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Mechanical stresses arise in a polymer electrolyte fuel cell (PEFC) components since the polymer elec-
trolyte membrane swells and shrinks with the change in hydration and these dimensional changes of the
membrane are constrained by the cell assembly and the gas diffusion layers (GDLs). The carbon paper
that is used as the GDL in PEFCs exhibits strong anisotropy due to the orientation of the fibers in the mate-
rial. In this study, we investigate the role of GDL anisotropy on the stress distribution in a PEFC. A finite
uel cell
embrane

tress
welling
nisotropy
as diffusion layer (GDL)

element model is developed to determine the mechanical stresses in a PEFC membrane. The impact of
GDL anisotropy on the mechanical stresses in the membrane is emphasized and it is shown that isotropic
mechanical properties lead to inaccurate stress predictions. Due to very low Young’s modulus of the GDL
in the through-plane direction (0.5 MPa) compared to its in-plane value (9 GPa), through-plane stresses
induced in the membrane become negligible. The effects of the water content profiles on the stress dis-
tribution are also investigated and it is found that accurate description of water transport is critical for a

gral s
reliable analysis of the hy

. Introduction

Due to their low pollutant emissions and high power densities,
olymer electrolyte fuel cells (PEFCs) are among the prominent
andidates for the alternative power generation method of the
ear future. PEFCs are currently being developed for applications

n busses, automobiles and boats, and their potential for use in
tationary applications is gradually increasing.

Although very promising electrochemical performance has been
eported under wide range of conditions, the reliability and dura-
ility of the cells remains as one of the most challenging hurdles to
e tackled for the successful deployment of the PEMFC technology.
EFCs are required to resist permanent changes in performance
ver time, tolerate unexpected changes in the ambient conditions
nd continue a stable operation, and sustain a structural integrity
nder various operating conditions. However, during the opera-
ion, a PEFC is prone to many hazards that may cause degradation
f the performance to the extent of complete failure of the cell.
Degradation of the PEFCs can be studied under two main sec-
ions: electrochemical degradation and mechanical degradation,
hich are generally coupled. Electrochemical degradation can be
ue to various factors such as air and fuel impurities poisoning
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the catalyst sites and the membrane, dissolution, migration and
agglomeration of platinum causing a decrease in the electrochemi-
cally active area. Electrochemical degradation of the PEFCs takes
a great attention from the researchers and reported studies to
characterize the degradation mechanisms are abundant for which
we refer to the comprehensive review paper of Rama et al. on
the degradation and failure of the PEFCs [1]. On the other hand,
most common causes for mechanical degradation of a PEFC can be
summarized as cyclic cell operation with or without exposure to
subzero conditions, inhomogeneous or excessive compression of
the cell by the bipolar plates, mechanical shock and vibration due
to the operation environment, mechanical stresses induced by ther-
mal hotspots at the regions with high electrical contact resistance,
and the mechanical stresses due to swelling of the membrane. It is
now well established that even though the chemical degradation
causes the decrease in the performance, the mechanical degrada-
tion is the primary reason for cell failure, which usually comes up
as membrane’s losing the ability to separate reactant gases.

Of these factors, effect of mechanical stresses due to swelling of
the membrane is not studied as widely as others. There are only
a few experimental studies reported to characterize the effects of
membrane swelling on cell degradation [2] and to investigate the

effects of membrane humidity on the mechanical properties of the
membrane [3,4]. There are also numerical studies to investigate the
mechanical stresses induced in the materials due to the swelling of
the membrane [5–9]. Kusoglu et al. investigated the mechanical
response of the fuel cell subjected to a single hygro-thermal duty
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Nomenclature

Symbols
cw water concentration in the membrane
D elasticity matrix
E Young’s modulus
G shear modulus

Greek
ˇ swelling expansion coefficient
ε normal strain
� shear strain
� Poisson’s ratio
� density
� normal stress
� shear stress

Subscripts
0 initial
el elastic
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eq equilibrium
ref stress free state

ycle [7]. They predicted that the membrane undergoes a plastic
eformation, which can result in cracks and pinholes. In another
tudy by the same group, it is emphasized that the impact of the
on-uniform swelling on the fatigue stresses is significant [8].

