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ABSTRACT: The foaming of thin (~100 um) polysulfone (PSU), poly(ether sulfone) (PES), and cyclic
olefin copolymer (COC) films using carbon dioxide as a physical blowing agent has been studied.
Microcellular foam morphologies were obtained by saturating the polymer with carbon dioxide and heating
the sample above the glass transition temperature of the polymer/gas mixture after releasing pressure.
The temperature range at which foaming took place was examined in detail, and the physical processes
fixing the final foam morphologies were discussed. We find that the ease of plasticization of the different
polymers and the CO; diffusion coefficient under foaming conditions determine the morphology of the
foams. Nucleation and growth of cells starts at the T, of the polymer/gas mixture; however, this process
is severely inhibited by enhanced diffusion of gas from the films. The maximum cell density attainable
is not determined by the ease of nucleation. Instead, CO; loss by diffusion to the exterior of the sample
determines the maximum number of cells in the polymer. This effect, which at sufficiently high
temperatures results in decreasing cell densities with increasing temperature of the foaming bath, becomes
stronger for the more readily plasticized system (COC > PSU > PES) and causes an upper temperature

limit where foaming stops.

1. Introduction

Microcellular foaming of glassy polymers with carbon
dioxide or nitrogen used as a physical-blowing agent was
first described by Martini and co-workers.! In general,
microcellular foams are characterized by a cell size of
around 10 um and a cell density between 10° and 10'®
cells/cm3. Several techniques are developed since then
to prepare microcellular foams using gases in their
supercritical and nonsupercritical state as physical
blowing agents. These techniques all rely on the same
principle: (1) the polymer is saturated with a gaseous
penetrant (blowing agent) at high pressure, (2) the
polymer/gas mixture is quenched into a supersaturated
state by either reducing pressure or increasing temper-
ature, and (3) nucleation and growth of gas cells
dispersed throughout the polymer sample evolves until
all thermodynamic forces driving mass transport vanish.
Thermoplastic polymers can be foamed using continuous
extrusion methods. In this process, the gas is fed into
an extruder and mixed with the polymeric melt at
elevated temperatures and pressures. The polymer/gas
mixture subsequently foams once it passes the die of
the extruder. Noncontinuous foaming techniques have
been used as well. Two alternatives should be distin-
guished here. The first alternative (the autoclave
method), which is physically the closest one to the
continuous method, consists of saturating a polymer
batch with the gaseous penetrant at a temperature
above the glass transition temperature of the homoge-
neous polymer/gas mixture. The microcellular structure
is obtained by quenching pressure, either instanta-
neously or at a controlled rate. The second alternative,
which we used in the present work, consists of saturat-
ing the polymer batch (a thin film in our experiments)
at a temperature below the glass transition temperature
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of the mixture. After removal of the saturated polymer
film from the high-pressure vessel, it is foamed during
a rapid heating step at a temperature (the so-called
foaming temperature) above the glass transition tem-
perature of the mixture. It is important to note that the
saturated glassy structure in this case does not foam
as a result of a pressure quench. If the polymer is
quickly removed from the high-pressure saturation
vessel, expansion of the polymer caused by nucleation
and growth of cells is inhibited by the rigidity of the
glassy structure. However, during the time before the
heating step is applied, carbon dioxide will desorb from
the polymer film, which leads to reduced carbon dioxide
concentrations near the film surfaces. The foamed films,
therefore, always show dense (unfoamed) surface layers
and foamed cores.

The aforementioned techniques have been used to
investigate the foaming behavior of amorphous and
semicrystalline glassy polymers such as poly(vinyl
chloride),? polystyrene,3* polycarbonate,>6 poly(methyl
methacrylate),5-8 poly(ethylene terephthalate),® and
polysulfone.1911 In some cases, the influence of the gas
saturation pressure and the temperature on the micro-
cellular morphologies were interpreted in terms of
classical nucleation theories. With thin polymer samples
(films or sheets) such an interpretation is hampered,
because mass conservation of the nucleating phase is
not obeyed, i.e., carbon dioxide diffuses into the environ-
ment on the time scale during which the microcellular
structure is formed. The main purpose of the present
work is to investigate how (1) this phenomenon affects
the cell density as a function of temperature and (2) this
phenomenon depends on the plasticization of different
polymeric materials.

In this work, we study the microcellular foaming
process of PSU, PES, and COC. Polysulfone, poly(ether
sulfone), and cyclic olefin copolymer microcellular foams
are featured by improved mechanical properties!? in
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Figure 1. Chemical structures of the (a) bisphenol A polysul-
fone and (b) poly(ether sulfone) monomer units and (c) the
cyclic olefin copolymer structure.

combination with a high thermal stability. These closed-
cell foams possess very low dielectric constants and good
thermal insulation properties. The work described in
this paper forms the basis for the production of open-
cellular foams,'® which have numerous applications in
devices to control mass transport, i.e., membranes for
ultrafiltration, hemodialysis, etc.

