Contents

ADOLITTNE A UTNOTS i e iX
Prefare io ihe FirSiEAItion ... xiii
Preface to the -Second Edition ... xvU
FOTBW O ettt b et st ae e naenas \ix

PARI1 HISTORY AND INIRODIC IION

1 INlrodUCHEHI . .coiceieicee e
Chapter Preview
11 Definitions

1.2 Gecrcral Properties <
13 Types of Ceiamic and Tlieir Applications
14 Market i
15 Critical I»ues foi the Fultire ?
1.6 Relating Microstnicture, Processing, and Applications H
1.7 Safety 10
18 Ceraiuks w. ihe Inleniel 10
1Y  OnUnits 10
Chapter Summary 13
S 10 01 (T T3 o VTS 17
Chapter Preview 17
2.1 Earliest Ceramics: The Stone Age 17
2.2 Ceramics in Ancient Civilizations 19
2.3 Cloy 19
2.4 Types of Pottery 21
2.5 Glazes 22
2.6 Developmentof a Ceramics Industry 2.3
2.7 Plaster iutd Ceiueul 24
2.8 Urief History of Glass 25
2.9 BriefHistory of Refractories 27
2.10  Major Landmarksof lhe Twentieth Century 25
211 Museums 30
2.12  Societies 31
2.13  Ceramic Education 3!
ChapterSummaty 31

