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SYNOPSIS

The bowing phenomenon throughout a tenter was experimentally observed with a pilot
plant of successive biaxial stretching. The observed results were compared with simulated
ones, by which the deformation behaviors of film in a tenter were predicted, with the
assumption that the film was homogeneous isotropic, homogeneous anisotropic, hetero-
geneous isotropic, or heterogeneous anisotropic for a two-dimensional elastic body with an
FEM. Comparatively good agreement between the simulated and observed results was
obtained for a heterogeneous anisotropic elastic body with an initial mesh, involving in
advance a plastic deformation part. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

It is a common practice to stretch a film made of
linear thermoplastic polymer, such as polypropylene,
poly (ethylene terephthalate ), polyethylene, nylon,
or polystyrene, in order to produce an orientation
that will upgrade the film’s performances. The poly-
mer films are used for various purposes and there-
fore, their higher qualities have been required year
by year. The demand for the more useful qualities
of the film brings about the demand for better tech-
niques of film processing, especially in the area of
the stretching techniques for films, by which the
superior characteristics of films become evident. The
stretching methods are classified roughly into flat
film stretching and tubular inflation. In stretching
a flat film in the transverse direction, a tenter is
usually used.

Many articles describe the properties of the
mono- or bioriented stretched films, however, arti-
cles discussing the technology of the industrial
stretching of films are small in number. Especially
few papers are available on the film deformation be-
havior in the tenter process and the tenter has usu-
ally been dealt with as a “black box” that defies
analysis because of its high cost and the complexity
of the film behavior in it.
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The representative and common problems in the
stretching of polymer films are the “bowing” phe-
nomenon, which causes the nonuniformity of film
characteristics in the transverse direction, the
“necking” phenomenon, which causes the decrease
in the available width of film, and the thickness un-
evenness of film, which causes the planar waviness
of film and the wrinkle in the winding of film.

The bowing phenomenon, for example, is one of
the most serious problems in the tenter process. The
bowing phenomenon causes the descrepancy be-
tween the direction of the orientation axis at the
center of film width and the direction at the edges,
and the anisotropy of film characteristics, such as
the heat shrinkage, the refractive index, and me-
chanical properties. For example, the bowing phe-
nomenon causes a lowering of magnetic recording
characteristics of the base film for floppy disc use,
requiring the isotropy in a plane of film properties,
an aberration of printing in the printing and lami-
nating processes, and a curl in the bagging process
for a package use.

Articles on the bowing phenomenon have been
published by Kase et al.'™* and Sakamoto.>® Kase et
al. have theoretically analyzed the deformation be-
havior of thin, uneven rubber film in the tenter pro-
cess with the finite difference method (FDM). Sa-
kamoto has reported on the theoretical analysis of
an ellipsoidal refractive index as an optical anisot-
ropy of poly(ethylene terephthalate) (PET) film,
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due to the bowing phenomenon. These predicted re-
sults have not confirmed experimentally, however,
with the tenter process.

In this article, the observations of the bowing
phenomenon throughout the tenter process with a
pilot plant and their theoretical analysis by a finite
element method (FEM) with simple models are re-
ported.

DEFINITION OF BOWING DISTORTION

The bowing phenomenon is a characteristic problem,
occurring in the stretching and thermosetting of film
in a tenter process. Various film manufacturing
methods, using a tenter, now exist and various
mechanisms to produce the bowing phenomenon
occur, depending upon the method. Thus, the
stretching method in this article is described.

Manufacturing Method of Biaxially Oriented Film

The manufacturing method of biaxially oriented film
with a tenter is roughly divided into two parts. One
is a successive stretching method, which is divided
into the longitudinal machine direction (MD)
stretching-transverse (TD) stretching method and
the TD-MD method. Another part of the method
1s a simultaneous stretching method in both MD
and TD. In this article, the successive MD-TD
method, shown in Figure 1, was used. The MD-TD
method is superior to other methods in productivity,
which is a typical tenter process for the successive
biaxial stretching of PET films. In Figure 1, the ex-
truder (EXT) melts and extrudes the polymer. The
extruded film is cast (CA) on a chill roll in order to
form an amorphous sheet. The PET sheet is sub-
sequently stretched in the machine direction (MD)

to become the mono-oriented film. The film is then
stretched in the transverse direction (TD) and
thermoset (T'S) to become the bioriented film. The
film is finally trimmed (TM) and taken up on the
film winder (FW).