In this article, we will show how the discontinuous
microcellular foaming process described above can be
used to form thin foamed polymeric films with micro-
cellular morphologies. In the first part of our investiga-
tion (section 3.1), we show the strong impact of several
process conditions on the final foam morphology. The
studied parameters are optimized such that maximum
cell densities, minimal cell diameters, and minimal
mass densities are obtained. In the second part (section
3.2), we will present the influence of the foaming
temperature on the microcellular foam morphology of
the different polymers. In particular, we show that
foaming of amorphous glassy polymers is only possible
in a well-defined temperature window, which is set by
the plasticization behavior of the polymer/gas mixture.
Four different temperature zones are identified, and
their typical characteristics are presented as well as the
influence of different mechanisms controlling the foam
formation process over the entire temperature range.
It will be shown that the characteristics of the cell
density vs temperature graphs are determined by
bubble nucleation for strong plasticization resistant
polymers and by deterioration of nuclei caused by
diffusion in easily plasticized polymers.

2. Experimental Section

2.1. Materials. Three commercially available polymer
samples, bisphenol A polysulfone (PSU), type Udel P-3500,
received from Amoco Chemicals, Belgium, poly(ether sulfone)
(PES) type 7300 P, received from Sumitomo Chemicals, Japan,
and a cyclic olefin copolymer (COC), type Topas COC 6013,
received from Ticona, Germany, are used in this work. The
chemical structures of the three different polymers are shown
in Figure 1. Tetrahydrofuran (THF), dimethylformamide
(DMF), N-methylpyrrolidone (NMP), cyclohexane, hexane, and
ethanol were purchased from Merck (analytical grade) and
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Table 1. Polymer Film Properties

density
sample My (kg/mol) My (kg/mol)  Mw/M, T4 (°C) (g/cm?)

PES Mp1: 173 kg/mol; Mp2: 622 kg/mol 228 1.39
PSU 33.9 67.1 1.98 193 1.26
coc 54.0 84.5 1.57 139 1.01

Table 2. Dual Mode Sorption Parameters of CO; for the
PES, PSU, and COC Films at 25 °C

kp (cm3(STP)/cm3®  Cy' (cm3(STP)/cm?3

sample (polymer)/bar) (polymer)) b (bar 1)
PES 0.308 39.02 0.1257
PSU 0.101 41.88 0.0866
cocC 0.072 40.43 0.0178

used as received. Carbon dioxide was purchased from Praxair
having purity a larger than 99.99%.

2.2. Film Preparation. The polymers are used as received
without further purification for film formation. Solutions of
PSU, PES, and COC were prepared by dissolving 20 wt %
polymer in THF, NMP, and cyclohexane, respectively. Thin
films of around 100 um thickness were formed by solution
casting on a glass plate. The casted PSU and COC films were
dried in a nitrogen atmosphere at room temperature for 24 h,
whereas the PES film was dried in a nitrogen atmosphere at
75 °C for 4 h. Subsequently, the homogeneous dense films were
removed from the glass plate with the help of a small amount
of water and further dried under vacuum (Heraeus VT 6060M
in combination with an Edwards RV3 rotary vane pump) at
30 (PSU), 100 (COC), and 150 °C (PES) for several weeks to
remove the last traces of solvents. These films were analyzed
using gas chromatography (headspace technique) to determine
remaining THF and cyclohexane and elemental analysis (N)
to determine remaining NMP traces. The remaining solvent
concentrations were all found smaller than 0.03 wt %. The
presence of residual solvent traces in the polymer film can
cause open-cell formation.!3

2.3. Polymer Film Characterization. Absolute molecular
weights and molecular weight distributions of the PSU and
COC samples were determined by gel permeation chromatog-
raphy (GPC) using a system equipped with Waters u-Styragel
columns (108, 105, 104, 10%), a Waters 510 HPLC pump with
DMF (PSU and PES) and cyclohexane (COC) as the mobile
phase, and a Waters 411 RI detector in combination with a
Chromatix KMX-6 LALLS detector. The PES sample showed
a bimodal molecular weight distribution. Because of this, we
only determined the molecular weight at the peak maximum
(Mp) relative to polystyrene using the described analytical
setup. A Perkin-Elmer differential scanning calorimeter DSC7
was used to determine the glass transition temperature (Ty)
of the prepared films. The Ty was obtained from the second
run, using a heating rate of 20 K/min. Density measurements
on the films at 25 °C were performed using a Micromeritics
AccuPyc 1330 pycnometer. The molecular weight values, the
polydispersities, the glass transition temperatures, and the
mass densities of the prepared polymer films are summarized
in Table 1.

