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ABSTRACT: Poly(ethylene terephthalate) (PET)/SiO, nano-
composites were prepared by in situ polymerization. The dis-
persion and crystallization behaviors of PET/SiO, nanocom-
posites were characterized by means of transmission electron
microscope (TEM), differential scanning calorimeter (DSC),
and polarizing light microscope (PLM). TEM measurements
show that SiO, nanoparticles were well dispersed in the PET
matrix at a size of 1020 nm. The results of DSC and PLM, such
as melt-crystalline temperature, half-time of crystallization and
crystallization kinetic constant, suggest that SiO, nanoparticles

exhibited strong nucleating effects. It was found that SiO,
nanoparticles could effectively promote the nucleation and
crystallization of PET, which may be due to reducing the
specific surface free energy for nuclei formation during crys-
tallization and consequently increase the crystallization rate.
© 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 102: 655-662, 2006
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INTRODUCTION

Crystallization process of poly(ethylene terephthalate)
(PET) has recently been widely reinvestigated due to
the increasing technological interest. It is well-known
that PET is a semicrystalline thermoplastic with excel-
lent mechanical, physical, and chemical properties,
including excellent chemical and heat resistance, high
stiffness and strength, and good dimensional stability.
These properties make PET an attractive high perfor-
mance polymer for engineering plastic applications in
areas of electronics, transportation, construction, and
consumer products." However, PET applied as an en-
gineering plastic for injection molding is rather lim-
ited, due to its slow crystallization rate and large cycle
time compared with poly(butylenes terephthalate).””

Because of the cost advantage offered by PET, many
efforts have been made to search for nucleation
agents. lonomers, polymers, inorganic, and organic
compounds have been reported as the candidates.” °
A survey of the recent literature indicates an apparent
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consensus, according to which sodium benzoate has
been used as an effective nucleation agent for PET.>™"°
However, it was also observed that PET was degraded
by the salt under processing conditions.

In this study, we have demonstrated that it is pos-
sible to control the crystallization behavior of PET by
inorganic nanoparticles, which have been paid little
attention before. Table I shows some recent polymer-
based nanocomposites prepared via: (a) the sol-gel
technique; (b) in-situ intercalative polymerization; (c)
in-situ polymerization; (d) melt mixing."" Direct melt
mixing method has received only limited effects on
crystallization, due to the high tendency of agglomer-
ation of nanoparticles during blending."*'* Con-
versely, in situ polymerization has been proved to
provide nanocomposite with novel properties.'>=°
This study adopted in situ polymerization for realizing
real nanocomposites by nanoscale. The methodology
consists of dispersing the inorganic nanoparticles into
the monomers; then the mixture is polymerized by
adding the catalyst and stabilizing agent under certain
condition. To promote the compatibility between or-
ganic/inorganic components and improve the homo-
geneous dispersion of the nanoparticles into the poly-
meric matrix, the nanoparticles can be further treated
with a coupling agent. The crystallization of PET, both
unnucleated and nucleated with SiO, nanoparticles,
has been studied under isothermal and nonisothermal
conditions by DSC and PLM.
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TABLE 1
Recent Polymer-Based Nanocomposite Systems™!

Systems

Uses

Sol-gel technique
Polycaprolactone (PCL)/silica(TEOS)
Polyimide/silica (TEOS)

PMMA /silica
Polyethylacry (PEA)/silica
Poly(amide-imide)/TiO,

In situ interculative polymerization
iPP/organoclay
Starch/organo-modified
montmorillonite
Nylon/organ-modified montmorillonite

In situ polymerization
Nylon 6/silica and CaCOj,

Polyimide/AIN

PMMA /CaCO,
PET/SiC

Melt mixing
Polyethylene/graphite

Poly(lactic acid)/organo clay
Polystyrene/organo clay

Bone-bioerodible polymer composites for skeletal tissue repair
Micro-electronics

Dental application, optical devices

Catalysis support, stationary phase for chromatography
Composite membranes: gas-separation applications

