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Abstract

Crystallization behaviorsof crystallizablepoly(ethylene terephthalateco ethylene isophthalate) with different molar ratiosof polyethylene
terephthalate (PET) to polyethylene isophthalate (PEI) were studied both non-isothermally and isothermally by differential scanning
calorimetry (DSC). Avrami and Ozawa plots were used to describe the non-isothermal crystallizations. However, the Avrami treatment
cannot predict the mechanisms of non-isothermal crystallizations for the above copolyesters, while the Ozawa explanation can be taken to
reveal that the non-isothermal crystallization is dominated by heterogeneous nucleation. The activation energies of crystallization were
calculated from the Kissinger equation. The copolyester 90/10 shows synergistic effects on non-isothermal crystallization, in that it has the
lowest activation energy of crystallization. Isothermal crystallizations wereexplained by Avrami plots. From lower degrees of supercooling
to higher ones, thecrystalsof thecopolyestersgrow from low dimension to multidimensions, but thecrystallization ratesbecome lower. The
percentage of spherulite growth of the copolyester 100/0 (PET homopolymer) is higher than that of the other copolyesters under the same
degreeof supercooling. Equilibrium crystallization temperatures(T0

c ) and melting temperatures(T0
m) werepostulated respectively. T0

c and T0
m

decrease with the increasing composition of PEI, indicating that the equilibrium crystals of the copolyesters become imperfect. With
involvement of PEI, the copolyester is not likely crystallizable perfectly and the crystal becomes less perfect. q 1999 Elsevier Science
Ltd. Al l rights reserved.
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1. Introduction

Crystallization behaviors are a permanent topic in the
field of polymer science. A recent review [1] concerning
crystall izations of polymers has been published. In our
previous paper [2], the natures of crystall ization of a series
of copolyesters based on different ratios of polyethylene
terephthalate (PET) to polyethylene isophthalate (PEI)
have been qualitatively explored, the results showed that
only the copolyesters containing polyethylene isophthalate
below 15% are crystallizable [2]. In this study, the crystal-
lizations of the crystallizable copolyesters were studied
isothermally and non-isothermally, quantitatively to unveil
the effect of PEI on the crystall ization behaviors of the
copolyesters.

2. Experimental

Themolar ratiosof PET to PEI of thecopolyesters in this

study are 100/0, 90/10 and 85/15. PET homopolymer is
regarded as a special copolyester with 0% PEI. In the
following sections, thecopolyestersaredenoted astheratios
of PET to PEI, e.g. 100/0 is used to refer to PET homo-
polymer, and so on.

DSC measurements were conducted on a Seiko differen-
tial scanning calorimeter (Model DSC-220CU). The speci-
mens were weighted in the range 4 to 6 mg. During the
measurement, dried N2 gas was purged at a constant flow
rate. For the cases of non-isothermal crystall ization, the
specimens were heated to 3008C at a rate of 208C/min and
held for 10 min to remove residual crystals, which may be
seedsfor thecrystall ization. Thefirst cooling runsat ratesof
1, 2, 5, 10, 20 and 308C/min from 2908C to room tempera-
ture were recorded.

For isothermal crystall izations, the specimens were also
heated to 2908C at arateof 208C/min and held for 10 min to
remove the residual crystals, then they were quickly cooled
to the proposed crystallization temperatures. Heat fusion
versustimewasrecorded. Thespecimensisothermally crys-
tallized at thecrystall ization temperatureswereheated from
room temperature to 2908C at a rate of 208C/min to check
out the melting temperature and heat fusions of the crystals
thus formed.
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3. Results and discussion

The relative crystallinity (Xt) is defined as follows:

Xt �

Zj

j0

dHc

dj

� �
djZj∞

j0

dHc

dj

� �
dj

�1�

whereHc is the heat fusion during crystallization. For non-
isothermal crystallization,j0 andj∞ refer to the onset and
end temperatures of crystallization, respectively.j0 andj∞
stand for the onset and end times of crystallization, in the
case of isothermal crystallization.

According to the relationship between time (t) and
temperature (T), as illustrated in Eq. (2), the dependence
of relative crystallinity on time for the copolyester can be

obtained. It is noted that the relative crystallinity increases
with time but decreases with temperature:

tx � Ti 2 Tx

F
�2�

whereTi andTx are the temperature at the initial time and a
certain timex during the cooling run, respectively;F is the
cooling rate.

