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ABSTRACT: In this work, poly(ethylene oxide) (PEO)/
organoclay nanocomposites with three different types of
nanoclays (Cloisite 30B, Somasif JAD400, and Somasif
JAD230) were prepared by melt mixing with a laboratory
kneader followed by compression molding. The nanocom-
posites were characterized by atomic force microscopy
and scanning electron microscopy. Their crystallization
behavior on a hot stage was investigated with polarized
optical microscopy. The size and regularity of the spheru-
lites of the PEO matrix were altered significantly by the
incorporation of Cloisite 30B, but there was not as much

variation with the other two clays. The dynamic visco-
elastic behavior of the PEO/organoclay nanocomposites
was assessed with a strain-controlled parallel-plate rheom-
eter. The effects of clay modification on the thermome-
chanical and rheological properties were addressed. The
reinforcing effect of the organoclay was determined with
dynamic mechanical analysis and tensile testing. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 118: 1297-1305, 2010
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INTRODUCTION

Nanocomposites, a new class of composites, are par-
ticle-filled polymers for which at least one dimension
of the dispersed particles is nanoscale (1-100 nm).
For a nanocomposite system, fundamentally new
properties typically originate from changes in the
nature of the polymer in the vicinity of the filler,
such as polymer adsorption on the filler surfaces or
confinement between fillers; as such, they depend
strongly on the effective surface area of the filler.
The basic principle behind the formation of polymer
nanocomposites (PCNs) is that the polymer should
intercalate into the galleries of the clay. When the
polymer molecules intercalate into the silicate gal-
lery, there is a decrease in entropy that is compen-
sated by either an increase in entropy in the organic
modifiers used to widen the gallery spacing or an
enthalpic term arising from the intercalation of the
polymer and organically modified clay layers.'™ The
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nanocomposite structure depends on the nature of
the polymer,* the organic modifier,"”® and the
processing conditions.”® Effective exploitation of
PCNs requires an understanding of the nanoscale
structure—property—processing relationships.
Poly(ethylene oxide) (PEO) is a semicrystalline
polymer that has been considered in recent years for
important applications, such as biomedical® and
electrochemical applications'®"? and crystallizable
switching segments for shape-memory polymer sys-
tems.'*" The common problem for all these appli-
cations is the poor mechanical properties of PEO. In
addition, conventional PEO-based solid polymer
electrolytes exhibit low ionic conductivity that is
insufficient for many applications. The incorporation
of layered silicates is known to improve the mechan-
ical properties and increase the conductivity of PEO-
based electrolytes as the silicate layers act as anions
and hence the cations can preferentially move.'>'®
Since Aranda and Ruiz-Hitzky'’ reported the
preparation of PEO/clay nanocomposites (PEOCNSs)
by solution intercalation, much work has been done
in this area.'®® The preparation of nanocomposites
has been demonstrated with pristine clay (in an
aqueous intercalant solution) and organophilic clay
with polar intercalents'®'® (Cloisite 30B) and apolar
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intercalents®®?! (Nanochore 1-30). Because PEO is a
hydrophilic polymer and is soluble in water, nano-
composites can be made with pristine clays.”**
Choi and coworkers® correlated the rheological
properties to the mesoscopic structure, and it was
postulated that the molecular weight and interaction
strength would affect the mesoscopic structure and
rheological properties of these nanocomposites. The
relative mobility of bulk and interphase polymers in
intercalated PEOCNs was determined with rheologi-
cal experiments,”** nuclear magnetic resonance,”
and neutron scattering.”” Chen and Evans® reported
comparative sorption experiments for the molar
mass in PCNs, and the results showed that high-
molar-mass fractions of the polymer intercalated
preferentially into smectite clay with a solution-
intercalation method. Bonderer et al.*’ compared the
mechanical properties of artificial composites rein-
forced with submicrometer-thick alumina platelets
with clay-based nanocomposites. Loizou et al.*
studied the dynamic responses of PEO nanocompo-
site hydrogels. Recently, we reported the optimiza-
tion of processing parameters based on the rheologi-
cal properties of PEOCNs made via melt mixing.*'

PEOCNSs can be successfully made with pristine
clay by a solution-intercalation method with a polar
solvent such as water. However, the melt mixing of
PEO and pristine clay leads to the formation of a
microcomposite. Nanocomposite can be made only
with an organically modified clay. The organic modifi-
cation of clay serves two purposes: it introduces hydro-
phobic character into the gallery and enhances the
d-spacing. Both features encourage the polymer inter-
action leading to the formation of a nanocomposite.

