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ABSTRACT: The effect of nanoparticles on nonisothermal
polymer crystallization was investigated using poly(ethylene
terephthalate) (PET) nanocomposites with alumina (Al,O3)
nanoparticles of average size 38 nm. The filler content in the
nanocomposites was varied from 0 to 10 wt %. The interpar-
ticle spacing was observed to decrease (as expected) with an
increase in loading of the nanoparticles. Contrary to previ-
ous reports in the literature on semicrystalline polymer-
based composites with micron-size and macroscale particles,
our differential scanning calorimetry, transmission electron
microscopy, and X-ray studies showed that the addition of

the nanoparticles did not cause heterogeneous nucleation of
PET crystals in nanocomposites containing up to 3 wt %
AL O;. This is attributed to the nanoparticle curvature being
comparable to the radius of gyration of the polymer. The
addition of the nanoparticles was found to disrupt the
spherulitic morphology of the PET because of their physical
presence and their proximity to one another. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 106: 4233-4240, 2007
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INTRODUCTION

The crystallization of semicrystalline polymers is an
area of interesting and intriguing research. Part of the
intrigue is due to the different levels of crystal struc-
ture that exist in semicrystalline polymers.'™ Macro-
molecules fold to develop a crystal unit-cell structure
during crystallization. The folding continues to form
crystalline lamellae. Several lamellae grow radially
outward from a single nucleus into a spherulite until
they impinge with adjacent spherulites.

The incorporation of fillers is known to affect both
the crystal nucleation and growth of semicrystalline
polymer matrices. From a thermodynamics perspec-
tive, the presence of a high-energy inorganic surface
(e.g., inorganic fillers) promotes heterogeneous crys-
tal nucleation of polymers.* Also, a low surface-
energy filler can act as an ineffective nucleation site.’
While some studies have shown that the loading of
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DISCOVER SOMETHING GREAT

nanofillers promotes the crystal nucleation of a poly-
mer matrix,®” filler-induced crystals have been
observed to occur from relatively planar filler surfa-
ces.> ' When the nanofiller surface curvature be-
comes comparable to the radius of gyration (R,) of
the polymer, it is still an open question whether the
fillers will promote crystal nucleation.'' The pres-
ence of nanofillers can also affect other levels of the
polymer crystal hierarchy (such as lamellae thickness
or spherulite organization).lz_14 Furthermore, the
presence of the fillers can hinder the growth of the
crystals, depending on the change in geometrical
interparticle spacing.'

In this article, we explore the crystallization
behavior of the matrix polymer in poly(ethylene ter-
ephthalate) (PET)/alumina nanoparticle composites.
PET is an ideal matrix for crystallization studies
because the crystallinity can be controlled from
nearly amorphous to highly crystalline by changing
the cooling rate. In addition, the mechanical, electri-
cal, and other physical properties of PET strongly
depend on its crystallinity and crystal morphol-
ogy.'®"” For example, we recently reported a 45%
increase in the wear resistance of a PET composite
with 2 wt % alumina nanoparticles.'® The incorpora-
tion of rigid inorganic nanofillers is also a promising
approach for improving both the stiffness and
toughness of plastics simultaneously.® Most research,
however, has focused on PET-based nanocomposites
containing (:lay,8 mica,” fiber,'® or submicron and/or
macroscopic spherical particles'® with large planar
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surfaces. Herein, we report the effect of hydrophilic
alumina nanoparticles with high surface curvature
on the crystal nucleation and growth of PET in the
nanocomposites, using differential scanning calorim-
etry (DSC), transmission electron microscopy (TEM),
and X-ray analyses.

EXPERIMENTAL
Materials

Inorganic nanoparticles tend to possess high surface
energies, which often cause micron-size aggregates of
the nanoparticles to form in a polymer matrix.**>
Hence, most previous studies in the literature ex-
ploring the effect of nanoparticles on polymer crys-
tallization have utilized nanoparticles with function-
alized surfaces that prevent their agglomeration.*
However, modifying the nanoparticle surface also
affects the mobility of the polymer chains in contact
with them and, hence, their crystallization behavior.
In this study, we have dispersed unmodified alu-
mina nanoparticles in PET through a melt-mixing
route.

