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1. Introduction 

Numerous studies have been devoted to underst.1nding the 
durability of proton exchange membrane fuel cells (PEMFCs) 
motivated by the desire to improve the lifetime of PEMFCs wi thout 
unduly increasing cost or compromising performance [1- 14J. 
Studies have shown that, although the electro-chemical in-
teractions. Hanspart losses and lack of ideal water management 
affect the durability of PEMFCs. chemical degradation and me-
chanical damage in the membrane electrode assembly (MEA) are 
major sources of failure [\ - 7]. Degradation and/or material loss in 
the MEA is common ly attributed to chemical attacks. but can also 
be significantly governed by the mechanical damage in the MEA [6]. 
Several forms of mechanical damage have been commonly 

• (orre:spondingautoor. Te l.: + 1 302 8312421: fa... : + 1 302 831 3619. 
[ -rnaif oddr=: s.Jntdre@udel.edu (M. H. S.lntlrt'").  

, Nafion i~ a regi~tered trademark of E.1. DuPont De Nemours & Co.  

observed in the MEA, such as through-the-thickness tears, pinholes 
in the membrane and delaminations between the membrane and 
electrodes [3- 10]. It is common ly believed that the mechanical 
stresses. due to hygro-thermal changes in the MEA. are primarily 
responsible for the mechanical damage [9- 14]. Therefore. investi-
gating the hygro-thermal mechanical behavior of the MEA. which 
consists of the membrane and elect rodes, is an important step to-
ward understanding the fuel cell failure mechanisms and providing 
a science base for increasing the durabili ty of PEMFCs. 

In our previous experimental work, we have investigated the 
time-dependent mechanical behavior of a pernuorosulfonic acid 
(PFSA) membrane (Nafion® 211 membrane) at selected strain rates 
for a range of temperatures and humidities [15]. The results showed 
that Young's modulus and the proportional limit st ress increase as 
the strain ra te increases, and decrease as the temperature or hu-
midity increases. The resul ts also showed that the mechanical 
response of Nafion® 211 membrane is more sensitive to typical 
changes in strain rate or temperature than to typical changes in 

mailto:santare@udel.edu
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.jpowsour.2013.07.013&domain=pdf
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2013.07.013
http://dx.doi.org/10.1016/j.jpowsour.2013.07.013
http://dx.doi.org/10.1016/j.jpowsour.2013.07.013
mailto:s.Jntdre@udel.edu


 Fig. 1. Aluminum stubs and samples used for SEM characterization. 

humidity. Some other articles regarding testing and modeling of 
the mechanical behavior of fuel cell membranes are also available 
in the literature [11,12,16e25]. 

However, little work has been published regarding the mechanical 
behavior of the electrodes. This is due to the fact that the electrodes 
are typically painted or sprayed onto the membrane during 
manufacturing and therefore do not exist as independent solid ma
terials. Consequently, it is difficult to directly characterize the me
chanical behavior of the electrodes. In this work, we devised an 
experimental-numerical hybrid technique to determine the me
chanical behavior of the electrodes. Tensile and relaxation tests have 
been conducted to characterize the time-dependent mechanical 
behavior of both Nafion® 211 membranes and GORET PRIMEA® 

MEAs2 based on Nafion® 211 membranes at various temperatures, 
humidities, and strain rates. Within the linear regime, the rule-of
mixtures assuming an iso-strain condition can be used to calculate 
the rate-dependent Young’s modulus of the electrodes. Beyond the 
linear regime, however, the problem becomes highly non-linear with 
the onset of plasticity, strain hardening, and mechanical damage. 
Therefore, we used finite element models, created in the commercial 
software ABAQUS 6.9 [26], to conduct reverse analyses for deter
mining the electrode mechanical behavior at moderate to large strain. 

