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ABSTRACT: Poly(butylene succinate) and organically
modified montmorillonite nanocomposites with there differ-
ent compositions were prepared via melt blending in a
twin-screw extruder. The structure of the nanocomposites
was studied with X-ray diffraction and transmission elec-
tron microscopy, which revealed the formation of interca-
lated nanocomposites, regardless of the silicate loading. Dy-
namic mechanical analysis revealed a substantial increase in
the storage modulus of the nanocomposites over the entire
temperature range investigated. The tensile property mea-
surements showed a relative increase in the stiffness with a

simultaneous decrease in the yield strength in comparison
with that of neat poly(butylene succinate). The oxygen gas
barrier property of neat poly(butylene succinate) improved
after nanocomposite preparation with organically modified
montmorillonite. The effect of the layered-silicate loading on
the melt-state linear viscoelastic behavior of the intercalated
nanocomposites was also investigated. © 2006 Wiley Periodi-
cals, Inc. J Appl Polym Sci 102: 777–785, 2006
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INTRODUCTION

In recent years, a broad range of synthetic biodegrad-
able resins based on synthetic aliphatic polyesters and
their copolymers have been commercialized by vari-
ous companies. The demand for biodegradable mate-
rials with suitable properties is said to be growing at a
rapid rate. Synthetic polyesters are generally made by
a polycondensation method, and raw materials are
obtained from petrochemical feed stocks. Unlike other
petrochemical-based resins that take centuries to de-
grade after disposal, these polymers break down rap-
idly into carbon dioxide, water, and humus under
appropriate conditions when they are exposed to the
combined attack of water and microorganisms. These
products meet advanced composting standards and
typically break down in 12 weeks under aerobic con-
ditions.1

One of the most promising synthetic aliphatic poly-
esters in this direction is poly(butylene succinate)
(PBS). It is chemically synthesized by the polyconden-
sation of 1,4-butanediol with succinic acid. PBS has

many interesting properties: biodegradability, melt
processability, and thermal and chemical resistance. It
has excellent processability, so it can be processed in
the field of textiles into melt-blown, multifilament,
monofilament, flat, and split yarn and also in the field
of plastics into injection-molded products, thus being
a promising polymer for various applications.2

Increasing our understanding of the various intrin-
sic properties of PBS, coupled with the knowledge of
how such properties can be improved to achieve suit-
ability for the thermoplastic processing, manufactur-
ing, and end-use requirements, has fuelled technolog-
ical and commercial interest in PBS.

Of particular interest are recently developed nano-
composites consisting of a polymer and organically
modified layered silicate (OMLS), which often exhibit
remarkably improved properties in comparison with
those of the virgin polymer.3–6 In general, it is be-
lieved that these concurrent property improvements
in nanocomposites come from interfacial interactions
between the polymer matrix and OMLS as opposed to
the conventional composites.7 The layered silicates
have a layer thickness on the order of � 1 nm and a
very high aspect ratio (10–1000). A little layered sili-
cate (a few weight percent), well dispersed throughout
the polymer matrix, thus creates much more surface
area for polymer/filler interaction than conventional
composites do.
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In a natural extension of our ongoing research on the
preparation, characterization, and properties of biode-
gradable polylactide/OMLS nanocomposites,8–11 we
have applied this nanocomposite technology to PBS to
obtain materials with improved properties suitable for a
wide range of applications.

The main objective of this article is to report the
preparation, characterization, and mechanical proper-
ties of PBS/octadecyltrimethylammonium-modified
montmorillonite (qC18MMT) nanocomposites in de-
tail. The rheology of neat PBS and its corresponding
nanocomposites in a molten state is also described.

EXPERIMENTAL

Materials

PBS [glass-transition temperature (Tg) � �30°C and
melting temperature � 115°C] in this study was a
commercial product of Showa Denko (Tokyo, Japan)
with the designation Bionolle 1020. The high-molecu-
lar-weight PBS used in this study was prepared by a
coupling reaction of relatively low-molecular-weight
PBS (weight-average molecular weight � 50,000
g/mol) in the presence of hexamethylene diisocyanate
(OCN–C6H12–NCO) as a chain extender.12 PBS was
dried in an airflow oven at 50°C for 36 h before use.

The organically modified montmorillonite (MMT)
used in this study (qC18MMT) was supplied by Hojun
Yoko Co. (Tokyo, Japan). According to the supplier,
the original clay was MMT (cation-exchange capacity
� 90 meqiv/100 g, original thickness � 1 nm, and
length � 100–130 nm), which was modified with the
octadecyltrimethylammonium cation.

