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ABSTRACT: Waterborne poly(styrene-co-butyl acrylate)
was prepared via miniemulsion polymerlzatlon in which
nanoclay (Cloisite® 30B, modified natural MMT) in different
concentrations was encapsulated. Scanning electron micros-
copy, X-ray diffraction, and transmission electron micros-
copy confirmed the encapsulatlon and intercalated-
exfoliated structure of Cloisite” 30B within poly(styrene-co-
butyl acrylate). The effect of nanoclay content on water vapor
permeability, water uptake, oxygen permeability, thermal,
and mechanical properties of thin fllms containing 1.5, 2.56,
3.5, and 5.3 wt % encapsulated Cloisite® 30B in poly(styrene-
co-butyl acrylate) was investigated. The presence of encapsu-

lated Cloisite® 30B within the polymer matrix improved ten-
sile strength, Young’s modulus, and toughness of the
nanocomposites depending on the nanoclay content. Water
vapor transmission rate, oxygen barrier properties, and ther-
mal stability were also 1mpr0ved The results indicated that
the incorporation of Cloisite® 30B in the form of encapsulated
platelets improved physicomechanical properties of the
nanoclay-polymer composite barrier films. © 2010 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 118: 3284-3291, 2010
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INTRODUCTION

Studies proved that hybrids of polymer-clay struc-
ture, with exfoliated platelets of dispersed nanoclay
within a polymer matrix showed outstanding physi-
comechanical and barrier performances because of
the high aspect ratio of the nanoclay and further
increase in tortousity of the diffusion path against
the penetrant.' The enhanced performances includ-
ing reduced gas permeability, better thermal stabil-
ity, and flame retardancy, higher modulus and con-
ductivity, are the results of the larger surface-to-
volume ratio of nanoclay particles. Because of the
high surface area and high stress transfer efficiency,
these hybrid materials provide improvements in the
properties of polymer matrices with high clarity and
lower price at very low loading fractions (1-5%) in
comparison with the higher loadings (30-50%) of
macrosize fillers, which normally are used in the
conventional composites.*” Of the nanoparticles,
which have been used in the nanocomposites are
clay, carbon nanotubes, graphites, silica, gold, alu-
mina, antimony/tin oxide, silver/zinc oxide, copper
oxide, and indium/tin oxide.®

In recent years, polymer-layered silicate nanocom-
posites have significantly been attracted in academic
research and industrial applications’ especially in
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coating industries. The improvement in the perform-
ance of the coatings depends on the surface area, as-
pect ratio, extent of dispersion and orientation and
finally on the interfacial interaction of the layered
silicates within the polymer matrix.'"'> Montmoril-
lonite (MMT) is a platy structure material with
broad aspect ratio and size distribution. As it is a
hydrophilic clay and thermodynamically incompati-
ble with most hydrophobic polymers of commercial
importance,'® organic modification of the intergaller-
ies alkali cations of the clay by replacement with or-
ganic cations is required'* to let the polymer mole-
cules penetrate into the clay basal interspacing.

Barrier property is one of the most important
properties for paper coating purposes.’'>'® Attempts
have been made to improve barrier efficiency of
polymers by using water-based latex containing
MMT nanoplatelet dispersion. The platelet structure
of the nanoparticles increases the tortuosity of the
path for the diffusion of oxygen, water, and other
gases and liquids'” throughout the nanocomposite.
These layered silicate/polymer nanocomposites, as
advanced materials, have also been reported to offer
high stiffness and high heat resistant superior to
conventional reinforced composites attributed to the
high surface area between the silicate layers and
polymeric material.'*'®

One of the potential applications of the nanoclay
composites in the form of waterborne latexes lies in
the paper industries as coating binders. The film-
forming ability, the physical and mechanical proper-
ties and barrier performance of the binders are of
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great importance for the coating applications.'”* As
in thermoplastic matrixes, increase in modulus
through incorporation of fillers generally results in
toughness drop, researchers are interested in
improving the toughness-to-stiffness balance in poly-
meric nanomaterial.*!*?

