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Abstract

In this work, the isothermal crystallization kinetics of polytrimethylene terephthalate (PTT) was first investigated from two temperature
limits of melt and glass states. For the isothermal melt crystallization, the values of Avrami exponent varied between 2 and 3 with changing
crystallization temperature, indicating the mixed growth and nucleation mechanisms. Meanwhile, the cold crystallization with an Avrami
exponent of 5 indicated a character of three-dimensional solid sheaf growth with athermal nucleation. Through the analysis of secondary
nucleation theory, the classical regime I — II and regime II — III transitions occurred at the temperatures of 488 and 468 K, respectively. The
average work of chain folding for nucleation was ca. 6.5 kcal mol ', and the maximum crystallization rate was found to be located at ca.
415 K. The crystallite morphologies of PTT from melt and cold crystallization exhibited typical negative spherulite and sheaf-like crystallite,
respectively. Moreover, the regime I — II — III transition was accompanied by a morphological transition from axialite-like or elliptical-
shaped structure to banded spherulite and then non-banded spherulite, indicating that the formation of banded spherulite is very sensitive to
regime behavior of nucleation. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polytrimethylene terephthalate (PTT) is a promising
material for engineering plastic and textile fiber, and in
particular it combines many advantages of nylons and
other polyesters [1-3]. PTT has also been introduced as a
commercial polymer, joining the polyester family like poly-
ethylene terephthalate (PET) and polybutylene terephthalate
(PBT). Ward and Wilding [4] found that PTT exhibits better
elastic recovery than PET and PBT. Owing to higher elastic
recovery, PTT has been widely studied recently [5-9].

The study of bulk crystallization kinetics of polymers is
an important step in understanding, predicting, and design-
ing structural formation under various processing condi-
tions. In general, the well-known Avrami equation and
secondary nucleation theory could describe well the crystal-
lization kinetics of polymers. Recently, Huang and Chang
[9] have studied the crystallization behavior for PTT from
melt state and compared some crystallization parameters
with those reported in the literatures for PET and PBT.
They reported that the work of chain folding for nucleation
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in PTT was ca. 4.8 kcal mol !, which is much lower than
that of PET (ca. 10 kcal mol _1) [10] but very close to that of
PBT (ca. 5 kcal mol ') [11]. Due to different chain struc-
tures with various number of methylene groups among these
polyesters, the chain flexibility of PTT should be higher than
that of PET but lower than that of PBT. This fact must
reflect the difference in the work of chain folding between
PTT and PBT. Therefore, the value of the work of chain
folding for PTT reported by Huang and Chang may be
necessary to be reconsidered, if the chain folding for nuclea-
tion is really related to the chain stiffness.

Generally, the complete relationship between crystalliza-
tion temperature and crystallization rate is difficultly
obtained when the crystallization rate is too fast. In fact,
only few polymers such as PEEK [12], PPS [13] and PET
[14] could get a complete relationship of temperature-
dependent crystallization rate between T, and Tp,. Owing
to fast crystallization for PTT compared with that for
PET, the crystallization from glass state for PTT has not
been reported so far. In this work, we paid attention to the
analysis of the isothermal melt and cold crystallization
behaviors for PTT. In addition, the secondary nucleation
analysis [15] was used as well to compare the work of
chain folding among these well-known aromatic polyesters
such as PET and PBT. Finally, the morphological changes
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of spherulites at various crystallization conditions are
investigated using polarized light microscopy (PLM) and
atomic force microscopy (AFM) observations. The banded
extinction was found in PTT spherulite from melt crystal-
lization in this work. The formation of banded spherulite
was considered to be attributed to lamellar twisting along
the direction of radial growth [16-19]. It is generally
realized that the surface stress induced by the deep quench-
ing of melt sample would make the lamellae twist during
crystallization. In the present study, we found that the
formation of banded spherulite in PTT may be concerned
with the regime behavior of nucleation. The crystallization
behavior accompanied by a morphological change of PTT
spherulite is elucidated in this work.

