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ABSTRACT: The isothermal crystallization and crystal
morphology of poly(trimethylene terephthalate) (PTT)/poly
(ethylene 2,6-naphthalate) (PEN) blends were investigated
with differential scanning calorimetry and polarized optical
microscopy. The commonly used Avrami equation was
used to fit the primary stage of isothermal crystallization.
The Avrami exponents were evaluated to be in the range of
3.0-3.3 for isothermal crystallization. The subsequent melt-
ing endotherms of the blends after isothermal crystallization
showed multiple melting peaks. The crystallization activa-
tion energies of the blends with 20 or 40% PTT was —48.3
and —60.9 kJ/mol, respectively, as calculated by the Arrhe-
nius formula for the isothermal-crystallization processes.

The Hoffman-Lauritzen theory was also employed to fit the
process of isothermal crystallization, and the kinetic param-
eters of the blends with 20 or 40% PTT were determined to
be 1.5 x 10° and 1.8 x 10° K?, respectively. The spherulite
morphology of the six binary blends formed at 190°C
showed different sizes and perfect Maltese crosses when the
PTT or PEN component was varied, suggesting that the
greater the PTT content was, the larger or more perfect the
crystallites were that formed in the binary blends. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 103: 3316-3325, 2007
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INTRODUCTION

Poly(trimethylene terephthalate) (PTT) was first
patented by Whinfield and Dickson' in 1946 and com-
mercially produced by Shell Chemicals until the
1990s. Many properties of PTT are between those of
poly(ethylene terephthalate) (PET) and poly(butylene
terephthalate) (PBT), such as the crystallization rate
and glass-transition temperature (T,). Moreover, it
combines the two key advantages of PET and PBT into
one polymer, and it has important applications in the
textile industry” and is a promising engineering ther-
moplastic.’ Poly(ethylene 2,6-naphthalate) (PEN), fea-
turing a molecular structure of a naphthalene ring
instead of the benzene ring in PET, is used as a high-
performance polymer and has superior strength, heat
stability, and barrier properties because of its in-
creased chain stiffness. Thus, PEN is used in a variety
of applications, such as tire cords for automobiles’
and base films for videotapes.®™®

Polymer blending is an attractive alternative for
producing new polymeric materials with desirable
properties without the synthesis of a totally new mate-
rial. Other advantages of polymer blending are versa-
tility, simplicity, and low cost. Because of the similar-
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ity of the chemical structures of these linear aromatic
polyesters, numerous research works related to vari-
ous aspects of polyester blends are available in the
reported literature. Blends of polyesters have been
investigated widely, such as PEN and poly(butylene
2,6-naphthalate),” PET and PBT,'” PET and PEN,"!
PTT and PET," PTT and PBT," and PTT and PEN."
To meet the growing demands for new materials, the
combination of different polyesters, such as blends of
PTT and PEN, may be very important for making eco-
nomic and advanced materials."

Recently, Krutphun and Supaphol'* studied the
miscibility, melting, and crystallization behavior of
PTT/PEN blends. Their PTT/PEN blends were misci-
ble in the amorphous state in all the blend composi-
tions studied, as evidenced by a single, composition-
dependent T, observed for each blend composition.
The variation in the T, value with the blend composi-
tion was well predicted by the Gordon-Taylor equa-
tion, with the fitting parameter being 0.57. The cold-
crystallization peak temperature (T,.) decreased with
increasing PTT content, whereas the melt-crystalliza-
tion peak temperature decreased with an increasing
amount of the minor component. The subsequent
melting behavior after both cold and melt crystalliza-
tion exhibited melting point depression, in which the
observed melting temperatures (Ty,’s) decreased with
an increasing amount of the minor component. During
melt crystallization, both components in the blends
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crystallized concurrently just to form their own crys-
tals. The blend with 60% (w/w) PTT exhibited the
lowest total apparent degree of crystallinity.

