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ABSTRACT 
 

 This thesis is concerned with the development of a continuous melt extrusion process 

utilizing CO2 for the production of materials that cannot be typically melt processed.  The first 

goal of this study is to determine under what conditions it is possible to use CO2 to plasticize 

and, thereby, reduce the viscosity of an acrylonitrile (AN) copolymer in an extrusion process and 

render it melt processable.  In order to assess whether it was possible to absorb adequate amounts 

of CO2 in short residence times by injection into a single screw extruder, a slit-die rheometer was 

attached to the end of the extrusion system for the purpose of directly assessing the viscosity 

reduction.  A chemorheological analysis was performed on 65 and 85% AN copolymers to 

establish the temperature at which the 85% material would be stable for melt processing.  This, 

coupled with studies correlating the degree of Tg and viscosity reduction with the amount of 

absorbed CO2, allowed one to establish conditions for melt extrusion of the 85% AN.  It was 

determined that the 85% AN material should absorb at least 5 weight percent CO2 for a 

processing temperature reduction of 26°C in the extrusion process.  

 The second goal of this study is to determine to what extent CO2 can be used as a 

processing aid to melt process polyethylenes of higher molecular weight than can be typically 

melt processed.  To assess the ability to melt process high molecular weight polyethylenes with 

CO2, the viscosity of a 460,000 g/mol HDPE plasticized with various amounts of absorbed CO2 
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as determined with the slit-die rheometer.  A relationship was developed to determine the 

maximum molecular weight polyethylene that could be processed at a given viscosity reduction 

due to absorbed CO2.  The viscosity of a blend of 40 weight percent UHMWPE with the 460,000 

g/mol HDPE with 12 weight percent CO2 was reduced to that of the pure 460,000 g/mol HDPE 

as predicted by the relationship.  Preliminary studies using a pressurized chamber attached to the 

exit of the die allowed one to assess the conditions under which suppression of foaming is 

possible. 
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1 Introduction 

1.1 Processing with carbon dioxide 

1.1.1 Characteristics of supercritical carbon dioxide 

 Over the past two decades, supercritical carbon dioxide (SC-CO2) has been increasingly 

used in the synthesis and processing of polymers, largely as an alternative to traditional solvents 

and methods of polymer production, such as in microcellular foaming [Park et al. (1994)] and 

the synthesis of high molecular weight fluoropolymers [DeSimone et al. (1992)].  Supercritical 

carbon dioxide is an attractive alternative to organic solvents, and it has potential for use in novel 

processes where its properties are utilized for purposes in addition to solvent replacement 

[Cooper (2000)].  What makes supercritical carbon dioxide an attractive alternative to traditional 

organic solvents is the fact that it is relatively non-toxic, non-flammable, relatively inert, widely 

available, inexpensive, and relatively environmentally benign.  Beyond these reasons, it has 

unique chemical properties as a solvent and plasticizer, is soluble in many polymers, does not 

support chain transfer, and its supercritical conditions are easily obtained [Cooper (2000), Lora 

and Kikic (1999)].   

 From an environmental standpoint, the use of supercritical carbon dioxide is more 

attractive than using traditional organic solvents [Cooper (1999), Canelas et al. (1999)].  SC-CO2 

is easily removed from a product simply by reducing pressure, whereas traditional solvents must 

be vacuum-dried, extracted, distilled, or separated by other, less simple methods than pressure 

reduction.  Many of these solvent separation methods still require disposal and treatment of 

hazardous waste.  Because the use of SC-CO2 in synthesis and processing does not generate CO2, 

but rather reuses that which has been produced from other industrial processes, releasing it to the 



2 

 

 

atmosphere does not increase the level of atmospheric greenhouse gases.  However, if desired, 

SC-CO2 can be easily separated and then recycled.  In addition to environmental reasons, carbon 

dioxide’s benign properties are valuable for material handling and safety issues. 

 SC-CO2 is potentially economical to use in the processing of polymers for a number of 

reasons.  Most importantly, it is abundant in nature and can be obtained from industrial exhaust 

streams, making it an inexpensive raw material.  It also dramatically reduces the cost of solvent 

separation and drying systems and hazardous waste disposal costs.  The use of carbon dioxide as 

a platicizer in melt processes that replace solvent-based processing will potentially increase the 

throughput of product per pound due to the need for less CO2 than solvent [Bortner et al. (2004), 

Garcia-Leiner and Lesser (2004)].  Using CO2 as a blowing agent has been shown to be less 

expensive than other blowing agents used to produce polystyrene, polyurethane and other 

thermoplastic foams [Beckman (2003)]. 

 One must carefully weigh the benefits with the costs involved with using supercritical 

carbon dioxide.  Synthesis and processing using SC-CO2 often requires specialized equipment, 

and operation at temperatures and pressures well beyond the critical point [Lora and Kikic 

(1999)].  Also, the properties of CO2 are not understood nearly as well as water and other 

solvents, so a considerable amount of research is required to implement a process using CO2 

[Beckman (2003)].   

 Despite these difficulties, SC-CO2 has been successfully implemented in a growing 

number of commercial processes such as thermoplastic foaming, foam injection molding, 

synthesis, impregnation, blending, and others outside the polymer industry that include dry 

cleaning [Beckman (2003), Tomasko et al. (2003)]. In the early 1990s, Crain Industries 

developed a purely CO2-blown flexible urethane process, and Dow created an all-CO2-blown 
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polystyrene process, which eliminated pentane emissions [Fiorentini and Griffiths (1997), Welsh 

(1991)].  Washpoint (ICI/Linde) and Micare (Cool Clean Technologies, first developed by 

MICELL Technologies, Inc.) technologies have proven to be successful in the textile industry at 

reducing chlorinated solvent emissions for dry cleaning [Tullo (2002)]. 

 A supercritical fluid is any fluid, the temperature and pressure of which are higher than 

their critical values, and which has a density close to or higher than its critical density.  In a 

pressure-temperature phase diagram, shown in Figure 1.1, there is generally an upward sloping 

equilibrium line separating the liquid phase above from the gas phase below the line.  The line 

extends up to the critical point, where there no longer exists a clear separation between gas and 

liquid.  Above the critical temperature and pressure, the fluid takes on properties that are 

intermediate between a liquid and a gas, with density near that of a liquid, and diffusivity 

comparable to a gas.  Beyond the critical temperature, there is no amount of pressure that will 

liquefy the supercritical fluid. Carbon dioxide has a critical temperature, Tc, of 31.1°C, a critical 

pressure, Pc, of 73.8 bar, and a critical density, ρc, of 0.47 g cm-3 [Cooper (2000), Canelas et al. 

(1999)].  Supercritical fluids can be compressed to greater densities than the critical density, and 

therefore, density can be “tuned” with varying amounts of pressure.  This allows the supercritical 

fluid to be used to fractionate polymers or separate reaction products simply by changing 

pressure, rather than solvent type.  Near-critical carbon dioxide, or carbon dioxide just below its 

critical point, can be used in processes that operate near the critical point, which benefit from the 

higher density of the liquid carbon dioxide (around 0.84 g cm-3) at a more easily attained 20°C 

and 75 bar, while still exhibiting some supercritical properties [Cooper (2000)]. 
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Figure 1.1  Schematic pressure-temperature phase diagram for a pure component showing the Supercritical 
Fluid (SCF) region.  The triple point (T) and critical point (C) are marked. The circles represent the variation 
in density of the substance in the different regions of the phase diagram [Cooper (2000)]. 

   

 The solvent properties of supercritical carbon dioxide are similar to those of non-polar 

hydrocarbon solvents such as hexane, which makes it a good solvent for many low molecular 

weight, non-polar molecules, and some polar molecules, including acetone, cyclohexanone, and 

pyrrole [Hyatt (1984)].  However, only amorphous fluoropolymers and silicones dissolve in 

supercritical carbon dioxide under mild conditions [Cooper (2000)].  This fact has allowed the 

synthesis of high molecular weight fluoropolymers by homogeneous solution polymerization in 

CO2 [DeSimone et al. (1992)].  Polymers that are not soluble in CO2 have been synthesized 

using heterogeneous polymerization techniques such as precipitation polymerization, dispersion 

polymerization, emulsion and suspension polymerization, and bulk condensation polymerization 
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using CO2 as a plasticizer [Tomasko et al. (2003)].  A heterogeneous polymerization in SC-CO2 

proved successful for PAN when stabilized with polystyrene (PS) and poly(1,1-

dihydroperfluorooctyl acrylate) [Shiho and DeSimone (2000)]. 

 There are a number of factors that affect the solubility of a polymer in CO2.  Branching of 

the polymer increases its free volume, making it easier to dissolve in CO2 [Dlubek et al. (2002)].  

The glass transition temperature also affects solubility.  High Tg indicates more order in the 

polymer, which means less entropy; so higher Tg polymers are more difficult to dissolve.  

Molecular weight also represents an entropic factor.  The higher the molecular weight, the higher 

the pressure is required to dissolve the polymer [Lora and Kikic (1999)]. 

 Carbon dioxide also acts as a plasticizer for a number of polymers (Tomasko et al. 

(2003).  CO2 is soluble in many polymers, even though polymers are often not very soluble in 

CO2.  Carbon dioxide as a solute in polymers decreases the glass transition temperature.  For 

example, it has been observed to decrease the Tg of polystyrene, polycarbonate, poly(vinyl 

chloride), poly(ethylene terephthalate), and poly(methyl methacrylate) as much as 50°C at only 

25 bar [Chiou et al. (1985)].  Specific data on the solubility and Tg depression in these polymers 

can be found in Tables 1.1 and 1.2 (Section 1.1.3). 

 The polymer polarity and structure largely determine the sorption of CO2 and, therefore, 

the plasticization effect [Canelas et al. (1997)].  It has been shown that stronger polar 

interactions between the polymer and the CO2 enhance Tg depression, e.g., the Tg of PMMA is 

more greatly affected with increasing CO2 saturation pressure compared with less-polar PS over 

the same pressure range (dTg/dp of -1.2°C atm-1 and -0.9°C atm-1, respectively) [Handa et al. 

(1996)].  The role structure has in plasticization is demonstrated by the solubility of CO2 in 

branched LDPE compared with HDPE (0.5 weight percent and 0.1 weight percent, respectively 
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at identical conditions) [Shieh et al. (1996)].  Knowing these factors can help determine the 

applicability of carbon dioxide in the processing of a particular polymer. 

 

1.1.2 Applications 

 Although supercritical fluids, usually carbon dioxide, have been increasingly studied or 

applied for use in processes such as spray painting, de-asphalting, ceramics processing, paper 

deacidification and preservation, metal parts cleaning, textile dyeing, materials deposition, 

coatings, separation, microelectronics processing, food processing, and plastics recycling [Moore 

et al. (1994), Beckman (2003)], this review will cover the use of carbon dioxide in polymer 

processing.  Recently, Tomasko and coworkers [2003] reviewed the available literature on 

applications of carbon dioxide in the processing of polymers.  In addition to reviewing the 

fundamentals of carbon dioxide and polymer interactions including phase equilibria, transport 

phenomena, rheology, and the dynamic processes of crystallization and nucleation, they covered 

the applications of carbon dioxide in polymer processing, including impregnation, particle 

formation, foaming, blending, and foam injection molding.  The following is a description of 

each of these areas with some examples. 

 

Impregnation 

 Here, impregnation is the delivery of solutes to desired sites inside the polymer matrix 

with the aid of supercritical carbon dioxide.  There are three steps in the process.  First, polymer 

must be exposed to the SC-CO2 for a period of time.  Second, SC-CO2 containing solutes must be 

introduced to the polymer to allow solute transfer from the SC-CO2  to the polymer phase.  Third, 
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CO2 must be released in a controlled manner to trap the solutes in the polymer.  Exposure to SC-

CO2 causes polymers to swell to various extents, enhancing chain mobility, which facilitates and 

accelerates the transport of components.  The applicability of this process is determined by the 

transport rate of solutes and the compatibility and stability between solutes and polymer.  The 

extent of swelling of a polymer is determined by its chemical nature, and lesser swelling means 

difficult impregnation.  Therefore, impregnation studies have focused on polymers with large 

amorphous fractions or those that have specific interactions with CO2, such as PET [Kazarian et 

al. (1999, 19), Sicardi et al. (2000, 17), Sicardi et al. (2000, 39), Kawahara et al. (2001), Knittel 

et al. (1997), Sfiligoj and Zipper (1998), Bach et al. (1996), Beltrame et al. (1998)] , PMMA 

[Kazarian et al. (1997), West et al. (1997), Kazarian et al. (1999 July), Kazarian et al. (1998)], 

polycarbonate, polystyrene, and poly(vinyl chloride) [Berens et al. (1992), Muth et al. (2000), 

Tomasko et al. (2003)].  Materials impregnated into polymers include dyes [Kazarian et al. 

(1998)],  and monomers for subsequent polymerization, which allows for blends to be made that 

are not possible by melt-mixing, e.g., the generation of the water-soluble poly(methacrylic acid) 

(PMAA) inside a hydrophobic PVC- or PMMA substrate [Muth et al. (2000)].  The 

impregnation of biodegradable polymers like poly-DL-lactide-co-glycolide (PLGA) with 

substances such as 5-fluorouracil and β-estradiol has potential for use in controlled drug release 

systems [Guney and Akgerman (2002)]. 

 

Extraction 

 Polymer extraction and purification has been performed using supercritical carbon 

dioxide.  Supercritical fluid extraction (SFE) allows residuals such as plasticizers, antioxidants, 

UV stabilizers, unreacted monomer, oligomers, and solvent to be removed.  Removing these 
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residuals is necessary to properly analyze the polymer, and also to enhance properties or comply 

with regulatory requirements [Cooper (2000)].   

 In addition to reducing organic solvent usage, SFE has several advantages over 

traditional extraction methods.  It can be used from the critical point to temperatures above the 

glass transition temperature of the polymer, it has adjustable solvent strength and shorter 

extraction times, and analyses can be performed on-line, compared to traditional Soxhlet 

extraction, which is limited by the boiling point of the extraction solvent and generally takes 

longer.  The low critical temperature of CO2 (31.1°C) makes it an attractive choice for the 

extraction of thermally labile compounds under moderate conditions. 

 

Particle formation 

 Recently, carbon dioxide has been used to precipitate particles due to its environmental 

and tunable solvent advantages and its ability to leave a particle solvent-free [Bungert et al. 

(1998), Reverchon (1999), Cooper (2000), Thiering et al. (2001), Tomasko et al. (2003)].  These 

methods provide a feasible, clean method of processing thermal-labile or unstable biological 

compounds, such as in drug-delivery systems.  The techniques of particle formation include 

rapid expansion from a supercritical solution (RESS) and supercritical fluids serving as 

antisolvents.  In RESS, the materials are dissolved in supercritical carbon dioxide and then 

forced through a nozzle, causing rapid expansion due to the reduction of pressure.  Small and 

uniform polymer particles can be formed in this way.  Most research in RESS is confined to 

polymers with high solubility in carbon dioxide, such as perflouroethers and siloxanes, or those 

with solubility in other supercritical fluids.  The sudden pressure drop in RESS can lead to 
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spongelike structures, and RESS cannot be used to process thermally labile substances, limiting 

its applicability in drug-delivery systems [Tomasko et al. (2003)]. 

 Antisolvent precipitation techniques are subdivided into gas antisolvent precipitation 

(GAS) and spray processes (ASES, aerosol solvent extraction systems; PCA, precipitation with a 

compressed fluid antisolvent; SEDS, solution-enhanced dispersion by supercritical fluids; and 

SAS, supercritical antisolvent precipitation).  The difference among these is how the solvent 

containing the solute and the supercritical antisolvent are brought into contact.  Antisolvent 

techniques have gotten the most attention for use in the pharmaceutical and biotechnology areas, 

with particular attention paid to PLA (poly(L-lactide))/PLGA (poly(D,L-lactide-co-glycolide) 

and their derivatives [Thies and Muller (1998), Bleich et al. (1993)], PHB (poly(β-

hydroxybutyric acid) [Breitenbach et al. (2000)], PCL (poly-capro-lactone) [Bodmeier et al. 

(1995)], and HYAFF-11 (poly(hyaluronic acid benzylic ester)) [Benedetti et al. (1997)].  There 

is evidence that the various spray processes operate in different hydrodynamic regimes, and, 

therefore, give different results for similar systems.  Continuing research is needed to determine 

and control the effect these processes have on particle morphology [Tomasko et al. (2003)]. 

 

Foaming 

 Foaming with carbon dioxide as opposed to chlorofluorocarbon physical foaming agents 

has been a growing and challenging area of research and development.  This is largely due to the 

Montreal Protocol on ozone-depleting substances.  Carbon dioxide is attractive as a blowing 

agent because of its high solubility and diffusivity in polymer melts, also, it is environmentally 

benign and economically low cost.  For low-value foams (e.g., packaging material), CO2 
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foaming is a reality, but for high-strength applications it is still in development.  Of the latter, the 

applications are in low-density insulation foams (<0.04 g/cm3) and high-density microcellular 

foams (~0.7 g/cm3).  Further development and optimization of operating conditions, equipment 

design, and material selection are making CO2 foaming more viable.  Difficulties in the process 

are the higher pressure operation, dimensional instability during the foam-shaping process, and 

the high diffusivity of CO2 compared to CFCs out of the foam, resulting in poor cell growth 

control, lower nucleation density, and low R-value [Tomasko et al. (2003)].   

 There are two methods of polymer foaming, each divided into three general steps.  The 

two methods are batch foaming and continuous extrusion foaming, which are each divided as 

follows:  First, mixing and formation of a homogeneous solution; second, cell nucleation and 

phase separation induced by a thermodynamic instability (pressure decrease or temperature 

increase); third, cell growth and coalescence [Park et al. (1994)].   In a batch system [Doroudiani 

et al. (1998)], a pre-shaped sample is placed in a pressurized autoclave to be saturated with CO2.  

Nucleation and cell growth are controlled by pressure release rate and foaming temperature.  In 

contrast, a continuous extrusion foaming process begins with plasticization of polymer resin, 

followed by injection of CO2 into the barrel of the extruder.  CO2 and polymer are mixed to form 

a single phase, followed by nucleation due to rapid and large pressure drop in the die, which 

reduces solubility and creates a supersaturated solution [Park et al. (1995)].   

 A variety of polymers and processes have been used to study polymer foaming.  

Polymers such as PS, HIPS, PE, LDPE, PVDF, PMMA, PP, and PET have been studied 

[Tomasko et al. (2003), Xu and Pierick (2001), Siripurapu et al. (2002), Champagne et al. 

(2004), Park et al. (1995), Park et al. (1998)].  A semi-continuous process was developed by 

Kumar and Schirmer [(1995), (1997)] that uncoupled the foaming process from the shaping 
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process to produce microcellular-foamed parts with a designed geometry.  The combination of 

nanotechnology and microcellular foaming provides an opportunity to make light products with 

special properties, such as high mechanical strength and barrier properties.  Han and co-workers 

[(2002), (2003), Zeng et al. (2002)] prepared polymer-clay nanocomposite foams for synthesized 

intercalated and exfoliated PS nanocomposites that demonstrated reduced cell size and increased 

cell density with a small amount of clay. 

 

Foam injection molding 

 Foam injection molding combines gas dissolution, cell nucleation, and cell growth with 

product shaping, and it has the advantages of foam extrusion, especially for producing parts with 

complex geometry.  With the right size injection nozzle or mold gate, the pressure drop through 

them can be very high, which provides the thermodynamic instability of cell nucleation.  It is 

used to produce lightweight products with strong mechanical properties.  Suh and coworkers 

[Martini-Vvedensky et al. (1984), Martini-Vvedensky et al. (1982)] patented the MuCell 

molding technology used by Trexel, Inc. and have successfully commercialized the foam 

injection molding process.  There are certain benefits over conventional injection molding.  

Foam injection molding achieves increased melt flowability, lower injection pressures, faster 

cycle times, greater dimensional stability, and weight savings.  The viscosity reduction due to 

injecting CO2 allows for faster injection speed, lower injection pressure, and lower clamp 

tonnage.  The shot size is usually smaller, yielding shorter recovery time.  The pack and hold 

times are eliminated due to the gas pressure and the reduced mass of material that needs to be 

cooled.  The uniform cell distribution and expansion gives improved dimensional stability and 
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diminishes surface flaws such as sink marks.  However, perfect surface finishes require other 

techniques, such as a venting mold or co-injection [Tomasko et al. (2003)].   

 

Blending 

 Polymers are blended in extruders or high-intensity batch mixers to yield properties 

otherwise unattainable in a homopolymer.  Most two-polymer systems are immiscible and form 

two phases, one rich in polymer A, and one rich in polymer B, and compatibilizers are often used 

to improve the blending and, therefore, the properties of a blend.  The viscosity ratio of these two 

phases is crucial to the resulting morphology because of its influence on momentum transfer 

from one phase to the other [Wu (1987)]. 

 Carbon dioxide as a plasticizer enhances the blending, and can replace the need for 

compatibilizers in some cases.  The addition of CO2 affects viscosity, swelling, and interfacial 

tension, and it has been found that CO2 reduces the dispersed phase droplet size, thus improving 

the properties of the blend [Elkovitch et al. (2000), Lee et al. (2000)].  This has been done with 

batch mixing, single and twin screw extrusion, and tandem extrusion in systems such as 

PMMA/PS [Elkovitch et al. (2000), Tomasko et al. (2003)].  A problem with blending using 

CO2 is that venting is required to produce non-foamed material.  However, venting and 

subsequent extrusion causes dimixing, which reverses the improvements made by blending with 

CO2 [Elkovitch et al. (2000), Tomasko et al. (2003)].   Further research is required to optimize 

blending with carbon dioxide and eliminate foaming without demixing. 
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1.1.3 Measurement methods and data 

 Measurements of solubilities, diffusivity, and glass transition temperature depressions are 

important in understanding the fundamental properties of phase equilibria, transport phenomena, 

and rheology of carbon dioxide and polymer systems.  In the following sections, a description of 

the data gathering methods will accompany tables of collected data representing the work of 

many researchers. 

 

Solubility 

 The solubility of carbon dioxide in many polymers has been measured in a variety of 

ways [Tomasko et al. (2003)].  These include barometric (pressure decay), gravimetric, and 

frequency modulation methods.  In the barometric method, the mass of gas absorbed by a 

polymer is obtained from the difference between the amount of gas initially in contact with the 

polymer and the amount remaining in the gas phase after equilibration.  It is a simple and 

inexpensive method, but it is difficult to use at high temperatures due to the sensitivity of 

pressure sensors and the possibility of polymer degradation at long experiment times.  The 

required sample size is around 5 grams, which requires a long time for the polymer to equilibrate 

with the carbon dioxide [Tomasko et al. (2003), Sato et al. (1996)].   

 The gravimetric method involves measuring the weight change of a polymer sample after 

being removed from the saturating environment.  A highly sensitive microbalance is used to 

measure the mass of polymer plus carbon dioxide at ambient conditions.  The time dependent 

weight change can be extrapolated to zero by using the analytical solution to diffusion from a flat 

plate.  Polymers that undergo visible changes in shape or appearance upon release of carbon 
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dioxide, such as rubbery or highly plasticized polymers, are not suitable for this method.  An 

accurate equation of state for the gas phase is needed, as well as an estimate of the swelling of 

the polymer phase to account for the buoyancy correction.  A basic method of measurement of 

the swelling of polymers in carbon dioxide is to measure the change in one or more dimensions 

upon swelling.  The way a sample is pretreated and prepared, such as dimension, and how it is 

measured, whether it be hanging or lying flat, affects the measured results of the swelling, and 

ultimately the solubility measurement.  Studies of the influence of these factors have been done 

in detail [Tomasko et al. (2003), Berens and Huvard (1989), Zhang et al. (1997)]. 

 Frequency modulation utilizes a quartz crystal microbalance (QCM) that is composed of 

a thin quartz crystal coated with the polymer to be studied in between two metal electrodes.  The 

alternating electric field across the crystal causes vibrational motion at its resonant frequency 

(piezoelectric effect), which decreases linearly with increased mass of the coating, according to 

the Sauerbrey equation [Tomasko et al. (2003), Buttry and Ward (1992)].  This method is useful 

at high pressures, but the difficulty is in preparing a well-adhered polymer film to the crystal 

surface.   

 Table 1.1 lists the solubility of carbon dioxide in several different polymers.  As stated 

earlier, the polymer structure and polarity largely affect the ability of carbon dioxide to plasticize 

polymers, which correlates to the solubility of carbon dioxide in the polymers.  In the table, 

notice the differences in solubility between two polymers that differ in branching, but otherwise 

remain similar, such as between LDPE and HDPE.  Carbon dioxide is more soluble in the 

relatively high free volume LDPE than it is in HDPE.  The differences in polarity are also 

evident.  Polar PMMA accepts more carbon dioxide than non-polar polymers such as PE and PP.   
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Table 1.1  Solubility of carbon dioxide in polymers.  Adapted from Tomasko et al. (2003). 

Polymer Method Pressure 
Range (atm) Temp. Range (°C) Solubility Refs. Src. 

PMMA 
(poly(methyl 
methacrylate)) 

GM-M 
GM-M 
GM-M 
GM-D 
GM-Q 
GM-D 
GM-D 
GM-D 
GM-Q 
QCM 
GM-Q 

0-50 
0-15 
0-20 
0-68 
0-100 
68 
136 
204 
13.6-102 
0-95.2 
0-296 

35/65/75/85 
100 
125/150/175/200 
25 
32.7/42/58.8 
25 
40 
70 
35 
40 
35/50 

0-80/46/40/34 SCC/cm3 
0-7.6 SCC/cm3 
0-8.2/7.0/5.7/5.3 SCC/cm3 
0-26 g/100 g 
0-120/137/110 SCC/cm3 
6.3 wt % 
9.3 wt % 
10.5 wt % 
3.96-22.2 g/100 g 
7.32-24.3 g/100 g 
0-320/260 SCC/cm3 

Kamiya et al. 1998 
 
 
Berens & Huvard 1989 
Wissinger and Paulaitis 1987 
Shieh et al. 1996, 707 
 
 
Zhang et al. 1997 
Aubert 1998 
Chang et al. 1998 

G 
 
 
G 
G 
T 
 
 
T 
C 
G 

PS 
(polystyrene) 
 

GM-M 
GM-M 
GM-M 
GM-M 
QCM 
GM-Q 
QCM 
BM 
BM 
BM 
GM-MSB 
GM-MSB 
GM-MSB 

0-13.2 
0-50 
0-70 
0-55 
0-42 
13.6-102 
0-95.2 
35.7-183.1 
71.9-197.7 
24.4-171.4 
20.4-198.0 
21.3-159.3 
21.4-198.9 

25 
35 
35 
50 
65 
35 
40 
100 
140 
180 
100 
180 
200 

0-14.5 SCC/cm3 
6.3 g/100 g 
58 SCC/cm3 
35 SCC/cm3 
24 SCC/cm3 
1.84-5.56 g/100 g 
3.09-13.4 g/100 g 
2.26-11.57 g/100 g 
3.47-10.12 g/100 g 
0.94-6.87 g/100 g 
1.27-12.18 g/100 g 
0.9-6.45 g/100 g 
0.71-6.23 g/100 g 

Kato et al. 1997 
Wong et al. 1998 
 
 
Wissinger and Paulaitis 1987 
Zhang et al. 1997 
Aubert 1998 
Sato et al. 1996 
Sato et al. 1996 
Sato et al. 1996 
Sato et al. 2001 
Sato et al. 2001 
Sato et al. 2001 

G 
T 
 
 
G 
T 
C 
T 
T 
T 
T 
T 
T 

HIPS 
high-impact polystyrene 

GM-D 
GM-D 

68 
204 

25 
70 

0.8 wt % 
0.5 wt % 

Shieh et al. 1996, 707 
Shieh et al. 1996, 707 

T 
T 

PC 
(polycarbonate) 

GM-M 
BM 
GM-M 
GM-D 
GM-Q 
QCM 
GM-Q 

0-13.2 
1-30 
0-50 
0-68 
0-100 
0-95.2 
0-296.1 

25 
35 
35/45/55 
25 
35 
40 
35 

0-24 SCC/cm3 
0-42 SCC/cm3 
0-50/40/32 SCC/cm3 
0-13 g/100 g 
65 SCC/cm3 
5.55-13.9 g/100 g 
0-90 SCC/cm3 

Kato et al. 1997 
Koros et al. 1976 
Kamiya et al. 1986 
Berens & Huvard 1989 
Wissinger and Paulaitis 1987 
Aubert 1998 
Chang et al. 1998 

G 
G 
G 
G 
G 
C 
G 

PET 
(poly(ethylene 
terephthalate)) 

FTIR 
 
 
GM-D 
GM-MSB 

57.1-175.2 
 
 
136 
0-394.8 

0/28/50 
 
 
40 
80/100/120 

10 (63 atm)/6.7(175.2 atm)/ 
4.2 (171.7 atm) g/100 g 
(initially amorphous PET) 
1.5 wt % 
0-3.8/3.5/3.25 g/100 g 

Brantley et al. 1999 
 
 
Shieh et al. 1996, 695 
Schnitzler & Eggers 1999 

G 
 
 
T 
G 

PVC 
(poly(vinyl chloride)) 

GM-D 
GM-D 
GM-D 

0-68 
136 
49.3-296.1 

25 
40 
40/50/70 

0-8 g/100 g 
0.1 wt % 
5.5-13, 4-12, 3-11.5 g/100 g 

Berens & Huvard 1989 
Shieh et al. 1996, 707 
Muth et al. 2001 

G 
T 
T 

PVAc 
(poly(vinyl acetate)) 

GM-D 
GM-MSB 
GM-MSB 
GM-MSB 
GM-MSB 

0-54.4 
2.0-67.9 
22.3-95.7 
21.8-97.5 
21.3-172.2 

25 
40 
60 
80 
100 

0-29 g/100 g 
0.55-34.70 g/100 g 
5.61-33.24 g/100 g 
3.99-21.43 g/100 g 
3.05-29.92 g/100 g 

Berens & Huvard 1989 
Sato et al. 2001 
Sato et al. 2001 
Sato et al. 2001 
Sato et al. 2001 

G 
T 
T 
T 
T 

LDPE 
(low-density 
polyethylene) 

GM-M 
GM-D 
GM-D 
GM-D 

0-50 
68 
136 
204 

35 
25/40 
40 
25 

0-12 SCC/cm3 
0.0/0.2 wt % 
0.4 wt % 
0.5 wt % 

Kamiya et al. 1986 
Shieh et al. 1996, 695 
Shieh et al. 1996, 695 
Shieh et al. 1996, 695 

G 
T 
T 
T 

HDPE 
(high-density 
polyethylene) 
 

GM-D 
GM-D 
BM 
BM 
BM 
 

68/136 
204 
68.4-172.2 
69.6-178.9 
65.2-168 
 

40 
25 
160 
180 
200 
 

0.1, 0.0 wt % 
0.1 wt % 
0.41-1.32 g/100 g 
0.35-1.20 g/100 g 
0.32-1.03 g/100 g 
 

Shieh et al. 1996, 695 
Shieh et al. 1996, 695 
Sato et al. 1999 
Sato et al. 1999 
Sato et al. 1999 
 

T 
T 
T 
T 
T 

PP 
(polypropylene) 

GM-D 
GM-D 
BM 
BM 
BM 

68/136 
204 
73.0-116.5 
53.5-170.2 
61.2-152.0 

40 
25 
160 
180 
200 

0.1/0.1 wt % 
0.1 wt % 
0.50-1.59 g/100 g 
0.32-1.43 g/100 g 
0.3-1.09 g/100 g 

Shieh et al. 1996, 695 
Shieh et al. 1996, 695 
Sato et al. 1999 
Sato et al. 1999 
Sato et al. 1999 

T 
T 
T 
T 
T 

Method: GM-M, gravimetric method (microbalance); GM-D, gravimetric method (desorption); GM-Q, gravimetric 
method (quartz spring); GM-MSB, gravimetric method (magnetic suspension balance); QCM, quartz crystal 
microbalance; BM, barometric method. Units: SCC/cm3, cm3 (STP)/cm3 of polymer; g/100 g, g of CO2/100 g of 
polymer. Src: type of data source in the literature. G: data read from graphs. T: data read from tables. C: data 
calculated from available information. 
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Glass transition temperature depression 

 It is well known that carbon dioxide can dramatically lower the Tg of amorphous 

polymers.  Measuring the Tg reduction is often done via differential scanning calorimetry (DSC).  

