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Abstract. Polyethylene terephthalate (PET) is a standard plastic with the highest consumption in 
the food packaging industry. The large amount of bottles produced makes imperative the search 
for the recycled PET (rPET). However, the recycling procedure generates the modifications of the 
mechanical, thermal and optical properties from virgin PET to recycled one. In this study, Digital 
Image Correlation method associated to numerical simulation is used to identify the mechanical 
properties of the bottles. The effects of various recycled PET ratios on the mechanical properties 
of bottles are discussed.  
Introduction 
The massive production of PET plastic bottles generates very visible pollution problems around 
which negative communication endangers the future of the packaging industry. Recycling is 
certainly a response to this situation in order to improve the image of the polymer industry by 
working on the sorting and recycling sectors. Producing new bottles from old ones is a simple idea 
unless the properties of the product are not too degraded compared to a new bottle.  

Numerous works have been carried out [1-5] to capture the mechanical and thermal behavior 
of rPET. In this work we look for the correlation between the rate of recycled and the induced 
mechanical behavior. It is well known that the blowing process reinforces the mechanical strength 
and rigidity of the material [6-9] and our purpose is to measure the induced elastic properties in 
order to answer whether if the recycled PET reduces or not these induced properties. 

In the first part, we will present the material, the specimen and the method used to measure the 
wanted properties. Then, in the second part, we will present and discuss the obtained results.  
Material and identification methods 
The material used as the virgin PET is RAMAPET N180.  Its glass transition temperature is 78+/-
2°C and its intrinsic viscosity is 0.80+/-0.02 dl/g. The recycled PET is referenced MOPET and its 
intrinsic viscosity is 0.85+/-0.02 dl/g. Characteristics are detailed in the Tables of the Appendix.  

Four types of bottles were blown by Sidel with different mass fraction of recycled PET (see 
Table 1). The geometry of the preform is illustrated on Fig.1a. The final diameter of the bottle set 
on the blowing apparatus shown on Fig.1b is 70mm and the measured thickness in the central 
region is 0.3mm.  
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 (a)                                                                                 (b) 

Figure 1. (a) The preform geometry, (b) the final bottle during the internal pressure test  
 

Consequently, one can evaluate the radial elongation λr=5.15 and the thickness contraction 
λe=0.093. By assuming the volume conservation, one can estimate the longitudinal elongation in 
the central region λz=2.09.  

 
Table 1: Four different types of bottle  

 MOPET (recycled) N180 (virgin) 
Bottle 1 0% 100% 
Bottle 2 25% 75% 
Bottle 3 50% 50% 
Bottle 4 100% 0% 

 
Two different methods are used to identify the mechanical properties of the blown bottles. Both 

are based on measuring strains with a digital image correlation (DIC) technique [10]. For the 
nondestructive method, a blowing apparatus developed in laboratory MSME is used in order to 
put the bottle under pressure (Fig.1b).  We focus on a region of interest (ROI) where the DIC 
provides the components of the displacement field as shown on Fig.2. 

This method has already been detailed in previous paper of authors [11] for example. To make 
sure of the linearity, we increase the pressure by step of 0.5 bar from 0 to 5bar and the strains and 
stresses are obtained at each step. Considering the cylindrical central zone, one can evaluate the 
stresses σr and σz from the internal pressure P: 

,
2z
PR PR

e eθσ σ= =                                                                                                                            (1) 

where R the radius in the cylindrical part of the bottle (35mm) and e the thickness of the same part 
(0.3mm).  

This leads to two relations from where one can evaluate the modulus Eθ and Ez if the Poisson’s 
ratio is known. 
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(a) 
 

(b) 
Figure 2. (a) The region of interest (ROI) measures in the central part of bottle that can be 

considered almost plane; (b) Visualization of the components U and V of the ROI under 2 bar 
pressure 

 
The other method, a destructive one, is managed on a biaxial tensile machine also developed at 

MSME shown on Fig.3 and described in a previous paper of authors [11]. The central zone of the 
bottle is cut and machined in a water jet machine to produce a cross specimen. To break the 
symmetry and to generate an heterogenous strain field, a hole is done on the specimen. The location 
of the hole has been studied in order to optimize the identification process. This process has been 
detailed in a previous publication of authors [11] and enables to determine all elastic components 
of the orthotropic material.    
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 (a) (b)     (c) 

Figure 3. (a) Biaxial testing machine, (b) specimen cut on a water jet machine and (c) biaxial 
specimen with hole and speckle placed on biaxial machine. 

