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Abstract

The nonisothermal crystallization behavior of polyethylene oxide (PEO) in poly(ethylene terephthalate)—poly(ethyl-
ene oxide) (PET-PEO) segmented copolymer and PEO homopolymer has been studied by means of differential
scanning calorimetry, as well as transmission electron microscope. The kinetics of PEO in copolymer and PEO ho-
mopolymer under nonisothermal crystallization condition has been analyzed by Ozawa equation. The results show that
Ozawa equation only describes the crystallization behavior of PEO-6000 homopolymer successfully, but fails to de-
scribe the whole crystallization process of PEO in copolymer because the secondary crystallization in the later stage
could not be neglected. Due to the constraint of PET segments imposed on the PEO segments, a distinct two stage of
crystallization of PEO in copolymer has been investigated by using Avrami equation modified by Jeziorny to deal with
the nonisothermal crystallization data. In the case of PEO-6000 homopolymer, good linear relation for the whole
crystallization process is obtained owing to the secondary crystallization does not occur under our experimental
condition. © 2001 Elsevier Science Ltd. All rights reserved.
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fore, the investigation of the kinetics of polymer crys-
tallization under nonisothermal conditions is of great
significance for the technological optimization and
manufacture of high-performance polymeric materials.

1. Introduction

Investigations of the kinetics of polymer crystalliza-
tion are significant both theoretically and practically.

Most frequently, the investigations are conducted under
isothermal conditions because of the convenience of the
theoretical treatment of the data. On the other hand, in
practice, production and processing of the polymer
are often carried out under nonisothermal conditions,
typically the case of the melt spinning of fibers. There-
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Some quantitative evaluations of the kinetics of non-
isothermal crystallization have been reported [1-4].
However, because of the complication of the noniso-
thermal crystallization process, the different angle of
consideration of the investigators and the different
method of mathematical treatment, the applications of
their theories are limited. From an experimental point of
view, the technique of differential scanning calorimetry
(DSC) is a frequently used method to study the non-
isothermal crystallization temperature and enthalpy can
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be measured conveniently and quickly, and they are
related to cooling rate.

Block copolymers are an interesting and already well-
studied variation of polymers. In this class of polymer, it
is possible to combine the properties of two completely
different polymers without macroscopic phase separa-
tion occurring. Recently, block copolymer with crystal-
lizing blocks have increasingly attracted the attention of
scientists, because regulation of the crystal structure of
the components offers an additional possibility of opti-
mizing their properties [5]. However, less work has been
reported on the nonisothermal crystallization kinetics of
block copolymer, especially the block copolymer with
two crystallizing blocks. In a previous work [6], we have
studied the nonisothermal crystallization behavior of
ethylene terephthalate-ethylene oxide segmented co-
polymers with two crystallizing segments. The results
show that during the crystallization of the high-T,, seg-
ments (poly(ethylene terephthalate) (PET)), the low-T;,
segments (poly(ethylene oxide) (PEO)) act as a non-
crystalline diluent, the crystallization behavior of PET
obeys Ozawa theory. When PEO segments begin to
crystallize, the PET phase is always partially solidified
and the presence of the spherulitic microstructure of
PET profoundly influences the crystallization behavior,
which result the overall crystallization process does not
obey Ozawa equation.

This work presents the results of our investigation of
the nonisothermal crystallization kinetics of PEO in
PET-PEO segmented copolymer and PEO-6000 homo-
polymer by several kinetic approaches. The crystalliza-
tion behavior of PEO-6000 homopolymer obeys Ozawa
equation and Avrami equation modified by Jeziorny,
while PEO in copolymer does not.

2. Experimental
2.1. Materials

The PET-PEO segmented copolymer was provided
by the University of Science and Technology of China.
The PEO segment has a weight-average molar mass,
M,, = 6000, the weight fraction of the PET segment in
the PET30-PEO6 segmented copolymer is 0.30. PEO,
with number-average molecular weight M, = 6000, was
supplied by Shanghai Second Synthetic Detergent Firm.