Non-isothermal crystallization of polymers [3,4] has been
described by the Avrami equation:

1 2 Xt � exp�2ktn� �3�
wherek is a constant,n is the Avrami exponent, depending
on the modes of nucleation and crystal growth.

It is concluded that Avrami plots cannot depict the crys-
tallization behaviors, in that non-linearity of Avrami plots of
log[2ln(1 2 Xt)] versus logt for non-isothermal crystalli-
zation of the copolyesters was shown. On the other hand,
Ozawa plots [5] of the linear relationship between
log[2ln(1 2 Xt)] and logf show their priority to explain
the non-isothermal crystallizations of the above polymers.
The Ozawa exponent (m) can be obtained from the slopes in
the Ozawa plots. Ozawa exponents for the copolymers
increase with temperature, as depicted in Fig. 1. The
average values of Ozawa exponents of the copolyesters
(about 1.5) indicate that the so-called predetermined nuclei
already exist prior to non-isothermal crystallization accord-
ing to Ozawa’s explanation [5], as the synthesis of the
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Fig. 1. Dependence of Ozawa exponents on the temperature of the
copolyesters (B, O andP for the copolyesters 100/0, 90/10 and 85/15,
respectively).

Fig. 2. The rate of non-isothermal crystallization changing with the cooling
rate for the copolyesters (X, B andO for the copolyesters 100/0, 90/10 and
85/15 in turn, as is the case for Figs. 3, 4, 6–8).

Fig. 3. Plot of log�F=T2
p � versus 1/Tp for the copolyesters.

Table 1
Activation energies of crystallization for the copolyesters

Copolyester E (kJ/mol)

100/0 90.6
90/10 40.2
85/15 49.6



copolyesters was conducted under the catalysts Zn(OAc)2

and Sb(OAc)2, which cannot be removed from the poly-
meric systems, so that they played a role as heterogeneous
nuclei for the crystallization.tmax is the time when the peak
of crystallization appears. 1/tmax had been proposed [6] to
characterize the rate of non-isothermal crystallizations. Fig.
2 illustrates the rates of non-isothermal crystallization chan-
ging with cooling rate for the copolyesters. It can be seen
that the rate of crystallization increases with cooling rate,
because of the higher degree of supercooling (the higher the
cooling rate, the higher the degree of supercooling).

In order to investigate the effect of composition of PEI on
crystallization behaviors, some physical aspects, such as the
activation energy (Ec), the equilibrium melting temperature
(T0

m) and crystallization temperature (T0
c ) are concerned.

The activation energy of crystallization for the copoly-
esters can be obtained by the Kissinger equation [7]:

log
F

T2
p

 !
� log C 1

Ec

RTp

 !
�4�

where Tp (K) is the peak during the crystallization run,
different from the crystallization temperature in isothermal
crystallization; C is a constant coefficient;R is the gas
constant.

Fig. 3 shows the plots of log�F=T2
p� versus 1/Tp for

the copolyesters. At lower cooling rates, deviation
happens. The data of the activation of crystallization
for the copolyesters (listed in Table 1) show that the
crystal of the copolyester 90/10 may easily be kineti-
cally formed from the disorder amorphous region. The
copolyester 90/10 shows a synergistic effect on non-
isothermal crystallization.

Isothermal crystallizations of the copolyester were also
included in this study. It is common that the relative crystal-
linity increases with time at different crystallization
temperatures (Tc) for the copolyesters. The time (t0.5), at

which half crystallization happens, can be postulated. The
isothermal crystallization rates of the copolyesters
conducted are expressed by 1/t0.5. Fig. 4 represents the crys-
tallization rates at the crystallization temperatures of the
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Fig. 4. The relationship between the crystallization rates and isothermal
crystallization temperature for the copolyesters.

Fig. 5. Avrami plots for isothermal crystallizations of the copolyesters. (A,
B and C refer to the copolyesters 100/0, 90/10 and 85/15, respectively).



copolyesters. The rates of the copolyesters 90/10 and 85/15
increase mildly, while that of the copolyester 100/0
increases rapidly and then slightly. This indicates that
PET homopolymer is distinguished from the copolyesters
containing PEI, in other words, the involvement of PEI does
affect the crystallization behaviors of the copolyesters.

