N

N

Experimental study and numerical simulation of the
injection stretch/blow molding process
Fabrice Schmidt, Jean-Francgois Agassant, Michel Bellet

» To cite this version:

Fabrice Schmidt, Jean-Frangois Agassant, Michel Bellet. Experimental study and numerical simulation
of the injection stretch/blow molding process. Polymer Engineering and Science, 1998, 38 (9), p.1399-
1412. 10.1002/pen.10310 . hal-00617038

HAL Id: hal-00617038
https://minesparis-psl.hal.science/hal-00617038
Submitted on 26 Mar 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://minesparis-psl.hal.science/hal-00617038
https://hal.archives-ouvertes.fr

Experimental Study and Numerical Simulation
of the Injection Stretch/Blow Molding Process

F. M. SCHMIDT,!" J. F. AGASSANT,? and M. BELLET?

1Ecole des Mines d’Albi-Carmaux
Campus Jarlard
Route de Teillet

81013 Albi CT Cedex 09, France

2Ecole des Mines de Paris
CEMEF-URA CNRS no. 1374
06904 Sophia-Antipolis, France

The injection stretch/blow molding process of PET bottles is a complex process,
in which the performance of the bottles depends on various processing parameters.
Experimental work has been conducted on a properly instrumented stretch/blow
molding machine in order to characterize these processing parameters. The objec-
tive being a better understanding of the pressure evoliution, preform free inflation
has been processed and compared with a simple thermodynamic model. In addi-
tion, a numerical model for the thermomechanical simulation of the stretch/blow
molding process has been developed. At each time step, mechanical and tempera-
ture balance equations are solved separately on the current deformed configura-
tion. Then, the geometry is updated. The dynamic equilibrium and the Oldroyd B
constitutive equations are solved separately using an iterative procedure based on
a fixed-point method. The heat transfer equation is discretized using the Galerkin
method and approximated by a Crank-Nicholson’s scheme over the time increment.
Successful free blowing simulations as well as stretch/blow molding simulations
have been performed and compared with experiments.

1) INTRODUCTION
1.1) Presentation off the Study

he injection stretch/blow molding process of

poly(ethylene terephtalate) bottles is a three step
process (as sketched in Fig. 1): first the PET resin is
injected in a tube-shaped preform [1], then this amor-
phous preform is heated above the glass transition
temperature [2] and transferred inside a mold. Finally
the preform is inflated with stretch rod assistance in
order to obtain the desired bottle shape [3].

The performance of PET bottles produced by this
process depends on three main processing variables:
the initial preform shape, the initial preform tempera-
ture, and the balance between stretching and blowing
rates. These parameters will induce the thickness dis-
tribution of the bottle as well as the biaxial orientation
and crystallinity, which in turn governs the trans-
parency and the mecl.anical properties of the bottle.

This article will deal only with the last step of the
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process, namely the stretching and blowing phase.
Our objective is to propose a general thermomechani-
cal approach that is able to take into account vis-
coelastic constitutive equations for PET as well as
complex boundary conditions. A two-dimensional vo-
lumic finite element method has been developed,
which is able to capture the shearing effects especially
at the contact zone between the moving stretching rod
and the preform. Numerical results have been com-
pared with experiments performed on an instrument-
ed stretch/blow molding machine. This model will be
a useful tool in order to optimize the processing para-
meters in order to obtain controlled thickness distrib-
ution as well as final stress distribution.

