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PREFACE

The Second Edition provides new and ex-
panded coverage of important topics in polymer science and engineering and includes addi-
tional example calculations, homework problems, and bibliographic references. Additional
topics in the treatment of polymer synthesis (Chapter 2) include metallocene catalysis, atom
transfer radical and plasma polymerization, the genetic engineering of polymers, and the use
of supercritical fluids as a polymerization medium. The new field of dynamic calorimetry
(temperature-modulated DSC) has been added to the coverage of polymer viscoelasticity in
Chapter 5. Chapter 6 provides expanded coverage of biodegradable polymers while Chapter 7
introduces the important new area of nanocomposites. Chapter 8 has been totally revised to
include coverage of biopolymers and naturally occurring polymers including chitin and chito-
san, while material on commodity thermoplastics has been moved to Chapter 9. In Chapter
10, new engineering and specialty thermoplastics including dendrimers, hyperbranched poly-
mers, and amorphous Teflon are discussed. Examples of polymer processing modeling have
been expanded to include wire-coating operations in Chapter 11. The topic of drag reduction
has been moved from Chapter 12 to the coverage of polymer rheology in Chapter 11 which
now also includes an introduction to melt instabilities. The discussion of the electrical and
optical applications of engineering polymers has been enhanced and new coverage of barrier
polymers has been provided in Chapter 12.

Although the intended audience for this text is advanced undergraduates and graduate
students in chemical engineering, the coverage of polymer science fundamentals (Chapters 1
through 5) is suitable for a semester course in a materials science or chemistry curriculum.
Chapters 6 and 7 discuss more specialized topics such as polymer degradation, recycling,
biopolymers, natural polymers, and fibers. Sections from this coverage can be included to
supplement the basic coverage provided by the earlier chapters. Chapters 9 and 10 survey the



xvi Contents

principal categories of polymers—commodity thermoplastics, elastomers, thermosets, and
engineering and specialty polymers. Material from these chapters may be included to sup-
plement and reinforce the material presented in the chapters on fundamentals and provides a
useful reference source for practicing scientists and engineers in the plastics industry. Poly-
mer engineering principles including rheology and processing operations, introduced in
Chapter 11, can be used as the basis of a short course on polymer engineering at the senior
undergraduate and graduate student level. Chapter 12 describes polymers used in areas of ad-
vanced technology including membrane separations, electrolytes for batteries and fuel cells,
controlled drug release, nonlinear optical applications, and light-emitting diodes and displays.
This coverage may be used as reference material for scientists and engineers and provides a
basis for short courses in such areas as membrane science and technology and polymer phys-
ics.

Joel R. Fried
Cincinnati, Ohio



PREFACE TO HE
FIRST EDITION

At least dozens of good introductory text-
books on polymer science and engineering are now available. Why then has yet another book
been written? The decision was based on my belief that none of the available texts fully ad-
dresses the needs of students in chemical engineering. It is not that chemical engineers are a
rare breed, but rather that they have special training in areas of thermodynamics and transport
phefomena that is seldom challenged by texts designed primarily for students of chemistry or
materials science. This has been a frustration of mine and of many of my students for the
past 15 years during which T have taught an introductory course, Polymer Technology, to
some 350 chemical engineering seniors. In response to this perceived need, I had written nine
review articles that appeared in the SPE publication Plastics Engineering from 1982 to
1984. These served as hard copy for my students to supplement their classroom notes but
fell short of a complete solution.

