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odify the localization of clay in
immiscible polymer blends

Fang Du,a Mohamed Yousfi,a Pascale Lipnik,b Michel Sclavonsb

and Jérémie Soulestin*a

Bio-based polyamide 11 (PA11) and water-soluble polyethylene oxide (PEO) (80/20 wt/wt) were used to

prepare an immiscible polymer blend. Ternary systems containing 1 wt% hydrophilic clay

(organomodified or native clay) were elaborated using extrusion with and without injection of water. The

cryoscopic effect on PA11 and PEO observed by high pressure differential scanning calorimetry indicated

that they were both miscible with water under conditions of water-assisted extrusion. Transmission

electron microscopy revealed a selective localization of both types of clay in the matrix (PA11). However,

with water-assisted extrusion a part of the organomodified clay platelets was localized into the dispersed

phase (PEO). Under rheological tests, the unmodified clay exhibited a different effect compared with the

organomodified clay on the modulus and viscosity of the blend. The van Gurp–Palmen plot indicated

that clay potentially decreased the interfacial tension between PA11 and PEO, while the weighted

relaxation spectra confirmed that water improved the dispersion state of the clay and limited the

polymer degradation. Thermogravimetric analyses showed that the presence of clay and water improved

the thermal stability of PA11/PEO blends. Our work is the first one which has realized water-assisted

extrusion of a clay-filled ternary blend.
Introduction

Blending of two polymers becomes an efficient way for devel-
oping new materials with combined properties, which are not
available in pristine polymers. However most polymers are
immiscible and exhibit a phase-separated morphology with very
poor mechanical properties, thus limiting their potential
applications. A classic solution to this problem is using physical
or reactive compatibilization methods to decrease the polymer–
polymer interfacial tension and to obtain thinner morphology.
Block and gra copolymers are one of the most used compati-
bilizing agents to improve the compatibility between immis-
cible polymers.1,2 Another advantage of these copolymers is
covalent coupling between polymers phases that induces an
increase of interfacial adhesion.

Recently, a number of studies have revealed that nano-
particles as carbon nanotubes, silica and clays can also be used
to compatibilize polymer blends and reinforce their structural
properties.3,4 In the case of clays, it could have different effects
on the blend, such as decrease of the interfacial tension, and
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modication of coalescence behavior.5,6 The localization of the
clay particles in polymer blends is assumed to play an impor-
tant role in the morphology and the mechanical properties of
blends. When clay is localized in the continuous matrix phase
generally a reduced size of the minor phase is observed due to a
decrease in the interfacial tension between the two polymers. In
addition, the barrier effect of the clay at the interface and the
increase of the melt viscosity of the matrix could also help
reduce the dispersed phase size. However, it has already been
proved in many cases when the nanoller is localized in the
dispersed phase, its average size could be eventually
increased.7,8 Moreover, the nature of blend components, the
dispersion degree of clay and the interaction between each
phase could also inuence the ultimate properties.

In order to improve the compatibility between the polymer
and clay, natural montmorillonite clay is generally modied
with organophilic alkylammoniums,9 leading to a larger inter-
layer spacing and lower clay surface energy.10 The organo-
modied clay thus facilitates the separation and dispersion of
the clay platelets into the polymer matrix. Nevertheless, alky-
lammonium surfactants are not thermally stable. It decom-
poses at higher extrusion temperatures and thus leads to the
collapse of the silicate layers.11 Furthermore, the organoclays
have been reported to have catalytic effect on the degradation of
polymers12–15 and plasticizing effect16 due to surfactant. In this
context, water-assisted extrusion was rstly reported17 to obtain
exfoliated PA6/clay nanocomposites using unmodied clay
RSC Adv., 2015, 5, 75311–75324 | 75311
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instead of the expensive clay organomodication. In fact, water
exhibits multiple effects during the melt-extrusion process on
both clay and polymers. On one hand, it has been reported that
the injection of water facilitates the diffusion of polymer chains
between the clay platelets by increasing the polarity and uidity
of polymer and the interlayer spacing of clays.18,19 On the other
hand, the catalytic degradation induced by clay and the plasti-
cizing effect of surfactant on the polymer matrix could be
removed by injection of water through the steam ushing of
volatile extrusion-degraded surfactant throughout the degass-
ing apertures.20 This has also been conrmed by detailed odor
and volatile organic compound (VOC) emission analysis.21

In this study, bio-based polyamide 11 (PA11) and water
soluble poly ethylene oxide (PEO)22 were chosen as a polymer
pair. First of all, they were assumed to be immiscible polymers
according to their different polarities and surface tension.
Secondly, PA11/clay and PEO/clay composites have already been
investigated and showed both very good polymer–clay interac-
tions with a good exfoliation level. PA11 as other polyamides
presents good affinity with clay due to its highly polar amide
functions.23 The polar and hydrophilic PEO has also revealed
strong interactions with clays as it adsorbs fast on clay surface24

by forming hydrogen bonds between the ether oxygen and the
silanols on the silicate surface.25 In addition, the hydrophobic
siloxanes of clay surface also present high affinity with the alkyl
chains of PEO.26 As a result, the localization of clay in the binary
immiscible blend and the properties of corresponding blends
formed would be very interesting to look at. Furthermore,
considering the potential interactions between clay and these
polymers, the effect of water injection during extrusion on the
localization of clay is of high interest. Indeed, a better disper-
sion can be expected in the case of water-assisted extrusion.18

On the other hand, since PEO is a water-soluble polymer and
clays generally present great affinity with water too, it is highly
probable that clay would migrate between the two polarity-
different phases with the aid of water.