Ambient pressure DSC can provide reasonable results as long as the loss of gas during sample 

handling and sampling is minimized.  High pressure cells are available for DSC that allow 

testing up to around 6.9 MPa (1000 psi), but, without elaborate controls, the increasing pressure 

in the system during the scan makes it impossible to define the thermodynamic state of the 

measurement.  Also, the baseline stability is poor under elevated pressures [Tomasko et al. 

(2003), Handa et al. (1994)].  However, DSC is still the best method for obtaining Tg.  In situ 

creep compliance has been used at lower temperatures to obtain Tg.  This method is not subject 

to errors due to desorption of carbon dioxide.  Table 1.2 lists Tg reductions for several polymers.  

Differences in reported results can possibly be attributed to differing techniques and 

experimental protocols, such as DSC scanning rate [Tomasko et al. (2003), Condo and Johnston 

(1994)]. 



17 

 

 

Table 1.2  Tg depression of polymers under carbon dioxide.  [Tomasko et al. (2003)]. 

 

 

Diffusivity 

 By using several of the same methods used to measure solubility, diffusivity can be 

measured by following the dynamic approach to equilibrium.  Barometric methods and 

gravimetric methods have been successfully used to measure diffusivity.  Another transient 

measurement utilizes optical observation of the swelling behavior measured with a CCD camera 

and then correlating the degree of swelling to mass uptake.  Spectroscopy can also be used to 

measure transient absorbance data in the near-IR region.  The relative concentration of carbon 

dioxide in the polymer as a function of time can be determined using the Beer-Lambert law 

[Tomasko et al. (2003), Brantley et al. (1999)].  Table 1.3 shows diffusion coefficients of carbon 

dioxide in several molten polymers.  In addition to those in the table, HDPE is shown to have a 

diffusivity of 9x10-5 cm2/s at 200°C and roughly 11 MPa [Areerat et al. (2004)]. 
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Table 1.3  Diffusion coefficients of carbon dioxide in molten polymers [Tomasko et al. (2003)]. 
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1.2 Research Objectives 

 Thermally unstable polymers such as polyacrylonitrile (PAN), and high molecular weight 

polymers, such as ultra-high molecular weight polyethylene (UHMWPE), are often used to 

generate high performance fibers for use in composites, ballistic protection, aerospace materials, 

and textiles.  They are traditionally processed in solution to avoid degradation or achieve lower 

viscosities.  Environmentally unfriendly solvents are used in the solution spinning processes, 

contributing to the high cost of producing these materials. In addition, solution spinning 

processes require the removal of solvent from the precursor itself, resulting in a net weight loss 

of up to 80% and ultimately low product yield per pound of throughput. In PAN, a competing 

cyclization reaction that degrades the resin at melt processing temperatures also creates a 

problem and limits the processing window for creating precursors.   

 The primary goal of this research is to develop an environmentally benign method to melt 

process thermally unstable and high molecular weight polymers utilizing CO2 as a plasticizing 

agent and thereby eliminate the need for organic solvents and their recovery, possibly resulting 

in a lower cost per pound of finished product.  

 This study will attempt to determine whether CO2 can be used as a processing aid to 

continuously process a thermally unstable PAN/MA copolymer.  This involves rendering 

PAN/MA melt processable by lowering the process temperature.  The second goal is to 

determine whether CO2 can be used as a processing aid to process high molecular weight 

polyethylenes by reducing their viscosity to make them melt processable.  The final goal is to 

determine the effect that moderate pressures have on the suppression of foaming and extrudate 
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morphology within a pressurized step-down chamber to determine the feasibility and parameters 

for production of a continuously operated step-down chamber. 
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2 Literature Review 

 In this chapter, previous studies that are relevant to accomplishing the research objectives 

are reviewed.  Reviewed in section 2.1 are the current and attempted methods of processing 

polyacrylonitrile (PAN) copolymers, which are used in textiles and carbon fibers, with attention 

given to the drive for a more environmentally friendly, lower cost process.  In section 2.2 the 

available literature on melt-processing polymers with carbon dioxide are reviewed.  This 

information is necessary for developing a process utilizing carbon dioxide for the production of 

polymers that cannot be normally melt-processed. 

 

2.1 Characteristics and processing of acrylonitrile copolymers 

 Acrylonitrile (AN) copolymers are used in a number of applications, most notably for the 

mass production of textile fibers and both low and high strength carbon fibers. The broad range 

of mechanical properties achieved by acrylic based carbon fibers and textile fibers makes them 

suitable for various applications.  The soft, supple properties of acrylics and their high elasticity, 

good light and colorfastness, resistance to pilling, and other desirable mechanical properties 

make them highly desirable in the textile industry for both apparel and certain industrial 

applications, and because of this, acrylic fiber has replaced wool in many applications, including 

knitting yarns, hosiery garments, blankets, and carpets [Smith (1998), Bajaj and Roopanwal 

(1997)].  Carbon fibers based on acrylics are the most widely used, and they offer a wide range 

of structural properties, compatibility in matrix systems, and positions in expanding 

manufacturing applications [Riggs (1989)]. 
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2.1.1 Solution processing AN copolymers 

 Typically, AN based fibers are formed via a solution spinning process. For this process, a 

dope of organic solvent and polymer precursor is prepared.  Most of the solvents used are 

environmentally unfriendly and require recovery and recycling, including N,N-

dimethylformamide (DMF) and N-N dimethyl acetamide (DMAC), dimethyl sulfoxide (DMSO) 

as well as aqueous inorganic solvents, including sodium thiocyanate [Jain and Abhiraman 

(1987)].  In addition to environmental concerns, the prepared dope contains only seven to thirty 

percent solids depending on whether the materials are dry-jet or wet spun [Gupta et al. (1991)].  

Figure 2.1 shows the industrial wet spinning process to produce the PAN precursor.  In a similar 

process, called dry spinning, the fibers solidify via solvent evaporation instead of washing, so the 

coagulation bath is replaced with a heated gas chamber [Porosoff (1979)].  The same solvents are 

used for both the wet- and dry-spinning processes.   

 

Figure 2.1:  Industrial wet spinning process for acrylonitrile precursor fibers [Edie (1998)]. 
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2.1.2 Thermal stability of AN copolymers 

 It is necessary to process PAN based fibers in solution due to the thermal instability of 

the starting copolymer materials.  If these materials are to be melt-extruded, the viscosity 

becomes suitable at around 220°C for the majority of these polymers.  The problem is that 

temperatures in the range of 220-250°C are typically utilized for the thermal stabilization and 

crosslinking of acrylic and carbon fiber precursors [Bajaj and Roopanwal (1997)].  This means 

that melt-extruding these materials will cause them to prematurely crosslink and become 

intractable.  Because of this, solvents are used to allow processing at temperatures well below the 

crosslinking temperatures for these materials. 

 In the traditional carbon fiber precursor spinning process, the thermal stabilization step is 

performed after the pre-stretching process to stabilize the carbon fiber precursor so it is thermally 

stable during further heat treatment steps.  Precursor fibers are heated to suitable temperatures 

(220-280°C) for stabilization and an exothermic cyclization reaction leads to the formation of a 

ladder polymer, as pictured in Figure 2.2.  The crosslinked structure of the as-spun precursor 

fiber helps to maintain orientation and prevents chain relaxation and chain scission during 

carbonization [Edie (1998)].  Considerable effort has been put forth to accelerate the stabilization 

reaction, which is the rate limiting step of the PAN based fiber production process [Jain and 

Abhiraman (1987)]. 
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Figure 2.2:  Ideal stabilization of acrylic precursor into a ladder polymer [Dunham and Edie (1992)]. 

 

 The stabilization process is generally performed in an oxygen rich atmosphere (including 

air), as studies have shown that an oxygen rich environment provides for better mechanical 

properties of the resultant fibers [Gupta et al. (1991)].  Oxygen initiates the formation of 

activated centers for cyclization, and in contrast increases the activation energy for the reactions.  

Despite the apparent conflict, stabilization in an oxidizing medium is preferred because of the 

resulting formation of oxygen containing groups in the ladder backbone [Gupta et al. (1991)].  

These groups assist in the fusion of the polymer backbone during the carbonization step and help 

to eliminate water during aromatization, which is essential for basal plane formation on the 

resulting fiber [Jain and Abhiraman (1987)]. 

 

Choice of comonomer and comonomer ratio 

 A suitable copolymer of acrylonitrile and another comonomer is typically required for 

production of PAN based carbon fiber precursors.  The more commonly used comonomers are 

listed in table 2.1 along with their chemical structure.  The reaction rate is greatly affected by the 

comonomer, and comonomers typically enhance segmental mobility of the polymer chains as 

well as reduce the initiation temperature of cyclization [Edie 1998].  The copolymer ratio is 
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important, because higher comonomer contents increase the time required for thermal oxidation 

[Bajaj and Roopanwal (1997)]. 
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Table 2.1  Comonomers typically used in acrylic precursors [Gupta et al. (1991)]. 

 

 Due to excessive heat build-up, chain scission and fusion of the precursor fibers can 

occur during the propagation step of the cyclization reaction in PAN homopolymer.  The 

propagation step can be slowed down and better heat dissipation can be obtained by using a 

properly chosen comonomer, which is typically an acidic comonomer [Gupta et al. (1991)].  The 

addition of the comonomer effectively lowers the initiation temperature and peak exotherm 

temperature of the cyclization reaction [Bajaj and Roopanwal (1997)].   

 In addition to acid comonomers, amide and ester comonomers have been used with 

acrylonitrile.  Although less pronounced, amide comonomers, such as acrylamide, have similar 

effects as the acid comonomers [Gupta et al. (1991)].  Ester comonomers, such as methyl 

acrylate and methyl methacrylate, have been shown to have no initiating effect on the cyclization 

reaction, but they do positively affect the precursor structure and resulting fibers [Bajaj and 

Roopanwal (1997)].  Enhanced segmental mobility can be obtained by using ester comonomers 
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with bulky side groups.  The enhanced mobility gives the precursor and resulting fiber higher 

orientation and improved mechanical properties. If the ester content is too high, typically over 

1.5 mole percent, less cyclization occurs, which causes the resulting carbon fibers to have a 

lower orientation and reduced mechanical properties [Tsai and Lin (1991) – JAPS v.43].  Bulkier 

ester side groups also cause an increase in weight due to extra chain scission [Tsai and Lin 

(1991) – JAPS v.42].  A large side chain comonomer will increase the orientation of the 

precursor, but it decreases the orientation of the resulting carbon fiber.  There are several 

advantages to using a small side chain ester comonomer like methyl acrylate in melt spinning: 

the initiation temperature is not lowered, so cyclization occurs at higher temperatures; the glass 

transition temperature is lowered as a result of increased chain mobility, resulting in a lower melt 

viscosity of the precursor; and a carbon fiber with reasonable mechanical properties can be 

produced if the precursor contains a suitable ester comonomer content [Bortner (2004)].  Studies 

have shown that 10 to 15 mole percent methyl acrylate can produce a copolymer that has suitable 

viscosity and sufficient thermal stability (at processing temperatures of 220°C) for melt extrusion 

[Rangarajan et al. (2002), Bortner (2004)]. 

 It has been shown that the copolymer ratio greatly affects the thermal behavior and 

crystallinity of acrylonirile/methyl acrylate (AN/MA) copolymers [Godshall et al. (2003)].  

AN/MA copolymer ratios of 100/0, 93/7, 90/10, and 85/15 of similar molecular weight were 

studied using differential temperature analysis among other methods.  Increasing MA content 

leads to higher stabilization/degradation temperatures and lower melting temperatures, leading to 

a separation of these exothermic and endothermic peaks, respectively, whereas AN 

homopolymer stabilizes or degrades at or before its melting point.  These results are shown in 

Figures 2.3 and 2.4.  In Figure 2.3, the reduction in the area under the melting endotherm with 
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increasing MA content demonstrates the reduced crystallinity of the copolymer due to the loss of 

chain symmetry. 

 

 

 

Figure 2.3:  DTA traces showing exothermic stabilization/degradation reactions.  Heating rate 60°C/min, 
nitrogen atmosphere [Godshall et al. (2003)]. 
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Figure 2.4:  DTA traces showing melting endotherms prior to the onset of exothermic 
stabilization/degradation reactions. Heating rate 60°C/min, nitrogen atmosphere [Godshall et al. (2003)]. 

 

 The addition of a suitable comonomer can potentially open a processing window between 

the melting temperature and the temperature at which cyclization and degradation occurs.  The 

residence time of the polymer at elevated temperatures must also be considered.  Prolonged 

exposure to elevated temperatures causes significant cyclization and degradation to occur 

[Godshall et al. (2003)].  Increasing the comonomer content increases the time-temperature 

window of melt stability, but the window must be made suitably broad for a PAN melt spinning 

process. 

 Bortner et al. (2004 - JAPS) studied the shear rheological properties of an 85/15 AN/MA 

copolymer and two 85/14/1 AN/MA/acryloyl benzophenone (AN/MA/ABP) terpolymers.  Also 

developed was a chemorheological model of the viscosity of the samples as a function of 

temperature and time, which was compared among samples to determine the effect of molecular 
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weight and ABP.  The ABP was added to accelerate crosslinking with UV radiation after fiber 

precursor formation.  Dynamic and steady shear rheology were performed on two different 

molecular weight samples of the terpolymer and one sample of the copolymer.  Figure 2.5 shows 

the complex viscosity of the 85/15 copolymer at three different temperatures.  The authors noted 

that in dynamic tests under small strains, little mixing occurs, such that the reactive nitrile groups 

of the polymer chains do not interact to the degree that occurs during extrusion, and the samples 

that indicated little increase in complex viscosity became intractable during monofilament 

extrusion through a capillary rheometer.  Figures 2.6 and 2.7 show the steady shear stability over 

time of the AN/MA sample at five different temperatures, where the shear mixing mimics that of 

extrusion.  A thirty minute time span was used, considered to be at or greater than the residence 

time in an extruder. 
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Figure 2.5:  Magnitude of the complex viscosity of 85/15 AN/MA copolymer at ( ) 200°C, ( ) 210°C, and 
( ) 220°C.  Stars indicate steady shear viscosity at 200°C [Bortner et al. (2004 - JAPS)]. 
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Figure 2.6:  Time dependence of the steady shear viscosity of an 85/15 AN/MA copolymer at shear rate of 0.1 
s-1 and ( ) 200°C, ( ) 210°C, and ( ) 220°C.  [Bortner et al. (2004 - JAPS)]. 
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Figure 2.7:  Time dependence of the steady shear viscosity of an 85/15 AN/MA copolymer at shear rate of 0.1 
s-1 and ( ) 260°C, ( ) 240°C, and ( ) 220°C.  [Bortner et al. (2004 - JAPS)]. 

 
 These results indicate the effect of temperature on the stability and viscosity of AN/MA 

copolymers.  At higher temperatures (>220), the polymer might initially be easier to process, but 

the thermal instability makes it intractable.  At lower temperatures (<220), the instability may be 

avoided, but the viscosity may be too high for processing.   

 It is desirable to lower the processing temperatures for acrylonitrile copolymers, and 

plasticizing these materials may achieve that goal.  The next section focuses on the ways 

plasticizers have been used to process AN copolymers, and discusses some of the difficulties 

encountered. 
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2.1.3 Processing AN copolymers with plasticizers 

 There is a need for a less expensive and nonpolluting alternative to the acrylic fiber 

solution spinning process, evidenced by the efforts to melt spin acrylic precursor fibers for both 

textiles and carbon fibers [Min et al. (1992)].  Plasticization followed by melt-spinning of 

polyacrylonitrile copolymers is the most popular alternative, and a large number of patents and 

journal articles have been published on the topic.  The plasticizing medium is typically water, 

and is often water in conjunction with other plasticizers to form a lower boiling azeotrope. 

 Most of the studies performed using water as the plasticizer for PAN focused on 

production of textile fibers, but none of those have been adapted for commercial use.  More 

recently, in an effort to produce high strength carbon fiber precursors, Daumit and coworkers 

(1990, 1991) have looked at the use of mixtures of water (12-28% by weight of the polymer), a 

C1 to C4 monohydroxy alkanol (0-13%), and either a C1 or C2 nitroalkane (3-20%) or acetonitrile 

(5-20%) to plasticize PAN for melt spinning.  Since then, a “crystallization solvent,” propylene 

carbonate, has been used to produce melt extruded PAN fibers [Atureliya and Bashir (1993)].  

Despite not ever being practiced commercially, these studies provide a great deal of insight into 

the challenges associated with melt extrusion of PAN copolymers.   

 The fact that water could hydrate the pendant nitrile groups of PAN was discovered in 

1952 by C. D. Coxe.  The hydration decouples the nitrile-nitrile associations that cause cyclizing 

and thermal degradation well below the melting temperature of pure PAN (320°C).  With the 

melting point significantly lowered, hydrated PAN could be melt extruded without significant 

degradation.  It was confirmed that only 0.2 weight percent water could reduce the melting 

temperature of pure PAN to 200°C [Frushour (1982)].  Despite the reduced melting temperature 

of PAN, Coxe could not control the release of steam upon leaving the spinneret, and the resulting 
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foam could not be used in a fiber spinning process [Min et al. (1992)].  The process could be 

used to make fibrillar materials for paper or strands for fused, sintered, or foamed particles, but 

could not be used to form a homogeneous fiber suitable for textiles [Porosoff (1979)].   A 

technique using a ‘fusion melt’ of PAN and water for production of fibers for the textile industry 

was studied, but the water evaporation rate was not controlled properly and filaments with 

differing sheath-core properties were produced [Grove et al. (1988)]. 

 Porosoff (1979) addressed the foaming problem with the use of a steam pressurized 

solidification zone.  A single phase fusion melt of up to 40% water in PAN was extruded into the 

steam pressurized solidification zone, which prevented rapid water evaporation.  Figure 2.8 

shows a schematic of the Porosoff process.  This process eliminated the need for 

environmentally hazardous solvents, which eliminated their recovery cost and the associated 

pollution.  By stretching the fiber in conjunction with the extrusion step, the need for a separate 

stretching step and the associated energy requirements were eliminated.  Sheath-core 

developments were reduced by the controlled diffusion of water out of the fiber, and the presence 

of water in the fiber helped to maintain a stretchable state after solidification.  DeMaria and 

Young (1981) found that improved orientation and easier stretching could be obtained by wetting 

the fiber with hot liquid water in the steam pressurized solidification zone.  A modified spinneret 

plate for extruding the fusion melt solved the initial problems with filaments sticking together 

[Pfeiffer and Peacher (1982)]. 

 Various studies were performed to determine the feasibility of implementing the Porosoff 

process for carbon fiber production.  Determining the structure and mechanical properties of 

such melt spun PAN fibers was necessary.  Grove et al. (1988) reported that a process similar to 

that of Porosoff could be used create carbon fibers with reasonable strength and modulus, but 
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micron-sized holes and broken filaments were observed, and the authors felt that this would 

prevent the implementation of such a process in place of wet or dry spinning.  An SEM 

photograph of a carbonized melt spun PAN fiber is shown in Figure 2.9.  Voids near the core 

ranging in size from roughly 1 to 4 µm are observed in the fiber. 

 

Figure 2.8: Process developed by Porosoff for melt extrusion of PAN [Porosoff (1979)]. 
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Figure 2.9: SEM photograph of carbonized, melt spun PAN fiber [Grove et al. (1988)]. 

 

 Similar results were published by Min et al. (1992) for precursor fibers prior to 

stabilization and carbonization.  Figure 2.12 shows an SEM photograph where the microporous 

structure at the fiber core can be seen.  The fiber was stretched from a supercooled melt at 150°C 

and 70 kg/cm2 (996 psi), where the viscosity of the melt was increased and the steam pressure 

was lowered.  Supercooling suppressed foaming, but the core still had a foam structure, similar 

to that reported by Grove et al. (1988). 

 A method for producing melt spun acrylic fibers suitable for conversion into carbon 

fibers was patented by Daumit and coworkers (1990) at BASF.  Figure 2.11 shows the process. 

A 23 to 48 weight percent solvent mixture of water, acetonitrile, and a C1 to C4 monohydroxy 

alkanol, preferably methanol, is used to plasticize an acrylic copolymer melt of at least 85% 

acrylonitrile.  The C1 to C4 monohydroxy alkanol was found to beneficially influence the 

filament internal structure such that carbon fiber mechanical properties were enhanced, and 

combined with acetonitrile it lowered the temperature at which the polymer hydrates and melts.  

The homogeneous melt is extruded at a temperature between 160 and 185°C into a pressure 
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chamber, illustrated by #8 and 10 in Figure 2.11, which is pressurized by steam preferably 

between 10 and 50 psig above atmospheric pressure and at a temperature between 90 and 200°C.  

The release of the plasticizer and void formation are controlled by the pressure chamber during 

initial drawing of the fibers.  The remaining plasticizer is removed to less than 1 weight percent 

upon leaving the pressure chamber and entering an oven (depicted by #38 in Figure 2.11).  Post 

spin drawing (at a draw ratio of 8.4:1) in a steam atmosphere at 18 psig (#46 in Figure 2.11) 

helps to collapse and remove the majority of voids resulting from plasticizer removal. 

 

Figure 2.10: SEM of magnified core cross-section of melt extruded PAN [Min et al. (1992)]. 

 

 

Figure 2.11: Process for melt extruded PAN precursor fibers (for carbon fibers) [Daumit et al. (1990)]. 
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 The BASF process showed that carbon fibers could be produced using a pseudo-melt 

spinning process.  Various cross-sectional configurations (e.g. trilobal configuration) could also 

be produced and still yield a suitable fiber for carbonization [Daumit et al. (1990)].  Daumit and 

coworkers (1991) expanded the versatility of the process in 1991, when they patented the use of 

nitromethane and nitroethane in place of acetonitrile for melt plasticization of acrylic 

copolymers.  A large amount of plasticizer, between 25% and 47%, was still required to facilitate 

melt spinning of a PAN copolymer containing approximately 85-90% acrylonitrile. 

 Despite the successes of the BASF process, it was never commercialized.  Solvent 

recovery was still required to handle the high plasticizer content.  The solvents, besides water, 

were extremely toxic and required very careful use, especially at elevated temperatures.  For 

example, in the case of acetonitrile, it could degrade into cyanide.  Minimal environmental 

benefits were obtained due to the use of a high amount of plasticizer (except for water), and the 

recovery requirements produce little financial gain over solution spinning processes.  The 

process provided no economic benefit over solution spinning once commercial production levels 

were reached (~2x106
 lb/year).  However, it is important to note that the BASF process used 

considerably less solvent than the amount required for wet (80%) or dry (70%) solution spinning. 

 Processes that use plasticizers other than water have been investigated for the melt 

processing of acrylic polymers.  Non-toxic propylene carbonate was used to plasticize PAN 

homopolymer by Atureliya and Bashir (1993).  With a boiling point of 240°C, propylene 

carbonate only needs to be heated to 130-150°C to solubilize PAN.  A pressure chamber is not 

required following extrusion because the plasticizer is well below its boiling point and, therefore, 

does not foam in the fiber. 
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 There are several drawbacks to using propylene carbonate as a plasticizer.  High 

orientation is necessary to obtain the desired mechanical properties in both textile and carbon 

fibers, but no chain axis order was observed in the propylene carbonate plasticized PAN.  Even 

higher amounts of solvent (50 weight percent), are required than that reported for the water-

hydrated systems.  The extrusion process is somewhat simpler than the water hydrated systems, 

meaning that it does not require a pressure chamber, but it still requires heating and drawing 

steps to remove the plasticizer from the fiber. 

 

2.1.4 CO2 absorption capacity of AN copolymers 

 CO2 has been shown to be soluble in acrylonitrile copolymers, despite the very low 

permeability of AN homopolymer [Crank and Park (1968), Bortner and Baird (2004), Chiou and 

Paul (1987)].  Bortner and Baird (2004) used a pressurized bomb to saturate a 65 mol% AN 

copolymer (25% MA, 10% elastomer) with supercritical carbon dioxide at 120°C under 

pressures ranging from 10.3 MPa to 17.2 MPa.  Using thermogravimetric analysis (TGA), it was 

found that 4.7 weight percent of CO2 absorbed into the copolymer at 10.3 MPa, and 6.7 weight 

percent was absorbed at 17.2 MPa.  Exposing the polymer to SC-CO2 at the given conditions for 

times in excess of six hours did not show any improvement in CO2 uptake, indicating that a 

saturation limit had been reached.  Cycle times under six hours yielded less CO2 uptake, but as 

much as 2.7 weight percent was absorbed when the sample was immediately removed after 

reaching test conditions (10.3 MPa, 120°C).   

 The copolymer ratio affects the absorption capacity of CO2 in acrylonitrile-methyl 

acrylate copolymers [Bortner et al. (2004) - Polymer].  Several AN/MA copolymers were 
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studied, with ratios of 85/15, 90/10, 93/7, 95/5, and 98/2.  Using methods similar to those used 

for the 65% AN copolymer study, Bortner and coworkers [(2004) – Polymer] found that the 

85/15 copolymer absorbed 4.3 weight percent CO2 at 120°C and 10.3 MPa, whereas the 90/10 

copolymer absorbed 2.0 weight percent at the same test conditions.  At higher pressures, (17.2 

MPa), the 85/15 copolymer absorbed 5.6 weight percent CO2 and the 90/10 copolymer absorbed 

3.0 weight percent.  In contrast to the study of the 65% AN copolymer, the copolymers of higher 

AN content showed no additional CO2 uptake at cycle times beyond immediate removal.   

 It was found that the copolymers with greater than 90 mol% AN did not absorb a 

significant amount of CO2 under the conditions tested.  This represents a critical copolymer ratio, 

at which point the dipole-dipole interactions of the pendant nitrile groups generate strong 

intermolecular forces and significantly decrease the free volume of the copolymer [Bortner et al. 

(2004) - Polymer, Rangarajan et al. (2002)].  The authors suggest that it may be possible to 

achieve greater CO2 uptake at higher temperatures where the free volume of the polymers is 

significantly increased.  