Styrene-acrylate, styrene-butyl acrylate, and sty-
rene-butadiene latexes are widely used as binders in
paper coatings,” due to good adhesion (for most
substrates), flexibility, outdoor durability (resistance
to UV degradation and yellowing), and reasonable
cost. But waterborne nanocomposite latexes contain-
ing encapsulated nanoclay within the polymer ma-
trix** have not been studied in coating applications.
In this study, physical and mechanical properties of
nanoclay-encapsulated composites, prepared via
miniemulsion polymerization of poly(styrene-co-
butyl acrylate) in the presence of Cloisite® 30B, were
investigated. The butyl acrylate in copolymer may
improve adhesion properties due to its low glass
transition temperature, whereas styrene can increase
mechanical properties of the polymer film. The effect
of nanoclay content on the nanocomposite proper-
ties, such as barrier performances, thermal stability,
thermomechanical behavior, tensile strength, stiff-
ness, and toughness were also studied.

MATERIALS AND METHODS
Materials

Reagents were analytical grade and were used as
received. Cloisite® 30B commercially available orga-
noclay, (with dypp; = 1.74 nm measured in our work),
a natural MMT modified with an organic modifier
named: methyl tallow bis-2-hydroxyethyl quaternary
ammonium chloride (MT2EtOHCI) was supplied by
Southern Clay Products (Gonzales, USA) that was
further ground by mortar and pestle. Na,CO; (Ara-
stoo, Iran) used as buffer. Sodium dodecyl sulfate
(SDS) from Aldrich, hexadecane (99%), styrene
(99%), and Span 80 from Merck Chemical and butyl
acrylate (99%) from Fluka Chemical were purchased
and used as received. 2,2'-Azobisisobutyronitrile
(AIBN, Fluka) was used as initiator. Styrene was
purified by two times washing with 5% aqueous
NaOH solution (W/V) and rinsing with plenty of
distilled water until pH of the separated aqueous
phase was reached 7.0 and kept on dried CaCl, at
0°C before use.

Methods

Preparation of nanocomposite latexes

Latex particles containing encapsulated Cloisite® 30B
were synthesized by the procedure reported else-
where.** Briefly, styrene (12.73 g), Cloisite® 30B (1

g), Span 80 (0.10 g), butyl acrylate (6.27 g), and hexa-
decane (1.14 g) was magnetic stirred under 300 rpm
for 1 h at room temperature and then sonicated for 2
min. Meanwhile, aqueous phase containing distilled
water (78 g) and Span 80 (0.20 g) was prepared. The
monomer and aqueous phases were mixed under
vigorous magnetic stirring for 15 min. Then SDS (0.2
g) was added to the above dispersion and further
homogenization and ultrasonication was conducted
with the sonicator probe for 4 min. The obtained
miniemulsion with solids content of 20% was used
for subsequent polymerization. AIBN (0.28 g) was
added to the as-prepared miniemulsion in a four-
necked 250 mm glass reactor equipped with con-
denser, and subsequently degassed by N, at room
temperature for 30 min. The polymerization of the
miniemultion was conducted in a water bath at
60°C. The reaction was then terminated by adding
one drop of 1% (W/V) hydroquinone solution in
methanol. Concentrated milky latex with final con-
version of 95.4% and 1 wt % coagulum content was
obtained.**

Preparation of hot pressed free film

The prepared latexes were coagulated and dried
under vacuum. Free films of the nanoclay containing
composites were prepared by using a hot press (D.
ALEEY, Iran) at 240-250°C and 100-120 bar pres-
sure. The films were dried at 40°C under vacuum
for 24 h. Test specimens were then cut out from
these films.

Characterization

X-ray diffraction (XRD) patterns were recorded on a
Siemens D5000 (Germany) using Cu ko ray (A =
1.54056 A) as the radiation source, with a step size
of 0.02° and a scan step time of 1 s. The dyy; basal
spacing of the samples were calculated using the
Bragg equation (d = A/2 sin ©, where O is the dif-
fraction angle and X is the incident wavelength
(1.54056 A)). Transmission electron microscopy
(TEM) observations on the morphology of latex par-
ticles were conducted on a CEM-902A, Zeiss (Ger-
many) at an accelerating voltage of 80 kV. The sam-
ples were prepared by casting a drop of 40 times
diluted latex solution onto a 200-mesh covered For-
mvar/carbon-coated copper grid at room tempera-
ture and dried at 60°C overnight.

