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ABSTRACT: The effect of polystyrene (PS) on the
kinetics of the cold crystallization of poly(ethylene tereph-
thalate) (PET) was thoroughly investigated. The PET/PS
blends were essentially immiscible, as observed by
dynamic mechanical thermal analysis, which showed two
distinct glass-transition temperatures, and by scanning
electron microscopy. The neat PET and its blends were
isothermally cold-crystallized at various temperatures,
and the kinetic parameters were determined with the
Avrami approach. PET and its blends presented values of
the Avrami exponent close to 2, and the kinetic constant
increased with the crystallization temperature increasing.
For all the crystallization temperatures studied, the pres-
ence of only 1 wt % PS significantly reduced the rate of
cold crystallization of PET. A further increase in the PS
concentration did not show any significant influence. The
blends presented higher values of the activation energy

for cold crystallization, which was estimated from Arrhe-
nius plots. The equilibrium melting temperature of neat
PET was determined on the basis of the linear Hoffman–
Weeks extrapolative method to be � 255�C. This value
decreased in the presence of PS, and this suggested lim-
ited solubility between PET and PS. From the spherulitic
growth equation proposed by Hoffman and Lauritzen, the
nucleation parameter was obtained, and it was shown to
be higher for the neat PET than for the blends. Moreover,
a transition of regimes (I ! II) was observed in both PET
and its blends. From the investigations conducted here, it
is clear that PS in small amounts causes a reduction in the
rate of PET crystallization, acting as an antinucleating
agent. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 114: 1884–
1895, 2009
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INTRODUCTION

It is a common sense that poly(ethylene terephtha-
late) (PET) is nowadays one of the most important
polymers, being used in a variety of products,
including packaging for mineral water, soft drinks,
and cosmetics as well as durable consumer products
such as those used in electronics. For some applica-
tions, materials with special characteristics and
improved properties may be necessary. One of the
desirable properties of PET bottles is transparency.
Early crystallization of PET during the injection-
blow-molding process, called cold crystallization,
may induce haze or even opacity, causing a change
in appearance and making the blow-molding stage
unfeasible (which is mostly important for process-
ing). This is the reason that the rate of crystallization
during both the cooling stage of the preform injec-
tion molding and the heating stage of the preform

before blowing must be low. On the other hand, a
higher level of crystallinity in the finished product is
required for PET bottles to withstand hot filling
processes. In summary, a (semi)crystalline polymer
is necessary, but the rate of crystallization should
not be too high. To obtain a compromise between
these two requirements, the PET grade for bottles is
usually a copolymer in which the comonomer makes
crystallization slightly more difficult.1 However, dif-
ferent contents and types of comonomers may be
necessary to acquire the desired crystallization pro-
perties with respect to the processing conditions and
product characteristics. This is not very easy to reach
from the market point of view on account of cost
and versatility reasons. The main point is that a new
grade requires a different polymerization setup.
To fulfill the conditions described previously for

controlling the rate of PET crystallization, an inter-
esting approach would be the development of an
additive that could be added before processing. If
this additive interfered with the crystallization of
PET but not with the polymer’s mechanical and
physical properties, then a great achievement would
be obtained. Blending an amorphous polymer with a
crystallizable polymer may cause a dramatic effect
on the thermodynamic and kinetic parameters of the
crystallization of the polymer.2,3 This appears to be a
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useful route for controlling the crystallization rate of
a crystalline polymer, but usually high contents of
the second constituent are added, also affecting the
physical and mechanical properties. In the current
study, low amounts of polystyrene (PS) were added
in an attempt to reduce the rate of cold crystalliza-
tion of PET. If this is achieved, the heating stage
during blow molding may have a wider operating
window, which could reduce the amount of scrap in
bottle factories. To achieve a systematic control of
crystallization, it is essential that the crystallization
kinetics be investigated in detail. This article reports
the isothermal cold crystallization kinetics of PET
and PET/PS blends and examines the changes in the
crystallization kinetics and morphology. The kinetics
of the cold crystallization of PET, because of its prac-
tical importance, has attracted a lot of attention from
the scientific community, and some of the published
work will be reviewed throughout the text.

