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a b s t r a c t

A series of PET/MWCNTs nanocomposites were prepared by in situ polymerization using different
amounts of multi-walled carbon nanotubes (MWCNTs). The polymerization of poly(ethylene terephtha-
late) (PET) was prepared by the two-stage melt polycondensation method. The values of the activation
energy of the nanocomposites, as calculated with the Kissinger’s and Ozawa–Flynn–Wall (OFW) meth-
ods, are larger than the ones of pristine PET. These values are 107.9 kJ/mol for PET-0% MWCNTs and
154.0 kJ/mol for PET-1% MWCNTs which is the larger value among all. Avrami plots present a linear por-
tion, almost parallel to each other, which is followed by a deviation at larger temperatures. Straight lines
are obtained from Ozawa plots only for PET-0.25% MWCNTs at least for three different heating rates. The
anocomposites
old-crystallization
ctivation energy

dependence of the activation energy on the degree of conversion, from the Avrami, Malek and Ozawa
plots, gives indications that for the kinetic description of the cold-crystallization of PET/MWCNTs cannot
be used only one crystallization mechanism which obeys to Avrami equation. Only for the PET-0.25 one
crystallization mechanism can be used at least for the major part of the crystallization conversion. So,
in order to describe their crystallization mechanisms at least two mechanisms with different activation
energies must be used. These two mechanisms maybe are taking part in different degree of crystallization
conversions for every nanocomposite.
. Introduction

Poly(ethylene terephthalate) (PET) is of major industrial impor-
ance due to its low cost and high performance (since it has high
lass transition and melting temperatures) as well as good physi-
al properties. It has been found a variety of applications such as
n textile fibers, films, bottle containers, food packaging materials,
ngineering plastics in automobiles, electronics, etc. Its properties
epend mainly on the degree of orientation of the polymer chains
nd the degree of crystallinity.

PET-nanotube composites have been studied recently for their
ossible application in fuel cells [1,2] flexible vapour sensors [3],
onductive fibers [4] and composite materials with functionalized
5] and acid-treated [6] nanotubes.

The crystallization behaviour of polymer composites and

heir crystallization kinetics as a function of processing con-
itions are of great importance particularly for the analysis
nd design of processing operations. Therefore, the crystalliza-
ion behaviour and structural development of MWCNT-reinforced

∗ Corresponding author. Tel.: +30 2310 998188; fax: +30 2310 998188.
E-mail address: hrisafis@physics.auth.gr (K. Chrissafis).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.04.005
© 2009 Elsevier B.V. All rights reserved.

polymer nanocomposites should be analyzed to realize the full
potential of MWCNTs for application in thermoplastic matrix-
based polymer nanocomposites. Previous studies of single-walled
carbon nanotubes (SWNTs) and multi-walled carbon nanotubes
(MWNTs) dispersed in polypropylene [7–9], SWNTs in poly(vinyl
alcohol) [10,11] and MWNTs in nylon-6 [12,13] suggested that
nanotubes can act as nucleating agents. These observations
are similar to those for layered silicate [14,15] and poly-
hedral oligomeric silsesquioxanes (POSS)-based semicrystalline
polymer nanocomposites [16,17] where the increased inter-
facial area alters the kinetics and energetics of nucleation
and growth, the overall crystallite fraction, the morphological
organization and even the unit cell structure, and results in
dramatic changes in the mechanical properties of the nanocom-
posites [18]. The incorporation of MWCNTs decreases the
cold-crystallization peak temperature as different authors have
shown [5,19–21].

However, as far as we know, there are no reports about

the kinetics of non-isothermal cold-crystallization behaviour
of (PET/MWCNTs) nanocomposites, and for this reason we
have studied in detail the crystallization kinetics of men-
tioned nanocomposites, using differential scanning calorimetry
(DSC).

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:hrisafis@physics.auth.gr
dx.doi.org/10.1016/j.tca.2009.04.005
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. Experimental

.1. Materials

Dimethyl terephthalate (DMT) (99%), ethylene glycol (EG) (99%),
inc acetate [Zn(OCOCH3)2·2H2O] and antimony trioxide (Sb2O3)
sed for synthesis of PET were purchased from Aldrich Chemical
o. Polyphosphoric acid (PPA) used as heat stabilizer was supplied

rom Fluka. The MWCNTs used in this work were synthesized by
hemical vapour deposition (CVD) and were supplied by Nanoth-
nx (Patra, Greece). They had a diameter between 9 and 20 nm and
length >5 �m. All other materials and solvents used for the ana-

ytical methods were of analytical grade.

