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Polymer/Layered Silicate Nano-composites
Structure Development and Processing Operations

Polymer/layered filler nano-composites (PLFNCs) offer re-
markably improved mechanical properties with low inorganic
filler loading. Major developments in this field have been car-
ried out over the last one and half decades. However, we are
far from the goal of understanding the mechanisms of the en-
hancement effects in nanocomposites. Continued progress in
nanoscale control, as well as an improved understanding of
the physicochemical phenomena at the nanometer scale, has
contributed to the rapid development of novel PLFNCs. We de-
scribe nano-structure development and processing operations
in PLFNCs.

1 Introduction

A decade of research has shown that nanostructured materials
have the potential to significantly impact growth at every level
of the world economy in the 21st century. This new class of ma-
terials is now being introduced in structural applications in-
cluding gas barrier film and flame retardant products, and
load-bearing applications.

Of particular interest is recently developed nano-composites
consisting of a polymer and layered silicate that often exhibit
remarkably improved properties [1] when compared with poly-
mer or conventional composites (both micro- and macro-com-
posites). In polymer/layered silicate nano-composites, a PA 6/
layered silicate hybrid [2] reported by Toyota Central Research
& Development Co. Inc. (TCRD) was successfully prepared by
in-situ polymerization of e-caprolactam in a dispersion of
montomorrillonite (MMT). The silicate can be dispersed in liq-
uid monomer or a solution of monomer. It is also possible to
melt-mix polymers with layered silicates, avoiding the use of
organic solvents. The latter method permits the use of conven-
tional processing techniques such as injection molding and ex-
trusion. The extensive literature in nano-composite research is
covered in recent reviews [1, 3, 4].

Continued progress in nanoscale control, as well as an im-
proved understanding of the physicochemical phenomena at the
nanometer scale, has contributed to the rapid development of
novel nano-composites. This presents current research on poly-
mer/layered filler nano-composites (PLFNCs) with the primary
focus on nano-structure development and processing operations.

2 Nano-structure Development

2.1 Historical Point of View

Earlier attempts of preparing polymer/layered filler composites
are found in almost half-a-century old patent literature [5, 6]. In
such cases, incorporation of 40 to 50 wt.% clay mineral
(bentonite, hectorite, etc.) into a polymer was attempted, but
ended with unsatisfactory results. The maximum modulus en-
hancement was only around 200 %, although the clay loading
was as much as 50 wt.%. The failure was due to the dispersion
of clay particles in the matrix, in which silicate minerals ex-
isted as agglomerated tactoids. Such a poor dispersion of the
silicate particles could improve the material rigidity, but not
strength, elongation at break and toughness [5, 6].

A prime reason for the tactoids dispersion into well-dis-
persed exfoliated monolayers of the silicate is due to the intrin-
sic incompatibility of hydrophilic layered silicates with hydro-
phobic engineering plastics. One attempt at circumventing this
difficulty was made by Unitika Ltd. [7] about 30 years ago in
preparing PA 6/layered silicate composites (not nano-compo-
sites) via in situ polymerization of e-caprolactam with MMT.

The first major breakthrough of the problem was brought
around 1987, when Fukushima and Inagaki of TCRD, via their
detailed study on polymer/layered silicate composites, persua-
sively demonstrated that lipophilization by replacing inorganic
cations in galleries of the native clay with alkylammonium sur-
factant (intercalant) successfully made them compatible with
hydrophobic polymer matrices [8]. The modified clay was thus
called lipophilized clay, organo-phillic clay or simply organo-
clay. Furthermore, they found that the lipophilization enabled
to expand silicate nano-galleries and to exfoliate the silicate
layers into single layers of a nanometer thickness.

Usuki, Fukushima and their colleagues successfully prepared,
for the first time, exfoliated PA 6/MMT hybrid via in-situ poly-
merization of e-caprolactam, in which alkylammonium-modi-
fied MMT was thoroughly dispersed in advance [2, 9].

Intercalation of small molecules into silicate galleries has
been found by researchers when studying Mayan archeological
sites [10]. Maya blue was used in Mesoamerica and colonial
Mexico as late as the 20th century. Maya blue color is resistant
to diluted mineral acids, alkalis, moderate heat and even bio-
corrosion. This blue color contains clay (mainly MMT clay
and palygorskite (Mg5(Si,Al)8O20(OH)28H2O)) and indigo
molecules (C16H10N2O2). Intercalation of indigo molecules
into MMT galleries and/or encapsulation in the pores of
palygorskite might explain the observed resistance to degrada-
tion in the extreme conditions of the rain forest (see Fig. 1).
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2.2 Melt Intercalation

Since the possibility of direct melt intercalation was first demon-
strated [11], melt intercalation has become the main preparation
route for intercalated polymer/layered silicate nano-composites.
This process involves annealing, statically or under shear, a mix-
ture of the polymer and organically modified layered fillers
(OMLFs) above the softening point of the polymer. During an-
nealing, the polymer chains diffuse from the bulk polymer melt
into the nano-galleries between the layered fillers.