EXPERIMENTAL

Materials

PET (bottle grade) was supplied by Rhodia-Ster S.A.
(Sao Paulo, Brazil) (Rhopet S78) with an intrinsic vis-
cosity of 0.78 dL/g and a weight-average molecular
weight of 48,000 g/mol. A general-purpose injection-
molding grade of PS was purchased from Dow (Sao
Paulo, Brazil) with the trade name of Styron 649D.
The thermal transition temperatures of the polymers
are shown in Table I, and their chemical structures
are shown in Figure 1.

Blend preparation

Before being mixed, the polymers were dried in an
oven with forced air circulation. PET was dried at
120�C for 6 h to prevent hydrolysis during the pro-
cessing,5–7 and PS was dried at 80�C for 14 h to
remove moisture.5,8 The mixture was conducted in a
System 90 torque rheometer from Haake-Büchler
(Waltham, MA, USA) coupled with a Rheomix 600
internal mixer and operating with roller-type rotors.
The mixing was performed at 265�C and 60 rpm for
10 min with 50 g of material. After compounding,
the melt was quickly quenched in a water–ice bath
to obtain amorphous blends.

Dynamic mechanical thermal analysis (DMTA)

A DMA 983 apparatus (TA Instruments, Kyoto, Ja-
pan) was used for measurements of the loss factor
(tan d). This was done under nitrogen, and the tem-
perature ranged from �20 to 200�C at 2�C/min with
a frequency of 1 Hz.

Differential scanning calorimetry (DSC)

DSC measurements were carried out with a Shimadzu
DSC-50 (Kyoto, Japan). The isothermal cold crystalli-
zation was achieved by the quick heating (� 100�C/
min) of the samples from room temperature to the tar-
get isothermal crystallization temperature (Tc). The
exothermic output was registered as a function of
time as long as no variation in the baseline was
observed. The target Tc values ranged from 110 to
160�C. If, during the experiment, the crystallization
started before the target temperature was reached, the
measurement was discarded. The kinetic parameters
of isothermal cold crystallization were obtained with
the Avrami approach,9 which is described later.

Scanning electron microscopy (SEM)

SEM analyses were carried out with an SSX 550
Superscan from Shimadzu. The samples were frac-
tured in liquid nitrogen and coated with gold to pre-
vent the accumulation of charges.10

RESULTS AND DISCUSSION

DMTA measurements

One of the most common ways of determining mis-
cibility in a polymer blend is the analysis of the
glass-transition temperatures (Tg’s) of the compo-
nents in the mixture. When the Tg values of the com-
ponents are not shifted with respect to the original
values, the blend is considered immiscible, whereas
the observation of only one Tg in an intermediate
position denotes miscibility. When partial miscibility
occurs, the values of Tg are shifted with respect to
each other.11 The samples studied here were ana-
lyzed with DMTA, which is the most accurate tech-
nique for Tg determination. The DMTA curves for
PS, PET, and a blend with 15 wt % PS are presented
in Figure 2, which shows that the Tg’s of PET and
PS in the blends are located close to their original

TABLE I
Thermal Transition Temperatures of PET and PS

Polymer Tg (
�C) Tc (

�C) Tm (�C)

PET 70 124 250
PS 94 — —

The data were taken from Wellen et al.4

Figure 1 Chemical structures of PET and PS.
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values; this indicates that the polymers form a two-
phase mixture. The second peak in the PET thermo-
gram (at � 140–150�C) might be an artifact of the
sample analysis due to, for instance, sample slippage
at the grips.

Isothermal cold crystallization

The DSC scans for the isothermal cold crystallization
of the neat PET and its blends with PS are shown in
Figure 3. The exotherms are shifted to shorter times
with increasing Tc, evidencing an increase in the
crystallization rate of PET. Similar behavior was
reported in a previous study of extruded PET foils
subjected to cold crystallization.12,13 This behavior
results from an increase in the molecular mobility
with increasing temperature, which facilitates crys-
talline ordering.14

Figure 3 Selected DSC exotherms for the isothermal cold crystallization of PET and PET/PS blends.

