TREATISE ON
SOLID STATE CHEMISTRY

Volume 4
Reactivity of Solids

Edited by
N. B. Hannay

Vice President
Research and Patents
Bell Laboratories
Murray Hill, New Jersey

v — Mo sy

Biblioth e k

- d. Fachbereichs 8 der

Technischen Hochschyfe
Darmsmdt

TA7Y]

PLENUM PRESS + NEW YORK-LONDON




A. D. Le Claire

Introduction . .................... e 1
The Phenomenology of Diffusion ...................... ... 2
21, Fick'sLaws. ... ... i 2
2.2. Self-Diffusion and Chemical Diffusion. The Kirkendall

Effect. .. ..o 6
2.3. Experimental Methods for Measuring Diffusion Co-

efficients .......... .. . ... 9
2.4. The Thermodynamic Description of Diffusion. .. .. e 18
The Atomic Theory of Diffusion.......................... 26
3.1. The Basic Random Walk Expressions ................ 26
32. Chemical Diffusion ............. .. ..., 28
3.3. Self-Diffusion Correlation .......................... 30
3.4. The Theory of Atomic Jump Rates................... 40
3.5. The Temperature and Pressure Dependence of D....... 47
Experimental and Theoretical Results. A Brief Summary... ... 51
41. DiffusioninMetals................ ... ... .. 51
4.2. Diffusionin Ionic Crystals.......................... 54
References. . ... ...t i 56




Contents of Volume 4

Chapter 2
Factors Influencing the Reactivity of Solids 61
Walter P. Gomes and Willy Dekeyser

1. GeneralOutline.......... ... ... 61
2. Decomposition and Related Reactions. . ................... 66
2.1, General.. ... 66

2.2. The Effect of Mechanical Strain, Additives, and Pre-
irradiation upon the Thermal Decomposition of an

Inorganic Compound: Ammonium Perchlorate........ 70

2.3. The Role of Surface Impurities and of Shear Structures in
the Thermal Decomposition of Transition Metal Oxides. 71

2.4. The Significance of Localized Energy Levels in the Photo-
lysis of Inorganic Compounds....................... 72

2.5. Topochemical Effects in the Photodimerization of Organic
Molecules .. ...... e 75
3. Solid-GasReactions............... ..., 77
3.1. TarnishingReactions .............................. 77

3.2. Other Reactions; The Role of Hydrogen Pressure and of
Vacancies in the Reduction of Additives in an Alkali

Halide Matrix. .. ...... . o i it 87
4. Solid-Solid Reactions. .............oviiiiiineninennnn... 89
4.1. General........ ..o 89
4.2. Factors Influencing Solid—Solid Reactivity ............ 90
5. Solid-Liquid Reactions. .............c.ovvvevon... P - 94
5. General ... ... . 94
5.2. Dissolution of Semiconductors: Influence of Conductivity
Type, lllumination, Applied Voltage, Crystal Face, and
Inhibitorsin Solution . .............. ... ... ....... 96
5.3. The Role of Dislocations in Etching.................. 99
6. Reactions at the Surfaceof Solids......................... 100
6.1. Heterogeneous Catalysis. ..............0c.c...ouui... 100
6.2. Electrode Reactions. ..................... A 104
7. Conclusions .........ouuuiiiii i 107
References....... ..o i . 108
Chapter 3
High-Temperature Reactivity 115
Karl E. Spear
1. Introduction............ ..., e 115
2. Equilibrium Thermodynamics for High-Temperature Reactivity 117
2.1. Free Energy Equations and Calculations.............. 118
2.2. Enthalpyand Entropy.............. ... it 129
2.3. Thermodynamic Data Compilations. ................. 139




~

3. Phase Diagrams and Chemical Reactions ............... ..
3.1. ThePhaseRule.................. P .

3.2. Writing Chemical Equations .. ................. e

3.3. High-Temperature Reactions. .......................

4. General Behavior and Trends in High-Temperature Reactions.
4.1. High-Temperature versus Room-Temperature Reactions

4.4. Chemical Behavior of Solid—-Gas Systems ........... .-
4.5. Examples of Reaction Types in Solid—Gas Systems . . ...
5. Summary and Concluding Remarks......,............. ...
Appendix: Sources of High-Temperature Thermodynamlc Data
Acknowledgments .......... ... ... ...
References. . ... i

