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Abstract

The present article is a review of ETFE (ethylene tetrafluoroethylene) material, with emphasis on the mechanical and fractural 

behaviour, considering that the material is becoming one of the most promising façades and roof materials due to its advantageous 

properties. This paper examines the basic chemical makeup of this copolymer and details the elastic-plastic and viscous properties 

through selected studies in the field. The paper also reviews the available phenomenological, continuum mechanical or rheological 

constitutive models focusing on the engineering application to the corresponding phenomena. A separate part of the article covers 

the existing fractural mechanical research on ETFE.
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1 Introduction
Since the middle of the 20th century, plastics have become 
one of the world's most popular and accessible materi-
als. They are used in the building industry because of their 
cost-effective, lightweight properties as a replacement for 
conventional building materials such as wood and steel. 
Ethylene tetrafluoroethylene (ETFE) is a promising plas-
tic with excwlent mechanical, chemical, light-transmissive, 
and relatively good thermal properties. For this reason, it is 
becoming an effective cladding material to substitute glass 
envelopes on environmental and aesthetic buildings from 
the 1980s (Moritz and Barthel, 2002).

ETFE was synthesized first in the 1940s by DuPont. They 
aimed to develop friction and abrasion restraint, radiation 
immune, and extreme temperature bearing melt-process-
able thermo-plastic for machine insulation and cable coat-
ings. ETFE is still used in aeronautical, automotive, nuclear 
and chemical industries as one of the most stable chemical 
compounds today (LeCuyer, 2008). After the first synthe-
size, it only needed just a few years to appear in architecture. 
Due to the oil crisis, at the end of the 1970s, it was tested 
in Arizona and Germany by replacing the glass in green-
houses. The experiments showed unexpectedly good results, 
and in 1981 numerous building roofs were designed with 
ETFE in Burges Zoo by Vector Foiltec as a replacement for 

the weaker FEP (Fluorinated ethylene propylene) membrane 
cladding. Since then, its popularity as a building façade 
material has risen (LeCuyer, 2008). 

ETFE films are either used as single-layered tensile mem-
brane structures or with multiple layers in inflated cushions. 
The latter is the most popular solution, providing better ther-
mal insulation with the enclosed air. It also offers the possibil-
ity of sun shading by patterned extra film layers. One of the 
most famous examples is the Eden Project (2001) in the U.K., 
where ETFE was used in the geodesic domes as hexagonal 
and pentagonal inflated cells. It is also designed as an inflated 
cushion façade and roof element in Allianz Arena (2005) in 
Germany, the National Aquatics Center (2008) China and on 
the Biodóm in Budapest (under construction) shown in Fig. 1. 
Due to its lightweight properties, from the 2010s, it has been 
used in adaptive building design such as the aperture-like roof 
of the Mercedes Benz Stadium (2017) and the kinetic retract-
able façade of The Shed arts centre (2019).

ETFE is a high-tech material of the building industry. 
The extensive scientific investigations of ETFE membranes 
started at the beginning of the 21st century, so the under-
standing of the material, especially its failure modes and 
fracture phenomena, is limited. The present paper reviews 
the state of the art of the mechanical properties of ETFE. 
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The focus is on the mechanical parameters and the existing 
material models developed by other researchers in the field, 
which can help understand the fractural behaviour of ETFE 
membranes. Databases of SCOPUS and Web of Sciences 
were investigated for articles related to the mechanical or 
constitutive model of ETFE foils in the title or the keywords 
of the articles. Based on the abstracts of the collected arti-
cles, it was possible to conclude that the characteristics of 
a stress-strain diagram, the direction-dependent behaviour 
and the time-dependent behaviour are currently the most 
researched areas. The sections of this review article are struc-
tured based on these widely researched areas. In each section, 
the articles are introduced according to publication date with 
the described material model. The basic chemical properties 
and manufacturing types are described in Section 2. The uni-
axial, biaxial and inflated bubble test experiments are intro-
duced in Section 3. The elastoplastic material properties of 
ETFE, such as the elastic modulus and yield stress determi-
nation and material anisotropy, are introduced in Section 4. 
The  time-dependent properties such as viscosity, creep 
and cyclic behaviour and the proposed constitutive models 
describing them are presented in Section 5. Literature on the 
fractural mechanical behaviour of the material is presented in 
Section 6. Conclusions are summarised in Section 7.

2 The chemical structure and manufacturing of ETFE
The ETFE is a partially fluorinated thermoplastic semicrys-
talline copolymer whose main ingredient is the mineral fluo-
rite. The polymer chains bases are the ethylene and tetraflu-
oroethylene monomers (Ebnesajjad, 2013; Kerbow, 1997), 
forming alternated zigzag-like sequences in the resin (Fig. 2).

