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Abstract: Organic and inorganic hybrid nanocomposites based on poly(ethylene 2,6-naphthalate) (PEN) and silica
nanoparticles were prepared by a melt blending process. In particular, polymer nanocomposites consisting mostly
of cheap conventional polyesters with very small quantities of inorganic nanoparticles are of great interest from an
industrial perspective. The crystallization behavior of PEN/silica hybrid nanocomposites depended significantly on
silica content and crystallization temperature. The activation energy of crystallization for PEN/silica hybrid nano-
composites was decreased by incorporating a small quantity of silica nanoparticles. Double melting behavior was
observed in PEN/silica hybrid nanocomposites, and the equilibrium melting temperature decreased with increasing
silica content. The fold surface free energy of PEN/silica hybrid nanocomposites decreased with increasing silica
content. The work of chain folding (g) for PEN was estimated as 7.28 < 10 J per molecular chain fold, while the
g values for the PEN/silica 0.9 hybrid nanocomposite was 3.71 < 10 J, implying that the incorporation of silica
nanoparticles lowers the work required to fold the polymer chains.

Keywords: chain folding, crystallization, melting, nanocomposites, nanopatrticles, poly(ethylene 2,6-naphthalate) (PEN),

silica.

Introduction

As the state of the art in material science and technology
has rapidly advanced, extensive research and development
has been performed on high-performance polymers for tar-
geted applications in various industrial fields. Furthermore,
a number of efforts to develop high-performance polymers
with the benefit of nanotechnology have been made, inves-
tigating polymer nanocomposites by incorporation of nano-
reinforcements into the polymer matrix, in fields ranging
from the scientific to the industrial."® In recent years, polymer
nanocomposites consisting of organic polymers and inor-
ganic nanoparticles have attracted considerable attention
because they have significantly improved mechanical, ther-
mal, electrical, and gas barrier properties; the dimensional
stability of the polymers is also improved, even with small
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quantities of nanoparticles.® This has resulted in their
potential applications as advanced materials for the aero-
space, automotive, electric, and electronics industries.'”
Currently, four processing techniques are commonly used to
incorporate inorganic nanoparticles into the polymer matrix
for the fabrication of inorganic nanoparticles-reinforced
polymer nanocomposites: direct mixing, in sifu polymeriza-
tion, solution mixing or film casting, and melt compound-
ing.” Of these methods, melt compounding is a simpler and
more effective process compared with the other processing
techniques, particularly from an economic point of view
and an industrial perspective. Thus, this technique may hold
promise for use in large-scale industrial applications.

The mechanical properties of polymers or nanocomposites
are influenced by their morphology, which is affected by their
crystallization kinetics. Recently, organic-inorganic hybrid
nanocomposites, using nanoparticles incorporated into the
polymer matrix to enhance their mechanical properties and
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crystallization behavior, have been prepared.'™"' The crys-
tallization behavior of polymers or nanocomposites and
their crystallization kinetics, as a function of the processing
conditions, are of great importance in polymer processing,
particularly for the effective analysis and design of processing
operations. For this reason, the crystallization behavior and
structural development of polymer nanocomposites reinforced
with nanoparticles should be analyzed to fully realize their
potential application in thermoplastic matrix-based polymer
nanocomposites. In addition, the processing of polymer com-
posites involves complex deformation behaviors,'*!'* which
may affect the nucleation and crystallization behavior of the
polymer nanocomposites. It is therefore important to char-
acterize the nucleation and crystallization behavior of the
polymer nanocomposites to optimize the process conditions.

In this research, inorganic-organic hybrid nanocomposites
consisting of silica nanoparticles and poly(ethylene 2,6-
naphthalate) (PEN) were prepared by a melt blending pro-
cess. The crystallization and melting behavior of PEN/silica
hybrid nanocomposites was investigated using isothermal
crystallization analysis, and the effect of silica nanoparticles
on PEN/silica hybrid nanocomposites is discussed.