2. Experimental
2.1. Materials

Polytrimethylene terephthalate (PTT) was supplied by
Industrial Technology Research Institute (ITRI), Taiwan.
The PTT used in this work is obtained by the direct ester-
ification of 1,3-propanediol (PDO) with terephthalic acid
(TPA) in the melt phase with tetraisopropyl titanate as the
catalyst. The intrinsic viscosity of the PTT obtained from a
phenol/tetrachloroethane (60/40) mixed solution at 298 K is
ca. 0.84 ml/g. According to the result reported by Chuah et
al. [20], the relationship between the number-average
molecular weight and intrinsic viscosity of the PTT is
[77]phenol/tetrachloroethane =5 36Mr?69 Therefore, the M, of
the PTT used can be estimated as ca. 43 000. All specimens
were dried at 363 K for 6 h under vacuum before any new
thermal treatments or experimental characterizations.

2.2. Measurements

Differential scanning calorimetry (DSC) measurements
were carried out using a Perkin—Elmer Pyris 1 equipment.
The isothermal melt crystallization was made by melting the
sample at 553 K for 5 min and then the sample was quickly
cooled at 200 K/min to an ambient crystallization tempera-
ture. For the isothermal cold crystallization, the sample was
first melted at 553 K and then rapidly cooled to low
temperature with liquid nitrogen for obtaining a wholly
amorphous specimen. Fig. 1 shows the DSC and X-ray
results of the amorphous sample. The DSC result showed
that the total exothermic enthalpy is almost the same as the
melting enthalpy. On the other hand, the X-ray profile
exhibited only an amorphous scattering pattern without
any crystalline diffraction. Then this wholly amorphous
sample was heated at 200 K/min to an ambient crystalliza-
tion temperature for cold crystallization. All DSC measure-
ments were performed under a dry nitrogen atmosphere.
The instrument was calibrated in both the temperature and
melting enthalpy with standard samples of indium and zinc.
To avoid an uneven thermal conduction through the
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Fig. 1. (a) X-ray and (b) DSC results for wholly amorphous PTT.

samples, which may cause different amounts of broadening
and shifting of the peak position, the aluminum pan was
always filled with the same quantity of 10 = 1 mg.

The radial growth of PTT spherulite was observed using a
polarized light microscopy (Leica Laborlux 12 Pols) with a
hot stage (Linkam CI93). The sample was first melted at
553 K for 5 min and then rapidly cooled to the selected
crystallization temperature. When the crystallization
temperature was reached, the radial growth of the spherulite
was recorded with a CCD camera taken as a function of
time, up to the impingement of spherulites.

The surface morphology was observed using atomic force
microscopy (AFM). Tapping mode AFM was used to obtain
height and phase imaging data simultaneously on the Nano-
Scope III setup (Digital Instruments). The 14.7 wm scanner
was selected and the data were collected in 512 X 512 pixels
per image.

3. Results and discussion
3.1. Avrami theory analysis
Generally, the crystallization kinetics of polymers is

analyzed using a classical Avrami equation [21-23] as
given in Eq. (1)

1 — X, = exp(—kt") ()

where X, is the development of crystallinity X, at time ¢. The
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fraction of X, is obtained from the area of the exothermic
peak in DSC isothermal crystallization analysis at a crystal-
lization time ¢ divided by the total area under the exothermic
peak

1
J (dH/dr)dt
Xt = 8075
J (dH/dr)dt
0

where the numerator is the heat generated at time ¢ and the
denominator is the total heat generated up to the complete
crystallization. In Eq. (1), the k value is the Avrami rate
constant and the n value is the Avrami exponent. Both k
and n depend on the nucleation and growth mechanisms of
spherulites. In order to deal conveniently with the operation,
Eq. (1) is usually rewritten as the double logarithmic form as
follows:

In{ —In[l = X,]} =lnk+nint 2)

The k and n values could be directly obtained using Eq. (2)
from the slope and intercept of the best-fit lines, as shown in
Fig. 2. It is usual to distinguish the crystallization behavior
at the linear stage, i.e. before the kinetic curve deviates
markedly from the theoretical isotherms as well as the
primary crystallization and the secondary crystallization
occur at the non-linear stage. The primary crystallization
consists of the outward growth of lamellar stacks until
impingement and the secondary crystallization, which
may well overlap the primary crystallization, is filling in
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Fig. 2. Plots of In(—In(1 — X,)) versus In ¢ for PTT (a) melt crystallization;
(b) cold crystallization.

the spherulites of interstices. Many results have been
suggested that both primary and secondary crystallizations
were incorporated into Avrami theory [24,25]. In the present
work, we focus only on primary crystallization. Some
kinetic parameters for melt and cold crystallizations at
various T,s for PTT are listed in Table 1.

