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ABSTRACT: The aim of this study was to investigate the effect of nanoclay addition on the morphological and mechanical properties of
PA6/SAN/SEBS ternary blend. Two different nanoclays with different modifiers and two different mixing sequences were used to investi-
gate the role of thermodynamic and kinetic, respectively, in the nanoclays localization. XRD, SEM, TEM, melt rheology, tensile and Izod
impact tests were used to characterize the nanocomposites. Results of characterization of nanocomposites showed that clay localization is
a very influential parameter to determine the type of morphology and, consequently, mechanical properties of ternary/clay nanocompo-
sites. It was demonstrated that presence of nanoclay in the matrix results in the increase of stiffness, while localization of nanoclay at the

interface improves the toughness and tensile strength. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41969.
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INTRODUCTION

Beginning of 1990 could be considered as the start point of the great
attention to the polymer nanocomposites." For a decade, there was
increasing activities toward the using of polymers as the matrices for
nanoparticles either in fundamental research or in industrial exploi-
tation.”™ These studies showed that addition of nanofiller generally
improved the mechanical properties, heat distortion temperature,
and barrier properties, and reduced flammability.” ™"

Afterward, researchers started to investigate the influence of
nanoparticles addition to the polymers blends.'">' This topic
has attracted a significant attention of researchers. Concerning
the polymer blend nanocomposites, the main subjects are prin-
cipally related to two important roles that these additives can
play in the polymer blends. The first is improvement of the var-
ious properties such as mechanical, barrier, thermal, flame
retardancy, and electrical properties.">'* The second objective
of the nanoparticles addition to the immiscible polymer blends
is how the morphology of the blends is affected by nanopar-
ticles and whether these additives can play the role of compati-
bilizer in the blends.'>™'® Generally, studies of the researchers
indicate that mechanism of action of nanoparticles to modify
the morphology, interfacial properties, and performance of
immiscible polymer blends relies on their localization, migra-
tion, their interactions with polymer components, and the way
that these additives disperse within the polymer blend.'*™**

© 2015 Wiley Periodicals, Inc.
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Contrary to the binary blends, addition of nanofiller such as
montmorillonite to a ternary polymeric blend with three dis-
tinct phases is a truly new research field. To date, just a few
papers have been published on this topic. Kelnar et al. studied
the effect of two different types of nanoclays on the morpholog-
ical and mechanical properties of PA6/EPR/PS blend.”® They
reported that addition of clay led to a significant reduction in
the size of dispersed particles of minor phases analogously to
the corresponding binary blends.”” Nonetheless, this change
resulted in the decrease of toughness of ternary blend. They
reported that pre-blending of minor phases with nanoclay could
fairly ameliorate the mechanical properties. In another work,
Panda ef al. investigated the influence of MWCNTs addition on
the phase morphology and electrical conductivity of PP/PA6/
ABS ternary blends.**** They showed that incorporation of
MWCNTs into ternary blends, generally, did not alter the type
of phase morphology corresponding to respective blends. How-
ever, they observed that MWCNTs could act as a compatibilizer,
which was manifested in a reduction of average droplet size of
the dispersed phases.

Incorporation of nanofiller into a ternary blends can lead to
attractive and interesting changes in the morphological and
mechanical properties. This arises from the more potential
places for the localization of the nanofiller in a ternary blends.
The main purpose of this article is to study the effect of clay
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Table I. Characteristics of the Prepared Ternary Nanocomposites

Sample code Used nanoclay Mixing sequence

NA1 Cloisite 15A M1
NA2 Cloisite 15A M2
NB1 Cloisite 30B M1
NB2 Cloisite 30B M2

addition on the morphological and, consequently, mechanical
properties of PA6/SAN/SEBS ternary blend. In this contribution,
we intended to investigate the role of thermodynamic and
kinetic in the nanoclay localization by selecting two different
types of nanoclays and mixing sequences, respectively.

