Copyright © 1995 ASM International ®
Engineered Materials Handbook Desk Edition (#06560G) All rights reserved.

www.asminternational.org

Confenis

Section 1: General InformationandData ................... 1 Polyaryl Sulfones (PAS) ............. ..o, 223
Glossary Of TEITNS . . ..o\ v et teteeeereer e eanenens 3 Polybutylene Terephthalates (PBT)................... 226
Metric ConversionGuide ......... ..o, 73 Polycarbonates (PC) ..................oooiinit 228
General Materials Data .............ovviinrerenanannn.. 83 Polyether-imides (PEI). ..................o.oiiint 229
Engineering Tables: Polymeric Materials . . ................ 92 Polyether Sulfones (PES, PESV)..................... 231
Engineering Tables: Reinforcement Materials ............. 100 Polyethylene Terephthalates PET) ................... 235
Engineering Tables: Ceramics and Glasses. ............... 103 Thermoplastic Polyimides (TPD ..................... 238
Guide to Materials Selection. . .................oooa.... 106 Liquid Crystal Polymers (I.CP)...................... 239

Elements of the Materials Selection Process............ 106 Polyphenylene Ether Blends (PPE,PPO) .............. 241
Classification of Engineered Materials ................ 109 Polyphenylene Sulfides (PPS). .. ......ocverenennen.. 243
FerrousAlloys ........ ... ..o, 110 Polysulfones (PSU) . ... ...oovirnireerneennaennns 247
Nonferrous Alloys ..o, 118 THEITNOSELS - - .« v vevvs et eeeae e eeeeeennnns 250
Ceramics................ R R Y 127 Allyls DAP,DAIP) . .. ..., 251
Cermets and Cemented Carbides..................... 131 ATHNOS. . .+ eeee et e et et 254
Engineering Plastics. . ............ ...l 132
Polymer-Marix Composites ... _.._.._.._..... 39 R L
Metal Matrix Composites ............... ARRERREER 144 Polybenzimidazoles (PBI) . . . .. .. .vuenenenenenn. 261
eramic-Matrix and Carbon-Carbon Composites........ 147 Unsaturated Polvesters 264
Comparison of Material Properties ................... 149 JONCIS: v
Computer-Aided Materials Selection. . ................ 152 ’;E::;?z:t Polyimides..............ooeeiniinnes ;;(5)
VinylEsters ........oooiiiiiii i 278
. . . . Elastomers. . ... ..ottt i 282

Section 2: Introduction to Polymeric Materials. ............ 155 General Additives for Plastics and Elastomers. .. .......... 287

Polymer Science for Engineers . ........................ 157 Additives for Plastics. . . ..o v vvven et 287
Typesof Polymers .................cooiiiiiiint 157 Additives for Elastomers . ..............ooviiiian, 290
Chemical StruCture. . . ............oooeeiiieiiinin 157 Methods of ADtion . . ..............eeeeeiiiiii.ns 291
Polymer Names ..., 161 Recycling of Plastics. . ..........ooviiii s, 292
Aspects of Structure that Influence Properties. .......... 165
Propertiesof Polymers. . .............. ...t 167

Section 4: Processing and Fabrication of
Section 3: Properties and Characteristics of Engineering Engineering Plastics .................. ... ... ... .. 297
Plasticsand Elastomers. . . ............................ 171 Injection Molding 299

Introduction to Engineering Plastics . .................... 173 Molding COmpounds . . . . ........oovueeennneeeeenn. 209
General Characteristics ...................oooeeenn. 173 Thermoplastic Injection Molding . ................... 299
P"rope‘rtles Con31deranpns ........................... 176 Thermoplastic Structural Foam Injection Molding. . ..... 302

Engineering Thermoplastics .............. ... ... ... 180 Thermoset Injection Molding . . ..................... 305
Acrylics ... i i 180 EXOUSION « « e oo oo oo 308
Acrylonitrile-Butadiene-Styrenes (ABS)............... 184 Blow Molding . . . . . .. ... 317
High-Density Polyethylenes (HDPE) ................. 187 Rotati Bev e

C otational Molding . . . ....... ... ... .. . il 321
Reinforced Polypropylenes (PP) ..................... 190 Thermoformin 327
High-Impact Polystyrenes (PS,HIPS)................. 192 PG . oo e R
Polyvinyl CHIOAdes (PVC) .. .veeeeeeeneannenns 196 Compression Molding and Stamping .. .. .. FARSERRRTRIEEE 332
Styrene-Acrylonitriles (SAN, OSA, ASA) ............. 200 Resin Transfer Molding and Structural Reaction
Styrene-MaleiC Anhydrides (S/MA) “““““““““ 201 I‘n]‘ectlon Moldlng. R R R R R R 336

