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Abstract. The great influence of temperature on polymer’savédr is well known and, for example, a 10°C inseaan
lead to a 10 time reduction of the viscosity. Tleessity to take into account the self heating phmema appears then to
be crucial for thermoforming process simulation amdoarticular for ISBM of PET. An original anisopic visco-
hyperelastic model coupled with temperature has lieveloped [1,2], identified from equibiaxial acdnstant width
tension tests [3] and can be used to evaluatesdtisheating phenomenon. In order to provide vaidaof the model
and its capacity to predict accurately final bubblape, self-heating value and induced mechanicgdepties, free
blowing of a preform has been carried out with terapure measured using a thermal camera. Resaltisoussed and
compared with numerical simulation prediction. Atom temperature, tension specimens have been eot the
different blown bubbles and induced modulus wheeasared in three directions: longitudinal and hdopctions and
also 45° from both previous ones and an elastiwotmbpic behavior is identified. The effect of thelf heating on the
free blown shapes and induced modulus is discussed.

INTRODUCTION

The injection stretch blow molding (ISBM) proceshkigh is managed at a temperature slightly abovegthss
transition temperature Tg involves multiaxial laggeains at high strain rate of polyethylene tetealate material
(PET). The performance of a PET bottles producethbyiSBM process depends on many parameters. @dthim
ISBM process, the PET behavior exhibits high etitgti a strain hardening effect and a strong viscand
temperature dependency. Therefore, much researshbéen conducted on the rheological behavior of .PET
Essentially, the viscoelastic model which take iatwount the strain hardening and strain rate &ffeave been
widely used for ISBM process in literature [1,2ffd€ts of temperature (initial heating conditiomslaself-heating),
are of fundamental importance during the injectnetch blow moulding process of PET bottles. Dyitime ISBM
process, an initial preform is firstly heated inarmen to the process temperature, which is nesligittly above Tg.
After that, during the process, the low mobility mfcromolecules and the high viscosity of the mategenerate
dissipation of energy which leads to a self-heaihgnomenon. This self-heating effect must be takEnaccount
in the simulation. In contrast, many existing nuicedrstudies of ISBM [2,3] neglect heat transféie temperature
has been assumed to be constant during the prandsbfie heat induced by deformation was negle&elimidt et
al. [4], one of the first to investigate self-heatisimulation, developed a non-isothermal finitengént ISBM
simulation [5] to embed heat transfer during théodeation process. We proposed a non linear incesgible
visco-hyperelastic model to reproduce the complemstitutive behavior of PET [6,7]. Considering ttheermal
aspects, an experimental study and the numerieamtitviscoelastic simulation for the 2D PET shdetge been
performed[8]



First, in the numerical part, based on the expemaialata of biaxial tension tests, we identified properties of
the proposed visco-hyperelastic orthotropic behataking into account the self-heating effect ie thentification
process. In this work, in order to process clokerdase of industrial reality and to benefit frdra bpportunities of
CAD and mesh construction software, the model iglémented into the software ABAQUS / Explicit viaugser-
interface VUMAT. The free blowing simulation, talgininto account the anisotropy and the effect of the
temperature, is performed.

In the second section of this work, an experimestiady for the free blow case is performed. Anranéd
camera is used to capture the temperature fieltlon during free blowing of a PET preform. Diféatt initial
temperature with the same air rate and max pressunditions are performed to obtain the bottles $alf-heating
phenomenon is observed. Both numerical and expataheesults for the increment of the temperatumnf
dissipation of energy are compared. Moreover, fwhebottle more than 10 specimen were cut for todgial,
hoop and 45° directions, related modulus and Poissatio were measured and mean values are shinvalastic
orthotropic behavior is identified from these urigd tension specimen at room temperature.

NUMERICAL IDENTIFICATION AND SIMULATION OF FREE BLOWING

The proposed non linear incompressible visco-hypstie model on isotropic version has been preseats
identified in the author’s previous papers [6,1].order to obtain the correct aspect ratio betweegth and radius
during the free blowing simulation or to reprodumecurately the constant width test, one needs ttodace
anisotropy in both the viscous and elastic partthefmodel. The strongly hyperelastic strain rapeshdant and
coupled with the temperature is modeled using avsdixike model in finite strain. The Cauchy strésssorg
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incompressibility conditionsB, is the elastic part of the left Cauchy deformatiemsor.

Both the elastic and the Wscous parts of the modedt contribute to the strain rate effect.

Elastic part Visco-Hyperelastic M odel
We can constitute a free energy functiras a function of the invariants. The principalarants of the elastic
left Cauchy Green tensor which associated to thtedpic material behavior can be written as:
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In order to build the anisotropy in elastic parttioé model, we need new invariants. The invariassociated
with the anisotropic behavior, namely:
I, = [Bgln, lg=ny[B.[n,, lg=nglB,Ing,
5= By, 1=y By, g = (B2 O
wheren, ,n, etn; are the privileged directions. Three second osderctural tensorsy can be calculated with

the dyadic product of the preferred directions wlitbmselves:
A=nOn, A=nUn, A=nln )

The Hart Smith model is chosen to characterizerém energy function. Consequently, the energytfonaan
be written as the following form:
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Hence, the Cauchy stress can be calculated fromsttai@ energy:

(5)
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whereW, = 0W/dl;
After the application of the model choice for theegy functionW (Eq.5), the elastic stress yields to:
g=-pl +2G6,&"Y B+2|,G &Y A+2 NeX-2nl A