Oxygen Transmission Rate (OTR) was tested using
Brugger (GDP-C) O,-permeability tester (Munchen,
Germany) according to ASTM D1434-82 (Determin-
ing gas permeability characteristics of plastic film),
method A. In this instrument (GDP-C software cal-
culates with one bar pressure difference) the sample
is located between the top and bottom sections of
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the permeation cell and the volume of the bottom
part is as small as possible. Before each test the bot-
tom part of the permeation cell is evacuated and
during testing the top part is filled with the test gas.
The gas permeating the material causes a pressure
increase at the bottom part of the permeation cell
which is evaluated and displayed by an external
computer. The test method A (Gas constant-Evacua-
tion Top/Bottom) can obtain exact results quickly as
this method evacuates the space above and below
the sample. Then the permeation at the bottom sur-
face is measured by the evaluation of the pressure
increase within the measuring unit. The values are
read by a high resolution A-D converter to display
gas transmission rates.

The water vapor barrier permeability test was
measured by the gravimetric cup method according
to the ASTM E-96 in a temperature controlled cham-
ber at 30°C, which was kindly provided by the Fac-
ulty of the Chemical Science, University of the Bas-
que Country, San Sebastian (Spain). The latex free
film was placed in the upper part of a cell contain-
ing a certain amount of water and then it was well-
sealed so that water could only permeate through
the free film. The water vapor transmission rate
(WVTR, g mm/cm? days) was calculated as follows:

WVTR = 8.64 x 10°xAB/[C(1 — D)]

where A is the slope of the water vapor loss in time
(g/s), B is the thickness of the free film (mm), C is
the surface area of the free film (C = 2.54 cm?), and
D is water vapor activity.10

Water uptake of the as-prepared latex films was
measured according to the following procedure: the
dry films were weighed (m;) and immersed in
deionized water for 48 h. After the storage in water,
the films were blot-dried and weighed (1m,)."®* The
water uptake was then calculated as follows:

Water uptake (%) = % x 100
1

which represents the adsorbed water percentage on
the surface and absorbed into the nanocomposite.
Thermal stability was determined using TGA 1500
(Polymer Laboratories, UK) thermogravimetric ana-
lyzer. The samples were heated at a scan rate of
10°C/min from room temperature to 600°C in N,
atmosphere. The reported values are the average of
three repeats. The stress—strain behavior of the nano-
composites was observed by a universal testing
machine (SMT 20, Santam, Iran) with a crosshead
speed of 2 mm/min. Each specimen had the dimen-
sions of 0.15 mm thickness, 12-13 mm width, and 50
mm length measured by digital micrometer (LAIO3,
Mitutoyo, Japan). The tests were carried out at 25

Journal of Applied Polymer Science DOI 10.1002/app

MIRZATAHERI, ATAI, AND MAHDAVIAN

(%1)°C and 50% relative humidity. The reported val-
ues are the average of 10 measurements based on
ASTM D-2370. The results were then statistically
compared using one-way ANOVA and Tukey post
hoc test at a significance level of 0.05.

Scanning electron microscopy (SEM) analysis was
carried out on a TESCAN model VEGAII XMU
(Czech Republic). The samples were gold coated in
high vacuum mode (30 kV, 20 pA) with thickness
less than 3 nm in less than 3 min and working vac-
uum pressure of 9.9 x 10~ Pa inside the chamber to
dry the sample before gold coating.

Dynamic mechanical thermal analyzer DMA-TRI-
TON, Tritec 2000 DMA was used in tension mode to
study the temperature dependence of storage modu-
lus (E’) and tand of nanocomposites containing 1.5,
2.56, 3.5, 5.3 wt % Cloisite® 30B. The specimens used
were rectangular in shape and approximate dimen-
sions of 10 x 5 x 0.1 mm (length, width, thickness).
The dynamic temperature ramp test was done at a
vibration frequency of 1 Hz, displacement of 0.025
mm, heating rate 5°C/min with the temperature
range from —50°C to 200°C at a strain of 1%. Glass
transition temperature of the specimens was
obtained from the onset of modulus drop.