Advanced Thermoplastics . . ... .vvevenrnrernrerenananns 206 Joining and Assembly of Plastics ....................... 342
Homopolymer and Copolymer Acetals (AC) ........... 206 Mechanical Fasten%ng e 342
FIUOTOPOIYIMETS .+ v\t eteeeeeeeeenannnes 207 Solvent and Adhesive Bonding . ...................o. 345
TODOTMIETS . « .o\ e v ettt e et et e ee e eeeeeaeeeaenes 210 Welding ... 347
Polyamides (PA). . .. .. vvvveeeineeineeneneens 214 Metallizing of Plastics. ............ccoiiiiiiiin... 356
Polyamide-imides (PAD)..............coiiiiin... 216 Metallizing Processes. . . .......coovviiiiin e, 357
Polyarylates (PAR).......... ..o, 220 Environmental Considerations. . ..................... 362
Polyketones (PEEK, PEK, PEKK, PAEK) ............. 222 Performance of Metallized Plastics. .. ................ 362

viii



Copyright © 1995 ASM International ®
All rights reserved.
www.asminternational.org

Engineered Materials Handbook Desk Edition (#06560G)

Section 5: Testing and Characterization of Joining and Assembly of Polymer-Matrix Composites. . . .. .. 593
PolymericMaterials. .................... ... ... .. ... 365 Adhesive Bonding ............. ... 593
Thermal Analysis and Properties . . . . .................... 367 Mec;hamcal F:‘astemng .............................. 598
Glass Transition Temperature . . . . .................... 367 Fusion Bonding. ..o 602
Thermal Analysis ............coooviiiiiiiinaa 373 Testing, Inspection, and Repair of Polymer-Matrix Composites
Thermal Properties . .............cooiiiininae... 381 Mechanical Testing of Composites ...................... 608
Thermal Properties of Thermoplastics .. ............... 383 Fundamentals of Tensile Testing of Composite Materials . . 608
Thermal Properties of Thermosets . ................... 387 Environmental Exposure Effects . .................... 609
Deformation and Viscoelasticity ........................ 393 TestMethods. . ..........oooviiiii i 610
Mechanical Behavior of Plastics. . .................... 393 Nondestructive Analysis and Quality Control. ............. 616
TestMethods. . ........... ... i 401 Ultrasonic Nondestructive Analysis. .................. 616
Prediction of Deformation . ......................... 405 QualityControl. . ... 618
Mechanical Testing. . . ..., 410 REPAIr. .o oo 625
Factors Affecting Mechanical Properties of Plastics . . . ... 410
Stress-Strain Testing . .. .........ovvvninininiinnn.n. 415  Section 7: Adhesivesand Sealants .. ...................... 631
Strength Testing ...l 417 ARESIVES . . .o\ttt 633
Impact Testing. .. ...l 418 Fundamentals of Adhesive Technology . ............... 633
Dynamic Testing and Viscoelasticity .................. 421 Typesof Adhesives. ...t 638
Electrical Testing .............c.oovviiiiiiin, 423 Adhesive Modifiers ................. oL 647
Electrical Properties . .............................. 424 PrIMELS . ..ottt et i e 650
Electrical Tests ..., 428 Adhesive Applications . .......... ...l 651
Factors Affecting Selection and Properties. ............. 433 ManufacturingUse. ..., 659
Optical Testing . . ........cooiiiiineiiiiin i, 439 Sealants ........... .. i e 672
Aging and Weathering Testing. . ........................ 444 Fundamentals of Sealant Technology.................. 672
Weathering ........coooiiiiin i 444 Typesof Sealants .................... ... 673
Thermal Degradation and Other Environmental Degradation Sealant Properties . . ..., 676
PrOCESSES « v vvvin it it 448 Design of Sealing Systems. ..................oo. . 678
Flammability Testing .. ............ ... .o 454 Sealant Applications . .. .......... ... ... 683
