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Abstract

In the present work blends of polystyrene (PS) with sepiolites have been pro-

duced using a melt extrusion process. The dispersion degree of the sepiolites in

the PS has been analyzed by dynamic shear rheology and X-ray micro-

computed tomography. Sepiolites treated with quaternary ammonium salts

(O-QASEP) are better dispersed in the PS matrix than natural sepiolites

(N-SEP) or sepiolites organo-modified with silane groups (O-SGSEP). A perco-

lated network is obtained when using 6.0 wt% of O-QASEP, 8.0 wt% of N-SEP

and 10.0 wt% of O-SGSEP. It has been shown that multiple extrusion processes

have a negative effect on the polymer architecture. They produce a reduction

in the length of the polymeric chains, and they do not lead to a better disper-

sion of the particles in the polymer matrix. Foams have been produced using a

gas dissolution foaming process, where a strong effect of the dispersion degree

on the cellular structure of the different foams was found. The effects on the

cellular structure obtained by using different types of sepiolites, different con-

tents of sepiolites and different extrusion conditions have been analyzed. The

foams produced with the formulations containing O-QASEP present the lowest

cell size and the most homogeneous cellular structures.
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1 | INTRODUCTION

Polystyrene (PS) foams are the second largest component
of the foam market, after polyurethane (PU) foams,
thanks to their low thermal conductivity, lightweight,
high compressive strength, high resistance to moisture
and medium to high tensile strength.1,2 Among the differ-
ent varieties of PS foams expanded PS (EPS) or extruded

PS (XPS) are the used as thermal insulators. The possibil-
ity of using CO2 as the primary blowing agent to produce
XPS foams, replacing ozone-depleting blowing agents
(fluorocarbons or chlorofluorocarbons), has conferred PS
foams a privileged place in the thermal insulation mar-
ket.2 For XPS foams with densities around 30 kg/m3 the
thermal conductivity varies between 33 and 35 mW/mK,
which is still higher than the thermal conductivity of
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rigid PU foams (around 23–26 mW/mK, for the same
density).3

A strategy to improve the thermal, electrical and
mechanical properties of foams consists of incorporating
nanoparticles into the polymer matrix.4–6 The blending of
polymeric foams and functional nanoparticles generates
a class of materials known as cellular nanocomposites.
Cellular nanocomposites combine the advantages of hav-
ing a cellular structure with the multifunctional effects
provided by the nano-particles.7 On the one hand, parti-
cles have an important effect on the microscale proper-
ties, improving characteristics of the cellular structure
and consequently, they also have a macroscopic effect on
some physical properties like thermal or mechanical
ones.5,8 Nucleation can be modified by the presence of a
small amount of well-dispersed nanoparticles leading to
lower cell sizes and higher cell nucleation densities.9 Fur-
thermore, nanoparticles can also modify the extensional
rheological properties of the polymer matrix, which have
an important effect on the degeneration mechanisms
and, as a consequence, on the cell size, cellular structure
homogeneity and foam density.10–12 Chen et al. demon-
strated that foams with regular and homogeneous cellular
structures present improved mechanical properties.13 More-
over, it is known that thermal conductivity strongly
depends on some parameters of the cellular structure such
as cell size or porosity.11 Therefore, nanoparticles could
change the thermal aspects of the foams dramatically by
decreasing considerably their thermal conductivity.12

The effects of incorporating nanoparticles into PS
foams have been analyzed by several authors. Zhang
et al. showed that the thermal insulation performance of
PS foams was improved when introducing activated car-
bon nanoparticles.14 Han et al. showed that nanoclays in
a PS matrix it was possible to produce foams with lower
cell sizes and higher cell densities. These cellular com-
posites exhibited higher tensile modulus, better fire
retardance, and better barrier properties than the pure PS
foam.15 Kaynak et al. demonstrated that the inclusion of
just 5% of montmorillonites combined with some usual
phosphate flame retardants produced a synergistic effect
leading to a reduction of the flammability of the poly-
mer.16 Finally, Shen et al. claimed that the incorporation
of carbon nanofibers to PS foams created a protective
layer around the cell walls that resulted in the enhance-
ment of foam strength.17

However, research efforts are still necessary to thor-
oughly understand the role of nanoparticles and the
importance of having a suitable dispersion to obtain
the desired properties. Only when the dispersion degree
of the particles in the polymeric matrix is optimal, it is
possible to increase the cell density and reduce the cell
diameter, with respect to the pure polymeric foams.18

Due to the role that nano-particles play in the micro-
scopic and macroscopic properties it is not difficult to
understand why they have aroused a large interest in the
scientific community.19–22 Most of the papers dealing
with nano-particles are based on the use of particles with
spherical or layered morphologies.13 For example, mont-
morillonites, silica or nano-porous silica particles have
been widely used in PS foams.23–25 However, it is not
simple to find in literature studies analyzing the effects
that needle-like shape particles, like sepiolites, have on
the final structure of foams.21,26–29 In fact, only one con-
ference paper has been found. In this work, Notario et al.
reported that it was possible to reduce, in a 60%, the cell
size of PS foams by adding 0.5 wt% of sepiolites.30 How-
ever, this paper does not provide a systematic study of
how the dispersion degree of these particles affects the
cellular structure of the foams.

Among all the needle-like shape particles available,
sepiolites have been selected for this research work due to
several reasons. On the one hand, sepiolites
(Si12Mg8O30(OH)4(OH2)4�8H2O), which are natural fibrous
clays, present outstanding sorption and rheological proper-
ties.31,32 On the other hand, the structural characteristics
of sepiolites favor their dispersibility in the polymer
matrix. The structure of sepiolites consists of blocks of two
tetrahedral silica sheets sandwiching an octahedral sheet
of magnesium oxide-hydroxide (more information about
the structure of the sepiolites can be found in the work of
Tian et al.33).The dimensions of the cross-section tunnels
are about 0.36 nm � 1.1 nm. The discontinuity of the sil-
ica sheets allows the presence of a significant number of
silanol (Si–OH) groups on the surface of the particles. The
existence of silanol groups can enhance the interfacial
interaction between the nanoparticles and the polymer
and therefore, they could help to improve the dispersion
of the sepiolites in the polymeric matrix. Finally, due to
their high aspect ratio (thicknesses in the nanometric
scale, between 20 and 30 nm, average particle length rang-
ing among 1 and 2 μm and large surfaces areas �300 m2/
g), sepiolites are very interesting particles for being used as
cell nucleating agents in thermoplastic foams. Bernardo
et al. concluded that when incorporating 1.5 wt% of sepio-
lites organomodified with quaternary ammonium salts in a
matrix of polymethyl methacrylate (PMMA) the cell size
decreases by a factor of five and the cell nucleation density
increases in a factor of 160.21 Additionally, the inclusion of
sepiolites can modify several properties of the polymer
matrix like the behavior of the material against fire and its
mechanical and thermal properties.34–40

