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Abstract

The glass-transition temperature and non-isothermal crystallization of poly(trimethylene terephthalate)/poly(ethylene 2,6-naphthalate)
(PTT/PEN) blends were investigated by using differential scanning calorimeter (DSC). The results suggested that the binary blends showed differ-
ent crystallization and melting behaviors due to their different component of PTT and PEN. All of the samples exhibited a single glass-transition
temperature, indicating that the component PTT and PEN were miscible in amorphous phase. The value of Tg predicted well by Gordon–Taylor
equation decreased gradually with increasing of PTT content. The commonly used Avrami equation modified by Jeziorny, Ozawa theory and the
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ethod developed by Mo were used, respectively, to fit the primary stage of non-isothermal crystallization. The kinetic parameters suggested
hat the PTT content improved the crystallization of PEN in the binary blend. The crystallization growth dimension, crystallization rate and the
egree of crystallinity of the blends were increased with the increasing content of PTT. The effective activation energy calculated by the advanced
so-conversional method developed by Vyazovkin also concluded that the value of Ea depended not only on the system but also on temperature,
hat is, the binary blend with more PTT component had higher crystallization ability and the crystallization ability is increased with increasing
emperature. The kinetic parameters U* and Kg were also determined, respectively, by the Hoffman–Lauritzen theory.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Poly(trimethylene terephthalate) (PTT) was first patented by
hinfield and Dickson [1] in 1946 and commercial produced

y Shell Chemicals until the 1990s. Many properties of PTT
re between those of poly(ethylene terephthalate) (PET) and
oly(butylene terephthalate) (PBT), such as crystallization rate
nd glass transition temperature. Moreover, it combines the
wo key advantages of PET and PBT into one polymer, and
t has an important application in the textile industry [2] and
s a promising engineering thermoplastic [3]. Poly(ethylene
,6-naphthalate) (PEN), featuring a molecular structure of a
aphthalene ring instead of the benzene ring in PET, is used
s a high-performance polymer and that has superior strength,
eat stability, and barrier properties due to its increased chain
tiffness [4]. Thus, PEN has found for a variety of applications,

∗ Corresponding author. Tel.: +86 312 2234679; fax: +86 312 5079525.
E-mail address: rmthyp@hotmail.com (M. Run).

such as tire cords of automobiles [5] and base films of videotapes
[6–8], etc.

Polymer blending is an attractive alternative for producing
new polymeric materials with desirable properties without hav-
ing to synthesize a totally new material. Other advantages for
polymer blending are versatility, simplicity, and inexpensive-
ness. Due to the similarity in the chemical structure of these
linear aromatic polyesters, numerous research works related to
various aspects of polyesters’ blends are available in the reported
literatures. Blends of polyesters were investigated wildly, such
as PEN and poly(butylene 2,6-naphthalate) (PBN) [9]; PET and
PBT [10]; PET and PEN [11]; PTT and PET [12]; PTT and PBT
[13]; and PTT and PEN [14], etc. To meet the growing demands
of the plastics industry, the combination of the economics of PTT
and the superior properties of PEN may become very important.

Recently, Supaphol [14] studied the miscibility, melting
and crystallization behavior of PTT/PEN blends. PTT and
PEN were miscible in the amorphous state in all of the blends
compositions studied, as evidenced by a single, composition-
dependent glass transition temperature (Tg) observed for each
040-6031/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2006.04.005
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blend composition. The variation in the Tg value with the blend
composition was well predicted by the Gordon–Taylor equation,
with the fitting parameter being 0.57. The cold-crystallization
peak temperature decreased with increasing PTT content,
while the melt-crystallization peak temperature decreased with
increasing amount of the minor component. The subsequent
melting behavior after both cold- and melt-crystallization
exhibited melting point depression, in which the observed
melting temperatures decreased with increasing amount of the
minor component. During melt-crystallization, both compo-
nents in the blends crystallized concurrently just to form their
own crystals. The blend with 60% (w/w) of PTT exhibited the
lowest total apparent degree of crystallinity.