EXPERIMENTAL

Materials

DSM Chemical Co., (Netherlands) provided polyamide 6 under
trade name of Akulon F223 (Density: 1.13 g/cm?) was used as a
matrix. Poly (styrene-co-acrylonitrile) (SAN, 25 wt % AN),
SAN-2 (MFI=22 at 220°C, 10 kg) was kindly provided by
Ghaed Bassir Petrochemical Co., Iran. Styrene-b-(ethylene-co-
butylene)-b-styrene (SEBS) triblock copolymer, Kraton G1652
(29% styrene; molecular weight: styrene block 7000, EB block
37500), was supplied by Shell Chemicals Co., Netherlands. Two
kinds of organically modified clays with dimethyl dehydrogen-
ated tallow alkyl ammonium (OMMT, Cloisitel5A and Cloisite
30B, Southern Clay Products, USA) were used as layered
silicate.

Sample Preparation

All polymers and organoclays were dried for 12 h at 80°C
before blending so as to minimize the effects of moisture. All
samples were prepared by an internal mixer (Brabender GmbH
& Co., Germany) of 60 mL, at a temperature of 230°C; with a
rotor speed of 80 rpm for overall mixing time of 10 min. To
obtain the standard specimens for the tests of mechanical prop-
erties, samples were machined from sheets compression molded
at 230°C for 5 min and cooled down under the pressure.

To prepare ternary blends, two different mixing orders were
chosen, named M1 and M2 as follows: In M1 sequence, organo-
clay and PA6 matrix were first blended for 4 min and then
other components were added and the mixing was kept on for
overall mixing time of 10 min. In M2 sequence, organoclay was
first compounded with SAN for 4 min and then other polymers
were added. Nanocomposites including Cloisite 15A and Cloi-
site 30B were named with "NA" and "NB", respectively. Table I
summarizes the condition of nanocomposites studied in this
work. For comparison, a ternary blend without the organoclay
(named "TB") was also prepared. Composition of all samples
was PA6/SAN/SEBS/OMMT (70/15/15/5).

Characterization

The structure of the layered silicates in the nanocomposites was
analyzed by XRD with a Philips X’pert (Netherlands) PRO with
CuKo radiation of wavelength 1.54 A at room temperature.
Measurements were performed in 20 ranges from 2° to 10° 20.
For the analysis of morphology, scanning electron microscopy
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(SEM) was performed using a SERON, AIS-2100 (South Korea)
instrument. Cross-sections of cryogenically fractured samples
were gold coated in vacuum conditions. The extents of interca-
lation, exfoliation, and also localization of the clay were moni-
tored by transmission electron microscopy (TEM), JEOL (JEM-
2100) at an accelerating voltage of 200 kV using microtomed
ultra-thin sections. Microtoming was performed under cryo-
genic conditions using a microtome equipped with a diamond
knife to give super thin sections.

All rheological measurements were performed on a Rheometric
Scientific Par Physica MCR 300, a strain-controlled rheometer
with cone and plate geometry. All measurements were carried
out under the nitrogen atmosphere at 230°C. In all cases,
dynamic strain sweeps were initially performed to define the
limits of the linear viscoelastic regime. All samples were vacuum
dried under 80°C in an oven before the measurements, in order
to prevent the moisture-induced degradation. Tensile test was
carried out using a Zwick/Roell Z050 (Germany) tensile tester
at 50 mm/min according to ASTM D638. Izod impact strength
test was done for the notched specimens using an impact tester
machine (CEAST Resil Impactor Junior, USA) according to
ASTM D256 standard.