Preparation of the nanocomposites

The nanocomposites were prepared with a twin-screw
extruder (KZW15-30TGN, Technovel Corp., Tokyo, Ja-
pan) operated at 150°C. The PBS/qC18MMT master
batch was first prepared by the addition of the
qC18MMT powder from the window of the extruder
barrel to the PBS melts. The prepared master batch
and PBS pellets were dry-mixed via shaking in a bag.
The mixture was then melt-extruded with the same
twin-screw extruder operated at 150°C to yield nano-
composite strands. Henceforth, the product nanocom-
posite is abbreviated PBSCN. PBSCNs prepared with
three different concentrations of MMT (inorganic
part)—2.0, 3.6, and 5.4 wt %—were correspondingly
abbreviated PBSCN2.0, PBSCN3.6, and PBSCN5.4.
The strands were pelletized and dried in vacuo at 75°C
for 7 h before the samples for various characteriza-
tions were molded.

The molded samples were then annealed at 60°C for
1.5 h to crystallize isothermally before being subjected
to various characterizations (except for the melt rheo-

logy measurements). The contents of the inorganic
parts in each nanocomposite were measured by the
burning of the sample pellets at 950°C in a furnace.

Characterization methods and property
measurements

Gel permeation chromatography (GPC)

The molecular weights of the PBS matrix (before and
after nanocomposite preparation) were determined by
GPC, with a Jasco LC-2000 Plus system (Jasco Inter-
national Co., Ltd., Tokyo, Japan) and a Shodex K-804L
column, with polystyrene standards for calibration
and chloroform as a carrier solvent at 40°C at a flow
rate of 1 mL/min. In the case of nanocomposite sam-
ples, the inorganic silicate particles were removed by
means of filtration with a special type of filter before
being subjected to GPC measurements.

X-ray diffraction (XRD)

The XRD patterns of pure qC18MMT powder and
PBSCNs were recorded on a Maxlabo X-ray diffrac-
tometer (Tokyo, Japan). The beam was Cu K� radia-
tion (� � 0.154 nm) operated at 40 kV and 20 mA. Data
were obtained from 2� � 1–10° at a scanning speed of
0.12°/min. The basal spacing of the qC18MMT before
and after intercalation was estimated from the posi-
tion of the d001 peak in the XRD pattern.

Transmission electron microscopy (TEM)

The dispersibility of the intercalated MMT layers in
the PBS matrix was examined by TEM (H-7100 instru-
ment, Hitachi, Tokyo, Japan) at an accelerating voltage
of 100 kV. The TEM specimens were approximately
100 nm thick. They were prepared by the ultramic-
rotoming of the PBSCNs with a diamond knife.

Dynamic mechanical analysis (DMA)

The dynamic mechanical properties of neat PBS and
various PBSCNs were measured with a Rheometrics
RDAII (Rheometrics Scientific, Piscataway, NJ, USA)
dynamic analyzer in the tension–torsion mode. The
temperature dependence of the dynamic storage mod-
ulus (G�), loss modulus (G�), and their ratio (tan �) was
measured at a constant frequency (�) of 6.28 rad/s, at
a strain amplitude of 0.05%, and in the temperature
range of �50 to 110°C at a heating rate of 2°C/min.
The linear viscoelastic zone was assessed by the per-
formance of strain sweep tests at � � 6.28 rad/s. The
size of the test samples was 12 � 29 � 0.7 mm3.
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Tensile properties

Dried PBS and various PBSCN pellets were injection-
molded with a minimixer as an injector (CS-183MMX,
CSI) operated at 150°C without control of the mold
temperature. The tensile properties of the injection-
molded samples (crystallized at 60°C for 1.5 h) were
measured with an Instron 4505 instrument at room
temperature. The distance of the chuck was 20 mm,
and the crosshead speed was 5 mm/min.

Oxygen (O2) gas permeability

The O2 gas transmission rates of neat PBS and various
PBSCNs were measured at 20°C and 90% relative
humidity by the ASTM D 1434 differential pressure
method (GTR-30XAU, Yanaco Co., Kyoto, Japan). The
test samples were prepared by compression molding
(thickness � 300 �m).

