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ABSTRACT: TiO2/SiO2 sol was intercalated into mont-
morillonite (MMT), which was pretreated with polyvinyl-
pyrrolidone (PVP). A series of poly(ethylene terephthalate)
(PET)/MMT hybrids were prepared using the obtained
MMT as polycondensation catalysts. X-ray diffraction
(XRD) results proved that MMT dispersion states could be
controlled by the amount of TiO2/SiO2 sol that was incorpo-
rated into MMT, ranging from agglomeration to exfoliation.
The crystallization behavior of PET/MMT composites syn-
thesized in this study was characterized by differential scan-
ning calorimeter (DSC), polarized optical microscope
(POM) and scanning electron microscopy (SEM) to clarify
the effects of clay treatment and its dispersion state on the
crystallization behavior of the PET substrate. The results

indicated that MMT treated with less PVP would retain rel-
atively higher nucleation efficiency while when MMT con-
taining more PVP, the nucleation effect of MMT became
weaker. If MMT formed big grains within PET substrate,
the disturbance of the growing crystals was negligible; but
the exfoliation of MMT layers would greatly magnify the
spatial constraint which would slow down the crystalliza-
tion process of PET matrix. For certain exfoliated PET/
MMT composites, the crystallization rate was even lower
than that of pure PET though clay content was low. VVC 2009
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is one of the most
extensively used semicrystal polymers, which has
found its applications in fibers, films, packaging and
molding materials.1–4 The crystallization behavior of
PET greatly affects the process parameters and the
properties of the obtained materials. Recently, many
research groups have devoted their efforts to the
study of PET/montmorillonite (MMT) nanocompo-
sites. The incorporation of MMT not only improves
the properties of PET,5–10 but also greatly alters the
crystallization behavior of the PET substrate.3,4,11–15

So it is of great importance to research the crystalli-
zation processes of PET/MMT composites.

Most reports considered the MMT layers within
PET/MMT hybrids as an effective nucleating agent,
the crystallization rate of the composites was
remarkably improved due to the heterogeneous
nucleation of the clay particles. Qi and coworkers3

had reported the preparation of PET/MMT nano-
composite which had three times greater crystalliza-
tion rate than that of pure PET. Though the clay
sheets acted as impediment of the growing crystals
simultaneously, the nucleation effect of MMT could
overrun the hindrance effect. As a result, clay could
accelerate the overall crystallization of PET and the
composites could be used for applications involving
high-speed processing such as injection molding.
However, too fast crystallization rate and higher

crystallinity may cause some undesired properties of
the final products in some cases. For example, PET/
clay nanocomposites have been considered for the
application in food/beverage packaging and medical
field recently due to the dramatically decreased oxy-
gen and carbon dioxide permeability by the addition
of clay.6,7 However, these nano-scale fillers greatly
enhance the crystallization rate of PET matrix and
increase the crystallinity of the material, resulting in
increase of haze of the final products, especially at
high clay loading levels, which greatly limit the
application of PET/MMT nanocomposites as food/
beverage packaging.16,17 So it is of great importance
to control the crystallization rate of PET/MMT
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nanocomposites for different use by variation of the
clay treatment while the clay dispersion state
remains exfoliation.

In this study, the key objective is to investigate the
effects of clay treatment and clay dispersion state on
the crystallization behavior of PET/MMT compo-
sites. A series of MMT treated with different amount
of PVP and TiO2/SiO2 sol were prepared, PET/
MMT composites were synthesized using these
treated MMT as polycondensation catalysts. X-ray
diffraction (XRD) curves confirmed that MMT treat-
ment determined its dispersion state. Clay treatment
and clay dispersion state, two main factors that
influenced crystallization behavior of PET/MMT
composites, were studied respectively. The effect of
clay treatment on the crystallization behavior of PET
matrix was studied while the clay dispersion state
was the same; the crystallization process of the
hybrids possessing different clay dispersion states
was researched while the corresponding clay based
catalysts were treated with constant quantity of PVP.
The results indicated that the crystallization rates of
the exfoliated nanocomposites with the same clay
contents varied a lot according to the clay treatment.
For certain exfoliated sample, the crystallization rate
was even lower than that of pure PET. Though some
researchers have reported that increasing clay load-
ing in an exfoliated PET/MMT composite would
lead to decreased crystallization rate (still higher
than the crystallization rate of pure PET), this phe-
nomenon usually became prominent at high clay
content for PET/MMT composites, often larger than
10%4, far beyond the range of this study. Also the
crystallization behavior of completely exfoliated
PET/MMT nanocomposites has seldom been
reported, especially the nanocomposites were pre-
pared using in situ methods and clay supported cat-
alysts, so this work could be a complement of the
published results.

EXPERIMENTAL

Materials

Sodium-montmorillonite (Na-MMT) with a cation
exchange capacity of 100 meq/100 g and a nominal
particle size of 40 lm was purchased from Zhangjia-
kou Clay Mineral Corp. (Hebei Province, People’s
Republic of China). Dimethyl terephthalate (DMT)
was a commercial product from Mitsubishi Chemical
Corp. (Tokyo, Japan). Polyvinylpyrrolidone (PVP)
(AR, 98%, impurity is mainly water), tetrabutyl tita-
nate (Ti(OC4H9)4) (AR, 99%), tetraethoxide orthosili-
cate (TEOS) (AR, 98%) and ethylene glycol (EG)
(AR, 99%) were purchased from Beijing Chemical
Reagents Company (China). The chemicals were
used as received.

