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ABSTRACT: Thermoplastic elastomer (TPE)–clay nano-
composites based on poly[styrene–(ethylene-co-butylene)–
styrene] triblock copolymer (SEBS) were prepared. Natural
sodium montmorillonite (MMT) clay was organically mod-
ified by octadecyl amine to produce an amine-modified
hydrophobic nanoclay (OC). Commercially available
Cloisite 20A (CL20) and Cloisite 10A, tallow ammine mod-
ified nanoclays, were also used. The intergallery spacing of
MMT increased on amine modification as suggested by the
shifting of the X-ray diffraction (XRD) peak from 7.6 to 4.5
and 3.8° in the cases of OC and CL20, respectively. The latter
demonstrated no XRD peak when it was used at 2 and 4
parts phr in the SEBS system. Transmission electron micros-
copy studies showed the intercalation–exfoliation morphol-
ogy in SEBS containing 4 parts of CL204–SEBS, agglomera-
tion in SEBS having 4 parts of MMT, and mixed morphology
in SEBS with 4 parts of OC systems. Locations of the clay
particles were indicated by the atomic force micrographs.

Mechanical and dynamic mechanical thermal analysis stud-
ies confirmed the best properties with the CL204–SEBS nano-
composites. Significant improvements in mechanical prop-
erties such as tensile strength, modulus, work to break, and
elongation at break were achieved with the CL204–SEBS in
polymer-layered silicate nanocomposites. Dynamic mechan-
ical studies further showed the affinity of the organoclays
toward both segments of the TPE and a compatibilization
effect with CL20 at a 4-phr loading. Atomic force microscopy
showed distinctly different morphologies in nanocomposites
prepared through solution and melt processing. Comparisons
of the mechanical, dynamic mechanical, and morphological
properties of the nanocomposites prepared by melt and solu-
tion intercalation processes were done. © 2006 Wiley Periodicals,
Inc. J Appl Polym Sci 100: 2040–2052, 2006
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INTRODUCTION

Polymer nanocomposites are recognized as one of the
most promising research areas in polymer science and
technology in the 21st century.1,2 According to a re-
port from Business Communication Co., Inc. (Nor-
walk, CT), the total worldwide market for polymer
nanocomposites reached 11.1 million Kg, valued at
US$90.8 million in 2003. This market is expected to
grow at an average annual rate of 18.4% to reach
US$211 million by 2008.3

Polymer-layered silicate nanocomposites (PLSNCs)
are the foremost members of such nanocomposites.
Geometrically, two-dimensional reinforcement of PL-
SNC is expected due to the anisotropic platelet struc-
tures of the layered silicates with higher aspect ratios.4

The synthetic route of choice for making a nanocom-

posite depends on whether the final material is re-
quired in the form of an intercalated or exfoliated
hybrid. The intercalation and the exfoliation mecha-
nism of the clay particles within the polymer matrix
are shown in Scheme 1. In an intercalated structure,
the organic component is inserted between the layers
of the clay such that the interlayer spacing is expanded
but the spatial relationship to each of the layers re-
mains unaffected. In an exfoliated morphology, the
clay layers become completely separated, which ren-
ders well-distributed individual layers throughout the
organic matrix (Scheme 1). In general, the interplay
between entropic and enthalpic factors5 determines
whether organically modified sodium montmorillon-
ite (MMT) clay6,7 is dispersed, intercalated, or exfoli-
ated in a polymer.

The field of polymer–clay nanocomposites is at a
budding stage of progress today. Although it has been
long known that polymers can be mixed with appro-
priately modified synthetic or natural clays,8 the field
of polymer–layered silicate nanocomposites has
gained tremendous momentum very recently. Al-
though they have been researched for a couple of
decades only, the first commercially developed poly-
mer nanocomposite was by the Toyota group in Ja-
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pan,9 and nylon 6 was the first polymer to be used in
the development of nanocomposites over a decade
ago.10 Improvements in barrier properties,11 flame re-
tardancy,12 and mechanical properties have been
claimed that could not have been achieved by conven-
tional fillers at such low loadings. Development activ-
ities have spread all over the world, and active pro-
grams are now focused on the creation of nanocom-
posites based on nylon,8–19 polypropylene,20–22

polystyrene (PS),23,24 polyethylene25 and poly(ethyl-
ene oxide),26 ethylene vinyl acetate,27 and traditional
thermosets.28 The rubber nanocomposites that have
been studied so far are mainly derived from unsatur-
ated rubbers.29–35 Rubber-based nanocomposites pre-
pared by earlier workers from our laboratory have
demonstrated interesting morphologies, which are a
function of the rubber, the solvent used for casting, the
nature of clay, and so on.32–34,36 Less attention has
been paid so far to the development of nanocompos-
ites based on thermoplastics elastomers.36,37

In situ polymerization and solution and melt interca-
lation are the main synthetic routes to the formation of
PLSNCs. The direct melt intercalation of a polymer into
a nanoclay promises to be the most economical, environ-
mentally friendly, polymer specific, and industrially vi-
able process from the perspective of equivalent process-
ing and minimum waste. However, this melt intercala-
tion,38,39 being environmentally benign, needs a polymer
that should have good processing properties in the melt-
ing state. This technique has been successfully imple-
mented for a few polymers to date.37,40

Recent advancements in PLSNCs have inspired to
disperse MMT-based clay in thermoplastic elastomers
(TPEs).41 Although a few clay–styrenic block copoly-
mer nanocomposites have been studied through melt
intercalation42,43 with compatible organophilic clays,44

there has been almost no attempt so far to investigate
clay-based nanocomposites composed of poly[sty-
rene–(ethylene-co-butylene)–styrene] triblock copoly-
mer (SEBS), except for some studies on SEBS used as a
compatibilizer in solution45,46 and in sol–gel pro-
cesses.47–49 Moreover, almost no attempt has yet been

made to compare the morphology and properties of
nanocomposites prepared in melt and solution inter-
calation processes on the same rubber.

