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ABSTRACT: Subsequent melting behavior after isother-
mal crystallization at different temperatures from the isotro-
pic melt and nonisothermal crystallization kinetics and mor-
phology of partially melting sPB were carried out by differ-
ential scanning calorimetry (DSC), polarized light
microscopy (POM), respectively. Triple melting-endother-
mic peaks were observed for the polymer first isothermally
crystallized at temperatures ranging from 141 to 149°C, re-
spectively, and then followed by cooling at 10°C/min to
70°C. Comparing with the nonisothermal crystallization
from the isotropic melt, the nonisothermal crystallization for
the partially melting sPB characterized the increased onset
crystallization temperature, and the sizes of spherulites be-
came smaller and more uniform. The Tobin, Avrami,
Ozawa, and the combination of Avrami and Ozawa equa-
tions were applied to describe the kinetics of the nonisother-
mal process. Both of the Tobin and the Avrami crystalliza-
tion rate parameters (K, and K, respectively) were found to
increase with increase in the cooling rate. The parameter

F(T) for the combination of Avrami and Ozawa equations
increases with increasing relative crystallinity. The Ziabic-
ki’s kinetic crytallizability index G for the partially melting
sPB was found to be 3.14. The effective energy barrier AE
describing the nonisothermal crystallization of partially
melting sPB was evaluated by the differential isoconver-
sional method of Friedman and was found to increase with
an increase in the relative crystallinity. At the same time,
Hoffman-Lauritzen parameters (U and K,) are evaluated
and analyzed from the nonisothermal crystallization data by
the combination of isoconversional approach and Hoffman-
Lauritzen theory. The K, value obtained from DSC tech-
nique was found to be in good agreement with that obtained
from POM technique. © 2006 Wiley Periodicals, Inc. J Appl
Polym Sci 100: 1479-1491, 2006
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INTRODUCTION

Commonly, crystallization process of semicrystalline
polymers involves induction period, nucleation, and
crystal growth. Any variation, especially in the step of
nucleation or crystal growth, would necessarily
change the end-morphology, which is closely corre-
lated with properties of these materials." Therefore,
studies on crystallization mechanisms of polymers
will provide more insights into controlling and im-
proving properties of polymer products. Many studies
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have indicated that addition of nucleation agents or
additives improved the nucleation density and crys-
tallization rate, and increased the number of spheru-
lites in unit area.”” Bank et al. first proposed a method
named as “self-nucleation” to explore the relationship
between molten temperature and crystallization be-
havior of polyethylene (PE).® As the crystallized PE
was partially molten at temperature below the melting
point, followed by crystallizing in the presence of the
unmolten crystallized samples, it was found that the
crystallization rate of PE sample improved greatly.
Later on, many experimental’ "> and theoretical'®~'®
studies in the self-nucleation field have been carried
out. These results indicated that the self-nucleation
procedure not only speeds up the crystallization rate,
similar to the cases of addition of some nucleation
agents,”” but also make the Avrami exponent n,,
obtained from the partially melting sample, different
from that obtained from the isotropic melt.
Syndiotactic 1,2-polybutadiene (sPB) is also a typi-
cal semicrystalline polymer, which was first synthe-
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sized by Natta and Corradini," and are widely used
as packaging films, rubber goods, adhesive, oil point,
photosensitive resin, plastics materials, etc.”?° Con-
sequently the studies of crystallization mechanisms on
sPB are not only of theoretical significance, but also of
value in practical applications. Up to now, crystalliza-
tion studies on sPB are still exiguous. A few stud-
ies'®?'72¢ on crystal structure, crystalline morphology,
and crystallization kinetics have been carried out.
The present contribution is aimed at studying the
nonisothermal crystallization kinetics of partially
melting sPB in full. The experimental data, for differ-
ent cooling rates ranging from 2.5 to 60°C/min, were
obtained from the differential scanning calorimetry
(DSC) technique and were thoroughly analyzed based
on Tobin, Avrami, Ozawa; the combination of Avrami
and Ozawa; and Ziabicki macrokinetic models. The
effective energy barrier describing the nonisothermal
crystallization process of partially sPB was estimated
based on the differential isoconversional method of
Friedman, and Hoffman-Lauritzen parameters (U and
K,) are evaluated and analyzed by the combination of
isoconversional approach and Hoffman-Lauritzen the-
ory. At the same time, polarized light microscopy
(POM) was utilized to investigate the morphology
crystallized from the partially melting sPB.

EXPERIMENTAL
Materials

The catalyst system for the synthesis of syndiotactic
1,2-polybutadiene (sPB) was a new iron one, which
was composed of Iron (III) acetylacetonate(Fe(acac);),
Triisobutylaluminum, and Diethyl phosphite(DEP).
The detailed procedure for synthesizing the sample
has been presented elsewhere.”” The molecular weight
of the sPB sample is M,, = 1.38 X 10°, and M,,/M,, =
2.4, measured by high temperature GPC after dissolv-
ing the sample in trichlorobenzene (TCB) at 150°C.
The degree of syndiotacticity of the sPB was deter-
mined to be 89% by '*C NMR, after it was dissolved in
d4-O-dichlorobenzene at 135°C.

Sample preparation and experimental details

The sheets of the sPB sample were prepared by press-
ing the powder under pressure of 5 MPa at 200°C
between polytetrafluoroethylene films and quickly
cooling down to ice temperature. The obtained sheets
were used for DSC experiments.

