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ABSTRACT: Poly(ethylene phthalate) (PET)/nano-anti-
mony doped tin oxide (ATO) composites prepared via
in situ polymerization were spun into fiber by the melt-
spinning process. ATO were in the form of loose agglomer-
ation dispersing in the PET fibers and the sizes of loose
agglomeration were smaller than 150 nm. Comparing
with the neat PET, the tenacity of PET/ATO hybrid fibers
was improved, and PET/ATO hybrid fibers had a lower
elongation at break by adding nano-ATO. The percolation
threshold of PET/ATO hybrid fibers at room temperature
was as low as 1.05 wt %, much lower than that of the com-
posites filled with conventional conductive particles. The

PET/ ATO hybrid fiber exhibited volume resistivity of 4.9
x 10® Q@ cm when the contents of ATO were 1 wt %. The
ATO nanoparticles improved the thermal stability of PET
fiber. The WAXD and DSC results suggested that ATO
nanoparticles increase the degree of crystallinity of PET
acting as the nucleating agent, which prohibited the ther-
mal shrinkage of PET fiber. © 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 105: 1490-1495, 2007
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INTRODUCTION

Organic/inorganic hybrids have generated substantial
recent interest as a result of their potential as single
molecular-scale composites with desirable organic
and inorganic characteristics and new properties aris-
ing from the interaction between the two compo-
nents.'™ Poly(ethylene terephthalate) (PET) is a mate-
rial with low cost and high performance, which has
been found wide applications in fiber and nonfiber
fields. However, the high specific resistance (more
than 10" Q c¢m) and the static problem of PET will
restrict its further application of PET. At present, the
antistatic PET fibers were prepared mostly by adding
conducting nanoparticles and the incorporation can
result in materials possessing permanent antistatic
property.‘r"6

Antimony doped tin oxide (ATO) exhibits both op-
tical transparency to visible radiation and high electri-
cal conductivity. ATO has been intensively studied for
its h17gh temperature, chemical and mechanical stabil-
ities.” At low Sb doping level, the conductivity of ATO
is greatly increased as compared to pure tin oxide and
can be varied easily by changing the Sb doping level.®
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DISCOVER SOMETHING GREAT

When used as antistatic agent, ATO shows better per-
formance than the currently used carbon blacks, me-
tallic pigment and organic polymer binders.” A novel
fabric finishing agent containing ATO has been pre-
pared and used for antistatic treatment for PET fab-
ric.'” The surface resistance of PET fabric treated by
the novel finishing agent could be decreased from 10"
t0 10 Q

In the preparation of nanocomposites, the key issue
is the dispersion of nanoparticles or eliminating the
aggregation of nanoparticles. Many efforts have been
made to solve this problem. The available methods
include the sol-gel blending technique,'' the melt-
blending process,'* the in situ polymerization pro-
cess,'*™ and the in situ forming nanoparticles pro-
cess.'® Among these methods, the in situ forming
nanoparticle process is the most reasonable and effec-
tive because it can produce single particle dispersion
composites. However, the in situ forming nanoparticle
process can only be used for those systems in which
no transformation of the crystal morphology of nano-
particles is needed at high temperature because the
matrix polymer usually cannot endure high tempera-
ture.

Thus, to improve the dispersion of ATO nanopar-
ticles in the PET matrix, we developed an in situ poly-
merization process to produce the PET/ATO nano-
composites. In this process the ATO nanoparticles were
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TABLE I
Characteristics of the ATO Sample
Sample ATO
BET surface area (m?/ g) 65
Average particle size (nm) 20
Volume resistivity (Q cm) 1-5

first treated with a coupling agent to introduce some
organic functional groups onto the surface of the ATO
nanoparticles; then the nanoparticles were dispersed
in ethylene glycol (EG); and, finally, EG reacted with
terephthalic acid (PTA), thus going to polycondensa-
tion in the presence of ATO nanoparticles to form
PET/ATO nanocomposites.

Up to now, only a few studies have been reported
on the spinning of polymer/ATO nanocomposites. In
this article, the PET/ATO nanocomposite was pre-
pared through in situ polymerization, and then the
acquired material was produced to fibers by melt
spinning. The structure and properties of this material
and its fibers were studied in detail.

EXPERIMENTAL
Materials

ATO nanoparticles were prepared by the chemical
coprecipitation method which had been described
previously,’” and its characteristics were listed in
Table 1. Ethylene glycol (EG), cobalt acetate (as cata-
lyst), antimony trioxide (as catalyst), terephthalic acid
(PTA) were kindly supplied by Shanghai Chemical
Fiber Institute.

