Materials Today Communications 29 (2021) 102850

ELSEVIER

Contents lists available at ScienceDirect
Materials Today Communications

journal homepage: www.elsevier.com/locate/mtcomm

materialstoday

COMMUNIC

Polystyrene/sepiolites nanocomposite foams: Relationship between

Check for
updates

composition, particle dispersion, extensional rheology, and

cellular structure

A. Ballesteros ™, E. Laguna-Gutierrez”, M.L. Puertas, A. Esteban-Cubillo‘, J. Santaren ¢, M.

A. Rodriguez-Perez *

2 Cellular Materials Laboratory (CellMat), University of Valladolid, Paseo de Belen 7, 47011 Valladolid, Spain
b CellMat Technologies S.L., UVA Science Park Building, Paseo de Belen 9-A, 47011 Valladolid, Spain

¢ Tolsa SA, Ctra. Vallecas-Mejorada del Campo (M-203), 28032 Madrid, Spain

ARTICLE INFO ABSTRACT

Keywords:

Cellular nanocomposites
Extensional rheology
Sepiolites

The main objective of this work is to analyze how the cellular structure of foamed polystyrene based (PS)
nanocomposites, produced by gas dissolution foaming, is affected by the extensional rheological behavior of the
polymer matrix and by the dispersion degree of the particles. These composites have been produced with
different types of natural and organomodified sepiolites and with different contents of these particles. The

extensional behavior and the dispersion degree were characterized by extensional and shear dynamic rheology,
respectively. The results obtained indicate that the extensional rheological behavior controls the foam degen-
eration mechanisms; meanwhile, the way in which the particles are dispersed in the PS matrix controls the
nucleation mechanisms. Results also indicate that, in these systems, the characteristics of the cellular structure
are mainly defined by the way in which nucleation occurs. Therefore, improving the dispersion degree is a key
approach to reduce the cell size by 90%, with respect to the pure polymer.

1. Introduction

One procedure to improve the thermal and also the electrical and
mechanical properties of foams consists of incorporating nanoparticles
into the polymer matrix [1-3]. These foams, produced from polymer
nanocomposites, are known as cellular nanocomposites. These materials
combine the advantages of having a cellular structure with the beneficial
effects provided by the nanoparticles [4]. Nanoparticles act in two
different ways. On the one hand, nanoparticles can modify the charac-
teristics of the cellular structure, and, on the other hand, nanoparticles
can improve the morphology and properties of the solid polymer matrix
present in the cell walls. A small amount of well-dispersed nanoparticles
will act as nucleation sites modifying the cellular structure and leading
to lower cell sizes and higher cell nucleation densities [5]. 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 [6-8].

Polystyrene (PS) has been selected for this work because the foams
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based on this polymer are the most used in the foam market, after
polyurethane (PU) foams. They are commonly employed as thermal
insulators thanks to their low thermal conductivity [9,10].

It is well known that the thermal conductivity strongly depends on
some parameters of the cellular structure such as cell size or porosity
[11]. The incorporation of nanoparticles is an interesting strategy to
improve the thermal properties of the foams in a significant way, by
modifying the characteristics of the cellular structure [12]. The effects of
incorporating nanoparticles into a PS matrix, intended for foaming ap-
plications, have been evaluated in previous works. Zhang et al. showed
that the introduction of activated carbon (AC) nanoparticles makes it
possible to improve the thermal insulation performance of PS foams
[12]. Han et al. showed that the inclusion of nanoclays in a PS matrix
leads to a reduction of the cell size and to an increase of the cell density.
Moreover, the cellular nanocomposites exhibited higher tensile
modulus, improved fire retardance, and better barrier properties [13].
Fei et al. demonstrated that the inclusion of lignin into PS in contents
between 10 wt% and 50 wt% helped to control the cell size and cell
density of the foamed samples and also increased their maximum sound
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absorption coefficient, at normal incidence, in values higher than 0.9
[14]. Finally, Shen et al. claimed that the use of carbon nanofibers in PS
foams created a protective layer around the cell walls that resulted in the
enhancement of the foam strength [15].

Most of the works dealing with nanoparticles are based on the use of
spherical or layered particles [13]. Particles like montmorillonites, silica
or nano-porous silica have been extensively used for the production of
cellular PS based composites [16-18]. However, it is not easy to find in
literature studies analyzing the effects that needle-like shape particles,
like sepiolites, could have on the final cellular structure of PS foams
[19-24]. In fact, there is not plenty of literature that studies the use of
sepiolites to modify the cellular structure of PS foams. The only publi-
cation we have detected on this topic is the one performed by Notario
et al. [25] The authors reported that it is possible to reduce the cell size
of PS foams by 60% just by adding 0.5 wt% of sepiolites. However, this
work does not report an exhaustive and systematic study of how the
dispersion degree of these particles as well as the extensional rheological
behavior of the solid polymer composite affect the cellular structure of
the foams.