2.2. Differential scanning calorimetry measurements

The nonisothermal crystallization process using a
Perkin—-Elmer DSC-7 under nitrogen purge by the
following procedure. The samples (about 8§ mg) of PET-
PEO segmented copolymer and PEO-6000 homopoly-
mer were heated to 280°C and 100°C, respectively and
kept at this temperature for 3 min. They were then

cooled with different cooling rates (namely R = 5, 10, 20,
40°Cmin~") and the heat flow during crystallization was
recorded as a function of time. The relative crystalliza-
tion, X;, as a function of temperature is defined as:

[y (dH/dT)dT

[ (dH./dT)dT M

t

where Ty and T, are the temperatures at which crystal-
lization starts and ends, respectively.

2.3. Transmission electron microscope observations

A JEOL TEM 2010 EXII transmission electron mi-
croscope (TEM) was used to examine morphology at
200 kV. Droplets of 0.1 wt.% 1.1.2.2-tetrachloroethane
solution of copolymer and 0.1 wt.% chloroform solution
of PEO homopolymer were placed onto carbon-coated
cleaved mica, respectively. First, the solvent evaporated
at room temperature for about three days, the films then
were held under vacuum at least 24 h. After post-
annealing which was the same as those used for the DSC
experiments (cooling rate is 5°C), pieces of the carbon
and polymer film were next floated onto water and
picked up with 400-mesh copper grids. Prior to obser-
vation by TEM, some of the specimens were exposed to
vapors of hydrazine solution for 5 h, after the unsatu-
rated bonds linked to the phenethyl of PET segments,
they were then transferred and put under the vapors of
an aqueous solution of osmium tetroxide (OsOy) for § h.
050, preferentially stains the unsaturated bonds of PET
segments. The samples thus obtained were obliquely
shadowed with Pt in a vacuum evaporator.

3. Theoretical background

Several methods for describing the crystallization
kinetics are based on the Avrami equation [7]

1 — X, = exp(—kt") (2)

where X, is the relative degree of crystallinity; the ex-
ponent 7 is a mechanism constant whose value depends
on the type of nucleation and growth dimension; the
parameter k is a growth rate constant involving both
nucleation and growth rate parameters.

Nakamura et al. [1,2] suggest a convenient procedure
for using isothermal data for nonisothermal kinetics, on
the basis of the following assumption: the rate of crys-
tallization at time ¢ only depends on the temperature
and the relative crystallinity reached at that time, inde-
pendently of the crystallization history.

Ozawa [4] extended the Avrami equation to the
nonisothermal condition. Assuming that nonisothermal
crystallization process may be composed of infinitesi-
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mally small isothermal crystallization steps, the follow-
ing equation has been derived:

1 =X, = exp(o(T)/R") 3)

where R is the cooling rate, X, is the relative crystallinity
at temperature 7, ¢(T) is the cooling function of the
process and m is the Ozawa exponent that depends on
the dimension of crystal growth. According to the
Ozawa analysis, if the relative crystallinities at different
cooling rates at a given temperature are chosen, the plot
of log[—In(1 — X;)] versus logR should give a series of
parallel lines. Then ¢(T) and m are determined from the
intercept and slope, respectively.

One approach used in the literature to describe the
nonisothermal crystallization process consists of apply-
ing the Avrami analysis to the data obtained from the
nonisothermal crystallization thermograph [8-10]. Dur-
ing the nonisothermal crystallization process, the rela-
tion between crystallization time ¢ and temperature 7 is
given by:

Th—T
=T

R 4)

where T is the temperature at time ¢, 7, is the initial
temperature when crystallization begins (¢ = 0). Using
Eq. (2) in double-logarithmic form, and plotting
log[—In(1 — X;)] against log¢ for each cooling rate, a
straight line is obtained, from which values of the two
adjustable parameters, k and n, can be obtained. It must
be taken into account that in nonisothermal crystalli-
zation, the values of k& and »n do not have the same
physical significant [9] as in the isothermal crystalliza-
tion, due to the fact that under nonisothermal condi-
tions the temperature changes constantly. This affects
the rates of both nuclei formation and spherulite growth
since they are temperature dependent. In this case, k£ and
n are two adjustable parameters to be fit to the data.
Although the physical meaning of k& and n cannot be
related in a simple way to the isothermal case, the use of
Eq. (2) provides further insight into the kinetics of
nonisothermal crystallization. Considering the noniso-
thermal character of the process investigated. Jeziorny
[11] point out that the parameter for value of rate k
should be adequately corrected. The factor that should
be considered was the cooling rate R of the polymer.
Assuming constant or approximately constant R the
final form of the parameter characterizing the kinetics of
nonisothermal crystallization (k,) was given as follows:
logk

logk, = R (5)

While the Avrami and Ozawa equations were rea-
sonable to some extent for many systems, a number of
workers tried to use it to fit experimental results ob-
tained from crystalline polymers and proposed some

modified form [12,13]. However, it is point out that all
models currently available are inadequate in predicting
nonisothermal crystallization kinetics based on isother-
mal data. For some polymer systems, such as poly-
(ether—ether—ketone) [9,10] and poly(ethylene oxide)/
poly(methyl methacrylate) blends [14], their crystalliza-
tion do not follow the Avrami and Ozawa equations.

4. Results and discussion

The results of the nonisothermal crystallization be-
havior of PET-PEO segmented copolymer and PEO-
6000 homopolymer are shown in Fig. 1. The exothermic
peak widens and shifts to lower temperature region as
the cooling rate increases. The starting temperature (7;),
temperature (Tp.x) and time (¢y,,) at maximum heat flow
(inflection point), and relative crystallinity Xp., under
different cooling rates of PEO in PET-PEO segmented
copolymer and PEO-6000 homopolymer are listed in
Table 1. The time to reach the inflection point increases
with decreasing cooling rate. The maximum in the heat
flow curves represents the changeover from the faster,
primary process of crystallization to a slower, secondary
process. This change results from the impingement of
growing crystallites. Prior to impingement, crystals grow
freely in a sea of amorphous polymer. After the im-
pingement of adjacent crystals, further crystallization
takes place in interlamellar regions and proceeds at a
much slower rate. Similar conclusions about the exis-
tence of two-stage crystallization have been reached by
Blundell et al. [15], and Lee and Porter [16]. For PEO in
PET-PEO segmented copolymer, about 40% relative
crystallinity has formed after time #,,, for all cooling
rates. This is in contrast to PEO-6000 homopolymer in
which the relative degree of crystallinity at f,,x increased
with the increasing cooling rate, reaching a maxi-
mum of 60.6%. These qualitative observations indicate
that nonisothermal crystallization kinetics of PEO in
PET-PEO segmented copolymer are different from that
of PEO-6000 homopolymer. This is reasonable as for
PET-PEO segmented copolymer, when the copolymer is
cooled from the amorphous phase to low temperature,
PET segments crystallize first and proceed through free
growth of spherulites from the homogeneous melt. The
PEO segments act as a noncrystalline diluent during the
crystallization of PET and start to crystallize later in
the mixed region of PEO and amorphous PET.

Integration of the exothermic peaks during the non-
isothermal crystallization process could give the relative
crystallinity, X;, as a function of temperature. The curves
of relative crystallinity as a function of temperature are
shown in Fig. 2 for PEO in copolymer (Fig. 2(a)) and
PEO homopolymer (Fig. 2(b)). All curves in Fig. 2(a)
show a reversed sigmoid shape, indicating fast primary
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Fig. 1. DSC nonisothermal crystallization curves of (a) PET-PEO segmented copolymer and (b) PEO-6000 homopolymer at different

cooling rates.

