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ABSTRACT: The effect of pristine silica nanoparticles on
a model low-density polyethylene (LDPE)–ethylene vinyl
acetate copolymer (EVA) thermoplastic elastomer blend
system is explored in this article. Pristine silica nanopar-
ticles were melt-blended with the LDPE–EVA system at
1.5, 3, and 5 wt % loadings through the variation of the
sequence of addition. In one of the compositions, coupling
agent bis[3-(triethoxysilyl)propyl] tetrasulfide (Si-69) was
used to improve the interaction of hydrophilic silica fillers
with the polymer matrix. The blends were compression-
molded, and their mechanical, dynamic mechanical, and
thermal properties, X-ray diffraction patterns, and mor-
phology were evaluated. The properties of the blends
were found to be strong functions of the sequence of addi-
tion of nanofillers during their preparation. With Si-69 as a

coupling agent, the dynamic storage modulus of nanosil-
ica-based composites was found to increase up to 35%. An
appreciable improvement in the tension set properties of
the thermoplastic elastomer nanocomposites was observed
in all the nanosilica-based films. Morphological studies
and dynamic properties clearly indicated that the differen-
tial properties of these blend systems primarily stemmed
from the extent of dispersion and alternation of crystalline
morphology, which in turn was a strong function of pref-
erential incorporation in the LDPE or EVA matrix and the
agglomeration tendency of the nanofillers. VVC 2008 Wiley
Periodicals, Inc. J Appl Polym Sci 110: 825–836, 2008
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INTRODUCTION

In recent years, novel materials have been continu-
ously produced for specific requirements because of
the very fast growth and development of industrial
activities around the world. Polymer blending has
been proven to be an economical and promising
route for innovating and developing new polymeric
materials. To widen the diversity of available poly-
mers, another well-known approach is to modify
their technical properties by the addition of fillers.
Fillers are solid additives that differ from polymers
in both their chemical and physical composition and
structure. The vast number of fillers includes silica,1–3

glass fibers,3,4 carbon black,5,6 talc,7 clay,8,9 tita-
nates,10 and calcium carbonate,11 to mention a few.
These have been used for multicomponent systems
to achieve a broader assortment of properties. Cur-
rently, nanostructured fillers have become the main

focus of attraction in polymer industries. There has
been renewed interest in the influence of nano-
particles on the behavior of polymer systems (homo-
polymers, blends, or block copolymers).12–30 This
interest originates from the fact that the addition of
a small amount of nanoparticles can dramatically
change a myriad of properties of polymers, such as
the modulus of elasticity, gas-barrier property, elec-
trical conductivity, magnetic susceptibility, hardness,
abrasion resistance, static and dynamic mechanical
properties, scratch resistance, adhesive strength, and
ultraviolet protection, and they can be widely used
in applications such as coatings, rubbers, plastics,
sealants, and fibers.31–36

Recently, one area that has come under intense
inspection is the role of nanoparticles as potential
compatibilizers for mixtures of immiscible polymers.
Recent simulations by Ginzberg and coworkers,12–14

Zhu and Ma,15 and Laradji and McNevin16,17

revealed that nanoparticles can be distributed be-
tween two polymers even when the particles them-
selves have a strong preference toward one of the
two polymeric components. Experimentally, Lipatov
and coworkers19–21 studied the influence of silica
nanoparticles on the cloud point of a poly(vinyl
alcohol)/poly(methyl methacrylate) mixture. Lipatov
et al.21 postulated that nanoparticles, under some
conditions, play the role of a compatibilizer in a
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binary polymer blend system, and they formulated a
semiphenomenological theory to explain this. How-
ever, this theory does not explicitly take the particle
size or geometry or interfacial behavior into account
and, in general, has a somewhat narrow degree of
predictability. There have been other experimental
studies concerning the distribution of nanoparticles
(e.g., carbon) in polymer blends,22–24 but no theoreti-
cal analysis of the influence of particles on the phase
behavior of systems has been discussed. The mor-
phology plays a critical and influential role in the
performance of multiphase blends. The blend mor-
phology initially depends on the way in which the
blend components interact when the individual
blend components are brought into physical contact,
and it ends when the structure becomes frozen in
only at the beginning of the development of the
microstructure. In immiscible multiphase polymer
blends, one component forms the discrete phase,
and it is dispersed in the host component, which
acts as a continuous phase. Generally, new proper-
ties are achieved through this dispersed phase,
which can exist in the form of droplets, fibrils,
lamellae, or even cocontinuous structures after
blending.37–41 The state of distribution and disper-
sion of filler particles between the two phases, the
extent of interaction of the filler surface with either
of the polymeric phases, and the resultant final
phase morphology are believed to be the most im-
portant factors affecting the overall properties of the
final blends. However, there are many factors that
control the filler distribution and dispersion. These
include the affinity of the filler toward the polymeric
phases, the viscosity ratio of the polymers, and the
feeding routes.42 It has also been reported that nano-
fillers significantly alter the crystalline structure of
semicrystalline polymers. Therefore, the technical
properties of the blends are modified to a marked
extent. Thus, in the case of polymer blend nanocom-
posites, the microscale morphology as well as the
nanoscale filler distribution and crystalline structure
could dictate the resultant properties of the
composites.43–46