The equilibrium sorption of carbon dioxide into the three
different polymer films was measured using a dual volume
setup similar to the one described by Koros et al.'*'> The
equipment used and the experimental procedure of the sorp-
tion measurements is described elsewhere.’® Sorption iso-
therms for the pressure range up to 50 bar at 25 °C were
determined for all films. The obtained equilibrium data points
were fitted by the dual mode sorption model.Y” The model
parameters are given in Table 2. Figure 2 shows the carbon
dioxide sorption isotherms for the polysulfone, poly(ether
sulfone), and cyclic olefin copolymer samples at 25 °C. Using
the dual mode sorption parameters, the extrapolated absorbed
amount of carbon dioxide at 50 bar and 25 °C in the PSU film
amounts to 39.1 cm? (STP)/cm? (polymer). The PES sample
exhibits an approximately 25% higher sorption capacity for
carbon dioxide at 50 bar and 25 °C, which amounts to 49.1
cm?® (STP)/cm® (polymer), whereas the COC films shows a
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Figure 2. Sorption isotherm for the sorption of CO, in PSU
(m), COC (O), and PES (*) at 25 °C. (Symbols are experimental
values, and lines represent the dual mode sorption model fit.)

significantly lower sorption capacity, which amounts to 22.7
cm?® (STP)/cm? (polymer).

2.4. Microcellular Foam Formation (Pressure Cell
Technique). The prepared polymer films were cut into 4 cm
x 4 cm pieces and placed in a pressure vessel connected to a
carbon dioxide cylinder. The samples were then saturated with
carbon dioxide at room temperature (23—25 °C) and elevated
pressure (10—50 bar). Subsequently, the carbon dioxide was
quickly released from the pressure vessel (within 1 s). After
removing the gas-saturated polymer film from the pressure
vessel, the sample was immersed in a glycerol bath maintained
at the desired temperature during a fixed time (foaming time).
The foamed samples were next quenched in an ethanol/water
(1 + 1) mixture, washed in ethanol for a least 1 h, and dried
under vacuum (Heraeus VT 6060M in combination with an
Edwards RV3 rotary vane pump) at 30 °C for 24 h to remove
traces of ethanol and water.

2.5. Microcellular Foam Characterization. The foamed
polymer films were characterized to determine their mass
densities, cell densities, cell size distributions, and thickness
of the dense outer skin. The mass densities of the foamed
polymer samples were analyzed by using the flotation weight
loss method (ASTM D-792) with hexane (PES/PSU) and
ethanol (COC) as liquid. Liquid uptake in the foamed sample
could not be observed during the measurement, which process
would overestimate the true density. The obtained mass
densities are average values of the entire polymer sample, i.e.,
the foamed core part including the integral dense skin.

The microcellular morphologies of the foamed samples were
investigated using a Joel TM220A scanning electron micro-
scope (SEM). The samples were freeze fractured in liquid
nitrogen and sputter coated (Balzers/Union 040) with gold at
an argon pressure of 0.1 Torr for 10 min at a current of 15
mA. The cell densities were determined from SEM micro-
graphs using a procedure described previously by Kumar et
al.? In this procedure, only the number of cells inside a window
located in the center part of the foam was counted. The cell
size was obtained by measuring the maximum diameter of
each cell perpendicular to the skin. To determine the cell size
distribution, the size of at least 150 cells in the core part of
the cross section of the fractured foam sample was measured.
The thickness of the integral skin was determined using the
method described by Kumar and Weller.*8

3. Results and Discussion

Applying the discontinuous pressure cell technique,
several variables that can influence the foam morphol-
ogy need to be optimized and fixed to elaborate the
effects of changing just one of these on the microcellular
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foam morphology. The important variables in our pro-
cess are the following: (a) foaming time: residence time
of the gas saturated sample in the heating bath; (b)
saturation time: residence time in the CO, pressure
vessel; (c) transfer time: the time elapsed between
removing the saturated polymer sample from the pres-
sure vessel and the heating step; (d) saturation pres-
sure: the CO; pressure in the saturation vessel; (e)
foaming temperature: the temperature of the foaming
bath. The influence of these factors on the foam mor-
phology was systematically studied to get a thorough
understanding of the foaming process itself. The vari-
ables were optimized to obtain homogeneous cell size
distributions, maximum cell densities, and minimum
mass densities.

The optimization experiments were performed using
PSU films. The obtained results can be transferred to
the other polymer films investigated, because of similar
physical and mechanical properties as well as shape.
In section 3.1 the experimental results of the variables
(a)—(d) are presented. Next, the influence of the foaming
temperature is investigated by fixing (a)—(d) at their
optimized values. In the first part of section 3.2, the
influence of the saturation pressure and the foaming
temperature is investigated for PSU samples. In the
second part of this section, we show that the extent to
which carbon dioxide plasticizes the polymer determines
optimum temperature windows for foaming.