(7)
wheres,, G,, /1; and, are parameters in elastic part of the Visco-hylpstie model.
Viscous part Visco-Hyperelastic M odel
0
The deviatoric part of the stress tengorin our case can be written:
O
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whereD, is the viscous strain rate. We choose spetififunctions for each orthotropic direction (i=1 theop
direction and i=2 longitudinal direction):
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whereA, m, a are parameters in the Carreau type Ih(ﬂv) andé,.; is a reference strain rate that can be taken equal

to 1 s' for sake of simplicity is an parameter indicate the difference of theirrégg of the hardening effect
between equal biaxial and constant width tensiseh t&, a;, a, anda; are parameters imfunction which can be

identified from biaxial elongation tests [9]. Véblas /70(T)and £yt (T) show a significant dependence on
temperature. We choose the Williams-Landel- FeYs ) model for the evolution o;f]O(T). C,; andC,; are the
WLF parameters[,=90°C.C; andC, are parameters in the expressioregf; (T)

Therefore, the equation8 for the deviatoric pathe stress can be written as:
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where d,, | is the vector form for the tensors from the rigidte of the equation 14.
dip

In the following, the equation 14 can be used entdy the parameters from the tension test andilsite the
ISBM process. From the identified parameters omeptat figure 1(b)and compare the numerical andeexpental
results. The mean difference does not exceed 15%.
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FIGURE 1. Comparison between experimental results and nsdellations

The model is implemented into the software ABAQUEXplicit via a user interface VUMAT. This strongly
nonlinear problem is solved using a classical NewRaphson iterative procedure. We performed a tberm

mechanical simulation. The dissipation of energghained byo: D,. Considering the time needed for blowing,

we assume the conduction effect is neglected iarcegf the dissipation effect. Therefore, the therpart can be
written as follow:

pC,T=0:D, (15)
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FIGURE 2.Finite element simulation of free blowing (left)tial preform and rod, (b) blown preform and
temperature field where one can see the increassrgferature due to deformation.



We assume that the major contribution to the saditihng phenomenon is due to viscous dissipation.erttropy
of rubber networks convection or crystallizatioméeglected.

We choosep =1330kg i~ and C, =1200J kg 'K ™. Figure 2 shows the temperature distribution @& th

initial preform and of the bottle. One can see thatincrease of temperature due to the self lepatirenomenon
can reach 2.

EXPERIMENTAL MEASUREMENTS: SELF HEATING AND INDUCED MODULUS

In order to provide validation of the model anddé&pacity to predict accurately final bubble shamdf-heating
value and induced mechanical properties, free igwaf preform has been carried out with temperatoeasured
using a thermal camera. A FLIR B250 infrared canveith the wavelength range 7.5 — i1 is used to evaluate
the temperature distribution. The polymer matégadpaque under the wavelength in the range ofl2 pm. We
assume that the emissivity value is constant.

The free blowing at different initial temperaturéiwthe same max pressure conditions (8 bar) amedaout.
Figure 3a and 3b shows the temperature measuremeritg) free blowing of PET preform. For a giveritial
temperature, one can see the increase of tempenreach about AD. There is an agreement with experimental
and numerical results. The increases of the terhperao not vary significantly from different zoaed different
initial temperature: the mean difference does roeed 22%.
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FIGURE 3. Temperature measurements during free blowing df peform. (a) Snap shot of the thermal field aschtion of
measurement area. Tight rectangles give initiapenature of the preform and large ones give theesponding final
temperature. (b) 3 different areas are chosenlimfahe increase of the mean temperature in oeeiip bottle
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FIGURE 4. Anisotropic induced modulus measurement from oaeddension specimen cut out from blown bottlg.The
bottle is cut for 3 directions to measure modulby Summary of measured modulus. For each bottke ithan 10 specimen
were cut for each direction, related modulus amordrars are shown. The dispersion defined byatie standard deviation over
mean value is equal to 8% (mean dispersion fanalsures).



From figure 4b, we see that this similarity of dedfating as consequence on elastic orthotropicvimhef the
bottle back to room temperature. Modulus E andd@aisatio are measured and mean values of eadk tsttsed
to identify the 5 parameters;, B, 15, U; and G, from 6 experimental data and one more symmetrylition.
One can see that is no particular tendency foettobution of Young's modulus for different initil@mperature of
the preform. This observation could be rather tliogbbecause the higher is the preform temperatheemore the
internal mobility of the macromolecular chains vl possible. Furthermore, a stretching step choig at "high"
temperature will produce a lower molecular elormyathan at low temperature due to the relaxatioth@fmaterial.
For this reason, we expected to see all the modldasease with the temperature but this is notése.

Figure 3b shows that the self-heating does not deeewolve with initial temperature for a given aréndeed,
self-heating arises from the dissipation of permarmkeformation energy (here the viscous deformatibat this

energy is in proportion of the produ2? . The viscosity; decreases when temperature increases and conigquen

for a given pressure, the strain reténcreases. The self heating tendency is then netisg to predict. To improve
the study and lead to more convincing results, neeil make sure that all the bottles are stretéhélde same way
(same final volume). This necessitates reducindltve rate and / or the pressure to make sureahdtiowing are
made with the same mean strain rate in order wwvallin accurate comparison on the different speciarah
highlight the influence of the initial temperatume the self-heating phenomenon and on induced piepe

CONCLUSION

The proposed non linear thermo-visco-hyperelastidehwas identified from the equal biaxial tensiesults.
This model was implemented in Abaqus to performttieemo-mechanical simulation of the free blowiagtt Due
to this self heating simulation, a%increased of temperature was obtained.

An experimental measurement was carried out withperature measured using a thermal camera. Resalts
discussed and compared with numerical simulati@diption. Furthermore, the blown bottles have begnand
induced modulus where measured in three directitomgitudinal and hoop directions and also 45° frboth
previous ones and an elastic orthotropic behawaddéntified. The effect of the self heating on free blown
shapes and induced modulus is discussed.
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