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Abstract Non-isothermal crystallization of isotactic poly-
(4-methyl-pentene-1) (P4AMP1) is studied by differential
scanning calorimeter (DSC), and kinetic parameters such as
the Avrami exponent and the kinetic crystallization rate (Z.)
are determined. From the cooling and melting curves of
P4MP1 at different cooling rates, the crystalline enthalpy
increases with the increasing cooling rate, but the degree of
crystalline by DSC measurement shows not much variation.
Degree of crystalline of PAMP1 calculated by wide angle
X-ray diffraction pattern shows the same tendency with
crystalline enthalpy, indicating that re-crystallization occurs
when samples heated above the second glass transition
temperature of PAMP1. By Jeziorny analysis, n; value sug-
gests that mainly spherulites’ growth at 2.5 K min~" trans-
forms into a mixture mode of three-dimensional and two-
dimensional space extensions with further increasing cool-
ing rate. In the secondary crystallization process, n, values
indicate that the secondary crystallization is mainly the two-
dimensional extension of the lamellar crystals formed during
the primary crystallization process. The rates of the crys-
tallization, Z. and t,,, both increase obviously with the
increase of cooling rate, especially at the primary crystalli-
zation stage. By Mo’s method, higher cooling rate should be
required in order to obtain a higher degree of crystallinity at
unit crystallization time.
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Introduction

Isotactic poly(4-methyl-pentene-1) (PAMP1) exhibits a
disordered 7, helical conformation in the ordinal crystal-
lite, form I, and these helices form a tetragonal lattice with
four chains per unit cell [1]. The polyolefin PAMPI is
known for that the crystal density is lower than the amor-
phous density at room temperature [2] and atmospheric
pressure below 333 K [3]. This special character influences
thermal properties and molecular motions of PAMP1. Up to
now, many methods, such as mechanical properties [2],
Raman analysis [4], small angle X-ray diffraction [5] or
X-ray diffraction (XRD) [6, 7], '"H wide line NMR [8], 1D
MAS Exchange NMR [9], solid-state '*C MAS NMR [10],
and in situ XRD [11, 12] have been applied to characterize
thermal properties and molecular motions of P4MPI1.
Although the structure and properties of PAMPI1 crystal-
lized from the bulk have been investigated [13—16], non-
isothermal crystallization of P4MP1 has not yet been
elucidated.

The crystallization and melting behaviors of polyolefin
copolymer [17-23] or homopolymer [24, 25] with short
branched chains (SCB) have been intensively investigated
recently. During the non-isothermal crystallization process
of copolymers, the concentration of random SCB appears
as further decisive parameter additionally to the rate of
cooling from the melt, because SCB are expelled from
crystal lattices [26]; for homopolymers with SCB, the fact
that SCB crystallize into crystal lattices makes the SCB
lengths play a key role in the crystallization and melting
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behaviors [27]. For PAMPI1, the special SCB with four
carbons endow theoretical and practical significance to
study their crystallization kinetics.
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The non-isothermal crystallization behaviors of typical
isotactic PAMP1 were investigated by using differential
scanning calorimeter (DSC) and wide angle X-ray dif-
fraction (WAXD) in this study. The crystallization kinetics
was adequately described via the modified Avrami analysis
by Jeziorny and a combination of the Avrami and Ozawa
methods developed by Mo. The crystal forms of PAMP1
samples after different cooling rates were discriminated by
WAXD.

Experimental
Materials

The polymer, PAMPI1, was purchased from Mitsui &Co.,
Ltd., Japan, and used as-received.

Sample preparation and characterization

Thermal analysis was performed on a Perkin-Elmer DSC-
7C DSC under an argon atmosphere. Crystallization
behaviors of PAMP1 were investigated at different cooling
rates (2.5, 5, 10, 20, 40 K min_l). Melting behaviors were
studied by heating the samples after different cooling rates
ranging from 333 to 533 K at a step size of 10 K min™".
The degree of crystallinity of PAMP1 (X.) from DSC was
calculated below [28]:

_ AH;
~ AH;

X, x 100% (1)
where AH{ is the enthalpy of fusion of the perfect PAMP1
crystal, and AH; is the enthalpy of fusion of P4MP1
measured in DSC. The value of AH; for PAMPI1 is
117.2°1 g_1 in literature [28, 29].