RESULT AND DISCUSSION

Structure of nanocomposites, X-ray, and
TEM results

The final waterborne latex synthesized through min-
iemulsion polymerization was powdered off in the
liquid nitrogen, dried, and used for XRD measure-
ment. Cloisite” 30B has an interlayer spacing of 1.74
nm at 20 about 5.08° calculated from Bragg equa-
tion (dgp; is the interplanar distance of (001) reflec-
tion plane). The XRD patterns of pristine Cloisite®
30B and its nanocomposites are shown in Figure 1 in
which sharp peak of Cloisite® 30B (appears at 5.08°)
shifted to lower 20 angles with substantial reduc-
tion in the intensities of the peak for the nanocom-
posites containing Cloisite” 30B. This implies exfolia-
tion of Cloisite® 30B in the final nanocomposite.**
These nanocomposite particles were mainly com-
posed of spherical particles in a range of 100-
300 nm.** For verifying the morphology of the
obtained nanocomposite particles and exfoliation of
Cloisite® 30B, TEM micrographs were taken. One of
the samples was dried at room temperature [Fig.
2(a)] and the other one was heated about 80°C to
form a thin film on the grid [Fig. 2(b)]. These micro-
graphs (polymer particles and polymer film respec-
tively) were indicative of encapsulation and exfolia-
tion of Cloisite® 30B platelets, dispersed well within
the latex particles, which were prepared via minie-
mulsion polymerization with lack of clay armored
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Figure 1 XRD patterns of Cloisite® 30B and poly(styrene-
co-butyl acrylate)-Cloisite® 30B nanocomp051tes containing
different nanoclay contents: Coisite 30B° (W), 1.5 wt %
nanoclay (0), 2.56 wt % nanoclay (x), 3.5 wt % nanoclay
(D), 5.3 wt % nanoclay (A) ** [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

latex particle.** Therefore X-ray and TEM analysis
confirmed the presence of homogeneously dispersed
Cloisite® 30B platelets in the copolymer matrix.

Oxygen permeability

Many foods and encapsulated medical products are
sensitive to the climate and surrounding conditions,
in particular to oxygen and water vapor and the
quality of these products are adversely affected by
the diffusion of the permeants. Therefore, packaging
materials should have barrier functions against
water vapor, oxygen and many other gases, and
liquids.* The two most technical data used for bar-
rier polymeric materials with major performance in
the paper and packaging industries are oxygen and
water vapor transmission rate.”® For improving bar-
rier properties usually plate-like fillers, such as clay,
talc, or calcium carbonate, are added to the poly-
meric matrixes. Silicates having layered structure
can effectively increase the vapor diffusion path
length 72

The results (Table I) shows that the film prepared
from the nanocomposite of Cloisite® 30B encapsu-
lated in poly(styrene-co-butyl acrylate) exhibited
improved oxygen barrier properties. Increasing
Cloisite® 30B content, the barrier performance
greatly increased and provided an oxygen transmis-
sion rate of about 240 (cm®/m? 24 h) for 5.3 wt %
encapsulated Cloisite® 30B in comparison with the
neat copolymer, which had an oxygen transmission

rate of 1550 (cm®/m? 24 h). Hence, several time
reductions were observed at 23°C and 50% relative
humidity. As the permeants predominantly diffuse
through amorphous areas of polymer, crystallinity is
an important factor affecting the permeability (the
higher the degree of crystallinity, the lower is the
permeability of the polymer). During the thermal
analysis no melt temperature or crystallization tem-
perature was observed for our neat copolymer and

Figure 2 TEM micrographs of poly(styrene-co-butyl acry-
late)-Cloisite® 30B nanocomp051te containing 5.3 wt % of
encapsulated Cloisite® 30B (a) dried at room temperature,
(b) heated about 80°C.**