Improved properties
Enhanced barrier properties

Improvement of structural, mechanical, thermal and barrier
characteristics without significant loss in clarity or strength

Improvement of structural, mechanical, thermal and barrier
characteristics without significant loss in clarity or strength
Materials for microelectronics with reduced thermal expansion

coefficient and moisture absorption
Biocompatible materials and optical devices
Improved properties

Applications in electrical or thermal conductors, electromagnetic
interference shields, self-lubricated materials

Improved properties

Engineering plastics

EXPERIMENTAL
Materials

Nano-SiO, with average particle size of 10 nm was
supplied by Yuda Chemical Co. (Zhejiang, China).
Ethylene glycol (EG), terephthalic acid, trimethyl
phosphate, Sb,0; (as catalyst), and organosilane cou-
pling agent A-187 were supplied by Chemical Re-
agents Co. (China).

Preparation of the SiO,/ethylene glycol sol

About 2.4 g of organosilane coupling agent A-187 was
dissolved in 100 mL water and heated at 60-70°C for
20 min. The solution was added dropwise to 100 g 25
wt % SiO,/H,O sol, maintaining the flow rate at 10
mL/min. Then, the modified SiO, was transferred
from water to ethylene glycol by rotatory evaporation.
The dispersion of 25 g of modified SiO, in a 100 mL of
ethylene glycol solution was added to another 100 mL
of ethylene glycol, which was heated at 80-120°C.
Similarly, the flow rate was controlled at 10 mL/min.
The mixture was stirred vigorously for 30 min.

Preparation of PET/SiO, nanocomposites by in situ
polymerization

PET pellets with varied content of SiO, were prepared
by the PTA route. In a 5-L cylindrical reactor, 1 kg of
EG (16.1 mol) and varied content of SiO, were placed;
the mixture was stirred for 0.5 h at room temperature.

Then, 2 kg of terephthalic acid (12.0 mol), a few drops
of trimethyl phosphite, and some Sb,O; were added,
with vigorous stirring to obtain a homogeneously dis-
persed system. The mixture was then heated in nitro-
gen atmosphere from room temperature to 250-260°C
under a pressure of 0.3 MPa. After completed esteri-
fication, the pressure was reduced to air pressure to
emit the water generated during the esterification.
Then, the polymerization was carried on at 260—-270°C
under a pressure of 200-300 Pa to drain out the excess
EG. Afterward, the pressure was controlled to less
than 40 Pa. After 1-2 h polycondensation, the melting
polymer was extruded through an orifice at nitrogen
pressure of 0.3 MPa and cooled with water.

Characterization

PET/SiO, nanocomposite specimens were sliced at
—80°C with an Ultracut Uct microtome. A transmis-
sion electron microscope operated at 75 kV was used
to obtain images of the nanocomposites specimens.
Before TEM experiment, specimens were annealed in
a vacuum oven at 100°C for 1 week to remove mois-
ture completely.

The crystallization behaviors of the samples were
examined using PerkinElmer differential scanning cal-
orimetry system DSC-2C. During isothermal crystalli-
zation experiments, samples were heated at 50°C/min
to 300°C, and maintaining there for 5 min to eliminate
the thermal and shear history effects, and then
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TABLE 1II
Fundamental Properties of Pure PET
and Its Nanocomposites

Intrinsic
viscosity ~ —COOH
Specimen (dL/g) (mol/10°kg) Lucency B
Pure PET 0.68 15.3 86.2 14
PET/0.5 wt % SiO, 0.68 14.8 86.5 1.6
PET/1.0 wt % SiO, 0.69 14.1 90.6 12
PET/1.5 wt % SiO, 0.68 14.5 85.3 1.1
PET/2.0 wt % SiO, 0.68 15.6 83.4 15
PET/2.5 wt % SiO, 0.68 16.0 822 1.1
PET/3.0 wt % SiO, 0.69 13.4 88.6 13

quenched to the desired isothermal crystallization
temperature. The samples were maintained at the
crystallization temperature for 40 min during which
the crystallization characteristics were recorded. Dur-
ing nonisothermal crystallization experiments, sam-
ples were heated at 50°C/min to 300°C, maintaining
300°C for 5 min to eliminate the thermal and shear
history effects, and then cooling at 20°C/min to 100°C.
The peak corresponding to the maximum in the heat
flow rate was taken as the crystallization temperature
(T).

