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Abstract

Supercritical carbon dioxide (SC-CO,) is used as a physical blowing agent in
the manufacture of plastic foam and as a plasticizer to reduce melt viscosity
during processing. Pressure is also an important variable for processing, and the
combined effects of dissolved SC-CO, and pressure on rheological properties must
be known to achieve optimum processing conditions. However, until recently there
was no method to measure these effects accurately. A high-pressure sliding plate
theometer in which the shear rate, temperature, pressure, and CO; concentration
are uniform, was used in the present study. The effects of CO, and pressure on
the viscosity, stress growth function, and creep compliance of a high density
polyethylene (HDPE) were determined. To separate the effects of pressure and
CO,, samples were first pressurized without CO,, and then pressurized and
saturated with CO,. It was possible to use shift factors for pressure and CO;
concentration to obtain a master curve. For the purpose of comparison, the effect
of nitrogen on the viscosity is also determine. Another important concern in
plastics processing is molecular structure, which has a strong effect on melt flow
properties. The effects of long- and short-chain branching and side groups on the

pressure sensitivity of viscosity were also determined in this project.



Résumé

Le carbone dioxyde supercritique (SC-CO;) est utilisé comme agent physique
d’expansion dans la manufacture de mousses plastiques et comme plastifiant pour
réduire la viscosité a 1’état fondu durant le traitement. La pression est aussi une
variableimportante pour la transformation, et les effets combinés du SC-CO,
dissout et de la pression sur les propriétés rhéologiques doivent étre connu pour
obtenir des conditions de traitements optimales. Cependant, jusqu’a récemment il
n’y avait pas de méthode pour mesurer ces effets de fagon précise. Un rhéométre
aplaque glissante haute pression,dans laquelle la température, la pression, et la
concentration en CO, sont uniformes a été utilisé dans cette étude. Les effets du
CO; et de la pression sur la viscosité, la fonction d’augmentation du stress,
conformit¢ de rampement, du polyéthyléne a haute densit¢é (HDPE) ont été
déterminés. Pour séparer les effets du a la pression et au CO,, des échantillons
ont ¢été d’abord pressurisé¢ sans CO,, et ensuite pressurisé et saturé en CO,. Il a
¢té possible d’utiliser des facteurs de glissement pour la pression et la
concentration en CO, pour obtenir une courbe maitresse. Un autre point important
dans le traitement des plastiques est la structure moléculaire, qui a e un important
effets sur les propriétés d’écoulement. Les effets de branchage des longues et
courtes chaines et des groupes latéraux sur la sensibilité a la pression de la

viscosité on aussi été déterminé au cours de ce projet.



Acknowledgement

It is my greatest honor to express appreciation to my mentor Prof. John M.
Dealy. His full support, including advice for academic research, patience, concerns,
understanding, financial support, and opportunity for research, is too valuable for
words.

I would like to express my thank to Mr. Charles Dolan, who helped me take
care of mechanical tasks. Special thanks must go to Prof. M.R. Kamal and Nitin
Borse, who allowed me to access the PVT apparatus and training on the
instrument. I also highly thank Prof. Park and Guangming Li at University of
Toronto for letting me use of the MSB instrument and training on this device. I
show my appreciation to Mr. Yoshito Sasaki at Japan Polyolefins Co., who
supplied HDPE.

I would like to thank Alan Gagnon and Lou Cusmich for their prompt support
concerning mechanical or electrical situations. 1 also appreciate the cooperation of
Ms. H. Campbell for SEM images and Hyuk Ho Shin for optical microscopy
images. I appreciate Dr. Stewart McGlashan, Dr. Francois Koran, and Dr. Frank
Bubic for their advice on the high-pressure sliding plate rheometer.

I would like to show my thank to Prof. Paula Wood-Adams for giving me
precious suggestions, criticism, and encouragement. I am also grateful to my
former and present laboratory fellows, Dr. Seungoh Kim, Dr. Stéphane Costeux,
Dr. Benoit Blottiére, Dr. Sung Taek Lim, Chunxia He, Siripon Anantawaraskul,
Yufeng Ye, Junke Xu, Nan Nan Liu, Miguel Baqueiro, Fabricio Smillo, Matthew
Campbell, Jen Tiang, and Michelle Si Wan Li, for their academic advice, and it
has been a great time and experience to work and stay with them. Specially, I

am indebted to Dr. Sung Taek Lim for our collaboration. He suggested many



Vi

solutions to setbacks in this research, and his academic advice was priceless. I
would also like to specially thank Dr. Seungoh Kim for training on DSC
measurements and advice on not only thermodynamics but also personal life and
Jen Tiang for his help for my thermodynamic study.

I would also like to thank professors at Pohang University of Science and
Technology for their encouragement and advice. Profs. Young Gul Kim, Kyung
Hee Lee, Sun Bok Lee, and Jong Moon Park always encouraged me to pursue
my studies and helped me pick up valuable information. Prof. In-Sik Nam, who
was my Bachelor thesis supervisor, not only consulted with me about my future
but also has gave me a bill for my future haircut, and I keep the bill as a kind
of a charm against evils. Prof. Jin Kon Kim, who is the research director in the
Polymer Nano-Rheology Lab, gave me a lot of information regarding rheology
studies.

I would also like to thank alumni from POSTECH who provided me with lots
of scientific documents and books. Jeongman The-Man Son, who was a graduate
student in the Polymer Nano-Rheology Lab, never complained about my endless
requests. The wonderful retrospections with Woosung Adrian Jung have greatly
stimulated me. Great memories, which will ever last, shared with Sunyoung Bbox
Park have been powerful driving force for my work and life. The fantastic time
with Minseok Song, Yong-Woo Shin, and Jiyoung Na also has been a big solace.
Daehyun Park, who was my last roommate at POSTECH, assisted me a lot.
Hyejin Kim, who always shows an active attitude to everything, promoted my
diligence. Sangsook Cecily Kim and Hyunmi Timy Baek also offered my needs so

many times, and the wonderful time with them will be unforgettable.



vii

Finally, I must thank my ancestor for giving me life. Undoubtedly my ultimate
thanks must go to my family: my parents, brother, sister-in-law, nephew, and my

wife, Sujn Oh. Without them, I could not even exist and finish my Ph.D. work.



viii

Table of Contents

A DSTITACE ++vrrvevererermrrrrre ettt ettt e e s ettt st et et s se b et a s traaeans 1ii
RESUIMIE  corvveereresrmoreetniti ittt i te ittt totrisestttratstatentotsstatasestatasssnes iv
Acknowledgement .............................................................................................................. A%
TADLE OF COMLEILS +++reersrrerserrserramnuesuemsensisesistsiseiseassenssesistsssesasasssessesssessssssneassessssssassnens viii
List of Figures ................................................................................................................ XV
List Of Tableg «eereererrerrerrerrmmetieieiiniiri et et esretienste et sstistatassessteasans xXxil
Chapter 1. Intmduction ......................................................................................... 1
1.1 MOtiVationS .................................................................................................................. 1
1.2 Objectives .................................................................................................................... 1
1.3 Organization OF the Thesis srrertreeerrrererrrtetniioiitiiiieiiiiiiiiitiesiiiteiteririinianorosuieesicness 2
1.4 Materials Studied =corrrrrrerrerorrorrerontamiiiiiiiiiiiiiiiiiieiiiiieiiiiiiiitieitiiitststtatatestetiatesease 3
1.4.1 ngh Density Polyethylene ............................................................................. 3
1.4.2 Supercritical Fluid and Carbon DiOXide ....................................................... i

1.5 References «orereeeeresererareettererniumiiiiiitiiiniiiitiiiiisititiinsiitetiiotitioreseintseninstotitsssotstscrcstsnsse 10
Chapter 2. Pressure-Volume-Temperature Behavior of HDPE ---coooccooeeeeeeeeen 12
2.1 Il’ltrOductiOl’l ............................................................................................................... 12
2.2 Theory and Equations .............................................................................................. 12
2.2.1 The Tait EQUAION « e seseeserersessesssssscsssessussististississsissi st 13
2.2.2 Sanchez-Lacombe Model - +tereerermrermeemesnieminniinieniennnesieeeseennssssenesens 15

23 EXperimentS ............................................................................................................... 15
231 PVT Apparatus ............................................................................................ 15
D.3.2 CaliDration w-+«+--++ersserrererrserrraessuresinesienineatsssisteastessteass e s e aae e sarrsenaaeasbae s s saeens 17
233 EXperimental Procedure ................................................................................ 17
2.3.3.1 Isothermal PVT MeEASUIEIMENt +++t+eeserrersersarsrassreassrunsaeasaessossaesssenns 19

2332 ISObariC PVT Measurement ............................................................... 19

2.4 ReSUlts and DISCUSSION w+++r+wrrrrrrreerssrrerrsestsrasstssssrsssesseessasseassssssissseasssssessssnesnnes 20
241 Density ............................................................................................................ 20
2.4.2 Effects of Temperature and Pressure on Specific Volume :«::oeeereeeeeess 20
2.4.2.1 Effects of T and P on Vertical Shift Factors -«e--seseveresusssesesneeee 22



2.4.2.2 Model Fitting: Tait EQUAtion w s ewessseessssersssssssssnssssssensssenissssenessaen 24

2.4.2.3 Model Fitting: Sanchez-Lacombe Equation ««:-eeeeerrermssessseeseens 25

2.4.2.4 Compressibility < e eererssersememieimetii e 27

2.4.3 Effect of Pressure on T, and T, ceeeeeeesersesemee, 78

0.5 CONCIUSIONS ++#++rereersererrsersernnertrtiittareetit sttt sttt e eb et b s 33
D6 RETEIEIICES +++++e+++erseersrsresensarnrsnestestasseestsntertertesesseer e es e e at et e et er e s s b s en s 34
Chapter 3. Solubility of CO; and Swollen Volume of HDPE ------ecooveeeereeeee 37
31 TOTOQUCHION w++vevrerrereerersrnreertnseerenmertataster st e te st es st st sb st e a s s 37
3.2 Background INfOrMation « s essseesereserssersmeimsissiemseniiniiisisii s 37
32.1 Chemical Potential and Saturation -+ s-sesessesserssssssssssssessssassinesesesesenenee 37
3.2.2 Equation of State and Mixing Rule sresssersssseesssseesssssssnisssssnnsssisseensons 38
3.2.3 Methods Of SOlUbility Measurement -+ tsssessseerssssssssssssssssuessecesssnecessssne 42
3.2.4 Determination of SWOLlen VOLUMIE «++rwerersssessssssresmrerssrarsisesesrssssssssssseseseses 42

3.3 Apparatus: Magnetic Suspension Balange s ssessssessssressssesssssesssssninnssnisssenens 44
3.4 Experimental ProCedure -« wstweerersstrmeritrssirististisis ittt 47
3.4.1 Sample Preparation « s tseeeesserssersseriirisinistiniin it 47
3.4 BILANK RIUI wveeereerrerrersesssessersontessesersinintentetintestenresnteastessestetonssesassnsnsnsassnes 47
3.4.3 Sample RUD wrerveesseesreseessesseesstssees sttt sttt s 49

3.5 Data ARAlySis s+wereeeseeeserssesseesemssem s 49
3.6 ResUlts and DISCUSSION w++r e erereresessrrrssrmrerersssssessssssssssssssssssssssssssssssessssssssssssssssssnas 51
3.7 CONCIUSIONS *++e+ererrrrerererererererereresessissssnsssssess s sss st a s s s s sebas b e s ababas et et et ann st e sessessnaens 55
3.8 REFEIEIICES +++ererrrrrrsserentsmreseresisisssstsnsesesesstssse s b e s s s h et bbb e b s be s b s b et st st n b s s sn st 56

Chapter 4. Previous Work on the Effects of Temperature, Pressure
and Concenmﬁon ............................................................................ 59

4. Previous Work on the Effects of Temperature, Pressure, and Concentration -+ 59

4.1 Effect of Temperature, Pressure, and Concentration on Viscosity ««:«eereeeeseee 59
4.1.1 Master Curves and Shift Factors e:ocoereererereeereroniisiiimniniiiin. 60
4.1.2 Models for Temperature Dependency ......................................................... 64
4.1.3 Models for Pressure Dependency ................................................................ 65
4.1.4 Models for Combined Dependency on Temperature and Pressure -« 66
4.1.5 Models for Dependency on Concentration of Dissolved Gas -ewereeeeeee 67

4'1.6 Viscosity Model Incorporating Shiﬁ Factors ............................................. 72



4.2 Effect of Temperature, Pressure, and Concentration «:weeseeseesmesesmeemseeee 72
0N Creep COMPHANCE #+++vwrerersererseseessrsstistsstinin sttt e 72
4.3 REfEIEIICES #++rrsreeerrereenrrerernereraiteritteiterte sttt e et b ettt b ettt e b s 75
Chapter 5. Rotational RREOMIEtry <+ s ewseressessrmsssmssessessssiseis sttt 78
5.1 TOLIOAUCTLON #+evvrsrvreerersensermeremuneemurerinirertrtreerteseenteetsasas e sttt st s e n s s ae e saa s senesates 78
5.1.1 Small Amplitude OSCIllatory Shear -+ wssseessssesssssussssssssssssnsssssssenissnseness 78
5.1.2 Creep COMPLANCE « e wessesseesersssesssmssimss sttt 81
5.2 APDATALUS *++rersrssessesseserrererstrs ettt 82
5.2.1 FIXIUIE GEOMELIY -wrerseeessessrserersemstmeustittstsetists sttt sttt 84
5.3 Experimental Procedure - ettt s 87
5.3.1 Sample Preparation -« s ssressersssessesssussisssses ettt s 87
5.3 CAliDIAtiOn «++++rrervrerrereeerarseemrerertantentatestee ettt et et e sn bt st sen et senetaes 87
5.3.3 Zeroing the Gap and Loading a Sample - weersesesmsmcreneeneninnscsinenn: 88
5.3.3.1 Procedure for Come-plate - wseeserssemsssssemsnistinsisseistiniicnenisinisnns 89
5332 Procedure for Parallel-diSks -+ rsrerreressssereressasessninsseusssssassecarnsens 89
5.3.4 Dynamic Time Sweep for Thermal Stability Determination :-«:«-s-weoeeeee 90
5.3.5 Creep EXPEIIMENtS et seeeseesessessrssesstssmmsmismsstsstusistiticittsen ettt 90
5.3.6 Dynamic Strain SWeep r -t wsreersressstussisitististnn ittt 90
5.3.7 Dynamic Frequency SWeep r wwsessesssesssmsssmsstmsissississtisensismssinsesssinecs 91
54 ReSUIS ANd DISCUSSION w+rwwrwrrrrsrrsserserressmrsesnsriniesinisissssrastssisssssssesssessnesnessesssanassens 91
5.4.1 Thermal Stability -+ -seesseesessresssssssmsssessimsisis sttt 91
542 Gap and Geometry Dependeny - s rerssssssssssssssssssssssssssssssssisssnsnn 92
543 CLEE wesressrssersessssssssssessessts sttt eh e 93
5.4.4 Complex Viscosity Versus Frequency w s wssemsmmsmssssssserssssssssssssssissns 97
5.4.4.1 SHrain SWeE r+ -t rrersrssrersrsssmssssississirs sttt 97
5.4.42 FIEQUENCY SWEEP w+rrersserssssrssmsmessmssemss st s 98
5.4.4.3 Model Fiting -+ sreereeessrsssssessssmsesssensmsssistitinsiseisei sttt 98
5.4.4.4 Shear-Rate Range for NLVE Measurements »««-«toeereeeseereeeeeeenes 101

5.4.4.5 Effect of Temperature on LVE Behavior and Temperature
QRIE FACLOLS +++e+reseserrrseresrererersmsiesressnisissssenisesessaseressesasassessssesseasssessensansens 102
5.5 CONCIUSIONS #++#+++e+rrereersreersressrnesnistsnstrnttanttrntenstesaesstsesteeesuteesabesssnntessssneserssnesssanne 108

. 5 '6 References ............................................................................................................... 1 10



Xi

Chapter 6. Effects of Pressure, Temperature, and Concentration

on Rheological Properties -+« weeesessemsscesemersininsninennnesiisiininns 111

6.1 TOLTOAUCHION *+++v+svveersererneeernerrnerninesnuestteetrroereoaee sttt ee et settesebteen esre s 111
6.2 Rheological Properties Of INferest -+ wwssresssresssermsssssessssissusssssssssssinssisssssisssssissenes 112
6.2.1 VISCOSILY +vrerreersesserseessrssesstmsestin ettt s 112
6.2.1.1 Shear Rate Dependence Of ViSCOSity «-wsseeseersesusesemssminsinsins 112

6.2.2 Stress GrOWth FUICHQR w+w-swrrrerrrrsrrreereesrrrasessserieriatenientcreteteensesensaneons 114
6.2.3 Creep and Steady-State COMPHANCES -+ eseerersserssemmerssemmimmsermminineinseninens 115

6.3 Previous High-Pressure RNEOMEErs «+-swrsssersssssssssssssssssssssssssisisisssissmnsssssinssss 115
6.3.1 PreSSUre-DIiven RIEOMELELS -+ +wrererereserereesesessssssssssssssasessssessssssssssesesessanes 116
6.3.2 Drag Flow RRNEOMELErs e eesssesseemsessussmssenssisientsetseniseiistniseniisenssienne 120
6.3.2.1 High-Pressure Couette-Flow Rheometer s+ +wsseersseesssssssssssssssssnsnnens 120

6.3.2.2 High-Pressure Falling Sphere Viscometer ««::wsreeeeerrsesereseeeeee: 120

6.4 High-Pressure Sliding Plate RREOMEter - wwsssereserssssssssssssssisssessssissississiissssissnnes 121
6.4.1 Sliding-Plate RNEOMELEr -+ wrrssrreessserssssrssssssssssssssissssisssss s 121
6.4.2 High-Pressure Sliding Plate Rheometer w s s ssessssessssssssssssssssissssssissasinses 125
6.4.2.1 BaSIC FEGiULEs rw-+ersr-rersersrersersrssessiarsassnassessmssnsisiasmestenssesessessessssenne 125

6.4.22 Shear Stress TranSaUuCer r«+t--sesreeeesreresserstenieerrrmnsirmenissnisresiasnnees 128

6.4.2.3 Sealilg rswreeeeereessressssserssss st 130

6.4.3 PIEeSSUIIZING SYSTEIM +reeerteresersessessereustireetntstiniimitntisin ittt 132
6.4.3.1 Pressure TranSAUCEL ««+---+et-eeeesrreresereetsoinerroeraserssineecsennnessresetsssneess 133

6.4.3.2 Hand PUImp «- e ereeseesserensessesstistssiti sttt e 134

6.4.3.3 PIStON PUmp e eeeeseesesseserssrseremstiniictntiitististis st e 135

6.4.4 Modification Of the HPSPR  «wreerereerermrerssreseerereesssssresesnsnsnsessesesssessnesessines 136
6.4.4.1 Tubing System, Compressor, and Vacuum Pump «eeeoesereeeeeneeess 136

B.4.4.0 TUDES ++veerrrerersseessesssrnieesiteiiteeieesssesssassseseeteesseasssenseess et seresteessenses 139

B.4.4.3 SEalg +eeereerrrerrreerrerireniiieeiteeitie et a e a e ae e e b et e b e abes 140

6.4.4.4 Safoty VaAlye s+ weersrsssssinssi st 141

6.4.4.5 COy Ventilation « - essererseresseressesmtuerntismnsisiesistseinesstssssseseissseses 143

6.4.4.6 Bearing Plate -+ swsreeseeseessessessstssssssssimisis sttt s 143

6.4.4.7 OpErating SOtWaTe « s -resseesseressssssssssmissssstis it 144

6.4.4.8 SST Housing with a Probe PoSitioner -+ wssreserssssssssrsnsrensenane. 145

6.5 EXPEIIITIGIILS «++++++++s+erersssereesssrssstses sttt 147

6.5.1 Steady_shear Test ........................................................................................ 147



Xii

6.5.2 Creep Test «woerereeesreressssensmentees ittt ot 148
653 Foaming Studies .......................................................................................... 148
6.6 Diffusion of Supercritical Fluid in Polymer s e eerseseessersmenisiiisiineninns 149
661 DifoSiOH Theory ......................................................................................... 149
662 Fick's Law of Diffusion rorreeererrererrrrerererionnniiieiiiiiiiiiiiiie, 149
6621 SOlutiOH Of the 1_D Fick's Equation ............................................. 150
6622 SOlution Of the 2-D FiCk'S Equation ............................................. 153
6.6.2.3 Effect of Length to Width Ratio on Saturation Time -----c+oeoo 157
6.6.2.4 Moving Boundary - wwseseeseseestoneseiienenii s 158
6625 Estimate Of the Saturation Tlme .................................................... 159
663 Saturation Measurement USing the HPSPR ............................................. 160
6.6.4 Acceleration of DifoSiOH ........................................................................... 164
67 Results and DiSCUSSion .......................................................................................... 165
6.7.1 Reproducibility -« eseererseesesemerememiinmeniiiiisti e 165
6.7.2 Comparison between the Viscosity and Complex Viscosity ««seeeeeeeees 167
6.73 Model Flttlng and ZerO'Shear Viscosity ................................................ 170
6.7.4 Effect of Pressure on ViSCOSIty «wreeseesersersmsistmtticnniisiniicseene 171
6.7.5 Effect of Temperature on Viscosity and Comparison
With Linear ViSCOClaStiCity Datg reeeererrerreeerraieiiiiiiiiiiiiiiiiiiiriiisies e, 173
6.7.6 Relative Influence of T and P ccoererereerrrerermeeeiiiiiiciiiiiiiiisiea, 175
6.7.7 Combined Effects of Pressure and CO20n viscosity :eeoereeseeessessresene 178
6.7.8 Comparison between Effects of COzand Nzon Viscosity «wweeeeeeeereseeese: 186
6.7.9 Effects of Pressure and CO; on the Stress Growth Function -«:--we 187
6.7.9.1 Stress Growth Function at Same Shear Rate w«oreorereeesreseseeeenenss 188
6.7.9.2 Stress Growth Function with Same Steady-state Stress - 192
6.7.10 Effects of Pressure and Concentration on Nonlinear Creep
COMPLANCE *++r+ereerererssemeeserseeserste sttt e 194
6.7.10.1 Effect of Stress on Creep Compliance -+ -werowreereseeesnessneeenenes 194
6.7.10.2 Effects of Pressure and CO; on Creep Compliance ---«-+---=-w=+ 195
6.7.10.3 Effects of Pressure and CO; on Steady-State Compliance - 197
6.7.11 Foaming Studies -+ eeeseereesessrssmssrssmtinmimimtisetsi i e 200
67111 Images Of Foamed Structure ......................................................... 200
6.7.11.2 Effect of Foamed Structure on ViSCOSity -«weteesererersreresesenerracncees 203

. 6.8 CONCIUSIONS tr#orrrrrrerermererstotrmnrentittttittitiiittietetrtitrtietetettettitoettsattttetrsntastetierersnsioras 204



xiii

6.9 References ............................................................................................................... 206

Chapter 7. Effect of Molecular Structure on Temperature and Pressure

SenSiﬁVity Of Viscosity ................................................................. 210

Tl INErOQUCTION rrerreererererrreneotntnrttietuitoruiietet ittt iitiertiereeitatotstetiestonistoinssstierstectssnarsons 210
72 Materials .................................................................................................................. 210
73 Experiments ............................................................................................................. 211
7 .4 Results and Discussion ------------------------------------------------------------------------------------------ 2 1 2
7.4-1 Temperature Sensitivity .............................................................................. 212
742 PI'CSSUI'C Sensitivity ..................................................................................... 215
7.4.3 Relative Influence of Temperature and Pressure - 217

75 CODCIUSiOHS ............................................................................................................. 220
76 References ............................................................................................................... 221
Chapter 8. Conclusions ..................................................................................... 222
Chapter 9. Oﬁginal Contﬁbuﬁons to K]lowledge .......................................... 224
Appendix 1. Density Deteminaﬁon ................................................................. A‘l
Appendix 2. Ozone-depleting Substances and Greenhouse Gases :+-+++>+--++ A3
Appendix 3. Two Theories of T and P Dependency ---:-:«:wreooseerreeeesneeseereess A5
A'3.1 The Absolute Rate Theory ................................................................................ A.6
A32 The Free Volume Theory ............................................................................... All
Appendix 4. Origin of Method of Reduced Variables -+------cveoevereeneeeeneee A.14
A.4.1 Temperature Shift Factor for Incompressible Materialg ««=-«r-reereeeeeereeeeeees A.l14
A42 Concentration Shlft FaCtOf ............................................................................... A16
A.4.3 Temperature Shift Factor for Compressible Materials ««eoeoseeesesssesesneeenes A7

Appendix 5. Observation of Need of Vertical Shift Factor -:«----ooeroeeeeeeeee A.18



Xiv

Appendix 6. Selecting O-ring Material and Modifying O-ring -----:oooooeeeees A.19
Appendix 7. Experimental Pmcedums Of I_]PSPR ....................................... A22
A71 Preliminary Checking ....................................................................................... A22
ATl2 Adjusﬁng the Control Parameters sroorerereerrerererseriiiiiiiiimiiiinee. A23
A73 ASSCmbly and Sample Loading ..................................................................... A25
A74 Closing the HPSPR ......................................................................................... A.25
A75 Pressurizing ...................................................................................................... A26
A76 Operating .......................................................................................................... A26

A761 Controlled-Stress MOde ........................................................................ A26

A762 Controlled-Strain MOde ........................................................................ A26
A7.7. Depressurizing .................................................................................................. A27
A78 Opening the HPSPR ....................................................................................... A27
A.7.9. Disassembly and Sample Removal ................................................................ A27
A710 Cleaning .......................................................................................................... A27
Appendix 8. Formulation of Linear Portion of Creep Compliance - A.29
Appendix 9. The Maxwell Model for the Steady-state Compliance ‘- A32
Appendix 10. Nomenclature ........................................................................... A.34

Appendix 11. References ................................................................................ A42



xXv

List of Figures

Chapter 1. Introduction

Figure 11. Endothemlic DSC curve Of HDPE ......................................................... 4

Figure 1.2. Pressure-temperature phase diagram for COy. «woeeerressrrssreesenseenenen 5

Figure 1.3. Ranges of diffusion coefficients versus density for three physical
SLATES.  ovvrrerrrerorrorerirnttitiettoretettettetittettiitotetotuitetettteiotttetserttatisttsast s ssieteitbas 6

Figure 1.4. Ranges of viscosity and density for three physical states. «oooeeesereree 6

Chapter 2. Pressure-Volume-Temperature Behavior of HDPE

Figure 2.1. Schematic of the PVT apparatus. «--e-esseeseerecuesesememnimensinesinnecrnnne. 16
Figure 2.2. PUT QPPATAUS «o+ereeseteeerersertestsseeritsersttettstits ittt st 18
Figure 2.3. Extrapolation of volume change at 24 .5 ceereererenrinniniiinin— 21
Figure 2.4. The effect of 7 and P on specific volume: Isothermal test. «:----veee 22
Figure 2.5. Effect of temperature on b1(7) of HDPE at 0.1 MPa, --oooeeereemeeeneeeees 23
Figure 2.6. Effect of pressure on bp(P) of HDPE at 1807C, «rovrerremimesinnnininnnns 23
Figure 2.7. Comparison of data with Tait model predictions. «eeereeeeseeirereeeeeneens 25
Figure 2.8. Comparison between data and S-L model prediction. «-e:eeeereeereseeeeens 27
Figure 2.9. Effect of temperature and pressure on Inv as determined
from isothermal PVT Measurements. ceteererreersrsrersssetatiniatetioiaistiereicisi 28
Figure 2.10. Comparison of isobaric tests with isothermal tests. «rererrereeeeeeeneee 30
Figure 2.11. Isobaric heating curves at 2.5°C/min - determination of T, ===+ 31
Figure 2.12. Isobaric cooling curves at -2.5C/min - determination of T,. -t 31
Figure 213 Effect Of pressure on Tm and Tc' ........................................................... 32
Figure 2.14. Effect of temperature and pressure on Inv as determined
from isobaric PVT INEASULEINEILS vrereevreetrreseosaroratartntuieiottaiuriiitotaraiocseniis 32
Figure 2.15. Effect of pressure on thermal expansion coefficient. -« «ereeereeeereeeenes 33

Chapter 3. Solubility of CO, and Swollen Volume of HDPE

Figure 3.1. Gas dissolution and chemical potentials. «wesssessessmssmmssmsssnscsssssnsssinens 38
Figure 3.2. Photo and schematic of MSB. ettt 44
Figure 3.3. Illustration of three types of weight reading. «---re-sweeeerrmreersersreeeeneenen. 45
Figure 3.4. Determination of the volume of sample holder. --«eeereereremememeeneenenen 48

Figure 3.5. CO, diffusion into the sample. - wseeeessessmsmsssssmssnssisiiisinsisssssnssnssnnsnns 49



Xvi

Figure 3.6. Flow chart for solubility calculation. - eessessessesssssssussmssinsinnsinissnnseins 50
Figure 37 Effect Of pressure on C02 denSity. ........................................................ 51
Figure 3.8. Effect of pressure on the CO; solubility in HDPE. «eeoerereersesessrineens 52
Figure 3.9. Volume of the mixture pressurized with CO; and the linear swell
factor. ............................................................................................................ 53
Figure 3.10. Effect of pressure on the concentration vertical shift factor,
HDPE 180 T | soreveteereerertreetetten ittt e 34

Chapter 4. Previous Work on the Effects of Temperature, Pressure

and Concentration
Figure 4.1. Pressure dependence of the creep of BmPE at 170°C, «eeeserieiennn. 74
Figure 4.2. Master curve of creep compliance of BmPE at 170°C. «rreeserrsnnn 74

Chapter 5. Rotational Rheometry

Figure 5.1. Essential features of an SAOS experiment, <=« t--eeeeserrveeminrmsmnmneeninee 79
Figure 5.2. ARES and SR5000 .................................................................................. 83
Figure 5.3. Fixtures with sample loaded. «eewerererseeimmmiinitii e 85
Figure 5.4. Geometry of cone-plate. «wesrsesseemmemiiiitnticitit s 85
Figure 5.5. Before and after loading calibration fixture and weight on SRS5000. - 88
Figure 5.6. Proper sample loading between cone and plate, «w«weseesresneesreenesnneneenes 89
Figure 5.7. Failure in sample loading between cone and plate. --eeeeeeeeseeseessereene: 89
Figure 5.8. Dynamic time sweep for HDPE at 210°C and h=1mm for ten hours.92
Figure 5.9. Effect of gap and geometry on SAOS at 1807, e, 93
Figure 5.10. Creep compliance of linear sampling with 5 Pa at 180°C. «-oeevereees 94
Figure 5.11. Creep compliance of logarithmic sampling with 5 Pa at 180C. - 95
Figure 5.12. Dependency of creep compliance on stress for HDPE at 180T, - 95
Figure 5.13. Viscosity as a function of stress at 1807C. «rrersiiiniiiciiinn, 96
Figure 5.14. Viscosity as a function of shear rate at 1807, «-reverrivnesinninnnnnns 96
Figure 5.15. Strain sweep test at 100 rad/s. wwseeesemmrmmmmmmi s 97
Figure 5.16. Dependency of moduli and complex viscosity on frequency for

| D) S {0 N T 08
Figure 5.17. The Carreau model fitting. w - ressrerseerssessssssmssmssinisisisiiiisnsieiinss 100
Figure 518 The CrOSS mOdel ﬁttlng ....................................................................... 100

Figure 5.19. The Yasuda model ﬁttlng. ................................................................... 101



Figure

Figure

Figure

Figure
Figure

Figure

5.20.

XVii

Prediction of shear-rate range from the stress values of SAOS

5.21. The effect of temperature and frequency on the complex viscosity. 105
5.22. The effect of temperature and frequency on the stress from

SAOS ..................................................................................................... 105
5.23. Shifted curves of stress using both ar and by, --oreeeeeeseeereeeeessnees 106
5.24. Shifted curves of stress using a;r and assuming br to be one. - 106
5.25. Effect of temperature on the temperature shift factors. «-----eeeeeeeeeess 108

Chapter 6. Effects of Pressure, Temperature, and Concentration

Figure

Figure

Figure
Figure
Figure
Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

on Rheological Properties

6.1. Stress profile for start-up shearing at a constant shear rate. --:-=-- 114
6.2. The stress and the velocity profiles of pressure-driven flow and

drag fIOw, sweesseseeseeseestesemer ettt 116
6.3. Geometry of a capillary rheometer. «+« -« +wsesseesersersessusssisensernssineninenne 117
6.4. Geometry of a slit TheomEter, ««weeewsrerertssestiseiemimiciniet s 111
6.5. Pressure distribution in a capillary rheometer. «-«r-creeerrerereemereeaeeens 118
6.6. Basic principle of sliding-plate flow, «weweersresesmsmmessmnininnene 122
6.7. Cross section showing the essential elements of the SPR

incorporating a disk-spring-type shear stress transducer. «o:eeeeeeeeee 123
6.8. SST And DEAML, +-v+reeerverrerrrersrrrreemsrirsmirttsssisnttesiiiteesisiesssastesssisassasssssesns 123
6.9. Dimensions of the SST of the SPR. +roetersrerrrresrersurmsiuinrresieneieiesraniaens 123
6.10. Capacitec amplifiers, e eessessemsmssmssisissiis st 124
6.11. Auxiliary components of the HPSPR. «ewrersmsssmmsssssmissnssnsiiniissinsas, 126
6.12. Side vView Of HPSPR: «-errerereeeesreeremrraeanniirtonianeniireaesanteeeeninesssresnssesane 127
6.13. Top view Of the HPSPR, «+rreererssressmessussesemsenisenistissisis et 127
6.14. Photo Of HPSPR. iN OVEIL wreserererssssrermssmosmmiiusseessssesssissesssssssssmssensinns 128
6.15. Schematic of SST in the HPSPR, - reeeessererersrreesseessruesrreeisuesuersesrennes 128
6.16. Dimensions of SST of HPSPR., w+errerereereereerersrserivssessissenssessessssassanens 129
6.17. Suspended mass calibration at atmospheric pressure, ««wseseeeeeees 130
6.18. Confirmation of the linearity of the calibration line. «:wweeeesereseeee 130
6.19. Sealing mechanism of a cup-seal around the actuating rod

at the bOttom. .......................................................................................... 131
6.20. Defective O-ring due to weak tightening, -eo-eoreeseersremrmesseneneeen 132



Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure
Figure
Figure

Figure

6.21.
6.22.
6.23.
6.24.
6.25.
6.26.
6.27.
6.28.

6.29.

6.30.
6.31.
6.32.
6.33.
6.34.
6.35.
6.36.
6.37.
6.38.
6.39.
6.40.
6.41.
6.42.
6.43.
6.44.
6.45.
6.46.
6.47.

6.48.
6.49.
6.50.
6.51.

Regulator COMDINALION, « e seressserssesssesssssssesssissessssssisisset st
Pressure tranSducer. ................................................................................
Dead Welght LESTEL, *+vererrrrerserermetientiaiitiiiiiiaiiiitatiitationiorietisrsrosistotststionos
Calibration line of the pressure transducer. ««weeeerrerserermeesrninnienn:
Enerpac hand pump P_2282 .................................................................
Worm-drive piston 19101101 o JE L L
Schematic Of PreSSUFIZING SYSLEM. +wsessrrsseessesssrssmssesssssissenssmssnnsisersnnns
Increasing pressure above the vapor pressure by adding
igh-Pressure Ny, «seesseesseessessecssemstusstineritmistnisenein et
Increasing the pressure above the vapor pressure by

USING @ COMPIESSOT OF PUITIP. w+rrsereserssssssssessssssssssssssssssssssssssssssenssesinsens
ISCO 100DM pump and its controller, e wesereesesemseiseseuscisencnseinnn.
GASt VACUUIM PUITIP, *+++rerssereesssssessemssessassssesssssssssss st sss ot senssne
Safety head with a rupture disk. s+ wseeessessseecsmsnsnieeees
RUptUre disk, «eeeeseeersmmeesntenseministiscii i e
Safety head in tubing SYStemL, e eeereereteresmntiernintriniciticitinencicies
BElIOWS PIpe. w#esressrssesssssssnsssssssssssssssisssnassis sttt
Sudden release Of PrESSUIE. -+t ersersrsssesssestessessestinms ittt
Interface between the bearing plate and moving carriage. ««e-eeeeeeee
A PIStO] Ofler, wrrerresseereusseessemssissitseisit st e
Old and new SST hoUSINgS. s+ wrrreessrrssssrssssrssssssnissssssiss s
Extension of screw driver through hole to outside. «--wrereeereeereeeseeees
Universal joint is used while calibrating SST. -eeoreeeeeseeesrrsrreensisnen
Sample loading for study of foam StrUCTUTE. «+seeserssesermsmemsemsersinas
Diffusion in x_direction. .........................................................................
Diffusion in x and y directions. s+ s seesesssessessssssssssssisnssissiisissinnes
Relative concentration in the center of the polymer sheet. «-«eo-eeee
Relative quantity absorbed by the polymer sheet. --tooreeeeeeerenreeeennes
Effect of a on 99% saturation time; Comparison of 1-D and

2-D solutions. ..........................................................................................
Effect of moving boundary on the solutions of Fick's equation. ----
Values of for 99% saturation with a=5 for HDPE. «coooeereveeseseeraneess
Viscosity decrease With time., e sessesserssssessessmisensisiissiisiisssins

Comparison between experimental data and model prediction

xviii



Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure 6.64.

Figure 6.65.

Figure 6.66.
Figure 6.67.

Figure 6.68.
Figure 6.69.
Figure 6.70.
Figure 6.71.
Figure 6.72.

Figure 6.73.

Figure 6.74.
Figure 6.75.

6.52.
6.53.

6.54.
6.55.
6.56.
6.57.
6.58.
6.59.
6.60.
6.61.
6.62.
6.63.

