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Effects of cylindrical and sheet types of
nanoparticles on thermal properties and
chain folding free energy of poly(ethylene
terephthalate)

V Goodarzi1, A Shadakhtar2, M Sirousazar3, M Mortazavi4 and
S Ghaniyari-Benis5

Abstract

Poly(ethylene terephthalate) (PET) nanocomposites were prepared through a solution casting method using Multi wall

carbon nanotubes (MWCNT) and organically modified montmorillonite (OMMT) as nanoparticles and their morpho-

logical and thermal properties investigated. The X-ray diffraction and transmission electron microscopy measurements

showed that decreasing the ratio of MWCNT to OMMT for the same amount of OMMT creates better conditions for

intercalation of PET macromolecules and promotes the transformation of OMMT nanostructures from the intercalated

to exfoliated state. It was concluded that the Ozawa’s model was not suitable to interpret the crystallization behavior of

the nanocomposites. Based on Liu’s model, it was found that the sample containing the lower ratio of MWCNT to

OMMT had the highest crystallization rate. Investigation of activation energy and nucleation activity using Vyazovkin’s and

Dobreva’s models revealed that the sample having the smallest ratio of MWCNT to OMMT had the lowest energy

absorption and highest nucleation activity.
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Introduction

Preparation of polymer nanocomposites using nano-
particles with different geometrical shapes and aspect
ratios is an efficient, useful and low cost way of improv-
ing polymer matrix properties.1–4 Carbon nanotubes
(CNT) are a kind of nanoparticle which, due to their
unique structural, mechanical and chemical properties,
are commonly utilized in production of polymer
nanocomposites.1,5 CNT are also used in preparation
of sensors, batteries, and also conductive and semi-
conductive materials.6–12 Incorporation of CNT into a
polymer matrix causes dramatic improvements in the
tensile modulus, impact strength, and resistance against
ultra-violet (UV) radiation as well as electrical conduct-
ivity of the resultant nanocomposite.13–16

Poly(ethylene terephthalate) (PET) is one of the well-
known polymers which, because of its excellent physical
and chemical properties such as high thermal stability,

excellent resistance against wear and chemicals and low
water absorption, has found diverse applications.17

There are few reports on preparation of PET/CNT
nanocomposites by a solution casting method.18,19
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Solution casting is known as a suitable method for
preparation of polymer films, but this method is not
commercially used.20,21 In spite of the great importance
of PET/CNT nanocomposites,16 there are only some
limited studies on their morphological properties in
the open literature.16,22 Furthermore, little attention
has been paid to the synergistic effect among different
kinds of nanoparticles on the mechanical, thermal and
electrical properties of PET/CNT nanocomposites.
Gao et al.23 studied the effects of functional single
wall CNT (SWCNT) and organically modified mont-
morillonite (OMMT) nanoparticles on the microstruc-
tures of polypropylene grafted by maleic anhydride
(PP-g-MA) nanocomposites and investigated the syner-
gistic effect between nanoparticles.

In this work, PET nanocomposites were prepared
through a solution casting method using MWCNT
and OMMT as nanoparticles. The morphological and
thermal properties of the prepared samples were inves-
tigated using wide angle X-ray scattering (WAXS),
transmission electron microscopy (TEM), differential
scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) techniques. The synergistic effects of
MWCNT and OMMT nanoparticles on the thermal
properties of PET/MWCNT/OMMT nanocomposites
were also studied. Three different models, the Avrami,
Ozawa and Liu models,17 were used to investigate the
crystallization kinetics of the prepared nanocomposites.
The nucleation activity, surface folding free energy and
crystalline activation energy were also calculated on the
basis of Dobreva,37 Hoffman and Vyazovkin theories.4

Experimental

Materials

PET was supplied by Tondguyan Petrochemical Co.
(Iran) with number average molecular weight of
22.4 kg/mol and weight average molecular weight of
39.5 kg/mol. OMMT, with the commercial name
of Closite 10A (dimethyl benzyl hydrogenated tallow
quaternary ammonium (2MBHT) as organomodifier),
was purchased from Southern Clay Co. (USA).
MWCNT, with 99.9% purity and specific surface area
of 200�25 m2/g were purchased from Carbons21 Co.
(Austria). A mixture of 3:1 (vol.%/vol.%) concentrated
sulfuric acid/nitric acid was used for MWCNT
carboxylation.