CoNissrs ., ., XXi



PARTII VIATKRIALS

3 Background You Needto Know

|,

6 Binary Compounds

('haplcr Preview

3.1 The Atom

3.2 Energy Levels

3.3 Electron Wave«
3-1 Quantum Numbers

3.5 Assigning Quartum Numbers
3.6 lons

3.7 Electronegativity

3. H Thcrmodynumics: Ihe Driving Force for Change

3] Kinetics: Tlie Speed of Change
ChajUcr Summary

Bonds and Energy Bands..........ccccevvennen.
Cliapie: Preview

4.1 Types of ImeiuUimii Bond

4n Young’s Modulus

4.3 lonie Bonding

4.4 Covalent Bonding

4.5 Metallic Bonding in Ceramics
4.6 Mixed Bonding

4.7 Secondai}' Bonding

4. K Election Energy Bands

Chapter Sununaiy

Models, Crystals, and Chemistry.....cccovvenrerene
Chapter Preview

51 Terms and Definitions

5.2 Symmetry and Crystallography

5.3 Laliice Points. Directions and Planes

54 Importance ol Crystallography

5.5 Pauling’s Rules

56 Clnsc-Patkcd Arrangemenb: Jiilerslitial Sites
5.7 Notation lor Crystal SIniClores

58  Smictmc. Composition, and Teinpeiuluie

5.6 Crystals. Glass, Solids, and liquid

5.10 Defects

511  Computer Modeling

Chapter Summary

Chapter Preview

6.1 Background
6.2 CsClI

6.3  NaCl (MgO.TiC, PbS:
6.4  GaAs IP-SiCi
6.5  AIN (BeO. TuO)

6.6  QtF;
67  PeS2
68  CIbO
6.9 CuO
6.10 TiO.
6.11 AL,

6.12 MoSj und Cdli

6 13 Polymorphs, Pnlytypcs, and Polyiypokls
Chapter Summary

37
37
38
3y
40
41
"2
45
<6
49
50

53
53
53
53
55
6U
65
65
66
6S

71

73
73
73
75
76
78

78

84
85
85
86

89
89
89
90
90
91
92
93

95
95
95
96
97
98
100

C-INtESTS



7 Complex Crystal and Glass StruCtUres....cccoovvivvevceiese s 103

Chapter Preview 103
7.1 liiUiuluaiiMi 103
7.2 Spinel UM
7.3 PcrovOjie 105
7.4 The Silicio. aiiJ Su uliuics Ha-0Jmi 5:0, 107
7.5 Silica 108
7.6 Olivine LK
7.7 Gameb 109
7.8 Ring Silicate» 1Hi
7.9 Mica* and Other Layer Materials 111
7.10 Clay Minerali ' 111
7.11  Pyroxene 112
7.12  R-Aluminas and Related Materiali 113
7.13  Calcium Aluninalc and Related Materials 113
7.14  Mullitc 114
7.15 Monazite 114
7.16  YHajCtijO; and Related HTSCs 114
7.17  SijN-b Si/MONSs. and Kelaicd Materials 115
7.1H Pullcrencs and Nanombci 116
7.19  Zeuliles and Miemptimus Comptumds L7
7.20 rarhanasen sRules F'orme Smicnre oi Uiiiss 11«
721 Revisiting Glass Structures 119
(Tiapter Summary 120
8 Lquilihriurn Phase 1'lagram S....ccccceiiieesese e 123
ChapterPreview 123
8.1 What's Special About Ceramics? 1>3
8~ Deteiiiiiidiifi Pliuse Diugiams 124
8.3 Phase. Diagrams for Ceramists: The Pooks 126
8.4 Gibb» Plir.se Rule 127
8.5 One Component (C = 1) 128
8.6 1wo Comporcnu (C — 2) 128
8.7 Three and More Onn|K>ncitts 130
8.8 Cauiputiliun with Variable Oxygen Partial Pressure 131
ft.9 Quaternary Diagrams and Temperature ¥4
8.10  Cungrueiu and IncoDgraent Melting 135
«J11 Miscibility Gsp™ in Glace 136
Chapter Summary 137

PARTIU TOOLS

LS eV 1 4= Uod - RSP 143
Cheptcr Preview M3
9.1 The Need ftrHigh Temperatures 143
9.2 TypesofFuruce 143
9.3 Combustion Himaces 144
9.4 Ekclrically Heated Furnaces 145
9.5 Batch or Continuous Operation 145
9.6 Indirect Heating 147
9.7 Healing Rementt 148
9.8 Refractories 15t
9.9 Furniture. Tubes, and CraciMcs 151
9.10 Firing Ftocus 151
9.11  Heat Transfer 152
9.12  Meaauring Tctuperalurc 153
9.13  Safety 155
Chapter Summary 156

O T T T XXIII



10 Characterizing Structure, Defects, und Cberablry

ChapterPreview

101 Characlerizing Ceramics
102 Imaging Using Visible-Light. Infrared,
unti Ultraviolet Microscopy
10.3  Imaging Using X-rays and CT Seans
104  Imaging in the SLM
105  Imaging in the TEM
10.6  Scanning-Prnbc Microscopy
10.7  Scattering and Ditfroction Techniques
10H  Photon Scattering
10.0 Kantanari IR Spcctroecopy
10.10 NMR Spccrroscopy and Spectrometry
1011  Mnsshauer Spammcnpy and Spsclrnmctry
10.12  Dift'racticm in the EM
10.13  lon Scattering (RBS;j
10.1 X-ray Diffraction and Database*
10.15 Neutron Scattering
10.16 Mass Spectrnmetry
10.17  Spccirnmctry intire FM
10.19  F.lcctinu Spectnttcopy
10.N  Neutron Activation Analysis
10.20 'TTtcrmal Analysis
Chapter Summary
PART TV DEFECTS

11 Point Defects, Charge, and Diffusion

Chapter Preview

111
112
113
114
113
11.6
117
118
119
11.10
1111
1112
11.13
11.14
11.15
11.16

Are Defects in Ceramics Different?
Types of Point Defects

'ATut i» Special for Ceramics?

What Type of Delects Ponr?
Equilibrium Detect Concentrations
Writing Equations lor Point Defects
Solid Solutions

Asscxiiition or Point Defects

Color Centers

Creation of Point Defects in Ceramics
Experimental Studies of Point Defects
Diffusion

Diffusion in Impure, .. Doped. Ceramics
Movement of Defects

Diffusion and lonic Conductivity
Computing

Chapter Summaty

12 Arc Dislocations linimpnnanl?.

Chaptci« Preview

121
12.2
12.3
121
125
12.6
127
12.8

A Quick Review o f Dislot-ation*.
Summary of Dislocalion Propities
Observation of Dislixiilious
Dislocaitonsin Cenunki,