The present work aims to analyze the dispersion of dif-
ferent types of sepiolites in a PS matrix as well as the effect
of the dispersion degree on the cellular structure of PS
foams produced by a gas dissolution foaming process. This
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systematic study has been performed by evaluating, on
the one hand, the importance of modifying the surface of
sepiolites to ensure a proper interaction between the parti-
cles and polymer. For this purpose, natural sepiolites and
sepiolites organo-modified with quaternary ammonium
salts and silanol groups have been considered. The selec-
tion of quaternary ammonium salts and silanol groups
was performed considering the results obtained in previ-
ous works in which both treatments were used to improve
the interaction between these particles and a polymer
matrix.21,41–43 On the other hand, composites containing
different amounts of sepiolites have been produced to
evaluate the influence of the content of sepiolites on the
dispersion degree and to determine the percolation
threshold. Finally, different extrusion conditions have
been used to produce the PS based composites. In particu-
lar, the number of extrusion cycles has been modified.
Finally, the composites produced with 6 wt% of sepiolites
have been foamed by the gas dissolution foaming process.
The cellular structure of these foamed samples has been
analyzed and the obtained results have been related to the
results obtained after the dispersion analysis.

2 | EXPERIMENTAL

2.1 | Materials

A commercial PS, recommended for foam applications,
(INEOS, Styrolution PS153F) with a melt flow index of
7.5 g/10 min (200�C/5 kg) and a glass transition tempera-
ture (Tg) of 102�C was used as polymer matrix. Three
kinds of sepiolites, kindly supplied by Tolsa S.A. (Madrid,
Spain), were used in this work. They can be distinguished
between non-organically modified sepiolites (labeled as
N-SEP), sepiolites organically modified with quaternary
ammonium salts (O-QASEP) and sepiolites organically
modified with silanol groups (O-SGSEP). An antioxidant
(BASF, Irganox 1010) was also used to reduce thermal
degradation during the extrusion stage.

2.2 | Production process

A wet milling process was used to obtain separated sepio-
lites from the starting sheaf-form in which particles
appear naturally. The procedure of the wet milling and
surface treatment of the particles was performed as it was
described in a previous work.43

Before the extrusion process, the materials were dried in
a vacuum oven (Mod. VacioTem TV, P-Selecta) at 70�C for
4 h, in the case of pure PS, and at 80�C for 8 h in the case
of the different types of sepiolites. The mixing of the

polymer with the sepiolites was carried out in a twin-screw
extruder (Collin ZK 25 T with L/D of 24) following a tem-
perature profile that goes from 145 to 185�C (at the die of
the extruder) and with a screw rate of 50 rpm. Some
amount of this material was re-extruded, once again, under
the same conditions, to analyze how the number of extru-
sion cycles affects the dispersion of the sepiolites in the PS
matrix. The pure PS was also submitted to different extru-
sion cycles to analyze how the rheological behavior of the
polymer is affected by the extrusion process. The different
formulations produced in this work are shown in Table 1.
Formulations containing 2, 6, 8, and 10 wt% of the different
types of sepiolites were fabricated to evaluate the effects of
changing the content of the particles in their dispersibility.

The different formulations were later thermoformed in a
hot-cold plate press to obtain materials with the desired shape
and size. The compression molding process was carried out
at a temperature of 235�C and at a pressure of 27 bars.

The foaming of the samples was carried out using the
solid-state gas dissolution foaming method.44 For this pur-
pose, a high-pressure vessel (model PARR 4681), provided
by Parr Instrument Company, with a capacity of 1 L and
capable of operating at a maximum temperature of 350�C
and at a maximum pressure of 41 MPa was used. The reac-
tor is equipped with a pressure pump controller (model SFT-
10), provided by Supercritical Fluid Technologies Inc., which
is controlled automatically to keep the pressure on the
desired values. The pressure vessel is also equipped with a
clamp heater of 1500 W where the temperature is controlled
via a CAL 3300 (from CAL controls) temperature controller.
The foaming process was performed in two steps.45 Samples
were firstly introduced in the pressure vessel at 8 MPa of
CO2 pressure for the saturation stage. The saturation temper-
ature was 40�C and the saturation time was 24 h. It was
experimentally proved that this time is enough to achieve
full saturation of CO2 in PS at the conditions under study.
After saturation, the pressure was abruptly released. Finally,
for the foaming stage, samples were removed from the pres-
sure vessel and introduced in a thermostatic silicon bath at
120�C for 1 min. The time between the release of the pres-
sure and the immersion in the thermal bath was 2 min.
Once the materials were expanded, they were cooled down
in water to stabilize their cellular structure.

2.3 | Characterization

2.3.1 | Dynamic shear measurements

A shear stress-controlled rheometer (AR 2000 EX from
TA Instruments) was used to measure the dispersion
degree of the different formulations. Dynamic shear mea-
surements were conducted at a temperature of 220�C,
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under a nitrogen atmosphere, and using 25 mm diameter
parallel plates. A fixed gap of 1 mm was selected to per-
form the rheological measurements.

First a strain sweep test, at a fixed dynamic frequency
(1 rad s�1), was performed to determine the linear visco-
elastic regime of the different nanocomposites. Later, a
time sweep was performed to recover the initial state of
the particle network, which was partially deformed when
the sample was loaded in the rheometer. The duration of
the time sweep varied between 360 and 600 s, depending
on the material. Finally, the frequency sweep step was
performed, in a range of angular frequencies varying
between 0.01 and 100 rad s�1. From these measurements,
four parameters were analyzed: dynamic shear viscosity
( η�j j), storage modulus ( G0 ωð Þð ), loss modulus (G00 ωð Þ))
and crossover frequency (ωxÞ. Furthermore, the Mark-
Houwink Sakurada equation, which relates the complex
viscosity with the molecular weight, was used to estimate
the molecular weight of the polymer matrix.46

2.3.2 | X-ray micro-computed tomography

The set-up employed to perform the micro-computed
tomography experiments consisted of a micro-focus cone-
beam X-ray source L10101 from Hamamatsu (spot size:
5 μm, voltage: 20–100 kV, current: 0–200 μA) with a max-
imum output power of 20 W and a high sensitivity flat
panel detector C7940DK-02 also from Hamamatsu
(2240 � 2344 pixels, 50 μm of pixel size). In addition, a
rotation stage was mounted on a linear stage which
enables movement between the source and detector and
permits varying the magnification factor.47

The linear stage was placed in a position so that the mag-
nification value was �20, leading to a pixel size of 2.5 μm. A
tube voltage of 55 kV and a current of 170 μA were selected
for the measurements. The detector exposure time was
1000 ms and the rotation step was 0.3�. To enhance the con-
trast in the reconstructed images, each projection was the
result of integrating three consecutive images.

