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Abstract-In order to understand the bowing phenomenon in the tentering process of biaxially oriented polypropy-
lene film, a simple mathematical model has been developed by considering the overall continuity equation and relevant
momentum equations. The model has been solved analytically by employing a lubrication approximation for an iso-
thermal, Newtonian fluid with variant densities depending upon the external deformation. Both velocity and stress pro-
files in the tenter process and also birefringence and extinction angle profiles can be calculated accordingly. Geometrical
bowing is strongly dependent upon the degree of volume change during extensional deformation. Theoretical pre-
diction is compared with experimental birefringence data with two types of PP resins and two different operation
conditions to give us excellent agreement. It can be said that this model is applicable to other biaxially oriented film

processes such as PET.
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INTRODUCTION

Biaxally onented polypropylene film 13 widely used not only
for food packaging but also for general packaging or lamination of
other matenials m various applications. There are two distinct ways
of producing such oriented film: double blown process or tenter
process. The latter 18 preferred because of its lugh productivity. In
the tenter process, polymer film 1 first stretched 4-6 times along
machine direction at lower temperature than its melting, and then
preheating, transverse stretchmg, and thermoesetting processes fol-
low m the transverse stretching zone. In this process, one of the ma-
jor problems is that it may induce mechanical or geometrical aniso-
tropy along the transverse direction, which may cause some prob-
lems in printing or curls in the bagging process for packaging,. Tt is
usually called a “geometrical bowing” phenomenon.

Even though it has been quite a long time since this kind of OFPP
film was first infroduced on the market not only with PP but also
PET and others, there 13 still no theoretical model to predict geo-
metrical bowing properly. Much research has been focussed on the
PET film, which is mainly used for the base film of audio and video
tapes. Kase et al [Kase and Kawano, 1984; Kase and Inoue, 1986]
have reported that it is possible to obtain an analytical or numerical
solution for the biaxially extended process, but 1t 13 not enough to
predict any bowing phenomenon properly.

There are several reports on the experimental observation of opti-
cal anisotropy of BOPET film [ Yamada and Nonomura, 1994], but
1t 15 rare to consider birefringence measurement on the BOPP film.
There are also some domestic patents for reducing the bowmg phe-
nomenon by mtroduemg dll roll between the stretching zone and
thermosetting zone, or using a lower stretching temperature as re-
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ported in several Korean patents.

In this study, we have tried to set up a proper mathematical model
by considermg the volume change durmg the stretching process n
order to predict the geometrical bowing and thereafter to predict
ary optical amsotropy of the film from stress profiles obtained theo-
retically. Industnial scale expeniments have been performed along
with these theoretical analysis in order to compare not only the geo-
metrical bowing but also birefringence data with theoretical results.

THEORETICAL MODEL

Theoretical analysis is confined to the transverse stretching zone,
and an 1sothermal Newtoman fluid 15 adopted for smmplicity. As
shown in Fig. 1, the velocity in x direction and y direction are
assumed mdependent of thickness direction, and mertia force 1s
neglected. The governing equations in the region of mterest are
given simply by Eq. (1)-(3).
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Fig. 1. Schematic illustration for modelling the tenter process of
BOPP film.



318 0. O. Park et al.

Speed(m/min)
* 164
— 166
b 168
—_— 170
—_— T
> 174 /

Im 5m

—
—
'_P
—
= e
]
\Fy
b
6m

Im 3.5m 4.5m

STRETCHING ZONE
TEMP.=160C, L=12m

THERMOSETTING ZONE
TEMP=1757C, L=9m

.

”l
<+

Iy
A

Fig. 2. Computed velocity profile within BOFP film during tenter process.
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Boundary conditions at the center and the edge are siunply given
by Egs. (4)-(5).

_o du_
atyfo,dy 0 (4
aty=I(x), u=U cosB 5

where {(x) varies with x direction and preset angle 0.