 

2.1.5 Plasticization of AN copolymers with CO2 

 Bortner and coworkers also studied the plasticization of AN/MA copolymers with 

supercritical carbon dioxide [Bortner and Baird (2004), Bortner et al. (2004) – Polymer].  By 

using differential scanning calorimetry (DSC) and pressurized capillary rheometry, they were 

able to determine the effect CO2 had on the glass transition temperature (Tg) and the viscosity 

relative to the pure copolymer.  A schematic of the pressurized capillary rheometer is shown in 

Figure 2.12.  The Tg and viscosity reduction results are summarized in Table 2.2 for the range of 
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copolymers and conditions tested.  From these results, it appears that a maximum Tg reduction 

exists between 65 mol% AN and 90 mol% AN.  Also, similar viscosity reductions are achieved 

in each of the 65 mol%, 85 mol%, and 90 mol% samples saturated at 17.2 MPa, despite the 

decreasing amount of absorbed CO2 obtainable with increasing AN content.  This suggests that 

as the AN content is increased, a smaller amount of absorbed CO2 is required to plasticize the 

polymer and obtain a comparable reduction in viscosity.  In any given sample, increasing the 

weight percent uptake of CO2 yielded a greater reduction in the viscosity.  For example, in the 

65% AN sample, viscosity reduction went from 7% to 60% over the increase in CO2 content of 

2.7 to 6.7 wt%, and in the 90% AN sample, viscosity reduction went from 31% to 56% over the 

increase in CO2 content of 2 to 3 wt%. 
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Figure 2.12:  Schematic of the pressurized capillary rheometer for viscosity measurement of polymers 
containing absorbed CO2 [Bortner and Baird (2004)]. 
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Table 2.2  Average viscosity reductions over range of shear rates tested and Tg reductions at 120°C saturation 
temperature for several AN/MA copolymers containing CO2 [Bortner and Baird (2004), Bortner et al. (2004) - 
Polymer]. 

Copolymer Ratio 
(AN/MA/elastomer) 

Pressure 
(MPa) 

Cycle 
Time 

(Hours) 

Weight 
Percent 
CO2 (%) 

Viscosity Test 
Temperature 

(°C) 

Tg 
Reduction 

(°C) 

Viscosity 
Reduction at 
Low Shear 
Rate (%) 

65/25/10 10.3 0 2.7 180 15 7 
65/25/10 10.3 6 4.7 180 21 32 
65/25/10 17.2 6 6.7 180 31 60 
85/15/0 10.3 0-6* 4.3 n/a 30 n/a 
85/15/0 17.2 0-6* 5.6 200 37 61 
90/10/0 10.3 0-6* 2.0 220 17 31 
90/10/0 17.2 0-6* 3.0 220 27 56 

*: Cycle time had no measurable effect on these samples. 
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2.2 Melt processing with CO2 

 Solution-based processing is used to produce a number of commercial polymers, such as 

acrylic (PAN) fibers and Lycra.  In these processes, toxic organic solvents are commonly used, 

and they include dimethyl formamide (DMF), dimethylacetamide (DMAC), and dimethyl 

sulfoxide (DMSO).  The reason these solvents are used is to make materials processable at lower 

temperatures to avoid degradation, such as with PAN or high molecular weight polymers, or to 

produce materials not obtainable by other methods.       

 There is a need for cleaner solvents for polymer synthesis and processing, evidenced by 

the effect volatile organic solvents have on the environment [Cooper and Howdle (2000)].  

Where applicable, this threat can be reduced by replacing the organic solvents with supercritical 

gases, such as supercritical carbon dioxide (SC-CO2).  SC-CO2 plasticizes many polymers, 

including polystyrene and PMMA, and therefore reduces the glass transition temperature, which 

lowers the melt viscosity, allowing polymers to be processed at lower temperatures [Shieh et al. 

(1996) – p. 707].  

 There are a number of reasons why processing with carbon dioxide is more desirable than 

with typical organic solvents.  Carbon dioxide is non-toxic, non-flammable, environmentally 

benign, abundant, recoverable, and it has a relatively low critical point (Tc=31.1°C, Pc=1073 psi).  

The solubility of SC-CO2 is similar to that of organic solvents, such as hexane, and CFCs, and it 

plasticizes many amorphous and some semicrystalline polymers [Shieh et al. (1996) - p. 707, 

Shieh et al. (1996) - p. 695].  SC-CO2’s solubility is comparable to a gas, but it has a tunable 

density near that of a liquid.  This fact allows SC-CO2 to rapidly plasticize amorphous polymers 

[Garg et al. (1994)].  Due to these attributes, SC-CO2 has replaced organic solvents in many 
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applications and is being applied to a growing number of commercial processes [Cooper and 

Howdle (2000)]. 

 SC-CO2 has been used for the reduction of melt viscosity in amorphous polymer melts.  

Lee et al. (1999) used CO2 as a blowing agent in the extrusion of corn starch to control the 

viscosity and regulate the rheological properties of the melt.  SC-CO2 has been shown to reduce the 

viscosity of many polymers, including polydimethylsiloxane [Bae and Gulari (1997), Gerhardt et al. 

(1997)], polystyrene [Kwag et al. (2001), Royer et al. (2000)], polyethylene/polystyrene blends 

[Lee et al. (1998)], polypropylene, low-density polyethylene, poly(methyl methacrylate), and 

poly(vinylidene fluoride) [Royer et al. (2001)], and polyacrylonitrile copolymers [Bortner and 

Baird (2004)].  As a plasticizer, SC-CO2 can expand the free volume of the polymer, making the 

chains more confluent.  This reduces the glass transition temperature, and, therefore, the 

viscosity.  Using SC-CO2 as a plasticizer to reduce melt viscosity allows processing at reduced 

temperatures, which can aid the processing of thermally unstable or high viscosity materials.    

 Studies involving high-pressure extrusion with CO2 to produce foams and enhance 

blending have been done, but few have looked at this method to enhance the processability 

[Garcia-Leiner and Lesser (2004)], or broaden the processing window of polymers that are 

difficult to melt process.  To develop a process to suppress the melt viscosity of thermally 

unstable and high molecular weight polymers, an understanding of the characterization of 

plasticized systems is needed, as well as an understanding of the processing methods.  This 

involves understanding the thermodynamics, chemistry, and rheology of plasticized polymers 

and the gas injection, mixing, and extrusion involved in processing those polymers. 
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2.2.1 Characterization of CO2 plasticized systems 

 A number of studies have been performed to qualitatively and quantitatively describe the 

plasticizing effect of CO2 on polymeric systems.  The thermodynamics of a CO2 plasticized 

polymer system have been described using equations of state, such as the Sanchez-Lacombe 

equation [Sanchez and Lacombe (1978)].  Quantitative approaches have studied the influence of 

thermodynamic variables such as pressure, temperature, fluid type, and density on the miscibility 

of polymers with high-pressure and supercritical CO2.  In more qualitative approaches, studies 

have focused on the roles of morphology, polarity, and chemical interactions to describe CO2 

plasticization.  Both approaches will be reviewed to gain a better understanding of CO2 

plasticization. 

 

Thermodynamic interpretations of CO2 plasticization 

 Two lattice-theory based equations of state (EOS), the Sanchez-Lacombe EOS and the 

Panayiotou-Vera EOS, have been used to describe the solubility of polymers in supercritical 

fluids.  In the Sanchez-Lacombe (S-L) EOS, 

( )
TrT

P 2111ln ρρρ −⎟
⎠
⎞

⎜
⎝
⎛ −−−−= ,      (2.1) 

P, T, and ρ are reduced pressure, temperature, and density, respectively, with respect to 

characteristic parameters optimized for each polymer based on solubility data, and r is the 

number of lattice sites occupied by a molecule of molecular weight M [Sanchez and Lacombe 

(1978)].  In the Panayiotou-Vera (P-V) EOS 
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P, T, and υ are reduced pressure, temperature, and volume (respectively) with respect to 

characteristic parameters.  Z is the finite coordination number, q is the effective chain length, r is 

the number of lattice sites, and θ is the fraction of total external contacts in the system that are 

mer-mer contacts in a random array of molecules and holes [Panayiotou and Vera (1982)].  

These equations of state treat a plasticized polymer as a solid-like structure.  Flory-Huggins 

theory was used to develop the S-L EOS, with both occupied and unoccupied sites, component 

dependent site volumes, and an approximation of infinite coordination number [Sanchez and 

Lacombe (1978)].  In contrast, the P-V EOS has a finite coordination number, with constant site 

volumes and a nonrandom distribution of unoccupied sites [Panayiotou and Vera (1982)].  These 

differences require different mixing rules to calculate mixture properties for each EOS [Garg et 

al. (1994)]. 

 PVT behavior in incompressible pure polymer melts can be accurately predicted with 

either equation of state.  There have been concerns about the validity of the Sanchez-Lacombe 

equation of state, but detailed studies have determined the EOS is quite good at modeling 

equilibrium solubility and mixture properties of PDMS in supercritical CO2 [Xiong and Kiran 

(1995)].  Due to the highly compressible nature of supercritical CO2, a temperature dependent 

binary interaction parameter must be used to accurately predict mixture properties [Garg et al. 

(1994)].  For a particular temperature or pressure regime, the interaction parameter can be 

optimized to accurately describe equilibrium solubility data and mixture properties well into the 

supercritical regime for polymer-diluent systems [Garg et al. (1994), Xiong and Kiran (1995)].  
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This allows one to determine the solubility, swollen volume, isothermal compressibility, and 

thermal expansion coefficients for non-ideal mixing situations, such as with high pressure or 

supercritical mixtures of gas and polymer.  Lee et al. (1998) have used the adjustable, optimized 

interaction parameter to successfully calculate density variations for polymer/CO2 rheological 

measurements. 

 A dual mode Henry’s law model has been used to describe the PVT behavior and 

sorption of CO2 in PPS [Bourbon et al. (1990)].  The two modes account for Henry’s law 

behavior and Flory-Huggins behavior.  Even though the model accurately predicted the authors’ 

experimental data, the model would be unsuitable for describing supercritical fluid/polymer 

phase behavior due to the narrow temperature range (25-85°C) and low pressure range (up to 50 

atm), which is well below the supercritical state for CO2 and most fluids. 

  

Role of chemistry and morphology on CO2 plasticization 

 When interacting with polymers, high pressure and supercritical carbon dioxide has an 

unusual combination of effects.   The solubility of CO2 in many polymers becomes quite high, up 

to 30 weight percent and beyond, at temperatures and pressures approaching its critical 

conditions (Tc=31°C and Pc=1073 psi [Shieh et al. (1996) - p. 707].  CO2 is also a good 

plasticizer, able to reduce the glass transition temperature (Tg) by up to 45°C for a number of 

common amorphous polymers such as PMMA, HIPS, and ABS [Shieh et al. (1996) - p. 707].  In 

addition, CO2 can act as both a pressure-transmitting medium and as a diluent, and the effect 

CO2 has on materials largely depends on the treatment and the decompression pressure and 

temperature. 
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 A polymer’s ability to absorb CO2 greatly depends on the polymer morphology.  

Diffusion, absorption, and plasticization effects are generally greater in amorphous polymers 

than in semi-crystalline polymers, yet supercritical CO2 extraction and cleaning are still effective 

in semi-crystalline polymers [Shieh et al. (1996) - p. 707].  In PET and other structurally regular 

polymers, the outgas process causes an increase in crystallinity, which leads to an increase in 

tensile strength and a decrease in the ultimate elongation [Shieh et al. (1996) - p. 695].   

 The extent of plasticization greatly depends on the solubility of CO2 in the polymer.  

Shieh et al. [(1996) – p. 707] found that supercritical saturations had a greater effect on the 

polymer than subcritical saturations, evidenced by the difference in effects brought on after 

decompression.  For the given saturation times, the subcritical tests produced only surface 

effects, whereas supercritical plasticization caused the polymer to foam or distort upon 

decompression, indicating a more complete saturation.  For all the amorphous polymers tested, a 

positive correlation was found between CO2 uptake and glass transition temperature (Tg) 

reduction, which implies a higher degree of plasticization. 

 Shieh et al. [(1996) – p. 707] also found that the polymer’s polarity greatly affects its 

ability to absorb CO2.  The general trend shows that the more polar a polymer is, the more CO2 it 

can absorb.   Therefore, PAN copolymers, which are both highly amorphous and polar, should be 

easily plasticized by CO2.  Crank and Park (1968) published results showing the solubility of 

several gases in butadiene-acrylonitrile copolymers.  Over the range shown in Figure 2.13, the 

solubility of CO2 in the copolymer increases with acrylonitrile content.  Bortner et al. [(2004) – 

Polymer] showed that as acrylonitrile content increases beyond 65% in acrylonitrile/methyl 

acrylate copolymers, CO2 solubility decreases, likely due to chain regularity and decreased free 
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volume, but the plasticization effect remains large, with a 37°C reduction in Tg for an 85% 

acrylonitrile copolymer saturated at 17.2 MPa and 120°C. 

 

Figure 2.13: Solubility of gases, including CO2, versus increasing AN content in butadiene-acrylonitrile 
copolymers [Crank and Park (1968)]. 



55 

 

 

 

2.2.2 Rheology of CO2 plasticized systems 

 A number of studies have used CO2 to alter the rheology of various polymer systems, yet 

information on the rheology and processing of polymer-solvent systems at high fluid pressure is 

rather limited.  It is necessary to understand the rheology of high-pressure systems in order to 

determine the effect that high-pressure CO2 has on the melt processability of the polymers of 

interest.  Many studies have focused on the effects of CO2 on low viscosity, low molecular 

weight (less than 1000 g/mol) polymeric liquids.  However, it is of interest to understand the 

impact of CO2 adsorption on the flow behavior of reactive and high-viscosity materials. 

 

Experimental measurement techniques 

 The rheology of high molecular weight (Mw=3.8E+5 g/mol) poly(dimethyl siloxane) 

(PDMS) swollen with supercritical carbon dioxide from 0 to 21 wt% was studied by Gerhardt et 

al. (1997).  A capillary rheometer with a pressurized extrudate chamber was used to measure 

viscosity versus shear rate for these mixtures.  A sealed loading apparatus was used to transfer 

equilibrated sample to the rheometer, and a back pressure around 4 MPa greater than that applied 

during sample equilibration was applied to the outlet of the capillary to hold the sample above its 

bubble nucleation pressure to prevent the sample from degassing during loading and viscosity 

measurements.  This static pressure was subtracted from the upstream pressure to get the 

pressure differential across the die.  The rheometer could handle pressures in excess of 25 bars at 

temperatures around 80°C.  Viscosity reductions increased with CO2 content, with a maximum 

of nearly 70 percent (at shear rates of 100 1/s) at the highest CO2 content. 
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 The rheology of polystyrene with near and supercritical gases including CO2 was studied 

by Kwag et al. (1999).  A pressurized capillary rheometer was used at temperatures from 150 to 

175°C.  Reductions in melt viscosity of up to three orders of magnitude relative to pure 

polystyrene were observed at gas loadings of 10% and above.  Pressure effects on the viscosity 

of polystyrene were accounted for using the Penwell method [Penwell et al. (1971)].  They 

successfully showed that the viscosity of polymers saturated with supercritical CO2 could be 

measured using a high-pressure sealed capillary rheometer. 

 Bortner and Baird (2004) also used pressurized capillary rheometry to measure the effect 

of CO2 on the rheology of PAN/MA copolymers.  In a 65% AN sample, viscosity reduction went 

from 7% to 60% over an increase in CO2 content of 2.7 to 6.7 wt%, and in a 90% AN sample, 

viscosity reduction went from 31% to 56% over an increase in CO2 content of 2 to 3 wt%.  

Further details of the apparatus and their results can be found in section 2.1.5. 

 Bae and Gulari (1997) measured the viscosity of CO2-absorbed PDMS samples with 

molecular weights of 28,000 to 204,000 using a falling ball viscometer.  Shear rates were 

controlled at test pressures up to 30 bars using a magnetized metal rod.  Testing was performed 

at ambient temperatures, meaning that only sub-critical CO2 measurements were obtained, which 

might suggest that this technique is not suitable for supercritical CO2 testing.  Despite the sub-

critical measurements, the authors found that volume fractions of CO2 up to 2% could produce 

viscosity reductions of up to 30%.  Like traditional falling body viscometers, this modified 

falling ball viscometer is not suitable for higher viscosity polymer melt measurements due to the 

proportional response of the equipment relative to the experimental time [Royer et al. (2002)]. 

 Royer et al. (2002) measured the viscosity of PDMS with a magnetically levitated sphere 

rheometer.  In this type of rheometer, the difference in magnetic force required to hold a sphere 
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in a fixed place is directly correlated to viscosity.  Pressures up to 207 bars and CO2 

concentrations up to 30 weight percent were measured with this technique.  The rheometer could 

also decouple the effects of CO2 concentration and pressure [Royer et al. (2002)].  However, in 

order to decouple those effects, the authors required the sample to equilibrate in the rheometer 

with the CO2 for 48 hours to obtain complete equilibration [Royer et al. (2002)].  This would not 

be suitable for a thermally unstable material, such as a PAN copolymer, because degradation will 

occur well before an equilibrium is established between the polymer and CO2 [Bortner et al. 

(2004) – JAPS].  Also, temperatures above 80°C were not used, which may indicate a limit to 

this technique’s applicability.  Both the falling ball and magnetically levitated sphere rheometers 

tend to be used with low-viscosity, low molecular-weight polymeric liquids, and are not suitable 

for measuring the viscosity of high molecular weight polymeric systems. 

 Park and Dealy (2004) used a sliding plate rheometer to measure the effects of pressure 

and SC-CO2 on the rheological properties of an HDPE (Mw = 111,000 g/mol, Mw/Mn = 13.6).  In 

the sliding plate rheometer, temperature, pressure, and CO2 concentration were kept uniform.  To 

separate the effects of pressure and CO2, two separate sets of experiments were performed.  One 

was performed without CO2, but in its place a pressurizing oil (DuPont Krytox Oil) was used that 

does not swell polar or nonopolar molecules, and the other test was performed with CO2 as the 

pressurizing medium.  Since the rheometer had no way of independently controlling pressure and 

gas concentration, experiments had to be carried out once the sample was saturated with CO2, 

which took 6 hours to reach 98% saturation. Shift factors were used for pressure and CO2 

concentration to form a master curve.  Solubility measurements showed that as much as 18 wt% 

of CO2 could be absorbed into HDPE at 36 MPa (5200 psi).  The solubility versus pressure curve 

indicated a slight downward concavity over 0-36 MPa, indicating a deviation from Henry’s Law.  
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Viscosity reductions of roughly 80% were obtained at the highest CO2 pressure (36 MPa) 

compared to the data in oil at 36 MPa.  

 The ability to make online viscosity measurements during an extrusion process has 

proven to be very effective and informative for understanding the rheology of CO2 saturated 

systems [Lee et al. (1998)].  Directly injecting CO2 into single-screw extruders allows for quick 

mixing and diffusion.  The viscosity of 80/20 PE/PS blends were measured by Lee et al. (1998) 

using a wedge die.  Three pressure transducers were used to measure viscosity, and shear rates 

were controlled by the resistance of a second downstream die.  Viscosity reductions of up to 30% 

with 5 wt% CO2 were measured. Traditional slit dies and capillaries can also be used to measure 

viscosity online by simply varying the flow rate of the polymer melt to obtain viscosities at 

various shear rates [Royer et al. (2001)].  The ability to make measurements online is beneficial 

for establishing the feasibility of a method in a true processing situation.  However, to make 

these online measurements, a large amount of material is required relative to batch methods, 

which can be a problem for laboratory scale material production.  Also, if the test material is 

thermally unstable, such as PAN, it can degrade or crosslink within the extruder prior to 

extrusion and cause severe problems if not processed correctly.  Therefore, pressurized capillary 

rheometry presents itself as an ideal candidate to first study the effects of SC-CO2 on thermally 

unstable and high viscosity polymeric systems, followed by extrusion measurements once 

enough material and suitable process conditions are found. 

 

 Viscosity modeling of polymer/CO2 systems 

 Modeling the viscosity of any polymeric material is quite challenging, and it becomes 

even more difficult with multicomponent systems, especially if trying to model the entire flow 
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curve.  Because of this, most studies have focused on viscoelastic scaling and generating master 

curves rather than modeling the viscosity of a CO2 saturated polymer.  Most of the viscosity 

modeling of CO2-plasticized polymers has focused on the shear thinning behavior at sub-critical 

pressures, largely due to equipment limitations.  Force or pressure drop measurements in 

methods such as capillary rheometry are inaccurate at low shear rates, especially at elevated 

pressures. 

 Free volume models have been used with the viscosity modeling of polymer/CO2 systems 

to account for the effects of the plasticizing CO2.  Bae and Gulari (1997) modified the Kelley-

Bueche theory, which is used to calculate viscosities of concentrated polymer solutions using 

total available free volume in solution.  The modification used the WLF equation [Ferry (1980)] 

to account for compressibility effects and the temperature dependence on fractional free volume, 

and the relationship is shown here for a polymer/CO2 system: 

( )
4 1 1exp

1P P
P P P S P S PB f A f f

η η φ
φ φ

⎡ ⎤
= −⎢ ⎥

+ −⎢ ⎥⎣ ⎦
   (2.3) 

where ηp is the viscosity of the pure polymer, φp is the volume fraction of polymer, fp and fs are 

the fractional free volume of polymer and CO2, respectively, and As and Bp are model parameters 

that can be calculated by fitting the pure material viscosity data.  The viscosity model accurately 

predicted viscosity data for PDMS/CO2 systems of varying molecular weight, but only sub-

critical pressures were used (up to 30 bar). 

 Lee et al. (1999) also incorporated a free volume model into the Carreau-Yasuda 

viscosity model used for shear thinning.  A WLF temperature dependence on fractional free 

volume was used to arrive at an expression for the approximation of zero shear viscosity ηo: 
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           (2.4) 

where Tr, Pr, and Cr are reference temperature, pressure, and CO2 concentration respectively; T, 

P, and C are temperature, pressure, and concentration; and the constants can be estimated via 

nonlinear regression.  This can be easily substituted into the generalized Carreau-Yasuda model: 
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        (2.5) 

where γ is the shear rate and τ, n, and a are unique characteristics of the polymeric material that 

determine the shape of the master curve.  The model was able to accurately predict the viscosity 

of PS by incorporating the second order concentration terms in equation 2.4, which resulted in a 

nonlinear viscosity dependence on concentration.  The first order interaction and pressure terms 

also had a significant effect on the viscosity. 

 Bortner and Baird (2004) used a WLF analysis to determine if viscosity reductions could 

be predicted for a model 65% AN copolymer based on measured reductions in the Tg due to 

absorbed CO2.  By writing the WLF model for the pure and plasticized polymers and taking the 

ratio of the two equations, they obtained 
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Where η(T1)(1) and η(T1)(2) are the viscosities of the pure and plasticized copolymer, 

respectively, at a given test temperature of T1, and Tg
(1) and Tg

(2) are the glass transition 

temperatures of the pure and plasticized copolymers, respectively, obtained from DSC 

measurements.  By using universal constants of C1 = 17.44 and C2 = 51.6°K and the previously 

known or measured Tg values, and comparing to measured viscosity reduction values, Figure 

2.14 was obtained. 

 

 

 

Figure 2.14: Viscosity reduction for plasticized 65% AN copolymer versus Tg reduction:  ( ) calculated 
values from Eq. (2.10), ( ) measured values, (- -) linear fit of experimental data, (….) logarithmic fit of 
experimental data [Bortner and Baird (2004)]. 
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 The discrepancy between experimental and predicted values for viscosity reduction were 

attributed to two factors, the first being the effects of pressure on viscosity.  This was ruled out 

by comparing pure copolymer data at ambient pressure to that at elevated pressure, and there was 

little discernable difference between the two.  The other possible source of error was in the 

assumption of universal constants for the WLF analysis.  The WLF equation is useful over the 

range of Tg to Tg + 100°C, whereas viscosity measurements for the AN copolymer were 

performed at temperatures of up to Tg + 126°C.  The authors suggest using a different reference 

temperature and different constants, in particular C1 = 8.86 and C2 = 101.6 °K, to better fit the 

experimental data.  Experimental data would be required, and it would only facilitate prediction 

of intermediate values of Tg reductions as a function of viscosity reduction over the measured 

range of data.  However, if it was able to predict viscosity reduction values, it would be an 

invaluable tool for processing thermally unstable and high viscosity polymers with CO2.  The 

authors also attempted to predict the solubility of CO2 in the 65% AN copolymer using van 

Krevelen’s empirical relationships [van Krevelen (1990)] and the Sanchez-Lacombe equation of 

state [Sanchez and Lacombe (1978)].  They found that if minimum values of S0 and maximum 

values of ΔHs/R in the van Krevelen relationship for rubbery polymers were used, solubility 

could be predicted with some accuracy (4.8 and 12.6 wt% at 10.3 and 17.2 MPa, respectively, 

compared to measured values of 4.7 and 6.7 wt%).  Without these predictions, experimentally 

measured Tg and viscosity reductions are required to determine the saturation conditions 

necessary to achieve a specific processing temperature reduction.   

 The modeling attempts of Bae and Gulari (1997), Lee et al. (1999) and Bortner and Baird 

(2004) were limited in their ability to model polymer/CO2 systems, and only Bortner and Baird 

accounted for the behavior of CO2 under supercritical conditions.  Much of the literature, 
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including the viscosity modeling studies of Bae and Gulari and Lee et al., is focused on the 

ability to shift data for both pure and CO2 adsorbed systems into a single master plot, and 

therefore the viscoelastic scaling of such systems will be addressed. 
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Viscoelastic scaling of rheological data 

 Many studies have attempted to correlate the rheology of polymer/CO2 systems.  

Typically, a free volume theory is used to quantitatively predict rheological behavior and, more 

importantly, the nature of viscoelastic scaling in such systems is determined.  Scaling the data 

has been accomplished by incorporating Arrhenius and WLF analyses.  The scaling methods and 

the results from those attempts will be discussed in further detail. 

 Viscoelastic scaling was employed by Gerhardt et al. (1997) in PDMS/CO2 systems.  By 

absorbing up to 21 weight percent CO2 into the PDMS samples at pressures up to 120 bar, the 

authors were able to reduce the viscosity by approximately one order of magnitude relative to 

pure PDMS at 50°C [Gerhardt et al. (1997)].  To scale the data at various CO2 concentrations, 

the authors used a concentration dependent shift factor, aC, similar to the temperature dependent 

shift factor, aT, used in time-temperature superposition [Crank and Park (1968)]. Their results at 

50°C are shown in Figure 2.15.  The shift factor aC represents the viscosity reduction as 

compared to the pure polymer melt, which entails both the dilution of the concentration of 

entangled polymer chains and the increase of chain mobility resulting from the addition of 

dissolved gas [Gerhardt et al. (1997)].  Free volume change has typically been considered to 

have very little effect on the viscosity compared to the dilution of entangled polymer chains.  To 

dispute this, Gerhardt and co-workers (1997) used a series of nearly constant density solutions of 

high molecular weight PDMS polymer dissolved in low molecular weight PDMS liquid.  The 

solutions had nearly constant free volume (iso-free volume) as composition was changed, and 

when compared to CO2-absorbed PDMS samples, the authors could isolate and determine the 

free volume effects of CO2, as illustrated in Figure 2.16, where the difference between the curves 
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is solely due to free volume increase.  This difference shows the large effect that free volume 

change has on polymer viscosity. 

 

Figure 2.15: Master curve for PDMS swollen with various amounts of CO2 at 50°C [Gerhardt et al. (1997)]. 
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Figure 2.16: Demonstration of free volume effects resulting from CO2 adsorption [Gerhardt et al. (1997)]. 

 

 Gerhardt et al. (1998) did further work on the PDMS/CO2 systems, and were able to 

accurately predict the concentration dependent shift factor, aC, using the viscosity data of the 

pure melt and thermodynamic variables.  The Sanchez-Lacombe EOS was used to calculate the 

specific volume for the dilution and free volume terms needed in the Kelley-Bueche free volume 

theory.  The PDMS/CO2 viscosity data was collapsed onto a master curve identical to the 

viscosity curve for the pure PDMS melt [Gerhardt et al. (1998)].  The thermodynamic variables 

of the mixed gas-polymer system can be predicted with some accuracy using pure component 

properties. 
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 Kwag et al. (1999) reduced the viscosity of polystyrene (PS) using high pressure and 

supercritical CO2.  They achieved a three order of magnitude reduction with up to 10 weight 

percent uptake of CO2, which is about two orders of magnitude greater than that achieved by 

Gerhardt et al. (1997) with PDMS and similar concentrations of CO2.  At the test conditions for 

the PDMS-CO2 system (180-200°C above the Tg of PDMS), the pressure effects were not 

important [Kwag et al. (1999)].  However, for the PS-CO2 systems studied by Kwag et al. 