In writing this text, it was my objective to first provide the basic building blocks of
polymer science and engineering by coverage of fundamental polymer chemistry and materi-
als topics given in Chapters 1 through 7. As a supplement to the traditional coverage of
polymer thermodynamics, extensive discussion of phase equilibria, equation-of-state theories,
and UNIFAC has been included in Chapter 3. Coverage of rheology, including the use of
constitutive equations and the modeling of simple flow geometries, and the fundamentals of
polymer processing operations are given in Chapter 11. Finally, I wanted to provide infor-
mation on the exciting new materials now available and the emerging areas of technological
growth that could motivate a new generation of scientists and engineers. For this reason, en-
gineering and specialty polymers are surveyed in Chapter 10 and important new applications
for polymers in separations (membrane separations), electronics (conducting polymers), bio-
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technology (controlled drug release), and other specialized areas of engineering are given in
Chapter 12. In all, this has been an ambitious undertaking and I hope that I have succeeded
in at least some of these goals.

Although the intended audience for this text is advanced undergraduates and graduate
students in chemical engineering, the coverage of polymer science fundamentals (Chapters 1
through 7) should be suitable for a semester course in a materials science or chemistry cur-
riculum. Chapters 8 through 10 intended as survey chapters of the principal categories of
polymers—commodity thermoplastics and fibers, network polymers (elastomers and thermo-
sets), and engineering and specialty polymers—may be included to supplement and reinforce
the material presented in the chapters on fundamentals and should serve as a useful reference
source for the practicing scientist or engineer in the plastics industry.

Joel R. Fried
Cincinnati, Ohio



ACKNOWLEDGMENTS

This text could not have been completed
without the help of many colleagues who provided figures and photographs and offered im-
portant advice during its preparation. I am particularly indebted to those colleagues who read
all or sections of the first edition and offered very helpful advice. These included Professor
James E. Mark of the University of Cincinnati, Professor Otto Vogl of the Polytechnic
University, Professor Erdogan Kiran of Virginia Polytechnic Institute of Technology, Pro-
fessor Paul Han of the University of Akron, Professor Donald R. Paul of the University of
Texas, and Professor R. P. Danner of Penn State. Appreciation is also extended to many
students and colleagues at who have provided important comments over the past few years
following the publication of the first edition. These include Professor Michael Greenfield of
the University of Rhode Island, Professor Zvi Rigbi of the Technion, Professors U. Sundara-
raj and Philip Choi of the University of Alberta, Professor Jin Chuk Zjung of Pohang Uni-
versity of Science & Technology, and Professor Carlos Co of the University of Cincinnati.

I wish to also thank those colleagues who kindly provided some key illustrations and
photos. These are Dr. Roger Kambour of General Electric, Professor Bill Koros of the Geor-
gia Institute of Technology, Professor Paul Han of the University of Akron, Professor John
Gilham of Princeton University, Professor Paul Philips of the University of Tennessee, Dr.
Marty Matsuo of Nippon Zeon (Japan), Dr. Robert Cieslinski of The Dow Chemical Com-
pany, Dr. Richard Baker of Membrane Technology & Research, Inc., Dr. Mostafa Aboulfaraj
of Pechiney Centre de Recherches de Voreppe (France), Professor Morton Denn of the City
College of New York, and Professor David Tirrell of the California Institute of Technology.

Joel R. Fried
Cincinnati, Ohio



tH At it A

RENRBIS

PERFACE
INTRODUCTION TO THE
FIRST EDITION

ACKNOWLEDGMENTS
1 BOFRZEBIT e 1
Ll BT e 4
L1l AR E R oo 4
112 BFRARMHE
FEETAFHE crvveererieinnn 4
L3 TR FLEHRITHE e 8
1.2 BESPTLEH - veereeremreeenmeniaenens 9
2.1 ZEBH oo, 10
1.2.2 STHJEERHE oo 10
123 JUfAEHG coeerrereemreeesennnens 12
1.2.4 BEMBLE oo 13
1.3 HIXHATIRE oevrerrrmrecorens 15
1.3.1 HMA>FHREDFR e 15
1.3.2 EHHTSFER e 15
1.4 b2 RIdREEAE e 19
2 BOFER et 23
2.1 BHEEE oo 24
2.1.1 BEHRERNAEHER
BYTIREE overeremenmeeeaannens 2
2.1.2 BERESREMNI T2 e 28
2.0 BEHIERA v 29

