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ABSTRACT

Gas/supercritical fluid (SCF) and polymer mixtures are applied broadly in industry,
such as rigid and light foam products for aircraft use, foamed cushion in chairs or shoes,
and gas separation membranes for capturing methane from landfill gas. To understand the
gas transport properties and polymer thermal properties of the mixture, we detected the
dielectric properties of the mixture at two conditions and developed a novel self-designed
system for high temperature and high pressure measurement.

The transport properties of physical blowing agents in polymers is viewed as a
critical parameter controlling the final foam product’s foam density, cell density, and cell
size. We calculated theoretical CO> diffusivity coefficients in amorphous polymers using
dielectric constant changes during CO> desorption. Such values were demonstrated to
match experimental diffusivity coefficients measured with a gravimetric method. Three
amorphous polymer films, polystyrene (PS), polycarbonate (PC), and cyclic olefin
polymer (COP), were saturated with supercritical CO in a pressure chamber. The CO
infused films were removed from the chamber for gas desorption experiments. The
capacitance of the samples and the CO. weight percentages (CO2 wt%) were obtained
during gas desorption. It was found that the trend of dielectric constant changes was
approximately that of the CO2 wt% changes. This approximation was used to build a
mathematical model for the prediction of CO> wt% during gas desorption using the
measured dielectric constants. The two diffusivity coefficients obtained from experiments
and this prediction model were compared with each other which successfully proved the
reliability of our prediction model.

Gas/SCF also changes the melting and crystallization temperature (Tm and Tc) of
polymers. These changes result from gas/SCF’s plasticization and hydrostatic pressure
effects. In order to determine Tm and Tc and study the plasticization and hydrostatic effect
of gas in the polymer, dielectric constant, €', and damping factor, tan(d), of the polymer/gas
mixture were measured and plotted as a function of temperature. A new system with control,
measuring, and data acquisition elements, was designed to evaluate how the dielectric
properties of high density polyethylene (HDPE) change with temperature. CO> and helium
(He) were used separately as the pressurizing mediums in the experiments. At the same
pressure, CO2 and He had the same hydrostatic pressure effect on the polymer behavior.
However, the plasticization effects of the two gases on HDPE were significantly different
because of their different solubilities. There is a competing relationship between
hydrostatic pressure and plasticization. The effect of plasticization is strong, when CO: is
used, which leads to a decrease in Tm and Tc of HDPE with CO: pressure increase.
Alternatively, hydrostatic pressure dominates when He is used, which results in an increase
in Tm and Tc in HDPE as He pressure increase.



CITATIONS

Material from this dissertation has been published in the following form:

Lee, J. K., Yao, S. X.(equal contribution), Li, G., Jun, M. B., & Lee, P. C.. (2017).
Measurement Methods for Solubility and Diffusivity of Gases and Supercritical Fluids
in Polymers and Its Applications. Polymer Reviews, 57(4), 695-747.

Yao, S. X., & Lee, P. C.. (2017). A new gas/supercritical fluid (SCF) diffusivity

measurement method for CO2 saturated polymer systems using a dielectric
property. eXPRESS Polymer Letters, 11(8), 664-672.

i



DEDICATION

To my husband for accompanying me through the journey of my graduate
study.
To my parents for your unconditional support on everything | want to do.

To my uncle and aunt for encouraging me to pursue my academic dream.

i1



ACKNOWLEDGEMENT

It is beyond words how much I appreciate those who have helped me through my
academic career at the University of Vermont. Without their help, encouragement, and
support, my Ph.D. experience would not have been as successful and rewarding.

I would like to express my sincere gratitude to my supervisor, Professor Linda Schadler
for her valued supervision, personal guidance, and generous support throughout my
research. Throughout these years, she helped me become an independent, smart, and
confident researcher.

I would like to show my deep appreciation to my co-advisor, Professor Patrick C. Lee,
for his patient advising, valued encouragement, and continuous support throughout my
abroad journey. Throughout the years, I have learned a wealth of knowledge from him that
is critical for my growth as a responsible, persistant, and hardworking engineer.

I would like to thank my committee members, Professor Dryver Huston, who helped
me publish my first journal paper, Professor Hee Eon Park, who gave me theoretical
suggestions on my research and hands on help in the lab, and Professor Matthew White
for valuable feedback on my comprehensive examination.

My gratitude is also extended to the department of Mechanical Engineering for
providing financial support for my research.

I would also like to take this opportunity to acknowledge the support from my friends
and colleagues. Their friendships and help are significantly important for my graduate

study. Special thanks to Dr. James Kay, Roger Avakian, Dr. Roger Lee, Dr. Tariq

v



Quadir, Cindy Bernier, Sandra Romero, Taylor Ducharme, Eric Kim, Rodrigo Penide,
Dr. Xin Ning, Dekang Yuan, Eve-Audrey Picard, Will Jefferies, Tara Nenninger and

Ceres Rafiq.



TABLE OF CONTENTS

L@ 10 17 N0 0 T ii
DEDICATION....uiitiiiiiiiiiiiiieiieiieiitintitiueetecttstestssssssscnssasssssnssnsons iii
ACKNOWLEDGEMENT .....ciiiiiiiiiiiiiiiiieiiniiiieiiatiestesseseesesassmmsnssssnss iv
LIST OF TABLES....couiitiitiiiiiiiiiitiiiiiiiietietititistiectecatsscsecasamecnscnsnssmes ix
LIST OF FIURE...cuiuiiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieteetiiasteseesnssaessssessassnnes X
CHAPTER 1: Introduction.....ccocevieiiniiieiieiiiiieiierieiiecietineimmesciccsscsasences 1
1.1 Gas/SCF and polymer mixture appliCations ...........cccveevveeerieeeiieeeiieeesieeeieeesneeens 1
1.2 Transport properties and thermal properties of gas/SCF and polymer mixture ........ 3
1.3 Dielectric characterization used 1N POLYMET .........eeevviiiiiieeiiie e 5
1.4 RESCATCH SCOPC.....uiieuiiieiiieiieeie ettt ettt ettt et e e e st et e snbeenseenene 6
1.5 TRESIS OULIINE ..ottt ettt et e 7
CHAPTER 2: Theoretical and experimental backgrounds.........ccccceeviueinenn...... 9
2.1 Diffusivity of supercritical fluid or gas in pOlymMer ........c.cccccveeevieeerieeeieeeiee e 9
2.1.1 Theoretical apPrOACKES .........coiiieiiiiiieiiee et e 9
2.1.1.1 Steady state diffuSION......ccueeeiiiieiiiecii e e eree e 9
2.1.1.2 Non-steady state diffusSion .........ceecueeriieiiieniiieiieie e 10
2.1.2 Experimental apProachies .........cc.eieciieeiiiieiiiiieciieeeieeeeieeestee e e eireeeaee e aeeeenree s 18
2.1.2.1 Pressure Decay Method ..........cooveeiieriiiiiiinieciece et 19
2.1.2.2 Gravimetric Method............oooiiiiiiiiiii e 20
2.1.2.3 Permeation Method for Steady State Diffusion...........ccceeeeeriienienciienienieenen. 21
2.2 Dielectric properties of polymer with gas/SCF ...........ccccoveviiiiiiieiieeieeeeeen 25
2.2.1 Theory of dielectric PrOPEItICS. .......cccvieruireriieiieeiieeie ettt ettt e e eeees 25
2.2.1.1 Maxwell @QUAIONS .......eieiiieeiiieeiieeeiieeeieeeeieeeeteeeseaeeessaeeeereeessaeeensaeesnseeesnseeas 25
2.2.1.2 Dielectric constant and polarization ............cccccceeveeeeriieniieenienieeeeeie e 26
2.2.1.3 Dielectric MIXING TULES.......cceiiiiieiiieeiieeete et eeee et e eereeeaeeeeaaeesreeeeereees 34
2.2.2 Experimental approaches for dielectric properties of polymer with gas/SCF ...... 36
2.3 Polymer’s thermal Properties.........ccccueeeruiieeiiieeciieeeiieeeieeeeeee e e eiveeeaee e aeeeevee s 38
2.3.1 Gas/supercritical fluid effects on polymer’s thermal properties.............c.cccueenee. 39
2.3.1 Measurement methods for thermal properties of polymer and gas/SCF .............. 40
2.4 Chapter SUMIMATY ........ccouieeiiieriieeieeniieeteenteeteessteeseesstesseessseeseesssesseessseenseessseenses 43

vi



CHAPTER 3: Description of high-pressure and high-temperature dielectric

properties measurement SETUP....coceeiietiietiiirtiiateinriiestosarcsssossscsnsssesscsnses 45
3.1 Previous dielectric SYSTEIM ......eeiuiiiieiiiieiieeiie ettt sttt st e 45
3.2 High pressure, high precision dielectric properties measurement setup.................. 50
3.2.1 The self-designed fIXTUIES.......c.eeeruiiiiiie et e 51
3.2.2 E1ECtIIC CONMMECTION ..vvieiiieniieeiieeiieeiteeieeeiteeteeeeteeteesiteesteessreenseesaseenseessseenseesnseans 55
3.2.3 Control system and data acquiSition PrOZram..........cccveeerureerveeenveeernreessneesereeenns 58
3.2.3.1 Temperature control and aCqUISILION ........cc.eeeveeriierireriienieeiie e eieeeeeeieeeieens 58
3.2.3.2 Pressure control and aCqUISTHION ........eeevuveeeiiiieriiieeeiieerieeeeieeesveeeeeeeeeaeeeeree e 60
3.2.3.3 Dielectric data aCqQUISTEION .......c.eeevieriierieeriieeieerieeeteetee e eieeseeeeseessreeseesaneens 60
3.3 Validation of the system working at high pressure and high temperatures............. 62
3.3.1 Measurement error caused by teMPErature...........cccveeveeruierieenieenieeriieeeeeieenneans 62
3.3.2 Measurement error causSed DY PIESSUIE.......eeeruirerrireeeiiieerieeerieeerireeerieeeesaeeesreeenns 63
3.4 CRAPLET SUMIMATY ...cvvvieiiieeiieeiieeieetteeteeteeeeteesteeeeseeseessseesseessseenseessseenseesssesnseessseans 65
CHAPTER 4: Diffusivity determination at one atm and room temperature....67
4.1 Theoretical background .............ccceeviiiriiiiiieiieeiee et 67
4.2 Mathematics of diffusivity calculation ...........c.ccoecuieeiiiiieniiecieeee e 69
4.3 EXPETIIMEILS ...ecuvveeuiieiieeiieniieeieesiteeteenteeeteesteessseeseessseenseeesseeseessseenseessseenseesnseensens 72
43,1 MALIIALS ...ttt sttt 72
4.3.2 Experimental proCedure............coevuierireiiienieeiieiee ettt 72
4.4 Results and diSCUSSION .....coueiiiiiiiiieiieiie ettt sttt 74
4.4.1 Diffusivity of COz in polymer films .........ccceeiiiiiiiiiiiiiieiieeeeee e 74
4.4.2 Dielectric Property of Polymer/CO2 SYStem.........cceveeeriieeiiieeiieeiieeevieeeiee e 78
4.5 CONCIUSION ...ttt ettt ettt ettt b et et s bt et et e sbe et e eaeesaeenee 83
CHAPTER 5: Gas plasticization and hydrostatic pressure effects on polymer
studied with a dielectric method............... ... ... 85
5.1 TNEOAUCTION . ...ttt ettt ettt ettt et e st et e st e ebeesaeeens 85
5.2 TREOTY .ttt ettt ettt ettt et e e et e s et e e beeeabeesbeaesseenseesnseenseessseenseennsaans 87
5.3 EXPEIIIMENLS .....eiiuiiiiiieiieieie ettt ettt ettt et ettt esat e et e ssteeabeesaeeenbeesseeanbeesaeeans 88
5301 MALETIAL ..ot ettt et sttt 88
5.3.2 Dielectric property measurement with temperature change .............ccocceeveenneee 91
5.4 Results and diSCUSSION ......ccueeviriiriiiiiniieieeieeie ettt 95
5.4.1 Tm and Tc determination based on dielectric properties change with temperature
.................................................................................................................................. 95
5.4.2 Tm depression with CO2 and Tm increase with He.........c..ccoovviviiiiiiiiiiiinens 98
5.4.3 Tc depression with CO» and Tc increase with He ..........ccoooiiiiiiiiiiiiiieniiene, 100
5.5 Chapter SUMIMATY ....c.vveeieuieeeiieesieeeeteeeeiteeesteeestaeesteeessteeessseeassseeesseessseessseesssees 101



CHAPTER 6: Concluding remarks and Future work.................................. 102

0.1 CONLITDULIONS ..ottt sttt be e e i 102
0.2 FULUIE WOTK ...ttt 103
CHAPTER 7: References....ccovevieiiuiiiiiieiiiiiieiieiiieiiecineiieciarinecsessscaeacences 105
Appendix A: Diffusivity calculation in a plane sheet.........c.cccvviiiiiiiiniiinnn 114
Appendix B: Program interface.........ccooeviiiuiiiiiiiiniiiiiiiiiiiiiiiiiiiiieiienenns 119

viil



LIST OF TABLES

Table 2.1 Comparison table for various diffusivity measurement methods................... 18
Table 3.1 Dielectric constants measured by Y. Nogi et al. and other refs..................... 49
Table 4.1 Experimental CO; diffusivity and approximate solubility data at 25 °C and
S5 IMPA et 76
Table 4.2 Comparison of experimental vs. literature diffusivity data ........................... 78
Table 4.3 Theoretical and experimental diffusivity at 25 °C and 5.5 MPa. ................... 83
Table 5.1 Tm and Tc determined by the ¢’ vs Temperature and tan(8) vs Temperature
CUTVES .ttt ettt e ettt e ettt e ettt e et e e e bt e e eabe e e sab e e e aabeeeabbeeeabbeesbbeesabbeesabeeenaneeenanee 98

1X



LIST OF FIGURES

Figure 2.1. Schematic of common pressure-decay apparatus [33]......cccccveveveerreeennne. 19

Figure 2.2. (a) CO2 Sorption profiles in LDPE and PS samples obtained by the step
change in pressure from 11 to 12 MPa at 200 °C. The solid fitting lines are
calculated by Fick’s second law[49]; (b) a typical diagram of
sorption/desorption experimental measurements [50] (Permission granted

DY EISEVIET)...uiiiiieiieeiieeie ettt et et 21
Figure 2.3 Permeation device for steady state measurements ............ccceeveeeevveerneeennee. 23
Figure 2.4 New apparatus for steady state diffusion study [52]. (Permission granted by
2 7 1<) ) TSR 24
Figure 2.5 Frequency dependence of the real and imaginary parts of the dielectric
COMSTANE . ...ttt e et e st e e st e e st e e sabeeeeabeeas 27
Figure 2.6 Four mechanisms of polarization [55].......ccccceeviiiiiiiniiiiiienieeieeeeeeeeee 29
Figure 2.7. Dielectric cell used for fused silica and poly(dl propylene oxide)
MEASUTEMENES [O5] .eeviiiiiiiiiiee et e e e eeaae e e 37
Figure 2.8. Auto-balancing bridge for impedance measurement [68].............ccccuveeen.ee. 38
Figure 2.9 Schematic of polymer crystallization process .........c..cecevveerierveenienenseeneene 39
Figure 2.10 Typical DSC signal change of polymer............cccceeeeiieeiiieniieecieeeee e 42
Figure 3.1 Low cost capacitance measurement setup using aluminum foil as the
CaAPACILOT PlAte [75] .cvrieeiieeiieeee ettt eae e e e es 46
Figure 3.2 Capacitor built by B. Wells, J. Ye, et al. [76].....ccccveeviiiiieiiiieieeieeee 47

Figure 3.3 Parallel plate capacitor with oscilloscope. A sinusoidal ac voltage Vin(f) with
amplitude 10 V and frequency 100 kHz is applied to the plates through
resistors R1 and R>. The potential difference between nodes A and B is sent
to an oscilloscope to measure the charge Q; on the inner electrode [77]. .. 48

Figure 3.4 High temperature dielectric cell [80].......ccoveviiieriiieeiiieeiieeieeeie e 50
Figure 1.5 First version of the self-designed dielectric fixture........c..ccocevvvevieneniennnene. 52
Figure 3.7 Second version of the self-designed dielectric fixture ...........ccceevevvvernnennnee. 53
Figure 3.8 (a) Drawing of the second version of dielectric fixture (b) top view of the top

plate on the fIXTUIe........ccoeviiiiiie e 55

Figure 3.9 (a) Electrical connection inside the pressure chamber with seal gland which
enables electrical signal communication and avoid pressure leakage (b)

Simplified electrical diagram ............cccocceeviiieriiiiiienieeiee e 56
Figure 3.10 (a) Kelvin clips (b) self-designed BNC connector between chamber and

LCR MELET ...ttt st 57
Figure 3.11 Block diagram of temperature control.............cccccveeeviieeiiieeiieescieeeiee e 58
Figure 3.12 Thermocouple location. Located the thermocouple tip along the radius of

the guarded electrode..........cccouiieiiieeiiieeieeeee e 60
Figure 3.13 Relationship between impedance parameters...........coceeeeverreenienieereeninenn 61
Figure 3.14 CO: dielectric constant change with temperature at 882 psi.........cccuee..... 63

Figure 3.15 Dielectric constant of HDPE at room temperature and frequency of 1kHz65



Figure 4.1 Desorption curves of CO» saturated polymer films by a gravimetric method
after COz saturation under 5.5 MPa and room temperature for 24 hours: a)
PC, b) PS, and ¢) COP fiImS ...cccuvveeiiieciiieciie ettt 75

Figure 4.2 Normalized polymer wt% vs. dielectric constants during CO desorption at
room temperature and atmosphere : a) PC, b) PS, and c) COP samples.... 79

Figure 4.3 Normalized dielectric constants vs. polymer wt% in polymer/CO> systems
during CO; desorption at room temperature and atmosphere: a) PC, b) PS,

ANA C) COP SYSTEMS.....eiiuiieiiieiieiiie ettt ettt ettt siae b e seeeeneees 81
Figure 5.1 DSC for thermal properties at 1 atm measurement .............cccceevevveerneeennee. 89
Figure 5.2 DSC trace of HDPE with heating rate of 0.8 °C /min and cooling rate of 0.5

CC MM ettt ettt et ettt e eaeas 90
Figure 5.7 Sputter coating machine and coated sample...........cccceeveriininienieneniennne 91
Figure 5.8 The schematic of the experiment setup for high temperature and high

pressure dielectric properties measuremMents ..........ocvveeveerreerveeneeesveenneenns 92
Figure 5.9 Typic temperature and pressure profile for the experiment ......................... 94

Figure 5.10 Normalized € (on the top) and normalized tan (§) (on the bottom)change
with temperature of HDPE with a)15 psi, c) 643 psi, ) 1643 psi He and

b)15 psi, d) 643 psi, f) 1643 pSi COnuneveneerniiiiiiieiceiceccececcce 97
Figure 5.11 Melting point of HDPE at different pressures with He and with CO>

determined by the dielectric properties change over temperature............ 100
Figure 5.12 Crystallization point of HDPE at different pressures with He and with CO»

determined by the dielectric properties change over temperature............ 101
Figure A.1. Element of VOIUME..........ccocouiiiiiiiiiiiieiieeeeee e 114
Figure B.1. Interface of the program for pressure control and data acquisition........... 119
Figure B.2. Graphical user interface (GUI) for dielectric data recording.................... 120

X1



CHAPTER 1: Introduction

The total volume of plastic used in the world is more than steel, aluminum, and
copper combined. Thus, plastics are increasingly regarded as the global pace-makers of
progress. The extremely large number of present and future applications of plastics will
increase the demand for plastic products. However, the economic, ecological, and social
challenges shown today, and in the future, will continue the demand for revolutionary
approaches to increase efficiency, lower energy usage, and increase the versatility of
plastic applications. Thus, there is a great need for conducting accelerated research and
development in the field of polymer science and engineering.

Many researchers conclude that the mixture of the gas/supercritical fluid (SCF)
and polymers is a critical candidate for plastic applications with high efficiency, low
energy usage, and great versatility [1-3]. Although we are aware that a number of
qualified researchers have made great achievements in this area of research, we built a
novel dielectric measurement system to further enhance the research and development of
the key technologies for understanding the properties of gas/SCF and polymer mixtures.