Sepiolites are natural clays with a needle-like shape, with thicknesses
in the nanometric scale, between 10 and 12 nm, large surfaces areas ca.
300 m?/g, densities close to 2.1 g/ cm® and high aspect ratios. The
structure of sepiolites consists of blocks of two tetrahedral silica sheets
sandwiching an octahedral sheet of magnesium oxide hydroxide. The
dimensions of the cross-section tunnels are about 0.36 nm x 1.1 nm. The
discontinuity of the silica sheets allows the presence of a significant
number of silanol (Si-OH) groups on the surface of the particles. These
silanol groups can enhance the interfacial interaction between the
nanoparticles and the polymer and therefore, improve the dispersion of
sepiolites in the polymeric matrix. These properties make sepiolites
suitable for being properly dispersed in different kinds of polymers.
Bernardo et al. have analyzed the role of sepiolites as nucleating agents
in a polymethyl methacrylate (PMMA) matrix. They found that it was
possible to decrease the cell size by a factor of 5 by incorporating 1.5% of
sepiolites [19]. Furthermore, sepiolites can also have a decisive influ-
ence on some properties of the polymer matrix like in the flammability
behavior, mechanical or thermal properties. For instance, sepiolites
could work as fire- retardant agents in polymers when they are com-
bined with other additives like decabromodiphenyl ether (DBDPE) or
antimony trioxide (ATO) [26]. Huang et al. reported that sepiolites have
a synergetic effect with some intumescent flame retardant agents and
that they could improve the performance of a material based on poly-
propylene (PP) thanks to the barrier effect that they produce and the
capability of these particles to increase the char residue formation [27].
Mechanical properties are also modified by the inclusion of sepiolites
[28]. In particular, Zheng et al. proved that by incorporating 1 wt% of
sepiolites in epoxy nanocomposites it was possible to double the flexural
strength and multiplying by a factor 5 the impact strength [29]. Finally,
thermal properties, like thermal stability, are also altered when sepio-
lites are incorporated into the polymer matrix [30,31]. Garcia-Lopez
et al. show that by incorporating 6% of sepiolites to a polyamide 6, it
was possible to increase the heat deflection temperature up to 2.5 times,
compared to the one of the pure polymer [32].

All these improvements in the structure and properties of solid
polymers induced by sepiolites are interesting; however, in the case of
polymeric foams, these properties are conditioned by the way in which
the extensional rheological behavior of the polymer matrix is modified
by the incorporation of these particles and by the way in which the
particles are dispersed in the polymer matrix. To produce foams with
high expansion ratios and homogeneous cellular structures with low cell
sizes it is necessary that the extensional viscosity of the polymer matrix
increases as the polymer is elongated, due to the extensional forces
occurring during the foaming process [33,34]. In the initial moments of
cell growth, it is desired that viscosity takes low values to permit bubbles
to grow. Later, as the polymer is stretched due to the cell growth, a high
extensional viscosity is required. This way, the polymer matrix can resist
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the foam expansion without breaking. This behavior, that is, this abrupt
increase of extensional viscosity as time or strain increases is usually
known as strain hardening [35-37]. The aforementioned effect has
remarkable importance in helping cell walls to withstand the deforma-
tion during the last stages of the foaming process and therefore, to
reduce the degeneration mechanisms (coalescence, drainage and
coarsening) [38]. Some authors have investigated the influence of
nanoparticles in the uniaxial extensional flow with diverse results. A
considerable number of authors have reported and alignment of the
nanoparticles in the uniaxial extensional flow, increasing the melt
strength of the polymers or inducing strain hardening to the melt
[39-41]. Contrary to this theory, Okamoto et al. declared that the strain
hardening is a result of the perpendicular disposition of particles to the
direction of the force [8]. The effect of the clay content on the strain
hardening has also been analyzed. Kotsilkova et al. observed an increase
in the strain hardening in PMMA with the inclusion of high contents of
smectite particles (between 10% and 15%) [42]. Nevertheless, Gupta
et al. mentioned that the presence of silicate layers (contents of
bentonite between 2.5% and 5%) in ethylene-vinyl acetate (EVA) might
induce solid-like behavior and increase the extensional viscosity,
compared to the unfilled material, due to the reorganization of the clay
layers during the extensional process [43]. However, this increase in the
extensional viscosity takes part until a certain value of the Hencky
strain, beyond this point the contribution of the polymer chains domi-
nates over the contribution of the particles. Finally, Laguna-Gutierrez
et al. reported that on some occasions the strain hardening could be
strongly decreased by the presence of particles [39]. This is a behavior
that several authors have also reported [44-47]. They have considered
that particles can interfere with the occurrence of the strain hardening
phenomenon since they are partially converting the extensional flow in
the surrounding polymer into shear flow.

On the other hand, it is also crucial to understand how the dispersion
degree of the particles in the polymer matrix affects the final properties
of the foamed sample. The relation between the dispersion of the par-
ticles and the nucleation process during the foaming step is remarkable
[4]. The nucleation mechanisms can be modified and controlled by the
inclusion of particles which can work as heterogeneous nucleation sites
in which the energy nucleation barrier, defined as the minimum energy
necessary to start the nucleation process, is reduced [48]. However, only
when the dispersion degree of the particles in the polymer matrix is
optimal, it is possible to increase the cell density and reduce the cell
diameter, compared to the virgin material [49]. Furthermore, the final
properties of the foamed samples are affected by the characteristics of
the cellular structure, which, in turn, are conditioned by the dispersion
degree [50]. As a consequence, plenty of strategies have been proposed
to accomplish a good dispersion of the fillers, among others:
ultra-sonication of particles, high shear mixing processes or the func-
tionalization of the particles [32,50-52].

An excellent dispersion of particles over the polymer and hence, a
god nucleating effect can be achieved. However, if particles modify the
extensional behavior of the material in the wrong way (that is, particles
lead to a reduction of the polymer strain hardening), the degeneration
phenomena would appear, and the improvements obtained in the
cellular structure could be lost. Therefore, the main objective of this
work is to analyze how the extensional rheological behavior of the PS
matrix is affected by the incorporation of sepiolites as well as to un-
derstand the relationships between extensional rheology, dispersion
degree and cellular structure. This new knowledge will allow deter-
mining which of these two parameters (extensional behavior or
dispersion) has more influence when it comes to achieving an optimum
cellular structure and will provide the opportunity of having a more
exhaustive control over the foaming process and therefore, about the
structure and properties of foamed nanocomposites based on PS and
sepiolites.
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Table 1
Summary of the formulations produced during the present study.
Sample Name Content of Content of Content of
Polymer (wt%) Sepiolites (wt%) Antioxidant (wt%)