Melt nucleation and crystallization of PET and its
nanocomposites were measured using a LEICA-
DMLP polarizing light microscope (PLM) equipped
with a Linkam-TMS94 heating stage. The specimen
was sandwiched between two glass slips, melted at
300°C for 5 min to eliminate thermal history, cooled to
234°C for isothermal crystallization, and then main-
tained there for 20 min.

RESULTS AND DISCUSSION
Fundamental properties of PET nanocomposites

The fundamental properties (intrinsic viscosity, car-
boxylate end group concentration, lucency, color pa-
rameter) of pure PET and PET nanocomposites are
listed in Table II. The intrinsic viscosities of the sam-
ples are approximately equal because the polymeriza-
tions were controlled by melt viscosities. It can be
found from Table II that the other parameters of PET/
5i0O, nanocomposites are also consistent with those of
pure PET, which means that the introduction of SiO,
nanoparticles had no significant effect on the polymer-
ization process.

Dispersion of nanoparticles in PET/SiO,
nanocomposites

It is well-known that the dispersion of nanoparticles in
the polymer matrix has a significant impact on the

Figure 1 TEM photographs of PET/2.0 wt % SiO, nano-
composite prepared by in situ polymerization (a) X50,000 (b)
%100,000.

(b}
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TABLE III
Main Parameters of Nonisothermal Crystallization of All PET Samples
(T - T,

Specimen Tg (°Q) T.(°C) T (°C) T, (°C) H:(J/ g) (°C) AT . (°C)
Pure PET 67.7 135.0 158.0 2429 29.0 23.0 84.9
PET/0.5 wt % SiO, 68.9 138.0 186.5 248.2 33.9 48.5 61.7
PET/1.0 wt % SiO, 69.4 138.1 193.5 248.0 33.0 55.4 54.5
PET/1.5 wt % SiO, 69.7 138.5 195.8 249.0 35.0 57.3 53.2
PET/2.0 wt % SiO, 70.4 137.2 200.0 249.0 33.5 62.8 49.0
PET/2.5 wt % SiO, 70.8 135.0 202.9 249.0 33.7 67.9 46.1
PET/3.0 wt % SiO, 71.0 130.0 202.7 251.0 34.8 72.7 48.3

T, the glass transition temperature; T, the cold-crystalline temperature; T the melt-crystalline temperature; T,,, the melting

temperature H? the melt-crystalline heat; T: -
supercooling.

properties of composites.’’™* As the nanoparticles
have a strong tendency to agglomerate, homogeneous
dispersion of the nanoparticles in the polymer has
been considered as a difficult process. A good disper-
sion may be achieved by surface modification of the
nanoparticles under an appropriate processing condi-
tion.” In this work, a novel approach has been utilized
to disperse nanoparticles in the PET matrix. Figure 1
shows TEM images of PET-based nanocomposite hav-
ing 2.0 wt % of SiO, nanoparticles, where the dark
areas represent the SiO, particles and gray/white ar-
eas represent the PET matrix. It is clearly seen that
5i0O, nanoparticles have been dispersed fairly well.
The sizes of SiO, particles range between 10 and 20
nm.

Nonisothermal crystallization

A summary description of crystallization behavior of
pure PET and its nanocomposites is shown in Table
III. The temperature T, at which an exothermic peak
occurs during DSC heating course (cold crystallization
peak) and T, during the cooling course (melt crystal-
lization peak) were measured.