Synthesis of PET/ATO nanocomposites

The PET/ATO nanocomposites were synthesized
with 2 L reactor. ATO nanoparticles were modified by
silane coupling agent and dispersed in EG by ball-
milling at 25°C. Since the synthetic procedures for all
of the hybrids were almost the same, only a represen-
tative example, the procedure for the preparation of
nanocomposites containing 1 wt % ATO, is given
here. In the 2 L reactor, 403 g of EG (with 12.7 g of
modified ATO), 830 g of PTA, 0.017 g of cobalt acetate,
and 0.248 g of antimony trioxide were placed. This
mixture was first agitated at 30 rpm at room tempera-
ture. This mixture was then heated in nitrogen atmos-
phere from room temperature to 250-260°C under a
pressure of 1.5 x 10° Pa to esterify it. During the esteri-
fication, the pressure was slowly reduced to air pres-
sure to emit the water generated. Afterward, the
polymerization was carried on at 270-280°C, and the
pressure of polymerization was gradually reduced up
to 70 Pa. A power meter was used to denote the poly-
merization level. When the power meter increases
to 50%, for each sample, time has little difference;
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with changes from 120 to 150 min, the agitation was
stopped. Finally, the melting polymer was extruded
through an orifice at the N, pressure of 1.5 kg and
cooled with water. The neat PET and PET with differ-
ent ATO contents were fabricated by the same process.

Spinning

The materials were dried in vacuo for 48 h at 120°C
prior to spinning. The neat PET and PET/ATO nano-
composites were spun into fiber with 36 monofila-
ments on an ABE-25 spinning machine at the take-up
speed of 1200 m/min; the temperatures in the screw
region are listed in Table II. Then the drawing of fiber
was carried out on a Barmag3013 drawing device at a
temperature of 160°C with a draw ratio of 3.8.

Characterization
Scanning electron microscope

The morphologies of the surface of PET/ATO fiber
samples were investigated using Model JSM-6360LV
scanning electron microscope (SEM). An SPI sputter
coater was used to sputter-coat the surfaces with gold
for enhanced conductivity.

Transmission electron microscope

All fiber samples were first put into epoxy capsules
and then the curing of the epoxy at 70°C for 24 h
in vacuo. The cured epoxies containing the PET hy-
brids were sectioned into 80-100 nm thin slices by an
ultramicrotome. The dispersion of ATO in PET fiber
was observed by Model H-600 (Hitachi, Tokyo) trans-
mission electron microscope (TEM) using an accelera-
tion voltage of 120 kV.

Tensile test

The mechanical properties of PET/ATO fibers were
measured using an AGS materials testing machine
with a gauge length of 250 mm at 25°C. An average of
at least 10 individual determinations was obtained.

Electrical property measurements

The electrical properties of the fibers were measured
with a specific resistance tester (Model YG321) at

TABLE II
Spinning Technical Parameters of PET/ATO
Nanocomposites
Section Screw Spinning  Spinning
no. 1 2 3 4 pump beam
Temperature
(@) 287 305 300 300 300 310
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25°C. An average of at least 10 individual determina-
tions was obtained.

Thermal shrinkage test

One end of each fiber sample was fixed, and another
end was loaded certain stress that related to fiber’s
denier, the original length, L (mm), of fiber being
marked. All fiber samples were kept at various envi-
ronmental temperatures for 30 min, and then the
length, L; (mm), between the two marks of each fiber
sample was measured. The thermal shrinkage was cal-
culated according to the following equation:

Thermal shrinkage (%) = % x 100

Differential scanning calorimeter

The thermal behavior was studied by differential
scanning calorimeter (DSC) (Model Netzsch PC200).
The temperature of the instrument was calibrated
with indium, and the baseline was checked by using
sapphire. All tests were performed in nitrogen atmos-
phere. All samples were heated first to 300°C at 10°C/
min to study the melting of the neat PET and PET/
ATO fibers and kept for 10 min in the hermetic cell.
The samples were then auto cooled at 10°C/min to
100°C to study the crystallization of the neat PET and
PET/ATO fibers.

X-ray diffraction

X-ray diffraction (XRD) was analyzed by X-ray dif-
fraction (XRD) (Model D/MAX-2550PC) in the reflec-
tion mode at 40 kV and 40 mA with a Cu target and
Ni filter. The 20 angle range was between 5° and 40°.
The crystallinity measurement by XRD is based on
the Vainshtein intensity conservation law. The total in-
tensity of diffraction is the summation of intensity
both in crystalline region and in amorphous region;

thus the crystallinity of fiber is calculated as follows'®:

_Jy SPI(s)ds
C S (s)ds
where X, is the crystallinity of fiber; S = 2sin6/%; I(s)

is the total intensity of diffraction; I(s) is the intensity
of diffraction in crystalline region.