Studies related to the kinetics of polymer crystalli-
zation are of great importance in polymer processing
because the resulting physical properties are strongly
dependent on the morphology formed and the extent
of crystallization occurring during processing. In
this study, blends of PTT and PEN were prepared
and characterized for their isothermal-crystallization
kinetics and subsequent melting behavior with differ-
ential scanning calorimetry (DSC) measurements. The
objectives of this work were (1) to investigate the
effect of the blend composition on the melt-crystalliza-
tion behavior, (2) to investigate the effect of the blend
composition on the isothermal-crystallization kinetics,
and (3) to the assess the effect of the blend composi-
tion on the crystal morphology of the binary blend.

EXPERIMENTAL
Materials

The PTT homopolymer was supplied in pellet form
(Montreal PTT PolyCanad LP, Montreal, Canada)
with an intrinsic viscosity of 0.92 dL/g measured in a
phenol/tetrachloroethane solution (50/50 w/w) at
25°C. The PEN homopolymer was supplied in pellet
form (HoneyWell Co., USA) with an intrinsic viscosity
of 0.89 dL/g measured in a phenol/tetrachloroethane
solution (60/40 w/w) at 30°C.

Blend preparation

The materials were dried in a vacuum oven at 120°C
for 12 h before the blends were prepared. The dried
pellets of PTT and PEN were mixed together with dif-
ferent weight ratios of PTT to PEN as follows: Bl,
0/100; B2, 20/80; B3, 40/60; B4, 60/40; B5, 80/20; and
B6, 100/0. Then, they were melt-blended in a ZSK-
25WLE (WP Co., Germany) self-wiping, corotating,
twin-screw extruder operating at a screw speed of 60
rpm and at a die temperature of 300°C. The resultant
blend ribbons were quenched, cut up, and redried
before being used in DSC.

DSC

The T, cold-crystallization behavior, subsequent melt-
ing behavior, and melt-crystallization behavior of six
samples were studied with a PerkinElmer Diamond
DSC (Perkin-Elmer Co., Shelton, CT) instrument that
was calibrated with indium before the measurements
were performed, and the weights of all samples were
approximately 6.0 mg. The samples were heated to
300°C at 100°C/min under a nitrogen atmosphere and
held for 5 min to reset previous thermal histories; after
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this, all the samples were immediately quenched at a
cooling rate of 200°C/min to obtain a completely amor-
phous state and then heated to 300°C at a heating rate
of 10°C/min. Then, the melt was held for 5 min and
subsequently cooled to 50°C at a constant cooling rate
of 10°C/min. The final melting and cooling processes
were recorded.

The isothermal crystallization and subsequent melt-
ing behaviors of two selected blends (B2 and B3) were
performed as follows: the samples were heated to
300°C at 100°C/min under a nitrogen atmosphere,
held for 5 min, and then cooled at 200°C/min to the
designated crystallization temperature (T,) rapidly; af-
ter the isothermal crystallization was finished, the sam-
ples were heated to 300°C at a rate of 10°C/min. The
exothermic curves of the heat flow as a function of time
were recorded and investigated. A sample cut from
one sheet was used only once, and its weight was
around 6 * 0.5 mg.

Polarized optical microscopy (POM)

The crystal morphology of PTT/PEN was studied
with a Leitz SM-LUX-POL polarized optical micro-
scope (SM-LUX-POL, Leitz, Germany) equipped with
a hot stage and a camera system. We prepared the
sample by sandwiching a tiny pellet of the blend rib-
bon between two glass plates at a distance of about
200 pm, compressing it at 300°C for 5 min in an oven,
and then placing it on a hot stage at 190°C; we then
took photographs with a camera.

RESULTS AND DISCUSSION
T,, cold-crystallization, and melting behavior

Generally, a single T, or its shift in blends represents
miscibility or partlal miscibility.'"® In our experi-
ments, all the blends were thought to be miscible in the
amorphous phase. This was in good agreement with
the report of Krutphun and Supaphol.** Figure 1 dis-
plays the DSC curves of the glass transition, cold crys-
tallization, and subsequent melting for six quenched
samples recorded at a heating rate of 10°C/min, and
the parameters are listed in Table I. Figure 1 shows the
dependence of T, on the blend composition. A single
T, can be observed in each curve, and the T, values of
the B2-B5 blends can be observed between those of the
pure components (T, for PTT = 46.2°C, T, for PEN
=125.9°C). T, of each blend shifts to a higher tempera-
ture with an increasing concentration of PEN, although
their transitions are not as sharp as that of the pure
polymer. This result suggests that PTT and PEN are
completely miscible in the amorphous phase for all
blend compositions, whereas the T, range is wider in
DSC curves for B2-B5 blends than that of the glass
transition of the two pure polymers. Shi and Jabarin'®
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Figure 1 T, cold-crystallization, and subsequent melting
thermograms of six samples at a heating rate of 10°C/min.

