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ABSTRACT. Biaxial tension-torsion fatigue tests are carried out on the 
membrane material Nafion 115 (perfluorosulfonic acid, PFSA). This 
polymeric material is used in fuel cells as proton exchange membrane, 
undergoing frequently mechanical loading of tension and torsion during its 
industrial life. In order to carry out the fatigue tests on this polymeric material 
a self-designed  and self-constructed machine was used, working under the 
following conditions: from 0 to 50 degrees of torsion, 0 to 60 MPa of initial 
tensile stresses, from room temperature (22 to 25° C) to 80° C, and two values 
for relative humidity: environmental and saturated relative humidity. All 
fatigue tests were carried out at the frequency of 1.2 Hz. This paper presents 
the first results, which concerns the following testing conditions: constant 
torsion angle of 50 degrees, 5 initial tensile stress of 60, 55, 50, 45 and 40 MPa, 
room temperature (22-25° C) and environmental humidity (50 – 60 %). The 
experimental results show that fatigue endurance decreases noticeably when 
the tensile stress increases. In the final section are presented the fracture 
surfaces observed by SEM, in order to investigate the principal trends of crack 
initiation and propagation under this modality of biaxial fatigue loading. 
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INTRODUCTION  
 

roton exchange membranes (PEM), used in fuel cells have been introduced during the second half of last century 
1-3, as electrolytes for clean electricity production from fuel cells 4-6. The physicochemical properties of these 
polymer membranes have been intensively studied in the last decades 7-10, nevertheless, the mechanical properties P 
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of PEM have been less studied 11-14. In recent publications the fatigue behavior of Nafion under creep has been studied 
undergoing imposed humidity and temperatures 13; and the cyclic uniaxial tension tests on Nafion under different 
humidities and temperatures 15. Furthermore, tests have been carried out for ex-situ tensile fatigue and creep on catalyst 
coated membranes (CCMs) 16; or a mechanical fatigue life analysis to characterize the fuel cells’ PEM 14. Other paper 
presents the mechanical properties of Nafion 117, measured in‐plane parallel and perpendicular to the lamination direction 
17. Some principal conclusions were pointed out from that last study: water acts to improve plasticity and at high 
temperature an increase in stiffness is observed by stabilization of hydrophilic clusters, whereas an intermediate increase of 
mechanical strength is observed at low humidity content, associated with the formation of hydrogen bridge bonds and 
hydrates in the vicinity of sulfonic acid groups. Another paper on the Nafion and Titania/Nafion composite membranes 
18, presents results on the mechanical and electrical properties of Nafion and its composite. The principal conclusions of 
this paper 18, were: decrease of elastic and plastic deformation on this material with temperature and water content. A 
swelling pressure effect is observed with water absorption, the elastic modulus of the composite membrane increases slightly 
whilst reducing the long-time creep effect, and the electrical resistivity increases with the mechanical applied load. 
In regard the strain-stress curves and the dynamic mechanical properties on the Nafion polymer under dry and hydrated 
conditions, a paper 19, has enlisted the following principal conclusions: water content reduces the mechanical properties 
of the membrane, particularly the Young’s modulus, the yield strength and the transition temperature. Another important 
conclusion of that paper was that the addition of contaminant ions, such as Na+, K+,Mg2+, Cu2+, Ni2+, induces a 
reinforcement of the stiffness and yield strength, as well as an increase in the transition temperature. Finally, in a recent 
paper 20, the biaxial swell and deswell process in the Nafion thin films was studied as consequence of changes in hydration; 
particularly, the mechanical fatigue and failure over time with the determination of swelling stress-strain in function of the 
humidity content. In this paper the variation of Young’s modulus with the humidity content was estimated, which modifies 
the orientation of ionic domains inside the Nafion thin films. 
The PEM used in fuel cells may undergo mechanical loading during use, which includes tension and torsion; nevertheless, 
no previous studies concerning the combination of tension-torsion have been conducted on this material, to the best of 
knowledge of the authors. The novelty of this work is oriented to analyse the combined mechanical effect of tension-torsion, 
which may be present in the fuel cell PEM during use. A principal challenge for polymers used as PEM is its durability, 
which includes thermal, physico-chemical and mechanical loading 21-23. 
 
 
MATERIAL AND TESTING PROCEDURE 
 

he testing specimens were rectangular strips of Nafion 115, which were subjected to tensile and torsion loading 
under dry condition. Fig. 1 shows the dimensions in mm and general view of the Nafion 115 strip. The 
orientation of the strip was parallel to the drawing axis. 

 

                                                   
a)                                                                                            b)                                                                     

Figure 1: a) Dimensions (mm), of the experimental Nafion 115 strip, and b) physical view of the experimental material. 
  
