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Abstract

The crystallization behavior of partially melting isotactic polypropylene (iPP) has been carefully examined by the differential scanning
calorimetry (DSC) and polarized light microscopy. The experimental results show that the unmelted material can accelerate the primary
nucleation rate and the ordered structure of polymer melt can speed up the linear growth rate of spherulite, so the crystallization of partially
melting iPP proceeds very quickly. The Avrami exponent of partially melting iPP sample is about 2, which indicates that the crystallization
mechanism of iPP ordered melt after partial melting is different from that of unperturbed equilibrium melt. © 2001 Published by Elsevier

Science Ltd.
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1. Introduction

In order to clarify the relationship of molten temperature
with crystallization behavior of polymer, Bank, Gordon and
Sharples [1] proposed a new kind of crystallization method:
the crystallized sample of polymer is partially melted at
temperatures below the melting point, and then crystallized
in the presence of the unmelted material. Using this tech-
nique, they found that the crystallization rate of poly-
ethylene (PE) sample increases greatly. Subsequently, a
lot of works on this research field had been performed
[2-10], and this method was recommended to name as
self-nucleation.' In 1984, Carfagna et al. [5] adopted the
self-nucleation method to study the recrystallization
kinetics of a-iPP by dilatometric technique. The authors
observed that the correspondent Avrami exponents (n) are
equal to 1.6 for low crystallinity, which is quite distinct
from the values obtained from completely molten sample.
Recently, the classical self-nucleation procedure, which
was mainly based on isothermal experiments and abrupt
temperature-jumps, had been extended to dynamic experi-
ments with finite heating or cooling rates by Fillon et al.
[6-8]. They investigated the self-nucleation of iPP, and
confirmed that the self-nucleation temperature (7;) has a
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very important effect on the crystallization behavior and
spherulite morphology.

Almost all of works aforementioned attributed the
changes of crystallization behavior to the existing crystal
fragments generated by incomplete melting. However, our
recent findings [11-14] exhibit that the helical structure of
individual molecular chain can be well kept in a temperature
range after the polymer crystalline of iPP is melted. It is
possible that the crystallization mechanism of iPP melt
with long helical structure may be different from that of
unperturbed equilibrium melt. Until now, no attention has
been paid to the relation between crystallization behavior
and the ordered structure of polymer melt. In this paper, the
crystallization behavior of partially melting iPP sample was
carefully studied, and the experimental data show that both
residual crystals and the order of polymer melt affect the
crystallization of polymer melt.

2. Experimental

The isotactic polypropylene (iPP) used in this study
was kindly provided by Shanghai Jinshan Petrochemical
Corporation. The material is highly isotactic, being approxi-
mately 94.5% insoluble in n-heptane and it has a melt flow
index of 3.0 g/10 min. To erase the previous thermo-
mechanical history, the film of melted polymer about
300 pwm thick was pressed between two glass slides at
210°C for 10 min in a hot stage, and then rapidly transferred
to another hot stage which was set at the desired crystallization
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temperature (7,). After having crystallized for 27 h at 145°C
or for half an hour at 130°C, respectively, the sample was
quenched to 0°C.

The calorimetric measurements and some experiments
were carried out on a Perkin—Elmer Pyris-1 Series differ-
ential scanning calorimeter under a flowing nitrogen atmo-
sphere. The DSC was calibrated using pure indium as a
standard. For all experiments, the sample weights were
approximately 5 mg and the heating rate was 10°C/min.

The morphology of various iPP samples was studied on
thin films by using an optical polarizing microscope Leika,
with a Leika automatic hot-stage thermal control. The iPP
samples, crystallized at 145°C for 27 h or at 130°C for half
an hour respectively, were sandwiched between microscope
cover glass, heated to different fusion temperature and then
rapidly cooled to room temperature (25°C) or to 131°C. The
PP spherulitic growth was observed by taking photo-
micrographs at due intervals of time.