A thermoplastic elastomer (TPE) blend system
derived from low-density polyethylene (LDPE) and
ethylene vinyl acetate copolymer (EVA) has been
chosen for this study. In TPEs, the functional proper-
ties of conventional crosslinked thermoset elastomers
and the favorable processing characteristics of ther-
moplastics are brought together.

However, if rubber and plastic are blended to pro-
duce a TPE, their technical properties are inferior
because of the presence of a weak rubbery phase
and an interface dispersed in a continuous plastic
matrix. This limitation can be circumvented by pref-
erential reinforcement of the rubber phase and the
interface with the plastic matrix by fillers and/or the

addition of crosslinks in the rubbery phase via
dynamic vulcanization without the processing char-
acteristics being sacrificed. Goettler et al.47 addressed
the partitioning of clay reinforcement in two-phase
heterogeneous polymer blends including thermo-
plastic vulcanized (TPV) systems. The microstruc-
ture–property correlation in dynamically vulcanized
nanocomposite TPEs based on polypropylene/ethyl-
ene–propylene–diene monomer was studied by
Naderi et al.48 However, a TPV system is not the
subject matter of this work. Pukanszky49 proposed
that the dimensions of the interface and strength of
the interaction significantly influence the ultimate
tensile properties of composites. Different authors
have investigated the properties and various aspects
of filled polymer blend systems.50–52 The sequence
of addition of the individual polymers and fillers
also plays an important role in determining the
properties of polymer blends. The influence of the
blending sequence on the technical properties and
energy consumption in polymer blending was stud-
ied by Mukhopadhyay et al.53 Conductive poly-
propylene/polyamide blends with a low carbon
black loading were studied by Tchoudakov et al.54

The effects of the blending sequence and interfacial
agent on the morphology and mechanical properties
of injection-molded polycarbonate/polypropylene
blends were studied by Torres et al.55 The effect of
the blending sequence on the microstructure of ny-
lon 66/organoclay/styrene-ethylene/butylene-styrene
(SEBS-g-MA) based ternary nanocomposites was
studied by Dasari et al.56 Dasari et al. also studied
the microscale and nanoscale deformation behavior
of nylon 66/organoclay/SEBS-g-MA ternary nano-
composites.57 Selective distributions of fillers as well
as their state of dispersion in a particular phase are
strongly dependent on their interaction with individ-
ual polymers and the extent of shear stress that is
being applied to overcome a high degree of viscosity
barrier during their preparation. However, to the best
of our knowledge, no references are available in the
literature dealing with the selective distribution and
dispersion of nanosilica fillers in TPE blends.

In this work, the effect of nanosilica on an LDPE/
EVA-based TPE blend has been investigated. It is
well-known that silica as a filler exhibits a filler net-
working or aggregation tendency because of its poor
compatibility with hydrocarbon rubber, its polar na-
ture, and its ability to form hydrogen bonds. To
improve the adhesion between the polymeric matrix
and inorganic particles, coupling agents are gener-
ally employed to modify the surfaces of inorganic
particles. Silane coupling agents are often used to
treat the silica filler because of their unique bifunc-
tional structure along with one end capable of react-
ing with the silanol groups on the silica surface,
whereas the other end is compatible with the

826 HUI, CHAKI, AND CHATTOPADHYAY

Journal of Applied Polymer Science DOI 10.1002/app



polymer matrix. The reaction of bis[3-(triethoxysilyl)-
propyl] tetrasulfide (Si-69) with silica during mixing
is always more economical than modifying the fillers
separately before mixing. The distribution of the
silica between the two polymeric phases under melt-
mixing conditions and its effect on the interface
have been closely followed by means of scanning
electron microscopy (SEM) and atomic force micros-
copy (AFM). The effects of changes in the microscale
and nanoscale morphology and crystallinity [eval-
uated by differential scanning calorimetry (DSC) and
X-ray diffraction (XRD)] and variations in the silica
loading, sequence of addition, and use of a coupling
agent on the mechanical and dynamic mechanical
properties have been investigated in this work. A
system consisting of an organic polymer and inor-
ganic particles can be considered a unique model
system for studying the structure and dynamics of
polymers in confined environments that can bring
new breadth to the science and technology of next-
generation TPE-based materials.