Furthermore, mechanical damage mechanisms such as cracks and 
delaminations play a role in the mechanical behavior of the MEA. 
However, once a material has completely failed, it is generally difficult 
to identify the failure evolution. By performing interrupted tests at 
selected strain levels under uniaxial tension, we were able to char
acterize how the mechanical damage develops as the strain increases. 
This information was then incorporated into the finite element models 
to simulate the stressestrain response of the MEA up to strains of 0.4. 

In the following, we will briefly review the experimental pro
cedure to determine the mechanical behavior of the membranes 
and MEAs, followed by the numerical work and reverse analysis 
used to determine the electrode properties. 

2. Experimental procedure 

Details pertaining to the experimental procedure for determining 
the mechanical properties of Nafion® 211 membranes are discussed 
in our previous work [15]. A similar experimental procedure was 
employed to characterize the MEAs, and will be briefly reviewed here 
for clarity. The interrupted tension tests will also be discussed. The 
MEAs used in this study were manufactured at W.L. Gore & Associates 
Inc., using Nafion® 211 membrane material, nominally 24 m thick, 
affixed with GORET PRIMEA® electrodes, by way of their proprietary 

2 GORE PRIMEA is a registered trademark of W.L. Gore & Associates, Inc. 
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Fig. 2. True stress as a function of true strain for Nafion® 211 membrane [15] and the 
MEA at selected strain rates with T ¼ 45 DC, RH ¼ 50% (the quasi-static results are 
derived from relaxation tests). 

Fig. 3. True stress as a function of time for relaxation tests of Nafion® 211 membrane 
and MEA at selected holding strains for T ¼ 45 D C, RH ¼ 50%. 

electrode deposition process. The cathode was nominally 12 m thick 
and made from GORET PRIMEA® 580.3, with platinum loading of 
0.3 mg cm2 and the anode is nominally 6 m thick and made from 
GORET PRIMEA® 584.1, with platinum loading of 0.1 mg cm2. 

2.1. Tensile and relaxation tests 

We measured the time-dependent mechanical properties of 
Nafion® 211 membranes and MEAs based on Nafion® 211 mem
branes at three strain rates (5.0, 0.2, 0 mm mm-1 per minute3) (in 
the following, the notation/min will be used for simplicity) for 
sixteen temperature and relative humidity combinations, i.e. four 
selected temperatures (25, 45, 65, 80 DC) and four selected relative 
humidities (30, 50, 70, 90%). 

The tests were conducted using an MTS AllianceT RT/5 material 
testing system fitted with an ESPEC custom-designed environmental 
chamber [15]. The environmental chamber was used to set the 
desired temperature and relative humidity for testing. We conducted 
two sets of experiments at each environmental condition: tensile 
tests and relaxation tests. The tensile tests were conducted at two 
selected strain rates (5 min-1 and 0.2 min-1) and the relaxation tests, 
at three selected holding strains (0.05, 0.1 and 0.2) [15]. 

3 We also conducted a limited set of tensile tests at higher strain rates (up to 
12 min-1) and found very similar stress-strain response to the response seen at the 
strain rate of 5 min-1. 



Table 1 
Young’s modulus and proportional limit stress of Nafion® 211 membrane and the 
MEA based on Nafion® 211 membrane as a function of temperature, humidity, and 
strain rate. 

Temperature/ Strain rate Modulus Modulus Proportional Proportional 
humidity (mm mm-1 membrane MEA limit stress limit stress 

per minute) (MPa) (MPa) membrane MEA (MPa) 
(MPa) 

45 DC/50% 0.0 45.9 46.5 2.3 2.3 
45 DC/50% 0.2 210.2 188.8 7.9 6.9 
45 DC/50% 5.0 248.1 224.7 10.6 7.8 
45 DC/90% 0.2 165.4 135.1 6.3 4.1 
80 DC/90% 0.2 66.1 60.7 3.9 2.9 

We tested three specimens at each combination of temperature, 
humidity and tensile loading rate or relaxation holding strain. For 
each specimen, the pretest thickness and width were measured 
with a micrometer and a caliper, respectively, at three locations 

along the sample before testing. The averages of these three mea
surements were used as the nominal dimensions of the sample 
under ambient conditions. The 20 mm wide specimen was aligned 
with the extension rod and clamped into a pair of vise-action grips 
to provide a nominal gauge length of 50 mm as determined by the 
grip separation [15]. 