1.1 Gas/SCF and polymer mixture applications

Research studies on gas/SCF and polymer mixtures have increased because SCF
is widely used in polymer manufacturing, such as batch foam, extrusion foam, and gas
separation membrane fabrication.

In the batch foam process, the polymer samples are impregnated with a blowing
agent in a pressure vessel. Plastic foam is produced by the expansion of a gaseous phase

dispersed throughout the polymer melt. The foaming process is always triggered by an
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abrupt solubility drop. Gas solubility in polymers can drop abruptly by decreasing
pressure (e.g. by discharging a polymer melt from extruder) or by heating above the
boiling point of the polymer containing a decomposable chemical blowing agent. This
expansion process involves three fundamental steps: bubble nucleation, growth, and
stabilization [4]. Environmentally friendly, low-cost, and inert gases such as CO> and N>
have been used in plastic foam processing as an alternative to long-chain blowing agents
for high density foam manufacturing [5, 6]. These blowing agents, notably CO», have a
strong plasticization effect which can decrease the processing temperature significantly
and save processing energy.

Extrusion foaming is the most prominent manufacturing processes for
thermoplastic foams. First, plastic resin and additives are fed into the hot extruder. The
screw inside the extruder rotates and pushes the plastic resins forward. Next, the gases
are introduced by the decomposition of chemical blowing agents or the direct injection
of a physical blowing agent. The polymer-additives-gas mixture is then forced through a
die. Foaming is introduced by a rapid depressurization as the mixture exits the die.
Typical products manufactured by this process are foamed tubes, rods, boards, and
sheets. By selecting gas and controlling processing parameters, we can change the
solubility and diffusivity of the gas in the polymer which is critical for controlling the
foam structure.

The first industrial system for fabricating a gas separation membrane was built
by Monsanto in 1979. Since 1979, this membrane has been used in various processes,

including separating CO; from natural gas and hydrogen with various refinery and



petrochemical process streams. Most of the membranes are made of polymer. Gas
selectivity as a function of the diffusion coefficient and sorption coefficient is one of the
most important properties in the gas separation process. Gas separation membrane
applications can support a material cost of $ 50/m?. Expensive membranes cost as much
as $ 20k to $ 50k per kilogram. Driven by the huge economic interest, this industry is
continuing to grow and the revenues tripled from 2005 to 2015 [7].

1.2 Transport properties and thermal properties of gas/SCF and polymer mixture

We are interested in mass transport of gas/SCF in the polymer. This gas/SCF
transport phenomenon can be described with gas/SCF solubility, diffusivity, and
permeability [8].

Thermal properties are associated with a material-dependent response when the
heat is applied to a solid body, a liquid, or a gas. This response might be a temperature
increase, a phase transition, a change of length or volume, an initiation of a chemical
reaction or the change of some other physical or chemical quantity [9].

Both transport properties of gas/SCF in the polymer and thermal properties of the
mixture are critical for polymer processing. For example, in foam product fabrication,
cells of the product are generated when the gas/SCF solubility drops abruptly in the
polymer and the polymer solidifies as gas/SCF is diffusing inside the polymer. How
much gas/SCF is dissolved and how quickly it diffuses in the polymer controls the foam
density, cell density, and cell size of the final product. The way gas/SCF changes the
thermal properties of the polymer is also an important research topic. Many gas/SCF are

used as plasticizers to lower the processing temperature which is an efficient method to



save the processing energy. is also used to swell biocompatible polymers and to lower
their glass transition temperature, thereby facilitating the diffusion of small drug
molecules into such polymers[10]. This is a typical example that indicates the importance
of both gas/SCF transport properties in polymer and gas/SCF effects on polymer thermal
properties.

The traditional equipment used for measuring gas/SCF transport properties in
polymers including magnetic suspension balance (MSB) and quartz crystal balance is
very accurate but have limitations in application such as complicated procedures and high
expenses. These balances use the gravimetric method to obtain the weight of polymer/gas
or polymer/SCF mixture changes over time. The data are then used to calculate
diffusivity and solubility of the gas/SCF in the polymer. The results are accurate;
however, the methods are expensive (MSB is over $120,000) and needs a buoyancy
calibration. Thus, a new method is expected to obtain gas/SCF transport properties more
economically and easily.

Various techniques have been used to investigate gas/SCF effects on thermal
properties of the polymer, including high pressure differential scanning calorimeter, high
pressure tensile test, high pressure dynamic mechanical analysis [11-13]. Although many
studies focused on the effect of gas/SCF on polymers, only a few were conducted to
discuss the relationship between dielectric properties and thermal properties of gas/SCF
and polymer mixtures. So, we developed a new system for the dielectric property

measurement at high pressure with temperature change. Experiments were also



conducted to measure the dielectric properties of polymers with high pressure gas/SCF
in designed thermal cycles.
1.3 Dielectric characterization used in polymer

Dielectric characterization is a key technique to study polymer chain mobility,
dielectric breakdown strength (DBS), and curing. This section covers the major dielectric
techniques used in polymer characterization and points out possibilities of its applications
to a novel gas/SCF transport property measurement and a simpler thermal property
measurement.

Dielectric spectroscopy is a critical tool for probing molecular dynamics in
materials such as epoxies, glassy polymers, and supercooled liquids [14]. The frequency
spectrum of the complex dielectric constants contains information about the dynamics of
dipolar and ionic degrees of freedom. The peak frequency refers to the frequency where
the dielectric damping factor reaches a maximum. It is used to identify the characteristic
polymer chain relaxation time. The relaxation time will dramatically increase with
cooling, which indicates the depression of polymer chain mobility. Chain mobility of
multiple polymers, polylactic acid [15], polystyrene [15], polyvinyl alcohol [16], and
polyamide-6 [17], has been studied by measuring their dynamic dielectric properties
usually using an isothermal method.

DBS of a material defined as a critical electric field at which the electrical
breakdown occurs, an abrupt increase in current flows through the polymer insulator. For
dielectric materials, DBS is a very important property as it limits the amount of electric

field that can be safely applied during application. For polymer-based capacitors, DBS



limits the voltage that can be applied and has greater significance than the dielectric’s
permittivity, since the capacitance of the device scales quadratically with the voltage
applied [18].

Dielectric analysis (DEA) can be implemented to monitor the curing of
thermosetting resins. The curing behavior of a mixture depends on several factors,
including curing temperature, type of hardener, and filler. The best temperature and time
scenario of curing can be derived from the changes in the dielectric properties of the
mixture during curing. DEA has been utilized for online monitoring of curing processes
at a low frequency around 1 kHz and optimizing the curing process [19].

It is also pointed out that dielectric spectroscopy can be used for gas/SCF
transport properties measurements. Previous studies confirmed the relationship between
gas diffusivity and dielectric constant under steady state conditions for gas membrane
applications (i.e., high pressures at the upstream and low pressures at the downstream of
the membranes) [20]. However, most of the gas diffusion in the polymer manufacturing
process is under non-steady-state conditions, which is not studied.

It was also implied in a recent study [17] that the phase transition of polymer from
amorphous to crystalline would lead to an abrupt change in its dielectric properties.
However, gas/SCF effects are not considered in these studies.

1.4 Research scope

To better understand the properties of gas/SCF and polymer mixtures and to make

the most use of dielectric property measurement of the mixture, the presented research is

focused on the following aspects:



a) relationship between dielectric properties of gas/SCF and polymer mixture and
the gas/SCF transport properties in polymer

b) building a high-pressure and high-temperature dielectric property
measurement system and using this system to check the in-situ dielectric constant and
damping factor changes of gas/SCF and polymer mixtures to temperature change at high
pressure.

1.5 Thesis outline

Chapter 2 introduces the theoretical and experimental background of this
research. Gas diffusion theories for both steady and non-steady state diffusion are
described. Major existing methods used for diffusion experiments are also reviewed in
this chapter. Then, theoretic and experimental approaches for dielectric properties of pure
dielectric and mixture are discussed. Since we are going to discuss the relationship
between thermal property and dielectric properties of polymer/gas mixture, literature
studies on thermal properties of the polymer with effects from gas/SCF are presented.

Chapter 3 introduces a novel, self-designed dielectric properties measurement
system. Comparing with previous dielectric systems, this system can measure
capacitance accurately at higher temperatures and higher pressures. It consists of a gas
tank, a syringe pump, a pressure chamber, and an LCR meter. The details about the
mechanical design, the electrical design, and the data acquisition are also presented.
Validation of this system is done at high pressure and high temperature. It can
successfully measure dielectric properties of the polymer at high pressure and high

temperature within error.



Chapter 4 proposes a new research methodology to obtain gas diffusivity in the
polymers. Polystyrene (PS), polycarbonate (PC), and cyclic olefin polymer (COP) resins
and supercritical CO> were used in this study. A traditional gravimetric method and a
novel dielectric method were used at the same time and compared. Results from these
two methods agree very well with each other.

Chapter 5 describes the experiment using a novel dielectric measurement system
to measure the dielectric constant and damping factor of the HDPE engulfed CO» and He
separately. The effect of gas plasticization effect and hydrostatic pressure are discussed
with the measurement of impedance.

Chapter 6 provides a summary and conclusions of the research. Suggestions for

future work are also presented based on the research.



CHAPTER 2: Theoretical and experimental backgrounds
2.1 Diffusivity of supercritical fluid or gas in polymer
Diffusion describes the movement of one component from a high concentration
region to a low concentration region, resulting in a uniform distribution of a substance in
a matrix. Diffusivity describes the rate of this diffusion process. The diffusivity is an
important and critical property in many polymer processes such as nano-/micro-cellular
foaming, protective coating, separation-membrane designing, and food and beverages
packaging. Thus, clear understanding of the gas/SCF diffusion mechanisms in a polymer
and the relevant measurement methods are highly desirable for many applications. There
are two stages in diffusion: as the diffusion process progresses, the permeant
concentration continuously changes (i.e., non-steady state diffusion) until it reaches an
equilibrium (i.e., steady state diffusion) where a permeant concentration does not change
with time.
2.1.1 Theoretical approaches
Two kinds of diffusion, steady and non-steady state diffusion, are discussed here.
The diffusivity values of these two types of diffusion are always obtained by applying
mathematic models with the corresponding experimental data. Common equations and
models are described below.
2.1.1.1 Steady state diffusion
For steady state diffusion, the flux does not change with time. It is expressed as:

J =-DVC 2.1



where J is the flux of atoms in atoms/(m? - s), D is a diffusion coefficient in m?/s,
and VC is a concentration gradient in atoms/m*. It is called a Fick’s first law.
Considering a unidirectional case, this equation can be simplified as:

Jx=-D% 2.2

This simplification is valid in a membrane diffusion case when the thickness of a
membrane is much smaller than the other dimensions. The mean diffusion coefficient
over the entire range of concentrations can be obtained by the “time lag” method

developed by R. M. Barrer and E. K. Rideal in 1939 [21]. In steady state, the mean

diffusion coefficient is directly proportional to time:

12
D=—
66

23
where D is the diffusion coefficient, [ is the length of a polymer sample which a
gas travels through, and 0 is the time lag which is the intercept of the time axis with the
extrapolated linear steady state portion of the pressure-time curve.
2.1.1.2 Non-steady state diffusion
This is the case where the gas flux changes with respect to time before a diffusion
process reaches equilibrium. Many different models are used to describe this type of
diffusion: Crank’s model, Dual mode model, Gas-Polymer Matrix Model, Free Volume
Model, Mass Transfer Model, and some Empirical Models [22]. Some of these models

have very limited applications. For example, a Dual mode model and a Gas-Polymer

Matrix Model are only used for glassy polymers [23]. A detailed description of each of
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these models is described below, and the comparison table for diffusivity studies is

tabulated in Table 1.

1) Crank’s model
Crank’s model developed by J. Crank and G. S. Park is the most used, since this
model is easy to understand, and suitable for various experimental geometries,
accommodating different boundary conditions [24]. The sample shape has a significant
effect on gas transport behaviors. In 1968, Crank and Park derived several equations
based on the sample geometries. The following equation was used to describe non-steady

gas diffusion through a polymer film [24]:

1

M _ 5 (E)E 2.4

Moo L2
where M; and M. represent the mass uptakes of a penetrant at time t and at a long
time, respectively. L is a diffusion length. This model is mostly used in pressure decay
experiments. This equation can also be applied to diffusion cases along a cylindrical rod
or tube with a length of L, where one end of its surface is sealed and the other end is

maintained at a constant concentration [24].

Although the simplified model is widely used, the original model (% =

2(%)1/ 2 {n_l/ 24 2% (—1)Merfc —}) gives more comprehensive descriptions of

nl
v (Dt)

solubility and diffusivity calculations [25].

2) Dual-mode Sorption Model

11



This model divides diffusing molecules into two different populations: (i) the
molecules dissolved by an ordinary dissolution process whose concentration is Cp, and
(i1) the molecules trapped in micro-voids which do not diffuse whose concentration is
Cy.

The dissolved gas molecules obey The Henry’s law:

Cp = kpp 2.5
The concentration of the trapped gas molecules in micro-voids is given by the

equation of Langmuir [8]:

— Cubp 2.6

H = 1+bp

where Cj; is a Langmuir saturation constant, which is directly related to the global
volume of a specific site (i.e., micro-voids), and b is an affinity constant for these sites,
p is the pressure.

These two populations have their own constant diffusion coefficients (Dp,Dy)

[23] and ] is the total flux.

ac aCc
]=]D+]H=_DDa_xD_DHa_: 2.7

3) Gas-Polymer Matrix Model

Different from the dual mode model described in the previous section, this gas-
polymer matrix model is based on the assumption that there is only one population of a
penetrant but with interaction between the solute and polymer matrix. The basic concept

involves an activation energy which represents the necessary energy for the separation
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of macromolecular chains by cooperative motions of sufficient amplitude to allow a
penetrant to execute its diffusional jump. This model assumes that the presence of a
penetrant reduces the intermolecular forces between the polymer chains, resulting in a
smaller necessary activation energy for the separation of chains. The increase in a
penetrant concentration leads to a higher diffusion coefficient due to enhanced segmental
mobility of the chains. From a mathematical viewpoint, this theory proposes the
following relation to express the interaction between a penetrant and a polymer [23]:

D = Dy(1 + BC)exp (BC) 2.8
where D, is a diffusion coefficient in a zero-concentration limit, B is a constant relating
the excess activation energy of chain separation to the depression of the glass-transition
temperature of the polymer by a gas, and C is a gas concentration. The concentration
can be expressed as:

C = gypexp(—al) 2.9

where o, is the solubility coefficient at infinite dilution, p is pressure, and a is a
constant describing the effect of gas-polymer interaction on solubility changes. The
smaller « is, the less effect a penetrant has on solubility [26]. This model gives a better
understanding of molecular interactions, gas perturbation, and thermodynamics than the

dual-mode sorption model.

4) Free Volume Model
The basic idea of this theory is that a gas molecule can move from an original

position to another when a local free volume exceeds a certain free volume fraction limit.
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This model explains the relationship between the diffusion coefficient and parameters
such as glass transition temperature, penetrant shape and size, temperature, and
concentration.

Free volume fraction, f, is one of the most important parameters for solubility
and diffusivity definitions. It is defined as:

f — Vr — VTot—Vocc 210
Vot Vot '

where V. is a total volume, V,. is the occupied molecules volume and V is a
free volume.
A thermodynamic diffusion coefficient, Dy, is given by H. Fujita and K.

Kishimoto [27] as:
Dy = RTAq exp (‘TBd) = RTmy 2.11

where R is a gas constant, 7 is a temperature, A; is a parameter related to a
penetrant size and shape, B, is a characteristic parameter of an available free volume
fraction, and m,is the mobility of diffusing molecules relative to a polymer. The
combined free volume fraction, f is defined as:

f=¢1f1+ b2fa 2.12

where ¢; and f; are corresponding volume fraction and the free volume fraction
for a component i. Index 1 refers to the diffusing molecule and the index 2 to the
polymer. Defined by J. Comyn [28]

, Dt can also be expressed as:

alnC
dlna

Dy = Aexp(=—) 2.13
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where C is penetrant concentration, and a is a penetrant activity parameter.
Based on J. Comyn’s research, A. Peterlin modified equation (11) and proposed

the following equation [29]:

D = D(0)exp (azC) 2.14
where,
_ Bgf
%= 4, 12 2.15
D(0) = RTAgexp (—=2) 2.16
b2f2

Here, index 1 refers to the diffusing molecule and index 2 to the polymer.
However, this model is considered inappropriate for diffusion of small molecules.
Therefore, correction for a free volume fraction was applied to the model. The free
volume fraction depends on three thermodynamic variables as shown below [29-31]:

F (TP, O=frer(Trers Presr 0) + (T — Trep) — B(p — Pres) + ¥C 2.17
where the first term describes a standard fractional free volume in a reference
state; the second term shows the increase of a free volume with thermal dilation where
a 1s a thermal expansion coefficient of the free volume; the third term indicates free
volume shrinking during a hydrostatic compression (£ is compressibility); and the forth

term weighs the influence of a gas concentration on a free volume.

5) Mass Transfer Model
This theory is based on the Fick’s second law. This model can determine a

diffusion coefficient by measure a gas concentration in the polymer phase. The basic
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procedure of this model is to fit experimental gas concentration data with a predicted
function.

In a transient state, a penetrant concentration could be expressed as a function of
gas location in the sample and time. A diffusion coefficient is an optimization parameter
in this function.

The fundamental equation for this model is:

ac _ . d%c
at 8z

2.18

where c is a penetrant concentration, t is time, and z is a gas travel direction in
the sample, and D is a diffusion coefficient. This equation was modified by many
researchers [32-34]. An initial condition is given as below, describing no gas
concentration in a polymer sample at time # = 0 [24]:

c(z,0)=0 0<z<L 2.19

For gravimetric experiments with the samples with one sealed end, the boundary

conditions for z = 0 are as below with no gas concentration change at the sealed end:

c(0,t)=c(t) O0<t<T 2.20

dc
0z z=L

=0 0<t<T 2.21

This model can also be approached with an iterative algorithm with an initial
guess value for a diffusivity coefficient. The value for a diffusivity coefficient keeps
changing until the difference between calculated and experimental data are within the

tolerance limit.