2.2.1 ARERSMILRERMN - 29
2.2.2 BEFREMIEREGRE - 45

%Ilu

2.2.3 BIIERE creevrereeieneneniiin 49
2.3 BARMEIA oo 53
2.3.1 ZEEE e 53
2.3.2 IEHEEE e 54
2.3.3 BREERE P TRPP TR 55
2.3.4 FLEBBE oo 55
23.5 E&. TENSETRSE -~ 57
2.3.6 FHGRRESFRES o 60
2.4 BEEAT TR ooereeerenrenees 61
241 JEEEBEHE oo 61
242 WHTHEMHHE e 62
25 BAFAMENEHEE oo 65
2.5.1 BIEEA ceeereeeerneneens 66
2.5.2 HEABEBELS e 67
253 BAFERBMK
SFEIK 69
2.5.4 FFHEEAHERS e 69
2.5.5 BT cvereerevreeereemennn 7
2.6 ALLEEHBIIEE ooeererereienneeens 72
2.6.1 HRBGFGHE oeverrrerieriaeieniens 72
2.6.2 BREIIRIEE -eereneeeinn 75
3 MK, BEREDSFRE - 87
3.1 EOFEMBHERS) e 88
3.2 BATHRERAE e 94
3.2.1 Flory-Huggins Ff - veeerarseeees 96
3.2.2 Flory-Krigbaum B fipi it
i Flory-Huggins FEf -----+--- 102
3.2.3 :{ﬁﬁﬁﬁ}ﬂlﬁ .................. 103
3.2.4 AHWHT --coeevrerrreeaeeenns 108
3.2.5 FMEAHSBHIE - 112



5

=)
3.2.6  THBPETP -eoomeerrmremnennen 113
3.3 AEXPA TR -eeereveneenns 128
3.3 1 BEESEEE reeeremrerenees 129
3.3.2  JGHUETEE ~orevererrrermeenienien, 133
3.3.3  HREEREECIIGE coreeereeeeeneens 139
3.3.4 BEECBBEGEL oeeeeeeeeneeens 142
BEZSEERR oo 153
4.1 jﬁ%}fg;{l\j .............................. 154
4.1.1 tEFEEFEWITHEY e 154
4.1.2 BEIEALFEAR oeevenninninininn 156
4. 1.3 RBRHBRR »voerremerennennns 157
4.2 B e, 158
4.2.1 BAFHBETH oo 158
4.2.2 SARIBEEIERE oo, 162
4.2.3 ZEEBHHZE o 163
4.2. 4 %ﬁgmﬂﬁg&* ............... 165
4.3 HEEARFIPERR -oooverrrererraennnnes 168
4.3.1 FAMMAEER s 168
4.3.2 JUEEAR crooeeverreren 172
4.3.3  LERPEBERL R e 177
434 HISTSTRE . ERAEAX
805 A R IITITTIIT I PPPIOPS 180
4.4 FZEPERE oo, 183
4.4.1 FETEHLEL ovevvnrrmrenrrninenn 183
4.4.2 PR FTHE soevererereramraniinn 186
TR AR B A e 207
5.1 *,5'5%1&]*55{} ........................... 208
5.1.1  BIASFIZEAPHT -oveveeernrrennnns 208
5.1.2  EhsRPEAT N B Sy R .- 221
.13 EA TR IR
3$‘|'§£§E ........................... 230
5.1.4  JPBLATHT ceeeeeveereennenraanaees 232
5.1.5 FHAEEBP: cooeereerrrienes 240
5.1.6 BE-BEMRRE e 242
5.1.7 Boltzmann BB ---oreeeee- 245