.2. PET synthesis and preparation of PET/MWCNTs
anocomposites

For the synthesis of PET, the reaction mixture comprised 31 g
0.50 mol) of EG, and 44.134 g (0.227 mol) of DMT ester (molar ratio
f EG/DMT = 2.2), 50 ppm of Zn(OCOCH3)2·2H2O as transesterifica-
ion catalyst and 950 ppm of Sb2O3 as polycondensation catalyst.

The reaction mixture, in the transesterification step was heated
o the final temperature (270 ◦C) under argon atmosphere with
he stirring at a constant speed (500 rev/min). The reaction was
ompleted after ≈3 h, when almost all the theoretical amount of
ethanol (18.4 ml) had been collected. In the second step (poly-

ondensation) the catalyst Sb2O3 was added and a vacuum (4.0 Pa)
as applied slowly (over about 30 min), to avoid excessive foaming

nd to minimize oligomer sublimation that is a potential problem
uring melt polycondensation. The temperature remained stable
t 270 ◦C while stirring speed was increased to 720 rev/min. Poly-
ondensation continued for about 1.5 h until the agitator speed
ecreased to 50–60 rev/min, due to the increasing viscosity of the
elt. When the polycondensation reaction was completed, the

eaction tube was broken to get the product out of the tube. All
olyester samples, after the glass particles were removed with a
rinder, were grounded in a mill, sieved, washed with methanol
nd dried at 110 ◦C for 12 h.

For the preparation of PET/MWCNTs the same procedure was
pplied with the only difference that MWCNTs were added from the
eginning of transesterification reaction. The prepared nanocom-
osites were containing 0.25, 0.5, 1 and 2 wt% MWCNTs and are
amed as PET-0.25, PET-0.5, PET-1 and PET-2, respectively, while
he neat polyester was named as PET-0.

.3. Measurements

Intrinsic viscosity [�] measurements on the isolated polymers
ere performed using an Ubbelohde viscometer cap. Ic at 25 ◦C in
henol/tetrachloroethane 60/40 w/w at a solution concentration of
wt%.

The differential scanning calorimetric (DSC) measurements
ere carried out in a Setaram DSC-141 calorimeter. Temperature

nd energy calibrations of the instrument were performed, for dif-
erent heating rates, using the well-known melting temperatures
nd melting enthalpies of high-purity Zinc (Zn), Tin (Sn) and Indium
In) supplied with the instrument. Bulk-shaped specimens weigh-
ng about 6 mg were crimped in aluminium crucibles; an empty
luminium crucible was used as reference. A constant flow of nitro-
en was maintained to provide a constant thermal blanket within
he DSC cell, thus eliminating thermal gradients and ensuring the

alidity of the applied calibration standard from sample to sample.
he samples were first melted to 280 ◦C, they remained for 5 min
nd then, they rapidly cooled (quenching). After this, the samples
ere heated till 280 ◦C with different heating rates (2.5, 5, 10, and

5 ◦C/min). From these scans, the glass transition (Tg), the cold-
ica Acta 493 (2009) 68–75 69

crystallization temperature (Tcc), the melting temperature (Tm) and
the heat of fusion (�H) of the samples were measured.

3. Theoretical background

Kinetic analysis of solid-state transformations is usually based
on a single-step kinetic equation:

da

dt
= k(T) f (˛) (1)

where k(T) is the rate constant, t is the time, T is the temperature,
˛ is the extent of conversion from the amorphous (liquid or solid)
to crystalline phase, and f(˛) is the reaction model related to the
mechanism. The explicit temperature dependence of the rate con-
stant is introduced by replacing k(T) with the Arrhenius equation,
which gives:

d˛

dt
= A exp

(−E

RT

)
f (˛) (2)

where A (the preexponential factor), E (the activation energy) are
the Arrhenius parameters and R is the gas constant. For non-
isothermal conditions, d˛/dt in Eq. (2) is replaced with ˇ (d˛/dT),
where ˇ (=dT/dt), is the heating rate [22]. The ratio of the kinetic
process d˛/dt is proportional to the measured specific heat flow ϕ,
normalized per sample mass (W/g):

d˛

dt
= ϕ

�Hc
(3)

where �Hc corresponds to the total enthalpy change associated
with the crystallization process. The extent of conversion ˛ can be
easily obtained by partial integration of non-isothermal thermal
analysis curve.