It has to be noted that reinforcement by conven-
tional fillers does not improve the properties of ther-
moplastic elastomeric block copolymer; rather, some
of the properties are impaired. In addition, traditional
fillers have been reported to be used at higher load-
ings (which increases the weight) to achieve equiva-
lent properties.

In this study, MMT [(Si7.8Al0.2)
IV(Al3.4Mg0.6)

VIO20(OH)4]
with a net layer charge of 0.8 charges/unit cell, a smec-
tite group of layered silicate, was chosen. For its suitable
charge layer density, a 2:1 tetrahedral–octahedral layer
structure, and a high aspect ratio, improvements in the
polymer properties observed in earlier studies with this
kind of clay included high mechanical, barrier, and ther-
mal properties. Lamina (�1 nm thick) was separated by
cations that counterbalanced the excess negative charges
generated by the isomorphous substitution of atoms
forming the crystal (Fig. 1).

The cation-exchange capacity (CEC) of MMT is very
high because of its extensive surface area for the ad-
sorption of water and ions. Cations, such as ammo-
nium ion, bearing long aliphatic hydrocarbon chains
compatibilize with the silicate and enhance the inter-
action with a polymer by enlarging (intercalate) the
interlayers (lamina) and generating organically mod-
ified layered silicates, or simply, organoclays.

In this study, SEBS was used as the polymer matrix.
The schematic structure of SEBS typically has a 100%
triblock structure (Fig. 2), where hard PS blocks are at
both ends of a saturated rubber midblock and form a
body-centered cubic lattice at ambient temperature.
MMT, which was organically modified by a cation-
exchange reaction with a tertiary amine to give a
octadecyl amine modified montmorillonite (OC), was
used in this study. In addition, two types of commer-
cially available nanoclay, Cloisite 20A (CL20) and

Scheme 1 Schematic representation of intercalation and
exfoliation in the PLSNCs.

Figure 1 Diagrammatic representation of layered structure
of MMT. Source: http://southwest.library.arizona.edu/
azso. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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Cloisite 10A (CL10), were dispersed in SEBS through
both solution and melt mixing techniques. Structure–
property relationships of the resultant PLSNCs were
evaluated by X-ray diffraction (XRD), Fourier trans-
form infrared spectroscopy (FTIR) studies, mechanical
and dynamic mechanical property analysis, and mor-
phological studies by transmission electron micros-
copy (TEM) and atomic force microscopy (AFM). This
was the first detailed approach to differentiate the
morphology–property relationship of block copoly-
meric nanocomposites through AFM studies.47–49

EXPERIMENTAL

Materials

SEBS (Kraton G 1652; styrene content � 30%, weight-
average molecular weight � 87,000, specific gravity
� 0.91 g/cc, melt index � 5 g/10 min at 230°C and with
a 5-kg load) was supplied by Shell Chemical Co., Ltd.
The layered silicates used for nanocomposite prepara-
tion were MMT (CEC � 92. 6 mequiv/100 g of clay) and
the quaternary ammonium chloride modified clays
CL10 and CL20, which were generously supplied by
Southern Clay Products (Gonzales, Texas). Their charac-
teristics are given in Table I. Octadecyl amine
(C18H37NH2), the clay modifier for MMT, was procured
from Sigma Chemical Co. (St. Louis, MO). Toluene (an-
alytical grade) was obtained from Nice Chemicals Pvt.,
Ltd. (Cochin, India). Ethyl alcohol was supplied by Ben-
gal Chemicals and Pharmaceuticals (Kolkata, India). The
deionized water was prepared in the laboratory.

Methodology

Preparation of nanoclay

The unmodified MMT clay was modified with octa-
decyl amine (a primary amine) through a cation-ex-

change reaction. The clay (0.5 g) was dispersed in 400
cc of water and stirred thoroughly for 30 min at 80°C.
The octadecyl amine was melted at 50°C and mixed
with concentrated HCl (5 cc). The mixture was stirred
for 5 min with the addition of 200 cc of water. It was
then carefully mixed with the aqueous clay dispersion
with constant stirring for 2 h at 30°C to obtain the
modified nanoclay. It was then filtered and washed
thoroughly with hot water until it was free from chlo-
ride ions. The moist clay was then vacuum-dried at
30°C for 2 days.