Sample preparation

PET was first dissolved in a 3:1 (wt%: wt%) mixture of
phenol/chloroform solution. Subsequently, nanoparti-
cles (i.e. MWCNT and OMMT) were added to this
solution and the mixture was ultrasonicated at

&200W for 15min at 70�C to obtain a homogenous
mixture. Then that mixture was cast in petri dish and
was maintained 5min it room temperature for extrac-
tion of air bubbles. Finally, the solvent was extracted
from the cast films using a vacuum oven at 50�C for
24 h. The final compositions of the prepared samples
have been shown in Table 1.

Characterizations

WAXS analysis was performed using a Philips diffract-
ometer (PW 2400, Netherlands) operating at 40 kV and
30 mA with Cu-Ka radiation (�¼ 0.154 nm). TEM
observations were performed using a CEM902A Zeiss
(Cheek) instrument on microtomed specimens approxi-
mately 50 nm thickness. DSC was carried out using a
TA Instruments Q200, (USA) differential scanning cal-
orimeter. Samples having approximately 5mg weight
were heated to 320�C by heating rate of 10�C/min
under nitrogen atmosphere and held for 5min to
remove any residual nuclei before cooling at the speci-
fied cooling rates of 2.5, 5, 10 and 20�C/min. TGA was
performed at multiple heating rates of 5, 10 and 20�C/
min from room temperature (25�1�C) to 700�C under
nitrogen atmosphere using a TA Instruments Q500,
(USA). SEM observations were performed using a
Philips electron microscope (CM200, Netherlands).

Results and discussion

WAXS analysis

Figure 1(a) depicts the WAXS patterns of OMMT clay
and prepared ternary nanocomposite samples. The
(001) plane crystalline structure of OMMT was
observed at 2y¼ 4.8� (d¼ 19.2 Å). According to
Figure 1(a), it can be clearly seen that the PET-
S1.5O1 nanocomposite has a characteristic peak
around 3.7� (d¼ 24.9 Å). This decrease in 2y value
means that the OMMT layers in PET-S1.5O1 nano-
composite were mainly intercalated by PET macromol-
ecules. On the other hand, the WAXS pattern of PET-
S1O1 showed a characteristic diffraction peak at 2.1�

(d¼ 29.9 Å). It can be deduced that decreasing the

Table 1. Composition of the studied samples.

Sample code MWCNT (wt%) OMMT (wt%)

PET – –

PET-S0.5M1 0.5 1

PET-S1M1 1 1

PET-S1.5M1 1.5 1

MWCNT: multi wall carbon nanotube; OMMT: organically modified

montmorillonite; PET: poly(ethylene terephthalate).
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amount of MWCNT nanoparticles created better con-
ditions for intercalation of PET macromolecules in the
OMMT galleries and promoted the transformation of
OMMT nanostructures from the intercalated to a par-
tially exfoliated state because decreased the motion of
PET macromolecules. Similar result has been discussed
previously by Gao et al.23 for PP-g-MA/MWCNT/
OMMT nanocomposites. However, the PET-S0.5O1
nanocomposite showed no peak in WAXS that indi-
cated a better nanostructure compared to the other
samples. It could be attributed to the synergistic effect
of simultaneous incorporation of both MWCNT and
OMMT nanoparticles. In this case, the OMMT plate-
lets were mainly exfoliated because the MWCNT nano-
particles and PET macromolecules enter into the
interlayer galleries of OMMT. The intercalation of
PET macromolecules in lower amounts of MWCNT
nanoparticles occurred easily. Therefore, MWCNT
nanoparticles could assist the PET macromolecules to
improve the nanostructure. A schematic representation
of the role of MWCNT nanoparticles in diffusion of
PET macromolecules to interlayers, of OMMT and dis-
persion of OMMT layers in the ternary nanocompo-
sites is shown in Figure 1(b) to (d).