From Table 1, the n values of melt crystallization are non-
integral in the range between 2 and 3. Similar result in PTT
has been reported by Chuah [26]. Generally, the n value
close to 3 indicates an athermal nucleation process followed
by a three-dimensional crystal growth. On the other hand,
the n value close to 2 may hint an athermal nucleation
process followed by a two-dimensional crystal growth
[27]. Our results indicate that the nucleation mechanism
depends much on crystallization temperature. The non-
integral n value may also be considered due to the crystal
branching and/or two-stage crystal growth and/or mixed
growth and nucleation mechanisms [27,28]. Regarding the
cold crystallization in PTT, the average value of n =135
indicates a solid sheaf growth with athermal nucleation.
This crystallization type can be realized experimentally by
cold crystallization [27,29]. When the crystallization
temperature was close to 7,, the mobility of polymer
chain dominates mainly the crystallization rate. As for
cold crystallization, the diffusion of polymer segments
becomes very difficult. Only the nearest neighbors of poly-
mer segments could associate with each other for intermo-
lecular crystallization, resulting in a sheaf-like crystallite.
The k value decreases and increases, respectively, for melt
and cold crystallization with increasing 7., indicating
various characteristics of the crystallization rate at the
proximity of 7, and 7T,. The temperature dependence of
the k value is discussed in detail in Section 3.3.

3.2. Analyses from secondary nucleation theory

Linear increase in spherulite radius with time was
observed at various 7.s for PTT. The rate of spherulite
growth G as a function of T is shown in Fig. 3. A general
expression has been extensively used in the analysis of

Table 1
Values for the Avrami parameters, k and n for crystallized PTT obtained
from Eq. (1)

Melt crystallization Cold crystallization

T. (K) k (min ") n T. (K) k (min™") n
443 7.9 23 328 501x107° 5.0
448 6.41 2.7 333 2.18 49
453 3.67 26 338 12.56 49
458 1.53 29 343 45.03 5.2
463 0.43 3.0 348 79.93 49
468 0.24 3.0 - - -
473 9.96x107° 2.9 - - -
478 1.1x1073 29 - - -
483 5.75%107° 3.2 - - -
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Fig. 3. Plot of linear growth rate of PTT spherulite as a function of T..

linear growth rate by the Hoffman—Lauritzen equation [15]

G=G —U Ky 3
= Goexpl BT T "XP[ TC<AT>f] ©)

where G, is a pre-exponential factor independent of
temperature. The first exponential term in Eq. (3) contains
the contribution of diffusion process to the growth rate,
where U is the activation energy of the molecular transfer-
ring through the melt—crystal interface, T, is the tempera-
ture below such diffusion stops and R is the gas constant.
The second exponential term is the contribution of nuclea-
tion process, where K, is the activation energy of nucleation
for a crystal with a critical size and strongly depends on the
degree of undercooling (i.e. AT = T2 — T.). The f factor is
a correction coefficient for the temperature dependence of
enthalpy of fusion, which is close to unity at high tempera-
ture (i.e. f = 2TC/(T21 + T.)). In order to obtain a best fit for
the secondary nucleation theory, two parameters should be
predefined from our previous study [30] for PTT, i.e. the
equilibrium melting enthalpy AH{ = 28.8 kJ mol ' and the
equilibrium melting temperature, T2 =525 K.

