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Abstract

Polyphenyl sulfone (PPSU) is a highly stable and rigid polymer with good

chemical and mechanical resistance used in automotive and aerospace indus-

tries in high-temperature applications during long-operating cycles. PPSU

foams are applied as core materials in lightweight composites ensuring high

strength, fire resistance, thermal and acoustic insulation. In this paper, PPSU

slabs are foamed using CO2, N2, and He as blowing agents (BAs). An experi-

mental campaign is carried out to estimate the BAs' diffusivity in the polymer.

In details, CO2 diffusivity ranges from 8E-11 to 1E-09 m2/s at temperatures

from 220 to 260�C; diffusivity of N2 ranges from 2E-10 to 5E-09 m2/s

(220–260�C) and it is 4E-09 m2/s for He at 220�C. Foaming tests reveal an

expansion ratio as high as 400% for CO2, 130% for He, and 150% for N2.-

Scanning electron microscopy analysis is also performed on produced samples,

obtaining a cell number density of 1.3E07, 2.6E05, and 1.8E06 cells/cm3 when

saturating, respectively, with CO2 at 220�C and 100 bar, N2 at 220�C and

100 bar, and He at 230�C and 100 bar.
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1 | INTRODUCTION

The need to reduce the weight of everyday use products
and components has become crucial due to the exponen-
tial growth of human activities and their environmental
impact. This reduction is necessary to minimize the car-
bon footprint and overall raw material usage. Among the
sectors most affected by this issue are the automotive and
aviation industries.1 These industries are increasingly
turning to expanded materials as a promising solution,
primarily due to their properties such as low weight, mul-
tiple impact resistance, and excellent energy absorption,
as well as thermal and acoustic characteristics.2–4 Foams

are versatile multiphasic materials which find application
in a variety of industrial fields (such as sports equipment,
furniture, footwear, and packaging).5 Moreover, foams
have found interesting applications beyond these fields.
They are being used in separation processes, tissue engi-
neering for bone reconstruction, and controlled drug
release in pharmaceutical and nutraceutical applications.
This demonstrates the broad range of uses for foams and
their potential in diverse areas.6–8

Gas foaming is the most commonly used technique
for producing foams, primarily because of its high
productivity and versatility. The critical step in the gas
foaming process is the solubilization of a blowing agent
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(BA) in the chosen thermoplastic polymer. When the
BA/thermoplastic polymer solution is subjected to a spe-
cific process temperature and BA pressure, it reaches a
thermodynamic equilibrium after a certain amount of
time. The time required to achieve polymer saturation
depends on the mutual properties of the BA and thermo-
plastic polymer, which regulate the mass transport dur-
ing sorption, including diffusivity. Foaming takes place
when the solution undergoes a thermodynamic instabil-
ity, causing the polymer to become supersaturated. The
release of the BA triggers the nucleation and growth of
bubbles, leading to the formation of the expanded struc-
ture of the foam.9

Among the several BAs alternatives, the most
employed eco-friendly solution in gas foaming processing
is carbon dioxide, which is non-toxic, non-explosive, and
easy to handle, providing an overall favorable interaction
with most polymers.10,11 Polymer foaming using carbon
dioxide is a green process that finds application in a variety
of fields.12 Other gases as nitrogen, helium, and mixtures
are employed.9,13–15 The gas foaming and supercritical
assisted foaming techniques16–18 can be applied to standard
industrial processes such as injection molding, extrusion,
thermoforming, and batch processing. Batch foaming is
also employed at the lab scale to optimize the foaming con-
ditions and provide data for the scale-up of the process to
the industrial level. Foaming techniques have been devel-
oped to process several thermoplastic polymers such as
thermoplastic polyurethane, polystyrene, polyethylene,
polyvinyl chloride, and many others19–21 to meet the spe-
cific requirements of different industrial sectors. Recently,
foamed plastics are demanded to possess some properties
like flame retardancy, thermal stability, and mechanical
strength to replace high-performance components.

