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ABSTRACT: The influence of small amounts of poly(sty-
rene-co-acrylonitrile) (SAN) on the non-isothermal cold
crystallization behavior and morphology of poly(ethylene
terephthalate) (PET) was investigated by dynamic-mechan-
ical thermal analysis, differential scanning calorimetry
(DSC), optical microscopy, and scanning electron micros-
copy. The results indicated that SAN had a limited solubil-
ity in the amorphous phase of PET although in a larger
scale a phase separation occurred. The addition of 1 wt %
of SAN promoted a significant reduction in the crystalliza-

tion rate of PET, acting as an antinucleating agent. The
kinetics parameters were determined applying both
the Ozawa and Mo approaches. Mo’s model described the
crystallization evolution better than the Ozawa one
because it is possible to analyze the kinetic parameters
in similar range of crystallinity degrees. VC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 116: 1077–1087, 2010
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INTRODUCTION

The market for PET blow-molded products is in
constant growth and, as a consequence, a great inter-
est for grades with suitable characteristics and
improved properties is noted. In the manufacture of
PET blow-molded products, first the polymer melt is
injected into a cold mold to produce an amorphous
preform. This preform is then reheated above the
glass temperature of PET and, in the rubbery state,
is submitted to a simultaneous blowing and stretch-
ing process.1 The final product is both transparent
and semi-crystalline, with suitable mechanical and
barrier properties. The main problem that the indus-
try faces in this process is the early crystallization of
PET that frequently occurs during the reheating
stage. This is named cold crystallization, and is
observed visually as haze or even opacity in the pre-
forms. When this occurs, the preform looses its elas-
ticity in the rubbery state, turning the blow molding
stage unfeasible as the final shape is not properly
obtained.

It has been shown before that blending PET with
other polymers may reduce the rate of crystalliza-
tion.2–4 Another approach to reduce the tendency of
PET to crystallize is to add comonomers in the poly-

merization reactor, obtaining copolymers.5,6 How-
ever, in all the examples shown above two disadvan-
tages are evident: (i) when copolymers are produced,
a change in the polymerization conditions has to be
done, resulting in huge implications to the industry
procedures, including a reduction in production ver-
satility and an increase in costs; (ii) when blends are
prepared, at least in the studies cited earlier, the sec-
ond component is usually added in reasonably high
concentrations—between 10 and 50 wt %, with many
implications to mechanical and optical properties and
also to processing conditions. From the practical
point of view, it is highly desirable that any change in
the material characteristics do not lead to a change in
the manufacturing procedures.
In previous works,7,8 the current authors reported

the effect of polystyrene (PS) on the isothermal cold
crystallization and morphology of PET. These stud-
ies showed that adding small amounts of PS caused
a significant reduction on the rate of crystallization
of PET, broadening the operating window of the
blow molding process but with no reduction in the
product properties. These studies were done under
isothermal conditions and the kinetics was evaluated
using the Avrami approach.
The present article expands the previous investi-

gation, using this time the amorphous copolymer
styrene-acrylonitrile (SAN) in blends with PET and
applying non-isothermal conditions to study the
crystallization behavior. This blend is known to be
immiscible,9 but the higher polarity of SAN in
comparison to polystyrene may cause a change in
the crystallization behavior of PET. Blending an
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amorphous polymer to a crystallizable one may
cause a dramatic effect on the thermodynamic and
kinetic parameters that control the crystallization of
the crystalline polymer.10 To provide a systematic
control of crystallization, it is essential that the crys-
tallization kinetics of a polymer blend is investigated
in detail. The kinetic parameters of non-isothermal
crystallization were determined by using the theo-
ries developed by Ozawa11 and Mo.12

THEORETICAL BACKGROUND

In the study of non-isothermal crystallization using
DSC, the heat released during crystallization is a
function of temperature rather than time as in the
case of isothermal crystallization. As a result, the rel-
ative crystallinity XT can be formulated as:

XT ¼
R T
T0

dHc

dT

� �
dT

DHc
(1)

where To and T are the onset of crystallization and
an arbitrary temperature, respectively, dHc is the en-
thalpy of crystallization released during an infinitesi-
mal temperature range dT, DHc is the total enthalpy
of crystallization for a specific heating/cooling
condition.