PURE PS 99.5 0.0 0.5

PS + 2% N- 97.5 2.0 0.5
SEP

PS + 2% O- 97.5 2.0 0.5
QASEP

PS + 2% O- 97.5 2.0 0.5
SGSEP

PS + 6% N- 93.5 6.0 0.5
SEP

PS + 6% O- 93.5 6.0 0.5
QASEP

PS + 6% O- 93.5 6.0 0.5
SGSEP

PS + 8% N- 91.5 8.0 0.5
SEP

PS + 8% O- 91.5 8.0 0.5
QASEP

PS + 8% O- 91.5 8.0 0.5
SGSEP

PS + 10% N- 89.5 10.0 0.5
SEP

PS + 10% O- 89.5 10.0 0.5
QASEP

PS + 10% O- 89.5 10.0 0.5
SGSEP

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 temperature (Tg) of 102 °C was used as poly-
mer matrix. Three kinds of sepiolites kindly supplied by Tolsa S.A.
(Madrid, Spain) were used in this work: natural sepiolites (N-SEP), se-
piolites organically modified with quaternary ammonium salts (O-
QASEP) and sepiolites organically modified with silanol groups (O-
SGSEP). The wet milling process and the organo-modification of the
particles were reported in a previous work [53].

An antioxidant (BASF, Irganox 1010) is also used to avoid thermal
degradation during the extrusion stage. Finally, a medical-grade carbon
dioxide (CO32) (99.9% purity) was used as a blowing agent for the gas
dissolution foaming experiments.

2.2. Production process

Before materials were processed, they were dried in a vacuum drying
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) using a temperature profile that
goes from 145 °C to 185 °C (at the die of the extruder) and with a screw
rate of 50 rpm. The different formulations produced in this study are
shown in Table 1. Formulations containing 0 wt%, 2 wt%, 6 wt%, 8 wt%
and 10 wt% of sepiolites were produced.

The different nanocomposites were then thermoformed in a hot plate
press to obtain materials with the desired shape and size. The
compression molding process was performed at a temperature of 235 °C
and at a pressure of 27 bars. Samples with different dimensions were
produced for the different tests. Rectangular prisms with the following
dimensions: 20 x 10x0.5 (L x W x T) mm were produced for the
extensional rheological characterization. Moreover, cylindrical samples
with a radius of 11 mm and a thickness of 2 mm were produced to
perform the shear dynamic measurements. Finally, samples with di-
ameters of 150 mm and thicknesses of 2 mm were also produced by
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compression molding. From these samples different specimens with the
following dimensions: 20 x 20x2 (L x W x T) mm were obtained for the
foaming tests.

2.3. Foaming process

The foaming of the samples was carried out using the solid-state gas
dissolution foaming method [54]. For this purpose, a high-pressure
vessel, PARR 4681 from Parr Instrument Company, with a capacity of
11and capable of operating at a maximum temperature of 350 °C and at
a maximum pressure of 41 MPa, was used. This reactor is equipped with
a pressure pump controller, SFT- 10 from Supercritical Fluid Technol-
ogies Inc., which is controlled automatically to keep a constant pressure.
The pressure vessel is also equipped with a clamp heater of 1500 W
where the temperature is controlled via a temperature controller (CAL
3300 from CAL controls). The previously mentioned solid-state gas
dissolution foaming process consists of two steps [55]. Samples were
firstly introduced in the pressure vessel at 8 MPa of CO, pressure for the
saturation stage. The saturation temperature was 40 °C and the satura-
tion time was 24 h. It was proved that these conditions are enough to
achieve full saturation of CO5 in the PS based materials. After saturation,
the pressure was abruptly released. Finally, for the foaming stage,
samples were removed from the pressure vessel and introduced in a
thermostatic silicon bath at 120 °C for 1 min. The time between the
release of the pressure and the immersion in the thermal bath was 2 min.
Once the materials have expanded, they were cooled in water to stabilize
the cellular structure.

2.4. Characterization

2.4.1. Extensional rheology

A stress-controlled rheometer (AR 2000 EX from TA Instruments)
with an extensional fixture (SER 2, Xpansion Instruments) was used to
analyze the extensional rheological behavior of the different solid, non-
foamed, composites. In this device, the samples are clamped to two
cylinders that rotate, at a fixed rate, in opposite directions applying a
uniaxial stretching force to the material. All the experiments were
conducted at a temperature of 160 °C and at different Hencky strain
rates: 0.3, 0.5 and 1 s™!. In all the experiments the maximum Hencky
strain was 2.8. Extensional viscosity can be defined as the ratio between
the measured stress and the corresponding Hencky strain rate. A more
detailed description of the measurement protocol can be found else-
where [39].

From the extensional viscosity measurements, the strain hardening
coefficient (S) was obtained. This parameter (see Eq. 1), which allows
quantifying the way in which the extensional viscosity increases when
time or strain increases, has been obtained for the different
formulations.

S =y (1, €0) /50 (1) )}

Where (75 (t, €o)) is the transient extensional viscosity for a determined

time (t) and Hencky strain rate (e{,) and 7, (t) is the transient extensional
viscosity in the linear viscoelastic regime, which can be obtained in two
different ways: as three times the time-dependent shear viscosity growth
curve at very low shear rates or by extrapolating the overlapping parts of
the extensional curves at different elongation rates [56]. In the present
work, the second option was chosen to obtain the strain hardening co-
efficient. This coefficient has been determined for a time of 2.67 s and
for a Hencky strain rate of 1 s 1.

2.4.2. Shear rheology

A shear stress-controlled rheometer (AR 2000 EX from TA In-
struments) was used to measure the dispersion degree of the different
solid, non-foamed, formulations. Dynamic shear measurements were
conducted at a temperature of 220 °C under a nitrogen atmosphere using
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Fig. 1. Extensional viscosity behavior of the composites containing different amounts of particles. a) PS based composites containing different contents of N-SEP. b)
PS based composites containing different contents of O-QASEP. c) PS based composites containing different contents of O-SGSEP.