Once all the projections were acquired, the recon-
struction process of the tomogram was carried out using
Octopus, server/client reconstruction package.48

Due to the limited spatial resolution of the tomo-
graphic system (2.5 μm), the reconstructed slices can be
used to analyze the number of agglomerates of particles
present in the solid PS nanocomposites. The isolated sepi-
olites present sizes that are between 1 and 2 μm and with
this X-ray experiment only particles with sizes higher
than this 2.5 μm can be detected. Therefore, the particles
observed in this experiment are agglomerations of the
primary sepiolites particles. This method to determine
the agglomerates of sepiolites has been applied in other
works, like the one performed by Bernardo et al.49

To calculate the number of agglomerates of particles,
a tomographic volume of 1.25 � 2.50 � 3.50 mm3 has
been considered. Firstly, two consecutive 3D filters have
been applied in the reconstructed slices. In addition, a 3D
median filter (two pixels of radius) has been applied to
remove noise from the images and later, a 3D maximum
filter (one pixel of radius) has been computed to enhance
the particles gray level intensity. Then, the particles have
been binarized by means of a thresholding process based
on the different level of absorption between polymer and
fillers. The percentage of agglomerates in the sample has
been calculated according to (Equation (1)), by

TABLE 1 Formulations produced and characterized during the present study

Sample name Content of polymer (wt%) Content of Sepiolites (wt%) Content of antioxidant (wt%)

Pure PS 99.5 0.0 0.5

PS + 2% N-SEP 97.5 2.0 0.5

PS + 2% O-QASEP 97.5 2.0 0.5

PS + 2% O-SGSEP 97.5 2.0 0.5

PS + 6% N-SEP 93.5 6.0 0.5

PS + 6% O-QASEP 93.5 6.0 0.5

PS + 6% O-SGSEP 93.5 6.0 0.5

PS + 8% N-SEP 91.5 8.0 0.5

PS + 8% O-QASEP 91.5 8.0 0.5

PS + 8% O-SGSEP 91.5 8.0 0.5

PS + 10% N-SEP 89.5 10.0 0.5

PS + 10% O-QASEP 89.5 10.0 0.5

PS + 10% O-SGSEP 89.5 10.0 0.5

Note: All formulations have been subjected to one and two extrusion cycles.
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measuring the volume fraction occupied by the agglomer-
ates (%Vsep) and considering the real mass fraction of
particles in the sample (%msep).

Agglomerates %ð Þ¼
ρsep�%Vsep

ρsolid
%msep

, ð1Þ

where ρsep is the theoretical density of the sepiolites
(2.1 g/cm3) and ρsolid represents the density of the solid
nanocomposite, which was measured by gas pycnometry.

2.3.3 | Gas uptake

The gravimetric method has been used to measure the
gas absorbed during the saturation stage. By using this
method, the gas absorbed is obtained directly from deter-
mining the weight gain by the polymer sample during
the sorption stage. It consists of calculating the ratio
between the difference in the sample weight before and
after the saturation process and the initial weight of the
composite. This ratio provides the percentage of the CO2

absorbed by the composite, as can be seen in
(Equation (2)).

CO2 Uptake ¼Ws�W 0

W 0
, ð2Þ

where Ws is the weight after saturation and W 0 is the ini-
tial weight.

2.3.4 | Density

The density of the solid precursors was analyzed using a
gas pycnometer (Accupyc II 1340 from Micromeritics).
The density of the cellular materials, which were pro-
duced using the gas dissolution foaming process, was
determined by the geometric method, that is, dividing the
corresponding mass of each specimen by its geometric
volume (ASTM standard D1622-08). The foamed samples
used to determine the density have a cylindrical shape
with a diameter of 7.5 cm and a thickness of 6 mm. The
following equations (Equations (3) and (4)) show the way
of determining the relative density (ρrÞ and expansion
ratio (E). Relative density is defined as the ratio between
the density of the foam (ρfoam) and the density of the bulk
solid material (ρsolid). On the other hand, the expansion
ratio is defined as the inverse of the relative density.

ρr ¼
ρfoam
ρsolid

, ð3Þ

E¼ 1
ρr
: ð4Þ

2.3.5 | Open cell content

To evaluate the open cell content of the samples,
according to the Standard ASTM D6226-10, see
(Equation (5)), a gas pycnometer Accupyc II 1340 from
Micromeritics was used.

OC %ð Þ¼ 100
vgeometric� vpycnometer

p:V geometric

� �
, ð5Þ

where vgeometric is the geometric volume of the sample,
vpycnometer is the volume of the sample obtained with the
pycnometer and p is the porosity calculated as 1� ρfoam

ρsolid

� �
.

2.3.6 | Cellular structure

The structure of the cellular materials, produced by gas
dissolution foaming, was analyzed with a scanning elec-
tron microscope (SEM) (Jeol, Mod. JSM-820). Parameters
such as the average cell size (Φ), and the cell nucleation
density (N0Þ were analyzed with an image processing tool
based on the software Fiji/Image J.50 More than 100 cells
of different regions of each cellular material have been
considered to determine these parameters.

The average cell size is defined as it is indicated in
(Equation (6)).

ϕ¼
Xn
i¼1

ϕi

n
¼
Xn
i¼1

cf
2n

ϕi
x þϕi

y

� �
, ð6Þ

where n is the total number of cells counted in the
image, ϕi is the three-dimensional value of the cell size
for and specific cell. ϕi

x and ϕi
y are the chord lengths of

the cells in the directions x and y, respectively and cf is a
correction factor used to convert the two-dimensional
value of the cell size to a three-dimensional value. As it
was indicated in the work of Pinto et al. a value of 1.273,
has been selected for the mentioned correction factor.50

The cell nucleation density N0ð Þ, defined as the num-
ber of cells per unit volume of the solid, was obtained
using the Kumar's theoretical approximation represented
in (Equation (7)).45 In this formula Nv is the cell density,
defined as the number of cells per cubic centimeter of the
foamed material, and ρr is the relative density (see
Equation (3)).
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N0 ¼Nv

ρr
: ð7Þ

In this work, the cellular materials containing sepio-
lites present a bimodal structure showing small cells,
combined with large cells, those with a size higher than
200 μm. Although, the number of large cells is lower
than the number of small cells, the volume occupied by
the large cells is not negligible. For this reason, to quan-
tify the observed bimodality the relative volume fraction
occupied by the small cells is defined as it is indicated in
(Equation (8)).

vs ¼ 100 �At�Al

At
, ð8Þ

where Al is the observed area occupied by the large cells
in the SEM images and At the total area of the image. In
the pure PS foams, which do not present a bimodal struc-
ture, this parameter was not calculated, and it was con-
sidered as zero.

Finally, the ratio between the standard deviation of
the cell size (SD) and the average value of the cell size
(SD=ΦÞ, allows analyzing the homogeneity of the cellular
structure. Low values of this parameter are related to a
homogeneous cellular structure with a narrow cell size
distribution.