The crystallization kinetics is usually interpreted in terms
of the standard nucleation-growth model formulated by
Johnson–Mehl–Avrami (JMA) [23,24]. This model describes
the time dependence of the extent of conversion ˛, usually written
in the following form:

˛ = 1 − exp[−(kt)n] (4)

where k is the Avrami crystallization rate constant, which is a
function of temperature and in general depends on both the nucle-
ation frequency and the crystal growth rate, and the Avrami kinetic
exponent n is a parameter which reflects the nucleation frequency
and/or the growth morphology. It should be noted that both k and n
are constants specific to a given crystalline morphology and type of
nucleation for a particular crystallization condition [25] and that,
based on the original assumptions of the theory, the value of the
Avrami exponent n should be an integer ranging from 1 to 4.

It should be mentioned that in non-isothermal crystallization,
the k and n parameters do not have the same physical meaning as
in the isothermal crystallization because the temperature changes
instantly in the non-isothermal crystallization [19]. In this case, k
and n are two adjustable parameters to be fitted to the data. How-
ever, the use of Eq. (4) can still provide further insight into the
kinetics of non-isothermal crystallization.

The Avrami rate equation can be obtained from Eq. (4) by differ-
entiation with respect to time:

d˛

dt
= kn(1 − ˛)[−ln(1 − ˛)]1−1/n (5)

Eq. (5) is usually referred to as the JMA equation, and it is fre-

quently used for the formal description of thermal crystallization
data. It should be emphasized, however, that the validity of the
JMA equation is based on the following assumptions: (a) isothermal
crystallization conditions, (b) low anisotropy of growing crystals, (c)
homogeneous nucleation or heterogeneous nucleation at randomly
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Table 1
Glass transition (Tg), cold-crystallization (Tcc) and melting temperatures (Tm) of the PET nanocomposites after quenching and heating with 10 ◦C/min.

Material MWCNTs (wt%) [�] (dl/g) Insoluble content (%) [36] Tg (◦C) Tcc (◦C) Tm (◦C) �Hm (J/g)

PET-0 0 0.57 – 76.4 134.5 250.3 32.2
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content 2.5 wt%.
Fig. 1 shows the DSC thermograms for all the studied materials

heated with rate of 10 K/min, after quenching the initially prepared
samples. In these plots the glass transition, the cold-crystallization
and the melting peaks are presented. These samples have a single
ET-0.25 0.25 0.63 –
ET-0.5 0.5 0.52 –
ET-1 1 0.49 –
ET-2 2 0.31 2.5

ispersed second-phase particles, and (d) growth rate of new phase
ontrolled by temperature and independent of time.

Henderson [26,27] has shown that the validity of the JMA equa-
ion can be extended in non-isothermal conditions if the entire
ucleation process takes place during the early stages of the trans-

ormation and it becomes negligible afterward. The crystallization
ate is controlled only by temperature and does not depend on the
revious thermal history. Although the limits of applicability of the

MA equation are well known, in practice it is not so easy to verify
hether or not the conditions of applicability are fulfilled. Several
ethods have been proposed to test the applicability of the JMA
odel and we examined our non-isothermal data by two of them.
The most popular testing method for non-isothermal data is an

nspection of the linearity of the Avrami (JMA) plot. Matusita et
l. [28], extending the use of the JMA equation, have suggested an
quation, which is applicable for non-isothermal crystallization and
s given by:

n[−ln(1 − ˛)] = −n ln(ˇ) − 1.052m
Ec

RT
+ const. (6)

here ˛ is the volume of the fraction crystallized (the extent
f conversion) at any temperature and m, n are numerical fac-
ors depending on the nucleation process and growth morphology,
espectively. Here, n is equal to (m + 1) for a quenched glass contain-
ng no nuclei and n is equal to m for a glass containing a sufficiently
arge number of nuclei. Also, m = 3 for three-dimensional growth of
rystal particles, m = 2 for two-dimensional growth, and m = 1 for
ne-dimensional growth. The plot of ln[−ln(1 − ˛)] as a function
f reciprocal temperature 1/T should be linear. Nevertheless, it is
ell known that a double logarithmic function, in general, is not

ery sensitive to subtle changes to its argument. Therefore, one can
xpect to observe substantial linearity in the plots of ln[−ln(1 − ˛)]
ersus 1/T even in the case that the JMA model is not fulfilled.

