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Effect of Organoclay on the Morphology and
Properties of Poly(propylene)/Poly[(butylene
succinate)-co-adipate] Blends

Suprakas Sinha Ray,* Jayita Bandyopadhyay, Mosto Bousmina

The effect of organically modified clay on the morphology and properties of poly(propylene)
(PP) and poly[(butylene succinate)-co-adipate] (PBSA) blends is studied. Virgin and organoclay
modified blends were prepared by melt-mixing of PP, PBSA and organoclay in a batch-mixer at
190 °C. Scanning electron microscopy studies revealed a significant change in morphology of
PP/PBSA blend in the presence of organoclay. The state of dispersion of silicate layers in the
blend matrix was characterized by X-ray diffraction and transmission electron microscopic
observations. Dynamic mechanical analysis showed substantial improvement in flexural
storage modulus of organoclay-modified blends with

respect to the neat polymer matrices or unmodified blends.

Tensile properties of virgin blends also improved in the -
presence of organoclay. Thermal stability of virgin blends ~ _ <“°C

in air atmosphere dramatically improved after modifi- - jmw
cation with organoclay. The effect of organoclay on the - '_~’_1~’_f_,1;: -
melt-state liner viscoelastic properties of virgin blends was PRl N et m"VL
also studied. The non-isothermal crystallization behavior AT~ ¥

of homopolymers, virgin, and organoclay-modified blends

were studied by differential scanning calorimeter. The

effect of incorporation of organoclay on the cold crystal-

lization behavior of PP/PBSA blends is also reported.

Introduction packaging. Convenience and safety, low price and good

aesthetic qualities are the most important factors deter-
In the last two decades of the 20™ century one of the  mining rapid growth in the use of plastics for manufactur-
rapidly growing areas for the use of plastics was  ingof packing. Recently, out of the total plastic production,
41% is used in the packing industry of which 47% is used
for the packing of foodstuffs.? Due to its good cost to
properties ratio as well as versatility, the material most
often used is poly(propylene) (PP). PP is a thermoplastic
polyolefin, is mostly produced from fossil fuels, consumed
and discarded into the environment, ending up
as spontaneously undegradable wastes. PP generally
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PP degradable.! One of the most commonly used methods
is to make blends of PP with a highly abundant and
inexpensive naturally degradable polymer matrix.

In this respect, poly[(butylene succinate)-co-adipate]
(PBSA) is among the most promising polymers. PBSA is a
copolymer of poly(butylene succinate) (PBS) and shows a
variety of interesting physical properties including biode-
gradability.l®! It is synthesized by the polycondensation of
butane-1,4-diol in the presence of succinic and adipic acids
with a relatively low production cost and satisfactory
mechanical properties equivalent to that of PP.*! The
molecular structure of PBSA is presented in Figure 1. PBSA,
compared with PBS, is more susceptible to biodegradation
because of its lower crystallinity and more flexible
polymer chains.[®! With its excellent processability, it is
well suited to the field of textiles into melt blow,
multifilament, monofilament, flat, and split yarn, and
also in the field of plastics into injection molded products.
It is thus a promising polymer for various applications.

However, most chemically different polymers are
immiscible and their blending leads to materials with
weak interfacial adhesion and thus poor mechanical
performances. The conversion of the immiscible blend to
a useful polymeric product with the desired properties
requires some manipulations of the interface. One of the
classical routes to ensure adhesion between the phases is
the use of a third component, a compatibilizer, which is
miscible or at least compatible with both phases.[” Such a
compatibilizer may be a homopolymer,®*! or a block, graft
or star copolymer.*®*”) Incorporation of the compatibi-
lizer into the blend matrix can be done either by addition!®!
or by in situ generation in a reactive compatibilization
process.#! The compatibilization engenders the desired
blend morphology by controlling the interfacial properties
and thus the size of the dispersed droplets of the minor
phase, it stabilizes the morphology against coalescence
during the subsequent processing steps and furthermore
ensures adhesion between the phases in the solid state,
thus improving the mechanical properties. The result is a
blend with a finer and more stable morphology along with
enhanced interfacial performance. These ‘classical’ com-
patibilization strategies have been widely used to generate
a variety of industrial polymer blends with a wide range of
properties.[**]

Another recently explored compatibilization method for
the immiscible polymer blend is that of the use of
inorganic solid particles. In 1994, Tanaka et al[*®! first
reported that the structural evolution of immiscible

[-O-{(CH2)4-0}-{CO-(CH)2-CO- },-{ CO-(CH)4-CO-},-]

xty =1

Figure 1. Molecular structure of poly[(butylene succinate)-co-
adipate] (PBSA).
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polymer blends is affected by mobile glass particles,
which inhibit the coarsening process by pinning one or
more of the phases. Later, Ginzburg et al.?!) simulated the
effect of motion of hard particles on the phase separation
behavior of binary mixtures. According to them, the
preferential wetting between the particles and one of the
phases impedes the growth of the domains. They
postulated that the mechanism for the slowing down of
domain growth is due to the pinning effect of localized
particles. Recently, Lipatov et al.*?72*! have shown that the
incorporation of fumed silica into an immiscible polymer
mixture may increase the compatibility between the two
polymer matrices. They noted that in three components
system of S (inorganic solid particles) with polymers A and
B, the free energy of mixing (per unit volume) is given by:

where the subscripts identify the interacting pairs.
Thermodynamically the system is stable (i.e., AGy <0)
when the blend is immiscible with a positive value of AGap
than miscible with negative value of AGup (i.e., AGag >0
and AGas, AGgs<0). Thus, addition of S to A-B blend
stabilizes it, that is, it acts as a compatibilizer by adsorbing
A and/or B polymers on its surface. Evidently, the
stabilizing energy gain originates from the adsorption of
polymeric components on the solid surface. To play this
role the inorganic phase should have the largest possible
surface area per unit weight and be able to be dispersed
well within the two-phase matrix. This requirement is
nicely satisfied with clay such as montmorillonite (MMT)
because it has the specific surface area of about
So="700-800 m?-g~* and polymer chains can be inter-
calated into two dimensional silicate galleries.?®! Further-
more, clay platelets can bend, which provides an
additional parameter that affects the domain size of the
dispersed phase.

In recent years, several research groups have reported
that organically modified clay can act as a compatibilizer
for several types of immiscible polymer blends by
effectively reducing the domain size of the dispersed
particles.*’7*°! Most authors attribute this effect to the
clay acting as a physical barrier, which slows down
coalescence of the dispersed phases by increasing the
viscosity.[?>*Y In this article we present experimental
results of the incorporation of high aspect ratio organi-
cally modified montmorillonite (OMMT) in immiscible
poly(propylene) (PP)/poly[(butylene succinate)-co-adipate]
(PBSA) blends. First, the PP/PBSA blend was studied where
intercalated layered silicate particles were preferentially
located in the PBSA phase. Second, the PP grafted with
maleic anhydride (PP-g-MA)/PBSA blends were studied
where silicates layers were intercalated by both PP-g-MA
and PBSA polymer chains. The effect of the concentration
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of maleic anhydride grafting on blend morphology was
also studied. The weight ratio of PP or PP-g-MA and PBSA is
80/20 and the OMMT concentration was fixed to 5 wt.-% to
potentially minimize the effect of viscosity ratio on
particles size. The morphology and properties of virgin
and OMMT-modified blends were extensively investigated
by scanning electron microscopy (SEM), X-ray diffraction
(XRD) analysis, transmission electron microscopy (TEM),
differential scanning calorimetry (DSC), dynamic mecha-
nical analysis (DMA), mechanical testing in traction mode
and thermogravimetric analysis (TGA). The melt rheolo-
gical behaviors of unmodified and OMMT-modified blends
are also described. On the basis of these results, a general
understanding is described and an explanation given as to
how organoclay platelets affect the morphology and
properties of immiscible polymer blends.