Tt is well known that in the limited angle, lubrication approxima-
tion 15 possible as suggested m the literatire [Kwon and Parle, 1989].
Because of thin thickness of the film, it may be possible to use such
a lubrication approximation in the entire region of thickness. Then
the velocity component can be obtamed by

L . 2_pmdp
= + (v —
u(x, y)=U cos ZJLL(y b (6)

At steady state, the mass flow rate 15 kept constant along arry po-
sition so that pressure-dependent terms can be eliminated.

u(x,y)=U cosB + %UG’—; - 1)(0056 —%%) )
What we need to know here 15 the thickness reduction along the
stretching direction. Tt is quite natiral to assume that thickness reduc-
tion is governed by the nature of extensional flow and physical pro-
perties of polymer melts such as crystallmity end volume change
during deformation. Here we would like to assume that the follow-
ing rule is valid:
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v is poisson ratio of PP and B is the volume shrinkage index with
elongation.

Then it 18 possible to obtain the velocity profile at any position
m (9)~(10) and results can be shown mn Fig. 2.

wx,y)=U cosd +%ULL; 71][0059 7(1—;)1_”} (9
u(x,y)=U cos8' + %U[%z -1 J[cos@' - (%)1 _n] (10)

Eq. (9) 15 for the stretching zone end Eq. (10) for thermosetting zone
can be obtained similarly.
1. Geometrical Bowing

Once the velocity profiles are obtamned, the gecmetrical bowing
can be calculated as a sum of two regions. The final result is given

in Eq. (11).
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Here we can say that the geometrical bowing is depending not only
on the geometncal structure and also n value of the PP.
2. Characteristic Bowing

Even though the geometrical bowing can be calculated and com-
pared with the experimental results, the real interests are in the an-
sotropy m the properties of the final film. If we apply the stress
optical rule, it is possible to predict the birefringence and orienta-
tion angle of the fmal film, where the orientation engle sterts from
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zero when the onentation 18 parallel to x-axis. The details can be
found in the literature [Kim, 1999].

oy

fan2y =t (12)

An=c¥JA” I 2AG)Y G Y (13)

A=A (2 *n)tg 2 *n’)t'% (14)
(2 m)if2e (3 ]

G= 2(1-1) (13

H=2(c—E)+ 2(c—F) (16)

where ¢=cosB, t=tanf, E =(%°) B =(%) )
A is a dimensionless parameter concerning the residual stress from
the machine directional stretching before the film enters the tenter.
Therefore, if machme directional stretching 13 dominant, the onen-
tation angle would start from 0" to 45°.

Now we have successfully developed a mathematical model to
determine not only the geometrical bowing but also birefringence
and extmction angle. Before comparing the experimental results
with our model, 1t would be worthwhile to see the parameter sensi-
tivity on these predictions.

3. Parameter Sensitivity

Stretching angle in the tenter process 1 one of the most mmpor-
tant factors governing the anisotropic properties of the film. Fig. 3
shows the brefringence and extnction angle predicted when the
angle theta is varied. As expected, it is possible to have a reversed
pattern of birefringence according to the angle. The reason 13 that
m this case the MD stretchmyg 18 fixed but the transverse directional
stress can be varied with the change of this angle.

Fig. 4 demonstrates that if we adjust the dimensionless parame-
ter A, we can obtamn two different birefringences end the corre-
sponding extinction angle pattern can be obtained. In short, the bal-
ance between the stress in MD and TD will be respensible for the
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Fig. 3. Extinction angle and birefringence patterns with varying
stretching angle (a) extinction angle, (b) birefringence.
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Fig. 4. Extinction angle and birefringence patterns with varying
A (a) extinction angle, (b) birefringence.

final amsotropic properties after all. For A=0.284, 1t would be near
trarsition from the transverse directional onentation to the machine
directional orientation, so that it generates a little artifact far down-
stream.

EXPERIMENTS

Tn order to demonstrate the validity of our model, we tried to make
PP film on a pilot scale. The detailed experimental procedure can
be found elsewhere [Kim, 1999].

