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ABSTRACT: Effects of isothermal drawing conditions on the deformation kinetics and
dimensional change of polypropylene (PP) hollow fibers in a continuous drawing process
were investigated. The deformation behavior of solid PP polymers during stretching
between two rolls in the isothermal bath was analyzed by a simple model describing the
continuous drawing process with a constitutive relation that can express a true (stress—
strain—strain rate) surface of solid semicrystalline polymers. Necking profiles during
drawing can be calculated from this model without any special assumption for neck
criterion, and the calculated results predict that the localization of deformation is
promoted with the increase of applied draw ratios. It is also found that at 20°C, the neck
is observed apparently both from the calculated and experimental results, and the
strain-rate sensitivity parameter is considered to be a critical factor that determines
the intensity of the neck geometry. The calculated drawing forces are shown to increase
with increasing the applied draw ratio and decreasing the drawing temperature, and
these trends were verified by experimental results. The hollowness, defined as the ratio
of inner to total cross-sectional area, increases as it is drawn at 30°C, but decreases as
drawn above this temperature compared with that of the undrawn fiber. © 1999 John

Wiley & Sons, Inc. J Appl Polym Sci 74: 1836-1845, 1999
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INTRODUCTION

In the manufacture of some polymeric products,
the polymers in the solid or molten state are
sometimes subjected to a large stretch. For exam-
ple, in the melt-spinning and drawing process,
polymers are deformed by the difference between
feeding and take-up velocities. Although both of
them are the same continuous operation, there
are some differences in the deformation kinetics
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of these two processes because of their rheological
properties.

Melt spinning is a kind of technique to manu-
facture hollow fibers,! and it is usually followed
by a drawing process in a consecutive or separate
operation. In the drawing of hollow fibers, not
only are the drawing force and stress distributed
along the drawing path, which affect the micro-
structure of fibers of particular interest, but also
the profile development and hollowness of the
final drawn fiber are of significant value. The cold
stretching of melt-spun polypropylene hollow fi-
ber is particularly important for its special end
uses such as membranes.? In our previous study,?
the melt-spinning process for hollow fibers was
numerically simulated, and the dynamics of melt
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spinning and profile development of hollow fibers
were reported. These results can give a more de-
tailed understanding of the difference between
the deformation mechanisms of the melt-spinning
and drawing processes.

The analysis of deformation behavior is essen-
tial to understand the correlation between pro-
cess conditions and final properties. Thus, a num-
ber of researchers have attempted to elucidate the
deformation mechanism of polymers during
stretching processes. Particularly, in some arti-
cles,*~ the mathematical models describing the
melt-spinning process have been solved with the
aid of a numerical techniques. On the other hand,
there have been relatively few studies aimed at
the modeling of large plastic deformation in a
continuous drawing process, despite its industrial
significance. The main factor that makes such an
analysis more difficult than in the case of melt
spinning is that there has been no satisfactory
constitutive relation that describes the rheologi-
cal behavior of the solid polymers.

Roll drawing or continuous drawing is often
termed “constant-force drawing,” because the
drawing force along the drawing line is constant if
drag and inertia forces are neglected.®1° From
this viewpoint, a creep test can simulate the con-
tinuous stretching between rolls. Le Bourvellec et
al.>!! have explained the deformation kinetics of
continuous drawing from creep tests, and ana-
lyzed structural development under a constant
load. Salem found that the microstructure devel-
opment during the constant-force roll drawing
showed some differences from that of a constant
rate of the extension test due to its characteristic
deformation behavior.’® In the present work, to
find out optimum process conditions for the man-
ufacture of polypropylene hollow fibers, a simple
model describing a continuous drawing process is
presented. A constitutive relation for solid semi-
crystalline polymers was used in this model, for
which parameters can be determined by tensile
tests.'>71* Calculations were carried out to pre-
dict the trends of strain localization as a function
of the drawing conditions under an isothermal
condition. The effects of drawing conditions on
hollowness and drawing force are also discussed
from these results.