Figure 2 DMTA thermograms of PS, PET, and a blend
with 15 wt % PS.
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Figure 3 shows that the cold crystallization peak
of the neat PET at a given temperature occurred in a
shorter time interval in comparison with the blends
with PS, suggesting that the presence of PS reduced
the tendency of PET crystallization. Moreover, the
crystallization exotherms of the blends with 15 or 20
wt % PS were similar to those of the blends with
only 1 wt % PS (see also the kinetic data reported
later). This means that the addition of larger
amounts of PS does not have a significant influence
in reducing the rate of the cold crystallization of
PET. A similar trend was reported previously when
atactic polypropylene (PP) was added to isotactic PP
and a reduction in the rate of crystallization was
observed, regardless of the type and amount of
atactic PP.15–19 The authors argued that the atactic
molecules acted like noncrystallizable impurities,
disturbing the crystallization of PP.

In this work, the reduction of the crystallization
rate of PET in the presence of PS can be associated
with the solubility between the polymers. Although
the PET/PS blends are essentially immiscible, as
shown in Figures 2 and 12 (the latter of which is
shown with the SEM analyses), it is possible that a
very small fraction of PS molecules is actually solu-
ble in the amorphous phase of PET. This considera-
tion is based on the concept of solubility, in which
traces of a component can be soluble in a medium
even without a homogeneous mixture being formed
(where the solute is present in larger propor-
tions).2,11 In the case of PET/PS mixtures, the solu-
bility limit of PS in PET must be low (certainly <1
wt %, as shown later in Fig. 12), but even so, it can
hinder the crystallization of PET. The existence of a
low solubility limit explains the only slight influence
of higher concentrations of PS on the crystallization
kinetics of PET. In other words, when the solubility
limit is reached, additional molecules of PS just seg-
regate to the borders of the crystallization zone and
do not interfere with the crystallizability of PET. In a
recent article, Schababerle and Mitchell20 investi-
gated the effect of PS on the cold crystallization
behavior of PET when the blend was produced by
cryogenic mechanical attrition. Although the process
of blend preparation was different from the process
followed here and the amount of PS was much
higher, similar results were obtained for the dis-
placement of Tc. Using laser scanning confocal fluo-
rescent microscopy, they showed that PS was not
detected in the crystal phase of PET.20

Another aspect that can contribute to reducing the
crystallization rate of the blends is the higher glass
temperature (Tg) of PS with respect to PET (Table I).
Because Tg is related to the mobility of the polymer
segments, the presence of PS causes an increase in
the energy for the transport of the crystallizable
chains of PET toward the growing crystals, and as a

result, the crystallization of PET becomes more diffi-
cult in the presence of PS.21,22

From the DSC scans shown in Figure 3, the evolu-
tion of the relative crystallinity with crystallization
time t was calculated, and the curves for PET and for
the blend with 1 wt % PS are illustrated in Figure 4.
All the isotherms presented a sigmoidal form charac-
terizing a phase transformation without discontinu-
ities, which is typical in polymers. The variations that
occurred during solidification were marked by differ-
ences in the nucleation and crystalline growth rates,
without much difference in the morphological
growth.23–25 It can also be observed in Figure 4 that
the evolution of the relative crystallinity in the blends
shifted to longer times in comparison with PET, and
this indicates that PS decreases the crystallization
rate of PET. These results might be associated with
the presence of a fraction of noncrystallizable mole-
cules of PS in the PET phase.15,16

From the isotherms shown in Figure 4, the param-
eters t0.01 and t0.99 (i.e., the times to reach 1 and 99%
relative crystallinity, respectively) were calculated,
and the results are displayed in Figure 5. The blends

Figure 4 Evolution of Xt with t during the isothermal
cold crystallization of PET and blends with 1 wt % PS.
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with 1 or 15 wt % PS presented higher values of t0.01
and t0.99 in comparison with the neat PET at all tem-
peratures. It can also be observed that the addition
of larger amounts of PS did not contribute to a sub-
sequent increase in t0.01 or t0.99, and the blend with
15 wt % PS presented values similar to those
obtained with the blends with only 1 wt % PS.

