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ABSTRACT: Microcellular polymer foams afford a wide variety of attributes relative to their dense
analogues, and efforts remain underway to establish viable routes to generate foams with substantially
reduced pore cell size and increased pore cell density. Barrier constraints are applied in the present
work to achieve diffusion-controlled isothermal foaming of thin polymer films in the presence of
supercritical carbon dioxide (scCO2). Poly(methyl methacrylate) (PMMA) films measuring ca. 95-100
µm in thickness are physically constrained between two impenetrable plates so that scCO2 exit diffusion
is restricted to the film edges. Results obtained here demonstrate that the pore size can be systematically
reduced to less than 100 nm in such systems by applying high saturation scCO2 pressures, relatively low
foaming temperatures (near the glass transition temperature of the scCO2-plasticized polymer), and a
rapid pressure quench. Classical nucleation theory (CNT) modified to account for the compressible nature
of scCO2 is used to describe pore cell growth as a function of foaming temperature and scCO2 saturation
pressure. Incorporation of a gradient model based on the Sanchez-Lacombe equation of state to account
for PMMA-CO2 interfacial tension in conjunction with the CNT yields accurate predictions of foam cell
densities as a function of relevant system parameters.

Introduction

Supercritical CO2 (scCO2) is a versatile compressible
solvent that can be used to facilitate numerous polymer
processes.1-3 In addition to being environmentally be-
nign, naturally abundant, and relatively inexpensive,4-6

scCO2 has attracted much attention as a physical
blowing agent for use in polymer foaming, since its
tunable properties can provide exceptional control of
foam morphologies through systematic variation of
scCO2 pressure (or, equivalently, density) under iso-
thermal conditions. In the past decade, continuous7-9

and batch10-16 foaming methodologies have been devel-
oped to generate well-defined microcellular foams with
cell diameters measuring on the order of 10 µm or less
from glassy polymers in the presence of scCO2. Pressure-
induced foaming is conducted according to the following
process sequence: a homogeneous polymer/gas solution
prepared at high pressure is subjected to a rapid
pressure quench to promote the nucleation of gas
bubbles, which subsequently grow until the temperature
of the heterogeneous solution drops below the glass
transition temperature (Tg) of the plasticized polymer
and the pore cells become immobilized within the
vitrified polymer matrix.

Prior polymer foaming studies have employed scCO2
as a porogen for glassy thermoplastics such as polysty-
rene,8,12,13 polycarbonate,11 polysulfone,14 poly(methyl
methacrylate) (PMMA),16 and polyimide15 as well as for
a few semicrystalline thermoplastics, e.g., poly(ethylene
terephthalate)17 and polyamide.18 The foamed struc-
tures may exhibit either wholly closed or open pore cells,

or a mixture thereof, depending on the processing
conditions and physical properties of the polymer.
Closed cell foams are particularly beneficial in technolo-
gies requiring lightweight barrier or high-strength
materials19-21 whereas open cell foams are useful as
separations membranes, fuel cells, tissue scaffolds, and
drug-release substrates.22-26 Most foaming studies per-
formed to date have focused on (i) discerning the
foamability of a given bulk polymer and (ii) tailoring
the final foam morphology through systematic variation
of saturation pressure, exposure time, foaming temper-
ature, and depressurization rate. To relate some of these
variables, Krause et al.14 have introduced the concept
of a “foam diagram,” which identifies the existence of
the critical scCO2 concentration required to switch from
closed- to open-cell morphologies.

Development of porous polymer thin films has become
increasingly important due to the number of emergent
technologies based on such materials.23,27-32 This is
typically achieved through extensive use of organic
solvents in multiple steps. In contrast, the use of scCO2
as a porogen to generate nanoporous polymer films
without postpurification appears highly attractive. Re-
cent results reported by Krause et al.33 confirm the
formation of open-cell nanoporous morphologies in
polysulfone/polyimide blends subjected to scCO2 foam-
ing. In this work, we introduce a novel protocol by which
PMMA thin films are foamed by isothermal pressure-
induced phase separation in the presence of scCO2 over
a wide range of operating conditions. Results obtained
during this study demonstrate that, by constraining CO2
surface diffusion through the use of impenetrable bar-
riers positioned on each side of the polymer film,
uniform foam morphologies with high cell densities can
be routinely produced. Such surface-mediated homoge-
neous nucleation is examined in the context of classical
nucleation theory (CNT) modified accordingly to account
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for scCO2 as the porogen, and predicted pore cell
densities are found to compare favorably with experi-
mental results.