Studies of PEOCNs (made by melt mixing) have
mostly used Cloisite 30B. There is no report on a
detailed study of the effect of the nature of the clay
modifier on the properties of nanocomposites. The
aim of this work was to study the role of an onium
salt, which is structurally similar to PEO. In this
work, we propose the melt mixing of PEOCNs with
three different types of clays: Cloisite 30B, Somasif
JAD400, and Somasif JAD230. Somasif JAD has a
poly(ether amine)-bound anion that is structurally
similar to PEO. Hence, we expected a Somasif-based
nanocomposite to behave differently than Cloisite
30B-based nanocomposite. The rheological and
dynamic properties and morphology of PEOCNs
made with the different clays are discussed.

EXPERIMENTAL
Materials

A PEO matrix with a weight-average molecular
weight of 100,000 g/mol was purchased from Acros
Organics (Geel, Belgium). An organophilic clay
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(Cloisite 30B) was obtained from Southern Clay
Products (Gonzales, TX). Organoclays are produced
by ion-exchange reactions, in which quaternary
ammonium cations usually replace sodium cations
between the galleries of montmorillonite (MMT)-
type clays."® The cation-exchange capacity is 95
mequiv/100 g for all MMTs used in the Cloisite se-
ries. Cloisite 30B is an MMT modified with methyl
tallow bis-2-hydroxyethyl quaternary ammonium
cations (MMT-30B; data provided by the manufac-
turer). The Jeffamine-modified clays Somasif JAD230
and Somasif JAD400 were provided by the Freibur-
ger Materialforschungszentrum (Freiburg, Germany).
The characteristics of the nanoclays used in this
study are listed in Table L

Preparation

The nanocomposites were prepared by melt mixing
in a laboratory kneader (type 50, Brabender, Duis-
burg, Germany). The mixing temperature was kept
above 90°C, and this ensured proper melting of
PEO. The PEOCNs were denoted by the type of
clay: PEOCNC30, PEOCN]J400, and PEOCN]J230 con-
tained 3 wt % Cloisite 30B, Somasif JAD400, and
Somasif JAD230, respectively. For a better compari-
son, a pure PEO sample was also processed in the
kneader to obtain a thermal history identical to that
of the PEOCNSs. Before mixing, the clays were dried
in a vacuum oven at 70°C for 48 h. A mixing time of
20 min was used with a rotor speed of 30 rpm. In all
cases, the torque stabilized to a constant value dur-
ing this mixing time. Further, 100 mm x 100 mm X
1 mm (length x width x thickness) sheets were
made by compression molding with a hot press (EP-
Stanzteil, Wallenhorst, Germany) at a temperature of
100°C. The specimens for various tests were cut
from the sheets at random.

Dynamic mechanical analysis (DMA)

DMA was performed for PEOCNs. Specimens were
cut from the compression-molded sheets with
dimensions of 20 mm x 8 mm x 1 mm (length
x width x thickness) and tested in a Q800 dynamic
mechanical thermal analysis (DMTA) instrument
(TA Instruments, New Castle, USA) operating in a
tensile testing mode. The test specimen was cooled
to —120°C, allowed to stabilize, and then heated at a
rate of 3°C/min to room temperature. The frequency
of oscillation was fixed at 1 Hz. The storage modu-
lus (E’) and mechanical loss modulus (E”) were
determined during the test and plotted against the
temperature.
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TABLE I
Characteristics of the Nanofillers
Organoclay Interlayer distance Structure
Cloisite 30B 185 A /\/DH
+

HaC N—T
Somasif JAD230° 1.3 nm

HoN NHz

O
=
Ha CHs

Somasif JAD400° 1.7 nm

HoN NHz
O X
Ha CH3

2 T in the structure indicates tallow (~ 65% C1, ~ 30% C16, and ~ 5% C14).

b Molecular weight = 230.
¢ Molecular weight = 400.

