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ABSTRACT: The melting, nonisothermal crystallization
behavior and morphology of blends of polypropylene (PP)
with random ethylene–propylene copolymer (PP-R) were
studied by differential scanning calorimetry, polarized op-
tical microscopy, scanning electron microscopy, and X-ray
diffraction. The results showed that PP and PP-R were very
miscible and cocrystallizable. Modified Avrami analysis was
used to analyze the nonisothermal crystallization kinetics of
the blends. The values of the Avrami exponent indicated
that the crystallization nucleation of the blends was hetero-
geneous, the growth of the spherulites was tridimensional,
and the crystallization mechanism of PP was not affected by
PP-R. The crystallization activation energy was estimated

using the Kissinger method. An interesting result was ob-
tained with the modified Avrami analysis and the Kissinger
method, whose conclusions were in good agreement. The
addition of a minor PP-R phase favored an increase in the
overall crystallization rate of PP. Maximum enhancing effect
wass found to occur with a PP-R content of 20 wt %. The
relationship between the composition and the morphology
of the blends is discussed. © 2005 Wiley Periodicals, Inc. J Appl
Polym Sci 99: 670–678, 2006
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INTRODUCTION

Polypropylene (PP) is one of the most widely used
polyolefin polymers, but its application in some fields
is limited because of low fracture toughness at low
temperature and high notch sensitivity at room tem-
perature. Compounding PP with a dispersed elasto-
meric phase [e.g., ethylene–propylene–diene rubber
(EPDM)] is widely practiced1–5 because the rubber can
increase the overall toughness of the PP matrix.6 But
the addition of elastomers often has negative effects
on some properties of PP, such as stiffness and hard-
ness.7

PP-R produced by copolymerization of propylene
and ethylene is a new product of modified polypro-
pylene that has received a great deal of attention in
scientific studies8–10 and is extremely attractive to the
plastics industry.11 During copolymerization with
propylene, ethylene occasionally is embedded into the

long propylene sequences. The embedded ethylene
units disrupt crystallization of the propylene se-
quences, thus decreasing total crystallinity, after
which decreases in the rigidity and melting point of
PP occur. The copolymer is mainly composed of long
propylene sequences with an occasional ethylene unit,
such as propylene-propylene-ethylene, ethylene–pro-
pylene–ethylene, and propylene–ethylene–propylene.
PP-R has been shown to have excellent thermal stabil-
ity, aging resistance, and mechanical properties.11 Fur-
ther, PP-R is granular in form, and when blending
with PP, it uses a convenient processing technology
such as extrusion or injection molding, etc. Unlike
with conventional EPDM, PP-R at 30 wt % of the
content can more than double the impact strength of
PP while maintaining basically the same PP tensile
strength.12

It is well known that the physical properties of
semicrystalline polymeric materials strongly depend
on their crystallization and microstructure; thus, in-
vestigations of the crystallization behavior and mor-
phology of polymer blends are important both theo-
retically and practically. In particular, the crystalliza-
tion behavior during nonisothermal crystallization
from melt is of increasing technological importance
because these are those closest to actual industrial
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conditions. However, until now, such a detailed inves-
tigation of the PP/PP-R system has not been reported.

In this study the nonisothermal crystallization be-
havior of PP/PP-R blends were investigated in order
to examine: (1) the phase behavior and possibility of
cocrystallization of PP/PP-R blends, (2) the validity of
the modified Avrami analysis for the nonisothermal
crystallization of PP in the PP-R blends, and (3) the
effect of PP-R on the PP crystallization mechanism.
The morphology of the blends also was studied in
order to investigate the effect of PP-R on blend micro-
structure.

EXPERIMENTAL

Materials and sample preparations

The PP [type T30S, d � 0.901 g/cm3, melting flow
index (230°C/2.16 kg) � 3.88 g/10 min, tacticity
� 96.6%] used in this study was a commercial poly-
mer supplied by Daqing Petrochemical Co. (Daqing,
China). The PP-R sample [type RA130E, d � 0.905
g/cm3, melting flowing index (230°C/2.16 kg) � 0.25
g/10 min] was obtained from Borealis. The concentra-
tion of ethylene was 3 wt %.

