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ABSTRACT: Polyacrylonitrile (PAN)/zinc oxide (ZnO)
nanocomposites were prepared by solution mixing in dim-
ethylacetamide, followed by film casting, and their physical
properties were investigated. The heating scan of differential
scanning calorimetry displayed only a single crystallization
peak (T.) without a melting peak, regardless of the presence
of ZnO. The incorporation of ZnO nanoparticles decreased
T. by 13°C, and increased the heat of crystallization by 18%.
Further, it greatly improved the thermal stability of PAN,
even at the ZnO content as low as 0.1 wt %. The nanocom-
posites showed the UV transmittance peak at 365 nm, whose
intensity was increased as ZnO content was increased. The

presence of ZnO did not produce new peak nor shift the
peaks with respect to PAN in wide angle X-ray diffraction
pattern. Introduction of a small amount of ZnO nanopar-
ticles did not have notable effect on the tensile properties.
However, 5 wt % loading of the nanoparticles increased the
tensile modulus of PAN by 14.5% and decreased elongation
at break dramatically. PAN nanocomposites with 5 wt %
ZnO did not show any plateau region in stress—strain curve.
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INTRODUCTION

Because of extremely large specific surface area, incor-
poration of inorganic and metal nanoparticles into or-
ganic polymers usually exerts unique physical and
chemical properties, which cannot be shared by conven-
tional polymer composites. Some advantages of nano-
composites include high stiffness, flame retardency,
higher heat distortion temperature and enhanced ther-
mal stability, lower gas and fluid permeability, and
chemical resistance without sacrificing optical proper-
ties.'® Further, these improved properties are usually
obtained at much lower content than micron particles.”
Thus, modification of organic polymers with inorganic
nanoparticles draws much attention because the nano-
composites are expected to find new commercial appli-
cations.

Polyacrylonitrile (PAN) is mainly used to produce
synthetic fibers. PAN is highly polar with strong inter-
chain interactions through nitrile groups and cannot be
melt processed because it decomposes before it softens
sufficiently for melt fabrication. Hence, PAN fibers are
spun from solution in highly polar solvent such as dim-
ethylformaide, dimethylacetamid, or dimethylsulphox-
ide. Zinc oxide (ZnO) has been widely used in UV pro-
tection, protection from microorganism, photocatalysis,
field emission displays, varistors, functional devices, and
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thermoelectric materials.®>® In addition, dispersed metal
oxides play a role of stabilizing agent to polymers
through direct interaction with macromolecules and su-
permolecular structure.'” As a rule, the extent of prop-
erty enhancement depends on factors such as nanopar-
ticle size, size distribution, aspect ratio, degree of disper-
sion and orientation in the matrix, and the adhesion at
the filler-matrix interface.”' '

Extensive work has been done in polymer—clay nano-
composites and its application made commercial success
innylon 6.'°™'® This can pave the way to develop various
nanoparticle-filled polymer composites such as metal
oxides, mineral powders, and carbon. In addition, di-
verse methods have been adopted to disperse homoge-
neous nanoparticles into polymer. Typically, the nano-
composites are obtained by either in-situ polymerization
or the direct melt compounding.'” > A majority of cur-
rent researches have focused on the former, but its ap-
plication is limited. The problem most frequently en-
countered with melt mixing is particle agglomeration.
This may be overcome by solution mixing. In this study,
PAN/ZnO nanocomposites were prepared by solution
mixing, followed by film casting, and the effect of ZnO
on the morphological and physical properties of PAN
was investigated by microscopic, spectroscopic, thermal,
and mechanical analysis.

EXPERIMENTAL
Materials

ZnO nanopowder (average size 87 nm, standard devia-
tion = 42) was purchased from Aldrich. PAN (M,
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Figure1 TEM images of PAN nanocomposites with 5 wt %
ZnO.

= 86,200) was a commercial product purchased from
Aldrich. N,N-dimethylacetamide (DMAc; Kento Chem-
ical Co., Japan) was selected as a solvent of the polymers
because it also showed a good dispersion of ZnO nano-
particles. ZnO was first dispersed in DMAc. To break
apart the agglomerate of ZnO, an ultrasonic vibration
was applied for 10 min. PAN was then dissolved in the
solutions at 70°C with vigorous stirring. Final concentra-
tion of PAN in DMAc was 10 wt %. ZnO contents (X)
were 0.1, 1, 2, and 5 wt % based on the polymer matrix,
and they were coded PAN-X. To get a nanocomposite
film, the PAN/ZnO solutions were cast at 80°C for 4
days. For complete evaporation, the solvent-cast film
was vacuum-dried at 100°C for 5 days.

