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ABSTRACT: Crystallization behavior of poly(ethylene ter-
ephthalate)/multiwalled carbon nanotubes (PET/MWNTs)
composites have been investigated under isothermal condi-
tions and in comparison with the conventional nucleating
agents, sodium benzoate, and micrometric carbon/glass
fibers. In the PET/MWNTs composites, MWNTs promote
the crystallization of PET as a heterogeneous nucleating
agent, and the nucleation efficiency is greatly enhanced
when MWNTs was homogeneously dispersed in PET ma-
trix. In comparison with pure PET, spherulites size of PET/
MWNTs composites is significantly reduced, and the shape
becomes quite irregular. TEM images indicate that MWNTs
bundles locate in the center of spherulites of PET and act as

nuclei. Fold surface free energy during nucleation process
for MWNTs nucleated PET is just half of pure PET, suggest-
ing that MWNTs are efficient nucleating agents for PET. The
sequence of nucleating ability of is given as follows: sodium
benzoate>MWNTs>talc>carbon fibers�glass fibers. The
nucleation in the presence of sodium benzoate is a chemical
nucleation process that may cause severe degradation of
PET, but MWNTs nucleate PET through ‘‘particle effect,’’
which does not affect the molecular weight of PET. � 2008
Wiley Periodicals, Inc. J Appl Polym Sci 108: 4080–4089, 2008
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INTRODUCTION

Because of their extraordinary mechanical, electrical,
and thermal properties, carbon nanotubes (CNTs)
including single-walled carbon nanotubes (SWNTs)
and multiwalled carbon nanotubes (MWNTs) have
been recognized as next-generation filler for poly-
mers. CNTs possess modulus of 10–1500 GPa, aspect
ratio of 100–1000, thermal conductivity could be
twice as high as that of diamond, and their electric-
current-carrying ability could be as high as 1000
times of that for copper wires.1 Several methods
have been applied to prepare polymer/CNTs com-
posites, including melt compounding,2–6 solution
compouding,7–9 in situ polymerization,10,11 latex fab-
rication,12 and solid-state mechanochemical pulver-
ization.13 The properties of polymer/CNTs compo-
sites strongly depend on the intrinsic properties of
CNTs and polymer matrix, CNTs dispersion state
and alignment, and interfacial interaction between
polymer and CNTs.

Poly(ethylene terephthalate) (PET) has been exten-
sively studied because of the academic and commer-
cial importance of this polyester.14–16 Its unique mo-
lecular structure endues PET with a high glass-tran-
sition temperature and a slow crystallization rate. To
achieve appropriate degree of crystallinity, a large
number of heterogeneous nucleating additives such
as sodium benzoate, talc, and titanium dioxide have
been attempted.17–20

In the previous work,21 we have prepared PET/
MWNTs composites with low percolation thresholds
of electrical conductivity and rheology by coagula-
tion method. We find that interfacial interactions
exist between PET and MWNTs, which could be a
basis for soft epitaxy of PET crystallization. Further-
more, MWNTs are uniformly dispersed throughout
PET matrix, which is conducive to achieve high
nucleation density. These findings inspire us to con-
sider the potential nucleation of PET by MWNTs.
We have also noticed that there are some literatures
that concentrate on the nucleation of CNTs on poly-
mers.22–24 In this study, crystallization behavior of
PET/MWNTs composites have been investigated
with polarizing optical microscopy (POM), transmis-
sion electron microscopy (TEM), and differential
scanning calorimetry (DSC). The influence of
MWNTs dispersion state on the crystallization
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behavior of polymer matrix was investigated with
two kinds of PET/MWNTs composites prepared
from different methods. Crystallization behavior of
PET/MWNTs composites have been investigated in
comparison with the conventional nucleating agents,
sodium benzoate, and micrometric carbon/glass
fibers.