Journal of Applied Polymer Science DOI 10.1002/app



3288

MIRZATAHERI, ATAI, AND MAHDAVIAN

TABLE I
Barrier Properties of Neat Copolymer and its Nanocomposites Containing
Encapsulated Nanoclay

Nanoclay Average Water OTR Normalized WVTR
content (wt%) thickness (mm) uptake (%) (em®/m? 24 h) (g mm/ cm? day)
0 0.174 3.6 (0.2 1550 18.1 (1.0)
1.5 0.159 3.3 (0.1 1370 16.4 (0.6)
2.56 0.172 29 (0.3 1020 14.3 (0.8)
3.5 0.165 2.5 (1.5 480 10.3 (0.4)
53 0.168 2.2 (0.2 240 9.2 (0.3)

Oxygen transmission rate was measured at 23°C and 50% relative humidity.

its nanocomposites, proved that it is highly amor-
phous polymer. Therefore it can be concluded that
the improved barrier property of the encapsulated
nanocomposite films is because of the increase in the
tortuous diffusion path through the prepared nano-
composite owing to the presence of exfoliated
Cloisite® 30B platelets, which provides a longer path
for diffusion of oxygen through the matrix. The
results suggest that the barrier properties of the
polymer/clay nanocmposites strongly depend on
the extent of dispersed phase, as in the specimen
containing 5.3% nanoclay the best barrier perform-
ance was obtained, because of the higher amount of
nanoclay and therefore higher surface area. The
increase in the barrier properties of the nanocompo-
site also reflects indirectly the dispersion state of the
nanoclay in the polymeric matrix.*® The findings
prove that encapsulation of nanoclay is an effective
technique to achieve exfoliation with high degree of
dispersion of nanoclay within the matrix.

Water vapor transmission rate (WVTR)

Intercalation and exfoliation of clay layers produce
dispersed platelets with high specific surface area,
inhibiting the diffusion or flow of gases within the
matrix. The data in Table I indicate that by increas-
ing the amount of Cloisite® 30B up to 5.3 wt %, the
normalized WVTR values decrease to 9.2(0.3) (g
mm/cm? day) with respect to that of the neat copol-
ymer 18.1(1.0) (g mm/ cm? day). The reduction in
WVTR is because of the high degree of exfoliation of
encapsulated Cloisite® 30B platelets, good dispersion
and high nanoclay content, which provide a tortuous
path against the diffusion of water vapor molecules.
Free volumes may facilitate the diffusion of the per-
meating molecule through the polymer. The pres-
ence of bulky styrenic side groups in the poly(sty-
rene-co-butyl acrylate) results in a high free volume
and therefore high permeability of the copolymer.
Incorporation of the nanoclay platelets into the co-
polymer reduced O, permeability via increasing tor-
tuosity. Although the incorporation of the nanoclay
reduced both gas permeability and WVTR, there is
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no common relationship between gas and water per-
meation. Diffusion is the controlling factor in the
process of gas permeation whereas in water permea-
tion, the affinity and interaction of water molecules
with the polymeric chains are influencing factors.*
Therefore in a hydrophobic polymer, such as our co-
polymer, because of lack of hydrogen bonding and
other chemical or physical bonding between poly-
mer chains and water molecules a low WVTR was
observed for the copolymer. Further decrease
observed in WVTR of the copolymer nanocomposite
is because of the tortuosity caused by incorporation
of nanoclay platelets, which had alread4y been more
hydrophobic through the modification.>

Water uptake

Water uptake, another index of the barrier proper-
ties, was tested for the neat copolymer and its nano-
composites. According to the results (Table I), it can
be concluded that nanocomposites showed lower
water uptake in comparison to the neat copolymer.
The reduction in the average free pathway for water
molecules and lower water uptake of the modified
nanoclay particles are responsible for the reduced
water uptake.

