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The interactions between catalyst layers and membrane are known to have significant

impact on the mechanical properties of the composite catalyst coated membrane (CCM)

materials used in fuel cells. The mechanical fatigue durability of such composite CCM

materials is investigated herein, and compared to the characteristics of pure membranes.

Ex-situ uniaxial cyclic tension tests are conducted under controlled environmental con-

ditions to measure the fatigue lifetime, defined by the number of stress cycles that the

specimen can withstand before mechanical failure. The sensitivity of the CCM fatigue

lifetime to the applied stress is determined to be higher than that of the pure membrane,

and varies significantly with environmental conditions. The experimental results are then

utilized to develop a finite element based CCM fatigue model featuring an elasticeplastic

constitutive relation with strain hardening. Upon validation, the model is used to simulate

the fatigue durability of the CCM under cyclic variations in temperature and relative hu-

midity, which is critical for fuel cells but cannot be effectively measured ex-situ. When

combined, the experimental and numerical methods demonstrated in this work provide a

novel, convenient approach to determine the CCM fatigue durability under various

hygrothermal loading conditions of relevance for fuel cell design and operation.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The polymer electrolyte fuel cell (PEFC) is a promising tech-

nology for generation of electricity with zero emissions at the

point of use [1,2]. The widespread use of this clean technology

is currently hindered by its low durability and high costs

associated with producing the fuel cell stacks [1]. Two broad
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and general causes are responsible for the membrane degra-

dation phenomena often associated with PEFC failure:

chemical and mechanical degradation. Hydrogen peroxide

decomposition in the membrane creates radicals that chem-

ically degrade the ionomer [3e8]. Furthermore, it is noted that

the mechanical properties such as strain to failure and

stressestrain relation are highly affected by the chemical

degradation [9,10]. So far, most of the scholarly work in the
evier Ltd. All rights reserved.
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area of PEFC durability has been focused on the chemical

degradation mechanisms [1,11e13].

Along with the chemical degradation, the mechanical

degradation phenomena can be an equally critical degrada-

tion mode for PEFC membranes [14]. An essential step toward

understanding the mechanical membrane degradation pro-

cess is to first understand the basicmembrane behavior under

different levels of hygrothermal and mechanical loading

conditions [15]. Previous experimental investigations have

revealed that ionomer membranes exhibit a predominantly

linear viscoelastic stressestrain behavior below the yield

point [9e11] and a nonlinear plastic response with strain

hardening above the yield point [17]. Moreover, the stresse-

strain characteristics of the membrane are highly dependent

on the environmental conditions of temperature and humid-

ity [18e21] andmay also depend on the loading rate [22]. Based

on these characteristics, several numerical finite element

models have been suggested for the mechanical behavior of

the membrane [16,22e27]. These models have been employed

to simulate both ex-situ and in-situ responses of the mem-

brane under hygrothermal andmechanical loading conditions

[28e35].

Previous research on the mechanical degradation behavior

of ionomer membranes can be divided into three main cate-

gories: (i) fracture; (ii) fatigue; and (iii) creep. Fuel cell mem-

branes are prone to creep when subjected to periods of high

stress, depending on confinement within the membrane

electrode assembly [36,37]; however, membrane failure is

generally associated with hydrogen leak bearing fractures.

The fracture resistance property has been used as an indicator

of the mechanical durability of cracked membranes [38,39].

Additionally, the fracture characteristics of the membrane

were reported to be time dependent regardless of the level of

relative humidity or temperature [40]. Crack evolution and

delamination between the catalyst layers and membrane can

be influenced by both external mechanical vibrations and by

cycling of internal stresses due to hygrothermal variations

[41,42]. However, it should be emphasized that themechanical

and chemical degradation phenomena are generally coupled

during fuel cell operation [8,43e45], which may further

complicate the process.

In the absence of chemical degradation, fracture develop-

ment in fuel cell membranes is normally driven by the un-

derlying mechanical fatigue phenomena when the material is

subjected to cyclic hygrothermal andmechanical loadings due

to dynamic hydration and dimensional changes of the ion-

omer [46]. These cyclic loadings are known to cause initiation

and propagation of microcracks inside the membrane [47,48],

which may grow into macroscopic fractures. In-situ simula-

tion results have suggested that during a typical hygrothermal

fluctuation, the stress and strain alternate between tensile

and compressive states [26]. In addition, a considerable

amount of plastic strain can be generated in the membrane at

elevated levels of temperature and relative humidity [24],

which can influence the fatigue fracture process [49]. The fa-

tigue lifetime of the membrane is not only affected by the

amplitude of themechanical or hygrothermal fluctuations but

also depends upon the environmental conditions [47]. Ex-situ

measurements have revealed that the fatigue lifetime of the

membrane increases exponentially with decreasing
amplitude of cyclic mechanical loading [47,49,50]. Cyclic me-

chanical and hygrothermal loadings were shown to reduce

the strain to failure of the membrane although the Young's
modulus was intact [51]. However, it has also been reported

that hygrothermal aging may increase the elastic modulus

and tensile strength [52].

