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ABSTRACT: The nonisothermal crystallization behavior
of one metallocene-based isotactic polypropylene and three
propylene–decene-1 copolymers was studied. The effects of
comonomer content and cooling rate were investigated. It
was found that comonomer units enchained systematically
reduce the crystallization temperature (Tc), melting temper-
ature (Tm), fusion enthalpy (�Hf), and crystallinity (Xc). Such
an effect becomes more evident at a faster cooling rate. With
increasing comonomer content, the supercooling required
for crystallization increases and the overall crystallization
rate is reduced. The Avrami equation is applicable to de-
scribe the nonisothermal crystallization kinetics of pro-

pylene–decene-1 copolymer. It was shown that, although
the reduced crystallization rate constant Zc increases with
comonomer content, the Avrami exponent decreases with
comonomer content and cooling rate, leading to the smaller
overall crystallization rate and larger crystallization half-
time of the copolymer with higher comonomer content.
© 2004 Wiley Periodicals, Inc. J Appl Polym Sci 93: 1724–1730, 2004
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INTRODUCTION

Copolymerization of propylene with �-olefins can im-
prove the properties of polypropylene.1 For example,
a film of propylene–butene-1 copolymer offers lower
heat-seal initiation temperature and higher clarity.2

Copolymers of propylene with �-olefins also have
properties that make them candidate materials for
special uses: Xu et al. found that propylene–octene-1
copolymers could enrich oxygen from air.3 However,
propylene-�-olefin copolymers, prepared from con-
ventional heterogeneous Ziegler–Natta catalysts, usu-
ally have a broad composition distribution, attributed
to the characteristic of plural active sites of the cata-
lysts,4–8 which limits their application. The invention
of metallocene catalysts makes it possible to prepare
propylene-�-olefin copolymers with relatively homo-
geneous composition distribution,9–11 which broadens
the potential application of propylene-�-olefin copol-
ymers. Crystallization behavior and other properties
of propylene-�-olefin copolymers, such as formation
of �-crystal form,12,13 distribution of comonomer units

between crystalline region and amorphous region,14

isothermal crystallization kinetics,7,15 and dynamic
mechanical properties16 have been studied. It has been
shown that both comonomer type and comonomer
content have influences on the properties of pro-
pylene-�-olefin copolymers.17,18 To our knowledge,
however, no report on nonisothermal crystallization
of propylene-�-olefin copolymers has yet been pub-
lished. From the perspective of processing, the study
of nonisothermal crystallization behavior of a polymer
is significant as well as that of isothermal crystalliza-
tion.19 For this article, the nonisothermal crystalliza-
tion behavior of one metallocene-based isotactic
polypropylene and three propylene–decene-1 copoly-
mers was studied and the effects of comonomer con-
tent and cooling rate were investigated.

EXPERIMENTAL

Materials

Propylene homopolymerization and copolymerization
with decene-1 were carried out at various feed ratios
using rac-Me2Si(Ind)2ZrCl2/methylaluminoxane (MAO)
as catalyst. The details of the polymerization process are
described elsewhere.20 Structural characteristics of the
polymers are given in Table I.

DSC experiments

Nonisothermal crystallization of polypropylene and
propylene copolymers was carried out on a Perkin–
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Elmer Pyris-1 DSC (Perkin Elmer Cetus Instruments,
Norwalk, CT). About 2–3 mg of samples were sealed
in aluminum pans and heated to 200°C, held for 5 min,
and then cooled to �20°C at a prescribed cooling rate.
Subsequently the samples were again heated to 180°C
at a rate of 10°C/min.

Wide-angle x-ray diffraction (WAXD)

X-ray diffraction experiments were performed on a
Bruker D8 X-ray diffractometer (40 kV, 40 mA)
(Cheshire, UK) using Ni-filtered Cu–K� radiation from
5 to 45°, in 0.02° increments.