reported the glass transition of a blend of PET and
PEN, and only one T, was observed in each blend
curve. The reason is that some compatibilization
occurred as a result of the formation of PET and PEN
copolymers during the process, and thus the blends
became sufficiently compatible; DSC was not sensitive
enough to detect phase separation or the existence of
two Tg’s. In this work, Tg also increased linearly with
the blend composition, indicating that the blend sys-
tem was a miscible and stable mixture.

The cold-crystallization behaviors of the six samples
are also shown in Figure 1. According to Figure 1 and
Table I, T, of pure PTT (B6) is about 72.0°C, which is
in good agreement with an earlier observed value of
70°C."* However, T,. for pure PEN (B1) can be ob-
served at about 219.3°C in the DSC curve, which
suggests that PEN cannot crystallize at a low tempera-
ture at a heating rate of 10°C/min because of its chain
stiffness. Apparently, each of the blends from B2 to BS
shows a single, component-dependent T, and the T,
values decrease from 168.3 to 112.9°C. The cold-crys-
tallization peaks of B2, B3, and B4 show almost the
same T, values of 168.3, 165.0, and 164.6°C. These val-
ues are much smaller than T,. of B1 (PEN) because of
the dilution effect of PTT. These cold-crystallization
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peaks should predominantly correspond to the cold-
crystallization behavior of the PEN component be-
cause of the high T, values, but the cold-crystalliza-
tion behavior of the PTT component cannot be
observed in these DSC curves. On the other hand, the
cold-crystallization peak of B5 (PTT80/PEN20) can be
predominantly attributed to the cold crystallization of
major component PTT because of its low temperature,
whereas the cold crystallization of the PEN compo-
nent cannot be detected clearly. These results suggest
that in the PTT range of 20-60%, the PEN molecules
can crystallize only at a higher temperature above
140°C because of its stiff molecular chains. However,
by careful observation, we can find that the starting
temperature of the cold crystallization of B2, B3, and
B4 decreases with an increasing concentration of PTT.
As shown in Figure 1, the subsequent melting behav-
iors for the six samples after cold crystallization are dif-
ferent as the blend component varies. Obviously, the
DSC curves of the PTT (B6) and PEN (B1) blends show
a single melting peak (T,,), and their T,, values are
227.1 and 264.0°C, respectively. The curves of the B3,
B4, and B5 blends exhibit double melting peaks, and
the value of T,, decreases gradually with an increasing
amount of the minor component, whereas melting
peak T,,; of B2 cannot be detected in the DSC curve.

Melt-crystallization behavior

Figure 2 shows the DSC curves of the six samples with
various PTT contents at a given cooling rate, and the
crystallization parameters are listed in Table I
According to Figure 2 and Table I, an apparent exo-
therm can be observed for PTT with a crystallization
peak temperature (T,) of 186.7°C, whereas no crystal-
lization isotherms but only a glass transition at about
122.5°C of pure PEN can be seen at the same cooling
rate of 10°C/min. These results suggest that PTT with
flexible molecular chains is more crystallizable than
PEN with stiff chains, and the crystallization for PEN
is almost inhibited at this cooling rate.