Studies related to the kinetics of polymer crystallization are
of great importance in polymer processing, due to the fact that
the resulting physical properties are strongly dependent on the
morphology formed and the extent of crystallization occurring
during processing. In the present study, blends of PTT and
PEN were prepared and characterized for their non-isothermal
crystallization kinetics and melting behavior by using DSC mea-
surements. The objectives for this work are: (1) to investigate
the effect of blend composition on melt-crystallization and melt-
ing behavior, (2) to investigate the effect of blend composition
on non-isothermal crystallization kinetics, and (3) to assess the
effect of the cooling rate on the crystallization behavior of the
binary blend.
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of all samples were approximately 6 mg. The samples were
heated to 300 ◦C at 150 ◦C/min under a nitrogen atmosphere,
held for 5 min to reset previous thermal histories, after which
all of the samples were immediately quenched under a cooling
rate of 200 ◦C/min to obtain the completely amorphous state
of six samples, and then heated them with a heating rate of
10 ◦C/min.

The melt-crystallization and subsequent melting behaviors of
various binary blends were performed as following: the samples
were heated to 300 ◦C at 150 ◦C/min under a nitrogen atmo-
sphere, held for 5 min and then cooled to 50 ◦C at a constant
cooling rate of 10 ◦C/min, and then heated them to 300 ◦C at a
heating rate of 10 ◦C/min, the cooling process and the second
heating process were recorded, respectively.

The non-isothermal crystallization behaviors of two blends
(B2 and B3) were performed as following: the sample was heated
to 300 ◦C in nitrogen, held for 5 min and then cooled to 50 ◦C
at constant cooling rates of 5, 10, 15, and 20 ◦C/min, respec-
tively. It is worth noting that each sample was used only once
and its weight is around 6 ± 0.5 mg. The exothermic curves
of heat flow as a function of temperature were recorded and
investigated.

3. Results and discussion
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. Experimental

.1. Materials

The PTT homopolymer was supplied in pellet form by Shell
hemicals (USA) with an intrinsic viscosity of 0.92 dL/g mea-

ured in a phenol/tetrachloroethane solution (60/40, w/w) at
5 ◦C. The PEN homopolymer was supplied in pellet form
y Honeywell (USA) with an intrinsic viscosity of 0.89 dL/g
easured in phenol/tetrachloroethane solution (50/50, w/w) at

0 ◦C.

.2. Blends preparation

The materials were dried in a vacuum oven at 140 ◦C for 12 h
efore preparing blends. The dried pellet of PTT and PEN were
ixed together with different weight ratio of PTT/PEN as fol-

owing: B1, 0/100; B2, 20/80; B3, 40/60; B4, 60/40; B5, 80/20;
6, 100/0, and then melt-blended in a ZSK-25WLE WP self-
iping, co-rotating twin-screw extruder, operating at a screw

peed of 60 rpm and at a die temperature of 300 ◦C. The resul-
ant blend ribbons were cooled in cold water, cut up, re-dried
efore being used in DSC.

.3. Differential scanning calorimetry (DSC)

The glass-transition temperature, cold crystallization, and
ubsequent melting behavior of six samples were studied by
he Perkin-Elmer Diamond DSC instrument that calibrated with
ndium prior to performing the measurement, and the weights
.1. Miscibility of the blends

Generally, a single Tg and/or its shift in the blends represent
iscibility or partial miscibility [15–17]. In our experiment, all

he blends are thought to be miscible in the amorphous phase.
his is in good agreement with the report of Krutphun and
upaphol [14]. Fig. 1 displays the DSC curves of glass transi-

ion, cold-crystallization and subsequent melting for quenched
ix samples recorded with a heating rate of 10 ◦C/min. The
ependence of Tg on the blend composition can be predicted by
he Gordon–Taylor [18] and Fox [19] equations. In this paper,
ordon–Taylor equation is employed to describe the relation-

hip between Tg and blend composition, and the result is shown

ig. 1. The glass-transition temperature, cold-crystallization, and subsequent
elting thermograms of six quenched samples under a heating rate of 10 ◦C/min.
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Fig. 2. Tg values of six samples as a function of blend composition. The solid
line represents fits of the Gordon–Taylor equation.

in Fig. 2.

Tg = w1Tg1 + kw2Tg2

w1 + kw2
(1)

where w1 and w2 are the weight fractions of the components of
PTT and PEN, respectively. Tg1 and Tg2 are the values of the
pure components PTT and PEN, respectively. The parameter k
is adjustable and the fitting value is 0.31.