EXPERIMENTAL

Materials

The plastic used for this work was LDPE (Indothene
MA 400) supplied by IPCL (Vadodera, India; density
¼ 0.918 g/cm3, melt index ¼ 38/min). The elastomer
was EVA-40 [melt flow index (per ASTM D 1238 at
1908C with a 2.16-kg load) ¼ 3], which was kindly
provided by Nicco Corp., Ltd. (Shyamnagar, India).
Silicon dioxide nanopowder and Si-69 were procured
from Aldrich Chemical Co., Ltd. (Milwaukee, WI).

Sample preparation

Melt blending was carried out with EVA and LDPE
with various loadings of silicon dioxide powder (1.5,
3, and 5 wt %) in a Brabender PLE-330 plasticorder
(Duisburg, Germany) at 1308C and a rotor speed of
80 rpm by the variation of three different sequences.

In sequence 1, LDPE was first allowed to melt for 4
min; it was followed by EVA, and afterwards, the
silica particles were added. The total mixing time
was 10 min. Then, they were remixed for another 2
min. In sequence 2, first LDPE was allowed to melt
for 4 min, and it was followed by silica for 4 min at
1308C. They were remixed for 2 min. Then, first
LDPE and the particles were mixed at 1308C; this
was followed by EVA, and the total mixing time
was 6 min. They were remixed for 2 min. In
sequence 3, first EVA was allowed to melt for 4 min,
and it was followed by silica particles for 4 min at
1108C. Then, LDPE was allowed to melt for 4 min at
1308C, and this was followed by an EVA–particle
mixture (which was previously made at 1108C) for
2 min at 1308C. The mixes so obtained were sheeted
out through an open mill set with a 2-mm nip gap.
Then, they were remixed in the Brabender plasticor-
der for another 2 min at 1308C.

The sheets were compression-molded between
two Teflon sheets for 3 min at 1508C with a preheat-
ing time of 1 min and a pressure of 5 tons in an elec-
trically heated hydraulic press to obtain films 0.03–
0.04 cm thick. The moldings were cooled under com-
pression to maintain the overall dimensional stabil-
ity. The details of the samples and their appropriate
designations are given in Table I.

Microscopy studies

SEM

To study the developed morphology of the polymer
blends, SEM examination was performed on gold-
coated surfaces of the sample films (etched with
methyl ethyl ketone) with a JSM 5800 microscope
(JEOL, Tokyo, Japan). The accelerating voltage of the
beam was 15 kV. Characteristic X-rays of silicon
were emitted because of electron bombardment of
the nanocomposites. The X-ray silicon dot maps of
the samples were recorded with an Oxford Isis-
300 energy-dispersive X-ray (EDX) microanalytical

TABLE I
Sample Designations

Sample
code

LDPE
(wt %)

EVA
(wt %)

SiO2

(wt %)

Sequence
of silica
addition

EL 6/4 40 60 0 —
ELS 6/4/1.5 40 60 1.5 3
ELS 6/4/3-1 40 60 3 1
ELS 6/4/3-2 40 60 3 2
ELS 6/4/3-3 40 60 3 3
ELS 6/4/3-3/Si-69 40 60 3 phr þ 10% Si-69 3
ELS 6/4/5 40 60 5 3
L 100 100 0 0 —
E 100 0 100 0 —

E, EVA; L, LDPE; S, silica.
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system (Oxford Instruments, Oxford, United King-
dom) attached to the JEOL JSM 5800 scanning elec-
tron microscope. EDX analysis dot mapping was
performed on smooth sample films sputter-coated
with a very thin gold coating, and the dot maps pre-
sented here correspond to sample topography at a
500� magnification. The white points in the figures
denote Si–X-ray signals.

AFM

AFM images of the sample films were recorded in
air at 258C with a Nanoscope III Dimension Zero
atomic force microscope made by Digital Instru-
ments, Inc. (Santa Barbara, CA). The experiments
were carried out on cryotomed samples in the tap-
ping mode with microfabricated cantilevers. The
nanoprobe tip was made of silicon nitride, and it
was square-pyramidal in shape with base dimen-
sions of approximately 4 lm � 4 lm. The character-
istics of the silicon nitride probe were a spring
constant of 0.58 N/m, a normal tip radius of curva-
ture of 20 nm, a cantilever length of 100 lm, a V-
shaped cantilever configuration, a reflective coating
of gold, and a sidewall angle of 358 on all four sides.