Preparation of the SEBS–clay nanocomposites

Melt process. In the melt process, unmodified MMT
and modified clays (CL10 and CL20) were mixed with
SEBS in a CSI MAX mixing extruder (model CSI-194,
S/N-296 by Custom Scientific Instruments, Inc., Cedar
Knolls, NJ). The rotor temperature was kept at 205°C,
and that of the header was kept at 210°C. The extru-
date was obtained at the aforesaid temperature with
the constant addition of nanoclay to keep the output
fixed at 5 g/10 min. The extrudate was palletized and
reextruded under identical conditions for proper dis-
persion of the nanoclay. Finally, the pelletized extru-
dates were compression-molded into a sheet about 0.5
mm thick at 210°C for 3 min in a Moore hydraulic
press (George E. Moore & Son Ltd., Birmingham, UK)
at a pressure of 5 MPa and were subsequently cooled
down to room temperature with the pressure main-
tained. The details of the clay used and the composite
designation are reported in Table II.
Solution process. The modified clays (OC, CL10, and
CL20) were mixed with SEBS in the solution phase.
Finely powdered clay, dispersed in a minimum quan-
tity of ethanol, was added to SEBS and dissolved in
toluene under constant stirring at room temperature
(30°C).The resultant solution was stirred for 2 h. The
amount of ethanol used to disperse the clay was very
crucial because beyond a certain limit (2% with respect
to toluene), it acted as a nonsolvent for SEBS. The
resultant nanocomposite in solution was then allowed
to stand to observe any precipitation of the clay.
Thereafter, the thin film of composite was cast on a

Figure 2 Schematic representation of the structure of SEBS.

TABLE I
Sources and Characteristics of Unmodified and Modified MMT clays

Symbol (trade name)
Organic
modifier

CEC1 or modifier
concentration2

Weight loss on
ignition (%)

Specific gravity
(gm/cc)a Anion

Na� MMT (Cloisite Na�) None 92.6 mequiv/100 g of clay1 7 2.86 None
CL20 (Cloisite 20A) 2M2HT 95 mequiv/100 g of clay2 38 1.77 Chloride
CL10 (Cloisite 10A) 2MBHT 125 mequiv/100 g of clay2 39 1.90 Chloride

2M2HT � dimethyl dihydrogenated tallow (�65% C18, �30% C16, and �5% C14) quarternary ammonium; 2MBHT
� dimethyl benzyl hydrogenated tallow (�65% C18, �30%C16, and �5% C14) quarternary ammonium. Data provided by
Southern Clay Products.

a ASTM D 792.
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Teflon-coated mold. The composition of the compos-
ites prepared with the solution technique and their
designations are reported in Table II.

Characterization of the SEBS–clay nanocomposites:

XRD studies

XRD analysis of the organically modified and the un-
modified clays and the SEBS–clay nanocomposites
was carried out in a Rigaku Miniflex CN 2005 X-ray
diffractometer (30 kV, 10 mA; Rigaku Corporation,
Tokyo, Japan) at room temperature equipped with Cu
K� radiation. The scanning rate was 2°/min (1000
cycles/s) with a goniometer angle (2�) range of 3–10°.
Subsequently, the d-spacing of the clay layers was
calculated with Bragg’s equation:

n� � 2dsin � (1)

where n is the order of Bragg’s diffraction (taken as 1
in the present study), � is the wavelength of the X-ray
(for the Cu target used here, � � 0.154 nm), d is the
interplanar distance, and � is the angle of the incident
radiation. The samples were placed vertically in front
of the X-ray source and perpendicular to the goniom-
eter where the goniometer was fixed, whereas the
sample was rotating on the sample holder, which
moved to and fro for full access of the surface and bulk
to the incident X-ray.

FTIR spectroscopy studies

The IR spectra of the clays and the SEBS–clay nano-
composites were recorded with an FTIR instrument
(Nicolet Nexus model, Nicolet Instrument Corpora-
tion, Madison, WI) in diffuse reflectance infrared Fou-
rier transform (DRIFT) and in attenuated total reflec-
tance (ATR) modes, respectively, with a 45° KRS 5
prism at room temperature. The samples were
scanned within the range 4000–660 cm�1 with a res-
olution of 4 cm�1. In the case of the DRIFT mode,
about 1% of the clay was mixed with ultrapure KBr
and was taken in DRIFT pan. The average of 32 scans
for ATR mode and those of 100 scans for DRIFT mode
were taken for the resultant spectra.

TEM studies

The samples for TEM analysis were prepared by ul-
tracryomicrotomy with a Leica Ultracut UCT (Leica
Mikrosystems GmbH, Vienna, Austria). Freshly
sharpened glass knives with cutting edges of 45° were
used to obtain cryosections of 50–70 nm thick. Because
these samples were elastomeric in nature, the sample
and glass knife temperatures during ultracryomic-
rotomy were kept constant at �110 and �120°C, re-
spectively [these temperature were well below the
glass-transition temperatures (Tgs) of SEBS]. The cryo-
sections were collected individually in sucrose solu-

TABLE II
Designations Used for Clay and Clay–SEBS Composites

Sample Designation

Poly[styrene–(ethylene-co-butylene)–styrene]copolymer SEBS
Sodium montmorillonite clay MMT
Polymer-layered silicate nanocomposite PLSNC
Octadecyl amine modified montmorillonite clay OC
Tertiary amine (with long-chain hydrogenated tallow)-modified montmorillonite clay: Cloisite 10A CL10
Tertiary amine (with long-chain aliphatic hydrogenated tallow) modified montmorillonite clay:

