f

Table of Contents

PLEEACE .o veetereeeeeeeeeesetseseserrebeesassebea e basesa s R s e b e R E R eSSBS SR e v
AUTNOL’S PEEFACE wenveevenviieireivestereesiee st st ss e besssbe st esesb e s e a s et sabsitent vii
ACKNOWIEAZIMENES......coovriviviiiisirnsrssrsss sttt s xi
Chapter 1

An Introduction to Dynamic Mechanical Analysis ..o 1
1.1 A Brief History of DMA ..ot 1
1.2 Basic PrNCIPIES c.oveeeeeirereeiiiisireeeietsieistses st 2
1.3 Sample APPUCAIONS ....cuoviuerrrreeiiiriencsiniei st e 5
1.4 Creep—Recovery TeStNG . ....ccoivrrieremriiemniisiiniisisis st 11
1.5 Odds and BRdS.....cuocvievereeiarriererreseieieressssssessesssestsisssssssenssssssnssssess s es 13
INOLES +vveveerseeseeseeaeeesee it sssesseseassassseesesererstsesbesand e n e e st s ke a e s b s e e e bbb e s s bt s 15
Chapter 2

Basic Rheological Concepts: Stress, Strain, and FIOW .....cooovvincnciiiniinns 17
2.1 Force, Stress, and Deformation..........ceeeeeeeininnnnisnnies e 17
2.2 ApPIYINg the SIESS ...ovvovuriirieriiesiiiinirisirste st e 18
2.3 Hooke’s Law: Defining the Elastic RESPONSe....c.ccovviiiiiiiiiniiineencinnns 21
2.4 Liquid-Like Flow or the Viscous Limit .....ccoevvinisinimiccmniininnes 24
2.5 Another Look at the Stress—Strain CurvesS......cocvveneniniisiiinm i 27
Appendix 2.1 Conversion FaCtOrS ... e 35
INOLES +ovveveeeresesesseseeneessssesatassasssansaaneeseansshsssssass e R s e s g e g e b e oo e L s s b e e L e e R s s R e s n s 37
Chapter 3

Rheology Basics: Creep—Recovery and Stress Relaxation.......ccooveenmeeenirennennins 39
3.1  Creep—RecOVETY TEStNG ..covrmmrieuriiiicmiiiisinrstssssei s 39
3.2 Models to Describe Creep—Recovery Behavior......cocooiiinmiiiiinininnnccn. 42
3.3 Analyzing a Creep-Recovery Curve to Fit the Four-Element Model........... 45
3.4 Analyzing a Creep Experiment for Practical USE ....coovceeviniisinsunniiininnnns 47
3.5 Other Variations on Creep TestS.....oorierereennemiiineisnsnesec s 48
3.6 A Quick Look at Stress Relaxation EXperiments.....o.oveicreeicvicsnsinieinsneness 51
3.7 Superposition — The Boltzmann Principle .......coeviencuicinnisninnienee: 51
3.8 Retardation and Relaxation Times ........ccvveverreeveesiniiniiiniininnnencscciennnnns 52
3.9 Structure-Property Relationships in Creep-Recovery Tests ......cooccvvveeviines 53
3.10 Thermomechanical ANALYSIS .....c.ccoivririirerereriereneeciiiei s 54