Comparison of the modified samples with pure PET
shows that the increase in melt-crystalline tempera-
ture T, with the increase of SiO, content is obvious.
The extent of increase in T, is by about 28.5-44.9°C.
The increase can be attributed to the incorporation of
effective nucleation agent SiO, and its satisfactory dis-
persion in the PET matrix. It is well-known that the
molecular chains of pure PET present higher inflexi-
bility and less mobility. As a result, both crystalliza-
tion rate and nucleation rate are very slow, corre-
sponding to the low T".. When SiO, nanoparticles are
added to the PET matrix, it enhances the crystalliza-
tion rate of PET by providing large numbers of nucle-
ation sites. In other words, SiO, nanoparticles induce
a growth of crystalline layer around their surface. The
molecular chains can crystallize at high temperature
and tend to transform perfectly at the same time. Both

T, the extent of crystalline temperature; AT,

= (T,, — T, the degree of

crystallization rate and nucleation rate are very fast,
corresponding to the high T"..

Figure 2 shows the DSC cooling scans of nonisother-
mal crystallization from melt state for PET and its
nanocomposites. The temperatures of peaks vary with
the content of SiO, over a range of 0-3.0 wt % and
their shapes become much narrower than that of pure
PET. The effect of SiO, nanoparticles on crystallization
is reaching its maximum at approximately 2.5 wt %
whose crystallization peak is narrowest, but not at
expectably 3.0 wt %. As shown in Figure 2, the differ-
ences in the onset and peak temperature of crystalli-
zation curves between 2.5 wt % and 3.0 wt % SiO,
content nanocomposites are not very distinct. How-
ever, the crystallization exotherm of PET/3.0 wt %
SiO, is less narrow than that of PET/2.5 wt % SiO,
mainly because of a queue in the crystallization curve
at low temperatures. This may be due to a larger

-
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Figure 2 DSC cooling scans of nonisothermal crystalliza-
tion from melt state for pure PET and PET/SiO, nanocom-
posites.
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Figure 3 Plots of isothermal crystallization for pure PET and PET/SiO, nanocomposites (a) x(t) versus t of pure PET; (b) x(t)
versus t of PET/1.0 wt % SiO,; (c) x(t) versus t of PET/2.0 wt % SiO,; (d) x(t) versus t of PET/3.0 wt % SiO,_

reduction in crystallization rate, probably caused by a
larger crystal impingement arising from a higher
number of growing spherulites.

From Table III, the cold-crystalline temperature T,
of pure PET is about 135.0°C, in agreement with pre-
vious reported data.”® At a small addition of SiO,
nanoparticles, there is an obvious increase in T, while
excessive SiO, nanoparticles result in the decrease in
T.. The maximum in T, can be observed in the PET/1.5
wt % SiO, nanocomposite. There may be two quite
different ways in which SiO, influences T.: (i) SiO,
nanoparticles act as balls, which can decrease interac-
tivity between molecular chains of PET. This function
of lubrication makes the molecular chains more flexi-
ble and mobile; (ii) the introduction of SiO, nanopar-
ticles with high surface activity produce an obstacle on
the molecular chains movement, which will also re-
duce the tendency for molecular chains to be crystal-
lized, since they may react or chelate with functional
groups (—COOH, —OH at the end, and —O—(CO))
along the PET chains. This bridging function increases
compatibility between the PET matrix and SiO, nano-
particles. At present, we still cannot verify whether

both mechanisms operate concomitantly and which
one dominates.

The change in T, and T'. might imply the influence
of SiO, on the crystallization of PET. The values of T,
— T. in nanocomposites are obviously 25.5-49.7°C
larger than those in pure PET. This implies that PET/
5i0, nanocomposites have excellent performance for
injection molding.

In programmed cooling, the crystallization temper-
ature reflects the overall crystallization rate attributed
to the combined effects of nucleation and growth.
Thus, the degree of supercooling (AT, = T,, — T',)
may be used to measure the crystallizability of pure
PET and its nanocomposites; that is, the smaller the
AT, the higher the overall crystallization rate. The
AT,. values for the PET/SiO, nanocomposites are
smaller, by 23.2-38.8°C, than those of pure PET
(84.9°C), and the PET /2.5 wt %SiO, exhibits the small-
est AT,. (46.1°C). The result again reveals that the
overall crystallization rate for the PET/SiO, nanocom-
posites is higher than that of pure PET.