Blend samples were prepared by melt-blending on a
two-roll mill at 180°C for 10 min. The weight-to-
weight ratios (w/w) of PP/PP-R were 100 : 0, 90 : 10,
80 : 20, 70 : 30, 60 : 40, 40 : 60, 20 : 80, and 0 : 100. The
melt of the blends was compressed in a electric-heat
press for 5 min at 16 MPa and 180°C and cold-pressed
for 10 min at 5 MPa in order to produce a 4-mm-thick
sheet.

Thermal analysis

A Perkin-Elmer DSC-7 apparatus was used to inves-
tigate the melting and nonisothermal crystallization
behavior of the blends. All the operations were carried
out in a nitrogen environment. The temperature and
melting enthalpy were calibrated with standard in-
dium. Each sample weighed about 7.4 mg.

For melting behavior, samples were heated from
room temperature to 210°C at a rate of 10°C/min. To
erase the influence of thermal history, a second run
was carried out after the melted samples were cooled
to 50°C. As for nonisothermal crystallization, samples
were heated from room temperature to 210°C, main-
tained at this temperature for 5 min, and then cooled
to 50°C at various cooling rates: 2.5°C/min, 5°C/min,
10°C/min, and 20°C/min.

Morphology analysis

Polarized optical microscope (POM) micrographs
were obtained with an XPT-7 polarized optical micro-
scope equipped with an Olympus camera. Compres-

sion-molded film was sandwiched between a micro-
scope slide and a cover glass. The samples were
heated from room temperature to 210°C, maintained
at this temperature for 5 min to allow complete melt-
ing, and then cooled to 140°C for isothermal crystalli-
zation for 1 h.

Scanning electron microscope (SEM) micrographs
were taken on a KYKY model 1000B microscope ac-
cording to the method of Campbell.13 All microtomed
surfaces of the blends were polished by polishing
cream and then were chemically etched at room tem-
perature for 1 h in a potassium permanganate solution
according to the procedure suggested by Coccorullo.14

The surfaces were rinsed with distilled water and
dried for 5 h at 60°C in vacuum.

RESULTS AND DISCUSSION

Melting and crystallization behavior of PP/PP-R
blends

Figure 1 shows the differential scanning calorimetry
(DSC) melting curves of pure polymers and their
blends. As can be seen from Figure 1, pure PP-R has a
low melting temperature and at about 140°C shows a
shoulder peak on the lower temperature side. It was
shown that the copolymerization of ethylene with pro-
pylene for the PP-R was not homogeneous—the
higher the ethylene content, the lower the melting
temperature. The others had a high melting tempera-
ture. When PP-R content was less than 40%, the blends
displayed only one melting peak, which is an indica-
tion of polymer miscibility. The apparent melting tem-
perature (Tm) of the blends decreased with increasing
PP-R content, from 161.2°C with pure PP to 147.5°C
with pure PP-R (Table I), and the Tm of the PP/PP-R
blends was between the Tm of pure PP and the Tm of
PP-R, indicating that cocrystallization was character-

Figure 1 DSC melting curves of PP/PP-R blends. The heat-
ing rate was 10°C/min.
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istic of the blends. In addition, the fusion curves be-
came broader with increasing PP-R content, meaning
that their crystallinity and morphology changed. The
small defective crystals that initially formed during
nonisothermal crystallization because of the addition
of PP-R were the metastable crystalline phase, which
had a low melting temperature. After melting, the
polymer chains trapped in such a phase could gain the
proper mobility to form a more perfect crystalline
phase. This was able to happen because the melting
occurred at temperatures low enough for the super-
cooling to be large15 but high enough for the chains to
gain the proper mobility to form stable crystals. Thus,
the wider peak was a result of the melting and recrys-
tallization or reorganization of these defective crystals.
Meanwhile, it also indicated that with increasing PP-R
content, the spherulite became smaller and the num-
ber of defective crystals increased. This behavior was
demonstrated further by POM analysis.

The heat of fusion (�Hm) of the PP/PP-R blends
decreased regularly with PP-R content (see Table I). It
also was shown that the PP-R component could de-
crease the total crystallinity of the blends. Feng et al.9

reported that fusion heat decreased linearly with an
increase in the ethylene component of PP-R. In the
PP/PP-R blends, PP and PP-R are very miscible; thus,
the main factor explaining the decreased �Hm of the

PP/PP-R blends was the ethylene comonomer, which
decreased the crystallinity of the blends.