6) Empirical Model
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For gas/polymer systems in which gas solubility essentially obeys Henry’s law
(e.g., hydrocarbons in elastomers), the dependence of a diffusion coefficient on the
absorbed penetrant concentration has been empirically represented at a given temperature
by the equations shown below [35]:
Linear model [36]:
D(C) = Dy(1 + BC) 2.22
Exponent model [30, 37]:
D(C) = Dyeh¢ 2.23
Concentration and pressure dependent model [38]:
D(C,p) = D(0,0)eBr+a) 2.24
Where D is a diffusion coefficient, C is a penetrant concentration, p is a
pressure, D is a diffusion coefficient when C is zero, [ is a temperature dependent
constant, and « is a constant related to plasticization.
The equations (21) and (22) obey the Henry’s law. In equation (22), the diffusion
coefficient shows a stronger dependence on the concentration. Equation (23) takes

hydrostatic constraint and plasticization into account [35].
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Table 2.1 Comparison table for various diffusivity measurement methods

. Temper Diffusivit
Theories EXII\)/Ien}rln Zntal Polymers Gas ature Pr;;liure ' us1v12y Ref | Year
ethods C) (MPa) |[Range (m/s)
Fick's | Pressure 170,180, 3.53x107- | [32,
2nd law | decay PP N> 190 0.99-6.75 1032x10° | 34] 1998
-10
Fick's | Pressure highly viscous | CO2, CHy, | 75 and 2.5%10
2nd law | decay bitumen and N, 90 3.96-4.08 _78%x107"° [39] | 1999
Fick's | Pressure 4.3x107
ond law | decay PS CH, 100-180| 32 _5.6x107 [40] | 2000
Fick's "
2nd law ) 100, | 0.199- |2.19x10 -
& free MSB PVA; PS CO, 150,200 6.876 554><10_12 [41] | 2000
volume
Poly(butylene
succinate /
Free 120,150, 0.68x107-
volume MSB Poly(b}ltylene CO, 180 2-9 2 68%10° [42] | 2001
succinate-
co-adipate)
[Empirical| Pressure Heavy oils and 1 12><10_10- [43,
thp q b.fu CH, 75 |7.5-235] 1o 44] | 2001
cory ccay 1tumen 147.58%10
Polyethylene ,
. Manometr polyamide 11 and| He, Ar, Na, 0.98x1077
Timelag |, " ethod | poly(vinylidene |CHy and CO,| 417132 | 0-14-30 | "5, 19 | [81 | 2010
fluoride)
Polysulfone ,
high- Poly(vmylldeneﬂ
. pressure uoride 1.03x107 -
Time lag permeatio hexafluoropropyl CO, 40-80 5 9 37%107 [45] | 2010
n cell ene) , and
Poly(tetrafluoroet
hylene)
. 0.1x10°12
Time lag [Pressure decay PVDF CO, 40-130 | 0.5-100 | 2 5%10°12 [35] | 2012

2.1.2 Experimental approaches

In this section, we introduce two main experimental methods for measuring
gas/SCF diffusivity in a polymer under non-steady state conditions. The advantages and
disadvantages of each method are also discussed. Furthermore, a diffusivity

measurement method for a steady state diffusion is also briefly described.
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2.1.2.1 Pressure Decay Method
Pressure
transmitter

Gas valve

X X
=

S Sample
"> [
Sensor ==

N~

Pressure cell Gas holder

To vacuum

source
-

Figure 2.1. Schematic of common pressure-decay apparatus [33]

Among all experimental methods for measuring gas diffusivity in a polymer, a
pressure-decay method, as shown in Figure 2.1, is attractive because of its convenience,
simplicity, and accuracy [46]

. In 1963, J. L. Lundberg and his team members used this method to measure
diffusivity and solubility of methane in PS at 33 MPa in the temperature range between
100 and 188 °C [40]. In 1969, his group repeated similar experiments using PIB [47].
In a pressure decay method, a molten polymer is molded to form a sheet where the sides
of the samples are sealed to satisfy a single-sided diffusion process. The sample is placed
in the center of a high-pressure cell and the both ends of the pressure cell are sealed to
ensure a gas can only diffuse in a vertical direction. Prior to a measurement, a vacuum
is applied to desorb the sample of any impurities. Then, a testing gas is injected and
absorbed in the polymer sample. Gas diffusivity is indirectly calculated by measuring

the rate of gas volume or gas pressure changes after gas injection [48]. There are many
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different kinds of sensors such as laser and nuclear magnetic resonance sensors [33, 48]
used in this method to get the graphs of gas volume vs. pressure. Diffusion parameters

could be obtained by using the graph information with the models described in section

3.1.2.

2.1.2.2 Gravimetric Method
A magnetic suspension balance (MSB) [32, 41] is one of the most popular and

precise devices based on the gravimetric method for diffusivity measurements. This
technique gathers sample mass change data with respect to measurement time and then
fits the data with a diffusivity equation to get a gas diffusivity coefficient.

An electronically controlled magnetic suspension coupling is used to transmit the
measured force from the sample enclosed in a pressure vessel to a microbalance located
at an ambient temperature and pressure as discussed in an earlier section 2.1.1. When a
gas dissolves in a polymeric sample, the weight of the sample grows due to the dissolved
gas weight. A mutual diffusion coefficient is then determined by measuring the weight

change of the sample with respect to time as shown in Figure 2.2.
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Figure 2.2. (a) CO; Sorption profiles in LDPE and PS samples obtained by the step change in
pressure from 11 to 12 MPa at 200 °C. The solid fitting lines are calculated by Fick’s second
law[49]; (b) a typical diagram of sorption/desorption experimental measurements [50]
(Permission granted by Elsevier)

Many diffusion experiments generate permeate flux data with respect to time to
fit modified Fick’s second law functions to estimate diffusion coefficients. For example,
Figure 2.2a shows the Fick’s second law fit on the experimental data.

2.1.2.3 Permeation Method for Steady State Diffusion

Numerous publications regarding measuring transport parameters, such as
diffusion coefficients, mass fluxes, equilibrium sorption data are readily available, but
studies about steady state diffusion in sorption and permeation are not easy to find in the
open literatures [51].

In the gas permeation experiments, after a certain period of a diffusion, the gas
concentration for all points in the polymer does not change with time. This is called
steady state. The permeation experiments create a desired gas concentration difference
between two sides of the polymer membrane to reach steady state. If there are no gas
concentration difference between these two sides, the membrane will reach equilibrium

which means every point of the polymer has same constant gas concentration.
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It is reported that, in the toluene/linear low density polyethylene (LLDPE)
system, the ratio of steady state and equilibrium absorbed amounts is 0.5 [52]. It is
improper to represent a steady state property with the equilibrium state data. The
permeant absorption difference between a steady state and an equilibrium state can also
provide valuable information about material swelling and gas concentration profiles
across the membranes [52]. In this case, it is necessary to obtain steady state diffusion
data.

As demonstrated in section 3.1, the simplest technique to calculate a diffusion

coefficient at a steady state is based on the Fick’s first law:

J=-D= 2.25

Figure 2.3 shows a vapor permeation device for a steady state measurement. A
sweeping gas (e.g., N2) flows on one side of the membrane in a chamber and the opposite
side of the membrane is contacted with vapor. Both the upstream and downstream gas
flows to maintain a certain pressure on the surfaces of the membrane. A Flame [onization
Detector (FID) is widely used to detect a vapor concentration in the upstream side of the
chamber. The FID signal displays a maximum value when the steady state is reached.

A steady state flux can then be calculated from the FID maximum signal [51].
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Figure 2.3 Permeation device for steady state measurements

Unlike the pressure decay equipment shown in Figure 2.1, the pressures on both
sides of the membrane in Figure 2.3 are fixed due to continuous gas supplies and this
makes it easier to obtain steady state data.

For gas transport experiments, a membrane is always moved from a
sorption/permeation cell to a desorption cell to determine the amount of absorbed
permeants, but the loss of absorbed permeant during the transfer is unavoidable. To
reduce this loss and error, a new apparatus, as shown in Figure 2.4, based on a permeation
device was designed by U. Petr , P. Roman and S. Katerina which requires no transfer of

a membrane from a permeation cell to a separate desorption cell [34, 43, 52].
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Figure 2.4 New apparatus for steady state diffusion study [52]. (Permission granted by Elsevier)

By using the apparatus shown in Figure 2.4, permeants absorbed in a steady state
can be determined. As shown in Figure 2.4, the system is cleansed and purged with a
sweeping gas, N, in steps 1 and 2. In Step 3, Ny is substituted by feed vapor (i.e., the
gas for the diffusivity experiments) as the membrane is separated from the feed by piston

1. After that, a vapor permeation process starts which allows a steady feed flow over a
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membrane and permeates on the other side (Step 4). The vapor permeate from the feed
is detected by an FID sensor which gives a vapor concentration in N». Lastly, the cell is

purged in step 5 and the feed gas absorbed in the membrane was desorbed in step 6 [51].

2.2 Dielectric properties of polymer with gas/SCF
2.2.1 Theory of dielectric properties

2.2.1.1 Maxwell equations
Maxwell equations provide one of the most concise mathematical model for the

relationship between the magnetic and electric fields. They describe the basis theory of
electromagnetism in four equations.

Considering time-harmonic fields according to e/t where ® is the angular

frequency and aeaf:t = jw, the Maxwell equations are written as:
VxH=joD+] 2.26
VxE = joB 2.27
V.D =p 2.28
V.B=0 2.29

where E, ﬁ, 5, and B are the electric field, the magnetic field, the electric

displacement, and the magnetic flux, respectively. f is the current density vector and p is
the charge density.
The constitutive relation of homogenous materials in these field are:

D = ¢F 2.30

25



B = uH 2.31
J = oE 2.32

Changes in the electromagnetic field in the materials are determined by
permeability (¢), permittivity (&), and conductivity (o). In this study, we focused our
research on dielectric materials which have low conductivity. The relative complex

permittivity &, is described by the following equation:

€ L
& ==& e 2.33

€o
where & is the permittivity of vacuum (&, = 8.854 X 10712 F /m); /. is the real part of
g, called the relative permittivity or dielectric constant; &, is the imaginary part of &,

called loss factor or dielectric loss. To be convenient, the subscription “7” is always

omitted.

2.2.1.2 Dielectric constant and polarization

Polarization denoted dipole moment per volume is a function of dielectric
constant and the strength of electric field. The polarization mechanism of a dielectric can
be classified into four categories: interfacial (space charge) polarization, orientational
(dipolar) polarization, atomic (ionic) polarization, and electronic polarization [53]. As
the frequency increases, these four mechanisms are quenched the frequency one by one
which leads to dielectric constant decrease. Figure 2.5 shows the dependency of dielectric

constant and dielectric loss on frequency [54].
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Figure 2.5 Frequency dependence of the real and imaginary parts of the dielectric constant
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The electric dipole moment is a measure of the separation of positive and
negative electric charges within a system, that is, a measure of the system's overall

polarity. Dipole moment is defined by

=Qd
=0 2.34

where Q is the charge of the dipole and d is the distance between the two charges.The SI
unit of u is coulomb-meter, but it is too large for molecular bond. Thus, y is commonly
measured in debyes, represents by symbol D. 1D = 3.33564 x 1073% C - m.

Polarization is defined as the dipole moment per unit volume:

P=- 2.35

where v is the volume of the dielectric material.

Polarizability is defined as the introduced dipole moment per unit electric field

intensity.
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_&
a== 2.36

If voltage V is applied to a parallel plate capacitor, the electric field intensity

between the two plates is:

|4
E=— 2.37
d

where d is the distance between these two plates. If it is a vacuum capacitor, its

capacitance could be expressed as:

A
Co="4

where A is the effective plate area and &, is the dielectric constant of free space. g, =
8.854 x 10712 F/m?2.
The charge stored in the capacitor is:
Qo =Co XV =Cy XEXd=¢gAE 238
If a dielectric material with dielectric constant of ¢ is inserted into the capacitor and fills
the space between the parallel plates, its stored charge is:
Q = egAE 2.39
The increase in the charge of the capacitor is:
Q—Qo=¢&AE(e—1) 2.40
The increase is attributed to the appearance of charges on the dielectric. So, the
dipole moment on the dielectric is:

U= gAE(e —1)d 241
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The polarization of the dielectric is:
TR’

P=-—= = AEgy(e — 1 2.42
= 1d o(e—1)
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Figure 2.6 Four mechanisms of polarization [55]

1) Electronic polarization
The center of the atom consists of positively charged protons and electrically

neutral neutrons. The electrons move around the nucleus in closed orbits. The electron
and the nucleus make a dipole with a moment directed from the negative charge to the
positive charge. Without the outside electromagnetic field, the time average of the dipole
moment and the axis of the dipole changes with the motion of the electron is equal to
zero. The total electronic charge is distributed as a spherical cloud, the center of which
coincides with the nucleus.

If an electric field is applied to an atom, an electric force is also applied to the
charged particles. That leads to a displacement of the negative charge cloud with respect

to the nucleus. A dipole moment is induced in the atom and the atom is electronically
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polarized, this is called electronic polarization. The time needed for this polarization is
very short, around 10~1° seconds [55].

Assuming that the charge is spread uniformly in a spherical volume of radius R.
the dipole moment induced by the electrical field could be described as [54] :

Ue = (4megR3)E 2.43
The displacement could be calculated by equation 2.43 and 2.34. For example,

the radius of a hydrogen atom is 0.053 nm, at a field strength of 10° V/m, the
displacement of the negative charge center, calculated with equation 2.43 and 2.34, is
107'® m, which is some 10° smaller than atom radius. Thus, the internal electric field
within the atom is in the order of 10! V/m [56].

The value inside the brackets is constant, so the dipole moment is proportional to
the applied electric field. Polarizability is defined as the introduced dipole moment per

unit electric field intensity. So, electronic polarizability is

P = AEey(e — 1) = Na E 2.44

Since the material is homogeneous, the total dipole moment should be a summary

of all the dipole moment of each atoms.

U
=— 2.45
Me NU
Combining equation (2.46), (2.47) and (2.48), gives:
£ =4nNR3 +1 2.49

where N is the number of atoms per unit volume.

The Clausius-Mosotti equation is expressed as:
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e—-1M Nya,
e+2p  3g = Om 2.50

where M is the molecular weight, p is the density, and a,, is called molar polarizability.
This equation is accurate to about 1% when applied to non-polar polymers [57].

One assumption of the Clausius-Mosotti equation is that the dipole moment is
zero after the applied electric field is removed. This means that the relative displacement
of electron and nucleus is reversible. The temperature effects on dielectric constant are
ignorable according to the Clausius-Mosotti equation.

2) Orientational polarization

Molecules of polar materials possess dipole moment, a permanent dipole
moment, even without an external electric field. This kind of material is called a polar
material. Because of the random distribution of the orientation of the permanent dipole
in the polar material, a bulk of material doesn’t show polarization. If this material is
placed in an electric field, the originally randomly aligned dipole tends to align with the
electric field direction and make the bulk of material polarized. With an external electric
field, these permanent dipole moments have a preferred orientation parallel to the applied
electric field. The trend of alignment is called orientational polarization. The time
necessary for the occurrence of this polarization is very short, around 1071% to 1077
seconds [55]. This polarization could be undermined by a temperature increase, which is
not considered in the Clausius-Mosotti equation. Debye proposed that the dielectric

constant of polar materials is a function of temperature and electric field.
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P=N E—NMZE— E ZN 2
=R TR T3k LM 2.51
j=1
The total polarization considering both electronic polarization and oriental

polarization is:

2

7
2.52
P=NE(a, + — T

For mixtures of polar materials, the Debye equation becomes:

j=
e—1 1 Z N,

3) Atomic polarization
In contrast to electronic polarization which occurs because of electronic

displacement, atomic polarization is caused by the displacement of the nuclei of atoms.
The corresponding duration for the occurrence of this polarization is very short, around
10713 to 10712 seconds [55]. In the molecules formed with dissimilar atoms, there are
always polar bonds connecting those atoms. A displacement of the charge center would
be introduced by the applied electronic field, because of the polar bond, whether the
molecule possessed a dipole moment or not. For example, in a molecule of hydrogen
chloride, the chlorine atom becomes a negative ion and the hydrogen atom becomes a
positive ion. Thus, the molecule possesses a permanent dipole moment because of the
displacement of the charge center.

Changes of this charge displacement with an applied electric field includes

bending or twisting polar groups, in addition to the bond length and angle change. If there
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are two molecules which have a dipole moment perpendicular to each other, and an
electric field is applied parallel to one of the dipole moments, the molecular bond parallel
to the electric field will be elongated while the other molecule is shortened by the electric
field. Depending on if the molecule is ionic or not, the net contribution of these two
molecules is called ionic or atomic polarization. The atomic polarizability is denoted by

a, and it is contributes to the total polarizability. Thus,

ar =a, +a, + a, 2.54
and
L u?
P=NE(aa+ae+m 2.55

4) Interfacial polarization
With an applied electric field, the charge carrier can be injected into the

dielectrics from the electrodes of the capacitor. The interfacial polarization is caused by
the drifting of charge trapped in the dielectric. Interfacial polarization is different from
the other three polarization mechanisms, which are due to the displacement of bound
charges. The time frame necessary for the occurrence of this polarization is of 1072 to
10~ seconds [55] .

In the case of interfacial polarization, large scale distortions of the field takes
place because of the dielectric property difference between phases. For example, valence
electrons move around the nuclei in a nonpolar polymer, like polyethylene and they can
pile up around the boundary between crystalline and amorphous regions with different

conductivity.
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For two layers of dielectrics with same material. The real and imaginary part of

the complex dielectric constant due to the interfacial polarization is given as [57]:

g'(w)=¢ex + s Tt 2.56
1+ w?t2
1 wT(&; — €5
e'(w) = + (& ) 2.57

wCy(R; + Ry) 1+ w?t?

where &4, is the dielectric constant when frequency is infinity, &, is the dielectric constant
when DC is used, w is the angular frequency of the applied electric field, t is called
relaxation time and it is a function of temperature and independent of time, C is the
capacitance with no dielectric, R; and R, is the resistance of the two layers of dielectrics,

respectively.

2.2.1.3 Dielectric mixing rules
The dielectric constant of the mixture is a function of dielectric constant, shape,

and volume fraction of each component. Over the last hundred years, many formulae
have been proposed for different mixtures and the formulae varied greatly with different
theories.

Lorenz-Lorentz theory has been derived independently by six investigators,
Clausius [58], Mossotti [59], Lorenz [60], Lorentz [61], Rayleigh [62], and Debye [63],
and is one of the most recognized theories, which are confirmed by experiments over a

wide range of temperature. In a two component mixture, it could be expressed as

Em—1 &g —1 & —1

= 2.
Em +2 v1€1+2+v2€2+2 58

where &5, &5, and g, are the dielectric constants of component 1, component 2, and the

mixture. v; and v, are the ratios of the volume of the components to the total volume of
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the mixture. The assumption for this formula is that all the components are spherical, and
are isotropically dispersed in a uniform field with sufficient separation.

For the case of a two liquid mixture, Siberstein [64] gives a thermodynamic
proved theory to get a mixture dielectric constant. They assumed that the two components
have no dielectric influence on each other and that the mixture’s volume equals the sum
of the constituents.

V=V, +V, 2.59

Results from this theory could be expressed as:

Em = V1& + V6, 2.60

Another popular theory for a binary mixture is called the Maxwell Garnett
Formula. The binary system is composed of spherical inclusion and background medium.
It assumed that these two components are not in the same phase. Polarizability of a
spherical inclusion is given as:

_ 3¢,
a = Vi(gi - 86)8--}-7 2.61
i e

Where V; is the volume of the sphere, ¢; is the dielectric constant of the inclusion, and ¢,

is the dielectric constant of the environment. For a dilute mixture where the inclusion’s

volume fraction v; « 1.

(Si - Se)
= + 3 ;| — 2.62
fm = e T &V g + 2,

However, most of the formulas are experimentally based and limited to specific

cases. For example, equation (2.58) is used for a laminar mixture, equation (2.60) is used
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for dielectric parallel to the electrode, and equation (2.62) is used for diluted solutions.
There is no direct formula developed for the dielectric constant of polymer and gas

mixture.

2.2.2 Experimental approaches for dielectric properties of polymer with
gas/SCF

Dielectric cells are usually used to measure the impedance of a sample and the
sample is called “the dielectric” here. Dielectric constants can be calculated from the
measured impedance. The basic dielectric cell consists of two electrodes made of two
pieces of parallel placed metal connected with the measurement circuit. The dielectric is
clamped by these two electrodes.

Dielectric cells for liquid dielectric measurements are relatively simple. Because
of the fluidity, the volume between two electrodes is not changed with temperature or
pressure. It always gives high-precision results because of its excellent dimensional
stability. Most solid dielectric cells are used by fusing the solid sample between the
electrodes. A dielectric cell used by McCommon and Work for fused silica and poly(dl

propylene oxide) measurements is shown in Figure 2.7.
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DIELECTRIC CELL

Figure 2.7. Dielectric cell used for fused silica and poly(dl propylene oxide) measurements [65]

The techniques to determine the dielectric properties with a dielectric cell can be
divided into two kinds. One method is to apply different voltages to the two electrodes
and then measure the total charge as a function of time. The charge change on the
electrodes is a response of the dielectric to the applied electric field. This kind of device,
used for the time-domain techniques, is called transient bridge [66]. The response as a
function of time can also be converted to a function of frequency by using a Fourier
Transform [67]. The other method is to apply an oscillating electrical field between the
electrodes and record the impedance change of the dielectric cell. The frequency of the
electric field can be changed.

Different electric bridges are developed to measure impedance. The popular
bridge for frequency under microwave frequency is an auto-balancing bridge as shown
in Figure 2.8. The current /; balances with the current /. which flows through the range
resistor (R,), by operation of the I-V converter. The potential at the low point is

maintained at zero volts (thus called a virtual ground.) The impedance (Zx) of the
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dielectric is calculated using the voltage measured at the High terminal (V) and across

Rr (V7).

