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ABSTRACT 

Extrusion of various polymers and polymer blends was carried out in the presence 

of supercritical carbon dioxide and the effects of the supercritical CO2 on the viscosity 

and morphology of polymers and polymer blends were investigated. Various extrusion 

systems such as single-screw, twin-screw, and twin / single tandem extruders were 

utilized. In order to ensure a single-phase polymer / CO2 solution, generating high 

pressure m extruders is essential, and special extruder setups equipped with an CO2 

injection device and a secondary die were designed. The solubility of CO2 in polymers 

and the density prediction of polymer/ CO2 solutions were also studied. 

Effects of supercritical CO2 on the polymer viscosity was mainly studied in 

polystyrene / carbon dioxide solution system. The viscosity of PS/CO2 solutions was 

measured on-line using a linear capillary tube die mounted on a single-screw foaming 

extruder and a wedge die mounted on a twin-screw extruder. The measured solution 

viscosity was described as a sensitive function of shear rate, temperature, pressure, and 

CO2 content. In order to mathematically describe the decrease of the shear viscosity due 

to the dissolved CO2 in the PS melts, several theoretical models were considered. Cross, 

Carreau, and generalized Cross-Carreau models were employed to describe the shear­

thinning behavior of PS/CO2 solutions at various shear rates. The zero-shear viscosity in 

these models was derived in terms of the temperature. pressure and CO2 content based on 

the free volume change due to these variables. Various forms of the zero-shear viscosity. 

including a generalized Arrhenius equation and a WLF equation. were used. The 

modeling procedure and comparison of the models arc presented in detail. 

IV 



The effects of dissolved supercritical CO2 on the viscosity and morphological 

properties of polyethylene / polystyrene blending systems were also investigated using a 

twin-scre\\' extruder equipped with a wedge die. A considerable reduction of viscosity 

was founJ when CO2 was dissolved in the blend. It was observed that the dissolution of 

CO2 into PE/PS blends, regardless of the CO2 content used, led to decreased shear 

thinning behavior. The cell structure of foamed PE/PS blends showed a typical 

dependence on pressure and CO2 concentration, with higher operating pressures and CO2 

content leading to a smaller cell size. Also, it was noted that the size of the dispersed PS 

phase in the PE/PS blends decreased by increasing the CO2 concentration, and that the 

dispersed PS phase domains were highly elongated in the direction normal to the cell 

radius. 

A twin/ single tandem extrusion system was designed for investigating the effects 

of dissolved supercritical CO2 on the morphological properties of the PE/PS blends. This 

tandem extrusion system allowed for preferential dissolution of the CO2 into the matrix 

and/or dispersed polymer phase. By introducing devolatilization to the tandem system, 

the morphological behaviors of PE/PS blends were investigated on unfoamed filaments. 

In general, the mixing between two polymers was improved by the dissolution of CO2. 

The size reduction of the dispersed phase was qualitatively explained using the viscosity 

ratio of the two polymers and possible effects of the interfacial tension. 

Reactive extrusion of a polyethylene / polyamide-6 / polyethylene-g-malcic 

anhydride system was performed in the presence of supercritical CO2. Effects of the 

di-.,,oh·cd CO2 and the polyethylenc-g-maleic anhydride (PE-g-MAH) on the viscosity 

and tile blending morphology were investigated in the tandem extrusion system. It \'-:as 
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found that the addition of a small amount of polyethylene-g-maleic anhydride to 

polyethylene/ polyamide-6 (PE/PA6) blends causes an increase of blend viscosity. which 

rc.:sults from the reaction between PA6 and PE-g-MAH. The reaction was verified by 

observing an imide peak at 1701 cm·• using FrlR. The size of the dispersed PA6 phase 

decreased by increasing the concentration of PE-g-MAH concentration. lt was found that 

the injected CO2 affects the size of the dispersed phase when the concentration of PE-g­

MAH was low (5 wt%). 
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CHAPTER 1. INTRODUCTION AND OBJECTIVES 

1.1. INTRODUCTION 

Supercritical fluids (SCFs) have been used in a wide range of applications due to their 

unique properties. such as gas-like diffusivity and viscosity, and liquid-like density. These 

unique characteristics of SCFs have also been applied to the plastics industry. Fractionations 

of polymers. polymerizations in SCF media. and foaming processes are representative 

applications of SCFs to polymers. Specifically, the foaming processes related to this work. 

have been originated from food industry. A range of puffed food products such as cereal, 

pasta and confectionery products have been produced via the foaming technology. It has been 

noted that many plastic products produced by foaming processes are found in our 

surroundings. Due to poor mechanical properties. however. efforts for improving the 

properties have been performed, and microcellular foams having a small cell size. around IO 

µm or below, were invented (Martini-Vvedensky, 1984). It should be noted that most of the 

microcellular foams have been produced using SCFs (Park and Suh, 1992, 1996a. 1996b). 

One of the unique characteristics of SCFs is a tunable solubility behavior. and 

extensive studies related to the solubility of SCFs in polymers have been performed. Early 

studies have tested the solubility of SCFs in polymers using Henry's law. As indicated in 

Section 2.3. some of the research work published indicates that Henry's law is still valid up to 

high pn.:ssures and temperatures above the critical point of SCFs. Another approach has been 

c.k\'eloped using statistical thermodynamics. In this approach. the solubility of SCFs has heen 

studied by equation-of-state (EOS) theories mostly hascd on the Flory-Huggins theory. One 

of the.: hig advantages of the EOS theory is that it provides a P-V-T relationship of pure 
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polymers and polymer/ SCF solutions. Based on literature recently published. the solubility 

of SCFs in polymers generally deviates from Henry's law at high pressures. and the solubility 

\'alues can be estimated accurately using EOS theories when an interaction parameter 

bct\\·een the polymer and the SCF is determined. 

By dissolving a SCF into a polymer, it has been known that its rheological behavior is 

changed and viscosity reduction due to the dissolved SCF has been observed. However, the 

rheological behaviors of polymer / SCF solutions have not been clearly clarified due to 

experimental difficulties and theoretical complexities. The viscosity of a polymer melt 

depends on temperature and pressure, and an extensive study of the temperature and pressure 

dependencies has been carried out using a free volume concept since Doolittle's work 

(Doolittle, 1951 ). However, the viscosity of a polymer/ SCF solution should be considered 

as a function of temperature, pressure, and the concentration of the SCF at the same time. 

The viscosity of a polymer is a crucial factor in polymer processing. It affects the 

productivity, operating conditions, and the properties of the final products. In the case of 

polymer extrusion, for example, the viscosity affects the motor torque. heat generation due to 

the viscous dissipation, etc. Therefore, the viscosity change of a polymer due to the 

dissolution of a SCF should be clearly characterized for any application. By dissolving a SCF 

in a polymer blend during extrusion. the mixing process between two polymers will be 

changed due lo the viscosity changes. which results in different blending morphologies. 



1.2. RESEARCH OBJECTIVES 

The work described in this thesis is focused on the extrusion of polymers and polymer 

bknds in the presence of supercritical fluids. The first objective of this thesis is the 

investigation of the rheological behaviors of a polymer / SCF solution. Polystyrene and 

carbon dioxide are chosen for this study. lt should be noted that two-phase flow during the 

viscosity measurement should be prevented. ln order to prepare single-phase PS/CO:! 

solutions. the solubility of CO2 in PS at the operating temperature and pressure was 

determined. Efforts to understand the solution viscosity as a function of temperature, 

pressure. and concentration of CO2 were made. The second objective of this thesis is the 

application of the viscosity change achieved by dissolving CO2 in a polymer. Polymer blends 

whose morphology is affected by the viscosity of each component, are studied in this work 

using various extrusion systems including single-screw, twin-screw. and twin I single tandem 

extruders. lt should be noted that the single / twin tandem extrusion system allows for 

preferential dissolution of CO2 into the matrix and/or dispersed polymer phase. Polyethylene 

/ polystyrene and polyethylene / polyamide 6 / polyethylene-g-maleic anhydride blends are 

chosen as non-reactive and reactive polymer blending systems, respectively. The third 

objective of this thesis is the investigation of extrusion behavior in the presence of a 

supercritical fluid. Design concepts for an experimental setup and an optimum screw 

configuration arc studied. 

This thesis is comprised of ten chapters including this introduction. Chapter 2 revie\vs 

literature related to this work. A survey on the properties and applications of SCFs. the 

solubility of SCFs. EOS theories. PE/PS and PE/PA blends was performed. Specifically. 

rcvit.:\\'S for the \'iscosity of polymer / diluent systems arc essential to understand the 



viscosity hehaviors of polymer/ SCF solution in Chapter 5. Chapter 3 introduced materials 

and equipment commonly used in Chapter 5 through Chapter 8. Chapter 3 also includes 

preliminary experiments using a twin-screw extruder in the presence of supercritical CO2. 

Chapter ➔ examines the thermodynamics of polymer / supercritical CO2 solutions. Two 

solubility estimation methods using Henry's law and Sanchez-Lacombe EOS theory were 

studied. Density estimation for pure components (pure polymer and CO2) and their solutions 

was also carried out in this chapter for estimating volumetric flow rates. The estimated 

volumetric flow rates are used in the calculation of shear rate. Chapter 5 discussed PS/CO2 

solution viscosity as a function of temperature, pressure, and CO2 concentration as well as 

shear rate. Cross, Carreau. and generalized Cross-Carreau models were employed to describe 

the shear-thinning behavior. The generalized Arrhenius equation for the zero-shear viscosity 

\Vas used with these models to describe the solution viscosity. Chapters 6 and 7 examine the 

effects of supercritical CO2 on the viscosity and morphology of PE/PS blends prepared in a 

twin-screw extruder and twin / single tandem extruder, respectively. Foamed structures and 

dispersed phase behaviors were investigated. Chapter 6 includes detailed methodology of the 

on-line measurement of the solution viscosity using a wedge die. In Chapter 8, reactive 

extrusion of PE/PA6/PE-g-MAH blending system wa, performed in the presence of 

supercritical CO2 using various extrusion systems. Effects of the concentration of CO2 and 

PE-g-:'>lAI-1 on the blending morphology were investigated. Finally, conclusions and 

n:corrnncndations and references were listed in Chapters 9 and 10, respectively. 



CHAPTER 2. LITERATURE REVIEW 

2.1. INTRODUCTION 

A substance heated above its critical temperature and compressed above its critical 

pressure is known as a supercritical fluid (SCF). Such a fluid can move between the state of 

high density and that of low density without phase transition. Since a supercritical fluid can 

undergo continuous density changes. slight variations of temperature and/or pressure can also 

manipulate its thermodynamic and transport properties. Due to their unique properties, SCFs 

have been used in many fields such as food processing, pharmaceuticals, and the plastics 

industry. As pointed out by Johnston and Penninger (1989), most applications of SCFs are 

centered on separation processes. SCF science and technology dealt initially with extraction 

of simple molecules that dissolve in SCFs. The attention has shifted significantly to more 

complex molecules, undergoing much broader types of physical and chemical 

transformation. One of the main advantages of using SCFs is the ability to tune SCF solvent 

strength continuously from gas-like to liquid-like values through temperature and pressure 

changes. This adjustable nature of SCF dissolving power has been exploited for polymer 

processes such as extraction, and polymerization. However. supercritical fluids have hardly 

been applied to polymer processing operations such as extrusion and polymer blending. 

Recently. SCFs have been explored as processing aids to lower viscosity for processing 

applications. and the effect of supercritical CO2 on the viscosity of polydimethylsiloxane has 

been studied by Gerhardt ct al. ( 1992. I 994 ). As discussed in Chapter I. the cff ects of SCFs 

on a polymer and its extrusion performance have not been clarified systematically. The rest 

of this chapter will review literature focused on the properties of SCFs. polymer / SCF 
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solutions. polymer rheological behavior. polymer blends and microccllular foaming 

processes. 

2.2. SUPERCRITCAL FLUIDS AND THEIR APPLICATIONS 

2.2.1. Supercritical Fluids 

Homogeneous fluids are normally divided into two classes, liquids and gases. 

Ho\vever, the distinction is not always clear because of the critical point at which the gas and 

liquid phases become indistinguishable. The critical point of a pure substance is 

thermodynamically defined by the conditions 

( ;: l =0 and (2-1) 

where Pis the pressure, Vis the molar volume and Tis the absolute temperature. Beyond this 

point, the fluid is called a supercritical fluid (SCF) rather than a gas or a liquid. A phase is 

generally considered to be a liquid if it can be vaporized by a reduction in pressure at 

constant temperature. A phase is considered a gas if it can be condensed by a reduction of 

temperature at constant pressure. Because the fluid region fits neither of these definitions, it 

is called neither a liquid nor a gas. Thus, a liquid can be changed to a gas and vice versa with 

no phase change. The critical point identified by the critical temperature and pressure is 

unique for any pure substance. The critical temperature and pressure represent the highest 

temperature and pressure at which a pure substance can exist tn the vapor-liquid phase 

equilibrium. The critical points for a number of common fluids arc given in Tahfr 2./. 

SCFs show several unique characteristics such as solubility. density. diffusivity and 

, i-..cosity. The unique solvating power of the supercritical fluid was first observed by Hannay 
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and Hogarth ( 1879 ). They found that increasing the pressure of an ethanol / inorganic salts 

system caused the inorganic salts to dissolve in ethanol and that decreasing the pressure 

caused the dissolved inorganic salts to precipitate "as a snow". when the mixture was heated 

abo\·e the critical temperature of ethanol. After their invention. there were many debates 

about the supercritical state and McHugh and Krukonis ( 1994) described the historical 

perspective of the early research and the debate associated with the supercritical state and the 

solubility power. They also discussed a number of generally accepted observations. As can 

be expected from Eq. (2-1 ), the compressibility of a SCF is diverse. As the density becomes 

liquid-like, the SCF begins to act as a liquid solvent and the solvating power of a SCF is a 

function of the density. This solvating power which is able to manipulate such a wide range 

of densities allows for applications of SCFs as "tune-able" solvents. It should be noted that 

SCFs could be soluble in amorphous polymers as well as in liquids. Therefore, the mutual 

solubility of SCFs and liquids is seen in mixtures which contain SCFs. 

Table 2.1. Critical constants for various common fluids (McHugh and Krukonis, 1994) 

Substances Critical Temperature (°C) Critical Pressure (atm) 

Carbon Dioxide 3 I. I 72.9 

Ethane 32.2 48.2 

Ethylene 9.3 49.8 

Propane 96.7 42.0 

Propylene 91.9 45.6 

Benzene 289.0 48.3 

Toluene 318.6 40.6 

\\later 374.2 217.7 
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The other unique characteristics of a SCF arc the diffusivity and viscosity. The 

diffusi\·ity and viscosity values arc intermediate between those of the gas and the liquid as 

shown in Tahle 2.2. For example. the self-diffusion coefficient of carbon dioxide is about one 

or two orders of magnitude higher than the diffusivity of solutes in liquids (Paulaitis et al.. 

1983 ). The viscosity of carbon dioxide is an order of magnitude below that of typical 

\·iscosities of liquid organic solvents (de Filippi et al.. 1980). 

Table 2.2. Comparison of typical transport properties of fluid phases 

Property Liquid SCF Gas 

Density (g/cm.1) l 0.5 - I I 0-3 - 10-z 

Diffusivity (cm-/s) 10·<> 10·.l 10·• 

Viscosity (Pa-s) 10-J - 10·2 10·=> Io-<> 

Carbon dioxide (CO2) is emphasized since it is the process fluid chosen for this work. 

CO2 has been one of the classical and popular substances in supercritical fluid technology, 

and many studies have been performed about the critical point of CO2 and its properties in 

the supercritical state. Michel and Michel ( 1936, 1937) and Michel et al. ( 1936, 1937) 

measured the isotherms of CO2 between 0°C and i 50°C and up to 3000 atm and near the 

critical point. A density-pressure diagram near the critical point. which is based on their 

results is shown in Figure 2.1. Much work for determining the critical point of CO2 was 

reported by \Vcntorf ( 1956). Viccntini-Missoni ct al. ( 1969). and Levell Scngcrs and Chen 

l I lJ72 ). and the critical points from their results an..: n.:ry close to one another. The critical 
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Figure 2.1. Density-pressure diagram of carbon dioxide near the critical point 
(Numbers indicate the temperature in °C). 
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T, = 304.19 K 

P, = 72.87 atm 

, 
p, = 0.468 g/cnY 

The solvating strength of supercritical CO2 can be described qualitatively by the 

solubility parameter. The dependence of the solubility parameter on temperature and pressure 

is similar to that of density behavior shown in Figure 2.1. 

2.2.2. Applications of Supercritical Fluids 

Due to their unique properties, SCFs have been used in a wide range of applications. 

Especially. the properties of gas-like diffusivity and viscosity. and liquid-like density 

combined with the tunable solvating power of a SCF have provided many applications. A 

few general categories of applications are discussed here. The application to foaming process 

will be reviewed separately in Section 2.2.3. 

2.2.2.1. Separations 

One of the major applications of SCFs is in separation processes using their unique 

solvating power. Funazukuri et al. (1985) studied the extraction of oil from used automotive 

tire using 11-pcntane. toluene and nitrogen. Poirier et al. ( 1987) reported the effect of 

temperature and pressure on the extracted oil yields from wood using methanol. Scholsky 

( 1987) reviewed the principles of the separation process. The basic scheme is to pressurize 

thL· raw recd in a vessel. which is exposed to a supercritical solvent stream with a high 

,ckcti,·ity for one of the components. This component dissolves in the supercritical solvent. 

Thc -,olvcnl is then removed and depressurized lo precipitate the dissolved extract phase. 

Scp~1ratio11 proccsscs havc been found in the food industry from the carly 1980s. For 
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oamplc. Pfizer began an operation of a hop extraction plant in 1985. and Kraft General 

Foods applied SCFs to a coffee decaffeination plant in 1987. Since I 985. numerous reports 

have been published on the use of SCF solvents to fractionate polymers with respect to 

molecular weight and chemical compositions. Mc Hugh and Krukonis ( 1989) reviewed the 

literature on the fractionation using supercritical fluids. Patersen et al. ( 1987) published 

results on the isotactic polypropylene / supercritical pentane system. A study of the 

fractionation of poly(ethylene glycol) in supercritical carbon dioxide has been presented by 

Danesh var and Gulari ( 1992). 

2.2.2.2. Reactions and Polymerizations 

SCFs have been used in chemical reactions and polymerization. The reasons for 

carrying out chemical reactions m SCFs are discussed by Clifford ( 1994 ). The most 

straightforward reason is that the control of phase behavior by pressure and temperature may 

allow reagents or products to be present either in one phase or two phases. For example. 

\Valer that shows much less polar behavior in supercritical conditions can homogenize 

substantial amounts of non-polar organic compound. and make them available for reaction. 

The second reason is the fast diffusion rate. In SCFs diffusion coefficients are generally 

higher than in typical liquids as shown in Table 2.2. This can enhance the reaction rates. The 

other reasons arc the varying solvent property and the environmental advantages. 

These reasons for the chemical reactions are generally accepted in polymerization as 

explained by Kiran ( 1994). The general approach to the use of SCFs as reaction media in 

polymerization process is to adjust the pressure and temperature to control the precipitation 

thresholds for the polymer formed. Kumar and Suter ( 1987) investigated the precipitation 

polymerization of styrene in supercritical ethane at 12. 17 and 25 MPa at 333 K and reported 
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M--=I0I7. 1063 and 1193 g/mol. respectively. Saraf and Kiran ( 1990) studied free radical 

polymerization of styrene in supercritical state and found a reduction in Mn by increasing the 

polymerization temperature. DeSimonc et al. ( 1992) demonstrated the polymerization of 

tluoropolymers in supercritical CO2. The fluoropolymers are generally insoluble in most 

solvents except chlorofluorocarbons (CFCs) which are environmentally hazardous. They 

tried to circumvent the environmental concerns by performing the polymerization of 

tluorinated acrylic monomers in supercritical CO2. Watkins and McCarthy ( 1994) proposed a 

new route to polymer blends by carrying out a polymerization within supercritical fluid­

swollen solid polymer substrates. The applications of SCFs in polymerization have been 

found not only in radical polymerization. but also in emulsion polymerization. Beckman and 

Smith ( 1990) investigated the inverse microemulsion polymerization of water-soluble 

acrylamide monomers in near-critical and supercritical alkane phases. They reported that the 

high pressure and low viscosity of the supercritical system could raise the reaction rate 

significantly and the removal of the supercritical continuous phase could be easily achieved. 

\vhich led to produce very fine powder. 

2.2.2.3. Particle Formation 

The observation of the ultrafine powders resulting from the decompression of SCFs 

dates back to Hannay and Hogarth ( I 879). who were the first to report the precipitation of 

dissolved inorganic salts "as a snow" from ethanol above the critical temperature. More than 

a century elapsed after Hannay and Hogarth's work before Krukonis ( 1984) revived the 

interest in supercritical particle formation by demonstrating its potential for processing 

ha,·111g a difficulty to make fine powders. As summarized by Debenedetti ( 1994 ). the most 

important advantages of the supercritical route to solid formation arc the purity of the 
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products. the simplicity of the processes. the possibility of producing solid phases with 

unique morphology. the mildness of the operating conditions. and the wide range of materials 

that can be processed. 

There arc two principal techniques. Rapid Expansion of Supercritical Fluids (RESS) 

and Supercritical Anti-Solvent Process (SAS). The rapid expansion of supercritical solutions 

leads to loss of solvating power, and hence to solute precipitation. The rapid expansions are 

easily achieved in nozzles and capillaries. While the RESS generates the supersaturated state 

by the mechanical expansion. the SAS achieves it by introducing SCFs as anti-solvents. In 

the SAS process. the solid of interest is dissolved in a liquid, and a SCF having low solvating 

power with respect to the solute, but miscible with the liquid, is added to the solution. The 

dissolved SCF causes appreciable volumetric expansion which results in a decrease in the 

liquid's cohesive energy density, and the solute can be precipitated. In applications where 

fine powders are required, the RESS and SAS are able to allow processing at lower 

temperatures than conventional size reduction methods. At the same time. they form very 

fine. sol vent free, and monodisperse powders. 

2.2.3. Polymer Foams and Microcellular Foams 

Incorporation of gases. not necessarily SCFs. into polymers has been used to produce 

polymer foams. Foaming processes may be found in the food industry as well as in the 

polymer industry. ln the food industry. a range of puffed food products such as cereal. pasta 

and confectionery products with improved texture has been produced. [n this section. 

however. only the polymer foaming process is discussed. Polymer foams can be generated in 

batch or continuous processes. from molten or solid materials, and before or after the shaping 



process. The first commercial foam appeared between 1910 and 1920 (Madge. 1962). Since 

then. svnthctic foams have been found in manv areas such as comfort cushioning. insulation. - - ~ 

packing and space filling. These conventional foams shmv relatively low mechanical 

properties due to their large cell size. As reviewed by Kim and Kim ( 1991 ). however. rigid 

foams show better mechanical properties because of the high strength-to-weight ratio. One of 

the rigid foams is a high density microcellular foam, which is characterized by cell density 

higher than 109 cells/cm3 and a cell size smaller than 10 µm. Usually. a microcellular foam is 

produced by using SCFs. 

Foaming with SCFs can be thought of as the opposite of a RESS particle formation 

process in its solute/ solvent composition. Thus, the solute or polymer is the major phase in 

the foaming process. However, the principle of separating the two phases, solute or polymer 

and a SCF. is similar. Due to an applied thermodynamic instability, such as a 

depressurization or temperature increase, the SCF precipitates from the solution, and a 

cellular foam structure is finally produced. A microcellular plastic was originally developed 

by Martini-Yvedensky et al. ( l 984). Microcellular plastics were initially developed in batch 

processes. A polymer saturated with a high pressure gas is subjected to a thermodynamic 

instability induced by rapidly dropping the solubility of a gas in a polymer. The rapid 

solubility drop is achieved by a rapid change in pressure or temperature and as a 

consequence. the precipitated gas or SCF generates the cell structure. 

2.2.3.1. i\licrocellular Foams - Batch Process 

:\ typical batch process for producing microcellular structures was developed by 

\lartini-Vn!dcnsky ct al. ( 1984). A polymer is saturated with a high pressure gas in a 

clia111hcr. then the gas saturated-polymer is subject to a rapid pressure drop and a rapid 



15 

temperature increase resulting in cell nucleation and growth. The batch process for 

micrnccllular foams has been studied for the solid state of polymers. Wessling et al. ( I 994) 

investigated the saturated polycarbonate sheet in a high pressure CO2 environment for 24 

hours. The sheet was then immersed in a heated glycerol bath at 100°C. Despite being belO\v 

the glass transition temperature of polycarbonate, the sheet was found to foam throughout 

with the exception of a dense unfoamed skin at the outer surface. They argued that the 

polymer becomes supersaturated with CO2 during the heating step, and that the rapid mass 

transfer of CO2 out of the sheet resulting in the unfoamed skin structure, takes place because 

the partial pressure of CO2 outside the sheet is zero. Goel and Beckman ( 1994a. 1994b) 

studied microcellular foams of the PMMA / CO2 system in a temperature range from 40°C to 

80°C. A PMMA disc of 2 mm thickness and 18 mm diameter was pressurized in a closed 

chamber over 24 hours to ensure equilibrium sorption. The pressure was then rapidly 

dropped to atmosphere. In their experiments, the effects of temperature and pressure at 

equilibrium. and saturation time were studied. Smaller cells were obtained at a lower 

temperature. a higher pressure and a longer holding time. 

The foaming process of a semicrystalline polymer was also studied by Kumar and 

Gebizlioglu ( 1992) and Doroudiani et al. ( 1996). Kumar and Gebizlioglu ( 1992) followed the 

process used by Martini-Vvedensky et al. ( 1984) for poly(ethylene terephthalate) system. 

They found. however. that the process resulted in foams with a large cell diameter of I 00 

~un. Doroudiani ct al. ( I 996) used the same foaming method utilized by Wessling cl al. 

( 1994 ). Samples of polymers having various crystalline levels such as high density 

polyethylene (HOPE). polypropylene and poly(ethylcne terephthalatc) \vere studied. They 

found that increasing the crystallinity proportionally decreased the solubility of the 
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crystalline polymers. This indicates that sorption only take place in the amorphous region of 

polymers. Therefore. the resultant foam stmctures were found to be increasingly non-uniform 

as the crystallinity level increased due to the inhomogeneous dissolution and the subsequent 

nucleation of the CO2. 

2.2.3.2. Microcellular Foams - Continuous Process 

Extmsion and injection molding have been studied for continuous foaming process. 

In order to produce a microcellular structure in a continuous process. two major processes. 

continuous formation of a polymer/ gas solution and microcell nucleation. are essential. Park 

and Suh ( 1992. 1996a. I 996b) integrated these two steps in an extrusion process. They 

suggested a design of the continuous microcellular process using a single-screw extruder. 

Design of the overall extrusion process was presented. SCF was injected into the barrel and 

homogenized to a single-phase solution by dissolution. Creation of a single-phase polymer/ 

SCF solution is governed by the degree of mixing and the diffusivity of the SCF. The 

required diffusion time for complete dissolution was estimated from diffusivity and striation 

thickness. About l09 
- 1010 cells per cm3 of unfoamed material were found in polypropylene. 

high impact polystyrene (HIPS) and acrylonitrile-butadiene-styrenc terpolymer (ABS) when 

CO 2 was used as a blowing agent. However, I07 
- l08 cells/cm3 were found in PP and HIPS 

when Nz \Vas injected as a blowing agent. They pointed out that the critical parameters in the 

microcellular extrusion process are the solubility of the SCF. degree of mixing, and the 

process111g temperature and pressure. Park and Suh ( 1993) presented the effects of the 

process111g pressure and the injected gas amount on cell nucleation us111g a rapid pressure 

drop device. 
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Park ct al. ( 1994) pointed out that one of the critical steps for continuous production 

of microcellular plastics was to achieve a constant gas to polymer weight ratio. Because the 

excessi\'l! SCF \vould result in the formation of undesirable voids in the polymer melt. only a 

soluble amount of gas must be injected into the polymer melt stream. They presented a 

metering device consisting of a porous metal for controlling the flow rate of CO2 and a pump 

for building up a high pressure of CO2. 

Dey et al. ( I 994) studied the effect of physical blowing agents on the crystallization 

temperature of LOPE melt. The crystallization temperature was determined by monitoring 

the cooling behavior of unsaturated and saturated polymer melts. Depression of the 

crystallization temperature was observed in the presence of blowing agents such as CO2 and 

argon. CO2 was more effective in lowering the crystallization temperature than argon 

because CO2 is more soluble than argon in the LOPE melt. They argued that the depression 

of the crystallization temperature could be explained by a similar mechanism as the freezing 

point depression in the conventional solvent / solute system. Jacob and Dey ( 1994) 

performed extrusion experiments for foaming PS by the addition of CO2, N2 and Ar. The 

effect of nucleating agents was investigated. They found that the use of a nucleating agent 

did not change the foam properties significantly, the cell size and the foam density. However. 

the use of an endothermic nucleating agent did stabilize die pressure fluctuations. 

2.2.3.3. Processing Factors in Foam Formation 

Research has been performed in order to clarify the effects of operating conditions on 

the cell structure. The cell formation and its structure arc mainly dependent upon the 

11uckatio11 and grmvth mechanisms. and therefore. most of research dealing with the 



relationship between the operating conditions and the cell structure has been focused on 

those mechanisms. 

lt has been known that cells would be generated through two steps. cell nucleation 

and cdl growth. Park and Suh ( 1992) defined the cell nucleation as the aggregation of a 

small number of dissolved molecules which spontaneously become energetically stable gas 

pockets. forming tiny domains of a second phase. And these small domains grow due to the 

diffusion of dissolved gas or SCF out of the melt phase. Cell nucleation can occur either 

homogeneously or heterogeneously. The homogeneous nucleation is the mechanism of 

molecular agglomeration and spontaneous transition to a growing cell. The homogeneous 

nucleation rate has been defined by Colton and Suh ( 1987): 

(2-1 a) 

(2-1 b) 

where N H<JM denotes the rate of nucleation. Ca denotes the gas concentration, Jo denotes the 

frequency factor of molecules joining the nucleating cluster, k is Boltzmann's constant, LlG' is 

the activation energy, yis the surface energy of the polymer, and Ps and PfJ denote the gas 

saturation pressure and the environmental pressure. respectively. Heterogeneous nucleation 

occurs in the presence of additives to the polymer melt phase. such as talc. finely divided 

metal p~1rticlcs (Lee. 1993). or rubber particles (Ramesh ct al.. 1994a. 1994b). Lee ( 1993) 

argued that the surface of nucleating agent creates small voids due to the incomplete ,vetting 

of the puly•ner melt and the voids act as nucleating sites. Heterogeneous nucleation has been 

oh"cr,·ed in the foaming process or semicrystalline polymers due to the crystalline / 

amorphou-.. interfaces. Once nucleation has occurred. hy ,.,.·hatever mechanism. cell growth 
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can take place. The nucleation sites receive gas diffusing from the melt and forms a cell 

,tructure. 

Based on Eq (2-/b). a higher saturation pressure and lower environmental pressure 

kad to a lower activation energy barrier leading to a higher nucleation rate. Thus. a higher 

gas saturation pressure and lower nucleation pressure lead to a higher cell density. The effect 

of saturation pressure was experimentally verified by Kumar and Suh ( 1990). However. the 

effect of external pressure on the cell nuclei density does not agree with Eq. (2-/b) in their 

nitrogen-polystyrene system. They found that the external pressure under which nucleation 

takes place did not affect the number of cells in their experimental system. which allows 

them to uncouple the cell deformation process from the cell nucleation process. Park et al. 

( 1995) observed the effect of pressure drop rate on the cell density. Various pressure drop 

rates were generated by the die geometry and the solution flow rate. The experimental results 

indicate that both the magnitude and the rate of pressure drop play an important role in 

microcellular processing of the high impact polystyrene (HIPS) / CO2 system. The highest 

nucleation rate resulted in the highest cell density. It also affected cell growth because rapid 

nucleation led to rapid depletion of the dissolved gas. Shafi et al. ( 1996) simulated the effect 

of the environmental pressure, P0 . The study showed that lower nucleation pressures result in 

a slight increase in the total number of cells. A higher cell growth rate and larger final cell 

size were also observed due to less hydrostatic opposition to cell expansion. The result 

contradicts the experimental observation performed by Kumar and Suh ( 1990). 

Another major factor affecting the cell structure of microcellular foams is 

temperature. The effect of temperature on the cell nucleation is not directly shown in Eq (2-

/aJ anJ !:'£/ (2-/h). Goel and Beckman ( 1994a. 1994b). however. demonstrated the effect of 
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temperature on the cell density in the PMMA / CO! system. They also compared the cell 

density values obtained from experiments with those from theoretical predictions. Both 

results showed that the cell density decrea~cd with increasing temperature. even though the 

predicted value was slightly higher than the observed one. They explained the difference 

between the values using possible errors which could be involved in the prediction of the gas 

concentration and the surface energy in Es.q (2-/a) and (2-lb). The effect of temperature on 

the cell density has been coupled with the concentration of gas since the solubility of gas 

would be affected by temperature. However, a polymer melt exhibits lower viscosity al 

higher temperature, which presents less of a physical impediment to cell growth, therefore, 

larger cells and lower cell densities are obtained at a higher temperature. In addition, lower 

viscosity leads to higher cell coalescence. Park and Cheung ( 1997) reported coalescence of 

cells during the foaming process of linear and branched polypropylene. The authors observed 

fast cell coalescence in the linear polypropylene, which might show a lower viscosity 

behavior. 

The concentration of blowing agent has been known to be one of the major factors 

aff ccting the cell density. The cell density is expected to increase with increasing gas 

concentration since the nucleation rate is directly proportional to the amount of dissolved gas 

as shown in E.q (2-la). This has been verified experimentally by Park and Suh (1992. 1993). 

Park and Cheung ( 1997) and others. 

Other factors such as shear rate ( Lee. 1993) and saturation time (Goel and Beckmann. 

( L)94a) have heen investigated. Many studies concerning microcellular plastics ha\·e focused 

Llll tile: foaming mechanism and the foam properties. Lee ( 1995) suggested a non-isothermal 

\ 1scodastic cell model for the bubble growth during the continuous foam extrusion. Lee 



21 

( 1996) proposed a simple experimental set-up consisting of a pressurized vessel with a 

capi I lary die in order to search for new blowing agent and additives. Dey et al. ( 1996) tried to 

ohtain medium density polypropylene foams by injecting CO:! into a single-screw extruder. 

Baldwin ct al. ( 1996a. 1996b, 1996c) published on the foaming mechanism of poly(ethylene 

tcrephthalatc) and the process design of a microcellular extrusion system. 

2.3. POLYMER/ SUPERCRITICAL FLUID SOLUTIONS 

2.3.1. Solubility of Supercritical Fluids 

As explained in Section 2.2.1, SCFs show unique solubility behaviors. a tunable 

solubility, and it has been known that a significant amount of SCF can be dissolved in a 

polymer phase. In this section, literature dealing with SCFs as the minor phase in solution 

with a polymer is reviewed, due to the interests in this study. 

When the concentration of dissolved amount of gas is low, the gas solubility in a 

polymer at given conditions of temperature and pressure can be described by Henry's law: 

c=HP (2-2) 

where P is the equilibrium gas pressure (atm), H is the Henry's law constant (cm3 -STP/g­

atm), and c is the concentration of the gas in the polymer. Henry's law is based on the ideal 

solution state and an extremely dilute solution. It does not consider the interactions between 

the polymer and gas. Therefore. the solubility predicted from the Henry"s law deviates from 

the actual solubility of gas in real solutions. especially at high pressures. In spite of its 

deficiencies. Henry" s law has been used for polymer / diluent systems by many research 

groups. Very limited data for the solubility of gases in polymers were reported in the 1970s. 

and several early studies focused on the measurement of Henry's law constant. 



Newitt and Weale ( 1948) measured the solubility and diffusivity of gases in 

polystyrene at high pressures. They determined the solubility by measuring the pressure drop 

Jue to gas sorption in the polymer in a closed and isothermal system of a fixed volume. For 

hydrogen and nitrogen. the solubility in polystyrene showed a gradual decrease \vith 

increasing temperature. Plots of the logarithm of solubility against I ff in the range of I 30-

l 90°C were approximately linear. and from the data. heats of solution were determined. 

Durrill and Griskey ( 1966) developed a technique to determine the solubility and 

diffusivity of gases in molten or thermally softened polymers. Systems studied include 

nitrogen. helium. carbon dioxide and argon in polyethylene. polyisobutylene. polypropylene. 

polystyrene and poly(methyl methacrylate). The solubility was determined by weighing the 

sample before and after saturation. The diffusivity was also determined by monitoring the 

pressure-time relations during the saturation process. They obtained Henry's law constants 

and diffusion coefficients for many systems including PS/ CO:i solutions at I88°C and up to 

20 atm. The temperature dependence of the Henry's law constant was derived through an 

Arrhenius equation form. 

(2-3) 

In this expression. Ho and H1 denote the Henry's law constants (cm\STP)/g-atm). £, is the 

heat of solution (cal/mol). and T1 is the temperature (K). In order to predict the heat of 

solution. as indicated in Eq. (2-3). Henry·s law constant needs to be established at various 

temperatures. 

Durrill and Griskcy ( 1969) published the temperature dependence of both Henry·s 

law constants anJ diffusivity for the same materials used in their previous study. Both 



constants were described using Arrhenius equations. The heat of solution. £" and the 

activation energy for diffusion. Et1. were determined from experiments at different 

temperatures. They argued that there was no appreciable effect of pressure for both constants 

up to 300 atm. 

Lundburg and Mooney ( 1969) measured the diffusivity and solubility of methane in 

polyisobutylene between 102°C and I 88°C. Solubility varied little with temperature but 

shov.·ed a minimum between I 27°C and I 88°C. They also extended their experiments to the 

PE/ methane and PS / methane systems. The solubility of all their systems showed a strong 

deviation from Henry's law with increasing partial pressure of gas. The deviation behavior 

was interpreted in terms of a Langmuir's sorption model. 

Bonner and Cheng ( 1975) presented a technique for determining the equilibrium 

sorption of gases in polymers at elevated temperatures and pressures. They experimented 

using PE / nitrogen at I 25°C and at various pressures up to 1700 psi. This technique 

consisted of the measurement of frequency changes due to gas sorption in a polymer layer 

coated on a piezoelectric quartz crystal. They argued that their results for the PE / nitrogen 

system agreed well with the literature even though their results below 300 psi did not seem 

accurate. Bonner (1977) published a review paper about the solubility of SCFs in polymers. 

Several experiments and theoretical considerations were introduced. 

Gorski et al. ( 1983) published solubility of various fluorocarbon-blowing agents 111 

polymas including polystyrene (PSJ. polyethylene (PE). polypropylene (PP). poly(vinyl 

chloride) (PVC). polycarbonate (PC). and poly(phenylene oxide) (PPO) over a broad range 

of temperature and pressure conditions. 
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Fleming and Koros ( 1986) measured mass sorption / desorption and volume 

c..:xpansion / consolidation for silicone rubber and polycarbonate at 35::;C m the presence of 

CO~ al pressures up to 900 psi. Different behaviors were observed for the partial specific 

,·olume of CO2 in the rubbery and glassy media. In the rubbery media. the partial specific 

volume of CO2 was similar to its value in low molecular weight solvents and showed liule 

pressure dependence. For glassy polycarbonate. it was markedly lower than that in the 

rubbery material and showed a much stronger dependence on the external gas pressure. They 

also found a hysteresis effect in the sorption / desorption behaviors when comparing with the 

pressurization and depressurization of the glassy polymer in the presence of CO2. 

Wissinger and Paulaitis ( 1987) performed experiments for the sorption of CO2 into 

several polymers such as PC, PS and poly(methyl methacrylate) (PMMA) over a range of 

temperature from 33 to 65°C and pressure up to I 00 atm. Two distinct types of sorption 

behaviors were identified for glassy polymers. One was characterized by sorption that begins 

Lo level off and reaches a limiting value at elevated pressure. The other isotherm was 

characterized by sorption that continues to increase with pressure. They explained that the 

sorplion behavior of CO2 depended on the glass transition temperatures and pressures of 

polymer / gas solutions. When the experiments were performed below the glass transition 

temperature of the polymer/ CO2 solution, the sorption behavior showed a limiting value. 

When the experimental temperature exceeded the glass transition temperature of the polymer 

I CO 2 solution. the sorption increased continuously with pressure. 