From these findings, it can be concluded that SiO,
nanoparticles have a strong heterogeneous nucleation
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effect on PET, which offer enormous surface area and
hence give rise to higher crystallization temperature
and greater crystallization rate of PET during noniso-
thermal crystallization.

Isothermal crystallization

To analyze the isothermal crystallization kinetic data
of the PET nanocomposites, we adopt the well-known
Avrami equation.””®

x(t) =1 — exp(—kt") (1)

where x(f) is the relative crystallinity, which is defined
to be the volume fraction of polymer crystallized at
time t. x(t) is derived by integrating the crystallization
exotherm (H,) according to the DSC graph by the
following equation:

dt

Xt = 2)
J aH.(H)
0

J dH(t)

dt

k is kinetic constant, and n is Avrami exponent,
which depends on the mechanism of nucleation and
the form of crystal growth. We can obtain a linear
relation between log[-In(1-x(t))] and log ¢ by changing
the form of eq. (1).

log[1l — In(1 — x(t))] = logk + nlog t (3)

Figure 3 shows the plots of x(f) versus t for pure PET
and its nanocomposites. Avrami exponent, kinetic
constant calculated from isothermal crystallization are
listed in Table IV.

On the basis of the classical crystal-nucleation the-
ory, the nucleation is initiated by large-amplitude,
localized fluctuations of some order parameter, such
as density, leading to the appearance of small regions
of the stable crystallizable phase.”’>! When these re-
gions are larger than some critical size, they will grow
and eventually crystallize. However, the nature of
such fluctuation has not been clarified. Phenomeno-
logically, we can observe a transient time, the so-called
induction period from amorphous state. In Table IV,
the apparent increase in induction time (t;,4) with the
increase in the crystallization temperature may well be
simply due to the slowing-down of the overall crys-
tallization process (nucleation and growth). Patkar
and Jabarin report that this behavior of t;,4 is due to
the decrease in the nucleation rate at temperatures
near melting point.>> Kenny and Maffezzoli report
that this delay is only representative of the induction
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TABLE 1V
Parameters of the Isothermal Crystallization of Pure PET
and PET/SiO, Nanocomposites

Tiso tind t1/2 log k
Specimen (°C)  (min)  (min) n (min™")
215 0.68 1757 272 —3.00
210 0.62 1483  2.62 —2.00
Pure PET 205 0.56 780 2.60 -1.70
200 0.50 418 241 -1.10
195 0.48 3.03 220 —0.80
215 0.50 194 345 —0.44

210 0.48 144  3.20 0.12

PET/1.0 wt % SiO, 205 0.37 0.88  3.00 0.70
200 0.35 0.68  2.60 1.06
195 0.30 056 2.35 1.10
215 0.45 147  3.00 —0.11
210 0.37 090 286 0.65
PET/2.0 wt % SiO, 205 0.30 064 262 1.11
200 0.25 048 237 1.27
195 0.20 038 235 1.65
215 0.40 1.18 290 0.25
210 0.32 0.77  2.56 0.82
PET/3.0 wt % SiO, 205 0.27 052 244 1.28
200 0.22 045 233 1.44
195 0.18 031 224 1.92
Tisor the isothermal crystallization temperature; ¢4, the

induction time of crystallization; t, ,,, the half time of crys-
tallization; 1, the Avrami exponent; k, the kinetic constant.

time associated with the crystal nucleation.?® The large
number of nuclei provided by the SiO, induces a large
amount of crystallites to grow simultaneously, over-
weighing the effect of high surface free energy. There
is a marked decrease in the induction time from 0.50 to
0.22 min between the pure PET and PET/SiO, nano-
composites at 200°C.