Preparation of the catalyst

A series of MMT based catalysts were synthesized.
Since the preparation procedures were similar, only
one typical synthesis process is given here as an
example. First, 1 g of PVP, 400 g of deionized water
and 4 g of Naþ– montmorillonite (Na-MMT) were
placed into a 500 mL three-neck flask. The mixture
was vigorously stirred for 6 h and the temperature
was maintained at 85�C. The precipitate was isolated
by centrifugation and washed with 200 mL distilled
water three times. Then the acquired organo-clay
was dried in vacuum to a constant weight at 80�C
and grounded into powder, screened with a 300-
mesh sieve.
Second, the obtained PVP-MMT would be interca-

lated by TiO2/SiO2 sol. The sol-intercalated clay was
prepared as the following procedures reported by
Yamanaka et al.18,19 The silicon hydrate sol solution
was prepared by mixing Si(OC2H5)4 (TEOS), 2 mol/
L HCl and ethanol in a ratio of 10.4 g : 2.5 mL : 3
mL at room temperature. Titanium hydrate sol was
obtained through the hydrolysis of tetrabutyl tita-
nate (Ti(OC4H9)4) in 1 mol/L HCl solution and the
molar ratio of HCl to Ti(OC4H9)4 was about 4. The
resulting slurry was peptized to a clear sol solution
by continuous stirring for 3 h at room temperature.
The two sol solutions were then mixed and stirred
for 30 min at room temperature. Subsequently, the
mixture was added into the 1 wt % suspension of
the pretreated clay, in a ratio of 0.1 mmol : 1 g for
Ti/clay. The slurry was stirred for 6 h to maximize
the intercalation, and then the solid was separated
by centrifugation and washed with deionized water
until no Cl� could be detected out of the liquid
phase by one drop of AgNO3 solution. The wet cake
was dried under vacuum to a constant weight at
80�C and grounded into powder, screened with a
300-mesh sieve. The powder was named P0.25-Ti0.1-
MMT. The composition and synthesis parameters of
the other samples are listed in Table I.

Synthesis of PET/ MMT nanocomposite

Only one typical example is given here. 101 g of
DMT and 72 g of EG) were added into a home
made four-neck flask equipped with a mechanical

TABLE I
The Treatment Parameters of the Catalysts

Samples
PVP/MMT
(wt/wt)

Ti (mmol)/
Clay (g)

P0.25-Ti0.1-MMT 0.25 0.1
P0.25-Ti0.2-MMT 0.25 0.2
P0.25-Ti0.3-MMT 0.25 0.3
P0.5-Ti0.3-MMT 0.5 0.3
P1.0-Ti0.2-MMT 1.0 0.2
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stir, 0.03 g of manganese acetate was added as cat-
alyst. The four-neck flask was made of glass and
heated by alloy metal bath, the heater is monitored
by a temperature-control device. The mixture was
heated to about 180�C under the protection of con-
tinuous flow of nitrogen whereupon methanol was
generated. After a theoretical amount of methanol
was removed, the transesterfication step was fin-
ished. Then 2 g of P0.25-Ti0.1-MMT was added
and the temperature of the reaction system was
increased to 280�C. At the same time, a vacuum
was applied (<50 Pa). The polycondensation step
was finished until the mechanical stir reached a
certain torque. All the polymerizations could be
done within 2 h. Pure PET was also synthesized in
our lab with the same method but no organo-MMT
powder was added, instead, 0.03 g of antimony tri-
oxide was added as polycondensation catalyst.
PET/Na-MMT was prepared by adding 2 g of Na-
MMT and 0.03 g of antimony trioxide into the reac-
tion system after the transesterfication step was fin-
ished. The specifications of the samples are listed
in Table II.

Characterization

XRD was performed at room temperature by a
Rigaku Model D/max-2B diffractometer using Cu
Ka radiation (k ¼ 0.154 nm) at a generator voltage
of 20 kV and a generator current of 200 mA. Testing
data were collected from 1.5 to 40� at a scanning
rate of 2�/min.

Thermogravimetric analysis (TGA) was performed
on a Perkin–Elmer TGA7. Samples were heated at a
rate of 20�C/min from 50 to 700�C in a nitrogen
atmosphere. The standard uncertainty of decomposi-
tion temperature is �1�C.

The intrinsic viscosity (g) of all the samples was
measured at 25�C � 0.1�C in a Ubbelohde viscome-
ter, with the mixture of 50/50 (wt/wt) phenol/
1,1,2,2- tetrachloroethane as solvent.

