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ABSTRACT

Effects of temperature: initial heating conditions self
heating during the process, are very important ndurihe
injection stretch blow moulding (ISBM) process & Phbottles.
The mechanical characteristics of the final prosluathich are
mainly controlled by the final thickness and thénotation of
the molecular chains, depend strongly on the pmces
temperature. Modelling the heat transfer during tB&M
process is therefore necessary. In the first pfattiis paper, an
experimental study is presented in order to meathednitial
temperature distribution and to identify the thelrmeoperties
of the PET. An infrared camera has been used trmete the
surface temperature distribution of the PET shegtich are
heated by infrared (IR) lamps. The Monte Carlo rodtts used
to identify the parameters best fit from the terapare
evolution. In the second part, a thermo-viscohyjpstie model
is used to predict the PET behaviour, taking intcoant the
strain rate and temperature dependence. A finiEmenht
approach implemented in matlab is used to achidwe t
numerical simulation.

INTRODUCTION

The effects of temperature, initial heating cormuisi or self
heating during the process, are of fundamental itapoe
during the injection stretch blow moulding (ISBMjopess of
PET bottles. They control the preform temperatusgribution

and strongly affect the blowing kinematics via thgortant
influence of temperature on mechanical behaviouhe T
temperature affects the orientation induced by iblax
stretching, which in turn, affects mechanical prtips of PET.
Besides, the final thickness distribution is cola by the
temperature distribution inside the preform. Theref thermal
properties are one of the most important variainiése ISBM.

In order to achieve accurate simulation of the ISBM
process, it is necessary to: (i) measure the lirttimperature
distribution of the preform when the blowing op@atbegins;
(ii) follow the history of the temperature fielddueonsequently
to identify the thermal properties of the PET;)(id model the
behaviour law of PET coupled to the thermal laws.

In this work, we modelled the PET behaviour in ISBM
strain rate and temperature conditions by a thermo-
viscohyperelastic model which has been inspirednfi€igiel
and Buckley 2009 [1] and already presented by Ltual.€2011
[2].

A procedure is proposed for the identification lué thermal
parameters from experimental results of a testevR&T sheets
are heated using infrared (IR) lamps. The MontddCawethod
is used to provide the parameters best fit fromtémeperature
evolution measured on the face in front of the larapd from
the rear face. The beginning of the temperaturduéea gives
information on the IR flux and the final stage b&theating
gives information on the convection exchange. Déffee
between the front and the rear faces gives infdomadn the
PET conductivity.

Using a finite element approach implemented in Biatthe
coupled thermo-visco-hyperelastic model has beesd u®
simulate the ISBM process. We implement an axi-sgitnio
version of the visco-hyperelastic model coupledetmperature
for the numerical simulation. The self heating effés not
negligible and has an important effect on the \ligperelastic



Therefore we carried out non-isothermal oAsc
in order to compare withe t

model.
hyperelastic simulations
experimental data [4].

EXPERIMENTAL PROCEDURE

According to Figure 1, the experimental apparatimciv
consisted in measuring, by thermal imaging, a PE€es
heating by infrared lamps. An FLIR B250 infraredneaia with
the wavelength range 7.5 — 18n is used to evaluate the
surface temperature distribution. Contrary to therrmnocouples
which are easy to use but gives a local measurghef
temperature, the thermal imaging allows the deteaition of
the surface temperature. The surface dimensioheokheet is
60mmx125mm with the thickness 1mm.

We tested three different distances between thedaamd
the PET sheet: 6.5 cm, 13 cm and 19.5 cm. For &taon
heating IR flux, we can notice that the temperatleereases
while this distance increases. This a logical tebatause the
intensity of the radiation decreases in proportmrhe inverse
of the square of the distance [5] which can be icoefd by
plotting the radiation flux vs the distance. In@ieg the
distance, the air convection process also takesg imggortance
and in regard of radiation.