From Figs. 1 and 2, it is apparent that a single Tg is observed
in each curve, and the Tg values of the B2–B5 blends are
observed between those of pure components (TgPTT = 47 ◦C and
TgPEN = 128 ◦C). The Tg of each blend clearly shifts to higher
temperature with increasing of PEN component. The result sug-
gests clearly that PTT and PEN are complete miscibility in
amorphous phase at all blend compositions.

3.2. Melt-crystallization and subsequent melting behavior

Fig. 3 shows the DSC curves of six samples with various PTT
content at a given cooling rate and the crystallization parame-
ters are listed in Table 1. According to Fig. 3 and Table 1, an
apparent exotherm is observed for PTT with a crystallization
peak temperature (Tp) at 186.7 ◦C, while none crystallization
exotherm of the pure PEN is seen under the same cooling rate of
10 ◦C/min. This result suggests that PTT with flexible molecular
c

Fig. 3. DSC melt-crystallization curves of six samples at the cooling rate of
10 ◦C/min.

the crystallization for PEN is almost inhibited at this cooling
rate.

For B2 and B3 blends, each curve is shown with only one
crystallization exothermic peak at higher temperature, indicating
that the molecular chains of PEN can crystallize at the cool-
ing rate of 10 ◦C/min as PTT component existing in the blend
melt. While no exothermic peak is observed at lower temper-
ature which may corresponding to the crystallization of PTT
in the DSC curve, suggesting that the crystallization behavior
of PTT component is inhibited by the major component of PEN
although the weight percentage of PTT are 20% (w/w) in B2 and
40% (w/w) in B3. In these two binary blends, the melt viscos-
ity of PEN is lowered by PTT component; therefore, molecular
chains of PEN can crystallize at higher temperature with growth
rates.

However, the exotherms of B4 and B5 blends exhibit two
main crystallization peaks: the peak II at higher temperature and
peak I at lower temperature, which may be attributed to the crys-
tallization of PEN and PTT, respectively. The result suggests that
both PTT and PEN components in the blends crystallized indi-
vidually when the PTT become the major component. By careful
observation, it is easy to found that the TpII values of PEN com-
ponent in blends decrease monotonically with the decreasing
amount of the PEN component, suggesting that the crystalliza-
tion behavior of the PEN component in the blends is relevant to
its amount. On the other hand, the TpI of B4 and B5 are lower
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hains is more crystallizable than PEN with chain stiffness, and

able 1
arameters of PTT/PEN blends during melt-crystallization and subsequent mel

amples Crystallization process

Tonset (◦C) TpI (◦C) TpII (◦C)

1 PEN – – –
2 20PTT/80PEN 220.6 – 211.6
3 40PTT/60PEN 215.6 – 208.3
4 60PTT/40PEN 213.9 162.0 204.6
5 80PTT/20PEN 206.6 148.3 201.4
6 PTT 186.7 176.7 –
rocess

Melting process

�Hc (J/g) TmI (◦C) TmII (◦C) �Hm (J/g)

– – – –
−31.6 – 264.9 38.0
−37.9 – 262.4 42.5
−31.1 219.2 257.0 38.5
−28.1 222.5 253.5 43.9
−50.5 225.5 – 65.9
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Fig. 4. DSC melting thermograms of six samples at the heating rate of
10 ◦C/min.

than that of pure PTT, suggesting that the crystallization of PTT
component may be retarded by the PEN crystals that have been
formed at higher temperature.

A series of DSC thermograms of six samples after melt-
crystallization are shown in Fig. 4 and the melting parameters
are also listed in Table 1. It is seen clearly from Fig. 4 that
the melting thermograms for B6 (PTT) sample exhibits a single
endotherm peak with the value of Tm at 225.5 ◦C. While in the
DSC curve of B1 (PEN), none melting peak is shown resulting
from none of the crystals formed in the melt-crystallization pro-
cess. For each blend of B2 and B3, one sharp melting peak
can be observed at higher temperature, 264.9 and 262.4 ◦C,
respectively. These melting peaks should correspond to the melt-
ing behavior of PEN component. However, none melting peak
is observed at lower temperature due to none of the crystals
of PTT component formed in the melt-crystallization process.
From both melting curves of B4 and B5, it can be easily found
two exothermic peaks, TmI and TmII, which are corresponding to
the melting of the crystals of PTT and PEN components, respec-
tively. Moreover, the melting behavior of the PEN component in
PEN-rich blends exhibits the usually observed multiple-melting
phenomenon [20,21].

