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Abstract

The structure, morphology and non-isothermal crystallization behavior of polypropylene catalloys (PP-cats) as well as pure polypropylene
were investigated via differential scanning calorimeter (DSC), wide angle X-ray diffraction (WAXD) and real-time hot-stage optical
microscopy (OM). The results reveal that the crystalline structures of PP-cats change with variations of the crystallization conditions and
composition. The crystalline phase might consist of a-PP, B-PP and PE crystals. The content of B-PP increases with the increase of EP
copolymer content and the cooling rate. At lower cooling rates, the morphologies of all non-isothermal crystallized PP-cats show spherulitic
structure, and the decrease of crystal perfection and the increase of nucleation density of PP-cats system could be evidently observed.
Considering the compositions of PP-cats, these indicated that the interactions between propylene homopolymer and the ethylene—propylene
copolymers (both random and block ones) are in favor of the enhancement of the nucleation ability of a-form as well as B-form. In
comparison with pure PP, the overall crystallization rates of the PP-cats increase dramatically, while the growth rates of the spherulites in all
PP-cats decrease distinctly under the given cooling conditions. These experimental results were explained on the basis of diluting effect and

obstructing effect on the mobility of PP chains in the ethylene—propylene copolymer.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Isotactic polypropylene (iPP) is a thermoplastic material
widely used in several sectors, as it offers interesting
combinations of good mechanical performance, heat
resistance, fabrication flexibility and low cost. However, it
has relatively poor impact resistance, especially at low
temperatures. Therefore, a great deal of effort has been
made to modify its mechanical properties through physical
or chemical methods. In the past several decades various
kinds of copolymers of PP and blends composed with
various kinds of polymers and/or inorganic fillers have been
developed. Meanwhile, the microstructures, crystallization
behavior and their relation with the properties of the
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modified polypropylenes have been studied extensively by
many researchers [1-25].

In recent years, a catalloys technology, or frequently
referred to the in-reactor blending technology, was devel-
oped by Montell Company. This has opened up new
horizons for polyolefin materials. The technology involves
bulk polymerization of propylene and then gas-phase
copolymerization of ethylene and propylene under the
driving of spherical superactive TiCl,/MgCl, based catalyst
systems [26-29]. In comparison with traditional iPP blends
prepared by mechanical blending with ethylene—propylene
random copolymer (EPR) or ethylene—propylene—diene
terpolymer (EPDM), ethylene—propylene random copoly-
mer in in-reactor blends can reach a high degree of
dispersion; hence they are called polypropylene catalloys
(PP-cats) and present much higher impact strength [30,31].
The catalloys process endows a wider range of rubble
content and a better control of the phase structure in the
alloy, resulting in the possibilities to prepare materials with
excellent mechanical properties.
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By means of temperature-gradient extraction fraction-
ation, B¢ NMR, FTIR, DSC and WAXD, Fan et al. [29,32]
has studied the composition of polypropylene catalloys and
pointed out that PP-cats were mainly composed of
propylene homopolymer, ethylene—propylene random copo-
lymer and ethylene—propylene block copolymer with
different PE and PP segmental length. It is understandable
that the excellent mechanical properties of PP-cats are
related to their crystallization behavior and structure
differing from usual PP/EPR blends. However, the crystal-
lization behavior of PP-cats based on spherical catalysts has
seldom been reported [33]. The objective of the present
article is to investigate the structure, morphology and the
non-isothermal crystallization behavior of polypropylene
catalloys with different compositions.

2. Experimental

2.1. Materials

The grade of polypropylene (isotactic homopolymer,
M,=80,643 and M, =333,465) used in this study was T300,
supplied by Sinopec Shanghai Petrochemical Co. of China.

PP-cats were kindly supplied by the Institute of Polymer
Science of Zhejiang University of China. The synthesis of
PP-cats included three steps, i.e., pre-polymerization of
propylene, bulk polymerization of propylene, and gas-phase
copolymerization of ethylene and propylene. The PP-cats
were designated as PEP20, PEP30, PEP40, PEP50 and
PEP60, respectively, in which capital E represents ethylene
component and the numbers represent its percentage used in
the gas-phase copolymerization in the third stage. The
content of ethylene and ethylene—propylene copolymer in
the catalloys and the melting flow indices (MFI) of these
specimens are listed in Table 1.