FIGURE 1. Experimental heating set-up
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Sl

FIGURE 2. (a) IR lamps with PET sheet; (b) the dimension
of the PET sheet

IDENTIFICATION OF THE THERMAL PROPERTIES

The software FLIR quick report is used to measure
accurately the temperature. The thickness of thé Blieet is
1mm. So the PET may be considered like an opaquiume
which means that only the radiation emitted frore gheet
surface is intercepted by the camera’s sensor.[Gf1¢ black
paint used is assumed to be opaque but because=wetaable
to quantify its emissivity identification will be amaged from
thermocouple measures. Nevertheless, this temperdigid
visualization shows that some temperature hetemtes
appear on the edges of the sheet surface. Accotdirthese
results, we can assume that the temperature is ¢gemeous in
the plane of the sheet and only varies in the tigsk direction.
Therefore, the identification can be done form ae on
dimensional model.

The temperature balance equation in the 1D casebean
written:

2
pC.T - ka—-lz- =0 1)
0z
where:p the mass density;, the specific heat capacity and k
is the material's conductivity.
With the boundary conditions:

kOT.re ¢ h, (T- T.)
lamps;

kOT.r h (T- T,)
where ¢S is the heat flux resulting from IR lamps. The
convective heat transfer coefficiemtis different as the face in
front of the lamps or the face in the badk, is the surrounding
bulk temperature.

While the IR flux @, estimation can be obtained at the
beginning of the temperature evolution, the corivect
exchangeh estimation can be rather got from the final stafye
the heating. The PET conductivitycan be calculated from the
difference between the front and the rear faces.

The densityp is measured directly and the Monte Carlo
method is used to identify the other parameterbetst fit the
experimental results. So the thermal proprietiesliated in the

tablel. This identification shows théat is almost useless in
regard of the rear coefficieht.

on the face in front of the

on the rear face.

TABLE 1. THE VALUE OF THERMAL

PROPERTIES
Parameters Values
p (kg/nt) 1345
C, (J /kg.K) 1880
k (W/m.K) 0.102

h (W/m?.K) 0
h, (W/m”.K) 28.59
#s (W/mP) 1460




Figure 3 represents the experimental temperatuviuton
on the surface in front of the lampsand the one on the rear
face T,. With the identified parameters, the curves oletdifit
the experimental results (points).

IR heating

110

100

Temperature (“C)

100 200 300 400 500
Time (s)

FIGURE 3. The experimental results (points) and the
numerical results (curves) with optimal thermal properties

THE VISCOHYPERELASTIC BEHAVIOUR OF PET

We proposed an incompressible visco-hyperelastideio
with nonlinear forms for both elastic and viscoastg [2].

g=27,D+d-pl-ql
§=2G(¢. )2,

g 2/7(£V,£V,T

whereg is the Cauchy stress tensby,is the symmetric part of
the viscous velocity gradient, the subscript “*’ndtes the
deviatoric part of the tensowy is the small value of the
viscosity of the Newtonian branch of the Zener likedel used
in order to solve the ill-conditioned problem. is the elastic
part of the Eulerian strain measure defined by:

T

whereB:. is the elastic left Cauchy Green tengois a Lagrange
multiplier associated to the global incompresdipitiondition,
andq is the multiplier associated to the incompresgibibf the
elastic part.

detB, =1,

@
o,

diw =traceD =0, 4)
diw/, =traceD, =0

The assumption of an additive decomposition oftielasnd
viscous velocity gradient is adopted to describe kimematic
structure of this model:

D=D,+D, (5)

Combining equations, 1, 2 and 4 in the Oldroyd\axidn
of the elastic left Cauchy-Green tensor leads to:

=+ _B .B = (6)
n

G is the elastic shear modulardy is the viscosity. In order to
represent the strain hardening and strain ratecteftend
temperature dependency, we choose two rheologiceitibns

for elastic and viscous part&(se) and (e, &, \T). ¢ is the

equivalent elastic strain anf|, is the equivalent viscous strain

rate.
We consider a Hart-Smith like model to represeatetastic
partG(ee):

G =G, expA(l, -3)°), I, =trace(B,) 7)
For the non-linear viscous part of the model, wévfo the

same method as in Cosson and Chevalier [3] to septe
macroscopically the strain hardening effect:

n=n(Mhle,. ) (2,) (®)

with £ (£,) = (1+ e /e ) )mal

whereé, , is a reference strain rate that can be taken equial
s™. The strain hardening effect is related totifanction which
increases continuously wiff)y. We detailed the identification

procedure for thé function in [2]. The strain hardening effect
is influenced by the temperature. Therefdrés a function ofT

also:
< ’70( (1_ exp(— K‘?v))
,7 (T )h( T) - ‘gv /Evlim (T ))N (9)

