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ABSTRACT: In this work, the effect of phase separation
on the spherulitic growth rate of a polypropylene/ethyl-
ene–propylene random (PP/EPR) copolymer in-reactor
alloy was investigated. The PP/EPR in-reactor alloy was
either directly quenched from homogeneous melt to
crystallization temperature or held at various tempera-
tures for phase separation prior to crystallization. It is
found that at lower crystallization temperatures previous
phase separation in the melt retards the crystallization
rate. The higher the phase separation rate, the smaller
the spherulitic growth rate. This can be attributed to
faster crystallization rate than the rate of secondary phase
separation. The composition of the PP-rich phase and

corresponding depression of the equilibrium melting tem-
perature of PP vary with phase separation temperature.
On the other hand, at higher crystallization temperature,
previous phase separation in the melt has little effect on
the spherulitic growth rate because secondary phase
separation can take place prior to crystallization. The
transition temperature from regime II to regime III also
shifts to lower temperature as the phase separation
temperature increases. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 123: 535–542, 2012
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INTRODUCTION

Polypropylene/ethylene–propylene random copoly-
mer (PP/EPR) in-reactor alloys have excellent
mechanical properties, especially low temperature
impact-resistant property.1 The PP/EPR in-reactor
alloys are usually produced by two-stage polymer-
ization process: first, propylene homopolymerization
followed by ethylene–propylene copolymerization.2,3

The PP/EPR in-reactor alloys have a complicated
microstructure and in fact are a mixture containing
crystalline components: PP homopolymer, EPR
copolymer, ethylene–propylene multi-block copoly-
mer and sometimes polyethylene.4–10

It has been realized that in the blends containing a
crystalline component the interplay of phase separa-
tion and crystallization plays an important role in
morphology formation and mechanical properties of
the blends.11–19 It is found that phase separation can

affect the initial stage of crystallization. For example,
concentration fluctuation during phase separation
may facilitate the nucleation of crystallization.20–22

Moreover, the final morphology after crystallization
is dependent on relative rates of phase separation
and crystallization as well as the relative sizes of
phase-separated domains and spherulites.23–25

Recently, the concept of phase separation-crystalliza-
tion interplay was introduced into PP in-reactor
alloys to control the morphology and crystallization
process by Han et al.26,27 They observed that in a
PP/poly(ethylene-co-octene) (PEOc) in-reactor alloy
phase separation in the melt prior to crystallization
was favorable to formation of fibril structure con-
necting the adjacent spherulites and inclusion of the
amorphous components into the spherulites.26 Also,
they found that the nucleation rate was accelerated
by phase separation.27 However, this in-reactor alloy
is prepared by dual catalysts in two reactors and it
contains only two components: PP and PEOc. In the
more complicated PP/EPR in-reactor alloys, we
observed that phase separation had an effect on
morphology similar to that in PP/PEOc, and such
an effect was also dependent on the microstructure
and polymerization process.28

The objective of this work is to study the effect of
phase separation on the spherulitic growth rate of
PP/EPR in-reactor alloy. So far, although there are
some studies on spherulitic growth rate of PP in-
reactor alloys,29,30 the effect of phase separation on
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the spherulitic growth is seldom considered. On the
other hand, before impingement of spherulites, nei-
ther the primary nucleation process nor the second-
ary crystallization needs to be considered, and thus
the factors affecting crystallization are simplified,
and the explanation of the result becomes easier to
some extent. This simplification is extremely impor-
tant for the PP/EPR in-reactor alloy, which has a
complicated microstructure.

EXPERIMENTAL

Preparation of PP/EPR in-reactor alloy

Details for preparation of PP/EPR in-reactor alloys
were described in reference.31 A multi-stage sequen-
tial polymerization process was conducted using a
high yield spherical Ziegler-Natta catalyst, TiCl4/
MgCl2�ID (where ID is an internal donor), kindly
donated by BRICI, SINOPEC (Beijing, China). In the
first stage, propylene homopolymerization was
carried out for 60 min after the prepolymerization
conducted in a well-stirred glass reactor. Next is a cir-
cular reaction mode including ethylene–propylene
copolymerization, in which an ethylene–propylene
mixture of a constant composition (propylene/ethyl-
ene ¼ 1.5) was continuously supplied to the autoclave
under constant pressure (0.4 MPa), and propylene
homopolymerization under constant pressure
(0.6 MPa). That is to say, after ethylene–propylene
copolymerization for a designed time, the polymer-
ization was switched to propylene homopolymeriza-
tion and subsequently ethylene-propylene copoly-
merization at the same conditions as above. The
circular reaction mode was carried out for 80 min
at 60�C. The sample was synthesized by ethylene–
propylene copolymerization for 2.5 min and then
propylene homopolymerization for 7.5 min in a circle
and its switch times was 8. The polymerization
parameters and mechanical properties of this sample
are given in Table I.

