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ABSTRACT: Polypropylene (PP)/metallocene-catalyzed
polyethylene elastomer (mPE) blends were prepared in a
twin-screw extruder. The melting behavior, crystallization
behavior, and isothermal crystallization kinetics of the
blends were studied with differential scanning calorime-
try. The results showed that PP and mPE were partially
miscible and that the addition of mPE shifted the melting
peak of PP to a lower temperature but the crystallization
temperature to a higher temperature, demonstrating a
dilution effect of mPE on PP. The isothermal crystalliza-
tion kinetics of the blends were described with the Avrami
equation. The values of the Avrami exponent indicated
that the nucleation mechanism of the blends was heteroge-
neous, the growth of spherulites was almost three-dimen-

sional, and the crystallization mechanism of PP was not
affected much by mPE. At the same time, the Avrami
exponents of the blends were higher than that of pure PP,
and this showed that the addition of mPE helped PP to
form more perfect spherulites. The crystallization rate of
PP was increased by mPE because the dilution effect of
mPE on PP increased the mobility of PP chains. The crystal-
lization activation energy was estimated with the Arrhenius
equation, and the nucleation constant was determined by
the Hoffman–Lauritzen theory. VVC 2008 Wiley Periodicals, Inc.
J Appl Polym Sci 110: 2615–2622, 2008
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INTRODUCTION

Polypropylene (PP) is a semicrystalline thermoplastic
polymeric material that is widely used because of its
attractive combination of good processability, good
mechanical properties, good chemical resistance, and
a low price. However, its application in some fields
is limited by its low fracture toughness at low tem-
peratures and high notch sensitivity at room temper-
ature. To improve the impact properties of PP,
blending PP with a dispersed elastomeric phase
(e.g., polypropylene random, ethylene-propylene
rubber, styrene-ethylene-butadiene-styrene, ethylene
propylene diene monomer) is widely practiced1–7

because the elastomer can increase the overall tough-
ness of the PP matrix.8 However, the addition of an
elastomer often has negative effects on some proper-
ties of PP, such as stiffness and hardness.9

The development of metallocene catalysts has led
to the production of numerous new polyolefin mate-
rials in both elastomeric and nonelastomeric fields,
and the crystallization behavior of metallocene-cata-

lyzed polyethylene is obviously different from that
of Ziegler–Natta polyethylene; this also differs in the
branching characteristics and copolymer composition
distribution.10 Among these, metallocene-catalyzed
polyolefin elastomers are extremely attractive in
both rubber and plastic industries. A metallocene-
catalyzed polyethylene elastomer (mPE) polymerized
with octene as a comonomer possesses a very homo-
geneous copolymer distribution and a narrow mo-
lecular mass distribution. Because of its good
thermal stability, good mechanical properties, and
good puncture strength in comparison with conven-
tional rubber modifiers, mPE can impart higher
impact strength to PP; at the same time, its good
processability and tensile strength are well main-
tained.9 In addition, previous work has shown
improved fracture behavior at low temperatures and
better dynamic properties of PP with mPE as a
modifier.11 Also, mPE exists in a granular form, so
its processing technology (e.g., extrusion and injec-
tion molding) during blending with PP is very
convenient.

It is well known that the physical properties of
semicrystalline polymeric materials strongly depend
on their crystallization and microstructure, so an
investigation of the crystallization behavior is signifi-
cant both theoretically and practically. Therefore, it
is highly desirable to investigate the crystallization
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kinetics to optimize their blend composition and
understand the properties of the processed products.
The nonisothermal crystallization kinetics of PP/
mPE blends have been reported,12 but the isothermal
crystallization kinetics, which can provide the
Avrami exponent (n) showing the growing patterns
and nucleation mechanism of the spherulites, have
not been reported yet.

In this study, the melting behavior and isothermal
crystallization kinetics of PP/mPE blends were
investigated intensively, and Avrami analysis was
applied to them to investigate the isothermal crystal-
lization kinetics and nucleation mechanism. The acti-
vation energy (Ea) was calculated with an Arrhenius
equation, and the nucleation constant (Kg) was deter-
mined with the Hoffman–Lauritzen theory.