(1999), which were tested at temperatures only 50-75°C above the Tg of pure PS, the effect of 

pressure on viscosity became important.  To account for pressure effects, scaling factors that 

incorporate effects of both gas composition and pressure were introduced for the PS-CO2 

systems.  Using three different gases at high pressure, a master curve for PS was constructed and 

is illustrated in Figure 2.17.  A temperature scaling factor was also used for pure polystyrene, in 

conjunction with aC and aP to account for concentration and pressure effects of the dissolved 

gases.  Temperature had a large effect on the gas composition shift factor, aC, as the test 

temperature approached the glass transition temperature [Kwag et al. (1999)].  By using the 

methods of Penwell et al. (1971), which correlate localized pressure gradients to overall pressure 

gradients for polystyrene, the pressure dependence on scaling was quantitatively represented. 
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Figure 2.17: Incorporation of pressure dependent shift factor to generate a master curve for PS [Kwag et al. 
(1999)]. 

 

 Royer et al. (2000) used an extrusion slit-die rheometer to gather viscosity data on PS-

CO2 solutions in order to generate a single master curve.  The Sanchez-Lacombe EOS was again 

used for density determination.  The WLF model was combined with the proposed method of 

Chow (1980) to predict the Tg of the PS-CO2 system: 
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Both the Tg reduction upon CO2 adsorption and the Tg increase due to hydrostatic pressure in 

the extruder are accounted for in the model.  Except for the WLF constants c1 and c2, which can 

be determined from pure component viscosity curves at various temperatures, this treatment only 

depends on directly measurable material parameters [Royer et al. (2000)].  However, as seen in 

Figure 2.18, the data does not collapse into a master curve as well as the methods of Kwag et al. 

(1999) and Gerhardt et al. (1997, 1998).  In addition, Royer’s data only extends to a maximum 

CO2 concentration of four percent.  Royer et al. (2001) also used the Chow-WLF analysis for 

poly(methyl methacrylate) (PMMA).  The data for PMMA-CO2 collapse very well into a master 

curve, as seen in Figure 2.19.  Royer et al. (2001) also used the Arrhenius model combined with 

the Chow method of predicting the Tg of polymer-diluent systems to scale polymer/SC-CO2 

systems. The relationships are shown below: 
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 ,      (2.9) 

In the equations, Ea is the activation energy for viscous flow and R is the ideal gas constant. 

Master curves were created for CO2-aborbed polypropylene (PP), low density polyethylene 

(LDPE), and poly(vinylidene fluoride) (PVDF) at up to 6 weight percent CO2, but significant 

discrepancies were observed, similar to those observed in Figure 2.18 for PS.  This suggests that 

neither the Chow-WLF analysis, nor the Chow-Arrhenius model, proposed by Royer et al. 



70 

 

 

(2001), is universal.  However, the data does suggest that the Chow model is valid for predicting 

the Tg of polymer-diluent systems [Royer et al. (2001)]. 

 

Figure 2.18: Master curve for PS using the Chow-WLF model [Royer et al. (2000)]. 
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Figure 2.19: Master curve for PMMA using the Chow-WLF model [Royer et al. (2001)]. 
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2.2.3 Gas-polymer mixing and absorption 

 In order to continuously process polymers with CO2, a method of delivering the CO2 and 

mixing it into the polymer is needed.  Both single and twin screw extruders have been 

successfully used to mix CO2 into polymers [Park and Suh (1996), Elkovitch et al. (2000)], but 

this review will focus on the use of single-screw extruders due to their availability, relative cost, 

and effectiveness.  Several different designs have been used, depending on the application, but 

most involve a CO2 source that injects into the extruder, followed by a mechanism to obtain 

enhanced mixing.  Finally, in most cases, either a foaming apparatus or viscosity measurement 

device is included.  Whether for foaming or for viscosity measurement, the goal of the process is 

the same:  to create a homogeneous polymer/CO2 solution.  Modeling the convective diffusion 

process is difficult, due to the geometry and the necessity of following a shrinking gas source.  

However, estimates of the time required to form a homogeneous polymer/gas solution have been 

made [Park and Suh (1996)]. 

 

Single-screw extrusion equipment  

 Park and Suh (1996) developed the system shown in Figure 2.21 for the production of 

microcellular foams of PP, HIPS, and ABS.  A Brabender Type 2523-3/4 inch extruder was used 

with a Brabender 05-00-051 mixing screw.  The static mixer had a diameter of 6.8 mm and 

contained six elements.  The axiomatic approach to design was used.  First, they required the 

polymer to be plasticized; second, they needed to create a polymer/gas solution at a rate 

appropriate for the industrial process, and third, they needed to promote a high rate of bubble 

nucleation in the polymer/gas solution.  The first two axioms are congruous to online viscosity 
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measurement and suppression.  In Figure 2.20, the plasticization takes place in the extruder 

barrel.  A single-phase solution is formed via convective diffusion caused by the screw blades 

and the static mixers, and finally, a microcellular structure is produced when the solution 

experiences a thermodynamic instability in the rapid heating device.   

 

Figure 2.20:  Schematic of an extrusion system for plasticization, solution formation, and microcellular foam 
processing [Park and Suh (1996)]. 

 

 A similar system, shown in Figure 2.21, was used by Han et al. (2002) to produce 

microcellular foams of polystyrene.  Instead of a mixing screw, a two-stage single screw extruder 

from Haake (Rheomex 252p) was used.  The screw had a diameter of ¾ inch, and an L/D ratio of 

25.  Although typically used for venting, the two-stage screw allowed for easier injection of CO2 

between the two stages, due to the lowered barrel pressure.  CO2 was injected at up to 8 weight 

percent into the polystyrene, and although viscosity was not measured, the apparatus was able to 
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suitably mix the gas and polymer to form foams with cell sizes of 7-14 microns at cell densities 

of 2-8 x 108 cells/cm3. 

 

Figure 2.21:  Schematic of a two-stage extrusion system for microcellular foam processing [Han et al.  (2002)]. 

 

 Royer et al. (2000) used an extrusion process to measure the viscosity of polystyrene 

plasticized by CO2 with two similar slit-die rheometers based on the rheometers developed by 

Han and Ma (1982, 1983), Lee et al. (1999), and Elkovitch et al. (1999).  The apparatus is shown 

in Figure 2.22.  A ¾ inch Wayne Machine and Die extruder was used with an L/D ratio of 30.  

An injection port is located 70% of the distance down the barrel, and, prior to the injection point, 
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several closely spaced flights were incorporated to elevate pressure and form a melt seal to 

prevent CO2 from escaping through the solids bed and out the hopper.  At the injection port, the 

screw contains several widely spaced flights with a deep channel to force a drop in pressure and 

allow for CO2 injection to occur.  An Isco model 260D syringe pump was used to precisely 

control the delivery of CO2 to the barrel at rates of 0.001 to 100 mL/min.  A back pressure relief 

valve (Gilson 7037) was used and was attached to act as a back pressure regulator.  A slit die 

with three pressure taps and a nozzle attachment was used to measure viscosity at increased 

pressure.  The nozzles increased the pressure to maintain the polymer and CO2 in solution.  The 

width to height ratios used in two different slit dies were 2.652 and 1.658.  However, to assume 

one dimensional parallel plate pressure flow, W/H should be equal to or greater than ten [Baird 

and Collias (1998)].  Despite this, CO2 was found to lower the viscosity of the PS by as much as 

80% with up to four weight percent CO2. 
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Figure 2.22:  Schematic of high pressure slit-die extrusion rheometer with metered CO2 injection system 
[Royer et al.  (2000)]. 

 

 In a somewhat different approach, Garcia-Leiner and Lesser (2004) used a single-screw 

extruder with a modified feed section that allowed gas injection prior to plastication to study the 

plasticizing effect of CO2 and the foam growth of several high viscosity polymers, including 

polytetrafluoroethylene (PTFE), fluorinated ethylene propylene copolymer (FEP), and 

syndiotactic polystyrene (s-PS).  The process, shown in Figure 2.23, was run in semi-batch mode 

to facilitate different saturation times prior to start-up of the screw.  The Chow model (1980) was 

used to predict Tg depression in these polymers, and DSC and SEM were used to analyze the 

crystallinity, melting point, and foam morphology of the extruded samples.  Predicted Tg/Tg0 

values for PE, PTFE, FEP, and s-PS were 0.8730, 0.7379, 0.7847, and 0.7641, with equilibrium 
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mass uptakes of 6, 3.5, 4.4, and 11.8 weight percent, respectively.  In general, the authors found 

enhanced processability with CO2, and decreased crystallinity and melt temperatures, which, in 

the case of PTFE, allowed processing at temperatures of 285°C, well below the original Tm 

(345.94°C).  Saturation time prior to extrusion had a large effect on the foam growth, evidenced 

by SEM.  The authors did not state the molecular weights or viscosity values of the polymers 

tested, and no rheological comparison was made between pure and saturated samples.  

 

Figure 2.23:  Modified extrusion system for CO2 assisted polymer processing [Garcia-Leiner and Lesser 
(2004)]. 
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Theoretical approach to polymer-gas mixing in extrusion 

 Park and Suh (1996) developed a model for estimating the rate of absorption of CO2 into 

a polymer within an extruder.  A complete model of the mixing behavior requires following a 

shrinking source, making it much more complex than simple mixing.  The process is a 

combination of mixing and diffusion, or convective diffusion, which drives the mixture to a 

single phase.  Bubbles formed from the injected gas stream are stretched and broken up due to 

shear forces.  The diffusivity of carbon dioxide in polymers is low, but becomes greater at higher 

temperatures, as shown in this Arrhenius expression: 

0 exp( / )DD D E RT= −Δ         (2.10) 

The sheared bubbles break up when a critical value of the Weber number is reached: 
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is a function of the gas and polymer viscosities, and σ is the surface tension, and db is the 

diameter of the bubble. The striation thickness, s, or the average distance between similar 

interfaces of the components in a mixture, can be used to determine diffusion time, td: 

2 2/ /d dt l D s D≈ ≈          (2.13) 

Where the diffusion distance, ld, is estimated to an order of magnitude as: 

d dl Dt≈           (2.14) 
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Striation thickness is defined as a ratio of the total volume of the mixture to the interfacial area, s 

= 2V/A, or as a function of stretching: 

max/ , /b v g g bs d d dγ γ≈ Φ =         (2.15) 

Where Φv is the volume fraction of gas, and γg is the mean stretching ratio of the bubbles.  Using 

known values of the surface tension for polystyrene and stretching ratios determined from 

experiment, Park and Suh (1996) used this order of magnitude analysis to show that diffusion 

time for a polymer with viscosity of 200 Pa-s at 200°C and 45 micron striation thickness is 20 

seconds, well within the residence time in the extruder.  There is a large amount of error, but it 

gives an idea of the feasibility of a polymer/gas mixing process.  Other attempts to model mixing 

using numerical and visualization methods have been performed [Hiroguchi et al. (2003), 

Gomez-Diaz and Navaza (2004), Roy and Lawal (2004), Housiadas et al. (2000), Okamoto and 

Sawami (1995), Lawal (1996), Zhang et al. (2001)], but none have specifically addressed the 

direct injection of CO2 into an extruder and its breakup and diffusion. 

 

Prevention of foaming 

 In addition to the attempts discussed in section 2.1.3 to prevent foaming when using a 

plasticizer to process PAN, Bortner (2004) addressed the need to prevent foaming when 

processing an acrylonitrile copolymer with CO2.  A schematic for a pressurized step-down 

chamber was developed, and an estimation of the heat, mass, and momentum transport involved 

with its design and use was made.  The schematic is shown in Figure 2.24. 
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Figure 2.24:  Schematic of the pressure chamber design [Bortner (2004)]. 

 

 

 Nguyen (2005) calculated the required pump horsepower for a range of orifice sizes to 

provide cooling water against a high pressure (1100-1500 psi) to cool the fibers below Tg and 

thereby lock in the CO2 to prevent foaming upon exit to atmospheric (room) conditions (Figure 

2.25). 
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Figure 2.25:  Horsepower required versus orifice opening at different ∆P [Nguyen (2005)]. 

 

 

 To complete the design, the effects that pressure has on the extrudate morphology within 

the chamber are needed to determine the baseline parameters for continuous operation. 
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2.3 Research Objectives 

Thermally unstable polymers such as polyacrylonitrile (PAN), and high molecular weight 

polymers, such as ultra-high molecular weight polyethylene (UHMWPE), are often used to 

generate high performance fibers for use in composites, ballistic protection, aerospace materials, 

and textiles.  They are traditionally processed in solution to avoid degradation or achieve lower 

viscosities.  Environmentally unfriendly solvents are used in the solution spinning processes, 

contributing to the high cost of producing these materials. In addition, solution spinning 

processes require the removal of solvent from the precursor itself, resulting in a net weight loss 

of up to 80% and ultimately low carbon yield in carbon fibers. In PAN, a competing cyclization 

reaction that degrades the resin at melt processing temperatures also creates a problem and limits 

the processing window for creating precursors.  The goal of this research is to develop a method 

to melt process thermally unstable and high molecular weight polymers utilizing CO2 as a 

plasticizing agent and thereby eliminate the need for organic solvents and their recovery, 

possibly resulting in a lower cost per pound of finished product.  

Traditionally, PAN copolymers are solution spun for use in textiles and carbon fiber 

precursors.  Copolymers are used with acrylonitrile, usually methyl acrylate (MA), which lowers 

the viscosity of the resin and hinders the degradation that occurs at processing temperatures. 

Commercially important solution spun acrylic copolymers have a high AN content (85% and 

up), and typically have a melt viscosity much too high for a melt spinning process, which when 

combined with the thermal degradation necessitates a solution spinning process.  To melt process 

high AN content copolymers, the melt viscosity of the starting resins would have to be much 

lower than that used in current commercial processes, requiring a suppression of the viscosity.  
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Supercritical carbon dioxide has been shown to plasticize and reduce the melt viscosity of a 

number of polymers, and the diffusivity and solubility of CO2 within the polymer correspond to 

the speed and extent of plasticization   This leads to the first research objective, which is to: 

 

Determine whether CO2 can be used as a processing aid for a thermally unstable PAN/MA 

copolymer.  This involves rendering PAN/MA melt processable by lowering the process 

temperature. 

 

High molecular weight polymers are solution processed into high strength or high wear 

resistance polymeric materials.  These polymers typically have viscosities that are much too high 

for melt extrusion, which necessitates a solution-based, ram extrusion, or compression molding 

process.  Supercritical carbon dioxide might also be used to reduce the viscosity of these high 

molecular weight materials.  This leads to the second research objective, which is to:  

 

Determine whether CO2 can be used as a processing aid for high molecular weight 

polyethylenes by reducing their viscosity to make them melt processable. 

 

High-pressure extrusion with CO2 generally causes the polymer to foam.  However, it is 

desirable to produce an un-foamed precursor fiber for later production into high-strength 

performance fibers.  The design for a pressurized step-down chamber has been estimated by 

Bortner (2004) using the design equations for spinning a precursor melt containing absorbed 

CO2.  It is desirable to use this estimation to produce and test a chamber that can control the 

foam growth of an extruded polymer/gas system in a continuous process, as described by 
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Nguyen (2005).  To do this, the baseline operating parameters need to be established in batch 

mode to determine the requirements for a pump and cooling system that will operate in 

continuous mode.  This leads to research objective 3: 

 

Establish the effects that pressure has on the extrudate morphology within a pressurized 

step-down chamber to determine the baseline parameters for continuous operation. 
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Abstract 

The purpose of this study is to determine under what conditions it is possible to use CO2 

to plasticize and, thereby, reduce the viscosity of an acrylonitrile (AN) copolymer in an extrusion 

process and render it melt processable.  In order to assess whether it was possible to absorb 

adequate amounts of CO2 in short residence times by injection into a single screw extruder, a 

slit-die rheometer was attached to the end of the extrusion system for the purpose of directly 

assessing the viscosity reduction.  A chemorheological analysis was performed on 65 and 85% 

AN copolymers to establish the temperature at which the 85% material would be as stable as the 

melt-processable 65% material at its recommended extrusion temperature.  This, coupled with 

studies correlating the degree of Tg and viscosity reduction with the amount of absorbed CO2, 

allowed one to establish conditions for melt extrusion of the 85% AN.  It was determined that the 

85% AN material should absorb at least 5 weight percent CO2 for a processing temperature 
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reduction of 26°C in the extrusion process. Preliminary studies using a pressurized chamber 

attached to the exit of the die allowed one to assess the conditions under which suppression of 

foaming is possible. 
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3.1 Introduction 

Fibers based on acrylonitrile (AN) copolymers having AN content of 85 mole percent or 

greater are typically spun via a solution spinning process in order to avoid the intramolecular 

cyclization and intermolecular crosslinking reactions that would take place in a melt spinning 

process prior to fiber formation [1,2].  While lower AN content copolymers (around 65 mole 

percent) are melt processable due to the disruption in chain order and consequent decrease in 

melting temperature caused by higher amounts of comonomer, a high AN content is desirable 

because the resulting textile and carbon fibers have better mechanical properties, and the higher 

AN content accelerates the stabilization process before conversion to carbon fiber [1].  At 220°C 

to 230°C, the viscosity of these higher AN content materials is suitable for melt spinning, but at 

this temperature the crosslinking and cyclization reactions become too rapid, and the materials 

become intractable [1].  A method to produce melt-processable high acrylonitrile content 

copolymers was patented by BP [3], but the resultant fibers required long stabilization times and 

were impractical for use as carbon fiber precursors [4]. 

There are several significant drawbacks in using a solution spinning process. Most of the 

solvents used are environmentally unfriendly and require recovery and recycling.  These solvents 

include N,N-dimethylformamide (DMF), N-N dimethyl acetamide (DMAC), and dimethyl 

sulfoxide (DMSO) as well as aqueous inorganic solvents, including sodium thiocyanate [5].  In 

addition to environmental concerns, an economical concern is that the prepared dope contains 

only seven to thirty percent solids depending on whether the materials are dry-jet or wet spun 

[6].  Hence, there is a need for a less expensive and nonpolluting alternative to the AN fiber 

solution spinning process.  Melt processing these materials could potentially solve these 
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problems by increasing the throughput of solids on a per pound basis and eliminating the need 

for solvent use and recovery [2].   

To melt process these polymers, one must slow the kinetics of the crosslinking and 

cyclization reactions.  Once copolymers with AN molar ratios of 85% and greater reach 220°C, 

the crosslinking kinetics become significant to the point where the viscosity increases so rapidly 

that the materials cannot be extruded through the spinneret pack [7].  However, it is at this 

temperature that the viscosity is low enough for melt processing.  The steady shear viscosity of 

these materials was stable for 30 minutes when the temperature was reduced by at least 20°C, 

indicating that the kinetics of the crosslinking reaction were sufficiently low, but the viscosity 

was too high for extrusion [2,8].  This suggests that if the processing temperature of these AN 

copolymers can be reduced by at least 20°C, the crosslinking and cyclization reactions can be 

sufficiently slowed to permit melt processing, as long as a suitable viscosity can be achieved. 

Plasticization has been studied as a method to reduce the processing temperature of 

polyacrylonitrile copolymers for melt spinning [9-18].  The plasticizing medium was typically 

water, and was often water in conjunction with other plasticizers to form a lower boiling 

azeotrope.  The fact that water could hydrate the pendant nitrile groups of PAN was discovered 

in 1952 by C. D. Coxe [13].  The hydration decouples the nitrile-nitrile associations that cause 

cyclizing and thermal degradation well below the melting temperature of pure PAN (320°C).  

With the melting point significantly lowered, hydrated PAN could be melt extruded without 

significant degradation, but the material would foam on leaving the extruder.  Porosoff [15] 

addressed the foaming problem with the use of a steam pressurized solidification zone.  A single 

phase fusion melt of up to 40% water in PAN was extruded into the steam pressurized 

solidification zone, which prevented rapid water evaporation.  This process eliminated the need 
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for environmentally hazardous solvents, which eliminated their recovery cost and the associated 

pollution.  By stretching the fiber in conjunction with the extrusion step, the need for a separate 

stretching step and the associated energy requirements were eliminated.  Differences in porosity 

between the sheath and core were reduced by the controlled diffusion of water out of the fiber, 

and the presence of water in the fiber helped to maintain a stretchable state after solidification.   

Several studies were performed to determine the feasibility of implementing the Porosoff 

process for carbon fiber production.  Determining the structure and mechanical properties of 

such melt spun PAN fibers was necessary.  Grove and coworkers [16] reported that a process 

similar to that of Porosoff could be used to create carbon fibers with reasonable strength and 

modulus, but micron-sized holes and broken filaments were observed, and it was believed that 

this would prevent the implementation of such a process in place of wet or dry spinning.  Similar 

results were published by Min and coworkers [9] for precursor fibers prior to stabilization and 

carbonization.  In an effort to produce high strength carbon fiber precursors, Daumit and 

coworkers [10,11] at BASF looked at the use of mixtures of water (12-28% by weight of the 

polymer), a C1 to C4 monohydroxy alkanol (0-13%), and either a C1 or C2 nitroalkane (3-20%) 

or acetonitrile (5-20%) to plasticize PAN for melt spinning.  The C1 to C4 monohydroxy alkanol 

was found to beneficially influence the filament internal structure such that carbon fiber 

mechanical properties were enhanced, and when it was combined with acetonitrile it lowered the 

temperature at which the polymer hydrated and melted.  The homogeneous melt was extruded at 

temperatures between 160 and 185°C into a chamber which was pressurized with steam in a 

range of 69 to 345 kPa (10 to 50 psig) above atmospheric pressure and heated to between 90 and 

200°C.  The release of the plasticizer and void formation was controlled by the pressure chamber 

during initial drawing of the fibers.  The remaining plasticizer was removed to less than one 
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weight percent upon leaving the pressure chamber and entering an oven.  Post spin drawing in a 

steam atmosphere at 124 kPa (18 psig) helped to collapse and remove the majority of voids 

resulting from plasticizer removal. 

The BASF process showed that carbon fibers could be produced using a pseudo-melt 

spinning process.  Various cross-sectional configurations, e.g. trilobal configuration, could also 

be produced and still yield a suitable fiber for carbonization [10].  However, despite the 

successes of the BASF process, it was never commercialized.  Solvent recovery was still 

required to handle the high plasticizer content.  The solvents, besides water, were extremely 

toxic and required very careful use, especially at elevated temperatures.  For example, in the case 

of acetonitrile, it could degrade into cyanide.  Minimal environmental benefits were obtained due 

to the use of a high amount of plasticizers other than water, and the recovery requirements 

produced little financial gain over solution spinning processes.  The process provided no 

economic benefit over solution spinning once commercial production levels were reached (9x105 

kg/year).  However, it is important to note that the BASF process used considerably less solvent 

than the amount required for wet (80%) or dry (70%) solution spinning.  

Carbon dioxide, which has been studied as a replacement for organic solvents in a 

number of processes [19], was found to significantly plasticize acrylonitrile/methyl acrylate 

(AN/MA) copolymers by Bortner and coworkers [20,21].  Differential scanning calorimetry 

(DSC) and pressurized capillary rheometry were used to determine the effect CO2 had on the 

glass transition temperature (Tg) and viscosity relative to the pure copolymers.  Copolymers with 

65, 85, and 90 and higher mole percent acrylonitrile were studied.  Increasing the weight percent 

of absorbed CO2 yielded a greater reduction in the viscosity.  For example, in the 65 mole 

percent AN sample, viscosity reduction went from 7% to 60% over the increase in CO2 content 
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of 2.7 to 6.7 wt%, and in the 90 mole percent AN sample, viscosity reduction went from 31% to 

56% over the increase in CO2 content of 2 to 3 weight percent.  Each of the 65, 85, and 90 mole 

percent samples were found to have their viscosity reduced by a similar amount (55-60%) 

compared to the pure copolymer when saturated with carbon dioxide at 17.2 MPa, despite a 

decreasing amount of absorbed CO2 obtainable with increasing AN content (6.7, 5.6, and 3.0 

weight percent carbon dioxide when saturated at 120°C and 17.2 MPa for the 65, 85, and 90 

mole percent copolymer, respectively).  This suggests that as the AN content is increased, a 

smaller amount of absorbed CO2 is required to plasticize the polymer and obtain a comparable 

reduction in viscosity.  However, above 90 mole percent, the copolymers did not absorb a 

significant amount of CO2 under the conditions tested.  It was explained that this represented a 

critical copolymer ratio, at which point the dipole-dipole interactions of the pendant nitrile 

groups generate strong intermolecular forces and significantly decrease the free volume of the 

copolymer.   

The work by Bortner and coworkers [20,21] successfully showed that CO2 could absorb 

into and reduce the viscosity of AN copolymers, but it was done in a strictly batch operation 

which utilized a static pressurized bomb to saturate small quantities (less than 500g) of material 

for several hours with CO2.  While the solubility of CO2 in the materials was significant, the low 

permeability of the AN copolymers necessitated the long absorption times.  The time required to 

achieve the necessary uptake would preclude the use of this method in a commercial-scale melt 

spinning process.  If, instead of batch saturation, the AN copolymers could be rapidly plasticized 

with CO2 to achieve the necessary process temperature reduction, the process might be viable. 

While the work of Bortner and coworkers [20,21] laid the groundwork for the ability to 

process AN copolymers with CO2, no one has documented the ability to rapidly absorb CO2 into 
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an acrylonitrile copolymer and measure its viscosity in an extrusion process that resembles that 

of a true melt processing scheme.  Additionally, while the thermal stability of acrylonitrile 

copolymers and terpolymers has been studied [22], no one has compared the thermal stability 

and chemorheology of melt processable AN copolymers (65 mole percent AN) with that of 

higher AN content copolymers.  Low acrylonitrile content copolymers that are currently melt 

processable without the use of plasticizers will still undergo the crosslinking and cyclization 

reactions at elevated temperatures where the kinetics of these reactions becomes significant.  By 

comparing the chemorheology of low and high AN content copolymers, the required temperature 

for safely melt processing high AN content copolymers can be determined.   Finally, no one has 

documented the ability to suppress the foam growth of a polymer containing CO2 with the use of 

a pressurized step-down chamber following extrusion.   

The purpose of the present work is to determine if AN copolymers can be rapidly (i.e. 

within the residence time of the polymer in the injection zone) plasticized by CO2 in a melt 

extrusion process to facilitate melt processing of high AN content copolymers.  A 65 mole 

percent AN copolymer was used as a model system in order to avoid significant crosslinking 

during plastization, CO2 injection, and viscosity measurement that might have occurred with a 

higher AN content material.  The effect that extrusion with CO2 had on the 65 mole percent AN 

copolymers was used to extend the technique to the 85 mole percent copolymer by comparing 

the viscosity reduction results with those previously obtained [21] using pressurized capillary 

rheometry.  Finally, the potential to suppress foaming of the extrudate was evaluated using a 

pressurized chamber attached to the end of the extruder. 
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3.2 Experimental 

3.2.1 Materials 

Two different acrylonitrile copolymers containing 65 and 85 mole percent acrylonitrile 

were used in this study.  The 65 mole percent copolymer, Barex, is a commercial extrusion grade 

material made by BP.  Barex contains 65 mole percent acrylonitrile (AN), 25 mole percent 

methyl acrylate (MA) and 10 mole percent elastomer and is designed to be processed in the 

temperature range of 180–200°C.  An 85/15 mole percent AN/MA copolymer was produced via 

a heterogeneous free radical (emulsion) polymerization by Monomer Polymer, Inc. of 

Feastersville, PA, following a procedure developed by Bhanu and coworkers [7]. The 85/15 

material’s Mn and Mw were previously determined (GPC) to be 26,500 and 65,900 g/mol, 

respectively [21].  About 100 grams of the 85/15 material were available in powder form for our 

measurements in this study. 

Air Products medium grade (99.8% pure) carbon dioxide was used for absorption into the 

Barex copolymer.  Air Products 99.998% pure (excluding Argon) nitrogen (N2) was used to 

pressurize the chamber designed for suppression of foaming. 

 

3.2.2 Sample preparation for torsional viscosity measurements 

To avoid significant crosslinking, specific steps were followed prior to the torsional 

rheological measurements.  Samples of the 85 mole percent copolymer powder were 

compression molded into circular samples of 25.0 mm diameter and 1.0 mm thickness using a 

press at room temperature, thereby imparting no thermal history prior to loading the sample into 



97 

 

 

the rheometer.  The 65 mole percent copolymer pellets were compression molded using the same 

mold at 170°C, well below the temperature where significant crosslinking takes place.   

 

3.2.3 Dynamic oscillatory rheology 

Dynamic oscillatory rheological measurements were performed using a Rheometrics 

RMS 800 Mechanical Spectrometer. Frequency sweeps were made over the range of 1–100 rad/s 

using 25.0 mm parallel plates and 5% strain.  To minimize degradation during measurements of 

the complex viscosity, angular frequencies below 1 rad/s were not used because of the length of 

time required to obtain data.  Time sweeps were performed over at least 1800 seconds using 25.0 

mm parallel plates and 5% strain at an angular frequency of 0.1 rad/s.  Temperatures in the range 

of 180–220°C were used for each test type.  To ensure measurements were performed in the 

linear viscoelastic region, strain sweeps were performed at 200°C using an angular frequency of 

10 rad/s over the range of strain of 0.6 – 100%.  Samples were found to be linear up to at least 

5% strain.  During loading, heating, and equilibration of the samples in the rheometer, an inert 

nitrogen atmosphere was used in the rheometer oven to slow the crosslinking reaction. 

 

3.2.4 Steady shear rheology 

Steady shear viscosity measurements were carried out using a Rheometrics RMS 800 

Mechanical Spectrometer. Measurements were made using 25.0 mm parallel plates and a sample 

thickness of 1.0 mm over the temperature range of 180-220°C at an angular frequency of 0.1 s-1.  