3. Results

It has been well reported that the double melting
endotherms appear when the iPP sample isothermally crys-
tallizes at higher crystallization temperature (7;) for a period
of time. A lot of research works [15—17] have corroborated
that these double endotherms result from two kinds of
lamellae with different thickness. Fig. 1(a) is the melting
curve of iPP sample isothermally crystallized at 145°C for
27 h, and two melting peaks at 165 and 175°C, respectively,
are observed. Heating the sample crystallized at 145°C for
27 h to 169°C which mediates between two peak tempera-
tures, the thinner lamellae melt while the thicker ones
remain. We name this sample after partial melting as
‘partially melting iPP’ and our recent work [17] has
shown that the crystallinity of this sample is less than 5%.
Given a supercooling degree, the partially melting iPP
sample crystallizes with the presence of thicker lamellae.
Fig. 2 is the heat flow change for the isothermal crystal-
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Fig. 1. The melting thermographs of iPP sample which was crystallized:
(a) at 145°C for 27 hr; (b): at 130°C for half an hour.
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Fig. 2. Time dependence of the heat flow for the isothermal crystallization
of partially melting iPP at: (a) 123°C; (b) 125°C; (¢) 127°C; (d) 129°C;
(e) 131°C.

lization of partially melting iPP at various temperatures,
in which time 0.0 means the time when temperature
becomes the crystallization temperature after cooling. As
can be seen, the crystallization proceeds too fast and a
considerable amount of crystallinity has generated during
the cooling from the melt to the crystallization temperature.
It demonstrates that the accurate kinetics of isothermal
crystallization is difficult to be obtained by calorimetric
measurements. So only the nonisothermal crystallization
kinetic analysis is accessible, which is just carried out below.

Fig. 3 is the cooling crystallization curve of partially
melting iPP sample at various cooling rates. With increasing
the cooling rate, the crystallization peak shifts to the low
temperature. Integration of the exothermic peak during the
nonisothermal scan gives the relative degree of crystallinity
as a function of temperature, which is easily transformed
into the plot of relative crystallinity vs. time in terms of the
different constant-cooling rate. The results are shown in
Figs. 4 and 5, respectively. Considering the fact that the
free spherulitic growth approximation is valid at low degree
of conversion [18], the initial stage of nonisothermal
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Fig. 3. Heat flow versus temperature during nonisothermal crystallization of
partially melting iPP at different cooling rate: (a) 40°C/min; (b) 20°C/min;
(¢) 15°C/min; (d) 10°C/min; (e) 5°C/min.
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Fig. 4. Relative crystallinity versus temperature during nonisothermal crys-
tallization of partially melting iPP at different cooling rate: (a) 40°C/min;
(b) 20°C/min; (c¢) 15°C/min; (d) 10°C/min; (¢) 5°C/min.

crystallization can be described by the Avrami equation
[19,20]:

X, =1 — exp(—kt") (1a)

orlog[—In(1 — X,)] =logk + nlogt (1b)

where X, is the relative volume-fraction crystallinity at time
t, n is a constant whose value depends on the mechanism of
nucleation and on the form of crystal growth, and k is a
constant containing the nucleation and growth parameters.
However, the DSC measurements only provide the relative
mass-fraction crystallinity, which must be converted to
relative volume-fraction crystallinity by the following
equation [21]:

" dH
J—dt
X = o dr

1= “ro g P 2)
—dr
J o dt
where dH/dt is the rate of crystallization heat evolution at
time ¢ and p, is the relative mass-fraction crystallinity. The
double logarithmic plot of log[—In(1 — X,)] vs. log¢ is
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Fig. 5. Relative crystallinity versus crystallization time during non-
isothermal crystallization of partially melting iPP at different cooling
rate: (a) 40°C/min; (b) 20°C/min; (¢) 15°C/min; (d) 10°C/min; (e) 5°C/min.
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Fig. 6. Plots of log[—In(1 — X,)] vs. log ¢ for nonisothermal crystallization
of partially melting iPP at different cooling rate: (M) —40°C/min;
(A) —20°C/min; (V) —15°C/min; (®) —10°C/min; (+) —5°C/min.

shown in Fig. 6. Each curve has an initial linear section
and the Avrami parameters of n and k can be determined
from the slopes and intercepts of linear portion. Table 1
presents that the Avrami exponent n is ranging from 2.1
to 2.3 with different cooling rate. Generally, n =3 is
found for crystallization from unperturbed equilibrium
melt and iPP gives a clear-cut example of heterogeneous
athermal nucleation followed by a three-dimensional
spherulitic crystal growth [21-23]. The lower Avrami expo-
nent (n = 2) means that the crystallization mechanism of
partially melting iPP is altered. Carfagna et al. [5] had
also studied the crystallization kinetics of partially melting
iPP by dilatometric technique and found the Avrami expo-
nent is equal to 1.6 for low crystallinity. Since their experi-
ments were performed at lower fusion temperature, the
Avrami exponent 1.6 is smaller than that of ours due to
the difference in crystallinity. Carfagna et al. [5] attributed
the lower Avrami exponent to the presence of unmelted
material. But, the detailed analysis in discussion section of
this paper shows that both residual crystals and the order of
polymer melt affect the crystallization process.