To use eq. (1) in the analysis of non-isothermal
crystallization data obtained by DSC, it is assumed
that the sample experiences the same thermal his-
tory as designated by DSC furnace. This is achieved
only when the temperature lag between the sample
and the furnace is kept at a minimal.13 If this
assumption is valid then the relation between the
crystallization time t and the sample temperature T
can be taken as:

t ¼ T0 � T

u
(2)

where u is the heating/cooling rate.
According to eq. (2), the temperature axis

observed in a DSC thermogram for the non-isother-
mal crystallization data can be transformed into the
time scale.

The most common approach to describe the over-
all isothermal crystallization is the Avrami theory,14

in which the relative crystallinity as a function of
time can be expressed in the following form:

1� Xt ¼ e�Ktn (3)

where n is the Avrami exponent, which depends on
the nature of the nucleation and growth geometry of
the crystals.

K is the crystallization rate constant, which
depends on the nucleation and growth rates.
On the basis of a mathematical derivation, Ozawa11

extended the Avrami theory to describe the non-iso-
thermal crystallization by assuming that the sample
was heated with a constant rate from the glassy state
(or cooled from the melt). In the Ozawa theory, the
time variable in the Avrami equation was replaced by
a heating/cooling rate and the relative crystallinity as
function of constant heating/cooling rate u is:

XT ¼ 1� exp � KðTÞ
um

� �� �
(4)

where m and K(T) are the Ozawa exponent and the
Ozawa crystallization rate constant, respectively.
Both parameters hold a similar meaning to those of
the Avrami approach.
Analytically, the kinetic parameters can be

obtained from a least-squared line drawn through
the bulk of the data, according to the plot of
Ln[�Ln(1 � XT)] versus Log u for a fixed tempera-
ture, in which K(T) and m can be determined from
the y-intercept and the slope, respectively.
To find a method to describe exactly the non-isother-

mal crystallization process, Mo et al.12 developed a novel
kinetic approach by combining the Avrami equation [eq.
(3)] with the Ozawa equation [eq. (4)] as follows:

Log K þ n Log t ¼ Log KðTÞ �m Log u (5)

Log u ¼ 1

m
Log

KðTÞ
K

� �
� n

m
Log t (6)

Taking

FðTÞ ¼
KðTÞ
K

� �1=m
and a ¼ n

m

The final form of Mo equation is:

Log u ¼ Log FðTÞ � a Log t (7)

where F(T) is a parameter which is dependent on the
heating rate and a is the ratio between Avrami and
Ozawa exponents.
The kinetic parameters are obtained from a least-

squared line drawn through the bulk of the data in
the plot of Log u versus Log t at a given crystallinity
degree, whereas Log F(T) and a can be determined
from the y-intercept and the slope, respectively.

EXPERIMENTAL

Materials

PET (bottle grade) was supplied by Rhodia-Ster
(Rhopet S78), with an intrinsic viscosity [g] of
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0.78 dL/g and Mw ¼ 48,000 g/mol. The copolymer
of styrene and acrylonitrile (SAN) was Basf Luran
358N that is normally used for injection molding.
Both polymers were used as received and no infor-
mation was given by the producers regarding the
additives present in them.

Compounding

Before mixing, the polymers were previously dried
in the oven with forced air circulation. PET was
dried at 120�C for 6 h to avoid hydrolysis during
processing, and SAN was dried at 80�C for 14 h to
remove moisture. The compounding was conducted
in a torque rheometer System-90 of Haake-Büchler
coupled with the internal mixer Rheomix 600, oper-
ating with rotors of roller type. The mixture was
done at 265�C and 60 rpm, during 10 min using 50
grams of material. After compounding, the melt was
quickly quenched in water/ice to obtain amorphous
blends. This procedure was used for both neat PET
and the blends. The samples for DMA and SEM
were obtained by hand pressing the melt material
between spatulas while quenching.