Cloisite 20A CL20
SEBS cast in solution process SEBSs
SEBS molded after extrusion SEBSm
4 phr MMT in SEBS MMT4–SEBS
0 phr CL20 in SEBSs CL200–SEBSs
2 phr CL20 in SEBSs CL202–SEBSs
4 phr CL20 in SEBSs CL204–SEBSs
8 phr CL20 in SEBSs CL208–SEBSs
2 phr CL10 in SEBSs CL102–SEBSs
4 phr CL10 in SEBSs CL104–SEBSs
8 phr CL10 in SEBSs CL108–SEBSs
2 phr CL20 in SEBSm CL202–SEBSm
4 phr CL20 in SEBSm CL204–SEBSm
8 phr CL20 in SEBSm CL208–SEBSm
4 phr OC in SEBSs OC4–SEBSs
2 phr CL20 in SEBSs or in SEBSm CL202–SEBS
4 phr CL20 in SEBSs or in SEBSm CL204–SEBS
8 phr CL20 in SEBSs or in SEBSm CL208–SEBS
4 phr CL10 in SEBSs or in SEBSm CL104–SEBS

SEBS–CLAY NANOCOMPOSITES 2043



tion and directly supported on a copper grid of 300
mesh in size. Microscopy was performed with a Phil-
ips (model no. CM 12, Philips Export BV, Eindhoven,
The Netherlands) transmission electron microscope
operating at an accelerating voltage of 120 kV.

AFM studies

The samples for AFM analysis were prepared by mi-
crotomy to cut out a fresh surface about 200 nm thick
from the samples. The scanning and analysis of the
samples were done using a multimode scanning probe
microscope model with a Nanoscope IIIa controller by
Digital Instruments, Inc. (Veeco Metrology Group,
Santa Barbara, CA). The AFM measurements were
carried out in air at ambient conditions (27°C) with
tapping-mode probes with a constant amplitude. The
scanning was done with a 125 �m long single-beam
tapping-mode etched silicon probe, square pyramid in
shape with a spring constant (k) of 20 N/m, nominal
tip radius of curvature of 10 nm. Images were ana-
lyzed with Nanoscope IIIa image processing software.
All images contained 256 data points. Both height and
phase images with scan areas of 1.5 � � 1.5 � were
analyzed.

Dynamic mechanical thermal analysis (DMTA)

DMTA of the nanocomposites along with the control
SEBS were carried out with a DMTA IV (Rheometric
Scientific, Inc., Piscataway, NJ) dynamic mechanical
thermal analyzer. The sample specimens were ana-
lyzed in tensile mode at a constant frequency of 1 Hz,
at 0.01% strain and within the temperature range of

�80 to 80°C at a heating rate of 2°C/min. The data
were analyzed by RSI Orchestrator application soft-
ware (Rheometric Scientific, Inc.) on an ACER com-
puter attached to the machine. Storage modulus (E�),
loss modulus, and loss tangent (tan �) were measured
as a function of temperature for all the representative
samples under identical conditions. The temperature
corresponding to tan � peak was taken as Tg.

Mechanical properties

Tensile specimens were punched out from the sheets
(cast sheets for the solution process and molded thin
sheets for the melt process) with ASTM Die-C. The
tests were carried out as per the ASTM D 412-98
method in a universal tensile testing machine (Zwick
1445, Zwick GmbH and Co., Ulm, Germany) at a
crosshead speed of 500 mm/min at 25 � 2°C. The
average of three results is reported.

RESULTS AND DISCUSSION

XRD analysis

The X-ray diffractograms of the modified and the un-
modified clays are displayed in Figure 3. The corre-
sponding 2� values are reported in Table III. The peak
2� value at 7.6° corresponding to d-spacing of 1.16 nm,
appeared in the case of the unmodified MMT clay,
whereas in the amine modified organophilic clays, the
intergallery spacing increased, as shown in Table III,
due to the impregnation of the amines and the hydro-
genated tallow group into the gallery stacks. It was
interesting that the increase in the gallery distance was
also a function of the nature of the amines. The bulkier
and more branched amines had larger intergallery
spacing. These clays, intercalated and organophilic,
permitted adequate space for polymer chains to enter
into the clay galleries. For organically modified clays,
OC, CL10, and CL20, the peak 2� values were at
4.5,4.7, and 3.8°, corresponding to d-spacing of 1.96,
1.88, and 2.32 nm, respectively. The results of the

Figure 3 XRD spectra of the clays and SEBS–clay nano-
composites. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

TABLE III
XRD Results of Clay and Clay–SEBS

Nanocomposite Samples

Clay 2� peak (°) d-spacing (nm)

MMT 7.6 1.16
OC 4.5 1.96
CL10 4.7 1.88
CL20 3.8 2.32
MMT4–SEBS 6.4 1.38
CL202–SEBS — —
CL204–SEBS — —
CL208–SEBS 2.9 3.04
CL104–SEBS 3.1 2.85
OC4–SEBS 3.0 2.94
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MMT and OC clays were in good agreement with
those reported earlier from the same laboratory.32–34

The unmodified MMT clay galleries in the MMT4–
SEBS composites were expanded slightly by the SEBS
chains, as evident from the peak at 6.4°. This peak
corresponded to a gallery gap of 1.38 nm, which was
larger than that of the MMT clay (1.16 nm). Intercala-
tion could be inferred in the aforesaid system, impart-
ing a 19% increase in gallery spacing. In the CL204–
SEBS nanocomposites, no peak was observed, how-
ever, in either the solution or the melt intercalation
process; this indicated extensive intercalation–exfolia-
tion of the clay layers by SEBS. This inference was
further strengthened by the morphological studies in
the subsequent section. The CL104–SEBS and OC4–
SEBS composites, on the other hand, exhibited peaks
at 3.1° and 3.0°, respectively. These peaks were ob-
served at much lower angles and higher intergallery
spacing of 2.85 and 2.94 nm, respectively, when the
results were compared with those of the MMT clay.
The plausible reason for better exfoliation of the clay
layers might have been better interaction between the
modified (hydrophobic in nature) nanoclay and the
nonpolar polymer matrix. Moreover, the effect of
steric factors caused by the bulky amines could not be
ruled out.