In the aerospace and automotive industry, polysulfones
(PSU)22 and polyphenyl sulfones (PPSU) have attracted
great attention due to their high stability, excellent aging
resistance, low humidity absorption, high mechanical resis-
tance, high chemical resistance, high hydrolytic stability,
and rigidity.23–25 PPSU, in particular, has been implemen-
ted in the manufacturing of aircraft interior elements,26 in
order to reduce the overall weight and improve the sound-
proof performance.27 Moreover, PSU has built-in flame
retardancy properties as required for aerospace applica-
tions, while PPSU complies with the Federal Aviation
Administration requirements such as smoke release, heat
generation, and toxicity.28–30 Therefore, the use of PPSU is
currently aimed at producing foams as core material in
lightweight and heat-resistant sandwich structures.

For these reasons, the foaming of PSU has been
studied in several scientific works. As an example, Guo
et al. observed the structure and pore size of micro-
cellular and nanocellular PSU foams as a function of the

CO2 concentration.
31 Hu et al. investigated the microcellular

foaming of PSU under different conditions and by employing
co-BAs to improve the expansion ratio.32 Bernardo et al.
studied PPSU foamed samples and correlated the parameters
of the autoclave gas foaming process to the resulting nanos-
tructures.33 Itoh and Kabumoto investigated the foaming
behavior of PPS samples as a function of their crystallization
temperatures in temperature rise foaming experiments.34

Sorrentino et al. explored the foamability of PPSU, and other
high-performance thermoplastic materials, under different
conditions both by batch and solid-state foaming.35,36 Sum-
marizing, literature reports a PPSU reduction in density from
1.3 g/cm3 to a range of 0.45–0.6 g/cm3. For this reason, the
challenging aim is to reduce the weight even more using
BAs such as carbon dioxide, nitrogen, or helium.

Therefore, this work was aimed at finding the most
suitable operating conditions (sorption temperature, BA
concentration, expansion rate, and sorption time) to max-
imize the expansion ratio of PPSU slab samples processed
by batch gas foaming to obtain low-density and uniform
microcellular structures. A second goal of the study was
to guarantee the foamed PPSU slabs a regular shape in
order to provide samples for further mechanical charac-
terization. The experiments were divided into three sec-
tions: first, sorption tests were performed at low sorption
times; then, confined foaming tests were performed dur-
ing long-term saturation experiments. Finally, optimized
conditions were sought, aiming to maximize the expan-
sion ratio. Scanning electron microscopy (SEM) analysis
was performed on a selection of the produced samples, to
observe the cellular shape, the cells' mean dimensions
and average cellular number density.

2 | MATERIALS AND METHODS

2.1 | Materials

Carbon dioxide, nitrogen, and helium were provided by
Sol S.p.A., Monza, Italy. These gases have been used as
BA in the range of pressures between 35 and 187 bar; for
this reason, in case of operating pressure values higher
than storage pressure, a Nex10 pump (Supercritical Fluid
Technologies Inc, USA) has been used.

Radel R-5100 PPSU was kindly provided by Solvay,
Belgium. The PPSU datasheet reported in Table 1 is
updated on January 2021.

2.2 | Foaming equipment

The full experimental campaign has been performed
using a foaming equipment working in batch mode. This
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process is characterized by a high-pressure autoclave
equipped with a heating system and sensors for the
simultaneous control of temperature and pressure; since
this equipment has been standardized for different appli-
cations, it has been used to process several polymers with
much different properties.37 In this study, in order to
saturate PPSU, the experiments were performed by
injecting carbon dioxide, helium, or nitrogen, under a
range of pressures among 35 and 187 bar, and tempera-
tures among 200 and 260�C, thus creating sub-critical or
supercritical conditions within the autoclave. In order to
reach pressure values higher than storage pressure, a
Nex10 pump (Supercritical Fluid Technologies Inc, USA)
has been employed to reach steady-state conditions for
foaming.

In detail, the foaming equipment is characterized by a
pressurized reactor (0.3 L internal volume, HiP, model BC-1),
an electrical heater controlled through a PID PLC (Gefran
1850), a pressure transducer (Gefran TK), a discharge ball
valve (HiP, model 15–71 NFB), an electromechanical actu-
ator (HiP, model 15–72 NFB TSR8), and an electrovalve.
The pressure and temperature data were collected using
a data acquisition system (Gefran GF_eXpress).

