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a b s t r a c t

This paper aims at elucidating some important parameters affecting the cellular morphology of poly
(styrene-co-acrylonitrile) (SAN)/clay nanocomposite foams prepared with the supercritical CO2 tech-
nology. Prior to foaming experiments, the SAN/CO2 system has first been studied. The effect of nanoclay
on CO2 sorption/desorption rate into/from SAN is assessed with a gravimetric method. Ideal saturation
conditions are then deduced in view of the foaming process. Nanocomposites foaming has first been
performed with the one-step foaming process, also called depressurization foaming. Foams with
different cellular morphology have been obtained depending on nanoclay dispersion level and foaming
conditions. While foaming at low temperature (40 �C) leads to foams with the highest cell density
(w1012e1014 cells/cm3), the foam expansion is restricted (dw0.7e0.8 g/cm3). This drawback has been
overcome with the use of the two-step foaming process, also called solid-state foaming, where foam
expansion occurs during sample dipping in a hot oil bath (dw0.1e0.5 g/cm3). Different foaming
parameters have been varied, and some schemes have been drawn to summarize the characteristics of
the foams prepared e cell size, cell density, foam density e depending on both the foaming conditions
and nanoclay addition. This result thus illustrates the huge flexibility of the supercritical CO2 batch
foaming process for tuning the foam cellular morphology.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Conventional polymeric foams are very attractivemostly because
of their lower cost per volume unit compared to unfoamed mate-
rials, but also for their sound or heat insulating properties, cush-
ioning ability, etc. However, the foams mechanical properties are
generally weaker than plain materials, thus limiting their range of
applications. Microcellular foams, defined as foams with cell diam-
eter lower than 10 mm and cell density greater than 1010 cells/cm3,
usually show better mechanical properties over conventional foams
(cell size >300 mm and cell density <106 cells/cm3) [1].

A lot of works and reviews report that supercritical CO2 is a very
efficient foaming agent for microcellular foam processing [1e4]. In
addition, CO2 is environmentally friendly, non toxic, cheap, abun-
dant, and its supercritical parameters are easily attainable
(Tc ¼ 31.1 �C, Pc ¼ 73.8 bar). Batch and continuous foaming of
polymers with supercritical fluids, and more especially with scCO2,
have been extensively described in the literature [4,5]. Basically, the
foaming process consists of three main steps. First, the fluid is
32 43663497.
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solubilized into the polymer and themixture forms a homogeneous
phase. Then, a thermodynamic instability is suddenly applied to the
system via a pressure drop, or a temperature increase, leading to
sudden polymer/fluid immiscibility. The system reacts against this
perturbation by inducing phase demixion, which usually occurs in
the form of cell nucleation. Then, CO2 molecules migrate towards
the nucleated cells and participate to cell growth. Foam expansion
occurs until the rising viscosity of the polymer (through cooling,
deplasticization, crystallization and/or strain hardening) restricts
any additional deformation, or until all the fluid available is
used [6,7].

As illustrated in a previous work [8], polymers can be filled with
a small amount of nanoparticles, such as lamellar nanoclays, in
order to enhance several material properties like reduced flam-
mability and gas permeability, and improved mechanical resis-
tance. Actually, these nanofillers are not only beneficial for material
properties, but they are also known to promote the heterogeneous
nucleation of extra cells during foaming. Therefore, polymer/clay
nanocomposite foams are usually characterized by small cell size
and high cell density, which is highly desirable to achieve better
mechanical resistance [4]. A lot of works dealing with scCO2-
assisted foaming of several nanocomposites systems have already
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been described in the literature, such as blends of polypropylene/
clay [9,10], polycarbonate/clay [11], polystyrene/clay [12], polylac-
tide/clay [13e15], polycarbonate/nano-silica [16], polystyrene/
carbon nanofibers [17] or polypropylene/nano-CaCO3 [18]. The
group of Tomasko, among others, demonstrated the high impact of
filler delamination level inside the polymer matrix on polymer
foamability as well as on the final foam properties [19]. In fact, they
observed a higher cell nucleation efficiency for the exfoliated
nanoclays compared to the intercalated ones into PS and PMMA.
Indeed, the effective particle concentration is higher in the exfoli-
ated nanocomposites, leading to more efficient heterogeneous
nucleation. It must bementioned that clay treatment also affects its
nucleation efficiency by modifying the surface chemistry of the
nanofiller, as demonstrated by Zeng et al. [4,19].

In this paper, we focus on the preparation of poly(styrene-co-
acrylonitrile) foams filled with lamellar nanoclays using scCO2 as
a physical blowing agent. The added nanofiller is expected to
promote the nucleation of a high number of small cells. Two types
of nanoclays with different surface treatments have been selected,
i.e. Cloisite� 30B and MB30B, a home-made masterbatch prepared
in scCO2 based on poly(3-caprolactone) chains grafted at the surface
of Cloisite� 30B platelets (see refs. [8,20]), in order to prepare
intercalated and highly exfoliated SAN/clay nanocomposite foams,
respectively.