The dependence of Tc on the half-time of crystalli-
zation (t0.5) is shown in Figure 6(a). t0.5 is a more
widely used parameter for evaluating the kinetics of
crystallization, representing the time to reach 50%
relative crystallinity under a given experimental con-
dition.14 t0.5 decreases with increasing Tc, and this
can be associated with a decrease in the polymer vis-
cosity, which facilitates chain mobility. The viscosity
can affect the nucleation rate as well as the crystal
growth rate.26 Figure 6 also indicates that the devel-
opment of the crystallinity of PET in the blend with
PS was slower than that of the neat PET; this agrees
with the crystallization exotherms of Figure 3 and

the isotherms of Figure 4. The parameter t0.5 was
used to determine crystallization rate C0.5, which was
taken as the inverse of t0.5. Figure 6(b) shows that
C0.5 increases linearly with Tc for PET and the PET/
PS blends, and the values obtained for PET are con-
siderably higher than those for the blends. This is
consistent with previous results and again indicates
that PS reduces the cold crystallization rate of PET.
A decrease in the crystallization rate of PET has

been previously observed in different systems, such
as poly(ethylene terephthalate-co-benzimidazole),
PET/polycarbonate, PET/Vectra A 900, PET/poly
(ether imide), and PET/poly(vinylidene fluoride),27–31

and it has been related to aspects such as an
increase in the melt viscosity, molecular segregation
of the second component, limited solubility among
the components, an increase in the activation
energy for isothermal crystallization, and a decrease
in the crystallizability of PET. Schababerle and
Mitchell20 considered the reduction in the rate of
PET crystallization in the presence of PS to be due

Figure 5 Effect of Tc on t0.01 and t0.99 of PET and PET/PS
blends.

Figure 6 Effect of Tc on t0.5 and C0.5 of PET and PET/PS
blends.
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to the enhancement of a rigid amorphous phase
that retarded the growth of PET crystals. In com-
parison with the results shown here, a significant
difference is that in the cases reported in the litera-
ture, the concentration of the second component
was reasonably high: between 10 and 50 wt %. The
use of only 1 wt % PS to reduce the rate of cold
crystallization of PET to a degree similar to what
was obtained with much higher concentrations
highlights the importance of this investigation. At
this concentration, no significant effects on the me-
chanical and optical properties of PET were
detected.4 In addition, the procedures for the indus-
trial application of these blends in the manufacture
of bottles and thermoformed products, for example,
are quite simple and require no change in compari-
son with the processing of neat PET. It is possible
that even lower amounts of PS could lead to simi-
lar results in reducing the crystallization rate of
PET, and this is a topic for further study.

Kinetics of isothermal cold crystallization:
the Avrami theory

Because the relative degree of crystallinity at crystal-
lization time t (Xt) increases with t, following an S-
shaped curve, the Avrami equation can be used to
analyze the isothermal cold crystallization kinetics of
PET and its blends as follows9,32,33:

1� Xt ¼ e�Ktn (1)

where n is the Avrami exponent, which is depend-
ent on the nature of the nucleation and growth ge-
ometry of the crystals, and K is the crystallization
rate constant, which depends on the nucleation and
growth rates.

For practical purposes, eq. (1) can be rewritten in
its double logarithmic form:

Log �Ln 1� Xtð Þ½ � ¼ LogK þ nLog t (2)

Accordingly, Avrami parameters n and K can be
obtained from the slope and intercept, respectively,
of a plot of Log[�ln(1 � Xt)] versus Log t.