None of the modeling studies mentioned above has considered
he anisotropy in the mechanical properties of the gas diffusion
ayer (GDL), and we hypothesize that the anisotropy of the GDL
as a significant impact on the stress distribution in the mem-
rane. GDL typically consist of carbon fibers aligned parallel to
he material surface as seen in Fig. 1. Because of the orientation
f the fibers, GDL exhibits a strong anisotropy and the properties

uch as thermal conductivity and electrical resistance differ signif-
cantly in the through-plane (e.g., anode-to-cathode) and in-plane
e.g., channel-to-current collector) directions [10]. Pasaogullari et
l. have investigated the anisotropic heat and mass transfer in

ig. 1. Surface SEM image of a Toray TGP-H carbon paper, commonly used as GDL
n PEMFCs [10].
wer Sources 196 (2011) 1314–1320 1315

the gas diffusion layer of a PEMFC and reported that anisotropic
nature of the GDL has a significant impact on the temperature
and liquid water distribution, consequently [11]. Recently, Klee-
mann et al. have conducted tests to characterize the anisotropy
in mechanical properties of the GDL [12] and reported that the
through-plane mechanical properties are significantly different
than in-plane properties. The mechanical properties of the GDL
are presumed to have a major impact on the stress distribution in
the membrane as the main reason for the hygro-thermal stresses
induced in the materials is due to the mismatch in the elasticity
between different neighboring layers of the PEFC. Consequently,
in this study, we investigate the effects of GDL anisotropy on the
stress distribution in a PEFC membrane with a numerical model.
Moreover, in a companion paper, we study the mechanical stresses
during the operation of the fuel cell [13].

2. Model description

The finite element model developed in this study incorpo-
rates the constitutive relations for an isotropic membrane and an
orthotropic GDL. Orthotropic media is a special form of anisotropic
media, where the principal axes of the domain coincide with the
principal axes of the coordinate system. Force equilibrium equa-
tions in the conservative form are solved in these subdomains to
calculate the stresses from the deformation field.

In this study, we use plane strain assumption; that is, the strain
in one direction is much less than the strain in the two other orthog-
onal directions. This assumption is safe because of the high aspect
ratio of the fuel cell geometry, i.e. channel length 5 cm and the total
thickness of the MEA is 0.5 mm. The model geometry can be seen
in Fig. 2.

2.1. Constitutive relations

It is assumed that GDL and the membrane undergo linear defor-
mation when subject to hygro-thermal loading. The total strain
consists of elastic and hygral strain components:

ε = εel + εsw (1)

With the assumption that hygral expansions are isotropic, the
total strain becomes:

ε =

⎡
⎢⎣

εx

εy

0
�xy

⎤
⎥⎦ +

⎡
⎢⎣

εsw

εsw

εsw

0

⎤
⎥⎦ (2)

Hygral strain in normal directions is calculated as:

εsw = ˇ(cw − cw,ref ) (3)

where ˇ is the membrane swelling expansion coefficient (SEC)
defined as change in length for 1% change in relative humidity.
cw is the water content while cw,ref is the value for stress free
states (i.e. zero stress state) for hygral expansion. In the simula-
tions, we assume that prior to assembly, Nafion®112 membrane is
initially hydrated at 30% relative humidity at room temperature,
which corresponds to the stress free state for hygral expansion.

Stress–strain relationship for a linear elastic material is given
by:

� = Dεel (4)
which can be rewritten using Eq. (1) as:

� = D(ε − εsw − ε0) (5)

Components of � are �x, �y, �z, �xy which are the normal and the
shear stresses. In our model we model the GDL as an orthotropic
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Table 1
Material properties.

Gas diffusion layers
Through-plane Young’s modulus (MPa) Ex = f(εx)a [12]
In-plane Young’s modulus (MPa) 9000 [12]
Poisson’s ratio in xy plane 0 [12]
Poisson’s ratio in yz plane 0.25 [10]
Shear modulus in xy plane (MPa) 19.5 [12]
Density (kg m−3) 440 [10]

Membrane
Young’s modulus (MPa) E = f(�,T)a [7]
Poisson’s ratio 0.25 [14]
ig. 2. (a) 3D fuel cell geometry. Shaded cross-section is the 2D model geometry.
b) Finite element model subdomains are shown on the cross-sectional view.

aterial and the membrane is assumed to be isotropic. For an
sotropic material the compliance matrix, the inverse of D, is
efined as:

−1 = 1
E

⎡
⎢⎣

1 −� −� 0
−� 1 −� 0
−� −� 1 0
0 0 0 2(1 + �)