EXPERIMENTAL

Materials

Commercial grade PET in pellet form was kindly
provided by Yizheng Chemical Fiber Co. (Yizheng,
China). The intrinsic viscosity of PET measured in
phenol/1,1,2,2-tetrachloroethane (1 : 1 by mass) was
0.649 dL/g, corresponding to a viscosity average
molecular weight of 47,500. Raw MWNTs prepared
by catalytic chemical vapor deposition were pur-
chased from Shenzhen Nanotech Port Co. (Shenzhen,
China). Typical specifications of MWNTs according
to the producer are as follows: diameters of
10�20 nm and length of 5�15 lm. MWNTs were
purified by air oxidation to remove amorphous car-
bons and residual metal catalysts according to previ-
ous reported procedures.21

Chopped carbon fibers (Panex133 carbon fiber,
unsized, with diameter 7.2 lm, length 8.5 mm, tensile
strength 3.8 GPa, and tensile modulus 228 GPa) were
purchased from Zoltek (Bridgeton, MO). Carbon
fibers were oxidized in air at 4408C for 30 min prior
to experiment. Chopped E-glass fibers (ECS 301,
sized, with diameter 10 lm, length 4.5 mm) were pur-
chased from Chongqing Polycomp International Corp
(Chongqing, China). As received from the manufac-
turer, glass fibers were coated with a proprietary sil-
ane-coupling agent, which was burned off in a fur-
nace under air atmosphere at 5008C for 1 h. Commer-
cial 2000-mesh talc powder was dried under vacuum.
Sodium benzoate, phenol, 1,1,2,2-tetrachloroethane,
trifluoroacetic acid, and dichloromethane were all an-
alytical grade and used as received.

Preparation of PET composites

Prior to use, PET and fillers (MWNTs, carbon fibers,
glass fibers, talc, and sodium benzoate) were dried
under vacuum at 1108C for 12 h. The mass ratios of
fillers versus PET were fixed as 0, 0.1%, 0.5%, 1%,
2.5%, and 5%.

PET composites were prepared by two methods:
melt compounding and coagulation. Melt com-
pounding was performed on a 2 cm3-scale mixer
(Mini-Max Molder CS-183MM, Custom Scientific
Instruments Company, Cedar Knolls, NJ) at 2658C
for 3 min. To ensure a complete compounding, melt-
compounding process was repeated for three times.

PET/MWNTs composites prepared by this method
are denoted as M-PET/NT. Other composites of
PET/carbon fibers, PET/glass fibers, PET/talc, and
PET/sodium benzoate prepared by this melt-com-
pounding method are denoted as PET/CF, PET/GF,
PET/Talc, and PET/SB, respectively. Neat PET was
also processed with the same procedures of melt
compounding as reference, which was denoted as
M-PET.

Coagulation method was performed by firstly dis-
persing MWNTs into PET solution in o-dichloroben-
zene-phenol (1 : 1 by mass) and successively precipi-
tating the dispersion with extensive methanol, as
described previously.21 The composites obtained from
coagulation method are porous flocs. Using Mini-Max
Molder CS-183MM machine, the composites were fur-
ther melt-compounded for better homogeneity and
injection-molded into bars with dimension of 50 3 12
3 1.5 mm3. The resultant PET/MWNTs composites
are denoted as C-PET/NT. Neat PET was also proc-
essed with the same procedures of coagulation as ref-
erence, which was denoted as C-PET.

All samples were dried under vacuum before
experiment.

MWNTs dispersion state in M-PET/NT and C-
PET/NT composites was observed on Leica Micro-
systems GmbH (Wetzlar, Germany) MPS-30 optical
microscope. Thin films were obtained by first melt-
ing samples (about 5 mg) sandwiched by two glass
slides at 2808C for 5 min on a temperature-controlled
hot stage, and compressing the samples with a pair
of tweezers, then quenching the samples to room
temperature in air.

DSC characterization

DSC measurements were traced by Perkin–Elmer
(Sheton, CT) DSC-7 under nitrogen atmosphere.
Temperature was calibrated using indium (156.68C)
and zinc (419.58C). Samples of about 7.0 mg were
enclosed in aluminum pans, and an empty alumi-
num pan was used as reference. For regular DSC
measurement, the procedures were as follows: heat-
ing from 35 to 2808C at the rate of 208C/min, hold-
ing for 5 min, and then cooling to 1008C at the rate
of 208C/min. For isothermal analysis, samples were
first held at 2808C for 5 min to erase thermal history,
and then cooled to desired crystallization tempera-
ture Tc in the range of 215–2458C at the rate of
2008C/min. Samples were kept at Tc for sufficient
time to allow DSC trace to level off. All tests were
performed twice to ensure reproducibility.

