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elastic—plastic constitutive model combined with a Smith-Watson-Topper (SWT) fatigue formulation.
The model is validated against previously reported experimental results for a membrane under cyclic
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Finite element Additionally, the membrane fatigue lifetime is found to be more sensitive to the amplitude of the strain
Durability oscillations than to the mean strain under hygrothermal cycling. Most notably, the model predicts that

simultaneous humidity and temperature cycling can exacerbate the fatigue process and reduce the fa-
tigue lifetime by several orders of magnitude compared to isolated humidity or temperature cycling. The
combination of measured mechanical fatigue data and the present numerical model provides a useful
toolkit for analysis of membrane fatigue due to hygrothermal variations, which can be costly and time-
consuming when addressed experimentally.
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1. Introduction

The Polymer Electrolyte Fuel Cell (PEFC) is a promising tech-
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The Membrane Electrolyte Assembly (MEA) inside each fuel cell
consists of a polymer electrolyte membrane and an electrode on
either side. The overall lifetime of the fuel cell stack is primarily
restricted by MEA durability and more specifically by membrane
and catalyst layer degradation, where hydrogen leaks due to
membrane damage is usually the main lifetime-limiting factor [1].
Reliable fuel cell operation requires the membrane to have good
ionic conduction while separating the hydrogen on the anode from
the oxygen on the cathode. Commonly used perfluorosulfonic acid
(PFSA) ionomer membranes rely on water sorption to facilitate the
desired functionality and are therefore sensitive to external con-
ditions. Stringent requirements for performance and cost have
recently led to the use of thinner membranes, which in turn has
imposed durability issues. According to the United States Depart-
ment of Energy, the target durability of the fuel cell stack is 5000 h
for cars and 40,000 h for stationary applications [2], which poses a
considerable challenge for fuel cell developers and warrants further
research towards a deeper understanding of the fundamental
degradation mechanisms.

The degradations mechanisms in PFSA ionomer membranes can
be divided into two main categories: mechanical and chemical
degradation mechanisms [3,4]. Chemical membrane degradation is
caused by the reaction of radicals such as hydroxyl and hydro-
peroxyl radicals with chemical bonds in the ionomer structure
[5—9]. Radicals have been shown to attack carboxylic acid end
group sites of the main chain and sulfonic acid groups in the side
chain [7,8]. Chemical membrane degradation results in general
thinning and creation of pinholes and divots [10].

Mechanical membrane degradation is believed to be caused by
the excessive expansion and contraction of the membrane gener-
ated via water sorption and desorption during variations in local
hygrothermal conditions [11]. Inside the fuel cell, the membrane is
confined by the adjacent MEA components and compressed be-
tween the bipolar plates [12]. Due to such confinements, variations
in water sorption and associated strain lead to fluctuating me-
chanical stresses in the membrane [ 13]. With repeated stress cycles,
microcracks will eventually initiate and propagate towards me-
chanical failure [14]. The mechanical behavior of the membrane is
intricately linked to its mechanical properties, which have been
measured experimentally for both membranes [10,12,15,16] and
catalyst coated membranes [17] under various types of hygro-
thermal and mechanical loadings. Experimental results for PFSA
ionomer membranes generally exhibit a linear response governed
by fundamental elasticity theories [18,19] for strain below the yield
point followed by a nonlinear phase associated with plastic defor-
mation [20]. It is further established that the mechanical charac-
teristics of the membrane are time, temperature, and humidity
dependent [21]. Provided that mechanical degradation depends on
cyclic stresses and strains, accurate knowledge of the stress and
strain profiles in the membrane is essential [12,14,21—24]. Consti-
tutive relations that correlate stress to induced strain have been
developed [13,18,22,23,25—27] and utilized to simulate the in-situ
response of the membrane to external hygrothermal loadings
[11,28,29].

Fatigue is the internal process that occurs when a material is
subjected to cyclic stress, whereby bonds between inner elements
gradually deteriorate and permanent, localized structural damage
starts to appear. Having important implications in a wide range of
industry sectors, the mechanical fatigue phenomena have been
systematically studied for common types of materials such as
metals [30]. The key parameter that defines the material lifetime in
the fatigue process is the severity of the load variations [31]. In the
case of a fuel cell membrane, in-situ simulations have predicted
internal stress fluctuations from compressive to tensile forces un-
der hygrothermal cycling [11,28]. Notably, these stress fluctuations

are also associated with dramatic tensile and compressive plastic
strains [ 11]. Temporal, recurrent changes in stress and strain during
regular duty cycle operation therefore makes the membrane sus-
ceptible to crack initiation due to material fatigue followed by crack
propagation and fracture [32—36].

