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ABSTRACT: The kinetics of the isothermal crystalliza-
tion of a polypropylene (PP) random copolymer containing
5 mol % ethylene, a metallocene linear low-density poly-
ethylene (m-LLDPE) with 3.3 mol % hexene-1 as a como-
nomer, and three blends were studied with differential
scanning calorimetry at temperatures sufficiently high to
prevent any crystallization of m-LLDPE. The analysis was
carried out with the Avrami equation. The overall crystalli-
zation rate and the equilibrium melting temperature of
the PP copolymer decreased with increasing amounts of

m-LLDPE in the blends. The former was attributed to the
effect of m-LLDPE in reducing the number of primary
nuclei, and the latter was attributed to a lowering of the
fold surface energy due to the limited partial miscibility of
the blend components. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 104: 634–640, 2007
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INTRODUCTION

The discovery of a new family of olefin polymeriza-
tion catalysts, metallocene catalysts, has opened up a
new area for producing polyolefins with tailor-made
chain architectures. Unlike Ziegler–Natta catalysts,
which produce molecules with different chain lengths
and tacticities, this group of catalysts produces copo-
lyolefins with narrower molecular weights and con-
trolled monomer sequence group distributions as
well as variable densities.1–3

The blending of polypropylene (PP) and polyeth-
ylene (PE) has been an interesting research area for
several decades. One reason for blending is to
enhance the impact properties of PP, especially at
low temperatures. On the other hand, a large vol-
ume of municipal waste consists of these two poly-
mers, which cannot be separated from each other by
a flotation method. Therefore, the investigation of
the mechanical properties of PE/PP blends is neces-
sary to determine if impurities are crucial in the
recycling of polyolefins.

Although there are many published studies that
have examined the miscibility and compatibility of
conventional PE in PP,4–27 few have investigated PE

copolymers prepared from metallocene catalysts.28,29

In previous works, the mechanical properties and
crystallization behavior of three blends prepared
from a metallocene linear low-density polyethylene
(m-LLDPE) and a PP random copolymer were re-
ported. A PP copolymer with a few molar percent of
ethylene was selected to examine if the copolymer-
ization had any effect on the compatibility of the
two polymers. The results obtained from the tensile
properties showed a minimum in elongation as well
as an energy to break with 50% m-LLDPE in the
blends. The elastic moduli of the blends were less
than the values predicted by the additive rule and
showed that there was an antisynergism between the
two phases.30

Morphological and spherulite growth rate studies,
carried out at different temperatures, revealed that
the growth rate of the PP spherulites remained rela-
tively unchanged and was independent of the
amount of m-LLDPE studied. Optical microscopy
studies also indicated that the nucleation density of
the PP spherulites decreased with the introduction
of m-LLDPE into PP and that m-LLDPE remained as
discrete droplets dispersed throughout the intra-
spherulitic region of PP. In the case of a 50/50 blend,
the droplets were much larger, and they formed con-
cavities on the edges of the PP spherulites.31

Nonisothermal crystallization studies from the
melt on cooling showed that for the m-LLDPE/PP
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blends, the onset and maximum crystallization tem-
peratures (TC’s) decreased with increasing m-LLDPE
content. Two well-separated melting peaks charac-
teristic of m-LLDPE and PP were observed, and
there was no reduction in these melting points (Tm’s)
with the blend composition.30

The main goal of this work was to investigate the
influence of the m-LLDPE content on the crystalliza-
tion and thermal behavior of a PP copolymer in
more detail. Further results are reported for some ki-
netic aspects with the Turnbull–Fischer theory and
also for the equilibrium melting point (T0

m) and pri-
mary nucleation process, which in the two other
studies were not deeply investigated.

EXPERIMENTAL

Materials and blend preparation

The raw materials were obtained from commercial
sources. PP and m-LLDPE were supplied by Himont
(Ferrara, Italy) and Exxon Chemical Co. (Rueil Mal-
maison, France) under the trade names Moplen EP
(TP-176 AM) and Exact 3009, respectively. Table I
shows some of the specifications of these materials.
Three blends of m-LLDPE and PP with compositions
of 10/90, 30/70, and 50/50 by weight were prepared
with an APV 2000 twin-screw extruder (Stoke, Eng-
land) at 503 6 5 K and a 200 rpm screw speed.

