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ABSTRACT: CO2-assisted polymer processing is pro-
posed as an alternative route for intractable and high mo-
lecular weight polymers based on the plasticization effects
of CO2 and its direct effect on the melting behavior of
semicrystalline polymers. A modified processing system
was used to process a variety of polymers in the presence of
high-pressure CO2. The system includes an extruder that
was modified to allow for high pressures created by the
injection of CO2. The new design includes a modified feed
section that allows a given mass of polymer to interact with
CO2 before and during the extrusion process. The inherent
shear mixing and the presence of CO2 allow for a specific
control over the extrudate morphology. Results suggest that

this alternative design provides a new and easy route to melt
process high melt viscosity polymers of commercial impor-
tance, such as polytetrafluoroethylene (PTFE), fluorinated
ethylene propylene copolymer (FEP), and syndiotactic poly-
styrene (s-PS). The increased processability of these systems
in CO2 is related to the plasticization effect of CO2 that was
quantified through a depression in the glass-transition tem-
perature according to the Chow model. © 2004 Wiley Period-
icals, Inc. J Appl Polym Sci 93: 1501–1511, 2004
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INTRODUCTION

The idea of using CO2 particularly at supercritical
conditions as an alternative processing aid in polymer
extrusion has been analyzed extensively for the past
two decades.1–13 The interest in supercritical CO2
(scCO2) is a natural consequence of the fact that its
inherent properties are very close to those required in
a successful blowing agent. At supercritical condi-
tions, CO2 combines in a unique manner, properties
from both liquid and gas states, exhibiting liquidlike
densities along with low viscosities and high diffusion
rates that are typical of a gas phase.14–21 In addition,
the low toxicity and flammability, together with the
reduced cost of CO2, make it a real and environmen-
tally friendly alternative for polymer processing. Be-
cause of its high compressibility, the solvent/plasti-
cizer properties of CO2 can be tuned and controlled by
small changes in temperature and pressure, acting as a
“reversible plasticizer” that can be easily removed
from the system during depressurization. During ex-
trusion, CO2 dissolves into a molten polymer under

moderately high pressures, and diffuse away from the
polymer substrate at ambient conditions, leaving the
final product solvent-free, thus reducing the costs of
solvent removal.22

A vast amount of research, particularly in the area
of polymeric foams, has been focused in studying the
relation between the processing conditions in extru-
sion and the final polymer morphology when CO2 is
introduced.1–13 The initial concentration, solubility,
and diffusivity of the gas in the polymer melt all have
a direct effect on the final properties of the foam.

In this work, CO2-assisted polymer processing was
used for a variety of polymers at conditions very close
to or in the supercritical regime for CO2. The results
suggest that the alternative design of the system facil-
itates the melt processing of intractable polymers of
commercial importance such as polytetrafluoroethyl-
ene (PTFE), fluorinated ethylene propylene copolymer
(FEP), and syndiotactic polystyrene (s-PS). Polymeric
foams, down to the microcellular range, were obtained
in some cases and a good understanding of the rela-
tion between the processing conditions and the final
extrudate morphology was obtained, suggesting that
the plasticization process of CO2 governs the process-
ability of these materials, thus providing a new and
easy route to melt process high melt viscosity poly-
mers. The description of the plasticization phenome-
non, provided by Chow’s model, through an estima-
tion of the glass-transition depression in these systems
was used to correlate our experimental observations.
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EXPERIMENTAL

A single-screw extruder (RCP-025 Microtruder, Rand-
castle Extrusion Systems, Cedar Grove, NJ) with a
working L/D ratio of 24 and a screw diameter of 6.35
mm (1/4 in.) was used to process a variety of poly-
mers. The extrusion system, as depicted in Figure 1,
has a vertical feeding with the screw driven through
the metering section and no additional mixing de-
vices. Temperature was controlled through four inde-
pendent heaters located in the die and along the ex-
truder barrel. A 1-mm tubular die was used along
with a take-up roller for the spinning of the final
extrudate. The feed section in the extruder was mod-
ified to allow for the high pressures promoted by the
injection of CO2. The new feed section, constructed
primarily of standard high-pressure fittings, included
a modified hopper that allows a specific amount of
polymer to interact with CO2 before the extrusion
process. The conditions inside the hopper were pre-
cisely controlled: temperature was manipulated using
a temperature controller and a pressure gauge directly
attached to the feed section was used to monitor the
internal pressure. CO2 was injected using a high-pres-
sure carbon dioxide pump (Hydro-Pac, Inc., Fairview,
PA) with a maximum discharge pressure of 286.84
MPa.