⎤
⎥⎦ (6)

here E is the Young’s modulus and � is the Poisson’s ratio of
he material. On the other hand, for an orthotropic material the
ompliance matrix is defined as:

−1 =

⎡
⎢⎢⎣

1/Ex −�xy/Ey −vzy/Ez 0

−�xy/Ex 1/Ey −�yz/Ez 0

−�zy/Ex −�yz/Ey 1/Ez 0

0 0 0 1/Gxy

⎤
⎥⎥⎦ (7)

here E needs to be known in three normal directions and � and G,
he shear modulus, need to be determined in three different shear
lanes. Unlike in the case of isotropic materials, these three moduli
re not coupled and shear modulus has to be determined sepa-
ately. However, considering the morphology of the carbon fiber

DLs, it is seen that the fibers are aligned parallel to the mate-

ial plane but without having an in-plane preferential orientation.
herefore we assume isotropic in-plane (yz plane) properties which
mplies Ey = Ez, �xy = �xz.
Density (kg m−3) 1980 [14]
Equivalent weight (EW) 1100 [14]

a See the text.

2.2. Material properties

2.2.1. Membrane
Tang et al. determined the swelling strain and Young’s modulus

of Nafion® 112 as a function of relative humidity and temperature
[3]. The polynomial fit to their strain vs. relative humidity data and
the Young’s modulus values for different relative humidities can be
found in Ref. [7]. In our work we relate these properties to the mem-
brane water content, since we predict water content rather than
relative humidity in the membrane. A curve fit to the experimental
swelling strain data at 85 ◦C results in:

εsw = 0.02154 × � − 0.051846 (8)

Another curve fit to their Young’s modulus data at 85 ◦C results
in:

E = 28.14 × exp (3.665�) (9)

where Young’s modulus is in MPa.
Poisson’s ratio of the Nafion 112 is determined from the product

data sheet [14]. The values are listed in Table 1.

2.2.2. Gas diffusion layers
The in-plane and through-plane mechanical properties for Toray

TGP-H-060 GDL have been investigated by Kleemann et al. [12].
They report the values for through-plane and in-plane Young’s
moduli (Ex, Ey), Poisson’s ratio in the xy plane (�xy), and the shear
modulus in the xy plane (Gxy). The values are listed in Table 1
except for Ex, which is not a constant but is given as a function
of through-plane strain. Curve fitting to their data, through-plane
Young’s modulus is expressed as (in MPa):

Ex = 89.427 × εx
2 + 2.5816 × εx + 0.51926 (10)

Poisson’s ratio in the material plane (�yz) of the GDL is taken from
the product data sheet [10].

2.3. Boundary conditions

The assembly of GDL and membrane is constrained with the
bipolar plates (BPP) at both sides. The boundary conditions at the
GDL–BPP interfaces are chosen such that motion is constrained in
all three directions. This implies that the stack compression materi-
als (i.e. tie rods, bipolar plates and end plates) do not deform under
the assembly conditions or during the operation. This is true since
the elastic (Young’s) modulus of these materials are much higher

than the GDL and the membrane. At the GDL–channel interfaces the
assembly is assumed to be deforming freely as expected in an actual
PEFC assembly. The rest of the boundaries are treated as symmetry
planes (Table 2).
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Table 2
Geometrical and operational parameters.

Fuel and air channel width 0.5 mm
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Land area width 0.5 mm
GDL thickness 0.2 mm
Membrane thickness (Nafion 112) 50.8 �m

. Results

To analyze the stress distribution in the membrane, we first
onsider a test case to distinguish the effect of GDL anisotropy.
half-cell model including half of the membrane, and the GDL is

nvestigated with three different GDL properties: (i) a less rigid GDL
ith isotropic properties, (ii) a rigid GDL with isotropic properties

nd (iii) an orthotropic GDL with realistic properties. As calcu-
ated from Eq. (10), actual GDL, Toray TGP-H-060, has an average
hrough-plane Young’s modulus of 0.5 MPa and an in-plane Young’s

odulus of 9 GPa (case iii), as listed in Table 1. For a better compar-
son, we take the isotropic Young’s modulus of the less rigid GDL
s 0.5 MPa (case i) and the rigid GDL as 9 GPa (case ii). We analyze
he stress distribution in each case when membrane is subject to
welling due to change in hydration. We consider swelling caused
y three different cases: (i) under uniform water content profile,

.e. � = 7, (ii) varying water content along the in-plane direction,

.e. � = 10 at the left end (under the bipolar plate landing) of the
embrane to � = 4 at the right end (under the gas channel) of the
embrane, (iii) water content changing along the through-plane
irection, i.e. � = 10 at the membrane–GDL interface to � = 4 at the
enterline of the membrane.