Recognizing that mechanical membrane degradation and asso-
ciated failures are an important factor for the overall fuel cell
durability, several studies have been conducted to characterize its
behavior [4,22]. The most commonly employed test is the US
Department of Energy endorsed standardized accelerated stress
test for mechanical membrane degradation, which is conducted by
subjecting an MEA to in-situ humidity cycles. In these tests, the rate
of gas crossover is measured as an indication of the level of me-
chanical damage in the membrane, while the test is continued up to
20,000 cycles [2,37]. Given the relatively large number of cycles,
material fatigue is expected to play a significant role in the degra-
dation process. Alternatively, material fatigue tests can be con-
ducted ex-situ by subjecting membrane specimens to mechanical
cyclic loadings under controlled environmental conditions [13,38].
Recent ex-situ experiments have shown that the membrane fatigue
lifetime decreases exponentially with increasing applied stress
[38].

A main challenge in membrane fatigue analysis lies in the
development of numerical tools capable of predicting fatigue life-
time under cyclic mechanical and hygrothermal loadings. Most
previous work on fatigue has been experimental, and there is a lack
of fundamental based modeling tools in this area. Moreover, due to
the complexity of fatigue modeling, the existing numerical in-
vestigations were based upon empirical relations [ 14,38]. The main
objective of the present work is therefore to develop a finite
element based fatigue model that is capable of predicting the
membrane lifetime and lifetime distribution under a simulated
fatigue test. Numerical finite element simulations are used to find
the amplitude of the fluctuating strain at the environmental con-
ditions investigated in our previously published fatigue experi-
ments [13]. The Smith-Watson-Topper (SWT) approach is utilized
to develop a numerical model for predicting the ex-situ fatigue
response of the membrane. The developed numerical scheme is
then used to investigate the effect of mechanical and hygrothermal
cyclic loadings on the membrane lifetime. The proposed model is
intended to enhance the fundamental understanding of the fatigue
process and corresponding mechanical durability of the membrane
under conditions that are relevant for fuel cell operation.

2. Model description

As previously mentioned, fatigue based mechanical membrane
degradation is caused by cyclic hygrothermal and mechanical loads
applied during fuel cell operation. In addition to the amplitude of
stress and strain fluctuations, the mean values of the oscillations
can also affect the mechanical fatigue process. Therefore, a
comprehensive fatigue model that captures the effects of both
hygrothermal and mechanical variations and pre-existing condi-
tions is sought. The model is intended to take the stress and strain
conditions as input, which can be facilitated by an embedded finite
element model, and predict the membrane fatigue lifetime distri-
bution as output. The proposed membrane fatigue modeling
framework therefore consists of two main sub-models: a consti-
tutive relation for the stress-strain behavior of the membrane; and
a fatigue algorithm that can identify the crack initiation threshold
and lifetime distribution.

2.1. Constitutive relation

Our previously published tensile experimental results suggest
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that the stress-strain response of PFSA membranes consists of an
elastic portion followed by a nonlinear plastic portion [17]. The
modulus of elasticity and proportional strain limit was found to be a
function of environmental conditions. Depending on the amplitude
of the loading and environmental conditions, the membrane may
experience elastic stresses and strains due to thermal expansion
and hydration swelling. If the stress is beyond the yield stress,
plastic strains are inevitable, which can be modeled using
nonlinear plasticity constitutive relations with strain hardening.
Hence, the total strain can be written as

M S T

where ¥, &, and ¢]. are the strain contributions due to mechanical
loadings, hydration swelling, and thermal expansion, respectively.
The contribution of the strain due to mechanical loadings can be

decomposed to plastic (sf.}) and elastic (55) strains as follows
el =5+ & (2)

where o is the thermal expansion coefficient. Thermal strain due
to the difference between the current temperature (T) and the
reference temperature (Tp), is assumed to be

e = o (T = To)oy (3)

where ¢;; is the Kronecker delta. Similarly for the swelling strain the
following relation can be deduced [18].