Only a few papers have been found in the literature regarding
the production of SAN foams with supercritical carbon dioxide
[21,22] or supercritical N2 [23]. In their paper, Lee et al. [21] studied
one-step batch foaming of SAN (i.e. foaming occurred during the
depressurization step) and investigated the effect of several
foaming parameters on foam morphology. In the present study,
both SAN and SAN/clay nanocomposites are foamed under two
different batch foaming processes. The first one, called the
“depressurization (or one-step) foaming process”, consists in first
saturating the sample with scCO2 in a pressurized vessel at
a temperature higher than the Tg of the plasticized polymer.
Foaming is then induced by depressurization. The second one is
known as the “solid-state (or two-step) foaming process”. After CO2
saturation, the sample is first “frozen” at a temperature below the
polymer/CO2 Tg, then the vessel is depressurized, and foaming is
induced by dipping the saturated sample in a hot oil bath (above Tg
of plasticized polymer).

According to the scientific literature, the authors use as often the
first as the secondmethod, but they systematically focus on a single
method. In this work, we use both of them, in order to compare
their impact on the foams characteristics. The purpose of this work
is thus to investigate the influence of the foaming method, foaming
conditions, and nanofillers addition on SAN foam morphology and
expansion ratio. Particular attention is paid to the nucleating effi-
ciency of nanoclays depending on their delamination degree as
well as on the experimental foaming conditions.

2. Experimental part

2.1. Nanocomposites preparation

Poly(styrene-co-acrylonitrile) (SAN) with an AN content of
25 wt% was provided by BASF (Luran�358 N). The montmorillonite
clay used, selected from Southern Clay Products (Texas, USA), is
organo-modified with bis-(2-(hydroxyethyl)methyl) (tallowalkyl)
ammonium cations (Cloisite�30B or C30B). A home-made pre-
exfoliated nanoclay masterbatch, MB30B, was also used. MB30B is
made of commercial Cloisite�30B treated with 3-caprolactone and
tin octoate (II) in scCO2. The details about masterbatch preparation
and characterization have been reported in a previous paper [20].
MB30B contains 53 wt% in inorganics and 34 wt% of
polycaprolactone (PCL), partially grafted onto the clay surface (Mn
w1500 g/mol, PDI ¼ 1.8). Nanofillers dispersion (C30B or MB30B)
into SAN has been performed by melt blending at 175 �C for 5 min
in a counter rotating twin-screw internal mixer (Brabender�). The
inorganic content was set at 3 wt%. The preparation and charac-
terization of these nanocomposites have been fully described in
a former work [8]. The samples have then been molded into
3 mm-thick cylinders with a diameter of 25 mm in a hot press
(175 �C) for 5 min. These cylindrical specimens have been used for
foaming experiments. Smaller cylinders have been prepared for
CO2 sorption measurements (15 � 1.2 mm).

2.2. Analysis of CO2/polymer system

CO2 sorption/desorption experiments have been performed
using an ex situ gravimetric method called mass-loss analysis, with
carbon dioxide obtained from Air Liquide Belgium (purity 99.95%).
The technique consists in first treating the cylindrical sample
(diameter 15 mm, thickness:1.2 mm) with CO2 at selected pressure
and temperature for a determined sorption time. Then, the pres-
sure is released and the saturated sample is quickly weighted with
a high precision balance (Mettler Toledo, precision:0.0001 g) at
room temperature. The evolution of the sample weight is followed
over time at room temperature. Sample transfer is performed as
fast as possible (w45 s after depressurization) in order to limit CO2
diffusion out of the sample during its handling.

2.3. Foam processing

SAN foams have been prepared according to depressurization
foaming (one-step) or solid-state foaming (two-step) processes. For
the first method (Fig. 1a), the samples are saturated with CO2 at
300 bar and 100 �C for 22 h. Then, foaming occurs during vessel
depressurization. Fast and slow depressurization times are inves-
tigated, and various saturation and foaming temperatures are
assessed as well (100, 80, 60 and 40 �C).

For the second method (Fig. 1b), the samples are also saturated
at high pressure (300 bar) during 22 h or 48 h (time sufficient to
reach equilibrium), but only at low temperature (40 �C). After
a determined period of time, the high pressure reactor is cooled to
0 �C before being quickly depressurized (within 3 s), and the
sample is then readily removed from the vessel. Cooling the satu-
rated sample is performed for the purpose of restricting/limiting its
expansion during depressurization. In the next step, foam expan-
sion is induced by dipping the saturated sample in hot oil bath at
100 �C for a determined period of time, going from 15 s to 5 min.
Finally, the foam structure is stabilized by freezing the sample in an
ice/water bath.

2.4. Foam characterization

Foam density (rf) is estimated by weighing a foamed sample of
known volume, while foam porosity is observed by scanning
electron microscopy (SEM; JEOL JSM 840-A) after metallization
with Pt (30 nm). Image analysis is manually performed on the basis
of SEM pictures by measuring the size of at least 100 cells. Cell
density (Ncell) relative to unfoamed polymer is estimated according
to the following formula [16]:

Ncell ¼
 
n M2

A

!3=2

$
rs
rf

(1)

where n is the number of cells in the SEM picture, M the magnifi-
cation, A the surface area of the picture (cm2) and rs and rf are
respectively the solid and foamed sample densities.
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Fig. 1. Illustration of a) depressurization foaming method (one-step), and b) solid-state foaming method (two-step) used to prepare polymeric foams.
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3. Results and discussion

3.1. Nanocomposites morphology

The characteristics of two kinds of nanocomposites prepared in
a previous work [8] are summarized in Table 1, where SAN/C30B is
an intercalated nanocomposite while the clay in SAN/MB30B is
mainly exfoliated. These two samples have been selected for the
foaming process for the purpose of examining the impact of
nanoclay dispersion level on foam morphology.
3.2. CO2 solubility and diffusivity in SAN

CO2 diffusivity into and from SAN has been studied with the
purpose of determining accurate saturation conditions in view of
the foaming process. CO2 solubility values were extracted from CO2
Table 1
Characteristics of the nanocomposites to be foamed (filled with 3 wt% in inorganics).

