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Abstract 

The formability limits for sheets are very well defined. Since thin walled tubes can be approximated 

to sheets with curvature, this work used the current knowledge of sheets with the objective of 

determining the formability limits of thin walled PVC tubes, namely its forming limit curve – through 

digital image correlation technology in tensile tests, – its fracture forming limit line – through tensile 

and expansion tests, – and its wrinkling limit curve – through instability tests. In order to determine 

those limits, it was necessary to do a mechanical characterization of the material. To do so, tensile and 

compressive tests were carried out. 
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1. Introduction 

The formability limits of sheets have been thoroughly studied, especially in metals. However, the 

formability limits for tubular structures are still not well characterized, with few studies aiming to 

characterize its formability limits (Centeno et al., 2016). These structures are important because they 

have good mechanical properties such as a strong resistance to torsion and since thin walled tubes 

can be approximated to curved sheets, this dissertation’s objective is to characterize the the material 

used and the identification of the formability limits of thin walled PVC tubes. 

In order to characterize the material’s properties, tensile and compressive tests were carried out since 

polymers have different behaviours for each of them.  

For the characterization of the forming limit curve (FLC), the results of tensile tests were analysed 

using a method that determines the FLC location based on the geometrical behaviour of points around 

the necking area throughout the test. 

For the characterization of the wrinkling limit curve (WLC) a numerical simulation of the instability 

tests was needed. 
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2. Mechanical Characterization of the Material 

In order to determine the formability limits of thin walled PVC tubes, it is necessary to determine its 

mechanical properties. Polymers have different behaviours when they are under tensile or when they 

are under compressive conditions (Atkins 1996). Therefore, tensile and compressive tests were 

conducted in order to characterize the material’s properties. 

Both tests, tensile and compressive, were carried out according to their standards (ASTM D638-97, 

2008; ASTM D695-02a, 2010 respectively). 

The graphics of nominal stress vs. nominal strain are shown in figure 1: 

 

 

Figure 1 – Nominal stress vs nominal strain 

 

Figure 1 demonstrates that both tests have different behaviours. While at a certain stress, the tensile’s 

curve remains constant, the compressive’s curve increases. When polymers in a tensile test develop a 

localized necking, unlike metals, the necking propagates throughout the entire specimen before it 

fails. This necking explains the aforementioned differences between the curves. Figure 2 shows the 

true stress vs. true strain curve. 

 

 

Figure 2 - True stress vs true strain 
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From a comparison of the two curves in figure 2 it is possible to notice that the compressive curve 

allows for analysis at much greater extensions than the tensile curve. 

 

3. Formability Limits 

The second part of the extended abstract concerns the characterization of the formability limits. 

As stated above, there are three formability limits that we will be considering in our work. The forming 

limit curve (FLC), the fracture forming limit line (FFC) and finally the wrinkling limit curve (WLC). 

 

3.1. Wrinkling Limit Curve 

To obtain the WLC, not only was it necessary to make experimental instability tests on specimens with 

different lengths but also to make numerical simulations. To develop the numerical model, the 

software I-Form was used, namely its 2-dimension version, I-Form2 developed by professor Paulo 

Martins. In these tests, compression forces are applied to tubular specimens who can either fail by 

wrinkling or increase their thickness by compression. It is also possible to have a mixed behaviour 

where initially the tube wrinkles but then increases its thickness. In the simulations developed, the 

mechanical properties of the material were introduced into the software as well as the boundary 

conditions. In the numerical simulations, the tube was considered free (no constraints), the 

compression plates were considered rigid and the speed of the experiment was given to one of the 

plates while the other remained still (figure 3) 

 

 

Figure 3 –a) Numerical simulation model b) boundary conditions 

 

Not only did these numerical simulations enable the determination of the WLC but also allowed 

sensitivity analyses of the different parameters of the test. In figure 4 we can see for example how 

friction affects the test through one of those sensitivity analyses where l is the length of the tube and 

m is the Prandtl friction factor.  
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Figure 4-Sensitivity analysis of friction between tube and compression plates - Main extensions plane 