Measurements were conducted for at least 1,800 seconds, which was estimated to be 

significantly longer than the residence time in an extruder [23].  
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3.2.5 Dynamic mechanical thermal analysis (DMTA) 

 Dried polymer pellets for dynamic mechanical thermal analysis (DMTA) were 

injection molded at 180°C into 7.6 cm by 7.6 cm square plaques using an end-gated mold at 

70°C.  The molded samples were cut into 8-9 mm wide strips.  The strips were dried, weighed, 

and then clamped between metal plates and saturated with CO2 in a sealed, constant-volume, 

pressurized bomb.  The bomb was initially charged with CO2 at room temperature in the form of 

a high-pressure gas at 5.86 MPa (850 psi), then heated to 95oC, and then further pressurized with 

CO2 to 17.2 MPa (2500 psi) using a Trexel model TR-1-5000L supercritical fluid system.  The 

samples were allowed to equilibrate for 4 days.  A forced convection cool down back to room 

temperature was followed by a controlled decompression over the course of 12 minutes.  

Samples were removed and weighed again using a fine mass balance to measure CO2 uptake.  

One was tested immediately, and another was tested after one week to allow a portion of the CO2 

to diffuse out of the sample.  A third sample was not exposed to CO2, and was tested in the pure 

state.  The three sample strips were weighed and then immediately loaded into a Rheometrics 

RMS 800 Mechanical Spectrometer for DMTA testing.  Samples were run from 40 to 100°C at 2 

degrees per minute using a frequency of one radian per second at 0.2% strain. 

 

3.2.6 Slit-die rheometer, extruder, and experimental procedure 

 A 12.7 mm (0.5 inch) wide, 10:1 width-to-height ratio slit die designed for operation at 

high pressures (up to 50 MPa at entrance) was used to measure the viscosity of pure and 

saturated copolymer at 180°C.  This rheometer was based on the extrusion rheometers first 
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developed by Han and Ma [24,25], and later used by Royer and coworkers [26,27]. The 

rheometer had three pressure transducer taps fitted with two Dynisco model PT462E pressure 

transducers and one model TPT463E pressure transducer set one inch apart to measure 

temperature, pressure drop, and the linearity of the pressure drop.  The pressure transducers were 

mounted flush with the die walls.  A linear pressure drop is required to ensure both fully 

developed and single-phase flow within the measurement region [26,27].  A Keithley model 

KUSB-3100 data acquisition model and a PC were used to record pressure data.  At the end of 

the die, a threaded section was integrated to allow the attachment of nozzles or additional 

equipment [26,27].  Attaching a nozzle or capillary is required to elevate the pressure within the 

measurement area of the slit die above the point at which carbon dioxide will come out of 

solution.  Two different attachment configurations were used to increase pressure within the die.  

The first (called Nozzle 1) was an adapter with a diameter of 3.175 mm and L/D of 8, and the 

second (Nozzle 2) was the same adapter with a capillary die attached to it that had a diameter of 

1.4 mm and L/D of 10.  In the slit die, a lead-in section before the center of the first transducer 

with length equal to twenty die-heights was used to allow for flow rearrangement in the entrance 

region, and a lead out section after the third pressure transducer with length equal to twenty die-

heights was used to allow for flow rearrangement due to any nozzle attachments.  The slit die 

was heated with twelve 100-Watt Watlow Firerod cartridge heaters.   

Viscosity measurements were performed on the 65 mole percent AN material containing 

an estimated 4-12 weight percent CO2.  Measurements were made at 180°C and compared to the 

pure copolymer viscosity measured at 180°C.  The following equations were used to calculate 

the viscosity of the melt [28-32]: 
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where τw is the wall shear stress, ΔP is the pressure drop, L is the length of the die, H is the slit 

height, aγ& is the apparent shear rate, W is the slit width, Q is the volumetric flow rate, ηa is the 

apparent viscosity, and γ&  is the true wall shear rate .  These equations are valid for fully 

developed flows of incompressible fluids.  The well-known Rabinowitsch correction [Eq. (3.4)], 

used to account for the non-Newtonian nature of the velocity profile in the polymer melt, was 

performed to correct the apparent shear rate to a true shear rate.  The viscosity was then 

calculated from Eqs. (3.1) and (3.4).  To obtain a viscosity curve over several different shear 

rates, the process was repeated at different screw speeds.  To obtain volumetric flow rates for 

calculating the apparent shear rate, an equation of state was used to estimate the density of the 

melt mixture.  For this analysis, the Sanchez-Lacombe equation of state [33-35] was used with 

the mixing rules described by Park and Dealy [36].  No interaction parameter was used for our 

estimates.  The Sanchez-Lacombe parameters used for the 65% acrylonitrile copolymer and CO2 

are shown in Table 3.1.  The slit die was fed by a Killion KL-100 extruder with a 25.4 mm (1 

inch) diameter 30:1 L/D two-stage screw.  An increase in the channel depth in the two-stage 

screw at the point of injection of CO2 facilitated a drop in the melt pressure, allowing the gas to 
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be more easily injected.  The metering section prior to this drop was a region of higher pressure 

that allowed the formation of a melt seal to help prevent CO2 from escaping up the channel and 

out of the hopper.  A 1.752 cc/rev gear pump (Zenith, HPB-5556) was used between the extruder 

and slit die to stabilize the flow of extrudate through the die.  A high pressure conduit was used 

to attach the gear pump to the extruder, and an Omega model FMX8461S static mixer was 

placed in the conduit to help homogenize the melt. An injection port in the extruder at the 

beginning of the second stage of the screw was used to add carbon dioxide to the melt.  The 

carbon dioxide was pressurized and metered with a Trexel model TR-1-5000L supercritical fluid 

unit.  Carbon dioxide flow was measured using a MicroMotion Elite CMF010P Coriolis mass 

flow meter and an RFT9739 transmitter.  A Tescom 26-1700 Series back pressure regulator was 

used to control the carbon dioxide pressure on the downstream side of the pump.  

The extruder was used to melt, pressurize, and deliver the polymer to the slit die.   First, 

dried polymer pellets were placed in the hopper to be fed to the rotating screw where they would 

melt and become pressurized.  Next, for materials that were to be plasticized with CO2, CO2 was 

injected into the system at a measured rate and was mixed with the melt.  The gas flow rate was 

controlled by regulating the back pressure to be approximately 3.4 MPa (500 psi) above the melt 

pressure within the extruder and adjusting the CO2 pump’s stroke length and speed.  At least 5 

minutes were allowed after each change in flow rate for the system to reach steady state.  Next, 

the pressure generated by the turning screw forced the melt into the gear pump and then through 

the slit die.  Finally, the pressure drop was recorded, and samples of the melt were taken at the 

exit of the die to measure the mass flow rate.  The estimated weight percent of CO2 in the 

mixture, neglecting losses, was determined by measuring the mass flow rate of extrudate and 

comparing to the mass flow rate of CO2 injected into the system.  The rates at which CO2 was 
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injected into the polymer (referred to as injected rates or injected weight percent) were not 

necessarily the amounts absorbed into the polymer (referred to as weight percent or absorbed 

CO2) due to the loss of CO2 out of the system.  

 It was assumed that the effects of pressure on the compressibility of the fluids 

within the slit die were insignificant compared to measurement error due to transducer 

sensitivity.  This assumption has been made by several other researchers for this type of mixture 

and has been shown to be adequate [24-27,37-40].  For up to 7 weight percent carbon dioxide 

content, the density of the mixture within the slit die was calculated to change by only as much 

as 2% across the range of pressures in the die, which is within the range of error due to 

transducer sensitivity.  It is important to note that for the low concentrations of CO2 used in the 

study, the incompressibility assumption is valid, but higher concentrations can lead to significant 

errors [27].   

 

3.2.7 Foam suppression 

 To study the suppression of the nucleation and growth of bubbles following CO2-

assisted extrusion of the 65% AN copolymer, a 1 m long, 6.35 cm inside diameter tubular 

pressure chamber from High Pressure Equipment Company was used to pressurize and collect 

the extrudate.  The chamber cap was machined so that it could be screwed onto the adapter that 

was attached to the extruder.  No gear pump or slit die was used in this setup, but the other 

process features as described above remained.  The chamber cap had a 6.35 mm diameter hole 

bored through it and was heated with band heaters to 180°C to allow the extrudate to enter the 

chamber.  The opposite chamber cap was machined to accept a high pressure gas valve for 
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connection to a gas cylinder.  Extrusion of copolymer and CO2 was begun through the chamber 

cap, and once steady-state was obtained the chamber was closed and pressurized with nitrogen to 

8.27 MPa (1200 psi).  The process was run for approximately 20 minutes to collect sample.  The 

extruder was then stopped, and the pressure chamber and contents were cooled down to room 

temperature via forced convection.  The contents were then removed and analyzed with scanning 

electron microscopy. This part of the work was carried out as a first attempt at showing it is 

possible to suppress bubble growth in the extrudate at the exit of the die under moderate gas 

pressures. 

 

3.2.8 Field emission-scanning electron microscopy (FE-SEM) 

Samples of the 65 mole percent AN copolymer extruded into atmospheric conditions and 

into a pressurized chamber were evaluated using a Leo 1515 FE-SEM instrument. Freeze-

fracture surfaces were prepared by submersing a sample of the extrudate in liquid nitrogen for 

approximately two minutes and then bending with forceps until fracture occurred.  Samples were 

platinum-coated prior to SEM examination. 

 

3.3 Results and Discussion 

In this section, the thermal stability of the two AN copolymers and the effect of CO2 on 

the viscosity of the 65 mole percent copolymer in a continuous process are discussed.  The 

ability to predict viscosity and processing temperature reduction in these materials for a 

particular amount of CO2 absorption is also discussed.  Based on these findings and through 
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comparison to previously obtained measurements of viscosity reduction of the 85% AN 

copolymer due to CO2 obtained using pressurized capillary rheometry [21], the ability to 

continuously melt process the 85% AN copolymer with CO2 is evaluated.  A discussion of the 

use of a pressurized chamber to form a homogenously solid extrudate of polymer with absorbed 

CO2 concludes the section. 

 

3.3.1 Chemorheology 

 Due to the crosslinking and cyclization reactions that take place in AN copolymers in the 

melt state, the viscosity will increase as a function of temperature and residence time in the 

extruder.  A chemorheological model was used to quantify the effects of time and temperature on 

the 65 and 85% AN copolymers.  The model is similar to that used to describe the curing of 

epoxy resins [41] and the crosslinking of high AN content co- and terpolymers [35], and is 

represented by eqs. (3.5) - (3.7): 
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In these equations, ηr is the temperature dependent viscosity, k is the temperature 

dependent rate, ΔEη and ΔEk are the activation energies associated with the temperature 

dependence of ηr and k, respectively, T is temperature and t is time.  These functions were 

applied to the time dependent dynamic oscillatory (complex viscosity) data (|η*|) of each 

material at 180, 200, and 220°C in air and at an angular frequency (ω) of 0.1 rad/s.  The tests 

were performed in air to better simulate the conditions the polymers experience in an extrusion 

process.  Plots of ln |η*| versus time were made at each temperature, and the slopes and 

intercepts of these plots were used to obtain k and ηr, respectively, at each temperature and 

composition.  Linear fits of the data in plots of ln k and ln ηr versus 1/T were then used to obtain 

the constants in eqs. (3.6) and (3.7).  The linear fits of ln |η*| versus time for the 65% AN 

copolymer are shown in Figure 3.1.  A similar plot, not shown here, was used to obtain k and ηr 

for the 85% AN copolymer.  As shown in Figures 3.2 and 3.3, linear fits of the plots of the 

natural logarithms of ηr and k versus 1/T (obtained from Fig. 1) were used to obtain values for 

η∞ and k∞ from the intercepts and ΔEη/R and ΔEk/R from the slopes, respectively, for the 65 and 

85% AN copolymers.  Correlation coefficients of 0.95 or better were obtained for all linear fits 

of the data.  The values of the constants obtained for eqs. (3.5) – (3.7) are listed in Table 3.2 for 

the 65 and 85% AN copolymers.   

In addition to dynamic oscillatory tests, time dependent steady shear viscosity tests were 

performed on the 85% AN copolymer to compare the two available test methods used to measure 

the stability.  The results are shown in Figure 3.4.  The 65% material could not be satisfactorily 

tested in steady shear due to the formation of gels over time which would roll between the plates 

and force material out of the gap, leaving the dynamic oscillatory measurement method as the 
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only way to compare the effects of time and temperature on the two copolymers.  The dynamic 

and steady shear data agree reasonably well, but there is a small difference in the viscosity data 

between the two methods which grows with temperature.  This may be due to the rapid 

crosslinking that occurs at higher temperatures, which can cause the materials to be at a different 

initial viscosity once the temperature equilibrates and the test begins.  Also, the viscosity 

increase is slightly more rapid in the steady shear test at 220°C.  This may be because the motion 

of the polymer in steady shear exposes more of the reactive sites to one another to form cross 

links as opposed to the dynamic test where comparatively little long range motion and site-to-site 

exposure occurs.  Despite this occurrence, the difference between dynamic and steady shear data 

is sufficiently small to make the use of dynamic data for the chemorheological analysis 

reasonable.    

To compare the stability of the 65 and 85% AN copolymers, the chemorheological 

analysis was used to create plots of viscosity increase over time at 180, 200, and 220°C and 

viscosity as a function of temperature at times between 0 and 30 minutes.  These plots are shown 

in Figures 3.5 and 3.6.  It can be seen from Figure 3.5 that the viscosities of the two materials 

increase at almost identical rates at 220°C to a 28% increase after 30 minutes.  At 200°C the 65% 

AN copolymer viscosity actually increases faster than the 85% material to a 10% increase after 

30 minutes, whereas the 85% material only increases by 4%.  No change is discernable in the 

85% AN copolymer at 180°C, and the 65% material only increases by about 4%.  The reason 

that the lower AN content material’s viscosity increased faster and to a greater extent over 30 

minutes than the higher AN content material may be the polymers’ molecular weight.  The 65% 

AN material has a higher molecular weight as seen from comparing the viscosity data of the two 

materials, which may cause its viscosity to increase faster due to crosslinking, because fewer 
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crosslinks are necessary to fully crosslink the higher molecular weight material.  However, 

Figure 3.6 shows that once the temperature where the crosslinking and cyclization reactions 

begin to take off is reached, residence time has a much greater effect on the viscosity of the 85% 

copolymer than on that of the 65% material.  At temperatures near and above 220°C, the 

viscosity of the 85% AN copolymer increases much faster over time than the lower AN content 

copolymer.  This indicates that temperature and residence time must be carefully controlled to 

prevent the reactions from taking off.   It should be noted that during the time dependent 

viscosity tests the color of the sample discs went from translucent yellow to orange and then to 

dark orange-brown after 30 minutes at 220°C, indicating significant cylclization and crosslinking 

took place [42].  Even at 200°C the 65% sample turned orange after 30 minutes.  The samples 

that increased in viscosity by 4% or less only changed in color to a slightly darker yellow after 

30 minutes.  These observations and the model predictions for viscosity increase as shown in 

Figures 3.5 and 3.6 suggest that viscosity increase should be kept below 5-10% to ensure that no 

significant crosslinking or cyclization takes place.  The recommended processing temperature 

range for the 65% AN copolymer is 180-200°C, and the viscosity of this material increases faster 

over time at these temperatures than the 85% material.  These results indicate that for residence 

times less than 30 minutes, the 85% AN copolymer will be suitably stable if the processing 

temperature is maintained at or below 200°C. 

 

3.3.2 Thermal analysis 

 To determine the effect of absorbed CO2 on the glass transition temperature of the 65% 

AN copolymer, dynamic mechanical thermal analysis (DMTA) was performed at atmospheric 
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pressure and from 40 to 100°C on samples with and without absorbed CO2.  The loss modulus 

(G”) versus temperature data is plotted in Figure 3.7 for the 65% AN copolymer with 0, 5.5, and 

8.8 weight percent CO2.  The Tg peak is seen for the 0 and 5.5 weight percent samples at 85 and 

54°C, respectively.  The 8.8 weight percent sample appears to be near the reduced Tg when the 

test begins at 40°C.  A shoulder in the data curve can be seen between 50 and 55°C for the 8.8 

weight percent sample, which is similar to the shoulder seen between 60 and 70°C for the 5.5 

weight percent sample.  The similar shape of these two curves suggests that the Tg of the 8.8 

weight percent sample is near 41°C.   

The Tg reduction versus weight percent CO2 data are shown in Figure 3.8 along with data 

for the same system obtained previously [20] using differential scanning calorimetry and 

thermogravimetric analysis.  There is good agreement between the two methods.  The line is a 

linear fit (slope of 4.93) which accurately describes the Tg reduction due to absorbed CO2.  This 

relation allows one to determine the amount of CO2 required to achieve a reduction of Tg for low 

amounts of absorbed CO2, which can be related to viscosity reduction.  

 

3.3.3 Viscosity reduction and shifting 

 To help determine the feasibility of continuously melt processing AN copolymers by 

rapidly plasticizing them with CO2, the viscosity versus shear rate of the model 65% AN 

copolymer with injected CO2 was measured online in an extrusion process using a slit-die 

rheometer.  In Figure 3.9, the apparent viscosity versus shear rate data is shown at 180°C with 

CO2 injection rates of 0, 4, 7, and 12 percent by weight, neglecting losses.  The lines represent 

power law fits of the data.  At CO2 injection rates of 4 weight percent, the average viscosity 
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reduction compared to the pure polymer was 22%.  At injection rates of 7% and 12%, the 

viscosity was reduced by 42 and 56%, respectively.  The pressure drop in the slit die was linear 

for injection rates up to 7%, indicating fully developed and single phase flow, but at 12% there 

was a slight nonlinearity to the pressure drop at lower shear rates (lower average die pressure), 

which was due to CO2 beginning to bubble out of solution when the pressure dropped below the 

equilibrium pressure for that composition.  This represented the upper limit of pressure and 

concentration that can be achieved for viscosity measurements with this slit-die rheometer and 

not necessarily a limit of the achievable viscosity reduction for this material in an extrusion 

process. 

 The effect of pressure on the viscosity was analyzed by observing the change in viscosity 

over the measured range of shear rates due to increased pressure.  Increases in pressure were 

obtained by adding nozzles to the slit die with different L/D values.  This effect can be seen in 

Figures 3.10 and 3.11 for the 65% AN copolymer with CO2 injection rates of 0 and 7 weight 

percent, respectively.  The data in these figures are plotted on axes with linear scales to better 

show the relative values of the data as opposed to using logarithmic scales.  In Figure 3.10, the 

viscosity data for each nozzle configuration overlap, even though the average pressure from 

Nozzle 1 to Nozzle 2 is doubled at each shear rate.  Similar results can be seen in Figure 3.11 for 

the copolymer with an estimated 7 weight percent CO2.  Although not shown, the viscosity data 

of the copolymers with CO2 injected at 4 and 12 weight percent also overlap at each shear rate 

for all pressure ranges.  These results indicate that for our viscosity measurements, there is no 

need to correct for pressure effects because viscosity reduction is determined relative to the pure 

copolymer viscosity at similar pressures.  Pressures over larger ranges may have an effect on the 
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viscosity, as seen in the case of HDPE and CO2 [36], but the effect is indistinguishable in the 

polymer and pressure ranges of interest in this study. 

Viscosity shifting was performed by determining shift factors via least-squares fits of the 

viscosity data at each concentration to generate a master curve shifted to the pure copolymer 

viscosity.  Recent studies have determined shift factors for concentration and pressure by using 

pure component qualities obtained from PVT data and model fitting, often in conjuction with a 

Williams-Landel-Ferry (WLF) or an Arrhenius analogue for Tg depression and elevation due to 

CO2 concentration and pressure [27,36].  For the polymer of interest in this study, PVT data and 

pure component parameters were not readily available.  Instead, the DMTA results were used to 

correlate glass transition temperature depression and absorbed amount of CO2, and the 

experimental viscosity reduction data was used to determine the shift factors. 

The master curve generated by shifting the viscosity reduction datais shown in Figure 

3.12.  The least squares method was used to determine the shift factors that would make the data 

at each injection rate of CO2 best fit the pure copolymer data.  The apparent shear rates were then 

corrected by applying the Rabinowitsch correction as shown above in Eq. (3.4).  An Arrhenius 

analogue for the effect of concentration and pressure on the viscosity [27] was used to evaluate 

the ability to predict the shift factors obtained using the least squares method.  For temperatures 

above the applicable range of the WLF equation (Tg + 100°C), an Arrhenius expression [41] can 

be used to describe the effect of temperature on viscosity, as shown in Eq. (3.8): 

 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

o

a

T

T
T TTR

E
a

o

11lnln
η
η

      (3.8) 



111 

 

 

 

where aT is the time-temperature superposition factor, ηT is the viscosity at temperature T, Ea is 

the activation energy for viscous flow, R is the ideal gas constant, To is an arbitrary reference 

temperature, and ηTo is the viscosity at that temperature.  Royer and coworkers [32] referenced 

the effect of pressure and concentration as shifts in Tg in the Arrhenius expression, as shown in 

Eqs. (3.9) - (3.10): 
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where aP is the pressure dependent shift factor, aC is the concentration dependent shift factor, Po 

is atmospheric pressure, P is the system pressure, and the subscript mix refers to mixture 

properties.  Parameters for determining aC in Eq. (3.10) were obtained from experimental data.  

The flow activation energy, Ea, was determined by using Eq. (3.8) to perform a least squares fit 

of the dynamic oscillatory viscosity data, shown in Figure 3.13, of the pure 65% AN copolymer 

at 180, 200, and 220°C .  The value for Ea was found to be 93,575 J/mol..  The glass transition 

temperature at atmospheric pressure for the pure and CO2-containing copolymer was determined 

from DMTA results and the linear relation between Tg and CO2 content.  It is assumed that the 

pressure and concentration dependent shift factors can be combined to yield a shift factor for 
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both pressure and concentration, aP,C.  This combined shift factor is what was determined 

experimentally by shifting the viscosity data obtained from slit die measurements.  The shift 

factor, aC, determined from Eq. (3.10), was compared to the experimentally determined shift 

factor aP,C.  This result is shown in Figure 3.14.  Lines in the figure are linear fits of the data.  

There is a large difference between the two shift factors.  The viscosity and pressure data 

obtained from the slit die showed that pressure had little effect on the viscosity for the ranges of 

pressure encountered, but the Arrhenius analysis suggests that pressure has a large effect on Tg 

and viscosity reduction over the range from atmospheric pressure to test pressures.  The Tg 

reduction for the copolymer at slit-die test pressures and concentrations as opposed to 

atmospheric conditions can be calculated by dividing aP,C by aC for each mixture to obtain aP and 

then solving for the Tg of the mixture at test pressure using Eq. (3.9).  For the copolymer with 

4% CO2, neglecting losses, Tg was calculated to be 5°C less than that of the pure material.  For 

the copolymers with an estimated 7 and 12% CO2, the Tg reductions were calculated to be 10 and 

16°C, respectively.  This analysis helped to correlate the Tg reductions due to absorbed CO2 

obtained at atmospheric pressure to the Tg and viscosity reductions obtained in the extrusion 

process.   

 

3.3.4 Processing temperature reduction 

 To assess the ability of CO2 to provide a processing temperature reduction for the AN 

copolymers, the viscosity of the pure and CO2-containing 65% AN copolymer was compared to 

the viscosity of the pure material shifted to higher temperatures.  The data shifts were performed 

by using the value of Ea (93,575 J/mol K) determined from the analysis of data in Figure 3.13 
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and Eq. (3.8).  The resulting plot is shown in Figure 3.15, where lines are power law fits of the 

pure and CO2-containing viscosity data, and symbols are the pure 65% AN material viscosity 

data obtained from the slit-die at 180°C shifted to higher temperatures.  The overlap of the 

concentration and temperature effects shows that for injection rates of CO2 set to provide 4 

weight percent CO2, an equivalent processing temperature reduction of at least 10°C can be 

obtained.  For 7 and 12% CO2, the pure data overlap at 200°C and 210°C, respectively.  These 

results suggest that CO2 can be used to process the material at temperatures up to 30°C lower and 

achieve the same viscosity as the pure material at the original temperature. 

 

3.3.5 Predictions for higher AN content 

 To predict the effect of CO2 on the 85% AN material in the extrusion process and its 

ability to facilitate melt processing, comparisons were made between data and results obtained in 

the slit die for the 65% AN material to data previously obtained using pressurized capillary 

rheometry for the 65% and 85% AN copolymers [20,21].  Table 3.3 summarizes these findings.  

For the 65% material, viscosity and potential process temperature reductions were in good 

agreement, but the CO2 content and Tg reduction data were off by 44 and 47% percent, 

respectively.  The methods used to measure Tg reduction due to CO2 content showed good 

agreement (Figure 3.8).  This indicates that the CO2 content data is where the disparity lies and 

that the measured CO2 injection rate in the extrusion process was not necessarily the actual 

amount of CO2 that was absorbed into the material.  During extrusion, a portion of the injected 

CO2 likely escaped from the system by leaking through the melt seal and up the screw channel 

and then out of the hopper.  This loss could be prevented by using a pressurized hopper and feed 
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system, a different screw design, or by using a twin-screw extruder.  However, for this study the 

prevention of loss of CO2 was not necessary to measure the viscosity reduction because 

comparisons of the uptake and viscosity reduction data can be made between the two methods to 

determine the amount absorbed in the extrusion process.  Comparing the CO2 uptake and 

viscosity reduction data between the two methods used to generate it suggests that the value of 

the injected amount of CO2 should be decreased by up to 44% to give the actual amount of CO2 

absorbed into the polymer.  For the estimated 12% uptake, the actual amount of gas absorbed 

into the polymer is approximately 7 weight percent, corresponding to a Tg reduction due to 

concentration at atmospheric pressure of approximately 35°C as determined by the DMTA 

results.  Despite the loss of CO2 from the system, the agreement of the viscosity and processing 

temperature reduction values for the 65% AN material between the two methods suggested that 

the 85% AN material could also be processed at lower viscosity and temperature in the extrusion 

process.  The processing temperature reduction of 26°C for the 85% material obtained by 

Bortner and coworkers [21] can be applied to the chemorheological analysis performed in 

section 3.1.  Because the ideal viscosity for processing is obtained at 220°C for the pure material, 

when reduced by 26°C to 194°C, the analysis shows that the polymer will remain suitably stable.  

These results indicate that the 85% AN copolymer can be continuously melt processed with CO2 

at ideal viscosities and remain stable. Unfortunately, because of the lack of sufficient amounts of 

the 85% AN material for extrusion processing with CO2, it is not possible to confirm this, but it 

is certain that viscosity data obtained with the slit-die rheometer would corroborate these results. 
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3.3.6 Foam suppression 

 To study the feasibility of using this process to produce homogenous extrudates and to 

determine what pressure was needed to suppress foaming, materials were extruded into a 

pressurized chamber attached to the end of the die.  This chamber was operated in batch mode, 

but could be adapted to run continuously, similar to the steam pressurized chambers used to 

pressurize PAN plasticized with water and organic solvents [10,15].  For CO2 injection rates of 7 

weight percent (around 3-4 weight percent absorbed CO2 after accounting for losses), extrudates 

were collected in the chamber at atmospheric pressure and then with nitrogen pressure at 8.3 

MPa, which was easily obtained by filling the chamber with nitrogen from a gas cylinder.  

Samples extruded with and without nitrogen pressure were analyzed using scanning electron 

microscopy (SEM) as shown in Figures 3.16 and 3.17.  Figure 3.16(a) depicts an image of the 

material extruded into atmospheric pressure conditions.  The formation and rupture of bubbles 

due to expansion of the absorbed CO2 is readily apparent in this figure with a magnification of 

59X.  Under nitrogen pressure, the sample shown in Figure 3.16(b) shows no sign of bubble 

growth at 77X magnification.  This indicates that the pressure chamber, when operated at a 

reasonable pressure, can be used to successfully inhibit the growth of gas bubbles in the melt 

extrudate.  At higher magnifications (50,000X), the presence of nanometer sized voids in the 

material extruded into atmospheric conditions can be seen in Figure 3.17(a).  These voids are 

also present to a lesser extent in the material extruded into the chamber under nitrogen pressure 

[Figure 3.17(b)].  These voids may be smaller than those observed in solvent-plasticized melt 

spun PAN fibers [9,16]. 
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3.4 Conclusions 

The ability to rapidly plasticize and reduce the viscosity of a 65% AN copolymer in an 

extrusion process has been shown.  The viscosity was reduced by up to 56% at 7 weight percent 

CO2 when corrected for loss of CO2 through the extruder.  A chemorheological analysis of the 65 

and 85% AN copolymers was used to determine that the 85% AN copolymer would be suitably 

stable for over 30 minutes of extrusion at temperatures up to 200°C.  Scaling with respect to CO2 

concentration and pressure was used to generate shift factors for the combined effect of pressure 

and concentration on the viscosity of the 65% AN material.  These were then compared to 

pressure and concentration dependent shift factors generated from an Arrhenius analysis to 

determine if it could be used to predict the required Tg reduction for a specified viscosity 

reduction.  The comparison showed that concentration dependent shift factors calculated from Tg 

versus uptake data at atmospheric pressure did not agree with the combined shift factors and, 

therefore, the viscosity reduction determined experimentally using the slit die.  This was likely 

due to a large pressure effect arising between data at atmospheric pressure and at extrusion 

pressures.  The pressure effect was ruled out for the viscosity data measured in the slit die 

because no change in viscosity was seen over the range of pressures generated in the die.  