Siiucture of the Cote

Detailed Geometry

Detects cn Dislocations
Dislocationsand Diffusion

159
159

160
162
162
163
1bl
l«.
167
167
170
17
172
173
174
176
177
177
178
179
180

IS"
1S7
187
18b
189
190
190
193
193
1%
197
I9R
198
199
200
203
201
205
206

209
209
210
214
214
215
216
218
220
222

CoKtiwrs



COS*ri)N i <

12.9

12.10
12.11
12.12
12.1?
12.1

Movement of Dislocations
Multiplication of Dislocations
Dislocation Interactions

Ar the Surface

Incentauon, Scratching, and Ctacks
Dislocations with Dilfeicni Coivb

Chapter Summary

Surfaces. Nam)purlides, and Foams

Chuptcr Preview

131  RickgrounJ lu Surfaces

132 Ceramic Surface?

13.3  Surface Energy

134 Surface Strocture

135  Curved Siafaces und Prc.ssurc
13.6  Capillaiiiy

13.7  WeUiHjj qikl Dewelting

13.8  Hoams

139  Epitaxy and Film Growth
13.10 Film Cirov.ili in 2D. Xuclcatioa
1311 Film Giovili in 2D: Mo-hunisms
13.12 Churactariling Surface?

13.13  Step*

13.14  In Snu Condition

13.15 Surfaces and Nano

13.1f:  Compuicr Minlcling

13.17 InlInxluction to Properties
Chapter Summer)1

Inlcrfaius in Pnlvcrvsials...............
Chapter Preview-

141
14.2
14.3
147
145
146
14.7
148
14.9
14.10
1411
14.12
14.13
14.14

What are Grain Bouitdaries?
For Ceramics

GR Fncre.y

Low-Angle GBs
High-Angle GBs

Twin Boundaries

General Boundaries

GB Films

Triple Junctions and GR Grooves
Charactenzing GBs

GBs in Thin Films

Space Charge and Charged Boundaries

Modeling
Some Properties

Chapter Surnmary

Phase Boundaritt® Particles, and Pores

Chapter Preview

181
152
153
154
155
156
15.7
158
15.9
15.1ft

I he importance

Diifereill types

Compare to Other Materials
Energy

The Structure of I'Hs

Particles

Use of Panicle?

NucleattOJi and giowtli of particle-
Pores

Mea-miog poms'ly

222
223
225
225
225
276
22’

231
231
231
2.32
232
2.34
235
237
23S
239
240
240
241
242
245
246
246
2i?
249
250

253
253
253
255
256
258
260
262
265
265
268
269
271
271
272
272
274

277
277
277
278
278
279
279
280
281
282
284
280



x 11
5.12
15.13
15.14
15.15

PornosCeramics

Cilass/Crystal Phew Boundaries
Eutectics

Metal,‘Ceramic PBs

Forming PBs by Joining

Chapter Summary

tTV MF.CR.AMCAI. strfac.th and weakness

MwliHiikal Te«Ing

Chai'Kr Preview

161
16.2
16.3
16.4
16.S
16.6
16.7
16.8
16.9
16.10
16.11
16.12
16.13
16.14
16.15

Pliilnsopliy

Typesof Teling

Elastic Constants and Other ‘Constants'
Effect of Microsmiclurc on Elastic Moduli
Test Temperature

lesi Enviroimieiti

Testini: in CidHprc«i<inand Tension
Three ;viin aikl Fout-joint Rending
fix fluiti BeuU Tt>l

Imicutalioti

Fracture Touglmess from Indentation
MiUHwidetttatlOU

Ullnisouie lesling

Dest!>ii ami StalUlics

SPT Diagrams

C'h.ipter Sumniuiy

tUblkily

Chapter Preview

171 PUtstic DefontuiUuii

172 Dislwation Glide

17.3  Slip in Alumina

174  Plaste Dciormanonin Single Crystals
175  Plastic Dcrormatmnin Polyciystals
17.6  Dislocation Velocity anti Pinning
177 Creep