Sample characterization

Measurements of loss factor (tan d) were obtained
using a DMA 983 (TA Instruments) equipment by
heating the amorphous samples from �20 to 200�C,
with a frequency of 1 Hz and heating rate of 2�C/
min, under nitrogen.

Differential scanning calorimetry measurements
were carried out in a Shimadzu DSC-50 equipment.
Glassy samples were heated from room temperature
to 300�C, using heating rates ranging from 1 to
50�C/min. From the thermograms the thermal pa-
rameters were obtained and the analysis of crystalli-
zation kinetics was conducted, following the theoret-
ical background shown before.

Scanning electron microscopy (SEM) analyzes
were done in a Shimadzu SSX 550 Superscan. The
samples were fractured in liquid nitrogen and cov-
ered with gold to avoid charging. Polarized light mi-
croscopy analyzes were done with an Olympus
B201. The samples were placed between glass sheets
and heated to 270�C; the sheets were then quickly
quenched in water/ice to produce amorphous sam-
ples. The morphology developed during the cold
crystallization was analyzed using a heating rate of
10�C/min.

RESULTS AND DISCUSSION

Dynamic-mechanical thermal analysis

The Dynamic-mechanical thermal analysis (DMTA)
results of tan d for SAN, PET, and the blends with 1
and 20 wt % SAN are presented in Figure 1. This
property is related to the ability of the sample to dis-
sipate energy and the peak position is considered as
the most appropriate method to measure the glass
transition temperature of polymers.15 From Figure 1,
it is clear that the peaks position corresponding to
the glass transitions of PET and SAN are not
affected in the blends when compared to the pure
polymer, indicating that the two components are im-
miscible. Other humps that appear in the thermo-
grams may be artefacts of sample analysis, due to,
for instance, sample slipping at the grips. For the
sample with 1% wt SAN the peak related to the Tg

of SAN did not appear due to the low content of
this component.

Non-isothermal cold crystallization

DSC scans for PET and for the blends with 1, 15,
and 20 wt % SAN are shown in Figure 2. The addi-
tion of SAN caused a displacement of the

Figure 1 DMTA analysis of PET, SAN, and the blends.

Figure 2 DSC scans for PET and PET þ SAN blends
using a heating rate of 10�C/min.
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crystallization exotherms toward higher tempera-
tures. Somewhat similar behavior was observed in
other combinations, like PEO þ PES16 and PET þ
PC.17 The crystallization shift with 1% SAN in Fig-
ure 2 was quite significant (� 15�C) but further
increases in SAN concentration did not promote
more displacement in the crystallization range of
PET. This is rather similar to what was reported
before by the present authors for PET þ PS blends8

in isothermal conditions. Although PET þ SAN
blends are essentially immiscible (see the SEM ana-
lyzes later), it is possible that a very small fraction of
SAN molecules is actually soluble in the amorphous
phase of PET. This consideration is based on the
concept of solubility, where traces of a component
can be soluble in a medium even without forming
an homogeneous mixture (where the solute is pres-
ent in larger proportions).18 In the case of PET þ
SAN mixtures, the solubility limit of SAN in PET
must be low (certainly less than 1 wt %, as phase
separation was observed with this concentration19),
but it is able to hinder the crystallization of PET. No
data from the literature was obtained about the solu-
bility of this pair of polymers, however. The exis-
tence of a low solubility limit explains the little
influence of higher concentrations of SAN in the
cold crystallization of PET. The use of only 1 wt %
of SAN to increase the temperature of cold crystalli-
zation of PET in a similar way to what was obtained
with much higher concentrations, highlights the im-
portance of the current investigation. In this concen-
tration, no significant effects were detected in the
mechanical and optical properties of PET.19 In addi-
tion, the procedures for industrial application of
these blends, in the manufacture of bottles and ther-
moformed products for example, are quite simple
and require no change in comparison to the process-
ing of neat PET. From these results the blend with 1
wt % SAN was selected for a more detailed study.