2.2. Sample preparation

The iPP and PP-cats samples were prepared by
compression-molding at 200 °C with a pressure of 10 MPa
for 5 min. After the pressure was released, the molded
samples were removed from the press and cooled down to
room temperature.

Table 1

Characteristics of PP and PP-cats used

Sample Content of  Content of ethylene—propylene MFI (g/
ethylene copolymer (wt%) 10 min)
(mol%)

IPP - - 3.00

PEP20 2.87 17.8 1.54

PEP30 3.10 19.9 1.38

PEP40 11.80 232 1.27

PEP50 17.80 30.0 -

PEP60 27.10 342 0.56

2.3. Differential scanning calorimetry (DSC)

A Perkin—Elmer series 7 differential scanning calori-
meter (DSC) with nitrogen as purge gas was used to
investigate the crystallization behavior of the iPP and PP-
cats. Pure indium and zincum were used as reference
materials to calibrate both the temperature scale and the
melting enthalpy before the samples were tested. The
samples (about 5.0 mg) were heat-treated at 200 °C for
10 min to eliminate the thermal history, and then cooled
down to 30 °C at constant cooling rates of 2, 5, 10, 20 and
40 °C/min, respectively.

The time corresponding to the intersection between the
extrapolation of the DSC curves after and before crystal-
lization was used as the beginning of crystallization [34].
The relative crystallinity developed on cooling to tempera-
ture 7 was defined as the fractional area confined between
the rate time curve and the baseline on the measured DSC
exotherm. The temperatures were corrected for thermal lag
between the samples and the calorimeter furnace using a
calibration technique employing pure indium.

The percentage of B-PP crystals for a sample, ¢, was
determined by the relative crystallinity of o- and B-PP
according to Eq. (1) as given in Ref. [34]

dp = X X 100% (1)
PTX, + X

where X,, and Xp are the crystallinity of the a-phase and -
phase, respectively, based on specific fusion heats of the
samples.

Considering the coexistence of a- and B-PP crystals in
the treated samples, the crystallinity of each phase has been
calculated separately according to Eq. (2) as given as

AHi
X; = =X 100% )
AH

where AH; is the calibrated specific fusion heat of either a-
or B-PP crystal, while AH! is the standard fusion heat of
either a- or B-PP crystals, which is 178 J/g for a-phase and
170 J/g for B-phase [35].

The DSC curves of some samples exhibited both a- and
B-fusion peaks. The specific fusion heats for a- and B-phase
were determined according to the following calibration
method. The total fusion heat, AH, was integrated from 90
to 180 °C on the DSC thermogram. A vertical line was
drawn through the minimum between the o~ and B-fusion
peaks and the total fusion heat was divided into B-
component, AHE, and o-component, AH. Since the less-
perfect a-crystals melt before the maximum point during
heating and gave rise to some contributions to the AHE , the
true value of B-fusion heat, AHg, has been approximated by
a production of multiplying AHy with a calibration factor A
[36]:

AHy = A X AHj 3)
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2.4. Optical microscopy (OM)

For optical microscopy observation, an Olympus BH-2
optical microscope (OM) equipped with a homemade hot
stage and a CCD color camera was used in this study. The
samples sandwiched between two microscope cover slips
were first heated to 200 °C for 10 min to erase its thermo-
mechanical prehistory, and then cooled from the melt down
to room temperature (about 25 °C) at constant rates, ranging
from 0.5 to 5 °C/min. For performing isothermal crystal-
lization of pure iPP at crystallization temperatures ranging
from 126 to 134 °C, the iPP melts were quickly transformed
to another hot stage with a chosen crystallization tempera-
ture. Dry nitrogen gas was purged through the hot stage in
all heating and cooling processes.