Polarized optical microscopy

A polarized optical microscope (Olympus BX-5)
equipped with a hot-stage and a digital camera was
used to study spherulitic growth of PP/EPR in-reac-
tor alloys at different crystallization temperatures.
The samples were first heated to 230�C, held for

10 min, and then cooled to the preset crystallization
temperature, Tc, at a rate of 30�C/min for isothermal
crystallization. During crystallization, the growth of
the spherulites was monitored as a function of time.
The linear growth rate, G ¼ dR(t)/dt, was calculated
according to the following equation:

RðtÞ ¼ R0 þ GðTcÞðt� t0Þ (1)

where R(t) is the spherulite radius, G is the linear
growth rate, Tc is the crystallization temperature, t is
the time, and R0 is the so-called offset radius, which is
the radius of the spherulite at t0, which is the time we
start to measure. Noting that t0 is not the time when
temperature reaches Tc (t ¼ 0). We held the sample at
Tc for some time and then started to measure the size
of the spherulites. In all cases, the average growth
rate was determined from the slope in the plots of
R(t) versus t. The values of t0 may vary with experi-
mental runs, but this has no effect on G.

RESULTS AND DISCUSSION

Effects of phase separation temperature

First, we studied the effects of phase separation tem-
perature (Ts) and crystallization temperature (Tc) on
spherulitic linear growth rate of PP/EPR in-reactor
alloys. As revealed by our previous work, the phase
transition temperature is � 182�C for the PP/EPR
alloy used in this work,28 therefore, we choose 170,
160, and 150�C as the phase separation temperatures.
Figure 1 shows the variations of spherulite radius
with time for the PP/EPR in-reactor alloy at Tc ¼
130�C and Tc ¼ 140�C, respectively. One can see that
at Tc ¼ 130�C phase separation temperature in the
melt has an evident influence on the growth of the
spherulites and higher phase separation temperature
leads to a slower growth rate of the spherulites
[Fig. 1(a)]. In contrast, at Tc ¼ 140�C, we notice that
the spherulitic growth rates only exhibit a slight dif-
ference when previous phase separation in the melt
was carried out at different temperatures [Fig. 1(b)].
Figure 2 shows the variations of spherulite radius

with time for the PP/EPR in-reactor alloy at various
crystallization temperatures after phase separation at
170�C for 1 h. As reported for other polymers, the
higher the crystallization temperature, the smaller
the spherulitic growth rate. Figure 3 summarizes the

TABLE I
Polymerization Process and Mechanical Properties of PP/EPR In-reactor Alloy

Retention time in each polymerization cycle (min)

Switch number
(times)

Impact
strength (kJ/m2)

Flexural
modulus (MPa)

Propylene
homopolymerization

Ethylene-propylene
copolymerization

7.5 2.5 8 13.6 915.7
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spherulitic growth rates at different crystallization
temperatures after phase separation for 1 h at vari-
ous temperatures. For comparison, the linear spheru-
litic growth rates of the PP/EPR in-reactor alloy
directly quenched from 230�C without previous
phase separation in the melt were given as well. It
can be seen from Figure 3 that the linear spherulitic
growth rate without previous phase separation in
the melt is the largest. The linear spherulitic growth
rate is retarded more severely at higher phase sepa-
ration temperature. Such a phenomenon is especially
evident at lower crystallization temperatures. At

high crystallization temperatures, the linear spheru-
litic growth rates converge to the same level,
irrespective of the phase separation conditions.
However, since the linear spherulitic growth rates at
higher crystallization temperatures are a magnitude
smaller than those at lower crystallization tempera-
tures, one may argue that the differences may be
veiled when the data at lower and higher crystalliza-
tion temperatures are plotted together. To clarify
this argument, we used the linear spherulitic growth
rates without previous phase separation in the melt
as the reference, and the relative linear spherulitic

Figure 1 Variations of spherulite radius with time for the PP/EPR in-reactor alloy crystallized at Tc ¼ 130�C (a) and
Tc ¼ 140�C (b) after phase separation at various temperatures for 1 h.