Measurement of physical properties

Transmission electron microscopy (TEM) experiments
were carried out with a JEOL JEM-2000FXII applying
an acceleration voltage of 200 kV. The specimen was
prepared using an ultramicrotome. Thin sections of
about 100 nm thickness were cut with a diamond
knife. The morphology of PAN/ZnO nanocomposites
was examined with a field emission scanning electron
microscope (FESEM; JEOL, JSM-6330F) whose surface
was coated with gold under vacuum.

UV spectra of the nanocomposite film, with a thick-
ness of 5 um, were recorded on a Perkin—Elmer
Lambda 25 UV spectrometer.

Wide angle X-ray diffraction (WAXD) experiments
were carried out by Rigaku Denki (D/MAX-2000)
with Nickel-filtered Cu Ko radiation of 40 kV and 100
mA. Scanning was carried out on the equator in the 26
range from 5° to 80° at a scan speed of 5°/min.

Differential scanning calorimetry (DSC) experi-
ments were carried out on a DSC 2010 (TA Instru-
ments, Dupont). Heating scans were performed at a
rate of 10°C/min in a nitrogen atmosphere. Thermal
gravimetric analysis (TGA) was carried out using SDT
2960 (TA Instruments, Japan). Samples were heated to
1000°C at a heating rate of 10°C/min in a nitrogen
atmosphere.

The mechanical properties were measured by using
dog-bone-shaped specimens (ASTM D 638 Type V) on
an Instron tensile tester model 4465 at room tempera-
ture. The gauge length and crosshead speed were 25
and 5 mm/min, respectively. The mean values of 10
measurements were taken as the data.

RESULTS AND DISCUSSION

Figure 1 shows the TEM images of PAN nanocompos-
ites with 5 wt % ZnO. ZnO nanoparticles are well
dispersed in PAN matrix without forming large clus-
ters. Hydrophilic features of ZnO produce a uniform
dispersion in the polar solvent, DMAc. That is, a
strong interaction between solvent and nanoparticle
plays a crucial role in breaking the large agglomerate
present in dry state. In addition, it prevents the re-
agglomeration of the nanoparticles, which may occur
in film casting processing. The FESEM images of PAN
nanocomposites with 1 wt % ZnO are shown in Figure
2. The size of ZnO particles embedded in PAN is
similar to that of primary particle. The FESEM images
in film state also show that the nanoparticles are ho-
mogeneously dispersed without large agglomerate.

Figure 2 FESEM images of PAN nanocomposites with 1 wt
% ZnO.
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Figure 3 DSC heating scan thermograms of PAN and
PAN/ZnO nanocomposites.

The heating scan thermograms of DSC of PAN and
PAN/ZnO nanocomposites are shown in Figure 3 and
the results are summarized in Table I. They present a
single crystallization peak (T.) without a melting peak.
The incorporation of ZnO nanoparticles decreases T,
from 285.4 to 272.1°C, and increases the heat of crys-
tallization (AH,) from 497.9 to 589.7 J/g. In particular,
even at the low content 0.1 wt %, T, is decreased by
6.3°C and AH, is increased by 11.5%. This suggests
that ZnO nanoparticles accelerate crystallization
through heterogeneous nucleation and increase the
degree of crystallinity. In addition, the width of crys-
talline peak of the nanocomposites becomes broader.
The interfacial region in nanoparticle-filled polymers
may be described as a polymer layer to include a
region of immobile polymer due to a polymer—particle
interaction and narrow space surrounded by the dis-
persed nanoparticles. Thus, this restricted segmental
motion near the organic-inorganic interfaces accounts
for the broadening in T.,.

Figure 4 shows the TGA curves of pure PAN and
PAN/ZnO nanocomposites. The thermal stability of
the nanocomposites is greatly improved in the high
temperature range, even at the content of ZnO as low

TABLE 1
Crystallization Behavior During Heating Scan for PAN
and PAN/ZnO Nanocomposites

T (°C) AH. (/g)
PAN 285.4 4979
PAN-0.1 279.1 555.2
PAN-1 272.1 562.1
PAN-2 2737 589.7
PAN-5 2732 553.7
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Figure 4 TGA thermograms of PAN and PAN/ZnO nano-
composites.

as 0.1 wt %. This suggests that adhesion between
polymer and inorganic surface makes contribution to
enhancement of thermal stability. The samples show
the decomposition temperature measured as the tem-
perature required for 10% degradation at 278°C, little
dependent upon the presence of the nanoparticles.
However, with proceeding degradation, greater resis-
tance to degradation is observed at high ZnO content.
The improvement in the thermal stability of the nano-
composites should be ascribed to heat shielding effects
of ZnO nanoparticles. Especially, PAN-5 shows much
higher degradation temperature required for 40% deg-
radation by 347°C in comparison with pure PAN. This
implies that the role of nanoparticles on the degrada-
tion is efficient under unfavorable condition.