Theoretical Background
The mechanism of microcellular foaming in polymers

has been generally described by homogeneous classical
nucleation models,34-36 although new theoretical devel-
opments have been introduced to provide a more rigor-
ous thermodynamic interpretation of the nucleation
process.37 In the present work, we extend the CNT,
which embodies the essential physics of nucleation, to
scCO2-induced foaming of polymer films by accounting
for the effect of scCO2 compressibility on surface tension.
In the framework of CNT, the rate of homogeneous
nucleation is given by36

where Nh is the rate at which the number of bubble
nuclei is generated per unit volume, C is the porogen
density, f is the frequency factor of porogen molecules,
k is the Boltzmann constant, and T denotes absolute
temperature. The energy barrier for homogeneous nucle-
ation (∆Gh) is36

where ∆P is the magnitude of the pressure quench and
γbp is the interfacial tension at the polymer-scCO2
interface.

The interfacial tension can be represented by com-
bining the Cahn-Hilliard gradient model and a suitable
equation of state38 such as the Sanchez-Lacombe39

lattice-fluid equation of state, which likewise predicts
density and composition as functions of pressure and
temperature, viz.,

where r is the number of occupied lattice sites, and F̃,
P̃, and T̃ represent reduced density, pressure, and
temperature, respectively. A detailed discussion of this
equation of state with respect to polymer-scCO2 sys-
tems is available elsewhere.40 In the case of a phase-
separated binary polymer-scCO2 system, the interfacial
tension can be expressed as38

Here, ∆Fi is the density difference of component i (i ) 1
or 2) partitioned between two coexisting phases (denoted
by I and II), F̃ is the reduced density, φi is the volume
fraction of species i, κij is an interaction parameter
between species i and j, and vm,i* is the unit volume of
species i. The change in interfacial free energy density
(∆a) is the difference between the actual interfacial free
energy density and that which would exist if a line of
zero thickness separated each phase, i.e.

where µi
e is the equilibrium chemical potential of

component i. The term g signifies the molar Gibbs free
energy of a homogeneous interfacial region:

Combining eqs 4-6, followed by numerical integration
in combination with appropriate mixing rules for the
interfacial region (provided with the Sanchez-La-
combe39 equation of state), yields predictions for PMMA-
scCO2 interfacial tension in terms of system tempera-
ture and pressure.

The frequency factor of porogen molecules (f) can be
written27 as 4πrc

3ZRimp, where Z is the Zeldovich factor
that accounts for cell coalescence, Rimp is the rate of
impingement of gas molecules per unit area, and rc is
the critical nucleus radius given by 2γbp/∆P. It im-
mediately follows that the theoretical cell density Nth
can be ascertained from

where Psat is the saturation pressure of the blowing
agent, Patm is atmospheric pressure, and dP/dt repre-
sents the depressurization (vent) rate. Equations 1-7
constitute the complete framework for the modified CNT
proposed here. Within the context of this framework,
the term ZRimp serves as a one-time fitted parameter,
while pure-component properties are obtained from
tabulated sources. The density of the polymer-scCO2
mixture is combined with the composition of the mixture
(both computed from the Sanchez-Lacombe39 equation
of state) to yield the temperature- and pressure-depend-
ent porogen concentration (C) in the swollen polymer
network. Thus, values of Nth are predicted in terms of
temperature, pressure, and depressurization rate for
any polymer-scCO2 system insofar as the polymer is
molten and pure-component properties are available.

Experimental Section
Materials. The PMMA (Plexiglas VM-100) employed in this

study was provided in pellet form by Elf Atofina N.A. (King of
Prussia, PA) and purified prior to foaming. The number- and
weight-average molecular weights from GPC analysis of the
purified PMMA were 70 000 and 107 000, respectively, and
the mass density at 25 °C was 1.18 g/cm3. Carbon dioxide
(>99.8% pure) was obtained from National Specialty Gases
(Durham, NC), whereas reagent-grade toluene (99.98% pure)
was purchased from Aldrich Chemicals (St. Louis, MO) and
used as-received.