From dynamic DSC heating experiments the crys-
tallization exotherms as a function of temperature
are obtained for various heating rates, as shown in
Figure 3 for PET and for the blend with 1 wt %
SAN. A displacement of the crystallization exotherm
to higher temperatures is observed when the heating
rate is increased. The cold crystallization tempera-
ture range depends on the magnitude of the nuclea-
tion and crystalline growth rates; for high heating
rates less time is available for crystallization and,
therefore, the whole process is delayed to higher
temperatures. It is also observed in Figure 3 that the
exotherms of the blends with SAN occurred at
higher temperatures when compared to the ones
obtained with the pure PET. This was observed in
all heating rates and confirms the observation made
before that the presence of SAN, even in very small
amounts, reduced the crystallization rate of PET.

Also from Figure 3, the melting endotherms of PET
seemingly did not present significant changes with
the different heating rates used or with the addition
of SAN, i.e., the differences in Tm among the various
samples and conditions were less than 1�C.
The temperature range for non-isothermal crystal-

lization (DTc), taken as the difference between the
starting and the ending of cold crystallization in
DSC heating thermograms, can be considered as an
indicative of the crystallization rate; higher Tc and
wider DTc imply that PET has more difficulty to
cold crystallize. The results of Figure 4 show an
increase in Tc and DTc with increasing heating rate.
Moreover, for all heating rates PET presented values
of Tc and DTc lower than those obtained with the
blends with SAN, suggesting that in the neat poly-
mer a smaller amount of energy is necessary for the
relaxation of the amorphous fraction, facilitating the
cold crystallization. The increase in Tc and DTc in
the blends can be ascribed to the reduction of the
crystallizability of the molecules due to the presence
of the non-crystallizable component.20

According to Beck et al.21 the nucleation rate (N)
can be taken as the tangent of the linear part of

Figure 3 Selected DSC scans for PET and for the blend
with 1 wt % SAN. The heating rates (in �C/min) are
indicated.
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starting of crystallization exotherm. This procedure
was done for PET and PET þ SAN blends using the
exotherms of Figure 3 and the results are given in Fig-
ure 5. The nucleation rate increased with the heating
rate and all values were higher for PET than for the
blends. It is remarkable that only 1% of SAN pro-
moted such a significant reduction in the nucleation
rate of PET, which can be associated to an existence of
limited solubility between PET and SAN, as discussed
before. An increase in the energy necessary for the for-
mation of the nucleus as well as bigger crystalline
entities (see Fig. 12 latter on) should result in a lower
nucleation rate.22 Because of this significant reduction
in N the copolymer SAN can be considered as an
‘‘antinucleating agent’’8 on the cold crystallization
process of PET in contrast to the nucleating agents
that increase the nucleation rate of polymers.

Compounds used to reduce the crystallization rate
of PET are scarce in the literature; examples of these
agents are THP comonomer,5 SSBA sodium salt,23

and nanosilica.24 However, in these cases a high
amount of the second component had to be added
to obtain a reasonable reduction in the crystallization
rate, and this high concentration might cause a nega-
tive effect in the properties and processabillity of
PET. In the current work, the great technological
and scientific interest comes from the fact that the
extraordinary reduction in the nucleation rate was
obtained with the addition of only 1% of SAN, with
minimum influences in the optical and mechanical
behavior of PET.19

Kinetics of non-isothermal cold
crystallization—Ozawa theory

From DSC scans shown in Figure 3 the relative crys-
tallinity development with temperature, XT, was cal-

culated and the ‘‘S-shaped’’ curves were obtained
(Fig. 6). The relative crystallinity is calculated as the
ratio between the crystallinity at a certain condition
and the maximum crystallinity achieved. The final
value, therefore, equal to the unity. These curves are
shifted to higher temperatures with increasing heat-
ing rates, following the displacement of the exo-
therms (Fig. 3). In Figure 6, it is also noted that the
‘‘S-shaped’’ curves of the blends are dislocated to
higher temperatures, indicating that SAN turns the
crystallization of PET slower. From these curves the
plots Ln[�Ln(1�XT)] versus Ln[1/(dT/dt)] were con-
structed (Fig. 7) and the Ozawa parameters, m and
KT, were estimated from the slope and intercept,

Figure 5 Effect of heating rate on the nucleation rate of
PET and its blend with 1 wt % SAN.