Experimental Part

Materials

Clays are naturally hydrophilic, with cations loosely bonded
between the sheets of oxygen and silicon.*! Such layered silicates
are about 1 nm thick but they have a large active surface area
(700800 m?-g ') and a moderate surface charge. In their pristine
form, they are not compatible with most of the polymeric materials.
Therefore, the clay must be treated before its incorporation into the
polymeric matrix. Organically modified clays are generally made by
a cation exchange reaction between the intergalleries cations
(generally Na™ or K*) cations and an alkylammonium or phos-
phonium salt. Alkylammonium or alkylphosphonium cations in the
organosilicates lower the surface energy of the inorganic host and
improve the wetting characteristics of the polymer matrix, and
result in a larger interlayer spacing.

The organically modified clay used in this study was Cloisite™
20A (commercially abbreviated as C20A), supplied by the South-
ern Clay Products. According to the supplier the original clay
was Na"™-MMT and intercalated with 38 wt.-% of N,N-dimethyl
dihydrogenated tallow ammonium chloride (2M20DA) salt.5?
Tallow is a mixture of octadecyl, hexadecyl, and tetradecyl with
octadecyl being the major component (>60%).1%!

The PBSA used in this study was a commercial product from
Showa High Polymer Ltd., Japan, with the designation BIONOLLE #
3001 (M, =190 kg-mol '). The PP matrix used was a homo-
polymer Pro-fax PDC 1274 (M,, =250 kg-mol *). Two types
of PP-g-MA were used in this study: Polybond™ 3200 (M, =
335 kg-mol ™', MA content 0.2 wt-%) and Polybond®™ 3150
(M, =330 kg-mol %, MA content: 0.5 wt.-%) from Crompton Co.
The neat PP, PP with 0.2 wt.-% MA grafting, and PP with 0.5 wt.-% of
MA grafting are correspondingly abbreviated as PPa, PPb, and PPc. All
polymers were dried under vacuum at 75 °C for 36 h prior to use.

Blending

Blends of PP or PP-g-MA and PBSA with one weight composition
were prepared under the same condition by first melting the
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polymers and then mixing of C20A for 10 min in Thermohaake
twin-rotors mixer (Polylab system) at 190°C (set temperature),
and a rotor speed of 60 rpm. The blends were then compression
molded using a Carver laboratory press at 190 °C for 10 min into
sheets of 1.5 mm thick and then cooled at room temperature. The
thermochemical history of all samples was identical. The weight
ratio of PP or PP-g-MA and PBSA was 80/20. The C20A
concentration was 5 wt.-% for each 80/20 PP/PBSA or PP-g-MA/
PBSA weight ratio.

Characterization

The morphology of unmodified and C20A modified blends was
investigated by means of SEM. The compression molded samples
were kept in liquid nitrogen for 3 h and brittle fractured in liquid
nitrogen. The fracture surface was then etched with chloroform
for 30 min at room temperature to dissolve the PBSA phase. The
etched surface was kept in vacuum for 12 h before coating it with
gold/palladium (50/50) alloy. The morphology was then examined
using the JEOL model JSM-820 SEM apparatus operated at an
accelerating voltage of 15 kV.

XRD experiments were conducted on a Siemens-500 diffracto-
meter in the transmission mode. The beam was Cu K, radiation
(A=0.154 nm) operated at 40 kV and 40 mA. The basal spacing
(doo1) of the C20A powder before and after intercalation, was
estimated from the position of the (001) peak in the XRD pattern.

Dispersability of the intercalated silicate layers in the two
phase polymer matrix was evaluated with a JEOL model JEM-1230
TEM, operated at an accelerating voltage of 80 kV. The TEM
specimens were about 50-70 nm thick and were prepared by
ultramicrotoming the nanocomposite samples encapsulated in an
epoxy matrix with a diamond knife.

Dynamic mechanical properties of homopolymers, unmodified
and organoclay-modified blends were measured by using a
Rheometrics Scientific Analyzer (RSA) in the dual cantilever
bending mode. The temperature dependence of storage flexural
modulus (E') of homopolymer, virgin and C20A-modified blends
was measured at a constant frequency (w) of 6.28 rad -s~* with a
strain amplitude of 0.02% and in the temperature range of —65 to
70°C with a heating rate of 2°C-min *. The linear viscoelastic
zone was assessed by performing a series of strain sweep tests ata
frequency of 6.28 rad -s .

Test specimens for the tensile measurements were prepared
from 1.5 mm thick plates according to the ASTM D-638. Tensile
modulus, tensile strength at yield, and elongation at break were
measured in a tensile Instron 88215 tester (load 5 kN) with a cross
head speed of 5 mm-min ' at room temperature. The data
presented here are averages of eight tests with a maximum error
of 9%.

The thermogravimetric analysis (TGA) was conducted on a TGA
Q500 TA Instrument at a heating rate of 10°C-min *
atmosphere, from room temperature to 600 °C.

Melt rheological measurements were performed on compres-
sion molded samples using a Paar-Physica Modular Compact
Rheometer (MCR 501) at 190 °C in a nitrogen atmosphere to avoid
any degradation of polymer matrices during measurements.
Dynamic oscillatory shear measurements were performed by
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applying a time dependent strain of:

¥(t) = yo sin(wt) (2)
with the resultant shear stress being,

o(t) =[G sin(wt) + G” cos(wt)] (3)

with G’ and G” being the storage and loss modulus, respectively.
Measurements were conducted by using a set of 25 mm diameter
parallel plates with a sample thickness of 1-1.2 mm at 190°Cin a
nitrogen environment. The strain amplitude was fixed to 5% to
obtain reasonable signal intensities even at elevated temperature
or low » to avoid the nonlinear response. For each sample
investigated, the limits of linear viscoelasticity were determined
by performing strain sweeps at a series of fixed values of w.
Steady-shear viscosity measurements were conducted at 190 °C
using 25 mm diameter cone and plate geometry with a cone angle
of 0.1 rad.

Non-isothermal crystallization of various samples was per-
formed on a TA DSC model Q100 series instrument under constant
nitrogen flow. Samples were first heated to 200 °C at a heating rate
of 30°C-min %, held at that temperature for 5 min to eliminate
any previous thermal history, and then cooled to 0°C at constant
cooling rate of 10°C-min *. The organically modified blend
samples were weighed such that all of the samples had identical
polymer matrix content with respect to unmodified blend
samples. The sample weight was maintained at low levels
(4-5 mg) for all measurements in order to minimize any possible
thermal lag during the scans. Each reported result was an average
of four separate measurements. Temperature and heat of fusion
were calibrated with an indium standard, and the base line was
checked according to TA Instruments protocols.