&

P = ofH (RH — RHy)5; (4)

where offl is the hydration induced expansion coefficient for
swelling, RH is the current value of relative humidity, and RH is the
reference value of relative humidity. The thermal expansion and
swelling coefficients may depend upon environmental conditions
and the plastic deformations, however the assumption of linear and
isotropic coefficients is expected to be valid in this case [21,39].

For strains below the yield point, the linear relation between
stress and strain is described by Hooke's law

E

ojj = Arnd-2) veg, + (1 - 21')55] (5)
where ¢ represents the components of true stress, E is Young's
modulus, v is Poisson's ratio, and ¢f, = §; + €5, + €55. At each
environmental condition, the Young's modulus and Poisson's ratio
are obtained from our previously reported data [17], and hence the
numerical results will be valid for the range of loading conditions
considered in the measurements. The incompressible nonlinear
post yield response of the membrane is characterized using plastic
flow according to the von Mises yield function [21,22,40].

floy) = %Sijsi' —ay (6)

where gy, is the yield stress and S;; represents the components of the
deviatoric stress (defined as S; = 04—1/30ikd; and
Okk = 011+022+033). Experimental investigations have also revealed
isotropic strain hardening [18]. Therefore, the yield stress depends
upon the environmental conditions and the level of plastic strain as
per

oy = ay(e?, T,RH) (7)

where ¢ is the current equivalent plastic strain defined by

- 2
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According to this model, yield occurs when the yield function is
f=0.The material exhibits plastic behavior when f > 0 and deforms
elastically when f < 0.

2.2. Fatigue model

Fatigue modeling of other types of commonly used materials has
been widely investigated in the literature [30,31]. However, to our
knowledge, no prior studies have considered ionomer membranes.
Two types of fatigue modeling approaches can be taken: stress
based models; and strain based models. Stress based models are
generally used to explore whether under a given state of loading a
material can endure a certain number of cycles (e.g., one million
cycles) without mechanical failure. In contrast, strain based models
can be used to estimate the number of cycles for a given cyclic
loading condition that a material can withstand before it fails due to
fatigue fracture. The strain based approach is therefore more suit-
able in this case, given the objective to predict fatigue lifetime.
Strain based models are generally developed based on the
assumption that the fatigue life of the material is correlated to the
level of oscillatory strain the material experiences. Cofin and
Manson suggested that on a log—log scale there is a linear rela-
tionship between the fatigue lifetime and the amplitude of plastic
oscillatory strain [41]. The Manson—Cofin relation is expressed by
Ref. [42].

o)

where A¢P|2 is the amplitude of the plastic strain, ¢, is the fatigue
ductility coefficient, c is the fatigue ductility exponent, and Nris the
fatigue lifetime. A similar log—log relation is used to define the
relationship between the amplitude of the oscillatory elastic strain
and the fatigue lifetime [41—43].

where A¢/2 is the amplitude of the elastic strain, ¢} is the fatigue
strength coefficient, and b is the fatigue strength exponent. The
total strain amplitude is the summation of the plastic and elastic
strains. Hence, the fatigue model is obtained by

/
5= 2(w) g (2n) (11)
As = A€ + AP

However, the above model does not yet account for the effect of
mean stress. Hence, the Smith-Watson-Topper (SWT) equation is
obtained by multiplying Eq. (11) by the maximum stress (omax,
which is the summation of the mean stress and the amplitude of
the fluctuating stress) according to

2
Omaxy = @(mf)% +op (2Ny) v (12)

In the SWT model, a critical plane normal to the direction with
the maximum strain range is considered. The membrane fatigue
lifetime under hygrothermal and mechanical loadings is simulated
by solving Eq. (12) based on the underlying constitutive relation
using finite element analysis carried out in COMSOL Multiphysics
version 4.3.
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3. Results and discussion

In this section, the developed finite element based fatigue
model is first validated against our previously published experi-
mental fatigue data for PFSA membranes (Nafion® NR-211) sub-
jected to cyclic mechanical loadings [13]. The material constants for
the constitutive relations are based on those reported in our pre-
vious work [17]. For the fatigue simulations, the material properties
are obtained on the experimental results in Ref. [13] and summa-
rized in Table 1. The validated model is then used to study the effect
of cyclic temperature and relative humidity conditions on the fa-
tigue lifetime of the membrane. Additionally, the influence of a pre-
existing stress on the membrane lifetime is investigated.