Experimental

Materials and Preparation. The thermoplastic polymer
used was PEN, with an intrinsic viscosity of 0.93 dL/g, sup-
plied by Hyo Sung Co., Korea. The nanoparticles used were
the hydrophilic fumed silica (primary particle size: 7 nm;
surface area: 290 m*/g; purity: 99.8%), purchased from
Sigma Aldrich Co. All the materials were dried at 110°C in
vacuo for at least 24 h before use to minimize the effects of
moisture. PEN and silica hybrid nanocomposites were pre-
pared by melt processing in a Haake Rheomix 600 internal
mixer (Gebr. HAAKE GmbH, Germany) at 275 °C for 5 min,
with a fixed rotor speed of 60 rpm. For fabrication of PEN/
silica hybrid nanocomposites, the PEN was melt-blended
with the incorporation of various silica concentrations in the
polymer matrix: 0.3, 0.5, 0.7, and 0.9 wt%, respectively.

Characterization. The thermal behavior of the PEN/silica
hybrid nanocomposites was measured with a TA Instrument
2010 differential scanning calorimeter (DSC) over the tem-
perature range from 30 to 290°C under nitrogen, with a
scanning rate of 10°C/min. For the isothermal crystalliza-
tion experiments, the samples were first heated to 295 °C at
a heating rate of 10°C/min under nitrogen, and maintained
at that temperature for 5 min to eliminate any previous
thermal history. Then the samples were quenched, employing
a cooling rate of 100 °C/min down to the desired crystalliza-
tion temperatures (in the range 200 to 240°C), and maintained
until crystallization was completed, during which time the
heat flow for isothermal crystallization was recorded as a
function of time. The samples isothermally crystallized at a
set crystallization temperature were then heated to 295 °C at
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a heating rate of 10°C/min. Thermogravimetric analysis of
the PEN/silica hybrid nanocomposites was performed using
a TA Instrument SDF-2960 thermogravimetric analyzer
(TGA) under a nitrogen atmosphere, over the temperature
range from 30 to 800°C at a heating rate of 10°C/min. The
wide angle X-ray diffraction (WAXD) measurements were
performed using a Rigaku Denki X-ray diffractometer with
Ni-filltered CuKea X-rays (4=0.1542 nm). The diffracting
intensities were recorded at steps of 26=0.05° over the range
of 5°<268<40°. Dynamic mechanical analysis of the PEN/
silica hybrid nanocomposites was performed with a TA
Instrument Q-800 dynamic mechanical analyzer (DMA),
using a tensile mode at a fixed frequency of 1 Hz over the
temperature range from 30 to 250°C, at a heating rate of
5°C/min.

Results and Discussion

Thermal Properties. The thermal stability of polymer
composites is one of the most important factors for polymer
processing and polymer applications. Results from the TGA
thermograms of the PEN/silica hybrid nanocomposites as a
function of silica content at a heating rate of 10°C/min
under a nitrogen atmosphere are shown in Table L. It can be
seen that both the initial decomposition temperature and the
temperature at the maximum rate of thermal decomposition
on the incorporation of silica nanoparticles into the PEN
matrix. In addition, the residual yields of the PEN/silica hybrid
nanocomposites increased with increasing silica content.
This result demonstrates that the thermal stability of PEN/
silica hybrid nanocomposites is improved by the incorpora-
tion of silica nanoparticles.

As the processing of polymer nanocomposites involves
complex deformation behaviors, which may affect the nucle-
ation and crystallization behavior of the polymer nanocom-
posites, it is important to characterize the nucleation and
crystallization behavior of polymer nanocomposites to opti-
mize the process conditions. Analysis of the crystallization
behavior of polymer nanocomposites reinforced with inor-
ganic nanoparticles would make it possible to realize their
potential applications in many fields of industry. DSC results

Table 1. Thermal Behavior of PEN/Silica Hybrid Nanocom-
posites as a Function of Silica Content

X T; a T h T b T " ¢ 7% d
Materials o) 0O (O (O o)
PEN 383.5 4142 4483 436.9 16.2
PEN/Silica0.5 3864 4173 4500 4399 222
PEN/Silica0.9 391.5 4219 4520 4412 25.5

