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The exothermic peak that is frequently observed during the heating scan of a differential
scanning calorimetry (DSC) experiment of poly(ethylene terephthalate) (PET) is due to a
cold crystallization process, originating from the rearrangement of amorphous regions into
a crystalline phase. In this work the isothermal cold crystallization kinetics of PET was
investigated by using DSC, X-ray diffraction and tensile experiments. The isothermal
crystallization rate was determined as a function of temperature, and the Avrami analysis
was conducted. The results showed that at low temperatures the cold crystallization is a
two-regime process, whereas at high temperatures just one stage is observed. The rate
constant for isothermal crystallization K increased and the half time of crystallization

(
t1/2

)

decreased with increasing crystallization temperature. The Avrami exponent n was close to
2, and this corresponds to a disc-like morphology formed by heterogeneous nucleation.
Cold crystallization increased the crystallinity and therefore the tensile properties of the
samples were enhanced. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Poly(ethylene terephthalate) (PET) is a highly versa-
tile thermoplastic with excellent thermal and chemical
resistance and good mechanical performance. PET has
a very high technological and commercial importance,
being extensively used in the manufacture of products
like synthetic fibers, films for packaging, bottles for
beverages and engineering components.

With a regular molecular structure, PET can crys-
tallize if cooled slowly from the melt. If quenched,
however, it is obtained in the amorphous state because
of its slow rate of crystallization. If the amorphous PET
in the solid state is heated slowly above its glass transi-
tion temperature (Tg), crystalline structures are formed
when the molecules have sufficient kinetic energy to
start the crystal growth. This phenomenon occurs in a
range of temperature between Tg and Tm, and is com-
monly known as cold crystallization. In DSC scans the
cold crystallization is represented by an exothermic
peak as shown in the example of Fig. 1.

The properties of crystalline polymers like PET
depend significantly on the size and shape, orienta-
tion and perfection of the crystallites as well as on
the degree of crystallinity. As a consequence, to en-
hance the physical and mechanical behaviour of the
product the understanding of the crystallization kinet-
ics and morphological characteristics of the material
is highly desirable. A great deal of effort has been

given to study the microstructure, crystallization and
melting behaviour of PET under different conditions
[1–19].

Although the cold crystallization of PET has been
used in industry to obtain larger stiffness and resistance
in injection moulded parts, very few studies have been
developed to investigate the kinetics and mechanisms
of cold crystallization [3–5] and no report has been
seen by the present authors that deals with the relation-
ship between cold crystallization kinetics and mechan-
ical properties. The evaluation of the kinetics of cold
crystallization has also much importance in processing
techniques like injection blow moulding and thermo-
forming, where the premature crystallization hinders
the forming stage and thus is one of the main conse-
quences of processing faults. This paper aims to study
the kinetics of cold crystallization of PET under isother-
mal conditions, analysing the variables that influence
the processing and the consequent effects in some prop-
erties of the polymer.

2. Experimental
2.1. Materials
Poly(ethylene terephthalate) was supplied by Terphane
Ltda (Brazil) in the form of amorphous sheets 0.5 mm
thick produced by extrusion without further stretching.
The base polymer has an intrinsic viscosity of 0.7 dL/g
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Figure 1 DSC heating scan of an amorphous PET. The arrow indicates
the cold crystallization peak.

(0.07 m3/kg) in ortho-chlorine-phenol. No additive to
enhance crystallinity was added.

2.2. Crystallization kinetics
Differential scanning calorimetry (DSC) measure-
ments were carried out using a Shimadzu DSC-50
equipment. The isothermal cold crystallization exper-
iments were done by fast heating (∼100◦C/min) the
samples from room temperature to the target crystal-
lization temperature (ranging from 100 to 150◦C, at
every 2.5◦C). During crystallization, an exotherm was
registered as a function of time, as long as no variation
in the baseline was observed. From the exotherms the
kinetic data were obtained as described in the following
section.