Experimental techniques utilizing cyclic mechanical forces

have been suggested as a primary tool for studying the effects

of cyclic loading on the mechanical fatigue lifetime of the

membrane [47,49]. However, such approaches are generally

limited to application of mechanical stress cycles rather than

hygrothermal cycles. Alternatively, numerical methods pro-

vide more flexible and less expensive tools for similar pur-

poses [23,53]. Most existing numerical models have

concentrated on predicting the membrane lifetime at its most

critical point [54] and rely on empirical relations. Recently,

Khorasany et al. [48] developed a finite element based nu-

merical model capable of simulating the ex-situ fatigue life-

time of puremembranes under awide range of environmental

conditions relevant for fuel cell applications. Compared to the

previous works, this model provided an additional capability

of predicting the spatial distribution of the fatigue lifetime

within the membrane domain.

In most PEFCs, the membrane is coated with anode and

cathode catalyst layers on each side to form a catalyst coated

membrane (CCM). The membrane and the two catalyst layers

collectively constitute a composite material bonded through

the common ionomer phase with its mechanical properties

significantly different from those of the pure membranes

[46,55]. Therefore, the fatigue behavior of the membrane is

also expected to differ when situated within a CCM. Previous

research using pressure-loaded biaxial blister testing has

indicated that the mud-cracks in the catalyst layers may have

a negative effect on themechanical stability of the membrane

[50]. The presence of contaminants such as foreign cations

and chlorides and high humidity conditions were found to

have deleterious effects on the fracture resistance of CCMs

[56].

While the mechanical properties and degradation mecha-

nisms of pure ionomer membranes are relatively well-

established, the more complex mechanical degradation pro-

cess of the composite CCM is not yet well understood. Hence,

the first objective of the present work is to develop a funda-

mental understanding of the fatigue behavior of the CCM

under a wide range of conditions that mimic the fuel cell

environment. Ex-situ fatigue experiments are therefore

designed to investigate the effect of cyclic mechanical load-

ings on the CCM fatigue lifetime under controlled environ-

mental conditions. The results obtained are then compared

against the corresponding data for pure membranes in order

to determine the effect of the catalyst layers on the mechan-

ical stability of the CCM. The second main objective of this

work is to use the experimental data to develop and validate a

finite element based model for CCM fatigue simulation. The

model is then applied to analyze the effect of cyclic hygro-

thermal loadings on the ex-situ fatigue lifetime of the CCM,

which is more relevant for fuel cell operation. The detailed

analysis conducted in this work is expected to enhance the

fundamental understanding of fatigue-induced mechanical

degradation in the context of overall PEFC durability.
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Experimental technique

Materials

The CCM material used in this work was based on a Nafion®

NR-211 membrane, which is a 25 mm thick perfluorosulfonic

acid (PFSA) ionomer membrane commonly applied in PEFCs

and previously used in our membrane fatigue research [47].

The catalyst layers of the CCM were made of Pt/C and PFSA

ionomer and had a thickness comparable to that of the

membrane [47,48]. To satisfy the consistency requirements,

the CCM samples were kept in room conditions for several

days before testing. Custom-designed dies of the dogbone

shape shown schematically in Fig. 1 were used to cut speci-

mens for ex-situ testing. The CCM sheets were placed on a

plate made of tool steel and the dies were pressed against the

sheet using a hydraulic press. To make consistent cuts and

avoid cutting deficiencies, a thin piece of paper was placed on

top of the CCM sheet. The CCM specimens were regularly

checked using an optical microscope to ensure cutting

accuracy.
Test procedure

Tensile fatigue experiments were conducted using a dynamic

mechanical analyzer (TA Instruments Q800 DMA) equipped

with temperature and humidity control. The CCM specimens

were mounted in the tensile clamp of the DMA at room con-

ditions and placed under a small preload force (0.001e0.005 N)

to keep the specimen under tension during the test initiation.

