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a b s t r a c t

In PEM fuel cell, gas-diffusion electrode (GDE) plays very significant role in force transmission from bipolar
plate to the membrane. This paper investigates the effects of geometrical heterogeneities of gas-diffusion
electrode layer (gas-diffusion layer (GDL) and catalyst layer (CL)) on mechanical damage evolution and
propagation. We present a structural integrity principle of membrane electrode assembly (MEA) based
on the interlayer stress transfer capacity and corresponding cell layer material response. Commonly
eywords:
arbon fiber
ontact stiffness
ohesive zone law
amage propagation
racture toughness

observable damages such as rupture of hydrophobic coating and breakage of carbon fiber in gas-diffusion
layer are attributed to the ductile to brittle phase transition within a single carbon fiber. Effect of material
inhomogeneity on change in modulus, hardness, contact stiffness, and electrical contact resistance is also
discussed. Fracture statistics of carbon fiber and variations in flexural strength of GDL are studied. The
damage propagation in CL is perceived to be influenced by the type of gradation and the vicinity from
which crack originates. Cohesive zone model has been proposed based on the traction–separation law to

ropag
as-diffusion electrode investigate the damage p

. Introduction

The commercial success of polymer electrolyte membrane
PEM) fuel cell depends on durability, stability, and reliability issues
ssociated with the cell layers among which mechanical durabil-
ty is still open for investigation on a much broader class. The
ower density of PEM fuel cell largely depends upon the cou-
led electro-chemical and electro-mechanical optimal functioning
f the MEA. Many investigations and review articles have been
eported recently on the electro-chemical and electro-mechanical
urability of cell layers [1–10]. Durability is directly influenced
y the degradation mechanism that is different for each layer
membrane, GDL, and CL). For example on a mechanical per-
pective, membrane, CL, and GDL differ due to their respective
aterial responses of polymer, ductile, and brittle materials. Inter-

lay among these failure modes is the key to understand the
tructural integrity principle especially near interfacial regions and
he mechanical degradation of MEA.
There are number of reasons to study GDL on a mechanical
erspective since gas diffusion with optimum flexural stiffness
nd high structural integrity remains to be the basic mechanical
equirements for an ideal GDL [11,12]. One commonly referred

∗ Corresponding author. Tel.: +82 32 860 7321; fax: +82 32 868 1716.
E-mail address: cdcho@inha.ac.kr (C.D. Cho).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.11.030
ation throughout the two interfaces (carbon fiber/CL and CL/membrane).
© 2009 Elsevier B.V. All rights reserved.

problem with the GDL structural integrity is an uneven compres-
sion [13–17], which may possibly reduce the cell efficiency by
directly affecting its porosity. Further, this will affect the water
management ability of the whole cell and is considered as one of the
major failure modes in fuel cell [4]. Compression of GDL also leads
to carbon fiber breakage and deterioration of hydrophobic coat-
ings as reported by Lin et al. [16] and Bazylak et al. [17]. Further,
electrical contact resistance between GDL and bipolar plate (BPP)
is considered as one of the major irreversible losses in PEM fuel
cell. Researchers have developed various numerical models to pre-
dict the contact resistance and the recent advances relative to this
field can be found elsewhere [18–24]. Very recently, Wu et al. [18]
suggested two models—simplified model and generalized model.
Simplified model considers only the elastic deformation near con-
tact asperity, whereas, generalized model considers both the elastic
deformation as well as carbon fiber bending. It can well be observed
from their results that influence of the elastic deformation is dom-
inative to the electrical resistance indicating the importance of
material property responses in BPP as well as carbon fiber. On the
other hand, GDL is primarily a carbon–carbon composite [25] where
carbon fiber breakage (brittle material) and stress transfer from the
broken fiber to intact fiber results in damage accumulation. Vol-

ume fraction of the matrix withholding carbon fibers is unknown
and is assumed very less as compared to the fiber volume frac-
tion. Further, GDL is a highly porous material (70% porosity) and
thus carbon fibers play a key role in force transmission and energy
absorption. Although there are experimental evidences suggesting

