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Abstract The whole stretch blow-moulding process of
PET bottles is simulated at the usual process temperature
in order to predict the elastic end-use properties of the
bottles. An anisotropic viscoplastic constitutive law,
coupled with microscopic variables, is identified from
uniaxial tensile tests performed at different strain rates
and temperatures. The microstructure evolution is char-
acterised by crystallinity measurements from interrupted
tests and frozen samples. For each specimen tested, the
Young modulus is measured at room temperature.
Numerical simulations of the blow moulding process
are run using the C-NEM method. A micromechanical
modelling is post-processed after the simulation to
predict the elastic properties. Predictions of Young
modulus distributions in bottles are in agreement with
the ones measured on blow-moulded bottles.

Keywords Stretch blow-moulding process . Polyethylene
terephthalate . Induced microstructure . Process simulation .

Elastic properties

Introduction

Polyethylene terephthalate (PET) is a thermoplastic (satu-
rated polyester) that can be found either in an amorphous or
a semi-crystalline state. Its microstructure exhibits therefore
a mix of an amorphous phase and a crystalline one, with a
given ratio, ranging from nearly zero to about 45 % (fully
crystallized PET). Since, Daubeny et al. [1] who first
published on PET properties, many authors have studied
morphology changes of the PET. Without deformation,
thermal or quiescent crystallisation occurring for temper-
atures between Tg and Tm, leads to a spherulitic micro-
structure like all semi-crystalline polymers. Benatmane [2]
showed that the spherulites size depends on the cooling rate
or the crystallisation temperature. The size of the spher-
ulites ranges from 10−6 to 10−4 m which is enough to
opacify the material. One can imagine that the kinetics of
thermal crystallization for isotropic amorphous PET is very
slow for the blow moulding temperature range (Hieber [3]).
Asano and Seto [4] presented a study on drawn PET where
it is shown that kinetics are very sensitive to chains
orientation. Fisher and Fakirov [5] confirmed these results
by WAXS measurements: quiescent crystallization could
not be totally neglected during stretch blow moulding.

Strain also induces crystallization of PET during shear or
tension loadings. From uniaxially stretched PET, Shen et al.
[6] showed that alignement of macromolecules induces a
change from cis- to trans-conformation. Spiby et al. [7]
made infra-red measurements that confirmed this result on
PET and other polymeric materials. This change of
conformation induces a partial crystallization: benzene
rings tend to align in a plane parallel to the principal
directions of the mechanical solicitation (Lapersonne et al.
[8]). The chains are organized at first in micellar structures
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and then in crystalline lamellae. The limited dimensions of
these structures (0.1–0.9 nm) keep the good transparency of
the stretched and crystallized PET.

This strain induced crystallization has been observed for
various strain states: Pople et al. [9] have studied induced
crystallization and microstructure evolution during simple
shear thanks to synchrotron X-ray measurements; Titomanlio
et al. [10] has modelled this phenomenon in injection
moulding simulations. Salem [11] has studied the influence
of the strain rate on induced crystallization during hot
drawing of PET film. Marco et al. [12] studied plane
tension, equibiaxial or sequenced biaxial tension tests at
constant speed. Le Bourvellec and Beautemps [13] managed
to draw PET at constant load while Vigny et al. [14]
provided results for plane tension tests at constant strain rate.
Molecular mechanisms appear to be identical in all these
studies but the induced microstructure highlights differences
on crystallinity ratio, amorphous and crystalline chains
orientation and crystals size. In a more recent study, Hanley
et al. [15] collected SAXS data with a 100 μm square X-ray
beam in the petaloid bases of PET bottles and established a
molecular morphology function of the position across the
base and the topology. An amorphous region was identified
in the base centre (i.e., close to the injection point of the
preform) close to the biaxially orientated, and crystalline
regions of the feet and valleys of the bottle bases. For bottles
that had split under load, the transition between these two
regions displayed uniaxial molecular orientation that would
lead to reduced mechanical strength in the circumferential
direction. More recently, Picard and Billon [16] followed,
by WAXS and SAXS, the microstructure evolution of
blown parts and clearly showed that the microstructure
can differ along the bottle and from one processing
condition to another. Differences can be observed on
crystalline orientation, periodic arrangement at the level
of lamellae and long period. Despite the high level of
strain and evidence of strain hardening occurring during
blowing, no perfect crystalline pattern has been observed,
excepted in very thick zones. Interrupted tensile tests
followed by sample quenching, demonstrates that strain
hardening is not correlated to perfect crystallisation.
Picard and Billon [16] suggested that this strain hardening
effect was related to the evolution of a mesophase
exhibiting a higher density than the amorphous phase.