From general thermodynamic consideration, the factor K,
is very important because it contains the variable n, reflect-
ing the regime behavior. K, is given by

neby a'a'eTI?1
Ke = " Ame @
where n, is a constant equals to 4 for regime I and III and 2
for regime 1II, b, is the molecular thickness (ca. 5.71 A for
PTT [31]), o is the lateral-surface free energy, and « is
Boltzmann constant. Here, it should be mentioned that
Huang and Chang [9] directly used the b parameter of
crystal unit cell as the molecular layer b, thickness for the
chain folding of nucleation in PTT. This operation should be
reconsidered because Suzie et al. [32] have suggested that
the chain folding for nucleation takes place along the (010)
crystal plane for PTT, and the b, value has been taken as the
perpendicular separation of growth crystal plane [33]. The
d-spacing (dyjg = bg = 5.71 A) between (010) crystal
planes is not equal to the b parameter of crystal unit cell
(b =6.26 A) because of the triclinic crystal for the unit cell

of PTT. Generally, it is convenient to rewrite Eq. (3) as a
logarithmic form as follows:

—-U" K,

2303R(T, — Ts) ] =log Go = 53037, ATy
Q)

For most polymers, the value of U* is ca. 1500 cal mol '
where T, = T, - 30 K is often used. In fact, it is difficult to
estimate experimentally a correct U value. However, the
U" value will significantly affect the application of the
theory in qualitative and quantitative estimations because
a modification of this parameter would lead to a change in
apparent regimes [12]. In the present work, we try to simu-
late the crystallization data for determining an appropriate
U" value through a common method reported in the litera-
tures [12—15]. The simulation results from Eq. (5) using
various assumed U” values were shown in Fig. 4. At the
lower T, the data diverge upwards and downwards with
changing U" value. Meanwhile, the U* value of
2500 cal mol ™' could be determined to permit the best
linear fit of the data, indicating that this value is relatively
suitable for use in PTT. In the present work, the U * value of
2500 cal mol "' was used to analysis the full set of data
through the secondary nucleation theory and the result is
shown in Fig. 5. It clearly exhibits classical regime 1 — II
and regime II — III transitions at 488 and 468 K, respec-
tively. The Ky /K,y and Kyi/Kypp values in PTT are ca. 2.1
and 2.4, respectively, which are close to theoretical predic-
tion of Ky = Ky = 2Kyy;. The calculated K, values are
listed in Table 2.

On the other hand, the lateral surface free energy, o was
commonly dealt with an empirical relationship as shown in
Eq. (6) suggested by Lauritzen and Hoffman [15], which
was based on an earlier empirical treatment proposed by
Thomas and Stavely [34]

logG+[
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Fig. 4. Kinetic analysis of the growth rate data for PTT using several
assumed values of U".
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Fig. 5. Kinetic analysis of the full growth rate data using optimal values of
U" = 2500 cal mol_], and T,, = T‘g — 30K =288 K.

The a, and b, factors are the molecular width and molecular
layer thickness, respectively. Generally, the Thomas—
Stavely constant, «, ranges between 0.1 and 0.3. The
value of @ = 0.1 is widely applied in polyethylene [15]
and other flexible polymers [35]. Roitman [33] and Marad
[36] found that the « value was ca. 0.25 for polypivalolac-
tone. The « value is not at all universal and strongly depen-
dent on the chemical structure of polymer, and it is
considered related to entropy differences between the
crystal and melt interface [36]. How to determine the «
value for PTT is an another operational problem, which
affects significantly the quantitative estimation in the o,
o. and ¢ values, because the work of chain folding for
nucleation g is just defined as 2aybyo. where the end surface
free energy o is commonly obtained from the oo value by
the application of Eqgs. (4) and (6). Fortunately, Hoffman
[37-39] has provided a relationship between the o value
and the characteristic ratio Co, as shown in Eq. (7)

o = AH(ay/2)(1/C) (7)

where q is the molecular width (4.637 A for PTT) [32], Cy
is the characteristic ratio describing the unperturbed dimen-
sion of a polymer chain. The C,, value is generally defined
as [40]

_ <72>0

2
n,l

Co ®)
where n, is the z-number of skeletal bonds along the chain, /
is the average characteristic length over the number of

Table 2
Kinetic data for crystallized PTT calculated from secondary nucleation
theory (T = T, — 30 K; U™ = 2500 cal/mol)