Avrami plots for PET and for the blend with 1 wt
% PS obtained with different Tc values were built
from the crystallization isotherms of Figure 4 and
are shown in Figure 7. Some kinetic curves pre-
sented a linear stage followed by a nonlinear one at
the end of the crystallization process, and this indi-
cated that in these cases the crystallization occurred
in two stages. Crystallization in two stages is a
well-known phenomenon and frequently happens
because of the interference among crystals at the end
of the primary crystallization; this is called second-
ary crystallization.34,35 In this work, two-stage
behavior was detected for some compositions (nor-

mally those containing PS) and Tc values, but the
data (n and K) were taken just from the main crys-
tallization process, that is, the first stage. Crystalliza-
tion in two stages due to secondary crystallization
has been observed by several authors in different
polymer systems, including poly(ether ether ke-
tone),36 PET/poly(ether imide),37 PET,38 poly(pheny-
lene sulfide),39 poly(methylene terephthalate),40

poly(butylene terephthalate),41 poly(trimethylene ter-
ephthalate),42 PP,43 nylon 11,44 poly(ethylene tereph-
thalate-co-ethylene oxide),45 syndiotactic PS/atactic
PS,46 PET/polycarbonate,47 and nylon 11/nylon 66.48

In the case of the blends studied here, it is possible
that the second stage in the Avrami plots is also related
to the molecular segregation of the PS (noncrystalliz-
able) molecules, which contributes to the decrease in
the crystalline growth rate. Similar behavior was pre-
viously observed in blends such as poly(ethylene ox-
ide)/poly(ether sulfone),49 linear polyethylene/low-
density polyethylene,50 polyhydroxybutyrate/poly
(hydroxybutyrate hydroxyvalerate),51 syndiotactic PS/

Figure 7 Examples of Avrami plots for the isothermal
cold crystallization of PET and blends with 1 wt % PS.
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isotactic PS, and syndiotactic PS/atactic PS,52 in which
the amount of segregated molecules showed a de-
pendence on the cooling/heating conditions during
crystallization.

From the Avrami plots (Fig. 7), the parameters n
and K were determined, and the results are shown
in Table II and Figure 8. n presented values close to
2 for PET and for the blends, and this is associated
with a disklike growth generated by heterogeneous
nucleation.9,32,33 Similar values of n were previously
obtained for PET53–55 and PET/poly(ethylene oxide)
blends.45 The values of kinetic parameter K
increased progressively with increasing Tc (Fig. 8) as
a result of the higher molecular mobility. In Figure
8, it can also be observed that the blends had much
lower values of K than the neat PET because of the
reduction of the crystallization rate in the presence
of noncrystallizable molecules, as discussed previ-
ously. For example, when the samples were submit-
ted to isothermal crystallization at 150�C, PET
presented a K value of 2.32 � 10�3 s�1, whereas the
blends with 1 and 15 wt % PS presented values of
0.53 � 10�3 and 1.12 � 10�3 s�1, respectively. For
this temperature, a decrease in the cold crystalliza-
tion rate of PET of approximately 80% in the blend
with 1 wt % PS and of approximately 50% in the
blend with 15 wt % PS was observed. These results
are consistent with those shown in Figure 6.

t0.5, defined as the time at which the relative crys-
tallinity is 50 wt % complete, can also be determined
from the measured kinetic parameters as follows:

t0:5 ¼ Ln2

K

� �1=2

(3)

The calculated values of t0.5 from eq. (3) for sev-
eral Tc values are listed in Table II, and the results

are quite consistent with those obtained from the
experimental curves of Figure 4. This also indicates
that the Avrami analysis can be satisfactorily
employed to describe the first stage of the isothermal
cold crystallization of PET.56

Activation energy for cold crystallization

The crystallization process of PET is assumed to be
thermally activated, and then crystallization parame-
ter K can be approximately described by the Arrhe-
nius equation36,40,44,56,57:

K1=n ¼ Ko exp � DE
RTc

� �
(4)

TABLE II
Parameters of the Isothermal Cold Crystallization of PET and PET/PS Blends: t0.5 and Avrami Parameters n and K for

the First Stage of Isothermal Crystallization

Tc

(�C)