Sanchez and Rodgers ( 1990) suggested a method to predict the solubility of gases in 

liquid polymers, and they compared the solubility values calculated from the lauicc fluid 

theory and the experiment using inverse gas chromatography (IGC). Henry's law constant 
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was shown to be a function of pure component parameters and the :(-parameter. By assuming 

that both the gas and polymer are non-polar, the interaction parameter of S-L EOS. 8,::. was 

reduced to zero. Consequently. the solubility could be predicted without any adjustable 

parameters. The resulting equation indicates that the molecular size of gas is an important 

parameter in determining the solubility and that the solubility should increase with the 

molecular size. [n addition. the gas-polymer interaction energy plays a secondary role in 

determining the gas solubility, while pure component properties arc dominant. They stated 

that this method was only applicable to the combinations of non-polar gases / non-polar 

polymers and polar gases / polar polymers when the pressure was very low. Rodgers and 

Sanchez ( I 993) extended this to polar / non-polar combinations of gas and polymer. By 

introducing Hansen's (1967) three-dimensional solubility parameter. a simple empirical 

expression was proposed for the interaction parameter in the Lattice-fluid theory. as a 

function of the Hansen's solubility parameter. Using this expression, they quantitatively 

predicted the solubility for all types of gas I polymer combinations without any adjustable 

parameters. However, this method is also applicable only at low pressures showing the ideal 

gas law. 

An apparatus for the simultaneous measurement of solubility, density and viscosity of 

polymer solution was suggested by Sen and Kiran ( 1990a). They used a visual or optical 

observation for determining the solubility of a polymer in a solvent. They also measured the 

internal volume of the vessel and the mass of polymer solution for determining the density. 

The fall time of a cylindrical sinker was measured for measuring the viscosity. 

The solubility of CO:! in poly(vinyl acetate). PY Ac. and poly(butyl methacrylatc). 

PBMA. were measured by piezoelectric quartz sorption (Wang ct al.. 1994). They observed 
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that the solubilities of CO2 in both polymers were approximately proportional to the pressure 

in the low pressure range. [n the high pressure range. however. a deviation from the linear 

correlatinn tO\l,:ard higher solubility was observed. 

Sato ct al. ( 1996) measured the solubilities of carbon dioxide and nitrogen m 

polystyrene using a pressure decaying method at temperatures from 373.2 K to 453.2 Kand 

pressun:s up to 20 MPa. The solubility isotherm of both gases increased almost linearly with 

pressure and it was observed that the solubility of carbon dioxide decreased \vith increasing 

temperature. while the solubility of nitrogen increased with temperature. Henry's law 

constants of PS / CO2 and PS / N 2 solutions are in good agreement with those of Durrill and 

Griskey ( 1966). Sato ct al. ( 1998) presented the solubility of these gases in polyolcfins such 

as polypropylene and high-density polyethylene. 

Kato ct al. ( 1997) published CO2 sorption isotherms of polystyrene / polycarbonate 

blending system at 25°C. Samples having various compositions were prepared by solution 

casting method. All sorption behaviors were interpreted using the dual-mode sorption which 

involved Henry's law and Langmuir sorption. CO2 sorption behavior of the PS / PC blends 

\Vas explained by the simple additive rule corrected for the degree of crystallinity of the PC 

component. 

Recently. Kamiya ct al. ( 1998) investigated the sorption and dilatation behaviors in 

PMMA / CO2 system and Zhang ct al. ( 1997) also published the sorption and swelling 

behaviors of PS-PMMA block copolymers. It was suggested that a swelling of the copolymer 

\Vas adequately described using a linear relationship of the volume fraction of each pure 

component. 
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2.3.2. Empirical Correlation between Solubility Parameter and Critical 
Temperature 

Attempts to predict the solubility of gases in polymers have been made empirically by 

correlating the solubility data with the critical temperature of gas. The early stage of these 

efforts focused on the correlation of data. However. the studies have moved toward 

combination with solution theories. such as the F-H theory and equation-of-state theories. 

Stern et al. ( 1969) plotted the solubility data of twenty-eight gases and vapors in PE 

from literature. The logarithm of the solubility was found to be a linear function of (Tcffl. 

where T and Tc indicate the experimental temperature and the critical temperature of the gas. 

respectively. The temperature range of their correlation was mainly below the critical 

temperatures of the gases used. 

Stiel and Harnish (I 976) experimentally obtained the solubilities of sixteen organic 

solutes. such as dichlorodifluoromethane, methylchloride. propane, n-pentane, benzene and 

toluene in molten polystyrene for temperatures from l 35°C to 230°C and pressures up to 4 

atm. They also found a linear relationship between the logarithm of the Henry's law constant 

and (Tcff)2
. The temperature range of their correlation spanned across the critical 

temperatures of solutes. 

Tseng et al. ( 1984) correlated the solubility of organic solutes in poly(vinyl acetate). 

Chloroform. methyl ethyl ketone, isopropyl alcohol, and toluene were used as solutes. Three 

empirical correlations were reported to predict the solubility of polar. aromatic. and 

nonpolar-nonaromatic solutes. respectively. For all cases. a linear relationship between the 

logarithm of the solubility and (T.:ff)2 was shown. The solubility increased as the 

tt:mpcraturc decreased. The polar solutes exhibited the highest solubility whereas nonpolar-

11onaromatic solutes showed the lowest one. 
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Tseng and Lloyd ( 1985a) published the solubility of organic solutes in 

poly(<limcthylsiloxane) (PDMS) and polyisobutylene (PIB). They also analyzed the literature 

data. A better correlation was suggested by plotting the logarithm of the product of the 

solubility and the gas critical pressure and (TJrl. Tseng and Lloyd ( 1985b) also published 

data on the solubility of nonpolar and slightly polar organic compounds in LDPE, using the 

same correlation. Analysis was performed separately for two types of solutes, i.e., aliphatic 

and aromatic hydrocarbons. 

Tseng et al. ( 1987) studied the solubility behavior and the thermodynamic interaction 

of nonpolar and slightly polar solutes/ polybutadiene systems. They correlated the data with 

the linear relationship which was introduced by Tseng and Lloyd (1985a, 1985b). and tried to 

explain the solubility behavior using the interaction parameters from the F-H theory and the 

EOS theory. They argued that the EOS theory could explain better the temperature 

dependence of the thermodynamic interaction. 

2.3.3. Equation-of-State Theory 

Theoretical approaches for explaining and predicting the solubility of a gas in a 

polymer have been performed. These approaches originate from the prediction of pressure­

volume-temperature relationship for a pure component, and are expanded to polymer/ solute 

systems. The Flory-Huggins (F-H) theory (Flory, 1942 and Huggins, 1942) based on the 

lattice concept gives information about the solubility as well as the phase behavior. and it 

assumes that the volume and enthalpy of mixing arc zero. The interaction parameter. X, was 

introduced to correct the energetic effect of mixing. However. the x-parameter was still 

assumed to be independent of composition and temperature. The solubility parameter for 
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regular solutions. which was developed by Hildebrand and Scott ( 1962) can be related to the 

z.-parameter because of their same physical meaning. The F-H theory has been modified to 

explain the hehavior of irregular polymer solutions. Blanks and Prausnitz ( 1964) introduced 

the entropic contribution to the x-parameter while Wilson (1964) modified the theory to 

explain local composition effects arising from the difference in intermolecular forces. In spite 

of modifications, the F-H theory fails to describe polymer solutions because it ignores the 

equation-of-state properties of pure components. 

Sanchez and Lacombe (S-L) ( 1976, 1977, 1978) developed an equation-of-state 

( EOS) theory for pure fluids and for mixtures. This theory is based on the lattice fluid model, 

with empty sites, which are called holes. Each molecule occupies r-sites (r-mer) and there are 

unoccupied sites as well. These r-mers are randomly mixed with each other and with vacant 

sites. The holes differ from the F-H lattice theory because the density of the mixture can be 

varied by changing the fraction of holes in the lattice. The S-L EOS requires three pure 

component parameters to characterize a pure fluid and also one adjustable parameter, 8;i- The 

adjustable parameter is related to the binary interaction to characterize a mixture. The pure 

component parameters can be determined by fitting pressure-volume-temperature data to the 

S-L EOS for a pure component. Some of characteristic parameters of the solution can also be 

determined by using mixing rules. However, the other parameters, such as the characteristic 

pressure and density, should be determined by combining the regression of the solubility data 

and an equation for chemical potentials. 

Panayiotnu and Vera (P-V) ( 1982) also derived an EOS. This EOS is very similar to 

the S-L EOS in that it is based on the lattice-hole theory. However, they developed a constant 

lauice site volume for all r-mers. They also introduced non-random mixing arising from the 
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interaction between molecules. This EOS theory was subsequently modified by Kumar el al. 

( I 987). and High and Danner ( 1989, 1990). Kumar et al. ( 1987) simplified the P-Y EOS for a 

multi-component mixture. High and Danner ( I 989. 1990) also de"·eloped a group 

contribution method for the estimation of the molecular parameter. 

Kiszka et al. ( 1988) modeled the S-L EOS to the sorption behavior of high pressure 

gases in solid, amorphous polymers and molten polymers, and they determined the associated 

interaction parameter. Their systems involved polymers. such as poly(methylmethacrylate). 

silicone rubber, polyethylene, polyisoprene and polystyrene. and gases. such as CO2• 

ethylene and methane. The interaction parameter, Dij, for their systems ranged from -0.019 lo 

0.136. They found that the S-L EOS could be used to effectively model the solubility of a 

high pressure gas in an amorphous or molten polymer. The volume dilatation of the polymer 

was also easily calculated. 

Garg et al. (1994) studied the thermodynamics of polymer melts swollen with 

supercritical gases. The solubility of CO2 in PDMS and 1, 1-difluoroethane in PS was 

measured in wide ranges of temperatures and pressures where the gas was supercritical. The 

solubility data were correlated by the S-L EOS and P-Y EOS theories with one adjustable 

interaction parameter, 812 . The solubility behavior was well explained by these theories when 

the binary interaction parameter was allowed to depend on temperature. The behaviors of the 

swollen volume. the isothermal compressibility. and the thermal expansion coefficient for the 

mixtures were also well described by these two EOS theories. 

Recently. Sato ct al. ( 1996) measured the solubility of carbon dioxide in polystyrene 

and correlated the solubility using the S-L EOS with a temperature-dependent interaction 

parameter. and the experimental solubility behavior showed a good agn::cment with the 
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predicted solubility by S-L EOS theory. Henry's law constants for the PS/CO::i and PS/N2 

systems are in good agreement with Durrill and Griskey's data ( I 966 and 1969). Zhang et al. 

( 1997) also reported values of the interaction parameter in the S-L EOS for PS/CO:: system at 

35"C. 

2.4. RHEOLOGICAL BEHAVIORS OF POLYMER AND POLYMER/ SCF 
SOLUTIONS 

2.4.1. Viscosity of Polymers 

Viscosity is a material property which involves resistance to continuous deformation. 

One of the simplest types of rheological behaviors is the Newtonian behavior which shows a 

linear relationship between shear stress and shear rate. However, most polymers deviate from 

the Newtonian viscosity behavior due to various characteristics such as viscoelasticity and 

molecular weight distribution. In spite of the inherent complexity of polymeric materials, it 

has been known that the viscosity of a polymer can be varied with temperature. pressure. 

shear rate and molecular weight. In this section, literature dealing with the polymer viscosity 

is reviewed. 

2.4.1.1. Temperature Dependence of Viscosity 

The viscosity of a polymer melt has been found to be a strong function of 

temperature. Extensive studies have been carried out on the temperature dependence of 

viscosity. This relationship was originally proposed as an Arrhenius form by Tammann and 

Hessee ( I 926): 

B' 
loo 11 = A'+ ---

·"' T-T 
// 

(2-4) 
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where A· and B' arc constants. and To is a thermodynamic second-order transition 

temperature. An alternative approach to understand the viscosity behavior of a pure liquid as 

a function of the free volume was also suggested by Doolittle ( 1951 ): 

l ,, B" Vo ogTJ = A + - (2-5) 
v, 

where A" and B" are constants, v0 is the limiting specific volume of a liquid, and vr is the free 

volume. The free volume concept introduced by Williams et al. ( 1955) provides a theoretical 

basis for the WLF equation. By assuming that the free volume increases approximately 

linearly with temperature above the glass transition temperature, Doolittle's equation 

becomes the \VLF equation: 

( BI 2.3 fo )( T - Ti: ) 
log TJ( T) = log TJ( Ti: )-------­

( fo I a I ) + T - T~ 
(2-6) 

where fa is the fractional free volume, v/v0 , at the glass transition temperature of polymer. 

and ar is the expansion coefficient of the free volume. As indicated by Dealy and Wissbrun 

( 1989), however. the WLF equation describes the temperature dependence of viscosity well 

only from T.i: to above T.i:+100. The temperature dependence of viscosity has been illuminated 

again using statistical thermodynamic theories. The statistical thermodynamic theories 

describe the P-V-T relationship of polymers. Therefore the theories might give a better 

prediction of the free volume. 

2.4.1.2. Pressure Dependence of Viscosity 

The pressure dependence of a polymer viscosity has also been studied extensively. 

\bxwdl and Jung ( 1957) found that the effect of the hydrostatic pressure on the apparent 

visco~ity or polyethylene and polystyrene was significant. They concluded that the effect of 

hydrostatic pressure should not be neglected in polymer processing involving high pressures. 
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\V esto\·er ( 1961) reported that an increase of the hydrostatic pressure from :woo psi to 20000 

or 25000 psi causes an increase in the apparent viscosity that corresponds to a reduction of 

about 50°C in the temperature of the polyethylene melt. 

Duvdevani and Klein ( 1961) measured the pressure effect on the viscosity of low 

density polyethylene using a capillary rheometer and proposed an exponential relationship: 

TJ = T].,, exp( bP) (2-7) 

\vhere T7ar denotes the viscosity at atmospheric pressure, b denotes a pressure coefficient 

which depends on temperature for each material. They reported that the pressure coefficient 

was in the vicinity of 3x 10·5 psi·'. and that it decreased by increasing the shear rate or 

temperature. The temperature dependence of the coefficient was small. 

Matheson ( 1966) extended the free volume theory to account for the pressure 

dependence of the viscosity. It has been known that if the temperature and pressure of a 

liquid are increased simultaneously so as to maintain the specific volume of the liquid, the 

free volume approach predicts a constant viscosity. However, he argued that the free volume 

equation could not be applied to the pressure dependence of liquid viscosity because the 

limiting specific volume, v0, increased with increasing temperature and decreased with 

. . 
increasing pressure. 

Miller ( 1968, 1971) attempted a theoretical analysis to elucidate the effect of pressure 

on the Newtonian viscosity of polymeric liquids based on the free volume theory. 

:'\fathematical relationships between Newtonian viscosity and equilibrium P-V-T properties 

were reviewed and applied to T]-P-T data. Choi ( 1968) determined the effect of hydrostatic 

pressure on polyethylene viscosity using an extrusion rheometcr. [t \Vas reported that the 
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apparent viscosity was increased nearly fourfold a,; the average pressure in the barrel was 

raised from atmospheric to 24000 psi. 

Casale et al. ( 1971 ), Penwell and Porter ( 1971 ). and Penwell et al. ( 1971) studied the 

effect of the pressure on the viscosity in order to explain the non-linearity in the relationship 

between the pressure drop along the capillary and the length-to-diameter ratio. The measured 

viscosity data were corrected using a pressure-viscosity model derived from the WLF 

equation. The corrected data agreed well with data obtained at atmospheric pressure using a 

Weisenberg rheometer. 

Cogswell and McGowan (1972) combined Guzman's equation (1913) regarding the 

viscosity-temperature relationship and their own P-V-T equation in order to describe the 

effect of pressure and temperature on the viscosity. Kamal and Nyun ( 1973) also pointed out 

the importance of hydrostatic pressure effect on viscosity during polymer processing, and 

evaluated the effect on the viscosity of polystyrene in a capillary rheometer. Goldblatt and 

Porter ( 1976) compared the pressure coefficients predicted from theoretical approaches 

performed by Miller (1968), Matheson ( 1966) and Penwell et al. ( 1971 ). 

While most of the early studies have used experimental P-V-T data to explain the 

free volume of polymers, Utracki ( 1983, 1985) introduced the statistical thermodynamics 

equation-of-state. In his studies, the free volume was described by Simha's (Simha and 

Somcynski, 1969) equation-of-state parameters. and an equation for the zero shear viscosity 

was proposed as a function of the free volume. 

In order to generate high pressure in a capillary rhcometer, a needle valve or a screw­

type pin was attached at the exit of the capillary by Driscoll and Bogue ( 1990) a11d Baker and 

Thomas ( 1993 ). Extensive research work has been carried out by Kadijk and van den Brule 
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( 199-+) using a slit die. The pressure dependence of viscosity was determined using an 

Arrhenius type WLF equation for polystyrene. polypropylene and poly(acrylonitrilc­

hutadicnc-styrcnc) copolymer. They presented a slit die viscometer in order to generate high 

pressure and the Cross-Carreau model was applied for explaining the shear thinning 

bcha\·ior. They pointed out that the interaction between temperature and pressure is 

significant to describe the polymer viscosity. 

2.4.2. Rheological Behavior of Polymer/ SCF Solutions 

Polymers containing SCF (or gas) or other types of diluent such as organic solvent 

and plasticizer has been extensively used. and the viscosity of the solution or mixture is 

important in many polymer processes. The viscosity of concentrated polymer solutions such 

as polymer/ diluent and polymer/ gas systems has been also interpreted by the free volume 

theory. Kelley and Bueche (1961) applied Doolittle's equation using a linear mixing rule of 

the fractional free volume. Using the WLF equation, the free volume of a polymer is 

(2-8) 

In this relation 0.025 represents the free volume at the glass transition temperature. The 

additional term expresses the increase in the free volume due to the expansion of the polymer 

as the temperature is raised from TK to T. If it is assumed that the free volume contributed by 

the diluent is added to that of the polymer. the free volume of the solution having a volume 

fraction of polymers. c. is 

I 

,·, =c{0.025+4.8x/0-4 (T-T~ )/+( /-c){0.025+aJT-T~ )/ (2-9) 

whne a, and T/ arc the thermal expansion coefficient and the glass transition temperature of 

the solvent. respectively. Based on /:·q. (2-9). an equation of the solution viscosity \Vas 
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presented when the molecular weight of the polymer was greater than the critical 

entanglement molecular weight: 

, 
TJ = Bp.J exp{c[0.025+4.8xl0-.J(T-T~ )/+( /-c ){0.025+a.(T-T~ )/} (2-10) 

where B denot(;S a constant and p denotes the concentration of polymer. However. Elmgren 

( I 980) suggested that the fractional free volume deviates from the linear mixing rule: the 

fractional free volume is less than the free volume predicted the linear mixing rule and the 

difference between two free volumes is proportional to the volume fraction of polymer. 

Polymer I gas solution systems have been also studied. Blyler and Kwei ( 1971) 

investigated the flow behavior of polyethylene melts with dissolved gases. Gases were 

introduced by decomposition of blowing agents. About 20% viscosity reduction at a constant 

shear rate was observed by adding 0.5 wt% gas in polyethylene. An analysis was presented 

based on Doolittle's equation for the viscosity and the free volume. 

Bigg et al. ( 1976) published rheological properties of a polymer melt/ blowing agent 

system to obtain foam properties and processing stability. They argued that the apparent 

viscosity-shear rate data for a polymer / blowing agent compound were independent of the 

temperature. The power-law index was observed to decrease from 0.33 to 0.27 by a blowing 

agent in polystyrene. The independence of viscosity on temperature was explained as a 

lubrication effect of the decomposed gas in the heterogeneous foamed mixtures. 

Han and Villamizar ( 1978) carried out an experimental study to investigate the flow 

behavior or gas-charged polyethylene and polystyrene. A rectangular die with glass windows 

was used. As the melt approached the die exit. a curved pressure profile along the die \Vas 

observed for the gas-charged molten polymer. while the polymer without a blowing agent 

showed a linear pressure profile. The bubble inflation pressure was determined by observing 
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Lhc.: posilion and pressure profile at which gas bubbles started to grow. The bubble inflation 

prc.:ssurc decreased with increasing melt extrusion temperature. and wilh increasing blowing 

agcnl concc.:ntration. The viscosity of gas-charged molten polymers decreased when the 

concenlration of the blowing agent and the melt temperature increased. They also pointed out 

that rheological measurements of polymer / gas mixtures conducted with a plunger-type 

\·iscometer might be subject to serious criticism because the plunger-type viscometer could 

not guarantee a single-phase condition without allowing foaming inside the capillary. Phase 

separation. i.e .. bubble formation. was involved as the mixture approached the capillary exit. 

Oyanagi and White ( 1979) studied the bubble morphology and apparent rheological 

properties of polyethylene and polystyrene during foaming in extrusion. Generally. the 

extrudate swell increased with shear rate and by adding a chemical blowing agent. They 

found that an addition of 0.5 wt% blowing agent has a greater effect on the increase of swell 

than l.0 wt% and 1.5 wt%. The viscosity reduction was observed at I 90°C and 2 I0°C. 

however, the viscosities were almost the same for their LOPE melt system with and without a 

blowing agent at 170°C. 

As pointed out by Han and Villamizar (1978) in the early studies of polymer/ gas 

solutions. experimental difficulties were also reported by Mendelson (1979, 1980) and Han 

and Ma ( 1983a). They focused on the phase separation behavior, i.e., bubble formation, 

which may be involved during the rheological measurements of polymer/ gas solutions in a 

plungc.:r Lypc viscometer. In order to prevent the bubble formation as the solution approaches 

lhc.: capillary c.:xit, Mendelson ( 1979. 1980) introduced a pressurized reservoir at the exit of a 

plungc.:r-typc capillary viscometer for preventing bubble formation. In his experiments on the 

polyslyrcnc / ethylbenzene system, he prepared polymer/ gas solutions in glass jars at room 
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temperature and then charged them into the barrel of the viscometer. Finally. these solutions 

were extruded to the pressurized chamber at an elevated temperature. This experimental 

technique is difficult to apply to molten polymer / gas mixtures because of the high 

temperature and pressure involved. Han and Ma ( 1983a. 1983b) published the rheological 

properties of mixtures of molten polymers and fluorocarbon blowing agents. They explained 

that the non-linear pressure profile in the capillary implied precipitation of the gas. and all 

their experiments were performed in the linear range of the pressure profile. The viscosity 

reduction factor (VRF) wa,; defined as the ratio of the viscosity of polymer-blowing agent 

mixture to that of the polymer alone. In a second paper ( 1983b), they argued that VRF was 

independent of the shear rate and the temperature. It was only dependent upon the type of 

fluorocarbon blowing agent. They also investigated the foam extrusion characteristics of 

polyethylene and polystyrene with fluorocarbon blowing agents (Han and Ma. 1983c. Ma 

and Han, 1983) and correlated the extrudate swell ratio with the cell morphology. 

Gerhardt (l 994) and Gerhardt et al. (1997) used a capillary rheometer with a special 

loading assembly and a back pressure assembly. The back pressure assembly made the 

capillary rheometer a closed system, and the special loading assembly was used to keep an 

identical pressure and temperature in the vessel and the rheometer. The viscosity behavior of 

PDMS / supercritical CO2 solutions was studied and the rheological measurements showed a 

viscosity reduction due to the dissolved gas. A composition-dependent shift factor was 

introduced to construct a master curve. While the magnitude of the viscosity was seen to 

decrease as the gas content increased. the onset of shear thinning was also shifted to higher 

shear rates. The author also determined the contribution from the dilution effect only in the 

total viscosity drop. in terms of iso-free volume experiments using low molecular weight 
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PDMS. High molecular weight PDMS was diluted with various amounts of a low molecular 

weight PDMS having the same density. Densities of pure components and solutions were 

predicted from the lattice fluid theory. 

Kwag ct al. ( 1996) published on the viscosity behaviors of PDMS and PS with dense 

or supercritical CO2. Their experimental method was identical to those of Gerhardt ( 1994) 

and Gerhardt et al. ( 1997). Regarding the PS / CO2 system, they stated that the solubility of 

CO2 \Vas lower than 4 wt% in PS under 12 MPa at 150°C. The composition-dependent shift 

factor was successfully used to construct master curves for the PS/ CO2 system as well as the 

PDMS / CO 2 system. The viscosity of PS can thus be reduced by two orders of magnitude 

v,:ith only 4.5% of dissolved CO2 at l 50°C. Bae and Gulari ( 1997) measured the solution 

viscosity of PDMS / CO2 system at ambient temperature using a specially designed falling 

ball viscometer. The Kelley-Bueche free volume equation based on the additivity of free 

volumes of each component was modified by considering the compressibility effect on the 

free volume of polymer. They found that the modified theoretical equation was capable of 

predicting the solution viscosity with remarkable accuracy. 

The rheological behavior of PS / blowing agent mixtures were studied by Gendron et 

al. ( 1996) in a co-rotating twin screw extruder equipped with a slit die. They maintained a 

sufficiently high pressure in the die by using two independently controlled gear pumps. 

HCFC and HFC were used as blowing agents. The shear stress-shear rate data were modeled 

by a modified Carreau equation containing four parameters. The zero shear viscosity. 17o. was 

u-,cd to predict Ti; in the WLF equation. The predicted 1'.i: of pure polystyrene was lower than 

ih actual value. In order to explain the underestimated T.i:- new values for two constants in the 

\\'LF equation were suggested. Gendron and Daigneault ( 1997) investigated the rheological 
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behavior of polystyrene and polypropylene with CO::. The viscosity reduction resulting from 

the plasticizing effect of the blowing agent was related to the lowering of the glass transition 

temperature using a generalized Arrhenius type WLF model. 

2.4.3. Viscosity Measurements of Polymer/ SCF Solutions 

Viscosity measurements of a polymer/ SCF solution using conventional rhcometers 

such as a capillary rheometer or a rotational rheometer are extremely difficult because the 

SCF must be prevented from vaporizing. As mentioned in the previous section. several 

studies have been performed by Mendelson ( 1979. I 980) and Gerhardt et aL (l 994) to keep 

the SCF in solution at high pressure and high temperature. They introduced a special loading 

assembly and a back pressure assembly into a plunger type capillary rheometer. The need to 

make a plunger type capillary rheometer a closed system can be eliminated by on-line 

measurements of viscosity from the output stream of an extruder. 

This thesis performed the on-line measurement of polymer/ gas solution viscosities 

using capillary dies and a wedge die attached to single-screw or twin-screw extrusion 

systems. Therefore, literature related to the capillary and the wedge dies is reviewed in this 

section. 

2.4.3. l. Capillary Die 

One of the most popular rheometers for measuring the melt viscosity of a polymer is 

the capillary rheomcter. A polymer melt is forced to now by pressure. through a linear 

cylindrical capillary. For fully developed. steady-state. and laminar flow of incompressible 

l\:e\vtonian fluids. the wall shear stress. , 11 , the Newtonian shear rate. y. and the Newtonian 

viscosity. 17. arc given by 
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\Vherc .:JP is the driving pressure drop. R,. is the capillary radius. L is the capillary length and 

Q is the volumetric flow rate. The linear relationship between the shear stress and shear rate 

is no longer valid for non-Newtonian fluids because the shear stress is a function of shear 

rate. However, Eqs. (2-12) and (2-/3) are still useful for defining the apparent shear rate. 

y""". and the apparent viscosity, TJ"l'l'. One of the most useful models for shear thinning 

fluids is the power-law fluid model. The shear stress is defined as follows: 

K ·n r ... = Y.,,,r (2-14) 
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where K is the consistency index and ,z is defined as the power-law index given by 
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Eqs. (2-/5) and (2-/6) are known as the Rabinowitsch correction. 

In a capillary rheometer. the total driving pressure drop can be separated into two 

pressure drops: i.e .. the entrance pressure drop . .tJ.P,.111 • and the pressure drop in the capillary. 

:JP",,, . .:JP,.,,r is the pressure drop which occurs before the onset of fully developed flow. at a 

certain length of capillary. Thus. the true wall shear stress can be calculated as follows: 
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r .. 
2(LIR,+e) 

(2-17) 

where e is the Bagley end correction related to LlPem which can be obtained by extrapolation 

of .!JP against UR,. at various shear rates. The Bagley end correction is considered to be 

negligible if UD ratio of the capillary die is over 40 (Bagley. 1957). 

2.4.3.2. Converging Die 

The use of converging dies is almost universal in the extrusion of polymer melts. It 

has been found to reduce flow defects of the extrudate at operating pressures which are 

greater than those which would cause serious defects in a parallel die. These converging dies 

measure the viscosity at various shear rates at a fixed flow rate of a polymer melt. The slit die 

and linear capillary die by comparison, measure the viscosity at fixed shear rate determined 

by the flow rate of the polymer melts. 

Cogswell ( 1972) analyzed the converging flow in terms of the extensional and simple 

shear flow in order to calculate the relationships between volumetric flow rate. pressure drop. 

and post extrusion swelling. He assumed simple shear. simple tension and a small bulk 

deformation. Mathematical expressions for the pressure drop of power-law fluids were 

derived and compared to the experimental data observed in a coni-cylindrical die. In 

addition. he also presented a mathematical derivation for a wedge shaped die. 

Lenk ( 1978. 1979. 1981) introduced a simple method for the calculation of the 

pressure drop for a power-law fluid in dies with a wide slit profile and with vertical and/or 

lateral tapers. In order to simplify the analysis. the following assumptions \Vere made: 

(a) Dies with tapered angles could be considered as a series of infinitely small length 

slits. 
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( h) The parameters of the power-law fluids were constant in the range of shear rates 

determined by the dimensions of the converging dies. 

(c) In the wcdee die. edee effects were ienored. 
~ ~ ~ 

The Rabinowitsch corrected equation for pressure drop m the wedge die with a constant 

width. H'. and vertical taper angle, 8, is 

(2-18) 

where ho and lz 1 are the heights from the center line at the die entrance and at the die exit. 

respectively. Q denotes the volumetric flow rate and n denotes the power-law index. In a 

circular truncated right cone die, the Rabinowitsch corrected equation for the pressure drop is 

!1P = T]Cot8--- Q-- r,-,n I- __Q._ -,
2
n+I ( 3n+ l)n [ (r. )-Jn] 

311 TDl r1 

(2-19) 

where ro and r1 are the radius of die at the entrance and at the exit, respectively. 

Forsyth ( 1976) reviewed the converging flow for various liquids including Newtonian 

and power-law tluids. He analyzed the flow using equations derived from the spherical 

coordinate system, and also presented various phenomena such as melt fracture and die 

swell, related to the converging flow. Yoo and Han (1981) carried out an experimental and a 

theoretical study to determine the stress distribution in viscoelastic polymeric melts in a 

converging channel. Shear stress and normal stress distributions were determined by 

measuring the wall normal stress and the stress birefringence in a tubular die \Vith a 15° 

con\'erging angle. 

Lodge and ck Vargas ( I 983) and Rauwendaal and Fernandez ( 1985) presented 

rheomelers for on-line measurement of viscosity. Slit dies instead of converging dies. were 
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used in their research work. Since continuous extrusion processes require that the throughput 

of the extruder be kept constant. the slit die can measure the viscosity only at fixed shear rate. 

Considering the fact that the viscosity of a polymer melt is a function of shear rate. slit dies 

can not be used to measure the viscosity of non-Newtonian polymer melts. 

Vlachopoulos and Scott ( 1985) presented approximate equations of the pressure drop 

for polymer melt flow through a slightly tapered die. They compared the results from the 

approximate equations and finite element calculations. They argued that the equations based 

on the lubrication approximation are valid for flows of polymer melts with three restrictions: 

(a) Taper angles should be relatively small (0~ 15°). 

(b) Die length should be long enough to be able to ignore the entrance and exit pressure 

drops. 

(c) Viscous dissipation effects should be negligible. 

Kwon et al. (1986) conducted an experimental study with an extruder and conical dies 

of four different converging angles. and analyzed the results using a finite element method 

for a power-law fluid. They pointed out that the normal stress term becomes very important 

when the converging angle becomes large, especially at high flow rates. They also found that 

the Cogswell's formula ( 1972) overpredicts the pressure loss at high volumetric flow rates. 

Pabedinskas ( 1992) used a wedge die to measure the viscosity at several shear rates 

simultaneously. Experiments were performed on controlled-rheology degraded 

polypropylene. using an on-line method. By using the wedge die. the dependence of the 

viscosity on the shear rate was measured without changing the polymer flow rate. Eq. (2-/8) 

for power-law fluids derived by Lenk ( 1978. 1979. 1981) was used. 
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Binding and Jones ( 1989) analyzed data obtained from converging-flow rheometers 

for certain fluids showing a tension-stiffening behavior. Bersted ( 1993) evaluated the 
~ ~ 

analysis of Cogswell ( 1972) and presented a refined analysis. Nguyen and Kausch ( 1995) 

discussed the polymer degradation in a transient elongational flow through a converging 

channel. 

2.5. IMMISCIBLE BINARY POLYMER BLENDS 

Polymer blends provide required material properties as an alternative way of new 

polymer synthesis. Polymer blends have been classified using different criteria such as the 

compatibility and the chemical reaction involved. The literature dealing with polymer blends 

is enormous, addressing lots of polymer blending systems. In this section, however, only two 

restricted areas, which relate to the dispersion of a minor phase in a matrix and the 

polyethylene/ polystyrene blending system, are reviewed. 

2.5.1. Size of the Dispersed Phase 

The dispersion of one component in another one has been considered as one of the 

key factors to control the properties of polymer blends. The size and shape affect not only the 

mechanical properties, but also the rheological properties. For instance. a sharp tough-brittle 

transition \vas observed at a critical rubber particle size in nylon-rubber blends (Wu, 1985). 

When two immiscible polymers arc blended during a melt process. one phase. which forms 

the dispersed phase. experiences breaking-up and coalescence. The two competing 

mechanisms determine the size and the shape of the dispersed phase. and the mechanisms arc 
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depemlent on several parameters such as interfacial tension. composition. and rheological 

properties. 

Taylor ( 1932) proposed a formula that describes the size of an isolated particle as a 

function of the shear rate. the interfacial tension and the viscosity ratio. 

(2-20) 

where rd denotes the radius of the dispersed droplet, c is a constant, r is the interfacial 

tension. T1m and 1Jd denote the viscosities of the matrix and particle, respectively, and dv:/d_v 

denotes the shear rate. The size of the dispersed particle decreases with decreasing interfacial 

tension, and with increasing viscosity of the matrix. Eq. (2-20) also predicts a decrease in the 

particle size when the viscosity ratio of the two components is approaching unity. It should 

be noted that the Taylor's formula is valid at very low concentration of Newtonian fluids. For 

the Newtonian fluids, no droplet deformation occurs under the simple shear field when the 

viscosity ratio is above 4. 

Vanoene (1972) proposed two distinct modes of dispersion, stratification and droplet­

fiber formation, when two viscoelastic polymers are mixed each other. He illustrated the 

stratification by investigating cross sections perpendicular to the flow direction of a PE / 

[onomer ( I 0/90) mixture. It was found that a lame liar structure is dominant except at very 

low shear rates. By increasing the concentration of polyethylene, droplet-fibril type 

dispersion \Vas observed. It has been found that these two dispersion modes arc independent 

of the magnitude of the shear stress and temperature. He also indicated that the intcrfacial 

tension and the viscoelastic properties of two phases affect the type of the dispersion mode. 
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Han and Kim ( 1975) performed an extensive experimental study on the dispersed 

two-phase llow of polymeric melts. As an incompatible polymer blending pair, polystyrene 

and high-density polyethylene were chosen. They extruded the blends through a circular tube 

die attached to a single-screw extruder, and measured the wall normal stress along the 

longitudinal direction of a capillary die. The wall normal stress allows one to determine the 

viscous and elastic properties of the blends. They found that both the viscosity and the 

elasticity of the blend go through a minimum and then a maximum at a certain blending ratio. 

However, when the viscosity shows the minimum, the elasticity approximately shows the 

maximum at that blending ratio. They explained this behavior using rheological 

characteristics of the matrix / dispersed morphology. They argued that the dispersed phase 

having lower viscosity would dissipate less of the energy while flowing through the die, 

which results in the higher elasticity and the lower viscosity behaviors in the blends. 

Chin and Han ( 1979) studied droplet deformation theoretically in a steady extensional 

flow field, and performed an experimental study using a straight cylindrical tube. In their 

theoretical study, the effects of elasticity, viscosity, and interfacial tension of fluids were 

taken into account. Droplets were injected in the conical section in the centerline of the flow 

channel, and droplet deformation was observed. The viscoelastic droplets were less 

deformable than the Newtonian droplets. 

The formation of a dispersed phase in incompatible polymer blends with a co-rotating 

twin-screw extruder was studied by Wu ( 1987). A master curve explaining the relationship 

het \\·een the dispersed phase and material properties was proposed. 

. D 
Y,],,. d = 4 ,,~"·'" (2-21) 

y 
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where y is the shear rate. 17111 is the matrix viscosity. D,1 is the particle diameter. r is the 

interfacial tension. and p denotes the viscosity ratio of the matrix and the dispersed phase. 

17,/ 17111 • The positive sign applies for p> I. and the negative sign for p< I. As indicated in Eq. 

(2-21 ), the size of the dispersed phase is directly proportional to the interfacial tension and 

±0.84 power of the viscosity ratio. It should be noted that the minimum size of the dispersed 

droplets in Eq. (2-21) is obtained when the viscosity of the two polymers is the same. And 

the author observed the minimum size of droplets at p= l in their polyester / ethylene­

propylene rubber and nylon / ethylene-propylene rubber blending systems. 

Fa vis and Chalifoux ( 1987) and Fa vis et al. ( 1987) examined the dispersed phase size 

as a function of the viscosity ratio and the torque ratio in polypropylene / polycarbonate 

blends. They found the dispersed phase size increasing by a factor of 3 to 4 times from p=4.5 

top= 17 .3. It should be noted that the minimum size was obtained at p=0.15 while Wu ( 1987) 

observed it at p= l. They pointed out that a significant particle disruption occurred at a 

viscosity ratio of p= 17 .3 unlikely a shear flow field of Newtonian systems which do not 

disrupt above p=4. The interpretation using a torque ratio. torque of the dispersed phase / 

torque of the matrix, was given to explain the dispersed behavior. The effect of the 

composition on the phase size was also investigated. By increasing the concentration of 

polycarbonate from 10 to 30%. the volume average diameter gradually increased from 3.7 

µm to 5.9 µm. However. the minor phase becomes very sensitive to the concentration by 

increasing up to 40% due to particle-particle interactions. Palicrnc ( 1990) studied 

incompatible viscoelastic emulsions theoretically and derived a linear viscoelastic modulus 

of the emulsion system at arbitrary concentration and polydispcrsity of spherical dispersed 

particles. Sundararaj and Macosko ( 1995) studied the drop breakup and the coalescence in 
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polystyrene / polypropylene blends. The study showed a limiting dispersed particle size 

observed at very low concentration of the minor component. The final particle size increased 

with the dispersed phase concentration due to the increased coalescence. The particle size 

distribution was also broadened at higher concentration and also a comparison of the particle 

size to the Taylor's prediction was given. It has been found that Taylor limit underestimates 

the limiting particle size because it does not consider the elasticity of the droplets. They also 

investigated the effect of the shear rate on the dispersed size. The size increased by 

increasing the shear rate, and they explained the behavior using coalescence and 

viscoelasticity. Even though the effect of compatibilization was studied in their work, it is not 

reviewed here. 

Sundararaj et al. ( 1995) investigated the evolution of the phase morphology of 

immiscible polymer blends. Pellets of the dispersed phase are stretched out into sheets, which 

break up into cylinders via different mechanisms. Three breaking-up steps from polymer 

pellets to the dispersed particles are suggested: I) by stretching into cylinders with drops 

streaming off the end, 2) by extending sheets that forms fingers at the edges, and 3) by 

stretching into thin sheets that break up by forming holes. They presented a map showing the 

different regions of breakup. The map shows that sheets are formed easily when the Deborah 

number increased. Low enough shear rates lead to cylindricai shapes from the pellets. 

The effect of elasticity on the dispersed drop diameter was predicted by Ghodgaonkar 

and Sundararaj ( 1996). The forces deforming a polymer droplet in a matrix arc the shear 

ron.:e and the first normal stress of the matrix. and the deformation is resisted by the 

interfacial force and the first normal stress of the droplet. They showed that the size of the 

dispersed phase could be explained qualitatively by the force balance. 
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Scoll and Joung ( 1996) investigated the viscosity ratio effect of immiscible fluids 

incorporated into polymer matrix during the compounding process. The viscosity ratio of 

polyethylene/ polystyrene was varied form 0.7 to 0.003 by changing the molecular weight of 

both polymers. A critical viscosity ratio. which greatly retards softening of polystyrene, was 

found around 0. I. 