Isothermal crystallization of thin films

Thin films were obtained by spin-casting a solution
of PET or PET/MWNTs in CF3COOH/CH2Cl2, and
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then dried under vacuum at room temperature and
protected with glass covers. Films were first melted
at 2808C for 5 min on a temperature-controlled hot
stage, and then cooled to desired temperature to
carry out isothermal crystallization at the cooling
rate of 108C/min. The morphology of isothermal
crystallized films was observed on Leica MPS-30
microscope with polarized light and JEOL (Tokyo,
Japan) JEM-2010 transmission electron microscope.
For POM, thin films were obtained from spin-casting
50 g/L solution on glass slides. For TEM, thin films
were obtained from spin-casting 5 g/L solution on
carbon-coated mica slides. The isothermal crystal-
lized films were transferred to carbon-coated copper
grids in deionized water, and then stained using ru-
thenium tetroxide (RuO4) at room temperature for
30 min.25

Intrinsic viscosity measurement

Relative viscosities (hr) of solutions (c 5 0.5 g/dL) of
PET, PET/SB, and C-PET/NT composites in the mix-
ture of phenol and 1,1,2,2-tetrachloroethane (1:1 by
mass) were determined using an Schott-Gerate vis-
cometer at the temperature of (25 6 0.1)8C. The solu-
tions were filtered through sintered glass funnels
with pore diameter of 2–5 lm before viscosity meas-
urements. The intrinsic viscosity [h] was calculated
using a single point determination method according
to the following relationship:26

½h� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1:4ðhr � 1Þp � 1

0:7c
(1)

The viscosity average molecular weight Mh was
calculated using Mark-Houwink equation:

½h� ¼ KMa
h (2)

where K and a are Mark-Houwink constants.
K 5 2.5 3 1024 dL/g, and a 5 0.73.

RESULTS AND DISCUSSIONS

Morphology of heterogeneous nucleation
of PET by MWNTs

As shown in POM micrographs (Fig. 1), isothermal
crystallized PET/MWNTs thin films prepared from
spin-casting method show an irregular spatial distri-
bution of spherulites in comparison with pure PET
samples prepared under same conditions. It is appa-
rent that dense population of spherulitic crystallites
surrounds MWNTs, while crystallite size is signifi-
cantly reduced, and the shape become quite irregu-
lar. This is a direct consequence of an increase in the
density of nucleating sites in the vicinity of MWNTs,
which suggests heterogeneous nucleation of MWNTs
on PET chains. TEM images confirm the nucleation
action of MWNTs (Fig. 2). After RuO4 staining of the
amorphous regions of PET, it is found that MWNTs
bundles locate in the center of crystal, and act as
nuclei. The ‘‘MWNTs boundles’’ has been high-
lighted in a circle.

Isothermal crystallization kinetics and equilibrium
melting point of C-PET/NT composites

Isothermal crystallization exotherms of C-PET/NT
composites prepared from coagulation method are
presented in Figure 3. The mass fraction crystallinity,
Xt, is obtained from the exotherm area up to time t
divided by the total exotherm, i.e.

Xt ¼
Z t

0

ðdHt=dtÞdt
.Z ‘

0

ðdHc=dtÞdt (3)

where dH/dt is the heat flow rate. The shift of iso-
therms to right along the time axis with the increase
of Tc indicates a decreasing crystallization rate.

Usually, crystallization half-time t0.5, which is
defined as the time when Xt is 0.5, or its reciprocal

Figure 1 POM micrographs of spin-cast PET (a) and
PET/MWNTs (0.1 wt % MWNTs) (b) films crystallized at
2388C for 120 min. The scale bars are equal to 10 lm.