Consequently, the final mechanical properties of stretch
blow-moulded PET bottles are largely dependent on the
history of deformation process, as shown in Chevalier et al.
[17]. The knowledge of these properties is necessary to
assess the ability of bottles to resist to internal pressure or
palletizing. To design a bottle, under constraint of mini-
mizing weight, the try-tests procedure starting from the
design of the preform is very long and expensive. Another
alternative procedure to design a bottle is to use numerical

simulations and numerous authors have proposed simula-
tions of the injection stretch blow moulding process (see for
example Mir et al. [18], Pham et al. [19], Haddad et al.
[20], Bagherzadeh et al. [21], Michaeli and Leopold [22] or
Menary et al. [23]) Since the behaviour exhibits a strong
strain hardening effect, Marckma et al. [24] for example
proposed to use a hyperelastic modelling. This is not
satisfactory because it fails to represent the speed influence.
Gorlier et al. [25] did take into account the speed effect by
introducing elastics characteristics depending on the strain
rate which makes little sense in terms of microscopic
mechanism. On the other hand, Schmidt et al. [26] for
example, ran stretch blow moulding simulations using a
viscoelastic constitutive law. Even if the Maxwell like
model was extended to a high level of strain by the use of
an Oldroyd time derivation, the behaviour does not model
the strain hardening effect and cannot reproduce the shape
evolution of the preform. Considering the monotonous
evolution of the strain during the blowing process and the
quick cooling of the material when coming in contact with
the mould, Chevalier and Marco [27] proposed a simple
viscoplastic modelling identified on uniaxial and biaxial
tension tests to simulate free inflation of the perform. This
modelling has been used by Bordival et al. [28] in a
numerical procedure based on simulations of the heating
phase and the blowing phase performed to optimise the
stretch blow moulding process. This simple model of the
PET behaviour that generalizes the G’Sell-Jonas constitu-
tive law in 3D, takes into account the strain-hardening
effect and the influence of the strain rate. Recently, Cosson
et al. [29], proposed an anisotropic version of this visco-
plastic modelling.

Buckley and Jones [30] present a non linear visco-elastic
model used in [23] for example to simulate the injection
stretch blow moulding process. Mir et al. [18] for example,
proposed an elasto-viscoplastic modelling which enables
the determination of the internal stresses after blowing. A
review of visco-elastic modelling of highly elastic flows of
amorphous thermoplastics proposed by Figiel and Buckley
[31] shows the way to improve such a modelling.
Nevertheless, none of these models is coupled to micro-
structural changes: molecular orientation and crystallinity.

Microstructure evolution and induced properties are
strongly coupled. Consequently, only a modelling that
takes into account the evolution of the microstructure in
the model and also the influence of the strain variations on
the microstructure allows the prediction of end-use proper-
ties. In this study we propose a full stretch blow moulding
simulation package which is able to model the crystalline
microstructure evolution and predict the elastic behaviour
of the final bottle.

In “Experimental”, the experiment is described: the
material, the uniaxial tensile tests which aim to identify
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the constitutive law of material during the process, the free-
blowing of PET preforms and the measurements of final
elastic properties. In “Material behaviour modelling”, the
modelling of the material behaviour is presented. The
constitutive law of PET during blowing and its coupling with
the evolution of the crystalline microstructure is established.
Then, considering the predicted induced crystalline micro-
structure, a micromechanical prediction of the elastic proper-
ties of stretched-blown PET at ambient temperature is
determined is post-processed. In “Simulations”, the complete
simulation process is described and the predicted elastic
properties are compared to measurements.

Experimental

Material and sample preparation

The polymer used for this study is a PET Arnite D00301
(Intrinsic viscosity=70 dl/g) provided by DSM. Tensile
samples are parallelepipedic bars with an initial cross
section of 4 mm by 10 mm and a useful length of
30 mm. Specimen and preforms (Fig. 1) have been
injection moulded following recommendation of DMS:
the mould was regulated at 15°C to obtain quasi-
amorphous tensile samples and performs. The injection
temperature was 290°C and a holding pressure of 40 MPa
was maintained during 10 s. Injected performs have been
injection moulded by Sidel group.

