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ABSTRACT: Analysis of the isothermal and nonisother-
mal transitions of hexagonal crystal formation from the melt
(transition 1) and of monoclinic crystal formation from hex-
agonal crystals (transition 2) for trans-1,4-polybutadiene
(TPBD) was carefully carried out by differential scanning
calorimetry (DSC) and transmission electron microscopy
(TEM). Isothermal transitions 1 and 2 are described by
Avrami exponents (n) of �1, whereas nonisothermal transi-
tions 1 and 2 are described by n � 4. These different n values
indicate that different crystallization mechanisms took place
for different crystallization driving forces under isothermal
and nonisothermal crystallization. The Ozawa equation was
also used to analyze the nonisothermal crystallization data.
For transition 1 at lower temperature, the Ozawa equation
fits the data well; however, at higher temperature, there is an
inflection that shifts to lower crystallinity with increasing
temperature. Inflections are also observed with the Ozawa
analysis for transition 2. Furthermore, the crystallinities at

the turning points are almost in the same range as those
determined by Avrami analysis for nonisothermal transi-
tions 1 and 2, which suggests that the Ozawa analysis in-
flections are due to secondary crystallization. However,
TEM revealed no morphology discrepancy between the
TPBD hexagonal crystals formed from melt by isothermal
and nonisothermal crystallization. The agreement in activa-
tion energy (�E) values determined by the Arrhenius and
Kissinger methods indicates that the Avrami equation can
describe the initial stage of transitions 1 and 2 in the noniso-
thermal transition process quite well. The �E values deter-
mined by the Arrhenius and Kissinger methods for transi-
tion 1 are 167.4 and 179.2 KJ/mol, respectively, and those for
transition 2 are 186.1 and 196.3 KJ/mol; respectively. © 2003
Wiley Periodicals, Inc. J Appl Polym Sci 89: 612–619, 2003
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INTRODUCTION

trans-1,4-Polybutadiene (TPBD) is one of a consider-
able number of polymers that exhibit polymorphism
and that exist in two crystalline forms.1,2 One form has
monoclinic packing, is stable at �76°C, and has the
unit cell dimensions a � 0.863 nm, b � 0.911 nm, c
� 0.483 nm, and � � 114°. The other structure exists at
high temperature, is the hexagonal phase, and has the
unit cell parameters a � 0.495 nm, b � 0.466 nm, and
� � 120°. TPBD has a first-order crystal–crystal phase
transition; that is, the monoclinic structure transforms
to the hexagonal packing above the transition temper-
ature, and the transformation between the two forms
is thermodynamically reversible.3,4

Recently, much attention has been paid to the study
of the size-determined phase transition of TPBD.5–9 In
our previous work, detailed investigations on crystal–
crystal phase transition induced by the radiation from

an electron beam and the effect of size on the phase
transition temperature and phase stability were car-
ried out by differential scanning calorimetry (DSC),
small-angle X-ray spectroscopy (SAXS), wide-angle X-
ray diffraction (WAXD), and transmission electron mi-
croscopy (TEM).9,10 In this paper, the isothermal and
nonisothermal crystallization transition kinetics of
hexagonal crystal formation from the melt and mon-
oclinic crystal formation from hexagonal crystals was
studied by DSC. The Avrami equation analysis indi-
cates that different crystallization mechanisms took
place under isothermal and nonisothermal crystalliza-
tion conditions for different crystallization driving
forces. This result provides a reference for improving
the properties of TPBD.