3.1. Model validation

The validity of the numerical model is first investigated by
simulating the action of the fatigue experiments described in our
previous work [13]. In order to avoid stress concentration effects at
the edges, specimens for fatigue testing were prepared in dogbone
shapes [38], as shown in Fig. 1. Provided the high aspect ratio of the
thin-film membrane specimens, a plane stress distribution is
assumed. The tensile fatigue experiment is simulated by applying a
clamped boundary condition for the left edge and a free boundary
condition for all other boundaries (cf., Fig. 1a) while a mechanical
load comprising of a mean force combined with an oscillatory force
is applied to the right edge as a distributed load. The ratio of the
minimum force to maximum force is chosen to be 0.2, in accor-
dance with the experiments. Both oscillatory and mean forces are
applied simultaneously at initialization.

The mechanical material properties of the membrane at each set
of environmental conditions are taken from our previous tensile
test measurements in Ref. [17] while the material constants for the
SWT model are obtained from the ex-situ fatigue data reported in
Ref. [13]. In contrast to experimental fatigue tests where the
specimen lifetime is determined only at the most critical position,
the current fatigue model is capable of predicting the membrane
lifetime distribution across the entire specimen domain. Fig. 2
presents the simulated spatial distribution of the membrane fa-
tigue lifetime under cyclic mechanical loading at room conditions
(23 °C, 50% RH) for the maximum stress levels of 22.4 MPa and
18.4 MPa. The membrane lifetime is expressed as the logarithm of
the number of load cycles that the membrane can withstand before
crack initiation. As expected, the central section of the specimen,
shown as area (2) in Fig. 1, withstands fewer cycles than the two
rectangular end lobes shown as area (1). This is primarily due to the
higher levels of cyclic strains experienced in the narrow central
section of the specimen. The overall lifetime-limiting points of the
specimen are located at the four corner points of area (2) (e.g., point
A in Fig. 1) where the most severe stress and strain fluctuations
within this particular geometry are found to occur. The numerical
simulation is repeated for the case of fuel cell conditions (70 °C, 90%
RH) with results depicted in Fig. 3. In this case, the fatigue lifetime
is shorter than at room conditions, although the spatial lifetime
distribution appears to be similar. Again, the most critical points of
failure are the four corners of the central section (point A). The

Table 1
Fatigue material constants at four different environmental conditions.
a} (MPa) b s} c
23 °C, 50% RH 24.50 —0.043 0.9 —0.45
23 °C, 90% RH 16.03 —0.027 0.93 —0.28
70 °C, 50% RH 10.03 —0.032 0.76 —0.22
70 °C, 90% RH 10.6 —0.027 1.13 —0.32
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(b)

Fig. 1. Dogbone specimen geometry used for the (a) mechanical (b) hygrothermal
cyclic simulations, with dimensions given in mm. Positions A, B, and C indicate points
of interest in the analysis.

lifetime at the center point of the domain (point B) is found to be
roughly an order of magnitude higher than at point A.

The fatigue model is thoroughly validated by running simula-
tions of all environmental conditions and force levels considered in
the previously reported fatigue measurements [13] and comparing
the obtained fatigue lifetimes. The selected environmental condi-
tions and applied forces represent a comprehensive set of condi-
tions relevant to fuel cell applications. In all cases, the fatigue model
predicts initial fatigue fracture at point A, which was consistently
observed in the experiments as well [13], thus verifying the loca-
tion of the highest stress and strain in the specimen. The simulated
fatigue lifetime results at this position are compared against the
measured data in Fig. 4. A good agreement is observed between
simulated and measured data across the entire range of conditions
considered in this work, which verifies the lifetime predictive ca-
pabilities of the model. The model is validated with experimental
data up to ~108 cycles and the simulations are therefore terminated
after 107 cycles (as indicated by the blue (in web version) regions in
Figs. 2—3). Certain deviations are observed at the lower end of the
fatigue lifetime spectrum (~10% cycles) under high applied stress. As
shown experimentally [13], the failures obtained at high mean
stress were dominated by material creep as opposed to fatigue.
Hence, the fatigue failures predicted by the model were not reached
experimentally under these conditions. Overall, the present fatigue
model is deemed to be robust and capable of simulating the
membrane fatigue lifetime under a wide range of conditions.