2.3. Structure and properties of cold
crystallized PET

To analyse the effects of cold crystallization in me-
chanical properties, amorphous sheets of PET (0.5 mm
thick) were heated in a hydraulic press under a pressure
of ∼50 MPa for various crystallization times, ranging
from 1 to 120 min. The tensile properties were eval-
uated using a Testometric Micro 350 equipment op-
erating at a crosshead speed of 5 mm/min and 23◦C.
The data were analysed according to the ASTM D 638
and the results reported represent the average of six
experiments. The Young’s modulus was taken as the
slope of the stress-strain curve, at 0.5% strain. The
structures of these cold crystallized samples were anal-
ysed by DSC and X-ray diffraction. DSC experiments
were carried out under nonisothermal conditions, from
room temperature to complete melting, with a heating
rate of 10◦C/min. X-ray diffraction analyses were done
in a Siemens D5000 X-Ray Diffractometer operating
at 40 kV, with 2θ ranging from 0 to 90◦ with a scanning
rate of 0.02◦/s.

3. Kinetics of crystallization
The study of crystallization kinetics of polymeric ma-
terials under isothermal conditions for various modes
of nucleation and growth is usually approximated us-
ing a classical Avrami equation [20–22]. This equation
was derived by assuming random nucleation, a con-
stant growth rate, and a constant rate of nucleation (or
a constant nucleation density). The general form of the

Avrami expression is given in Equation 1

1 − X (t) = exp(−K tn) (1)

where X(t) is the fractional crystallinity attained at a
partial time t; n is the Avrami exponent, which depends
both on the nature of nucleation and on the growth
geometry; K is the overall crystallization rate constant.

In DSC isothermal crystallization analyses, the frac-
tional crystallinity X(t) is taken as the ratio of the area
under the exothermic peak at a crystallization time t
and the total area under the exothermic peak when the
crystallization is complete:

X (t) =
∫ t

0 (d Hc/dt)dt
∫ ∞

0 (d Hc/dt)dt
(2)

For Equation 2: t = 0 was established as the time when
thermal equilibrium is reached, t = ∞ as the end of the
crystallization process, and d Hc

dt as the heat flux rate.
Equation 2 can be rewritten as a ratio of areas:

X (t) = At

A∞
(3)

where At is the partial area under the crystallization
peak at time t; A∞ is the total area under the crys-
tallization peak when the process is complete. X(t) is
the fractional crystallinity attained at each instant in
relation to the total crystallinity, thus ranging from 0
and 1.

Equation 1 can be linearized and rewritten as the
double logarithmic form, as follows:

log[−ln(1 − X (t))] = log K + n log t (4)

If the Avrami equation is valid, then a plot of log [−ln
(1 − X(t)] vs. log(t) gives a straight line, and the values
of K and n can be obtained directly from the slope and
intercept of the best-fit line.

The Avrami plots sometimes show a two-stage pro-
cess [23]. It is usual to distinguish the crystallization
behaviour at the first stage, i.e., before the kinetic plot
deviates markedly from the theoretical isotherm, as the
primary crystallization, which consists of the outward
growth of the lamellar stacks. When impingement at
the growing crystals starts to occur, the overall rate of
crystallization decreases, starting the second stage of
crystallization, where a deviation from linearity is seen
in the Avrami plot. At this stage, the crystallization
takes place within spherulites and at their borders [2,
23–25].

In isothermal crystallization studies it is also com-
mon to define the half-time of crystallization (t1/2), as
the time at which the extent of crystallization is 50%
complete.

4. Results and discussion
Some DSC exotherms for isothermal crystallization
of amorphous PET are shown in Fig. 2. The cold
crystallization peaks are well defined, occurring within
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Figure 2 DSC exotherms obtained during isothermal cold crystalliza-
tion of PET for selected temperatures. The experiments were actually
done at temperatures ranging from 100 to 150◦C, at every 2.5◦C.

various time intervals according to the crystallization
temperature (Tc). The displacement of the peaks
to the left with increasing Tc evidences that small
increments in crystallization temperature have sig-
nificant influence in the phase transition process. At
higher temperatures a larger molecular mobility exists,
facilitating the crystalline ordering. This is opposite
to the trend observed during crystallization from the
melt, in which the rate of crystallization increases with
decreasing temperature [2].