17.8  Dislocation Creep

17.9  Diffusion-Controlled Creep

17.10 Grain-Boundary Sliding

17.11  Tertiary Creep and Cavitation
P.12 Creep Deformation Maps

P.13 Viscous Flow

37.14  Supcrplubtidiy

Chapter Summary

Fracturing;: Brittleness

Chaptci Preview

181
182
183
184
185
18.6
187
188
18.9

Imponanoe of Brittleness

Theoretical Strength: Orowan Equation
Effect of Flaws: Griffith Equation

Ciaek Tip: Inplis Equation

Streti Intensity Factor

R Curves

Fatigue and Stress Collision Cracking
Failure and Paclog.mphy

Toughening and Cciainic Matrix Composites

287
288
289
289
290
292

297
297
2'17
2W
299
502
302
303
X4
305
316
306
307
308
309
314
313
313

317
317
317
318
319
319
322
323
324
325
325
326
327
327
328
329
330

333
333
334
335
337
337
338
339
340
342

CoNrpKTi



18.11) Machinable Ciiass-C.’cramics 45

18.11 Weai 346
18.12 Grinding unci polishing K
Chapir Summary 348

PART VI PROCESSING

H  RAW MALEIIAIS oo 3S3
Chapter Preview 353
19.1  Geology, Minerals. ai»d Ores 353
19.2  Mineral homiution 354
19.3  Beneficwlion 355
19.4  Weight«and Measures 356
195 Silica 356
19.6  Silicates 356
19.7  Oxides 359
19.8  Monoxides 363
Cliapt.'i Suinoutry 366

20 Powders, Fibers,Platflfts. and Comjmsiles........... 369
Cltaplet Preview 369
20.1 Making Powders 369
20.2  1lypes of powders 270
20.3  Mechanical Milling 270
20.4  Spray Drying 372
20.5  Powders by Sol-gel Processing 373
20.6  Powders by Precipitation 373
20.7  Chemical Routes to Nonoxide Powders 374
20.8  Platelets 375
20.9  Nanopowder* by Vapoi-Phase Reaction* 375
20.10 Charaeteri/ing Powdciv 375
20.11 Characterizing Powdersby Microscopy 376
20.12 Sieving 376
20.13 Sedimentation 377
20.14 Coulter Counter 378
20.15 Characterizing Powders by I igluScattering 378
20.16 Character-r.ng Powders hy X-rayDirlraction 379
20.17 Measuring Surface/Vrea”b T Method) 379
20.18 Determining Particle Composition and Purity 380
20.19 Making Fibers and Whiskers 381
20.20 Oxide and Carbide Fibers 381
20.21 Whisker* 362
20.22 Glasslibers 382
20.23 Coating Fibers 363
20.24 Making CMOS 384
20.25 CMC* from Powder* and Slurries 385
20.26 CMC« By Infiltration 385
20.27 In Sim Processes 366
Chapter .Summary 386

21 Glass and Glass-CeramiCS....ccovirirrieeririerieseseseee st eseenes 389
Chapter Preview 389
21.1  Definitioni 389
21.2  History 390
21.3  Viscosity. 1 392
21A Glass: 1 Summary of Its Properties, or Not 394
21.5  Defectsw Glass ' 395

Cos-rrsis XXVii



21.fi
217
218
21.9
21.10
2111
21.12
21.12
21.14
21.15
21.11.

Heterogeneous Glass

YA Glass

Coloring Glass

Glass Laser

Precipitates m Glass
Crystallizing Glass

Glass us Glaze and Lniur.el
Corrosion ot Glass and Glaze
Types of Ceramic Glasses
Natural Glass

Phvsics of Glass

Chapter Summary

Sols, (ieh, and Organic Chemislry........ccceevvivivernnnnns

Chapter Preview

221 Sul gel Piuw-ssiiig

22 2 Struclure and Synthesis of Alkoxides

22.3  Ptsiperlies uf Alksi.ules

224 Sul gel Process using Melai Alkoxirics

225  CharacterizulLun of the Sol gel Piooess

22.6  Powders. Coalings, Fibers. Crysl.dlI'm:. nr Glass.?

Chupicr Summur}*

Shaping and borming

Chanter Preview

23.1
23.2
23.3
234
23.5
23.6
23.7
23.?
23.9
23.10
23.11
23.12
2313
23.1
23.15
23.16
23.1?

The Words

Rindcis and Plasticizers
Slip and Slurry’