Differential scanning calorimetry (DSC) was used to
study the thermal behavior of the polymers processed
in our system. DSC experiments were carried out in a
thermal analyst model 2910 DSC (TA Instruments,
New Castle, DE), at relatively slow heating rates (1–
10°C/min), to obtain a quantitative response of the
thermal properties of each sample. The crystallinity of
the samples was estimated by the ratio of their melting
enthalpy and the theoretical heat of fusion for a per-
fect crystal of the corresponding polymer.

The overall extrudate morphology obtained at dif-
ferent processing conditions was investigated using
scanning electron microscopy (SEM). Samples were
cryofractured in liquid nitrogen and gold coated be-

fore the SEM analysis. SEM images were obtained
using a field emission scanning electron microscope
(FESEM; JSM-6320FXV; JEOL, Peabody, MA) and a
SEM model JEOL-CF-35 with a filament voltage of
20,000 V.

RESULTS AND DISCUSSION

CO2-assisted polymer processing and plasticization

A specific control over the final extrudate morphology
was obtained using the modified processing system
described before. Initial results using high-density
polyethylene (HDPE) showed that both the presence
of CO2 in the feed section and the diffusion rate of CO2
in the polymer melt promote the appearance of a
foamed structure. If the material is saturated in CO2
for a given time, cell nucleation may be observed, even
at moderate pressures (3.44 MPa), which suggests that
the diffusion rate of CO2 into the melt controls the
nucleation process. With a saturation time, the disso-
lution of CO2 in the melt increases, and nucleation is
dictated only by the processing conditions. When a
favorable nucleation process is observed, specific con-
trol on the morphology can be achieved by altering
several parameters in the system, such as the temper-
ature distribution and the saturation pressure.23 An
example is shown in Figure 2, where by changing the
temperature distribution in the system the nucleation
process is controlled, and polymer foams with differ-
ent cell density (number of cells per unit area) and cell
size are produced. As shown in this figure, the poly-
mer can be continuously processed at temperatures
even below its melting point (127°C for HDPE) when
CO2 is introduced into the system, suggesting a sig-
nificant amount of plasticization brought about by the
presence of CO2. These results suggest that the alter-

Figure 1 Modified extrusion system for CO2-assisted poly-
mer processing.

Figure 2 Influence of die temperature on the overall mor-
phology of HDPE extrudates processed at 190°C (saturation
time � 140 min; pressure � 5.86 MPa).
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native design of the system allows not only for a
specific control of the morphology of the extrudate,
but also provides a direct way to estimate the amount
of plasticization in the system imposed by CO2 under
certain conditions.

To quantify the plasticization effect of CO2 in a
given polymer we used the model proposed by
Chow25 that describes the plasticization phenomenon
using a molecular interpretation of the glass-transition
temperature of polymer–diluent systems. Plasticiza-
tion is described in terms of the glass-transition de-
pression that occurs in a polymer–diluent system re-
sulting from the presence of a small-molecule diluent,
such as CO2, at low concentrations. The model pro-
vides an explicit expression for the glass-transition
depression (Tg/Tg0) as the ratio of the glass-transition
temperature of a polymer–diluent system (Tg) to that
of the pure polymer (Tg0), using an equilibrium ap-
proach in terms of the change in configurational en-
tropy of a system during the glass formation.