Another test for the applicability of the JMA model is based on
he properties of the y(˛) and z(˛) functions (see below). Taking
nto account Eqs. (1)–(3), the kinetic equation for the JMA model
an be written as:

= �HcA exp
(−E

RT

)
f (˛) (7)

here the function f(˛) is an algebraic expression of the JMA model:

(˛) = n(1 − ˛)[−ln(1 − ˛)]1−1/n (8)

he f(˛) function should be invariant with respect to procedure
arameters such as sample mass and heating rate for non-

sothermal conditions. Malek has shown [29–31] that the functions
(t) and ϕ(T) are proportional to the y(˛) and z(˛) functions that
an easily be obtained by a simple transformation of DSC data. In
on-isothermal conditions these functions are defined as follows:

(˛) = ϕ exp
(

Ec

RT

)
(9)
(˛) = ϕT2 (10)

or practical reasons the y(˛) and z(˛) functions are normalized
ithin the 0–1 range. The maxima exhibited by the y(˛) and z(˛)

unctions are defined as ˛M and a∞
p , respectively. The maximum of
78.6 130.0 250.5 27.0
77.7 127.6 249.6 25.2
76.0 127.3 245.6 26.8
64.8 119.4 226.4 31.6

the z(˛) function a∞
p is a constant for the JMA model (a∞

p = 0.632)
and a characteristic “fingerprint” for it [30,32].

4. Results and discussion

4.1. Characterization of nanocomposites

The addition of MWCNTs has a great influence to the molecu-
lar weight of the produced nanocomposites. As can be seen from
Table 1 the intrinsic viscosity ([�]) increases at low MWCNTs con-
tent and gradually decreases by increasing the content. Thus the
lowest intrinsic viscosity was calculated at the sample contain-
ing 2 wt% MWCNTs. This is because MWCNTs due to their surface
hydroxyl and carboxyl groups can act as multifunctional additives.
In similar nanocomposites containing SiO2, which can act also as
multifunctional additives, in low amounts can act as chain extender
increasing the MW of the polymer while in higher contents due to
the extended reactions branched and crosslinked macromolecules
are formed reducing the MW [33,34]. It is known that the hydro-
dynamics dimensions of branched polymers in solution are smaller
than those of linear polymers with the same molecular weight [35].
The intrinsic viscosity analysis calculates the molecular weight of
polymers based on hydrodynamic size in solution. Therefore, in the
case that branched and crosslinked polymers are in a sample, as
in case with higher MWCNTs, lower molecular weights will be cal-
culated from the real one. This may explain the gradual decrease
that observed in molecular weight of the PET samples with concen-
trations of MWCNTs nanotubes greater than 0.25 wt%. The sample
due to these extended crosslinked macromolecules has an insoluble
Fig. 1. Heating after quenching: the glass transition, the cold-crystallization and
the melting peaks are presented: (1) PET-0; (2) PET-0.25; (3) PET-0.5; (4) PET-1; (5)
PET-2.
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elting point while in the first scans all the samples presented a
ouble melting peak with different overlapping percentage [37].
his is usual in polyesters due to the formation of crystals with dif-
erent perfection [38–45]. The melting temperature shifts to lower
alues by increasing the MWCNTs content (Fig. 1, Table 1). The slight
ecrease in the melting point might result from a specific interac-
ion between PET and MWCNTs, and the homogeneous dispersion
f MWCNTs affects the formation of PET crystals. The effect of MWC-
Ts on crystallization mechanism was extensively discussed in our
revious study [37] and for this reason in the present study only
heir effect on cold-crystallization was evaluated.

From Fig. 1 one can see that the glass transition temperature
Tg) and cold-crystallization peak temperature (Tcc) are apparently
nfluenced by MWCNTs. Neat PET has a Tg value 76.4 ◦C and for
anocomposites containing 0.25 and 0.5 wt% MWCNTs the Tg was
ecorded at higher temperatures 78.6 and 77.7 ◦C, respectively. It
s well known that Tg shows the mobility of molecular chain seg-

ents, the lower the Tg, the easier the motion of the chain segments.
he results in these PET/MWCNTs nanocomposites are in agree-
ent with those reported in literature: in nanocomposites, in the
ost cases, it was found that Tg shifts to higher values when some

nteractions are taking place between polymer and nanoparticles
46]. As mentioned, usually the Tg of a polymeric matrix tends
o increase with the addition of carbon nanotubes, due to the
nteractions between the polymer chains and the nanotubes and
o the reduction of macromolecular chain mobility at the zone
urrounding the nanotubes [47]. Wang reported [48] that due to
olymer-filler interaction the adsorption of the polymer chains on
he filler’s surface reduces the mobility of the macromolecular seg-

ents. This transition zone surrounding the nanotubes exhibits
igher modulus and Tg, both of which are gradually reduced with

