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Biaxial tension on polymer in thermoforming range

S. Beckel, C. Combeaut F. Fourniet, J. Rodriguez, and N. Billdrf
Mines-ParisTech, CEMEF, UMR CNRS 7635, BP 207 06904 Sophia Antipolis (France)

Abstract. This paper presents an experimental characterization of mechanical
properties of a polyethylene terephtalate (PET) resin classically used in stretch blow
moulding process. We have applied on such a material a well established experimental
protocol at CEMEF, including new and relevant biaxial tensile tests. The experimental
set-up relative to biaxial tension will be presented and described in a first part of the
paper. Furthermore, we will focus on the experimental DMTA preliminary tests which
are required to estimate the resin sensibility to temperature and strain rate in linear
viscoelasticity domain. Finally, we will be interested in the material large strain
behaviour: biaxial tensile results are presented and discussed. Finally, such an
experimental approach should allow a relevant modelling of polymer physics and
mechanics; this point will not be discussed here because of a lack of time.

1 Scientific context

Developing specific constitutive models fgolymers appears of prime interest for the
understanding of forming of packaging suctiresmoformed or stretch blown parts. Among needed
experimental methods, biaxial tension has became one of the most promising and relevant method
allowing various loading state pnegs inside the material [1, 2].

In parallel, strain field measurements demonstrated their relevance and accuracy in the domain of
mechanical tests. Moreover, unloading and relaxation steps are known to be necessary to asses
mechanical behaviour of materialsné&lly, microstructure analysis, asfunction of loading path,
can also be an important point.

Consequently, a biaxial tensiteachine combining all these facilities- various loading paths
(uniaxial, plane, biaxial ahequibixial tension) over a wide range of temperature up to draw ratio of
4 in both the two directions, conmed with unloading orelaxation phases making it possible in situ
strain field measurements and quenching of the sample- should be a very attractive machine.

In this paper, very first tests of such a dewdce presented. We study a PET resin usually used in
stretch blow moulding process whkesignificant biaxial solitations mode is present. This
characterization implies a better understanding of the PET mechanical behaviour involved in stretch
blow moulding process. Then, optimising process conditions should be highly accelerated and
improved by the use of numericaimulation, which implies a better modelling of polymer
mechanics and physics.
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2 Biaxial tension set-up

2.1 Sample geometry

In this study, we use cross-shaednples, as depicted on the Figure 1.

40 mm I [1o =24 mm

= = =TT —-—}X

Fig. 1. Sample geometry used in biaxial tensile tests.

This cruciform specimen is maintained by four grips, thanks tmhyteither thin films (~ 100
microns) or more massive devices (1 millireg¢tcan be stretched. The initial len¢gtvetween grips
if of 24 millimetres (Figure 1).

2.2 Experimental set-up

Starting point is a machine, developed in ffast by RHODIA and known as ETIFI®, as a
uniaxial, planar or sequential bi-axial tensile maehfor films. The main characteristic of this
machine is its ability of imposing efficieahd controlled thermal cycldxy the use of four ovens. At
the present time, CEMEF owns the testingchine and has develop#&dso as to carry out more
complex biaxial tensile tests.

Choice was made to adopt a system using fodependent enginesnd specific samples
(Figures 1 and 2).

Fig. 2. Biaxial stretching system.

The grips displacements are hard driven by fmaurent continuous motors controlled by servo-
motor amplifiers. The grips position and thedoare respectively measdrby LVDT and strain
gauge sensors. Each arm is instrumented with one LVDT and one force sensor. Force sensors tha
are on the same tensile direction can be féémdint types, which allowaccurate measurements from
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very low force (50 daN load sensor) up to high forces (500 daN load sensor) in case of strain
hardening occurs. The maximal draw ratio is of 4 in both the two directions.

Also, we can impose either loadings, at cortstanss head velocity, but also unloading or
relaxation of the specimen. The figurdl@strates the tensilmachine architecture.

Fig. 3. Biaxial tensile machine.

Such a machine is BEbto combine tensile tests carried out over a wide range of temperature. The
four air-pulsed ovens represented are able to move to the machine centre and to heat (or quench) th
specimen during or after stretching. Indeed, the displacement of these ovens is imposed by four
pneumatic cylinders allowing high speed thermal tneaits on the sample under test. As a result, we
are able to impose complex thermal cycles with a large temperature range varying from 20 to 200
°C.