DSC studies

DSC analysis was performed on a TA Instrument
DSC Q100 from �130 to 1508C at 108C/min in a
nitrogen atmosphere. The peak minima from the
melting thermogram were considered the melting
points. To compare the crystallinity, the areas under
the melting peak were used, and these were com-
puted with Q series software.

XRD

The XRD patterns of the samples were recorded
with a Philips PW-1710 X-ray diffractometer (Eind-
hoven, The Netherlands) with crystal monochro-
mated Co Ka radiation in the angular range of 10–
358 (2y) with a 40-kV operating voltage and a 20-mA
current. The areas under the crystalline and amor-
phous portions were determined in arbitrary units,
and the percentage of crystallinity (jc) was meas-
ured with the following relation:

vc ¼
Ic

Ic þ Ia
� 100 (1)

where Ia and Ic are the integrated intensities corre-
sponding to the amorphous and crystalline phases,
respectively. The 2y values could be reproduced
within a variation of �0.028.

The crystalline size (P), interchain distance (r), and
interplanar distance (d) were calculated as follows:

P ¼ k:k
b cos h

(2)

r ¼ 5:k
8 sin h

(3)

d ¼ k
2 sin h

(4)

where b is the half-height width (rad) of the crystal-
line peak, k is the wavelength of the X-ray radiation
(1.79 Å), and k is Scherrer’s constant58 (taken to be
0.9). The results reported here were based on aver-
ages of three experiments.

Mechanical properties

The specimens for the measurement of the mechani-
cal properties were punched out from the molded
films with ASTM Die-C. The measurement was car-
ried out in a Hioks–Hounsfield universal testing
machine (Test Equipment, Ltd., Surrey, England) at
a crosshead speed of 100 mm/min at 258C. The
averages of three tests are reported here. The force–
elongation curve was plotted with Lab Tensile soft-
ware, from which the tensile strength and elongation
percentage were calculated. The tension set proper-
ties were measured with a similar tensile sample by
elongation up to 100% elongation for 10 min, and
the percentage set was measured after equilibration
for another 10 min.

Dynamic mechanical analysis (DMA)

DMA was carried out with a DMA 2820 (TA Instru-
ment) in the dual-cantilever mode. The experiments
were carried out at a frequency of 1.0 Hz. The meas-
urements were taken at a heating rate of 28C/min
and a double-strain amplitude of 100 lm. A temper-
ature scan was performed between �60 and 808C.
The storage modulus and loss tangent (tan d) values
were measured for all samples under identical
conditions.

RESULTS AND DISCUSSION

Microscopy studies

In Figure 1(a–g), SEM photomicrographs of unfilled
and filled polymers are displayed. The black
domains indicate the positions of the extracted EVA
phase. In control sample EL 6/4 with 40 wt %
LDPE, LDPE is found as the continuous matrix. The
molten polymeric materials during melt mixing ex-
perience high shearing actions. The induced shear-
ing force deforms the dispersed molten polymer into
elongated, rodlike particles, which progressively
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Figure 1 SEM photomicrographs of methyl ethyl ketone etched samples of 60 : 40 EVA–LDPE blends with various load-
ings of silica particles: (a) EL 6/4, (b) ELS 6/4/1.5, (c) ELS 6/4/3-1, (d) ELS 6/4/3-2, (e) ELS 6/4/3-3, (f) ELS 6/4/3-3/Si-
69, and (g) ELS 6/4/5.
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constrict until rupture. During mixing and molding
when the polymers come out of the shearing zone,
they may fully or partly relax to regain their original
spherical, elliptical, or elongated elliptical shapes
and may remain isolated from one another. How-
ever, there is also a tendency for recombination,
leading to intricate shapes.

In control blends, the two components of the
blends (LDPE and EVA 40) have different polarities
and melt viscosities. Thus, an immiscible blend mor-
phology is expected. Because of the high melt flow
index or low melt viscosity of LDPE, the blends
preferentially have LDPE as a continuous matrix,
even with a higher proportion of EVA, although
they partly retain the feature of a cocontinuous mor-
phology as well.

In SEM photomicrographs of filled polymer matri-
ces with different filler loadings, the presence of
silica particles on the LDPE matrix is not clearly visi-
ble, except in sequence 2. In sequence 3, the average
size of the EVA phase becomes larger upon the silica
loading increasing. This may be due to the decrease

in the flowability of EVA upon the nanosilica load-
ing. Also, in comparison with the blends prepared
by sequence 3, the average size of the EVA phase is
smaller in the case of the blend prepared via
sequence 1. Sequence 2 exhibits a cocontinuous mor-
phology only. In this case, silica aggregates appear
clearly on LDPE phases. Upon the addition of a sil-
ane coupling agent, the average size-scale distribu-
tion of EVA domains becomes narrower, although
the overall domain size increases.