Chapter 4
Decomposition Reactions
F. C. Tompkins

Introduction.............. e e
Dislocations and Enhanced React1v1ty .................... .
Kinetics of Solid Decomposition. .........................
Nucleus Formation......................... ... .. ...
4.1. Single-Step Nucleation.............................
4.2. Multistep Nucleation ............................. .
Nucleus Growth. .................
Kinetic Equations of Nucleus Formation and Growth ., ......
Exponential Acceleratory Period.................. PP
Abnormal Initial Growth......................... e
8.1. Calculation of Normal Growth Constant .............
8.2. The Induction Period ...........

ol Sle

oo ~ N W

100 Aging. ... ...
11, General Discussion ...ttt

References. ... i
Chapter 5 ’

Solid-State Reactions
Hermann Schmalzried

l.Introduction‘.............: ......... e e
1.1. General Remarks...................... e e
1.2. Brief Summary of Defect Thermodynamics ...........

Relevant to Solid—Solid Reactions ...................
1.4. Descriptive Examples of Solid-State Reactions.........

4.2. Trends in Reaction Entropies ................ e :
4.3. Principle of Successive Entropy States . ....... e -

1.3. Some Aspects of the Phenomenological Diffusion Theory

Contents of Volume 4

144
145
145
150
157
159
161
171
175
180
185
186
187
187

193

193
194
199
200
200
202
206
207
212
215
219
221
224

227

229
230

233

233
233
235

X1




Contents of Volume 4
2." Chemical Reactions in the Solid State ..................... 244
2.1. Reactions between Atomic Defects................... 244
2.2. Reactions between Ionic Crystals .................... 246
2.3. Reactions in and between Metals .................... 261
3. Special Solid-Solid Reactions ... .. PP 266
3.1. PowderReactions ................. .o, 266
3.2. Topochemical Reactions. . .......................... 268 .
3.3, DoubleReactions ..............ccviriiieneenn.., 272
3.4. Concluding Remarks. . ... e 274
Acknowledgment........ ...t 276
References. .. ...t e 276
Chapter 6
Solid-State Electrochemistry 281
Hans Rickert
1. General Aspects of Solid Electrolytes . ..................... 281
1.1. Disorder Equilibria in Solid Electrolytes and between
Solid Electrolytes and the Environment............... 282
1.2. Transport Phenomena of lons and Electrons in Solid
Electrolytes. .......oonei i 289 .
2. Galvanic Cells with Solid Electrolytes for Thermodynamic
Measurement ......... ... i 293
2.1. General Properties of Cells with Solid Electrolytes. . . ... 294
2.2. Galvanic Cells with Solid Electrolytes for AG Measure-
mMents........covvemenenenenn. e 299
2.3. Galvanic Cells with Solid Electrolytes for Activity
Measurements .. ..........ouiiiniiiiii e 303
2.4. Coulometric Titration.............covvuirevunann. 306
3. Galvanic Cells with Solid Electrolytes for Kinetic Investigations 307

Xii

3.1. Electrochemical Measurements of Oxygen Diffusion in
Metals at High Temperatures using a Zirconia-Based

Electrolyte. ...t i 308
3.2. The Kinetics of the Formation of Solid Nickel Sulfide on
Nickel at 400°C . .. ...t i, 311

3.3.  Electrochemical Studies of the Transfer of Silver, Silver
‘Ions, and Electrons across the Phase Boundary Solid

Silver/Solid Sitver Sulfide . .. ........................ 317
3.4. Electrochemical Investigations of the Evaporation of

Iodine from Copper lodide ......................... 321
3.5. Electrochemical Knudsen Cells for Investigating the

Thermodynamics of Vapors......................... 323
References. .. . .. e e 328