 

Once again, the DIC method coupled with finite element meshing of the ROI (see Fig.4a) are 
used but instead of using the virtual field method presented in [11], we carried out a two steps 
identification. First, we guess some realistic values from literature [9,11] for the material 
parameters and a finite element calculation is managed imposing as Dirichlet boundary conditions, 
the DIC displacements on the 4 arms.  

After the calculation, the computed global tensile loads Fx and Fy are compared with the 
measured ones and then 2 correcting factors αx and αy are applied to the loads distribution. The 
second step consists to apply Neumann boundary conditions on the top and left arms with the 
corrected distribution. We still impose the Dirichlet boundary condition on the bottom and right 
ones. 

From then the set of parameters can be optimized in order to minimize the difference between 
the DIC displacements measured inside the specimen (Fig.4b) and the finite element displacements 
depending on the parameter values. This minimization is carried out using the Nelder-Mead 
simplex algorithm as described in Lagarias et al. [12]. in Matlab. This adaptation of the Finite 
Element Model Updating (FEMU) method is presented in [13,14] and gives all the material 
parameters from a single test. In this method, the unknown properties are determined through 
minimization of Φ with respect to material parameters that is the square difference between the 
displacement measured (DIC) and the displacement calculated from finite element method (FE) 
using DIC as boundary conditions.   
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 (a)

(b) 
 

Figure 4. (a) Mesh of the biaxial specimen with hole and (b) displacement components after an 
equal-biaxial stretching of the arms. 

Results and discussions 
First, we will focus on results of the virgin PET N180. Late 90’s, Chevalier et al. [15] proposed a 
simple and empiric model to predict the induced modulus from the elongations. The longitudinal 
modulus Ez was modelled by a 3rd order polynomial function of λz while the hoop modulus Eθ was 
represented by a 2nd order polynomial function of λr based on the low number of experimental 
values higher than λr=4. With the value of λr equals to 5.15, the predicted hoop modulus would 
rise to more than 6000MPa which seems to be more than what the measure gives. 

Let us first examine the results given by the modified FEMU method from the biaxial tensile 
test on the cross specimen with a hole. Table 2 summarizes the identified values obtained from the 
3 tests managed under identical conditions. 
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Table 2: Characteristics of virgin N180 samples  
Characteristics Eθ (MPa) υθz Ez (MPa) υzθ Gθz (MPa) 
Mean value 3230 0.43 1790 0.25 1420 
Standard deviation 1025 0.05 540 0.16 320 
Dispersion 29% 12% 29% 63% 23% 

 
It is interesting to notice that: 
- the ratio between the two modulus is conform to what is usually measured [9,11]. Here the 

ratio is equal to 1.8 between the hoop modulus and the longitudinal one.  
- the dispersion is very important for all parameters and this is probably more a consequence of 

the method (or the measure) rather than a real dispersion from one sample to another. 
Consequently, we managed the DIC correlation in the arms that supposed to be nearly in simple 
tension to confirm the modulus and Poisson’s ratio. 

 
Figure 5a shows the ROI chosen for this confirmation and Fig.5b confirms that the arm is almost 

in simple tension because of the regular spacing of the contour lines. One can see that these regular 
straight lines are only located in the left side of the ROI, so the mean values of the strains must be 
measured there.  

 (a)      (b) 
Figure 5. (a) ROI in the arm of the biaxial specimen with hole and (b) displacement component 

after an equibiaxial stretching of the arms. 
 

Assuming the Poisson’s ratio υθz is equal to 0.43, one can manage the series of measure on 
bottles under pressure. From the displacement fields, we calculate the average deformations in the 
ROI. 30 rectangle sub-regions are chosen in order to obtain the strains εz and εθ and their 
dispersion.  