From X-ray dot mapping (EDX; Fig. 2), it can be
observed that the aggregation tendency of the nano-
silica is more in sequence 3 than in sequence 1,
whereas with the addition of a silane coupling agent,
this aggregation tendency diminishes. In sequence 2,
the silica particles are most likely buried in the bulk
and covered by LDPE. Hence, fewer dots are
observed. As the silica loading increases, the aggrega-
tion tendency is expectedly more predominant.

In Figure 3, AFM images of blends containing
3 wt % nanosilica fillers, with and without a coupling
agent, are shown. Comparing height and phase

Figure 2 X-ray silicon dot mapping of 60 : 40 EVA–LDPE blends with various loadings of silica: (a) ELS 6/4/3-1, (b)
ELS 6/4/3-2, (c) ELS 6/4/3-3, (d) ELS 6/4/3-3/Si-69, and (e) ELS 6/4/5. In each set, the left image is a 500� magnified
image of the sample surface, and the right image is the corresponding dot mapping. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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images, we find that darker domains correspond to
the EVA portion of the blend and the lighter part
represents the continuous LDPE matrix. Particles of
various size scales (aggregate sizes) are distributed
in the elastomeric matrix. The size scales span from
the submicrometer range to the nanoscale range.
Hence, the silica reinforcement achieved here is a
composite of microscale and nanoscale reinforce-
ments. Upon the addition of a coupling agent, how-
ever, the distribution turns out to be more uniform
within the EVA matrix. This indicates a scope for
further modifying the silica surface to achieve a
greater degree of reinforcement. A detailed investi-

gation of microscopic studies of these blend systems
is in progress.

DSC

The DSC results are shown in Table II, and the DSC
thermogram in Figure 4 exhibits a plot of the heat
flow versus the temperature for various samples.
Pure EVA shows a b transition at around �308C. In
the case of pure EVA, this b transition is generally
considered the glass–rubber relaxation. The b transi-
tion is associated with the branch points containing
the side group (vinyl acetate). The b peak becomes

Figure 3 Height and phase AFM images of (a) ELS 6/4/3-3 and (b) ELS 6/4/3-3/Si-69. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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prominent if the concentration of the side groups
exceeds a certain limit.59 Furthermore, in EVA, a
low-temperature endothermic peak around 418C can
also be observed. Thus, it is evident that the pristine
EVA used in this study contains a very small num-
ber of crystalline features. On the other hand, pure
LDPE exhibits one broad endothermic relaxation
due to the crystalline melting (a peak around 1078C),
which may also be associated with the a relaxation
(representative of the segmental motion of the crys-
talline phase). The c relaxation is associated with the
crankshaft motion of the polymethylene groups of
the main-chain backbone. The c relaxation normally
occurs in the range of �150 to �1008C (convention-
ally considered the glass transition of LDPE).
However, in our study, the c transition of pure
LDPE has not been detected clearly. This may be
due to interference from the crystalline zone. Upon
the blending of EVA and LDPE, the characteristic
transitions of the individual phases are not changed
significantly. However, one additional endothermic
peak appeared in a control blend sample, demon-
strating a possibility of cocrystallization. When nano-
silica particles were added to the blend, no
significant change in the main melting peak corre-
sponding to the LDPE phase was observed. How-
ever, in comparison with the control, the melting
enthalpy of the filled matrix was reduced.

An important observation to note here is that the
melting enthalpy remains more or less constant
when 3 wt % silica is added in sequence 3. How-
ever, in the other two sequences, the probability of
silica particles present in polyethylene is obviously
greater. Hence, their effect on crystallinity is
expected to be greater. Upon the use of a silane cou-
pling agent, the area under the main melting endo-
thermic peak diminishes significantly.

XRD

XRD patterns of various samples are shown in Fig-
ure 5. In all blends and in pure LDPE (not shown),
there exist mainly two crystalline peaks in the dif-
fraction pattern, one in the angular range (y) of 12.3–
12.58 and another between 13.6 and 13.88. These
peaks are well characterized in LDPE and corre-
spond to specific crystallographic planes [110 and
200, respectively (Miller indices)].58 On the other
hand, EVA contributes only to the amorphous por-
tion in the blend.
P, r, and d (calculated with respect to the peak in

the angular range of 12.3–12.58) and jc of the sam-
ples are shown in Table III.