The surfaces of tensile specimens were machined to
remove the oriented skin layer in order to obtain a
homogeneous sample and a quicker sample heating. The
final thickness of the sample was 1 mm. After this
preparation, specimens are nearly amorphous and the
crystallinity, measured by densitometry, is lower than 2%
throughout.

Tensile tests

Uniaxial tensile tests to identify the PET behaviour during
blowing

Tensile tests have been performed on a hydraulic tensile
machine MTS Elastomer Test System 831 under regulated
temperature in an oven. It was not possible to measure the
strain evolution during the test. To obtain the local true
strain, specimens were tagged. A painted spot with
diameter between 1 and 2 mm was plotted on the middle
of the specimen. The comparison of the two pictures of the
spot, before and after the tests (Fig. 2) enables the
determination of the local strain undergone by the material.

Once the specimen was set up in the oven of the tensile
machine, it was heated during 8 min with a set point of 90°
C. At the end of the heating time, the tension test is
performed with a constant velocity of the traverse. Three
different velocities were tested: 10 mm.s−1, 33 mm.s−1 and
66 mm.s−1. The initial length of the specimen is 30 mm,
corresponding strain rate are then: 0.33 s−1, 1.1 s−1 and
2.2 s−1 which are significantly lower than strain rates
involved in the ISBM process. We proceed that way
because higher strain rates generate a viscous dissipation
that leads to an important increase of the temperature of the
specimen during the test and makes it difficult to manage
the model identification. Previous works from Chevalier
and Marco [27] showed that the behaviour during a biaxial
tension can be reprensented by a model identified from
uniaxial results as far as the equivalent strain is chosen as
the Max of the principal strain.

For each velocity, several tests were interrupted at different
elongation levels. As soon as the test was interrupted, the
strain was maintained and the specimen was cooled by a jet of
liquid nitrogen to freeze the microstructure. The local
evolution of the microstructure was characterised by a
differential density measurement in water and air, which was
directly linked to crystallinity. Even if the variation of density
could not be fully attributed to crystallinity but to the
appearance of a crystalline mesophase, the evolution of
density is a relevant microscopic parameter depicting the
evolution of molecular microstructure. Nevertheless, this
microstructure characterisation is not able to take into account
its potential anisotropy.

The uniaxial Cauchy stress and the crystallinity versus the
longitudinal logarithmic strain are plotted on Fig. 3. Several
tests are performed and repeated at different speed conditions
for one temperature: a good repeatability can be noted in
Fig. 3. The strain-stress curves shapes are similar to previous
results obtained by Chevalier and Marco [27] with less
dispersion, although heating procedure is different. Stress
evolutions for tests at 33 mm.s−1 and 66 mm.s−1 are very
close, but a significant gap exists with 10 mm.s−1 tests.Fig. 1 Geometry of the studied injected prefoms (2 L)

Int J Mater Form (2012) 5:39–53 41



The interruption at different elongations enables the
determination of the crystallinity evolution during the
tension tests. It appears that the crystallinity depends more
on the uniaxial elongation than on the velocity for the given
condition ranges. That is in agreement with the proposed
model of induced crystallinity presented by Doufas et al.
[32]. Crystallinity presents a notable scattering from one

test to another, as it has also been observed by Ahzi [33].
One may quantify the effect of this scattering by using a
stochastic approach, but it seems that it has no significant
effect on the mechanical behaviour. We believe that the
scattering could be due to the cooling process which is not
perfectly reproducible. In the following, mean data are used
for identification.

Fig. 2 Tag of a specimen a
before and b after the tensile test

Fig. 3 Uniaxial tension tests results: lines are uniaxial stress (MPa) and marks are crystallinity ratio (%) for three traverse speeds: a V=10 mm.
s−1, b V=33 mm.s−1, c V=66 mm.s−1, d Young’s modulus versus crystallinity
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Elastic moduli measurements

The measurements were done at room temperature thanks
to a mechanical extensometer according to the standard ISO
527. Figure 3d shows the Young modulus of the previously
stretched specimen. A relatively good correlation between
induced crystallinity and Young modulus is found. This
variation of Young modulus is very important (from 2 to
9 GPa) and has an important effect on the rigidity of the
blown bottle.