EXPERIMENTAL

Materials

The samples of TPBD were synthesized with the
Al(Et)3-VCl3 catalyst system, as first suggested by
Natta et al.22 Samples of TPBD were dissolved in
concentrated toluene at 50°C and filtered to remove
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impurities. Toluene solution was poured into a large
amount of methanol to separate TPBD, and the sample
was rinsed repeatedly with methanol and then placed
in a vacuum oven at 50°C for 48 h. The number-
average molecular weight of the sample was 8.0 � 105

as determined by analysis of the sheet formatting the
powder TPBD samples and potassium bromide (KBr)
was performed with a FTS135 Fourier transform IR
(FTIR) spectrometer at room temperature. The FTIR
spectra of the samples indicate that no cis-1,4 units
exist. According to the formula suggested by Shen et
al.,23 the content of trans-1,4 units was 98.0%. Proton
nuclear magnetic resonance (1H NMR) experiments
were performed at room temperature with a Varian
Unity-400MHZ nuclear magnetic resonance apparatus
after the TPBD sample was dissolved in CDCl3. The
content of trans-1,4 units was calculated as 97.5% by
the ratio of the peak area of corresponding H chemical
shifts of trans-1,4 units to the peak area of the corre-
sponding H chemical shifts of all isomers of polybuta-
diene.

Sample preparation

TPBD sheets were prepared by pressing the powder
samples between polytetrafluoroethylene films at
160°C and slowly cooling the sheets to room temper-
ature for DSC experiments.

The samples for morphology observation were pre-
pared as follows: Samples of TPBD were dissolved in
0.5% benzene, and drops of this solution were depos-
ited on carbon-coated mica. The drops were evapo-
rated at room temperature in a vacuum oven for 24 h.
The thin films were floated off on a water surface and
picked up on 400-mesh copper grids. Finally, the sam-
ples were transferred to a Perkin-Elmer DSC-7 to be
isothermally and nonisothermally processed.

Differential scanning calorimetry measurements

Isothermal and nonisothermal crystallization transi-
tion kinetics were measured in situ with a Perkin-
Elmer DSC-7 calibrated with indium and zinc stan-
dards. For isothermal crystallization, the TPBD sheet
was heated to 200°C, held there for 10 min to remove
all prior thermal history, and then cooled quickly to
the isothermal temperature, Tc. For the nonisothermal
process, the melt was first cooled from 200°C at se-
lected constant rates, � (range, 2.5–60°C/min) to ob-
tain the nonisothermal crystallization data for the hex-
agonal form. The sample was then reheated to 200°C,
quenched to 63°C as soon as the DSC reached the
temperature equilibrium, and then cooled at the same
selected constant rates as already mentioned. All op-
erations were performed under a nitrogen purge, and
sample weight varied between 8 and 10 mg.

Transmission electron microscopy observation

The specimens were observed on a JEOL.JEM-2010EX
electron microscope (LaB6 filament), with a side-entry
goniometer and a liquid nitrogen anticontamination
trap, that was operated at 200 KV. The images were
recorded on photographic plates. Electron diffraction
analysis was carried out with the selected-area diffrac-
tion mode on the same instrument, and calibrations
for the electron diffraction patterns were occasionally
made with Debye–Scherrer rings of gold evaporated
on the same specimen.

RESULTS AND DISCUSSION

Isothermal crystallization kinetics analysis

Isothermal crystallization from the melt to hexagonal
crystals

Provided that the relative crystallinity increases with
an increase in the crystallization time t, then the
Avrami equation can be used to analyze the isother-
mal crystallization process of TPBD, as follows:11,12

Xt � 1 � exp��ktn	 (1a)

or

log��ln
1 � Xt�	 � n log t � log k (1b)

where Xt is the relative volume-fraction crystallinity at
time t, n is a constant whose value depends on the
mechanism of nucleation and on the growth of the
crystal, and k is a constant containing the nucleation
and growth parameters. However, the DSC measure-
ments only provide the relative mass-fraction crystal-
linity. Conventionally, the volume-fraction crystallin-
ity, Xt, is approximated by the weight-fraction crystal-
linity according to the following expression:13