Regime I Regime II Regime III
K, x 10° (K?) 7.3 35 8.4
o, (erglem?) 84.9 81.3 98.8
q (kcal/mol) 6.5 6.2 7.5
(o (erg/cmz) 19.2
Ky/Kq 2.1
Kan/Ken 2.4

bonds and (r?), is the mean-square end-to-end distance of
a long polymer chain in the unperturbed state. In order to
conveniently estimate the (%), value, the Benoit’s equation
for peptidic chain [12,41] as given by Eq. (9) was used in
this work where p designates the number of monomer units
along the chain

) = ﬁ (@ + b* + %) + 2(aba + beB + cay)
— aBy

+ 2abBy + becya + 2caaf}

s B 1
1 — aBy

+ abBy + bcay + (@ +b* + cz)a,By}

{aBylaba + beB + acaf) + cay

€))

The schematic diagram of Benoit’s model to PTT, charac-
teristic bond lengths (a, b and c) and supplementary angles
(0, ¢ and ¢) involving main geometry are shown in Fig. 6.
The C,, and (r’), values obtained from Eqs. (8) and (9) are
2.14 and 30 259 A, respectively. Through this procedure,
the a and o values could be easily obtained from Egs. (6)
and (7) by using the desired C, value. From the definition of
the K, value in Eq. (4), one could obtain the oo values for
regime I, IT and III. These calculated results are summarized
and listed in Table 2. The « and o values are 0.18 and
19.2 erg cm %, respectively. Both the a and C,, values in
PTT are relatively smaller than those in PET (a = 0.20 and
Cy = 2.48) reported by Medellin-Rodriguez et al. [12],
indicating that the chain flexibility of PTT is higher than
that of PET. Incidentally, the « value for polyesters is very
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Fig. 6. Schematic diagram of Benoit’s model representation of monomeric
units with three virtual bonds for PTT.
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different from that generally quoted for linear polyethylene
(o = 0.10). For less flexible polymers such as aromatic
polyesters the a value should be larger than that for linear
polyethylene with considering its physical meaning.

On the other hand, the work of chain folding ¢ could be
obtained directly from the fold-surface free energy, i.e. ¢ =
20.a9by. The g value is defined as the work for chain fold-
ing by bending the polymer chain back upon itself in the
appropriate configuration that has been found to be a
parameter most closely correlated with molecular structure,
i.e. the inherent stiffness of the chain itself [15]. The g value
of ca. 6-7 kcal mol ' obtained in this work for PTT is
relatively reasonable because it is smaller than that for
PET (ca. 10 kcal mol ") [10] but larger than that for PBT
(ca. 5 kcal molfl) [11]. It should be mentioned here that the
g value of 4.8 kcal mol ' for PTT reported by Huang and
Chang [9] may be underestimated, because the « value of
0.1 was used for the calculation.

3.3. Temperature dependence of crystallization rate

When the crystallization takes place within a wide range
of T., the temperature dependence of the Avrami rate
constant k, i.e. the plot of k versus 7, should exhibit a typical
bell-shaped curve. Therefore, the Arrhenius linear relation
cannot be directly used to describe the temperature depen-
dence of the rate constant k [42,43]. Generally, the k value is
directly proportional to the rate of spherulite growth G, thus
its temperature dependence could be described by the
following equation:

k = ko exp _7Eg exp __E (10)
R(Tc - Tg) R(Tr% - Tc)

