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ABSTRACT: In stretch blow molding (SBM) process, the
preform growth during the stretching and blowing is criti-
cal to the thickness distribution and properties of the final
bottle. Whereas the thickness distribution is one of the
most important criteria in the production of bottles. So this
work focused on the polyethylene terephthalate (PET) pre-
form growth using a transparent mold, through which the
instantaneous images of the preform in the stretching and
blowing stage were captured. By changing the delay time
of the preblow, the three preform growth types, referred
to as dolphin, sandpile, and two-bubble, were observed.
The longitudinal and hoop stresses acting on the preform
segment during the stretching and blowing were analyzed.

Two parameters, on which the longitudinal and hoop
stresses depend, respectively, were defined. Then combin-
ing the geometry and sizes of the preform, the stresses and
temperature distribution on it, and the stress—strain curves
of the PET material used, the cause for different preform
growth types was systematically analyzed. On the basis of
preform growth types, the thickness distributions of the
bottles obtained under different delay times of the preblow
were explained. © 2006 Wiley Periodicals, Inc. ] Appl Polym
Sci 103: 564-573, 2007
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INTRODUCTION

The injection stretch blow molding (ISBM) process
has been extensively employed in the production of
hollow plastic bottles or containers. The ISBM is a
complex process, in which many process parameters,
such as the stretch rod speed, blowing pressure, and
the sequence of the stretching and blowing, are
involved with the thickness distribution and proper-
ties of the final bottle. However, the thickness distri-
bution of the final bottle is one of the most impor-
tant criteria in the production of bottles. In industry,
a mixture of trial-and-error and experience is still
mainly used to determine the process parameters,
tooling, and preform dimensions when developing a
new bottle. This traditional method is time consum-
ing and expensive in terms of the investment in pro-
totype tooling and molds. A more scientific approach
is to use numerical simulations and experimental
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analyses to optimize the preform design, bottle de-
sign, and processing conditions in the quickest time
at the lowest cost."

The main objective of numerical simulations is
to predict the profiles of the preform development
and the wall thickness distributions of bottles® "
as well as their properties such as mechanical proper-
ties and shelf life."*'> Poly(ethylene terephthalate),
PET, has been widely used in the ISBM process. So
many numerical studies have been carried out on
the ISBM of the PET. When using numerical model-
ing techniques, the deformation behavior of the PET
material was described by hyperelastic,>* viscoplas-
tic,”” and viscoelastic®'* constitutive models. For
the former, either Mooney-Rivilin model® or Ogden
model* was used. For the latter, two types of consti-
tutive models were employed, the first is differential
equation,” " and the other is integral equation.'*
The Buckley'®'® and Boyce'”* models developed
recently are two typical differential viscoelastic ones.
They are somewhat physically based.

It was demonstrated that numerical simulations
can be of great help in predicting the thickness dis-
tributions of bottles. Previous study results, how-
ever, showed that the numerical simulation results
are sensitive to the choice of constitutive equation
and the values of the material parameters in the
constitutive equation. For example, Menary et al.”
ascertained the suitability of three different material



VISUALIZATION STUDY ON PREFORM GROWTH IN PET SBM 565

models (hyperelastic, creep, and Buckley model) for
modeling the PET in the ISBM. It was showed that
there were some differences among the prediction
results of these models, and variation existed be-
tween the numerical predictions and the experimen-
tal data. Recently, Yang et al.'"'? carried out the
simulations of the ISBM process using the Buckley
model. It was found that the numerical simulations
often ended up with free blowing or overthinning of
the bottle bottoms under the measured process con-
ditions. The stress—strain relations at high strains
and high strain rates, modeled by the Buckley
model, might be problematic and contributed to nu-
merical problems. Moreover, successful simulations
with excellent bottle thickness predictions and rea-
sonable deformation processes were achieved only
by carefully adjusting the material parameters and
process conditions. Krishnan and Dupaix'® per-
formed a finite element analysis of the reheat stretch
blow molding (RSBM) process of the PET using a
constitutive model developed by Dupaix®' and Boyce
et al?*® The simulations resulted in a good bottle
shape prediction for stretching and blowing inside a
mold, but the bottle did not completely fill the mold.
Moreover, the thickness of the final bottle along the
wall was nearly constant, but thicker than that in
experiments. The research conducted by Wang et al.”
and Pham et al.'” also showed that the simulation
results using some constitutive models deviated con-
siderably from the experimental data.