Xt �

�
0

t dH
dt dt

�
0

� dH
dt dt

(2)

where dH/dt is the rate of crystallization heat evolu-
tion at time t. The double logarithmic plot of log[�ln(1
� Xt)] versus log t is shown in Figure 1. For a crystal-
lization temperature of 117°C, the curve in Figure 1
can be completely described by the Avrami equation
with the exponent n � 1.41. However, for the other
three temperatures (115, 114, and 112°C), each curve
shows an initial linear portion that then subsequen-
tially tends to level off, which must be described by
two-stage, sequential Avrami equations. The Avrami
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parameter n for the initial linear portion ranges from
0.97 to 1.20, but that for the secondary stage ranges
from 0.64 to 0.71. The Avrami exponents (n) and con-
stants (k) are summarized in Table I. Judging from the
values of n, very few of the commonly accepted crystal
nucleation and growth models fit the data. If one
mode has to be applied, a possible crystallization
mode of the hexagonal crystal of TPBD might be one-
dimensional, needlike growth (for n �1).13 The values
of the crystallization rate parameters (k) for the initial
linear portion increase with an increase of supercool-
ing.

Bermudea et al.14 studied the kinetics of hexagonal
crystallization of TPBD, with 92–96% chemical purity,
by the dilatometry technique between 79.8 and 88.8°C.
They observed lower crystallization rates (crystalliza-
tion time up to 10,000 min), and n was shown to vary
between 2.2 and 0.4 with supercooling. Grebowica et
al.15 also investigated the isothermal crystallization
kinetics of the hexagonal crystal of TPBD, with almost
100% trans isomer, with a Dupont 990 thermal ana-
lyzer with a 910 DSC module between 119.8 and
104.8°C. They found that the Avrami exponent ranged
from 1.26 to 0.08, which is in agreement with the data
reported here if it is assumed that the first stage of
crystallization was observed by Bermudez and Gre-
bowicz et al.

Isothermal crystallization from hexagonal to
monoclinic crystal

Using eq. 1, the well-known double logarithmic plots
of log[�ln(1 � Xt)] versus log t are shown in Figure 2.
Similar to hexagonal crystal crystallization, the transi-
tion from hexagonal to monoclinic crystals at the
higher temperatures (51 and 52°C) can be described by
a one-stage Avrami equation, and that at the lower
temperatures (47, 49, and 50°C) can be described by
two-stage sequential Avrami equations. The Avrami
exponents (n) and constants (k) are listed in Table II.
The Avrami exponents (n) for the initial linear portion
range between 1.22 and 0.91 and increase slightly with
decreasing crystallization temperature. The Avrami
exponents (n) for the secondary stage range from 0.75
to 0.8. The values of the Avrami exponents (n) for the
initial linear portion are very similar to the data of
Grebowicz, who obtained Avrami exponents (n) rang-
ing between 1.74 and 0.15. However, none of the com-
monly accepted crystal nucleation and growth modes
can describe the present data for the isothermal tran-
sition from hexagonal to monoclinic crystals.

Figure 1 Double logarithmic plot of �ln(1 � Xt) versus
crystallization time (t) of hexagonal crystals for isothermal
crystallization at 117°C (�), 115°C (E), 114°C (‚), and 112°C
(ƒ).

TABLE I
Parameters k and n Obtained from Avrami Analysis

of the Isothermal Crystallization of Hexagonal
Crystals from Melt

Tc, °C n1 k1 n2 k2

117 1.41 0.00568 — —
115 1.20 0.0209 0.64 0.115
114 1.13 0.0378 0.67 0.162
112 0.97 0.0692 0.71 0.226

Figure 2 Double logarithmic plot of �ln(1 � Xt) versus
crystallization time (t) of the monoclinic form for isothermal
crystallization of the monoclinic form at 52°C (�), 51°C (‚),
50°C (E), 49°C (ƒ), and 47°C (�).