Chapter 4

Dynamic TESNE, ..o covmsvessesmassssts s eimnitinm s sssssvissassossesesssesemosaensssasesars 61
4.1 Applying a Dynamic Stress to @ Sample ........cooevvrevvreereiiererereereeseeens 61
4.2 Calculating Various Dynamic PIOPETties .............couvereremveeereeeeeeeseseerereresnns 64
4.3  Instrumentation for DMA TeStS ........ceceeereivimmrieireietiereseeeserseseseeseeeeesessssenens 66
4.3.1  Forced Resonance ANALYZETS .........ccccevveveveviurieiveeneenenresseeseseseeesrosans 66
4.3.2  Stress and Strain Control ...........oooeveiererveeiviriisieeeeereee e s, 67
4.3.3  Axial and Torsional Deformation...............civvrvveeerererereseesesrerans 68
4.3.4  Free Resonance ANALYZETS .........cc.oooovieeveveerieereeeseeeeeesseeeesesenn 69
4.4 Fixtures or Testing GEOMELTIES ..........oevevirieeereeeeeerereeeeeeeeeseesereesesseessososon. 72
AA]  AKIAD sivesissmiiiannanssnarsessansens iresasasssssmmsomssassarssmsmossssesssss sy eoss S SRR RS 72
4.4.2  TOTSIONAL ...ttt 78
4.5 Calibration ISSUES ........ccccorirecmreririiiteieine sttt e e s e es s es e senons 80
4.6 Dynamic EXPEriMEnts ..........ccovuvvvmiviieerrieeiecrieseieceseiessseseseseseeseeesesees e 84
Appendix 4.1 Calibration and Verification of an Instrument ...............ocovvveveveunn.n. 85
INOLES .ottt sttt ea bttt ettt enn et ereeeeer st rans 89
Chapter 5
Time-Temperature Scans: Transitions in POIYMETS...............cocvevoveerreeerereerersreran, 91
5.1 Time and Temperature Scanning in the DMA.........ccoooveveremoeeeeeerrerennnn 91
5.2 Transitions in Polymers: OVEIVIEW ............coooeeuevevecvevieerieneesseeeeseeseseeresissons 91
5.3 Sub-T,, TranSitions .........cccuevmrereurecerieneineinneesee e 95
5.4 The Glass Transition (T, OF Ty).......cccoeeuurerereemecrmereeeneninsissnsseseesssseessnes 100
5.5 The Rubbery Plateau, T,* and Ty .....coevevevieeeeieerirerieeeeeereeeeeeeesee s 102
5.6 The Terminal REGION.......ccovveuiuieiiereiieicteceect et eses e s 109
5.7 Frequency Dependencies in Transition Studi€s ............ccovvrevverevreereeesrerennn, 112
5.8 Practice Problems and AppliCations..............ccoovveeveviveveveemerrereeresseenessnan 115
5.9 Time-Based STHAIES soommssmusmmmmesmesn .5 mnsssossosmmmasnsnsmressmermsmssssess 118
S.10 CONCIUSIONS......cucevirirceeirieeeeiee ettt eee sttt e e eetenesese e s s e ese s 121
INOUES wrensrnsenssmssssas i i donsesens ranevessansesssosssenssnsonssanans smsesons s seossge s o o AR SRR SSEERSEES 121
Chapter 6
Time and Temperature Studies: ThErMOSELS ............c.veveerevereeereeeeerereeeeesesessrs 125
6.1 Thermosetting Materials: A REVIEW...........c.ovvvveveeremeeeerereeereeeeeeeeeese e 125
6.2 Study of Curing Behavior in the DMA: Cure Profiles.............ccoovvvueunn..... 128
6.3  PhOTO-CUTIIE viuuivssssasssessssss ssitoensssnsnssssossasmssnnsrassosssusnsurmesusrosoorsssoverssssssssssass 136
6.4 Modeling Cure CYCIES.......cucuemeenivireiieitieieeeeeeeeeereese e eeseeesrereseses s seons 138
6.5 Isothermal Curing StUAIES ........covevuivveiviireeeeecreie oo ers e eeeeees s 138
6.6 Kinetics by DMA .....cocoooviieiieee et seee e s eress e ser s 138
6.7 Mapping Thermoset Behavior: The Gilham—Enns Diagram....................... 142
6.8 QC Approaches to Thermoset Characterization .................oooeveveeeveernnan.. 143
6.9 POSt-CUTE StUAIES ....c.vueirireiriiiieeiecte ettt n e 147
6. 10! COMCIISIONS ez 55055 s snssnesssmmmnosm————— 147



Chapter 7

FIEQUENCY SCANS ..veveeeciiist ettt s 149
7.1 Methods of Performing a Frequency Scan ... 149
7.2 Frequency Effects on Materials.......ocoooiiiiis 151
7.3 The Deborah NUMDET ......ociiiiceciiciii it 160
7.4  Frequency Effects on Solid POlymers ... 162
7.5 Frequency Effects during Curing StUdies ..o 163
7.6 Frequency Studies on Polymer MEILS ... 165
7.7 Normal Forces and BIaSHCITY .ocovveeoviiiiimiiiiiiiie i 166
7.8  Master Curves and Time—Temperature SUPEIPOSITION....coovvviririiiininiiniiinnns 168
7.9  Transformations of Data.......cccccovreriviiiiimmiriiiiii e 173
7.10 Molecular Weight and Molecular Weight Distributions ..o 174
T 1T CONCIUSIONS . c.eeeeeeciieeete e e reeteenbe st etaeieeesreeesesebs s eab st ss st 178
INOEES v v eeveeee e eeeeeee e tsaseeesetseesaeseeeseeeeereeebeaabesbe e A b eRe S b e r e e bR e 180
Chapter 8

DMA Applications to Real Problems: Guidelines.........ooooonriiiicnn. 183
8.1 The Problem: Material Characterization or Performance..........cccoeniiinn. 183
8.2 Performance Tests: To Model or t0 COPY..ovverivrivecreneniiniiiiii e 183
8.3 Choosing a TYPe Of Test......ioeuriereiririirie s 187
8.4  CRATrACETIZATION c.veveivvieveeee e eeeetereeetenreeeb e st s sttt 188
8.5  Choosing the FIXIUIE ......ooviviiieiiiei s 188
8.6 Checking the Response t0 Loads ... 189
8.7 Checking the Response t0 FreqUency ... 189
8.8 Checking the Response to TIme ... 190
8.9 Checking the Temperature RESPONSE ...t 191
8.10 Putting Tt TOZEtHET .....oviviviiiiiiie e 191
8.11 Verifying the RESULIS ..oiiiiiiiiriii s 192
8.12 Supporting Data from Other Methods ..o 193
Appendix 8.1 Sample Experiments for the DMA ..o 193
INOUES ©eveeerresseeeereeseeeeseeeseees s eeaseeseseabsesaes s s sa e e s s e eas e e s s e b e ae e L s e 195



	Dynamic mechanical865
	Dynamic mechanical866
	Dynamic mechanical867