In addition, a range of nonlinear phenomena oc-
curred in the stretch blow molding (SBM) process
results in that the numerical simulations tend to be
highly complex. The main nonlinear phenomena in-
clude large strain, nonlinear time and temperature-
dependent material behavior, and the contact among
the mold, preform, and stretch rod.?2 Moreover, the
deformation mechanism of the PET is complicated in
the industrial SBM process considering the high
strain rate. The blow mold becomes a “black box”
after it is closed. It has been demonstrated that visu-
alization experiment is one effective method to
observe and understand the flow-related phenomena
in the extrusion®” and injection molding.** This method
was also used to observe the profiles of the preform
development in the SBM.>” In view of the aforemen-
tioned situation, the PET preform growth during the
stretching and blowing in the RSBM process was
investigated using a visualization experimental
method in the present work. The cause for different
preform growth types under different delay times of
the preblow was analyzed from the geometry and
sizes of the preform, the stresses and temperature
distributions on it, and the stress—strain curves of
the PET material used. The thickness distributions of
the bottles obtained under different preform growth
types were measured. The main purpose of this
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Figure 1 Schematic diagram of (a) the preform and (b)
the bottle. All dimensions are in mm.

work is to better understand the deformation mecha-
nism of the PET preform during the stretching and
blowing stage.

EXPERIMENTAL

The material used to make the preform was an indu-
strial bottle-grade PET (CB-602, Far Eastern Indus-
tries, Shanghai) with an intrinsic viscosity of about
0.8 dL/g. To obtain the stress—strain curves for this
PET, the dumbbell-shaped samples with 2 mm thick-
ness were injection molded. The uniaxial tension tests
of samples were carried out at constant strain rate (12.5
mm/s crosshead speed), and three different tempera-
tures with the computerized universal tester (model
tensiTECH) manufactured by Tech Pro Inc. (Cuyahoga
Falls, OH). The samples were heated inside an oven
for about 15 min before being stretched.

The preform employed was 35 g, 140 mm long,
with a neck thickness of 2.1 mm, and bottom thick-
ness of 2.7 mm. All preforms studied were injection
molded under the same processing conditions. To
observe the preform growth clearly, the brown pig-
ment was added into PET pellets to dye the preform.
The bottle was a long-neck one with a volume of 680 mL
and a height of 270 mm. Figure 1 shows the geome-
try and sizes of the preform and bottle. The initial
axial thickness and radius distributions of the pre-
form are illustrated in Figure 2.

The stretch blow molding (SBM) experiments were
carried out in the semiautomatic reheat stretch blow

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Thickness and internal radius distributions of
the preform.

molding (RSBM) machine (model WL-A03) manufac-
tured by Weili Plastics Machinery (Foshan City,
Guangdong Province, PRC). To observe the preform
growth, the stretch/blow mold was made from pol-
y(methyl methacrylate) (PMMA). The preform was
first put into an oven to be heated up. The heating
oven has eight infrared tungsten filament lamps. The
preform was conveyed through the oven while rotat-
ing between the heating lamps and the reflector,
which allowed for uniform heat distribution around
the circumference of the preform. The outer surface
temperature distribution of the reheated preform just
prior to stretching and blowing was measured with
a portable infrared thermometer (Raytek ST20) and
is shown in Figure 3. As expected, the longitudinal
temperature distribution of the preform is nonuni-
form after reheating. Then the preform was stretched
and inflated inside the transparent mold. The blow-
ing pressure was imposed in two steps. A lower
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Figure 3 Outer surface temperature distribution of the
preform after reheating.
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TABLE I
Processing Conditions Used in the Stretch Blow Molding

Processing conditions Values
Delay time of stretch (s) 0
Delay time of preblow ¢ (s) 0.4-0.7
Preblow pressure P; (MPa) 0.8
High pressure P, (MPa) 1.7
P; duration (s) 0.1
P, duration (s) 55
Delay time for opening mold (s) 5.5
Average stretch rod speed (m/s) 0.45

(preblow) pressure, P, was applied, while subse-
quent high pressure, P,, was applied to complete the
preform inflation. The processing conditions used in
the SBM are listed in Table I. Different sequences of
the stretching and blowing were obtained by setting
different delay times (fy) of the P;. Three to five
experiments were conducted under each delay time
so as to ensure the reproducibility of the results.