1.2) Literature on Blow Molding Process

A few models have been developed (1, 2) in order to
represent heat transfer inside an infrared oven, but
because of the complexity of the radiative transfer in a
transparent parison, the problem still remains open.
A few experimental works refer to the experimental in-
vestigation of the kinematics of parison inflation. In
several papers (3-6), the authors have recorded the
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Fig. 1. Description of the injection
stretch/blow molding process.
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inflation of free (or confined) parisons using high
speed video camera. In the case of confined parison
inflation, they have designed transparent molds.
These works represent an important contribution to
the analysis of parison inflation, but the technique
still remains limited to simple mold geometries (high
curvatures enhance visual distorsions). Experimental
work close to the stretch/blow molding process has
been performed on a well instrumented machine at
Corpoplast company (7): the preform inflation has
been investigated using displacement sensors that are
located inside the mold, but the force exerted by the
polymer on the stretch rod has not been measured.
Finite element numerical simulations of the blow or
stretch/blow molding step have been extensively de-
veloped during the last decade. Most of the models as-
sume a thin shell description of the parison. Warby
and Whiteman (8) as well as Nied et al. (9) proposed
isothermal finite element calculations. These models,
first developed for the thermoforming process, have
now been applied to blow molding process. The rheo-
logical behavior is approached by a nonlinear-elastic
constitutive equation issued from the rubber-like ma-
terials theory. Kouba et al. (10) extended the previous
model to a viscoelastic fluid (KBKZ constitutive equa-
tion). Several models use a volumic finite element ap-
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proach. In 1986, Cesar de Sa (11) simulated the blow-
ing process of glass parisons assuming an Arrhenius
temperature dependent Newtonian behavior. Chung
(12) carried out simulations of the PET stretch/blow
molding process using the ABAQUS?® software. The
model assumes the elasto-visco-plastic behavior and
thermal effects are neglected. Poslinski et al. (13) in-
troduced nonisothermal effects in a simplified geome-
try. In order to take into account the phase change,
the latent heat of solidification was included in the
heat capacity of the material. Debbaut et al. (14} also
performed nonisothermal viscoelastic blow molding
simulations with a Giesekus constitutive equation,
but they presented numerical results only in the case
of a Newtonian fluid.

In conclusion, the thin shell assumption, which
permits 3D finite element computations, is often used
and commonly associated to the hyperelastic behavior
issued from solid elastic media. The finite element vo-
lumic approach issued from the blow molding of glass
parisons is generally employed with liquid-like consti-
tutive equations (Newtonian, viscoelastic) and is limit-
ed to 2D computations. In the stretch/blow molding
step, the contact between the stretch rod and the bot-
tom of the preform induces shear deformations as
well as high and localized temperature gradients,



which actually justify a volumic approach in order to
obtain an accurate description of the deformation.

2) EXPERIMENTAL INVESTIGATIONS

2.1) Instrumented Mold of a Stretch/Blow
Molding Machine

Experiments were performed on a well-instrument-
ed mold at the Sidel Company (15). The dimensions of
the preform and of the mold are summarized in Table
1. The instrumentaticn is described in Fig. 2: the dis-
placement of the stretch rod is controlled and the
force exerted on the stretch rod is recorded versus
time using a force sensor. The blowing pressure is
recorded versus time using a pressure sensor (the
pressure value is actually different from the imposed
blowing pressure). Nine contact sensors at the mold
wall permit to identify the contact time between the
polymer and the mold.

The parameters associated with the stretching stage
are the velocity of the stretch rod v., which is applied
until the preform contacts the bottom of the mold,
and the preblowing step (Rps = displacement of the
stretch rod before the inflation pressure is imposed).
The parameters associated with the inflation stage are
Pps, the maximum pre-blowing pressure (low-pres-
sure) imposed during a preblowing time Dps for initi-
ating the general shape of the bottle, and Ps, the max-
imum blowing pressure (high-pressure) that is applied
during a blowing time Ds in order to flatten the poly-
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Fig. 2. Description of the instrumented mold of a stretch/blow
molding machine.

Table 1. Dimensions of the Bottle Moid and the Preform.

Length (mm) Inner Radius External Radius

(mm) (mm)
Preform 125 9.275 13.025
Bottle mold 310 44.3 443

mer along the mold wall. The preblowing air-rate Qps
and the blowing air-rate Qs are prescribed by the op-
erator but not measured.

Typical values of the process parameters of the
stretch/blow molding step are referred in Table 2. The

Table 2. Processing Parameters.

Stretching stage v, (mm/s) 500

Rps (MmM) 1

P (Pa) 5x 105
Preblowing stage Dys (s) 0.3

Qs (kg/s) -

P, (Pa) 40 x 105
Blowing stage D, (s) 1.5

Q, kg/s) —
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Fig. 3. History of pressure versus time.



pressure is measured directly in the preform (see Fig.
3). In addition, short-shot bottles produced for the
target process are time-located on the recorded pres-
sure curve.