Computer test control and data acquisition are performed by a home-made software developed in
LabVIEW® graphical language.

2.3 Measurement analysis

During the tests, we measure, as a function of time, the displacamenteach arm. Then the
cumulated true straican be approximated as follows :

&= Ln[ll—J = Ln(l‘ﬁlﬂj @

The local stress is estimated on the specimen diagonal [2, 3] :

5!

AH=1

pabseur = e

Fig. 4. Forces applied to the cruciform sample.
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whereey and L, are the initials thickness and diagbiength of the sample.

3 Building up of experimental data base

Our protocol to buid up thexperimental data base is based on the use of time — temperature
equivalence and of DMTA measuremer@sir purpose is a correct deption of behaviour on the
rubbery plateau with a minimum number of tests.

Figure 5 depicts typical results famperature scans at fixed frequencies.
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Fig. 5. Tan delta and modulus measurements of the PET resin, for a frequency of l1and 10 Hz, at a ramp
temperature of 1 °C.mih

The alpha transition temperature, estimated at 1 Hzibyebhnique, is 80.4C. This result is in
agreement with many litetate results [4, 5]. They transition is followed by another physical
phenomenon which has to do with thermo-activated crystallisation. We identify a temperature of 108
°C at the beginning of this phenomenon where both modulus increase of half a decade.

Processing may take place from 80 to 110 °C at strain rates of several tens of s-1, the polymer
has both lost its rigidity and hast yet thermo-crystallised. We haalkso to take care about the fact
the frequency (or strain rate) may playiportant role in the material response.

PET clearly obeys WLF law and a master curve can be deduced,e.g. for a reference temperature of
85 °C (figure 6).
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Fig. 6. Master curves of elastic modulus obtained at a reference temperature of 85°C, for the PET resin.

From previous experiment we know that accurate state for PET during blowing are conditions were
the equivalent strain rate e#ference temperature ranges from 1 Wlder 0.01 s-1. Experimental
window will contain this range.

However as it is impossible to reach strain rate of a 100 on our device and due to thermal dissipation
we should not use strain rategter than 0.01. To make thesgperiments relevant they are
performed at lower temperature according to WLF equivalence. For instance, a 120 °C,- 50 s
tension, characteristic of the window process, shbaldquivalent to a 85 °C — 0.2 s-1 tests.

This protocol is first vitddated in uni-alal tension.

4 Mechanical behaviour at large strains: biaxial tensile tests

4.1 Biaxial tensile tests validation

Preliminary tests were necessary to ensure that the biaxial test takes place in rigorous and optimal
conditions. We carried out tests &#ET samples, previously heatedring 450 seconds at a
temperature of 100 °C. D.M.T.A. preliminary results had proved that cold crystallisation had not
taken place yet for such heating durations, at 100 °C. Then, still under the same temperature, a
velocity V of 0.1 mm.8 is imposed on each arm. The figure 7 compares the loading measurements
issuing from each of the four arms.

25003-p.5



EPJ Web of Conferences

18

+ Load 1
16 = Load 2
Load 3 .
Load 4 Y 3Y . [ 2T
14 aele il ta b ARSI e
Lo o A wﬁg}%‘ﬂ’*ﬁ"w -
‘ i bRy A
gy e, | i Tueghl "
& = P = ) ,?«, ,f,‘;
o A=t = s T - .
I*z. :‘ :
| |
3 4 5 6

Displacement (mm)

Fig. 7. Curves load/displacement issuing from each of the four arms, at a temperature of 100 °C and a arm
velocity of 0.1 mm.3.

Through such experiments, we check that the f@atistory is well superimposed from an arm to
another. It means that the equi-loading pathdsed is equilibrated. Such a measurement is also in a
good agreement witthe stretched specimen obtained (Figure 8).

Fig. 8. Birefringence pattern observed on a PET specimen, equi-stretched, at a temperature of 100 °C and arms
velocity of 0.1 mm.3, with an equivalent draw ratio of 1.9. The specimen has been ambient air cooled.

Birefringence pattern appears symmetrical wigspect to the two main stretching directions.
These results argue on the fact that the stretching system is well geometrically defined
(perpendicularity of the two rgtching directions, correct adjusnt of the arms along the same
stretching direction). The dating of the sample appears alsomogeneous: local temperature
measurement in front of the device and especially in the specimen centre has not put in evidence any
pronounced thermal gradient.

