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ABSTRACT: The aim of this work was to investigate the foaming process of
high-performance thermoplastic polymers such as polyethersulfone (PES),
polyphenylsulfone (PPSU), polyetherimide (PEI), and
poly(ethylene-2,6-naphthalate) (PEN) expanded by using supercritical carbon
dioxide as a blowing agent. All polymers were characterized by differential
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scanning calorimetry (DSC) and rheological analysis to roughly identify the
foaming conditions. Batch and solid-state foaming methods were employed. In
the first case, cell nucleation was promoted by inducing a fast pressure drop rate
in a pressurized vessel. In the solid-state process, foaming was promoted by
increasing the temperature of gas-saturated samples in an oil bath. The effects of
foaming methods and process parameters on cellular morphology were analyzed.
All polymers were successfully foamed by using the solid-state technique,
showing relative densities ranging from 0.13 to 0.44 for PEN and from 0.27 to 0.57
for PES, PPSU, and PEL The morphology was microcellular in all cases, and PES
exhibited nanocellular cells after some processing conditions. The batch-foaming
process was less effective to prepare foams than the solid-state one. In fact, higher
relative densities and reduced temperature windows for foaming were evidenced
for amorphous polymers, whereas PEN crystallized during the heating step and
foams with poor morphology and high relative densities were obtained. © 2011

Wiley Periodicals, Inc. Adv Polym Techn 30: 234-243, 2011; View this article
online at wileyonlinelibrary.com. DOI 10.1002 /adv.20219
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I Introduction

T he growing need of decreasing weight in high-
performance applications such as in automo-
tive, transport, and aeronautic industries is increas-
ing the use of foams in lightweight structures when
high bend and shear strength, high rigidity, good im-
pactstrength, low thermal, acoustic, and electric con-
ductivity are required. Conventionally, polymeric
foams are employed in many applications such as
packaging, thermal and acoustic insulation, and in
absorption of impact energy. The service tempera-
ture of these conventional applications is not much
different from the room temperature,! but one of the
new main requirements in high-performance appli-
cations is the availability of foams capable of being
continuously used at high temperatures.>~*

To maximize the mechanical properties after the
linear elastic region, a microcellular (cell density of
at least 10° cells/cm® and diameters of less than
10 um should be prepared®~7) closed-cell structure
in foams should be produced. Today, very few high-
performance microcellular foams are available in the
market, probably due to the difficulties in manufac-
turing them. They are based on thermosetting poly-
mers and are usually obtained by using complex and
long processes, such as foaming from low molecular
weight precursors® or stabilizing the cellular struc-
ture by means of polymer cross-linking.’

Owing to their several advantages over the ther-
mosetting polymers (recyclability, weldability, re-
duced processing time, and lower manpower), ther-
moplastics are preferred but a complete understand-
ing of foamability conditions of high-performance
thermoplastic matrices is still lacking.

The main procedure used for the production
of thermoplastic polymeric foams is based on the
following steps: (a) solubilization of the blowing
agent (usually a gas) in the polymer, (b) genera-
tion of a thermodynamic instability in the solution
(through a pressure drop or a temperature increase)
to induce cell nucleation and growth, and (c) sta-
bilization of the cellular structure by means of a
cooling step.!® The morphology and the relative
density of foams are significantly influenced by the
blowing agent solubility, saturation pressure, foam-
ing time, foaming temperature, and pressure drop
rate, so the microstructure can be tailored through
the careful choice of the foaming conditions to pro-
duce a wide range of foam densities and cellular
morphologies.3~>

To better understand the foaming process of poly-
mers, discontinuous processes are preferred to con-
tinuous ones, such as the extrusion foaming. These
techniques allow to evaluate in the most effective
way the effects of polymer/gas mixture proper-
ties (such as viscosity, glass transition temperature,
surface tension, gas solubility, and diffusivity) and
processing parameters (temperature, pressure drop
rate, and gas content) on cellular morphology and
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density of foams, thanks to their ability to indepen-
dently control the gas sorption step and the foaming
step (cell nucleation and growth). Among all discon-
tinuous foaming techniques, we have used the batch
foaming!!"!? and the solid-state®!? techniques. In the
first case, cell nucleation was promoted by control-
ling the pressure drop rate directly in the pressur-
ized vessel used to solubilize the blowing agent. In
the solid-state process, foaming was promoted by in-
creasing the temperature of gas-saturated samples in
an oil bath after the blowing agent solubilization.