PET pellets (Crystar 3939, molecular weight =
~ 50,000 g/mol) were obtained from DuPont, and
alumina (a-Al,O3) nanoparticles with an average di-
ameter of 38 nm were obtained from Nanophase
Technologies. The nanofiller surface curvature is
comparable to the radius of gyration, R, of the PET
(e.g., Ry ~ 13 nm for ~ 85,000 g/mol).” The PET
pellets were dried at 120°C in vacuum for 24 h and
the nanoparticles were dried at 195°C in vacuum for
24 h prior to processing. The pellets and the nano-
particles were melt-blended at 260°C for 10 min at a
screw speed of 80 rpm in a Thermo-Haake Polydrive
Mixer. The nanofiller content was varied between 0
and 10 wt %. Finally, samples were fabricated by
compression molding from the pelletized premixture
at 280°C under an argon atmosphere, and cooled at
a constant rate. A custom built setup was used to
control the cooling rate of the mold in a press.

Characterization

To observe the nonisothermal crystallization of PET
and the nanocomposites as a function of Al,Oz con-
tent, DSC (Mettler Toledo DSC 822e) was performed
at different cooling rates: specifically, 4, 12, and
16°C/min. The peak and onset temperatures of PET
crystallization were measured. To observe the subse-
quent melting behavior, melt-crystallized samples
were heated at a constant rate of 10°C/min. The
weight-fraction crystallinity (X, = AHtyn/AH7Tym) of
PET in the nanocomposites was calculated from the
ratio of heat of fusion in the DSC measured samples
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Figure 1 TEM micrographs showing the dispersion state
of AlO; nanoparticles in PET matrix in (a) 1 wt %, (b) 2
wt %, (c) 5 wt %, and (d) 10 wt % Al,O; filled nanocompo-
sites.

to that (AHT,, = 140 J/g) in theoretically 100% PET
crystal. >

TEM was performed using a JEOL CM-12, operat-
ing at an accelerating voltage of 120 kV. The samples
melt-crystallized with a cooling rate of 16°C/min
were cut to a thickness of ~ 50 nm using an ultrami-
crotome system (MT-XL, Boeckeler Instruments)
with a diamond knife (DiATOME). Then, the sec-
tioned films were picked up on 300-mesh copper
grids. In particular, to observe the PET crystal-
line microstructure, the films were stained with a
0.5 wt % aqueous ruthenium tetraoxide (RuQOy) solu-
tion (Electron Microscopy Sciences) for 20 min. Fig-
ure 1 represents the nanoparticle dispersion ob-
served through TEM. The interparticle spacing (I)
and the PET lamellar thickness in the samples were
calculated from both TEM and small-angle X-ray
scattering data. Small- and wide-angle X-ray analy-
ses were performed at the X21 beam line of the
Brookhaven National Light Source.?®

RESULTS
Nanoparticle dispersion

One of the keys to understanding the effect of nano-
particles on polymer crystallization is to characterize
the dispersion of the nanoparticles, because as the
particles agglomerate both the effective particle size
and [ increase, which could affect both nucleation
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Figure 2 Variation in interparticle distance (I) distribution
with nanoparticle loadings. (The inset represents an exam-
ple for measuring I in a 2 wt % Al,O; filled nanocompo-
site.)

and growth of the polymer. Figure 1 shows TEM
micrographs of the nanoparticle dispersion at 1, 2, 5,
and 10 wt % of the filler. At 1 wt % AlL,Os;, the par-
ticles were well dispersed in the matrix, and the av-
erage particle size was close to the reported 38 nm.
At 5 wt % AlLO;, a few agglomerates were observed
[inset in Fig. 1(c)]. At 10 wt % AlLO;, aggregates
ranging in size from 0.3 to 1.0 um were present. Fig-
ure 1(d) also illustrates the size distribution (10—
90 nm) of the AL,O; filler with average particle size
of ~ 38 nm. The change of | in the nanocomposites
as a function of the nanoparticle content is shown in
Figure 2. The value of [ decreased rapidly between 1
and 3 wt % of the filler and then leveled off due to
particle agglomeration.