For the B2 and B3 blends, each curve is shown with
only one crystallization exothermic peak at a higher
temperature (211.6 and 208.3°C, respectively), indicat-
ing that the molecular chains of PEN can crystallize at

TABLE 1
DSC Parameters of the Six Samples

Melting process

Melt-crystallization process

Sample Tg (OC) ch (OC) TmI (OC) TmH (OC) Tonset (OC) TpI (OC) AHCI (]/g) TpII (DC) AHCH (]/g)
Bl 125.9 219.3 — 264.0 — — — — 0
B2 97.6 168.3 — 260.4 220.6 — — 211.6 —59.3
B3 91.1 165.0 2155 263.8 215.6 — — 208.3 -32.9
B4 83.8 164.6 214.7 255.4 213.9 162.0 -10.0 204.6 —23.7
B5 68.5 112.9 219.8 252.0 206.6 148.3 —34.9 201.4 —54
B6 46.2 72.0 227.1 — 186.7 176.7 —50.5 — —

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 DSC melt-crystallization curves of six samples
at a cooling rate of 10°C/min.

a cooling rate of 10°C/min with PTT in the blend melt.
However, no exothermic peak can be observed at a
lower temperature that may correspond to the crystal-
lization of PTT in the DSC curve, and this suggests
that the crystallization behavior of the PTT component
is inhibited by the major component (PEN), although
the weight percentage of PTT is 20% in B2 and 40% in
B3. In these two binary blends, the PTT component
may be a plasticizer that dilutes the concentration of
PEN and improves the arrangement behavior of PEN
molecular chains; as a result, the crystallization of
PEN starts at a higher temperature.

During the melt crystallization of the polymers, the
crystallization enthalpy (AH.) was recorded by DSC
from the start to the end of crystallization, and this sug-
gests the crystallization extent of a specific polymer;
that is, the larger AH. is, the more crystals are formed
in the polymer. The values of AH for Bl and B2
increase from 0 to —59.3 ] /g, and this strongly supports
the supposition that the PTT component plays the role
of a plasticizer and improves the crystallization ability
of the PEN component. Moreover, the values of AH
decrease gradually from —59.3 (B2) to —5.4 ]J/g (B5S),
and AH, increases gradually from —10.0 (B4) to —50.5
J/g (B6), corresponding to the contents in the blends.

However, the exotherms of the B4 and B5 blends ex-
hibit two main crystallization peaks: peak II at a higher
temperature and peak I at a lower temperature. This
may be attributed to the crystallizations of PEN and
PTT, respectively. The results suggest that both the
PTT and PEN components in the blends crystallize
individually when PTT becomes the major component.
By careful observation, we have found that the T,y val-
ues of the PEN component in the blends decrease
monotonically with a decreasing amount of the PEN
component, suggesting that the crystallization behav-
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ior of the PEN component in the blends is relevant to
its amount. On the other hand, the T, values of B4 and
B5 are lower than that of pure PTT, suggesting that the
crystallization of the PTT component may be retarded
by the PEN crystals that have formed at higher temper-
atures.'* Interestingly, T,; of B4 is higher than that of
B5, and this suggests that the PEN crystals already
present in the system may act as nucleating substrates
to a certain extent for the crystal growth of PTT.

Isothermal-crystallization kinetic analysis
Isothermal-crystallization behavior

The relative crystallinity at time f (X;) is defined by
the following equation:

Ji (dH/dt)dt "
[ (aH/drar
B2 214°C
I x\\\\\xj//f////’ 216 °C
s | — -
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Figure 3 DSC thermograms of (a) B2 and (b) B3 blends
during isothermal crystallization at different designated
temperatures.
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Figure 4 Development of X; with t for the isothermal
crystallization of B2 blend at different designated tempera-
tures.

where dH/dt is the rate of heat evolution and t, and
t- are the times at which crystallization starts and
ends, respectively.

For the complicated crystallization behavior of the
B4 (PTT60/PEN40) and B5 (PTT80/PEN20) blends, it
is difficult to study their crystallization kinetics. In this
section, only the B2 (PTT20/PENS80) and B3 (PTT40/
PENG60) blends have been selected to investigate the
isothermal-crystallization behavior because of their
regular crystallization peaks in the crystallization
curves, and the influence of PTT on the isothermal-
crystallization behavior and kinetics of PEN is consid-
ered. As shown in Figure 3(a,b), the isothermal crys-
tallization of the B2 and B3 blends has been carried
out at five designated temperatures. From the exo-
therms in Figure 3, it can be easily found that each of
the DSC curves displays only one exothermic peak at
each designated temperature.