The crystallization rate is controlled by the two well-
established nucleation and diffusion mechanisms, which
are characterized by opposite temperature dependences.
Similarly, the temperature-dependence of overall activation
energy can also be divided into two terms as shown in
Eq. (10). The first term E,/(T. — T,) accounts for the
temperature dependence of activation energy for diffusion
process of the growing spherulites (7. — T,) being charac-
teristic for mobility of the segments above T,. The second
term E,/(TS — T,) is the temperature dependence of activa-
tion energy for nucleation process, (Tr?1 —T.) being a
measure of the undercooling of the melt. According to
Eq. (10), the temperature dependence of the k value could
be quantified by directly fitting the k values collected at
various crystallization temperatures to one of the equations
using the regression software. The corresponding fits for all
of the Avrami rate constants are shown in Fig. 7. The
unknown parameters such as E,, E, and k, provided by the
software when the best fit was determined are taken to be
1650 cal mol !, 1480 cal mol ™! and 20 s_l, respectively,
and the correlation coefficient is 0.91. The dotted line in
Fig. 9 represents the theoretical fits for the melt crystalliza-
tion at 443 = T, = 483 K and the cold crystallization at
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Fig. 7. Variation of In k as a function of 7,. The dotted line and solid line
represent theoretically predicted values from Egs. (10) and (3), respec-
tively. The experimental data of rate constant: (@) melt crystallization;
(O) cold crystallization; (A) linear spherulite growth.

328 = T, = 348 K. The theoretical fitting curve of crystal-
lization rate exhibits a bell-like shape, and the prediction of
the maximum crystallization rate for PTT appears at ca.
410 K. The crystallization rate decreases significantly
when T approaches either T, or T2 For cold crystallization,
crystallization rate is considered to be dominated by the
viscously driven diffusion process. The rate of cold crystal-
lization was sharply increased with T,. The aggregation rate
of neighboring chains in cold crystallization was higher than
that in melt crystallization at which the chain molecules reel
in through reptation tube onto growth front.

On the other hand, the crystallization rate can be taken
into account of secondary nucleation theory for melt crystal-
lization. In this case, the G value is mainly governed by the
rate of surface nucleation i and substrate completion rate g
[37]. The experimentally determined growth rate versus
temperature curve is also shown in Fig. 9 where the solid
line is extrapolated from Eq. (3) using U" =
2500 cal molfl, and the correlation coefficient is 0.97.
The maximum crystallization rate appears at ca. 420 K.
According to regime theory [37], growth rate curve exhibits
breaks corresponding to regime I — II and regime II — III
transitions. In regime I, the growth rate G oc i that one
surface nucleus causes completion of a layer of length on
the substrate. In the regime II, multiple surface nuclei begin
to occur on the substrate because of the rapid increase of i
associated with the larger undercooling and then G o<
(ig)” 2. This leads to a downward break in the growth rate
curve as one passes through the regime I— II transition
when crystallization temperature is lowered. At further
low temperature the mean niche separation characteristic
of the substrate in regime II approaches the width of a
stem, called regime III, in this regime G oci. Then, the
regime II — III transition should cause an upswing break
in the growth rate curve. For this reason, it may be thus
considered that the regime I is diffusion-controlled process
for i/g < 1, the regime II is diffusion and nucleation transi-
tion process for i/lg ~ 1, and in regime III the growth rate is
nucleation-controlled process for i/g > 1. In the present
study the regime transition accompanied with morphologi-
cal change of growing crystallite is discussed in detail in
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Section 3.4. Incidentally, the crystallization rate curve in
Fig. 7 is worthy of attention; the plot clearly indicates a
discontinuity at 7.=468 K for PTT. This result
corresponds well with that stated in Fig. 5, i.e. the regime
II—III transition temperature of 468 K for PTT. This
transition temperature of PTT is higher than that of PET
(438 K) [44] but lower than that of PBT (483 K) [11],
implying that the regime behavior of nucleation may be
mainly related to the chain flexibility.

3.4. Morphology of crystallite

Fig. 8 shows a series of PLM micrographs for PTT
isothermally crystallized at various 7;s. In order to observe
axialite-like crystallite formed at higher 7, the micrograph
of Fig. 8(1) was taken using an insertion of the A/4 compen-
sator. In all cases the nucleation density increases and
spherulites texture becomes finer as 7. is decreased. The
morphological change with 7, in PTT crystallite exhibits a
normal trend, i.e. elliptical-shaped or axialite-like structure
is formed at extremely high 7, and the spherulite is formed
at relatively low T.. When PTT was crystallized at T, =
493 K (Fig. 8(1)), the growing unit takes on an axialitic