Only the small cells were considered for the determi-
nation of the different parameters: cell size, cell nucle-
ation density and SD=Φ.

3 | RESULTS

3.1 | Analysis of the dispersion degree by
shear rheology

The values of the zero-shear viscosity, the slopes of the
storage modulus and loss modulus and the number of
crossover points between the curves corresponding to the
loss and storage moduli have been analyzed for the differ-
ent formulations.

3.1.1 | Effects of the type of particles

In this section, the study is focused on materials produced
with different types of sepiolites: N-SEP, O-QASEP, and
O-SGSEP. Therefore, for comparative purposes, the content
of particles has been fixed (6 wt%) as well as the production
conditions (one single extrusion cycle).

Figure 1 shows the behavior of the complex viscosity
( η�j j), the storage modulus G0 ωð Þð ), and the loss modulus

(G00 ωð Þ) as a function of the angular frequency for the
pure PS and for the three types of composites. Figure 1(a)
shows an increase in the complex viscosity values of the
formulations containing sepiolites with respect to
the pure PS. This increment is chiefly remarkable in the
formulation containing O-QASEP. Moreover, in this com-
posite the Newtonian plateau, observed with the other
materials at low frequencies, disappears and the behavior
corresponds to that of a non-Newtonian power law
material.

For the materials presenting a Newtonian-plateau,
the zero-shear viscosity (η0) is determined as the value of
the viscosity in the Newtonian-plateau. The results
of zero-shear viscosity are collected in Table 2. Results
indicate that the composites present a higher zero-shear
viscosity than the pure PS.

Storage modulus (G0 ωð ÞÞ is altered by variations in
the molecular structure of polymers. At low frequencies,
in the area called terminal region, where the longest
relaxation times play a major role, the storage modulus is
usually proportional to the square of the frequency
G0 /ω2.51 To quantify the changes in the storage modu-
lus, the slopes of the G0 curves in the terminal region
(between 0.01 and 0.1 rad/s) were measured. The
obtained results are collected in Table 2. For the pristine
polymer, it is expected that the slope of G0 presents a
value close to 2. As soon as the density of particles
increases, the slope should approach to 1. Finally, when
the formulations are reaching the percolation state or
they are completely percolated, the slope of G0 should
present values approaching to 0.52 It is important to men-
tion that the density of particles can increase due to two
main reasons. On the one hand, the density of particles
increases if the content of particles introduced in the poly-
meric matrix increases. On the other hand, the density of
particles increases if the content of particles is fixed but the
particles are dispersed in a more efficient way. Therefore, in
systems in which the number of particles is fixed, a reduc-
tion of the slope of G0 is related with an increment of the
dispersion degree. Figure 1(b) shows the differences
between the curves of the formulations containing parti-
cles and that of the pure polymer. These differences are
mainly remarkable in the slopes of the curves in the ter-
minal region, which are clearly reduced in the systems
containing particles. A reduction of 29% of the slope of G0

is achieved when adding 6 wt% of N-SEP. Meanwhile, a
reduction of the slopes of G0 of 62% and 26% is obtained
when adding 6 wt% of O-QASEP and 6 wt% of O-SGSEP,
respectively. Furthermore, as it is indicated in Table 2,
the slope of G0 corresponding to the composite containing
6 wt% of O-QASEP particles presents a value close to
0, which indicates that, for this kind of sepiolites, this
content is close to the percolation threshold.

6 of 19 BALLESTEROS ET AL.



On the other hand, the loss modulus, G00 ωð Þ, of a pure
polymer should be proportional to the frequency in the
terminal region G00 /ω.51 The effect of the type of parti-
cles in the loss modulus is shown in Figure 2(c). The
slopes of G00 in the terminal region have been also calcu-
lated and the obtained values are shown in Table 2. The
slopes of G00 for the systems containing N-SEP or
O-SGSEP are like that of the pure polymer. However, the

value for the material containing O-QASEP is much
lower. A reduction of 21% is reported indicating, once
again, a much better dispersion of this type of particles in
the PS matrix.

The crossover frequency ωxð Þ has been also measured
(see Table 2). This parameter is defined as the frequency
at which the storage modulus G0 ωð Þ and the loss modulus
G00 ωð Þ intersect. The presence of one single crossover

FIGURE 1 Viscoelastic properties for the pure PS and the different composites produced with a fixed content of sepiolites (6 wt%). All

formulations were produced using one single extrusion cycle. (a) Complex viscosity versus angular frequency. (b) Storage modulus versus

angular frequency. (c) Loss modulus versus angular frequency. Common slopes values for a pure polymer are also shown in (b, c) [Color

figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Linear viscoelastic properties of the pure PS and the different composites containing 6 wt% of different types of sepiolites, all

of them subjected to a single extrusion process

Sample name Zero shear viscosity, η0 (Pa s) Slope of G0 (Pa s) Slope of G00 (Pa s) Crossover frequency, ωx (rad/s)

Pure PS 2905 1.78 0.96 42.29

PS + 6% N-SEP 3839 1.27 0.95 41.18

PS + 6% O-QASEP Non-Newtonian 0.67 0.75 3.67/28.67

PS + 6% O-SGSEP 3498 1.32 0.92 42.16
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point indicates that the material is not already perco-
lated.52 On the other hand, the presence of two crossover
points indicates that the density of particles is close to the
percolation threshold. Finally, a spectrum in which no
crossover points appear implies that the density of parti-
cles is higher than the percolation threshold.52 The data
collected in Table 2 show that the composites produced
with 6 wt% of N-SEP and with 6 wt% of O-SGSEP only
show a single crossover point, which indicates that in
these materials a network structure has not been formed.
Meanwhile, for the material produced with 6 wt% of
O-QASEP two crossover points have been obtained,
which indicates that this composite presents a percolated
structure.

Furthermore, the crossover frequencies of the storage
and loss modulus curves shift to lower frequencies thanks
to the inclusion of particles. This behavior indicates that
the composites remain in a solid-like behavior for a wider
region of frequencies. In other words, the dynamic oscil-
latory shear measurements indicate that the incorpora-
tion of sepiolites to a PS matrix modifies the long-time
relaxation behavior of the polymer by increasing the
relaxation time due to the formation of a three-
dimensional network structure.53 Kotsilkova et al.
suggested in their work that longer relaxation times indi-
cate that the structure of the nanocomposite is creating a
significant energetic barrier against the molecular motion
during the shear flow.54

FIGURE 2 Viscoelastic properties for the pure PS and the blends of the polymer with different contents of N-SEP and O-QASEP. All the

formulations were produced with one extrusion cycle. (a) Complex viscosity versus angular frequency. (b) Storage modulus versus angular

frequency. (c) Loss modulus versus angular frequency. Common slopes values for a pure polymer are also shown in figures (b) and (c) [Color

figure can be viewed at wileyonlinelibrary.com]
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With all the information collected it is possible to
conclude that only the formulation containing 6 wt% of
O-QASEP is already percolated. Moreover, the rheologi-
cal results also indicate that O-QASEP presents a much
better dispersion degree. On the other hand, the formula-
tions containing N-SEP and O-SGSEP exhibit a rheologi-
cal behavior that is like that of the pure PS matrix, which
indicates a poor dispersion of these particles in the poly-
mer matrix.