Generally, the isothermal-crystallization kinetics of
different samples should be discussed under the same
T, from 208 to 222°C. However, it is difficult to obtain
the exothermal curves for B3 at temperatures up to
218°C because of the experimental limitation that T. is
usually determined by the onset temperature (Tonset)-
Therefore, T, of B3 has been selected in a temperature
range of 208-216°C, which is lower than that of B2
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(214-222°C). Meanwhile, the common T, value (e.g.,
214 or 216°C) has been selected as much as we can
to compare the differences for the crystallization
kinetics.

As shown in Figure 3, with T, increasing, the exo-
thermic peak of each curve is shifted to a longer time.
Figure 4 shows X, integrated from Figure 3(a) as a
function of the crystallization time (f) at various T,
values; the characteristic sigmoidal isotherms are
shifted right along the time axis with increasing T,
and the whole crystallization time (t.) increases with
T, (Table II). Similar curves have been obtained for B2
and B3.

To compare the crystallization rates at various tem-
peratures, the half-time of crystallization (¢, /,) is listed
in Table II. The crystallization rate can be qualitatively
compared by the value of t; 5. t;» is enhanced greatly
with an increase of T,, and this indicates that the crys-
tallization rates of the binary blend decrease with
increasing T.. Moreover, a comparison of the values of
t1/2 for B2 and B3 at the same temperatures (214 and
216°C) shows that the results for B3 are lower than
those for B2, indicating that the greater the PTT con-
tent is, the higher the crystallization rate is.

Isothermal-crystallization analysis based
on the Avrami equation

Assuming that X, increases with ¢, we can used the
Avrami equation to analyze the isothermal-crystalli-

zation process of PTT/PEN as follows:***!
1 —X; = exp(—Kit") )
log[—In(1 — X;)] = nlogt + log K; 3)

where Avrami exponent 1 is a mechanism constant
with a value depending on the type of nucleation
and the growth dimension and crystallization rate
parameter K; is a growth rate constant involving
both nucleation and growth rate parameters.

Plots of log[—In(1 — X;)] versus log t according to
eq. (3) are shown in Figure 5(a,b), and each curve is
composed of two linear sections. This fact indicates
the crystallization process is composed of primary
and secondary crystallization stages. During the latter

TABLE II
Isothermal Crystallization Kinetic Parameters Analyzed with the Avrami Equation
B2 B3
T (O t (s) t1/2 (s) n K (1075 T (0O te (s) t1/2 (s) n K (1075
214 208.8 72 3.1 9.7 208 148.9 48 3.0 43.8
216 226.6 81 3.0 6.8 210 164.4 50 3.0 45.2
218 249.5 88 32 37 212 196.0 53 3.1 232
220 268.8 97 3.3 3.0 214 226.0 60 3.2 11.3
222 290.0 113 3.3 1.9 216 241.2 65 32 9.5
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CRYSTALLINE/CRYSTALLINE BLENDS

1.0 F
0.5
X 0.0
£
05}
oS
1.0k
-1.5F L 1 1 1 1
1.6 1.8 2.0 2.2 2.4
(a) log t
1F
=0t
>$
B ;.
T 208 °C
Bal 210°C
a 212°C
v 214°C
¢+ 216°C
il
12 15 1.8 2.1 24
(b) log t

Figure 5 Plots of log[—In(1 — X;)] versus log ¢ for the iso-
thermal crystallization of (a) B2 and (b) B3 blends.

stage, the crystallization of chain segments occurs
between the crystalline structures already formed and
the Crglstallization of the amorphous, intercrystalline
areas.”>**

n and K; can be readily extracted from the primary
stage plots in Figure 5, and their values at various des-
ignated temperatures are listed in Table II. In this
work, the values of n are between 3.0 and 3.3 for both
B2 and B3, which may be average values of complex
nucleating types and growth dimensions of crystals
occurring simultaneously in the crystallization pro-
cess. n in the range of 3.0-3.3 indicates a three-dimen-
sional growth mechanism with a combination of
thermal and athermal nucleation (resulting in the frac-
tional 7 values observed).”?® With increasing temper-
ature, the values of n increase gradually from 3.1 to
3.3 for B2 and from 3.0 to 3.2 for B3. The temperature
dependence of n, within the nucleation-controlled
region, should be such that n increases with increas-
ing T.. This may be explained by the fact that the
number of thermal nuclei increases tremendously as
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the temperature increases.””?® In other words, as T,
increases, the number of thermal nuclei that become
stable at that temperature also increases, and this
causes 7 to increase.