TEM observations

The dispersion of OMMT and MWCNT in PET-
S1.5O1 and PET-S1O1 nanocomposites is presented
in Figure 2. As seen, in the PET-S1.5O1 nanocomposite
the length of the MWCNT bundles were in the nano-
metric scale, about 50 nm, with no selective orientation
(Figure 2(a) and (b)). The PET-S1O1 sample also
showed a good dispersion state of the MWCNT
(Figure 2(c) and (d)). This direct observation supports

the result of previous discussion on WAXS results
showing the nanostructured morphology for PET-
S1O1 sample.

Nonisothermal crystallization behavior

Figure 3 shows the DSC curves for the PET-S0.5O1
nanocomposite sample. The degree of crystalline Xc

was calculated based on the crystallization enthalpy
�Hc values, which in turn was calculated based on
the normalized PET fraction. The thermodynamic con-
tributions of MWCNT and OMMT nanoparticles to
the enthalpy were neglected. The crystallization
enthalpy of 100% crystalline PET (�Ho

c) was obtained
from elsewhere.24 Useful parameters such as onset crys-
tallization temperature (To), crystallization temperature
at exothermic peak (Tp) and final crystallization tem-
perature (T1) were obtained from DSC curves. Tp and
Xc values related to the PET matrix of the prepared
nanocomposites are presented in Table 2. Tp increased
with incorporation of nanoparticles into the PET
matrix. It can also be seen that by increasing the cool-
ing rate the crystallization temperature decreased. At
lower cooling rates, there is enough time for the crys-
tallite nucleation process and thus Tp shifts to higher
temperatures.25 Figure 4 shows the change of Tp on
increasing the cooling rate. It is obvious from this
figure that Tp values for ternary nanocomposites sam-
ples increased with decreasing the ratio of MWCNT to
OMMT. This phenomenon could be attributed to
better dispersion of nanoparticles in nanocomposites
and increased heterogeneous nucleation created by
MWCNT and OMMT platelets nanoparticles. PET
macromolecules could easily attach to the modified sur-
faces of OMMT and MWCNT nanoparticles which

Figure 1. (a) XRD patterns of prepared samples, schematic representation of ternary nanocomposites; (b) PET-S1.5O1; (c) PET-

S1O1; and (d) PET-S0.5O1.

XRD: X-ray diffraction; PET: poly(ethylene terephthalate).
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this facilitates the crystallization of PET at higher
temperatures.23,26,27

Nonisothermal crystallization kinetics

Crystallization kinetics can provide a precise under-
standing of the crystallization behavior of nanocompo-
sites. Using dynamic crystallization measurements,
exothermic crystallization data can be obtained as a
function of temperature and heat flow (dHc/dT) for
any cooling rate. Relative crystallinity as a function
of temperature, XT, for PET-S1O1 is presented in
Figure 5. A curvature of the XT curve versus tempera-
ture for this sample reveals the effect of cooling rate on
the crystallization process. Using the relationship
between time and temperature in a nonisothermal crys-
tallization process, T values on x-axis can be converted
to t values, as shown in Figure 5(b). The obtained
results are tabulated in Table 3. The half crystallization
time t1/2 is defined as the 50% of maximum crystallinity
time. It is observed that t1/2 decreases with increasing
the cooling rates. In addition, t1/2 for ternary nanocom-
posites was lower than pure PET. It was observed that

Figure 2. TEM images of ternary nanocomposites: (a,b) PET-S1.5O1 and (c,d) PET-S1O1.

TEM: transmission electron microscopy; PET: poly(ethylene terephthalate).

Figure 3. DSC thermograms at different cooling rate of the

PET-S0.5O1 sample.

DSC: differential scanning calorimetry; PET: poly(ethylene

terephthalate).
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simultaneous incorporation of MWCNT and OMMT
increased the crystallization rate due to heterogeneous
nucleation, which facilitated the crystallization process.

Nonisothermal crystallization kinetics by using the
Avrami model

The kinetics of an isothermal crystallization process can
be studied by Avrami’s method at a constant tempera-
ture.28 Equation (1) is the Avrami equation to calculate
the degree of crystallinity at any given time

1� X tð Þ ¼ exp �Ztt
nð Þ ð1Þ

where X(t) is the degree of crystallization at time t, Zt is
Avrami’s constant characterizing the crystallization
rate and n is Avrami’s exponent. The Avrami equation
gives some information about crystallization behavior
by using the Zt and n parameters. Zt is a function of
temperature which gives information about crystallite
nucleation rate and diffusion of polymer macromol-
ecules for making crystallite structures. n is a measure

of crystallite growth (one-, two- or three-dimensional
growth) describing the nucleation mechanism (homoge-
neous or heterogeneous).29 The double logarithmic
form of equation (1) yields

ln �ln 1� XT½ �ð Þ ¼ ln Zt þ n ln t ð2Þ

Figure 5. Plots of relative crystallization at different cooling

rates vs.: (a) temperature and (b) time for PET-S1O1 sample.