6

7

vi
5.1.8  ShAIBRA L R A
FHHEIEFR covevrererinainns 247
5.2 MRERURMERIS; oo 249
5.2.1  PAJBESFHT ooveererereerennen 249
5.2.2 BEYFED oo 252
5.2.3 BBZERER e 254
5.2.4 BRIRUEFR oovveveeeirreriennns 255
B FHRMAMIRERE oo 263
6.1 B TREMHBEEE --rvreens 264
6. 1.1 FAFERE «-o-ovrrerrnee 264
6.1.2 LTSRS oeeee 269
6.1.3 ALFRUKRERE L -+ veeeee 271
6.1.4 AEBTEUBSIT »ooorererrennienns 273
6.1.5 HLBEFERE o orevrvrereinniinn 274
6.2 FRIEFRIERIESE s 274
6.2.1 JHER coevererri, 274
6.2.2 B oo 276
6.2.3 EHIPBRAR oo, 277
oy, LBEMESHE - 283
Tl BRHIFA] covveerermmmernrrrneninn. 284
T.1.1 BEEHF coeeenriieen, 285
7.1.2 JERLFIHEERFY «ovverrreeenns 289
713 HAGEBMBAN oo 290
7.2 BESTFIIRYEEML e 295
7.2.1 BETIIBY e 295
72,2 BIEEBRRIA S B3t
TR oo 304
7.2.3 HEFERL oo 306
7.3 BEOFEESHMBHEIA -coeeereenens 308
7.3. 1 jj%t@ﬁg ....................... 310
7.3.2 BEAMBIBHRIE e 317
LYEHTF. RABHTF
FOEFHE oo, 325
8.1 AT A ERATE
BIBEANTo wrerrermmnmmmnessesnninnnens 326



vii

8. 1.1 ZEFEJH ---evvvrrereerennciennnns 326
8.1.2 ZIEEER +vervvvvevrrarmeenmarans 330

8. 1.3 EEF - 334
8.1.4 HARBRELEBHE nnens 338
8.2 HTHE cerveereniii e 339
8.2.1 RRMEEFHE -vovvevveeerens 339
8.2.2 gifgﬁﬁgg ........................ 342
8.2.3 FELFLEEI ooverrririininnnns 344
8.2.4 LTUELLARME «oeoenerereenn 347

9 RBWEEBER, WiEEmR

[E7] 2 353
9.1 HAPBPEIEAEL 354
9.1.1 BB e 355
9. 1.2 WEEEST e 359
9.1.3  HRIIPEIREE «oovverrverveenreens 364
9.2 PHPEIR -ooeee 366
9.2.1 XUFEATAPER o-oevererinennnnn 367
9.2.2 AERUEZETPEIR oerreieiins 371
9.2.3 HFIHMETEAPEAR et 377
9.3 MR 378
9.3.1 FREIHRL coermeerreermrmmnn 379
9.3.2 ARHIFIBEEE «-cemvvrerererninne 380
9.3.3 HEERE -----eeee- TN 382
10 TEMBEMESF o 189
10.1  TFEHIBPEMERL s 391
10. 1.1 BEEEHE -eovvevevemoenienanannn 391
10. 1.2 ABS#EEK} --oevereinenninnninn, 393
10. 1.3 BREREREE «-vevrervevemnennns 394
10. 1.4 PROPEBRIERE  -ocooeemerenrennes 396
10.1.5 SRS eeeeveeeeiireeeinieneenns 397
10. 1.6 ZERL  woveereereeememmrennennn 398
10. 1.7 BIEFBE -oorrerrmrreennes 400
10. 1.8 TRBREG --ovevmeerereness 401
10. 1.9 SHEESTT ooevverrmrmrerens 402
10.2  HERIEAF coorerereeeereeeeees 404