Crystal forms of PAMP1 samples after different cooling
rates conducted on hot stage (TS1500, Japan) were inves-
tigated by WAXD in a Shimadzu XRD-6000 diffractom-
eter (Cu K, radiation, 40 kV and 30 mA). The scanning
angle 20 ranged from 5° to 50° with the scanning velocity
of 4° min~". The degree of crystallinity of PAMP1 (X.,)
from WAXD was calculated as follows [30]:
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where A is the integral area of PAMP1 crystal peak and A,
is the amorphous area of PAMP1 WAXD pattern.

Results and discussion
Non-isothermal crystallization and melting behaviors

DSC traces of P4AMP1 at various cooling rates (2.5, 5, 10,
20, 40 K min~') and the subsequent melting DSC traces
are shown in Fig. 1. The detailed data from Fig. la are
listed in Table 1 and data from Fig. 1b listed in Table 2.
In Fig. 1a and Table 1, five cooling rates (2.5, 5, 10, 20,
and 40 K min~") were used for crystallization of PAMPI.
At cooling rate 2.5 K min~', T, TP and TY, representing
the onset, peak, and finish temperature of exothermic peak
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Fig. 1 a DSC curves of PAMP1 crystallized at different cooling rates;

b DSC melting curves at 10 K min™" from 323 to 523 K of PAMP1
crystallized at different cooling rates
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Table 1 DSC data of PAMPI crystallization after different cooling
rates

Cooling rate/K min~' TOK TP/K TH/K ATJK AHJI g

2.5 489.2 486.0 4823 69 9.4
5 487.3 483.6 479.0 83 11.7
10 4849 480.2 4758 9.1 14.0
20 481.9 47577 471.0 109 13.6
40 4772 4703 4658 114 15.3

Table 2 DSC data of melting curves and degree of crystalline (X.) by
WAXD of PAMP1 samples after different cooling rates

Cooling rate/  TP/K T&/K AH/] g’l XJ%  XJ%
K min~" by WAXD
2.5 500.7 5052 11.9 10.15 15.22
5 4999 505.1 12.0 10.24 3347
10 499.2  505.1 12.1 10.29  38.76
20 498.5 505.1 12.6 10.75  40.72
40 497.8 5050 129 11.00 44.22

are at 489.2, 486.0, and 482.3 K, respectively; at cooling
rate 40 K min~", ", T? and ch of exothermic peak are at
477.2, 470.3, and 465.8 K, respectively. As cooling rate
increases, the crystallization temperature becomes lower
obviously. At higher cooling rate the activation of nuclei
occurs at lower temperatures, whereas when the samples
are cooled at lower scanning rates, crystallization occurs at
higher temperatures [31]. Crystallization at lower temper-
ature is unfavorable to the lamellae thickening of P4MPI,
because the chain mobility is reduced at lower temperature.
So that secondary crystallization appears obvious at cool-
ing rate 40 K min~" and little at cooling rate 2.5 K min™',
which suggests that the secondary crystallization of PAMP1
was the re-arrangement of loose packed chains during the
primary crystallization.

AT, in Table 1, the temperature range of crystallization
process from Tf to 77" becomes larger as the cooling rate
increases, which indicates that the crystalline homogeneity
decreases [32]. However, special observation in Table 1 is
that the crystalline enthalpy AH, has a tendency to increase
with the increase in the cooling rate. This phenomenon
may be attributed to the two competing factors of nucle-
ation and lamellae thickening during the crystallization
process of PAMP1 [26]. As mentioned, crystallization at
lower temperature is unfavorable to the lamellae thicken-
ing, but favors the nucleation during the crystallization
process of PAMP1, because polymer chains achieve more
crystallization driving force when crystallized at lower
temperature [31]. Therefore, although the -crystalline
homogeneity decreases with the increase in cooling rate,
the crystalline enthalpy is enlarged.

The subsequent melting curves of PAMP1 crystallized
after the five cooling rates are shown in Fig. 1b and data
derived from Fig. 1b are listed in Table 2. The melting
peak temperature, 7P, of P4MP1 after crystallization
decreases with the increase in the cooling rate. For exam-
ple, TP after 2.5 K min~! is 500.7 K, whereas after
40 K min~" reduces to 497.8 K. The above-mentioned
homogeneity of PAMP1 crystalline indicated by AT, can be
responsible for the change of TP . However, Tfn, the finish
temperature of melting peak is almost the same, which
suggests that the nuclei of PAMP1 is not influenced by the
different cooling rates. Crystalline enthalpy AH, is often
related with the degree of crystalline. Unlike AH,. in
Table 1, AH,, and X, in Table 2 are almost the same and
have very little increase with the increase in cooling rate. In
Fig. 1b, there exist exothermic peaks of re-crystallization
in the DSC traces of PAMP1 after 2.5, 5, 10, 20 K min~".
At a same heating rate of 10 K min~", the re-crystalliza-
tion makes the X, almost invariable.