ncreasing distance from the filler surface. However, in PET/MWCNT
anocomposites containing 1 and 2 wt% the Tg temperatures were
ecorded at 76 and 64.8 ◦C, respectively. This behaviour was not
xpected since the particular samples are branched or partially
rosslinked and in such polyesters the Tg slightly shifts to higher
alues due to the restriction of macromolecular segment move-
ent [49,50]. As can be seen from Table 1 the insoluble content

f sample containing 2 wt% MWCNTs is 2.5 wt%, which is an
ndication that in particular samples crosslinked macromolecules

ere formed. So it seems that MWCNTs, which have surface –OH
nd –COOH groups can act as multifunctional additives crating
ranched macromolecules at low concentrations and crosslinked
t higher as in the case of 2 wt% MWCNTs. The above results sug-
est that the incorporation of higher amounts of MWCNTs in PET
atrix is favourable to the motion of PET chain segments and this

ehaviour should be attributed to the effect of MWCNTs. It seems
hat MWCNTs acting as multifunctional agents macromolecules
ith sorter segments can be prepared. This reduction is in good

greement with some research studies in PET nanocomposites,
hich reported that Tg of PET is reduced due to the incorporation of
anoparticles in polymer matrix [5,19,51]. Such nanoparticles can
e SiO2 and MWCNTs, which have surface reactive groups and are
lso used in our studies.

For cold-crystallization behaviour, the Tcc values of nanocom-
osites are lower than that of pure PET. For example, Tcc is decreased
rom 134.5 ◦C of neat PET to 119.4 ◦C of PET-2. The decrease of
cc means that the cold-crystallization of PET in nanocomposites
ecomes easier than in neat PET. This can be attributed to the

ower molecular weight that the samples with increased MWC-
Ts content have, and as was found from a previous study in

liphatic polyesters the cold-crystallization temperature increases
y increasing the molecular weight of polyester [52]. Furthermore,
he lower cold-crystallization temperature can be attributed to

WCNTs which acting as nucleating agents is enhancing the crys-
allization of PET macromolecules. This is probably due to the fact
Fig. 2. Cold-crystallization peaks of PET-0.25 with different heating rates: (1)
ˇ = 2.5 ◦C/min; (2) ˇ = 5 ◦C/min; (3) ˇ = 10 ◦C/min; (4) ˇ = 15 ◦C/min.

that MWCNTs have higher surface area in contact with PET matrix
and thus induce a heterogeneous nucleation effect [53].

4.2. Crystallization kinetic study

The study of the crystallization kinetics follows two steps: at the
first step the activation energy is calculated independently of the
reaction model and at the second step the crystallization mecha-
nism and the appropriate kinetic model is discussed. For the kinetic
study non-isothermal measurements with different heating rates
are used. In Fig. 2 the exothermic cold-crystallization peaks of PET-
0.25 for different heating rates are presented as an example. It is
clear that the peak shifts to higher temperatures with increasing
heating rate, while at the same time the peak height increases. The
area under the crystallization exotherm, in the heat flow versus
time diagram (total change of enthalpy during the crystallization),
remains almost constant.

This behaviour can be understood if we accept that the crystal-
lization of an amorphous state consists of two individual processes:
nucleation and growth. For glasses to nucleate, a certain period
of incubation is necessary. As the heating rate increases, the time
available for a desired temperature to be reached is reduced and
thus crystallization lags and initiates at relatively higher temper-
atures, i.e., the Tcc correspondingly shifts to higher temperature.
Generally, glasses undergo structural relaxation through which
they transform from a metastable to a stable state during crys-
tallization. The time for this transformation is shortened with
increasing heating rate, preventing the entire energy of structure
relaxation from being released. This part of unreleased energy is
contained in the crystallization enthalpy, which is determined by
the area of the DSC exotherm.

4.2.1. Determination of the activation energy
For the determination of the activation energy isoconversional

methods is preferable to be used [54]. Two of them, the Kissinger
and Ozawa, Flynn and Wall (OFW) methods are used for comparison
reasons.
4.2.1.1. Kissinger’s method. For the determination of the activation
energy of cold-crystallization (Ecc) we considered the Kissinger
formula [55,56], which is most commonly used in analysis of crys-
tallization data. This formula that holds in very general cases is
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Fig. 3. Kissinger’s plots and the corresponding straight regression lines for all the
studied materials: (1) ˇ = PET-0; (2) ˇ = PET-0.25; (3) ˇ = PET-0.5; (4) ˇ = PET-1; (5)
ˇ = PET-2.