Chemical composition of the pristine clay and the
clay based catalysts was determined using an elec-

tron probe microanalyzer (EPMA) JXA-8800R
(JEOL). Before EPMA measurements, all the samples
were dried at 80�C under vacuum to remove
absorbed water, and then the clays were molded
into a shape of disk. Acceleration voltage was 20 kV,
beam current was 20 nA and beam diameter was
5 lm. The peak counting time was 10 s and 10 s for
the background.
A Perkin–Elmer DSC-7 differential scanning calo-

rimeter (DSC) thermal analyzer was used for DSC
analysis. Each sample, about 3 mg, was accurately
weighted before being placed in DSC span. All DSC
measurements were performed under dry nitrogen
atmosphere. For isothermal process, samples were
first heated from room temperature to 290�C with a
heating rate of 40�C/min and kept at 290�C for 5
min to eliminate any thermal history, then rapidly
cooled to designated crystallization temperatures,
and held at this temperature until crystallization
was completed. Isothermal crystallization of PET/
MMT nanocomposites and pure PET were per-
formed under various temperatures ranging from
208�C to 216�C. For the programmed cooling pro-
cess, all samples were first held at 290�C for 5 min,
and then cooled at 10�C/min to 50�C.
The crystallization process of pure PET and PET/

MMT composites was studied using an Olympus
BX51 polarized optical microscope (POM) connected
with a Linkam THMS600 hot stage under nitrogen
atmosphere. The cooling rate was controlled with
the aid of liquid nitrogen. The sample films were
first melted at 290�C and held at that temperature
for 5 min to eliminate residual crystals, then cooled
to 35�C at 10�C/min. The polarized optical micro-
graphs were taken every two seconds once the cool-
ing process started. The samples used for POM
observation were films with thickness of about
30 lm, which were prepared with a home made
compression molder under vacuum at 280�C.
The crystalline morphology of pure PET and

PET/MMT nanocomposite (P0.25-Ti0.3) was exam-
ined with a Leica MPS 30 polarizing optical micro-
scope and a Hitachi S-530 scanning electron
microscope. The sample films were first melted at
290�C and held at that temperature for 5 min to
eliminate residual crystals, cooled to 230�C at
100�C/min and held at 230�C for 60 min, and then
quenched to 35�C for observation. All the thermal
treatment was done on Linkam THMS600 hot stage
under dry nitrogen atmosphere. The thin sample
pieces for scanning electron microscopy (SEM) ex-
amination were prepared using the same method
except that they were much thicker than those for
POM observation. These thick pieces were chemi-
cally etched with a solution of 5/95 (wt/wt) potas-
sium hydroxide/methanol. They were coated with
platinum before SEM observation.

TABLE II
Composition of the Composites

Samples Clay type

Clay
loading
(wt %)

Intrinsic
viscosity
(g) (dl/g)

Pure PET / / 0.63
PET/Na-MMT Na-MMT 2 0.68
P0.25-Ti0.1 P0.25-Ti0.1-MMT 2 0.67
P0.25-Ti0.2 P0.25-Ti0.2-MMT 2 0.65
P0.25-Ti0.3 P0.25-Ti0.3-MMT 2 0.71
P0.5-Ti0.3 P0.5-Ti0.3-MMT 2 0.73
P1.0-Ti0.2 P1.0-Ti0.2-MMT 2 0.69
2P0.25-Ti0.3 P0.25-Ti0.3-MMT 4 0.68
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RESULTS AND DISCUSSION

Characterization of the catalysts and composites

Figure 1 represented the XRD curves of raw MMT
and the MMT based polycondensation catalysts. It
can be seen that the d(001) peak of the raw clay
appeared at 2y � 7.2�, corresponding to the basal
spacing of 1.23 nm. After the treatment of PVP and
TiO2/SiO2 sol, the d(001) peaks of MMT at 7.2�

shifted toward lower angles, shown at about 3�, cor-
responding to the basal spacing of approximate 2.6
nm. The increase of the interlayer spacings obvi-
ously meant that PVP was suitable in the organifica-
tion of raw MMT. The amount of PVP introduced
into MMT could be controlled according to the
results of TGA study, which was summarized in
Table III. Apparently, MMT based polycondensation
catalysts pretreated with higher amount of PVP had
less weight residual at 700�C, which meant that
these samples had relatively higher organic content.
The initial decomposition temperatures of the cata-
lysts were far beyond the polycondensation tempera-
ture of PET, so the catalysts would not decompose
during the in situ synthesis of PET/MMT compo-
sites. Also, according to Table IV, the TiO2/SiO2 sol
was successfully intercalated into the clay galleries

as indicated by EPMA tests. After the treatment
with TiO2/SiO2 sol, the content of the exchangeable
cations of PVP treated MMT, such as Naþ, which
located between the neighboring clay lamellas, dras-
tically reduced. Its content decreased to about one
tenth of the original value. Meanwhile, the titanium
content increased dramatically. Since PVP was a
nonionic polymer and physically absorbed onto
MMT,20,21 Naþ should be exchanged by the posi-
tively charged TiO2/SiO2 sol particles.18,22 Besides,
in this study, SiO2 sol particles acted as the carrier
of TiO2 to increase the size of TiO2 particles, so the
TiO2 sol could cover a much larger area of MMT
layers and disperse homogeneously throughout the
clay,18,19,22 which could facilitate the exfoliation of
MMT.
After polymerization, the d (001) peaks of the clay

based catalysts moved to lower angles and their in-
tensity dramatically decreased, as shown by Figure
2, which indicated that polymer chains had pene-
trated into the clay interlayer spaces, the distance
between neighboring MMT platelets was enlarged
and the clay stacks lost some of their periodic struc-
tures. For 2P0.25-Ti0.3, P0.25-Ti0.3, P0.5-Ti0.3, and
P1.0-Ti0.2, the 2y diffraction peaks were completely
lost, suggesting that satisfactory degree of exfoliation
was achieved, clay monolayers dispersed homogene-
ously throughout the polymer matrix. For P0.25-
Ti0.2, a wide hump could be observed between 2

Figure 1 XRD curves of the raw MMT and the MMT
based polycondesation catalysts.

