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Summary. The present study investigates the failure process of Ethylene tetrafluoroethylene 

(ETFE) foil on 250 µm thick Novoflon ET 6235Z, a material extensively employed in the 

building industry. ETFE structures tend to fail due to a rupture in the foil rather than reaching 

their ultimate stress or strain level in an extended area. Determining the fracture toughness and 

the level at which unstable crack growth occurs is imperative when considering in-situ material 

repair. Despite the extensive research conducted on the viscoelastic mechanical behavior of 

ETFE foils1–3, relatively few studies have been found in connection with the fracture 

mechanical investigation of the foil 4. ETFE is a ductile polymer film, resulting in a large plastic 

zone around a crack tip, which highlights the necessity of using methods in elastic-plastic 

fracture mechanics. Here, the energy release rate, termed J-Integral 5,6 connecting to the crack 

propagation (∆a) is investigated based on the work of Hegyi and Pellegrino7. Unidirectional 

tensile tests were conducted on 50mm wide, 300mm long strips with different slit widths (3mm 

to 18mm) positioned at the center. Three different strain rates (0.083%/s, 0.166%/s, and 0.333 

%/s) and three different temperature levels (16°C, 24°C and 32°C) were investigated. The J-

integral was calculated around the tip of a crack from the strain field measured by digital image 

correlation. The critical level of J-integral is determined when the crack starts to propagate. The 

results show that the value of the critical level of J-integral is independent of the slit width but 

is proportional to the temperature change. The findings of this study offer significant potential 

for future research and development in the field of environmentally sustainable structural 

design, to prolong the service life of the material even in the event of a defect.  

1 INTRODUCTION 

Ethylene tetrafluoroethylene (ETFE) is a thermoplastic semicrystalline polymer used as a 

thin foil in inflated cushions in the building industry. The structural integrity of these cushions 

highly depends on their internal pressure. In case of a sharp surface defect, two scenarios are 

possible. First, after the damage, the crack propagation stops and the air escapes, which drops 

the level of the internal pressure. The second possibility is if an unstable crack occurs and the 

structure fails like a balloon. The failure process is highly governed by the ductile behaviour of 

ETFE as a polymer. First, the sharp crack tip blunts, then a significant plastic zone evolves in 

the material around the tips. The propagation starts when the stored energy level in the material 

reaches a critical level8. The material parameter called fracture toughness quantifies the 

resistance of a material to crack initiation under stress. Because of the large plastic zone around 

the crack tip, Elasto-Plastic Fracture Mechanics (EPFM) approaches should be used to 

characterise the fracture toughness.  
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One method is the Essential Work of Fracture (EWF) method9. In this approach, the work 

of the tensile machine is measured while uniaxially loading double-edged notched specimens. 

The advantage of this method is that the plastic deformation localises into a narrow region 

between the notches. A drawback is the necessity of numerous measurements, as the measured 

energy level is related to the ligament length and thickness10. Rigotti et al. determined a fracture 

toughness parameter by the EWF method for ETFE4.  

Another conventional but standardised method is the determination of the J-integral 5,6. The 

J-integral characterises the energy release rate of the crack propagation on a closed path around 

the crack tip. Traditionally, the J-integral was applied to metals and thick materials. However, 

Hegyi and Pellegrino7 conducted measurements on Linear Low-Density Polyethylene (LLDPE) 

foils, measuring the J-integral level successfully.  

In this paper, the J-integral was investigated on rectangular ETFE specimens (NOWOFLON 

ET 6235) with a slit in the centre. The material was considered a continuum, and the 

micromechanical behaviour of the cracking process was not investigated. To characterise the 

fracture toughness of ETFE, the critical level of J-integral (𝐽𝑐) should be determined by 

investigating the strain field of the specimen around the crack tip. The 𝐽𝑐 was obtained for three 

different temperature levels (16°C, 24 °C, 32°C) and on three different strain rates (0.083%/s, 

0.166%/s, and 0.333 %/s). The effect of different slit lengths was also investigated at 24°C and 

0.166%/s test speed.  

The second chapter of this paper briefly introduces the J-integral theory and its calculation 

in the case of ETFE foils. The third chapter details the measurement configurations. The fourth 

chapter describes the results and discussion, and the paper is finished with a conclusion.  