Results and Discussion

Structure and Morphology of Homopolymer/C20A
Hybrids

On the basis of Equation (1), one can describe thermo-
dynamically that the compatibilization efficiency of a filler
‘S’ directly depends on the degree of its interaction with
both polymer matrices. However, due to the intercalation
chemistry, the compatibilization activity of clay is
different from the common compatibilizer or other
inorganic nanoparticles. Recently, Sinha Ray et al.*®! have
demonstrated the true role of organically modified clay on
immiscible PP/polystyrene (PS) blends. TEM images at high
magnification revealed clear localization of intercalated
silicate layers at the interface between the phases.

Now to determine the degree of interaction of C20A
surface with each homopolymer matrix, 5 wt.-% of C20A
was mixed with 95wt.-% of PBSA, PPa, PPb, and PPc
individually. Generally, the degree of interaction of clay
surface with polymer matrix determined by the extent of
intercalation of polymer chains into the two dimensional
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I Figure 2. XRD patterns of pure C20A powder and various homo-
location of the silicate (oo1) reflection of pure C20A powder.

silicate galleries of clay. Direct evidence of the intercala-
tion of the polymer chain into the silicate galleries is
provided by XRD patterns in the range of 20=1-10"
Figure 2 represents the XRD patterns of pure C20A powder
and various homopolymer based composites.

The characteristic mean interlayer spacing of the (001)
plane (dgon) for the C20A solid is 2.48 nm. In the case of
PBSA/C20A hybrid, the intensity of the characteristic peak
of C20A is significantly reduced due to the dilution effect
and shifted to the smaller angle due to the intercalation of
PBSA chains into the silicate galleries (see Figure 2). This
corresponds to an interlamellar do1)-spacing of 3.68 nm.
For the PPa/C20A hybrid such a distance is 2.58 nm. This
result is obvious because the PPa matrix has a very low
degree of interaction with C20A surfaces. In the XRD
pattern of the PPb/C20A nanocomposite, the characteristic
peak of C20A has almost disappeared with a small
shoulder peak appearing at 20=2.3° suggesting the
formation of highly disordered intercalated nanocompo-
sites. Finally, for the PPc/C20A hybrid, the characteristic
peak of C20A has completely disappeared, indicating the
formation of either exfoliated or highly disordered
intercalated structure.

To support XRD results, TEM observations were used to
directly and qualitatively visualize the state of silicate
layer dispersion/exfoliation in various homopolymer
matrices. Typical TEM bright field images of the nano-
composites are presented in Figure 3a—d. Figure 3ais a TEM
bright filed image of PBSA/C20A nanocomposite. Stacked
and intercalated silicate layers are clearly observed in the
TEM image of the PBSA/C20A nanocomposite. Large
agglomerates of the silicate layers are clearly seen in
the case of the PPa/C20A hybrid, indicating very low level
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208

200 nm

500 mm

Figure 3. TEM bright field images: (a) PBSA/5C20A, (b) PPa/5C20A, (c) PPb/5C20A and (d) PPc/
5C20A nanocomposites. The dark entities are the cross section of intercalated organoclay

layers and the bright areas are the matrices.

of intercalation of PPa chains into the silicate galleries. This
is consistent with the XRD pattern observed in the case of
the PPa/C20A hybrid as shown in Figure 2. In the case of
the PPb/C20A nanocomposite highly disorder intercalated
silicate layers are dispersed in the PPb matrix. Although
XRD patterns are featureless, few stacked and intercalated
silicate layers are clearly observable in the PPc-based
nanocomposite, Figure 3d. This indicates that intercalated
silicate layers are disorderly oriented into the PPc-matrix.
On the basis of these XRD results and TEM observations,
we can divide our blends into two categories. First, the PPa/
PBSA blend where clay polymer interaction is more
favorable in the case of PBSA than PPa and the intercalated
silicate layers are therefore expected to be dispersed
mainly in the PBSA phase. Secondly, in the PPb/PBSA or
PPc/PBSA blends, both polymer matrices have some degree
of favorable interactions with the clay surface, and hence
no preferential dispersion of silicate layers is expected.

Morphology and XRD-Patterns of Various Blends

Taking into consideration the different degrees of inter-
action of C20A surfaces with PBSA, PPa, PPb, and
PPc-matrices, the aim of this work is to find out whether
C20A incorporation can change the morphology of PP/
PBSA blends. Phase morphologies of various virgin and
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C20A modified PP/PBSA blends are
presented in Figure 4, where a
comparison is made from the chemi-
cally etched freeze-fractured surface
of annealed (at 60°C for 7 h under
vacuum) compression-molded sam-
ples. The SEM typical morphology of
the virgin PPa/PBSA blend shown in
Figure 4a clearly demonstrates a
two-phase morphology, where hollow
domains indicate the extracted PBSA
phase. This result indicates the expec-
ted immiscibility of the components.
Micrograph Figure 4b represents the
SEM image of a fracture surface of PPb/
PBSA blend with the same weight ratio
as in Figure 4a, but here PP is grafted
with 02 wt-% of MA. It is very
interesting to note that the domain
size of the dispersed PBSA matrix was
significantly reduced in the presence
of 0.2 wt.-% of MA as compare to that
of the PPa/PBSA blend. The mixing of
PBSA with PPc, containing 0.5 wt.-% of
MA causes a further reduction in PBSA
domain size, Figure 4c. Therefore, it is
clear from the above results that the
MA does play a role of compatibilizer in reducing the domain
size of PBSA matrix in the PPb/PBSA and PPc/PBSA blends.

Figure 4a’ represents the morphology of the fractured
surface of the PPa/PBSA blend with the same weight ratio
as in Figure 4a but containing 5 wt.-% C20A. It is clear from
the images that the blend morphology significantly
changed after addition of C20A and leads to a typical
oriented co-continuous morphology. While the addition of
C20A either in PPb/PBSA or PPc/PBSA blends, the blends
morphology shows significant reduction in domain size
(see Figure 4b’ and c’) that means a high level of mixing
between two polymer matrices.

Two possible explanations might be proposed regarding
the transformation of domain-matrix structure to typical
oriented co-continuous morphology in the case of the PPa/
PBSA blend and the significant reduction in domain size in
the case of the PPb/PBSA and PPc/PBSA blends: (i) dis-
persion of intercalated layers in both phases due to the
common intercalation at the interphase, and (ii) clay
platelets change the rheological properties of the blend.
This second possibility will be discussed in a separate
section.

To investigate the dispersion of intercalated silicate
layers in the blend matrix, XRD analyses were carried out
for the pure C20A and C20A-modified PP/PBSA blends.
Figure 5a shows XRD patterns of the pure C20A powder
and C20A-modified PPa/PBSA blend. For a better under-
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BOPPa/20PBSA

.