2.3 | Methods

2.3.1 | Diffusivity tests

For this first set of experiments, a rectangular slab
(40 � 40 � 5 mm3) of PPSU was placed in a
40 � 40 � 10 mm3 mold. The experiments grouped in
the first section were focused on estimating gas appar-
ent diffusivity (i.e., an estimation of the order of magni-
tude of diffusion of gas molecules) in PPSU during a
short sorption time (set at 5 min). The diffusivity was
in fact estimated by the measurement of the BAs pene-
tration depth in the sample by optical instruments. In
particular, the defined sorption time was set to be

significantly lower than the characteristic time to reach
saturation between 200 and 260�C.

During these preliminary experiments, it was possible
to measure the foamed thickness of the processed slabs
(zf), thus allowing estimation of the diffusivity of CO2 in
the PPSU slab, in each explored operating condition.
These measurements were performed by observing a
section of the PPSU slab using a trinocular stereomicro-
scope, Optika mod. SZX-T, Optikamicroscopes, Pontera-
nica (BG), Italy, equipped with a C-B3A camera 3 Mpx.
Samples were cut along their section and observed with-
out any further preparation (Figure 1). Considering zf as
the average thickness of the foamed layer, the length of
the not expanded layer was calculated as LNE = za – 2 zf,
being za the average thickness of PPSU after the foaming
process. According to this first experimental campaign,
the estimation of the saturation time for PPSU using CO2

ranged between 57 h at 200�C and 1.5 h at 260�C.
A repeatability analysis has been performed on a spe-

cific sample foamed at 220�C using CO2 as BA. In detail,
three slabs of the same polymer have been processed at
the same operating conditions, thus obtaining similar
measurements of apparent diffusivity. Therefore, the
apparent diffusivity values have been reported in Table 2
as averages with negligible standard deviations.

FIGURE 1 Microscopy observations of polyphenyl sulfone

(PPSU) foamed with CO2 at 220�C (a) and 240�C (b). [Color figure

can be viewed at wileyonlinelibrary.com]

TABLE 1 Main properties of polyphenyl sulfone (PPSU).

Property Value

Density 1300 kg/m3

Tensile modulus 2340 MPa

Tensile elongation break 7.6%

Glass transition temperature 220�C

Thermal conductivity 0.35 W/m K

Refractive index 1.672

Drying temperature 149�C

Drying time 2.5 h
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With the aim of showing the technique employed for
the measurement of the foamed layer, as an example,
two samples' sections produced using CO2 at 220 and
240�C, respectively, were shown in Figure 1.

This set of experiment resulted in defining the exact
sorption time needed to saturate the PPSU samples in
order to obtain uniform foaming.

2.3.2 | Confined foaming

The second set of experiments was performed using the
same PPSU slab geometry (40 � 40 � 5 mm3); also in
this case, the mold had a cavity of the same geometry but
twice the thickness of the sample. Under these condi-
tions, the polymer expansion was forced to occur only in
the slab thickness direction. In this context, confined
expansion occurred, meaning that the polymer was lim-
ited to expand to about twice its volume at most (mold
thickness of 10 mm). Tests were performed at saturation
sorption times previously calculated in the previous set of
experiments (see Section 2.3.1).

2.3.3 | Unconfined foaming

Following the path defined by the best optimized conditions
of pressure and temperature, the third batch of experiments

consisted of unconfined expansion tests of PPSU pieces
(with irregular geometries), having a total volume at least
5 times smaller than the total volume of the mold cavity
(40 � 40 � 10 mm3). In this last case, the PPSU slab was
free to expand in each direction inside the mold, thus
obtaining even larger final volumes and, hence, lower den-
sity values. This final test was aimed at finding comparison
among the effect of carbon dioxide, nitrogen, and helium,
also in terms of cell density and isotropic factor of cells.