2 DETERMINATION OF J-INTEGRAL 

Cherepanov5 and Rice6 simultaneously developed the J-integral theory. It is a path-

independent line integral (Figure 1.), representing the fracture energy per unit crack surface.11,12  

 

Figure 1: Integration path around a crack tip.7  

The value of J-integral on a closed path Γ around the crack tip is given by: 

 𝐽 = ∫ (𝑊𝑛1 − 𝑇𝑘
𝜕𝑢𝑘

𝜕𝑥
)𝑑𝑠

𝛤
 (1) 

where 𝑊 is the strain energy density, 𝑛1 = 𝑑𝑦/𝑑𝑠 is the normal strain in the direction 

perpendicular to Γ, 𝑇 is the traction vector perpendicular to Γ and is defined as 𝑇𝑖 = 𝜎𝑖𝑗𝑛𝑗 ,𝑢𝑖 is 

the displacement vector components, and 𝑑𝑠 is an infinitesimal element along Γ. Generally, the 

J-integral is path independent if Γ lies purely in the elastic strain region. However, Shih13  

extended the J-integral to inelastic materials even when the Γ crosses the plastic region around 

the crack tip. In this case, Γ should lie in a region where no unloading occurs, and the total 

strain theory of plasticity applies.12 
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The J-integral is calculated along a selected path Γ (Eq. 1), which requires knowledge of the 

strain energy and stress components. Both parameters can be determined numerically by 

measuring the strains with a Digital Image Correlation (DIC) system along Γ. An isotropic 

nonlinear viscoelastic-plastic model extended by the Free Volume Model (FVM) was 

considered to determine the stresses for the traction vector. The model was developed and 

investigated on ETFE foils by Karádi and Hegyi14,15 based on the work of Li et al. 16. 

The J-integral analysis requires a constitutive formulation that predicts stress rather than 

strain. Therefore, the viscoelastic-plastic model of Karádi and Hegyi15 was inverted to compute 

the second Piola-Krichoff stresses from the corresponding Green-Lagrange strains (obtained 

from the DIC) according to the following expression:  

 𝜎𝑡 = (𝜀𝑡′ +  𝑓𝑡′−𝛥𝑡′ − 𝜀𝑝𝑙,𝑡−∆𝑡 + ∆𝜀𝑝𝑙)𝑆̃𝑡′
−1

   (2) 

Where 𝑆̃𝑡′
−1

 is the inverse of the time-dependent isotropic compliance matrix 𝑆̃𝑡′. 𝜀𝑡′ is the 

strain at the current time step, 𝑓𝑡′−Δ𝑡′ is the free-volume-dependent strain increment from the 

previous time step, 𝜀𝑝𝑙,𝑡−∆𝑡  is plastic strain from the previous step, and ∆𝜀𝑝𝑙 is the plastic strain 

increment at the current step. Finally, it was assumed that only the elastic strain energy affects 

the crack propagation, and the dissipated strain energy contributes to the creep and plastic 

deformation. First, the total strain energy at a given time step 𝑡 for a general element of the 

Prony series 𝑖 is given by 

 𝑊𝑡 = ∑ 𝜺𝑖
𝑇𝑛

𝑖=0 𝝈𝑖 (3) 

Then the dissipated energy density is calculated by 

 𝑊𝑡
𝐷 = 𝑊𝑡 − 𝑊𝑡

𝐸,  (4) 

Where 𝑊𝑡
𝐸 is the elastic strain energy density given by 

 𝑊𝑡
𝐸 = ∑ 𝜺𝑖

𝑇𝑛
𝑖=0 𝑬𝜺𝑖 (5) 

 

Figure 2: a) Schematic diagram of 𝐽 − ∆𝑎 curves with blunting phase and crack propagation phase, b) shows the 

corresponding ∆𝑎 − 𝑡 curves with the value of ∆𝑎𝑐𝑟𝑖𝑡  marking the end of the blunting phase. 

The value of the critical level of J-integral (𝐽𝑐) was given from equation 1 at the time when 

the crack propagation starts, marked by the critical crack initiation point ∆𝑎𝑐𝑟𝑖𝑡 as show in 
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Figure 2. 

2 MEASUREMENT CONFIGURATION 

The ETFE strip specimens of 50 × 300 mm dimensions were made from NOWOFLON ET 

623517 foil with printed silver patterns. The nominal thickness was 250 μm, while actual 

thicknesses, measured with digital callipers, averaged 245.1 μm (standard deviation 5.03 μm). 

Testing was conducted with specimens oriented in the machine direction (MD), assuming 

isotropic behaviour as outlined in Section 1. On each specimen, a slit was made by a sharp 

scalpel in the centre, perpendicular to the longer direction, to investigate the mode I fracture 

type.  

 

Figure 3: Schematics of a) specimen dimensions and configuration and b) machine configurations in the room, 

(1) test specimen clamped into the material testing machine, (2) DIC camera system, (3) spotlight aimed at the 

white wall improving lighting conditions, (4) thermometers with (5) thermocouples for temperature and vapour 

content monitoring. 