Fig. 8. PLM micrographs of PTT spherulites crystallized at (a) 443 K;
(b) 448 K; (c) 453 K; (d) 458 K; (e) 463 K; (f) 468 K; (g) 473 K; (h) 478 K;
(i) 483 K; (j) 488 K; (k) 490 K and (1) 493 K.

appearance and; it progressively changes into an elliptical-
shaped structure (Fig. 8(k)) and then a spherulite-like struc-
ture (Fig. 8(j)) with decreasing 7.. Because the regime
I—1I transition occurs at 488 K, these crystallization
temperatures are just located in the range of regime I. As
T, is further decreased (regime II), the banded spherulite is
formed and the band spacing increases with increasing
crystallization temperature beyond 7, = 468 K (Fig. 8(f)—
(1)). At T, below 468 K (regime II — III transition tempera-
ture), the banded structure disappears (Fig. 8(a)—(e)). This
result in the formation of banded spherulite as PTT is in
agreement with that reported by Ho et al. [7]. However,
Wang et al. [8] reported that the banded spherulite of PTT
could only be formed between 135 °C (408 K) and 165 °C
(438 K) and the maximum growth temperature of spherulite
is located at 165 °C. The temperature of T, = 165 °C is also
considered to be the upper limitation for PTT banded
spherulite formation. In other words, the banded structure
can only be formed in the lower half of the bell-shaped
curve (log G versus T;) down to the T,. Because the very
fast crystallization occurs at 7, close to the maximum
growth temperature of spherulite (7, = 420 K (147 °C) in
this study), the PTT crystallization has already taken place
during the quickly quenching process even at a cooling rate
of ca. 100 K/min by PLM observation. The comparison with
the result reported by Wang et al. is difficult to be made in
the present study. Nevertheless, we do not favor that the
formation of banded texture is directly related to the linear
growth rate of spherulite. This is because the banded
spherulite is also found at higher 7, (above 468 K) in this
work and the band spacing increases with increasing T,
(form 9 pm at 7, =468 K to 16 um at 7, = 483 K) as
shown in Fig. 8.

As stated above, the regime I— II —III transition of
nucleation was accompanied by morphological changes
from axialite-like or elliptical-shaped structures to banded
spherulite and then non-banded spherulite. It should be
mentioned here that the temperature limitation of banded
spherulite formation is ca. 468 K at which the regime
II — I transition occurs. This fact leads us to consider
that the formation of banded spherulite in PTT may be
related to the regime behavior of nucleation. Although,
there are no other direct evidences to support whether this
morphological change is really concerned with the regime
behavior. It is well realized that the regime approach can be
used to qualitatively discuss morphological changes of
spherulite under various quenching depths. In regime II,
the crystallization takes place at which nucleation and
substrate completion rates are comparable. This condition
is favor to make the lamellae to be well stacked for good
spherulite growth. On the other hand, in regime III substrate
completion is dominated by nucleation events and many
nuclei would lead to disordered crystal growth. Under this
condition, the disorganized lamellae are formed with many
defects, resulting that good spherulite structure could not be
produced. Since it is commonly believed that the periodic
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Fig. 9. (a) PLM micrograph of PTT spherulite successively crystallized
under a series of T,s (489 —473 — 453K, ie. regime [— II— III).
(b) PLM micrograph of PTT under non-isothermal crystallization.

extinction of banded spherulite is led by lamellar twist
during growth [7], the well-stacked lamellae should be
advantageous to form a periodic morphology for banded
spherulite. In other words, the distorted lamellar structure
formed in regime III and mostly immature and coarse
spherulites formed in regime I are difficult to produce
periodic twists for forming banded spherulite. Besides, the
increase in band spacing with 7, may be related to larger
thickness of lamellae formed at a rather higher 7.

