Polymer 49 (2008) 2717-2727

Contents lists available at ScienceDirect

Polymer

journal homepage: www.elsevier.com/locate/polymer

Rheological studies on the quasi-quiescent crystallization of polypropylene
nanocomposites

Tongchen Sun®P, Fenghua Chen P, Xia Dong®*, Charles C. Han**

2 Beijing National Laboratory for Molecular Sciences, Joint Laboratory of Polymer Science and Materials, State Key Laboratory of Polymer Physics and Chemistry,
Institute of Chemistry, CAS, Beijing 100190, PR China
b Graduate School of the Chinese Academy of Sciences, Beijing 100190, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 3 February 2008

Received in revised form 7 April 2008
Accepted 11 April 2008

Available online 1 May 2008

Isothermal crystallization of isotactic polypropylene (iPP)/organic montmorillonite (OMMT) binary
nanocomposite and iPP/OMMT/poly(ethylene-co-octene) (PEOc) ternary nanocomposites has been in-
vestigated by polarized optical microscopy (POM), rheometry and scanning electron microscopy (SEM).
At the stage of nucleation the heterogeneous nucleation effect of OMMT was much greater than the
concentration fluctuation assisted nucleation effect in the ternary nanocomposite. Besides, PEOc played
arole of inhibitor of OMMT nucleation agents at the nucleation stage because many of OMMT layers were

gg{%‘;gf;lene nanocomposite distributed around PEOc-rich domains. At stage II of the crystal growth process, the entanglement effect
Rheology of PEOc greatly affected the rheological response (storage modulus (G') and its growth rate) due to the

long side chains of PEOc component. In stage III of the growth process, OMMT layers and the entan-
glement of PEOc chains limited the motion of polypropylene chains. So the growth rate of G’ was slowed
down. During the shrinkage and cooling process after isothermal crystallization, some fibril links be-
tween the spherulites, consisting of PEOc chains and iPP chains, were formed from the amorphous

Isothermal crystallization

phases surrounding the spherulites.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Nanocomposites of polymers with montmorillonite (MMT) have
drawn increasing attention in recent years because of their signif-
icant improvement of physical and/or chemical properties over the
matrix polymers [1-4]. The effect of clay on these properties has
been extensively investigated. The addition of just a few percent by
weight of clay can result in significant improvement in mechanical
properties. Many studies have been systematically carried out
focusing on the relationship between the micro-structure and the
meso- or macroscopic properties [5-8], especially for the semi-
crystalline polymers, such as polypropylene, polyamide and poly-
ester, where the crystalline behaviors play an essential role in
determining the ultimate properties of these nanocomposites.

Polypropylene/clay nanocomposite is of great interest in the
field of nanocomposites because of its industrial importance. Many
studies have been conducted on neat polypropylene with or
without shear field [9-27]. The crystallization and the morphology
of iPP were investigated by different measurements, such as dif-
ferential scanning calorimetry (DSC), optical microscopy, rheology,
and light or X-ray scattering and a fruitful amount of results have
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been obtained. The complicated nature and mechanism of neat
polymer crystallization are fundamentally understood. The crys-
tallization kinetics of neat polypropylene is determined by the
nucleation and spherulite growth rate. The addition of nano-clay
greatly influenced the crystallization behavior of iPP. Effects of
nano-clay layers were considered in two aspects: (i) nano-clay layer
could be an effective heterogeneous nucleation agent [28-31] that
decreased the interfacial free energy per unit area perpendicular to
macromolecular chains in the nanocomposites. This could enhance
the nucleation rate and consequently the increased number of
nuclei, and decreased the size of spherulite; (ii) a physical
hindrance was created by the nano-clay layers to the motion of
polymer chains, which limited the crystal growth in the polymer
matrix [32,33], resulting in a decrease of the degree of crystallinity
and the degree of perfection of the spherulite.