Table 1 shows that the rate constant k increases with
decreasing the crystallization temperature. The k value
ranges from 0.04 to 1.54 and that is at least several orders
of magnitude higher than those in literature [22-28] (k =
1073210~ 14), which further confirms that the crystallization

Table 1
Nonisothermal crystallization kinetic parameters for partially melting iPP

@ T, n k AE? AE®

(°C/min)  (°C) ™ (kJ/mol)  (kJ/mol)
5 138.8 21 004

10 136.8 21 0.1

15 135.0 21 023 266 261

20 133.0 23 107

40 128.0 23 154

* Determined by Avrami equation.
® Determined by Kissinger equation.
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Fig. 7. Plot of (1/n)In k vs. 1/T, for the Avrami analysis of nonisothermal
crystallization of partially melting iPP.

mechanism of partially melting iPP is changed. If the
crystallization process is assumed to be thermally activated,
the crystallization activation energy can be obtained by the
Arrhenius equation [18]:

k"™ = ko exp(—AE/IRT.) (3a)

or (1/n)In k = In ky — (AE/RT,) (3b)

where ky is a temperature independent preexponential
factor, R is the gas constant, T is the absolute temperature,
and AE is the crystallization activation energy. Fig. 7 is the
plot of (1/n)In k vs. 1/T,.. From the slope of straight line, the
crystallization activation energy is found to be 266 kJ/mol.
In addition, the Kissinger method can also be used to deter-
mine the activation energy [29]:

dlIn(/TH/A(1/T,) = —AEIR 4)

where @ is the cooling rate, 7}, is the cooling peak tempera-
ture and R is the gas constant. Fig. 8 is the graph of In( (P/sz)
with 1/ T,. According to the slope of the curve, the activation
energy is determined as 261 kJ/mol. The agreement in AE
values determined by Avrami and Kissinger methods
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Fig. 8. Kissinger graph for evaluating nonisothermal crystallization
activation energy of partially melting iPP.

suggests that the Avrami analysis works well in describing
the initial stage of nonisothermal crystallization of partially
melting iPP sample.

4. Discussion

Why does the partially melting iPP sample crystallize so
quickly at high crystallization temperature? So far, two
interpretations have been presented. Bank et al. [1] had
investigated the crystallization behavior of partially melting
PE sample. They thought that the increase of crystallization
rate was due to the seeds of negligible volume in the molten
region produced by partial melting, and the unmelted
material remained inert. On the contrary, many other
researchers [3—10] suggested that the unmelted crystals
could serve as nuclei so that the crystallization process
was speeded up greatly. In order to check whether the exist-
ing crystals have influence on the subsequent crystallization,
the iPP samples were isothermally crystallized at 145°C for
27 h and at 130°C for half an hour, respectively. The corre-
spondent melting curves in Fig. 1 show that double melting
endotherms with peak temperatures at 165 and 175°C
appear when T, = 145°C, while only a single endotherm
with peak temperature at 165°C exists when T, = 130°C.
Assuming that only the top and bottom surfaces contribute
to the free enthalpy of the crystal, the Thomson—Gibbs
equation can be simplified to [30]:

Ty = To(l = 20 /lzhg) ()

where T,(,), is the equilibrium melting temperature, o, the top
and bottom specific surface free energy, / the lamellar thick-
ness, and A/, the bulk heat of fusion per volume. Obviously,
the identical melting points correspond to the same lamellar
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Fig. 9. The cooling thermographs of iPP sample: (a) isothermally crystal-
lized at 145°C for 27 h, quenched to 0°C, heated to 169°C and then cooled to
50°C at 40°C/min; (b) isothermally crystallized at 130°C for half an hour,
quenched to 0°C, heated to 169°C and then cooled to 50°C at 40°C/min;
(c) isothermally crystallized at 145°C for 27 h, quenched to 0°C, heated to
210°C and kept for 10min, finally cooled to 50°C at 40°C/min; (d) iso-
thermally crystallized at 130°C for half an hour, quenched to 0°C, heated
to 210°C and kept for 10 min, finally cooled to 50°C at 40°C/min.
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Fig. 10. Micrographs for iPP sample: (a) crystallized at 145°C for 27 h,
quenched to 0°C, heated to 169°C and then cooled to 25°C at 20°C/min;
(b) crystallized at 130°C for half an hour, quenched to 0°C, heated to 169°C
and then cooled to 25°C at 20°C/min.