Dry Piessing

Hot Pressing

Cold Isoaaiic Pressing
Mol Isujiaiic PiCSSing
Slip Catling

ExlInision

Lijecliun Molding
Rapid Prolotyping
Green Machining
Binder Burnuul

Final Machining
Making Porous Ceramics
Shaping Pottery
Shaping Glass

Chapter Summary

Sintering and Grain Growth

Chapier Peeview

24.1
24.2
24.3
24.4
24 5
24/
24.7
24.8
24.9
24.10
24.il
24.12

KXV s e LR TR e

Sintering Paves™

Terminology ol Sintering

Capillary 1 orvcs und Surface hoioet
Sintering Spheres and Wires

Grain Growth

Sintering and Diffusion
Liquid-Phase Sintering

Hoc Pressing

Pinning Grain Boundaries

Grain Growth

Grain Boiiiidan», Stiil'acf.', and Sintering
Exaggerated Grain Growlh

395
396
396
397
397
39R
399
402
402
404
405
406

411
411
411
412
413
414
418
418
421

423
423
424
424
425
425
426
427
428
429
43ri
431
431
432
432
4*3
433
434
435

439

439
439
4-10
441

441

443
443
445
446
446
447
449
449

CONTEKIb



24.13
24.14
24.15
24.16
24.17
24.1S

Fabiicaimg Complex Shapes

Poneiy

Poieb und Porous Ceramics

Sintering with Tv/o and Tiiree Phases
Examples of Sinlciing in Action
Computer Mnirling

Chapter Summary

Sulid-Slali* PhaselTransforiiialiuii® and Reactions

Chapter Preview

25.1
25.2
25.3
25.1
25.5
25.6
15.7
25.8
15.9
25.10
15.11
25.12
25.13
25.14
25.15
15.16
15.17
15.1X
25.19
25.2(1

Transforaiiilions ;uic ReiHUtoiis: The Link
Icrminology
Technology

Phase Transformations Without Changing Giemistry

Phase I'mnstormaliens Changing ('hcmistiy
Methods for Studying Kinetics
Diffusion Thmugh a Layer: Slip Casting

Diffusiou Tluou™li u Liiyui Solid-State Reactione

Spinot-Forming Rcaniion

Ttieit Markers and Reaction Barrie«
Simplified Darken liquation
Incubation Fenoli

Panicle Chowth and the Effect of Misfit
lhin-1;Um Reactions

Reactionsin an Elediic Field

Phase Transformations Involving Glass
Pottery

Coment

Reactions Involving a Go* Phase
Curved Interfaces

Chapter Summary

Processing Glass and Glass-Ceramics

Charier Preview

26.1
26.2
26.3
26.4
26.5
26.6
26.7
26.8
26.9
26.10
26.11
26.12
26.13
26.14
26.15

M uk« for Glass and Glass Products
Processine Bulk tilasses

Bubbles

Hal Glass

Floal-Glass

Glass Blowing

Coaling Glass

Safely Class

loam Glass

Sealing Class

Enamel

Pboieeliroiuit Gkiss

(cramming: Changing Glass to Gloss-Ceramics
Glass HmM Art and Stulpluiu

Glass for Science and Riigineeiing

Cliupter Sunmuny

Coatingsand Thick Films

Chapter Preview

27.1
27.2
27.3
274
27.5

cusiJLr >

Defining Thick Film
Tape Casting

Dip CVutinp

Spin Coating
Spraying

450
451
451
452
453
453
454

457
457
457
158
458
460
461
462
46.3
464
464
465
16ft
466
167
468
47
471
472
472
473
474
474

477
477
w77
477
48U
482
4*3
484
485
486
482
157
497
488
498
490
492
493

495
495
495
497
498
498

XXIx



2S

29

27.6  Liccirophntctic LMpocition
27.7  Thick Film Circuiti
Chal4cr Summary

n>in Filmsand Vapor DIpoSitlon........ccvennii e
Chapter Preview

2S.1 Difference UetweenThin | ilms end thick 1ilms
28.2  Acronyms, .Aljcclives, end Hyphens

28.3  Renuiremenl? foiThin Ccramk Films

284  Chemical Vapor Dg«osilion

285  ThermodynamicsofO D

28.6  CVD or Ceramic Films fot Semiconductor Devices
28.7 Typesof C\T1

288  C\T> Safely

289  F.valxir<uiun

28.10 Spullemig

2311 Moleudar-Beam Epitaxy

23.12 Pulsed-Luici Deposition

23.1» lun-Bcam-Assistcd Deposition

28.14 -Substrates

Chapter Summary

Growing Single CryStalS ...
Chapter Preview

291  Why Sin”k Crystals?

29.2  Brief llisluiy oi Crowin*: Ceramic Single Crystals
2A3  Melhudi lor Growing Single Crystals of Ceramics
294.  Melt Technique: Vemcuil (Rumc-Fusion)