The dimensions of each PPSU slab were measured
before and after the gas foaming process. In particular, zb
is defined as the initial thickness of the overall PPSU
slab, measured before gas foaming, while za is the aver-
age thickness of PPSU after the foaming process and zf is
the average measured thickness of the foamed layer.
Foaming experiments were produced in triplicate.

2.3.4 | Calculations

The penetration thickness of the BA (i.e., the depth pene-
tration of the BA during sorption) was calculated using
Equation (1):

δ¼ zb�LNE
2

¼ zb� zaþ2zf
2

, ð1Þ

where LNE is the length of the not expanded layer.

TABLE 2 Diffusivity tests at 75 bar for a sorption time of 5 min, using CO2, N2, and He as blowing agents.

Blowing
agent Temperature, �C zf, μm

Apparent
diffusivity, m2/s φg, %

CO2 220 313 ± 35 8.2E-11 199

CO2 230 362 ± 68 1.2E-10 188

CO2 235 450 ± 65 2.5E-10 164

CO2 240 546 ± 41 4.9E-10 142

CO2 245 632 ± 70 3.3E-10 199

CO2 250 642 ± 145 5.7E-10 156

CO2 255 914 ± 123 9.5E-10 171

CO2 260 1159 ± 129 1.1E-09 198

N2 220 272 ± 46 2.5E-10 101

N2 230 664 ± 68 6.7E-10 150

N2 240 855 ± 56 1.7E-09 120

N2 250 1127 ± 82 2.5E-09 131

N2 260 1352 ± 153 4.8E-09 113

He 220 1121 ± 42 3.9E-09 103

He 230 zf, >thickness D > 2.1E-08 111

Hea 230 zf, >thickness D > 5.2E-08 102

aExperiment with a sorption time of 2 min.
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The geometrical expansion ratio (φg) of the polymer,
obtained using the measured foamed thickness, was cal-
culated as:

φg %ð Þ¼ δ

zf=2ð Þ �100: ð2Þ

In the case of confined and unconfined expansion,
the expansion ratio is determined as the ratio of densities
before (ρi) and after (ρf ) the foaming process.

φ¼ ρi
ρf
: ð3Þ

Sorption time ts being the diffusivity of the gas can be
determined by

ts ¼ δ2

D
, ð4Þ

where D is gas diffusivity at the working conditions of
pressure and temperature and δ is the penetration thick-
ness as defined above.

Foamed samples were also characterized using SEM
(mod. Merlin VP compact, Zeiss, Germany). Using Fiji
software, cell number density was obtained from SEM
images, indicated as the number of cells nucleated per unit
volume of the original unfoamed polymer PPSU (N0)

31:

N0 ¼ n
A

� �3=2 1
1�V f

, ð5Þ

where n represents the number of cells in the SEM
image; according to the correlations reported in the
literature,31 A is the area of the micrograph, and Vf is the
void fraction of foam, calculated as:

V f ¼ 1�ρf
ρi

ð6Þ

An isotropic factor for the cells was calculated as the
average length ratio along the two orthogonal directions
(L1 and L2) of the cell walls.

IF¼L1

L2
�100%: ð7Þ

3 | RESULTS

3.1 | Diffusivity tests

In the first set of experiments, the BA apparent diffusivity
was estimated through gas sorption at 75 bar for 5 min,

with the specific aim not to achieve slab saturation
(see Section 2.3). The experiments were carried out at
temperatures ranging between 220 to 260�C. Table 2
reports the processing parameters and results of apparent
diffusivity tests performed using carbon dioxide, nitrogen,
and helium.

Figure 2 compares values of apparent diffusivity for
all explored temperature conditions. In particular, Arrhe-
nius fitting curves have been drawn over experimental
points obtained for carbon dioxide and nitrogen.

The results demonstrated that the apparent diffusivity
of carbon dioxide in PPSU increases with temperature in
the explored range. In particular, an Arrhenius behavior
was observed with an average activation energy of diffu-
sivity (Ed) of about 144.8 kJ/mol for carbon dioxide and
of 158.4 kJ/mol for nitrogen.