TABLE II
Parameters k and n Obtained from Avrami Analysis

of the Isothermal Transition from Hexagonal Crystals
to Monoclinic Crystals of TPBD Samples

Tc, °C n1 k1 n2 k2

47 1.22 0.0468 0.80 0.176
49 1.06 0.0630 0.88 0.118
50 1.03 0.0527 0.75 0.133
51 0.95 0.0523 — —
52 0.91 0.0516 — —
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Nonisothermal transition kinetics analysis

Nonisothermal crystallization transition from the
melt to hexagonal crystal

The cooling crystallization curves of TPBD at various
cooling rates are shown in Figure 3. The exothermic
peaks at higher temperature corresponds to those of
nonisothermal hexagonal crystallization and the lower
temperature exothermic peaks are attributed to
nonisothermal monoclinic crystallization. Increasing
the cooling rate results in a shift in the crystallization
peak to a lower temperature. Integration of the exo-
thermic peak during the nonisothermal scan gives the
relative crystallinity as a function of temperature,
which is easily transformed into a function of relative
crystallinity versus time in terms of the different con-
stant-cooling rates.21 Considering the fact that the free
spherulitic growth approximation is valid at a low
degree of conversion, the initial stage of nonisother-
mal crystallization can be described by eqs. 1a or
1b.16,21 The double logarithmic plots of log[�ln(1
� Xt)] versus log t are shown in Figure 4. All the
curves in Figure 4 can be described by two-stage,
sequential Avrami equations. The linear portions in
the first stage are almost parallel to each other, shifting
to longer times with decreasing �. This result indi-
cates that the nucleation mechanism was similar for
the primary-stage crystallization of hexagonal crystals
at all cooling rates. In the secondary stage, the straight
line tends to level off at 35–58%, which suggests that
the secondary-stage crystallization plays a major role
in increasing the relative crystallinity of hexagonal
crystal. The average value of the Avrami exponent (n)
in the first stage is 4.01, which suggests that the pri-

mary crystallization stage for nonisothermal hexago-
nal crystallization might correspond to three-dimen-
sional spherulitic growth with thermal nucleation.13

The peak temperature, Avrami exponents (n), and
constants (k) are summarized in Table III.

The much higher Avrami exponent (n � 4) for
nonisothermal crystallization of hexagonal crystals
than that (n � 1) for isothermal crystallization sug-
gests that the mechanism for nonisothermal crystalli-
zation of hexagonal crystals is different from that of
isothermal crystallization of hexagonal crystals, which
may be due to the different crystallization driving
forces between isothermal and nonisothermal crystal-
lization.

TEM analysis

The different Avrami exponents (n), which indicate
different crystallization mechanisms for isothermal
and nonisothermal crystallization of the hexagonal
crystal, prompted us to think about a possible change
of end-state morphology. Therefore, TEM was used to
examine morphology.

Samples on 400-mesh copper grids with carbon
films were put in a Perkin Elmer-DSC-7 and processed
under isothermal and nonisothermal conditions for
the crystallization of hexagonal crystals. The samples
from the nonisothermal crystallization process (cooled
at 20°C/min) were quickly sent for TEM observation
as soon as the cooled sample temperature reached
room temperature. The samples formed by isothermal
crystallization of hexagonal crystals at 115°C were
processed for 20 min, and then quenched to room
temperature and quickly sent for observation by TEM.
The end-state morphologies of the samples following
the two processing conditions were the same, and

Figure 4 Double logarithmic plot of �ln(1 � Xt) versus
crystallization time (t) for nonisothermal crystallization of
hexagonal crystals of TPBD at different cooling rates: 60°C/
min (E), 40°C/min (‚), 30°C/min (�), 20°C/min (ƒ), 10°C/
min (�), 5°C/min (�), and 2.5°C/min (�). Lines are guides
for the eye.

