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Abstract 

Characterization of polymer behavior over or near the glass transition temperature in condition close 

to industrial process remains a scientific goal. In particular being able to manage multiaxial loading at 

high strain rate and large strains is particularly interesting to understand Poly Ethylene Terephthalate 

(PET for short) behavior at condition near to the blowing process. In this paper, we present a new 

vertical biaxial tensile machine that has been designed and built up in our laboratory. In particular, (i) 

thermal regulation enables a fast and homogeneous heating of the specimen at temperature close to 

Tg, (ii) strain rate up to 5s-1 can be reached and (iii) a cruciform specimen geometry has been 

optimized to ensure large biaxial strain up to 2 or more in each direction. These two last are lower 

but close to the strain rate and elongation observed in stretch blow molding. The digital image 

correlation technique is used to obtain the displacement field and a thermal camera gives the 

evolution of the temperature field during the test. Dimension and height enables this apparatus to 

be transportable for mechanical tests under SAXS or WAXS. Here we present results of tests 

managed on PET and the identification procedure that is carried out to fit parameters of our 
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orthotropic thermo-visco-hyperelastic model. Results are presented, discussed and compared to 

previous measures obtained from apparatus that are more complex. 
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I. Introduction: measure of PET properties near to ISBM process 

conditions 

Poly(ethylene terephthalate) (PET) bottles are obtained from injection stretch blow moulding (ISBM 

for short) process [1-3] that is conducted at a temperature slightly above the glass transition 

temperature Tg. This process involves multi-axial large strains at high strain rate and the choice of 

these conditions has an important impact on induced mechanical properties of the final bottle [4-6]. 

On the other hand, performance of the material PET regularly increases; investigations on the 

mechanical response of the material at process conditions have to be carried out in order to upgrade 

data for numerical simulation of the process. This identification procedure can be managed from the 

biaxial tensile test. Numerous studies have already proposed technical solutions to achieve biaxial 

tensile tests and data for polymers. Sasso et al. [7,8] developed a biaxial stretching test by blowing 

bubbles with an optical method to characterize hyperelastic rubber-like materials. Bhatnagar et al. 

[9] proposed a mechanism for biaxial tension tests that can be adapted on uniaxial tensile test 

machine. An alternative method for pulling samples of smooth materials is the rotating clamp, 

developed by Meissner [10] then improved by Meissner and co-workers [11,12] and Li et al. [13]. 

Sample is held between two pairs of rotating gears or cylinders. Meissner and co-workers [14,15] 

proposed an adaptation with 8 rotating clamps to manage equal-biaxial elongation at constant strain 

rate. This original design remains complex, as the one developed by Kawabata and Kawai [16] close 



to the apparatus developed by Menary et al. [17]. More recently, Ru et al. [18] built up a low-cost 

biaxial tensile test device for large deformation in cruciform specimen for polymer materials. 

However, this device without heating system provides strains lower than 60%. 

In the particular case of PET, Chandran and Jabarin [19,20] reported that for biaxial drawing of 

extruded PET sheet in the temperature range of 80–110oC and up to strain rate of 2 s-1. Gorlier et al. 

[21] managed the uniaxial tensile test in a hydraulic Instron machine with strain rate up 0.01 s-1. 

Chevalier and Marco [22] used tri-axial tension/compression testing machine designed in Laboratory 

LMT Cachan to manage biaxial tensile tests near Tg with a range of strain rates from 0.02 to 2.5 s-1. 

Buckley and Jones [23] used a specially developed testing machine named Flexible Biaxial Film Tester 

to carry out the biaxial tests at temperatures 75–120°C and strain-rates 1–16 s−1. Experimental 

uniaxial and biaxial tests performed on PET were also carried out by Menary et al. [17] in Queen's 

University Belfast. These tensile tests were managed with various speeds (from 1s-1 to 32s-1). 

However, these devices are horizontal and too heavy to be transportable in order to manage the test 

in other environment, for example, in situ biaxial test under X ray. More, these apparatuses are often 

complex in order to obtain a homogeneous strain field.  

In this paper, we present, in section two, a vertical biaxial testing machine including heating system 

that has been built up at the Laboratory MSME. The simple design of the machine consists of four 

independent actuators and load sensors are provided along each arm for the force measurement. 

