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SYNOPSIS 

High-speed bicomponent spinning of poly(ethy1ene terephthalate) (PET) (core) and poly- 
propylene (PP) (sheath) was carried out and the structure development in the individual 
components, PET and PP, was investigated. The orientation and crystallinity development 
in the P E T  component was enhanced as compared to that of the single-component spinning 
while the PP component remained in a low orientation state and had a pseudo-hexagonal 
crystal structure even at high take-up speeds. To  clarify the mutual interaction between 
the two components in bicomponent spinning, a semiquantitative numerical simulation 
was performed. The simulation results obtained using the Newtonian fluid model showed 
that the solidification stress in the P E T  component was enhanced while that of the PP 
component was decreased in comparison with the corresponding single-component spinning. 
This is due to the difference in the temperature dependence of their elongational viscosity. 
Simulation with an upper-convected Maxwell model as the constitutive equation suggested 
that significant stress relaxation of the PP component can occur in the spinline if the PET 
component solidifies earlier than does PP. Based on the structural characterization results 
and the simulation results, it  was concluded that the difference in the activation energy 
of the elongational viscosity and solidification temperature between the two polymers are 
the main factors influencing the mutual interaction in the bicomponent spinning process. 
0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

The bicomponent melt-spinning process, in which 
two polymers are coextruded to form a single fila- 
ment with designed cross-sectional arrangement, has 
received considerable commercial interest owing to 
its potential applications in the production of various 
speciality fibers like crimped fibers, fibers for ther- 
mal bonding, electrical conducting fibers, ultra-fine 
fibers, and fibers with noncircular cross sections, 
etc.' While there exists a large body of information 
on the various aspects of single-component spin- 
ning:~~ there is a dearth of published information 
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on the bicomponent spinning process. Moreover, 
most of the earlier studies on bicomponent extrusion 
reported in the literature are concerned with the 
analysis of interface between the two continuous 
phases4-'' and the stability of the spinline.1'*'2 

It is well known that a significant fiber structure 
development occurs during the high-speed spinning 
and that the structure and properties of the as-spun 
fibers strongly depend on the thermal and stress 
histories the molten polymer experiences in the 
spinline.2 When two polymers are co-extruded as in 
the case of bicomponent spinning, the stress and 
thermal histories of each component are expected 
to be significantly different from those in the single- 
component spinning because of the mutual inter- 
action of the two components. This may also lead 

1913 



1914 KIKUTANI ET AL. 

to a significant difference in the fiber structure de- 
velopment. Thus, by selecting a suitable combina- 
tion of polymers, it might be possible to improve the 
structure of high-speed spun fibers. A clear under- 
standing of the underlying mechanism of structure 
formation vis-8-vis the processing conditions, how- 
ever, is necessary for the effective control of the fiber 
structure development and thereby the properties 
of the as-spun fibers. 

Mathematical modeling and process simulation 
have been found to be useful in evolving the mech- 
anism of fiber structure development in the single- 
component spinning pro~ess. '~. '~ Although there are 
a few published works on the mathematical modeling 
of bicomponent ~pinning, '~. '~ there have not been 
any attempts so far to understand the mechanism 
of fiber structure development in the high-speed melt 
spinning of sheath-core-type bicomponent fibers. 

In the present study, sheath-core type bicom- 
ponent fibers of poly(ethy1ene terephthalate) (PET) 
and polypropylene (PP) were produced by co-ex- 
truding these polymers through an annular die using 
two different extruders. The structure of the as-spun 
fibers thus produced at  various spinning velocities 
using an air-jet ejector was investigated in detail. A 
semiquantitative numerical simulation of the bi- 
component spinning process was also performed and 
a mechanism of fiber structure development was 
discussed on the basis of the structural character- 
ization data and the simulation results. 

