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I
n the present work, ethylene-propylene block copolymer (EP90) and ethylene-propy-

lene random copolymer (EPR) were separated from a PP/EPR in-reactor alloy. The

EP90 and EPR were then blended with neat isotactic polypropylene (PP) at various

proportions to obtain ternary blends. The isothermal crystallization kinetics and mor-

phology of the ternary blends were studied and were compared with those of PP/EP90

binary blend. It is observed that the Avrami exponent increases with crystallization tem-

perature for all the blends, but the PP/EP90/EPR ternary blends compared to the

PP/EP90 binary blend exhibit larger Avrami exponents. The crystallization rate

decreases as the crystallization temperature increases, as it is indicated by the

increase of crystallization half-time. At the same crystallization temperature, the

PP/EP90 binary blend exhibits the slowest crystallization rate. The data of crystalliza-

tion kinetics were also analyzed with Hoffman-Lauritzen crystallization regime theory. It

is found that all the blends crystallize in regime III. The increase in the content of EPR

in the ternary blends is followed by increases in secondary nucleation constant, the free

energy of the chain folding surface, and the chain folding work. The blends were etched

with xylene at room temperature and at 80ºC to remove EPR and EP90, respectively,

and their morphology was studied with scanning electronic microscopy (SEM). The

SEM results reveal that the block component EP90 is partially miscible with both PP

and EPR, leading to increase in both domain number and domain size. Since both EPR

and EP90 retard crystallization of PP in the PP/EPR and PP/EP90 binary blends, we

speculate that the miscibility of EPR and EP90 can weaken the interference of EP90

on crystallization of neat PP.

INTRODUCTION

Polypropylene (PP) in-reactor
alloy is a type of material with
excellent mechanical properties,
especially impact properties, and
has a wide range of applications.
PP in-reactor alloy is usually pre-
pared by two sequential polymer-
ization stages (propylene homo-
polymerization followed by ethyl-
ene-propylene copolymerization)
and has a complicated microstruc-
ture [1-4]. In addition to PP homo-

polymer and ethylene-propylene
random copolymer (EPR), there
are also ethylene-propylene block
(or segmented) copolymers (EPC)
with a variety of compositions in
the PP in-reactor alloy [5-9]. Many
efforts have been devoted to the
studies on structure-property of PP
in-reactor alloy [10-25]. The
effects of EPR and EPC on 
crystallization of PP, morphology
and mechanical properties of the
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in-reactor alloys have been examined. It is found that
EPR can retard crystallization of PP [10]. The EPC
component may be expelled into the spherulitic
boundaries and subsequent co-crystallization of EPC
can result in better connection between the adjacent
spherulites, leading to improved mechanical 
properties [11]. The morphology and mechanical
properties of the alloys are strongly dependent on the
content and composition of EPC [17,18]. It has been
reported that in PP in-reactor alloy EPR and EPC are
partially miscible and can form a shell (EPR)/core
(EPC) structure in the PP matrix [19]. Accordingly,
crystallization of EPC in the core is delayed, leading
to a lower crystallization temperature (Tc) of EPC
[20]. In contrast, other researchers believe that the
EPC forms the outer shell and EPR is located inside
the core [22,23]. The amorphous components can
either be included into the spherulites or expelled
into the spherulitic boundaries, depending on the 
crystallization conditions [24,25]. However, due to
the complexity of PP in-reactor alloy, so far
the functions of the components in the alloy and their
cooperative effect have not been fully understood
yet. 

In literature, the contents of EPR and EPC are 
usually regulated by polymerization conditions. As
we know, when the polymerization conditions are
changed, not only the contents of EPR and EPC but
also their molecular weight and composition change
correspondingly. This hinders our study on the effect
of EPR and EPC on crystallization and mechanical
properties of PP in-reactor alloy. In the present 
work, the ethylene-propylene block copolymer and 
ethylene-propylene random copolymer components
were separated from a PP in-reactor alloy, and these
two components were blended with PP homopolymer
to obtain ternary blends with designed compositions.
Isothermal crystallization kinetics and morphology of
the ternary blends were investigated in order to
understand the cooperative effect of various 
components in the PP in-reactor alloy.

EXPERIMENTAL

Materials

The polypropylene in-reactor alloy used for fraction-

ation was prepared in our laboratory. The PP/EPR in-
reactor alloy was synthesized by a two-stage poly-
merization process.