The crystallization processes were in situ observed and
the morphologies were recorded at constant time intervals.
All images presented in this work were taken under the
crossed-polarized condition. The diameters of a series of
spherulites grown for different periods of times were
measured and the spherulite growth rates, G, were
calculated using the procedure proposed by Chen and
Chung for solidification performed during cooling at a
constant cooling rate [37]. Reported results for spherulite
growth rate were averages of at least five measurements.
The precision of controlled hot-stage is less than 1.0 °C.

2.5. Wide angle X-ray diffraction

Wide-angle X-ray diffraction (WAXD) patterns were
obtained using a Rigaku D/max-IIIB diffractometer with the
Cu Ko radiation at room temperature. The operating
condition of the X-ray source was set at a voltage of
40 kV and a current of 300 mA in a range of 20 =0-50°.

3. Results

As mentioned in the introduction part, PP-cats consist
mainly of propylene homopolymer, ethylene—propylene
random copolymer and ethylene—propylene block copoly-
mer with different PE and PP segmental length. It is well-
known that the propylene homopolymer is one of the
semicrystalline polymers exhibiting pronounced poly-
morphic crystalline modifications designated as monoclinic
a, trigonal (or frequently hexagonal) B, and orthorhombic y
forms [38—40]. The ethylene—propylene random copolymer
can hardly crystallize, while ethylene—propylene block
copolymer may crystallize depending upon the PE and PP
segmental length. Consequently, the microstructures of

various PP-cats may be influenced not only by the
crystallization conditions, but also the compositions.

3.1. Melting behavior

The DSC melting traces of the pure PP and various
catalloys specimens crystallized at various cooling rates are
shown in Fig. 1. Obviously, the melting traces of all
specimens crystallized at cooling rate of 2 °C/min demon-
strate single melting peak around 160 °C. For pure PP, the
melting peak shifts to lower temperature with the increase of
cooling rates, and a shoulder peak appears at higher cooling
rate than 10 °C/min. For PP-cats, however, one or two peaks
appear at about 144-150 °C on the melting traces when the
samples were prepared with a cooling rate faster than 5 °C/
min. These peaks seem to strengthen with the increase of
ethylene content in the catalloys. Moreover, for the PEP60,
a third melting peak appears at about 120 °C under all
sample preparation conditions.

3.2. Optical microscopy study

It was documented that PP/ethylene—propylene random
copolymer is an immiscible system and the ethylene—
propylene copolymer disperses better in the PP-cats than
conventional polypropylene/ethylene—propylene rubber
blends prepared by mechanical blending [32]. Optical
microscopic observation demonstrates that for all PP-cats
under investigation, no obvious segregated domains in the
melt can be observed at 200 °C by using optical microscope.
This implies that the domain dimension of the dispersed
phases is below the resolution obtainable by optical
microscopy. With the decrease of the temperature, the
morphology changes remarkably because a liquid—solid
phase separation resulting from the PP crystallization takes
place at T.. It should be pointed out that the remaining
amorphous phase is visibly homogeneous under optical
microscope after new phases (PP crystalline phase) form
through crystallization. Fig. 2 shows the morphologies of
various PP-cats as well as pure PP crystallized at cooling
rate of 2 °C/min. It can be seen that the morphologies of the
specimens crystallized from the melts are always spheru-
litic. Even for the PP-cats PEP60, though it is very difficult
to distinguish the shape of spherulites, the in situ optical
microscopy observation shows, however, the formation and
quick impingement of the small spherulites resulting from
too many nuclei. The number of spherulites and their
dimension depend strongly on composition. While the
spherulite size decreases, the number of spherulites
increases generally with the increase of the ethylene content
in PP-cats. Moreover, with careful inspection, it can be
concluded that the spherulitic structure becomes more
deficient with the increase of ethylene contents in the PP-cats.
All these results clearly indicate that the existence of ethylene—
propylene random and block ethylene—propylene copolymers
has influenced the crystallization morphologies of PP.
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Fig. 1. DSC melting traces of iPP and various PP-cats prepared with different cooling rates (scanning rate: 10 °C/min).