RESULTS AND DISCUSSION

Nonisothermal crystallization and melting

The nonisothermal crystallization DSC traces of PP,
PD1, PD2, and PD3 at various cooling rates and cor-
responding melting traces are shown in Figures 1 and
2, respectively. It is observed that there is a lower
shoulder in the melting traces at the cooling rate of
2°C/min, which is especially evident for PP. This is
attributed to the inhomogeneous distribution of ste-
reo/regio defects and comonomer units along the

polymer chains (i.e., existence of propylene segments
with various lengths), although these samples were
prepared by metallocene catalyst.21 At slower cooling
rates, the shorter propylene segments can also crystal-
lize and thus a lower shoulder melting peak is ob-
served. By contrast, the shorter propylene sequences
are difficult to crystallize at a faster cooling rate. In
propylene–decene-1 copolymers, the average length
of propylene sequences is not as long as in the ho-
mopolymer because of enchainment of decene-1 units
and the shorter propylene sequences cannot crystal-
lize, and thus the phenomenon of double melting
peaks is not evident.

A series of parameters were obtained, such as crys-
tallization temperature (Tc), melting temperature (Tm),
fusion enthalpy (�Hf), crystallinity (Xc), the difference
between Tm and Tc (Tm � Tc), onset crystallization
temperature (Tc

onset), and end crystallization tempera-
ture (Tc

end), and are given in Table II. The change of Tm

and Tc with comonomer content in the copolymers is
illustrated in Figure 3. It is found that the both Tm and
Tc linearly decrease with decene-1 content. It is also
observed that the cooling rate has less effect on Tm and
Tc of propylene homopolymer, but has a greater effect
on the copolymer with higher comonomer content,
resulting in a larger slope at the cooling rate of �10°C
in Figure 3. The fusion enthalpy (�Hf) and crystallinity
(Xc) decrease with comonomer content as well. PD3
almost loses its crystallinity at the faster cooling rate.
As shown in Table II, the difference between Tm and
Tc, Tm � Tc, depends on both comonomer content and
cooling rate. Tm � Tc indicates the supercooling
needed for crystallization22: the smaller the value of
Tm � Tc, the more easily crystallization takes place. We
noticed that, at lower comonomer content such as in
PP, PD1, and PD2, the values of Tm � Tc are similar at
various cooling rates, but the values of Tm � Tc obvi-

TABLE I
Structural Characteristic of Propylene–Decene-1

Copolymers

Sample

Decene-1 in
copolymers

mol %
[mmmm]

(%) M� w (�10�4) M� w/M� n

PP 0 86.3 3.36 2.18
PD1 2.25 83.7 3.32 2.05
PD2 3.92 85.0 3.23 2.12
PD3 7.83 85.9 3.17 2.03

TABLE II
Nonisothermal Crystallization Data

Cooling rate
(°C/min) Sample

Tc
(°C)

Tm
(°C)

�Hf
(J/g) Xc

a
Tm � Tc

(°C)
Tc

onset

(°C)
Tc

end

(°C)
Tc

onset � Tc
end

(°C)

(Tc
onset �

Tc
end)/R
(min)

2 PP 110.2 136.6 65.1 0.311 26.4 114.8 106.8 8.0 4.0
PD1 94.2 120.7 37.4 0.179 26.5 99.2 87.9 11.3 5.65
PD2 81.3 108.1 24.2 0.116 26.8 88.4 75.3 13.1 6.55
PD3 47.9 80.2 12.8 0.061 32.3 55.1 38.8 16.3 8.15

5 PP 106.2 136.2 56.2 0.269 30.0 110.8 102.5 8.3 1.66
PD1 89.1 119.0 35.7 0.171 29.9 96.2 83.3 12.9 2.58
PD2 75.9 106.4 23.7 0.113 30.5 87.0 68.7 19.3 3.86
PD3 41.2 77.2 10.9 0.052 36.0 48.8 23.4 25.4 5.08

10 PP 103.5 136.0 48.9 0.234 32.5 108.1 99.1 9.0 0.90
PD1 84.8 117.7 33.8 0.162 32.9 90.2 80.4 9.8 0.98
PD2 69.4 104.6 16.6 0.079 35.2 79.1 63.5 15.6 1.56
PD3 33.8 75.0 5.9 0.028 41.2 44.4 19.4 25.0 2.50

a Xc � �Hf/�Hf°, where �Hf° is the fusion enthalpy of perfect �-crystals. The value of �Hf° is 209 J/g.27
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ously become larger than those of the other three
samples.