The melt intercalation and solution-casting methods
offered similar trends in peak shift and changes in
gallery spacing.

The effect of the clay loading for CL20 was also
investigated. CL20 at 2- and 4-phr doses in SEBS
(CL202–SEBS, CL204–SEBS) showed exfoliation,
whereas at the 8-phr dose (CL208–SEBS), there was a
peak at 2.9° in the X-ray diffractogram. The latter gave
an intergallery spacing of 3.04 nm, as given in Table
III. The results indicate that there was a tendency
toward agglomeration of the modified clay particles at
higher loadings. The XRD results obtained for the
aforesaid nanocomposites were in good agreement
with the early works by Sadhu and Bhowmick32–34 (for
nitrile, styrene–butadiene, and polybutadiene rubber–
clay nanocomposites), Vaia and Giannelis50 (for PS
nanocomposites), and Morgan and Gilman51 (for cy-
anate esters, nylon 6, and polypropylene-g-maleic an-
hydride nanocomposites).

FTIR analysis

The results of the FTIR absorbance spectra for differ-
ent clays and the SEBS–clay nanocopmposites are
given in Figure 4(a) and 4(b), resepectively. The salient
absorption peaks for the layered silicate clays and
clay–SEBS nanocomposites are reported in Table IV.

The characteristic peaks for MMT clay were 3635
cm�1 due to OOH streching vibrations for the ab-
sorbed moisture and free OH groups, a broad band
near 3440 cm�1 for intermolecular hydrogen bonded
OOH, a sharp peak at 1640 cm�1 due to OOH bend-
ing, and a broad band near 1044 cm�1 for assymetric
SiOOOSi streching frequency. On modification with
hydrogenated tallow amines, the emergence of extra
peaks at 2920, 2850, and 1465 cm�1 in the modified
clays reflected the presence of the respective alkyl and
amine groups in the system. The peaks at 2920 and
2850 cm�1 due to CH2 streching overlapped with the

Figure 4 FTIR spectra of (a) unmodified and modified
clays and (b) neat SEBS and its representative nanocompos-
ites.

TABLE IV
Characteristic IR Absorption Peaks for Layered Silicate

Clay and Clay–SEBS Nanocomposites

Characteristic
peak value

(cm�1) Peak assignment

3635 OOH streching
Broad band near

3440
Intermolecular hydrogen bonded OOH

2920 CH2 streching
2850 NCOH and CH3 streching
1640 OOH bending
1465 Assymetric deformation peak of CH3

and CH2 and NOH deformation
bending

1044 Asymetric SiOOOSi streching
697 Styrenic COH streching

SEBS–CLAY NANOCOMPOSITES 2045



NOCOH streching peaks. Therefore, the segregation
of these peaks could not be precisely done from the
spectra. The broad band at 3440 cm�1 was diminished
in the modified clays, mainly because of imparted
hydrphobicity or, in other terms, increased organophi-
licity generated in the systems due to the modification
by hydrocarbon chain (tallow) amines. The peak
height at 1640 cm�1 decreased considerably in the
amine-modified clays compared to that in sodium
MMT, mostly because of the hydrophobicity gener-
ated in the modified clays. The appearance of a strong
peak at 1465 cm�1 supported the presence of amine–
hydrocarbon chains in the modified clays (NOH de-
formation–bending peak).

The FTIR spectra of the SEBS–clay nanocomposite
[Fig. 4(b)] revealed the appearance of the clay peaks
(viz. 2920, 2850, 1640, 1465, and 1044 cm�1) in MMT4–
SEBS and CL204–SEBS with the hydrocarbon peaks
(viz. 2920 and 2850 cm�1) due to the SEBS matrix. A
very sharp peak at 697 cm�1 appeared for all of the
nanocomposites due to the styrene moiety present in
SEBS. Although apparently FTIR study did not alone
provide any major conclusions regarding the charater-
istics of the nanocomposites, this study verified the
incorporation of the modifying agent into the struc-
ture of the clay and polymer–clay interactions.

Morphological study

TEM analysis

The TEM image of MMT4–SEBS in Figure 5(a) dem-
onstrated the existence of clay agreegates within the
SEBS matrix. This might have been due to the poor
interaction between the MMT and the SEBS matrix.
The XRD peak at 6.4° for this system showed agglom-
eration. TEM images of the representative nanocom-
posites CL204–SEBSs [where the subscript s indicates
that SEBS was cast in the solution process; Fig. 5(b)]
and OC4–SEBSs [Fig. 5(c)] displayed the presence of
both intercalated and exfoliated moprphologies of the
clay layers within the SEBS matrix. In OC4–SEBSs, a
quasidiscrete layer formation of the clay was obtained,
whereas CL204–SEBSs furnished an exfoliated mor-
phology of the nanoclay dispersed in the SEBS matrix,
which was further elucidated by the AFM studies
reported in the next section. This kind of morphology
in the nanocomposites was anticipated on account of
the better compatibilization between the modified
nanoclay and SEBS. The resultant exfoliated stacks of
CL20 in the SEBS system were 10–20 nm thick on
average, which however, was not detected in the X-
ray diffractograms if they were exfoliated in an or-
dered fashion. These stacks were further separated by
an average distance of 100–110 nm in the micrographs
shown in Figure 5(b). On the other hand, for the
OC4–SEBSs system, the average intercalated–exfoli-

ated particle size was in the range 35–40 nm, but
occasionally, these were associated with agglomerated
portions. With the same procedure, earlier workers
reported the exfoliation of OC in styrene–butadiene,
polybutadiene, and nitrile and butyl rubbers.32–34