Figure 2 shows the scatter diagram and Lorentz fitting
curve of the onset-temperature of non-isothermal crystal-
lization 7" versus the logarithm of the cooling rate (log @)
[33]. The curve is not linear regression in the range of
cooling rates. By Lorentz fitting, the crystallization tem-
perature 7." versus cooling rate @ is formally described by
the equation:

T = a — b(log(®) —¢) (3)

where a, b, and c are constants. If Eq. 3 is extended to all
the range of cooling rate, the schematic plot is shown as the
inset in Fig. 2. The intercept of Y-axis of To" is 490.80 K
when @ tends to be zero; 7" has lowest value 441.72 K
in the inset fitting curve. The 500.80 K value means
the maximum crystallization temperature above which
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Fig. 2 Onset temperature of non-isothermal crystallization of PAMP1
versus logarithm of cooling rate ®
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Fig. 3 WAXD patterns of PAMPI1 prepared after different cooling
rates on hot stage

the PAMP1 will not crystallize during non-isothermal
crystallization.

Five different crystalline forms have been found for
P4MP1. Among these crystalline forms, form I is the most
stable crystalline form which often occurs in melt crystal-
lized samples and in extruded fibers. Form I is character-
ized by chains in 7, helical conformation packed in a
tetragonal unit cell [1]. Figure 3 presents the WAXD pat-
terns of PAMP1 prepared at different cooling rates (2.5, 5,
10, 20, 40 K min~") on hot stage. In Fig. 3, six perceptible
diffractive peaks around 9.8°, 17.0°, 18.7°, 20.9°, and 21.9°
are relative to typical (200), (220), (311), (212), (400), and
(203) crystallographic planes of form I orthorhombic
phase, respectively [34]. As cooling rate changes, the
crystalline structure has no much variation. So that the
WAXD patterns show mainly a modified form I crystalline
structure, despite of the cooling rate. The value of I/l .«
has a change when cooling rate is 2.5 K min~—"'. Its peak
with maximum diffractive intensity lay at 17.09°, not at
around 9.8° like others. This effect may be derived from
the above-mentioned complex nucleation when at cooling
rate 2.5 K min~".

In Table 2, there also presents the degree of crystalline X,
calculated by WAXD. In Table 1, the crystalline enthalpy
AH, has a tendency to increase with the increase in the
cooling rate. However, in Table 2, the degree of crystalline
by DSC measurement shows not much variation, which is
delusive. Actually, degree of crystalline of PAMP1 by
WAXD patterns calculated from Eq. 2 after different cool-
ing rates shows the same tendency with the crystalline
enthalpy AH.. As indicted by Danch and Osoba [14, 15], the
first glass transition of PMP is about 310-320 K, and this
glass transition has not much influence on the non-crystal-
lization behaviors of PAMP2. However, the second transition
of PAMPI is ranged from 350 to 420 K, and this glass
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transition has a lot of influence on the crystallization
behaviors, so that PAMP1 was reported to had unusual
thermal behaviors that an equilibrium crystallization occurs
on heating [12, 35]. So in the DSC measurements,
the re-crystallization of PMP at same heating rate above the
second glass transition temperature of PMP in ‘semi-
ordered’ phases made the X, almost no change.

Non-isothermal crystallization kinetics

The modified Avrami analysis proposed by Jeziorny [36],
the Ozawa analysis [37], the Ziabicki analysis [38], and
Mo’s method [39] have been developed to describe the
non-isothermal crystallization kinetics of polymers. The
Kissinger method is inapplicable to a process that occurs
on cooling, such as the crystallization of polymer melt [40].
In this study, the Jeziorny method [36] and a kinetic model
suggested by Mo and coauthors [39] were used to describe
the non-isothermal crystallization kinetics of PAMP1. The
Ozawa model [37] was not suitable for this study because
of the variation in the range of crystallization temperature.