Figure 2 TEM micrographs of RuO4-stained PET/
MWNTs (0.1 wt % MWNTs) film crystallized at 2288C for
120 min in low and high magnifications. The ‘‘MWNTs
boundles’’ has been highlighted in a circle.
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(t0.5)
21, is taken as a parameter of the crystallization

rate of polymer. The dependence of ln(t0.5)
21 on Tc

is shown in Figure 4. The crystallization rate of C-
PET/NT composites is much larger compared with
that of pure PET at the same Tc, and crystallization
rate increases with the loading of MWNTs.

For analysis of crystallization kinetics for poly-
mers, equilibrium melting point T0

m is an important
parameter. According to the theory given by Hoff-
man and Weeks,27 T0

m is related to the experimental
melting point Tm and the isothermal crystallization
temperature Tc with the following equation:

Figure 3 The DSC exotherms of isothermal crystallization of C-PET/NT composites with different loading of MWNTs
under different crystallization temperature Tc.

Figure 4 Plots of ln(t0.5)
21 versus Tc for PET and C-PET/

NT composites.
Figure 5 The determination of equilibrium melting point
for PET and C-PET/NT composites.
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Tm ¼ T0
mð1� 1=gÞ þ Tc=g (4)

where g is the ratio of the thickness of grown crys-
tallite to the thickness of critical crystalline nucleus.28

Plotting Tm as a function of Tc, the extrapolation of
Tm versus Tc to the line Tm 5 Tc gives the value of
T0
m, as shown in Figure 5 and Table I.

To investigate the isothermal crystallization kinetics
of C-PET/NT composites, the well-known Avrami
equation29 is employed:

log½� lnð1� XtÞ� ¼ log kþ n log t (5)

where k is the overall kinetic constant, and n is the
Avrami exponent, which is correlated to the nuclea-
tion mechanism and crystal growth dimension. The

TABLE I
Kinetics Parameters of Isothermal Crystallization for C-PET/NT Composites

MWNT (wt %) Tc (8C) t0.5 (s) (t0.5)
21 (s21) ln(t0.5)

21 K (s2n) n Tm (8C) T0
m (8C)

0 219 32.6 0.0307 23.48 4.17 3 1024 2.13 251.4 269.0
222 54.1 0.0185 23.99 1.10 3 1024 2.20 252.6
225 90. 8 0.0110 24.51 1.86 3 1025 2.34 253.5
228 158 0.00633 25.06 3.45 3 1026 2.42 254.5
231 256 0.00391 25.54 5.77 3 1027 2.53 255.6

0.1 231 70.4 0.0142 24.25 1.78 3 1024 1.94 254.9 265.3
234 139 0.00719 24.93 9.77 3 1026 2.27 255.9
237 272 0.00368 25.60 8.91 3 1027 2.42 256.9
240 536 0.00186 26.28 3.48 3 1028 2.68 257.9

0.5 234 79.5 0.0128 24.38 4.19 3 1024 1.70 255.8 268.3
237 166 0.00602 25.11 3.76 3 1025 1.92 256.9
240 340 0.00294 25.83 1.57 3 1025 1.83 257.8
243 636 0.00157 26.46 6.35 3 1027 2.15 259.4

Figure 6 Avrami analysis of isothermal crystallization of C-PET/NT composites.
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isothermal crystallization of C-PET/NT composites
is a typical two-stage process: primary crystallization
and secondary crystallization. For brevity, we only
analyze the primary stage (Xt 5 10–55%). Figure 6
shows the plots of log[2ln(12Xt)] versus log t of C-
PET/NT composites, from which n and k are deter-
mined, as presented in Table I. As could be seen, n
increases with increasing Tc, but decreases with
increasing loading of MWNTs from 0.1 to 0.5 wt %.