A Perkin-Elmer Diamond DSC calibrated with in-
dium and zinc standards was used to monitor the
nonisothermal crystallization kinetics of the partially
melting sPB samples. For minimizing thermal lag be-
tween the polymer sample and the DSC furnace, the
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sheets were cut into disk-shaped pieces, and the sam-
ple weights were 8-9 mg.

For the subsequently melting experiments after iso-
thermal crystallization, the sPB sample sheets were
first heated at 100°C/min from 50 to 200°C and kept at
200°C for 2 min to eliminate residual crystals. The
samples were then cooled from 200°C/min to the
preset temperatures (141, 143, 145, 147, and 149°C)
and isothermally crystallized at these temperatures for
60 min, respectively. The crystallized materials were
then cooled to 70°C at 10°C/min, followed by heating
at 10°C/min from 70 to 200°C.

For the nonisothermal crystallization experiments,
the sPB sample was first isothermally crystallized at
145°C for 60 min, according to the procedures de-
scribed earlier for the isothermal crystallization oper-
ations, and then directly heated at 10°C/min to 171°C.
On reaching 171°C, the sample was cooled at different
rates (2.5, 5, 10, 20, 30, 40, 60°C/min) to 70°C. The
relative crystallinity at a definite time and temperature
was calculated by the supplied software of this instru-
ment for further analysis of various macro-kinetic
models.

The crystalline morphology of the sPB sample was
observed by a polarized optical microscope (Leika)
equipped with an automatic thermal control hot-stage
with controlling temperature precision of +0.1°C. The
sPB samples sandwiched between microscope cover
glasses were first heated to 200°C, and then cooled at
100°C/min to 145°C to be held for 60 min, after that
they were heated to 171 and 200°C, respectively, fol-
lowed at last by cooling at 10°C/min.

Measurements of the spherulite growth rates were
carried out according to the following procedure: the
sPB samples sandwiched between microcope cover
glasses were first heated to 200°C, and then cooled at
100°C/min to the designated temperatures (142, 144,
146, 148, and 150°C).

RESULTS AND DISCUSSION

Nonisothermal crystallization and morphology of
partially melting sPB

The melting thermographs for sPB isothermally crys-
tallized at 141, 143, 145, 147, and 149°C for 60 min,
respectively, are shown in the inset figure of Figure 1.
The samples were first crystallized at these tempera-
tures and then cooled to 70°C, followed by heating at
a rate of 10°C/min from 70 to 200°C. Clearly, triple-
melting endothermic peaks appear for all investigated
temperatures. The high, middle, and low melting en-
dothermic peaks are marked as 1, 2, and 3, respec-
tively. Peak temperature of 3 is lower than the crys-
tallized temperature and derived from recrystalliza-
tion during cooling and heating scans between 70 and
145°C. peak 2 was found to correspond to the melting
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Figure 1 Melting endothermic curve of syndiotactic 1,2-polybutadiene first crystallized at 145°C for 1 h and cooled at
100°C/min to 70°C, followed by heating at 10°C/min from 70 to 200°C. a and b indicate the positions of 145 and 171°C.
Numbers 1, 2, and 3 designate the melting peaks, according to the temperature sequence from high to low. The inserted figure
indicates the melting curves of syndiotactic 1,2-polybutadiene crystallized at 141, 143, 145, 147, and 149°C.

of the primary crystallites formed at a definite crystal-
lization temperature and peak 3 corresponds to the
melting of recrystallized crystallites, which were
formed during a heating scan.! Figure 1 (inset) shows
that peaks 2 and 3 increase with increasing crystal-
lized temperature, while increases in peak 1 are less
than the other two peaks, ranging between 169.4 and
171.5°C. At 145°C, peak temperature of 1 is 170.3°C;
therefore, we selected 171°C (marked as b in Fig. 1 and
just higher than the peak temperature of 1) as the
temperature for melting most of the crystalline mate-
rials crystallized at 145°C. After the samples were
melt-crystallized at 145°C for 60 min, they were heated
at 10°C/min from 145 to 171°C, and on reaching
171°C, they were cooled to 70°C at different cooling
rates (2.5, 5, 10, 20, 30, 40, and 60°C/min), respec-
tively.

For the purpose of comparison, the exothermic
curves (with cooling rates of 10 and 30°C/min, re-
spectively) for the partially and completely melting
samples are presented in Figure 2. As usually ex-

pected, the onset crystallization temperatures of the
partially melting samples increased distinctly, rela-
tive to that of the isotropic melt. For the two cooling
rates investigated, the onset crystallization temper-
atures of the partially melting samples appear
~20°C ahead of those of the completely melting
samples. Furthermore, the peak widths are broad-
ened for the two investigated cooling rates. As a
matter of fact, for the exothermic curves at other
cooling rates, the improvement of the onset crystal-
lization temperatures and broadened peak widths
was observed as well. The end-morphologies after
nonisothermal crystallization (with cooling rate of
10°C/min) of the partially and completely melting
materials are shown in Figure 3. The morphologies
indicates that the sizes of the spherulites crystal-
lized from the isotropic melt are not uniform, rang-
ing from 20 to 70 wm [Fig. 3(a)], while for the
partially melting materials, the sizes of the spheru-
lites become smaller and uniform, with size of ~30
pm [Fig. 3(b)].
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Figure 2 Exothermic curves for partially and completely
melting samples.a, cooling at 10°C/min from 200 to 70°C; a’,
first crystallized at 145°C for 60 min and then heated to
171°C at 10°C/min, followed by cooling at 10°C/min to
70°C; b, cooling at 30°C/min from 200°C to 70°C; b’, first
crystallized at 145°C for 60 min and then heated to 171°C at
10°C/min, and at last followed by cooling at 30°C/min to
70°C. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.].