As shown in Fig. 4, the measured stretching force of
the rod versus time starts from zero (or from a very

450 —————T—T——
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300 +
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200 b
150 t+
100 F

Feti(N)

Rps=1mm —— X
Rps =40 mm -+---

I k. 1 1 i s I

0 005 01 015 02 025 03 035 04
t(s)
Fig. 4. Measured stretching force of the rod versus time.
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Fig. 5. Location of the contacts sensors on the mold wall.

low value), and then the curve rises to a maximum
and decreases continuously. Note that when Rps in-
creases, the maximum of the curve increases. In pre-
vious papers (16, 17), we pointed out that the increas-
ing part and the decreasing part of this curve may be
related respectively to elastic and viscous phenomena.

The location of the contact sensors (from n° 1 to n°
9) on the mold wall is indicated in Fig. 5. Recorded
contact times versus the location of contact sensors
are plotted in Fig. 6 using the process parameters that
are referred in Table 2. When the preblowing delay
Rps is increased from 1 mm to 40 mm, all the contact
times between the polymer and the mold increase and
the contact times are more homogenous in the central
part of the bottle. In addition, if we plot the measured
thickness distribution versus longitudinal coordinate
at the end of the process for the two values of Rps (see
Fig. 7), we note that an increase in the preblowing
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Fig. 6. Contact times versus number of contact sensors.
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Fig. 7. Thickness distribution at the end of the process.
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delay induces more material displacement from the
neck to the bottom of the bottle.

2.2) Measurement and Calculation of the
Internal Pressure

In fact, in industrial blowing tools, the inflation
pressure is only imposed and measured in the blow-
ing device upstream and not inside the preform; sig-
nificant differences may be observed between these
two pressures. Let us consider now the free inflation
of a preform. The preform is heated in a silicone oil
bath in order to obtain a uniform temperature distrib-
ution (T = 95°C, 100°C, 105°C). A “nominal” pressure
has been imposed to a constant value of 0.27 MPa in
the upstream blowing device for each case and the
differential inflation pressure Ap, (t) = p,(t) - p, (p,(t)
inflation pressure, p, atmospheric pressure at ambi-
ent temperature) is recorded versus time using a pres-
sure sensor (see Fig. 8). For each temperature, free in-
flations were recorded using video camera. In Fig. 9,
successive preforms during free inflation are presented
at T = 105°C. Three different parts may be observed
on each curve:
¢ a first part where the pressure rises to a maximum
(less than 0.3 MPa), during which the polymer is not
inflated (the internal volume of the preform remains
constant);

* a second part where the pressure decreases contin-
uously to a minimum because the volume increases;

¢ the last part of the curve where the pressure in-
creases again because of the “strain-hardening” of the
material, which is in fact related to the development of
crystallinity under biaxial stretching.

It is to be noted that the duration of these three
steps during free inflation is strongly dependent on
temperature. This experiment demonstrates that the
evolution of the interna’ pressure and the inflation of
the preform are highly coupled. It is also to be noted
that the recorded internal pressure is significantly dif-

time (s)

ferent from the “nominal” pressure. In order to better
understand this pressure evolution, we develop here-
after a simple thermodynamic model. As sketched in
Fig. 10, we consider that air flows in the “control vol-
ume” V(1) at an air-rate g with a velocity field, pres-
sure p, and a temperature T,. We assume that the air-
rate g is constant during the pre-blowing stage, which
results in the following relationship between the air
mass m(t) (occupying the volume V_(t)) and q:
q=—qc%=cte:>ma(t)=mo+qt (1)
where m, is the air mass within the parison at time
t = 0. Using the following assumptions:
¢ no heat transfer between the air volume and the
surrounding medium,
® air is an ideal gas,
the global energy balance during the time step dt over
the volume V() may be simplified as (18):

d 1y = 4 1)y Je
a @) = 5 n(m) 3¢ @

where y =1.4 for air. In order to obtain a simplified re-
lationship, we assume T, = T,, which is consistent
with the assumption of no heat transfer with the sur-
rounding medium. Using Eq 1 and m, = p, V,,