EXPERIMENTAL

Materials

The PP [type T36F, density (d) ¼ 0.91 g/cm3, melt
flow index (2308C/2.16 kg) ¼ 2.4 g/10 min] used in
this study was supplied by Qilu Petrochemical Co.
(China). The mPE sample [type 0201C-8, d ¼ 0.895
g/cm3, melt flow index (1908C/2.16 kg) ¼ 0.93 g/10
min] was obtained from Qatar Petrochemical Co. All
of the materials were used as received.

Preparation of the PP/mPE blends

The blending process was carried out in a corota-
tional twin-screw extruder with a length/diameter
ratio of 28 (TE-34, Coperion Keya, Nanjing, China),
and the temperature of the barrel was set around
2208C. The weight ratios of PP to mPE in the blends
were 100/0, 90/10, 80/20, 60/40, 40/60, and 0/100.

Characterization

A differential scanning calorimeter (PerkinElmer,
DSC-7) equipped with an intracooling unit was used
to record the heat flow of the heating processes,
cooling processes, and isothermal crystallization
kinetics of the blends. All of the operations were car-
ried out under a nitrogen environment. The temper-
ature and melting enthalpy were calibrated with
standard indium. To minimize thermal lag between
the polymer sample and the differential scanning
calorimetry (DSC) furnace, all sample weights were
set at about 9 mg.

To determine the melting and crystallization
behaviors, the samples were heated from room tem-
perature to 2008C at a rate of 108C/min; to erase the
thermal history, the temperature was held at 2008C
for 1 min and then cooled to 508C at a rate of 108C/
min. To determine the isothermal crystallization
kinetics, samples were heated from room tempera-
ture to 2008C, maintained at that temperature for
1 min, then cooled to the required crystallization
temperature (Tc ¼ 122–1288C) at a cooling rate of
1508C/min, and held for 30 min to record the heat
flow. The half-time of isothermal crystallization (t1/2)
was defined as the time needed for 50%
crystallization.

RESULTS AND DISCUSSION

Melting and crystallization behaviors of the
PP/mPE blends

The melting heat flows of the pure polymers and
their blends are shown in Figure 1. The melting tem-
perature of PP (Tm2) decreased with increasing mPE
content (see Table I); however, the melting tempera-
ture of mPE (Tm1) increased with increasing PP con-
tent. The melting peaks of PP were between 163.0
and 164.48C, which indicated that PP, both in the
pure state and in the blends, exhibited only a crys-
tals.13,14 The changes in Tm2 and Tm1 were not
obvious because the miscibility of the two compo-
nents was limited.

Figure 1 DSC melting curves of PP/mPE blends at a
heating rate of 108C/min.

TABLE I
Tm and Tc Values of the PP/mPE Blends

Sample
(PP/mPE) Tm1 (8C) Tm2 (8C) Tc1 (8C) Tc2 (8C)

100/0 — 164.4 111.0 —
90/10 99.3 164.4 112.2 —
80/20 99.7 164.0 112.2 84.8
60/40 97.0 163.4 115.7 83.3
40/60 96.6 163.0 115.0 83.3

0/100 96.6 — — 83.0

Both the heating and cooling rates were 108C/min.
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For the pure PP, pure mPE, and their blends,
which were crystallizable, the nonisothermal crystal-
lization behaviors were also measured in the molten
state by DSC with a cooling rate of 108C/min. Figure
2 shows the crystallization exotherms for some PP/
mPE blends compared to the pure polymer. All of
the DSC traces showed two crystallization peaks,
except that of the pure polymers, which indicated
that these systems existed as two crystallizable com-
ponents. The exotherm peak of mPE was 83.08C,
and the exotherm peak of PP was 111.08C. The melt-
ing temperatures (Tm) and Tc’s of the blends systems
are listed in Table I. The Tc of mPE increased with
increasing PP content; however, the Tc of PP
increased with increasing mPE content. This indi-
cated the mPE had some dilution effect on PP. Com-
pared to the Ziegler–Natta polyethylene, mPE is a
kind of elastomer, and the Tc is low,15 but in contrast
to EPR, mPE can crystallize.16