Some authors have already used the solid-state
method to investigate the properties of some engi-
neering thermoplastic polymers.>~1® They put in
evidence that foaming only takes place in the tem-
perature range between the T, of the polymer/gas
mixture and an upper bound temperature, Typper-
Their results suggested that the dominating factor
controlling the foaming process was the ability of
the blowing agent (CO,) to plasticize the polymer
matrix. According to Tang et al.,'? high carbon diox-
ide content could result in a blowing agent gradient
along the sample thickness. This aspect could heav-
ily influence the final morphology of such thermo-
plastic polymers.

Most of the previous works on high-performance
foams were predominantly focused on amor-
phous matrices but, among the semicrystalline
polymers, foaming of PET and PEEK was also
investigated.>11:18.20

The goal of this paper was to investigate the
foaming process of several amorphous engineer-
ing thermoplastic polymers (polyethersulfone, PES;
polyphenylsulfone, PPSU; polyetherimide, PEI) and
of a semicrystalline one (PEN). The latter was se-
lected because of its lower processing temperatures
when compared to PEEK, PEK, and PEKK. In fact,
it possesses a high T; (125°C, only 20°C lower than
T, of PEEK) with the advantage of a melting tem-
perature of 260°C, allowing less difficult processing
conditions.

I Experimental

The polymers used (PES, Ultrason E3010 from
BASF, Ludwigshafen, Germany; PPSU, Radel R5000
from Solvay, Brussels, Belgium; PEI, Ultem 1000
from General Electric, Fairfield, CT, PEN, Teonex
TNB8065S from Teijin, Osaka, Japan) were selected
according to the requirement of a minimum contin-
uous working temperature of 200°C.

The blowing agent, carbon dioxide with a pu-
rity of 99.9%, supplied by S.O.N. (Societa Ossigeno
Napoli, Italy), was used as received. The polymers
were vacuum dried at 120°C for 24 h before all the
tests (thermal and rheological analysis, gas sorption,
and foaming processes).

Thermal properties were evaluated by using a dif-
ferential scanning calorimeter (Q1000 DSC from TA
Instruments, New Castle, DE). The glass transition
(Tg) and melting (Ty,) temperatures were determined
by means of a heating scan from room temperature to
300°C at a heating rate of 10°C/min. The maximum
crystallinity of PEN was evaluated after complete
crystallization and reported. Nonisothermal crystal-
lization kinetics was qualitatively evaluated by per-
forming DSC cooling tests from the melt state, with
cooling rates ranging from 1 to 10°C/min.

Rheological oscillatory tests were conducted
by using a parallel plate rheometer (ARES from
Rheometric Scientific, now TA Instruments, New
Castle, DE). Amorphous polymers were tested be-
tween 320°C and 380°C, whereas semicrystalline
polymers were tested between 240°C and 300°C. The
complex viscosity was evaluated in the frequency
range between 0.1 and 10 Hz, and master curves
at 340°C for amorphous and at 240°C for semicrys-
talline polymers were calculated.

Sorption measurements were performed to eval-
uate the solubility of CO, in the selected polymers.
The solubilization of carbon dioxide was performed
in a pressure vessel at 50°C and 65 bar, and the gas
uptake was measured after 24, 48, and 72 h by means
of a high precision balance. The absorbed CO, was
measured as a difference between the weight after
the selected sorption time in the high-pressure ves-
sel and that of the dried sample. The weight of more
than five samples for each polymer was used to eval-
uate the average CO; sorption value. The time delay
between the sample extraction from the sorption ves-
sel and the sample weighting was lower than 10 s.

Samples for the foaming process were prepared in
the form of 0.5-mm thick sheets by the compression
molding technique and then quenched from the melt
state to assure the complete amorphous state before
the gas solubilization step.