25 mm diameter parallel plates. A fixed gap of 1 mm was selected to
perform the rheological measurements.

The first step was to perform a strain sweep test at a fixed dynamic
frequency (1 rad s™1) to determine the linear viscoelastic regime of the
different nanocomposites. Then, a time sweep was performed to recover
the initial state of the particle network that was partially deformed when
the sample was loaded in the rheometer. The duration of the time sweep
varied between 360 s and 600 s, depending on the material. Finally, the
frequency sweep step was performed, in a range of angular frequencies
varying between 0.01 rad s™! and 100 rad s~!. From these measure-
ments, four properties were analyzed: dynamic shear viscosity (|i7*|),
storage modulus ((G' (®)), loss modulus (G" (®))) and crossover fre-
quency (wy).

2.4.3. Gas uptake

The method used during the present work to measure the gas
absorbed by the polymer matrix, during the saturation stage, was the
gravimetric method. By using this method, the gas uptake (CO2 yptake)
was obtained directly by determining the weight gained by the polymer
sample during the sorption stage. This parameter was determined ac-
cording to Eq. (2).

CO, W, —W, /W, ()]

Uptake —

Where W; is the weight of the polymer composite after the saturation
stage, when the polymer matrix is fully saturated, and W, is the initial
weight of the sample before being introduced in the pressure vessel. The
time between the depressurization of the pressure vessel and the weight
of the sample was around 2 min. These measurements are only an
estimation of the solubility and they have been used to establish a
comparison between the behavior of the different samples.

2.4.4. Density
The density of the solid materials was analyzed using a gas pyc-
nometer (Accupyc II 1340 from Micromeritics). The density of the

foamed materials was determined by the geometric method, that is,
dividing the corresponding mass of each specimen by its geometric
volume (ASTM standard D1622-08).

The following equations (Eqgs. 3 and 4) show the way of determining
the relative density and expansion ratio. Relative density (p,) is defined
as the ratio between the density of the foam (py,,,) and the density of the
bulk solid material (p,,;4). On the other hand, the expansion ratio (E) is
defined as the inverse of the relative density (p,).

Pr = Proam/ Prciia 3

E=1/p, @
2.4.5. Open cell content

To evaluate the open cell content (OC) of the different foamed
samples, according to the Standard ASTM D6226-10, a gas pycnometer,
Accupyc II 1340 from Micromeritics, was used. To obtain the open cell
content Eq. (5) was employed.

OC(%) = 100(vgemnmrif - vacm)meler/Vgeomelric I’) (5)
Where Vgeomeric is the geometric volume of the sample, Vyycnometer is the
volume of the sample obtained with the pycnometer and p is the porosity
calculated as (1 — proqm/Psotia  )> Where pr,qy, is the density of the foam

and p,,;;q is the density of the solid matrix.

2.4.6. Structural characterization

The structure of the cellular materials was analyzed with a scanning
electron microscope (SEM) (Jeol, Mod. JSM-820). Parameters such as
the average cell size (@), the cell nucleation density (No), the relative
volume fraction occupied by the small cells (v;) and the homogeneity of
the cellular structure (SD/®) were analyzed with an image processing
tool based on the software Fiji/Image J [57]. More than 100 cells of
different regions of each cellular material have been analyzed to
determine these parameters.
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The cell nucleation density (Ny), defined as the number of cells per

unit volume of the solid, was obtained using the Kumar’s theoretical

- approximation as it is indicated in Eq. (7) [55]. In this formula N,, is the

cell density, defined as the number of cells per cubic centimeter of the
foamed material, and p, is the relative density.

No =N,/p, )

In this work, the cellular materials containing sepiolites present a
bimodal structure: small cells, combined with large cells (cells that
L present sizes higher than 200 um). Even though the number of large cells
is quite low compared to the one of the small cells, the volume that the
large cells occupy it is not negligible. For this reason, to quantify the
observed bimodality the relative volume fraction occupied by the large
cells (v;) is defined as it is indicated in Eq. (8):

vi = 1 — 100(A — Ai/A,) ®

Where A is the area occupied by the large cells in the SEM images and A,

Pure

of 1571,

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

2%

b= di/n=2 cf/2n(d+4})

Where n is the total number of cells counted in the image, ¢; is the three-
dimensional value of the cell size for and specific cell. 4)§, ;,, are the
length of the cells in the directions x and y, respectively, and cf is a
correction factor used to correct the two-dimensional value of the cell
size to a three-dimensional value of this parameter. As it was indicated
in the work of Pinto et al. a value of 1.273 has been selected for the

6%

mentioned correction factor [57].

8%

10%

Fig. 2. Strain hardening coefficient obtained for the pure PS and for the
composites containing different contents of N-SEP, O-QASEP and O-SGSEP. This
parameter has been determined for a time of 2.67 s and for a Hencky strain rate

is the total area of the image. In the pure PS foams, which do not present
a bimodal structure, this parameter was not calculated, and it is
considered as zero.

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

©) 3. Results

3.1. Extensional rheology

In this section, the effects on the extensional viscosity produced by
changing the type and the percentage of sepiolites are evaluated.

Fig. 1 shows the values of the transient extensional viscosity as a
function of time for the virgin PS and for the composites containing 2 wt
%, 6 Wt%, 8 wt% and 10 wt% of N-SEP, O-QASEP and O-SGSEP. Curves
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Fig. 3. Viscoelastic properties of the pure PS and the different composites produced with a fixed content of sepiolites (6 wt%). (a) Complex viscosity vs. angular
frequency. (b) Storage modulus vs. angular frequency. (c) Loss modulus vs. angular frequency. Common slopes values for a pure polymer are also shown in Fig. 3(b)

and (c).
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have been multiplied by a factor (included in the figure) to make
possible the comparison of the different materials in a single figure.