EXPERIMENTAL 

Bicomponent Spinning 

Sheath-core-type bicomponent fibers of PET ( [ a ]  
= 0.65 dL/g) and PP (MFR = 40) were produced by 
extruding the melt of PET as the core and PP as 
the sheath component through an annular-type 
spinneret using two different extrusion systems 
(Musashino Kikai Co.) at a temperature of 290°C. 
Each extrusion system consisted of an extruder and 
a gear pump. The confluence of the polymers was 
made in the spinning head, and the coaxially com- 
bined polymers were extruded through 24 spinning 
nozzles of 0.3 mm diameter. Total mass flow rate 
from each hole was set at 1.0 g/min and PET/PP 
compositions of 10 : 0, 7 : 3, 5 : 5, 4 : 6, and 0 : 10 
were selected. The extruded fibers were drawn-down 
using an air-ejector placed at 1.5 m below the spin- 
neret. The spinning velocity was varied by changing 
the air pressure applied to the air-ejector. A sche- 
matic illustration of the spinning setup is shown in 
Figure 1. 

Characterization of the As-spun Fibers 

Linear Density 

Linear density of the as-spun fibers was measured 
by weighing a 10 m fiber bundle consisting of 24 
filaments. Spinning velocity ( u )  was estimated from 
the linear density (4) and total mass flow rate ( W) 
based on the equation of continuity, u = W/q. 

Birefringence 

Birefringence of the sheath and core in the bicom- 
ponent fiber was measured using an interference 
microscope (Carl Zeiss Jena) equipped with a po- 
larizing filter based on a method described else- 
where.l' A typical interference fringe pattern of the 
bicomponent fiber observed under the microscope 
is shown in Figure 2. The refractive indices of the 
sheath and core parts, nout and nin, were obtained 
using the equations given below: 

where aout and ain are the shifts of fringe measured 
at the interface between the sheath and core and at 
the center of the fiber, respectively. Rout and Ri, are 
the inner and outer radii; N ,  the refractive index of 
the immersion liquid; and A, the wavelength of the 
incident light. Equation (2) allows the estimation of 
the refractive index of the core component alone by 
subtracting the retardation effect of the sheath 
component. The birefringence of the sheath and the 
core was obtained as the difference between the cor- 
responding refractive indices in the parallel and 
perpendicular directions to the fiber axis. 

Wide-angle X-ray Analysis 

Wide-angle X-ray diffraction (WAXD) patterns of 
as-spun fibers were obtained using a nickel-filtered 
CuKa X-ray radiation source (Rigaku Denki). 

RESULTS AND DISCUSSION 

Spinning Velocity 

The relation between air pressure applied to the air- 
ejector and spinning velocity achieved for PET/PP 
bicomponent spinning is compared with that for the 
single-component spinning of PET and PP in Figure 
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Figure 1 Schematic illustration of the spinning setup. 

3. With increase in the air pressure, spinning velocity 
increased for all the mass flow rate combinations. 
However, the attained spinning velocities for the 
PET/PP were lower than those for the correspond- 
ing single-component spinning. 

Typical photographs of the as-spun single-com- 
ponent and bicomponent fibers are compared in 
Figure 4. It is worth noting that all the 24 filaments 
spun simultaneously in the PET/PP bicomponent 

spinning bonded together and formed a bundle as it 
emerged out of the air-ejector, whereas the PP and 
PET single-component fibers were separated from 
each other. The relatively low spinning velocity at- 
tained by the PET/PP bicomponent fibers, in com- 
parison with the single-component fibers, is appar- 
ently due to the bundle formation as it leads to the 
reduction of the total surface area of the filaments 
and eventually to the reduction of the air-drag force 
applied by the air-ejector. 

Considering the spinning conditions used in this 
work, the temperature of the running filament at 

/ PET/PP 

0 200 400 600 

Figure 2 Typical optical micrograph and schematic il- 
lustration of interference fringe pattern observed under 
an interference microscope for a high-speed spun bicom- 
ponent fiber. 

Air pressure (kPa) 
Figure 3 Relation between spinning velocity and air 
pressure applied to the air-ejector: PET/PP = (0) 10 : 
0, ( 0 )  7 :  3, (B) 5 :  5 ,  (A) 4 :  6, and ( A )  0 :  10. 
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Figure 4 
spun single- and bicomponent filaments. 

Photographs showing the appearance of as- 

1.5 m below the spinneret, where the air-ejector was 
set, was expected to be close to the ambient tem- 
perature. This suggests that the sheath part of the 
bicomponent filament, PP, is still in a molten or 
rubbery state in the spinline even after cooling down 
to room temperature. This observation indicates 
that the structure formation of the PP component 
in the bicomponent spinning is significantly differ- 
ent from that of the single component PP. 