Table 1

Characteristic parameters of PEO in PET-PEO segmented copolymers and PEO-6000 homopolymer during nonisothermal crystal-

lization process

Cooling rate PET-PEO PEO-6000
(°Cmin™!)
T, (°C) Toax (°C)  fmax (min) Xy (%) T; (°C) Toax (°C)  fmax (min)  Xinax (%)
5 41.6 30.7 2.17 44.4 47.8 38.2 1.91 44.2
10 39.5 28.7 0.98 423 422 31.2 1.10 50.5
20 35.1 24.7 0.52 44.1 40.1 28.6 0.58 56.3
40 32.0 18.8 0.33 41.4 32.0 214 0.27 60.6

crystallization during the early stages and slower sec-
ondary crystallization during the later stages. We ob-
served that the crystallization develops rapidly, as if
there were no nucleation processes and hence no in-
duction period. This phenomenon is attributed to the
crystallizability of PET in the PET-PEO segmented
copolymer. To the contrary, Fig. 2(b) has a partial re-
versed sigmoid shape. The relative crystallinity still in-
creases fast in the later portion on each curve. These
indicate that PEO-6000 homopolymer has a significantly
larger fraction of crystallization developing by primary
processes.

Using Ozawa equation, the results of the noniso-
thermal crystallization kinetics of PEO in segmented
copolymer and PEO-6000 homopolymer are shown in
Fig. 3. From Fig. 3(a), it is evident that the Ozawa
analysis does not adequately describe the nonisothermal

crystallization kinetics because a large portion of the
crystallization is attributed to the secondary process.
Generally, the crystallization of polymer consists of two
processes: the primary crystallization and secondary
crystallization followed. Ozawa assumed that the effects
of secondary crystallization are negligible because it
occurred in the later period and the temperature went
down in the cooling crystallization process. Although it
takes place in the later stage, the secondary crystalliza-
tion is influenced greatly by the outside factors such as
the cooling rate, and the effect could not be neglected for
the nonisothermal crystallization of some polymer sys-
tems. Fig. 3(b), however, shows good linear relations,
this indicates that the Ozawa analysis can be used to
describe the nonisothermal crystallization of PEO-6000
homopolymer because secondary crystallization does
not occur under our experimental condition.
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Fig. 2. Development of relative crystallinity with temperature for nonisothermal crystallization at the indicated rates of (a) PEO in
PET-PEO segmented copolymer and (b) PEO-6000 homopolymer.
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Fig. 3. Plots of log[— In(1 — X;)] versus log R at the indicated temperature of (a) PEO in PET-PEO segmented copolymer and (b) PEO-

6000 homopolymer.

Another reason for the failure of the Ozawa model
may be due to the quasi-isothermal nature of the treat-
ment. Referring to Fig. 1(a), the line AA represents the
constant temperature 25°C. In the Ozawa analysis, the
relative crystallinity is determined by the intersection of

the constant temperature line with the experimental
data. Failure of the model may be attributed to the fact
that the experimental data are obtained from widely
varying physical states of the system. For the 25°C case,
line AA intersects the —40°Cmin~' data at the very
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earliest stages of crystallization, and intersects the
—5°Cmin~' data when crystallization is nearly com-
pleted. The crystallization kinetics should be very dif-
ferent at low and high relative crystallinity, but the
Ozawa analysis takes no account of these differences.
According to Eq. (4), the temperature scale could be
transformed into time scale, then the relative crystal-
linity X; as a function of time will be obtained. The
Avrami plots according to Eq. (2), log[—In(l — X;)]
against log¢ for different cooling rates are shown in Fig.
4. It is obvious that the initial stage of crystallization
follows the Avrami equation and holds in the region
from the beginning of crystallization to the roll-off to a
secondary process. The deviation of the Avrami plots is
attributed to spherulite impingement, which indicated
that there is a slow secondary crystallization continues
long after its boundary is formed. As pointed out by
Keith [17] and Kieth and Padden [18], spherulitic growth
proceeds with the systematic exclusion of less crystall-
izable or noncrystallizable “impurities” which collected
between the fibrils of the spherulite. The average values
of Avrami exponent for primary crystallization is 4.5 for
PEO in PET-PEO segmented copolymer (Table 2),
which corresponds to the three-dimensional spherical
growth and thermal nucleation in the initial stage of
crystallization where the free spherulitic growth ap-
proximation is valid. The distinct drop in the Avrami
exponent might suggest the possibility of a diffusion
controlled one dimensional slow secondary crystalliza-
tion of this excluded material continues and fills in the