Recent I y. Bourry and Fa vis ( 1998) investigated the effect of mixing procedures on 

the blending morphology for PS / HOPE blends. Three different feeding manners were 

applied: I) both of HOPE and PS were added in the hopper of the twin-screw extruder, 2) 

HOPE was fed in the twin-screw extruder and PS was added as a melt using a single-screw 

extruder connected to the twin-screw extruder, 3) the PS melt stream was added to the 

downstream of the twin-screw extruder. Therefore, the cases 2 and 3 involves melt-melt 

mixing. It has been found that the size of the dispersed phase and the size distribution are 

independent of the mixing manners for all PS / HOPE compositions studied. They concluded 

that the blend morphology does not depend on the melting or softening step. 

2.5.2. Polyethylene / Polystyrene (PE/PS) Blend 

PE / PS binary blends have been studied since the early 1970s. These blends are of 

interest due lo their immiscibility and the availability of compatibilizers. Early studies of 

such blends were mainly focused on rheological properties. morphologies and mechanical 

properties without compalibilizers. Since the 1980s, most studies have focused on the effect 

of compatihilizcrs (such as copolymers and reactive polymers). the degree of mixing. and the 

mechanical and rheological properties. 
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Han and Yu ( 1971) investigated the rheological properties of PS / PE and PS / PP 

blends using a capillary rheometer at 200°C. The effects of composition on the viscous and 

elastic properties were characterized by measuring the wall normal stress and the exit 

pressure. respectively. It was observed that the viscosities of PS/ PE and PS/ PP blends were 

lower than the viscosities of the pure components. and that a minimum value of viscosity of a 

two-phase system existed at a certain composition. They also reported a minimum value for 

melt elasticity at 10 wt% PS and a maximum value for melt elasticity at 90 wt% PS in the PS 

/ PE blend system. They also found a finely dispersed morphology at the core of the 

extrudate, rather than at the edge of the extrudate. 

Mechanical properties of PS / PE blends were studied by Barentsen and Heikens 

( 1973 ). They reported that the yield strength and the tensile strength passed through a 

minimum at certain composition. and that an improvement of the properties was achieved by 

adding a small amount of PE-PS copolymer. They also investigated the impact strength 

behavior. All results reported in their work are the behaviors generally accepted for most 

polymer blends. 

Han and Kim ( 1975) published results similar to those of Han and Yu ( 1971 ). The 

effects of temperature and shear stress on the viscosity and elasticity of PS / HOPE blends 

were investigated. At 200°C. the viscosity of PS is greater than that of HOPE; the viscosity 

of the blend goes through a minimum at a blending ratio of 55 wt% PS. and then goes 

through a maximum at a blending ratio of 20 wt% PS. By increasing the temperature up to 

240"C. ho\\'evcr. the viscosity of PS becomes lower than that of HOPE. and then the 

,·i-.cosity or the blend has no minimum, but still has a maximum at 20% PS. The elastic 

behavior or the blend also shows minimum and maximum values al certain compositions. 
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The droplet size of the HOPE phase (domains of 25/75 HOPE / PS blend) decreases as the 

melt temperature increases from 200°C to 240°C. while the droplet size of the PS phase 

(domains of 75/25 HOPE/ PS blend) is not affected by either melt temperature or wall shear 

stress. It is suggested that the dispersion mode depend on the viscoelastic properties of the 

t\vo-phase fluids. 

The flow behavior of PS / PE blends through a capillary die was studied by Lee and 

\Vhite ( 1975). The difference in the composition across the extrudate was found through 

analysis of the capillary flow. A greater quantity of the lower viscosity component was 

mainly located in the surface region. rather than in the core region of the extrudate. Based on 

these experiments, the viscosity of the melt blend was suggested as a function of the volume 

fraction and the viscosity of each component. 

Heikens et al. ( 1978) performed experiments for the mechanical properties. the 

morphology. and the effect of compatibilizers on PS / PE blends using a Brabender 

laboratory mixer. The behavior of the apparent particle dimensions was evaluated without 

compatibilizers. The domain sizes of PS-rich blends are smaller than those of PE-rich blends. 

Thus, the dispersed PE particles are smaller than dispersed PS particles when either 

component forms a very minor phase. This result is in general agreement with the Taylor's 

formula ( 1932), according to which the particle size is proportional to the interfacial tension 

between two components and is a function of the viscosity ratio and the shear rate. However. 

by increasing the concentrations of PE or PS. the size of the PE particles become larger than 

that of the PS particles. The overall blend viscosity and coalescence were applied to explain 

the phenomenon. Co-continuous phase behavior is found in the range of 30 to 60 wt% of PE. 
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Ard-Azar ct al. ( 1980) studied the effect of the morphology on the crystallization 

characteristics. They argued that cylindrical rods of PE dispersed in PS were observed at a 

50/50 composition of PE/ PS. With PE in excess. the crystallization kinetics was insensitive 

to the morphology. However. when the PE phase forms a dispersed phase. it becomes 

dependent on the size and number of the spheres dispersed in PS matrix. 

Min et al. ( 1984) performed an experimental study on the phase morphology. 

rheological properties and the processing behaviors for PS / HOPE blending system. The 

blends were prepared using a single-screw extruder and a static mixer. The dimensions of the 

dispersed phase varied from I to 5 µm in the products prepared from the static mixer. the 

cone-and-plate. and the capillary die, while the melt-spun fibers exhibited the dispersed 

phase dimensions as low as 0.35 µm. The shear viscosity and the principal normal stress 

difference, N 1 , exhibited maximum and minimum when they were plotted to the composition. 

The shrinkage of PE extrudate was much higher than that of PS, and the additional small 

amount of PE in PS greatly increased its shrinkage. The shrinkage was measured using a hot 

silicon oil bath after the capillary die. The extrudate swell behavior was also investigated as a 

function of composition. It was found that the addition of PE to PS initially increased the 

extrudate swell and showed the maximum and minimum at the same compositions at which 

the normal stress difference showed maximum and minimum. 

PS / PE blends involving a chemical reaction have been studied for the improvement 

of the hlcnc.l properties. Baker and Saleem ( 1987) used oxazoline and carboxylic acid grafted 

to PS and PE. respectively. van Ballegooie and Rudin ( 1988) introduced c.licumyl peroxide 

and triallyl isocyanurate to 50/50 wt% of PS / PE blends for a reactive extrusion using a 

counter-rotating twin-screw extruder. Dicumyl peroxide and triallyl isocyanuratc were used 
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as coupling agents. and the PS was modified with a minor amount of ortho­

\'inylbenzaldehyde. Examination of the tensile properties was performed and the morphology 

arising from the reactive extrusion process was also investigated. Utracki and Sammut ( 1988) 

used a partially hydrogenated poly(styrene-b-isoprene) di-block copolymer as a 

compatibilizer for PS / LOPE blends. The rheological properties were examined using a 

Rhcometrics Mechanical Spectrometer (RMS) with parallel plates. Recently, Yang et al. 

(l 995a, l 995b), Harrats et al. (1995) and Li et al. ( 1995) published the PS / PE blends with 

various types of compatibilizers. 

2.6. REACTIVE BLENDING OF POL YOLEFIN /POLY AMIDE 

Reactive blending techniques have been used as a method to give compatibility to 

immiscible polymer blends. An extensive study including numerous general reviews has 

been performed. For instance, Bonner and Hope ( 1993) summarized the numerous methods 

for the compatibilization to four categories: 

(a) Achievement of thermodynamic miscibility 

(b) Addition of block and graft copolymers 

(c) Addition of functional/ reactive polymers 

(d) In situ grafting/ polymerization 

All categories involve the modification of the polymer interfaces. which results in the change 

of the phase morphology and inter-phase adhesion. The reactive blending technique is 

corresponding to the third and fourth categories. 

The polyolcfin / polyamide (PO / PA) blends have been studied for increasing 

toughness of polyamide by adding low modulus polyolefin polymer. Due to their 
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immiscibility. the PO/ PA blends show poor mechanical properties and efforts for increasing 

the compatibility have been carried out. lde and Hasegawa ( I 974) studied the effect of 

maleic anhydride-grafted polypropylene in isotactic PP / PA6 blends. The improved 

dispersion behavior was observed, and they suggested a reaction mechanism between the 

maleic anhydride (MAH) and the terminal amine group (NH2 ) of PA6 as shown in Figure 

2.2. The chemical reaction resulting in the formation of PO/ PA copolymer was verified by 

analyzing residual amine groups. It was found that the residual amine groups decreased with 

increasing maleic anhydride content on PP. Remarkable improvement in mechanical 

properties was observed. 

ln order to perform the extrusion experiment of PE / PA6 / PE-g-MAH blends in the 

presence of CO2 in this thesis, literature focused on the reactive polyolefin (PO)/ polyamide 

(PA) is reviewed in this section. 

Hobbs et al. (1983) focused on the fractured toughness and the deformation 

mechanism of P A66 / PE-g-MAH blend. Over 0.4 percent of MAH was required for a good 

adhesion between two polymers. By increasing the MAH content, the volume averaged 

diameter of the dispersed PE-g-MAH phase decreased from 2.4 µm to 0.4 µm in PA66 / PE­

g-MAH=70/30 blending ratio. Borggreve et al. (l 988) studied the impact behavior of PA6 / 

EPDM-g-MAH blends 

Park ct al. ( 1990) reported the positive deviation from the linear mixing rule in the 

\iscosity behavior of reactive PP/ PA6 / PP-g-MAH blending systems al shear rate ( 10 s 1 
). 

whik non-reactive PP/ PA6 blends showed the negative deviation. They cited Han's ( 1981) 

suggestion: the positive deviation generally occurs either a strong interaction among the 

dispersed droplets or an interlocked blending morphology. The authors used the latter case 
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for explaining their viscosity behaviors. Thus. they argued that the reaction between -MAH 

and -NH 2 induced a strong interaction between the two phases, and the blends became hard 

to tlow. which result in the positive viscosity deviation. 

Lavallee and Fa vis (l 99 I) investigated the size of the dispersed pha-;e in PE 

copolymer/ PA6 at various mixing times and compositions. The PE copolymer is a random 

terpolymer consisting of 80% of PE and 20% of methacrylic acid and isobutyl acrylate. They 

applied the FTIR technique and SEM for the characterization. The size of the dispersed 

droplets reduced with increasing torque associated with the reaction between two polymers. 

They also presented that the control of the interf acial reaction allows for the preparation of a 

composite droplet morphology, and the sub-inclusion size and concentration can be 

controlled. 

Hietaoja et al. (1994) studied the effect of viscosity ratio on the morphology of PA66 

/ PP blends when PP-g-MAH was used as a compatibilizer. They found the size reduction of 

dispersed PA phases by approaching the viscosity ratio to unity. However, no clear 

correlation between the viscosity ratio and the particle size was observed when PP was the 

dispersed phase. At the composition of PA20 / PP80, the number average particle size 

increased linearly from 1.7 µm at p=0.3 to 8.1 µm at p=2.2. and at PASO/ PP20. it varied 

from 4.2 µm to 6.1 µm in the range of the viscosity ratio of 0.5 to 3.1. They also pointed out 

that the dispersed phase was too fine to measure the individual particle size using SEM. and 

the particle size was discussed using the viscosity ratio of two polymers only when the 

compatibilizcr was not used. 

Dagl i ct al. ( 1994) performed a kinetic studies for the reaction between PA6 / PP in 

the presence of polypropylcne-g-acrylic acid (PP-g-AA) which forms polypropylenc-g-
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anhydride (PP-g-AH) by dehydration reaction. They pointed out that the rotor speed affected 

the reaction kinetics significantly, whereas the temperature changes in the 15-20°C range had 

no dTect. 

Scott and Macosko ( 1994) investigated the morphology development from pellet­

sized particles to submicron droplets for PA/ ethylene-propylene rubber (EPR) blends. The 

investigation was carried out for non-reactive blends and reactive blends involving the 

amine-anhydride reaction. The major size reduction in the dispersed phase was found to 

occur at short mixing times: the volume average diameter of the dispersed phase was reduced 

form 4 mm (pellet size) to lµm within the first 90 seconds of mixing in the reactive PA/ 

EPR blends. They also observed that the interfacial chemical reaction reduced the dispersed 

phase size and made the size distribution narrow. 

Lee and Yang ( 1995) performed the various mixing processes for clarifying the effect 

of PP-g-MAH on the PP/ PA6 blends. They argued that the single step blending process led 

to a better morphological structure rather than the two step blending processes, first of PP-g­

MAH with PP and then with PA6 or first of PP-g-MAH with PA6 and then with PP. The 

blends prepared from the latter two step blending process called as a reactive two step blend, 

led bigger dispersed particles than others. They explained that most of the PP-g-PA6 might 

reside in the PA6 phase, and little contribution to the size reduction was expected. 

Gonzalez-Montiel et al. ( 1995) and Sathe et al ( 1996) investigate the morphology­

property relationship for reactive PP/ PA6 blends. Generally. a finely dispersed phase was 

obtained and better mechanical properties were observed when compatibilizcrs were used. 
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2.7. POLYMER BLENDS WITH A SUPERCRITICAL FLUID 

Kung et al. ( 1997) tried to prepare polystyrene / polypropylene blends using 

supercritical CO2. However, the method is not a conventional route for preparing the polymer 

blends. They prepared high-density polyethylene substrates by compression molding. and 

then made the substrate swollen with styrene monomer in the presence of supercritical CO2 at 

80°C and 240 atm. The gas-like diffusivity of supercritical CO2 enhanced the infusion 

kinetics of styrene. Finally, the polymerization took place in the HDPE substrate. During the 

process the substrate remained in a solid state and the reaction was confined to an amorphous 

phase. They prepared samples up to 43 wt% of polystyrene. SEM analysis indicates that 

polystyrene exists throughout the sample. 

Elkovitch et al. ( 1997) investigated the effects of carbon dioxide on poly(methyl 

methacrylate) / polystyrene blends having various viscosity ratios. They indicated a higher 

absorption of carbon dioxide in PMMA than in PS (Elkovitch et al., 1998), and expected the 

higher viscosity reduction in PMMA which made the viscosity ratio becomes closer. They 

argued that the domain size of the dispersed PMMA phase was reduced, which indicating a 

lower viscosity ratio. 



CHAPTER 3. EXPERIMENTAL 

3.1. INTRODUCTION 

Extrusion of polymers and polymer blends in the presence of a supercritical fluid 

requires special techniques such as the injection and flow rate control of a SCF and the 

complete dissolution of the injected SCF. In this thesis, therefore, various extrusion system 

were utilized to clarify the effects of supercritical CO2 on the polymer viscosity, foamed 

structure and blending morphologies of non-reactive and reactive polymer blends. In order to 

perform the experiments, several extrusion systems and devices were specially designed 

based on typical extruders, single-screw and twin-screw extruders. A general description of 

the equipment, materials and operating conditions is given in this chapter. Details such as 

design concepts for experimental setup. screw configurations. experimental conditions and 

procedures, will be discussed through Chapter 5 to Chapter 8 separately. 

3.2. MATERIALS 

3.2.1. Low Density Polyethylene 

Low density polyethylene (LOPE. Novacor LF02 l 9 A by Nova Chemicals) was 

chosen not only for non-reactive PE/ PS blends but also for reactive PE/ PA6 blends. The 

average molecular weights and polydispersity were measured by Gel Pem1eation 

Chromatography (GPC) and arc listed in Table 3. /. The shear viscosity was also measured 

using a Kaycness Galaxy V capillary rheomcter at various temperatures and data shown 111 

Figure 3.1. 

60 



61 

3.2.2. Polystyrene 

Polystyrene (PS. I0IC by Nova Chemicals) was used for the measurement of 

polymer / CO 2 solution viscosity and non-reactive PE / PS blends. The average molecular 

weights and polydispersity were also measured by Gel Permeation Chromatography (GPC) 

and are listed in Table 3. I. The shear viscosity data are shown in Figure 3.2. 

Table 3.1. Molecular weights and polydispersities of polyethylene and polystyrene 

Mn Mw MwlMn 

PS 131000 374000 2.85 

LOPE 38700 334000 8.64 

3.2.3. Polyethylene-g-Maleic Anhydride 

Polyethylene-g-Maleic anhydride (PE-MAH, Fusabond MB-226O by Dupont) was 

used for the reactive PE/ PA6 blends. The concentration of -MAH in PE was known to be 

about 1.0 wt% from the resin supplier. No further characterization was performed. This resin 

was extruded to transform the acid group to anhydride before the blending experiment. FTIR 

spectra will be given at Chapter 8. The shear viscosity was also measured and is shown in 

Figure 3.3. 

3.2.4. Polyamide 6 

Polyamidc 6 (PA6, Capron 8202 by Allied Signal Ltd.) was used for the reactive PE/ 

Pt\6 blends. Due to the moisture sensitivity of polyamidc, the resin was dried forfour hours 

al 80"C in a vacuum oven before the experiments. The shear viscosity is shown in Figure 3 . ./. 

It should be noted that the PA6 shows a lower viscosity than the other resin and that its 

behavior was Newtonian for shear rates up to 40 s·'. 
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3.2.5. Supercritical Carbon Dioxide 

Carbon dioxide (SFC grade by Air Products Corporation) was used as a supercritical 

fluid in the experiments. It was supplied 99.997% purity and an initial cylinder pressure of 

about 1900 psi. The cylinder was supplied with a high-pressure helium headspace. v,rhich 

helped maintaining the high pressure. 

3.3. EQUIPMENT 

3.3.1. Microcellular Extrusion System 

The microcellular extrusion system used in these experiments consisted of a single­

screw extruder equipped with a CO2 injection port. static mixers. a capillary die and a high 

resistance nozzle. A schematic diagram of the microcellular extrusion system is shown in 

Chapter 5 along with a detailed description. This extrusion system was specially designed for 

producing foams having a microcellular structure. A single-screw extruder was used with a 

standard square pitch screw having a special mixing section. CO2 was injected through an 

injection port into the metering section. At the end of the screw tip, static mixers were 

attached to enhance dissolution of CO2 into the polymer melt. 

In order to measure the viscosities of polymer / CO2 solutions, capillary tube dies 

having 2.3 mm and 6.5 mm diameters were used. Also, several nozzles of different diameters 

and lengths were used for varying the pressure in the capillary tube die. The dimensions of 

these nozzles arc given in Table 3.2. Nozzles A and B were used for the viscosity 

measurement of PS and nozzles C and D were used for the viscosity measurement of PS / 

CO2 solutions. The temperatures of the die and nozzles were controlled by band heaters and 

PIO co11trnllcrs. 
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Table 3.2. Dimension of nozzles used in a microcellular extrusion system. 

Nozzle A Nozzle B Nozzle C Nozzle D 

Diameter (cm) 0.053 0.089 0.046 0.046 

Length/ Diameter Ratio 24 7 45 25 

3.3.2. Leistritz LSM 30.34 Twin-Screw Extruder 

The twin-screw extruder used in these experiments was a co-rotating and fully 

interrneshing extruder having 34 mm screw diameter and a l/0=30. The extruder has IO 

barrel sections and the temperature of each section is controlled separately. Two barrel 

sections were equipped with two injection ports. These injection ports were used for injecting 

supercritical CO2 and for connecting two flow streams in a twin-single tandem extrusion 

system. A polymer or dry blended polymer pellets were fed into the extruder by a K-tron F-1 

series loss-in-weight feeder (LWFD5-200) regulated by a KDU controller. Depending on the 

experiment, a wedge die and/or a devolatilization section were used. 

3.3.3. Haake Rheomix 252 Single-Screw Extruder 

A Haake Rheomix 252 single-screw extruder was attached to the Haake Rheocord 90. 

In order to inject supercritical CO2 into the barrel. pressure transducer port on the barrel was 

used and a special injection device was designed. However, the injection point was on the 

right end of the solid conveying section when a conventional single-screw configuration was 

used. as shown in Figure 3.5(a). In this case, most of the injected CO2 leaked through the 

,·ced hopper due to the incomplete melting and the low pumping capacity. Increase of the 

screw pumping. capacity at the injection point and the early melting process arc necessary for 

injecting CO! successfully. Therefore, a new screw was designed as shown in Figure 3.5(h). 
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I• 26mm ►I 0.4mm 

95.15mm 95.25mm 

71.5 mm 539mm 

615.8mm 

(a) Dimension of a conventional single-screw configuration 

(b) Dimension of a single-screw configuration for injecting CO2 

Figure 3.5. Schematics of the screw configuration of a single-screw extruder 
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By increasing the length of the compression and metering sections. the CO:! injection port 

was designed to be located at the end of the compression zone. Using the newly designed 

screw configuration. a successful injection of CO:! was achieved. Thus. all injected CO:! was 

dissolved into the polymer melt stream flowing downstream without any upstream leaking. 

Pellets were charged to the extruder by a Brabender FlexWall feeder via a vibrating feed 

hopper. The polymer flow rate was controlled by the screw speed. 

3.3.4. Twin/Single Tandem Extrusion System 

A twin/single tandem extrusion system was designed in order to carry out not only 

melt/melt blending experiments but also for the preferential dissolution of CO2 into matrix 

and/or dispersed polymer phase. Depending on the use of the wedge die, devolatilization and 

the connecting location of two extruders, various configurations were designed. Detail 

schematics of the configurations are shown in Chapter 7. 

3.3.5. ISCO Positive Displacement Pump 

Supercritical CO2 was injected using a positive displacement pump. Two models, 

I 00DX and 260D, were used in this experiment, and their specifications are compared in 

Table 3.3. The pump is able to deliver fluid at a constant pressure mode and a constant 

volumetric flow rate mode. The pump cylinder was filled up first from a CO2 cylinder and 

then pressurized to the desired sctpoint in the constant pressure mode. During the 

experiment. the constant flow mode was used to meter a known volumetric rate of CO2 into 

tile polymer melt stream. The volumetric flow rate is converted to the mass flow rate using 

the CO2 density predicted from the S-L EOS theory. The pump operating pressure should 
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always be maintained higher than the extruder barrel pressure. The pump was connected with 

an injection device using 1/8 inch tubing of 0.02 inch wall thickness. 

Table 3.3. Comparison of two posith·e displacement pumps. 

ISCO-IOODX ISCO-260D 

Cylinder Capacity (ml) 102.93 266.05 

Pressure Range (psi) 10-10000 10-7500 

Pressure Accuracy(%) ±2.0 ± 2.0 

Flow Rate Range (min.') 0.0lµl-50ml 0.01 µl -107 ml 

Flow Rate Accuracy (%) ±0.5 ±0.5 

3.3.6. SCF Injection Devices and a Connector for Tandem Extrusion System 

Two injection devices, one for a twin-screw extruder and one for a single-screw 

extruder, were designed for injecting supercritical CO2. The device for the twin-screw 

extruder is shown in Figure 3.6. A series of Swagelok compression fittings and a Leistritz 

liquid injection stem were used. The conventional Leistritz injection stem has a hollow space 

and two pinholes at the stem tip, and a liquid flows through the hollow space. Due to the high 

compressibility of a gas filled in the hollow space in the stem, however, the consistent 

injection of the gas could not be achieved. Therefore, the space volume should be minimized. 

The conventional Leistritz injection stem was replaced with another one having no hollow 

space. Thus. the controlled amount of CO2 flows through the annular space bct\veen the 

threaded locking bolt ,md the stem instead of the hollow space. And the surface of the stem 

ti11 was grooved for ~as channels. 
~ ~ 
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Fi~urc J.6. A COi injecting device for a twin-screw extruder 
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As shown in Figure 3. 7, the injection stem is inserted into the barrel through the 

locking bolt. and it seats in a narrow oval-shaped aperture. During the experiment. the 

extruder barrel at the CO2 injection point is fully filled with polymer melts to generate the 

high pressure, and the injected CO2 is directly swiped by the polymer melts and starts to 

dissolve. 

An injection device for a single-screw extruder was also designed using similar 

concepts as in the injection device for the twin-screw extruder. However, a pressure 

transducer is attached to the injection device for measuring the barrel pressure, as shown in 

Figure 3.8. 

A connector was designed for combining two polymer streams in the tandem 

extrusion system. The connector must stand high pressure because polymer/CO2 solution 

should be maintained over the CO2 solubility pressure. A series of tubing and Leistritz liquid 

injection hole were used as shown in Figure 3.9. A heating tape was applied to the connector 

for controlling the polymer melt temperature. 
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Figure 3.7. The barrel cross section of a twin-screw extruder showing the injector location 
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Figure 3.8. A CO2 injecting device for a single-screw extruder 
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Figure 3.9. Schematic of the connector used in a twin/single tandem extrusion system 
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3.3.7. Opto22 Data Acquisition System 

Analog signals from pressure transducers, a temperature probe. and the positive 

Jisplaccment pump. were converted to digital signals using an Opto22 control unit. The 

Opto22 unit basically consisted of a motherboard and input and output modules. The module 

selection is dependent upon the type of signals received or sent. All pressure transducers used 

had output signals between O and 33.3 mV full scale. For this application, Opto AD9T model 

covering 1-50 mV was chosen. Similarly, Opto AD? and Opto AD12 were chosen for the 

temperature probe and the positive displacement pump, respectively. The converted digital 

signals were sent to the data-logging computer via an RS-232C cable. 

The display and user interface for the data acquisition system was written using 

LabVIEW graphical program (Version 4.0). The digital signals were sampled 25 times per 6 

seconds and displayed on the graphs. LabVIEW programs used in this study are shown in 

Appendix I. 

3.4. CHARACTERIZATION 

3.4.1. Capillary and Cone-Plate Rheometers 

A Kayness Galaxy V capillary rheometer was used for measuring the shear viscosities 

of various polymers used. The capillary diameter and the L.JD ratio used are of 0.03 inch and 

40. respectively. Due to the high L.JD value, the Bagley correction was not applied in Figure 

3.1 through Figure 3.4. 

A cone and plate rheometer (Rheometric Scientific SR200) was also used for the 

,·iscosity measurement of polystyrene at low shear rates. Even though Cox-Merz (Cox and 

Merz. 1958) rule has been known, the measurement was performed at the steady shear mode 
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instead of the dynamic oscillation mode in order to compare the viscosities to the viscosities 

obtained from a capillary rheometer. 

3.4.2. Linear Tube Die 

Two linear tube dies having 2.3 mm and 6.5 mm diameters, were attached to the 

microccllular extrusion system for measuring the viscosity of unsaturated polystyrene and PS 

I CO 2 solutions. Schematics of the linear tube dies are shown in Figure 3.10. In order to 

minimize the entrance effect on the overall pressure drop, the UD of the capillary die \vas 

chosen to be 40. A thermocouple was installed to measure and control the melt temperature. 

Two pressure transducers were also introduced to measure the upstream and downstream 

pressures. The upstream pressure transducer is located far from the tube entrance to ensure a 

fully developed flow. 

3.4.3. Wedge Die Rheometer 

A wedge die was used for measuring the viscosity of unsaturated and saturated 

polymers on line in the twin-screw extruder. Three pressure transducers (two Dynisco 

PT462-5M-6/18 and one PT462-7.5M-6/18) and a temperature probe (Dynisco MTS 922-

6/24) \Vere used for measuring the melt pressures and temperature, respectively. Dimensions 

or the wedge die arc shown in Figure 3.11. The temperature of the wedge die was controlled 

using a band heater with 730W capacity. attached to a PIO controller. 
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Figure 3.10. Schematic of linear tube dies attached to a microcellular extrusion system 
(a) D=2.3 mm, L/0=40 (b) D=6.S mm, I.JD=40 
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Figure 3.ll. Dimension of the wedge die having 1.8° converging angle and 14 mm channel 
width (All dimensions are in mm). 
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3.4.4. Electron Microscopy 

Foamed structure and blending morphology were analyzed by electron microscopes. 

scann111g electron microscopy (SEM. JEOL JSM-840 and LEO 435 VP. Leo 

Ekktronenmikroskopie) and transmitting election microscopy (TEM. JEOL JEM- IO0CX). 

Samples were fractured in liquid nitrogen and coated with gold for the SEM observation. 

TEM was used for PE / PA6 / PE-MAH blends. Due to the high interfacial strength of the 

reactive blends between PE and PA6 phases, the dispersed particles could not be clearly 

observed on the fractured surface even though the samples were prepared in liquid nitrogen. 

Therefore, a cryogenic microtoming technique at - l 20°C was used for TEM observation of 

the reactive PE/ PA6 / PE-MAH blends. Ruthenium tetroxide vapor was used for staining 

the dispersed P A6 phases during 1 hr at room temperature. 

3.4.5. GPC and FTIR 

A high temperature Waters 150-CV Plus gel permeation chromatograph was used for 

analyzing the molecular weights of polyethylene and polystyrene used. The weight average 

molecular weights obtained were used for calculation in the S-L EOS. 

FTIR (Nicolet 520) spectrometer was also used for following the reaction between 

PA6 and PE-MAH. Films from the blending samples were prepared using a Pasadena 

Hydraulics hot-press. In order to perform a quantitative study for the reaction conversion. PE 

and PE-g-\lAH phases were extracted from the PA6 phase using boiling toluene and the PE/ 

PE-g-MAH / toluene solution was cast on NaCl plates for preparing a thin film. The film was 

plac1.:d at I 20"C for 3 hours in a vacuum oven for drying out the toluene and for transforming 
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the acid group to the anhydride group. Each sample was scanned 20 times in the range from 

500 to -WOO cm· 1
. 

3.5. DESIGN OF THE TWIN-SCREW CONFIGURATION 

Various twin-screw configurations were used for preparing polymer/ CO2 solutions 

in a twin-screw extruder and a twin/single tandem extrusion system. The preparation of 

polymer / CO2 solutions can be achieved only at pressures above the solubility pressure. 

Even though the operating pressure is maintained over the solubility limit, the actual soluble 

amount of CO2 might be less due to the limited residence time during the extrusion. The 

prepared solutions must be maintained over the solubility pressure through the extrusion 

process rn order to prevent the precipitation of CO2. Mostly, the conventional operating 

pressure of twin-screw extruders, however, is relatively low when it is compared to that of 

single-screw extruders. Therefore, special screw configurations are required not only for the 

pressure generation but also the stable injection of CO2. 

In this section, the design criteria of the twin-screw configurations are discussed. An 

example of the screw configurations is shown in Figure 3.12. The other screw configurations 

used in this thesis will be discussed in later chapters. As indicated in Figure 3./2(a). the 

configuration of the initial steps including solid conveying. plasticization and melt conveying 

section are designed similarly to any conventional screw configuration. Thus. the initial fe\v 

sections of the screw arc given over to solids conveying and plasticization of the fed resin. 

The solid pellets arc heated and plasticated in a series of kneading blocks. A relati\'ely short 

section l)f kneading blocks is used in order to minimize the torque of driving-motor because a 

high torque generation from the fully filled downstream is expected. After the plasticization. 
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a series of conveying screw elements is used for melt conveying and pressurizing. The screw 

pitch is decreased from 30 mm to 20 mm for more effective pressurization of the polymer 

mdt stream. 

This configuration m Figure 3. I 2 was designed for preparing polymer / CO2 and 

polymer blend/ CO2 solutions in a twin-screw extruder rather than in a twin/single tandem 

system. It should be noted that a wedge die and a secondary die are always attached to this 

configuration. Three main design concepts were applied to the configuration. First, the 

injected CO2 should be prevented from leaking backward along the barrel. A reverse 

conveying element was positioned right before the CO2 injection to generate a melt seal and 

prevent CO2 back flow. Second, the barrel pressure after the CO2 injection should be 

maintained over the solubility pressure. The high pressure was generated by controlling the 

!low resistance at the secondary die attached to the wedge die. The generated pressure level 

depends on the die opening area and the melt viscosity. Finally, an extensive mixing of the 

polymer melt and CO2 is essential for the complete dissolution of supercritical CO2 under a 

limited residence time. The extensive mixing was achieved using dedicated mixing elements 

as shown in Figure 3. /2(a). By introducing a series of kneading blocks, including neutral and 

left-handed staggered ones, the mixing performance was maximized. It should be noted that a 

screw clement exhibiting less pressure fluctuation than a kneading block, is located at the 

CO 2 injection point. 

3.6. PRELIMINARY EXPERIMENTS USING CO2 IN A TWIN-SCREW 
EXTRUDER 

In order to determine the optimum operating conditions when CO2 was injected. the 

availabk processing variables such as the resin feed rate and the screw speed. were tested 
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using the screw configuration shown in Figure 3.12 in preliminary experiments. A PE / PS 

blend ( PE/PS = 80/20) was chosen as a test material and the barrel temperature was set to 

120/ ! 88/ 188/188/ 188/188/188/188/188/ 188°C with the die at l 88°C. Pressures at the barrel 

and the wedge die were monitored at various screw speeds and resin feed rates. The effects 

of each variable are described in this section. 

3.6.1. Screw Speed 

Maintaining the high pressure during the extrusion with CO2 is critical because the 

injected CO2 should be dissolved into the polymer in given residence time. Therefore, the 

effect of the screw speed on the pressure was investigated for PE / PS blending system, and 

the behavior at various screw speeds is shown in Figure 3.13. When the polymer feed rate 

was fixed at l 00 g/min, the barrel pressure consistently decreased with increasing the screw 

speed, while the pressures at the wedge die remained relatively constant. This indicates that, 

as expected, higher screw speeds decrease the degree of fill due to the increased conveying 

capability. 

3.6.2. Resin Feed Rate 

The pressure behavior with the polymer feed rate was also investigated at 5Orpm. As 

expected. all pressures at the barrel and the wedge die increased as the polymer feed rate 

increased. as shown in Figure 3.14. lt should be noted that the barrel pressure increases faster 

than the \vcdge die pressures in the PE/ PS=S0/20 blending system. As a result. low screw 

speeds and high polymer llow rates arc recommended to maintain high pressures during the 

extrusion. 
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3.6.3. CO2 Concentration 

The effect of the CO2 concentration on the pressure were studied as well. Lower 

screw speed ( 50 rpm) and higher polymer feed rate ( I 00 g/min) were used as recommended 

in the previous section. Figure 3.15 shm\!s an interesting phenomenon observed. The 

pressures at the wedge die decreased as the CO2 content increased up to 7 wt% of CO2. 

However. the pressure at the gas injection port in the barrel decreased only up to 3wt% of 

CO2. When the injected gas amount increased more than 3wt%, the barrel pressure started to 

increase with the content of CO2. This behavior can be understood by considering the 

solubility limit. The injected CO2 might be completely dissolved up to 3wt% at given 

operating conditions. However, additional CO2 injected might not be dissolved into the 

polymer if the solubility limit is exceeded. Two-phase mixtures would be generated, and the 

excess CO2 just acts to pressurize the mixture, resulting in an increase of the barrel pressure. 

Therefore, the decrease in the die pressures might be associated with not only the viscosity 

reduction but also the lubrication effect of the excess CO2.Thus, the decrease of the die 

pressure by increasing the CO2 concentration up to 3 wt%, results from the viscosity 

reduction. However, the further decrease of the die pressure over 3 wt% of CO2, results from 

both of the viscosity reduction and the lubrication effect of the excess CO2. 

As indicated in Figure 3.15, the pressure difference between P1 and P3 decreases with 

increasing CO2 concentration. The pressure drop, PrP3, along the wedge die is shown in 

Figure 3.16. Based on the wedge die principle (Lenk, 1978, 1979. 1981 ). the viscosity of a 

polymer is directly related to the pressure drop. Once again, however, careful consideration 

should he directed to the polymer/ CO2 solutions due to the possibility of the t\vo-phasc 



-ca 
Q. 
:E -G) .. 
~ 
0 
0 
G) .. 

Q. 

30 

--- P, 
-a-• P3 

25 •··LS. P81 

20 

15 

10 

............ •· .. 

............ i···• ... 

'--.:.:.:.·~·~·~·· •... 8·······························8······· 
............ ~ -------------

5 .__ __ __... ___ _.__ _____ .__ __ _._ ___ _._ __ ____.._ __ ___, 

0 1 2 3 4 5 6 

CO2 Concentration (wt%) 

Figure 3.15. Pressure-CO2 concentration relationship during extrusion 
(PE/PS=80120. 100 g/min, 50 rpm) 

7 

86 



87 

7 

-ca 
CL 
:E 6 -M 
CL 

I -CL 

ci: 5 0 -0 
G) -::::s 
en 4 en 
G) -CL 

3 

2 ~--___._ ___ ..,..._ __ ____. ___ ....._ ___ ~ __ __._ __ __. 

0 1 2 3 4 5 6 7 

CO2 Concentration (wt%) 

Figure 3.16. Pressure drop along the wedge die at various CO2 concentrations (PFJPS=S0/20) 



88 

flow. IL should he noted that the viscosity calculation must be performed up to 3 wtlk of CO:: 

al Lhis operaling pressure level. 

3.6.4. Extruder Operating Procedure and Data Acquisition 

Based on the knowledge about the relationship between the pressure and operating 

conditions, an experimental run was carried out using the screw configuration shown m 

Figure 3.12. During this run, all pressures and temperature were monitored as shown m 

Figure 3.17. Polystyrene and the 3 wt% of CO2 were used at the temperature profile of 

120/200/260/260/260/260/260/260/260/260°C with the die at 260°C. The feed rate and the 

screw speed were fixed at 50 g/min and 50 rpm, respectively. The opening area of the 

secondary die attached to the end of the wedge die was manipulated to obtain a certain level 

of the pressure in the wedge die. "A", "B", and "C" in Figure 3.17 denote the steady state 

zone, the decreasing and increasing points of the die opening area, respectively. In the 

beginning of the experiment, all pressures show fluctuations due to the startup transient prior 

to the first steady state condition. The pressure values (P 1, P2, P3 ) and the pressure drops (P 1-

P2 and PrP1) were collected for the calculation of the solution viscosity. By decreasing the 

die opening area as indicated by "B", the second steady state was obtained, and the pressure 

\'alues were collected as a different level of hydrostatic pressure. The barrel pressures and the 

pump pressure running at constant volumetric mode, show similar trends as the die pressures. 

IL should be noLcd that all pressures including the barrel pressures are always maintained over 

the -.olubili1y pressure and the pressure drop between P/'111111 , and Pill determines the injected 

amounl of CO 2. The pressure drops collected under various temperatures and hydroslatic 

pressures were used for the calculation of the solution viscosity. as well as for evaluating the 
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Figure 3.17. Monitoring the pressures and a temperature during the extrusion of PS with co~ 
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effects of temperature and pressure on the viscosity. Detailed results and calculation 

1mKeJures \viii be discussed through Chapter 5. 



CHAPTER 4. THERMODYNAMICS OF POLYMER / 
SUPERCRITICAL CO2 SOLUTIONS 

4.1. ABSTRACT 

Solubility of carbon dioxide and the density of pure components and polymer/ CO:~ 

solutions are crucial factors in a polymer extrusion in the presence of supercritical CO2. In 

this chapter. therefore, the solubility of CO2 in polystyrene and polyethylene was estimated 

using Henry's law as a first approximation. The Henry's law constant at a certain temperature 

was calculated using a heat of solution, E1 . The heat of solution was also estimated from 

experimental solubility data in the literature. It was found that the solubility of CO2 in 

polyethylene is higher than that in polystyrene. The Sanchez-Lacombe equation-of-state (S-L 

EOS) theory was introduced for predicting the P-V-T behavior of the pure components as 

well as the polymer / CO2 solutions. The predicted densities of polystyrene and CO2 agree 

well with the experimental data in the literature. However, the predicted density for PS/CO2 

solutions could not be compared since no data was found in the literature. The S-L EOS 

theory is able to predict not only the P-V-T relation but also the solubility of a gas, if the 

interaction parameter, ~12, is known. The sensitivity of the interaction parameter on the 

solution density and the solubility of CO2 was demonstrated. 

4.2. INTRODUCTION 

Viscositv measurement of polymer / supercritical solutions requires the complete 

d1-.-.olutio11 of the supercritical fluid in the polymer during the measurement. It has been 

noteJ. as pointcJ out by Park ct al. (1994). that any amount of gas injected over the solubility 

limit would result in the formation of undesirable voids in the polymer melt. Therefore. the 
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snluhility of carbon dioxide in PS and PE should be known at the experimenlal temperature 

and pressure in this work. 