PET: poly(ethylene terephthalate).

Table 2. Crystallization parameters of the studied samples at different cooling rates.

2.5�C/min 5�C/min 10�C/min 20�C/min

Sample Tp (oC) �Hc (J/g) Xc (%) Tp (oC) �Hc (J/g) Xc (%) Tp (oC) �Hc (J/g) Xc (%) Tp (oC) �Hc (J/g) Xc (%)

PET 228 56.7 42.0 224 51.2 37.9 219 49.6 36.8 217 41.3 30.6

PET-S1.5O1 234 48.8 36.1 230 43.1 31.9 224 41.5 30.7 220 33.3 25.1

PET-S1O1 241 44.5 32.9 238 40.1 29.7 233 46.8 34.7 227 34.8 25.8

PET-S0.5O1 245 49.2 36.4 238 48.0 35.5 236 47.9 35.5 229 47.4 35.1

PET: poly(ethylene terephthalate).

Figure 4. Maximum crystallization temperature of samples vs.

cooling rate.
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Fitting experimental data to equation (2), n and Zt

values can be calculated from the slope and intercept of
plots of ln[�ln(1�XT)] against lnt at each cooling rate,
as shown in Figure 6. It should be noticed that in these
calculations, n and Zt do not have same physical mean-
ing in isothermal and nonisothermal crystallization due
to in nonisothermal crystallization total phenomena
dependence on the cooling rate. Thus, Jeziorny pro-
posed that Zt is affected by ’ (is cooling rate) and
should be modified to Zc.

30

The results of Avrami and Jeziorny models are pre-
sented in Table 4. n depends on molecular weight, nucle-
ation type and secondary crystallization regime and is
not affected by temperature.31 Simultaneous addition of
MWCNT and OMMT nanoparticles changed the n par-
ameter which reveals a heterogeneous nucleation. Also,
Zt had higher value for PET-S0.5O1 sample compared
to the PET-S1.5O1 sample. This is attributed to the
better dispersion and distribution of MWCNT and
OMMT nanoparticles in the PET matrix as discussed
previously by TEM and WAXS results.

Nonisothermal crystallization kinetics by the Liu
model (modified Avrami–Ozawa models)

Liu et al.34,35 developed a new method to investigate
nonisothermal crystallization kinetics by combining the
Avrami and Ozawa models, it has been extensively used
in nanoisothermal crystallization analysis of many
polymer systems. In this model, crystallization degree
is correlated to ’ and t. Their equation can be

rearranged as the following equation, for a constant
value of Xt

ln ’ ¼ ln F Tð Þ � � ln t ð3Þ

In equation (3), the kinetic parameter, F Tð Þ ¼
Kno

o

Kna
a

h i 1
no

, is
the cooling rate required to reach a determined degree
of crystallization and � ¼ na

no
is the ratio of Avrami’s

exponent to Ozawa’s exponent that depends on the
dimensions of crystal growth. According to equation
(3), at a constant degree of crystallinity, a plot of ln ’
versus ln t should be a linear curve that F(T) and � can be
obtained from its slope and intercept, respectively. Plots
of ln ’ versus ln t are shown in Figure 6(c) at different
degrees of crystallinity. These curves are linear, which
show the validity of Liu’s model in interpreting the
dynamics of crystallization for our studied samples.
The values ofF(T) and �were determined for each nano-
composite and are presented in Table 5. The value of �
varied between 1.22 and 1.34 for PET-S0.5O1 nanocom-
posite and it had inversed dependence to the ratio of
MWCNT to OMMT. The higher value of � for the
PET-S0.5O1 sample compared to the other samples is
attributed to a better synergistic effect between
MWCNT and OMMT nanoparticles on crystallization
of the PET matrix. This observation is related to the
faster crystallization of the PET-S0.5O1 sample com-
pared to the other ones.

