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Synopsis

An experimental study of the kinematics of inflation of poly(ethylene terephthalate) (PET)
parisons in a Corpoplast stretch blow molding process is reported. LVDT displacement trans-
ducers have been placed at various positions along the length and at the top of a specially
designed and built mold. A six-channel LVDT demodular circuit was built and attached to a
minicomputer. Studies were conducted at 90 and 100°C at various pressures. Kinematic models
were developed for the parison inflation, and stress fields along the deforming surface of the
parison were computed using membrane theory.

INTRODUCTION

No process technology has become more important in recent years than
that of stretch blow molding polyethylene terephthalate bottles. Since the
original patents of Wyeth and Roseveare,!? there have been few published
basic studies of the stretch blow molding process.?-? In this technology, an
extruded or injection molded preform is inflated in both lateral and lon-
gitudinal directions at temperatures 25-45°C above the glass transition
temperature to fill out the shape of a bottle mold. The multidirectional
stretch at these temperatures produces a biaxially oriented bottle. The
above-cited previous studies have only roughly investigated the transient
kinematics of development of bottle shape, e.g., by inspecting bottle short-
shots.® Most researchers have been concerned with heat transfer and the
mechanisms of pearlescence in bottles.3-578

In the present paper we describe an experimental study of the kinematics
of bottle formation using displacement transducers which have been in-
serted in the mold.

EXPERIMENTAL

Materials

Extruded tubes of polyethylene terephthalate were supplied by American
Enka. These had intrinsic viscosities of 0.92 dL./g in 60/40 (wt %) phenol/
tetrachloroethane solvent mixture. This corresponds to viscosity averaged
molecular weight of 35,000 g/mol. (Mark—-Houvink constant: K = 2.1 X
10-3 dL/g and a = 0.58.° The tubes had outside diameters of 2.5 cm and
wall thicknesses of 0.25 cm. Generally lengths of 18 cm were used.
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Bottle Blowing Process—General

The bottle blowing experiments were performed on a Heidenreich and
Harbeck Corpoplast laboratory apparatus equipped with a 1-L mold and
quartz heaters. A schematic of the process is outlined in Figure 1 (1-6). In
step 1, one end of the tube was heated locally by quartz heaters until roughly
1 cm at the end of the pipe is sufficiently softened. Using a hemispherically
shaped male and female mold couple, the softened end of the tube was
closed (steps 2 and 3). The parison, so-formed, is placed on a mandrel. The
open-ended lower portion of the parison was softened with the help of local
heating provided by quartz heaters. The softened portion of the parison was
pushed over the lowest section of the parison holding stage which has a
slightly larger diameter than the inside of the parison.

Upon pushing a start button, an oven begins to pass over the mandrel
(step 4). Heating is provided by long horizontal quartz heaters mounted on
one wall of the oven. The mandrel rotates as it passes through the oven;
this rotation allows for uniform circumferential heating of parison. The
temperature profile along the parison was determined using an Ircon in-
frared pyrometer. This instrument measures a weighted temperature
through the parison’s thickness. The power to the quartz heaters was ma-
nipulated to give a constant temperature along the length of the parison.
The mandrel now enters the blowing station. The mold closes around the
parison (step 5). High pressure air is now injected, which causes the parison
to be stretched simultaneously radially and axially (step 6). The axial dis-
placement is provided by a mandrel driven by the air pressure entering
the parison.

Special Mold and Monitoring of Blowing Operation

A special mold was designed and constructed from aluminum for use in
this project. Several spring-loaded LVDTs (linear variable differential trans-
formers) were placed along the length of the mold as shown in Figure 2.
Five LVDTs were situated to measure the variation of the radius of the
parison and one was vertically mounted to determine the length of the

Fig. 1. Steps in Corpoplast stretch blow molding process.
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Fig. 2. Specially instrumented mold.

parison. In addition, a Baldwin pressure transducer was placed in the pres-
sure line to follow the pressure history within the parison.