Thermal analysis

Crystallization studies were carried out with a
PerkinElmer model DSC-2 differential scanning calo-
rimeter (Beaconsfield, England) interfaced to a per-
sonal computer. The temperature scale for differen-
tial scanning calorimetry (DSC) was calibrated from
the Tm values of indium, tin, and stearic acid. Each
sample was heated to 473 K, held at this tempera-
ture for 5 min, and cooled at 160 K/min to TC. Once
the crystallization was completed and the DSC trace
had returned to the baseline, the sample was melted
to determine Tm. This was carried out at different
heating rates of 5, 10, and 20 K/min, and Tm was
determined by extrapolation to a zero heating rate to
eliminate the effect of thermal lag. T0

m was deter-
mined by the Hoffman–Weeks procedure.

Optical microscopy

Measurements of the radial growth rates of PP
spherulites as a function of temperature were carried
out with a Leitz Dialux-Pol 50 polarized light micro-
scope (Ernst Leitz) (Wetzlar, Germany) and a
Linkam TH600 hot stage (Tadworth, England) with a
PR600 temperature controller. Specimens were pre-
pared by the placement of thin films (ca. 20 mm
thick) between two glass coverslips and then
inserted into the furnace of the hot stage.

A television camera and a video recorder were used
to record the growth of the spherulites. The calibration
of the temperature of the hot stage was achieved with
Tm of zone-refined benzoic and stearic acids.

RESULTS AND DISCUSSION

Isothermal crystallization rate studies

Isothermal crystallization from the melt was studied
with the Avrami equation:32–35

� ln 1� Xt

Xp

� �
¼ Ztn (1)

where Z is the primary composite rate constant
incorporating the nucleation and growth rate and
density, Xt is the degree of crystallinity formed only
during the primary process at time t, Xp is the
degree of crystallinity formed at the end of the pri-
mary process, and n is an Avrami exponent that
adopts different values for different crystallization
mechanisms.36

Taking the logarithm from eq. (1) gives

log � ln 1� Xt

Xp

� �� �
¼ log Zþ n log t (2)

An average Z value was calculated from n and the
half-life (t1/2) of the primary crystallization:32,37,38

Z ¼ ln 2

ðt1=2Þn
(3)

Xt was obtained from the ratio of the area of the exo-
therm up to time t divided by the total area of the
exotherm:39–43

TABLE I
Specifications of the Materials

Name
Mw

(kg/mol)a
Mn

(kg/mol)b
Polydispersity

index

Melt flow
index

(g/min)
Density
(g/cm3) Comonomer

Comonomer
content
(mol %)

M-LLDPE 102.0 40.7 2.5 0.15 0.923 Hexene-1 3.3
PP (random copolymer) 365.0 101.0 3.6 0.18 0.902 Ethylene 5.0

a Weight-average molecular weight.
b Number-average molecular weight.
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Xt ¼
R t
0
dH
dt dtR1

0
dH
dt dt

(4)

where dH/dt is the heat evolution rate.
The isothermal crystallization behavior of PP and

the three blends was studied in a temperature range
in which only PP was capable of crystallization and
m-LLDPE remained in the molten state. For compar-
ison, a similar study was carried out on m-LLDPE at
lower TC values. Figures 1 and 2 show the isother-
mal crystallization exotherms and the development
of the weight fraction crystallinity of PP in a 30/70
blend, respectively. These figures show the change
in the rate of crystallization and the development of
the crystallinity with time and temperature and are
consistent with the expected trend observed with the
Avrami equation and also with nucleation control of
crystallization in which the rate of crystallization
decreases with increasing TC.

The Avrami parameters were calculated for the pri-
mary crystallization of PP and the blends with eq. (2).
The analysis of the primary crystallization for a 30/70
blend is shown in Figure 3. The n values for m-LLDPE
and PP were found to be 2.9 6 0.2 and 3.2 6 0.2,
respectively, and those of the blends were obtained
between the two values. These are consistent with the
crystallizationmechanismof three-dimensional spheri-
cal growth with heterogeneous nucleation.