Although polypropylene/clay binary nanocomposite shows
a great improvement in properties compared with the neat poly-
propylene, there are still some disadvantages in this composite. The
major deficiency is a low impact resistance, particularly at low
temperatures. Therefore, a third component, usually an elastomer,
was introduced to modify this system [34-41], which greatly im-
proved the impact strength and elongation at break of neat poly-
propylene and PP/clay composites as well. The toughening effect of
elastomer has been examined for semicrystalline polymer/elasto-
mer binary system before [42-46]. Since the macroscopic
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properties are determined by the micro- or meso-scale structure,
the formation processes of these structures which include the
phase separation and crystallization of these binary systems under
quiescent and shear conditions have become the center of attention
for researchers working in this area [47-57]. For example, in the
coupling process of phase separation and crystallization under
quiescent condition, the effect of concentration fluctuation assisted
nucleation can greatly speed up the crystallization of these systems
at the early stage of phase separation, which have been reported in
poly(ethylene-co-hexene) (PEH)/poly(ethylene-co-butene) (PEB)
and PEH/poly(ethylene-co-octene) (PEOc) binary blend [50-55].

Although some great achievements have been obtained for iPP/
OMMT composite and iPP/elastomer blends, there are few details
available about the iPP/OMMT/PEOc ternary composite. Much
important information has not been reported and questions not
answered, such as the crystal structure of this composite, the
heterogeneous nucleation effect of OMMT layers in the ternary
composite, and the final morphology of these composites.

In this paper, we will report on the study of the quiescent iso-
thermal crystallization of iPPJOMMT binary and iPP/OMMT/PEOc
ternary composites by rheometry, and also the characteristic crystal
morphology, which relates to the storage modulus of bulk material
during isothermal crystallization process, obtained through POM.
Based on the POM and rheological measurement results of these
two kinds of composite, the effect of clay layers and PEOc at dif-
ferent stages of isothermal crystallization was obtained. With the
final morphology observed by SEM, a schematic model was pro-
posed to explain the isothermal crystallization process of these
materials.

2. Experimental
2.1. Materials and preparation

iPP (trade marked as T30s, Yan Shan Petroleum China) and PEOc
(Engage 8150, Dupont Dow Elastomer) with the content of octene
30.6 wt% [46] were used as the matrix materials. Sodium mont-
morillonite with a cation exchange capacity of 68.8 mmol/100 g
(RenShou, Sichuan, China) was organically modified through ion-
exchanged reaction with dioctadecyl dimethylammonium bro-
mide. Maleic anhydride (MA) modified polypropylene (PPgMA)
with the content of MA 0.9 wt% was used as the compatibilizer,
which was purchased from Chen Guang Co. (Sichuan, China). The
characteristic parameters of these samples are listed in Table 1.
Samples were prepared in the same way as the previous work [41].
The blend of iPP/PPgMA with the compositional ratio of 90/10 by
weight was used as the base resin. The clay layers were intercalated
and partially exfoliated and well dispersed in the polymer matrix.
The prepared samples were marked as PPCNx for iPP/PPgMA/
OMMT and PPCNxOEy for iPP/PPgMA/OMMT/PEOc nanocomposites
(x and y stood for the contents of OMMT and PEOc, respectively. The
unit was defined as phr (part per hundred parts of iPP/PPgMA)).

2.2. Measurements and characterization

2.2.1. Rheological measurement

All rheological experiments were conducted with an Advanced
Rheometric Expansion System (ARES, Rheometric Scientific, NJ)
which was a strain-controlled rheometer with a cone-plate fixture

Table 1

The characteristic parameters of materials used in experiments

Sample M,y (g/mol) M /M
iPP 4.0 x 10° 4.7
PPgMA 21x10° 3.2
PEOc 1.4 x 10° 2.2

(25 mm diameter, 0.1 radian cone angle). Disk samples were pre-
pared by compression molding with 1.2 mm in thickness and
25 mm in diameter. The sample was put on the lower plate at
200 °C and held for 5 min to eliminate the mechanical and heat
history. Then slowly lower the upper plate to get the center gap
48 um. Held at 200 °C for another 10 min, the sample was then
cooled to 140 °C quickly. Once the temperature reached 140 °C,
dynamic time sweep experiment was immediately carried out at
a frequency of 1 rad/s and a strain of 1%. All of the measurements
were carried out under a nitrogen atmosphere to avoid oxidative
degradation of the specimens.