S 15 BTN TR R AR

BAFNESTE

1021 BRFREMEAIAR AR
BT e 404
10.2.2 BETHIEAPT wrevrererveeens 411
10.2.3  FEALBEEEER  ---vevvererenrenns 412
10.2.4 SRR oeeeeeeeenn 414
10.2.5  TCHLEESTTF- woveevermeernrenes 415
10.2.6 BTG T ooverrerversenns 416
10.2.7 SHESF v 419
10.2.8 EtEBELFHE -oooeereeeinnnns 421
10.2.9 BECREAF coverrreneeenns 422
11 S FMIBETE e 427
1.1 EARMLEE oo, 428
11. 1. 1 }?fﬂj ........................... 428
11 1.2 AEHH eeereeieieiin 429
11 1.3 JEFE coeveemrevemesvvmmainnnnns 437
11.1.4 BB oorerrrrenienn 437
11.2 BT RASZEA e 439
11.2.1  JEEGRBARTS coovveeeenns 440

11.2.2 B4 TR WA R M
BOREHE  ooverrerreminnnineens 445
11.2.3 AT rveererenmannnen 448
11.2.4 B R EEgR - 450
11.2.5 BEBARRREE e 452
11.2.6  WEBHAER oeeveemeememeennns 453
11.3  BiSARIIRBIATHT  o-ovvreermrenenes 454
11.3.1 /&N (Poiseuille) Fizh 457
11.3.2  HEHLGLEL crevvreervrerenenn 459
11,4 FASTRRE  coreeeennieeeieee, 461
11.4.1 BLREFLAAL  vevrmveeeneens 462

11.4.2 JE&Z%: (Couette)

WRABL  vevermrmemmreninaienns 465
11.4.3  SEARIASL vereerereeermenes 467

11.4.4 B4 FHBABER
VEASI B covvrrrrmerriennnens 467



B =
15,1 FRHL coovvemreemeecnn 468
11.5.2 ZREGIRFE  --oorevvvrnrnerneens 475
it %
A1 WLF S35 HhARIER - 477
A2 BIIEHEMESETR 479
12 BERATHTF eeveveeereeees 485
12,1 BERLRFEIAR oo 486
12.1.1 BHREEIEATF coreeeeerenee 486
12.1.2 JEAFEE  ooreeesmrerereannn 488
12. 1.3 FERBHLE ooreeremeeennnnes 499
12. 1.4 ﬁg@gﬁqﬁ. ..................... 510
12.2 Y E2THEMZGYREN - 518

12.3 TERFTALFBIRE oo 521

12.3.1 BHFEIFT cevreererrmeeeeens 321
12.3.2 HLFRRHE -ooreeeeemomreremenns 525
12.3.3 AP oo 525
12.3.4 B FEEE e, 525
12. 4 ﬁlﬁ%—g]‘%? ........................ 326
12.4.1 JERHAFETHT oo 526
12.4.2  BYETARE e 528
PSR o 535
A B THE vvrvnrnnrerrranreaeseren 535
B HEEHRART TR
BRFGPERE - reemrrenremrra 539
C 1RFT B ASTM BRI coeererenaneans 541
P S ﬁ{fﬁﬂ%ﬂ"fﬁ'ﬁ ..................... 545