Structural Characteristics of the As-spun Fibers 

Figure 5(a) and (b) shows the birefringence of the 
PET and PP components, respectively, in the bi- 
component fibers in comparison with the single- 
component fiber birefringence. Birefringence of the 
PET and PP single-component fibers increased with 
increasing spinning speed as reported p r e v i ~ u s l y . ~ ~ ~ ' ~  
The increase in the birefringence of the PET com- 
ponent in the PET/PP systems with the spinning 

speed was much steeper than that in the single- 
component spinning. It can also be seen that the 
birefringence of the PET component increased with 
decrease in the PET composition. On the other 
hand, the birefringence of the PP component is sig- 
nificantly lower than that of the corresponding sin- 
gle-component fiber. In other words, in the bicom- 
ponent spinning of PET and PP, the molecular ori- 
entation of the PET component is enhanced while 
the molecular orientation of the PP component re- 
mains very low in comparison with the correspond- 
ing single-component fibers. 

According to the Lorentz-Lorenz equation given 
below, the Lorentz density, (n2 - l)/(n2 + 2), has a 
linear relation with the density, d: 

n 2 - 1 M  4 
n 2 + 2 d  3 

- HNP --= ( 3 )  

where M is the molecular weight; N ,  Avogadro's 
number; and P, the molar polarizability. The mean 
refractive index n can be obtained from the mea- 
sured refractive indices in the parallel and perpen- 
dicular directions, npara and nperp, using the following 
equati~n'~: 

2 2 
2 - npara + 2nperp n -  

3 (4) 

The estimated Lorentz density for PET single-com- 
ponent spinning and for the PET in PET/PP sys- 
tems are given in Figure 6. The Lorentz density for 
PET single-component spinning started to increase 
at a take-up velocity of about 4 km/min, indicating 
the onset of orientation-induced crystallization. The 
Lorentz density of PET in the PET/PP systems 
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Figure 5 Birefringence of ( a )  PET and ( b )  PP com- 
ponents in single- and bicomponent fibers as a function 
of spinning velocity for various PET/PP mass flow rate 
combinations. PET/PP = (0) 10 : 0, ( 0 )  7 : 3, (B) 5 : 5, 
(A) 4 : 6, and ( A )  0 :  10. 
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Figure 6 Variation of Lorentz density, ( n 2  - l ) / ( n 2  
+ 2 ) ,  with spinning velocity for PET component. PET/ 
PP = (0) 10 : 0, ( 0 )  7 : 3, (m) 5 : 5, and (A) 4 : 6.  

registered a steep increase at a lower take-up speed 
range in comparison with the single-component 
spinning. This observation suggests that the en- 
hanced molecular orientation in the PET component 
during the bicomponent spinning also promotes the 
orientation-induced crystallization. 

Evidence for the enhanced and suppressed struc- 
tural development in the PET and PP components, 
respectively, also comes from the WAXD studies. 
An examination of the WAXD photographs shown 
in Figure 7 revealed that the orientation-induced 
crystallization of the PET component in PET/PP 
fiber has already started at around 3 km/min, which 
is lower in comparison with the single-component 
spinning. However, the PP component showed a 
pseudohexagonal structure even at  a high-speed 
range where single-component fibers show a highly 
oriented monoclinic structure. 

The above analyses clearly brings out the signif- 
icant difference in the structure development during 
single-component and bicomponent fiber spinning. 
In the present bicomponent system of PET and PP, 
the structure development in the PET component 
was enhanced and significantly higher molecular 
orientation and orientation-induced crystallization 
were achieved at higher take-up speeds, whereas the 
PP component remained in a low orientation state 
and showed a pseudohexagonal structure. The 
sticking of PET/PP bicomponent filaments shown 
in Figure 4 was evidently brought about by the 
suppression of the crystallization of the sheath 
component, PP. 

The considerable difference in the structural de- 
velopment during the bicomponent spinning may 
be attributable to the mutual interaction of the two 
polymers coextruded to form a single filament. To 
gain an understanding of the mechanism of structure 
development during the bicomponent spinning, a 
semi-quantitative numerical simulation was per- 
formed. 