Measurements on blown bottles

Additional measurements have been performed to provide
data to identify the material constitutive law during stretching
and to validate the chosen behaviour laws by comparing
simulations with experiments on more realistic cases.

Free blowing of preforms

PET preforms with an initial uniform temperature have
been blown without mould (free-blowing) with an internal
pressure up to 0.6 MPa. Preforms were first heated in a
convection oven to obtain a homogeneous temperature of
96°C during 10 min. Tests had only been performed at 96°
C to make sure that non thermal crystallization occurred
during the heating step and that the PETwas “fluid” enough
to make blowing possible considering the decrease of
temperature during the transfer between the oven and the
blowing apparatus.

Then preforms were quickly transferred in the blowing
machine (Fig. 4) and the evolution of the shape of the blown
preform was followed using a CCD camera. The results were
used in the identification process of the anisotropic constitu-

tive law, essentially the final aspect ratio between the length
and the diameter of the “bottle”.

Determination of elastic properties of blown PET bottles

Measurements of Young modulus on PET bottles have been
made at room temperature. In a previous article, Chevalier
et al. [17] cut out thin specimens in the longitudinal and
circumferential directions to measure both longitudinal and
circumferential elastic modulus.

Here, moduli have been determined on 2 litres PET soda
bottles using a digital correlation technique as deformation
measurement. The cylindrical part of the bottle is painted in
black and sprayed with white spots. Internal pressure
increases from 0 to 7 bars and pictures were taken every bar.

The digital correlation technique allows to determine
both circumferential and longitudinal strains εθ and εz
(Fig. 5). The strain dispersion is evaluated to 3.10−4, which
is clearly negligible compared to the measured strains. One
can see that the mechanical behaviour is nearly linear
between 1 and 4 bars but it becomes non linear when a
pressure of 5 bar is reached. The yield stress of PET seems
to be reached between 6 and 7 bars. The elastic behaviour is
considered to be linear until 4 bars.

Longitudinal and circumferential stresses in the cylin-
drical region of the bottle can easily be estimated from the
internal pressure P respectively to:

sz ¼ PR

2e
sq ¼ PR

e
ð1Þ

For 2R=92.4 mm and e=0.30 mm, identification of
Young modulus can be achieved from orthotropic Hooke’s
elastic law:

"q ¼ sq � uzsz

Eq
; "z ¼ sz � uqsq

Ez
with :

uz
Eq

¼ uq
Ez

ð2Þ

The information obtained by the digital image correlation
only gives 3 relations (Eq. 2) for 4 unknown characteristics

Fig. 5 Circumferential and longitudinal strains measured by the
digital images correlation technique

Fig. 4 Free-blowing test machine of performs
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Ez, Eθ and υz, υθ; an assumption is made to solve the system.
It is well known that the Poisson ratio of polymers is related
to the elastic modulus in the opposite way: υ is getting as
near of 0.5 as E is small. Elastomers for example are quasi
incompressible and for more rigid polymers (E increases) the
υ value is lower. It is also well known that PET moduli Ez
and Eθ increase during the injection stretch-blow moulding
process, consequently the related Poisson ratio υz and υθ
must decrease. The assumption is to chose 0.38 for the
higher Poisson ratio. Then, solving Eqs. 1 and 2 with the
measured strains (Fig. 5) and the assumption on the Poisson
ratio leads to: Eθ=4500 MPa; Ez=3200 MPa. The two elastic
moduli are clearly different which confirms the induced
anisotropy. During blowing the increase of modulus is lower
than in uniaxial tension, which can be explained by a lower
level of molecular orientation.

Material behaviour modelling

In this section, two constitutive laws are presented: a visco-
plastic model coupled to microstructure evolution to simulate
the blow-moulding process and a micromechanics-based
model to predict the elastic behaviour after the process.

Viscoplastic behaviour of PET coupled to microstructure
evolution

The viscoplastic model initially proposed in Chevalier and
Marco [27] and extended in Cosson et al. [29] to take into
account the induced anisotropy macroscopically, is adapted
here to take into account the microstructure (orientation and
crystallinity) evolution and its influence on mechanical
parameters. From the interrupted tests, we determined an
explicit dependence between the strain hardening and the
microstructure variables.