XiX

using a literature D: HDPE, 1807C. «rrereereereeressemsernessinininenitinianeincenns 163
Effect of changing D on model prediction: HDPE, 180°C, «reeeeeee. 163
Effect of oscillatory shearing on the viscosity decrease

during absorption Of €Oy, evesrereermmmmesiii 165
Reproducibility before and after software change. «+---eoeeeeereseerseeeeees 166
Variation of with time for sample saturated with COj. woeeoemeeeereee: 167
The original COX-Merz ObSErvVation. «w s e sesersesssssssssessusssissnsssssinnens 168
Comparison of viscosity with complex ViSCOSity. s+=rerreesrreesrereneerneees 169
Cross model fitting using data from creep and simple shear tests. 170
Effect of pressure on the viscosity at 180T, «erereremmnninnicins. 171
Shifted ViSCOSIty USING @p(P). w+++wsereereereseesesersemsustussemimniiininsiiniseisinenn: 172
Effect of pressure on pressure shift factor, «eseeeseeeceneeee. 173
Shifted viscosity data USIngG @r. s eereeseesseersemtmm et 174
Comparison of the temperature shift factors from steady shear

and dynamic tests at 1 atm. «eeeeeesemesesensemssmeni et e, 175
Relative influence of temperature and pressure on the viscosity

as @ fUNCtion Of tEMPEratUre, « - s eersessresrsestssisieriis e 177
Effects of pressure and CO; on the viscosity versus shear rate

OV, *** ¢+ e e s roste et et itontntttnettorsteasstotsrsentorenasensesstostostarsisssstutsssasrorsonsssass 178
Procedure of vertical and horizontal shift of stress data. -=-eeeoeeeeeee 180
Viscosity shifted using both horizontal and vertical shift factors

for C02 Concentration. .......................................................................... 182
Viscosity shifted using only a horizontal shift factor for

C02 Concentration. ................................................................................ 182
Shift factors as functions Of PresSUre. s« ewsemrssesssmssssmssrssssssnensions 183
Effect of concentration on the concentration shift factor. --«eeeeeeeeee 185
Shift factors as functions of concentration. =«+-:r-«e-ssresreesersesenrnirenes 185
Comparison between effects of CO, and N, on viscosity

at 18 MPa ............................................................................................... 186
Comparison between effects of CO, and N, on viscosity

at 34 MPa. ............................................................................................... 187
Effects of pressure and CO; on stress growth behavior, »««soeeevereeeees 188
Two approaches for describing the effects of pressure and

CO; on stress Growth bEhavior. « e wsesessssessessmsesssiiinssinisisisiens 188



Figure

Figure
Figure

Figure

Figure

Figure
Figure
Figure
Figure

Figure

Figure
Figure
Figure
Figure
Figure

Figure

Figure

6.76. Effects of pressure and CO; on the stress growth function

at 25 s and 180°C . reeererrrmrrrmrmrininiennenis st
6.77. Normalized stress growth function at 25 s'oat 180T, e
6.78. Normalized stress growth function at 0.63 s and 180T, weereieees
6.79. Pressure dependence of the stress growth function of BmPE

at 027 s and 1707, cweerercermmmreneninennenene et
6.80. Pressure dependence of the normalized stress growth

function of BmPE at 0.27 s and 1807 . seeereersrmrersrmrmnseniennssiecuinnns
6.81. Stress growth functions that provide the same steady-state stress. -
6.82. Shlfted stress gI'OWth function. .............................................................
6.83. Effect of stress on J(f) for a short time. e sseesesessssesseseneessmsensennnee.
6.84. Effect of stress on J(f) for a long time. « e ereeerseerssessicisesinieieins.
6.85. Creep compliances at different conditions with stress of 4 kPa

and extension of linear portions of creep compliance. -«+-wwewesereees
6.86. Shifted creep compliance, <« eesesserersemtististsenieninierenensnens
6.87. Foamed structure of HDPE by optical microscopy. «reoeeeseeeeesemeeee
6.88. Foamed structure of BmPE by optical microscopy. «ororeeseererseneees
6.89. Foamed structure of PBD by SEM. «ererersresesemsniseniniiisieciins
6.90. Extended foamed structure of PBD by SEM. «cooeerreeessceseenensninn
6.91. Flow instability due to foamed structure, strain history,

and high Shear rate. -+ e e wssessssssrsmsssssssintinisiisi s s
6.92. Effects of dissolved CO, and foam on viscosity, w«wwrerreremerenesssnee:

Chapter 7. Effect of Molecular Structure on Temperature and Pressure

Figure
Figure
Figure
Figure

Figure

Sensitivity of Viscosity
7.1. Temperature shift factors for PES and PP. reeresrseseesiminsscnncens
7.2. Temperature shift factors for all polymers, «wseorereesemmsscnmnisinen
7.3. Pressure shift factors for PES and PP. -woeereeeeresrrreseersnninnnneninensiesinnns
7.4. Pressure shift factors for all polymers. - eseeseerrsmmmsmeinsmsnnisiiisiinns

7.5 Relative influence of temperature and pressure as a function of 7.

Appendices

Figure

Figure

A'l. Mettler Toledo AB204 Balance ...........................................................

A.2. Density measurement of Solid' .............................................................

XX

219



Figure A.3.

XXi

Schematic diagram of derivation and relationship between

tWO PPrOAChEs. +rereeersesteseminim ettt AS
Figure A.4. Similarity of energy profiles of the paths of a chemical

reaction system and a physical flow process. w«eesesesrermermmemseineseneeeenes A6
Figure A.5. Energy profile for the path of a flowing molecule. »woereerereresneereeeees A7
Figure A.6. Distance between molecules in a liquid, «errereesremremerssessesesnieeee A8
Figure A.7. Increase of the activation energy due to external pressure. « A.10
Figure A.8. Schematic of the volume of a polymer above and below Tg. -« A1l
Figure A9 Generalized Maxwell mOdel. ................................................................. A.15
Flgure A.10. Illustration Of Validlty Of USing bT- ................................................... A.18
Figure All. TES O_ring' .......................................................................................... A20
Figure A12. Enlarged part Of TES O_ring. ............................................................ A20
Figure A.13. Changed Shape Of O_ring. .................................................................. A20
Figure A.14. Damaged part Of O_ring. .................................................................... A20
Figure A.15. Heating up O_ring. .............................................................................. A21
Figure A.16. Placed O_ring. ...................................................................................... A21
Figure A.17. Shape Change. ....................................................................................... A21
Flgure A.18. O-ring does NOt fit, ~orrerrerrrrsstmmrmrrr i A21
Figure A19 Heating 131 L e A A21
Figure A20. O_ring ﬁts Well ................................................................................... A21
Figure A21. Temperature readout. ........................................................................... A22
Figure A.22. Rheometer selector for hydraulic Ofl. s eeseseseemeriesessemneisenncnne. A23
Figure A23. Heating Controller panel. ..................................................................... A.23
Figure A.24. Triangular displacement and effect of P parameter, «eooerereeeeess A24
Figure A.25. Triangular displacement and effect of I parameter. ««-eeeeeeereeeeneeen: A24
Figure A.26. Ambient command and effect of O parameter. «eoeoeeereeersseseeenes A25
Figure A.27. Nonrigid transformation of line by a factor, «w-weeeesssrsiscsinnene: A30
Figure A.28. The Maxwell models with one and two element-sets. =««--eeeeeeeeee: A.32



xXii

List of Tables

Chapter 1. Introduction

Table 1.1. PhySical properties Of HDPE., rerevereeerecminianimmiiniiiiiiiiiiniiiiiiiiiiiiisii, 4
Table 1.2. Critical properﬁes of selected fluids, «roorrsrererrererermrerinainiiiiiiiiine, 7
Table 1.3. Diffusion coefficient of CO; in HDPE at 1807C. rerrresressesiisiicennes 9
Table 1.4. Solubllity of C02 in HDPE at 180°C ........................................................ 9

Chapter 2. Pressure-Volume-Temperature Behavior of HDPE

Table 2.1. Results of density determination. s« sesemsmmsmssmsseiminisisecsnennees 20
Table 2.2. Comparison between Tait model parameters of this work and those

Of ROdgerS. .................................................................................................. 24
Table 2.3. Comparison of S-L parameters from this work with those of

Rodgers. ........................................................................................................ 26

Chapter 3. Solubility of CO; and Swollen Volume of HDPE
Table 3.1. Parameters for S-L model, «reeeeeereeeremsrrtememmmmiiiieinniecteeeneecnees 51

Chapter 5. Rotational Rheometry

Table 5.1. Operaﬁng ranges Of SRSOOO and ARES ............................................... 83
Table 52 TeStS used for LVE StIldieS. ..................................................................... 83
Table 5.3. Advantages Of each geometry. ................................................................... 85
Table 5.4. Comparison between cone-plate and parallel-disks, «esoreeeeesreeneesnsainnene 86
Table 5.5. Strain amplitude (%) for each frequency range and temperature. -+ 97
Table 56 Activation energy fOI' Shlft factors. ....................................................... 108

Chapter 6. Effects of Pressure, Temperature, and Concentration
on Rheological Properties

Table 6.1. Torques for bOlt-tightening. -+« e erreesesssssssssmimusinieisiisiisisssisisssneee, 132
Table 6.2. Indicated pressures at various applied pressures. e 134
Table 6.3. Basic features of the Enerpac hand pump P-2282. «ceoeeeremeneseeesnees 135
Table 6.4. Specifications of ISCO 100DM PUITIP. w+wereereesersessessmssssssnsssssusissisnsaness 139

Table 6.5. Effects of pressure and concentration on the steady-state
Compliance. ----------------------------------------------------------------------------------------------- 1 97



xxiii

Chapter 7. Effect of Molecular Structure on Temperature and Pressure
Sensitivity of Viscosity

Table 7.1. Physical properties of the materials studied, 1 atm. -weeeeoeeeereemeeenesenees 211

Table 7.2. Molecular structures, models, and test conditions. ««««-«=-s-sssesssssressnemnees 212

Table 7.3. Parameters of models and relative influence of T and P at 170C. - 219

Table 7.4. Effects of structure on the relative influences of 7 and P at 170C. 220

Appendices
Table A.1. Specifications of Mettler Toledo AB204 Balance. ::r-eeeeemrresrseesesseees Al
Table A.2. Global warming potential and ozone depletion potential of

Selected materials' .................................................................................... A4



1. Introduction

1.1 Motivations

Supercritical (SC) fluids have been evaluated as solvents and extraction agents in
the food, pharmaceutical, and chemical industries [1-10] and are also used in the
plastics industry [11-15]. In particular, supercritical carbon dioxide (CO;) has been
used as a physical blowing agent in plastic foam production and as a plasticizer to
reduce melt viscosity for melt processing. Since elevated pressures are involved in
plastics forming processes, the combined effects of dissolved SC-CO, and pressure
on rheological properties must be known to achieve optimum processing conditions.
Data reported previously were obtained using capillary or slit rheometers, and the
temperature, pressure, and shear rate are not uniform in these instruments.

A high-pressure sliding plate rheometer (HPSPR) was modified and used in the
present study. In this instrument the temperature, pressure, CO, concentration, and
shear rate are all uniform. It is thus possible to generate a simple shear flow in
which the hydrostatic pressure and CO, concentration can be controlled independently
of the shear rate. The shear stress is measured using a shear stress transducer, which
senses the stress in the center of the sample so that edge effects are not a problem.

Another important concern in plastic processing industry is molecular structure,
since the structure has a strong effect on flow properties. The effect of short- and
long-chain branching and a benzene side group on the temperature and pressure

sensitivity of the viscosity were also studied in this project.

1.2 Objectives

The overall objective of this research was:
l. To determine the effects of pressure and dissolved CO, on rheological
properties.
To achieve this objective, the following sub-objectives were established:

1.1. To develop a technique to study the effect of dissolved CO, on the
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rheological behavior of molten plastics.

1.2. To determine pressure-volume-temperature (PVT) behavior of a high density
polyethylene (HDPE), CO,, and HDPE/CO, mixture.
1.3. To determine the solubility of CO, in HDPE.

A secondary objective was:

2. To determine the effects of molecular structure on the temperature and pressure

sensitivity of the viscosity.

1.3 Organization of the Thesis

The various chapters describe the methods used to achieve the objectives.

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

The PVT behavior of HDPE was determined in order to (1) interpret
the CO; solubility data and (2) ensure that HDPE is in molten state at
all the pressures used. The data were fitted to the Tait and the
Sanchez-Lacombe equations. The PVT data were also used (3) to
determine the vertical shift factor for density.

The solubility of CO, in HDPE was determined by use of a magnetic
suspension balance. To interpret the data and to determine the swollen
volume of HDPE, a simulation was carried out using the Sanchez-
Lacombe equation along with data. The vertical shift factor for
concentration 1) was determined.

This chapter summarizes previous work on the effects of temperature,
pressure, and concentration of dissolved CO, on rheological properties.
Two rotational rheometers were used to determine (1) dependency of

test results on fixture geometry and gap, (2) thermal stability, (3) zero-

1) Two types of concentrations are used in this thesis. One is that of CO; in polymer/CO;
mixture, and the other is that of polymer in the mixture. A variable simply C stands for the
concentration of CO,, and C,, is that of polymer. A horizontal concentration shift factor a. is

conventionally expressed as a function of concentration of CO,, because the amount of gas is a
controlled variable in a process with gas. A vertical concentration shift factor b, is commonly

shown as a function of concentration of polymer, because this factor is to describe the density
change of polymer due to dissolved gas.
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Chapter 6:

shear viscosity, (4) the range of shear-rates for the determination of
viscosity, (5) the effect of temperature on the linear?) viscoelastic
(LVE) properties, and (6) the need for a vertical shift factor.

Development of a new technique to determine the effects of pressure
and CO; on the rheological properties of HDPE. The following issues
are addressed: (1) reproducibility, (2) effects of pressure and CO; on
the viscosity, stress growth function and the creep compliance, (3)
need for a vertical shift factor, (4) comparison of the temperature shift
factor from steady simple-shear tests with that from dynamic
experiments (LVE), and (5) comparison of the viscosity with the

complex viscosity.

Chapter 7: Four polyethylenes, two polystyrenes, and one polypropylene were used

to determine the effects of molecular structure on the temperature and
pressure dependence of the viscosity as well as the relative influence
of temperature and pressure. The structural features examined were

short- and long-chain branching and benzene side group.

1.4 Materials Studied
1.4.1 High Density Polyethylene

A high-density polyethylene was chosen due to its simple chemical structure. The

HDPE was provided by Japan Polyolefins (formerly Nippon Petrochemicals) and is a

general-purpose film resin. The same material has been previously studied by Sato et

al. [16], who reported the solubility and diffusion coefficient for CO; in this HDPE.
A Mettler Toledo AB204 Balance was used to determine the density of the HDPE.

Appendix 1 describes the procedure used. The melting/crystallization temperatures

2) In this thesis, the term "linear" is used to indicate (1) a polymer molecule having no long-chain
branching, (2) that the viscosity is independent of shear rate, and Bolizmann superposition
principle can be applied, (3) that regression of curve fitting involves a linear model, which is
linear in the parameters, (4) that a line on a plot is straight, ie. a function is linear, and (5)
swelling in one direction.
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were determined at 1 atm by use of a Perkin Elmer Pyris 1 Differential Scanning
Calorimeter (DSC) with a heating/cooling rate of 10C/min. Two melting
temperatures were identified, one (7, from the peak in the endothermic curve and
the other (T),.) from the end of the peak (Fig. 1.1). Crystallization temperatures were
defined in the same manner. The physical properties of the HDPE are summarized in
Table 1.1. The polymers used for the molecular structure study are described in

Chapter 7.

40 T
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= 20 T Cooling
2
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g 107 .
e i o
_l L b L | |7|-'C‘I’hl-'-l>|:l L L L /] L i) . Il ] L [ |-
O | 1 1 1

50 80 110 140 170 200
T (°C)
Figure 1.1. Endothermic DSC curve of HDPE.

Table 1.1. Physical properties of HDPE.

Code Grade name Density| M, (kg/mol) [16]|Mu/My [16]| Toun (C) | Tme (C) | Tee (T)|Ten (C)

HDPE| J-Rex HD KF251A |0.945 111 13.6 130.5 | 1344 | 113.1 | 115.7

1.4.2 Supercritical Fluid and Carbon Dioxide

A compound that is gaseous at atmospheric pressure and room temperature shows
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supercritical behavior when heated and compressed above its critical temperature (7;)
and pressure (P;) (Fig. 1.2 [17-19]). The physical properties of a supercritical fluid
(SCF) are between those of a gas and a liquid. The solubility and density of a SCF
are higher than those of a gas, and its diffusion coefficient is higher than that of a

liquid. Due to these characteristics, SCFs have applications in extraction and

separation.
100
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0 Liquid
5.8 MPa—>F \
(838 psi) : SOlid Critical Point
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- 1 'E' Curve i
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~ [ Triple Point
Ry 0.1 E (-56.4°C, 0.5 MPa)
: Gas
- Sublimation Pressure
M Curve
O .O 1 1 ) 1 1 L 'l )] 1 L [] L - )] )] 1 J I | [ ']
2000
-100 -50 0 50 100

T (°C)

Figure 1.2. Pressure-temperature phase diagram for CO; [17-19].

Supercritical fluids have the following characteristics:

The diffusion rate is higher than those of common liquids, which have similar

density, by two orders of magnitude (Fig. 1.3).

The viscosity is lower than those of common liquids, which have similar density,

by an order of magnitude (Fig. 1.4).

Solubility in a polymer can be controlled by changing the temperature or pressure.

It is easily removed from solution by decompression or heating.
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Table 1.2 [19] provides data for several compounds that have critical properties of

potential interest in the polymer industry.

1
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Figure 1.3. Ranges of diffusion coefficients versus density for
three physical states. A box shows the range of properties.
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. Figure 1.4. Ranges of viscosity and density for three physical

states. A box shows the range of properties.
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Table 1.2. Critical properties of selected fluids [19].

T, P, Ve T. P, Ve
(C) | (MPa) |(cm’/mol) (C) | (MPa) |(cm’/mol)

He 2267.96 | 0.227 57 NH; 13235 | 11.35 72
C4Hs

H, -240.18 | 1.293 65 (1-butane) 14635 |  4.020| 241

N, -146.94 | 3.39 90 SO, 157.65 | 7.884| 122

0, -118.56 | 5.043 73 CH;OH | 23935 | 8.084| 117

CHs4 -82.59 | 4.599 99 H,0 373.99 | 22.06 56
CHF;

Xe 16.62 | 5.841 U8 | Hrc.a3yy | 2583 | 482 133

. CO, 30.98 | ‘:57.3;75 | 94 (HFC.32) | 7841 583 123
CHF,Cl

CyHs 32.18 | 4.872 146 | HCRC.a2)| 9635 5035| 164
CF,Cl

N;O 36.42 | 7.255 7 | (CrCazy | 1118 | 4136 217
CFCL;

C3Hs 96.68 | 4.248 200 | (crearny | 19795 | 447 247

It is known that a dissolved SCF reduces melt viscosity even at elevated
pressures, and this makes it possible to process some polymers that are normally
hard to process due to a high melt viscosity. For example an SCF can dissolve
fluoropolymers that are insoluble in most solvents [20] except SCFs and
chloro-fluorocarbons (CFCs). Releasing CFCs into the atmosphere has been found to
enhance global warming and damage the ozone layer [21] (Appendix 2), and the
Montreal Protocol (1987) and Copenhagen Amendment (1992) [22] mandated
phaseout of the use of CFCs by 1996. Hydrogen and hydrocarbons are highly
flammable, and their use requires special safety precautions. The global warming

. potential of hydrocarbons is higher than that of CO, (Appendix 2). Oxygen and
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water cause or enhance the oxidation of processing equipment. Nitrous oxide (N,O)
has critical properties similar to those of CO, but has a small permanent dipole,
while CO; has no dipole. Carbon dioxide can thus be used with non-polar polymers.
Although methanol has a high solvent power, its flammability and high 7, limit its
application to polymers. Ammonia (NH3) is not desirable due to its corrosive and
toxic properties. Nitrogen has much less solubility than that of CO,, and this gives
CO, an advantage for plastics applications, even though N, has a lower critical
temperature and pressure. Carbon dioxide is also easy to obtain and remove, cheap,
and nontoxic and causes no ozone depletion. For the above reasons, SC-CO, is a
very attractive SCF for the polymer industry.

Unlike nonliquefied gases, of which critical temperatures are lower than room
temperature, the maximum pressure in a CO, cylinder is only 5.8 MPa at 20
(Fig. 1.2), since CO; is a liquefied gas, of which critical temperature is higher than
room temperature. To use CO; at elevated pressure; room temperature, a compressor
or liquid pump is required. This will be discussed in detail in Section 6.4.4.1. A
Coleman Instrument 99.99% grade (Matheson Gas Products) of CO, was used for
solubility measurement, and a bone dry 99.80% grade (Matheson Gas Products) was
used for viscosity and creep measurements.

Diffusion data are necessary to estimate the experimental saturation time, because
all measurements can only be performed at saturation. The solubility is also required
to describe the effect of CO, on the rheological properties in terms of its
concentration in HDPE. Tables 1.3 and 1.4 show the diffusion coefficient and the
solubility measured by Sato et al. [16] using the pressure decay method. However,
the pressure range of their solubility data are limited, and solubility measurements

were thus carried out at the higher pressures used in this study.
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Table 1.3. Diffusion coefficient of CO; in HDPE at 180°C [186].

Average weight P (MPa) Diffusion coefficient x 10°
fraction of CO, x 10° Initial | Final (cm’/s)
8.2 0.000| 3.005 10.6
21 3.005| 4.925 9.2
29 4925| 6.614 9.2
40 6.614| 8.515 9.1
53 8.515| 10.97 9.1
68 10.97 | 12.53 10.7
76 12.53 | 1543 16.3

Table 1.4. Solubility of CO, in HDPE
at 180°C [16].

P Solubility

(MPa) | (g-CO, / kg-HDPE)
7.055 35.0

11.326 67.1

14.013 89.0

15.762 100.5

16.896 109.4

18.123 119.8
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2. Pressure-Volume-Temperature Behavior of HDPE

2.1 Introduction

Since the melting point T, increases with pressure, to prevent pressure-induced
crystallization, the high-pressure measurements must be carried out at temperatures
well above the elevated T,,. The pressure dependencies of 7, must thus be known to
establish the minimum operating temperature. These dependencies can be determined
by carrying out pressure-volume-temperature (PV7T) measurements. In addition, to
determine the solubility of the gas in the polymer, the PVT behavior of pure
polymer, pure gas, and the mixture are required. The PVT data of polymer can also
be used to calculate the vertical shift factor for viscosity, which is often assumed to
be one.

A Gnomix PVT apparatus was used to determine the PFV7T behavior of the
polymer, and the data were fitted to the empirical Tait equation and the theoretical

Sanchez-L.acombe equation.

2.2 Theory and Equations

Several models have been proposed to describe the PVT behavior of polymeric
liquids. Equations of state for polymers are either empirical or theoretical. The most
popular empirical equation is the Tait equation [1]. Theoretical models are at the
molecular level and are of a statistical nature. Over several decades, theories based
on lattice or hole concepts have been developed. These include the lattice theory of
Flory [2] and Huggins [3], the cell model of Prigogine [4], the lattice fluid model of
Sanchez and Lacombe[5-7] and Panayiotou and Vera [8], the modified cell theory of
Dee and Walsh [9,10], the non-equilibrium lattice fluid (NEFL) model of Doghieri
and Sarti [11], the group-contribution lattice fluid model of Parekh and Danner [12],
and the lattice hole theory of Simha and Somcynsky [13,14].

More recently, so-called integral equation theories have been developed. In these

theories, a property is expressed as a sum of contributions from repulsion, attraction,
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and chain structure. Numerous models have been obtained by modifying previous
models; these include the thermodynamic perturbation theory (TPT) of Wertheim
[15-18], the statistical associating fluid theory (SAFT) of Chapman et al. [19,20], the
modified SAFT model of Huang and Radosz [21,22], and the perturbed hard-sphere
chain (PHSC) theory of Song et al. [23]. The SAFT model has attracted much
attention and has been used in hundreds of articles published in the past 15 years.

Most theoretical models: (1) describe mixtures by using mixing rules for the
parameters without changing the basic structure of the model, and (2) make use of
reduced variables scaled by characteristic parameters. Zoller [24], Cho and
Sanchez [25], and Rodgers [26] have reviewed work on the PVT behavior of
polymers and compared the predictions of the various models.

Rodgers [26] reviewed PVT models for molten polymers and performed model
fitting for published PVT data. He also fitted PVT data published by Hellwege ef
al. [27] for a HDPE. He used a HDPE different from the one used here, but a
major difference in parameters is not expected, and his fitting parameters were used

as initial estimates for this work.

2.2.1 The Tait Equation

Tait [28] proposed an empirical model of average isothermal compressibility for

fresh and sea water as follows:

1 ’U(Pa:r)—'U(PoaT')_ C(T)
v(Py, T) P - B(I)+P 2.1)

or

B(T)+P— PC(T)
B(D+P (2.2)

v(P, 1) = v(P,T)

where P, is the initial pressure, and v(P,,7), B(T), and C(T) are functions of
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temperature only. Wohl [1] used the right-hand side of Eq. 2.1 but used another

definition of the compressibility as follows:

1 [BU(P,T)} (1)

“wE, DT eP |, BD+P (2.3)

and integrated Eq. 2.3 as:

dv(P, T): —————dP
o(By 1) p, B(ID)+P 2.4)

1 /v(P, 7 P C(T)
U(PO, T)

to give Eq. 2.5:

MRﬂsz@ﬂb—dﬂh++E§:5—”

(1) + P, (2.5)
By letting P, zero, Eq. 2.5 is reduced to Eq. 2.6 D:
o(B =000, Dt - oD |1+ 5 | 2.6)
where the zero-pressure isotherm is
v(0, ) =vy+v, T (2.7
where v, and v, are constants, and B(7) is given by
B(T)= Bee 2" (2.8)

where B, and B, are constants. Cutler er al. [29] found that C(7) is a universal
value of 0.0894 for high molecular weight hydrocarbons investigated and is

independent of temperature. Equation 2.6 can thus be reduced to Eq. 2.9:

1} This equation is different from the original Tait model (Eq. 2.2). Strictly speaking, this is the
Woh!l model or the Tait-Wohl model, but it has been called the Tait model.
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P
v(P, T) =v(0, 77{1 —0.0894 ln[l + W] } (2.9)
and Eq. 2.9 has been very widely used to describe the PVT behavior of polymers. Its
major advantage is its simplicity, which reduces calculation time. Equation 2.9 was

used to describe the PVT behavior of pure HDPE for this study.

2.2.2 Sanchez-Lacombe Model

It has been found that the empirical Tait model makes better predictions than
theoretical models. However, a theoretical model is required to predict the specific
volume of a mixture to obtain the solubility of CO,, because mixing rules for the
parameters are available only for such models. For this study, the Sanchez-Lacombe
(S-L) model was chosen, since it has a simple structure and has been used to
describe the solubility of CO, [30-32].

The S-L model can be expressed as follows in terms of reduced variables:

~ ey~ . 1~

P=—p’— T{ln(l—p)%—(l—?p)] (2.10)
where T= T/T*, P=P/P*, and p=p/p*. The characteristic values are T*=e*/R,
P*=e*/v*, and p*= M/(rv*). The close-packed mer 2) volume is v*= RT*/P*, and
e* is the interaction energy. The number of mers per molecule, i.e., the number of
lattice sites occupied by a molecule is r= M/ (v*p*)= MP*/(RT*p*), where M is the

molecular weight. Either (e*,r,0*) or (7*,P*,p*) is determined by curve fitting.

2.3 Experiments
2.3.1 PVT Apparatus

A Gnomix PVT apparatus [33] (Fig. 2.1) was used to determine the PVT behavior

2) In lattice fluid theory, a molecule occupying r-sites is called an r-mer, because the part
occupying one site is called a mer.
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of HDPE. This instrument is the most popular PVT apparatus for polymers. It has a
high-pressure dilatometer with a bellows and a linear variable differential transformer
(LVDT) and is used to measure the change in volume of a solid or molten sample
in the temperature range from 30 to 400C and at pressures between 10 and 200
MPa. The volume change at a temperature lower than 30C or pressure lower than
10 MPa must be determined by extrapolation. This instrument consists of four parts:
(1) temperature and pressure controllers, (2) heating and pressurizing elements, (3) a

thermocouple, pressure transducers, and the LVDT, and (4) a piezometer cell and

bellows.
-
Top Plate £l
T Spacer 1 .
TC Block | < Tierod
ing ch
Sample Heating chamber
Mercury Sample cell

.. . Bellows piezometer
Pressurizing oil

Cooling water jacket

Bottom Plate

1 |

PUmp T ST m m Micrometer
LV|DT

Figure 2.1. Schematic of the PVT apparatus (not to scale).

The Gnomix apparatus measures the volume change due to changes in temperature
and pressure by use of the LVDT, of which resolution is 1 um, representing a

volume change of 10* cm’/g. In the piezometer cell, the sample is surrounded by a
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confining liquid, which was mercury for this study. The bellows in the cell allows
for expansion or shrinkage of the sample, confining liquid, and sample cup, and such

a change causes a linear displacement of the LVDT.

2.3.2 Calibration

A calibration must be carried out for each piezometer cell and confining liquid,
because the changes in 7 and P influence the volume of the cell and fluid, and this
affects the LVDT output. The calibration procedure is the same as a normal
measurement except that no sample is present. The LVDT must also be calibrated for
each experiment, because room temperature affects its response and is subject to
fluctuation. The LVDT is calibrated by setting a value on the micrometer
[Fig. 2.2-(e)] connected to the cell and setting the displacement value in the

operating software.

2.3.3 Experimental Procedure

Prior to loading a sample, pellets received from the manufacturer are held in a
vacuum oven at 50°C for eight hours to reduce the level of O, and other small
molecules. One to two grams of pellets are loaded into the sample cup, and the cup
is loaded along with the bellows into the piezometer cell [Fig. 2.2-(b) left]. The cell
is filled with mercury after evacuating it using a vacuuming and filling device
[Fig. 2.2-(a)]. After loading the cell into the PVT system [Fig. 2.2-(d)], the system is
heated or cooled by the heating and cooling elements around the cell [Fig. 2.2-(b)
right] and pressurized by a hydraulic pump [Fig. 2.2-(f)]. Meanwhile, the change in
volume is measured, and the temperature of the sample is determined by use of a
high-pressure thermocouple [Fig. 2.2-(c)] on the cell. The pressure is determined by
means of a pressure transducer installed between the system and the hydraulic pump.
The temperature and pressure are changed by controllers [Fig. 2.2-(g)], and the
schedule is programmed by the operating software. The change in the volume of the

sample and mercury is transferred to the LVDT [Fig. 2.2-(¢)].
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LVDT

Figure 2.2. PVT apparatus: (a) vacuuming/filling device, (b) piezometer cell and
heating/cooling element, (c) high-pressure thermocouple (TC) block, (d) setup of cell, LVDT,
and micrometer, (e) LVDT and micrometer, (f) hydraulic pump, and (g) pressure and
temperature controllers.

Two types of test can be performed: isothermal and isobaric. In an isothermal test
the change in volume along isotherms at various pressures is recorded, and the
results are used to determine the constants in the models. In an isobaric test the
volume changes are recorded during heating or cooling at a constant rate at a given
pressure. The heating/cooling rate and pressure dependence of the melting (7, ),

crystallization (Z:), and glass transition (Z; ) temperatures at a certain cooling or
y g p g

heating rate can be determined.
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2.3.3.1 Isothermal PVT Measurement

An isothermal PVT run is performed at a fixed temperature and increasing
pressure. The step-increase of pressure is 10 MPa. The volume change is recorded
10 min after the set pressure is achieved. After the system reaches the maximum set
pressure, the system is vented to the atmosphere, and the temperature is increased to
the next set temperature. The pressure sweep is repeated until the temperature
reaches the maximum set temperature.

The major concern in an isothermal test is temperature measurement. The increase
in pressure increases the temperature. The system is then cooled down to the set
temperature, and then the pressure decreases. These fluctuations continue until the
system reaches the set temperature and pressure. If the system is left alone for a very
long time, the desired temperature and pressure will eventually be achieved, but the
sample will degrade. To avoid this, a holding time of 10 min is inserted in the
program. For all calculations, the feedback temperature is used for this work even
though the feedback temperature is slightly different from the set temperature.

After one pressure-sweep at a temperature, measurements are carried out at
another temperature. The temperature interval is five degrees near T, (110<7T<150C)
and ten degrees elsewhere. It requires 15 minutes to stabilize the temperature for the
establishment of an isotherm. The command temperature ranges from 30 to 210C,
and the pressures are from 10 to 80 MPa. The specific volume change at 0 MPa for
each isotherm is determined by extrapolation using the Tait model by an operating

software for the PVT apparatus.

2.3.3.2 Isobaric PVT Measurement

An isobaric test is performed at heating and cooling rates of 2.5°C/min at a fixed
pressure. The first temperature sweep is carried out at 10 MPa by heating, and the
system is then cooled at the same rate after reaching the maximum set temperature.
Meanwhile the volume change is recorded every 20 s. The next run is carried out at

another pressure, and the pressure interval is 10 MPa; the temperature sweep is
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repeated until the pressure reached 70 MPa. Temperature measurement in an isobaric
test is much simpler than in an isothermal test, because the measured quantity is a

transient temperature at each time of volume measurement.

2.4 Results and Discussion
2.4.1 Density

The density measurement results are given in Table 2.1. The method is described

in detail in Appendix 1.

Table 2.1. Results of density determination.

Temperatur Water Polymer Weight loss Polymer Polymer
emperature density weight due to buoyancy density Spec. vol.
T(C) |p (gem’) | W (2) W @ | s (glem’)|v,, (cm’/g)

24.5 0.9972 [34]| 1.3216 1.3945 0.9451 1.0581

2.4.2 Effects of Temperature and Pressure on Specific Volume

Since the PVT apparatus measures only change of specific volume (Av), the
specific volume at a given temperature must be added to all data to obtain the
absolute specific volume. However, the density is usually measured at room
temperature, and this temperature is out of the range of the operating temperature,
which must be above 30C. Thus, two steps are required to obtain absolute volume.

(1) To use an exponential equation
Av=aexp(bT) + c (2.11)

where a, b, and c are fitting constants, and extrapolate Av to 24.5°C, where the
density of the sample was measured, to determine Av(24.50C) (Fig. 2.3). (2) To add
[v,0(24.5C)-Av(24.5CC)] to the data, where v,,(24.5C)=1/p,,(24.57C).

The effects of temperature and pressure on the specific volume of HDPE is shown

in Fig. 2.4 where three regions can be observed. The specific volume decreases
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smoothly with pressure in the melt and solid regions, while in the transition region
there is a marked curvature change indicating a phase change caused by pressure
increase at a fixed temperature. According to the slope, the volume change in the
solid zone is smaller than that in the melt zone. On the other hand, at a fixed
pressure, the large jumps in the transition zone indicate a phase transition due to the

temperature increase.
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Figure 2.3. Extrapolation of volume change at 24.5C
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Figure 2.4. The effect of T and P on specific volume: Isothermal test. Numbers in
legend indicate the set T in C. (Lines show trends only, not model predictions.)

From the curve indicating pressure-induced solidification, the temperature for
theological measurements can be determined. The curve at 135°C shows a large
volume decrease starting at 40 MPa, and the 140°C isotherm shows a large decrease
starting at 60 MPa. At 145°C, pressurizing up to 80 MPa cannot solidify the sample,
but at temperatures below 145C; a pressure increase can cause solidification. This
implies that pressure increases the melting temperature, 7,. This means that
rheological measurements at high pressures must be carried out at temperatures above
the pressure-enhanced 7,,. A temperature of 160°C was chosen as the minimum

temperature.

2.4.2.1 Effects of T and P on Vertical Shift Factors

Figure 2.5 shows that the effect of temperature on b,(7) = p,, (1) T/ p,,,(T;) T, of
HDPE at 0.1 MPa. Figure 2.6 shows that the effect of pressure on
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bp(P) = p,,1(P)/ ppoi(P,) of HDPE at 180°C. There are a 7% variation over 50 degrees
and a 6% variation over 70 MPa, respectively. These dependencies will be discussed

in Sections 5.4.4.5. and 6.7 .4.
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Figure 2.5. Effect of temperature on bf{(7T) of HDPE at 0.1 MPa.
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Figure 2.6. Effect of pressure on bp(P) of HDPE at 180<C.
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2.4.2.2 Model Fitting: Tait Equation

Only the fully molten state is of interest here, so only data in the molten state
were used for model fitting. Capt and Kamal [35] used two methods to fit PV'T data
to the Tait model (Eq. 2.6) and found that it is better to determine the four
parameters in one non-linear regression than to determine them by separate
regressions. The former method was used for this work. The fitting parameters were
determined by the least square method, i.e. minimizing the following error sum:

S = f} [0; =0y 1 (Pis T vg5015 By, By) | @.12)
where i is the index of data set of P and 7, and N is the total number of data sets.
The datum v is the specific volume corresponding to (P, 7;), and v,,, is the specific
volume at (P, 7;) as predicted using the model and fitting parameters. The results
and a comparison with data of Rodgers are given in Table 2.2. This model
reasonably fits the data (Fig. 2.7). It has four adjustable parameters and can be
expected to describe the PVT behavior better than other thermodynamic EOS's, which

generally have only three parameters.

Table 2.2. Comparison between Tait model parameters of this
work and those of Rodgers [26].

Parameter| Units This work Rodgers
Vo cm’/g 0.8867 1.1595
v em’/gK | 11.641x10™ 8.0394x10™
By MPa 180.0 179.9
B 1/K 2.713x107 4.739x107
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Figure 2.7. Comparison of data with Tait model predictions.

2.4.2.3 Model Fitting: Sanchez-Lacombe Equation

Unlike the Tait equation, the S-L equation does not give the volume explicitly. To
calculate the specific volume, two steps are required using Eq. 2.10. First, model

fitting is carried out by determining the parameters that minimize the S,:

5= 0| Prar+ T

i=1

1n(1—@)+(1—%)@] }2 2.13)

Second, using the data sets (P;,7;) and the parameters determined in the first step,

reduced densities p,; are calculated in the following equation by Newton's method:
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P p, 2+ i[ln(l—ﬁc,wr(l—%)Z)C,,-Fo (2.14)

The parameters determined in the present study are compared with those of
Rodgers [26] in Table 2.3. He fitted his data in two ranges: up to 50 and 200 MPa.
He found that the first group gave a better fitting. The resulting parameters will be

used to obtain the specific volume of HDPE/CO, mixture in the next chapter.

Table 2.3. Comparison of S-L parameters from this work with those of Rodgers [26].