Effect of nanoparticles on crystal nucleation

To observe the effects of dispersed nanoparticles on
PET crystallization in PET/AIl,O; nanocomposites,
the samples were nonisothermally crystallized from
the melts at different cooling rates. Specifically, crys-
tallization onset (Tonset) and peak (Tpeax) tempera-
tures were measured to study nanoparticle effects on
the crystalline nucleation. Figure 3 shows typical
DSC cooling curves for samples crystallized from
280°C with a cooling rate of 4, 12, and 16°C/min,
respectively. Topset and Tpeax values for each DSC
cooling rate are plotted against the filler content in
Figure 4. The effect of cooling rate was similar for all
nanoparticle loadings. The faster the cooling rate, the
lower Tpeax and the broader the crystallization peak.
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At 4°C/min cooling rate, Tonset decreased at low
loadings of nanoparticles up to 3 wt % [Fig. 4(a)].
The shift in onset of crystallization to lower tempera-
tures indicates that a greater undercooling is
required to initiate polymer crystallization at lower
filler loadings. However, at higher filler loadings,
Tonset increased and was higher than that for pure
PET. The same trend was observed at 12 and 16°C/
min. X, values, calculated from AHrp,, in the DSC
heating curve of the sample crystallized from the
melt with a cooling rate of 16°C/min, are summar-
ized in Table I. X, of PET in the nanocomposite
decreased monotonically with an increase in Al,O3
content and was about 0.21 in the 5 wt % filler-
loaded sample.
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Figure 3 Effect of nanoparticle loading on PET melting
curves at (a) 4°C/min, (b) 12°C/min, and (c) 16°C/min
cooling rates from the melt.
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Figure 4 Variation in (a) Tonset and (b) Tpeax Of crystalli-
zation with filler content at 4°C/min, 12°C/min, and
16°C/min cooling rates from the melt.

The relative degree of crystallinity X(T), as a func-
tion of crystallization temperature T, can be formu-
lated as®

X(T)Aj(‘%)ﬂ//jx (”%)dT (1)

TABLE I
Characteristics of PET and PET Nanocomposites
Crystallized from the Melts with a Cooling Rate
of 16°C/min

Tpeak (OC) Tm (OC) Xc

g* (nm ") Dy (nm)

PET 206.1 256.1 0.275  0.483 13.0
2 wt % ALO; 2059 255.7 0.253  0.519 12.1
3wt % ALO;  204.0 2551 0.231  0.536 11.7
5wt % ALO;  209.0 2556 0.205  0.543 11.6
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where T, and T.. represent the crystallization onset
and end temperatures, respectively, and dH, is the
enthalpy of crystallization released during an infini-
tesimal temperature range dT.

Figure 5 shows X(T) as a function of T for pure
PET and PET nanocomposites at various cooling
rates. For a given cooling rate, the crystallization rate
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Figure 5 X(T) as a function of temperature (T) for crystal-
lization of pure PET and PET nanocomposites at different
cooling rates: (a) 4°C/min; (b) 12°C/min; and (c) 16°C/
min.
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Figure 6 Effect of nanoparticle loading on spherulitic and
lamellar structures in PET matrix: (a) 0 wt %, (b,c) 2 wt %,
and (d) 5 wt % Al,O; filled nanocomposites.

of PET nanocomposites, except for one sample con-
taining 5 wt % Al,O3, decreases with an increase in
Al,O3 content, resulting in slower crystallization of
PET when compared with that of pure PET.

Effect of nanoparticles on crystalline and
supramolecular structure

Figure 6 shows TEM micrographs, that clearly dis-
play the macro-and micro-crystalline morphologies
in pure PET, and in 2 wt %, and 5 wt % Al,O3; nano-
composites, upon cooling at 16°C/min. Pure PET
showed typical three-dimensional (3D) spherulites,
2040 pm in diameter, with randomly distributed
crystalline lamellae. On the contrary, the spherulitic
morphology of the PET matrix was not present in ei-
ther the 2 or 5 wt % AlOs-filled nanocomposites.
This may be because of the small interparticle spac-
ings (I < 350 nm) confining the polymer chains. For
example, the average lamellar thickness of PET in
the 2 wt % nanocomposite, as determined from TEM
images [e.g., white-arrows marked in Fig. 6(c)], was
9.1 = 1.6 nm, lower than that (10.5 * 1.5 nm) in
pure PET.

Since lower crystallinity in the nanocomposites
can induce excessive staining of the PET matrix in
TEM measurement, SAXS was performed to deter-
mine the average lamellar thickness in pure PET and
the PET nanocomposites. Figure 7 illustrates SAXS
profiles of pure PET and the nanocomposites show-
ing a peak shift in the scattering vector (4*) as a
function of the nanofiller loading. It is well known
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that a Gaussian-type scattering in SAXS profiles indi-
cates inhomogeneous scattering neighboring centers
with an average distance (Daye = 2n/g%), i.e., lamel-
lar thickness for a semicrystalline polymer.** The ¢*
shifts to higher values on addition of nanoparticles
and the average lamellar thickness (D,y.) decreases
from 13.0 to 11.7 nm. Furthermore, in the 2 wt %
Al,O3; nanocomposite with highly confined matrix
ligament regions (i.e., | ~ 350 nm), the lamellae grew
into “‘sheaf-like” crystallites [Fig. 6(c)], where the
lamellae were curled around the alumina nanopar-
ticles. Contrary to previous observations in the litera-
ture,' there is no evidence of highly-dense heteroge-
neous lamellae grown at the particle-matrix interface
below a critical I. For the 5 wt % Al,O; nanocompo-
sites with similar / to the 2 wt % Al,O3 nanocompo-
site, we also found that most PET lamellae were ran-
domly oriented as indicated by Figure 6(d), even
though the image did not clearly show the lamellar
orientation because the crystals degraded rapidly in
the electron beam.