Sample Nanoclay
type

Interlayer
distance
(nm)a

Visual
aspect

Nanocomposite
morphologyb

SAN none e Translucent e

SAN/C30B Cloisite� 30B 3.5 Cloudy with visible
clay stacks

Mainly
intercalated

SAN/MB30B Masterbatch
MB30B

Very weak
signal

Translucent, no
clay stack

Mainly
exfoliated

a Determined by X-ray analysis.
b Deduced from X-ray and TEM analyses, as well as visual aspect.
desorption curves and related to saturation conditions. Whether
nanoclay influences CO2 sorption/desorption rates was assessed as
well.

Some very accurate techniques allow an in situ determination of
CO2 diffusivity/sorption into polymers, like 1) the pressure decay
method (also called PVT method), which follows the change of
pressure or volume during saturation of a polymer sample of
known volume [24], or 2) the in situ gravimetric method, which
consists in measuring the weight uptake of the sample in situ
during fluid sorption with an electronic microbalance or magnetic
suspension balance [25]. The first technique requires very precise
calibration, while the second is usually limited to low CO2 pressure
(<60 bar). When none of these specific apparatuses are available,
an ex situ gravimetric method can also be applied by weighting the
saturated sample right after depressurization and removal from the
reactor with a high precision balance at room pressure and
temperature. This mass-loss analysis technique is used in the
present study. However, fluid escape from the sample is unavoid-
able during its transfer from the vessel to the balance, and this will
undoubtedly lead to an underestimation of the amount of CO2

sorbed under the selected saturation conditions. In order to limit
this error, CO2 desorption rate can be followed via the evolution of
the sample weight in function of time. The weight percentage of
CO2 sorbed at time t (Mgas,t) can be calculated from the sample
weight at time t (Mt) and the initial sample weight (Mi, before the
experiment), according to the formula:Mgas,t ¼ (Mt �Mi)/Mi � 100.
The initial amount of CO2 sorbed at t ¼ 0 (Mgas,0), i.e. right after
depressurization, can be roughly estimated by extrapolating the
plot of Mgas,t against time at t ¼ 0. This technique is illustrated in



Fig. 3. Plots of the amount of CO2 sorbed (Mgas,t) against the square root of desorption
time (td1/2) for short td

1/2. a) SAN, b) SAN/C30B, and c) SAN/MB30B. Specimens are
saturated with CO2 at 40 �C and 300 bar for different sorption times.
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Fig. 2, with a typical graph corresponding to CO2 desorption from
SAN sample in function of time. The dotted curve represents the
extrapolation towards t ¼ 0, allowing the determination of Mgas,0.
However, this kind of extrapolation is subjective and rather leads to
a rough approximation of the initial amount of fluid solubilized.

In order to enhance the accuracy of Mgas,0 determination, the
desorption curve can be plotted in function of the square root of
desorption time (Fig. 3). If the initial part of the curve follows
a linear trend, Fickian diffusion can be assumed [26], i.e. the
desorption diffusion coefficient, Dd, is time independent. Then, the
initial part of the curve can be approximated with Equation (2) [27],
which relies on the following assumptions: 1) the diffusion coef-
ficient is fluid concentration independent, 2) fluid concentration is
uniform throughout the sample, and 3) diffusion occurs exclusively
in one direction, i.e. perpendicular to sample surface (flat plate):

Md;t

Mgas;0
¼ 4

l
$

ffiffiffiffiffiffiffiffiffiffiffiffi
Dd$td
p

r
(2)

where l is the sample thickness, and Md,t is the weight desorbed at
time t, and equals Mgas,0 � Mgas,t. This Equation can be re-written

1� Md;t

Mgas;0
¼ 1� 4

l
$

ffiffiffiffiffiffiffiffiffiffiffiffi
Dd$td
p

r
or

Mgas;t ¼ Mgas;0 �
4
l
$

ffiffiffiffiffiffiffiffiffiffiffiffi
Dd$td
p

r
$Mgas;0 ð3Þ

Thus, the plot of Mgas,t against td
1/2 (Fig. 3) at short td

1/2 values
gives access to both Mgas,0 (intercept at t ¼ 0) and Dd (proportional
to the slope of the curve). The desorption curves corresponding to
SAN and SAN/clay composites at different sorption times are pre-
sented in Fig. 3. Dd values, deduced from these curves and calcu-
lated with Equation (3), are plotted in function of the amount of
fluid absorbed in Fig. 4.