TABLE IV
EPMA Results of Raw MMT and the Catalysts

Samples Na2O (wt %) TiO2 (wt %)

Na-MMT 2.89 0.08
P0.25-Ti0.1-MMT 0.20 0.55
P0.25-Ti0.2-MMT 0.18 1.16
P0.25-Ti0.3-MMT 0.14 1.52
P0.5-Ti0.3-MMT 0.23 1.58
P1.0-Ti0.2-MMT 0.22 1.35

TABLE III
TGA Results of the Catalysts

Samples

Weight
residual
at 700�C

Initial
decomposition

temperature (�C)

Na-MMT 96.1% /
P0.25-Ti0.1-MMT 82.9% 403
P0.25-Ti0.2-MMT 82.4% 402
P0.25-Ti0.3-MMT 82.3% 403
P0.5-Ti0.3-MMT 76.4% 401
P1.0-Ti0.2-MMT 72.0% 398

Figure 2 XRD curves of PET/MMT composites.
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and 5�, indicating intercalated structure. As for
P0.25-Ti0.1, a weak diffraction of MMT was seen,
which meant that MMT formed agglomerated struc-
ture. Untreated MMT must have formed big grains
in PET/Na-MMT, for a sharp and strong peak was
found on the curve.

For the samples P0.25-Ti0.1, P0.25-Ti0.2 and P0.25-
Ti0.3, the clay added had the same amount of PVP,
which was validated by TGA tests; but the clay dis-
persion states of the samples varied a lot. So the
influence of the clay dispersion states on the crystal-
lization behavior of PET/MMT composites could be
clarified through the study of these samples. While
in the case of the samples P0.25-Ti0.3, P0.5-Ti0.3,
and P1.0-Ti0.2, the effects of the amount of the or-
ganic clay modifier (PVP) on the crystallization of
the nanocomposites could be studied since all these
samples possessed almost the same clay dispersion
state and the clay added varied in the content of
PVP.

Isothermal crystallization

There are many factors that could affect the crystalli-
zation of PET, within them, the molecular weight/
intrinsic viscosity of the PET matrix is an important
one. The intrinsic viscosity of the composites pre-
pared in this study were measured, the results were
shown in Table II. It was found that the intrinsic vis-
cosity of the hybrids were close to each other and a
little higher than that of pure PET. This result could
eliminate the possibility that the difference of molec-
ular weight/intrinsic viscosity of the samples could
cause any effect on the crystallization behavior of
PET matrix.

The crystallization process of crystalline polymer
from melts is usually accompanied by significant
heat release that can be measured by DSC.23 To ana-
lyze the DSC results, the relative degree of crystal-
linity at time t, X(t), is defined as follows:

XðtÞ ¼ XcðtÞ
Xcðt1Þ ¼

R t
0
dHðtÞ
dt dtR t1

0
dHðtÞ
dt dt

¼ DHt

DH1
(1)

where dH/dt is the rate of heat evolution; DHt is the
heat generated at time t; DH1 is the total heat gener-
ated up to the end of the crystallization process. The
curves of relative crystallinity (X(t)) of the samples
versus crystallization time (t) at 212�C was put to-
gether in Figure 3 for comparison. It was obvious
that the composites had higher crystallization rates
compared with that of pure PET at the same temper-
ature. The same phenomena could be found at other
crystallization temperatures. It has been reported
that, in polymer matrix, clay platelets could act as
both an effective nucleating agent3,11,24–27 and an
impediment of the crystallization process28–31; the

former could accelerate the crystallization of the
polymer matrix while the latter would slow down
the crystallization process. As the crystallization rate
of PET was increased by the organo-clay, the clay
layers must have acted as a heterogeneous nuclea-
tion agent for PET.
For analysis of the isothermal crystallization, the

so-called Avrami equation has been applied.32,33

Accordingly, the relative crystallinity is related to
the crystallization time according to:

XðtÞ ¼
Z t

0

ðdHc=dtÞdt
�Z 1

0

ðdHc=dtÞdt ¼ 1� expð�KtnÞ

(2)

where X(t) is the relative crystallinity at time t, dH/dt
is the rate of crystallization heat evolution. The pa-
rameter K in eq (2) is an overall crystallization rate
constant and n is the Avrami exponent, which is a
function of the nucleation process and crystal
growth geometry.
The values of n and K could be calculated from

fitting to experimental data with the double logarith-
mic form of eq (2):

logf� ln½1� XðtÞ�g ¼ logK þ n log t (3)

The crystallization rate constant K and Avrami
exponent n could be determined from the intercept
and slope in the plot of log{[�ln[1 � X(t)]} versus
log t. Half time of the crystallization (t1/2), another
important parameter that could represent the crys-
tallization rates of the composites, could be obtained
using the following equation:

t1=2 ¼
ln 2

K

� �1=n

(4)

where K is the overall crystallization rate constant
and n is the Avrami exponent.