3.1. Optimization of the Foaming Process. (a)
Foaming Time. Since heat and mass transport phe-
nomena control the foaming process, the foaming time
is an important parameter. Experiments were per-
formed with PSU samples, which were saturated with
CO, for 2 h at 50 bar. After a rapid release of the
pressure, the samples were immersed in the heating
bath at 180 °C for 5—60 s. The cell densities as well as
the mass densities showed constant values for foaming
times between 5 and 60 s, indicating that the cell growth
process occurs at times smaller than these, and coarsen-
ing phenomena do not occur. Kumar et al.>1° showed a
strong influence of the foaming time on the cell density,
using the pressure cell technique applied to 1.5—2.0 mm
thick polycarbonate and poly(vinyl chloride) samples.
Apparently, here, heat transfer times are much larger
compared to the times in our experiments performed
with ~100 um thick films. Time-dependent temperature
profiles for polymer films with a thickness of 100 um
and 2 mm were calculated, and the results show that
the films reach the temperature of the foaming bath
after 0.05 and 15 s, respectively. In these calculations
a constant thermal diffusion coefficient of 2 x 1077 m?/s
was used.?0

(b) Saturation Time. To compare the cell densities
of different foamed polymer samples, a homogeneous
cell size distribution across the fractured surface is
necessary. This can only be obtained when a homoge-
neous carbon dioxide concentration profile across the
film has established in the saturation step. Concentra-
tion gradients result in asymmetric cell densities and
cell size distributions across the film. The experiments
described in section (a) were performed by saturating
the samples for 2 h. These foams showed homogeneous
cell distributions. Additional experiments were per-
formed in which PSU films were saturated during
several time intervals between 20 and 180 min at room
temperature, using 50 bar carbon dioxide pressure.
Using a short but constant transfer time (10 s), the
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Figure 3. SEM micrographs of foamed PSU films as a function of transfer time, viz., (A) = 1 min, (B) = 5 min, (C) = 10 min, and
(D) = 20 min. Magnification: 1000; the white horizontal bar indicates 10 xm.

saturated films were foamed at 180 °C for 30 s. The
films saturated longer than 60 min did no longer show
changes in the cell density of the foam. This result was
confirmed by calculating the time-dependent concentra-
tion profile in the film using a diffusion equation for
plane sheets derived by Crank?! assuming an uniform
initial CO; distribution and equal surface concentration.
In these calculations a constant diffusion coefficient of
1 x 1072 m?/s was used, which was determined by
Wang and Kamiya?? for carbon dioxide in polysulfone
at 25 °C at infinite dilution. In the following experi-
mental series, all films were saturated for at least 2 h
to ensure a complete saturation of the PSU film.

(c) Transfer Time. Carbon dioxide desorption from
the film surface during the transfer step between the
pressure cell and the heating bath results in a dense
skin on the foamed polymer films. This phenomenon
was modeled by Wessling'® and Kumar and Weller.1823
In our experiments we have chosen a foaming temper-
ature close to the glass transition temperature of the
pure polymer, in contrast to the foaming experiments
described by Wessling, which were performed far below
the glass transition temperature of the pure polymer.
Our choice of the foaming temperature leads to a
significantly reduced skin formation. Saturation of PSU
films took place at room temperature with 50 bar carbon
dioxide pressure for 2 h. The transfer time was varied
between 0.5 and 20 min, after which the samples were
foamed at 180 °C for 30 s. A linear relation between
the average layer thickness of the skin and the square
root of the desorption time was obtained, in agreement
with the results presented by Wessling.1? To visualize
this effect, SEM micrographs for foamed P-3500 films
are shown in Figure 3 for different transfer times, i.e.,
1, 5, 10, and 20 min. It is clearly visible that with
increasing transfer time the thickness of the integral
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Figure 4. Cell size distribution in a foamed PSU film. The
film was saturated with 10 bar carbon dioxide at 25 °C and
foamed at 180 °C for 30 s. A Gaussian fit with an average value
d = 4.0 um and variance o4’ = 5.0 um? was performed through
the data.

skin increases. In addition, the cell size increases with
increasing transfer time. This is caused by the reduction
of the carbon dioxide content of the film, which we will
study in more detail in the next section.

(d) Saturation Pressure. The dissolved amount of
carbon dioxide is a crucial quantity which significantly
affects the cell density and the average cell diameter
as already observed by varying the transfer time (Figure
3). To investigate the dependence of these properties on
the carbon dioxide concentration in the polymer, PSU
films were saturated for 2 h at different carbon dioxide
pressures and subsequently foamed at 180 °C for 30 s.
A typical cell size distribution for a saturation pressure
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Figure 5. Cell size distributions of foamed PSU films
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Figure 6. Cell size distributions and the average cell diameter
of foamed PSU films saturated at different carbon dioxide
pressures at room temperature. All films were foamed at 180
°C for 30 s.