The solubility of a gas in a polymer has been described using Henry's law as sho\l.:n in 

Elf. ( 1-2 ). It has been known. however, that Henry's law is valid only at low concentrations of 

an ideal gas. Therefore, the solubility predicted from Henry's law deviates from the actual 

solubility value. In spite of this deficiency, the solubility of supercritical fluids has been dealt 

with Henry's law in earlier studies. Specifically, the solubility of carbon dioxide in 

polystyrene and polyethylene is of interest in this work. Newitt and Weale (1948) reported 

the solubility of CO2 in PS at 50 atm and I 70°C. Durrill and Griskey (I 966, I 969) measured 

the solubility of CO2 in various polymers including PS and PE at l88°C. They argued no 

appreciable deviation from the linearity at up to 300 atm at this temperature. During two 

decades from Durrill and Griskey's measurements, data on the solubility of CO2 in PS or PE 

have not been published. Wissinger and Paulaitis ( 1987) performed sorption experiments for 

PS up to 100 atm at a relatively low temperature, 65°C. Kwag et al. (1994) also published 

one data point for PS/CO2 solutions at 12 MPa and 150°C. Recently, a rigorous study for the 

solubility was performed by Sato et al. (1996) who used a pressure decaying method over a 

quite wide range of temperatures and pressures. from 373.2 K to 453.2 K and up to 20 MPa. 

They observed a similar behavior as that observed by Durrill and Griskey ( 1966): the 

solubility isotherm of CO2 decreased with increasing tempc1aLUre. and the isotherm increased 

almost linearly with pressure. All solubility results for a polystyrene / CO2 system found in 

litc:raturc arc summarized i11 Figure 4.1. Except the results by Newitt and Weale ( I 948) and 

Kwag c:t al. ( 1994). the solubility generally decreased with increasing temperature. and it 

showed a linear relationship with pressure. 
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The solubility of SCFs can also be predicted using equation-of-state theories. The 

primary purpose of the EOS theories \vas a prediction of the P-v-T relationship of a pure 

component. However. these were expanded to polymer/gas solution systems and the 

solubility prediction. Several equation-of-state theories have been developed by Flory ( 1965). 

Sanchez-Lacombe ( I 976. 1977. 1978) and Panayiotou-Vera ( 1982). The theoretical concepts 

of both theories are originated from the Flory-Huggins lattice fluid theory (Flory. 1942 and 

Huggins. 1942). 

The Sanchez-Lacombe equation-of-state (S-L EOS) can be applied to pure fluids and 

to mixtures. This theory is based on the lattice fluid model with empty sites called holes. The 

S-L EOS requires three pure component parameters to characterize a pure fluid and one 

adjustable parameter. 8;i· The adjustable parameter is related to the binary interaction to 

characterize a mixture. The Panayiotou-Vera equation-of-state (P-V EOS) is very similar to 

the S-L EOS in that it is based on the lattice-hole theory. However. the P-V EOS was 

developed based on a constant lattice site volume. The S-L EOS has been used for describing 

the solubility of a gas by many researchers (Kiszka et al. 1988. Garg et al.. 1994. Sato et al.. 

1996. Zhang et al. 1997). Details including the solution systems and the value of interaction 

parameters were summarized in Section 2.3. 

In this chapter. thermodynamics related to polymer / CO2 solutions are discussed. 

Specifically. the solubility of CO2 in PS and PE was predicted using Henry's law. The 

temperature dependence of the Henry's law constant is calculated using Eq. (2-3) and data in 

literature. The S-L EOS model is demonstrated to predict the density of pure components. 

CO 2 and polystyrene and PS/CO2 solutions. The solubility of CO2 in polystyrene is also 

estimated at various values of the interaction parameter. 
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4.3. SANCHEZ-LACOMBE EQUATION-OF-STATE THEORY 

The lattice fluid theory derived by Sanchez and Lacombe ( 1978) is based on a system 

ha,·ing N molecules and N0 vacant sites. Each molecule occupies r sites (r-mer). When two 

pure components form an equilibrium solution state, the following equation of state can be 

defined from the chemical potential: 

(4-1) 

where p is the reduced density, P is the reduced pressure. f is the reduced temperature. 

and r is the number of lattice sites occupied by the r-mer. The reduced density, pressure and 

temperature are defined as 

- p p=-. 
P* 

- p 
P=-, 

P* 

- T 
T=-. 

T* 

M 
P*=­

rv* 

E* 
T*=-

R 

(4-2) 

(4-3) 

(4-4) 

,vhere p*. P* and T* are the equation of state parameters, £* denotes the interaction per 

mer. v* is the close-packed mer volume, R is the gas constant, and M is the molecular 

weight of the r-mer. Eq. (4-/) can be applied to most low molecular weight substances such 

as gases and org.1nic liquids. However. if the mer molecule is a polymer, then the number of 

lattice sites occupied by one molecule (r-mer) approaches infinity (r➔ 00 ). Therefore. Eq. 

(-1-1) reduces to 

15 2 + P + f [In (I - 15) + 15] = a (-t-5) 
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4.4. RESULTS AND DISCUSSION 

4.4.1. Solubility Estimation Using Henry's Law 

Henry's law was used for predicting the solubility of CO:! in PS and PE. In order to 

predict the solubility at the experimental temperature in this work. the temperature 

dependence of the Henry's law constant derived through an Arrhenius equation form was 

used as shown in Eq. (2-3 ). 

H = H e.xp(-_s_J 
I O RT 

I 

(2-3) 

In this expression, Ho and H 1 denote the Henry's law constants (cm3(STP)/g-atm), Es is the 

heat of solution (cal/mol), and T1 is the temperature (K). The Henry's law constant at T1 can 

be calculated from the heat of solution and Henry's law constant at a reference temperature. 

On the other hand, the heat of solution can also be calculated from two Henry's law constants 

obtained at different temperatures. 

Henry's law constants of PE and PS, shown in literature, are listed in Table 4./. As 

indicated in Figure 4.1, the solubility of CO2 generally decreases with increasing temperature 

in both PS and PE. This trend is also indicated in Table 4.1 as decreasing the Henry's law 

constant. It should be noted that the predicted solubility of CO2 in PS is less than in PE due to 

the smaller Henry's law constant in Table 4.1. The heat of solution was calculated from the 

Henry's law constants at two different temperatures. It should be noted that the solubility 

obtained by Ne\vitt and Weale ( 1948) shows much less solubility than the other solubility 

values. Therefore. their data were not included in the calculation of the heat of solution. As 

listed in Tahle -I.I. no big difference was found in the calculated heat of solution values for 

PS. Howe\·er. the heat of solution in PE shows a big difference by taking the solubility data 
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of Durrill and Griskey (l 966). Data published by Sato et al. (1996) were chosen for the 

prediction of the solubility at the experimental temperature in this work. 

Table 4.1. Henry's law constants and beat of solutions from literature 

Materials Temperature Henry's law Heat of Reference 

(OC) constant Solution* 

( cm3(STP)/g-atm) (cal/mol) 

PS 35 0.8 -2390 Wissinger and 

65 0.57 Paulaitis ( 1987) 

170 0.061 Newitt and Weale 

(1948) 

188 0.22 -2340 Durrill and Griskey 

(1966) 

100 0.322 -1900 Sato et al. ( l 994) 

180 0.205 

PE 188 0.275 -800 Durrill and Griskey 

(1966) 

160 0.39 -2238 Sato et al. ( 1 996) 

180 0.34 

200 0.313 

* calculated values in this work 

Henry's law constants for CO2 in PS and PE at 220°C are calculated using Eq. (2-3). 

and the estimated solubilities are compared in Figure -1.2. In this calculation. the heat of 

solution by Sato et al. ( 1994, 1996), -1900 cal/mol for PS and -2238 cal/mo! for PE. were 

chosen. Figure ./.2 indicates that the solubility of CO:! in PE is greater than that in PS. The 

estimated solubilities of CO:! are about 5.0wt¾ and 8.1 wt¾ in PS and PE. respectively. at 15 

MPa of pressure. 
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4.4.2. Characteristic Parameters and Density of a Pure Component 

S-L EOS parameters. P*. P* and T*. for each pure component such as carbon 

dioxide. polystyrene and polyethylene were determined using a non-linear least square 

method. These parameters are essential for applying the S-L EOS model to polymer/ CO2 

solutions. The nonlinear least square regressions of Eqs. (4-4) and (4-5) for pure components 

to the experimental P-v-T data were carried out using a FORTRAN program (Program-I. 

Appendix II). The P-v-T data of PS by Quach and Simha (1971), LOPE by Olabish and 

Simha (1975), and CO2 by Michels and Michels (1936, 1937) and Michels et al. (1936, 1937) 

were used for the non-linear regression. The pure component parameters are listed in Table 

4.2. These pure component parameters are similar to those in the literature (Sanchez and 

Lacombe. 1976 and Garg et al., 1994) 

Table 4.2. Estimated pure component parameters for PS, LOPE and CO2 

PS LOPE CO2 

P* (atm) 3523 4543 4388 

T* (K) 735 673 314.8 

p* (g/cm3
) 1.105 0.887 1.416 

r - - 5.286 

Based on the pure component parameters. the density of each component \Vas 

calculated at various pressures and temperatures and the calculated densities were compared 

10 the experimental values in the literature. Figures 4.3 and 4.4 shO\v the comparisons for 

carbon dioxide and polystyrene. respectively. These comparisons show that the calculated 

densities using the S-L EOS agree well with experimental data for both components. 
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A FORTRAN program (Program-2. Appendix II) was used for the density prediction. 

The CO 2 density predicted at room temperature is used in this \Vork for calculating the 

injected mass t1ow rate of CO2 during extrusion. Also. the densities of PS and LOPE arc used 

for con\'erting the mass flow rate to the volumetric flow rate in order to obtain the shear rate 

in a capillary and wedge die. 

4.4.3. S-L EOS Theory for Polymer / CO2 Solutions 

The solubility of CO2 in polystyrene and the solution density were estimated using 

the S-L EOS theory. In order to perform the experimental studies described in Chapter 5 to 

Chapter 9, the solubility of CO2 should be known for preparing one-phase solutions during 

extrusion. Also, the estimated solution densities are used in the calculation of the volumetric 

flow rate. 

The equation of state for a polymer/ CO2 solution is basically identical to that for a 

pure component. However, the polymer/ CO2 solution involves the non-ideal mixing due to 

the interaction between the two components. The interaction affects the characteristic 

parameters of each component. Therefore, all variables in Eq. (4-1 ), such as p. P, f, and r, 

should be determined again for the solution using several combining rules. In addition. the 

interaction between CO2 (component 1) and a polymer (component 2) should be considered. 

The first combining rule is the conservation of the close-packed volume. If a 

mokculc of component I occupies r1° sites in its pure state and has a close-packed molecular 

\ olumc of r/' 1· 1 ,,, • it occupies r1 sites with v* close-packed volume in the mixture. Then. the 

relationship of these two volumes becomes 

r(}i· * = r i- * I I I (4-6) 
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The second rule states that the total number of pair interactions in the close-packed mixture is 

thl.! same as the summation of pair interactions of the components in their close-packed pure 

state: 

where N 1 and N2 are the number of molecules of component and 2, respectively, N is the 

summation of N 1 and N2, and r is the total occupied sites by both components in the mixture. 

From these two combining rules, the following relations can be obtained: 

(4-8) 

(4-9) 

where ¢~ and </)~ are the volume fractions of component I and 2 in their pure state. 

respectively. Also, x 1 and x2 are the mole fractions of component I and 2, respectively. The 

third rule defines the characteristic pressure of the mixture as pairwise additive: 

(4-10) 

P. * = ( P. * P * )112 (I - 8 ) 12 I 2 12 ( 4-1 I) 

where </J denotes the volume fraction of the subscript component in the solution state and 812 

is the interaction parameter between the two components. The interaction parameter is the 

only parameter needed to completely characterize a binary mixture. It corrects the deviation 

of the characteristic pressure of the mixture from the geometric mean of the characteristic 

pressures of each component. 

The solubility of CO2 in a polymer at an equilibrium condition is calculated from the 

chemical potentials of the two phases. By assuming that the polymer is not dissolved in the 
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gas phase. the chemical potentials of CO2 in the upper (gas) and the lower (polymer) phase 

arc the same: 

(4- I 2) 

where the superscripts G and P denote the gas and polymer phase. respectively. The 

difference of the chemical potentials of CO2 in the two phases is given by 

,1µ I - I ( / r, } 0 ~x A, 2 - ~ 1 - - - I ---=0-n</)1 + -- 2 +r1 p 1,y2 +vpnp-vp1 np1 RT r2 

+ r,0 [- P -_ P, + P,( v _- v, J + v(l - p)tn(I - p)- v,(I - p, )111(1 - P, )] 
T, T, 

(4- I 3) 

Eq. (4-13) indicates that if we know the interaction parameter, 812, and P-v-T data of 

the solution, the equilibrium solubility of CO2 in a polymer can be determined. On the other 

hand, if experimental solubility data in a certain range of temperature and pressure are 

available, the interaction parameter can be determined by a nonlinear regression of the 

solubility data to Eq. (4-13). However, experimental solubility data are not available for 

many binary systems. 

In order to predict the solubility isotherms, the characteristic parameters of the 

solution should be determined first. Pure component parameters were already determined in 

Section 4.4.2. The characteristic parameters for the solution were determined using the pure 

component parameters and the combining rules. A FORTRAN program (Program- I. 

Appendix [I) was also used when the binary interaction parameter is assumed to be a 

constant. Using the characteristic parameters of the solution. the solution density at 220"C 

\Vas calculated (Program- I. Appendix I[). and it is shown in Figure 4.5. It should be noted 

that no interaction between PS and CO2 was assumed in Figure 4.5. The solution density 
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c.kcreases with increasing COz concentration and it shows a higher sensitivity to pressure at 

higher concentrations of COz. 

As indicated from the Eqs. (4-1 ). (4-/0) and (4-11 ). the solution density is a function 

or the binary interaction parameter as well a-; the content of COz. The sensitivity of the 

PS/COz solution density on the interaction parameter was investigated in Figure 4.6. The 

solution density decreases as the interaction parameter increases. Therefore, the interaction 

parameter is essential to describe the solution density. It should be pointed out that the 

density variation due to the change of the interaction parameter is small at low concentrations 

of COz. 

Once the characteristic parameters of pure components and their solutions are known. 

the solubility isotherm can be predicted based on the chemical potential equation. Eq. (4-13). 

Another FORTRAN Program (Program-3, Appendix II) was used for the solubility isotherm. 

The solubility of COz in polystyrene at 220°C was calculated at various levels of the 

interaction parameter. As shown in Figure 4.7, the dissolved amount of CO2 increases with 

increasing pressure. It should be pointed out that the solubility shows a linear relationship 

with pressure when the interaction parameter is zero. Thus, the solubility is governed by 

Henry's law. which assumes an ideal solution. However. the isotherm starts to deviate from 

the linear relationship for increasing values of the interaction parameter. A positive 

interaction parameter reduces the solubility. It should be noted, as indicated in Figure 4. 7. 

that the binary interaction parameter is a crucial variable in determining the solubility. For 

i11:-.ta11ce. the predicted solubility is changed from 3.2 to I 0.6 wt% at 20.3 MPa when the 

interaction parameter decreased from 0.2 to zero. 
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The effect of temperature on the solubility of gas in a polymer was investigated. A 

Jecrease of the gas solubility with an increase in the temperature is also quite common for 

many polymer / gas systems. It has been known that the trend is valid in PS/CO2 solution 

system (Durrill and Griskey. 1966, Sato et al.. 1994). The predicted solubilities at various 

temperatures arc shown in Figure 4.8. However, the predicted solubility using S-L EOS in 

this system fails to explain the temperature dependency. Figure 4.8 indicates that the 

solubility increases with increasing temperature up to 75 atm. However, the opposite 

behavior was predicted over 75 atm. Therefore, the solubility isotherm implies the 

temperature dependence of the interaction parameter. It has been known that the interaction 

parameter is a function of temperature (Garg, 1993). It should be noted that the Sanchez­

Lacombe EOS totally fails to explain the solubility nature as long as 812 is assumed to be 

independent of temperature. 

4.5. CONCLUDING REMARKS 

The solubility of carbon dioxide in polystyrene and polyethylene was estimated using 

Henry's law as a first approximation. A higher solubility of CO2 was observed in 

polyethylene than in polystyrene. The S-L EOS theory was demonstrated not only for 

estimating the properties of pure component parameters of polystyrene and carbon dioxide. 

but also for predicting the solubility isotherm and the solution density. The pure component 

parameters of CO 2. PS and PE were determined by applying a least squares method to the 

experimental density data in the literature and the obtained parameters were compared to the 

literature values. The densities of the pure components were also calculated. The solubility of 

CO 2 and the solution density were predicted at various interaction parameter values. It should 
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be noted that the density variation of the solution by changing the interaction parameter is 

small at the lov,.- concentrations of CO2. Also. positive interaction parameter values led the 

lower solubility. The estimated solubility using the S-L EOS at zero interaction parameter 

followed the linear relationship with pressure like Henry's law which assumes an ideal 

solution. lt was found that the interaction parameter is a crucial factor for estimating the 

solubility. 



CHAPTER 5. EXTRUSION AND MODELING OF THE SHEAR 
VISCOSITY OF PS/CO2 SOLUTIONS 

5.1. ABSTRACT 

This chapter presents a methodology to determine the melt viscosity of PS / 

supercritical CO2 solutions using a linear capillary tube die mounted on a single-screw 

foaming extruder and a wedge die mounted on a twin-screw extruder. In both cases, CO2 was 

injected into the extruder barrels and the content of CO2 was varied in the range of O to 4 

wt% using a positive displacement pump. Single-phase PS/CO2 solutions were formed using 

a microcellular extrusion system and a twin-screw extruder, and phase separation was 

prevented by maintaining a high pressure in the capillary tube die and a wedge die. 

respectively. By measuring the pressure drop through the dies, the viscosity of PS/CO2 

solutions was determined on-line. The viscosities of neat PS melts measured at low and high 

shear rates using a cone-and-plate rheometer and a capillary rheometer, respectively, were 

also used in the modeling. The experimental results indicate that the PS/CO2 solution 

viscosity is a sensitive function of shear rate, temperature, pressure, and CO2 content. In 

order to mathematically describe the decrease of the shear viscosity due to the dissolved CO2 

in the PS melts, several theoretical models were considered. Cross, Carreau, and generalized 

Cross-Carreau models were employed to describe the shear-thinning behavior of PS/CO2 

solutions at various shear rates. The zero-shear viscosity in these models was derived in 

terms of the temperature. pressure and CO2 content based on the free volume change due to 

tl!csc \·ariablcs. Various forms of the zero-shear viscosity. including a generalized Arrhenius 

cquation and a WLF equation. were studied. The modeling procedure and comparison of the 

model an; presented in detail. 

I 12 
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5.2. INTRODUCTION 

In the processing of polymer/ supercritical fluid (SCF) mixtures. the properties of the 

polymer arc significantly affected by the presence of the SCF in the polymer. Particularly. 

the reduction of viscosity by the dissolved SCF has received a great deal of attention because 

it affects the processing conditions and the morphology of foamed products. The solubility of 

SCF in a polymer is also important because it provides guidelines to all the polymer 

proces~es containing SCFs. SCFs have been used in various fields such as food, 

pharmaceutical and plastics industries. Research on SCFs has centered around the separation 

processes in these fields. Initially. the SCF science and technology dealt primarily with 

extraction of simple molecules that dissolve in SCF and the attention has shifted significantly 

to more complex molecules, undergoing much broader types of physical and chemical 

transformation (Johnson and Penninger, 1989). 

SCFs have also been used as blowing agents for foam products in polymer extrusion. 

CFCs. which have been the most popular blowing agents, are known to destroy the ozone 

layer, and have been replaced with other blowing agents such as HCFCs and inert gases. 

However, some polymer foams blown by HCFCs can be deteriorated by the chemical attack 

of the blowing agents. In contrast, the SCF physical blowing agents such as CO2 are free 

from any criticisms on the ozone layer destruction and the chemical attack because of their 

inen properties. 

Lillie work has been reported on the rheological properties of polymer / blO\ving 

agent mixtures (or solutions). Earlier studies on polymer/ blowing agent mixtures have been 

carried out for polymer/ CFCs or polymer/ chemical blowing agent systems rather than for 

polymer/ inert gas solutions. As reviewed in Chapter 2. several studies were reported on the 
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viscosity measurement of the polymer/ gas mixtures in a plunger type viscometer (Blyler 

and Kwci. 1971. Bigg et al., 1976. and Oyanagi and White, I 979). Han and Ma ( I 983a. 

I 983b. I 983c) also published the rheological properties of LOPE/CFCs mixtures. As pointed 

out by Han and Villamizar ( 1978). rheological measurements of polymer / gas mixtures 

conducted with a plunger-type viscometer may be subject to serious criticisms because the 

plunger-type viscometer cannot guarantee a single-phase condition without allowing foaming 

inside the capillary. Phase separation, i.e., bubble formation, may be involved as the mixture 

approaches the capillary exit. Han and Ma ( 1983a) also explained that the non-linear pressure 

profile in capillary implies the vaporization of gas and all their experiments were performed 

in the linear range of the pressure profile. 

Efforts have been made to prevent bubble formation in measurements of solution 

viscosities. A pressurized chamber was introduced by Mendelson ( 1980) at the exit of 

plunger-type capillary viscometer for preventing bubble formation. In his experiments, 

Mendelson ( 1980) prepared polymer / gas solutions in a glass jar at room temperature and 

then charged them into the barrel of the viscometer. Finally. these solutions were extruded to 

the pressurized chamber at an elevated temperature. This experiment is difficult to apply to 

molten polymer / gas mixtures because of the required high temperature and pressure. 

Recently. studies on viscosity measurements of polymer/ SCF solutions were published by 

Gahardt ct al. (1994). Kwag et al. (1996) and Gendron et al. (1996). Gerhardt et al. (1994) 

and Kwag ct al. ( 1996) used a capillary rheometer with a special loading assembly and a 

back pressure assembly. The back pressure assembly made the capillary rheometer a closed 

~ystcm. and the special loading assembly was used to keep the identical pressure and 

temperature in the vessel and the rhcometer. Gendron ct al. ( 1996) also measured the 
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viscosities of PS/HCFC and PS/HFC solutions usmg a commercial slit die rheometer 

mounted on an intermeshing co-rotating twin screw extruder. They maintained a sufficiently 

high pressure in the die by using two independently controlled gear pumps. 

Viscosity reduction via gas dissolution can be explained by the dilution effect of 

polymer chains and the increased free volume. The relationship between the viscosity and the 

free volume of a polymer was first introduced by Doolittle ( 1951 ). Kelley and Bueche ( 1961) 

applied Doolittle's equation to a polymer/ diluent system using a linear mixing rule of the 

fractional free volume. Gerhardt et al. ( 1994) and Kwag et al. ( 1996) introduced a modified 

Kelley-Bueche equation to include the dilution effect as well. 

In order to calculate the viscosity of polymer / SCF solutions using the Kelley­

Bueche equation, the fractional free volumes of the polymer and SCF should be known. Two 

methods are used to calculate these values. First. the fractional free volume (or density) of 

the polymer and polymer / SCF solution can be predicted from equation-of-state (EOS) 

theories such as the Sanchez-Lacombe ( 1977, 1978) and Panayiotou-Vera ( 1982) EOS. 

These EOS theories contain one adjustable binary interaction parameter for the polymer / 

SCF solutions. This interaction parameter can be estimated from the equilibrium solubility 

data. Second, the solution density at the equilibrium state can be directly measured in a 

Kratky (\Volf et al., I 989, Mertsch and Wolf, 1994) apparatus. Then, the fractional free 

volume can be calculated from the measured density of the solution and EOS theories. In 

order to use the EOS theory, the solution density should be measured at the equilibrium state. 

Thus. both methods need the solubility at the equilibrium state or the density of the solution 

measured at the equilibrium state. 
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An understanding of the rheological behaviors of polymer/ SCF solutions is essential 

for production of a uniform cell structure in foam processing because cell nucleation and 

growth strongly depend on the viscosity of polymer / SCF solutions. Furthermore. the 

viscosity of polymer / SCF solutions is critically important in the design of foaming dies. 

~fost viscosity measurements for polymer/ SCF solutions have been performed by off-line 

methods. The off-line measurements for polymer/ SCF solutions are not easy because of the 

precipitation of SCF. In off-line measurements, the solutions should be charged into the 

rheometer from the equilibrium vessel maintaining the high temperature and pressure. 

Consequently, special accessories such as a loading assembly and a back pressure assembly 

arc required for preventing the two phase flow. 

In this chapter, simple experimental setups that can effectively measure the viscosity 

of polymer/ CO2 solutions using extrusion systems are presented. As a case study, PS is used 

as the polymeric material. The viscosity of PS/CO2 solution is measured at various shear 

rates and CO2 contents. Since the pressure at which the viscosity is measured varies at 

different processing conditions, careful consideration was given to the effect of pressure on 

the solution viscosity. The effect of CO2 content on the solution viscosity is also clearly 

elucidated. Finally, a simple theoretical model is developed to describe the viscosity of a 

PS/CO2 solution as a function of shear rate, temperature, pressure, and CO2 content. The 

purpose of this chapter is to present a procedure to determine the viscosity of a polymer / 

CO 2 solution by experimentally measuring the rheological parameters and theoretically 

modeling the results. The modeling procedures and the >?!fccts of T. P. and Con the polymer 

viscosity arc discussed in detail. Based on the experimental data. the free volume concept and 

several rheological models were investigated to describe the Newtonian viscosity and the 
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shear thinning behavior of the PS melt and PS/CO2 solutions. The adequacy of the various 

models to describe the experimental data was compared. 

5.3. EXPERIMENT AL 

5.3.1. Microcellular Extrusion System 

5.3.1.1. Design of Microcellular Extrusion System 

In order to measure the viscosity of a polymer/ CO2 solution, a rheological device is 

synthesized by attaching a linear capillary tube die to a foam extrusion line. First. a single­

phase polymer/ CO2 solution is formed using a convective diffusion device (Park and Suh, 

1996a and 1996b, Baldwin et al., 1996a). The polymer / CO2 solution is then forwarded to 

the linear capillary die where the viscosity of polymer/ CO2 is measured by the capillary 

rheometer principle (Dealy and Wissbum, 1990), i.e., by measuring the pressure drop and the 

flow rate. If a two-phase polymer / CO2 mixture flows into the capillary die, the measured 

viscosity cannot be the viscosity of the polymer/ gas solution because of the secondary phase 

effects. Therefore, it is critically important to ensure that single-phase solution formation is 

complete before the solution reaches the upstream end of the capillary die. 

A microcellular foam extrusion system is utilized to ensure complete solution 

formation in this study. A schematic of the microcellular extrusion system used is shown in 

Figure 5.1. First. a metered amount of gas is injected into the polymer melt in the extrusion 

barrel using a positive displacement pump. lt should be noted that the injected gas amount 

should be less than the solubility limit at the processing temperature and pressure. The 

injected gas bubbles arc well mixed with and dissolved in the polymer melt in a convective 

diffusion device that consists of a mixing clement on the screw and static mixers. 
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Figure 5.1. Schematic of the extruder setup for measurement of PS/CO: solution viscosities. 
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The procedure of dissolving the injected gas m the polymer melt 1s described m detail 

elsewhere (Park and Suh, 1996a, 1996b}. 

Another critical factor in the viscosity measuring system is that the pressure in the 

capillary die should always be maintained sufficiently high so that the concentration of gas 

dissolved in the polymer melt remains below the solubility of gas at the processing pressure. 

Since the lowest pressure in the capillary die is at the downstream. it is necessary to maintain 

the downstream pressure high enough to prevent the precipitation of CO2 during viscosity 

measurement. The downstream pressure is controlled by varying the resistance of a nozzle 

die attached to the end of the capillary die, and the nozzle resistance is determined by its 

diameter and length. 

Figure 5.2 shows a schematic of the linear capillary tube die designed to measure the 

viscosity of a polymer/ CO2 solution. In order to minimize the entrance effect, the LID ratio 

is chosen to be 40 and the upstream pressure was measured far from the tube entrance. Then. 

the viscosity of a polymer / CO2 solution can be determined using equations shown in 

Section 5.4. 

5.3.1.2. Equipment of Microcellular Extrusion System 

The extruder used in this experiment was a single-screw extrusion system (Brabendcr 

05-25-000) driven by a 3.7 kW DC motor (Brabender Prep Center D-52T}. A standard square 

pitch screw with a mixing section (Brabender 05-00-144) was used to enhance the convective 

diffusion. CO2 was injected through an injection port into the metering section of the barrel 

using a positive displacement pump. At the end of the screw tip. static mixers (Omega FMX-

8-l-l-l I -S) \vere attached to enhance dissolution of CO2 into the PS melt. The pressure at the 

barrel injection port was monitored by a pressure transducer (Dynisco PT462E-IOM-6/18} to 
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ensure consistent injection of CO2. 

Two capillary tube dies having 2.3 mm and 6.5 mm diameters were used in this study. 

A thermocouple was installed to measure and control the melt temperature. Two pressure 

transducers (Dynisco PT462E-IOM-6/l 8) were installed to measure the upstream and 

downstream pressures. The temperature of the dies was controlled by band heaters and PIO 

controllers (Omega CN9000A). 

5.3.1.3. Experimental Conditions in Microcellular Extrusion System 

The polymer used in this study was Nova I0IC PS. PS was processed in the extruder 

at 220°C. and the polymer flow rate that affected the shear rate in the capillary die was 

controlled by the screw speed. The content of CO2 in polymer was ranged from Oto 4 \Vtq.. 

5.3.2. Twin-Screw Extrusion System 

5.3.2.1. Design of a Twin-Screw Extrusion System 

In order to prepare the PS/CO2 solutions. a twin-screw extruder was specially 

designed and a high pressure was maintained during the measurements in order to prevent the 

precipitation of CO2. Similar design concepts explained in the previous section (Section 

5.3.1.1) were used for measuring the viscosities of neat PS melts and PS/CO2 solutions using 

a twin-screw extruder. and the design criteria are also mentioned in Section 3.5. A schematic 

of the twin-screw extrusion system equipped with a CO2 injection port and a wedge die 1s 

shown in Figure 5.3. Detailed wedge die dimension is shown in Figure 3.11. 

5.3.2.2. Experimental Conditions in Microcellular Extrusion System 

Detailed experimental conditions are shown in Table 5.1. Detailed procedures arc 

well described by Lee et al. ( 1998) as well as in Chapter 6. 
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A commercial capillary rheometer and a cone-plate rheometer were also used for the 

\'iscosity measurement of the unsaturated PS. The cone-plate rheometcr was operated in the 

steady shear mode for direct comparison with the capillary rheometer. 

Table 5.1. Experimental conditions for the viscosity measurements 

Temperature 

(OC) 

Wedge Die Rheometer 203.3 - 271.4 

Capillary Rheometer 200.0 - 260.0 

Cone-Plate Rheometer 220.0 - 260.0 

5.4. THEORETICAL MODELING 

5.4.1 . Modeling Equations 

Pressure CO2 Content 

(MPa) (wt%) 

6.3 -29.1 0-4 

2.0 - 19.2 0 

0 0 

Shear Rate 

(1/s) 

40. l - 316.6 

4.2 - 3700 

2.25E-3 - 2.1 

In order to properly describe the viscosity of a PS/CO2 solution. the viscosity 

behavior should be characterized as a function of shear rate. temperature. pressure and 

dissolved amount of CO2. The shear thinning behavior of PS/CO2 solutions has been 

described by various models such as the Cross model (Cross, 1979), the Carreau model 

(Carreau. 1968) and the generalized Cross-Carreau (C-C) model (Hieber and Chiang. 1992). 

These models can be expressed in the same form: 

/[ ( )
,11-111/,1 

TJ =TJo I+ 1JoY/r' ( 5-1) 

where 17. 1Jo. and y. indicate the viscosity. zero-shear viscosity. and shear rate. respectively. 

The constants r. a. and 11 in this model arc unique characteristics of the polymeric material 

and determine the shape of the master curve plot. T]IT]o versus TJoY . Eq. (5-/) reduces to the 
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Cross model when a = I - n, to the Carreau model when a= 2. and to the generalized C-C 

model when a and ,z are independent. 

The effects of temperature, pressure, and dissolved CO2 on the viscosity can be 

explained using the change in the free volume (Lee et al.. 1999). Doolittle ( 1951) described 

the zero-shear viscosity of a polymer as a function of the free volume: 

Tio = A' exp(B'/ J) (5-2) 

where A' and 8' are constants. and f is the fractional free volume. The dependence of the 

fractional free volume on the temperature, T, is described by Fox and Flory ( 1954): 

(5-3) 

where/:: is the fractional free volume at glass transition temperature. T~. and al is a constant. 

The pressure dependence of the viscosity has also been investigated. Some studies dealt \Vith 

the pressure effect on the viscosity by revealing the glass transition temperature-pressure 

relationship instead of the free volume-pressure relationship (Miller. 1971 and Penwell et al.. 

197 I). The empirical relationship between viscosity and pressure has been proposed as 

(Penwell et al.. I 97 I): 

Tlo.P = '1o.P=O exp( f3"P) (5-4) 

\vhcre T]o and Tlo.P=o are the zero-shear viscosities at pressures. P and P=O. respectively. and 

/3" is a constant. The increase in the zero shear viscosity due to a pressure increase may be 

interpreted as a decrease in the molecular mobility because of a reduction of the free volume. 

lt is well known that the free volume of a polymer is also changed by the dissolution 

of a diluent. Kelley and Bueche ( 1961) simply assumed the linear additivity of the fractional 

free volume Efforts to theoretically estimate the free volume of a polymer and a polymer/ 

diluent solution have been developed by Sanchez and Lacombe ( 1976) and Panayiotou and 
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Vera ( 1982). The equation-of-state (EOS) theory successfully predicts the free volume of a 

pure polymer based on the P-v-T diagram. For polymer/ diluent systems, however, the EOS 

theories require an adjustable parameter explaining the interaction between the two 

components. 

The change of the free volume in a polymer/ CO2 solution due to variations of the 

temperature. pressure. and dissolved CO2 affects the mobility of polymer molecules. thereby 

affects the shear viscosity of the solution. Kadijk and van den Bru!e's extensive experimental 

results ( 1994) confirmed that when the temperature and pressure were varied, the viscosity of 

a polymer was changed only through the zero-shear viscosity without affecting the material 

constants. and that the shape of the viscosity versus shear rate curve was not changed. [n the 

same manner. it is expected that the effect of gas concentration on the viscosity of a polymer 

I CO 2 solution will be reflected only through change of free volume and the resultant change 

in the zero-shear viscosity. One may contemplate that the viscosity of CO2 itself and/or the 

interactions between the polymer and gas molecules would affect the viscosity of polymer/ 

CO2 solution. However, since the viscosity of polymer melt would be much higher than the 

viscosity of CO2 and the interaction between polymer and CO2• it is believed that the 

viscosity of a polymer/ CO2 solution would be governed by the viscosity component of the 

polymer melt which is determined by the free volume of polymers. In other words. it is 

speculated that the dissolved CO2 will contribute the viscosity of a polymer/ CO2 solution 

only by changing the free volume of polymer melt as in the case of temperature and pressure. 

r◄or a polymer / CO2 solution. the fractional free volume can be mathematically 

expressed as a power law series in terms of temperature en, pressure (P), and CO2 

concentration (C): 
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B' If = a' l(T-T, )+ /3 '(P- P, )+ 'l''(C -C, }+- ,c'(P - P, )l(T -T,) 

+8'(P-P, XC-C, }t-c'(C-C, )l(T-T, )+c; '/(T -T, )2 (5-5) 

+i;'(P- P, )2 +cu'(C -C, f +(higher order terms) 

where T,. P, and C, are reference values of temperature, pressure. and CO2 concentration, 

respectively, and a', /3', 'I'', ,c', 8', £
1
, c;', t;', and ro' are constants. By taking up to the first 

order terms or the second order terms in Eq. ( 5-5) and rearranging the constants, the zero­

shear viscosity can be approximated as: 

710 = Aexp[al(T-T, )+ /3P+'f/lC + ld'l(T-T, )+8PC +EC l(T-T,) 

+l;/(T -T, / + 9'2 + cuC2 J 

(5-6a) 

(5-6b) 

where A. a, /3, 'If, IC, 8, £, i;, t;, and ro are constants. The viscosities measured for neat PS 

melts and PS/CO2 solutions are fully described by determining all the parameters involved in 

Eq. (5-/) and Eq. (5-6). A non-linear regression using a quasi-Newtonian method is used for 

estimating the parameters, and all experimental data are fit to a master plot, 1]/1]0 versus TJoY . 

5.4.2. Modeling Procedures 

Detailed procedures for modeling the viscosities of PS melts and PS/CO2 solutions 

arc described below: 

( I l Measurement of the viscosity of neat PS melt: 

( 1-a) Capillary rhcometer: The apparent viscosity of unsaturated PS melt is measured al 

\'arious temperatures and pressures using a capillary rhcomelcr. The temperature is 

controlled in the range of 200°C to 260°C. The UD ratio of the capillary die is chosen 

to be 40 to minimize the contribution of the entrance pressure loss. In order to 
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determine the effect of pressure on the viscosity. the pressure in the capillary should be 

measured. In this study. the arithmetic mean value of the inlet and outlet pressures of 

the capillary rheometer is chosen to represent the pressure in the capillary. 

< 1-b) Cone-and-plate rheometer: In order to obtain the Newtonian (or zero-shear) viscosity of 

PS melt, a cone-and-plate rheometer is used. The shear rate is varied from 2.25E-3 s· 1 

to 2.1 s· 1 at a temperature in the range of 220°C to 260°C. 

( 1-c) Wedge die rheometer: The viscosity of neat PS melt is also measured using a wedge die 

at various temperatures, pressures, and shear rates. 

(2) Measurement of the viscosity of PS/COz solution: 

The viscosity measurement of PS/CO2 solutions 1s performed only with the linear 

capiilary die and the wedge die. By measuring the pressure drops, the apparent 

viscosity is calculated at various concentrations of CO2 as explained by Lee et al. 

( 1998). The concentration of CO2 is controlled up to 4 wt% using a positive 

displacement pump. As explained in the literature (Pabedinskas et al., 1991 ). the wedge 

die is capable of measuring the viscosity at various shear rares covering over a decade 

for a fixed polymer flow rate. In this study, however, only the viscosity value at the 

shear rate obtained where the centered pressure transducer is located, was taken for 

modeling. The pressure drop ratio between upstream and downstream of the wedge die 

can be expressed as a function of power law index, volumetric flow rate and the die 

dimensions. It should be noted here that the pressure transducers measure the sum of 

the hydrostatic pressure and the wall normal stress as pointed out by Han ( 1976). In 

order to use the pressure readings to Eqs. (5-5) and (5-6). the normal stress contribution 

to the pressure readings should be eliminated. ln this work. however. the wall normal 
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stress in our experimental conditions was small compared to the hydrostatic pressure. 

Therefore. the readout pressures from the pressure transducers are simply taken for the 

viscosity modeling in this Chapter. Further discussion on the normal stress contribution 

on the pressure readings in addressed in Section 5.5.2.1. 

< 3) Rabinowitsch correction: 

The viscosity curves of 11a,,,, versus Yu,,,, obtained from the capillary rheometer and the 

wedge die are converted into the true viscosity curves of 11 versus y using the 

Rabinowitsch correction (Dealy and Wissbum, 1990). 

(3-a) Rabinowitsch correction for the capillary rheometer: The Rabinowitsch correction of 

the viscosity obtained from the capillary rheometer is given by the following equations: 

y = [(3s + 1)/4s Jru,,,, and 11 = [4s I( 3s +I) 17.,,,,, (5-7) 

where the local power law index, s, is calculated by fitting a power law equation for 

three points (one point of interest and its neighboring two points). The local power law 

index at the end of the viscosity curve is taken to have the same value as its neighboring 

points. 

( 3-b) Rahinowitsch correction for the wedge die: The apparent viscosity measured from the 

wedge die is transformed into the true viscosity using the follov,:ing equations: 

y = [(2s + 1)/ 3s D',,pi• mu/ TJ = TJ = [3 s /( ., ,· + I J 1.1 -· y "!'/' 
(5-8) 
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where the local power law index, s, is calculated from the ratio of two pressure drops 

through the wedge die (Pabedinskas et al.. 1991 ). 

, ➔ l Parameter csti mation and master curve {!eneration: 

, ➔ -a J Parameter estimation for neat PS melts: The true viscosity data obtained from three 

different kinds of rheometers for neat PS melts are fit to the proposed viscosity 

equations, Eq. (5-1) and Eq. (5-6), using non-linear regressions. In Eq. (5-6), all terms 

related to the concentration are ignored. By taJcing various values of the parameter "a" 

in Eq. (5-1) and by taJcing different terms in Eq. (5-6), all relevant parameters are 

determined for the Cross, Carreau and generalized Cross-Carreau models. Finally, a 

master curve of T]IT]o versus 71oy is generated for each model. The relative contribution 

of each term on the zero shear viscosity (for example, the l st order dependence of 

temperature on the viscosity) is estimated using the parameters determined. For the 

non-linear regression, a quasi-Newtonian method is applied using a commercial 

software (Statistica). 