In order to understand the thermodynamic issue associated
with the nano-composites formation, Vaia et al. have applied
mean-field statistical lattice model and found conclusions
based on the mean field theory nicely agreed with the experi-
mental results [12, 13]. The entropy loss associated with con-
finement of a polymer melt is not prohibited to nanocomposite
formation because an entropy gain associated with the layer se-
paration balances the entropy loss of polymer intercalation, re-
sulting in a net entropy change near to zero. Thus, from the the-
oretical model, the outcome of nano-composite formation via
polymer melt intercalation depends on energetic factors, which
may be determined from the surface energies of the polymer
and OMLF.

Nevertheless, we have often faced the problem that the
nano-composite shows fine and homogeneous distribution of
the nano-particles in the polymer matrix (e. g., poly(L-lactide))
without any clear peak shifts of the mean interlayer spacing of
the (001) plane as revealed by wide-angle X-ray diffraction
(WAXD) analysis [14]. Furthermore we sometimes encounter
a decreasing of the interlayer spacing compared with that of
pristine OMLF, despite very fine dispersion of the silicate par-
ticles. To the best of our knowledge, the mechanism of the di-
rect melt intercalation in the nano-composite formation is not
very well explored in the literature. For this reason, informa-
tion on the structure of the surfactant (intercalant)-polymer in-
terface is necessary to understand the intercalation kinetics that
can predict final nano-composite morphology and overall ma-
terial properties.

2.3 Interlayer Structure of OMLFs and Intercalation

Lagaly has suggested the paraffin-type layer structure of the in-
tercalants in the case of highly surface charged clay minerals

[15]. This model was derived from WAXD analysis assuming
all-trans conformation of the intercalants. Vaia et al. [16] have
shown that alkyl chains can vary from liquid-like to solid-like,
with the liquid-like structure dominating as the interlayer den-
sity or chain length decreases, or as the temperature increases.
They used Fourier transform infrared spectroscopy (FTIR),
which is sensitive to the gauche/trans conformer ratio in alkyl
chains and the lateral chain-chain interactions. In addition, for
the longer chain length intercalants, the intercalants in the
layered silicate can show thermal transition akin to melting or
liquid-crystalline to liquid like transitions upon heating. The
gauche content was found to decrease with increasing interca-
lant concentration. The chains adopt an essentially all-trans
conformation when intercalant concentration is high (more
than cation-exchange capacity (CEC)) [17]. More recently,
Osman [18] reported that the all-trans conformation of the al-
kyl chains was preferentially adopted when using highly sur-
face charge density clay (vermiculite).

On the other hand, Paul et al. [19] used molecular simula-
tions and reported disordered conformation of the alkyl chains
(containing hydroxyl-ethyl units) with a tendency for laying
to the silicate surfaces. A systematic investigation is required
using OMLFs having different types of intercalant and nano-
fillers with different surface charge density. Furthermore, the
investigation of the correlation between the intercalant-poly-
mer interface and the melt intercalation has been still sparse.
A better understanding of the correlation and subsequent pre-
paration of the nano-composites are of fundamental impor-
tance in controlling the nanoscale structure.

Okamoto et al. [20] reported that the interlayer structure on
OMLFs with respect to the number per area (surface charge
density) and size of intercalant chains for nano-composite for-
mation. In the study they presented an interdigitated layer
structure model of the OMLF, where the intercalants are or-
iented with some inclination to the host layer in the interlayer
space. Details regarding this model and explanation are pre-
sented in [19]. The illustration of a model of interlayer struc-
ture of some intercalant (n-hexadecyl tri-n-butyl phosphonium
cation: C16TBP+) in gallery space of layered titanate (HTO:
H1.07Ti1.73O3.95 · 0.5 H2O) is shown in Fig. 2. For nano-fillers
with highly surface charge density (1.26e – /nm2, see Table 1),
the intercalants can adopt a configuration with orientation
where the alkyl chains (with all-trans conformation) are tilted
under the effect of the van der Waals forces, which decreases
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Fig. 1. Maya blue was used in this mural re-
presenting a solider from Msoamerica (A),
needle shape of the palygorskite crystals [10]
(B)
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the chain-to-chain distance. For this reason the angle α should
be directly related to the packing density of the alkyl chains.
The value of α decreases until close contact between the chains
is attained, giving an increasing degree of the crystallinity of
the intercalants into the nano-galleries.