Param. | Units | This work (~80MPa) | Rodgers (~50MPa) | Rodgers (~200MPa)
p* MPa 408.3 288.7 366.2
T* K 570 736 615
p* | glom’ 0.8762 0.8670 0.9137

The predicted specific volumes for each set (P;,7;) were calculated from p,; and are
plotted along with the data in Fig. 2.8. The S-L model provides a less accurate
description than the Tait model and over-estimates the volume at high and low
pressures, and it significantly over-estimates the volume at high temperature and low

pressure (circle in Fig. 2.8).
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Figure 2.8. Comparison between data and S-L model prediction.
2.4.2.4 Compressibility
The isothermal compressibility is defined as:

1 aw(PT)
v(P,T) oP

BP,T) = |- (2.15)

oP

:{_M}

To obtain the compressibility, the logarithm of is used as shown in Fig. 2.9. Since
Inv is nonlinear with pressure, a pressure-independent B(P,7) cannot be achieved.
Figure 2.9 shows that the slope of each curve B(P, 7) increases with temperature at
a given pressure, and this implies that temperature increases the pressure sensitivity

of volume,
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Figure 2.9. Effect of temperature and pressure on Invy as determined from
isothermal PVT measurements. (Lines show trends only, not model predictions.)

2.4.3 Effect of Pressure on 7, and T,

Isobaric PVT data were used to determine the effect of P on T, and T, at heating
and cooling rates of 2.5C/min. The results are plotted in Fig. 2.10 along with the
results of the isothermal test. The isobaric test provides rate-dependent results: the
same result as in an isothermal test cannot be expected, but the figure shows that the
isobaric heating curve is similar to the isothermal curve at 10 MPa. The deviation
between the two curves increases with pressure, and this indicates that pressure
suppresses the rate of volume change with temperature and melting behavior. On the

other hand, the deviation between the cooling and isothermal curves decreases with
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pressure, and this implies that pressure accelerates the kinetic behavior of
crystallization. This phenomenon can be considered for the study of effect of
pressure on shear-induced crystallization.

The T, and T, values used in this study are defined as the temperatures where the
tangent lines of the transition and melting zones cross. Figures 2.11 and 2.12
illustrate this method, the effect of P is shown in Fig. 2.13. Pressure increases both
T and T¢ linearly. The effect of pressure on these temperatures can be described by

the following linear equations:

T,,(T)=0.27P(MPa) +140.1 (2.16)

7.(C)=0.28P(MPa) +121.2 (2.17)

According to this, 75 at 70 MPa, which is the maximum operating pressure of the
HPSPR, is 159°C. Even though this result is based on the transient behavior of
specific volume, and 7,,(P) determined by an isobaric test is usually higher than that
(145C for HDPE) determined by an isothermal test, the minimum operating
temperature was chosen as 170°C, accounting for shear-induced crystallization in the
high-pressure study.

The slopes in the melt zone in Figs. 2.11 and 2.12 show that pressure decreases
the degree of thermal expansion, and this can be described by an isobaric thermal

expansion coefficient:

o(P,T) = U(;’ 7 6”(;;,@];{

olnlv(P, T)] }
2T |,

(2.18)
Since Inv is linear with T (Fig. 2.14), o is independent of 7. Figure 2.15 shows that

it is a decreasing function of pressure, and this implies that pressure decreases the

temperature sensitivity of volume.
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2.5 Conclusions

A Gnomix PVT apparatus was used to determine the PVT behavior of pure
polymer, and the data were fitted to the Tait equation and the Sanchez-Lacombe
equation. The Tait model fitted the data better. For CO, solubility determination, the
parameters of the Tait equation will be used for the PVT values of pure polymer,
and those of the S-L model will be used for the mixture of polymer and CO,. The
minimum temperature for rheological measurements at high pressures was 170C,
based on the effect of pressure on melting point. Pressure slows down melting
behavior and accelerates crystallization of polymer. The PVT behavior of CO, and

the mixture are discussed in the next chapter.
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3. Solubility of CO, and Swollen Volume of HDPE

3.1 Introduction

Because the effect of CO, on the rheological properties will be shown as a
function of CO, concentration, and the HPSPR for this work can operate only at the
saturation concentration, the solubility of CO, must be known. A magnetic
suspension balance (MSB) was used to determine the amount of dissolved CO,. The
buoyancy effect in a measurement cell changes the net weight of HDPE/CO, mixture.
The PVT data described in the previous chapter, together with the CO, density
determined using the MSB, were combined with data measured to account for this
effect. To determine the solubility, the swollen volume of polymer is also required,
and the Sanchez-Lacombe model was used to analyze the data because that could not
be measured directly. The swollen volume of polymer obtained here was also used in

the form of a vertical shift factor for Chap. 6.

3.2 Background Information
3.2.1 Chemical Potential and Saturation

Partial molar quantities of thermodynamic variables are used to describe
components in a mixture, and the partial molar Gibbs free energy is called the

chemical potential ;. For component i in a binary mixture with a component j this

is defined as:

3.1)

_[98G
:u‘i-' 8]\/;
LAN;

where ~; and N, are the number of moles of components i and j respectively, and

the Gibbs free energy is defined as:

G= H- TS 3.2)
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where H is the enthalpy, and S is the entropy at T and P. Net diffusion will take
place from where the chemical potential is higher to where it is lower. For a
two-phase system at equilibrium, the chemical potential of one species must be the
same in both phases, and the concentration of component i in a mixture at
equilibrium, ie., the mixture is saturated with i, is its solubility. The system of
interest here is shown in Fig. 3.1. The polymeric liquid is assumed to be immobile
due to its high molecular weight, so gas dissolves in the polymer, but the gas phase
contains no polymer. At equilibrium, the chemical potential of gas in the gas phase

#y is equal to that in the polymer/gas mixture phase 4y, and the concentration of gas

in the mixture is the solubility. The solubility of gas in a liquid increases with

pressure, and elevated pressure is thus required to achieve a high solubility.

M T

Gas

Figure 3.1. Gas dissolution and chemical potentials.

3.2.2 Equation of State and Mixing Rule

A theoretical model is required to calculate the volume of the HDPE/CO, mixture,
which is required to account for buoyancy. Because the Sanchez-Lacombe model [1]
is relatively easy to use, and previous researchers [2,3] found that this model predicts
the PVT behavior of polymer/CO, mixture successfully, this model was chosen to

describe the HDPE/CO, system:

ﬁnl: _;)371— Aj?ln

In(l—p )+ (1 - % ;)m” (3.3)
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where the subscript m stands for the mixture, i”m = T/T*, 1~Dm = P/ P*,

P = p,/p*=1/v,, T*=e*/R, P*=e*/v* ¢* is the interaction energy, the close-
packed mer volume is w*=RT*/P*, p*=M [(rv*), r=M,P*/(RT*p*)
=M,/ (p*v*), and M, is the average molecular weight of the mixture. Each
parameter for the mixture is related to those of the pure components by a mixing
rule [1,4]. However, the mixing rule contains at least one interaction parameter,
which cannot be predicted, and the equation of state is thus not predictive. The

characteristic density of the mixture is:

P1P2

x_ 2
* *
WPy T Wopy

p 34

where subscripts 1 and 2 refer to CO, and HDPE respectively, w, and w, are the
weight fractions, and w, +w, =1. The characteristic pressure for a mixture is defined

as.
P’ = @GP+ 2Py + 26,6, Pry (3.5)

where ¢, and ¢, are volume fractions defined as:

@=V”%%+¥) (3.6)

P P P

&y =(Kf)+(—w71+£*2):1—¢1 (3.7)
Pa P P

and Pj,is defined as follows in terms of the interaction parameter, K,

P, =(1—K;,)(P P,)°S (3.8)
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Finally, the characteristic temperature for the mixture is:

. (AT R
T =p (d)l *1 + d)Z *2 ) (39)
Pl PQ
where
P P’ P
& :["51 E )+(¢‘ R ¢ 2 j (3.10)
1 T 1,
and
P P P
(e an
2 1 2

There are three unknowns in the EOS for a binary mixture: K,,(P,7), p,,(P,T),
which is related to swollen volume, and ¢,(P,7), which is related to the solubility.

At equilibrium:

=g (3.12)

Sanchez and Lacombe [1] derived an expression for the Gibbs free energy of a

binary mixture:

~ |9 ¢ ~ ~ . - N m o~
G, =rNe* Tm{r—llnqsl—Fr—and)z TP+ 10, |(1=p, In(l— pm)-}-pTlnpm
1 >

(3.13)

The chemical potential [1] of component 1 in the mixture can be obtained by
differentiating the Gibbs free energy with respect to the number of moles of

component 1, N;:

(3.14)
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Sanchez and Lacombe [1] derived " as:

r . P/+P,—2P, ,
T =RT|Ing, +|1——|p, +7p,. — ¢
254 T{ o ( T )¢2 1P P, P

~m ;) 1 ~ ~
+r(1)RT{— Imy 1 +(~—-—1)ln(1—pm)+iolnpm}
Tl mel Pm n

(3.15)

where P,=P/P], T,= T/ T;, and two new parameters are defined for simplification:

To = —=+ (317)

The chemical potential of component 1 in a pure phase can be obtained from

Eq. 3.15 by replacing p, with p, and letting ¢, =1 and ¢, =0:

0 P 1 - 1. -~
p=r! 7{— —.pci+~—3—+ (-——1)ln(1— pl)-i-—olnpl]
T, pTy \py T (3.18)

where ,;15 p/p;, and Eq. 3.12 can be expressed as:

r(l)RT

p, P 1 5 5
_—BL—% = ,} +(~——1)1n(1—p1)+—10—1np1
o pT) P1 &1

r ~ P*+P*—2P,*
= RT|Ing, +|1——|¢p, +7° = 2
7'[ ¢1 ( 1"2 )¢2 1 Pm Pl* Tl ¢2

P P 1 1 -
+oRT - Pmy Tl ——1In(1—p,)+—1Inp,,
Tl mel pm rl

(3.19)
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Equations 3.3 through 3.11, 3.16, 3.17, and 3.19 together with experimental data
were used to obtain the solubility of CO, and p,, (P, T).

3.2.3 Methods of Solubility Measurement

Five methods have been proposed to determine the solubility of a gas in a
polymer: barometric, gravimetric, spectroscopic, volumetric, and in-line. The first two
of these are relevant to the present study. In the barometric (pressure decay)
method [5-16], the initial weight of the sample is measured, and it is then exposed
to the gas in a high-pressure vessel. The pressure will decrease due to the loss of
CO; from the gas phase. The dissolved amount is inferred from the pressure decrease
of the gas using an equation of state (EOS) for the gas. However, the volume of the
gas phase decreases due to polymer swelling, and the solubility cannot be determined
without knowing the swollen volume. In the gravimetric method, the sample is
placed in a high-pressure vessel as in the case of the barometric method, but a pump
keep the pressure constant by compensating for the dissolved gas. A balance
monitors the weight of the sample until there is no further change with time, or the
sample can be transferred to a balance outside of the vessel to measure the weight
after a certain amount of time. Several methods were evaluated for measuring the
weight of the sample: quartz crystal, quartz spring, microbalance, magnetic
suspension balance [2,17-22], and electro-balance. As in the barometric method, the
swollen volume must be known, as this affects the buoyancy and decreases the net
weight. Tomasko et al. [23] summarized solubility data obtained using both

barometric and gravimetric methods up to 2003.

3.2.4 Determination of Swollen Volume

An indirect method has been used to predict the swollen volume and gas
solubility in the polymer [3,16,19,20,22,24]. Data alone cannot reveal the solubility if
the swollen volume is unknown. Moreover, an EOS alone cannot predict solubility or

swollen volume, since one or two parameters in the EOS must be determined
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experimentally. However, combining an EOS with data can yield both the solubility
and the swollen volume. The details of the procedure are described in Section 3.5.

Royer et al. [25] used a view cell to observe the swelling of Poly
(dimethylsiloxane) (PDMS) by CO,. A sapphire window in the high-pressure cell
made it possible to use a digital camera to record images of the swelling sample.
The amount of swell was determined from the height increase of the sample, and a
300% increase in volume at 27.6 MPa and 50C occurred during 10 hours. They also
used the Sanchez-Lacombe (S-L) model to predict the swelling behavior and reported
there was a close agreement between the prediction and the data. Nikitin ef al [26]
employed a view cell of silica glass and reported a maximum 50% increase in
volume for poly(butyl methacrylate) (PBMA) at 9 MPa and 38°C. Other research
groups [27-30] have used similar methods. While a view cell allows direct
measurement of swelling, the error can be large for a material that swells little, such
as HDPE.

Recently, Funami et al. [2] developed a method to determine the density of a
polymer/CO; mixture using a magnetic suspension balance (MSB). They immersed a
platinum disk into a polymer sample fixed in the MSB and introduced CO, at high
pressure and temperature. The disk was connected to a weight-measuring unit by a
thin wire. The net weight of the disk in the sample is lower than that in the air due
to buoyancy. While CO, was dissolving in the sample, the net weight of the disk
increased, tracking the decrease of the sample density due to the decreased buoyancy.
At equilibrium, the density of the mixture can be inferred from the total change of
the weight. They measured the solubility of CO, in polymers up to 15 MPa and
found that the agreement between the direct determination and indirect prediction
using the S-L model was excellent even though it may take much time to reach the
equilibrium net weight due to high melt viscosity of polymer. However, this method
had not been developed yet when solubility measurements were made for this

project, and the indirect method was used.
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3.3 Apparatus: Magnetic Suspension Balance

A magnetic suspension balance (MSB) manufactured by Rubotherm and installed
at the University of Toronto [22] was used to measure the density of CO, and the
weight change of HDPE due to dissolved CO,. Its principal components are: balance,
magnets, sample holder, high-pressure and temperature chamber, and pressure and

temperature transducers. Figure 3.2 is a photo and a schematic of this instrument.

Measuring unit -3

Electromagnet —— pa

Permanent magnet

Heating chamber

Cell

Pressurizing or

dissolving gas

Figure 3.2. Photo and schematic of MSB. A high pressure
chamber is not shown in the photo.

The MSB measures three types of weight. One (W) is with no sample/sample
holder and no sinker, which is a titanium weight used for determining the gas

density. A second (Wp,) is with the sample/sample holder but no sinker, and the
third (Wg;) is with the sample/sample holder and sinker. Figure 3.3 shows these
situations. The measurements are performed in series by connecting or disconnecting
the sample holder and sinker to or from the magnet. The weight of the sample/holder
is determined using Eq. 3.20:

WR(P7 T) = WRQ (P: T)_ WRl (Pa T) (320)
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The weight of the sinker is necessary to obtain the gas density and is given by:

Wiiner (P> T) = Wiy (P, T) = Wy, (P, T) (3.21)

All measurements are carried out automatically by MessPro, the operating software

for the MSB.

WRI(PST) WRZ(PaT) WR3(P’T)

Permanent ~—
magnet

Connecting rod —]

Sample holder
—

Sinker

Sinker

Figure 3.3. llustration of three types of weight reading.

First, the weight of polymer W,, is measured before introducing CO,. Second,
with the sample in the chamber, gas is introduced while a heater keeps the set
temperature, and a syringe pump maintains the desired CO, pressure. The balance
monitors the weight change of the sample. Diffusion of gas will continue until the
system reaches equilibrium, ie. until the chemical potentials of gas in the gas and
mixture are the same. After this no further change in weight occurs, the solubility of

gas in the sample can be obtained by:

S(P,T)=AWP,T)/ W,, (3.22)

where W, is the initial weight of the sample, ie., the weight of the pure polymer,

and AW(P,T) is the total weight change of the sample.
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Because the sample is immersed in a fluid, buoyancy must be considered. This
analysis is based on Archimedes' principle, which states that a body immersed in a

fluid loses weight by an amount equal to the weight of the fluid it displaces:

Wi = Wioay = Py Vieay (3.23)

where Wy is the weight reading or net weight, W,,,, is the actual weight of the
immersed body, and V,,,, is the volume of the body. Two quantities must be taken
into account to compensate for the buoyancy: the density of the surrounding fluid p,,
and the volume of the immersed body. The procedure for analyzing the data is as
follows. (1) The gas density is obtained using Archimedes' principle. Net weights are

measured at different pressures:

We(P, T) = W,inper (B, D) = p, (P, T) Vg (1) (3.24)

%(O’ ﬂ = Wsinker (07 T) _Pg (07 ﬂ Vsinker(T) (325)

inker (0’ T), a‘nd

8

where p,(0,7) =0, W, is the weight of the sinker, W,,,,., (P,T)= W,
V.

s

mker 15 the volume of the sinker, which is assumed to be incompressible and thus
equal to the value specified by the manufacturer (4.33094 cm3). Subtracting Eq. 3.25
from Eq. 3.24 yields:

- A Wfsinker (P7 ﬂ

Viinker (1) (3.26)

pg(P’ T):

Where A Wsinker (P’ T> = Weinker (P’ T) - W,

sinker

(0,7). (2) The swollen volume of the
sample V,,(P,7) can not be measured and is estimated using an EOS. A detailed
analysis to obtain V,,(P,7T) is presented in Section 3.5. The equation for the weight

change, accounting for the buoyancy, is:
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AWIP, T) = AWp(P, T)+ p, (P, D[V, (P, T)+ V., (P, T) + V3,140, (T)] (3.27)

where V,,(P,T) is the volume of the pure polymer, determined by PI'T
measurements, and V, ., (7) is the volume of the sample holder, as determine by a

blank run as described in Section 3.4.2. The volume of the mixture is defined as:
v, (PT)=V,,(PT)+V,, (PT) (3.28)

Equation 3.29 summarizes the procedure for determining the weight change of the
sample. Finally, the solubility of CO, in HDPE is obtained using Egs. 3.22, 3.26 and
3.27.

MSB (Sa{nple run)
Weight Change (2, 1:/ l
= Weight reading (P,7) — Weight reading (0,7)
+ pg(P’T) [Vpol(PrT) + sz (P’T) + Vholder(T)]

| I | ]

MSB (Sample run) PVT  Data+Model MSB (Blank run) (3.29)

3.4 Experimental Procedure

3.4.1 Sample Preparation

The disk-shaped sample is prepared by compression molding at 165C and has a
thickness of 3 mm and a diameter of 10 mm. It is kept in a vacuum oven at 50C

for eight hours prior to a run to minimize the presence of volatiles.

3.4.2 Blank Run

The volume of the sample holder can be obtained by a blank test at 180°C. The

system with no sample is heated, while a vacuum pump exhausts the chamber. When
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no change in weight is observed, the vacuum pump is turned off. Carbon dioxide is
then introduced at a pressure of 6.9 MPa (1000 psi) by use of an ISCO syringe
pump, and values of Wy, Wy, and W, are recorded every three min for two
hours. These steps are repeated until the pressure reaches 27.6 MPa (4,000 psi) with
a pressure interval of 6.9 MPa. After W,

sinker

and W, have been measured at each

pressure, A W,

sinker

is used to calculate the gas density by using Eq. 3.26, and A Wy,
the change in the weight reading for the sample holder, is used to calculate the

volume of the sample holder using Eq. 3.30:

— AW,(T, P)

P\ LR = D (3.30)

The slope of a plot of —A W,(T,P) versus pg(T,P) is Viuser(T) and was found to

be 1.2689 cm’. Figure 3.4 shows that the slope is independent of pressure, and this

confirms incompressibility of the sample holder.

05 T
- MSB 180°C

y = 1.2689 x

-AWRr(T,P) (mg)

L L R L L

0 0.1 0.2 0.3 0.4
P (T,P) (mg/cm3)

Figure 3.4. Determination of the volume of sample holder.



Chapter 3. Solubility of CO. and Swollen Volume of HDPE 49

3.4.3 Sample Run

The procedure for a run with a sample is the same as for a blank run except that
a sample is present. After the sample is loaded in the holder, its weight is measured,
and the system is heated to the set temperature while a vacuum pump exhausts the
chamber. The chamber is first pressurized to 3.4 MPa (500 psi) for two hours. The
wait time was chosen after considering the diffusion time. Based on the diffusion
study described in Chap. 6, two hours was found to be well above the saturation
time for the thickness of 3 mm (Fig. 3.5). The absorption of gas causes a small
pressure decrease, even though the syringe gas pump tries to maintain the set
pressure, and this slight variation in pressure can cause a fluctuation in the weight
reading. This problem can be solved by allowing the system to sit for a period well
beyond the saturation time. The next step is to increase the pressure up to 6.9 MPa
(1000 psi), and the system is again left for two hours. The pressure is further
increased in steps until it reaches 34.5 MPa (5,000 psi).

Chamber

|_-Sample
thickness: 3 mm
diameter: 10 mm

Figure 3.5. CO; diffusion into the sample.

3.5 Data Analysis

The swollen volume must be known to calculate the solubility, but it could not be
measured. Nor could it be calculated from theory, because there are three unknowns
(pm>Ki2,¢;) but only two equations (Egs. 3.3 and 3.19). A method used by other
researchers [3,16,19,20,22,24] was employed to estimate the solubility, and the
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computational scheme and procedure are summarized in Fig. 3.6. First, a value of the
interaction parameter K, is assumed and used in the EOS (Eq. 3.3) and the chemical
potential equation (Eq. 3.19). By solving these equations simultaneously at P and 7,
the density of the mixture (p,,) and volume fraction of gas (¢,) can be obtained. The
swollen volume (V,,) is then calculated using f» and V,,, and the theoretical
solubility (S;) is obtained from the relationship between solubility and weight
fraction:

W
S= —CO,/g—HDPE
W (g 5/ ) (3.31)

where W, is the weight fraction of CO; obtained from Eq. 3.6. The subscript 7T is
used to distinguish theoretical solubility from true solubility. The swollen volume is
used in Eq. 3.27 with other experimental data to give the weight change (A W),
accounting for the buoyancy effect. The solubility (S;5) is calculated using Eq. 3.22.
While S is a purely theoretical solubility based on the assumed K,, Sy is a half
theoretical and half experimental quantity. The two values are compared, and the
above procedure is repeated after revising Kj,, until the difference is minimized.

These steps are performed at each pressure using a Matlab code.

Theory

Generating
12

Figure 3.6. Flow chart for solubility calculation.
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3.6 Results and Discussion

Figure 3.7 shows the effect of pressure on the density of CO, at 180°C and
pressures from 0.1 to 34 MPa. These data were used to obtain the parameters of the
S-L model [1] for CO, and to determine the buoyancy effect. The parameters were
determined by the least-square method using as initial guesses values reported by
Areerat et al. [21] for an MSB system. The parameters for CO, are given in
Table 3.1, and those for HDPE were determined by PVT measurements (Chap. 2).

These were used to determine the parameters of the S-L model for the mixture by

using the mixing rule.

0.5
| ¢® Data
AT — SL model
g
@ 03 T
9%0 02 1
Q I o]
- CO,; 180°C
0.1 T
0 i : e E——
0 5 10 15 20 25 30 35
P (MPa)
Figure 3.7. Effect of pressure on CO; density.
Table 3.1. Parameters for S-L model.
. p* P* T*
Material 3
g/cm MPa K
CO, 1.725 727.4 319
HDPE 0.876 408.3 570
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Figure 3.8 shows the solubility increase with pressure. At 34 MPa, the solubility
reaches 0.32 g-CO,/g-HDPE and 24.5W% (100g-CO,/g-mixture). Precise solubility
data can only be obtained if the swollen volume is known. The solubilities obtained
in this work were compared with those reported by Sato et al. [24], who used the
pressure decay method and the same computational method as in this work. To
estimate the swollen volume, they used literature values for the CO, parameters of
the S-L model rather than determining them experimentally. Fig. 3.8 shows that there
is an 8% difference between their data and those of this study.

0.35
¢ Data-This Work 24.5 W%
0.3 T —— S-L Model-This Work
® Data-Sato et al. (1999)

<
)
W

HDPE 180°C

<
[y
W

S (g-CO»/g-HDPE)
= S

L S L L A O O L L O AL B L

N I N T T OO AN NV N N P (N U A N N I O N VN NUN H A N A AN A N
) | 1 | I

0 5 10 15 20 25 30 35
P (MPa)

Figure 3.8. Effect of pressure on the CO; solubility in HDPE.
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Figure 3.9 shows the mixture volume as a function of pressure. A 38% increase
of the mixture volume was observed at 34 MPa. The linear swell factor k can be

obtained from the mixture volume as:

¥ (P,C) =V, (PO V,,(P) (3.32)

and is used in Section 6.6.2.4 to study the effect of the moving boundary. The power
of two instead of three is used for the swell factor because a sample swells in only
two directions in the HPSPR. For example, k(18 MPa)= /1.15 = 1.07, and
k(34 MPa)= /1.37 = 1.17. At 18 and 34 MPa, 7 and 17% linear swells occur,

respectively.
0.55 s
i 1135
0.53 + 1
i . i
—~ 0514 1.3
on | ]
§ 0.49 |- ¢ { 1%
N—’ 1 .
~~ ]
1 12 o
D.\ 0.47 [ . ] mie
&~ sl . - 1.15
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=~ o . 1
i * ]
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Figure 3.9. Volume of the mixture pressurized with CO. and the linear swell factor,
Wpo[ = 0.3 g
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Figure 3.10 shows the effect of CO, pressure on the vertical shift factor [31]:

C;,DI(P,C')_ I/Vpol/Vm(P,Cv)_ V;;ol(PO) 1

by, o(P,C) = o) WV B)  V,(BO R (3.33)

There is a 28% decrease of b, (P, C) at 34 MPa, and this is large enough to affect
the rheological properties. This will be discussed in Chap. 4 and used for the study
for the effect of CO, on viscosity in Chap. 6.

4
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Figure 3.10. Effect of pressure on the concentration vertical shift factor, HDPE 180C.
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3.7 Conclusions

A magnetic suspension balance (MSB) was used to determine the solubility of
CO, in HDPE and the volume of the HDPE/CO, mixture. To analyze the data, the
Sanchez-Lacombe model and a mixing rule were used. The buoyancy effect arizing
from CO, presence was accounted for by using the PVT data for HDPE and the CO»
density. The solubility of CO, in HDPE at 34 MPa is 0.32 g-CO./g-HDPE, and the
volume of the HDPE/CO; mixture at 34 MPa is 38% higher than that at 1 atm. The
vertical shift factor of CO; concentration was also determined for use in making

master curves of the rheological properties.
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4. Previous Work on the Effects of Temperature,
Pressure, and Concentration

It is very important to know how rheological properties depend on the state
variables in polymer processing. A number of theoretical and experimental
approaches have been used to obtain these dependencies. Previous studies of the
dependency of the viscosity on 7, P, and concentration C of dissolved gas are

discussed here.

4.1 Effect of Temperature, Pressure, and Concentration on Viscosity
In 1883 Barus [1] carried out high-pressure experiments with "marine glue" using

an apparatus similar to a capillary rheometer (Section 6.3.1.1.1) and analyzed the

data using Poiseuille's law. He suggested that the form of the relationship between

the viscosity and pressure is that shown by Eq. 4.1:
log[nO(P)]:a-i-ﬁP 4.1

where a and f are constants, and Eq. 4.1 can be rewritten in the following

well-known form:;

770(P) _
ln[nO(PO)}—ﬂ(P—PO) (4.2)

where P, is the reference pressure. In 1913 de Guzmadn [2] proposed the following

empirical relationship between viscosity and temperature:
log[no(T)]=d'+B/T (4.3)

where a and B are constants, and Eq. 4.3 can be rearranged to obtain the Arrhenius

equation D:
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R

where T, is the reference temperature. Only much later were these relationships
derived theoretically.

Two theoretical approaches have been proposed to model the dependency of the
viscosity on T and P. Both approaches involve the concept of free volume, but one,
the absolute reaction rate theory, is associated with the change of reaction rate or
activation energy with 7 and P, while the other, the free volume theory, is based on
the change of free volume with 7 and P. Each approach considers the flow
mechanism in a different way, and their predictions and applicable operating ranges

are thus different. A detailed description of both approaches is given in Appendix 3.

4.1.1 Master Curves and Shift Factors

The method of reduced variables has been an essential tool for describing the
dependency of rheological variables on the state variables (7,P,C), because using
only the concept of shift factors, and reduced variables, the dependency can be
described quantitatively. Materials whose behavior can be described in this manner
are said to exhibit thermorheological or piezorheological simplicity or time-
temperature 2) or time-pressure superposition. The origin of this concept is described
in Appendix 4. A composite plot using reduced variables is called as a master curve.

In order to obtain a master curve that brings together data obtained at various
temperatures and polymer concentrations, we need to make use of vertical and
horizontal shift factors. Based on thermodynamic arguments, stresses should scale
with the product of polymer density and temperature. For a pure polymer, therefore,

the vertical 3) T shift factor b, for stress quantities, e.g. G(t) or G'(w), should be:

1) Even though de Guzmén proposed Eq. 4.3 earlier than other researchers including Arrhenius [3],
this equation is called "the Arrhenius equation" or "Arrhenius type equation" owing to the
similarity to the Arrhenius equation for reaction rate constant: k= Aexp(— E'a/ RT) [4].

2) Considering a necessity of vertical shift factors (b;, bp, or b.), which do not involve time, the
phrase 'time-' does not express the whole aspect of building a master curve.
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ppol ( T) T

bT(T) = ppol(TO)TO

(4.5)

where p,,, is the density of polymer, and the subscript zero indicates the reference
conditions. For a solution [5], the density is replaced by the polymer concentration

C

Toi» expressed in the same units as density (g/cm3), and the factor becomes

Co(T,OT

br AT, 0) = — e
re Ppol ( Ty, Gy ) Ty

(4.6)
where C is the solvent concentration, which is often used as the independent variable

for a, and b, because it can be controlled directly, and C,, is defined as Eq. 4.7:

_ M
G0 = V,. (1,0 (4.7)

where W, is the weight of pure polymer in the solution, and V,, is the volume of
the solution. There is no theory that suggests the form of a vertical pressure shift
factor, but the approach is to use the b,(7) factor with 7= 7:

ppol (P )

bp(P) = m (4.8)

Finally, the vertical 7, P, and C shift factor is

b (TPC)_ QJOZ(T’P)C)T
L CR T Ppal(To’Po’q))To

(4.9)

The horizontal 49 T shift factor a, for frequency, shear rate, or time can be
determined from the effect of temperature on the zero-shear viscosity if n,(7) is

known:

3) A vertical shift factor is also called a stress or density shift factor.
4) A horizontal shift factor is also called a time, frequency, or shear rate shift factor.
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a (T (T) = (4.10)
or by shifting the stress curve at T onto that at 7;. The second method is used when
n,(T) is not available, but 5,(7) is naturally calculated by Eq. 4.10 while a;, is
determined involving the least square method for the superposition. This method
involves plots of stress versus shear rate, where the shift is carried out only along
the shear rate axis, i.e., horizontal shift on a stress-shear rate plot, rather than plots
of viscosity versus shear rate, which require shifts along both axes. A
temperature-independent viscosity plot is then constructed by plotting a master curve:

ET(Z%T% versus ya(7) (4.11)

However, the vertical shift factor is often omitted, as it is rarely far from one,
especially for crystallizable polymers, due to the limited range of temperatures that
are experimentally accessible. When this is the case, the horizontal temperature shift

factor is reduced to:

o, A(T)= (4.12)

where the subscript 1 is added in this thesis to distinguish this factor from a, of the
case considering b,, because the horizontal temperature shift factor ignoring b,(7)
will be different from that when b,(7) is used. A temperature-independent viscosity

plot for this case is then constructed by plotting:

o T{)T) versus '.yaLT( T) (4.13)

Since a; 7(7T) is proportional to 7,(7) for the same polymer i.e. the same n,(7,), the
above equation can be combined to show that a temperature-independent plot can be

obtained by plotting:
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Versus f.yno (D (4.14)

if n,(7) is known.
In order to deal with the effect of pressure, the above equations are easily
modified by replacing a; with ap, which can be determined from the effect of

pressure on the zero-shear viscosity:

(4.15)

or by shifting the stress curve at P on to that at Py [6]. A pressure-independent
viscosity plot is then constructed by plotting:

TP, (P) versus yap(P) (4.16)

If the vertical temperature shift factor is omitted, ie., b, becomes unity, the

horizontal pressure shift factor is reduced to:

ay, p(P)= ) (4.17)

A pressure-independent viscosity plot for this case is constructed by plotting:

2, (P Versus '}/al,P(P) (4.18)

Alternatively, a master-curve can be obtained by plotting:

(B Yersus 1o(P) (4.19)

In the case of a polymer solution at 7, P, and C, the vertical shift factor b, p

is likely to be necessary because a solvent can have a much larger effect on polymer
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density than temperature or pressure, Thus, to obtain a master curve of data taken at

various values of 7, P, and C, one should plot:

n(T,P,C)
aﬂp,c(ﬂpambﬂp,c(ﬂpa@

versus .7aT’P,C(T,P, C) (4.20)

Or, if the zero-shear viscosity is known, one can also obtain a master curve by

plotting:

n(T,P,C)

2 (TP,0) versus 0, (7 P, O)/brp (T P,C) (4.21)

To study the dependency or sensitivity of rheological properties on state variables T,
P, or C, it is necessary to see the slope of a shift factor versus a state variable plot
instead of the absolute value of the shift factor, which is arbitrary since it changes

regarding the reference condition.

4.1.2 Models for Temperature Dependency

As long as the temperature is at least 100°C above the glass transition temperature
(Tg), an exponential equation often called the Arrhenius equation [2], which can be
derived using the absolute rate theory, can usually describe the temperature shift

factor 5):

=In [, (D)]= (i— i) 4.22)

where Ej is the activation energy for flow. For T, < T < Ty + 100°C, the WLF equation,

based on the free volume theory, provides a better fit to data [7]:

~B(T-T)
In [aLT(T)]z 0
Y Fﬁi+ (T- TO)} (29
v | v o

5) A vertical shift factor was usually omitted while models for 7, P, or C dependency of viscosity
were developed,
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where vp is the free volume at 7o (Section A.3.2). By using the fractional free

volume, f=v/v, Eq. 4.23 can be rewritten in the following well-known form:

(BT T)
1= F e+ T 1)

(4.24)

In [ a, T(

where By is an empirical constant usually taken to be unity, f. is the fractional free
volume at 7p, and «, is the isobaric thermal expansion coefficient of the free

volume, which equals (1/v)(6 v;/ 3 T)p.

4.1.3 Models for Pressure Dependency

Well above the melting temperature an exponential equation that is equivalent to

Barus' relationship (Eq. 4.1) can often be used to describe the pressure shift factor:

|- tala P = 80P= 1) (425)
where 3 is a constant often called the pressure coefficient and is defined as:

g

Il

1 3770)
—%—(ﬁ . (4.26)

The pressure coefficient is a function of molecular structure but not of 4, 7, or P
if the material is piezorheologically simple, and the Barus equation describes the
pressure dependency. Ferry and Stratton [8] suggested an analog of Eq. 4.24 to

describe the pressure shift factor at temperatures near T:

_ (Bo/fpo)(P—Po)
B fpo/ﬁf—(P_Po)

In [aLP(P)] 4.27)

where fp is the fractional free volume at Po, and fir is the isothermal compressibility
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of the free volume, (1/v)(gv;/6P);. Equation 4.27 can be rearranged as:

p-p,  [pB=(P=F)
Infa, p(P)] By/fs,

(4.28)

and if Eq. 4.28 is applicable, a plot of (P— P;)/Ina, » against (P— P,) will be linear,

and the parameters of Eq. 4.28 can be determined from the slope and intercept.

4.1.4 Models for Combined Dependency on Temperature and Pressure

For fully molten polymers the combined shift factor for time-temperature-pressure
superposition (t-7-P-S) is often described by a combination of Eqs. 4.22 and 4.25

that arises from the absolute rate theory:

E
ay, 7.p( T, P) =exp[—}§(—}f— %)}exp[ﬁ(P— F)] (4.29)

assuming the effects of 7' and P are separable. For other cases (T < T < T, +1007C),

the Fillers-Moonan-Tschoegl equation [9,10], based on the free volume theory, was

developed to describe ¢-T-P-S:

B oPIT-T)-6,(TP-P)

In [0, pp(TP)]=— T Frnta;PNT— T B,(T)[P- P,

(4.30)

where fr.p. is the fractional free volume at Ty and Po, o, (P) is the thermal expansion
coefficient of the free volume at 7o, and S,(7T) is the isothermal compressibility of
the free volume at Py. This equation can be used to predict the viscosity at given T
and P and reduces to Eq. 4.24 at P=Py and to Eq. 4.27 at T=T,. This equation
takes into account simultaneously the effects of 7 and P on the free volume and
unlike Eq. 4.29 is not separable.

However, O'Reilly [11] found that a plot of Ina;, versus P for polyvinyl acetate

was linear as described by Barus equation (Eq. 4.25), while lna; , versus 7 exhibited
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considerable curvature, as indicated by the WLF equation (Eq. 4.24). He proposed the
combined shift factor shown by Eq. 4.31, which is different from Eq. 4.30 in that

pressure does not appear in the denominator:

afa[T—— Tg] —bf, [P— PO]

In[ o) 5 p(T, P)]=— fo[f0+ozf(T‘ T,)]

(4.31)

where a and b are fitting constants, and f; is the fractional free volume at the
reference state. This equation reduces to the WLF equation, at P =P, and to the

Barus equation, at 7= T,.

4.1.5 Models for Dependency on Concentration of Dissolved Gas

Late in the 1950s when the free volume theory was attracting interest, Fujita and
Kishimoto [12] derived an equation to account for the effect of dissolved molecules
on the viscosity of a polymer using the free volume theory. They used a relaxometer
with a sorption unit to measure stress relaxation in polyvinyl accetate (PVAc) and
polymethyl acrylate (PMA) films at a certain pressure of low molecular weight
vapor. To account for the effect of a small amount of dissolved gas, ie., at low
concentration C, they proposed an analog of the WLF equation based on the free

volume theory:

_(=1/pnc
In| ag(C)]= 7/0+C (4.32)

where C is the gas concentration in g-gas/g-polymer, f is the fractional free volume,
ie., the ratio of free volume to total volume, and @ is the contribution of the
dissolved gas to the increase of free volume. Unlike WLF [7] and FS [8] equations,
which model the ratio of zero-shear viscosity at two conditions, Fujita and Kishimoto
used the zero-shear viscosity corrected for the density change of polymer and

modeled only a horizontal shift factor a,, which is defined as:
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_ (O | P
(O =5 [H o, 61 (4.33)

where p,,, and p, are densities of the pure polymer and the gas, respectively. If the

volume of the mixture is simply additive as:
V,.(O)=V,,(0)+V,(0) (4.34)

where V,,(C) is the mixture volume of polymer and gas at the concentration C,

V.