Lauritzen-Hoffman secondary nucleation theory

The reciprocal of t0.5 could represent the crystalliza-
tion rate of polymers:

G ¼ t0:5ð Þ�1 (6)

According to the well-established Lauritzen-Hoff-
man (L-H) equation30:

G ¼ G0 exp � U�

RðTc � T‘Þ
� �

exp � kg

fTcDT

� �
(7)

ðt0:5Þ�1½ðt0:5Þ0��1 exp � U�

RðTc � T‘Þ
� �

exp � kg

fTcDT

� �

(8)

where G0 is a preexponential factor containing quan-
tities not strongly dependent on temperature, U* is
the activation energy for the transport of polymer
segments to the crystallization site, R is the gas
constant, DT is the degree of supercooling (DT 5
T0
m 2 Tc), T

0
m is the equilibrium melting temperature,

f 5 2Tc/(Tc 1 T0
m) is the correction factor accounting

for the variation in DHm
0 (the fusion heat of perfect

crystal) with temperature. T‘ (T‘ 5 Tg 2 C) is the
temperature where the cessation of long-range mo-
lecular motion is expected, and T‘ is often taken to
be either � 30 or 51.6 K below Tg, glass-transition
temperature (i.e., Tg � 788C for PET).

For a given growth regime, the constant kg can be
defined as

kg ¼ 4rreb0T
0
m

kbDH0
m

(9)

where kb is the Boltzmann’s constant, b0 is the thick-
ness of a monomolecular layer, r and re are the lat-
eral surface free energy, and the fold surface free
energy during nucleation process, respectively.

Medellin-Rodriguez et al.31 discussed the applic-
ability of L-H equation to polymers. They employed
the empirical ‘‘universal’’ values of U* 5 6284 J/mol
and T‘ 5 Tg 2 30 K, and the Williams-Landel-Ferry
values32 of U* 5 17,640 J/mol and T‘ 5 Tg 2
51.6 K. For isothermal crystallization of PET, b0, r,
and DHm

0 are taken as 0.595 nm, 1.09 3 1022 J/m2,
and 2.1 3 108 J/m3, respectively.14 Thus, the de-
pendence of ln(1/t0.5) 1 U*/(R(Tc2T‘)) on 1/(fTcDT)
for C-PET/NT composites is plotted in Figure 7 and
the resulted kg and re values are listed in Table II. A
good nucleating agent would provide surfaces of
low free energy. The smaller is the free energy, the
smaller is the work required in folding polymers
chains. re for MWNTs nucleated PET is just half of
pure PET, meaning that MWNTs are efficient nucle-
ating agents for PET.

Influence of MWNTs dispersion state on
nucleating ability

MWNTs dispersion state is a crucial factor to the
properties of target composites. Our previous

Figure 7 Plots of ln(1/t0.5) 1 U*/(R(Tc2T‘) versus 1/
(fTcDT) by using WLF values and the universal values for
PET and C-PET/NT composites.

TABLE II
Results Determined by L-H Equation Based on Different Parameters

for C-PET/NT Composites

MWNTs (wt %) Kg (K
22)a re

a (J m22) Kg (K22)b re
b (J m22)

0 2.05 3 105 (0.996)c 0.0428 2.36 3 105 (0.996) 0.0493
0.1 1.18 3 105 (0.992) 0.0247 1.31 3 105 (0.992) 0.0272
0.5 1.16 3 105 (0.996) 0.0241 1.28 3 105 (0.996) 0.0267

a Values are obtained from universal values.
b Values are from WLF values.
c Values in parentheses represent correlation coefficient (R) for the fitted straight

lines.
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results21 have shown that coagulation method pro-
duces homogeneous PET/MWNTs composites. Here,
we characterize MWNTs dispersion state with opti-
cal micrographs. There are few agglomerates of
MWNTs in the coagulated C-PET/MWNTs compo-
sites [Fig. 8(a)]. In contrast, numerous black spots,
which are responsible to MWNTs agglomerates,
appear in the melt compounded M-PET/MWNTs
composites [Fig. 8(b)]. The poor dispersion indicates
that there is macrophase separation in M-PET/NT
composites.

The effect of MWNTs dispersion state on crystalli-
zation characteristics of PET matrix has been ana-
lyzed using regular DSC experiments. DSC cooling
scans of PET/MWNTs composites are shown in Fig-
ure 9. Composite samples exhibit crystallization exo-
therms earlier than pure PET. The dependence of
maximum crystallization rate temperature Tpeak on
mass ratio of MWNTs is plotted in Figure 10. Given
MWNTs loading of 2.5 wt %, Tpeak increases 11.78C
for C-PET/NT composites in comparison with the
reference C-PET sample, and 7.98C for M-PET/NT
composites in comparison with the reference M-PET
sample. This indicates that nucleation effect is
greatly enhanced when homogeneous MWNTs dis-
persion achieved.