Nucleation activity

The effect of heterogeneous crystallite nucleating agents
on polymer matrix crystallization behavior has been
investigated by Dobreva et al.36 The nucleation activity
of a heterogeneous nucleating agent ( ) is a factor on
which the activity of a heterogeneous nucleating agent
can be judged. If the introduced particles in a polymer
matrix are active to enhance the crystallization process
of the matrix,  approaches zero, but if they are neu-
tral,  approaches 1. The particle activity coefficient is
defined as  ¼B*/B in which B* and B can be deter-
mined from the following equations4–37

ln ¼ Const�
B

�T2
P

For homogenous nucleation

ln ¼ Const�
B�

�T2
P

For heterogeneous nucleation

ð4Þ

In this equation, �TP ¼ Tm � Tp is the super cooling
amount. Figure 7(a) depicts ln ’ curves versus 1=�T2

P

for all of the studied samples. The correlation coeffi-
cient (R2) was higher than 0.96. According to equation
(4), the slope of the curves gives B* values.

Table 3. Nonisothermal crystallization behavior for the studied

samples.

Samples ’ (�C/min) Tp (oC) t (min) t1/2 (min)

PET �2.5 228 7.2 5.1

�5 224 5.1 4.0

�10 219 2.9 2.5

�20 217 1.3 1.4

PET-S1.5O1 �2.5 234 3.4 4.9

�5 230 1.5 3.9

�10 224 0.9 2.4

�20 220 0.5 1.4

PET-S1O1 �2.5 241 3.7 4.8

�5 238 1.9 3.3

�10 233 1.4 2.2

�20 227 0.7 1.1

PET-S0.5O1 �2.5 245 3.6 4.9

�5 240 1.5 3.9

�10 236 0.9 2.4

�20 229 0.5 1.3

PET: poly(ethylene terephthalate).
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Figure 6. Plots of: (a) ln[�ln(1�Xt)] vs. ln ’ (Ozawa model); (b) ln[�ln(1�Xt)] vs. ln t (Avrami model); and (c) ln ’ vs. ln t

(Liu model) at a constant degree of crystallization in nonisothermal crystallization mode for PET-S0.5O1 sample.

PET: poly(ethylene terephthalate).

Table 4. Nonisothermal crystallization parameters obtained

from Avrami and Jeziorny’s methods.

Sample ’ (�C/min) n Zt

PET �2.5 3.1 0.06

�5 3.2 0.08

�10 3.3 0.36

�20 3.5 0.66

PET-S1.5O1 �2.5 2.9 0.09

�5 3.0 0.10

�10 2.1 0.41

�20 2.8 0.68

PET-S1O1 �2.5 3.0 0.11

�5 3.2 0.12

�10 3.3 0.43

�20 3.4 0.69

PET-S0.5O1 �2.5 2.8 0.10

�5 3.1 0.13

�10 3.5 0.42

�20 3.7 0.73

PET: poly(ethylene terephthalate).

Table 5. Crystallization kinetic parameters at different crystal-

lization degrees using Liu model for the studied samples.

Sample Xt (%) ln F(T) �

PET 20 2.94 1.16

40 3.25 1.23

80 3.76 1.21

PET-S1.5O1 20 2.92 1.18

40 3.22 1.25

80 3.74 1.23

PET-S1O1 20 2.67 1.20

40 3.43 1.26

80 3.54 1.24

PET-S0.5O1 20 3.02 1.22

40 3.19 1.26

80 3.67 1.34

PET: poly(ethylene terephthalate).
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Accordingly, Figure 7(b) gives the ratio of B* param-
eter for the studied samples with respect to pure PET
(B* supposed to be 1). It can be seen from Figure 7(b)
that the amount of nucleation activity for the ternary
nanocomposites increased with incorporation of low
ratio of MWCNT the PET matrix. Also, it is observed
that the sample having the lowest value of the
MWCNT to OMMT ratio (PET-S0.5O1 sample) had
the highest nucleation activity value ( ).