0(0) is the volume of pure polymer, and V,(0) is the volume of pure gas, of

which amount is relevant to that dissolved in the polymer at C, the last factor in
Eq. 4.33 will be reduced to an inverse vertical shift factor 1/b, as follows:

14 Ppol o= Py +ppolC: W;/Vg(o)'*" [I/I/;)ol/ ‘/pol(o)](%/ W)

Py Py W,/ v,(0)
VO V(O W pa0) 1
B pol (0) - ‘/pol (O)/ I/I/;)ol a C;ml(ca) B bC(Cv) (435)

where W,,, and W, are the weights of the pure polymer and the gas, respectively.
Equation 4.33 is then reduced to:

(0 1

©6lO) =20 550 (4.36)

However, if Eq. 4.34 is not valid, Eq. 4.33 cannot be reduced to Eq. 4.36. Only
much later was such data made for polymers with SCFs.

Gerhardt et al. [13] used a capillary rheometer modified by back pressure control
for high-pressure operation and a pressurized extrudate chamber to obtain
approximate values of the viscosity for mixtures of poly dimethyl-siloxane (PDMS)
with dissolved SC-CO,. They used a concentration shift factor, a., to collapse the
viscosity curves onto a master curve but did not consider the effect of pressure. They
reported that the viscosity decreases with the weight fraction of CO, and obtained the

shift factors a., needed to shift the viscosity curves with CO, onto that for pure
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PDMS (Eq. 4.37):

. C,-
nlagh) = MG 4.37)
ae
where C is the CO, concentration. They also expressed the shift factor as the ratio

of the zero-shear viscosities with and without COs:

ap= %:]—((% (4.38)
They found that log a. decreases linearly with concentration and proposed that there
are two contributions to viscosity reduction due to dissolved CO,: dilution of the
polymer chain density and additional free volume. Gerhardt et al. [14] combined the
free volume theory and equation of state theories of Sanchez-Lacombe [15-17] and
Panayiotou-Vera [18,19] to model the CO, concentration dependency of the shift
factor a.. They suggested that the free volume mechanism plays a dominant role in
the decrease of the melt viscosity. Kwag et al. [20] used the same instrument used
by Gerhardt et al. [13] to study the effect of CO, on polystyrene (PS). They carried
out experiments at two temperatures and several pressures and concentrations, and
they used a separable shift factor a=arapa, to construct a master curve. The
apparent shear rate depended on the applied pressure, and they used a, to isolate the
concentration effect. They reported that ac can be used to shift the viscosity curves
obtained at various concentrations of CO,. Kwag et al. [21] used the WLF equation
and a. measured by Kwag et al. [20] to estimate 7, and they found that the
estimated T values were in good agreement with 7, measured by Wissinger and
Paulaitis [22] and Condo et al. [23].

Lee et al. [24] used a wedge die mounted on an extruder to measure the viscosity
decrease of a PE/PS blend caused by SC-CO,. Lee et al. [25] used a capillary die
mounted on an extruder to study the effect of SC-CO, on PS viscosity. The apparent
shear rate was dependent on the applied pressure, and to build a pressure corrected

viscosity curve, they assumed that the effect of pressure on the viscosity of a PS/CO,
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solution is the same as that on pure PS. Ladin et al. [26] used a slit die rheometer
to study the shear and extensional viscosities of a PBS/CO, solution. This group
expressed the fractional free volume as a power series of 7, P, and C as shown by

Eq. 4.39:

1__ % )+a,(C—C.) i (P-P)C-C)+ Ry
=7 7‘+a2(P—PT Tas\Cm G Ty " W%
a
n _(_7_)5_*_@8 (P—P,)*+a,(C— C.)* + (higher oder terms) (4.39)

where a; to ay are constants, and 7,, P,, and C, are reference conditions. They used

the Doolittel equation as modified by Williams et al. [7]:
n=Ae"’ (4.40)

where 4 is a constant. They obtained the zero-shear viscosity as a function of T, P,

and C by letting P, and C, be zero and neglecting the higher order terms to give:

a, a, P agC a; ) )
T +a,P+a;C+ =T +a, PC+ + s TagP +a, 0 (4.41)

ln(no/A)= T—T (T—T)

which is not a WLF type equation. Taking only the first order terms leads to:

!
ln('r)O/A) = T—_]—,—+a2P+ (130 (442)

r

which is a separable simple exponential equation. They built a master curve of the
viscosity by plotting n/n, versus ~n,.

Royer et al. [27] used a high-pressure slit die rheometer to study the viscosity of PS
melts plasticized by liquid and SC-CO,. They also used the separable shift factor
a=arapac to construct a master curve and proposed a predictive model for the
separate effects of pressure and concentration on the viscosity, which is based on the
free volume theory. They correlated the shift factors and the change in T, due to the

change in the free volume:
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C(T=T, iep)  C(T— T, p)

oro ~ (4.43)
i C; +71- T_:],mim,Po C(Q +T- ];,mi:v,l:’

| B G (T- Tg,PO) G(7- Tgﬂ’"”’Pﬂ) 4.44

08 CLC_ c; + 17— T!’]aPo cé +7- iZ;,miac,lj'o ( . )

where Py is a reference pressure, T,po and Tgmix,pe are respectively the glass
transition temperatures of the pure polymer and polymer/CO, solution at a reference
pressure, and Tg,mix,r is the glass transition temperature of polymer/CO, solution at P.
They combined the above equations with a model [28] that predicts the depression of
T, by diluents.

Utracki and Simha [29] used three physical blowing agents including CO; to
evaluate the relationship between the free volume and the viscosity of a
polymer-compressed gas mixture during extrusion foaming. They wused the
relationship between the hole fraction &, 7(7,P), and (T,P) to describe the effects of

T and P on the viscosity:

1

i (T P)= a0+ o —Fpy

(4.45)
The hole fraction was proposed as a correlating variable by Simha and
Somcynsky [30] based on lattice-hole theory and can be obtained from PVT data.
They evaluated the relationship between the viscosity and the volume fraction of the
physical blowing agent to describe the effects of concentration of blowing agent on

the viscosity:

1
Inn=b,+b+——= (4.46)

Yo, +&
where @ is the volume fraction, which can be obtained from PVT data.
Yeo and Kiran [31,32] used a falling-cylinder viscometer to measure the

zero-shear viscosity of the PS/Toluene/CO; system at elevated pressures. They used a
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simple exponential equation to describe the effect of dissolved COa:
n=Aexp(—BW,) (4.47)

where 4 and B are constants, and W, is the weight fraction of CO..

Oh and Lindt [33] used a high-pressure Couette viscometer to study the effect of
SCF on the viscosity. The operating temperature ranges from 130 to 200°C and
pressure up to 20 MPa (3000 psi). The shear rates were around 0.1 s They showed

a master curve but gave no analysis of the shift factors.

4.1.6 Viscosity Model Incorporating Shift Factors

A shift factor can be incorporated into a viscosity model to derive an equation for
the master curve. For example, the Cross model can be written in master-curve form
as follows:

n(y T,P,C) 3 1o (To Py Gy)
aT,P,c(T,P, C)bT,P,c(T;P, C) 1+‘)\(7?),P0, CE))'y aT’P’C(T,P, 0)

lm(To,Pm ) (4.48)

The reference parameters, n,(7y, Py, Cy), ATy, Py, Gy), and m(Ty, Py, G,) are determined
by fitting data at the reference condition (7, Py, Cy). If n/(app cbrp ) is plotted as a
function of yas p o the resulting master curve should be independent of T, P, and C.

To generate master curves for other rheological properties, the same shift factor

should be valid.

4.2 Effect of Temperature, Pressure, and Concentration

on Creep Compliance

The creep compliance increases with increasing temperature [34], but the
steady-state compliance of a monodisperse, linear polymer decreases with a product
of temperature and density. The steady-state compliance of a linear, monodisperse,

unentangled melt as a function of M and p7T is predicted by the Rouse theory [35]



Chapter 4. Previous Work on the Effects of Temperature, Pressure, and Concentration 73

to be:

_04M :

where A1 is a critical molecular weight. The steady-state compliance of a highly

entangled monodisperse polymer is found to be a function of only p7 [35]:

0.4M,

szMﬂT

for M> M, (4.50)
Wagner and Laun [36] reported that creep compliance and creep recovery curves at
various temperatures can be superposed onto a single curve by a horizontal shift

along the time axis using a, the temperature shift factor from viscosity experiments:
Jt/apo, T)= Jt,0,T,) (4.51)

Park [6] carried out high-pressure creep experiments at a constant stress of 3 kPa
at four pressures and 170C for a branched metallocene polyethylene (BmPE)
(Fig. 4.1). The viscosity values were obtained from the reciprocal of the final slope
of the creep compliance. Based on these viscosities, pressure shift factors a, were
obtained and compared with those obtained in steady-shear rate experiments for the
same polymer. The difference between the shift factors from the two experiments at
a given pressure was not deemed significant. Figure 4.2 shows the shifted creep

curves, and these reveal that pressure retards creep:
St/ ap0,P)= Jt,0,F,) (4.52)

Since it is known that the effect of increasing pressure is opposite to that of
increasing CO» concentration, the same analysis as was used for high-pressure data
will be used. However, no experimental data for the effect of C on creep have been

reported.
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Figure 4.1. Pressure dependence of the creep of BmPE at 170TC.
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Figure 4.2. Master curve of creep compliance of BmPE at 170C.
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5. Rotational Rheometry

5.1 Introduction

Rotational rheometry is widely used to determine rheological properties due to its
simplicity. One of its applications is to determine linear viscoelastic (LVE) behavior,
which is the simplest type of viscoelastic behavior. Within the linear regime, the
Boltzmann superposition principle governs all rheological behavior. Linear behavior
can be studied using deformations that are either very small, very slow, or in the
carly stage of a large or fast deformation. The LVE properties provide valuable
information regarding molecular structure. Another application of rotational rheometry
is to carry out creep tests, which can provide the shear viscosity at very low shear
rates.

Experiments were carried out to determine (1) fixture geometry and gap
dependency of data, (2) thermal stability of sample, (3) =zero-shear viscosity,
(4) strain limit for LVE behavior, and (5) temperature dependency of the complex
viscosity. For these tests, time sweeps, strain sweeps, and frequency sweeps were
performed in strain-controlled mode. Creep tests were carried out in stress-controlled

mode.

5.1.1 Small Amplitude Oscillatory Shear

Small amplitude oscillatory shear (SAOS) is the method generally used to
determine the LVE properties of molten polymers. This type of test can be done in
either strain- or stress-controlled mode. For SAOS in strain-controlled mode, a

sinusoidal strain is imposed on the sample:

A(t) = y,sin(wt) (5.1

where 7y, is the strain amplitude, and w is the frequency. If ~, is sufficiently small,
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the resulting stress is also sinusoidal with a phase angle §:
o(t) = oysin{wt +46) (5.2)

where o, is the stress amplitude. Figure 5.1 shows the essential features of SAOS.

The amplitude ratio is defined as

Gy = ‘70/’70 (5.3)

y(t)or o(t)

Figure 5.1. Essential features of an SAOS experiment.

The absolute value of the complex viscosity is:

7" (@)l = V[ )] + [ ()] (5.4)

and can be obtained from the storage (G’) and loss (G") moduli:

G = Gosd (5.5)
G” = G;siné (5.6)
7 =G"/w=(G,cosb)/w (5.7)

1= G Jw=(Gysind)/w (5.8)
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In this thesis the term "complex viscosity" is used to mean the absolute value of the
complex viscosity.

Time sweep tests are used to determine the rate of thermal degradation. A
polymer exposed to heat and/or oxygen over a period of time will be degraded either
by chain scission or cross-linking [1]. At relatively low temperatures, or at the
beginning of degradation, polyethylene (PE) undergoes branching, which causes an
increase in the viscosity, while polypropylene (PP) undergoes chain scission, which
results in a decrease in the viscosity. By measuring the change in a rheological
property such as G’ with time, the degree of degradation can be monitored. Since
degradation affects rheological properties, the experimental time must be kept within
a strict limit. Strain sweep tests are performed to determine the maximum strain at
which the behavior is linear and torque values are still within instrumental range.
Frequency sweep tests are then performed to determine G’ (w), G” (w), and |p*(w)l.

Several empirical relationships between the viscosity function 7(y) and the
complex viscosity as a function of frequency have been proposed. For example, Cox
and Merz [2] noted that there was a close relationship between the complex viscosity

and the apparent viscosity measured using a capillary rheometer for two polystyrenes.
The curve of apparent viscosity 7, versus apparent shear rate at the wall fy.A on a log

plot appeared to be a continuation of the curve of In*(w)l versus w, implying that:
" W)l ~n,(7,)  where w="1, (5.9)

In the next chapter, the following slightly different and more commonly used
relationship between nonlinear and dynamic behavior will be evaluated (Section

6.7.2):

7 (W)l =n(¥) where w=4% (5.10)
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5.1.2 Creep Compliance

In a creep experiment the stress is increased suddenly from 0 to o, at =0, and
the strain is recorded as a function of time. Polymeric liquids continue to deform as
long as the stress is applied, approaching a steady rate of strain. Data are usually
expressed in terms of J(f), the creep compliance, which is independent of stress in

the region of linear viscoelasticity:

_ )
)= 9, (5.11)

At long times the compliance of a melt becomes linear with time:

t
M=t (5.12)
where J is the steady-state compliance, which is determined by the extrapolation of
the limiting long-time slope back to ¢=0. Compliance has the dimension of
reciprocal modulus, but it is not equal to the reciprocal of the relaxation modulus,
which is defined as G(t) =o(t)/v, in a step-strain experiment.
In the nonlinear region, i.e., at sufficiently high stresses, the creep compliance

depends on stress:

Jt,0) = 1((;—) (5.13)
and at long times:
J(t,a)st(o)—i-—n(lT)t (5.14)

where Ji(o) is the steady-state compliance for nonlinear viscoelastic behavior. With
increasing stress, J(#,0) increases, and Jy(c) decreases [3]. To obtain linear creep data,
the limiting stress for linear behavior must be determined by making measurements

at several stresses. Ye [4] has reported that the limiting stress for linear behavior is
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about 10 Pa for a long-chain branched metallocene polyethylene with a polydispersity
of 2.3 and a level of long-chain branching of 0.053/10° backbone carbon atoms.
Dynamic stress sweep, i.e. SAOS in stress-controlled mode, was not considered to
determine the onset stress for the linear regime because dynamic stress sweep results

in the frequency-dependent behavior of a sample.

5.2 Apparatus

A rotational rheometer generates torsional flow in a sample loaded between upper
and lower fixtures, one of which is rotated. In strain-controlled mode, a displacement
is applied to the rotating fixture, and the resulting torque is recorded as a function of
time. In stress-controlled mode, a specified torque is applied, and the resulting rotary
motion is recorded.

Two rotational rheometers (Fig. 5.2) manufactured by Rheometric Scientific were
used for this study. An Advanced Rheometric Expansion System (ARES) was used
for strain-control tests, and a Stress Rheometer 5000 (SR5000) was used for
stress-control tests. The ARES can operate at higher frequencies and torque and
generates more reliable data at high frequencies than the SR5000, whereas the
SR5000 is advantageous for low-frequency and torque experiments. The operating
ranges of the two rheometers used are given in Table 5.1. The tests performed using
each instrument for this study are summarized in Table 5.2.

Because the transducers of both rheometers are sensitive to noise and spikes in
the power supply, a Tripp-Lite model SU6K uninterrupted power supply (UPS)
system supplies electricity to the rheometers to ensure stable power. The SR5000,

whose response is very sensitive to vibration, is mounted on an air table.
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Moving upper fixture
Fixed lower fixture
Oven

Air table

Figure 5.2. ARES (ieft) and SR5000 (right).

Table 5.1. Operating ranges of SR5000 and ARES.

Measurement variables SR5000 ARES Related property
Torque (gem = 9.81x107 Nm) 0.01 - 500| 2 - 2000 | Shear stress (Pa)
Angular velocity (rad/s = 9.54 rpm): steady | 10> - 100 | 10® - 100| Shear rate (s")
Angular frequency (rad/s = 0.16 Hz): dynamic 10° - 100 [ 10” - 500 | Frequency (rad/s)
Normal force (gr = 9.81x10” N) 2 - 2000 | 2 - 2000 |Normal stress (Pa)

Table 5.2. Tests used for LVE studies (PD=parallel-disks; CP=cone-plate).

Type of test Application Geo- Mode |Control | Rheometer| Section
metry
In*|(t): Time sweep Thermal stability | PD 5.4.1
PD/ Dynamic| Strain | ARES
In*|(w,h): Frequency sweep|Gap (/) dependency CP 542
J(t,o): Creep Viscosity CP | Steady | Stress | SR5000 [5.4.3
In*|(y): Strain sweep LVE range CP 5.4.4.1
Dynamic| Strain | ARES
In*|(w, T): Frequency sweep| Temp. shift factor | PD 5.4.4.5
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5.2.1 Fixture Geometry

To select a geometry type (cone-plate or parallel-disks, Fig. 5.3) and size (cone
angle, diameter, or gap), the ranges of viscosity and deformation rate must be known.
The lower the viscosity, the larger the diameter needs to be. According to the
operating manual, 25 mm diameter fixtures are good for most polymer melts.

Cone-plate geometry (Fig. 5.4) has the advantage of a uniform deformation rate,

which is given by Eq. 5.15:

= ) (5.15)
where {2 is the angular velocity in rad/s, and © is the cone angle in radians. The
uniform strain is important specially in the study of nonlinear behavior. The tip of
the cone is an obtuse surface rather than a sharp apex, so there must be a gap to
compensate for the missing cone tip (Fig. 5.4). Data using this geometry are very
sensitive to the gap setting. The cone available has a diameter (¢) of 25 mm, a cone
angle (©) of 0.0997 rad, and a gap setting of 0.0457mm. The sample thickness at
the rim is (¢/2)tan(©)=1.2504mm. The center of a sample is severely squeezed
during sample loading, and a high normal force results. Another difficulty arising
from sample squeezing is shown in Section 5.3.3.1. These difficulties are serious in
loading a highly viscous material. To avoid such problems, the sample should be
squeezed very slowly. In spite of such difficulties, this geometry is preferred for the
study of nonlinear viscoelastic (NLVE) behavior because of the homogeneity of the
deformation. Thus, cone-plate fixtures are used only when essential, and this
geometry was used here for creep tests and strain sweeps, which involve NLVE

behavior.
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Figure 5.3. Fixtures with sample loaded.
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Figure 5.4. Geometry of cone-plate.

In parallel-disks geometry, it is much easier to load a sample and the gap between
the two disks can be varied. Although the strain and shear rate vary with radius, this
is not a problem in making LVE measurements, because the stress is always
proportional to the deformation, and if the deformation on the rim is in linear
regime, that in the rest parts must also be linear. Thus, dynamic data for the

determination of G'(w) and G"(w) were obtained using parallel-disks. The advantages

of cone-plate and parallel-disks are summarized in Table 5.3. The ellipses indicate

factors favoring the selection of each geometry. The rheometric equations [5, Chap.

5; 6, Chap. 9] are summarized in Table 5.4 for each geometry.

Table 5.3. Advantages of each geometry.

Can be used for

LVE? NLVE ?

Cone-plate No Yes

Parallel-disk Yes Yes No

Geometry Is easy to use?
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Table 5.4. Comparison between cone-plate and parallel-disks.

Geometry Cone-Plate Parallel Disk
Homogeneous deformation .
Variable gap
Advantages and rate Simple sample loadin
Simple working equations P P g
. Sensitive to zeroing gap .
Disadvantages Difficult sample loading Inhomogeneous strain and rate
Gap h
Cone angle e
Torque M(¢)
Max. torque M, (oscillatory shear)
Steady-state torque M,, (steady shear)
Angular displacement #(t)
Max. angular disp. b0
Angular velocity N= gl%
M 2M(t
Shear stress olt)= :32”}(;3) olt)= 7rR(3) (on edge)
i - o) _ 4@) _ R
Shear strain v(t) = om0 = O y(t) = . (on edge)
o _ 0 L= R
Shear rate (steady) e =0 = (on edge)
a 3Mss@ ssh‘
== = d
7 (steady) n=t= n="—"" (on edge)
Frequency (oscillatory) w
Phase angle (oscillatory) §
. 3M, 2M,
Max. ¢ (oscillatory) %= 27 %0 =23 (on edge)
. ¢ ¢ PR
Max. y (oscillatory) Yo = —t—ano—@; go Yo = (;l (on edge)
C = oycosd o= 3M0@;:osd o= 2M0h4cos<5
Yo 2R ¢, TR ¢,
o¢sind ., 3MyBsiné ., 2Myhsiné
G = = — R
Yo 2R, TR ¢y
Method to change ~ Changing Changing 2 or A
Method to delay edge . .
failure at high Changing 6 Decreasing 4
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3.3 Experimental Procedure
5.3.1 Sample Preparation

The most convenient method of sample-disk preparation is compression molding
and using this method minimizes the strain and thermal histories. The sample was
molded at 165°C using a mold of stainless steel plate having nine holes with a
diameter of 25 mm. The thickness of the mold is important, because the sample must
be slightly thicker than the rheometer gap but thin enough to avoid a large normal
force during sample loading. Mold plates with thicknesses of 1.19 and 1.50 mm were
available. The thickness was measured by a Starrett 734XFL micrometer with a
resolution of 0.001 mm. In setting the thickness of a mold, it must be taken into
account that the sample thickness at room temperature will be smaller than the mold
thickness, which governs the sample thickness in the molten state at a high
temperature. However, the diameter of a sample changes very little on heating and
cooling.

All samples were kept in a vacuum oven at 50C for eight hours to minimize the
levels of oxygen, unreacted monomer, and other volatile molecules. All tests were

carried out in a nitrogen environment to delay the oxidative degradation of samples.

5.3.2 Calibration

The torque transducer is calibrated by hanging weights on the calibration fixture
connected to the torque head anvil (Fig. 5.5). The torque is first tared without a
weight in the Orchestrator, which is the operating software for the ARES and
SR5000. After suspending the weight, the appropriate torque value is assigned in
Orchestrator. Since the weight generates a force in one direction, the bending of the
torque shaft affects the transducer output. However, Orchestrator takes this into

account, if the weight is hung in the specified direction.
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Torque head anvil
Calibration fixture
Pulley

Weight

Fixed (lower) Plate

Figure 5.5. Before and after loading calibration fixture and weight on SR5000.

5.3.3 Zeroing the Gap and Loading a Sample

Variations in temperature and removal of the fixture can change the zero position
of the upper plate, so the gap must be corrected for each experiment and at each
temperature. Both the fixtures and the instrument frame will expand until they reach
thermal equilibrium, and this affects the gap. To avoid problems arising from
non-equilibrium thermal behavior, the chamber is also preheated to the experimental
temperature for several hours prior to zeroing the gap. The ARES and SR5000
require gas flow to heat up the system, and air is used instead of nitrogen during
preheating to reduce operating cost.

Initial zeroing is carried out by setting the gap to zero after lowering the upper
fixture until it touches the bottom plate. Touching is confirmed by monitoring the
normal force. A particular value of normal force is always used to confirm a zero
gap. For this study, one Newton was selected.

A sample must be loaded carefully to avoid air bubbles between the sample and
the lower plate. After placing the sample on the plate, it is pushed down in the
center, and a spatula is used to sweep the bubbles from the center to the rim. Before
setting the desired gap, the edge of the sample is trimmed with the gap set slightly
larger than its final value. The step-by-step procedure for sample loading and gap

zeroing is as follows:
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5.3.3.1 Procedure for Cone-plate

Lower the cone until it touches the plate.
Set the gap to zero.

Raise the cone until the gap is 20 mm.
Load a sample on the plate.

Lower the cone until the gap is 0.08 mm.

Trim the sample flush with the edge of the fixtures.

N o AN

Lower the cone until the desired gap setting (0.046 mm) is reached and the
sample edge is round [Figs. 5.3 (a) and 5.6]. Make sure that the normal stress does
not exceed the prescribed maximum value. The cone must be lowered very carefully

to avoid the phenomenon shown in Fig. 5.7.

i
*
*

Figure 5.6. Proper sample loading between cone and plate.

'5.7. Failure in sample loading
between cone and plate.

Fig

5.3.3.2 Procedure for Parallel-disks

1. Lower the upper plate until it touches the bottom plate.
2. Set the gap to zero.
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. Raise the upper plate until the gap is 20 mm.

3

4. Load the sample on the bottom plate.

5. Lower the upper plate until the gap is 102 % of the desired gap value.
6. Trim the sample flush with the edge of the disks.

7. Lower the upper plate until the gap is the desired value and the sample edge
is round [Fig. 5.3 (b)].

5.3.4 Dynamic Time Sweep for Thermal Stability Determination

To determine the effect of degradation on the sample, oscillatory-shear,
time-sweep experiments were carried out at the highest test temperature using the
ARES. The test was carried out in a nitrogen environment. A time-sweep experiment
does not need to be limited to the LVE regime, because only the variation with time
is of interest. The strain and frequency must be small enough to avoid breaking the
sample but large enough to provide a satisfactory signal-to-noise ratio. Since
time-sweep tests are carried out for a long time, the number of measurements should
be minimized to avoid breaking the sample due to strain history. Measurements were
made every ten minutes over ten hours, which was the maximum time for any test

made.

5.3.5 Creep Experiments

The SR5000 is used to determine the viscosity at very low shear rates and 180C
by a measurement of the creep compliance. At t=0, a stress is imposed, and the
resulting strain is recorded as a function of time and divided by the stress to obtain

the creep compliance.

5.3.6 Dynamic Strain Sweep

Since the maximum strain for linear viscoelastic behavior varies with frequency,

temperature and polymer, to determine the linear regime strain sweep experiments
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must be carried out prior to each frequency sweep. For this purpose the frequency
range was divided into decades. At each test temperature and at the highest
frequency of each decade, SAOS is carried out over a range of strains. When the
moduli and complex viscosity begin to decrease with strain, the sample is exhibiting
nonlinear viscoelasticity. The strain for subsequent frequency sweeps in each decade

must be lower than the limiting value for LVE.

5.3.7 Dynamic Frequency Sweep

At each test temperature SAOS is performed at the strain amplitudes determined
by strain sweep for each decade of frequency: 500-100, 100-10, 10-1, 1-0.1, and
0.1-0.01 rad/s, working down from high to low frequencies. If the complex
viscosities at two strains are not the same at 100, 10, 1, and 0.1 rad/s, NLVE
behavior has occurred, and the strain values must be revised. This is one method to
confirm that the result of a strain-sweep test is correct, and that frequency-sweep

data are in the linear regime.

5.4 Results and Discussion
5.4.1 Thermal Stability

Figure 5.8 shows the changes in the storage and loss moduli with time at 210°C

with v, =3% and w =1rad/s over ten hours. The loss modulus decreases by 1.5%

over the first four hours and then increases by 1% over the next six hours. The
storage modulus increases steadily by 3.7% over ten hours. These variations are
acceptable for rheological measurements. The temperature of 210C was the
maximum test temperature, and thermal stability at lower temperatures is expected to
be better than that at 210C. The HDPE sample is a commercial grade, which is
assumed to contain a stabilizer, and it shows good thermal stability. Drying in a

vacuum oven also improves thermal stability.
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Figure 5.8. Dynamic time sweep for HDPE at 210C and h=1mm for ten hours.

5.4.2 Gap and Geometry Dependency

The gap between the parallel-disks must be large enough to validate the
continuum assumption [3, p. 38], but increasing the gap raises the angular speed and
displacement to obtain the same shear rate and strain. There is thus an optimum gap.
Moreover, both parallel-disks and cone-plate geometries should generate the same
data in the linear regime. In response to the above concerns, SAOS experiments were
performed using both cone-and-plate and parallel-disks fixtures for five gap values.
Figure 5.9 shows results for v, =8% at 180°C. A plot for a gap of 0.95 mm, which
is the gap in the HPSPR, was also made but is not shown in Fig. 5.9 because it
showed the same result as that for 1.0 mm. Data for cone-plate and parallel-disks
with gaps of 1.0 and 1.2 mm are in good agreement, but those for parallel-disks with
gaps of 1.5 and 0.6 mm are lower. Datum at 0.14 rad/s with a gap of 0.6 mm is 4%
lower than that with a gap of 1.0 mm. Considering all the factors discussed earlier,

parallel-disks fixture with a gap of 1.0 mm were selected for LVE measurements,
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ie, frequency sweep, and the cone-plate geometry was used for creep and strain

sweep tests that involved NLVE behavior.
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Figure 5.9. Effect of gap and geometry on SAOS for HDPE at 180°C (P.D.=parallel-disks).

5.4.3 Creep

The SR5000 has two options for data sampling: linear and logarithmic. Linear
sampling takes data at equal time intervals, while logarithmic sampling takes data at
equal intervals of log time. Creep experiments were carried out at 5 Pa and 180C,
generating 350 sampling points. As can be seen in Fig. 5.10, which shows data
obtained using linear sampling, and Fig. 5.11, which is for logarithmic sampling, the

. linearly sampled data have a much higher noise level (noise/signal=+3.2%) in
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[dJ(t)/dt]~" than the logarithmically sampled data. The slope was calculated using a
2-point difference equation:
dJt) _ AJ@) _ )~ JGiy)

dt At t—t, (5.16)

where i is the time index. If [dJ(¢t)/dt]”! is noisy, it is difficult to determine the
viscosity by linear regression of J(t) of long times. Even though the logarithmically
sampled data showed fluctuation at short times, this fluctuation is not a concern,
because only data at long times are used to obtain the viscosity. All other creep
experiments were carried out using logarithmic sampling.

The zero-shear viscosity 7, should be independent of stress, and the effect of
stress on the slope is thus of interest. Figure 5.12 shows creep compliance curves at
several stresses for HDPE at 180°C. The inset has expanded scales to show the

short-time linear behavior.
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Figure 5.10. Creep compliance of linear sampling for HDPE with 5 Pa at 180°C.
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Figure 5.11. Creep compliance of logarithmic sampling for HDPE with 5 Pa at 180C.
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Figure 5.12. Dependency of creep compliance on stress for HDPE at 180°C. Applied

stress values are given in legend.
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Figure 5.13 shows the resulting viscosity as a function of shear stress, and
Fig. 5.14 shows it as a function of shear rate, which was calculated from the slope
of the creep compliance. Even at these very low shear stresses and rates, the
viscosity is not at its Newtonian plateau. Wagner and Wissbrun [7] have noted that
for polymers with broad molecular weight distributions, the viscosity continues to
change with shear rate even at very low shear rates. The polydispersity index (PDI)
of this HDPE is 13.6, which is fairly high, and as a result this sample does not
reveal its zero-shear viscosity within the experimental window. Reducing the stress
below 3 Pa to find the linear range is not practical, because this would involve a
torque below 0.01 geem, the lower limit of the instrument. Thus the zero-shear
viscosity for this material could not be obtained by means of creep experiments.
However, the viscosity values inferred from creep data were used with 7(y) data
obtained by use of the HPSPR to fit a model and estimate n,. The highest viscosity
from creep data was used as the initial estimate for the model fitting of the steady

shear data from the HPSPR (Section 6.7.3).
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Figure 5.13. Viscosity as a function of  Figure 5.14. Viscosity as a function of shear
stress for HDPE at 180C. rate for HDPE at 180TC.



Chapter 5. Rotational Rheometry 97

S.4.4 Complex Viscosity versus Frequency

5.4.4.1 Strain Sweep

The frequency range was divided into five zones, and strain sweep tests were
performed at 0.1, 1, 10, 100, and 500 rad/s at various strain amplitudes. Figure 5.15
shows data at 100 rad/s and 180C for strains from 2 to 10%. The data start
decreasing at strains above 5%. Strains lower than 5% can also generate linear data
at 100 rad/s, but the torque may fall below the resolution of the torque transducer at
the lower frequencies in the decade. A strain of 5% is thus used as the strain
amplitude ~, for frequencies between 10 and 100 rad/s in the frequency sweep tests.
Table 5.5

shows the strain amplitudes used for each frequency range and

temperature.
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Figure 5.15. Strain sweep test at 100 rad/s.

Table 5.5. Strain amplitude (%) for each frequency range and

temperature.
T (C) Frequency range (rad/s)
500-100 | 100-10 10-1 1-0.1 | 0.1-0.01
160 1 2 4 8 10
170 1.5 4 5 9 15
180 3 5 6 10 20
190 4 6 7 10 30
200 4 7 8 10 40
210 4 8 9 10 50
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S5.4.4.2 Frequency Sweep

Figure 5.16 shows the effect of frequency on the moduli and complex viscosity at

180°C. Five strain amplitudes were used in each decade of frequency. Two data

points fall on each grid line where two strain amplitudes overlapped, but these

cannot be distinguished because of the LVE behavior. The complex viscosity data

exhibit neither a power-law region at high frequencies nor a Newtonian plateau at

low frequencies.
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Figure 5.16. Dependency of moduli and complex viscosity on frequency for HDPE at 180C.

5.4.4.3 Model Fitting

Before studying the effect of temperature on the LVE behavior, the data at the

reference temperature (7, =180°C) were fitted to a model by the least square

method using 'Solver' in Microsoft Excel to describe the effect of frequency on the

complex viscosity. To determine n,(7;), the viscosity data obtained from creep tests
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and those obtained from steady simple shear tests (Chapter 6) were used, and the
detailed procedure is described in Section 6.7.3. Nonlinear regression was carried
out to determine two or three parameters (characteristic time and power) at the
reference temperature and one additional parameter a,(7) for the other temperatures.

The regression was repeated until the following sum was minimized:

S= f}[ |77; |nmp z| J
i=1 In;| 5.17)

where i is the frequency index, Iyl is a complex viscosity datum, In,, | is a
model-predicted complex viscosity value, and N is the number of data.

Three models (Section 6.2.2.1) for n(y) were used to describe |n(w)l: the Carreau [8]
(Eq. 5.18), Cross [9] (Eq. 5.19), and Yasuda [10] (Eq. 5.20) models as follows:

D — L 518)
1+ (7o) ™ :
1+ M7 o™ (5.19)
*(w) = 7)0(76)
T T ATy o] )T (5.20)

where 1,(7;) is the zero-shear viscosity, A(7;) is a time constant, and a(7}), m(T;),
n(T,), and r(7;) are fitting parameters at 7;. The Carreau model cannot match the

observed curvature (Fig. 5.17), as the model quickly approaches a power-law model
as the frequency increases (Eq. 5.21). The model also approaches a zero-shear

viscosity too fast as the frequency decreases (Eq. 5.22).

o - Mo
1+ 0wl Ow)®

n= cw>1and Qw)?>1 (5.21)
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Figure 5.17. The Carreau model! fitting.

The Cross model (Fig. 5.18) described the data better than the Carreau model, but
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Figure 5.18. The Cross model fitting.
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there is still some discrepancy. The Yasuda model has an additional parameter and
provides a good fit of the data (Fig. 5.19); this model was therefore used for the

complex viscosity.
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Figure 5.19. The Yasuda model fitting.

5.4.4.4 Shear-Rate Range for NLVE Measurements

In SAOS tests, torque values can be kept within the transducer's operating range
by changing the strain amplitude. However, in steady simple shear experiments with
the HPSPR, which was used for the NLVE measurements, the operational stress
range can be altered only by changing the shear-rate range, if the gap is fixed. The
shear-rate range is thus governed by the instrumental and material stress ranges.
Rather than determining the shear-rate range by trial and error, it is advantageous to
estimate the range in advance using the results of SAOS experiments.

Park [11] reported that the shear stress must be above 2 kPa, which is ten times
the noise level of the stress transducer of the HPSPR, to obtain reliable data. He also
found that polyethylenes exhibited a flow instability at around 100 kPa, beyond

which it was impossible to determine a steady-state stress. Thus, the expected stress
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range for PE is between 2 and 100 kPa.

To correlate SAOS data with the viscosity, the frequency for the stress range is
associated with the shear rate. There is no theory that relates In*(w)l with n(y) at
w=1, but experimental results have shown that the two curves are very similar [11].
Figure 5.20 shows the shear stress o (the stress amplitude), which is estimated as
I7*(w)lw, versus w. The shear-rate range for stresses of 2-100 kPa is indicated to be
0.1-50 s'. The validity and usefulness of this method is discussed in the next
chapter. Since the stress depends on temperature, so will the shear-rate range, and

temperature shift factors (Section 5.4.4.5) can be used at other temperatures.
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Figure 5.20. Prediction of shear-rate range from the stress values of SAOS test
at 180TC.

5.4.4.5 Effect of Temperature on LVE Behavior and Temperature Shift Factors

The effect of temperature on the complex viscosity is shown in Fig. 5.21.
Temperature shift factors were used to describe this effect quantitatively and

construct a master curve. Figure 5.22 shows stress amplitude as a function of
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frequency at several temperatures. To build a master curve, The stress versus
frequency curve was first shifted along the vertical stress axis by a factor of b,(7),

which is defined as:

Tp(T)
Top(Ty)

b(T) = (5.23)

where p is density obtained from PVT data, and then this curve was shifted along
the horizontal axis onto that at Ty, to determine the factor a,(7). The zero-shear

viscosity at 7T is then given by:
(1) = ar(T)b(Tny (1y) (5.24)

While b(7) is usually assumed to be unity, this is not strictly true, as described in

Section 2.4.2.1 (Fig. 2.5) there is an 7% variation over 50 degrees. In order to

evaluate the validity of assuming b,(7) to be unity, since PVT data were available,
the effect of ignoring b,(7) could be determined. The zero-shear viscosity ignoring

br(T) at T can be calculated by:
(1) = ay, (T, (Ty) (5.25)

The determination of a, is based on the following expression:

U[u)aT(T),T]/bT(T)IJ(w,TB) (5.26)

where b,(7) = 1. The master-curve form of the Yasuda model of stress (Fig. 5.23)
using a,{(7) for horizontal shift and b,(7) for vertical shift is as follows:
g(w, T) Mo ar(7)

b (T) - {1+ [)\waT(T)]a}(lﬂn)/a (5.27)




Chapter 5. Rotational Rheometry 104

where 7y, n, a, and A are the fitting parameters determined at 7o, 180C. The

determination of a, (7) is based on Eq. 5.28:
o|way (1), T|=o(w, Ty) (5.28)

The master-curve form of the Yasuda model (Fig. 5.24) for Eq. 5.28 is given by Eq.
5.29:

0w, T) = o, (1) 5.29
’ {14 [way (D]} (529

The regression for determining a,(7) or a, ,(7) was repeated until the following

sum was minimized:

5=3)

i =1

N
=

2
( Ui O-mp, 1 )

; (5.30)
where i is the frequency index, o is a stress datum, o, is @ model-predicted stress
value, and N is the number of data. Both shifted results show equally good
superposition, and this implies that: (1) this material shows thermorheological
simplicity, and the temperature shift factor at each temperature is independent of
frequency, and (2) the shift factor b,(7) is not necessary to build a master curve.
Assuming b,(7) to be unity is thus a valid procedure. However, if this factor is a
strong function of temperature, and strong shear thinning occurs, bp(7) will be
required. This is illustrated in Appendix 5. A case similar to the former is that gas

is dissolved in polymer, i.e. a shift factor is a strong function of concentration

(Section 6.7.7).
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Figure 5.21. The effect of temperature and frequency on the complex viscosity.
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Figure 5.22. The effect of temperature and frequency on the stress from SAOS.
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Figure 5.23. Shifted curves of stress using both ar and br.
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To compare the various shift factors, they are plotted in Fig. 5.25 as functions of

the inverse temperature. Each factor can be modeled using an Arrhenius equation as

follows:
In [a, ()= ER (iT— %) (5.31)
Infay (7] = 2 . %) (5.32)
In [b(T)]=— E]‘;*’ (%,— %) (5.33)

In[a, (7)) = =

Ea(l 1) Ea,a—Ea,b(l 1) (5.34)

A linear relationship between In (shift factor) and 1/7 indicates that the activation

energy is independent of temperature. Values of the activation energy are given in

Table 5.6. It should be noted that:

a, {T) # ar(T)b,(T) (5.35)

even though both sides are the ratio of zero-shear viscosity at two temperatures, and
this implies that the zero-shear viscosity calculated at 7 depends on whether b,(7) is
ignored. This occurs when a shift factor was obtained by shifting the stress curve
instead of using the zero-shear viscosity. However, the difference in activation
energies based on a, (7) and a,(T)b;(T) is 4%, and this is at the level of the
uncertainty in the data. The temperature shift factors, a, /(7) obtained here will be
expressed as ap(7) in the remainder of this thesis and compared with those obtained
in steady simple shear tests using the HPSPR in the next chapter (Section 6.7.5).