EXPERIMENTAL

Preparation of Hollow Fibers

The polymeric material used in this study was
textile-grade isotactic polypropylene (PP), with a

Feeding Roll (v;) Take-up Roll (v;)

Tensiometer

Heater
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Deformation Zone Water infout

Figure 1 Schematic description of drawing system
with isothermal bath.

molecular weight (M,,) of 36,900. For the prepa-
ration of the undrawn hollow fiber, PP was melt
spun through a spinneret that consisted of four
segmented arcs. A melt-spinning system manu-
factured by Uenoyama Kiko Co. was used for the
laboratory-scale experiment, and a water quench-
ing box was used for quenching conditions.

Drawing

The drawing apparatus consists of a feed roll,
water bath, take-up roll, and tensiometer, as il-
lustrated in Figure 1. Tension of the running fil-
ament was measured at a fixed position with a
pin-type tensiometer that has a reading display
with the capability of averaging the consecutive
data. Measurement was taken by ensuring that
the head of the tensiometer made direct contact
with the filament in the water bath, which was
controlled to maintain constant temperature. To
investigate neck profiles, the part of the filament
that shows the most remarkable reduction in di-
ameter was cut from the filament in the drawing
line, and its outer diameter profile was obtained
by image analysis. Drawing experiments were
carried out in this work under various conditions,
as listed in Table 1.

Hollowness Measurement

To estimate the relative quantity of the hollow
portion of the fiber, hollowness, defined as the
ratio of area of the hollow portion to the total
cross-sectional area, was measured. Hollow fibers
were cut with a microtome to prepare cross-sec-
tions, and hollowness was determined using an
image analysis system with a built-in microscope.

FORMULATION AND CALCULATION

To develop a mathematical model for the defor-
mation in the continuous drawing system shown
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Table I Drawing Conditions of PP Hollow Fibers

Draw Ratio Effect (20 and 80°C) Drawing Velocity Effect (80°C) Drawing
Temperature

Effect (°C)
Vo vy Vo vy (v = 5 m/min,
(m/min) (m/min) DR (m/min) (m/min) DR v, = 25 m/min)
5 20 4 3 15 5 20 60
5 25 5 6 30 5 30 70
5 30 6 9 45 5 40 80
12 60 5 50 90

in Figure 1, the following assumptions were
made: plug flow was assumed as employed in
some studies,'®'® so that deformation is consid-
ered to be perfectly extensional, and this makes it
possible to develop one-dimensional formulations.
As stated in our previous article,® hollow fibers
inherently need two-dimensional analysis to pre-
dict inner- and outer-diameter profiles. However,
area change and other variables along the draw-
ing path such as strain, strain rate, and stress can
be calculated by one-dimensional formulation.
For isothermal conditions, a water bath with a
temperature-control unit was used in this draw-
ing system, and because water is highly efficient
in transferring the heat, it can be assumed that
the filament holds an ambient water temperature
in the water bath. Deformation of filaments was
assumed to occur only in the heating zone, and
this was confirmed by observing no detectable
reduction in the diameter outside the heating
zone. Fiber failure at higher levels of the drawing
stresses was not considered in this calculation. As
well as constant force along drawing path, incom-
pressibility of the fiber and steady-state drawing
were assumed.