Figure 3 Curves of relative crystallinity (X(t)) of the sam-
ples versus crystallization time (t) at the crystallization
temperature (Tc) of 212

�C.
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The values of Avrami exponent n, crystallization
rate constant K and half crystallization time (t1/2) at
different crystallization temperatures of the samples
PET/Na-MMT, P0.25-Ti0.1, P0.25-Ti0.2 and P0.25-
Ti0.3 were shown in Figure 4(a–c), respectively;
while the crystallization parameters of the samples
pure PET, P0.25-Ti0.3, P0.5-Ti0.3, P1.0-Ti0.2, and
2P0.25-Ti0.3 were illustrated in Figure 5(a–c).

Apparently, as the crystallization temperature
increased, the values of K decreased and crystalliza-

Figure 4 Avrami exponent (n), crystallization rate con-
stant (K) and half crystallization time (t1/2) of PET/Na-
MMT, P0.25-Ti0.1, P0.25-Ti0.2, and P0.25-Ti0.3 at different
crystallization temperatures.

Figure 5 Avrami exponent (n), crystallization rate con-
stant (K) and half crystallization time (t1/2) of 2P0.25-Ti0.3,
P0.25-Ti0.3, P0.5-Ti0.3, P1.0-Ti0.2, and Pure PET at differ-
ent crystallization temperatures.
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tion half time (t1/2) increased for all samples, for the
elevated temperature could disturb the diffusion of
the polymer chains toward the growth fronts of the
spherulites.

The addition of clay remarkably accelerated the
crystallization of PET. The values of K for the com-
posites were larger than that of pure PET and t1/2
were shorter for the hybrids. However, the crystalli-
zation behavior of the PET/MMT composites varied
a lot between one another. As the clay loading for
all the samples were the same (2 wt %), the treat-
ment of original MMT together with its dispersion
states must have great effects on the crystallization
behavior of the PET matrix.

First, the clay dispersion state was taken into con-
sideration while the content of clay modifier held
constant. According to Figure 4(b,c), exfoliated PET/
MMT nanocomposites (P0.25-Ti0.3) had longer t1/2
than the agglomerate one (P0.25-Ti0.1) while the
intercalated PET/MMT composites (P0.25-Ti0.2) had
the shortest t1/2. The rate constant K of the interca-
lated sample ranged from 15 to 0.2 at different crys-
tallization temperatures, much larger than that of
the agglomerate and exfoliated samples, so the val-
ues of K displayed the same trend as that of t1/2.
Clearly, intercalated and agglomerate samples crys-
tallized faster than exfoliated ones. This was contra-
dictory to the conclusions of other researchers.
Usually, the introduction of MMT would signifi-
cantly accelerate the crystallization process of the
PET substrate due to the heterogeneous nucleation
effect. The MMT platelets could act as nucleating
agent, initiate the crystallization of the PET matrix.
Though, simultaneously, the MMT layers could be
some kind of obstacle that impedes the crystal
growth, the nucleation effect would be primary in
most cases, so the overall crystallization rate that
was observed through DSC tests would be faster for
the PET/MMT composites. Further, more homoge-
neous dispersion state of the MMT platelets could
magnify the nucleation effect MMT, for in exfoliated
PET/MMT nanocomposites, the number of clay
layers that actually promoted the crystallization of
PET is much bigger than that of intercalated or
agglomerated ones and the active surface area of the
clay was enlarged by the delamination of clay,11

resulting in a much more increased crystallization
rate, especially when clay content is low.3,11,15,34–37

However, in the work of this article, some oppo-
site results were obtained. The incorporation of
MMT did increase the crystallization rate of PET,
but better clay dispersion state resulted in even
lower crystallization rate than that of intercalated
and agglomerated PET/MMT composites when clay
loading was only 2 wt %, though still higher than
that of pure PET. One possible explanation may be
suitable for this phenomenon. Above all, it is reason-