Using this average value of activation energy, appar-
ent diffusivity values at 200 and 210�C were estimated,
obtaining, respectively, 3.1E-11 and 5.9E-11 m2/s.
These two conditions are below the PPSU's glass tran-
sition temperature; therefore, they were extrapolated
by the model and not obtained experimentally, since
the diffusion test would not result in a macroscopic
foamed thickness to measure easily (see Section 2.3). At
220�C, the diffusivity was 8.2E-11 m2/s, which corre-
sponded to a foamed thickness of 313 ± 35 μm; this
value increases almost by an order of magnitude, up to
4.9E-10 m2/s, at 240�C, corresponding to a foamed
thickness of 546 ± 41 μm. At the highest explored

FIGURE 2 Diffusivity of CO2, N2, and He in polyphenyl

sulfone (PPSU) slabs fitted using Arrhenius correlation. [Color

figure can be viewed at wileyonlinelibrary.com]
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temperature (260�C), the value of zf was 1159 ± 129 μm,
while diffusivity reached 1.1E-09 m2/s.

As represented in Figure 2, carbon dioxide and nitrogen
show a quite similar apparent diffusivity trend in the range
220–260�C at 75 bar. However, for nitrogen, the effect of
temperature is more evident. According to the available lit-
erature about PPSU, CO2 apparent diffusivity in PPSU is
reported in ranges between 1E-11 and 3E-11 m2/s while
operating in the range 60–300 bar, with density values
between 600 and 800 kg/m3 in the range 150–220�C,33 and
among 4.5E-10 and 9.5E-10 m2/s in the operative ranges of
40–60�C and 200–400 bar.38 The actual literature on BA
apparent diffusivity in PPSU systems is focused mainly on
carbon dioxide, explored in different thermodynamic con-
ditions; there is some data about nitrogen39 apparent diffu-
sivity in PPSU at 20�C and 1 bar (1.2E-12 m2/s), but no
dataset or publications report helium apparent diffusivity
measurements.

In the last two cases reported in Table 2, regardless of
the short sorption time, the samples were saturated by
the BA. Therefore, the calculation of helium apparent dif-
fusivity (i.e., the penetration depth of the gas in the PPSU
slab) was not possible since, in these cases, zf was equal
to za. As a consequence, helium diffusivity was estimated
to be larger than the minimum theoretical diffusivity
value required to saturate the whole thickness of the
PPSU slab in 5 and 2 min, respectively.

Samples produced at 240�C or lower showed a
rectangular-like section shape, similar to the original
PPSU slab (see Figure 1). In these cases, it was notably
straightforward to differentiate between the thickness of
the foamed layer (white-opaque) and the unexpanded
core (orange-ocher). On the other hand, by foaming at
250 and 260�C, an irregular and complex section was
obtained, due to the lower viscosity of the polymer.
Therefore, the following temperature conditions were
set at values lower than 240�C, in order to produce regu-
lar shapes.

3.2 | Confined expansion tests

Figures 3 and 4 and Tables 3 and 4 report the results
obtained using carbon dioxide at different ranges of pres-
sure (35–187 bar) and temperature (200–240�C). For the
experiments of the second section, the minimum sorption
time to achieve saturation was calculated according to
the results of the diffusivity tests (Section 3.1, Table 2),
and the proposed Arrhenius model, for each temperature
and pressure condition.

The diffusivity tests performed using carbon dioxide as
BA allowed the estimation of the sorption time for the sat-
uration of PPSU slabs with a thickness of 5 mm, operating
in the range of temperatures between 200 and 260�C
(see Table 2). Considering the diffusivity values fitted
using the Arrhenius model, the sorption time calculated
for each experimental condition allowed the saturation of
PPSU slabs around glass transition temperature (220�C)
and at 75–100 bar. Therefore, saturation can be obtained
even at higher temperatures shown in Table 3. As
expected, below the glass transition temperature (i.e., at
200 and 210 C), the φ was equal to 102% and 132%, respec-
tively, resulting in an unfoamed or slightly foamed sample.
Instead, operating 220�C and at higher temperatures, φ
increased ranging from a minimum of 166% to a maxi-
mum of 211%. A comparative test using carbon dioxide
has been performed at 35 bar and 220�C, resulting in an
unfoamed sample, probably due to a reduced amount of