By careful observation, it is easy to found that the values of
melting peak of the PEN component decrease with increasing of
the PTT component. When certain blends are miscible, melting
point depression is a fundamental phenomenon in characterizing
t
c
t

tallizable, its decrease in chemical potential leads to a decreasing
of the melting point [24].

3.3. Non-isothermal crystallization kinetics analysis

3.3.1. Analysis based on the Avrami theory modified by
Jeziorny

The relative crystallinity (Xt) as a function of temperature is
defined as the following equation:

Xt =
∫ t

t0
(dH/dt) dt∫ t∞

t0
(dH/dt) dt

= A0

A∞
(2)

where the dH/dt is the rate of heat evolution, t0 and t∞ are the
time, at which crystallization starts and ends of the crystalliza-
tion process, and A0 and A∞ are areas under the normalized DSC
curves, respectively.

The relationship between temperature T and time t is given
by Eq. (3) during the non-isothermal crystallization process, as
follows:

t = |T0 − T |
D

, (3)

where t is the crystallization time, T0 the temperature at which
crystallization begins (t = 0), T the temperature at a crystalliza-
t
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P and B

D

H (J

35.4
1 34.8
1 34.3
2 31.5
he corresponding blends [21–24]. In general, thermodynamic
onsiderations predict that the chemical potential decreases with
he addition of miscible diluents. When one component is crys-

able 2
arameters of non-isothermal crystallization analyzed by Avrami theory for B2

(◦C/min) B2

Tp (◦C) t1/2 (s) n Xt (%) Kc (10−4 s−n) �

5 210.3 325.4 6.0 59.4 3 −
0 205.8 188.2 5.9 56.1 446 −
5 203.2 124.1 5.2 60.0 1672 −
0 199.6 94.3 4.5 64.7 2688 −
ion time, and D is the cooling rate.
In this study, the samples of B2 and B3, shown with only one

xothermic peak in DSC curves, are selected to study their non-
sothermal crystallization kinetics. The non-isothermal crystal-
ization exothermic peaks of B2 and B3 blends at various cooling
ate, D, are shown in Fig. 5. The parameters of non-isothermal
rystallization are summarized in Table 2. The exothermic peak
emperature, Tp, shifts to lower temperature region with increas-
ng cooling rates. From the DSC digital information, the relative
rystallinity (Xt) is calculated at different temperature T, and the
lots of Xt versus T are shown in Fig. 6(a and b).

According to Eq. (3) the horizontal T-axis in Fig. 6 can
e transformed into the crystallization time t-axis as shown in
ig. 7. It can be seen from Fig. 7 that all these curves have
imilar sigmoidal shape, and the curvature of the upper parts
f the plot is observed to be level off due to the spherulites
mpingement that already begin from the inflection point of the
urves. The characteristic sigmoidal curves are shifted to lower
emperature or shorter time with increasing cooling rates for
ompleting the crystallization. Through Fig. 7(a and b), we can
et the half time of crystallization, t1/2, when the Xt are equal
o 50%, and the parameters are listed in Table 2. It can be seen

3 blends

B3

/g) Tp (◦C) t1/2 (s) n Xt (%) Kc (10−4 s−n) �H (J/g)

207.24 287.0 5.7 53.3 15 −39.248
201.21 164.9 5.5 57.6 607 −36.771
197.33 118.4 5.4 61.7 1757 −36.085
194.62 83.7 5.3 62.0 2902 −33.652
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Fig. 5. Non-isothermal crystallization curves of (a) B2 and (b) B3 blends at
different cooling rates.

that t1/2 values decrease with increasing cooling rates, indicat-
ing a progressively faster crystallization rate as the cooling rate
increases. Moreover, compared the values of t1/2 of B2 with that
of B3 at a given cooling rate, it is clear that the more the PTT
component in binary blend, the lower the t1/2, and the higher the
crystallization rate is.