Next, the validated model is utilized to examine the strain
profile in the membrane during the mechanical fatigue process. The
simulated axial strain at points A and B during the first two load
cycles are shown in Fig. 5. In this case the specimen is held under
fuel cell conditions and subjected to cyclic applied force with a
maximum nominal stress of 10.4 MPa. Due to the stress concen-
tration at point A higher strain peaks at the maximum applied
stress and deeper valleys at the minimum stress is visible compared
to point B. The strain does not recover as much during the force
minima, which is a result of plastic deformation. The specific strain
pattern observed is dominated by post yield behavior in the initial
loading phase followed by more elastic behavior during the
unloading phase and subsequent load cycles. The strain recovery
during unloading in the second and third quarters of the first cycle
is governed by the Young's modulus which is several times larger
than the post yield tangent modulus. The nonlinear strain response
in the second cycle is also more influenced by the Young's modulus
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Fig. 2. Simulated membrane fatigue lifetime distribution at room conditions (23 °C, 50% RH) under cyclic mechanical loadings with maximum stress of (a) 22.4 MPa and (b)

18.4 MPa. The lifetime is shown as the logarithm of the number of load cycles at failure.
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Fig. 3. Simulated membrane fatigue lifetime distribution (logarithmic scale) at fuel cell conditions (70 °C, 90% RH) under cyclic mechanical loadings with maximum stress of (a)

12.8 MPa and (b) 10.4 MPa.
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Fig. 4. Comparison of simulated and measured specimen fatigue lifetimes defined by
the number of mechanical load cycles at failure (N) at four different sets of environ-
mental conditions [13].

than the post yield tangent modulus. In contrast, the mean value of
the oscillating strain is primarily influenced by the post yield
tangent modulus rather than the Young's modulus. The strain at
point A is consistently higher than at point B due to the stress
concentration effect previously mentioned. Although the SWT fa-
tigue model captures both the effects of mean values and ampli-
tudes of the strain oscillations, the shorter fatigue lifetime at point
A is attributed to the higher mean strain at this point.

The simulated strain distributions in the membrane specimen
are further analyzed in order to seek correlations with the mem-
brane fatigue lifetime distribution previously discussed. The axial
strain distributions at the peak applied force after a quarter of the

first load cycle are presented in Fig. 6. As expected, the narrow
central section of the specimen experiences the highest strain. The
maximum levels are found at the edges of the central section (e.g.,
point A) while the values in the middle of the section (point B) are
approximately 25% lower. Although this difference seems small, the
25% reductions in the strain value in this case correspond to two
orders of magnitude higher fatigue lifetime than at the edges. This
confirms the high sensitivity of the fatigue lifetime to local strains.

2
1.6 4
1.2 4
£ / —Point A
s ! .
3 / ---Point B
0.8 1 - - Difference
04 4
0 f . . .
0 0.5 1 1.5 2

Fig. 5. Variation of strain and at points A and B under cyclic applied force with a
maximum stress of 10.4 MPa at fuel cell conditions.
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Fig. 6. Strain distributions in the specimen at the peak of the load cycle with a
maximum stress of 10.4 MPa at fuel cell conditions.

3.2. Fatigue lifetime simulations under hygrothermal cycles

Having validated the membrane fatigue model under cyclic
mechanical loadings for a wide range of environmental conditions,
it is now possible to deploy the predictive fatigue lifetime simula-
tions towards stress and strain induced by hygrothermal cycles.
Variations in humidity and temperature are known to be the main
cause of mechanical membrane degradation during fuel cell oper-
ation and further insight into the underlying material fatigue pro-
cess is desirable. Hence, the validated SWT based fatigue model is
applied to study membrane fatigue under specified temperature
and humidity cycles. For this purpose, the numerical modeling
domain shown in Fig. 1b is devised. In this case, the left edge of the
specimen is clamped while the right edge is subjected to a constant
time independent distributed load (P). The remaining edges of the
specimen are restricted from normal displacement except for the
central section which is assigned a free boundary conditions in
order to distinguish potential effects of material confinement. The
swelling coefficients due to hydration and thermal expansion are
adopted from Ref. [44]. Starting from room conditions (23 °C, 50%
RH), sinusoidal cycles in either temperature or relative humidity
are applied to the specimen. The effect of the initial axial loading is
investigated through the nominal engineering stress (¢,) which is
defined here as the average stress in the central section of the
specimen.