Okamoto et al. also investigated the intercalation behavior of
diphenyl sulfide (DFS) molecules into nano-galleries based on
OMLFs (see Fig. 3) [20]. One can observe the strong correla-
tion between initial interlayer opening (which is estimated after
subtraction of the layer thickness) and layer expansion (= D
opening) after mixing with DFS, regardless of the miscibility
between intercalant and DFS. That is, the smaller initial open-
ing leads to the larger interlayer expansion. In other words,
the smaller interlayer opening caused by the lower surface
charge density and/or short chain length of the intercalant
(e. g., qC14(OH) and C12TPP) promotes the large amount of
intercalation of DFS molecules.

M. Okamoto: Polymer/Layered Silicate Nanocomposites
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Fig. 2. Illustration of a model of interlayer structure of intercalant n-
hexadecyl tri-n-butyl phosphonium cation (C16TBP) in gallery space
of layer titanate (HTO). The average distance between exchange sites
is 0.888 nm calculated by surface charge density of 1.26 e – /nm2.
For C16TBP, obtained molecular length, thickness and width are
2.704 nm, 0.89 nm and 0.89 nm, respectively (see upper panel). The tilt
angle α of the intercalants can be estimated by the combination of the
interlayer spacing, molecular dimensions and loading amount of inter-
calants when the alkyl chains are adopted all-trans comformation [20]

Parameters HTO syn-FH MMT

Chemical formula H1.07Ti1.73O3.95 · 0.5 H2O Na0.66Mg2.6Si4O10(F)2 Na0.33(Al1.67Mg0.33) Si4O10(OH)2

Particle size (nm) ~ 100 –200 ~ 100–200 ~ 100 –200
BET area (m2/g) ~ 2400 ~800 ~ 700

CECa (meq/100g) ~ 200 (660) ~ 120 (170) ~ 90(90)
e – /charge(nm2) 1.26 0.971 0.708
Density (g/cm3) 2.40 2.50 2.50

Refractive index (n20
D ) 2.3 1.55 1.55

pH 4–6 9–11 7.5 –10

a Methylene blue adsorption method. The values in the parenthesis are calculated from chemical formula of nano-fillers

Table 1. Characteristic parameters of nano-fillers [20]

Fig. 3. Plot of initial interlayer opening versus D opening for various
OMLFs intercalated with DFS. The insert shows molecular dimensions
of DFS calculated using a molecular dinamic program (MM2 in Quan-
tum CAChe, Fujitsu Ltd.), taking van der Waales radi into considera-
tion. n-octyl triphenyl phosphonium (C12TPP), N-(cocoalkyl)-N,N-
[bis(2-hydroxyethyl)]-N-methyl ammonium (qC14(OH)), and octadecyl
benzyl di-methyl ammonium (C18Me2Bz) cations are miscible with DFS
as revealed by melting temperature depression of DFS, while
octadecylammonium (ODA), octadecyl tri-methylammonium (C18TM)
cations are immiscible with DFS
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For HTO-ODA intercalated with DFS (HTO-ODA/DFS)
and HTO-C18TM/DFS, the absolute value of D opening
(0.07 nm (2.4 %) and 0.06 nm (2.4 %), respectively) is lower
than the molecular dimension of DFS (length, width and thick-
ness are 1.05 nm, 0.5 nm and 0.34 nm, respectively) (see the in-
sert in Fig. 3). This suggests that the DFS molecules can not
penetrate into galleries if we compare the apparent interlayer
expansion (= D opening). It is necessary to understand the
meaning of the interlayer expansion in the intercalation esti-
mated by WAXD analysis. This interdigitated structure may
imply the different orientation angle that the intercalants can
adopt when DFS molecules penetrate into the galleries. Appar-
ently, the interdigitated layer structure provides a balance be-
tween DFS penetration and different orientation angle of the
intercalants. From this result, the entropic contribution of the
intercalants, which leads to the entropy gain associated with
the layer expansion after intercalation of the small molecules
and/or polymer chains, may not be significant due to the inter-
digitated layer structure. Presumably the penetration takes
place by pressure drop within the nano-galleries, nano-cappil-
lary action, generated by the two platelets.