“Initial decomposition temperature in TGA at a heating rate of 10°C/min.
*Decomposition temperatures at 10 and 60% weight loss, respectively.
‘Decomposition temperature at the maximum decomposition rate.
“Residual yield in TGA at 800°C.
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Table I1. Thermal Behavior of PEN/Silica Hybrid Nanocom-
posites as a Function of Silica Content
. T* T,  AH,* @ T.° AT
Maerals ¢ty (0 a® o o

PEN 1192 2758 453 199.3 76.5
PEN/silica0.3 1195 2757 432 2125 63.2
PEN/silica 0.5 1197 2743 38.4 2144 59.9
PEN/silica 0.7 1205  273.1 38.1 218.9 54.2
PEN/silica 0.9 121.1 272.9 39.5 219.8 53.1

“Values obtained from DSC heating traces at 5 °C/min. *Crystallization
temperature measured from DSC cooling traces at 5°C/min.
‘Degree of supercooling, AT=T,,—-T..

for the PEN/silica hybrid nanocomposites as a function of
silica content, employing a scanning rate of 10 °C/min under
nitrogen, are shown in Table II. The incorporation of silica
nanoparticles slightly increased the glass transition temper-
ature (7,) and slightly decreased the melting temperature
(T,,) of the PENV/silica hybrid nanocomposites. The increase
in crystallization temperature of the PEN/silica hybrid nano-
composites with increasing silica content, together with the
fact that PEN/silica hybrid nanocomposites have a lower
degree of supercooling (AT=T,,—T) for crystallization with
increasing silica content, suggests that the silica nanoparticles
can effectively act as nucleating agents in the PEN/silica
hybrid nanocomposites. Therefore, it can be deduced that
the incorporation of silica nanoparticles effectively enhances
the crystallization of the PEN matrix through heterogeneous
nucleation.

Crystallization Behavior. [sothermal crystallization exo-
therms for the PEN/silica hybrid nanocomposites as a func-
tion of silica content, and isothermal crystallization exotherms
as a function of crystallization temperature are shown in
Figures 1 and 2, respectively. As the crystallization temper-
ature increased, the isothermal crystallization exothermal
peaks shifted to longer times, implying that the crystallization
rate decreased with increasing crystallization temperature.
In contrast, as the silica content increased, the isothermal
crystallization exothermal peaks shifted to shorter times,
indicating faster crystallization rates with increasing silica
concentration. The relative degree of crystallinity (X,) at vari-
ous crystallization times can be defined as the ratio of the
area of the exothermic peak at time 7 to the total measured
area of crystallization. Assuming that the relative degree of
crystallinity increased with increasing time, the isothermal
crystallization kinetics of PEN and the PEN/silica hybrid
nanocomposites were analyzed using the Avrami equation:'*'¢

=X, = exp[—k(1-1,)"] (D
where X, is the relative degree of crystallinity; & is the rate

constant; 7 is the crystallization time; ¢, is the initial time of
crystallization, and » is the Avrami exponent that is correlated
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Figure 1. Isothermal crystallization exotherms for PEN/silica

hybrid nanocomposites as a function of silica content at an iso-
thermal crystallization temperature of 210°C.
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Figure 2. Isothermal crystallization exotherms for PEN/silica 0.9
hybrid nanocomposite as a function of isothermal crystallization
temperature.

with the nucleation mechanism and crystal growth. Values of
n and k were calculated from the slope and intercept of the
plots of log[-In(1-X))] versus log(z- ). Moreover, the half
time of crystallization (), one of the important factors
describing isothermal crystallization kinetics, can be estimated
from eq. (2) using the values of » and & obtained from the
Avrami plot. In general, a lower 1, implies a higher crystal-
lization rate.