No significant changes in r or d have been
observed in the blend systems studied here. When
silica particles are introduced into the polymer

TABLE II
DSC Results

Sample code
Third-cycle b

relaxation (8C)

First cycle

T1 (8C) T2 (8C)
Peak area

(J/g) Tm (8C)

E 100 �30 38 73 9.65 —
L 100 — 65 117 79.81 107
EL 6/4 �30 71 114 30.13 105
ELS 6/4/1.5 �31 74 113 28.86 105
ELS 6/4/3-1 �30 72 115 27.71 106
ELS 6/4/3-2 �30 72 112 26.33 106
ELS 6/4/3-3 �30 71 113 30.05 105
ELS 6/4/3-3/Si-69 �30 72 113 26.67 105
ELS 6/4/5 �30 70 113 30.01 105

E, EVA; L, LDPE; S, silica; T1, temperature for onset of melting; T2, temperature for
completion of melting; Tm, melting temperature.

Figure 4 DSC thermogram of 60 : 40 blends of EVA and
LDPE with different loadings of nanosilica particles.
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matrix, jc decreases because of the destruction of the
crystallites in comparison with the unfilled one. This
is also confirmed by a peak area analysis of the DSC
measurements, as demonstrated earlier. Another im-
portant observation can be noted here: although jc
decreases in the filled matrix in comparison with the
control, P increases.

The literature reveals that silica particles can act as
nucleating agents in the polyolefin matrix and conse-
quently can facilitate crystallization.44 However,
when the particles are too small (15 nm), they may
locate themselves in the interlamellar spaces, leaving
little room for additional crystallization.45 Therefore,
the presence of these particles may inhibit the crystal-
lization of the whole polymer matrix, but because of
their nucleating tendency, P may increase.

Although, in comparison with DSC analysis, qua-
sicrystalline patterns are difficult to capture in XRD
in general, in our case, the trend in both analyses
remains essentially constant.

Mechanical properties

Tensile tests were performed to investigate the me-
chanical properties of samples with various compo-
sitions and methods of preparation. The average
mechanical properties are given in Table IV. Within
sequence 3, the tensile strength initially increases
with the silica loading, reaches its maximum value
at a loading of 3 wt %, and decreases with a further
increase in the silica loading. On the contrary, both
high- and low-strain moduli decrease with an
increase in the filler loading. The elongation at break
is improved only for samples with a 3 wt % silica
loading.

At a constant loading of 3 wt % silica, the maxi-
mum tensile strength is observed in sequence 3. In
sequence 2, the tensile strength registers its mini-
mum value, which is comparable to that of the con-
trol sample (without a silica loading). Sequence 1
remains between sequences 2 and 3. The trend of
the low-strain modulus with the variation of the
sequence at a constant loading remains similar to
that of the tensile strength. The elongation at break
of sequences 1 and 2 is comparable to that of the
control sample, but sequence 3 registers a slightly
higher value.

However, the addition of a coupling agent in
sequence 3 drastically improves all the mechanical
properties in comparison with the rest of the sam-
ples. The tensile strength is improved by 41.0%, the
100% modulus is improved by 6.5%, the 200% mod-
ulus is improved by 10%, the 300% modulus is
improved by 30%, and the low-strain (3% elonga-
tion) modulus is improved by 14%. The elongation
at break is also somewhat increased.

However, in all cases, the tension set is improved
in comparison with the control. The minimum set is
observed in samples having a higher filler loading
within sequence 3. In a sample prepared with
sequence 3, the set is further improved upon the
addition of a coupling agent. In sequence 2, the set
is unexpectedly high because of the dramatic change
in the morphology in comparison with the other
samples, as evidenced by the morphological
analysis.

The initial increase in the tensile strength up to a
3 wt % loading of silica is possibly due to the
increase in the interfacial interaction, which elimi-
nates the possibility of the formation and propaga-
tion of cracks at the interface during stretching.
Also, at a 3 wt % loading, the unmodified silica par-
ticles are optimally dispersed in the elastomeric
phases in comparison with other loadings, providing
a better reinforcement effect. On the other hand,
because the surfaces of the silica particles are not
modified, filler–polymer interactions are not mani-
fested in increases in the elongation percentage and

TABLE III
XRD Results for Various Samples

Sample code

X-ray studies

jc (%) P (Å) r (Å) d (Å)

EL 6/4 15.2 120 4.46 3.6
ELS 6/4/1.5 12.9 156 4.50 3.6
ELS 6/4/3-1 13.2 153 4.52 3.6
ELS 6/4/3-3 14.1 153 4.49 3.6
ELS 6/4/3-3/Si-69 13.4 152 4.51 3.6
ELS 6/4/5 14.2 160 4.49 3.6

E, EVA; L, LDPE; S, silica.