Methods. A 10 wt % solution of PMMA in toluene was
prepared by dissolving the polymer for 12 h and subsequently
filtered using 0.45 µm membranes. Pure PMMA was precipi-
tated from the solution and redissolved in toluene at a
concentration of 30 wt % PMMA. Thin films measuring 95-
100 µm thick were produced by casting this solution on a glass
plate with a universal blade applicator (Gardco Corp., Miami,
FL). The cast films were dried for 48 h at ambient temperature
and then placed under vacuum at 40 °C for another 24 h.
Densified PMMA films were removed from the glass plate by
immersing the plate in water, and free-standing films were
subjected to vacuum-drying at 40 °C for an additional 12 h to
remove residual water or solvent prior to foaming. The batch
foaming assembly, schematically depicted in Figure 1, con-
sisted of a high-pressure view cell that housed the polymer

Nh ) Cf exp(-
∆Gh

kT ) (1)

∆Gh )
16πγbp

3
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F̃2 + P̃ + T̃[ln(1 - F̃) + (1 - 1
r)F̃] ) 0 (3)

γbp ) 21/2 |[κ11
1/2 + κ22

1/2(∆F2/∆F1)]|
vm,1*

∫
φ1

I

φ1
II

F̃∆a1/2 dφ1 (4)

∆a ) F̃[g - ( φ1

vm,1*)µ1
e - ( φ2

vm,2*)µ2
e] (5)

g ) -F̃P* + P/F̃ +

kT[(1/F̃ - 1) ln(1 - F̃)
v0*

+ ln F̃
v*

+
φ1 ln φ1

v1*
+

φ2 ln φ2

v2* ]
(6)

Nth ) ∫Psat

PatmNh
dP

dP/dt
(7)

Macromolecules, Vol. 37, No. 26, 2004 Foaming of Polymer Thin Films with scCO2 9873



films. The films were either sandwiched in a foaming die
(explained later) or left free-standing. The entire cell was
placed in an oven with a cascade control of heating and cooling
elements to ensure uniform temperature distribution within
(0.5 °C. Gaseous CO2 was fed to the cell from an ISCO high-
pressure pump at a fixed pressure. Desired pressure and
temperature conditions were accurately maintained by a
Bridgeview process control algorithm in conjunction with a
Fieldpoint data acquisition system. The interfaced control
valve assembly in this configuration also permitted systematic
variation of dP/dt to alter the rate of bubble nucleation. The
dried polymer films were cut into 1.3 cm × 2.5 cm rectangles
for foaming experiments. Once the cell was heated to a desired
foaming temperature, each specimen was saturated with
scCO2 for a desired period of time (6 h was found to be
sufficient) at an elevated pressure up to 34.5 MPa. After this
time, the foaming cell was depressurized rapidly under
isothermal conditions to promote pressure-induced phase
separation of scCO2 from the PMMA to yield the final foam.

Foamed samples were dried under vacuum at 50 °C for 24
h, fractured in liquid nitrogen, and mounted on stubs with
carbon tape for Au/Pd sputtering in an Anatech Hummer 5
sputtering system. Films prepared for secondary electron
imaging were pulse-coated with 25 nm of Au/Pd, dried under
vacuum for an additional 24 h, and examined by scanning
electron microscopy (SEM) with a Philips 505T electron
microscope. Select uncoated specimens were imaged with
backscattered electrons in a variable-pressure Hitachi S3200N
electron microscope maintained at a chamber pressure of 60
Pa of He. Images were acquired at an accelerating voltage of
10-15 kV. Secondary electron images were analyzed for cell
diameters, cell densities, and the thickness of the unfoamed
outer skin. The cell diameter was taken as the average of two
orthogonal cell dimensions, and the cell density was calculated
using the method of Kumar and Suh.10

Results and Discussion
Our attempt to foam thin polymer films using prin-

ciples established for bulk polymers19-21 is illustrated
in Figure 2, which shows an image acquired from a
PMMA film foamed in scCO2 at 31.0 MPa and 50 °C.
The foam clearly exhibits three distinct regions: (i) a
microcellular core, (ii) a transition zone between the core
and unfoamed skin, and (iii) a relatively thick unfoamed
surface skin accounting for almost 70% of the film
thickness. The microcellular core possesses a mean cell
diameter of ca. 1 µm and a cell density of ca. 1011 cells/
cm3. Attempts to improve the foaming process (i.e.,
reduce cell size, increase cell density, and decrease skin
thickness) by varying temperature and pressure do not
substantially improve the ultimate foam morphology.