The biaxial tensile test managed on cruciform specimen is performed. A high-speed camera is placed 

to record deformation during tests and analysed using a Digital Image Correlation (DIC for short) 

technique. The geometry of specimen is studied in order to obtain a large strain. Since last decade, 

biaxial tests on flat cross-shaped specimens, with various geometries of the central zone, have 

already been performed for characterization of yield criteria or for identification of strain hardening 

model. Most of these works concerns metallic material and are focused on small strains. Muller et al. 

[24] have used a cruciform specimen with notches at intersections of arms. The shape was optimized 

by varying the intersection parameters to obtain a large zone of homogeneous deformation and high 



strain level. Inspired from Teaca’s work [25], the cruciform specimen with metal was designed with 

holes near the actuator to limit the slippage problem. In order to solve the rigidity problem in the 

central part, Makinde et al. [26] have presented a thickness reduction in the central zone of the 

cruciform specimen with metal and composite material in order to obtain maximum strain in the 

central zone. From then on, many researchers adopted the reduced thickness in the central zone for 

their specimen [27-29]. Green et al. [30] developed the work of Makinde et al. and used an 

aluminium cruciform with a thickness reduced central zone and seven parallel slots in each arm to 

maintain the deformation as uniform as possible in the gauge section. Van Paepegem’s team [31-33] 

optimized the reduced central zone to achieve uniform biaxial failure in the centre of the specimen 

and minimise undesirable phenomena. Inspired of all these works, we have adapted our biaxial 

specimen geometry to the purpose of polymers behaviour near Tg in order to provide very large 

biaxial strain (up to 200%) during equal-biaxial tensile tests. 

In section three, equal-biaxial tensile tests results are presented for three different temperatures (90, 

100, 110oC) and three elongation speeds (25, 100, 200mm/s). The results are then used to identify 

the model developed for ISBM simulation. The original way to get strain from the measured 

displacement of the arms, and the way to get biaxial stress from measured forces is also presented 

and finally, the identification procedure is conduct to determine the parameters of the visco 

hyperelastic (VHE) model chosen for the PET behavior in ISBM conditions [34-36]. This VHE model 

takes into account the strain hardening and strain rate effects. This approach is compared to biaxial 

results managed on a different biaxial apparatus and previously presented in [39] and differences are 

discussed. 

II. Experimental: Biaxial testing machine and specimen optimization 

In this section, we present the design and development of the biaxial testing machine of our 

laboratory. During the stretching blow process, the maximum elongation from preform to bottle can 

be reached 3 to 4 times along the longitudinal and hoop direction. In order to obtain large strain of 



the same order and as homogeneous as possible during biaxial tensile test, the geometry of 

specimen needs to be studied.  

II.1. Biaxial testing machine 

The biaxial testing machine was built, assembled and tested in the MSME laboratory in the nearly 

2020 (Fig. 1). The main objective of this design was to be able to carry out biaxial stretching tests 

with large strain, with high strain rate and regulated temperature. Another constraint was the size of 

the device: it should remain small enough to be easily transportable in order to manage the test in 

other environment, for example in situ biaxial test under X ray.  

            

Figure 1: Biaxial testing machine: CAD version (left) and picture of the equipped machine for ambient 

temperature biaxial tests 

Consequently, the dimensions of this machine are 1.2m height and 1.0m wide, its weigh is 

approximately 200kg. Four drives (CMMP-AS-C5-11A-P3-M0) which control four motors (EMMS-AS-

100-M-HS-RMB), each connected to an electrical actuator (ESBF-BS-63- 100 -10P) from FESTO are 

used as the main structure of the system. These four actuators can provide independently tension or 

compression speeds up to 530mm/s and the maximum elongation is 200mm via two face to face 

actuators. With these conditions, if one uses a 40x40mm2 specimen, elongation up to 5 could be 



obtained as well as strain rate up to 26.5s-1. Biaxial tensile tests that are close to the stretch blow 

molding process may then be conducted. A cruciform sample is used and connected to four Festo 

electric actuators which are piloted independently with LABVIEW software via the Modbus TCP/IP 

protocol. The LABVIEW software is used to control the actuators but also to provide data acquisition 

of the tensile forces. Between each actuator and the specimen grip, a force sensor is installed. In 

addition, a high-speed camera is used to capture image for DIC.   