A possible explanation is that the �-crystal form is
predominant in PD3, whereas the �-crystal form is the
major crystalline component in PP, PD1, and PD2, as
will be shown in a later section. We have found that
�-crystals have a slower crystallization rate than that
of �-crystals in the temperature range studied, al-
though �-crystals may have a faster crystallization rate
at high temperature.23 As a result, the finding that
greater supercooling is needed for nonisothermal
crystallization of PD3 is in accordance with the result
of isothermal crystallization kinetics. The value of Tm

� Tc also becomes larger with the increase of cooling
rate, suggesting greater difficulty in crystallization.
The difference between the onset crystallization tem-
perature and the end crystallization temperature, Tc

onset

� Tc
end, is the temperature range of crystallization, and

the ratio of Tc
onset � Tc

end to the cooling rate R reflects the
overall crystallization rate in nonisothermal crystalliza-
tion.24 The larger (Tc

onset � Tc
end)/R indicates a slower

crystallization rate. The variation of (Tc
onset � Tc

end)/R
with comonomer content is shown in Figure 4. As can be
seen from Figure 4, the enchained decene-1 units reduce
the overall crystallization rate.

Nonisothermal crystallization kinetics

The Avrami equation is used to describe the noniso-
thermal crystallization of polymers,25 although it is
based on the assumption that the crystallization tem-
perature is constant:

1 � Xt � exp� � Zttn� (1)

where the exponent n is a mechanism constant that
depends on the type of nucleation and growth process
parameters, and Zt is a composite rate constant involv-
ing both nucleation and growth rate parameters. The
double-logarithmic form of eq. (2) yields

ln[�ln(1 � Xt)] � ln Zt � n ln t (2)

Therefore, the Avrami exponent n and constant Zt can
be obtained from the slope and the interception in the
plot of ln[�ln(1 � Xt)] against ln t for each cooling
rate, respectively. It should be noted that, in noniso-
thermal crystallization, Zt and n do not have the same
physical significance as in the isothermal crystalliza-
tion because, under nonisothermal crystallization, the
temperature changes continuously, which affects the
rates of both nucleation and spherulite growth.

Considering the characteristic of nonisothermal
crystallization, the parameter Zt is corrected by the
cooling rate, and the reduced crystallization rate con-
stant Zc in nonisothermal crystallization is obtained26:

Figure 1 Nonisothermal crystallization DSC traces of PP
and propylene–decene-1 copolymers. Cooling rate: (a) 2°C/
min; (b) 5°C/min; and (c) 10°C/min.
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ln Zc � ln Zt/R (3)

The Avrami plots, at various cooling rates, are shown
in Figure 5. A linear relationship is observed for all
these four samples at various cooling rate, indicating
that the Avrami equation is applicable to describe
nonisothermal crystallization kinetics of metallocene-
based polypropylene and propylene–decene-1 copol-
ymers. It can be seen from Figure 5 that the slope
decreases gradually as the comonomer content in-
creases. The plot of Avrami exponent against comono-
mer content further confirms this point (Fig. 6): the
Avrami exponent decreases with increasing comono-
mer content. When the cooling rate becomes faster,
there is a slight decrease in the Avrami exponent. The
Avrami exponent derived from crystallization kinetics
is usually correlated with the dimension of crystal
growth. As a consequence, enchainment of comono-
mer and a high cooling rate combine to reduce the
dimensions of crystal growth, which results in less-
perfect crystals. Compared with the Avrami expo-
nents obtained in isothermal crystallization kinetics of
the same polymers,15 it is found that the Avrami ex-
ponents, in nonisothermal crystallization, are much
larger. The dependency of the crystallization rate con-
stant Zc on comonomer content and cooling rate is

Figure 3 Changes of melting temperature and crystalliza-
tion temperature with comonomer content.