This structure is highly dependent on the polymerisa-
tion and manufacturing process when the highly organised 
tightly packed molecular chains form crystallinity areas, 

spherulites, with amorphous areas between them. The degree 
of the spherulites and rate of alternates determine mainly 
the direction-dependent behaviour, viscoplastic and crack 
properties. This is because the molecular bonds in the chains 
are stronger than the weak van Der Waals bond between the 
chains (Charbonneau et al., 2014). The average rate of alter-
nating sequences in ETFE is 88% (Kerbow, 1997), and the 
average degree of spherulites is 30–45% (De Focatiis and 
Gubler, 2013). To improve the copolymers poor stress crack 
resistance, commercial ETFE polymers consist of modifi-
ers of termonomers (1–10 mol%). These are chosen to have 
little or no chain transfer activity in the polymerization and 
to have bulky pendant side chains to break up crystallinity 
in the resulting polymer (Kerbow, 1997). After synthesis of 
the resin, the manufacturing process can be one of the var-
ious types of melt fabrication techniques such as injection 
moulding, compression moulding, blow moulding, extru-
sion, and wire coating. In the building industry, extrusion 
and blow moulding are the main processes for thin-film 
sheets. During the extrusion manufacturing types, the film 
forms two major directions perpendicular to each other: the 
machine direction (M.D.), parallel with the extrusion, and 
the transverse direction (T.D.), orthogonal to M.D. It is pos-
sible to improve mechanical properties by adding glass fibre 
to the film as a composite material (Kerbow, 1997).

The type and manufacturing firm also determine the 
material properties. However, in general, the following 
advantages are almost valid for every ETFE material type. 
It has high transparency and light transmission, high U.V. 
resistance, wide temperature application range and good 
behaviour during a fire with low smoke and flame emis-
sion. The films have a long lifetime and low maintenance 
needs, weldability, many colour possibilities and no dis-
colouring. They also have excellent electric insulation 
properties. Finally, it has good mechanical properties, 
such as high tensile strength and stiffness, which will 
be discussed in detail in the Sections 4–5. In Table 1–2, 
the typical characteristics and mechanical properties are 
described numerically.

Fig. 1 ETFE covering on Biodóm by Pauliny-Reith & Partners in 
Budapest (under construction, 2021)

Fig. 2 Shows the molecular formula of ETFE.
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3 Mechanical testing procedures
To understand the results for the mechanical properties pro-
vided by the research, Section  3 summarizes the regular 
testing types with their advantages and disadvantages. As 
the ETFE is used as a thin film layer in the building industry 
for membrane structures or inflated cushions, only the ten-
sile test types are introduced. Three major test type exists, 
namely the uniaxial, biaxial, and bubble inflation tests.

3.1 The uniaxial test type
The uniaxial tensile test is the most common method 
to determine the mechanical properties of ETFE foils. 
During the test, a rectangular or a dogbone-shaped spec-
imen is clamped vertically into a uniaxial tensile test 
machine  (Fig.  3). The rectangular-shaped specimen has 

one major disadvantage: it tends to fail close to the clamped 
areas due to the stress concentration. However, in the dog-
bone specimens, the failure occurs in the controlled central 
zone of the specimen. Measuring the elongation is possible 
with mechanical or optical extensometers. The optical one 
is more advantageous because it provides more data, such 
as the Poisson ratio and the elongation in different direc-
tions; it also eliminates the effect of wrinkles. Another 
advantage of this test type is that the stress-strain curve is 
directly available. Furthermore, it is also possible to take 
into consideration the influences of the loading speed, 
loading time, temperature, and specimen direction.

3.2 The biaxial test type
During the biaxial tensile test, a cross-shape or a rect-
angular-shaped specimen is tested. It is possible to load 
the specimen independently through the grips on the 
edges, but it needs a more sophisticated test machine. It 
is important to note that the arms should be cut paral-
lel with the loading direction to have homogeneous ten-
sile stress in the middle of the specimen (Fig. 4). The 
stresses in the centre have to be deduced by a stress con-
centration factor from the stresses applied on the edges 
because of the non-uniform stress concentration (Galliot 
and Luchsinger, 2011). The strains can be measured with 
a mechanical or digital extensometer. The biaxial tensile 
test simulates the built-in mechanical behaviour of an 
ETFE foil much more accurately. It is possible to examine 
the effect of different stress ratios and loading speed and 
biaxial creep behaviour. 

3.3 The bubble inflation test type
During bubble inflation tests, different shaped (rectangu-
lar, triangular, circular) flat test specimens are clamped 
between an aluminium or steel ring and plate. Air is 
blown between the layers generating an internal pressure 

Table 1 Main physical properties of ETFE foils 

Properties Value

Thickness (μm) 50–300

Density (g/cm3) 1.7–1.77

Light transmission (%) Visible light: 95; UV-A: 85

Temp. range of application (°C) −200 – +150

Glass transition temperature (°C) 70–85

Melting temperature (°C) 250–280

Processing temperature (°C) 300–345

Dielectric constant at 1 kHz 2.6

Life cycle (y) >25

Table 2 Main mechanical properties of ETFE foils 

Properties Value

Tensile strength (MPa) 38–64

Break strain (%) 250–650

Elastic modulus (MPa) 300–1100

Poisson's ration (-) 0.43–0.45

Fig. 3 Schematic drawing of the uniaxial tensile test on dogbone 
specimens with an optical extensometer system Fig. 4 Schematic drawing of the biaxial tensile test
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resulting in a spherical deformation of the foil (Fig. 5). 
This measurement uses digital pressure sensors and dig-
ital extensometers.

