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ABSTRACT: The change of crimp contraction and shrink-
age in the melt spinning and drawing process of polyethyl-
ene terephthalate (PET) side-by-side bicomponent fibers was
studied. Regular PET and modified PET were selected to
make a latent crimp yarn. The modified PET was synthe-
sized to increase thermal shrinkage. The crimp contraction is
mainly dependent on drawing conditions such as draw ra-
tio, heat-set temperature, and drawing temperature. Differ-
ence in shrinkage between the PET and the modified PET
causes the self-crimping of bicomponent fibers. Although
changing the heat-set temperature and the drawing temper-
ature can not affect dimensional change, the crimp contrac-

tion varies with those variables. As the heat-set temperature
and the drawing temperature decrease, the crimp contrac-
tion increases. Difference in elongation also affects the crimp
contraction in the effect of draw ratio. When the modified
PET with neopentyl group was used for highly shrinkable
part, the crimp contraction is greater in comparison with
modified PET with dimethyl isophthalate. © 2006 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 101: 1362-1367, 2006
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INTRODUCTION

It has been developed progressively in the field of
melt spinning process with a special function,"™* es-
pecially using polyethylene terephthalate (PET). New
fiber® has the superior function and special applica-
tions in comparison with natural and regular homo
fibers. The new fibers possess a very wide applicabil-
ity for various textile products, such as clothing, fur-
nishings, and technical textiles. There has been a great
development in the technology of manufacturing
them. Bicomponent melt spinning technology is
mainly used to make the new fibers. Wool is a natural
bicomponent fiber, and the side-by-side bicomponent
fibers were developed to imitate the crimp property of
wool.® The self-crimping property of wool results
from its unique structure consisting of ortho-cortex
and para-cortex adhering to each other, and it gives
the stretch and recovery to woven fabric. Timoshenko’
used bimetallic theory to describe the self-crimping
behavior. Brown and Onions® applied Timoshenko’s
theory to fibers. Brand and Becker’ have developed a
more general theory that the crimp curvature is pro-
portional to the differential length change and in-
versely proportional to the fiber thickness. Gupta and
George'” revealed the relation between the crimp cur-
vature and the deformation of bicomponent fibers.
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Fitzgerald and Kundsen'' formulated the equations to
explain the relation of fiber curvature, differential
shrinkage, fiber thickness, and cross-sectional compo-
nent distribution.

In this study, the crimp contraction and the thermal
shrinkage in the bicomponent fiber consisting of two
different PET were studied. Effect of drawing condi-
tions on crimp contraction was examined. The modi-
fied PET comprising highly shrinkable part was se-
lected to make latent crimp yarn.

EXPERIMENTAL
Polymer constituent

The polymers selected in this work were regular PET
and modified PET. Both polymers are textile grade,
and their specifications are presented in Table I. Here,
co-PET means the modified PET.

Melt spinning and drawing

The side-by-side bicomponent melt spinning appara-
tus MST-II, manufactured by SYNTEX (UK), and the
drawing apparatus DW-II, manufactured by Ishikawa
Seisakusho (Japan), were employed to carry out the
experiment. A spinneret plate with 36 bores, bore
diameter of 0.30 mm and length to diameter ratio of 2,
was employed. The spinning and drawing conditions
are summarized in Table II.
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TABLE I
Specifications of PET Polymer Used for Bicomponent Fiber
PET co-PET-1 co-PET-2 co-PET-3
Intrinsic viscosity (dL/g) 0.64 0.66 0.68 0.66
Isophthalic acid (IPA) - 8 6 0
Neopentyl glycol (NPG) - 0 6 8

Crimp contraction

Under a tension of 45 mg/dtex, a sample of a bundle
of yarns of 3333 dtex was obtained. The sample was
heat-treated in hot water of 100°C for 20 min under a
load of 0.45 mg/dtex, without causing tangling of the
yarn, whereby a latent crimp was developed. After
removing the load, the sample was cooled for 4 h and
dried in the air. One minute after supplying a load of
1.8 mg/dtex to the dried sample, length L, of the yarns
was measured. After measuring L,, a load of 1.8 + 180
mg/dtex was applied to the sample, and after 1 min,
length L, of the yarns was measured. The crimp con-
traction was calculated according to eq. (1), below,
using the measured L, and L, values.