II.2. Thermal regulation 

Since the stretch blow molding process is managed slightly above the glass transition temperature Tg 

of PET (80oC), a heating system is necessary to be considered in the equipment (Fig. 2a). first, to 

constitute a closed enclosure around the specimen, insulating plates were installed around the 

central frame of the machine. In addition, an aluminum plate insulates the front face of the 

apparatus and a glass plate is installed on the rear face in order to follow the evolution of the 

geometry for the strain measure. The specimen inside this isolated volume is heated by convection. A 

3400 W power heat gun is used as the heat source. The maximum hot air flow is 800 l/min at a 

temperature of 300oC. A deflector was designed and installed at the end of the gun in order to avoid 

heating directly the specimen. The imposed circulation of hot air by the deflector can make the 

temperature uniform around the specimen (Fig. 2b). 

An eclipsed window is managed in the center of the aluminum plate. The window is closed during 

heating of the specimen, but can be quickly opened to control the specimen temperature and to 

monitor the evolution of the temperature during the test. An infrared (IR) camera FLIR B250 is used 

to measure the temperature distribution of the specimen. The camera’s wavelength range is 7.5–

13µm and is used to follow the evolution of the preform during the fast biaxial tensile test. The PET 

material is opaque under the wavelength in the range of 8–12µm. The assumption is made of a 

constant emissivity value for this temperature level. Once the test temperature is reached, the 

window will be open for 3 to 5s for the test.  



Thanks to the low thermal diffusivity of the polymer, the decrease of the temperature of the 

specimen during the window opening is very small (less than 1oC) and can be negligible. The IR 

camera will record the evolution of the temperature of the specimen during stretching in order to 

quantify the self-heating phenomena.  

(a) 

(b) 

Figure 2: Heating system, (a) view of the closed machine with the heating system and (b) isometric 

view of the chamber, side view of the chamber and circulation of the hot air. The picture shows the 

geometry of the deflector 

 

The camera can only monitor the temperature of one side of the specimen, but preliminary 

measurements carried out by thermocouples installed at different locations in the device show that 

difference of the temperature between the two sides of the specimen is almost zero. Figure 3a 

shows the temperature of the ambient air around the specimen (T1), the temperature of the surface 



of actuator (T2), the temperatures of a corner point on the front side of specimen (T3 and T5) and 

the temperature of the center point on the front side of specimen (T4). It takes 7 to 8 minutes to 

reach the required temperature. 

 

 
(a) 

                                         

  (b) 

Figure 3: Temperature evolution over time measured by thermocouples (a) different locations of the 

front side (b) comparison between the front and the rear side 

Figure 3b shows the comparison of the temperature of the two sides of the specimen: T4 for the 

front side and T5 for the rear one. One can easily see that there is no difference between these two 

temperatures: the deflector allows a circulation of hot air which makes a homogeneous heating. To 

make sure the temperature is also equal through the thickness we provide 1D numerical simulation: 

first we identified the convective exchange factor h in order to reproduce the surface temperature 

from the measured ambient temperature. Figure 4 left shows that the surface temperature is well 

represented and comparing the mid plane temperature with the external ones, it can be shown that 



the difference rise up to 2° in the beginning of the heating process but quickly decreases to less 0.2°: 

the temperature can be considered uniform through the thickness. 

 

Figure 4: Left, identification of convection parameter h from ambient temperature using 1D finite 

simulation. Right, difference of temperature between surface and mid plane of the specimen obtained 

from 1D simulation in thickness. 

The temperature is also uniform over the entire studied area of the specimen is verified by the IR 

camera (Fig. 5). The difference of the temperature on the two diagonal lines of the specimen is less 

than 2oC. The thermal regulation allows us to carry out equal-biaxial tensile tests at different 

temperatures characteristic of the ISBM process (90, 100 and 110oC). 

 



Figure 5: Temperature distribution on the specimen, uniform temperature covers the central zone of 

the specimen (left) and temperature plot for the two diagonal lines (line 2, line 3) for 100°C imposed. 