Scanning electron microscopy (SEM)

The morphology of PEOCNs was investigated with
a Zeiss (Oberkochen, Germany) Supra 40 VP scan-
ning electron microscope. The compression-molded
samples were quenched in liquid nitrogen and cryo-
genically ruptured to obtain cross sections, which
were sputter-coated with carbon to avoid charging
before SEM observation.

Atomic force microscopy (AFM)

A Nanoscope III atomic force microscope (Digital
Instruments, Santa Barbara, CA), equipped with a
microfabricated silicon cantilever with an integral tip
(tapping-mode tip), was used to perform AFM imag-
ing on the surfaces of compression-molded speci-
mens, which were formed with two parallel glass
plates to get a smooth surface.

Rheological measurements

Viscoelastic properties of PEOCNs were studied
with a strain-controlled rheometer (ARES, Rheomet-
ric Scientific, Piscataway, NJ) equipped with 25-mm-
diameter stainless steel parallel disks. Measurements
were performed in an oscillatory shear configuration
at 80°C. Test specimens were prepared by compres-
sion molding of the melt-intercalated composite
from the kneader at 100°C for about 5 min into
2-mm-thick and 25-mm-diameter discs. For linear
viscoelastic measurements, the dynamic strain sweep

measurements were carried out first to determine
the linear region. In oscillatory shear experiments, a
sinusoidal shear strain [y(t)] was imposed:

V(t) = Yo sin(of)

where vy, is the strain amplitude, ® (0.1-500 rad/s),
is the angular frequency, and t is the time. In the
frequency sweep measurements, the frequency de-
pendent (G') and complex viscosity (n*) were
determined.

Differential scanning calorimetry (DSC) analysis

The thermal behavior of PEO and PEOCNs was
studied with a differential scanning calorimeter
(DSC821, Mettler-Toledo, Greifensee, Switzerland).
All the samples were dried before the measurements
and analyses were carried out in a nitrogen atmos-
phere with standard aluminum pans. An approxi-
mately 10-mg sample was placed in an aluminum pan
and heated from room temperature (25°C) to 90°C
at a heating rate of 10°C/min. The melted sample was
then cooled to 25°C at a cooling rate of 10°C/min. The
reference was an empty aluminum pan.

Polarized optical microscopy (POM)

The formation of spherulites during the crystalliza-
tion of PEO and PEOCNs was observed with a
polarized optical microscope (Leica, Wild Leitz

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 SEM images of freeze-fractured x-y plane surfaces of (a) PEOCNJ400, (b) PEOCN]230, and (c) PEOCNC30 (all
under 100,000x magnification). The arrows indicates the formation of intercalated layers.

GmbH, Ulm, Germany) equipped with a hot-stage
unit (TMS 91, Linkam Scientific Instruments, Ltd.,
Waterfield, England). Thin specimens (layer thick-
ness ~ 40 pm) were cut with a microtome. Crystalli-
zation was observed while the samples were
exposed to the following temperature scans: heating
at a rate of 10°C/min to 100°C, holding for 5 min to
erase the thermal history effects, and then cooling to
40°C at a slow cooling rate of 2°C/min, during
which the crystallization took place. The spherulites
were viewed between crossed polarizers.

Tensile testing

The tensile properties of the samples were deter-
mined with dumbbell-shaped specimens (S3A type)
with a Zwick (Ulm, Germany) 1474 universal testing
machine according to the DIN 53504 test procedure.
The length between the jaws was fixed at 40 mm,
and at least five parallel measurements were per-
formed to determine the mean values. Tests were
run at room temperature at a crosshead speed of
1 mm/min, and the related modulus and strength
values were determined.