 

From the sensitivity analyses it was possible to identify the following relations: 

• Even a slight difference in the tube height (5%) can produce extremely different results for l=6 

mm. It is also notable that a decrease in tube height makes it more prone to compression 

rather than wrinkling 

• A difference in thickness doesn’t constitute any major changes to the strain paths (except 

when l=6 mm or after wrinkling has occurred). However, decreasing the thickness of the tube 

results in a smaller transversal area which diminishes the load needed to deform the tube 

• Friction between the tube and the compression plates highly influence the results for small 

tubes (l=3 mm and l=6 mm). However, for taller ones, friction stops being a relevant factor.  

Confronting the results that were obtained experimentally with the ones that were obtained using 

simulations, confirms that the numerical model is a good approximation of the experiments (figure 5). 

Considering that the numerical simulations successfully predict the experimental results, the 

numerical simulations were used to determine the wrinkling forming curve. 

 

          

Figure 5- Strain paths of the wrinkling test - Major strains plane 
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Kasaei et al. (2015), studied the wrinkling forming curve of a metal sheet by determining the moment 

where the sheet would deviate from its straight position by extrapolating the FEM results of the 

relation between sheet bending height and the main extensions. The method was adapted for tubes 

by Moedas (2017) by determining the moment where the tube’s longitudinal section would deviate 

from its straight position as demonstrated in figure 6. 

 

 

 

We can consider the first moment when ℎ𝑒𝑥𝑡 ≠ 0 as the moment where wrinkling occurs (in the 

specimens where wrinkling occurs). In order to determine where that moment happens, we analyse 

the evolution of hext in regards to the main extensions in a graphic like figure 7. By extrapolating the y 

intercept of those graphics, we get the main extensions of the first moment where ℎ𝑒𝑥𝑡 ≠ 0, which 

corresponds to the main extensions of the points in the WLC. 

 

Figure 7 –a) Critical strains of instability tests for l=6 mm b) Points of WLC for the different tube lengths 

 

In figure 8, the wrinkling limit curve is shown. It can be noticed that as the height of the tubes 

diminishes, the extension necessary to wrinkle them increases. 

 

l [mm] ε1crit ε2crit 

6 4.1*10-5 -2.7*10-4 

9 4.1*10-5 -1.6*10-4 

12 4.2*10-5 -9.5*10-5 

15 4.2*10-5 -7.5*10-5 

20 4.2*10-5 -6.8*10-5 
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Figure 6- Deformed profile of a specimen in a wrinkling test 
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Figure 8 – Wrinkling limit curve - Main strains plane 

 

Some more wrinkling tests were done to determine the critical load necessary to wrinkle a tube with 

a height of 70 mm to be used in the tests of expansion with a die. The critical load obtained was: 

15.38kN. 

 

3.2. Forming Limit Curve 

In order to determine the FLC it was necessary to use the DIC technology. Before its usage, the 

specimens had to be painted. To do so, the specimens were covered in white paint and afterwards 

sprayed with black paint in order to finish with a surface like the one shown in figure 9. 

 

 

Figure 9 - Painting required to use the DIC method 

 

The DIC technology is able to identify the position of the black dots throughout time to measure the 

value of geometrical variables such as displacements and extensions.  

The FLC provides information on where the necking begins. To identify the FLC for this project, tensile 

tests were carried out. Martínez-Donaire et al. (2014) proposed a method to identify the FLC. The 

method followed the following steps: selection of points close to the initial necking; representation of 

the graphic major strain 1 (ε1) vs time and the graphic major strain rate 1 (ἐ1) vs time; Identification of 

the time where necking occurs (tnecking) – maximum ἐ1 of the central point of the necking (point 1) 

– and finally identification of the strains relative to tnecking (tnecking=50 s). 