( 4-b) Parameter estimation for PS/CO2 solutions including neat PS melts: All viscosity data 

for neat PS melts and PS/CO2 solutions are used for the parameter estimation, and the 

viscosity data are listed in Appendix IV. All parameters including the terms related to 

the CO2 concentration are estimated by the same procedures explained in (4-a). 
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5.5.1.1. Measurements of PS Melt Viscosities at Various Shear Rates 
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The viscosity of the PS melt was measured first without adding any CO: at various 

shear rates. In order to investigate the effect of pressure (Kadijk and vanden Brule. 1994 and 

Westover, 1961) on the viscosity of unsaturated PS, the resistance of the nozzle attached to 

the end of the capillary die was varied in the experiments. Figure 5.4 shows the apparent 

viscosities of the PS melt measured at various shear rates with three different resistance 

nozzles (Table 3.2): a high resistance nozzle (Nozzle A) of a length l.27 cm and a diameter 

0.053 cm, a low resistance nozzle (Nozzle 8) of a length 0.62 cm and a diameter 0.089 cm. 

and no (resistance) nozzle. 

TI1e number shown at each point represents the average of the two pressures 

measured in the capillary die. A relatively higher average pressure was observed at a higher 

shear rate because a higher upstream pressure was required to induce a higher flow rate (i.e., 

higher shear rate) for a given nozzle. It was also observed that the viscosity measured at the 

same shear rate varied considerably as the (average) pressure changed. This indicates that the 

pressure dependence of the PS melt viscosity is significant as observed by others (Kadijk and 

van den Brule, 1994 ). 

The experimental data after Rabinowitsch correction were fitted to the generalized 

Cross-Carrcau. Eq. (5-1), and the first order generalized Arrhenius equations. Eq. (5-6aJ. The 

zero-shear viscosity in Eq. (5-6a) can be rewritten with a zero CO2 content (i.e .. C -= 0) for 

the unsaturated PS melt as follows: 
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Figure 5.4. Apparent "·iscositics of unsaturated PS melt measured with Nozzle A, Nozzle B and 
without nozzle. The number indicate the average die pressure in MPa. 
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(5-9) 

All lhe material constants in Eqs. (5-/) and (5-9) were determined usmg a least squares 

method based on the Marquardt-Levenberg algorithm (Levenberg, 1944 and Marquart. 1963) 

and the values of these estimated parameters were 

(A, T,.. a, /3, -r, 11, a) 

= (0.5541, 332.7 K, 1206 K, 7.97 IE-8 Pa· 1
, 46200 Pa, 0.168, 1.479) (5-10) 

A master curve of 77/r7o versus 11o r based on these parameters is plotted in Figure 5.5. The 

master curve shown in Figure 5.5 indicates that the proposed models of Eqs. (5-1) and (5-9) 

describe the pressure effect well for the PS melt viscosity. 

5.5.1.2. l\1easurements of PS/CO2 Solution Viscosities at Various Shear Rates and CO2 

Contents 

The viscosity of the PS/CO2 solutions was measured at various shear rates and CO2 

contents. The CO2 contents used in these experiments were 2, 3 and 4 wt%. The measured 

viscosities of PS/CO2 solutions are shown in Figure 5.6 together with the unsaturated PS 

melt viscosities. The average pressure is also indicated at each measured data point. Nozzles 

C and D in Table 3.2 were used for the PS/CO2 solutions. The experimental results indicate 

that the viscosity of PS/CO2 solutions strongly depends on the shear rate, the CO2 content, 

and the processing pressure. It was observed that the viscosity of PS/CO2 solutions tended to 

Jccreasc as the CO:,_ content increased. However. the obtained solution viscosity data had a 

significant scatter at each shear rate due to the pressure difference as in the case of 

unsaturated PS melt viscosities. As a consequence. it was very hard to extract the effects of 

the CO~ content anJ pressure variations on the PS/CO2 solution viscosity from the scattered 
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data shown in Figure 5.6. 

In order to distinguish the effect of the CO2 content on the PS/CO2 solution viscosity 

clearly. the pressure dependence of the solution viscosity was eliminated by using Eq. ( 5-9). 

A master curve of 711710 versus 11 0 y based on Eq. ( 5-1) is plotted in Figure 5. 7 using the 

parameters shown in Eq. (5-iO). It may be noted that Figure 5.7 assumed that the effect of 

pressure on the viscosity of PS/CO2 solution was the same as that of the unsaturated PS melt. 

A decrease of the viscosity with increasing concentration of CO2 is clearly illustrated in this 

figure. 

It may be noted that the plasticizing effect of the dissolved CO2 was more dominant 

than the effect of the hydraulic pressure applied on the PS/CO2 system for dissolving the gas. 

In other words, when CO2 was dissolved in the PS matrix under pressure, the viscosity drop 

due to the dissolved gas was much more than the viscosity increase due to the applied 

pressure which was required to dissolve CO2 in the polymer. Therefore, the resultant 

viscosity of the PS/CO2 solution was usually lower than that of the polymer. However, if the 

pressure in the capillary die is much higher than the solubility pressure, the viscosity of a 

polymer/ gas solution can be higher than that of the polymer. 

It was also noticeable that the decreased viscosity of the PS/CO2 solutions tended to 

show a less shear-thinning behavior at low shear rates compared to the unsaturated PS melt. 

Similar tendencies were observed with an increase in temperature or a decrease in pressure 

(l-!icher and Chiang. 1992. and Kadijk and van den Brule. 1994) as implied from the 

generalized Cross-Carrcau equation. Despite the less shear-thinning behavior of PS/CO 2 

solutions at low shear rates. the slope of the viscosity curve at high shear rates was not 
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changed. This implies that the decrease of viscosity can be modeled as a simple downward 

shift in the high shear rate region. 

\Vhen all the results were fitted into the generalized Cross-Carreau (Eq. (5-/)) and 

first order generalized Arrhenius (Eq. (5-6a)) equations, a master curve of T7IT]o versus 71 0 y 

was formed (Figure 5.8) which accommodated the effects of the CO2 concentration as well 

as the pressure. In this curve fitting, the material parameters in Eqs. (5-1) and Eq. (5-6a) were 

again determined using all the data points shown in Figure 5.6. The values of the estimated 

parameters were 

(A. Tn a. /3, 1/f. t; n, a) 

= (0.8298, 341.1 K. 1272 K. 6.032E-8 Pa· 1
• -66.51, 23160 Pa. 0.265. 1.877) (5-1 I) 

The newly estimated parameters with pressure and concentration correction were slightly 

different from those obtained with pressure correction only. This means that the shape of the 

master curve was slightly changed. 

Figure 5.8 illustrates that all the data points in Figure 5.6 for the unsaturated PS and 

PS/CO2 solutions at various CO2 concentrations were successfully shifted to the master plot. 

Thus, the effects of pressure and CO2 concentration on the viscosity could be described 

adequately by combining the generalized Cross-Carreau model and generalized Arrhenius 

equation. lt was noted that the concentration coefficient of viscosity, ljl. was a considerably 

negative value as expected. It was also noted that the pressure coefficient. /3. of pure PS in 

this study was higher than those obtained by Cogswell and McGowan ( 1972) and Kadijk and 

\'an Jen Brule ( 1994 ). This seemed to be mainly due to the pressure range difference: since 

this study was direc,ed to foam applications. the pressure range in the experiment \vas 0.1 

~lPa to 25 tvlPa \vhereas the pressure ranges in Cogswell and McGowan's ( 1972) and Kadijk 
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and van den Brule's ( 1994) studies were 0.1 MPa to 140 MPa and 20 MPa to I 00 MPa. 

respectively. 

There was a difficulty in elucidating the effect of pressure on the viscosity. As 

mentioned earlier. the pressure shown in Figure 5.6 indicates the average of the upstream and 

downstream pressures. Since the pressure changes along the capillary die, the effect of 

pressure on the apparent viscosity is not straightforward and the arithmetic average taken as 

the representative pressure may involve some errors. Because the pressure change is larger 

for a higher shear rate, the error involved in taking the average pressure to calculate the effect 

of pressure on the viscosity will be greater for a higher shear rate. Further study is required to 

quantify the pressure dependence of the viscosity of polymer / CO
2 

solutions at each flow 

rate. 

5.5.1.3. Estimation of the Solubility of CO2 in PS 

It has been emphasized that the downstream pressure of the capillary die should be 

high enough to prevent bubble formation in the capillary die. However, when precipitation of 

CO2 occurred due to a low pressure in the die, an interesting phenomenon was observed. Let 

us consider the 3% CO2 solution case. At a fixed apparent shear rate of 13.8 s· 1
, the 

processing pressure was reduced step by step. In the beginning, because of the hydraulic 

pressure effect, the solution viscosity decreased as the downstream pressure decreased up to 

the solubility pressure. In this case, the amount of gas dissolved in the polymer was fixed, 

and therefore. the viscosity was governed by the hydraulic pressure effect alone. Hov,rever. 

when the pressure \,:as further decreased below the solubility pressure. precipitation of CO 2 

began and the content of CO2 dissolved in the PS matrix was reduced. Because the dissolved 

gas ClHHent decreased. the viscosity of the polymer/ gas solution increased. This reduction in 
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the plasticization effect of gas now caused an increase in the viscosity of the polymer/ gas 

mixtures. even though a second phase was formed and the viscosity tended to decrease due to 

the formed second phase. In other words. the viscosity increased as the pressure was further 

decreased below the solubility pressure. This is well depicted in Figure 5.9. When the CO2 

contents were 2 and 4 wt%, similar results were obtained: the viscosity initially dropped as 

the pressure decreased up to the solubility pressure; when the pressure was further decreased, 

the measured viscosity increased. A similar observation was reported by Gendron et al. 

( 1996). They found decrease of the viscosity with an increase in the pressure and also used 

the solubility to explain that phenomenon. 

If the observed minimum die exit pressures in Figure 5.9 were the solubility pressure 

for each CO2 content, the corresponding CO2 content would be the solubility of CO2 in the 

polymer at the minimum die exit pressure. Figure 5.10 shows this approximately estimated 

solubility at each pressure, and it is compared with the theoretically or experimentally 

predicted values from the literature. For the prediction of the solubility for PS/CO2 system at 

220°C, the heat of solution obtained from Durrill and Griskey ( 1966, 1969) was used. It 

turned out that the solubility estimated from our experiments was lower than the predicted 

values. When the solubility of CO2 in PS at elevated temperatures is measured, this point will 

he clarified. 
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5.5.2. Twin-Screw Extrusion System 

5.5.2.1. :\leasurements of Viscosity 

The viscosities of the unsaturated and saturated PS melts were measured using three 

rheometers at various experimental conditions (Table 5.1). As shown in Figure 5.11. the 

viscosity data of neat PS melts show a Newtonian viscosity behavior at low shear rates. and a 

shear thinning behavior at high shear rates. It should be noted that the viscosities obtained 

from the capillary rheometer and the wedge die were measured at relatively high pressures 

while those obtained from the cone-plate rheometer were measured at atmospheric pressure. 

Therefore. as in Figure 5.1 /, the viscosity data measured from the capillary rheometer and 

wedge die show higher values than the viscosities measured from the cone-and-plate 

rheometer at low shear rates. These deviations were properly addressed by considering the 

effect of pressure on the viscosity in modeling. 

The viscosities of PS/CO2 solutions were also measured at various temperatures, 

pressures, and CO2 concentrations. The experimental results are shown in Figure 5.12. The 

experimental results indicate that the effect of each variable is very difficult to determine 

because of the many variables involved. In order to clarify the individual effect of each 

variable, the viscosities shown in Figures 5. I I and 5.12 were fit to various viscosity models, 

Eq. (5-1 ). and the generalized Arrhenius equation, Eq. (5-6b). 

It may be noted that the value measured from the pressure transducers included the 

wall normal stress in addition to the actual pressure (Han, 1976). Therefore. although the 

hole pressure effect was removed by flush-mounting of the pressure transducers. a certain 

degree or error \Vas involved in the pressure measurements. However. this error was believed 

to be small because the normal stresses in the experimental conditions were calculated to be 
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in the range of 300 to 700 KPa according to the in-house simulation based on Leonov model 

1 Lcono\·. 1976. Leonov ct al.. 1976. Leonov and Prokunin. 1980. Zatloukal et al.. 19991. 

while the total pressure readings are in the range of 3.5 to 24.7 MPa. 

5.5.2.2. Comparisons of Various Viscosity Models 

Three viscosity models (i.e., the generalized Cross-Carreau (C-C), Cross, and the 

Cam~au models) were compared by determining the parameters in Eqs. (5-1) and (5-6b). 

First. comparison was made for the neat PS melts. All parameters except the CO2 

concentration dependency in Eqs. (5-/) and (5-6b) were estimated by non-linear regression 

as described in the Section 5.4.2. The master curves of T]IT]o versus TJo'Y generated based on 

these parameters for each viscosity model were plotted and are shown in Figures 5.13 and 

5.14. It should be noted that the residual sum of the squares (RSS) of the generalized C-C 

model is smaller than the RSSs of the other two models, indicating that the generalized C-C 

model gives the best description of the viscosity behavior of neat PS melts. Figure 5. I 3 

illustrates that all the viscosity data for the neat PS melts were reasonably well shifted to the 

master plot when the three models were used. This indicates that the effects of temperature, 

pressure and CO2 concentration, and their interactions on the viscosity could be described 

adequately by combining the Cross Carreau, or the generalized C-C model and generalized 

Arrhenius equation. These viscosity models are compared each other in Figure 5.14. The 

Carrcau model shows a sharp transition from the Newtonian viscosity region to the shear 

thinning region due to its high "a" value. The sharp transition leads to a poor agreement with 

the experimental data as indicated in Figure 5. IJ(b). However. the generalized C-C model 

and the Cross model show broader transitions leading to a good agreement \vith the 

experimental data. 



1-+7 

l 
1 e-1 

0 

~ -~ 1e-2 

1e-3 

0 Experimental values 
-- 2nd order Cross model 

1e-4 
1e+1 1e+2 1e+3 1e+4 1e+5 1e+6 1e+7 1e+8 1e+9 
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Second. all the viscosity data for PS melts and PS/CO:i solutions are used together for 

mndelin!!. and the results are shown in Figures 5.15 and 5.16. All parameters invo[\'ed in 

Lis. (5-1 J and (5-6b). including the concentration dependency. were determined by the non­

linear regression. As in the case of the neat PS melts only, the viscosity behaviors of PS 

melts and PS/CO:i solutions are best described by the generalized C-C model. In addition. the 

transition behaviors in the models for all neat PS melts and PS/CO:i solutions are similar to 

those in the models for the neat PS melts only. It is noted that the material constant. a. of the 

generalized C-C model is close to that of the Cross model; thus, the viscosity behavior of PS 

melts and PS/CO:i solutions follows the Cross model more closely than the Carreau model. A 

similar result has been published by Hieber and Chiang ( 1992) for a commercial neat 

polystyrene melt. 

5.5.2.3. Effects of T, P, C and Their Interactions on the Solution Viscosity 

The effects of temperature, pressure, CO:i content and their interactions were 

investigated by calculating the relative contribution of each term over the range of 

experimental conditions. Table 5.2 shows the estimated parameter values for the neat PS 

melts, and Table 5.3 for all the neat PS melts and PS/CO2 solutions. As shown by the RSS 

values, consideration of the interaction terms increased the accuracy of the fits significantly. 

For instance. by including the interaction and higher order tenns from the generalized 

Arrhenius equation of Eq. (5-6b), the RSS for the generalized C-C model decreased from 

0.9728 to 0.6818 for PS melts and decreased from 1.6374 to 0.8937 for PS melts and PS/CO: 

solutions. This agrees with the results of Kadijk and van den Brule ( 1994) \vho found that the 

\\'LF form including the P-T interaction term describes the zero shear viscosity of a pure PS 

melt well. 
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Table 5.2. Parameter estimations of ,•arious ,·iscosity models for unsaturated PS 

Cross Model Carreau Model C-C Model 
I st order SI 1 • order+ 1st order+ I st order 1st order+ 1st order+ 1st order 1st order+ st I order+ 

Interactions Interactions Interactions Interactions Interactions Interactions + 
+ 2nd order + 2nd order 2nd order 

11 0.1844 0.1983 0.1992 0.2385 0.2532 0.2525 0.1784 0.1845 0.1793 
a 1-n 1-n 1-n 2 2 2 0.7809 0.7324 0.6782 
t 42959 41715 39784 29797 27404 28973 44760 46236 45044 
A 9.7E-4 l.9E-4 6.6E-5 1.1 E-8 1.0E-5 5.3E-8 1.8E-3 l.06E-3 4.7E-4 
(I. 4048.3 4883.5 5507.2 12420 6776.5 10902 3738.0 3929.8 4343.2 
Tr 243.5 219.8 202.2 41.1 166.5 73.5 254.0 250.1 237.6 

~ 4.92E-8 I .76E-7 l.89E-7 4.8E-8 1.9E-7 l.99E-7 4.98E-8 1.72E-7 2.0E-7 

w - - - - - - - - -
I( - -3.93E-5 -3. 76E-5 - -4.94E-5 -7.6E-5 - -3.4E-5 -3.2E-5 
() - - - - -- - - - -
E - - - - - - - - -
~ - - -22.31 - - 22.2 - - -0.035 

C - - -9.7E-16 - - 6.9E-16 - - -1.7E-15 
{t) - - - - - - - - -
RSS 0.9792 0.8156 0.7632 2.2415 2.1448 2.1279 0.9728 0.7905 0.6818 
w 0.99790 0.99825 0.99836 0.99519 0.99540 0.99543 0.99791 0.99830 0.99854 

-'Jt 
c-



Tahir 5.3. Parameter estimations for PS melt and PS/CO2 solutions using ,·arious ,·iscosit)' models 

Cross Model Carreau Model C-C Model 
st I order st 1 • order+ I st order+ I st order 1st order+ 1st order+ I st order 1st order+ 1st order+ 

Interactions Interactions Interactions Interactions Interactions Interactions + 
+ 2nd order + 2nd order 2nd order 

11 0.1868 0.1875 0.2055 0.2372 0.2531 0.2495 0.1958 0.1893 0.1813 
a 1-n 1-n 1-n 2 2 2 0.8753 0.7403 0.6684 
't 41091 42052 38866 30479 28412 32695 38826 45292 45879 
A 5. IE-4 4.0E-5 l.7E-4 I .8E-5 I .SE-6 2.3E-5 7.9E-5 5.4E-3 2.62E-4 
a 4506.7 5834.0 4918.9 6539.7 8073.0 6263.0 5619.7 3130.0 4661.6 
Tr 225.7 192.8 219.3 168.2 134.0 178.6 192.5 278.1 228.1 
B 5JE-8 2.2E-7 2.2E-7 4.6E-8 l.6E-7 1.IE-7 5.2E-8 1.7E-7 2.5E-7 

\ll -53.1 -43.2 -57.3 -50.1 -33.3 -18.2 -51.1 -37.9 -68.2 
I( - -5.7E-5 -4.5E-5 - -4.6E-5 -4. IE-5 - -3.1 E-5 -4.7E-5 
C) - 1.9E-7 8.4E-7 - -1.3E-7 -1.3E-6 - 1.41 E-7 1.3E-6 
£ - -1384.1 -1532.3 - -3491 -1.815 - -1875.5 -949.8 

~ - - 10.27 - - -3.644 - - -8.69 

' - - -9.5E-16 - - I .82E-15 - - -1.51 E- I 5 
(t) - - 20.2 - - 100.9 - - 7.51 
RSS 1.6600 1.0449 0.9733 2.7889 2.5929 2.4936 1.6374 1.0078 0.8772 
R- 0.99686 0.99802 0.99816 0.99472 0.99509 0.99528 0.99690 0.99807 0.99834 

-v, 
-.J 
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Statistical investigation of the estimated parameters was carried out. The 2nd order 

generalized C-C model for the pure PS melt and PS/CO:! solutions, was chosen for the 

significance tests of the overall regression model and the individual parameters. First, overall 

significant test was performed based on the total viscosity data ( 419 data points) to 

investigate the validity of the regression model, and ANOVA table is shown in Table 5.-1. As 

indicated in Table 5.-1, the null hypothesis (/Ji=O) should be rejected by F-test. Thus, the 2nd 

order generalized C-C model is significant with 99% confidence level. Second, the 

significance level of each parameter involved in Eq. (5-6b) was investigated using a partial 

F-test and the results are shown in Table 5.5. (+)and(-) signs in Table 5.5 indicate whether 

the corresponding term is considered in the regression model or not. In order to calculate the 

confidence level of each parameter, a covariance matrix is required. In this study, however, 

the covariance matrix could not be calculated. Therefore, a partial F-test method derived 

from linear regression was used as an approximation. It should be noted, however, that the 

partial F-test could provide an approximate confidence level in the non-linear regression 

(Draper and Smith, 1998). As shown in Table 5.5, 11 partial regression models were tested 

for detem1ining the significance of parameters, and three parameters representing the P-T, P­

C interactions and the second order temperature dependence were not significant at a 95% 

confidence level. 

In order to clarify the effect of each term on the zero shear viscosity. the maximum 

and minimum values of each term were calculated (Tables 5.6 and 5. 7). The difference 

between maximum and minimum values of each term indicates its relative contribution to the 

zero shear viscosity. For neat PS melts. as shown in Tahle 5.6. the P-T interaction and the 2nd 
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Table 5.4. ANOV A table for the 2nd order generalized C-C model 

Sum of Square (S.S) Degree of Freedom Mean Square (M.S} 

Regression 530.8720 13 40.8363 

Residual 0.8937 406 0.0022 

Total 531.7657 418 l .2722 

Fobs=MSRc:grc:ss1onfMSn:sidual= 18562 

FI 3. -W6. u ()I ==2.3 

order pressure terms were not negligible in all models. while the 2nd order temperature term 

hardly affected the zero shear viscosity. For PS melts and PS/CO2 solutions, the P-T 

interaction, P-C interaction, and 2nd order pressure terms were not negligible in the C-C 

model. The significance of each term in Table 5. 7 generally agrees with the significance of 

each term calculated in Table 5.5 except the P-C interaction, when the 2nd order C-C model 

was considered. The difference in the significance level of the P-C interaction might be 

related to the approximated F-test in the non-linear regression. For the Cross and Carreau 

models, the C-T interaction and the 2nd order concentration terms were also significant. This 

means that the concentration terms behave nonlinearly. It should also be noted that the 2nd 

order temperature terms are small for all the models, indicating that the first order of the 

inverse temperature term describes the zero shear viscosity behavior well. 

Finally. the effect of each parameter was investigated qualitatively using a sensitivity 

analysis. A variation of one parameter equivalent to the variation of the other parameter can 

be determined from the model. As a simple calculation. for example. dissolving I wt9c of 

CO2 \vas equivalent to increasing the pressure by 9.8 MPa when the I ' 1 order Arrhenius 

approximation \Vas applied with these experimental conditions. The relationships of T-P and 



Tahlc 5.5. Significance test of each parameter in the 2nd order C-C model using partial F-tcst 

Model (l !3 \JI 1C 0 £ ~ ' (I) RSS Comparisons 
I + - - 7.83484 Models 1 and 4 
2 + + - 7.80762 Models 1 and 2 

-' + - + 4.27416 Models I and 3 
4 + + + 1.63741 Overall model 
5 + + + + - - 1.02767 Models 4 and 5 
6 + + + + + - 1.02459 Models 5 and 6 
7 + + + + - + 1.02672 Models 6 and 7 
8 + + + + + + 1.00778 Overall model 
9 + + + + + + + - - 1.00424 Models 8 and 9 
10 + + + + + + + + - 0.87811 Models 9 and I 0 
11 + + + + + + + - + 0.99371 Models 9 and 11 
12 + + + + + + + + + 0.87718 Overall model 

Significant Yes Yes Yes Yes No No No Yes Yes 
at a 95% 

confidence level 

Fobs 

777.8 
6.8 

8938.0 
777.8 
244.0 
1.25 
0.4 
4.0 
1.63 
58.2 
4.9 
29.3 

/rl, r2. 0.0.!i 

2.01 
2.01 
2.01 
2.01 
1.94 
1.83 
1.83 
1.83 
1.8 
1.72 
1.72 
1.72 

°' C 



Ta hie 5.6. Relative contribution of each term in various viscosity models for unsaturated PS 

al ~p <pC KP/ ore eC/ EJ ~p2 roC2 

(T-Tr) (T-Tr) (T-Tr) (T-Tr)2 

Cross Max 17.63 1.43 - - - - - - -
( I ~1 order) Min 13.45 0.005 - - - - - - -

Cross Max 19.27 5.12 - -0.012 - - - - -
(Interactions) Min 15.04 0.018 - -4.514 - - - - -

Cross Max 20.32 5.50 - -0.011 - - -2.0E-4 -9.9E-6 -
(2nd order) Min 16.09 0.019 - -4.038 - - -3.0E-4 -0.82 -
Carreau Max 28.75 1.40 - - - - - - -
( I ~1 order) Min 24.67 0.005 - - - - - - -
Carreau Max 22.10 5.53 - -0.013 - - - - -

(Interactions) Min 17.92 0.019 - -4.688 - - - - -
Carreau Max 27.28 5.79 - -0.016 - - I .4E-4 0.58 -
') nil I (_ Or(cr) Min 23.14 0.020 - -5.534 - - I.0E-4 7. IE-6 -

C-C Max 17.06 1.45 - - - - - - -
( I ~1 order) Min 12.86 0.005 - - - - - - -

C-C Max 17.62 5.01 - -0.012 - - - - -
(Interactions) Min 13.35 0.017 - -4.436 - - - - -

C-C Max 18.44 5.82 - -0.011 - - -3.7E-7 -l.7E-5 -
") IHI I (- oner) Min 14.15 0.02 - -3.953 - - -6.3E-7 -1.44 -

°' 



Table 5.7. Relative contribution of each term in various viscosity models for PS and PS/CO2 solutions 

al ~p q,C KP/ 6PC tC/ EJ ~p2 

(T-Tr) (T-Tr) (T-Tr) (T-Tr)2 
Cross Max 18.21 1.54 0 - - - - -

( I '1 order) Min 14.13 0.005 -2.124 - - - - -
Cross Max 20.81 6.40 0 -0.016 0.221 0 - -

( Internet ions) Min 16.59 0.022 -1.728 -5.916 0 -0.197 - -
Cross Max 19.38 6.40 0 -0.014 0.978 0 l.6E-4 -9.8E-6 

(2nd order) Min 15.12 0.022 -2.292 -5.158 0 -0.241 9.7E-5 -0.80 
Carreau Max 21.44 1.34 0 - - - - -~, 

Min 17.38 0.005 -2.004 ( 1 • order) - - - - -
Carreau Max 23.80 4.66 0 -0.011 -0.151 0 - -

(Interactions) Min 19.66 0.016 -1.332 -3.947 0 -0.412 - -
Carrcau Max 21.26 3.20 0 -0.011 -1.510 0 -2.7E-5 1.54 
1nd I ) (- on er Min 17.11 0.011 -0.728 -4.050 0 -0.0003 -4.2E-5 I .9E-5 

C-C Max 20.02 1.51 0 - - - - -
,1 I ( I on er) Min 15.96 0.005 -2.044 - - - - -
C-C Max 16.05 4.95 0 -0.012 0.164 0 - -

(Interactions) 
Min 11.75 0.017 -1.516 -4.625 0 -0.385 - -

C-C Max 19.02 7.28 0 -0.015 1.510 0 -8.7E-5 -1.6E-5 
1nd I (_ on er) 

Min 14.73 0.025 -2.728 -5.581 0 -0. 155 -I .4E-4 -1.28 

roC2 

-
-
-
-

0.032 
0 

-
-
-
-

0.161 
0 

-
-
-

-
0.012 

() 

-
°' 1-..l 
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T-C arc not simple due to their interactions and the unique mathematical form of the 

temperature dependence. 1/(T-Tr). The relationships can be estimated by solving an equation 

obtained from the exponential function of Eq. (5-6b). When the 1'1 order C-C model \Vas 

applied. for instance. a temperature increase from 200°C to 210°C was equivalent to 1.35 

wt% dissolution of CO2 or a 13.3 MPa decrease of pressure. However, an increase from 

260°C to 270°C was corresponding to 0.9 wt% dissolution of CO2 or 8.7 MPa decrease of 

pressure. 

5.6. CONCLUDING REMARKS 

The viscosities of neat PS melts and PS/CO2 solutions were measured using various 

rheometers and the measured data were interpreted as a function of temperature, pressure. 

concentration of CO2 and shear rate. In order to model the shear thinning behavior of the 

viscosity. the Cross, Carreau and generalized Cross-Carreau viscosity models were used. As 

a case study, a PS/CO2 system was studied while the CO2 content was varied from O to 4 

wt%. Careful attention was paid to maintain a single-phase polymer/ CO2 solution in the 

capillary die and the wedge die by ensuring the completion of polymer / gas solution 

formation before it entered the dies and by maintaining a high pressure at the downstream 

end of the dies. A generalized Arrhenius equation for describing the zero shear viscosity was 

proposed. The generalized C-C model gives the best description of the viscosity behavior of 

PS melts and PS/CO2 solutions. By analyzing the sensitivity of each term using the 

generalized Arrhenius equation. the effects of individual parameters such as temperature. 

pressure. concentration of CO2 and their interactions were elucidated. The I '1 order terms of 

all parameters and the 2"J order term of pressure including the interaction terms had 
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significant effects on the zero shear viscosity under these experimental conditions. 

Quantitative comparisons between parameters were discussed by calculating the relative 

contribution of each term. Finally. the solubility of CO2 in the PS melt was estimated based 

on understanding of the competing mechanisms of the hydraulic pressure effect and the 

plasticization effect of gas on the viscosity as the precipitation of CO2 occurred in the 

capillary die attached to the microcellular extrusion system. 



CHAPTER 6. EXTRUSION OF PE/PS BLENDS WITH 
SUPERCRITICAL CO2 USING A TWIN-SCREW EXTRUDER 

6.1. ABSTRACT 

A twin-screw extruder was used for the extrusion of polyethylene / polystyrene 

blends in the presence of supercritical carbon dioxide. The effects of dissolved supercritical 

carbon dioxide on the viscosity and blend morphological properties were investigated. The 

viscosities of the blend / CO2 solutions were measured using a wedge die mounted on the 

extruder. A considerable reduction of viscosity was found when CO2 was dissolved in the 

blend. It was observed that the dissolution of CO2 into PE/PS blends, regardless of the CO2 

content used. led to decreased shear thinning behavior resulting in an increase of the power 

law index from 0.29 to 0.34. The cell structure of foamed PE/PS blends showed a typical 

dependence on pressure and CO2 concentration, with higher operating pressures and CO2 

content leading to a smaller cell size. Also, it was noted that the size of the dispersed PS 

phase in the PE/PS blends decreased by increasing the CO2 concentration. and that the 

dispersed PS phase domains were highly elongated in the direction normal to the cell radius. 

6.2. INTRODUCTION 

It is well known that the final properties of polymer blends can be affected by many 

factors. such as the properties of each blend component. interfacial tension. blend 

morphology. and types of compatibilizers used. Therefore. whenever a polymer blend is 

dc~igncd. these factors should be given special consideration. The viscosity of each polymer 

blend component is one of the crucial parameters influencing the blend morphology. When 

l\\O polymers arc mixed with one another. the relationship between the size of the minor 

165 
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phase and the viscosity ratio of the blend components can be qualitatively predicted by 

Taylor·s formula ( 1932) which describes the domain size as a function of the intcrfacial 

tension. the shear rate, and the viscosity ratio. Heikens et al. (1978) investigated polyethylene 

/ polystyrene (PE/PS) blends and showed that the size of the dispersed phase generally 

followed Taylor's formula. PE/PS binary blends have been studied since the early 1970s. 

These blends are of interest due to their immiscibility and the use of certain compatibilizers. 

Rheological behavior, morphology, crystallization behavior and the effect of compatibilizers 

on PE/PS blend properties have been published as summarized in Section 2.5.2. A review of 

these studies shows that the size of the dispersed phase was highly dependent on the 

processing conditions and generally varied from 2 to 20 µm when compatibilizers were not 

used. 

Free volume is a very important concept that has been used extensively to explain 

certain rheological properties, such as the viscosity, of polymer melts, solutions, and blends. 

This concept has also been applied to polymer / gas mixtures in foaming processes. The 

viscosity reduction observed when a gas is dissolved in a polymer was described by Blyler 

and Kwei ( 1971) who introduced an analysis based on Doolittle's equation ( 1951) in order to 

describe the rheological behavior of a polyethylene / blowing agent system. Several other 

studies have examined the rheological properties of polymer / gas solution systems 

employing either chemical agents, or hydrofluorocarbons (CFC) as blowing agents. as 

rcvic\vcd in Section 2.4.2. Gerhardt et al. ( 1994) studied the viscosity behavior of 

polydimcthylsiloxane (PDMS) / supercritical carbon dioxide solutions and Kwag ct al. 

I I lJlJ6 J abo reported on the viscosity behavior of PS/CO:! systems. It was found that the 
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viscosity or PS could be reduced by two orders of magnitude with only 4.5 wt% of dissolved 

CO 2 at I 50°C. 

Supercritical fluids (SCFs) have also been used as blowing agents for foam products 

in polymer extrusion (Jacob and Dey, 1994. Dey et al., 1996, Park and Suh. I 996(a). Park et 

al.. I 995. Baldwin et al.. I 996a). Most chemical blowing agents such as azodicarbonamide 

(AZ) and dinitrosopenta-methylenetetramine (DNTP) leave some residues in the polymer 

phase. For example. AZ decomposes to 32% of gas and 68% of residue (Throne, 1996). The 

residues deteriorate the quality of the final foam products. CFCs, which are other popular 

blowing agents, are known to destroy the ozone layer and they have been replaced with other 

blowing agents such as HCFCs and inert gases. However, some polymer foams blown by 

HCFCs can be also deteriorated by the chemical attack of the blowing agents. In contrast, the 

SCF physical blowing agents such as carbon dioxide, are free from any criticisms on the 

destruction of the ozone layer and the chemical attack because of their inert nature. 

Although the viscosity of a polymer can be dramatically changed by dissolving a SCF 

and although the viscosity of polymers is a crucial factor for polymer blends, it seems that no 

applications of SCFs to polymer blends have been published. Most studies dealing with 

polymer / SCF solutions have rather focused on the solubility of SCFs, the viscosity 

reduction of pure polymers and foaming applications. 

In this chapter. the effect of supercritical CO2 on the rheological behavior and on the 

morphology of PE/PS blends has been studied using a l\vin-screw extruder system. The 

\·iscosity of PE/PS blends has been measured at various CO2 concentrations. and the effect of 

processing parameters on the size of the dispersed PS phase and cell structure have been 

investigated at various extrusion conditions and CO2 concentrations. 
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6.3. EXPERIMENT AL 

Complete dissolution of SCF in the PE/PS blend is critical before viscosity 

measurements are performed as pointed out in Chapter 5. It has been shown previously (Park 

ct al.. 1995. Lee et al., 1997) that by maintaining the melt pressure above the solubility limit 

results in the formation of a single phase PS/CO2 solution in a single-screw extruder. This 

was accomplished by assessing the effect of pressure on viscosity and on cell nuclei density 

for PS/CO2 foams. Based on similar measurements, it is believed that a single phase system 

(blend / CO2 ) is achieved in this work due to the superior mixing performance of the twin­

screw extruder and the high pressures used. 

In order to dissolve CO2 in the blend in a twin-screw extruder, an optimum screw 

configuration was determined based on several design concepts: 

(a) At the injection point of CO2, pressure fluctuations inside the barrel should be minimized 

for a stable injection. Use of conveying screw elements is recommended rather than that 

of kneading discs. 

(b) Injected CO2 should be prevented from leaking upstream. This is achieved by a melt seal 

which can be generated using a reverse conveying screw element. 

(c) The pressure downstream of the CO2 injection point should be maintained sufficiently 

high above the solubility pressure, to ensure that CO2 remains dissolved in the polymer 

phase. For that purpose, the barrel pressure can be manipulated through the die resistance. 

(dJ Although the mixing capability of a twin-screw extruder is much higher than that of a 

single-screw extruder. an array of kneading discs was used to ensure complete dissolution 

orco.2-
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In order to measure the viscosity of the flowing polymer/ SCF solution, a converging 

\vcdge die with three pressure transducers was used to allow for viscosity measurements at 

various shear rates for a given flow rate. Conventional slit dies and capillary dies by 

comparison. measure the viscosity at a fixed shear rate determined by the flow rate of the 

polymer melt. The pressure in the wedge die was controlled by varying the opening 

area/resistance of a secondary die attached downstream. 

6.3.1. Equipment and Materials 

The extruder used in this study is a Leistritz LSM 30.34, intermeshing and co-rotating 

twin-screw machine having a 34 mm screw diameter. Polymers were fed by a K-tron feeder 

(L WFD 5-200), and CO2 was injected into the extruder through an injection port on the 

barrel using a syringe pump. The pressure at the barrel injection port was monitored by a 

pressure transducer (Dynisco PT462-5M-6/18), and three other transducers (one Dynisco 

PT462-7.5M-6/l 8, two Dynisco PT462-5M-6/18) were installed in the wedge die for 

pressure measurements. The temperature of the blend/CO2 solutions was measured using a 

fiber optic melt temperature transducer (Dynisco MTS 922-6/24) at the c;!nd of the wedge die. 

In this study, Nova Chemicals IOIC PS and Nova Chemicals I,..F0219A LOPE were 

used at a blend ratio of LOPE/PS 80/20. Material data were listed in Chapter 3. CO2 was 

supplied by Air Products with 99.997% purity. The polymer feed rate was varied from 50 to 

100 g/min. and a relatively low screw speed of 50 rpm was used in order to minimize the 

heat generation in the barrel. The solution temperature in the wedge die was maintained 

bet\vcen I 93°C and I 96°C. and the content of CO2 in the polymer was controlled below sc_-c 

by weight. A schematic diagram of the entire extrusion system is shO\vn in Figure 6.1. The 

screw configuration shown in Figure 3.12 was used in this chapter. 
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6.3.2. Procedures 

First. a metered amount of CO:! is injected into the polymer melt in the extruder barrel 

using the syringe pump. The injected gas amount is controlled at a level less than the 

solubility limit at the processing temperature and pressure. The polymer feed rate is 

controlled by the feeder. and the two polymers are blended by tumbling before loading into 

the feeder. The injected CO:! bubbles are well mixed with and dissolved in the polymer melt 

blend \vhile they flow downstream through a set of screw and kneading disc elements. The 

barrel pressure at the injection point is monitored for a stable injection of CO2 . The blend / 

CO 2 solution formed flows into a wedge die equipped with three pressure transducers and a 

temperature sensor. All signals from the die are monitored through an Opto 22 data 

acquisition system. The pressure in the wedge die is controlled by a secondary die attached 

downstream. The secondary die is specially designed to easily control the flow resistance by 

changing its opening area. Finally, the extruded foamed filament is cooled in a water bath 

and sampled for investigating the cell structure and the blend morphology. In order to 

investigate the cell structure and the morphology of the dispersed PS phase, a scanning 

electron microscope (SEM, JEOL JSM-840) was used. All foamed filaments were fractured 

in liquid nitrogen and coated with gold for the SEM analysis. 

6.4. RESULTS AND DISCUSSION 

6.4.1. Wedge Die Calculation 

Converging dies have been used extensively in polymer melt extrusion and the 

principles of converging flows have also been applied to the design of rheometers for on-line 

\'i~cosity measurements. Converging conical and wedge dies are capable of measuring the 
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viscosity at various shear rates, for a fixed polymer flow rate. By comparison. slit and linear 

capillary dies. measure the viscosity at fixed shear rates determined by the polymer flow rate. 

Flow analysis calculations for converging flows have been reported in the literature (Section 

2.--1-.3.2). Cogswell ( 1972) analyzed the flow in terms of the extensional and simple shear 

flow components while Lenk ( 1978. 1979, 1981) introduced several simplifying assumptions 

when the converging angle was small and equations for pressure drop calculation through 

conical and wedge dies were derived for a power law fluid. Pabedinskas ( 1992) used this 

simple method to measure on-line the viscosity of controlled-rheology degraded 

polypropylenes. 

In this section. the pressure drop of a Carreau fluid and the temperature increase of a 

power-law fluid through a wedge die were investigated. If the experimental shear rate is low 

and the flow behavior deviates from the power-law region, the pressure drop for a power-law 

fluid derived by Lenk (I 978, 1979, 1981) can not be used. In addition, if the temperature 

increase due to the viscous heating through the wedge die is significant, the non-isothermal 

effect should be considered in the viscosity calculation. Therefore, these two cases are tested 

in this section. 