Applying the conservation of mass and momen-
tum with application of rheological properties of
solid polymers, we obtain the following expres-
sions:

pAv = W = const. (1)

F = 0A = const. (2)

o = k[1 — exp(—we)]exp(he?)(&/éy)™ 3)
where A, v, and F denote the area, axial velocity,
and tensile force, respectively; o is the true stress,

e the true strain, and & the true strain rate of
filament at a distance, x from the feed roll; &, p,

and W are the reference strain rate (convention-
ally equal to 1 s~ 1), density, and mass flow rate,
respectively; k, h, w, and m are the rheological
parameters at a given temperature, each denot-
ing the scaling factor, strain-hardening factor,
viscoelastic coefficient, and strain-rate sensitivity
coefficient respectively. In eq. (3), [1 — exp(—we)]
represents the viscoelastic term, exp(he?) ex-
presses the strain-hardening effect at the large
stretch, and the term (&/¢,) describes the strain-
rate sensitivity. More details on the constitutive
relations are given elsewhere.'?1*

The boundary conditions for velocity on both
ends of the drawing line are:

v(0) = v,
v(L) = v, 4)

where v, and v;, are the feed roll and take-up roll
velocity, respectively.

For the development of equations in terms of
local variables of the continuous drawing process,
the local true strain and strain rate at a position
x can be expressed as follows:

l v
e = ln() = ln() (5)
Ly Vo

E=0v (6)
x

where [ is the current length of the filament ele-
ment and [ its initial value.

Combining the above equations gives displace-
ment x from the feed roll as a function of the local
true strain:
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Table II Rheological Parameters of PP Used in
This Calculation

Temperature k
°C) (MPa) h m )
20 63 0.56 0.03 35
80 17 0.55 0.06 32
Vo k 1m €
x=—|— R(e)de (7)
€p \ Oy
0
where

R(e) = exp(e)[exp(he? — &)
—exp(he? — (w + De)]¥™ (8)

From eq. (7) with boundary conditions, a plot of ¢
against x can be obtained by numerical integra-
tion. The range of the strain from zero to maxi-
mum value, ¢;, which corresponds to the applied
draw ratio, must be sectioned into fine elements
for numerical integration of eq. (7). Using some of
the relations presented above, other variables
along the axial distance can also be computed.

In the present calculation, the rheological pa-
rameters for polypropylene were assigned with
regard to two drawing temperatures, as listed in
Table II. Some parameters were so sensitive that
they were carefully selected for successful simu-
lation of the continuous drawing system. The pa-
rameters with respect to temperature were cho-
sen for their temperature dependence to follow
the trends of G’Sell’s work.'?

RESULTS AND DISCUSSION

Deformation kinetics was calculated under condi-
tions shown in Table I that were used in actual
experiments to simulate an isothermal continu-
ous drawing system. To understand the deforma-
tion history of filaments during their transfer
from the feed roll to the take-up roll in continuos
drawing, we can consider the filament elements
along the axial distance, which are under a dif-
ferent deformation state. Because each element is
considered to follow the governing equations and
constitutive relation, we can obtain the local vari-
ables at each position along the drawing line by
solving the equations. The results are shown in

Figure 2, and from these, the characteristics of
continuous drawing can be found. Overall fea-
tures of profiles are similar to those in melt spin-
ning, because both the spinning and drawing pro-
cesses are the same continuous operation be-
tween two rolls. The fiber elements in both
processes are accelerated from their initial to fi-
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Figure 2 Calculated deformation history described in
terms of local variables along drawing line for the con-
tinuous drawing (drawing temperature: 80°C; applied
draw ratio: 5): (a) diameter profile; (b) local true strain
and strain rate profile; (c) true (stress—strain—strain
rate) surface at the temperature 80°C and the defor-
mation path of the fiber elements on the drawing line.
Several points are numbered for describing that the
fiber element at some position of the drawing line can
be mapped onto corresponding points of the true
(stress—strain—strain rate) surface.
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Figure 3 The calculated local true strain profile
along the drawing line for a continuous drawing of PP
hollow fibers at various applied draw ratios (7' = 80°C).