Mandelkern [25] considered that the primary stage of non-
isothermal crystallization could be described by Avrami equa-
tion [26,27], based on the assumption that the crystallization
temperature is constant. Mandelkern obtained the following:

1 − Xt = exp(−Ktt
n) (4)

log[− ln(1 − Xt)] = n log t + log Kt (5)

where Kt is a growth rate constant involving both nucleation and
growth rate parameters. Jeziorny [28] considered the values of Kt

determined by Avrami equation should be adequate as follows:

log Kc = log Kt

D
(6)

where Kc is the kinetic crystallization rate constant.
Fig. 8(a and b) show a series of double logarithm plot of

log[−ln(1 − Xt)] versus log t at different cooling rates. The

Fig. 6. Relative crystallinity vs. temperature for non-isothermal crystallization
of (a) B2 and (b) B3 blends.

Avrami exponent n and Kc of B2 and B3 are obtained from
the slopes and the intercepts and listed in Table 2, respectively.
Each curve in Fig. 8 shows good linearity except a secondary
crystallization at the later crystallization stage. The values of Xt

that the primary crystallization finishes or the secondary crystal-
lization starts at given cooling rates are listed in Table 2 too. In
this paper, the attention is focused on the primary crystallization.

The Avrami exponent n of the binary blend is found to range
from 4.5 to 6.0 for B2, and 5.3 to 5.7 for B3 when cooling rate
increased from 5 to 20 ◦C/min. This result of the values of expo-
nent n > 4 at various cooling rates may due to the spherulites’
impingement and crowding, or the complicated nucleation types
and growth form of spherulites [29]. It is known that the nucle-
ation mode is dependent on the cooling rate [30]. As seen from
Table 2, the values of n decreased gradually with increasing
of the cooling rate for each blend, indicating the crystallization
growth is on fewer dimensions with increasing cooling rate. The
values of the Kc gradually increase with increasing of cooling
rates. As it is well known, higher cooling rate results in lower Tp,
which in turn results in higher super-cooling. Thus, crystalliza-
tion rates are enhanced. Moreover, �H is gradually decreased
due to the less crystallites formed in the blend with increasing
cooling rate. Furthermore, compared the values of Kc and �H of
B2 with those of B3 at a given cooling rate, it is suggested that the
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Fig. 7. Relative crystallinity vs. time for non-isothermal crystallization of (a)
B2 and (b) B3 blends.

binary blend with more PTT content has a higher crystallization
rate and crystallinity than the less one.

3.3.2. Analysis based on the Ozawa theory
Since the non-isothermal crystallization is a rate-dependent

process, Ozawa [31] took into account the effect of cooling (or
heating) rate, D, on the crystallization process from the melt or
glassy state, and modified the Avrami equation as follows:

1 − Xt = exp

[
−K(T )

|D|m
]

, (7)

log[− ln(1 − Xt)] = log K(T ) − m log D (8)

where K(T) is a function related to the overall crystalliza-
tion rate that indicates how fast crystallization proceeds, and
m is the Ozawa exponent that depends on the dimension of
crystals growth. According to Ozawa’s theory and plots of
log[−ln(1 − Xt)] versus log D at a given temperature, a series of
straight lines will be obtained if Ozawa analysis is valid, and the
crystallization kinetic parameters m and log K(T) can be derived
from the slope and the intercept, respectively.

The result of the Ozawa analysis for B2 and B3 blends are
shown in Fig. 9(a and b), where a series of straight lines are
obtained, and the value of m and log K(T) are listed in Table 3. For

Fig. 8. Plots of log[−ln(1 − Xt)] vs. log t for non-isothermal crystallization of
(a) B2 and (b) B3 blends.

each blend, the values of m and log K(T) are increased with the
increasing temperature indicating that the crystallization growth
is on more dimensions and at fast crystallization rate at higher
temperature, while it is on less dimensions and lower crystalliza-
tion rate at lower temperature. Therefore, an accurate analysis for
B2 and B3 blends of non-isothermal crystallization data could
be performed with the Ozawa theory. Furthermore, compared

Table 3
Non-isothermal crystallization kinetic parameters analyzed by Ozawa equation
for B2 and B3 blends

