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Abstract−Pure polystyrene-b-poly(ethylene-ran-butylene)-b-polystyrene (SEBS) was functionalized with amine moiety
first through nitration, followed by reduction. The resulting amine modified SEBS was blended with various amounts
of epoxy via in situ reactive approach. Thin blend films were initially cured at 120 oC for 30 min and post cured at
180 oC for 2 h. These films were then analyzed for their mechanical, thermal and morphological profile. Optimum
improvement in tensile strength, modulus and toughness was observed with different epoxy loading in the blends.
These blends were found thermally stable up to 300 oC. The morphological studies indicated ample compatibility
between the two components of blends.
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INTRODUCTION

Designing of new polymeric blends is of special relevance from
the viewpoint of both engineering and academia. Polymer blending
is a well established, effective and a simple way to tailor the prop-
erties of these materials to meet specific requirements. Nano-blends
represent superior properties compared to individual components
alone, and consequently are widely employed to produce high per-
formance materials [1,2]. Commercial polymer blends have a multi-
phase morphology with suitable physical and mechanical properties
due to the presence of a finely dispersed phase which is resistant
to significant phase segregation. Compatibilization involves alter-
ation of the interfacial properties of the blend through block or graft
copolymers with segments which display intermolecular attrac-
tion and/or chemical reactions with the blend components. These
copolymers contemplate at the interface between the blend com-
ponents and act as emulsifiers, reducing interfacial tension formed
in situ, by reactive compatibilization using suitably reactive poly-
mers [3]. It can also provide a degree of control over morphology
development in multiphase polymer blends, via manipulation of

the interfacial energies within the system [4-9], which allows the
formation of dispersed phases with a core-shell structure [9-11].
SEBS is a triblock copolymer and a thermoplastic elastomer having
polystyrene (PS) blocks (hard segments) and polyethylene-polybu-
tylene components (soft segments). The polystyrene components
provide strength to the materials, while the rubbery phases give it
flexibility to make it less brittle. Moreover, polystyrene blocks tend
to clump together and tie the polyethylene and polybutylene blocks
together employed as compatibilizer in many polymeric blends. A
study of polypropylene (PP)-based blends with 30% by weight of a
polyamide-6 (PA6)/SEBS dispersed phase, using both reactive and
non-reactive SEBS has been reported. Reaction between the PA6
and SEBS significantly reduces their interfacial energy, which acts
both to encourage the SEBS to encapsulate the PA6 and to stabi-
lize the resultant multiphase morphology [8,9]. In addition to the
effects of interfacial reaction, the effects on morphology develop-
ment of varying the ratio of PA6: SEBS in the dispersed phase has
been described. A more complete study on polyethylene terephthal-
ate (PET)/PP compatibilized with SEBS, or maleic anhydride grafted
SEBS (SEBS-g-MA), or glycidyl methacrylate modified SEBS (SEBS-
g-GMA) at one ternary composition, was reported by Heino et al.
covering morphology, mechanical and rheological properties as
well [12]. The addition of pure SEBS (5-wt%) stabilized the blend
morphology with improved impact strength. Moreover, this effect

A prototype of nanoblends from SEBS-NH2/epoxy
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became more prominent with functionalized SEBS. High tough-
ness and stiffness were achieved with SEBS-g-GMA for the PET-
rich composition. Incorporation of functionalized SEBS copolymers
gave a finer dispersion of the minor phase with improved interfa-
cial adhesion. Increase in the glass transition temperature of the
PET phase and melt viscosity of the compatibilized blends indi-
cated better interactions between the discrete PET and PP phases
induced by SEBS-g-GMA. Effectiveness of compatibilizers on mech-
anical, thermal and morphological profile of PET/PP blends has
been reported [13]. Various compatibilizers based on maleic anhy-
dride modified, PP (PP-g-MA), maleic anhydride grafted linear
low density polyethylene (LLDPE-g-MA) and hydrogenated SBS
block copolymer (SEBS-g-MA) were used. Large deformation be-
havior of blends denoted the excellent performance of SEBS-g-MA.
However, addition of a thermoplastic polyolefin alloy (TPO), PP/
ethylene-propylene copolymer, augmented the compatibilizing effi-
ciency of PP-g-MA comparable to that of SEBS-g-MA. Superior
effectiveness of SEBS-g-MA and PP-g-MA plus TPO relative to PP-
g-MA or LLDPE-g-MA is ascribed to better emulsification of the
former at the interface, reduced migration of PP-g-MA into the
PP phase and retardation of PET crystallization in the presence of
the elastomeric additive. Additionally, the elastomeric compatibi-
lizers absorb more efficiently, the stresses developed at the PET/PP
interface. Previously, we have reported PS/SEBS-g-MA and amine
functionalized polystyrene (APS)/SEBS-g-MA blends [14]. During
the blending process, amine functionality introduced on PS serves
as a compatibilizer forming in situ amide linkage between APS and
anhydride groups on SEBS-g-MA. Chemical modification of PS
successfully improved interfacial interaction, and the compatibility
between the blend components was significantly improved. Thus,
the mechanical robust PS-based blends were obtained. Improve-
ment in morphology, thermal and mechanical profile has been fol-
lowed for APS blends in contrast with PS blends.