On the basis of both classical and statistical thermo-
dynamics, Chow proposed the following expression to
describe the glass-transition depression:

ln�Tg

Tg0
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where �Cp is the difference in heat capacity at constant
pressure between the supercooled liquid and glass,
and Q is the configurational partition function of the
system. Using the Bragg–Williams approximation of
an order–disorder transition to determine the config-
urational partition function, the model suggests that in
the plasticization of a polymer by a small molecule
diluent such as CO2, the main contribution to the
partition function—and so to the ratio Tg/Tg0—comes
from the mixing of diluent molecules among lattice
sites, and thus the main interest relies on the config-
urations of small molecules on the lattice rather than
on the arrangement of the polymer itself (given that
Tg0 is known). Using this approximation, the partition
function of the pure polymer is always equal to unity
and that of a polymer–diluent system is given in terms
of the energetic interactions of the diluent molecules:
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where N is the number of diluent molecules randomly
distributed in a lattice of N � L sites, L is the number
of vacant sites, and z is the lattice coordination num-
ber that can be roughly estimated by the nearest whole
number to the ratio of the molecular weights of the
monomer and diluent.26 Also, � � �NN � �LL � 2�NL,
with �NN, �LL, and �NL describing the energies of each

NN, LL, and NL pair, respectively. By substituting, the
final expression for the Chow model is obtained as
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where Mp and Md are the molecular weights of the
polymer repeating unit and diluent, respectively; �Cpp

is the excess transition isobaric specific heat of the
polymer; 	 and 
 represent the weight and volume
fraction of diluent in the system, respectively; and Vp

and Vd correspond to the molar volumes of the poly-
mer repeating unit and diluent, respectively.

Equation (3) provides an explicit expression to
quantify the plasticization process of a polymer–dil-
uent system in terms of intrinsic properties of the pure
polymer and diluent. In our system, this expression
can be used to quantify the amount of plasticization,
using only two parameters that are either available in
the literature or that can be easily estimated or pre-
scribed by the processing conditions. It is easy to
recognize that � is dependent only on the magnitude
of �Cpp, a thermodynamic property of the polymer.
On the other hand, � depends on the weight fraction of
CO2 and, because the conditions at the hopper can be
specifically controlled, the value of � can be prescribed
for each polymer system, setting the system to equi-
librium conditions, where the concentration of CO2 is
dictated by the equilibrium mass uptake of the poly-
mer, as determined in conventional diffusion experi-
ments.

Figure 3 shows the predictions of the Chow model,
as described in eqs. (3)–(5), to the plasticization pro-
cess of HDPE by CO2. The parameters27 and results
obtained in this case are also summarized in Table I.
The Chow model suggests the existence of a region in
which the glass transition of the system is substan-
tially affected by the presence of CO2. The limit of this
region is obviously dictated by the amount of CO2 that
can be introduced into the polymer at equilibrium
conditions. As shown in this figure, despite the fact
that the equilibrium mass uptake of CO2 is rather
small (6%), the glass-transition depression is consid-
erable and the ratio Tg/Tg0 decreases to 0.8730. This
value corresponds to an absolute change in glass tran-
sition of 30.09°C, thus reducing the overall Tg of the
system to 206.91 K. These calculations correlate very
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well with the experimental observations made earlier
for HDPE, suggesting a significant amount of plasti-
cization promoted by introducing CO2 that enhances
the processability of HDPE at lower temperatures
(even below the melting point).

These results suggest that the presence of CO2 not
only controls the final morphology, but it also facili-
tates the polymer processing through a combination of
both plasticization and the imposed hydrostatic pres-
sure acting as a processing aid during extrusion. This
is a distinctive feature of our system, which enables
the processing of high melt viscosity or intractable
polymers, something impossible to achieve in a con-
ventional extruder. Results obtained for syndiotactic
polystyrene (s-PS), fluorinated ethylene propylene co-
polymer (FEP), and polytetrafluoroethylene (PTFE)
using this alternative processing route are discussed
below.

Processing of intractable polymers

Polytetrafluoroethylene (PTFE)

Because of their high service temperatures and chem-
ical inertness, fluoropolymers are a very attractive
group of materials for CO2-assisted polymer process-
ing. In particular, PTFE might be a good candidate for
this alternative processing method because of its well-
known affinity to CO2. In general PTFE shows an
extremely high molecular weight, resulting in a melt
viscosity that is about 6 orders of magnitude higher
than that of most common thermoplastic polymers
(1010–1012 Pa � s). The chemical inertness and stability
as well as the low surface energy of PTFE are provided
by its helical conformation, which creates an almost
perfect cylindrical structure that consists of an outer
layer of fluorine atoms surrounding a carbon-based
core.24 As a consequence, the processing alternatives

Figure 3 Glass-transition depression (Tg/Tg0) for the polyethylene–CO2 system, as predicted by the Chow model. The
dashed line indicates the equilibrium mass uptake of CO2 for the case of polyethylene (6%). Note that the relation between
the weight fraction of CO2 (	) and the parameter � is not linear.