An unmodied clay and two organomodied clays of
different surface polarity were used to see their respective
localization and their effect on blend morphology and rheo-
logical properties. A systematic comparison between the
unlled and clay lled blends was highlighted. In addition, a
comparison between the PA11/PEO/clay blends prepared with
and without injection of water during processing reveals an
interesting effect of water on the ultimate properties of the
compounds.

Experimental
Materials

PA11 (BECNO TL) was supplied by Arkema (France) in pellet
form. Its melt ow rate is 30 g/10 min (235 �C, 2.16 kg). PEO
(Polyox WSR N-750) was supplied by Dow Chemical Company
(Netherlands) in powder form. Its melt ow rate is 3–4 g/10 min
(190 �C, 2.16 kg). According to the material data sheet, the PEO
contains about 3% fumed silica (generic) and 1% calcium as
mixed salts. Three kinds of clay were used: an unmodied
montmorillonite Cloisite Na+, referred to as C-Na+; two types of
75312 | RSC Adv., 2015, 5, 75311–75324
organomodied montmorillonite Cloisite 15A (referred to as
C15A) and Cloisite 30B (referred to as C30B). C30B is more
hydrophilic than C15A due to the hydroxyl functions on the
alkylammonium modier. All clays were supplied by Southern
Clay Products (USA). Water was used directly from lab tap,
(referred to as “w” in the following tables and gures).

Sample preparation

PA11 was dried before extrusion during 24 hours in a vacuum
oven at 80 �C. All the other materials were used as received. The
unlled and clay-based PA11/PEO blend were prepared using a
twin-screw co-rotating extruder Coperion ZSK 26 MC (Coperion,
Germany) with a screw diameter of 25 mm and a length to
diameter ratio of 40. Mixing was carried out at a screw speed of
150 rpm and a temperature of 220 �C was set up for the 10
heating zones of the extruder. PA11, PEO (or PEO drymixed with
clay) were introduced into the extruder simultaneously. All
blends prepared were constituted of 80 wt% PA11 and 20 wt%
PEO. In case of addition of clay, it was introduced simulta-
neously with PA11 and PEO and its content in the blend was
maintained at 1 wt% in order to avoid a signicant modication
of the viscosity ratio. The extruder is equipped with a water
injection pump and two degassing vents. In case of extrusion
assisted by water, the pressure of water was maintained at about
20 bars and water was injected in the compression zone just
aer the convoying zone. Its throughput was adjusted to be
equal to PEO throughput (�20 wt%). Extruded strands were
cooled into a water bath and then pelletized. The resulting
pellets were then injection-molded using an injection molding
machine Babyplast model 610P (Cronoplast SL, Spain). The
temperature was set up at 220 �C in all heating zones. Dogbone
specimens (standard ISO 527-2) were molded for tensile test,
discs (diameter of 35 mm and thickness of 2 mm) for rheology.

Sample characterization

The miscibility of PA11 and water at high pressure and high
temperature was investigated using a high pressure differential
scanning calorimeter HPDSC 827e (Mettler Toledo, Switzer-
land). A pressure controlling valve PC-5866 series (Brooks
Instrument, USA) was connected to the measuring chamber.
The pressure was maintained at 20 bars during the heating and
cooling cycles to simulate the extrusion conditions. PA11 pellets
were rstly freeze-ground with a Pulverisette 14 Rotor Mill
(Fritsch/Idar-Oberstein, Germany) in order to obtain a homo-
geneous contact between polymer and water. PA11 or PEO
powder and water were mixed at a weight ratio of �2/1, with a
total sample weight of �13 mg. First heating was conducted
from 30 to 160 �C with 10 minutes of stabilization (homogeni-
zation of contact polymer–water), then from 160 to 220 �C with 1
minute of stabilization, which was followed by cooling from 220
to 30 �C with 1 minute of stabilization and a second heating
from 30 to 220 �C. The heating and cooling rate was maintained
at 10�C min�1.

The dispersion of the clay platelets in the blend was observed
using a transmission electron microscope (TEM). TEM images
were carried out on the extruded pellets. Ultrathin sections were
This journal is © The Royal Society of Chemistry 2015
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prepared using amicrotome Leica EM FC6 at the temperature of
�80 �C for knife, sample, and chamber. The knife used for
cutting was a diatome cryowet at 35�. Ultrathin sections of 150
nm thick were then collected on a 200 mesh carbon grid.
Observations were carried out using a TEM LEO 922 (Carl Zeiss,
Germany) at the acceleration tension of 120 kV. All images were
obtained by a CCD camera.