Epoxy resins are high performance thermosetting polymers that
are particularly important for their low cost, superior mechanical
and thermal properties, exceptional adhesion to various substrates,
chemical resistance and easy processability. Thus, they are widely
used in coatings, adhesives, electronic encapsulants and matrices
for composites [15-18]. When cured, epoxy polymers are amor-
phous and form a highly cross-linked network structure using cross-
linking agents or hardeners such as amines, acids and anhydrides
with well known curing mechanisms [17]. These distinguishing
features stem from their cross-linked chemical structure. More-
over, the low fracture toughness relative to other thermoplastic poly-
mers needs to be toughened for engineering applications. Block
copolymers have the ability to self-assemble themselves and pos-
sess nano-phase structures, and therefore, when blended with epox-
ies can control phase separation at nanoscale [19,20]. Various triblock
copolymers have been synthesized as modifiers for epoxy resins to
give nano-phase structures [21-24]. We blended and tried to chemi-
cally link the amine functionalized SEBS with epoxy, and then ex-
plored the compatibilization effect in terms of morphological, ther-
mal, and mechanical profile of nano-blends.

In this attempt, the polystyrene-b-poly(ethylene-ran-butylene)-
b-polystyrene (SEBS) elastomer was blended with epoxy by solu-
tion mixing approach. For this purpose, SEBS was modified via

nitration and then subsequent reduction yielding amine function-
alized SEBS. Blends of varying concentrations were prepared using
diglycidyl ether of bisphenol A (DGEBA) and amine modified SEBS.
The amine functionality introduced on the SEBS chains was exploited
to react with epoxide groups of DGEBA through reactive blend-
ing in order to produce compatibilized and chemically linked nano-
blends. Epoxy/amino modified SEBS blends were characterized
for their structural, morphological, mechanical and thermal analyses
using FTIR spectroscopy, field emission scanning electron micros-
copy (FESEM), tensile testing and thermogravimetric analysis (TGA).

EXPERIMENTAL

1. Materials
SEBS elastomer (M.W=118,000) with 28% styrene content, anhy-

drous calcium chloride (99%), anhydrous calcium oxide (99%) and
anhydrous stannous chloride (99%) were procured from Aldrich
and used as received. Diglycidyl ether of bisphenol A (DGEBA)
with epoxide equivalent weight of 172-176 purchased from Sigma
was used. Benzophenone (99%), sodium metal (stored in kerosene),
ethanol (99%) and hydrochloric acid (99%) were supplied by Fluka.
Sodium hydroxide (98%), methanol (99%), nitric acid (65%) and
sulfuric acid (98%) obtained by the courtesy of Merck were used
as such. Tetrahydrofuran (99%) provided by Merck and anhydrous
chloroform (≥99%) purchased from Aldrich were used after drying.
2. Functionalization of SEBS Elastomer

SEBS elastomer was functionalized using a two-step strategy
(Scheme 1). The primary step involved the nitration of SEBS, thus
yielding nitro-functionalized SEBS followed by the reduction of
nitro modified SEBS producing amine functionalized SEBS. The
synthesis and characterization of this modified polymer has been
described elsewhere [25]. The resulting amine modified SEBS was
blended with DGEBA through reactive compatibilization approach