In the (TD) and (TS) sections of the tenter pro-
cess, films often develop the bowing phenomenon.
Bowing is a kind of uneven stretching, in which a
straight line, drawn transversely on the film entering
the tenter, bends in a bow shape as the film goes
through the (TD) and (TS) sections.

Definition of Bowing Distortion

In the manufacture of a biaxially oriented film with
a tenter, the bowing phenomenon is inevitable. The
bowing phenomenon is divided into two parts. One
is a geometrical bowing phenomenon, in which a
straight line drawn across the width of the film at
the entrance of a tenter changes into a bow shape
at the exit of the tenter. Another part is a charac-
teristic bowing phenomenon, in which the state of
molecular orientation is different at each point
across the width of film and, as a result, the char-
acteristics of the film are ununiform over the film
width. In this article, the geometrical bowing phe-
nomenon is dealt with under the assumption that
the geometrical bowing phenomenon corresponds to
the characteristic bowing phenomenon.

As shown in Figure 2, the distortion of bowing is
expressed as the bow height, b, which is presented
as a percentage of the film width, W. When the film
center lags behind the film edges, the bow height b
is considered positive. The bowing distortion b/W,
measured at different positions within the (TD, TS)
sections, consists of four zones: preheating, stretch-
ing in the transverse direction, thermosetting, and
cooling, as indicated in Figure 2.

™
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Figure 1 Schematic of representative film production process.
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EXPERIMENTAL stretching zone, 150°C to 225°C in the thermoset-

The experiments”’ were made using a pilot plant, as
shown in Figure 1.

The PET polymer was melted and extruded on a
chill roll and was then formed into an amorphous
film shape. After applying different rotational speeds
of rollers, the as-cast amorphous film was drawn
longitudinally (in the machine direction), with in-
frared heaters at the drawing ratio of 3.5 magnifi-
cation. The preheating roller temperature was 60°C,
the drawing roller temperature was 90°C, and the
cooling roller temperature was 40°C.

The uniaxially oriented PET film was trans-
versely stretched by the tenter, while being held by
the tenter clips, at the extention ratio of 3.6 mag-
nification. The film was then formed into biaxially
oriented film. As shown in Figure 2, the tenter was
divided into four zones, consisting of the preheating,
transverse stretching, thermosetting, and cooling
zones. The temperature of each zone was set at 90°C
in the preheating zone, 100°C in the transverse

Table I Experimental Conditions

ting zone, and 75°C to 200°C in the cooling zone,
respectively, as shown in Table I. The transverse
relaxation ratio was —10 to 20%, as shown in Figure
3, where a negative value denotes the transverse
restretching and a positive value denotes the trans-
verse relaxation.

RESULTS AND DISCUSSION

Observation of Bowing Distortion Throughout the
Tenter Process

Many straight lines across the width of the film were
drawn on the surface of the film at the entrance of
the tenter. After forcing the movement of the tenter
chains to stop, and the film in the tenter to cool as
soon as possible by electric fans, the whole film in
the tenter, shaped into the rectangular-ramp-rec-
tangular tenter form, as shown in Figure 2, was
sampled. It was confirmed that the bowing distor-
tions hardly changed during the cooling of film. The

Stretching Ratio Preheating Stretching Thermosetting Cooling Relaxation Ratio
in TD Temperature Temperature Temperature Temperature in TD
=) (°C) °C) (°C) (°C) (%)
3.6 90 100 150 75 —-10
175 100 0
200 150 10

225 200 20
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lines were marked by a comparison of the distortions
near the exit of tenter before cooling with those after
cooling.