Figure 2.8. Auto-balancing bridge for impedance measurement [68]

2.3 Polymer’s thermal properties
There are many parameters used for polymer thermal property characterization,

including glass transition temperature, melting temperature, crystallization temperature,
and heat capacity. This study is focused on the melting and crystallization temperature
of the polymers.

The process of crystallization in polymer is complicated by the requirement that
many consecutive units of each participating chain must enter systematically in the same
crystallite. The ideal crystalline region consists of bundles of polymer chains with chain
axes parallel to each other. The formation of this region requires many consecutive units
of each chain to enter the crystalline region systematically and continuously, as shown

in Figure 2.9. If a semi-crystalline polymer is cooled slowly from the melt and annealed
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at a temperature slightly lower than the melting temperature for a long time, a larger size
crystal and a higher degree of crystallinity are expected. In contrast, if the polymer melt
is cooled quickly to a temperature much lower than melting temperature, poorly ordered
crystalline regions are expected.

In the melting process, the boundary of the crystal which has intermediate order
is a transition region from high degree of order to amorphous region. Thus, this boundary
region melts at a lower temperature than the internal region with higher order. Most of
the melting transitions in polymers are observed with an abnormal increase in volume.
More rapidly conducted melting, irrespective of the method of observation, usually leads
to fictitiously low melting temperature, which might be in error for as much as 10 °C or

more.

Figure 2.9 Schematic of polymer crystallization process

2.3.1 Gas/supercritical fluid effects on polymer’s thermal properties
For a polymer and gas/supercritical solution, the melting point is usually lower

than the polymer. At equilibrium for the pure polymer, the chemical potential between
the liquid polymer and the solid polymer is the same.

My = g 2.63
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The temperature at the above condition is defined as melting temperature T,,,.
This T,,, depends on the composition of the liquid phase. If the liquid polymer phase is
pure, we have

My = My 2.64

where u0 is the chemical potential of the pure liquid phase at the same pressure and
temperature as the solution. When the liquid polymer phase contains impurities,
gas/SCF here, the chemical potential will be less than 3. Thus, to reach the equilibrium
melting temperature, where u,, = uS, a lower temperature than T, is required [69].

A similar equilibrium also happens during crystallization. Because of the
presence of gas/SCF, the system has an excess of free energy caused by the higher
chemical potential of the liquid phase. Thus, crystallization happens at a lower
temperature [70].

This effect of gas/SCF on polymer melting and crystallization is called
plasticization and the gas/SCF is called a plasticizer in the system [71]. Plasticization
efficiency can be evaluated from the dielectric dissipation factor. The dielectric
dissipation factor is an estimation of material damping. Adding gas/SCFs into the
polymer can change the maximum damping temperature by AT. The bigger the AT is,

the more efficient the plasticizer is.

2.3.1 Measurement methods for thermal properties of polymer and
gas/SCF

Many physical techniques are used to determine polymer thermal properties,
including differential scanning calorimetry (DSC), differential thermal analysis (DTA),
thermogravimetric analysis (TGA), and thermomechanical analysis (TMA). They are
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usually conducted at atmosphere pressure, while high pressure differential scanning
calorimetry (HPDSC) could be used to measure thermal properties with gas environment
change.

Polymer melting is an endothermic transition where the polymer absorbs heat
while polymer crystallization is an exothermic transition where polymer gives out heat.
HPDSC measures heat flow change in the sample with temperature as shown in Figure
2.10. These measurements give the values of the change in enthalpy during the first-order
transition, the temperature dependence of specific heat C,, and the temperature of the

first-order transition.

_de_dQ dr 2.65
P dT — dt  dt '

where the rate of supply energy Q is dQ/dt and the rate of temperature change is dT /dt.

. . dT .
During DSC experiments, < =a, where a is always a constant. So that

dQ

@ _c 2.66
ac ¢

p

Figure 2.10 was plotted to show relationship betweeni—(f and 7. ‘2—2 is proportional to the

. . . . d .

phase heat capacity when there is no first-order phase transition. Theoretically, d—(f will
approach infinity, when this transition happens, such as melting and crystallization. In
reality, Z—f changes with temperature continuously and peaks will present in the DSC

measurement at the melting or crystallization temperatures.
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Figure 2.10 Typical DSC signal change of polymer

With a type of modified DSC — where the measuring cell is installed in an
autoclave (a ‘pressure DSC’) — it becomes possible to carry out measurements under
pressures ranging from 5 kPa to 15 MPa (high-pressure DSC). High-pressure DSC
measurements can be carried out in inert or reactive gas atmospheres. If an inert gas is
used, the pressure dependency can be studied when sample transformation (usually a
caloric effect) is also accompanied by a volume change. This allows for the investigation
of dehydration and decomposition reactions with gas release by means of pressure DSC.
When using a reactive gas, the gas becomes one of the reactants and the pressure
therefore is a measure of its concentration. With this method, aging tests can be

performed on organics (such as oils, fats, waxes, greases, etc.) and polymers.
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This method also has some limitations [72]. First, there is some form of human
inconsistency introduced into the raw data analysis by the inconsistent baseline
subtraction step. In thermal analysis, baselines are mostly created by connecting the DSC
trace before and after a thermal effect, such as melting and crystallization. It is easier to
get the critical temperature, such as melting and crystallization temperature, of the
thermal effects after the baseline subtraction from the DSC trace. For example, the peak
temperature is defined as the point on the curve where the distance to the baseline is
greatest. However, the baseline can be different by using different baseline creation
methods, which leads to the inconsistency. Thus, variations in results may be observed
among different users. Second, background heat capacity of the system may overshadow
signals from dilute samples [73, 74]. In any of these cases, these features on the DSC can

be wrongly attributed to samples, thus affecting the interpretation of results.

2.4 Chapter summary
In this Chapter, we have introduced the theoretical background and experimental

approaches for transport properties, dielectric properties, and thermal properties of the
polymer and gas/SCF mixture:
1. There are two kinds of diffusion: steady state and non-steady state diffusion.
Fick’s law and a few models interpreting the gas diffusion in polymer are
summarized in Section 2.1.1.
2. Advantages and disadvantages of traditional experimental approaches for gas
diffusivity measurement including pressure decay, gravimetric, and

permeation methods are descripted in Section 2.1.2
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3. Section 2.2 illustrates the physical meaning of dielectric constant, dielectric
constant models of mixture, and experimental approaches for dielectric
properties measurements.

4. Section 2.3 exhibits thermal properties that we are interested in (Tm and Tc)
and gives thermodynamic explanation of the way how gas/SCF affects the
thermal properties of polymer. Pros and cons of the popular instruments for
Tm and Tc characterization are also listed in this section.

Both transport properties and thermal properties of the gas/SCF and polymer
mixture are closely related to the polymer structure. The change in polymer structure
can be revealed from changes of dielectric properties. However, only a few studies were
conducted to investigate the relationship between dielectric properties and the other two
properties, thermal and transport properties. In the following chapters, this relationship

will be discussed with experimental data and theoretical models.
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CHAPTER 3: Description of high-pressure and high-temperature dielectric

properties measurement setup

3.1 Previous dielectric system

Many kinds of dielectric measurement systems have been used to measure
material dielectric properties. In this section, we review several previous dielectric
measurement devices, introduce its simple working principle, and describe how to reduce
measurement error.

In 2004, T. T. Grove, M. F. Masters, and R. E. Miers wrote a report about a low
cost parallel plate capacitor to introduce the simple concept of using a parallel plate
capacitor to measure the capacitance of dielectric films [75]. The setup of the experiment
is shown in Figure 3.1. Aluminum foil was used as the capacitor electrode, Teflon with
different thickness was selected as the dielectric material, and capacitance of the Teflon
was measured with a multimeter. The measuring area was rectangular. In this study, the
inverse relationship between capacitance and dielectric thickness was confirmed.
Concern about the air gap between the dielectric material and the electrode was also

brought up.
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Figure 3.1 Low cost capacitance measurement setup using aluminum foil as the capacitor plate
[75]

A more accurate capacitor with space adjustable function was built by B. Wells
et al. with two thin, square parallel metal plates attached to blocks of acrylic insulation
material (Figure 3.2) [76]. This made it very easy and convenient to adjust the distance
between two parallel plates with a micrometer head and to control the overlapping area
of the electrodes attached on a sliding track with a ruler. Edge effects, tilt effects, and

body capacitance were discussed in their work. Edge effects refer to the electric field
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fringes near the edges of the plates. These electric field fringes were weaker than the
electric field between the plates for a corresponding ideal capacitor. The edge effects on
capacitance measurements were found to be related to the ratio of plate separation to the
length of the side. The tilt effects are caused by a un-parallel relationship between
electrode plates which changed the effective electrode separation. The body capacitance
is the residual capacitance due to, for example, the apparatus frame, the acrylic material,
or probes. It was measured by separating the electrode plates far away from each other.

By correcting these three errors, capacitance accuracy was within 3%.

Figure 3.2 Capacitor built by B. Wells, J. Ye, et al. [76]

An oscilloscope was used in the parallel plate capacitor design of Y. Nogi, M.
Watanabe, and K. Suzuki [77]. The structure of the capacitor and the electric connection
is shown in Figure 3.3. A circular electrode with a radius of 90 mm was used with a shield
cover on the top plate. A 5.7 mm radius circular electrode plate and a guard ring with a
90 mm outer radius was bonded on the bottom plate. The dielectric constant was obtained

from the following equation:
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SoAiVo:(l _1)ﬁ+1 3.1
dQ; d

A; is the area of the inner electrode, V| is the potential difference applied to the
capacitor, d is the distance between plates, and h; is the dielectric material thickness,

Q; 1s the charge on in the inner electrode, which is measured by the oscilloscope.
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(a) cross section and electric connection
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(b) top view of half of bottom plate

Figure 3.3 Parallel plate capacitor with oscilloscope. A sinusoidal ac voltage Vis(f) with amplitude
10 V and frequency 100 kHz is applied to the plates through resistors R; and R,. The potential
difference between nodes A and B is sent to an oscilloscope to measure the charge O; on the inner
electrode [77].
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The results from this study are shown in Table 3.1. The measured dielectric
constants are all within the published range. However, the published data varies over a
large range, which are not accurate. The difference among experiments could be caused

by the variance in material, tilt effect, and body capacitance.

Table 3.1 Dielectric constants measured by Y. Nogi et al. and other refs

Material €' (measured) €' (published) reference
Sod-lime glass 6.9240.32 6.0-8.0 [78]

Bakelite 4.86£0.15 4-9 [78]

Teflon 2.02+0.03 2.0,2.1 [79]

A high temperature dielectric cell was also built by N. Koizumi and S. Yano to
measure high temperature polymer dielectric properties [80]. The construction of this
dielectric cell is illustrated in Figure 3.4. The guarded electrode, A, and the guard
electrode, C, were mounted on the fixed Mycalex plate. The unguarded electrode, B, was
mounted on the moveable Mycalex plate which was lightly loaded with springs, J. These
electrodes were made of stainless steel. The thermocouple was built inside the guarded
electrode. This dielectric cell was designed to measure the dielectric constant at high
temperatures, but not at high pressures. The different force applied to clamp the sample
would change the sample shape and distance between the electrode, especially for a
relatively soft polymer. The location of the sensor is very critical for temperature
measurement. During heating or cooling, the temperature on different points of the
sample is different because of the different distances from the heating resource. Placing
the thermocouple in the guard electrode would lead to temperature measurement errors

in the dynamic temperature change.

49



al

B o

mo I

o
I

—

(7]

Figure 3.4 High temperature dielectric cell [80]

3.2 High pressure, high precision dielectric properties measurement setup

Based on the previous dielectric cell designs, we developed a new setup for
dielectric properties measurement. This new setup enabled dielectric measurement at
high temperature and high pressure, reduced tilt and edge effects, and improved

efficiency of experimental control and data acquisition.
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3.2.1 The self-designed fixtures
The first version of the fixture is shown in Figure 3.6. Two square copper plates

were used as the electrodes. The bottom electrode was insulated from four supporting
threaded rods with Teflon gaskets. The electrode was connected with the mica plates
(electrically insulated) with small bolts. The top electrode could be moved up and down
along the supporting rods by moving the mica plates. The mica plate location can be
secured by tightening the nuts on the four rods. The thickness of the sample was measured
before inserting it between the two copper electrodes.

This version of the dielectric fixture could be used to measure polymer film
capacitance, but it still has some shortcomings. First, the thickness of the sample was
measured before clamping it between the copper electrodes. The sample thickness
change caused by different clamping force was ignored, which can cause error, especially
for thin film. Second, due to the low machinability and brittleness of the mica plate,
flatness and thickness distribution of the mica plate were relatively poor, which allowed
the electrode plate bonded to the mica to tilt. That can also lead to error in electrodes
separation. Third, copper electrodes have good electrical conductivity but they also have
a low hardness which made it easy to scratch the surface which will affect capacitance

readings.
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Figure 1.5 First version of the self-designed dielectric fixture

To improve the first version of the fixture, a second fixture was designed and is
presented in Figure 3.7. Stainless steel 303 was selected as electrode material in this
version for better abrasion resistance and lower thermal expansion ratio with temperature
change. Micrometer heads were used to measure electrode separation. The micrometer
heads have a rachet stop, which controlled the clamping force applied to the polymer
sample. A round electrode was also used here to reduce the errors from edge effects. It
was described in [81] that because round shape has the smallest ratio of edge length to

plate area, it has the smallest edge effects.
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Figure 3.6 Second version of the self-designed dielectric fixture

The drawing of the fixture is shown in Figure 3.8 (a). The top plate was secured
on the three steel rods. A guard electrode was attached to the top plate with three screws.
The outer diameter of the guard electrode is 41.28 mm, the inside diameter of the guard
electrode was 28.58 mm. The guarded electrode was fixed on the top plate with a screw
going through the center hole of the top plate and driving into the tapped hole in the
center of the guarded electrode. It was electrically connected with the screw and insulated
from the top plate with Teflon gaskets. The diameter of the guarded electrode was 28.22
mm. A Teflon film was inserted between the guarded electrode and the guard electrode

for electric insulation. The glass spacer with a flatness tolerance of 0.002 mm was
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clamped between the top plate and the guarded electrode to improve the parallel
relationship between these two plates. The unguarded electrode was secured on the center
plate with a screw in the same way as the guarded electrode is attached to the top plate.
A glass spacer was also used between the unguarded electrode and the center plate to
maintain a parallel relationship. The diameter of the unguarded electrode was 42.80 mm.
It was electrically connected with the screw and insulated from the center plate with a
Teflon gasket. The two electrode surfaces contacting the sample has a surface roughness
smaller than 0.00lmm. The bottom plate was firmly attached to the three steel rods. The
brackets for mounting micrometer heads on the bottom plate were also designed and
fabricated according to the size of the micrometer head stem and available area on the
bottom plate. Figure 3.8 (b) shows the top view of the top plate and the way the plates
attached to the rods. Steel rods went through the rods hole in the ‘guitar’ shape slot on
the plate. To clamp the rod with two sides of the ‘guitar neck’, a horizontal screw was
used to pull the two sides together horizontally. In this way, we could secure the location

of the plates with a horizontal force and avoid the vertical movement of the plate.
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Figure 3.7 (a) Drawing of the second version of dielectric fixture (b) top view of the top plate on

the fixture

The dimension of this fixture was designed to fit into the pressure chamber in
Figure 3.9 (a). The electric connection was also designed to send out the electrical signal

from the pressure chamber, meanwhile, avoid pressure leakage with a special connector

discussed in the following section.

3.2.2 Electric connection

Electric connections between the capacitor and the LCR are shown in Figure 3.9.
Three different electrical wires coming out of the chamber were connected to the guarded
electrode, unguarded electrode, and guard electrode separately. One wire was electrically
connected with the guarded electrode through the screw going through the center of the
top plate. Another wire was electrically connected with the guard electrode through the
screw driving into the guard electrode through the top plate. The third wire was
electrically connected with the unguarded electrode through the screw going through the

center plate. A seal gland, shown in Figure 3.9 (a), was embedded in the top part of the
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pressure vessel to enable the three wires connecting the dielectric fixture inside with the

LCR meter outside without pressure leakage.
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Figure 3.8 (a) Electrical connection inside the pressure chamber with seal gland which enables
electrical signal communication and avoid pressure leakage (b) Simplified electrical diagram
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A self-designed Bayonet Neill Concelman (BNC) connector was used to improve
the impedance measurement repeatability. Kelvin Clips was purchased with the LCR
meter from Keysight® company to connect the dielectric fixture with LCR meter, as
shown in Figure 3.10 a). However, the electric connection between the Kelvin Clips and
wire was not stable. It was noticed that by changing the location or orientation of the
Kelvin Clip or cable connection could lead to an unignorable capacitance change. To
overcome this disadvantage, we fabricated a new connection between the LCR meter and
the pressure chamber as shown in Figure 3.10 b). A coaxial cable was used in the new
BNC connector to shield the wires from the electromagnetic field. The steel tube was
also used to secure the cable location. The male and female BNC connector showed in
Figure 3.10 b), enabled the operator to disconnect the LCR meter from the dielectric
fixture inside of the chamber without changing the location of the cables and improved

the reproducibility of the experiments.

Self-fabricated
part for solid
connection and
stable signal

Figure 3.9 (a) Kelvin clips (b) self-designed BNC connector between chamber and LCR meter
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3.2.3 Control system and data acquisition program
To control the experimental conditions and conveniently gather data, the

thermocouple, syringe pump, LCR meter, and the heat controller were all connected to
the computer. Temperature and pressure could be controlled and recorded with software
in the computer. A Labview™ program was developed to record and plot impedance as
a function of time. These digital connections made it convenient to monitor the
experiment remotely and improved working efficiency. Meanwhile, it helped with the
data analysis after experiments.
3.2.3.1 Temperature control and acquisition

To control the temperature, an Omega CN7500 heat controller was connected to
the heating jacket outside of the pressure chamber. The working principles of the heat
controller is shown in Figure 3.11. Proportional Differential and Integral (PID)
controlling program was used in this controller. The difference between the temperature
set in the heat controller and the heating jacket temperature measured from the
temperature sensor is forwarded to the PID controlling program. The output of the PID

controlling program was used as an input for the heating jacket to adjust heating power.

Temperature
sensor
) PID | Heating
PC i o controller | jacket

Figure 3.10 Block diagram of temperature control
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The thermocouple’s location is very critical in the experiments because the
temperature varies space in this non-isothermal experiment. A T-type thermocouple that
has relatively better accuracy was used to get the sample temperature as shown in Figure
3.12. The thermocouple tip was covered with a thin layer of Kapton film for electrical
insulation. It went through a Swagelok high pressure tube fitting embedded in the
chamber cap and a hole on the top plate. The tip of the thermocouple (most sensitive
temperature measuring region) was contacted with the guarded electrode from the center
to the edge. Since the heating source is from outside of the chamber, there is a
temperature change with distance from the heating jacket. The average temperature of
the sample was measured by locating the thermocouple tip from the edge of the

unguarded electrode to the center of it.
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Figure 3.11 Thermocouple location. Located the thermocouple tip along the radius of the

guarded electrode
3.2.3.2 Pressure control and acquisition
The pressure of the system is controlled by the syringe pump (ISCO 500D from
Teledyne Technologies™). The capacity of the pump is 507 mL and the highest pressure
it can reach is 3750 psi. It can be controlled by a program on the computer. The interface
of the program is shown in the Appendix B. Pressure could also be recorded with this
program every 0.5 seconds.
3.2.3.3 Dielectric data acquisition
Impedance Z and the phase angle 6 were measured in the experiments with the

LCR meter. These two parameters were used to calculate dielectric constant, €', and
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damping factor, tan(8). The relationship among these values was shown in Figure 3.13.

X 1s the capacitive reactance, and it is a function of capacitance and frequency:

1 2
Xe = 2nfe :
Based on these relationships we have:
tan(8) = tan (g -6) 33
g 4 3.4
2nf X Ag,

where d is the distance between the two electrodes in the fixture, 4 is the area of the

guarded electrode and g, = 8.85 X 10712 F/m.