Two different techniques were used to foam the
samples: the solid-state and the batch-foaming pro-
cesses. In the first method, the polymers were vac-
uum dried at 120°C for 24 h and then saturated for
48 h in a pressure vessel with CO, at a pressure
of 65 bar and a temperature of 50°C. Subsequently,
the saturated samples were taken out from the ves-
sel and dipped in an oil bath kept at the desired
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TABLE | ||
Material Properties

Polymer Tg (°C) Tm (°C) Density (g/cm3) AHm (J/g) Xc (%)
PES 225 - 1.37 - -
PPSU 220 - 1.29 - -
PEI 215 - 1.28 - -
PEN 125 260 1.33 56.7 30

Relative crystallinity was evaluated considering AH? from Ref. 22.

temperature. The temperature range for the solid-
state foaming process was 160-240°C for both amor-
phous and semicrystalline polymers.

For the batch-foaming technique, the samples
were saturated with CO, in the same conditions
as for the solid-state method, but after 48 h they
were heated to the desired temperature directly in
the high-pressure vessel. As the target temperature
was reached, the internal pressure was suddenly
dropped to the atmospheric pressure at a pressure
drop rate of 40 MPa/s. In this case, the temperatures
investigated were 140-260°C for amorphous poly-
mers and 100-260°C for semicrystalline polymers. It
is worth to note that only results regarding foams
with good cellular structure are reported and dis-
cussed below.

The relative density of foams was calculated as
the ratio between the foam density pf (measured by
the water-displacement method according to ASTM
D792 standard) and the polymer bulk density. Be-
cause of the integral skin and closed-cell structure of
all samples prepared, no water uptake was detected
during measurements.

The morphological parameters of the cellular
structures were evaluated from SEM micrographs
(SEM 5440 from Leica Microsystems, Wetzlar,
Germany). In particular, the mean cell diameter was
calculated from, at least, 50 measures, whereas the
cell density Ny (the number of cells nucleated per
unit volume of the original unfoamed polymer) was
calculated with the following formula?!:

3
n\z 1
—(= 1
No (A> e M
with
Vi=1-2 @)
Ps

where V; is the void fraction of foam, pr is the foam
density, ps is the bulk polymer density, 7 is the num-

ber of cells in the SEM micrograph, and Ais the area
of the micrograph in cm?.

IResults and Discussion

Thermal and rheological properties of the poly-
meric matrices were evaluated because of their role
in the foaming process. In particular, the glass tran-
sition (T;) and melting (Tr,) temperatures measured
on the selected polymers (Table I) by means of DSC
analysis were performed to evaluate the foaming
temperature range for both foaming techniques. All
the amorphous polymers clearly exhibited a glass
transition temperature well above 200°C.

PEN showed a maximum crystallinity of 30% and
was able to crystallize only when slow cooling rates
were employed (Fig. 1); therefore, the crystallinity
of PEN samples was very low, except at a cooling
rate of 1°C/min, as shown in Table II. During the
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FIGURE 1. DSC analysis of PEN at different cooling
rates.
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TABLE Il ||
Thermal Properties from Dynamic DSC Scans of PEN Polymer

Cooling Heating
Cooling Rate (°C/min) Xe (%) Peak T (°C) Heating Rate (°C/min) Xc (%) Peak Ty (°C)
1 9.84 205.75 10 1.47 260.62
2 3.26 195.26 10 0.25 262.28
5 2.21 225.32 10 0.63 263.62

Relative crystallinity was evaluated considering AH? from Ref. 22.

second heating scan, further but small crystallization
occurred.

The master curves of the complex viscosity of
the polymeric matrices evaluated at about 120°C
above their glass transition temperatures (240°C for
PEN and 340°C for PEI, PPSU, and PES) are shown
in Fig. 2. The complex viscosities of all polymers
were not much different in these conditions, even if
the PEN matrix exhibited a slightly lower viscosity
when compared to the others polymers. The com-
plex viscosity of PEN ranged from 5 x 10° Pa s at
low strain rates to 1.3 x 10° Pa s at high strain rates.
Among the amorphous polymers, PES showed the
lowest viscosity, ranging from 6 x 10 at 10~*Hz to
3 x 10° at 10 Hz.