S80PPc/20PBSA

Figure 4. Phase morphologies of chemically etched freeze-fractured surface of annealed (at
60°C for 7 h under vacuum) compression-molded samples of various virgin and C20A

modified PP/PBSA blends.

standing, XRD patterns of hybrids of PBSA and PPa with
5 wt.-% of C20A are also described in the figure. For the
PPa/C20A hybrid, the characteristic peak of C20A
(20=3.6°) shifts slightly to a lower angle (20=3.42°),
which indicates that very few PPa chains are intercalated
into the silicate galleries. In the case of PBSA/C20A
nanocomposite, the intensity of the characteristic peak
of C20A is significantly reduced and shifts to a much lower
angle (26=2.62°) indicating the high degree of intercala-
tion of PBSA chains into the silicate galleries. Finally, in the
case of the PPa/PBSA/C20A blend, a sharp peak appears
at 26=2.8°. It is very interesting to note that the intensity
of the characteristic peak of C20A is increased in the case of
the PPa/PBSA/C20A blend and the peak position is shifted
to a lower angle than the PPa/C20A composite, but moves
slightly to a higher angle than that of the PBSA/C20A
nanocomposite. This observation indicates that both PBSA
and PPa chains are intercalated into the same silicate
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galleries. During the melt-mixing
process, C20A powder was slowly
added into the blend. Since the PBSA
matrix has a higher degree of inter-
action, most of the silicate layers are
intercalated by the PBSA chains, but
few galleries are intercalated by the
PPa matrix. For this reason, in the
case of the PPa/PBSA/C20A blend
the XRD peak position significantly
shifts to the lower angle with respect
to the PPa/C20A hybrid. However,
this peak position is very close to the
PBSA/C20A nanocomposite.

The XRD patterns of pure C20A
powder and C20A-modified PPb/
PBSA blend are shown in Figure 5Sb.
For a better understanding of the
XRD patterns, the nanocomposites of
PBSA and PPb are also included in the
figure. In the XRD patterns of the PPb
nanocomposite, the characteristic
peak of C20A almost disappears with
a small shoulder peak at 26=2.3°
suggesting the formation of highly
disordered intercalated nanocompo-
sites. However, a sharp intercalated
peak appears at 20=2.7° in the XRD
pattern of the PPb/PBSA/C20A blend.
This is again due to the intercalation
of both polymer chains into the
silicate layers and this peak is mainly
coming from the PBSA intercalated
silicate layers. We will conform this
from TEM observations.

However, the most interesting
XRD pattern is observed in the case of the PPc/PBSA/
C20A blend (see Figure 5c), where a small shoulder peak
appears at a much lower angle (26 =2.4°) than that of the
PBSA/C20A nanocomposite. A possible explanation is that
because of very strong compatibility, the PPc/PBSA blend
behaves like a single matrix with a much higher average
degree of affinity to the C20A surface than the PPa/PBSA or
PPb/PBSA matrix. For this reason, the XRD peak position of
the blend is gradually shifted to the lower angle from PPa,
to PPb and finally, to PPc. This observation also suggests
that both PBSA and PPc chains are intercalated into the
same C20A silicate layers. Because of this common
intercalation, the domain size of the dispersed phase is
significantly reduced.

To gain more insight into the dispersion of intercalated
and exfoliated silicate layers in the blend matrix, TEM
analyses were carried out. Figure 6 is a bright field TEM
image of the PPa/PBSA blend that gives a general view of
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and (c) 80PPc/20PBSA/5C20A systems.

the dispersed PBSA domain in the PPa matrix. Figure 7a
and b respectively represent the low and high magnifica-
tion TEM images of the PPa/PBSA/C20A blend. The
micrographs reveal that the highly stacked and inter-
calated silicate layers are dispersed in the blend matrix and
it is very difficult to differentiate between two matrices. A
possible explanation for this observation is that the PBSA
matrix has a much higher degree of relative interactions
with the C20A surface than the PPa matrix, but both
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Figure 6. Bright field TEM image of 80PPa/20PBSA blend in which
black ellipsoids correspond to the dispersed PBSA domains.

matrices are intercalated into the C20A silicate galleries, as
can be seen in Figure 5a. In the XRD pattern of the PPa/
PBSA/C20A blend, the characteristic peak appears in
between the XRD peaks of PBSA/C20A and PPb/C20A
nanocomposites but much closer to the PBSA/C20A
nanocomposite peak. This indicates that C20A layers are
mostly intercalated by the PBSA chains and few silicate
layers are intercalated by the PPa polymer chains. For this
reason the TEM image of the PPa/PBSA/C20A blend shows
the presence of many stacked and intercalated silicate
layers. These highly stacked and intercalated silicate layers
are responsible for the sharp XRD peak. Because of this
preferential dispersion of highly intercalated silicate
layers, the viscosity of the PBSA matrix increases
significantly and leads to the formation of typical oriented
co-continuous structure. We will recall this explanation
later.

Figure 7b and b’ represent the TEM images of the PPb/
PBSA/C20A blend. The micrographs reveal the coexistence
of disorder intercalated clay platelets and a majority of
intercalated silicate layers are dispersed in the PPb/PBSA
blend matrix. Highly disordered and relatively exfoliated
along with very few stacked intercalated silicate layers are
coexisting in the PPc/PBSA/C20A blend nanocomposite as
can be seen in Figure 7c and c. Only the stacked
intercalated silicate layers are responsible for the weak
XRD reflection, as is observed in Figure 5c, whereas the
disordered or exfoliated silicate layers have no periodic
stacking and thus remain XRD silent.5**#) This type of
relatively exfoliated structure with few stacked and
intercalated silicate layers originates from the different
degree of affinity of PBSA and PPc matrices to the C20A
surface. Typically the PBSA intercalated silicate layers
create stacked intercalated structure, whereas the PPc/
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Figure 7. TEM bright field images of (a, a’) PPa/PBSA/C20A blend, (b, b’) PPb/PBSA/C20A blend,

and (c, c’) PPc/PBSA/C20A blend.

C20A leads to the formation of exfoliated structure. The
above observations suggest that the compatibility
between the organically modified clay surface and the
polymer matrix to a large extent, which plays a key role in
the dispersion of the silicate layers within the blend
matrix.

Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was used to measure
the response of the virgin blend upon addition of
organoclay to an oscillatory deformation in bending mode
as a function of temperature.[ss] Figure 8 represents
temperature dependence of the storage modulus (E') of
homopolymers, virgin and C20A-modified blends.
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Figure 8a shows the temperature
dependence of E' of PBSA, PPa, PPa/
PBSA and PPa/PBSA/C20A blends.
At low temperature the PBSA
matrix is in glassy state and it is
characterized by an apparent glass
transition (Tg) of about —42 °C that
is revealed by a steep decrease in E’
followed by a rubbery plateau. The
modulus of the PPa matrix is much
higher than that of the PBSA matrix
and it is characterized by an
apparent T, of about —3 °C that is
obtained by a sharp decrease in F’
with temperature. In the case of
the virgin PPa/PBSA blend, the
value of E' decreases with respect
to that of the PPa because of the
highly phase separated morpho-
logy of the virgin blend. On the
other hand, in the presence of
the C20A platelets the modulus of
the blend is significantly increased.
A similar trend is observed in other
blends (Figure 8b and c) with the
same composition and they are
prepared in a similar manner in a
batch-mixerat 190 °C. However, the
percentage of modulus improve-
ment systematically varies from
PPa/PBSA/C20A < PPb/PBSA/C20A <
PPc/PBSA/C20A blends correspond-
ing to their unmodified blends.
These results are consistent with
the dispersed domain sizes as pre-
sented in Figure 4. Therefore, these
results clearly indicate that organo-
clay simultaneously acts as a
compatibilizer and a nanofiller for immiscible polymer
blends.