(Psat) of 10 bar is shown in Figure 4. The cell sizes obey
a Gaussian distribution with average d = 4.0 um and

variance o4~ = 5.0 um?. The cell size distributions at
different saturation pressures are shown in Figure 5.
It is clearly visible that, with increasing carbon dioxide
concentration, both the average diameter and the vari-
ance of the distributions decrease. In Figure 6, we have
plotted the average cell diameter and the cell density
vs the CO, concentration in the polymers. The cell
density apparently grows exponentially with the CO,
concentration; the average cell diameter decreases
linearly. Itoh et al.!! investigated the influence of the
saturation pressure on the cell diameter and cell density
for polysulfone, Sumilite FS-1200. The foaming process
took place in a heated air oven to induce foaming.
Because of the slower heat transfer in their experiments
and a different method for measuring the cell diameter,
direct comparison to our results is questionable. Despite
this, these authors observed similar trends at various
CO, concentrations. Handa and Zhang?* performed
similar investigations for PMMA. Their results show
comparable cell size and cell density patterns with the
dissolved carbon dioxide concentration.
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carbon dioxide for 2 h at room temperature. Foaming times of
30 s were used.

3.2. Influence of the Foaming Temperature.
Since foaming can only take place above the Ty of the
polymer/gas mixture, the foaming temperature is an
important parameter to control foam morphology. To
investigate the influence of the foaming temperature
and the dissolved carbon dioxide concentration simul-
taneously, PSU samples were saturated at 15 and 50
bar for 2 h at room temperature and foamed for 30 s at
temperatures between 90 and 220 °C.

The cell and mass densities for the two saturation
pressures are plotted in Figures 7 and 8 vs the foaming
temperature. From the cell density curve in Figure 7,
it can be seen that no foam structure can be obtained
below a foaming temperature of 95 and 125 °C at 50
and 15 bar CO, saturation pressure, respectively. This
is confirmed by the mass density pattern in Figure 8,
which shows no density change below these tempera-
tures. The temperature at which foaming starts shifts
to lower values with increasing CO, concentrations. This
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effect is directly related to the glass transition depres-
sion, which will be discussed later.

In addition to the lower bound temperature limit, an
upper bound limit is observed. Above this temperature,
which equals approximately 205 °C, foam formation can
no longer be observed. This limiting temperature is 12
°C above the Ty of the pure polymer. The films, if foamed
above this limiting temperature, are transparent after
they are removed from the heating bath and show
approximately the same density as the unfoamed poly-
mer films. The density discrepancies in the foaming
temperature range between 210 and 220 °C are due to
deformation of the film samples hampering accurate
measurements of the mass density. Scanning electron
micrographs of the microcellular morphologies at (i) the
lower temperature limit, (ii) elevated temperatures, and
(iii) the upper bound temperature limit are shown in
Figure 9. The PSU samples shown here were saturated
with CO; at 50 bar and 25 °C prior to foaming. From
this point on, we will refer to the lower and upper bound
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Figure 9. SEM micrographs of PSU films saturated with 50 bar and foamed at 70 (A), 100 (B), 130 (C), 160 (D), 190 (E), and 210
°C (F). Magnification: 1000; the white horizontal bar indicates 10 um.

temperatures as Tiower and Typper, respectively.

In between the lower and upper bound temperatures,
Tiower and Typper, the cell density curve passes through
a maximum and the mass density curve passes through
a minimum. The temperature, Tmax, Where the maxi-
mum of the cell density appears, is independent of the
saturation pressure and is located at ca. 160—170 °C.
The absolute values of the cell density, however, differ
very much from each other, as expected (section 3.1.d).
At exactly the temperature region where the cell density
passes a maximum, the mass density pattern passes a
minimum.

Kumar and Weller® reported the dependence of the
cell density on the foaming temperature for polycarbon-
ate. Their graphically presented data of the cell density
dependence on the foaming temperature are comparable
with the pattern we presented in Figure 7; viz., the cell
density increases with increasing foaming temperature,
reaches a maximum, and decreases by further increase
of the foaming temperature. However, the maximum
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Figure 10. Representation of the cell density dependence on
the foaming temperature of PSU films, saturated with 50 bar
of carbon dioxide for 2 h at room temperature. Foaming times
of 30 s were used.

foaming temperature investigated by Kumar and Weller
was only 10 °C above the glass transition temperature
of the polymer, which might not be far enough (below
Tupper) to observe the phenomenon of the disappearance
of the cellular structure. No physical interpretations of
the trends were given by these authors. Handa and
Zhang?* performed foaming experiments with PMMA
using carbon dioxide as physical blowing agent. Similar
to Kumar and Weller, their foaming temperatures were
also restricted to temperatures below Typper. The ob-
served cell density data levels off at higher foaming

Macromolecules, Vol. 34, No. 4, 2001

temperatures, and Handa and Zhang ascribe this ob-
servation to cell coalescence. In the following we will
show that the observed trend can be explained differ-
ently.