Results indicate that all the formulations exhibit strain hardening. It
is possible to appreciate slight differences in the way in which strain
hardening occurs depending on the type of particles employed. The pure
PS and the formulation containing N-SEP present a more abrupt strain
hardening than that presented by the formulations containing treated
particles (O-QASEP and O-SGSEP). Furthermore, the obtained results
indicate that the strain hardening of the polymer composites is always
lower than the strain hardening of the pure PS. This phenomenon is
especially remarkable for the formulations with high percentages of
sepiolites (10 wt%). In order to quantify this behavior and evaluate how
the strain hardening changes as the content of particles increases, the
strain hardening coefficient of the different formulations has been
quantified using Eq. (1) and the obtained results are depicted in Fig. 2.

Fig. 2 shows the value of the strain hardening coefficient of the
different formulations. As it was previously indicated, this coefficient
has been determined for a time of 2.67 s and for a Hencky strain rate of
157l The pure PS presents the highest strain hardening coefficient
(value of 4.2). The incorporation of sepiolites leads to a reduction of the
strain hardening coefficient, independently of the type of particles
employed. However, the magnitude in which the strain hardening de-
creases depends on the type of particles. The strain hardening of the
formulations produced with the O-QASEP and with the O-SGSEP is al-
ways lower than the strain hardening of the formulations produced with
the N-SEP, being the strain hardening of the composites produced with
the O-SGSEP the lowest one. For instance, at the same percentage of
particles, 6 wt%, for example, when adding N-SEP a reduction of the
strain hardening close to 7%, with respect to that of pure PS, is detected.
When adding the same amount of O-QASEP and O-SGSEP the reduction
increases up to 14.0% and up to 22.0%, respectively.

Considering the results obtained in the literature, there are several
theories to explain the results obtained in this work. The reduction
detected in the strain hardening as the clay content increases could be
explained considering that this kind of needle-like shape nanoparticles
cannot be aligned in the uniaxial extensional flow direction [16,42].
Another theory is that based on the work of Gupta et al. [28] They
indicated that the polymeric composites behave like solid-like materials
when their structures are percolated or close to percolation. In this state,
they detected a decrease of the strain hardening under uniaxial exten-
sional forces. In the present study a remarkable decrease in the strain
hardening occurs when the clay content increases. It is important to
remark that the formation of a percolated network structure becomes
favored when particles with a large aspect ratio, like sepiolites, are
introduced in the system. When this percolated network is obtained the
properties of the composite are notoriously affected. Other works pro-
posed that the introduction of particles partially converts the exten-
sional flow in the surrounding polymer into a shear flow. As a
consequence, the strain hardening can be strongly decreased by the
presence of particles [45-48,58].

3.2. Shear rheology

The dispersion degree of the particles in the polymer matrix has been
analyzed by means of shear dynamic rheology measurements consid-
ering the formulations containing 6 wt% of particles.

Fig. 3 shows the behavior of the complex viscosity (|n*|) (Fig. 3(a)),
the storage modulus (G (0)) (Fig. 3(b)), and loss modulus (G”(w)) (Fig. 3
(c)) as a function of the angular frequency for the pure PS matrix and the
three types of composites under study. Fig. 3(a) shows that the com-
posites present a higher viscosity than the pure PS matrix. This incre-
ment is chiefly remarkable for the formulation containing O-QASEP.
Moreover, in this composite the Newtonian behavior observed at low
frequencies in the other materials disappears and the behavior corre-
sponds to that of a non-Newtonian power-law material.
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Table 2
Linear viscoelastic properties of the pure PS and the different composites con-
taining a 6 wt% of different types of sepiolites.

Sample Name ~ Zero-Shear Slope of Slope of Crossover
Viscosity, 1, G’ (Pa-s) G’ (Pas) Frequency, w,
(Pa-s) (rad/s)
PURE PS 2905 1.78 0.96 42.29
PS + 6% N- 3839 1.27 0.95 41.18
SEP
PS + 6% O- Non-Newtonian 0.67 0.75 3.67/28.67
QASEP
PS + 6% O- 3498 1.32 0.92 42.16
SGSEP

For the materials presenting a Newtonian plateau, the zero-shear
viscosity (n,) has been obtained as the value of the viscosity in the
Newtonian plateau. The results of zero-shear viscosity are collected in
Table 2.

Storage modulus (G (w)) is altered by variations in the molecular
structure of polymers. At low frequencies, in the area known as terminal
region, where the longest relaxation times play a major role, the storage
modulus of pure polymers is proportional to the square of the frequency
G'xw? [58]. In other words, for a pure polymer it is expected that the
slope of G’ presents a value close to 2. To quantify the changes in the
storage modulus, caused by the incorporation of particles, the slopes of
the G’ curves in the terminal region (between 0.01 and 0.1 rad s~1) were
measured. The obtained results are collected in Table 2. As soon as the
density of particles per unit volume increases, the values of the slope
should approach to 1. When the formulations reach a percolation state,
the slope of G’ should present values close to 0 [60]. It is important to
mention that the density of particles could increase due to two main
reasons: an increase in the percentage of particles introduced in the
polymeric matrix or in the case of a fixed content of particles, like in this
case, an increase of the dispersion degree of the particles in the polymer
matrix. Fig. 3(b) shows the differences between the curves of the for-
mulations that contain particles and that of the pure polymer. The slopes
of the curves in the terminal region are clearly reduced in the systems
containing particles. A reduction of 28% of the slope of G’ is achieved
when adding 6 wt% of N-SEP. Meanwhile, a decrease of the slope of 62%
and 26% is obtained when adding 6 wt% of O-QASEP and 6% of
O-SGSEP, respectively. Furthermore, as it is indicated in Table 2, the
slope of G’ corresponding to the composite containing 6 wt% of
O-QASEDP particles presents a value close to 0, which indicates that these
particles are better dispersed than the others.