Figure 2 Melting DSC traces of PP and propylene–de-
cene-1 copolymers after nonisothermal crystallization rate.
Cooling rate: (a) 2°C/min; (b) 5°C/min; and (c) 10°C/min.
The heating rate is 10°C/min.
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depicted in Figure 7. It is surprising that Zc increases
with comonomer content. At a slower cooling rate, the
effect of comonomer content on Zc becomes more
obvious. As a result, the smaller overall crystallization
rate of the copolymer with higher comonomer content,
as indicated by (Tc

onset � Tc
end)/R, is not attributed to

its smaller crystallization rate constant, but rather to
its smaller Avrami exponent. The crystallization half-
time can be calculated from the parameters n and Zt,
as follows:

lnt1/2 � �ln(ln 2) � ln Zt�/n (4)

The larger value of t1/2 designates the slower crystal-
lization rate. As shown in Figure 8, the value of ln t1/2
increases with comonomer content and decreases with
cooling rate, indicating that the copolymer with higher
comonomer content, and the polymer at an increas-
ingly slower cooling rate, have slower crystallization
rates. This is in accordance with the result of (Tc

onset �
Tc

end)/R.

WAXD patterns

The WAXD patterns of the propylene–decene-1 copol-
ymers, after being cooled in air from 180°C, are shown
in Figure 9. Both the �-crystal form with its character-
istic (130) reflection at 2� � 18.6°, and the �-crystal
form with its characteristic (117) reflection at 2�
� 19.6°, were observed in these four samples. The
content of the �-crystal form, relative to �-crystal
form, increases with enchained comonomer units, al-
though the overall crystallinity decreases simulta-
neously with comonomer content. In propylene ho-

Figure 4 Effect of comonomer content on the overall crys-
tallization rate represented by (Tc

onset � Tc
end)/R.

Figure 5 Avrami plots for PP and propylene–decene-1 co-
polymers. Cooling rate: (a) 2°C/min; (b) 5°C/min; and (c)
10°C/min.
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mopolymer, the amount of �-crystals is negligible,
whereas �-crystals become the major crystalline con-
tent over �-crystals in PD3. The positions of various
reflections are listed in Table III. It is found that en-
chainment of decene-1 units into polypropylene
chains does not change the positions of the reflections,
showing that the crystal structures of both �- and
�-forms are unaffected by the comonomer units. This
is in accordance with the previous finding that the

comonomer units are excluded from the unit cell of
the crystals.13,14

CONCLUSIONS

Nonisothermal crystallization and melting behavior of
propylene–decene-1 copolymers show that the Tc, Tm,
�Hf, and Xc are systematically reduced by comonomer
units and the degree of reduction becomes higher at a
faster cooling rate. As the comonomer content in-
creases, greater supercooling is required for crystalli-
zation and the overall crystallization rate is reduced.
Avrami analysis of the nonisothermal crystallization

Figure 6 Effect of comonomer content on Avrami expo-
nent.

Figure 7 Effect of comonomer content on the reduced crys-
tallization rate constant Zc.

Figure 8 Variation of crystallization half-time with
comonomer content.

Figure 9 WAXD patterns of PP and propylene–decene-1
copolymers after nonisothermal crystallization.
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kinetics reveals that the slower overall crystallization
rate for the copolymer with higher comonomer con-
tent is attributed to its smaller Avrami exponent in-
stead of the crystallization rate constant.

This work was support by the National Natural Science
Foundation of China (Grant 59703002) and the Special Funds
for Major State Basic Research Projects (Grant G1999064803).
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TABLE III
Positions of Various Reflections in WAXD

Sample (110) (040) (130) (131 	 041) (117)

PP 14.06° 16.80° 18.54° 21.70° —
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PD2 13.95° 16.75° 18.40° 21.55° 19.65°
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