3.1.2 | Effect of the content of particles

This section analyzes the effects on the rheological
behavior produced by changing the content of particles.
The percentages of particles introduced in the polymer
are the following ones: 2, 6, 8, and 10 wt%. All the data
showed in this section belongs to blends produced in a
single extrusion process.

Figure 2(a) shows the effect of changing the content of
particles on the complex viscosity. Only the particles which
lead to the most promising results have been included in
this figure, On the other hand, in Table 3, the data
corresponding to the three types of particles are reported:
N-SEP, O-QASEP, and O-SGSEP. For blends containing
N-SEP, the complex viscosity slightly increases as the con-
tent of particles increases. For example, the zero-shear vis-
cosity increases 0.3% and 32%, with respect to the pure PS,
when incorporating 2 and 6 wt% of N-SEP, respectively.
However, the presence of a non-Newtonian power law
behavior in the terminal region is only observed when high
amounts of particles are introduced in the system (8 and
10 wt%). On the other hand, the inclusion of O-QASEP, in
percentages similar or higher than 6 wt%, leads to a signifi-
cant modification of the structure of the material. Finally,
with the O-SGSEP particles the viscosity increases 0.2%,
20%, and 62%, compared to the neat material, when intro-
ducing 2, 6, and 8 wt% of particles, respectively. Therefore,
it is necessary to incorporate contents close to 10 wt% to cre-
ate a percolated network when using these O-SGSEP parti-
cles. Due to the change perceived from a Newtonian to a
non-Newtonian power law regime in the terminal region of
complex viscosity and with the data collected in Table 3, it
is possible to assert that the percolation state is reached
when incorporating 6 wt% of O-QASEP, 8 wt% of N-SEP
and 10 wt% of O-SGSEP.

Both the storage modulus, G0 ωð Þ, and loss modulus,
G00 ωð Þ, increase when the content of particles increases,
as it can be seen in Figure 2(b,c), respectively. From the
values of the slopes of G0 and G00, collected in Table 3, it
is possible to conclude that the slopes decrease when the
content of particles increases. For instance, a reduction of
the slopes of G0 of 53%, 62%, 91% and 97%, with respect to

the pure PS, is reached for the formulations containing
2, 6, 8, and 10 wt% of O-QASEP, respectively. Further-
more, the slopes of the two moduli, in the terminal
region, of the samples presenting a Newtonian plateau
(2 and 6 wt% of N-SEP, 2 wt% of O-QASEP and 2, 6, and
8 wt% of O-SGSEP) are closed to 1. Moreover, the storage
modulus and loss modulus of these last formulations
intersect in a single crossover point, which indicates that
in these materials a percolated network structure has not
been formed. On the contrary, the formulations con-
taining contents similar or higher than 6 wt% of O-
QASEP, 8 wt% of N-SEP and 10 wt% of O-SGSEP present
slopes of G0 and G00 that approach to 0.

The theoretical percolation threshold (ϕperÞ has been
determined. To obtain this parameter the following
(Equation (9)) has been used.55

G0 ¼C ϕc�ϕper

� �n
, ð9Þ

where C is a constant, n is a power law exponent, ϕc is
the clay volume fraction, ϕper is the percolation threshold
volume fraction and G0 is the value of the storage modu-
lus at low frequencies. The value of ϕper is obtained by
fitting to a linear regression the curve log G0ð Þ versus
log ϕ�ϕper

� �
. This procedure is done for different values

of ϕper. This equation can be used only in the proximities
of the percolation threshold.56 Finally, the value of ϕper

for which the best fit is obtained is considered as the per-
colation threshold of the composite. In the system that
contains O-QASEP particles a value of the percolation
threshold of 4.0 wt% was obtained. This value was 7.5 wt%
for the system containing N-SEP and 9.0 wt% for the system
containing O-SGSEP.

Finally, it is essential to mention that the crossover
points between G0 and G00 change from 1 single point to
2 points or even to 0 points depending on the type and
content of particles. Table 3 summarizes this behavior.
The formulations containing 2 and 6 wt% of N-SEP, 2 wt%
of O-QASEP and 2, 6, and 8 wt% of O-SGSEP present
only a single crossover point, which indicates that in
these formulations the percolation threshold is not
reached. Meanwhile, the formulations containing 8 wt%
of N-SEP, 6 wt% of O-QASEP and 10 wt% of O-SGSEP
present two crossover points and hence, it can be con-
cluded that they are close to the percolation threshold.
Finally, the materials containing 10 wt% of N-SEP and
8 and 10 wt% of O-QASEP do not present any crossover
point, which indicates that these contents of particles are
higher than the percolation threshold. Furthermore,
when the particles are introduced in the polymer it is
also possible to observe a shifting effect of the crossover
point to lower frequencies. It is remarkable the shifting
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of 13.62 rad/s in the case of the formulation containing
6 wt% of O-QASEP.

3.1.3 | Effects of the extrusion process

In this section, the effects on the dispersion degree associ-
ated to produce the composites by using one or two
extrusion cycles are analyzed. Moreover, these effects
have been also studied in the pure PS to analyze the
importance of comparing materials with the same
thermo-mechanical history.

Figure 3 shows the complex viscosity ( η�j j), the stor-
age modulus G0 ωð Þð Þ and the loss modulus G00 ωð Þð Þ for
the pure PS after zero (raw material as received), one and
two extrusion cycles. Figure 3(a) shows the effect of the
number of extrusion cycles on the complex viscosity.
The material with the highest value of the zero-shear vis-
cosity (η0) is the one that has not been extruded. The
zero-shear viscosity of the non-extruded pure PS material
is 5% and 10% higher than that of the PS after one and
two extrusion cycles, respectively (see Table 4). On the
other hand, no important differences are detected
between the curves of G0 and G00, for the three PS
samples.

Only in the terminal region, a slight difference is
detected (see Figure 3(b,c)). The numerical values of the
slopes in the terminal region are depicted in Table 4.
Results indicate that the slopes are lower for the non-
extruded pure polymer than for the ones subjected to one

and two extrusion cycles. An increase of a 3% in the slope
of G0 is obtained when the material goes from 0 extrusion
cycles to one or two extrusion cycles. This fact could indi-
cate a possible deterioration of the molecular structure of
the pure polymer due to the extrusion process. Results
also indicate that when increasing the number of extru-
sions cycles the crossover point is shifted to higher fre-
quencies. This variation in the frequency of the crossover
points indicates that the material presents a lower solid-
like behavior.