Crystal growth, surface folding free energy and
lamellar thickness

Thermodynamics and crystallization kinetics can be
investigated using the Hoffman-Lauritzen theory.38,39

According to this theory, the amount of crystal
growth (G) as a function of temperature is determined
as follows

G ¼ Go exp
�U�

R To � ’t� T1ð Þ

� �

� exp
�Kg

To � ’tð Þ TO
m � To � ’tð Þ

� �
f

 !
ð5Þ

where G is the growth rate of crystalline spherulites
estimated by (t1/2)

�1,40 G0 is a power law pre-factor,
and f ¼ 2 To � ’tð Þ= To

m þ To � ’tð Þ
� �

is a modifying
factor in this equation. U* and T1 are Vogel–
Fulcher–Tamman–Hesse (VFTH) parameters that are
defined based on the polymer segmental translation in
liquid/crystal middle phase conditions. Values of the
VFTH universal constants are U*¼6300 J/mol, which
is the activation energy of segmental folding under
cooling conditions and T1 ¼ Tg � 30(K) is hypothetic
temperature at which the motion occurs by use of vis-
cous flow.39 Tg ¼ 80�C and the equilibrium melting
temperature To

m¼280
�C for neat PET were obtained

from the literature.41 These values were determined by
Marand et al.42 using the Hoffman–Weeks extrapola-
tion.43 Thus, the equilibrium fusion temperature To

m

was obtained as shown in Figure 8(a). Kg is the nucle-
ation parameter related to the required energy of lamel-
lae lateral and entangled aspect. This parameter is
defined as follows39

Kg ¼
j 0:11

ffiffiffiffiffiffiffiffiffi
aobo
p� �

b�eT
o
m

kB
ð6Þ

where b¼ 5.53 Å is the distance between two-fold sur-
faces, a0 and b0 are dimensional parameters of a PET
unit cell having the values of a0¼ 4.57 Å and
b0¼ 5.95 Å.44 �e is the surface free folding energy, kB
is the Boltzman constant, and j determines the crystal-
lization regime. In this study, it was assumed that
second Hoffman’s regime exists and therefore j¼ 2.
Using equation (6) and isoconvetional method (average
temperature) for nonisothermal crystallization, Kg was
calculated for different samples. Plots of ln G+U*/
(R(Tc�T1)) versus ((To�’t)[T

o
m�(To-’t)]f )

�1 are
shown in Figure 8(b). The slopes of linear curves give
the values of Kg. Using Kg and equation (6), �e was
calculated and is tabulated in Table 6. The calculated
values are extremely close to the values obtained
from the isoconventional method. It is shown that
decreasing the ratio of MWCNT to OMMT nanopar-
ticles causes the �e to decrease. Reduction in �e
increases the entanglement entropy of crystallite lamel-
lae and therefore decreases their homogeneity and dis-
orders entangled surfaces. Simultaneous incorporation
of MWCNT and OMMT decreases the energy level for
formation of new surfaces and thus increases the crys-
tallization rate. Using a thermodynamic approach, the
crystallite lamellae thickness could be calculated
according to the following equation45

Tm ¼ To
m 1�

2�e
�HfL

� �
ð7Þ

Figure 7. Plots of: (a) ln ’ vs. 1/�Tp
2; (b) relative nucleation

activation for studied samples.
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where To
m is the equilibrium melting temperature, �e is

the surface energy of the crystalline spherulites, L is
lamella thickness and �Hf is the fusion enthalpy of
100% crystalline polymer. Based on equation (5), the
lamella thickness was calculated for the studied samples
and is presented in Table 6. It is observed that incorp-
oration of a lower ratio of MWCNT to OMMT into
PET matrix increases the thickness of the lamella.
Increasing the surface energy of the lamella further
increases the distance between crystalline layers and
this is the reason for the increase in thickness of the
lamella.