The nonisothermal crystallization exotherms of par-
tially melting sPB scanned at seven different cooling
rates, ranging from 2.5 to 60°C/min, are indicated in
Figure 4. Obviously, the crystallization exotherm be-
comes wider and shifts to a lower temperature with
increasing cooling rate, as was usually observed.

In the nonisothermal crystallization study using
DSC instrument, the energy released during the crys-
tallization process appears to be a function of temper-
ature rather than time, as in the case of isothermal
crystallization. In this way, the relative crystallinity
function of temperature X,(T) can be formulated as
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Figure 4 Nonisothermal crystallization exotherm of syn-
diotactic 1,2-polybutadiene first crystallized at 145°C for 60
min and then heated to 171°C at 10°C/min, and sat last
followed by cooling to 70°C at different cooling rates: a,
2.5°C/min; b, 5°C/min; ¢, 10°C/min; d, 20°C/min; e, 30°C/
min; f, 40°C/min; and g, 60°C/min.

r dHC)d
ar 9T
To

AH,

X[T) = (1)

where T, and T represent the onset and an arbitrary
temperature, respectively, dH, is the enthalpy of crys-
tallization released during an infinitesimal tempera-
ture range 4T, and AH, is the total enthalpy of crys-
tallization for a specific cooling rate. To obtain the
kinetic information, the experimental data such as
those shown in Figure 4 needed to be converted to the
relative crystallinity function of temperature X/(T).

Figure 3 Polarized light microscopy graphs for syndiotactic 1,2-polybutadiene samples crystallized at 145°C for 60 min and
heated at 10°C/min from 145 to 200°C (a) and 171°C (b), respectively, and at last followed by cooling to 30°C at 10°C/min.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.].
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Figure 5 Relative crystallinity of partially melting sPB as a
function of temperature at seven different cooling rates. The
data were obtained from the exothermic curves using eq. (1).

The obtained X,(T) curves are shown in Figure 5. From
these curves, some kinetic data such as T, (the tem-
perature at 1% relative crystallinity), T, (the tempera-
ture at the maximum crystallization rate or the peak
temperature), and T o9 (the temperature at 99% rela-
tive crystallinity) are extracted and listed in Table I.
Noticeably, the T ¢, T, and T o9 values are all trans-
ferred to lower temperatures when the cooling rate
increases. It should be noted that T, and T g rep-
resent the apparent onset and end temperatures of the
nonisothermal crystallization process of partially
melting materials, respectively.

To analyze nonisothermal crystallization data ob-
tained by DSC using eq. (1), it is assumed that the
sample experiences the same thermal history as des-
ignated by the DSC furnace. This may be achieved
only when the lag between the temperatures of the
sample and the furnace is kept minimal. If this as-
sumption is valid, the relation between the crystalli-
zation time t and the sample temperature T can be
expressed as

TABLE 1
Characteristic Data of Nonisothermal Crystallization
Exotherms for Self-Seeded Syndiotactic
1.2-Polybutadiene

@ (°C/min) To.01 (°C) T, O To00 (°C)
25 165.1 157.5 133
5 163.8 155.3 122.2
10 160.3 150.6 117
20 155.6 1445 108.9
30 153.4 140.8 104.1
40 147.3 137.0 95.8
60 1448 131.6 81.9
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Figure 6 Relative crystallinity of partially melting sPB as a
function of time at seven different cooling rates. The data
were obtained from Figure 5 using eq. (2). The solid and
dotted lines are fitting curves calculated from the Avrami
and Tobin Equations, respectively.

t= (2)

where @ is the cooling rate. According to eq. (2), the
temperature axis (abscissa) observed in Figure 5 can
be transformed into the time scale. The results are
exhibited in Figure 6. It is apparent that the faster the
cooling rate, the shorter was the time for the comple-
tion of the crystallization process. It should be noted
that the apparent induction period t;,4 is very short
(tina = (T, = Tonse)/®, T, is the melting point
(170.3°C for isothermal crystallization temperature of
145°C), T et is the actual temperature where the DSC
instrument begins to detect the released energy due to
crystallization). The t;,4 values have been calculated
and summarized in Table II. The t,,4 was found to
monotonically decrease from ~60 s at 2.5°C/min to
~21.9 s at 60°C/min.

