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This article reports the viscoelastic properties of poly[(butylene succinate)-co-adipate] (PBSA)
nanocomposites. The nanocomposites of PBSA with various loadings of organically modified clay
were prepared by melt-mixing in a batch-mixer. The solid and melt-state viscoelastic properties
of neat PBSA and various nanocomposites were studied in detail. The dynamic mechanical stud-
ies demonstrated an increase in the storage modulus of PBSA matrix with organoclay loading.
Melt-state rheological properties were found to be modified with organoclay loading changing from
liquid-like, to gel-like and then viscoelastic solid-like. Such changes in viscoelastic properties along
with the improvements in thermomechanical properties are expected to open opportunities for the
use of PBSA extending its applications from the classical field of packaging to new niches such as

tissue-engineering.
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1. INTRODUCTION

Poly[(butylene succinate)-co-adipate] (PBSA) is a
synthetic aliphatic polyester and is synthesized by the
polycondensation of butane-1,4-diol in the presence of
succinic and adipic acids with relatively low production
cost and satisfactory mechanical properties equivalent to
that of polyolefins.' PBSA, compared with poly(butylene
succinate), is more susceptible to biodegradation because
of its lower crystallinity and more flexible polymer
chains.’ Because of the ‘green’ feature, it has been pro-
posed as a degradable plastic for uses in service-ware,
grocery, waste-composting bags, mulch films, etc.* How-
ever, mechanical and other properties of PBSA, such as
softness, gas-barrier, and thermal stability of the neat
polymer are often not sufficient for wide-range of end-use
applications.

In recent years, a great effort has been made to develop
high-performance novel polymeric materials through the
benefit of nanotechnology. One of such niche areas is
polymer nanocomposite (PNC) technology.”"> By defini-
tion, PNCs are really nanofilled plastics, where the total
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interfacial area becomes the critical characteristic rather
than simply the relative volume fraction of constituents.
However, the use of the term PNCs invokes parallels to the
traditional fiber-reinforced composite technology and the
ability to spatially ‘engineer, design, and tailor’ materials
performance for a given application.!¢ Recently, PNC tech-
nology not only expands the performance space of tradi-
tional filled polymers, but also introduces completely new
combinations of properties and thus enables new applica-
tions for plastics.'® 17

Of particular interest is the clay-containing PNC that
consists of a polymer and pristine or organically modified
clay which often exhibit concurrent improved properties
as compared to those of the pure polymer.'®?! In general,
it is believed that these concurrent property improvements
in polymer/clay nanocomposite come from the interfacial
interactions between the polymer matrix and the clay par-
ticles, as opposed to the conventional composites.?!

In our recent publications in this series,>>> we have
reported on the preparation, characterization, and mechan-
ical and material properties of various types of PBSA
nanocomposites prepared with different types of organi-
cally modified clays. In all cases the intrinsic properties of
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the neat PBSA are concurrently improved after nanocom-
posites formation. In this article, we report details of
the solid- and melt-state viscoelastic properties of PBSA
nanocomposites because the measurement of viscoelas-
tic properties of polymeric materials is crucial to gain a
fundamental understanding of the structure-property rela-
tionship and also the nature of processability for these
materials. Aside from these on the basis of viscoelastic
behavior under molten state we can easily find out the
strength of PBSA/organoclay interactions in the case of
nanocomposites.

2. EXPERIMENTAL DETAILS

PBSA used in this study is a commercial product
from Showa High Polymer (Japan), with the designation
BIONOLLE #3001, which according to the supplier has a
weight average molecular weight, M,, = 190 kg/mol, spe-
cific gravity = 1.23 g/cm® (ASTMD729), and melt flow
index (MFI) = 1.8 gm/10 min (190 °C, ASTM1238). The
molar ratio of succinate unit to the adipate unit is ~4:1
and the content of the coupling agent (hexamethylene
diisocyanate) unit is ~0.5 mol.%. Organoclay used in
this study was Cloisite® 30B (C30B), purchased from the
Southern Clay Products, USA. According to the supplier,
the pristine MMT is modified with 30 wt.% of methyl tal-
low bis(2-hydroxylethyl) quaternary ammonium salt. The
reason for choosing C30B as an OMMT in this study is
that it has the closest value of the polar solubility parame-
ter of the surfactant (21.5 J'/2.cm~%?) with that of PBSA
(23.8 J/2.¢cm=3/2).2 Prior to melt blending, the polymer
was dried under vacuum at 60 °C for 48 h and C30B at
75 °C for 4 h.