The Avrami equation [8,9] has been widely used to
explain isothermal crystallizations of polymers. Avrami
plots of log[2ln(1 2 Xt)] versus logt of the copolyesters
are shown in Fig. 5. Table 2 lists Avrami exponents at
different crystallization temperatures for the copolyesters.
If the crystals of the copolyesters, formed at the isothermal
crystallization temperatures, are heated, the heat fusion
(DHm) increases with crystallization temperature, as
shown in Fig. 6. The results imply that the crystals become
perfect under higher crystallization temperatures.

To study isothermal crystallization, the equilibrium melt-
ing temperature (T0

m) is of great interest.T0
m can be specu-

lated from the modified Gibbs–Thomson equation [10]. A
linear extrapolation in the plot ofTm versusTc to Tm � Tc

leads toT0
m (see Fig. 7). With determination ofT0

m, the
degree of supercooling (DT � T0

m 2 Tc) can be obtained.

Consequently, isothermal crystallizations of the copoly-
esters can be compared under the sameDT. The comparison
has been listed in Table 2. The Avrami exponent of PET
homopolymer is higher than that of either of the copoly-
esters 90/10 and 85/15 at the same supercooling. It can
imply that the percentage of multidimensional growth of
the crystals is prevailingly higher than those of the copoly-
esters 90/10 and 85/15. It can be inferred that PEI prevents
the copolyesters 90/10 and 85/15 from the growth of the
crystals at multidimensions. Certainly, the crystals grow
multidimensionally at lower degree of supercooling (higher
crystallization temperature).

As mentioned previously, during non-isothermal crystal-
lization, the peak in the cooling run was calledTp. For
comparison,T0

c is taken as the equilibrium crystallization
temperature. Fig. 8 illustrates the profiles ofTp at different
cooling rates for the copolyesters.T0

c can be postulated from
Fig. 8, when the cooling rate is zero. BothT0

m and T0
c
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Table 2
Avrami exponents at different crystallization temperatures and degrees of
supercooling for isothermal crystallization of copolyesters

100/0 90/10 85/15

Tc (8C) DT (8C)a n Tc (8C) DT (8C)a n Tc (8C) DT (8C)a n

200 76 2.9 170 93.2 2.7 185 70.7 1.8
210 66 2.4 180 83.2 1.9 190 65.7 1.7
215 61 2.1 190 73.2 1.9 195 60.7 1.9
220 56 2.1 200 63.2 1.9 200 55.7 1.9
225 51 2.2 205 58.2 1.7 205 50.7 1.8

a DT (8C): degree of supercooling.

Fig. 6. The heat fusion changing with the isothermal crystallization
temperatures for the copolyesters.

Fig. 7. The linear relation betweenTm andTc for the copolyesters.

Fig. 8. Profiles ofTp at different cooling rates for the copolyesters.



decrease with increasing the composition of PEI, as referred
to in Fig. 9, which indicates that the ideal crystals of the
copolyesters become imperfect when the composition of
PEI increases.

4. Conclusion

Non-isothermal crystallization of copolyesters cannot be
predicted by the Avrami equation, but can be described by
Ozawa plots. It is revealed that nuclei exist before non-
isothermal crystallization. Isothermal crystallization beha-
viors indicate that the crystals grow at multidimensional
scales. Poly(ethylene isophthalate) in the copolymers does
hinder the crystallization of the copolyesters, as compared
with the equilibrium melting and crystallization tempera-
tures for the copolyesters.

References

[1] Long Y, Sharks RA, Stachurski ZH. Progr Polym Sci 1995;20:651.
[2] Li B, Yu J, Lee SW, Ree M. Euro Polym J, in press.
[3] Liu T, Mo Z, Zhang H. J Appl Polym Sci 1998;67:815.
[4] Liu T, Mo Z, Wang S, Zhang H. Polym Sci Eng 1997;37:568.
[5] Ozawa T. Polymer 1971;12:150.
[6] Gan Z, Zhang J, Jiang B. J Appl Polym Sci 1997;63:1793.
[7] Kissinger HE. J Res Nat Bur Stds 1956;57:217.
[8] Avrami M. J Chem Phys 1939;7:1103.
[9] Avrami M. J Chem Phys 1940;8:212.

[10] Mandelkern L, Alamo RG. In: Mark JE, editor. Physical Properties of
Polymer Handbook. New York: AIP Press, 1996:119.

B. Li et al. / Polymer 40 (1999) 5371–5375 5375

Fig. 9. Dependence of equilibrium crystallization temperature and melting
temperature on the composition of PEI (X andW for T0

c andT0
m, respec-

tively).