From this graph, one can observe a progressive increase of Dd
with an increase of CO2 content solubilized at CO2 content<18 wt%,
while a jump of Dd values is clearly observed above 18e20 wt% of
CO2. Carbon dioxide is known to act as a plasticizer when dissolved
into many polymers [28,29]. In other words, CO2 increases the
chain mobility and decreases the polymer glass transition
temperature (Tg). The more the fluid sorbed, the higher the plas-
ticization and thus, the fastest the fluid desorption from the sample.
The Dd jump observed at CO2 content above 18e20 wt% should
result from the expected polymer transition from glassy to rubbery
state due to a Tg decrease of the SAN/CO2 system below room
temperature. The cloudy aspect of the specimens treated for at least
Fig. 2. Desorption curve of SAN sample saturated with CO2 for 3 h at 40 �C and
300 bar.

Fig. 4. Influence of the amount of CO2 sorbed (Mgas,0) on desorption diffusion coeffi-
cient (Dd) of SAN (A), SAN/C30B (,) and SAN/MB30B (:) specimens. Dd values are
deduced from the slope of desorption curves of Fig. 3. Dotted lines are only guide for
the eyes.



Fig. 5. Photographs of SAN specimens saturated for increasing sorption periods under constant saturation conditions (40 �C, 300 bar).

Fig. 6. Sorption curves of SAN (A), SAN/C30B (,) and SAN/MB30B (C) specimens,
saturated with CO2 at 40 �C and 300 bar, in function of sorption time (ts). All Mgas,0

values are deduced from desorption curves (Fig. 4).
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2 h with CO2 already attests for decreased Tg below 40 �C (Fig. 5)
due to gas demixion in the rubbery-like material. This assumption
has been experimentally confirmed with some DSC measurements
performed on samples saturated with CO2 (data not shown).
However, there is a huge uncertainty associated with the
measurements performed at ambient pressure due to fluid escape
during the test [30]. Anyway, the Tg value obtained for the sample
saturated for 24 h at 40 �C and 300 bar of CO2 was well below 0 �C,
which confirms SAN plasticization by CO2.

Dd does not seem to be greatly affected by 3 wt% of intercalated
nanoclay added. In contrast, addition of the same amount of exfo-
liated clay leads to considerable decrease of desorption rate when
the sample is in its glassy state (<18 wt% of CO2 sorbed). The effect
is much less pronounced when the plasticized sample is in its
rubbery state. This result is in accordance with the observations
made by Lee et al. on PS/clay nanocomposites [4].

In the present case, nanoclay dispersion level and the state of
the polymer are found to be two important factors affecting the rate
of CO2 desorption. Indeed, nanometric inorganic platelets are non
permeable to gases and thus increase the tortuosity, or path length,
for CO2 molecules to cross the sample width. It has been previously
shown [8] that exfoliated nanoclay leads to higher decrease of
gaseous CO2 permeability in SAN compared to the intercalated one.
This was explained by higher aspect ratio and thus by higher
number of effective particles in the matter. This data is thus in
accordance with the reduced CO2 desorption rate observed in the
current study. However, when the polymer softens (above Tg), CO2
diffusivity increases significantly and the effect of nanoclay
becomes less pronounced. This different behavior might be
explained by different diffusion processes due to cells which may
have nucleated during depressurization (phase demixion).

The amount of fluid sorbed, Mgas,0, determined from desorption
curves, has been plotted in function of sorption time, ts, in Fig. 6.
The curves obtained allow for an estimation of the saturation time
necessary to reach the equilibrium (ts,eq), i.e. to solubilize the
maximum amount of CO2 (MN) in SAN under the selected condi-
tions. The curve of Mgas,0 against ts gradually increases and then
levels off when the maximum amount of fluid is solubilized in the
sample under the investigated conditions. MN lies around 24 wt%
of CO2 for SAN and SAN/clay nanocomposites at 40 �C and 300 bar,
and the nanofiller does not influence notably MN. It is amazing to
notice that almost 10wt% of scCO2 can be sorbed in SANwithin only
20 min! This demonstrates the exceptional affinity between SAN
and CO2. This high affinity is certainly due to polar interactions
between CO2 and nitrile groups of SAN. For the sake of comparison,
we performed a sorption experiment with PS (0 wt% AN, 143E from
BASF, Mn ¼ 117,000 g/mol, Mw/Mn ¼ 2.6, 40 �C, 300 bar, 24 h). The
amount of CO2 sorbed by PS under these conditions reached 16 wt
%, which is lower than our SAN (24 wt% CO2, 25 wt% AN). From
Fig. 6, it can be estimated that a ts of minimum 8 h is required to
ensure the equilibrium of fluid saturation at 40 �C and 300 bar for
1.2 mm-thick samples.

The initial part of the sorption curve of SAN/MB30B is delayed
compared to SAN and SAN/C30B (especially at 2 h sorption time,
Fig. 6). This behavior is consistent with lower CO2 diffusivity rate
due to the exfoliated clay. The delay is then compensated at longer
ts thanks to highly increased fluid diffusivity caused by important
polymer plasticization above 18 wt% of CO2.

Finally, the amount of CO2 sorbed in SAN has been investigated
as a function of saturation temperature, again with the desorption
technique, while keeping constant pressure (300 bar) and satura-
tion time (24 h). It appears in Fig. 7 that MN decreases with an
increase in temperature. This behavior can be attributed to lower
fluid density at higher temperature, as shown in Fig. 7 [31].