This interdigitated structure model is suitable to explain the
differences in the polymer intercalation behavior between dif-
ferent OMLFs. Without shear processing, Okamoto et al. have
successfully prepared poly(p-phenylenesulfide) (PPS)-based
nano-composite using optimal interlayer structure on OMLF
(see Fig. 4). The large agglomerated tactoids of about 300 nm
thickness are seen in Fig. 4A, when using synthetic fluorine
hectorite (syn-FH) modified with C16TBP. On the other hand,
Figs. 4B and C show both larger views permitting the observa-
tion of discrete silicate layers, when using MMT modified with
C16TBP. The aggregated feature of the silicate layers is also ob-
served in Fig. 4C. However, an aggregated particle contains
many discrete silicate layers with finer dispersion. For PPS/
MMT-C16TBP, prepared by annealing without shear proces-
sing, the penetration of PPS chains promotes the delamination
of the stacked MMT layers. The delamination of the stacked

nano-fillers was governed by the initial interlayer opening,
whereas the uniform dispersion of the nano-fillers was affected
by the shear processing [21].

Compared to OMLFs, a nano-composite structure is difficult
to model using atomic scale molecular dynamics (MD) be-
cause the intercalated polymer chain conformation is complex
and can hardly be in the equilibrium state. However, Pricl et al.
[22] explored and characterized the atomic scale structure to
predict binding energies and basal spacing of PLFNCs based
on polypropylene (PP) and maleated (MA) PP (PP-MA),
MMT, and different alkylammonium ions as intercalants (see
Fig. 5). From a global interpretation of all these MD simulation
results, they concluded that intercalants with smaller volume
are more effective for clay modification as they improve the
thermodynamics of the system by increasing the binding en-
ergy. On the other hand, intercalants with longer tails are more
effective for intercalation and exfoliation processes, as they
lead to higher basal spacing. Additional information is neces-
sary to predict more reasonable nano-structure of PLFNCs;
some literatures [23 to 26] related to the confined polymer
chains within the silicate galleries by using coarse-grained
MD simulation appeared.

2.4 Novel Compounding Process

Complete exfoliation of the OMLFs is not feasible after melt
intercalation, although appropriate shear is applied during melt
compounding. Recently, an in-situ polymerization method
used supercritical CO2 (sc-CO2) as a processing aid to achieve
a uniform distribution in a PLFNC at high MMT clay loading
(~ 40 wt.%) [27]. Zhao et al. [28] presented unambiguous evi-
dence for sc-CO2-mediated intercalation of poly(ethylene
oxide) (PEO) into Na+-MMT compared with polymer interca-
lation in solution (water), in which an entropy-driven process
is dominant. They successfully intercalated PEO into clay via
a sc-CO2-mediated process, a mechanism probably similar to

490 Intern. Polymer Processing XXI (2006) 5

Fig. 4. Bright filed TEM images of (A) PPS/syn-FH-C16TBP, (B) and (C) PPS/MMT-C16TBP prepared by annealing at 300 °C for 30 s (without
shear processing). The dark entities are the cross section and/or face of intercalated-and-stacked silicate layers, and the bright areas are the matrix.
The circled area indicates the aggregated particles contains many discrete silicate layers with fine dispersion [21]
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that found in polymer melts. Therefore, the sc-CO2-mediated
intercalation is an enthalpically driven process, deriving from
a favorable intercalation between PEO and MMT. scCO2-
mediated process is also conducted during melt compounding
process. Ozisik et al. [29] examined the effect of the sc-CO2

fed to the tandem extruder on the dispersion of OMLFs with
different intercalants into a PA 6 matrix. In the absence of
sc-CO2, pressure improved the MMT clay delamination by re-
ducing the free volume of the polymer and increasing the inter-
action between chains and ultimately increasing the viscosity.
Using sc-CO2 did not improve the clay dispersion due to the
decreasing melt viscosity.

Another interesting approach for the delamination of
OMLFs is an ultrasound in the preparation of PLFNCs. Lee
et al. [30] reported the effect of the in-situ ultrasound on the
polymer/MMT melt phase. They found an effective method to
enhance the dispersion, intercalation and exfoliation of OMLFs
in thermoplastic-based nano-composites. The same experiment
was done by Guo et al. [31] for PP-base nano-composite pre-
paration. The schematic representation of this technology is
shown in Fig. 6. The maximum power output and frequency
of the ultrasonic generator are 300 W and 20 kHz, respectively.
They described the fine dispersion of silicate layers in PP ma-
trix after ultrasonic treatment (100 W). However, the ultrasonic
oscillations exhibited little effect on the delamination of
OMLFs as revealed by transmission electron microscopy
(TEM) observation.