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cdcho@inha.ac.kr
dx.doi.org/10.1016/j.jpowsour.2009.11.030
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he structural failure of GDL, there are no attempts in developing
recise numerical models to relate the failure of carbon fiber to
DL. This is because, GDL cannot be treated as a conventional com-
osite material, and hence the classical design principles to define
ailure modes (e.g., shear failure; flexural strength) of composite

aterial can no longer be applied here directly. In this article, we
re presenting a single fiber damage model and flexural strength
ariation of GDL based on the fiber–bipolar plate (BPP) interaction.

Further, under the BPP land area, carbon fibers of GDL are sub-
ected to compressive loading and under the channel area they are
ubjected to tensile loading. This nature of the loading followed
y a partial unloading caused due to fuel cell operating conditions
ay cause carbon fiber fracture (tensile or compressive direction),

rovided the strength of the fiber exceeds its ultimate strength
fracture limit). Further, the ‘heterogeneity’ of GDL is very well
stablished and it is worth noting that ‘heterogeneity’ of GDL in all
iteratures refer to random distribution of carbon fibers which are
gain compounded by the graded distribution of pores and binder
aterial. However, studying at nano-level, our study predicts that

he heterogeneity exists itself in the Teflon® coated carbon fibers
hich are the building units of GDL and are considered to be a

upporting structure against the external compressive forces. As
entioned before, contact resistance is related to the elastic defor-
ation in carbon fiber. Hence, it is highly possible that gradation in

arbon fiber properties influences the variation in electrical contact
esistance.

This article is broadly classified into two divisions. In the first
art, flexural strength of GDL based on fracture toughness of carbon
ber and load transfer limit is investigated. In the second division,
amage propagation in GDE is estimated with a special concentra-
ion on CL as well as GDL/CL and CL/membrane interfaces. GDL and
L are highly porous structures and hence are capable of absorbing
igher amount of energy through a number of energy dissipation
echanisms (chemical or mechanical). It is learnt from our com-

anion paper [26] that CL is a ductile material and it will follow a
uctile damage over many loading cycles due to the plastic dam-
ge accumulation. Ductility enhancement is associated with the
oughness increment in that it is actually related to evolution and

otion of dislocations near the vicinity of critical damage. Habit-
ally, ductile fracture is a strain controlled phenomenon unlike
rittle fracture which is stress controlled.

Structural integrity principles near interfaces of MEA are
xplored in this study by evaluating the material response at
ano-level. Damage evolution and delaminations are related to the
tress transfer mechanism, which is again largely dependent of the
ell layer inhomogeneity. Effect of hygrothermal and freeze/thaw
ycling can only accelerate this delamination and material degra-
ation. Therefore, justifying the fact that interfacial toughness and
eometrical inhomogeneity plays a deciding factor in damage evo-
ution and propagation in a cell layer, a cohesive zone model is
eveloped to understand and investigate the effects of geometrical
eterogeneities on the through-plane crack propagation.

. Analytical models

.1. Asperity size independent contact resistance model

At first, we define the electrical contact resistance between two
onducting bodies as the ratio of change in voltage potential to the
urrent passing through the constricted area. Hence we have

�V � + �

c =

I
= 1 2

Q
(1)

In Eq. (1), Rc is the contact resistance, �V is the voltage potential
ifference, I is electrical current. �1, �2, Q are electrical resistivity
f carbon fiber, resistivity of BPP asperity and current flux den-
Sources 195 (2010) 2718–2730 2719

sity integrated over the constricted area, respectively. Evaluation
of contact resistance between BPP and GDL requires the knowl-
edge of carbon fiber bending and its elastic deformation by a BPP
asperity. Elastic deformation is considered dominative and is used
in overruling the contribution of fiber bending. Now, we assume
that the relative motion at the asperity contact is governed only
by the elastic deformation (ıe); hence, by neglecting the inelas-
tic deformation, relative motion (ır) near the contact asperity is
equated to the elastic displacement as in the following equation:

ır = ıe (2)

Contact force (Fc) established by the surface asperity of BPP on
carbon fiber can be related to fiber’s stiffness (K) and the elastic
deformation (force–displacement relation) and it is given as

Fc = Kıe (3)

From the elastic-electrical analogy developed by Barber [27], we
can have the following equation:

K = E� Q (4)

where E� is the effective modulus and is expressed in terms of Ebpp
(BPP modulus) and Ecf (carbon fiber modulus) and their Poisson’s
ratios—�1 and �2 as in the following equation:

E� =
(

Ebpp

1 − �2
1

+ ECF (ıe)

1 − �2
2

)
(5)

Contact stiffness can be related to Eq. (2) as follows:

K = K(ıe) (6)

Now, electrical contact resistance can be reframed as follows:

Rc = (�1 + �2)E�

K
(7)

According to Eq. (5) and (6), contact stiffness and elastic modulus
are increasing or decreasing function of elastic deformation in the
fiber. Above is a simple analogy, which has significant information
regarding the mechanical material property variation in single car-
bon fiber on electrical contact resistance variation. Present model
is not restricted to spherical contacts that are commonly assumed
in deriving the contact resistance near BPP/GDL interface.

Information regarding contact asperity size can be used in com-
bination with the Eq. (7) to work this model as a contact asperity
size dependent.

2.2. Failure model for single carbon fiber

Nanoindentation load–displacement data of single carbon fiber
can be used for obtaining the stress–strain response of the fiber.
Average stress (�c) on a single carbon fiber can be given as load (L)
by indentation area (Ap):

�c = L

Ap
(8)

Strain (ε) estimation must consider the geometrical aspects of
the indenter. In our experiment, Berkovich indenter is used and it
has a very small radius (around 100 nm) at its tip. In case of spherical
indenter, indenter strain is given by

ε ≈ a
(9)
R

where R is the indenter radius and a is the radius of contact area
at indentation (see Fig. 1(a)). It is noted from Eq. (9) and Fig. 1(a)
that the above ratio is small and contact depth (hc) is less than the
maximum contact depth (dmax).
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Fig. 1. Schematic of the indentation on a material surface (

For Berkovich indenter a/R ratio is very high and obviously
c > dmax (Fig. 1(b)). Now the indentation strain is modified and
iven by the following equation [28]:

≈ log (hc)
dmax

+ dmax√
Ap(dmax)/�

(10)

Let us introduce a damage parameter (Pf) into stress–strain con-
titutive equation so that damage causes a softer elasticity as E
1 − Pf). Then stress takes the form according to the following equa-
ion:

c = Eε(1 − Pf ) (11)

From the weibull failure probability function, we can have the
ollowing equation:

f = 1 − e−(Eε/�0)m
(12)

Combining Eqs. (11) and (12) we can have the following equa-
ion:

= (Eε)e−(Eε/�0)m
(13)

The failure strain (εf) is obtained at d�/dε = 0. Then failure stress
�f)–strain (εf) can be calculated and related to weibull shape (m)
nd scale parameter (�0) as in the following equations:

f = Eεf e−1/m (14)

nd

f =
(

�0

E

)
m−1/m (15)

.3. Flexural strength of GDL

GDL can be considered as a composite made of randomly dis-
ributed carbon fibers. Effective modulus (Erm) of the randomly
istributed fiber composite is given by [29]:

rm = 2
�

∫ �/2

0

E(	) d	 (16)

Eq. (16) is based on the orientation dependence of carbon fibers
nd the fibers are uniformly distributed over the range of angles
	) from −�/2 to +�/2. Simplified form of Eq. (16) can be used in
stimating the GDL [29,30] and here it is used in combination with

he fiber volume fraction:

rm = (0.375EL + 0.625ET )Vf (17)

here EL and ET are the longitudinal and transverse modulus of
he fiber, respectively. Vf is the volume fraction of fibers. There
enter with spherical tip (b) indenter with sharp conical tip.

is a wide confusion over the fact that maximum shear stress is
the driving force for GDL failure. This however, depends upon
the fiber length and its load transfer capability. Since the volume
fraction of the matrix is considerably less as compared to fiber
volume fraction, the load bearing capacity solely depends upon
the randomly distributed fibers. Furthermore, fiber length in GDL
may vary in range from 3 to 20 mm. Failure strength prediction
of GDL is related to the load transfer length of the short and long
fibers.