Table 2
The values of Ecc as they were calculated by Kissinger’s method.

Material Activation energy Ecc (kJ/mol)

PET-0 107.9
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PET-0.25 136.6
PET-0.5 152.5
PET-1 154.0
PET-2 140.7

uggested to be valid for crystallization and has the form:

n

(
ˇ

T2
cc

)
= − Ecc

RTcc
+ const. (11)

here R is the universal gas constant, ˇ (=dT/dt) the heating rate
nd Tcc the crystallization’s peak temperature. The value of Ecc is
btained from the slope of ln(ˇ/T2

cc) versus 1/Tcc plot. In Fig. 3
hese plots and the corresponding straight regression lines for all
he studied materials are presented. The calculated Ecc values of all
he materials (in kJ/mol) are summarized in Table 2. From the val-
es of the activation energy presented in Table 2 it is obvious that
s the quantity of MWCNTs is increased the value of the activation
nergy is increased also, presenting a maximum value for PET-1.

.2.1.2. OFW method. The isoconversional OFW [57–59] method is
he second one, which was used to calculate the activation energy
or different extent of conversion values. This is in fact a “model free”

ethod which involves measuring the temperatures corresponding
o fixed values of ˛ from experiments at different heating rates ˇ.
lotting ln(ˇ) against 1/T according to Eq. (2):

n(ˇ) = ln
[

A f (˛)
(da/dt)

]
− Ecc

RT
(12)

hould give straight lines, the slopes of which are directly propor-
ional to the activation energy (−Ecc/R).

If the determined activation energy is the same for the various
alues of ˛i, the existence of a single-step reaction can be concluded
ith certainty. In contrast, a change of Ecc with increasing degree of

onversion is an indication of a complex reaction mechanism that
nvalidates the separation of variables involved in the OFW analysis

58]. These complications are especially serious if the total reaction
nvolves competitive reaction mechanisms. The plots of activation
nergy versus ˛ of all of the materials are shown in Fig. 4.

It is clear from these plots that all the values of the activation
nergy of the nanocomposites are larger than the ones of pristine
Fig. 4. Effective activation energy as a function of relative extent of crystallization
for cold-crystallization of all studied materials obtained using the OFW method: (1)
PET-0; (2) PET-0.25; (3) PET-0.5; (4) PET-1; (5) PET-2.

PET. As can be seen from Fig. 4 there is a continuously increase of
activation energy from sample 1 till the sample 4. However, in the
sample 5, which has an extended crosslinked content the activa-
tion energy is decreased, since these macromolecules reduces the
crystallization rate. The activation energy presents a good stabil-
ity in the region of 0.2 < ˛ < 0.8 and the maximum value of E in this
area corresponds to PET-1. The same trend present the values of the
activation energy calculated with Kissinger’s method.

Vyazovkin et al. [60] calculated the effective activation energy
E for neat PET by the integral isoconversional method. This exhib-
ited a decrease in its value with increasing extent of crystallization
conversion from 120 to 50 kJ mol−1 (reported for the similar degree
of crystallinity range of 0.05–0.95 which was used to obtain the
E value for PET in this work). These E values are in a wider range
than the values obtained in this work. This may be attributed to
the difference in the average molecular weights of the PET used
[60] or to the difference in the type and concentration of heteroge-
neous nuclei presented in the resins [61]. To our knowledge, there
are no reports about the activation energy of cold-crystallization
for (PET/MWCNTs) nanocomposites.

4.2.2. Study of the crystallization mechanism
As it is mentioned in the preceding Section 3, in order to describe

the crystallization process mainly the JMA model is used. To test
further this, we examined the applicability of the JMA model to
the experimental data by the aforementioned methods, assuming a
single-step crystallization process. Figs. 5 and 6 present the Avrami
plots of ln[−ln(1 − ˛)] versus 1/T at different heating rates using
Matusita’s equation, for PET-0 and PET-0.25, as examples for com-
parison reasons. Each curve has a linear portion, which is followed
by a deviation at larger temperatures. Usually, this deviation is con-
sidered to be due to the secondary crystallization, which is caused
by the spherulite impingement in the later stage. The linear por-
tions are almost parallel to each other. These correspond to a wide
temperature and crystallization conversion range (0.05 < ˛ < 0.80).
The results are analogous for all the materials and only in neat PET
this area is narrower.

Thus, to a first approximation, the experimental data can be
studied with the nucleation—growth JMA model according to Eq.