The K; values of the B2 and B3 blends at various
designated temperatures are listed in Table II and
compared; the values of K; gradually decrease with
increasing T.. This suggests that in the isothermal-
crystallization process, the higher T. is, the lower the
crystallization rate is. Furthermore, a comparison of
the values of K; at the same T, values shows that the
results for B2 are lower than those for B3, and this is
confirmed by the conclusion of t; /.

Melting behavior of the binary blends

Figure 6 shows the DSC heating scans of B2 and B3
blends at a heating rate of 10°C/min after the comple-

B2
214°C /\L__-a/ \L—‘*
\

3 216 °C —
=

a o \__,—'—'—_
s | 218°%C B /\A,

2 |
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Figure 6 Melting endotherms of (a) B2 and (b) B3 blends
at a heating rate of 10°C/min after isothermal crystalliza-
tion at the specified temperatures.
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TABLE III
Melting Endotherm Parameters of B2 and B3

Sample T, (°C) T (°C) AHf(l) a/s 2) T (°C) Ty (°C) AHf(lH—lll) g/ g)
B2 214 225.3 —-12.6 251.8 267.6 -31.9
216 225.6 —13.1 253.3 267.8 -31.8
218 225.3 —-13.7 253.3 267.7 —-32.2
220 225.6 —-13.3 254.3 267.7 —-324
222 225.7 -129 255.0 267.6 —-32.8
B3 208 2234 —8.6 248.1 265.8 -36.0
210 224.2 -89 248.5 266.5 —-36.3
212 224.2 -94 249.2 266.5 —35.8
214 224.2 —8.5 250.3 266.9 —35.8
216 224.5 -9.2 251.4 267.8 -36.0

tion of isothermal crystallization at various T, values,
and the melting parameters are summarized in Table IIL
The DSC heating curves of these specimens contain
three melting peaks. Apparently, peak I is present
in all samples at a temperature (ca. 225.0°C) close to
the melting peak of the pure PTT component. Accord-
ing to the position and height of peak I, it can be sup-
posed that peak I corresponds to the melting of the
crystals of the PTT component. Both peak II and peak
III present at higher temperatures (ca. 248.1-255.0°C
for peak II and 265.8-267.8°C for peak III), and this
can be explained according to Lin and Koernig.*” We
think that the lower temperature melting peak (peak
II) corresponds to small and/or imperfect crystals of
the PEN component, whereas the higher melting peak
(peak III) results from the melting of the perfect crys-
tals formed near the isothermal T.. According to care-
ful observation, with increasing T., peak II shifts to a
higher temperature, and this indicates that the crystals
that form at higher T,’s become larger and more per-
fect than those formed at lower T.’s. In a comparison
of B2 and B3 crystallized at 214 and 216°C, all three
peaks of B2 are higher for T, than those of the B3 sam-
ple. The total melting enthalpy (AHg ) is calcu-
lated from the beginning of the melting of peak II
to the end of the melting of peak IIl. AHgyr ) of B3
is higher than that of the B2 blend at the same T,
and this also indicates that the PTT component
can improve the crystallization ability of the PEN
component.

According to careful observation, the melting peak
temperatures (peak I) near 225°C in Figure 6(ab),
which are ascribed to the melting of PTT, as well as
the melting enthalpy (AHgy) in Table 1III, are a little
smaller for B3 (40% PTT) than for B2 (20% PTT) at the
same T.. Because the crystallization rate of B3 is
higher than that of B2 at the same T, (214 and 216°C)
during the isothermal-crystallization process, the crys-
tal perfection and crystallinity of PTT in the B3 blend
are worse and lower than those in B2. The worse per-
fect crystallites and lower crystallinity component will
melt at a lower temperature and with lower melting
enthalpy, so peak I of B3 can be observed at a lower

Journal of Applied Polymer Science DOI 10.1002/app

temperature with a lower melting enthalpy in the
DSC melting curve in comparison with B2.