This observation was further confirmed by the
measurement of the equilibrium melting points
(T0

m’s). Shown in Figure 3 are the plots of the appa-
rent melting temperature (T0

m) as a function of Tc for
the 80/20 PP/mPE blends for a wide range of
undercooling. The T0

m values were determined by
extrapolation to the lines of T0

m to Tc according to the
Hoffman–Weeks equation:17

T0
m ¼ uTc þ ð1 � uÞT0

m (1)

where u is a stability parameter. The value of u is
between 0 and 1. The u parameters could be
obtained from the slope of the straight lines, and the
values of T0

m were determined by extrapolation of
the least squares fit lines of the experimental data
according to eq. (1) to intersect the line where Tm ¼

Tc, as shown in Figure 3. T0
m and u are listed in Ta-

ble II. The u value was 0.37 for pure PP and 0.34 for
the blends. In terms of u, we judged that the spheru-
lites in pure PP were more stable than those in the
blends because some mPE chains entered the PP
spherulites; this was proven by the increasing crys-
tallinity of PP with the addition of mPE. At the
same time, the T0

m values of the PP/mPE blends
were lower than that of pure PP because of the
lower stability of the PP spherulites in the blends.

The isothermal crystallization behaviors of the
PP/mPE blends were studied by DSC. Figure 4
shows the DSC heat flows of PP and PP/mPE
blends that were isothermally crystallized at differ-
ent temperatures. The chosen Tc values were deter-
mined through a series of experiments conducted at
various Tc values. As shown in Figure 4, the shape
of the exotherm peaks were similar, but the peak
time (tp) decreased with increasing mPE content; this
was consistent with a former conclusion that the Tc

increased with increasing mPE content. The tp values
are listed in Table II. For a given sample, the exo-
thermal peak shifted to longer times, and tp
increased with increasing Tc, which showed that the
higher supercooling was, the higher the crystalliza-
tion rate was and that crystallization was enhanced
as the temperature decreased.

Figure 2 DSC cooling curves of PP/mPE blends at a
cooling rate of 108C/min.

Figure 3 Hoffman–Weeks plots for the determination of
T0
m for PP/mPE (82/20) blends.

TABLE II
T0
m, ln[1/(t1/2)0], and Kg Values of PP/mPE Blends

Calculated with the Lauritzen–Hoffman Equation

Sample
(PP/mPE)

T0
m

(K) u Kg (K2)
re

(mJ/m2) ln[1/(t1/2)0]

100/0 458.8 0.37 5.06 � 105 108.1 25.80
80/20 456.8 0.34 5.83 � 105 125.1 29.76
60/40 455.9 0.34 5.80 � 105 124.7 30.13
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Isothermal crystallization kinetics

The Avrami equation18,19 has been widely used to
describe isothermal crystallization kinetics20–22 and
has been modified to describe the nonisothermal
crystallization kinetics of polymers:21–26

1 � Xt ¼ expð�ktnÞ (2)

where Xt is the relative crystallinity, k is the
growth rate constant, t is the crystallization time,
and n is the Avrami exponent. Here, the value of n
depends on the nucleation mechanism and growth
dimension. A value of n ¼ 4 shows that the nuclea-
tion mechanism is homogeneous, and a value of
n ¼ 3 shows that the nucleation mechanism is
heterogeneous.

Figure 4 DSC isothermal crystallization curves for PP/mPE blends at various Tc values: (a) 100/0, (b) 80/20, and (c) 60/40.

Figure 5 Plot of Xt versus t for the isothermal crystalliza-
tion of PP/mPE (80/20) blends at various Tc values.
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Xt versus t for the 80/20 PP/mPE blends at vari-
ous Tc’s is shown in Figure 5. All of the curves in
Figure 5 showed a sigmoidal shape, which indicated
a fast primary crystallization process during the ini-
tial stages and a slower secondary crystallization
process during the later stages. The plot of Xt versus
t shifted to the right when Tc increased, which
showed a decrease in the crystallization rate and indi-
cated that the crystallization rate was enhanced as the
temperature decreased. That was because of the
strong temperature dependence of the nucleation and
the growth parameters.27 After the maximum in the
heat flow curves passed, a small fraction of crystallin-
ity developed by slower, secondary kinetics processes.