Through the transparent mold, the profiles of the
preform growth were captured using a Canon digital
camcorder (model Optura 20). The thickness of the
bottles obtained under different sequences of the
stretching and blowing was measured at frequent
intervals using digital vernier calipers with a mini-
mum indication of 0.01 mm. Three bottles for each
condition were measured and average values were
obtained.

RESULTS AND DISCUSSION

Stress—strain behavior of PET above
glass transition temperature

The test carried out by differential scanning calorim-
etry (DSC) showed that the injection molding and the
heating processes almost did not induce the crystalli-
zation of the dumbbell-shaped samples for uniaxial
tension tests. The obtained stress—strain curves of
the PET under temperatures of 85, 95, and 105°C are
plotted in Figure 4. From the figure, it is clear that
the stress is increased first gradually and then rapi-
dly. The rapid stress rise is attributed to the strain
hardening of the material being stretched. The onset
of the strain hardening depends on the temperature,
being delayed toward higher stains by increasing the
temperature. No strain hardening occurs at the tem-
perature of 105°C under employed stretch strain.

Different preform growth types observed
in experiments

As shown in Table I, four delay times (f;) of the Py,
0.4, 0.5, 0.6, and 0.7 s, were employed in the experi-
ments. Considering that the time taken for the stretch
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Figure 4 True stress versus extension ratio curves for
uniaxial tension of PET under different temperatures for
stretch rate of 12.5 mm/s.

rod to reach the mold bottom was about 0.6 s, the
experiments could be divided into three different
cases. In the first case, the blowing air pressure was
applied before the stretch rod reached the bottom of
the mold. In the second case, the blowing pressure
was imposed once the preform touched the mold
bottom. In the third case, the blowing pressure was
applied just after the stretch rod touched the mold
bottom. The experimentally recorded images of the
preform growths under three different cases are shown
in Figures 5-9. In these figures, the moment when
the stretch rod started to move is denoted as t = 0.
Note that somewhere the continuous profiles are
shown, and somewhere the intermediate profiles are

(a) =0.533 s

(b) +=0.567 s

(c) =0.600 s

chosen. As can be seen, the sequence of the stretch-
ing and blowing has a considerable effect on the
preform growth. Three types of preform growths,
referred to as dolphin-type, sandpile-type, and two-
bubble-type can be observed in Figures 5-9.

Dolphin-type preform growth

Figure 5 shows the images of the preform growth
when t, was set at 0.4 s. In this condition, the pre-
blow pressure, P;, was applied when the preform
was stretched to a certain length but did not touch
the bottom of the blow mold. As can be seen from
Figure 5, the upper area of the preform began to ex-
pand and formed an aneurysm shape. The expanded
region propagated throughout the length of the pre-
form rapidly under the high blow pressure. As the
stretch rod reached the bottom of the mold, the bot-
tle-shape preform was almost formed. The images
given in Figure 6 are the preform growths for the t,
of 0.5 s. The preblow was applied just before the
stretched preform touched the bottom of the mold.
As can be seen from Figure 6, the inflation started
near the neck of the preform and proceeded by the
propagation of the expanded region. After the stretch
rod touched the mold bottom, the inflation was still
going on until the complete bottle was formed.

In the aforementioned two conditions, the preform
was inflated while being stretched in the longitudi-
nal direction. The inflation of the preform started
from its upper area and ended at the bottom and a
smooth deformation mode was obtained. The pre-
form was extended in both longitudinal and radial
directions. The shape of the preform bottom was like

d

(d) +=0.700 s

Figure 5 Representative images of preform growth profiles at the t, of 0.4 s. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]
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Figure 6 Representative images of preform growth profiles at the t; of 0.5 s. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

the head of the dolphin (as shown in Figs. 5 and 6).
So this deformation mode is called as dolphin-type
preform growth.