Since PBSA is a semicrystalline polymer having the
highest melting peak temperature at around 95 °C, the
selected processing temperature was 125 °C. Nanocompos-
ites of PBSA with various C30B loading were prepared via
melt-mixing technique. PBSA was first melted in a Polylab
Thermohaake-batch mixer at 125 °C (set temperature) for
1.5 min with a rotor speed of 60 rpm. C30B powder was
then added for 1 min and blended for 6.5 min. The dried
nanocomposite strands were converted into sheets with a
thickness of 0.4—1.5 mm by pressing with 2 torr pressure
at 125 °C for 2 min using the Craver Laboratory Press.
The PBSA nanocomposites with various wt.% of C30B
such as 3, 4, 5, and 6, were correspondingly abbreviated
as PBSACN3, PBSACN4, PBSACNS, and PBSACNG.

The degree of dispersion of silicate layers in the PBSA
matrix was evaluated by STEM. For the STEM studies,
~75 nm thick compression molded nanocomposite lamel-
lae were prepared using a Focused Ion Beam FEI Helios
Nanolab SEM (FIB-SEM) (Gallium ion source and beam
current was 0.92 mA), operated at 30 kV. To avoid dam-
age, the sample surface was first covered with a platinum
deposition. Details regarding lamella preparation by FIB-
SEM can be found elsewhere.?* Bright-field STEM images

2

of various nanocomposite samples were taken in a FEI
Helios Nanolab SEM using STEM-II detector.

The flow behavior of neat PBSA and various nanocom-
posites in both melt and solid states were studied by
an Anton-Paar stress—strain controlled rheometer model
MCR-501 with parallel plate (PP-25) configuration and
solid rectangular fixture (SRF), respectively. To do the
dynamic oscillatory measurements one should first deter-
mine the amplitude of oscillation in the linear viscoelastic
(LVE) region where any structural change is supposed to
be reversible. Hence, the strain amplitude sweep experi-
ments of all samples were performed at 125 °C with a
constant angular frequency (w) = 6.28 rad/s in the varying
strain window 0.01-100%. The frequency sweep experi-
ments were carried out at the same temperature with a
strain amplitude of 0.1% in the frequency range 100—
0.01 rad/s. For time sweep experiments, the samples were
investigated for 1200 s at a constant temperature of 125 °C,
strain = 0.1% and w = 6.28 rad/s.

3. RESULTS AND DISCUSSION

The state of dispersion of silicate layers within PBSA
matrix was analysed by STEM technique. Several zones of
the composites were observed by electron microscopy and
the provided micrographs were selected to faithfully rep-
resent the overall state of dispersion distribution. Figure 1
shows the bright-field STEM images of various PBSACNs
in which black entities represent the dispersed clay lay-
ers. The STEM image of PBSACN3 shows that as a
whole the clay particles are dispersed nicely in the PBSA
matrix and the inter-particle distance is much higher than
the other nanocomposites. Still there is some overlapping
of neighboring particles, which increases the stacking of
the clay layers. In the case of PBSACN4, the dispersion
characteristics are almost the same as PBSACN3; how-
ever, only the probability of finding neighbors increases.
According to the STEM, PBSACNS5 has a flocculated
structure. Further increase in C30B loading results the for-
mation of stacked-intercalated structure like in the case
of PBSACNG. Therefore, the structure of nanocomposites
is changing especially from PBSACN4 to PBSACNS and
then in PBSACNG6. With increase in C30B loading, clay
stacking increases, the flexibility of the samples decreases
and they start to behave like solid materials. This type
of structural changes will be confirmed by melt-state vis-
coelastic property measurements.