RESULTS AND DISCUSSION

In most of the nanocomposite preparation methods,
polymer/inorganic systems do not possess favorable
thermodynamics for nanocomposite formation. The
nanoclay can be trapped in dispersed or even exfoli-
ated structures through solvent casting, sonication,
or high-shear-rate/high-temperature extrusion. Such
trapped structures are usually easy to achieve but in
most cases are not thermodynamically stable or ame-
nable to further processing. The melt-intercalation
nanocomposite preparation method involves the me-
chanical mixing of a polymer with an appropriately
modified filler and subsequent annealing above the
softening temperature of the polymer.*> This
approach provides the best route for testing with
sensitivity the thermodynamic arguments and yields
well-defined systems for fundamental studies.”> SEM

Journal of Applied Polymer Science DOI 10.1002/app

was used to study the morphology of the intercalated
clay structure, and photographs of the fractured
surfaces of the PEOCNs are shown in Figure 1. The
formation of an intercalated layered silicate structure
was observed for PEOCN]J400 and PEOCN]J230.
Because of the structural similarities of these nano-
clays with PEO, there was a strong specific interac-
tion that led the polymer to enter the clay layers,
and this resulted in an intercalated layered silicate
structure. Instead, the presence of a few agglomer-
ates could be seen in the case of PEOCNC30, and
this may have been due to poor interaction. This
result is well supported by the AFM images shown
in Figure 2. The bright phase represents the stiffer
layered silicate, whereas the dark background repre-
sents the softer PEO matrix. Individual layers could
not be seen very clearly by AFM, but they could be
analyzed by TEM. However, intercalated structure
formation was clear in the case of PEOCNJ400 and
PEOCN]J230. On the basis of AFM studies, Zhang
and Archer® proposed that partial flocculation
occurs during thermal annealing and that, without
pre-annealing, the PEO/silica nanocomposite struc-
ture is not thermodynamically stable in the melt
state. Stefanescu et al.*> reported the multilayered
structure of PEO/MMT nanocomposite films made
from solution. AFM suggests that excess polymer
which is not directly adsorbed by the clay is
wrapped around the stacked platelets and builds
blobs, and the polymer also interconnects the poly-
mer—clay layers.

In order to obtain deep knowledge about the
effects of modifiers on the thermomechanical proper-
ties of composites, we discuss here the dynamic me-
chanical properties and rheology of the nanocompo-
sites. The storage modulus and loss modulus of PEO
and PEOCNSs are shown in Figure 3. The presence of
the nanoclay offered a considerable reinforcing
effect, as was evident from the significant increase in
E'. Tt can also be observed from the figure that the
enhancement of E’ in the case of PEOCN]J400 and
PEOCN]J230 was higher than that in the case of
PEOCNCS30. It is well known that the reinforcement
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Figure 2 Representative AFM images from the x-y plane sections of films of (a) PEOCN]230 and (b) PEOCN]400. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

effect increases with better intercalation of the poly-
mer in the clay layers. The structural similarities of
PEO and the nanoclays (JAD400 and JAD230) were
noteworthy and enabled better intercalation.

It is also interesting that PEOCNJ400 and
PEOCN]J230 displayed higher E” values than neat
PEO, whereas PEOCNC30 reduced the loss. The
higher damping loss could be explained by a phe-
nomenon similar to the constrained layer damping
(CLD) concept.* When a viscoelastic layer is con-
strained between two rigid layers, the damping effi-
ciency or loss of the viscoelastic material increases,
so the increase in E” of PEOCN]J400 and PEOCNJ230
can be well explained. The better intercalation of the
nanoclay in the polymer matrix can be considered to
form a large number of nano-CLD systems in which
the nanoclay acts as constraining layers and PEO
forms the viscoelastic layer. The reinforcing effect
due to better intercalation of JAD400 and JAD230 is
also reflected in the tensile properties of PEOCNSs
(Fig. 4). The tensile modulus of PEOCNC30,
PEOCN]J230, and PEOCN]J400 was enhanced by 13,
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26, and 31%, respectively. Similarly, the tensile
strength of PEOCN30, PEOCN]230, and PEOCNJ400
was also enhanced by 4, 22, and 9%, respectively.
The filler-matrix interface is the critical factor deter-
mining to what extent the potential properties of a
composite will be achieved and maintained during
use. From the AFM and SEM micrographs, it is clear
that PEOCN]J230 had better interactions than the
other nanoclays used in this study and hence better
mechanical properties. Yung et al.*’ reported the
modeling of Young’s modulus of polymer-layered
silicate nanocomposites with a modified Halpin-Tsai
micromechanical model as a function of the clay
concentration for various parametric variations,
including the exfoliation ratio, the particle/matrix
stiffness ratio, the particle volume fraction, and the
particle aspect ratio. In comparison with other ther-
moplastic polymers, there are fewer reports on the
mechanical and dynamic mechanical properties of
PEO-based materials because they are not used for
high-strength applications. Recently, Ratna et al.*!
reported that the incorporation of ions into PEO for
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Figure 3 Dynamic mechanical properties of PEOCNs with different types of nanoclays: (a) E' versus the temperature

and (b) E” versus the temperature.
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Figure 4 Variation of the tensile properties of PEOCNs
with different types of nanoclays.