4 The elastoplastic behaviour
The mechanical behaviour of ETFE foils is the same as 
for polymers. It presents high non-linearity with large 
deformations (Lucas et al., 2007). However, for design 
purposes, designers consider a linear elastic model with 
isotropic characteristics based on the initial behaviour. 
To understand the true elastoplastic material behaviour, 
Galliot and Luchsinger (2011), Hu et al. (2015), and Zhao 
and Chen (2021) conducted a comprehensive experiment 
series to determine the stress-strain curve for small and 
large strain levels. Galliot and Luchsinger (2011), De 
Focatiis et al. (2013), and Charbonneau et al. (2014) also 
investigated direction-dependent behaviour.

4.1 Stress-strain curves
Galliot and Luchsinger (2011) investigated the mechanical 
properties with uniaxial and biaxial tensile and inflated 

bubble tests. The uniaxial tensile test was carried out on 
dogbone-shaped specimens where the engineering stress-
strain relation was determined at the central area of the 
specimen, in M.D., T.D. and 45° specimen directions 
under 10% strain conditions. The typical stress-strain 
curve can be seen in Fig. 6. 

The curve has three different parts: a linear part and 
two nonlinear parts. These parts are divided by two yield 
points at around 2.5% and 14% strains. The tensile failure 
occurred at 300-400% strain. It is important to note that 
after the second yield point, the ETFE foil has softening 
characteristics on the engineering stress-strain diagram. 
The stress is taken into consideration as a bilinear function 
of the elongation, and it is fitted to the experimental data. 
The first yield point is estimated to be at the intersection of 
two fitted tangent lines fitted on the stress-strain diagram.

Biaxial experiments of Galliot and Luchsinger (2011) 
showed that the stress ratio does not influence the elastic 
properties at small strains. All the experimental test data from 
different test types resulted in similar material characteristics 
when true stress and strains were used. So, the choice of a 
test method only depends on its advantages and limitations.

Zhao and Chen (2020) described the same characteris-
tic as above, where the engineering stress-strain relations 
first deformation stage is viscoelastic, second is viscoelas-
tic-plastic, and the last is extremely viscoplastic with rapid 
hardening effect. They also describe the tangent, secant 
and equivalent elastic moduli with polynomial fitting and 
equivalent energy method.

Hu et al. (2015, 2017) proposed a method to calculate the 
material's elastic modulus and yield stress at small strains. 
They argued that the small deviation of the existing meth-
ods (tangent and secant method) could highly affect the 
result and introduced a derivative curve of a 3rd order poly-
nomial fitting on the stress-strain curve. Then, the first 
yield point is considered to be where the average elastic Fig. 5 Schematic drawing of bubble inflation test

Fig. 6 a) The typical engineering stress-strain curves of ETFE foils under uniaxial 
loading in one direction; b) The typical engineering stress-strain curve at a smaller 

strain range
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modulus reaches 70 MPa. The paper determined the yield 
stress based on the loading speed changes with a polyno-
mial equation fitting and setting the yield point with an 
energy difference of 5% between the two integral areas on 
the stress-strain diagram of the uniaxial tensile test.

Fig. 6 shows the typical characteristics of the engineer-
ing stress-strain curves of ETFE foils based on the intro-
duced studies in Subsection 4.1.

Table 3 shows the acquired material properties of the papers.

4.2 Anisotropy of ETFE sheets
Galliot and Luchsinger (2011) examined the direction 
dependency of the material at small and large strain levels 
in uniaxial tensile and bubble inflation tests with a digital 
extensometer. Their study showed that the ETFE foil is 
isotropic under small (10%) strain levels and anisotropic 
at large strain levels (10–400%) (Fig. 7).

Charbonneau et al. (2014) found the same as Galliot 
and Luchsinger (2011) in short (24 hours) and long-
term creep (7 days) tests. Different levels of anisotropic 
behaviour occurred on four different types of material. 
In specific material types, there were visible differences 
between the orthogonal directions of measurements. The 
creep strain speed and material stiffness were higher in 
the T.D., but the tensile strength was lower than in M.D. 
at specific materials.

De Focatiis and Gubler (2013) investigated the uniaxial 
tensile characteristics of extruded films from different man-
ufacturers in both M.D. and T.D. at different temperature 
and strain rates. They determined the true stress - nomi-
nal strain and true stress - true strain diagrams of ETFE 

where the true stress is defined as the Cauchy stress, the 
true strain is the natural log of the quotient of the cur-
rent length over the original length. They proved that the 
anisotropy might come from the manufacturing process 
of ETFE films and the crystalline and molecular structure 
of the copolymer. During manufacturing, the granules are 
melted by friction during the extrusion process while they 
are pushed out into a form through a nozzle. This highly 
aligns the polymer chains close to the extrusion direction, 
while the crystalline lamellae and amorphous domains 
also show anisotropy in the length scale. As discussed 
in Section 2, the chain bonds are stronger than the inter-
molecular ones, so the material is stronger parallel to the 
crystalline chain direction. They suggested representing 
the anisotropy of the material on true stress – true strain 
diagrams by horizontal shift with a pre-stretch parameter 
along the true strain axis: 

σ λ σ λ λTD TD( ) = ( )⊥ , 	 (1)

where λ┴ is the value of the pre-stretch chosen in such a 
way that the shift is ln (λ┴ ).