Nucleating ability comparison between MWNTs
and commercial nucleating agents and fibers

Sodium benzoate and talc are commercial nucleating
agents for PET, while carbon fibers and glass fibers
are widely used as reinforcing fillers for resins. In
comparison with PET/MWNTs composites, PET/SB,
PET/CF, PET/GF, and PET/talc composites were
prepared by melt compounding. DSC cooling scans
of melt-compounded PET/SB, PET/CF, PET/GF,
and PET/talc composites are shown in Figure 11. As
presented in Figure 11, all composite samples exhibit
crystallization exotherms earlier than their reference
M-PET sample prepared under the same melt-com-
pounding conditions as composite samples. The de-
pendence of Tpeak on various mass ratios of different
fillers is plotted in Figure 12. In comparison with ref-
erence M-PET sample prepared under the same con-
ditions as composite samples, at the filler loading of
2.5 wt %, Tpeak increases 15.68C for PET/SB compo-
sites, 7.98C for M-PET/NT composites, 5.68C for
PET/talc composites, 2.38C for PET/carbon fibers
composites, and 1.98C for PET/glass fibers compo-
sites. This indicates that sodium benzoate possesses
the best nucleating ability to PET among them. The
nucleating ability sequence of fillers is as followed:
sodium benzoate>MWNTs>talc>carbon fibers�glass
fibers.

The thermal degradation of polymers has a strong
influence on their crystallization. Since C-PET/NT
composites and PET/SB composites give most prom-
inent nucleating effect, we measured the molecular
weight of PET of these two series with the viscosity
method. Although the solutions were filtered before
viscosity measurements, it should be noted that the
filtrate was still black for C-PET/NT composites,
indicating that some MWNTs could not be com-
pletely removed by the filtration process. Moreover,
sodium benzoate is soluble in PET solvent, so it may
also have some influence on measurement results.

Figure 8 Optical micrographs of C-PET/NT (a) and M-
PET/NT (b) composites. The loading of MWNTs is
0.5 wt %, and the scale bars are equal to 50 lm.

Figure 9 DSC cooling scans of C-PET/NT, M-PET/NT composites.
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However, the influence of MWNTs or sodium ben-
zoate on measurement results should be insignificant
due to the low concentration in solution (less than
200 ppm in solution). To clarify the effect of residual
MWNTs or sodium benzoate on the viscosity meas-
urements, we did measure the viscosity of the solu-
tions of as-received PET sample in the presence of

MWNTs and sodium benzoate (‘‘PET 1 MWNTs’’
and ‘‘PET 1 sodium benzoate’’ in Table III) under
the same viscosity measuring process. ‘‘PET 1 so-
dium benzoate’’ is a solution of as-received PET
sample in the presence of sodium benzoate with the
same concentration as that of PET/SB (5 wt %) com-
posites, and ‘‘PET 1 MWNTs’’ is a solution of as-
received PET sample in the presence of MWNTs
with the same concentration as that of C-PET/NT
(5 wt %) composites. We found that neither MWNTs
nor sodium benzoate had significant influence on
the viscosity measurements (Table III).

PET/SB composites have initiated great decrease
in the molecular weight of PET (Table IV). For PET/
SB, the molecular weight drop of PET (0 wt % of
filler) from 47.5 kg/mol (Table III) to 35.3 kg/mol
(Table IV) is mainly due to the thermal degradation
in melt mixing process. 5 wt % sodium benzoate
induces a reduction of viscosity average molecular
weight of PET as large as 45%. In fact, the color of
PET/SB composites become yellow with the increas-
ing amount of sodium benzoate, indicating that
PET/SB composites have experienced severe degra-
dation with high loading of sodium benzoate during

Figure 10 Tpeak versus mass ratio of fillers of C-PET/NT,
M-PET/NT composites.