This will reveal whether the effect of temperature on LVE is the same as its effect

‘ on NLVE.
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Table 5.6. Activation energy for shift factors.
Shift factor E, (kJ/mol)
b (D)
D
e anAD
a {T)

5.5 Conclusions

Two rotational rheometers were used for this study. The optimal gap was found to
be 1 mm for the parallel-disk geometry. The thermal stability of the HDPE was
found to be satisfactory for this study. The zero-shear viscosity could not be
determined using creep tests due to the high PDI of HDPE. The four-parameter

Yasuda model describes the complex viscosity versus frequency data very well. The
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effect of temperature on LVE behavior was studied by using temperature shift
factors. The simple exponential Arrhenius equation successfully describes the
temperature dependency of the shift factors. The validity of using a vertical shift
factor b7(7) based on PVT density data was tested, and it was found that this factor
could be taken to be unity to build a master curve of the complex viscosity. The

comparison of LVE and NLVE behaviors is presented in the next chapter.



Chapter 5. Rotational Rheometry 110

5.6 References

1.

2.

5.

C.H. Bamford and C.F.H. Tipper, Degradation of Polymers, Elsevier, New York,
1975.

W.P. Cox and E.H. Merz, "Correlation of dynamic and steady flow viscosities,"
J. Polym. Sci. 28:619 (1958).

. JJM. Dealy and K.F. Wissbrun, Melt Rheology and Its Role in Plastics Processing,

Chapman & Hall, London, 1995.

. Y. Ye, "The study of long time relaxation behavior of metallocene polyethylene,"

Master's Thesis, McGill University, Montreal, 2001.

JM. Dealy, Rheometers for Molten Plastics, Van Nostrand Reinhold Company,
New York, 1982.

. R.L. Powell, "Rotational Viscometry," in Rheological Measurement, Second

Edition, Edited by A.A. Collyer and D.W. Clegg, Chapman and Hall, London,
1998.

. HL. Wagner and K.F. Wissbrun, "Molecular weight and rheology of acetal

copolymers," Makromol. Chemie 81:14 (1965).

. P.J. Carreau, "Rheological equations from molecular network theories," Doctoral

Thesis, University of Wisconsin, Wisconsin, 1969.

. MM. Cross, "Deformation and Flow," in Polymer Systems, Edited by Wetton and

Whorlow, Macmillan, London, 1968.

10. KY. Yasuda, R.C. Armstrong, and R.E. Cohen, "Shear flow properties of

11.

concentrated solutions of linear and star branched polystyrenes," Rheol. Acta
20:163 (1981).

H.E. Park, "Effect of pressure on the rheological properties of three
polyethylenes," Master's Thesis, McGill University, Montreal, 2001.



111

6. Effects of Pressure, Temperature, and
Concentration on Rheological Properties

6.1 Introduction

Even though elevated pressures are involved in several important polymer
processing operations, such as high-speed extrusion and injection molding, the
pressure dependence of rheological properties such as viscosity has not been well
studied due to the difficulty of carrying out experiments at a uniform, high pressure.
The effect of pressure on rheological properties is in many ways the reverse of that
of temperature, and knowledge of temperature effects is useful in understanding the
effects of pressure.

The effect of SC-CO, on rheological properties is attracting growing interest,
because of potential applications of SC-CO; in plastics processing. Until now, only
modified capillary rheometers have been used to determine approximate viscosities at
elevated pressures with dissolved SC-CO; (Chap. 4). These instruments are not useful
for the determination of viscoelastic properties such as the creep compliance.

It is necessary to apply a constant and uniform stress to determine the creep
compliance, which is an important viscoelastic property. Creep tests are also useful
for the study of wall slip. The slip velocity increases with shear stress above a
critical value of around 0.1 MPa, depending on the nature of the polymer, and it is
also of interest to study the pressure dependence of slip as well as the effect of
dissolved SC-CO,. However, due to the difficulty of making measurements at high
pressure, no creep or slip measurements at elevated pressures with SC-CO, have
been reported.

The high-pressure sliding plate rheometer developed at McGill University is well
suited to such measurements, because the shear strain and pressure are uniform
throughout the sample, and it can be easily programmed to generate any desired
shear strain as a function of time. By replacing the inert pressurizing medium with

COg, the effect of dissolved CO, on the rheological properties of a molten polymer



Chapter 6. Effects of Pressure, Temperature, and Concentration on Rheological Properties 112

can be determined. For the purpose of comparison, the effect of dissolved nitrogen
(N2) was also determine.

Another application of the apparatus is the study of plastic foams, since the
HPSPR can be used to simulate the foaming process by releasing the pressure
suddenly. The HPSPR can be used to study the effect of strain history on foam
formation, the effects of P, 7, and C on foam structure, and the effect of foam
structure on melt viscosity. The last mentioned type of study is of interest for a
process in which foaming and flow in a mold occur simultaneously. The rheological
properties of foamed polymeric liquids have been studied by applying pressure driven
flow, but the pressure and temperature are not uniform in this situation, and bubbles
are not fully formed in the capillary or slit in which pressure is measured.
Han [1, p.325] pointed out that elaborate theoretical analysis is required to interpret
the data obtained. However, data analysis is quite straightforward in the case of the

HPSPR.

6.2 Rheological Properties of Interest
6.2.1 Viscosity

The viscosity of a molten polymer is very important, as it is directly related to
processability; it depends on temperature 7T, pressure P, shear rate ~, molecular
structure, and additives. Reliable viscosity data taking into account these factors are
required for the simulation and design of polymer processes and for the development
of new polymers. It is clear that viscosity data obtained at atmospheric pressure or
without accounting for dissolved SC-CO; can be quite misleading if applied to a

high-pressure process with or without dissolved SC-CO..

6.2.1.1 Shear Rate Dependence of Viscosity

For Newtonian fluids the viscosity is independent of shear rate, but most polymer

melts are non-Newtonian fluids in which the viscosity is a strong function of shear
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rate. The curve of viscosity versus shear rate shows three regions: Newtonian
(constant viscosity), transition, and power law. The limiting value of the viscosity at
low shear rates is called the zero-shear or Newtonian viscosity, which is given the
symbol n,. In the transition region the viscosity decreases with increasing shear rate,
finally approaching power-law behavior. Plots using linear scales do not show the
three regions clearly, so 7 versus v data are usually plotted using logarithmic scales.

An equation to describe the dependence of viscosity on shear rate is required to
determine the effect of P, 7, and C on rheological properties by use of shift factors.
A number of equations have been proposed. One example is the power-law model

that often describes the viscosity at high shear rates:
n=nl " (6.1)

where 7n is the power-law index, and 1 is a characteristic time of the material. This
time constant usually has the same temperature dependence as the viscosity and can

thus be expressed in terms of a material constant, 7, having units of stress:

A=my/T (6.2)

Since 7, is a function of 7 and P, 1 is also a function of T and P.
To describe the viscosity over a broad range of shear rates, several generalized
power law equations have been proposed. An example is the Cross model [2], which

is shown as Eq. 6.3:

o

CREFNIWE

(6.3)
At low shear rates, the viscosity approaches 7o, and at high shear rates, the viscosity
shows power law behavior with m =1—n. The characteristic time, A, is the inverse of
the shear rate at which the viscosity is half the zero-shear viscosity. The Carreau

model [3, p.78] is given by:
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o

— 6.4
T+ 00 (64)

’r]:
where p is a material constant, and the viscosity shows power law behavior with
p=(1-n)/2 at high shear rates. Yasuda [4] added another constant, a, to facilitate

curve fitting, to give Eq. 6.5:

o
[T+ 0oy

n= (6.5)

where n is the traditional power-law constant.

6.2.2 Stress Growth Function

While modified capillary rheometers have been used to determine approximate
values of the viscosity at elevated pressures, these instruments are not useful for the
determination of viscoelastic properties. The sliding-plate rheometer is well-suited to
such measurements, because the shear strain is uniform throughout the sample, and it
can be easily programmed to generate any desired shear strain as a function of time.

Figure 6.1 shows the essential features of the transient stress during start-up of
shearing. The stress curve exhibits an overshoot, with the maximum stress oy
occurring at a time, tg, and a plateau, which starts at t;; where the stress reaches its

steady-state value ogg.

Figure 6.1. Stress profile for

- ——cecmcaanan

start-up shearing at a constant
shear rate.

o
o~
g
o~
g
-~
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6.2.3 Creep and Steady-State Compliances

By use of feedback-control based on the signal from the shear stress transducer,
it is possible to carry out experiments in which the shear stress is the controlled
variable. In particular, creep experiments can be carried out in this way. The effects
of pressure and dissolved CO, on the creep compliance J(t,o,P,C) and the

steady-state compliance Jg(t,o,P,C) will be determined.

6.3 Previous High-Pressure Rheometers

There are many kinds of rheometer for atmospheric pressure measurements but
only a few that are capable of operation at high pressure. Two types of rheometer
have been used for high-pressure studies: pressure-driven rheometers, in which flow
is generated by a pressure drop, and drag flow rheometers, in which one bounding
wall moves relative to another to generate the shearing deformation. A
pressure-driven rheometer forces the sample through a capillary or slit, and the
resulting pressure drop is measured. Such an instrument can be used to measure the
approximate viscosity at high shear rates, but because the pressure and shear rate are
neither uniform nor independent, these instruments are not useful for viscoelasticity
studies and are not ideal for the study of the effect of pressure on viscosity. A drag
flow rheometer, on the other hand, such as a concentric cylinder rheometer, generates
a deformation that is independent of the applied pressure. However, seal friction, end
effects, and flow instability limit its usefulness at high pressures and shear rates.
Figure 6.2 shows the velocity and the stress profiles in the two types of instrument.

The stress profiles in both types of rheometer are material-independent and can be

derived from Cauchy's equations:

Dy
ﬁ:—ngh—VP‘l"V °T (66)

For steady-state, fully-developed flow, Eq. 6.6 can be reduced to the following
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equations for pressure driven flow in a slit and for simple shear (drag) flow:

__ 9P Ty
0= o Slit flow 6.7)
T
0= .
Y Simple shear flow (6.8)

where 1, is the shear stress, o. The above equations show that the shear stress in a
slit flow is a linear function of y, while that in a simple shear flow is constant.
However, the velocity profile for pressure flow depends on the properties of the
sample, while in simple shear flow it is independent of fluid properties. Park [5]

reviewed high-pressure rheometers in detail.

F drag

Figure 6.2. The stress and the velocity profiles of pressure-driven flow and drag flow.

6.3.1 Pressure-Driven Rheometers

A rheometer based on pressure-driven flow consists of a heated barrel, a piston or
pressurization system, and a die. A capillary rheometer (Fig. 6.3) has a circular die,
and in a slit rheometer (Fig. 6.4) it is a thin rectangular slit. A moving piston
generates flow in the die, and the resulting pressure drop is measured or, if a
pressurization system is used, the driving pressure is set, and the flow-rate is

measured.
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barrel piston sample capillary | pision e

Figure 6.3. Geometry of a capillary
rheometer. Figure 6.4. Geometry of a slit rheometer.
Capillary and slit rheometers are popular for measurements at high shear rates,
and they simulate to some degree flows occurring in plastics processing. However,
the shear stress and the shear rate must be inferred indirectly from the driving
pressure and volumetric flow rate. Since the pressure and shear rate are
inhomogeneous, the molecules in a sample will have various pressure and

deformation histories.

6.3.1.1.1 High-Pressure Capillary Rheometer

A capillary rheometer consists of a barrel, a piston, and a capillary. Data from a
capillary rheometer are usually reported in terms of the wall shear stress, o,, and the
wall shear rate, y,. However, since these quantities can only be inferred from the
measured pressure drop and flow rate, several assumptions must be made in the
treatment of the raw data. The Bagley end correction [6] is often used to obtain o,
and the Rabinowitch correction [7] is used to estimate . Figure 6.5 [8] shows the
pressure distribution in a capillary rheometer, where P; is the driving pressure, P, is
the environmental pressure, AP, is the entrance pressure drop, AP, , is the pressure
drop in the capillary, and AP, is the exit pressure drop. The two excess pressure

drops, AP,,, and AP, , are related to the elasticity of the melt [9].

T2
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Wall pressure
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Figure 6.5. Pressure distribution in a capillary rheometer.

The Bagley end correction is used to correct for the excess pressure drops, and
the true wall shear stress is given by:

Fu 6.9

= ST Re) (69)

where Lo is the length of the capillary, R is D¢/2, and e is the Bagley end correction,

which is the intercept on the L¢/R axis of a Py versus Lo/R plot, i.e., a Bagley plot.

The wall shear rate can be obtained from the apparent shear rate by use of the

Rabinowitch correction. The apparent shear rate is the shear rate that would obtain

for a Newtonian fluid:

ﬁs(fﬁ) (6.10)

where Q is the volumetric flow rate. The Rabinowitch correction takes into account

the shear rate dependence of the viscosity and gives the true wall shear rate, y,:

Y= (%rb—)ﬁ (6.11)

where
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d(logy,)

b d(loga,,)

(6.12)

High-pressure capillary rheometers are similar in basic design to standard
instruments but do not exhaust to the atmosphere. Rheometers of this type were
developed by Westover [10], Kamal and Nyun [11,12], Karl [13], Driscoll and
Bogue [14], Baker and Thomas [15], Mackley et al. [16], Chakravorty ef al. [17],
and Binding et al. [18].

6.3.1.1.2 High-Pressure Slit Rheometer

The hydrostatic pressure varies along the length of a capillary die, but it is
difficult to measure the local pressure gradient, which is necessary for the
determination of the viscosity. If a slit die is used, pressure transducers can be
installed directly in the wall of the slit, and the pressure distribution in the die can
be determined. However, a correction for the wall shear rate is still required.

The wall shear stress in a slit is given by:

7, = (:ﬁ—P)g (6.13)

where AP is the pressure drop for a slit of length L. The wall shear rate [19] is
given by:

= (%)(%ﬁ) (6.14)

where:

d[log(6Q/wh?)]
d [log (c,) ]

Il

B (6.15)

High-pressure slit die rheometers have been used by Laun [20], Kadijk and Van den
Brule [21], and Langelaan et al. [22].
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6.3.2 Drag Flow Rheometers

The advantage of drag flow rheometers is that the hydrostatic pressure is
independent of the force driving the deformation, and the shear rate and hydrostatic
pressure can thus be controlled independently. The pressure is uniform throughout the

sample, but shear rate corrections are required for some geometries.

6.3.2.1 High-Pressure Couette-Flow Rheometer

A concentric cylinder (Couette) rheometer consists of two concentric cylinders, a
rotational drive, and a torque measuring device. The sample fills the gap between the
two cylinders, and one cylinder is rotated. The shear rate is obtained from the
rotational speed, while the torque is used to calculate the shear stress. Stress
relaxation experiments can also be carried out.

Mooney [23] used a concentric cylinder (Couette) plastometer. Semjonow [24]
and Cogswell [25], Bair er al. [26,27], Khandare et al. [28] used pressurized
Couette rheometers. Highgate and Whorlow [29] have shown that end effects make

a substantial contribution to the measured torque in such a device.

6.3.2.2 High-Pressure Falling Sphere Viscometer

Falling sphere viscometers have been used for the measurement of the pressure
dependence of the zero-shear viscosity, which is determined by measuring the
terminal velocity of a sphere falling in pressurized melt. No dynamic seals are
required, and the apparatus is easy to construct and operate. A falling sphere
viscometer is not suitable for the study of viscoelasticity, but it can be used to
determine the important rheological property 5, at high pressure. This type of
rheometer was used by Foltz et al. [30] and Sobczak er al [31-35].



Chapter 6. Effects of Pressure, Temperature, and Concentration on Rheological Properties 121

6.4 High-Pressure Sliding Plate Rheometer

Giacomin et al. [36,37] developed a sliding-plate rheometer (SPR) incorporating a
shear stress transducer, which has significant advantages over other types of
rheometer. The parallel-plate geometry and drag flow allow the generation of simple
shear flow, and the shear stress transducer measures stress with no end or edge
effects. Giacomin [36] describes the SPR in detail in his doctoral thesis.

The high-pressure sliding plate rheometer (HPSPR) [38,39] developed at McGill
University can generate controlled, homogeneous, shearing deformations at a uniform
pressure in either strain- or stress-controlled modes. The HPSPR is similar in basic
design to the earlier, ambient-pressure SPR but requires a special housing and SST
due to the high-pressures involved. This rheometer can be used to determine the
effects of pressure, temperature and shear history on the rheological behavior of

elastomers and molten thermoplastics.

6.4.1 Sliding-Plate Rheometer

Figure 6.6 shows the basic principle of an SPR. The rheometer generates a shear
deformation by moving one plate relative to the other. The basic rheological

quantities, stress and strain, are related to the measured quantities as follows:

o=F/A (6.16)
v=X/h (6.17)
= %z V/h (6.18)

where F is the shear force, X is the displacement of the moving plate, V is its

velocity, and # is the gap between the two plates.
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Figure 6.6. Basic principle of
sliding-plate flow. An edge is a free
surface parallel to the moving
direction, and an end is normal to
End  Edge the direction.

An SPR has some limitations. The length of the rheometer limits the total strain
and shear rate, and edge and end effects induce inhomogeneity in the deformation of
elastic materials. These effects arise from a stress mismatch at the free surfaces
[40]. Sample degradation is much less severe than that in a parallel disk or
cone-plate rheometer, since the maximum torque is obtained at the edge in the latter
instruments where the sample is exposed to the environment. Secondary flow in the

sliding-plate rheometer arises from the normal stress differences [41]:
N, =0y~ 0y (6.19)
Ny =09y =033 (6.20)

Since the shape of the wetted area of an SPR is not precisely controlled, it is
difficult to establish this area. It is thus difficult to obtain the true stress by
measuring the total force on one of the plates. To eliminate the surface area problem
and edge/end effects, the shear stress transducer (SST) was developed by Dealy [42]
and used by Giacomin ef al. [36,37] in the SPR. Figure 6.7 [43] shows the essential
features of the SPR. The stress is measured in the center of the sample by means of
the SST, and the stress measurement is not affected by the free-surface phenomena
and degradation at the edges of the sample. The area over which the shear force is
measured is equal to that of the SST active face, and it is not necessary to know the
wetted area. Figure 6.8 shows the SST and the beam that deflects in response to a
shear force on the active face. This SST is called a "disc-spring transducer”, because
the elastic member is a steel diaphragm [44]. Figure 6.9 shows the basic dimensions

of the SST.
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Figure 6.7. Cross section showing the essential
elements of the SPR incorporating a disk-spring-type
shear stress transducer. 1 sample; 2 moving plate; 3
back support; 4 stationary plate; 5 end frame; 6 gap
spacer; 7 shear stress transducer incorporating a rigid
beam supported by a steel diaphragm disk spring; 8
linear actuator; and 9 oven.

Active face Ground  Calibration hole Ground  Capacitance probe

Disk Spring
(@) (b) (c)
Figure 6.8. SST and beam (a) Left-top view of the SST. (b) Cantilever beam in the

SST. (c) Right-top view.

Active face head Disk spring Calibration hole Target Capacitance probe
Y S
d=10mm I r - e
v 4 2

‘ Figure 6.9. Dimensions of the SST of the SPR.
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The capacitance proximity probe provides a signal related to the distance between
the probe tip and the target. A shear stress causes deflection of the beam and a
change in the probe signal. A Capacitec signal conditioner and amplifier (Fig. 6.10)
provide a signal that is proportional to stress, and an analog to digital (A/D)

convertor provides a digital output.

Figure 6.10. Capacitec amplifiers.

User-defined deformation histories can be generated by means of the
servohydraulic linear actuator with computer control. It is possible, for example, to
generate the following histories: steady shear, single or multi step strains, start-up
and cessation of steady shear, interrupted shear, large amplitude oscillatory shear,
exponential shear, and creep and creep recovery. A precision linear bearing table
supports the movement of the moving plate. High-temperature lubricant is required in
the bearing system to keep the movement smooth.

In controlled strain experiments, the command displacement is compared with the
actual displacement of the moving plate, and a feedback loop controls the
displacement of the moving plate. In controlled stress experiments, a command stress
is compared with the stress sensed by the SST, and a feedback loop controls the
displacement of the moving plate. This latter type of experiment requires very careful

tuning of the controller.
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6.4.2 High-Pressure Sliding Plate Rheometer

The high-pressure sliding plate rheometer (HPSPR) developed at McGill
University can generate controlled, homogeneous, shearing deformations at uniform
pressure. This rheometer can be used to determine the effects of pressure,
temperature and shear deformations on the rheological behavior of elastomers and
molten thermoplastics. Koran [38] and Park [5] describe this rheometer in detail in

their theses.

6.4.2.1 Basic Features

The HPSPR has been used to study several materials, and its capabilities and
limitations have been explored. Figures 6.11 to 6.14 show the HPSPR system. It
operates over a temperature range from 25 to 225C, and under a vacuum or at
pressures up to 70 MPa. It can generate shear rates of 107 to 500 s' and can
measure shear stresses over a range from 0.146 to 300 kPa. A vessel able to
withstand an operating pressure of 70 MPa at a temperature of 225°C encases the
two parallel plates and most parts of the shear stress transducer. One part of the
vessel consists of the cover plate, which swings open for sample loading. It is fixed
to the main body of the pressure vessel by sixteen, 7/8-in bolts, which are tightened
by an air-powered torque wrench. Openings at the top and bottom of the rheometer
allow actuation rods to translate, so that the volume inside the vessel remains
constant.

The rheometer is pressurized by a hand pump made by Enerpac. The pressurizing
medium is Krytox™ General Purpose Oil 107 made by Dupont. This oil is thermally
stable, nonflammable, non-volatile, a good lubricant and does not swell either polar
or nonpolar materials. Koran [38] found that there was no rheological effect of this
oil on Dowlex 2049 linear low density polyethylene. After filling the HPSPR with
Krytox oil, the approximate desired pressure is generated by means of the hand
pump. The pressure is then adjusted precisely by the piston pump. A Dynisco

pressure transducer is used to determine the pressure in the HPSPR. The transducer
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is calibrated by means of a dead weight tester. The most convenient method of
sample preparation is by compression molding, which produces a rectangular sheet.
Using this method the sample can be prepared quickly in order to minimize strain

and thermal history.

JE Pressure
transducer

Temperature readout

— Hand Pum

T

Krytox Piston
reservoir pump

Hydraulic
oil reservoir

Figure 6.11. Auxiliary components of the HPSPR.
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NOo ok D

. Fixed plate
Sample (red strip)
Moving plate

Figure 6.12. Side view of HPSPR [38]:
1. High-pressure vessel

Thermocouple

Shear stress transducer

Pressurizing medium
(Krytox oil or gas)
8. Actuating rod

Figure 6.13. Top view of the
HPSPR [38]: 1. main body of
pressure vessel; 2. bearing plate;
3. moving plate carriage; 4. spacers;
5. moving plate; 6. O-ring; 7. SST
active face head; 8. fixed plate;
9. cover plate of pressure vessel,
and 10. SST.
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(a) (b)

Figure 6.14. Photo of HPSPR in oven (a) Cover plate open
(b) Cover plate closed.

6.4.2.2 Shear Stress Transducer

Figures 6.15 and 6.16 show the details and method of installation of the SST.

Torsion bars are used instead of the diaphragm used in the SPR.

Figure 6.15. Schematic of SST in the HPSPR [38]:
1. thermocouple; 2. Capacitance probe; 3. SST active
face head; 4. fixed plate; and 5. Cover plate of
pressure vessel.
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Groove Active face head Torsion bar Target Capacitance probe
d=9mm I P | s
L-=58 mm

4
v

Figure 6.16. Dimensions of SST of HPSPR.

6.4.2.2.1 Calibration of SST

Calibration is performed by suspending masses from the SST active face head
(Fig. 6.17). The linearity of the calibration is confirmed by use of a series of masses
(Fig. 6.18). This calibration can be performed at any temperature but only at
atmospheric pressure, since the cover plate of the pressure vessel must be open for
calibration.

Because a mass cannot be suspended from the actual surface of the active face, it
is hung instead from a groove in the head by a length of wire. This groove is
located 2.5 mm from the active face (Fig. 6.16). The effective stress on the active

force o corresponding to a mass Mc is:

Lo

7
7(d/2)?

Mc

(6.21)

a

£
1=
where F is the applied force, 4 is the surface area of the active face, Mc is the mass
on the groove, Mr is the imaginary mass on the active face, Lc is the distance from
. the torsion bar to the groove, Lr is that between the torsion bar and the active face,

d is the diameter of the active face, and g is the acceleration of gravity.
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Figure 6.17. Suspended
mass calibration at Figure 6.18. Confirmation of the linearity

atmospheric pressure [38]. of the calibration line.

6.4.2.3 Sealing

Both dynamic and static seals are required. Cup-seals prevent oil leaks around the
actuating rods during their linear motion, and an O-ring prevents oil leaks through

the gap between the two plates of the pressure vessel.

6.4.2.3.1 Cup-seals

Polytetrafluoroethylene (PTFE) [45] is used for many dynamic seals due to its
chemical inertness, non-adhesive properties, very low friction coefficient, and
excellent heat resistance. The material of the dynamic cup-seal (Shamban-Busak
Variseal) of the rheometer is PTFE , which is filled with graphite to increase heat,
chemical, and wear resistance.

A cup-seal consists of two parts: a graphite-filled PTFE cup and a metal spring.
Figure 6.19 shows how cup-seals work. When there is no pressure, there is a small
gap between the cup-seal and the actuating rod. Pressure, which is applied by means
of the pressurizing oil, pushes the cup wall outward, closing the gap and sealing the

rod.
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Gap

I %

Actuating rod Main plate of pressure vessel

Figure 6.19. Sealing mechanism of a cup-seal around the
actuating rod at the bottom.

6.4.2.3.2 O-ring

There is a groove on the inner surface of the cover plate of the pressure vessel
to take the Viton' (flouroelastormer) O-ring that prevents oil leakage through the gap
between the main body and cover plate of the pressure vessel. Viton' is used for the
O-ring, since it has excellent chemical resistance, non-stick features, can be injection
molded (unlike PTFE), and is less tough than PTFE. However, if the sixteen,
7/8-inch bolts are not tightened sufficiently, the O-ring will be damaged by extrusion
as shown in Fig. 6.20, even if the pressure holds. The torque on the tightening bolts
is controlled by adjusting the air pressure on the Qix Modular FRL combination
regulator (Fig. 6.21). Table 6.1 shows the values used at various test pressures.

It was found that the 7/8-inch bolts cannot be loosened if the HPSPR system
stays at high 7 and P for too long a time. In this case a bolt can be loosened by
increasing the air pressure of the regulator. When a bolt is tightened, the air pressure
should not exceed 500 kPa, so that there is still room to increase this pressure

further. (The pressure of the lab compressed air is 700 kPa.)
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(a)
Figure 6.20. Defective O-ring
due to weak tightening. (a) the

Air
(700 kPa)

(b)

defective O-ring on the cover

plate (b) enlarged extruded

segment.

Table 6.1. Torques for bolt-tightening.

Coalescing Filter

Regulator

Torque
Wrench

Lubricator

Figure 6.21. Regulator combination.

Test Pressure | Required torque for the wrench | Air Pressure of the regulator
(MPa) (Nm) (psi) (kPa)
~ 35 310 33 230
~ 52 465 52 360
~ 69 615 69 480

6.4.3 Pressurizing System

The pressure inside the HPSPR is increased by a hand pump after filling the

theometer with Krytox oil, which is stored in a reservoir. Fine tuning of the pressure

level is carried out by a piston pump, and the resulting pressure is measured by the

Dynisco pressure transducer.
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6.4.3.1 Pressure Transducer

A Dynisco pressure transducer Model 830 (Fig. 6.22) was used to measure the
pressure inside the HPSPR. The operating range of this transducer is -54 to 120C
and 0 to 70 MPa. The specified effect of temperature on span is +0.036% full scale
per C, and the nominal accuracy is +£0.5%. A Dynisco Model 1290 Strain Gauge
Input Indicator is used to display the pressure value. The indicator was calibrated at
the factory, but the calibration was verified by use of a dead weight tester
(Fig. 6.23). The calibration line (Fig. 6.24) was obtained by recording the indicated
pressure values for the weights on the tester, and it exhibited good linearity but a
-1.15% deviation from the applied pressure. Table 6.2 shows the indicated pressure

values for various applied pressures.

Figure 6.22.
Pressure
transducer.

Figure 6.23. Dead weight tester.
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Figure 6.24. Calibration line of the pressure
transducer.

Table 6.2. Indicated pressures at various applied

pressures.
Applied Pressure Indicated Pressure
(MPa) | (psia) (psig)
0.1 15 0
23.0 3330 3280
45.9 6660 6570
68.9 10000 9870

6.4.3.2 Hand Pump

The pump used to pressurize the HPSPR was an Enerpac P-2282 hand pump

(Fig. 6.25), which can generate pressures up to 275 MPa. The hand pump provides

two-speed operation for faster filling. It takes about 30 minutes to increase the

pressure to 70 MPa. Table 6.3 shows the specifications of the hand pump. When the

high pressure is released, the release valve must be opened a little. If the valve is
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turned by more than 30° at 70 MPa, the sealing system of the pump will be

damaged. It is recommended that the valve be opened initially by 5° and increased

gradually with decreasing pressure.

Table 6.3. Basic features of the Enerpac hand pump P-2282.

Pressure Rating (MPa)

Oil Displacement per Stroke

Oil Capacity (m) Piston Stroke
(©) (cm)
Ist Stage | 2nd Stage | 1st Stage 2nd Stage
1 14 275 16 0.6 2.54

Figure 6.25. Enerpac hand pump P-2282.

6.4.3.3 Piston Pump

Since one stroke of the hand pump increases the pressure by 2 to 7 MPa, an
additional system was required to set the desired pressure. A worm-drive piston
pump (Fig. 6.26) makes it possible to increase the pressure by 0.02 MPa for each

revolution of the pump handle. Revolving the handle causes a linear displacement of

F «—— Release valve

the piston in the pump housing.

|

(a)

(b)
Figure 6.26. Worm-drive piston

pump. (a) whole pump and
(b) disassembled pump.
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6.4.4 Modification of the HPSPR

As mentioned in the previous section, the pressurizing medium for the HPSPR
was originally an inert oil, and the system needed to be modified to allow for
pressurization with SC-CO,. The modification posed several challenges. First, the
high-pressure seals, fittings, and tubing system had to be re-designed to accommodate
SC-CO;. In addition, a device for pressurizing the CO,, a safety valve, and CO;
ventilation system were installed. Lubricating the sliding motion of the moving plate

was a problem, as the Krytox oil previously used had also served as the lubricant.

6.4.4.1 Tubing System, Compressor, and Vacuum Pump

The first modification was the addition of a tubing and valving system to make it
possible to use either pressurization medium. Figure 6.27 is a schematic of the
modified pressurizing system. The lower tubing system is used for studies of the
effect of P alone using Krytox oil, and the upper part is for studying the combined
effect of P and C when a gas is used.

For use with SC-CO,, an additional pressurizing unit is required. The vapor
pressure of CO; at room temperature is 5.8 MPa (838 psi) as can be seen in Fig.1.3.
Unlike nonliquefied gases, such as N, He, O,, which have very high vapor pressures
at room temperature, i.e., room temperature is well above the critical temperature, the
pressure in a cylinder of pure CO, cannot be greater than its vapor pressure at room
temperature as long as two phases exist in the gas cylinder, which is well below the
critical pressure of 7.4 MPa (1070 psi). There are two ways to achieve a higher
pressure than the vapor pressure. One is to add a high-pressure nonliquefied gas into
the cylinder and to use a dip tube to take out the liquid, high-pressure CO,
(Fig. 6.28). The second method is to use a compressor or liquid pump to increase the
pressure (Fig. 6.29). Since the first method uses equipment that can be supplied by

a compressed gas company, it will be simpler to use. However, it has some
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limitations: a maximum pressure of 41 MPa (6000 psi) and possible contamination
by the added gas. For this reason, the pressure of CO, was increased by an external

device, and an ISCO syringe pump was chosen.

HPSPR
high-pressure o—> Vent
chamber @ . Comp. air
For P & Gas effects
Filter
@ Compressor Gas
cylinder
© O

LVDT
Acctuator

reservoir

f

For pure P effect Comp. air

Figure 6.27. Schematic of pressurizing system.

—

<——— Diptube

N

Applying 41 MPa Gas N, ‘ 41 MPa
Gas N,

41 MPa
Liquid CO,

5.8 MPa
GasCO, —

5.8 MPa
Liquid CO,

 —

Figure 6.28. Increasing pressure above the vapor pressure by adding
high- pressure N.
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Regulator

. r———

/

Liquid Pump

Figure 6.29. Increasing the pressure above the vapor pressure
by using a compressor or pump.

The ISCO 100DM syringe pump system is a positive displacement pump and
consists of a controller and pump module. The piston-driven pump module uses a
single-speed gear train. The controller offers either flow controlled or pressure
controlled modes, but the latter is required to keep the system pressure constant. The
maximum pressure is 69 MPa (10,000 psi), and the detailed specifications are given
in Table 6.4. This pump has little pulsation, and this feature is very important, since
the shear stress transducer of the HPSPR is sensitive to pressure. However, this
pump cannot pressurize and be refilled at the same time and has a little reservoir
volume, so several refilling actions may be required to increase the pressure in the
HPSPR to the desired level. It takes three minutes to refill the pump cylinder.
During an experiment, the line between the pump cylinder and the rheometer is left
open to replace CO, lost by absorption into the sample or small leaks, and this is
closed during refilling. In the cylinder, a cup seal like that in the HPSPR, of
graphite-impregnated Teflon™, is used, and this material is known to be inert to

SC-CO;. To avoid contamination, CO; is not recycled.
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Table 6.4. Specifications of ISCO 100DM pump.

Pressure Range 10-10,000 psi
Pressure Resolution 10 psi
Operating Temperature 0-200°C
Capacity 103 ml
Flow Range 0.00001-30 ml/min
Flow Accuracy 0.5% of setpoint
Displacement Resolution | 4.8 nl
Figure 6.30. ISCO Motor Stability + 0.001% per year
100DM  pump  and Plumbing Ports 1/8" Valco

its controller.

A vacuum pump is used to remove air from the rheometer and the sample prior
to pressurization with CO,. A diaphragm vacuum pump (Gast DAA-V175, Fig. 6.31)

was used. This pump can generate a vacuum up to 28 in.Hg.

Figure 6.31. Gast vacuum pump.

6.4.4.2 Tubes

The original pressure tubes for the HPSPR were 9/16" O.D. inside the oven and
. 1/4" outside the oven. The 9/16" tubes generated unnecessary volume and required

more refillings of the syringe pump to keep the set pressure. The large tube caused
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another problem. A high torque must be applied to tighten the fittings, and this can
damage the fittings on the backside of the HPSPR. The tube size was thus reduced
to 1/4". However, the smaller tubes can cause a problem when the HPSPR is being
filled with Kytox oil, which is very viscous, before pressurizing with the hand pump.
It used to take four minutes to fill the rheometer with Krytox oil, but it takes 18 min

with the new tubes at 180°C.

6.4.4.3 Seals

A potential problem is posed by the interactions between SC-CO; and the O-ring
and cup seals. Even though Viton™ (flouroelastormer) has excellent chemical
resistance, SC-CO; is a good solvent for some fluoropolymers, and even if fillers are
used, the SC-CO, may cause swelling. Moreover, SC-CO, can dissolve or extract
small molecules such as monomer, plasticizer, and other additives [46], and this may
eventually cause a leak. Changes in the pressure will affect the rheological properties
of the polymer and the response of the shear stress transducer (SST) and should thus
be minimized. Choosing the proper O-ring was a major challenge. Finally, Teflon™
was chosen for the O-ring after testing a number of candidates. Appendix 6 describes
how Teflon™ was chosen and how the shape of the O-ring was modified. A
graphite-filled PTFE, which is the material for the cup seals, is known to have good
resistance to SC-CO,, and the cup seals were not replaced.