5 Viscoelasto-plastic behaviour and the constitutive laws
ETFE, as a semi-crystallin thermoplastic copolymer, has 
significant thermo viscoelastic-plastic properties, which 
might affect the structures made of ETFE in a way that 
creep and relaxation can result in loss of pre-tension and 
wrinkles of the surface. Moreover, semicrystalline poly-
mers have a sharp temperature point called glass transition 
point before the melting point; the absorbed energy converts 
the material from a glassy state into a rubbery plastic state. 
The time-temperature superposition principle character-
izes these polymers (Williams et al., 1955). Accordingly, the 

Table 3 Material properties of the studies

Properties
Galliot and 
Luchsinger 

(2011).

Zhao and 
Chen (2020)

Hu et al 
(2015; 2017)

De Focatiis 
and Gubler 

(2013)

Stress 
type engineering engineering engineering true

Strain rates 
(%/min) 0.4–2000 1–1000 10–1000 6–6000

1st yield 
point 
(MPa)

13.5–20 13.5–17.6 13.5–17.6 6–8

2nd yield 
point 
(MPa)

25–27 20–24 – 10–25

Elastic 
modulus 
(MPa)

1000–1200 934–1125 782–1117 350–500

Fig. 7 A typical uniaxial tensile result of ETFE foils in 
the two perpendicular material directions
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mechanical response at a different time or temperature range 
can be predicted from the so-called W.L.F. equations, which 
determine simple relations between these data.

For nonlinear thermo viscoelastic-plastic materials, 
as the ETFE is, there are numerous developed constitu-
tive models. Some of them are continuum-based models 
describing the material behaviour with single integral for-
mulations (Schapery, 1966, 1969, 1997). Many other devel-
oped models are based on the activation energy barriers 
for polymer networks (Boyce et al., 1988; Bergström and 
Boyce, 1998; Dupaix and Boyce, 2007). A possible alterna-
tive approach for a constitutive model for ETFE is the free 
volume model of Knauss and Emri (1981) and its updated 
methods by Kwok and Pellegrino (2012) and Li et al. (2016). 
Secondly, Drozdov and Christiansen (2007) developed a 
constitutive model to describe the cyclic viscoplasticity of 
high-density polymers.

5.1 Strain rate dependency of ETFE foils
Galliot and Luchsinger (2011) and Hu et al. (2015, 2017) 
investigated the material behaviour at different loading 
speeds at small strain levels for strain rate dependency. Their 
study showed that the stiffness and yield stresses increase at a 
higher strain rate (Fig. 8). Galliot and Luchsinger (2011) have 
also determined that both values increase with linear tenden-
cies as the logarithmic function of the strain rate increases.

They proposed a phenomenological constitutive model 
to describe strain rate dependency for the finite element 
method at small strain regions. The viscoplastic material 
model of Perzyna (1966) was used to describe the strain 
rate dependency of the material:

σ
ε
γ

σyield
plastic

m

= +






















1 0



, 	 (2)

where σyield is the rate-dependent true yield stress, σ0 is the 
true yield stress, γ is a viscosity parameter, m is a strain 

hardening parameter, ε plastic  is the true plastic strain rate. 
The authors mentioned that the model is highly approxi-
mate because it cannot predict nonlinear viscous behaviour.

However, Hu et al. (2015) showed that the linear 
approach has some deviation from the acquired data, 
which results in minor inaccuracies in the model of Galliot 
and Luchsinger (2011). Their first phenomenological model 
homogenizes the material structure as an incompress-
ible medium and describes the viscoelastic-plastic con-
stitutive model based on Drozdov's theory (Drozdov and 
Christiansen, 2007). The basis of the theory is the sepa-
ration of the total deformations of the semicrystalline 
material into non-zero elastic and plastic components 
and the separation of the plastic component into crystal-
line and amorphous deformation parts. The strain energies 
of each component can be determined from the momen-
tum balance law, the two laws of thermodynamics and the 
Clausius-Duhem inequality:
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where μ is the elastic modulus obtained from the tests, φ(t)
is a non-negative function for the description of the strain 
in a crystalline state, and it is governed by a differential 
equation based on adjustable material parameters, εe is the 
strain tensor for elastic strains, f(v) is the function from 
the random energy model proposed by Derrida (1980) (it 
can describe a disordered system whose energy levels 
are independent random variables), Γ is the Eying equa-
tion (Nanzai, 1990) which governs the rate of separation 
of active polymer in a meso-domain, v is the activation 
energy for the rearrangement, t is time, τ is the time when 
the temporary network of chains return into an active state.

Zhao and Chen (2020) uniaxial tests results showed 
a nonlinear characteristic for all material properties. To 
capture this nonlinear strain rate dependency of material 
parameters, exponential functions Eqs. (4–5) were used 
with three material parameters:
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Fig. 8 The typical characteristic of uniaxial stress-strain curves of 
ETFE foils measured at different strain rates in MD.
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where σy,1st; σy,2nd; σu are the first yield stress, second yield 
stress and ultimate stress, respectively; εy,1st; εy,2nd; εu are the 
first yield strain, second yield strain and ultimate strain 
respectively; ε  is the loading strain rate. Based on their 
preliminary observation, a 3rd order polynomial function 
system clearly describes the tangent, secant and equiva-
lent elastic modulus. Eq. (6):
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The material parameters were determined by least-
squares minimization.