RESULTS AND DISCUSSION

X-ray Diffraction

X-ray diffraction is an expedient experimental technique in
determining the structure and dispersion of nano silicates in
polymer nanocomposites. A shift to lower angles of detected
diffraction peak suggests an increase in interlayer spacing or gal-
lery of the nanoclay, which is referred to as intercalation.” Dis-
appearance of the nanoclay interlayer diffraction peak indicates
possible exfoliation of the nanoclay platelets, and broadening of
the peak is considered to be the result of partial exfoliation.
The peaks at each diffraction angle are related to the basal spac-
ing of nano platelets via the Bragg’s equation (A=2dsin0). Fig-
ure 1 shows the XRD patterns for the organoclays and prepared
nanocomposites. The absence of any distinguishable peak in the
XRD patterns of NB nanocomposites [Figure 1(a)] indicates
that the exfoliated structure is achieved. Similar result can be
observed in the case of NA1 nanocomposite. However, Figure
1(b) reveals that, for NA2 nanocomposite, two weak peaks at
20=4.9 and 2.6 are observed. This pattern suggests that an
intercalated/partial exfoliated microstructure is formed. Combi-
nation of XRD measurements and other techniques can help us
to achieve a better analysis for the microstructures of
nanocomposites.

TEM Analysis

TEM is an effective technique to qualitatively and quantitatively
characterize the organoclay dispersion and localization in poly-
meric blend. Figures 2 and 3 show representative TEM micro-
graphs for nanocomposites prepared using different organoclays
and different mixing protocols. Clay layers are marked by
arrows in TEM micrographs. Figure 2(a) clearly shows that clay
layers are mostly exfoliated in the case of NA1 nanocomposite.
This is more obvious when a TEM micrograph at a higher mag-
nification was taken [Figure 2(b)]. Probing the localization of
clay layers indicates that some of silicate platelets are localized
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Figure 1. XRD pattern of (a) Cloisite 30B and NB ternary nanocomposites,
(b) Cloisite 15A and NA ternary nanocomposites. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

in the PA6 matrix and some of them are placed at the interface
of matrix and minor phases. It can be stated that, at first stage
of blending, when clay and PA6 are mixed, polyamide exfoliates
the clay platelets. In the next stage, when other polymers are
added, a part of clay platelets migrate to the interphase of
matrix and dispersed phases. This can be ascribed to the lower
polarity and affinity of Cloisite 15A to the polar PA6 matrix. In
the case of NA2, clay and SAN were first blended and then
other polymers were added. TEM micrograph of this nanocom-
posite shows that intercalated clay layers are mostly localized at
the interface of SAN and matrix [Figure 2(c)]. The weak
observed peaks in the XRD pattern of this sample, previously
shown, can be attributed to these intercalated tactoids. Figure 3
illustrates TEM micrograph of NB2 nanocomposite. It demon-
strates that, while SAN and OMMT were firstly blended and
then other polymers were added, clay platelets are chiefly dis-
persed in the matrix. TEM micrograph of NB2 nanocomposite
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indicate that higher affinity of Cloisite 30B to the matrix, result-
ing from high polarity of PA6, leads to a great migration of clay
layers to the matrix.

Rheological Properties

It is well known that the rheological properties of nanocompo-
sites are sensitive to the surface characteristics and dispersion
state of the dispersed phase. Accordingly, it can be considered
as a powerful technique to characterize the localization and dis-
persion state of clay.”*?” The complex viscosity (*) and storage
modulus (G) curves of nanocomposites and the ternary blend
without clay (TB) as a function of frequency are shown in Fig-
ure 4. A general look at these curves indicate that all

Clays localized at the interfce

EBS droplet
AN droplets

Figure 2. TEM micrographs of ternary nanocomposites; (a) NA1, (b)
NAL at higher magnification, and (c) NA2.
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Figure 3. TEM micrographs of NB2 nanocomposite, showing the exfoli-
ated clay layers that are dispersed in the PA6 matrix.

nanocomposites represent an increase in 1* and G particularly
at low frequency regions. It has been frequently reported that
polymer/clay interactions, which limit the molecular motions of
the polymers, and also the formation of physical clay network
structure are responsible for this observations.”’2° It should
also be noted that higher increase of #* and G reflect the for-
mation of a stronger or bigger physical network, resulting from
the better dispersion of nanoclay platelets in the matrix.