II.3. Biaxial specimen optimization 

It is not easy to reach large biaxial elongations (more than 3) with a cross-shaped specimen because 

of the rigidity of the central zone: under an identical thickness and temperature, arms are easier to 

stretch uniaxially rather than the center biaxially. Consequently, for a given displacement of the 

actuators, biaxial strains remain small and only the arms are stretched. Therefore, an optimization of 

the specimen geometry is needed in order to have a biaxial elongation in the center of the specimen. 

These strains have to be large enough to proceed the identification of mechanical behavior of PET.   

Amorphous granular of PET is supplied by SIDEL group. Plates with dimensions of 125x125x4 (mm) 

are injected in the PIMM laboratory at Arts et Métiers Paris. The specimen is then cut from the plate 

by a water jet cutting machine. The first version of the specimen was a simple cross with constant 

thickness represented in Fig. 6a. Scotch tape with thermal insulating properties is stuck on the arms 

of the specimen to reduce their temperature during the heating stage in order to make sure that the 

arms are less flexible than the zone of interest. Measuring the expansion of the diagonal of the zone 

of interest (see Fig.6a) obtained for the same displacement of the actuators will be the indicator of 

the specimen performance. In this first version, with displacement equal to 30mm for each actuator, 

the elongation remains low: it is only 1.05 that is equivalent to a 5% strain. This could be enough to 

identify the elastic properties but it is clearly not enough for the identification of the behavior of PET 

under ISBM condition. In addition to the problems of the rigidity of center part, sliding also occurs of 

the arms of specimen in the grips.  

In order to solve the sliding problem, the second version was inspired from the specimen of Teaca's 

work [25]. With the four screws of each grip, the second version consists of large arms and holes for 

the screw passage (see Fig. 6b) so that slippage is limited. The biaxial strain has increase with this 



first improvement but still remains insufficient: the elongation of the diagonal goes to 1.3 that is 

equivalent to 30% strain.  

 (a)      (b) 

Figure 6: (a) initial cruciform specimen; (b) second version of specimen 

Inspired by Green's work [30], several versions of specimen were tested with a thickness reduction in 

the central zone to reduce the rigidity and obtain a maximal biaxial strain. The thickness of the 

central zone is thinned by a high-speed milling machine on the two faces of the specimen in order to 

keep the plane medium as the symmetry plane. Adding two slits in each arm helps to maintain the 

strain field as uniform as possible in the studied zone. The slits make the arms more flexible in the 

transverse direction but remain rigid in the tensile direction compared to the central zone.  

Figure 7 shows the initial shape and the deformed shape of the two first version (Fig.7a and b) and 

the optimized version (Fig.7c). The optimization of the shape of the specimen makes it possible to 

reach an elongation rate equal to 2 (100% strain which is clearly a large strain). This value is very 

large for a simple biaxial tensile machine but remains lower compared to stretch blow process. 

Nevertheless, the following section will show that this is enough for the identification procedure. 

More, since there is a large homogenous deformed zone in the studied area of specimen, it is 

possible to make assumptions that will facilitate the identification process. 



   

   
(a) � � 1,05 (b) � � 1,3 (c) � � 2 

Figure 7: Diagonal elongation for different version shape of the specimen: (a) initial version; (b) 

second version; (c) last version 

  (a) 

  (b) 

Figure 8: (a) Optimized geometry of specimen; (b) force evolution versus time for a speed 100mm/s 



Figure 8a shows several views of the optimized specimen. Figure 8b shows the evolution of the load 

versus time which are recorded by the sensors. In this case, the specimen is heated up to 100oC and 

stretch speed is 100mm/s. Under an equal-biaxial tensile test, the traction lasts 0.3s and the typical 

strain hardening effect of PET appear. One can notice that the evolution of the four forces is identical 

and that is characteristic of a well-balanced test. 

III. Results and discussion: identification of the VHE model for PET 

near ISBM conditions 

The displacement field is captured by a camera through the glass plate on the back side of the device. 

The camera can record 100 images/s. The images are then studied and managed by the DIC CorreliGD 

software. At the same time, the sensors record the force values versus time. We use these 

information to calculate both biaxial strain and stress in the central region of the specimen. 