Scheme 1. Modification of SEBS with amine functional groups [25].
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yielding nanostructured blends.
3. Amine Modified SEBS/Epoxy Blends

Various compositions of blends were prepared by mixing the
amine modified SEBS with DGEBA using chloroform as a solvent.
For a particular composition, the required amount of amine func-
tionalized SEBS was placed in conical flask and then dissolved in
the chloroform with continuous stirring for 24 h to obtain a homo-
geneous solution. To this solution, a known quantity of the epoxy
resin dissolved in chloroform was added and the stirring was con-
tinued for 24 h yielding polymer blend (Scheme 2). Different con-
centrations of the blends were prepared in the same fashion. Thin
blend films were cast by first transferring the contents of the flask
into preheated Teflon molds, followed by evaporating the solvent
overnight at ambient temperature. These blend films were initially
cured at 120 oC for 30 min and post cured at 180 oC for 2 h to obtain
amine modified SEBS/epoxy blend films. After completion of the
curing, transparent blend films were pealed off from the Teflon
molds. These films were then characterized for their morphologi-
cal, mechanical and thermal properties.
4. Characterization

The structural determination of amine modified SEBS/epoxy

nanostructured blends was carried out using an Excalibur series
Thermo Scientific Nicolet 6700 FTIR spectrometer, over the range
4,000-550 cm−1. Tensile properties of the nanostructures blend sam-
ples were measured according to DIN Procedure 53455 having a
crosshead speed of 5 mm min−1 at 25 oC using a Testometric Uni-
versal Testing Machine M500-30, and an average value obtained
from five to seven different measurements in each case has been
reported. For phase morphological studies, blend samples were cryo-
genically fractured in liquid nitrogen and the morphology was inves-
tigated by FEI Nova 230 field emission scanning electron micro-
scope (FESEM). Thermal stability of the blends was determined
using NETZSCH TG 209 F3 thermogravimetric analyzer by using
1-5 mg of the sample in Al2O3 crucible heated from 30 to 900 oC
at a heating rate of 10 oC/min under nitrogen atmosphere with a
gas flow rate of 20 mL/min.

RESULTS AND DISCUSSION

Neat SEBS has very poor film forming property and did not give
smooth film. Upon modification of SEBS, the film forming prop-
erty was improved and amine modified SEBS/epoxy blends pro-

Scheme 2. Formation of amine modified SEBS/epoxy nanoblends.
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duced very smooth and well textured film. Thin blend films ob-
tained after curing were found to be transparent and light yellow
to whitish. The transparency of the blend films decreased by the
addition of epoxy and the films became semitransparent and brit-
tle at high epoxy content. The structure elucidation of the blends
was carried out by IR spectroscopy. Different analyses performed
to characterize these materials are explained below.
1. FTIR Spectroscopy

IR spectrum of the blend film was recorded and the data is rep-
resented in Fig. 1. A broad band was observed for O-H and N-H
stretching vibrations around 3,410 cm−1. Various other bands ap-
peared for N-H bending vibration at 1,610 cm−1, aromatic C-H at
3,060 cm−1, aromatic C=C stretching at 1,510 and 1,460 cm−1, ali-
phatic C-H asymmetric and symmetric stretching at 2,920 and 2,850
cm−1. The band for 1, 4-disubstitution on aromatic ring appeared
at 825 cm−1. The appearance of OH band is a clear evidence for
the formation of linkages between the amine groups on elastomer
backbone with epoxide ring, thus yielding compatibilized blend.
The FTIR analysis of the blend film confirmed in situ cross link-
ing at the polymer-polymer interface generating stronger interfa-
cial interactions between blend components.
2. Mechanical Properties