Diffusion-Controlled Foaming. The results dis-
played in Figure 2 can be understood by recognizing the
underlying differences between foaming bulk polymers
and thin polymer films. An illustration of the foaming
process in thin polymer films is provided in Figure 3.
Each step in the sequence of events described earlier
for pressure-induced foaming is crucial to the develop-
ment of the final foam morphology and relates back to
CNT. The formation of discrete CO2 bubbles induced by
a sudden change in the pressure of the supersaturated
PMMA-scCO2 solution proceeds by nucleation. When
a CO2 nucleus forms, its spherical shape minimizes the
interfacial energy between the CO2-rich nucleus and the
higher-viscosity molten polymer matrix. As the solubil-
ity of CO2 in the polymer decreases and more CO2
molecules separate from the solution, three possibilities
arise. If, in scenario I, the degree of supersaturation is
sufficiently high so that ∆Gh in eqs 1 and 2 is overcome,
new stable nuclei develop. In the absence of such
supersaturation (scenario II), CO2 molecules diffuse into
preexisting bubbles, thereby causing them to grow.
Scenario III witnesses the migration of CO2 molecules
to external surfaces where they exit the polymer matrix.
These three processes are competitive and depend on
factors such as the quantity of CO2 molecules available
for nucleation, the rate at which CO2 is available, the
physical characteristics of the polymer-rich phase, and
the interactions between the two phases. The CO2
bubbles ultimately generated must be stabilized as the
polymer-rich phase vitrifies to form a final foam mor-
phology.

Foaming polymer thin films introduces a fundamental
dilemma: CO2 diffusion from the film surfaces occurs
on a comparable time scale as pore cell growth. Because

Figure 1. Schematic diagram illustrating the setup employed
in this work to foam polymer thin films in the presence of
surface constraints to control scCO2 diffusion upon depres-
surization.

Figure 2. Backscattered SEM image of a PMMA film foamed
at 50 °C and 31.0 MPa scCO2 after an exposure time of 6 h
and a depressurization rate of 6.89 MPa/s without diffusion
control.

Figure 3. Illustration depicting the outcome of foaming thin
polymer films at different temperatures in the absence of
surface constraints. At high temperatures, large, polydisperse
cells form and reshape the polymer film. At low temperatures,
small cells form within the film core, resulting in thick,
nonporous (“skin”) regions near the film surfaces.
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of the relatively large area available for CO2 molecules
to exit the swollen polymer, the CO2 reservoir required
for additional nucleation and cell growth (intrinsically
limited due to the mass of the film) is rapi-
dly depleted. These two opposing transport mechanismss
surface diffusion and pore cell growthsare responsible
for variable material properties (e.g., viscosity, Tg, and
diffusion coefficients) along the surface normal. Such
heterogeneity, combined with variable processing condi-
tions (such as differences in temperature, as shown in
Figure 3), yields nonuniform foam morphologies. High-
temperature foaming promotes the formation of large,
polydisperse cells and an irregular skin thickness with
discontinuous surfaces. At lower temperatures (closer
to the Tg of the polymer-gas solution), foams possess a
relatively uniform microcellular core and a smooth
contiguous skin (cf. Figure 2). The SEM images pre-
sented in Figure 4 show PMMA thin films foamed at
two temperatures (80 °C in Figure 4a and 40 °C in
Figure 4b) under isobaric conditions (34.5 MPa) and
exemplify the two regimes portrayed in Figure 3. More
detailed descriptions of foaming conditions will be
provided in later sections.