(5) for the linear portions. From the slopes of these regression lines
we can calculate the mEcc values using Eq. (6). Then, taking into
account the value of the activation energy Ecc derived from the
application of the Kissinger’s model (see Table 3) it can be calcu-
late the m factor. The mEcc values as well as the values of kinetic
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Fig. 5. Plot of ln[−ln(1 − ˛)] versus 1/T at different heating rates for sample PET-0:
(1) ˇ = 2.5 ◦C/min; (2) ˇ = 5 ◦C/min; (3) ˇ = 10 ◦C/min; (4) ˇ = 15 ◦C/min.
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Fig. 7. Ozawa plots for non-isothermal cold-crystallization of PET-0.25 with heating
rates 5, 10, 15 ◦C/min: (1) T = 121 ◦C; (2) T = 123 ◦C; (3) T = 125 ◦C; (4) T = 127 ◦C.

give straight lines and parameters k(T) and n should be obtain-

T
T

R

ig. 6. Plot of ln[−ln(1 − ˛)] versus 1/T at different heating rates for sample PET-0.25:
1) ˇ = 2.5 ◦C/min; (2) ˇ = 5 ◦C/min; (3) ˇ = 10 ◦C/min; (4) ˇ = 15 ◦C/min.

xponent m for each of the experimental heating rates, given in
able 3, were obtained from the plot using least squares fitting.
he values of m are decreased due to the addition of MWCNTs into
ristine PET. As to our knowledge, there are no reports about the

inearity of the Avrami plot for non-isothermal cold-crystallization
f (PET/MWCNTs) nanocomposites, or values for the m factor.

Ozawa theory [58,59] has been also used to describe the
on-isothermal crystallization kinetics of polymers, which can be
escribed as based on Avrami theory. According this theory the
egree of conversion ˛ at a temperature T can be calculated as:
− a = exp
(−k(T)

ˇn

)
(13)

able 3
he calculated mEcc and m values of all the studied materials.

ate PET-0 PET-0.25 PET-0

mEcc m mEcc m mEcc

15 427.7 4.0 322.5 2.4 442.5
10 402.8 3.7 350.7 2.6 353.7
5 469.4 4.4 393.2 2.9 401.2
2.5 515.3 4.8 371.6 2.7 358.2
Fig. 8. Ozawa plots for non-isothermal cold-crystallization of PET-1: (1) 115 ◦C; (2)
117 ◦C; (3) 119 ◦C; (4) 122 ◦C; (5) 124 ◦C; (6) 126 ◦C.

where ˇ is the heating rate, n is the Ozawa exponent, which depends
on the dimension of crystal growth, and k is the rate constant, which
is related to the overall crystallization rate and indicates how fast
crystallization occurs. The above equation can be written as:

ln[−ln(1 − a)] = ln k(T) − n ln ˇ (14)

If the above equation correctly describes the kinetics of non-
isothermal crystallization, plots of ln[−ln(1 − ˛)] versus ln ˇ should
able from the intercepts and slopes of the lines, respectively. For
PET/MWCNTs nanocomposites (PET-0.25 and PET-1) the Ozawa
plots of ln[−ln(1 − ˛)] versus ln ˇ are shown in Figs. 7 and 8.

.5 PET-1 PET-2

m mEcc m mEcc m

2.9 402.5 2.8 409.0 2.9
2.3 292.8 2.1 444.0 3.2
2.6 365.3 2.6 446.6 3.2
2.4 319.4 2.2 494.3 3.5
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[6] D.H. Shin, K.H. Yoon, O.H. Kwon, B.G. Min, C.I. Hwang, J. Appl. Polym. Sci. 99
ig. 9. Normalized z(˛) function obtained by transformation of DSC data (for differ-
nt heating rates) for the cold-crystallization of PET-0.25.

As it can be seen in these figures, straight lines are obtained
or PET-0.25 at least for three different heating rates while for the
ET-1 the lines are not parallel to each other. The results from the
ther samples are more or less analogous to PET-1. This indicates
he failure of the Ozawa model to provide an adequate description
f crystallization in both PET and some of its nanocomposites. Plots
f ln[−ln(1 − ˛)] versus ln ˇ may be closer to linearity for some
olymers when two selected temperatures are near each other or
he difference of the heating rates is limited. In a more practical way
ince Ozawa equation ignored secondary crystallization, the reason
hat the non-isothermal crystallization of PET does not follow the
zawa equation can be explained by that, at a given temperature,

he crystallization processes at different heating rates are at differ-
nt stages, that is, the lower heating rate process is toward the end
f the crystallization process, whereas at the higher heating rate,
he crystallization process is at an early stage.