2.2.2. Polarized optical microscopy

A small amount of material was sandwiched between a glass
slide and a cover glass with a polyimide spacer (50 pm thickness).
The sample was put on a hot stage (Linkam LTS350), and annealed
at 200 °C for 10 min to eliminate the mechanical and thermal his-
tory. Then the temperature was quickly decreased to 140 °C and the
isothermal crystallization process was observed with a polarized
optical microscope (Olympus BX51).

2.2.3. Scanning electron microscopy

After POM experiment, the sample was cryogenically fractured
into four parts in liquid nitrogen, and sample was peeled off from
the cover glass. Then one part of the sample was directly observed
under a scanning electron microscope. Some selected samples were
etched by xylene at ambient temperature for 5 days to dissolve the
PEOc-rich phase. And some other samples were immersed in a so-
lution of 0.25 wt%/v potassium permanganate in a 3:2:5 (volume
ratio) mixture of orthophosphoric and sulphuric acids and water
for 5 min to etch out the amorphous phases. All of the samples
were coated with platinum prior to the examination with a scan-
ning electron microscope (JEOL JSM 6700F).

3. Results and discussion

It was believed that dynamic time sweep with small frequency
and strain had no effect on the crystal structure development of
polymer [17-24,27]. So it was employed to monitor the isothermal
crystallization process of polypropylene composites in this study.
Fig. 1 shows the overall process of isothermal crystallization at
140 °C detected by the rheometer and the corresponding polarized
optical micrographs of sample PPCNO.5. The storage modulus (G’) of
bulk material between the plates developed with the crystallizing
time (t). Initially, the size of spherulites was very small and they
were far away from each other. They did not have effective in-
teractions with each other through the entangled molecules be-
tween the spherulites. Correspondingly, G’ did not change much
before t =45 min. With the growth of spherulites, they started to
have effective interactions with each other through the entangled
polymer network between the spherulites and a physical gel was
formed as Winter proposed [17-21]. At this time, G’ began to in-
crease. The rate of increase became faster when the spherulites
came into contact with each other around 70 min for PPCNO.5.
When the spherulites impinged into each other like the structure at
t =98 min, the increase rate of storage modulus slowed down. Fi-
nally, G’ turned to be constant, and at this moment the crystalli-
zation was almost complete. The whole process of crystallization
can be divided into two stages: nucleation and crystal growth. The
nucleation process cannot be observed directly by POM, but the
number of nuclei can be clearly confirmed by counting the number
of spherulite in Fig. 1(c). According to the intensity of interaction
between spherulites, the crystal growth process, with the rheo-
logical curve in Fig. 1(a), can be divided into three stages: stage |
(Fig. 1(c)) where G’ did not change much, stage II (Fig. 1(d)) where
G’ increased greatly and the growth rate of G’ was also increased
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t:=121min

Fig. 1. Storage modulus of PPCNO.5 as a function of crystallizing time and the corresponding polarized optical micrographs during isothermal crystallization process at 140 °C.

and stage III (Fig. 1(e)) where the growth rate of G’ was slowed increase of clay content the time when G’ turned upward became
down slightly. And the effect of OMMT and PEOc on crystallization shorter. The corresponding crystal structures of these five com-
at different stages of isothermal crystallization will be discussed in posites at t = 35 min are shown in Fig. 3. The number of spherulites

detail later. increased with the increase of clay content, which meant that the

number of nuclei increased with the increase of clay content at the
3.1. The effect of OMMT on crystallization behaviors of iPP/OMMT nucleation stage. Therefore the clay layers must have played a great
binary nanocomposites role in the promotion of nucleation and consequently in the crys-