solid polymer electrolyte applications reduced the
strength of PEO substantially, and some sort of rein-
forcement and mechanical analysis are very impor-
tant for the development of high-performance PEO-
based solid polymer electrolyte applications.'”** We
also observed that the elongation at break slightly
decreased for the PEOCN systems. The reduction in
the PEOCNs may have been due to the presence of
stacked silicate layers. A similar trend has been
observed and reported for thermoplastic nanocom-
posites such as intercalated poly(methyl methacry-
late) and polystyrene and intercalated—exfoliated
polypropylene.”®*® Fornes et al.*' reported similar
behavior of increasing modulus and decreasing elon-
gation at break for a nylon 6 matrix in a nylon
6/layered silicate nanocomposite system.

Figure 5 shows the viscosities of PEO and
PEOCNSs measured at 80°C. The curves are typically
pseudoplastic in nature; that is, when the tempera-
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ture was kept constant, the shear viscosities
decreased with respect to the shear rate. It is also
evident from Figure 5 that n* and G’ of the nano-
composites at a low shear rate were much higher
than those of the pure PEO. The enhancement in n*
is often explained in terms of the confinement of
polymer chains within the silicate layer.**** The vis-
cosity of the confined polymer melt is always greater
than that of the bulk. The higher viscosity of the
confined melt is believed to arise from an immobi-
lized hydrodynamic layer near the wall having a
thickness of the order of the radius of gyration of
the polymer chain. It is clear from the figure that the
increases in n* and G’ of the PEOCNs were almost
even in comparison with PEO, regardless of the type
of nanoclay reinforcement used. This is, however,
different from the E’ behavior obtained from the
aforementioned DMTA measurements. The DMTA
measurements were performed at a temperature
(=120 to 25°C) well below the melting point of PEO
(68°C), whereas rheological studies were carried out
at 80°C (above the melting temperature of the
matrix).

It is expected that the incorporation of nanopar-
ticles into a semicrystalline polymer matrix will sub-
stantially affect the crystallization behavior of the
polymer. There can be three general behaviors dur-
ing crystallization depending on the polymer—filler
interactions: the development of new crystal struc-
tures, heterogeneous nucleation by fillers, and poly-
mer amorphization by fillers.** POM was used to
compare the crystal morphology of PEO and
PEOCNSs. Figure 6 presents POM images of PEO
and PEOCNs that were isothermally crystallized at
40°C. The morphology of the crystals is shown dur-
ing the final stage of crystallization. For PEO alone,
the spherulites were similar in size. For PEOCNS,
the spherulites were smaller than those seen in the
virgin PEO. Similar behavior was reported by
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Figure 5 Frequency responses of PEOCNs with fixed molecular weights and particle volume fractions but various types
of nanoclays: (a) G’ and (b) n*. Measurements were carried out at 80°C with a strain amplitude of 10%.
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Figure 6 Cross-polarization optical microscopy images after complete crystallization (spherulites were recorded by the
melt being cooled to 40°C at the slow cooling rate of 2°C/min and being held there for 60 min): (a) PEO, (b) PEOCNC30,
(c) PEOCNJ400, and (d) PEOCNJ230. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

Strawhecker and Manias* and also by Ratna et al.*

for solution-intercalated PEOCN systems. It is also
clear from Figure 6 that the spherulite size of
PEOCNC30 was greatly reduced in comparison with
other PEOCNs and the PEO matrix itself. This
behavior originated from the discontinuity of space
caused by the agglomerates, which forced the spher-
ulites to have sizes comparable to the fillerfiller
separation, independently of the bulk polymer
spherulite size. The formation of clay tactoids on the
fractured surface was observed in SEM photographs
in the case of PEOCNC30, as already discussed.
These agglomerates may have been acting as nucle-
ating agents and resulted in a different crystalline
morphology in comparison with PEO. As the num-
ber of nucleation sites increased, the number of
spherulites also increased, and hence smaller spher-