 
Tests were carried out on a new self-designed and self-constructed equipment; which the principal components are the 
following: 
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(2’) (3)(4)

(5) 
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1) An acrylic frame (1) with the dimensions: 20 x 15 x 15 cm3 as shown in Fig. 2, contains different elements used to 
carry out the experiments,  

2) Three step motors destined to communicate longitudinal motion (2), and torsional motion (2’), with the precision 
of ± 4 m in longitudinal motion and ± 0.1 degrees in torsion. 

3) Four thermocouple heaters (3), imposing the temperature inside the acrylic frame. 
4) A testing Nafion 115 strip (4) is clamped (10 mm of each side), by the two jaws (5), of the rotation step motors. 
5) A load cell (not shown), measures the applied tensile stress on the Nafion 115 strip. 
6) A temperature and humidity sensor (6), is used to measure the environmental temperature and humidity. 

 
 
 

 
 
 
 

Figure 2: Experimental acrylic frame and principal components to carry out tensile and torsion tests on the Nafion 115 strip. 
 
The tension load was imposed under the following relations: 5 steps in the tensile motor induce a longitudinal displacement 
of about 112 m, which leads to a highest tensile stress of approximately 6.12 MPa. The Fig. 3a shows the numerical results 
of maximum stress (6.16 MPa) located at the two corners of the fixed side; whereas Fig. 3b shows the displacement 
distribution along the Nafion strip with the highest displacement of 112 m for the free side of the Nafion strip. In Fig. 3c 
are illustrated the boundary conditions imposed on the Nafion 115 strip under tension loading: one side is fixed and the 
opposite side (free side) is stretched by uniform predetermined displacements. All numerical results in this paper were 
obtained using the Ansys 17.0 software. 
 
 
EXPERIMENTAL RESULTS. 
 
Tensile results 

nitial tests were carried out to evaluate the stress-strain curve of this polymeric material at environmental temperature 
(22 - 25° C) and 50 -60 % of relative humidity. Under this condition, only the step motor for tensile displacement was 
used for this purpose with the following working relationship: 10 steps in the motor induces 224 m of longitudinal 

displacement in the Nafion 115 strip, implying approximately 12.24 MPa of maximum tensile stress. In Fig. 4 is plotted the 
stress-strain curve obtained by logarithmic interpolation of experimental points; these points are the average of 5 
experimental tests, each. 
 
Fatigue endurance results 
Fatigue endurance tests on the Nafion 115 strip undergoing constant torsion stress and variable tension stress were obtained 
at environmental temperature (22 - 25°C) and relative humidity RH = 50 – 60 %. Specimens were attached to the device at 
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the two ends with 1 cm of the Nafion 115 strip between jaws, and tensile stress was applied progressively to attain the 
nominal value of: 40, 45, 50, 55 and 60 MPa. All results reported in this paper were obtained at the torsion frequency of 1.2 
Hz, constant torsion angle of 50 degrees, and with the loading rate R = -1. The failure criterion applied in this study was 
defined as the perceptible crack initiation in the polymeric strip, according to previous works 13, 24.  
 

 
 

 
 

Figure 3: a) Stress distribution along the Nafion 115 strip, with 112 m of displacement at the free side, b) Corresponding displacement 
on the Nafion 115 strip, c) Boundary conditions imposed on the Nafion 115 strip for numerical simulation  
 
 
The fatigue endurance results are plotted in Fig. 5.  Fatigue life is revealed close to 200000 cycles when the tensile applied 
load is close to 60 MPa; whereas this property increases close to 900000 cycles when decreasing the tensile stress to 40 MPa. 
A tendency line is obtained by logarithmic interpolation of experimental points. In addition, it is observed that dispersion 
of experimental points is higher for the high tensile applied load; the fatigue endurance is less scattered for relative low 
applied load.  
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Figure 4: Experimental results of stress-strain curve, and polynomial interpolated equation (dashed line), for Nafion 115. 

 
Figure 5: Fatigue endurance S-N curve for the Nafion 115 strip under tension and torsion, and environmental conditions (22-25°C, 
RH=50%, R=-1 and f=1.2 Hz). 
 
 
Fracture analysis of Nafion 115 under biaxial loading: tension and torsion. 
Two sites of crack initiation were observed under biaxial loading on this polymeric material: at one corner of the Nafion115 
strip, where the metallic jaws attach the testing specimen; at this zone is observed the highest stress from the numerical 
simulation. The other site of crack initiation is located close to the center of the polymeric strip, where the combine effect 
of tension and torsion induces stress concentration. 
Crack initiates perpendicularly to applied tensile stress, as shown in Fig. 6a; then, it bifurcates with an angle close to 20 
degrees when the crack size is close to 5.5 mm, Figs. 6a and 6b. The last behavior is attributed to the torsion loading, when 
the mode II of crack propagation is higher than the initial mode I. 
 