A scanning electron microscope SEM S4300 SE/N (Hitachi,
Japan) was utilized to observe the cryofractured surfaces of
injection-molded specimens. The specimens were cryofractured
in liquid nitrogen, and then etched in water during 1 hour in
order to remove the PEO phase and highlight the contrast
between the different phases. The specimen surfaces were
coated with gold during 45 seconds at 2.4 kV before SEM
observations. The average diameter of the dispersed phase was
calculated using ImageJ soware by measuring the average
Feret diameter27 of 200 droplets.

Rheological analyses were performed using a rotational
rheometer HAAKE MARS III (Thermo Scientic, Germany).
Injection-molded disks obtained from extruded pellets were
used for these tests aer being dried in a vacuum oven prior to
experiment at 80 �C during 24 hours. All measurements were
performed at 220 �C in nitrogen atmosphere, in parallel-plate
geometry with 35 mm diameter plates and a 1.8 mm gap size.
Linear domains of different samples were identied from strain
sweeps and a common strain of 1% was chosen for all samples.
Frequency sweeps were carried out between 0.1 and 100 rad s�1.
The storage modulus (G0), loss modulus (G00), and complex
viscosity (|h*|) were measured as function of the angular
frequency. Rheological results of pure PA11 were obtained in
the same preparation way as other blends, while those of pure
PEO were obtained by direct injection in a Haake Minijet II
(Thermo Scientic, Germany) without extrusion due to the very
high viscosity of PEO.28 To investigate the effects of nanoclay
and water-assisted extrusion process on the relaxation
Fig. 1 HPDSC thermograms of the second heating for PA11 and PEO w

This journal is © The Royal Society of Chemistry 2015
behaviors of PA11/PEO samples, the relaxation spectra H(l) of
neat polymers and blends were calculated. H(l) were obtained
from the storage modulus vs. angular frequency data using the
standard non-linear regularization NLREG method integrated
in the commercial soware package RheoWin (Thermo-
Scientic, Germany).29

Thermogravimetric analysis of different blends was con-
ducted by using a TGA/DSC 1 (Mettler Toledo, Switzerland)
under air ow from 30 to 700 �C with a heating rate of 10�C
min�1. Thermal stability was evaluated through the tempera-
ture at 5% weight loss (T5 wt%). T5 wt% is generally considered as
the critical decomposition temperature since the weight loss
before this temperature is attributed to water evaporation.

Results and discussion
High pressure differential scanning calorimetry (HPDSC)

As water-assisted extrusion was used during preparation of
some of our blends, the miscibility of PA11 and PEO with water
is of high interest. Besides the PEO which is soluble in water at
atmospheric pressure, polyamides have also been reported to be
fully soluble in water at high temperature under pressure.18,30,31

HPDSC results of both polymers with and without water at 1 bar
and 20 bars are presented in Fig. 1. At 20 bars, water boiling
point is 215 �C (ref. 32) and thus does not appear in the
temperature range of the HPDSC thermograms. As expected,
the melting temperatures of both polymers are not signicantly
affected by the pressure increase from 1 bar to 20 bars. These
observations are in agreement with what have been reported by
other authors, where an increase in pressure of 100 bars just
brings a shi in melting temperature of less than 2 �C.33,34 On
the other hand, in the presence of water the melting tempera-
tures of both polymers are largely decreased at 20 bars, showing
cryoscopic effect. In the case of PEO, its melting peak has
shied down by �12 �C, while that of PA11 has decreased by
�28 �C in the presence of water due to the single phase
ith and without water at 1 bar and 20 bars.

RSC Adv., 2015, 5, 75311–75324 | 75313
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constituted of water and PA11. H-bonds can be formed between
water and the amide groups, hence the solvatation of PA11 by
water.35 The cryoscopic effect of water onto polyamide melting
occurs once the pressure is above the water vapor pressure, and
remains the same whatever the pressure.30,31,36 PA11 showsmore
signicant cryoscopic effect than PEO due to the its more effi-
cient water adsorption mechanism, where three molecules of
water are bound on two neighboring amide groups in saturated
conditions.37 The theoretical ratio of water/PA11 in saturated
conditions is calculated using the equation:

nPA11

nH2O

¼ 2

3
/

mPA11

mH2O

¼ 2

3

183

18
¼ 183

27

mH2O

msyst

¼
�
1þ mPA11

mH2O

��1

¼ 0:13;

where n the number of molecule and m the corresponding
weight. A minimum concentration of 13 wt% of water is
required to obtain complete solvatation of PA11 (the amount of
water used in HPDSC tests and extrusion 20 wt% was in excess).
The shi in melting temperature of PA11 is lower than that of
PA6 reported because of its lower concentration in amide group
compared to PA6. Considering the discussions above, it can be
conrmed that water and PA11 or PEO could form a single
molten phase in the extrusion conditions, with higher polarity
and lower viscosity than that of PA11 or PEO, which according
to the mechanism proposed by Fedullo et al. facilitates the
polymer ability to diffuse into the clay, and the desorption of
water molecule.18