Figure 3 Heat flow versus temperature during nonisother-
mal melt crystallization of TPBD at the indicated cooling
rates. The break in the abscissa means that the two exother-
mic peaks were not obtained simultaneously at sequential
scanning rates. The low-temperature exothermic peaks were
obtained by quenching samples to 63°C, and then scanning
at the indicated scanning rates.
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showed no visible differences. The common character-
istic morphology, shown in Figure 5, indicates that
there is a spherulitic impingement between the differ-
ent size spherulites, which is typical of crystallization
of other normal polymers.13 However, the lamellae of
the spherulites are not well shaped. The possible dif-
ference in morphologies of the samples with different
thermal histories may have been eliminated in this
study by the continuing quick crystallization of the
monoclinic structure when samples were cooled to
room temperature.

Nonisothermal crystallization transition from
hexagonal to monoclinic crystals

The cooling curves for monoclinic crystals of TPBD at
various cooling rates are shown in Figure 3 together
with the DSC scan of the hexagonal crystals formed
under nonisothermal conditions. The exothermic
peaks of monoclinic and hexagonal crystals are not
simultaneously obtained at the same sequential con-
stant cooling rate. The peak temperature shifts to

lower temperature with increasing cooling rates (Ta-
ble IV). The Avrami equation was also used to analyze
these data: the double logarithmic plots of log[�ln(1
� Xt)] versus log t are drawn in Figure 6. Interestingly,
these plots are very similar to those obtained from the
nonisothermal crystallization of hexagonal crystals;
that is, each curve can be described by a two-stage
sequential Avrami equation. The average value of the
Avrami exponent (n) at the first stage is 4.80, which
also differs from the Avrami exponent (n) for isother-
mal crystallization from the hexagonal to monoclinic
crystals.

At the secondary stage, the straight line tends to
level off in a wide range from 34 to 73% relative
crystallinity. This result suggests that the secondary
stage also plays a major role in increasing the relative
crystallinity of monoclinic crystals during the noniso-
thermal process, which is analogous to the nonisother-
mal crystallization of hexagonal crystals. The peak
temperature (Tp) and the Avrami parameters (n and k)
are collected in Table III.

Ozawa analysis in nonisothermal crystallization
kinetics

Given that the nonisothermal crystallization is a rate-
dependent process, and assuming that the mathemat-
ical derivation of Evans17 is valid, assuming the poly-
mer melt was cooled at a constant rate, and consider-
ing the effect of cooling rate on crystallization, Ozawa
modified the Avrami equation by substituting t into
eqs. 1a or 1b with T/� as follows:18

1 � Xt � exp��K
T�/�m	 (3a)

or

log��ln
1 � Xt�	 � �m log � � log KT] (3b)

where Xt is the relative crystallinity, m is the Ozawa
exponent, � is the cooling rate, and K(T) is cooling
function. The results of Ozawa’s analysis for noniso-
thermal crystallization of hexagonal crystals, accord-

Figure 5 Characteristic TEM morphology of TPBD after
isothermal and nonisothermal crystallization of hexagonal
crystals (scale bar � 1 �m).

TABLE III
Parameters k and n Obtained from Avrami Analysis of the Nonisothermal Crystallization of Hexagonal Crystals

and Nonisothermal Transition from Hexagonal Crystals to Monoclinic Crystals

� (°C/min)

Hexagonal crystal Monoclinic crystal

Tp (°C) n1 k1 Tp (°C) n1 k1

60 94.8 4.18 5.99E-6 38.5 3.77 3.32E-5
40 99.8 4.87 1.38E-7 43.1 4.56 1.19E-6
30 102.9 3.84 2.01E-6 45.5 3.67 9.33E-6
20 106.8 4.47 4.03E-8 48.4 5.96 6.27E-10
10 111.6 3.98 2.26E-8 51.5 5.546 1.38E-10
5 115.4 3.798 7.64E-9 53.6 5.79 2.15E-12
2.5 118.9 3.348 1.80E-8 55.3 4.40 1.95E-10
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ing to the double logarithmic form of eq. 3b, are pre-
sented in Figure 7, which a plot of log[�ln(1 � Xt)]
versus log � for temperatures ranging from 82 to
107.5°C. At lower temperatures, the Ozawa equation
describes the data well. But with increasing tempera-
tures, the log[�ln(1 � Xt)] versus log � plots are no
longer linear and an inflection is often observed. Fur-
thermore, with increasing the temperature, log[�ln(1
� Xt)] at the turning point shifts to lower values and,
in fact, lower log[�ln(1 � Xt)] means lower relative
crystallinity, Xt.