Crystallization activation energy (AE)

The crystallization process of the B2 and B3 blends is
assumed to be thermally activated. K; can be approxi-
matelgr described by the following Arrhenius equa-
tion:

K" = Kyexp(—AE/RT,) (4)
(1/n)InK; = InKy — AE/RT. )

where K is the temperature-independent pre-expo-
nential factor and R is the gas constant. AE can be
determined from the slope coefficient of plots of
(1/n)In K, versus 1/T, in eq. (5), which is shown in
Figure 7.

In this case, the AE values for the B2 and B3 blends
are —48.3 and —60.9 kJ/mol, respectively. AE of the
B3 blend is more negative than that of the B2 blend.

2.040 2.055 2.070

=31
1T (10°K")

2.025

Figure 7 Plot of 1/n(In K) versus 1/T, from the Arrhe-
nius method for the isothermal-crystallization activation
energy of the B2 and B3 blends.
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Figure 8 Plot of eq. (8) for the B2 and B3 blends.

Generally, the smaller AE is, the higher the probability
is of the molten fluid transforming into the crystalline
state.”’® This result suggests that AE of the blends
decreases as the PTT content increases, indicating that
an increasing amount of the PTT component can
improve the crystallization ability of the PEN compo-
nent.

Hoffman-Lauritzen theory analysis

According to the Hoffman-Lauritzen theory,** the de-
pendence of the growth rate of the spherulite (G) on
the temperature (T) can be described as follows:

*

R(T. - TOCJ P [Tﬁ)f}

G = Goexp [ (6)

where Gy is the pre-exponential factor and U* is the
activation energy of the segmental jump. U* is differ-
ent from AE derived from the Arrhenius equation,
which is the apparent activation energy of K, AT
= T9 — T, is the degree of undercooling, f = 2T./(T%,
+ T.) is the correction factor, TY, is the equilibrium melt-
ing temperature, and T, = T, — 30 K is a hypothetical
temperature at which motion associated with viscous
flow ceases and that is usually taken to be 30 K below
T,.>* K, is a kinetic parameter. By rearranging eq. (6)
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we can determine K, from the linear plot of the left-
hand side of eq. (7) versus (T.ATf)"'. U* is typically
taken as the universal value of 6.3 kJ/mol.>* To make
eq. (7) suitable for isothermal DSC data, Chan and
Isave® proposed an empirical modification that repla-
ces the growth rate with the reciprocal time (1, =1/
ty ) to reach half of X;:

u B Kg
R(T. —Ty) InGo = T.(AT)f ®)

Intg 2+
In this article, U* = 6.3 k]J/mol is applied to achieve a
very good fit to the plot of In ty,, + U*/R(T. — T..)
versus (T.ATf) ', as shown in Figure 8, and the kinetic
parameters are listed in Table IV. The regime transi-
tions cannot be clearly observed for B2 and B3. The
reason for this might be that the temperature range
used for the isothermal crystallization of these sam-
ples is much narrower, and thus the whole regime
range is not achieved. T, is much lower for the crystal-
lization of B2 and B3 blends in this article, so the value
of n may be 2 (in regime ii). According to Table IV, the
values of Kq are 1.5 x 10° K? for B2 and 1.8 x 10° K*
for B3, and they are consistent with Lee et al’s
study.*® The B2 blend has a higher K, value than B3,
and this suggests that the crystallization process of
PEN is improved by the addition of PTT; the result
agrees with the previous Avrami results.

K, has the following form:

nbycc, T
Ke = Ahgkg ©)
where ¢ and o, are the lateral and fold surface free
energies, respectively, of the growing crystal and by is
the molecular layer thickness (0.566 nm).*® According
to Wu and Liu,* T for PEN (B form) ranges from 282
to 292°C; we have chosen this value over a slightly
larger one (297°C). Ahyis the heat of fusion per unit of
volume of the crystal (2.67 x 10% J/m®),%® kg is the
Boltzmann constant, and n takes the value of 4 for
crystallization regimes i (at higher T.) and iii and 2 for
regime ii (at lower T,).

