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ABSTRACT 

 
The effects of the shape of nanoparticles on the 

crystallization behavior of high molecular weight 
poly(ethylene terephthalate) (PET ; inherent viscosity of 
0.98 g/dl) in the shear and elongational flow fields were 
investigated. Two nanoparticles of different shape, the 
spherical polyhedral oligomeric silsesquioxanes (POSS) 
and the platelike surface-treated nanoclay, were selected. In 
general, both nanoparticles played the role of nucleating 
agent for PET in the shear flow field. Of the two 
nanoparticles, the clay proved to be the more effective 
nucleating agent in the shear low field. In the extensional 
flow field, however, the two nanoparticles affected the 
crystallization behavior of PET in different ways. The 
POSS promoted the crystallization of PET a little whereas 
the clay suppressed it. This discrepancy seemed to result 
from the different shape of the two nanoparticles. 
 
keywords: PET, nanoclay, POSS, high-speed spinning, 
heterogeneous nucleation. 
 

1 INTRODUCTION 
 
Recently, polymer/inorganic nanocomposite materials 

have attracted considerable attention due to their improved 
properties, mainly concerning the thermal and mechanical 
properties [1-6]. Among them, polymer/silicate nano-scaled 
composites such as nano-sized clay and POSS contained 
nanocomposites are regarded as most desirable ones [7,8]. 
Owing to their high aspect ratio nanoclay is considered as 
an effective reinforcement when they are fully exfoliated. 
For improved dispersion in the polymer matrix and good 
interfacial adhesion organo-modified-mica is most widely 
used [9,10]. Cage-like structured poly(hedral oligomeric 
silsesquioxane) can be incorporated into polymer systems 
aiming at nanostructured polymeric materials whose 
properties bridge the property space between organic 
polymer and inorganic nanoparticle [11,12]. As the polymer 
matrix, poly(ethylene terephthalate) (PET) is commonly 
used [13,14].  

Although many researches have been carried out to 
verify synergetic effects of nanoparticles on the physical 
properties of general-purpose PET (inherent viscosity of 0.5 

to 0.7), there has been little research which compares the 
effects of clay and POSS on the high speed spinning 
process and physical properties of resultant fibers. Further, 
there is little literature on the high speed spinning process 
of high molecular weight PET (HMW-PET) and its 
nanocomposites irrespective of the practical significance in 
current tire-cord industry. In this paper, we investigated the 
effects of organoclay(clay) and trisilanol isobutyl-
POSS(POSS) on the high-speed spinning process and the 
physical properties of spun fibers in relation with particle 
type and level. 

 
2 EXPERIMENTAL 

 
2.1 Materials 

The organically modified Mica (SOMASIF, CO-OP 
Chemical Co, Ltd.) whose aspect ratio was 250 by L/D, 
C12PPh-Mica, was synthesized by using ion exchange 
reaction between dodecyl triphenyl phophonium 
chloride(C12PPh-Cl-) and Na+-Mica. POSS nanoparticles of 
average particle size 7 nm in the form of white powder was 
obtained from Hybrid Plastics Co and used as received. The 
organically modified clay was incorporated into PET by in-
situ polymerization process to produce composite contained 
1 wt% clay (PET/clay1). By using ultrasonicator, the clay 
was dispersed in ethylene glycol in the form of slurry. For 
this polymerization, 1.3 mole ratio of terephthalic acid to 
ethylene glycol was combined in a 2L 3156-SS stirred 
autoclave, fitted with reflux condenser, inert gas purge, and 
distillate removal, and reacted at 265 oC in a two-step 
process that has been reported previously [15]. The 
PET/POSS nanocomposites were prepared by melt mixing 
using internal mixer for 2 min at 265 oC with PET pellets 
and POSS nanoparticles. Before melt mixing, PET was 
dried under vacuum state. The content of POSS was 1 
(PET/POSS1) and 2 wt% (PET/POSS2). PET and its 
nanocomposites were controlled to have an intrinsic 
viscosity of 1.05. 