It is anticipated that ts,eq would decrease when CO2 saturation
occurs at higher temperature, due to higher fluid diffusivity at
higher temperature and also to higher polymer chain mobility,
especially above Tg. Anyway, foaming experiments performed in
the next section on 3 mm-thick samples were conducted for 48 h
soaking time (otherwise stated), whatever the saturation temper-
ature, for the sake of comparison. Doing so, we assume complete
and homogeneous CO2 saturation of all samples.

To conclude, with this set of experiments, we have been able
1) to show that exfoliated nanoclay slowed down CO2 sorption/
desorption rate from glassy samples; 2) to determine the minimum
saturation time required for 1.2 mm-thick samples to be uniformly
saturated with CO2 at 40 �C and 300 bar; and 3) to estimate the
amount of CO2 sorbed in SAN as a function of saturation
temperature.

3.3. Foaming with the depressurization foaming process (one-step)

3.3.1. Effect of depressurization rate
Depressurization foaming is a batch foaming technique which

consists in saturating the sample with CO2 in a high pressure vessel
at a temperature above the glass transition temperature of the
polymer/CO2mixture, and then to depressurize the vessel. Foaming
occurs during depressurization as a result of sudden fluid



Fig. 7. Equilibrium amount of CO2 sorbed into SAN at 300 bar for 24 h in function of
(A) saturation temperature and (▲) its correlation with CO2 density [31].
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supersaturation and consequent phase demixion. Fluid demixion
usually occurs in the form of cell nucleation. Fig. 1a illustrates this
foaming method.

We have first investigated the effects of nanoclay addition and
depressurization rate on foam characteristics, such as cell size, cell
density and foam density. Micrographs of SAN-based foams
produced with a slow depressurization rate (0.5 bar/s on average)
are presented in Fig. 8A. Those foams are characterized by densities
of 0.2e0.26 g/cm3 with pore sizes around 10e90 mm for pure SAN
and 10e70 mm for nanocomposite foams. Their cell size distribution
follows a Gaussian trend.We can observe in Fig. 9 an increase of cell
density upon nanofiller addition. In fact, the number of cells
nucleated per cm3 of pure SAN foam (2.2 � 107 cells/cm3) more
than doubles with the addition of 3 wt% of intercalated nanoclay
(5.3 � 107 cells/cm3) and almost triples with the same amount of
exfoliated clay (6.2 � 107 cells/cm3). Thus, we can affirm that
nanoclay induces heterogeneous bubble nucleation in SAN under
these foaming conditions, and its efficiency is found to be depen-
dent on its delamination degree inside the host polymer.

Faster depressurizing conditions (100 bar/s on average) result in
higher foam densities (0.41e0.46 g/cm3) due to the rapid freezing of
the sampleunder sharpdepressurization (fast temperature dropdue
Fig. 8. SEM micrographs and corresponding cell size distribution of SAN-based foams pre
300 bar for 48 h. Foaming is induced with A) slow depressurization rate (Magnification:
SAN/C30B foam and c) SAN/MB30B foam.
to Joule-Thompson effect). The foams are characterized by cells of
about 1e5 mm in diameter (Fig. 8B) and cell densities around
1010 cells/cm3. Such an increase in cell density compared to foams
prepared by slow pressure release rate is related to the higher ther-
modynamic instability resulting from sharper pressure drop
[32e34]. Thus, more carbon dioxide is used for cell nucleation
instead of cell growth. Therefore, the cells are accordingly smaller
thanat slowdepressurizationrate.Here, the intercalatedclayslightly
decreases the cell density of SAN foam from 6.5 � 1010 cells/cm3 to
5.1�1010 cells/cm3,while the exfoliatednanocomposite foamshows
a slight increase of the cell density to reach 8� 1010 cells/cm3 (Fig. 9).
Actually, these fluctuations seem irrelevant when considering the
error bars associated with average cell density values.

Some other works also report on the nucleating ability of
lamellar nanoclays during foaming with supercritical CO2.
However, the impact of the nanofiller on the number of nucleated
cells is usually stronger, and cell density jumps from one to two
orders of magnitude are often reported for nanocomposite foams
prepared by extrusion foaming [35,36] or foamed in batch
[9,11,37e39]. This difference may be explained by the foaming
conditions used (see below).

3.3.2. Effect of saturation/foaming temperature
It has been demonstrated in the beginning of this paper that

decreasing the saturation temperature leads to an increase of CO2

content sorbed in the polymer. Under high CO2 concentration, the
glass transition temperature of SAN is also highly decreased. In the
mean time, foam expansion of samples saturated at lower satura-
tion temperature with the one-step process will occur at lower
temperature too. In that context, it is interesting to investigate the
overall effect of saturation/foaming temperature on foam expan-
sion ratio and cellular morphology.

Fig. 10 shows SEM pictures of the foams produced by saturation
and fast depressurization foaming at a) 100 �C, b) 80 �C, c)
60 �C, and d) 40 �C, while Fig. 11 illustrates the evolution of cell
density and foam density with temperature and nanoclay addition.