Thus, the compounding with an assist from sc-CO2 fluids
and ultra-sonication did not improve the state of the nano-filler

dispersion once a critical morphology was established. We
have to develop more innovative compounding processes,
especially in the preparation of the nano-composites posses-
sing exfoliated layered fillers. Despite its physical importance,
the pressure drop (Dp) within the nano-galleries [20], which
makes the polymer penetration more difficult, has not yet been
discussed fully.

Another challenge is the exfoliation of talc fillers by solid-
state shear processing using the pan-type mill to prepare
PP/talc nano-composites [32]. Although the delamination of
talc fillers was not achieved in the nano-composite as revealed
by TEM images, no indication of the layer correlation was ob-
served in WAXD profiles. Solid-state shear processing may be
an innovative technique to delaminate the layered fillers.

3 Flow-induced Structure Development

Rheological behavior, especially elongational and shear flow
behavior in the molten state of PLFNCs have not well been
known, although such knowledge should be indispensable in
relation with their performance in processing operations. One
objective of this review is to focus on a profound understanding
of PLFNCs for their innovations in practical material produc-
tion. For this purpose, it is indispensable to illuminate the
nano-structure as well as rheological properties of PLFNCs to
assess appropriate processing conditions for designing and
controlling their hierarchical nano-structure, which must be
closely related with their material performance.

3.1 Elongational Flow and Strain-induced Hardening

Okamoto et al. [33] first conducted elongation test of PP-based
nano-composites (PPCN4) in molten state at constant Hencky
strain rate, _ee0 using an elongation flow opto-rheometry, and at-
tempted to control the alignment of the dispersed MMT layers
with nanometer dimensions of an intercalated PPCNs under
uniaxial elongational flow.

Fig. 7 shows double logarithmic plots of transient elonga-
tional viscosity gEð _ee0; tÞ against time t observed for PA 6/
OMLF system (N6CN3.7: MMT = 3.7 wt.%) and PPCN4
(MMT = 4 wt.%)) with different Hencky strain rates _ee0 ranging
from 0.001 s – 1 to 1.0 s – 1. The solid curve represents time de-
velopment of three-fold shear viscosity, 3g0ð _cc; tÞ, at 225 °C
with a constant shear rate _cc = 0.001 s – 1. In gEð _ee0; tÞ at any
_ee0, N6CN3.7 melt shows a weak tendency of strain-induced

M. Okamoto: Polymer/Layered Silicate Nanocomposites
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A) B)

Fig. 5. Three component model used for basal spacing simulations,
consisting of two layers of MMT with K+ cations (stick model), four
molecules of trimethylammonium cation (A) or dimethylstearylammo-
nium cation (B) (stick and ball model), and one molecule of maleated
PP (PP-MA) (ball model) [22]

Fig. 6. Schematic diagram of ultrasonic oscillations extrusion system
[31]
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hardening as compared to that of PPCN4 melt. A strong behav-
ior of strain-induced hardening for PPCN4 melt originated
from the perpendicular alignment of the silicate layers to the
stretching direction as reported by Okamoto et al. [34].

From TEM observation [35], the N6CN3.7 forms a fine dis-
persion of the silicate layers of about 100 nm in Lclay, 3 nm
thickness in dclay and nclay of about 20 to 30 nm between them.
The nclay value is a one order of magnitude lower than the value
of Lclay, suggesting the formation of spatially-linked like struc-
ture of the dispersed clay particles in PA 6 matrix. For
N6CN3.7 melt, the silicate layers are so densely dispersed into
the matrix and hence difficult to align under elongational flow.
Under flow fields, the silicate layers might translationally
move, but not rotationally in such a way that the loss energy be-
comes minimum. This tendency was also observed in PPCN7.5
melt having higher content of MMT (= 7.5 wt.%) [36].

One can observe two features for the shear viscosity curve.
First, the extended Trouton rule, 3g0ð _cc; tÞ ffi gEð _ee0; tÞ, does
not hold for both N6CN3.7 and PPCN4 melts, as opposed to
the melt of ordinary homo-polymers. The latter, gEð _ee0; tÞ, is
more than 10 times larger than the former, 3g0ð _cc; tÞ. Second,
again unlike ordinary polymer melts, 3g0ð _cc; tÞ of N6CN3.7
melt increases continuously with t, never showing a tendency
of reaching a steady state within the time span (600 s or longer)
examined here. This time-dependent thickening behavior may
be called anti-thixotropy or rheopexy. Under slow shear flow
( _cc = 0.001 s – 1), 3g0ð _cc; tÞ of N6CN3.7 exhibits a much stron-
ger rheopexy behavior with almost two order of magnitude
higher than that of PPCN4. This reflects a fact that the shear-in-
duced structural change involved a process with an extremely
long relaxation time as well as for other PLFNCs having rheo-
pexy behavior [37], especially under the weak shear field.