Because the cocrystallization behavior of the two
crystallizable polymers was strongly dependent on
the crystallization speed (i.e., cooling rate from the
melt),16–18 the effect of cooling rate on the crystalliza-
tion behavior of the PP/PP-R blends was investigated.
Figure 2 shows the heating DSC thermograms for the
PP/PP-R (70 : 30) blends prepared at various cooling
rates. As shown in Figure 2, only one fusion peak was
observed regardless of the cooling rate. Cho et al.19

reported that at lower cooling rates (1°C/min, 5°C/
min, 10°C/min), two melting peaks (phase separa-
tions) could occur, whereas at higher cooling rates
(30°C/min, 40°C/min), a single melting peak (cocrys-
tallization) would occur in the PP/maleated PP
blends. However, all PP/PP-R (70 : 30) blends showed
a single melting peak, regardless of cooling rate.
Therefore, it can be concluded that PP/PP-R forms
cocrystal. The Tm of the 70 : 30 blends slightly de-
creased as the cooling rate increased, because with the
increased cooling rate, crystallization occurred at a
lower temperature and had more defects.

As an example, Figure 3 shows the typical crystal-
lization exotherms of PP/PP-R (80 : 20) blends at var-
ious cooling rates. All the crystallization exotherms
were found to reflect the cocrystallization of PP/PP-R
melt. Peak temperature (Tp) and heat of crystallization

Figure 2 DSC melting curves of PP/PP-R (70:30) blends
prepared at various cooling rates. The heating rate was
10°C/min.

TABLE I
Melting Temperature (Tm) and Fusion Heat (�Hm) of PP/PP-R Blends

Sample PP 90 : 10 80 : 20 70 : 30 60 : 40 40 : 60 20 : 80 PP-R

Tm (°C) 161.7 161.2 160.6 160.0 159.0 157.3 153.9 147.5
�Hm (J/g) 99.9 94.3 88.6 85.9 81.8 78.3 70.1 65.9
Xx (%) 43.94 39.67 37.26 35.12 33.09 32.04

Xx is crystallinity examined by X-ray diffraction.

Figure 3 DSC nonisothermal crystallization curves of PP-R
(80:20) blends at various cooling rates.
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(�Hc), estimated as a function of cooling rate, are listed
in Table II. As shown in Table II, with an increase in
cooling rate, the Tp of the pure PP and the PP/PP-R
blends shifted to a lower temperature. The decrease in
Tp with a faster cooling rate was a result of the crys-
tallization rate being slower than the experimental
cooling rate.20 At a slower cooling rate, PP had enough
time to crystallize and the spherulite had little defects
and therefore a higher Tp. However, for a given cool-
ing rate (10°C/min), the Tp shifted to a higher temper-
ature with increasing PP-R content of the blend. The
Tp increased from 117.6°C in pure PP to 122.4°C in the
blend containing 20% PP-R and then decreased to
110°C in pure PP-R (see Fig. 4). The highest increase of
Tp, about 4.8°C, was obtained for the PP/PP-R (80 : 20)
blends. Similar crystallization behavior was reported
for PP/PB-1 blends by Shieh et al.21 A possible inter-
pretation of the results in the PP/PP-R blends, in
which the PP-R had a higher molecular weight and
viscosity [MFI (230°C/2.16 kg) � 0.25 g/10 min], the

PP molecular chains aggregated to the long PP-R mo-
lecular chains and crystallized. However, with the
PP-R content increased in certain blend compositions,
the PP-R started to form a continuous phase, and the
crystallization of the blend tended to bulk crystalliza-
tion of PP-R; thus, the crystallization of PP was re-
tarded, and then the Tp decreased again. From this, it
is clear that crystallization behavior was enhanced
with a lower PP-R content and then decreased slightly
as the PP-R content increased.

For all the samples, the heat of crystallization (�Hc)
decreased with blend composition, indicating that the
total crystallinity of the blends decreased with the
addition of PP-R, in agreement with the �Hm values
obtained in the DSC heating runs.

Nonisothermal crystallization kinetics

To date, several analytical methods have been devel-
oped to describe the nonisothermal crystallization ki-
netic of polymers: (1) modified Avrami analysis,22–24

(2) Ozawa analysis,25–26 (3) Ziabicki analysis,27–28 and
(4) other types of analyses29–32 such as Mo Z.S.29 anal-
ysis. In the present study, modified Avrami analysis
was used to describe the nonisothermal crystallization
kinetics of PP/PP-R blends.