With the relative degree of crystallinity assumed
to increase with increasing t, the Avrami equation
can be rewritten in a double-logarithm form:

log½� lnð1 � XtÞ� ¼ log kþ n log t (3)

where the Avrami exponent n is a constant that
depends on the type of nucleation and growth of the
crystals and k is a crystallization rate constant
involving both nucleation and growth rate parame-
ters under isothermal conditions. Usually, the values
of n should be an integer between 1 and 4 for differ-
ent crystallization mechanisms. Because other com-
plex factors, such as the competition of a diffusion-
controlled growth and/or the irregular boundary of
the spherulites, are probably involved in the process,
n is not a straight forward integer.28 By plotting
log[�ln(1 � Xt)] versus log t, we obtained n and log
k from the slope and intercept, respectively; the
log[�ln(1 � Xt)] versus log t plots of 80/20 PP/mPE
are shown in Figure 6. Each curve showed a good
linear relationship, which indicated that the Avrami
equation properly described the isothermal crystalli-
zation kinetics of these blends systems. The Xt

ranges were from 10 to 90%, which showed good fit-

ness of the Avrami equation to these systems in the
whole process. Similar shapes and trends appeared
in pure PP and the 60/40 PP/mPE blends.

As shown, all of the lines in Figure 6 are almost
paralleled to each other, shifting to lower times with
decreasing Tc. This implies that the nucleation mech-
anism and crystal growth geometries were similar,
although the Tc’s were different. n and the crystalli-
zation rate constant were estimated from the slope
and intercept of the ln[�ln(1 � Xt)] versus ln t plot,
and the values are listed in Table III. Regardless of
the Tc values, the n values for pure PP were between
2.33 and 2.56; compared to literature data under iso-
thermal conditions,29,30 this indicated that heteroge-
neous nucleation and the growth of spherulites were
between two dimensional and three dimensional.
The n values for the PP/mPE blends were in the
range 2.46–2.65, which was a little higher than that of
pure PP. These results show that mPE helped PP to
form more perfect spherulites. The log k (crystalliza-
tion rate constant) values of the blends were larger
than that of pure PP, which indicated that the mPE
increased the crystallization rate of PP. This was
because the dilution effect of mPE helped the PP
chains to transit to the growing crystal.

The mechanism of mPE on the crystallization
kinetics of PP was that, at the Tc’s, because of the
high supercooling, the mobility of the PP chains was
not high enough to transit from the amorphous state
to the growing crystal, and the spherulites are not
perfect. However, at that temperature, mPE was
unable to crystallize, and the mobility of the mPE
chains was still high. At the same time, the partial
miscibility and interaction of PP and mPE led to a
small part of the PP chains dissolving into the mPE
melt. The mobility of the dissolved PP chains was
much higher than that of the pure PP, and then, the
PP chains could transit to the growing crystal and

Figure 6 Avrami plot for the isothermal crystallization of
PP/mPE (80/20) blends at various Tc values.

TABLE III
Isothermal Crystallization Parameters of the PP/mPE

Blends at Different Tc Values

Sample
(PP/mPE)

Tc

(8C)
t1/2

(min) n log k
tp

(min)

100/0 122 2.62 2.33 2.57 �1.12
124 3.88 2.47 �1.60 3.78
126 6.40 2.56 �2.22 6.30
128 10.6 2.52 �2.75 10.5

80/20 122 1.24 2.46 �0.38 1.20
124 2.10 2.48 �0.95 2.04
126 3.69 2.55 �1.60 3.58
128 6.48 2.51 �2.19 6.34

60/40 122 0.74 2.54 0.16 0.67
124 1.28 2.65 �0.45 1.18
126 2.21 2.65 �1.09 2.00
128 3.85 2.59 �1.69 3.45

Tc, crystallization temperature.
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form perfect spherulites through the mPE melt.
Because the mPE could not form solid nuclei at Tc,
the nucleation mechanism of PP was not obviously
affected.