Induced crystallinity evolution in stretched PET

To model the evolution of the crystallinity, we chose the
same modelling as the one presented by Doufas et al. [32].
The measured crystallinity (Fig. 3) can be easily predicted
from Eq. 4. This evolution law of the reduced crystallinity y
is derived from Avrami and the influence of the strain is
taken into account via the equivalent strain rate "eq

�
.

Xc ¼ X1
c y ð3Þ

dy

dt
¼ AðTÞ"�

eq
� ln 1� yþ y0ð Þð Þn�1

n 1� yð Þ ð4Þ

"
�
eq
¼ max

i¼1;2;3
"i
�� �

ð5Þ

"i
�

are the eigenvalues of the strain rate tensor D.
Equation 4 is enriched by the initial crystallinity y0. In the
case of the stretch blow moulding process of PET bottles,
y0 comes from a thermal crystallisation due to the injection
of the preform. X1

c is the ultimate crystallinity. A(T) is a
function dependant on the temperature (Fig. 6a). The
Avrami’s exponent n is dependant on the orientation of
macromolecules and varies from 1 for uniaxial growth of
crystalline lamellas, to 3 for spherulites in quiescent crystal-
lization. We haved assumed that an average value n=2 allows
an accurate simulation in cases of biaxial tension occurring
during stretch blow moulding.

Anisotropic viscoplastic behaviour of PET

The viscoplastic model used for the stretch blow moulding
process simulation is based on the anisotropic power law
viscous model presented in Cosson et al. [29] which
includes the strain hardening effect via the consistency K
function of the strain state. The incompressibility condition
is still assumed and gives tr D ¼ 0

� �
. In the new behaviour

law, the evolution of K related to crystallization is by
Eqs. 5, 6, 7, 8, 9, and 10 while the evolution of crystallinity
is given by Eq. 4. Viscosity is represented by a fourth order
tensor:

s ¼ 2h D� p1 ð6Þ

hijkl ¼ hjikl ¼ hijlk ¼ hjilk ¼ hklij ð7Þ
where s is the Cauchy stress tensor. h is symmetric and is

described in the basis of eigenvectors of the tensor ". All its
components are equal to zero except the diagonal terms.
Components of the viscosity tensor are strain rate depen-
dant via a power law:

hijkl ¼ Kig
� m�1

dikdjl if : i ¼ j

Kag
� m�1

dikdjl if : i 6¼ j with: a 6¼ i 6¼ j

8<
: ð8Þ

g
� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2tr D2
� �r

ð9Þ

Ki ¼ K0ðTÞ exp bn "i � "ð Þð Þ

� exp a
1� y0
1� y

� �
þ b

y� y0
1� y0

� �p

þ c
y� y0
1� y0

� �� �
i

¼ 1; 2; 3

ð10Þ
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The effect of structural hardening is given by Ki. This
variable varies exponentially with the crystallinity y, K0(T)
is a factor which depends on the temperature (Fig. 6b). εi
(i=1,2,3) are the eigenvalues of the Eulerian logarithmic
strain tensor (" ¼ 1

2 log B
� �

where B is the left Cauchy-
Green tensor) and " is the maximum value of εi on i=1,2 or
3. βv is a factor of anisotropy; a zero value for βv is
representative of an isotropic behaviour. The numerical
values of the parameters of the model, identified from the
tension tests presented in the previous section, are given in
Table 1.

Determination of the crystalline-dependant elastic behaviour

During the stretch blow moulding process of PET bottles,
the microstructure of the material is changing from a nearly
isotropic amorphous state to a strongly anisotropic semi-
crystalline state with a concentration of crystals that can
reach nearly 40%. In the case of stretch blow moulding
process, one or two directions are highly stretched, while
the third direction undergoes a contraction, the final
material is considered as orthotropic.

The value of the mechanical property in the thickness
direction has a very small influence on the global behaviour
of the bottle. Finally, we have assumed a transverse
isotropic behaviour with identical properties in second and
third direction.

The semicrystalline PET was modelled as a composite
matrix-inclusion, where the matrix represents the amor-
phous phase and inclusions represent crystals. Rutledge
[34] shows that PET crystals have isotropic transverse

elastic properties and geometry. They can be modelled like
spherical inclusions as in Bedoui et al. [35].