B2 B3

T (◦C) m log K(T) r2 T (◦C) m log K(T) r2

190 0.40 0.74 0.9983 186 0.53 0.83 0.9913
192 0.45 0.74 0.9973 188 0.59 0.84 0.9891
194 0.50 0.75 0.9958 190 0.67 0.87 0.9869
196 0.57 0.76 0.9938 192 0.77 0.91 0.9857
198 0.67 0.79 0.9911 194 0.89 0.96 0.9872
200 0.79 0.84 0.9889 196 1.04 1.02 0.9885
202 0.96 0.90 0.9887 198 1.20 1.07 0.9935
204 1.17 0.98 0.9915 200 1.37 1.12 0.9968
206 1.41 1.04 0.9959 202 1.53 1.14 0.9993
208 1.62 1.05 0.9992 204 1.67 1.11 0.9988
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Fig. 9. Ozawa plots of log [−ln(1 − Xt)] vs. log D for (a) B2 and (b) B3 blends.

the values of m and log K(T) of B2 with those of B3 in the tem-
perature range of 190–204 ◦C, it is obvious that the results of B3
is higher than those of B2, indicating that the more PTT compo-
nent in binary blends, the higher the crystal growth dimension
and the crystallization rate are.

3.3.3. Analysis based on the Mo theory
Mo and co-workers [29] proposed a different kinetic equation

by combining the Avrami and Ozawa equations. As the degree
of crystallinity is related to the cooling rate D and the crystal-
lization time t (or T), the relationship between D and t could be
defined for a given degree of crystallinity. Consequently, a new
kinetic equation for non-isothermal crystallization was derived
by combining Eqs. (5) and (8):

log Kt + n log t = log K(T ) − m log D (9)

log D = log F (T ) − b log t (10)

where the parameters F(T) = [K(T)/Kt]1/m, and b is the ratio
between the Avrami and Ozawa exponents, i.e. b = n/m. F(T)
refers to the value of cooling rate chosen at unit crystalliza-
tion time when the system amounted to a certain degree of
crystallinity. The smaller the value of F(T) is, the higher the crys-
tallization rate becomes. Therefore, F(T) has a definite physical
and practical meaning.

Fig. 10. log D vs. log t from the Mo equation for (a) B2 and (b) B3 blends.

According to Mo’s method, and plots of log D against log t
at a given crystallinity will give a straight line with an intercept
of log F(T) and a slope of −b if Mo analysis is valid. As shown
in Fig. 10, plotting log D against log t for B2 and B3 blends
demonstrates linear relationship at a given Xt, and the values of
log F(T) and b are listed in Table 4. log F(T) values are increased
with the relative crystallinity from 3.81 to 4.04 (for B2) and
3.08 to 3.45 (for B3), indicating a lower crystallization rate is
needed to reach the given crystallinity within unit time. The
parameter b shows only a small increase with increasing Xt,
ranging from 1.31 to 1.35 (for B2) and 1.01 to 1.09 (for B3),
respectively. Compared the values of log F(T) of B2 with those
of B3 at a given Xt, it is obvious that the results of B3 are lower
than those of B2, indicating that the more the PTT content, the

Table 4
Non-isothermal crystallization kinetic parameters for B2 and B3 blends at given
relative crystallinity analyzed by Mo equation

Xt(%) 20 40 60 80

B2 b 1.31 1.33 1.35 1.35
log F(T) 3.81 3.99 4.02 4.04

B3 b 1.01 1.03 1.05 1.09
log F(T) 3.08 3.23 3.32 3.45
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Fig. 11. Dependence of the effective activation energy on the crystallization
conversion extent for two binary blends.

higher the crystallization rate is. This conclusion is confirmed
with those derived from the analysis from Avrami and Ozawa
theory. Thus, the equation of Mo method successfully describes
the non-isothermal crystallization process of the binary blends
on the whole crystallization process.

3.3.4. Crystallization activation energy
In order to obtain the reliable values of the effective activation

energy on the melt cooling process, Friedman [32] and Vya-
zovkin [33,34] developed differential iso-conversional method
and advanced iso-conversional method, respectively. In this
paper, the advanced iso-conversional method has been used to
evaluate the effective activation energies as shown in Eq. (11):

Φ(Ea) =
n∑

i=1

n∑
j �=i

J[Ea, Ti(ta)]

J[Ea, Tj(ta)]
(11)

where

J[Ea, Ti(ta)] ≡
∫ ta

ta−�a

exp

[ −Ea

RTi(t)

]
dt (12)

In Eq. (12), a varies from a to 1 − �a with a step �a = m−1,
where m is the number of intervals chosen for analysis and it is
set as m = 50 in this calculation. Fig. 11 shows the dependence
of the effective activation energy on the extent of crystallization
c
a
c
−
f
t

Fig. 12. Dependence of the effective activation energy on average temperature.
The solid lines represent fits of Eq. (12).

the beginning of the crystallization, while it becomes difficult as
the crystallization proceeding. By comparing the effective acti-
vation energy at the same extent of crystallization conversion, it
is easy to find that the Ea of B3 blend is more negative than that
of B2 blend, which indicates that the binary blend with more
PTT component has higher crystallization ability than that with
less PTT content. Therefore, PTT content improves the crystal-
lization ability of PEN.