The presented study of Zhao and Chen (2020) also pro-
posed a rheological constitutive model for uniaxial monotonic 
tensile. The base of their model is the generalized Maxwell 
model, where a spring element and several basic Maxwell 
elements are connected in parallel, which accurately simu-
lates the relaxation of material at fixed strain (Fig. 9).

The model takes into consideration the Boltzmann 
superposition principle, where the total creep strain is 
the function of its total loading history divided into mul-
tiple loading steps, and the sum of deformation at each 
step gives the final deformation. Thus, the superposition 
of numerous strains through time can be considered gen-
erally as a continuous differentiable function. To obtain 
the constitutive model, Zhao and Chen (2020) considered 

the Generalized Maxwell model and the Boltzmann super-
position principle in the following form:

σ ε ζ
ε ζ
ζ

ζt G t G t
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d
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,	 (7)

where σ(t) is the total stress, ε0 is the strain on the end 
of the basic spring element, G(t) is the relaxation elastic 
modulus of the generalized Maxwell model at t = 0 , t is 
the overall time and ζ is an integrand variable for the time. 
Through expressing the total strain as the function of the 
strain rate, time and the initial strain, the paper proposed 
the following constitutive equation (Eq. (8)):
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where E0 denotes the total stress increasing rate of the sta-
ble basic Maxwell model, ε(t) is the total strain, ε̇ is the 
strain rate of the test, ηi and τi are the viscosity coefficients 
and relaxation time coefficient of the i-th dashpot element 
in the Maxwell model, respectively. From the previously 
detailed constitutive relation, the paper reports a five and a 
seven parameter model to describe the first 15% and 30% 
strain stage, respectively, given as:
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5.2 Creep behaviour
Charbonneau et al. (2014) investigated by uniaxial ten-
sile tests the short- (24  h) and long-term (7-day) creep 
behaviour on rectangular test specimens in M.D. and T.D. 
at constant temperature (23  °C) with four different foil 
types at different stress levels from 2 to 14 MPa. They have 
reported that the thinner the material was, the smaller the 
creep strains were. First of all, the creep strains increased 
from 0.001 to 0.05 mm/mm with increasing stress levels; 
secondly, the higher the stress level was, the more dif-
ferences there were between the curves of M.D. and T.D. 
(Fig. 10). Products of different manufacturers and dif-
ferent material directions also resulted in differences in 
the creep strains. The authors proposed two constitutive 

Fig. 9 Schematics of the generalized Maxwell model used in the study 
of Zhao and Chen (2020)
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models to describe the creep phenomena of ETFE mem-
branes as viscoelastic materials.

The first model to capture their experiments short time 
creep data describes a modified multi-Kelvin model for-
mulated by Liu (2007) with spring element for elastic 
response and Kelvin elements in series for the viscous 
response. The creep compliance ψ(t) is:

ψ
τ

t
E E

t
i

N

i i

( ) = + −
−



















=
∑1 1

1
0 1

exp , 	 (11)

where E0 is the elastic modulus of the linear section of 
the material, t is the time of loading, i is the index value 
denoting the i-th Kelvin spring stiffness Ei and relaxation 
time τi. N is the number of Kelvin elements. For numeri-
cal analysis, a four Kelvin element model was defined at 
different relaxation times.

The second material model to capture their experiments 
long time creep data is a power function: 

ψ t
E

C tC( ) = +
1

0

0
1 , 	 (12)

where ψ(t) and E0 is detailed above, C0 and C1 are mate-
rial constants determined by linear least-squares from 
the creep curves. The paper reports that the multi-Kelvin 
model converges to a constant value in time, accurate only 
for long-time creep. However, the power-function model 
describes short time creep better.

Li and Wu (2015) investigated short-term (24 h) creep and 
recovery tests on rectangular-shaped 150 by 50 mm speci-
mens. Different stress levels were used: 3, 6, 8 MPa with dif-
ferent temperatures: 23, 28, 35, 41, 46, 51 °C. The stress-re-
lated creep behaviour does not show significant differences 
from the results of Charbonneau et al. (2014); however, their 
study shows a high residual strain of specimens in the recov-
ery test, mostly at high temperature levels (Fig. 11). 

The importance of this study was that the 400 day-long 

creep test was also made with identical specimen param-
eters for short-term creep tests. It is important to note that 
their study also showed that the time-temperature super-
position with the W.L.F. equations applies to ETFE mem-
branes to describe the long-term creep behaviour by shift-
ing creep curves at a different temperature to a master 
creep curve at the reference temperature.

The paper proposed a viscoelastic-plastic model to 
describe the observed creep and recovery behaviour. They 
characterize the membrane material with the modified 
generalized Kelvin model by adding a dashpot component 
to represent viscoplastic behaviour (Fig. 12).