The spherulites observed through birefringence measure-
ments exhibit basically an optical positive character for all
samples (both pure PP and PP-cats), reflecting the formation
of the most common a-iPP modification. It should be noted
that the birefringence of the PP-cats is much weaker than
that of the pure PP, meaning there exists the influence of
ethylene—propylene random copolymer and ethylene—pro-
pylene block copolymers on the crystalline structure of PP-
cats. On the other hand, a few of randomly dispersed

microdomains in the optical micrographs of PEP50 and
PEP60, as indicated by white arrows, are colorful even
without using the A plate and exhibit very strong negative
birefringence. These are the characteristic natures of the -
form iPP. Melting test demonstrates that these domains melt
at about 150 °C, while the rest areas melt at about 160 °C
(see Fig. 3). This unambiguously indicates the formation of
some crystalline B-iPP randomly dispersed in the predomi-
nant o-iPP.
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Fig. 3. Optical micrographs of the B-PP spherulite in PEP50 specimens taken during heating from the room temperature to melting temperature at (a) 145 °C
and (b) 155 °C (heating rate: 10 °C/min). The white arrows in the pictures indicate the B-iPP (crossed polars).
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Fig. 4. Optical micrographs of iPP and PP-cats crystallized at cooling rate of 5 °C/min. The white arrows in the pictures indicate the B-iPP (crossed polars).

With the increase of the cooling rate during sample
preparation, the morphology changes somewhat. Fig. 4
shows a series of optical micrographs of the PP and PP-cats
crystallized during the cooling process at 5 °C/min. The
spherulites of various PP-cats and pure PP present still
basically the positive birefringence. However, the colorful
domains with strong negative birefringence, i.e., the B-iPP
crystals, are now no more the special case of PEP50 and
PEP60 rather than a common feature of all PP-cats, as
indicated by the white arrows in Fig. 4. The number of the
B-PP domains of the PEP50 is much more than that
generated by cooling the sample at 2 °C/min, indicating an
increase of B-PP content in crystalline phase of PEP50 with
increasing cooling rate. Moreover, the content of [B-PP
increases with increasing ethylene content in the PP-cats. It

can be further seen from Fig. 4 that the crystalline
spherulites of PP-cats as well as pure PP are more irregular
than those formed at a cooling rate of 2 °C/min.

3.3. WAXD analysis

To find out the exact crystalline structure of the PP-cats,
WAXD was performed. Fig. 5 shows the WAXD spectra of
the specimens crystallized at cooling rates of 2 and 5 °C/
min, respectively. It can be seen from Fig. 5(a) that all of the
most intense WAXD reflections at 26 angles of 14.0, 16.8,
18.6, 21.2 and 21.9°, corresponding to the (110), (040),
(130), (111) and (131) lattice planes of the most common
a-monoclinic structures, have appeared in the X-ray
diffraction spectra of every sample. This clearly indicates
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Fig. 5. WAXD patterns of PP and PP-cats crystallized at different cooling
rates. (a) 2 °C/min and (b) 5 °C/min.

that in all cases the iPP crystals grow dominatingly in their
monoclinic a-modification. For the PP-cats having a high
PE content, e.g., PEP50 and PEP60, there exists an extra
reflection at 26 of 24.0°. This reflection corresponds to the
(200) lattice planes of the PE crystals and may imply the
existence of the PE crystals. The most intense (110) dif-
fraction of PE overlaps with the (111) reflection of a-PP, as
indicated in Fig. 5(a). Compared with its neighborhood
peak, the change in intensity of this peak demonstrates the
existence of the strong (110)pg reflection. Based on this
result, it can be concluded that the ethylene segment in
ethylene—propylene block copolymers with high ethylene
content, such as PEP50 and PEP60, is long enough to
crystallize independently. In Fig. 5(b), another peak appears
at 26 of 16.0°, which can be accounted for by the (300)
lattice planes of the hexagonal B-PP [39,40]. There may be
also the characteristic (301) B-PP reflection at 21.2°, which
overlaps with the (111) of o-PP as well as (110) of PE. The
appearance of (300)gpp indicates the existence of B-PP
crystals in the PP-cats specimens crystallized at cooling
rates of 5 °C/min. Moreover, the increase in intensity of the
(300)gpp indicates that the B-PP content increases with the

increase of ethylene content in the PP-cats. This is in good
accordance with the results by optical microscopy observation.