Tensile Properties

To further confirm the dual role of organoclay in the case of
immiscible PP/PBSA blends, the mechanical properties of
unmodified- and C20A-modied blends were measured in
traction mode. The results are reported in Figure 9a—c for
the tensile modulus, tensile strength at yield and
elongation at break, respectively. The moduli of all blends
without C20A are decreased with respect to that of
corresponding PP matrices. Two reasons are responsible for
the decrease in modulus: firstly, the formation of phase
separated morphology that means it is not possible to
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Figure 8. Temperature dependence of storage flexural modulus of
various unmodified and C20A-modified PP/PBSA blends.

transfer 100% stress between two polymer matrices, and,
secondly, the very low value of modulus of PBSA matrix
itself. The ~200 MPa modulus value places PBSA in a very
different category (not reported in Figure 9), something
just beyond the stiff rubbers.*® Therefore, it is very
natural that addition of 20 wt.-% of PBSA matrix in PP
matrices decreases the modulus of the blend. However, the
addition of 5 wt.-% of C20A increases the modulus of
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Figure 9. Tensile properties of various unmodified and
C20A-modified PP/PBSA blends: (a) tensile modulus, (b) tensile
strength at yield and (c) elongation at break.

blends. The biggest increase in modulus is observed upon
the addition of C20A in the PPc/PBSA blend matrix. These
results are consistent with the micrographs and XRD
patterns as presented in Figure 4 and 5, respectively, which
show the formation of typical co-continuous structure in
the case of the PPa/PBSA/C20A blend and a high level of
compatibilization in the case of the PPb/PBSA/C20A and
PPc/PBSA/C20A blends, and the common intercalation of
both polymer matrices in the same silicate layers.

The tensile yield strength of various virgin and C20A-
modified blends is presented in Figure 9b. The tensile yield
strength of all PP matrices decreases after incorporation of
the PBSA matrix. Such a result is natural because of the
phase separated morphology and the extent of decrease is
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a maximum in the case of PPa/PBSA blend and a minimum
in the case of the PPc/PBSA blend. Again, the addition of
5 wt.-% of C20A further decreases the tensile yield strength
of the PPa/PBSA blend. However, in the case of PPb/PBSA
and PPc/PBSA blends, the addition of C20A slightly
increases the tensile yield strength with respect to the
corresponding virgin blends. Clearly, in the last two cases
the C20A platelets not only played the role of filler but also
that of an interfacial active agent that promotes the
maximum transfer of stress between two matrices.

Figure 9c represents the elongation at break of various
unmodified- and C20A-modified blends. All virgin blends
show significant improvement in elongation at break with
respect to that of the corresponding PP matrices. Such an
observation is very natural because PBSA matrix behaves
like an impact modifier (very low modulus, ~200 MPa). The
elongation at break of the PPa/PBSA blend decreases after
modification with 5 wt.-% of C20A, however, the elonga-
tion at break of the PPb/PBSA and PPc/PBSA blends further
increases upon incorporation of C20A. This result indicates
that C20A promotes the adhesion between PBSA and PPb
or PPc matrices.

The above results fully confirm the dual role (nanofiller
as well as compatibilizer) of organoclay in the case of
immiscible polymer blends when both polymer matrices
have some favorable interaction with organically modified
clay surfaces.

Thermogravimetric Analysis

It has been established that the incorporation of layered
silicate platelets into polymeric materials can improve
their thermal stabilities.®”~> In the case of polymer/clay
nanocomposites, the increase in the thermal stability can
be attributed to an ablative reassembling of the silicate
layers which may occur on the surface of the nanocompo-
sites creating a physical protective barrier on the surface of
the material and, on the other hand, volatilization might
also be delayed by the labyrinth effect of the silicate layers
dispersed in the nanocomposites.® But in the case of
polymer blend nanocomposites, the thermal stability also
relates to the final morphology of the blend.[**!

The thermal stability of homopolymers, virgin and
C20A-modified blends was measured by thermogravi-
metric analyzer (TGA) in air atmosphere. Sample weights
were in the region of 11+0.4 mg and placed into open
platinum pans. Typically, three consecutive runs were
conducted for each sample and averages are reported with
an uncertainty of £1.56 °C. Figure 10 shows the typical
TGA traces of weight loss as a function of temperature of
homopolymers measured in an air environment. It is clear
from the figure that PBSA homopolymer shows much
higher thermal stability than the PP matrices. This may be
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Figure 10. TGA thermograms of various homopolymers in air
environment.

due to the higher crystallinity of PBSA matrix compared to
that of PP matrices. Among PPa, PPb and PPc matrices, PPa
shows higher thermal stability and PPb shows the least
thermal stability, whereas the thermal stability of PPcis in
between PPa and PPb matrices. At this moment it is not
clear what mechanism causes the higher thermal stability
of PPc.

The TGA traces of virgin and C20A-modified blends are
presented in Figure 11. The data available from TGA traces
include: Ty s, the temperature at which 5% degradation
occurs, which is calculated from the intersection of the
tangent of the initial point and considered as the onset
temperature of degradation; Ty 5, the temperature at which
50% degradation occurs, which is another measure of
thermal stability; and, finally, the non-volatile fraction at
500°C, denoted as char formation. These data are
summarized in Table 1.

Figure 11a represents the typical TGA traces of weight
loss as a function of temperature of pure PPa, virgin and
C20A-modified PPa/PBSA blends. It is clear from the figure
that the thermal stability of PPa matrix significantly
decrease after blending with PBSA matrix, although PBSA
has much higher thermal stability than the PPa matrix. The
unstable highly phase separated morphology (see Figure 4)
is the main reason for reduced thermal stability of the
virgin blend. Upon addition of 5 wt.-% of C20A, the thermal
stability of the blend improves but is still lower than neat
PPa matrix. Therefore, the co-continuous structure and
stacked intercalated silicate layers does not lead to higher
thermal stability of blend. Above 400 °C, slower degrada-
tion of PPa/PBSA/C20A blend is not surprising since there
is only inorganic aluminosilicate left in the system at that
stage.
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(c) virgin and C20A-modified PPc/PBSA blends in air.

Macromol. Mater. Eng. 2007, 292, 729-747
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

_ Macromolecular
Materials and Engineering

virgin and C20A-modified PP/PBSA blends. Data are averages of

Table 1. TGA data, in air atmosphere, for various homopolymers,
three consecutive runs with an uncertainty of +1.56 °C.