Dilatation occurs during the heating stage but since the thickness of the central zone is really thin the 

sample bends a little but no compression occurs. When the test begins, a very short delay appears 

before the load begins to increase and the time “zero” is chosen at this specific beginning. Pictures 

are taken regularly and the reference picture for the DIC analysis is the one taken at time “zero”.   

III.1. Biaxial stress-strain curves determination 

III.1.1 Biaxial strain calculation  

Figure 7c represents the initial and final geometry of one of the biaxial tests: the measurement of the 

final diagonal compared to the initial diagonal gives an elongation L/Lo is more or less equal to 2 (i.e. 

deformation in the 45° direction of 100 %). It is clearly a large deformation but smaller than those 

encountered in the blowing process. 

A measurement of the lengths of the diagonals shows that the evolution of the length L(t) is well 

represented by an affine law versus the displacement U(t) of the jaws as shown in Fig. 9. Thus, if we 

assume that the deformation field is sufficiently homogeneous over the study area, we may be 



tempted to consider that the biaxial deformation can be calculated simply from the displacement of 

the grips.  

 

Figure 9: Evolution of the diagonal AB length L(t) during the biaxial test versus the grips displacement 

U(t) at 100mm/s and 90°C 

Times t varies from 0 to 0.45s and, in the meantime, U varies from 0 to 45mm. Length L is given in 

pixel. Unfortunately, this linearity fails if one uses the DIC to analyze the strain fields εxx, εxy and εyy.  

Figure 10 shows that (i) the central zone is 250% stretched and that (ii) the displacement field 

generates elongations that vary along the diagonal. One can visualize that the initial square grid 

becomes distorted along the diagonal AB. The 90° angle between the horizontal axis X and the 

vertical axis Y opens which means that εxy takes a negative value near A and B locations. 

Consequently, the relative elongation in the AB direction that writes:  
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where a is the unit vector along AB, decreases from the max value at the center of the specimen to 

the extremities A and B.  
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Figure 10: Deformed grid of the biaxialy stretched sample at 100mm/s and 90°C. The grid is initially 

square. The squares become bigger in the central region and are distorded when approaching to the 

edges of the diagonal AB.  

Figure 11 shows the evolution of the εaa along AB (and along the second diagonal) versus the no-

dimensional length ξ=s/L where s is the distance from A on the diagonal and L its length at time t. 

One can see that εaa is not constant; it is maximal in the center and becomes negative near the 

edges. The evolution is similar on both diagonals and more or less parabolic. For this case, if one 

calculate the ratio L/L0 where L0 is the initial length of the diagonal of the specimen and L the final 

length, the global elongation seems to be 2 (the diagonal length increases 100%). Using the DIC 

analysis one can see that the local elongation in the middle of the specimen rises up to 3.5 (ie. 250% 

increase of an elementary length). Consequently, the real elongation for our optimized specimen is 

really close to the ISBM biaxial stretching. If one plots the maximum value of εaa of the two diagonals 

versus the grips displacement U(t), one can see on Fig.12 that (i) the evolutions are identical and that 

(ii) the evolution is nearly linear from 0 to 25mm of displacement U(t) but this linearity disappears 

X 

Y A 

B 



then. For this reason, we use DIC tool CorreliGD to determine all strains in order to plot the behavior 

curves used for identification (3 temperatures and 3 velocities).  

 

Figure 11: Left, relative elongation εaa along the diagonal AB at several time t for the biaxial test at 

100mm/s and 90°C. Right, from the central strain versus time one can identify the strain rate, here 

4.5s-1  for 100mm/s and 90°C. 

 

Figure 12: Evolution the relative elongation εaa at the specimen centre for the biaxial test at 100mm/s 

and 90°C.  
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III.1.2 Biaxial stress calculation 

The relative elongation in the direction normal n
r

 to the diagonal writes: 
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               (2) 

The change from the plus to the minus sign leads to an evolution of εnn completely different from εaa. 

Figure 13 illustrates this evolution of εnn versus ξ for different time t. Despite the irregularities, the 

evolution is more or less constant along the line and that it is possible to assume that this relative 

elongation is uniform. Consequently, the associated biaxial stress σ is uniform along the diagonal, as 

it has already been done in [22].  