Equation 2 reduces to:

pt) _ 1 (rno + qt)” 3
b, l\ Vi @

where p, is the air specific mass at time t = O (initial
ambient temperature}. Knowing the volume V,(f) (due
to parison inflation), this relation should provide the
pressure value p (f). However, the experimental deter-
mination of the air-rate q is very difficult. In order to
overcome this difficulty, we suggest that g should be
determined through an inflation test at constant vol-
ume V, (for example, using a preform which has not
been heated). Differentiating Eq 3 with respect to time,




t=263s

Fig. 9. Preform free inflation
(T = 105°C).

t=375s
we obtain at initial time t = O:
q= oo B0 @
Once the specific flow-rate g (or ch‘l‘t(Q ) has been

t=0

experimentally determined, it is possible to express
the inflation pressure Ap,(f):

t =3.19s

t=4.03s t =5.355
Ap,(t) _ ( Vo )’ ( _t dpy(t) )”_
p, Va(t) 1+ YP, dt t=0 1 (5)

This relationship has been introduced in the stretch/
blow molding finite element software BLOWUP (18).
Results will be presented in Section 5. Ap,(t) will be
determined as follows:

« inflation at a given flow-rate of a preform that has
not been heated and measurement of the initial slope
of the recorded pressure curve,



e calculation of the initial internal volume of the pre-
form V,,

¢ computation of the internal volume of the preform
V(1) at each time step,

¢ determination of Ap (6} using Eq 5.

3) BOUNDARY CONDITIONS

The boundary conditions are presented in Fig. 11:
¢ along the contact surface between the rod and the
preform

v = v, (sticking contact)
T = T, (prescribed temperature at the rod; note that
the temperature of the rod is not easy to measure)

¢ along the internal surface of the preform, which is
not in contact with the rod

(o) ==Ap,t)
(kVT) - = — h(T—~T,)

where h, is the heat transfer coefficient between the
polymer and the air inside the parison; however, the
extracted heat flux can be generally neglected.

¢ along the external surface of the preform, which is
in contact with the mold
v=0
T = T,, (prescribed temperature of the mold)
¢ along the external surface of the preform, which is
not in contact with the mold
(c-n)-n=0
(kVT) - n= —h(T—T,)
where h,, is the heat transfer coefficient with the

mold, which will vary continuously during the infla-
tion process.

Cr

Fig. 10. Volume free blowing at a constant flow rate.

4) NUMERICAL RESOLUTION
4.1) Thermomechanical Equations

The numerical simulation of the stretch/blow mold-
ing of an incompressible viscoelastic fluid (Oldroyd B
type) consists in solving the following set of equations
on the domain () occupied by the preform:

(0(¥-g)=V- o whereg= —pI+2ng+1 (6
V-0 =0 (7)
< o7
+ A==
THAS, T 2ME 8
T G (VT + g ©)
P% at ==

with the above-mentioned boundary conditions. In
this model, the mechanical equations (Egs 6 to 8) and
the temperature balance equation (Eq 9) are solved
separately on the deformed configuration Q" at cur-
rent time step ¢, (see Fig. 12). The current values of
the velocity vector 0", the pressure p'™ and the extra-
stress tensor 1" are determined first. Then the tem-
perature field T"* ! is computed. Finally, the geome-
try is updated from Q" to Q" * ! using the 2nd order
explicit Euler rule:

Xl = yny Atn .o+ At?‘t+l . (i,:l_/_‘},,_:,) (10)
+1 2 Atn
RADIAL
r SYMMETRY
l [ o F et BOTTLE
z MOLD
(§fick contact)
PLUG /

AXIAL
SYMMETRY

L
y

Fig. 11. Boundary conditions.




4.2) Resolution of the Mechanical Equations

The resolution method is summarized hereafter.
Full details about the numerical algorithms are given
elsewhere (16, 17).