To avoid stress concentration in the central section of the

specimen, the DMA grips were only allowed to cover the

rectangular end lobes on each side. The temperature and

relative humidity were elevated from room conditions to the

desired pre-set values during which the lengthwise specimen

elongation was monitored. The specimen was held under the

desired elevated temperature and relative humidity condi-

tions for at least 30 min to ensure adequate equilibration in

the final specimen length before testing. A dynamic force

profile consisting of a mean, constant force (P) and an oscil-

lating, sinusoidal force was then applied. The frequency of the

sinusoidal loadwas 10Hz. The amplitude of the dynamic force

contribution was such that the minimum to maximum engi-

neering stress ratio in the central part of the specimenwas 0.2

[47,49]. Due to the dynamic loading conditions, microcracks
Fig. 1 e Schematic of the dogbone shaped CCM specimen

geometry used in the present experiments (all dimensions

are inmm). Points A, B, and C indicate the points of interest

analyzed in the modeling work.
were expected to initiate in the specimen over time [57]. Once

the density of the microcracks exceeds a certain limit beyond

which the specimen can no longer withstand the dynamic

force, a sudden mechanical rupture occurs [49]. Accordingly,

the CCM fatigue lifetime was measured in terms of the num-

ber of stress cycles from the start of the dynamic force

application until the final failure of the specimen [47].

The stresses applied in the experiments should represent

those experienced by the CCM under in-situ conditions. The

CCM has time-dependent characteristics due to which the

mechanical response changes with the loading rate [33].

Additionally, due to the stress relaxation behavior of the

membrane inside the CCM, the stress amplitude decreases

with time [24,26,58]. Mechanical fatigue is a dynamically

driven phenomenon, meaning that the effect of the dynamic

stress amplitude is stronger than the effect of themean stress.

Hence, when the stress range is selected, it is important to

consider the pre-relaxation peak values of the stress [26]. Our

previous work has indicated that when the CCM is treated as a

composite material, the membrane experiences a smaller

amplitude of stress oscillations compared to the case where

the membrane and catalyst layers are treated separately [33].

Moreover, the fuel cell geometry can substantially change the

stress profile inside the membrane [59]. In-situ accelerated

stress tests have shown membrane lifetimes under cyclic

hygrothermal loadings below one million cycles [60]. There-

fore, the stress levels in the experiments should be selected

such that the membrane fatigue lifetime does not exceed

what can be practically achieved during real operating con-

ditions [47]. Here, a range of maximum engineering stress

levels of 1e5 MPa was selected, which corresponds to failure

in less than one million cycles. These stress levels are sub-

stantially lower than those used previously for pure mem-

brane testing [33,55], and are adjusted depending on the

environmental conditions according to the tensile properties

of the CCM.

A design of experiments analysis was conducted based on

a 22 factorial experiment in order to determine the effects of

relative humidity and temperature on the CCM fatigue life-

time and the maximum stress level. The two factors (relative

humidity and temperature) were jointly varied across four

sets of environmental conditions relevant to fuel cell appli-

cations from room conditions (23 �C, 50% RH) to fuel cell

operating conditions (70 �C, 90% RH). The other remaining

corners in the design matrix were: 23 �C, 90% RH and 70 �C,
50% RH. At least three specimens were tested at each set of

environmental conditions. The significance of the statistical

effects of the relative humidity and temperature was evalu-

ated using a standard F-test based analysis of variance

(ANOVA) method [47].
Experimental results

Tensile fatigue durability experiments were conducted under

a wide range of applied stress levels and environmental con-

ditions in order to map out the fatigue properties of the CCM

and compare them against the previously measured mem-

brane properties. The measurements were conducted using a

fixed minimum to maximum stress ratio of 0.2 in all cases,

http://dx.doi.org/10.1016/j.ijhydene.2016.04.042
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implying that the mean stress and stress amplitude were

jointly altered. The CCM fatigue lifetime and plastic strain

were measured at each loading condition [47].
SeN curves

The obtained CCM fatigue lifetime (N) versus the maximum

engineering stress (S) at different environmental conditions is

presented on a logarithmic scale in Fig. 2. As can be seen from

this figure, the CCM fatigue lifetime increases exponentially as

the applied maximum stress is reduced, which is a common

material characteristic that is qualitatively consistent with the

previously measured membrane results [47]. At a given life-

time, the maximum tolerable stress level is observed to drop

when the relative humidity is elevated from room condition to

90%. This is corroborated by the softening effect of thematerial

under elevated environmental conditions [55]. At elevated

levels of temperature, the drop in the maximum stress level is

even more pronounced. This is again attributed to the soft-

ening of the yield point and post yield behavior of the material

which is more profound at elevated temperature than at

elevated humidity within the currently tested range [55].

A comparison of the present CCM results to the previously

reported fatigue data for pure membranes [47] indicates a

relatively similar overall fatigue behavior. However, the

maximum stress levels that the CCM can withstand before the

final rupture are substantially lower than for the membrane.

This is primarily attributed to the lowermechanical strength of

the catalyst layers compared to the membrane, resulting in a

composite CCMmaterial that is weaker than a puremembrane

[20,55]. Additionally, due to lower elastic modulus and post

yield tangent modulus of the CCM material, the CCM fatigue

lifetime ismore sensitive to the changes in the stress value [33].