Jeziorny method

The Avrami equation based on the assumption of constant
crystallization temperature is given as [41, 42]

X, =1 —exp(—Z") (4)

where n is the Avrami crystallization exponent dependent
on the nucleation mechanism and growth dimension, ¢ the
time taken during the crystallization process, Z; the growth
rate constant, which depends on nucleation and crystal
growth, and X is the relative crystallinity [43]. The relative
crystallinity, X;, is defined as follows

Ji (dH./dr)dz

X, = 2 T 00% 5
e (dH./diyar ®)

where the 7y and 7., represent the time at the onset and the
end of the crystallization process, respectively. Using the
following equation,
To—T
t=—— 6
- (©)

where T is the temperature at crystallization time 7, and @
stands for the cooling rate (2.5, 5, 10, 20, 40 K minfl).
The horizontal temperature axis could be transformed into
a temperature scale

Jy, (dH./dT)dT |
———— X

" [T (dH./aT)dT 00% )

where Ty denotes the onset crystallization temperature, 7 and
T., represent the crystallization temperature at time ¢ and
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Fig. 4 a Plots of relative crystallinity (%) versus temperature; b plots
of relative crystallinity (%) versus crystallization time for PAMP1
during the non-isothermal crystallization process

after the completion of the crystallization process, respec-
tively. And dH. stands for the enthalpy of the crystallization
released during an infinitesimal temperature range d7 [44].

Figure 4a shows the X7 as a function of T for PAMPI. It
can be seen that all curves have approximately the same
reversed sigmoid shapes. As also observed, the higher the
cooling rate, the lower the temperature to initiate the
crystallization, indicating there is no enough time to acti-
vate nuclei at higher temperatures when crystallized at
higher cooling rates. Therefore, nucleation occurs at lower
temperatures [43]. The values of T on the X-axis in Fig. 4a
can be transformed into crystallization time ¢ according to
Eq. 6 as shown in Fig. 4b. All curves have similar sigmoid
shapes. Crystallization of PAMP1 occurs at a higher tem-
perature and is completed in a longer time under a lower
cooling rate.

The double logarithmic form of Eq. 4 yields

log(—In(1 — X,)) =logZ + nlogt (8)
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Fig. 5 Plots of log(—In(1 — X,)) versus log ¢t for PAMP1 during
various cooling rate

where X, is the relative degree of crystallinity, n the Avrami
exponent, ¢ the time, and Z, is the growth-rate constant.
Considering the non-isothermal character of the process
investigated, Jeziorny suggested that the parameter, Z,
should be corrected as follows [36]

logZ. =logZ,/® 9)

Figure 5 shows the plots of log (—In(1 — X)) versus
log ¢ for PAMPI. As seen in Fig. 5, all curves are divided
into two sections—the primary crystallization stage and the
secondary crystallization stage, beside the sample cooling
at 2.5 K min~'. The linear lines in the curves are adopted
to determine the values of n;, Z;; at the primary crystalli-
zation stage and n,, Z, at the secondary crystallization
stage from the slope and intercept of the plot, respectively.
These parameters with errors are listed in Table 3. Z;;, Z.,,
and 1, are also listed in Table 3.