3.2 Alignment of Silicate Layers

The orientation of silicate layers and PA 6 crystallites in injec-
tion molded N6CN using WAXD and TEM is examined [38,
39]. Kojima and his colleagues have found three regions of dif-
ferent orientations in the sample as a function of depth. Near
the middle of the sample, where the shear forces are minimal,
the silicate layers are oriented randomly and the PA 6 crystal-
lites are perpendicular to the silicate layers. In the surface re-
gion, shear stresses are very high, so both the clay layers and
the PA 6 crystallites are parallel to the surface. In the inter-
mediate region, the clay layers, presumably due to their higher
aspect ratio, still orient parallel to the surface and the PA 6
crystallites assume an orientation perpendicular to the silicate.
Very recently, Medellin-Rodriguez et al. [40] reported that the
molten N6CN samples showed planar orientation of silicate
layers along the flow direction, which is strongly dependent
on shear time as well as clay loading, reaching a maximally or-
ienting level after being sheared for 15 min with _cc = 60 s – 1.

Okamoto et al. have conducted TEM observations of the
sheared N6CN3.7 with _cc = 0.0006 s – 1 for 1000 s [34]. The
edges of the silicate layers laying along the z-axis (marked with
the arrows (A)) or parallel alignment of the silicate edges to the
shear direction (x-axis) (marked with the arrows (B)) rather
than assumingly random orientation in the PA 6 matrix are ob-
served, but in fact, one cannot see these faces in this plane
(Fig. 8). Here, it should be emphasized that the planar orienta-
tion of the silicate faces along the x –z plane does not take
place prominently. For the case of rapid shear flow, the com-
monly applicable conjecture of the planar orientation of the
silicate faces along the shear direction first demonstrated to be
true by Kojima et al. [38].

492 Intern. Polymer Processing XXI (2006) 5

Fig. 7. Time variation of elongational viscosity gEð_ee0; tÞ for (A)
N6CN3.7 melt at 225 °C and for (B) PPCN4 at 150 °C. The solid line
shows three times the shear viscosity, 3gEð_cc; tÞ, taken at a low shear
rate _cc = 0.001 s – 1 on a cone-plate rheometer [34]

Fig. 8. TEM micrograph in the x-z plane showing N6CN3.7 sheared at
225 °C with _cc = 0.0006 s – 1 for 1000 s. The x-, y- and z-axes corre-
spond respectively to flow, shear gradient and neutral direction [34]
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In uniaxial elongational flow (converging low) for a PPCN4,
the formation of a house-of-cards structure is found by TEM
analysis [33]. The perpendicular (but not parallel) alignment
of disk-like MMT clay particles with large anisotropy toward
the flow direction might sound unlikely but this could be the
case especially under an elongational flow field, in which the
extentional flow rate is the square of the converging flow rate
along the thickness direction, if the assumption of affine defor-
mation without volume change is valid. Obviously under such
conditions, energy dissipation rate due to viscous resistance be-
tween the disk surface and the matrix polymer is minimal,
when the disks are aligned perpendicular to the flow direction.

Moreover, Lele and his colleagues [41] recently reported the
in situ rheo-X-ray investigation of flow-induced orientation in
syndiotactic PP/layered silicate nanocomposite melt.

In-situ X-ray diffraction experiment during shear provided
direct evidence of the rheology-structure effect in the materi-
als. The agglomerated tactoids of MMT layers are oriented by
shear and a high degree of orientation can be achieved after
the yield transition.