AnANOVAanalysiswas conducted to quantify the effects of

temperature and relative humidity on the stress levels required

to achieve specific fatigue lifetimes (2� 105, 4� 105, 6� 105, and

8 � 105 cycles). The key results are summarized and compared

to previous data for pure membranes in Table 1 [47]. The p

values were consistently small (<0.001), indicating that all
Fig. 2 e Measured and simulated fatigue life curves in the

form of maximum engineering stress (S) and amplitude of

engineering stress oscillations versus the number of cycles

to failure (N).
effects were statistically significant. Similar to the pure mem-

brane results, the temperature and relative humidity had

negative main effects on the maximum stress levels for the

CCM, which means that the stress decreased with increasing

levels of temperature and humidity. This is due to the softening

effect at elevated levels of relative humidity or temperature.

Themain effect of temperaturewas substantially stronger than

that of the humidity. However, the interaction (or combined

effect) of the relative humidity and temperature increased the

stiffness of theCCM [55]. Therefore, the interaction of these two

factors had a positive effect on the maximum stress level.

Previous experimental results have revealed that the CCM

material yields at lower stress levels than the pure membrane.

Additionally, the post yield tangent modulus of the CCM is

significantly lower than that of the membrane [55]. As a result,

the effects of the relative humidity and temperature factors on

the maximum stress levels are less pronounced for the CCM

than for the membrane. It is also noteworthy that the tem-

perature, relative humidity, and interaction effects of the CCM

material experiencedmerely small changes with respect to the

fatigue lifetime. Considering that these changes are within a

few percent of the overall effects, it can be concluded that the

present findings are valid for a wide range of fatigue lifetimes.

Overall, the obtained fatigue durability closely resembles the

tensile strength behavior of the CCM material: a high tensile

strength appears to give high fatigue durability under the

measured conditions.

Strain characteristics

The strain to failure of the CCM material plays an important

role in its fatigue durability when subjected to cyclic me-

chanical or hygrothermal loadings. The experimental results

for the true strain to failure of the CCM specimens subjected to

cyclic loading are presented in Fig. 3. Due to the softening

effect, the strain to failure of the CCM is considerably higher at

elevated levels of relative humidity and temperature condi-

tions than at room conditions. Moreover, a marginal increase

in final strain is observed with increasing maximum stress in

all cases. However, this change is negligible compared to the

natural variability of the experiment. It is noteworthy that the

elongation of the CCM during fatigue testing is considerably

lower than that of the pure membrane [47] despite the higher

applied mean force required to reach the same internal stress

level. This result confirms the reinforcing effect of the catalyst

layers, but also reveals that the CCM may fail earlier than the

membrane at a lower level of strain [55]. Optical images of the

surface of the CCM [61,55] have shown that severe cracks are

initiated in the catalyst layers when the CCM is subjected to

stresses above the yield point. In the presence of catalyst layer

cracks, the forces previously supported by these layers will be

transferred to themembrane part of the CCM,which results in

the failure of the CCM at lower strains compared to the pure

membrane [47].
Numerical model

Although experiments are useful tools in understanding the

fatigue behavior of the CCM material, they have their own

http://dx.doi.org/10.1016/j.ijhydene.2016.04.042
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Table 1 e ANOVA results for themaximum stress corresponding to specific fatigue lifetimes (N) of the CCM andmembrane
[47]. The main effects of temperature and relative humidity as well as their interaction effect are given in units of MPa.

Temperature Relative humidity Interaction

CCM Membrane CCM Membrane CCM Membrane

N1 ¼ 2 � 105 �1.64 �6.99 �0.67 �2.08 0.16 0.72

N2 ¼ 4 � 105 �1.68 �6.96 �0.64 �1.92 0.15 0.83

N3 ¼ 6 � 105 �1.70 �6.94 �0.62 �1.83 0.14 0.88

N4 ¼ 8 � 105 �1.72 �6.92 �0.61 �1.77 0.13 0.92

Fig. 3 e Final true strain of the CCM at four different environmental conditions.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 8 9 9 2e9 0 0 38996
limitations. Most notably, experiments involving cyclic

hygrothermal oscillations are either very expensive or prac-

tically impossible to facilitate in a reasonable timeframe.

Conducting in-situ experiments under real-time cyclic

hygrothermal loading conditions is even more challenging.

Therefore, finite element based modeling often provides a

more productive and less costly method to simulate fatigue

lifetime. Here, the finite element method was utilized to pre-

dict the CCM fatigue lifetime for a wide range of hygrothermal

loading conditions relevant to fuel cell operation [48].