Firstly, the slurry polymerization (pre-polymeriza-
tion) of propylene was conducted in a well-stirred
glass reactor for 30 min. A high yield spherical
Ziegler-Natta catalyst, TiCl4/MgCl2•ID (where ID is
an internal donor), kindly donated by BRICI,
SINOPEC (Beijing, China), was used in the polymer-
ization. The catalyst had a Ti content of 3 wt%.
Al(C2H5)3 (Fluka) was used as the cocatalyst (Al/Ti
= 60), and Ph2Si(OCH3)2 was used as the external
donor (Al/Si = 25). n-Heptane was used as the sol-
vent. Propylene pressure in the pre-polymerization
stage was 1 atm and the temperature was 50ºC. A
catalyst efficiency of about 30 g of PP per gram of
catalyst was obtained in the pre-polymerization stage.
After the pre-polymerization, the slurry containing
the pre-polymerized catalyst was transferred to a
Büchiglasuster 0.5 L jacketed autoclave. Propylene
was added to the autoclave to 0.6 MPa. Propylene
homopolymerization was carried out for 60 min at
60ºC. At the end of this stage, propylene and solvent
were removed by evacuation to 5 mmHg for 3 min,
and an ethylene/propylene mixture of a constant 
composition (propylene/ethylene = 1.5) and constant
pressure (0.4 MPa) was continuously supplied to the
autoclave at 60ºC. After ethylene/propylene copoly-
merization for 60 min, the ethylene/propylene 
mixture was removed by evacuation and the polymer-
ization was terminated.

The polypropylene in-reactor alloy prepared was
fractionated with a modified Kumagawa extractor,
and a temperature-gradient extraction fractionation
(TGEF) experiment was carried out to obtain 
fractions of the block copolymer [26]. n-Octane was
used as solvent to successively extract the sample at
different temperatures (room temperature, 90ºC,
110ºC, and 120ºC). The fraction of block structure
collected at 90ºC (EP90) and the fraction of random
copolymer that is soluble at room temperature (EPR)
were used for blending with an industrial PP sample.
The molecular weight, molecular weight distribution
and the average propylene content of PP, EP90, and
EPR are given in Table 1. Details about the
microstructure of EP90 and EPR were described in
our previous works [27,28].
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Table 1. Molecular weight, molecular weight distribution and

the average propylene content of PP, EP90, and EPR.

Preparation of the Blends

Prescribed amount of PP, EP90, and EPR were 
dissolved in xylene at 130ºC for 1 h under stirring at
the nitrogen atmosphere. The total concentration of
polymer is 1.0 wt/v%. A small amount of anti-oxidant
was added. After dissolution, a part of the solvent was
evaporated and the residual solution was poured into
a beaker containing an excessive amount of ethanol to
precipitate the blends. The precipitated polymer was
filtered and washed with ethanol for several times,
then dried in a vacuum oven overnight at 60ºC. The
weight percentage of PP in the ternary blends was
fixed at 80%, but the weight percentages of EP90 and
EPR are varied. Four blends with EP90 weight 
percentages of 20, 15, 10, and 5; and corresponding
EPR weight percentages of 0, 5, 10, and 15 were pre-
pared. These four blends are designated as 80-20-0,
80-15-5, 80-10-10, and 80-5-15, in which the three
numbers are the weight percentages of PP, EP90, and
EPR in the blends, respectively. Thus the blend 
80-20-0 is a binary blend of PP/EP90 and the other
three blends are ternary blends of PP/EP90/EPR.

Isothermal Crystallization Kinetics

Isothermal crystallization kinetics experiments were
carried out on a Perkin-Elmer Pyris-1 differential
scanning calorimeter (DSC). About 4 mg of polymer
sample was sealed in an aluminium pan. The polymer
samples were first heated to 220ºC under nitrogen
atmosphere and held for 5 min to erase the thermal
history. Then, it was cooled to pre-set temperature at
a rate of 50ºC/min for isothermal crystallization.
The heat flows were recorded during isothermal 
crystallization.

Scanning Electron Microscopy (SEM)

Stripes of the blends after thermal compression

moulding were first put into liquid nitrogen, then
taken out and fractured. The fractured samples were
immersed into xylene at 25ºC and 80ºC, respectively,
for 30 min under sonication. At 25ºC only EPR is 
soluble but EP90 is insoluble. In contrast, both EPR
and EP90 are soluble in xylene at 80ºC. After 
extraction with xylene, the fractured surfaces of the
blends were used for SEM experiments. SEM 
experiments were carried out on a Hitachi S-570
instrument at a voltage of 20 kV.

RESULTS AND DISCUSSION

Isothermal Crystallization Kinetics

These four blends were isothermally crystallized at
various temperatures ranging from 119ºC to 132ºC.
The heat flows during isothermal crystallization for
the blends are shown in Figure 1.

The isothermal crystallization kinetics of the
polypropylenes can be interpreted in terms of Avrami
equation [29]: 

(1)

where X(t) is the relative crystallinity at time t,
ΔHc

t=∞, ΔHc
t=0, and ΔHc

t are the crystallization
enthalpies on complete crystallization, at t = 0 and
after time t, respectively. Therefore, we have:

(2)

The crystallization rate constant, K, and Avrami expo-
nent, n, can be determined from the intercept and
slope in the plot of ln[-ln(1-X(t))] versus ln(t), 
respectively.