6.4.1.1. Pressure Drop of a Carreau Fluid 

The pressure drop of a Carreau fluid was derived during the flow through the wedge 

die shown in Figure 6.2. The viscosity of the Carreau fluid is 

(6-1 l 

where 1]11 is the zero-shear viscosity, A. 1s the characteristic relaxation time. and II is the 

power-law index. The analytical equations for the pressure drop, P0-P1_ arc shown in Eqs. (6-

2) and (6-3). The detailed derivation procedures arc shown in Appendix Ill. 
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(6-2) 

where Q denotes the volumetric flow rate of a polymer or polymer/ CO2 solution. n is the 

power law index. K is the consistency index. and h0 and '1 1 are the heights at the die entrance 

and exit. respectively. As shown in Eqs. (6-2) and (6-3) the governing equations are divided 

• ( 6QA l 2,z +I) 111to t\VO cases by the value of --
1
-

wlz, 311 
m order to integrate the binomial scncs 

ru11ction. 

Using material data such as n, T}o. A, and the die dimension. the pressure drops along 

the wedge die can be calculated for the Carreau fluid. By increasing A value. Eq. (6-/) 
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reduces to the power-law model. The calculated pressure drops of the Carreau and the power-

la\v fluids are shown in Figure 6.3. n=0.264. K=21130 Pa-s". 1Jo=5010 Pa-s. and A.=0.1798 s 

were used as material data for polystyrene. It should be noted that the Carreau model 

prediction was obtained by the expansion up to the 41
" term. Figure 6.3 indicates that the 

pressure drop predicted by the Carreau model is less than that of the power-law model at low 

shear rates. while the two pressure drops are similar in high shear rate. This means that the 

predicted viscosity of PS using the Carreau model will be lower than that using the power­

la\\' model. 

[t should be noted that the pressure drop estimated by the Carreau model in the wedge 

die. diverges near the shear rate of ( 
6

Q~ )( 
2

" + 
1 
)= I. The governing equations of the 

u:/z
1
- 3ll 

pressure drop. Eqs. (6-2) and (6-3). diverge to + 00 or - 00 when the degree of the expansion. 

k. is an even or odd number. respectively. There is a shear rate range in which the viscosity 

cannot be estimated by measuring the pressure drop. This is defined as "the dead shear rate 

zone" in this study. The range of the dead shear rate zone is a function of the time constant. 

A. and the volumetric flow rate, Q. The sensitivity of the dead shear rate zone was 

investigated by changing the time constant, and the results are shown in Figure 6.4. It should 

be noted. by definition, that the increase of the time constant results in the decrease of the 

onset shear rate showing the shear-thinning behavior. By increasing the time constant of a 

polymer, the range of the dead shear rate moves to lower shear rate. Thus. the dead shear rate 

zone is related to the onset shear rate showing the shear-thinning behavior. 
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Figure 6.3. Comparison of the predicted pressure drops for polystyrene using Carreau and 
power-law models 
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In this chapter. all viscosity mea-.urements were performed at the shear rates showing 

the power-law behavior. The Rabinowitsch-corrected pressure equation of the power-law 

fluid in the wedge die is 

nP=~(6Q211+1)"[-l (-1 __ I)+ l (-1 __ I)] 
tan0 W 3n 2n I,;" I,;" W(2n -1) /,;"- 1 

/~;n-l 

(6-4) 

By measuring three pressures, P0 , P1, and Pi, two pressure drops. dP0.1 and M1-2. are 

determined. Then, the pressure drop ratio between the two sections is 

(6-5) 

where 11P0 . 1 and .d?1.2 are pressure drops and Q0. 1 and Q 1.2 are volumetric flow rates 

upstream and downstream of point I in the wedge die, respectively. Eq. (6-5) is only function 

of the volumetric flow rates and the power law index. 

The volumetric flow rates can be calculated from the mass flow rate and the density 

of the blend / CO2 solution. The density may be considered constant for pure polymer melts, 

however, the density variation of the polymer/ gas solution with pressure is higher than that 

of a pure polymer. The solution density estimated from S-L EOS theory was used in this 

chapter. The detail procedures for the density estimation were explained in Chapter 4. The 

interaction parameter between each polymer and CO2 was assumed to have a constant value 

of 0.0 I because the dependence of solution density on the interaction parameter is very small. 

.-\s indicated in Section 4.4.3 and Figure 4.6. the solution density of PS/CO2 solution docs 

not change significantly specially when the CO2 concentration is low. 
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By determining the volumetric flow rates using solution density and mass flow rate. 

the pO\ver law index, n, can be calculated from Eq. (6-5) and then the consistency index. K. 

can be obtained from Eq. (6-4). Finally. the Rabinowitsch-correctcd solution viscosity is 

= K(2n+/ )"-'(~)rr-/ 
TJ 3n Wlz 2 

(6-6) 

6.4.1.2. Temperature Increase in the Wedge Die 

The effect of viscous dissipation on the polymer temperature m the wedge die was 

investigated. An equation for the temperature difference between the die entrance and the die 

exit was derived, and the derivation procedures are also shown in Appendix III. The power­

law model was used for the derivation because the viscous dissipation is usually small at low 

shear rates and the experimental measurement of the viscosity was performed up to the shear 

rate of IO00 s- 1
. The wall of the wedge die was assumed as an adiabatic wall. The equation 

for the temperature difference. ('1T)butk, is 

(6-7) 

where K is the consistency index of the power-law model, p is the density, and cp is the 

specific heat of polymer melt. Eq. (6-7) indicates that the temperature increase is 

proportional to the n power of apparent shear rate at the die exit. The estimated temperature 

increases between I st and 3rd pressure transducers of the wedge die are shown in Figure 6.5. 

The temperature increases for both polymers are below I °C up to I 000 s· 1 of shear rate. 

Therefore. the viscous dissipation effect on the viscosity was ignored in this chapter. 
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6A. I .3. Sensitivity of Viscosity on the Polymer Density 

The sensitivity of the viscosity variation to the density was demonstrated. Although 

the S-L EOS gives an accurate estimated density values for PDMS/CO2 system (Garg ct al.. 

I 99...i l. a certain level of error might be involved in the density prediction for PE/PS/CO2 

systems. Therefore. a sensitivity study was carried out by changing the density values. 

Density ,·alucs predicted by the S-L EOS were varied by ± 5% and the result is shown in 

Figure 6.6. It was found that the calculated power-law index was unaffected while the 

consistency index was slightly increased (less than 5%). However, such variations in density 

would require pressure fluctuations in the order of 500 atm. Since such pressure fluctuations 

are not encountered in our experiments, it is believed that the effect of the estimated density 

value on the viscosity calculation is not significant. 

6.4.2. Viscosity of (PE/PS) Blend / CO2 Solutions 

The viscosity of PE/PS blends containing CO2 was measured using the wedge die 

shown earlier. The CO2 content was varied from O to 5 wt%. The viscosities of a PE/PS 

blend and several PE/PS/CO2 solutions measured at various shear rates are shown in Figure 

6. 7. A reduction in the viscosity was observed for PE/PS/CO2 solutions compared to the pure 

PE/PS blend. In general, the PE/PS/CO2 viscosity tended to decrease as the CO2 content 

increased. All viscosity data in Figure 6.7 are Rabinowitsch-corrected values. and they are 

normalized to I 95°C using the temperature shift factor as suggested by Rauwendaal ( I 990). 

Also. the mean pressure for each curve was controlled in the range of 19.2 ± 0.3 MPa in order 

to eliminate the effect of pressure on the viscosity. 

It can be seen that typical shear thinning behaviors were observed for the PE/PS/CO2 

solutions as well as for the PE/PS blend. It should be noted, however. that the shear-thinning 
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beha\·ior of PE/PS/CO2 solutions is less than that of the pure PE/PS blend. In order to 

in\·estigate the shear-thinning behavior. the power law index values were computed and they 

arc ploued in Figure 6.8. It is observed that dissolution of CO2 into the PE/PS blend. results 

in an increase of the power law index. However. it seems that the CO2 content does not 

significantly affect the power law index value (about 0.34) for PE/PS/CO2 blends. Bigg et al. 

( 1976) have reported that the power law index decreased from 0.33 to 0.27 after 

compounding with a blowing agent in their PS system. However. it is ambiguous whether 

their polymer/ blowing agent mixture was a single phase or not. The increase of the power 

law index value observed in Figure 6.8 may be explained in terms of the temperature and 

free volume effects on viscosity. It is well known that the power law index increases with 

increasing temperature for most polymers (Bird et al., 1987). However, a temperature 

increase means an increase of the free volume of the polymer. A free volume increase. which 

reduces the glass transition temperature, can also be achieved by the dissolution of a gas into 

a polymer (Beckman and Porter. 1987, Wissinger and Paulaitis, 1987, Gendron et al.. 1996). 

Therefore. the temperature increase and the dissolution of a gas into a polymer have an 

equivalent effect on viscosity and shear thinning behavior. which explains the data in Figure 

6.8. 

6.4.3. Morphology of PE/PS Blends 

Upon exiting the die, the extruded polymer I gas solutions were found to foam. The 

cell morphology of the foamed extrudate filaments of PE/PS blends was investigated by 

SE'.\l. It is \\'ell known that the operating pressure affects the cell size in foaming processes 

( Park and Suh. 1996a. Throne. 1996). It is also known that the cell density and size depend 

on the content of the dissolved blowing agent with the cell density (cclls/cm3
) increasing with 
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an increase in the gas content (Park et al., 1994 ). On the other hand. since the average cell 

size decreases as the cell density increases. the cell size decreases with an increase in the gas 

content (Park et al.. 1995. Throne. 1996). As shown in Figure 6.9. these behaviors were 

observed for the PE/PS blend systems. The first three micro graphs in Figure 6. 9 show hO\v 

the eel I size changes with the mean pressure in the wedge die. The cell size is dramatically 

reduced by increasing the die pressure at a constant concentration of CO2 (3 wt9c ). The last 

three micrographs in Figure 6. 9 show that the cell size decreases with an increase in the CO 2 

content at a constant die pressure ( 19.2 MPa). In order to determine the cell size and the 

distribution behavior, the foamed sample collected at 5 wt% of CO2 and 19.2. Figure 6.9(JJ. 

was inYestigatcd using an image analyzer (Optimas 5.1. Optimas Corporation) and the result 

is sho\vn in Figure 6. I 0. The foamed sample was rnicrotomed at -30°C for SEM observation. 

and several SEM images having different magnifications were taken for the quantitative 

analysis. As indicated in Figure 6.10, the mean cell diameter (number average) is 10.7 µm. 

which indicates the microcellular structure. 

The blending morphology was also investigated for the PE/PS and PE/PS/CO: 

filaments. The size of the dispersed PS phase is compared at various CO2 contents in Figure 

6. //.The fracture surf aces are perpendicular to the flow direction. and correspond to the area 

between cells as schematically shown in Figure 6./ /(a). As explained before. the dcmain 

size of the PS phase in a PE matrix has been reported to vary from 2 to 20 µm when no 

cornpatibilizers arc used. In this experiment. the dispersed PS phase has a size of 2-10 µm 

\\ hen the blend was prepared without the injection of CO2 as shown in Figure 6.1 /(h). 

However. when CO2 was used. the size of the dispersed PS phase was reduced dramatically 

as shown in Figure 61 /(c) and (d): the number average diameter of the dispersed PS phase is 
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(a) (d) 

(b) (c) 

(c) (f) 

Figure 6.9. SEM photographs of PE/PS blends at: 
- constant CO2 content (3 wt% CO2): (a) IS.2 MPa (b) 18.9 MPa (c) 22.l MPa, 

- constant die pressure (19.2 MPa): (d) 3 wt% CO2 (e) 4 wt% CO2 (f) S wt% CO2 
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(a) (c) 

(b) (d) 

Figure 6.11. SEM photographs of the PE/PS blends at various contents of CO2 (19.2 MPa) 
(a) Schematic diagram of fracture surface. Photographs b, c, d correspond to black 

square. (b) 0 wt% CO2 (c) 3 wt% CO2 (d) 5 wt% CO2 
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0.78 µm when 5 wt% of CO2 was dissolved in the blend. The size reduction of the dispersed 

PS phase was also observed on the cryo-microtomed surface as shown in Figure 6.12 (SEM 

pholOgraphs in Figure 6.12 were taken at Institut fur Polymerforschung Dresden e. V .. 

Germany). ln Figure 6. J /, it should be noted that the fracture surfaces of the PE/PS/CO2 

blends were quite flat when they were compared to the PE/PS blend. This fracture 

characteristic implies that the crack penetrated the dispersed PS phase instead of the interface 

bet\veen PE and PS. This could be attributed tc extensive elongation of the dispersed PS 

domains in the flow direction and subsequent extensive increase of interfacial area. In order 

to test this assumption of the elongated morphology, fracture surfaces parallel to the flow 

direction were prepared as shown in Figure 6. I 3(a). An interesting morphology was 

observed for the PE/PS/CO2 blends. While the PS domain in the PE/PS blend maintained a 

spherical shape (Figure 6. I 3(b)) as in the fracture surfaces reported in Figure 6. I l. the PS 

domains in the PE/PS/CO2 were highly elongated as shown in Figure 6./3(c). PS domains 

were found to elongate between the CO2 cells. This seemed to suggest that the size reduction 

of the PS domain might be due to the compression between the cells. Finally, it was observed 

that although the die pressure affected the cell size, it did not affect the size of the dispersed 

PS domains. 

6.5. CONCLUDING REMARKS 

The effects of dissolved supercritical CO2 on the rheological and morphological 

properties were investigated for PE/PS blends in a twin-screw extruder. A considerable 

reduction in the viscosity was observed for PE/PS/CO2 solutions. and the power-law index 

was found to increase when CO2 was used in the blends. The cell structure of foamed 
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filaments was observed at various contents of CO2 and pressures. The cell structure of the 

PE/PS blends showed the same behavior observed for pure polymers. Higher operating 

pn:ssures anJ CO2 content led to smaller cell size and it was found that CO2 cells produced 

elongated cylindrical PS domains. The size and shape of the dispersed PS phase \a,,ere also 

investigated. and while the size of these PS domains decreased by increasing the CO2 

content, it was not affected by the operating die pressure. 



CHAPTER 7. EXTRUSION OF PE/PS BLENDS WITH 
SUPERCRITICAL CO2 USING TANDEM EXTRUSION SYSTEMS 

7.1. ABSTRACT 

Various extruder configurations including twin/single tandem extrusion system were 

designed for investigating the effects of dissolved supercritical carbon dioxide on the 

viscosity and morphological properties of polyethylene, polystyrene and their blends. The 

viscosities of the polymer / CO2 and the blend / CO2 solutions were measured at various 

concentrations of CO2 and PE/PS blending ratios using a wedge die mounted on the twin­

screw extruder. The effect of CO2 on the morphology of PE/PS blends was also investigated 

using a twin/single screw tandem system. This system allowed for preferential dissolution of 

the CO2 into the matrix and/or dispersed polymer phase. By introducing devolatilization to 

the tandem system. the morphological behaviors of PE/PS blends were investigated on 

unfoamed filaments. In general, the mixing between two polymers was improved by the 

dissolution of CO2. The size reduction of the dispersed phase was successfully explained 

using the viscosity ratio of the two polymers. Finally, the interface between foamed and 

unfoamed polymer was studied in a bilayer structure produced by using a special 

configuration the tandem system. 

7.2. INTRODUCTION 

Extensive studies for polystyrene / polyethylene blends have been carried out as a 

I) pica! immiscible blend system as reviewed in Section 2.5.2. The literature review shO\vs 

that the degree of mixing between two polymers highly depends on the processing conditions 

and the size of the dispersed phase generally varies from 2 to 20 µm when compatibilizcrs 
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arc not used. And the size of the dispersed phase has been reported up to sub-micron order 

when compatibilizers were used. 

Several parameters. such as composition. viscosity and elasticity ratio. interfacial 

tension and shear stress have been used for explaining the size of the dispersed phase in 

immiscible blending systems. Taylor (l 932) proposed a formula that describes the size of 

the dispersed phase as a function of the shear rate, the interfacial tension and the viscosity 

ratio. Vanoene (1972) studied the effect of viscosity and elasticity ratio for a mixture of 

immiscible fluids. Wu (1987) reported that the dispersed particles become larger when the 

viscosity ratio increases above unity or decreases below unity. Fa vis and Chalifoux ( 1987) 

investigated the effect of viscosity ratio on polypropylene / polycarbonate blends. They 

reported that the size of the dispersed phase was minimized when the viscosity ratio of the 

dispersed phase and the continuous phase was 0.15 in their blending system. 

Several papers have been published on applications of SCFs to polymer blends. The 

sorption behavior of CO2 was investigated in polystyrene/ polycarbonate blending system by 

Kato et al. ( 1997). Elkovitch et al. (1998) reported the effect of CO2 on a PMMA/PS blend. 

They reported that the size of the dispersed PMMA phases decreased by dissolving CO2 into 

the blend in their experiments using a high pressure mixing vessel. They argued that the 

smaller dispersed phase was obtained due to the higher sorption of CO2 into the PMMA 

phase. which leads to the closer viscosities between two polymers. Also. Lee et al. ( 1998) 

pcrformed experiments for PE/PS blends with supercritical CO2 using a twin-screw extruder. 

They measured the solution viscosity on-line and investigated the foamed structure and the 

dispersed morphology. They found a considerable viscosity reduction for PE/PS=80/20 hlend 

by dissolving supercritical CO2 and clarified the behavior of the cell structure of the PE/PS 



196 

blends: higher operating pressure and CO2 content led to smaller cell size. They aiso found 

the dispersed PS phase highly elongated in the direction normal to the cell radius. 

In this chapter. a PE/PS blending system was investigated in the presence of 

supercritical CO:: using various extrusion configurations. These configurations were specially 

designed for the study of the rheological and morphological behavior of this system. 

Viscosities of PS, PE and their blends at various blending ratios were measured at various 

concentrations of carbon dioxide using a twin-screw extruder (Configuration I). 

Morphological studies were also performed using the other extrusion systems 

(Configurations II, III and IV). The tandem system allowed for preferential dissolution of 

CO2 into the matrix and/or dispersed polymer phase. 

7.3. DESIGN OF EXPERIMENTAL SETUP 

7 .3.1. Extrusion Using a Twin-screw Extruder {Configuration I) 

First, experiments were performed in a twin-screw extruder. The extruder and the 

screw configurations are identical to the configurations used in Chapter 6 (Figure 6.1 and 

3.12). In this case, two polymers were blended by tumbling before loading into a feeder. It 

has been shown previously that by maintaining the melt pressure above the solubility limit 

can result in the formation of a single-phase polymer / CO2 solution in a single-screw 

extruder (Park ct al.. 1995, Park and Suh. 1996a). This was accomplished by assessing the 

effect of pressure on Yiscosity and on cell nuclei density for PS/CO2 foams. Based on similar 

measurements. it is believed that a single-phase system (blend / CO2) was achieved in this 

work. Detailed experimental procedures were explained in Chapter 6. In this experimental 

setup. the injected CO2 precipitates at the exit of the secondary die. Thus. as the solution 
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approaches the die exit. the pressure decreases and the specific volume of CO2 increases. 

Therefore. the extrusion speed of the filament was highly increased. Also, the solution 

experienced an elongational flow in a wedge die even though the converging angle was IO\v 

(0.9°). As a result. the elongational flow led to a highly elongated dispersed phase in this 

configuration (Lee et al.. 1998) 

7.3.2. Extrusion Using a Twin/single Tandem Extruder System 
(Configurations II, Ill and IV) 

In Configuration II. two extruders, a single-screw extruder and a twin-screw extruder, 

were connected as shown in Figure 7. I. A metered amount of CO2 was injected into the 

single-screw extruder using a syringe pump and dissolved into the polymer melt. In order to 

achieve complete dissolution of CO2, a special single-screw having a long metering zone was 

designed. The solution was fed into the barrel of the twin-screw extruder through a 

connector. The connector, equipped with a temperature controller, was specially designed for 

high pressure use. While a polymer/ CO2 solution was prepared in the single-screw extruder, 

the other polymer was fed into the twin-screw extruder and plasticized. The two polymer 

streams were blended in the twin-screw extruder. An optimum screw configuration was 

designed for generating high pressure and high mixing performance in a section of the twin­

screw extruder. and it is shown in Figure 7.2(a). The high pressure section consisted of left­

handed scrc\v clements and a combination of kneading discs. Right after the high pressure 

section. a series of right-handed screw clements were located in order to precipitate the 

dissoh·cd CO 2 from the polymer blend. The precipitated CO2 was vented out before the die 

exit as indicated in Figure 7.1. It should be noted that. in Configuration II. a die having a low 

resistance was use<l instead or the wedge die to minimize the elongational flow. 
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In Configuration lll. the polymer/ CO:!. solution prepared in the single-screw extruder 

\Vas connected to the other stream at the wedge die attached to the twin-screw extruder as 

shown in Figure 7.3. By injecting the polymer/ CO:!. solution into the other polymer stream 

al the wedge die. no mixing between two polymer streams was involved and a bilayer 

structure could be obtained in the extrudate. The same screw configuration (Figure 3.12) 

used in the twin-screw extruder (Configuration I) was used. 

Configuration IV has a similar extruder configuration and experimental procedures to 

Configuration III. However, the single-screw extruder was connected to the barrel of the 

twin-screw extruder instead of the wedge die as indicated in Figure 7.4. A secondary die was 

also used for maintaining the high pressure in the wedge die. It should be noted that the 

temperature of the polyethylene stream in the twin-screw extruder was controlled around 

l40°C. However, the temperature of PS/CO:!. solutions in the single-screw extruder was about 

200°C. After combining the two streams, a moderate mixing was taken place using a screw 

configuration shown in Figure 7.2(b). 
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7 .4. EXPERIMENT AL 

7.4.1. Equipment and Procedures 

The extruders used in this study were a Haake Rheomix 252 si~gle-scre\v extruder 

and a Leistritz intermeshing and co-rotating twin-screw machine having a 34mm screw 

diameter. The screw geometry of the single-screw extruder was specially designed for 

preparing polymer/ CO2 solutions, as shown in Figure 3.5(b). Polymers were fed into the 

twin-screw extruder by a K-tron feeder, and into the single-screw extruder by a Brabender 

FlexWall feeder. CO2 was injected into the extruder through an injection port (Figure 3.8) on 

the barrel of the single-screw extruder using a syringe pump. During experiments, all 

pressures at the single-screw extruder, the twin-screw extruder and the wedge die were 

monitored through an Opto 22 data acquisition system using LABVIEW programs in 

Appendix I. Finally, the extruded filament was cooled in a water bath and sampled for 

investigating the blending morphology. A scanning electron microscope was used and all 

filaments were fractured in liquid nitrogen and coated with gold for the SEM analysis. Some 

filaments were etched using toluene to dissolve out the PS phase. 

7.4.2. Experimental Conditions 

The detailed experimental conditions are listed in Table 7. I for each configuration. 

The screw speed of the twin-screw extruder was fixed at 50 rpm. HO\vever. the screw speed 

of the single-screw extruder was controlled for a constant feed rate because the feed rate in a 

-,ingk-scrcw extruder depends on the pressure at the die. Pr. Ps and P11 in Tahle 7./ denote 

the pressure values at the various locations of the twin-screw extruder, the single-screw 

c.,truder and the wedge die. respectively. as indicated in Figures 7.1. 7.J and 7.4. 
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Table 7.1. Experimental conditions at various equipment configurations 

PE/PS Fed polymer Screw speed Pressure 
Config- Ratio (rpm) (MPa) Measure-
uration ments 

Twin Single Twin Sin1de Py Ps Pw 
I 100/0, PE/P 50 10.3 13.8 Viscosity. 

80/20. s - - Cell 
50150, 17.2 27.6 structure, 
20/80, Blend 
0/100 morphology 

II 90/10, PE PS 50 15-25 13.8 22.7 Blend 
83/17, or or morphology 
50150, PS PE 
17/83 

Ill 60/40 PE PS 50 17 22.7 20.7 Cell 
structure, 
Blend 
morphology 

IV 90/10 PE PS 35 25 15.6 22.0 20.4 Cell 
structure, 
Blend 
morphology 

7.5. RESULTS AND DISCUSSION 

7 .5.1. Viscosity Measurement of Polymer / CO2 Solutions 

The viscosities of polymers and their blends were measured at various concentrations 

of CO2 using the Configuration I shown in Table 7.1. The shear viscosity data of PS/CO2 and 

PE/CO2 solutions are shown in Figure 7.5, respectively. The experiment for the viscosity 

measurement using a wedge was followed by the method explained in Chapter 6 (Lee ct al.. 

1998 ). Al I viscosity data were Rabinowitsch-corrected values. and they \Vere normalized to 

I 95"C using a temperature shift factor. Also. the mean pressure for each curve was controlled 

in the range of 19.2 ± 0.3 MPa in order to eliminate the effect of pressure on the viscosity. As 

indicated in Figure 7.5. a reduction in the viscosity was observed by dissolving CO2 into the 
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polymers. In general. the solution viscosities tended to decrease as the CO2 content increased. 

It should be noted. however, that the viscosity reduction of the PS/CO2 solutions ( Figure 

7.5(a)) is more than that of the PE/CO2 solutions (Figure 7.5(b)). As explained in Chapta 6. 

the temperature increase and the dissolution of a gas into a polymer can be understood to 

have an equivalent effect on the free volume. In these experiments, the working temperature 

is closer to the glass transition temperature of PS than that of PE. As a result. the higher 

viscosity reduction in PS/CO2 solutions can be explained. It should be noted that the (PE/PS) 

blend / CO2 solution also showed similar viscosity behaviors as shown in Figure 7.6. The 

mean pressure in Figure 7.6 was controlled in the range of 19.2 ± 1.1 MPa. Higher content of 

PS in the blend led to higher reduction in the viscosity. It should be noted, however. that the 

viscosity reduction of the blend/ CO2 solutions was in between those of the PS/CO2 and the 

PE/CO2 solutions. 

7 .5.2. Morphology of PE/PS Blends in a Twin-screw Extruder 
(Configuration I) 

The blending morphology was investigated for the PE/PS blends at various blending 

ratios and concentrations of CO2 using Configuration I. In the case of a blend having 

dispersed PS phase (PEIPS=S0/20), the difference in the blending morphologies between 

unsaturated and saturated PE/PS blends were already compared in Chapter 6: the dispersed 

PS domains were highly elongated to the flow direction by dissolving CO2. which results in a 

.... uhsequenl increase in interfacial area. In this chapter. a similar behavior was observed at 

hknding ratio of PE/PS=20/80. Figure 7.7 shows the blending morphology of PE/PS=20/80 

hknds al \'arious concentrations of CO2 when the fracture surfaces arc perpendicular 10 the 

!"low direction. The size of the dispersed PE phase was generally reduced hy increasing the 
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(a) (b) 

(c) (d) 

Figure 7.7. SEM photographs of PE/PS (20/80) blends at various contents of CO2: 

(a) 0 wt% CO2 (b) 2 wt% CO2 (c) 3 wt% CO2 (d) 4 wt% CO2 
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concentration of CO2. It should be noted. however. that the size of the dispersed PE phase 

\\'as not reduced dramatically as shown in the dispersed PS phase reported in Chapter 6. The 

size of the dispersed PE particles will be further discussed with non-foamed blending 

morphology obtained from a tandem extrusion system in Section 7 .5.3. 

An interesting behavior was found in the PEIPS=20/80 blending ratio. During the 

extrusion when CO2 was not used. the minor component. PE. was mainly found at the surface 

of the cooled strand. The morphology was verified using SEM for the surface of the filament. 

In order to prepare the SEM specimen. the surface area and core area of the filament were 

separately dissolved in toluene and the PE phases were separated by centrifuging. As 

indicated in Figure 7.8(a) and 7.8(c), the PE phase collected from the core of the filament 

formed the dispersed phase regardless of the amount of CO2 (0% vs 4% ). However. it was 

observed that the PE phase collected from the surface of the filament showed different 

morphologies. The PE phase looks like continuous even at a content of 20 wt% when CO2 is 

not dissolved (Figure 7.8(b)). This behavior has been widely observed in polymer melt 

processing, and is known as a skin-core effect due to the viscosity difference (Paul and 

Newman. 1978). The phase separation due to the skin-core effect. however. was significantly 

reduced when CO2 was used. Thus. no continuous PE phase was observed at the surface of 

the filament as shown in Figure 7.8(d). It is believed that the viscosity ratio of the two 

polymers affects the morphology of polymer blend / CO2 solutions. By dissolving CO2 ir. 

PE/PS blend system. the viscosities of two polymers arc closer t0 each other. Based on 

Figure 7.5. the viscosity ratio of PE (dispersed phase) and PS (continuous phase). 171•1/T71.,. 

was increased from 0.37 to 0.62 at the 10 s· 1 of shear rate by dissolving 4 wt% of CO2. The 

PE/PS=S0/50 blends were also obtained at various concentrations of CO2 us111g 



(a) (b) 

(c) (d) 

Figure 7.8. SEM photographs of PE/PS (20/80) blend after etching using toluene for the 
filament surface 

(a) core, 0 wt% CO2 (b) surface, 0 wt% CO2 (c) core, 4 wt% CO2 (d) surface, 4 wt% CO2 



213 

Configuration L However. it was very difficult to clarify the effects of supercritical CO: on 

the blending morphology at this blending ratio due to the co-continuous phase structure. 

7 .5.3. Morphology of PE/PS Blends in a Tandem System 
(Configuration II) 

In order to investigate the effect of CO2 on the blend morphology without foaming, a 

tandem extrusion system (Configuration II) having a devolatilization section was specially 

designed as shown in Figure 7./. While the polymer / CO2 solutions experienced the 

elongational flow in the Configuration I due to the converging wedge die and the rapid 

expansion of CO2 at the die exit, the elongational flow was minimized in the Configuration 

II. It is very difficult to determine the actual size of the dispersed phase in the foamed and 

elongated morphology obtained from the Configuration I. In order to clarify the effect of CO2 

on the polymer blend, the injected CO2 was vented after the mixing process. In order to 

prevent coarsening of the dispersed phase after the CO2 ventilation, the screw mixing action 

was minimized. Thus, extensive mixing was carried out only in the high-pressure section. As 

explained in the experimental section, the high-pressure section in the twin-screw extruder 

was built using a series of left-handed screw and kneading discs. After the devolatilization 

section. the polymer blends were extruded through the low resistance die. 

When the blending ratio was controlled to be PE/PS=90/l0 and when the 

concentration or CO2 was controlled to be 0, 5 and IO wt% based on PS (0. 0.5 and 1.0 wtCJc-

based on total polymer). the blending morphologies arc compared in Figure 7. 9. In this case. 

the \'iscosity reduction occurred only in the PS phase in the single-screw extruder. Thus. the 

\·iscosities of two polymers were getting closer at the early stage of the mixing process. 

Based on Figure 7.5. the viscosity ratio of the dispersed and the continuous phase ( 17,./171.,) 
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(a) 

(b) 

(c) 

Figure 7.9. Morphologies of PE/PS (90/10) blends obtained from Configuration II at various 
concentrations of CO2 

(a) 0 wt% CO2 based on PS (b) 5 wt% CO2 based on PS (c) 10 wt% CO2 based on PS 
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was reduced from 2.69 to I. 14 at 10 s- 1 of shear rate bv dissolvin2 5 wt% of CO,. SEM 
~ ~ -

photographs in Figure 7. 9 indicate that by injecting CO2 the size of the dispersed PS domains 

decreased from about 10 µm to 2 µm .. It should be noted. however, that no significant 

differences were observed between 5% and 10% (Figure 7.9(b) and 7.9(c)). This behavior of 

the size of the dispersed PS phase of (PS/CO2)/PE blends can be explained using a solubility 

limit. At the operating pressure (13.8 MPa) the solubility of CO2 in PS is known to be 4.7 

wt% at l 80°C (Sato et al.. 1996). Even though we injected up to lO wt% of CO2 based on PS, 

no further decrease in the viscosity of PS was expected after the solubility limit. There is a 

chance that the excess CO2 dissolves in the PE phase during the mixing of the two streams. 

However. the dissolution of the excess CO2 might be small because of the very short mixing 

time. Even though some amount of the excess CO2 is dissolved in the PE phase, the viscosity 

reduction of the PE matrix will be little as expected in Figure 7.5(b). The reduction of the 

dispersed phase size at various concentrations of CO2 was also observed at different blending 

ratio (PE/PS=83/17). A similar result for the size of the dispersed phase was observed. 

Finally, the (PE/CO2)/PS blending system was investigated at PE/PS=l7/83. The 

PE/CO2 solution was prepared in the single-screw extruder at various concentrations of CO2 

(0. 5 and IO wt% based on PE) and the results were shown in Figure 7. JO. This experiment 

generated the viscosity reduction in PE phase. It should be noted, however. that the 

difference in the size of the dispersed PE phase was not observed. As explained in the 

previous section. less difference in the viscosity ratio was observed by dissolving CO;:,_ in PE 

phase than in PS phase. It is believed that the small difference in the viscosity ratio docs not 

significantly affect the size of the dispersed PE phase. 
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(a) 

(b) 

(c) 

Figure 7.10. Morphologies of PE/PS( 17/83) blends obtained from Configuration II at various 
concentrations of CO2 

(a) 0 wt% CO2 based on PE (b) 5 wt% CO2 based on PE (c) lO wt% co~ based on PE 
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For the explanation of the blending behavior. the change of the interfacial tension by 

dissolving supercritical CO2 should be considered because the surface tension of SCFs is 

known to be zero. Thus. the dissolution of supercritical CO2 in PE/PS blends might affect the 

interfacial tension between PS and PE, which would result in a change of the size of the 

dispersed phase based on Taylor's formula (Taylor. 1932). In addition, dissolved small 

molecules such as organics and gas act as interface lubricants. The lubrication effect will also 

affect the stress for breaking up the dispersed phase. However, no experimental evidence is 

available for interfacial tension and lubrication due to the dissolution of supercritical CO2. In 

this chapter, therefore. the viscosity ratio of two polymers was only employed for a 

qualitative explanation for the size reduction of the dispersed phase even though the possible 

effects of the interfacial tension and lubrication might be involved. 

From the experiments for the (PS/C02)/PE and (PE/C02)/PS blending systems, it can 

be concluded that the viscosity ratio of two polymer streams at the early stage of the mixing 

process affects the blending morphology. It should be noted that the coarsening of the 

dispersed phase after the ventilation occurred even though the mixing action after the 

ventilation was minimized. Therefore, the effect of CO2 on the size of the dispersed phase in 

polymer blending system might not be clearly distinguished due to the coarsening process. 

Furthermore, the dissolution of CO2 might cause changes of the material properties such as 

interfacial tension and phase behavior. Therefore, the explanation of the size of the dispersed 

phase using only the viscosity ratio may not be sufficient to clarify the morphological 

h~ha\·ior or this blending system. In spite of the coarsening process and the possibility of the 

material property change. the effect of CO 2 on the blending morphology has been observed 
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and the morphology has been qualitatively explained using the viscosity ratio and possible 

effects of interfacial tension in this experiment. 

7.5.4. Morphology of PE/PS Blends in a Tandem System 
(Configuration Ill) 

The tandem system was designed for the preferential dissolution of CO2 into a 

specific polymer phase during the blending experiments. Especially, Configuration III was 

designed for investigating the interface between a saturated and an unsaturated polymer 

stream. A polymer / CO2 solution was prepared using a single-screw extruder and the 

solution was added to the other polymer stream at the center of the wedge die attached to the 

twin-screw extruder. This configuration allows minimization of the mixing between the two 

streams. In this work, the PS/CO2 solution was prepared using the single-screw extruder as a 

minor component (40 wt%), and added to the PE stream (60 wt%) plasticized in the twin­

screw extruder. Both streams were prepared at 200°C. The concentration of CO2 was 

controlled at 5 wt% based on the amount of PS. The combined stream was extruded through 

the die exit and quenched in a water bath. A SEM photograph of the combined stream is 

shown in Figure 7.1 I. The foamed structure was observed only in the PS phase while the PE 

phase was unfoamed. In the middle of the PS phase, the cell showed a typical microcellular 

structure having cells sized about 10 µm. However. the cell size increased up to 100 µm at 

the interface of two polymers. It has been known that the cell density and size depend on the 

content of the dissolved blowing agent with the cell density (cells/cm3
) increasing \Vith an 

increase in the gas content (Throne, 1996). On the other hand. since the average cell size 

decreases as the cell density increases. the cell size decreases with an increase in the gas 

content (Park cl al.. 1995. Park and Suh. 1996a). Thus. the variation of the cell size shown in 
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Figure 7.11. SEM photograph of the interface between the foamed PS/ uofoamed PE sample 
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Figure 7.11 is due to the variation in the CO:! concentration. The dissolved CO:! diffuses from 

the PS phase to the interface or to the other phase during the contact in the \\·edge die. 

7.5.5. Morphology of PE/PS Blends in a Tandem System 
(Configuration IV) 

Configuration IV was designed for investigating the foaming and blending behaviors 

when the preferential sorption was achieved at different temperatures between the two 

streams. A PS/CO2 solution was prepared in the single-screw extruder at the barrel 

temperature of 200°C. The PS/CO2 solution was mixed with polyethylene flowing in the 

twin-screw extruder at a lower temperature. The temperature of 140°C was the minimum 

temperature in the torque range of the twin-screw extruder. The two streams were blended 

moderately using the screw configuration shown in Figure 7.2(b). By using a wedge die and 

a secondary die, the polymer blend was successfully foamed at the high pressure as shown in 

Table 7.1. The blending morphology and the foaming structure were investigated using the 

SEM. The viscosities of PE and PS at each extrusion temperature are measured using a 

capillary rheometer, and shown in Figure 7.12. It should be noted that the viscosity of PS at 

200°C is close to that of PE at 140°C. Thus, two polymers would be blended with the same 

viscosity at the early stage of the mixing when CO2 was not dissolved in the PS stream. And 

then the viscosity of PS will increase gradually during the mixing with PE stream at 140°C. 

When CO 2 is dissolved in PS. the PS/CO:! solution viscosity \viii be lower than the PE 

,·iscosity at the early stage of the mixing. The blending samples with or without CO 2 were 

l)hscrn:d. and SEM photographs are shown in Figure 7.13. It should be pointed out that the 

blending ratio of PE to PS is 90/10 and the concentration of CO:! is 3 wt% based on PS 

! about 0.3 wt% hased on the total polymer). As indicated in Figure 7. / 3(a). the phase 
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Figure 7. 13. Morphologies of PE/PS (90/10) blends obtained from Configuration IV 
(a) 0 wt% CO? (b) J wt% CO2 based on PS (c) J wt% CO2 based on PS (etched with toluene) 
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sc.?paration due to the skin-core effect was observed without CO2. When CO2 was injected. 

howe\'er. the macroscopic phase separation was not observed. Thus. the injected CO2 leads a 

heller mixing between PS and PE. In order to investigate the dispersed phase. the PS phase 

\\'as removed using toluene. After the etching, it is shown that the PS particles arc well 

dispersed through the fracture surface as shown in Figure 7./3(c). 

Another interesting behavior was also observed in Figure 7. J 3(b). The foamed 

structure is shown only on the surface instead of the interior of the stand. This behavior is 

very difficult to explain because the behavior of the injected CO2 into PS is not clearly 

explained during the blending process. Regardless of where CO2 is dissolved, in the PS phase 

or in both of the PE and PS phases, however, it is considered that the injected CO2 well 

spread out through the strand because the PS phase is well blended with PE as indicated in 

Figure 7. I 3( c ). Therefore, the foaming behavior mainly occurred at the surface might be 

explained using the difference of CO2 expandability: CO2 dissolved in the interior of the 

strand is suppressed to expand while CO2 on the strand surface can easily expand due to the 

free surface. Thus, CO2 could be easily expanded at the surface rather than in the middle due 

to the strain constraint. The constrained foaming process is considered as a one of the major 

reasons of the foaming behavior shown in Figure 7. I 3(b). 