Modified Avrami analysis

The Avrami equation24,33–34 has been widely used to
describe isothermal crystallization kinetics of poly-
mers:

1 � Xt � exp� � ktn� (1)

where Xt is the relative crystallinity, k is the growth
rate constant, and n is the Avrami exponent. Here, the
value of the Avrami exponent n depends on the nu-
cleation mechanism and growth dimension, and pa-

TABLE II
Nonisothermal Crystallization Parameters of PP/PP-R Blends at Different Cooling Rates

Sample
D

(°C/min) n k�
?

(min)
Tp

(°C)
�Hc
(J/g)

Ea
(kJ/mol)

PP 2.5 2.72 0.18 3.75 121.0 96.5 437.90
5.0 2.66 0.54 1.85 120.0 93.5

10 2.58 0.85 1.08 117.6 93.7
20 2.60 0.98 0.61 115.2 90.7

20% PP-R 2.5 2.70 0.26 3.09 125.8 87.1 398.47
5.0 2.68 0.70 1.71 124.4 85.5

10 2.52 0.97 1.01 122.4 81.8
20 2.87 1.09 0.50 119.1 79.0

40% PP-R 2.5 2.80 0.23 3.14 124.8 81.0 408.45
5.0 2.74 0.64 1.73 123.9 74.9

10 2.63 0.90 0.91 121.0 73.2
20 2.55 1.04 0.54 118.6 68.2

Figure 4 DSC nonisothermal crystallization curves of PP/
PP-R blends. The cooling rate was 10°/min.
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rameter k is a function of the nucleation and the
growth rate. Relative crystallinity, Xt, as a function of
crystallization time is defined as:

Xt �

�
0

�dHC/dT�dT

�
0

x

�dHC/dT�dT

(2)

where dHc/dT is the rate of heat evolution, and t0 and
t� are the times at which crystallization starts and
ends, respectively.

The Avrami equation can be modified in order to
describe nonisothermal crystallization.22–23,35–36 For
nonisothermal crystallization at a chosen cooling rate,
relative crystallinity, Xt, is a function of crystallization
temperature. That is, eq. (2) can be rewritten as fol-
lows:

Xt �

�
T0

T

�dHC/dT�dT

�
T0

Tx

�dHC/dT�dT

(3)

where T is the crystallization temperature, T0 and T�

represent the onset and end crystallization tempera-
tures, respectively.

As an example, Figure 5 shows the relative crystal-
linity of PP/(20%) PP-R blends at various cooling
rates. All curves in Figure 5 show a reversed sigmoidal
shape, indicating a fast primary process during the
initial stages and a slower secondary process during
the later stages. The plot of Xt versus T shifts to the
low-temperature region as the cooling rate increases,
indicating that crystallization was enhanced as the
temperature decreased. That is because the nucleation
and growth parameters were strongly dependent on
temperature.37 After passing the maximum in the heat
flow curves, a large fraction of crystallinity developed
by slower, secondary kinetic processes. The slower
cooling rate provided more fluidity and diffusivity for
the molecules because of the relatively lower viscosity
and more time for perfection crystallization, thus in-
ducing much higher crystallinity at higher tempera-
ture than for the samples cooled with fast cooling
rates, as shown in Figure 5.

Crystallization temperature can be converted to
crystallization time, t, using the equation28,35

t �
T0 � T

D (4)

where D is the cooling rate. Using eq. (4), the temper-
ature axis in Figure 5 can be transformed into time
scale, as shown in Figure 6. The sigmoidal shape of the
curves suggests that the extended Avrami analysis is
applicable for nonisothermal crystallization of PP/
PP-R blends. Meanwhile, the crystallization half time,
t½, can be calculated directly from the relative crystal-
linity versus time plot,24,38 as shown in Table II.

If eq. (1) is rewritten in a double logarithm form as

ln� � ln�1 � Xt�� � ln�k� � n ln�t� (5)

Figure 5 Plot of relative crystallinity, Xt, versus crystalli-
zation temperature, T, of PP/(20%) PP-R blends for noniso-
thermal crystallization at various cooling rates.

Figure 6 Plot of relative crystallinity, Xt, versus crystalli-
zation time, t, of PP/(20%) PP-R blends for nonisothermal
crystallization at various cooling rates.
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then the Avrami parameters can be estimated from the
ln[	ln(1 	 Xt)] versus ln t. Here, the crystallization
rate of nonisothermal crystallization depends on the
cooling rate. Thus, the crystallization rate constant, k,
should be corrected adequately. Assuming a constant
cooling rate, the crystallization rate constant can be
corrected as35 ln k� � ln k/D.