Ccrystal ¼

118000 5700 5700 0 0 0
5700 7700 5460 0 0 0
5700 5460 7700 0 0 0

0 0 0 2240 0 0
0 0 0 0 3240 0
0 0 0 0 0 3240

2
6666664

3
7777775

MPað Þ

ð11Þ
Micromechanical calculations are based on a model

proposed by Walpole [36] and modified by Federico et al.
[37]. Both models are derived from Eshelby’s problem,
which gives the solutions for fields of stress and strain of an
ellipsoidal inclusion surrounded by an isotropic infinite
matrix. The exact solution is known for a spheroid
inclusion with an isotropic transverse behaviour, of which
the isotropic transverse axis is confused with the axis of
symmetry of the inclusion. The strain in the inclusion
depends on the strain imposed towards infinity (Eq. 12).

" ¼ A"1 ð12Þ

A¼ I þ S : C�1
0 : Ci � I

� �� ��1

ð13Þ

A is the strain localization tensor, C0 and Ci are

respectively the elastic tensors of matrix and inclusion, I

is the identity tensor in the space of fourth order

Fig. 6 Factor A(T) and Factor K0(T) in MPa.sm versus temperature

Parameters a b c M n p X1
c y0 βv

Values 0.14 1.85 0.57 0.6 2 0.2 0.36 0.14 3

Table 1 Parameter values of the
viscoplastic constitutive law of
PET at process temperature
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Fig. 8 Density distribution of inclusion orientation ψ(θ) for various
values of strain level χ
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symmetrical tensor and S is the Eshelby’s tensor which

depends only on the Poisson’s coefficient of the matrix and
shape factor of inclusion (Fig. 7).

C ¼
XN
r¼0

cr Cr : Ar

" #
:
XN
r¼0

cr Ar

" #�1

ð14Þ

XN
r¼0

cr ¼ 1 ð15Þ

Equation 14 gives an estimation of the elastic tensor of
the effective media for a mixture of N+1 phases (phase 0 is
the matrix). For the matrix, the Eshelby’s tensor is identity.
Each one of N phases is composed of identical inclusions:
they have the same orientation, shape factor and elastic
properties. cr gives the volume fraction of each phase. In
the case of bi-stretched PET we have a statistical distribu-
tion of crystals. This distribution is considered as transverse
isotropic to be consistent with the previous assumption
made on the viscoplastic behaviour. Two angles (θ and ϕ),
are needed to define the orientation of inclusion as
illustrated in Fig. 7. If we consider the average distribution,
a unique isotropic transverse inclusion remains. Equation 14
can be rewritten as follows:

C ¼ 1� cð Þ C0 þ c

Z
S

2þ

y Ci : Aida

2
64

3
75

: 1� cð Þ I þ c

Z
S

2þ

y Aida

2
64

3
75
�1

ð16Þ

Z
S

2þ

yda ¼ 1 ð17Þ

S
2þ is the half unit sphere, which describes all directions in

space in 3 dimensions. ψ is the probability density of the
orientation of inclusion and c is the volume fraction of crystals.

Distribution density of inclusion orientation

The transverse isotropy requires ψ to be independent of the
variable ϕ (i.e. ψ(θ,ϕ)=ψ(θ)). We propose a density of
distribution which is a function of the strain tensor’s
principal values (Fig. 8). If the material is not stretched,
the deformation is isotropic and the density of distribution
does not depend on the orientation (ψ(θ)=π/2).

g qð Þ ¼ 1� #2
	 


1þ exp
q � p

2 #
1 2=

#2

 ! !�1

þ #2 ð18Þ

y qð Þ ¼ g qð Þ

2p
Rp 2=

0
g q0ð Þ sin q0ð Þdq 0

ð19Þ

Fig. 7 a Elliptical inclusion
location defined by angles θ
and φ, b Various inclusion shape
factors



Fig. 9 Estimation of Young’s modulus for various values of inclusion shape factor

Fig. 10 Young modulus versus a crystallinity and b strain level
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# ¼ exp be "II � "IIIð Þð Þ with: "I"II"III ð20Þ

where the εk (k=I, II, III) are the principal values of the
strain tensor and χ is a function that represents the strain
level: χ=1 means that the material is not stretched and is
isotropic, χ=0 means that all crystals are oriented in the
same direction.