R -iXc
R
' G
-jXc *Z

Figure 3.12 Relationship between impedance parameters

In order to make an easy-control and monitor measurement system, a graphical
user interface (GUI) for dielectric data recording was developed with Labview™ which
is shown in Appendix B. In the GUI, the frequency of the AC, electric potential difference
between two electrodes and data acquisition frequency can be freely set. The impedance

Z and the phase angle 0 are recorded with time and plotted.
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3.3 Validation of the system working at high pressure and high temperatures

The system was designed to work at high pressure and high temperatures. Two
experiments were conducted to quantify the error of dielectric properties measurement
caused by temperature and pressure.

3.3.1 Measurement error caused by temperature

It is a big concern that temperature change can change the body capacitance and
then lead to measurement error, which has been discussed in Section 3.1. To get rid of
the body capacitance at room temperature, we can use the OPEN/SHORT correction on
the LCR meter [82]. To evaluate the error caused by the temperature at high pressures,
the dielectric constant of CO; at different temperatures calculated from our experiment
results was compared with the literature.

The literature data [83, 84] of CO; dielectric constant measured at different
temperatures, from 25 °Cto 160 °C, at 882 psi was used to compare with our experiment
results, as shown in Figure 3.14. The same temperature and pressure were used in our
experiments. The average difference between measured and literature dielectric constant

at every measured temperature is 0.0042 and evenly distributed with temperature.

62



dielectric constants of CO2

105}

1.04

20

1.09 1

1.08

1.O7

1.06 1

at 882 psi

= - from literature

% data

=]

40 60 80 100 120 140 160
Temp (°C)

Figure 3.13 CO, dielectric constant change with temperature at 882 psi

3.3.2 Measurement error caused by pressure

The accuracy of the dielectric measurement at high pressure was also evaluated.
Dielectric constants of CO; from 15 to 14696 psi have been reported [83], however the
change of dielectric constant was too small to compare within the pressure range of our
system. There are two sources for the change of dielectric measurement: material
dielectric properties change and fixture body capacitance change. The fixture’s body
capacitance change should be significantly smaller than that of the sample. An evaluation

of the body capacitance change with pressure is necessary for the dielectric measurement

at high pressure.

The impedance of a dielectric material that has ignorable dielectric constant

change was measured from 489 psi to 2286 psi. A high temperature polymer, HDPE, was
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chosen as the sample material and Helium was chosen as the pressurizing medium which
has low solubility in polymer. The measurement was conducted in a short time to reduce
the amount of He dissolved in the HDPE. The temperature of the experiments was kept
at 180 °C. The beginning pressure of the experiment was 489 psi. Once the reading on
the LCR was stable, the impedance data was recorded as a function of pressures.
Impedance data at all these designed pressures were recorded and used to calculate
dielectric constant. Thus, changes in the calculated dielectric constant indicated body
capacitance change. The results are shown in Figure 3.15. The greatest difference in the
dielectric constant at different pressures was 0.016 and the standard deviation of these
dielectric constants was 0.006. We can conclude that the pressure does not cause

measurement error on dielectric properties at high temperatures.
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Figure 3.14 Dielectric constant of HDPE at room temperature and frequency of 1kHz

3.4 Chapter summary

In this chapter, we introduced the self-designed system for high pressure and high
temperature dielectric properties measurement. An overview of different dielectric
measurement cells was introduced at the beginning of the chapter and our new fixture
which can work at high pressures and high temperatures was also developed based on
these cells. This new system successfully reduced edge effects, body capacitance, and tilt
effects with innovative mechanical and electrical design. The communications between

computer and experimental equipment are also built to facilitate the experimental control
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and data acquisition. High temperature and high pressure dielectric measurements were
also validified with experiments.

This system is the first high temperature and high pressure dielectric property
measurement system equipped with accurate gap measurements. While this study is
focused on CO> and He effects on the HDPE’s thermal properties with designed
temperature, pressure, and heating rate, this system can also be applied with different

pressurizing medium, polymer material, heating rates, pressure, temperature, and so on.
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CHAPTER 4: Diffusivity determination at one atm and room temperature

In this chapter, theoretical CO; diffusivity in amorphous polymers was calculated
from dielectric constant changes during CO> desorption. These values showed
agreement with experimental diffusivity from a gravimetric method. Three amorphous
polymer films made from polystyrene (PS), polycarbonate (PC), and cyclic olefin
polymer (COP) resins were saturated with supercritical CO; at 5.5 MPa and 25 °C for 24
hours in a pressure chamber. The CO; infused films were removed from the chamber for
gas desorption experiments. The capacitance of the samples was recorded with an
Inductance, Capacitance and Resistance (LCR) meter. These values were used to
calculate the change in dielectric constants. CO, weight percentages measured by a scale
were used to calculate experimental diffusivity and solubility coefficients. It was found
that the trend of dielectric constant changes was similar to that of the CO, weight
percentage changes during gas desorption. A mathematical model was built to predict
the CO» weight percentages during desorption from the measured dielectric constants.

Theoretical diffusivity from this work agree well with literature data.

4.1 Theoretical background
Dielectric properties refer to storage and dissipation of electric and magnetic

energy in materials. According to the Clausius-Mossotti relation, dielectric constant can

be described as a function of a polymer’s free volume fraction which could be used to
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calculate diffusivity under steady state diffusion [20, 85]. Thus, diffusivity can be

expressed as a function of dielectric constant:

_BD
D=Apexp| ——7 4.1
L FFY)

Where FFV is fractional free volume, V is the polymer occupied volume at 0 K,
P is the polymer molar polarization, ¢ is dielectric constants, and Ap, By are diffusion
constants.

Several groups investigated the relationship between a gas transport property and
dielectric constants for various polymer and gas combinations under steady state
conditions for membrane filter applications [86, 87]. K. Matsumoto, P. Xu, and T.
Nishikimi reported the relationship between CO2, CHa, Hz, O2, N> gas permeability and
dielectric constant values of several aromatic polyimides films [86]. Gas permeability is
observed to decrease with increasing dielectric constant of the membrane films during
steady diffusion. S. Miyata’s research team studied the gas transport properties and
dielectric properties of four hexafluoroisopropylidene polyimides with CO», CH4, H2, O2
and N> [20]. They also tested the gas permeability under steady state conditions and
claimed that gas permeability coefficients were higher for films with lower dielectric
constants.

These previous studies confirmed the relationship between gas diffusivity and
dielectric constants under steady state conditions for gas membrane applications (i.e.,

high pressures at the upstream and low pressures at the downstream of the membranes).
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In this study, capacitance values were measured during a gas desorption process (i.e.,
non-steady-state conditions) and demonstrated that these values change significantly
with the amount of CO; in the polymer matrix. In this study, three amorphous polymers
(e.g. PS, COP and PC), that are widely used in foaming processes, were used to
investigate CO, desorption behaviors by measuring weight and capacitance changes over
time. CO> diffusivity by both methods were calculated and compared.
4.2 Mathematics of diffusivity calculation

The International Union of Pure and Applied Chemistry (IUPAC) [88] defines
solubility as the proportional ratio of a solute in a solution. In gas/SCF and polymer
systems, solubility is determined by the weight of gas absorbed by a polymer after
saturation over the polymer weight as shown by Equation 4.2 :

S = Wyas/W 4.2

where W is the total weight of the sample (including the absorbed gas), and W4 is the
weight of gas absorpted by the polymer.

Diffusion can be described as a process where a material is transported by the
thermal motion of the molecules in a fluid or a matrix. Non-steady-state diffusion is the
most common type of diffusion which is described by Fick’s Law; an analytical solution

is available for this equation:

ac _ a(Dac) N a(DaC) N a(DaC) 4.3
ot 0x? dy? 0z2

where C is the gas concentration at time ¢, D is the gas diffusivity at a position (x, y, z) in

the polymer. Frequently, diffusion occurs effectively in one direction when the thickness
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of the polymer sample is small enough to be ignored. In such cases, Equation 4.3 can be
reduced to Equation 4.4:
% _3(p%) 44
adt oOx\ Ox
As a polymer film is immersed in CO,, CO> concentration, C, can be solved, at
time ¢, using Equation 4.4 [89].

The diffusion force under isothermal conditions caused by a concentration

gradient is descripted as:

—RTM 4.5
dx

where R is the gas constant, 7 is the temperature, C, is the gas concentration at
equilibrium[90]. Thus, diffusivity is concentration-dependent.

The initial gradient of each sorption curve yields some mean value, D, of the
variable diffusivity averaged over the range of concentration appropriate to the

experiment. A reasonable approximation to D is [91]:
D~—| D(C)dC 4.6
An analytical solution for equation 4.4 is:

M, - 8 —D(2n + 1)%r?%t 4.7
—=1- exp
M., ZO (2n+ 1) I2

n=

where M,,,, is the total amount of a diffusing substance absorbed by the polymer sheet

at the onset of desorption, M, is the corresponding quantity of the gas at time 7 and L is

the film thickness.
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Based on Equation 4.7, two analytical methods are used to get two different
diffusivity corresponding to different periods of the diffusion process, Diorr and Diong.
Dynore describes the initial part of desorption, and Dione describes the later stage of the
desorption process [35]. Change of the diffusivity over time is caused by the change of

CO2 concentration gradient inside and outside of the film.

M

. t . t . t
Attime ty,, = 0.5, and — can be written as =2. Based on Equation 4.7, =2
12 12 12

Mmax

can be expressed as [91]:

(t1/2>_ ( 1 )l w2 1(m?\ 4.8
12)~ " \zzp)™\16 9\16
Approximately, the error is about 0.001%, Dspore can be expressed as [91]:

0.04919 4.9

Dsnort = T/Z
()

When the gas concentration in the polymer film approaches equilibrium (i.e., ¢
has a large value), a more precise description of diffusivity is given by J. Crank [91]:

_ 1 (% 4.10
D~—| D(C)dC
Co J,

where C, is the equilibrium gas concentration, and D is the integral diffusivity. Equation

4.10 can be solved as:

8Mmax) _ Diongm?t 4.11

In(My,0e — M) = ln( — 1z
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where Djong4 is the diffusivity as the gas concentration approaches zero [92]. From
Equation 4.11, it is observed that the graph of In(M,,,,, — M;) against ¢ gives a straight
line with a slope 6, and Dy, can be simplified as below:

012 4.12
Diong = Tz

where L is the film thickness [93].

4.3 Experiments
4.3.1 Materials
Commercial grade pellets of Polycarbonate (PC, Caliber 201 TRP, Styron),
Polystyrene (PS, MB3150, AmSty), Cyclo Olefin Polymers (COP, 1020R, ZEON
Chemicals) and CO> (USP Grade Medical Carbon Dioxide, Airgas) with purity over
99.9% were used in this study. When temperature is higher than 31°C and pressure is
higher than 1070 psi, COz is at a super critical state. It can effuse through solids like a
gas, and dissolve materials like a liquid. PC, PS and COP pellets were heated to 200 °C,
160 °C, and 150 °C (around 50 ~ 60 °C higher than the glass transition temperatures),
respectively, and pressed at 10.34 MPa for 5 minutes, then at 31.03 MPa for 15 minutes
to make films. After pressing, the films were then quenched in cold water. The PC, PS

and COP films were 0.20 mm, 0.18 mm and 0.34 mm thick, respectively.

4.3.2 Experimental procedure
The films for capacitance and weight measurements were saturated in a pressure

chamber (4720 high pressure cell, Parr Instrument Company) pressurized by a positive
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displacement pump (500D Syringe pump, Teledyne ISCO) at 5.5 MPa and room
temperature for 24 hours. It was assumed that the samples were saturated after 24 hours.
For each experiment, two samples were saturated (i.e., one sample for the weight
measurements and the other for the capacitance measurements). After releasing the CO»
pressure in the chamber, the CO; infused samples were immediately moved to the weight
and capacitance measurement devices. During desorption, the capacitance of samples
were measured by a parallel plate method with an Inductance, Capacitance and
Resistance meter (LCR meter, SR715, Stanford Research Systems) at 1 kHz, at a
temperature of 25 °C, and a relative humidity of 45%. The dielectric constants were
calculated from the capacitance values measured by the LCR meter. The films with 50
mm x 50 mm areas were clamped between two parallel plates. Area of both plates was
38.2 mm x 38.2 mm. The PC, PS and COP films were 0.20 mm, 0.18 mm and 0.34 mm
thick, respectively. A minimal force was applied to hold the polymer film. The
capacitance change of the sample was recorded for 90 minutes after depressurization.
Sample thickness after depressurization is also measured to compare with its original
thickness.

The 50 mm x 100 mm films were put on the Ohaus Precision Standard scale, with
3 decimal place accuracy, as soon as the samples were taken out of the pressure chamber.
The weight change of the film was recorded for 90 minutes simultaneously as the

capacitance measurements.
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4.4 Results and discussion

4.4.1 Diffusivity of CO2 in polymer films
Diffusivity can be measured by a gas desorption gravimetric experiments [94,

95]. It can also be obtained by gas absorption experiments as well, but a gas desorption
process is much easier since it does not need a high pressure condition during the
measurements [34].

Figure 4.1 shows the CO> weight percentage changes in the polymer samples
during desorption. The corresponding weight percentage changes of polymers in the CO»
filled polymer systems are also shown in Figure 4.1 . Each measurement was repeated
three times for data consistency. The average values as well as the standard deviations

are shown in Figure 4.1 .
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Figure 4.1 Desorption curves of CO; saturated polymer films by a gravimetric method after CO,

saturation under 5.5 MPa and room temperature for 24 hours: a) PC, b) PS, and c¢) COP films

and then slows down over time for all cases.

dependence of diffusion on gas concentration according to equation 4.5.
concentration of gas decreases in the polymer, the driving force for diffusion decreasing

leading to a slower weight change. Based on the desorption curves, the diffusivity can
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be calculated for each case from equation 4.9 and equation 4.12. The results are tabulated
in Table 4.1 . CO> in a COP matrix experiences the fastest diffusion (i.e., high Dgnort) in
the beginning phase of the description process and the slowest diffusion (i.e., low Diong)
toward the later desorption stage among 3 systems. The diffusion of CO;in a PC matrix
has lowest Dshort and then the highest Diong among three systems. Approximate CO:
solubility data in polymers under 5.5 MPa and 25 °C are also indicated in Figure 4.1 and
tabulated in Table 4.1 . The films reached equilibrium after 24 hours of CO» saturation
at 5.5 MPa and 25°C. Assuming the gas loss is minimal during sample removal from the
chamber, the first measurement of CO, weight percentage is equal to the CO> weight at
equilibrium under 5.5 MPa and 25°C. Thus, approximate CO, solubility values in these
systems under 5.5 MPa and 25 °C can be estimated by the first data points in Figure 4.1
. The COz solubility in polymers are in an order of PC > PS > COP.

Table 4.1 Experimental CO; diffusivity and approximate solubility data at 25 °C and 5.5

MPa
Approx. Solubility
Polymer Dshort (m?/8) | Diong (m?/s)
@ 25 °C, 5.5 MPa
PC 2.41E-12 3.47E-11 ~6.9 wt%
PS 3.30E-12 2.82E-11 ~ 5.0 wt%
COP 3.49E-12 1.51E-11 ~4.2 wt%

The experimental data from this study was compared with the literature data [96].
CO» diffusivity in PC was studied by W. J. Koros, D. R. Paul and A. A. Rocha [96].

Permeation experiments were conducted to obtain sorption curves. A time lag method
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was used to calculate the CO> diffusivity at 35 °C with pressures changing from 0.1 to
2.3 MPa. The diffusivity was reported as 4.67 X 10712 m?/s. In 2004, Tang, Du and
Chen measured the weight changes of PC/CO; desorption experiments at temperatures
in the range of 40 °C to 60 °C, and initial pressures in the range of 10 to 40 MPa. The
diffusivity ranged from 1.61 X 1071 m?/s to 2.55 x 10~ m?/s [97]. For a PS/CO;
system, Y. Sato and his colleagues reported that the CO; diffusivity, at temperatures in
the range of 100 to 200 °C and pressures changing from 0 to 20 MPa, ranged from
0.81 X 1071 m? /s to 10.5 x 10719 m? /s [41]. Precise measuring equipment such as
magnetic suspension balance was used in their research to measure the polymer weight
changes during sorption. Within our knowledge, no diffusion experiments were
performed for the COP/CO, system. Compared to the diffusivity in this study, the
diffusivity from Tang’s and Sato’s studies are higher. These differences are due to the
different experimental conditions as shown in Table 4.2. W. J. Koros’ result agrees well
with the diffusivity from this study since the experimental conditions are similar (i.e., 25

°C, 5.5 MPa vs. 35 °C, 2.3 MPa).
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Table 4.2 Comparison of experimental vs. literature diffusivity data

Diffusivity from Diffusivity from
Experimenta Experimental
Polymers | this study (m?/ literatures Ref
1 Conditions Conditions
s) (m?/s)
35°C, 2.3
4.67E-12 [96]
25 °C, MPa
PC 2.41E-12
5.5 MPa 40 °C, 20
1.61E-11 [97]
MPa
25 °C, 100 °C, 4.6
PS 3.30E-12 1.14E-10 [41]
5.5 MPa MPa

4.4.2 Dielectric Property of Polymer/CO: system

The dielectric constants shown in Figure 4.2 are the average values from three
different experiments measured at 1 kHz, at a temperature of 25 °C, a relative humidity
of 45% for data consistency. The difference in polymer weight percentage in the
polymer/gas systems, reported in Figure 4.1, were normalized and used in the comparison
between dielectric constant change and the weight percentage change experiments during
COz desorption. Two sets of data are normalized in the range of 0 to 1 using a min-max

normalization scaling method as described in Equation 4.13:

X; — Xouin 4.13

X; =
Xmax - Xmin
where X; is i*" datum of the original series, X,,,4, and X, are the maximum

and minimum data in the series respectively, and x; is the i*" normalized datum.
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The normalized polymer weight percentage changes with the dielectric constant
changes of the three polymer/gas systems over time were compared and plotted in Figure
4.2. Because the dielectric constants and CO> weight percentage inversely related, the,
corresponding polymer weight percentage changes (polymer weight percentage = 1- CO,
weight percentage) were used for a better comparison with the change in dielectric

constant.
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Figure 4.2 Normalized polymer wt% vs. dielectric constants during CO» desorption at room
temperature and atmosphere : a) PC, b) PS, and ¢) COP samples
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As shown in Figure 4.2, the change in dielectric constant with respect to time are
well overlapped with the corresponding polymer weight percentage changes for all cases.
Both values agree well with each other and their trends show significant increase in the
beginning of the desorption process which plateaus over time. These trends for the
weight changes are explained in Section 2.1. The dielectric constant changes of the
polymer/CO; systems can be directly related to the CO; content in the system at time ¢.
The dielectric constant of CO; is significantly smaller than those of pure polymers used
in this study [83, 98]. Therefore, the polymer/CO, systems have lower dielectric
constants than the pure polymers. During CO; desorption, CO; escaped from the
polymer/CO;, systems and the dielectric constants of the system increase up to the
dielectric constants of corresponding pure polymers. Therefore, the exact amount of CO»
at any time ¢ in the CO; infused polymer systems during a desorption process can be
measured by a relatively simple and inexpensive dielectric property measurement
technique. Additionally, an initial weight measurement of the sample at the onset of

desorption can be used to estimate the solubility of CO> in the polymer.
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desorption at room temperature and atmosphere: a) PC, b) PS, and ¢) COP systems

Figure 4.3 shows the normalized dielectric constants as y axis and normalized
polymer weight percentages as x axis to demonstrate the good agreement between two
sets of data. As shown in Figure 4.3, R? is very close to 1 which indicates a strong linear
relationship between normalized dielectric constant and normalized polymer wt%.