By analyzing the cell density and mass density
patterns (Figures 7 and 8), one can distinguish between
four different zones (I-1V) graphically represented in
Figure 10. We will discuss these below in consecutive
order:

l. Ttoam < Tiower: Below the lower bound temperature
limit, the polymer/gas mixture is in a glassy state. The
mechanical properties of the vitreous state avoid expan-
sion of the polymer. To confirm that foaming starts
exactly at the T, of the polymer/gas mixtures, Tiower Was
determined at various CO; concentrations and then
extrapolated back to zero concentration. The zero con-
centration temperature must then resemble the glass
transition temperature of the pure polymer. PSU films
were saturated for 2 h at different pressures, viz., 10,
15, 20, 30, 40, and 50 bar. Subsequently, the carbon
dioxide pressure was released quickly, and each of the
samples was immersed in a heating bath for 30 s. By
increasing the temperature of the heating bath, the
temperature at which foaming of the sample just
became visible could be determined. At this transition,
the sample turns from transparent into white. In
addition, SEM micrographs of the sample were prepared
to confirm the formation of cells. Typical SEM micro-
graphs to determinate the glass transition are shown
in Figure 11. Clearly, cell formation can be seen at 150
and 100 °C for 10 and 50 bar carbon dioxide pressure,
respectively. The glass transition temperature was
defined as the average of the two adjacent temperature
values at which the transparent-to-white transition just
did and did not occur. The dependence of the glass

99e 22

Figure 11. SEM micrographs of PSU films saturated with 10 bar (A, B) and 50 bar (C, D) of carbon dioxide and foamed at 140
(A), 150 (B), 90 (C), and 100 °C (D). Magnification: 1000; the white horizontal bar indicates 10 xm.
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Figure 12. Glass transition temperature of PSU as a function
of the carbon dioxide concentration (The straight line repre-
sents a least-squares fit of the experimental data.) The dashed
(z =1) and the dotted (z = 2) lines represent the Chow model?”
where z is the lattice coordination number.

transition temperatures of PSU on the dissolved carbon
dioxide concentration is shown in Figure 12. The data
points were fitted with a linear equation,

_ 70
T,=Ty—Ac Q)
where T4 represents the actual glass transition tem-
perature of the polymer/gas mixture, Tg the glass
transition temperature of the polymer free of carbon
dioxide, ¢ the equilibrium concentration of the dissolved
carbon dioxide in the polymer, and A an empirical
plasticization parameter typical for this polymer/
penetrant system. Least-squares fitting of the data
resulted in a value for A of 2.526 K/(cm3 (STP)/cm3
(polymer)). The axis intercept in Figure 12 describes the
glass transition temperature of the pure, carbon dioxide
free, polymer and equals 196 °C. From DSC experiments
(Table 1) a glass transition temperature of 193 °C was
obtained, which is in excellent agreement with the
extrapolated value. The linear fit, eq 1, has proven to
accurately describe the T4 depression of various poly-
mers in independent experiments.2>26 The model pro-
posed by Chow?” was used to predict the Tq4 of the
polymer/gas mixture, and the results are shown in
Figure 12. The calculations are performed using Acy,
= 201 J/(kg K) for the specific heat change at the glass
transition temperature for polysulfone determined by
Itoh et al.}! and a lattice coordination number (z) of 1
(dashed line) and 2 (dotted line).28 The Tg in the Chow
model is the one we determined with DSC (Table 1).
The calculations do not predict the experimental deter-
mined T4, which was also seen by Itoh et al.

Il. Tiower < Tioam < Tmax. Foaming occurs, and the
cell density reaches a maximum at Tmax, Whereas the
mass density reaches a minimum value at Tpyax. In this
temperature zone, the proces of nucleation and growth
of cells determines the final foam morphology. The cell
density appears to be exponentially related to the
temperature of the foaming bath, which is common in
homogeneously nucleating systems.?® Kumar and Weller,>
who studied the foaming of polycarbonate, observed
similar behavior.
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Figure 13. SEM micrographs of PSU films saturated with
50 bar of carbon dioxide for 2 h at room temperature and
foamed for 30 s at 180 (A) and 200 °C (B), respectively.
Magnification: 5000; the white horizontal bar indicates 5 um.

I Trmax < Troam < Tupper: In this temperature zone,
the cell density decreases until the upper limit, Typper,
is reached, where the formation of a microcellular
structure can no longer be observed. At temperatures
between Tmax and Typper, SEM micrographs show de-
creasing cell sizes and increasing thickness of cell walls
(cf. Figure 13). Therefore, the decrease in cell density
cannot be explained by cell coalescence but must be
explained by loss of CO, from the thin films before
significant growth of cells occurs. Whereas diffusion of
CO, to the exterior phase is expected in zone Il as well,
here the system apparently is plasticized sufficiently
strong that CO; loss prevails over cell growth. Micro-
scopically, the strong driving forces at small spatial
scales will always facilitate cell growth; however, the
time scale relevant for the growth process apparently
is long enough for the CO, molecules to next move in
the direction of the macroscopic gradient that points
toward the exterior of the film. During this transient
time, the polymer matrix surrounding the gas cells is
in the rubbery or melt state due to the significant
amount of dissolved CO,. We note at this point that the
term “plasticization” used in this context refers to
enhanced mobility of the monomer units, which is
caused by (1) the dissolved CO, molecules and (2) the
large thermal energy unit k,T. As a result of both, the
CO, diffusion coefficient increases strongly.