Influence of inclusion shape factor

Figure 9 shows the influence of inclusion shape factor on
effective modulus of homogenized media. The higher the
shape factor, the more the properties following the plan of
transverse isotropy and transverse isotropy axis are different.

For the modulus measurements given on Fig. 3(d), the
shape factor was identified to α=5 for the coefficient βe=2.

The predictions of the model given by Eq. 17 are compared
with experimental values in Fig. 10(a) according to the
measured crystallinity in Fig. 10(b) and the elongation
represented by χ. One can see that experimental data and
model simulation superpose well on both graphs. The
modelling of this step is accurate. As given in Goschel [38]
the Young modulus of the amorphous phase is equal to
2 GPa in this calculation.

Simulations

Numerical simulations of the stretch blow moulding
process have been done using the meshless method called
C-NEM. The aim of this paper is not to make theoretical
developments on C-NEM and interested readers will find

Fig. 11 1D simulations of tension tests, lower curve is stress in MPa, upper curve is crystallinity ratio
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details in Yvonnet et al. [39] for example. Nevertheless, this
method is well adapted to simulations involving large
distortions of the initial “mesh”. For sake of simplicity,
elastic simulations of the behaviour of bottles under internal
pressure have also been made with C-NEM. In that case,
strains remains small and the benefit of the C-NEM method
is poor, a finite element mesh based on the Delaunay
triangulation of the node distribution would give as
accurate results as C-NEM method with a lower cost.

Identification and validation of the modelling
by simulations

Simulation of the uniaxial tension tests

Figure 11 shows the numerical simulations of the tensile
tests that have been made to validate the identified
constitutive laws. The evolution of the stresses closely
reproduces the experimental results published by Chevalier
et al. [27] for different initial strain rates (0.33 s−1, 1.11 s−1

and 2.22 s−1) and temperatures (from 80°C to 100°C).
The proposed simulation allows the determination of the

microstructure state (direction and crystallinity) at any
moment, especially at the end of the blowing. This
description of the microstructure will enable us to predict
the elastic behaviour of the bottle at room temperature
thanks to a micromechanics post processing.

Identification of anisotropic parameter βv by simulation
of the free blowing tests

To identify the optimum value of the coefficient βv an
inverse technique was performed from several free blowing
experiments of PET preforms (Fig. 4). The initial temper-
ature was uniform (96°C) and the internal pressure equal to
0.6 MPa. The average of final heights (Hreal) and the
average of final diameters (dreal) were respectively 33.8 cm
and 10.6 cm (Fig. 12). Numerical simulations of free
blowing were run for different values of βv. We compared
the two lengths of bottles with the simulated ones. The
optimum value of the coefficient βv is 3. It is the value that
minimizes the following expression:

Φ bð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dreal � dsim bð Þð Þ2 þ Hreal � Hsim bð Þð Þ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2real þ H2

real

q ð21Þ

where Hsim and dsim are, respectively, the height and the
diameter of simulated bottles. This value is obtained for the
simulation shown in Fig. 12. For βv<3 bottles are too short
and for βv>3 bottles are too long. In all simulations the
value of the diameter is about 10.5 cm. βv only affects the
length of the bottle.

Simulation of the stretch blow moulding process for 2 L
and 0.33 L bottles

We simulated the stretch blow moulding process for two
performs of 2 L and 0.33 L bottles, respectively 40 g and
25 g. Stretch blow-moulding simulations have been managed
using the following conditions: rod speed=1 m.s-1, initial
temperature 103°C and blowing pressure 7 bar for the 2 L
bottle; rod speed=1.2 m.s-1, initial temperature 101°C and
blowing pressure 7 bar for the 0.33 L bottle. Figure 13
represents the evolution of the perform’s shapes for both
cases. These simulations were performed on a desktop PC
(Pentium 4 3.4 GHz) in less than 2 h, without remeshing
and adding nodes.

The influence of processing parameters (initial temper-
ature profile in the perform, speed of the elongation rod,
delay between elongation and blowing...) will be studied
later in another paper in order to determine their effect and
optimize the elastic properties as presented in Cosson et al.
[29] for a less advanced model.