Transmission electron microscopy (TEM)

TEM has been used to evaluate the dispersion of clay and its
localization in the blends depending on extrusion conditions.
Particularly, it aims at highlighting the effect of water-assisted
extrusion. Fig. 2 shows TEM micrographs for PA11/PEO blends
containing 1 wt% of the different clays. The bright area corre-
sponds to the PEO phase while the gray area is the PA11 phase.
In all images, the black round particles and their aggregates are
silica originally present in the PEO (�3 wt% in order to help
increase the owability according to the material data sheet).
Only the black long platelets in the images correspond to the
exfoliated nanoclay or/and the agglomerated stacks. It can be
Fig. 2 TEM micrographs of PA11/PEO blend containing (a) C15A, (b) C3

75314 | RSC Adv., 2015, 5, 75311–75324
seen that irrespective to the clay added, the nanoclay platelets
are selectively localized in PA11 phase only. The comparative
observation of the three different blends tends to show that the
exfoliation of clay seems to be higher in the blend containing
C30B. It seems that clays have more affinity with the continuous
PA11 phase because of the hydrogen bonds formed between
polar amide functions and clay surface. However, PEO should
also present high affinity with clay because of the hydrogen
bonds between the ether oxygen and the silanols,25 and the
hydrophobic interactions between alkyl segments along the
PEO backbone and siloxanes.26 In fact, Derho et al. observed
that clay is always agglomerated in PEO, regardless of its
loading, in PLA/PEO/clay ternary systems.38 In our case, the
selective localization of clay platelets in PA11 could be explained
by the fact that nanoparticles tend to be localized in the phase
with lower viscosity.39–41 The viscosity of PEO revealed by the
melt ow rate in the material data sheet is much higher than
that of PA11.

With the water-assisted extrusion, clays are still mainly
localized in the PA11 matrix with an even better dispersion
degree than in the corresponding blend without water, as
shown in Fig. 3. As a result, water-assisted extrusion improves
the dispersion degree of clay.18 The C30B blend in presence of
water exhibits still the most homogeneous dispersion. Mean-
while, some platelets of clay have been observed in PEO and at
the interface PA11/PEO of the blends with C15A and C30B in the
presence of water. The partial localization in PEO could be
explained by the fact that water/PEO miscibility improves the
mutual interdiffusion of PEO and clays by increasing PEO
polarity and decreasing its viscosity.18 Furthermore, the injec-
tion of water brings a lubricating effect of the process medium
which reduces the high viscosity of the PEO phase and thus
facilitates the migration of clay.

On the other hand, none of the clay platelets can be observed
in PEO for the composite C-Na+. Despite the fact that the
unmodied hydrophilic C-Na+ should have high affinity with
water and with the hydrophilic PEO phase compared with the
organomodied ones and that the interlayer Na+ cations could
be complexed by polyethers to form crown-ether like cryptates
due to strong Na+–ether coordination,42 clay layers are still only
present in the PA11 phase. A reasonable explanation for this is
that PA11 shows, according to the molecular simulation, better
thermodynamical interactions with unmodied clay due to a
0B and (c) C-Na+.

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 TEM micrographs of PA11/PEO blend prepared by water-assisted extrusion, high magnification at the interface in (a) C15A, (b) C30B and
(c) C-Na+, inside the PEO (d) C15A, (e) C30B and (f) C-Na+.
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much higher binding energy as compared to the organo-
modied clay43,44 and the effect of water is not enough to break
it. Finally, independently of the type of clay, silica particles are
always in the PEO phase, conrming the occulant effect of PEO
on this kind of particles.24,45 No migration of silica particles is
observed from PEO to PA11 with the injection of water. There-
fore it can be reasonably considered that the presence of silica
particles does not inuence the selective localization of clay in
the blends.

Scanning electron microscopy (SEM)

It is nowadays well admitted that nanollers like clay could
affect the morphology of polymer blends. In order to evaluate
the effect of water-assisted extrusion and clay on morphology,
all blends were observed using SEM. Fig. 4 showmicrographs of
water-etched cryofractured surfaces of the different blends. The
holes correspond to the position of the water-extracted PEO
phase. The micrographs conrm that the two polymers are
immiscible and the blend presents a droplet morphology. Table
1 summarizes the average diameter of PEO droplet in the
unlled blend and the corresponding clay-based blends and
Fig. 6 represents the droplet size distribution. FWHM (full
width at half maximum) was also measured in order to evaluate
the polydispersity of diameter values (Table 1). The poly-
dispersity of the droplet size is not modied by the presence of
clay. In all cases, the average droplet size of PEO is slightly
decreased with the presence of clay. Firstly, the decrease in
droplet sizes may be caused by the selective localization of clay
in the PA11 phase and the increase of PA11 viscosity, which
leads to a reduced viscosity ratio. Furthermore, in immiscible
polymer blends, the shape and size of droplets under ow (in
extruder) are determined by both the shearing forces and the
This journal is © The Royal Society of Chemistry 2015
pressure distribution around the droplets. The former is con-
nected with the viscosity and the latter with the elastic proper-
ties of the melt components. The elasticity of the melt is
characterized by the so-called rst normal stress differences.
When the difference in the rst normal stress differences of the
droplet phase and the matrix is positive, the elasticity acts
under shear conditions as an additional interfacial tension. In
the opposite case, when the elasticity of the droplet phase is
smaller than that of the matrix, the interfacial tension is
reduced under shear according to the following equation:46