We choose the Williams-Landel-Ferry (WLF) model foe
evolution ofyq(T):

-C(T-T4)
C,+T-T,

where C; and C, are the WLF parameter3,y =90 °C. We
propose the evolution ef;(T) in the following way:

(1+ Bl(Tref_T)J

(T - Bz)

In(a, )= (10)

£ (11)

viim =&

viim_ref

where €, o = & im_soPc”

During the stretching, the self-heating effect che
important in the specimen, especially for the hggrain rate



(32s for example). The adiabatic heating is due toviseous
dissipation which generates an increase of temperah the
PET sheet. We can estimate this temperature osethé case
32s' at 90C, if assuming that the stretching is fast enough s
that all dissipation is converted in self-heatimgp (exchange
with ambient air). Consequently, the global tempeeabalance
equation, which is integrated over the volume avet the time,
writes:

J.AIJ.QpCPTdet = Im J‘Qgi DdQat

The conduction term is neglected in this amedytsolution
because the biaxial stretching process is considest enough
in regard of the time needed to propagate the temtyre
through the thickness. The characteristic time diffusion is
t =pcpe2/k =57sand the characteristic time for capacity is

(12)

t. = pce/h =132s. The time for the process is about 2s. If

Eq.12 is used to estimate temperature as a posessing of
the isothermal stretching simulation,, we can estimthe
temperature has increased abof€ 4vhen the stretch ratio
reaches 2.8,. If we take this temperature evolutitm account
in our model of viscosity, the final value of théscosity
reduces of 25% (3.6 x1(Pa.s VS 4.8x10Pa.s) which shows
that the self heating has a important effect on EMET
behaviour. Therefore, a coupled themo-viscohypstigiae
simulation of the biaxial elongation tests mustued to adjust
the parameters of the thermo viscohyperelastic osked to
represent the PET behaviour.

NUMERICAL IMPLEMENTATION OF THE MODEL

Considering the specific geometry of a PET perfowe,
implement an axi-symmetric version of the visco-dmglastic
model coupled to temperature in order to simulateueately
the ISBM process. Figure 4 shows the boundary tiomdi and
the load applied to the circular sheet discretizgdectangular
elements. The circular sheet is submitted to aatadilocity V

on radiusL and this case represents the equi-biaixal tension

case.g, =0J,,. In order to compare the experimental results,

the radius of the cylinder is 38 mm and the thiclsnés
0.75 mm, which is representative of the PET specisige
(76mmx76mmx1.5mm) of the test.

The related elongation ratel can be given as the
derivative of stretch ratid with respect to timé So the strain

rate is: & = A/

e sr=21
”@gggg%z
d 7

FIGURE 4. The cylinder under the radial velocity

The viscohyperelastic model is implemented in thatldb
environment using a finite element approach. An sytinmetric
formulation involving 4 fields (global velocity, Lagrange
multiplier p associated with the global incompressibility
condition, and multiplieq associated with the incompressibility
of the elastic part, the elastic left Cauchy GremrsorB) has
been performed using rectangular elements. Somedasiz
manipulations of equations 2, 4 and 6 lead to thaknform in
the following 4 equations:

,D':GBdQ+[ D :27,Dd

~[.D":1(p. +a)dQ - LQF\[ FldS=0 (132)
J,p'1:Dd2=0 )
J, o laefe,]-1ho=o0 a9
B B.d2+2[ B, :B,Qd0

-2[ B, :B,DdQ qQB;;GBeéedQ:O (13d)

where the superscript * denotes test quantities Rindenotes
the prescribed traction fietover the boundary?QF where the

loads are imposed.