1 2 1/n
Hhn= (nT) 2

The dependence of the kinetic parameters on the isothermal
crystallization temperature and the silica nanoparticles is
shown in Table II1. As the crystallization temperature increa-
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Table III. Kinetic Parameters for PEN and PEN/Silica Hybrid
Nanocomposites During Isothermal Crystallization

Materials  7,(°C) n k (min™) t, (min)
200 1.7963 7.24 x 10 3.52
210 1.6364 4.42 x 10% 5.38
PEN 220 1.5959 2.87 x 107 7.35
230 1.7797 1.12 x 10* 10.16
240 1.8140 5.06 x 107 15.07
200 2.7120 6.02 x 107 2.46
210 2.8257 2.86 x 107 3.09
PEN/sili
039‘ a0 28432 232x10° 330
’ 230 4.3036 452 % 10* 5.50
240 3.2011 9.88 x 10 7.75

sed, the ¢,, value increased and the 7, value decreased. In
addition, it can be seen that the incorporation of silica nano-
particles accelerates crystallization of the PEN matrix through
heterogeneous nucleation, resulting in a higher crystallization
rate. Assuming that the crystallization process is thermally
activated, the crystallization rate parameter (K) can be
expressed by using the Arrhenius equation as follows:'™'®

K'" = kyexp(—E,/RT,) (3)

where k, is a temperature independent pre-exponential fac-
tor; R is the universal gas constant, and AE, is the crystalli-
zation activation energy, which consists of the transport
activation energy and the nucleation activation energy. The
activation energy for isothermal crystallization can be deter-
mined from the slope of the plot of (1/n)ln K versus 1/7, as
shown in Figure 3. The AE, values for PEN and the PEN/
silica 0.9 hybrid nanocomposite were 71.18 and 55.87 kJ/mol,
respectively. In the presence of 0.9 wt% silica nanoparticles,
the AE, values for the PEN/silica hybrid nanocomposite

-0.8
e
° .. }
.- [N
-1.6 4 :
b * .
= g -
8 |
P . L
— -
244
a
.,~ s PEN
. & PEN/silica 0.9
-3.2 + T T v
1.9 2.0 2.4 2.2

10°/T (K"

Figure 3. Activation energies for the isothermal crystallization of
PEN and PEN/silica 0.9 hybrid nanocomposite.
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decreased, indicating that the incorporation of silica nano-
particles into the PEN matrix induces more heterogeneous
nucleation, causing a lower AE, value.

Melting Behavior. DSC heating traces for PEN and PEN/
silica hybrid nanocomposites after the completion of isother-
mal crystallization at different crystallization temperatures,
and then heating from the crystallization temperature to
295°C at a heating rate of 10°C/min are shown in Figure 4.
PEN and the PEN/silica hybrid nanocomposites exhibited
double melting peaks in the DSC heating traces for crystal-
lization temperature up to 230°C. As the crystallization
temperature increased, the lower-temperature melting peaks
gradually shifted to higher temperatures, and eventually
merged into a single peak at a crystallization temperature of
240°C. This result indicates that the isothermal crystallization
temperature influences the melting behavior of PEN/silica
hybrid nanocomposites. In most semicrystalline polymers,
as well as in copolymers and blends, multiple melting peaks
have been observed during DSC scans. Many investigations
have been made into the origin of multiple melting behavior in

(a) 240°C

‘ 230 °C

=) 220°C
=
=

= 210°C

200 °C

T M T T T T T
200 220 240 260 280 300
0
Temperature ( C)

(b) 240 °C

] /AL 230°C

220°C
o
2

”10®
5 210°C
200 °C
T T T T T
200 220 240 260 280 300

Temperature (°C)

Figure 4. DSC heating traces after the completion of isothermal
crystallization for (a) PEN and (b) the PEN/silica 0.7 hybrid
nanocomposite.
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semicrystalline polymers, copolymers, and polymer blends.
Various factors such as a change in morphology, orientation
effects, the presence of more than one crystal modification,
and melting-recrystallization-remelting processes occurring
during DCS scans, have influenced multiple melting behaviors.
The perfection of the crystalline, or high-temperature melting
peaks increased with crystallization temperature, which was
confirmed by the fact that the higher-temperature melting
peaks shifted to higher temperatures with higher crystalliza-
tion temperature. Relatively imperfect crystals would be
formed at lower crystallizations, and would melt at a lower
temperature. The melting-recrystallization-remelting mech-
anism proposes that original imperfect thin crystals or
lamellae in the polymers could melt and recrystallize to form
crystals of higher perfection during DSC scans.”* Supaphol®
has reported similar observations of multiple melting behav-
iors, suggesting that the lower-temperature melting peak
corresponded to the melting of the primary crystallites formed,
and the higher-temperature melting peak corresponded to
the melting of the recrystallized crystallites, formed during
the DSC heating scan. Wide-angle X-ray diffraction (WAXD)
patterns for the PEN/silica hybrid nanocomposites of a given
crystallization temperature and time are shown in Figure 5.
The position of the observed crystalline peak of the PEN/
silica hybrid nanocomposites after isothermal crystallization
was unchanged with crystallization temperature and time.
This result suggests that the double melting behavior observed
in PENV/silica hybrid nanocomposites is attributable to diffe-
rent lamellae thickness distribution as a consequence of the
melting-recrystallization process during DSC scans.