Figure 7 shows the plot of ln[	ln(1 	 Xt)] versus ln
t for nonisothermal crystallization of PP/(20%) PP-R
blends. All lines in Figure 7 are parallel to each other,
shifting to less time with increasing cooling rate. This
implies that the nucleation mechanism and crystal
growth geometries were similar, although the cooling
rates were different. The values of the Avrami param-
eters, estimated from the plot of ln[	ln(1 	 Xt)] versus
ln t, are listed in Table II. Regardless of the cooling
rate, the Avrami exponent, n, for the pure PP was in
the range of 2.58–2.72, which is in good agreement
with reports in the literature for measurements per-
formed under nonisothermal39 and isothermal37 con-
ditions, indicating heterogeneous nucleation and tri-
dimensional growth of spherulites. The Avrami expo-
nents for the PP/PP-R blends were in the range of
2.52–2.87, regardless of the blend composition and
cooling rate, showing that the crystallization mecha-
nism of PP was not affected in the presence of PP-R.

However, the crystallization rate was dependent on
the blend composition and cooling rates. On the one
hand, for the pure PP, the crystallization rate constant
(k�) increased with cooling rate, whereas the crystalli-
zation half time (t½) decreased with increasing cooling
rate (see Table II). Similar trends in both the k� and t½
were observed for the PP/(20%) PP-R and PP/(40%)
PP-R blends. On the other hand, both the k� and t½ also
were influenced by the addition of PP-R—that is, at
the same cooling rate, the k� increased to the maximal
crystallization rate (20% PP-R content) and then
slightly decreased with an increase in PP-R content,
with the t½ adversely affected. It was conclusively

shown that the crystallization rate was accelerated by
increasing the cooling rate or was enhanced with the
introduction of a small quantity of PP-R in PP, results
that corresponded to the crystallization behavior anal-
ysis.

Activation energy of nonisothermal crystallization

For nonisothermal crystallization, the crystallization
activation energy (Ea) can be estimated from the vari-
ation of crystallization peak temperature (Tp) with
cooling rate, D, by the Kissinger approach:40

d�ln�D/Tp
2��

d�1/Tp�
� �

Ea

R (6)

where R is the universal gas constant.
The Kissinger plot is the plot of ln(D/Tp

2) versus
1/Tp for PP/PP-R blends, as shown in Figure 8. The Ea

was estimated to be 437.90 kJ/mol for pure PP, 398.47
kJ/mol for the PP/(20%) PP-R blends and 408.45 kJ/
mol for the PP/(40%) PP-R blends (see Table II). In
comparison, the Ea of the pure PP was higher than that
of the PP/PP-R blends, and the Ea of the PP/(40%)
PP-R blends was higher than that of the PP/(20%)
PP-R blends. From a kinetic viewpoint, the activation
energy could be correlated to the crystallization rate.
As described earlier in this study, there was a relative
decrease in the crystallization rate in the order of
PP/(20%) PP-R blends 
 PP/(40%) PP-R blends

 pure PP (see Table II). That is, the lower activation
energy of crystallization drove the more rapid crystal-
lization rate, a result consistent with the previous con-
clusion.

Morphology analysis

Figure 9 shows the POM micrographs of PP/PP-R
blends that have been isothermal crystallized at 140°

Figure 8 Kissinger plot of ln(D/Tp
2) versus 1/Tp of PP/

PP-R blends for nonisothermal crystallization at different
PP-R contents.

Figure 7 Avrami plot of PP/(20%) PP-R blends for noniso-
thermal crystallization at various cooling rates.
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for 1 h. As shown in Figure 9(a), the pure PP revealed
well-defined and large spherulitic morphology. The
spherulites grew, impinged on each other, and formed
particular polygonal spherulites with clear bound-
aries. With the addition of 10% PP-R, spherulite size
promptly decreased, and with less perfection, the
right-angled intersection disappeared, the sharp
spherulite boundaries became more diffuse, and inter-
spherulitic interaction increased [Fig. 9(b)]. At a
higher PP-R content [Fig. 9(c)], the spherulites could
not be clearly observed. Figure 9(d,e) shows the mag-
nified POM micrographs of PP/(10%) PP-R and PP/
(20) PP-R blends, indicating that less perfect spheru-
lites still formed, although they were distorted and
very small. Overall, the addition of PP-R greatly af-
fected the spherulite size and morphology of PP.
Spherulite size immediately decreased with increasing
PP-R content. This resulted from the cocrystallization
and crystallizability of PP being disrupted by the
higher concentration of PP-R. The PP molecular chains
were more difficult to pack in an ordered manner than
those of pure PP; this caused a large number of
spherulites to grow in a limited space. Therefore, per-

fect spherulites cannot form at a higher concentration
of PP-R. In addition, the large number of nucleus
centers caused additional crystalline defects and led to
low crystallinity.