The Avrami exponent 1 depends on the mechanism
of the nucleation as well as the growth geometry,
which is usually an integer between 1 and 4 for dif-
ferent crystallization mechanisms. However, it has
also been observed that n is a fraction due to the
secondary crystallization or the crystal perfection.
Based on the results in Table IV, the Avrami exponent
n for constant SiO, concentration increases as a func-
tion of the temperature selected for crystallization.
The n of pure PET with a narrow spread in values
changes from 2.72 to 2.20 (with T, = 195-215°C),
which are quite consistent with that reported by Chou
and Chang but lower than that reported by Hobbs and
Pratt.>*?® For pure PET, its growth dimensions should
predominantly be a two-dimensional growth, accord-
ing to the definition of the Avrami exponent.**?” After
introduction of SiO, nanoparticles, the n values are
obviously higher than those of pure PET and are lo-
cated between 3.45 and 2.24. For PET nanocomposites,
its growth dimension should be two-dimensional or
three-dimensional growth. This means that the addi-
tion of SiO, influences the mechanisms of growth of
PET crystallites.
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Figure 4 Morphologies of PET crystallizing at 234°C
(X400) (a) 3 min; (b) 4 min.

The kinetics constant k determines both the nucle-
ation and the growth processes. From Table 1V, it can
be found that the k is extremely sensitive to crystalli-
zation temperature, which decreases with increasing
crystallization temperature. According to Supaphol,
this is only valid when the crystallization temperature
is within the range where nucleation mechanism is the
rate-determining step.38'39 At the same temperature,
the kinetics constant k of modified samples is about
78-1770 times larger than that of pure PET, indicating
that SiO, is very effective as nucleation additive.

Table IV shows the effect of SiO, nanoparticles con-
tent on the half-time of PET crystallization (t,,,) at
different temperature. PET and PET/SiO, nanocom-
posites show a very noticeable linear decrease in t, ,,
as the decrease of crystallization temperature, indicat-
ing that the rate of crystallization is faster when the
crystallization temperature is lower. This is consistent
with the nucleation control of crystallization at high
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temperature and reflects that ¢,,, is strongly depen-
dent on composition and crystallization tempera-
ture.** In contrast, Huang and Chang found t,,,
changed exponentially with decreasing crystallization
telrnperature.41

Morphology of the PET spherulites

Figures 4 and 5 show the PLM images of isothermal
crystallization for pure PET and its nanocomposite.
The pure PET forms a normal spherulitic structure
with a size of 5-10 wm [Fig. 4(a)], while the diameter
of spherulites of the nanocomposite is as small as 1 um
[Fig. 5(a)] at the same crystallization temperature
(234°C) and time (3 min). As time goes on, the pure
PET forms a larger spherulitic structure with a size of
1520 um [Fig. 4(b)]. However, the change in the
diameter of spherulites of the nanocomposite is very
unconspicuous, even hard to distinguish [Fig. 5(b)]. It

5, 0202

g —— 5y

Figure 5 Morphologies of PET/1.0 wt % SiO, crystallizing
at 234°C (X400) (a) 3 min; (b) 4 min.
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is clear that the introduction of SiO, nanoparticles
greatly affects the size of the PET spherulites. A great
number of nucleus generated from SiO, simulta-
neously grow in a limit space and lead to the forma-
tion of small spherulites.

CONCLUSIONS

In this study, PET/SiO, nanocomposites were pre-
pared by in situ polymerization. This method allows
obtaining a homogeneous dispersion of the SiO, par-
ticles. The addition of SiO, results in an increase in
crystallization rate and in a reduction of the spherulite
size and the surface free energy for nucleus formation.
All the crystallization parameters (T, T, n kandt, /2)
were found to be sensitive to the content of SiO,
within the explored range. The extent of increase in T,
is by about 28.5-44.9°C. The crystallization kinetics
constants of PET/SiO, nanocomposites are about 78—
1770 times larger than those of the pure sample. With
the addition of nucleating agent SiO,, smaller and
more PET spherulites were observed.
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