able to assume that since the clays added into the
three samples had the same PVP content, which had
been confirmed by TGA results, the nucleation effi-
ciency of the clays should not vary a lot (this
assumption was confirmed by nonisothermal DSC
and POM tests, which will be shown later), the dif-
ference of the overall crystallization rate of the sam-
ples should be caused by the difference of the rate of
crystal growth. In the agglomerated PET/MMT com-
posites, clay dispersed coarsely throughout the PET
substrate, so there were quite a lot of blank spaces in
which the clay particles were absent. The growing
crystals could hardly encounter MMT layers that
might terminate the crystal growth. So the clay par-
ticles acted mainly as nucleating agent. As the clay
dispersed more homogeneously, that is to say, clay
formed an intercalated structure throughout the PET
substrate, the number of clay stacks within the PET
matrix actually increased; the nucleation effect of the
MMT platelets might be improved to some extent.
However, there were still big blank areas in which
there were hardly any clay layers, so the possibility
of the disturbance of the growth of the PET crystal
lamellas by MMT sheets was still low. As a result,
the overall crystallization process was somewhat
faster for the intercalated sample than the agglomer-
ated one. As for the exfoliated samples, there were
homogeneously dispersed MMT lamellas all over the
nanocomposite, which could produce an obstacle on
the polymer chain movement, reduce the tendency
for the molecular to be crystallized. Because the
MMT layers in P0.25-Ti0.3 had almost the same
nucleating efficiency as that of the other two, the
crystallization rate of the exfoliated sample was the
slowest of the three, for the physical hindrance of
MMT layers to PET molecular chains was prominent.
To further confirm our expectation, PET/MMT nano-
composites with 4 wt % organo-clay was also pre-
pared (2P0.25-Ti0.3). The clay treatment procedure
was the same as P0.25-Ti0.3. XRD curves proved that
clay in 2P0.25-Ti0.3 possessed an exfoliated structure.
Clearly, it crystallized much more slowly than P0.25-
Ti0.3, even slower than pure PET [Fig. 5(b,c)]. This
phenomenon validated our assumption. Obviously,
2P0.25-Ti0.3 had a higher density of clay sheets than
P0.25-Ti0.3 within the PET substrate, which could
force the growing PET crystal lamellas along a more
tortuous path or possibly even stop some of them
from growing30; or, higher amount of silicate layers
in 2P0.25-Ti0.3 could hinder the polymer chain
motion more severely.28,29 So, according to the above
discussion, delamination of MMT layers could slow
down the overall crystallization rate of the PET
matrix.
The values of Avrami exponent n seemed not to

agree well with Avrami’s crystallization theory.
According to Avrami, n should equal to 4 for

CRYSTALLIZATION BEHAVIOR OF PET/MMT 2333

Journal of Applied Polymer Science DOI 10.1002/app



spherulite in the case of homogeneous nucleation,
while n ¼ 3 for heterogeneous nucleation. However,
the values of n could be larger than 3 for the PET/
MMT composites synthesized in this study, which
would surely crystallize through heterogeneous
nucleation. Bian et al.38,39 summed up the crystalli-
zation modes of PET and proposed that n values
relate with the number of growth points in crystal
nuclei; namely, the bigger the number is, the larger
the n values. The MMT lamellas not only acted as
nucleation agent, but also improved the ordering of
PET segments from the physical interaction between
PET and MMT, resulting in the addition of the crys-
tal growth points, thus increasing the value of
Avrami exponent n. Though the dimension of the
crystal growth might be less than 3 due to the
restriction of the nano-scale dispersed MMT layers
in PET/MMT nanocomposites, the Avrami exponent
n could be larger than 3 just because the addition of
the crystalline growth points due to the MMT layers.

Second, the organification of MMT could also
affect the crystallization rate of PET/MMT compo-
sites when the MMT possessed the same dispersion
state. According to Nam et al.,40 the organic modifier
of MMT would weaken the nucleation effect of
MMT platelets due to the shielding effect and/or
miscibility between surfactants of clays and polyes-
ter chains. For the exfoliated samples P0.25-Ti0.3,
P0.5-Ti0.3, and P1.0-Ti0.2, the clay dispersion states
were almost the same based on XRD tests, so the
retarding effect on the crystallization process exerted
by clay platelets should be almost the same. How-
ever, the crystallization rate went slower as the PVP
content of the treated MMT increased. As shown by
Figure 5(b,c), at the same isothermal crystallization
temperature, the crystallization rate constant K went
smaller as the clay added into the nanocomposites

containing more PVP; also, t1/2 went longer. Besides,
according to Figure 4, for PET/Na-MMT and P0.25-
Ti0.1, clay formed big grains in PET substrate for
both samples, but the crystallization rate was much
faster for the hybrids based on the unmodified
MMT. So, it was evident that PVP could weaken the
potential of MMT layers as nucleating agent for
PET; clay treated with more PVP was less effective
in accelerating the crystallization of PET. To sum up,
the incorporation of PVP could impair the nucleat-
ing efficiency of the clay, more PVP would result in
an even lower nucleation activity. Similarly, it was
observed that the Avrami exponent n for the
composites might be larger than 3 according to
Figure 5(a).

Nonisothermal crystallization

In the above discussion, there was an important
hypothesis that MMT treated with the same amount
of PVP should have approximately the same hetero-
geneous nucleation efficiency. The onset temperature
(Ton), which is the temperature where the thermo-
graph departs from the base line during a noniso-
thermal cooling scan, has been used to
quantitatively describe the ability of the organo-clays
to initiate the crystallization of the polymer matrix
in a polymer/clay hybrid system.30,40,41 Higher Ton

usually means a stronger nucleation effect. Figure 6
showed the cooling curves of various PET/MMT
composites and pure PET at 10�C/min from the
melt to 50�C after been held at 290�C for 5 min to
eliminate any thermal history. The values of Ton, Tc

(the temperature where the exotherm shows the
peak) and t1/2 (half crystallization time) were listed
in Table V. Half crystallization time t1/2 can be
obtained using the following formula:

t1=2 ¼ ðTon � T1=2Þ=x (5)

where v is the cooling rate (�C/min), T1/2 is the tem-
perature (�C) at which the relative degree of crystal-
lization X(t) is 50%.
According to Table V, it was evident that all the

samples which contained MMT have higher Ton

Figure 6 Cooling DSC curves of Pure PET and PET/
MMT composites at 10�C/min.