CONTENTS

PREFACE

PREFACE TO THE FIRST EDITION

ACKNOWLEDGMENTS
1 INTRODUCTION TO POLYMER SCIENCE..............oooooviiimiiiiiicec e, 1
1.1 Classification of POIYMETS..........ccuuviimiimiiieiii e 4
1.1.1 Thermoplastics and THEIMOSELS ......cc..eveeiiiiieminriieiiiecriie e 4
1.1.2  Classification Based upon Polymerization Mechanism.......................... 4
1.1.3  Classification Based upon Polymer Structure.............cccoeveevunevnnnrennnnn.. 8
1.2 POLYMET SHUCIUIC. . c.oiiiiiitiieiiii e iieieaeeeette e e ee e e e e et e e e et ee e e e eeeeeeennn s 9
L2.1 COPOIYIMETS.. .ot eeeearr e e e 10
1.2.2 TaCHCILY .o oveieeciie e et et e e e e e s e eaae 10
1.2.3  Geometric ISOMETISM ......ccvuuiiiiviniieriiiinrirriiiineeenss et 12
1.2.4 NOomenclature ..........coouiiiiiiiiiiiiiiiiiiiiercerrereeeiere e e entee s 13
1.3 Molecular Weight........coooiiiiiiiiiiiireiieeiireic e e e eeee e 15
1.3.1 Molecular-Weight Distribution ............c.ccoioiiiiiiivinniienn 15
1.3.2 Molecular-Weight AVerages.........ccoveiiviiiriiviiiiiiicviviecerineeiiceeinaas 15
1.4 Chemical Structure and Thermal Transitions..............c......... e ———————— 19
2 POLYMERSYNTHESIS ... e ee e e ereae e ae e e 23
2.1 Step-Growth Polymerization...........cccevivirienriieiiiiiiereciiia e eeteeree e e 24
2.1.1 Molecular Weight in a Step-Growth Polymerization........................... 26
2.1.2  Step-Growth Polymerization Kinetics...............cceeeeeviiereviniinieeceneens 28
2,2 Chain-Growth POlymerization........c.ccvuuueeiiriiirireeniiieceenerere e cevesneeeeevenens 29
2.2.1 Free-Radical Polymerization and Copolymerization...............c.ccc........ 29
2.2.2  Tonic Polymerization and Copolymerization ...........cccoeeeeeeneeeenuenennnnn. 45
2.2.3 Coordination Polymerization ..........co.ecvvuiieiiimviniieriireeieereei e, 49
2.3  Polymerization Techmiques .........c.cocoveviiiiiniiiiiiiineciriiciiee e eeee e 53
2.3.1 Bulk Polymerization ...........cccouuuerviiniiiiraririaearseerseiaeerareeeeeaseesannn 53
2.3.2  Solution Polymerization.............ccccevreieiiiiireeirinineneieeiiiieereriinin e 54
2.3.3  Suspension POIyMEMZation. .........c.coemuviveiiinereereiiiciieeeeriieeieesvereeaans 55
2.3.4 Emulsion Polymernization.........c.c..ccocviiiiiiiiueiiiiiiieiiiie e 55
2.3.5 Solid-State, Gas-Phase, and Plasma Polymerization ...........co.cceiinnnn.e. 57
2.3.6 Polymerization in Supercritical Fluids ...........cccccooiiiiniiiiiinnininiae, 60
2.4 Reactions of Synthetic Polymers .............cccciiiiiiiiiiiiiiiimiciiiicne e 61
2.4.1 Chemical Modification..........cccceiiiiieiieiieeiiiiinii 61
2.4.2 Preparation of Polymer Derivatives............cc....ocuvvimiuienimiiniiinninnnn 62
2.5 Special Topics in Polymer Synthesis.........coocovveiiriiiiiciiiinniii e, 65
2.5.1 Metathesis.....ccceniiiimiiiieeiiie e et eee e et e et eare e re e e e e 66