To achieve the desired environmental conditions in the chamber, 
the temperature was first set to the desired value and allowed to 
stabilize, and then the humidity was slowly increased (or decreased) 
to the desired relative humidity (RH) with the specimen slack. Both 
the temperature and humidity were kept at the desired values for at 
least half hour before applying tension to ensure that the specimen 
equilibrated with the surroundings. During this process, the length 
of the specimen changes due to the thermal and swelling de
formations. Before applying a force, the crosshead was manually 
adjusted until the initial force applied to the specimen was brought 
to a small, finite tensile force (w0.01 N), eliminating the initial slack 

Fig. 4. SEM images of the MEA in-plane surface loaded to selected strain levels of 0, 0.1, 0.2, 0.3, 0.4 and 0.6 at the strain rate of 0.2 min-1 with T ¼ 25 DC, RH ¼ 30%. 



caused by thermal and swelling expansions. For calculating 
the subsequent strain, we took the reference length of the specimen 
to be the original length at ambient conditions, plus the total 
displacement of the crosshead corresponding to the change in 
length caused by the change in environmental conditions. 

2.2. Interrupted tension tests 

The interrupted tension tests were conducted at four selected 
temperature-humidity conditions (T ¼ 25 DC/RH ¼ 30%, 
T ¼ 25 DC/RH ¼ 90%, T ¼ 80 DC/RH ¼ 30%, T ¼ 80 DC/RH ¼ 90%) and 
two strain rates (0.2 min-1, 5.0 min-1) using the same experimental 
setup as in Section 2.1. Since the objective was to obtain the detailed 
micro-structural damage evolution of the MEA, the interrupted 

tests were performed up to selected true-strain levels of 0.1, 0.2, 0.3 
and 0.4 as calculated from the load-displacement data. 

After the specimens were subjected to the interrupted tests, two 
types of samples were cut from each: (1) a rectangular piece of 
approximately 10 mm in length and 5 mm in width to evaluate the 
extent of in-plane surface cracking; and (2) a slender piece of 
approximately 10 mm in length to evaluate the cracks in a cross-
sectional view (Fig. 1). Observations were made using a scanning 
electron microscope (JSM-7400F) with a wide range of magnifica
tions from 25� to 300,000�. By scanning the specimen surface, it 
was possible to collect data about the damage including individual 
crack location, orientation and crack length as well as crack density. 
Looking at the cross section of the sample gave information about the 
depth of the cracks and the existence and extent of delamination. 

Fig. 5. SEM images of the MEA cross-sectional surface loaded to selected strain levels of 0, 0.1, 0.2, 0.3, 0.4 and 0.6 at the strain rate of 0.2 min-1 with T ¼ 25 DC, RH ¼ 30%. 



3. Experimental results 

3.1. Tensile and relaxation tests 

Fig. 2 shows typical true stress-true strain curves for Nafion® 211 
membrane and the MEA at 45 DC and 50% relative humidity for 

Both the membrane and MEA are stiffer at higher strain rates, 
and the MEA produces a smaller stress than the membrane at a 
given strain and strain rate (Fig. 2). Under quasi-static conditions, 
however, the true stress-true strain curves of the membrane and 
the MEA nearly coincide. This indicates that the electrode has a 
similar true stress-true strain response to the membrane under 

several strain rates. True stress, strue, and true strain, true, re- quasi-static loading since the MEA is a layered structure consisting 3

lationships are used to take into account large deformation and can of the membrane and electrodes. 
be related to engineering stress, seng, and engineering strain, 3eng, Based on the true stress-true strain response, mechanical 
through the equations, properties such as Young’s modulus and proportional limit stress 

were determined. The initial slope of the tensile true stress-true 

¼ strain response is taken as the rate-dependent Young’s modulus ( )
1 þ (1)strue sengeng3

for the material. However, based on the monotonically increasing 
load used in the tests (Fig. 2), it is not possible to identify the onset 
of yielding or a yield limit. Instead, we report the proportional limit ¼ ln