To quantify the kinetics of the nonisothermal crys-
tallization process, the crystallization time at an arbi-
trary relative crystallinity (#(X,)) can be determined
from Figure 6. The t(X,) values for different relative
crystallinities X, (i.e., 0.01, 0.1, 0.2, 0.4, 0.6, 0.8, 0.9, and
0.99) are summarized in Table II and plotted as a
function of cooling rate in Figure 7. The t,y; and t4q9
are the qualitative measures of the beginning and the
end of the crystallization process. From the values of
to.o1 and t 0, the apparent total crystallization period
At, can be calculated (At = t49 — ty 1) and the results
are summarized in Table II as well. Similarly, the fact
that the #(X,) value for a specific relative crystallinity
and the At, value are all found to decrease with in-
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TABLE 1I
The Crystallization Time (t(Xt)) at a Corresponding Relative Crystallinity, the Induction Period (tind), and the
Apparent Total Crystallization Period (Dtc), Which were Obtained from Nonisothermal
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t(Xy) (s)
® (°C/min)  t,4(s) X, =001 X, =01 X, =02 X, =04 X, =06 X, =08 X,=009 X,=099 At_(s)
2.5 60.0 89.9 175 220.3 294.5 385.3 505.4 645.3 860.1 770.2
5 42.0 46.8 101.5 129.4 178 239.6 310.6 406.7 544.2 497 .4
10 36.6 27.1 529 74 100.2 132.7 170.6 218.9 287.5 260.1
20 32.1 14 26.9 36.5 48.7 61.7 84.7 109.2 154.2 140.2
30 23.2 10.1 18.6 25.1 35 47.5 63.9 80.9 110.6 100.5
40 22.7 7.6 13.1 17.6 25.7 32.6 442 62.3 83.1 75.5
60 21.9 5.5 9.1 13.1 19.2 24.8 34.8 45 63.4 57.9
crease in the cooling rate suggests that nonisothermal
crystallization proceed faster with increasing the cool-
ing rate. For further analyzing the results obtained,
e By y—— - plots of log(At,) vs. log ® [the inserted figure in Fig.
gook | a ) - 7(a)] and of log t(X,) vs. log ® [Fig. 7(b)] are shown.
- ' e The results indicate that these plots exhibit linear re-
® ' lationship; furthermore, all of the plots exhibit a sim-
-gsoo L b ilar slope (see Table III), with the values —0.89 = 0.05
= \ 2 /0
S s7/°C.
© .
g 4m - 3 \I
=400 - At)=1.75-0.84 L. . . N
= ?gé;;? i LN Kinetics analysis of nonisothermal crystallization
§‘ e 4 of partially melting sPB
200 - Bl ,gﬂ, (963510'4 o8 Avrami analysis
— The most common approach to describe the overall
Ot isothermal crystallization kinetics is the Avrami
model ?®?° in which the relative crystallinity function
of time X, can be expressed in the following form:
3 PO S W W T | 4 " " PR |
ettt —_— ) .
R X, =1 - exp[ — (Kut)"]e[0,1] 3)
: e where the parameter K, is a composite rate constant
[ involving both nucleation and growth rate parame-
3 ters. The exponent 1, is a constant, which describes
100 | the crystallization mechanism and bears relation to
» d
=3 E
-
TABLE III
Intercept, Slope, and r* Values Obtained by Least Square
10 Method Through Plots of log t; versus log ® for
; Different Relative Crystallinity Values
Relative
rrr " —rTeYm crystallinity Intercept (s) Slope (s%/°C) ?
log® (°C/s) 0.01 0.74 ~0.88 0.999
—— 0.1 0.97 —0.94 0.998
. o . . . . 0.2 1.12 —0.91 0.997
Figure 7 Crystallization time at various relative crystallin- 0.4 1.08 —0.88 0.997
ity values as a function of cooling rate in linear-linear plot ’ ’ Y |
. . . o 0.6 1.39 0.89 0.995
(a) and log-log plot (b), respectively. The inset figure in Fig. 08 153 087 0.997
7(a) indicates the relationship between apparent total crys- 0.9 1.65 —0.86 0.998
tallization period and cooling rate in a log-log plot. [Color | ) Y |
fi be vi din th line i hich i labl. 0.99 1.79 0.85 0.998
gure can be viewed 1mn the online issue, which is available Avemge —0.89

at www.interscience.wiley.com.].
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TABLE IV
Parameters (n,, K,, ny, Ky) of Crystallization Kinetics for Self-Seeded SPB and the Square of Correlation Coefficients
r*, Obtained by Fitting from Avrami and Tobin Analysis, Respectively, and the Inverse of Crystallization Time at Half
Crystallization Degree (t,,,")

Avrami analysis Tobin analysis o1
1/2
® (°C/min) nu K, (107371 r ny KA1073s71) r (s h
25 2.52 2.53 0.996 3.44 3.02 0.999 321.88
5 2.14 3.91 0.993 3.01 4.86 0.998 195.77
10 2.34 7.21 0.995 3.23 8.75 0.999 107.88
20 2.49 15.25 0.993 3.39 1.82 1 52.64
30 2.67 19.90 0.993 3.64 23.46 1 40.53
40 2.33 31.60 0.993 3.17 38.09 1 25.33
60 2.30 37.71 0.994 3.15 45.66 1 22.16

nucleation type and growth process. It should be
noted that the units of K, are given as an inverse of
time. Although the Avrami equation is often used to
describe the isothermal crystallization behavior of a
semicrystalline polymer, it has also been applied to
describe the nonisothermal crystallization behavior of
a semicrystalline polymer.’>?! By fitting the data with
different cooling rates in Figure 6 to eq. (3), the
Avrami parameters K, and n,, together with the r*
parameters, were obtained from the best fits, the fit-
ting lines (solid line) indicate good fitting. These pa-
rameters are listed in Table IV. The Avrami exponent
n, ranged from ~2.1 to 2.7, with the average value
being ~2.4 and the standard deviation being ~0.3. The
crystallization rate constant K, is found to increase
with the increase of cooling rate, suggesting an im-
proved crystallization rate with increase in cooling
rate.