Gin the presence of flow ¼ Gin the absence of flow þ D0

12
ðN1;d �N1;mÞ;

where G is the interfacial tension, D0 the initial diameter of
droplets and N1,d and N1,m the rst normal stress differences of
the dispersed phase and matrix respectively. The preferential
localization of clay in the matrix (PA11) will induce an increase
of matrix elasticity. As a result, the interfacial tension is
decreased and the deformation and breakup of droplets
become easier which could explain the decrease in the mean
diameter of PEO phase in the presence of clay.

The decrease of interfacial tension can be supported by
using the equation of Serpe:47

Dz

"
4GPEO=PA11

_ghblend

�
hPEO

hblend

�0:84
#

1� ð4FPEOFPA11Þ0:8
;

where D is the average diameter of the dispersed phase, G the
interfacial tension, _g the shear rate, h the viscosities of the
dispersed phase and the blend, and F the volume fraction of
the two phases. Later rheological analyses show that the
presence of clay decreases the viscosity of the blend, while the
RSC Adv., 2015, 5, 75311–75324 | 75315
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Fig. 4 SEM micrographs of (a) unfilled PA11/PEO, and blends con-
taining (b) C15A, (c) C30B and (d) C-Na+.

Table 1 Average and FWHM (full width at half maximum) diameter of
droplet in the unfilled and clay-based blends without and with water
injection

Sample DN (mm) FWHM (mm)

PA11/PEO 80/20 2.8 2.4
PA11/PEO 80/20 w 3.4 2.2
1% C15A 2.2 2.0
1% C15A w 3.6 3.0
1% C30B 1.7 2.4
1% C30B w 2.2 2.2
1% C-Na+ 1.8 2.2
1% C-Na+ w 2.6 2.4

Fig. 5 SEM micrographs of (a) unfilled PA11/PEO, and blends con-
+
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viscosity of PEO could not be modied since there is no clay
particle. Therefore, only the decrease of the interfacial
tension G could result in the reduced size of droplet between
PA11 and PEO.

Fig. 5 shows the SEM micrographs of different blends
processed with the injection of water during extrusion. The
droplet size in all blends is increased slightly in the presence
of water and the PEO phase becomes irregular in shape. The
compatibilizing effect of clays on immiscible PA11/PEO
disappears probably due to the clay particles localized into
PEO phase instead of PA11 which leads to an increased
viscosity ratio. The increase in the melt viscosity of the
dispersed phase and decrease in that of the matrix, leads to
higher viscosity ratio and elasticity ratio, which could favor
the increase of droplet size.48 In fact, the localization of a few
clay platelets in PEO instead of PA11 could have signicant
effect on the dispersed phase since the local concentration of
clay in PEO could become higher than that in PA11 due to the
low content of dispersed phase (20 wt%). More clay platelets
observed at the interface of PA11/PEO could also hinder the
rounding promoted by the interfacial tension, which results
in the irregular shape formed.5,6
75316 | RSC Adv., 2015, 5, 75311–75324
Rheological behavior

In order to investigate the inuence of clay and its localization
on the relaxation of the dispersed phase, rheological tests have
been carried out on different blends without and with the
injection of water. The storage modulus and the complex
viscosity as a function of the frequency are presented in Fig. 7.
As it can be seen from Fig. 7a and b, PEO is much more elastic
and viscous than PA11. At high frequencies, the viscosity of PEO
is 8 to 10 times higher than that of PA11. At low frequencies,
PA11 shows a Newtonian plateau behavior, while PEO exhibits a
shear thinning behavior over all frequencies. Fig. 7c and d
showed that in our case regardless of the type of clay added,
both modulus and viscosity are decreased over the frequency
range of 0.1–100 rad s�1, especially in the case of organo-
modied clays. These behaviors are in contrast with those
observed by most authors where there is an increase of both the
modulus and viscosity with the addition of clay generally at
higher clay content and especially in case of exfoliated platelets.
The low amount of clay used, their low degree of exfoliation as
observed by TEM and therefore the lack of their interaction
(lower surface area) with the PA11 matrix are not good enough
to improve the viscoelastic properties. Fornes et al. have also
pointed out a reduced viscosity of PA6/clay compared with the
pure PA6 because of matrix molecular mass degradation.49,50

In Fig. 7c, the storage modulus of clay-based blends is
reduced without any solid-like behavior at low frequencies and
shows the same frequency dependence or liquid-like behavior
as the unlled blend. A solid-like behavior at low frequencies
which is commonly observed in the nanocomposites mostly
refers to clay contents over 3–5 wt% to perform a percolated
three-dimensional ller network structure.51,52

In Fig. 7d two distinct regions of viscosity are noted: at low
frequencies (below 0.5 rad s�1), a Newtonian region with
plateau behavior, while at higher frequencies, the viscosity
decreases with the frequency and shows a power-law region
with shear thinning behavior indicating the existence of yield
taining (b) C15A, (c) C30B and (d) C-Na , prepared by water-assisted
extrusion.