From SEM pictures, it appears clearly that cell size greatly
decreases with a decrease of the saturation/foaming temperature.
Indeed, the average pore diameter of pure SAN foam evolves from
5 mm at 100 �C (a-1) to around 1 mm at 40 �C (d-1). The effect of
nanoclay on cell size becomes discernible on the micrography at
pared with the one-step foaming process. Samples are saturated with CO2 at 100 �C,
200�) or B) fast depressurization rate (Magnification: 2000�). a) Pure SAN foam, b)



Fig. 9. Evolution of cell density (plain lines) and foam density (dashed lines) of SAN-
based foams with nanoclay addition and CO2 depressurization rate. The samples are
saturated at 100 �C and 300 bar for 48 h. Foams prepared with fast depressurization
have been performed twice, and average values are reported with the corresponding
error bars.
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60 �C (c-2, c-3) and is obvious at 40 �C (d-2, d-3), with a clear drop
of cell size below the micrometer range.

Foam density is clearly affected by the saturation temperature as
shown by the trend of the dashed curves in Fig. 11. In fact, the foam
density increases from 0.4 to 0.8 g/cm3 with a decrease of satura-
tion/foaming temperature from 100 to 40 �C. The expansion ratio is
thus restricted at lower saturation/foaming temperature. Indeed,
Fig. 10. SEM pictures of 1) SAN, 2) SAN/C30B and 3) SAN/MB30B foams prepared by depressu
80 �C, c) 60 �C and d) 40 �C.
fast viscosity jump occurs during depressurization due to quick
sample freezing below Tg. The intercalated clay seems to slightly
restrict foam expansion whereas exfoliated nanoclay leads to more
expanded foams, at least when foaming occurs at 40 or 60 �C. The
clay thus influences foam expansion ratio in a complex way. On one
side, clay is known to increase the polymer viscosity, and this may
restrict foam expansion. On the other side, we have shown that the
lamellar filler can slowdown CO2 desorption rate from the polymer,
especially the exfoliated clay. This property could contribute to
higher expansion ratio thanks to the extra fluid retained inside the
sample, which can take part to cell growth step. Otherwise, this
portion of fluid would have quickly diffused out of the sample
without contributing to foam expansion due to its very high
diffusivity. This is the combination of these effects which is believed
to dictate the overall impact of nanoclay on the foam expansion
ratio. In the case of SAN/C30B, viscosity effect seems to get the
upper hand over fluid trapping, while this balance is reversed for
SAN/MB30B composite. This result is in accordancewith the finding
that exfoliated clay exhibits better gas barrier properties compared
to intercalated clay.

The number of cells nucleated in pure SAN foam increases with
decreasing foaming temperature, from 6.5�1010 cells/cm3 (100 �C)
to 5.35 � 1011 cells/cm3 (40 �C). This can be attributed to the
increasing amount of CO2 sorbed (cf Fig. 7 in Section 3.2), which
increases the rate of cell nucleation. Thus, at low temperature, more
CO2 is used for cell nucleation, and less fluid is available for the cell
growth step. As discussed in the previous section, the added
nanoclay has only a slight influence on SAN foams cell density at
rization foaming at 300 bar of CO2 and saturation/foaming temperature of a) 100 �C, b)



Fig. 11. Cell density (plain lines, filled symbols) and foam density (dashed lines, empty
symbols) of SAN (A), SAN/C30B (-), SAN/MB30B (C) in function of saturation/
foaming temperature (one-step foaming process, fast depressurization rate). Experi-
ments have been performed twice and the average cell density and foam density
values are presented.
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100 �C. It is very interesting to see that its influence becomes
suddenly drastic at 40 �C (Fig. 11). Also, it appears that exfoliated
nanoclay (4 � 1013 cells/cm3) is a much more efficient heteroge-
neous nucleating agent than intercalated nanoclay (2.1 � 1012

cells/cm3) at this low temperature (pure SAN, 5 � 1011 cells/cm3).
This important result shows that the nucleation ability of nanoclay
depends not only on its delamination degree, but also on the
foaming conditions. Indeed, at 100 �C, the cell density of pure SAN
foam is only nearly doubled with 3 wt% of exfoliated clay (MB30B),
while at 40 �C, cell density of pure SAN foam jumps by two orders of
magnitude due to the same exfoliated nanoclay! This phenomenon
could be partly explained by the higher CO2 concentration
participating to cell nucleation at lower temperature in the nano-
composite, which results from reduced CO2 desorption rate (Fig. 4).
However, CO2 loss must be minimal under one-step foaming
method and thus, this explanation alone cannot support the
experimental observations.