An additional experiment similar to that under the
to of 0.4 s was performed. The only difference lies in
the average stretch rod speed, which was decreased
from 0.45 m/s, used in Figure 5, to 0.37 m/s. The
images of the preform growth are illustrated in
Figure 7, from which it can be seen that the defor-
mation mode is similar to that in Figure 5. It can also
be seen from Figure 7 that the stretch rod led the
preform until the time of about 0.634 s. At about
0.667 s, the inflating speed of the preform bottom
was larger than the stretch speed of the rod, so that
the rod detached from the preform bottom. Some-
times, this would result in that the preform went
off-center, and the final bottle had a nonuniform
thickness distribution around the circumferences.

Sandpile-type preform growth

In Case 2, the t; was set at 0.6 s, that is, the preblow
pressure was applied once the preform was stretched
to the bottom of the mold. As shown in Figure 8, an
aneurysm-shaped bubble formed at a point about
one-third of the total height of the bottle from the
preform neck support ring under the low pressure.
The expanded region propagated toward both ends
of the preform. The downward expanding speed of
the bubble was larger than the upward speed. When
the preform nearly filled the lower area of the mold
cavity, the upward inflation accelerated to proceed
until the final bottle was formed. We call this defor-
mation mode as sandpile-type preform growth.

Journal of Applied Polymer Science DOI 10.1002/app

Two-bubble-type preform growth

When f, was set at 0.7 s, the air pressure was applied
at about 0.1 s after the stretch rod reached the bot-
tom of the mold. The development of the preform
growth is shown in Figure 9, from which one can
obviously observe that the preform was inflated at
its middle and upper regions. The bubble near the
middle of the preform propagated both downward
and upward. Its downward expanding speed was
higher than its upward speed, and so the preform
filled the bottom of the mold quickly. The upper
bubble inflated downward at a slower speed. The
bulging speed of the region between the two bubbles
was much slower than that of the two bubbles.
Finally, the two developing bubbles joined near the
bottle neck where a wrinkle formed. This deformation
mode is called as two-bubble-type preform growth.

Analysis on the cause for different preform
growth types

In this section, the cause for different preform growth
types observed earlier was explained. Consider a
segment of the preform with a length of [ as illus-
trated in Figure 10, where the forces acting on the
preform segment are also shown. The stretch force,
F, imposed by the stretch rod, and the air pressure,
P, were assumed to be constant in the stretching and
blowing stage. The longitudinal force caused by only
stretching the preform is equal to F. After imposing
the air pressure, the preform was bulged at different
inflation rate along its length. While being stretched
and inflated simultaneously, the longitudinal force
acting on the preform is equivalent to (F + PrR2),
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(d) 1=0.634 s

(e) =0.667 s (f) 1=0.701 s (g)r=0.734 s (h) 1=0.767 5

Figure 7 Representative images of preform growth profiles at the fy of 0.4 s and average stretch rod speed of 0.37 m/s.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Lr]

(e) =0.867 s

Figure 8 Representative images of preform growth profiles at the ty of 0.6 s. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

where R,, is the maximum internal radius along the
preform. The longitudinal and hoop stresses acting
on the preform segment, denoted as o; and oy,
respectively, can be calculated by:

5 F = F _F (while only
nd° +2nR8  m3(8+2R)  mp being stretched)
— 2 2
o1 = 1';3 +8P nir{n _E+PrR, (while being
n8(8 +2R) T stretched and
inflated)

@)

(a) =0.700s (b) =0.767s

(c) =0.800s

(d) =0.833s

2RIP R
Gh—%—Pg—PV 2)
where 6 and R are the instantaneous thickness and
internal radius profiles along the preform during the
stretching and blowing, respectively. As shown in
egs. (1) and (2), two parameters, p and v, are defined
for further analyses.

n=38(5+2R) (3)

v=R/S (4)

(e) =0.867s

Figure 9 Representative images of preform growth profiles at the t; of 0.7 s. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]
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Figure 10 Forces acting on the preform segment.

As can be seen, the two parameters are only depend-
ent on the thickness ¢ and internal radius R of the
preform.