Semiquantitative Numerical Simulation 

Newtonian Fluid Model 

A steady-state model for single-component spinning, 
described in detail e l ~ e w h e r e , ' ~ ~ ~ ' , ~ ~ , ~ ~  was extended 
to the bicomponent spinning. It was assumed that 
there are no temperature and velocity distributions 
in the cross section of the bicomponent filament. 
The governing equations used for the simulation of 
the bicomponent spinning are given below: 

Mass balance equation: 

Momentum balance equation: 

d F  dFl dF2 
dx dx dx 

+-=(W1+ W2) -=- 

where D = 2[(A1 + A2)/x]1/2. 

Energy balance equation: 

Constitutive equation: 

dv Fl + F2 
(8) _ -  - 

dx A171 + A2772 

where F, u, D, and T denote the spinline tension, 
axial velocity, diameter, and temperature of the fil- 
ament a t  a distance x from the spinneret. W is the 
mass flow rate and A is the cross-sectional area. p, 
7, and Cp are the density, elongational viscosity, and 
specific heat of the polymer. Subscripts 1 and 2 rep- 
resent the two components in the bicomponent 
spinning. g is the acceleration due to gravity; 7j, the 
shear stress on the surface of the filament related 
to the air friction; h, the heat transfer coefficient; 
and Ta, the ambient temperature. 
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Figure 7 Comparison of the WAXD patterns of single- and bicomponent fibers. 

Numerical simulations for the single- and bicom- 
ponent spinning were carried out by assuming that 
the PP and PET behave as a Newtonian fluid in the 
spinline with a temperature dependence of elonga- 
tional viscosity shown in Figure 8.'8,22 These are the 
empirical relations based on the on-line measure- 
ments of diameter profile and tension in the melt 
spinning process. The data for PP and PET are from 
the materials with MFR of 30 and [s] of 0.69 dL/g, 
respectively. Since these values are not far apart 
from those for the polymers used in the present 
work, the data in Figure 8 can be considered to rep- 
resent the characteristics of the materials used. 

In the present case, we used 70°C as the solidi- 
fication temperature for both polymers, PET and 

PP. The other formulas and parameters used for the 
simulation are summarized in Table I. 

The calculated diameter profiles for PP, PET, 
and PET/PP at  a take-up speed of 1 km/min are 
given in Figure 9. The diameter profile of PET/PP 
was found to be lying between those of the PP and 
PET single-component spinning. The thinning be- 
havior of a polymer in the spinline depends, besides 
many parameters, on the temperature dependence 
of elongational viscosity (activation energy) and the 
specific heat Cp of the polymer. In the case of single- 
component spinning, PET, which has a higher ac- 
tivation energy of elongational viscosity and a 
smaller Cp, solidifies a t  a position closer to the spin- 
neret and shows a steeper thinning behavior as 
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cosity for PET and PP used for simulation. 

Temperature dependence of elongational vis- 

compared to the mild thinning behavior of PP which 
has a lower activation energy and a higher Cp. When 
these two polymers are coextruded to form a single 
filament of a sheath-core type, the thinning behavior 
was found to be between the two, apparently due to 
the additivity of the properties of both the compo- 
nents. 

The calculated elongational spinline stress of 
PET and PP components in the PET/PP system 
at a take-up speed of 1 km/min are given in Figures 
10(a) and (b) along with that of the corresponding 
single-component spinning. Near the spinneret, the 
spinline stress applied to the PET component in the 
PET/PP system was lower than that of the PET 
single-component spinning. The low spinline stress 
in this region is attributable to the restrained de- 
formation of the spinline. The spinline stress, how- 
ever, increased steeply along the spinline and even- 
tually exceeded the stress in the single-component 
spinning. This result corresponds to the promoted 
spinline deformation observed in the diameter pro- 
file near the solidification point. Oppositely, near 
the spinneret, the spinline stress of the PP com- 
ponent in PET/PP system was higher than that of 
the single-component spinning. It subsequently ex- 
hibited a maximum and decreased slightly near the 
solidification point where single-component spin- 
ning showed a higher spinline stress. 