Contents of Volume 4

Chapter 7 .
'The Photographic Process

333
Frederick C. Brown
1. Early Developments ............. ... ...civiiiiiaaio.. 333
2. The Emulsion System ......................«............ 336
3. Sensitometric Properties . ...........c.ooiiiniiiiiiiie... 339
" 4. lonic Disorder in the Silver Halides ....................... 343
5. Electron and Hole Mobility . ............................. 349
- 6. Photoelectric Effect in Emulsion Grains.................... 353
-7. Ultraviolet Response and Band Structure .................. 360
.. 8. Phonon- and Disorder-Assisted Processes . ................. 367
9. Luminescence and Induced Absorption .................... 374
0. Mechanism of Latent Image Formation.................... 379
Acknowledgments ............. ... i 384
References..................... DR S 385
hapter 8
as—Solid Reactions—Oxidation 389
Karl Hauffe
1. Introduction................ e e e e 389
2. Chemisorption and Nucleation in the Initial Stage of Oxidation 391
3. Defect Structure of Halides, Oxides, and Sulfides............ 394
3.1. Defect Structure in Silver Halides.................... 394
3.2. Defect Structure in p-Type Oxides and Sulfides ........ 396
3.3. Defect Structure in n-Type Oxides and Sulfides ........ 399
General Nature of Transport Processes in Ionic Crystals .. ... 401

4.1. Diffusjon-Controlled Oxidation—The Parabolic Rate

404

42. Local Cell Action during Metal Oxidation ............ 413
4.3. Grain Boundary and Short-Circuit Diffusion in the
GrowingOxide Layer........... ... ... ... ... ... .. 417
44. Metal Oxidation with Simultaneous Diffusion of Oxygen
intheMetal ........... ... .. i 417
Phase Boundary Reactions and Evaporation of the Scale—The
LinearRateLaw ....... ... . ... it 420
Catastrophic Oxidation. .............. ... ... oo 425
Oxide Layer Formation with Several Phases................ 428
Oxidation of AIOYS. .. ..ottt et 430
8.1. The Semiconductor Valence Approach to Alloy Oxidation 430
8.2. Selective Oxidation of Noble Alloys.................. 432
8.3. Formation of Complex Oxide Layers................. 434

84, Internal Oxidation.......... ... . ...




Contents of Volume 4

9.
10. Thin Oxide Layer Formation............................. 442
10.1. The Linear RateLaw .............................. 442
102. ACubicRateLaw................................. 443
10.3. Space-Charge Effects in Oxide Growth—The Fourth-
Power RateLaw .................................. 445
10.4. Logarithmic and Reciprocal Logarithmic Rate Laws. ... 451
11. ConcludingRemarks....................... ... ......... - 452
References.......... ... ... i e 453
Chapter 9
Metal-Liquid Reactions: Corrosion 457
- M.J. Pryor and R. W. Stachle
1. Definitions of Corrosion...............coouiieiieniiean.. 457
2. Thermodynamic Considerations . ......................... 458
3. KineticConsiderations . .. ........................ e 465 -
4. Alloy COrToSION. ...ttt S . 473
4.1. Dealloying ........coiiiiiiii i 473
4.2. Other Significant Alloying Effects.................... 478
5. PaSSIVILY ..ttt 480
5.1. Anodic Passivation ............... e 481
5.2. Mechanism of Passivation .......................... 483
6. Aggravating Factors in Corrosion......................... 484
~ 6.1. Galvanic Corrosion. ........ [P 485
6.2. Crevice Corrosion .. ... e 486
6.3. Concentration Cell Corrosion . ...................... 488
6.4. Erosion Corrosion.............. R 488
6.5. Corrosion in the Presence of Cyclic Stresses ........... 490
7. Control of COrroSION: . v ..\ vttt e et 491
7.1. Cathodic Protection ................. e 491
7.2. Anodic Protection.................. e 495
7.3, Inhibition ........ i i 496
74, Organic Coatings. ........vveruneerunneennnennnnnn. 502
8. Morphology of Corrosion ...............0....c.oounn. ... 504
8.1. General Corrosion. ...........coiviiniiiiinnaen.. 504
82, Puting.... ... ... P 506
9. Metallurgical Factors. . . . ... P 509
© 9.0, Introduction. .. ... 509
9.2. Orientation of Grains . ............c..coivieeean.. 509
9.3. Effects of Dislocations and Cold Work ............. )
94. GrainBoundaries ............. ... .. ... ... ...... 513
9.5. Compositionally Different Phases.................... 521
Xiv 1