Melt rheology

Melt rheology measurements were conducted on the
RDAII instrument with a torque transducer capable of
measurements over the range of 0.2–200 g cm. Dy-
namic oscillatory-shear measurements were per-
formed by the application of a time-dependent strain
of �(t) � �0 sin(�t) (where �0 is the initial strain and t
is the time), and the resultant shear stress was �(t)
� �0[G� sin(�t) � G� cos(�t)]. The measurements were
conducted with a set of 25-mm-diameter parallel
plates with a sample thickness of �1.5 mm and in the
temperature range of 120–150°C. The strain amplitude
was fixed at 5% to obtain reasonable signal intensities
even at elevated temperatures or at low � values to
avoid the nonlinear response. For each nanocomposite
investigated, the limits of the linear viscoelasticity
were determined by the performance of strain sweeps
at a series of fixed � values. The master curves were
generated with the principle of time–temperature su-
perposition and shifted to a common reference tem-
perature (Tref) of 120°C, which was chosen as the most

representative of a typical processing temperature of
PBS.

Steady-shear viscosity measurements were con-
ducted at 120°C with 25-mm-diameter cone-and-plate
geometry with a cone angle of 0.1 rad. The steady-
shear viscosity data reported in this article were ob-
tained as a function of the shear rate and time at
different shear rates.

RESULTS AND DISCUSSION

GPC

The results of the GPC measurements are summarized
in Table I. The GPC data clearly indicate that there is
almost no degradation of the PBS matrix after nano-
composite preparation with qC18MMT.

Nanocomposite structure

The nanocomposite structure has typically been eluci-
dated with XRD patterns and TEM observations. XRD
patterns offer a convenient method for determining
the interlayer spacing of the silicate layers in the pure
organoclay and in the intercalated polymer/clay
nanocomposites. On the other hand, TEM observa-
tions allow a qualitative understanding of the internal
structure through direct visualization. XRD patterns
for the pure qC18MMT powder and representative
PBSCNs are presented in Figure 1. The mean inter-
layer spacing of the (001) plane [d(001)] for the
qC18MMT powder obtained by XRD measurements is
1.93 nm (2� � 4.56°). In the case of PBSCN2.0, a small
peak can be observed at 2� � 2.97°, corresponding to
the (001) plane of the dispersed silicate layers in the
PBS matrix. With increasing MMT content, this peak
becomes stronger and gradually shifts toward the
higher diffraction angle at 2� � 3.11° (�2.84 nm) for
PBSCN5.4. The difference in the interlayer spacing
between the pure qC18MMT powder and PBSCN2.0
to PBSCN5.4 after melt mixing is presumably due to
the intercalation of PBS chains into the silicate galler-
ies, and the coherent order of the silicate layers also
systematically increases with increasing MMT con-
tent. The existence of a sharp Bragg peak in the PB-
SCNs after melt extrusion clearly indicates that the
dispersed silicate layers retain an ordered structure
after melt extrusion.

The width of the XRD peak (	; measured by the full
width at half-maximum) is inversely proportional to
the coherence length of the scattering intensity (D) and
therefore reflects the coherent order of the silicate
layers:13

D 
 ��k	/�	 cos �	

TABLE I
GPC Results for Neat PBS and Corresponding

Nanocomposites

Samples
Mw � 10�3

(g/mol)a Mw/Mn
b

PBS 101 2.4
PBSCN2.0 107 2.4
PBSCN3.6 112 2.4
PBSCN5.4 109 2.4

a Weight-average molecular weight.
b Weight-average molecular weight/number-average mo-

lecular weight.
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where k is a constant and generally equal to 0.9, � is
0.154 nm, and � is the wide-angle XRD peak position.
This equation is known as the Scherrer equation, and
it is not fully applicable to intercalated nanocomposite
systems because these are not ideal crystallized lamel-
lae. However, we can get approximate data about the
stacking of the individual silicate layers by applying
the Scherrer equation.

Because the width and intensity of the basal spacing of
qC18MMT decrease sharply after nanocomposite prep-
aration with PBS, the coherence of the intercalated sili-
cate layers is much higher than that of the unintercalated
silicate layers. Thus, XRD analyses indicate that PBS melt
extrusion has a strong effect on the layer structure of

qC18MMT and significantly changes the coherence
length of the silicate crystallites.