Tobin analysis

In the original derivation of the Avrami model, the
effects of growth site impingement and secondary
crystallization process were neglected for the purpose
of simplicity, which results in the fact that Avrami
approach model is only suitable for describing the
early stages of crystallization. Tobin proposed a the-
ory for phase transformation kinetics, with consider-
ation of growth site impingement.**>* According to
this approach, the relative crystallinity function of
time X, can be expressed in the following form:

Xi=1 e[0,1] (4)

1
1+ (Ket)"

where K; and ng are the Tobin crystallization rate
constant and the Tobin exponent, respectively. Based
on this proposition, 717 need not be an integer®* and is
also governed by different types of nucleation and
growth mechanisms. By fitting the data with different
cooling rates in Figure 6 to eq. (4) the Tobin kinetic
parameters K and 1y, together with the > parameters,

are obtained from the best fits. The fitting lines are
indicated in Figure 6 as dotted lines. These parameters
are listed in Table IV. The Tobin exponent n; was
found to range from ~3.0 to 3.60, with the average
value being ~3.30 and the standard deviation being
~0.3. The Tobin crystallization rate constant K; was
found to increase with increase in cooling rate, sug-
gesting an increased crystallization rate with increas-
ing cooling rate.

Contrasting the results obtained from avrami and
tobin analysis

Comparison of the results in Table IV obtained from
the two models indicates that both the Avrami and the
Tobin crystallization rate constants (K, and Ky) are
quite comparable, with the K, value being smaller of
the two for a definite cooling rate. The results also
indicate that for a given cooling rate, the Avrami
exponent 1, is always lower in value than the Tobin
exponent ny The difference between the values of ny
and n, is ~0.9, with the standard deviation of ~0.1.
For testing the efficiency of the two models, it is better
to recalculate the X; from the parameters listed in
Table 1V, using eq. (3) and (4) for the Avrami and the
Tobin models, respectively. The recalculated X, curves
according to the Avrami and the Tobin models are
indicated in Figure 6 as solid and dotted lines. Qual-
itatively, it is clear that the Tobin model gives a much
better prediction of the experimental data than does
the Avrami model does.

Ziabicki’s kinetic crystallizability analysis

Ziabicki®*® suggested that the kinetics of polymeric
phase transformation could be described as a first-
order kinetic equation.

X,
=KD - X)) (5)
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TABLE V
Parameters Obtained from Ziabicki’s Kinetic Crystallizability Analysis on Nonisothermal Crystallization Kinetics for
Self-Seeded sPB

@ (°C/min) T 00 (°C) Dy (°C) (dX,/dT)q max G, ¢ (°C/min) G.
25 1575 13.71 0.53 7.73 3.09

5 155.3 15.73 0.96 16.07 3.21

10 150.6 16.33 1.66 28.84 2.88

20 1445 16.59 3.63 64.08 3.20

30 140.8 17.28 5.71 104.98 3.50

40 137.0 17.66 6.81 127.96 3.20

60 131.6 19.32 8.49 174.52 291

where K,(T) is a crystallization rate function with a
temperature-dependence. In the case of nonisothermal
crystallization, both X, and K(T) vary and are depen-
dent on the cooling rate.

For a definite cooling rate, the crystallization rate
function K;(T) can be expressed by a Gaussian func-
tion.

2.773(T = Tona)”
KA(T) = Koo exp| — Dz] (6)

where T,,., is the temperature at which the crystalli-
zation rate is maximum, K,,.,, is the maximum crys-
tallization rate at T,,,, and D is the width at half-
height determined from the crystallization rate func-
tion. Using the isokinetic approximation, integration
of eq. (6) over the whole crystallizable range (i.e., T, <
T < T,") leads to an important characteristic value
describing the crystallization ability of a semicrystal-

line polymer, i.e., the kinetic crystallizability index G:

T,
G.= j K(T)dT =~ 1.064K. ,.,.D (7)

Ty

According to the approximate theory,* the parameter
G describes the ability of a semicrystalline polymer to
crystallize when it is cooled at a unit cooling rate.””

In the case of nonisothermal crystallization studies
using DSC, eq. (7) can be applied when the crystalli-
zation rate function K,(T) is replaced with a derivative
function of the relative crystallinity (dX/dT)4, for each
definite cooling rate studied. Therefore, eq. (7) is re-
placed by

e X,
G.o= f (ﬂ)¢dT~ 1.064(dT)q)maXDq, (8)
. ,

8

where (dX;/dT)g max and Dy, are the maximum crys-
tallization rate and the width at half-height of the
(dX,/dT)4 function for a definite cooling rate ®, re-
spectively.

According to eq. (8), Gz,¢ is the kinetic crystalliz-
ability index for an arbitrary cooling rate. The Ziabicki
kinetic crystallizability index G can, therefore, be ob-
tained by normalizing G 4 with ®

G.= )

as first suggested by Jeziorny.*®

According to eq. (8), first differentiate the relative
crystallinity function X,(T) of temperature, as shown
in Figure 5, with respect to temperature to obtain the
derivative relative crystallinity as a function of tem-
perature (dX,/dT)q, and then the maximum crystalli-
zation rate (dX,/dT)q, max and the width Dy, at the half
height can be obtained. Therefore, the cooling-rate-
dependent kinetic crystallizability G, 4, can be calcu-
lated according to eq. (8) According to eq. (9), the
normalized crystallizability index G, can be obtained.
The temperature at the maximum crystallization rate
as determined from the (dX,/dT)q function—T, ., &
(dX;/dT) g maxs Do Gz,0» G are calculated and listed in
Table V. It should be noteworthy that the T,,,,, ¢ sum-
marized in Table V and T, (the peak temperature) in
Figure 4 listed in Table I are virtually the same. From
Table V, T}, was found to decrease, whereas (dX,/
AT)g,maxs Do, and G g, was found to increase with the
increase of cooing rate. After normalizing G, 4 with
the cooling rate using eq. (9), the value of the kinetic
crystalizability at unit cooling rate G, can be deter-
mined and the data summarized in Table V indicate
that the normalized G, values obtained for different
cooling rates were almost identical, with the average
value being 3.14.