To observe any change in the crystalline structure
of PET due to nanoparticle loading, XRD was per-
formed for pure PET and the nanocomposites that
were melt-crystallized with 12°C/min cooling rate.
2D XRD patterns of the samples showed typical ring
patterns of the bulk crystals, irrespective of the
nanoparticle loading. Figure 8 shows 1D XRD pro-
files obtained through circular averaging of 2D XRD
patterns. In all samples, the main reflection peaks of
PET crystals were at ~ 20 = 16.1, 174, 21.6, 22.9,
and 27.0°, corresponding to the (011), (010), (111), (110)
and (100) planes, respectively, of the bulk crystals
with a triclinic unit cell.*! This suggests that the dis-
persed nanoparticles did not affect the unit cell crys-
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Figure 7 SAXS profiles showing effect of nanoparticle
loading on PET lamellar thickness.
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Figure 8 Effect of nanofiller content on crystalline struc-
ture of the PET matrix: (a) wide angle X-ray diffrac-
tion profiles; (b) d(1g9) in PET crystallites calculated from
full-width at half-maximum (FWHM) of the (100) reflection
in (a).

talline structure of PET. The XRD results also show
that the diffraction peaks broadened with nanopar-
ticle loading.

The coherence length, dgy, indicating the long-
range order of the crystal planes along a hkl crystal
direction was calculated. Because the peaks [except
for the (100) reflection] overlapped with their neigh-
boring peaks, d(199) was calculated using the follow-
ing equation™:

57.3\
d100) = (Bcost) (2)

where B = (B> — b)'/?, B is the measured full-width
(in degrees) at half-maximum (FWHM), b, is the
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instrumental resolution (in degrees), A is the wave-
length of the X-radiation, and 20 is the scatter-
ing angle at the maximum of the (100) reflection
peak.

Figure 8(b) shows the coherence length do0) of
PET crystals in the samples as a function of the
nanoparticle loading obtained from the X-ray pro-
files shown in Figure 8(a). The nanocomposites
exhibited lower values of d(gp), than did pure PET
(740 = 1.5 A), continuously decreasing with increas-
ing nanoparticle loading.

DISCUSSION

The results indicate that the addition of alumina
nanoparticles to PET with no particular chemical
bonding between the particles and the matrix does
not cause heterogeneous PET crystal nucleation, if
the particles are not aggregated. Specifically, TEM
and DSC results suggest that there exists a suffi-
ciently large particle size in comparison to the poly-
mer radius of gyration necessary to induce heteroge-
neous nucleation from the polymer melt on the par-
ticle-matrix interface. The results also suggest that
matrix confinement by the dispersed particles hin-
ders crystal growth of PET.

Usually, the presence of a foreign surface results
in crystallization occurring at lower undercoolings
than in the pure polymer because of reductions in
the critical nucleus size and the free energy barrier
for crystallization. This is generally true if the sur-
face is planar and the interfacial energy is relatively
low. In our case, however, since the lamellar thick-
ness typically ranges from 10 to 15 nm and is thus
comparable to the size of the nanoparticles, the filler
surface is no longer planar relative to the seed crys-
tal size. Previous theoretical work has shown that a
curved surface can be a poor nucleating agent com-
pared with a planar surface.'’ If the surface curva-
ture is high and the affinity of the crystal phase for
the surface is poor, the free energy barrier is similar
to the free energy barrier for homogeneous nuclea-
tion. It has also been shown previously that the
nucleation rate on a curved surface is lower than the
nucleation rate for homogeneous nucleation.’® Tt is
not clear from these studies if a curved surface will,
as a rule, lead to crystallization at smaller undercool-
ings, even if the surface of the filler is compatible.
Results with our system indicate that the presence of
the alumina nanoparticles does not cause PET to het-
erogeneously nucleate at low alumina loadings. This
is further substantiated by direct observation of the
crystal morphology in the nanocomposites [Fig. 6(c)].
TEM images of the lamellar structure in the nano-
composites show that the PET lamellae do not grow
from the nanoparticle surfaces. The crystal nuclea-
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tion predominantly occurs in the matrix. In addition,
under a confined matrix geometry such that I < 350
nm, the lamellae were curled around the particles
and grew into a “sheaf-like” crystallite, which can
be referred to as an incipient spherulite.