Effective activation energy for nonisothermal
crystallite growth

Mathematical methods are commonly employed to
study the amount of required energy to reach a deter-
mined crystallinity degree. For example, the Kissinger
method is a general way to calculate the activation
energy of crystallization under nonisothermal condi-
tions.46 However, Vyazovkin and Sbirazzuli47,48

showed that this method was not valid when applied
to the processes of melt crystallizations. Friedman49

presented a method to investigate the effective activa-
tion energy using non-isothermal crystallization data.
The following equation shows the formula to obtain
the activation energy Ea at each degree of
crystallization

dX=dtÞX ¼ k0 exp �
�EX

RTX

� ��
ð8Þ

where X is the crystallization conversion, dX/dt is the
instantaneous crystallization rate as a function of time
at a constant degree of crystallization conversion and
Xt is the sum of crystallization under curve at different
cooling rates. Plotting the right side of equation (8)
versus 1/Tx results in a linear curve where its slope is
equal to �Ex/R. Linear curves of ln(dX/dt) versus 1/Tx

were obtained at different relative crystallinity degrees.
For all samples the correlation parameter was obtained
around 0.980. The dependency of the effective activation
energy of the samples to the relative crystallization
degrees is presented in Figure 9(a). It is observed that
�E increased with crystallinity. Although, in the case of
PET-S0.5O1, the trend is ascending until Xt<20% and
after that the trend was descending. These trends are
attributed to the decrease of effective energy due to the
effective heterogeneous nucleation as discussed previ-
ously in the nonisothermal crystallization kinetics sec-
tion. Also, it can be seen that at Xt<60%, the required
energy was higher for samples containing lower ratios of
MWCNT to OMMT. In addition, effective barrier
energy was obtained as a function of temperature at con-
stant crystallinity degree and is shown in Figure 9(b).
The PET-S1.5O1 sample has the lowest activation
energy, while the PET-S0.5O1 sample had the highest.
It could be mentioned that low ratio of MWCNT to
OMMT causes some limitation of translation and thus
high level of energy is required for macromolecular seg-
ments to deposit in crystallite lamellae. Figure 9 also
gives the Lauritzen–Hoffman’s parameters, i.e. Kg

and U*. According to the equation presented by
Vyazovkin and Sbirazzuli,50 based on the Hoffman
theory, the activation energies required for crystalliza-
tion can be calculated without knowing the required
energy of nucleation and growth. The dependency of
the effective activation energy on temperature is defined
as follows

EaðTÞ ¼ U�
T2

ðT� T1Þ
2
þ KgR

To
m2� T2 � T0

mT

ðT0
m � TÞ2T

ð9Þ

Kg can be calculated by nonlinear fitting of experimen-
tal data using equation (9) on the basis of the
Levenberg–Marquardt method. The estimated values

Figure 8. Plots of: (a) Hoffman–Weeks plot; (b) ln G+U*/

(R(Tc�T1)) curves vs. ((To�’t)[Tm
o
�(To�’t)]f)�1.
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using this method are presented in Table 6. These values,
which are used to determine the surface free folding
energy according to equation (6), are very close to
previously reported data for isothermal crystallization
condition. Therefore, isoconventional method can be
considered as a successful method to predict the noni-
sothermal crystallization behavior of PET ternary
nanocomposites.

Thermal degradation

Figure 10(a) shows the TGA thermograms of the stu-
died samples. As shown, the thermal stability of the

samples increased with decreasing the ratio of
MWCNT to OMMT. Based on the X-ray diffraction
(XRD) and TEM results, it was deduced that decreas-
ing the ratio of MWCNT to OMMT promotes the dif-
fusion of PET macromolecules to OMMT galleries and
changes the intercalated morphology to exfoliated one.

Figure 10. (a) TGA thermograms at heating rate of 10�C/min;

(b) variation of activation energy against energy conversion

degree in N2 atmospheres.

TGA: thermogravimetric analysis.

Figure 9. Effective crystallization energy of samples vs.: (a)

relative crystallinity; and (b) average temperature.

Table 6. Surface folding free energy (�e), kinetic parameter (Kg) and lamellae thickness (L) under different crystallization processes.

Sample Kg
a (K2) �e

a (mJ/m2) La (Å) Kg
b (K2) �e

b (mJ/m2) Lb (Å)

PET 2.63� 105 79.3 227 2.62� 105 77.0 225

PET-S1.5O1 1.85� 105 74.2 182 1.86� 105 73.5 179

PET-S1O1 1.56� 105 62.3 161 1.52� 105 62.5 163

PET-S0.5O1 1.27� 105 50.6 142 1.24� 105 50.9 144

aIsothermal crystallization.
bIsoconversional approach.