TABLE I
Material Properties, Parameters, and Results Obtained with the Chow Model

Polymer

Parameter Polyethylene PTFE FEP Polystyrene

Tg0 (K) 237 200 180 358.5
�Cpp (J g�1 K�1) 0.3708 0.0939 0.1361 0.2592
Mp (g mol�1) 28.04 100.02 106.52 104.15
Md (g mol�1) 44.09 44.09 44.09 44.09
Mp/Md 0.636 2.268 2.416 2.362
z 1 2 2 2
Mp�Cpp (J mol�1 K�1) 10.4 9.4 14.75 27
Equilibrium mass uptake of CO2 (%) 6 3.5 4.4 11.8

�Tg (K) 30.09 52.41 38.74 84.54
Tg (K) 206.91 147.59 141.26 273.96
Tg/Tg0 0.8730 0.7379 0.7847 0.7641
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for PTFE are reduced to RAM extrusion and compres-
sion molding, and the possibility of an alternative and
easy processing route for PTFE is of major relevance.

PTFE powder (particle size � 35 �m) was processed
in our system in the presence of CO2. Results suggest
that, despite the extremely high molecular weight of
PTFE, a continuous processing is obtained when CO2
was introduced, significantly enhancing the process-
ability of PTFE in the presence of CO2. The thermal
behavior of the samples obtained with CO2 is pre-
sented in Figure 4. As typically observed, the virgin
polymer has a melting point of 345.94°C, with a cor-
responding degree of crystallinity of 62.4%, using a
value of 102.1 J/g as the enthalpy of fusion for 100%
crystalline PTFE.28 In contrast, the melt-processed
sample displays a lower degree of crystallinity (25.9%)
and a significantly lower melting temperature
(327.88°C). This dramatic change in the thermal re-
sponse is evidence of the melting process of the sam-
ple during extrusion. After melting, the recrystalliza-
tion process is restricted because of the extremely high
melt viscosity and, as a consequence, the crystallinity
of the sample is significantly reduced. In this particu-
lar case, the melt viscosity is so high that, upon melt-
ing, more than 50% of the crystallinity is lost. The
restricted recrystallization process significantly re-
duces the typical crystal size, and thus the lower melt-
ing point.

A typical example of the final morphology observed
in the PTFE extrudates is presented in Figure 5. Well-
defined foamed structures with enough cell integrity,
even at such high temperatures, are obtained. This
figure shows a SEM image of a PTFE sample obtained
at 360°C: in this particular case, the average cell size is
below 10 �m, a cell size typically observed in micro-
cellular materials. As in the case of HDPE, the final
morphology can be specifically controlled through the

processing conditions, so that a decrease in the die
temperature allows for a specific control on the aver-
age cell size and cell density. The saturation pressure
can also be used to control the general morphology. At
higher pressures, especially above the critical point,
both density and concentration of CO2 are increased
and, consequently, the nucleation process is en-
hanced.23 However, as mentioned before, our design
allows for a given saturation time in CO2 before pro-
cessing that promotes cell nucleation, even at moder-
ate pressures (3.44 MPa), which suggests that even in
the case of PTFE, the nucleation process can be tuned
so that a specific control over the cell density and cell
size can be obtained.