Dynamic mechanical analyses provide the thermome-
chanical material response under a periodic stress with
variation of time, temperature or frequency of oscillations.
The current study focuses on the variation of the G’ and
tan 6 as a function of temperature. The results in terms of
G’ and tan 6 are presented in Figure 2. At low temperature,
PBSA matrix and the corresponding nanocomposites do
show a high modulus of order of GPa. PBSA has a low-
temperature modulus of about 1.45 GPa. Such a modulus
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Figure 1. The high-annular-angle-bight-field scanning transmission electron microscopy images of four different model nanocomposite systems,
in which bleck entities represent the dispersed clay layers: (a) PBSACN3, (b) PBSACN4, (c) PBSACNS, and (d) PBSACN6. The PBSA nanocomposites
with various wt.% of C30B such as 3, 4, 5, 6, were correspondingly abbreviated as PBSACN3, PBSACN4, PBSACNS, and PBSACNG.

increases systematically with increase in C30B loading.
At low temperature both PBSA matrix and the PBSACNs
are in glassy state. PBSA is characterized by an apparent
glass transition temperature (7,) of about —43 °C that was
revealed by a steep decrease in G’ followed by a rubbery
plateau. The matrix 7, was not affected significantly by
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Figure 2. Temperature dependence of storage modulus and tan & of neat
PBSA and various nanocomposites. The PBSA nanocomposites with var-
ious wt.% of C30B such as 3, 4, 5, 6, were correspondingly abbreviated
asPBSACN3, PBSACN4, PBSACNS, and PBSACNG.
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C30B incorporation indicating that the relative increase in
G’ is not due to any modification in T, but it is rather
related to the degree of dispersion of silicate layers within
the PBSA matrix.

Over the entire measuring temperature range, G’ of all
PBSACNS is always higher than that of the neat PBSA
and systematically increases with increase in C30B load-
ing and this improvement was significant in the case of
PBSACN3 as compared to other nanocomposites. This
behavior may be due to the high degree of intercalation of
polymer chains into the silicate layers of C30B as observed
in STEM image, which leads to the large surface area
for the interactions between clay and the polymer matrix.
Polymer chains inside the silicate galleries are immobi-
lized and the effect of immobilization on the polymers
chains may be the main responsible factor for this substan-
tial increase in G’. With increase in C30B loading, clay
stacking increases, the flexibility of the samples decreases
and they start to behave like solid materials. At room tem-
perature (30 °C), the extent of increase in G’ of PBSACNG6
is 160% compared to that of neat PBSA.

The melt-state viscoelastic behaviors of nanocomposites
are strongly influenced by their nanostructure and the inter-
facial characteristics. To find out this reversible region,
the strain amplitude sweep experiments were performed at
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Figure 3. The strain amplitude sweep experiments of neat polymer and
various nanocomposite samples at 125 °C with a constant angular fre-
quency, w = 6.28 rad/s. The PBSA nanocomposites with various wt.% of
C30B such as 3, 4, 5, 6, were correspondingly abbreviated as PBSACN3,
PBSACN4, PBSACNS, and PBSACNG.

125 °C with a constant angular frequency, w = 6.28 rad/s
in the varying strain of 0.01-100%. The temperature was
selected in such a way that there is no degradation of
PBSA matrix and the samples are in an isotropic phase.
Therefore, any structural change in this state is the result
of applied shearing force. As demonstrated in Figure 3
for all samples at low amplitude values in the so-called
linear viscoelastic (LVE) region, the G’ is showing con-
stant plateau value. At high amplitude values, this LVE
region systematically changes with increase in C30B load-
ing. This observation can be attributed to the presence of
more and more strain-sensitive rigid network-like struc-
tures that are more likely to break down at higher strain-
amplitude values, resulting in the narrowing of the region
of linear viscoelasticity and the significant increase in G’
in the case of PBSACNG6. Therefore, the strain chosen for
the other oscillatory tests is 0.1%, which makes it possible
to study the material behavior of all samples in the LVE
region.