Comparison of the viscosity and Tg reduction data of the 65% AN copolymer to similar data 

obtained previously [20,21] for the 65% and 85% AN copolymer along with comparisons of the 

stability data showed that the 85% AN copolymer should be melt processable at a viscosity 

suitable for melt spinning and remain  stable for 30 minutes at 194°C.  Foaming that generally 

occurs due to the rapid release of absorbed CO2 at the die exit was greatly reduced in the 65% 

AN material by extruding the material into a pressurized chamber at a reasonable pressure.  

These results suggest that the potential to melt spin high AN content (at least 85 mole %) 
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copolymers may be possible using CO2 as a plasticizer and pressuring the extrudate to suppress 

bubble growth.  
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Table 3.1  Sanchez-Lacombe Parameters 

Material ρ* 

(g/cm3) 

T* 

(K) 

P* 

(MPa) 

Reference 

65 mole % ANa 1.273 700.1 497.7  

Carbon Dioxide 1.725 319 727.4 36 

a Obtained by linear interpolation of parameters obtained for pure polyacrylonitrile [43] and pure 

poly(methyl acrylate) [44]. 
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Table 3.2  Parameters Obtained from Chemorheological Analysis 

AN content 

(mol%) 

k∞ 

(s-1) 

η∞ 

(Pa s) 

ΔEk/R 

(K) 

ΔEη/R 

(K) 

65 1.65E+4 7.44E-03 -3,965 7,569 

85 4.36E+8 5.58E-10 -10,773 13,866 
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Table 3.3  Summary of CO2 Absorption Experiment Data 

AN 

content 

(mol%) 

CO2 

content 

(wt%) 

Tg reduction 

(at Po) 

(°C) 

Viscosity 

reduction 

(%) 

Potential process T 

reduction 

(°C) 

Source 

65 12 59 56 30 This work 

65 6.7 31 60 30 [20] 

85 5.6 37 61 26 [21] 
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Figure 3.1   Plots used to obtain k and ηr parameters in eq. (3.5) for the 65% AN copolymer.  Symbols are 
dynamic oscillatory data at ω = 0.1 rad/s.  Lines are linear fits of the data. 
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Figure 3.2   Plot used to obtain constants in eq. (3.6) for the 65 and 85% AN copolymers.  Symbols are 
experimental data obtained from the intercepts of plots of ln |η*| versus time, where ηo is the initial viscosity 
at t = 0.  The lines are linear fits of the data. 



125 

 

 

 

Figure 3.3   Plot used to obtain constants in eq. (3.7) for the 65 and 85% AN copolymers.  Symbols are 
experimental data obtained from the slopes of plots of ln |η*| versus time.  The lines are linear fits of the data. 
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Figure 3.4   Time dependence on the dynamic and steady shear viscosity of the 85 mol% copolymer at 180, 
200, and 220°C.  Symbols are dynamic viscosity data at 0.1 rad/s; (□), 180°C; (○), 200°C; ( ), 220°C.  Lines 
are steady shear viscosity data at 0.1 s-1; top, 180°C; middle, 200°C; bottom, 220°C. 
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Figure 3.5   Viscosity increase (%) over time at 180, 200, and 220°C for the 65 and 85% AN copolymers.  
Open symbols are model predictions for the 65% AN copolymer; (□) 180°C; (○) 200°C; ( ) 220°C.  Closed 
symbols are model predictions for the 85% AN copolymer; (■) 180°C; (●) 200°C; (▲) 220°C. 
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Figure 3.6   Temperature dependence on the viscosity of the 65 and 85% AN copolymers at times from 0 to 30 
minutes.  Lines are chemorheological model predictions. 
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Figure 3.7   Loss modulus from dynamic mechanical thermal analysis of the 65% AN copolymer.  (□) 0 wt% 
CO2; (○) 5.5 wt% CO2; ( ) 8.8 wt% CO2. 
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Figure 3.8   Glass transition temperature reduction due to absorbed CO2 for the 65% AN copolymer.  (□) 
DMTA data; (○) differential scanning calorimetry data reported by Bortner and Baird [20].  Line is a linear 
fit of the data from each method. 
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Figure 3.9   Apparent viscosity obtained from slit die measurements for the 65% AN copolymer at 180°C with 
0-12 weight percent CO2 injected, neglecting losses.  (□) 0% CO2; (○) 4% CO2; ( ) 7% CO2; ( ) 12% CO2.  
Lines are power law fits of the data. 
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Figure 3.10   Average die pressure and apparent viscosity across the range of apparent shear rates measured 
in the slit die for the pure 65% AN copolymer at 180°C using three different nozzle configurations.  Open 
symbols are apparent viscosity data corresponding to the right axis; (□) no nozzle; (○) nozzle 1; ( ) nozzle 2.  
Closed symbols are average die pressure data corresponding to the left axis; (■) no nozzle; (●) nozzle 1; (▲) 
nozzle 2. 
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Figure 3.11   Average die pressure and apparent viscosity across the range of apparent shear rates measured 
in the slit die for the 65% AN copolymer with 7% CO2 at 180°C using two different nozzle configurations.  
Open symbols are apparent viscosity data corresponding to the right axis; (□) nozzle 1; (○) nozzle 2.  Closed 
symbols are average die pressure data corresponding to the left axis; (■) nozzle 1; (●) nozzle 2. 
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Figure 3.12   Viscosity master curve generated using least squares fits of the data to determine the shift 
factors.    (□) 0% CO2; (○) 4% CO2; ( ) 7% CO2; ( ) 12% CO2. 
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Figure 3.13   Temperature dependence on the complex viscosity of the 65% AN copolymer.  (□) 180°C; (○) 
200°C; ( ) 220°C. 
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Figure 3.14   Effect of concentration on the shift factors.  The shift factor for the combined effect of 
concentration and pressure, aP,C, was determined experimentally from slit die data.  The shift factor for 
concentration, aC, was calculated using the Arrhenius analogue.  (□) ln aP,C; (○)ln aC.  Lines are linear fits of 
the data.   
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Figure 3.15   Viscosity of the 65% AN copolymer at various levels of absorbed CO2 and temperature.  Lines 
are power law fits of the slit die viscosity data at 180°C and 0-12% injected CO2; (—) 0% CO2; (— —) 4% 
CO2; (- - -) 7% CO2; (— - —) 12% CO2.  Symbols are the pure material data at 180°C and the same data 
shifted to 190, 200, and 210°C using the Arrhenius analysis; (□) 180°C; (○) 190°C; ( ) 200°C; ( ) 210°C. 
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(a) 

 
(b) 

Figure 3.16   SEM images of 65% AN copolymer extrudate fracture surfaces at low magnification.  (a):  
Polymer extruded with CO2 without the use of the pressure chamber, 59X magnification.  (b):  Polymer 
extruded with CO2 into the pressure chamber at 8.3 MPa (1200 psi), 77X magnification. 
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(a) 

 
(b) 

Figure 3.17   SEM images of 65% AN copolymer extrudate fracture surfaces at 50,000X  magnification.  (a):  
Polymer extruded with CO2 without the use of the pressure chamber.  (b):  Polymer extruded with CO2 into 
the pressure chamber at 8.3 MPa (1200 psi). 
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Abstract 

The purpose of this study is to determine to what extent CO2 can be used as a processing 

aid to melt process polyethylenes of higher molecular weight than can be typically melt 

processed.  To assess the ability to melt process high molecular weight polyethylenes with CO2, 

the viscosity of a 460,000 g/mol HDPE plasticized with various amounts of absorbed CO2 in an 

extrusion process was determined using a slit die rheometer that was attached to the end of the 

extruder.  A relationship was developed to determine the maximum molecular weight 

polyethylene that could be processed at a given viscosity reduction due to absorbed CO2.  This 

relationship was tested by using CO2 to process a blend of 40 weight percent ultra-high 

molecular weight polyethylene (UHMWPE) and the 460,000 g/mol HDPE which lead to an 

equivalent molecular weight of 720,000 g/mol.  The viscosity of the blend with 12 weight 

percent CO2 was reduced to that of the pure 460,000 g/mol HDPE as predicted by the 

relationship.  Preliminary studies using a pressurized chamber attached to the exit of the die 

allowed one to assess the conditions under which suppression of foaming within fibers or other 

extruded forms is possible. 
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4.1 Introduction 

In order to process polymers such as PE at high MW (e.g. >500,000) without significant 

degradation, it is necessary to use solvents and plasticizing agents.  For example, high modulus 

polyethylene fibers have been produced using ultra high MW with great success using gel 

spinning as the production method (Smith et al. ,1979; Smith and Lemstra, 1980; Kavesh and 

Prevorsek, 1985; Tam et al., 2006).  Gel spinning requires a very low solids content (1-2%) in 

solvents such as xylene, decalin, or mineral or paraffin oil. By processing in solvents, the 

viscosity is greatly reduced compared to that of pure polyethylene melt and allows the material 

to be more easily shaped and spun into fiber, but working with these solvents can be costly and 

environmentally hazardous. 

Concern over volatile organic solvent emissions has initiated searches to find cleaner 

solvents for both polymer synthesis and polymer processing (Cooper and Howdle, 2000). Use of 

a supercritical gas, in particular, supercritical carbon dioxide (SCCO2), is known to effectively 

plasticize many amorphous and some semi-crystalline polymers, including polystyrene and 

PMMA (Shieh et al., 1997a, 1997b). The result is a reduction in the glass transition temperature 

and an increase in free volume, leading to a melt viscosity reduction and enabling processing at 

lower temperatures.  

The benefits of carbon dioxide use over typical organic solvents are numerous. Carbon 

dioxide is nontoxic, non-flammable, environmentally friendly, completely recoverable, and easy 

to get supercritical (Tc=31.1°C, Pc=7.4 MPa). In the supercritical state, CO2 is known to have 

similar solubility characteristics to organic solvents (such as hexane) and CFC’s (Hyatt, 1984). 

SCCO2 also possesses a diffusivity similar to that of a gas, but a density like that of a liquid, 

which promotes rapid plasticization in amorphous materials (Garg et al., 1994). For these and 
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many more reasons, SCCO2 has proven to be a very versatile alternative to many solvent based 

applications and consequently has been the subject of interest in many commercial applications 

(Daumit et al., (1990). 

Online rheometers have been used to assess the ability to rapidly plasticize and reduce the 

viscosity of polymers with CO2 in a continuous extrusion process (Elkovitch et al., 1998; Lee et 

al., 1998; Royer et al., 2000, 2001).  While batch methods have been used to assess CO2’s ability 

to reduce the viscosity of polymers such as polydimethylsiloxane (Bae and Gulari, 1997; 

Gerhardt et al., 1997; Royer et al., 2002), polystyrene (Kwag et al., 2001; Manke et al., 2001; 

Manke and Gulari, 2003), high density polyethylene (Park and Dealy, 2006), and acrylonitrile 

copolymers (Bortner and Baird, 2004; Bortner et al., 2004), the ability to make online viscosity 

measurements during an extrusion process has proven to be very effective and informative for 

understanding the rheology of CO2 saturated systems in an potentially practical processing 

scheme (Lee et al., 1998).  Polyethylene and polystyrene blends (Lee et al., 1998), polystyrene 

(Elkovitch et al., 1998; Royer et al., 2000), poly(methyl methacrylate), polypropylene, low 

density polyethylene, and poly(vinylidene fluoride) (Royer et al., 2001) are some of the polymers 

that have been analyzed using online viscosity measurements with carbon dioxide as a 

plasticizer.  The degree of viscosity reduction depended on the polymer studied, the absorbed 

amount of absorbed carbon dioxide, temperature, and pressure.  For example, for absorption 

levels of 4 weight percent CO2 in polystyrene, the measured viscosity reduction was as high as 

80% (Royer et al., 2000).  It is important to note, however, that none of these polymers required 

CO2 to be melt processed. 

The effect of CO2 on the viscosity of a high density polyethylene (Mw = 111,000 g/mol, 

Mw/Mn = 13.6) has been studied by Park and Dealy (2006) using a high pressure sliding plate 
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rheometer.  In the sliding plate rheometer, temperature, pressure, and CO2 concentration were 

kept uniform.  Solubility measurements showed that as much as 23 weight percent of CO2 could 

be absorbed into HDPE at 34.5 MPa (5000 psi).  Viscosity reductions of roughly 80% were 

obtained at 34.5 MPa compared to data obtained in a non-plasticizing oil at 34.5 MPa.  Because 

in their rheometer design there was no way of independently controlling pressure and gas 

concentration, experiments had to be carried out once the sample was saturated with CO2, which 

took 6 hours to reach 98% saturation.  Although the possibility of reducing viscosity using CO2 

is established, it is unknown as to whether it is possible to absorb CO2 into high molecular 

weight HDPE in the residence time of a few seconds as encountered in extrusion. 

Most studies using carbon dioxide in a melt process have focused on CO2’s ability to 

generate microcellular foams (Park and Suh, 1996), composites (Nguyen and Baird, 2006), and 

blends (Elkovitch et al., 1999), and only a few of the polymers studied could not already be 

easily melt processed, such as polytetrafluoroethylene (PTFE) and fluorinated ethylene 

propylene (FEP) (Garcia-Leiner and Lesser, 2004).  Garcia-Leiner and Lesser (2004) used a 

semi-batch process to extrude PTFE, FEP, and s-PS that were pre-saturated with CO2 in a 

modified hopper.  The crystallinity and melting temperatures were successfully reduced, but no 

rheological properties were measured.  No one has demonstrated to date the ability to use CO2 to 

render a polymer melt processable by means of a process such as extrusion that was not already 

melt processable and to suppress foaming at the die exit. 

Carbon dioxide, when used as a plasticizer, could allow melt spinning of ultra-high MW 

polymers by reducing the melt viscosity of the polymer and, hence, allow them to be processed 

at a lower temperature.  The use of carbon dioxide would also provide a benign, environmentally 

friendly solution to reduce the need for organic solvents. When molecularly dispersed in a 
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polymer, carbon dioxide could act as a processing aid that could also help enhance the 

drawability and mechanical properties of a fiber. 

The purpose of the present work is to determine if polyethylenes can be rapidly (i.e. 

within the residence time of the polymer in the injection zone) plasticized by CO2 in a melt 

extrusion process to facilitate melt processing of high molecular weight polyethylenes.  A high 

density polyethylene of MW of 460,000 g/mol was used to study the effect that CO2 had on the 

viscosity of a relatively high molecular weight yet melt processable polyethylene.  A relationship 

was developed between the achievable viscosity reduction and the potential to melt process 

higher molecular weight polyethylenes with CO2.  This relationship was tested by processing a 

blend of an UHMWPE and the HDPE of 460,000 g/mol with CO2.  Finally, the potential and 

conditions required to suppress foaming of the extruded HDPE fibers was evaluated using a 

pressurized chamber attached to the end of the extruder. 

 

4.2 Experimental 

4.2.1 Materials 

Three different high density polyethylene (HDPE) samples obtained from Chevron 

Phillips Chemical Company were used in this study.  The weight average molecular weight 

( WM ), polydispersity (PDI) given as NW MM , density (ρ), and melt index (MI) of the three 

samples are listed in Table 1 as supplied by Chevron Phillips. An ultra-high molecular weight 

polyethylene (UHMWPE) obtained from Honeywell with intrinsic viscosity (IV) of 20 dl/g 
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(135°C) was also used in this study.  This corresponds to a WM  of approximately 4.6 million 

g/mol (Margolies, 1971). 

Air Products medium grade (99.8% pure) carbon dioxide was used for absorption into the 

polyethylenes.  Air Products 99.998% pure (excluding Argon) nitrogen (N2) was used to 

pressurize the chamber used for suppression of foaming. 

 

4.2.2 Dynamic oscillatory rheology 

Dynamic oscillatory rheological measurements were performed using a Rheometrics 

RMS 800 Mechanical Spectrometer. Frequency sweeps were made over the range of 0.1–100 

rad/s using 25.0 mm parallel plates and 5% strain.  To ensure measurements were performed in 

the linear viscoelastic region, strain sweeps were performed at 230°C using an angular frequency 

of 10 rad/s over the range of strain of 0.6 – 100%.  Samples were found to be linear up to at least 

5% strain.  All testing was performed within an inert nitrogen atmosphere to prevent thermo-

oxidative degradation. Prior to each test, samples were allowed to equilibrate at 230°C for 10 

minutes between the parallel plate fixtures. Test samples were prepared by compression molding 

the pellets prepared previously into 25 mm diameter circular disks with thicknesses between 1-2 

mm using a Carver Laboratory Press at 190°C under nominal pressure for 10 min and allowing 

them to cool slowly. Samples were dried at 105°C in vacuum for 18-24 hours before pressing 

into the 25 mm disks and prior to rheological testing as well. 
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4.2.3 Slit-die rheometer, extruder, and experimental procedure 

A 12.7 mm (0.5 inch) wide, 10:1 width-to-height ratio slit die designed for operation at 

high pressures (up to 50 MPa at the entrance) was used to measure the viscosity of pure and 

saturated copolymer at 230°C.  This rheometer was based on the extrusion rheometers first 

developed by Han and Ma (1982, 1983), and later used by Royer and coworkers (2000, 2001). 

The rheometer had three pressure transducer taps fitted with two Dynisco model PT462E 

pressure transducers and one model TPT463E pressure transducer set one inch apart to measure 

temperature, pressure drop, and the linearity of the pressure drop.  The pressure transducers were 

mounted flush with the die walls.  A linear pressure drop is required to ensure both fully 

developed and single-phase flow within the measurement region (Royer et al., 2000, 2001).  A 

Keithley model KUSB-3100 data acquisition model and a PC were used to record pressure data.  

At the end of the die, a threaded section was integrated to allow the attachment of nozzles or 

additional equipment (Royer et al., 2000, 2001).  Attaching a nozzle or capillary is required to 

elevate the pressure within the measurement area of the slit die above the point at which carbon 

dioxide will come out of solution.  Two different attachment configurations were used to 

increase pressure within the die.  The first (called Nozzle 1) was an adapter with a diameter of 

3.175 mm and L/D of 8, and the second (Nozzle 2) was the same adapter with a capillary die 

attached to it that had a diameter of 1.4 mm and L/D of 10.  In the slit die, a lead-in section 

before the center of the first transducer with length equal to twenty die-heights was used to allow 

for flow rearrangement in the entrance region, and a lead out section after the third pressure 

transducer with length equal to twenty die-heights was used to allow for flow rearrangement due 

to any nozzle attachments.  The slit die was heated with twelve 100-Watt Watlow Firerod 

cartridge heaters.   
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Viscosity measurements were performed on the 460,000 g/mol HDPE and a blend of the 

HDPE with 40 weight percent of the 20IV UHMWPE containing up to an estimated 12 weight 

percent CO2.  Measurements were made at 230°C and compared to the pure copolymer viscosity 

measured at 230°C.  The following equations were used to calculate the viscosity of the melt 

from pressure measurements and volumetric flow rate data (Baird and Collias, 1998; Bird et al., 

1987; Eswaran and Janeshitz-Kriegl, 1963; Macosko, 1994; Wales et al., 1965): 
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where τw is the wall shear stress, ΔP is the pressure drop, L is the length of the die, H is the slit 

height, aγ& is the apparent shear rate, W is the slit width, Q is the volumetric flow rate, ηa is the 

apparent viscosity, and γ&  is the true wall shear rate .  These equations are valid for fully 

developed flows of incompressible fluids.  The well-known Rabinowitsch correction [Eq. (4.4)], 

used to account for the non-Newtonian nature of the velocity profile in the polymer melt, was 

performed to correct the apparent shear rate to a true shear rate.  The viscosity was then 

calculated from Eqs. (4.1) and (4.4).  To obtain a viscosity curve over several different shear 

rates, the process was repeated at different screw speeds.  To obtain volumetric flow rates for 

calculating the apparent shear rate, an equation of state was used to estimate the density of the 
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melt mixture.  For this analysis, the Sanchez-Lacombe equation of state (Lacombe and Sanchez, 

1976; Sanchez and Lacombe, 1976, 1978) was used with the mixing rules described by Park and 

Dealy (2006).  No interaction parameter was used for our estimates.  The Sanchez-Lacombe 

parameters used for the polyethylene and CO2 are shown in Table 4.2.   

The slit die was fed by a Killion KL-100 extruder with a 25.4 mm (1 inch) diameter 30:1 

L/D two-stage screw.  The screw has 30 turns and is divided into five 6-turn sections.  The first 

section has a constant root diameter of 1.63 cm.  The root diameter of the second section 

increases linearly from 1.63 cm to 2.27 cm over 6 turns.  The third section has a constant root 

diameter of 2.27 cm.  The root diameter then drops quickly to 1.46 cm for 3 turns, and then 

increases over 2 turns to 2.01 cm, where it stays constant for  the remaining 6 turns.  The 

increase in the channel depth in the two-stage screw at the point of injection of CO2 facilitated a 

drop in the melt pressure, allowing the gas to be more easily injected.  The metering section prior 

to this drop was a region of higher pressure that allowed the formation of a melt seal to help 

prevent CO2 from escaping up the channel and out of the hopper.  A 1.752 cc/rev gear pump 

(Zenith, HPB-5556) was used between the extruder and slit die to stabilize the flow of extrudate 

through the die.  A high pressure conduit was used to attach the gear pump to the extruder, and 

an Omega model FMX8461S static mixer was placed in the conduit to help homogenize the 

melt.  

An injection port in the extruder at the beginning of the second stage of the screw was 

used to add carbon dioxide to the melt.  The carbon dioxide was pressurized and metered with a 

Trexel model TR-1-5000L supercritical fluid unit.  Carbon dioxide flow was measured using a 

MicroMotion Elite CMF010P Coriolis mass flow meter and an RFT9739 transmitter.  A Tescom 
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26-1700 Series back pressure regulator was used to control the carbon dioxide pressure on the 

downstream side of the pump.  

The extruder was used to melt, pressurize, and deliver the polymer to the slit die.   First, 

polymer pellets were placed in the hopper to be fed to the rotating screw where they would melt 

and become pressurized.  Next, for materials that were to be plasticized with CO2, CO2 was 

injected into the system at a measured rate and was mixed with the melt.  The gas flow rate was 

controlled by regulating the back pressure to be approximately 3.4 MPa (500 psi) above the melt 

pressure within the extruder and adjusting the CO2 pump’s stroke length and speed.  At least 5 

minutes were allowed after each change in flow rate for the system to reach steady state.  Next, 

the pressure generated by the turning screw forced the melt into the gear pump and then through 

the slit die.  Finally, the pressure drop was recorded, and samples of the melt were taken at the 

exit of the die to measure the mass flow rate.  The estimated weight percent of CO2 in the 

mixture, neglecting losses, was determined by measuring the mass flow rate of extrudate and 

comparing to the mass flow rate of CO2 injected into the system.  The rates at which CO2 was 

injected into the polymer (referred to as injected rates or injected weight percent) were not 

necessarily the amounts absorbed into the polymer (referred to as weight percent or absorbed 

CO2) due to the loss of CO2 out of the system.  

It was assumed that the effects of pressure on the compressibility of the fluids within the 

slit die were insignificant compared to measurement error due to transducer sensitivity.  This 

assumption has been made by several other researchers for this type of mixture and has been 

shown to be adequate (Bae and Gulari, 1997; Gerhardt et al., 1997, 1998; Han and Ma, 1983; 

Kwag et al., 1999; Ma and Han, 1982; Royer et al., 2000, 2001).  For up to 12 weight percent 

carbon dioxide content, the density of the mixture within the slit die was calculated to change by 
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only as much as 3% across the range of pressures in the die, which is within the range of error 

due to transducer sensitivity.  It is important to note that for the low concentrations of CO2 used 

in the study, the incompressibility assumption is valid, but higher concentrations can lead to 

significant errors (Royer et al., 2001).   

 

4.2.4 Blend preparation 

 To produce higher average molecular weight polyethylenes, blends of the HDPE of 

460,000 g/mol and the UHMWPE of 4.6 million g/mol were prepared at 20 and 40 weight 

percent UHMWPE loadings.  According to Eq. (4.5), 
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+= ,        (4.5) 

where M is the molecular weight of the blend, M1 and M2 are the molecular weights of 

component 1 and 2, respectively, and w1 and w2 are the weight fractions of each component, 

twenty weight percent UHMWPE corresponds to an average molecular weight of 560,000 g/mol, 

and 40 weight percent UHMWPE yields a 720,000 g/mol material.  The HDPE pellets and 

UHMWPE powder were first mixed in a commercial blender.  The UHMWPE/HDPE mixtures 

were then fed to a Killion single screw extruder (L/D = 18, barrel diameter of 25.25 mm, and 

variable screw root diameter from 16.6 mm at the feed to 21.45 mm at the exit) operating with a 

temperature profile of 140°C, 180°C, 230°C, and 230°C and screw speed of 10 rpm. Strands of 

the material exiting the extruder were cooled in a 1 m long water bath and fed to a pelletizer to 

generate pellets for further processing.  Mixing was possible in the extruder but not extrusion 

through a die because of melt fracture. 
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4.2.5 Foam suppression 

 To study the suppression of the nucleation and growth of bubbles following CO2-assisted 

extrusion of the 460,000 g/mol HDPE, a 1 m long, 6.35 cm inside diameter tubular pressure 

chamber from High Pressure Equipment Company was used to pressurize and collect the 

extrudate.  The chamber cap was machined so that it could be screwed onto the adapter that was 

attached to the extruder.  No gear pump or slit die was used in this setup, but the other process 

features as described above remained.  The chamber cap had a 6.35 mm diameter hole bored 

through it and was heated with band heaters to 230°C.  A six-hole spinneret die (round, 0.5 mm 

diameter) was attached to the interior of the cap to form fibers for extrusion into the chamber.  

The opposite chamber cap was machined to accept a high pressure gas valve for connection to a 

gas cylinder.  Extrusion of polymer and CO2 was begun through the chamber cap, and once 

steady-state was obtained the chamber was closed and pressurized with nitrogen to 9.3 MPa 

(1350 psi).  The process was run for approximately 20 minutes to collect samples.  The extruder 

was then stopped, and the pressure chamber and contents were cooled down to room temperature 

via forced convection.  The contents were then removed and analyzed with scanning electron 

microscopy. This part of the work was carried out as a first attempt at showing it is possible to 

suppress bubble growth in the fibers at the exit of the die under moderate gas pressures. 

 

4.2.6 Field emission-scanning electron microscopy (FE-SEM) 

Samples of the highest molecular weight HDPE extruded into atmospheric conditions and 

into a pressurized chamber were evaluated using a Leo 1515 FE-SEM instrument. Freeze-
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fracture surfaces were prepared by submersing a sample of the extrudate in liquid nitrogen for 

approximately two minutes and then bending with forceps until fracture occurred.  Samples were 

platinum-coated prior to SEM examination. 

 

4.3 Results and Discussion 

In this section, the effect of CO2 on the viscosity of a 460,000 g/mol HDPE in a 

continuous extrusion process is reported.  The ability to determine the highest processable 

molecular weight PE at a particular viscosity reduction due to CO2 is also discussed.  Based on 

these findings, the effect of CO2 on the rheology of a blend of the HDPE with 40 weight percent 

UHMWPE (~4.6 million g/mol) is determined.  A discussion of the use of a pressurized chamber 

to form a homogenously solid fiber extrudate of polymer with absorbed CO2 concludes the 

section. 

 

4.3.1 Viscosity reduction of HDPE 

 To help determine the feasibility of continuously melt processing high molecular weight 

polyethylenes by rapidly plasticizing them with CO2, the viscosity versus shear rate of the HDPE 

of MW of 460,000 g/mol with injected CO2 was measured online in an extrusion process using a 

slit-die rheometer.  This polymer represents the highest molecular weight polyethylene available 

that was still melt processable at a reasonable temperature and extrusion rate.  In Figure 4.1, the 

dynamic viscosity of the three different molecular weight PE samples at 230°C is compared to 

the steady shear viscosity data of the two highest molecular weight samples obtained using the 
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slit die rheometer.  The two methods show good agreement.  These curves also show the effect 

of molecular weight on the viscosity of the polyethylenes.  At 230°C, the 86,520 g/mol 

polyethylene’s zero-shear viscosity is on the order of 1000 Pa-s, which is in the ideal range for 

melt spinning.  The two higher molecular weight polyethylene’s zero-shear viscosities are not 

easily identifiable, because, even at frequencies as low as 0.01 rad/s, the viscosity is already 

shear thinning, and the zero shear viscosity cannot be identified.  However, from the data 

presented in the figure, one can predict the zero-shear viscosity of the highest molecular weight 

polyethylene to be in the range of 106 Pa s.  This high viscosity makes processing difficult due to 

the high melt pressures that need to be generated to make the polymer flow, and the 460,000 

g/mol polymer represents the upper limit in melt processability. 