Equilibrium Melting Temperature. According to the
theoretical relation suggested by Hoffman and Weeks, the
equilibrium melting temperature of polymers can be derived
from the following equation for the plot of the melting tem-
perature (7},) versus the isothermal crystallization tempera-
ture (7,):

r,=1(1-1)+ (4)
Vo7

where yis the ratio of the initial to the final lamellar thick-
ness and 7, is the equilibrium melting temperature. The
equilibrium melting temperature is obtained from the inter-
section of the Hoffman-Weeks plot with the line 7,,=T..
Hoffman-Weeks plots for PEN and the PEN/silica hybrid
nanocomposites at various silica concentrations are shown
in Figure 6. The 7,,” values of the PEN/silica nanocomposites
decreased with increasing silica content, which may be
attributed to the formation of less perfect spherulites in the
PEN/silica hybrid nanocomposites as a result of the strong
heterogeneous nucleation effect of the silica nanoparticles.
For the polypropylene (PP)/montmorillonite (MMT) nano-
composite system, a large number of nuclei formed by the
strong nucleation effect of the MMT resulted in many spheru-
lites existing in a limited space within the nanocomposites,
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Figure 5. WAXD patterns for PEN/silica hybrid nanocomposites
as a function of silica content at isothermal crystallization tem-
peratures of (a) 200 °C and (b) 240°C.
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Figure 6. Hoffman-Weeks plots for PEN/silica hybrid nanocom-
posites as a function of silica content.

which made the formation of perfect spherulites difficult
with increasing MMT content.”’ Therefore, the decrease in 7,
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Figure 7. Crystal growth rate for various PEN/silica hybrid nano-
composites as a function of the isothermal crystallization temper-
ature.

value with increasing silica content suggests that the crystals
in PEN/silica nanocomposites are less perfect than those in
pure PEN, a result of the good nucleation effect of the silica
nanoparticles in the PEN/silica hybrid nanocomposites.

Secondary Nucleation Theory. The temperature depend-
ence of the linear growth rate of the spherulites can be
described by the Laurizen-Hoffman theory for secondary
nucleation.”® Crystal growth rates of the PEN/silica hybrid
nanocomposites are shown in Figure 7. It can be seen that
the growth rate decreased with increasing crystallization
temperature and increased with increasing silica concentra-
tion. The effect of silica nanoparticles on the growth rate was
characterized using secondary nucleation theory.”® According
to the nucleation theory, the growth rate of polymer crystal,
G, at crystallization temperature, T,, is can be represented as
follows:

o v ®

where G, is the front factor; U" is the activation energy for
segment diffusion to the site of crystallization; R is the uni-
versal gas constant; 7, is the hypothetical temperature
below which all viscous flow ceases; K, is the nucleation
parameter; AT is the degree of supercooling (AT=T,"-T,);
T, is the equilibrium melting temperature, and fis the cor-
rection factor given as 27,/(T,2+ T,). The plot of In G+ U'/R
(T.-T,) versus 1/TAT)f for PEN and the PEN/silica hybrid
nanocomposites are shown in Figure 8. As the crystallization
kinetics are governed by the nucleation term, the growth
rates are insensitive to the U* and T, values employed in eq.
(5).3% In this study, universal values of U*=6,300 J/mol
and T.,=7,-30 K were used in all of the calculations.”**'
With these assumptions, the X, values can be determined the
slope of the plot of In G+ U'/R(T,- T, versus 1/T(AT)f as

G= Goexp[
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Figure 8. Plots of In G+ U'/R(T.- T,) versus 1/T(AT)f for PEN/
silica hybrid nanocomposites.