Two types of test were carried out to determine the effect of SC-CO, on the
seals. First, after applying pressure to the CO, using the ISCO gas pump at 180T,
without a plastic sample in place, all valves were closed. A pressure decrease was
observed, but the leak was too slow to be detected by soap water. The pressure
decrease continued for a long time. A severe drop of pressure would indicate that the
seals do not work. The other method is to measure the flow rate of gas when CO;
is supplied by the gas pump to keep the set pressure. The pump controller displays
the flow rate of gas, and this indicates the rate of gas leak. A cupseal of

graphite-filled (PTFE) and a Teflon™ O-ring were found to be good seals.
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6.4.4.4 Safety valve

Since the whole experimental procedure involves not only high pressure and
temperature but also phase transitions of CO,, over-pressure may develop. This could
cause serious injury to people near the instrument and damage of the equipment. One
way to prevent such an excess pressure is to install a pressure relieving device. The
most probable cause of a sudden over-pressure is an abrupt phase change, and the
device should thus accomplish instant opening by bursting to relieve the pressure. A
safety valve or a safety-relief valve can be used rather than a relief valve, which
provides only a non-bursting, bleeding action. A HiP safety head (Figs. 6.32 and
6.34) with a rupture disk (Fig. 6.33) was chosen. If the system pressure exceeds the
burst pressure of the rupture disk, this disk will be broken to release the pressure.
This safety head is connected to the HPSPR directly without any valve. Because the
values of standard burst pressure are given at room temperature, the temperature
correction factor must be known to select an appropriate disk. For example, the
factor is 0.81 for 200°C, so that a disk with a burst pressure of 87 MPa must be
used for the system at 70 MPa. The effective area of a disk must match the tubing
system, and thus the proper disk has an 87 MPa burst pressure and a 1/4" effective
area, which is the outer diameter of the HPSPR tubing system.

Rupture disk Effective
area Y4”
«—>

Figure 6.32. Safety head with a Figure 6.33.
rupture disk. Rupture disk.
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Vent -

Figure 6.34. Safety head (in ellipse) in tubing
system.

6.4.4.5 CO, Ventilation

Because the human respiratory system is regulated by the CO, concentration in
the lungs, the amount of this gas in the lab must be kept within the proper range.
However, there is a possibility that a large amount of CO, might leak during or after
an experiment. Due to higher density of CO, compared to air, it falls, and it is hard
to remove it by ventilation at the ceiling. To remove CO, after an experiment or
during a sudden release of CO, during foaming studies, a bellows pipe was installed.
One end is connected to one port of the HPSPR [Fig. 6.35 (a)], and the other is
connected to the ventilation system of the laboratory [Fig. 6.35 (b)].

(b)

Figure 6.35. Bellows pipe. (a) connection to

rheometer; (b) connection to ventilation.
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The on-off valve in the circle in Fig. 6.35 can release CO;, gradually, or suddenly
for foaming experiments. Such a sudden release of pressure could cause a large
expansion of gas, and the bellows type of duct was chosen to accommodate the
expansion. The valve is operated by pulling a string attached to a knob and extends
outside the lab to avoid possible harm to the operator. Figure 6.36 shows this
operation: (a) is the valve knob, (b) is the bellows when the valve is closed. (c) is
the valve opened by pulling the string far from the system, and (d) shows the
expanded pipe due to sudden expansion of CO,. Meanwhile the CO, in the pipe is
removed by ventilation at the other end [Fig. 6.35 (b)].

(b) © @

Figure 6.36. Sudden release of pressure. (a) and (b) before release; (c) and (d) after
release.

6.4.4.6 Bearing Plate

There is no ball bearing system to support the sliding motion of the rheometer.
Instead, dynamic seals around the actuating rod and the bearing plate support the
actuating rod, and the bearing plate (Fig. 6.37) is a brass slab supporting the moving

carriage.
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SIDE VIEW

Rheometer —— =
body

<——— Moving carriage

\ <— Actuating rod
_

Bearing Plate

Interface to be lubricated

Figure 6.37. Interface between the bearing Figure 6.38. A pistol oiler.
plate and moving carriage.

When Krytox oil is used as the pressurizing medium, the interface between the plate
and carriage is lubricated automatically by the oil. However, when CO, is used to
pressurize, an independent lubrication system must be provided. One way to lubricate
prior to an experiment with CO; is to make a sinusoidal movement of the moving
carriage in Krytox oil to let the oil flow into the gap between the carriage and the
bearing plate. However, it is laborious work to do the lubrication after filling the
whole rheometer. Instead, Krytox is applied on the top part of the gap between the
moving carriage and bearing plate using a pistol oiler (Fig. 6.38), and the sinusoidal

movement is then used to spread the oil.

6.4.4.7 Operating Software

The original operating software for the SPR was QuikTest™, developed by
EnduraTEC. QuikTest™ works in Dos™ environment and has 12-bit data acquisition;
for example, the resolution of stress, which ranges from -300 to +300 kPa, is
600 kPa/2'”=0.146 kPa. In the middle of the present study the operating software

was upgraded to WinTest™ to obtain higher data resolution. WinTest™ works in
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Windows™, has 15-bit data acquisition, and the resolution of stress is 600 kPa/
2"=0.018 kPa. The resolution of displacement of Wintest™ is also eight times that

of QuickTest™,

6.4.4.8 SST Housing with a Probe Positioner

To obtain an initial stress of zero at the experimental temperature and pressure,
the stress was tared in the operating software, but a large amount of taring was
found to cause a change in the gain and a loss of input range. For example, taring
100 kPa of stress decreases the calibration slope by 2% and the maximum stress
from 300 to 200 kPa. This problem arises from the fact that the capacitance probe
(Fig. 6.16) is fixed to the SST housing, so thermal expansion of the SST cannot be
compensated for. To eliminate this problem, a new SST housing with a probe
positioner was designed (Fig. 6.39). This housing allows one to adjust the position of
the probe by turning a screw adjustor, which is connected to the capacitance probe
by several gears and joints in the new housing. The screw adjustor is turned by use
of a screw driver that is extended (Fig. 6.40-b) to the outside of the oven through a
hole (Fig. 6.40-a) in the oven so as not to disturb the temperature in the oven.
Clockwise revolution moves the probe away from the SST target and increases the
stress reading. The screw adjustor is turned until a stress reading close to zero is
obtained, and then the stress is tared in the operating software. While the SST is
calibrated the cover plate of HPSPR must be open to allow the weight-hanging cable
access to the SST head (Fig. 6.17). This changes the access angle to the screw
adjustor, so that the straight screw driver cannot thus go through the hole. Rather
than making another hole in the oven wall, a universal joint is used to extend the

screw driver through the same hole (Fig. 6.41).
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6.5 Experiments

Samples are prepared by compression molding of a sheet at 165C. The sample
mold is an aluminum plate with a rectangular hole 10cmx18cm in size. The
thickness of the mold is 1.66mm. A sample is cut to be a strip of 1.5cmx8cm for
pure pressure studies or 0.8cmx8cm for a study at elevated pressure and with COx.

The experimental procedure varies with the pressurizing medium and the type of
control. For pressure only Krytox is used (Appendix 7 describes the detailed
experimental procedures.), and for the combined effect of pressure and concentration,
CO; is used as the pressurizing medium. The strain-controlled mode is used for

steady-state measurements, and stress control is used for creep measurements.

6.5.1 Steady-shear Test

First, experiments are performed in a Krytox environment to determine the stress
as a function of shear rate at a given temperature and pressure, and the viscosity is
calculated. The shift factors are obtained by shifting the stress curves onto the curve
at the reference state.

Second, experiments are performed in an SC-CO; environment. To confirm
saturation of CO; in the sample, time sweep experiments are performed at each
pressure prior to the shear-rate experiments. The saturation time obtained
experimentally is compared with that estimated from diffusion coefficient data. After
confirming the saturation time experimentally, a shear-rate sweep is performed at the
same conditions as those used with Krytox as the pressurizing fluid. This confirming
step is described in the section on diffusion. The shift factors are obtained in the

same manner as in the previous case.
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6.5.2 Creep Test

Using the controlled stress mode, a constant stress is applied, the resulting
displacement is monitored, and the creep compliance is calculated. The experimental
temperature and pressure for creep were the same as those for the steady-simple
shear tests. Experiments with Krytox are followed by measurements of the effect of

dissolved gas on the viscoelastic properties.

6.5.3 Foaming Studies

Foam is formed by suddenly relieving the pressure on the system following shear
deformation. The rheometer is then cooled and the resulting foamed structure
inspected and characterized, for example by scanning electron microscopy (SEM).
Since a proper method to collect the sample without disturbing the foamed structure
has not been developed, this topic was not investigated as part of this study.

One possible application is to study the effects of P, 7, C on foam structure. A
plastic sample could be placed not between the two plates but in the rheometer
(Fig. 6.42) and saturated with CO,. After saturating samples with CO,, the pressure
was suddenly released (— A P/ At=1MPa/s), and the samples were then removed as

quickly as possible. A foamed structure could be analyzed.

 Sample
Containers

Figure 6.42. Sample loading for study of foam
structure.
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Another application is to study the effect of foamed structure on viscosity. First a
sample between the two plate was saturated with CO,, then the pressure was
suddenly released, and finally the viscosity was measured. The effect of foaming or
gas bubbles on the viscosity could be determined by comparing viscosity data at 1
atm without CO,, those at 1 atm after foaming, and those at an elevated pressure

with dissolved CO,.

6.6 Diffusion of Supercritical Fluid in Polymer

To obtain reliable results, experiments must be carried out while the sample is
saturated with CO, at each pressure, as the rheometer does not have independent
control of pressure and gas concentration. The saturation process takes a long time,
as diffusion occurs only from the thin edges of the sample. The saturation time needs
to be estimated, and diffusion theory was used to make this estimate. The estimated
saturation time can also be used to select suitable polymers for experiments involving
dissolved gas. A polymer with too long a saturation time cannot be used because of

thermal degradation.

6.6.1 Diffusion Theory

When a diffusant permeates a polymer, the diffusion problem is modeled as
follows: the diffusant is first sorbed at the entering face and dissolves there, and
equilibrium is established between the two components until the gradient in the

chemical potential of the dissolving gas p, vanishes as discussed in Chapter 3.

6.6.2 Fick's Law of Diffusion

Fick's first law [47] states that the flux is proportional to the concentration

gradient at steady state:

F=-DvC (6.22)
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where 7 is the flux vector that gives the amount of substance diffusing across a unit
area in unit time, C is the concentration of diffusing substance, and D is the

diffusion coefficient. The x-component of the flux vector can be expressed as:

F, =—D(sC/oz) (6.24)

Fick's second law [47] describes unsteady-state diffusion:

oF  oF  OF
o0C = Oy z)z a(DaCDJr a(DaC)+ a(DaZQ (6.25)

5t \ oz 3y oz x> oy 8z

where C is a function of x, y, z, and ¢ This equation is similar to the heat
conduction equation, and Carslaw and Jaeger [48] describe its application to thermal
conduction. Crank and Park [49], Crank [50], and Hines and Maddox [51] cover
diffusion for many special cases.

It is sometime reported that D is a function of C, and this renders Eq. 6.25
solvable only by numerical methods. In practice, average values of D are tabulated
for use over given ranges of composition. If D is assumed to be independent of C,

Eq. 6.25 becomes

8z, y,z,t) ~D

620(1',y,z,t)+ 620(w,y,z,t)+ 8% Clx,y,2,t)
ot o

2 2 822

o (6.26)

for which analytical solutions are available. For the present application diffusion in
the z-direction does not occur because the thin sample is sandwiched between steel

plates.

6.6.2.1 Solution of the 1-D Fick's Equation

The analytical solution of Fick's equation in one-dimension (1-D) is discussed
prior to that in two-dimension (2-D), which is more general, because the solution in

1-D must be known to obtain that in 2-D. Since the width of the sample is less than
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its length (Fig. 6.43), diffusion is assumed to take place only in the x-direction, and

Eq. 6.26 simplifies to:

aC(z,t) :D{ BZC(a:,t)] 627)

ot 3;52

y r 3
Co,
-L L X
“T— Polymer
Co,
High pressure chamber High pressure chamber
Figure 6.43. Diffusion in Figure 6.44. Diffusion in x and
x-direction. y directions.

The region -L <x <L is initially at a uniform concentration: C(z,0)= C,, There is no
net diffusion in the center: aC(z)/6z =0 at =0, and the surfaces are kept at a
constant concentration: C[+ L(t),t]= C,. This is in fact a moving boundary problem
due to swelling, but the boundary is assumed to be fixed for simplification of the
solution: C(+ L,t) = C;. This will be examined further in section 6.6.2.4. Using the
intial and boundary conditions, the concentration at any point in the slab at time ¢ is

given by Eq. 6.28 [51]:

i (= [ —D(2n+ 1)%%}(:08 (2n+ )z
g 4L’ 2L (6.28)
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This equation can be rearranged to obtain the degree of saturation:

C(x,t)—q)zl_ii G Vil [—D(2n+1)27r2t}cos (2n+1)rz
c—c 7 P 4L? 2L (6.29)

1. C(.’L‘,t) 00_0
0 G- Gy (6.30)
mTa-c (6.31)

For the problem of interest ¢, is zero, and ¢ is the solubility S of the diffusant in
the polymer assuming instant local equilibrium at the interface. Then, Eq. 6.29

reduces to:

Cla,t)

s 1

4 i (—1)" — D(2n+1)°7t . (2n+1)nz
w2 omr1 P E Y7 (6.32)

n=0

The concentration in the center of the sample, C(0,7) can be used to indicate the

saturation time, because the center will be saturated last:

co,¢) =1—i§] (=1 eXlD[—D(zn+ 1)%%}

E (6.33)

The quantity C(0, #)/S is a measure of the level of saturation at time t. If M(¢) is the
total amount of diffusing substance absorbed by the sheet at time #, and M(w) is the
corresponding quantity after infinite time, these quantities can be obtained by

integrating the concentration over the width as follows:
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M(t) = f fLC(m,t)dx= 2 / OLc(x,t)dx
:25/5{1_%2 ;7-11)n exp[_ D(2n+1)27r2t}cos (2n+1)mz }dx

+1 AL 2L
< 8 D(@n+1)*7t }
=28L—28LY , —————exp|— —————
n;) @n+1)72 exp[ 47,2 (6.34)
M(o0) =1limM(t)=2SL (6.35)

t—c0

The quantity M(f)/M() is another measure of the level of saturation at time ¢ and is

given by Eq. 6.36:

[—D(2n+1)27r2t} 636)

Thus, the time required to reach a given saturation level in terms of C(0,¢t) or M(¢t)
can be estimated if D is known. However, the actual system (Fig. 6.44) is two

dimensional (2-D) and should not be reduced to 1-D problem without justification.

6.6.2.2 Solution of the 2-D Fick's Equation

The analytical solution of Fick's equation in 2-D is also known. Equation 6.26 for

2-D can be written as:

3C(I,y7t) =D 320(30,,%75) + 62C($7y7t)
2 2

6.37
ot oT oy (6.37)

and the boundary and intial conditions are:

B.C.1: C(£Lyt)=C;, t>0 (6.38)
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B.C2: Clatalit)=C, t>0 (6.39)
B.C3: 292Bt) g 4 5= (6.40)
B.C.4: ﬁc—(gf—’”w at y=0 (6.41)
I.C.: Clz,y,0)=G (6.42)

The solution of this type of problem is the product of the solutions of two,
one-variable equations [48, p.33]. Equations 6.28 and 6.32 through 6.36 with ¢,=¢
and Gy =0 for 2-D are given by Egs. 6.43 through 6.48:

Azyt)—C (4 & (1) —D(2n+1)*7%t 2n+1)rz
= —Z exp COS
G—G T i=o2n+1 4L? 2L (6.43)
14 i (—1)" —DEem+177% |  ©@m+1)ny '
T = 2m+1 eXp 4(aL)? o8 2a.L

— D(2n+1)%7 }COS (2n+ )z }

4(al)?

exp
S on+1 4,2 2L
n=0
4 & (=1 —D(@2m+1)*n* 2m+1)my 649
had -—E COSs
T = 2m+1 4(aL)? 2alL
(0,0,t) 4. & (-1)" — D(2n+1)%*7t
s 1 wngoznﬂe"p AL?
o m 9 5 (6.45)
><{4 $ (—1) exp[~D(2m+1)7rt”
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al L aL L
M) = / / Az, y,t)dzdy= 4/ / Az,y,t)dzdy
-7 0 0

- _ Den+ 1)%&”

=4SL2—45L2{ —_— ¢ [
¢ . o (2n+1)2#2 *P 4L°

3
I

o 8 _ D@m+1)7r% } }
2 Gt e"p[ 4(aL)? (6.46)
M(co) = }LrgM(t)z 45aL? (6.47)
M(t) _ _[i ox [—D(2n+1)2772t”
M(co) = enr 1y L 4L* (6.48)
><{ i 8 eXp[—D(Qm-i— 1)271%”
o (2m+1)%72 4(aL)?

The solutions of Egs. 6.45 and 6.48 can be represented by plots of €(0,0,¢t)/S or
M(t)/ M() versus dimensionless diffusion time, Dt/L?, and this plot can be used for
samples having any values of D, a, and L. From this chart, the time for a certain
level of saturation can be easily calculated for given D, a, and L. Figures 6.45 and
6.46 show these plots for various values of a. The increase of (0,0,t)/S delays in
the beginning (circle in Fig. 6.45), because it takes time for molecules to reach the

center.
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Figure 6.45. Relative concentration in the center of the polymer sheet.

o
oo

M(tYM ()

0 0.5 1 5 1.5 2
Dt/L

. Figure 6.46. Relative quantity absorbed by the polymer sheet.
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6.6.2.3 Effect of Length to Width Ratio on Saturation Time

Figure 6.45 shows that the curve of €(0,0,t)/§ with a=5 is almost the same as
the solution of the 1-D problem (a—), while Fig. 6.46 shows that this is not the
case for M(t)/M(x). The time for a certain level of saturation and Dt/L? for the
2-D case, where diffusion occurs in two directions, will always be less than that for
1-D, where diffusion takes place only in one direction. Thus, to treat the problem as
1-D for the case of M(t)/M(c0), the sample must be very narrow. However, for the
center plane concentration, the diffusion from nearer edge will be dominant, and
when g is only five, the problem can be reduced to 1-D. It is clearly shown in
Fig. 6.47, which shows [Dt/L%a)]/|Dt/L* )] versus a for 99% saturation, where
Dt/L%a) is the dimensionless diffusion time as a function of a, and Dt/L*x) is that
for the case of 1-D. The ratio [Dt/L%a)l/(Dt/L%* )] shows how close to the 1-D
problem the actual system is. For a> 5, this ratio does not change significantly for
concentration (dashed curve), but it does change for the absorbed amount (solid

curve). This indicates that samples with a>5 can be treated as 1-D, considering

1 1 P

C (0,0,t )/S =0.99 . ’ /

M (1) M (0)=0.99

o o
oo O

[Dt/L*(a)] / [Dt/L*()]

0.6

0.5

0.4 T e
1 5 10 100

a

Figure 6.47. Effect of a on 99% saturation time; Comparison of 1-D and 2-D solutions.
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saturation in terms of concentration, but only samples of ¢>100 can be considered to

be 1-D in terms of absorbed amount.

6.6.2.4 Moving Boundary

The boundaries for this problem were assumed to be fixed, but the actual
boundaries, which are then edges of the sample, move outward with time due to
swelling, and L thus increases with ¢. Equation 6.37 with moving boundaries will
predict a longer saturation time than that with fixed boundaries. A moving boundary
problem requires time-consuming numerical analysis, but it can be estimated from
solutions to problems with an unswollen fixed boundary and a totally swollen, fixed
boundary. The unswollen sample has dimension (L)(aL)(H), and for the totally
swollen sample these are (L')(al’)(H), where H is the height, ie., the gap between
the steel plates of the rheometer, L is the initial width of pure polymer sample,

LI'=1limL({t), V,

t— o P

s 1s the volume of pure polymer, and that of the swollen

polymer/CO, mixture is V,, = lim[L(t)aL(t)H(t)]. The linear swell factor k= L'/L
t— oo

can be obtained from the following relationships: V= (L)(aL)(H), and

V,,= (L)L’ )(H)= (kL)(akL)(H) = K’ V,,;. The equilibrium edge location after swelling

will be at;

, Vin
L'=kL= L

Voo (6.49)

The time response of fully swollen sample is slower than that unswollen by a factor
of & since time is proportional to L® times the dimensionless diffusion time. As
shown in Chap. 3, V,/V,, =115 and k= y1.15=1.07 at 18 MPa, ie. 7% linear
swell occurs. Using the above values Fig. 6.48 shows the results. The solution with
moving boundary will be between the solid (unswollen) and dashed (fully swollen)
curves, but there is no significant difference between the two solutions. The solution
to the unswollen problem was thus used for this study. Obviously, if the swelling is

severe, the moving boundary must be taken into account.



Chapter 6. Effects of Pressure, Temperature, and Concentration on Rheological Properties 159

1
0.8 |
O
=0.6 [
= |
E0.4 -
- HDPE, 180°C, 18 MPa
I a=5,L=0.8 cm
0.2 D=9%x10" cm%/s
k=1.07
0O b
0 60 120 180 240 300
¢t (min)

Figure 6.48. Effect of swollen boundary on the solutions of Fick's equation.

6.6.2.5 Estimate of the Saturation Time

One of the objectives of the diffusion study was to estimated the saturation time
to select suitable polymers for this study. Sato [52] reported that D for the HDPE
is arour‘1d 9x107 (cmz/s) at 180C and only a weak function of P. The sample
dimension is 1.6 cm x 8.0 cm, so that ¢=5, and L (half the sample width) is 0.8 cm.
Figure 6.49 shows that Dt/L® is 1.64 for M(t)/M(c0)=0.99 and 1.96 for
€(0,0,¢)/5=0.99. The corresponding times for 99% saturation are then 3.3 and 3.7 h,
respectively. Based on the estimated saturation time, HDPE was selected for the CO;
study. Polystyrene (PS) would require two days, because D of PS [53] is one tenth
that of HDPE. This polymer was not studied, despite its foaming applications,

because such a long period at high temperature would result in thermal degradation.
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Figure 6.49. Values of Dt/L? for 99% saturation with a=5 for HDPE.

6.6.3 Saturation Measurement Using the HPSPR

Another objective of the diffusion study was to estimate the saturation time before
starting shear experiments. The saturation time estimated by the model can be
compared with experimental viscosity data obtained using the HPSPR. Once a sample
is loaded, the viscosity near the center of the sample is measured by the SST as a
function of time after pressurization with CO,. Due to plasticization, the viscosity
decreases until the polymer is saturated with gas, and the viscosity change thus
indicates the level of saturation.

The viscosity (m) was measured every 20 min at 180°C, 18 MPa with CO,, and
v=0.63s"'. The first datum with CO, was measured at /=30 min, because after
loading a sample it takes this long for the system temperature to reach the set-point
temperature. The steady viscosity (®) was also measured at the same condition
without CO, in another experiment. Figure 6.50 shows the data, which show that
there is no significant viscosity decrease after four hours. This implies that the

viscosity measurements can safely begin four hours after loading a sample.
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Figure 6.50. Viscosity decrease with time.

The experimental viscosity saturation time and the predicted diffusion time should

be similar. To make this comparison, a relative viscosity is defined as:

n{c0)—n(0) (6.50)

where n(o) is the viscosity at saturation. This measure of the level of saturation is

qualitatively similar to €(0,0,t)/S and M(t)/M(cc) and has the following limiting

values:
ltijgl%(t):(’ (6.51)
limn,@)=1 (6.52)

t-—o00
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The concentration €(0,0,t) is an absolute measure of the saturation level, because it
is at the point that is saturated last, while the absorbed amount M(t) shows the
average level of saturation in the whole sample. The shear stress transducer of the
HPSPR measures the stress in the neighborhood of sample center. The behavior of
n(t) is thus expected to be between C(0,0,t) and M(t). The three measures of
saturation level are compared in Fig. 6.51. The approach of 5, to its limiting value
is a little slower than that of €(0,0,¢t)/S but otherwise quite similar. This discordance
can be explained by the uncertainty in the value of D and moving boundary. The
measurement of D is very difficult, and its value is more uncertain than those of the
other parameters, such as the solubility of the gas. If a lower value of D is used, the
predicted saturation will be slower, and the viscosity data will be between (0,0,t)
and M(t). For example, Fig. 6.52 shows the relationship between model and data
when D is set equal to 8x107° em?/s. This shows that the HPSPR can actually be

used to estimate the diffusion coefficient of a gas in molten polymer.
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Figure 6.51. Comparison between experimental data and model prediction
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6.6.4 Acceleration of Diffusion

To overcome the limitation of sample selection, a method to accelerate diffusion
was studied. The use of porous plates was considered to provide diffusion in the
z-direction, where the sample has its largest surface area, but the pores would be
clogged by polymer, and the saturation time could vary from one experiment to
another if the pores were not cleaned properly.

Another method that was discovered is to shear the sample while CO; is
dissolving. It was observed that the diffusion was enhanced by continuous sinusoidal
shearing (&) at 0.01 Hz with an amplitude of 0.1 mm (Fig. 6.53). The viscosity was
measured every 30 min, while the sample was continuously sheared. The viscosity
became constant after two hours, which is half the saturation time for the no
shearing case. The system is a creeping flow with Re ~0, which is reversible, and
CO; molecules in the polymer are not expected to convect due to the shearing
motion. Moreover, shearing occurs in the y-direction, and diffusion takes place
primarily in the x-direction. The small rearrangement of polymer chains by oscillatory
shearing may enhance the diffusion of CO, molecules. Using this procedure it might
be possible to study polystyrene. This phenomenon is very beneficial to extrusion
foaming, which has a very short residence time of gas. Figure 6.53 also shows that
shearing (A) at 0.06 Hz with a 0.1 mm amplitude initially enhances diffusion, but
the viscosity then falls steadily starting at =180 min. This implies that faster

shearing may rupture the sample or cause cavitation.
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Figure 6.53. Effect of oscillatory shearing on the viscosity decrease during absorption of
CO..

6.7 Results and Discussion
6.7.1 Reproducibility

In order to ensure the precision of data, all sensors were calibrated periodically. In
particular, the calibration of the stress transducer was verified regularly, but
adjustment was rarely required. In the middle of the study, the operating software
was upgraded from QuikTest™ to WinTest™. It was necessary to verify that the
results using both systems were in accord. As can be seen in Fig. 6.54, the
reproducibility of data obtained using both is satisfactory. Figure 6.55 shows the
reproducibility of data obtained at various times after applying CO; at set P for

samples assumed to be saturated with CO,. The data confirm that the samples were
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indeed saturated and that the viscosity had not changed five hours after pressurizing
with CO,.

At the reference temperature of 180°C shear-rate sweep tests were repeated four
times at atmospheric pressure. The maximum relative standard deviation was 5%. At
the other conditions, tests were repeated one to three times, and there was a

maximum 6% relative difference (RD):

highest —lowest

RD= X100
lowest 5 (6.53)
100 T
[ HDPE
170°C, 0.1 MPa
O - QuikTest-2003

# " X - WinTest-2003
_ LI +- QuikTest-2003
2 8 & = - QuikTest-2004
101 R
~ ®
& ]

®
®
L]
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!
1 —_— — ey e i
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Figure 6.54. Reproducibility before and after software change.
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Figure 6.55. Variation of 5 with time after applying CO..

6.7.2 Comparison between the Viscosity and Complex Viscosity

About half a century ago, Cox and Merz [54] compared viscosity data with
complex viscosity data for two polystyrenes. They reported that the apparent
viscosity n,4 measured in a capillary rheometer was nearly the same as the complex
viscosity. Specifically they found that the curve of 5, versus apparent shear ~,
seemed to be a smooth continuation of the [p*| versus w data on a double
logarithmic plot. As can be seen in Fig. 6.56, the ranges for the two data sets did
not overlap and are separated by a decade of shear rate or frequency. The often used

"Cox-Merz rule" is not what Cox and Merz originally suggested. Instead, it is:

In* (w=9)=n{) (6.54)
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pared to steady flow consistency, ().

Figure 6.56. The original Cox-Merz observation {54].

Kim [55] compared the complex viscosity at low frequencies with viscosity data
obtained using a capillary rheometer at high shear rates. He found that the relative
locations of the two curves varied with the polymer, but the order of magnitude was
the same. Smillo [56] and Xu [57] used the Schiimmer approximation [58] and the
original Cox-Merz idea to obtain no-slip viscosity curve for polybutadiene (PBD)
samples. The Schiimmer approximation is a procedure for determining the true

viscosity function from apparent viscosity data without the Rabinowitch correction:
¥ (0 = 7)l= 14 (v.) = n(z"¥) (6.55)

where n, and ~, are the apparent viscosity and shear rate obtained using a capillary
rheometer, and x~ is the shift factor. The first equality in Eq. 6.55 is the original
Cox-Melz relationship. Based on the above relationships, they found that they could
shift the viscosity versus shear-rate curve onto the complex viscosity versus
frequency curve by use of a constant shift factor of 0.83.

A similar analysis was performed for this study. Figure 6.57 compares viscosity
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versus shear-rate data with complex viscosity versus frequency data. The values of
viscosity (m) and complex viscosity () do not agree perfectly, but the order of
magnitude and shape of the two curves are very similar. The viscosity shows slightly
more shear thinning than the complex viscosity, and the two curves cross each other
at 1 s'. The shift factor of 0.83 was used, but the agreement between shifted
viscosity curve (A) and complex viscosity (@) was worse rather than better. Indeed,
the curvature of each data set is different, so it cannot be expected that the viscosity
curve will superpose onto the complex viscosity curve by shifting the entire curve on

a double logarithmic plot.
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Figure 6.57. Comparison of viscosity with complex viscosity.

However, since the agreement between the viscosity (m) and complex viscosity
(@) is fairly good, the "rule" was found to be quite useful. For example, the
shear-rate range for the viscosity measurements was experimentally found to be
0.1-40 s at 180°C and 0.1 MPa, while the range, estimated using the dynamic data
in section 5.4.4.4, was 0.1-50 s". For other temperatures, the predicted range was

shifted by the temperature shift factor, which was obtained from dynamic data, and
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found to work well. However, at elevated pressures with CO,, no prediction was

possible, because no shift factor was available a priori.

6.7.3 Model Fitting and Zero-Shear Viscosity

The Cross model was chosen to describe the viscosity data:

o

)= LD (6.56)

As mentioned in the previous chapter, the zero-shear viscosity could not be
determined directly from creep data, and an initial trial value was taken to be that at
the lowest attainable shear stress from the creep tests (Section 5.4.3). The
characteristic time A is the inverse of the shear rate at which the viscosity is half its
zero-shear value. Viscosity values from both creep and steady shear tests were fitted
to Eq. 6.56, and the result is shown in Fig. 6.58 for tests at 1 atm. The zero-shear

viscosity resulting from the curve fit was 38.0 kPa.s at 1807C.

100
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@ Simple Shear Data
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T T T T T T

0.00001 0.0001 0.001 0.01 0.1 1 10 100
|
Y(s)
Figure 6.58. Cross model fitting using data from creep and simple
shear tests.
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6.7.4 Effect of Pressure on Viscosity

Figure 6.59 shows the results of shear-rate sweep tests at 180C and at seven
pressures from 0.1 to 69 MPa. Data at 14 MPa are not shown to avoid confusion.

As is well known, the viscosity increases with pressure.
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| ® 36 MPa
= 18 MPa
| 4 11 MPa
x 0.1 MPa
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0.01 0.1 L 10 100
y(s)
Figure 6.59. Effect of pressure on the viscosity at 180TC.
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Pressure shift factors were determined in the same manner as for temperature. The
vertical shift factor, p7/p,T, simplifies to p(P)/p,(P,) at a constant temperature, but
since pressure has little effect on density (6% deviation over 70 MPa, Section
2.4.2.1), the vertical shift factor for pressure was neglected in this study. (The 7%
deviation over 50 degrees showed b,(7) is not necessary in Section 5.4.4.5.) The
horizontal pressure shift factor a, »(P) will be represented as ap(P) in the rest of
this thesis. Taking as reference values at P, (1 atm) the three parameters (n,, A, m)
determined from the atmospheric curve, stress versus shear-rate curves were shifted

along the horizontal, shear-rate axis by the factor q,(P), leading to a stress master
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curve:
o [q'/ap (P),Pl =0(v,P,)

The viscosity master curve version of the Cross model is Eq. 6.58:

n(;y,P) _ 770(P0)
@ (P) 1+ |)\(P0 )"yap (P)Im(PO)

The zero-shear viscosity at P is then given by:

1o (P) =1,(Py)a,(P)

(6.57)

(6.58)

(6.59)

Figure 6.60 shows the shifted result, and we see that the superposition was good.

This implies that HDPE exhibits piezorheological simplicity, ie. that the pressure

shift factor is independent of shear rate.
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Figure 6.60. Shifted viscosity using as(P), P,=0.1 MPa.
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Figure 6.61 shows the pressure shift factors versus pressure as well as the line

fitted to the Barus model:;

In[ap(P)]=B(P—F,) (6.60)

where g is the slope of In{ap(P)] versus (P-Pop), of which physical meaning is

pressure sensitivity of the viscosity and whose value is shown in Fig. 6.61.

1
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— _ [=15.4 GPa!
02t
0(;""""“""""': """""""""
0 10 20 30 40 50 60 70
P-P,(MPa)

Figure 6.61. Effect of pressure on pressure shift factor, P;=0.1 MPa.

6.7.5 Effect of Temperature on Viscosity and Comparison with Linear

Viscoelasticity Data

To obtain the temperature shift factor a,(7) for steady simple shear, shear-rate
sweep tests were performed at three temperatures from 170 to 200C, at atmospheric
pressure. Figure 6.62 shows the shifted result, and Fig. 6.63 shows the effect of

temperature on a,. The slope of the line in Fig. 6.63 is the activation energy (E,)
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and was found to be 25.2 kJ/mol. Theoretically, the shift factor should agree with
that from SAOS data (Section 5.4.4.5). The shift factor from SAOS is 1.8% larger
than that from the simple shear tests at 200°C. This deviation is within the
experimental error range of 6% (Section 6.7.1). Considering that quite different
apparatuses and fitting models (the Cross and the Yasuda models) were used, the

deviation is deemed to be negligible.
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Figure 6.62. Shifted viscosity data using ar, To=180TC.
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Figure 6.63. Comparison of the temperature shift factors from steady
shear and dynamic tests at 1 atm, To=180C.

6.7.6 Relative Influence of 7 and P

The effect of temperature on the viscosity is similar to that of pressure but in the
opposite direction, and the relative influence of the two variables can be described by
noting the change in temperature required to change the viscosity by the same

amount as a prescribed change in pressure:

(g%)no (6.61)

The effects of pressure and temperature on viscosity can be modeled using the
simple Barus and Arrhenius exponential equations. If these two effects are assumed

to be separable:
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f’e(i_i)
T T eﬁ(P— Fy)

(T, P) =1 (Ty, Py)e ™ (6.62)

By taking the derivative of both sides of Eq. 6.62, the following expressions are

obtained;

[3770(731’)} o (T.P) Ef(%"%) p(P- Py
op |, T To)be ¢ (6.63)
Elt1 1
[6770(]:P)} - nO(T(')’PO)Ea67(7_?0)65(13_})0)
oT |, RT? (6.64)

The zero-shear viscosity (Eq. 6.62) is a function of temperature and pressure as

follows:
My (3770)
d =(——— dT+\|—=| dP
b\aT), oP|r (6.65)
To give no change in the viscosity as:
dny=0 (6.66)

Eq. 6.65 is reduced to:

17} ad
28] ar+ 28] ap=o
0T |p oP |y (6.67)

and

57,35

P (6.68)

The final equation can be obtained by combining Egs. 6.63, 6.64, and 6.68 as:
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T? (K/MPa)

or E, (6.69)

(aT) _Rp
o
which shows that the relative influence depends only on temperature (Fig. 6.64). The

function (87/0P), 1) implies how much temperature should increase for an increase

of pressure to keep the same viscosity, and the higher the value of this function, the
greater the sensitivity to pressure. Figure 6.64 shows that the relative sensitivity of
the viscosity on pressure increases with temperature with g=154GPa ' and
E,=27.5kJ/mol. For example, the value at 170C is 0.91°C/MPa, and that at 190TC
is 1.00C/MPa. This implies that an increase in pressure of 1 MPa has the same
effect on the viscosity as a reduction in temperature of 0.91°C around 170C, and
1.00C around 190°C, respectively. Cogswell [59, p.45] reported the following for
HDPE:

(A—T) =0.42 C/MPa
7

AP (6.70)

which is about one half the value from this work.

Figure 6.64. Relative influence of

170 175 180 185 190 temperature and pressure on the

viscosity as a  function of
temperature.

1) Since pressure and temperature affect the viscosity in the opposite direction, this function seems
to be negative. However, to compensate the effect of one variable on the viscosity, the other
must change in the same direction, and this function is thus positive.
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6.7.7 Combined Effects of Pressure and CO; on viscosity

Shear-rate sweeps were carried out at five pressures under CO, at 180TC.
Saturation was confirmed by the constancy of the viscosity with time. The viscosity
versus shear-rate data are shown in Fig. 6.65. Data without CO, are also shown for
comparison, but data for 14 MPa are omitted to avoid confusion. Open symbols are
for samples saturated with CO,. While pressure alone increases the viscosity, pressure
plus dissolved CO; has the opposite effect even at a given pressure. This results
from plasticization by the CO,. For example, the data at 11 MPa (A) are slightly
higher than those at 1 atm (*), while these with CO; at 11 MPa (4A) are well below
the atmospheric pressure points. The effect of CO, is clearly very large, because it
not only compensates for the increase of viscosity due to pressure, but also decreases
the viscosity below its value at atmospheric pressure. One aspect that should be

noted is that the curve at 52 MPa with CO; (+) and that at 36 MPa (x) are very
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Figure 6.65. Effects of pressure and CO; on the viscosity versus shear rate curve.
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similar. This implies that the effect of increasing the pressure from 36 to 52 MPa is
exactly balanced by the plasticization effect of the CO,, and the viscosity cannot be
decreased further by increasing the CO; pressure above 36 MPa. However, it is not
clear to see if the viscosity at 52 MPa remains the same, i.e., the saturated viscosity,
at higher pressures, or if the viscosity would increase at pressure higher than 52 MPa.

The data were shifted to form a master curve. While the vertical shift for pressure
was not used, the vertical shift for concentration must be taken into account, as it
was shown to be a strong function of concentration in Chapter 3. Figure 3.10 shows

there is a 28% decrease over 34 MPa. Equation 6.71 defines this shift factor:

Gt (P, C)

b ol C) = Ppot (Fp) (6.71)

where G, (P,C)=W,,/V,, (P,C), and p,,(P)= W,,/V,,(P)). The effect of the
vertical factor was shown by comparing two cases with and without the vertical shift

factor.