A six-channel LVDT demodulator circuit and pressure transducer panel
were designed and built. The LVDT demodulator circuitry and pressure
transducer panel were connected to an Applied Micro Technology (AMT)
computer through a junction box. The minicomputer was used rather than
recorders, because the latter were too slow to respond to many of the var-
iations observed. The minicomputer was capable of reading through A/D
converters from eight channels every 4 ms. Data were stored on 8-in. floppy
magnetic discs. The final processing and plotting of data were carried out
with a Digital Equipment PDP-10 computer.
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TABLE I
Conditions of PET Parison Inflation Experiments
Temper (°C) Pressure (kPa (psi)]

90 413 (60)
90 551 (80)
90 689 (100)

100 275 (40)

100 413 (60)

100 689 (100)

Experimental Conditions

Studies of PET parison inflation were carried out at 90 and 100°C at
several different pressures. The specific pressures and temperatures used in
the parison inflation monitoring experiments are summarized in Table I.

RESULTS

The inflation pressure of the PET parisons is shown as a function of time
in Figure 3 for bottles produced at 90°C. The total final pressure is achieved
within 0.8 s. The displacements and displacement velocities of the LVDTs
for parisons inflated at 90°C and pressures of 413 and 689 kPa are shown
in Figures 4 and 5. The LVDT in position 1 represent the neck of the bottle
and those in positions 2-5 various positions along the length leading away
from the neck. The LVDT in position 6 represents the axial position of the
top of the parison. Considering first LVDTs, 1-5, which measure radial
position, we see that the displacements occur successively with positions 1,

100.00

90°C

4.00 4.80 5. 60 6. 40

o
(=)
%5.00 0.80 1.60

2.40 3.20
TIME (VSEC )
Fig. 3. Inflation pressure as a function of time for parisons inflated at 90°C.
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Fig.4. Monitoring of parison inflation at 90°C and 413 kPa (60 psi): (a) displacement position
as a function of time; (b) displacement velocity as a function of time.

(b)

2, 3, 4, and 5, i.e., first at the neck and then gradually upward along the
bottle axis. Position 1 achieves its asymptotic value at 413 kPa in roughly
1.3 s, position 2 in 2 s, position 3 in 3.2 s, position 4 in 4 s, and position 5
in 4.8 s. The displacement rates at 551 and 689 kPa are accordingly higher
and the times required to achieve the desired final positions shorter. The
displacement of transducer 6 characterizing the axial height of the center
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Fig. 5. Monitoring of parison inflation at 90°C and 689 kPa (100 psi): (a) displacement
position as a function of time; (b) displacement velocity as a function of time.

of the parison occurs earlier than those along the axis and more rapidly.
The behavior at the three different pressure levels studied is the same. The
only difference is that, as the pressure is increased, the local velocities and
rate of mold filling is increased.

The transient kinematic data for parisons inflated at 100°C are shown in
Figures 6-8. Unlike the situation at 90°C where the kinematics are all
similar, the behavior at 100°C shows a wide range of differences. The be-
havior at 275 kPa (40 psi) (Fig. 6) is the same as that at 90°C. However, the
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Fig. 6. Monitoring of parison inflation at 100°C and 275 kPa (40 psi): (a) displacement

position as a function of time; (b) displacement velocity as a function of time.

responses at 413 kPa (60 psi) shown in Figure 7 is different. Of the LVDTs
monitoring radial position, LVDT 4 moves to the maximum position first,
3 is displaced only slightly less rapidly followed by 5 and 2. This displace-
ment of LVDT 1 is generally after that of 2. A third and intermediate type
of behavior is found at 689 kPa (100 psi). The first motion is exhibited by
LVDTs 1, 2, 3, and 4 simultaneously. This is then followed by successive
growth to 90% or more of the total mold radius by LVDTs 2, 1, 3, 4, and

5 successively.
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Fig. 7. Monitoring of parison inflation at 100°C and 413 kPa (60 psi). Displacement position
as a function of time.