Very recently, Bafna et al. [42] developed a technique to de-
termine the three-dimensional (3D) orientation of various hier-
archical organic and inorganic structures in PLSNCs. They
studied the effect of compatibilizer concentration on the orien-
tation of various structures in PLSNCs using 2D small angle
X-ray scattering (SAXS) and 2D WAXD in three sample/cam-
era orientations. Reflections and orientation of six different
structural features were easily identified: (a) clay clusters/tac-
toids (0.12 lm), (b) modified/intercalated clay stacking period
(002) (2.4 to 3.1 nm), (c) stacking period of unmodified clay

platelets (002) (1.3nm), (d) clay (110) and (020) planes, normal
(b) and (c), (e) polymer crystalline lamellae (001)(19– 26nm),
long period ((001) is an average crystallographic direction),
and (f) polymer unit cell (110) and (200) planes. The corre-
sponding identified reflections are presented in Fig. 9. A 3D
study of the relative orientation of the above-mentioned struc-
tures was carried out by measuring three projections of each
sample. Quantitative data on the orientation of these structural
units in the nanocomposite film was determined through calcu-
lations of the major axis direction cosines and through a tern-
ary, direction-cosine plot called a “Wilchinsky triangle” [43],
previously proposed in lamellar orientation studies [44]. It al-
lows a direct comparison of average preferred orientations for
different structural features. In this way it is conceptually more
useful than stereographic projections involving orientation
density maps for a single WAXD reflection.

Some 20 years ago van Olphen [45] pointed out that the
electrostatic attraction between the layers of natural clay in
aqueous suspension arises from higher polar force in the med-
ium. The intriguing features such as yield stress thixotropy
and/or rheopexy exhibited in aqueous suspensions of natural
clay minerals may be taken as a reference to the present
PLFNCs.

4 Processing Operations

Flow-induced internal structural change occurs in both shear
and elongational flow, but differs between these flows, as
judged from the above results on gEð _ee0; tÞ and 3g0ð _cc; tÞ (see
Fig. 7). Thus, with the rheological features of the PLFNCs
and the characteristics of each processing operation, the tactics
which should be selected for a particular nanocomposite for the
enhancement of its mechanical properties.

For example, the strong strain-induced hardening in
gEð _ee0; tÞ is requisite for withstanding the stretching force dur-
ing the processing, while the rheopexy in 3g0ð _cc; tÞ suggests
that for such PLFNC a promising technology is the processing
in confined space such the injection molding where shear force
is crucial.

4.1 Foam Processing Using sc-CO2

The first successful nanocomposite foam, processed by using
supercritical CO2 as a physical foaming agent, appeared
through a pioneering effort by Okamoto et al. [46, 47]. A small
amount of nano-fillers in the polymer matrix serve as nuclea-
tion sites to facilitate the bubble nucleation during foaming.
Novel nano-composite foams based on the combination of
new nano-fillers and sc-CO2 lead to a new class of the materi-
als.

Fig. 10 shows the typical results of SEM images of the frac-
ture surfaces of the intercalated polycarbonate (PC)-based
nanocomposites (PCCNs) and PC/SMA blend (matrix) without
clay foamed at 160 °C under different isobaric saturation con-
ditions of supercritical CO2 (10, 14 and 18 MPa) [48, 49].
PC/SMA foams exhibit the polygon-closed-cell structures hav-
ing pentagonal and hexagonal faces, which express the most
energetically stable state of polygon cells. Such foam structure

M. Okamoto: Polymer/Layered Silicate Nanocomposites
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Fig. 9. 2D SAXS (a and c) and WAXS (b and d) patterns for orientation
MN (left face), NT (right face) and MT (top face) of films HD603 (a and
b) and HD612 (c and d). The numbers in the parenthesis represent the
reflections from the following: (a) clay tactoids, (b) modified/interca-
lated clay (002) plane, (c) unmodified clay (002) plane, (d) clay (110)
and (020) plane, (e) polymer crystalline lamellar, (f) polymer unit cell
(110) plane (inner ring) and (200) plane (outer ring) [42]
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was obtained probably because these foams belong to the poly-
meric foams having high gas phase volume (> 0.6). Obviously,
under low saturation CO2 pressure (~ 10 MPa) both PCCN
foams exhibit large cell size, indicating the dispersed clay par-
ticles hinder CO2 diffusion by creating a maze or a more tortu-
ous path as discussed in the literature [48]. However, high CO2

pressure (~ 18 MPa) provides a large supply of CO2 molecules,
which can subsequently form a large population of cell nuclei
upon depressurization. The PC/SMA/MAE1 (syn-FH-C18TM)
(OMLF = 1 wt.%) foam shows smaller cell size, i. e., larger
cell density compared to PC/SMA foam, suggesting that the
dispersed clay particles act as nucleating sites for cell forma-
tion and lowering of d with clay. The incorporation of nano-
clay hinders CO2 diffusion and simultaneously induces hetero-
geneous nucleation because of a lower activation energy bar-
rier compared to homogeneous nucleation [50]. They con-
ducted the characterization of the interfacial tension between
bubble and matrix by using modified classical nucleation theo-
ry [51].