Figure 2 Variations of spherulite radius with time for
PP/EPR in-reactor alloy at various crystallization tempera-
tures after phase separation at 170�C for 1 h.

Figure 3 Linear spherulitic growth rates of PP/EPR in-
reactor alloy at different crystallization temperatures after
phase separation at various temperatures for 1 h.
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growth rate (defined as the ratio of the G values
with phase separation in the melt over that without
phase separation at the same crystallization tempera-
ture) was plotted against crystallization temperature,
as shown in Figure 4. It can be seen from Figure 4
that phase separation temperature indeed has an
evident influence on the linear spherulitic growth
rate at lower crystallization temperatures. At higher
crystallization temperatures, the relative linear
spherulitic growth rates at different phase separation
temperatures approach to unity, though the relative
errors are quite large. This means that the linear
spherulitic growth rates tend to be the same at
higher Tc, irrespective of the phase separation tem-
perature in the melt. The same experiments were
performed on another PP/EPR alloy prepared by
two-stage polymerization process and similar results
were obtained. Control experiments were also
carried out for the neat PP sample. The neat PP was
held at 230, 210, 190, and 170�C for 1 h, respectively,
and then quenched to 132�C for crystallization. It is
observed that thermal treatment in the melt at vari-
ous temperatures has no obvious effect on the linear
spherulitic growth rate of the neat PP. This further
verifies that the effect of thermal treatment on G of
the PP/EPR in-reactor alloys can be attributed to
phase separation.

The effects of phase separation temperature and
crystallization temperature on linear spherulitic
growth rate of PP/EPR in-reactor alloy can be inter-
preted in terms of the phase diagram. As reported
in our previous work, the PP/EPR in-reactor alloy
used in the present work has an upper critical solu-

tion temperature type of phase diagram.28 When
cooled from 230�C to the selected temperatures in
this work, phase separation will take place and a
PP-rich phase (denoted as concentrated phase, i.e., c
phase) and an EPR-rich phase (denoted as dilute
phase, i.e., d phase), will be formed, as shown in
Figure 5. We observed that spherulites are formed
by the PP-rich phase. Although the PP in the EPR-
rich phase may also crystallize, it occurs inside the
formed spherulites, leading to the coarse structure of
the spherulites.28 As a result, the linear spherulitic
growth rate is mainly determined by the composi-
tion of the PP-rich phase. When the phase-separated
melt is further cooled to the crystallization tempera-
ture, the already present two phases may undergo
new phase separation again and we called this pro-
cess ‘‘secondary phase separation.’’ The effect of
phase separation on the linear spherulitic growth
rate strongly depends on the relative rates of crystal-
lization and phase separation. At higher crystalliza-
tion temperatures, because phase separation is faster
than crystallization, secondary phase separation will
take place prior to crystallization, therefore the com-
positions of the PP-rich phases cooled from different
phase-separated melts are the same as long as the
crystallization temperature is the same. This is the
reason why previous phase separation temperature
in the melt has little effect on the linear spherulitic
growth rate at higher crystallization temperatures. In
contrast, crystallization rate overwhelms phase sepa-
ration rate at lower crystallization temperature. The
shallower quench depth and the confinement of the
previously formed phase-separated morphology
may further retard the secondary phase separation.
In such a situation, the PP-rich phase starts

Figure 4 Relative spherulitic growth rates of PP/EPR in-
reactor alloy at different crystallization temperatures after
phase separation at various temperatures for 1 h.