INTERPRETATION

Models of Parison Inflation

It is possible to use the LVDT displacement data of Figures 4-8 to develop
models of the mechanism of inflation of the PET parisons. As indicated in
the previous section, three distinctly different sets of displacement/velocity
time curves are obtained. One set corresponds to all experiments carried
out at 90°C as well as at 100°C and 275 kPa (40 psi). Different behavior is
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Fig. 8. Monitoring of parison inflation at 100°C and 689 kPa (100 psi): (a) displacement
position as a function of time; (b) displacement velocity as a function of time.
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observed at higher pressures at 100°C inflation temperature. We will first
discuss the behavior at the former conditions. The successive position dis-
placements and velocity—-time behavior can only be interpreted in terms
of the model shown in Figure 9. The parison first inflates to a bubble near
the mouth of the bottle. Positions successively higher along the bottle axis
then inflate to the full mold radius. This gives the appearance of a front
propagating along the bottle axis. As this process continues, the vertical

ZONE I

N DEFORMATION ZONE Ii

ZONE

Fig. 9. Model of parison inflation at 90 and at 100°C and 275 kPa.
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height of the parison continues to increase at a roughly constant relatively
low velocity. _

The perspective developed in the above paragraph has been tested by
making “short shot” bottles at 90°C and 551 kPa. The results shown in
Figure 10 support our displacement transducer experiments and interpre-
tation.

The observations at higher pressures at 100°C require separate interpre-
tation. The results of Figure 7 corresponding to 100°C and 413 kPa (60 psi)
indicate the displacement transducers moving to a maximum position in
the order of LVDTs 4, 3, 2, 1. This must indicate that a bubble is first formed
at an intermediate axial position and then simultaneously propagates ver-
tically upwards and downwards. This view is summarized in Figure 11.

The behavior at 100°C and 689 kPa requires a third model of parison
inflation. Here all of the LVDTs translate at about the same velocity for
a short period followed by rapid succession of LVDTs 2, 1, 3, 4 and 5. This
suggests the behavior shown in Figure 12. The parison first shows a general
uniform inflation. A bubble then grows near the mouth and propagates
vertically upward (and downward) filling the mold.

Stress Field of the Inflating Parison—General

It is possible to compute the stress distribution in the inflating parison
using the methods of membrane theory. For an arbitrary axisymmetric
membrane the balance of forces may be expressed as!!

d

a0 (rNg) — riNycos 8 + perry = 0 (1a)
N,
Yo B _p, (1b)
T rp

Fig. 10. PET short shot bottles produced at 90°C and 413 kPa.
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Here N, is the force per unit length in the 6 (meridional direction), N, the
force per unit length in the circumferential direction, and r, and r, the
corresponding radii of curvature. P, is the inflation pressure and p, a body
force in the 6 (meridional) direction. If gravity is neglected, p, is zero. r is
the local radius.

We may solve egs. (1a) and (1b) simultaneously to yield the quantities N,
and N, as a function of position along the length of the bottle if the inflation
pressure and shape are known. Neglecting gravity, we obtain

Ng = *1— [frlrzprcos 9 Sin 0 d0 + C} (2)

ry Sin2 0

and N, is obtained from eq. (1b). Integration of eq. (2) leads to

1 F
N, = 2 4 =
"~ 2rsin @ (pr + 11') (3a)

r N,
Ne=Gino [p ~ (1/cos 6) dr/do} (@b)

where we write p, as p.
Along the cylindrical section of the finished bottle, 6 is 90 and

_pr  F
N, = 2 + P (4a)

In the absence of axial force F, these equations [(4a),(4b)] further reduce
to the classical pressure vessel solution.

Determination of N, and N,

The kinematic data for bottles blown at 90°C suggests the deformation
model presented in Figure 9. In zone I the parison has already deformed,
and no further deformation occurs. The deformation is localized in zone II
which depicts the deformation front.

Since no deformation is assumed to take place in zone III, the axial
displacement data (LVDT 6) can be taken as axial displacement of the
deformation front. For a given small time interval (A¢#), this provides Az.
Since the system is in a steady state condition in the cylindrical section of
the mold, the radially mounted LVDT 3 essentially traces the shape of this
propagating deformation front and provides radius as a function of time.
The meridional angle can thus be determined from

Az
— -1 __— 5)
6 = tan - (
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Fig. 13. Experimentally determined 8 as a function of radius on the deformation one.