Above, we hypothesized that the maximum in cell
density is a result of two competing processes. At Tiam
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= Tmax, the mass transport resistance of the plasticized
polymer phase has dropped to an extent such that the
rate of penetrant loss is competitive to the cell growth
rate. At Tram > Tmax, the process of penetrant loss
prevails, and diffusion of the carbon dioxide to the
outside of the polymeric material controls the process.
Of course, Tmax Will be different when different polymers
are considered, but we believe that the location of Tmax
cannot be predicted on the basis of the T of the polymer
only. Its value will be fully determined by the extent in
which dissolved CO; plasticizes the system.

IV. Tfoam = Tupper: N0 foamed morphology is obtained
if the gas-saturated polymer is immersed in a heating
bath with a temperature above Typper. The mass density
of the obtained samples is close to the density of the
pure polymer. In this zone, the foaming temperature is
above the glass transition temperature of the pure
polymer. Under this experimental condition, cells, ini-
tially nucleated in the system, have disappeared after
the foaming experiment is completed. Most likely, cells
cannot grow to large sizes because CO, diffuses to the
exterior phase under the strong plasticizing conditions.
Because the pure polymer, which remains after foaming,
is in a melt state, the small cells that have been formed
will disappear. In contrast, when Tiam is below Tg
(zone 11 and I11), the formed cells are locked in by the
surrounding glassy matrix. The exact value of Typper Will
depend on the polymer properties, such as the melt
viscosity and the molecular weight, and therefore can
vary from one polymer to another. Preliminary results
showed that Typper is also a function of the foaming time.
In a following paper we will show that amorphous low-
Ty polymers can be foamed at temperatures far above
the Ty of the pure polymer; i.e., large transient values
for Tupper — Tq are observed.

Strong and Weak Plasticizing Systems. Our in-
terpretation of plasticization phenomena, giving rise to
a maximum in the cell density vs the foaming temper-
ature (Figure 7), can be validated by investigating
polymer systems that are less susceptible or, alterna-
tively, more susceptible to plasticization effects occur-
ring at elevated temperatures in comparison to PSU.
As a less plasticization susceptible system, we have
chosen PES whereas COC was taken as a stronger
plasticization susceptible system. The plasticization
resistant system should show a shift of Trmax to higher
temperatures (closer to Tg), whereas the plasticization
susceptible system should show a shift to lower tem-
peratures (further from Tg).

A measure of the plasticization resistance is the glass
transition depression induced by dissolved CO,. In
Figure 14, we have plotted the T4 for PES, PSU, and
COC dependent on the dissolved carbon dioxide con-
centration. The Ty's were determined from the trans-
parent-to-white transitions in foaming experiments as
described above. PES shows the highest and COC the
lowest resistance for COz-induced plasticization. This
trend is reflected by the plasticization parameter A. In
Table 3 the plasticization parameters as well as a
comparison of the extrapolated Tg's (obtained from
Figure 14) with Ty's measured by DSC are presented.
The glass transition temperatures are in good agree-
ment to each other and show the accuracy of this
method to determine the glass transition temperature
as well as the glass transition temperature depression.
To emphasize the difference in plasticization of the three
polymers, we show the glass transition temperature
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Figure 14. Glass transition temperature of PSU (H), COC
(0), and PES (*) dependent on the dissolved amount of carbon
dioxide.
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Figure 15. Glass transition temperature depression of PSU
(m), COC (O), and PES (*) dependent on the dissolved amount
of carbon dioxide.

Table 3. Plasticization Parameter and Glass Transition
Temperature Data of PES, PSU, and COC Films

A, K/(cm3 (STP)lcm®  Ty(extrapolated), T4(DSC),
°C °C

sample (polymer)
PES 2.07 222 228
PSU 2.53 196 193
cocC 2.76 137 139

depression of the three polymers dependent on dissolved
CO, concentration in Figure 15.

Although the glass transition depressions merely
reflect changes in the chain dynamics of the polymer
due to dissolved CO,, we are confident that the differ-
ence in this property between the polymers describes
the dynamic changes that occur at Tmax as well. Recent
molecular simulations®® have indicated that the re-
sponse of the monomer dynamics to changes in temper-
ature and to changes in the number of dissolved
penetrants is similar.

Figure 16 shows the cell density of PES, PSU, and
COC vs the foaming temperature. The polymer samples
were saturated at 50 bar CO; pressure for 2 h at room
temperature. The dotted lines confine the foaming
temperature range in which foam formation is observed.