shown in Figure 8. It can be seen that the slope of the plots
decreased with increasing silica content. The nucleation
parameter, K, can be expressed by the following equations:

_ nccebOT;;

where o is the lateral surface energy, o, is the fold surface
free energy, b, is the layer thickness in the direction normal
to the growth plane, Ah=AH,x p. is the heat of fusion per
unit volume, and kj is the Boltzmann constant. In this study,
the heat of fusion per unit volume (4h) was determined by
using the crystal density (0.=1.407 g/cm®) and the heat of
fusion per unit mass (4H,=190 J/g).”* In general, values of n
are equal to 4 for regime II growth and 2 for regime I or III
growth, respectively.”® The o, value for PEN and the PEN/
silica hybrid nanocomposites can be estimated using the
obtained values of K, according to the following empirical
relations for the lateral surface free energy:™

172

o = a(dhy(aeb,) @)
where a was derived empirically to be 0.11 by analogy with
the well-known behavior of hydrocarbons,* and a, and b, are
the monomolecular width and layer thickness, respectively.
In this study, values of @,=0.651 nm and b,=0.566 nm were
used in all calculations.”® The values of K, and o, for the
PEN/silica hybrid nanocomposites obtained from egs. (5)-(7)
are shown in Table IV. The values of K, and o, for the PEN/
silica hybrid nanocomposites decreased with increasing silica
content. The work of chain folding (g) is one of the parameters
closely related to the molecular structure, and it’s value is
apparently proportional to chain stiffness.”®***¢ The work of
chain folding per molecular fold that is required for bending
the polymer chain back upon itself, in the appropriate con-
figuration, can be defined as follows:*’
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Table IV. Values of K,, o, and g for PEN/Silica Hybrid Nano-
composites as a Function of Silica Content

Materials K, (K*x107) o, (erg/em’) g )
PEN 1.82 98.8 7.28 x 10%
PENsilica 0.3 1.35 73.4 541 %x10%
PEN/silica 0.5 1.25 68.4 5.04 x 10%°
PEN/silica 0.7 1.08 59.1 4.36 x 10
PEN/silica 0.9 0.92 50.3 3.71 x 102
q = 2aoby0, ®

From eq. (), it can be deduced that the g value is appar-
ently proportional to the 2¢,. The g values for the PEN/silica
hybrid nanocomposites as a function of silica content are
shown in Table IV. The ¢ value for PEN was estimated as
7.28x 10 J per molecular chain fold, while that for the
PEN/silica 0.9 hybrid nanocomposite was estimated as 3.71
x 102 J per molecular chain fold. The g values for the PEN/
silica hybrid nanocomposites decreased with increasing silica
nanoparticles incorporation, implying that the incorporation
of silica nanoparticles has a significant effect on the estima-
tion of the work for chain folding. It can be seen that the
smaller the o, value, the smaller is the work of chain folding
with increasing silica content, indicating that the incorpora-
tion of silica nanoparticles lowers the work required in fold-
ing the macromolecules in the hybrid nanocomposites.
Karayannidis et al.*® reported that the presence of silica nano-
particles decreases the work required for creating a new sur-
face, resulting in higher crystallization rates. Therefore, it
can be deduced that the addition of silica nanoparticles as an
inorganic nano-scaled reinforcement into the PEN matrix
increases the nucleation and crystallization rate of the PEN/
silica hybrid nanocomposites, because the silica nanoparticles
act effectively as heterogeneous nuclei in the nucleation of
crystallization, corresponding with the higher crystallization
rate observed, characterized by lower #,, and higher 7,
values.