Figure 4 Effect of heating rate on the crystallization temperature (Tc) and crystallization range (DTc) observed during
non-isothermal cold crystallization of PET and blends with SAN.
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respectively (Table I). The rate constant KT showed a
variable tendency according to the compound tested.
For neat PET, KT decreased systematically with
increasing crystallization temperature, whereas for
the blends with 1% SAN the opposite trend was
observed. For blends with a higher SAN content, KT

decreased initially with increasing crystallization
temperature reaching the lowest value at � 130�C;
an opposite tendency was observed with isothermal
conditions.25,26 These various tendencies may result
from the limitations of the method and this will be
referred again later on in this article. It is also
observed in Table I that for most temperatures KT

showed lower values for the blends, following the
tendency obtained with PET þ PS during the iso-
thermal cold crystallization.8 The Ozawa exponent m
reduced with increasing the temperature. At low
temperatures the crystalline growth rate is lower,
favoring the development of more complex morpho-
logic structures.

According to Hieber,27 a rate constant Z can be
calculated using the Ozawa parameters [eq. (8)].
Using the Z constant, the results obtained for crys-
tallization in isothermal and non-isothermal condi-
tions are analyzed jointly.

Z ¼ KðTÞ1=m (8)

Figure 8 shows that an increase in Z with increas-
ing the crystallization temperature is observed for
both PET and blends, following the same tendency
observed previously during isothermal cold crystalli-
zation of PET þ PS.8 Similar behavior was noted in
various systems, including PES28 and PET.29

Figure 6 Development of crystallinity (XT) with temperature during non-isothermal cold crystallization of PET and the
blend with 1 wt % SAN at different heating rates (as indicated, in �C/min).

Figure 7 Plots of Ln[�Ln(1 � XT)] versus Ln[1/(dT/dt)]
of PET and the blend with 1 wt % SAN at different crys-
tallization temperatures.
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Comparing PET þ SAN with neat PET, it is
observed that the blends presented a significant
reduction in the crystallization rate for all crystalliza-
tion temperatures, which is consistent with the pre-
vious results.

According to the results presented earlier, the
Ozawa theory can provide very useful information
on the kinetics of non-isothermal cold crystallization
of PET. However, an analysis of its experimental
and theoretical limitations is necessary. Although
the Ozawa theory simplifies the crystallization pro-
cess, considering it as a uniform phenomenon, the
dynamic crystallization involves many complexities
that depend on the magnitude of the nucleation and
growth stages and these vary with the crystallization
temperature.30 During non-isothermal crystallization,
therefore, the polymer is submitted to various effects
with a change in temperature and time that does not
necessarily follow the same tendency for isothermal
crystallization conditions.

Kinetics of non-isothermal cold
crystallization—Mo theory

The horizontal temperature axis of Figure 6 was con-
verted into time scale by applying eq. (2) and the
relative crystallinity development with time Xt0 for
non-isothermal crystallization was plotted as shown
in Figure 9. The higher the heating rate, the shorter
is the time to finish crystallization. From the curves
of Figure 9 the parameters t

0
0:5 and C

0
0:5, representing

respectively the time to reach 50% of crystallinity
and the crystallization rate (taken as the inverse of
t
0
0:5) were estimated and the results are given in Fig-
ure 10. t

0
0:5 decreased exponentially with heating rate

and the blend presented higher crystallization times
for all the heating rates, since the presence of the
SAN delays the non-isothermal crystallization of
PET. Following the inverse trend, the crystallization
rate was slower in the blends.