It is worth to outline that the measurement of the
complex viscosity of the semicrystalline PEN ma-
trix at a temperature (T = 240°C) lower than T, was
possible, because of the low crystallization kinetics,
as previously discussed.
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FIGURE 2. Master curves of complex viscosity for all
polymers.

The CO, uptake as a function of the sorption
time for the different polymers is reported in Fig. 3.
Most of the gas uptake in the selected polymers was
reached after 48 h with only a slight increase at 72 h.
Although PEN samples were in the amorphous state,
since they were quenched from the melt state before
sorption measurements, it is interesting to observe
that the CO, uptake after 48 h was about one-half of
the amorphous polymers.

The morphologies of the foam samples prepared
with the solid-state process are shown in Fig. 4. The
relative densities, plotted as a function of the foam-
ing temperature in Fig. 5, show that the semicrys-
talline PEN matrix exhibited the highest expansion
ratios and that all amorphous polymers did not show
cell nucleation below 180°C.

Relative densities between 0.13 and 0.44 were ob-
tained with PEN in a wide range of temperatures
(from 160°C to 240°C), whereas, by using the solid-
state foaming technique, relative foam densities
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FIGURE 3. Sorption of carbon dioxide at 50°C and
65 bar.
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PES

PrPsu

PEl

FIGURE 4. SEM micrographs of foams prepared with
the solid-state foaming process at different temperatures.

obtained from PES, PEI, and PPSU ranged between
0.25 and 0.6 (from 180°C to 240°C). PEI and PES
exhibited a minimum of the relative density in
the explored temperature range. In particular, PEI
showed the minimum relative density at a tempera-
ture around its bulk T, whereas PEN foams showed
aminimum at a temperature 80°C higher than its Tj.
The minimum relative density of PEI was 0.25, two
times higher than the minimum value of PEN, and
was in contrast with the amount of gas solubilized in
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0.6 |- —*— PEN E
—=—PES

<- s PPSU
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FIGURE 5. Relative densities of polymers as a function
of the foaming temperature for the solid-state process.
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FIGURE 6. Cell densities of foams prepared by means
of the solid-state process.

the different polymers. As a result, the relative densi-
ties of PEI, PPSU, and PEI foams were significantly
higher than those exhibited by the semicrystalline
polymer for each foaming temperature.

The cells density of all samples prepared with
the solid-state foaming technique is shown in Fig. 6.
PEN was characterized by lower Ny values (ranging
from 108 to 10') when compared to all amorphous
polymers (N ranging from 10! to 10'). In particu-
lar, when the foaming temperature was lower than
the Ty, Ny values for PEN drastically dropped of
two order of magnitude. An opposite behavior was
exhibited by the amorphous polymers, whose foams
presented a high number of cells (especially for PES)
withlow diameters, nucleated at all foaming temper-
atures either below or above the bulk polymer T;. As
the foaming temperature approached the neat poly-
mer Ty from 240°C, N raised up to a maximum then
decreased (except that for PPSU, which exhibited a
monotonic increasing trend) and cell diameters de-
creased.

The different behaviors were attributed to the dif-
ferent conditions in which the foaming process took
place with respect to the glass transition tempera-
ture of the gas/polymer mixture. It should be noted
that PEI, PPSU, and PES were foamed in a temper-
ature range starting well below their bulk T, and
very good results were obtained, especially in terms
of the high number of nucleated cells. Foams from
PEN were obtained only at temperatures well higher
than its T, (starting from 160°C, Fig. 5). This clearly
indicated that the glass transition temperature Ty, of
the gas/polymer mixture for amorphous polymers

Advances in Polymer Technology DOI 10.1002/adv
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was lower than the foaming temperature (from
180°C).

Equation (1), from the classic theory of bubble
foaming [rearranged from Ref. 23], relates the nu-
cleation rate | to the processing conditions of the
foaming process:

AG,

I = vBlexp (-7 ) Q)
where M is a factor related to the gas concentra-
tion, B is a frequency factor related to the diffusiv-
ity of the gas/polymer mixture, AG. is the barrier
energy for the formation of the stable nucleus of
the bubble, k is the Boltzman constant, and T is the
temperature.