The high melt viscosity does not limit the process-
ability of PTFE by this route, and a continuous process
is observed even at temperatures below the polymer
melting point (285°C), suggesting a significant amount
of plasticization by CO2. Figure 6 shows the predic-
tions of the Chow model for the plasticization process
of PTFE by CO2. The parameters used in this calcula-
tion are summarized in Table I and include a value of
3.5% for the equilibrium mass uptake of CO2 for
PTFE28 and a change in heat capacity during glass
transition (Mp�Cpp) of 9.4 J mol�1 K�1.29,30 The model
predicts the existence of a large plasticizing region
that extends until the equilibrium mass uptake of CO2
is reached, and again, despite the fact that this value is
very low (3.5%), the glass transition of the system is
significantly affected by CO2, decreasing the magni-
tude of the ratio Tg/Tg0 to 0.7379. This result corre-
sponds to an almost 30% decrease in the Tg of the
system, displaying an absolute change in glass transi-
tion of 52.41°C and thus reducing the overall Tg of the
system to 147.59 K. Once again, these calculations
indicate that the plasticization process promoted by
CO2 is large enough to allow for a continuous process-
ing of PTFE at lower temperatures using this alterna-
tive processing strategy.

Fluorinated ethylene propylene copolymer (FEP)

FEP, which can also be successfully processed in our
system, is a random copolymer of tetrafluoroethylene

Figure 4 Typical thermal behavior of PTFE samples pro-
cessed in our system at 360°C.

Figure 5 Overall morphology observed in PTFE samples
processed at 360°C.

CO2-ASSISTED POLYMER PROCESSING 1505



(TFE) and hexafluoropropylene (HFP), with a struc-
ture very similar to that of PTFE except for the HFP
units that are responsible for significant changes in the
physical properties of the system, acting as defects in
crystallites that reduce the overall melting point to
260°C.24 As a consequence, FEP has a reduced melt
viscosity, compared to that of PTFE, that enhances its
processability.

The thermal behavior of the FEP samples (13% HFP)
processed in our system is presented in Figure 7. As
shown in this figure, despite the similarity with PTFE,
significant differences are observed in the general be-
havior of both polymer systems. The thermal behavior
of the FEP samples appears to be independent of the
processing conditions, such that the DSC traces of

these materials are very similar, regardless of the pres-
ence of CO2. In addition, the thermal behavior of the
melt-processed samples is almost identical of that ob-
served in the virgin powder. The crystallinity of the
virgin polymer in this case is around 41.38%, using
92.94 J/g as the enthalpy of fusion for 100% crystalline
FEP.31 This value is very similar to that observed in
the samples processed with and without CO2 (40.37
and 37.0%, respectively), and it appears not to be
affected in a significant way by the melting process.
This general behavior is a consequence of the inher-
ently larger processability of FEP that, despite the high
molecular weight, does not restrict the recrystalliza-
tion process, so that most of the crystallinity in the
sample can be recovered after melting.

The enhanced processability of FEP significantly fa-
cilitates the specific control of the morphology of the
FEP extrudates when CO2 is introduced. In this case,
despite the high temperatures, the nucleation process
can be enhanced by lowering the die temperature,
thus promoting an increase in the cell density and
decreasing the cell size. At high temperatures (360°C)
the foamed structure is evident, although a significant
amount of cell coalescence is present; however, at
lower temperatures (285°C) the cell structure is better
defined and the integrity of the cells increases, as
shown in Figure 8. At these temperatures, a well-
defined closed-cell structure is observed and the typ-
ical average cell size is around 10 �m. Regarding the
nucleation process, it is expected that without a foam-
ing agent, as in this case, homogeneous nucleation
dominates and nucleation is promoted by a thermo-
dynamic instability in the process, which is typically
obtained by the decrease in pressure along the extru-
sion line.4 The homogeneous process, characterized by
a typical thermodynamic barrier related to the energy

Figure 6 Glass-transition depression (Tg/Tg0) for the PTFE–CO2 system, as predicted by the Chow model. The dashed line
indicates the equilibrium mass uptake of CO2 for the case of PTFE (3.5%).

Figure 7 Typical thermal behavior of FEP samples pro-
cessed in our system at 360°C.
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needed to create a nucleus, is responsible for the ma-
jority of the voids in the sample. However, in the
presence of small impurities, a thermodynamically
more favorable heterogeneous nucleation mechanism
occurs, which in addition to cell coalescence promotes
the appearance of large cells in the sample.