Ozawa analysis

Based on the mathematical derivation of Evans,*
Ozawa extended the Avrami theory to describe the
nonisothermal crystallization case by assuming that
the sample was cooled with a constant rate.* In the
Ozawa method, the time variable in the Avrami equa-
tion was replaced by a cooling rate, and the relative
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Figure 8 Typical Ozawa plots based on the nonisothermal
melt-crystallization data of self-seeded syndiotactic 1,2-
polybutadiene. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.].

crystallinity was derived as a function of constant
cooling rate as

Ko Ny
X, =1- exp[ - (CD) ] (10)

or
In[ — In(1 — X))] =n,In K, — n,logd (11)

where Ky and 1, are the Ozawa crystallization rate
constant and the Ozawa exponent, respectively. Both
of the Ozawa kinetic parameters (i.e., K5 and 7,) hold
similar physical meanings to those of the Avrami ones
(i.e., K4 and n,). The results of the Ozawa analysis are
presented in Figure 8 by plotting In[—In(1 — X,)] vs. In
® for specific temperatures ranging from 124 to 152°C.
The nonlinear trend in Figure 10 means that the pa-
rameter 71, is not a constant during crystallization. As
observed for some other polymers,*>*' the crystalliza-
tion under nonisothermal condition could not be de-
scribed by the Ozawa equation. The nonisothermal
crystallization of partially melting sPB does not follow
the Ozawa equation, probably because of its inaccu-
rate assumption about secondary crystallization.*

Combination of avrami and ozawa equations
analysis

Mo and coworkers®*!"*3 suggested an equation by

combining the Avrami and Ozawa equations, it has
successfully described the nonisothermal crystalliza-
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Figure 9 Cooling rates as a function of time at various
relative crystallinity based on the combination of the Avrami
and Ozawa equations. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.].

tion process of several samples such as Nylon66, Ny-
lon11, PEDEKK, PAEKEKK, etc as follows:

log® = logF(T) — a logt (12)

where a = n,/np, ie., the ratio of the Avrami expo-
nent to the Ozawa exponent and the parameter F(T)
refers to the value of the cooling rate, which has to be
chosen at unit crystallization time when the measured
system amounts to a certain degree of crystallinity.
According to eq. (12), the plots of log ® vs. log t at
definite relative crystallinities (0.2, 0.4, 0.6, 0.8, and 0.9)
are presented in Figure 9. Good linear relationships
between log ® and log t are obtained. The a, F(T), and
1* correlation coefficients are obtained by least square
method and listed in Table VL It is clear that a is
almost constant, being 1.9, and F(T) increases with
increase in crystallinity, suggesting that the higher the

TABLE VI
Parameter Log F(T), a and Correlation Coefficients r*
Obtained from Mo’s Method3*4'-%3

Relative
crystallinity a log F(T) ?
0.2 1.9 4.42 0.998
0.4 19 452 0.998
0.6 2 4.62 0.998
0.8 1.9 4.82 0.998
0.9 1.9 492 0.998
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relative crystallinity, the higher is the cooling rate
needed.

Effective activation energy for nonisothermal
crystallization of partially melting sPB

The Avrami, Tobin, Ziabick, Ozawa analysis do not
propose a technique for estimating the effective en-
ergy barrier for nonisothermal crystallization process
AE. Kissinger** has suggested an expression for eval-
uating the effective activation energy AE, which have
correlated the scanning rate ® with the peak temper-
ature T, obtained for a given condensed phase trans-
formation. A major problem raised about the use of
the expression has been that the original mathematical
expression does not permit substitution of negative
heating rates (or cooling rates),*> * although some
works have mistakenly avoided the problem by taking
off the minus sign in negative heating
rates.!3?*303141°%3 For a process that occurs on cool-
ing, such as nonisothermal crystallization of polymers,
reliable value of effective activation energy can be
obtained from the integral isoconversional method
proposed by Vyazovkin*” and the differential isocon-
versional method proposed by Friedman.*® Because of
the simplicity and reliability of Friedman’s method, it
will be used in this work. The Friedman equation is
expressed as*®:

n("X) — 48 1
nﬁm— _ﬁ (3)

where (dX,/dt),, is the instantaneous crystallization
rate function of time at a given relative crystallinity X,
A is an arbitrary pre-exponential parameter, and AE,,
is the effective energy barrier of the process for a given
relative crystallinity X,. By plotting In(dX,/dt),, at dif-
ferent cooling rates versus the corresponding recipro-
cal temperature for a definite X,, the effective activa-
tion energy AE,, for the nonisothermal process can be
easily estimated from the slope of the plot by minus
slope multiplying R. The AE,, values obtained for dif-
ferent relative crystallinity X,, ranging from 0.1 to 0.9
with 0.1 increment, are listed in Table VII. Clearly, the
AE,, is found to increase monotonically from -170.5
kJ/mol at X, = 0.1 to —=86.1 kJ/mol at X, = 0.9.

Evaluation of hoffman-lauritzen parameters (u and
k) from nonisothermal crystallization

Vyazovkin and Sbirrazzuoli* combined Hoffman-
Lauritzen theory™ and isoconversional approach and
succeeded in deducing a theoretical formula in which
the effective activation energy AE is dependent on the
temperature as follows:

CAI ET AL.