thickness. If the samples are heated to 169°C, the iPP melt is
formed. For the sample crystallized at 145°C, some thicker
lamellae exist in melt; for the sample crystallized at 130°C,
there is little unmelted material in the melt. Cooling both
samples to 50°C at the rate of 40°C/min, the melt crystal-
lizes. The comparison of Fig. 9(a) with Fig. 9(b) indicates
that the peak temperature (128°C) of the iPP sample crystal-
lized at 145°C is higher than that (117°C) of the sample
crystallized at 130°C by 11°C, which reveals that the crys-
tallization rate of the former is faster than that of the latter.
The correspondent crystalline morphologies of these two
samples after quickly cooling are shown in Fig. 10. From
a comparison of Fig. 10(a) and (b) it clearly emerges that the
unmelted crystals determine a strong nucleating effect. If the
iPP samples crystallized at 145 and 130°C, respectively are
heated to 210°C, kept for 10 min and then cooled them to
50°C at 40°C/min, the correspondent crystallization curves
in Fig. 9(c) and (d) are similar and both crystallization peak
temperatures are 106°C, which is much lower than those of
Fig. 9(a) and (b). It is evident that all memory of previous
crystallization is effectively removed at 210°C, i.e. the resi-
dual small crystallites that are not able to be detected by
DSC are completely melted at 210°C. In our another work
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Fig. 11. Time dependence of radii of spherulites for ordered melt (®) and
unperturbed equilibrium melt (O) generated by heating the iPP sample
crystallized at 145°C to 169 or 210°C, respectively. The temperature of
isothermal crystallization is 131°C.

[14], the iPP sample crystallized at 130°C for half an hour
was heated to 169 and 210°C, respectively, and then cooled
to 131°C for isothermal crystallization. The micrographs
show that the spherulite number corresponding to lower
fusion temperature is much more than that corresponding
to higher fusion temperature [14]. All these experimental
results seem to suggest that the presence of unmelted
material accelerates the primary nucleation rate.

Now, another problem appears. Apart from the existence
of unmelted crystals, is there any other factor to affect the
crystallization behavior of partially melting iPP? Recently,
we [11-14] have studied the melting process of crystallized
iPP sample and found that the helical structure of individual
molecular chain can be well kept at a lower fusion tempera-
ture. The crystallization behavior of ordered melt may be
different from that of unperturbed equilibrium melt, which
has been confirmed by the fact that the Avrami exponent of
partially melting iPP sample is about 2. In order to clarify
the crystallization mechanism more precisely and directly,
the microscopy observation has been performed. Cooling
the partially melting iPP sample to 131°C for isothermal
crystallization, the spherulites are observed and the radius
of the spherulites increases linearly with time. Fig. 11 shows
the time dependence of radii of spherulites for ordered melt
and unperturbed equilibrium melt generated by heating the
iPP sample crystallized at 145°C to 169 or 210°C, respec-
tively, and the difference of linear growth rate of spherulites
can be determined by the slopes of lines. Because of the
existence of the ordered melt, the linear growth rate of
spherulite increases. Consequently, the overall crystalliza-
tion rate of partially melting iPP sample is speeded up.

5. Conclusions

The study of crystallization kinetics of partially melting
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iPP sample has been carried out by differential scanning
calorimetry (DSC). It is found that the partially melting
iPP can crystallize very quickly at high temperature and
the Avrami equation describes the initial stage of non-
isothermal crystallization very well. Interestingly, the
Avrami exponent of partially melting iPP sample is about
2, which seems to suggest that the crystallization mechan-
ism of partially melting iPP is different from that of com-
pletely melting sample. With decreasing the crystallization
temperature, the rate constant k increases. The activation
energy is 266 kJ/mol or 261 kJ/mol determined by Avrami
and Kissinger methods, respectively.

The microscopy observation demonstrates that the
unmelted crystals can serve as nuclei so as to accelerate
the primary nucleation rate. On the other hand, because of
the existence of the ordered melt after partial melting, the
linear growth rate of spherulite is also speeded up. There-
fore, the crystallization of partially melting iPP sample
proceeds very quickly. Moreover, the results of Avrami
analysis and microscopy observation suggest that the crys-
tallization mechanism of partially melting iPP sample is
different from that of unperturbed equilibrium melt.
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