Flammability TestMethods ..................... . ... 454
Frictionand Wear Testing. . .. .............ccovvvnvnnnn.. 459  Section 8: Introduction to Ceramics and Glasses. ........... 691
Friction, Wear, and Lubrication ...................... 459 General Characteristics and App]ications of Ceramics
Friction and Wear Test Methods . . .................... 461 aNd GlaSSES. . .ot v et e e 693
Friction and Wear Test Data for Polymeric Materials . . . .. 465 A Brief History of Ceramics and Glasses. . ............. 693
Traditional Ceramics. . ..........covviiiiinnnn.,. 693
Section 6: Polymer-Matrix Composites.................... 467 GlaSSES « vttt it 694
Introduction to Polymer-Matrix Composites............... 469 Glass-Ceramics . . . .....oovvivieieee 695
Forms and Properties of Composite Materials 476 Advanced Ceramics ..........coviiniiiiiniine 695
¢ TOPELNES OF -OMPOSITE HATIAL. - vvveereven Recycling and Other Environmental Considerations . ....... 699
Materials and Properties Description . ................. 476 yeung d 699
Thermoplastic Matrix Composites. ................... 479 gﬁi{ggﬁeﬁ?}lge ) ulatlons """""""""""""" 703
Thermoset Matrix Composites . . ..................... 480 BUIALONS wvvv e
FlbeGrlsésf;‘agggi’s @d Reinforcements ..................... ggg Section 9: Applications, Processing, and Characterization
Graphite/Carbon Fibers. . .. .. oo oo 500 of Cel"&'lmncs. SRR R R REAREREE 707
Aramid FIBEES - o v o oo oo oo 512 Traditional Applications for Ceramics.................... 709
BOron FAbers . . ....ooveveeii e 514 Structural Clay Products. ... 709
Silicon Carbide Fbers. . . ... ... ..oveeeeeeennnn. 515 WHIHEWAIE. . ..o 714
Ceramic FiErS . .............oueeaiiaiiiennn. 516 Glazes and Enamels . ... coovveeenneeeeee 716
Fiber SIZiNg. .. ... ..uveeereteaieeeeiena 517 Portland Cements and ConCrete . ... ....ovvvveenees 720
Fabrics and PrefOrms . . oo oo e oo 519 Refr?.ctorles ........ R EARER e 722
PrePreg RESINS. . . ..o v v e eeee e e 523 Processing and Characterization of Ceramic Powders . ...... 732
RawMaterials. ......... ... .. .. i, 732
Processing and Fabrication of Polymer-Matrix Composites Processing AItives. . . .+« vvovenennnn 737
Bulk Molding Compounds. ......................... .. 532 COMMINULION . . .o\ vt et ettt eeeeeeennens 740
Sheet Molding Compounds . ..............ccoovvvinnn.. 535 Batching and MiXing . ............oveivinininnenn.. 743
Hand Lay-Up, Spray-Up, and Mechanical Lay-Up.......... 539 Granulation and Spray Drying . .. .............cnovnen. 745
Honeycomb ...t 546 CalCination . ... .....oovnireiat e 747
Pultrusion . . ... .o i e e 551 Chemical Synthesis ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 748
FilamentWinding. . ............ ... 558 Filtrationand Washing . . . .......................... 752
Braiding ............. i 565 Characterization of Ceramic Powders ................. 754
Autoclave Molding. . ........... ...l 570 Forming and Predensification .......................... 763
Materials for Autoclave Molding . .................... 570 Mechanical Consolidation ...................oovue. 763
Autoclave Systems . ........ ... i 57 DryPressing.............coiiiiiiiiiiiiii.. 764
Tooling .........ccooiiiiiiii 573 Cold Isostatic Pressing .. ............... ... 766
Machining, Drilling, and Cutting. . ...................... 583 SlipCasting. . ..........ooviiiiiii s 767
Conventional Machining Techniques. ................. 583 Tape Casting. . . .....oovvvveiiii s 770
LaserCutting. . ........coovviiiinniiin s 585 EXtrusion. . ......o.ooi i 771
Water-JetCutting. . ................. i 590 InjectionMolding. . . ................ oo 773