Dynamic Mechanical Analysis. Dynamic mechanical
properties of the PEN/silica hybrid nanocomposites are
shown in Figure 9. The incorporation of silica nanoparticles
into the PEN matrix improved the modulus of the PEN/silica
hybrid nanocomposites below and above T, which may be
explained by the reinforcing effect of the silica nanoparticles
existing in the PEN matrix. For instance, the storage modulus
at 30 and 130°C of the PEN/silica 0.9 hybrid nanocompos-
ite was approximately 4.0 and 0.9 GPa, respectively, 1.2
times and 4.4 times greater than that of PEN. In general, the
maximum peak position of tan & in the plot of tan & versus
temperature can be related to the glass transition tempera-
ture.’ As shown in Figure 9(b), the T, of the PEN/silica hybrid
nanocomposites shifted slightly towards higher temperatures
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Figure 9. Dynamic mechanical properties of PEN/silica hybrid
nanocomposites as a function of temperature: (a) storage modu-
lus and (b) tan &.

with increasing concentration of silica nanoparticles, imply-
ing a decrease in the molecular mobility of the PEN/silica
hybrid nanocomposites, caused by some physical interactions
between the PEN and the silica nanoparticles due to their
high surface area. Similar behavior has also been reported
by other researchers in organic/inorganic hybrid nanocom-
posites.***? The ratio of the storage modulus at 30°C for the
PEN/silica hybrid nanocomposites to that at 130°C was esti-
mated in order to investigate the effect of silica nanocparticles
on the ability to sustain the storage modulus with increasing
temperature. As shown in Table V, the modulus ratio was
0.06 for PEN, while it was 0.23 for the PEN/silica 0.9 hybrid
nanocomposite. This result indicates that the incorporation
of silica nanoparticles enables PEN/silica hybrid nanocom-
posites to maintain high modulus values at high temperature,
compared with PEN. A similar observation has also been
reported by Jin et al.¥ in the melt-processed carbon nano-
tube/poly(methyl methacrylate) composite system. SEM
microphotograph of the PEN/silica hybrid nanocomposites
are shown in Figure 10. Silica nanoparticles randomly dis-
persed in the PEN matrix exhibited some agglomerated
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Table V. Storage Modulus and Modulus Ratio for PEN/Silica
Hybrid Nanocomposites as a Function of Silica Content

Storage Modulus, £' (MPa)

Modulus Ratio

Material ' ,
ateria’s 30°C 130°c  E'voc! E'sec)
PEN 33533 208.6 0.06
PEN/Silica 0.5 3790.2 527.4 0.14
PEN/Silica 0.9 3998.7 922.3 0.23

EM SEI 10.0

1pm WD 14mm

Figure 10. SEM microphotograph of PEN/silica 0.9 hybrid nano-
composites.

structures. However, it can be seen that silica nanoparticles
were, on a large scale, uniformly dispersed in the PEN matrix
despite some agglomerated particles.

Conclusions

PEN/silica hybrid nanocomposites were prepared using a
melt blending process, and the effect of silica nanoparticles
on the crystallization and melting behavior of the PEN/silica
hybrid nanocomposites was investigated. The incorporation
of silica nanoparticles effectively enhances crystallization of
the PEN matrix through heterogeneous nucleation, resulting
in higher crystallization rates for the PEN/silica hybrid nano-
composites. In addition, the activation energy of crystalliza-
tion for the PEN/silica hybrid nanocomposites decreased with
increasing silica content, indicating that the incorporation of
silica nanoparticles induces more heterogeneous nucleation,
causing lower activation energy for the PEN/silica hybrid
nanocomposites. Double melting behavior observed in the
PEN/silica hybrid nanocomposites was attributed to the dif-
ferent lamellae thickness distribution as a result of the melting-
recrystallization process occurred during DSC scans. The
decrease in the equilibrium melting temperature of the PEN/
silica hybrid nanocomposites with increasing silica content
suggests that the crystals in the PEN/silica nanocomposites

Macromol. Res., Vol. 14, No. 2, 2006

are more imperfect than those of pure PEN, a result of the
strong nucleation effect of the silica nanoparticles. The
decrease in the values of K, and o, for the PEN/silica hybrid
nanocomposites with increasing silica content indicates that
the incorporation of silica nanoparticles lowers the work
required in folding the macromolecules in the hybrid nano-
composites. The incorporation of silica nanoparticles improved
the modulus of the PEN/silica hybrid nanocomposites below
and above T, because of the reinforcing effect of the silica
nanoparticles existing in the PEN matrix, enabling the PEN/
silica hybrid nanocomposites to maintain high modulus values
at high temperature, compared with pure PEN.
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