Typically, an increase in the molecular weight and in
the molecular weight distribution results in an increment
of the zero-shear viscosity value, in a reduction of the
slopes of G0 ωð Þ and G00 ωð Þ and in an increment of
the shear thinning behavior.57 In the present study, when
the number of extrusion cycles increases, the complex
viscosity decreases, the values of the slopes of G0 ωð Þ and
G00 ωð Þ increase and the shear thinning behavior also
decreases. Furthermore, the molecular weight values,
estimated by using the Mark-Houwink Sakurada equa-
tion, exhibit a slight reduction when the formulation is
subjected to a higher number of extrusion cycles. There-
fore, these results could be indicating that some degrada-
tion of the polymer molecular structure could occur
during the extrusion process leading to a reduction of the
lengths of the polymeric chains.

Although it was proven that a major number of extru-
sion cycles lead to some degradation of the pure polymer,
in the case of the composites an increase in the number
of extrusion cycles could lead to a better dispersion of the

TABLE 3 Linear viscoelastic properties of the pure PS and the composites containing 2, 6, 8, and 10 wt% of N-SEP, O-QASEP, and O-

SGSEP

Sample name
Zero shear viscosity,
η0 (Pa s)

Slope of
G0 (Pa s)

Slope of
G00 (Pa s)

Crossover
frequency, ωx (rad/s)

Pure PS 2905 1.78 0.96 42.29

PS + 2% N-SEP 2916 1.48 0.97 42.26

PS + 2% O-QASEP 2943 0.82 0.94 41.15

PS + 2% O-SGSEP 2912 1.52 0.98 42.89

PS + 6% N-SEP 3839 1.27 0.95 41.18

PS + 6% O-QASEP Non-Newtonian 0.67 0.75 3.67/28.67

PS + 6% O-SGSEP 3498 1.32 0.92 42.16

PS + 8% N-SEP Non-Newtonian 0.57 0.67 2.16/25.67

PS + 8% O-QASEP Non-Newtonian 0.16 0.44 No crossover points

PS + 8% O-SGSEP 4726 1.15 0.89 39.24

PS + 10% N-SEP Non-Newtonian 0.07 0.42 No crossover points

PS + 10% O-
QASEP

Non-Newtonian 0.05 0.39 No crossover points

PS + 10% O-SGSEP Non-Newtonian 0.46 0.54 2.15/23.14

Note: The composites were subjected to a single extrusion process.
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sepiolites in the polymer matrix. However, this increase
in the number of extrusion cycles could also produce a
re-agglomeration of the particles deteriorating their
dispersion. To determine which of the two options
is dominating the behavior of these composites, formu-
lations containing 2, 6, 8, and 10 wt% of the three
different kind of sepiolites (N-SEP, O-QASEP, and

O-SGSEP) were extruded one and two times and their
rheological behavior was analyzed. With the aim of
including figures in which data could be easily ana-
lyzed, Figure 4 only shows the data corresponding to
O-QASEP. The trends for the other materials were sim-
ilar and all the data for all the materials are reported in
the Table 5.

FIGURE 3 Viscoelastic properties for the pure PS subjected to different extrusion cycles. (a) Complex viscosity versus angular

frequency. (b) Storage modulus versus angular frequency. (c) Loss of modulus versus angular frequency. Common slopes values for a pure

polymer are also shown in figures (b) and (c) [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Linear viscoelastic properties of pure PS subjected to a different number of extrusion cycles

Sample name
Zero shear viscosity,
η0 (Pa s)

Slope of
G0 (Pa s)

Slope of
G00 (Pa s)

Crossover
frequency, ωx (rad/s)

Molecular
weight (g/mol)

Pure PS no
extrusion cycles

3076 1.72 0.96 41.01 1.56 E+05

Pure PS one
extrusion cycle

2905 1.78 0.96 42.29 1.55 E+05

Pure PS two
extrusion cycles

2751 1.78 0.96 43.19 1.53 E+05
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In both Figure 4 and Table 5, it is possible to check how
the complex viscosity decreases when the number of extru-
sion cycles increases. For example, the reductions detected
in the zero-shear viscosity due to the increment from one to
two extrusion cycles for the formulations with 2 wt% of N-
SEP, O-QASEP and O-SGSEP are 4% in all cases. For the
formulations with 6% of N-SEP, O-SGSEP, and O-SGSEP
this value is also 4%. In the previous section it was observed
that for the pure PS, the reduction of the zero-shear viscos-
ity between one and two extrusion cycles was 5%. There-
fore, this reduction is very similar to the reduction detected
in the polymer composites (4%). This behavior combined
with the increase of the slopes of G0 and G00 when chang-
ing from one to two extrusion cycles allow concluding
that the main effect associated to increase the number of
extrusion cycles is a deterioration of the molecular struc-
ture of the polymer matrix due to the high shear forces
that are produced during the extrusion process. Another
important conclusion of this analysis is that a higher

number of extrusion cycles does not help to reach a better
dispersion of the sepiolites in the PS matrix.

3.2 | Analysis of the dispersion degree by
X-ray microtomography

In this work, another complementary technique has been
employed to analyze the dispersion degree. With that
purpose in mind, the formulations containing 6 wt% of
the three different kinds of particles subjected to a single
extrusion process, have been analyzed by X-ray
microtomography. The reason for selecting these formu-
lations is that these materials showed substantial differ-
ences in the shear dynamic rheology tests (see Figure 1
and Table 2). Figure 5 shows tomography reconstructions
of the three samples. The number of particles detected is
clearly lower in the composite containing 6 wt% of O-
QASEP. Furthermore, the set of agglomerates detected in

FIGURE 4 Viscoelastic properties of the formulations based on PS and O-QASEP subjected to different extrusion cycles. (a) Complex

viscosity versus angular frequency. (b) Storage modulus versus angular frequency. (c) Loss modulus versus angular frequency. Common

slopes values for a pure polymer are also shown in figures (b) and (c)
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TABLE 5 Linear viscoelastic properties of the formulations subjected to a different number of extrusion cycles

Sample name
Zero shear viscosity,
η0 (Pa s)

Slope of
G0 (Pa s)

Slope of
G00 (Pa s)

Crossover
frequency, ωx (rad/s)