tallization of iPP/OMMT nanocomposites. Assuming that growth
Fig. 2(a) shows the storage modulus vs. crystallizing time of iPP/ rate of spherulites was roughly the same, more nuclei would result
OMMT binary composites with different OMMT contents. With the in more spherulites, and consequently would result in more contact
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Fig. 2. Time dependence of (a) storage moduli of iPP/OMMT binary nanocomposite samples and (b) storage moduli of PPCN1, PPCN2 and PPCN5 samples after t = tg_5,105 pa,
magnification of the circled part in panel (a).
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Fig. 3. POM images of (a) PPCNO, (b) PPCNO.5, (c) PPCN1, (d) PPCN2 and (e) PPCN5 at t =35 min during isothermal crystallization process at 140 °C.

or stronger interactions between the crystals in the same volume.
So the storage moduli of iPPJOMMT bulk materials with higher
OMMT content changed upward earlier. However, the nucleation
kinetics of clay layers could not be clearly analyzed from the rhe-
ological curves when the clay content was about 1-5 phr. Since the
clay layers acting as heterogeneous nucleation agents resulted in
many spherulites in these high OMMT content samples, the formed
spherulites could affect the storage modulus of the bulk material,
especially when these spherulites started to interact with each
other at stage II of the growth process.

For PPCN1, PPCN2 and PPCN5, G vs. t curves after
t = tg_ax105 pa are shown in Fig. 2(b). When clay content was
above 1 phr, the growth rate of G’ at this stage became slower with
the increase of clay content. The corresponding crystal structures of
these five materials at t = tg_5,10s pa are shown in Fig. 4. Spher-
ulites began to impinge into each other and almost huddled to-
gether in all of these five samples. After this time, the growth rate of
spherulite and the corresponding growth rate of G’ were slowed
down slightly, and the process proceeded into stage IIl of the

growth process. The slow down of spherulite growth rate was
probably caused by the following reasons:

(i) The entanglement of polymer chains with clay layers limited
the motion of polymer chains which would be re-arranged
into the crystal in the bulk. Especially when the clay content
reached a certain value, a three-dimensional network of the
clay layers might be formed and the iPP chains might entangle
together with the clay network. This entangled meso-scale
network structure could play a role of hindrance in the motion
of polypropylene chains. The hindrance effect became stron-
ger with the increase of clay content. So the motion and re-
arrangement of polypropylene chains became more difficult
and the growth rate of spherulite was decreased with the in-
crease of OMMT content.

(ii) After t = tg_s.105 pa» the spherulites were huddled together.
They impinged into each other and the interface area between
the spherulites and the amorphous regions was diminished.
With the crystallizing time going on, the content of iPP chains
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Fig. 4. POM images of (a) PPCNO, (b) PPCNO.5, (c) PPCN1, (d) PPCN2 and (e) PPCN5 when G’ =2 x 10° Pa during isothermal crystallization process at 140 °C.

which were transported from amorphous phase to crystal
phase was decreased in the same time so that the growth rate
of spherulites was slowed down and the corresponding in-
crease rate of storage modulus was slowed down too.

(iii) There were fewer polypropylene chains left in the amorphous
phases of the materials. So the re-arranging motion of poly-
propylene chains from amorphous phase to crystalline phase
became more and more difficult and the growth rate slowed
down.

3.2. The effect of OMMT and PEOc on the crystallization behaviors
of iPP/OMMT/PEQc ternary nanocomposites

Fig. 5 shows the comparison between the binary nano-
composites and ternary nanocomposites with the same OMMT
content (PPCNO vs. PPCNOOE15 and PPCN2 vs. PPCN20OE15). The
storage modulus of PPCNOOE15 changed upward and reached the
plateau earlier than that of PPCNO. The same thing happened to

PPCN20E15 and PPCN2, although the difference between
PPCN20E15 and PPCN2 was smaller than that between PPCNOOE15
and PPCNO. This might be explained by the following two
arguments:

(i) Based on the previous study on PEH/PEB and PEH/PEOc binary
systems [50-55], compositional fluctuation coming from lig-
uid-liquid phase separation could assist the nuclei formation
in the crystallization process. The liquid-liquid phase separa-
tion process in the iPPJOMMT/PEOc ternary nanocomposites
could certainly increase the rate of nucleation for the iPP
crystallization. This coupled process could be also affirmed by
the nucleation number difference between PPCNOOE15 and
PPCNO as shown in Fig. 6(a) and (b) which showed the crystal
structures of these four nanocomposite samples at the time
when G' =2 x 10° Pa.

(ii) With the progress of phase separation of the ternary nano-
composites, some PEOc-rich domains were formed, which
acted as viscoelastic components in samples, when rheological
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Fig. 5. Time dependence of storage moduli of PPCNO, PPCNOOE15, PPCN2 and
PPCN20E15 during isothermal crystallization process at 140 °C.

experiments were conducted. These viscoelastic domains
interconnected with the rigid spherulites could greatly in-
crease the storage modulus, ¢, during the rheological mea-
surements. So the rheological response of the ternary
nanocomposite sample was ahead of that of binary one.

In Fig. 6(c) and (d), the amount of spherulites of PPCN20E15 was
smaller than that of PPCN2. That meant that the nucleation effect of
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Fig. 7. Storage moduli of PPCN50Ey as a function of isothermal crystallizing time at
140 °C.

clay layers was actually inhibited by PEOc at the stage of nucleation,
which was in accord with the previous work [41]. Many of the clay
layers were localized close to or inside the PEOc-rich domains.
Therefore, this part of clay layers could not act as nucleation agents
for the iPP crystallization. Besides, in Fig. 6(b) and (d), the spher-
ulites’ (nucleation) number of PPCN20E15 was larger than that of
PPCNOOE15, which implied that the heterogeneous nucleation ef-
fect of clay layers was much greater than the effect of concentration

Fig. 6. POM images of (a) PPCNO, (b) PPCNOOE15, (c) PPCN2 and (d) PPCN20E15 when G’ =2 x 10° Pa during isothermal crystallization process at 140 °C.
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Fig. 8. POM images of (a) PPCN5, (b) PPCN50E5, (c) PPCN50E15 and (d) PPCN50E25 during isothermal crystallization at 140 °C at t = 15 min, 30 min and 80 min.

fluctuation assisted nucleation. So the crystallization time differ-
ence between PPCN2 and PPCN20E15 was smaller compared with
that between PPCNO and PPCNOOE15 as indicated in Fig. 5.

Fig. 7 shows the time dependence of G’ of PPCN50Ey during
isothermal crystallization at 140 °C. The initial G’ of bulk material
was generally increased with the addition of PEOc. With the in-
crease of PEOc content, the increase of G’ was delayed for
PPCN50E5 and PPCN50E15. And the overall growth rate of G’ of
these three ternary nanocomposite samples was slower than that
of PPCN5. It might be caused by the inhibition effect of PEOc-rich
domains, which was mentioned earlier in the explanation of the
crystallization difference between PPCN2 and PPCN20E15. This
could be confirmed by Fig. 8 which showed the crystal structures of
these four samples. Comparing the POM images at the same crys-
tallizing time as shown in Fig. 8, it was clear that the spherulite
number was decreased obviously with the increase of PEOc con-
tent, which was in accord with the difference between Fig. 6(c) and
(d). This provided another evidence to prove our speculation:
compared with the effect of concentration fluctuation assisted
nucleation, the heterogeneous nucleation effect of clay layers was

the dominant one in the isothermal crystallization process of iPP/
OMMT/PEOc ternary composites. However, the addition of PEOc
would actually hinder the nucleation by OMMT.