G can be calculated by an empirical equation®® as
follows:

u* K
ING+————=InGy — —>— 7
R(T, — To) O T.(AT)f @ & = a(Aly)(agho)'? (10)
TABLE IV
Values of K, ¢,, and o for the B2 and B3 Blends in Regime ii
T, TS ag by ux K§ c GO, G,
Sample (K) (K) (nm) (nm) (kJ /mol) (107° K?) (10727 m?) (107* 7> m*%) (1072 T m?) ”?
B2 367 570 0.651 0.566 6.3 1.5 1.78 8.58 4.80 99.7
B3 355 570 0.651 0.566 6.3 1.8 1.78 10.3 5.77 99.2
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where a is derived empirically to be 0.11. Parameters
ap and by are the monomolecular width and layer
thickness, and their values are 0.651 and 0.566 nm,>®
respectively. All the parameters and results are also
listed in Table IV. It is well known that the greater o,
is with respect to &, the more fibrous the shape will be
of the nucleus.** As shown in Table IV, the value of o,
with respect to the ¢ value of B3 is greater than that of
the B2 blend, indicating that the nucleus shape of B3
is more fibrous than that of the B2 blend.

Spherulitic morphology

After 3 h of annealing at 190°C, the crystallization
morphology of blends B1-B6 was observed with
POM, and six images were obtained, as shown in Fig-

RUN ET AL.

ure 9. Within the volume between the two glass plates
with a distance of about 200 pm, many small Maltese
crosses (20-60 um in size) can be observed, and all the
samples show a relatively well-defined spherulitic
texture with clear Maltese crosses, except for Bl and
B2. For Bl and B2, the dimensions and degree of per-
fection of the spherulites are less than those of B3-Bé.
For pure PTT (B6), the dimensions and perfection of
the spherulites are the best among all the samples.
This suggests that PTT with flexible molecular chains
is more crystallizable than PEN with chain stiffness.
In addition, with an increasing concentration of the
PTT component in the blends, the Maltese crosses
become more and more clear, and the spherulites
increase in size from 20 to 80 pm gradually. These
results indicate that the PTT component in the blends

Figure 9 Polarized optical micrographs of PTT/PEN blends at 190°C.
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improves spherulite growth and forms perfect spher-
ulites in blends.

CONCLUSIONS

In PTT/PEN binary blends, the PTT component is a
diluent for PEN and improves the mobility of its mo-
lecular chains and its crystallization ability. The binary
blends show different crystallization behaviors with
various contents of PTT in them. When the PTT con-
centration is less than 50 wt %, the crystallization of the
PTT component is inhibited by the major component,
PEN, whereas the crystallization behavior of PEN is
improved by PTT. When the PTT concentration is
increased to more than 50 wt %, both the PTT and PEN
components in the blends crystallize individually. The
Avrami analysis of the isothermal-crystallization pro-
cess of B2 and B3 shows primary and second stages. In
the primary stage, n is in the range of 3.0-3.3, and the
crystal nucleation type may include both thermal and
athermal nucleation; the growth dimension should
predominantly be three-dimensional. The crystalliza-
tion rates of the PEN component in the binary blends
increase with an increasing concentration of PTT,
whereas AE decreases with increasing PTT. The obser-
vation of subsequent melting endotherms of the blends
after isothermal crystallization at the specified T, val-
ues show multiple melting peaks: the lower one corre-
sponding to the melting endotherm of PTT, the middle
one corresponding to the melting of the smaller and
unperfected crystallites of PEN, and the higher one
corresponding to the melting of the perfect crystals of
PEN. Finally, the Hoffman-Lauritzen theory has also
been employed to fit the process of isothermal crystalli-
zation, and kinetic parameters K, ¢, and o, of the sam-
ples with 20 or 40 wt % PTT have been determined.
The spherulite morphologies of the six binary blends
that form at 190°C show different sizes and perfect
Maltese crosses when the PTT or PEN component is
varied, and this suggests that the more PTT there is,
the larger or more perfect the crystallites are that form
in the binary blends.
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