In light of these observations, restricting CO2 surface
diffusion is anticipated to increase the availability of
CO2 for cell nucleation and growth as well as for
enhanced cell uniformity. To test this hypothesis, a
metal foaming die has been designed and machined with
smooth planar surfaces which, when used to sandwich
the polymer thin film, serves as a physical barrier to
CO2 diffusion from the film surfaces. During depres-
surization, CO2 molecules may only escape from the film
through the relatively thin edges, thereby increasing the
residence time of CO2 within the CO2-swollen polymer.
Figure 5 shows a micrograph of a PMMA film foamed
under identical conditions as the one displayed in Figure
2, but with the surface constraint. The difference in
foam morphology is obvious. Distinguishing character-
istics of the surface-constrained foam are cell uniformity
and an ultrathin layer (corresponding to a single layer
of cells) of unfoamed skin with a smooth surface.
Confinement of the thin film in the foaming die appears
to eliminate property gradients across the film thick-

ness, as well as promote uniform cell growth, thereby
yielding a fully microcellular foamed film. In the fol-
lowing sections, the roles played by several process
variables in foaming constrained polymer thin films
have been systematically investigated to elucidate the
mechanism of foaming polymer thin films and test
theoretical predictions.

Effect of Exposure Time. To understand the de-
pendence of cell density on process variables, we must
first ensure that the time of exposure is sufficient for
scCO2 sorption into the polymer to reach its thermody-
namic solubility. Diffusion-regulated foaming has been
performed at a constant temperature of 40 °C and a
scCO2 saturation pressure of 34.5 MPa for exposure
times ranging from 15 min to 24 h. Measured cell
densities (N) are provided as a function of exposure time
in Figure 6 and confirm that CO2 sorption reaches its
equilibrium solubility after about 2 h. Although it was
not measured here, the saturation time of scCO2 in
analogous unconstrained polymer thin films is expected
to be substantially shorter due to the greater surface
area available for sorption. In marked contrast, the
saturation time measured10 from bulk foaming studies
of thick PMMA disks is ∼22 h. This difference in
saturation times is attributed to the diffusion path
length, which scales as time1/2 if we assume that (i) the
concentration-average diffusion coefficient depends only
on temperature and (ii) pressure and edge effects are
negligible. By extrapolation, the saturation time for an
unconstrained PMMA film measuring 100 µm thick is
estimated to be only ∼3 min, which illustrates the
impact of surface barriers on CO2 diffusion. On the basis

Figure 4. SEM images of PMMA films foamed at 34.5 MPa
scCO2 after an exposure time of 6 h and a depressurization
rate of 6.89 MPa/s without surface constraints at two temper-
atures (in °C): (a) 40 and (b) 80. These experimental results
confirm the illustration displayed in Figure 3.

Figure 5. Backscattered SEM image of a PMMA film foamed
at 50 °C and 31.0 MPa scCO2 after an exposure time of 6 h
and a depressurization rate of 6.89 MPa/s with surface
constraints. Compare these results with those provided in
Figure 2.

Figure 6. Dependence of cell density (N) on exposure time
at 40 °C and 34.5 MPa scCO2 after a depressurization rate of
6.89 MPa/s with surface constraints. The solid line connects
the data, and the vertical line identifies the exposure time used
throughout the remainder of this study.

Macromolecules, Vol. 37, No. 26, 2004 Foaming of Polymer Thin Films with scCO2 9875



of these observations, we have elected to use a constant
exposure time of 6 h throughout the remainder of this
study.

Effect of Saturation Pressure. Figure 7 shows a
series of SEM images acquired from foam morphologies
generated after pressure quenches conducted at 40 °C
and 6.89 MPa/s from 6.89 to 34.5 MPa scCO2. All the
foams exhibit a uniform cell morphology and a dense
(unfoamed) skin, the thickness of which depends on the
saturation pressure. While no foaming is observed at
lower pressures (e.g., 5.52 MPa), bubble nucleation is
evident at 6.89 MPa, which is close to the critical
pressure of CO2 (7.38 MPa). A sharp increase in cell
density by over 3 orders of magnitude occurs at 10.3
MPa. This transition differs from results reported10 for
bulk PMMA foamed with scCO2, wherein high levels of
cell nucleation (∼1011 cells/cm3) are only achieved at
saturation pressures in excess of 27.6 MPa. The en-
largements included in Figure 7 more clearly reveal the
fine differences in pore cell size and shape that ac-
company the increase in saturation pressure. Since the
saturation pressure is a measure of the amount of scCO2
available for cell nucleation and growth, a low satura-
tion pressure translates into a limited scCO2 reservoir.
This relationship is consistent with the foam morphol-
ogies, composed of isolated and spherical pore cells,
generated at low pressures. As the scCO2 pressure is
increased (and the amount and rate at which CO2
molecules become available for nucleation likewise
increase), a larger population of cells is capable of rapid
nucleation.