. 
2.2 Preparation of nanocomposite fibers by 
high-speed melt spinning process 
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PET and its nanocomposite chips were completely dried 
in a vacuum oven overnight. High-speed melt spinning was 
carried out by using a single screw extruder equipped with 
a spinneret of a single hole of 1 mm diameter and a gear 
pump. Throughput rate and spinning temperature were 
controlled to 6.0 g/min and 300 oC, respectively. The 
quenching-air unit was not applied and the filaments were 
spun at room temperature over the range of the take-up 
speeds 1 to 4.5 km/min. The distance from the spinneret to 
the winder was around 300 cm. 
 
2.3 Measurement of physical properties 

On-line measurement of filament diameter in the melt 
spinning processes was performed using a back-
illumination-type optical diameter monitor (Zimmer OHG 
model 460A/10). The signals of diameter were acquired 
every 1 ms (1 kHz) by using an A/D converter (Keyence 
NR-2000) and a computer. A series of on-line 
measurements were carried out by changing the measuring 
position along the filament with an interval of 100 mm in 
the melt spinning process. Diameter profiles of the spinning 
line were obtained by averaging 3000 data signals acquired 
during 2 seconds. After the evaluation of average diameter, 
the coefficient of variation (CV) was calculated. 

Morphology was examined by scanning electron 
microscope (SEM, JEOL, JSM-6700F). Each fracture of the 
fibers was prepared by putting PET and PET 
nanocomposite fibers into epoxy resin and hardened epoxy 
resin was cut with a blade. The surfaces of cross-section of 
filament were coated with platinum under vacuum using a 
coating sputter.  

Thermal properties were studied by using differential 
scanning calorimetry (DSC, TA instruments, DSC2010) 
under a nitrogen flow over the temperature range 30 to 300 
oC. The weights of samples varied from 7 to 8 mg and the 
heating rate was 15 oC/min and cooling rate was 10 oC/min. 

Mechanical properties were measured by using Instron 
4465 testing tester according to ASTM D638. Yarn/fiber 
testing type was performed and the 2.5 N load cell was used. 
The gauge length and the crosshead speed were set to 30 
mm and 30 mm/min, respectively. 
 

3 RESLUTS AND DISCUSSION 
 
3.1 Morphology by SEM 

Fig. 1 and 2 show the cross section morphologies of the 
high-speed melt spun fibers. POSS nanoparticles show fine 
dispersion in the PET matrix while the clay nanoparticles 
do not. The poor dispersion of clay seems to come from re-
agglomeration during spinning. In the case of clay, the clay 
is especially prone to align during elongational flow 
because the clay used in this study has plate shape and very 
large aspect ratio about 250 by L/D. POSS also gives rise to 
some re-agglomeration during spinning although it is 
reported that POSS can be dispersed into polymer matrix at 

molecular level, which is, however, much less notable than 
in the case of clay [16, 17]. In general, the extent of re-
agglomeration is decreased with increasing take-up speed. 

 

Figure 1: SEM images of (a) PET fiber, (b) PET/clay1, (c) 
PET/POSS1 and PET/POSS2 nanocomposite fibers at 

2km/min take up speed. 

 

Figure 2: SEM images of (a) PET fiber, (b) PET/clay1, (c) 
PET/POSS1 and PET/POSS2 nanocomposite fibers at 

3km/min take up speed. 

 
3.2 Crystallization behavior 
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Figure 3: First heating thermograms of (a) PET fibers, (b) 

PET/clay1, (c) PET/ POSS1 and (d) PET/POSS2 
nanocomposite fibers at various take up speeds. 

 
Sample 

Take up 
speed 

(km/min) 

Tc 
(oC) 

Tm 
(oC) 

∆Hc 
(J/g) 

PET 

1 
2 
3 

3.5 
4 

4.5 

136.1 
123.0 
107.9 
109.8 
110.4 
111.3 

252.7 
252.7 
256.1 
256.0 
256.6 

270.2 

28.3 
20.8 
9.4 
3.4 
2.5 
2.6 

PET/Clay1 

1 
2 

2.5 
3 

3.5 
4 

133.8 
126.0 
119.8 
114.8 
112.4 
113.2 

253.3 
253.6 
253.6 
253.7 
253.5 
254.1 

25.7 
18.8 
17.7 
16.6 
14.5 
13.2 

PET/POSS1 

1 
2 

2.5 
3 

3.5 
4 

136.3 
123.7 
113.9 
108.1 
109.1 
110.9 

252.9 
252.4 
252.9 
251.7 
254.5 

255.5, 266.8 

24.3 
19.7 
18.6 
5.3 
4.9 
3.8 

PET/POSS2 

1 
2 

2.5 
3 

3.5 

132.1 
116.5 
110.6 
114.5 
101.0 

252.2 
253.5 
252.7 
253.7 

252.4 , 266.1 

23.9 
17.1 
11.4 
7.3 
5.2 

Table 1: Thermal properties of PET and PET 
nanocomposite fibers with various take up speed 