From DSC scans of Fig. 2, plots of partial crys-
tallinity as a function of time were constructed for dif-
ferent Tc’s (Fig. 3). The curves display a sigmoidal
form, typical of a crystallization process without dis-
continuities, which occurs during phase transforma-
tion of polymers [26]. This conversion proceeds with
an accelerated rate, until a pseudo-equilibrium state is
reached, when the crystallization is about 90% com-
pleted. At this stage the crystallization rate decreases
sharply due to crystallite impingement, rendering crys-
tal growth increasingly difficult. This is the start of the
so-called secondary crystallization, which takes place
within the interlamellar region [26]. From crystalliza-
tion experiments done from 110 to 150◦C it is clear
that the shape of the curves are rather similar, indicat-
ing that the difference in crystallization in this range
of temperature is marked by differences of the nucle-
ation and growth rates and not due to variation of the
crystallization mechanism. This has also been observed
previously [27].

Figure 3 Development of crystallinity with time for various cold crys-
tallization temperatures.

Figure 4 Some Avrami plots for isothermal cold crystallization of PET.

Some Avrami plots for isothermal cold crystalliza-
tion are shown in Fig. 4. For the highest tempera-
tures the crystallization showed only one stage (one
straight line), whereas at the lowest temperatures (ca.
100–110◦C) a two-stage process was observed. It is
well known that the second stage of crystallization re-
sults from crystallite impingement at the end of primary
crystallization, decreasing the crystallization rate as al-
ready noted (Fig. 3).

From Avrami plots the parameters n and K were es-
timated and are given in Table I. The exponent n had
values lower than 2 for the majority of samples, which
corresponds to a disk-like morphology formed by het-
erogeneous nucleation [26]. In a recent work on PET
crystallization, Lu et al. [2] observed that the n-value
when measured instantaneously as a function of the
relative crystallinity, varies significantly (from 0.5 to
4.0) due to a progressive change in the crystallization
mechanism. The value obtained by the Avrami plot
represents a dominant morphology in 20–90% of the
crystallization process. The values shown in Table I
are similar to those obtained by other authors for cold
crystallization of PET in the same range of tempera-
ture [2, 27]. The values of K increased continuously
with increasing crystallization temperature mirroring
the faster cold crystallization process. Fig. 5 shows the
rate constant K for the full range of Tcs investigated in
this work.

T AB L E I Avrami parameters for selected crystallization tempera-
tures. When Avrami plot had two stages, the parameters were taken from
the first stage of cold crystallization

Tc (◦C) n K (10−3 s−1)

100 2.6 0.010
105 1.7 0.671
110 1.8 1.24
115 1.9 1.11
120 1.7 3.80
125 1.8 4.93
130 1.8 5.60
135 1.7 7.94
140 1.9 9.06
145 1.7 15.27
150 1.7 18.94
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Figure 5 Effect of crystallization temperature on the rate constant K.

From the isotherms of Fig. 3, the half-time of crystal-
lization (t1/2) was obtained as the time to reach 50% of
the final attained crystallinity and the results for differ-
ent crystallization temperatures are given in Fig. 6. The
rate of crystallization, defined as the reciprocal of t1/2,
is shown in Fig. 7 as a function of crystallization tem-
perature. The crystallization rate increased markedly
with increasing temperature, in agreement to the dis-
placement of the isotherms in the direction of lower
times (Fig. 3) and to the measured values of K (Table I,
Fig. 5). The crystallization rate is highly dependent
on Tc, due to mobility reasons. With increasing tem-
perature the polymer segmental movement increases,
facilitating molecular arrangement into a crystal lattice.

The literature, especially polymer crystallization
textbooks, sometimes reports that the dependence of
isothermal crystallization rate with the temperature dis-
plays a bell shape, with a maximum between Tg and
Tm. The explanation is that at low temperatures the

Figure 6 Half time of crystallization as a function of temperature.

Figure 7 Effect of crystallization temperature on the cold crystallization
rate of PET.

Figure 8 X-ray diffractograms for amorphous PET and after cold crys-
tallization for 2 h at 80◦C.

nucleation process governs the crystallization whereas
at higher temperatures the crystalline growth becomes
dominant [30]. In the results shown in Figs 5 and 7,
however, this tendency is not observed, with the plot
always ascending with the temperature. Actually, the
maximum in the rate of crystallization is very rarely ob-
served, and in some cases the authors join data obtained
in cold crystallization (lower Tc s) and in crystallization
from the melt (higher Tcs) [2].