As shown in Figure 2, from the support ring to the
bottom of the preform, the initial thickness increased
first steeply and then gradually, while the radius
decreased gradually. So, the value of p was different
along the preform, which resulted in variable longi-
tudinal stress while stretching the preform. The thick-
ness for the region near the preform support ring
was smaller than that of other regions. For example,
the value of the p corresponding to the thickness of
2.17 mm was about 51.7 mm?, which was the small-
est along the preform. Although the temperature
near the support ring was relatively lower (as shown
in Fig. 3), the strain of this region was larger than
that of other regions of the preform after being
stretched by the rod due to larger longitudinal stress.
This led to obvious decrease of the thickness for this
region. The internal radius, however, was not de-
creased much. So the value of the v for this region
was much larger than that of other regions. Accord-
ing to eq. (2), the corresponding hoop stress was also
much larger. In the aforementioned Case 1, that is,
under the condition of the ty of 0.4 or 0.5 s, the tem-
perature for the region near the preform neck was
not decreased much due to the short delay time of
the preblow. So larger hoop stress resulted in that
region near the neck was first bulged under the air

pressure. That is, the dolphin-type preform growth,
as shown in Figures 5-7, occurred in this case.

In Case 2, the ty was 0.6 s, which means that the
air pressure was imposed once the stretched preform
reached the mold bottom. Figure 11(a) illustrates the
photo of the sample obtained by only stretching the
preform to the mold bottom without applying
the air pressure. The stretched preform was kept
under the action of the rod for about 20 s and then
the mold was opened and the stretched preform was

tretch rod

stretched
preform

= A A AR AR AR AR A LR A AR R A A I R a e a i e e n S
"
e R A A A AR AR AR AR e T e s VR A =T

(a) (b)

Figure 11 Sample obtained by only stretching the pre-
form to the mold bottom without applying the air pres-
sure. (a) photo; (b) vertical section.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 12 Profiles of the thickness, internal radius, and the
v along the sample shown in Figure 11.

taken off. Figure 11(b) shows the vertical section of
the sample shown in Figure 11(a). The region where
the maximum neck-down occurred was denoted as
C. The regions between the support ring and Region
C and just below Region C were denoted as A and B,
respectively. As can be seen from Figure 11, obvious
extension existed at Regions A and C. That is, com-
paring to Case 1, the preform was stretched more
when applying the inflation pressure in Case 2.
Figure 12 presents the profiles of the thickness, inter-
nal radius, and the v along the sample shown in
Figure 11(a). The internal radius for Region C was
nearly equal to the external radius of the stretch rod,
which was 5.96 mm in this work. The outer surface
of the preform was scribed before being stretched.
So the stretch ratio distribution could be quantita-
tively determined by measuring the location of the
scribes on the stretched preform shown in Figure 11(a).
The results showed that the average stretch ratio for
Region A was about 3.8. From the stress—strain
curves obtained in the uniaxial stretch of the sample,
as shown in Figure 4, the PET used in this work
exhibits the strain hardening at the stretch ratio of
about 4.1-5.2 under the temperature of 85-95°C. In
this work, the actual average speed of the stretch
rod was much higher than that used in the uniaxial
tensile tests mentioned in Experimental Section. The
former was about 0.45 m/s and the latter, 0.0125 m/s.
The extension ratio at which the PET exhibits the
strain hardening decreases with the increase of the
strain rate.”* So Region A would exhibit some strain-
hardening, which resulted in a slower inflation rate
when imposing the air pressure despite a much
higher hoop stress existed in this region. The aver-
age stretch ratio for Region B was about 1.6, which
means that no strain hardening occurred. Moreover,
the temperature for Region B was higher than that
for Region A. As a result, Region B would be inflated
at a higher rate while applying the air pressure.

Journal of Applied Polymer Science DOI 10.1002/app
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So the sandpile-type preform growth, as shown in
Figure 8, was observed in this case.