Here, the viscoplastic model, coupled to the microstruc-
ture, allows the determination of the microstructural

Fig. 12 Comparison between measurement and simulation for a free
blowing with an internal pressure Pi=0.6 MPa and a homogeneous
temperature T0=96°C a simulation of free blowing with βv=3, b free
blowing bottle
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Fig. 13 Simulated evolution of preform in a 2 L mould and b 0.33 L mould
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variables evolution versus time during the process. Espe-
cially, when the final shape of the bottle is obtained, these
variables are used for micromechanical calculations to
predict the elastic properties of bottles at room temperature.
Figure 14 shows the crystallinity distribution in bottles of
0.33 L and 2 L. The bottoms of the bottles are thick: this is
due to the stretch rod in contact with the material that leads
to a zone where PET is not stretched. As a consequence, the
rigidity does not increase in the bottom of the bottles and
the crystallinity remains low. Figure 14 represents also the
Young modulus in the first and second principal strain
directions at each node of the final bottle.

Application: the design of bottles

The numerical simulation is often used to evaluate the
strength of a newly designed PET bottle. From the CAD
file used for the geometrical definition of the bottle and the
mould one can easily provide a finite element mesh and run
an elastic simulation of a top load test, a creep under
pressure, or a burst test... The mechanical properties needed
as input of this elastic calculation at room temperature are
obtained from the anisotropic homogenization calculation.

Here, the input data is obtained from the viscoplastic
simulation (Fig. 13) via the micromechanical calculation
presented in “Determination of the crystalline-dependant
elastic behaviour”. The anisotropic behaviour law (Eq. 16)
is used.

These results (Eθ=5 GPa, Ez=4 GPa in the cylindrical
region of the bottle) may be compared with measurements
done on soda bottles and presented in section “Experimental”.
Considering the complexity of the process and the various
steps involved in the simulation, the comparison, which
highlights about 15–20% difference, is satisfactory. This
difference could be explained by many reasons: mode of
deformation, strain rate, cooling rate, contact conditions,

injection conditions of the preform for example. A better
description of the initial temperature conditions of the stretch
blow moulding process and the use of a more realistic
blowing pressure evolution, as presented in Menary et al. [40]
or Cosson et al. [41], for example, would also improve the
predictions.

We have also studied the deformation of bottles under
pressure. As PET is widely used for storing soft drinks, the

Fig. 15 Deformed bottles under internal pressure for a the 2 L bottle
and b the 0.33 L bottle. All dimensions are in mm

Fig. 14 Prediction of crystallinity and corresponding Young modulus a 2 L bottle −40 g preform, b 2 L bottle −25 g preform
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bottle shape should not significantly change even if the
internal pressure varies with ambient condition (tempera-
ture). Figure 15 shows the 2 L and 0.33 L deformed bottles
under an internal pressure of 4 bars. We can notice that the
0.33 L bottle resists to pressure, the deformed shape does
not vary much from the initial shape. For the 2 L bottle, the
base is much more deformed; this is due to its flat bottom
and it is a consequence of the axisymmetric modelling. In a
3D modelling, the real geometry of the base would
certainly lead to a different conclusion.

For anisotropic elastic simulation at room temperature,
the C-NEM method is convenient because the position of
the nodes at the end of the blow-moulding simulation is
directly used to define the geometry of the bottle.
Nevertheless, considering the small strain involved in this
simulation, it should have been possible to use the finite
element method.

Conclusions

The different steps presented in this work provide a
complete analysis of the stretch blow-moulding process,
from the simulation of the process to the prediction of the
elastic properties of the bottle. We built a simple visco-
plastic model that can take into account the evolution of the
microstructure and that represents the anisotropic behaviour
of PET during the stretch blow-moulding process.

In the simulation, we have computed the evolution of the
molecular orientation and the crystallinity at each step of
the process. A micromechanic modelling makes use of this
final microscopic data to predict the final anisotropic elastic
behaviour of the bottle at room temperature.

The developed tools provide useful information for the
design of PET bottle. Before manufacturing expensive
tools, the optimization of the bottle geometry can be done
from simulations. All these predictions of mechanical
properties need an accurate knowledge of the material
properties that can be provide by the simulation of the blow
moulding step.

Further work has to be done in order extend the
simulation to 3D geometry and not only axi-symmetric
ones. Another important improvement of our work would
be to replace the thermo-dependent viscoplastic model by a
viscoelastic one during the blowing. Recent experiments
made on petaloid bases of PET bottles by some of the
authors should provide a useful database to extend the
whole modelling to 3D.
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