The internal structure of the nanocomposites on a
nanometer scale has been directly observed via TEM
images. Figure 2(a–d) shows bright-field TEM images
of two different PBSCNs corresponding to the XRD
patterns shown in Figure 1; the dark entities are the
cross sections of intercalated qC18MMT layers [be-
cause the silicate layers are composed of heavier ele-
ments (Al, Si, and O) than the interlayer and sur-
rounding matrix (C, H, N, etc.), they appear darker in
bright-field images].14 The figure shows both a larger
view, showing the dispersion of the MMT within the
PBS matrix, and a higher magnification, permitting the
observation of discrete silicate layers. TEM images of
PBSCN2.0 [Fig. 2(a,b)] indicate that the silicate layers
are intercalated, stacked, and homogeneously distrib-
uted in the PBS matrix. On the other hand, in the case
of PBSCN5.4 with a higher MMT content [Fig. 2(c,d)],
random orientation of the silicate layers to the matrix
surface can be observed.

The form factors obtained from XRD patterns and
TEM observations, that is, the average length (LLS) and
thickness (dLS) of the dispersed intercalated MMT layers
and the correlation length (�LS) between them, are sum-
marized in Table II. Thus, XRD analyses and TEM ob-
servations clearly indicate that PBSCNs prepared with

Figure 1 XRD patterns of pure qC18MMT powder and
corresponding nanocomposites of PBS. The dashed line in-
dicates the location of the silicate (001) reflection of
qC18MMT, and the asterisks indicate the (001) peak of
qC18MMT dispersed in the PBS matrix.

Figure 2 Bright-field TEM images of PBSCNs: (a) PB-
SCN2.0 (40,000�), (b) PBSCN2.0 (100,000�), (c) PBSCN5.4
(40,000�), and (d) PBSCN5.4 (100,000�). The dark entities
are the cross sections of the intercalated silicate layers.
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qC18MMT lead to the formation of well-ordered inter-
calated nanocomposites with stacked and flocculated
structures, and the coherence order of the silicate layers
gradually increases with increasing MMT content.

Nanocomposite properties

DMA

DMA was used to track the temperature dependence of
G�, G�, and tan � of neat PBS upon nanocomposite for-
mation with qC18MMT. Figure 3 shows the temperature
dependence of G�, G�, and tan � of neat PBS and various
PBSCNs. For all PBSCNs, a significant enhancement of
G� has been observed in the investigated temperature
range in comparison with that of the neat matrix, indi-
cating that qC18MMT has a strong effect on the elastic
properties of neat PBS. Below Tg, there is also a strong
enhancement of G� for all PBSCNs.

On the other hand, above Tg, the enhancement of G�
is significant in the intercalated PBSCNs in compari-
son with that below Tg, indicating that a plastic re-
sponse to the deformation is prominent in the pres-
ence of qC18MMT when the material becomes soft.
However, the presence of qC18MMT particles does
not lead to a significant shift and broadening of the tan
� curves for the PBSCNs in comparison with that of
neat PBS. This behavior can be ascribed to the unre-
stricted segmental motions at the organic–inorganic
interface neighborhood of intercalated PBSCNs.

Tensile properties

Figure 4 presents the tensile properties of neat PBS
and various PBSCNs measured at 25°C. There is a
slight increase in the tensile modulus for PBSCN2.0 in
comparison with that of neat PBS, followed by a sig-
nificant increase with increasing MMT content and a
maximum of 69% for PBSCN5.4. On the other hand,

the tensile strength gradually decreases with increas-
ing MMT content.

O2 gas permeability

The layered silicates are believed to increase the gas
barrier properties of nanocomposites by creating a
maze or tortuous path that retards the progress of gas
molecules through the matrix resin.3,15 Figure 5 pre-
sents the O2 gas permeability for the neat PBS and
various PBSCN sheets. The barrier property of PBS is
not significantly improved after nanocomposite prep-
aration with qC18MMT. This may be due to the high
degree of crystallinity in the case of nanocomposites in
the presence of MMT in comparison with that of neat
PBS because in nanocomposites the clay particles act
as nucleators for crystallization.16

TABLE II
Form Factors of Nanocomposites Obtained from XRD

Patterns and TEM Observations

PBSCN2.0 PBSCN3.6 PBSCN5.4

XRD
d(001) (nm) 2.97 2.87 2.84

d(001) (nm)a 1.04 0.94 0.91
dLS (nm)b 11.35 11.51 11.53

TEM
LLS (nm) 355 � 21 738 � 60 781 � 14
�LS (nm) 81 � 13 72 � 27 68 � 11
LLS/dMMT �31.3 �64.1 �67.7

a Extent of intercalation: 
d(001) � dPBSCN � dOMLS.
b dLS � D (calculated on the basis of the Scherrer equation).13

dPBSCN is the d(001) spacing for nanocomposites. dOMLS is the
d(001) spacing for OMLS.