Once again, a continuous process is obtained in FEP
samples; however, in this case the high melt viscosity
restricts the processability of FEP to temperatures
above 285°C, regardless of the presence of CO2. This
observation suggests that the plasticization process in
this case is not as important as in the case of PTFE, so

that the glass-transition depression observed in FEP,
attributed to the presence of CO2, should be lower that
that of PTFE at equilibrium conditions.

The plasticization process of FEP by CO2 can also be
described by the Chow model. In this case, however,
no available data were found in the literature regard-
ing the heat capacity change of FEP at the glass tran-
sition (�Cpp). Using the additivity concept of the heat
capacities of linear polymers proposed by Gaur and
Wunderlich32,33 a change in heat capacity during glass
transition (Mp�Cpp) can be estimated. This calculation
is based on the fact that, because the concentration of
HFP units in the copolymer is known, their contribu-
tion to the heat capacity can be estimated. According
to this theory, a dimer containing one unit of HFP
attached to one of TFE creates a four-bead structure
with a corresponding Mp�Cpp of 45.2 J mol�1 K�1. In
contrast, a one-bead structure is created when two
TFE units are attached to each other. In this case, the
structure is identical to that of a PTFE dimer and so
the corresponding Mp�Cpp is 9.4 J mol�1 K�1. Given
the concentration of HFP units in the copolymer
(13%), a value of 14.75 J mol�1 K�1 is estimated.

Figure 9 shows the results obtained using the pa-
rameters in Table I. The predictions correlate very well
with the experimental observations, showing the ex-
istence of a large plasticizing region limited by the
equilibrium mass uptake of CO2 (4.4%). The important
observation here is that, despite the fact that this value
is larger than that observed in PTFE (3.5%), the model
predicts that at equilibrium conditions, the value of
the glass-transition depression ratio Tg/Tg0 is 0.7847,
which corresponds to an absolute change in glass
transition of 38.71°C, less than that observed in PTFE.
These results indicate that, even though the plastici-
zation process of FEP by CO2 is large, it is less impor-

Figure 8 Typical closed-cell morphology obtained in FEP
at 285°C.

Figure 9 Glass-transition depression (Tg/Tg0) for the FEP–CO2 system, as predicted by the Chow model. The dashed line
indicates the equilibrium mass uptake of CO2 for the case of FEP (4.4%).
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tant than that observed in PTFE and, because of the
high melt viscosity of the system, it is not sufficient to
allow for a continuous processing at temperatures
close to the melting point.

Syndiotactic polystyrene (s-PS)

In addition to fluoropolymers, high melt viscosity
polyolefins are also good candidates to be processed
using this route. An example of these materials is s-PS,
which is a relatively new partially crystalline com-
modity plastic with a high melting point (	250°C),
suggesting higher service temperatures than those of
common plastics. The relevance of s-PS as an engi-
neering polymer is that the amount of crystallinity, the
type of crystal structure, and morphology can be con-
trolled by the crystallization conditions. Thus, a con-
sistent strategy for melt process s-PS is of great rele-
vance, given that the properties that make s-PS an
attractive material (high-temperature mechanical
properties, low permeability, good chemical resis-
tance) are strongly affected by the amount and distri-
bution of the crystalline phase.

Figure 10 describes the typical thermal behavior of
the s-PS samples processed in our system. As in the
case of FEP, the thermal behavior appears to be inde-
pendent of the processing conditions, and so the DSC
trace of a sample processed with CO2 differs slightly
from that of the s-PS virgin powder used. However,
because of the lack of additional mixing devices in the
extruder, processing without the addition of CO2, it is
almost impossible because of the high molecular
weight, so a comparison between samples processed
with and without CO2 cannot be achieved in this case.
The crystallinity of the virgin polymer in this case is
47.76%, using 53.2 J/g as the enthalpy of fusion of
100% crystalline s-PS.34 Again, similar to what is ob-

served in FEP, this is very similar to the value ob-
served in the CO2-processed samples (48.10%), sug-
gesting that the recrystallization process is not re-
stricted, despite the high molecular weight, so that
after melting most of the crystallinity in the sample
can be recovered. In addition, as shown in Figure 10,
no significant changes in the melting point are ob-
served.