The effects of ZnO nanoparticles on the UV-visible
transmittance of PAN are demonstrated in Figure 5.
While PAN-0.1 shows almost the same UV transmit-
tance as pure PAN, the nanocomposites with ZnO
more than 1 wt % show the transmittance peak at 365
nm whose intensity is increased with ZnO content.
Thus, application of ZnO-filled system is of great help
to screening the harmful UVA radiation (315-400 nm).
In addition, the difference of transmittance becomes
negligible at ZnO content more than 2 wt %.

The WAXD patterns of pure PAN and PAN/ZnO
nanocomposites are shown in Figure 6. All the sam-
ples show a sharp crystalline peak (17.3°) and a broad
noncrystalline peak (20°-30°). PAN is unusual in that
even atactic molecules can crystallize. The character-
istic peak at 17.3°corresponds to orthorhombic PAN
(110) reflection.”* In addition, the diffraction peaks at
26 = 31.9°, 33.3°, 36.4°, 47.7°, 56.7°, 63.0°, 66.5°, 68.1°,
70.0°, and 77.1°, which become notable with increasing
ZnO content, are assigned to the crystallographic
planes of ZnO (100), (002), (101), (102), (110), (103),
(200), (112), (201), and (202), respectively. However,
the incorporation of ZnO nanoparticles does not pro-
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UV spectra of PAN and PAN/ZnO nanocompos-

duce any new peak and peak shift with respect to pure
PAN. This reveals that the PAN/ZnO nanocomposites
exhibit a two-phase structure consisting of polymer
and nanoparticle.”

As shown in Figure 7, the introduction of ZnO nano-
particles modifies the shape of stress—strain (SS) curve. In
the presence of ZnO nanoparticle more than 2 wt %, the
range of likely plateau region, where the stress decrease
slowly with strain, becomes short. In particular, PAN-5
shows no plateau region, a typical SS curve of brittle
material. PAN nanocomposites with 5 wt % ZnO show
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Figure 6 WAXD profiles of PAN and PAN/ZnO nanocom-
posites.
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Figure 7 Strain—stress curve of PAN and PAN/ZnO nano-
composites.

slightly decreased tensile strength by 4%, as given in
Table II. At high ZnO content, dewetting between filler
and matrix phases under extension reduces the surface
area in contact with the nanoparticles and also becomes
the site of stress concentration, giving rise to a microc-
rack initiator due to poor stress transfer at the interface.
According to Griffith’s theory, if a large flaw exists
within an area of stress concentration, the tensile
strength is reduced.”® ZnO nanoparticles embedded in
the PAN matrix increase the tensile modulus of the
polymer, which is more notable at higher ZnO content.
However, the elongation at break is notably decreased at
high ZnO content. The fracture resistance is decreased
progressively with increasing nanoparticle content be-
cause of reduced amount of polymer matrix, which ab-
sorbs propagation energy of fracture.”” In addition, the
nanoparticles may form agglomerates at high content,
resulting in dramatic reduction in toughness.

Figure 8 exhibits the FESEM images of tensile frac-
tured surface of PAN and PAN/ZnO nanocomposites.
Pure PAN displays wedge-shaped surface having some-
what sharp tip. However, ZnO-filled systems show that
the fracture surface are composed of large bundles in
which the polymer chain may be stuck to a particle
surface, which may result from the interaction between
polymer and nanoparticle. That is, good adsorption of
polymer chains to the nanoparticles makes the samples
fractured in a state of a large bundle containing immo-
bile polymer chain. The region of immobile polymer is
increased with loading level having a significant effect
on the properties of the composites. In addition, the
pull-out of the ZnO in PAN matrix is not observed in the
fractured surface, indicating good adhesion between
ZnO nanoparticle and PAN matrix.
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TABLE 1I
Effects of ZnO Nanoparticles on the Tensile
Properties of PAN
Sample

Tensile properties PAN PAN-0.1 PAN-1 PAN-2 PAN-5
Tensile strength (MPa) 55.3 55.9 56.6 56.1 53.2
Tensile modulus (MPa) 2370 2386 2443 2513 2714
Elongation at break (%) 11.64 10.64 10.61 10.05 3.85
Toughness (MPa) 2.97 2.89 2.90 2.63 0.88

CONCLUSIONS

Solution mixing made it possible homogeneous dis-
persion of ZnO nanoparticles in the PAN matrix.
This improved the thermal stability of PAN because
of the barrier role of ZnO to the heat. In addition,
the ZnO nanoparticles decreased the maximum

1pm WO 15mm

(b

Figure 8 FESEM images of tensile fractured surface of (a)
PAN and (b) PAN-5.

crystallization temperature of PAN and increased
the width of crystallization peak, suggesting heter-
ogeneous nucleation and hindered mobility of poly-
mer chains. The introduction of ZnO nanoparticles
increased the tensile modulus but reduced the
toughness of PAN. So, the nanoparticle content
should be determined in service purpose because
the improved modulus is obtained at the cost of a
decrease in strength and elongation.
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