Figure 3 Temperature dependence of G�, G�, and tan � of
neat PBS and three different PBSCNs.
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Melt rheology

The measurement of the melt rheology properties of
polymer/layered-silicate nanocomposites is crucial to
gain a fundamental understanding of the processabil-
ity and structure–property relationship of these mate-
rials. Generally, the rheology of polymer melts de-
pends strongly on the temperature at which the mea-
surement is carried out. In the case of our polymer
samples, it was expected that, at the temperatures and
� values at which the rheological measurements were
carried out, characteristic homopolymer-like terminal
flow behavior would be exhibited [expressed by the
power laws G�(�) � �2 and G�(�) � �].

The master curves for G�(�) and G�(�) of neat PBS
and various PBSCNs with silicate loadings of different
weight percentages are presented in Figure 6. At high
� values (aT�  5, where aT is the temperature-depen-
dent frequency shift factor), the viscoelastic behavior
of all the PBSCNs is the same, with the exception of
only a systematic increase in the modulus value with
increasing silicate content. On the other hand, at low �
values (aT� � 5), both moduli exhibit a weak � de-
pendence with increasing MMT content, and this

means that there are gradual changes in the behavior
from liquidlike [G�(�) � �2 and G�(�) � �)] to solidlike
with increasing MMT content.

The terminal-region slopes of the master curves for
G�(�) and G�(�) are presented in Table III. The slopes
of G�(�) and G�(�) in the terminal region of the master
curves of the PBS matrix are 1.8 and 1, respectively,
and these values are in the range expected for poly-
disperse polymers.17 On the other hand, the slopes of
G�(�) and G�(�) are considerably lower for all PBSCNs
in comparison with those of neat PBS with a similar
molecular weight and polydispersity. In fact, for PB-
SCNs with high MMT contents, G�(�) becomes nearly
independent at low aT� values and exceeds G�(�); this
is characteristic of materials exhibiting a pseudo-solid-
like behavior.

Figure 4 Tensile properties of neat PBS and various PB-
SCNs.

Figure 5 Oxygen gas permeability coefficient of various
PBSCNs as a function of the MMT content.

Figure 6 Reduced � dependence of G�(�) and G�(�) of neat
PBS and various PBSCNs. bT is the horizontal shift factor.

TABLE III
Terminal-Region Slopes of G�(�) and G�(�) Versus aT�

(<10 rad/s) for Neat PBS and PBSCNs

Sample

Slope

G�(�) G�(�)

PBS 1.8 1
PBSCN2.0 1.2 0.8
PBSCN3.6 0.3 0.4
PBSCN5.4 0.2 0.26
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Table II shows that the �LS values of PBSCNs are
smaller than LLS, suggesting the formation of a spa-
tially linked structure of the dispersed MMT particles
in the PBS matrix.17 According to this structure, the
individual stacked silicate layers are incapable of
freely rotating (only translational motion is available),
and hence the relaxation of the structure by the impo-
sition of a small � value is prevented almost com-
pletely with a high MMT content.17 This type of pre-
vented relaxation due to highly geometric constraints
or physical jamming of the stacked silicate layers leads
to the presence of pseudo-solid-like behavior, as ob-
served for PBSCN3.6 and PBSCN5.4. The formation of
this type of spatially linked structure in PBSCNs with
high MMT contents in the molten state is also con-
firmed by the lower slope values and the higher ab-
solute values of the dynamic moduli in the case of
PBSCNs.18

aT, used to generate master curves, is shown in
Figure 7. The dependence of aT on the MMT loading
suggests that the temperature-dependent relaxation
processes of the PBS melt observed in the viscoelastic
measurements are affected by the presence of silicate
layers, and the deviation is significant with high MMT
contents. This behavior is different from that so far
reported in a study on polymer/OMLS nanocompos-
ites, which showed the complete independence of aT

of the OMLS loading, indicating that the temperature-
dependent relaxations observed in the case of neat
polymers under viscoelastic measurements are unaf-
fected in the presence of silicate layers.19,20 This be-
havior may be due to the strong interaction between
the PBS matrix and OMLS by the formation of hydro-
gen bonds, as discussed previously.17

Figure 8 presents the MMT content dependence (wt
%) of the flow activation energy (Ea) of neat PBS and
various PBSCNs obtained from an Arrhenius fit of the
master curves. Ea systematically increases with in-
creasing MMT content in the case of PBSCNs. This

observation indicates that with high MMT contents, it
is very difficult for the materials to flow. This behavior
is also ascribed to the formation of a spatially linked
structure in PBSCNs with high MMT contents in the
molten state.