In Table 2, the interfacial tension and energy reduction fac-
tor of systems are summarized [49]. The interfacial tension of
PC/SMA/MAE1 (including energy reduction factor S(h) fac-
tor) and PC/SMA (S(h) = 1) are 9.7 mJ/m2 and 10.9 mJ/m2 at
14 MPa, respectively. These estimated values of c are in good
agreement with that of other poly(methyl methacrylate)
(PMMA)-CO2 system (10 to 20 mJ/m2) [52]. The interfacial
tension slightly decreases with increasing in clay content under
same CO2 pressure condition, indicating heterogeneous cell
nucleation occurs easily with increasing in clay content. The
estimated reduction factor (S(h) = 0.3 to 0.8) is the same order
compared with the foaming of PLA-based nanocomposites
[53].

Fig. 11 shows the cell size (d), the cell density (Nc) and the
mean cell wall thickness (d) relations of the nanocomposite
foams obtained by a series of their recent studies [49, 53, 54].
In the case of nanocomposite foams, the cell wall thickness be-
comes 2 to 6 times compared to that of neat polymer foams due
to the spherical cell shape caused by the high modulus of the
materials during processing. The controlled structure of the na-
nocomposite foams is from microcellular (d ffi 20 lm and
Nc ffi 1.0 × 109 cell · cm – 3) to nanocellular (d ffi 200 nm and
Nc ffi 1.0 × 1014 cell · cm – 3).

More detailed surveys on various types of nano-composite
foaming can be also available in the literatures [55 to 58].

4.2 Electrospinning Processing

Fibers and nanofibers of N6CN (diameter of 100 to 500 nm)
were electrospun from 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) solution and collected as non-woven fabrics or as
aligned yarns [59]. The electrospinning process resulted in
highly aligned MMT particles and PA 6 crystallites. The cy-
lindrical shaped fibers and nanofibers, ribbon shaped fibers
were also found in the products (see Fig. 12). Using polysty-
rene (PS)/MMT and poly(methyl methacrylate) (PMMA)/
MMT nano-composite solutions, the same approach is con-
ducted [60, 61]. The fiber diameters of PS-based nano-compo-
site were adjusted from 4 lm to 150 nm by changing the tetra-

494 Intern. Polymer Processing XXI (2006) 5

Fig. 10. Typical SEM images of the fracture
surfaces of PC-based nano-composites
(PCCNs) and PC/SMA blend (without nano-
filler) foamed under at 160 °C under different
isobaric condition (10, 14 and 18 MPa)

Systems c S(h)1/3

mJ/m2
S(h)

PC/SMA-CO2

PC/SMA/MAE1-CO2

PC/SMA/MAE2.5-CO2

Pco2 = 10 MPa 10.7
8.6
8.0

1.0
0.53
0.42

PC/SMA-CO2

PC/SMA/MAE1-CO2

PC/SMA/MAE2.5-CO2

Pco2 = 14 MPa 10.9
9.7
9.9

1.0
0.72
0.77

PC/SMA-CO2

PC/SMA/MAE1-CO2

PC/SMA/MAE2.5-CO2

Pco2 = 18 MPa 13.6
10.2
9.2

1.0
0.42
0.30

PC/SMA-CO2

PC/SMA/MAE1-CO2

PC/SMA/MAE2.5-CO2

Pco2 = 22 MPa 11.3
12.4
8.0

1.0
–

0.36

Table 2. Interfacial tension (cS(h)1/3) including energy reduction fac-
tor (S(h)) of systems [49]
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hydrafuran (THF) and dimethylformamide (DMF) solution
concentration (see Fig. 13). The addition of MMT to the spin-
ning solution produced fibers with a highly aligned MMT layer
structure at low MMT content (4 wt.%). The agglomerated tac-
toids of MMT were observed at higher concentration. The
shear modulus of fiber was enhanced and the glass transition
temperature was increased by 20 °C due to the MMT disper-
sion. Electrospinning can be expected to align other nanofillers
such as carbon nanotubes.

5 Conclusions

The potential of nano-composites in various sectors of research
is promising. The PLFNCs offer attractive potential for diversi-
fication and application of conventional polymeric materials. A
significant amount of work has already been done on various
aspects of PLFNCs [1], in order to understand structure devel-
opment-property relationship in various PLFNCs. PLFNCs
are already commercially available and applied in industrial
products. The major impact will be at least a decade away.
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