The values of Xt were analyzed by using the usual
double logarithmic form [eq. (3)] and are presented
in Figure 11. Each curve shows two regions: an ini-
tial linear portion (usually called the primary stage),
followed by a leveling off (the secondary stage). It is
also noted that the time interval for the secondary
stage decreases with increasing heating rate, agree-
ing with the decrease in the curvature of the Xt0

curves observed in Figure 9.
The Avrami exponent n0 and the rate parameter

K
0
ðTÞ for the non-isothermal cold crystallization of

PET and of the blend with SAN were estimated
from the slope and intercept, respectively, in the
plot of log½�Lnð1� Xt0 Þ� versus Logt (Fig. 11) and
the results are displayed in Table II. The values of
the exponent n0 were approximately of two for both
PET and blends, associated with a growth in disk
form generated by heterogeneous nucleation. The

TABLE I
Kinetic Parameters of Ozawa Equation for the First Stage OF Non-Isothermal Cold Crystallization of PET and

PET 1 SAN Blends

Tc (
�C)

PET 1 wt % SAN 15 wt % SAN 20 wt % SAN

m KT (10�3/min) m KT (10�3/min) m KT (10�3/min) m KT (10�3/min)

120 4.1 881.1 – – 3.0 26.7 3.6 93.3
122.5 3.5 549.8 2.6 7.7 2.4 15.3 3.2 75.4
125 2.9 314.5 2.6 17.5 2.0 11.5 2.8 69.6
127.5 2.2 158.3 2.4 19.6 1.6 8.4 2.5 66.4
130 1.8 80.0 2.3 29.8 1.4 6.8 2.5 107.9
132.5 1.4 49.4 2.3 48.8 1.2 7.0 2.2 84.1
135 1.2 44.0 2.3 77.3 1.2 8.8 2.0 91.3
137.5 – – 2.3 122.3 1.2 12.6 1.9 95.9
140 – – 2.3 168.7 1.3 23.5 1.8 108.2
142.5 – – 2.3 231.4 1.2 28.4 – –

Figure 8 Effect of the crystallization temperature on the
rate constant Z of PET and its blend with 1 wt % SAN
during non-isothermal cold crystallization.
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rate constant K
0
ðTÞ increased with heating rate and

decreased with the presence of SAN.
Plots of Log t versus Log u for several conversion

degrees were constructed (not shown here) and the
parameters a and F(T) were determined and dis-
played in Table III. The values of a were close to 1
for PET and for the blends, whereas F(T) increased
systematically with increasing relative crystallinity,
indicating that at a given crystallization time, a
higher heating rate should be used in order to obtain
a higher crystallinity degree. The F(T) parameter can
also be considered as a parameter for the non-iso-
thermal crystallization rate. Lower values of F(T)
indicate that the non-isothermal crystallization
occurred in an accelerated way.31 As shown in Table

III, the F(T) values for the blends were higher than
those for neat PET, confirming that the blends had a
slower crystallization rate than PET.
The Mo theory described successfully the non-iso-

thermal cold crystallization behavior of PET and
PET þ SAN blends as observed above. In our opin-
ion, this approach is better than the one proposed
by Ozawa, where an anomalous behavior was
observed in the K(T) constant (Table I). In the theory
of Ozawa, the kinetic analysis is carried out in dif-
ferent temperature ranges and, therefore, the kinetics
parameters are determined in different crystallinity
degrees. This can lead to some inconsistencies, like
in conditions where some samples may be in the be-
ginning of the crystallization while others at the end.

Figure 9 Development of crystallinity with time for non-isothermal cold crystallization of PET and the blend with
1 wt % SAN at different heating rates (as indicated, in �C/min).

Figure 10 Effect of heating rate on half time of crystallization and on crystallization rate of PET and its blend with
1 wt % SAN.
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This causes a great heterogeneity on the physical
state of the samples. The great advantage of using
the Mo theory is that it makes possible the analysis
of the kinetic data in similar range of crystallinity
degrees.

Optical microscopy analysis

Figure 12 displays light optical microscopy images
of PET and the blend with 1 wt % SAN after cold
crystallization. PET presents a larger number of crys-
talline domains whereas in the blend the domains
are much larger. Even though in both situations the
spherulites are not fully developed and, with the
magnification provided, not well defined, these bir-
refringent structures are actually crystalline
domains, as already observed by others with PET
compounds.32 The difference in sample morphology

shown in Figure 12 is in agreement with the
decrease in the nucleation rate of PET when SAN is
present (Fig. 5).
The size of the crystalline entities depends on the

nucleation and crystalline growth rates and these are
related to the molar mass and to the chemical regu-
larity of the macromolecules.33 It is possible that the
addition of a non-crystallizable polymer like SAN to
PET contributes to the decrease in the regularity of
the molecules and reduces the crystallizabillity of
PET, reducing the nucleation rate of the blends. A
decrease in the nucleation rate and subsequent
increase in the crystalline entities was observed
before in many systems, like in photo-degraded PP34

and in PET containing manganese.35

SEM analysis

For SEM analysis a blend with 15 wt % SAN was
selected to favor a better visualization the