On the other hand, the loss modulus, G’(w) of a pure polymer
should be proportional to the frequency in the terminal region G'rxo
[58]. In other words, for a pure polymer it is expected that the slope of
G'r presents a value close to 1. The effect of the type of particles in the
loss modulus is shown in Fig. 3(c). The slopes of G’ in the terminal re-
gion have been also calculated and the values obtained are shown in
Table 2. The slopes of G’ for the systems containing N-SEP and O-SGSEP
are similar to that of the pure polymer. On the other hand, the slope of
the composite containing O-QASEP is lower. A reduction of 21% is re-
ported, which once again indicates a much better dispersion of this type
of particles in the PS matrix. The crossover frequency (wy) has been also
measured (see Table 2). This parameter is defined as the frequency at
which the storage modulus G'(w) and the loss modulus G’ () intersect.
The presence of one single crossover point indicates that material is not
already percolated [59]. On the other hand, the presence of two cross-
over points indicates that the density of particles is close to the perco-
lation threshold. Finally, a spectrum in which no crossover points appear
implies that the density of particles is higher than the percolation
threshold [59]. Results indicate that the composites produced with 6 wt
% of N-SEP and with 6 wt% of O-SGSEP only show a single crossover
point, which means that in these materials a network structure has not
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Table 3
Gas uptake during the sorption process, relative density and expansion ratio of
the cellular materials produced by gas dissolution foaming.

Sample Name Gas Uptake (%wt.) Relative Density Expansion Ratio
Pure PS 7.69 £0.18 0.031 + 0.007 31.92 + 1.06
PS + 2% N-SEP 7.86 + 0.24 0.030 + 0.008 33.00 + 0.82
PS + 2% O-QASEP 7.93 + 0.39 0.027 + 0.004 35.83 + 0.93
PS + 2% O-SGSEP 7.90 + 0.16 0.029 + 0.001 34.36 + 1.06
PS + 6% N-SEP 8.19 + 0.38 0.030 + 0.006 33.00 +1.21
PS + 6% O-QASEP 8.22 + 0.48 0.030 + 0.002 33.24 +0.77
PS + 6% O-SGSEP 8.15 + 0.76 0.031 + 0.004 32.08 + 1.04
PS + 8% N-SEP 8.34 +0.18 0.031 + 0.005 31.46 + 1.31
PS + 8% O-QASEP 8.38 £ 0.26 0.030 + 0.007 32.66 + 0.96
PS + 8% O-SGSEP 8.18 + 0.49 0.033 + 0.006 30.02 + 0.66
PS + 10% N-SEP 8.13 £0.55 0.033 + 0.001 29.46 + 0.58
PS + 10% O-QASEP 8.25 + 0.58 0.032 + 0.002 30.76 + 1.01
PS + 10% O-SGSEP 8.03 £ 0.16 0.035 + 0.006 28.36 + 0.79
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Fig. 4. Percentage of gas uptake as a function of the content of particles.

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.

The rheological results indicate that O-QASEP presents a much better
dispersion degree than the other two particles. On the other hand, the
formulations containing O-SGSEP and N-SEP exhibit a rheological
behavior very similar to that of the pure PS matrix, which indicates a
poor dispersion of the particles in the polymer matrix.

3.3. Gas uptake and foam density

This section analyzes how the incorporation of sepiolites affects the
gas uptake by the polymer matrix as well as the density, and cellular
structure of the foamed materials produced gas dissolution foaming.
Moreover, the obtained results are related with those obtained after the
analysis of both extensional and shear rheological properties.

The results obtained for gas uptake, relative density, and expansion
ratio are collected in Table 3.

Fig. 4 shows the effect of the content of particles on the gas uptake.
The different formulations present a similar behavior independently of
the type of particles employed (with or without surface treatment). An
increase of the gas uptake is detected when the amount of sepiolites
increases up to values close to the 8 wt%. This result indicates that due
to the incorporation of sepiolites the material can absorb more gas
(COy). The explanation of this behavior could be that sepiolites are CO»-
philic particles. This type of trend has been detected in other systems.
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Fig. 5. Relative density vs the content of particles.

For instance, Yidong et al. incorporated attapulgite nanoparticles into a
PS polymer and they detected an increase in the percentage of CO2
absorbed by the material [60]. The reason behind this behavior could be
that the presence of functional groups, like the hydroxyl groups (-OH)
located in the surface of the sepiolites, could have a strong interaction
with the CO2 molecules [61]. Also, even when the particles were dried to
remove moisture, some water could be still trapped in the clay, which
could help to increase the absorption of the blowing agent [62].

However, when the particle content is higher than 8 wt% a decrease
in the gas uptake is detected. One possible explanation for this change in
the trend could be related to a change in the diffusivity when high
contents of particles are introduced in the polymer matrix (that is, when
the content of particles is close to the percolation threshold). If this
occurs, as the gas uptake was measured at a fixed time (2 min) after
releasing the pressure, it could happen that a significant amount of the
CO; would have left the sample at the time of measurement.

The results also indicate that the composites containing O-QASEP
present higher values of the gas uptake than the other materials. As it
was previously shown these are the particles that better dispersed into
the polymer matrix. This result could mean that when particles are
agglomerated the chemical bonding interaction between the gas and the
nanoparticles is less effective than when the particles are well dispersed.
However, further studies would be required to check this hypothesis. In
the composites, the amount of gas available for foaming is higher and
this fact could have a significant effect on parameters like foam density,
cell size, and cell nucleation density.

Fig. 5 shows the relationship between the relative density of the
cellular materials and the content of sepiolites introduced in the system.