To lower the melt viscosity of the polyethylene of MW of 460,000 g/mol, CO2 was added 

to the melt within the extruder.  In Figure 4.2, the effect on the viscosity of adding 8 weight 

percent CO2 to the polymer melt within the extruder can be seen.  The same three dynamic 

viscosity curves from Figure 4.1 for the three HDPEs are shown again for reference.  The steady 

shear viscosity data of the polymer with CO2 was obtained using the online slit-die rheometer.  

Adding 8 weight percent CO2 caused the viscosity of the HDPE of MW of 460,000 g/mol at 

230°C to drop below that of the pure HDPE of MW of 156,000 g/mol across the range of shear 

rates tested, with viscosity reductions as high as 60%.  Figure 4.3 illustrates the effect of adding 

12 weight percent CO2 to the HDPE of MW of 460,000 g/mol at 230°C.  The viscosity was 

reduced even more, as much as 80%, and was well below that of the pure HDPE of MW of 

156,000 g/mol.  The pressure drop in the slit die was linear for weight percents up to 12%, 

indicating fully developed and single phase flow, but attempts to increase the amount of CO2 

beyond 12 weight percent caused the pressure drop to become nonlinear, due to CO2 beginning 
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to bubble out of solution when the pressure dropped below the equilibrium pressure for that 

composition.  This represented the upper limit of pressure and concentration that can be achieved 

for viscosity measurements with this slit-die rheometer and not necessarily a limit of the 

achievable viscosity reduction for this material in an extrusion process. 

 The effect of pressure on the viscosity was analyzed by observing the change in viscosity 

over the measured range of shear rates due to increased pressure.  Increases in pressure were 

obtained by adding nozzles to the slit die with different L/D values.  This effect can be seen in 

Figure 4.4 for the pure HDPE of MW of 156,000 g/mol.  The viscosity data obtained using no 

nozzle and Nozzle 1 overlap, even though the average pressure doubled after adding Nozzle 1.  

However, adding Nozzle 2 caused a four-fold increase in the average pressure compared to the 

data without using a nozzle, which resulted in a roughly 50% increase in viscosity.  This increase 

is to be expected at high pressures.  However, the viscosity data of the polyethylenes with 

absorbed CO2 was obtained in the pressure range where no significant increase in viscosity was 

observed when compared to transducer and random error.     These results indicate that for our 

viscosity measurements, there is no need to correct for pressure effects because there was no 

discernable change in viscosity due to pressure over the ranges studied.  Pressures over larger 

ranges would have an effect on the viscosity, but the effect is indistinguishable over the pressure 

ranges of interest in this study (Park and Dealy, 2006). 

 

4.3.2 Processing higher molecular weight polyethylenes 

 To assess the ability of CO2 to reduce the viscosity of higher molecular weight 

polyethylenes, a relationship between molecular weight and viscosity reduction was established.  
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It was desired to know at what molecular weight could polyethylene be made melt processable 

knowing the extent viscosity could be reduced.  To determine this, the relationship between 

molecular weight and zero-shear viscosity for linear polyethylenes, established by Raju and 

coworkers (1979), was first used, as shown in Eq. (4.6): 

6.315
0 104.3 WMx −=η         (4.6) 

where ηo is the zero-shear viscosity and Mw is the weight average molecular weight.  It was 

assumed that viscosity reduction due to absorbed CO2 was the same across all shear rates, which 

has been seen for HDPE and CO2 across shear rates from 0.1-100 s-1 (Park and Dealy, 1996).  If 

the zero-shear viscosity of the pure polyethylene in Eq. (4.6) is divided by the reduced zero-shear 

viscosity due to absorbed CO2, the following equation, Eq. (4.7), can be formed: 
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where r is the fractional viscosity reduction and fM is the molecular weight increase factor (fM 

≥ 1).  This molecular weight increase factor provides the molecular weight of the polyethylene 

that can be processed with CO2 at the viscosity of the original material of known molecular 

weight without CO2.  This equation is also plotted in Figure 4.5 for better illustration.  For 

example, if the viscosity of a polyethylene of MW of 100,000 g/mol can be reduced by 75% (r = 

0.75) due to absorbed CO2, fM in Eq. (4.7) becomes 1.47, meaning a polyethylene of 147,000 

g/mol molecular weight can be processed with CO2 at the viscosity of the pure polyethylene of 

MW of 100,000 g/mol. 

The results of the viscosity reduction experiments of the HDPE of MW of 460,000 g/mol 

were used to test the applicability of Eq. (4.7).  At 12 weight percent CO2, the viscosity was 
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reduced by up to 80%, which yields a molecular weight increase factor of 1.56.  This indicates 

that a polyethylene with a molecular weight of 720,000 g/mol (460,000 X 1.56) could be 

processed with CO2 at the viscosity of the pure HDPE of 460,000 g/mol.  To test this prediction, 

the bimodal blends of UHMWPE and HDPE were generated and tested.  In Figure 4.6, the 

dynamic viscosities of the blends with 20 and 40 weight percent UHMWPE (560,000 and 

720,000 g/mol average, respectively) are compared to those of the 460,000 g/mol material.  At 

40 weight percent UHMWPE, there is roughly a four-fold increase in viscosity compared to the 

460,000 g/mol HDPE.  The 40 weight percent blend (720,000 g/mol average) was then processed 

with 12 weight percent CO2, and the viscosity was measured with the slit-die rheometer.  The 

results are shown in Figure 4.7, where the viscosity of the 720,000 g/mol blend with 12 weight 

percent CO2 is compared to the viscosity of the pure HDPE of MW of 460,000 g/mol.  The two 

curves overlap, suggesting that the prediction was accurate, and the viscosity of the polyethylene 

of MW of 720,000 g/mol with CO2 was reduced to that of the pure HDPE of MW of 460,000 

g/mol.   

Due to the pressure limits inherent to the slit-die rheometer and extrusion process, greater 

CO2 absorptions and viscosity reductions could not be achieved.  Because of this, molecular 

weights greater than 720,000 g/mol could not be reduced to the viscosity of the pure HDPE of 

MW of 460,000 g/mol.  It has been shown that a 23 weight percent uptake of CO2 in HDPE at 

pressures of 34.5 MPa (5000 psi) and at 180°C is possible (Park and Dealy, 1996).  This suggests 

that even greater viscosity reduction could be obtained in an extrusion process capable of 

achieving such pressures, which means that even higher molecular weight polyethylenes could 

be made melt processable, with molecular weights approaching one million g/mol.   
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4.3.3 Foam suppression 

 To study the feasibility of using this process to produce homogenous fiber extrudates and 

to determine what pressure was needed to suppress foaming, materials were extruded into a 

pressurized chamber through a six-hole spinneret attached to the end of the extruder.  This 

chamber was operated in batch mode, but could be adapted to run continuously, similar to the 

steam pressurized chambers used to pressurize polyacrylonitrile plasticized with water and 

organic solvents (Daumit, 1990; Porosoff, 1979).  For 12 weight percent CO2 absorption, as-spun 

fibers were collected in the chamber at atmospheric pressure and then with nitrogen pressure at 

9.3 MPa (1350 psi), which was easily obtained by filling the chamber with nitrogen from a gas 

cylinder.  Samples extruded with and without nitrogen pressure were analyzed using scanning 

electron microscopy (SEM) as shown in Figures 4.8-4.10.  Figure 4.8(a) depicts an image of the 

material extruded into atmospheric pressure conditions.  The formation and rupture of bubbles 

due to expansion of the absorbed CO2 is readily apparent in this figure with a magnification of 

500X.  Under nitrogen pressure, the sample shown in Figure 4.8(b) shows no sign of bubble 

growth at 500X magnification.  This indicates that the pressure chamber, when operated at a 

reasonable pressure (<10 MPa), can be used to successfully inhibit the growth of gas bubbles in 

the melt extrudate.  There are two regions of interest in the sample extruded into atmospheric 

conditions, as shown in Figure 4.9(a).  One is the fracture surface [Figure 4.9(b-d)], and the other 

is the interior of a void [Figure 4.9(e-g)].  At higher magnifications, the formation of a web-like 

structure can be seen in the fracture surface region, where nanometer sized pockets of CO2 may 

be held.  In the void region, small folds can be seen on the surface, which may indicate the 

formation of lamellae.  For the sample extruded into the chamber at 9.3 MPa nitrogen pressure, 

higher magnifications [Figure 4.10(a-c)] show the formation of the web-like structure, similar to 
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the fracture surface region of the material extruded into atmospheric conditions.  Here, small 

pockets of CO2 may be held, but there is no indication of their expansion, which could be seen as 

a spherical void.  There was no discernable difference between the skin and core of the sample 

extruded into the chamber at 9.3 MPa, indicating that the pressure was sufficient to produce a 

homogeneous sample.  The nanometer-sized voids in the web-like region of the sample extruded 

into the chamber at 9.3 MPa are smaller than those observed in commercial solution spun 

polyacrylonitrile fibers (Grove et al., 1998; Min et al., 1992). 

 

4.4 Conclusions 

The ability to rapidly absorb CO2 into and reduce the viscosity of polyethylenes in an 

extrusion process has been shown.  The viscosity was reduced by up to 80% at 12 weight percent 

CO2.  A relationship between the viscosity reduction and the molecular weight of a polyethylene 

that can be made melt-processable was developed.  The relationship was tested by processing 

and measuring the viscosity of a 720,000 g/mol (bimodal) polyethylene with 12 weight percent 

CO2.  The viscosity of this material was reduced with CO2 to that of a 460,000 g/mol HDPE 

without CO2.  Foaming that generally occurs due to the rapid release of absorbed CO2 at the die 

exit was greatly reduced in the 460,000 g/mol HDPE fibers by extruding them into a pressurized 

chamber at a reasonable pressure.  These results suggest that melt processing higher molecular 

weight polyethylenes (approaching 1 million g/mol) may be possible in a process capable of 

higher pressures using CO2 as a plasticizer and pressurizing the extrudate to suppress bubble 

growth.  
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Table 4.1  Physical Properties of Three HDPE Samples 

 

 

Name 
WM  (g/mol) NW MM ρ  (g/cm3) MI (g/10 min) 

Low Molecular Weight 86,520 4.092 0.953 4.5 

Middle Molecular Weight  155,920 6.916 0.955 0.25 

High Molecular Weight 460,430 60.629 Unavailable Unavailable  
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Table 4.2  Sanchez-Lacombe Parameters 

Material ρ* 

(g/cm3) 

T* 

(K) 

P* 

(MPa) 

Reference 

HDPE 0.890 640 388.8 (Park and Dealy, 2006) 

Carbon Dioxide 1.725 319 727.4 (Park and Dealy, 2006) 
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Figure 4.1   Dynamic and steady shear viscosity of three HDPEs at 230°C.  Closed symbols are dynamic data; 
(■) 460,000 g/mol; (●) 156,000 g/mol; (▲) 86,500 g/mol.  Open symbols are steady shear slit-die rheometer 
data; (□) 460,000 g/mol; (○)156,000 g/mol.  
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Figure 4.2   Viscosity reduction of the 460,000 g/mol HDPE with 8 weight percent CO2 at 230°C.  Dynamic 
data is included for reference; (■) 460,000 g/mol; (●) 156,000 g/mol; (▲) 86,500 g/mol.  Open symbols are 
steady shear slit-die rheometer data; (□) 460,000 g/mol HDPE with 8 weight percent CO2. 
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Figure 4.3   Viscosity reduction of the 460,000 g/mol HDPE with 12 weight percent CO2 at 230°C.  Dynamic 
data is included for reference; (■) 460,000 g/mol; (●) 156,000 g/mol; (▲) 86,500 g/mol.  Open symbols are 
steady shear slit-die rheometer data; (□) 460,000 g/mol HDPE with 12 weight percent CO2. 
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Figure 4.4   Average die pressure and steady shear viscosity across the range of shear rates measured in the 
slit die for the pure 460,000 g/mol HDPE using three different nozzle configurations at 230°C.  Open symbols 
are viscosity data corresponding to the left axis; (□) no nozzle; (○) nozzle 1; ( ) nozzle 2.  Closed symbols are 
average die pressure data corresponding to the right axis; (■) no nozzle; (●) nozzle 1; (▲) nozzle 2. 
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Figure 4.5   Molecular weight increase factor, fM, versus achievable viscosity reduction; (—) Mw
3.6 

dependency.  Additional dependencies are shown for reference; (- - -) Mw
4 dependency, (—  —) Mw

3 
dependency. 
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Figure 4.6   Dynamic viscosity of higher molecular weight polyethylenes at 230°C; (□) 460,000 g/mol HDPE; 
(○) 560,000 g/mol bimodal blend; ( ) 720,000 g/mol bimodal blend. 
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Figure 4.7   Viscosity reduction of 720,000 g/mol polyethylene blend with CO2 at 230°C; (□) Pure 460,000 
g/mol HDPE; (●) 720,000 g/mol bimodal blend with 12 weight percent CO2. 
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(a)  

(b)  

Figure 4.8   SEM images of 460,000 g/mol HDPE fiber extrudate fracture surfaces at 500X magnification.  (a):  
Polymer extruded with CO2 without the use of the pressure chamber.  (b):  Polymer extruded with CO2 into 
the pressure chamber at 9.3 MPa (1350 psi). 
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(a) (b)  

(c) (d)  
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(e) (f)  

(g)  

Figure 4.9   (Also on previous page) SEM images of 460,000 g/mol HDPE fiber extruded into atmospheric 
conditions showing the two regions of the material. (a) The fracture surface is marked as region A, and the 
void space is marked as region B.  (b-d) Region A at 5,000X (b), 20,000X (c), and 100,000X (d) magnification.  
(e-g) Region B at 5,000X (e), 20,000X (f), and 100,000X (g) magnification. 
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(a)  (b)   

(c)  

Figure 4.10   SEM images of 460,000 g/mol HDPE fiber extruded into the pressure chamber at 9.3 MPa.  
Fracture surface at 5,000X (a), 20,000X (b), and 100,000X (c) magnification. 
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5 Recommendations 

 

1) The amount of CO2 uptake and viscosity reduction that is achievable in the extrusion 

process is currently limited by the pressure limits inherent in the pressure transducers, 

the CO2 pump, the gear pump, and the screw design.  To achieve greater uptakes of 

CO2 and greater viscosity reductions, and, thereby, permit processing of higher AN 

content copolymers and higher molecular weight polyethylenes, it is recommended 

that the process be modified to include a twin-screw extruder and a supercritical fluid 

unit capable of delivering CO2 at pressures greater than 4500 psi.  A twin-screw 

extruder could be configured to prevent the escape of CO2 from the process. 

2) The pressure chamber used to collect extrudates currently operates only in batch 

mode.  The chamber should be adapted to run continuously by incorporating a pump 

to recirculate a cooling fluid.  This fluid would exit out of the orifice where the 

extrudate is to be collected from within the chamber, and then it would be cooled, 

filtered, and then pumped back into the chamber. 

3) The thermal data obtained for the acrylonitrile copolymers was obtained at 

atmospheric pressures.  To better understand the effect of pressure on the glass 

transition temperature, high pressure thermal measurements, such as high pressure 

DSC, should be performed.  The data could be incorporated into the Arrhenius model 

for prediction of Tg and viscosity reduction due to pressure and absorbed CO2. 

4) The ability to continuously melt process the 85% AN copolymer has been shown to 

be feasible, but, due to the scarcity of the material, this could not be verified by 
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processing the 85% AN copolymer in the CO2 extrusion process.  Additional material 

should be acquired and processed so that these results can be confirmed. 
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Appendix A 

 

Acrylonitrile Copolymer Data Tables 
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Table A1  Time dependence on the dynamic stability of the 65% AN copolymer.  Frequency = 

0.1 rad/s, performed in air using 25mm parallel plates. 

65% AN at 180°C 
 

65% AN at 200°C 
 

65% AN at 220°C 
 

Time (s) |η*|(Pa s) Time (s) |η*|(Pa s) Time (s) |η*|(Pa s) 

6.0000E+00 1.4165E+05 6.0000E+00 5.9450E+04 6.0000E+00 3.5940E+04 
1.1000E+02 1.4286E+05 1.3300E+02 6.0713E+04 1.1000E+02 3.6647E+04 
2.0900E+02 1.3939E+05 2.3600E+02 6.0778E+04 2.0900E+02 3.7193E+04 
3.2000E+02 1.3901E+05 3.5400E+02 6.1273E+04 3.2200E+02 3.7835E+04 
4.2500E+02 1.3993E+05 4.5600E+02 6.2126E+04 4.2500E+02 3.8474E+04 
5.4000E+02 1.4042E+05 5.7400E+02 6.2729E+04 5.2300E+02 3.8996E+04 
6.4400E+02 1.4072E+05 6.7500E+02 6.3290E+04 6.3500E+02 3.9536E+04 
7.4300E+02 1.4091E+05 7.9300E+02 6.3755E+04 7.3900E+02 4.0035E+04 
8.5400E+02 1.4119E+05 8.9500E+02 6.4207E+04 8.3700E+02 4.0455E+04 
9.5800E+02 1.4158E+05 1.0130E+03 6.4696E+04 9.3700E+02 4.0865E+04 
1.0570E+03 1.4193E+05 1.1150E+03 6.5112E+04 1.0440E+03 4.1414E+04 
1.1690E+03 1.4226E+05 1.2140E+03 6.5505E+04 1.1460E+03 4.1950E+04 
1.2720E+03 1.4258E+05 1.3270E+03 6.5850E+04 1.2460E+03 4.2418E+04 
1.3720E+03 1.4287E+05 1.4290E+03 6.6146E+04 1.3440E+03 4.2892E+04 
1.4820E+03 1.4339E+05 1.5290E+03 6.6412E+04 1.4530E+03 4.3387E+04 
1.5870E+03 1.4399E+05 1.6410E+03 6.6697E+04 1.5550E+03 4.3983E+04 
1.6860E+03 1.4445E+05 1.7430E+03 6.6942E+04 1.6540E+03 4.4513E+04 
1.7960E+03 1.4487E+05 1.8430E+03 6.7271E+04 1.7530E+03 4.5015E+04 
1.9010E+03 1.4522E+05   1.8610E+03 4.5603E+04 
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Table A2  Time dependence on the dynamic stability of the 85% AN copolymer.  Frequency = 

0.1 rad/s, performed in air using 25mm parallel plates. 

85% AN at 180°C 
 

85% AN at 200°C 
 

85% AN at 220°C 
 

Time (s) |η*|(Pa s) Time (s) |η*|(Pa s) Time (s) |η*|(Pa s) 

6.0000E+00 1.2109E+04 6.0000E+00 2.5655E+03 6.0000E+00 1.0236E+03 
1.1500E+02 1.2027E+04 1.1500E+02 2.4686E+03 1.1500E+02 1.0357E+03 
2.4100E+02 1.1794E+04 2.4100E+02 2.5197E+03 2.4100E+02 1.0208E+03 
3.4500E+02 1.1837E+04 3.6600E+02 2.5118E+03 3.6600E+02 1.0373E+03 
4.6100E+02 1.1897E+04 4.9200E+02 2.5417E+03 4.9200E+02 1.0596E+03 
5.8700E+02 1.1908E+04 6.1800E+02 2.5381E+03 6.1700E+02 1.0739E+03 
7.1100E+02 1.1863E+04 7.4300E+02 2.5271E+03 7.4400E+02 1.0863E+03 
8.3800E+02 1.1849E+04 8.6900E+02 2.5547E+03 8.6900E+02 1.1025E+03 
9.6300E+02 1.1872E+04 9.9400E+02 2.5698E+03 9.9500E+02 1.1146E+03 
1.0890E+03 1.1808E+04 1.1200E+03 2.5826E+03 1.0990E+03 1.1350E+03 
1.2150E+03 1.1810E+04 1.2460E+03 2.5795E+03 1.2140E+03 1.1599E+03 
1.3400E+03 1.1809E+04 1.3720E+03 2.6034E+03 1.3410E+03 1.1763E+03 
1.4660E+03 1.1792E+04 1.4980E+03 2.6137E+03 1.4660E+03 1.2036E+03 
1.5920E+03 1.1793E+04 1.6230E+03 2.6047E+03 1.5920E+03 1.2260E+03 
1.7170E+03 1.1799E+04 1.7490E+03 2.6009E+03 1.7360E+03 1.2530E+03 
1.8440E+03 1.1791E+04 1.8740E+03 2.5908E+03 1.8630E+03 1.2865E+03 
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Table A3  Time dependence on the steady shear stability of the 85% AN copolymer.  Shear rate 

= 0.1 1/s, performed in air using 25mm parallel plates. 

85% AN at 180°C 85% AN at 200°C 85% AN at 220°C 
Time (s) η (Pa s) Time (s) η (Pa s) Time (s) η (Pa s) 

4.0500E+01 1.2227E+04 4.0500E+01 2.2162E+03 4.0500E+01 7.5394E+02 
8.5500E+01 1.2650E+04 8.5500E+01 2.1852E+03 8.5500E+01 7.5829E+02 
1.3050E+02 1.2715E+04 1.3050E+02 2.1407E+03 1.3050E+02 7.7023E+02 
1.7550E+02 1.2697E+04 1.7550E+02 2.1221E+03 1.7550E+02 7.5294E+02 
2.2050E+02 1.2731E+04 2.2050E+02 2.1340E+03 2.2050E+02 7.4800E+02 
2.6550E+02 1.2767E+04 2.6550E+02 2.1628E+03 2.6550E+02 7.3319E+02 
3.1050E+02 1.2819E+04 3.1050E+02 2.2202E+03 3.1050E+02 7.3120E+02 
3.5550E+02 1.2901E+04 3.5550E+02 2.2375E+03 3.5550E+02 7.4710E+02 
4.0050E+02 1.3003E+04 4.0050E+02 2.2442E+03 4.0050E+02 7.5139E+02 
4.4550E+02 1.3020E+04 4.4550E+02 2.2694E+03 4.4550E+02 7.6110E+02 
4.9050E+02 1.3006E+04 4.9050E+02 2.2542E+03 4.9050E+02 7.7750E+02 
5.3550E+02 1.2996E+04 5.3550E+02 2.2517E+03 5.3550E+02 7.7896E+02 
5.8050E+02 1.2988E+04 5.8050E+02 2.2689E+03 5.8050E+02 7.9387E+02 
6.2550E+02 1.2947E+04 6.2550E+02 2.2556E+03 6.2550E+02 7.6357E+02 
6.7050E+02 1.2952E+04 6.7050E+02 2.2584E+03 6.7050E+02 7.8185E+02 
7.1550E+02 1.2969E+04 7.1550E+02 2.2649E+03 7.1550E+02 8.1017E+02 
7.6050E+02 1.2984E+04 7.6050E+02 2.2956E+03 7.6050E+02 8.2112E+02 
8.0550E+02 1.2959E+04 8.0550E+02 2.3048E+03 8.0550E+02 8.2765E+02 
8.5050E+02 1.2929E+04 8.5050E+02 2.3122E+03 8.5050E+02 8.1916E+02 
8.9550E+02 1.2909E+04 8.9550E+02 2.3069E+03 8.9550E+02 8.3587E+02 
9.4050E+02 1.2914E+04 9.4050E+02 2.3065E+03 9.4050E+02 8.3800E+02 
9.8550E+02 1.2949E+04 9.8550E+02 2.3045E+03 9.8550E+02 8.5383E+02 
1.0305E+03 1.2992E+04 1.0305E+03 2.3071E+03 1.0305E+03 8.5267E+02 
1.0755E+03 1.3079E+04 1.0755E+03 2.3070E+03 1.0755E+03 8.8124E+02 
1.1205E+03 1.3073E+04 1.1205E+03 2.3135E+03 1.1205E+03 9.0494E+02 
1.1655E+03 1.3048E+04 1.1655E+03 2.3267E+03 1.1655E+03 9.2339E+02 
1.2105E+03 1.3033E+04 1.2105E+03 2.3440E+03 1.2105E+03 9.2403E+02 
1.2555E+03 1.3026E+04 1.2555E+03 2.3496E+03 1.2555E+03 9.3065E+02 
1.3005E+03 1.2946E+04 1.3005E+03 2.3580E+03 1.3005E+03 9.5880E+02 
1.3455E+03 1.2850E+04 1.3455E+03 2.3585E+03 1.3455E+03 9.6992E+02 
1.3905E+03 1.2833E+04 1.3905E+03 2.3644E+03 1.3905E+03 9.7361E+02 
1.4355E+03 1.2809E+04 1.4355E+03 2.3534E+03 1.4355E+03 9.7865E+02 
1.4805E+03 1.2790E+04 1.4805E+03 2.3711E+03 1.4805E+03 1.0031E+03 
1.5255E+03 1.2783E+04 1.5255E+03 2.3782E+03 1.5255E+03 9.9199E+02 
1.5705E+03 1.2766E+04 1.5705E+03 2.3761E+03 1.5705E+03 9.9900E+02 
1.6155E+03 1.2765E+04 1.6155E+03 2.3698E+03 1.6155E+03 1.0137E+03 
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1.6605E+03 1.2750E+04 1.6605E+03 2.3736E+03 1.6605E+03 1.0288E+03 
1.7055E+03 1.2724E+04 1.7055E+03 2.3772E+03 1.7055E+03 1.0129E+03 
1.7505E+03 1.2758E+04 1.7505E+03 2.3909E+03 1.7505E+03 1.0113E+03 
1.7955E+03 1.2774E+04 1.7955E+03 2.3985E+03 1.7955E+03 1.0216E+03 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



183 

 

 

Table A4  Dynamic viscosity of 65% AN copolymer 

65% AN at 180°C 
 

65% AN at 200°C 
 

65% AN at 220°C 
 

ω (rad/s) |η*|(Pa s) ω (rad/s) |η*|(Pa s) ω (rad/s) |η*|(Pa s) 

1 50820.793 1 28894.115 1 14866.077 
1.5849 41315.504 1.5849 23913.98 1.5849 12563.884 
2.5119 33148.68 2.5119 19623.635 2.5119 10533.164 

3.98114 26200.676 3.98114 15915.786 3.98114 8734.7949 
6.30969 20433.578 6.30969 12769.791 6.30969 7173.728 

10.00024 15734.715 10.00024 10129.034 10.00024 5828.9995 
15.84937 11944.104 15.84937 7942.5947 15.84937 4684.2847 
25.11963 8951.8271 25.11963 6152.2656 25.11963 3722.5762 
39.8125 6622.3511 39.8125 4705.2002 39.8125 2924.7493 

63.09863 4833.2744 63.09863 3551.9351 63.09863 2268.4824 
100 3478.519 100 2641.4724 100 1733.3975 
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Table A5  Apparent slit-die viscosity of 65% AN at 180°C copolymer for various CO2 levels. 