Copyright © 1995 ASM International ®

Engineered Materials Handbook Desk Edition (#06560G) All rights reserved.
.. . . www.asminternational.org
GreenMachining . ........... .. ... ool 776 Design of Engine Components ...................... 984
D 17 771 Structural Applications for Advanced Ceramics. ........... 991
OrganicsRemoval ................ .. ... L. 779 Wear-Resistant Applications . ....................... 991
Densificationand Sintering . . . ............... ... ... 784 Temperature-Resistant Applications ................. 1002
The Firing Process . .........cooiviiiiii i, 784 Electrical/Electronic Applications for Advanced Ceramics .. 1016
Fundamentalsof Sintering . ... ...................... 789 Devices for the Electric Power Industry .............. 1016
Solid-State Sintering ............ ..o ... 791 Devices for the Electronics Industry . ................ 1019
Liquid-Phase Sintering. .. ............... ...l 794 Dielectric, Piezoelectric, and Ferroelectric Devices . . . .. 1026
Reaction Sintering . ............. ... ... ... 796 Sensing Devices. . . oovveiiiee i 1036
Polymer-Derived Ceramics ......................... 799 Magnetic and Superconducting Devices.............. 1048
Self-Propagating, High-Temperature Synthesis. ......... 800
Pressure Densification . ................oouuieeen... 802  Section 11: Ceramic-Matrix Composites and Carbon- .
Nontraditional Densification Processes . . .............. 808 Carbon COIIIpOSitCS ................................. 1057
Control of Grain Growth ..................ooiaLt, 815 Ceramic-Matrix COmPOSIES . . .\ vvvvvrerenarennnrn.s 1059
Final Shaping and Surface Finishing. .................... 823 Ceramic Reinforcements . ......................... 1060
Principles of Abrasive Machining .................... 823 Processing and Fabrication ........................ 1067
Production Grinding Methods . ...................... 830 Testing and Characterization. .. .................... 1075
Lapping, Honing, and Polishing ..................... 837 Properties and Applications. . .. .................... 1082
Unconventional Machining Techniques. ............... 840 Carbon-Carbon COmpOSIes . . ..........oevnerernnnn.. 1094
Joining ..o 846 Carbon FIDETIS. - . o v oo v e e e e 1094
Chemical Bonding ................................ 846 Processing of Carbon-Carbon COII]pOSitCS ““““““ 1098
Metallizing ...................................... 848 Pl'OpCl’tiCS of Carbon-Carbon COII]pOSitCS “““““““ 1105
Ceramic-to-Metal Seals . ........................... 849 Applications of Carbon-Carbon Composites. . . . . . ... .. 1107
Joining Oxide Ceramics............................ 855
Joining Nonoxide Ceramics. ............c.ovvveen... 858 Section12:Glasses .............coviiiiiiiiin. 1113
Testing and Characterization. . ......................... 865 Glass PIOCESSING « .+« « « e eeeeeeee e e, 1115
Chemical Ana}lysm ................................ 865 Raw Materials/Batching ““““““““““““““ 1115
Phase Analysis ............coiiiiiiii i, 869 Melting/FIning . . . . ..o eevveeeeneeeeinneeennnns. 1119
Microstructural Analysis ................ ... ... ... 873 FOMMUNG -« .« + e oot e e e e 1124
Porosity, Density, and Surface Area Measurements ... 878 Safety Glass Processes. ............oooivinian.. 1130
Strength and Proof Testing. ... ............oooniin. 881 TIonExchange.................. ... ool 1136
Toughness, Hardness, and Wear Testing ................ 886 Grinding/POlShINg. . .« . «.veveeneeinanennn, 1138
Thermophysical Property Testing . ................... 890 DECOTANG . . . o\ veeteeeeeeeeeee e e eaeaeeaeens 1142
Nondestructive Testing and Inspection ................. 894 FADEIZIASS - . ..o eeeteeeiete et 1145
Failure Analysis ..................................... 905 Optical TS v T 1146
Stages of Failure Analysis ...................ooooens 905 Glass SPheres. .. ....oovie e et 1149
Descriptive Fractography................ooovvnenn, 906 Phase-Separated Glasses and Glass-Ceramics. . . . . . . ... 1152
Quantitative Fracture Surface Analysis ................ 912 SOI-GEl PrOCESSES. . v eveeveverereeeeneneeaenanns 1157
Crystallography and Engineering Properties. .............. 922 Glass/Metal and Glass-Ceramic/Metal Seals. ... . . . . .. .. 1160
Crystal Structures.. .. .. R R 922 SOIAEr GIaSSES . ..o\ v eee et e eiaeaeaeeens 1164
Thermodynamic Properties ..... .. R 925 Design and Engineering Properties of Glasses............ 1171
Engineering Properties of Single Oxides............... 928 Material Composition and Structure .. ............... 1171
Engineering Properties of Zirconia ................... 937 Physical and Thermal Properties . . .. ................ 1172
Engineering Properties of Multicomponent and Mechanical PrOperties . . .. . ...........oeeeeeeen.. 1174
Multiphase Oxides. ... . ... SRR R R LR LR R 942 Electrical PrOPEItes . . . . ... .veueueuenenenenns. 1176
Engineering Properties of Borides.................... 947 Optical PrOPETties. . . .. ... cuveueeeeenenenennss 1177
Engineering Properties of Carbides . .................. 957 Magnetic PrOPErties . . . ..+« +.vvvnvnnenenenennns. 1178
Engineering Properties of Nitrides. ................... 963 Chemical PrOPErties . .. . ... ovvveveneenenennnn. 1179
Engineering Properties of Diamond and Graphite. ... 966 Properties of Glass-Matrix Composites. .............. 1183
Section 10: Advanced Ceramics. ......................... M poptomtons ot Glaseen e
Design Considerations for Advanced Ceramics for Traditional GIass .. ........ooviuiiiiiniiniinnn.s 1188
Structural Applications .. ...ttt 979 Specialty Glass. . ..........ooi i 1200
Ceramic Properties Information. ..................... 979
Conceptual Design. .......... ...t 980  Abbreviations, Symbols, and Tradenames................ 1231
Detailed Design .. .......cvvtiiniiiin e, 980  INdeX........couniiiueiiie i e 1236