To.05 Tos Char at 500°C

°C °C %
PBSA 345.5 392.2 3.1
PPa 271.1 332.2 1.0
PPb 267.8 310.0 0.3
PPc 265.5 323.3 1.0
PPa/PBSA 254.5 314.5 2.1
PPa/PBSA/C20A 2545 332.2 5.9
PPb/PBSA 275.5 355.6 0.3
PPb/PBSAC20A 300.0 375.6 4.5
PPc/PBSA 270.1 355.6 0.6
PPc/PBSA/C20A 294.5 380.1 3.8

On the other hand, the overall thermal stability of PPb/
PBSA and PPc/PBSA blends dramatically improves as
compared to those of corresponding PP matrices
(Figure 11b and c). This is due to the high level of
compatibility between PPb and PPc matrices with PBSA
matrix as observed in Figure 4. The thermal stability of
virgin blends further improves after modification with
C20A. The very fine stable morphology of dispersed phase
and the presence of homogeneously dispersed silicate
layers in the blend matrices may be the main reason for
the enhanced thermal stability of C20A-modified PPb/
PBSA and PPc/PBSA blends. Again, because of a high level
of compatibilization, the overall thermal stability of PPc/
PBSA/C20A blend is higher than that of PPb/PBSA/C20A
blend. These results are consistent with the final
morphology of the blends as observed in Figure 4.

The first derivative TGA (dTGA) curves of various
homopolymers and their unmodified and C20A-modified
blends are shown in Figure 12. The dTGA curves are chosen
for the presentation because they more clearly show the
difference in thermal stability and exact degradation
mechanism of all samples studied here. Figure 12a clearly
shows that among PPa, PPa/PBSA, and PPa/PBSA/C20A
samples, PPa has a higher thermal stability but PPa/PBSA/
C20A has the lowest flammability.[*® However, it is very
interesting to note that the PPa/PBSA sample shows a two
step degradation, while both PPa and PPa/PBSA/C20A
samples show only one step degradation. This result is
consistent with the temperature dependent weight loss of
PPa/PBSA sample, where a small deflection in curve is
observed at around 330 °C. This behavior may be due the
presence of highly phase separated morphology of PPa/
PBSA blend. The lower temperature peak may be related
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to the degradation of the PPa matrix and the higher
peak temperature may be due to the PBSA matrix.
However, the one step degradation of the PPa/PBSA/
C20A sample may be due to the formation of typical
co-continuous structure.
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Like PPa/PBSA blends, two step degradation is also
observed in the case of PPb/PBSA and PPc/PBSA blend
samples and it is established from Figure 12b and c that
the first step is related to the degradation of either PPb or
PPc matrix, and the second step is related to the
degradation of the PBSA matrix. However, in C20A-
modified blends both peak temperatures shift to the
much higher temperature range. This is due to the high
level of intercalation of both polymer chains into the
silicate galleries.

Melt Rheology

To examine the effect of the change in viscosity due to
C20A addition, steady shear viscosity measurements were
carried out for the virgin and C20A-modified blends. Here
PPa/PBSA and PPb/PBSA blends are considered as model
systems and rheological properties under molten state are
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—5— PBSA

—a— 80PPa/20PBSA ;
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Figure 13. Shear rate dependence of viscosity of (a) PPa, PBSA,
unmodified and C20A-modified PPa/PBSA blends and (b) PPb,
PBSA, unmodified and C20A-modified PPb/PBSA systems
measured at 190 °C in nitrogen.
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described in detail. Figure 13a shows the change of steady
shear viscosity of PBSA, PPa, virgin and C20A-modified
PPa/PBSA blends measured at 190°C in a nitrogen
environment. The steady shear viscosity of virgin blend
shows Newtonian behavior and the absolute value is
lower than that of neat PBSA and PPa matrices. Such a
result is obvious because of the highly phase separated
morphology of the PPa/PBSA blend (see Figure 4). In the
case of the PPb/PBSA blend, the viscosity of the virgin
blend slightly increases compared to neat PPb. This is due
to the much finer and stable morphology of the PPb/PBSA
blend (see Figure 4).

The addition of C20A induces a strong viscosity for the
PPa/PBSA blend at low shear rates; however, at high shear
rates the viscosity value is still lower than that of virgin
blend and pure polymer matrices. This behavior may be
due to the slipping effect of C20A platelets for the highly
phase separated PPa/PBSA system, where the PPa matrix
has almost no interaction with C20A surface. On the other
hand, C20A incorporation increases the viscosity of the
PPb/PBSA blend significantly at all measured shear rates.
This is due to the high level of mixing of both polymer
matrices in the presence of C20A platelets and the
homogeneous dispersion of highly intercalated silicate
layers in the blend matrix.

It is generally accepted that the co-continuous mor-
phology of a binary polymer blend can be formed within a
composition region near the phase inversion.!*”¢*"¢7! The
composition range is basically governed by the viscosity
ratio of two components. To date, various equations have
been used to predict the phase inversion composition. /664!
According to Paul and Barlow,®* the condition for phase
inversion is expressed by:

$1M2 = @21 (4)

where ¢; and n; are the volume fraction and the melt
viscosity of component 1.

In order to investigate the mechanism of the morpho-
logical change of virgin PPa/PBSA blend in the presence of
C20A, the viscosity corresponding to the conditions of
mixing was measured. During the mixing process of the
component in the batch mixer, the rotation speed was set
at 60 rpm. This corresponds to an average shear rate of
50 s 118 The viscosity of PBSA, PPa and their nanocom-
posites with 5 wt.-% C20A at this shear rate was calculated
on the basis of the equation described in ref.!®® and is
reported in Table 2. The viscosity of pure PBSA and PPa
matrices, and their nanocomposites with 5 wt.-% C20A
was also measured in the dynamic mode. The results are
shown in Figure 14. It is seen from Figure 13a and 14 and
Table 2 that the viscosity of the PBSA matrix is almost
comparable with the PPa matrix. With the addition of
5 wt.-% C20A in the PPa/PBSA blend system, the viscosity
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posites at a shear rate of 50 s, calculated from batch mixer

Table 2. Viscosity of the PBSA, PPa, and C20A-based nanocom-
torque data.

Sample Viscosity
Pa-s
PBSA 804.5
95PBSA/5C20A 1680.3
PPa 722.1
95PPa/5C20A 1350.6

ratio of the two phases is slightly decreased to about 0.8
(from 0.9). It is also to be noted that a dramatic shear
thinning behavior of PBSA/5C20A nanocomposite is
observed in the dynamic oscillatory measurement but
not in the case of PPa/5C20A nanocomposite (see
Figure 14). This may be due to the selective localization
of intercalated silicate layers in the PBSA matrix. Therefore,
we believe that the viscosity ratio is not solely responsible
for the dramatic change on PPa/PBSA phase morphology,
but some other factors are also responsible which
influence the phase morphology. At this moment it is
very difficult for us to predict the exact mechanism for
morphology change and details are under investigation.
The angular frequency (w) dependence of storage
modulus, G and loss modulus, G” of neat PPa, PBSA,
virgin and C20A-modified PPa/PBSA blend are presented in
Figure 15a and b, respectively. At all frequencies, both G
and G” for virgin PPa/PBSA blend decrease significantly
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T ST R T R R R
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5C20A nanocomposites measured at 190 °C in a nitrogen atmo-