As in any other systems, the overall morphology of
s-PS extrudates can be controlled by the processing
conditions and, given the right conditions, a well-
defined foam structure is observed, showing increases
in the cell density at lower temperatures.

Despite the high melt viscosity of s-PS, a continuous
process is obtained with CO2, suggesting a consider-
able amount of plasticization. In this case, however,
the processability is limited at temperatures very close
to the melting point (255°C), at which the high melt
viscosity prohibits a continuous processing. Again,
this observation suggests that the plasticization pro-
cess in this case is not as important as in the case of
PTFE, and that the glass-transition depression ob-
served in s-PS, attributed to the presence of CO2,
should be very similar to or slightly larger than that
observed in the case of FEP.

Figure 11 shows the predictions to the plasticization
process of s-PS by CO2 using the Chow model. In this
particular case, it is important to point out that, be-
cause specific details on tacticity or crystallinity are
not prescribed in the model, and because no available
data are found in the literature regarding the heat
capacity change (�Cpp) or equilibrium mass uptake of
CO2 for s-PS, the parameters used in this figure cor-
respond to those of amorphous polystyrene.35,36 The
predictions, however, correlate very well with the ex-
perimental observations, showing a large plasticizing
region limited by the equilibrium mass uptake of CO2
(11.8%). In this case, the Tg/Tg0 value is 0.7641, which
corresponds to a smaller change than that of PTFE.
These results indicate that, even though the mass up-
take of CO2 is very large in this case, the plasticization
process of s-PS by CO2, as judged by the ratio Tg/Tg0,
is larger than that observed in FEP but smaller than
that in the case of PTFE, which correlates exactly with
the observed processability of these systems.

Plasticization and the effect of CO2 on the melting
behavior of semicrystalline polymers

As described before, the Chow model appears to be
appropriate for describing the plasticization process of
a polymer in the presence of CO2. The predictions of
the model for the polymers used in this study are
shown in Figure 12. The presence of CO2 promotes a
depression in the glass transition that is dependent on
the intrinsic properties of the system. The rate of de-
pression is very large for the case of PTFE, displaying

Figure 10 Typical thermal behavior of s-PS samples pro-
cessed in our system at 265°C.
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a very pronounced slope, whereas the lowest rate of
depression is observed in s-PS. In contrast, the largest
equilibrium mass uptake of CO2 is observed in s-PS
(11.8%), whereas the smallest value corresponds to
PTFE. In this regard, it appears that the overall plas-
ticization process is dictated by a combination of the
rate of depression in the glass transition and the equi-
librium mass uptake of CO2 for a given polymer. As
proposed in the Chow model, the plasticization pro-
cess can be quantified by the ratio Tg/Tg0, which ap-
pears to correlate well with the experimental observa-
tions. As presented in Figure 13, the processability of
these systems is directly related to the magnitude of
Tg/Tg0, suggesting that the amount of CO2 plasticiza-
tion in PTFE is larger than that observed in any of the

systems studied here, and thus its increased process-
ability at lower temperatures.

Although the plasticization effect of CO2 in a variety
of polymers has been reported extensively in the lit-
erature, the effects of CO2 on the crystallization and
melting temperatures have been analyzed for only a
few systems.36,37 In general, the behavior of the crys-
tallization temperature (Tc) is consistent with that ob-
served for Tg, showing a linear decrease with an in-
crease of CO2 pressure. However, for the specific case
of s-PS, Zhang and Handa37 showed that CO2 pro-
motes crystallization of glassy s-PS into its various
crystalline forms (� and �) as well as to induce crystal–
crystal transformations between them at a tempera-
ture below the melting temperature of the �-form.

Figure 11 Glass-transition depression (Tg/Tg0) for the polystyrene–CO2 system, as predicted by the Chow model. The
dashed line indicates the equilibrium mass uptake of CO2 for the case of polystyrene (11.8%).

Figure 12 Chow model predictions of the glass-transition depression (Tg/Tg0) for the polymers used in this study. The marks
indicate the equilibrium mass uptake of CO2 for the corresponding polymer.
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These transitions could be understood only if the
�-crystals undergo melting at a depressed tempera-
ture before transforming into the �-form. We also
reported18 crystal–crystal transformations in high-
modulus, ultrahigh molecular weight polyethylene fi-
bers when deformed in supercritical CO2.