The dynamic complex viscosity [��*�(�)] master
curves for the neat PBS and various PBSCNs, based on
linear dynamic oscillatory-shear measurements, are
presented in Figure 9. In a low aT� region (�10 rad/s),
neat PBS exhibits almost Newtonian behavior,
whereas all PBSCNs show a very strong shear-thin-
ning tendency. On the other hand, the weight-average
molecular weights and polydispersity indices of neat
PBS and PBSCNs are almost the same, so the high
viscosity of PBSCNs can be explained by the flow
restrictions of polymer chains in the molten state due
to the presence of MMT particles.

The time-dependent viscosity of neat PBS and a
series of intercalated PBSCNs is shown in Figure 10.
The shear viscosity of PBSCNs is enhanced consider-
ably at all shear rates with time, and at a fixed shear
rate, it increases monotonically with increasing MMT

Figure 7 aT of neat PBS and various PBSCNs as a function
of temperature (T). Figure 8 Ea as a function of the MMT content.

Figure 9 Reduced � dependence of ��*�(�) of neat PBS and
various PBSCNs.
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loading. On the other hand, all intercalated PBSCNs
exhibit strong rheopexy behavior, and this behavior
becomes prominent at a low shear rate (0.001 s�1),
whereas neat PBS exhibits a time-independent viscos-
ity at all shear rates. With increasing shear rates, the
shear viscosity attains a plateau after a certain time,
and the time required to attain this plateau decreases
with increasing shear rates. A possible reason for this
kind of behavior may be the planar alignment of the
clay platelets toward the flow direction under shear.

When the shear rate is very slow (0.001 s�1), MMT
particles take longer time to attain complete planar
alignment along the flow direction, and this measure-
ment time (1000 s) is too short to attain such an align-
ment. For this reason, PBSCNs show strong rheopexy
behavior. On the other hand, under slightly higher
shear rates (0.005 or 0.01 s�1), this measurement time
is enough to attain such an alignment, and so PBSCNs
show time-independent shear viscosity after a certain
time.

Figure 11 shows the shear-rate dependence of the
viscosity of neat PBS and various PBSCNs measured
at 120°C. Although the neat PBS exhibits almost New-
tonian behavior at all shear rates, the PBSCNs exhibit
non-Newtonian behavior. All PBSCNs show a very
strong shear-thinning tendency at all measured shear
rates, and this is analogous to the results obtained in
the case of oscillatory-shear measurements (Fig. 9).
Additionally, at very high shear rates, the steady-
shear viscosities of PBSCNs are comparable to that of
neat PBS. These observations suggest that the silicate
layers are strongly aligned toward the flow direction,
and shear-thinning behavior at high shear rates is
dominated by that of the neat polymer.17

Like the other polymer/OMLS systems,19,20 the data
for the PBSCNs also exhibit a significant deviation
from the Cox–Merz relation,21 whereas neat PBS
nicely obeys the empirical Cox–Merz relation, which
requires that for �̇�� (where�̇ is the shear rate), the
viscoelastic data should obey the relationship �(�̇)
� ��*�(�) (where � is the viscosity). There are two
possible reasons for the deviation of the Cox–Merz
relation in the case of nanocomposites: first, this rule is
only applicable to homogeneous systems such as ho-
mopolymer melts, but nanocomposites are heteroge-
neous systems. For this reason, this relation is nicely
obeyed in the case of neat PBS. Second, the structure

Figure 10 � of neat PBS and various PBSCNs as a function
of time.

Figure 11 � of neat PBS and various PBSCNs as a function
of �̇ (s�1).
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formation is different when nanocomposites are sub-
jected to dynamic oscillatory-shear and steady-shear
measurements.

CONCLUSIONS

Polymer/layered-silicate nanocomposites with syn-
thetic biodegradable poly(butylene succinate) and or-
ganically modified MMT were prepared by a melt-
extrusion process in a twin-screw extruder. XRD pat-
terns and TEM observations established the formation
of intercalated nanocomposites. DMA exhibited a sig-
nificant increase in the modulus of the nanocompos-
ites at room temperature. The tensile properties of the
nanocomposites showed a relative increase in the
modulus with a simultaneous decline in the yield
strength. An improvement in the oxygen gas barrier
property of neat PBS was also noted in the nanocom-
posites. In rheological experiments in the molten state,
pseudo-solid-like behavior was observed for the nano-
composites containing 3.6 or 5.4 wt % MMT. This was
attributed to the network formation of the dispersed
MMT particles.
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