Simple linear regression method is used to analyze the linear relationship,
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d; = Biw; + By 4.14
where d; is the normalized dielectric constant at time #;, and w; is the normalized
polymer weight percentage of a polymer/gas system at time #. Statistically, f; = 1 is
always located in the 95% confidence interval and S, = 0 is always located in the 95%
confidence interval for PS, PC, and COP.
Thus, we have the approximation of polymer wt%:
w; = d; 4.15
Based on the approximation, a model was built to predict a CO> amount in the
polymer at time ¢ using dielectric constant. From this model, both solubility and
diffusivity values with respect to time can be calculated during desorption.
According to Equation 4.13 and 4.15, the polymer weight percentage of a
polymer/gas system can be calculated as below:
W; = di X Wax = Winin) + Whin 4.16
where W; is the predicted polymer weight percentage at time ¢, and W,,;,, and
Winax are the polymer weight percentages measured at the beginning and end of the
desorption experiment, respectively. A gas weight percentage can be defined as:
M;=1-W, 4.17
Thus, theoretical diffusivity can be calculated from the change of M; with time.
Theoretical diffusivity, D*or and D *one, and experimental diffusivity, Dinor and Diong,
are tabulated in Table 4.3. The differences between theoretical and experimental

diffusivity are small for all cases.
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Table 4.3 Theoretical and experimental diffusivity at 25 °C and 5.5 MPa

Theoretical Experimental
Polymer
D *short (mZ/S) D *long (mZ/s) Dshort (mZ/S) Dlong (mZ/S)
PC 3.43E-12 3.33E-11 2.41E-12 3.47E-11
PS 3.43E-12 3.28E-11 3.30E-12 2.82E-11
COP 3.49E-12 1.54E-11 3.49E-12 1.51E-11

4.5 Conclusion
This study investigated the relationship between a dielectric property and gas

diffusivity and solubility of polymer/CO, systems during a gas desorption process. Three
amorphous polymer films prepared from PC, PS and COP resins were saturated with
supercritical CO; at 25 °C and 5.5 MPa for 24 hours and removed from the pressure cell
for gas desorption experiments. The change of CO, weight percentage was recorded for
each polymer film using a high precision scale. The CO> weight percentage significantly
decreases in the beginning with lower slowdown rates towards the end of the desorption
process. By assuming that the equilibrium absorption is reached after 24 hours of
saturation, solubility of the polymer films was calculated in the following order PC > PS
> COP. Two diffusivity, Dshort and Diong, were also calculated. COP showed the highest
Dshort while PC presented the highest Diong among these three polymer systems.
Capacitance increase during the CO> desorption was also recorded using an LCR meter.
The dielectric constants of the polymer and CO> system were calculated from the
capacitance values. It was found that trends of the polymer weight percentage and the

dielectric constant during desorption are highly correlated. A model was successfully
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built to show the relationship between these two behaviors. Furthermore, the results
demonstrated a good agreement between theoretical diffusivity obtained from the CO,

weight percentage change and the experimental diffusivity.
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CHAPTER 5:  Gas plasticization and hydrostatic pressure effects on polymer

studied with a dielectric method

5.1 Introduction

Understanding the effects of gas/SCF on the thermal behavior of polymers is
critical for many manufacturing processes. As discussed in Chapter 1, gas/supercritical
fluid is used widely as a plasticizer in polymer processing including purification,
fractionation, batch foaming, injection molding, and injection extrusion. The plasticizer
plays an important role in improving polymer processing properties at high temperatures
by reducing the softening temperature, decreasing melt viscosity and increasing the
polymer chain mobility. However, depending on the application, plasticizer in polymers
is sometimes not desirable, because of the undesired plasticizer residue in the polymer
[99, 100]. Gas/SCF becomes a proper replacement for solid plasticizer since it diffuses

out of the products quickly and has a relatively high plasticization efficiency.

In addition to the plasticization effects, compressed gas applies hydrostatic pressure
on the polymer which increases the viscosity and decreases the polymer chain mobility.
Because of these two contradictory and simultaneously effects, there is interest in
developing new techniques to characterize the plasticization and hydrostatic pressure
effects [101, 102]. Several studies have reported the effect of compressed gas on the
polymer, using a variety of techniques including nuclear magnetic resonance
spectroscopy (NMR) [103], x-ray diffraction (XRD) [104], dielectric relaxation [13],

creep compliance [105, 106], dynamic thermomechanical analysis (DMA) [107], gas
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solubility and permeation [108], and high-pressure differential scanning calorimetry
(HP-DSC) [106, 109, 110]. Among these techniques, HP-DSC is mostly used.
Plasticization and hydrostatic pressure effects are often studied with HP-DSC by
characterizing Tm, Tg, and Tc as a function of pressure [111-113]. As a reminder,

plasticization usually leads to a drop in these critical temperatures, while hydrostatic

pressure effects will contribute to an increase in these temperatures.

However, there are quite a few limitations of these existing techniques. It is noticed
that the transition temperature measured by an HP-DSC for a given polymer varies
significantly among researchers [114]. The baseline in HP-DSC also shows an increase
in noise with pressure. Causes of the difference in the HP-DSC results were also
discussed in Chapter 2. Thus, a new and simpler method to measure polymer thermal

properties with the gas/SCF at high temperatures and high pressures is needed.

High pressure dielectric measurements are good substitutes for HP-DSC
measurements because the dielectric properties also change dramatically during the
polymer phase transition [115, 116]. The noise from dielectric measurements for
polymers was reported to be relatively low even at high pressures [15-17, 117]. Thus, we
proposed a new method: using dielectric properties measurements to study gas effects on
the polymer, by comparing the Tm and Tc at different pressures. A novel system was
built to measure the dielectric properties of the polymer change with temperature. Details

of this system were introduced in Chapter 3. Plasticization and hydrostatic pressure of
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Helium (He) and CO; on high-density polyethylene (HDPE) were characterized at

different pressures.

5.2 Theory
Equation 5.1 interprets that hydrostatic pressure can lead to an increase in Tm

[118, 119]. Hydrostatic pressure limits the mobility of the polymer chain and reduces the
free volume, which decreases the fusion entropy, ASy, of the polymer. High pressure also
limits the volume swell and increases the energy barrier for the transition of the
crystalline phase to the amorphous phase. Thus, the fusion enthalpy of the polymer, AH,
increases. According to equation 5.1, with the increase of AHf and the decrease of ASy,

Tm will increase.

AH 5.1
f .
Tm=——
ASy
A theoretical explanation for changes in the Tc was given by Avarmi and

Kissinger. The overall macroscopic crystallization rate constant, K , could be

parameterized in terms of the following Arrhenius equation [120].

—AE 52
K = Aexp (Rg—T)

where A is the pre-exponential factor, AE is the activation energy, and Ry is the universal

gas constant. Based on equation 5.2, equation 5.3 is developed by Kissinger and is

frequently used for non-isothermal crystallization [121]:
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The activation energy barrier for crystallization includes the energy used to retract

the polymer chain and the energy to fold it which is highly related to the viscosity of the
polymer melt. If the polymer melt is viscous, the energy dissipated to perform retraction
and chain folding will be high. As concluded in a viscosity measurement of CO> and
HDPE research [89], compressed CO; introduces polymer flexibility, increases free
volume in the melt, and decreases viscosity. Thus, the introduction of CO; will decrease
the crystallization activation energy, AE. Furthermore, the crystallization activation
energy decrease will lead to a decrease of Tc. However, HDPE absorbs much less He
than CO; at the same pressure and temperature. The hydrostatic pressure effect of He
limits the polymer chain mobility which leads to an increase in AE. Consequently, Tc of

HDPE with He will increase with pressure, according to equation 5.2.

5.3 Experiments

5.3.1 Material

The polymer used in this study was high-density polyethylene (HDPE) which has
been used widely as a good electrical insulation material for foam products [122-124].
Even though thermal properties play an important role in the polymer processing with
gas/SCF, few studies have focused on gas/SCF effects on thermal properties[102,

122]and HDPE has not been studied at elevated pressure and in the presence of SCF. The
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HDPE used in this study was provided by Dow Chemical®and the grade name was

Elite™ 5960G with a melt flow index of 0.85 g/10 min (2.16 kg, 190 °C).

Figure 5.1 DSC for thermal properties at 1 atm measurement

The melting/crystallization temperature of our sample at 1 atm was determined
by a Differential Scanning Calorimeter (DSC) from Netzsch® with a heating rate of 0.8
°C/min and a cooling rate of 0.5 °C/min, the same rate as it used in Section 5.3. The
cooling rate is slower than the heating rate because of the limited cooling ability of our
heating system which could be improved by using water cooling in the future. The DSC
trace of this HDPE experiment is shown in Figure 5.2. From the HDPE trace of DSC, the
melting temperature is 134.4 °C and the crystallization temperature is 122.9 °C at

atmospheric pressure.
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Figure 5.2 DSC trace of HDPE with heating rate of 0.8 °C /min and cooling rate of 0.5 °C/min

Helium was chosen as one pressurizing medium because of its weak
plasticization, attributed to its low solubility in HDPE. The solubility of He in HDPE
(0.06 cm*(STP)/cm?-MPa at 80 °C and 10 MPa) is less than one-twentieth of the CO»
solubility in HDPE (1.2 cm?*(STP)/cm?-MPa at 80 °C and 4 MPa) [125]. The solubility
of He in polypropylene (PP) is also low. Thus, it has been used to study hydrostatic
pressure on PP by Hani, Chul, and Seuan-Won [126]. An ultra-high purity (99.999%) He
product from Airgas® was used in this study.

CO; was chosen in this research to study plasticization. Both plasticization and
hydrostatic pressure effects of CO2> on HDPE are discussed in the following sections.
Supercritical carbon dioxide (sc-COz) is a very popular blowing agent for polymer
processing. It is a benign blowing agent that has a relatively high solubility in HDPE,
low global warming potential (GWP), zero ozone depletion potential (ODP), and low

cost [127]. It is well known that the dissolution of COz in a polymer can lower Tg, Tc,
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and Tm, sometimes dramatically. An ultra-high purity (99.999%) CO: product from

Airgas® was used in this study.

5.3.2 Dielectric property measurement with temperature change

The polymer sample shown in Figure 5.7 was made by molding HDPE pellets
into a disk with a thickness of 0.15 mm and a diameter of 28 mm, at 160 °C and 2 tons
for 15 minutes, as shown in Figure 5.7. The sample was then placed in a vacuum oven at
room temperature for more than 24 hours. The center of the sample was coated with gold

to enhance the electrical contact between the sample and the electrode.

¥
s

Figure 5.3 Sputter coating machine and coated sample

Based on the previous dielectric cell designs, we developed a new setup for
dielectric properties measurement. This new setup enabled dielectric measurement at
high temperature and high pressure, reduced tilt and edge effects, and improved
efficiency of experiment control and data acquisition. Figure 5.8 is a schematic of the
high temperature and high pressure dielectric properties measurement setup. It consists

of a gas tank, a syringe pump (ISCO 500D), a pressure chamber (Parr instruments
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customized), LCR meter (Keysight E4980A) and a computer for data recording and
experimental condition control. A self-designed dielectric fixture was located inside the
pressure chamber and electrically connected with the LCR meter for dielectric property

measurements.

Ve

Thermocouple -

) 9 L ooo
x E l LCR meter
Valve A Valve B

T SURFACES
HIGH PRESSURES

(N

Syringe pump Pressure chamber with
dielectric fixture

Gas cylinder
PC

—)

Computuer with LabVIEW
experimental control program

Figure 5.4 The schematic of the experiment setup for high temperature and high pressure
dielectric properties measurements

Before connecting the chamber to the LCR meter, the sample was inserted into
the fixture. Three micrometer heads were attached to the bottom plate and used to push
the unguarded electrode closer to the guarded electrode. To record the separation gap
between two electrodes, readings on the micrometer heads were first adjusted to zero,
when the unguarded electrode was in contact with the guarded electrode. Next, the gap

was opened to insert the sample. After carefully inserting and centering the sample, the
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unguarded electrode was pushed by the micrometer heads until the sample was in contact
with both the guarded electrode and the unguarded electrode. The location of the center
plate was secured by tightening three side screws next to the three rods. The gap between
these two electrodes was indicated by the reading on the micrometer head. After
measuring the gap, the micrometer heads were removed from the fixture. The fixture was
placed in the pressure chamber. Lastly, the pressure chamber was sealed with twelve
screws and electrically connected with the LCR meter.

The sample was pressurized and heated inside the chamber. To eliminate the
effects of air, the pressure chamber was evacuated with a vacuum pump for five minutes
and then pressurized with gas from the gas tank. He and CO, were used separately as a
pressurizing medium. The pressure was controlled at a designed level by a syringe pump.
A detailed introduction of the experimental setup was provided in Chapter 3. The
pressure stabilized within five minutes. The temperature of the system was controlled by
the temperature controller connected to a heating jacket outside of the pressure chamber.
A typical temperature profile for the experiments is shown in Figure 5.9. In this figure,
the pressure was increased to 643 psi at the beginning of the experiment and then held at
that level for the rest of the experiment. The temperature was cycled four times. The
melting temperature of the polymer in the first heating process was affected by the
sample thermal history from molding. Thus, data from this melting process were not used
for Tm and Tc determination and the sample was heated above Tm for more than forty-
five minutes to melt the crystals and remove the thermal history. Except for the first

heating process, the sample was always heated up to 148 + 1°C with heating rate 0.8
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°C/min and cool to 115 £ 1°C with cooling rate 0.5 °C/min. This heating and cooling
round were repeated three times, and dielectric data were recorded every two seconds.
In-situ temperature, impedance, and phase angle of the impedance were recorded

with the self-programmed LabVIEW™ program. With this program, we can determine

the dielectric constant, €', and damping factor, tan (&) = 3 The dielectric constant is a

function of polarization which would change with dipole traps created by the boundary
between crystalline and amorphous region, previously discussed in Chapter 2. According
to the discussion in Chapter 2, €'is an indication of the degree of crystallization. The
tan (§) is a measurement of the material’s ohmic loss and electrical energy loss in an
AC circuit. For a polymer, tan(§) is an indication of mobility within the molecular

structure [128].
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Figure 5.5 Typic temperature and pressure profile for the experiment
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5.4 Results and discussion
In this section, Tm and Tc were first determined from dielectric property

measurements as a function of temperature, followed by a discussion of Tm and Tc
changing with the pressure associated with plasticization and hydrostatic pressure

effects.

5.4.1 Tm and Tc¢ determination based on dielectric properties change with

temperature

Before explaining the way CO; and He affect HDPE thermal properties, it is
important to discuss how to determine Tm and Tc with dielectric data. The dielectric
properties of HDPE with He at 15 psi, 643 psi, and 1643 psi are presented in Figure 5.10
a), ¢), and e). The dielectric properties of HDPE with CO; at 15 psi, 643 psi and, 1643
psi are shown in Figure 5.10 b), d), and f). Take Figure 5.10 a) as an example to decide
Tm and Tec. This figure reports the €’ (on the top) and tan (§) (on the bottom) of HDPE
with He at 15 psi as a function of temperature. The AC electric field frequency used in
this experiment was 1000 Hz. ¢’ decreases sharply at the melting temperature during
heating and increases sharply around the crystallization temperature during cooling.
There are many explanations for the increase of &’ during crystallization including a
change in specific volume during the phase transition [115] and creation and loss of
dipoles by the change of the amorphous-crystal boundaries during the phase transition
[16]. Gas solubility also changes with the amount of amorphous phase during the melting
and crystallization because of the relatively low solubility in the crystalline phase. The

inflection points of the cooling curve and heating curve of €’ vs temperature were defined
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as Tm_ &’ and Tc &'. tan (8) is an indication of the polymer chain mobility at low
frequency. The polymer chain mobility increases with free volume. The free volume
increases with temperature leads to a tan (§) increase. Around the melting temperature,
the specific volume increases suddenly [129], thus tan (§) increases abruptly. During
crystallization, the specific volume of HDPE decreases suddenly thus tan (&) decreases
abruptly. The inflection points of the tan (§) vs temperature curve are also the points
with the most intense polymer chain mobility change. The corresponding temperatures

of these inflection points were also defined as Tm_ tan (§) and Tc_tan (9§).
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Figure 5.6 Normalized &’ (on the top) and normalized tan (&§) (on the bottom)change with

temperature of HDPE with a)15 psi, ¢) 643 psi, ¢) 1643 psi He and b)15 psi, d) 643 psi, f) 1643
psi CO»

The changes in Tm and Tc obtained from tan(§) and & measurements are

characterized as dr,,, and dr. in the following equations:
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|Tm_ tan(8) — Tm_ €'| 5.4

" maxium( Tm_tan (8), Tm_ ")

dTm

|Tc_ tan(8) — Tc_ €| 5.5

dTC = . ’
maxium( Tc_tan (§), Tc_ &)

where Tm_ tan(8) and Tc_ tan(8) were obtained with the tan(8) vs temperature
curve, Tm_g' and Tc_e' were obtained with the €' vs temperature curve. As Table 5.1
shows, the absolute difference was smaller than 0.75%. Thus, we conclude that Tm and

Tc obtained from &’ and tan (&) agree well with each other.

Table 5.1 Tm and Tc determined by the &' vs Temperature and tan(8) vs Temperature curves

Pressure He CO>
(s) | Tm tan(8) Tm ¢ drym | Tm tan(8)  Tm g drm
15 132.6£0.1 131.6+0.1  0.75% 132.3£1.4 132.1£0.9 0.15%
643 134.9£0.2 134.1+0.5 0.59% 132.4+£0.1 132.4+0.6 0.00%
1643 137.2+0.9 136.5+0.3  0.51% 129409  128.6+0.4 0.31%
Tc_tan(3) Tc &' dr¢ Tc_tan(d) Tc_¢' dr¢
15 123.0+0.1 123.1+0.3  0.08% 123.3+0.7 123.2+0.2 0.08%
643 124.9+0.2 124.9+0.1  0.00% 121.9+0.8 121.9+0.3 0.00%
1643 | 127.0£0.2 127.3+0.1 0.24% | 119.1£0.6 118.9+0.4 0.17%

5.4.2 Tm depression with CO2 and Tm increase with He

CO; and He showed different plasticization and hydrostatic pressure effects on Tm.
For a better comparison between the case with CO> and that with He, Tm of HDPE obtained
from the inflection point of heating curves in Figure 5.10 is plotted as a function of
pressures in Figure 5.11. Because He has low solubility in HDPE, the He curve indicates
the impact of hydrostatic pressure on Tm. The difference between the He and CO; curves

reaches 8 °C at 1643 which indicates that CO; plasticization increases with pressure.
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Tm curves of HDPE with CO> are relatively constant below 643 psi and then
increased with pressure. Tm with CO» coincides with that of He at 132 °C and 15 psi.
This coincidence point at 15 psi indicates that CO; has a similar plasticization effect on
polymer as He as they have the same hydrostatic pressure.

Tm of HDPE with 643 psi CO; is similar to that with 15 psi CO> which indicates
that the effect of hydrostatic pressure is counterbalanced by plasticization. This
cancellation of plasticization by hydrostatic pressure has been observed in a few studies
previously [102, 110, 130].

Tm of HDPE with 1643 psi COz is observed to be around 3 °C lower than that
with CO; pressure at 15 psi which suggests that plasticization dominates at high
pressures. These results are consistent with viscosity measurements at high pressures and
high temperatures showing a decrease in viscosity due to plasticization [89].

In contrast, Tm increased under compressed He with pressure, i.e., Tm was 5 ° C
higher with He at 1643 psi than Tm with He at 15 psi. These results indicate that polymer
chain mobility decreases with increasing He pressure. Because of the low solubility of
He in the HDPE, the plasticization does not counterbalance the impact of hydrostatic

pressure.
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Figure 5.7 Melting point of HDPE at different pressures with He and with CO, determined by the
dielectric properties change over temperature

5.4.3 Tc depression with CO2 and Tc increase with He

Figure 5.12 illustrates Tc of HDPE with CO; and He as a function of pressure.
These Tc are obtained from the inflection point of cooling curves in Figure 5.10. As seen
for the Tm at 15 psi, an expected coincidence of Tc happened at 15 psi because of the
same hydrostatic pressure and negligible plasticization. An opposite changing trend of
Tc in these two different gas environments is presented in Figure 5.12. Tc of HDPE
increases linearly with He pressure indicating that hydrostatic pressure dominates, while
Tc of HDPE decreases linearly with CO» pressure suggesting that the plasticization
dominates. The Tc at 1643 psi has the greatest difference, 8 ° C, between the He and CO>

casc.
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Figure 5.8 Crystallization point of HDPE at different pressures with He and with CO, determined
by the dielectric properties change over temperature

5.5 Chapter summary
This research illustrates a novel method to measure the in-situ dielectric properties

of the polymer at critical conditions and build the relationship between the thermal
properties and dielectric properties change. HDPE’s melting and crystallization behavior
in a compressed CO> and He environment was compared with this method. With high
pressure CO», the plasticization effect of CO» is stronger than the effects of hydrostatic
pressure, leading to a net decrease in the Tm and Tc. In contrast, He has a relatively smaller
plasticization effect on HDPE and leads to a net increase in the Tm and Tc as the
hydrostatic pressure dominates over the effect of He. This is also the first time that the

HDPE thermal properties is revealed with the effects of supercritical fluid.
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6.1

CHAPTER 6: Concluding remarks and Future work

Contributions

Gas/SCF diffusivity in the polymer is an important parameter in the polymer
manufacturing processes such as batch foaming and gas separation membrane fabrication.
Both the theoretical and experimental approaches to get gas/SCF diffusivity in the polymer
were reviewed comprehensively in this research. A cheaper and simpler method is always
needed for the diffusivity measurement.