4.1. Structure and properties of cold
crystallized PET

In an attempt to develop a better understanding of the
effects of cold crystallization on the structure and prop-
erties of PET, some sheets were heated in an electric
press at a target crystallization temperature for various
time intervals. The thermal environments in the press
and in the DSC oven did not match exactly and hence a
lower crystallization temperature was selected for this
study. The sheets were placed between steel plates at
80◦C and the effects of cold crystallization were fol-
lowed. Fig. 8 displays X-ray diffractograms of PET in
the amorphous state and after 2 h treatment at 80◦C,
when the crystallization is complete. The original poly-
mer (i.e., amorphous) shows just a wide band, charac-
teristic of a non crystalline material whereas diffraction
peaks appear after thermal treatment, giving evidence
of crystalline ordering.

After thermal treatment for different times, the sam-
ples were submitted to DSC analysis under nonisother-
mal conditions using a heating rate of 10◦C/min, and
some scans are displayed in Fig. 9. The original sam-
ple showed an exothermic peak at 115–135◦C, assigned
to cold crystallization occurring during the DSC anal-
ysis. A consistent reduction in the exotherm peak is
noted, until it totally vanished after 2 h in the press. The
smaller the exothermic peak the more intense was the
cold crystallization that occurred in the press. Fig. 10
shows the variation of the cold crystallization enthalpy
(�Hc) with the progression of the thermal treatment in
the press at 80◦C. This parameter displayed an accen-
tuated decrease since the cold crystallization process
partially took place during the thermal treatment. The
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Figure 9 DSC scans of PET samples after thermal treatment at 80◦C
for various times.

Figure 10 Crystallization enthalpy of PET samples after various times
at 80◦C.

shape and position of the melting peak of Fig. 9 did not
show a systematic variation.

From the DSC data of Fig. 9, the degree of crys-
tallinity after thermal treatment was obtained using the
relation: Xc = (�Hm − �Hc)/�Hu, where �Hm and
�Hc are the melting and crystallization enthalpies re-
spectively and �Hu is the melting enthalpy of the crys-
tals (taken as 117 J/g [31]). The data obtained are shown
graphically in Fig. 11. The increase in PET crystallinity
is evident, although some scattering was observed for
low crystallization times. A maximum in crystallinity
of about 25% is achieved after ca. 90 min. This max-
imum depends on the inherent crystallizability of the
polymer molecules, which is affected by aspects like
regularity, molecular weight and polarity [30].

Considering that the crystallinity is one of the main
factors that define the properties of polymers, it is

Figure 11 Crystallinity of PET samples after cold crystallization in
press at 80◦C.

Figure 12 Effect of cold crystallization time on the Young’s modulus
of PET.

Figure 13 Effect of cold crystallization time on the tensile strength of
PET.

Figure 14 Maximum elongation after cold crystallization for various
times.

reasonable to expect that cold crystallization may also
affect the performance of PET. The tensile properties
after various cold crystallization times were evaluated
and the results are given in Figs 12–14. Young’s mod-
ulus and tensile strength increased progressively with
crystallization time, showing a curve rather similar to
the one of Fig. 11. This is a strong indication of the
importance of controlling bulk properties by cold crys-
tallization. The maximum elongation (Fig. 14), on the
other hand, decreased sharply with crystallization time
reflecting a higher packing and lower extensibility of
the crystalline phase in comparison to the amorphous
region.

5. Conclusions
A study of isothermal cold crystallization of PET was
carried out using DSC and the following conclusions
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can be highlighted:

– The rate of cold crystallization increases sharply
with increasing crystallization temperature;

– Avrami analysis indicated that at lower tempera-
tures the crystallization occurred in two stages. In
the first stage the Avrami exponent n was close to
2 for the majority of samples.

– Cold crystallization increases the degree of crys-
tallinity of the samples reducing the crystallization
enthalpy during subsequent heating. A higher de-
gree of crystallinity changes considerably the PET
tensile properties, resulting in higher elastic mod-
ulus and tensile strength and lower deformation at
break.
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