 
DISCUSSION 
 

he values plotted in Fig. 4 are revealed higher compared to previous tensile results 15. Two principal factors are 
at the origin of this difference: a) 127 m of thickness in the present work and 25 m for the referred work; b) a 
higher thickness is related to a high rigidity of cross-linked polymeric chains 25.  

Mode I of crack propagation is predominant at crack initiation; nevertheless, the mixed mode I and II involves a transition 
when the rate: tensile fracturing stress/shear fracturing stress, decreases to a determined value. The bifurcation observed in 
the crack path of the fracture surface in this polymer, shown in Fig. 6b, reveals such transition. 
 

T 
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Figure 6: Fracture of the Nafion 115 strip under biaxial loading: tension and torsion. 
 
 

Considering a predominant elastic crack propagation behavior on this polymer under the mentioned loading condition, and 
using the bi-dimensional stress in the polar coordinate system (r, ), the corresponding equations are:  
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where KI and KII are the stress intensity factor in mode I and II, respectively. The thickness of the Nafion 115 strip is very 
thin (127 m); then, the plane stress is assumed (zz = 0). The ductility of materials is defined as c/c, where c is the 
fracture strength of material in pure tension and c is the fracture strength of material in pure shear. The rate KI/KII and the 
ductility of material allow determining the transition from the tensile failure to shear failure, as shown in Fig. 7.  
The ductility of Nafion 115 is determined with the values: c = 43 MPa 26, and c = 26.5 MPa 27; which yields for this 
material: c/c = 26.5/43 = 0.61627. The last value is represented with the dashed line in Fig. 7. 
On the other hand, the stress intensity factors KI and KII for an edge-cracked strip in mode I and II, are calculated by the 
following equations 28, 29: 
 

           
2 3 4 5   0.955 0.618 7.43( ) 23.83( ) 30.52( ) 15.96( )

P a a a a a a

BW W W W W WIK                (5) 

 


       

2 3 0.52 0.65
     1.3 0.37( ) 0.28( ) / (1 / )

Q a a a
a W

W W Wa
IIK                                                  (6) 

 



 

G. M. Dominguez Almaraz et alii, Frattura ed Integrità Strutturale, 49 (2019) 360-369; DOI: 10.3221/IGF-ESIS.49.36                                         
 

366 
 

 
 

Figure 7:  Transition from tensile to shear failure in function of the rate  KI/KII and the ductility c/c. 
 
 

In the last two equations, a represents the crack length, W the width of the strip, B the thickness of the strip, P the tensile 
applied load on mode I, and Q the shear stress per unit of length at the fracture surface.  
The load P along the crack propagation is measured physically using a load cell and is obtained numerically by the finite 
element method. Concerning the shear stress per unit length Q, it is obtained by numerical simulation as follows: the shear 
stress along the crack was computed to obtain an average value, Fig. 8; then, multiplied by the crack size to obtain the 
corresponding Q. 
 
 

 
 

Figure 8: Shear stress along the crack, for the crack size of 1.0 mm. 
 
 
In Fig. 9 are represented the evolutions of KI and KII with the crack propagation, calculated with the Eqns. 5 and 6, 
respectively. These values are obtained using the experimental and numerical values, as described previously.  
The results plotted in Fig. 9 shows that KII becomes higher compared to KI, when the crack size is close to 5.5 mm, Fig. 6. 
At this point, the mode II of crack propagation becomes predominant: crack propagation presents a bifurcation close to 20 
degrees, as depicted in Fig. 6b. The combined effect of tension and torsion changes the crack propagation modality for this 
material with the ductility c/c = 0.61627, when KII  KI, as shown in Fig. 7. 



 

                                       G. M. Dominguez Almaraz et alii, Frattura ed Integrità Strutturale, 49 (2019) 360-369; DOI: 10.3221/IGF-ESIS.49.36 
 

367 
 

 

 
 

Figure 9: Evolution of KI and KII along the crack propagation. 
 
 
CONCLUSIONS 
 

he following conclusions may be extracted from the present work:  
 The fatigue endurance of the proton exchange membrane Nafion 115 has been determined under tension and 
torsion.  

 The experimental machine to carry out biaxial loading: tension and torsion tests on this polymeric material, has been self-
designed and self-constructed. 

 The results shown in this paper are obtained under a constant torsion angle of 50 degrees, at room temperature and with 
relative humidity comprised between 50 and 60%.  

 A logarithmic regression curve is obtained from the experimental points, showing the tendency of fatigue endurance of 
this material, under the described loading conditions. 

 Stress intensity factors KI and KII are evaluated along the crack propagation in the Nafion 115 strip. 
 Tensile crack propagation changes to shear crack propagation, when the crack size attains 5.5 mm approximately, for this 

material with ductility = c/c = 0.61627. 
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