This strongly nonlinear problem (finite elastic
displacements, elastic left Cauchy Green teBsaron constant
shear moduluss and viscosityy), is solved using a classical
Newton-Raphson iterative procedure. A consisterddrization
is achieved with the Gateaux operator (see Appégndix

The domain Q is approximated by a set of 8-nodes
isoparametric rectangular elements. In the cagbeotlassical
incompressible problem (a mixed velocity and pressu
formulation), the finite element methods are nabk, some of
them showing spurious pressure oscillations if egyoand
pressure spaces are not chosen carefully. To bée stamixed
formulation must verify consistency. The well-knownf-sup
condition or the LBB condition [5] guaranties thalslity of a
finite element velocity - pressure calculation. Faur non
classical four-fields approachv,( p, q and Be), we tested
different interpolations to choose the accurateutsmi. We
solved our problem considering different shape fions and
examined the convergence in regrads of the elesiezat The
error is calculated between numerical and analytesults of
stress in the isothermal equi-biaxial elongatiosecaVe obtain
the best choice interpolation when velodityand the elasti8,
tensor are quadratic and ferandq linear.

The numerical simulation of the stretch-blow montgi
process with the proposed visco-hyperelastic modesists in
solving the set of thermo-mechanical equationsemtiagnQ of



a preform. The mechanical part is written in Eq. @l the
thermal part is:

oC, jQT*T'dQ+ka o
=T (g:g)dQ—hLQqT* (T-T,)ds (14)
T=T, at t=0

The conductivity term is introduced in this numaltic
solution.

SIMULATION  OF
BIAXIAL PROBLEM

THE THERMO-MECHANICAL

As the self heating effect is not neglectible anodpces an
important effect on the viscous part of the modkg first
estimation of the parameters obtained from ourhieswbal
identification must be adjusted. An optimisatioroggdure in
the Matlab Optimization Toolbox was chosen: theiffamc’
function was used for this unconstrained nonlirggaimization.
This function chooses the large-scale algorithmctvhis a
subspace trust region method and is based on tkeon
reflective Newton method described in [8,9]. Eatdration
involves the approximate solution of a large linggstem using
the preconditioned conjugate gradients method. Atma
hundred simulations must be achieved to obtaimtjastment
wanted. Finally, the characteristics of the PET tfagse visco-
hyperelastic model expressions to represent coemtyithe
biaxial experimental tension tests [4] are listedhie table 2.

TABLE 2. THE CHARACTERISTICS OF THE

PET
G 8 MPa
Gee) A 0.001
) 9.01
f & a 2
C) m 0.2
Mo 8.4 MPa.s
- K 3.2
He £, T) | hig) " 021
Evlim_ref 1.83
C 1.88
no(T) C, 25.8PC
B 0.07
&im(T) B; 111.88C

With the identified parameters, we can obtain ttress-
strain curves from the thermo-visco-hyperelasticdeio The
stresses and the temperature are slightly heteeogsnin the
specimen. For example, under a 8 strain rate, when the
nominal strain rate reaches 1.8, the final radiass field ;)

and the temperature field are shown on figure 4e Can see
that stress varies from 14.2 MPa to 14.6 MPa (aB@%b) and
that temperature varies from @6to 99C. The conductivity
term was took into account in the numerical simatatThere is
about 8C’s difference in the temperature field.

(b)

FIGURE 4. (a) The g, stressfield; (b) the temperature field at
final stage

Figure 5 shows the comparison between the stresses

obtained from this thermo-mechanical simulation &odh the
experimental data.

We listed the absolute errors between the thermo-

mechanical simulation and the experimental dathéntable 3.
The mean difference does not exceed 10% for edonmiation
rate.

Model__1/s

+  Experimental__4/s
Model__8/s

+  Experimental__8/s
12 Model__16/s oot

+  Experimental__16/s

20 +  Experimental__1/s ‘r T ; ‘t T‘
18 Model__2/s O A ___L__1
Experimental__2/s : : :
16 Model__4/s R —
| |
I
|

i
'S

10

True Stress (MPa)

Nominal Strain

FIGURE 5. The experimental data (dots) and the thermo-
mechanical results (lines)