AFM analysis

AFM was used to investigate the nanomorphology
and properties of the neat block copolymer and SEBS
and its clay nanocomposites. AFM study of the SEBS–
clay nanocomposites (Fig. 6) furnished interesting ob-
servations. The tapping mode was employed to ana-
lyze the attributes of the lamellar phase characteristics
in different processes of nanocomposite preparation,
differences in the topographical features in the pres-
ence and absence of dispersed nanofillers. Height and
phase imaging revealed distinctly different bulk mor-
phologies of the nanocomposites prepared in the melt
and solution processes, as shown in Figure 6(a,b). In
solvents, the hydrodynamic volume of the polymer
chain was larger than that of the neat polymer, which

Figure 5 TEM pictures of (a) MMT4–SEBSs, (b) CL204–
SEBSs, and (c) OC4–SEBSs. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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Figure 6 Height and phase AFM images of the bulk of nanocomposites: (a) CL204–SEBSm, (b) CL204–SEBSs, and (c)
composite MMT4–SEBSs. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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furnished a lamellar morphology, whereas a regular
array-like structure was obtained in the melt nano-
composites. The hard styrenic phases of SEBS were the
brighter portion in the topographical representation
[Fig. 6(a)]. In the block copolymeric morphology, the
typical lamellar dimension of the block copolymer
was in the range 25–30 nm. AFM analysis revealed
that the bright white clay layers in the CL204–SEBS
nanocomposite were distributed in the lamellar
phases as evident from Figure 6(a,b). The modified
clays exhibited high-structured finer particles 70–90
nm in length and 10–12 nm in width. There was an
indication of good dispersion of the modified CL20
clays in the SEBS matrix as seen earlier in the trans-
mission electron micrographs [Fig. 5(b)]. The best ex-
foliation demonstrated by CL204 in the SEBS system
indicated the importance of the intercation between
the clay and the polymer in the nanocomposites
(PSLNCs).

As shown in Figure 6(c), agglomerated structures
with an average size of approximately 700 nm were
observed in the MMT4–SEBS system. Although the
interlayer distance of the anisotropic silicates in-
creased only 19% with respect to the copolymer due to
a slight intercalation of the copolymer chains into the
clay interlayers in the MMT4–SEBS composites, the
presence of agglomeration was still confirmed from
the AFM and TEM studies [Fig. 5(a)] and the appear-
ance of the XRD peaks (Fig. 3), as discussed in the
preceding sections.

DMTA

Figure 7(a–c) shows the dynamic mechanical analysis
of the hybrid nanocomposites within the temperature
range �80 to 80°C. The dynamic storage modulus (E�)
in Figure 7(a) elucidates the effect of the clays on the
SEBS system. CL204–SEBSs showed a markedly im-
proved dynamic E� in both the glassy and the rubbery
region compared to the control SEBS. This was possi-
bly due to the better polymer–organically modified
clay interaction, as already mentioned. However, the
OC4–SEBSs nanocomposite did not exhibit as much
improvement as CL204–SEBSs or CL204–SEBSm
(where the subscript m indicates that SEBS was
molded after extrusion). The E� values of OC4–SEBSs
were marginally higher than that of the control, espe-
cially in the rubbery region. The unmodified clay filled
composite MMT4–SEBSs possessed a lower modulus
than the control in the rubbery region.

Comparative plots of tan � against temperature,
which ranges from �80 to 80°C, for all of the nano-
composites along with the unfilled neat SEBS are pre-
sented in Figure 7(b). With SEBS being a triblock co-
polymer, two distinct Tgs, one at �60°C for the rubber
phase and another at 65°C for the plastic phase, were
obtained for both neat SEBS and its nanocomposites.

For MMT4–SEBSs, both the peak heights (for the elas-
tomeric and the plastic phases) increased, which kept
the peak position almost the same. This might have
been due to the agglomeration effect of MMT clays
within the TPE matrix and also its influence in the
disruption of the orderly structures of SEBS. This was
in line with the TEM and AFM observations. On the
other hand, in the OC4–SEBSs system, there was a
change in the plastic Tg height with no change in the
peak position, and the Tg of the rubber phase shifted
by �5°C, which indicated marginal plasticization by

Figure 7 (a) Plot of log E� versus temperature, (b) tan �
versus temperature plots for SEBS and the clay–SEBS nano-
composites, and (c) variation of tan � for different doses of
CL20 in nanocomposites prepared through the solution and
melt processes.
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the C18 hydrocarbon chains of the modifier amine.
CL204–SEBSs provided an interesting observation. The
tan � peak height of the rubber phase was reduced by
35% compared to that of the neat SEBS, whereas the
tan � peak of the plastic region shifted towards the
rubbery phase by 26% [from 66 to 51°C, as shown in
Fig. 7(b–c)]; the corresponding results are reported in
Table V. These results are possibly due to interaction
of CL20 with both phases of SEBS in the bulk, which
corroborates our earlier AFM observations. The OC4-
filled composites exhibited a small peak at 3.0° in the
XRD diagram, whereas the peak disaappeared in the
CL204 nanocomposite. Dynamic mechanical analysis
elucidated that CL20 gave by far the best results com-
pared to the MMT–clay composite or the OC-modi-
fied nanocomposite due to relatively better polymer–
organoclay compatibilty and also due to exfoliation
and better dispersion.