Figure 2 shows the Avrami plots for the blends.
The derived Avrami exponent, n, is shown in Figure 3.
It is observed that the Avrami exponent increases with
crystallization temperature for all the blends. Since
Avrami exponent is equal to the growth dimension of
polymer crystals assuming a heterogeneous nucle-
ation mechanism, two-dimensional crystals tend to be
formed at lower crystallization temperature, but
spherulites are formed at high crystallization temper-
ature. Comparing the Avrami exponents of these four
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blends, it is noticed that three blends containing EPR
have similar Avrami exponents at the same crystal-
lization temperature, whereas the blend 80-20-0,
which contains only PP and block component (EP90)
but no EPR, has a smaller Avrami exponent than the
other three blends. This observation is out of our
expectation, since EPR is a non-crystalline compo-
nent and addition of EPR should have led to imper-
fection of PP crystals. A possible explanation is that,
the block component EP90 has stronger interaction

with PP due to its crystallizable PP segments and thus
EP90 exerts a stronger interference effect on crystal-
lization of neat PP. In contrast, when EPR is added
into blends, EP90 also has interaction with EPR and
thus the effect of EP90 on crystallization of neat PP is
weakened. This conclusion is supported by the 
morphology of the blends, which will be discussed in
the next section.

(3)
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Figure 1. DSC traces of PP/EP90 binary blend and PP/EP90/EPR ternary blends crystallized at various crystallization

temperatures: (a) 80-20-0, (b) 80-15-5, (c) 80-10-10, and (d) 80-5-15.



The crystallization half-time (t1/2), at which the 
relative crystallinity, X(t), is equal to 0.5, can be 
calculated from eqn (3). The larger crystallization
half-time indicates a slower crystallization rate.
Figure 4 shows the crystallization half-time for the
four blends. It is found that at the same crystallization
temperature, the blend 80-20-0, in which the EPR
component is absent, exhibits the largest crystalliza-
tion half-time, indicating the slowest crystallization
rate among these four blends. The blends 80-10-10
and 80-15-5 have similar crystallization half-

times, while the blend 80-5-15 has the smallest 
crystallization half-time, showing the fastest 
crystallization rate.

Secondary Nucleation Constant and Chain

Folding Work

Based on the theory of Lauritzen and Hoffman, the
linear growth rate (G) of polymer spherulites can be
expressed as following [30]:

(4)
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Figure 2. Avrami plots for PP/EP90 binary blend and PP/EP90/EPR ternary blends at various crystallization temperatures:

(a) 80-20-0, (b) 80-15-5, (c) 80-10-10, and (d) 80-5-15.
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Figure 3. Avrami exponents of PP/EP90 binary blend and

PP/EP90/EPR ternary blends at various crystallization 

temperatures.

where G0 is a constant and is independent of temper-
ature, U* is the activation energy related to the short
distance diffusion of the crystalline unit across the
phase boundary, Kg is the secondary nucleation con-
stant, T0 is the temperature below which there is no
chain motion (usually T0 = Tg-30K), Tc is crystalliza-
tion temperature and ΔT is the supercooling (ΔT =
Tm

0-Tc), i.e. the difference between the equilibrium
melting temperature (Tm

0) and the crystallization
temperature (Tc), f is the correction factor and is equal
to 2Tc/( Tm

0+Tc). 
Eqn (4) can be reformed into:

(5)

The linear growth rate (G) can also be expressed by
the overall crystallization rate, which is determined
from the Avrami plot [31-34]:

(6)

where A is a constant.
As a result, the nucleation constant, Kg, can be

obtained from the slope in the plot of
(lnK)/n+U*/R(Tc-T0) versus 1/Tc(ΔT)f.

The nucleation constant, Kg, can be expressed as: 

Figure 4. Crystallization half-time of PP/EP90 binary blend

and PP/EP90/EPR ternary blends at various crystallization

temperatures.

(7)

where j = 4 for crystallization regimes I and III, and j
= 2 for crystallization regime II, b0 is the layer thick-
ness, σ and σe are the lateral surface free energy and
the folding surface free energy, Δhf is fusion enthalpy
and k is Boltzmann’s constant. The values of U*, Tm

0,

Figure 5. Plots of (lnK)/n+U*/(Tc-T0) versus 1/[Tc(ΔT)f] for

PP/EP90 binary blend and PP/EP90/EPR ternary blends.
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T0, Δhf, b0, and σ for crystallization of isotactic
polypropylene are 6.28 kJ/mol, 458.2 K, 231.2 K,
1.96×108 J/m3, 6.26Å, and 11.5 erg/cm2, respectively
[30,35-38].