Schapery's nonlinear method (Schapery, 1969) for the vis-
coelastic behaviour of polymers were adopted. The method 
differentiates the total strain into elastic initial (ε0), visco-
elastic (εve) and viscoplastic (εvp) strains:

ε ε ε εc ve vpt t t( ) = + ( ) + ( )0 , 	 (13)

from which the creep and recovery equation can be expressed:
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where T is the cycle of creep and recovery behaviours, ε0 is 
the initial strain εve(t) is the viscoelastic creep strain, εvp(t)  
is the viscoplastic creep strain, N is the number of Kelvin 
components, Dr is the coefficients of the Kelvin model, τr 
is the retarded time in the generalised Kelvin model Ds is 
the coefficient for the dashpot, n is the material constant of 
the dashpot. In the physical model, the spring and its initial 
compliance appear in the first term. The Kelvin model fully 

Fig. 10 Typical viscoelastic curves of ETFE foils 
for a day-long creep test

Fig. 11 The 24h creep test compliances with the recovery phase at 
different temperature rates
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recoverable transient compliance component appears in the 
second term, and the unrecoverable strains represented by 
the dashpot appear in the third term as a revised power law. 
The model was validated with a high precision overlap on the 
short time creep and recovery test described above. The paper 
also reports that this model, with the supplemented steady flow 
component, models the viscoelastic-plastic creep behaviour 
more accurately than the traditional generalized Kelvin model.

The paper reports a model for the long-term creep 
behaviour, which is predicted with the help of the time-tem-
perature shift described in Section 4. Through shifting creep 
curves at different temperatures (Moritz, 2009), the obtained 
shifting factor W.L.F. equations is:

log log
,

,
,a a

T T
T TT Tref Tref

tran

tran

= + =
− −( )

+ −
φ

17 44

51 6
	 (16)

where log aTref is the horizontal shifting factor from the ref-
erence temperature Tref to the transition temperature Ttran. 
The model validity shows that if all the measurements were 
carried out and shifted to identical temperature, the predic-
tion curve of the model follows it quite well; however, the 
short-term creep model at identical temperature was insuffi-
cient to model the long-term creep.

Coelho and Roehl (2015) proposed a continuum mechan-
ical description for the numerical simulations of bursts tests 
with the viscoelastic-plastic behaviour of ETFE considering 
plane stress state. They model the total strain deformations as 
a combination of finite elastic and finite plastic strains based 
on the finite strain theory, according to Lee and Liu (1967). 
The stretch tensor and second Piola-Kirchoff stress tensor are 
used in the Lagrangian coordinate system, and for the formu-
lation, the authors propose an algorithm based on Simo and 
Taylor (1986); Simo and Hughers (1998) and de Souza Neto 
et al. (2008) with a linear elastic constitutive law: 
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where Ṡ is the second Piola-Kirchoff stress tensor, D is the 
elastic constitutive material tensor for small strains, Ė is 
the Green-Lagrange strain tensor rate and Ė vp is the plas-
tic strain rate described by the Perić model (de Souza Neto 
et al., 2008), v is the Poisson modulus, and E is Young's 
modulus. Cabello and Bown (2019) proposed a nonlinear 
thermo-viscoelastic constitutive model for small and large 
strain levels derived from thermodynamic principles by 
Schapery (1969) and Rand et al. (1996). It models the non-
linear viscoelastic behaviour by combining a linear visco-
elastic model with the free volume theory of Knauss and 
Emri (1981) and Li et al. (2016). The free volume theory 
postulates a relation between the macroscopic, thermovis-
coelastic behaviour of films and their free volume during 
deformation; hence it influences the time shift factor. 

The compliance matrix is determined as: 
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where 1, 2 denote the in-plane compliance terms for MD 
and TD, 3 denote the out-of-plane compliance terms, and 
6 denote the in-plane shear compliance component. Each 
term can be represented by a Prony series:

D t D D eij ij
k

n

ij k
t k( ) = + −
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−∑, ,

/
( ),0

1

1
τ 	 (20)

where Dij,0 is the elastic compliance for t=0; Dij,k are the 
Prony coefficients, τκ is the retardation time corresponding 
to the kth element. The time shift factor in the nonlinear 
case is modified by the dilatational, shearing, deformation 
(Popelar and Liechti, 1997, 2003) and assumed to be related 
to the fractional volume (Doolittle, 1951):
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where log a is the shift factor value, B is a material param-
eter, f0 is the fractional volume in the unstressed material 
at T0 temperature reference condition, av is the volumet-
ric coefficient of thermal expansion, θ is the mechanical 
dilatation, δv is a material constant that relates changes in 
mechanical dilatation to changes in free volume, δs relates 
changes in effective deviatoric strain to changes in free 
volume, ϵef f is the effective deviatoric strain.

Fig. 12 The schematics of the physical model proposed by Li and Wu, 
(2015) for the revised creep equations of ETFE foil. The physical model 

comprises a spring, a multi-Kelvin and a dashpot.
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5.3 Cyclic behaviour
To determine a true yield stress value, Hu et al. (2014) made 
cyclic uniaxial tensile tests on dogbone shape specimens in 
eight loading level groups. During the test, the engineering 
stress-strain relation was investigated on a 6 mm by 25 mm 
area in the centre of specimens at 5mm/min loading rate at 
24 °C. The paper differentiates the elastic modulus for the 
loading and unloading parts of the hysteresis curve. Both 
values remained similar during the cycles because of the 
microstructural build-up of the material (Tanigami et al., 
1986); however, the unloading elastic moduli were greater 
than the loading elastic moduli due to the viscoelastic-plas-
ticity irreversible strains. The paper determined the elastic 
moduli of the first loading and the unloading by the least 
squares method fitting linear curves on different parts of 
the test results. They realized that due to the strain hard-
ening effect of polymers (Tanigami et al., 1986; Zhang and 
Moore,  1997), the yield occurs at an approximately con-
stant strain level of 2.3%, but the value of the yield stress is 
increasing with a higher loading stress.