FIGURE 3 Example of confined foaming experiment before

(left) and after (right) the foaming process. [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 4 Foam density as a function of foaming temperature

at different operating pressures. [Color figure can be viewed at

wileyonlinelibrary.com]
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solubilized BA, compared to the other tests, and, more-
over, a reduced plasticizing effect. While, samples foamed
between 220 and 240�C at 75 and 100 bar, exhibited a φ
between 170 and 200 and maintained a regular square
shape. Further increase of the operating pressure did
not cause noticeable effects. At temperatures higher
220�C, the lower viscosity of PPSU affects the stability
of the cell walls and entails, in addition, the develop-
ment of shape irregularities. Figure 3 shows a PPSU
sample before (left) and after (right) the foaming pro-
cess when obtaining a φ equal to 211% (see Table 4).
After the foaming process, the PPSU slab became opa-
que and its thickness doubled.

Figure 4 shows the density values of the foamed PPSU
slabs as a function of temperature, as the operating pres-
sure varies.

The effect of operating temperatures ranging from
200 to 240�C was explored (Figure 4), thus obtaining a
minimum value of density at of about 600 kg/m3, corre-
sponding to the temperature of 220�C for all the explored
operating pressures. In conclusion, the optimal sorption
conditions when using carbon dioxide as BA were set as
220�C and 100 bar.

Considering the negligible variation of φ as the oper-
ating pressure varies (see Table 3), the following confined
foaming experiments were performed at 100 bar. Further
experiments were carried out by using nitrogen and
helium as alternative BAs and operating under the opti-
mized sorption conditions established with carbon diox-
ide as BA.

3.3 | Unconfined expansion tests

In this section, the results of unconfined expansion
tests (see Section 2.3). at a pressure of 100 bar and tem-
peratures of 220 and 230�C, are reported for each
BA. These experiments were aimed at allowing the sam-
ples to reach the maximum φ at the optimized foaming
conditions. The reduced volume of the slabs (five times
lower, see Section 2.3) allowed the expansion of the sam-
ples in the three directions without limitations The effect
of different values of sorption temperatures was explored
in order to attest to the stability of the process and to con-
front the φ values evaluated in the previous sections
(Table 4).

Carbon dioxide confined expansion resulted in a φ
value of 211%, with a density of 610 kg/m3. Operating

TABLE 3 Confined expansion experiments using CO2 as the

blowing.

Temperature, �C
Pressure,
bar

Density,
kg/m3 φ, %

200 75 1280 102

210 75 975 132

220 35 1230 107

220 75 590 190

220 100 610 211

220 150 651 200

235 75 660 197

235 100 690 183

235 150 720 175

240 75 660 197

240 100 790 166

240 150 740 175

240 187 730 176

TABLE 4 Confined/unconfined

expansion tests at 100 bar and 220 and

230�C with CO2, N2, and He.

Blowing
agent

Type of
expansion

Temperature, �

C
Density,
kg/m3 φ, %

CO2 Confined 220 610 211

N2 Confined 220 1210 106

He Confined 220 1280 101

CO2 + N2
a Confined 220 885 147

CO2 Unconfined 220 320 391

CO2 Unconfined 230 340 386

N2 Unconfined 220 1100 104

N2 Unconfined 230 900 147

He Unconfined 220 1240 111

He Unconfined 230 960 133

aCO2 + N2 means a gaseous mixture of carbon dioxide at 20% over nitrogen at 80%.
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under the same conditions for unconfined expansion, the
φ reached 391%, with a minimum density of 320 kg/m3

and a volumetric ratio of about 25.5%, becoming almost a
quarter of the initial 1300 kg/m3. Increasing the tempera-
ture to 230�C, an φ of 386% was reached.

At the same operating conditions, confined expansion
using nitrogen resulted in a φ of 106% with a density of
1210 kg/m3, while it gave a similar result in the case
of unconfined expansion with φ of 104% and a density of
1100 kg/m3. However, at 230�C, the φ reached 147% with
a density of 900 kg/m3.