The values of the relative crystallinity at the turning
point are almost in the same range as those of the
Avrami analysis, which suggests that the appearance
of the inflection in the Ozawa analysis is attributed to
the same reason; that is, the secondary crystalliza-
tion.16,19 The Ozawa exponent (m) and cooling func-
tion [K(T)] were obtained in the range of lower relative
crystallinity (Xt) and are listed in Table IV. The Ozawa
exponent (m) ranges between 4.14 and 0.67, and the

cooling function [K(T)] increases with increasing tem-
perature.

Similarly, the Ozawa analysis was applied to
nonisothermal crystallization of monoclinic crystals,
and the double logarithmic plots of log[�ln(1 � Xt)]
versus log � are shown in Figure 8. Similar to noniso-
thermal crystallization of hexagonal crystals, inflec-
tion also occurs for monoclinic crystals. Also, the val-
ues of the relative crystallinities at the turning points
are almost in the same range as those from Avrami
analysis for nonisothermal crystallization of mono-
clinic crystals; therefore, the occurrence of the inflec-
tion is also due to the secondary crystallization. The
corresponding Ozawa exponents (m) and cooling
functions [K(T)] in the lower crystallinities were also
obtained and are listed in Table IV. The values of m
range from 2.81 to 3.02, and K(T) increases with de-
creasing temperature.

TABLE IV
Parameters Obtained from Ozawa Analysis of the Nonisothermal Crystallization

of Hexagonal Crystals and Monoclinic Crystals

Hexagonal crystal Monoclinic crystal

T (°C) m Log K(T) T (°C) m Log K(T)

82 0.69 1.43 41.5 2.81 4.79
83.5 0.69 1.41 43.5 3.28 4.30
85.5 0.67 1.48 46.5 3.21 4.13
89.5 0.84 1.49 48.5 3.10 3.61
95.5 1.85 2.81 49.5 3.02 3.23
99.5 2.85 4.10 — — —

103.5 3.40 4.41 — — —
105.5 3.15 3.74 — — —
107.5 4.14 4.77 — — —

Figure 6 Double logarithmic plot of �ln(1 � Xt) versus
crystallization time (t) for nonisothermal crystallization of
the monoclinic form of TPBD at different cooling rates:
60°C/min (E), 40°C/min (‚), 30°C/min (�), 20°C/min (ƒ),
10°C/min (�), 5°C/min (�), and 2.5°C/min (�). Lines are
guides for the eye.

Figure 7 Ozawa plot of log �ln(1 � Xt) versus log � for
nonisothermal crystallization of hexagonal crystals of TPBD
at the indicated temperatures. Solid lines are guides for the
eye, and the dashed line (c) indicates the turning points.
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Activation energy (�E) of nonisothermal
crystallization

If the crystallization process is assumed to be ther-
mally activated, the crystallization activation energy
can be obtained by the Arrhenius equation:16

k1/n � k0exp
��E/RTc� (4a)

or


1/n�ln k � ln k0 � 
�E/RTc� (4b)

where k0 is a temperature-independent preexponential
factor, R is the gas constant, Tc is the absolute temper-
ature, and �E is the crystallization activation energy.
A plot of (1/n)ln k versus 1/Tc is shown in Figure 9.
The crystallization activation energy for the formation
of hexagonal crystals from the melt, calculated from

the slope of the straight line; is 167.4 KJ/mol, and that
for the formation of monoclinic crystals from hexago-
nal crystals is 186.1 KJ/mol.