nal take-up velocity, and velocity or strain profile
has a sigmoidal shape with an inflexion point and
a horizontal asymptote at the end of the deforma-
tion zone. The strain rate, thus, has a maximum
in both cases. However, the strain in the drawing
process is localized more intensively, and a neck
appears by drastic reduction of the diameter that
cannot, in general, be found in melt spinning.
Figure 2(a) exhibits a neck profile that is pre-
dicted by solving the equations presented above
without any special assumption for neck crite-
rion. Running fiber elements during drawing de-
form continuously under different states of true
stress, strain, and strain rate at each position x.
The fiber element under consideration can be rep-
resented by a single point on the true (stress—
strain—strain rate) surface at a given tempera-
ture. It is shown that the points in Figure 2(a) can
be mapped onto corresponding points in the true
o—e—¢ surface in Figure 2(c), and this makes it
possible to understand that the fiber elements go
through the deformation from the linear elastic to
the strain-hardening region under this drawing
condition. The interaction of these various stress
states results in strain localization or necking.
For example, the fiber elements near the points
numbered 1 and 7 in Figure 2(a) are mapped to
the initial elastic region and the strain-hardening
region in Figure 2(c). In these regions, a large
increase of stress is required for a small change in
the strain, so that the deformation in the initial
and final regions of continuous drawing is not

activated. On the other hand, near the points
numbered 3, 4, and 5, a small increase of stress
causes a large strain, as shown in the true o—¢—¢
surface, and this leads to strain localization.

The applied draw ratio is determined by the
ratio of initial to final velocity of the filament. It is
illustrated in Figures 3 through 6 that the applied
draw ratio affects the local history of deformation,
which results in a change in deformation kinetics.
The position of strain localization (i.e., position of
a steep increase of the local true strain in Fig. 3)
shifts towards the lower strain region with in-
creasing the draw ratio. It may also be understood
from Figures 4 and 5 that the intensity of the
strain localization increases with the draw ratio
by noticing the rise of the maximum strain rate
and slope of the area reduction. The change in the
local true strain rate with respect to the applied
draw ratio is illustrated in Figure 4. We often
estimate the effects of the strain rate in the draw-
ing by the average or initial strain rate.'®!” How-
ever, in a continuous drawing, it is necessary to
consider a local change of strain rate because of
its large local variation, especially for a high ap-
plied draw ratio.

As is well known, an increase of the draw ratio
promotes the development of the structure of the
drawn fibers. This fact can be explained by results
whereby the filaments are stretched under a
larger stress due to a strain-hardening effect at a
higher applied draw ratio, as shown in Figure 6.

To investigate the effects of drawing tempera-
ture, calculations were performed for two drawing
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Figure 4 The calculated local true strain rate profile
along the drawing line for a continuous drawing of PP
hollow fibers at various applied draw ratios (7' = 80°C).
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Figure 5 The calculated area profile along the draw-
ing line for a continuous drawing of PP hollow fibers at
various applied draw ratios (T' = 80°C).

temperatures, in which noticeable differences in
deformation behavior could be observed. Such dif-
ferences with respect to drawing temperatures
result from the dependence of rheological param-
eters on temperature, and they determine the
true o—e—¢ surface that affects the drawing be-
haviors. From Figures 7 and 8, it can be seen that
the deformation localization at a lower drawing
temperature is more remarkable than at a higher
temperature. It should be noted that no drastic
change of strain is exhibited at 80°C in a practical
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Figure 6 The calculated local true stress distribution
along the drawing line for a continuous drawing of PP
hollow fibers at various applied draw ratios (7' = 80°C).
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Figure 7 The predicted local true strain and strain-
rate distribution along the drawing line for a continu-
ous drawing of PP hollow fibers at two drawing tem-
peratures (DR = 5): (a) T' = 20°C; (b) T = 80°C.