7.6. CONCLUDING REMARKS 

The effects of supercritical CO2 were investigated during the extrusion of PE. PS and 

their blending systems using a twin-screw extruder and twin/single tandem systems. Three 

different extruder configurations were designed in order to clarify the effect of CO 2 011 the 

blending. system. From Configuration I. the viscosity measurement of polymer / CO2 



solutions and the blending morphology from the foamed structure were investigated. The 

viscosity reduction of PS was greater than that of PE, and the viscosity reduction of the blend 

I CO2 solutions was in between those of the PS/CO2 and the PE/CO2 solutions. The size of 

the dispersed PE phase obtained from the Configuration I was generally reduced by 

increasing the concentration of CO2. Also, the effect of CO2 on the blending morphology was 

investigated without foaming process through Configuration II. The size of the dispersed PS 

domain in the (PS/CO2)/PE blending system decreased when 5 wt% of CO2 in PS was 

injected. However, no further decrease was observed by increasing the concentration of CO2 

up to l O wt%. This behavior was discussed quantitatively using a solubility limit and a 

viscosity ratio and possible effects of the interfacial tension. The phase separation due to the 

skin-core effect was significantly reduced at PE/PS:20/80 blend when CO2 was used. The 

behaviors of the dispersed phase and the skin-core phase separation were successfully 

explained using the viscosity ratio of two polymers, even though material properties such as 

interfacial tension might be changed by the dissolution of CO2. In general, the mixing 

between polyethylene and polystyrene was improved by dissolving CO2. Using the 

Configuration III, the interface between foamed and unfoamed polymer was investigated. 

Finally, PE and PS were blended using Configuration [V when the viscosities of the two 

polymers arc close together at the early stage of the mixing. Once again, the improved 

mixing was observed by dissolving CO2 in this configuration. An interesting foamed 

structure \Vas observed and discussed using the strain constraint and the PS particle 

dispersion. 



CHAPTER 8. REACTIVE EXTRUSION OF PE/PA6/PE-g-MAH 
BLENDS WITH SUPERCRITICAL CARBON DIOXIDE 

8.1. ABSTRACT 

Reactive extrusion of a polyethylene / polyamide-6 / polyethylene-g-malcic 

anhydride system was performed in the presence of supercritical carbon dioxide. Effects of 

the polyethylene-g-maleic anhydride (PE-g-MAH) and the dissolved carbon dioxide on the 

viscosity and the blending morphology were investigated. Experiments were carried out 

using a twin/single screw tandem system equipped with devolatilization, which allowed the 

preferential dissolution of CO2 into the matrix and/or dispersed polymer phase and chemical 

reaction after melt-melt mixing. By introducing devolatilization to the tandem system, the 

morphological behaviors of the blends were investigated on unfoamed filaments. It was 

found that the addition of a small amount of polyethylene-g-maleic anhydride to 

polyethylene / polyamide-6 (PE/PA6) blends causes an increase of blend viscosity, which 

results from the reaction between PA6 and PE-g-MAH. The reaction was verified by 

observing an imide peak at I 701 cm·• using FfIR. The size of the dispersed PA6 phase 

decreased by increasing the concentration of PE-g-MAH. It was found that the injected CO2 

affects the size of the dispersed phase when the concentration of PE-g-MAH was low (5 

\Vt9c ). 

8.2. INTRODUCTION 

Polyethylene / polyamide-6 / polyethylene-g-maleic anhydride (PE/PA6/PE-MAH J 

hlcnJs have been studied for increasing toughness of polyamide by adding lmv modulus 

polyolcfin polymers. Due to their immiscihility. the hlcnds show poor mechanical properties 
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without any interfacial treatment. Therefore, efforts for increasing the compatibility have 

bt:en carried out. PA6/EPDM-g-maleic anhydride and PA66/maleated EPR systems have also 

been studied by Ban et al. ( 1988). Lavallee and Favis ( 1991) investigated the size of the 

dispersed phase in PE copolymer/PA6 at various mixing times and compositions. The size of 

the dispersed droplets reduced with increasing torque associated with the reaction between 

two polymers. Ide and Hasegawa ( 1974) studied the effect of maleic anhydride-grafted 

polypropylene in isotactic PP/PA6 blends, and an improved dispersion behavior and 

remarkable improvement in the mechanical properties were observed. 

Studies for the reaction mechanism between anhydrides and polyamides have been 

performed by many researchers. Ide and Hasegawa ( 1974) suggested a mechanism between 

the maleic anhydride and the terminal amino group of PA6 as shown in Figure 2.2. Scott and 

Macosko ( 1994) argued the secondary amide salt as the intermediate in the reaction to form 

the cyclic imide in a melt processing. They observed two broad peaks at 1635 and 1568 cm· 1 

of the secondary amide salt in the blends of styrene-maleic anhydride copolymer and amine 

terminated butadiene-acrylonitrile copolymer. They also indicated that the reaction to form 

the secondary amide salt is fast while the cyclic imide is formed slowly. Marechal et al. 

( 1995) also reported on the formation of imide and the decrease of the amine chain end 

concentration in the reaction between PA6 and poly(metaxylene adipamide) with anhydrides. 

Sanchez-Valdes et al. ( 1998) investigated the reaction of linear low-density polyethylene­

grafted maleic anhydride and PA6. They also observed a peak at 1704 cm· 1 associated to the 

stretching of imide functionality. 

In this chapter. a PE/PA6/PE-g-MAH blending system is investigated in the presence 

or supercritical CO2. In most of the reactive extrusions using conventional extruders such as 
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single-screw or twin-screw extruders. two polymers start to react with each other right after 

the plasticization. In order to investigate the effect of supercritical CO2 on the reaction. 

however. the reaction should be confined to a specific section containing the supercritical 

CO 2 at high pressures. Therefore. a twin/single tandem extrusion system allowing the 

melt/melt mixing is used for this reactive blending system. The effect of PE-MAH on the 

morphology and the reaction between amide and maleic anhydride at various concentration 

of CO2 are studied using FflR and electron microscopy. Also, the rheological behavior is 

also studied on-line using a wedge die. 

8.3. EXPERIMENT AL 

8.3.1. Equipment and Procedures-Batch Mixer 

Preliminary experiments for the reaction between PE-g-MAH and PA6 were 

performed in a Haake Rheomix 3000 batch mixer. Two roller rotors were used to mix the 

polymer melt. It should be noted that the two rotors have a different rotation speed for 

increasing the shear mixing. Thus, one rotates at 2/3 of the major rotor speed. The batch 

mixer was heated and the torque cell was calibrated prior to the experiments. The dry­

blended PE-g-MAH/PA6 or PE/PA6 was fed in the Rheomix and mixed at 240°C and 50 rpm 

of the major rotor for the duration of 30 minutes. The blending ratio of the two polymers and 

the total loaded amount of polymers were fixed at 20 wt% of PA6 and 200g. respectively. 

During the experiments. all conditions including the melt temperature and motor torque were 

monitored. Polymer resins were dried at I 20°C during 6 hours in a vacuum prior to the 

L'Xpcriments. Samples were taken at various reaction times and analyzed using FflR. 
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8.3.2. Equipment and Procedures-Tandem Extrusion System 

A twin/single tandem extrusion system was used and schematic diagrams of the 

extrusion system and the screw configuration are shown in Figure 8.1 and Figure 8.2. 

respectively. lt should be noted. however. that a wedge die for measuring the viscosity was 

attached to the end of the twin-screw extruder after the devolatilization. The secondary die 

for controlling the pressure in the wedge die was not required in this reactive system because 

the injected CO2 was already removed through the devolatil ization zone. It should be noted 

that the tandem system allows not only the preferential sorption of CO2 but also the reaction 

after combining the two streams. 

A metered amount of CO2 was injected into the single-screw extruder or the twin­

screw extruder using a syringe pump and dissolved into the polymer melt. The melt stream in 

the single-screw extruder (PE-g-MAH or PE/PE-g-MAH blend) was fed into the barrel of the 

twin-screw extruder through a connector. The other polymer (PE/PA6 blend) was fed into the 

twin-screw extruder and plasticized. The two polymer streams were blended in the twin­

screw extruder. It should be noted that PE-g-MAH pellets were blended with PE pellets for 

diluting the MAH concentration at certain experimental conditions. An optimum screw 

configuration was also used for generating high pressure and high mixing performance in a 

section of the twin-screw extruder. Right after the high pressure section, a series of right­

handed screw clements were located in order to precipitate the dissolved CO2 from the 

PE/PA6/ PE-g-MAH blends. The precipitated CO:?. was vented out before the die exit as 

indicated in Figure 8.1. By attaching a wedge die. the viscosity of the blends was measured 

after the dcvolatilization. It should be noted that all samples were taken from the 

dcvolatilization section in order lo prevent the further reaction without CO2. 
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8.3.3. Experimental Conditions 

Various experimental conditions such as the concentrations of PE-g-MAH and CO:. 

the reaction temperature. and the CO2 injection location. were used in the experiments using 

the tandem extrusion system. Detailed conditions are listed in Table 8.1. During the 

extrusion. the screw speed of the twin-screw extruder was fixed at 100 rpm while the sere\\.' 

speed of the single-screw extruder was changed for the control of the feed rate. The pressure 

generation in the twin-screw extruder was difficult due to the low viscosity of PA6 when the 

P A6 phase was a major component. Therefore. experiments in this work were performed 

only at low concentration of PA6 (fixed at 20 wt%). The lower pressure leads to two-phase 

polymer/ CO2 mixtures in the barrel of the twin-screw extruder due to the precipitation of 

the injected CO2. It should be also noted that the concentration of CO2 was controlled based 

on the amount of PE-g-MAH or the total amount of resin as indicated in Table 8.1. Finally. 

two different reaction temperatures were tested. 

8.3.4. Sample Analysis 

After the reaction in the designated section of the twin-screw extruder. the blend 

samples were collected from the devolatilization zone instead of the exit of the wedge die for 

analyzing FTIR and electron microscopy. All samples were quenched immediately in a water 

bath right after the collection. Samples were analyzed using microscopy. For the SEM 

analysis. the collected specimens were fractured in liquid N2 and the fractured surfaces were 

coated with gold. The uncompatibilized PE/PA6 blend (R-1 in Tahle 8. /) was successfully 

characterized using SEM. When PE-g-MAH was added. however, the interface between PE 
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Table 8.1. Experimental conditions in a tandem extrusion system 

Number Composition CO2 Fed Polymer CO2 
(PE/PA6/ Content Twin Single Injection 

PE-g-MAH) (wt%) (JVmin) (g/min) Location 
R-1 80/20/0 0 PE/PA6 PE-g-MAH -

(80/20) (0) 
R-2 60/20/20 0 PE/PA6 PE-g-MAH -

(60/20) (20) 
R-3 50/20/30 0 PE/PA6 PE-g-MAH -

(50/20) (30) 
R-4 40/20/40 0 PE/PA6 PE-g-MAH -

(40/20) (40) 
R-5 20/20/60 0 PE/PA6 PE-g-MAH -

(10/10) (30) 
R-6 40/20/40 3* PE/PA6 PE-g-MAH Single 

(40/20) (40) screw 
R-7 40/20/40 5* PE/PA6 PE-g-MAH Single 

(40/20) (40) screw 
R-8 75/20/5 0 PE/PA6 PE/PE-g-MAH -

(70/20) (5/5) 
R-9 75/20/5 I** PE/PA6 PE/PE-g-MAH Twin 

(70/20) (5/5) screw 
R-10 75/20/5 3** PE/PA6 PE/PE-g-MAH Twin 

(70/20) (5/5) 

CO2 content based on the amount of PE-g-MAH 
CO2 content based on the amount of total resin 
Temperature Profile l: 

screw 

Twin-screw extruder: 100-200-240-240-240-240-240-240-240-240°C 
Single-screw extruder: l 70-240-240-240°C 
Temperature Profile 2: 
Twin-screw extruder: 100-l 50-230-230-220-220-220-220-220-220°C 
S inglc-scrcw extruder: 150-220-220-220°C 
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and PA6 phases was not clearly distinguished due to the induced compatibility. Therefore. 

TEM analysis was used for the compatibilized samples. A cryogenic microtoming technique 

at - I 20''C was used for the TEM sample preparation. Ruthenium tetroxide vapor was used for 

staining the dispersed PA6 phases during I hr at the room temperature. The stained samples 

were dried at room temperature during 24 hours in vacuum. Finally, TEM observation was 

carried using the election voltage of 100 kV at LG Chemical Research Park (Taejon. Korea). 

FflR analysis was also carried out to verify the reaction between PE-g-MAH and 

PA6 using a Nicolet 520 FflR spectrometer. For the characterization of pure polymers. thin 

films were prepared using a hot press, and the films were put at l 20°C during 3 hours in 

vacuum for transforming the acid group to anhydride group. It should be noted that a 

quantitative analysis for the reaction was performed at various concentrations of PE-g-MAH 

and CO2. For the quantitative study, a solution casting method was used for preparing the 

FflR samples and the residual amount of maleic anhydride was chosen instead of the imide 

peak. It should be noted that the ratio of the peak height is directly proportional to the ratio of 

the concentration in the absorbance spectrum. Therefore, the absorbance spectra were used 

and the height of the characteristic peaks was maintained less than unity. PE and PE-g-MAH 

phases were extracted from PA6 phase using a boiling toluene, and the PE/PE-g­

MAH/toluene solution was cast on NaCl plates. The solution cast film was also put in a 

vacuum oven not only for drying out the toluene but also for the transformation of the acid 

group. It is assumed that the PE-PA6 copolymer generated through the reaction is soluble in 

the boiling toluene. and peaks of PA6 were found in the solution cast film. Before analyzing 

the blend samples. pure polymers were first analyzed. and the absorbance spectra are shown 

in Figure 8.3. As indicated in Figure 8.3, the anhydride group shows a characteristic peak 
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around 1792 cm-•. It should be noted that the amic acid shown at 1713 cm-• was transformed 

to the anhydride peak at 1792 cm-• after the drying process at I 20°C during 3 hours in a 

vacuum oven. A spectrum of PA6 is also included in Figure 8.4 showing a characteristic 

peak for amide at 1620 cm- 1
. 

8.4. RESULTS AND DISCUSSION 

8.4.1. Reaction in a Batch Mixer 

Blends having the composition of PE-g-MAH/PA6=20/80 and PE/PA6=20/80 were 

mixed at 240°C in a batch mixer for 30 minutes and the torque behaviors are compared in 

Figure 8.4. As indicated in the figure, the torque of the reactive system is higher than that of 

the non-reactive system even at the early stage of mixing. It is believed that two contributions 

on this torque behavior might be involved. First, the viscosity difference between PE and PE­

g-MAH affects the torque level. As indicated in Figures 3.1 and 3.3, the viscosity of PE-g­

MAH is higher than that of PE at this operating temperature. Thus, a higher torque was 

expected when PE-g-MAH was used. However. the reactive system showed a much higher 

torque behavior than the pure PE-g-MAH, indicating another contribution was involved. 

Second, the rapid reaction between two polymers will generate high molecular weight PE­

PA6 copolymer, and the copolymer results in the higher torque behavior at the early stage of 

mixing in Figure 8.4. It should be noted that an additional torque increase was observed after 

7 minutes and the torque shows a maximum approximately at 12 minutes. 

During the reaction. blend samples were analyzed by FflR and a spectrum at 15 

minutes. for ex.ample. is shown in Figure 8.5. The overall spectrum (Figure 8.5(a)) shows a 

typical anhydride peak due to carbonyl groups at 1792 cnf 1 for a PE/PA6 blend. Thus. the 
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anhydride peak indicates that a portion of the maleic anhydrides in PE-g-MAH is involved in 

the reaction with PA6 at these experimental conditions. As reported in the literature. an imide 

peak al 170 I cm· 1 was observed. 

Quantitative studies based on the FrIR spectra were carried out for estimating the 

reaction conversion of maleic anhydride. The residual anhydride peak was used instead of the 

imide peak because the imide peak interferes with the amide peak as shown in Figure 8.5(b). 

In addition. it has been known that formation of the imide group is generated very slowly 

(Scott and Macosko, 1994). The residual amount of the maleic anhydride before and after the 

reaction was determined by taking the peak height ratio at 1792 cm- 1 to 719 cm-'. The peak at 

719 cm· 1 represents the -(CH2)- group, and it has been used for quantifying PE in PE/PS 

blends (Sun and Baker, 1997). Samples were collected at various mixing times and the 

conversions of maleic anhydride for each sample were measured. As shown in Figure 8.6. 

most of the maleic anhydride reacts with PA6 in the early stage of mixing. Thus, 60% MAH 

based on the total amount of MAH in PE-g-MAH was consumed in 30 min at this 

experimental condition, and 80% of the consumed MAH reacts with PA6 within 3 min. It 

should also be noted that the maximum conversion was achieved at 12 minutes. The decrease 

in conversion after 12 minutes might be attributed to experimental error in the FrIR 

measurement. 

The torque behavior in Figure 8.4 can be explained using the reaction conversion. As 

mclllioned. the reactive blending system shows a higher torque than the non-reactive one 

cvcn al the early stage of mixing. Also, the torque of the reactive system shows its maximum 

at 12 minutes. As pointed out by Scott and Macosko ( 1994) and Marcchal ct al. ( 1995). it is 

hclic\·ed that the amine end group reacts with MAH in the early stage of mixing due to the 
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high reactivity. Further reaction associated with the amide group on the mam PA6 chain. 

might follow in this blending experiment. The reaction between amide and MAH groups only 

takes place when PA6 is the minor component. Thus. after the completion of the amine end 

group. the amide group starts to react with MAH with a low reactivity (Marechal et al.. 

1995). Therefore. it is believed that the maximum torque at 12 min might result from the 

amide/MAH reaction. 

8.4.2. Effects of PE-g-MAH on PE/PA& Blends in a Tandem Extruder 

The effects of PE-g-MAH on the PE/PA6 blends were investigated using a 

twin/single tandem extruder shown in Figures 8.1 and 8.2 without dissolving CO::i. Detailed 

experimental conditions are listed in Table 8.1. The PE-g-MAH stream in a single-screw 

extruder was blended with the PE/PA6 melt stream at the 7th barrel section of a twin-scre\v 

extruder, and samples were taken from the 9 th barrel for scanning electron microscopy. The 

blend viscosity at various concentrations of PE-g-MAH was measured using the wedge die. 

and the viscosity after the Rabinowitsch correction is shown in Figure 8. 7. Due to the 

viscous heating, the actual resin temperatures through R-1 to R-5 were varied from 260 to 

269°C even though the barrel setting temperatures were fixed at 240°C. Therefore, the 

visco-;ity values at each run were normalized to 270°C using a temperature shift factor 

( Rauwendaal. 1990). It should be pointed out that the non-reactive PE/PA6 blend (R-1) 

covers higher shear rates than the other reactive blends due to the lov,1 power-law index. The 

hknd \·iscosity generally increases with increasing the concentration of PE-g-MAH. The first 

20 wt';; addition of PE-g-MAH shows a relatively higher increase in the blend viscosity if it 
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is compared to the other additional increase of the PE-g-MAH concentration. It is believed 

that the first rapid increase in the viscosity is related to the reaction. and then the followed 

gradual increase in the viscosity is caused due to the inherent high viscosity of PE-g-MAH. 

The morphologies of the blending samples were investigated, and SEM photographs 

are shown in Figure 8.8. The dispersed PA6 phase and the interface are clearly distinguished 

when PE-g-MAH is not used (R-1 ), as shown in Figure 8.8( a). However. it was difficult to 

locate the dispersed particles on the fractured surfaces of the reactive systems (R-2 through 

R-5) due to the high interfacial strength. Even the 20 wt% of PE-g-MAH led to high 

interfacial strength as indicated in Figure 8.8(c). When the concentration of PE-g-MAH was 

reduced to 5 wt% (R-8). dispersed PA6 particles could be observed in Figure 8.8(b). But. the 

interface was still not clear. The size of the dispersed PA6 was dramatically reduced from 

over IO µm to submicron order by adding 5 wt% of PE-MAH. Due to the ambiguous 

interface. it is recommended to use the TEM analysis technique in order to analyze the 

morphology of the reactive PE/PA6/PE-g-MAH blends. 

TEM photographs give a quite clear view of the interface. The same trend observed in 

Figure 8.8. a decrease of the dispersed phase with increasing the concentration of PE-g­

MAH. was also found in the TEM observations, and the photographs are shown in Figure 

8. 9. The diameter of the dispersed phase decreased from 0.17 to 0.1 µm by increasing the 

concentration of PE-g-MAH from 5 to 40 wt%. 
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Figure 8.8. SEM photographs of PE/P A6/PE-g-MAH blends 
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Figure 8. 9. TEM photographs of PE/P A6/PE-g-MAH blends at various blending ratios 
(without CO2) 
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8.4.3. Effects of CO2 on PE/PA&/PE-g-MAH Blends 

The effects of CO2 on the PE-MAH/PA6 blending system were investigated using a 

l\\in/single tandem extruder. The concentration of PE-MAH was varied from 5 to 40 \Vt9c in 

this work as listed in Table 8.1. In order to investigate the effect of CO2 on the blend 

viscosity after devolatilization, the viscosity was measured on-line using a wedge die 

attached to the twin-screw extruder. During the extrusion, it was found that the barrel 

pressure at the high pressure mixing section of the twin-screw extruder was significantly 

reduced by increasing the concentration of CO2. For example, the barrel pressure decreased 

from 14.5 to 12.4 MPa by injecting 5 wt% of CO2 at a composition of PE/P A6/PE-g­

MAH=40/20/40. As indicated in Figure 8.2, the barrel pressure is generated by the pumping 

capacity of a series of the left handed screw elements and kneading discs, and the generated 

pressure is directly proportional to the melt viscosity. Thus, the barrel pressure drop observed 

reflects the viscosity reduction in the mixing section. It is expected that the viscosity 

reduction affect the mixing performance and the final blend viscosity. However, no CO2 

effect on the viscosity was observed after the devolatilization, as shown in Figure 8.10. This 

behavior was observed regardless of the concentration of PE-g-MAH. Therefore, it can be 

concluded that the mixing efficiency is high enough due to the hard screw configuration at 

the given composition. 

The effect of CO2 on the blending morphology was also investigated. Due to the 

ambiguous interface on the fractured surface. TEM analysis was performed and the results 

arc presented in Figure 8.11 at various concentration of CO2 . It was found that the size of the 

dispersed PA6 slightly decreased by dissolving CO2 at PE/PA6/PE-g-MAH=75/20/5. The 

size and the distribution based on image analysis arc listed in Table 8.2. The smaller 



Table 8.2. The particle size and the deviation of the dispersed PA6 phase at various 
concentrations of CO: 
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Sample Injected amount of Number Average Standard Deviation 

CO2 (wt%) Particle Diameter (µm) (µm) 

R-8 0 0.17 0.14 

R-9 1 0. 14 0.10 

R-10 3 0.14 0.10 

dispersed phase indicates better mixing between PE and PA6 in the high pressure mixing 

section, because the coalescence of the dispersed particles was minimized in this experiment. 

It should be mentioned that in Figure 8.11 the CO2 concentration has no significant effect on 

the size of the dispersed phase. Other blending compositions having a higher concentration of 

PE-g-MAH were also tested. Size reduction by injecting CO2 was not observed at the 

compositions of PE/PA6/PE-MAH=60/20/20 and PE/PA6/PE-g-MAH=40/20/40 as shown in 

Figure 8.12. This is due to the higher concentration of maleic anhydride and the resulting 

complete saturation and reaction at the interface with PA6. 

FrIR studies were performed for quantifying the effect of CO2 on the reaction 

conversion. Generally, the MAH conversion in the tandem system was about 60% regardless 

of the CO2 concentration. Thus, no significant effect was observed by varying the CO2 

concentration in PE/PA6/PE-MAH=60/20/20 and PE/PA6/PE-g-MAH=40/20/40 blends. 

This may be explained using the same reason used in the morphological study above. The 

bknd having. PE/PA6/PE-MAH=75/20/5 was also analyzed. However, it was very difficult to 

detect the anhydride peak at 1792 cm· 1 due to the low concentration of PE-g-MAH. 
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Figure 8. IO. Viscosities of PE/PA6/PE-g-MAH=40/20/40 blend at various Concentrations of CO~ 
(after de,·olatilization) 



(a) 

(b) 

(c) 

Figure 8.11. TEM photographs of PE/PA6/PE-g-MAH=75/20/5 blends at various concentrations 
of CO2 (CO2 concentration based on the amount of PE-g-MAH) 

(a) 0 wt% (b) 3 wt% (c) 5 wt% 



(a) 

(b) 

(c) 

Figure 8.12. TEM photographs of PE/P A6/PE-g-MAH=60/20/20 blends at rnrious 
concentrations of CO2 (CO2 concentration based on the amount of PE-g-~1.AH) 

(a) 0 wt% (b) 3 wt% (c) 5 wt% 
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8.5. CONCLUDING REMARKS 

Reactive PE/PA6/PE-g-MAH blends were studied using a twin/single tandem 

extrusion system in the presence of supercritical carbon dioxide. From the preliminary study 

using a batch mixer, the reaction mechanism and the effect of PE-g-MAH on the morphology 

were discussed. It was found that both the MAH conversion and the motor torque were 

rapidly increased in the early state of mixing. 

Effects of PE-g-MAH and the injected carbon dioxide on the morphology and the viscosity 

of the blends were investigated using a twin/single screw tandem system equipped with a 

devolatilization zone and a wedge die. It was found that the addition of a small amount of 

PE-g-MAH to PE/PA6 blends causes rapid increase of the blend viscosity, due to the reaction 

between PA6 and PE-g-MAH. However, an effect of the injected CO2 on the blend viscosity 

after the devolatilization was not observed for all blending compositions investigated in this 

experiment. The size of the dispersed PA6 phase decreased by increasing the concentration 

of PE-g-MAH concentration. It was also found that the injected CO2 affects the size of the 

dispersed phase only at low concentrations of PE-g-MAH (5 wt%). 



CHAPTER 9. CONCLUSIONS AND RECOMMENDATIONS 

9.1. CONCLUSIONS 

Thi~ thesis has demonstrated the extrusion of PS. PE/PS blends, and PE/PA6/PE-g­

MAH blends in the presence of supercritical CO2 using various extrusion systems. The 

solubility of CO2 in PS and PE was estimated using Henry's law as a first approximation. A 

higher solubility of CO2 was observed in polyethylene than in polystyrene. The S-L EOS 

theory was also used not only for estimating the properties of pure component parameters of 

PS and CO2, but also for predicting the solubility isotherm and the solution density. lt should 

be noted that the density variation of the solution by changing the interaction parameter is 

small at the low concentrations of CO2. 

Based on the estimated CO2 solubilities and the polymer/ CO2 density values. on-line 

measurement of the polymer/ SCF solution viscosities was carried out. A theoretical model 

was proposed to describe the solution viscosities, specifically PS/CO2 solution viscosities. In 

order to model the shear thinning behavior of the viscosity, the Cross, Carreau and 

generalized Cross-Carreau viscosity models were used. A generalized Arrhenius equation for 

describing the zero shear viscosity was proposed as a function of temperature, pressure, and 

CO2 concentration. The generalized C-C model gives the best description of the viscosity 

behavior of PS melts and PS/CO2 solutions. By analyzing the sensitivity of each term using 

the generalized Arrhenius equation. the effects of individual parameters such as temperature. 

pressure. concentration of CO2 and their interactions were elucidated. The l '' order terms of 

al I parameters and the 2nd order term of pressure including the interaction terms had 

significant effects on the zero shear viscosity under these experimental conditions. 
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The effects of dissolved supercritical CO2 on the rheological and morphological 

properties were investigated for non-reactive PE/PS blends and for reactive PE/PA6 blends 

using various extrusion systems such as twin-screw and twin / single tandem extruders. In 

case of non-reactive PE/PS blends, a considerable reduction in the viscosity was observed 

when CO2 was dissolved in the blends. The cell structure of foamed filaments was observed 

at various contents of CO2 and pressures. The cell structure of the PE/PS blends showed the 

same behavior observed for pure polymers. Higher operating pressures and CO2 content led 

to smaller cell size and it was found that CO2 cells produced elongated cylindrical PS 

domains. The size and shape of the dispersed PS phase were also investigated, and while the 

size of these PS domains decreased by increasing the CO2 content, it was not affected by the 

operating die pressure. The PE/PS blending morphology was also investigated without any 

foaming process using a twin/ single tandem extruder havin~ devolatilization znne. The size 

of the dispersed PS domain in the (PS/C02)/PE blending system also decreased when 5 wt% 

of CO2 in PS was injected. However, no further decrease was observed by increasing the 

concentration of CO2 up to 10 wt%. This behavior was discussed using a solubility limit and 

a viscosity ratio. The phase separation due to the skin-core effect was significant when CO2 

was used. The behaviors of the dispersed phase and the skin-core phase separation were 

qualitatively explained using the changed viscosity ratio of two polymers and possible effects 

of interfacial tension due to the dissolution of CO2. However, there could have been a 

formation of a complete miscible solution due to existence of CO2 in the blend of PE and PS. 

I lom.:vcr. further studies arc required. In general. the mixing between polyethylene and 

polystyrene was improved by dissolving CO2. 
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Effects of CO2 on the morphology and the viscosity of reactive blends were 

investigated using a twin/ single screw tandem system equipped with a devolatilization zone 

and a wedge die. During the extrusion. it was found that the barrel pressure at the high 

pressure mixing section of the twin-screw extruder was significantly reduced by increasing 

the concentration of CO2. The reduced pressure generated reflects the viscosity reduction in 

the mixing section. Therefore, It is expected that the viscosity reduction affects the mixing 

performance and the final blend viscosity. However, no CO2 effect on the viscosity was 

observed after the devolatilization. The size of the dispersed PA6 phase decreased by 

increasing the concentration of PE-g-MAH concentration. It was also found that the injected 

CO2 affects the size of the dispersed phase only at the low concentration of PE-g-MAH. 

9.2. RECOMMENDATIONS 

Relatively little work has been performed in the polymer processing areas using SCFs 

m spite of their usefulness. Many research works and industrial applications have mainly 

focused on the foaming process, specifically microcellular foaming process. However. the 

SCFs might be used for various purposes in the field of polymer processing due to their 

unique characteristics. Based on the knowledge obtained from experiments in this thesis. 

several recommendations at both academic and industrial viewpoints can be addressed. 

From an academic point of view, the effects of SCFs on the surface or interfacial 

tension between polymer/ SCF and polymer / polymer/ SCF solutions might be a crucial 

factor. As indicated in Taylor's formula. Eq. (2-20). and an equation proposed by Wu. Eq. (2-

21 ). the interracial tension has been emphasized as one of the major factors aff ccting the 
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blending morphology. Zero surface tension of SCFs has been known. Therefore. the surface 

tension of a polymer should be varied by dissolving a SCF. 

The phase behaviors of polymer/ SCF mixtures should be an important factor in the 

blending process. Extensive study has been carried about the polymer / polymer phase 

behaviors including binary and ternary blending systems. However. the binary or ternary 

polymer blends dissolving a SCF, for instance, a PE/PS/COz blend. have not been clearly 

clarified yet. The miscibility of the binary polymer blend can be affected by dissolving a SCF 

and the final blending morphology might be changed. 

From an industrial point of view, it was found that a less motor power was required at 

the same polymer throughput when supercritical COz was introduced. This phenomenon will 

be associated with the lubrication effect of CO2 as well as the viscosity reduction investigated 

in this thesis. Less power consumption offers great advantages to the production scale 

extrusion. 

The injection of SCF during the extrusion also gives color stability. Even though this 

phenomenon was not mentioned in this thesis, the improvement of color stability was 

verified for PS/CO2 system at high temperature, 270°C. The stability might be related to the 

same reasons explained in the previous paragraph, the external lubricating effect of COz 

between the extruder barrel and polymer melt and the lower viscous dissipation. The color 

stability can be used in the extrusion of poly(methyl methacrylate) and polycarbonate, \\"hich 

mainly applied for optical purpose. 

For a better understanding the effects of a SCF on the blending morphology in 

polyml'.r bknds. several factors which would affect the dispersed phase behavior should be 

invc..:stigated. First. the elasticity of polymer / CO2 is needed to be clarified. It has been 
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known that the elasticity of the matrix and the dispersed phase affect the drop size (Vanoene. 

1972. Ghodgaonkar and Sundararaj, 1996. Levitt et al., 1996). However. the elasticity of 

polymer/ CO2 solutions has not been measured yet. The elasticity is related to the entrance 

prt.!ssurc drop which can be measured through a sudden contraction in a capillary and slit 

dies. Second, an elongational flow of droplets during the expansion of dissolved CO2 should 

be considered. Dispersed particles dissolving CO2 experience the volume expansion during 

the foaming process, and the precipitation of CO2 inside the particles leads to the volume 

expansion resulting in the elongational flow. Elongational rate and stress depend on the CO2 

concentration as well as the foaming rate. Therefore. studies about the foaming behaviors and 

the droplet deformation will provide a better explanation of the dispersed behaviors in 

polymer blends. 
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Appendix II: 
FORTRAN PROGRAMS USED FOR S-L EOS 

PROGRAM-1: 
DETERMINATION OF CHARACTERISTIC PARAMETERS OF PURE 
COMPONENTS AND POLYMER/ CO2 SOLUTIONS 

l'.\tPLICIT REAL *8 (A-H, O-Z) 

C 

DOUBLE PRECISION T,P.P I S,P2S,RH I S,RH2S,TI S.TIS.PS.RHS.TS. 
# RI ,R2,R,PI I Z,Pl2Z,PI I ,Pl2, VIS, V2S, VS,X 1,X2.GS,R I Z.R2Z. 
# AM I .AM2,AMW I ,AMW2,OEL,J 
DOUBLE PRECISION EPS, ET A, X 
DOUBLE PRECISION F,G 
EXTERNAL F.G 
EXTERNAL C05AJF 
COMMON T.P.P I S.P2S,RH I S,RH2S,Tl S.T2S.PS,RHS,TS, 

# RI .R2.R.PI IZ,PI2Z,Pil,PI2,VIS,V2S,VS,Xl .X2,GS,RIZ.R2Z. 
# AM I .AM2.AMW l ,AMW2,DEL,J 
OPEN(UNIT=5. FILE='rh.dat', STATUS='old') 
OPEN(UNIT=6. FILE='rh.out', STATUS='ncw') 
READ(5.*) PIS, P2S. TIS. TIS, RHIS, RH2S, AMWI, AMW2 
T=423. 
DEL=0.l 
NP=I00O00 
WRITE(6.30)PIS.P2S.TIS.T2S.RHIS.RH2S.AMWl,AMW2,DEL,NP 

30 FORM A T(F8.2, I X,F8.2, I X,f7 .2, I X,F7 .2. l X.F6.4, I X.F6.4. I X,F4. l, IX. 
# FI 0.2. I X.F6.4. I X.16) 
DO 50 P=I0,1000.10 
DO 20 PI I Z=0.0 1,0.5,0.00 I 
GS=82.05 
RIZ=PIS*AMWl/(GS*TIS*RHIS) 

CALL CO2(X) 
C ----·------------ Calculation of variables -----------------------

GS=82.05 
RIZ=PIS*AMWl/(GS*TIS*RHIS) 
R2Z=P2S * AMW2/(GS *TIS *RH2S) 
VI S=AMW 1/(R I Z*RH IS) 
V2S=AMW2/( R2Z *RH2S) 
Pl2Z= I .-PI I Z 
VS=PI I Z*V I S+PI2Z*V2S 
I'[ I =Pl I z•v I S/(PI I Z*V I S+PI2Z*V2S) 
1'12=1.-PII 
Rl=RIZ•VIS/VS 
R2=R2Z"'V2S/VS 
XI =Pl I Z"R27JCPI IZ*R2Z+PI2Z*RIZ) 
X2=1.-Xl 
R=XI ·Rl+X2"R2 
.·\'.\! l=X I *A~I\Vl/(X I *AM\Vl+X2*AMW2) 
.-\:'\12= I .-AM I 
RI IS= 1./( Al\! I /RH I S+AM2/RH2S l 
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PS=PI I **2*P I S+Pl2**2*P2S+2*PI I *Pl2*SQRT(PIS*P2S)*( I-DEL) 
TS=PS*VS/GS 
RHS= I/( A~t I /RH I S+Al\12/RH2S) 

CALL SOLU(Y) 
WRITE{6. I0OJT.P.R I ,R2.PI IZ.Pll .AM 1,VS.PS.RHS.X.Y 

I 00 FORMAT(F6. I. I X.F6. I. I X.F5.2. I X.F7. I. I X.F6.4. I X.F6.4. I X.F6.4. 
# I X.F5.2. I X.F7. I. I X.F6.4. I X.F8.4. I X.FS.4) 

20CONTINUE 
SO CONTINUE 

WRITE(6.200) 
200 FORMAT('0.') 

STOP 
END c%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
SUBROUTINE CO2(X) 
IMPLICIT REAL *8 (A-H. O-Z) 
DOUBLE PRECISION T.P.PIS,P2S,RH I S,RH2S.Tl S.T2S.PS.RHS.TS. 

# R 1,R2.R.PI I Z.PI2Z.PI l ,Pl2, VIS. V2S. VS.X l ,X2.GS,R I Z.R2Z. 
# AM I ,AM2.AMWI ,AMW2,DEL,J 
DOUBLE PRECISION EPS, ETA. X 
DOUBLE PRECISION G 
EXTERNALG 
EXTERNAL C05AJF 
COMMON T.P.P I S,P2S,RH I S.RH2S.TI S,TIS.PS.RHS,TS. 

# RI ,R2.R,PI I Z.Pl2Z,PI I ,Pl2, VIS, V2S, VS.XI ,X2.GS,R I Z.R2Z. 
# AM I ,AM2,AMW 1,AMW2,DEL.J 
EPS=.0001 
X=I.0 
ETA=0.0 
NFMAX=IOOOO 
IFAIL=I 
CALL C05AJF(X, EPS, ETA. G. NFMAX. IFAIL) 

IF(IFAIL.EQ.0) THEN 
ELSE 

IF (IFAIL.EQ.3 .OR.IFAIL.EQ.4) THEN 
ENDIF 

END IF 
55 FORMAT(2F8.2. 'IFAIL='. 13) 

RETURN 
END 

DOUBLE PRECISION FUNCTION G(X) 
DOUBLE PRECISION X 
IMPLICIT REAL *8 (A-H. O-Z) 
COMMON T.P .PI S.P2S.RH I S.RH2S.TI S.T2S.PS.RHS.TS. 

# R l .R2.R.P[ I Z.Pl2Z.PI I .PI2. VI S.V2S. VS.XI .X2.GS.R I Z.R2Z. 
# :\i\1 I .:\fv12.Atv1W 1.AM\V2.DEL.J 

G-=P/P I S+X**2/RH I S**2+ T/TI S*(log( 1.-X/RH IS)+{ 1.-1./R I z) 

'X/RHISl 
iU:TURN 
Er-,.:[) r.;'/, '7" <!, <7, 'lc <7c <7, <7c Ck <7c: <7c <7, 'k c1, <7, <7, '7r <7c 'k <7, <7,- <7, <7, Cl, <7, <7,- <7, <7, <l,; <7,-; Cl,; Cl,; 'lc <7c 'lc c;, <i; c;, <7c '7c <7, c;; 
SUBROUTINE SOLU{Yl 
ltl.1PLICIT REAL *8 (A-H. O-Z) 
DOUBLE PRECISION T.P.PIS.P2S.RH I S.RH2S.TIS.T2S.PS.RHS.TS. 

# RI .R2.R.PI I Z.Pl2Z.PI I .Pl2.VIS.V2S.VS.X 1.X2.GS.R IZ.R2Z. 
# :\:'\11.:\:'\12.AMW I .AMW2.DEL.J 
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C 

DOUBLE PRECISION EPS. ETA. X 
DOUBLE PRECISION F 
EXTERNALF 
EXTERNAL C05AJF 
COMMON T.P.P I S.P2S.RH I S.RH2S.Tl S.T2S.PS.RHS.TS. 

# RI .R2.R.PIIZ.Pl2Z.PI l .PI2.VIS.V2S.VS.XI .X2.GS.R IZ.R2Z 
# AM l .AM2.AMW l .AMW2.DEL.J 
EPS=.0001 
X=l.0 
ETA=0.0 
NFMAX=I00OO 
IFAIL=l 
CALL C05AJF(X. EPS. ETA. F. NFMAX. !FAIL) 
IF(IFAILEQ.0) THEN 

Y=X 
ELSE 

IF (IFAIL.EQ.3 .OR.IFAIL.EQ.4) THEN 
END IF 

END IF 
RETURN 
END 

DOUBLE PRECISION FUNCTION F(X) 
DOUBLE PRECISION X 
IMPLICIT REAL *8 (A-H. O-Z) 
COMMON T,P,P I S.P2S.RH I S.RH2S,T I S,T2S,PS,RHS.TS. 

# R l .R2.R,PI I Z.PI2Z.PI I .PI2, VIS, V2S, VS,X I ,X2.GS.R I Z.R2Z. 
# AM l ,AM2,AMW I ,AMW2.DEL,J 

F=P/PS+X**2/RHS**2+ T/TS*(LOG( 1.-X/RHS)+( 1.-1 JR) 
# *X/RHS) 
RETURN 
END 
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PROGRAM-2: 
ESTIMATION OF THE DENSITY OF PURE COMPONENTS 

IMPLICIT REAL *8 (A-H. O-Z) 
DOUBLE PRECISION P. T 
DOUBLE PRECISION PI S.P2S.RH I S.RH2S.T I S.TIS.PS.RHS.TS. 