0.7
0 5. 10 15 20 25 30 35

P (MPa)

Figure 3.10. Effect of pressure on the concentration vertical shift factor
HDPE 180TC.
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To obtain pressure and concentration shift factor, the Cross model of stress was
used. The master curve of the model with both horizontal and vertical shift factors
is:

oy, P,0) _ o (Po);Y
ap, (P, CObp (P,C) 1 +APap P, Cwm(p@

(6.72)

where ap (P, C) is the combined pressure and concentration shift factor not ignoring
bp o(P,C), which is assumed to be 5.(C) due to little effect of P on density, while

the master curve equation with only a horizontal shift factor is:

U(’.%RC) — nO(PO)7
4 rclBC) 14 A(Bay p o2 O™

(6.73)

where q; p o(P,C) is the combined pressure and CO; concentration shift factor
ignoring the vertical shift factor. The concentration C is the solubility of CO; at P
for the data of this project. Figure 6.66 shows the shifting procedure for the case
with b,(C). The original stress data (A) were shifted (m) vertically by b.(C), and
then shifted () horizontally determining ap (P, C).

100 T !
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>

® 34 (/b versus Yap ()

<,4_’r<.--_bc(c) ® 34 (o /b, versus 7 )
/oA .
apc(P,C) A 34 (o versus ¥ )
01 1 10 100

. . -1
7/ or }/apvc (S )
Figure 6.66. Procedure of vertical and horizontal shift of stress data.
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The viscosity master curve of the Cross model with both horizontal and vertical

shift factors is;

PO _ o (Fy)
ar. ol e o) 1Ay, (P, O™

(6.74)

while the viscosity master curve equation with only a horizontal shift factor is:

77(’YaP,C) — nO(PO)
al,P,C'(‘P’ C’) 1+|>\(P0)a,1,P’C(P, C');yim(Po)

(6.75)

Figures 6.67 and 6.68 show the shifted results of the viscosity, and it can be
observed that the shifted data with the vertical shift factor (Fig. 6.67) is slightly
better than those without the vertical shift factor in Fig. 6.68, which shows that data
(ellipses in Fig. 6.68) at low and high shear rates are more scattered than those in
Fig. 6.67. This difference can be studied by analyzing the error sum for the

regression, which is defined as:

182

j=1li=1

—

(6.76)

where o is a datum of stress, o,,, is a model-predicted stress, i is the shear-rate

P
index, j is the pressure and concentration index, N is the number of data sets of one
shear-rate sweep, and M is the number of conditions (P;,C;). The sum S for the case
with 5.(C) is 11.1, and that ignoring b.(C) is 12.2. Thus, the shift with 5,(C)
shows a 10% better shifted result than that without b,(C). Further analysis was

carried out only with ap o(P,C) and b,(0).
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Figure 6.67. Viscosity shifted using both horizontal and vertical shift factors for
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CO; concentration. No vertical shift was used for the pure pressure effect.
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Figure 6.68. Viscosity shifted using only a horizontal shift factor for CO;
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Figure 6.69 shows the two shift factors as functions of pressure. As mentioned
before, to study the effect of CO, at constant pressure, it is assumed that effects of

pressure and CO, are separable, i.e. ap (P, C)=ap(P)ac(0):

ni(?—%= ap, o P, O C) = ap(P)a (O (C) (6.77)

where a-(C) is a horizontal concentration shift factor and assumed to be calculated

from ap (P, C):

aclC) = ap P,C)/ap(P) (6.78)
0.4
I ® a
%\ 0% — Barus Model
2 T g, -b
] . PCYC
ho ~_ apcbhbc
g 04 m at saturation concentration
= .
08 T
...... -
| HDPE 180°C
1.2 e
0 5 10 15 20 25 30 35
P-PO (MPa)
Figure 6.69. Shift factors as functions of pressure.
The concentration shift factor a.(C)b-(C) can thus be obtained as:
ac{Ob(C) = ap (P, O (O)/ap(P) (6.79)

where all terms on the right hand side are data, and ap(P) is the shift factor ignoring

bp(P). The quantity a-(C)b-(C) represents a pressure-independent ratio of zero-shear
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viscosity at C and Co:

a O (C) = (6.80)
where Cy is zero for this study. The Fujita-Kishimoto (F-K) model [60] was used to
describe the effect of CO; concentration alone. This model is an analog of the WLF

equation based on the free volume theory:

—AC

ln[ o (C) _
T B+C (6.81)

———770 (Oo) }z lnaC(C')

where Cp is the reference concentration, and A in the units of reciprocal
concentration and B in the units of concentration are fitting constants. However, they
did not include b, explicitly in the model (Section 4.1.5).

Since the free volume theory models the ratio of the viscosity, b, was included in

the following model in this study:

770(6’) —A'C
In|——~ =!I b =—
n[’?o(cé)} "loc Pl A= 57 5 (6.82)
where Cp is zero. Equation 6.82 can be rewritten as:
! __ B 1 1
ln[aC(C)bC(C)] A C A (6.83)

where A’ and B’ are fitting constants. According to Eq. 6.83 a plot of
1/In [ao(Cb(C)] versus 1/C should be a straight line with a slope of -B/A’ and an
intercept of -1/4', and such a plot is shown in Fig. 6.70. Figure 6.71 shows the two
shift factors as functions of concentration along with the prediction of Eq. 6.82 with
A" = 235 and B' = 0.23. It is clear that the free volume model can describe the

effect of concentration. From this, it may be inferred that CO, molecules increase the
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free volume of the polymer. In plastics processing, the polymer is generally not

saturated, so for practical applications independent shift factors for pressure and

concentration are required.
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Figure 6.70. Effect of concentration on the
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6.7.8 Comparison between Effects of CO, and N, on Viscosity

Figure 6.72 shows a comparison between effects of CO, and N, on the viscosity
at 18 MPa. The decrease of the viscosity due to N, (e) doubles the increase due to
pure pressure (4), and the data with N, (e) are slightly lower than those at 1 atm
(o) while these with CO, (®) are much below the atmospheric pressure points. The
effect of N is clearly much less than that of CO,, because the solubility of N, is
only one tenth that of CO, [52]. Figure 6.73 shows the differences between effects
of CO; and N, at 34 MPa. Unlike results at 18 MPa, the data with N, () are the
same as those at 1 atm (O) while these with CO, (@) are well below the atmospheric
data. The increase of the viscosity due to pure pressure can be exactly compensated
by the plasticization effect of N, at 34 MPa, and the relative effect of N, to pressure
at 34 MPa is less than that at 18 MPa. Further increase of N, pressure may bring
the viscosity curve above the atmospheric curve, i.e., the plasticization effect of N
cannot fully compensate the effect of pressure. Nitrogen has not only a much less

effect on the viscosity than CO, but also a different effect relative to pressure.
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Figure 6.72. Comparison between effects of CO, and N, on viscosity at 18 MPa.
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Figure 6.73. Comparison between effects of CO, and N; on viscosity at 34 MPa.

6.7.9 Effects of Pressure and CO; on the Stress Growth Function

Pressure and concentration affect rheological properties as is illustrated in
Fig. 6.74, and to study the effects of pressure and CO; on the stress growth function
0" =o(y,t), either shear rate or steady-state stress should be fixed (Fig. 6.75). Both
approaches (Section 6.7.9.1) are described in this section. Stress growth data are
usually reported as 5" (t,7) = ¢ (t,4)/4, but the normalization by shear rate does not
provide a good description of the pressure effect, so the stress itself was used in this
work. The first approach is to compare normalized ¢* (t)/o* (o) curves generated at
the same shear rate for various values of P and C. The vertical shift of stress was

not considered because this factor will be canceled out by the normalizing stress:

o (t)/bg _ o'
o (0)/by o (o) (6.84)
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The second (Section 6.7.9.2) is to compare o* (t)/b, curves for the same steady-state
stress [0+ (0 )/bs] for various values of P and C. The second case is similar to a

creep test, in which stress is constant, but o*(c0) is not controlled directly in the

strain-controlled mode. After varying the shear rate at fixed values P and C, o* (t)/b,
curves giving similar values of " ()/b, were selected for comparison. Only one set

of curves was found to satisfy this criterion.

o (t,y), o(0,7), 0¥ (1, 7)

7}’ Z‘SS" ZLS

Figure 6.74. Effects of pressure and CO; on stress
growth behavior.

0 .= (Vo). 45, 10" @)
2) _»(AO;v /b peolssst S)a+(oo)/bc

Figure 6.75. Two approaches for describing the effects
of pressure and CO, on stress growth behavior.

6.7.9.1 Stress Growth Function at Same Shear Rate

Figure 6.76 shows the effect of pressure on o*(¢t) at a shear rate of 25 s .

Pressure increases the maximum stress og=o0'(ty) and the overshoot

Ac,,=0"(tg)—c" (o) at a given shear-rate, while CO, decreases these.



Chapter 6. Effects of Pressure, Temperature, and Concentration on Rheological Properties

189

120
[ 69 MPa No CO,
100 T
< ! 36 MPa No CO,
& 80 _: ST 3y 41 S At e
N’ [
= N 0.1 MPa No CO,
bt 60 T
b | § s e, 18 MPa+CO;
} 36 MPa + CO,
20
- t HDPE 255’
i S
0!IVV:I\Vl:lllv:!l!l{lVlv:lrll

0 0.1 0.2 0.3 0.4 0.5 0.6

t (s)

Figure 6.76. Effects of pressure and CO, on the stress

growth function at 25 s™ and 180°<C.

It was found that a master curve could be made if o*(t) was normalized by

0" (o) to give o7 (t)/o" (o) (Fig. 6.77). Thus, at a constant shear rate, the variation
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Figure 6.77. Normalized stress growth function at 25 s™ at 180C.



Chapter 6. Effects of Pressure, Temperature, and Concentration on Rheological Properties 190

of 67 (t)/o" (c0) with ¢, the time to reach the maximum stress (t;), and the time to
reach steady stress (tgs) are all unaffected by CO; and pressure. These responses are
affected only by the shear-rate. One implication of this is that at a given shear rate,
the relative magnitude of the stress overshoot As,, /o (o) does not vary with
pressure, and the following relationship is valid with no horizontal ap . shift:

[ o (t, ) w :{ ot (t,P,C) }

ot (o0, Py) 0" (00, P,C) (6.85)

At a low shear rate of 0.63 s”', the same result can be seen in Fig. 6.76, except that
the signal is noisy because of the low stress level. This behavior may be valid only
for a linear polyethylene. Park [5] reported that pressure increases Ao,,/o" (oo) for
a long-chain branched metallocene polyethylene (BmPE). His plots of nonlinear
viscosity are shown in Figs. 6.79, which shows that the atmospheric curve does not
have an overshoot, and 6.80. Thus, the effect of pressure on the stress growth

function provides evidence of long-chain branching.
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Figure 6.78. Normalized stress growth function at 0.63 s
and 180C.
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Figure 6.79. Pressure dependence of the stress growth
function of BmPE at 0.27 s and 170°C [5].
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6.7.9.2 Stress Growth Function with Same Steady-state Stress

Figure 6.81 shows o" (P, C;t)/bo(C) curves for several shear rates that lead to the
same steady-state stress. We see that pressure delays the response, while CO»
accelerates it. This implies that a longer time is required to achieve the overshoot
and steady state at elevated pressure, and less time is needed with CO,, at a given
pressure.

Because the shear rate varies, it is necessary to shift the time response using the
shift factor obtained from viscosity measurements. Figure 6.82 shows the superposed
curve. The early stage of superposition is not perfect, but other time responses, such
as tg, and tgs, seem to be superposable. The following relationships can thus be

established;

[tS(Po)]g+(oo,P0) = [tS(P7 CD/G‘P, C(P7 ®]0+(W,P,@/bc(@ (7 Varies) (686)

[tSS(PO)]g+(oo,PO) = [tSS(P7 Cv)/aP,C’(P7 ®]0+(w,P,@/bA@ (7 varies) (687)

where o" (c0,P)) =0" (0, P,C)/b(C), and the magnitude of the stress overshoot Aoc,,

is affected only slightly by pressure or COxs:

[AUOU(PO)]U‘*'(OO’PO) = [AUOU (P’ @/b0(®]0+(w,P,@ /b AC) (688)

The creep test is preferable to study the effects of pressure and CO; on

viscoelasticity at a constant stress, and creep data are presented in the next section.
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6.7.10 Effects of Pressure and Concentration on Nonlinear Creep
Compliance

6.7.10.1 Effect of Stress on Creep Compliance

The HPSPR system was used to make creep tests. First creep measurements were
performed at several stresses at atmospheric pressure and at 180C. Figure 6.83
shows the effect of stress on the creep compliance. The curves of 4 and 10 kPa were
obtained by use of the HPSPR, and the curves with 3 and 20 Pa were obtained using
the SR5000. The inset has expanded scales to show the short time behavior, which
follows linear viscoelasticity. The compliance and steady-state shear rate should
increase with stress, but the 3 Pa curve does not seems to exhibit this behavior.
However, if the compliance is tracked to longer times, the expected behavior is
observed. Thus the compliances at 3 and 20 Pa did not reach their steady states in
30s and were still curving. The data for 3 Pa cross over those for 20 Pa around
1700s (ellipse in Fig. 6.84) and eventually show the lowest slope as expected. The

curves at 4 and 10 kPa are not shown, because the creep time was less than 1 min.
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2 -
= 0
25!
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~
1 -
SR5000
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0 . S R

0 5 10 15 20 25 30

® "
Figure 6.83

. Effect of stress on J(f) for a short time.
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When the stress is above 10 kPa, the actuator system becomes unstable, and a
reproducible compliance curve cannot not be obtained. This arises from the difficulty

of using a feedback-loop based on the signal from the shear stress transducer.

100 o
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0 |

20 |
HDPE 180°C, 0.1 MPa
10

0 600 1200 1800 2400 3000 3600
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Figure 6.84. Effect of stress on J(f) for a long time.

6.7.10.2 Effects of Pressure and CO; on Creep Compliance

Creep tests were carried out at 0.1 and 69 MPa without CO; and at 18 MPa with
CO; at a stress of 4 kPa. Figure 6.85 shows that pressure delays the time response
of the compliance, and CO; has the inverse effect. The viscosity and shear-rate were
calculated from the slope of the compliance curve at steady-state, and the viscosity
was found to match that from steady shear tests. Considering the difficulties of creep
experiments, this agreement shows that the system can be used for creep tests with
or without CO, at elevated pressure. Figure 6.86 shows the shifted creep compliance
using pressure- and concentration-shift factors. The data at 18 MPa with CO; had to

‘ be shifted vertically using b,, which pushes down the curve, and then shifted



Chapter 6. Effects of Pressure, Temperature, and Concentration on Rheological Properties

196

J (1/kPa)

1.2

0.8

0.6

0.4

0.2

[

I 18 MPa + CO,
T

|
ﬁ[_ HDPE 180°C

o =4KkPa
_*i L ; Ll : I ‘ Ll 1 : | : it } | : il : L ]J+|

0 2 4 6 8 10 12 14 16 18 20

t (s)

Figure 6.85. Creep compliances at different conditions with stress
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horizontally by ap ., which pulls the curve to the right. There is a small discrepancy,
but the shifted curve seems to be reasonable considering the difficulty of the creep

tests. The shifted creep curve can be formulated as follows:

J(O',Po,t) = J[O',P, C;t/ap,c(Pv m]bc(@ (689)

If a protocol for tuning the control parameters can be established, it would be

preferable to use creep tests at various pressures to determine the shift factors.

6.7.10.3 Effects of Pressure and CO; on Steady-State Compliance
To determine the effects of P and C on the steady-state compliance, the linear
part of the compliance curve was extended to the y-axis, and the intercept was
obtained (Fig. 6.85). Table 6.5 shows there is little effect of a pressure of 69 MPa,
and a 20% increase at 18 MPa with CO,. Because HDPE melt is not very elastic J;

is close to zero.

Table 6.5. Effects of pressure and concentration on the steady-state compliance.

0.1 MPa, No CO; | 69 MPa, No CO; | 18 MPa with CO,

Js (10%/kPa) 6.0 5.9 7.3

It is clear that Jg is a very week function of P and depends only on C if the
creep compliances at P and (P,C) are superposable using shift factors. The linear part
of the creep curve at P, is described by Eq. 6.90 (The detailed procedure is given
in Appendix 8.):

1

A0 =Syt ) (6.90)

Those at P and (P,C) are given by Egs. 6.91 and 6.92:
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1 t

J(P) = T](PO) CLP(P) +JS(P0)
1
= mt‘f‘JS(P) (691)
! t
AP, O)bolC) = 1(Fy) ap (P, C) J5(0%) (6.92)
Equation 6.92 can be rewritten to give:
1 t Js(By)
ARO= i) o P O @ 340
(P C) BT sBO (6.93)

Based on Egs. 6.91 and 6.93, the following relationships at the same stress can be

derived;

1(P)=n(F,)ap(P) (6.94)
(P, C) =n(Pyap P, Cb(C) (6.95)
Js(P)= Jy(P,) (6.96)

Js(P, C) = Js(Py)/b(O) (6.97)

Equations 6.94 and 6.95 show the dependency of viscosity on P and C. Equations
6.96 and 6.97 reveal that the steady-state compliance J; is a function of the vertical
shift factor but is not that of pressure. For example, b,(18MPa)=0.87, and the
predicted steady state compliance is J4(P,C)=6x10"%/0.87=6.9x10" % (kPa~'). This
value is close to the value in Table 6.5. This is similar to the effect temperature on
J¢. The steady-state compliance of a highly entangled monodisperse polymer is

inversely proportional to (p7) [9]:
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L= forM> M, (4.50)

As was discussed in Chapter 5, p(7)T changes little with 7" and has little effect on
n, and Jo should thus be a very weak function of temperature. If the vertical shift

factors are not ignored, for a system with thermo- and piezo-rheological simplicity,

Js would shift as follows with 7, P, and C:

J T, P,
SR bz:(c((;’,fg,)a (6.98)
Based on Eq. 6.97 and b, <1, Jy; will increase by swelling, which decreases the
number of viscous and elastic elements in the unit volume [61]. This might seems
to be imply contradictory considering that J; shows elastic property. However, the
prediction by the Maxwell model shows that dilution, i.e., fewer elements in the unit
volume, decreases the viscosity and increases the steady-state compliance. This was

shown using the Maxwell model in Appendix 9.
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6.7.11 Foaming Studies

To study the foamed structures in detail, experimental data at many conditions are
required, because the structure is affected by the shape and distribution of gas
bubbles, the concentration of gas, surface tension, and the nonlinear behavior of the
polymer. To control the structure of a cell, not only A P but also AP/At should be
controlled, but the present system controls only A P. However, the purpose of this

section is to show the potential application of the HPSPR based on limited data.

6.7.11.1 Images of Foamed Structure

Figures 6.87 and 6.88 are images of the foamed structures of the HDPE and of
a long-chain branched metallocene polyethylene (BmPE) with A7, =89 kg/mol,
M,/M, =2.3, and LCB/10°C=0.062 (AP=18MPa and — AP/ At=1MPa/s). By use
of a Nikon Eclipse E800 optical microscope, these images were taken through the
raw surface without fracturing. Both have irregular shape and size distributions of
gas bubbles. However, BmPE has smaller and more bubbles than HDPE, and this
results from the LCB. For comparison, an elastomer was also foamed. A
polybutadiene (PBD) with M, =78kg/mol and M,/M, =1.04 supplied by Firestone
was used. By use of a Jeol JSM 840 SEM, an image was made after fracturing the
sample in liquid N, at -196C and coating it with gold/palladium. The foamed PBD
sample did not flow at room temperature, and the structure did not change during
taking SEM pictures. Figure 6.89 shows that the foamed PBD has more and regular
cells than HDPE and BmPE. The fraction of void volume is also a larger than that
of HDPE and BmPE to give low density and large cushion, which arises from the
internal wrinkle structure on bores (Fig. 6.90). These aspects result from the elasticity

of PBD.
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Figure 6.87. Foamed structure of HDPE by optical microscopy. Image through ra
surface, AP=18MPa; — AP/At=1MPa/s.

x4 300 pm — bk

Flgure 688 Foamed structure of BmPE by optical microscopy. Image through raw

surface, AP=18MPa; — AP/At=1MPa/s.
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SEI 10.0kV x150 50um |—| §
Figure 690 Extended foamed structure of PBD (rectangle in F|g 6.89) by

’ SEM. Image on the fractured surface, AP=18MPa;— AP/At=1MPa/s.
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6.7.11.2 Effect of Foamed Structure on Viscosity

After saturating a new sample with CO, without shearing at 18 MPa, the pressure
was suddenly released (A P= 18 MPa and — AP/ At=1MPa/s) to foam the sample,
and the sample was then sheared at 0.4, 1.6, and 6.3 s Figure 6.91 shows that a
steady-state stress was not obtained at 6.3 s” due to flow instability, which may arise
from the foamed structure with the strain history imposed by the two previous shear
deformations or at the high shear rate. The bubble structure may collapse due to

rupture.
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Figure 6.91. Flow instability due to foamed structure, strain
history, and high shear rate.

Figure 6.92 shows the effect of foaming on the viscosity. The triangles are
atmospheric data, and diamonds are data at a pressure of 18 MPa with CO,. To
obtain pressure-independent curve with CO,, ap(18 MPa) was used to shift the curve
at 18 MPa with CO,, and the squares are the shifted data, which are pressure
independent. Circles show the viscosity with gas bubbles in the sample. The latter
two samples are assumed to contain the same amount of CO,, which is the solubility

(0-15 gCO,/gHDPE), and the points show the viscosity at 1 atm. Dissolved CO, (m)
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reduced the pure polymer viscosity at 1 atm (A) by half, and CO, bubbles (o)
reduced the viscosity of sample with dissolved gas (m) by half again. To model the
effect of the foamed structure on the viscosity, more data are required, and a new

sample must be used for each shear rate to obtain strain-history-independent data.
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Figure 6.92. Effects of dissolved CO, and foam on viscosity.

6.8 Conclusions

The zero-shear viscosity was determined by the Cross model fitting using
viscosity data obtained from creep tests and steady simple shear tests. A new
system was developed to study the effects of pressure and CO; on the rheological
properties of molten polymers. This system was evaluated using several types of
measurement. The reproducibility was found to be excellent. Saturation with CO,

was confirmed experimentally, and the saturation time agreed with that predicted
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using Fick's diffusion equation. The effects of pressure and CO> on the viscosity
were measured, and shift factors were determined. Pressure slows viscoelastic
responses at the same steady stress, while CO, accelerates these. However, those
depend on pressure little at the same shear rate. A vertical shift factor for
concentration was found to be necessary to build a master curve. The shift factors
obtained were found to be valid for other rheological properties, such as the stress
growth function and creep compliance. The steady-state compliance was found to be
independent of pressure but dependent of the concentration of CO,. To establish the
effect of CO, at constant pressure, shift factors for pressure and CO, concentration
were assumed to be separable. The Fujita-Kishimoto free volume model was found
to describe the CO, concentration shift factor. The temperature shift factors obtained
by shear-rate sweep and SAOS tests were compared and found to be practically
identical. Nitrogen shows much less effect on the viscosity than CO, and a different
effect relative to pressure. The HPSPR can make polymeric foams, and the image of
the structure can be obtained using an optical microscope and SEM. The viscosity
of a sample with CO, bubbles is about half that of a sample saturated with the

same amount of CO,.
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7. Effect of Molecular Structure on Temperature
and Pressure Sensitivity of Viscosity

7.1 Introduction

In recent decades, much has been learned about the effect of molecular structure
on rheological properties. A major subject of interest is the effect of long-chain
branching (LCB), which is very strong, whereas short-chain branching (SCB) has
been known to have little effect. Miinstedt et al. [1] reported that LCB in polystyrene
(PS) has little effect on temperature sensitivity, while LCB in PE has a large effect.
Thus, in addition to LCB, a large side group such as a benzene ring can also
enhance temperature sensitivity. To observe the effects of LCB, SCB, and a benzene
side group, several polymers were chosen for this project. The major features of
interest were the pressure and temperature sensitivities of the viscosity. These effects
are described by shift factors, ap(P) and a,(7) as function of P or T, the higher the

slope of the function, the stronger the dependency of the viscosity on P or T.

7.2 Materials

Four PEs, one PP, and two PSs were chosen for this study. The HDPE is thought
to be purely linear with no side group. A linear, low-density PE (LLDPE), a linear
metallocene PE (LmPE), and a slightly long-chain branched metallocene PE (BmPE)
also have short-chain branching. A PP has methyl side groups on every second
back-bone carbon and is also treated here as a short-chain branched linear PE. A
linear PS (LPS) and a star PS (BPS) were also studied. The basic properties of the
LLDPE, LmPE, and BmPE were reported by Kim [2], and those of LPS and BPS
have been reported by Ferri and Lomellini [3]. The properties of all these materials

are shown in Table 7.1.
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Table 7.1. Physical properties of the materials studied, 1 atm.

Code ori(g:i(r)l(zlj liir"ceilteure Manufacturer (oTé") (%) (k]g\;[rvgol) M,/M,,|Comonomer|L.CB/10°C
HDPE HDPE Japan Polyolefins| 133 111 | 13.6 0
LLDPE LLDPE Dow Chem. |126 120 3.8 Octene 0
LmPE L-mPE-3 Exxon 105 109 2.3 Butene 0
BmPE B-mPE-3 Dow Chem. |104 89 23 Octene 0.062
PP PP Dow Chem. |163 367 4.7 0
LPS X1 100| 185 1.7 0
BPS X5 101| 868 3.6 0.33

7.3 Experiments

For the effect of pressure, viscosity data n(y,P) were acquired by use of the
HPSPR as described in the previous chapter. Data for HDPE, PP, LPS, and BPS
were determined in this study, and data for LLDPE, LmPE, and BmPE were
obtained in an earlier study by Park [4]. The effect of temperature on |p*(w,7)| was
determined using SAOS tests at 1 atm. Data for HDPE, PP, LPS, and BPS were
obtained in this work. Experiments on LLDPE, LmPE, and BmPE were carried out
by Kim [2]. After shear-rate or frequency sweep tests were done, the data were fitted
to the Cross or Yasuda models, and the stress data were shifted to the reference
curve for the reference temperature and pressure to determine the pressure and
temperature shift factors. The dependency of ap(P) on P and of ar(7) on T were
determined by use of the Barus, Arrhenius, and WLF equations. The operating
conditions and models used are summarized in Table 7.2. It was assumed that the
shift factors for temperature and pressure are independent, and this yielded excellent

superpositions.
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Table 7.2. Molecular structures, models, and test conditions.

Model and Test Conditions
[data source] (data from this study if not specified.)

D} Code Side group Effect of P (P=0.IMPa) | Effect of T (Ty=highest test T)

n(y,P)|ap(P)| PMPa), T(C) |*(w, D ar(T) |1 atm, T(C)
1 | HDPE None Cross | Barus | 0.1-69, 180 Yasuda |Arrhenius| 160-210
2 [LLDPE| A few hexyl group | " [4] | " | 0.1-69, 170 C[r;]SS " 150-200

C
3 |LmPE| A few ethyl group | " [4] | “ | 0.1-69, 170 [r;’]ss " 130-170
A few hexyl group | , . Yasuda "
4 | BmPE & very few LCB 4] 0.1-69, 170 2] 130-170
51 PP Many methyl group " " 0.1-34, 180 Yasuda " 170-220
6 | LPS | Many Benzene rings " " 0.1-69, 200 Cross WLF 170-230
7 | ppg | Many Benzene rings | -, " | 0.1-69, 200 | Yasuda | WLF | 170-230
& a few LCB 0% asuda

7.4 Results and Discussion

7.4.1 Temperature Sensitivity

by the WLF equation, which is shown as Eq. 7.1:

n [a, ()]

~ /)T T)

B fj;,/a0+(T_ 76)

The temperature dependence of the viscosity for LPS and BPS could be described

(7.1)

where fr, is the fractional free volume at 7y, and «, is the isobaric thermal expansion

coefficient of the free volume. For the PE and PP the Arrhenius equation was found

to be suitable:
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_B(1_1
ln[aT(T)]"R—(—f’ 16) (7.2)

Wood-Adams and Costeux [6] reported that BmPE exhibits thermorheological
complexity, and an average value over the frequency range was chosen for the shift
factor. Since the molecular weight has a small effect on a,(7), even though all the
polymers have different molecular weights, the effect of molecular weight is not
discussed here.

As a reference material, HDPE (ID 1) was chosen. Figure 7.1 presents a,(7) for
the PEs and PP. The slope of the line is the activation energy, E, in kJ/mol, which
is a measure of the temperature sensitivity of the viscosity. The random SCB in the
LLDPE increased E, only slightly (ID 2), while the regular SCB in PP increased E,
much more (ID | and 5), so that not only the existence of SCB but also the amount
of SCB affects the temperature sensitivity. Very little LCB together with a little SCB
(the BmPE has both LCB and SCB.) increased E, very much (ID 4). From the
above observations, we conclude that any branching increases the temperature
sensitivity, and that even a small amount of LCB has a strong effect for PE.

Figure. 7.2 shows the temperature shift factors for all the polymers and reveals
that £, is a function of T for the PSs, while those of the PEs and the PP are
independent of T. This difference results from the different flow physics, which can
be described in terms of the free volume theory and/or the absolute rate theory. The
two PSs show identical shift factors and have values of E, that are higher than the
other polymers, and this implies that the bulky benzene side group strongly increases
the temperature sensitivity of a,(7). However, no increase of E, for PS due to a
little LCB (ID 7) can be seen. It can thus be inferred that the regular large side
groups has more effect on £, than LCB.
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Figure 7.2. Temperature shift factors for all polymers.
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7.4.2 Pressure Sensitivity

The pressure dependence of the viscosity of all polymers, including the

polystyrenes, could be described by the Barus equation:
In[ap(P)|=3(P—P,) (7.3)

and this implies that a, and ap of PS have different dependencies on 7 and P within
the experimental window. The parameter g (GPa™) of Eq. 7.3 represents the pressure
sensitivity, and results are shown in Figs. 7.3 and 7.4. The trends are similar to those
for temperature sensitivity. Short-chain branching increases 3 (ID 2), and the more
SCB the polymer has the more 3 increases (ID 5). Long-chain branching at a very
low level has a large effect (ID 4).

Pressure sensitivity differed from temperature sensitivity in two more ways. One is
that 8 for PP is higher than that of BmPE, and this means that a high level of SCB
has stronger effect on the pressure sensitivity than a very low level of LCB, while
the temperature sensitivity shows the opposite result. These differences are further
analyzed by considering the relative influence of pressure and temperature in the next
section. The other is that the relative influence of regular SCB and little LCB differs

on temperature and pressure sensitivities.
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Figure 7.4. Pressure shift factors for all polymers.
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7.4.3 Relative Influence of Temperature and Pressure

The relative influences of temperature and pressure are described using the
exponential Barus and Arrhenius equations except BPS and LPS. Equation 7.4 is

based on those two relationships (Section 6.7.6):

T? (K/MPa)

oP), (74)

(GT) _ BB
Mo

For BPS and LPS the Barus and WLF equations are used, and assuming that the

effects of T and P are separable, the zero-shear viscosity can be modeled assuming

the effects of temperature and pressure are separable as:

n, (T, P) ZWO(YZ),PO)eXp[aJr T(Tb_—ﬁ}em[ﬁ(P—Po)] 1.5)

where b= 1/, and ¢ =fn /a,. Taking derivative of both sides leads to the following

expressions:
any (T, P) b
ke Yoot s elote-R)
on(TLP)] b b
{'—af_L:"O(Q’PO)W:TO—)]?eXp[aer]eXpw(P_Po)] 7.7)

Now we seek the change in temperature that results in the same change in the

viscosity as a given change in pressure:

T (7.8)

or

(5], 575
aPn oP T 6TP (7.9)



Chapter 7. Effect of Molecular Structure on Temperature and Pressure Sensitivity of Viscosity 218

The final equation for BPS and LPS is obtained by combining Eqs. 7.6 through 7.9:

T 2
(Z_P)% = et 7= T (/e (7.10)

Both Egs. 7.4 and 7.10 are functions of temperature, so that the equivalence ratio is
a function of temperature. Figure 7.5 shows (9 7/oP), for all the polymers.

In the previous section, it was seen that PP had the highest pressure sensitivity
except for the PSs but did not have the highest temperature sensitivity. This can be
explained in terms of (97/0P),. The larger this quantity, the greater the relative
sensitivity to pressure at a given T. The highest (97/6P), is found for the case of
PP, and this implies that the high degree of SCB causes the pressure to have a
stronger effect on viscosity than temperature. The difference in g between PP and
HDPE is larger than that between BmPE and LmPE, while the opposite trend is
found for E, i.e., for temperature. This implies that the relative influence of regular
SCB and little LCB differs on temperature and pressure sensitivities.

Figure 7.5 proves that (#7/aP), is also structure dependent. Values for each
polymer at 170C (ellipse in Fig. 7.5), which was the common test temperature. are
shown in Table 7.3, and we see that the relative effect of P and T is a complex
phenomenon.

While the two PSs have the smallest (67/6P), value, 0.5, the other polymers have
values around 1 at 170°C. This shows that the relative influence of pressure for PS
is smaller than that for the other polymers. Short-chain increases (67/6P), while
long-chain branching decreases that. The effects of structure on (87/8P), are

summarized in Table 7.4.
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Table 7.3. Parameters of models and relative influence of T and P at 1707C.
an»(P) a{T)
’ d AN
ID Code . or o
Barus Eq. Arrhenius Eq. WLF Eq. 170°C
3 (GPa) | E, (mol) | b(K), e(K) at 17
5 PP 30.1 38.7 1.27
2 LLDPE 19.4 30.8 1.03
3 LmPE 19.8 334 0.97
1 HDPE 154 27.5 0.91
4 BmPE 25.9 52.0 0.81
6 LPS 51.6 1000, 164 0.50
7 BPS 51.9 1000, 164 0.50
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Table 7.4. Effects of structure on the relative influences of T and P at 170TC.

(6 T/oP)_ or Relative
ID Structure .
sensitivity to pressure
1 &5 Many regular SCB "
1 & 2
or 1 & 3 Few SCB "
6 & 7 A few LCB with benzene ring i)
3&4 Few LCB w/o benzene ring and w/ SCB 1l
1 & 6 Many benzene rings L

7.5 Conclusions

The effects of molecular structure on the rheological properties were described by
comparing ap(P), ar(7), and (97/oP), of the polymers. Any branching structure or
side group increases both the pressure and temperature sensitivities. The benzene side
group has the largest effect. Long-chain branching has a strong effect, and
short-chain branching also has its own effect, but long-chain branching does not
show effect with a regular benzene side group. The comparison of the effects of
pressure and temperature was carried out by calculating (97/6P), , and this quantity
was found to be strongly structure dependent. Short-chain branching increases the

function, and long-chain branching and a benzene side group decrease it at 170C.
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Conclusions

The Tait model fits the pressure-volume-temperature (PVT) data of pure polymer
better than the Sanchez-Lacombe equation.

The solubility of CO, in HDPE at 34 MPa is 0.32 g-COy/g-HDPE, and the
volume of the HDPE/CO, mixture at 34 MPa is 38% higher than that at 1 atm.

. The four-parameter Yasuda model describes the dependence of complex viscosity

on frequency very well.
The Arrhenius type equation describes the temperature dependency of the shift

factors of HDPE.

. The use a vertical shift factor b,(7) or bp,(P) based on PVT density data is not

necessary to build a master curve.

The temperature shift factors obtained by shear rate sweep and dynamic tests
(SAOS) were in good agreement.

The Barus equation describes the pressure dependency of the shift factors of
HDPE.

. The HPSPR can be used to determine effects of pressure and CO; on rheological

properties.

A vertical shift factor for concentration of HDPE is necessary to build a master
curve.

The shift factors for pressure and concentration appear to be independent. The
Fuyjita-Kishimoto free volume model describes the concentration shift factor.
Nitrogen shows much less effect on the viscosity than CO, and a different effect
relative to pressure.

Pressure slows viscoelastic responses of polymer at the same steady stress, while
CO; accelerates these. However, those depend on pressure little at the same shear
rate.

The pressure and concentration shift factors based on viscosity are valid also for

the stress growth function and creep compliance.
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14.

15.

16.

17.

18.

19.

The steady-state compliance is independent of pressure but increases with the
concentration of CO,.

The effects of molecular structure on the rheological properties can be expressed
by comparing ap(P), ar(T), and (67/adP), for the various polymers. Any
branching or side group increases the pressure and temperature sensitivities.
The side group of benzene has the largest effect on temperature and pressure
sensitivities of viscosity. Long-chain branching also has a strong effect, and
short-chain branching has its own effect, but long-chain branching does not show
effect with a regular benzene side group.

The comparative effects of temperature and pressure are clearly revealed by

calculating (s7/6dP), , and this ratio is strongly structure-dependent. Short-chain

0
branching increases (97/4dP),, and long-chain branching and benzene group
decrease it at 170°C.

The HPSPR can be used to make polymeric foams; an elastic PBD yields more
foaming and more regular cell structure than HDPE and BmPE.

The viscosity of a sample with CO, bubbles is half that saturated with the same

amount of CO,.
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9. Original Contributions to Knowledge

1. Determined CO; solubility in HDPE up to 34 MPa.

2. Confirmed that Fick's law of diffusion describes dissolution process.

3. Developed an apparatus and procedure to study the effects of pressure and
dissolved CO, on the rheological properties of molten polymers and batch
foaming.

4. Determined the effects of pressure and CO, on viscosity, stress growth function,
and creep compliance up to 69 MPa without CO; and up to 34 MPa with CO,.

5. Compared effects of CO, and N, on the viscosity of molten HDPE.

6. Confirmed that temperature shift factors from dynamic measurements and those
from steady simple shear are in substantial agreement.

7. Found that a vertical shift factor for concentration of HDPE is necessary but that
vertical factors for pressure and temperature are not.

8. Determined the dependency of the steady-state compliance on pressure and
dissolved COs..

9. Determined the effects of short- and long-chain branching and a benzene side
group on the pressure and temperature sensitivities of rheological properties.

10. Demonstrated the relative influences of temperature and pressure on rheological

properties.
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Appendix 1. Density Determination

To determine the PVT behavior of the polymer and the solubility of CO,, the
density of the pure polymer must be known. The density of a solid or a liquid can
be determined by means of Archimedes' principle (buoyancy method). Archimedes'
principle states that a body immersed in a fluid loses weight by an amount equal to
the weight of the fluid it displaces. The density is determined by using a liquid of
known density, and water was used for this study. A Mettler Toledo AB204 Balance
(Fig. A.1 and Table A.1) with a density determination kit (part number 33360) was
used to determine the density of HDPE.