aspect ratio (i.e., the x axis of curves in Fig. 7 is
enlarged), but at a lower drawing temperature
the plastic instability obviously appears. The ap-
parent neck profile at a lower temperature (20°C)
was observed in experiments, as will be shown
later. The formation of a neck with the drawing
temperature can be analyzed by considering the
dependence of strain-rate sensitivity on tempera-
tures. It may be inferred that strain-rate sensi-
tivity of solid polymers increases with tempera-
ture by considering that the strain rate is a more
significant factor than strain for the change in
stress at high temperatures (for extreme cases,
polymer melts at the temperature above the melt-
ing point in the spinning process can be success-
fully analyzed by the rheological relation with
only a strain rate dependence, e.g., Newtonian
fluid). We can, thus, assume that the strain-rate
sensitivity parameter increases with tempera-
ture, as shown in G'Sell’s data.'? As a conse-
quence, this affects the deformation behavior in
the drawing process. Similar consideration can be
found in Coats and Ward’s work:'® high strain-
rate sensitivity implies that a large change in
stress is required for a small change in the strain
rate. In other words, a small increase of the stress
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Figure 8 The predicted area and local true stress
distribution along the drawing line for a continuous
drawing of PP hollow fibers at two drawing tempera-
tures (DR = 5): (a) T = 20°C; (b) T = 80°C.

cannot produce a large change in the strain rate,
and so an increase of the strain-rate sensitivity
causes homogeneous deformation. Their discus-
sion is in qualitative accordance with the results
of this study in that the strain-rate sensitivity
parameter, m, is chosen as a higher value with
increasing temperature, which makes the defor-
mation more homogeneous with increasing the
drawing temperature.

The position of the strain localization is a func-
tion of the draw ratio, as described above, and the
inflection point is less sensitive at a higher draw-
ing temperature, as presented in Figure 9. It
shows that the position of inflection point at 20°C
is so sensitive to the draw ratio that necking
occurs unrealistically near the initial position in
the drawing line for an applied draw ratio of 6.
However, experiments conducted at 20°C did not
show this calculated result, but breakage of fila-
ments occurred during drawing at the highest
draw ratio at this temperature instead of the ap-
pearance of a strain localization near the feed roll.

The drawing force is an important characteris-
tic of a continuous drawing related to the defor-
mation kinetics and texture of the drawn fibers.
However, the drawing force associated with a par-
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Figure 9 The calculated positions of inflection points
with the applied draw ratio for a continuous drawing of
PP hollow fibers at two drawing temperatures: T
= 20°C (O); 80°C (@).

ticular set of drawing conditions is, in general,
unknown, and this is a factor that makes it diffi-
cult to analyze deformation in the roll drawing.'®
In this study, the drawing force can be obtained
by calculation, and it is plotted as a function of
the applied draw ratio at two drawing tempera-
tures, as in Figure 10. According to the results
shown in Figure 10, the drawing force increases
with the applied draw ratios, as expected. In this

6.3 I
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z |
\q-_)/ 57 20 oC
(&)
.§ 54
2
7 H_,./o/.
a 12+

80 °C
09
06 C . 1 |
3 4 5 6 7

Applied draw ratio

Figure 10 The calculated drawing forces with the
applied draw ratio for a continuous drawing of PP
hollow fibers at two drawing temperatures: T' = 20°C
(O); 80°C (@).
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Figure 11 The calculated drawing forces with the
drawing velocity for a continuous drawing of PP hollow
fibers at two drawing temperatures (DR = 5): T' = 20°C
(O); 80°C (@).

plot, the slope of the curves increases steeply at a
certain draw ratio, and this feature is more ap-
parent at a lower temperature. Such a tendency
can also be found in other experimental data,®®
and is considered to be related with a natural
draw ratio: the steep slope above a draw ratio
corresponding to a natural draw ratio results
from an increase of the drawing force along the
drawing line due to the dominance of strain-hard-
ening effects.

The effects of the drawing velocity were also
investigated. The predicted results indicate that
the drawing velocity or average strain rate exhib-
its less influence on the drawing force compared
with the draw ratio and temperature (Fig. 11).