Figure 5 XRD patterns of 60 : 40 blends (intensity vs 2y)
of EVA and LDPE with various loadings of nanosilica.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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modulus. At higher loadings, the tensile strength
and modulus are not affected greatly. This can be
ascribed to the aggregation of fillers leading to the
occurrence of low-energy deformation modes, such
as aggregate breakage, aggregate–polymer interface
breakage, and breakage through the defect sites.
Thus, it dilutes the reinforcement effect.

In comparison with the other sequences, in
sequence 3, property enhancement is maximum.
Because in this particular sequence silica is initially
blended with the more polar EVA phase, the silica
distribution is more uniform here, leading to the
strengthening of the weaker phase of the blend sys-
tem (as observed in the morphological analysis).
However, in sequence 2, because silica is premixed
with the relatively nonpolar LDPE matrix, the chan-
ces of aggregate formation are obviously greater.
Moreover, it may adversely affect the crystallization
behavior of LDPE as such (as evidenced by XRD
and DSC analysis). In sequence 1, on the other hand,
an equivalent probability of the distribution of silica
particles in both the LDPE and EVA phases exists.
This explains the differences in the mechanical prop-
erties with respect to the variation of the sequence
of mixing.

A dramatic improvement in the tensile strength
and modulus can be observed upon the addition of
a silane coupling agent. The elongation at break is
also slightly improved in comparison with that of
the control sample. The inclusion of a coupling agent
such as Si-69 increases the interaction between the
weak EVA network and silica, reduces the filler–fil-
ler interaction by breaking the agglomerated struc-
ture, and increases the interaction between the
particles and polymer (as shown in AFM studies in
an earlier section). Also, in the presence of a cou-
pling agent, interfacial adhesion between EVA and
LDPE is possibly improved to a certain extent (as
indicated by SEM earlier).

The improvement of the set properties can be
explained on the basis of an improvement of the re-
covery of the polar EVA matrix in the presence of
silica fillers.

DMA

DMA is used as a sensitive method for identifying
interfacial interactions in composites. Generally,
strong interactions between the nanoparticles and
the matrix polymer can restrict the movement of
polymer segments near the particles, and this
would be reflected in changes in the modulus–tem-
perature response of the matrix. A dynamic me-
chanical thermal analysis of various samples was
performed. Plots of the storage modulus versus the
temperature and tan d versus the temperature for
various samples are shown in Figures 6 and 7,
respectively.

Control LDPE exhibits three major relaxations,
which are termed the a, b, and c relaxations. The a
relaxation occurs in the temperature range of 30–
1008C and is representative of the crystalline phase.
The b relaxation occurs in the range of �30 to 108C
and is attributed to the amorphous phase. The c
relaxation is associated with the crankshaft motion
of the polymethylene groups of the main-chain back-
bone. The c relaxation normally occurs in the range

Figure 6 Variation of the storage modulus with the tem-
perature for 60 : 40 EVA–LDPE blends with various load-
ings of nanosilica and with variations in the sequence.

TABLE IV
Mechanical Properties of the Films Made from Various Blends

Sample code

Tensile
strength
(MPa)

Elongation
at break (%)

Modulus (MPa)

Set (%)100% 200% 300% 3%

EL 6/4 3.4 480 2.63 2.90 3.13 6.4 16.8
ELS 6/4/1.5 3.8 478 2.62 2.93 3.26 5.9 15.0
ELS 6/4/3-1 3.9 479 2.48 2.87 3.23 6.1 14.0
ELS 6/4/3-2 3.4 465 2.24 2.62 2.97 5.3 26.0
ELS 6/4/3-3 4.0 520 2.56 2.85 3.13 6.2 13.0
ELS 6/4/3-3/Si-69 4.8 490 2.80 3.20 4.10 7.3 12.5
ELS 6/4/5 3.5 450 2.28 2.6 2.91 5.6 12.0

E, EVA; L, LDPE; S, silica.
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of �150 to �1008C (conventionally considered the
glass transition of LDPE) and is not detectable here.
The mechanism of the a transition is believed to be
due to the vibration–rotational motion of the poly-
mer chain within the crystalline zone.60 Addition-
ally, one broad peak at 628C can be observed for
LDPE. The b relaxation is associated with the branch
points containing the side group. The b relaxation
becomes prominent if the concentration of the side
groups exceeds a certain limit. However, we could
not locate a prominent b relaxation for LDPE in our
study. Pristine EVA, on the other hand, exhibits two
main relaxations at �19 and 578C. The relaxation
around �198C is assigned to the b relaxation (con-
sidered to be the glass transition of EVA), and a
weaker relaxation at 578C is due to the a
relaxation.61