Table A.1. Specifications of Mettler Toledo
AB204 Balance.

Temperature Sensitivity 2.5 ppm/°C
Readability 0.1 mg
Repeatability 0.1 mg
Linearity +/- 0.3 mg
Figure A.1. Mettler Toledo Maximum capability 210 g

AB204 Balance

The sample is first weighed in air [Fig. A.2 (b)] and then weighed in water
[Fig. A.2 (c)]. The air buoyancy of the sample is not taken into account. The density

of the sample is:

W,

pol

pe=—y

8§

(A1)

where W, is the sample weight, and V, is the sample volume. The weight loss due

to buoyancy is:
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Wy =0,V (A.2)
where p, is the density of water, and
1V, =p,/W, (A.3)
The density of the sample can thus be determined by

Wol Wol
Py == Py (A.4)

Basket
Water

Balance

I/Vgal - Wb mg

I/Vpol mg

(2) (b) (©)

Figure AZ2. Density measurement of solid: (a) tare
(b) weighing sample (c) weighing immersed sample.
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Appendix 2. Ozone-depleting Substances
and Greenhouse Gases

Ozone depletion is reduction of the concentration of ozone (O;) in the upper
atmosphere (stratosphere) markedly in polar regions, and this results from uses of
human-made ozone-depleting substances (ODSs). To quantify the effect of an ODS
on ozone depletion, an ozone depletion potential (ODP) [1] (Table A.2) was
introduced and is defined as the total steady-state ozone destruction, vertically
integrated over the stratosphere, that caused by a unit mass of a substance per year
relative to that of CFC-11.

Global warming or the greenhouse effect is a temperature increase in the lower
atmosphere (troposphere), which is cooled by emitting heat, i.e., infrared radiation to
the space, but greenhouse gasses absorb and reflect the heat back to the earth
resulting in the greenhouse effect. This effect has been keeping moderate temperature
on the earth, otherwise the average temperature of the earth would be around -22°C.
However, dramatic increases of greenhouse gases are causing climate changes. To
quantify the effect of a greenhouse gas on global warming, a global warming
potential (GWP) [2] (Table A.2) was introduced. The GWP is the relative
contribution of 1 kg of a gas to the effect of 1 kg of CO, integrated over a fixed
time period such as 100 years.

Chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) are strong
ODSs having both a high ODP and a high GWP, while other greenhouse gases such
as CO,, hydrocarbons, nitrous oxide (N.O), and Hydrofluorocarbons (HFCs)

contribute to global warming without contributing to ozone depletion.
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Table A.2. Global warming potential and ozone depletion potential of selected materials.

Common GWP .
Name Systematic Name Formula|(100years) O[IID]P MaJo[rl]Uses
/ Code [3.4]
Water H,O 0 0
Carbon dioxide CO; 1 0
Methane CH4 25 0
Ethane C,Hs 3 0
Propane CsHs 3 0
Butane CsHyo 3 0
Nitrous oxide N,O 320 0
Freon-11, o
R-11 Trichlorofluoromethane | CFCl; 4000 1 ;e (;22:)515(?2 (ﬁ,)/))
/ CFC-11 °
Freon-12, Refrigerant (45%)
R-12 Dichlorodifluoromethane| CF,Cl, 8500 1 Aerosols (35%)
!/ CFC-12 Foams (13%)
R-22 Chlorodifluoromethane | CHF,CI 1700 Refrigerant (85%)
/ HCFC-22 2 0.055 &
HFC-23 Trifluoromethane CHF; 12100 0
or Fluoroform
HFC-32 Difluoromethane CH,F, 580 0

The decoding system for CFC-@#%$& is as follows:

@ = number of double bonds (omitted if zero)
= number of carbon atoms - 1 (omitted if zero)

$ = number of hydrogen atoms + 1

% = number of fluorine atoms

& = number of chlorine atoms replaced by Bromine ("B" prefix added)
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Appendix 3. Two Theories of Temperature
and Pressure Dependency

Two approaches have been proposed to describe the 7 and P dependence of the

theological properties of polymers. The absolute reaction rate theory is associated

with the change of the activation energy with 7" and P and correlates the activation

energy with the viscosity, while the free volume theory is based on the change of

free-volume with pressure or temperature and correlates the free volume with the

viscosity. Figure A.3 summarizes the difference between the two approaches.

Concept of Free Volume or

Holes in a Liquid

v

Theory of Absolute Reaction Rate

(Well above T,)

sinh~C—3 = G
rr

y

o C

T O, 4 W
Mk Mk, k)

-E, 1
k=CTe™ ™'
A
C R
— 1

7= T Sinn(C, I T)

Introducing
AP)

. C
sinh—2 = ¢2'7
T

A 4

Introducing
PAv

A 4

| Non-Newtonian | Matheson l

4 a+bP

T
a

A 4

r_onar ]

Py

A 4

Free Volume Theory

(Near T)

———{ Doolittle

P
a=1

B(P - R)j—

»
P»-

K=V
Byl
A 4
f=vly I=vplv
f=1,+a,T-1) S=1+B,(P-F)
A\ 4 A\ 4
WLF FS

n= Be(E,,+PAv)/R7' T= Tn
Ing —5 L
TTR\T 7 Ina, =
L T |
E(1 1
Inag, , == ——— |+ B(P-P
e = [T Toj B(P-F)

Ina

T.P

__a(P)T-T,)+b(T)P-B)
“c+d(P)T-T,)+e(T)(P-B)

Figure A.3. Schematic diagram of derivation and relationship between two approaches.
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A.3.1 The Absolute Rate Theory

The theory of absolute rates of chemical reaction was developed after Arrhenius [5]
proposed the concept of an activated molecule and potential energy barriers in 1889.
In the 1930's researchers tried to apply this concept to physical problems involving
viscosity, diffusion, and plasticity. They combined Arrhenius' equation, which is the
relationship between chemical reaction rate and temperature, with equations that
describe physical flow to describe the temperature dependency of the viscosity. The
theory assumes that a liquid contains free volume or holes that jump or move about
in a material, and flow results from these jumps, which occur with the same
probability in every direction. This situation is treated as a process of transporting a
molecule from one equilibrium position to another over a potential barrier [6], and
the process is thus similar to a chemical reaction (Fig. A.4). The theory also assumes
that while the potential barrier changes with pressure but not temperature, the rate

changes with both P and T.

A—% . B
A*
Ea
A B
Chemical Reaction Physical Flow

Figure A.4. Similarity of energy profiles of the paths of a chemical
reaction system and a physical flow process.

If no velocity gradient exists in a liquid sample, the energy profile can be

expressed by the dashed curve in Fig. A.5. A molecule will diffuse equally to the
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right or to the left at a rate, k), which has units of reciprocal time [6]:

— AE/kT

k = C,Te (A.5)

where k is the Boltzman constant, C; is a constant, and AFE, " is the activation
energy for diffusion; there is no net flow. If a shearing force is applied to the right,
there will be a decrease in the activation energy of ¢§ in the direction to the right,
where ¢ is a constant, and an equal increase in the opposite direction. The rates of

flow in each direction are;

k= C T “Em o _ pod/kT (A.6)
k= qTe— (AEQ""U&/}ST: kle—aé/kT (A7)
/4 R
el

No shearing ——— %) 3 3 .
& - Shearing

Figure A.5. Energy profile for the path of a flowing
molecule.

1) AE, is the activation energy per molecule, and Ea is the activation energy per mole. Since
k=R/N, AE.k=NAEJ/R=E,/R.
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The net velocity is then:
Mv=\k, —k_) (A.8)

where 1 is the distance between equilibrium positions in the direction of flow. The

viscosity is given by:

o oA

T AN, A — k)

(A.9)

where 4, is the perpendicular distance between adjacent layers of molecules (Fig.A.6).

<
002 0@
A
1
" 90000

Figure AG6. Distance between
molecules in a liquid.

By combining Eqs. A.6 through A.9, Eq. A.9 can be rewritten as:

P
T~ Nesinh(co6/kT)

(A.10)

Eyring [6] derived equations for Newtonian and non-Newtonian liquids from Eq.A.10.
In the Newtonian case o6 < k7, and all terms having higher powers than the first in
the Taylor series expansion of sinh(¢6/k7) are negligible, and sinh(cd/kT) is very

close to ¢6/k7. Equation A.10 can then be simplified by eliminating the stress term:

KT
7= "Ny

(A.11)
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In the case of a non-Newtonian fluid, if o6 is sufficiently large, the diffusion flow to
the left can be neglected in comparison with the flow in the shearing direction, and

sinh(s6/kT) can be approximated by e’**7, and Eq. A.10 becomes:

o\k
n= W (A12)
Substituting Eq. A.5 into Eqgs. A.11 and A.12 gives the following equations:
AE/kT
A ke
=—qF i i A.13
n G for Newtonian fluid ( )
(AE,~0d)/kT
o\ ke "
= - i i A.14
7 NIC for non—Newtonian fluid ( )
Laidler and Eyring [7] derived the following equation from Eq. A.13 2,
AN aer .
770(T)=(_V€ S e (A.15)

where 4 is Planck's constant, N is Avogadro's number, V' is the molar volume, and
AS" and AH are the entropy and enthalpy for viscous flow. Eyring assumes that the
molar volume varies little with temperature and that AS" is also independent of
temperature. The terms inside the brackets in Equation A.15 can thus be reduced to

a constant, and the equation can be rewritten as:
no (1) = Be™/ T (A.16)

where E, is the activation energy per mol for flow, and B is a constant. This kind

of relationship was proposed empirically by de Guzman [8], da Andrade [9], and

2) Only the viscosity equations for Newtonian liquids will be discussed further, since the pressure
dependence of the viscosity will be discussed in terms of the zero-shear viscosity.
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Arrhenius 3) [10]. Ewell and Eyring [11] introduced a pressure term by assuming
that additional work must be done against external pressure in order to make a hole
in a liquid. The additional work is a result of the additional activation energy
necessary for a molecule to overcome the increased barrier to flow (Fig. A.7). The

quantity PAv was thus added to the activation energy:
770 :Be(En+PAv)/RT (A.17)

where Av is an increase of volume per mol for flow at external P and represents
formation of a hole for a mol of molecule to flow into. According to the absolute
rate theory, the viscosity can be expressed in terms of the activation energy and a

pre-exponential factor.

Figure A.7. Increase of the
activation energy due to
external pressure.

From Eq. A.13 Laidler and Eyring [7] derived the following expression involving

free volume without assuming it to be independent of T and P:

N ;
n= 7 V3T i/u; glfot PAVIRT (A.18)

3) de Guzman reported a model similar to Eq. A.16 prior to Arrhenius, but this equation is called
"the Arrhenius equation” since the Arrhenius equation for chemical reaction rate is popular.
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where m is the mass of a molecule, and v, is the free volume. However, this

equation is rarely used.

A.3.2 The Free Volume Theory

Another approach to the theory of 7 and P dependence of viscosity involves the
change of free volume with temperature and pressure. Each choice of relationship
between free volume and T or P leads to a different prediction. The idea that the
fluidity of a liquid is due to the presence of free volume was first advanced by
Batschinski [12] and extensively developed by Doolittle [13-15]. Free volume
increases with increasing temperature and decreasing pressure, and fluidity increases
with increasing free volume. Batschinski [12] proposed a direct relationship between

viscosity and free volume:

(A.19)

where v is the total specific volume, v, is the free volume, and v, is the specific volume
occupied by molecules or the limiting specific volume extrapolated to OK at 1 atm(Fig.
A.8).

Vr
: Free vol. v
5 Total
i Yo vol.
i Occupied
i vol. NE
0 T,
T'(K)

Figure A.8. Schematic of the volume of a polymer above and below Ty
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The free volume theory as formulated at present is based on the observations of
Doolittle, who measured the viscosities of rn-alkanes and found their dependence on
free volume. He proposed that specific free volume rather than temperature should be
the primary variable for viscosity. Such a relationship is expressed by the following

equations, often called the Doolittle equations:

= A" (A.20)
Inn=A'+B L= A"+ B A21
nn= O'U_f_ O'U'—’UO (A.21)

where A, A', and By are constants. For the temperature to be explicitly introduced
into Eq. A.20, the temperature dependence of the free volume is required. Williams,
Landel, and Ferry [16] assumed By is unity, and replaced v, with v since v, <v and

V=V,
n= Ac (A.22)

They further suggested the following form for the temperature dependency of the free

volume;
vy =y, +aw(T—T,) (A.23)

where T, is the glass transition temperature, v, is the free volume at 7, v, is the free
volume at 7, and «, is the coefficient of thermal expansion of free volume. The

following equation is obtained by combining Eqs. A.22 and A.23:

v
vy, tau(T—T)

Inn=A4"+ (A.24)

This equation is valid when T, < T< T,+ 100C. It is usually assumed that when

T <Tg the free volume remains unchanged and equal to v;e due to the freezing of the
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conformation ” of polymeric chains at temperatures below T;. Thus, when T<Tg, a
change of volume occurs only as a result of a change in the volume occupied by the
molecules, i.e. Av = Av,.

It is well known that the viscosities of ordinary liquids increase at elevated
pressures [17], and the same effect has been observed for polymers [18].
Matheson [19] discussed this behavior qualitatively in terms of the relation between
free volume, temperature and pressure. He suggested that an increase of pressure at
constant temperature leads to a decrease in v, and that the compressibility of a liquid

has the same mathematical form as that found by Bridgman [17] for solids:
v =vy(—aP+bP?%) =v,f(P) (A.25)

where v, is the limiting specific volume of the liquid at the pressure P. Matheson
showed that by substituting v with v and v, with v, respectively, Eq. A.24 can be

rewritten as:

vof (P )

nn=A4"+ B——————
7 Ovp—vof(P)

(A.26)
where V' is the specific volume of the liquid at the pressure P. According to the free

volume theory, the viscosity can be expressed in terms of the free volume as a

function of 7 and P.

4) Conformation and configuration are often used interchangeably to mean the spatial arrangement
of atoms in a molecule. However, in this work these terms have different meanings. A change
of conformation requires rotation about a single bond, while a change in configuration requires
breaking or reforming a bond.
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Appendix 4. Origin of Method of Reduced Variables

The method of reduced-variables has been useful in rheological measurement.
Data at various conditions can be reduced to a single master curve by shifting on to
that at the reference condition. During construction of the master curve, the shift
factors are obtained, and these factors show the quantitative dependency of the
variables on the state variables T, P, and C. One of the most used reduced-variable
method is the time-temperature superposition. There have been many reports of its
validity and limitations. Time-concentration superposition has been less successful,

and very few data regarding time-pressure superposition have been published.

A.4.1 Temperature Shift Factor for Incompressible Materials

To provide a mathematical framework for time-temperature superposition, Ferry [20]
used the generalized Maxwell model (Fig. A.9 [21]) in which spring element G; is
relaxed by dashpot 7, =)\G, and ), is the relaxation time of element i. The
zero-shear viscosity is given by Eq. A.27:

10(Ty) = ZZ)‘i(TO)Gi(To) (A.27)

where subscript 0 indicates the reference state. Ferry made two assumptions: (1) All
relaxation mechanisms have the same 7 dependence, and the relaxation times thus all
have the same dependency on temperature, which can be expressed in terms of the

temperature shift factor a:

A(T) = X\(Ty)ag (A.28)

(2) The spring elements have rubberlike elasticity, and G; is thus proportional to 7:

G(T) = L G(T,)

T (A.29)
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The above two relationships along with Eq. A.27 yield the zero-shear viscosity at Tg

in terms of the parameters evaluated at T

1o(Ty) = ZZ] [\ (D/ag) [C%(T)—]%}

(A.30)
From Eq. A.27, the zero-shear viscosity at T can be expressed as:
no(ﬂ=Xi]/\i(T)Gi(T) (A3D)
Using Eq. 31, Eq. A.30 can be rearranged to give:
T
no(%)aT—EZXZ_][Ai(T)] [G(D)]=n,(T) (A32)
and finally the temperature shift factor is:
" (1) T
T on(R) T (A.33)

Ferry proposed that this equation was valid for incompressible materials. Because a
unit volume contains fewer elastic and viscous elements if the system expands
thermally, this equation needs a density correction for a compressible system and is
discussed in Section A.4.3.

AN NN

ol [ T e B M el 1 7,

Figure A.9 Generalized Maxwell model.
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A.4.2 Concentration Shift Factor

Ferry [20] carried out an analysis of the concentration (C) shift factor. Again, it
was assumed that all relaxation mechanisms have the same C dependence and that

the relaxation time is:
(O =X(G)ag (A.34)

where C is the concentration of diluent, and a, is the C shift factor. It cannot be
assumed that the diluent changes the rigidity of each spring, but by fitting data, he
found that G; is proportional to the density of the polymer :

ppol(C) G'(Cz))

Glo= Poat(Gy) (A35)

where p,,,(C) is the density of polymer at the concentration C, and p,,(G) is the
density of pure polymer and is simply p,,. The concentration shift factors can then

be obtained as:

(O 1
YT (G b0 (A.36)
_ ppol(o
beChr) = Prol (A.37)

Since the density of polymer at diluent concentration C can be described as the

concentration of the polymer C,,, Eq. A.37 can be formulated as:

Cz'zol (@
Ppol (A.38)

bC(C;)ol) =
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A.4.3 Temperature Shift Factor for Compressible Materials
Thermal expansion and dilution can be treated in a similar manner as described
above, where G, is proportional to the density and 7. To account for thermal

expansion, G; can be modified to give:

Tp(T) G(T)

GUD=7o07,) (A.39)

This equation leads the well known the temperature shift factor:

(7)) Tp(Ty)  1y(7)
(L) Tp(T) — no(Ty) b(T) (A.40)

aT(:r) =

The modified Rouse model [22, p.76] predicts a specific form for Eq. A.39:

_ Ro(DTE -,
Gt =" Z,Ef (A.41)

where A, is a function of chemical structure and friction coefficient. However,

by = Tp(T)/ Typ(T,) changes little with 7, and b,(7) is usually set equal to unity.
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Appendix 5. Observation of Need of Vertical Shift
Factor

Figure A.10 illustrates the case of necessity of b,(7). Stress data at 7; are circles,
and solid curve indicates these at 7. While dash-dot curve shifted by only a, (7)
deviates from the data at 7;, dotted curve shifted by a,(7) and b,(7) is on the
reference data. If b(7) is small, or shear thinning occurs little, ie., stress has a
almost linear relationship with frequency, shift by 5,(7) makes no difference for

superposition. Otherwise, b,(7) is necessary to build a master curve.

qir I
, —
R
o -7 6“0“0

0 Dataat 7,
— Dataat T
--- Shifted data at T by a, ;
--- Shifted data at T'by b,
......... Shifted data at Tby a,.b,

Figure A.10. lllustration of validity of using br.
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Appendix 6. Selecting O-ring Material
and Modifying O-ring

Several factors are important in selecting an O-ring material from the many that
are available: chemical resistance, price, delivery time, and maximum operating P
and 7. Most of the available data on chemical resistance were obtained at ambient
conditions, so after acquiring O-rings, they had to be tested in a SC-CO,
environment in the HPSPR. An important factor is temperature. There are several
choices for temperatures higher than 200°C: Aflas™ (Copolymer of tetrafluoro

® (Fluorocarbon), Silicone, Fluorosilicone, Kalrez®

(perfluoroelastomer), Chemraz®, and Teflon®. Aflas™, Kalrez®, and Chemraz® were

-ethylene/propylene), Viton

excluded due to high price and long delivery time despite their good chemical

resistance, Vit0n®

and Fluorosilicone showed weak CO, resistance. Finally Teflon
was found to have better SC-CO; resistance than silicone, but it was not possible to
use it in the HPSPR due to the difficulty of making a rectangular shape, which is
the shape of the O-ring groove on the HPSPR cover place. Moreover, the contour
length of the O-ring groove is between generic O-ring sizes of 369 and 370. A
generic Teflon O-ring, which is plastic rather than rubber, would not fit the groove.
Thus, Teflon was excluded.

A Teflon encapsulated silicone (TES) O-ring (Figs. A.11 and A.12) was
considered next. This type of O-ring has flexibility from the silicone rubber and
chemical resistance from the Teflon. After one use of this type of O-ring, the shape
conformed to that of the O-ring groove (Fig. A.13), and it could thus be easily
reinstalled. However, it was found that with repeated usage, a few parts of the
O-ring were damaged (Fig. A.14). The price of this type of O-ring is U$39.13, and
it can be considered disposable, but if damage occurred during an experiment, it

could cause severe leaks of CO,. This type of O-ring was therefore excluded.



Appendix 6. Selecting O-ring Material and Modifying O-ring A.20

Figure A.11. TES O-ring. Figure A.12. Enlarged part of TES O-ring.

Figure A.13. Changed shape of O-ring. Figure A.14. Damaged part of O-ring.

Then, the use of a pure Teflon O-ring having a generic size re-considered. (A
custom Teflon O-ring between sizes 369 and 370 has long a delivery time of 2-3
weeks and a high cost of U$123.) It was thought that a Teflon O-ring could be
compression-molded like a TES O-ring. A "custom" Teflon O-ring was thus made
from a generic Teflon O-ring of size 369 (U$33). It was tested five times with
SC-CO;2 and exhibited no problem. The performance of this O-ring was even better
than the TES O-ring. The method of making a custom Teflon O-ring for the HPSPR
is as follows:

(I) A No. 369 Teflon O-ring is placed in the oven to make it flexible. (Fig.A.15).

(2) When the O-ring is flexible, it is bent and stretched to fit in its groove

(Fig. A.16).
(3) After a couple of hours in a SC-CO, environment, the O-ring is no longer

circular but rectangular with rounded corners (Fig. A.17).
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£ ] Figure A.16. Figure A17.
Figure A.15.Heating up O-ring. Placed O-ring. Shape change.

(4) If the O-ring has been at room temperature, it is shorter than its groove and
cannot be mounted in the groove (Fig. A.18).

(5) To make the cold O-ring fit its groove, it needs to be placed in the hot oven
for a while prior to loading (Fig. A.19).

(6) Then, the O-ring fits the groove well (Fig. A.20).

o

Figure A.18.0-ring does not fit Figure A.20. O-ring fits well.

Figure A.19. Heating up.
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Appendix 7. Experimental Procedures of HPSPR

A.7.1 Preliminary Checking

(1) The following items need to be inspected to verify that they are clean and
oil-free:

a) Fixed and moving plates

b) SST active face head

¢) Mating surfaces

d) Actuating rods

e) Set screws
(2) The following items need to be checked to see that they are clean and well
lubricated:

a) O-ring groove on the cover plate of the pressure vessel:

b) O-ring

¢) 7/8-inch bolts
(3) The following items need to be checked to see that they are connected correctly:

a) Servo-valve and shear stress cables to the controller cards on the

computer

b) SST capacitance probe line to Capacitec(R) amplifier

¢) Thermocouple to the temperature readout (Fig. A.21)

d) Position of the rheometer selector of hydraulic pump oil (Fig. A.22)

Figure A.21. Temperature readout.
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Figure A.22. Rheometer selector for
hydraulic oil.

(4) Warming-up and tuning
a) Warm-up the actuator by sinusoidal linear movement.
b) Tune the control parameters (PIDO).
(5) Heating
a) Close the oven.
b) Turn on the heater (Figure A.23).
¢) Set the temperature at the test temperature plus 20C.

Figure A.23. Heating controller panel.

A.7.2 Adjusting the Control Parameters
The Proportional, Integral, Differential, and Offset (PIDO) parameters of the

operating software, QuikTest, are adjusted to obtain a good match between command
and feedback. A triangular mode of displacement can be used to adjust the controller
parameters. The general procedure for adjusting the PIDO for controlled strain is as

follows:
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(1) After loading a dummy sample or without a sample, impose an appropriate
frequency and amplitude for a triangular displacement.

(2) Set the I, D, and O parameters to zero.

(3) P governs the difference between the maximum and minimum values of the
triangular displacement (Fig. A.24). Start the test. Adjust P until the desired response
is achieved, and the difference between the maximum and minimum of the command
and that of the feedback will the same.

(4) Adjust I to match the maximum and minimum of the command and those of the
feedback (Fig. A.25).

(5) Adjust D to eliminate an overshoots when P is high. (usually zero).

(6) After stopping the test and turning off the I and D terms, adjust O to match the
feedback and the command (Fig. A.26).

.\Feedback

Figure A.24. Triangular displacement and effect of P
parameter.

l Byl Feedback
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Command

Figure A.25. Triangular displacement
and effect of | parameter.
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Feedback

Command

Figure A.26. Ambient command and
effect of O parameter.

The procedure for adjusting the PIDO parameters for a controlled-stress run is
much more difficult and cannot be performed using a triangular displacement. The
parameters can be adjusted using a ramp displacement, but this is a very laborious
trial-and-error procedure, and control can easily be lost if the trial is in wrong
direction, and parameters or command stress are too high. Stress exceeding 10 kPa
was found to make the system unstable up-to-date. However, once optimized
parameters are found at a certain condition for a sample, parameters at another
condition for the sample are not far from the previous one and can be determined

much easier than the first parameter set.

A.7.3. Assembly and Sample Loading
(1) Turn off the heater.
(2) Install the moving plate.
(3) Install the SST active face head.
(4) Install the fixed plate.
(5) Locate a sample of lemx8cm at the center of the fixed plate.

(6) Insert the O-ring in the groove.

A.7.4. Closing the HPSPR

(1) Close the cover plate.
(2) Insert the 7/8-inch bolts into the threaded holes.
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(3) Change the air inlet value to torque wrench mode.

(4) Set the pressure value of the air regulator for the torque wrench.
(5) Turn on air inlet.

(6) Tighten the bolts with the torque wrench.

(7) Close the oven.

(8) Turn on the heater and set a test temperature.

A.7.5. Pressurizing
(1) Change the air inlet value to oil-filling mode.
(2) Turn on air inlet to fill HPSPR with Krytox oil.
(3) Close every valve after the filling is finished.
(4) Pressurize HPSPR with the hand pump until the desired pressure is reached.

A.7.6. Operating

Usually the set-point temperature can be reached one hour after loading the

sample. Two hours after loading the sample, a run can be carried out.

A.7.6.1. Controlled-Stress Mode

(1) Enter a value of the speed of stress change to reach a desired stress under
'rate' in the Quiktest operating software.
(2) Enter a value for the desired stress under 'level'.

(3) Press 'start'.

A.7.6.2. Controlled-Strain Mode

Two ramp displacements, one upward and the other return, at constant speed are
required to determine the viscosity.
(1) Enter a value of the desired speed of the moving plate under 'rate'.

(2) Enter a value of the desired total displacement under 'level'.
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(3) Press 'start'.

A.7.7. Depressurizing
(1) Turn off the heater
(2) Open the release valve to 5°n the hand pump.
(3) Close every valve connected to the hand pump.
(4) Change air inlet value to oil-emptying mode.

(5) Tumn on air inlet to push oil out of the HPSPR.

A.7.8. Opening the HPSPR

(1) Change air inlet value to torque wrench mode.
(2) Open the oven.

(3) Turn on air inlet.

(4) Untighten the bolts with the torque wrench.
(5) Remove 7/8-inch bolts.

(6) Close the cover plate.

A.7.9. Disassembly and Sample Removal
(1) Remove and clean the O-ring.
(2) Remove the sample with an aluminium bar.
(3) Remove the fixed plate
(4) Remove the SST active face head

(5) Remove the moving plate

A.7.10. Cleaning

(1) Wipe out the inside of the HPSPR.
(2) Cool down the plates and the SST active face head
‘ (3) Clean the plates and the SST active face head with Easy-off oven cleaner.
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(4) Rinse off Easy-off completely to prevent the corrosion of metal parts that are
not made of stainless steel, such as the SST beam. Warm, around 60°C, xylene can
be used to clean the plates and the SST head. It is a good solvent for polyethylene
and does not corrode any metal. However, a ventilation system is required to use

xylene since it is volatile and toxic, and xylene was not used for this study.
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Appendix 8. Formulation of Linear Portion
of Creep Compliance

The equation of a linear portion of a curve [Fig. A.27 (1)] is:

y=mt+n (A.42)

where m is the slope, and » is the y-intercept. A line can be stretched or shrunk by
a nonrigid transformation [23, p.104] by multiplying each coordinate value by a
factor. A horizontal nonrigid transformation [Fig. A.27 (2)] of a curve obtained by

multiplying A4 will give the following line:

y:m(ﬁ)J“ " (A43)

A vertical nonrigid transformation [Fig. A.27 (3)] by multiplying by v will make a

line as:

(A.44)

and Eq. A.44 can be rewritten as:

y=vmt+oun (A.45)

If a multiplying factor is between O and 1, the transformation shrinks the original
function towards origin. If the factor is greater than 1, the transformation stretches
the function away from origin. Equations A.42, A.43, and A.45 show that a
horizontal nonrigid transformation does not change the intercept, but a vertical

transformation changes it by a factor of v.
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v
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Ylomi+n (3) "
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Figure A.27. Nonrigid transformation of line by a factor.

For creep compliance at P,, the linear portion of the curve can be described by

letting y= J, m=1/n, and n= J; in Eq. A.42 to give:

J(Py,t) =

nEy 5F) (A.46)

If the sample is piezorheologically simple, i.e., superposable by a shift factor or two
factors, the linear portion of the creep curve at P can be predicted from that

(Eq. A46) at Py by setting h= ap(P) in Egqs. A.42 and A.43:

J(Pt)=

n(Fy) ap(P) *I5(F) (A.47)

Since J(P,t) =t/n(P)+ J4(P), the following relationships can be found:

Jo(P) = Jg(Py) (A.49)

1o (P) =1, (Py)ap(P) (A.50)
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The linear portion at P and C can be predicted from that (Eq. A.46) at Py by letting
h=ap (P, C) and v=1/b,(C) in Eqs. A.42, A43, and A45 as:

1 t
P.Ct)b = + J AP,
4 6cC) n(By) ap AP,C) 5(F) (A.51)
and Eq. A.51 can be rearranged to give:
1 t Js(Pg)
JP,Ct) = -+
( ) 1(Fy) ap, (P, Cb(C) b (C) (A.52)

Because J(P,Ct)=t/n(P,C)+ Js(P,C), the following relationships can be shown:

JS(P, @ = Js(Po)/bc(m (A54)

1o (P, C) =1y (Py)ap, (P, Ob(C) (A.55)
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Appendix 9. The Maxwell Model

for the Steady-state compliance

Two Maxwell models are compared to study the effect of dilution on the

steady-state compliance: (A) One consists of one element set, and (B) the other has

two sets (Fig. A.28), which represent more elements in the same unit volume than

the former case. Each set has the same spring and dashpot elements:

(A) B
AMAN

)
G, Gy _—% Gg,
1y L’J s | ol R
|

o

Figure A.28. The Maxwell models with one and
two element-sets.

The analytical expressions for stress and strain are as follows:

(A.56)

(A.57)

(A.58)

(A.59)

(A.60)
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The creep compliance for 4 and B can be formulated as:

Wt 11 1
Jylt)= =—t—t=Jg ,+—t
W)= Gy ng Oy (A.61)
) 11 1
Jy(t) = =t —t=J, ,+—t
B() o Gp  7p 55 B (A.62)
and combining Eqgs. A.56 and A.60 gives Eq. A.63:
1 1 1 1 1 1
Jo(t) = t——t=rt e —t=—Jg ot
5t 2Gy 2y 2G, 2, 2754 o, (A.63)
The following relationships are established by Eqgs. A.62 and A.63:
J, —lJ
S8 9954 (A.64)
Np =21, (A.65)

More generally, the steady-state compliance and the viscosity can be predicted by the

Maxwell model with N identical sets of elements as follows:

Jg1=Ng y (A.66)
-1
=N (A.67)

where subscript 1 indicates the Maxwell model with one element set, and N indicates
that with N sets in the same unit volume. This shows that the viscosity will decrease
and the steady-state compliance will increase due to dilution, i.e., fewer elements in

the unit volume. This is the same results shown in Appendix 8.
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Appendix 10. Nomenclature

Roman Letters

a

a,do,ai,dz

bT,P,C
B,ByB1B'
C

® 2

Length to width ratio
Constants

Horizontal concentration shift factor

Horizontal pressure shift factor considering b, as one
Horizontal pressure shift factor

Horizontal pressure and concentration shift factor considering
bp o as one

Horizontal pressure and concentration shift factor
Horizontal temperature, pressure, and concentration shift
factor considering b as one

Horizontal temperature, pressure, and concentration shift factor
Horizontal temperature shift factor considering b, as one
Horizontal temperature shift factor

Surface area of the active face of shear stress transducer
Constants

Constants

Vertical concentration shift factor

Vertical pressure shift factor

Vertical pressure and concentration shift factor

Vertical temperature shift factor

Vertical temperature, pressure, and concentration shift factor
Constants

Concentration of dissolved gas or constant

Initial gas concentration
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C,G Constants

Ci Gas concentration on interface
Cror Concentration of polymer

D Differential parameter

D Diffusion coefficient

Dy Diameter of a capillary

e Bagley end correction,

E, Activation energy
f Fractional free volume
F Shear force
F Flux vector
F, x-Component of flux vector
F, y-Component of flux vector
F, z-Component of flux vector
g Acceleration of gravity
G Gibbs free energy
G(t) Relaxation modulus

' Storage modulus
G" Loss modulus
G, Amplitude ratio
G, Modulus of Maxwell spring element i
G,, Gibbs free energy of mixture
GWP Global warming potential
h Gap between two plates or Planck's constant
H Enthalpy
AH Enthalpy for viscous flow
i Shear-rate or frequency index
I Integral parameter

. j Pressure and concentration index
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J Creep compliance

K Steady-state compliance of linear viscoelasticity

Jg Steady-state compliance of nonlinear viscoelasticity

k Boltzman constant, reaction rate constant, linear swell factor
k, Rate of a diffusing molecule

k_ Rate of a molecule diffusing to the left

k_, Rate of a molecule diffusing to the right

K, Interaction parameter

L Length or width of a sample

Loy Length of a capillary

LCB Level of long-chain branching

m Mass of a molecule or constant

M(t) Total amount of diffusing substance absorbed at time ¢
M(0) Total amount of diffusing substance absorbed after infinite time
M Torque or molecular weight

M, M, Critical molecular weights

M, Molecular weight of mixture

M, Number average molecular weight

M, Weight average molecular weight

n Power-law index or constant

N Avogadro's number or number of data

N First normal stress difference

N, Second normal stress difference

o Offset parameter

ODP Ozone depletion potential

P Proportional parameter

Pressure

l

Reduced pressure

. pP* Characteristic pressure
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p, Initial pressure or reference pressure

AP, Pressure drop in the capillary

jjm Reduced pressure of mixture

Po, P, Reference pressure

P, Environmental pressure

P. Critical pressure

Py Driving pressure

APy Entrance pressure drop

AP, Exit pressure drop

0 Volumetric flow rate

r Number of mers per molecule or constant

R Gas constant or Radius of a capillary

RD Relative difference between two quantity

S Solubility, error sum for the least square method, or entropy
AS" Entropy for viscous flow

St Solubility calculated using a theory

Ste Solubility calculated using a theory and experimental data
tg Onset time for maximum stress

tgs Onset time for steady-state stress

T Temperature

(67/opP),  Relative influence of temperature and pressure on the

zero-shear viscosity

T Reduced temperature

T* Characteristic temperature

10, T: Reference temperature

T, Critical temperature or crystallization temperature
T, Crystallization temperature from the end of the peak

in the endothermic curve

‘ Ten Crystallization temperature from the peak in the endothermic curve
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T Glass transition temperature

Tn Melting temperature

T e Melting temperature from the end of the peak in the endothermic
curve

T Melting temperature from the peak in the endothermic curve

ijn Reduced temperature of mixture

v Specific volume

v* Characteristic volume

v(0,T) Zero-pressure isotherm

vy Specific volume occupied by molecules or the limiting specific

volume extrapolated to OK and 1 atm

Ug» Uy Constants

o Limiting specific volume of the liquid at the pressure P

v, Critical volume

vy Free volume

vy Free volume at 7,

vy, Free volume at Tj

(O Model-predicted specific volume

Upol Specific volume of polymer

Av Net velocity of a molecule or increase of volume per mol for flow
at external P

Vv Molar volume or velocity of a moving plate

Viody Volume of an immersed body

Ve Volume of gas

Vholder Volume of sample holder

Vi Volume of mixture

Vol Volume of polymer

‘ Vs Sample volume
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Viw Swollen volume of sample

Wy, Wy Weight fractions

W, Weight loss due to buoyancy

Wiody Actual weight of an immersed body

w, Weight of gas

| Weight of polymer

Wr Weight reading or net weight

Whr1 Weight reading with no sample/sample holder and no sinker
Wha Weight reading with the sample/sample holder but no sinker
Whs Weight reading with the sample/sample holder and sinker
W,inker Weight of a sinker

X Schiimmer shift factor

X Displacement of a moving plate

Greek Letters

o Isobaric thermal expansion coefficient or Constant

o, Coefficient of thermal expansion of free volume

Jéj Isothermal compressibility or pressure coefficient

Y Strain amplitude,

~ Strain

~y Shear rate

’ﬂﬁ. 4 Apparent shear rate

'y'w True wall shear rate

) Phase angle or constant

e* Interaction energy

n Shear viscosity

¥ Complex viscosity

o Zero-shear viscosity

NysTl4 Apparent viscosity
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n(e0) Viscosity at saturation with dissolved gas

77:1,; Model-predicted complex viscosity

; Maxwell dashpot element i

s Relative viscosity

e Cone angle

A Distance between equilibrium positions in the direction of flow

or Characteristic time

A1 Perpendicular distance between adjacent layers of molecules
Ai Relaxation time of Maxwell element i
7 Chemical potential
AT Chemical potential of gas in polymer/gas mixture phase
T4 Chemical potential of gas in the gas phase
P Density or density of polymer
p* Characteristic density
P Reduced density
Py Density of gas
o, Reduced density of mixture
P, calculated reduced density
Ppol Density of polymer
Ps Density of sample
P Density of water
) Cone diameter
1Py, D Volume fractions
o Stress
of Stress amplitude
ot (t) Stress growth function
. - Model-predicted stress

Ao, Stress overshoot
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Maximum stress
Steady-state stress
True wall shear stress
Stress tensor

Frequency

Angular velocity
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