The diffusivity of gas in polymers is related to the dielectric property of the gas and
polymer mixture, suggested by multiple researchers. Therefore, a new method was
developed to predict gas diffusivity in the polymer by measuring the dielectric constants
of the mixture during gas desorption. The predicted diffusivities agreed well with
experimental data. The diffusivities of CO; in PS, PC, and COP were determined in this
study.

The thermal properties of THE polymer can decrease by injecting proper gas/SCF, which
can save a great amount of polymer processing energy. However, traditional thermal
properties measurement equipment has limitations with high pressure application. For
example, the signal of HPDSC is affected by increasing noise with the increase of pressure.
Thus, we built a novel system to measure dielectric properties with high pressures gas/SCF
at high temperatures which can indicate the thermal properties of the polymer. The
measurement capability of the system was verified at high temperature and high pressure.
The dielectric properties of HDPE with compressed He and CO, were measured with
temperature change (non-isothermal measurements). The dielectric property was found to
change abruptly with the temperature around Tm and Tc. This phenomenon can be

explained with the density change of the dielectric material during phase transition as the
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crystalline phase has a relatively higher density than the amorphous phase. In this way, Tm
and Tc of the HDPE were determined by finding the deflection point on the curve of
dielectric property vs temperature. Tm and Tc of HDPE were altered with the pressure and
the kind of gases, e.g. Tm of HDPE (with compressed He) increased 5 °C from 15 psi to
1643 psi.

5. By conducting this non-isothermal dielectric property measurements at different pressures,
we plotted Tm and Tc¢ as a function of pressure. Because of the strong plasticization effect
of CO,, Tm and Tc of HDPE were dropping with pressure increasing, while that with He
were increasing with pressure because of its relatively strong hydrostatic pressure effects.
These two competing effects lead to an 8 °C difference on Tm and an 8 °C difference in Tc
at 1643 psi between He and COs. It is the first time that the dielectric properties of HDPE
were measured with supercritical fluid.

6. Last but not least, the unique dielectric measurement system built in this research has the
capability to measure in-situ dielectric properties of the polymer in a certain gas

environment with temperature and pressure change.

6.2 Future work
The following suggestions are made for the direction of future research on the

study of dielectric properties for polymer/supercritical fluids system:

1. More kinds of the polymer are suggested to be studied with the system designed in this
study to give a comprehensive picture of polymer dielectric properties at high
temperature and high pressure.

2. Polymer recrystallization during heating can be investigated with the dielectric

measurement by controlling the temperature profile.
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A wider range of frequency can be used for the dielectric study and comparison of this
study could be compared with NMR, rheology test, dynamic mechanical analysis.
Lower temperature experiments can be conducted with liquid nitrogen for polymer glass
transition study.

Furthermore, a detailed study could be conducted to understand relationship between the

polymer morphological properties and dielectric properties.

104



[1]
[2]
[3]

[4]
[5]

[6]

[7]
[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

CHAPTER 7: References

R. Yoganathan, R. Mammucari, and N. Foster, "Dense gas processing of
polymers," Polymer Reviews, vol. 50, no. 2, pp. 144-177, 2010.

B. Wong and J. E. Kemnitzer, "Porous constructs fabricated by gas induced phase
inversion," ed: Google Patents, 2003.

Z. Sun, Q. Fan, M. Zhang, S. Liu, H. Tao, and J. Texter, "Supercritical Fluid -
Facilitated Exfoliation and Processing of 2D Materials," Advanced Science, vol. 6,
no. 18, p. 1901084, 2019.

D. Klempner and K. C. Frisch, Handbook of polymeric foams and foam technology.
Hanser Munich etc., 1991.

C. Jacob and S. Dey, "Inert gases as alternative blowing agents for extruded low-
density polystyrene foam," Journal of cellular plastics, vol. 31, no. 1, pp. 38-47,
1995.

S. Dey, P. Natarajan, M. Xanthos, and M. Braathen, "Use of inert gases in extruded
medium density polypropylene foams," Journal of Vinyl and Additive Technology,
vol. 2, no. 4, pp. 339-344, 1996.

R. W. Baker and B. T. Low, "Gas separation membrane materials: a perspective,"
Macromolecules, vol. 47, no. 20, pp. 6999-7013, 2014.

B. Flaconneche, J. Martin, and M. Klopffer, "Transport properties of gases in
polymers: experimental methods," Oil & Gas Science and Technology, vol. 56, no.
3, pp. 245-259, 2001.

W. Buck and S. Rudtsch, "Thermal Properties," in Springer Handbook of
Metrology and Testing, H. Czichos, T. Saito, and L. Smith Eds. Berlin, Heidelberg:
Springer Berlin Heidelberg, 2011, pp. 453-483.

H. M. Woods, M. M. Silva, C. Nouvel, K. M. Shakesheff, and S. M. Howdle,
"Materials processing in supercritical carbon dioxide: surfactants, polymers and
biomaterials," Journal of Materials Chemistry, vol. 14, no. 11, pp. 1663-1678, 2004.
A. W. Christiansen, E. Baer, and S. Radcliffe, "The mechanical behaviour of
polymers under high pressure," The Philosophical Magazine: A Journal of
Theoretical Experimental and Applied Physics, vol. 24, no. 188, pp. 451-467, 1971.
D. Mears, K. Pae, and J. Sauer, "Effects of hydrostatic pressure on the mechanical
behavior of polyethylene and polypropylene," Journal of Applied Physics, vol. 40,
no. 11, pp. 4229-4237, 1969.

Y. Kamiya, K. Mizoguchi, and Y. Naito, "A dielectric relaxation study of
plasticization of poly (ethyl methacrylate) by carbon dioxide," Journal of Polymer
Science Part B: Polymer Physics, vol. 28, no. 11, pp. 1955-1964, 1990.

N. G. McCrum, B. E. Read, and G. Williams, "Anelastic and dielectric effects in
polymeric solids," 1967.

Y. Matsumiya, T. Inoue, T. Iwashige, and H. Watanabe, "Dielectric relaxation of
polymer/carbon dioxide systems," Macromolecules, vol. 42, no. 13, pp. 4712-4718,
2009.

105



[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

T. A. Hanafy, "Dielectric relaxation and alternating current conductivity of
lanthanum, gadolinium, and erbium-polyvinyl alcohol doped films," Journal of
applied physics, vol. 112, no. 3, p. 034102, 2012.

I. Hammami, H. Hammami, J. Soulestin, M. Arous, and A. Kallel, "Thermal and
dielectric behavior of polyamide-6/clay nanocomposites," Materials Chemistry and
Physics, vol. 232, pp. 99-108, 2019.

A. S. Prasad, "Processing-Structure-Property Relationships for Polymer
Nanodielectrics," Rensselaer Polytechnic Institute, 2019.

D. Prastiyanto, Temperature-and Time-Dependent Dielectric Measurements and
Modelling on Curing of Polymer Composites. KIT Scientific Publishing, 2016.

S. Miyata, S. Sato, K. Nagai, T. Nakagawa, and K. Kudo, "Relationship between
gas transport properties and fractional free volume determined from dielectric
constant in polyimide films containing the hexafluoroisopropylidene group,"
Journal of applied polymer science, vol. 107, no. 6, pp. 3933-3944, 2008.

R. Barrer and E. K. Rideal, "Permeation, diffusion and solution of gases in organic
polymers," Transactions of the Faraday Society, vol. 35, pp. 628-643, 1939.

J. K. Lee, S. X. Yao, G. Li, M. B. Jun, and P. C. Lee, "Measurement Methods for
Solubility and Diffusivity of Gases and Supercritical Fluids in Polymers and Its
Applications," Polymer Reviews, vol. 57, no. 4, pp. 695-747, 2017.

D. R. Paul and W. J. Koros, "Effect of partially immobilizing sorption on
permeability and the diffusion time lag," Journal of Polymer Science: Polymer
Physics  Edition, vol. 14, no. 4, pp. 675-685, 1976, doi:
10.1002/pol.1976.180140409.

J. Crank, The Mathematics of Diffusion: 2d Ed. Clarendon Press, 1975.

W. R. Vieth and K. J. Sladek, "A model for diffusion in a glassy polymer," Journal
of Colloid Science, vol. 20, no. 9, pp. 1014-1033, 1965.

T. A. Barbari, W. J. Koros, and D. R. Paul, "Gas sorption in polymers based on
bisphenol - A," Journal of Polymer Science Part B: Polymer Physics, vol. 26, no.
4, pp. 729-744, 1988.

H. Fuyjita and A. Kishimoto, "Diffusion - controlled stress relaxation in polymers.
II. Stress relaxation in swollen polymers," Journal of Polymer Science, vol. 28, no.
118, pp. 547-567, 1958.

J. Comyn, "Polymer Permeability," ed. London: Elsevier Applied Science
Publishers, 1985.

A. Peterlin, "Dependence of diffusive transport on morphology of crystalline
polymers," Journal of Macromolecular Science, Part B: Physics, vol. 11, no. 1, pp.
57-87, 1975.

H. Fyjita, "Organic vapors above the glass transition temperature," Diffusion in
polymers, pp. 75-105, 1968.

M. H. Cohen and D. Turnbull, "Molecular Transport in Liquids and Glasses," The
Journal of Chemical Physics, vol. 31, no. 5, pp. 1164-1169, 1959, doi:
doi:http://dx.doi.org/10.1063/1.1730566.

106


http://dx.doi.org/10.1063/1.1730566

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

P. Kundra, S. R. Upreti, A. Lohi, and J. Wu, "Experimental determination of
composition-dependent diffusivity of carbon dioxide in polypropylene," Journal of
Chemical & Engineering Data, vol. 56, no. 1, pp. 21-26, 2010.

J. Tendulkar, S. Upreti, and A. Lohi, "Experimental determination of
concentration - dependent carbon dioxide diffusivity in LDPE," Journal of applied
polymer science, vol. 111, no. 1, pp. 380-387, 2009.

P. Kundra, S. Upreti, A. Lohi, and J. Wu, "Experimental determination of
concentration dependence of nitrogen diffusivity in polypropylene," Journal of
Applied Polymer Science, vol. 121, no. 5, pp. 2828-2834, 2011.

J.-C. Grandidier, C. Baudet, S. A. Boyer, M.-H. Klopffer, and L. Cangémi,
"Diffuso-Kinetics and Diffuso-Mechanics of Carbon Dioxide/Polyvinylidene
Fluoride System under Explosive Gas Decompression: Identification of Key
Diffuso-Elastic Couplings by Numerical and Experimental Confrontation," Oil &
Gas Science and Technology—Revue d’IFP Energies nouvelles, vol. 70, no. 2, pp.
251-266, 2015.

S. Prager and F. Long, "Diffusion of Hydrocarbons in Polyisobutylenel," Journal
of the American Chemical Society, vol. 73, no. 9, pp. 4072-4075, 1951.

J. Crank, "A theoretical investigation of the influence of molecular relaxation and
internal stress on diffusion in polymers," Journal of Polymer Science, vol. 11, no.
2, pp. 151-168, 1953.

P. V. K. Pant and R. H. Boyd, "Molecular-dynamics simulation of diffusion of
small penetrants in polymers," Macromolecules, vol. 26, no. 4, pp. 679-686, 1993.
H. Sheikha, M. Pooladi-Darvish, and A. K. Mehrotra, "Development of graphical
methods for estimating the diffusivity coefficient of gases in bitumen from
pressure-decay data," Energy & fuels, vol. 19, no. 5, pp. 2041-2049, 2005.

J. L. Lundberg, M. B. Wilk, and M. J. Huyett, "Sorption studies using automation
and computation," Industrial & Engineering Chemistry Fundamentals, vol. 2, no.
1, pp. 37-43, 1963.

Y. Sato, T. Takikawa, S. Takishima, and H. Masuoka, "Solubilities and diffusion
coefficients of carbon dioxide in poly (vinyl acetate) and polystyrene," The journal
of Supercritical fluids, vol. 19, no. 2, pp. 187-198, 2001.

Y. Sato, T. Takikawa, A. Sorakubo, S. Takishima, H. Masuoka, and M. Imaizumi,
"Solubility and Diffusion Coefficient of Carbon Dioxide in Biodegradable
Polymers," Industrial & Engineering Chemistry Research, vol. 39, no. 12, pp.
4813-4819,2000/12/01 2000, doi: 10.1021/ie0001220.

S. M. Ghaderi, S. H. Tabatabaie, H. Hassanzadeh, and M. Pooladi-Darvish,
"Estimation of concentration-dependent diffusion coefficient in pressure-decay
experiment of heavy oils and bitumen," Fluid Phase Equilibria, vol. 305, no. 2, pp.
132-144, 2011. [Online]. Available: http://ac.els-cdn.com/S0378381211001336/1-
$2.0-S0378381211001336-main.pdf? tid=eS5c335fa-71b9-11e5-af8d-
00000aacb35f&acdnat=1444748074 dadadb859e2faf3041416a203d175a62.

T. Okazawa, "Impact of concentration-dependence of diffusion coefficient on
VAPEX drainage rates," Journal of Canadian Petroleum Technology, vol. 48, no.
02, pp. 47-53, 2009.

107


http://ac.els-cdn.com/S0378381211001336/1-s2.0-S0378381211001336-main.pdf?_tid=e5c335fa-71b9-11e5-af8d-00000aacb35f&acdnat=1444748074_dadadb859e2faf3041416a203d175a62
http://ac.els-cdn.com/S0378381211001336/1-s2.0-S0378381211001336-main.pdf?_tid=e5c335fa-71b9-11e5-af8d-00000aacb35f&acdnat=1444748074_dadadb859e2faf3041416a203d175a62
http://ac.els-cdn.com/S0378381211001336/1-s2.0-S0378381211001336-main.pdf?_tid=e5c335fa-71b9-11e5-af8d-00000aacb35f&acdnat=1444748074_dadadb859e2faf3041416a203d175a62

[45]

[46]

[47]

[48]

V. Neela and N. von Solms, "Permeability, diffusivity and solubility of carbon
dioxide in fluoropolymers: an experimental and modeling study," Journal of
Polymer Research, vol. 21, no. 4, pp. 1-9, 2014.

S. R. Etminan, B. B. Maini, Z. Chen, and H. Hassanzadeh, "Constant-pressure
technique for gas diffusivity and solubility measurements in heavy oil and
bitumen," Energy & Fuels, vol. 24, no. 1, pp. 533-549, 2010.

J. Lundberg, E. Mooney, and C. Rogers, "Diffusion and solubility of methane in
polyisobutylene," Journal of Polymer Science Part A - 2: Polymer Physics, vol. 7,
no. 5, pp. 947-962, 1969.

M. Hao, Y. Song, B. Su, and Y. Zhao, "Diffusion of CO 2 in n-hexadecane
determined from NMR relaxometry measurements," Physics Letters A, vol. 379, no.
18, pp- 1197-1201, 2015. [Online]. Available: http://ac.els-
cdn.com/S0375960115001978/1-s2.0-S0375960115001978-

main.pdf? tid=2d10517a-71b2-11e5-91%e-

00000aacb35d&acdnat=1444744758 35c¢9a6e0414{883da6580488342d9d65

http://www.sciencedirect.com/science/article/pii/S0375960115001978.

[49]

[50]

[51]

[52]

[53]

[54]
[55]

[56]
[57]
[58]

[59]

S. Areerat, E. Funami, Y. Hayata, D. Nakagawa, and M. Ohshima, "Measurement
and prediction of diffusion coefficients of supercritical CO2 in molten polymers,"
Polymer Engineering & Science, vol. 44, no. 10, pp. 1915-1924, 2004, doi:
10.1002/pen.20194.

G. Choudalakis and A. Gotsis, "Permeability of polymer/clay nanocomposites: a
review," European Polymer Journal, vol. 45, no. 4, pp. 967-984, 2009. [Online].
Available: http://ac.els-cdn.com/S0014305709000214/1-s2.0-
S0014305709000214-main.pdf? tid=1edd2dd0-932c-11e5-8de9-
00000aacb360&acdnat=1448425521 4ee3d0209f96de222da233dd8f1b305f.

K. Fialova, R. Petrychkovych, M. Sharma, and P. Uchytil, "Steady state sorption
measurement and the transport mechanism in polymeric membrane during vapor
permeation," Journal of membrane science, vol. 275, no. 1, pp. 166-174, 2006.

R. Petrychkovych, K. Setnickova, and P. Uchytil, "New apparatus for gas
permeability, diffusivity and solubility assessing in dense polymeric membranes,"
Journal of Membrane Science, vol. 369, no. 1, pp. 466-473, 2011.

C. Kittel, Introduction to Solid State Physics. [With Illustrations.]. John Wiley &
Sons, 1966.

G. G. Raju, Dielectrics in electric fields. CRC press, 2017.

A. Huang, Recent advances in dielectric materials. Nova Science Publishers, Inc.,
2009.

G. G. Raju, Dielectrics in electric fields. CRC press, 2016.

A. D. Jenkins, Polymer science: a materials science handbook. Elsevier, 2013.

A. Priou, A. Sihvola, S. Tretyakov, and A. Vinogradov, Advances in complex
electromagnetic materials. Springer Science & Business Media, 2012.

G. Kristensson, S. Rikte, and A. Sihvola, "Mixing formulas in the time domain,"
JOSA A, vol. 15, no. 5, pp. 1411-1422, 1998.

108


http://ac.els-cdn.com/S0375960115001978/1-s2.0-S0375960115001978-main.pdf?_tid=2d10517a-71b2-11e5-9f9e-00000aacb35d&acdnat=1444744758_35c9a6e0414f883da6580488342d9d65
http://ac.els-cdn.com/S0375960115001978/1-s2.0-S0375960115001978-main.pdf?_tid=2d10517a-71b2-11e5-9f9e-00000aacb35d&acdnat=1444744758_35c9a6e0414f883da6580488342d9d65
http://ac.els-cdn.com/S0375960115001978/1-s2.0-S0375960115001978-main.pdf?_tid=2d10517a-71b2-11e5-9f9e-00000aacb35d&acdnat=1444744758_35c9a6e0414f883da6580488342d9d65
http://ac.els-cdn.com/S0375960115001978/1-s2.0-S0375960115001978-main.pdf?_tid=2d10517a-71b2-11e5-9f9e-00000aacb35d&acdnat=1444744758_35c9a6e0414f883da6580488342d9d65
http://www.sciencedirect.com/science/article/pii/S0375960115001978
http://ac.els-cdn.com/S0014305709000214/1-s2.0-S0014305709000214-main.pdf?_tid=1edd2dd0-932c-11e5-8de9-00000aacb360&acdnat=1448425521_4ee3d0209f96de222da233dd8f1b305f
http://ac.els-cdn.com/S0014305709000214/1-s2.0-S0014305709000214-main.pdf?_tid=1edd2dd0-932c-11e5-8de9-00000aacb360&acdnat=1448425521_4ee3d0209f96de222da233dd8f1b305f
http://ac.els-cdn.com/S0014305709000214/1-s2.0-S0014305709000214-main.pdf?_tid=1edd2dd0-932c-11e5-8de9-00000aacb360&acdnat=1448425521_4ee3d0209f96de222da233dd8f1b305f

[60]
[61]

[62]

[63]
[64]

[65]

[66]
[67]
[68]
[69]
[70]
[71]

[72]

[73]
[74]

[75]

[76]

[77]

A. Sihvola, S. Saastamoinen, and K. Heiska, "Mixing rules and percolation,"
Remote Sensing Reviews, vol. 9, no. 1-2, pp. 39-50, 1994.