Because of the same value of a can be accomplished at
different temperatures at various cooling rates, the average tem-
perature is used to associate with a and the effective activation
energy, thus, Ea on a dependence can be converted into the E
on T dependence as presented in Fig. 12. As shown in Fig. 12,
the Ea(T) is decreased with increasing temperature, indicating
easier crystallization occurs at higher temperature. Compared
the value of Ea of B2 with those of B3 at the same temperature,
it is clear that the more PTT content in blend, the higher crys-
tallization ability is. Furthermore, the Ea dependence displays
a breakpoint at 477 K for B2 and 474 K for B3 blend, which
may be due to the change in crystallization mechanism. Subject
to the change in crystallization mechanism, it makes sense to
parameterize the higher temperature and lower temperature por-
tions of the Ea(T) dependence separately. The two portions of
the Ea(T) dependence have been fit to Eq. (13) derived by Vya-
zovkin [35,36] that has been accomplished by using graphics
software Origin 7.0.

E

t

T
C

S

0−5 (

B
B

onversion of B2 and B3 blends. To each blend, the effective
ctivation energy increases with the extent of the crystallization
onversion, e.g. the effective activation energy increases from
333 to −30 kJ/mol for B2 blend and from −439 to −70 kJ/mol

or B3 blend as the crystallization conversion increasing from 0
o 1. This result suggests that it is easier for blend to crystallize at

able 5
rystallization parameters of B2 and B3 blends

ample T∞ (K) Tm (K) I, III

U* (kJ/mol) Kg × 1

2 367 570 11.56 6.1
3 355 570 9.89 6.3
a(T ) = U∗ T 2

T − T∞
+ KgR

T 2
m − T 2 − TmT

(Tm − T )2 (13)

he values of Kg and U* yielded has been shown in Table 5.

II

K2) r2 U* (kJ/mol) Kg × 10−5 (K2) r2

0.99 3.67 2.6 0.97
0.99 0.38 3.5 0.98
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From Table 5, the values of Kg for higher and lower tempera-
ture are 6.1 × 105 K2 and 2.6 × 105 K2 for B2 and 6.3 × 105 K2

and 3.5 × 105 K2 for B3 blend, respectively. The ratios of Kg
for higher and lower temperature are 2.4 for B2 and 1.8, respec-
tively. These values are very close to the theoretical ratio value
2, which corresponds to the change from regime I to regime II
[37]. Compared the Kg of B2 with that of B3 at higher or lower
temperature, it is apparent the more PTT content in binary blend,
the faster crystallization rate is.

The value of the U* at regime I (11.56 kJ/mol for B2,
9.89 kJ/mol for B3) is lager than that at regime II (3.67 kJ/mol
for B2, 0.38 kJ/mol for B3). Although the U* is usually set to
be constant value (6.3 kJ/mol), Hoffman et al. [37] thought the
best fits value of U* tends to vary between 4.2 and 16.7 kJ/mol.

4. Conclusion

PTT/PEN binary blends prepared by melt-compound are
investigated using differential scanning calorimeter and the
results demonstrate different crystallization and melting behav-
iors with varied content of PTT in blends. All of the sam-
ples are miscible in amorphous phase by exhibiting a sin-
gle glass-transition temperature. The values of Tg decreases
gradually with increasing of PTT content and is described by
Gordon–Taylor equation, the fitting parameter k is determined
to be 0.31. A single exotherm is observed at higher tempera-
t
(
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t
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t

conversional method suggests that the binary blend with more
PTT component has higher crystallization ability than that with
less PTT content. The value of Ea depends not only on the sys-
tem but also on T. The Hoffman–Lauritzen parameters (U* and
Kg) of the B2 and B3 blends are determined from the overall
rate of the non-isothermal crystallization, respectively.
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