PET: poly(ethylene terephthalate).
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Therefore, incorporating of a lower ratio of MWCNT
to OMMT creates a network structure and forms a
barrier structure to hinder mass transfer from solid to
gas phases.51,52 It is observed that PET had the lowest
thermal stability compared to the other studied sam-
ples. Decreased thermal stability for samples with
higher ratio of MWCNT to OMMT is attributed to
the reduced aspect ratio of MWCNT during the acid
treatment procedure that induces defects on MWCNT
structure.53 Figure 10(b) shows the values of activation
energy obtained from the Flynn model of degradation
at 20–80% conversion in nitrogen atmospheres. It is
observed that incorporation of 0.5wt% MWCNT and
1wt% OMMT into PET matrix significantly increased
the activation energy. This indicates that this sample
had high stability in N2 atmosphere. The observed
increasing trend of Ea with increasing the conversion
degree is due to the fact that as the degradation process
continues there is formation of free radical during the
degradation process. Figure 10(c) and (d) depicts the
reaction rate of conversion versus temperature and fit-
ting of the Autocatalytic and Friedman models for
PET-S0.5O1 sample at different heating rates under
N2 atmosphere. The fitting method of Autocatalytic
and Friedman models has been mentioned else-
where.54,55 Using these models, it can be inferred that

Friedman model has the best fitting to the experimental
data.

Charred residue morphology

Figure 11 exhibits the charred residue morphology of
PET-S1.5O1 and PET-S0.5O1 samples at different
magnifications. The surface char of the PET-S1.5O1
sample was more rough and porous compared to the
PET-S0.5O1 sample. It can be deduced that the sample
having lower ratio of MWCNT to OMMT showed
lower porosity and higher thermal stability. Unusual
crystalline structures were observed in these samples.
It seems that OMMT nanoparticles in the presence of
MWCNT along with network structures of degraded
PET macromolecules contribute to the formation of
these structures.

Conclusions

The effect of simultaneous incorporation of functional
MWCNT and OMMT into PET matrix on thermal
properties of ternary PET/MWCNT/OMMT nano-
composites was studied. Investigation of nanostructure
using XRD and TEM techniques showed that by
decreasing the ratio of MWCNT to OMMT, exfoliated

Figure 11. SEM images of charred residue for ternary nanocomposites: (a,c) PET-S1.5O1 and (b,d) PET-S0.5O1 samples.

SEM: scanning electron microscopy; PET: poly(ethylene terephthalate).

856 Journal of Reinforced Plastics and Composites 32(11)

 at PENNSYLVANIA STATE UNIV on March 4, 2016jrp.sagepub.comDownloaded from 

http://jrp.sagepub.com/


morphology can be formed. It was observed that
Ozawa’s model did not authenticate for investigation
of crystallization kinetics of ternary nanocomposites.
It was found that the sample containing lower ratio
of MWCNT to OMMT has the highest crystallization
rate compared to the other samples. Analysis of surface
energy of entangled lamellae using Hoffman–Lauritzen
theory demonstrated that incorporation of MWCNT
and OMMT into PET matrix increases this energy
and decreases the crystallite lamellar thickness from
227 Å to 142 Å for PET and PET-S0.5O1, respectively.
Investigation of crystallization activation energy using
Friedman model showed that activation energy is
increased for all studied samples with increasing the
crystallization degree. Especially, in the case of
sample incorporated with 0.5wt% of MWCNT and
1wt% of OMMT this energy is decreased due to non-
uniform nucleation phenomenon. Investigation of acti-
vation energy at crystallization temperature region
using Vyazovkin Sbirazzuli’s model revealed that
PET-S0.5O1 sample has the highest energy absorption.
It was attributed to improved dispersion state of nano-
particles, which might increase the viscosity of PET
matrix and consequently confine the PET macromol-
ecular motions. TGA results showed that addition of
MWCNT and OMMT prevents the degradation of
PET matrix. Additionally, based on the Flynn model
it was found that the PET-S0.5O1 sample has the high-
est activation energy 220 kJ/mol from 20% to 60% of
conversion. However, Friedman model was a good fit-
ting for kinetics degradation. Charred residue morph-
ology showed that PET-S0.5O1 sample formed an
enhanced microstructure acting as a good barrier
against heat and mass transfer having suitable thermal
stability.
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