Lipscomb" also made a similar observation: 
While analyzing the nonisothermal spinning of hol- 
low fibers in the thin filament limit, he replaced the 
gas in the core with a temperature-dependent viscous 
liquid and found that the sheath stress profile 
showed a maximum and decreased in the draw zone 
contrary to the results found in single-component 
spinning and hollow fiber spinning with a core gas. 
He explained that such behavior is due to the ability 

Table I Spinning conditions, Material 
Properties, and Aerodynamic Formulas and 
Parameters Used for the Simulation 

SDinnine conditions 

Mass out flow rate 
Spinneret diameter 
Spinning temperature To = 290°C 
Ambient temperature T, = 20°C 

W = 1.0 g/min 
Do = 0.3 mm 

Material parameters 

Density 
PET p = 1.356 - 5.0 X T (g/cm3) 
PP p = 0.912 - 4.8 X T (g/cm3) 

PET Cp = 1.25 + 2.5 X T [J/(g K)] 
PP 

Specific heat 

Cp = 2.72 [J/(g K)] 

Formulas and Darameters for heat transfer and air friction 

Heat-transfer coefficient 
Nusselt number 
Air-friction stress 
Air-friction coefficient 
Reynolds number 
Thermal conductivity of air 
Density of air 
Kinematic viscosity of air 

h = ka Nu/D 
N u  = 0.42 

C, = 0.37 Re-0.61 
Re = D V/v, 
k, = 28 mJ/(m s K) 
po = 1.2 kg/m3 
v, = 16 mm2/s 

7, = (i) pa  u* c, 

of the core to bear a greater fraction of the spinline 
tension if the core viscosity increases faster than 
does the clad as the temperature decreases. 

Figure l l (a )  and (b) shows the calculated solid- 
ification stress of PET and PP components in the 
PET/PP system, respectively, for various take-up 
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Figure 9 Predicted diameter profiles for the single- 
component spinning of PET and PP and bicomponent 
spinning of PET/PP = 5 : 5 at a take-up velocity of 1 
km/min (Newtonian model). 
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Figure 10 Predicted spinline stress profiles at  a take- 
up velocity of 1 km/min for (a )  single-component PET 
and PET in P E T / P P  = 5 : 5 and ( b )  single-component 
PP and PP in P E T / P P  = 5 : 5. 

speeds and for various mass flow rate combinations. 
Solidification stress for the corresponding single- 
component spinning is also included for comparison. 
As observed earlier, there is a significant enhance- 
ment of solidification stress in the PET component 
for all the take-up velocities in comparison with sin- 
gle-component spinning. The solidification stress 
showed an increasing tendency as the composition 
of the PET component decreased. On the other 
hand, the solidification stress in the PP component 
was considerably lower than that of the single-com- 
ponent spinning. In both cases, the differences were 
much higher at higher take-up speeds. These results 
agreed in essence with the experimentally obtained 
molecular orientation of each component in bicom- 
ponent fibers shown in Figure 5.  Therefore, it can 
be said that the simple Newtonian model provides 
a general idea about the mutual interaction of two 

components in spinline dynamics of the high-speed 
bicomponent fiber spinning. 

As mentioned earlier, an identical solidification 
temperature of 70°C was assumed both for PET and 
PP components in these calculations. This temper- 
ature corresponds to the glass transition tempera- 
ture of PET. Solidification of the spinning line of 
PP under usual spinning conditions was also re- 
ported to occur a t  around 70°C.18 However, the so- 
lidification temperature of PP can change consid- 
erably if the melt spinning is performed under some 
specific spinning conditions as the solidification of 
PP occurs due to its crystallization. Thus, the as- 
sumption of the same solidification temperature for 
both polymers may not be adequate in some cases. 
Nevertheless, this assumption is unavoidable in the 
calculation using the Newtonian fluid model, be- 

6 
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f 4:6  

0 2 4 6 
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PET : PP 
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Figure 11 Calculated solidification stresses as a func- 
tion of spinning velocity for various mass flow rate com- 
binations (Newtonian model) : (a) single-component PET 
and PET in PET/ PP; ( b ) single-component PP and PP 
in PET/PP. 
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cause if one component solidifies a t  a certain tem- 
perature where the other component is still in a 
molten state, the elongational stress experienced by 
the latter vanishes instantly as further deformation 
of the spinline can not occur beyond that position. 
From a practical point of view, there is a possibility 
of stress relaxation occurring in the second com- 
ponent. To take into account this aspect in the sim- 
ulation, a viscoelastic constitutive equation should 
be adopted. 