G. Grimmett, "Percolation and disordered systems," in Lectures on probability
theory and statistics: Springer, 1997, pp. 153-300.

L. Rayleigh, "LVI. On the influence of obstacles arranged in rectangular order upon
the properties of a medium," The London, Edinburgh, and Dublin Philosophical
Magazine and Journal of Science, vol. 34, no. 211, pp. 481-502, 1892.

P. Debye, "The theory of anomalous dispersion in the region of long-wave
electromagnetic radiation," Verh dtsch phys Ges, vol. 15, pp. 777-793, 1913.

P. D. Muley and D. Boldor, "Investigation of microwave dielectric properties of
biodiesel components," Bioresource technology, vol. 127, pp. 165-174, 2013.

R. McCammon and R. Work, "Measurement of the dielectric properties and thermal
expansion of polymers from ambient to liquid helium temperatures," Review of
Scientific Instruments, vol. 36, no. 8, pp. 1169-1173, 1965.

F. Mopsik, "Precision time - domain dielectric spectrometer," Review of scientific
instruments, vol. 55, no. 1, pp. 79-87, 1984.

A. C. Kumbharkhane, S. M. Puranik, and S. C. Mehrotra, "Dielectric relaxation of
tert-butyl alcohol-water mixtures using a time-domain technique," Journal of the
Chemical Society, Faraday Transactions, vol. 87, no. 10, pp. 1569-1573, 1991.

A. Technologies, "Agilent Impedance Measurement Handbook—A Guide to
Measurement Technology and Techniques," 2009.

P.J. Flory, Principles of polymer chemistry. Cornell University Press, 1953.

C. A. Kelly, K. L. Harrison, G. A. Leeke, and M. J. Jenkins, "Detection of melting
point depression and crystallization of polycaprolactone (PCL) in scCO 2 by
infrared spectroscopy," Polymer journal, vol. 45, no. 2, p. 188, 2013.

E. H. Immergut and H. F. Mark, "Principles of plasticization," Plasticization and
plasticizer processes, vol. 48, pp. 1-26, 1965.

I. B. Durowoju, K. S. Bhandal, J. Hu, B. Carpick, and M. Kirkitadze, "Differential
scanning calorimetry—a method for assessing the thermal stability and
conformation of protein antigen," JoVE (Journal of Visualized Experiments), no.
121, p. 55262, 2017.

E. Freire, "Differential scanning calorimetry," in Protein stability and folding:
Springer, 1995, pp. 191-218.

E. Freire, "Thermodynamics of partly folded intermediates in proteins," Annual
review of biophysics and biomolecular structure, vol. 24, no. 1, pp. 141-165, 1995.
T. Grove, M. Masters, and R. Miers, "Determining dielectric constants using a
parallel plate capacitor," American journal of physics, vol. 73, no. 1, pp. 52-56,
2005.

B. Wells et al., "An adjustable parallel-plate capacitor instrument—Test of the
theoretical capacitance formula," American Journal of Physics, vol. 84, no. 9, pp.
723-726, 2016.

Y. Nogi, M. Watanabe, K. Suzuki, and Y. Ohkuma, "Method of measuring
dielectric constant using an oscilloscope," American Journal of Physics, vol. 83, no.
9, pp. 782-786, 2015.

109



[78]
[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]
[89]

[90]

[91]
[92]

[93]

[94]

D. E. Gray, "American institute of physics handbook," American Journal of Physics,
vol. 32, pp. 389-389, 1964.

R. C. Weast, M. J. Astle, and W. H. Beyer, CRC handbook of chemistry and physics.
CRC press Boca Raton, FL, 1988.

N. Koizumi and S. Yano, "Three-Terminal Dielectric Cell for Solids
(Commemoration Issue Dedicated to Professor Rempei Gotoh On the Occasion of
his Retirement)," 1969.

H. Nishiyama and M. Nakamura, "Form and capacitance of parallel-plate
capacitors," IEEE Transactions on Components, Packaging, and Manufacturing
Technology: Part A, vol. 17, no. 3, pp. 477-484, 1994.

T. Yovcheva, E. Vozary, 1. Bodurov, A. Viraneva, M. Marudova, and G. Exner,
"Investigation of apples aging by electric impedance spectroscopy," Bulg. Chem.
Commun, vol. 45, pp. 68-72, 2013.

A. Michels and C. Michels, "The influence of pressure on the dielectric constant of
carbon dioxide up to 1000 atmospheres between 25 and 150 C," Philosophical
Transactions of the Royal Society of London. Series A, Containing Papers of a
Mathematical or Physical Character, vol. 231, no. 694-706, pp. 409-434, 1933.
A. Michels, A. Jaspers, and P. Sanders, "Dielectric constant of nitrogen up to 1000
atms. Between 25° C and 150° C," Physica, vol. 1, no. 7-12, pp. 627-633, 1934.

P. Bandyopadhyay and S. Banerjee, "Spiro [fluorene-9, 9’ -xanthene] containing
fluorinated poly (ether amide) s: Synthesis, characterization and gas transport
properties," European Polymer Journal, vol. 69, pp. 140-155, 2015.

K. Matsumoto, P. Xu, and T. Nishikimi, "Gas permeation of aromatic polyimides.
I. Relationship between gas permeabilities and dielectric constants," Journal of
membrane science, vol. 81, no. 1-2, pp. 15-22, 1993.

D. Bera, P. Bandyopadhyay, S. Ghosh, and S. Banerjee, "Gas transport properties
of aromatic polyamides containing adamantyl moiety," Journal of Membrane
Science, vol. 453, pp. 175-191, 2014.

A. D. McNaught and A. D. McNaught, Compendium of chemical terminology.
Blackwell Science Oxford, 1997.

H. E. Park, "Effects of pressure and dissolved carbon dioxide on the rheological
properties of molten polymers," thesis 2005.

A. N. Gorban, H. P. Sargsyan, and H. A. Wahab, "Quasichemical models of
multicomponent nonlinear diffusion," Mathematical Modelling of Natural
Phenomena, vol. 6, no. 5, pp. 184-262, 2011.

G. S. Park and J. Crank, "Diffusion in polymers," 1968.

H. K. Frensdorff, "Diffusion and sorption of vapors in ethylene—propylene
copolymers. II. Diffusion," Journal of Polymer Science Part A: General Papers,
vol. 2, no. 1, pp. 341-355, 1964, doi: 10.1002/po0l.1964.100020126.

N. Vahdat and V. D. Sullivan, "Estimation of permeation rate of chemicals through
elastometric materials," Journal of applied polymer science, vol. 79, no. 7, pp.
1265-1272, 2001.

Y. Yampolskii and R. Paterson, "Solubility of gases in polymers," The
Experimental Determination of Solubilities, p. 151, 2003.

110



[95]

[96]

[97]

[98]
[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

D. J. Buckley and M. Berger, "The swelling of polymer systems in solvents. II.
Mathematics of diffusion," Journal of Polymer Science, vol. 56, no. 163, pp. 175-
188, 1962.

W. Koros, D. Paul, and A. Rocha, "Carbon dioxide sorption and transport in
polycarbonate," Journal of Polymer Science: Polymer Physics Edition, vol. 14, no.
4, pp. 687-702, 1976.

M. Tang, T.-B. Du, and Y.-P. Chen, "Sorption and diffusion of supercritical carbon
dioxide in polycarbonate," The Journal of supercritical fluids, vol. 28, no. 2, pp.
207-218, 2004.

S. Yu, P. Hing, and X. Hu, "Dielectric properties of polystyrene—aluminum-nitride
composites," Journal of Applied Physics, vol. 88, no. 1, pp. 398-404, 2000.

J. Yuan and B. Cheng, "A strategy for nonmigrating highly plasticized PVC,"
Scientific reports, vol. 7, no. 1, p. 9277, 2017.

W. Okumura, Y. Ohkoshi, Y. Gotoh, M. Nagura, H. Urakawa, and K. Kajiwara,
"Effects of the drawing form and draw ratio on the fiber structure and mechanical
properties of CO2 - laser - heated - drawn poly (ethylene terephthalate) fibers,"
Journal of Polymer Science Part B: Polymer Physics, vol. 42, no. 1, pp. 79-90,
2004.

Y. P. Handa, P. Kruus, and M. O'Neill, "High - pressure calorimetric study of
plasticization of poly (methyl methacrylate) by methane, ethylene, and carbon
dioxide," Journal of Polymer Science Part B: Polymer Physics, vol. 34, no. 15, pp.
2635-2639, 1996.

E. Huang, X. Liao, C. Zhao, C. B. Park, Q. Yang, and G. Li, "Effect of unexpected
CO2’s phase transition on the high-pressure differential scanning calorimetry
performance of various polymers," ACS Sustainable Chemistry & Engineering, vol.
4, no. 3, pp. 1810-1818, 2016.

R. Assink, "Investigation of the dual mode sorption of ammonia in polystyrene by
NMR," Journal of Polymer Science: Polymer Physics Edition, vol. 13, no. 9, pp.
1665-1673, 1975.

A. Houde, S. Kulkarni, and M. Kulkarni, "Permeation and plasticization behavior
of glassy polymers: a WAXD interpretation," Journal of membrane science, vol.
71,no. 1-2, pp. 117-128, 1992.

X. Liao and A. V. Nawaby, "The sorption behaviors in PLLA-CO 2 system and its
effect on foam morphology," Journal of Polymer Research, vol. 19, no. 3, p. 9827,
2012.

D. Miller and V. Kumar, "Microcellular and nanocellular solid-state
polyetherimide (PEI) foams using sub-critical carbon dioxide II. Tensile and impact
properties," Polymer, vol. 52, no. 13, pp. 2910-2919, 2011.

J. Fried, H. C. Liu, and C. Zhang, "Effect of sorbed carbon dioxide on the dynamic
mechanical properties of glassy polymers," Journal of Polymer Science Part C:
Polymer Letters, vol. 27, no. 10, pp. 385-392, 1989.

M. Wessling, S. Schoeman, T. Van der Boomgaard, and C. Smolders,
"Plasticization of gas separation membranes," Gas separation & purification, vol.
5, no. 4, pp. 222-228, 1991.

111



[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

Y. P. Handa, S. Lampron, and M. L. O'neill, "On the plasticization of poly (2, 6 -
dimethyl phenylene oxide) by CO2," Journal of Polymer Science Part B: Polymer
Physics, vol. 32, no. 15, pp. 2549-2553, 1994.

W. C. V. Wang, E. J. Kramer, and W. H. Sachse, "Effects of high - pressure CO2
on the glass transition temperature and mechanical properties of polystyrene,"
Journal of Polymer Science: Polymer Physics Edition, vol. 20, no. 8, pp. 1371-
1384, 1982.

G. Hohne, "High pressure differential scanning calorimetry on polymers,"
Thermochimica acta, vol. 332, no. 2, pp. 115-123, 1999.

D. Ko, J. H. Kim, S. W. Kang, D. H. Lee, J. Won, and Y. S. Kang, "Propylene-
induced plasticization in silver polymer electrolyte membranes," Journal of
Industrial and Engineering Chemistry, vol. 15, no. 1, pp. 8-11, 2009.

A. Seeger, D. Freitag, F. Freidel, and G. Luft, "Melting point of polymers under
high pressure: Part II. Influence of gases," Thermochimica Acta, vol. 486, no. 1-2,
pp. 46-51, 20009.

D. L. Tomasko et al., "A review of CO2 applications in the processing of
polymers," Industrial & Engineering Chemistry Research, vol. 42, no. 25, pp.
6431-6456, 2003.

T. Seghier and F. Benabed, "Dielectric proprieties determination of high density
polyethylene (HDPE) by dielectric spectroscopy," Int. J. Mater. Mech. Manuf, vol.
3, pp. 121-4, 2015.

T. Seghier and D. Mabhi, "Investigation into partial discharge dependence in air gaps
between high density polyethylene tapes," Acta Electrotehnica, vol. 49, no. 1, pp.
3-13, 2008.

S. Saito, H. Sasabe, T. Nakajima, and K. Yada, "Dielectric relaxation and electrical
conduction of polymers as a function of pressure and temperature," Journal of
Polymer Science Part A - 2: Polymer Physics, vol. 6, no. 7, pp. 1297-1315, 1968.
P. C. Hiemenz and T. P. Lodge, Polymer chemistry. CRC press, 2007.

M. Gilbert, "Relation of structure to thermal and mechanical properties," in
Brydson's Plastics Materials: Elsevier, 2017, pp. 59-73.

D.-c.Li, T. Liu, L. Zhao, X.-s. Lian, and W.-k. Yuan, "Foaming of poly (lactic acid)
based on its nonisothermal crystallization behavior under compressed carbon
dioxide," Industrial & Engineering Chemistry Research, vol. 50, no. 4, pp. 1997-
2007, 2011.

H. E. Kissinger, "Variation of peak temperature with heating rate in differential
thermal analysis," Journal of research of the National Bureau of Standards, vol. 57,
no. 4, pp. 217-221, 1956.

Y. Zhang, D. Rodrigue, and A. Ait - Kadi, "High - density polyethylene foams. 1.
Polymer and foam characterization," Journal of applied polymer Science, vol. 90,
no. 8, pp. 2111-2119, 2003.

N. Sun et al., "Crystallization behavior and molecular orientation of high density
polyethylene parts prepared by gas - assisted injection molding," Polymer
International, vol. 61, no. 4, pp. 622-630, 2012.

112



[124]

[125]

[126]

[127]

[128]
[129]

[130]

L. Wang et al., "Morphology and mechanical property of high-density polyethylene
parts prepared by gas-assisted injection molding," Colloid and Polymer Science,
vol. 289, no. 15-16, pp. 1661-1671, 2011.

B. Flaconneche, J. Martin, and M.-H. Klopffer, "Permeability, diffusion and
solubility of gases in polyethylene, polyamide 11 and poly (vinylidene fluoride),"
Oil & Gas Science and Technology, vol. 56, no. 3, pp. 261-278, 2001.

H. E. Naguib, C. B. Park, and S.-W. Song, "Effect of supercritical gas on
crystallization of linear and branched polypropylene resins with foaming
additives," Industrial & engineering chemistry research, vol. 44, no. 17, pp. 6685-
6691, 2005.

R. Gendron, M. F. Champagne, and J. Reignier, "Supercritical fluids in
thermoplastics foaming: Facts or fallacies?," Cellular polymers, vol. 25, no. 4, pp.
199-220, 2006.

J. Delmonte, "Electrical properties of epoxy resins during polymerization," Journal
of Applied Polymer Science, vol. 2, no. 4, pp. 108-113, 1959.

S. Matsuoka, "The effect of pressure and temperature on the specific volume of
polyethylene," Journal of Polymer Science, vol. 57, no. 165, pp. 569-588, 1962.
West Conshohocken, PA: ASTM International, 1994.

113



Appendix A: Diffusivity calculation in a plane sheet

For diffusion in isotropic material, the rate of transfer of diffusion substance
through unit area of a matrix material is proportional to the concentration gradient
measured perpendicular to the matrix area. It is expressed as equation 1.

] =-DVC 6

Consider an element of volume in the form of a cuboid showed in Figure 1. Center

of the element is O which has concentration of C.

A’

D’

Figure A.1. Element of volume

The rate of diffusing substance transfer through face ABCD is given by

_Vx .1 7
dydz(Jx Py dx)
The rate of diffusing substance transfer through face A’B’C’D’ is given by

9x 1 8
dydz(J, + o 2dx)
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Diffusing substance increasing in this element contributed by this direction is
equal to

s
—dydz ™ dx

9
Similarly, the contribution from other 2 directions is
aJ, 10
—dydx—-d
ydx——-dz
_ L 11
dxdz 3y dy

The rate of diffusing substance amount increases could also be given by the

concentration change with time, which is expressed by

ac 12
dxdydz o
Thus, we could have
oC L e Uy U _ 13
6t+6x ay+az =0
Substitute equation 1 into above equation 8, we can obtain:
ac _ . .9%C , 9%c |, 9%C 14
at D(axz + dy?2 + 622)

A one-dimentional expression of equation 9 is

ac _ . o9%c

ac 15
at 0x2

Equation 1 and 10 are referred to as Fick’s first and second laws of diffusion.

As we know that, C =

o~
MW ES

X . . .
exp | —-—), where A is an arbitrary constant, is a
4pt)’ ’

solution of equation 10.
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To obtain solution of a partial differential equation, we assumed that the variable
is separable.
C=XX)T(t) 16
Where X and T are function of x and t separately. Substitution in equation
10yields
x4 = pr&X 17
dt dx?
Equation could be organized as

1dT Dd*X 18

Right side of equation 13 is only depending on x, left side of the equation is only
depending on t, and x is not dependent on t. Thus, both side equals to a constant, which

we assume as —A2D. Then we have two ordinary differential equations:

1dar _ _ 12D 19
T dt
14X _ o2 20
X dx?
Of which solutions are
T = g~ A°Dt 21
And
X = AsinAx + BcosAx 22

Leading to solution of equation 10:

C = (AsinAx + BcosAx)e™ *°Dt 23
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For non-steady state diffusion of a plane sheet with surface concentration always
equals to the solubility, C;. Thickness of the sheetis L = 21 . x is the point distance from
the center plane of this sheet. Its boundary conditions are described as:

C =C, x =1, t=0

Cc=0, 0< x <, t=0

C
L 1=
Cy

-D(2n+1)%m?t 8 (2n+1)mx 24
0 oS
412 (2n+1)2m2 21
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If M, denotes the total amount of diffusing substance which has entered the plane

sheet at time ¢, and M, denotes that amount at infinite time, integrate equation 19 over x

we can have:

M i 8 {(—=D(2n + 1)?n2t/41%} >
M, L@n+ xp n+ 1t/
The corresponding solution for small time is:
c i Cn+1Dl-x < @n+ D)l +x 26
—= ) (-D"erfc———+ ) (-D"erfc—————
G2 N TR fe i
n=0 n=0
and
M, 1 1 - nl 27
—L =20ty 2l 242 Z(—l)"ier c—
n=0
In the early stages, equation 22 could be simplified as
28

M, 8 1
e = 12>

e . M, =
The initial curve gradient of M—t Vs (t/ I 2)2 1s expressed as
o)
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R = d(M,/M.)/d(t/ ) 29
Combine equation 23 and equation 24 we have:
D =—R? 30
According to experiments, this curve is linear up to Mi; = 1/2. So, we can have

the following equation for this linear part.

31
R =0.5/( t/L2)1/2
Where the subscription refers to % = 0.5.
So from equation 25 and 26, we find
32

— i — 0.049
7 /(t/lz)% /¢

This equation works for the early stage of the diffusion, for the later stage, only
the first term of equation 20 were considered and we can get:

= {In(Mo, — M)} = —Dn? /12 33
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Appendix B: Program interface
Pressure of the system is controlled by the syringe pump (ISCO 500D from
Teledyne Technologies™). The capacity of the pump is 507 mL and highest pressure it
can reach is 3750 psi. It can be controlled by a program on the computer. The interface

of the program is shown in Figure 1. Pressure could also be recorded with this program

every 0.5 second.

ﬂ Pump Control.vi
File Edit Operate Tools Window Help

(2 @)
"“ TELEDYNE ISCO Usta Captuire - i |
Everywhereyoulook” E“”"‘“ — :}Szwmﬁm";d .
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Pump Name
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Reset
out] 1
|
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Model ;um
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Setpoint

Refill Rate mi/min

° Quit
Figure B.1. Interface of the program for pressure control and data acquisition

In order to make an easy-control and monitor measurement system, a graphical
user interface (GUI) for dielectric data recording has been developed with Labview™

which is shown in Figure 2. In the GUI, the frequency of the AC, electric potential
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difference between two electrodes and data acquisition frequency can be freely set. The

impedance Z and the phase angle 0 can are recorded with time and plotted.
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Figure B.2. Graphical user interface (GUI) for dielectric data recording
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