6 The failure of the ETFE
The analysis of failure mechanics of polymers is a rela-
tively new and active area of material science today. The 
detailed polymer microstructure and the viscoelastic-plas-
tic material properties in Sections 2-5 highly affect the frac-
ture behaviour of polymers, thus also the fracture of ETFE. 
Compared to many plastics, the toughness of semicrystal-
line thermoplastics is typically higher at room temperature, 
and the failure forms at the macroscopic level can be tear-
ing, shear and plastic yielding (Hertzberg et al., 2012). The 
basic crack type of plastics is ductile fracture, and a complex 
crack evolution characterizes the polymers failure phenom-
ena (Hertzberg et al., 2012). The fracture starts at the atomic 
level with the debonding of the molecular chains (Van der 
Waals bonds), leading to the formation of fibrils and cavita-
tion during cracks. These form a highly localized deforma-
tion region called crazes at the crack tip, which only occurs 
under tension, and is analogous to the necking zone during 
ductile yielding. Although the fibrils carry most of the stress 
due to the stronger covalent bonds in the structure, the fail-
ure process is also altered by the greater plastic deforma-
tion zone around the crack tip from the further debonding of 
molecules (Kusoglu et al., 2011) (Fig. 13).

To provide the fracture toughness of polymers such 
as ETFE, nonlinear fracture mechanics should be used 
because of the raised large-plastic zone around the crack 
tip of the specimens. Even though numerous approaches 

exist, which can effectively handle these phenomena during 
loading, mostly the J-integral (Hegyi and Pellegrino, 2015; 
Rice, 1968) and the essential work of fracture (EWF) 
(Bárány et al., 2003) theory are used widely for poly-
mers. The manufacturing also affects the molecular struc-
ture and the failure behaviour (sequential drawing lines 
result in aligned molecular orientation while simultaneous 
drawing results in radial molecular orientation).

6.1 Tensile strength of ETFE
Galliot and Luchsinger (2011) obtained that, at normal 
temperature (23°C) and strain rate (100%/min), the tensile 
strength is approximately 55 Mpa, and the elongation of the 
breaking is at cca. 400% (Fig. 6). They also claimed that the 
conventional biaxial measurements cannot correctly measure 
the tensile strength because the arms are in a uniaxial stress 
state due to the higher strains than the central part.

Lee and Shon (2013) investigated ETFE in the uniax-
ial tensile test in both directions and at different tempera-
tures from 23 to 100 °C. They reported that the strength is 
decreasing with increasing temperature, and the elongation 
is increasing with no observable differences in the directions.

Charbonneau et al. (2014) made uniaxial and biaxial ten-
sile tests on different films in M.D. and T.D. of ETFE foils 
at standard test configurations. They have observed that in 
two different film cases, the tensile strength was different 
between the two directions. In M.D., it was approximately 
69 MPa at 363–388% strain while in T.D. 50-57 MPa at 
455–501% strains. However, in the case of a different foil 
type, there were no differences between the two directions, 
the tensile strength was significantly lower, an average of 46 
MPa with 578% strains. This might result from the molecular 
properties of the foils, as detailed previously, but the manu-
facturer did not provide these properties for the resin.

Fig. 13 An illustration of craze formation and growth with fibrillation, 
void formation, and nucleation
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6.2 Fracture mechanics of ETFE
Uehara et al. (2015) investigated the tensile strength and 
tear resistance of ETFE membranes in terms of molecu-
lar crystalline alignment. In their study, they made biaxial 
tensile measurements with a small-angle X-ray scattering 
method on laminates consisting of low and high molecu-
lar weighted ETFE membrane layers. The fracture mecha-
nism was investigated in the middle of the specimen with 
two semicircular notches on the sides at the longitudinal 
centre (He et al., 2014). With in situ X-ray scattering, it 
is possible to detect the destructing crystalline and amor-
phous components in the phase arrangement. It is assumed 
that tensile strength is higher with a higher portion of par-
allel lamellae along the membrane surface with matching 
testing directions. In contrast, the tear strength is higher 
with a higher portion of initially inclined lamellae, effec-
tively absorbing stress during tearing.

The result of the X-ray scattering indicates the polymer 
lamellae direction. The circular pattern shows homoge-
neous (parallel and inclined) lamellae distribution, while 
the lozenge pattern indicates more load parallel lamel-
lae in the membrane. It is important to note that during 
the deformation of the membrane, the rate of the inclined 
and parallel lamellae is changing, and it seems to be irre-
versible with unloading. This study proved the molecu-
lar background of the anisotropic and strain-dependent 
mechanical behaviour of the material.