Mechanical profile of amine modified SEBS/epoxy blends was

measured by stretching the rectangular thin strip using tensile test-
ing, and the stress-strain curves of the blends are given in Fig. 2.
The related data of the mechanical properties are summarized in
Table 1. The results indicated an increase in the tensile properties
of blend materials. Tensile modulus of elastomer increased with
the addition of epoxy. Amine modified SEBS/epoxy blend contain-
ing 25-wt% epoxy gave a maximum value of tensile modulus 1.16
GPa. The maximum stress decreased initially and then increased
with the addition of epoxy content up to 20-wt%. Beyond 30-wt%
it decreased again relative to the amine modified SEBS. The elon-
gation at break decreased with increase in epoxy loading in the blend.
Toughness of nanoblend with 5-wt% epoxy showed a maximum
value, and then a decreasing trend was observed in this property.
The overall mechanical properties of this blend system improved.
The modulus of thermosets resins varies in the range 2-6 GPa and
can withstand tensile strength in the order of 35-90 MPa. How-
ever, they are stiffer and stronger but more brittle when added into
elastomeric matrix improving the mechanical profile of the result-
ing blend. In this particular system, the modulus increased up to
25-wt% epoxy loading and maximum stress showed increase up
to 20-wt% epoxy content due to the strong interfacial interactions
among the phases. Further increase in epoxy content up to 25-wt%

Fig. 1. FTIR spectrum of amine modified SEBS/epoxy nanoblends. Fig. 2. Stress-strain curves of amine modified SEBS/epoxy nano-
blends.

Table 1. Mechanical data of amine modified SEBS/epoxy nanoblends
DGEBA

(%)
Maximum stress

(MPa) ±0.1
Maximum strain

(%) ±0.02
Toughness

(×106 Jm−3) ±0.02
Tensile modulus

(GPa) ±0.02
00 6.89 4.47 10.93 0.043
05 2.89 130.6 360 0.290
10 2.57 56.0 155 0.310
20 7.92 1.15 5.08 0.880
25 7.85 1.14 5.40 1.160
30 7.02 0.77 3.34 0.880
35 5.41 0.76 2.00 0.830
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resulted in a decreased amount of amine modified SEBS in the blend
giving a circular morphology (Fig.3(e) and (f)) with rounded arrange-
ment between matrix and epoxy linked through interlinks/fibrils.
In micrograph 3(f), these linking fibrils became more visible and
prominent, showing interfacial interactions between the two phases.

The phase morphology of a blend is not only dependent on inter-
facial tension but also on the combination of interfacial tension
and interfacial areas. The introduction of epoxy in the amine-modi-
fied SEBS appreciably increased interfacial interactions and improved
the mechanical profile of the elastomer. Moreover, this improve-

Fig. 3. FESEM micrographs of amine modified SEBS/epoxy nanoblends ((a) & (b)) 5%, ((c) & (d)) 10% ((e) & (f)) 25% ((g) & (h)) 35% ((i)
& (j)) 40%.
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ment in properties was limited only to low concentration of epoxy.
Increase in epoxy content up to 35-wt% decreased the amount of
amine-modified SEBS in the blend acquiring a globular morphol-
ogy, which is a typical property of elastomer. Micrographs given in
Fig. 3(g) and h showed circular and rounded globules isolated and
grew bigger but still bridged through epoxy as indicated in Fig. 3(g)
and (h). At 40-wt% epoxy loading, these interlinks became broad
and widened the space between matrix and epoxy due to the in-
creased amounts of epoxy that might not be linked with amine mod-
ified SEBS (Fig. 3(i) and (j)). Therefore, low epoxy content pro-
vided good interfacial interactions with the matrix, giving uniform
morphology and homogeneous networks formed in the nanoblends.
At higher epoxy loading, amine-modified SEBS/epoxy blends showed
weak compatibility between the two phases, thus reducing tough-
ness and increasing brittleness in the blends, as evident from mechan-
ical data.

The interfacial interactions play an imperative role in the improve-
ment of tensile properties of nanoblends. Such interactions pro-
duced mechanically robust and tough blends at lower percentage
of epoxy loading. At high epoxy loading, all the epoxy molecules
may not linked with elastomer, resulting in poor interfacial interac-

tions between the blend components, leading to brittleness and reduc-
tion in toughness of the blend materials. The spectral and morpho-
logical analyses depicted chemical reaction between amine-modi-
fied SEBS and epoxy rendering interfacial interactions and finer
blending of two components. Owing to this chemical reaction, the
nanostructured blends showed homogeneous network structures
of the two components connected through fibrils.
3. Morphological Analysis