The chain folding work, q, can be determined by

following equation [39]:

(8)

where a0 is the width of the polypropylene chain
stem, which is 5.49 Å [38].
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Samples Kg (K2) (×10-5) σe (mJ/m2) q (kJ/mol)

80-20-0

80-15-5

80-10-10

80-5-15

4.88 ± 0.25

4.63 ± 0.21

4.23 ± 0.20

4.15 ± 0.19

100.1 ± 5.1

95.0 ± 4.3

86.8 ± 4.1

85.1 ± 3.9

41.42 ± 2.12

39.30 ± 1.78

35.90 ± 1.70

35.21 ± 1.61

Table 2. The values of Kg, σe, and q for PP/EP90 binary blend PP/EP90/EPR ternary blends.

002 baq eσ=

 

Figure 6. SEM images of PP/EPC/EPR ternary blends etched at various temperatures: (a) 80-15-5 etched at 25ºC, (b) 80-15-5

etched at 80ºC, (c) 80-10-10 etched at 25ºC, (d) 80-10-10 etched at 80ºC, (e) 80-5-15 etched at 25ºC, and (f) 80-5-15 etched at 80ºC.

(a) (b)

(c) (d)

(e) (f)



The plots of (lnK)/n+U*/R(Tc-T0) versus
1/Tc(ΔT)f for these four blends are shown in Figure 5.
No transition of crystallization regime is observed for
all these four blends. Based on the reports in litera-
ture, regime III crystallization usually occurs in the
crystallization temperature range applied in the 
present work [38,39], thus the value of j in eqn (7) is
4. The derived values of Kg, σe, and q are given in
Table 2. The data in Table 2 show that, as the content
of EPR in the blends increases, the secondary nucle-
ation constant, the free energy of the folding surface,
and the chain folding work decrease gradually. This
implies that addition of EPR facilitates crystallization
of PP. It should be noted that this phenomenon is
observed only when EP90 is present in the blends. In
the binary blends of PP/EPR, we still observed that
EPR retarded crystallization of PP [27]. Since both
EPR and EP90 retard crystallization of PP in the bina-
ry systems, we deduce that EPR weakens the effect of
EP90 due to the interaction between them.

Morphology

Figure 6 shows the SEM images of the fractured 
surface of the blends after etching in xylene at 25ºC
and 80ºC, respectively. Since only the EPR compo-
nent is soluble in xylene at 25ºC, the holes observed 
correspond to the domains of EPR in the blends. In 
contrast, both EPR and EP90 are soluble in xylene at
80ºC, thus the holes after being etched at 80ºC reflect
the domains of both EPR and EP90. In order to see the
differences in number and size of phase domains after
etching at 25ºC and 80ºC, images of higher magnifi-
cation for the blend 80-15-5 are shown in Figure 7. It
can be observed from Figure 7 that, both the total

number of holes and the number of holes with a larg-
er size increase after etching at 80ºC, when compared
with the image of the blend etched at 25ºC. This
shows that a part of EP90 in the blend is miscible with
EPR, leading to a larger hole size after etching at
80ºC, but a part of EP90 is also miscible with PP or
forms discrete domains, leading to the increase in
total hole number after etching at 80ºC. Examining
the variation of hole number and hole size in Figure 6
with the content of EPR in the blends, we can see that
adding more EPR in the blends results in more holes
but smaller hole size.

The morphology of the blends shows that the
block component EP90 indeed can act as compatibi-
lizer, which is partially miscible with both EPR and
PP, though phase separated morphology is still
observed. The partial miscibility of EPR and EP90
weakens the interference effect of EP90 on 
crystallization of neat PP, leading to a larger growth
dimension of the PP crystals, as proposed in the above
section. PP usually has poor compatibility with EPR
[40], which will lead to a large domain size. We notice
that the domain size in PP/EP90/EPR ternary blends
is much smaller than that in PP/EPR binary blends
[27]. It is therefore evident that EP90 can improve
compatibility between PP and EPR.

CONCLUSION

The isothermal crystallization kinetics show that the
PP/EP90 binary blends have a smaller Avrami expo-
nent and slower crystallization rate than the
PP/EP90/EPR ternary blends. Addition of EPR to the
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Figure 7. SEM images of high magnification for 80-15-5 etched at 25ºC (a) and 80ºC (b), respectively.
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PP/EP90 blends leads to more phase domains and
larger domain size, indicating that the block compo-
nent EP90 is partially miscible with both PP and EPR.
The miscibility between EPR and EP90 may weaken
the interference of EP90 on crystallization of neat PP,
resulting in decrease of crystallization half-time, free
energies of the chain folding surface and chain 
folding work of the PP/EP90/EPR ternary blends.
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