Comparing the time dependence of G’ curves of these three
ternary composites, we could find that the upward-change of ¢’
became earlier with the increase of PEOc content. And the storage
modulus of PPCN50E25 changed upward the earliest, although
there was the smallest amount of spherulites of this sample at the
same crystallizing time as shown in Fig. 8. This could be explained
by the following facts: (i) with the increase of PEOc content, the size
and relative volume of phase separated PEOc-rich domains became
larger at the late stage of phase separation. The rigid spherulite
domains were interconnected through the highly viscoelastic
phase separated PEOc-rich domains. This network could greatly
enhance the storage modulus. (ii) With the increase of PEOc con-
tent, the effect of fluctuation assisted crystallization became
greater, although this was very important when OMMT content was
zero, and became a minor effect when OMMT was present. How-
ever, the crystal spherulites could interact with each other and
formed a network earlier through the connection of PEOc domains,
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Fig. 10. SEM images of the final morphologies of (a) PPCN50E5, (b) PPCN50E15 and (c) PPCN50E25. The inset is the magnification of the marked region, respectively.
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Fig. 11. SEM images of PPCN50E15 samples: (a) etched by xylene at room temperature for 5 days and (b) etched by the acid solution at room temperature for 5 min. The right panels

are the magnifications of the marked regions, respectively.

therefore, in rheological response, the storage modulus changed
upward earlier with the increase of PEOc content.

3.3. The final crystallization morphologies of these composites

After crystallization experiments were completed at 140 °C,
samples which had been used in POM observation were quickly
quenched to room temperature. These samples were peeled off
from the cover glass after liquid nitrogen cooled and examined by
SEM to obtain the final morphology. Fig. 9 shows the SEM images of
the structures of four iPP/JOMMT binary composite samples without
being etched after crystallization was complete. The inset in each
panel is a magnified image of the area marked with a circle. It was
clear that the size of spherulites was decreased with the increase of
clay content. This result was consistent with that obtained from
POM observation, i.e., with the increase of OMMT content, the
heterogeneous nucleation effect was enhanced and the number of
nuclei was increased. So the crystal size and perfection were both
decreased. From these insets we could find that there were some

links (whisker-like structures) formed between the spherulites.
And the amount of these interspherulite phases was increasing
with the increase of OMMT content. Similar observation had been
reported in the thin film (about 100 nm or less in thickness) of
polyethylene (PE)/n-C3;Hgg system by Keith et al. [58-61]. In their
case, the formation of links was strongly influenced by molecular
weight of PE and isothermal crystallizing temperature. High
molecular weight of PE and low crystallizing temperature were
beneficial for the formation of intercrystalline links. They suggested
that these links were formed from the molecules which were
entangled with neighboring molecules during the crystallizing
process. Although many of the links showed no sharp reflections at
all when electron diffraction experiment was conducted, they
proposed that the links might be extended-chain single crystals. In
order to confirm the characteristics of the links in our case, another
series of experiments were designed with the samples of
PPCN5OEy.

Fig. 10 shows the SEM micrographs of PPCN50E5, PPCN50E15
and PPCN50E25 without being etched. The size of spherulites was
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Fig.12. A schematic model of the isothermal crystallization process: (a) stage I, (b) stage I, (c) stage III of the crystal growth process and (d) the final morphology of the sample with
the circled part magnified as (e). (The lines shown in (d) and (e) represent the links (whiskers and film) between the spherulites.)

increased with the increase of PEOc content, which was in accord
with the POM results and our speculation in Section 3.2. The gap
between the spherulites became thinner with the increase of PEOc
content. Even in PPCN50E25 there were only very few cleavage
between the spherulites. During the crystallizing process, the
amorphous phases were squeezed out of the crystalline region to
the interspaces between spherulites. With the increase of PEOc
content, the interspaces between the spherulites were even filled
with the increased amorphous phase (mainly PEOc phase) in
PPCN50E25. From the insets it was clearly observed that there were
links (including whisker and film) formed between the spherulites.
Based on these experimental results, we would like to speculate
that these structures were formed due to the stretching of the
amorphous phases between the spherulites, which were entangled
with the neighboring spherulites, during the cooling and shrinkage
process after crystallization. The entangled polymer chains be-
tween the spherulites were stretched and extended to form these
whisker and film like structures. These links were formed from the
amorphous phases in the much thicker samples than PE/n-C3;Hegg
film which was mentioned in Refs. [57-60]. Then the next question
was about the properties of these interphase structures: crystalline
or amorphous?