Figure 4 shows the t1/2 values of the isothermal
crystallization versus the temperature for PP, the
blends, and m-LLDPE: they crystallized in progres-
sively lower temperature ranges. Much longer times
were required for m-LLDPE, at each temperature, to
crystallize, so its crystallization could be separated
from that of the PP phase by the suitable choice of
TC. A similar dependence of t1/2 on the temperature
was observed for the PP-rich blends with respect to
that of PP, although it progressively shifted to lower
temperatures as the m-LLDPE content increased in
the blend; this was consistent with PP alone crystal-
lizing in these samples. m-LLDPE exhibited a much
higher dependence on the temperature in line with
the difference in T0

m and the fold surface energy.
T0
m was calculated with the Hoffman–Weeks

method44,45 such that a plot of Tm against TC showed
a linear relationship:

Tm ¼ T0
m 1� 1

2b

� �
þ 1

2b

� �
TC (5)

The intersection of the straight line with the equilibrium
line Tm ¼ TC is T0

m, and b is the slope. b is the thickening
factor, which should be 1.0 if no annealing occurs on
heating to Tm and greater if annealing occurs.

Figure 5 shows plots of Tm and TC for PP and m-
LLDPE/PP blends. T0

m decreases with the m-LLDPE
content in the blends. A depression in T0

m with increas-
ing m-LLDPE is an indication of limited miscibility of

Figure 1 DSC exotherms of the isothermal crystallization
of a 30/70 blend.

Figure 2 Development of the crystallinity with time dur-
ing melt crystallization.

Figure 3 Avrami analysis of the primary crystallization of
a 30/70 blend.
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m-LLDPE in the PP copolymer. It cannot reflect com-
plete miscibility, however, because m-LLDPE droplets
are present within the PP spherulites, and the inde-
pendence of the PP spherulite growth rate from the
m-LLDPE content has been published elsewhere.31

This suggests that the reduction in T0
m can be attributed

to the limited solubility of m-LLDPE in PP.
The b values were found to be 1.05 6 0.1, 1.17

6 0.1, 1.23 6 0.1, and 1.32 6 0.1 for PP and 10/90,
30/70, and 50/50 blends, respectively, indicating that
some limited amount of annealing was present in
the blends during melting.

Temperature dependence of crystallization

Bulk crystallization rate

The free energy of formation of the critical size nu-
cleus (DG�

C) near Tm, at which nucleation control is
rate-determining, can be obtained from the tempera-
ture dependence of Z:46

Z ¼ Z0:exp
�nDG�

C

RTC

� �
(6)

where Z0 is a pre-exponential constant related to the
composite crystallization rate constant and R is the
absolute gas constant. Because primary nucleation
has been observed to be sporadic, then

lnZ ¼ lnZ0 � nDG�
C

RTC
(7)

A plot of 1
n ln Z versus 1

TC
is linear, as shown in Figure 6.

The values of DG�
C for m-LLDPE, PP, and 10/90,

30/70 and 50/50 blends were found to be �880 6 60,
�5256 30,�5506 30,�4806 30, and�4006 30 kJ/mol,
respectively.

Because DG�
C contains a term for the free energy

difference between the crystal and molten states at
TC, the calculated values are negative, and the value
is greatest for m-LLDPE. The decrease with increas-
ing m-LLDPE content in the blends must reflect a
reduction in the free energy of the molten state com-
pared with the free energy of the fold surface by the
presence of m-LLDPE in the PP melt. This is consid-
ered to be due to some limited miscibility between
the two components of the blends.

Spherulite growth rate and rate constant

According to the Turnbull–Fischer theory, the de-
pendence of the crystal growth rate (g) on TC can be
expressed as follows:45,47

g ¼ n2 : g0 exp
�DE�

D

RTC

� �
: exp

�DG�
C

kTC

� �
(8)

where g0 is a pre-exponential factor generally
assumed to be constant or proportional to TC, DE�

D is
the activation energy for the transport of chain seg-
ments to the crystal–liquid interface, n2 is the volume
fraction of the crystallizable polymer, and k is the
Boltzmann constant.

Figure 4 ln t1/2 versus TC for m-LLDPE, PP, and their
blends.

Figure 5 Plots of observed values of Tm versus TC for PP
and the blends.