Using the film obtained by the above procedures,
the changes in the bowing distortions throughout
the whole tenter were measured. Shown in Figure 4
are the changes in the distortion b/W of experi-
mentally-observed bowing, as the film goes through
the (TD, T'S) sections. In Figure 4, the position in
the tenter is expressed as the dimensionless length
L/W, which is the distance from the entrance of
the tenter, L, divided by the film width, W. In Figure
4 it is noted that bowing remains insignificant in
the preheating zone. As the film enters the trans-

TD relaxation patterns in the thermosetting zone.

verse stretching zone, the film develops a negative
bowing, followed by a quick change into positive
bowing. Bowing takes its maximum positive value
in the first half of the thermosetting zone. There-
after, the bowing maintains a high positive level.
The bowing phenomenon can be considered to
occur as follows: Both edges of film, held by the chain
clips of the tenter, are bound, whereas the binding
force due to the chain clips decreases approaching
the center of film width. As a result, the longitudinal
(machine direction) force, generated by the trans-
verse stretching and the heat shrinkage in the tenter,
causes the bowing phenomenon. Since the stiffness
of film in the thermosetting zone is lowest, due to
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Figure 4 Experimentally observed deformation behavior in tenter, expressed in bowing
distortion vs. dimensionless length.



the highest temperature in the tenter, the longitu-
dinal force greatly affects and enlarges the bowing
distortion in the thermosetting zone.

The bowing distortion in the thermosetting zone
has a maximum value near the beginning of the
thermosetting zone and subsequently remains con-
stant at the maximum value. The temperature of
film reaches the highest value near the beginning of
the thermosetting zone. As a result, the film has the
lowest stiffness and the highest heat shrinkage near
the beginning of thermosetting zone. Therefore, the
film is deformed by the longitudinal force, due to
the heat shrinkage and the transverse stretching at
the highest temperature position, which produces a
maximum bowing distortion. Thereafter the film re-
mains at maximum bowing distortion under the
highest temperature or less because the longitudinal
force does not occur again.

The above results are different than the assump-
tions for the theory of Sakamoto,®>® who suggests
that the bowing distortions have only positive values
and become gradually larger in the machine direc-
tion.

Effect of Thermosetting Temperature on Bowing
Distortion

Figure 5 shows the effect of the thermosetting tem-
peratures on the bowing distortion under the con-
ditions of the preheating temperature of 90°C, the
transverse stretching temperature of 100°C, the
cooling temperature of 100°C, and the transverse
relaxation ratio of 0% (no transverse relaxation) in
the tenter. Figure 5 shows that higher thermosetting
temperatures tend to increase the distortion of bow-
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Figure 5 Bowing distortion at tenter exit vs. thermo-
setting temperature.
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Figure 6 Bowing distortion at tenter exit vs. cooling
temperature.

ing because a higher thermosetting temperature
yields a lower stiffness and a higher heat shrinkage
of film.

Effect of Cooling Temperature on Bowing
Distortion

Figure 6 shows the effect of the cooling temperatures
on the bowing distortion under the conditions of the
preheating temperature of 90°C, the transverse
stretching temperature of 100°C, the thermosetting
temperature of 200°C, and no transverse relaxation
in the tenter. As shown in Figure 6, changing the
temperature of cooling does not affect the bowing
distortion. This may be the reason that the heat
shrinkage of film hardly occurs in the cooling zone
and the stiffness of film in the cooling zone is higher
than that in the thermosetting zone since a cooling
temperature is lower than a thermosetting one.

Effect of Transverse Relaxation on Bowing
Distortion

Figure 7 shows the effect of the transverse relaxa-
tions on the bowing distortion under the conditions
of the preheating temperature of 90°C, the stretch-
ing temperature of 100°C, the thermosetting tem-
perature of 200°C, and the cooling temperature of
100°C in the tenter. It was found that allowing the
film to shrink transversely in the thermosetting
zone, that is, relaxing, tended to increase bowing,
as shown in Figure 7. Negative relaxing, that is, re-
stretching, in the thermosetting zone tended to sur-
presses bowing. This may be the reason that the
binding force, due to the chain clips, becomes weaker
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Figure7 Bowing distortion at tenter exit vs. relaxation
ratio in TD within thermosetting zone.

and the film becames easy to be deformed at the
higher transverse relaxation ratio.