As the pore cells grow, the foam expands, and the
molten polymer-rich phase between neighboring cells
thins. Continued cell growth reduces the intercellular
distance so that the pore cells eventually lose their
spherical shape and adopt a close packing arrangement
that is the most energetically favorable at the time of
polymer vitrification. The foam morphology produced at
34.5 MPa (Figure 7c,f) consists of fine pore cells sepa-
rated by thin flat struts. Foaming constrained PMMA
thin films under the operating conditions listed above
yields pore cells with diameters commonly ranging from
<100 to ∼400 nm. Figure 7c, in particular, confirms the
existence of a closed-cell porous morphology. This
observation is contrary to results from independent
studies15,33 reporting the formation of a bicontinuous
open-cell nanoporous morphology in polysulfone and
poly(ether imide) at high scCO2 concentrations. Pore cell
densities and sizes extracted from images such as those
presented in Figure 7 are displayed as functions of CO2

pressure in parts a and b, respectively of Figure 8.
Variation in scCO2 pressure is responsible for pore cell
densities that vary by as much as 4 orders of magnitude.
Similarly, average cell sizes range from 30 µm to <200
nm as the concentration of scCO2 is increased under
isothermal conditions.

Two other noteworthy characteristics warrant discus-
sion at this juncture. The first is the thickness of the
unfoamed skin, which appears to measure on the same
length scale as a single layer of pore cells at each
operating pressure examined and therefore varies ac-
cordingly. The second is the rapid increase in pore cell
density with increasing CO2 pressure between 6.89 and
13.8 MPa. This trend is accurately captured in predic-
tions from the modified CNT. The solid line included in
Figure 8a denotes the predicted effect of scCO2 pressure
on pore cell density of the foamed films and demon-
strates excellent agreement between predictions from
the present theoretical framework and experimental
observations, especially at high pressures (since

Figure 7. SEM images of PMMA films foamed at 40 °C and a depressurization rate of 6.89/s with surface constraints at three
scCO2 pressures (in MPa): (a) 6.89, (b) 17.2, and (c) 34.5. The images in the bottom row are enlargements of the corresponding
images in the top row.

Figure 8. Cell density (a) and average cell diameter (b) as
functions of scCO2 pressure at 40 °C and a depressurization
rate of 6.89 MPa/s with surface constraints. Solid and dashed
lines in (a) are predictions from the modified nucleation theory
proposed here and CNT, respectively.
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the polymer-CO2 solution is liquidlike at these condi-
tions). The Sanchez-Lacombe39 equation of state, as
well as the interfacial tension expressions employed
here, offers accurate predictions for homogeneous nucle-
ation in polymers foamed with high-pressure CO2.

Effect of Temperature. The foaming temperature
constitutes another important design consideration,
since the extent of foaming, commonly expressed in
terms of pore cell size, is dictated by how far the
polymer-CO2 solution is removed from its Tg. For this
reason, the foaming temperature in the present study
has been varied from 25 °C, which is just below the
critical temperature of CO2 (31.1 °C), to 120 °C at 34.5
MPa and a depressurization rate of 6.89 MPa/s. The
SEM images presented in Figure 9 illustrate foamed
morphologies generated at three different temperatures,
and the corresponding cell densities and mean cell
diameters are provided as functions of temperature in
parts a and b, respectively of Figure 10. No foaming is
observed at the lowest temperature. Previous efforts by
Goel and Beckman11 have shown that the Tg of PMMA
can drop to as low as 32 °C when exposed to high scCO2
pressures. Foaming first occurs here when the temper-
ature is increased to 35 °C, and cell densities exhibit a
maximum in the vicinity of 40 °C (Zone I in Figure 10a)
before decreasing with increasing temperature (and
decreasing polymer melt strength8) up to 120 °C (Zone
II). Similar variation in pore cell density has been
reported by Krause et al.14 in their efforts to foam high-
Tg polymers.