Figure 11 DSC cooling scans of PET/SB, PET/CF, PET/GF, and PET/talc composites.
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preparation. The following reaction between metal
salts and PET during melt processing was proposed
by Garcia:17

This reaction points out that PET nucleation in the
presence of effective metal salts such as sodium ben-
zoate is a chemical nucleation process: a reaction
between polymer and an organic salt leads to the
formation of ionic chain ends; the resulting ionic
clusters are thought to precipitate and form the
nuclei. It also explains the drop in molecular weight
of PET in our experimental results with the increas-
ing content of sodium benzoate.

On the other hand, MWNTs influence little on the
molecular weight of PET in C-PET/MWNTs compo-
sites (Table IV). For C-PET/NT, the molecular
weight drop of PET (0 wt % of filler) from 47.5 kg/
mol (Table III) to 34.3 kg/mol (Table IV) is mainly
due to the thermal degradation in melt processing
process after coagulation. Li et al.33 have reported
nano-hybrid shish-kebab structures from solution
crystallization of polymers in the presence of CNTs,
which is CNTs periodically decorated with polymer
lamellar crystals, and they have proposed a ‘‘size-de-
pendent soft epitaxy’’ mechanism. In melt crystalli-
zation, the viscosity is larger than solution for mag-
nitudes, so polymer chains might not have enough
time and energy to pattern themselves onto MWNTs,

therefore regular spherulites morphology is ob-
served. MWNTs nucleate PET through ‘‘particle
effect,’’ which does not affect the molecular weight
of PET. Because of their high aspect ratio, small di-
ameter and uniform dispersion, nucleation density
of MWNTs is large enough to excel talc, which
nucleates PET through lattice matching epitaxial
mechanism.20

CONCLUSIONS

The crystallization behavior of PET/MWNTs compo-
sites has been investigated with POM, TEM and
DSC. In comparison with pure PET, POM images
show that spherulites size of PET/MWNTs compo-
sites is significantly reduced, and the shape becomes
quite irregular. TEM images show that MWNTs bun-
dles locate in the center of crystal and act as nuclei.
To make a detailed analysis of the crystallization
behavior of PET/MWNTs composites, the renowned
Avrami equation and Lauritzen-Hoffman secondary
nucleation theory have been employed. The value
of Avrami exponent n has a dependence on the load-
ing of MWNTs. Higher loading of MWNTs de-
creases the value of n. The crystallization rate of PET
increases exponentially with the addition of
MWNTs. The fold surface free energy during nuclea-
tion process for MWNTs nucleated PET is just half
of pure PET, suggesting that MWNTs are efficient
nucleating agents for PET.

MWNTs dispersion state has a significant influ-
ence on their nucleating effect. Nucleation effect
is significantly enhanced when homogeneous
MWNTs dispersion achieved. The nucleating ability
of MWNTs is compared with commercial nucleating
agents and fibers, and the sequence is as followed:
sodium benzoate>MWNTs>talc>carbon fibers�
glass fiber. PET nucleation in the presence of sodium
benzoate is a chemical nucleation process, which
causes severe degradation of PET. MWNTs nucleate

TABLE III
Viscosity Average Molecular Weight of As-Received
PET, PET 1 Sodium Benzoate, and PET 1 MWNTs

Samples PET
PET 1 sodium

benzoate
PET 1
MWNTs

Mh (kg/mol) 47.5 48.4 47.4

Figure 12 Tpeak versus mass ratio of fillers of various
composites including PET/SB, M-PET/NT, PET/CF, PET/
GF, PET/talc.

TABLE IV
Viscosity Average Molecular Weight of PET/SB and C-PET/NT Composites

Samples PET/SB C-PET/NT

Mass ratio of filler (%) 0 0.1 0.5 1 2.5 5 0 0.1 0.5 1 2 5
Mh (kg/mol) 35.3 33.8 33.3 27.7 22.8 19.4 34.3 34.2 33.9 34.5 33.6 34.4
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PET through ‘‘particle effect,’’ which does not affect
the molecular weight of PET.
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