I Figure 14. Dynamic complex viscosity of PPa/5C20A and PBSA/
sphere.
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modulus, G’ and the loss modulus, G” of various unmodified

IFigure 15. Reduced frequency dependence of the storage
and C20A-modified PPa/PBSA blends.

compared to those of the pure components. Such a result is
due to the presence of highly dispersed PBSA phase in the
PPa matrix. With the addition of 5 wt.-% of C20A in PPa/
PBSA blend, at the high frequency region the viscoelastic
response of the PPa/PBSA/C20A blend is almost identical to
that observed for neat PPa. However, at the low-w region,
both dynamic moduli exhibit weak frequency dependence
with C20A loading. This is due to the formation of
co-continuous structure in the presence of C20A. According
to this structure, the dispersed PBSA matrix and stacked-
intercalated silicate layers are incapable of freely rotat-
ing!®! and hence the relaxation of the structure by
imposing small frequency is partially prevented. This
type of prevented relaxation is due to the highly geometric
constraints of the co-continuous structure, which leads to
the presence of the pseudo-solid-like behavior observed in
the PPa/PBSA/C20A blend at low frequency regions. This
behavior probably corresponds to the shear-thinning
tendency, which strongly appears in the dynamic viscosity
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IFigure 16. Dynamic complex viscosity of unmodified and
atmosphere.

curve of the PPa/PBSA/C20A blend (see Figure 16). The PPa/
PBSA blend without clay also shows almost non-
Newtonian behavior at all frequency ranges but the
absolute value is lower than C20A-modified blend. This
may be attributed to the presence of highly dispersed PBSA
phase in the PPa matrix.

Figure 17a and b show the angular frequency depend-
ence of G and G” of neat PPb, PBSA, unmodified- and
C20A-modified PPb/PBSA blends. Unlike the PPa/PBSA
system, the PPb/PBSA blend shows improvement in both
G and G” with respect to that of the neat PPb at all
frequencies. This is due to the high level of miscibility
between PPb and PBSA matrices, which finally leads to the
formation of a very fine stable morphology. Upon addition
of 5 wt-% of C204A, both moduli of PPb/PBSA further
increase at all frequency ranges. In the high-o region,
the viscoelastic behavior of both unmodified- and C20A-
modified blends is quite the same, with only a small
increase in both moduli in the case of the C20A-modified
blend, indicating that the observed chain relaxation modes
are almost unaffected by the presence of the layered
silicate particles. However, in the low-o region both
dynamic moduli exhibit weak frequency dependence in
the case of the C20A-modified blend.

A reasonable explanation for this low-w viscoelastic
behavior of the PPb/PBSA/C20A blend is that the moderate
interactions of both polymer matrices with C20A surface
lead to the high degree of confinement of polymer chains
inside the silicate layers. As a result, anisotropic silicate
layers are fully dispersed in the PPb/PBSA matrix, as
observed in XRD patterns and TEM images (Figure 4 and 5).
Because of their highly anisotropic nature, disordered
intercalated silicate layers form a network-type structure
rendering the system highly elastic as revealed by the low
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Figure 17. Reduced frequency dependence of the storage
modulus, G' and the loss modulus, G"” of various unmodified
and C20A-modified PPb/PBSA blends measured at 190°C in a
nitrogen atmosphere.

frequency plateau. Such a plateau is similar to that
observed in rubber-toughened polymers,®>7% where
rubber particles form a percolating network that imparts
the blend with solid-like behavior. Such a behavior can also
be seen on the dynamic complex viscosity, shown in
Figure 18. Little effect of C20A addition is observed at high
frequencies, where the relaxation mechanism is mainly
dominated by that of the blend matrix, whereas at low
frequencies, the relaxation is that of particle-particle
interactions inside the percolating network of the silicate
layers.

Non-Isothermal and Cold Crystallization Behavior of
Virgin and C20A-Modified Blends

In previous sections, mechanical and various other pro-
perties of virgin- and C20A-modified blends are described
and it is found that the mechanical properties of virgin PP/
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IFigure 18. Dynamic complex viscosity of unmodified and
atmosphere.

PBSA blends concurrently improve in the presence of C20A
when both polymer matrices have strong interactions
with C20A surface. Now, in order to control the mechanical
properties of the compatibilized blends during processing,
it is essential to know the crystallization behavior of un-
modified blend in detail and also how it is affected in the
presence of clay particles. Usually researchers are inter-
ested in the polymer crystallization process under various
isothermal conditions because the theoretical analyses are
relatively easy and effects of the cooling rate and thermal
gradients within the specimens can be easily excluded.
However, the understanding of polymer crystallization
behavior under dynamic conditions is of great importance,
because most processing techniques actually occur under
non-isothermal conditions. Moreover, non-isothermal
crystallization can broaden and supplement the knowl-
edge of the crystallization behavior of polymers. The main
objective of this section is to report the effect of clay
particles on the non-isothermal crystallization behavior of
virgin PP/PBSA blend upon modification with C20A. Like
the previous section, here we also choose PPa/PBSA and
PPb/PBSA blends for our model systems because these
blends show completely different morphology in the
presence of C20A. In this section we will not discuss the
non-isothermal crystallization kinetics of virgin and
C20A-modified PP/PBSA blends because this is not the
main theme of this study and we will report these findings
separately.

To understand the non-isothermal crystallization beha-
vior, all samples were first heated to 200°C at a heating
rate of 30°C-min", held at that temperature for 5 min
to eliminate any previous thermal history, and then cooled
to —10°C at constant cooling rates of 10°C-min~*. The
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crystallization exotherms of homopolymers, virgin, and
C20A-modified blends for nonisothermal crystallization
from the melt at 10°C-min ' are presented in Figure 19.
The characteristic parameters of non-isothermal crystal-
lization exotherms of neat PPa, PPb, PBSA and various
unmodified and C20A-modified blends are summarized in
Table 3.

It can be seen from Table 3 and Figure 19a that for the
PPa sample with the addition of the PBSA matrix both
crystallization onset (T,n) and crystallization peak (Tp)
temperatures shift to the higher temperature region. The
higher T,, and T, of the PPa/PBSA blend matrix implies
that the nucleating role of dispersed PBSA phase is active.
With the incorporation of 5 wt.-% of C20A into PPa/PBSA
blend, both T, and T, of the blend matrix further shifts to
the higher temperature. This observation is quite common
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Figure 19. The crystallization exotherms of (a) neat PPa, PBSA,
unmodified and C20A-modified PPa/PBSA blends and (b) neat
PPb, PBSA, unmodified and C20A-modified PPb/PBSA blends for
non-isothermal crystallization from the melt (at 200 °C) to o °C at

a cooling rate of 10°C-min™".

Macromol. Mater. Eng. 2007, 292, 729-747
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

S. Sinha Ray, J. Bandyopadhyay, M. Bousmina

Table 3. The characteristic parameters of non-isothermal crystal-
lization exotherms of neat PPa, PPb, PBSA, various unmodified
and C20A-modified blends. Data are averages of three consecu-
tive runs with an uncertainty of +£0.97°C.