295  Melt Technique: Am-Image Givwth

29.6  Melt Technique: C odtial&lti

29.7  Melt Technique: Skull Melting

29.8  Melt Toclinique: Btklgiiuir.-Suxklwiger

29.9  Melt Technique: HFM

29.10 Applying Piuije Diagram!) to Single-Cryslul Growth
29.11 Soluliuti I ecltnique: Hydrothcmtul

29.12 Solution lechnique: Hydrothermal Growth at Low Temperatuic
29.13 Solution Technique: Flux Growth

29.14 Solution Icchniquc: Growing Diamonds

29.15 Vapor Technique: VI.S

29.16 Vapor Technique: -Suhlimatinn

29.17 Preparing Substrates for Thin-tilm Appliuiiiumv
29.18 Growing Nanowiies und Nunotubes by VLS and Not
Chapter Summary

PART VU PROPERTIES AND APPLICA HONS

4

Conducting Charge or NOT...c....  cveoivierererere e e
Chapcc : Preview

01  Ceramics as Flectrical Coinhluclois

30.2  Conduction MechnniHiis in Ceramics
30.3  Nnn:hrr of Contluctiun Hies.'lrons

30.4  Elrctiwi Mubility

30,5  Effect of Temperature

30.6 Ceramics with Mctal-Likc (.'onductivity
30.7  Applications for High-a Ceramics

30.8  .Semiconducting Ceramics

30.9  F.xample; of F.xtriiKie Srinicondueiiies

502
5K

5W
5m
5m
510
510
512
513
514
515
515
516
517
5)8
519
519
520

523
523
523
524
525
527
527
530
531
532
532
533
535
535
537
537
538
538
538
539

545
545
545
547
518
549
549
55(1
551
553
554

.Cos TTN/5



30.10 Vunitors 556

CfINIr.N

30.11 I'hcnmistois 557
3}.12 Wide Kind Gap Scmicordtictors 558
30.13 lur. Cinduction 55H
30.14 Fast lon Conductors 559
30.15 Baiieries 559
30.16  Fuel Cells 560
30.17  Ceramic Insulators 562
30.18 Substrates and Packages lor Integrated Circuits 564
30.10 Insulating I ayers in Integrated Circuits 565
30.7.0 .Superconductivity 566
30.21 Ceramic Superconductors 567
Chapter Summary 569
Localiv KcdiNIFbulina O LU TLLE .c.vovveeeeeeeecece e e 573
riiapl«;i Preview 573
31.1  Background on Dielectrics 573
31.2  Fcrroelectriciiy 578
31.3  R.iTiQ-: The Prototypical Ferroelectric 579
31.4  .Solid Solutions with Bai it); 582
31.5  Olivi Ferioclecrric Ceramics 582
31.6  Relaxor Dielectrics 583
31.7  Ceramic Capaeitois 583
31.5  Ceramic Ferroelectric* ior Memory Applicatiom 586
31.9  Pic7ccleccrivity 586
31.10 Lead Zirvoiuttc-Leml Titanate Solid Soluiioiii 588
31.11 Applications :or Piezoelectric Ceramics 589
31.12 Piezoelectric Materials for MUMS 589
31.13  Pyroelectricity 590
31.M  Applications for Pyroelectric Ceramics 590
Chapici Siimiiisu} 501
Inbtmcling wilh anri (stn”ralin” laghi oo, 593
Cluipiei Pieview 593
321  Some Background 'vr Optical Cerami«» 593
32.2  Transparency 595
32.3  Refractive hides 596
32.4  Reticelinr from Ceramic Surfaces 597
325 Colorin Ceramici >08
32.6  Colorili® Glass and Glu/es 599
32.7  Ceramic Pigmentsand Stain? 6CO
32,5  Translucent Cerami«» 601
32.9  ljimp Envelopes fi02
32.10 Fluorescence 603
32.11 Basics of Optical Fiheis 604
32.1? Phwphorsand Emitters 607
32.13 Solid-Stale Labeis 607
32.1- Electro-Optic Ceramics for Optical Devices 608
32.15 Reacting to Other Pans of the Spectrum 612
32.16 Ojilital Ceramicb in Nature 613
32.17 Qtinnium Dors and Size Effects 614
Cliapiei Sumiliar, 614
Using Magnelic Fields and Storing 1>ata.......cccoceevivvivivcciceneees v, 617
ChapterPreview 617
331  BriefHistory or Magnetic (I'cramics 617
33? Milenci U 618
33.3 Uiisic iiquiitions. Words, iind Units 618