The behavior of the relative density is similar, independently of the
type of particle considered. It is possible to see that the curve presents a
minimum. It was expected that as soon as the percentage of particles
increases the density of the material decreases since a higher amount of
gas is introduced in the system (see Fig. 4). The relationship between the
increase in the gas uptake and the reduction of the foam density has been
reported before [63]. This trend is detected when working with contents
of particles lower than 2 wt%. Moreover, it is also possible to see that
there is a relationship between the gas uptake by each system and the
foam density. For a content of particles of 2 wt% the sample containing
N-SEP presents the lowest gas uptake and the highest density. On the
contrary, the sample containing O-QASEP presents the highest gas up-
take and the lowest density. However, an opposite trend is detected
when adding higher content of particles. In this case, the density in-
creases as the amount of particles increases. When the content of par-
ticles introduced increases the viscosity of the materials also suffers a
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Fig. 6. (a) Open cell content as a function of the content of particles. (b) Strain hardening coefficient as a function of the content of particles.
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Fig. 7. SEM micrographs of the different foams. In a rectangle in the right upper side of each micrograph an image with a higher magnification is presented.
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Table 4

Cell size, cell nucleation density, volumetric fraction of big cell and SD/¢ of the

cellular materials produced by the gas dissolution foaming process.

Sample Name Cell Size (um) Cell Nucleation Volumetric SD/
Density (nuclei/cm®)  Fraction of Big @
Cells

Pure PS 88.40 +28.12  (4.82 + 0.52) x10° 0 0.31

PS + 2% N- 25.52 + 3.88 (3.46 + 0.34) x10° 0.18 0.15
SEP

PS + 2% O- 15.92 + 1.75 (3.82 + 0.15) x10° 0.15 0.10
QASEP

PS + 2% O- 30.30 + 3.42 (3.33 + 0.56) x10° 0.22 0.11
SGSEP

PS + 6% N- 19.14 + 5.06 (3.73 + 0.43) x10° 0.21 0.26
SEP

PS + 6% O- 13.01 + 2.69 (3.85 + 0.12) x10° 0.18 0.20
QASEP

PS + 6% O- 24.88 + 4.65 (3.43 + 0.70) x10° 0.24 0.18
SGSEP

PS + 8% N- 11.67 + 2.93 (4.06 + 0.36) x10° 0.23 0.25
SEP

PS + 8% O- 9.22 +£1.30 (4.15 + 0.82) x108 0.21 0.14
QASEP

PS + 8% O- 17.14 + 5.40 (3.75 + 0.21) x10° 0.26 0.31
SGSEP

PS + 10% N-  12.97 + 3.69 (4.02 + 0.90) x10° 0.26 0.28
SEP

PS + 10% O- 9.63 +£1.36 (4.13 £ 1.07) x108 0.24 0.14
QASEP

PS +10% O-  17.03 + 4.02 (3.78 + 0.11) x10° 0.29 0.23
SGSEP

notorious increment. Consequently, the polymer finds the expansion
more difficult despite having a higher concentration of gas. Therefore,
the capability of the material to expand more thanks to the high content
of the gas is playing against the increment of viscosity that sepiolites
provide to the polymeric structure and therefore, a minimum is detected
in the curve density vs. content of particles.

3.4. Open cell content

The open cell content of the different cellular materials has been also
measured. The influence that this parameter has on the properties of the
cellular materials has been widely studied. Generally, materials with
high open cell contents exhibit poor mechanical properties, low thermal
insulation capability, and improved acoustic absorption capacity [64,
65]. Fig. 6(a) shows the open cell content values as a function of the
percentage of particles. Additionally, Fig. 6(b) presents the strain
hardening coefficient as a function of the content of particles.

Results show that all the foamed samples present a low value of the
open cell content, varying between 9% and 15%. From Fig. 6(a) it can be
concluded that the open cell content increases when the percentage of
particles increases. Moreover, the same behavior occurs for the three
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types of particles. Results depicted in Fig. 6(b) indicates that when the
content of particles increases the strain hardening coefficient is reduced.
When a low-density cellular material is produced, the polymer con-
tained in the cell walls is subjected to high extensional forces. If the
polymer is not able to resist the extension, the thin cell walls break
leading to an increase of the open cell content. In other words, the
materials with a high strain hardening, that is, those containing low
contents of particles, can resist the elongational forces occurring during
the foaming process without breaking. As a result, the foams produced
from these materials present low open cell contents. The decrease of the
strain hardening (and therefore, the increase in the open cell content)
detected when the amount of particles increases has been analyzed by
several authors [39].

Fig. 6(a) also indicates that the foams containing N-SEP present the
lowest values of the open cell content. By the contrary, the samples
containing O-SGSE present the highest values of this parameter. This
result could be explained considering, once again, Fig. 6(b), in which it
is possible to see that the formulations containing N-SEP present the
highest values of the strain hardening coefficient while the formulations
containing O-SGSEP present the lowest values of this parameter.
Therefore, there is a close relationship between the strain hardening
behavior of the different formulations and the open cell content of the
foamed materials.

3.5. Cellular structure

SEM micrographs of the cellular materials produced with the pure PS
and with the different composites are depicted in Fig. 7. Several con-
clusions can be extracted from the qualitative observation of these im-
ages. On the one hand, the pure polymer displays a monomodal cellular
structure. However, when sepiolites are introduced in the PS matrix, a
bi-modal behavior is promoted. As it can be seen in Table 4 the volume
fraction of large cells represents near 20% of the material. The large
agglomerates of particles make possible the appearance of these large
cells. The foams produced with the composites containing O-QASEP,
which were the particles with the highest dispersion capability, present
the lowest volumetric fraction of large cells. By the contrary, the foams
produced with N-SEP and O-SGSEP, with a poor dispersion capability,
show the highest volumetric fraction of big cells. Furthermore, the
volume fraction of the large cells increases as the content of sepiolites
increases. Nevertheless, apart from creating a bimodal structure, the
sepiolites also play an essential role in the nucleation mechanisms. The
foams produced with the sepiolite-based present cellular structures with
lower cell sizes than those produced with pure PS.