The slope of the plots ln[−ln(1 − ˛)] versus ln ˇ, gives directly the
-factor. It is important to note that using values that correspond to
degree of conversion in the range between 8 and 75%, for PET-0.25
nd for three of the heating rates, the calculated values for the n are
n the range from 2.1 to 2.4. For the other stoichiometrices since
here are not linear plots corresponding to the heating rates, the n
actor has not been calculated.

The dependence of the activation energy on the degree of con-
ersion, the Avrami and Ozawa plots, give indications that for the
inetic description of the cold-crystallization of PET/MWCNTs can-
ot be used only one crystallization mechanism which obeys to
vrami equation. Only for the PET-0.25, one crystallization mecha-
ism can be used, at least, for the major part of the crystallization
onversion.

In order to increase the certainty regarding the applicability
f the JMA model, assuming one crystallization mechanism, that
rises from the above discussion, we used the second mentioned
est method introduced by Malek [31] and calculated the peak posi-
ion of the z(˛) function for the different heating rates. As can be
een in Fig. 9 the peak position of the z(˛) function, for the dif-
erent heating rates, regarding to PET-0.25, stays almost constant
ith heating rate, 0.62 < ˛p < 0.65. These values are in the accept-

ble range of values and we can conclude that the conditions of
alidity of the JMA model are satisfied for this stoichiometry and

hat the process is a single-step reaction. The range of ˛p values of
he other samples, are slightly different, with lower or larger values,
rom the acceptable range of values (0.62–0.64). Therefore, we can
onclude that the conditions of validity of the JMA model – consid-
ica Acta 493 (2009) 68–75

ering a single-step reaction – are not fully satisfied. This conclusion
in accordance with the conclusion of the linearity of the Avrami
and Ozawa plots for neat PET and its nanocomposites, show that in
order to describe their crystallization mechanisms must be used, at
least, two mechanisms with different activation energies.

These two mechanisms are, maybe, taking part in different
degree of crystallization conversions for every nanocomposite. One
of these is referred to the major part of the crystallization. If this part
is big enough we can consider the reaction as single-step reaction
as it happens for example for PET-0.25. However, their study using
more than one different mechanism is a mathematical and physical
complicated problem and is out of the scope of the present paper.

4.3. Conclusions

Multi-walled carbon nanotubes can act as multifunctional
agents producing branched and crosslinked macromolecules by
in situ polymerization of PET, when they are added at high con-
centrations (2 wt%). This behaviour has also affected the thermal
properties of PET.

The values of the activation energy of the nanocomposites, as
calculated with the OFW method, are larger than the ones of pris-
tine PET. The activation energy presents a good stability, in the
region of 0.2 < ˛ < 0.8, and the maximum value of E in this area
corresponds to PET-1. The same trend present the values of the acti-
vation energy calculated with Kissinger’s method and the lower one
is 107.9 kJ/mol for PET-0 while the larger is 154.0 kJ/mol for PET-1.
Avrami plots have a linear portion, almost parallel to each other,
which is followed by a deviation at larger temperatures; the linear
portions correspond to a wide temperature and crystallization con-
version range (0.05 < ˛ < 0.80). For neat PET this area is narrower.
The calculated values of m are decreased due to the addition of
MWCNTs into pristine PET. Straight lines are obtained from Ozawa
plots for PET-0.25 at least for three different heating rates while for
the PET-1 the lines are not parallel among them. The results from the
other samples are more or less analogous to PET-1. This indicates
the failure of the Ozawa model to provide an adequate descrip-
tion of crystallization in both PET and some of its nanocomposites.
For PET-0.25 and for three of the heating rates, the calculated val-
ues for the n are in the range from 2.1 to 2.4. The dependence of
the activation energy on the degree of conversion, the Avrami and
Ozawa plots, give indications that for the kinetic description of the
cold-crystallization of PET/MWCNTs cannot be used only one crys-
tallization mechanism which obeys to Avrami equation. Only for
PET-0.25 one crystallization mechanism can be used at least for
the major part of the crystallization conversion. Malek’s method
showed that the conditions of validity of the JMA model are sat-
isfied for PET-0.25 and that the process is a single-step reaction.
The range of ˛p values of the other samples, are slightly different,
with lower or larger values, from the acceptable range of values
(0.62–0.64), and thus we can conclude that the conditions of valid-
ity of the JMA model, considering a single-step reaction, are not
fully fulfilled.
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