The tan � of the samples containing different doses
of CL20 in SEBS [Fig. 7(c)] illustrated that the peak
was reduced and shifted with respect to the control
SEBS. The 2 phr loading of CL20 in SEBS did not show
any significant change in the peak height and the peak
position of both the plastic and the rubber phases
compared to the neat SEBS. Similar to the effect in
OC4–SEBSs, the 8-phr loading in CL208–SEBSs showed
a shift of the rubbery phase by �5°C from the control
SEBS, mainly because of the plasticization effect of the
hydrocarbon chains of the nanoclay. However, it
showed no change in the peak height in the plastic
phase. The lowest tan � was observed both in the
rubbery and the plastic phases for the 4-phr CL20–
SEBS sample compared to its 0-, 2-, and 8-phr loadings
[Fig. 7(c)]. This may have been due to the better dis-
persion and interaction of the nanoclay at the 4-phr
level. A dilution effect was observed with higher load-
ings (8 phr) of CL20 nanoclay in the SEBS matrix.
CL20 with the same 4-phr loading in the melt process

(CL204–SEBSm) showed a similar shift of tan � peaks
as that of CL204–SEBSs. In the melt process, the tan �
peak increased somewhat compared to that in the
solution process, which may have been due to a higher
probability of polymer–nanoclay intercalation in the
solvent-swollen conditions in the solution process.

Analysis of the mechanical properties

Representative tensile stress–strain curves for the
SEBS–clay nanocomposites along with the control
SEBS are shown in Figure 8(a–c), which depicts the
variation of clay structure and clay loading. The be-
havior of the nanocomposites prepared in the solution
and the melt processes is reported also in Table VI.
The difference between the amines was probably in
the extent of intercalation–exfoliation. The stress–
strain curves indicated typical behavior of an elas-
tomer: the stress increased with strain abruptly after
200% strain. The addition of a small amount of clay
did not change the typical nature of the curves [Fig.
8(a)]. Because the extent of reinforcement was a func-
tion of the polymer–filler interaction, the nanocom-
posites showed a higher modulus, ultimate stress, and
work to break over the control and the unmodified

TABLE V
Tg and tan � Values for SEBS and the Composites with

SEBS and Variation with CL20 Dose in the
Nanocomposites

Sample Tg1 (°C) tan �1 Tg2 (°C) tan �2

SEBS �57.8 0.29 66.0 0.48
MMT4–SEBS �57.6 0.48 69.1 0.59
OC4–SEBS �62.8 0.28 66.8 0.50
CL200–SEBSs �58.0 0.29 66.0 0.48
CL202–SEBSs �60.0 0.27 65.0 0.47
CL204–SEBSs �57.1 0.19 50.5 0.45
CL200–SEBSs �61.0 0.28 64.8 0.48
CL204–SEBSm �57.5 0.21 52.1 0.47

Tg1 � glass-transition temperature of the elastic phase of
the system; tan �1 � highest loss tangent corresponding to
Tg1; Tg2 � glass-transition temperature of the plastic phase
of the system; tan �2 � highest loss tangent corresponding to
Tg2.

Figure 8 Tensile stress–strain plots of the SEBS–clay nano-
composites: effects of (a) the modified clays on SEBS in the
solution process, (b) variation of CL20 dose in the solution
process, (c) the unmodified and the modified clays on SEBS
properties in the melt process, and (d) variation CL20 dose
in the melt process on SEBS.
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clay loaded SEBS composites depending on the struc-
ture of the clay.

Figure 8(b) reveals the stress–strain curve of SEBS
filled with 2–8 parts of the modified nanoclay. The
curve of 4-phr CL20 was above all of the other curves,
and this 4-phr loading of CL20 in the melt process
imparted the highest physical properties, beyond
which these tended to decline, possibly due to slight
agglomeration, as evidenced from the XRD peak at
2.9° for the CL208–SEBS system. Similar results were
been reported from our laboratory on styrene–buta-
diene rubber with different styrene contents and ni-
trile rubber with different nitrile contents.32–34 It was
also reported that the optimized filler loading is influ-
enced by the nature of rubber. The samples made by
solution process also showed optimized properties at
a 4-phr loading of the modified nanoclay.

As shown in Table VI, for CL204–SEBSm, there were
increments of 82, 43, and 91% in tensile strength (TS),
modulus, and work to break, respectively, compared
to the neat SEBS system. The higher polymer–filler
interaction was a result of exfoliation–intercalation in
the case of the modified nanoclay. These values were
much higher than those of the MMT clay–SEBS
(MMT4–SEBSm) samples (8, 17, and 10% increments
compared to neat SEBS).

In the solution process, although OC4–SEBSS
showed an increase in modulus of 30% and in TS by
13%, the improvements were far more pronounced in
CL204–SEBSs (57 and 33% in modulus and TS, respec-
tively). Among the samples with 2-, 4-, and 8-phr
loadings of CL20, the 4-phr loading showed the max-
imum improvement in the aforesaid properties [Fig.
8(b)].