PET 1 wt % PS 15 wt % PS

t0.5

n
K

(10�3 s�1)

t0.5

n
K

(10�3 s�1)

t0.5

n
K

(10�3 s�1)Experimental eq. (3) Experimental eq. (3) Experimental eq. (3)

110 1.10 0.98 1.93 0.204 — — — — — — — —
115 0.84 0.81 1.94 0.306 — — — — — — — —
120 0.80 0.72 1.88 0.380 — — — — — — — —
125 0.56 0.627 2.01 0.466 — — — — — — — —
130 0.50 0.51 2.00 0.732 1.54 1.56 2.02 0.076 — — — —
135 0.42 0.427 1.97 1.091 1.13 1.11 1.96 0.160 1.09 0.92 1.88 0.241
140 0.35 0.35 1.98 1.518 0.88 0.88 1.99 0.250 0.99 1.05 2.10 0.137
145 0.32 0.30 1.87 2.316 0.78 0.89 2.10 0.226 0.95 0.89 2.02 0.189
150 0.30 0.29 1.90 2.317 0.60 0.60 2.00 0.526 1.95 1.189
155 — — — — 0.58 0.62 2.01 0.454 0.51 0.55 1.98 0.910
160 — — — — 0.46 0.51 2.12 0.678 — — 1.98 1.458

t0.5 was obtained experimentally (Fig. 4) and with eq. (3).

Figure 8 Effect of Tc on K of PET and blends with PS.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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where Ko is a temperature-dependent pre-exponen-
tial factor; R is the gas constant; and DE is the total
activation energy, which consists of the transport
activation energy and the nucleation activation
energy.

DE can be determined from the slope of the plots
of 1/n Ln K versus 1/Tc. These plots are shown in
Figure 9 for PET and PET/PS blends. The value of
DE for the first stage of the cold crystallization of
PET was 48.7 kJ/mol. The literature presents a wide
range of values for the activation energy of PET
crystallization, 83–300 kJ/mol, depending on the
crystallization modes (cold or from the melt), molar
mass, comonomers, and polymerization condi-
tions.55,58–61 Wide variations from grade to grade
could result from different values of this property.
The activation energies of the blends with 1, 15, and
20 wt % PS were 61.5, 67.3, and 70.0 kJ/mol, respec-
tively. The higher values of DE for the blends indi-
cate that cold crystallization is thermodynamically
less favorable. A larger amount of energy should be
supplied for the occurrence of crystallization, and
this agrees with the results shown previously
throughout this article.

Equilibrium melting temperature (Tm
0)

A study of the melting behavior was conducted with
DSC for PET and PET/PS blends previously sub-
jected to isothermal cold crystallization, and selected
melting endotherms are given in Figure 10. The
melting behavior of PET seemingly did not change
in a significant way with the addition of PS at the
different Tc values investigated. Because polymer
melting occurs in a wide interval of temperatures on
account of the different sizes and perfection of the

crystals, the value of the melting temperature (Tm),
taken as the peak of the curve, is not a truly intrinsic
property of the material. For that purpose, T0

m was
determined. This represents the stability of crystals
of infinite size and, therefore, constitutes a better pa-
rameter for evaluating the differences in the thermal
stability for several compositions.62

According to a theoretical consideration by Hoff-
man and Weeks,63 T0

m can be obtained in a plot of
Tm versus Tc as the intersection of the resulting
straight line with the line Tm ¼ Tc, and the depend-
ence of Tm on Tc is given by

Tm ¼ T0
m 1� 1

2b

� �
þ 1

2b
Tc (5)

where b is the thickening ratio. In other words, b is
the ratio of the thickness of the mature crystallites
(lc) to the thickness of the initial ones (lc*); therefore,
b is equal to lc/lc*, which is supposed to be always
greater than or equal to 1.
From the endotherms of Figure 10, the T0

m values
of PET and PET/PS blends were calculated, and
the obtained values are summarized in Table III.

Figure 9 Arrhenius plots for the determination of the
activation energy of the isothermal cold crystallization of
PET and PET/PS blends.