Figure 6 Plot of 1
n Ln Z versus 1

TC
for m-LLDPE, PP, and

their blends.
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DE�
D was calculated with the Williams–Landel–

Ferry equation as follows:48,49

DE�
D ¼ C1TC

C2 þ TC � Tg
(9)

where Tg is the glass-transition temperature and C1 and
C2 are constants that generally are considered to be
17,240 J/mol (4120 cal/mol) and 51.6 K, respectively.50

DG�
C can be obtained as follows:51

DG�
C ¼ kKg

f ðT0
m � TCÞ (10)

Kg ¼ Yb0sseT
0
m

kDHu
(11)

f ¼ 2TC

ðTC þ T0
mÞ

(12)

where Kg is the nucleation constant for the growth
regime (I–III); DHu is the heat of fusion of the com-
pletely crystalline material; and s and se are the lat-
eral and end surface free energies, respectively. b0
is the molecular thickness, which was taken to be
0.626 nm for the PP copolymer.52 The f factor is a
correction term that takes into account the tempera-
ture dependence of DHu. The difference between T0

m

and TC is considered to be the degree of supercool-
ing. The numerical constant Y is equal to 4 when the
supercooling is either low (regime I) or high (regime
III) and 2 for medium supercooling (regime II).

The spherulitic growth rate (g) is closely related to
Z and t1/2 as follows:

g / t�1
1=2 ¼

Z

ln2

� �1=n

(13)

For the lateral surface energy of linear polymer crys-
tals, the following relation holds:48,53

s ¼ 0:1 b0:DHu (14)

Combining eqs. (8–14), we can write the following
expression applicable to regime III crystallization
kinetics:47,48,54

f ðGÞ ¼ log g� log n2 þ 17; 240

½2:3Rð51:6þ TC � TgÞ�

¼ log g0 � 0:4b20se

2:3k

� �
T0
m

fTCðT0
m � TCÞ (15)

In this study, regardless of the blend composition, Tg,
as measured by dynamic mechanical thermal analysis,
was taken to be 268 K. The value for Tg of PP was used
because limited solubility was found between the two
polymers and also because PP alone crystallized.50

The volume fraction was calculated with the den-
sities of the two polymers at 1808C, that is, 759 and
779 kg/m3 for m-LLDPE and PP, respectively.

Figure 7 shows plots of f(G) against T0
m=ðfTC

ðT0
m � TCÞÞ for PP and m-LLDPE/PP blends. It is clear

that eq. (15) fits the experimental data of the m-

Figure 7 Plot of f(G) versus T0
m=ðfTCðT0

m � TCÞÞ for PP and
the blends.

Figure 8 Variation of se of the PP lamellae with the m-
LLDPE content.

Figure 9 Variation of log N with TC for PP and the blends.
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LLDPE/PP blends well. The values of se and Kg were
obtained from the slopes and with eq. (11), respectively.
The variation of se with the m-LLDPE content is shown
in Figure 8. se decreases with increasing m-LLDPE con-
tent, and this again is consistent with some limited solu-
bility of the two components in the molten phase.

Primary nucleation process

For spherulitic growth with instantaneous nuclea-
tion, the number of primary nuclei per unit of vol-
ume (N) can be calculated according to the following
relation:47,49

Z ¼ 4prcg
3N

3rað1� lð1ÞÞ (16)

where 1 � l(1) is the crystalline weight fraction at
time t ¼ 1 and rc and ra are the densities of 100%
crystalline and amorphous polymers, respectively.
In eq. (16), Z and N are measured at the same TC.
Figures 9 and 10 reveal that N decreases with in-
creasing TC at a given composition and also with
increasing m-LLDPE content at a constant TC, respec-
tively. The reduction of the primary nuclei can be
attributed to the migration of heterogeneities from
PP into m-LLDPE during the mixing process.48,55

Therefore, for this system in which m-LLDPE does
not crystallize, the PP melt contains a smaller number
of nucleation particles in the blends than PP alone.

This conclusion is also in agreement with the
results obtained by optical microscopy studies, in
which it was observed that the number of spheru-
lites for the blends was less than that of PP at a con-
stant temperature.31 From the results of this study, it
can be concluded that the effect of m-LLDPE on
reducing the number of primary nuclei can be
responsible for reducing the values of the overall

kinetic rate constant as m-LLDPE increases in the
m-LLDPE/PP blends.

CONCLUSIONS

The isothermal crystallization kinetics and thermal
behavior of a PP random copolymer and its three
blends with m-LLDPE were studied. T0

m and the fold
surface free energy of the PP phase in the blends
decreased with increasing m-LLDPE in the blend,
and this indicated some limited miscibility between
the two polymers. The reduction in the overall ki-
netic rate constant was also attributed to a reduction
in the primary nucleation of the PP copolymer upon
mixing with m-LLDPE.
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