This characteristic allows us to compare the quality of clay dispersion
and its localization in a blend. As was stated, XRD and TEM results
indicated that clay layers are exfoliated for all the nanocomposites
except for the NA2 nanocomposite, which showed an intercalated/
partial exfoliated microstructure. However, a fairly significant differ-
ence between the rheological measurements of nanocomposites can
be observed. It seems that, this difference arises from the different
localization of clay layers in the nanocomposites. NB1 and NB2
nanocomposites, in comparison with the neat ternary blend (TB),
show highest increase in #* and G at low frequency regions. This
reflects the formation of strongest physical network of silicate layers
in the matrix, among the studied samples. Slightly lower n* and G
for the NB2 nanocomposite can be correlated to the clay layers
located at the interface of PA6 and SAN, during the migration. It
can be concluded that, for the NB1 nanocomposite, analogy of ther-
modynamic (affinity of polar Cloisite 30B to the polar matrix) and
kinetic factors (blending of PA6 and nanoclay from the first) lead
that most of clay layers are well-exfoliated and dispersed in the
matrix. On the other hand, lower increase of #* and G for NA nano-
composites at low frequency regions, especially for the nanocompo-
site NA2, indicate that lower portion of silicate platelets are present
in the matrix. Preferential localization of less polar Cloisite 15A clay
toward the interface of PA6/SAN, and the kinetic factor (initially
blending of clay and SAN) can be considered as the possible reasons
for lower n* and G in the case of NA2. Rheological measurements
indicate that in addition to the dispersion state, location of the clay
is also an important factor in governing the rheological properties of
polymer blend/clay nanocomposites.

SEM Analysis

To investigate the influence of clay localization on the morpho-
logical feature of nanocomposites, scanning electron micros-
copy was used. SEM images of the etched cryogenic fracture
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surfaces of the nanocomposites and neat ternary blend without
clay are illustrated in Figure 5(a—f), in which SAN was selec-
tively dissolved with dimethyl formamide. SEM micrograph of
neat ternary blend demonstrates the formation of core/shell
morphology with shell of SAN encapsulating the SEBS phase. It
is interesting to notice that addition of two different OMMTs
with different types of modifiers results in the formation of
two different morphologies. It is observed that while core/shell
phase structure is kept fixed for the NB nanocomposites, NA
nanocomposites exhibit morphology of two dispersed phases.
NA1 nanocomposite exhibits small particles of SAN (d, = 0.1
pm) and larger prolate-spheroid-shaped SEBS particles within
PA6 matrix. NA2 nanocomposite shows the same type of the
morphology, exhibiting smaller individual SAN particles
together with relatively small agglomerates of SEBS particles.
These alterations in the phase structure almost certainly arise
from the effects associated with localization of nanoclay. In the
case of NA1 nanocomposite, TEM and rheological characteriza-
tions showed that a notable portion of clay layers are located
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Figure 4. (a) Complex viscosity (*) curves of neat ternary blend and pre-
pared nanocomposites. (b) Storage modulus (G) curves of neat ternary
blend and prepared nanocomposites. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. SEM micrographs of SAN phase etched surfaces of: (a) neat ternary blend, (b) NA1, arrows indicate the SEBS particles, (c) NA2, (d) NB1, (e) NB2.

at the interface of matrix and dispersed phases in conjunction
with exfoliated layers dispersed in the PA6 matrix. In term of
thermodynamic point of view, clay layers localized at the inter-
faces can act as a compatibilizer to decrease the interfacial ten-
sion of matrix and dispersed phases. Compatibilizing effect of
nanoclay has been reported by other researchers.'®**>' Thus,
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introduction of nanoclay into the blend as a third component
leads to changes in the free energy of blend and, consequently,
type of morphology. In addition, clay particles dispersed in the
PA6 phase serve as a barrier to delay and minimize the coales-
cence of dispersed phases.'®™'® This phenomenon refers to the
kinetic nature of exfoliated clay platelets. Consequently, for the
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Table II. Mechanical Properties of Nanocomposites and Neat Ternary
Blend