Simulation of Bowing Phenomenon in the Tenter
Process

A FEM simulation of the bowing phenomenon, oc-
curring in the (TD, TS) sections of the tenter pro-
cess, was carried out, assuming the film to be a thin
(two dimensional) elastic body.

As tabulated in Table 11, four different materials
were considered: homogeneous isotropic, homoge-
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neous anisotropic, heterogeneous isotropic, or het-
erogeneous anisotropic. The shape of the film before
stretching was assumed to be a rectangle (initial
shape a) or a rectangle-plus-ramp shape (initial
shape b), as shown in Figure 8. The width of the
initial rectangle was considered to be equal to the
width of the film entering the (TD) section of the
tenter. Initial division of the film shape into trian-
gular elements is shown in Figure 8.

The film shapes in Figure 8 are intended to cover
the region extending from the entrance of the tenter
to the point of maximum temperature, located in
the thermosetting zone. This choice was made be-
cause, throughout the region between the maximum
temperature point and the tenter exit, the extent of
bowing was known experimentally to remain un-
changed.

Figures 9 to 13 compare experimental observa-
tions of b/W values with the results of the FEM
simulation. Bowing is considered to be positive when
the bow shape is concave toward tenter exit, that is,
when the film center lags behind the film edges.

For an anisotropic material, four independent
elastic constants exist, E,, E,, G,,, and v,,. In these
constants, the G,, is given by the following equation:

14 (11 )
G, Eg E., E, E,

where E, and E, are the Young’s moduli, G,, is the

After stretching

After stretching
1

T

(b)

Figure 8 Two kinds of initial mesh.



shear modulus (rigidity), v,, is the Poisson’s ratio,
and E; is the Young’s modulus in a direction at an
angle of 45° to the machine (longitudinal) direction,
which is derived from the average of E, and E,; Ey;
= (E, + E,)/2 and the subscripts x and y stand for
longitudinal (machine) direction and transverse di-
rection, respectively. In addition to the above, the
Mazxwell-Betti reciprocal theorem states that v,/
v,y = E,/E,. Isotropic materials were assumed to
have two independent elastic constants E and »,
meaning that £ = E, = E, = Ei and v = v,y = vy,.

In the FEM computations, fixed values were given
to the above elastic constants at the entrance and
exit of each zone and the values within the zone
were assumed to be linear interpolations of values
at the entrance and exit.

Figure 9 compares the experimental results with
the FEM simulation, assuming the film to be ho-
mogeneous isotropic and to have the initial shape a
(rectangle). The simulation is not satisfactory.

Figure 10 is the same as Figure 9, except that in
the FEM simulation, the film material was assumed
to be a homogeneous anisotropic that had four in-
dependent elastic constants E,, E,, G,,, and v,,.

Figure 10 shows a comparison of the experimental
results with the calculated results under the as-
sumption that the film is a homogeneous anisotropic
material with the initial film shape of a rectangle,
as shown in Figure 8(a). Evidently, the simulation
shown in Figure 10 is not good enough.

Figure 11 shows the comparison for the case of
heterogeneous isotropic film a (rectangle) in the
initial shape. Again, the simulation is not entirely
satisfactory.

Figure 12 shows the case of the heterogeneous
anisotropic film a (rectangle) in initial shape. The
FEM simulation in this case is worse than the one
in Figure 11.

Figure 13 shows the case of the heterogeneous
anisotropic film b [rectangle-plus-ramp, see Fig.
8(b)] in initial shape. This particular initial film
shape b was conceived to take into consideration
about 20% shrinkage of the bioriented film, entering
the thermosetting zone at 105°C, and approaching
the transverse stretching temperature. In other
words, the ramp part of the initial film shape was
intended to include in advance the plastic defor-
mation, measured as the shrinkage of the film just
after the transverse extension. The simulation,
shown in Figure 13 is more satisfactory than any of
these shown in Figures 9 to 12. Agreement with ex-
perimental values is particularly good at and after
the point at which the bowing turns from negative
to positive values.
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Table II Simulation Conditions

Material Constants

Thermosetting Zone

Stretching Zone

Preheating Zone

End

Start

End

Start

End

Start

Ey
(GPa)

E,

(GPa)

Vyy
(=)

E,
(GPa)

Viy
(—)

Mesh Ex Vxy
(GPa)

Case

(=)

(GPa)

(GPa)

(=)

(GPa)

(—) (GPa) (GPa) (—) (GPa) (GPa)

(GPa)

Type

No.