Fig. 3 shows the deformations in the membrane and GDL as a
esult of the membrane swelling due to a constant water content
rofile, i.e. � = 7. Recall that the membrane was at a water con-

ig. 3. Displacement fields (in �m) for: (a) less rigid GDL with isotropic proper-
ies, E = 0.5 MPa, case i; (b) rigid GDL with isotropic properties, E = 9 GPa, case ii; (c)
rthotropic GDL with orthotropic properties, Ethr = 0.5 Mpa and Ein = 9 GPa, case iii.
ottom layer is the membrane and the top layer is the GDL. Deformations are scaled
0 times to be seen clearly in the picture. Gray lines show the undeformed geometry.
wer Sources 196 (2011) 1314–1320 1317

tent of 2.77 during the assembly (corresponding to hydration at
30% relative humidity stress free state). Through-plane displace-
ments (in �m) are plotted on the deformed shape for each case. As
expected, the largest deformations occur in the first case of less rigid
isotropic GDL for which a maximum displacement of almost 3 �m
is observed. Since the motion of the system is restricted by the cur-
rent collector land of the BPP, the assembly tends to deform through
the gas channel, therefore maximum deformations in GDL are seen
under the channel areas for all the cases. However, the deforma-
tion is observed to be almost uniform in the membrane for case i
(less rigid isotropic GDL) and for case iii (orthotropic GDL). This is
because GDL cannot transmit the restriction imposed by the BPP
land to the membrane due to the high through-plane elasticity. As
a result, the displacements become uniform at the membrane–GDL
interface. In case ii (rigid isotropic GDL), it is clearly seen that the
restriction under the BPP land is transmitted completely to the
membrane. Hence half of the membrane corresponding to under
the land area barely exhibits any deformations. As a result the dis-
placement is not uniform at the interface but is increasing towards
the right half of the membrane, corresponding to under the chan-
nel. Although the GDL in case ii is much more rigid than the other
two, membrane still undergoes a deformation with a maximum
through-plane displacement of around 2 �m. However, if the dis-
placement field is averaged over the membrane domain it is seen
that the value for rigid GDL (case ii) is much lower than that for the
other two: 1.46 �m for case i and case iii and 0.47 �m for case ii.

Fig. 4 shows in-plane and through stress distributions in the
membrane for the same uniform membrane water content. Since
all the stresses are in compression, compressive stresses are shown
as positive to distinguish the most critical points. The first thing
to be noted in all these figures is that the in-plane stresses are
much larger than the through-plane stresses. This is expected as the
structure can deform more in the through-plane direction. As the
membrane tends to swell or shrink, the deformation is restricted
by the GDL, which is only partial in the through-plane direction due
to free deformation at the channel opening. Since the width of the
membrane is much longer compared to its thickness, elongation
in the in-plane direction is much less than that in the through-
plane direction. (In our model this is implemented as symmetry
boundary conditions at the right and left end of the membrane.)
Because of these two factors, total strain in the in-plane direction
becomes practically zero when the water content is uniform. This
also implies that in-plane and out of plane stresses, i.e. along the
flow direction (recall Fig. 2 and Eqs. (2), (4) and (6)) are expected
to be equal providing that water content is also constant along the
flow direction. With these results, it can be concluded that the most
critical stresses in the membrane–GDL assembly occur in the mate-
rial plane. As seen in Fig. 4f, through-plane stresses are practically
zero for the orthotropic GDL (case iii).

On the other hand, it is seen in Fig. 4 that both in-plane and
through-plane stress distributions for case i and case iii are almost
equal. For these two cases through-plane stresses are expected to
be very close if not the same because in both cases GDLs have the
same through-plane elasticity (5 MPa). However, the in-plane elas-
ticities of two GDLs are quite different: 5 MPa and 9 GPa for case i
and case iii, respectively. The reason why the in-plane stresses are
similar can also be attributed to the prediction that the strain in the
material plane is practically zero due to not only the potential of the
structure to deform freely out through the channel but practically
high aspect ratio of the geometry as well. So in order to observe a
difference in the in-plane stress distribution for case i and case iii,

there must be a comparable deformation in both directions.