Crimp contraction (%) = {(L, — L,)/L,} X 100 (1)

Birefringence

The retardation of the optical path of as-spun fibers
was measured using a Nikon Optical-Pol polarizing
microscope and was measured by compensator
method. The wavelength was fixed to 546 nm. The
birefringence was calculated using the following
equation, where An is the birefringence, I" the retarda-
tion of the optical path, and d the thickness of sam-
ple.1213

An = (2)

r
d
Density

Density was measured on small loops of filaments
with a density gradient column at 23°C, which con-

TABLE 11
Spinning and Drawing Conditions
Variables Conditions
Mass flow rate (g/min) 38.8
Spinning temperature (°C) 290
Take-up speed (m/min) 1500
Quench air speed (m/s) 0.45
Drawing temperature (°C) 80, 85, 90, 95
Draw ratio 2.7,2.8,29,3.0,3.1
Heat-set temperature (°C) 125, 135, 145, 155
Drawing speed (m/min) 600

tains n-heptane and carbon tetrachloride. Volume
fraction crystallinity (X,) was calculated from the mea-
sured filament density (p), using the following equa-
tion:

P = P

X (%) = X100 (3)

[ a

where p. and p, are the densities of fully crystalline
and amorphous polymers, respectively. For PET, p, of
1.455 g/cm® and p, of 1.335 g/cm® were used.*

Shrinkage

A sample of yarn of 3333 dtex was obtained. After
supplying a load of 1.8 mg/dtex to the sample that
caused no deformation, length L; of the yarn was
measured. The sample was immersed in boiling water
for 30 min. After removing the load, the sample was
cooled for 4 h and dried in the air. A load of 1.8 + 180
mg/dtex was applied to the sample, and after 1 min,
the length L, of the yarns was measured. The shrink-
age was calculated according to eq. (4), below, using
the measured L, and L values.

Shrinkage(%) = {(L; — Ly /L;} X 100 (4)

RESULTS AND DISCUSSION

Figure 1 shows the cross section of as-spun bicompo-
nent fiber and the side view of drawn fibers after
boiling in hot water. There is curvature between PET
and co-PET due to melt viscosity difference. After
boiling, the latent crimp reveals, the number of curls
increases, and the size of the crimp decreases.

Effect of draw ratio

Figure 2 is a plot of the crimp contraction with respect
to the draw ratio. The crimp contraction increases with
draw ratio. This is caused by a shrinkage difference
due to the molecular chain orientation difference be-
tween PET and co-PET after drawing. The crimp con-
traction increases smoothly in the range of 30-42%,
and the co-PET-2, including higher amount of
comonomer, reveals the highest crimp contraction. Bi-
component fiber using co-PET-3 has greater crimp
contraction than fiber using co-PET-1. Figures 3 and 4
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Figure 1 Cross-section (a) of as-spun fiber (xX400) and side
view (b) of side-by-side latent crimp yarn after boiling (<40).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

show the shrinkage and shrinkage difference in the
homofilament, which was spun at the same spinning
conditions with bicomponent spinning. Shrinkage dif-
ference means the difference in shrinkage between
PET and co-PET homofilaments. The shrinkage de-
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Figure 2 Crimp contraction as a function of draw ratio;

spinning temperature: 290°C, spinning speed: 1500 m/min,
drawing temperature: 80°C, heat-set temperature: 125°C.
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Figure 3 Shrinkage of homofilament as a function of draw
ratio.

creases with draw ratio, and the shrinkage difference
slightly increases. An increased shrinkage difference
between two polymers with draw ratio leads to in-
crease in crimp contraction. The shrinkage and differ-
ence in shrinkage of co-PET-2 have largest value fol-
lowed by co-PET-3. The chemical structure of neopetyl
glycol (NPG) is more flexible than that of isophthalic
acid (IPA), and thus, the shrinkage of co-PET-3 is
greater than that of co-PET-1. However, the variation
in shrinkage difference with draw ratio is relatively
small in comparison with the change in crimp contrac-
tion. This may be due to the elongation difference
between two components with respect to the draw
ratio. Figures 5 and 6 are plots of the elongation at
break and the elongation difference in homofilament.
The elongation difference means the difference in
elongation at break between PET and co-PET homo-
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Figure 4 Shrinkage difference between PET and co-PET as
a function of draw ratio.
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Figure 5 Elongation at break as a function of draw ratio.

filaments. The elongation at break of co-PET is greater
than that of PET at the same draw ratio. The elonga-
tion at break decreases with draw ratio, and the elon-
gation difference increases. It can be inferred from
Figure 5 that the molecular chain of co-PET in the
bicomponent spinning stretches larger than its origi-
nal obtainable extension in the homofilament spin-
ning. The extension difference adds the effect of draw
ratio on crimp contraction in company with shrinkage
difference effect. Figures 7 and 8 show the volume
fraction crystallinity and birefringence of homofila-
ment. Both volume fraction crystallinity and the bire-
fringence increase with draw ratio, but an increase in
crystallinity is small in comparison with birefringence
increase. Birefringence is related to crystallinity, crys-
tal orientation, and amorphous orientation."® In gen-
eral, the crystallinity increases with draw ratio, but in
the case of bicomponent filament, the increase of crys-
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Figure 6 Difference in elongation at break between PET
and co-PET as a function of draw ratio.
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Figure 7 Volume fraction crystallinity as a function of
draw ratio.

tallinity with draw ratio was not relatively large in the
range of draw ratio selected in this experiment. This
shows that the crimp contraction of bicomponent fiber
is mainly affected by the amorphous orientation be-
cause the oriented amorphous molecule shrinks easily
after boiling water treatment.