Small amplitude oscillatory shear measurements were
conducted at a temperature of 125 °C and a strain of 0.1%.
The obtained dynamic moduli, G’ and G”, are presented
in Figure 4 for PBSA and for the corresponding nanocom-
posites. In the higher frequency region, all samples show
G’ > G”. After a certain frequency (~1 rad/s) PBSA,
PBSACN3 and PBSACN4 show G’ < G”. For PBSACNS
there is a frequency region where both moduli are over-
lapping and in the very low frequency region it is nearly
approaching a constant limiting value. Further increase in
C30B loading results enhance G’ more than G” in the
entire frequency range examined with constant limiting
value. From the steeply falling nature of G’ and G”, espe-
cially in the low frequency region, one can say that the neat
PBSA, PBSACN3 and PNSACN4 have an unlinked struc-
ture, where only mechanical interactions or entanglements
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Figure 4. The angular frequency dependence of storage modulus (G")
and loss modulus (G”) of neat polymer and various nanocomposite sam-
ples. Frequency sweep experiments were conducted at 125 °C with a
constant strain value of 0.1%. The PBSA nanocomposites with various
wt.% of C30B such as 3, 4, 5, 6, were correspondingly abbreviated as
PBSACN3, PBSACN4, PBSACNS, and PBSACNG.

are present. The cross-linking makes it impossible for the
polymer chains to glide along each other without destruc-
tion of their chemical network. Maximum deformation is
possible for widely meshed networks. For a closely packed
network system a minimum deformation is permissible
and hence in the very low frequency region it is expected
that the steeply falling nature of moduli should attain a
plateau value. Therefore, it can be confirmed that in the
case of PBSACNS the cross-linking, i.e., the formation of
a network between macromolecules that are fixed either
by chemical (primary valence bonds forming a chemical
network) bonds or by physical-chemical bonds (secondary
bonds forming a network of forces) starts. This cross-
linking increases with further increase in C30B loading
and as a result, G’ starts to dominate over G” in the whole
frequency range examined.
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Figure 5. The time dependence of storage modulus (G’) of neat poly-
mer and model nanocomposite samples. Time sweep experiments were
conducted at 125 °C with a constant strain and frequency value of 0.1%
and 6.28 rad/s, respectively. The PBSA nanocomposites with various
wt.% of C30B such as 3, 4, 5, 6, were correspondingly abbreviated as
PBSACN3, PBSACN4, PBSACNS, and PBSACNG6.

To understand the time-dependent behavior of neat
PBSA and four different nanocomposites at the experi-
mental temperature, the time sweep experiments were con-
ducted for 1200s at a constant temperature of 125 °C,
an applied strain = 0.1% and w = 6.28 rad/s. The results
are summarized in Figure 5. Results showed that the
structural strength of all samples remains constant in the
examined time interval at 125 °C. The dominant vis-
cous behavior of neat PBSA is getting suppressed up to
C30B loading of 4 wt.%. PBSACNS is showing almost
“at the gel point” behavior, suggesting that the material is
behaving near the borderline between liquid and solid. On
the other hand, PBSACNG is showing the gel character.
This change in properties of nanocomposites with different
C30B loadings indicates the formation of different types of
network structures of dispersed silicate layers in the PBSA
matrix.

4. CONCLUSIONS

Clay-containing nanocomposites of biodegradable PBSA
were prepared using melt-mixing and the morphology of
dispersed silicate layer was investigated using electron
microscopy. The electron microscopy results showed that
the amount of organoclay loading plays a vital role in con-
trolling the network structure of dispersed silicate layers
of nanocomposites and hence viscoelastic properties.
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