Thermal properties

TGA thermograms (Fig. 3) were measured for the
neat copolymer and nanocomposites at a heating
rate of 10°C/min under the inert atmosphere of N».
Thermal decomposition temperatures of all the sam-
ples were in the range of 380-450°C. The thermal
stability of nanocomposites was higher than that of
neat copolymer. The temperature at which 10%
weight loss occurs, Tp;, and the temperature at
which 50% weight loss occurs, Tys, are shown in
Table II. Ty, which is an indication of the onset of
the degradation, increased from 385°C to 394°C for
the nanocomposite containing 5.3 wt % encapsulated
Cloisite® 30B. Similarly Tys, which is a measure of
thermal stability, increased with the encapsulated
nanoclay content from 411°C to 425°C (Table II). The
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Figure 3 TGA thermograms of nanocomposites with dif-
ferent Cloisite® 30B contents as a function of temperature:
neat copolymer (M), 1.5 wt % nanoclay (), 2.56 wt %
nanoclay (x), 3.5 wt % nanoclay (O), 5.3 wt % nanoclay
(A). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

initial step of degradation, which has been attributed
to the presence of weak linkages in the polymer
chains,® occurs at lower temperature for neat
copolymer. Evidently, the onset of thermal decom-
position of these composites shifted significantly to-
ward higher temperatures with the increase in the
nanoclay content, which confirms the enhancement
of thermal stability of the nanocomposite. The
improved thermal stability has been attributed to the
chemical interactions between polymer and nanopar-
ticles and subsequent restricted thermal motion of
polymer chains in the silicate interlayers.®!
Incorporation of nanoclay into the polymer matrix
may also act as a superior insulator and mass trans-
port barrier to the volatile products generated during
decomposition, leading to higher thermal stability.”
The residual weight at 609°C is proportional to the
organoclay content in the nanocomposite (Table II).

Mechanical properties

Typical engineering stress—strain curves for neat co-
polymer and nanocomposites containing 1.5, 2.56,
3.5, and 5.3 wt % encapsulated Cloisite® 30B are
illustrated in Figure 4. The nanocomposites demon-
strate a significant increase in Young’s modulus, ten-

TABLE II
TGA Data of Neat Copolymer and its Nanocomposites

5.3% Clay

3.5% Clay

Tensile Strength (MPa)
)

4
2.56%Cl
2 1 1.5% Clay .
Blank
04 : : ; : : :
0 0.2 0.4 06 08 1 1.2

Hongation (%)

Figure 4 Typical engineering stress—strain curves for
nanocomposites containing 1.5, 2.56, 3.5, and 5.3 wt %
encapsulated Cloisite® 30B and blank as neat copolymer.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

sile strength, toughness, and elongation at break
with increasing Cloisite® 30B content. This provides
a new insight into the nanostructure of clay-rein-
forced nanocomposites in the encapsulated form
within the polymer matrix. Although neat copoly-
mer broke without yielding, with incorporation of
5.3 wt % encapsulated Cloisite® 30B a ductile behav-
ior was observed in the engineering stress—strain
curves. The increase in the energy at break (Table
III), as an estimation of toughness, also indicates the
ductile behavior of the composites. The increased
elongation at break has been attributed to the strong
affinity and interaction of nanofillers with polymer
matrices,**?* which results in formation of physically
cross-linked networks®™>® or even modifications of
the degree of crystallinity and crystal phase and
structure.”” The enhancement of elongation at break,
Young’s modulus, and tensile strength appears to be
because of the strong interaction between polymeric
chains and nanoclay modifier chains, which are
bound to the nanoclay surfaces. The enhanced tough-
ness could be attributed to the strong interface and
the mobility of exfoliated and well dispersed nano-
clay platelets within the matrix, which can blunt
cracks or retard the propagation of the cracks.*” The
number of platelets that delay the crack propagation

TABLE III
Tensile Properties and T, of the Neat Copolymer and its
Nanocomposites Containing 1.5, 2.56, 3.5, and 5.3 wt %
of Encapsulated Cloisite® 30B