The relaxation at 578C corresponding to EVA and
the LDPE relaxation at 628C are merged and shifted
toward a higher temperature for the control blend.
This trend also persists in the blends containing
silica filler. The polymer–nanosilica interaction is
evidenced by the shift of the b-relaxation peak (cor-
responding to the maximum tan d) of EVA toward
a higher temperature. The tan d plot of the control
blend registers three peaks at �19, 4, and 678C
(Fig. 7). We presume that the relaxation at 48C is
due to the interface between the EVA and LDPE
domains. When 1.5 wt % pristine silica is added,
three peaks appear at �16, 7, and 718C; that is, all
transitions are shifted to higher temperatures. With
the 3 wt % sample, two peaks can be clearly
observed at �18 and 708C, respectively. However,
the relaxation at an intermediate temperature is not
prominent there. Interestingly, the value of tan d
corresponding to b relaxation pursues the following

order: 1.5 wt % > 5 wt % > 3 wt % > control.
This possibly indicates that with a 3 wt % silica
loading, an optimum dispersion of silica in the
EVA phase is obtained. This is also indicated in the
earlier sections. Also, in the 5 wt % silica loaded
samples, two transitions at �17 and 718C along
with a feeble relaxation at 168C can be observed.
An increase in the storage modulus with the tem-
perature up to 408C is indicative of cocrystallization
of all the blends. This is, however, markedly absent
in pristine polyethylene. The modulus essentially
starts falling off afterwards because of the onset of
the a relaxation.

However, in the other two sequences, a relaxation
at an intermediate temperature is not observed.
Thus, the silica dispersion and distribution have an
important role in modifying the gross relaxation
behavior of the blends. In sequence 1, changes in the
dynamic storage modulus/temperature behavior are
similar to those in sequence 3. However, the maxi-
mum tan d value of the former is greater than that
of later. Indeed, in this case, the value of tan d (max-
imum) is highest among all the blends studied here.
Above 408C, sequence 1 registers a faster fall of the
modulus with the temperature. In sequence 2, the b
relaxation is similar to that of the control blend, but
at higher temperatures, it does not record cocrystalli-
zation (similar to pristine LDPE). The dynamic mod-
ulus of this particular blend at the ambient
temperature is lowest and very close to that of the
weaker EVA phase. Thus, it is quite obvious that in
sequence 2, an altogether different morphology is
developed, which has been demonstrated in earlier
sections.

When 3 wt % silica along with Si-69 is added, the
b transition is shifted to a lower temperature, and
the area under the tan d/temperature curve becomes
maximum; this indicates a broader relaxation pro-
cess. The peak maximum (maximum tan d) also
shifts to a lower temperature. This is indicative of
compatibilization of the silica filler in the EVA ma-
trix in the presence of Si-69. Also, in this case, a
prominent rubbery plateau can be observed for the
first time. The average dynamic modulus at the am-
bient temperature is increased up to 35% in compar-
ison with the control samples. Another important
point to note at this stage is that the rate of decrease
in the modulus after 408C is much slower here in
comparison with the other filled samples, and the
higher temperature modulus value matches well
that of the control sample. Therefore, the increase in
the mechanical and dynamic mechanical properties
in this composite mainly originates from the rein-
forcement of the EVA phase and interface, not from
the generation of additional crystallite features
(indeed, jc is reduced, as shown by XRD and DSC
studies).

Figure 7 Variation of tan d with the temperature for 60 :
40 EVA–LDPE blends with different loadings of nanosilica
and with variations in the sequence.
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CONCLUSIONS

Nanoscale pristine silica, when dispersed in LDPE–
EVA-based TPE systems, alters the microscale mor-
phology of the blend systems as well as their crystal-
line morphology. This is a strong function of the
sequence and extent of nanosilica addition. In
sequences 1 and 3, comparatively superior mechani-
cal and dynamic mechanical properties result in
comparison with those of sequence 2. A 3 wt %
silica concentration was found to be the optimum
loading in sequence 3. Silica associates more in the
EVA phase than with the LDPE matrix even in
sequence 1. The addition of a silane coupling agent
(Si-69) to the formulation of silica-filled polymer
blends leads to significant increases in the tensile
strength, modulus, extensibility, and dynamic prop-
erties of the blends. An AFM study has revealed
that the distribution of silica fillers becomes more
uniform in the presence of Si-69. However, jc of the
blends is reduced because of the addition of the
coupling agent. Therefore, a greater degree of rein-
forcement can be achieved by facilitation of rein-
forcement due to crystallization along with a finer
nanoscale dispersion of silica to reinforce weaker
elastomeric EVA domains.
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