XXXI



33.4  Five Classes of Magnetic Material 621

33.5 DiaiiiajpMic Cciamics 621
33.6  Supeivoiidliding Magiiers 622
137  Paramagnetic Ceramics 623
13.«  Measuring X 62.3
13.0  Feijoniagnctism 624
33.10 AntifeiTomagnctism and Colossal MagiKtorchiMaiice 625
33.11 Feniinagix»clism 626
33.12 estimating (lie Magivli/aiirui of Ferrimagnas 629
33.13 Magnetic LVuiiilinsand Bloch Walls 629
3.114 Imaging Magnetic Domains 630
31.15 Motion of IXimain Walls and Hysteresis| oops 631
3.116 Hardand Soft Ferrites 612
33.17 Microwave Ferrites 634
33.1S Data Storage and Pecoriling 634
33.10 Magnelic Kanupaitides 636
Chapici Summuiy 6.36
Rfspimdinj; In Tecmperdliin.' Chan™cN ... i, 641
Cliapici Preview 641
341  Summniy of Tenns and Units 641
34.2  Absorption and Heat Capacity 641
143  Melting M3
344  Vaporization 645
34.5 Thermal Conductivity 645
34.6  Measuring The.rmal Conductivity 648
34,7  Mkiostineture aid Thcmial Clonducdvity 648
34.8  Using High Theimal Conductivity 649
34.9  Thermal Expansion 651
34.10 EffectufCrystal Structure on a 651
3411 Thermal Expansion Measurement 652
31.12 Importance ot' Matching ms 6.1
34.13 Applications for | ow-i 655
34.14 Tieittid Shod 655
Qutpler Sunmuny 656
Ceramicsin Biolog and MediCine.......ccocovveviviiiie i sreeeens 659
Chapter Preview 659
351 What are Rioceramics'.1 659
35.2  Advantages and Disadvantages of Ceramics 660
35.3  Ceroniie Implanis and the Structure of Bone 661
354  Aluminaand Zircunia 663
35,5  Bioactivc Glt.sscs L

>5.6  Bioactivc Ciltiss-Ceituiiicr« 665
357  Hydroxyapatite 665
358  Rioeeramics in Clomposites 667
35.9 Bioeeramic Coatings 668
35.10 Radiotherapy Glasses 669
35.11  Pvmlylrc Carton llearl Valves 67(1
3512 Niinobioccnimics 670
.35.13 Dental Ceramics 671
35.14 Rinminictics 67?
Chapter Summary 673
MiNerals and GEMIS......covuiiieieieierierie et seens sensees 677
Chaplcr Preview 677
361 Minerals 677

36.2  WTiatis a gem? 678



36.3
36.4
36.5
36.6
36.7
36.8
36.9
36.10
36.11
36.12
36.11
36.14
36.15

In ihe Rough

Culling and Polishing

U ghi mid Oplics in Geuiology
Color in Gem- ami Minerals
Optical Effotls

Identifying Minerals andGem.$
Chemical Slabihly (Durability)
Diamonds. Sapphires. Rubi«, and Emeralds
Opal

Other Gems

Minerals with Inclusions
Treaimeni of Gems

The Mirerai and Gem Trade

Chapici Sununaiy

37 Knergy I'roduellonand Sloingc

Chapter Preview

37.1
37.2
37.3
37.4
37.5
37.6
37.7
37.8
37.9
37.10
37.11

SOE RemiiKlurs

Nuclear Fuel ami Waste Disposal
Solid Oxide Fuel Cell*
Photovoltaic Solar Cells
Dye-SenMtii<xl Solar Cells
Ceramics in Raftcries
Lilhium-lon Baltenes
Uluacapaciiois

Producing and Storing Hydrogen
Eneigy Harvesting

Catalysts and Catalyst Supports

Chépte: Sminimiv

38 Industry and tbc Environment

Chapter Preview

38.1  Beginning of (>e Modem Ceramics Indusliy
38.2  Growth andGlnhali/atinn
38.3 TypesofMarket
38.4 rise Studies
38.5 EmergingAreas
38.6  Mining
38.7  Recycling
38.8  As(been Materials
Chapter Summary
Ao L= O RS SRSPSRPR

678
6811
681
643
686
686
688
688

691
694
694
696
69?

699
699
699
699
701
702
70t
703
704
7'36
706
7(78
708

7K

713
713
714
715
715
718
721
722
724
726