Wrinkling Limit Curve 
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In polymers, the extension of a point located in the initial necking region doesn’t increase until the 

fracture. Instead, it stabilizes as the necking extends throughout the test specimen. Consequently, in 

this work, the data was analysed until ἐ1 of the central point of the initial necking (point 1) reached its 

maximum. The determination of the critical extensions is shown below in figure 10:  

 

 

 

 

 

 

 

 

 

Figure 10 – a) Major strain 1 vs. time of the points selected b) Points chosen to determine the FLC c) Major strain rate 1 vs. 
time used to determine tnecking 

 

With this method, it is possible to predict the time where necking begins and consequently determine 

the points for the forming limit curve (figure 11).  

Figure 11 – Representation of FLC points in the main strains plane 

 

As can be seen from figure 11, the differences in the results from the three different tests are very 

small as expected since the differences in thickness between the specimens was very small. 

Angle α [°] Main strain 1 Main strain 2 

70 0.0491 -0.0192 

230 0.0527 -0.0184 

320 0.0513 -0.0175 
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3.3. Fracture Forming Limit 

To determine the FFL, three tests were carried out. The tensile test, the expansion test using a die and 

the expansion test using a rubber. 

To determine the FFL points concerning the tensile tests and the expansion tests using a rubber, both 

𝜀2 and 𝜀3 of the specimen can be determined by measuring the geometry of the specimen after the 

test using a microscope. Assuming that the material is incompressible, we can use the relation 𝜀1 +

𝜀2 + 𝜀3 = 0 to determine the third and final strain which allows us to represent the points of the FFL 

(Valentino et al., 2017). 

In the expansion tests using a rubber, for the cases where the die opening, lgap, is 50 mm and 40 mm, 

it was not possible to test the specimens until the fracture because at one point their expansion 

stopped being uniform. By doing experiments with and without tightening the edges of the the tube, 

it was possible to analyse different types of strain paths and examine whether or not gripping the 

edges would translate in any changes to the amount of strain (figure 12). 

 

 

Figure 12- Different gripping conditions a) Case 1 b) Case 2 c) Case 3 d) Case 4 

 

In figure 13, we can see the influences of gripping in an expansion test with rubber. 

 

 

Figure 13-Load vs displacement graphics for tube expansion using a die 
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As expected, tightening the edges of the tube prevents the borders of the tube to slip, which results 

in a smaller expansion (figure 13). Also, as proposed by Alves e Martins (2014) it is noticeable that a 

decrease in the lgap is accompanied by an increase in load applied. 

In order to represent the points of the FFL, we need to identify the value of the three extensions.  

Assuming ε2 remains constant prior and post fracture, we can assume the value of ε2 the same as the 

moment exactly before fracture (obtained through the DIC). 

The value of ε3 on the other hand can be calculated by measuring the values of the thickness prior and 

after the experiment. 

Finally, ε1 can be obtained assuming the material is incompressible. 

The FFL curve obtained through the aforementioned experiments is represented in the figure 14 as 

well as its strain paths. 

The value of the slope of the FFL obtained through the experiments was -0.8464 instead of the -1 

proposed by Atkins et al. (1996) for metals.  

 

 

Figure 14- FFL and strain paths - Main strains plane 
 

4. Conclusions 

The work developed wanted to characterize the mechanical properties of the material as well as its 

formability limits, namely the FLC, the FFL and the WLC. 

For the instability experiments, it was possible to determine that for tube lengths bigger than 9 mm 

the tube had a pure instability behaviour, for tube lengths of 3 mm the tube had a pure compressive 
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behaviour and for tube lengths of 6 mm and 9 mm the tube had a mixed behaviour. It was also possible 

to observe that its wrinkling limit had an order of magnitude between 10-5 and 10-4 and that as the 

length of the tube shortened, the instability limit moved towards more compressive states. 

For the expansion tests using a rubber, we verified that as the lgap gets bigger, its paths tend towards 

plane strain paths and the load required to expand it is smaller. 

To compliment this work, it would be important to have a better mechanical characterization of the 

materials’ properties such as its fracture toughness and Poisson’s coefficient. 

It would also be interesting to manufacture other dies with lesser angles (less than 45°) and bigger 

lengths in order to be able to attain fracture in the expansion tests with rigid dies and identify more 

points in the FFL. 
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