0% CO2 
 

4% CO2 
 

7% CO2 
 

12% CO2 
 

ga (s-1) ηa (Pa s) ga (s-1) ηa (Pa s) ga (s-1) ηa (Pa s) ga (s-1) ηa (Pa s) 

2.895E+00 1.727E+04 1.654E+01 5.709E+03 4.462E+00 9.383E+03 8.981E+00 4.513E+03 
3.027E+00 1.639E+04 1.666E+01 6.104E+03 4.506E+00 8.041E+03 9.915E+00 3.544E+03 
3.334E+00 1.523E+04 2.423E+01 4.718E+03 5.291E+00 7.042E+03 1.942E+01 3.464E+03 
3.698E+00 1.537E+04 2.494E+01 5.211E+03 6.269E+00 6.690E+03 2.291E+01 3.244E+03 
3.742E+00 1.531E+04 3.059E+01 4.491E+03 6.318E+00 6.977E+03 2.679E+01 3.134E+03 
3.742E+00 1.516E+04 3.085E+01 4.608E+03 7.952E+00 5.476E+03 2.930E+01 2.020E+03 
3.874E+00 1.509E+04 3.160E+01 4.518E+03 7.952E+00 5.751E+03 4.176E+01 2.003E+03 
3.918E+00 1.392E+04 3.379E+01 4.164E+03 1.196E+01 4.701E+03 4.205E+01 2.482E+03 
3.918E+00 1.376E+04 4.253E+01 4.193E+03 1.673E+01 4.142E+03 4.357E+01 1.991E+03 
4.050E+00 1.377E+04 4.393E+01 3.646E+03 1.756E+01 4.018E+03 4.366E+01 2.023E+03 
4.138E+00 1.335E+04 4.489E+01 3.698E+03 1.768E+01 4.490E+03 4.438E+01 1.888E+03 
4.733E+00 1.252E+04 4.494E+01 4.257E+03 1.772E+01 4.115E+03   
4.733E+00 1.264E+04   1.786E+01 4.108E+03   
4.908E+00 1.225E+04   1.795E+01 4.166E+03   
6.993E+00 1.076E+04   1.804E+01 4.225E+03   
7.036E+00 1.077E+04   1.935E+01 4.420E+03   
7.080E+00 1.073E+04   2.150E+01 3.841E+03   
7.166E+00 1.052E+04   2.181E+01 3.654E+03   
7.775E+00 9.889E+03   2.222E+01 3.549E+03   
7.861E+00 9.701E+03   2.225E+01 3.732E+03   
7.948E+00 9.663E+03   2.229E+01 3.656E+03   
7.992E+00 9.741E+03   2.238E+01 3.592E+03   
8.079E+00 9.580E+03   2.247E+01 3.873E+03   
9.563E+00 8.866E+03   2.264E+01 3.618E+03   
9.607E+00 8.763E+03   2.294E+01 3.538E+03   
9.781E+00 8.830E+03   2.383E+01 3.695E+03   
1.126E+01 8.803E+03   2.405E+01 3.546E+03   
1.195E+01 8.542E+03   2.490E+01 3.674E+03   
1.239E+01 8.342E+03   2.970E+01 3.490E+03   
1.239E+01 8.392E+03   3.101E+01 3.395E+03   
1.243E+01 8.091E+03   3.438E+01 3.550E+03   
1.247E+01 8.358E+03   3.854E+01 3.291E+03   
1.251E+01 8.457E+03   3.890E+01 3.275E+03   
1.255E+01 8.441E+03   3.996E+01 2.908E+03   
1.255E+01 8.448E+03   4.049E+01 3.129E+03   
1.283E+01 8.042E+03   4.083E+01 2.883E+03   
1.292E+01 8.018E+03   4.084E+01 3.045E+03   
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1.296E+01 8.056E+03   4.088E+01 3.038E+03   
1.296E+01 8.047E+03   4.098E+01 3.233E+03   
1.410E+01 7.759E+03   4.154E+01 2.972E+03   
1.414E+01 7.294E+03   4.184E+01 2.937E+03   
1.422E+01 7.676E+03   4.200E+01 3.100E+03   
1.471E+01 7.966E+03   4.275E+01 2.914E+03   
1.492E+01 7.687E+03   4.307E+01 2.870E+03   
1.492E+01 7.492E+03   4.367E+01 2.808E+03   
2.097E+01 6.756E+03   4.460E+01 2.713E+03   
2.114E+01 6.690E+03   4.505E+01 2.757E+03   
2.127E+01 6.659E+03       
2.132E+01 6.528E+03       
2.153E+01 6.810E+03       
2.166E+01 6.564E+03       
2.174E+01 6.782E+03       
2.179E+01 6.806E+03       
2.187E+01 7.184E+03       
2.196E+01 6.844E+03       
2.200E+01 7.256E+03       
2.209E+01 6.391E+03       
2.400E+01 6.012E+03       
2.421E+01 5.926E+03       
3.682E+01 5.866E+03       
3.859E+01 5.538E+03       
3.984E+01 5.501E+03       
4.078E+01 5.199E+03       
4.205E+01 5.525E+03       
4.231E+01 5.455E+03       
4.240E+01 5.520E+03       
4.259E+01 4.958E+03       
4.270E+01 5.509E+03       
4.274E+01 5.512E+03       
4.274E+01 5.457E+03       
4.281E+01 4.925E+03       
4.298E+01 4.908E+03       
4.298E+01 4.914E+03       
4.311E+01 4.930E+03       
4.315E+01 4.845E+03       
4.324E+01 4.880E+03       
4.458E+01 4.700E+03       
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Table A6  Shifted slit-die viscosity of 65% AN copolymer at 180°C for various CO2 levels. 

0% CO2 
 

4% CO2 
 

7% CO2 
 

12% CO2 
 

g (s-1) η (Pa s) g (s-1) η (Pa s) g (s-1) η (Pa s) g (s-1) η (Pa s) 

3.590E+00 1.391E+04 1.342E+01 7.036E+03 2.190E+00 1.913E+04 2.690E+00 1.508E+04 
3.760E+00 1.320E+04 1.352E+01 7.522E+03 2.210E+00 1.639E+04 2.970E+00 1.184E+04 
4.140E+00 1.227E+04 1.966E+01 5.814E+03 2.600E+00 1.436E+04 5.810E+00 1.158E+04 
4.590E+00 1.238E+04 2.024E+01 6.422E+03 3.080E+00 1.364E+04 6.860E+00 1.084E+04 
4.650E+00 1.233E+04 2.482E+01 5.534E+03 3.100E+00 1.422E+04 8.020E+00 1.047E+04 
4.650E+00 1.221E+04 2.503E+01 5.679E+03 3.900E+00 1.116E+04 8.770E+00 6.750E+03 
4.810E+00 1.215E+04 2.564E+01 5.567E+03 3.900E+00 1.172E+04 1.250E+01 6.695E+03 
4.860E+00 1.121E+04 2.742E+01 5.131E+03 5.870E+00 9.584E+03 1.258E+01 8.296E+03 
4.860E+00 1.108E+04 3.451E+01 5.167E+03 8.210E+00 8.445E+03 1.304E+01 6.653E+03 
5.030E+00 1.109E+04 3.565E+01 4.493E+03 8.610E+00 8.192E+03 1.306E+01 6.761E+03 
5.140E+00 1.075E+04 3.643E+01 4.557E+03 8.670E+00 9.153E+03 1.328E+01 6.309E+03 
5.880E+00 1.008E+04 3.647E+01 5.246E+03 8.690E+00 8.389E+03   
5.880E+00 1.018E+04   8.760E+00 8.375E+03   
6.090E+00 9.867E+03   8.810E+00 8.494E+03   
8.680E+00 8.666E+03   8.850E+00 8.613E+03   
8.740E+00 8.677E+03   9.490E+00 9.012E+03   
8.790E+00 8.642E+03   1.054E+01 7.832E+03   
8.900E+00 8.476E+03   1.070E+01 7.450E+03   
9.650E+00 7.965E+03   1.090E+01 7.235E+03   
9.760E+00 7.814E+03   1.091E+01 7.609E+03   
9.870E+00 7.783E+03   1.093E+01 7.454E+03   
9.920E+00 7.846E+03   1.098E+01 7.322E+03   
1.003E+01 7.716E+03   1.102E+01 7.896E+03   
1.187E+01 7.141E+03   1.111E+01 7.375E+03   
1.193E+01 7.058E+03   1.125E+01 7.213E+03   
1.214E+01 7.112E+03   1.169E+01 7.533E+03   
1.398E+01 7.090E+03   1.180E+01 7.229E+03   
1.483E+01 6.880E+03   1.221E+01 7.490E+03   
1.538E+01 6.719E+03   1.457E+01 7.114E+03   
1.538E+01 6.759E+03   1.521E+01 6.921E+03   
1.543E+01 6.517E+03   1.686E+01 7.237E+03   
1.549E+01 6.732E+03   1.890E+01 6.710E+03   
1.553E+01 6.812E+03   1.908E+01 6.677E+03   
1.558E+01 6.799E+03   1.960E+01 5.929E+03   
1.558E+01 6.804E+03   1.986E+01 6.379E+03   
1.593E+01 6.477E+03   2.003E+01 5.878E+03   
1.604E+01 6.459E+03   2.003E+01 6.207E+03   
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1.609E+01 6.489E+03   2.005E+01 6.194E+03   
1.609E+01 6.482E+03   2.010E+01 6.591E+03   
1.751E+01 6.250E+03   2.037E+01 6.059E+03   
1.755E+01 5.875E+03   2.053E+01 5.987E+03   
1.766E+01 6.183E+03   2.060E+01 6.321E+03   
1.826E+01 6.416E+03   2.097E+01 5.940E+03   
1.853E+01 6.192E+03   2.113E+01 5.851E+03   
1.853E+01 6.035E+03   2.142E+01 5.725E+03   
2.604E+01 5.442E+03   2.188E+01 5.532E+03   
2.625E+01 5.389E+03   2.210E+01 5.622E+03   
2.641E+01 5.364E+03       
2.646E+01 5.258E+03       
2.673E+01 5.486E+03       
2.689E+01 5.287E+03       
2.700E+01 5.462E+03       
2.705E+01 5.482E+03       
2.716E+01 5.786E+03       
2.726E+01 5.513E+03       
2.732E+01 5.844E+03       
2.742E+01 5.148E+03       
2.979E+01 4.842E+03       
3.006E+01 4.773E+03       
4.571E+01 4.725E+03       
4.791E+01 4.460E+03       
4.946E+01 4.431E+03       
5.062E+01 4.188E+03       
5.221E+01 4.450E+03       
5.253E+01 4.393E+03       
5.264E+01 4.446E+03       
5.288E+01 3.993E+03       
5.301E+01 4.437E+03       
5.307E+01 4.440E+03       
5.307E+01 4.396E+03       
5.315E+01 3.967E+03       
5.336E+01 3.953E+03       
5.336E+01 3.958E+03       
5.352E+01 3.971E+03       
5.358E+01 3.902E+03       
5.368E+01 3.930E+03       
5.535E+01 3.786E+03       
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Table A7  Pressure and viscosity data for pure 65% AN copolymer at 180°C 

 No Nozzle   Nozzle 1   Nozzle 2  

ga (s-1) Pressure (Pa) ηa (Pa s) ga (s-1) Pressure (Pa) ηa (Pa s) ga (s-1) Pressure (Pa) ηa (Pa s) 

1.41E+01 8.36E+06 7.29E+03 2.89E+00 4.52E+06 1.73E+04 3.70E+00 1.13E+07 1.54E+04 

4.08E+01 1.69E+07 5.20E+03 3.03E+00 4.26E+06 1.64E+04 3.74E+00 1.13E+07 1.53E+04 

4.26E+01 1.69E+07 4.96E+03 3.33E+00 4.18E+06 1.52E+04 3.74E+00 1.14E+07 1.52E+04 

4.28E+01 1.69E+07 4.92E+03 4.73E+00 5.20E+06 1.25E+04 3.87E+00 1.16E+07 1.51E+04 

4.30E+01 1.70E+07 4.91E+03 4.73E+00 5.68E+06 1.26E+04 3.92E+00 1.13E+07 1.39E+04 

4.30E+01 1.69E+07 4.91E+03 4.91E+00 5.54E+06 1.23E+04 3.92E+00 1.14E+07 1.38E+04 

4.31E+01 1.70E+07 4.93E+03 9.56E+00 8.57E+06 8.87E+03 4.05E+00 1.12E+07 1.38E+04 

4.32E+01 1.69E+07 4.84E+03 9.61E+00 7.66E+06 8.76E+03 4.14E+00 1.14E+07 1.33E+04 

4.32E+01 1.70E+07 4.88E+03 9.78E+00 8.30E+06 8.83E+03 6.99E+00 1.64E+07 1.08E+04 

4.46E+01 1.68E+07 4.70E+03 2.40E+01 1.48E+07 6.01E+03 7.04E+00 1.64E+07 1.08E+04 

   2.42E+01 1.40E+07 5.93E+03 7.08E+00 1.62E+07 1.07E+04 

   3.68E+01 1.98E+07 5.87E+03 7.17E+00 1.61E+07 1.05E+04 

   3.86E+01 1.94E+07 5.54E+03 7.77E+00 1.69E+07 9.89E+03 

   3.98E+01 1.90E+07 5.50E+03 7.86E+00 1.67E+07 9.70E+03 

   4.21E+01 2.15E+07 5.52E+03 7.95E+00 1.69E+07 9.66E+03 

   4.23E+01 2.17E+07 5.45E+03 7.99E+00 1.70E+07 9.74E+03 

   4.24E+01 2.13E+07 5.52E+03 8.08E+00 1.71E+07 9.58E+03 

   4.27E+01 2.15E+07 5.51E+03 1.13E+01 2.08E+07 8.80E+03 

   4.27E+01 2.22E+07 5.51E+03 1.19E+01 2.35E+07 8.54E+03 

   4.27E+01 2.17E+07 5.46E+03 1.24E+01 2.33E+07 8.34E+03 

      1.24E+01 2.31E+07 8.39E+03 

      1.24E+01 2.30E+07 8.09E+03 

      1.25E+01 2.34E+07 8.36E+03 

      1.25E+01 2.41E+07 8.46E+03 

      1.25E+01 2.41E+07 8.44E+03 

      1.25E+01 2.41E+07 8.45E+03 

      1.28E+01 2.14E+07 8.04E+03 

      1.29E+01 2.19E+07 8.02E+03 

      1.30E+01 2.15E+07 8.06E+03 

      1.30E+01 2.24E+07 8.05E+03 

      1.41E+01 2.39E+07 7.76E+03 

      1.42E+01 2.22E+07 7.68E+03 

      1.47E+01 2.45E+07 7.97E+03 

      1.49E+01 2.46E+07 7.69E+03 

      1.49E+01 2.43E+07 7.49E+03 

      2.10E+01 2.83E+07 6.76E+03 

      2.11E+01 2.88E+07 6.69E+03 
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      2.13E+01 2.78E+07 6.66E+03 

      2.13E+01 2.90E+07 6.53E+03 

      2.15E+01 2.85E+07 6.81E+03 

      2.17E+01 2.86E+07 6.56E+03 

      2.17E+01 2.85E+07 6.78E+03 

      2.18E+01 2.85E+07 6.81E+03 

      2.19E+01 2.86E+07 7.18E+03 

      2.20E+01 2.75E+07 6.84E+03 

      2.20E+01 2.86E+07 7.26E+03 

      2.21E+01 2.97E+07 6.39E+03 
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Table A8  Pressure and viscosity data for 65% AN copolymer at 180°C with 7% CO2. 

  Nozzle 1     Nozzle 2   

ga (s-1) Pressure (Pa) ηa (Pa s) ga (s-1) Pressure (Pa) ηa (Pa s) 

4.462E+00 3.829E+06 9.383E+03 5.291E+00 7.888E+06 7.042E+03 
4.506E+00 3.481E+06 8.041E+03 6.269E+00 1.009E+07 6.690E+03 
6.318E+00 3.936E+06 6.977E+03 1.196E+01 1.185E+07 4.701E+03 
7.952E+00 3.848E+06 5.476E+03 1.673E+01 1.375E+07 4.142E+03 
7.952E+00 3.966E+06 5.751E+03 1.756E+01 1.329E+07 4.018E+03 
2.294E+01 8.490E+06 3.538E+03 1.772E+01 1.526E+07 4.115E+03 
2.383E+01 8.726E+06 3.695E+03 1.786E+01 1.457E+07 4.108E+03 
2.405E+01 8.625E+06 3.546E+03 1.795E+01 1.428E+07 4.166E+03 
2.490E+01 8.494E+06 3.674E+03 1.804E+01 1.484E+07 4.225E+03 
2.970E+01 1.044E+07 3.490E+03 2.150E+01 1.643E+07 3.841E+03 
3.101E+01 9.279E+06 3.395E+03 2.181E+01 1.639E+07 3.654E+03 
3.438E+01 1.070E+07 3.550E+03 2.225E+01 1.609E+07 3.732E+03 
3.854E+01 1.073E+07 3.291E+03 2.229E+01 1.680E+07 3.656E+03 
3.890E+01 1.192E+07 3.275E+03 2.238E+01 1.572E+07 3.592E+03 
4.084E+01 1.088E+07 3.045E+03 2.264E+01 1.584E+07 3.618E+03 
4.088E+01 1.185E+07 3.038E+03    
4.098E+01 1.337E+07 3.233E+03    
4.154E+01 1.312E+07 2.972E+03    
4.184E+01 1.306E+07 2.937E+03    
4.307E+01 1.297E+07 2.870E+03    
4.505E+01 1.254E+07 2.757E+03    
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Table B1  Dynamic viscosity of three HDPE resins at 230°C.  5% strain, nitrogen atmosphere, 

25mm parallel plates 

LMW HDPE at 230°C MMW HDPE at 230°C HMW HDPE at 230°C 
ω (rad/s) |η*|(Pa s) ω (rad/s) |η*|(Pa s) ω (rad/s) |η*|(Pa s) 

1.000E-01 1.374E+03 1.000E-02 8.324E+04 1.000E-02 6.110E+05 
1.585E-01 1.361E+03 1.585E-02 7.219E+04 1.585E-02 5.030E+05 
2.512E-01 1.333E+03 2.512E-02 5.980E+04 2.512E-02 4.000E+05 
3.981E-01 1.294E+03 3.981E-02 5.002E+04 3.981E-02 3.120E+05 
6.310E-01 1.251E+03 6.310E-02 4.120E+04 6.310E-02 2.400E+05 
1.000E+00 1.199E+03 1.000E-01 3.376E+04 1.000E-01 1.830E+05 
1.585E+00 1.139E+03 1.585E-01 2.747E+04 1.585E-01 1.380E+05 
2.512E+00 1.077E+03 2.512E-01 2.236E+04 2.512E-01 1.030E+05 
3.981E+00 1.005E+03 3.981E-01 1.809E+04 3.981E-01 7.705E+04 
6.310E+00 9.330E+02 6.310E-01 1.460E+04 6.310E-01 5.702E+04 
1.000E+01 8.571E+02 1.000E+00 1.174E+04 1.000E+00 4.195E+04 
1.585E+01 7.790E+02 1.585E+00 9.393E+03 1.585E+00 3.065E+04 
2.512E+01 7.005E+02 2.512E+00 7.505E+03 2.512E+00 2.231E+04 
3.981E+01 6.221E+02 3.981E+00 5.969E+03 3.981E+00 1.614E+04 
6.310E+01 5.446E+02 6.310E+00 4.730E+03 6.310E+00 1.162E+04 
1.000E+02 4.690E+02 1.000E+01 3.738E+03 1.000E+01 8.322E+03 

  1.585E+01 2.940E+03 1.585E+01 5.932E+03 
  2.512E+01 2.303E+03 2.512E+01 4.209E+03 
  3.981E+01 1.794E+03 3.981E+01 2.971E+03 
  6.310E+01 1.389E+03 6.310E+01 2.085E+03 
  1.000E+02 1.067E+03 1.000E+02 1.455E+03 
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Table B2  Slit-die viscosity of two HDPE resins at 230°C 

HMW HDPE at 230°C 
 

MMW HDPE at 230°C 
 

g (s-1) η (Pa s) g (s-1) η (Pa s) 

7.1480E+01 1.7807E+03 4.4560E+01 1.3862E+03 
7.2400E+01 1.7580E+03 6.1860E+01 1.0552E+03 
7.2920E+01 1.7456E+03 5.2070E+01 1.1566E+03 
5.3640E+01 2.0996E+03 6.3380E+01 1.0386E+03 
4.7380E+01 2.2545E+03 6.5370E+01 1.0046E+03 
4.5020E+01 2.3474E+03 6.6320E+01 9.8593E+02 
1.8770E+01 4.2651E+03 6.6990E+01 1.0054E+03 
1.8660E+01 4.2816E+03 6.5850E+01 1.0238E+03 
1.8460E+01 4.2995E+03 4.9400E+00 4.5257E+03 
5.1100E+00 1.4036E+04 1.2400E+00 9.2435E+03 
5.1100E+00 1.3029E+04 6.8320E+01 9.8184E+02 
4.9700E+00 1.3019E+04 6.8510E+01 9.7388E+02 
5.9100E+00 1.1451E+04 6.9930E+01 9.5950E+02 
1.6480E+01 5.2270E+03 6.9360E+01 9.7583E+02 
2.2040E+01 4.1008E+03 6.8410E+01 9.8161E+02 
2.6750E+01 3.4993E+03 6.8700E+01 9.7936E+02 
5.1210E+01 2.2801E+03 7.0690E+01 9.4779E+02 
7.0700E+01 1.8421E+03 6.7840E+01 9.8187E+02 
8.7370E+01 1.5499E+03 3.4780E+01 1.5381E+03 
8.5350E+01 1.5809E+03 3.6110E+01 1.4780E+03 
7.7830E+01 1.7095E+03 3.1930E+01 1.6235E+03 
7.3260E+01 1.7890E+03 2.6420E+01 1.8602E+03 
6.7340E+01 1.9328E+03 2.0330E+01 2.0447E+03 
9.1540E+01 1.3261E+03 1.7960E+01 2.4073E+03 
9.0460E+01 1.3058E+03 1.7860E+01 2.3695E+03 
9.1400E+01 1.2610E+03 1.4060E+01 2.7728E+03 
1.2630E+01 5.4590E+03   
1.1290E+01 5.9530E+03   
1.2100E+01 5.5541E+03   
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Table B3  Slit-die viscosity of HMW HDPE resins at 230°C with 8 and 12% CO2. 

HMW HDPE with 8% CO2 at 230°C HMW HDPE with 12% CO2 at 230°C 

g (s-1) η (Pa s) g (s-1) η (Pa s) 

5.5280E+01 1.1803E+03 3.8910E+01 1.2175E+03 
5.6960E+01 1.0964E+03 3.8290E+01 1.2541E+03 
5.7380E+01 1.1226E+03 3.6770E+01 1.3100E+03 
5.5600E+01 1.1615E+03 4.4080E+01 1.0965E+03 
5.5490E+01 1.0996E+03 3.6900E+01 1.2859E+03 
2.9840E+01 1.8243E+03 5.9320E+01 9.4272E+02 
3.2040E+01 1.6970E+03 7.0650E+01 8.4035E+02 
3.0890E+01 1.6716E+03 7.0150E+01 8.3374E+02 
2.8900E+01 1.7753E+03 7.0900E+01 8.1975E+02 
3.4550E+01 1.6152E+03 7.0780E+01 8.4442E+02 
4.4290E+01 1.3313E+03 4.1180E+01 1.2602E+03 
5.0570E+01 1.2483E+03 5.0380E+01 1.0525E+03 
5.2880E+01 1.2035E+03 4.7600E+01 1.0510E+03 
5.1410E+01 1.2378E+03 5.1130E+01 9.9950E+02 
5.0890E+01 1.2406E+03 7.0020E+01 7.4491E+02 
5.5280E+01 1.1136E+03 4.1180E+01 1.2024E+03 
4.3030E+01 1.3204E+03 7.8210E+01 7.8264E+02 
4.3140E+01 1.3799E+03 7.9970E+01 7.6060E+02 
4.0630E+01 1.4769E+03 8.1610E+01 7.4578E+02 
3.9680E+01 1.4714E+03 8.1100E+01 7.6694E+02 
3.9680E+01 1.5005E+03 7.8330E+01 7.7971E+02 
3.8950E+01 1.4991E+03 5.1130E+01 1.1254E+03 
5.3820E+01 1.2177E+03 5.2260E+01 1.1017E+03 
5.8530E+01 1.1466E+03 4.5970E+01 1.0751E+03 
5.7900E+01 1.1353E+03 2.6200E+01 1.8293E+03 
5.5810E+01 1.1871E+03 2.9970E+01 1.5109E+03 
5.6650E+01 1.1691E+03 1.8260E+01 2.1103E+03 
5.6750E+01 1.1675E+03 2.9090E+01 1.5326E+03 
5.6330E+01 1.1592E+03 3.1740E+01 1.3759E+03 
3.1830E+01 1.4960E+03 2.8840E+01 1.5099E+03 
2.6910E+01 1.6624E+03   
1.6440E+01 2.4020E+03   
1.8320E+01 2.2471E+03   
1.3820E+01 2.9254E+03   
1.7700E+01 2.3438E+03   
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Table B4  Pressure and viscosity data for pure HMW HDPE at 230°C 

  No Nozzle   Nozzle 1     Nozzle 2   

ga (s-1) ηa (Pa s) Pressure (PSI) ga (s-1) ηa (Pa s) Pressure (PSI) ga (s-1) ηa (Pa s) Pressure (PSI) 

1.640E+00 1.728E+04 5.603E+02 1.129E+01 5.953E+03 1.690E+03 2.110E+00 2.380E+04 2.005E+03 

2.050E+00 1.474E+04 5.774E+02 1.210E+01 5.554E+03 1.718E+03 2.110E+00 2.345E+04 2.050E+03 

2.150E+00 1.534E+04 6.020E+02 1.263E+01 5.459E+03 1.644E+03 2.210E+00 2.301E+04 2.041E+03 

5.440E+00 8.902E+03 7.309E+02 1.648E+01 5.227E+03 1.901E+03 2.210E+00 2.287E+04 2.170E+03 

5.740E+00 8.778E+03 7.513E+02 2.204E+01 4.101E+03 2.251E+03 2.210E+00 2.220E+04 2.132E+03 

6.770E+00 7.933E+03 7.816E+02 2.675E+01 3.499E+03 2.421E+03 2.510E+00 2.043E+04 2.135E+03 

1.846E+01 4.299E+03 1.009E+03 5.121E+01 2.280E+03 2.878E+03 3.320E+00 1.875E+04 2.401E+03 

1.866E+01 4.282E+03 1.016E+03 6.734E+01 1.933E+03 3.250E+03 3.420E+00 1.803E+04 2.386E+03 

1.877E+01 4.265E+03 1.017E+03 7.070E+01 1.842E+03 3.129E+03 3.520E+00 1.947E+04 2.572E+03 

4.502E+01 2.347E+03 1.288E+03 7.326E+01 1.789E+03 3.183E+03 3.820E+00 1.780E+04 2.556E+03 

4.738E+01 2.255E+03 1.298E+03 7.783E+01 1.710E+03 3.216E+03 1.236E+01 8.757E+03 4.663E+03 

   8.535E+01 1.581E+03 3.487E+03 1.266E+01 8.437E+03 4.510E+03 

   8.737E+01 1.550E+03 3.540E+03 1.426E+01 7.721E+03 4.683E+03 

   9.046E+01 1.306E+03 3.448E+03    

   9.140E+01 1.261E+03 3.548E+03    

   9.154E+01 1.326E+03 3.362E+03    
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Table B5  Dynamic viscosity of HMW HDPE and blends of HDPE and UHMWPE. 

HMW HDPE at 230°C 
 

HMW HDPE + 20% UHMWPE at 230°C 
 

HMW HDPE + 40% UHMWPE at 230°C 
 

ω (rad/s) |η*|(Pa s) ω (rad/s) |η*|(Pa s) ω (rad/s) |η*|(Pa s) 

1.0000E-01 1.3038E+05 1.0000E-01 2.6114E+05 1.0000E-01 4.6813E+05 

1.5849E-01 1.0253E+05 1.5849E-01 2.0281E+05 1.5849E-01 3.6542E+05 

2.5119E-01 7.8710E+04 2.5119E-01 1.5459E+05 2.5119E-01 2.7603E+05 

3.9811E-01 5.9455E+04 3.9811E-01 1.1613E+05 3.9811E-01 2.0340E+05 

6.3097E-01 4.4467E+04 6.3097E-01 8.6228E+04 6.3097E-01 1.4782E+05 

1.0000E+00 3.2890E+04 1.0000E+00 6.3248E+04 1.0000E+00 1.0577E+05 

1.5850E+00 2.4181E+04 1.5850E+00 4.5970E+04 1.5850E+00 7.4901E+04 

2.5120E+00 1.7640E+04 2.5120E+00 3.3159E+04 2.5120E+00 5.2552E+04 

3.9813E+00 1.2781E+04 3.9813E+00 2.3738E+04 3.9813E+00 3.6621E+04 

6.3101E+00 9.2007E+03 6.3101E+00 1.6872E+04 6.3101E+00 2.5321E+04 

1.0001E+01 6.5899E+03 1.0001E+01 1.1911E+04 1.0001E+01 1.7370E+04 

1.5850E+01 4.6928E+03 1.5850E+01 8.3597E+03 1.5850E+01 1.1867E+04 

2.5121E+01 3.3240E+03 2.5121E+01 5.8282E+03 2.5121E+01 8.0390E+03 

3.9813E+01 2.3413E+03 3.9813E+01 4.0401E+03 3.9813E+01 5.4250E+03 

6.3101E+01 1.6408E+03 6.3101E+01 2.7867E+03 6.3101E+01 3.6448E+03 

1.0000E+02 1.1409E+03 1.0000E+02 1.9055E+03 1.0000E+02 2.4353E+03 
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Table B6  Slit-die viscosity of HMW HDPE and HMW HDPE blended with 40% UHMWPE 

with 12% CO2 at 230°C. 

HMW HDPE at 230°C HMW HDPE + 40% UHMWPE + 12% CO2 at 230°C 

g (s-1) η (Pa s) g (s-1) η (Pa s) 

3.6400E+00 1.4767E+04 1.1220E+01 7.1413E+03 
3.6400E+00 1.4963E+04 1.1330E+01 6.9492E+03 
3.6400E+00 1.5037E+04 1.1530E+01 6.8550E+03 
3.8500E+00 1.4223E+04 1.3860E+01 5.9056E+03 
5.6600E+00 1.0761E+04 3.3050E+01 2.8292E+03 
5.7300E+00 1.0652E+04 4.0520E+01 2.4404E+03 
5.7300E+00 1.0556E+04 4.2770E+01 2.3538E+03 
5.8100E+00 1.0451E+04 4.9160E+01 1.9248E+03 
5.8100E+00 1.0409E+04 5.0940E+01 1.8652E+03 
9.2200E+00 7.0738E+03 5.9350E+01 1.8078E+03 
9.2200E+00 7.0820E+03 6.2360E+01 1.6442E+03 
9.2200E+00 7.0742E+03 6.3890E+01 1.5755E+03 
9.2200E+00 7.0989E+03 6.5080E+01 1.7211E+03 
1.4950E+01 4.8920E+03 6.6280E+01 1.4517E+03 
1.5020E+01 4.8867E+03 6.7410E+01 1.4230E+03 
1.5100E+01 4.9036E+03 6.7460E+01 1.4176E+03 
1.5100E+01 4.9342E+03 6.8590E+01 1.6177E+03 
1.5240E+01 4.8693E+03   
5.2040E+01 1.9670E+03   
5.2040E+01 1.9651E+03   
5.2110E+01 1.9581E+03   
5.2110E+01 1.9668E+03   
5.2110E+01 1.9548E+03   
1.1580E+01 6.5208E+03   
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