* R l .R2.R.PI I Z.Pl2Z.PI I .Pl2. VI S.V2S.X 1.X2.GS.R I Z.R2Z.AM I .AM2.AMW I .AMW2.DEL 
DOUBLE PRECISION EPS. ETA. X. Y 
DOUBLE PRECISION F 
DOUBLE PRECISION G 
EXTERNAL F.G 
EXTERNAL C05AJF 
COMMON T.P. PIS.P2S,RHIS.RH2S.TIS.T2S.PS.RHS.TS, 

* RI .R2.R.PI I Z,Pl2Z,PI I ,Pl2, VI S,V2S.X 1.X2.GS.R I Z.R2Z.AM I .AM2.AMW I .AMW2.DEL.J 
OPEN(UNIT=5. FILE='purc.dal'. STATUS='old') 
OPEN(UNIT=6. FILE='purc.oul', STATUS='new') 
READ(5.*) PIS. P2S, TIS, TIS. RHIS. RH2S. AMWI, AMW2 
T=372.9 
DO 50 P=l.500.10 
GS=82.05 
RIZ=PIS*AMWl/(GS*TIS*RHIS) 
R2Z=P2S*AMW2/(GS*T2S*RH2S) 
CALLCO2(X) 
CALL POL Y(Y) 
WRITE(6.45) T. P, X. Y 

45 FORMAT('Tcmp(K)=', F8.2.3x,'Prcss(atm)=',F8.2. 3x, 'rhl(g/cm3) ='.F8.5. 3x. 'rh2='.F8.5) 
50 CONTINUE 

STOP 
END 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
SUBROUTINE CO2(X) 
IMPLICIT REAL *8 (A-H. O-Z) 
DOUBLE PRECISION P. T 
DOUBLE PRECISION PI S,P2S,RH I S.RH2S,TI S.TIS.PS.RHS.TS. 

• Rl.R2.R.PIIZ.Pl2Z.PII.Pl2,VIS,V2S.Xl,X2,GS.RIZ.R2Z.AMI.AM2,AMWl,AMW2,DEL 
DOUBLE PRECISION EPS. ETA. X 
DOUBLE PRECISION G 
EXTERNALG 
EXTERNAL C05AJF 
COMMON T.P. PIS,P2S.RHIS,RH2S,TIS.T2S,PS.RHS.TS. 
• R l .R2,R.PI I Z.PI2Z.PI I .PI2. VI s.v2s.x 1.X2.GS.R I Z.R2Z.AM I .AM2.AMW I .AMW2.DEL.J 
EPS=.0001 
X=I.0 
ETA=0.0 
NFMAX=I00OO 
IFAIL=I 
CALL C05AJF(X. EPS. ETA. G. NFMAX. IFAIL) 
IF<IFAIL.EQ.<)J THEN 
ELSE 

IF ([FAILEQ.3 .OR.IFAIL.EQ.-t) THEN 
WRITE(6.55) T. P. !FAIL 
END IF 

:'i:'i FORMAT(2FX.2. '!FAIL='. 13) 
END IF 
RETURN 
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END 
DOUBLE PRECISION FUNCTION G(X) 
DOUBLE PRECISION X 
IMPLICIT REAL *8 (A-H. O-Z) 
COMMON T.P. PIS.P2S.RHIS.RH2S.TIS.T2S.PS.RHS.TS. 

RI .R2.R.PI I Z.PI2Z.PI I .Pi2. VIS. V2S.X l .X2.GS.R I Z.R2Z.AM I .AM2.AMW I .AMW2.DEL.J 
G = PIP IS+X**2/RH IS**2+ Tffl S*(LOG( 1.-X/RH IS)+( 1.-1./RI z) 

#*X/RH IS) 
RETURN 
END 
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9'~%%%9,%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
SUBROUTINE POLY(Y) 
IMPLICIT REAL *8 (A-H. O-Z) 
DOUBLE PRECISION P. T 
DOUBLE PRECISION PI S.P2S.RH I S,RH2S,TI S.T2S,PS.RHS,TS. 
• R l ,R2,R,PI I Z,Pl2~PI l .Pl2, VIS, V2S,X I ,X2,GS,R I Z,R2Z,AM l ,AM2,AMW I ,AMW2,DEL 
DOUBLE PRECISION EPS, ETA, X,Y 
DOUBLE PRECISION F 
EXTERNALF 
EXTERNAL C05AJF 
COMMON T,P. PIS,P2S.RHIS,RH2S,TIS,T2S,PS,RHS,TS, 
• R l .R2.R.PI I Z.P12Z.PI 1,PI2. VIS, V2S,X I ,X2,GS,R I Z.R2Z.AM I .AM2.AMW I .AMW2.DEL.J 
EPS=.0001 
X=I.0 
ETA=0.0 
NFMAX= I 0000 
IFAIL=l 
CALL C05AJF(X. EPS. ETA. F. NFMAX, IFAIL) 
IF(IFAIL.EQ.0) THEN 

Y=X 
ELSE 

IF (IFAIL.EQ.3 .OR.IFAIL.EQ.4) THEN 
WRITE(6.55) T. P. IFAIL 
END IF 

55 FORMAT(2F8.2. 'IFAIL='. 13) 
END IF 
RETURN 
END 
DOUBLE PRECISION FUNCTION F(X) 
DOUBLE PRECISION X.Y 
IMPUCIT REAL *8 (A-H. O-Z) 
COMMON T.P. PI S.P2S.RH I S.RH2S.T I S.T2S.PS.RHS.TS. 
* R l .R2.R.PI I Z.PI2Z.PI l .PI2. VIS. V2S.X l .X2.GS.R I Z.R2Z.AM l .AM2.AMW l .AMW2.DEL.J 

F = P/P2S+X**2/RH2S**2+ T/T2S*(LOG( l .-X/RH2S)+( l .-l ./R2Z) 
#*X/RH2S) 
RETURN 
END 



PROGRAM-3: 
SOLUBILITY ISOTHERMS OF POLYMER/ CO2 SOLUTIONS 

c l:\lPUT DATA< iso.dat) IS THE RESULTS OF THE PROGRAM 2(rh.out) 
c "'DEL"" WAS ASSUMED AS A CONSTANT IN THE PROGRAM 2 
C - - - - - -- - -- - -- - --- ---- - ---------------------------------------------------------------------------------

1 ~1 P Li CIT REAL *8 (A-H. O-Z) 
DOUBLE PRECISION P,T.P I S.P2S.RH I S.RH2S.T I S.T2S.PS.RHS.TS. 

# RI .R:!.R.PI l Z.PI2Z.PI 1.PI2. VIS. V2S, VS.XI .X2.GS.R I ZR2Z. 
# AM l .AM2.AMW l .AMW2.DEL.RH l .RH.P2.SMALL.DIFF.PM.PI IM.AM IM. 
# XM.RHM 
DOUBLE PRECISION EPS. ETA. X 
DOUBLE PRECISION F 
EXTERNALF 
EXTERNAL C05AJF 
COMMON T.P,P I S,P2S,RH l S,RH2S,TIS.T2S.PS,RHS,TS. 

# R l .R2,R.PI l Z,P12Z.PI I .Pl2. VI s.v2s.vs.x I ,X2.GS.R lZ.R2Z. 
# AM l ,AM2.AMW I ,AMW2,DEL,RH I ,RH.P2.SMALL,DIFF,PM.PI IM.AM l M. 
# XM.RHM 
OPEN(UNIT=5. ALE='iso.dat'. STATUS='old') 
OPEN(UNIT=6. ALE='iso.out'. ST A TUS='new') 
WRITE(6.50) 

50 FORMAT("%%%%%%%%%%%%%%%%%%%% Result of Program 2 %%%%%%%%", 
# "%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%") 
WRITE(6. I 00) 

I 00 FORMAT(TEMP',5X,'PRESS'.4X.'PI I·. 
# 3X,'wt.frac',3X.'EQU.Pll',2X. 
# 'SOLUTION-DENSITY'.2X.'CO2-DENSITY',3X,'SMALL') 
SMALL=I000. 
P2=10. 
READ(S.200) PIS. P2S,TI S,T2S,RH I S,RH2S.AMW I ,AMW2.DEL.NP 

200 FORMAT(F8.2. I X.F8.2. I X,F7 .2.1 X,F7 .2. l X,F6.4, I X.F6.4, I X.F4.1. IX. 
# Fl 0.2. I X.F6.4, I X.16) 
DO I0j=l,NP 
READ(S,300) T.P.Rl,R2,PIIZ.Pll,AMI ,VS,PS.RHS.RHI ,RH 

300 FORMAT(F6. l, I X,F6. I, I X,F5.2, I X,F7. I. I X,F6.4, I X.F6.4. I X.F6.4. 
# I X.F5.2. IX,F7. l ,IX.F6.4.IX.F8.4,IX.F8.4) 
IF(T.EQ.0.) GOTO 400 
IF(P.NE.P2) GOTO !O 

c%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
GS=82.05 
RI Z=PIS*AMW 1/(GS*TIS*RHIS) 
YIS=AMWl/(RIZ*RHIS) 

.:&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&& 
c EQUILIBIUM CO2 CONTENT 
..:&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&& 

EPS=.000 I 
X=O.O I 
ET:\=0.0 
NF~IAX= 10000 
IF:\IL=I 
C:\LL C0SAJF< X. EPS. ETA. r-. NFMAX. !FAIL) 
IHX.LT.0> GOTO 10 
DIFF=:\BS(PI 1-X) 
lh IF:\11..EQ.0) THEN 
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IF(DIFF.LE.SMALL) THEN 
SMALL=DIFF 
PM=P 
PIIM=Pll 
AMIM=AMI 
XM=X 
RHM=RH 

ELSE 
WRITE(6.500) T.PM.PI IM.AM I M,XM,RHM.RH I .SMALL 

500 FORMAT(F5.1,3X,F5. l .3X.F6.4,3X,F6.4.3X.F6.4,8X. 
# Fl .4.6X.F7.4.5X,F8.5) 

p2=p+IO 
SMALL= I 000.0 
END IF 

ELSE 
IF(IFAIL.EQ.3 .OR.IFAIL.EQ.4) THEN 

WRITE(6,600)T,P.IFAIL 
END IF 

ENDIF 
I0CONTINUE 

400 WRITE(6,700) 
600 FORMAT(2F8.2,'IFAIL=',l3) 
700 FORMAT("%%%%%%%%%%%%%%%%%%%% END OF CALCULATION %%%%%%%% ". 

# "%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%") 
STOP 
END%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
DOUBLE PRECISION FUNCTION F(X) 
DOUBLE PRECISION X 
DOUBLE PRECISION P,T.P I S,P2S,RH I S,RH2S,Tl S.TIS,PS,RHS.TS. 

# R 1,R2,R.PI I Z,Pl22.PI I .PI2, VIS, V2S. VS.X l ,X2.GS.R I Z.R22. 
# AM l ,AM2.AMW l ,AMW2,DEL.RH l .RH.P2.SMALL.DIFF.PM.PI IM.AM IM. 
# XM.RHM 
IMPLICIT REAL *8 (A-H. O-Z) 
COMMON T.P.P I S,P2S,RH I S,RH2S.Tl S,T2S.PS.RHS,TS, 

# R 1,R2.R.PI I Z.P12Z,PI l ,Pl2. VIS. V2S. VS.X l ,X2.GS.R l Z.R2Z. 
# AM l .AM2.AMW I .AMW2,DEL.RH l ,RH.P2,SMALL.DIFF.PM.PI IM.AM IM. 
# XM.RHM 
INTRINSIC SQRT 

F = LOG(X) + (l.-(Rl/R2))*(1.-X) + RIZ*(RH/RHS)* 
# (Pl S+P2S-2.*SQRT(PIS*P2S)*( 1.-DEL))*(VIS/(GS*T))* 
# (l .-X)**2 + LOG(RH/RHS)- LOG(RHI/RHIS)+ RIZ* 
# ((-1.)*((RH/RHS)-(RH I/RH I S))/(Tffl S)+(P/Pl S)* 
# ((RHS/RH)-(RH IS/RH I ))/(TfflS)+(RHS/RH)*( 1.-(RH/RHS))* 
# LOG( 1.-(RH/RHS))-(RH IS/RH I)*( 1.-(RHI/RH IS))* 
# LOG( 1.-(RH 1/RHISJJJ 
RETURN 
END 
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Appendix Ill: 
CALCULATIONS IN A WEDGE DIE 

A. DERIVATION OF THE PRESSURE DROP FOR A CARREAU FLUID 

For flow in a slit die having the constant width. w, height. h, and the length. L. 

expressions for the shear stress and the shear rate at the wall are given by 

( ap) 1 ( wh ) 
-r ... = -az 2 w+h (A-I) 

• =(2n+lx~) r... 3 h~ n w -
(A-2) 

For Carreau fluid, the shear stress is shown by 

r ... = TJ'Y ... (A-3) 

n-1 

where 11=110 [1+(AY,..)
2

]
2 

From Eq. (A-I) to Eq. (A-3) 

.. , 

By integration, Eq. (A-4) reduces 

• - I 

:-\ slit die having infinite small length, di, is assumed. Then. Eq. (A-5) can be expressed as 

• - I 

-dP = 2710(~)( 2
11 

+ I )[t + ( 211 + I )
2 
( 6).~ )

2
] 

u·h 311 311 wh 
(A-6) 

In the wedge die. di is given by 
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Therefore. Eq. (A-6) yields 

di, 
dl=----

2 tan8 

• -I 

-M = _ 61JoQ(2n + I )J(w+/r)(~)[i +(2,z + I )"(6).~)
2
]: dlz 

tan 0 3,z 1r., wh wlr 311 wlr 
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(A-7) 

(A-8) 

In order to integrate Eq. (A-8), the form having (I +xrP should be expanded to two cases 

expressed by the binomial series function: 

First. when x< l, 

(I )
-p I p(p+l) 2 p(p+l)(p+2) 3 +x = -px+---x -~.;...__.....;._ __ x •·· 

2! 3! 
(A-9) 

Second, when x> l, 

(I )-p -p -p-1 -p(-p-1) -p-2 -p(-p-l)(-p-2) -p-, 
+x =x -px +-----x +---'--------x - ... 

2! 3! 
(A-10) 

( 
2n + l )(6ilQ) • In case of -- --~ < l, therefore, Eq. (A-8) yields 

311 wh-

_ M = _ 6r,0 Q ( 2n +I) 
tan8 3n 

1(--i-T +-411 +~(2n + I )
2

(6ilQ )
2 

+.!_(~r~r2n + / )
4

(6).~ )
4 

••• lJz 
,,,, w /z w/z 2 3n wh 2 2! 2 2 3n wlz• J 

(A-1 l) 

After the integration and generalization, Eq. (A-I I) reduces 
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(A-12) 

. ( 6QA )( 2,z + I) • Also. m case of --
1 
-- > 1, Eq. (A-8) yields 

wlz 1 3n 

-& = 671 0 Q (2n+l Y(6QA y-,[-' ( / '[_I __ I I+~(_!_ '[_I __ I 11 
tan 0 3n ) w ) w2 2n -1 ,l h;n-r 1zgn-r ) w 2n ,l hj" h;" JJ 

+ 61JaQ (2n+J ')f f(fl n-2s+l J!_(6Q.il y-zt-r(2n+l y-21:-, 
tall 0 3,z A t=r .,=r 2 k! w ) 3n ) 

(A-13) 
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B. TEMPERATURE INCREASE OF THE POWER-LAW FLUID IN A 
WEDGE DIE 

For flow in a slit die having the constant width. w. height. /z, and the length. L. the 

heat balance is given by 

CV --- -' dT (av ) p I' ( ax - r \.( Jy (8- I) 

The shear stress for power-law fluids is also given by 

(B-2) 

From Eq. (B-1) and Eq. (B-2), 

(B-3) 

The momentum balance of the slit die is given by 

ch,... aP 
--=--

Jy ax (B-4) 

From Eq (B-4), the velocity profile is obtained as the following equation. Zero shear stress at 

the center of the slit die is used as a boundary condition. 

(B-5) 

I I n•I 

\" = _11 (~);.(- Jp);;(!!_)-,;-
"'·" 11+1 K Jx 2 

Tile an:ragc velocity in the slit die is defined by 

~< 
- 25- ("+II \', = - HT dv = 1· 

I ,. "''"-, I \\' 1 I} _,, + / 
(B-6) 



From Eq. (B-5) and Eq. (B-6). the relationship between v,and v, 1s 

Therefore. Eq. ( B-3) yields 

Right side of Eq. (B-8) is independent upon x. Thus, Eq. (B-8) reduces 

The tlow average temperature increase, (dTtuit is defined as follows 

( v dT) 
(dT) = .[ "''II 

bulk (v ) 
z ,n·,: 

lr/2 

2w f v.rdy 
0 

Ir/'! 

2w f v.rdTdy 
0 
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(8-7 J 

(8-8) 

(B-9) 

(B-10) 

By substituting Eq. (B-7) and Eq. (B-9) into Eq. (B-/0), the temperature increase in a slit die 

1s given 

(dT) =~('211+l)";,"(!!_)-n-1x 
h11/l pc II ') 

I' -

( 8-1 I) 

In order lo derive an equation for the wedge. a slit die having infinite small length. dx. is 

assumed. By definition, the average velocity has a relation to the volumetric tlow rate. Q. as 

- Q 
follows 1·, = 



And dx is defined as 

From Et/. (B-11) and Eq. (B-/2), 

dlr 
dx=----

2 tan 0 

(dT) . =-~ l (2n+l)n(Q)n1z-n(!!.)-n-ld/z 
hull,; pc p 2 tan (J ll W 2 

Finally, the temperature increase in a wedge die is 

(llT = l _I ~ 2n + I 6Q l- ~ 
( ( ) )

n ( )n [ ( )2n] 
) '"" 211 tan 0 3" ) pc, ( 11 wh,2 h0 
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(B-12) 

(B- I 3) 

(B-14) 



Appendix IV: 
VISCOSITY DATA OF PS AND PS/CO2 SOLUTIONS 

# CO2 Temper Press- Shear Viscosity # CO2 Temper Press- Shear Viscosity 
(wt%) -ature ure Rate (Pa-s) 

(2C) (MPa) (1/s) 
(wt%) -ature ure Rate (Pa-s) 

(!!C) (MPa) (1/s) 
1 0 200.00 3.50 4.19 10293.08 43 0 260.00 4.98 291.29 211.70 

2 0 200.00 3.91 6.28 7677.34 44 0 260.00 6.26 619.95 125.33 

3 0 200.00 4.26 7.68 6862.61 45 0 260.00 6.99 1015.36 85.42 

4 0 200.00 6.59 30.02 2722.53 46 0 260.00 7.51 1348.31 69.23 

5 0 220.00 1.78 4.19 5169.70 47 0 260.00 8.00 1719.63 57.84 

6 0 220.00 2.06 6.28 3996.17 48 0 260.00 9.52 3440.45 34.42 

7 0 220.00 2.32 7.68 3699.14 49 0 200.00 6.45 48.23 1659.17 

8 0 220.00 4.26 30.02 1752.97 50 0 200.00 8.32 112.17 921.73 

9 0 240.00 0.81 4.19 2260.59 51 0 200.00 9.11 174.15 650.51 

10 0 240.00 0.99 6.28 1865.29 52 0 200.00 11.99 532.38 280.37 

11 0 240.00 1.15 7.68 1783.87 53 0 200.00 14.62 1248.05 146.00 

12 0 240.00 2.52 30.02 1029.03 54 0 200.00 16.05 1745.64 114.63 

13 0 200.00 7.93 93.17 1058.05 55 0 200.00 19.03 3492.49 67.95 

14 0 200.00 8.84 124.59 881.89 56 0 220.00 4.25 43.99 1193.73 

15 0 200.00 9.27 180.03 640.47 57 0 220.00 5.80 102.30 702.61 

16 0 200.00 10.95 350.47 388.78 58 0 220.00 6.40 159.52 498.02 

17 0 200.00 13.07 699.23 232.89 59 0 220.00 8.87 503.27 219.24 

18 0 200.00 1 A,.3!J 1085.14 165.27 60 0 220.00 10.77 1273.33 105.24 

19 0 200.00 15.38 1432.18 133.89 61 0 220.00 11.76 1804.07 81.14 

20 0 200.00 16.27 1777.36 114.11 62 0 220.00 13.80 3609.38 47.65 

21 0 200.00 19.22 3555.94 67.43 63 0 240.00 2.97 39.89 914.57 

22 0 220.00 5.61 90.33 769.04 64 0 240.00 4.35 92.77 579.86 

23 0 220.00 6.33 120.79 649.65 65 0 240.00 4.92 152.33 399.49 
24 0 220.00 6.61 169.36 484.21 66 0 240.00 6.95 479.20 180.04 

25 0 220.00 8.00 333.64 298.01 67 0 240.00 8.68 1195.30 90.32 

26 0 220.00 9.61 694.74 172.05 68 0 240.00 9.49 1835.77 64.29 

27 0 220.00 10.54 1105.27 118.68 69 0 240.00 11.06 3672.80 37.48 

28 0 220.00 11.25 1484.37 94.36 70 0 260.00 3.13 85.05 453.13 

29 0 220.00 11.82 1850.20 79.58 71 0 260.00 3.63 139.51 320.76 
30 0 220.00 13.84 3701.67 46.58 72 0 260.00 5.48 443.54 153.12 
31 0 240.00 4.05 82.38 607.71 73 0 260.00 7.01 1140.16 76.38 

32 0 240.00 4.68 110.16 525.27 74 0 260.00 7.68 1692.97 56.37 

33 0 240.00 4.95 156.55 391.20 75 0 260.00 9.24 3387.11 33.94 

34 0 240.00 6.15 314.69 242.21 76 0 220.00 0.10 0.54 8269.52 

35 0 240.00 7.50 662.65 140.67 77 0 220.00 0.10 0.41 8689.62 

36 0 240.00 8.29 1051.42 98.00 78 0 220.00 0.10 0.31 9281.29 

37 0 240.00 8.91 1428.16 77.58 79 0 220.00 0.10 0.23 9812.58 

38 0 240.00 9.37 1830.60 63.66 80 0 220.00 0.10 0.18 10155.70 

39 0 240.00 11.00 3662.46 37.38 81 0 220.00 0.10 0.14 10481.40 

40 0 260.00 3.00 74.27 495.91 82 0 220.00 0.10 0.11 10712.30 

41 0 260.00 3.61 99.31 448.62 83 0 220.00 0.10 0.08 10855.40 

42 0 260.00 3.86 144.08 330.52 84 0 220.00 0.10 0.07 10942.70 
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# CO2 Temper Press- Shear Viscosity # CO2 Temper Press- Shear Viscosity 
(wt%) -ature ure Rate (Pa-s) (wt%) -ature ure Rate (Pa-s) 

(!!C) (MPa) (1/sl (!!C) (MPa) (1/s) 
85 0 220.00 0.10 0.05 11204.40 134 0 260.00 0.10 0.17 1080.90 
86 0 220.00 0.10 0.04 11240.60 135 0 260.00 0.10 0.13 1088.47 
87 0 220.00 0.10 0.03 11708.50 136 0 260.00 0.10 0.10 1083.94 
88 0 220.00 0.10 0.02 11587.60 137 0 260.00 0.10 0.08 1086.85 
89 0 220.00 0.10 0.02 11602.90 138 0 260.00 0.10 0.07 1083.94 
90 0 220.00 0.10 0.01 12142.60 139 0 260.00 0.10 0.05 1088.30 
91 0 220.00 0.10 0.01 11966.80 140 0 260.00 0.10 0.04 1090.13 
92 0 220.00 0.10 0.01 11711.60 141 0 260.00 0.10 0.03 1075.31 
93 0 220.00 0.10 0.01 12021.40 142 0 260.00 0.10 0.03 1087.15 
94 0 220.00 0.10 0.00 12140.40 143 0 260.00 0.10 0.02 1068.57 
95 0 220.00 0.10 0.00 11725.20 144 0 260.00 0.10 0.02 1101.33 
96 0 240.00 0.10 1.12 2526.45 145 0 260.00 0.10 0.01 1116.82 
97 0 240.00 0.10 0.83 2719.39 146 0 260.00 0.10 0.01 1088.57 
98 0 240.00 0.10 0.63 2832.63 147 0 260.00 0.10 0.01 1076.41 
99 0 240.00 0.10 0.49 2906.07 148 0 203.29 26.30 51.60 1831.86 

100 0 240.00 0.10 0.38 2954.95 149 0 203.70 23.20 51.53 1813.88 
101 0 240.00 0.10 0.30 2989.76 150 0 204.29 20.76 51.33 1796.08 
102 0 240.00 0.10 0.24 3015.51 151 0 204.34 16.72 49.57 1771.58 
103 0 240.00 0.10 0.19 3044.29 152 0 205.87 18.58 49.96 1760.00 
104 0 240.00 0.10 0.15 3071.25 153 0 206.69 25.07 95.65 1142.00 
105 0 240.00 0.10 0.12 3094.61 154 0 207.32 21.08 94.15 1089.32 
106 0 240.00 0.10 0.09 3107.95 155 0 207.63 23.04 93.53 1101.81 
107 0 240.00 0.10 0.07 3105.90 156 0 207.67 18.30 93.11 1081.20 
108 0 240.00 0.10 0.06 3144.72 157 0 209.45 19.12 136.13 804.26 
109 0 240.00 0.10 0.05 3149.22 158 0 209.52 21.14 138.09 798.48 
110 0 240.00 0.10 0.04 3207.27 159 0 209.56 25.04 138.50 842.12 
111 0 240.00 0.10 0.03 3175.51 160 0 209.57 23.16 138.45 812.69 
112 0 240.00 0.10 0.02 3201.13 161 0 211.28 20.94 210.24 573.58 
113 0 240.00 0.10 0.02 3183.98 162 0 211.80 25.06 213.62 588.07 
114 0 240.00 0.10 0.01 3299.04 163 0 211.86 22.92 211.78 570.92 
115 0 240.00 0.10 0.01 3179.11 164 0 224.54 12.33 47.24 1317.37 
116 0 240.00 0.10 0.01 3644.56 165 0 224.66 14.38 48.32 1326.79 
117 0 240.00 0.10 0.01 3600.33 166 0 225.19 20.54 50.00 1352.81 
118 0 240.00 0.10 0.00 3661.14 167 0 225.38 16.56 48.66 1320.10 
119 0 240.00 0.10 0.00 3560.97 168 0 225.44 16.90 90.97 852.23 
120 0 240.00 0.10 0.00 3355.23 169 0 225.55 25.09 51.69 1390.72 
121 0 240.00 0.10 0.00 3636.51 170 0 225.65 18.68 49.68 1342.09 
122 0 240.00 0.10 0.00 3177.56 171 0 225.76 22.51 50.69 1368.46 
123 0 260.00 0.10 2.12 1065.00 172 0 226.30 14.53 89.23 843.85 
124 0 260.00 0.10 1.69 1058.78 173 0 227.48 25.04 98.98 853.38 
125 0 260.00 0.10 1.34 1063.71 174 0 227.57 18.59 92.24 843.31 
126 0 260.00 0.10 1.04 1086.13 175 0 227.75 20.73 94.47 844.64 
127 0 260.00 0.10 0.82 1094.19 176 0 228.21 14.82 138.49 604.10 
128 0 260.00 0.10 0.65 1089.10 177 0 228.60 22.81 95.88 842.20 
129 0 260.00 0.10 0.52 1088.83 178 0 230.29 21.00 147.02 593.59 
130 0 260.00 0.10 0.41 1087.38 179 0 230.59 16.50 140.13 586.91 
131 0 260.00 0.10 0.33 1087.64 180 0 231.51 18.88 142.44 588.58 
132 0 260.00 0.10 0.26 1085.08 181 0 231.79 23.19 148.22 593.35 
133 0 260.00 0.10 0.21 1082.69 182 0 232.62 16.77 221.58 409.10 
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# CO2 Temper Press- Shear Viscosity # CO2 Temper Press- Shear Viscosity 
(wt%) -ature ure Rate (Pa-s) 

(2C) (MPa) (1/s) 
(wt%) -ature ure Rate (Pa-s) 

(!IC) 1MPaJ (1/s) 
183 0 232.75 24.79 149.82 584.36 232 0 266.24 10.45 120.96 372.62 
184 0 232.89 14.70 217.31 407.52 233 0 266.54 12.29 80.27 498.07 
185 0 233.16 20.59 226.86 411.51 234 0 266.58 12.36 43.72 682.95 
186 0 233.30 22.69 230.74 412.40 235 0 266.84 12.42 122.39 371.41 
187 0 233.65 18.38 303.96 320.58 236 0 266.90 18.51 128.49 382.20 
188 0 233.69 16.64 302.74 319.58 237 0 267.21 8.10 77.15 478.93 
189 0 233.85 24.98 233.00 415.30 238 0 267.27 14.35 81.23 509.S-4 
190 0 234.27 18.65 221.79 408.21 239 0 267.39 12.26 190.27 283.62 
191 0 234.54 20.70 307.15 323.56 240 0 267.54 24.73 136.28 384.76 
192 0 234.79 22.84 312.90 321.65 241 0 267.59 10.10 78.76 488.26 
193 0 235.33 25.18 316.50 322.35 242 0 267.72 8.20 117.53 362.24 
194 0 247.02 20.65 91.21 651.06 243 0 267.74 24.77 87.52 524.56 
195 0 247.61 10.36 45.48 902.70 244 0 267.77 14.28 123.82 373.56 
196 0 247.79 12.23 45.76 914.62 245 0 268.04 18.63 45.52 710.16 
197 0 247.90 14.44 87.73 616.35 246 0 268.11 24.60 48.03 764.42 
198 0 248.13 14.61 130.27 473.60 247 0 268.18 20.71 130.45 377.85 
199 0 248.14 12.57 86.64 601.81 248 0 268.39 23.06 41.65 614.53 
200 0 248.24 12.57 129.36 460.64 249 0 268.59 14.58 193.72 281.87 
201 0 248.25 10.08 85.24 589.84 250 0 268.66 16.45 81.51 490.90 
202 0 248.26 10.38 127.24 460.92 251 0 268.78 20.93 45.45 659.75 
203 0 248.54 24.79 94.26 649.50 252 0 268.79 10.02 188.00 274.65 
204 0 248.55 22.81 137.14 489.20 253 0 268.85 16.43 125.64 371.65 
205 0 248.63 16.51 131.40 474.60 254 0 268.91 14.24 43.64 652.80 
206 0 248.74 20.61 135.37 486.57 255 0 269.00 16.50 194.93 283.91 
207 0 248.78 8.17 44.24 857.68 256 0 269.18 10.47 257.71 225.44 
208 0 249.01 22.60 91.76 641.95 257 0 269.31 20.83 84.76 511.95 
209 0 249.08 18.84 88.20 616.74 258 0 269.42 22.98 85.43 513.98 
210 0 249.25 14.33 45.57 910.09 259 0 269.53 16.31 44.53 679.52 
211 0 249.49 18.88 132.41 479.50 260 0 269.82 18.52 83.02 505.78 
212 0 249.52 22.70 48.11 986.94 261 0 269.92 12.37 259.53 225.72 
213 0 249.73 25.34 137.05 487.02 262 0 270.06 18.63 198.73 282.41 
214 0 249.81 20.30 47.23 961.59 263 0 270.15 22.93 46.09 700.80 
215 0 250.02 24.44 48.57 998.34 264 0 270.27 24.62 289.38 228.66 
216 0 250.95 16.35 45.77 902.81 265 0 270.46 20.49 200.58 284.95 
217 0 250.98 12.54 201.24 339.50 266 0 270.78 23.09 204.54 284.63 
218 0 251.22 18.21 46.23 925.81 267 0 270.79 24.84 209.64 282.52 
219 0 251.24 14.65 203.32 338.46 268 0 271.11 16.67 267.28 225.50 
220 0 251.36 18.80 286.50 273.90 269 0 271.16 18.70 272.82 226.33 
221 0 251.94 19.08 207.63 348.24 270 0 271.20 14.56 262.57 225.15 
222 0 252.00 25.30 216.06 353.21 271 0 271.27 22.85 281.97 226.78 
223 0 252.02 21.02 211.96 346.02 272 0 271.36 20.82 277.78 226.52 
224 0 252.10 16.73 205.39 341.79 273 1 226.92 22.97 221.88 386.40 
225 0 252.20 22.87 213.57 349.47 274 1 227.69 24.16 220.31 401.63 
226 0 252.35 22.88 291.93 273.80 275 1 228.48 25.16 220.28 399.46 
227 0 252.40 20.94 288.53 272.17 276 1 230.07 26.37 218.48 405.45 
228 0 252.60 16.97 282.78 269.12 277 1 242.42 25.36 140.91 454.09 
229 0 252.68 12.57 274.85 265.19 278 1 242.68 16.55 145.98 381.93 
230 0 252.96 25.24 293.98 273.35 279 1 242.92 18.54 145.31 392.30 
231 0 253.17 14.58 276.27 267.96 280 1 243.39 24.35 144.30 436.08 
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# CO2 Temper Press- Shear Viscosity , CO2 Temper Press- Shear Viscosity 
(wt%) -ature ure Rate (Pa-s) (wt%) -ature ure Rate (Pa-s) 

(2C) (MPa) (1/sl (2C) (MPa) (1/sl 
281 1 243.49 27.02 141.75 462.28 330 2 242.44 20.99 139.88 383.41 
282 1 243.53 22.90 143.50 427.45 331 2 242.91 27.41 138.90 418.61 
283 1 243.83 20.60 143.93 406.38 332 2 243.04 23.00 136.29 394.70 
284 1 244.95 26.18 220.76 309.80 333 2 243.17 22.33 91.02 504.62 
285 1 244.95 21.08 217.71 331.90 334 2 243.23 24.79 138.39 400.93 
286 1 245.47 22.93 217.58 318.07 335 2 243.43 26.06 91.35 536.43 
287 1 245.95 25.03 218.04 327.70 336 2 244.58 25.03 214.25 303.62 
288 1 246.65 24.32 216.85 311.35 337 2 244.67 24.90 139.48 398.56 
289 1 246.75 24.82 296.32 260.62 338 2 244.71 20.83 216.67 284.51 
290 1 246.84 20.84 304.72 239.85 339 2 245.09 22.40 212.48 292.72 
291 1 247.12 26.65 297.35 264.72 340 2 245.13 26.43 209.38 319.04 
292 1 247.49 23.25 300.99 250.42 341 2 245.62 24.53 209.32 309.67 
293 1 248.76 24.43 298.48 248.99 342 2 245.81 24.28 289.23 232.46 
294 1 261.69 25.20 127.35 380.84 343 2 246.17 26.12 289.94 243.47 
295 1 261.94 26.81 126.20 390.23 344 2 246.78 22.66 296.03 231.55 
296 1 262.21 22.80 127.92 369.12 345 2 247.42 20.91 300.15 222.45 
297 1 262.50 27.33 201.08 289.20 346 2 247.98 24.57 295.44 236.28 
298 1 262.57 24.76 203.35 277.13 347 2 260.10 27.03 77.17 480.47 
299 1 262.73 24.63 201.52 282.14 348 2 260.28 25.06 77.97 459.34 
300 1 262.75 20.50 128.82 354.24 349 2 260.31 24.57 77.60 476.45 
301 1 263.58 18.35 211.40 242.99 350 2 260.76 24.79 129.54 340.51 
302 1 264.04 24.69 277.98 230.73 351 2 261.07 24.95 130.42 342.22 
303 1 264.12 22.70 201.07 269.69 352 2 261.25 22.99 128.60 324.02 
304 1 264.22 21.39 208.33 255.69 353 2 261.36 27.09 127.45 352.48 
305 1 264.50 24.61 125.52 366.33 354 2 261.37 20.60 129.67 302.41 
306 1 267.11 20.02 280.99 205.10 355 2 262.08 20.41 201.53 249.96 
307 1 267.24 22.54 277.55 213.95 356 2 262.29 22.59 198.45 253.08 
308 1 267.37 24.94 278.24 219.28 357 2 262.67 22.06 77.78 428.46 
309 1 267.45 26.57 273.29 225.68 358 2 264.20 20.80 261.94 214.74 
310 1 267.47 18.90 281.55 200.79 359 2 264.24 22.57 258.39 220.25 
311 2 208.61 26.96 147.98 615.29 360 2 264.79 27.02 255.22 228.58 
312 2 209.33 25.24 152.04 599.88 361 2 264.90 24.74 257.41 220.57 
313 2 209.76 23.01 53.49 1221.85 362 2 265.17 24.39 257.22 222.95 
314 2 209.83 23.30 153.58 588.72 363 3 204.51 26.99 95.63 793.23 
315 2 224.64 24.76 134.70 526.94 364 3 205.17 25.50 99.12 731.34 
316 2 225.43 23.35 136.79 523.16 365 3 206.29 26.73 53.82 1288.19 
317 2 225.48 27.32 133.60 547.12 366 3 206.38 26.74 97.53 743.69 
318 2 225.51 22.89 89.59 687.93 367 3 207.36 27.09 143.38 592.91 
319 2 225.85 25.13 89.09 702.07 368 3 207.71 25.03 145.84 584.15 
320 2 226.19 25.47 215.91 369.30 369 3 207.94 25.07 145.57 579.69 
321 2 226.48 20.81 137.11 499.26 370 3 208.50 22.83 145.39 572.91 
322 2 226.64 25.24 217.30 372.62 371 3 208.82 27.09 140.31 595.46 
323 2 226.66 27.42 88.40 716.44 372 3 209.14 27.06 142.36 582.03 
324 2 226.98 21.01 219.53 345.23 373 3 209.16 25.21 144.38 582.55 
325 2 227.12 24.72 211.39 369.10 374 3 222.12 22.89 49.26 1011.24 
326 2 227.14 27.16 213.13 381.20 375 3 222.86 26.40 48.22 1047.13 
327 2 227.21 22.75 213.56 357.78 376 3 223.37 24.80 86.97 666.80 
328 2 242.07 27.04 91.69 562.27 377 3 224.10 22.88 48.40 971.11 
329 2 242.39 25.22 91.50 529.23 378 3 224.18 27.00 132.13 509.12 
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# CO2 Temper Press- Shear Viscosity 
(wt%) -ature ure Rate (Pa-s) 

(2C) (MPa) (1/s) 
379 3 224.54 25.08 47.96 988.18 
380 3 224.55 24.90 47.96 957.09 
381 3 224.93 25.25 132.97 499.37 
382 3 225.43 27.17 85.67 661.13 
383 3 226.21 27.13 213.73 355.51 
384 3 226.41 24.40 209.94 348.45 
385 3 226.97 25.10 212.35 340.63 
386 3 228.05 26.41 293.10 267.30 
387 3 228.68 25.03 294.81 264.47 
388 3 229.11 24.40 297.80 260.37 
389 3 241.63 24.67 135.32 379.30 
390 3 242.55 25.01 88.68 489.06 
391 3 242.67 25.04 136.56 377.36 
392 3 242.85 25.15 211.07 288.73 
393 3 243.28 24.29 212.29 279.13 
394 3 243.30 27.12 135.33 388.53 
395 3 243.38 22.81 136.68 366.05 
396 3 243.43 22.54 89.08 478.29 
397 3 243.54 22.64 213.61 276.66 
398 3 243.63 26.46 208.79 289.83 
399 3 243.97 26.62 87.66 496.82 
400 3 244.92 24.81 289.06 224.69 
401 3 245.11 25.00 291.87 221.92 
402 3 245.77 27.11 286.72 227.72 
403 3 246.61 22.63 291.01 218.31 
404 3 260.21 27.13 74.77 426.47 
405 3 260.37 24.29 76.17 400.32 
406 3 260.66 24.40 40.31 532.48 
407 3 261.13 26.40 123.78 312.28 
408 3 261.92 26.47 40.03 534.17 
409 3 263.14 25.45 123.91 299.01 
410 3 263.25 22.35 125.28 286.31 
411 4 205.05 22.88 96.68 692.91 
412 4 205.72 29.06 141.63 549.34 
413 4 205.82 26.79 145.07 535.35 
414 4 206.29 26.73 94.43 734.24 
415 4 206.35 27.12 99.09 717.25 
416 4 206.94 25.34 93.87 697.16 
417 4 207.20 25.47 142.70 521.35 
418 4 208.56 24.99 50.01 985.98 
419 4 209.42 23.07 49.23 938.60 