TABLE VII
Effective Energy Barrier Describing the Overall
Nonisothermal Crystallization of Self-Seeded sPB,
Obtained from the Differential Isoconversional Method
of Friedman

Relative crystallinity AE (kJ/mol) r”
0.1 —170.5 0.965
0.2 —165.4 0.976
0.3 —162.6 0.973
0.4 —159.7 0.971
0.5 —158.7 0.962
0.6 —151.5 0.968
0.7 —133.5 0.978
0.8 —101.2 0.972
0.9 —86.1 0.963

T? T2, - T,T — T?

AE (14)

=Ug -yt KRG —pr
where U is the activation energy of chain segmental
jump, T, is the equilibrium melting point of this sam-
ple (which is 180.9°C for the present sample), T.. is a
hypothetical temperature at which the motion related
to the viscous flow ceases and is usually taken 30 K>
below the glass transition temperature T, and R is the
universal gas constant. The kinetics parameter K, is
expressed as:

nby88,T,
NIV (15)
b, is the thickness of a monomolecular layer, & and &,
are the lateral and end surface free energies, respec-
tively, k is the Boltzmann constant, Ak is the equilib-
rium melting enthalpy, and n takes 4 for crystalliza-
tion regime I or III and 2 for crystallization regime II.
Using eq.14, Hoffman-Lauritzen parameters U and K,
can be easily evaluated from the nonisothermal crys-
tallization data, using curve fitting of graphics soft-
ware origin 6.0.*

Figure 10(a) presents the dependence of the effec-
tive activation energy on the conversation extent. The
shape of the curve is similar to that of PET,* except
the difference of the conversional extent at which in-
flection occurs. The dependence of the average tem-
perature on the conversion degree is also shown in
Figure 10(a). The correlation of the resulting temper-
ature with the conversion extent X, makes it possible
to connect the effective activation energy AE to the
temperature, according to eq. (14). The variation of the
effective activation energy with temperature is shown
in Figure 10(b). Vyazovkin and Sbirrazzuoli’s* pred-
icated that in the temperature region of 0.618T,, — T,
AE calculated from eq. (14) is negative, and the
present data are the cases. Figure 10(b) indicates that
the absolute value of the effective activation energy
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Figure 10 (a) Variation of the effective activation energy
with the relative extent of conversion (M) and the variation
of the average temperature with the relative extent of con-
version (O). (b) Dependence of the effective activation en-
ergy on average temperature. The solid lines represent fit-
ting lines for different U values according to eq.14. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.].

AE between 424 and 415 K increases slightly with
temperature. The nonlinear curve fitting of the data in
the temperature range to eq. (14) just obtained a neg-
ative U and a smaller positive K,. Usually U was fixed
as 6300 J/mol to fit K, if doing so, only one point of
the fitting curve intersects with the experiment curve.
We considered that the deviant data were derived
from the fact that our nonisothermal crystallization
experiments were different from those of Vyazovkin
and Sbirrazzuoliet et al.’s,* the present experiments
were carried out under the existence of the remaining
crystal nuclei, which reduces the temperature depen-
dence of the nucleation activation energy, thus the
total effective activation energy. The other reasons are
still kept open to discussion. At higher temperatures
corresponding to small undercoolings, possibly, a ma-
jority of crystals grow based on the residual crystal
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nuclei on cooling, thus effective activation energy in
temperature range approaching T,, indicates weaker
dependence on temperature than that from the pure
melt.*” However, as the temperature is decreased be-
low 415 K, it was found that the effective activation
energy AE increases with temperature in a steeper
trend than in the temperature range above 415 K. We
tried to fit the data below 415 K to eq. (14), interest-
ingly finding that Hoffman-Lauritzen parameters U
= 6300 J/mol and K, = 1.2 X 10° K2 can well fit the
data. Hoffman et al " have found that the best fit
value of U tends to vary between 4200 and 16,700
J/mol, and increasing the value of U results in a larger
value of K,. We fixed the value of U and fit the data
below 415 K to eq. (14) and found that K, increases
with increase in the U value, ranging from K, = 1.1
X 10° K? for U = 4200 J/mol to K, = 1.8 X 10° K for
U = 16,700 J/mol. Figure 10(b) presents the fitting
curves for U = 4200, 6300, and 16,700 J/mol. In addi-
tion, if not setting the U value during fitting, the last
fitted Hoffman-Lauritzen parameters U and K, are
5200 J/mol and 1.1 X 10° K?, respectively.

We have also measured the spherulite growth rates
of sPB at different temperatures (142, 144, 146, 148,
and 150°C) using polarized optical microscopy (POM),
according to the well-known Hoffman-Lauritzen the-

ory™:

u

K
G:G”“{‘ME—LJ“4 T, - Iﬂ (16)

or

InG + (17)

u - InG Kg
R(T.—T.)  "T(T, — T)f

where G is the spherulite growth rate, G, is a preex-
ponential factor, and the other parameters have the
same physical meanings as indicated in eq. (14). Ac-
cording to eq. (17), by drawing the plot of In G +
U/23R(T. — T.) versus 1/T(T,, — T)f, as shown in
Figure 11, K, could be easily obtained from minus
slope, K, bemg 1.3 x 10° K* Good agreement was
observed on comparing the K, (K, = 1.2 X 10°K? for U
= 6300 J/mol) obtained by the present DSC method
with that (K, = 1.3 X 10° K?) obtained from POM
method.