Figure 10 Melting endotherms of PET and PET/PS
blends after isothermal cold crystallization at different
temperatures.
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Examples of these plots and calculations are easily
found in the literature.64 T0

m of PET was approxi-
mately 255�C, which is within the range of values
found in the literature (245–310�C).27,31,37,42,61,65–68

Such remarkable discrepancies in the values of T0
m

can be attributed to two main factors. First, there are
different ways of estimating T0

m. Some authors69,70

have employed the fundamental Thomson–Gibbs
equation, which considers the depression of Tm that
an infinitely thick crystal will suffer when it is di-
vided by the thickness of the lamellae (lc). Other
authors1,42,71 have used the most common method of
Hoffman and Weeks. A third method is an optical
microscopy approach used to observe the melting
behavior. Second, high-Tm polymers such as PET
may show multiple melting endotherms, and this
often gives rise to controversies with respect to
which one is the most appropriate melting point.56

The results given in Table III show that the T0
m

values of the blends were clearly lower than those of
the neat PET. The small but clear variation in this
parameter indicates that PS molecules are actually
disturbing the crystallization of PET, making the
crystals less stable. This indicates that there is some
solubility among the polymers, as speculated previ-
ously to explain the reduction in the crystallization
rate of PET in the presence of PS (Figs. 6 and 8). Not
surprising, one of the methods that is used to evalu-
ate the miscibility of blends based on a semicrystal-
line polymer and an amorphous polymer is the
depression of Tm of the crystallizable component.3,11

From the melting endotherms of Figure 10, the
melting enthalpy (DHm) values of the neat PET and
the blends were also calculated, and the results are
given in Table III, together with the crystallinity
degree (Xc), which was calculated as follows:

Xc ¼ DHm

DH0
m

(6)

where DHm
0 is the melting enthalpy of the crystals

(117.65 J/g).72,73

The values of the PET crystallinity showed just
small variations in the presence of PS. This is a good
result because in many applications a high degree of
crystallinity is an important requirement. It is also
worth mentioning that the mechanical properties of
the blends were not different from those obtained

with the neat PET, as shown in a previous article.4

This is highly relevant from a technological point of
view given that the addition of only 1 wt % PS will
reduce industry scrap through a wider processing
window and, at the same time, make feasible prod-
ucts with good thermal, mechanical, and optical
properties.

Crystal growth and nucleation rate
parameter analysis

The crystal growth rate (G) was analyzed with the
Lauritzen–Hoffman equation:

G ¼ Go exp � U�

R Tc � T1ð Þ
� �

exp � Kg

Tc To
m � Tc

� �
f

" #
(7)

where Go is a temperature-independent pre-expo-
nential factor (lm/min); U* is the activation energy
for the transportation of segments of molecules
(J/mol); R is the universal gas constant (J/mol K);
T1 is the temperature at which the molecules are
motionless [T1(K) ¼ Tg � 30 K (a temperature
below which the polymer chain movement ceases)];
Kg is the nucleation constant; and f is a factor com-
pensating for the temperature dependence of the
fusion enthalpy, that is, f ¼ 2Tc= Tc þ T0

m

� �
The first exponential term in eq. (7) contains the

contribution of the diffusion process to the growth
rate, and the second one is the contribution of the
nucleation process.
Equation (7) is usually rearranged into a log form:

LogGþ U�

2:3RðTc � T1Þ ¼ LogGo �
Kg

2:3TcðDTÞf (8)

According to Caminiti et al.,39 the bulk crystalliza-
tion rate, normalized for n, may be assumed to be
proportional to G:

G / K1=n (9)

The spherulitic growth rate assumes the following
form:

LogK1=n þ U�

2:3R Tc �T1ð Þ ¼ LogGo �
Kg

2:3TcðDTÞf (10)