(
1 þ 

)
:true eng3 3

stress, which we have defined graphically as the stress at the 
Fig. 3 shows typical stressetime curves for relaxation tests. The 

sample is held at constant strains of 0.05, 0.1, and 0.2 respectively. 
The stress decreases quickly during the first few minutes, and the 
rate of decrease gradually slows until it is changing very slowly 
after 2 h. In an actual relaxation test, the sample would be held at 
this constant strain until the stress reaches an equilibrium value. 
However, due to limitations in the testing equipment and practical 
considerations in the current study, we ran the relaxation tests for 
2 h and assumed that the stress level at that time was the equi
librium stress. By assuming that the zero strain condition corre
sponds to a stress free state, we fitted a curve through zero and the 
three equilibrium stresses determined from the relaxation tests to 
get an approximation to the quasi-static stress-strain curve for 
tensile tests as shown in Fig. 2. 

Fig. 6. Effects of a) environment (temperature/humidity), and b) strain rate on the 
equivalent crack number. 

intersection of the tangents to the initial linear portion of the curve 
and the initial strain hardening response (Fig. 2) [12]. 

The average Young’s modulus and proportional limit stress of 
the two types of samples at selected strain rate/temperature/hu
midity combinations are summarized in Table 1. The results 
suggest that similar to Nafion® 211 membrane, Young’s modulus 
and proportional limit stress of the MEA increase as the strain rate 
increases, temperature decreases or humidity decreases. Further
more, the MEA has a lower Young’s modulus and proportional limit 
stress than Nafion® 211 membrane at strain rates of 0.2 min-1 and 
5.0 min-1. For the quasi-static condition, the two types of samples 
have nearly the same properties. 

Fig. 7. Young’s modulus of a) the electrode at a strain rate of 0.2 min-1, and b) the 
electrode, membrane and MEA at a strain rate of 0.2 min-1 and T ¼ 25 DC. 



 

3

3.2. Interrupted tension tests 

Fig. 4 shows SEM images of the MEA plane surface after inter
rupted tension tests, up to strain levels from 0 to 0.6. The specimens 
were loaded at a strain rate of 0.2 min-1 with T ¼ 25 DC/RH ¼ 30%. The 
images suggest that cracking initiates between strain levels of 0.1 and 
0.2, and that the crack density increases as the strain increases. The 
images also show that cracking develops perpendicular to the di
rection of tensile loading. Fracture information such as crack length 
(in the plane) and crack density has been quantified for all conditions 
considered to provide input for the finite element models used to 
determine the electrode’s mechanical behavior (discussed below). 

We also investigated the interfacial delamination between the 
membrane and electrodes. Fig. 5 shows SEM images of the MEA cross-
sectional surface after interrupted tension tests, up to strain levels 
from 0 to 0.6. The specimens were loaded at a strain rate of 0.2 min-1 

with T ¼ 25 DC/RH ¼ 30%. The figure shows that the delamination 
initiates around the tip of the vertical cracks through the electrode, 
and that the vertical cracks are limited to the electrode layers. 

The professional statistical software package, ImageJ,4 was used to 
analyze and summarize all the crack information. For each condition, 
a non-dimensional crack density parameter, G, was calculated to 
characterize the crack distribution with a single parameter. In an 
image of area A with N cracks of individual length ii, the crack density 
parameter G can be determined from the following relationship [27]: 

PN 
i ¼ 1 i

2 
G ¼ i (2)

A 

Two distributions of micro-cracks can be assumed to have a 
similar effect on the overall constitutive response of the system when 
they have the same crack density parameter [27]. Thus, to simulate 
the mechanical response with a set of simple 2D models, the N cracks 
with various lengths in a representative area can be modeled as M 
cracks with a same crack length L, where  M is the equivalent crack 
number. In this study, L was assumed to be the width of the SEM 
images (100 m) as shown in Fig. 4. The equivalent crack number M can 
be calculated according to the following equation: 

PN 
i ¼ 1 i

2 ML2 
G ¼ i ¼ (3)

A A 

Fig. 8. Representation of the two-dimensional numerical model used to determine the 
mechanical properties of the electrodes; the bottom edge is prevented from moving in 
the y direction and the left edge is prevented from moving in the x direction; uniform 
load is applied on the right edge. 