Macromolecules, Vol. 34, No. 4, 2001

50 70 90 110 130 150 170 190 210 230

14

10 T T T 1 T T T L
F :=— Foaming range—
PES :
o
§ 10k
S~
«
©
© .
,_,f‘ " : : Foaming range :
@ 10°F : PSU =
() : :
© E./'T\\\.E
° ’; i
O " : ; o : :
0F : =
- . Foaming range
: Topas
10 Ll L ] ! !

50 70 90 110 130 150 170 190 210 230
Foaming temperature, °C

Figure 16. Cell density of PSU (W), COC (O), and PES (*) for
different foaming temperatures saturated with 50 bar of
carbon dioxide for 2 h at room temperature. Foaming times of
30 s were used. (Symbols are experimental values, and lines
are plotted to guide the eye.) The dotted lines confine the
foaming temperature range in which foam formation is
observed.

For PES the cell density values in the temperature
range between 125 and 150 °C are not included because
these could not accurately be determined. Clearly,
however, foamed samples are white and show signifi-
cantly reduced mass densities in this region. At foaming
temperatures above 200 °C, the cellular structure for
PES could not be analyzed because of extreme deforma-
tion of the obtained films. Also in this region, films are
white whereas they become transparent above 220 °C.
For COC, cell density data could not be obtained in the
temperature range between 155 and 180 °C because of
the extreme brittleness and deformation of the foams.
For all three samples, the upper temperature limit,
Tupper, IS located at exactly the temperature where the
films become transparent again. Mass density measure-
ments confirmed the locations of Typper. A maximum cell
density, Tmax, for PES cannot be identified but if present
lies well above the value observed for PSU. On the other
hand, the maximum cell density for COC appears at 100
°C, well below the value observed for PSU. The differ-
ence, Tmax — Tupper, for PES (based on Tmax ~ 200 °C) is
smaller than for PSU; i.e., the diffusional loss of CO,
has a significantly reduced influence. In contrast to this,
the difference Tmax — Tupper for COC is much larger than
for PSU, which shows the increased plasticization effect
of CO, for COC compared to PSU. This plasticization
effect is also observed from the absolute increase in the
cell density with temperature over the entire foaming
range. Whereas in PES the cell density increases more
than 1 order of magnitude between Tiower and Tmax, iN
PSU the cell density increase is less than 1 order of
magnitude, and COC shows the lowest cell density
increase over the entire foaming temperature range.
The limiting temperatures, Typper, for PES, PSU, and
COC are reached at approximately 220, 205, and 180
°C, respectively, which was confirmed by mass density
measurements. For PES and PSU these temperatures
are in the vicinity of the Ty's of the pure polymers; for
COC this value lies well above its Tg. The maximum
cell density for PES obtained for samples saturated at
50 bar carbon dioxide pressure are 2.9 x 1013 cells/cms3,
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Figure 17. SEM micrographs of PES, PSU, and COC films
saturated with 50 bar and foamed at 200 (A), 160 (B), and
100 °C (C), respectively. Magnification: 5000; the white
horizontal bar indicates 5 um.

which is much higher in comparison to PSU with a
maximum cell density of 6.9 x 10! cells/cm3 and COC
with a maximum cell density of 1.8 x 10! cells/cm?3. The
large differences in the cell densities pertain to the
varying concentrations of carbon dioxide dissolved in the
three polymers at 50 bar (Figure 2). To visualize the
difference in cell density for the three polymers, SEM
micrographs of foams which were prepared at Tiam =
Tmax are shown in Figure 17.
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4. Conclusions

The microcellular foaming process using carbon di-
oxide as physical blowing was successfully applied to
polysulfone, poly(ether sulfone), and cyclic olefin copoly-
mer. Physical properties of the polymers used as well
as their gas sorption properties were characterized. The
different process parameters, viz., foaming time, satura-
tion time, transfer time, saturation pressure, and foam-
ing temperature, were thoroughly discussed to tailor
microcellular foam structures, i.e., to control the mass
and cell density, the cell size distribution, and the
thickness of the dense outer skin.

Four different foaming temperature regimes were
identified. The different mechanisms at play at the
various temperature zones were discussed as well as
their influence on the final foam morphologies. It was
demonstrated that foaming only takes place in the
temperature range between the Ty of the polymer/gas
mixture (Tiwer) @nd an upper bound temperature, Typper.
In between these temperatures, the cell density passes
through a maximum at Tmax, because two competing
processes are at play: nucleation and growth of cells
and diffusion of carbon dioxide out of the plasticized
polymer matrix.

To investigate the plasticization phenomena further,
a poly(ether sulfone) sample and a cyclic olefin copoly-
mer sample were foamed. The obtained results confirm
that the dominating factor controlling the foam forma-
tion is the ability of the carbon dioxide to plasticize the
polymer matrix.
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