0.36
0.36
0.42
0.42
0.42

4.000
1.000
0.500
0.500

4.000
4.000
0.500
0.500
0.500

0.36
0.36
0.42
0.42
0.36

4.000

4.000
4.000
0.500
0.500
4.000

0.36
0.36
0.36
0.36
0.36

4.000

4.000
4.000
4.000
4.000
4.000

0.36
0.36
0.36
0.36
0.36

4.000
1.000
4.000
1.000
1.000

4.000
4.000

0.36
0.36
0.34
0.34
0.34

4.000
1.000
4.500
1.125
1.125

4.000
4.000

4.000 0.36

4.000
4.000
4.500
4.500
4.500

a
a
a
a
b

1.000
0.500
0.500
4.000

1.000
4.000
4.000
4.000

0.36
0.36
0.34
0.34

1.000
4.500
1.125
1.125

4.000
4.000
4.000

4.500
4.500
4.500

0.500
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Figure 9 Bowing, experiment and FEM simulation, Case 1 in Table I1. (@) Experimental,

(m) Calculated.

A summary of the results observed and simulated
is shown below.

The successive distortion patterns of the drawn
lines were observed over the whole tenter in order
to analyze the bowing phenomenon, which causes
unevenness of the film properties over the width of
the film. From observation, the following results
were obtained:

1.

A straight line, drawn across the width of film
before the preheating zone, does not change
during the preheating zone and remains
straight. In the beginning region of the
transverse stretching zone, the line changes
into a convex curve (reverse bowing) in the

travelling direction of film and the convex
distortion becomes maximum in the zone.
Near the end of the zone, the line becomes
again straight and at the end of the zone the
line changes into a concave curve. Near the
beginning of the thermosetting zone, the
concave distortion reaches maximum; after
this, the line does not change and it remains
at the maximum concave distortion (bowing
distortion), which is usually observed as a
bowing phenomenon.

2. A higher temperature of thermosetting pro-

duces more bowing distortion.

3. The temperature of cooling does not influence

the bowing distortion.

6.0 9@
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= l:lq HITTL
-2.0
1.6 4.0 7.0 8.4

Dimensionless length (-)

Figure 10 Bowing, experiment and FEM simulation, Case 2 in Table II. (®) Experi-

mental, (l) Calculated.
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Figure 11 Bowing, experiment and FEM simulation, Case 3 in Table II. (®) Experi-
mental, (B) Calculated.

4. The relaxation, or restretching, in the trans- plastic body is effective for the simulation of
verse direction in the thermosetting zone in- the bowing phenomenon with an FEM.
fluences the bowing distortion; a higher re-
laxation produces more bowing distortion and
higher restretching yields less bowing distor- CONCLUSIONS

tion.

5. A heterogeneous anisotropic model, with the The bowing phenomenon was first observed
initial mesh including the plastic deformation throughout the tenter process. It was confirmed that
in advance, can express comparatively well the bowing distortion changes from a convex curve
the bowing distortion pattern of film (reverse bowing) to a concave curve (bowing) in the
throughout a tenter by an FEM simulation. travelling direction of film.

The above results suggest that an elastic- The simulation by an FEM was attempted for

B (11.2)
6.0 T @
Case 4 B ® %, o +
o %o o1%¢ ®e°
°
4.0 4..
Pre-heating Stretching Thermo-setting | Cooling
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Bowing distortion (%)
N
o

0 1.6 Ry " 40 7.0 8.4
Dimensionless length (-)

Figure 12 Bowing, experiment and FIXM simulation, Case 4 in Table II. (®) Experi-
mental, (W) Calculated.
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Figure 13 Bowing, experiment and FEM simulation, Case 5 in Table II. (®) Experi-
mental, (B) Calculated.
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