Fig. 9. The reverse analysis used to determine the electrode properties beyond the 
linear regime. 

where the subscripts MEA, m and e represent the membrane 
electrode assembly, membrane and electrode, respectively. The 
resultant force on the MEA consists of the force on the membrane 
and the force on the electrodes: 

FMEA ¼ Fm þ Fe (5) 

Furthermore, assuming a uniform uniaxial (1-D) stress distri
bution and considering Hooke’s Law,  

The results suggest that at higher humidity and at higher strain s ¼ E 3 (6) 
rate fewer cracks develop, and that temperature has little effect on 
the crack number (Fig. 6). We believe that this is the result of a 
competition between the crack driving force and fracture toughness. 

In addition, we also conducted parametric numerical simula- We obtain 
tions to verify that the cracks generated in the interrupted tests 

F ¼ sA (7) 

remain open during imaging. This is discussed in the Appendix. 

4. Determination of the electrode behavior 

4.1. Linear properties 

Within the linear regime, the rule-of-mixtures was used to 
determine Young’s modulus of the electrode since the MEA is a 
simple layered structure of the membrane and electrodes. 

For uniaxial tension, it can be assumed that the overall strains, 3, 
in the individual layers and the MEA in the loading direction are the 
same (iso-strain): 

e (4)¼ m ¼MEA 3 3

True Strain (mm/mm) 

Fig. 10. True stress as a function of true strain for the membrane, MEA and electrode at 
ImageJ can be downloaded for free at http://rsbweb.nih.gov/ij/download.html. 0.2 min-1 and T ¼ 25 DC, RH ¼ 30%, up to strain of 0.1. 
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ðE ¼ ðEAÞMEA 3 AÞ þ ðEm 3 AÞ (8)e 

where s, E, and A represent the stress, elastic modulus, strain and 3 

cross-sectional area, respectively. By using Eq. (4) to cancel the 
strains, this equation can be used to calculate Young’s modulus for 
the electrode, given the elastic properties of the membrane and 
MEA and the thickness of the individual layers in the MEA, which 
were obtained from the tensile and relaxation tests described in 
Section 2.1. The results of these calculations are shown in Fig. 7. 

Fig. 7a shows that Young’s modulus of the electrode decreases as 
the temperature or humidity increases, similar to the behavior of 
Young’s modulus for Nafion® 211 membrane. Fig. 7b shows that the 
electrode has a lower Young’s modulus than the Nafion® 211 
membrane and the MEA modulus is intermediate between the two 
(this is expected since the MEA is a layered structure composed of 
the membrane and electrodes). 

4.2. Non-linear properties 

Beyond the linear regime, plasticity, strain hardening, and me
chanical failure mechanisms cause non-linearities, which preclude 
the use of the rule-of-mixtures. Consequently, a two-dimensional 
finite element model (Fig. 8) was developed using the commer
cial software ABAQUS 6.9 to determine the non-linear electrode 
properties via reverse analysis. Since symmetry conditions were 
assumed, a representative segment of the MEA was modeled using 
a quarter of the structure. The boundary conditions: uy ¼ 0 on the 
bottom edge and ux ¼ 0 on the left edge were imposed. Generalized 
plane strain was assumed and a uniform x-displacement condition 
was applied on the right edge. 