Two measurement series were conducted based on the slit width. In the first, specimens with 

a nominal slit length of 6 mm were tested in a tempered room at three temperature levels (16 

°C, 24 °C, and 32 °C) and three strain rates (0.083%/s, 0.166%/s, and 0.333%/s), with five 

specimens per configuration. In the second series, specimens with varying slit widths (3–18 

mm in 3 mm increments) were tested at 24 °C and a strain rate of 0.166%/s, using three 

specimens per configuration. In total, 75 measurements were performed. 

Uniaxial tensile tests were performed until separation in a universal tensile testing machine 

(ZWICZK Z150) with a waved gripping head (Figure 3). Load measurements were recorded 

using a 150 kN capacity load cell. A preload of 5 N was applied to prevent wrinkling of 

specimens.  

The strain field was measured using a Digital Image Correlation (DIC) system18 to capture 

the in-plane deformation of the ETFE foils. Two Basler acA1920-155um cameras, each 

equipped with 75 mm Kowa LM75HC F1.8 lenses, recorded the specimens during uniaxial 

tensile tests. The cameras were about 1.5 m from the specimen, capturing a field of view of 

roughly 5×10 cm. To enable DIC analysis, the silver patterns were removed with acetone first. 

Then the specimens were coated with a light matte black spray to generate a random speckle 

pattern. 
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Figure 4: The defined monitor lines and points around the crack tip for post-processing the DIC measurements. 

a) The defined area of calculations with the monitoring points and lines for control. b) Defined monitoring lines 

and polylines around the crack tips. 

Image processing was performed in VIC-3D 8.018 with a correlation subset size of 21×21 

pixels and a step size of 7. During the post-process monitoring to check the validity of the 

material model monitoring point 𝑃𝑐𝑜𝑛𝑡𝑟𝑜𝑙 and line 𝐿𝑐𝑜𝑛𝑡𝑟𝑜𝑙 (Figure 4), were used. To investigate 

the crack fronts' opening along the y direction monitoring points 𝑃𝑇𝑜𝑝 and 𝑃𝐵𝑜𝑡𝑡𝑜𝑚 were defined. 

To measure the crack tip propagation, this study uses the method of Filho et al. 19, who proposed 

a method with DIC for crack tip detection of fibrous soft composites. First monitoring lines 

𝐿𝐿,𝑇 , 𝐿𝐿,𝐵 ; 𝐿𝑅,𝑇 , 𝐿𝑅,𝐵  are defined below and above the crack on the two sides. Then, the x 

position of the crack tip in the time history could be determined from the average displacement 

differences between the lines on the same side. To calculate the J-integral to polylines by 9 

points, forming elliptical paths around both sides (𝐿1 and 𝑅1) of the crack tips were defined. 

(Figure 4). The shape of polylines 𝐿1 and 𝑅1 were determined so that it would remain in the 

elastic range for as long as possible during the measurement. From the post-process, the Green-

Lagrange strain tensors were obtained directly from the software. 

3 RESULTS 

3.1 Effect of the initial slit width 

First, the mean stress-strain curve was investigated in the control area by examining the 

influence of plastic deformation on the failure at a temperature level of 24 °C and a speed of 

0.167 %/s. The stress level was determined at ∆𝑎𝑐𝑟𝑖𝑡 in case of all measurements with a different 

slit width. The measurements where the slit width was smaller than 9 mm showed that the whole 

material should yield. In contrast, most of the specimens remained in the elastic phase in the 

case of measurements with a larger slit width, larger than 9 mm. In these cases, the decrease in 

ligament length increased local stresses, which enlarged the plastic zone near the advancing 
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crack tip. 

 

Figure 5: The average stress-strain curve of measurement at temperature 24°𝐶 and strain rate 0.166
%

𝑠
.  The 

critical stress values 𝜎𝑐𝑟𝑖𝑡  when the crack propagation starts ∆𝑎𝑐𝑟𝑖𝑡  for crack widths 3mm to 18mm for the left 

and right sides of the crack tips were marked by different shapes. 

Investigating the values of the critical level of J-integral, in most cases, the stored energy 

remained mostly around 9000 𝐽/𝑚2  (Table 1). One exception was for the 3mm initial slit width, 

which was considered an outlier in the results. Another outlier seemed to be the measurements 

with slit widths 15 and 18 mm where above 10000 𝐽/𝑚2. 