Tensile Tensile

Sample modulus strength Impact

code (MPa) (MPa) strength (J/m)
NA1 2735+ 103 46.15+22 56.5+4.8
NA2 2470+ 56 389+13 383+2.7
NB1 3408 £ 92 321+31 20.7+0.8
NB2 3245+ 74 348+27 254+1.8
B 2570+ 46 451+1.8 28.3+0.7

NA1 nanocomposite, addition of nanoclay may contribute to
the compatibility of matrix and minor components (SAN and
SEBS) in both thermodynamic and kinetic aspects.'”*"*? In the
case of NA2 nanocomposite, organoclay and SAN were first
blended and then, other polymers were added. This mixing
sequence favors a greater chance of the clay layers to be placed
at the interface of SAN and matrix. Accordingly, less portion of
clay platelets are dispersed in the matrix, which was manifested
in the lower increase of #* and G corresponding to this sample
(Figure 4). This preferential localization results in a more pro-
nounced contribution of the thermodynamic compatibilizing
effect of clay platelets and limited role for the kinetic aspect.

The phase morphology of PA6/SAN/SEBS ternary blends incor-
porating Cloisite 30B (NB nanocomposites) are shown in Figure
5(d,e). SEM micrographs of NB nanocomposites clearly reveal
that addition of clay does not change the type of morphology
in these set of blends. It can be observed that a core/shell mor-
phology is formed, with a lower size of core/shell(s) in compari-
son with the neat ternary blend. In the previous section, SEM
and RMS characterizations suggested that clay platelets of Cloi-
site 30B have affinity to be dispersed in the PA6 matrix. The
existence of a majority fraction of clay layers in the PA6 phase,
increasing the viscosity of matrix and obstructing the coales-
cence of dispersed domains, leads to decrease in the size of
core/shell(s).** ' Tt can be inferred that morphological feature
of NB nanocomposites is more affected by the kinetic role of
clay and its thermodynamic effect is restricted.

Mechanical Properties

Table II shows the mechanical properties of ternary nano-
composites and neat ternary blend. It is well-established that
the mechanical properties of blends are highly dependent
upon the phase morphology and size of dispersed
domains.’>** In this work, tensile and impact measurements
were carried out to evaluate the possible effects of nanoclays
addition on the mechanical properties of the PA6/SAN/SEBS
ternary blend. The results demonstrate that the processing
protocol and type of used nanoclay have a significant effect
on the mechanical properties of nanocomposites. As one
can see, although core/shell phase structure is expected to
show superior impact strength, the neat PA6/SAN/SEBS ter-
nary blend (TB) exhibits poor toughness properties. This
can be ascribed to the poor interfacial interaction between
SAN and polar PA6.>*
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Comparing the mechanical results of NB nanocomposites and neat
ternary blend indicates that incorporation of nanoclay has no
improvement effect on the tensile and impact strength of ternary
blend. The clay localization within PA6 as matrix due to lack of
contribution toward the compatibilizing of the matrix and dispersed
phases could not assist in the modification of interfacial adhesion
between the phases and, consequently, the tensile and impact
strength of NB nanocomposites. Furthermore, it must also be noted
that presence of exfoliated nanoclay platelets in the matrix, restrict-
ing the chain deformability and increasing the yield stress, dimin-
ishes the impact strength, as generally observed by other
researchers.*'>'* Slightly better toughness of NB2 nanocomposite
can be ascribed to the nanoclay localized at the interface of SAN
and PA6 during the migration from SAN to the matrix, manifested
in the TEM and RMS tests. In addition, presence of notable fraction
of nanoclay in the matrix results in the improvement of modulus of
NB nanocomposites. This increase is more considerable for the NB1
nanocomposite, in which thermodynamic and kinetic factors coop-
eratively cause the highest amount of exfoliated nanoclay layers to
be dispersed in the PA6 matrix.