(a)
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holes developed in the crystal [19]. Therefore, secondary
crystallization might correspond to the formation of a
new and more perfect and stable lamellae as a result of
the lamella-thickening effect. In the case of PEO-6000
homopolymer, the average value of Avrami exponent
for the whole crystallization process is 4.6 because se-
condary crystallization of PEO does not occur under
our experimental condition, which is in good agreement
with that result obtained by using Ozawa equation.
Shown in Fig. 5 are TEM micrographs of PET-PEO
segmented copolymer and PEO-6000 homopolymer with
the same thermal history as those for nonisothermal
crystallization kinetics study (cooling rate 5°C min™").
Fig. 5(a) is the morphology of PET-PEO segmented
copolymer which was stained by OsO,, in which the
morphology of PET (black spots) distributed in the
lamellae of PEO is observed because OsO, preferentially
stains the unsaturated bonds of PET, however, the de-
tailed structure was lost owing to the stain of OsO,. Fig.
5(b) shows the morphology of PEO-6000 homopolymer,
which is a complete spherulitic texture with an “eye-
like” morphology near the spherulitic center, which is
found for most spherulites during crystallization. The
different mechanism of PEO crystallization between
copolymer and homopolymer is results from the differ-
ent phase states of the system existing when PEO begins
to crystallize. For PET-PEO segmented copolymer,
crystallization of PEO takes place at temperature well
below the crystallization temperature of PET, which
means that the crystallized PET will always be partially
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Fig. 4. Plots of log[—In(1 — X;)] versus log¢ of (a) PEO in PET-PEO segmented copolymer and (b) PEO-6000 homopolymer for

nonisothermal crystallization at the indicated rate.
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Parameters n and —logk, of PEO in PET-PEO segmented copolymers and PEO-6000 homopolymer from the Avrami analysis of
nonisothermal crystallization

Cooling rate (°C min™!) PET-PEO PEO-6000

n —logk, n —logk,
5 4.5 0.64 53 2.2
10 4.3 0.17 4.6 0.84
20 4.6 0.03 4.2 0.32
40 4.7 0.01 4.0 0.12

b

Fig. 5. TEM image of PET-PEO segmented copolymer after stained by (a) OsO, and (b) PEO-6000 homopolymer.
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solidified when PEO starts to crystallize. The PEO seg-
ments, entangled with the PET chains, could only crys-
tallize in their own domains and will be restricted by
their own ability to undergo further crystallization,
which results in slow secondary crystallization. How-
ever, crystallization of PEO homopolymer always occurs
in a homogenous state, which results in a complete
spherulitic structure shown in Fig. 5(b).

5. Conclusion

Nonisothermal crystallization kinetics of PEO in
PET-PEO segmented copolymer and PEO-6000 homo-
polymer has been investigated by using DSC and TEM.
The kinetics of PEO in copolymer and PEO-6000
homopolymer under nonisothermal crystallization con-
dition has been analyzed by Ozawa equation. The
crystallization behavior of PEO-6000 obeys Ozawa
theory, while for PEO in copolymer, there is no agree-
ment with Ozawa theoretical predictions in the whole
crystallization process due to the secondary crystalliza-
tion in the later stage could not be neglected. The crys-
tallization mechanism and growth dimension of PEO in
copolymer in the primary crystallization process are the
same with those of PEO-6000 homopolymer. However,
the crystallization behavior of PEO in copolymer ap-
pears to be strongly influenced by the presence of PET,
which can be attributed to the fact that the PET phase is
partially solidified at the temperatures where PEO
crystallization takes place.
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