 

Figure 13: Strain εnn along the diagonal AB at different time t for the biaxial test at 100mm/s and 

90°C. Compared to εaa these curves look quite « uniform ».  

It is the possible to evaluate the biaxial stress from the measured force F using the assumption of 

uniform stress along the diagonal as illustrated on Fig. 14. One can obtain the expression of the 

stress by: 
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Figure 14: Balance of the half sample for the biaxial stress calculation 

The mean thickness e and the length of the diagonal L have to be evaluated at all time t. If 

incompressibility is assumed one can evaluate the mean thickness e from the measure of L: 
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 that is linearly related to U(t) and lead to the stress determination from:  

0 0

2F

e L

λσ =            (5) 

Imposed velocity V to the grips gives the displacement: U(t) = Vt and finally the diagonal elongation 

λ(t). This process is applied for the 9 stress-strain curves presented in Fig.15. 

III.2. Influence of temperature and strain rate 

Equal-biaxial tensile tests were carried out for 3 different temperatures (90, 100, 110oC) and 3 

stretching speeds (25, 100, 200mm/s). The maximum displacement of each actuator is 50mm 

(100mm for 2 sides). A set of 9 tests was carried out for each condition to ensure repeatability. Figure 

15 shows that at any stretching speed, the stresses decrease when the temperature increases. This 

classic result is logical because the material becomes softer at higher temperature. The highest stress 

appears always at 90oC. When the test temperature increases, the maximum value of strain 

decreases. It can be explained by the flexibility of the arms of the specimen which increases with the 

temperature. At higher temperature, the arms are more heated and therefore they become more 



flexible. On all cases, it can be seen that the hardening effect begins at the strain above 100% and 

this effect decreases when the temperature increases. Among these 3 speeds, the influence of 

temperature is more visible at 25 mm/s. The material is more sensitive to temperature than to strain 

rate, highlighting a behavior that is more hyperelastic than viscous. 

(a)  (b) 

  (c) 

Figure 15: Experimental stress-strain curve under different temperature (a) tension speed 

25mm/s; (b) tension speed 100mm/s; (c) tension speed 200mm/s 

Figure 16 shows the different mechanical response for PET during the recent 15 years. Under similar 

experimental conditions: temperature at 90oC and strain rate between 2s-1 and 4s-1, higher 

performance of PET is obtained from Menary et al. [17] than the one in the Chevalier and Marco’s 

work [22] which is earlier research. This PET material highlights a strongest response than in previous 

works that confirms the necessity to upgrade the mechanical parameter for ISBM simulation of PET.  



 

Figure 16: Comparison of different mechanical response for PET 

In authors’ previous work [39], the measured elastic properties of PET bottles are more than 1.3 

times higher than they were 10 years ago. When the nominal strain is lower than 1, the stress-strain 

curves are coincident for Menary et al. and this work, both are higher than Chevalier and Marco’s 

results.  

III.3. VHE model identification 

III.3.1 VHE model presentation 

In author's previous work [34-36], an orthotropic thermal dependent visco-hyperelastic (VHE) model 

has been proposed and identified. For elastic part, a Hart Smith type hyper elastic model is 

considered. On the other hand, for viscous part, an incompressible nonlinear model including viscous 

strain and viscous strain rate is used. The elastic and viscous expressions of the deviatoric part of the 

stress tensor  σ̂  in the model can be written in the following way: 

Elastic part:  
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ˆ 2 2 2
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Viscous part:  
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where 
eB the elastic left Cauchy Green tensor; G1, G2, Λ1 and Λ2  are parameters of the elastic part; 

eB
∧

 the deviatoric part of 
eB ; I1 the classical invariants of 

eB , I4 and I6 are the invariants associated 

to the orthotropic behavior: 

 
( )1 eI tr B=

,    
4 1 1 6 2 2,e eI n B n I n B n= ⋅ ⋅ = ⋅ ⋅

                                                                                 (7) 

1n  and  2n are the privileged directions for orthotropic properties. 
iA  the second order structural 

tensors of the preferred directions: 

1 1 1 2 2 2,A n n A n n= ⊗ = ⊗
                                                                                                             (8) 