The mechanical properties of the Nafion® 211 membrane and 
electrodes are required input for the finite element model. While the 
properties of the Nafion® 211 membrane are known from the ex
periments described above, the properties of the electrodes are the 
objective of the analysis and are unknown. Therefore, representative 
values are assumed and varied in the model for a series of successive 
runs. When the true stress-true strain response of the MEA from the 
model agrees with the experimental results for the MEA, it can be 
assumed that the constitutive properties of the electrodes used in 
the model correspond to the actual properties of the electrodes. The 
flow chart in Fig. 9 illustrates the general methodology. 

The SEM images from the interrupted tension tests showed that 
electrode cracks initiate between strains of 0.1 and 0.2. Therefore, 
fracture is not involved for strains up to 0.1, and we implemented a 
commonly-used empirical stressestrain relationship [28] to cap
ture the linear plus the initial non-linear behavior of the electrode 
before cracking: 

� �ns s þ K (9)¼ 
E E 

Fig. 12. Predicted true stress as a function of true strain for the MEA, compared to the 
experimental MEA response, at T ¼ 25DC/RH ¼ 30%, T ¼ 45DC/RH ¼ 50% and T ¼ 80DC/ 

1RH ¼ 90% with a strain rate of 0.2 min- . 

Fig. 11 shows the derived true stress-true strain response of the 
electrode up to a strain of 0.1 for various combinations of temper
ature, humidity and strain rate. Similar to the behavior of the 
membrane, the electrode becomes stiffer as the temperature de
creases, humidity decreases, or strain rate increases. Note that the K 
and n values thus derived, give reasonable predictions for the 
stress-strain behavior of the MEA up to strains of 0.1 (Fig. 12). 

When the strain is higher than 0.1, however, the response from 
the empirical equation (Eq. (9)) deviates significantly from the 
response observed in the experiments. The results from the inter
rupted tension experiments indicate that this deviation may be due 
to the onset of cracking. Therefore, the damage evolution infor
mation obtained from the interrupted tests was incorporated to the 
numerical model to simulate the electrode response beyond strain 
0.1. The details are not presented here for conciseness. Note that in 
real operations of PEM fuel cells, the strains in the membrane and 
electrodes normally do not go beyond 0.1. 

The derived time-dependent mechanical behavior of the elec
trode, as a function of strain rate, temperature and humidity, can be 
defined and used in finite element models through a two-layer 
viscoplastic constitutive model [25]. 

5. Concluding remarks 

Since it is difficult to directly measure electrode mechanical 
properties, we have devised an experimental-numerical hybrid 
technique to determine the time-dependent mechanical behavior of 
the fuel cell electrodes. Tensile and relaxation tests have been con
ducted to characterize the time-dependent mechanical behavior of 

® ®both Nafion 211 membranes and MEAs based on Nafion 211 
In this relationship, the rate-dependent Young’s modulus of the 

electrodes, E was previously determined from the rule-of-mixtures 
analysis described in Section 4.1. The  terms  K and n are material pa
rameters, which depend on temperature and humidity that charac
terize the non-linear portion of the curve, and are typically obtained by 
fitting the equation to the experimental data for each temperature and 
humidity condition. In this work, K and n (in the constitutive rela
tionship for the electrodes) were systematically varied in the finite 
element model of the MEA (Fig. 8). When the true stress-true strain 
response of the MEA from the finite element model agreed with the 
experimental results, we assumed that the electrode properties used 
in the model corresponded to the actual properties of the electrodes. 

Fig. 10 shows a typical comparison of the true stress-true strain 
response of the membrane, MEA and electrode, up to a strain of 0.1. 

membranes at various temperatures, humidities, and strain rates. We 
found that the MEAs have lower Young’s modulus and proportional 
limit stress than Nafion® 211 membranes. We also found that Young’s 
modulus and proportional limit stress of the MEAs are affected by the 
temperature, humidity and strain rate in a similar way to the effects 
on Nafion® 211 membranes. The rule-of-mixtures together with an 
iso-strain condition were then used to determine the rate-dependent 
Young’s modulus of the electrodes. The results indicate that the 
electrodes generally have lower Young’s modulus than Nafion® 211 
membranes. Under quasi-static conditions, however, the membrane, 
electrode and MEA have very similar Young’s modulus. 