Fig. 7 shows the simulated fatigue lifetime distributions for two
different loading conditions. In the first case, the temperature is
cycled between 23 °C and 70 °C at a constant RH of 50% and a
nominal stress of 6 MPa. In the second case, the relative humidity is
cycled between 50% and 90% at a constant temperature of 23 °C and
a nominal stress of 3 MPa. The two different nominal stress levels
are chosen in order to reach a comparable fatigue lifetime for each
loading condition. Both cases investigated here lead to fatigue
fracture after ~10,000 cycles at the same critical point (A) at the
edge of the central section as previously observed for mechanical

>7
6.5

4.5

(a)

cycling due to local stress/strain concentration. Provided the lower
applied nominal stress for humidity cycling, these results indicate
that humidity cycling has a stronger effect on the fatigue lifetime
than temperature cycling. Temperature cycling is found to be more
severe for the central, unconstrained section of the specimen with
roughly two orders of magnitude shorter fatigue lifetime than the
two rectangular, constrained sections on the periphery. Interest-
ingly, however, humidity cycling results in a much more uniform
fatigue lifetime distribution in the specimen.

The simulated strain profiles during temperature and humidity
cycling are examined in Fig. 8 at the midpoints of the central (point
B) and rectangular end sections (point C) of the specimen. The
strain in the material increases with both temperature and hu-
midity and reaches a maximum at the peak conditions. The strain
variations during temperature cycling are relatively small and the
overall strain is dominated by applied nominal stress, which results
in a higher mean strain in the narrow central section (B) than in the
wider rectangular end lobes (C). The nominal stress thereby ac-
celerates the fatigue failure during temperature cycling. The hu-
midity cycling conditions, on the other hand, leads to large strain
oscillations in both parts of the specimen that substantially
outweigh the strain induced by the nominal stress. In this case, the
relatively uniform fatigue lifetime distribution correlates to a more
uniform strain distribution in the specimen. These findings are
supported by the numerical data displayed in Table 2. Overall, the
fatigue lifetime is jointly controlled by the amplitude of the strain
oscillations and the mean strain induced by the nominal stress in
the specimen.

The effect of the mean strain is explored in more detail by
varying the nominal stress. As shown in Fig. 9, the fatigue lifetime
decreases with increasing nominal stress in all cases. At high am-
plitudes of strain oscillation, e.g., during large RH swings, the fa-
tigue lifetime is less sensitive to the mean strain value. Hence, the
mean strain level is more important during temperature cycling
than for RH cycling. Vertical confinement of the membrane appears
to have additional effects on the fatigue lifetime. In case of high
nominal stress (above the yield point), the fatigue process is more
severe in the narrow central section of the specimen (point B) due
to higher mean strain in this region. In contrast, when the nominal
stress is low, higher strain amplitudes are experienced in the
vertically confined regions (point C) and hence lower lifetime is
predicted.

The effect of the temperature and relative humidity loading
amplitude on membrane fatigue lifetime is demonstrated by the
simulated results provided in Fig. 10. For these simulations two
different values of nominal stress are considered. The fatigue life-
time is shown to be highly sensitive to the amplitude of the oscil-
lations in all cases. Merely a small reduction in loading amplitude
(few %) can result in an order of magnitude increase in lifetime.
However, it is also noteworthy that large humidity or temperature
amplitudes may lead to “rapid” fatigue failures on the order of 1000

e
N

- e 4.8

4.4

(b)

Fig. 7. Simulated membrane fatigue lifetime distribution (logarithmic scale) under (a) temperature cycling between 23 °C and 70 °C at constant relative humidity (50%) and
nominal stress (6 MPa) and (b) relative humidity cycling between 50% and 90% at constant temperature (23 °C) and nominal stress (3 MPa).
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Fig. 8. Simulated strain profiles at points B and C during (a) temperature and (b)
humidity cycling.

cycles or less.

So far in the simulations, it has been assumed that only one of
the environmental conditions changes while the other one is held
constant. In the final step, we assume that both environmental
conditions change simultaneously from room conditions (23 °C,
50%) to fuel cell conditions (70 °C, 90%). The simulated results
shown in Fig. 11 reveal several interesting trends. A lower nominal
stress (0.1 MPa and 2 MPa) is applied here to mitigate the large
strain oscillations induced by simultaneous temperature and hu-
midity cycling. The high strain oscillations in this case lead to
substantial reductions in fatigue lifetime compared to the previous
cases considered in Fig. 7, with failures in less than 1000 cycles

Table 2

Comparison of the amplitude and mean value of the strain oscillations (%) and the
corresponding fatigue lifetime (logarithmic) at points B and C during temperature
and humidity cycling.