Effect of heat-set temperature

Figure 9 shows the crimp contraction as a function of
heat-set temperature. Crimp contraction decreases
with heat-set temperature. The change of heat-set tem-
perature is not accompanied with dimensional change
at a fixed draw ratio. Although there is no longitudinal
dimensional change with the heat-set temperature, the
change in crimp contraction is significant. The exten-
sion of molecular chain is the same at a fixed draw
ratio, but the crimp contraction varies with heat-set
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Figure 8 Birefringence as a function of draw ratio.
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Figure 9 Crimp contraction as a function of heat-set tem-
perature; spinning temperature: 290°C, spinning speed: 1500
m/min, drawing temperature: 80°C, draw ratio: 3.1.

temperature. This is due to the shrinkage difference
with heat-set temperature. Figures 10 and 11 are plots
of shrinkage and shrinkage difference with heat-set
temperature. Shrinkage and its difference decrease
with heat-set temperature. As the heat-set tempera-
ture increases, the crystal structure is stabilized, and
the relaxation of amorphous oriented molecules is
restricted. This leads to decrease in shrinkage differ-
ence, and induces the bicomponent fiber to lower
crimp contraction yarn at higher heat-set temperature.

Effect of drawing temperature

The change of drawing temperature is not accompa-
nied with dimensional change, but it affects the crimp
contraction of bicomponent fibers. The crimp contrac-
tion decreases with drawing temperature (Fig. 12).
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Figure 11 Shrinkage difference as a function of heat-set
temperature.

Figures 13 and 14 are plots of shrinkage and difference
in shrinkage with respect to drawing temperature.
Shrinkage and difference in shrinkage decrease with
drawing temperature. Decrease in difference in
shrinkage with drawing temperature induces to de-
crease in crimp contraction. In a previous work of
Tereda et al.,'* when drawing was performed at over
glass transition temperature, the shrinkage decreased
with drawing temperature. The same trend is revealed
in this experiment. Birefringence decreases with the
drawing temperature (Fig. 15). Since the molecular
chain has high mobility at a higher drawing temper-
ature, the amorphous orientation is easy to relax.
Thus, the birefringence decreases at a higher drawing
temperature, and this leads to a decreased thermal
shrinkage.
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Figure 10 Shrinkage as a function of heat-set temperature.
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Figure 12 Crimp contraction as a function of drawing tem-

perature; spinning temperature: 290°C, spinning speed: 1500
m/min, draw ratio: 3.1, heat-set temperature: 125°C.
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Figure 13 Shrinkage as a function of drawing temperature.

CONCLUSIONS

The effect of process conditions on crimp contraction
in the side-by-side bicomponent spinning, and draw-
ing of PET and modified PET was studied. Draw ratio,
heat-set temperature, and drawing temperature are
the main effective process variables. Difference in
shrinkage between two polymers is the main cause to
induce crimp contraction. Difference in elongation af-
fects crimp contraction in the effect of draw ratio.
Although there is no dimensional change with heat-
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Figure 14 Shrinkage difference as a function of drawing
temperature.
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ature.

Birefringence as a function of drawing temper-

set temperature and drawing temperature, they have
an influence on the crimp contraction. As the draw
ratio increases, and the heat-set temperature and the
drawing temperature decrease, the crimp contraction
increases. Obtainable maximum crimp contraction is
42% at a draw ratio of 3.1, heat-set temperature of
125°C, and drawing temperature of 80°C. When the
modified PET with neopentyl group was used for
highly shrinkable part, the crimp contraction is greater
in comparison with modified PET with dimethyl
isophthalate.

References

1. Washino, Y. Functional Fibers; Toray Research Center: Shiga,
Japan, 1993.
2. Bhuvanesh, Y. C; Gupta, V. B. ] Appl Polym Sci 1991, 58, 663.
3. Hongu, T.; Phillips, G. New Fibers; Ellis Hornwood: New York,
1990.
4. Matsui, M. Sen-i Kikai Gakkai Shi 1981, 34, 319.
5. Matsumoto, T. K. Text Res J 1981, 51, 18.
6. Han, C. D. Multiphase Flow in Polymer Processing; Academic
Press: New York, 1981.
7. Timoshenko, S. S. ] Opt Soc Am 1925, 11, 233.
8. Brown, T. D.; Onions, W. J. ] Text Inst 1961, 52, 101.
9. Brand, R. H.; Becker, S. Text Res ] 1971, 41, 281.
10. Gupta, B. S.; George, T. W. Text Res ] 1975, 45, 338.
11. Fitzgerald, W. E.; Kundsen, J. P. Text Res ] 1967, 37, 447.
12. Daubeny, R. P.; Bunn, C. W.; Brown, C.]. Proc R Soc London Ser
A 1954, 226, 531.
13. Lim, J. Y.; Kim, S. Y.; Shim, H. J. ] Appl Polym Sci 1999, 71, 1283.

14.
15.

Stein, R. S.; Norris, F. H. ] Polym Sci 1956, 21, 381.
Terada, T.; Sawatari, C.; Chigno, T.; Matsuo, M. Macromolecules
1982, 15, 998.