4.2.1) Splitting Technique

At each time step, an iterative procedure based on a
fixed-point method is used in order to solve Equations
6 to 8. The first sub-problem, called the “Generalized
Stokes Problem” (GSP), deals with an incompressible
Newtonian fluid flow, perturbed by a known extra-
stress tensor 1" computed at the previous fixed-point
iteration (fix-1) (Equations 6 and 7). The second sub-
problem consists in determining the components of
the extra-stress tensor 1" for a known velocity field by
solving the time-discretized constitutive equation (Eq
8). The procedure is repeated until convergence.

4.2.2) Spatial Discretization

The domain Q is approximated by a set of 6-node

Mechanical
computation

Thermal
computation

tnt+l=tn + Atn+l
n=n+1

R

Update the
rheology

Fig. 12. Thermomechanical algorithm.

isoparametric triangles T" (quadratic element, see Fig.
13), which are defined by the shape functions N, - The
nodal velocity field is expressed in term of the compo-
nent v, of the nodal velocity vectors with the same
shape functions. The pressure is constant by element.
Using the Galerkin method, the discretized equations
of GSP at current time ¢, lead to the following system:
AV +'BP = F (11)
BV =0 (12)
- 2
where the matrix A, B and the vectors V, P, F are given
elsewhere (16). In order to find V, P, we use an itera-
tive scheme derived from Uzawa’s algorithm (16). The

bounded set of linear algebraic equations is solved by
a direct Crout decomposition.

4.2.3) Viscoelastic Equation

As the different integrals in Equation 11 are evaluat-
ed by the Gauss-Legendre point integration rule, the
components of the current extra-stress tensor 1" are
needed only at the Gaussian points of each element.
Consequently, the tensorial equation (Eq 8) is solved
at a local level; it reduces to a (4 X 4) linear algebraic
systern.

K,(T,) 7, =R, (13)

where the matrix K, and the vectors '_:)U, R , are defined
elsewhere (18). The set of linear algebraic equations
(Eq 13) is solved by a direct Gauss method.

4.3) Thermal Balance Equation

The time differential equation (Eq 9) is approximat-
ed by a Crank-Nicholson's scheme over the time in-
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Fig. 13. Mesh of the preform and P2-PO element.



crement Ar,. Using GUalerkin metnhod, the discreuzed

equation (Eq 9) at current time t, leads to the follow-
ing system:

r}zn*l _'?‘n _)n+) + i:n N
c*( At;”") + K*(T 5 —) +5*=0 (14

The capacity matrix C, the conductivity matrix K, and
the vectors T. S are defined below:

T = (T oo Ter oo Trinoe)

Cy = | pC, ¥, ¥ dv
0

Kkl:j ha\pk-xy,ds+f h, ¥, ¥,dS
lﬂ Fm

+ J KV ¥,V ¥,dv
1)

S, = —j haTa-w,.is—f hme-\IfldS+fW\Ifldv
r, T, Q

Each matrix M* (= C*, K*, ’f"") takes the following form:

3 1
M* = ,AMH,~Mn—l 15
2 2 (15)
which results from a linearized technique (19) in order
to avoid an iterative resolution of Eq 14. Only the non-
reversible part of the stress tensor Q‘]u (viscous part} con-
tributes to the dissipated energy W.

W=gl,:e=2(n,+m)e:e=2n¢

fiow
[l

t=01s t =065s

/
7
t=13s t=21s
Fig. 14. Intermediate bubble shapes (T = 105°C).

Table 3. Processing and Rheological Parameters for
Free Inflation at T = 105°C.

Process Parameters Rheological Parameters

Maximum T dP(t R I, A(s)
pressure | (°C) dt lt-0 | (MPa.s) | (MPa.s)
(bars) {(MPa/s)
2.7 105 2.58 0.0123 0.27 0.1

The linear system (Eq 14) is solved by a direct Crout
decomposition.

4.4) Variation of Viscosity With Temperature

The empirical relation proposed by Ferry et al. {20)
accounts for rapid variation of the viscosity between
the glass transition Ty and T, + 100°C.