The total crystallinity and B-PP content of the studied
samples obtained from DSC data are listed in Table 2. It can
be clearly seen that the total crystallinity of pure PP and
various PP-cats specimens decreases generally with the
increase of cooling rate. On the contrary, the B-PP content,
as plotted in Fig. 6, increases remarkably with the increase
of cooling rate until 20 °C/min. The B-PP content of various
PP-cats specimens crystallized at 40 °C/min approximates
to that of 20 °C/min. Furthermore, the increases of ethylene
content in PP-cats also result in the decrease of the total
crystallinity and the increase of the B-PP content. This
implies that the existences of ethylene—propylene random
copolymer and ethylene—propylene block copolymer go
against the crystallization of whole PP-cats system, whereas
they facilitate the formation of B-PP crystals.

3.4. Crystallization kinetics

The crystal growth rate, G, was measured for the
isothermal and non-isothermal crystallization process,
while the overall crystallization rate was obtained from
the non-isothermal DSC data. Fig. 7 presents the plots of
spherulite growth rates of pure iPP as a function of
temperature under different cooling rates as well as different
isothermal crystallization conditions. Obviously, the spher-
ulite growth rate of pure PP increases with the decrease of
crystallization temperature at all conditions under investi-
gation. It can be further seen that the spherulite growth rates
measured for the non-isothermal and isothermal crystal-
lization processes are in good agreement and fit well in the
same curve.

The spherulite growth rates of various PP-cats are also
plotted as the function of crystallization temperature in
Fig. 8. It is easily seen that the spherulite growth rates of
all PP-cats specimens is distinctly lower than the pure PP,
especially in the lower temperature range. Nevertheless,
they exhibit a similar temperature-dependence as pure PP,
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Fig. 6. Dependence of B-crystal content in various PP-cats on cooling rate.
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Table 2

Overall crystallinity and the B-PP content in pure PP and PP-cats crystallized at different cooling rates

PEP30 PEP40 PEP50 PEP60

PEP20

PP

Cooling rate
(°C/min)

¢p (%)

Xc (%)
28.70
27.04

25.01

¢p (%)

Xc (%)
32.96
30.42

28.12

¢p (%)
0

Xc (%)
36.27
34.11

¢p (%)
0

Xc (%)
40.22

¢p (%)
0

Xc (%)

46.33

¢p (%)

Xc (%)
53.13

4,

2.58
5.21

8.

1.83
3.83

0.37 37.53 0.91
2.21
5.

1.28
2.71
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42.80
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Fig. 7. Spherulite growth rate data of pure PP measured isothermally and at
several cooling rates.

i.e., increase with the decrease of crystallization tempera-
ture. These results are in good accordance with the results
concerning spherulite growth rate of PP blend [13,19,20,
24], and also, they show a composition dependence of
spherulite growth rate in PP-cats. With the increase of the
ethylene content, the spherulite growth rate decreases. This
behavior is more obvious when the ethylene-content in PP-
cats is lower than 11.8 mol%, meaning that the thermal
condition exerts less effect on spherulite growth rate of PP-
cats with higher ethylene content.

It is well-known that the half-time of crystallization, 7,
is another very important parameter describing the overall
crystallization rate. The 7./, obtained for pure PP and PP-
cats specimens are plotted against cooling rate in Fig. 9. It
should be mentioned that the 7, of PEP60 is calculated
without taking the crystallization of PE into account. It can
be clearly seen from Fig. 9 that the 7,,, of pure PP is higher
than that of any PP-cats specimen at all cooling rates used,
peculiarly at lower cooling rates. The 7/, decreases with the
increase of ethylene content. These results demonstrate that
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Fig. 8. Spherulite growth rate data of pure PP and PP-cats as a function of
crystallization temperature.
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Fig. 9. Half time of crystallization, 71,5, vs. cooling rates, A, for PP and
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the overall crystallization rate of PP-cats, which is depen-
dent on the ethylene content, is faster than pure PP. This is
in agreement with the previous report on isothermal
crystallization of PP-cats [33].