In the literature, very few studies mention the effect of foaming
conditions when dealing with the heterogeneous nucleating
ability of fillers in batch-prepared foams. They rather focus on the
amount of nanofiller added or their nature and keep constant
foaming conditions [35]. However, the results of this study show
that the nucleating efficiency of nanoclays is found to be highly
dependent on the foaming conditions. In this context, a review by
Gendron et al. [39] discuss the evolution of cell density of PLA and
PP foams filled with talc prepared by extrusion foaming in function
of CO2 content. At low CO2 loading, talc was found to substantially
increase the cell density compared to neat foam, while its effect
disappeared above a critical CO2 level (4.5 wt% for PP and 7 wt% for
PLA). Of course, the systems mentioned from the literature are
very different from the one presented in this work, because in the
cited works, foaming occurs continuously in an extruder, while
batch foaming is used in the present study. Anyway, an analogy
can be found between both systems, because either at low CO2

content (continuous process) or at low temperature (batch
process), the viscosity of the system is higher than at higher CO2

content/higher temperature. It is believed that system with higher
viscosity would be more favorable to heterogeneous cell nucle-
ation. This thought comes both from the observations made in this
study and from several works dealing with the understanding of
cell nucleation mechanism. In that context, shear-induced nucle-
ation is a very interesting notion to introduce. In a few words,
some extra cells have been observed to nucleate when some stress
was applied to polymer/CO2 systems, like mechanical vibrations
[40,41], ultrasonic vibrations [42] or shear stress close to the wall
of an extruder die [43]. In fact, Zhang et al. [40] showed that
applying some vibrations during melt mixing increased the melt
strength, and that higher melt strength favored higher cell
densities, due to better cell stabilization [44]. Zhu et al. [41]
referred to enhanced nucleation driving force to explain
increased cell density induced by mechanical vibration. These
examples attest that melt viscosity and shear stress are two linked
parameters which affect greatly cell density. In the present study,
neither vibration nor flow-induced shear stress is applied, because
foaming is performed under static conditions. However, nanoclay
addition is known to increase the melt viscosity. In a pioneering
work, Okamoto showed that isolated platelets close to the wall of
an expanding cell tend to orient themselves along the elongational
flow during cell expansion [45]. High melt viscosity is believed to
trigger high stress at/near the platelets edges during orientation
[35]. Some extra cells might originate from this local stress and
this would explain higher cell densities observed. Actually, these
assumptions have not been proved and would require deeper
investigation in order to better understand the heterogeneous
nucleation mechanism.

To conclude, this set of experiments allows us to evidence the
foaming conditions leading to very high cell densities, i.e. low
temperature and high pressure. However, decreasing the foaming
temperature not only increases the cell density, but also restricts
the foam expansion. The next section describes an alternative batch
foaming method which aims at better controlling the expansion
ratio of high cell density foams.

3.4. Foaming with the solid-state foaming process (two-step)

In the solid-state foaming process, the polymer is saturatedwith
CO2 at 300 bar and at low temperature (40 �C). After 22 h or 48 h
(time sufficient to reach equilibrium), the reactor is cooled at 0 �C
before depressurization in order to freeze the polymer and prevent/
limit its foaming. Foam expansion is then induced by dipping the
saturated sample in a 100 �C oil bath during a few seconds to a few
minutes. Finally, the foam structure is stabilized in a water/ice bath
(Fig. 1b). The huge advantage of this two-step process is that the
foaming conditions can be controlled independently from the CO2
sorption step.

Pure SAN foamswere first preparedwith the solid-state foaming
process and the effect of the foaming time on the foammorphology
was investigated. An increase of the foaming time (i.e. the dipping
time in the hot bath) from 15 s to 5 min, while keeping the other
conditions constant, results in an increase of cell size from 1 to
several microns together with a decrease of the foam density from
0.57 to 0.11 g/cm3 (Figs. 12 and 13).

This is consistent with the increased time allowed for foam
expansion. Cell size distribution is narrow for all the investigated
foaming times. The samples dipped in the bath for 3 and 5 min are
quite similar. This means that maximum foam expansion has been
reached within 3 min of foaming under these conditions. Cell
density increases with the foaming time, from 5.5 � 1011 cells/cm3

for 15 sec foaming up to 1.5 �1012 cells/cm3 after 5 min. Even if cell
nucleation is supposed to occur at the very beginning of the dipping
step during a short period of time [10], some cells clearly still
nucleate during cell growth.

Fig. 14 shows the morphology of neat and nanocomposite foams
obtained after saturation at 40 �C for 48 h and foaming for 3 min at
100 �C, while characteristics of the foams prepared with both
foaming processes (one-step and two-step) are compared in Fig. 15.
As can be seen in Fig. 14, the cell size distribution narrows upon
nanoclay addition and cell size is significantly decreased. The



Fig. 12. Cell size distribution and SEM images of pure SAN foams prepared with the solid-state foaming process at different foaming times. The samples are saturated at 40 �C,
300 bar of CO2 for 22 h and foamed in a 100 �C bath.
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nanofiller added also increases significantly the average cell
density, from 8.5 � 1011 cells/cm3 for pure SAN foam, to 3.6 � 1012

cells/cm3 for the intercalated nanocomposite and 7.6 � 1013

cells/cm3 for SAN containing the exfoliated clay. Thus, the clay
clearly acts as an effective heterogeneous nucleating agent, its
efficiency being dependent on its dispersion state. These observa-
tions are similar to those previously found for similar foams
prepared by depressurization foaming. Nevertheless, the amount of
cells nucleated with this solid-state foaming method (8.5 � 1011

cells/cm3) was found to be slightly higher than with the one-step



Fig. 13. Evolution of the cell density (C, plain line) and foam density (-, dashed line)
of SAN foams as a function of the foaming time. The foams are prepared with the two-
step foaming process: saturation at 40 �C and 300 bar of CO2 for 22 h, foaming in
a 100 �C bath.