Beyond the initial linear regime, the behavior becomes non-linear 
and requires a more sophisticated modeling approach. Therefore, 
reverse analysis based on finite element models was conducted to 

3 

3 



determine the electrode behavior at moderate to large strains. In 
addition, interrupted tension tests at various strain levels were con
ducted in order to collect crack evolution information for the MEA. We 
found that cracks in the electrodes initiate between strains of 0.1 and 
0.2 perpendicular to the direction of tensile loading. Finite element 
simulations showed that it is unlikely that cracks initiated at a lower 
strain level, and closed before SEM examination (see Appendix). 

Quantification of the crack information shows that in the range of 
values tested, higher humidity or larger strain rate leads to fewer 
cracks, and that temperature has little effect on the crack number. 
These fracture observations were then incorporated to the finite 
element models for determining the electrode behavior at large strain 
levels. The results show that the electrodes have similar behavior to 
Nafion® 211 membrane as a function of strain rate, temperature and 
humidity, but have lower Young’s modulus and proportional limit. 
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Appendix. On crack closure during unloading 

In our interrupted tension tests, the MEA sample was first loaded 
to the established strain level in the MTS material testing system, 
then unloaded and moved to the SEM for characterization. During 
this process, cracks that developed during the tensile loading might 
close during the unloading and therefore become invisible, or nearly 
so, when observed in SEM, as illustrated in Fig. A1. In this case, the 
number of the cracks observed from the SEM would be smaller than 
the actual number of cracks developed and cracking might initiate at 
a lower strain level. In-situ testing, i.e. conducting tensile tests inside 
the SEM chamber, could be used to overcome this problem. Alter
natively, we conducted a numerical experiment to test for this crack-
closing phenomenon in our interrupted tests. 

Figure A1. Schematic of crack closing during unloading. 

A two-dimensional finite element model (Fig. A2) was devel
oped using the commercial software ABAQUS 6.9. A representative 
segment of the MEA was modeled as described above. 

Figure A2. Representation of the two-dimensional numerical model used to investi
gate the failure mechanisms in the MEA. 

In this model, a single electrode crack was allowed to develop 
and propagate through the thickness of the electrode during the 
simulated tensile loading and then the structure was unloaded. The 
measured elasticeplastic properties of the membrane and derived 
properties of the electrode were incorporated in the model. The 
simulations were conducted via a force controlled loading to obtain 
a pre-determined overall strain. If the crack closed during 
unloading in the simulation, we assume it would be likely that the 
crack would close in a real experiment as well. If not, it would likely 
be seen in the SEM image. 

Fig. A3 shows images of the simulated MEA when it was 
loaded to a maximum strain of 0.1 and then unloaded. During the 
tensile loading, an electrode through-crack was assumed to 
initiate at an early strain (e.g. 0.02). The simulation shows that 
under these conditions, the crack stays open after unloading. This 
is due to that the crack tip introduces a stress concentration, 
causing local yielding. The permanent plastic deformation pre
vents the crack from closing completely. The force and strain 
evolution are plotted as functions of time in Fig. A4, showing that 
the overall strain does not go back to zero when the applied load 
is released. 

A parametric numerical studying of this process varying the 
maximum loading strain, crack initiation strain and crack length 

Figure A3. Images of the MEA at the end of a) loading, and b) unloading. The crack 
stays open after unloading. 



Figure A4. Force and strain evolution during the loadingeunloading cycle. 

was conducted (not presented here for conciseness). The results 
suggest that cracks developed at strains levels less than 0.1 during 
tensile loading would most likely stay open after unloading due to 
the plasticity in the membrane, and therefore would be observed 
by SEM. However, since no cracks were observed at a strain of 0.1 in 
the experiments, we conclude that cracks initiate after a strain 
of 0.1. 
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