In addition, accounting for the effect of cooling rate
(�) on the peak temperature (Tp) in the nonisothermal
crystallization process, the crystallization activation
energy can be determined by Kissinger’s method with
the following equation:20

d�ln
�/Tp
2�	

d� 1
Tp
� � �

�E
R (5)

where R is the cooling rate and Tp is peak temperature.
Plots of log(�/Tp

2) versus 1/Tp are shown in Figure 10.
From the slopes of the curves, the activation energies
are determined as 179.2 KJ/mol for hexagonal crystal
crystallization from the melt and 196.3 KJ/mol for
monoclinic crystal crystallization. The activation ener-
gies obtained by the Avrami and Kissinger methods
are listed in Table V. The activation energies (�E)
obtained by the two methods are in good agreement.
This agreement in �E values determined by the
Avrami and Kissinger methods suggests that the
Avrami analysis does work well in describing the
initial stage of nonisothermal crystallization of hexag-
onal and monoclinic crystals of TPBD.

Figure 8 Ozawa plot of log �ln(1 � Xt) versus log � for
nonisothermal crystallization of the monoclinic form of
TPBD at the indicated temperatures. Solid lines are guides
for the eye, and the dash line (c) indicates the turning points
of Ozawa plot.

Figure 9 Plot of (1/n)ln k versus 1/T for Avrami parameter
k and n deduced from nonisothermal crystallization data:
nonisothermal crystallization of monoclinic crystal (�);
nonisothermal crystallization of hexagonal crystal (E).

Figure 10 Kissinger plot of log(�/TP
2) versus 1/Tp for

nonisothermal crystallization of hexagonal crystals (�) and
nonisothermal crystallization of monoclinic crystals (E).
Lines are guides for the eye.

TABLE V
Activation Energy of Nonisothermal Crystallization of
Hexagonal Crystals and Monoclinic Crystals Obtained

by the Arrhenius and Kissinger Methods

TPBD crystal
forms

Activation energy (�E), KJ/mol

Kissinger method Arrhenius method

Monoclinic 196.3 186.1
Hexagonal 179.2 167.4
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CONCLUSIONS

A study of transitions of hexagonal crystal formation
from the melt (transition 1) and of monoclinic crystal
formation from hexagonal crystals (transition 2) of
TPBD was carried out by DSC. With isothermal crys-
tallization, whether hexagonal crystal or monoclinic
crystal, the Avrami exponent (n) ranges from 1.4 to
0.64; therefore, no commonly accepted crystal nucle-
ation and growth model can fit the data.

The Ozawa equation was used to analyze the data
for the nonisothermal transition processes (transitions
1 and 2). For transition 1 at lower temperature, the
Ozawa equation fits the data well. However, at higher
temperature, there is an inflection that shifts to lower
crystallinity with increasing temperature. For transi-
tion 2, inflections are also observed in the temperature
range studied. The crystallinities at the turning points
determined with the Ozawa equations analysis are
almost in the same range as those determined by
Avrami analysis, suggesting that the inflections are
due to the secondary crystallization.

Avrami analysis of the nonisothermal transitions 1
and 2 shows that the Avrami exponent of n � 4 is
different from the values obtained from the isothermal
transitions. This difference indicates different crystal-
lization mechanisms under isothermal and noniso-
thermal crystallization conditions. The agreement in
activation energy (�E) values determined by the Ar-
rhenius and Kissinger methods indicates that the
Avrami equation can describe the initial stage of tran-
sitions 1 and 2 in the nonisothermal transition process.
Also, the activation energies (�E) for transition 1, de-
termined by the Arrhenius and Kissinger methods, are
167.4 and 179.2 KJ/mol, respectively, and those for
transition 2 are 186.1 and 196.3 KJ/mol, respectively.
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