A gaseous mixture of BAs (20% CO2 and 80% N2)
was also used to study the simultaneous effect of
carbon dioxide and nitrogen in confined foaming exper-
iments. As it was expected, the density reached was
885 kg/m3, as well as the expansion ratio of 147%,
included among 211% obtained with pure CO2 and
106% with pure N2.

Also in the last case, helium showed low foaming
ability at the optimized conditions for carbon dioxide,
resulting in a value of φ of 111% and 1240 kg/m3 at
220�C, up to a maximum of 133% φ and a minimum of
960 kg/m3 density.

3.4 | SEM analysis

To explore the PPSU foamed samples' cellular structure,
SEM analysis was employed. The analysis was aimed at
highlighting the effect of both confined and unconfined
conditions on the expanded polymers. Therefore, in
Table 5, some cross sections of PPSU slabs obtained at
confined and unconfined foaming conditions have been
reported for the different BAs used.

The images obtained by SEM were then analyzed by
using Fuji analysis software.40 For each analyzed sam-
ple, the number of nucleated cells per unit volume has
been calculated, as well as the cells' mean size and iso-
tropic factor. Results are reported in Table 6. To calcu-
late cell density with minimized error, SEM images with
lower magnitudes were also reported and analyzed.
These microcellular foams show some differences in
terms of cell morphology. For instance, the use of car-
bon dioxide created ellipsoidal cells in confined condi-
tions, while, irregular cells in unconfined conditions;
tests performed by using helium and nitrogen as BAs
resulted in the formation of more round and homoge-
neous cells.

TABLE 5 SEM images of PPSU slabs foamed using CO2, N2, and He (confined/unconfined conditions).

BA Confined, �250 Unconfined, �300 Unconfined, �50

CO2

N2

He Not foamed

Abbreviations: BA, blowing agent; PPSU, polyphenyl sulfone; SEM, scanning electron microscopy.
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Recalling data shown in Table 4, the use of carbon
dioxide as a BA for the PPSU foaming process resulted in
a φ of 211% for confined expansion and almost 400% for
unconfined expansion, in the best operating conditions.
In the first case, an isotropic factor of about 60% was
measured, probably because PPSU slabs were confined
along two dimensions and were able to expand following
the third preferential one, as confirmed by SEM images
reported in Table 6. Indeed, the mean size of cells mea-
sured directly on SEM images, was 78 ± 19 μm for con-
fined carbon dioxide expansion, with a cell density of
0.3E07 cells/cm3. In the case of unconfined expansion,
the cell mean size was 44 ± 10 μm, while the isotropic
factor increased up to 85.8%, being consistent with a
more homogeneous expansion in all directions. More-
over, the cell density increased by about 4.2 times, up to
a value of 1.3E07 cells/cm3.

Concerning nitrogen used as the BA, the φ was equal
to 106% in the case of confined expansion, and 104% for
unconfined expansion, thus no influence by the process
conditions were observed. The reduced φ resulted in a
larger isotropic factor (74.6%) and smaller cell dimen-
sions of 39 ± 8 μm, with a cell density of 2.5E06
cells/cm3. This value remained practically similar if com-
pared to the case of unconfined expansion, with a cell
density of 2.6E06 cells/cm3 and an isotropic factor
of 83.2%.

Concerning the sample processed using a gaseous
mixture of BAs (20% CO2 and 80% N2), it was possible to
measure cell mean size of 45 ± 9 μm and a cell number
density of 5.4E05 cells/cm3. As expected for density, also
mean size and cell density were characterized by an
intermediate value among pure CO2 foaming and pure
N2 foaming. Surprisingly, isotropic factor was 81.4%,
larger than pure carbon dioxide and nitrogen foaming
confined experiments.

Confined expansion using helium as BA did not pro-
duce any visible observation of cells and was omitted
from Table 6. Only unconfined expansion performed at
230�C with helium, used as the BA, has been considered.

In this case, φ was 133%, corresponding to a mean cell
dimension of 50 ± 16 μm, and to a cell density of 1.8E06
cells/cm3, which is a larger value than the one found for
nitrogen foamed slabs. The isotropic factor was 86.6%, in
accordance with the one obtained for the other BAs.