Further demonstrating the results of POM are the
SEM micrographs of the etched surfaces in the potas-
sium permanganate solution, shown in Figure 10. The
pure PP had a coarse surface [Fig. 10(a)], whereas the
PP/(30%) PP-R blend had a relatively smooth appear-
ance [Fig. 10(b)]. With an increase in the PP-R content,
the PP/(60%) PP-R and pure PP-R again showed a
coarser surface [Fig. 10(c,d)] than that of the PP/(30%)
PP-R blend. This means the addition of PP-R into PP
had a great effect on blend microstructure. Pure PP
had the largest-sized spherulites [as shown in Fig.
9(a)], a large defect between spherulites, and a loose
structure formed by large and perfect spherulites. It
was easy to oxidize the noncrystallization regions in
the potassium permanganate solution. With the addi-
tion of PP-R, spherulite size and perfection greatly
decreased, and the compactness of the blend structure
increased. For this structure, oxidative etching of the
noncrystallization region became difficult; therefore,
the PP/(30%) PP-R blend showed a relatively smooth
surface. In conclusion, these results were in good
agreement with the POM analysis.

Figure 11 shows X-ray diffraction (XRD) patterns
for PP, PP-R, and their blends. The strong diffraction
peaks were at the diffraction angles 2� of 14.00°,
16.79°, 18.48°, and 21.80° (a doublet), of which the
former three peaks corresponded to (110), (040), and

Figure 10 SEM micrographs of the etched surface in the
potassium permanganate solution: (A) pure PP, (B) 30%
PP-R, (C) 60% PP-R, (D) pure PP-R.

Figure 9 POM micrographs of PP/PP-R blends: (A) pure
PP (100�), (B) 10% PP-R (100�), (C) 20% PP-R (100�), (D)
10% PP-R (400�), (E) 20% PP-R (400�).
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(130) planes, respectively, and were characteristic of
the typical �-form monoclinic structure of PP.41–42

Figure 11 demonstrates that the PP, PP-R, and their
blends prepared from the melt all showed only the �
crystal form. For the blends, the intensity of the PP
peak decreased with an increase in PP-R content. The
broadened background scattering area of the curves
suggested the presence of an amorphous structure.
The crystallinity could be estimated with the follow-
ing formula43:

Crystallinity (%) �
Sc

Sc � Sa
� 100 (7)

where Sc is the area of crystallization and Sa is the
background area. As shown in Table I, the crystallin-
ity, Xx, linearly decreased with the blend composition,
in good agreement with the nonisothermal crystalli-
zation process and DSC heating runs.

CONCLUSIONS

(1) The single peak during the melting and crystal-
lization process indicated that PP and PP-R
were very miscible and that there was cocrystal-

lization. The crystallinity of the blends de-
creased with an increasing PP-R content.

(2) Investigation of the nonisothermal crystalliza-
tion kinetics of the blend was accomplished
fairly well by modified Avrami analysis. The
values of the Avrami exponent were 2.52–2.87,
regardless of the cooling rate and blend compo-
sition, indicating that the crystallization nucle-
ation was heterogeneous, the growth of spheru-
lites was tridimensional, and the nucleation and
growth mechanism of the PP was not affected
by the addition of PP-R.

(3) The crystallization rate of the blends was influ-
enced by the composition as well as the cooling
rate. At the same cooling rate, the crystallization
rate increased with increasing PP-R content to
20% and then decreased slightly.

(4) The POM results showed that spherulite mor-
phology and size were greatly affected by the
PP-R, and the addition of PP-R resulted in a
prompt decrease in spherulite size and an in-
crease in the structural compactness of the
blends. Both the SEM and the XRD results
showed that the crystallinity of the blends de-
creased with increasing PP-R content and that
only an �-form monoclinic structure was
formed.
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