1)

RESULTS AND DISCUSSION
Morphology of PET/ATO hybrid fibers

Figure 1 showed the SEM images of the PET/ATO
hybrid fibers surface with different ATO contents. As
these images showed, the ATO particles were well
dispersed in the fibers surface. Although some ATO
particles aggregated in the matrix, the average
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Figure 1 SEM micrographs of PET/ATO hybrid fibers: (a)
PET with 0.5 wt % ATO; (b) PET with 1 wt % ATO; (c) PET
with 1.8 wt % ATO.

agglomeration diameter typically was below 150 nm.
Inorganic nanoparticles are hard to disperse in poly-
mer matrix because of particle agglomeration and
immiscibility between the inorganic particles and the
polymer matrix. So, the ATO was first modified by sil-
ane coupling agent and well dispersed in the solution
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Figure 2 TEM micrograph of PET hybrid fibers with
1wt % ATO.

of EG by ball-milling. PET/ATO nanocomposites
were prepared by means of esterification and polycon-
densation reactions of TPA and EG of ATO nanopar-
ticles. Modification method of ATO by silane coupling
agent and using EG as a media of mixture in a ball-
milling mixing could provide better dispersion of
ATOin PET.

More direct evidence of the formation of true fibers
is provided by the TEM images of an ultramicrotomed
section. Figure 2 showed photographs of PET hybrid
fibers containing 1 wt % ATO. A TEM allows a quali-
tative understanding of the internal structure through
direct observation. Figure 2 showed that ATO par-
ticles were bonded tightly to PET matrix and well dis-
persed in the PET continuous phase in the form of
loose agglomeration, which had many branched
chains and more easily form conducting network
structure. And the sizes of the agglomeration were
smaller than 150 nm.

Electrical property of PET/ATO hybrid fibers

Variations of the electrical conductivities of neat PET
and the PET/ATO hybrid fibers with respect to ATO
content were shown in Figure 3. The resistances (R) of
the hybrid fibers were measured by specific resistance
tester and the specific resistance (p,) of the hybrid
fibers were obtained from R, using the relation:

po = 12R f

where fis the standard compactedness of the fiber. f is
0.23 for the PET fiber.

Figure 3 showed that when ATO was increased
from 0 to 8 wt % in hybrid fibers, the electrical proper-
ties of the fibers improved from 2.7 x 10" to 3.7 x 10°
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Figure 3 Effect of ATO contents on the specific resistance
of the hybrid fibers.

Q cm. For PET/ATO hybrid fibers, an abrupt conduc-
tivity transition occurred at a critical ATO content,
which can be designated as the percolation threshold.
The fibers containing ATO nanoparticles exhibited a
percolation threshold about 1.05 wt %; whereas the
composites filled by other conductive powder pos-
sessed a much higher threshold concentration.'” The
advantage of ATO over conventional conductive pow-
der was significant. This was consistent with the ob-
servation in Figures 1 and 2: ATO was not in form of
single particle dispersing in PET matrix, but in the
form of loose aggregates. These aggregates were chain
structure composed of several ATO particles, which
were elementary unit of ATO in PET matrix. More
short chains existed in the loose aggregates and were
more easily prone to form conductive network.?

Mechanical property of PET/ATO hybrid fibers

Because the PET/ATO hybrid fiber containing 1 wt %
ATO is up to the demand of antistatic fiber, the me-
chanical properties only compare the PET/ATO
hybrid fiber containing 1 wt % ATO to the neat PET
fiber. The mechanical properties of PET and PET/
ATO hybrid fiber are listed in Table III. According to
the data shown in Table III, incorporation of ATO has
some advantageous effects on fibers; the tenacity and

TABLE III
Properties of Neat PET and PET/ATO Fibers
Neat PET PET hybrid
Sample fibers fibers
Stretch ratio 3.8 3.8
Linear density (dtex) 123.0 121.2
Tenacity (cN/dtex) 3.01 £0.13 3.29 = 0.14
Tensile strength at
5% elongation (cN/dtex) 2.00 = 0.11 2.24 +0.10
Strain at Max (%) 299 = 1.5 253+ 1.3

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Thermal shrinkage of fibers at various environmen-
tal temperatures: (a) neat PET; (b) PET with 1 wt % ATO.

the tensile strength at 5% elongation of PET/ATO
hybrid fibers were improved. The reason may be that
the ATO nanoparticles dispersed uniformly in PET
matrix slightly restricted the movement of PET macro-
molecules.”! At the same time, the elongation at break
of fiber slightly decreased with the addition of ATO. It
was assumed that the addition of ATO nanoparticles
resulted in decreased interaction between the PET
macromolecules.