Of course, the stress involveg the deformation imposed appears much more localized in the
centre of the sample. The arms of the specimen are confronted to lower temperatures because of th
grips presence and also as they are not stricthmitted to biaxial dwitations modes (uniaxial
mode is much more present) : they are globally lessmefd In the future, using a painted speckle
analyse should allow the measussty during the stretching test, tbe two-dimensional local strain
field on the front of the specimen.

25003-p.6



14th International Conferenc® Experimental Mechanics
4.2 Experimental conditions

We propose restrict measurements to monotonic tests, imposing the same controlled displacemen
velocity V on the four arms; the daling remains equi-bi-axial. The stretching will be performed up

to rupture of the sample.

Moreover, as defined thanks to D.M.T.A. results, eeeried out tests foseven different sets of
temperature/strain rate. The plan is sumnearis the table 1.

Test number Temperature (°C Initial strain rate 5 Y Equivalent strain rate (¢

1 69 10° 2331

2 73 107 18

3 78 10° 0,35

4 78 10° 0,035

5 83 10° 0,0023

6 83 5.10' 0,0012

7 96 107 0,00037

Table 1. Sum-up of experimental conditions imposed during biaxial tensile tests.

We are not able to measure and impose a constant local strain rate during the test. Consequently, w
impose, for each arm, a constant velocity displaceremhich leads us to an estimation of the

initial strain rate defined by equation 4.

Y

£ @)

with |, the initial length between grips.

4.3 Biaxial tensile tests results

Regarding preliminary biaxial tests accuracy, we are able to build up nominal stress/strain curves,
for different strain rates and temperatures (Figure 9).
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Fig. 9. Stress / Strain curves issuing from equi- bi-axial tensile tests on the PET resin, obtained at three different
strain rates, for different temperatures.
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First of all, we can see that the mechanical response highly depends on strain rate as suggested b
D.MT.A. This is not only a matter of paratees evolution but represts a drastic change in
behaviour type itself, along the tieg) range: starting from a quaglassy at low temperature (resp.

high velocity) to a quasi fluid at high tempenat (resp. low velocity) matil. In between, a visco

hyper elastic behaviour is observedtthorresponds tprocessing range.

The experimental plan proposed allows us to observe these very different mechanical behaviours
strongly sensitive to combinexffects of temperature and velocifihese results appear crucial if we
remind that during the blowing process itself, the material should experience very different
conditions of temerature and velocity.

For lowest temperatures (test n°1 or 2) coupkgth highest strain rates, the behaviour appears
glassy. For highest temperatures coupled (or not) thest strain rates, the mechanical behaviour

at large strains is very similar to elastomers ones, representative of a hyper-elastic behaviour.

In both case, thestrain-hardening phenomena, linked withaterial crystallisation, develops
progressively with strain. For sene conditions (low temperaturand high velocity), the
phenomenon is all the earlier, getting faster well pronounced. This result is in agreement with [3].

What is also important to notewards such results is tirdluence of the parameter e
The tests n° 5, 6 and 7, for which the behaviouhefmaterial appears very similar, are relative to

the same value of, e despite of different temperatures atdhin rates. This validates our choice

to control experimental conditns using equivalent strain rateraference temperature. In addition,
the combined effect of temperatwed velocity summarised in thisrpaneter should be the relevant
physical tool for characterizindpe mechanical behaviour of our resinpexsgally in biaxial tension
conditions.

5 Conclusions

A PET resin has been characterized according tigaous protocol developed at CEMEF and
extended to biaxial loadings. The first objective of such a study was to ensure that biaxial stretching
could be carried out in opteh and controlled conditions, leading to a correct mechanical
characterization of the material chosen. As a result,rempetal data base confirm the complex
behaviour of the PET resin as well as tireat importance of strain hardenige may imagine that

the microstructure reorgesation involving crystallisation under fd@mation must be atypical in the

case of biaxial loadings. What we may concltoday is that WLF likeapproach, identified with
D.M.T.A analysis, appears to be a relevant tool, even in large strain domain and especially in biaxial
tensile tests conditions. At a minimum, it was a pleasant approach to minimise and than optimise
experimental protocol necessary for resin characterization. Indeed such a global protocol will reduce
experimental effort needed for resin characterisation.

In the future, describing the resin response duaiqgocess as complex as blow moulding process
should require pertinent modelling able to both represent the behaviour in uni and biaxial tensile
tests.
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