Upper-convected Maxwell Model 

The upper-convected Maxwell model incorporating 
the non-isothermal conditions was shown by Mar- 
rucci as follows23: 

u + X - + V-VU - (VV).U - u.(VV)T [; 

where u is the extra stress; A, the relaxation time; 
v, the velocity; T, the temperature; p, the viscosity; 
and t, the time. In a steady-state spinning condition, 
eq. (9) can be simplified to the following two-com- 
ponent equationsz4: 

du 
(10) d x  

du 

du 
(11) 

where 7 is the axial stress, w is the stress normal to 
the spinning direction, and 7 - w corresponds to the 
spinline stress, F/A. 

In the case of bicomponent spinning, the follow- 
ing equation can be obtained from the eqs. (10) and 
(11) for both the components: 

dF F, Fz 1 d T  
dx X1 Xz T d x  

= V- + - + - - F u - -  (12) 

where 7 = 3 p  is the elongational viscosity. For each 
component, the following equation can also be de- 
rived 

where j = 1 and 2 designate each component. 
Combining eqs. (12) and (13) with the momentum 

balance and energy balance equations, i.e., eqs. (6 )  
and (7), numerical simulation of bicomponent spin- 
ning was carried out. In these equations, the mutual 
interaction between two components arising from a 
radial normal stress difference was neglected. Since 
the system response is relatively insensitive to the 
choice of the initial condition of stress as suggested 
by Denn et al.,25 the boundary condition for w at  the 
spinneret was arbitrarily assumed to be zero. Be- 
cause of the lack of detailed knowledge on the vis- 
coelastic properties of the polymers used, the rela- 
tion shown in Figure 8 was adopted for the temper- 
ature dependence of elongational viscosity, and a 
constant modulus value was used for each polymer 
assuming a single relaxation time of 2 ms at  a tem- 
perature of 290°C.26 

For the simulation, the solidification temperature 
of PET was kept at 70°C. Considering the pseudo- 
hexagonal structure of PP shown in Figure 7, the 
PP component was assumed not to solidify until it 
was cooled down to room temperature. The calcu- 
lated velocity and temperature profiles are given in 
Figure 12. The velocity and temperature profiles of 
bicomponent spinning fell between those of the sin- 
gle-component spinning, a behavior similar to that 
of the diameter profile of the Newtonian fluid model 
(Fig. 9). The stress profiles of PET and PP com- 
ponents in the bicomponent fibers along with those 
of the single component are given in Figure 13(a) 
and (b). It is worth noting that there is a significant 
amount of stress relaxation of the PP component 
after the solidification of the PET component. 

In single-component high-speed spinning, the 
PET fiber crystallizes above a certain take-up 
velocity, and solidification temperature, i.e., crys- 
tallization temperature, of the spinline increases 
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Figure 12 Predicted velocity and temperature profiles 
for single-component spinning of PET and PP and bi- 
component spinningof PET/PP = 5 : 5 (Maxwell model). 
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Figure 13 Predicted spinline stress profiles a t  a take- 
up velocity of 1 km/min for (a) single-component PET 
and PET in PET/PP = 5 : 5 and (b)  single-component 
PP and PP in PET/PP = 5 : 5 (Maxwell model). 

with increasing take-up velocity.27 As shown in 
Figures 6 and 7, the PET component in the PET/ 
PP bicomponent fiber also starts to crystallize 
above 3 km/min. 

To incorporate the effect of crystallization, the 
simulation was performed simply assuming an 
abrupt solidification of the spinline at  a predeter- 
mined crystallization temperature. Figure 14( a) and 
(b) shows the effect of the change of PET solidifi- 
cation temperature on the stress development for a 
take-up speed of 4 km/min. When the solidification 
temperature of PET was increased to 150°C, stress 
relaxation in PP was more prominent than that 
when the solidification temperature of PET was set 
a t  7OoC. Figure 15(a) and (b) summarizes the solid- 
ification stress of PET and PP components for var- 
ious take-up speeds calculated with two PET solid- 
ification temperatures, 70 and 15OOC. This result 
suggests that if the crystallization of PET occurs 
above a certain take-up speed molecular orientation 
of PP may saturate or take a maximum at that point. 