—Cf(T—Tg)
T T - M
T‘()=—£eT T+ Ce (16)
Mg Ty pg
where CY = 8.38 K! and CJ = 42.39 K (21).
t=027s t=15s
t=3.18s t=325s

Fig. 15. Intermediate bubble shapes (T = 105°C, €,= 125%).
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5) APPLICATIONS
5.1) Preform Free Inflation

Let us proceed to free inflation simulations at T =
105°C in order to compare the computed differential
inflation pressure to the measured one (see Section
2.2). Processing parameters are given in Table 3.
Viscoelastic parameters have been adjusted in order
to obtain the same maximum pressure. We assume
that the relaxation time remains constant. It appears
immediately in Fig. 14 that the expansion of the pre-
form and especially the radial expansion is unlimited.
This problem, which is not observed experimentally,
occurs because the strain-hardening phenomenon of
the material, related to the development of crystallini-
ty under biaxial stretching, is not taken into account
in the numerical model, and this problem has not

Fig. 17. Intermediate bottle
shapes.

-
]

Os

Table 4. Rheological Parameters for Stretch/Biow Molding.

Tg g Ny A(s)
(°C) (MPa.s) (MPa.s)
84.2 0.05 25 0.1
Table 5. Typical Values for the
Physical Propertiesfor the PET.
Physical Properties Typical Value
p (kg/md) 1336
atT, = 80°C
k (W/m.K) 0.25
C, (kJ/kg.K)
at 23°C 1.13
at 80°C 1.42
at 100°C 1.51
at 200°C 1.88

been addressed in this paper. Introducing a viscosity

t
_ 2. .
dependent on the generalized strain & = f 3 uy as
proposed by G'Sell (22): Y

M = mo(T) exp(%)z

1 strain — hardening
T WLF

where €, is a reference value, leads to limit the expan-
sion of the preform (see Fig. 15). In that case, the
computed differential inflation pressure and the mea-
sured one are plotted in Fig. 16. We note that the
agreement is fair between the two curves except in the

A N

t=0.36s t=04s t =045s



last part. The computed preform inflation remains,
however, significantly different from the free inflation
that has been recorded using video camera (Fig. 9).

5.2) Setup of a Real Stretch/Blow Molding
Process

We study now a stretch/blow molding operation.
The geometries of the bottle mold and of the preform,
the processing parameters have been previously refer-
enced in Fig. 5, Table 1, and Table 2, respectively (see
Section 2.1). The initial mesh of the preform has
been shown in Fig. !3. For this thermomechanical
simulation, we use the experimental pressure that
has been plotted in Fig. 3 (i.e. the pressure is not cal-
culated using Eq 5). The viscoelastic rheological para-
meters (Table 4) have been determined by fitting on
the traction force of an amorphous PET sample, in-
jected in the same conditions as the tube shaped pre-
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X data
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Fig. 18. Measured anc! computed stretch rod vs. time.
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Fig. 19. Thickness distribution at the end of the process.

form (18). Typical values for the physical properties of
the PET are referenced in Table 5. The value of the
heat transfer coefficient between the air and the poly-
mer is considered to be h, = 10 W/ K.m2. A high value
for the heat transfer coefficient between the mold and
the polymer h,, = 500 W/K.m? has been applied at the
interface between the preform and the mold after con-
tact. The initial temperature of the preform is 100°C.
Besides, it should be noted that the internal and the

Neck of the bottle

Details of the mold

Bottom of the bottle

Tem< 46.6

46.6<Tem< 535
Bl 535<Tem< 605
. 65<Tem< 674
B 674<Tem<743

743<Tem< K12
B5 812<Tem< 882
! BB 2<Tem< 95.1

. 95.1<Tem

Maxi = 102 °C
Mini = 39.69 °C

Fig. 20. Temperature distribution at the end of the process.



external heat transfer coefficients are assumed to be
the same.

Figure 17 presents intermediate bottle shapes from
the beginning to the end of the process. The computed
isothermal and nonisothermal stretching force exerted
on the stretch rod vs. time are quite equivalent (see

Fig. 21. Temperature distribution

Fig. 18). This result was expected because heat trans-
fer becomes important only when the outer surface of
the preform reaches the inner surface of the mold and
on a small area of the bottom of the preform that is in
contact with the rod. The nonisothermal stretching
force is lower than the isothermal one. This is due to
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the dissipation energy related to high deformations,
which increases the temperature locally. The compari-
son between the computed thickness distribution and
the experimental data at the end of the process is
shown in Fig. 19. The agreement is better with a non-
isothermal model than with an isothermal one.