However, the crystallization rate was dependent
on the blend composition and Tc. On one hand, for
all of the samples, the crystallization rate constant
(k) increased with decreasing Tc, whereas t1/2

decreased with decreasing Tc (see Table III). On the
other hand, both k and t1/2 were also influenced by
the addition of mPE. That is, at the same Tc, k
increased slightly with increasing mPE content, and
t1/2 was adversely affected. Thus, the crystallization
rate accelerated with increasing mPE content in PP,
which was due to the dilution effect of mPE on PP,
which shifted the crystallization point of PP to a
higher temperature. So at the same Tc, the supercool-
ing of PP was then increased by addition of mPE,
and the crystallization rates were enhanced by the
high supercooling. So at Tc, the miscibility of PP and
mPE favored an improvement in the mobility of the
PP molecules; then, the crystallization rate increased,
and the spherulites became more perfect with the
addition of mPE in the PP/mPE blends.

t1/2 is a very important parameter, which is
defined as the time from the onset of the crystalliza-
tion until 50% completion. The t1/2 values can
always be drawn directly from the Xt versus time
plot, as shown in Table III; tp values are also shown
for comparison. As shown in Table III, the tp values
were near but a little lower than that of t1/2. This
was because of the secondary crystallization of PP,
and then, the Xt values were lower than 50% when
the crystallization rate reached its highest.

Also, t1/2 could be determined from the measured
kinetics parameters, as follows:31

t1=2 ¼ ln 2

k

� �1=n

(4)

The t1/2 values drawn from the crystallinity versus
time plot and calculated from eq. (4) are listed in Ta-
ble IV for comparison, and the values were very
close, which showed good consistency in the theoret-
ical and experimental conclusions.

For all of the samples, the crystallinity of PP (XPP)
was defined as

XPP ¼ DHc

187:7 � PP%
(5)

where 187.7 (J/g) is the 100% crystallization en-
thalpy of PP32 and DHc is the crystallization enthalpy
of PP in the pure PP or the PP/mPE blends. The
XPP values are also listed in Table IV. XPP of 80/20
PP/mPE was higher than that of pure PP, which
meant that the mPE chains entered the PP crystals.

This was more proof of the partial miscibility of PP
and mPE. However, the XPP of 60/40 PP/mPE was
lower than that of the 80/20 PP/mPE blends
because part of the PP dissolved into the mPE and
was unable to crystallize at that temperature. The
crystallinity of the both PP and the PP/mPE blends
increased with increasing of Tc, and this result indi-
cates that the mobility of the PP chains increased
with increasing temperature, and then, the crystallin-
ity was correspondingly higher.

The Avrami parameter (k) was assumed to be
thermally activated and was used to determine the
Ea for crystallization. Thus, the crystallization rate
parameter (k) could be described by an Arrhenius
relation33 as follows:

k1=n ¼ k0 exp � Ea

RTc

� �
(6)

where k0 is a temperature-independent pre-exponen-
tial factor, Ea is the activation energy, R is the gas
constant, and Tc is the crystallization temperature.
Ea/R was determined by the linear regression of the
experimental data ln k�1/n versus 1/T, as shown in
Figure 7. The Ea of PP was �310.0 kJ/mol; at the
same time, the Ea values of the 80/20 PP/mPE and
60/40 PP/mPE blends were �364.0 and �362.4 kJ/
mol, respectively. These results show that the crys-
tallization energy of the PP/mPE blends was lower
than that of pure PP and that the crystallization rate
was correspondingly higher. On the other hand, the
crystallization rate of the PP/mPE blends was more
sensitive to temperature than that of pure PP. This
conclusion was consistent with the Avrami analysis.

To further investigate the crystal growth kinetics
of PP and the blends isothermally crystallized from
the melt, the Lauritzen–Hoffman equation34 was
applied in this study to analyze the spherulite
growth rate of the system. On the basis of this
theory, the crystal growth rate (G) at a given Tc is
expressed by the following equation.