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Distribution of PEO droplet size in unfilled and clay filled PA11/PEO blends, (a) without and (b–e) with injection of water.
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stress. The span of the Newtonian plateau remains almost the
same regardless of the type of clay. Although the viscosities of
all clay-based blends are reduced, there seems to be slightly less
rapid shear thinning ow at higher frequencies compared to
that of the unlled blend. Among the three clays used, C-Na+

blend exhibits a slightly different behavior in the high
frequency region where its viscosity remains almost the same as
that of the unlled blend. C-Na+ leads to no plasticizing effect
on the viscosity of the blend already observed in PA nano-
composites16 due to the absence of surfactant.

The storage modulus and the viscosity as a function of the
frequency presented in Fig. 8 and 9 when water is injected
during extrusion process. Both the storage modulus and the
viscosity of the unlled PA11/PEO blend are reduced when
adding water, due to probable hydrolysis of the PEO (ether
functions). On the other hand, polyamides are generally more
stable in the presence of water.53 In contrast, those of the clay-
based blends are increased with addition of water potentially
This journal is © The Royal Society of Chemistry 2015
due to improved dispersion of clay platelets which is in good
agreement with the better clay dispersion in the two phases
observed by TEM. Moreover, clay-based blends suffer less
plasticization caused by free and degraded surfactant molecules
due to the steam ushing,16 and less catalyzed degradation due
to surfactant stabilization onto clay surface by water lubricating
effect20 which lead to the increase in the modulus and viscosity.
C-Na+ blend exhibits a weak increase of both the storage
modulus and viscosity when adding water probably due to a less
uniform dispersion and a lack of clay particles in PEO.
Relaxation behaviour

Fig. 10 shows the van Gurp–Palmen plot (vGP) (the phase angle
‘d’, versus the absolute complex modulus ‘|G*|’), of the studied
samples. The van Gurp–Palmen plot (vGP) is originally devoted
to the characterization of polydispersity of linear polymers, and
to the detection of the changes in the topology (long-chain
RSC Adv., 2015, 5, 75311–75324 | 75317
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Fig. 7 Storage modulusG0 and complex viscosity |h*| as a function of the frequency u for (a) and (b) neat polymers and blend, (c) and (d) unfilled
and clay-filled blend.
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branching) in polymers according to the theory of Trinkle and
Friedrich.54 This plot was later used to probe the rheological
percolation in polymer nanocomposites,55,56 to identify the
relaxation species in a complex polymeric system, to obtain
information on the morphology and the degree of compatibility
in the case of immiscible polymer blends.57,58

In the case of PA11/PEO blends, the vGP plot contains a
minima (tail of long relaxation times) corresponding to the
major component (PA11) and a maxima reecting the high
frequency shape relaxation of the dispersed phase (PEO). This
shape of (vGP) plot is characteristic of the matrix/droplet
morphology.58

The clay-based blends display higher values of the phase
angle in comparison with the pure PA11/PEO blends, reecting
a general decrease of the elasticity.57 In the case of PA11/PEO/C-
Na+, this effect is less pronounced due to its lower dispersion
state. The (vGP) plot shied towards the lower complex
modulus (long relaxation times) with the addition of the clay,
particularly in the presence of C15A and C30B. The position of
the maximum in the (vGP) spectrum is known to be correlated
to the ratio of the interfacial tension to the dispersed phase
radius (a/R).57 An a/R decrease, indicates that the shape relax-
ation of droplets occurs at low frequency (long relaxation times).
Since the size of nodules in the clay lled blends is reduced as
compared to that in the unlled blend, the interfacial tension is
thus lowered aer the addition of the organoclay, and less
pronounced in the case of raw C-Na+ blend.

Fig. 11 shows the van Gurp–Palmen (vGP) plot of samples
extruded with and without water injection. With the addition of
water in pure PA11/PEO blends, the (vGP) plot is slightly shied
75318 | RSC Adv., 2015, 5, 75311–75324
towards the lower |G*|, indicating a slight decrease in a/R,
which is coherent with the increase of droplet size observed by
SEM. In contrary, the addition of water during melt extrusion of
clay-based blends leads to a decrease of the phase angle ‘d’ and
a slight shi of the (vGP) spectra to the higher complex modulus
which means an elasticity of the blends increase principally due
to the enhancement in the dispersion state of the ller. These
observations are consistent with ones of the TEM and the
previous rheological interpretations on the storage modulus
and the complex viscosity.