For verification of predicted results, tension
and neck geometry were measured, as shown in
Figures 12 and 13. Figure 12(a) illustrates that
the tension increases with the applied draw ratio,
and the rise in slope is also found with the calcu-
lated results (Fig. 10). The result for the temper-
ature dependence of tension indicates that the
overall tension along the drawing line decreases
as the drawing temperature increases [Fig.
12(b)]. Figure 12(c) shows that the effect of draw-
ing velocity on tension is similar to the calculated
results (Fig. 11).

The necking phenomena at different tempera-
tures are described by the profiles of the outer
diameters at the positions of the most remarkable

diameter reduction (Fig. 13). It is shown that the
neck profile becomes sharper as the drawing tem-
perature decreases. The shallow neck at higher
drawing temperatures indicates that strain is not
localized intensively at the necking point, but dis-
tributed along the drawing line. At 80°C, the ev-
idence of a neck is not observed, due to an almost
homogeneous deformation.

A hollow fiber has a unique structure that is
distinguished from circular fibers, and the prop-
erties, as a result of such structural features, are
better developed as hollowness increases. The
change of hollowness of the drawn fibers was in-
vestigated by experiments, and this is shown in
Figure 14. According to this result, it decreases
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Figure 12 Measured drawing tensions of PP hollow
fibers continuously drawn for various conditions: (a) for
an applied draw ratio (T' = 80°C); (b) for a drawing
temperature (DR = 5); (¢) for a drawing velocity (T
= 80°C, DR = 5).
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Figure 13 Neck profiles of PP hollow fibers captured
from the region of strain localization in the drawing
line at three drawing temperatures (DR = 5): (a) 20°C;
(b) 40°C; (c) 60°C.

with increasing temperature, as in the melt-spin-
ning process.?

The hollowness of drawn fibers is influenced by
the change in the inner and outer diameters dur-
ing the drawing process. It is worth noting that
the hollowness of fibers drawn at 30°C is higher
than that of the undrawn fibers, whereas it is
lower at higher drawing temperatures. This re-
sult implies that at 30°C the decrease in the outer
diameter is larger than that for the inner diame-
ter, and then the hollowness of the final drawn
fibers is higher than that of the undrawn fibers.
However, at drawing temperatures above 30°C,
the decrease in the inner and outer diameters
along the drawing line seems to occur in a similar
ratio, due to the fact of a lower hollowness of the
drawn fibers than that of the undrawn fibers. In
conclusion, the stretching of hollow fibers results
in the decrease of hollowness during melt spin-
ning and drawing at high temperatures when the
deformation occurs without intensive strain local-
ization. On the other hand, at 30°C the hollow-
ness of the fiber increases along the drawing line
where a sharp neck can be observed. It can be
found from these results that the process condi-
tions in the continuous drawing of hollow fibers

have an influence not only on the deformation
kinetics but also the profile development of hollow
fibers.

CONCLUSIONS

It has been shown that the combination of some
governing equations with the constitutive rela-
tion for solid polymers that can describe the true
(stress—strain—strain rate) surface makes it pos-
sible to express the deformation behavior of con-
tinuous drawing, which can be simplified by the
assumption of a constant force and isothermal
conditions. The drawing conditions, such as an
applied draw ratio, drawing temperature, and
drawing velocity, affect the deformation behavior
of hollow fibers along the drawing line. It has also
been shown that increasing the applied draw ra-
tio and decreasing the drawing temperature re-
sult in the increase intensity of strain localization
and drawing force, but drawing velocity has less
effect on the drawing force. The manner of defor-
mation, according to the drawing temperature,
affects the evolution of hollowness during stretch-
ing in a continuous drawing process. The drawing
of hollow fibers at 30°C results in higher hollow-
ness but lower than that of undrawn fibers above
this temperature.

50 [

Hollowness (%)

40_ 1 1 i

20 40 60 80 100

Drawing temperature (°C)

Figure 14 Measured hollowness of the drawn fibers
as a function of drawing temperature. Horizontal
dashed line indicates hollowness of the undrawn fibers
(DR = 5).
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