PS + 2% N-SEP one extrusion
cycle

2916 1.48 0.97 42.26

PS + 2% N-SEP two extrusion
cycle

2805 1.56 0.98 42.67

PS + 2%O-QASEP one extrusion
cycle

2943 0.82 0.94 41.15

PS + 2%O-QASEP two extrusion
cycle

2826 0.89 0.97 42.63

PS + 2%O-SGSEP one extrusion
cycle

2912 1.52 0.98 42.89

PS + 2%O-SGSEP two extrusion
cycle

2793 1.68 0.98 43.16

PS + 6% N-SEP one extrusion
cycle

3839 1.27 0.95 41.18

PS + 6% N-SEP two extrusion
cycle

3989 1.31 0.98 42.66

PS + 6%O-QASEP one extrusion
cycle

Non-Newtonian 0.67 0.75 3.67/28.67

PS + 6%O-QASEP two extrusion
cycle

Non-Newtonian 0.67 0.74 5.98//30.01

PS + 6%O-SGSEP one extrusion
cycle

3498 1.32 0.92 42.16

PS + 6%O-SGSEP two extrusion
cycle

3654 1.33 0.96 42.88

PS + 8% N-SEP one extrusion
cycle

Non-Newtonian 0.57 0.67 2.16/25.67

PS + 8% N-SEP two extrusion
cycle

Non-Newtonian 0.59 0.70 2.51/26.18

PS + 8%O-QASEP one extrusion
cycle

Non-Newtonian 0.16 0.44 No crossover points

PS + 8%O-QASEP two extrusion
cycle

Non-Newtonian 0.18 0.48 No crossover points

PS + 8%O-SGSEP one extrusion
cycle

4726 1.15 0.89 39.24

PS + 8%O-SGSEP two extrusion
cycle

4922 1.20 0.92 40.71

PS + 10% N-SEP one extrusion
cycle

Non-Newtonian 0.07 0.42 No crossover points

PS + 10% N-SEP two extrusion
cycle

Non-Newtonian 0.08 0.43 No crossover points

PS + 10%O-QASEP one extrusion
cycle

Non-Newtonian 0.05 0.39 No crossover points

PS + 10%O-QASEP two
extrusion cycle

Non-Newtonian 0.051 0.41 No crossover points

PS + 10%O-SGSEP one extrusion
cycle

Non-Newtonian 0.46 0.54 2.15/23.14

PS + 10%O-SGSEP two extrusion
cycle

Non-Newtonian 0.49 0.57 2.59/24.67
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the materials with 6 wt% of N-SEP and 6 wt% of O-SGSEP
presents a higher dimension compared to the one of the
nanocomposite containing O-QASEP. As it was previ-
ously mentioned, the minimum particle size detected by
the X-ray device employed is 2.5 μm and therefore, the
particles detected are in fact agglomerations of individual
sepiolite particles.

This behavior is a clear explanation of the different
dispersion capability of the three types of particles in the
polymer matrix. Figure 6 exhibits the quantitative

analysis of the percentage of agglomeration of these parti-
cles, which was calculated using Equation (1).

The percentage of agglomeration, that is, the percent-
age of particles that are agglomerated forming agglomer-
ation clusters bigger than 2.5 μm, is lower for the
formulation containing 6 wt% of O-QASEP (41.96%) than
for the materials with 6 wt% of N-SEP and 6 wt% of
O-SGSEP (80.41% and 86.86%, respectively). A higher
percentage of agglomeration implies a worse dispersion
of the particles in the material. Therefore, the results

FIGURE 5 Reconstruction of the microtomography analysis for the formulations produced with 6 wt% of the different types of particles.

The formulations were subjected to a single extrusion process. (a) PS + 6% N-SEP. (b) PS + 6% O-QASEP. (c) PS + 6% O-SGSEP [Color

figure can be viewed at wileyonlinelibrary.com]
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obtained by X-ray microtomography agree with the data
obtained in the shear dynamic rheology experiments.

3.3 | Analysis of the PS based foams

This section deals with the analysis of the foaming behav-
ior and the characteristics of the cellular structure of
foams produced with the formulations containing 6 wt%
of the three different types of particles. Moreover, the
relationships between the dispersion degree of the parti-
cles and the cellular structure are analyzed.

3.3.1 | Gas uptake, density, and
expansion ratio

The results obtained for the gas uptake, the relative den-
sity, and the expansion ratio of the cellular materials

produced via gas dissolution foaming are collected in
Table 6. These data indicate that the incorporation of
sepiolites allows increasing the gas absorbed compared to
the pure polymer. The presence of inner channels, which
are able to store inside gas, together with the organo-
modification that sepiolites present could make possible
a higher affinity between the gas and the particles leading
to a higher absorption of CO2, compared to the formula-
tions without nanoclays.58 On the other hand, the rela-
tive densities and the expansion ratios are quite similar
to those of the pure polymer. This fact implies that the
differences in viscosity observed in the shear dynamic
rheology tests do not have a significant effect in the
expansion ratio of the materials. In addition, the effect of
extruding the materials once or twice is not affecting the
solubility and the expansion ratio.

3.3.2 | Cellular structure

SEM micrographs of the cellular materials produced with
the pure PS and with the composites containing a fixed
content (6 wt%) of the different types of sepiolites are
shown in Figure 7. Several conclusions can be extracted
from the qualitative and quantitative analysis of the SEM
micrographs. On the one hand, when sepiolites are intro-
duced in the PS polymer, a bi-modal behavior is detected.
As it can be seen in Table 7 the volume fraction of small
cells represents more than the 70% of the total volume.
The large agglomerates of particles make possible the
appearance of the large cells. Furthermore, as it can be
seen in Table 7, the nucleation effect of sepiolites plays
an essential role in the cellular structure. The cell size of
the foams produced from the composites is always lower
than the cell size of the foams produced from the pure
PS. The lowest cell sizes are detected in the foams pro-
duced from the composites containing O-QASEP. Cell
sizes as low as 13 μm have been obtained in these mate-
rials. Therefore, it seems that there is a strong connection

FIGURE 6 Percentage of agglomerates for the three

formulations produced with the PS and 6 wt% of particles,

subjected to a single extrusion cycle

TABLE 6 Gas uptake, density, and expansion ratio of the cellular materials produced by the gas dissolution foaming process

Sample name Gas uptake (wt%) Relative density Expansion ratio

Pure PS one extrusion cycle 7.69 ± 0.18 0.0317 ± 0.007 31.92 ± 1.06

Pure PS two extrusion cycles 7.67 ± 0.16 0.0319 ± 0.005 31.34 ± 1.04

PS + 6% N-SEP one extrusion cycle 8.19 ± 0.38 0.0303 ± 0.0063 33.00 ± 1.21

PS + 6% N-SEP two extrusion cycles 8.18 ± 0.41 0.0309 ± 0.0086 32.32 ± 1.19

PS + 6%O-QASEP one extrusion cycle 8.22 ± 0.48 0.0301 ± 0.0024 33.24 ± 0.77

PS + 6%O-QASEP two extrusion cycles 8.19 ± 0.52 0.0301 ± 0.0051 33.18 ± 0.76

PS + 6%O-SGSEP one extrusion cycle 8.15 ± 0.74 0.0311 ± 0.0040 32.08 ± 1.04

PS + 6%O-SGSEP two extrusion cycles 8.14 ± 0.66 0.0312 ± 0.0066 32.02 ± 1.16
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between the dispersion degree of the particles in the poly-
mer matrix and their effectivity as nucleating agents. The
cell size of the composites subjected to only one extrusion
cycle is reduced in a 78%, 85%, and 72%, with respect
to that of the polymer matrix, when using N-SEP,