Fig. 11 shows the structures of PPCN50E15 etched by (a) xylene
and (b) the acid solution separately. The pictures in the right col-
umn are corresponding to the marked areas in the left panels. After
the sample was etched by xylene, the amount of whisker-like
structures was decreased but there were still some existing. This
indicated that these whiskers were consisted of not only PEOc
chains but also polypropylene chains. After the sample was im-
mersed in the acid solution for 5 min, not only the whiskers on the
surface were etched out as shown in Fig. 11(b1), but also some

amorphous phases disappeared as shown in Fig. 11(b2). This im-
plied that the intercrystalline phases were amorphous and con-
sisted of iPP and PEOc components.

According to the rheological curve of bulk material and POM and
SEM examinations, the whole crystallization process could be di-
vided into three stages, i.e., nucleation, crystal growth and shrink-
age. As for nucleation process which could be implied by the POM
indirectly, it was greatly affected by OMMT layers and PEOc com-
ponent which had been clearly explained before. The crystal mor-
phology and corresponding storage modulus development of the
composite could be obtained directly from the POM and the
rheometric measurements during the growth process. The sche-
matic model of the crystal growth process was proposed as shown
in Fig. 12, where three stages were depicted as (a) stage I, (b) stage Il
and (c) stage III, according to the interaction between spherulites
and the rheological curves. At stage I of the growth process,
spherulites were too small, as shown in Fig. 12(a), to have effective
interactions through polymer chains between the spherulites.
Correspondingly, storage modulus of the composite sample did not
change much. The duration of this stage was greatly influenced by
the rate of nucleation which was affected by the OMMT and the
PEOc contents. With the growth of spherulites, they began to have
effective interactions with each other through entangled polymer
network between them or even have direct contact with each other
as shown in Fig. 12(b). At stage II of the growth process, G’ of matrix
sample began to increase and the growth rate became faster. The
entanglement effect of PEOc greatly influenced the rheological re-
sponse of matrix sample (G’ and its increasing rate). At stage III,
spherulites impinged into each other and space became crowded as
shown in Fig. 12(c). The diminished interface area between spher-
ulites and amorphous phases together with OMMT layers and the
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entanglement of PEOc chains might hinder the mobility of iPP
chains and slow down the transport of iPP chains into the crystal-
line region from the amorphous phases. So the growth rate of ¢/
was slowed down slightly at this stage. After the crystallization was
complete, POM samples were quickly quenched to room temper-
ature. During the shrinkage and cooling process, the amorphous
phases surrounding the spherulites were stretched because of the
shrinkage of spherulites. Then some amorphous intercrystalline
links were formed between the spherulites as indicated in Fig. 12(d)
and (e).

4. Conclusion

In this study isothermal crystallization of iPP/OMMT and iPP/
OMMT/PEOc composites was investigated by POM and rheometry.
At the early stage of crystallization, OMMT layers played a domi-
nant role in promoting the nucleation while PEOc played a role of
inhibitor at this stage. However, PEOc caused another effect of
concentration fluctuation assisted crystallization in the iPP/OMMT/
PEOc ternary composites. With the growth of the spherulites,
storage modulus of bulk material was increased. PEOc component
greatly affected the increase of G’ when proceeding into stage II of
crystal growth process, such as the G’ vs. t curve of PPCN50E25 as
shown in Fig. 5. At stage III of crystal growth process, the increase
rate of G’ was slowing down. This was because OMMT layers and
the entanglement of PEOc chains limited the motion of poly-
propylene chains. Finally, during the shrinkage and cooling process
after crystallization there formed some amorphous links between
the spherulites, consisting of both PEOc and iPP chains.
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