TABLE V
Nonisothermal DSC Results of Pure PET

and PET/MMT Composites

Samples Tc (
�C) Ton (�C) t1/2 (min) DHc (J/g)

PET/Na-MMT 218.7 222.8 0.64 49.2
P0.25-Ti0.1 203.2 209.2 0.74 45.0
P0.25-Ti0.2 204.8 211.5 0.76 48.1
P0.25-Ti0.3 199.3 210.6 1.23 43.9
P0.5-Ti0.3 197.6 205.1 1.33 41.8
P1.0-Ti0.2 196.5 204.5 1.58 36.6
Pure PET 193.3 201.7 1.69 38.9
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than pure PET during the cooling DSC scan. So,
MMT, no matter treated or not, could successfully
act as the nucleation agent for PET. However, PET
hybrids containing pristine MMT had the highest
Ton, 21 and 12 degrees higher than that of pure PET
and the exfoliated sample P0.25-Ti0.3 respectively,
which meant that pure MMT had the strongest abil-
ity to initiate the crystallization of PET. Once the
clay was treated with PVP, the heterogeneous nucle-
ation ability of the clay layers was greatly weakened;
more PVP would result in lower nucleation effi-
ciency. As indicated by Table V, the hybrids contain-
ing organo-clay with less PVP had higher Ton in the
programmed cooling process, for example, Ton of
P0.25-Ti0.3 was 6 degrees higher than that of P1.0-
Ti0.2. For the clays treated with the same amount of
PVP (P0.25-Ti0.1, P0.25-Ti0.2, and P0.25-Ti0.3), the
Ton of the corresponding composites were almost the
same, which validated the assumption mentioned
above. Though the amount of TiO2/SiO2 sol intro-
duced into the organo-clay varied from one another
and TiO2 and SiO2 particles did have some nuclea-
tion effect for PET,42,43 the samples containing more
TiO2/SiO2 sol, such as P0.25-Ti0.3, seemed not to
have a faster initial crystallization rate. This might
be caused by the fact that the amount of TiO2/SiO2

sol was too small relative to MMT that added into
the PET/MMT hybrids, the difference of the quan-
tity of the TiO2/SiO2 sol was far from enough to
affect the macroscopic crystallization process. Fur-
thermore, it was clear that the in the range of this
study, clay dispersion state had little effect on the
heterogeneous nucleation ability of MMT, the
amount of PVP that introduced on the MMT plate-
lets was the primary factor which could determine
the rate of the heterogeneous nucleation process.
This might be caused by the shielding effect exerted
by the organic clay modifier.27,40,44,45 Though more
clay layers should result in more PET nucleus in
exfoliated samples, the smaller size of the MMT pla-
telets might make it harder to trigger the crystalliza-
tion of PET.46

In the programmed cooling DSC scan, Tc and half
crystallization time (t1/2) were the indicators of the
overall crystallization rate attributed to the combine
of nucleation and crystal growth. The results of the
nonisothermal DSC tests matched well with the iso-
thermal DSC studies according to Table V. PET
added with pristine MMT had the highest Tc and
shortest t1/2, indicating highest crystallization rate.
As the clay filler been pretreated with more and
more PVP, Tc became lower and t1/2 grew longer. In
the case of the samples in which MMT was treated
with the same amount of PVP but MMT possessed
different clay disperse state, more homogenous clay
dispersion would bring on slower crystallization
rate.

The heat of crystallization (DHc) of the samples
released during this nonisothermal process was
determined from the area of crystallization peak
under the DSC curves. The values of DHc of the
samples were recorded in Table V. For the hybrids,
it was found that the samples with faster isother-
mal/nonisothermal crystallization rates had larger
DHc values. For the samples PET/Na-MMT, P0.25-
Ti0.1, and P0.25-Ti0.2, the clay added displayed
prominent heterogeneous nucleation effects, and the
impediments of the crystallization process caused by
MMT platelets was negligible, so these samples had
higher crystallinity and DHc. As the clay lamellas
dispersed more homogeneously within the PET sub-
strate, clay layers might make the polymer chain
more difficult to be crystallized, so the DHc went
lower for P0.25-Ti0.3, P0.5-Ti0.3, and P1.0-Ti0.2. For
the sample P1.0-Ti0.2, the value of DHc was even
lower than that of pure PET.