Once the film was obtamed, several parts of the film were cut
from the whole film along the transverse direction and then the bi-
refringence and extinction angle were measured in solid state by
using the optical apparatus built in the laboratory. Detals of optical
arrengement and measurement procedure can be found mn Kun's
thesis

RESULTS AND DISCUSSION

Table 1 shows the operating conditions for makmg the film. Stan-

Table 1. Two processing conditions for producing BOFPPF film

[tems Unit Standard Test
MD Stretching times 55 5.0

I m 0.375 0.373
i) m 3.75 3.715
! m 3.425 3.420
D times 10 9.96
D times 9.13 9.17
0 deg 157 15.56
g deg 2.03 1.41
8 m 0.325 -
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Fig. 5. Measured and calculated extinction angle and birefringence
patterns at standard condition (A'=0.228 and n=0.965) (a)
extinction angle, (b) birefringence.

dard conditions and the test one are listed here. Measured angle and
birefringence data were fitted by adjusting two parameters, n and
A, at standard condition as shown m Fig. 5. The volume shrinkage
mdex n was chosen as 0.965 by comparmg the total geometrical
bowing at the center of the film. Tn order to obtain the extinction
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Fig. 6. Measured and calculated extinction angle and birefringence
patterns at test condition (A'=0.2105 and n=0.965) (a) ex-
tinction angle, (b) birefringence.
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Fig. 7. Measured and calculated extinction angle and birefringence
patterns at test condition with different resin (A'=02105
and n=0.97) (a) extinction angle, (b) birefringence.

angle and birefringence as a function of relative position from the
center, the parameter A' was chosen 0.228. As one can see m the
Fig. 5(a) and (b), not only the extinction angle but also birefingence
were predicted quite well. Tn case of birefringence, a stress-optical
constant 18 needed for the absolute scale [Park et al., 1989, Kwon
et al, 1999]. Fig. 6 shows the case of different stretchmg condition
m the machme directional stretching zone. Because of somewhat
less stretching compered with the standard case, extinction angle
and birefringence were observed smaller than before. These trends
can be predicted with same parameters except a little smaller value
of A'=0211, which 15 natural 1f we consider the physical mearng
of A, but extinction angles were a little overestimated. Fig. 7 is for
the different resin with test condition so that we fixed A'=0.211 but
' was chosen as 0.97, which would be a parameter depending on
the material Both birefingence and extinction engle pattern can
be predicted pretty well.

CONCLUSIONS

It 18 possible to develop a new mathematical model to predict
not only the geometrical bowmg but also birefringence pattern m
BOPP process by considering the volume change during stretching
deformation. As expected, the final birefringence pattern 1s govened
by both MD stretchmg and TD stretching. The theoretical predic-
tion agrees quite well with real industrial process results, so that it
may be concluded that it 13 possible to apply this kmd of model to
similar processes with different polymers or different geometries.
BOPET film process will be considered next with the same line.

NOMENCLATURE
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A, A" dunensionless parameter related with the residual stress
in machine directional stretching zone

c. ¢ : cos, cos®

D - 1)/l ratio of widths 1 the stretching zone

D : I/1, ratio of widths in the thermosetting zone
E.E :dimensionless quantities defined in the text
G . dimensionless quantity defined in the text

H : dimesionless quantity defined in the text
e(x) - thickness of the film

e - initial thickness of the film

I(x) : width of the film mn stretching zone
(%) : width of the film mn thermosetting zone

A : imitial width of the film

L - total length of the stretching zone

L : total length of the therm osetting zone

oo : the volume change mdex dunng stretchng and thermo-
setting

p : pressure

t : tan®

u : x-directional velocity

U - constant velocity of tenter

v : y-directional velocity

X : X coordinate

y . y coordinate

Y : dimensionless y cordinate

z : z coordinate

Greek Letters

B : volume shringage index dunng elongation

) : geometrical bowing at the center of the film

B, o : angles of the stretching zone and thermosetting zone
u : VISCOsity

v : Poisson ratio

% : extinction angle or orientation angle
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