FESEM performed on amine modified SEBS/epoxy blend sys-
tem are presented in Fig. 3. The aim of this analysis was to evaluate
the morphological changes in the blend samples through reactive
compatibilization. Pure SEBS is amorphous polymer; therefore it is
immiscible with many other polymers. Thus, to enhance the mis-
cibility of SEBS and to increase its adhesion with epoxy, amine func-
tionality was introduced to reduce interfacial tension between the
two components [25]. The fractured surfaces of the nanoblends
are characterized by the presence of cracks in the matrix depicting
the interfacial interactions between the blend components. SEM
images of amine modified SEBS/epoxy film with 5-wt% epoxy load-
ing indicated the cracks and ridge in the fractured samples show-
ing the formation of linkages (Fig. 3(a) and (b)). This observation

Fig. 3. Continued.
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clearly demonstrates that fibrils are connecting the epoxy domains
to the amine modified SEBS matrix suggesting strong interfacial
adhesion between the blend components. With the increase in epoxy
content up to 10-wt%, fibrils became more prominent (Fig. 3(c)
and (d)). Further increase in epoxy content up to 25-wt% resulted
in a decreased amine-modified SEBS amount in the blend and at
low concentration; it acquired a globular morphology, which is a
typical property of elastomer. SEM images (Fig. 3(e) and (f)) indi-
cated circular and rounded arrangement between matrix and epoxy
linked through fibrils. At high magnification these linking fibrils
became more visible and prominent showing interfacial interac-
tions (Fig. 3(f)). Besides, phase morphology of a blend system is
not merely dependent on interfacial tension; rather, it is a combi-
nation of interfacial tension and interfacial areas [26,27]. The inser-
tion of epoxy in the amine-functionalized SEBS significantly in-
creased the number of linkages and improved the mechanical pro-
file of the elastomer. Upon 35-wt% epoxy loading in the blend sys-
tem, the globules segregated and grew larger but still bridged through
epoxy as indicated in Fig. 3(g) and (h). At 40-wt% epoxy loading,
these interlinks became broad and widened the space between matrix
and epoxy due to the increased amounts of epoxy that might not
be linked with amine-modified SEBS (Fig. 3(i) and (j)). Therefore,
low epoxy content provided good interfacial interactions with the
matrix, giving uniform morphology and homogeneous networks
formed in the nanoblends. At higher epoxy loading, amine-modi-
fied SEBS/epoxy blends showed weak compatibility between the
two phases, thus reducing toughness and increasing brittleness in
the blends, as is evident from the mechanical data (see Table 1).
4. Thermogravimetric Analysis

Thermal stability of blend films was monitored under nitrogen
atmosphere, and the thermograms of the nanoblends are given in
Fig. 4. SEBS is a thermoplastic elastomer possessing good thermal
stability [28]. Introduction of epoxy reduced the thermal decom-
position temperature of the elastomer because of the aliphatic moi-
ety of the epoxy decomposing at low temperature. Thermal decom-
position in blend containing 5-wt% epoxy started earlier due to
less cross-linked network produced relative to the higher percent-

ages of the epoxy. Blends containing higher amounts of epoxy yielded
more cross links in the elastomer and subsequent increase in ther-
mally stability. In addition, the residual weight retentions at 800 oC
for different concentrations of the blends were found to be 10-20%.
This implies that blend systems possess good thermal stability.

CONCLUSIONS

Thermoplastic elastomer was successfully modified to produce
nitro-functionalized and amine functionalized SEBS. Various com-
positions of polymeric blends were prepared by combination of
amine modified SEBS and epoxy via solution blending method.
Enhancement of mechanical properties in amine modified SEBS/
epoxy blends was also observed with good compatibility, improved
toughness of amine modified SEBS/epoxy blends made them a good
candidate for hybrid materials. FESEM images of the cured epoxy
films showed good compatibility of amine modified SEBS with epoxy;
no phase separation was observed. Striking morphology was ob-
tained showing interfacial linkages in nanoblends. Thermogravi-
metric analysis showed that amine modified SEBS/epoxy films ex-
hibited good thermal stability. We expect that these blend systems
may find applications as thermally stable and easily processable
thermoformed packaging materials [29]. However, brittleness of
these blends may restrict their use in high impact applications;
therefore, rubber toughening of amine modified SEBS with epoxy
blends is proposed to yield an ideal combination of tough and pro-
cessable polymeric materials with synergistic properties of the blend
components as well as the rubber [14].
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