In contrast, in 5 wt % composites with AlLO;
aggregates ranging in size from 0.3 to 1.0 pm, Tonget
and crystallization rate increased, suggesting that
larger aggregates act like traditional micro-fillers to
cause heterogeneous crystal nucleation in PET melts.

The growth of the PET crystals and formation of
spherulites were also affected by the nanoparticles.
Based on DSC analysis, the weight-fraction crystal-
linity of PET in the nanocomposites, crystallized
from the melts with a cooling rate of 16°C/min,
decreased to as low as 0.205 in comparison with
0.275 in pure PET. Previous studies in the literature
have shown that the addition of nanoparticles can al-
ter or induce a new crystal structure in the matrix
polymer. Diffraction patterns from the nanocompo-
sites in our study do not reveal the presence of new
peaks. However, the diffraction peaks are observed
to broaden with increasing filler content. The broad-
ening of diffraction peaks is mainly related to the
less-ordered crystalline structure of PET based on
DSC and SAXS results. The coherence length was
calculated from the FWHM of X-ray diffraction
peaks using Scherrer’s formula.

The calculated do0) of PET crystals in PET nano-
composites are shown in Figure 8(b) as a function of
Al O3 loading. These results suggest that geometrical
confinement by nanofiller loading interferes with the
crystal growth and development of PET.

For typical bulk PET crystallites, the (100) planes
tend to be stacked along a lamellar growth direc-
tion.*® Therefore, the coherence length of either (001)
or (010) planes is potentially related to a change in
lamellar thickness. Since coherence lengths have lin-
ear relationships with both crystallinity and crystal
perfection, the observed decreases in crystallinity
and lamellar thickness of PET in the nanocomposites
are consistent with a decrease in do).

Waddon and Petrovic'* have shown that the addi-
tion of silica nanoparticles to poly(ethylene oxide)
(PEO) retards the spherulitic growth rate of PEO
because of matrix confinement and by pinning at the
interface. We observe from Figure 6(a) that the mini-
mum spherulite size for pure PET is ~ 20 pm. Fur-
thermore, from Figure 2, at 1 wt % loading of the
nanoparticles, the interparticle distance ranges from
0.5 to 1.7 um and at 2 wt % loading, this distance
reduces to a range of 0.2-0.5 um. Generally, filler
surfaces act as heterogeneous nucleation sites, from
which lamellae grow until they impinge on spheru-
lites from neighboring particles, resulting in a large
number of small spherulites. However, in the current
work, the nanoparticle surfaces do not act as hetero-

geneous nucleation sites as long as they do not ag-
gregate forming larger particles. This is further sub-
stantiated by direct observation of the crystal mor-
phology in the nanocomposites. From the TEM
images, it is seen that the PET lamellae do not grow
from the nanoparticles and the estimated nucleation
points do not coincide with the nanoparticle surfa-
ces. The nucleation predominantly occurs in the ma-
trix and the growth of these spherulites is impeded
by the presence of the nanoparticles. Hence a dis-
rupted spherulitic structure has been observed for
the nanocomposites.

CONCLUSIONS

In this article, we have studied the effect of Al,O;
nanoparticles with an average diameter of 38 nm on
different aspects of polymer (PET) crystal morphol-
ogy. Based on the results observed, we conclude the
following:

1. The nanoparticles do not act as heterogeneous
nucleation sites despite their high surface
energy. This is because the nanoparticles, due
to their small size, cannot offer a planar surface
necessary for the nucleation of the polymer
crystals.

2. The addition of the nanoparticles disrupts the
spherulitic morphology in the polymer matrix
because of their physical presence and their
proximity to one another.

3. The lamella thickness is observed to decrease
with increasing filler content. This result is con-
sistent with an observed decrease in d(1qp) in the
nanocomposites.

4. X-ray diffraction patterns for the nanocompo-
sites do not show additional peaks compared
with those observed for pure PET, indicating
that the unit cell structure is not affected by the
incorporation of the nanoparticles.
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