Using high-pressure DSC techniques Zhang and
Handa37 showed in fact that CO2 has a direct effect on
the melting behavior of semicrystalline polymers. A
significant depression in the melting point is evident
in the presence of dissolved CO2. The melting temper-
ature depression is dependent on the solubility of the
gas, showing no change in Tm when CO2 was replaced
with N2. A rapid decrease in Tm is observed initially
by increasing the pressure of CO2 until the hydrostatic
contribution of CO2 dominates, making the change in
Tm smaller at elevated temperatures. The same behav-
ior is observed in poly(ethylene terephthalate) sam-
ples, showing that the depression in melting temper-
ature is dictated by both the polymer–gas interactions
and the intrinsic crystal characteristics. These authors
relate the decrease in Tm to an increase in the specific
surface free energy e caused by the dissolved CO2. By
use of the Thomson–Gibbs equation, the change in
melting temperature is given by

Tm � T�m�
° �1 �

2e
l�h� (6)

where T°m is the melting point of an infinitely large
crystal, l is the lamellar thickness, and �h is the heat of
fusion per unit volume. Because Tm, l, and �h are
generally constant, the change in Tm is attributed to e.

This behavior is also expected to occur in other
polymer–gas systems whenever the gas sorption and

the plasticization effect are pronounced. As discussed
before, the plasticization by CO2 is significant for the
systems studied here (PTFE, FEP, and s-PS), so that a
direct effect on the melting behavior of these systems
is expected to occur. This effect might certainly help to
explain the enhanced processability in systems such as
PTFE where a continuous process is obtained even at
temperatures below the typical melting point. Further-
more, as shown in Figure 14, when PTFE is saturated
in CO2 below its melting point at relatively small
pressures for a certain amount of time, the resulting
material displays a decreased melting point, suggest-
ing that at these conditions there is a direct effect of

Figure 13 Plasticization process of CO2 for the polymers used in this study, as estimated by the Chow model. As shown,
the experimental observations suggest a direct relation between the glass-transition depression (Tg/Tg0) and the processability
of these systems in CO2.

Figure 14 Thermal behavior of PTFE sample saturated in
CO2 at 330°C for 6.5 h at relatively low pressure (5.51 MPa).
Shown are the first and second traces obtained in the DSC.
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CO2 on the melting behavior of PTFE. In this case, the
well-known affinity to CO2 contributes to the gas
sorption, displaying a considerable plasticization ef-
fect, which, as suggested before, might be accompa-
nied with a significant depression in the melting tem-
perature. As mentioned before, the plasticization pro-
cess appears to be smaller in the case of FEP, so that a
lesser effect on the melting behavior is expected in this
case, which correlates well with the lower processabil-
ity of this system compared to that of PTFE and s-PS.

CONCLUSIONS

In this work, CO2-assisted polymer processing is pre-
sented as an effective alternative to process intractable
or high melt viscosity polymers. This alternative route
combines both the plasticization effect and the hydro-
static contribution, brought about by the presence of
CO2, thus significantly enhancing the processability of
a polymer–CO2 system. Despite their high melt vis-
cosity, high molecular weight, and inherent physical
properties of the systems analyzed here (s-PS, FEP,
and PTFE), a continuous process is obtained in CO2
using a modified processing system. Several factors
appear to have a direct effect on the final morphology
of a polymer, although the diffusion rate of CO2 in the
melt appears to dominate cell nucleation by control-
ling the amount of gas dissolved, so that foaming is
favored by a saturation time in CO2 before extrusion.

The increased processability is directly related to the
plasticization process of the polymer attributed to the
presence of CO2 and to the direct effect that dissolved
CO2 might have on the melting temperature through
an increase in the specific surface free energy of the
system. The amount of plasticization was quantified
using the model proposed by Chow, suggesting that
the improved processability of intractable materials in
the presence of CO2 can be related to the glass-transi-
tion depression ratio (Tg/Tg0). The plasticization pro-
cess appears to be dependent on the intrinsic proper-
ties of the polymer and its interaction with CO2, being
predominantly greater for PTFE.
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