The value of n is usually an integer varying between 1
and 4, and is dependent on crystallization mechanisms
[33]. The n; value of PAMP1 at cooling rate 2.5 K min ! is
7.34, which means that it is mainly spherulites’ growth
with complex nucleation mechanism. As the cooling rate
increases, n; value decreases to be 3.21 when at cooling
rate 40 K min~'. This suggests that as the cooling rate
increases, the spherulites’ growth transforms into a mixture
mode of three-dimensional and two-dimensional space
extensions, considering that the nucleation mechanism is
homogeneous nucleation [45]. The crystals may grow as
small lamellae with lower melting temperature during the
non-isothermal crystallization. In the secondary crystalli-
zation stage, n, values range from 2.02 to 2.38. It is sug-
gested that the dominant secondary crystallization process
is by nucleation on preexisting crystals and these secondary
crystals are confined to the amorphous regions surrounding
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Table 3 Data with errors from Jeziorny method
Cooling rate/K min~! n, £ Error Z, = error Zey n, £+ Error Z,» £ Error Zo t1o/min
2.5 7.34 £ 0.014 (3.71 £ 0.052)e—-5 0.017 2.38 + 0.0060 0.15 £ 0.00039 0.26 3.96
5 4.51 £ 0.0089 (3.34 £ 0.035)e—2 0.68 2.02 £ 0.0046 0.41 £ 0.0017 0.84 1.46
10 3.57 £ 0.018 2.14 + 0.024 1.08 2.04 £ 0.0063 1.55 + 0.0025 1.04 0.74
20 3.50 + 0.031 12.30 £ 0.43 1.13 2.30 + 0.015 5.13 £ 0.026 1.09 0.44
40 3.21 £ 0.026 104.71 £ 5.19 1.12 2.28 + 0.014 27.54 £ 0.46 1.09 0.21
the lamellar aggregates [46]. Hence, the n, values indicate
that the secondary crystallization is mainly the two- 1.6 4 I X,=20%
. . . ® X,=40%
dimensional extension of the lamellar crystals formed 14l s X — 60%
during the primary crystallization process [47]. ] ! °
v X, =80%
In Table 3, #;,, and Z. values both represent the crys- 1.2 -
tallization rate. The half-time of crystallization, f, is
defined as the time at which the extent of crystallization is § 1.0+
50%. The greater is the value of #,,, the lower is the rate of 3
the crystallization. It can be seen that ¢, decreases obvi- 0'8__
ously with the increase in cooling rate. In other words, the 06
rate of the crystallization increases obviously with the ]
increase in cooling rate. At the primary crystallization 0.4
stage, Z.; increases dramatically, while in the secondary T T T .

crystallization stage, Z., increases tenderly with the
increase in cooling rate. The above observation suggests
that undercooling degree may play a key role in the
nucleation of PAMP1 which is the control step of the whole
crystallization rate [45].

Mo’s method

It is evident that in several cases both the Avrami and the
Ozawa equations are inadequate in analysis of the non-
isothermal crystallization of the polymers. Aiming at
finding a method to describe exactly the non-isothermal
crystallization process, Mo and coauthors [39] proposed a
novel kinetics equation by combining the Avrami and
Ozawa equations. Under a certain crystallinity degree,
Avrami and Ozawa equations are combined to be

log ® = log[F(T)] — alog? (10)

where the physical meaning of the rate parameter
F(T) refers to the necessary value of cooling rate to reach a
defined degree of crystallinity at unit crystallization time; a
means the a is the ratio of the Avrami exponent n to the
Ozawa exponent m, i.e., a = n/m. According to Eq. 10, ata
given degree of crystallinity, Fig. 6 shows the plot of
log F(T) as a function of log ¢, giving a straight line with
log F(T) as the intercept and —a as the slope. The good
linearity of the plots verifies the advantage of the combined
approach applied in this case. The value of F(7) has a
increase systematically with increasing relative crystallin-
ity, indicating that at unit crystallization time, a higher
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cooling rate should be required in order to obtain a higher
degree of crystallinity [32].

Conclusions

From the cooling and melting curves of PAMP1 at different
cooling rates, the activation of nuclei occurs at lower
temperatures at higher cooling rate; cools at lower scanning
rates, crystallization occurs at higher temperatures.
Although the crystalline homogeneity decreases with the
increase in cooling rate, the crystalline enthalpy increases
with the increasing cooling rate. However, the degree of
crystalline by DSC measurement shows not much varia-
tion. Degree of crystalline of PAMP1 calculated by WAXD
patterns shows the same tendency with crystalline
enthalpy, indicating that re-crystallization occurs when
samples heated above the second glass transition temper-
ature of PAMPI.

Jeziorny analysis and Mo’s method are used to investi-
gate the crystallization kinetics of isotactic PAMP1. By
Jeziorny analysis, n; value suggests that mainly spheru-
lites’ growth at 2.5 K min~' transforms into a mixture
mode of three-dimensional and two-dimensional space
extensions. In the secondary crystallization process, n,
values indicate that the secondary crystallization is mainly
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the two-dimensional extension of the lamellar crystals
formed during the primary crystallization process. The rate
of the crystallization Z. increases obviously with the
increase in cooling rate, especially at the primary crystal-
lization stage. Undercooling degrees may play a key role in
the nucleation of PAMP1 which is the control step of the
whole crystallization rate. By Mo’s method, at unit crys-
tallization time, a higher cooling rate should be required in
order to obtain a higher degree of crystallinity.
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