Figure 5 Schematic phase diagram for the PP/EPR
in-reactor alloy.
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crystallization from the composition at the phase
separation temperature, instead of the composition
at the crystallization temperature. As shown in
Figure 5, the PP contents in the PP-rich phase are c1
and c2 at the lower phase separation temperature
(Ts

1) and the higher phase separation temperature
(Ts

2), respectively. Based on the phase diagram, we
know c1 is larger than c2. When the melts with pre-
phase separation at Ts

1 and Ts
2 were cooled to the

same but very low crystallization temperature, the
starting compositions for crystallization of the
PP-rich phase are accordingly c1 and c2, respectively.
As is well known, the miscible amorphous compo-
nent can depress the melting temperature of the
crystalline component.32 As a result, even though
the crystallization temperature is the same, the
supercooling degrees of crystallization (defined as
the difference between the equilibrium melting tem-
perature and the crystallization temperature) are
different for the PP-rich phases with different PP
contents. Because crystallization rate of polymers are
strongly dependent on the supercooling degree,
which is apparently reflected by the dependence of
crystallization rate on crystallization temperature in
neat crystalline polymers. The higher the content of
the amorphous component in the blend, the larger
the depression of the equilibrium melting tempera-
ture and the smaller the supercooling degree at the
same crystallization temperature. Because a smaller
supercooling degree leads to a slower crystallization
rate, the higher phase separation temperature in the
melt has a stronger retardance effect on the spheru-
litic growth at lower crystallization temperatures.

Effect of phase separation time

We also studied the effect of phase separation time
(ts) in the melt on the linear spherulitic growth rate of
the PP/EPR in-reactor alloy. As shown in Figure 6, it
is found that at Ts ¼ 150�C and Ts ¼ 160�C the linear
spherulitic growth rate of the PP/EPR in-reactor alloy
decreases with increasing in phase separation time
and becomes constant when the phase separation
time is longer than 3 h. Such a phenomenon can be
explained from the viewpoint of phase separation
degree with time. At shorter phase separation time,
the degree of phase separation is not complete. When
the PP/EPR in-reactor alloy is cooled to crystalliza-
tion temperature, the driving force for secondary
phase separation is still strong and the difference due
to the different phase separation temperatures may be
weakened. We notice that there is still a weak tend-
ency of decrease in the linear spherulitic growth rate
at Ts ¼ 170�C when the phase separation time is
beyond 3 h. This is possibly due to the slower phase
separation rate at Ts ¼ 170�C arising from the
shallower quench depth in temperature. It should be
noted that the effect of the previous phase separation
in the melt also depends on the microstructure and
phase transition temperature of the PP/EPR in-reac-
tor alloy. Shangguan et al. observed that the thermal
treatment at 200�C for different times has little effect
on linear spherulitic growth rate of another PP/EPR
in-reactor alloy.29,30

Shift of crystallization regimes

The crystallization temperature of polymer can usu-
ally be classified into three regimes based on Laurit-
zen-Hoffman’s theory.33,34 In regime I, the secondary
nucleation rate (i) is far less than the growth rate of
polymer crystals (g) on the lateral surface, and in
regime II the value of i is comparable with that of g.
When crystallization occurs in regime III, the second-
ary nucleation rate becomes larger than the growth
rate of polymer crystals on the lateral surface.
The Lauritzen-Hoffman’s theory can be expressed

as:

G ¼ G0 exp½�U�=RðTc � T0Þ� exp½�Kg=TcðDTÞf � (2)

where G is the linear spherulitic growth rate, Tc is
the crystallization temperature, G0 is a constant and
is independent of temperature, U* is the activation
energy related with the short distance diffusion of
the crystalline unit across the phase boundary, Kg is
the nucleation constant, T0 is the temperature below
which there is no chain motion (usually T0 ¼ Tg �
30 K), DT is the supercooling (DT ¼ Tm

0 � Tc), i.e.,
the difference between the equilibrium melting tem-
perature (Tm

0) and the crystallization temperature

Figure 6 Effect of phase separation time in the melt on
linear spherulitic growth rates of PP/EPR in-reactor alloy
at Tc ¼ 130�C.
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(Tc), f is the correction factor and is equal to 2Tc/
(Tm

0 þ Tc). Equation (2) can be reformed into:

lnGþU�=RðTc � T0Þ ¼ lnG0 � Kg=TcðDTÞf (3)

As a result, the nucleation constant, Kg, can be
obtained from the slope in the plot of lnG þ U*/
R(Tc � T0) versus 1/Tc(DT)f.

The nucleation constant, Kg, can also be expressed
as35:

Kg ¼ jb0rreT
0
m=kðDhf Þ (4)

where j ¼ 4 for crystallization regimes I and III, and
j ¼ 2 for crystallization regime II, b0 is the layer
thickness, re is the fold surface free energy, r is the
lateral surface free energy, Dhf is fusion enthalpy
and k is Boltzmann’s constant.