The typical evolution of εz and εθ as a function of the pressure (P(i) = 0.05 times i in MPa) are 
illustrated in Fig. 6a. Values are well aligned but fitted lines do not pass exactly through 0 when 
the pressure is zero. This is often the case because the bottles are never perfectly cylindrical but 
this geometrical defect disappears after the pressurization. We proceed to a shift (passage of the 
lines by 0) and proceed to the identification of the elastic modulus at each step as shown on Fig.6b. 
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 (a)   (b) 
Figure 6. (a) Linear strain evolution versus pressure (b) Induced modulus in virgin N180 PET 

bottles for υθz=0.43 
 

Table 3 shows the values of the longitudinal and circumferential Young moduli in the case of 
virgin PET N180. Several bottles of the same grade of PET were tested both under pressure and 
by the arms of the biaxial tensile test. The mean values of Eθ is less than 8% far from the one 
identified from the global modified FEMU, the Ez modulus is 14% lower. Consequently, the ratio 
decreases to 1.45, which is smaller than what is usually observed in bottles. 

The dispersion of this second series of identification is significantly lower than with the global 
method: less than 4% for the circumferential module while we reach 12% for the longitudinal 
module. In literature [15], one observes that there is a less dispersion on the longitudinal modulus 
than on the circumferential one. Because the preform is stretched longitudinally by a rod, the 
longitudinal elongation is fixed. 

 
Table 3: Modulus of virgin N180 samples confirmed from the tension in the arms and the bottle 

under pressure 

 Eθ (MPa) Ez (MPa) 
Mean value 2990 2065 
Standard deviation 110 240 
Dispersion 4% 12% 

 
Considering this identification, we propose to modify the empirical function used in [15] and 

to choose a 3rd order polynomial function for the modulus 𝐸𝐸𝜃𝜃 so it varies by passing by a maximum 
which defines an optimal elongation as one could already see for 𝐸𝐸𝑧𝑧. The evolution are plotted on 
Fig.7. 

3 236.66 296.9 396.0 1313.5
z zz zE λ λ λ= − + − +  
3 283.39 565.2 395.14 1206.5

rr rEθ λ λ λ= − + − +                                                                              (3) 
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Figure 7. Evolution of modulus Ez and Eθ together with previous experimental data from [15] 

and values predicted or identified for N180 PET. 
 

Through inflation tests, we carried out a modulus measurement campaign for the three MOPET 
recycled rates, i.e. 25%, 50% and 100%. Table 4 and Fig.8 show that there is no very clear 
influence of the recycling rate on the induced modules. It seems that recycled MOPET reinforces 
the virgin N180 in terms of rigidity: all the modulus of rPET are higher than that of virgin N180.  

When we analyze the material sheets (Fig.9 in the appendix), we see that the density and 
intrinsic viscosity of MOPET are greater than those of N180 (ρMOPET=0.9kg/dm3 versus 
ρN180=0.83kg/dm3 and IVMOPET = 0.82-0.87dl/g in front of IVN180= 0.78-0.82dl/g). This is certainly 
the explanation of why the MOPET bottles are more rigid than the virgin PET N180 one. 

 
Figure 8: Induced modulus versus virgin N180 PET rate  
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Table 4: Modulus of rPET samples – influence of the rate of recycled PET 

 Eθ (MPa) and 
dispersion 

Ez (MPa) and 
dispersion 

Bottle 1 – 100% N180, 0% 
MOPET 

2990 
4% 

2065 
12% 

Bottle 2 – 75% N180, 25% 
MOPET 

3595 
9% 

2580 
5% 

Bottle 3 – 50% N180, 50% 
MOPET 

3430 
3% 

2560 
8% 

Bottle 4 – 0% N180, 100% 
MOPET 

3330 
8% 

2680 
15% 

Conclusion 
The measure of the mechanical elastic properties induced by the stretch blow molding process has 
been carried out on rPET bottles by two different ways: from heterogeneous biaxial tensile tests 
and from the growth of the bottle under pressure. The second method provides experimental results 
with less variation and has been used to test the influence of the rate of rPET in the initial preform.  

The specific geometry of the blown bottle enriches the data in order to provide a better 
interpolation of the predicted modulus versus elongation during the process. The influence of the 
rate of recycled material has been studied. Finally, it appears that in our case, the recycled part 
reinforce the rigidity in both longitudinal and hoop directions.     
Appendix: material characteristics 

(a) 
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(b) 
 

(c) 
Figure 9. (a) and (b) RAMAPET  N180 properties (c) MOPET properties  
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