The increase in TS was about 82% in CL204–SEBSm
with respect to the control SEBSm. As TS depended on
rubber–filler interaction, TS and elongation at break

increased with filler loading up to 4 phr but decreased
progressively with increasing levels of CL20 loading
up to 8 phr [Table VI and Figs. 8(d) and 9]. This
dilution effect may have been due to agglomeration at
the higher filler loading (8 phr), which was supported
by the XRD results and DMTA study.

Another nanoclay, CL10, was used to understand
the behavior of nanoclay on the mechanical proper-
ties. Although CL10 nanoparticles imparted improved
properties over the control and the unmodified clay
filled composites, the extent of improvement was
slightly lower than that of the CL20–SEBS nanocom-
posites [Fig. 8(c) and Table VI].

The mechanical properties of the nanocomposite
samples prepared by solution and melt intercalation
processes are compared in Figure 9. The difference
between these two systems may have been due to the

TABLE VI
Mechanical Properties of SEBS and Its Clay Nanocomposites

Sample

Modulus (MPa) Tensile
strength
(MPa)

Elongation
at break

(%)

Work to
break

(kJ/m2)50% 300%

SEBSs 2.6 7.0 23.8 520 19.2
SEBSm 1.9 7.0 22.5 530 20.1
MMT4–SEBSm 2.2 8.2 24.2 550 22.1
CL202–SEBSm 2.4 7.5 25.8 590 27.8
CL204–SEBSm 3.2 10.0 40.9a 660a 38.3a

CL208–SEBSm 2.4 9.0 29.1 600 32.6
CL102–SEBSs 2.6 9.5 22.0 500 19.0
CL104–SEBSs 3.2 9.5 23.5 520 20.1
CL108–SEBSs 2.7 8.5 27.2 560 24.9
CL202–SEBSs 2.6 8.4 24.0 540 22.8
CL204–SEBSs 3.5a 11.0a 31.6 580 29.2
CL208–SEBSs 3.2 9.5 27.2 560 23.9
OC4–SEBSs 3.4 8.8 26.9 630 29.2

a Highest value.

Figure 9 Comparative plots of the mechanical properties
achieved for CL204–SEBS systems in the melt and solution
processes.
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difference in morphology, as revealed by AFM stud-
ies. In both the cases, the 4-phr loading of CL20 pro-
duced exfoliation. Although the maximum tensile
stress, elongation at break, and work to break were
higher (TS by 26% and work to break by 32%) for the
samples prepared with the melt intercalation tech-
nique (CL204–SEBSm) compared to that prepared in
solution process (CL204–SEBSs), the 50 and 300% mod-
uli were higher for the PLSNC prepared in the solu-
tion process (Table VI and Fig. 9). The initial sharp
increase in modulus within the Hookean region was
more prominent in the solution-cast samples [Fig. 8(a–
d)]. This possibly was the effect of the distinct mor-
phological differences and location of the nanopar-
ticles, as evident from the AFM studies.

CONCLUSIONS

1. SEBS nanocomposites were prepared by solution
and melt blending processes with different types
of nanoclays, such as CL10 and CL20, tallow
amine modified clays, and OC, an organically
modified MMT clay prepared in the laboratory
with octadecyl amine (C18) chloride by a cation-
exchange reaction. The loading of nanoclays in
SEBS system was varied. The clays and the nano-
composites were characterized by XRD, FTIR
spectroscopy, TEM, and AFM. The mechanical
and dynamic mechanical properties of the nano-
composites were investigated.

2. X-ray diffractograms indicated expansions of the
clay gallery with the incorporation of amines.
The X-ray diffractograms did not show any 2�
peak between 3 and 10° for the CL202–SEBS and
CL204–SEBS nanocomposites, which indicated
exfoliation, whereas CL208–SEBS and OC4–SEBS
showed intercalated structures, as evidenced
from small peaks at 2.9 and 3.0°, respectively.
MMT4–SEBS exhibited agglomeration, which in-
dicated the formation of microcomposites.

3. The morphological studies by AFM and TEM
revealed exfoliation in the case of CL20 and ag-
glomeration in the unmodified MMT-clay-filled
SEBS composites at 4-phr loading. The location of
the clay was indicated clearly in the micrographs.

4. A comparison was made for the first time (be-
tween the solution and melt intercalation tech-
niques) as far as TPE was concerned. AFM stud-
ies showed distinct differences in the solution
and melt morphologies for the modified nano-
clay–SEBS systems.

5. CL204–SEBS showed a much improved dynamic
storage modulus (E�) compared to the control
SEBS, OC4- and MMT4-filled composites. The
lowest tan � was observed for the 4-phr CL20–
SEBS sample, as compared to 0-, 2-, and 8-phr

loadings. A dilution effect was observed with the
higher loading (8 phr) of the CL20 nanoclay in
the SEBS matrix. CL20 with the same 4-phr load-
ing in the melt process (CL204–SEBSm) showed a
similar shift of tan � peaks as that of CL204–
SEBSs.

6. CL20-filled SEBS nanocomposites displayed su-
perior moduli and tensile properties in the melt
intercalation and solution processes compared to
OC-, CL10-, and MMT-filled SEBS composites.
CL20 (4 parts) in SEBS, both in the solution and
melt processes, gave the best mechanical results.
The direct melt intercalation process further con-
ferred better results with respect to TS and
toughness compared to the solution process, al-
though the latter rendered improvements in 50
and 300% moduli compared to the former.
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