Passivity and Inhibition in High-Temperature Metal Oxidation 440




Contents of Volume 4

9.6. Effect of Deformation on Corrosion Processes ......... 524
97. Tunneling...........c..c. it 532
9.8. Interaction of Corrosion and Deformation Processes ... 534
9.9. Interaction of Hydrogen with Metals................. 538
Intergranular and Interfacial Corrosion.................... 545
10.1. Introduction. .......... .ot 545
10.2. Intergranular Corrosion in Sensitized Stainless Steel .. .. 552
10.3. Exfoliation of Aluminum........................... 554
10.4. Intergranular Attach in the Absence of Prec1p1tat10n 557
10.5. Grain Boundary Fracture Simulated by Hydrogen Entry 558
Environmentally Induced Cracking Phenomena ............. 558
11.1. Introduction. . ................c...... e 558
11.2. Organizationof theData ........................... 564
11.3. Fundamental Aspects of Environmental Effects on Crack
Propagation ............oiuiiiiieiiiiiei 585
11.4. Phenomenological Influences on Stress Corrosion
Cracking . ... 591
Acknowledgments . ........... ... .. i 610
Referenees..................... e 610
“Chapter 10
- Sintering i 621
J. E. Burke and J. H. Rosolowski
Introduction......... P 621
Sintering of Powdered Metals and Ceramics .. . ... e U 622
Phenomenological Descrlptlon of Slntermg in the Absence ofa
Liquid Phase......... ... .0 o i 623
3.1. ParticleJoining ............... ... ..... e 623
3.2. Sintering Temperature ............... e - 624
The Driving Force for Sintering ..................... .. ... 625
4,}. The Kelvin Equation...................... P 625
4.2. Curvature in Three Dimensions. ..................... 627
4.3, Application to Particle Joining and Pore Elimination ... 627
44. Importance of Grain Boundary Energy ....... e 629
45. Powder Activity.............. i, 631
Grain Growth during Sintering. ........... ... ... ... .... 636
5.1. Particle Growth during the Early Stages of Sintering.... 637
5.2. Grain Boundary Motion in Solids. .. .. R 637
5.3. Interactions between Pores or Other Inclusions and Grain
Boundaries .. ......ooiiti i 639
54. Exaggerated Grain Growth .............. PP 641

5.5. Pore-Free Products from Sintering........ e 643

Xv




Contents of Volume 4

6. Other SinteringModes ............ ... ... .. i, 645
6.1. Liquid-Phase Sintering............................. 645
6.2. Hot Pressing....... e e et 646
6.3. Reaction Sintering. ................. .. ..., 647
7. Theoryof Sintering...............oiiiiiiiiiinneinn.. 647
7.1. Driving Force and Mechanisms. ..................... 647
7.2. Common Characteristics of Sintering Models.......... 649
7.3. Development of Microstructure .................... 650
7.4. SinteringStages.............. it 650
7.5. Initial-Stage Sintering Models....................... 652
7.6. Intermediate-Stage Sintering Models ................. 655
7.7. Final-Stage Sintering Models. ....................... 657
8. Summary. ... ... 658
Acknowledgment.......... ... .. .. . i, 658
References. ... 658
Chapter 11
Reactions of Solid Polymers 661
F. A. Bovey
Lo Introduction. ... ... ... 661
1.1. The Chain Structure of Addition Polymers............ 661
1.2. Molecular Weight Distribution...................... 665
1.3. Chain Conformation and Polymer Morphology........ 667
1.4. Types of Polymer Reactions ........................ 671
2. Chain Scission and Cross-Linking; General . . ... ........... 672
2.1. Effects of Chain Scission. .................oovvunn... 672
2.2. Effects of Cross-Linking......................... ... 673
2.3. Simultaneous Scission and Cross-Linking ............. 675
3. Degradationand Oxidation . ...................ccivunnn... - 677
"~ 3.1. Thermal Degradation...............ccooivvveeennn.. 677
3.2. Oxidative Degradation.......... . 681
3.3. Ozone Degradation.................... e 687
34, Flammability ................ ... ..., 689
3.5. Chemical Degradation ............................. 693
4., Cross-Linking. ......... ..o 695
4.1. Cross-Linking and Mechanical Properties............. 695
4.2, Cross-Linking Reactions ........................... 698
5. Effectsof Radiation............... ... ... oo, 701
5.1. Ultraviolet Photooxidation ......................... 701
5.2. High-Energy Radiation ............................ 704
5.3. Photoresists and Electron-Resists . ................... 709
xvi




s ————— |

Contents of Volume 4

Xvii