Previous experimental investigations [55] suggest that the

response of theCCM is approximately linear elastic up to the yield

point. Hence, for strains below the yield point, the linear relation

between stress and elastic strain is described by Hooke's law:

sij ¼ E
ð1þ vÞð1� 2vÞ

h
vεekk þ ð1� 2vÞεeij

i
i; j; k ¼ 1; 2;3 (1)

where sij represents the components of true stress; εeij repre-

sents the components of elastic strain; E is Young'smodulus; v

is Poisson's ratio; and ε
e
kk ¼ ε

e
11 þ ε

e
22 þ ε

e
33. At each environ-

mental condition, the Young's modulus and Poisson's ratio

were experimentally obtained from our previously reported
data [33,55]. The incompressible nonlinear post yield response

of the CCM is characterized using plastic flow according to the

von Mises yield function:

f
�
sij

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
SijSij

r
� sy

skk ¼ s11 þ s22 þ s33

Sij ¼ sij � 1=3skkdij

(2)

where sy is the yield stress and Sij represents the components

of the deviatoric stress. The yield stress of the CCM was

considered to be a function of the relative humidity (RH),

temperature (T), and plastic strain as follows [55]:

sy ¼ syðεp;T;RHÞ (3)

where ε
p is the current equivalent plastic strain defined by:

ε
p ¼

Z ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
dεpijdε

p
ij

r
(4)

According to this model, yield occurs when the yield

function is f ¼ 0. The material exhibits plastic behavior when

f >0 and deforms elastically when f < 0.

http://dx.doi.org/10.1016/j.ijhydene.2016.04.042
http://dx.doi.org/10.1016/j.ijhydene.2016.04.042
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The CCM fatigue lifetime is mainly affected by the ampli-

tudes and mean values of stress and strain oscillations, as

shown experimentally in the previous section. To account for

both stress effects, the Smith-Watson-Topper (SWT) model

was used [62e64] which is mathematically represented as

follows:

smax
Dε

2
¼

�
s0

f

�2
E

�
2Nf

�2b þ s0
f ε

0
f

�
2Nf

�bþc
(5)

where smax is the maximum stress; Dε is the amplitude of the

strain oscillations; s0
f is the fatigue strength coefficient; b is

the fatigue strength exponent; Nf is the fatigue lifetime; ε0f is

the fatigue ductility coefficient; and c is the fatigue ductility

exponent.
Simulation results

The fatigue model described by Equations (1)e(5) was

numerically applied to the specimen geometry in Fig. 1 to

simulate the response of the CCM material under the appli-

cation of cyclic hygrothermal loadings. The simulations were

conducted using the finite element based software COMSOL

Multiphysics® version 4.3. A 2Dmeshing schemewas adopted

in the simulations. The governing equations of motion used

here were based on the mechanical equilibrium equations in

the relevant spatial directions. The boundary conditions were

chosen to replicate the experimental configurations (fixed

displacement at the left end, sinusoidal stress at the right end,

and remaining boundaries kept free). The nonlinear solver of

COMSOL based on the iterative solution schemeswas adopted

to solve the associated equilibrium equations with boundary

conditions. The material properties were obtained from the

experimental results and are summarized in Table 2.
Model validation

To examine the correctness and accuracy of the new CCM

fatigue model, the specimen geometry shown in Fig. 1 was

first used to simulate the mechanical fatigue lifetime of the

CCM under cyclic mechanical loadings at fixed environmental

conditions. It was assumed that one end of the specimen is

clamped and a cyclic mechanical loading with a nonzero

mean value is applied to the other end. The obtained fatigue

lifetime distribution within the CCM specimen under the fuel

cell environmental condition is presented in Fig. 4, based on

two representative stress levels. The stress and strain, which

are point functions, were first calculated at each point within

the specimen geometry by the finite element simulations.

Thereafter, the stress and strain dependent fatigue lifetime
Table 2 e CCM fatiguematerial constants at four different
environmental conditions.

s0f (MPa) b ε
0
f c

23 �C, 50% RH 5.75 �0.0435 0.9 �0.7

23 �C, 90% RH 4.98 �0.0422 0.9 �0.7

70 �C, 50% RH 4.99 �0.0696 0.9 �0.7

70 �C, 90% RH 4.7 �0.0745 0.9 �0.7
was evaluated independently for each point. This enables the

generation of spatial distribution of lifetime graphs, such as

Fig. 4, which aid in the identification of regions that are most

likely to experience fatigue induced failure. The fatigue life-

time is expressed as the logarithmic number of cycles that the

material can withstand before mechanical failure due to fa-

tigue, which is now a function of position within the spec-

imen. As the accuracy of the simulation results is not

experimentally verifiable beyond 107 cycles, the regions with

lifetimes higher than this threshold are shown to have 107

cycles. Due to the strain and stress concentration effects, the

CCM lifetime is shown to have a global minimum at the four

corner points (Point A in Fig. 1) at the edge of the central

section of the specimen. This coincides with the experimental

observations where the primary location for specimen failure

was in the vicinity of these corner points. The fatigue lifetime

at the two rectangular end lobes is shown to be longer than in

the central section due to lower stress values and associated

lower strain amplitude resulting from the dogbone geometry.