Table 1: 𝐽𝑐𝑟𝑖𝑡 values at ∆𝒂𝒄𝒓𝒊𝒕 for different slit width 

 
𝑎0 [𝑚𝑚] 

3 6 9 12 15 18 

𝐽𝑐𝑟𝑖𝑡[𝐽 𝑚2⁄ ] 
Total 12283 12460 10083 10715 11553 11490 

Stored 6664 9012 9230 9396 10292 10370 

3.2 Effect of the temperature level changes 

The temperature dependence of 𝐽𝐶𝑟𝑖𝑡 was investigated at a reference strain rate of 0.166%/s 

using specimens with an initial crack width of 6 mm, selected to ensure yielding in the whole 

specimens at crack initiation. To evaluate temperature effects, the mean 𝐽𝐶𝑟𝑖𝑡 values from the 

left and right integration paths were averaged. As shown in Table 2, all values remained below 

9,000 J/m² and decreased with temperature, with the maximum at 16 °C and the minimum at 

32 °C. 
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Table 2: shows the mean values of 𝐽𝑐𝑟𝑖𝑡 as a function of temperature at a strain rate 0.166%/s 

Temperature / 
J-integral [𝐽/𝑚2] 
Stored Total 

16 °C 8145 10319 

24 °C 7973 10864 

32 °C 6295 7803 

This observation is typical of glassy thermoplastics, which Kinloch and Young20 detailed. 

However, the temperature-dependent behavior of polymers is quite complex; further 

investigations on wider temperature ranges are necessary to map this behavior for ETFE 

precisely.  

3.3 Effect of the strain rate changes 

As the material model considerably overpredicts or mildly underpredicts the stress-strain 

response (as shown in Figure 6), the strain rate-dependent behaviour of the critical level of J-

integral was treated with caution. 

 

Figure 6: Stress-strain control plot for the nonlinear viscoelastic plastic material model on specimens with slit 

width 𝑎 = 6𝑚𝑚 at strain rates 0.083 % 𝑠⁄  ,0.166 % 𝑠⁄ , 0.333 % 𝑠⁄  at a) temperature 16 °𝐶  b) temperature 

24°𝐶  c) temperature 32 °𝐶 . The plot shows the average values of the five measurements under the same 

conditions. 

Table 3. illustrates this issue with the material model: the fastest loading rates consistently 

lead to 𝐽𝑐𝑟𝑖𝑡 values that are 1.5 to 2 times higher. In most cases, a higher strain rate corresponded 

to a higher 𝐽𝑐𝑟𝑖𝑡. 

Table 3: shows the mean values of 𝐽𝑐𝑟𝑖𝑡 as a function of temperature at temperature 24°C. 

Strain rate /  
J-integral [𝐽/𝑚2] 

Stored Total 

0.083 %/s 5525 11967 

0.166 %/s 7956 10860 

0.333 %/s 13029 16608 
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CONCLUSIONS 

This study presents a fracture-mechanical study of ETFE foil (NOWOFLON ET 6235, 250 

μm) using elastic–plastic fracture mechanics based on the J-integral. Centre-notched specimens 

(50 × 300 mm) were tested to construct 𝐽 − 𝛥𝑎 resistance curves and determine the critical J-

integral, 𝐽𝑐𝑟𝑖𝑡, under varying temperature and strain rate conditions. Deformations were 

recorded with a stereo DIC system, while stresses were derived from a nonlinear viscoelastic–

plastic model. 

Two test series were performed. The first, at 24 °C and 0.166%/s, varied initial slit widths 

from 3 to 18 mm. The second examined temperature (16, 24, 32 °C) and strain rate effects 

(0.083, 0.166, 0.333%/s) using 6 mm slits. Crack initiation (∆𝑎𝑐𝑟𝑖𝑡) was determined from DIC-

based displacement fields using the method of Filho et al.19, with bilinear fitting of 𝛥𝑎 − 𝑡 

curves marking the transition from blunting to propagation. The mean value of J-integrals was 

evaluated along an elliptical Γ-path from the left and right side. 

At 24 °C and 0.166%/s, 𝐽𝑐𝑟𝑖𝑡 was around 9000 J/m², independent of initial crack width. 

Increasing temperature reduced 𝐽𝑐𝑟𝑖𝑡 from ~8200 to ~6000 J/m². Strain rate effects were less 

conclusive due to model limitations, though results were consistent at the reference rate. Tests 

with different slit widths indicated that cracks shorter than 6 mm did not propagate unstably; 

for larger slits, parts of the specimen remained elastic, limiting energy release. 

Overall, ETFE foils showed low sensitivity to small cracks, as propagation requires the 

whole section to yield. In inflated cushion systems, internal pressure drops when defects occur, 

further reducing driving forces for crack growth. Thus, small cracks are unlikely to cause 

unstable tearing, and repairs by simple on-site patching remain a practical solution. 
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