In Figure 5(b), a tendency of saturation can be seen 
above 2-3 km/min. We have also reported, for the 
bicomponent spinning of the PET/polyethylene 
(PE) system, that the molecular orientation of PE 
had shown a distinct maximum at a take-up velocity 
where the crystallization of PET had started.28 

Mechanism of Fiber Structure Development 
During the Bicornponent Spinning 

The results obtained from the above-described nu- 
merical simulation clearly show that the mutual in- 
teraction of the two polymers coextruded to form a 
single filament is responsible for the significant dif- 
ferences in the fiber structure development during 
the bicomponent spinning as compared to that of 
the single-component spinning. The mutual inter- 
action may be arising out of the differences in the 
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Figure 14 Predicted spinline stress profiles a t  a take- 
up velocity of 4 km/min for ( a )  PET and (b)  PP in PET/ 
PP = 5 : 5. Solidification temperature of PET component 
is 70 and 15OoC (Maxwell model). 
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Figure 15 Calculated solidification stresses as a func- 
tion of spinning velocity for PET solidification tempera- 
ture of 70 and 150°C (Maxwell model): ( a )  single-corn- 
ponent PET and PET in PET/PP = 5 : 5; (b)  single- 
component PP and PP in PET/PP = 5 : 5. 

inherent polymer characteristics of the component 
polymers. It may be noted that the temperature de- 
pendence of elongational viscosity (activation en- 
ergy) of the two polymers used are different. In the 
present case, PET, which has a higher activation 
energy, may experience higher stress than in the 
case of single-component spinning in the down- 
stream of the spinline. The higher levels of stress 
will also enhance the orientation and orientation- 
induced crystallization. On the other hand, the ori- 
entation development of the PP component which 
has lower activation energy may be suppressed. If 
the solidification of the PET component occurs 
while the PP component remains in a molten state, 
the PP component may undergo orientation relax- 
ation. At the high-speed region, the solidification 
temperature of the PET component may increase 

because of the onset of orientation-induced crystal- 
lization. This leads to the further orientation relax- 
ation of the PP component. The suppression of the 
orientation along with the high cooling rate at high 
spinning speeds prevents the occurrence of crystal- 
lization of the PP component even near room tem- 
perature and causes the sticking of running fila- 
ments. Since the glass transition temperature of PP 
is well below the room temperature, crystallization 
into a pseudohexagonal structure can be expected 
to occur even after the spinning process. 

In closing, it should be noted that along with the 
above-mentioned two main factors for the mutual 
interaction in bicomponent spinning some addi- 
tional factors should be considered if two compo- 
nents have a significantly different magnitude of 
elongational viscosity. In the high-speed melt spin- 
ning, the spinline tension increases with increasing 
distance from the spinneret because of the addition 
of inertia and air-friction forces. The effect of these 
forces on the spinline dynamics varies with the 
magnitude of elongational viscosity. Therefore, there 
can be some mutual interaction between two ma- 
terials which have the same activation energy but 
significantly different viscosity values. This factor 
will be discussed in our forthcoming article.29 

CONCLUSIONS 

High-speed bicomponent spinning of PET (core) 
and PP (sheath) was carried out and the structure 
of the as-spun fibers was investigated. It was found 
that the PET component in the bicomponent fibers 
has an orientation and crystallinity higher than 
those of the PET single-component spun fibers, 
whereas the PP component remained in a low ori- 
entation state and had a pseudo-hexagonal structure 
even up to high take-up speeds. A semi-quantitative 
numerical simulation was performed and the results 
obtained using the Newtonian fluid model showed 
that the solidification stress of the PET component 
increases while that of the PP component decreases. 
This was attributed to the difference in the activa- 
tion energy of elongational viscosity between two 
polymers. To take into account the stress relaxation 
occurring in the PP component after the solidifi- 
cation of PET, an upper-convected Maxwell model 
was taken as the constitutive equation. The results 
showed that considerable stress relaxation of the 
PP component occurs if the PET component solid- 
ifies while the PP component is in a molten state. 
This relaxation effect may be enhanced after the 
onset of the orientation-induced crystallization of 
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PET. Based on the structural characterization data 
and the simulation results, a mechanism for struc- 
ture development was proposed for high-speed bi- 
component spinning. 
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