A series of fatigue lifetime simulations were conducted

under a range of environmental conditions relevant to fuel

cell applications in order to comprehensively validate the

numerical model. The applied static and dynamic force pro-

files were identical to those used for the experimental in-

vestigations. For comparative purposes, the fatigue lifetime

was taken at the point with the minimum lifetime (Point A),

i.e., the point of failure. A thorough comparison between the

numerical findings and the experimental data (shown in

Fig. 2) indicated a good agreement between the experimental

data and the simulated results at all environmental condi-

tions, which validates the fatiguemodel and justifies its use in

carrying out further case studies to develop a better under-

standing of the fatigue phenomenon in CCMs. It should be

noted that the simulations in this work are specifically
Fig. 4 e Spatial distribution of simulated fatigue lifetime

within the CCM specimen under cyclic mechanical

loadings at the fuel cell environmental condition (70 �C,
90% RH) with an applied maximum engineering stress of

(a) 2.3 MPa and (b) 2.8 MPa. The lifetime values given by the

number of stress cycles until failure (N) are presented on a

logarithmic scale. Lifetimes exceeding 107 cycles are not

shown.

http://dx.doi.org/10.1016/j.ijhydene.2016.04.042
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Fig. 5 e Simulated logarithmic CCM fatigue lifetime as a

function of the mean applied nominal stress when the

specimen is subjected to cyclic hygrothermal loadings

based on isolated temperature (T) and relative humidity

(RH) swings. The results were taken at Points B and C of the

specimen geometry shown in the insert. The lifetime

values given by the number of stress cycles until failure (N)

are presented on a logarithmic scale.
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focused on ex-situ applications where out of plane stresses

are neglected. This enables validation of the chosen modeling

approach (SWT) and the solver (COMSOL) against experi-

mental results which are also ex-situ. Moreover, the in-plane

stresses used in the ex-situ simulations are of the same order

of magnitude as those predicted by previous in-situ numerical

studies [33], and by using those stresses, the developed model

can be extended for in-situ applications as well.

Simulated fatigue lifetime under hygrothermal loading

In our previouswork, it was found that the fatigue lifetime of a

pure membrane is substantially affected by the amplitudes of

the temperature and relative humidity stressors and themean

applied nominal stress during cyclic hygrothermal loadings

[48]. In the present CCM case, the effect of the applied nominal

stress was first investigated followed by the effect of the

temperature and relative humidity amplitudes on the fatigue

lifetime of the CCM. Simulations conducted in this section

were based on the assumption that the sample is vertically

constrained at the two end lobes while a nominal time-

independent stress (P) is applied to the right edge of the

specimen shown in Fig. 1. Further details can be found in Ref.

[48].

Effect of nominal stress
The effect of the mean applied nominal stress on the loga-

rithmic CCM fatigue lifetime is illustrated in Fig. 5. Two

different types of cyclic loadings were simulated: temperature

cycling between 23 �C and 70 �C at constant 50% RH and hu-

midity cycling between 50% and 90% RH at constant 23 �C
temperature. The obtained fatigue lifetimes were analyzed at

Points B and C along the centreline of the specimen rather

than at the magnified stress points at the edge in order to

provide generalized insight into the fatigue process. As ex-

pected, increasing the nominal stress causes a lower fatigue

lifetime for the CCMmaterial. Both locations on the specimen

appear to withstand higher nominal stress under humidity

cycling than under temperature cycling. The CCM fatigue

lifetime is also shown to be more sensitive to the nominal

stress than the corresponding fatigue lifetime of the pure

membrane [48]. This can be explained by the fact that the

catalyst layers are porousmaterials of lower stiffness than the

membrane [55]. Hence, the main load bearing part of the CCM

is believed to be the membrane due to which any reduction in

the nominal stress is directly translated to a substantial in-

crease in the CCM fatigue lifetime.

From Fig. 5, it is also observed that the two fatigue curves

for temperature cycling are crossing each other at approxi-

mately 2 MPa nominal stress. Above this stress, the fatigue

lifetime at Point C is higher than at Point B, while below this

stress, the lifetime is higher at Point B. In contrast, under

humidity cycling, the fatigue lifetime at Point C is consistently

higher than at Point B. These differences are further analyzed

by the time-dependent strain profiles under temperature and

humidity cycling at these points, as presented in Fig. 6. The

corresponding numerical data are also provided in Tables 3

and 4. For temperature cycling under 6 MPa nominal stress,

the mean strain at Point B is considerably higher than at Point

C (Fig. 6 and Table 3) which results in a somewhat lower
lifetime. However, the fatigue lifetimes at these points are

roughly the same, which indicates a marginal effect of the

mean strain in relation to the strain amplitude. This is

confirmed by the reversed lifetime effect at low nominal

stress (1 MPa): here, the mean strain at Points B and C is

almost identical, and the lower lifetime at Point C is attributed

to its higher strain amplitude compared to Point B. The same

behavior was also noted for the case of a pure membrane [48].