In Case 3, that is, the f; was set at 0.7 s, and
Region B was inflated in a manner similar to that in
Case 2. But some difference between two cases ex-
isted. As can be seen from Figure 11, the inner sur-
face of Region C touched the outer surface of the
stretch rod for a short time and its temperature
was decreased slightly, which led to that Region C
became some rigid. Then the air gap between stretch
rod and Region C became narrow and so the restric-
tion for the blowing air to flow downward through
Region C was increased. This would result in that
the air pressure at Region A was increased to some
extent. From eq. (2), the combination of much higher
value of the v (as shown in Fig. 12) and some higher
air pressure led to a much higher hoop stress at
Region A. As a result, Region A was also inflated,
but at a slower speed due to its strain hardening. So
the preform growth was followed the two-bubble
type as shown in Figure 9.

It is clear from preceding analyses that the delay
time of the preblow in the SBM is a key factor to the
preform growths. Substantially, the types of preform
growths in the stretching and blowing stage are
mainly dependent on the geometry and sizes of the
preform, the hoop and longitudinal stresses within
it, and the temperature distribution along it.

Furthermore, comparing the profiles of the preform
development shown in Figures 5-9, one can observe
that the inflating speed of the stretched preform for
the dolphin-type preform growth was higher than
that of the sandpile-type and two-bubble-type pre-
form growths. This can be briefly explained as fol-
lows. The simultaneous axial stretching and radial
inflation occurred in the dolphin-type preform growth
was similar to the simultaneous biaxial orientation
mode. Whereas the axial stretching and subsequent
inflation occurred in the sandpile-type and two-
bubble-type preform growths was similar to the se-
quential biaxial orientation mode. The researches car-
ried out by Martin et al.' and Marco et al.*® showed
that when the PET material is subjected to sequential
orientation, the stress levels are considerably higher
when compared with the simultaneous orientation
and rise steadily with the increasing strain. So the
inflating speed of the stretched preform for the sand-
pile-type and two-bubble-type growths was slower
when imposing the same blowing pressure in this
work.

Thickness distributions of bottles obtained
under different delay times of preblow

The comparison of axial thickness distributions of
the bottles obtained under different delay times of
the preblow is shown in Figure 13. For the bottle
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Figure 13 Comparison of the thickness distributions of
the bottles obtained under different ¢,.

formed at the o of 0.4 s, although the deformation of
the preform was smooth, the sidewall near the bottle
neck was relatively thicker. This is because that in
this condition the bottle started to form from the
neck and propagated toward the base (as shown
in Fig. 5). This resulted in that the material near the
neck touched the mold cavity first and further
stretching did not occur. So the stretching near the
neck was relatively little. The thickness distributions
of the bottle body were similar under the ¢, of 0.5,
0.6, and 0.7 s. However, a bit of difference can be
observed near the neck and bottom of the bottles.
Satisfactory thickness distribution of the bottle was
obtained at the fy of 0.5 s. The bottle obtained at the
to of 0.7 s was not practical due to a folded line
formed on it.

CONCLUSIONS

Three different preform growth types, named as
dolphin-type, sandpile-type, and two-bubble-type,
were observed using a visualization method during
the stretching and blowing in the reheat SBM pro-
cess. In the first type, the shape of the preform bot-
tom was like the head of the dolphin. In the second
type, the inflation began near the shoulder and pro-
pagated toward both ends. In the third type, the pre-
form was inflated at its middle and upper regions
and a wrinkle was formed near the bottle neck. The
thickness distributions of the bottles obtained under
different delay times of the preblow were explained
according to the preform growth types. The longi-
tudinal and hoop stresses acting on the preform
segment during the stretching and blowing were
analyzed. Two parameters, p and v, which are de-
pendent only on the thickness and radius of the
preform, were defined. The p and v were continu-

ously changed during the stretch and blowing,
which resulted in the variation of the longitudinal
and hoop stresses, respectively. Then, the cause for
different preform growth types obtained under dif-
ferent delay times of the preblow was systematically
analyzed by combining the geometry and sizes of
the preform, the longitudinal and hoop stresses on
it, temperature distribution along it, and the stress—
strain curves of the PET material used. It was dem-
onstrated that the methodology combining both
visualization experiments and analyses proposed in
this work can be a great help in better understand-
ing the deformation mechanism of the PET preform
in the SBM process and provides a basis for opti-
mizing the preform design and processing condi-
tions when developing a new bottle.
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