In viscous part, an incompressible nonlinear form is proposed. Dv in Eq.6b is the viscous strain rate; hi 

the specific functions which depend on viscous strain for each orthotropic direction: 
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with: 
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where viε the viscous elongation for each orthotropic direction; K, 1α and 2α  are the parameters in hi 

function; λ, m, a are parameters of the Carreau-Yasuda type function ( )v
f ε& . 

vε&  the equivalent 

viscous strain rate and ref
ε&  is a reference strain rate that can be taken equal to 1s-1. ( )0 Tη and  

( )
vref

Tε  are 2 thermal dependent variables. Williams-Landel-Ferry (WLF) model was chosen for the 

evolution of ( )0 Tη . C1 and C2 are WLF parameters, Tref = 90oC. C3 and C4 are parameters in ( )
vref

Tε . 

III.3.2 VHE model identification 

The simulation of equal-biaxial tensile test is carried out using finite element code in software 

Matlab. The well-known inf-sup condition or the LBB condition [37,38] guaranties the stability of a 

finite element velocity - pressure calculation as a quadratic interpolation for velocity and linear for 

pressure. By analogy, we choose a quadratic interpolation for velocity V and linear interpolation for 

eB .  

TABLE 1. The characteristics of the PET 

G( eε ) G1 λ1 G2 λ2 

2 MPa 1 2 MPa 1 

 

 

η( vε , vε& , T) 

( )vf ε&  λ a m 

10.51 10.43 0.23 

( )vh ε  η0  Κ α1 α2 α3 

1 MPa.s 10 10 -2.1 2 



η0(T),εvlim(T) C1 C2 C3 C4（oC） 

2.5 55.3 0.8 200 

Considering the thermal effect, Mechanical and thermal balance equations are fully non-linear and 

solved together with implicit schemes on the current deformed configuration, which is updated at 

each time step. Newton-Raphson method is used to solve this nonlinear problem. ‘fminsearch’ in the 

toolbox Matlab is used to manage the identification. This tool can identify the characteristics of VHE 

model from minimizing the difference between the curves experimental and numerical simulation 

for different point of measurement. Table 1 lists the identified parameters of the proposed VHE 

model.  

 (a)  (b) 

(c) 

Figure 17: Comparison between experimental results and model simulations under different 

temperature (a) speed 25mm/s; (b) speed 100mm/s; (c) speed 200mm/s 



Figure 17 shows the comparison between the numerical results using the identified model and the 

experimental equal-biaxial results. Numerical simulation gives a good representation of strain 

hardening effect and thermal effect. For each temperature and stretching speed, the absolute 

difference between numerical result and experimental one does not exceed 20%. The main 

difference between experimental data and numerical simulation is at the beginning of the curve: the 

initial slope of the experimental curves varies when the strain rate increases while it remains the 

same is the numerical results. This understandable since the elasticity in the model does not depend 

on the strain rate. 

IV. Conclusions 

We present a portable biaxial testing device including a heating system that can provide biaxial 

tensile tests close to the ISBM process condition for temperature and strain rate. The design is simple 

and inspired from many publications on other biaxial apparatus; the shape of our cruciform specimen 

has been optimized in order to obtain a large strain in the central zone. Biaxial elongation up to 3.5 in 

each direction can be reached with this geometry. 

Using the developed shape of the specimen, equal-biaxial tensile tests under different temperature 

and stretching speeds were carried out. The DIC technique was conducted to justify the simple 

procedure used to determine the biaxial strain and stress in the central region of the specimen. 

An identification procedure was carried out in order to determine the parameters of the thermo 

dependent visco hyperelastic (VHE) model developed at MSME for ISBM simulations. This VHE model 

takes into account the strain hardening and strain rate effects. Numerical simulation with the 

identified characteristics presents a good agreement with experimental equal-biaxial results. 

Compared to previous published results of the PET behaviour at the same temperature and strain 

rate conditions enables to validate our identification methodology. 
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Highlights 

- A new vertical and transportable biaxial testing device including thermal regulation is 

designed and built up. The heating system provides quickly a homogeneous temperature of 

the specimen. 

- A cruciform specimen shape is optimized reach high level of strain (up to 200%). 

- An identification procedure of a viscohyperelastic model coupled with temperature is 

performed from equal-biaxial tensile results. 
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