Mechanical results of Table I reveal that NA nanocomposites
show higher tensile strength compared with the NB nanocom-
posites. This can be correlated to the clay localized at the inter-
faces, which intensifies the interfacial adhesion of matrix and
dispersed phases.”"***° Considering SEM, TEM and mechanical
results of NA nanocomposites, it is concluded that thermody-
namic and kinetic favor the localization of clay platelets at the
interfaces rather than the matrix. Localization of clay platelets
at the interface causes the change in the interfacial tension of
dispersed phases and the matrix, resulting in the change of
morphology type, as well as an improvement in the interfacial
adhesion of dispersed phases and matrix.

In the case of NAl nanocomposite, clay platelets kinetically
have more chance to be localized at the interface of either PA6/
SAN or PA6/SEBS. This results in the improvement of the inter-
facial adhesion of matrix and dispersed phases, as well as stabili-
zation of the particles of dispersed phases.” Accordingly,
individual dispersed particles of SAN and SEBS dispersed in the
matrix are observed in the SEM micrograph [Figure 5(b)].
However, clay layers are hardly placed at PA6/SEBS interface for
the NA2 nanocomposite. Therefore, a relatively little agglomera-
tion of SEBS particles is observed [Figure 5(c)]. Lower tensile
and impact strength of NA2 in comparison with the NA1 can
be ascribed to the agglomerates of SEBS particles. These
agglomerates are capable to form the macrovoids from which
matrix cracks can initiate, resulting in the decrease of tensile
and impact strength. Lower modulus of NA nanocomposites, as
expected, is the consequence of less presence of clay platelets in
the PA6 matrix.

It has been repeatedly reported that elongation at break can
be considered as a measure to evaluate the adhesion between
the phases in a blend. Figure 6 depicts the elongation at
breaks of studied samples. It is clearly observed that, in anal-
ogy with tensile and impact strength, NAl nanocomposite
exhibits the highest elongation at break, emphasizing the
compatibilizing role of clay platelets localized at the
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interfaces. As a conclusion, NA1 nanocomposite, which dem-
onstrates a fair distribution of clay layers in the matrix and
also at the interfaces of dispersed phases, exhibits an accepta-
ble stiffness—toughness balance.

CONCLUSION

In this work, the relationship between the localization of clay in
PA6/SAN/SEBS ternary nanocomposite and morphological-
mechanical properties was studied. To explore the role of ther-
modynamic and kinetic in the localization of clay, two different
clays with different modifiers and two mixing sequences were
used. Results showed that addition of clay led to considerable
changes in the morphological and also mechanical properties of
ternary blend. It was demonstrated that affinity of clay toward a
phase (thermodynamic factor) is more influential parameter in
comparison with the mixing sequence (kinetic factor) in the
localization of clay layers. Rheological analysis suggested the
enhancement of complex viscosity and storage moduli of the
nanocomposites compared to the neat ternary blend, especially
when used nanoclay preferred to be chiefly located in the
matrix. SEM and TEM micrographs showed that when a con-
siderable portion of nanoclay platelets prefer to be dispersed in
the matrix, core/shell phase structure of neat ternary blend was
not changed. On the other hand, localization of nanoclay at the
interface resulted in the change of morphology type to two dis-
persed phases. Mechanical assessments demonstrated superior
stiffness for the nanocomposites in which nanoclay layers are
mostly dispersed in the matrix. However, increased toughness
and strength were observed to be greatest when the organoclay
was located in the interface of matrix and dispersed minor
phases. It was also illustrated that the best balanced stiffness—
toughness properties is achieved when nanoclay layers are
located in either the matrix or the interface of both the dis-
persed phases.
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