Point B Point C

Amplitude Mean Lifetime Amplitude Mean Lifetime
Temperature 2.4 314 4.5 2.1 5.2 5.5
Humidity 24 4.7 4.7 2.7 43 4.6

12
Point B-RH
-4-Point B-T
10 A A ——Point C-RH
-x-Point C-T
5
=%
(2}
@ 07 N
= %
R=
= 4 1
Z
2 -
0 T : T :
2 3 6 7

5
Lifetime

Fig. 9. Simulated membrane fatigue lifetime (logarithmic scale) at points B and C as a
function of mean nominal stress for relative humidity and temperature cycling.
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Fig. 10. Simulated membrane fatigue lifetime (logarithmic scale) at points B and C as a
function of (a) temperature and (b) relative humidity loading amplitude for two
different values of nominal stress (as indicated).
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Fig. 11. Simulated membrane fatigue lifetime distribution (logarithmic scale) during hygrothermal cycling between 23 °C, 50% RH and 70 °C, 90% RH under a nominal stress of (a)

0.1 MPa and (b) 2 MPa.

despite the lower applied nominal stress. With low nominal stress
(0.1 MPa) the fatigue process is found to be most severe in the
rectangular regions around point C, which is attributed to higher
local strain amplitude caused by the vertical confinement in these
parts. However, as the nominal stress is increased to 2.0 MPa, the
mean stress and strain amplitude increase in the middle section as
well. Therefore, the fatigue lifetime distribution is more uniform in
both parts of the specimen (i.e., points B and C), although the
overall lifetime is only marginally shorter due to the shift in failure
location to the new stress/strain concentration area at point A. In
summary, the fatigue process is shown to be accelerated signifi-
cantly by combined temperature and humidity variations due to
the higher strain amplitudes in effect throughout the specimen
domain.

4. Conclusions

An ionomer membrane fatigue model was developed using a
customized finite element based Smith-Watson-Topper (SWT)
numerical algorithm and utilized to investigate the membrane fa-
tigue behavior under mechanical and hygrothermal cyclic loading
conditions. The proposed fatigue model was designed to capture
both oscillatory and mean stresses and strains in the specimen.
Previously measured experimental data for a dogbone shaped
membrane specimen subjected to cyclic mechanical loading at
different sets of environmental conditions were used to validate the
model. The proposed fatigue model was able to accurately repro-
duce the membrane fatigue lifetime and failure location under a
wide range of applied mechanical loads and environmental con-
ditions from room conditions to fuel cell conditions. When sub-
jected to cyclic mechanical loading, specimen fatigue failure was
consistently observed at stress/strain concentration points at the
curved edge of the narrow central section of the specimen, in
agreement with experimental observations. The fatigue lifetime
distribution largely followed the local stress and strain in the
specimen.

The validated model was then used to simulate the ex-situ fa-
tigue behaviour of membrane specimens under the application of a
constant nominal stress and cyclic hygrothermal loading condi-
tions, which is more relevant for fuel cell operation than mechan-
ical cycling, albeit more challenging and costly to investigate
experimentally. The identical position for fatigue failure at the edge
of the central section was generally obtained. The simulated fatigue
lifetime was significantly shorter under humidity cycling than for
temperature cycling due to the higher strain oscillation amplitude.
Both the amplitude of the strain oscillations induced by hygro-
thermal cycling and the mean strain induced by the applied nom-
inal stress had a significant effect on the fatigue lifetime of the
specimen. Vertical confinement of the specimen had additionally
negative impact on the fatigue lifetime in the case of low nominal
stress. The amplitude of the humidity/temperature fluctuations

was found to be the most critical parameter, as merely small in-
creases in amplitude led to drastic reductions in lifetime. Further-
more, the simulations predicted that simultaneous cycling of
humidity and temperature may induce particularly aggressive fa-
tigue conditions with exacerbated strain amplitudes capable of
generating fatigue failures in less than 1000 cycles.

The overall findings of this work demonstrate that ionomer
membrane fatigue is important under both mechanical and
hygrothermal fluctuations. The present numerical modeling
approach is deemed a practical and effective strategy to resolve the
spatial variations as well as the coupled effects of constant nominal
stress, strain amplitudes during cycling, and specimen confinement
on fatigue lifetime. The results and trends identified in this work
are expected to be generally valid for membrane fatigue analysis in
a wide range of fuel cell applications.
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