In order to confirm regime transition accompanied by a
morphological change, Fig. 9(a) shows an example consist-
ing of a variety of spherulite morphology at various 7,s from
regime I to regime III where the successive growth of the
spherulite is carried out. It is very clear that the center of
spherulite shows an axialite-like structure in regime I (7, =
489 K), and then banded spherulite is formed in regime II
(T, = 473 K). Finally, the non-banded spherulite is found in
regime III (7, = 453 K). This fact strongly suggests that the
crystallization in regime II is indeed responsible for the
formation of banded spherulite in PTT. Although, it is
generally realized that the surface stress of the thin film
induced by the deep quenching of melt sample would
make the lamellae twist during crystallization for forming
banded spherulite. Our result indicates that the banded
morphology could also be formed in isothermal crystalliza-
tion in order to compare the difference between these two
banded spherulites formed from various crystallization
mechanisms. Fig. 9(b) shows the spherulite structure of
non-isothermally crystallized PTT, which the melt sample
quickly quenched to room temperature. The banded spher-
ulite having relatively regular concentric-circles was clearly
found under this crystallization condition and the band
spacing is much thinner (ca. 2 pm) than that of isothermally
crystallized PTT in regime II. It is worth noting that the
spherulites attached to edges of thin film also exhibit a
banded texture. This fact directly indicates that the banded
spherulites may be caused by deep quenching. The shrink-
ing stress of film surface may lead to lamellar twist for

Fig. 10. AFM phase image of PTT from cold crystallization at 7, = 348 K.

forming banded structure. The formation mechanism of
banded spherulite will be further discussed in detail in
future.

The PTT spherulite exhibits a typical Maltese cross
extinction and double concentric extinction rings in bended
structure (Figs. 8 and 9), implying that the refractive indices
vary periodically from n, > n, through n, = n, to n, < n,.
The n, and n, are the refractive index in the direction parallel
and perpendicular to the spherulite radius, respectively. For
n, = n; an optic axis is parallel to the incident beam, then
the extinction takes place. According to the double extinc-
tion pattern of the spherulite and triclinic crystal for PTT, it
is clear that there are two optic axes in the plane perpendi-
cular to the spherulite radius. In addition, after insertion of
the gypsum compensator, the interference color in the first
and third quadrants of the cross is orange and in the second
and fourth ones is blue, indicating that the negative spher-
ulite is formed in PTT. Fig. 10 shows AFM photograph of
PTT isothermally crystallized at 7, = 363 K (cold crystal-
lization). The sheaf-like structure was found to be charac-
terized by intermolecular aggregation in which a
paracrystalline type order is present. This morphology
corresponds well to the result in Avrami exponent of n =
5 for cold crystallization of PTT. The average size of sheaf-
like structure is ca. 25 nm. The similar structure has been
confirmed by the observation of transmission electron
microscopy in cold crystallization of PET [45].

4. Conclusions

In this work, the isothermal crystallization kinetics of
PTT was investigated from two crystallization temperature
regions. PTT has been shown to follow an Avrami behavior
in the primary stage of isothermal crystallization from the
melt and glass states. The values of Avrami exponent were
varied between 2 and 3 with crystallization temperature,
indicating that the mixed growth and nucleation mechan-
isms may exist for melt crystallization. On the other hand,
the Avrami exponent of n = 5 might correspond to a three-
dimensional solid sheaf growth and athermal nucleation for
cold crystallization. From the secondary nucleation
analysis, one can estimate the free energies of the lateral
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and folding surface, and the work of chain folding for
nucleation. For aromatic polyesters, the crystallization rate
and the work of chain folding for nucleation in increasing
order is PBT > PTT > PET. Besides, a classical regime
II— III transition of PTT was found at ca. 468 K that is
higher than one of PET but lower than one of PBT. This
is implied that the regime behavior of nucleation may be
mainly related to the chain flexibility. The crystallite
morphologies of PTT from melt and cold crystallizations
exhibited typical negative spherulite and sheaf-like crystal-
lite, respectively. The regime I— Il — III transition was
accompanied by morphological changes from axialite-like
or elliptical-shaped crystallite to banded spherulite and then
non-banded spherulite. In fact, it is still doubt whether the
regime behavior of nucleation could dominate the formation
of banded spherulite. Progress in understanding this
phenomenon was much hindered by lack of detailed knowl-
edge to elucidate their relation. Investigation of this
phenomenon including both theory and experiment is
required. It is unquestionable that the advance on this
topic about the mechanism of band twisting is prerequisite.
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