TABLE 3. ERRORS BETWEEN THE

EXPERIMENTAL AND THE RESULTS OF THE If we examine the high strain rate case, for examgpi 328
MODEL for 90°C, the coupled themo-visco-hyperelastigue model
Strain Rate (/s) Absolute Error (%) simulation gives the true stregg evolution plotted on figure 7
1 5.52 which have only 7.83% errors with the experimed@ta. One
2 7.89 can see that the stress evolution measured dumngxperiment
4 5.83 saturates and seems to decrease when approachking.8h
3 528 elongation. This may be explained by the signifigahigher
16 575 temperature level coming from the self heatinghef $pecimen
for this test. Our model does not predict the desirey shape
Evolutions of the temperature and the viscositysii@vn in but gives a pretty good estimation on the evolutigth nearly
figure 6. We focus on the temperature in the méllof the no strain hardening effect for this case.

specimen thickness.
We can notice that the increasing evolution of the

temperature versus strain is nearly linear. Funtioee, the self © Model_32/s oo
heating of the specimen for the strain rates frethta 16s" are 18]+ Experimental 32/s |- - —jm - - - - -m - -
similar, but for the higher strain rate 32sthe temperature 16777%7773777}”417773777}74:7”37”: ”4:
increases more. It confirms that at very high deftdion rate, 7 I A R AV FUU S AN - o
the adiabatic heating due to the viscous dissipagenerates a = ! ! ! ! b w w w w
significant temperature rises. The slope of theveuor the I A i i i i T
strain rate 32°5is more important than the one for the other § 10”7%77731”1 77ﬂ“7773777%774:777377—%——4:
strains rates, therefore the strain hardening effemot so A R Sl N N R I SR N
considerable at 32'sWe can see in the figure 6b, the viscosity £ 2
increases when the temperature rises. o "’i"’:L"T”i”f’ﬂ’”i”f”j
Ll e e e i e Bl e e e

| | | | | | | | | |

—smnmens | T Y 2 "*i***3"7i*fffi"—i———i————i——fif”iﬂwi

strain rate 2/s : ! ! I I I | I | | I | |

% strainrate 4/s - =~ = = === === - i % 02 04 06 08 1 12 14 16 18 2

strain rate 8/s Nominal Strain

FIGURE 7. The experimental data (the points) and the
thermo-mechanical results at 32s™ for 90°C
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CONCLUSIONS

Experiments have been conducted to characterise the
thermal properties of the PET in the range of t&BM
temperature. Thermals imaging have been used ¢ordiee the

(@) surface temperature distribution of the PET shedtsh are
o i R T heated by infrared lamps. The Monte Carlo methodsid to
st ate 25 o provide the parameters best fit from the tempeeagwolution.
strain rate 85 ! The coupled thermo-visco-hyperelastic model progdses
pinitvtond B been used to manage a finite element simulatiothefequi
! biaxial elongation test. The weak form of the moldat been
implemented in Matlab. It shows that the self heatffect has
an important effect on the viscous part of the nhaded that the
identification of the parameters has to be adjudtgdnon-
isothermal simulations.
The axi-symmetric version of the visco-hyperelastiodel
coupled to temperature is implemented and may leel us
Lot order to simulate the ISBM process.

(b)
FIGURE 6. (a) The evolution of temperature under
different strain rates; (b) The variation of viscosity with

temperature under different strain rates.
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APPENDIX

The four-fields approach is adopted for the nunagric
implementation. The weak form is written in the ation 13.
since it's a strongly non linear problem, an ite&atNewton-
Raphson scheme is used. A consistent linearizéiachieved
with the help on the Gateaux operator:

Polyme

Deformation of PET at

(1a)

AB dQ

nonlin

+ QB :EDAB{ JdQ

nonli

Dw{R} =0 b1

(1c)

R} =| B ABdQ-2[ B, :QABdQ-2[ B, :DABQ

Gnonlin BeA BedQ

nonlin

+jQB*:G"°"“"BABdQ+j B,

Mroniin =

* = Gnon in
8 84D Do

nonlin

(1d)
Once the linearization has been done, we can imgsiemin
the finite element code. In this work, we use & s&lde finite
element code developed in the Matlab environmem. §ystem
to solve takes the following matrix form:

[DuARY DR} [DpiRY [Dw {RH](IaV])  ([R]
boRH 4[4 [0 || |[R]
LR [d (4 [0 sl [ R
. {RY] (4 4  [uoiri|2e] [R]

(@)