Zhao et al. (2017) have mainly studied the general 
mechanical behaviour and the failure modes of ETFE cush-
ion with a pressure control system during wind load simu-
lation tests at different temperature levels of -50 °C, -25 °C 
and 0 °C. The results showed slits in the middle region of the 
inner layers seams. The length of the slit and speed of the 
spreading was faster at smaller environmental temperature, 
indicating brittle failure under 0 °C.

Rigotti et al. (2019) studied the strain-rate and tem-
perature-dependent fracture properties of ETFE with the 
essential work of the fracture method. In their study, dou-
ble-edge notched (DENT) ETFE strips were tested with 
different ligament lengths (7.9, 11, 13, 15 mm) based on 
ESIS TC4 testing protocols (Clutton, 2000) to stay in 
plane-stress conditions (Fig. 14).

Based on the EWF approach, the total energy of the 
fracture on a DENT specimen can be divided into two 
parts, namely the essential and the non-essential work of 
fracture. The essential work of fracture is the energy con-
sumed by the fracture possession zone, and it is propor-
tional to the ligament area. In contrast, the non-essential 

work of fracture is the dissipated energy in the outer plas-
tic zone of the crack, which is proportional to the volume 
of the plastic region. From these terms, the specific work 
of fracture can be acquired, which is the total work of 
fracture divided by the ligament length:

w W tL w w L w wf f e p init prop= = + = +/ ,β 	 (22)

w W tLe e= / , 	 (23)

w W tLp p= / ,2 	 (24)

w w w Linit e init p init= +, ,' ,β 	 (25)

w w w Lprop e prop p prop= +, ,' ,β 	 (26)

where we is the specific essential work of fracture, wp is the 
specific non-essential work of fracture, t is the thickness of 
the specimen, L is the ligament length, β is the plastic zone 
shape factor, winit is the specific work for crack initiation and 
wprop is the specific work for crack propagation. The paper 
determined the total work of fracture Wf from the area under 
the load-displacement curve while the specific work of frac-
ture was plotted against the ligament length (Fig. 15).

The we and wp can be determined from the total specific 
work of fracture versus ligament length diagram where we 
is the fitted line value at zero ligament length and wp is 
the slope of the line. β shape factor is determined from the 
yield zone area from DIC (Digital Image Correlation) mea-
surements against the square of the ligament length plots 
regression line slope. The specific work for crack initiation 

Fig. 14 A schematic drawing of a DENT specimen
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and propagation is determined from the areas under the 
load-displacement diagram (continuous) from the tensile 
machine and the load-crack length diagrams (Fig. 15).

The load-displacement diagram can be separated into 
two parts based on the crack-onset point on the load-crack 
length diagram. The first part starts with the experiment 
and ends with the start of the crack initiation. Then the 
second part ends with the end of the experiment. The area 
under the load-displacement for the first and second part 
is the we,init and we,prop, respectively.

The paper determines two competing phenomena from 
the essential work of fracture values plotted against the 
strain rate. At room temperature, we increased as the 
strain rate increased, while at a higher temperature, it 
decreased due to the strain rate embrittlement effect (Chen 
et al. 2004). This was proven by infrared images, which 
showed the higher temperature at crack tips, which could 
increase the mobility of the polymer chains orientation as 
thus the fracture toughness. The shape of the outer plas-
tic zone (OPZ) is also determined as an ovoid shape, and 
it indicates that OPZ increases linearly with the square of 
the ligament length. This can also help to determine the 
J-integral of the material in further research.

7 Conclusions
This paper summarized available articles about the vis-
coelastic-plastic characteristic material behaviour, consti-
tutive models and the failure of ETFE membranes. The 
mechanical properties, such as the typical stress-strain 
curve, time-dependent and failure properties of the mate-
rial show the basic characteristics of membranes from 
semicrystalline polymers. Up to the second yield point, the 
mechanical response is well examined, and based on the 
studies, it is almost independent of the manufacturer. The 
results of the available papers fall into the same ranges; 
thus, the existing results can be effectively used to validate 
further research. It is important to note that the orienta-
tion of crystalline regions on the micro-level in the mem-
brane greatly influences the mechanical behaviour based 
on the characteristics of stress-strain diagrams in different 
load directions and results of the X-ray scattering images 
during fracture propagation. Several different phenom-
enological, rheological and continuum material models 
describe the time-dependent behaviour at different strain 
rates or time intervals for different purposes. Some of them 
can effectively unify the time and temperature-dependent 
responses of the material, although most of the proposed 
models only capture the mechanical behaviour at small 
strain regions or requires high numbers of material param-
eters. However, the ETFE foils have a significant tempera-
ture-dependent behaviour; thus, the nonlinear thermo-vis-
coelastic constitutive model with the free volume theory 
of Cabello and Bown (2019) have the greatest significance 
because it effectively captures the material behaviour at 
different temperature levels and time lengths at the same 
time. The fractural mechanical investigation of ETFE is 
a relatively new area, with the existing methods showing 
promising results. However, further investigation is neces-
sary to properly understand the mechanism of the failure 
and determine important fractural mechanical parameters 
for ETFE foils such as J-integral.

Fig. 15 The typical load-displacement curve (blue) and evolution of the 
crack length (blue dashed) during the fracture tests of ETFE specimen 
tested at standard temperature based on the results of Rigotti et al. (2019).
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