To verify this, we investigate another case when the membrane
water content is varying in the in-plane direction such as water
content is decreasing linearly from � = 10 at the left end of the
membrane (under the bipolar plate landing) to � = 4 at the right
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ig. 4. In-plane compressive stress distributions (in MPa) for (a) less rigid isotropic
istributions (in MPa) for (d) less rigid isotropic GDL, (e) rigid isotropic GDL and (f)
how the undeformed geometry.

nd of the membrane (under the gas channel), similar to – but pos-
ibly exaggerated – water distribution in an operating PEFC. Water
ypically accumulates under the bipolar plate landings due to the
arger diffusion distance between the catalyst layer and the chan-
el. The water content profile along the horizontal direction in the
embrane can be seen in Fig. 5a.

Fig. 6 shows the deformations in the membrane GDL assembly

s a result of the membrane swelling due to the prescribed water
ontent gradient in the in-plane direction. Comparing Fig. 6 with
ig. 3, it is seen that for case i and case iii the membrane–GDL inter-

ig. 5. Membrane water content distributions for (a) in-plane variations and (b) for
hrough-plane variations.
(b) rigid isotropic GDL, (c) orthotropic GDL, and through-plane compressive stress
ropic GDL. Stress distributions are plotted on the deformed shape where gray lines

face becomes inclined as it is pulled upwards from the left end of
the membrane. As membrane water content is higher under the BPP
areas, those regions tend to swell more than the regions under the
channel. As a result the deformation becomes non-uniform at the
membrane–GDL interface. For the second case, however, the defor-
mation of the membrane through its thickness is largely restricted
by the stiffer GDL. Indeed comparing Figs. 3 and 6 we see a lit-
tle change in the magnitudes of the displacements for the second
case.

Arrows in Fig. 6 are the displacement vectors and show the
direction in which the deformation takes place. According to the
arrows shown for case i, the structure deforms almost equally in
both directions as the arrows show. This is different than case iii
despite the shapes of the deformed bodies are very similar. This is
due to the strong anisotropy of the GDL in the third case. The mem-
brane has isotropic properties, but the large difference between
in-plane and through-plane Young’s moduli of the GDL affects the
deformation of the membrane significantly. As the water content is
higher at the left end, the membrane tends to swell without a pref-
erential direction. However, since orthotropic GDL in the third case
has a much higher in-plane Young’s modulus than that of the mem-
brane, it restricts the in-plane deformation of the membrane. If the
in-plane modulus of the GDL was as low 5 MPa (as in case i), which
indeed is comparable to that for the membrane, the GDL would not
pose a significant constraint on the swelling of the membrane in
the material plane.

Following the discussions on the membrane’s potential and flex-
ibility to swell, the stress field induced in the membrane can be

explained as follows: the deformation of the membrane is confined
by the GDL due to the large difference in their material properties,
which also means that the GDL is imposing a force on the mem-
brane to restrict its motion. This force results in the compressive
stresses induced in the membrane. If for two contiguous layers the
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Fig. 7. In-plane compressive stress distributions (in MPa) for the membrane water
content varying along in-plane direction from � = 10 to � = 4: (a) less rigid isotropic
GDL; (b) rigid isotropic GDL; (c) orthotropic GDL.
ig. 6. Through-plane displacement fields (in �m) for the membrane water con-
ent varying along in-plane direction from � = 10 to � = 4: (a) less rigid isotropic
DL; (b) rigid isotropic GDL; (c) orthotropic GDL. Arrows show the direction of the
eformation. Black lines show the interface of the PEM with GDL.

aterial properties were same, then the composite structure would
eform mutually, without one layer causing stresses on the other.
omparing Fig. 7a and c we observe that in-plane stresses for the
ases 1 and 3 are quite different. In the first case with the less rigid
DL, the material properties between two layers are comparable.
ence the in-plane stresses induced in the membrane is much less

n the first case than the one for the third case with the orthotropic
DL.