On the other hand, a combination of high mean strain and

high strain amplitude results in a significantly reduced fatigue

lifetime. At Point B, for instance, the fatigue lifetime under

6 MPa is significantly lower than under 1 MPa due to higher

mean strain and higher amplitude of oscillation. For humidity

cycling (Fig. 6 and Table 4), both the mean strain and strain

amplitude at Point B are always higher than at Point C, which

leads to a consistently lower lifetime. Overall, however, the

strain amplitude is expected to be more influential than the

mean strain.

Effects of temperature and humidity amplitudes
The effects of the amplitudes of the cyclic temperature and

relative humidity loadings on the CCM fatigue lifetime are

investigated based on the simulated results presented in Fig. 7

for two different nominal stresses in each case. Similar to the

previous observations for a pure membrane [48], the CCM fa-

tigue lifetime increases dramatically as the amplitude of the

cyclic temperature or humidity loading decreases. In most

cases, even a small 5 �C or 5% RH change in amplitude can lead

tomore than an order ofmagnitude difference in lifetime. The

fatigue process is consistently more severe at Point B than at

Point C due to the higher mean strain and strain amplitude at

the narrow, central section of the specimen. For temperature

cycling, amplitudes of at least 10 �C are required to induce
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Fig. 6 e Time-dependent strain profiles at Points B and C under temperature cycling with nominal stress of (a) 6 MPa and (b)

1 MPa and under humidity cycling with a nominal stress of (c) 8 MPa and (d) 6 MPa. The horizontal axis represents the

fraction of temperature cycle (a and b) and humidity cycle (c and d) completion.

Table 3 e Comparison of the amplitude and mean value of the strain oscillations and the corresponding fatigue lifetime
(logarithmic) at Points B and C during temperature cycling at two different nominal stress levels.

Point B Point C

Amplitude Mean Lifetime Amplitude Mean Lifetime

P ¼ 6 MPa 1.08% 79.8% 2.80 1.20% 11.7% 3.16

P ¼ 1 MPa 0.76% 1.5% 5.48 1.04% 1.3% 4.95

Table 4 e Comparison of the amplitude and mean value of the strain oscillations and the corresponding fatigue lifetime
(logarithmic) at Points B and C during humidity cycling at two different nominal stress levels.

Point B Point C

Amplitude Mean Lifetime Amplitude Mean Lifetime

P ¼ 8 MPa 1.39% 48.9% 2.52 0.98% 16.9% 5.28

P ¼ 6 MPa 1.12% 35.1% 3.48 0.84% 10.9% 6.9
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measurable fatigue and amplitudes above ~20 �C result in

severe fatigue. Similarly for humidity cycling, a minimum

amplitude of 10% RH is required for measureable fatigue. In

this case, however, the results are more intimately linked to

the nominal stress and position within the specimen, and

severe fatigue is only encountered for concurrently high levels

of multiple factors. When compared to the previously re-

ported fatigue results for the pure membrane [47,48], the CCM

fatigue process during temperature cycling is much more se-

vere, and may lead to an order of magnitude more rapid fail-

ures. In contrast, the fatigue process during humidity cycling
appears to be more similar for the two materials, and is even

found to be less severe in the CCM than in the membrane

under certain conditions. The catalyst layers have been

shown to reinforce the membrane against humidity induced

expansion [46,55] thereby reducing the stress/strain ampli-

tudes that develop within the CCM during humidity cycling

and consequently resulting in longer CCM lifetime than for

the pure membrane. In contrast, the catalyst layers tend to

increase the thermal expansion of the CCM [16,20] and may

therefore create a higher state of strain amplitude during

temperature cycling than during humidity cycling.
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Fig. 7 e Simulated CCM fatigue lifetime when subjected to

(a) temperature and (b) humidity cycling, shown as a

function of the amplitude of the temperature and relative

humidity oscillations at two different nominal stress levels

(as indicated). The lifetime values given by the number of

stress cycles until failure (N) are presented on a logarithmic

scale.