According to the literature study, there are still some
challenges in order to process PPSU to obtain foams,
depending on the process employed and to the conditions
explored. Therefore, solid-state foaming31 was employed,
obtaining an expansion ratio among 110 and 400%. Using
ethanol as co-BA, batch foaming was employed to obtain
expansion ratio of 502% using carbon dioxide as BA.32

According to the literature, PPSU and PSU were foamed
using compression molding technique at 280 and 250�C,
respectively, with a slab thickness of 1.5 mm,32 obtaining
saturation at similar sorption time of this work, but a
reduced cell average diameter and an increased cell num-
ber density. This is due to the different process employed;
therefore, PPSU has been proven to present also nano-
metric cells (around 20 nm). Anisotropy related to PPSU
foaming has not been deeply studied yet, but it is gener-
ally explained in terms of coalescence during the
process.41

4 | CONCLUSIONS

This work was aimed at finding the best operating condi-
tions to produce PPSU foamed slabs using a lab-scale gas
foaming process at high pressure conditions. The first set
of experiments confirmed the diffusivity of carbon diox-
ide in PPSU, as reported in the literature, while the tests
performed using nitrogen and helium introduced, for the
first time, apparent diffusivity measurements at high-
pressure conditions.

The results obtained during the apparent diffusivity
tests were used as guidelines for the following experiments
of confined expansion of PPSU slabs. A wide range of tem-
peratures and pressures were explored for carbon dioxide,
finding the best operating conditions in correspondence to

TABLE 6 Mean dimensions, density, and isotropic factor (IF) of cells obtained under confined and unconfined expansion.

Blowing
agent

Type of
expansion

Temperature, �

C
Pressure,
bar

Mean size,
μm ± SD

Cell number
density, #/cm3

IF,
%

CO2 Confined 220 100 78 ± 19 0.3E07 59.7

N2 Confined 220 100 39 ± 8 2.5E05 74.6

CO2 + N2
a Confined 220 100 45 ± 9 5.4E05 81.4

CO2 Unconfined 220 100 44 ± 10 1.3E07 85.8

N2 Unconfined 220 100 38 ± 10 2.6E05 83.2

He Unconfined 230 100 50 ± 16 1.8E06 86.6

aCO2 + N2 means a gaseous mixture of carbon dioxide at 20% over nitrogen at 80%.
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the PPSU glass transition temperature of 220�C and at the
pressure of 100 bar. Improving the processing conditions
resulted in an expansion ratio (φ) of 211%.

Comparative expansion tests were performed using
helium and nitrogen as BAs, demonstrating lower expan-
sion ratios (φ) values. In the unconfined expansion tests,
φ up to 391% and density equal to 320 kg/m3 were
obtained by carbon dioxide saturation, while helium and
nitrogen demonstrated lower values.

The results presented in this study provide a basis to
further investigate the effect of processing conditions on
PPSU foam structures. The requirements of industrial sec-
tors, such as aerospace and automotive, for lightweight
and high-performance core materials, can be met by fine
tuning the structure and properties of components made
of expanded polyphenyl sulfone. In order to achieve this
goal, the use of gaseous mixtures will be also employed in
foaming experiments to exploit simultaneous hybrid
effects of singular BAs such as carbon dioxide and nitro-
gen, resulting in intermediate diffusion properties.

NOMENCLATURE

zb initial thickness of the overall PPSU slab measured
before gas foaming

za average thickness of PPSU slab after the foaming
process

zf average thickness of the foamed layer
LNE length of the not expanded layer
δ depth penetration of the blowing agent during

sorption
φg geometrical expansion ratio
φ expansion ratio calculated as densities ratio
ts sorption time of the blowing agent into the

polymer
D diffusivity
ρf density of the foamed layer
ρi initial density of not foamed PPSU polymer
n number of cells reported in the micrograph
A area of the SEM micrograph
N0 cells nucleated per unit volume of the original

unfoamed polymer PPSU
Vf void fraction
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