A profound difference is apparent in the pore cell
morphologies generated within these two temperature
zones. At the lowest foaming temperature, tiny spherical
cells are surrounded by relatively thick cell walls. This
morphology reflects the leathery (high-viscosity) nature
of plasticized PMMA not far removed from its Tg during
foaming. At temperatures higher than the Tg of the
solution (>40 °C), a large population of pore cells
exhibits uniform size and shape with relatively thin cell
walls. At very high temperatures, however, the cells are
distorted due to the high rate of cell coalescence and
long growth time afforded by the low polymer viscosity
prior to vitrification. Pore cell densities predicted from
the modified CNT framework developed here are in-
cluded in Figure 10a and exhibit reasonably good
agreement with the experimental data. While the
predictions indicate that the pore cell density decreases
with increasing temperature in Zone II, they become
increasingly less accurate at low temperatures in Zone

I. Recall that, in this zone, the plasticized PMMA
behaves as a viscoelastic solid and not as a molten
polymer, which is expected to introduce errors in the
Sanchez-Lacombe39 equation of state.

Effect of Depressurization Rate. The depres-
surization rate limits the rate at which CO2 is available
for cell growth upon phase separation and thus repre-
sents the driving force for cell evolution. As such, the
pore cell density is expected to increase with increasing
depressurization rate. To test this hypothesis, we have
foamed constrained PMMA thin films generated at 40
°C and 34.5 MPa. In this series, the depressurization
rate is varied (by the control valve assembly) from 0.345
to 6.89 MPa/s. As anticipated from CNT considerations,
the highest cell nucleation densities coincide with the
fastest depressurization rate explored (cf. Figure 11).
The small population of large pore cells that results from

Figure 9. SEM images of PMMA films foamed at 34.5 MPa scCO2 and a depressurization rate of 6.89 MPa/s with surface
constraints at three temperatures (in °C): (a) 35, (b) 80, and (c) 120. The images in the bottom row have the same magnification
and are enlargements of the corresponding images in the top row. Note the magnification change in (a) in the top row from those
in (b) and (c).

Figure 10. Cell density (a) and average cell diameter (b)
presented as functions of temperature at 34.5 MPa scCO2 and
a depressurization rate of 6.89 MPa/s with surface constraints.
Solid and dashed lines in (a) are predictions from the modified
nucleation theory proposed here and CNT, respectively. The
two zone designations are discussed in the text.
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slow depressurization reflects the increase in time over
which depressurization proceeds. Although a large
number of pore cells nucleate at the onset of foaming,
an increase in depressurization time results in increased
pore cell coalescence as CO2 molecules from small cells
merge into larger cells with lower overall surface area
per unit volume. It follows that the depressurization
time corresponds to the time available for the foam
morphology to evolve from initial nucleation to the end
of the growth period once the polymer vitrifies. Faster
depressurization reduces this interval and prevents
substantial coalescence prior to solidification.

Conclusions

In this study, we present a novel process strategy to
produce tailored micro/mesocellular foams in PMMA
thin films. This method restricts outward porogen
diffusion to the film edges, thereby permitting retention
of gas molecules for pore cell development even at
relatively low saturation pressures and high foaming
temperatures. While this work employs PMMA as the
sole polymer to be foamed, the surface-constraint strat-
egy developed here relies on fundamental transport
principles and should extend to other polymers as well,
which is demonstrated elsewhere.41 The resultant foams
not only exhibit uniform pore morphologies at submi-
cron length scales but also possess thin unfoamed skins.
An increase in cell density and a reduction in cell
diameter are observed with increases in saturation
pressure, exposure time, and depressurization rate, as
well as with a decrease in temperature. Classical
nucleation theory is modified to take into account the
compressible nature of CO2 and yields accurate predic-
tions of cell nucleation density as a function of temper-
ature and pressure. These results taken together dem-
onstrate that constrained polymer foaming constitutes
a promising and versatile route to the controllable
production of novel and possibly nanostructured42 poly-
meric materials.
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