Another observation in Fig. 7 is related to the comparison of
he stress distributions between case ii and case iii. Although the
n-plane properties of the GDLs are the same for these two cases,
he in-plane stresses are much higher in for the one with rigid
sotropic GDL (case ii), the maximum stress is greater than 13 MPa.
n case ii, membrane is not only restricted horizontally but also
ertically. Another curious observation with Fig. 7b is the varia-
ion of the in-plane stresses. As the membrane swells more at the
eft end (under the bipolar plate landing) where the water con-
ent change is higher, larger compressive stresses are induced. As
result, the stress distribution follows the water content distribu-

ion.
Although the membrane water content variation discussed

ecently is similar to what is expected in an operating fuel cell,
t is not entirely same as in an operating PEMFC. In an operat-
ng PEMFC, there will also be a variation in the water content
cross the thickness of the membrane due to the water transport
etween the anode and the cathode. Thus, we also consider the
mpact of the through-plane variations of the membrane water
ontent on the stress distribution. We investigate a case when the
embrane water content is decreasing linearly from � = 10 at the
DL–membrane interface to � = 4 at the centerline of the mem-

Fig. 8. Displacement fields (in �m) for the membrane water content varying along
through-plane direction from � = 10 to � = 4: (a) less rigid isotropic GDL; (b) rigid
isotropic GDL; (c) orthotropic GDL.
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ig. 9. In-plane compressive stress distributions (in MPa) for the membrane water
ontent varying along through-plane direction from � = 10 to � = 4: (a) less rigid
sotropic GDL; (b) rigid isotropic GDL; (c) orthotropic GDL.

rane. The water content profile along the vertical direction in the
embrane can be seen in Fig. 5b.
Fig. 8 shows the deformations and the through-plane displace-

ents for the same three cases we considered previously, with a
ater content profile that has a variation in through-plane direc-

ion. The magnitude of the maximum displacement is around 3 �m
hereas it was more than 4 �m in the previous analysis when the
ater content gradient was in the in-plane direction. Comparing

he displacements in Figs. 6c and 7c along the membrane–GDL
nterfaces (where the maximum displacements are seen), we see
hat the one in Fig. 8c is almost the average of that in Fig. 6c. As seen
n Fig. 8c, the deformation is uniform at the membrane–GDL inter-
ace. For � changing vertically the displacements are observed to
e non-uniform at the same interface, the maximum displacement
eing at the most left end.

Another interesting observation in Fig. 8 is for the rigid isotropic
DL case (case ii) we observe negative displacements in the mem-
rane. The water content is the highest at the GDL interface where
he membrane tends to swell the most. However, due to the very
igh through-plane Young’s modulus of GDL, the membrane can-
ot push the GDL upwards but undergoes an internal deformation

i.e. compression) resulting in negative displacements.

In Fig. 9 corresponding in-plane stress distributions are shown.
or the less rigid GDL case (case i) and the orthotropic GDL case
case iii), similar distributions are observed again. The displace-

ent fields in Fig. 8 show that in both cases the deformation of the

[

[
[
[

ower Sources 196 (2011) 1314–1320

membrane is substantially in the through-plane direction. Because
of same through-plane material properties of the GDL in both cases,
the compressive stress that the GDL induces on the membrane is
similar to each other.

4. Conclusions

In this study we investigate the effect of the gas diffusion layer
anisotropy on the mechanical behavior of the polymer electrolyte
membrane of a polymer electrolyte fuel cell (PEFC) when it is
subject to hygral stresses. We consider a test case to analyze the
effects of GDL anisotropy, which uses a half MEA model includ-
ing half of the membrane, and the GDL. The case is investigated
with three different GDLs: a less rigid GDL with isotropic proper-
ties, a rigid GDL with isotropic properties and an orthotropic GDL
with the actual properties. It is observed that the GDL properties
have significant effect on the resultant stresses and modeling the
GDL with isotropic properties leads to inaccurate predictions of the
stress field. It is seen that due to very low Young’s modulus of the
GDL in the through-plane direction (0.5 MPa) compared to in-plane
direction (9 GPa), the swelling of the membrane is almost not con-
strained in the through-plane direction and through-plane stresses
induced in the membrane are negligible. We have also investigated
the effects of non-uniform water content distribution on the stress
field. Each of the in-plane and through-plane variations of the water
content has a distinct effect on the deformation behavior of the
membrane. Thus to produce a reliable analysis of the hygral stresses
in the membrane, the water transport in the fuel cell needs to be
represented rigorously.

In a companion paper [13], the development of a multi-physics
modeling framework that couples the electrochemical kinetics, and
transport phenomena in a PEFC with hygral stresses is shown.
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