Representative crystallization exotherms of polypropyl-
ene catalloys PEP20 and PEP60 at several cooling rates are
shown in Fig. 10. Except for the appearance of the PE
crystallization peak for PEP60, the non-isothermal crystal-
lization processes of PEP20 and PEP60 exhibit the same
dependence on cooling rate, i.e., the crystallization exo-
therms of PP-cats shift to lower temperature with the
increase of the cooling rate. Comparing parts A with B in
Fig. 10, we can further conclude that the crystallization
exotherms of PP-cats shift to higher temperature with the
increase of the ethylene content. The onset and peak
crystallization temperatures (7}, and T}, respectively) of
pure PP and PP-cats were plotted against cooling rate. As
shown in Fig. 11, the T}, for PP-cats is higher than that of
pure PP at all cooling rates, indicating the crystallization of
PP-cats starts earlier than that of pure PP. Especially, T,
of PEP60 at various cooling rates is considerably high,
whereas the difference of onset temperatures between other
PP-cats is small. It is believed that ethylene—propylene
copolymer acts as nucleation agent in the PP-cats and the
results are related to the degree of disperse of ethylene—
propylene random copolymer. Similarly, the 7, depends
also remarkably on the cooling rate and composition of
PP-cats (see Fig. 12). An obvious increase of T}, is observed
with the increase of ethylene content in PP-cats and
decrease of cooling rate. These changes are consistent
with the variation of overall crystallization rate of PP-cats.

4. Discussion

4.1. Multiple melting behaviors of PP-cats

The multiple melting behavior of pure PP sample, which
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Fig. 10. DSC crystallization exotherms of (A) PEP20 and (B) PEP 60
crystallized at different cooling rates.

depends on thermal conditions of crystallization, has been
reported by many researches [41-44]. Petracone et al.
reported that the existing of less-ordered o, and more-
ordered a, forms with a well-defined deposition of up and
down helices in the unit cells could result in the double
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Fig. 11. Dependence of crystallization onset temperature for pure PP and
PP-cats on cooling rate.
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Fig. 12. Dependence of maximum crystallization peak for pure PP and PP-
cats on cooling rate.

melting peaks [41-43]. The existence of two phases, o; and
a, for PP was confirmed using SAX and DSC techniques
[44]. Thus, in Fig. 1, the double melting peaks of pure PP, o,
and o, indicate the existence of a-crystal with different
structures at higher cooling rates.

According to the experimental results mentioned above,
taking the WAXD results into account, the melting peak at
about 120 °C of PEP60 doubtless reflects the melting of PE
crystals and has nothing to do with PP. It should be noted
that there might exist also some PE crystals in other PP-cats
samples, e.g., PEP50, as can be deduced from the results by
WAXD. Their amounts are, however, not enough to be
differentiated under DSC measurement. On the other hand,
the peaks at about 144—150 °C should be associated with the
melting of B-modification of PP, The existence of which has
also been confirmed by both optical microscopic and
WAXD. As shown in Fig. 1, two melting peaks, 6; and (3,
were observed at higher cooling rates in PP-cats. It accords
with the literatures that the multiple melting peaks of B-PP
might exist in the temperature of 141-152.5 °C [36,45].
Therefore, the double B-melting peaks present the existence
of B-PP with different crystalline perfection. It is worth
noting that the optical microscopy observation illustrates the
existence of B-PP in PEP50 and PEP60 with cooling rate of
2 °C/min. This has, however, not been identified in the
WAXD experiments. This is understandable that the optical
microscope concerns the supermolecular structure of the
individual microdomains, while the WAXD reflects the
overall crystalline structure of the sample. As a result, some
crystalline structure of the minority crystalline phase could
be covered up by the majority phase.

4.2. The formation mechanism of (5-PP

It was well documented that the monoclinic «-PP, the
thermodynamically most stable crystalline form, can be
easily generated by melt crystallization. The nucleation of
metastable B-form occurs much more rarely in bulk
crystallization than that of the predominant o-modification.