From previous sections, it was extracted that the best dispersion
degree was achieved with the O-QASEP. This result has an important
effect on the cellular structure. Several works have demonstrated that
the cell nucleation density strongly depends on the dispersion degree of
the particles [39,66]. Moreover, higher cell nucleation densities are
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Fig. 8. (a) Correlation between the cell size and the content of particles. (b) Cell size of the cellular materials as a function of the strain hardening coefficient.
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Fig. 9. Correlation between the content of particles introduced in the system
and the cell nucleation density.

obtained with the polymeric systems that present an efficient dispersion.
Nonetheless, extensional rheological parameters, like the strain hard-
ening coefficient, are also critical to control the cell degeneration
mechanisms by coalescence [39]. Therefore, both parameters, the
dispersion degree and the strain hardening coefficient could have a
critical effect on the cellular structure characteristics. Taking these ideas
into account, several parameters accounting for the cellular structure
such as cell size, the cell nucleation density and cell size distribution
(SD/@) have been analyzed in detail (see Table 4).

Results depicted in Table 4 and in Fig. 8(a) indicates that the cell size
decreases when the percentage of particles increases. It is possible to
obtain reductions in the cell size of 85%, 89% and 80%, with respect to
the pure PS, when using 10 wt% of N-SEP, O-QASEP and O-SGSEP,
respectively. That is, the foams with the lowest values of cell size are
those containing O-QASEP while the foams with the highest values of
the cell size are those containing O-SGSEP. These results indicate that in
these polymeric systems there is a strong influence of the dispersion
degree on the nucleation mechanisms and hence, in the cell size. The
formulations presenting the higher dispersion degrees are those who
lead to foams with the lowest cell sizes while the formulations pre-
senting the lowest dispersion degrees are those who lead to foams with
the highest cell sizes. Moreover, in Fig. 8(b) the relationship between the
cell size and the strain hardening coefficient is represented. The cell size
increases when the strain hardening coefficient increases. If the main
factor controlling the cellular structure was the extensional rheological
behavior of the formulations, as soon as the strain hardening coefficient
increases, the cell size of the materials should decrease. However, in this
case, is the other way around. This fact constitutes another proof that, in
these systems, the nucleation mechanisms are the key factor controlling
the cellular structure. These results demonstrate that, in these PS/sepi-
olites systems, the dispersion of particles is crucial to reach homoge-
neous cellular structures with low values of the cell size and high cell
nucleation densities.

Cell nucleation density follows a similar trend than the cell size (see
Fig. 9). As soon as sepiolites are introduced in the system an abrupt
increase of the cell nucleation density is produced. Moreover, the cell
nucleation density increases as the content of particles increases. Inde-
pendently on the content of particles, the composite containing O-
QASEP exhibits the highest cell nucleation density.

Finally, the homogeneity of the cellular structures is gathered in the
SD/® parameter. Results included in Table 4 show that as soon as low
percentages of sepiolites (close to 2%) are introduced in the PS matrix
the cell size distributions become more homogeneous. This is something
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that could be explained considering the capability of the sepiolites to act
as nucleants leading to finer and more homogeneous cellular structures.
However, when a large content of particles is introduced (close to 10%),
it is possible to see an increase in the value of SD/®, which indicates that
the cellular structure is not as homogeneous as that of the foams con-
taining low amounts of particles. This could be indicating that if the
amount of particles is very high, they trend to agglomerate and as a
consequence, the obtained cellular structure is more heterogeneous.

4. Conclusions

Blends of PS with different contents of sepiolites (2, 6, 8 and 10 wt%)
both non-treated (N-SEP) and superficially treated with quaternary
ammonium salts (O-QASEP) and with silane groups (O-SGSEP) have
been prepared and foamed by gas dissolution foaming using COg as
blowing agent. The extensional rheological properties of the solid (non-
foamed) composites have been analyzed as well as the dispersion degree
of the particles in the PS matrix with the objective to analyze how the
characteristics of the cellular structure are affected by these two
parameters.

Extensional rheology results demonstrate that the strain hardening
decreases as the clay content increases. Moreover, the composites pro-
duced with N-SEP presents the highest values of the strain hardening,
while the lowest values are detected in the composites produced with
the O-QASEDP. A relationship between the strain hardening and the open
cell content has been detected. The samples presenting the lowest values
of the open cell content are those presenting the highest values of the
strain hardening. In all the systems, the open cell content is always lower
than 15%.

The dispersion degree of the particles in the PS matrix has been
characterized by shear rheology. The obtained results indicate that O-
QASEP present a much better dispersion degree than the other two
particles. The way in which the particles are dispersed in the PS matrix
has an important effect on the cellular structure. The highest reductions
in the cell size, with respect to the foams produced with the virgin PP,
are detected in the foams produced with the composites containing O-
QASEP. A reduction of the cell size of approximately 90% and an in-
crease in the cell nucleation density of around 90 times is obtained when
adding 8 wt% of O-QASEP.

From these results, it is possible to conclude that in these polymeric
systems the degeneration mechanisms, which are conditioned by the
extensional rheological behavior of the polymer matrix, are more
intensive in the samples containing clays and they have an important
effect in the open cell content. However, nucleation mechanisms, which
in turn mainly depend on how the particles are dispersed in the PS
matrix, are the key factor controlling the cellular structure (cell size, cell
homogeneity and cell nucleation density). Therefore, in these systems to
obtain a reduction in the cell size it is necessary to start from a formu-
lation in which the particles are perfectly dispersed in the polymer
matrix without forming agglomerates.
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