281
7.3.1 Electrotransport. . . . . . . . . . . . . . . . ... 281
7.3.2 Thermotransport . . . . . . . . . . . . . . . . .. 283

7.4 Experimental Considerations and Techniques. . . . . . . . . 284
7.4.1 The Physical Quantities of Interest . . . . . . . . . . . 284
Z¥and Q* . . . ... L 284

The Chemical Potentlal 7 285
Diffusion Coefficient D and Mobility M . . . . . . . . 286

7.4.2 Drift-Velocity and Flux Measurements . . . . . . . . . 286
7.4.3 Steady-State Measurements . . . . . . . . . . . . . . 288
7.4.4 Diffusion Potential Measurements . . . . . . . . . . . 289

7.5 Experimental Data . . . . . . . . . . . .. ... ... 290
7.5.1 Effective Charge Number. . . . . . . . . . . . . .. 290
Sizeof Z* . . . . . .. .00 290

Isotope Dependence . . . . . . . . . . . . ... .. 294
Temperature Dependence. . . . . . . . . . . . . .. 294
Concentration Dependence . . . . . . . . . . . . .. 295
Correlation with the Hall Coefficient . . . . . . . . . . 296
Transport Measurements in a Hall Field . . . . . . . . 296

7.52 Heatof Transport . . . . . . . . . . . . . . . ... 296
Sizeof Q* . . . . . . . ... 296

Isotope Dependence . . . . . . . . . . . .. . ... 299
Temperature Dependence . . . . . . . . . . . . . .. 299

Effects of Concentration and Lattice Structure . . . . . . 300

7.6 Technological Aspects. . . . . . . . . . . . . .. . ... 300
References . . . . . . . . . . . . . . .. ... 301

8. Trapping of Hydrogen in Metals. By Ch. A. Wert (With 11 Figures) . 305

8.1 Overview . . . . . . . . . .. 305
8.2 Thermodynamics of Random Solutions . . . . . . . . . .. 306
8.3 General Features of Trapping . . . . . . . . . . . . . .. 307
84 AccumulationinVoids . . . . . . . . . . . .. ... .. 308
8.5 Accumulation of Hydrogen in High Strain Fields. . . . . . . 311
8.6 Grain BoundaryTraps . . . . . . . . . . . . . .. ... 313

8.7 Dislocation Trapping. . . . . . . . . . . . . . . . . .. 316



XII Contents

8.8 Impurity Trapping. . . . . . . . . . . . . . . ... 319
8.8.1 The Gorsky Effect . . . . . . . . . . . . . . . .. 324

8.8.2 Measurement of Trapping by Study of the Kinetics
of PhaseChanges . . . . . . . . . . . . . . .. .. 325
8.8.3 Trapping by Substitutional Alloying Elements . . . . . 325
8.8.4 Low Temperature Resistivity Measurements . . . . . . 326
8.9 Interstitial Location by Nuclear Microanalysis . . . . . . . . 326
810 Summary. . . . . . . . .. .o e e e 328
References . . . . . . . . . . . . ..o oL 328
Additional References with Titles . . . . . . . . . . . . . . . .. 331
Author Index . . . . . . . . . . .. .. ... ... . 333

SubjectIndex. . . . . . . . . . . . ..o oo . 351