Nevertheless, both a- and -PP crystals could coexist under
several crystallization conditions, and the proportion of
these two phases depends strongly on the thermal conditions
and the way of nucleation [38-40,45-52]. Studies on the
blends of PP with various copolymers demonstrate that
copolymer components, such as ethylene-propylene copo-
lymer (EPR) [1] and ethylene—propylene—diene terpolymer
(EPDM) [7], are in favor of the formation of B-PP crystals. It
was suggested that the formation of B-PP in these cases
results from the effect of the impact modifier on the
nucleation. Some systematic studies have been reported that
the formation of B-iPP supermolecular structure can be
promoted for the sheared polymer melts in a certain
temperature range [51-56]. More recently, it is suggested
by the author [57,58] that the orientation status of the PP
chains in melting state plays a leading role in generating the
B-iPP. At the present case, taking the fact into consideration
that B-PP has been generated in PP-cats rather than pure PP
under the same crystallization conditions, the formation of
B-PP in PP-cats should result from the cooperative
interaction between PP homopolymer and the ethylene—
propylene copolymers (both random and block ones). As the
ethylene—propylene random copolymer cannot crystallize
and the PE segments cannot co-crystallize with the PP
segments, it is reasonable to assume that chain orientation of
PP to some extent may be induced by the phase separation.
Therefore, it is suggested that the formation of B-PP here is
also orientation induced. Considering that the phase-
separation process depends unambiguously on the thermal
conditions, the content of B-PP is closely related the cooling
rates given.

4.3. Crystallization kinetics of PP-cats

The final one concerns the crystallization kinetic of the
PP-cats. It is clear that the overall crystallization rate
increases when compared to pure PP, while the spherulitic
growth rate decreases. Furthermore, the overall crystal-
lization rate continuously increases while the spherulitic
growth rate decreases with the increase of EP content. This
is quite different from those for most of the polypropylene
blends, where the overall crystallization rate decreases due
to the addition of impurity [8,11-13]. Arroyo et al. [59]
reported that EPDM particles acting as nucleating agent
increased the crystallization rate and crystallinity of the PP
at lower EPDM contents (<25%) in PP/EPDM blend, but
the crystallization rate decreased with the increase of EPDM
composition at higher percentages. All these show that
crystallization kinetics of PP-cats is different from the usual
PP/EPR or PP/EPDM blends prepared by mechanical
blending. This may result from the cooperation of the
higher nucleation density and lower crystallinity in PP-cats.
Moreover, the studies on spherulite growth rates of polymer
blends show that the spherulite growth rates of polymer
blends without evident phase-separation are generally
slower than those of pure crystalline polymers, whereas
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the spherulite growth rates of polymer blends after phase-
separation are seldom affected by the second component
[24]. Consequently, concerning the better disperse of
ethylene—propylene copolymer in PP matrix, the decrease
of spherulite growth rate for PP-cats can be explained by the
diluting effect of ethylene—propylene copolymer [19,20,24]
and obstructing effect on the mobility of PP chains [59].

5. Conclusions

The structure, morphology and crystallization behavior
of PP-cats as well as pure polypropylene were investigated.
The results reveal that the crystalline structure of PP-cats
changes with the variation of the crystallization conditions
and compositions. There exist three crystalline phases, i.e.,
a-PP, B-PP and PE crystals, for PEP60 at any given thermal
conditions, while only a- and B-PP phases were detected for
other PP-cats at faster cooling rates. The formation of 3-PP
may result from some kind of chain orientation in the melts
induced by phase-separation. The existence of two kinds of
ethylene—propylene copolymers, random and block copo-
lymers, results in an increase of the overall crystallization
rate while a decrease of the spherulite growth rate under the
given cooling conditions. On the other hand, the increase of
the overall crystallization rate may be explained in view of
the strong nucleation ability of the EP copolymers on the
PP-cats, while the decrease of the spherulite growth rate can
be explained on the basis of the diluting effect and
obstructing effect on the mobility of PP chains in the
ethylene—propylene copolymer.
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