Fig. 14. Effect of nanoclay on morphology and cell size distribution of a) SAN foam, b) SAN
foamed for 3 min at 100 �C (two-step foaming process).
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foaming process (5.3�1011 cells/cm3), despite the fact that samples
were saturated under exactly the same conditions (same carbon
dioxide content sorbed). This difference may be related to the fact
that in the two-step foaming process, the sample is cooled prior to
depressurization. The cooled sample should thus exhibit higher
melt strength, which would promote higher cell density [44].

Fig. 15 shows that foam density is significantly decreased with
the two-step foaming process. In fact, while foam expansion was
restricted with the first foaming method, the second one permits
a very good control of the time allowed for foam expansion. With
the solid-state foaming process, it becomes possible to prepare
highly expanded foams (0.12 g/cm3) characterized by high cell
density (>1012 cells/cm3). Nevertheless, foam expansion is still
restricted for SAN/MB30B sample (0.53 g/cm3), whatever the
foaming time. This surprising result might be related to higher
polymer viscosity associated with the introduction of highly exfo-
liated nanoclay.

In light of these experiments, two schemes have been drawn for
the purpose of illustrating the high flexibility of supercritical CO2
/C30B foam, and c) SAN/MB30B foam, saturated with CO2 at 40 �C, 300 bar, 48 h, and



Fig. 15. Evolution of the cell density (plain lines) and foam density (dashed lines) of
SAN foamed with the one-step (þ) and two-step (A) foaming processes in function of
nanoclay addition. The samples are saturated for 48 h at 40 �C and 300 bar in both
cases.
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foaming process in producing SAN-based foams with a large panel
of morphologies (Fig. 16).

In fact, by varying several foaming conditions, we managed to
prepare SAN foams with cell sizes ranging from 1 to 75 mm, cell
densities from 107 to 1012 cells/cm3, and expansion ratios from 8.3
to 1.4 (i.e. foam densities from 0.12 to 0.7 g/cm3). These graphs also
illustrate that the range of foams characteristics reachable can be
further enlarged with the addition of some nanoclays. In fact, when
accurate foaming conditions are used, addition of 3 wt% of exfoli-
ated nanoclay leads to a decrease of cell size below 1 mm and to an
increase of cell density above 1013 cells/cm3, however, at the
expense of foam expansion ratio (w2).

In conclusion, these experimental results show that many
parameters can be varied in order to tune the desired foam cellular
Fig. 16. Schemes representing the cellular morphologies obtained in this work
depending on the foaming processes (1 step vs. 2 step) and conditions applied. a) Cell
size against cell density, b) cell size against foam density. Striated zones correspond to
nanocomposites, « Int » stands for « intercalated nanocomposite » and « Exf » for
« exfoliated nanocomposite ».
morphology. In the present work, we focused on selected param-
eters, such as the foaming process (one-step or two-step), the
depressurization rate, the saturation/foaming temperature and the
level of nanoclay dispersion, in order to illustrate the high flexibility
of this foaming technique. But some other parameters can be varied
as well, such as saturation pressure, amount of nanofiller or
nanofiller type for example.
4. Conclusion

In this work, foams of neat SAN and SAN/clay nanocomposites
have been prepared with two different batch foaming processes
with supercritical CO2 as blowing agent. The amount of CO2 solu-
bilized in the sample has first been quantified as a function of time
with an ex situ gravimetric method. An optimal saturation time of
8 h has been estimated from these results to ensure a complete
fluid saturation of 1.2 mm-thick samples. We noticed a decrease of
CO2 sorption/desorption rate with the sample based on 3 wt% of
exfoliated clay. In contrast, no noticeable effect of the clay on CO2
solubility has been detected.

The morphology of the foams prepared with the depressur-
ization foaming technique at 100 �C is found to be highly sensitive
to depressurization rate, while nanoclay only slightly influences
foam density and doubled cell density at best. Decreasing satu-
ration temperature triggers the activation of nanoclay as hetero-
geneous nucleating agent. In fact, while the clay added only
increases slightly cell density of SAN foam at high saturation
temperature (>60 �C), its effect is found to be much more
pronounced at lower saturation temperature (40 �C), with a jump
of the cell density by two orders of magnitude with the exfoliated
clay. The effect is less marked for the intercalated nanocomposite.
These experiments thus demonstrate the huge influence of
foaming conditions when dealing with heterogeneous nucleation.
Besides, lower saturation/foaming temperature leads to foams
with higher cell density but also with restricted expansion ratio.
This drawback has been overcome with the use of the solid-state
foaming technique, which allows the preparation of high cell
density foams characterized by higher expansion ratios, thanks to
the combination of high CO2 concentration (obtained by saturation
at low temperature) and low viscosity (from the high temperature
set for foaming).

To conclude, two important teachings can be extracted from this
study:

1) Foaming conditions is an important factor whichmust be taken
into consideration when investigating the heterogeneous
nucleating efficiency of nanofillers. Indeed, they can affect the
final cell density in a very different way despite of identical
delamination level.

2) Batch foaming with CO2 is a very flexible process which gives
access to a large range of foams morphologies, going from
macrocelullar to microcellular. Submicrocellular foams can
even be prepared provided adequate filler and foaming
conditions are selected.
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