Figure 13 depicts a typical experimentally determined as a function of
radius in the deformation zone. This angle 0 decreases to about 45° and
then increases with the increase of radius reaching 90° at the final radius
of 4 cm. The axial force F in eq. (3a) may be determined from the internal
pressure and contact area of the mandrel with parison end.

We have computed N, and. N, for bottles blown at 90°C at 413 kPa (60
psi). We present this in Figures 14 and 15 for both LVDT 3 and 4 position.
These figures show little differences between data from positions 3 and 4.
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This is an additional proof that the deformation front propagates in a steady
state fashion in the cylindrical regions of the mold.

N, (meridional force per unit length) decreases with increasing radius
after an initial plateau region. On the other hand, N, (circumferential force
per unit length) first increases with radius exhibiting a maximum and then
becomes negative approaching zero at the mold wall. This is attributed to
a sign change in dr/d @ (Fig. 13) at large radius. At small r, dr/d@ is negative,
making the second term in parenthesis in eq. (3b) positive. On the other
hand, at large radii, dr/d# is positive, and this results in negative N, values.
In Figure 16, we illustrate this schematically by plotting N, and N, as a
function of position along the bottle axis beside a schematic of the bottle
deformation zone. Wrinkling is observed in the circumferential direction
in the deformation zones of short shot bottles.

Figures 17 and 18 depict the effect of operation pressure on N, and N,
for 3 position in the mold. In general, higher stresses are achieved in N,
and N, of a given radius with increase of blowing pressure.

We also plotted the difference N, — N, as a function of position (radius)
for position 3 for bottle blown at 90°C with 413 kPa (60 psi) (Figure 19).
This plot indicates that most of the length of the parison is dominated by
the meridional stresses.

Kinematics and Probable Temperature Rise

As found in our kinematic data, the material encounters high stretch
rates during the blowing operation. The maximum rates range between 250
s~! (15,000%/min) and 416 s-! (25,000%/min), depending on the level of
processing temperature and pressures. With these high deformation rates,
the time to complete blowing ranged from 3 to 6 s. This high mechanical
energy imposition on the material is expected to cause an adiabatic heating.
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Because of the geometrical restrictions of our mold, we could not determine
this behavior experimentally. However, we can estimate it. Stresses of order
5 X 107 Pa develop with stretch rates of order 300 s—1. In the adiabatic
approximation

oT
pc ; = (Teadgg + O'¢¢d¢¢ + r(AH) (6)
8 Ny MERIDIONAL STRESS
no‘r
'8 689 KPA
2] (100 Pps1)
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=z
3 413 KPA
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8
80.12 0.16 09.20 0.24 0.28 0.32 0.36 0.40 0.44
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Fig. 17. Effect of pressure on N, vs. r.
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Fig. 18. Effect of pressure on N, vs. r.

where p is density, c is heat capacity, 2 7/at is the rate of temperature rise,
o,; and d;; are stress and deformation rate components, and r(AH) is the
heat evolution through crystallization. This suggests adiabatic rates tem-
perature increase of order 16,000°C/s without considering crystallization
(C=0.33 cal/g°C, p=1.335 g/cm?®). The actual heating rate would be much
less. Bonnebat et al.® stretched a PET film kept at 95°C oven uniaxially at
(0.5 s-1) 30%/min. They observed a 15°C increase in temperature of a sample
within 3 s of deformation. Recently, Warner!2 also found similar results in
uniaxial stretching of PET and added that this temperature rise is due to
two factors. One is plastic deformation associated with neck formation and
propagation, and the second factor is due to crystallization.
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Fig. 19. N, — N, as a function of radius at the deformation zone for position 4. P = Parison
radius, B = Bottle radius.
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The above general behavior indicates that thermal history of the stretch
blow molded PET bottles are quite complex. In the initial state, the parison
encounters a heating and cooling (equilibration) cycle and during the blow-
ing the material encounters adiabatic heating due to deformation and stress
induced crystallization and finally cooling due to contact at the mold wall.
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