In order to investigate the effect of clay and water on the
relaxation behaviours of PA11/PEO blends, the weighted relax-
ation spectra lH(l) from Honerkamp and Weese (HW) plots can
be used to reect the chain relaxation time distribution for neat
polymers59,60 and immiscible polymer blends.61 The relaxation
spectra H(l) of viscoelastic polymers in frequency domain can
be estimated from the measured storage modulus G0 using the
standard nonlinear regularization NLREGmethod integrated in
the commercial soware package RheoWin (ThermoScientic,
Germany)29 which is a numerical procedures in C++ based on
the regularization method proposed by Honerkamp and
Weese:60

G0ðuÞ ¼
ðþN

�N

HðlÞ u2l2

1þ u2l2
dðln lÞ;

where u is the angular frequency and l the relaxation time.
Fig. 12 shows the HW relaxation plot of PA11, PEO and PA11/
PEO blend. The characteristic relaxation time corresponding
to PA11 is z3.6 s. The PEO exhibits a broader relaxation spec-
trum with lower characteristic relaxation time. The maxima in
This journal is © The Royal Society of Chemistry 2015
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Fig. 8 Comparison of water-assisted to dry-processed storage modulus G0 as a function of the frequency u of (a) the unfilled PA11/PEO, and
blends containing (b) C15A, (c) C30B and (d) C-Na+.
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the large peak correspond to z0.2 s. In the case of PA11/PEO
blend, two characteristic peaks corresponding respectively to
the dispersed PEO phase and the matrix are distinctly observed.
The PA11 relaxation peak is not modied, while that of PEO is
shied towards the lower relaxation times (lz 0.06 s) probably
Fig. 9 Comparison of water-assisted to dry-processed complex viscosit
blends containing (b) C15A, (c) C30B and (d) C-Na+.

This journal is © The Royal Society of Chemistry 2015
due to the effect of processing conditions (the pure PEO was
injected without extrusion because of high viscosity).

Fig. 13 illustrates a comparison between the relaxation
spectra of unlled PA11/PEO and clay-based blends. For the
PA11/PEO/C-Na+ sample, the HW plot has a single large peak
y |h*| as a function of the frequency u of (a) the unfilled PA11/PEO, and

RSC Adv., 2015, 5, 75311–75324 | 75319
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Fig. 10 van Gurp–Palmen plot (phase angle, d, versus absolute
complex modulus, |G*|) of the unfilled and clay-based PA11/PEO.

Fig. 12 Weighted relaxation spectra of PA11, PEO and PA11/PEO
blend.
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with a shoulder at about 0.7 s. This observation may be ascribed
to a catalytic action of C-Na+ on the pyrolysis of PA11 and PEO
due to the presence of Si–OH and Al–OH acid sites on the
external surface of the clay. Such catalytic effect of C-Na+ has
already been discussed in the literature for the thermal degra-
dation of different polymers.53,62,63 According to the authors, C-
Na+ presents Brønsted acid sites such as Si–OH and Al–OH on
the external surface of clay which promote the polymer degra-
dation. With random chain scissions, a broadening of the
distribution of the relaxation spectrum is the consequence. The
Fig. 11 van Gurp–Palmen plot (phase angle, d, versus absolute complex
(a) PA11/PEO, blend containing (b) C15A, (c) C30B and (d) C-Na+.

75320 | RSC Adv., 2015, 5, 75311–75324
broadening of the PA11 and PEO characteristic relaxation time
obtained in the presence of the organoclay (C15A and C30B) and
the slight shi of the maxima of PA11 towards a lower relaxation
time indicate an increase in the polydispersity of the chains
relaxations.

Fig. 14 shows the effect of the water-assisted extrusion
process on the weighted relaxation spectra of the different
blends. The lH(l) plot of PA11/PEO blend processed by the
water-assisted extrusion is lower due to the hydrolysis of PEO.
The shoulder of PEO was attened indicating the effect of water
modulus, |G*|) of the blends prepared without and with water. Unfilled

This journal is © The Royal Society of Chemistry 2015
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Fig. 13 Weighted relaxation spectra of unfilled and clay-based PA11/
PEO blends.
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on the relaxation distribution of PEO, and the PA11 peak was
shied towards the lower relaxation times illustrating a slight
compatibilizing effect. This behaviour is consistent with the
previous vGP analysis.

In the case of C15A lled composite, the increase in the
height of the maxima corresponding to the PA11 matrix
prepared by water-assisted extrusion reects an additional
relaxation of chains in the vicinity of the clay polymer interface
due to its better dispersion mainly localized in the PA phase.61

In the case of PA11/PEO/C30B blend, the shoulder corre-
sponding to the PEO phase was additionally more affected by
the water-assisted extrusion probably because of the
Fig. 14 Weighted relaxation spectra of the blends prepared without a
containing (b) C15A, (c) C30B and (d) C-Na+.