2.5.2 Group-Transfer Polymerization............cccoovreieeiimsineiiiimeeiinnriiineen 67



Contents
2.5.3 Macromers in Polymer Synthesis...........ccoviiviiiiiniiiniiniineiienn 69
2.5.4 Atom Transfer Radical Polymerization...........ccocooiiiiiiiiniiiinnnd 69
2.5.5 Genetic ENgINEEring .....ccccoooverriiniiiiiiiiiiiiimmiiiierr i sesseesseennssionns 71
2.6 Chemical Structure Determination ............ceuviuimemiireiieeenrrineniseeiceneeeneeeas 72
2.6.1  Vibrational SpectrOSCOPY ... .iiuerrriermiiiiesiiariiierrit et enenerernaereae 72
2.6.2 Nuclear Magnetic Resonance SpectrosCopy ..........covvvverirriieneeneeninnins 75
3 CONFORMATION, SOLUTIONS, AND MOLECULAR WEIGHT.................. 87
3.1 Polymer Conformation and Chain Dimensions........c...ccccinnerininiiiiniii e 88
3.2 Thermodynamics of Polymer Solutions ............c.cooiemimiiiirniiiiiiiiens 94
3.2.1 The Flory—Huggins TheOTy ........cccoviiiiimmimimiiiiiiiiieiee e 96
3.2.2 Flory-Krigbaum and Modified Flory—Huggins Theory ..................... 102
3.2.3 Equation-of-State Theories..........cccooeiiviiiiiininiiiiiin e, 103
3.2.4 Phase EQuilibria...........ccooooiimiiiiiiiiii s 108
3.2.5 Determination of the Interaction Parameter..................ccccceeeeeniinnes 112
3.2.6 Predictions of SOIUbIIHES ... .ocovmeiiiinriiiiiiiiiiii e 113
3.3 Measurement of Molecular Weight..........coooiiiiiiin, 128
3.3.1  OSIMOMELTY ..utieenerienianenerinnerernnernensetessasrsiissanntnsersnnsernsanennseeasans 129
3.3.2 Light-Scattering Methods...........ccoiiiiiimmiiniiniiiiiiie e, 133
3.3.3 Intrinsic Viscosity MeasUrements ..........oevemiiieriniiiermiiarieunneennnaeens 139
3.3.4 Gel-Permeation Chromatography ........cccoevevieiniiiininiinnirnereinnenieen. 142
4 SOLID-STATE PROPERTIES .......ccccciiiiiiiiiiiiiiii e eveei e 153
4.1 The AmOIphous STAte........ciiiiiiiiimiriiiiiiiiie et se s anaes 154
4.1.1 Chain Entanglements and Reptation................oinniniiininnnnn. 154
4.1.2 The Glass TranSitioN ... . ... cceueriiirniiieiiiiiriiereeaesrieeraasciesenreraasans 156
4.1.3 Secondary-Relaxation PTOCESSES. . ..uevurivmriarrreiaaaiasieinaiiearieneanniannns 157
42 The Crystalling State.........ccooeviimiimiiiieiniiiiiiirien e 158
4.2.1 Ordering of Polymer Chains .........cccooooveiiiiiiiiiiiiiiunnene. 158
4.2.2 Crystalline-Melting TemMPETature...........oceirvuiieeimrreereneriainin, 162
423 Crystallization Kinetics ........c.vceveririieririemniiensiinineneneinennenes 163
4.2.4 Techniques to Determine Crystallinity.........ccocoreiieciinenieiniian. 165
4.3 Thermal Transitions and Properties........ccocoeeriimiiieiniimiieneenieinnn . 168
4.3.1 Fundamental Thermodynamic Relationships.........cocooovveeiniiiinnnn. 168
4.3.2 Measurement Techniques............uuuiiiiiiirremmeinniiemi i 172
433 Structure-Property Relationships...........coeeeiiiiinioniciicinnniinnennnnn. 177
4.3.4 Effect of Molecular Weight, Composition, and Pressure on T ........... 180
4.4 Mechanical PrOPETHEs .........cooveeiiimiiirinriiieanr it et 183
4.4.1 Mechanisms of Deformation..........cooviveiiiiiiieiiiiiiiiiieainiees 183
442 Methods of TEStNE. ... .ccceverrmmmiiiiiiiiiiiiererttiitaii e e estceaaee 186
5 VISCOELASTICITY AND RUBBER ELASTICITY.........cc.oooiiiiiiiiineenn, 207
5.1 Introduction tO VISCOEIASUCILY ....cvvuuirmmirriniiiiireeniim it 208
5.1.1 Dynamic-Mechanical Analysis........c..cocooriiimimimmmin, 208
5.1.2 Mechanical Models of Viscoelastic BEhavioT..........ooorivmeriiieiiieneens 221

5.1.3 Viscoelastic Properties of Polymer Solutions and Melts ................... 230