The higher amount of solubilized blowing agent,
affecting the M factor, was not enough to explain the
very large number of nucleated cells in the amor-
phous polymers. In fact, as already discussed by
other authors,'®?* the other (and main, according to
the authors) factor affecting the nucleation was the
strong plasticization effect caused by a higher CO,
contentin the selected amorphous matrices. The CO,
uptake influenced (a) the time scale of gas diffusion
from the gas/polymer mixture to the cells and to
the outside (raising the B factor through the glass
transition temperature depression) and (b) lowered
the barrier energy for the formation of the critical
nuclei (lowering the AG.). Higher gas content in
the polymer depressed to a larger extent the glass
transition temperature Ty, of the gas/polymer mix-
ture and, as a consequence, the driving force for nu-
cleation was higher at each foaming temperature T
(Tt > Tgm). The Tgp, of the gas/polymer mixture very
quickly rose during the foaming process because of
the gas escape from the polymeric matrix into the
cells and consequently the mixture viscosity sharply
and quickly increased. As long as the gas/polymer
mixture Ty was much lower than the foaming tem-
perature, cells were able to nucleate but the raising
viscosity hindered the cell expansion giving low cell
diameters and high relative densities.

PEN samples were not able to be foamed when the
foaming temperature was below or slightly above
their T (Fig. 6). In these conditions, both the expan-
sion and the cellular morphology were quite poor.
The lower amount of solubilized gas resulted in a
much lower plasticization of the polymeric matrix
and, as a consequence, a higher polymer viscosity
and a lower thermodynamical instability for foam-
ing were exhibited. Further investigations should be
performed to clearly clarify this phenomenon.
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FIGURE 7. Mean cell diameters for foams obtained by
means of the solid-state process.

The cellular morphology of all polymers, shown
in Fig. 4, was microcellular. Cell diameters (Fig. 7)
of semicrystalline samples were slightly decreased
with the temperature up to a minimum, at 210°C.
Amorphous polymers showed mean cell diameters
growing with the foaming temperature because of
the viscosity reduction with the temperature. In the
temperature range between 170 and 240°C, PES sam-
ples exhibited a submicrocellular morphology and
cells characterized by diameters of few hundred
nanometers and nanoporous walls were widely de-
tected, in particular at the highest foaming tempera-
ture investigated (Fig. 8). These structures are proba-
bly due to the fast decrease in the CO, concentration
caused by the temperature, which escapes from the
polymeric matrix to form the gaseous phasein a very
fast manner. However, more work should be done
to clearly understand this phenomenon but it is out
of the scope of this paper.

FIGURE 8. SEM micrographs of PES and PEI foams
showing the sub-microcellular structures with
nanoporous walls produced at 240°C.

240
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FIGURE 9. Relative densities of all polymers as a
function of foaming temperature for the batch foaming
process.

Relative density of samples produced by batch
foaming was higher than that of foams prepared
through solid-state process (Fig. 9), and the tem-
perature ranges of latter process were narrower; in
particular PEN foams presented very high relative
densities.

The trend of both cellular morphologies (Fig. 10)
and mean cell diameters (Fig. 11) proves that the de-
pendence of the mean cell diameter on the foaming

PEM

PES

PPSU

PEI

FIGURE 10. SEM micrographs of foams prepared with
the batch foaming process.
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FIGURE 11. Mean cell diameters for foams obtained by
means of the batch foaming process.

temperature was weak in the batch-foaming pro-
cess, being cell dimensions quite constant for PES
and PPSU and slightly decreased for PEI at higher
temperatures. At 160°C, all amorphous polymers
showed small but few nucleated cells, as a conse-
quence of the very high polymer viscosity that hin-
dered the cellular growth. Microcellular morpholo-
gies developed exclusively in PES, PPSU, and PEI,
whereas few and very large cells were present in
foamed PEN samples.