The temperature distribution at the end of the pro-
cess is represented in Fig. 20 at different locations
(bottom of the bottle, details of the mold, neck of the
bottle). The contact between the stretch rod and the
bottom of the preform as well as the contact between
the bottle mold and the outer surface of the preform
induces high temperature gradients throughout the
thickness (maximum 50°C), which justify the volumic
approach in order to obtain an accurate description of
the temperature distribution. More enlightening is to
plot the temperature distribution along three material
lines, which are located, respectively, at the neck of
the preform (y, = 290 mm), at the center of the pre-
form (yg = 250 min), and at the bottom of the preform
(x. = 6.9 mm) (see Fig. 21a). For each material line,
the temperature distribution is represented vs. the
nondimensional curvilinear coordinate s in the thick-
ness direction (Fig. 21b). We note that the temperature
increases from the upper material line {A) to the lower
one (C). This is due 10 the expansion of the preform,
which occurs from the neck to the bottom of the bot-
tle. So, the contact between the preform and the mold
occurs later for line C than for line A. More interesting
is that the temperature distribution along line C at
the end of the process is partly higher than the initial
temperature (see dashed line), which is related to the
energy dissipation during inflation. This phenomenon
has been observed experimentally.

Contact times versus location of contact sensors for

the isothermal model are plotted in Fig. 22 and com-
pared with experiments. Contact times computed
using Oldroyd B model are closer than the Newtonian
one. Consequently, it appears that the kinetic of con-
tact (and consequently the kinetic of blowing) depends
on the rheological behavior.

6) CONCLUSION

Experiments have been conducted on a well-instru-
mented stretch blow molding machine: stretching
forces as well as contact times between the polymer
and the mold have been recorded. The bottle thick-
ness distribution has been measured for various pro-
cessing parameters.

A coupled model for the thermodynamic of the air
and for the thermomechanical inflation of the parison
has been proposed. A finite element model and a vis-
coelastic differential constitutive equation have been
used. Viscous dissipation, as well as the temperature
gradient between the mold and the molten polymer,
has been considered. The comparison between experi-
mental and numerical rod stretching forces is fair.
The discrepancy is more important when considering
the thickness distribution and the contact kinetic.

Further developments will necessitate a better un-
derstanding of the rheology of PET during the stretch
blow molding operation (amorphous, i.e., liquid at the
beginning of the process, and semicrystalline, i.e.,
solid at the end of the process).

ACKNOWLEDGMENT

This research was supported by Sidel Company and
the French “Ministére de la recherche” (MRT n° 90A
136).



Nb

8]

St

E=

J“";-imsis'"]hu».;ﬂ*m~m<:¢°:f*=¢‘°\§:¢;;-||~ F JTaoip

NOMENCLATURE
heat capacity
gravity
heat transfer coefficient between air and
polymer
heat transfer coefficient between mold/
stretch rod and polymer
identity tensor
heat conductivity

unit outward normal vector
number of nodes
arbitrary pressure

velocity field

discrete velocity field

assembly of the nodal velocity components
assembly of the nodal pressure vector

assembly of the nodal applied forces
time
temperature field

assembly of the nodal temperature field
temperature of the mold

temperature of the air

coordinate vector

discrete coordinate vector
coordinate vector at time t,

a|. - - -
= a[_t] + (v.V[.]-Vv.[]-[] Vv
upper convective time derivative

‘? acceleration field
98 +7v5)

rate of strain tensor associated with l—;

M total viscosity
Mg viscous part of the total viscosity
My viscoelastic part of the total viscosity
Mg viscosity at glass transition temperature
A relaxation time
P specific mass
Pg specific mass at glass transition temperature
a Cauchy stress tensor
T extra-stress tensor
Yy shape functions
r boundary of the domain Q
r, part of the boundary I" that is not in con-
tact with the rod
| A part of the boundary T’ that is not in contact
with the mold
Q domain occupied by the preform

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
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