Fig. 8 e Spatial distribution of simulated fatigue lifetime

within CCM specimen under cyclic hygrothermal loading

conditions between (23 �C, 50% RH) and (70 �C, 90% RH) at

nominal stress levels of (a) 0.1 MPa and (b) 1.0 MPa. The

lifetime values given by the number of stress cycles until

failure (N) are presented on a logarithmic scale. Lifetimes

exceeding 107 cycles are not shown.
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Fatigue simulations under combined temperature and humidity
loading
The actual temperature and humidity levels experienced by

the CCM during in-situ fuel cell operation are likely to change

concurrently, for instance during dynamic load changes be-

tween high and low power and during start-up/shutdown

events. Hence, the present fatigue lifetime simulations were

repeated for the case of simultaneous temperature and rela-

tive humidity cycles between (23 �C, 50% RH) and (70 �C, 90%
RH). The simulated results obtained for two different levels of

nominal stress are provided in Fig. 8. In the case of low

nominal stress (0.1 MPa), the most critical points of the spec-

imen are in the rectangular end lobes. This is due to the

negligible mean stress and the presence of physical con-

straints in the rectangular sections that are ultimately trans-

lated into higher strain amplitudes at Point C. At a higher
nominal stress, however, the fatigue-induced failure is pre-

dicted to occur at the edge of the central section of the spec-

imen, similar to the previous findings. When compared to the

findings of the previous section, the fatigue lifetime under

combined temperature and humidity loadings is several or-

ders ofmagnitude lower than that under isolated temperature

or relative humidity loading, resulting in fatigue failures after

merely ~100 to ~1000 cycles despite a much lower nominal

stress. This is a consequence of the exacerbated strain am-

plitudes induced by the combined temperature and humidity

cycles. Compared to the results for the pure membrane [48],

the CCM simulations indicate slightly higher fatigue lifetime

for the case of low nominal stress. However, due to the higher

sensitivity of the CCM to the nominal stress, the fatigue life-

time of the CCM is lower than that of the pure membrane for

the case of a higher mean stress.
Conclusions

An ex-situ tensile fatigue experiment was developed and

utilized to explore the mechanical stability of catalyst coated

membranes (CCMs) under a range of applied stress profiles

and environmental conditions. A statistical design of experi-

ment approach was employed to determine the effects of

temperature and relative humidity on the maximum stress

and associated fatigue lifetimes. A finite element basedmodel

was developed using the Smith-Watson-Topper (SWT) rela-

tionship to investigate the ex-situ fatigue lifetimes of CCM

materials exposed to cyclic loadings. These types of loadings

included both individual and combined cyclic temperature

and relative humidity loadings.

It was found that the CCM fatigue lifetime decreases

exponentially as the applied maximum stress is increased. At

a given lifetime, the maximum tolerable stress level was
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observed to drop at elevated levels of relative humidity and

temperature due to the softening effect of thematerial at such

environmental conditions. The effect of temperature was

greater than that of relative humidity. Interestingly, the

maximum tolerable stress level of the CCM material before

the final rupture was significantly lower than that of the pure

membrane, which is attributed to initial failure of the catalyst

layers and stress transfer to the membrane.

ANOVA analysis of the experimental results revealed that

the environmental conditions have negative main effects on

the maximum tolerable stress level. However, the main ef-

fects of temperature and relative humidity were less signifi-

cant than for the pure membrane, which is attributed to the

lower post yield tangent modulus of the CCMmaterial. Owing

to the increased stiffness of the CCM, the interaction between

temperature and relative humidity had a positive effect on the

maximum stress levels. Furthermore, the strain to failure of

the CCM was found to be lower than that of the pure mem-

brane. This result confirms the confinement effect of the

catalyst layers, but also reveals that the CCM may fail earlier

than the membrane at a lower level of strain.

The developed finite element based model was first thor-

oughly validated against the experimental results and then

applied to investigate CCM fatigue under hygrothermal

cycling. The simulation results indicated that the CCM ismore

sensitive to the nominal stress than the pure membrane. This

is attributed to the relativelyweak nature of the catalyst layers

whichmakes themembrane themain load bearing part of the

CCM. Hence, any reduction in stress is translated into a pro-

found increase in fatigue lifetime. Furthermore, it was

discovered that the CCM fatigue lifetime increases dramati-

cally with decreasing amplitude of the temperature and hu-

midity cycles. The fatigue process during temperature cycling

wasmore severe for the CCM than for the puremembrane due

to higher strain amplitude resulting from the relatively high

thermal expansion of the catalyst layers. In contrast, relative

humidity cycles were less severe for the CCM material

compared to the pure membrane. This is due to the rein-

forcement provided by the catalyst layers, which leads to a

lower expansion amplitude during humidity loading. The

simulations further revealed that combined temperature and

humidity cycling can exacerbate the strain amplitude and

reduce the fatigue lifetime by several orders of magnitude.

The ex-situ fatigue modeling approach presented in this

work and based purely on the knowledge of material proper-

ties and failure criteria has so far been found to be valid for

pure membrane and CCMmaterials and can be expected to be

equally applicable to other similar materials such as me-

chanically reinforced membranes. This fatigue model could,

therefore, prove to be of immense utility in the future of fuel

cell durability research.
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