Sample Ton?  Tan? T, AHLY
oc oc oc J. g—l
PBSA 787 22,0 586 608
PPa 1329 869 1110 1199
PPa/PBSA 1332 870 1178 1041
PPa/PBSA/C20A 1339  90.8 1207 1025
PPb 1368 917 1150 1184
PPb/PBSA 1356 920  117.8 1049
PPb/PBSA/C20A 1354 915 1162 9828

AT, is the crystallization onset temperature; ®Tgy, is the crystal-

lization final temperature; C)TP is the crystallization peak tempera-
ture; YAH,, is the crystallization enthalpy.

to the general understanding of the role of organoclay
towards polymer crystallization.”*~”*! But surprisingly,
the total heat of crystallization (AH.) of the PPa matrix,
estimated by integration of the area under the exothermic
region of the DSC thermogram, decreases after blending
with PBSA, which indicates that the degree of crystallinity
of the PPa matrix is decreased. This may be due to the
presence of dispersed PBSA domain in PPa matrix, which
might hinder the local lameller crystallization and lead
to the decrease in crystallinity of the PPa matrix. With the
addition of C20A, the AH,, value of the PPa/PBSA matrix
further decreases. This is a result of intercalation of some
PPa chains into the silicate galleries and the presence of
PBSA chains intercalated silicate layers in the PPa
matrix,”® which further hinders the growth of PPa
crystals.

On the other hand, in the case of the PPb/PBSA blend
both T, and T, slightly move to the higher temperature
range with respect to the PPb matrix. This indicates the
nucleating ability of PBSA domains towards PP matrix
crystallization is directly related to its size. However, in the
presence of C204, both T, and T, of PPb/PBSA blend are
shifted to the lower temperature region. Not only that
the AH., value of virgin blends significantly decreases in
the presence of C20A platelets (see Table 3). We believe this
is due to the high level of homogeneous dispersion of
silicate layers in the blend matrix. This full dispersion of
silicate layers in the blend matrix can be related to the
favorable interaction of both polymer matrices with the
C20A surface. The homogeneous dispersion of intercalated
silicate particles in the blend matrix consequently acts as
obstacles for mobility and flexibility of the polymer chains
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to fold and join the crystallization growth front and lead to
the decrease in value of AH,,.

To determine the effect of C20A on the cold crystal-
lization temperature of PPa/PBSA or PPb/PBSA blend
samples, DSC scans of melt-quenched PPa, PPb, PBSA,
and their virgin and C20A-modified blend samples
were conducted. The sample are first annealed at 195°C
for 10 min inside a sealed aluminium pan to destroy any
previous thermal history and subsequently quenched in
liquid nitrogen. The samples were then transferred to the
DSC cell, which had been previously set at —65°C, as
quickly as possible to measure the cold crystallization
temperature of various samples at a heating rate of
20°C-min . Figure 20a and b show the DSC thermograms
of various melt-quenched samples and various features are
observed. The PPa matrix does not show any cold
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Figure 20. DSC thermograms of melt-quenched samples of
(a) PPa, PBSA, unmodified and C20A-blends and (b) PPb, PBSA,
unmodified and C20A-blends. The samples inside the aluminium
pan were first annealed at 195°C for 10 min to destroy any
previous thermal history and subsequently quenched in liquid
nitrogen. The samples were then transferred to the DSC cell,
which was previous set at —65 °C, as quickly as possible.
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crystallization behavior at all. Like PPa, PPb also does
not show any cold crystallization behavior but a small
endothermic transition appears at about —19.5°C; this
may be a result of structural relaxation of PPb polymer
chains during heating from the quenched state. On the
other hand, a sharp crystallization exotherm appears at
—13.7°C for the PBSA sample. Only one prominent
exotherm indicates that for the PBSA sample the cold
crystallization process takes place from a single homo-
geneous phase.”®””) For both PPa/PBSA and PPb/PBSA
blend samples, this cold crystallization peak temperature
moves to the higher temperature; this result may be due to
the presence of the PP phase, which actually hinders the
formation of PBSA crystals at low temperature.

In the case of the PPa/PBSA/C20A blend, very small
exothermic, endothermic, and exothermic peaks appear,
and the final exothermic peak corresponding to the cold
crystallization of PBSA matrix appears at —7°C. The
appearance of first exothermic and then endothermic
peaks may be due to the structural relaxation of PBSA
chains during crystallization where PBSA chains are not
fully relaxed before the crystallization. However, because
of the selective intercalation of PBSA chains into the
silicate galleries, the cold crystallization peak of PBSA is
shifted to the higher temperature. On the other hand, in
the case of the PPb/PBSA/C20A sample a broad endother-
mic peak appears at —15°C. This may be a result of the
structural relaxation of polymer chains during the heat
scan. However, the absence of a PBSA cold crystallization
peak in the case of the PPb/PBSA/C20A blend sample
might be due to the common intercalation of both polymer
chains into the silicate galleries.

Conclusion

In the present study, the effect of C20A platelets on the
morphology and properties of two model systems such as
PP/PBSA and PP-g-MA/PBSA blends has been investigated
systematically. For the first polymer pair, the clay platelets
are known to disperse in one phase, whereas for the second
polymer pair, clay platelets are known to disperse in both
components. The unmodified and C20A-modified blends
are prepared by melt-mixing in a batch-mixer. The
addition of C20A into the PP/PBSA blend changes the
morphology from highly phase-separated to a typical
co-continuous structure. This is attributed to the selective
localization of intercalated silicate layers in the PBSA
phase, which finally decreases the viscosity ratio of the
blend matrices. On the other hand, the addition of C20A
into PP-g-MA/PBSA blends reveals the efficient mixing of
the polymer matrices. This is due to the common
intercalation of both polymer chains into the same silicate
galleries as revealed by XRD patterns and TEM observa-
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tions. In all cases the extent of miscibility is directly
reflected by significant improvements in the flexural
bending modulus, tensile properties, and thermal stability.
The melt-state rheological properties of virgin blends also
improve in the presence of organoclay. All these results
indicate that organoclay acts simultaneously as a nano-
filler and as a compatibilizer when two chemically
different polymers have strong interactions with organo-
clay surface.

DSC thermograms and subsequent calculations show
that the incorporation of organoclay platelets in PP/PBSA
blend matrix accelerates the mechanism of nucleation but
decelerates the degree of crystallization of PP matrix. This
is as a result of dispersion of the PBSA chains intercalated
silicate layers in the PP matrix. On the other hand, the
addition of organoclay particles in PP-g-MA/PBSA blend
decelerates both the mechanism of nucleation and the
crystal growth of PP-g-MA matrix. This is due to the full
dispersion of silicate layers in the blend matrix, which
subsequently act as obstacles for the mobility and
flexibility of the PP-g-MA chains to fold and join the
crystallization growth front, and hence lower the total
heat of crystallization value. However, the homogeneous
dispersion of intercalated silicate layers in PP-g-MA/PBSA
blend matrix suppresses the cold crystallization exotherm
of PBSA matrix.

Received: January 30, 2007; Revised: March 12, 2007; Accepted:
March 12, 2007; DOI: 10.1002/mame.200700029
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