The plot of the left-hand side of eq. (10) versus 1/
(TcDTf) gives a straight line, from which �Kg is
obtained (Fig. 11). From this figure, it is clear that
both the neat PET and the blend with 1 wt % PS
present two crystalline growth regimes. For low Tc

values, regime II is observed when nucleation is the
dominant process, and for high Tc values, regime I
is observed, with the crystalline growth being the
dominant process.74 Kg, determined from the plots
of Figure 11, has the following values: for PET, KgI

TABLE III
T0
m, DHm, and Xc Values of PET and Its Blends with PS

Composition T0
m (�C) DHm (J/g) Xc (wt %)

PET 255 31.04 26
1 wt % PS 250 28.14 24
15 wt % PS 246 29.60 25
20 wt % PS 248 29.40 25
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¼ 6.08 � 104 K�2 and KgII ¼ 1.67 � 105 K�2, and for
the blend with 1 wt % PS, KgI ¼ 3.18 � 104 K�2 and
KgII ¼ 0.69 � 105 K�2. Because regime II occurs at
low temperatures at which nucleation is the domi-
nant process, it is easily understood that KgII is
greater than KgI. It can also be observed that both
KgI and KgII are higher for the neat PET, and this
means that during the isothermal cold crystalliza-
tion, the neat PET presented a higher tendency for
nucleus formation with respect to the blend with PS.

The nucleation rate of a semicrystalline polymer
such as PET depends partly on the viscosity at Tc

and mainly on the energy barrier to form stable
nuclei for further crystal growth. The presence of a
second, immiscible phase in a polymer blend can
reduce or raise the energy barrier because of the
negative or positive contribution of interfacial
energy, which facilitates or makes more difficult the
formation of nuclei.26 In PET/PS blends, even
though there was no significant variation in the vis-

cosity, an expressive increase of the activation
energy for the cold crystallization of PET was
observed when PS was added, contributing to the
low values observed in the nucleation parameters.
The ultimate result is a slow crystallization rate of
PET in the blends, as shown before in Figures 3, 6,
and 8. From these results, it is clear that PS reduces
the rate of cold crystallization of PET by reducing
the nucleation rate. It turns out that PS is actually an
antinucleating additive to PET, acting in the oppo-
site way of nucleating agents, which accelerate the
rate of crystallization of semicrystalline polymers.

SEM

The morphology of PET and the blends with 1 and
15 wt % PS was examined with SEM; Figure 12
shows a two-phase structure composed of the PET
matrix, and nearly spherical particles of PS can be
clearly noticed. It can also be observed in the SEM
images that the polymers PET and PS present low
interfacial adhesion because PS particles were taken
out of the PET matrix. The average diameters of

Figure 11 Plot of Log G þ U*/2.3R(Tc � Tg þ 30) versus
1/(TcDTf) for PET and a blend with 1 wt % PS.

Figure 12 SEM images of (a) PET and (b) a blend with 1
wt % PS.
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dispersed domains of PS in the blends were 0.8 and
2.4 lm for the 1 and 15 wt % blends, respectively.
According to Favis and Willis,75 blends with a mo-
bile interface (immiscible blends) coalesce very eas-
ily, and the size of the domains is highly dependent
on the composition.

CONCLUSIONS

In this study, the isothermal cold crystallization of
PET and PET/PS blends was analyzed with DSC,
and the Avrami equation was used in the determina-
tion of the kinetic parameters. The main conclusions
are as follows:

• The PET/PS polymer blends formed predomi-
nantly two-phase mixtures, as observed by
DMTA and SEM. The depression of the melt
equilibrium temperature of PET with the addi-
tion of PS, on the other hand, indicated the
occurrence of limited solubility between the
blend components.

• The presence of PS, even at low concentrations
(1 wt %), significantly reduced cold crystalliza-
tion constant K of PET.

• The activation energy for the isothermal crystal-
lization of PET was higher for the blends as a
result of the more difficult crystallization.

• The values of Kg were lower for the blends with
PS, indicating that this is actually an antinucleat-
ing additive to PET.

The authors thank Maria Isabel Felisberti (Universidade
Estadual de Campinas–São Paulo) for DMTA and Rhodia
(nowM&G) for PET.
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