Fig. 3 shows the first heating scans of HMW-PET and 
its nanocomposite fibers at various take up speeds. The 
results are given in Table 1. During high-speed melt 
spinning, crystallization as well as orientation takes place 
when the spinning speed is higher than a critical value, e.g. 
4.5 km/min for commodity PET. The stress-induced 
crystallization produces oriented crystals. In the case of 
nanocomposites, this would be more noticeable because of 
the nucleating effects of the nanoparticles incorporated. 
However, the clay nanoparticles suppress the crystallization 
of PET although they promote it at the static state as shown 
in Fig. 4 and Table 2.  

 

Figure 4: Cooling thermograms of PET, PET/clay1, 
PET/POSS1 and PET/POSS2. 

Sample Tc (oC) ∆Hc (J/g) 
PET 188.7 30.9 

PET/clay1 200.6 39.9 
PET/POSS1 192.8 34.2 
PET/POSS2 198.6 36.4 

Table 2: Crystallization behavior of PET and PET 
nanocomposites on the cooling condition 

It is not possible to clearly account for why clay 
suppresses the crystallization and orientation of PET 
irrespective of its nucleation effects on PET. However it 
may be elucidated by Peterlin concept [18]. That is, the 
oriented clay nanoparticles may interrupt the crystallization 
of PET as schematically depicted in Fig. 5. In the case of 
POSS, however, spherically shaped POSS may not interrupt 
to form oriented crystals. Further, POSS is a low density 
material with caged-structure. Hence it would affect the 
spinning behavior of the nanocomposites much less. 
Consequently, it slightly improves the crystallization of 
PET. Glass transition temperature (Tg) band becomes 
broader with the increase of take up speed. The existence of 
the cold-crystallization peaks suggests that non-crystalline 
region of polymer still undergoes crystallization during 
heating process [19]. 

 
Figure 5: Suggested schematic diagram of crystal formation 
during high-speed spinning process based on Peterlin model.  
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As given in Table 1, the cold-crystallization temperature 
(Tc) of all fibers decreases with increasing take up speed. 
This indicates that the onset temperature of stress-induced 
crystallization decreases with increasing spinning speed. 
The Tc of PET/POSS fibers is similar to or slightly lower 
than that of PET fibers while that of PET/clay fibers is 
higher by 3 to 4 oC at all take up speeds. This also supports 
that clay interrupts stress-induced crystallization. 
Furthermore, the enthalpy of Tc peaks decreases with 
increasing take up speed at all heating scans. Comparing 
with fibers of low take up speed, highly drawn fibers have 
low degree of unoriented amorphous region in polymer 
matrix which can be altered into crystalline region. By the 
way, in the case PET/clay, the heating scans show little 
changes of heat of fusion (∆H) with increasing take up 
speed, comparing with PET fibers. Furthermore, PET/POSS 
fiber shows very unique melting behavior. Although 
heating scan of PET fiber at 4km/min shows inconspicuous 
double Tm peaks, PET/POSS1 and PET/POSS2 show 
obviously double peaks at 4 and 3.5km/min, respectively. 
The double peaks are particularly notable at lower spinning 
speed and at higher POSS content. The double peaks of Tm 
suggest absence of one dominant crystals [19]. It can be 
said that the first Tm peak represents the melting 
temperature of PET crystals and the second one represents 
that of larger and oriented crystals. 

 
4 CONCLUSION 

 
Introducing nanoparticles had a very significant 

influence on the high-speed melt spinning process of 
HMW-PET. In the case of clay, it suppressed the 
crystallization of PET. On the other hand, POSS slightly 
enhanced it. Consequently, POSS improved the mechanical 
properties of PET fiber but clay had a negative effect on the 
mechanical properties of PET fiber. 
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