Thermal shrinkage of PET/ATO hybrid fibers

Figure 4 showed that the thermal shrinkage of fiber
increased as the environment temperature increased.
This was because the disorientation of PET molecular
chains occurred more easily while the environmental
temperature was increased. It was also observed that
the thermal shrinkage of PET/ATO fiber was lower
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Figure 5 XRD patterns of fibers heated at 150°C for 30 min:
(a) neat PET; (b) PET with 1 wt % ATO.
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Figure 6 Heating measurement of DSC trace for fibers
heated at 150°C for 30 min: (a) neat PET fibers; (b) PET with
1wt % ATO.

than that of neat PET fiber. As we know, during the
drawing of fiber, the molecular orientation increases
in the amorphous phase and the molecular chains
transform from random entangled state to extension,
which results in the decrease of entropy. Therefore the
system is unstable in thermodynamics and has an in-
ternal drive to disorient. High crystallinity and proper
crystal size as well as good crystal distribution of fiber
can lead to higher dimension stability.*

Thermal property of PET/ATO hybrid fibers

We performed XRD experiments on neat PET and the
PET/ATO hybrid fibers, which are both heated at
150°C for 30 min. The results are shown in Figure 5.
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Figure 7 Cooling measurement of DSC trace for fibers
heated at 150°C for 30 min: (a) neat PET fibers; (b) PET with
1wt % ATO.
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TABLE IV
DSC Data for Neat PET and PET/ATO Fibers

Heating Cooling

Tonset Tm AHf Tunset ATC AHC
Sample (O (O (/g (9 (O Jd/9

Ncat
PET fiber 2295 2499 4190 190.8 2009 38.77
PET/
ATO fiber 252.0 2554 4331 1939 2020 42.69

The neat PET and hybrid PET both showed obvious
diffraction peak. The crystallinity of neat PET fiber
and PET/ATO hybrid fiber were 48.5 and 53.8%,
respectively, which were calculated according to eq.
(1). It could be seen that crystallinity of PET increased
with adding ATO.

To further investigate the influence of nanoparticles
ATO on the crystallization of PET, neat PET, and
PET/ATO hybrid fibers were measured by DSC.
Before measuring by DSC, the samples are both
heated at 150°C for 30 min. Figures 6 and 7 showed
the heating and cooling curves of neat PET and PET/
ATO hybrid fibers, respectively. The symbols and
resulting data of samples are listed in Table IV. Com-
paring the neat PET fibers, the T,, values of hybrid
fibers are higher, which implied that the crystal of
PET/ATO fibers were more stable than that of neat
PET fiber. The value of AH; for PET/ATO fibers is
larger than that of neat PET. This reveals that the
amount (degree) of crystallinity of PET increases with
adding ATO.

From the results of the cooling process (see Table
IV), the values of the crystallization temperature T,
values and AH. for PET/ATO hybrid fibers were
higher than those of neat PET. It can be explained that
ATO exhibits a strong heterophase nucleation effect
on PET crystallization due to its enormous surface
area. These results also indicate that ATO may be an
ideal nucleating agent for PET processing. The en-
hancement of crystallinity will result in the decrease
of the disorientation of molecular chains in the amor-
phous region, which represents the macroscopic im-
provement of dimensional stability of fiber.

Because the ATO nanoparticles are very small and
they exhibit globular surface texture as shown in the
TEM photomicrographs, these may also prevent inti-
mate contact between the particles and polymer
chains surrounding them, and the ATO nanoparticles
cannot effectively restricted the motion of the PET mo-
lecular segment. These also could be proved that add-
ing ATO had no apparent influence on the tenacity of
PET. According to the existing research,?> ATO nano-
particles increase the degree of crystallinity of PET act-
ing as the nucleating agent, which chiefly led to the
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improvement of the heat resistance and dimensional
stability of fiber. Therefore, it can be acknowledged
that the thermal stability of PET fiber was improved
by ATO nanoparticles.

CONCLUSIONS

PET/ATO nanocomposites prepared by in situ poly-
merization exhibited good antistatic property. In this
study, the uniform dispersion of ATO in the PET
fibers by this method was confirmed by SEM and
TEM measurements. The electrically conductivity of
PET/ATO fibers reached 4.9 x 10° Q cm at ATO con-
tent of 1 wt %. The tensile strength of PET fibers with
1 wt % ATO content increased slightly in contrast to
that of neat PET fiber; at the same time it had a lower
elongation at break. The thermal dimensional stability
of PET fiber was improved as a result of the addition
of ATO nanoparticles. The results of microstructure
investigations suggested that ATO nanoparticles in-
creased the degree of crystallinity of PET acting as the
nucleating agent, which prohibited the thermal shrink-
age of PET fiber.
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