Figure 11 Plots of log½�Lnð1� Xt0 Þ� versus Logt for PET and the blend with 1 wt % SAN at different heating
rates (as indicated, in �C/min).

TABLE II
Kinetic Parameters of Avrami-Ozawa Equation for
Non-Isothermal Cold Crystallization of PET and

PET 1 SAN Blends

Heating rate
(�C/min)

PET 1 wt % SAN
15 wt %
SAN

n0 K
0
(T) n0 K

0
(T) n0 K

0
(T)

5 2.3 6.7 2.3 12.7 2.1 38.2
7.5 2.0 19.6 2.2 33.2 2.2 40.0

10 3.3 202.0 2.4 51.1 2.2 68.7
15 2.7 233.2 2.3 115.0 2.5 266.2
20 3.1 525.3 2.4 170.6 2.2 303.7
30 2.6 1502.5 2.3 437.4 2.1 471.8
40 2.5 3299.9 2.1 1488.0 2.1 1020.0
50 2.2 2817.7 1.9 924.7 1.8 791.4

Parameters determined for conversion degree Xt0ð Þ of
10% in the first stage of crystallization.

TABLE III
Mo Parameters for Non-Isothermal Cold Crystallization

of PET and PET 1 SAN Blends

XT (%)

PET 1 wt % SAN
15 wt %
SAN

a F(T) a F(T) a F(T)

10 0.79 12.3 0.93 19.9 0.94 13.2
20 0.81 14.1 1.00 23.3 0.97 16.4
30 0.82 15.3 1.06 27.5 0.98 19.2
40 0.84 16.4 1.09 30.7 0.99 21.7
50 0.85 17.5 1.11 33.3 0.99 24.1
60 0.86 18.7 1.12 35.7 1.02 27.1
70 0.87 20.1 1.13 38.1 1.04 30.2
80 0.88 21.7 1.15 40.9 1.07 33.9
90 0.90 24.2 1.15 44.3 1.11 38.8
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morphology, as the one with only 1% of SAN the
second phase is hardly seen. In Figure 13, a two-
phase structure which is composed of PET matrix
and SAN domains is clearly noticed. It is also
observed that some domains of SAN remained
adhered to PET matrix after fracture, due to exis-
tence of some interaction between the phases. These
interactions occur due to a polar character of SAN
that generates electronic dipoles with the chemical
groups of PET. The medium diameter (dm) of the
dispersed domains of SAN was calculated as 1.2 lm.
This image is rather different from the one obtained
with PET þ PS blends in a previous study,8 where
very clear separation between the phases, low adhe-
sion and also a much higher domain diameter (dm ¼
2.4 lm) were observed.

CONCLUSION

The non-isothermal cold crystallization of PET and
PET þ SAN blends was analyzed in detail. The pres-
ence of SAN significantly reduced the cold crystalli-

zation rate of PET and promoted a decrease in the
nucleation rate. These effects were observed even
when only 1 wt % of SAN was added. This is the
same tendency observed previously with polysty-
rene when the investigation was done under isother-
mal conditions.8 Therefore, SAN can also be consid-
ered as an ‘‘anti-nucleating’’ additive to PET but
with a better adhesion to the matrix when compared
to the polystyrene particles. From the technological
point of view the fact that the addition of only
1 wt % of SAN can reduce the cold crystallization
rate of PET is highly important as a broadening the
operating window during blow molding processing
is achieved, reducing manufacture scrap due to pre-
mature crystallization.

The authors would like to thankMaria Isabel Felisberti (UNI-
CAMP-Brazil) for DMTA analysis.
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