For crystallization of miscible polymer blends, modi-
fied Lauritzen-Hoffman model was proposed36–38:

lnG� lnu2 þU�=RðTc � T0Þ � 0:2T0
m lnu2

¼ lnG0 � Kg=TcðDTÞf (5)

where u2 is the volume fraction of the crystalline
component in the blends.
It should be emphasized that eq. (5) is only appli-

cable to the totally miscible blends without phase
separation. Two difficulties are encountered when
eq. (5) is applied to the present PP/EPR in-reactor
alloy: (1) We have no the exact phase diagram of the
PP/EPR in-reactor alloy due to its complicated
microstructure and the compositions in the concen-
trated and dilute phases are unknown. (2) The
compositions of the concentrated and dilute phases
may changes with phase separation temperature and

Figure 7 Plots of lnG þ U*/R(Tc � T0) versus 1/Tc(DT)f for the PP/EPR in-reactor alloy. (a) Directly quenched from
230�C; (b) Ts ¼ 150�C; (c) Ts ¼ 160�C; (d) Ts ¼ 170�C.
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crystallization temperature. As a result, we still use
eq. (3) to process the data of linear spherulitic
growth rate in the present work. The values of
U*, Tm

0, T0, Dhf, b0, and r are 6.28 kJ/mol, 458.2 K,
231.2 K, 1.96 � 108 J/m3, 6.26 Å, and 11.5 erg/cm2,
respectively.33,35,39,40

Figure 7 shows the plots of lnG þ U*/R(Tc � T0)
versus 1/Tc(DT)f for the PP/EPR in-reactor alloy
crystallized from directly quenched melt and from
previous phase-separated melts at various Ts.
The data in Figure 7(a) show that the transition tem-
perature from crystallization regime II to regime III
(TII!III) for the sample directly quenched from 230�C
is 137�C. When phase separation was carried out in
the melt prior to crystallization, TII!III decreases
gradually as the phase separation temperature
increases, the values of TII!III are 136�C and 133.3�C
for Ts ¼ 150�C and Ts ¼ 160�C, respectively. For
Ts ¼ 170�C, no transition from regime II to regime
III is observed in the range of crystallization temper-
ature studied, which indicates that TII!III is smaller
than 130�C. Apparently, we can see that previous
phase separation in the melt affects the transition
temperature from regime II to regime III. The shift
of TII!III to lower temperature (compared with the
neat PP) was also observed for PP blends41 as well
as PP in-reactor alloys.29,30

There are two possible reasons for the shift of
TII!III. The first is the dependence of the supercool-
ing on the composition. As shown in the schematic
phase diagram (Fig. 5), the PP-rich phase has a
lower PP content at higher Ts, resulting in a larger
supercooling degree at the same crystallization tem-
perature. The means that, at a given crystallization
temperature, it is in regime III for the PP/EPR alloy
with previous phase separation at lower Ts due to a
larger supercooling degree, but it may be in regime
II for the PP/EPR alloy with previous phase separa-
tion at higher Ts due to a smaller supercooling
degree. This shows the supercooling degree, which
varies with the phase separation temperature in the
melt, further affects the transition temperature
from crystallization regime II to regime III. On the
other hand, the composition of the PP-rich phase
may also affect the secondary nucleation rate and
the free energy of the lateral surface, leading to the
shift of TII!III.

CONCLUSIONS

The earlier results show that when crystallization
occurs at lower temperature, crystallization rate is
faster than the rate of secondary phase separation.
As a result, the composition of the preformed PP-
rich phase has an effect on the equilibrium melting
temperature and supercooling, leading to decrease
of the spherulitic growth rate with phase separation

temperature. The retardance effect of phase separa-
tion becomes stronger as phase separation time
increases and then reaches a constant level.
However, at high crystallization temperature, the
crystallization rate is slower than the rate of second-
ary phase separation. Therefore, secondary phase
separation can take place prior to crystallization and
the previous phase separation in the melt has little
effect on the spherulitic growth rate. As phase
separation temperature increases, the transition tem-
perature from crystallization regime II to regime III
shifts to lower temperature.
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