As evident from Fig. 12, the N; values of amor-
phous polymers produced by batch foaming were
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FIGURE 12. Cell densities of foams prepared by means
of the batch foaming process.
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TABLE Il ||
Thermal Properties from DSC Scans on PEN Samples
Foamed with the Solid State (SSF) and Batch-Foaming
Techniques

X (%)
Tioam (°C) SSF BATCH
120 5.1 -
140 9.8 -
160 115 18.9
200 5.2 15.6
220 - 22.2
240 6.4 18.3

Relative crystallinity was evaluated considering AH? from Ref. 22.

two order of magnitude lower than in the case of
solid-state foaming technique at the same foaming
temperatures. PEN samples exhibited irregular mor-
phologies at 160 and 180°C and were not foamed at
higher temperatures. It is interesting to note that cell
density of amorphous polymers prepared by batch
foaming slightly increased with the temperature un-
like foams produced by solid-state technique (Fig. 6).

The temperature played a very important role in
the batch-foaming process, being responsible for (a)
the gas desorption from the polymeric matrix dur-
ing the heating step (see the Experimental section)
and (b) the crystallization of the PEN matrix. The re-
duction in gas solubility was the main factor, affect-
ing the foaming process of amorphous polymers. In
fact, the lower amount of solubilized gas resulted
in a combined effect of lower T; depression and
lower thermodynamical instability (driving force)
that leaded to reduced cell density with respect to
the solid-state foams. Furthermore, the relative den-
sities were higher when compared to the solid-state
foaming samples, because of the lower amount of ab-
sorbed gas and the temperature range for foaming
was narrowed and shifted toward higher tempera-
tures.

On the contrary, the crystallization was the main
factor affecting the foaming process of the PEN ma-
trix. In this case, a quite complete crystallization
of the macromolecules occurred during the heating
step from the sorption temperature to the foaming
temperature (Table III). Cell nucleation and growth
could not take place due to the higher crystallinity
of the PEN samples.

It should be noted that the characteristic time of
the solid-state foaming process (few seconds) was
much lower than the time needed to crystallize

the PEN matrix, because the time interval during
the temperature raise, by immersing the samples in
the oil bath, was quite instantaneous and low crys-
tallinity was developed (Table III). On the contrary,
the heating step in the batch-foaming process was
of several minutes and during this time the PEN
crystallized (Table III). Few sparse cells were nucle-
ated, and they grew only when the lowest foaming
temperatures were used.

I Conclusions

Foams from high-performance thermoplastic
polymers (PEN, PES, PEI, and PPSU) were prepared
by using two different foaming techniques, namely
solid state and batch foaming, and carbon dioxide
as a blowing agent.

PEN foams exhibited the lowest relative densi-
ties (the minimum value was 0.13) and the widest
temperature window for foaming among all sam-
ples prepared by the solid-state foaming technique.
Conversely, the amorphous polymers presented the
highest cell densities and the smallest cell diameters
(less than 1 um in some conditions for PES).

Amorphous matrices always showed microcel-
lular morphology at foaming temperatures either
below or above the bulk polymer glass transition
temperature (T;) due to glass transition temperature
(Tgm) lowering of the gas/polymer mixture induced
by the higher amount of solubilized CO,. In some
processing conditions, PES and PEI samples exhib-
ited nanoporous cell walls and submicrocellular av-
erage diameters of cells. The lower amount of ab-
sorbed gas in PEN hindered the formation of regular
morphology at foaming temperatures below Ty. Fur-
thermore, in solid-state foaming the gas/polymer
demixing during the gas escaping from the poly-
meric matrix, particularly fast in amorphous poly-
mers, prevented high expansion ratios but allowed
both quenching of the cellular structure and very
high cell densities. PEN foams showed lower cell
densities in all processing conditions.

When the batch-foaming process was used, the
gas loss from polymeric matrices occurring in the
heating step, resulted in an increase in the foam
density and the temperature range of foaming pro-
cess was reduced and shifted toward higher tem-
peratures for all matrices with respect to the solid-
state foaming technique. Even in batch-foaming
process, amorphous matrices showed microcellular
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morphology but the number of nucleated cells was
lower than in the solid-state foaming process.

The crystalline phase developed in most PEN
samples during heating; its formation was facilitated
by the solubilized carbon dioxide in the matrix and
prevented a regular cellular structure organization.
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