This journal is © The Royal Society of Chemistry 2015
localization of more organoclay particles into the PEO which
leads to the enhanced elasticity.64 Moreover the PA11 sharp
peak is due to the well dispersed clay platelets into the polymer
matrix as previously shown by TEM. The behaviour of the C-Na+

blend is dramatically changed with the water-assisted extrusion.
In absence of water, the shape of the relaxation of the materials
consists of a single large peak. With the addition of water, the
relaxation peaks of PA11 and PEO both reappear. It is explained
by the presence of water limiting the degradation of polymer
induced by nanoller. Similar behaviour was observed by
Stoclet et al. in the case of NaMMT/PA11 and HNT/PLA
composites.63,65 The authors stipulate that in the case of the
compounds elaborated with water injection, the adsorption of
water to the surface of the montmorillonite prevents the initi-
ation of degradation of polymers by adsorbing water onto the
clay surface and forming phase separation from polymer. In
addition, the lubricant effect of water may decrease the local
shear force and thus prevents mechanoscissions of polymer
chains.66

Thermogravimetric analysis (TGA)

Since the rheological results showed that the blends were more
or less affected by degradation depending on processing
conditions, the thermal stability of different blends was then
evaluated by TGA. The weight evolution as function of the
temperature is presented in Fig. 15, and the values of the onset
of decomposition temperature corresponding to 5% weight
loss, the maximum degradation temperature and the residue
content are summarized in Table 2. As it can be seen, PA11
exhibits a much higher thermal stability than PEO. The blend
nd with water-assisted extrusion. Unfilled blend (a) PA11/PEO, blend

RSC Adv., 2015, 5, 75311–75324 | 75321
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Fig. 15 Weight loss percentage and derivative as a function of temperature of unfilled and clay-filled PA11/PEO blends, (a) without and (b–e) with
injection of water.
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showed a thermal stability closer to that of PA11. In the PA11/
PEO blend, only the degradation peak of PA11 can be
observed, probably due to the low content of PEO. With the
addition of clay no signicant changes are observed for the
onset of degradation due to the very low amount of clay. Similar
results have been reported for the PA6 nanocomposites, under
air 5 wt% clay addition increasing the onset temperature by only
�3 �C.67 Concerning the maximum degradation temperature, it
is increased by �15 �C for all blends with clay compared to the
unlled blend. The improvement of thermal stability could be
explained by the barrier effect of clay layers to in-diffusion of
oxygen and to the out-diffusion even trapped of degraded small
molecules.13,68 The slight decrease of degradation onset at 5
wt% is probably due to the clay-catalyzed degradation of
polymers.13,14,69

When water is injected, both the onset and the maximum
of degradation show that thermal stabilities of the unlled
75322 | RSC Adv., 2015, 5, 75311–75324
blend and clay-based blends are slightly improved. It has
already been reported that water could limit the degradation
of polyamide.53,70 In case of clay-based blends, water brings
about higher exfoliation level of clay with increased barrier
effect. Moreover, the catalytic effect of clay on polymer
degradation is soened with the aid of water, increasing thus
the overall thermal stability of blends. The improved thermal
stability of the unlled and clay-based blends is also
conrmed by the increased content of residue aer injection
of water.
Conclusion

In this study we have prepared PA11/PEO/clay ternary mixtures
using both unmodied (Cloisite Na+) and organomodied clays
(Cloisite 15A and C30B) to evaluate the effect of clay on PA11/
PEO blend. In addition to the normal dry-processed extrusion,
This journal is © The Royal Society of Chemistry 2015
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Table 2 Onset and maximum of thermal degradation and residue
content

T5 wt% (�C) Tmax (�C) Residue (%)

PA11 389 424 0.25
PEO 226 267 2.08
PA11/PEO 80/20 369 433 1.00
PA11/PEO 80/20 w 376 447 1.69
1% C-Na+ 365 445 1.44
1% C-Na+ w 374 450 1.94
1% C15A 357 452 1.52
1% C15A w 377 451 1.72
1% C30B 371 449 1.59
1% C30B w 375 458 1.70
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the water-assisted process was used to highlight the effect of
water on the properties of different blends.

The miscibility of PA11 or PEO with water in the extrusion
conditions was evidenced byHPDSC tests, inducing the cryoscopic
effect. TEM observations showed that clay platelets were almost
selectively localized in the PA11 matrix phase. With the injection
of water during extrusion, some clay platelets were localized in the
PEO dispersed phase instead of the PA11 matrix in the case of
Cloisite 15A and C30B. In the case of Cloisite Na+, clay platelets
stayed in PA11 even if water was injected during extrusion.

Rheological tests showed that water-assisted process
increased both the modulus and viscosity of nanocomposites
due to a better dispersion state. The van Gurp–Palmen plot also
indicated a decreased interfacial tension between PA11 and
PEO responsible for the reduced size of the dispersed phase
when clay of any kind is added. On the other hand the weighted
relaxation spectra conrmed the catalytic effect of Cloisite Na+

on the degradation of polymers, while this effect was deleted in
presence of water.

As showed by TGA, the presence of clay improved the
thermal stability of the unlled PA11/PEO blend due to the
barrier effect of clay, limiting the degradation. With the injec-
tion of water, thermal stability of all blends was increased as a
result of better dispersion state.

The results of our work reveal that water-assisted extrusion is
a very promising processing method as it can be used to
improve the dispersion state of clay, and tune the localization of
clay in an immiscible polymer blend. The thermal stability and
rheological properties could be enhanced thanks to the limited
degradation of polymers in the presence of water.
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