Crystalline morphology

Polarizing optical micrograph (POM) is by far the
simplest way to directly observe the crystallization
process of polymers. When PET or PET/MMT com-
posites are in the melt state, only dark background
could be seen with a polarized optical microscope.
As soon as the PET substrate started crystallization,
the typical ‘‘Maltase Cross’’ should be observed.
However, PET spherulites were too small for the
clear spherulites morphologies to be seen. So, once
there was PET spherulites appeared within the view
of the microscope, only some bright crystal nuclei
could be observed. As a result, when the samples
prepared in this study were being programmed
cooled from the melt state with a polarized micro-
scope to perform on-line observation, the time at
which the first crystal nucleus presented could be
considered as an indicator of how strong the hetero-
geneous nucleation existed in the samples. By care-
fully comparing the POM images of pure PET and
the composites captured during the cooling scan
(10�C/min) from the melt state, the times at which

TABLE VI
The Time at which the First Crystal Nucleus Presented

During the Cooling Process of the POM Study

Samples Time (s)a

PET/Na-MMT 300
P0.25-Ti0.1 308
P0.25-Ti0.2 312
P0.25-Ti0.3 308
P0.5-Ti0.3 320
P1.0-Ti0.2 324
Pure PET 332

a The time counting started once the cooling process
began.
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the initial small nucleus could be seen were pointed
out and recorded in Table VI. Obviously, according
to Table VI, during the nonisothermal process, the
sample PET/Na-MMT needed the shortest time to
form the initial small spherulites which meant that
pure MMT had the strongest heterogeneous nuclea-

tion effect. In the case of the composites in which
the clay had been treated, it took longer time for the
first spherulites to appear. As expected, pure PET
took the longest time to form the crystal nucleus.
These results matched well with the nonisothermal
DSC data. Further, the crystal morphologies of pure
PET, PET/Na-MMT, and P0.25-Ti0.3 were studied.
Figure 7 showed the images taken after the samples
were held at 230�C for 60 min under the protection
of dry nitrogen. Clearly, for pure PET, typical Mal-
tese Cross patterns could be easily discerned, the
spherulites sizes were fairly big and uniform.
The addition of pristine MMT apparently decreased
the size of PET crystals [Fig. 7(b)]. Moreover, for the
exfoliated sample P0.25-Ti0.3 [Fig. 7(c)], the crystalli-
tes were even smaller, irregularly shaped, inter-
locked with each other, and no clear boundaries
between two crystallites could be observed. This
result, to some extent, further confirmed that clay

Figure 7 Crystal morphology of the samples: (a) Pure
PET, (b) PET/Na-MMT, and (c) P0.25-Ti0.3.

Figure 8 SEM photographs of etched surface for (a) neat
PET, (b) P0.25-Ti0.3 after isothermal crystallizing at 230�C
for 60 minutes.
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particles could reduce the mobility of polymer
chains, cause a retarding effect on the crystal growth
of PET matrix.

The morphologies of crystallized neat PET and
PET/MMT nanocomposite were also studied by
SEM. Figure 8 exhibited the SEM photographs of
etched surfaces of neat PET and P0.25-Ti0.3 after iso-
thermal crystallization at 230�C for 60 min. Appa-
rently, for pure PET, the well defined radical texture
of PET spherulites could be easily discerned, the
boundaries between the neighboring were clear, as
shown by Figure 8(a). However, in the case of P0.25-
Ti0.3 [Fig. 8(b)], most of the crystallites were rela-
tively small, irregularly shaped, the crystal lamellas
were distorted and interlocked with each other; also
the boundaries were obscure. So, the crystal growth
was mainly terminated by clay layers rather than
crystal impingement.12 As a result, MMT layers
could act as noncrystallisable barriers which could
disturb crystal growth by forcing the growing lamel-
lar stacks along a more tortuous growth path or
even stop several from growing. The growth and
perfection of PET crystals could be impeded by the
silicate layers.

CONCLUSIONS

A series of PET/MMT composites were prepared
using these MMT treated by TiO2/SiO2 sol and PVP
as polycondensation catalysts. XRD results revealed
that MMT dispersion state in PET matrix varied a
lot according to different clay treatments.

DSC, POM, and SEM studies clearly indicated that
MMT could act as both heterogeneous nucleating
agents and hindrance of the growing PET crystals
no matter how the clay was treated. However, the
amount of PVP absorbed on MMT could affect the
strength of the nucleation effects of MMT and clay
dispersion states could influence the intensity of the
confinements on the polymer chain movements.
Thus, clay treatment determined which effect of
MMT would be primary on the crystallization pro-
cess of PET: acceleration or impediment.

When clay agglomerated in PET substrate, the
physical hindrance of MMT layers was negligible, so
the composites had very high crystallization rates.
As the nucleation strength could be weakened by
the absorbed PVP, it was clear that PET/Na-MMT
crystallized faster than P0.25-Ti0.1.

If the MMT platelets were thoroughly delaminated
into the PET matrix, the intensity of spatial con-
straint exerted by MMT was very strong, the grow-
ing spherulites were possibly to be terminated by
clay sheets. So, for the exfoliated PET/MMT nano-
composites, MMT mainly acted as hindrance of PET
crystallization, the overall crystallization rate was
slow. For 2P0.25-Ti0.3, the density of the clay layers

was the highest among all the PET/MMT compo-
sites synthesized in this study, the crystallization
rate of this sample was even slower than pure PET.
Based on the above discussion, influences of the

crystallization rate of PET/MMT composites were
clarified. Also, the results provided a possible way
to solve the problem that PET/MMT composites
crystallized too fast in some conditions, giving this
study some practical meanings.
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