For clarifying which regime the crystallization data
in the investigated temperature region belong to, a
Lauritzen test” is usually taken on. Z is defined as

7 =~ 10%(L/2a,)? exp[ - (18)

Y
TAT

where L is the effective lamellar thickness and 4, is the
width of molecular chain in crystal. Regime I kinetics
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Figure 11 Hoffman-Lauritzen plot for determining nucle-
ation rate constant. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.].

are followed if substitution of Y = K, into eq. (18)
yields Z = 0.01. If with Y = 2K, eq. (18) yields Z = 1,
then regime II kinetics are followed, using the dictates
of Bavais-Friedel law, which states that the preferred
face will be the crystal plane with the largest spacing.
Therefore, according to the lattice parameters of sPB,
with orthorhombic packaging a = 1.098 nm, b = 0.660
nm, and ¢ = 0.514 nm, proposed by Natta and Corra-
dini,"” the preferred growth plane will be (110) one,
which will give a growth step (i.e., the thickness of a
monomolecular layer) b, = 0.641 nm and the width of
the molecular chain a, = 0.566 nm. With all the afore-
mentioned results, the regime of crystallization is eas-
ily determined to be regime II, i.e., numerous surface
nuclei involved in formation of substrate, herewith,

K, = 2b,88,T%, /kAh? (19)

From eq. (19), we can calculate the 85, product and
the work of chain folding 4. For obtaining chain fold-
ing work g of sPB, lateral surface energy 8 must be
obtained first. Thomas and stavely”® developed an
approach to evaluate & as follows:

1
8 = alh¥(aghy)2 (20)

where « is an empirical constant, which usually
ranges between 0.1 and 0.3. Commonly, o« = 0.1 for
hydrocarbons such as polyolefins; a = 0.24 for poly-
esters; a = 0.30 for most of all organics. Since sPB is
attributed to hydrocarbons, furthermore the values of
6 and &, obtained using « = 0.24 and 0.30 are very
close, different from the actual crystallization cases of
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polymers that the surface free energy of the nucleus
(8) is considerably less than the end free energy of the
fold surface §,. Values of a = 0.1will be used. Accord-
ingly, 8 was evaluated to be 3.5 erg/cm?, assnd from
the 88, product, 8, was calculated to be 57.9 erg/cm?.

The work of chain folding, g, per molecular fold can
be obtained as™

(21)

where §,, is the value that 8, would assume if no
folding work is required. g is the work required to
bend a polymer chain back upon itself, considering the
conformational constraints on the fold imposed by the
crystal structure. As a first approximation, 8, is ap-
proximately equal to the lateral surface energy 8. And
as a second approximation, §,, or 8 is much less than
q/2agby and may be regarded as zero. Therefore, eq.
(21) is written as

q = 2a,b,0, (22)

It can be seen that for any single polymer chain, 8, is
considered to be inversely proportional to the chain
area, the proportion constant being g/2. Accordingly,
the value of chain folding work is 4.20 X 107*° J per
molecular chain fold, that is, 6.0 kcal/mol.

CONCLUSIONS

The triple melting endothermic peaks were observed
for the sPB isothermally crystallized at temperatures
ranging from 141 to 149°C, followed by cooling to
70°C. The crystalline materials isothermally crystal-
lized at 145°C were selected for the study of noniso-
thermal crystallization of partially melting samples.
The selected partially melting temperature was 171°C.
The onset crystallization temperature for the partially
melting materials was improved distinctly relative to
that for the isotropic melt. The sizes of the spherulites
for the “self-seeded” sPB crystallization are smaller
and more uniform than those crystallized from the
isotropic melt. The nonisothermal crystallization exo-
therms of partially melting sPB showed that the tem-
perature at 0.01 relative crystallinity, the peak temper-
ature, and the temperature at 0.99 relative crystallinity
all transferred to lower temperatures with increase in
cooling rate, indicating that partially melting materials
would take shorter time to crystallize as the cooling
rate increased. Further data analysis indicated that the
apparent induction period, the crystallization time at
different relative crystallinity, and the apparent total
crystallization period decreased with increasing cool-
ing rate. Both the crystallization time at different rel-
ative crystallinity values and the apparent total crys-
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tallization period indicated a linear relationship with
the cooling rate in the log-log plots, with an average
slope of —0.89 s*/°C.

The Avrami and the Tobin models are used to an-
alyze the data and found to describe the nonisother-
mal crystallization of partially melting sPB very well,
with the Tobin model being the better of the two. The
average values of the Avrami and Tobin exponents are
~2.4 and 3.3, respectively. Both the Avrami and Tobin
crystallization rate constants were found to increase
with the increase of cooling rate. The ability of par-
tially melting sPB to crystallize from the self-seeded
sPB at a unit cooling rate was estimated based on the
Ziabicki’s kinetic crystallizability, being 3.14. The
Ozawa model could not well describe the nonisother-
mal crystallization process of partially melting sPB,
while the combination of Avrami and Ozawa equa-
tions was found to well describe the nonisothermal
crystallization of partially melting sPB, with exponent
a being 1.9 and the parameter F(T) increasing with
increase in relative crystallinity. The effective energy
barrier was found to increase monotonically with in-
crease in relative crystallinity. The Hoffman-Lautrizen
parameters (U and K,) were evaluated from data of
the nonisothermal crystallization by combining the
Hoffman-Lauritzen theory and isoconversional ap-
proach. The K, obtained from DSC technique was
found to be in good agreement with that obtained
from POM technique.
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