TABLE II
Crystallization Characteristics of PEOCNs

Peak melting Enthalpy of Degree of
temperature crystallization  crystallinity
Sample (°Q) J/g) (%)
PEO 68.1 136 66
PEOCNC30 70.1 151 71
PEOCN]J400 72.5 146 69
PEOCN]J230 73.1 144 68

ulites formed. On the other hand, in PEOCN]J400
and PEOCN]J230, the spherulite size was not so
much reduced, as there were no agglomerates to
hinder spherulite growth.

In Table II, we compare the DSC crystallization
plots of PEO and PEOCNs. We found that for the
composites, the crystallization peak temperature
was unaffected (Fig. 7). A slight increase in the

504
s 40+ |
& 30 Erro i
3 Y meees PEOCNC30
é 20_ |3 ‘ oo PEOCNJ400 |
B2 PEOCNI230
<
2 10- |

N

30 40 50 60 70

Temperature (°C)
Figure 7 DSC traces of different PEOCNs. The melted
samples were cooled to room temperature at the cooling
rate of 10°C/min.
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crystallization peak temperature of PEOCNJ230 may
have been due to the well-dispersed nanoclay, as
evidenced by SEM and AFM images. The heat of
crystallization of PEOCNSs increased in comparison
with the PEO matrix, and this indicated that the
nanoclay acted as the nucleating center. The heat of
crystallization was greater in the case of PEOCN30
versus PEOCN]J230 and PEOCN400 as the number
of crystals formed was greater; this was evident
from the POM micrographs. The crystallinity per-
centage of PEO was enhanced marginally by the
incorporation of nanoclay. As expected, the crystal-
line fraction percentage was also greater in the case
of PEOCNC30, whereas there was only marginal
improvement in the case of PEOCNJ230 and
PEOCN]J400. Despite a great difference in the num-
ber of crystallites between the PEO matrix and
PEOCNC30, the crystalline fraction did not show a
marked change between these two systems. The
melting peak temperature of the composite increased
with respect to PEO, and this could be attributed to
the different crystalline structures formed during the
melt-mixing process. These interesting peculiarities
will be investigated in more detail in the future.

CONCLUSIONS

PEO-layered silicate nanocomposites were prepared
with different reinforcing nanoclays (Cloisite 30B,
Somasif JAD400, and Somasif JAD230) at a concen-
tration of 3 wt % by simple melt mixing with a labo-
ratory kneader followed by compression molding.
The characterization of the nanocomposites by AFM
and SEM showed the formation of intercalated struc-
tures for PEOCN]J230 and PEOCNJ400. The incorpo-
ration of Cloisite 30B into PEO caused retardation of
the crystal growth and resulted in smaller and irreg-
ular spherulites, whereas in the case of PEOCNJ230
and PEOCN]J400, the spherulites were found to be
identical to those of PEO. This observation was well
supported by the DMTA results; the presence of the
nanoclay produced a considerable reinforcing effect,
as was evident from a significant increase in E’. The
enhancement of E’ in the case of PEOCN]J400 and
PEOCN]J230 was higher (identical spherulites) than
that in the case of PEOCNC30 (smaller and irregular
spherulites). The increase in m* and G’ of the
PEOCNs was comparable, regardless of the type of
nanoclay reinforcement used. This was, however,
different from the E’ variation obtained from the
aforementioned DMTA measurements. It is notewor-
thy to recall that the DMTA measurements were
performed at a temperature (—120 to 25°C) well
below the melting point of PEO (68°C), whereas
rheological studies were carried out at 80°C (above
the melting temperature of the matrix). There was
no significant change in the crystallization tempera-
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ture of the PEOCNs, whereas the crystalline fraction
percentage was greater in the case of PEOCNC30,
and there was only marginal improvement in the
case of PEOCN]J230 and PEOCNJ400.
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