Nanoclay Elongation Tensile  Young’s  Energy
Nanoclay Toa Tos Residue at content at break strength  modulus at break T,
content (wt %) °Q) O 600°C (wt %) (wt %) (%) (MPa) (GPa) ()] {©)
0 385 411 45 0 1.28 5.77 0.69 0.043 40
1.5 385 411 5 1.5 1.43 6.13 0.78 0.051 40
2.56 387 414 55 2.56 1.52 7.85 1.33 0.075 44
35 390 421 6.2 3.5 1.72 13.21 1.61 0.091 46
5.3 394 425 7.5 5.3 2.21 14.6 1.78 0.184 48

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 SEM micrographs of tensile fracture surfaces of
neat copolymer (a) and nanocomposites containing: (b)
256 wt % and (c) 53 wt % nanoclay at 500x
magnification.

increases by increasing the nanoclay content which
results in higher toughness.”*® Developing new par-
ticle-filled composites to both strengthen and
toughen the polymer matrices has been the interest of
many researchers.”™*' Shah and co-workers”
observed an increase in toughness and stiffness of
poly(vinylidene fluoride) nanocomposites in compar-
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ison with the neat polymer. It has been suggested
that the mobility of the nanoparticles within the poly-
meric matrix and further nanoparticle alignment
under applied tensile stress is the crucial reason of
energy dissipation and the enhanced toughness of
the nanocomposite. It has also been supposed that
local plastic deformation of the polymer around the
filler particles following debonding and crack defor-
mation are the reasons for toughening.***?

Figure 5 shows the SEM micrographs of tensile
fracture surfaces of neat copolymer and nanocompo-
sites. The remnants of local plasticity on the fracture
surface of 2.56 wt % and 53 wt % encapsulated
nanocomposites indicate that matrix has undergone
more plastic deformation and ductile failure in con-
trast to the neat copolymer. The failure mode of ma-
trix has been changed from almost brittle in neat co-
polymer to ductile with the incorporation of 5.3 wt
% Cloisite® 30B. Therefore, along with the restricted
mobility of polymeric chains containing encapsu-
lated exfoliated Cloisite® 30B layers, which results in
the increased modulus, the well-dispersed nanopar-
ticles provide obstacles in the way of propagating
cracks resulting in higher energy dissipation and
higher toughness. The physical cross-links between
the nanoclay platelets and polymer chains® may
also be considered as a possible reason for the
observed toughening and increased modulus in the
nanocomposites.

Dynamic mechanical thermal analysis

Tand and storage modulus of neat copolymer and
the nanocomposites are shown in Figure 6. An

1.0E+10 2

1.0E+09

1.0E+08

Tan Delta

1.0E+07 4

Storage Modulus (Pa)

1.0E+06 Nl

1.0E+05

Temperature (c)

Figure 6 Tand and storage modulus of poly(styrene-co-
butyl acrylate)-Cloisite® 30B nanocomposites containing
different nanoclay contents with respect to temperature:
neat copolymer (M), 1.5 wt % nanoclay (), 2.56 wt %
nanoclay (x), 3.5 wt % nanoclay (d), 5.3 wt % nanoclay
(A). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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increase in the glass transition temperature was
observed from about 40°C for the neat copolymer to
about 48 °C for the composite containing 5.3 wt %
nanoclay (Table III).

The lack of a rubber plateau region in storage
modulus of the specimens containing up to 2.5 wt %
indicates that the polymer is not crosslinked and/or
has a molecular weight that is below or around the
critical molecular weight required for physical
entanglements to form. However, nanocomposites
containing 3.5 and 5.3 wt % clay exhibited a rubbery
plateau with G’ almost independent to the tempera-
ture above the glass transition region representing
the behavior of cross-linked polymers.** The behav-
ior suggests that the nanoclay platelets provide
physical cross-links between the copolymer chains.

CONCLUSION

The incorporation of encapsulated nanoclay platelets
into poly(styrene-co-butyl acrylate) copolymer via
miniemulsion polymerization provided nanocompo-
sites with improved physical and mechanical prop-
erties. Interaction between matrix and nanoclay
surfaces is responsible for the enhanced properties.
The exfoliated nanoclay platelets provide a mode for
energy dissipation as well as acting as physical
cross-links, which are potential candidates for the
observed enhancement of stiffness and strength. The
composites provided films with significantly
improved barrier properties.
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