TABLE IV
Comparison of the t1/2 and Crystallinity Values of the

Blends at Different Tc Values

Sample
(PP/mPE)

Tc

(8C)
Experimental

(min)
Calculated

from k (min)
XPP

(%)

100/0 122 2.62 2.58 43.4
124 3.88 3.83 45.6
126 6.40 6.38 46.0
128 10.6 10.67 46.9

80/20 122 1.24 1.23 44.6
124 2.10 2.08 47.6
126 3.69 3.67 49.7
128 6.48 6.44 50.0

60/40 122 0.74 0.75 41.2
124 1.28 1.29 44.1
126 2.21 2.25 46.3
128 3.85 3.90 47.0
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G ¼ G0 exp � U*

RðTc � T1Þ

� �
exp �

Kg

TcðDTÞf

� �
(7)

where G0 is a pre-exponential factor, U* is the acti-
vation energy for transporting the polymer chain
segments to the crystallization site, R is the gas con-
stant, T1 is the temperature below which the poly-
mer chain movement ceases, DT is the degree of
supercooling described as Tc � T0

m, f is a correction
factor accounting for the variation in the enthalpy of
fusion (DHf) given as f ¼ 2Tc/(T0

m þ Tc), and Kg is
the nucleation constant. In the experimental temper-
ature range, Kg can be expressed as

Kg ¼ 4b0rreT
0
m=kbðDHf Þ (8)

where r and re are the free energies per unit area of
the surfaces of the lamellae parallel and perpendicu-
lar, respectively, to the chain direction; b0 is the dis-
tance between two adjacent fold planes; and kb is the
Boltzmann constant and is equal to 1.35 � 10�23 J
mol�1 K�1.

For practical convenience, 1/t1/2 and (1/t1/2)0

were used to substitute for G and G0 in the calcula-
tion. According to Chan and Isayev,35 eq. (7) is usu-
ally rewritten as follows.

ln
1

t1=2

� �
þ U*

RðTc � T1Þ ¼ ln
1

t1=2

� �
0

" #
�

Kg

TcðDTÞf
(9)

In this study, universal values of U* ¼ 6300 or
1500 cal/mol and T1 ¼ Tg � 30 K were used in all
calculations.34 The plot of ln(t1/2) þ U*/R(Tc � T1)
versus 1/TcDTf of the PP/mPE blends for isothermal
crystallization are shown in Figure 8, and the straight
line suggested the existence of only one crystalliza-
tion regime. The values of Kg and ln[1/(t1/2)0] were

obtained from the slope and the intercept of Figure
8, and the values are listed in Table II. Also, re was
calculated by the substitution of Kg into eq. (8); with
the assumption of crystal growth on the 110 plane,
the values of r, DHf, and b0 were 11.5 mJ/m2, 209 J/
g, and 62.6 nm,36 respectively (see Table II). The Kg

values of the PP/mPE blends were higher than that
of pure PP, as were the re values. The lower value
of re showed a nucleation effect, so the mPE did not
act as nucleation agent in the blend systems. This
result was consistent with the higher n of the blends
than that of pure PP.

CONCLUSIONS

PP/mPE blends prepared by the conventional melt-
blending method were investigated for their melting
and crystallization behaviors and isothermal crystal-
lization kinetics:

1. The study of the melting and crystallization
behaviors showed that the mPE had some dilu-
tion effect on PP. The crystallinity of PP
increased with the addition of mPE, which
showed that the mPE chains entered the PP
matrix.

2. The isothermal crystallization kinetics of the
blends were investigated fairly well with
Avrami analysis. The values of n indicated that
the crystallization nucleation mechanism was
heterogeneous and that mPE did not affect the
nucleation mechanism but helped PP to form
more perfect spherulites.

3. Ea decreased and the crystallization rate
increased with increasing content of mPE in the
blends, which showed that mPE accelerated the
overall crystallization processes.

Figure 7 (1/n)ln K vs 1/T for evaluating Ea for isother-
mal crystallization.

Figure 8 Plot of ln(t1/2) þ U*/R(Tc � T1) versus 1/TcDTf
for the isothermal crystallization of PP/mPE blends at dif-
ferent mPE contents.
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