O-QASEP, and O-SGSEP, respectively. In the case of the
composites subjected to two extrusion cycles, the cell size
is reduced in a 71%, 78%, and 68%, with respect to that of
the polymer matrix, when using N-SEP, O-QASEP, and
O-SGSEP, respectively. In all the cases the cell size is

FIGURE 7 Scanning electron microscope images of the foamed samples produced with the pure PS and with the composites containing

the different types of sepiolites [Color figure can be viewed at wileyonlinelibrary.com]
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higher in the samples subjected to two extrusion cycles
than in the samples subjected to one extrusion cycle. This
result confirms that the increment of the extrusion cycles
does not improve the dispersion of the particles and
therefore, the cellular structure is not improved. As the
density of these materials is very similar, there is a rela-
tionship between cell size and cell nucleation density.
The higher the cell size the lower the cell nucleation den-
sity. The highest value of cell nucleation density is
detected in the foam containing 6 wt% of O-QASEP sub-
jected to one extrusion cycle. The cell nucleation density

of this material is 80 times higher than that of the foam
produced with the pure PS.

When analyzing the relationships between the disper-
sion degree of the particles in the PS matrix and the char-
acteristics of the cellular structure it is possible to
conclude that the samples with the lowest percentage of
aggregates, those produced with the O-QASEP, present
the lowest cell sizes and the highest cell nucleation densi-
ties. This fact could indicate that the main nucleation of
the small cells is related to the isolated sepiolites rather
than with the agglomerations of particles. In Figure 8(a)

TABLE 7 Cell size, cell nucleation density, volume fraction of large cells, and SD/ϕ of the pure PS and the composites containing 6 wt%

of the different sepiolites, subjected to one and two extrusion cycles

Sample name
Cell
size (μm)

Cell nucleation density
(nuclei/cm3)

Volumetric fraction of large
cells SD=ϕ

Pure PS one extrusion cycle 88.40 ± 28.12 (4.82 ± 0.5) �106 0.00 0.31

Pure PS two extrusion cycles 101.15 ± 34.27 (4.74 ± 0.2) �106 0.00 0.33

PS + 6% N-SEP one extrusion
cycle

19.14 ± 5.06 (3.73 ± 0.4) �108 0.21 0.26

PS + 6% N-SEP two extrusion
cycle

29.32 ± 8.09 (3.06 ± 0.4) �108 0.18 0.30

PS + 6%O-QASEP one extrusion
cycle

13.01 ± 2.69 (3.85 ± 0.1) �108 0.18 0.20

PS + 6%O-QASEP two extrusion
cycle

22.18 ± 4.79 (3.61 ± 0.2) �108 0.15 0.21

PS + 6%O-SGSEP one extrusion
cycle

24.88 ± 4.65 (3.43 ± 0.7) �108 0.24 0.18

PS + 6%O-SGSEP two extrusion
cycle

32.64 ± 7.41 (2.86 ± 0.9) �108 0.20 0.20

FIGURE 8 (a) Relation between the cell size and the percentage of agglomeration for formulations containing 6 wt% of sepiolites

subjected to a single extrusion process. (b) Relation between the fraction of large cells and the percentage of agglomeration for materials

containing 6 wt% of sepiolites subjected to a single extrusion process
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it is possible to see the relation between the cell size and
the percentage of agglomeration for the formulations that
contain 6 wt% of sepiolites subjected to a single extrusion
process.

Regarding the data corresponding to the volumetric
fraction of small cells depicted in Table 7, it is possible to
see how samples with O-QASEP present higher percent-
ages of small cells than the other cellular composites.
This fact could be related with the better dispersibility
observed of this kind of particles in the PS matrix. In
other words, the bimodal behavior that appears with the
sepiolites depends strongly on the agglomeration of these
nanoclays. This behavior is confirmed with the Figure 8
(b), which represents the relation between the presence
of large cells and the percentage of agglomeration. The
higher the agglomeration ratio the higher the number of
large cells that appear in the cellular structure. Finally,
the ratio of the SD divided by the cell size (ϕ) gives infor-
mation about the homogeneity of the cellular structure.
The lower the value of SD=ϕ the more homogeneous the
cellular structure. Results indicate that, when the largest
cells are not considered, the structures of the foams con-
taining sepiolites are more homogeneous than the struc-
ture of the foams produced with the pure PS. In addition,
the foams produced with the formulations subjected to
one extrusion cycle are also more homogeneous than the
foams produced with the formulations subjected to two
extrusion cycles, which agrees with the results obtained
in the rheological study.

4 | CONCLUSIONS

Blends of PS with sepiolites have been prepared and
characterized. The effects on the dispersion degree of the
particles in the PS matrix associated to modify the type of
particles (N-SEP, O-QASEP, O-SGSEP), the content
of particles (2, 6, 8, and 10 wt%) and the process condi-
tions (one and two extrusion cycles) have been analyzed
in this research by using two different techniques:
dynamic shear rheology and X-ray micro-computed
tomography. Shear dynamic rheology results show that
the O-QASEP particles are the ones with the best disper-
sibility. The increment detected in the complex viscosity
values of the formulations containing O-QASEP and the
reductions observed in the values of the slopes of G0 and
G00 curves are more pronounced than those observed for
the other particles. Furthermore, rheological results
indicate that in the formulations containing 6 wt% of
O-QASEP a percolated structure has been formed;
whereas it is necessary to incorporate 8 wt% of N-SEP
and 10 wt% of O-SGSEP to achieve the percolation state.
Moreover, the conclusions reached with the shear

dynamic rheology measurements are corroborated with
the X-ray micro-tomography results.

An increase of the number of extrusion cycles lead to
a deterioration of the molecular structure of the PS
matrix due to the high shear forces that are produced
during the extrusion process. Furthermore, by increasing
the number of extrusion cycles it is not possible to
achieve a better dispersion of the particles in the polymer
matrix.

Finally, the pure PS and the composites containing
6 wt% of sepiolites have been foamed and their cellular
structure has been characterized. Results indicate that
sepiolites are strong nucleating agents for PS foams Cell
sizes were reduced up to 80% and cell densities were
increased by 80 times. Moreover, the dispersion degree of
the particles in the PS has an important effect on the cel-
lular structure characteristics. The formulation with the
best dispersion of particles (6 wt% O-QASEP) presents
the lowest cell size, the highest cell density, and a very
homogeneous cellular structure. In addition, the foams
produced with the formulations subjected to two extru-
sion cycles present worse cellular structures than their
counterparts subjected only to one extrusion cycle.
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