Case 1. Fiber length < load transfer length

Assume a situation where the length of fiber under the BPP
channel area is less than the load transfer length. Under this case,
maximum fiber stress is less than the average fiber strength and
hence fiber will not fracture regardless of magnitude of applied
stress. Now, the shear stress plays an important role in defining the
failure of GDL composite. Here, interfacial and carbon matrix fail-
ure takes place and ultimate strength of GDL ((�GDL)u) is calculated
as in the following equation [29]:

(�GDL)u =
(


l

d

)
Vf + (�m)uVm (18)

In Eq. (18), 
 is the shear strength between fiber/matrix interac-
tions. l, d are length and diameter of the fiber, respectively. (�m)u,
and Vm are ultimate strength and volume fraction of the matrix,
respectively. The above case is unlikely to be applied in fuel cell
GDL. Even if the matrix fails, integrity of GDL remains unaltered as
the volume fraction of the matrix is very less and hence the stress
transfer takes place through the fibers.

Case 2. Fiber length > load transfer length

Consider a long fiber such that its length is larger than the load
transfer length (lc). In this case, fiber can be stressed to its max-
imum and hence its magnitude will be greater than the average
stress. Failure of the composite takes place when breakage of the
fiber initiates under the condition that maximum stress in the fiber
reaches to its ultimate strength ((�f)u).

(�GDL)u = (�f )
u

(
1 − lc

2l

)
Vf when, Vm � Vmin and lc < l (19)

where Vmin is the minimum volume fraction of matrix.
In the above equation, the matrix contribution is neglected.

Load transfer length of the fiber can be referred to the length

of the fiber directly in contact with the BPP land area. Second
term in the right hand side of the Eq. (19) approaches to unity
as fiber length increases over load transfer length. The practi-
cality of above equation to GDL is very real and it symbolizes
the fact that structural integrity of GDL is related to ultimate
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to damage accumulation and hence damage evolution in CL from
ig. 2. Schematic of the pre-cracked elastic-plastic body subjected to tensile load Q.

trength of the fibers and not matrix. However, under the worst
cenario of failure, long fibers may break down into small fibers
nd then Case 1 can be applied to incur a situation where a
urther failure of GDL depends upon the interconnecting matrix
elaminations.

.4. Crack propagation in CL

One can study the crack propagation in CL under different per-
pectives. CL can be perceived as an interlayer between the GDL
nd membrane. Load transfer characteristics from GDL to mem-
rane depend upon the load bearing strength of the CL interlayer.
herefore, CL draws a considerable interest in studying the frac-
ure related failures. The susceptibility of CL to undergo a fracture
ue in course with the mechanical load transfer becomes higher
y hygrothermal cyclic loading, internal or surface defects, and
eometrical heterogeneities. These will induce a local stress con-
entration at some critical locations which exceed the nominal
trength (average stress per cross-sectional area) of CL, causing a
racture onset. Hence, even though the nominal stress is well below
ts fracture strength, local stress fields may ensure a local fracture.
rom this point onward, fracture propagation becomes important.
resent study revolves around the prediction of the crack propaga-
ion or mitigation in a graded CL under the influence of yield stress
radient.

Consider a pre-cracked body subjected to load Q at the both

he ends as shown in Fig. 2. Assume the elastic–plastic material
ehavior with the yield stress �y. Then the total potential energy
Pm) in the body is the sum of stored potential energy (Pe) and the
otential energy of the applied loading (Pq) and is given by the
Sources 195 (2010) 2718–2730 2721

following equations:

Pm = Pe + Pq (20)

also

Pm =
∫

A

ω dA −
∫

S

T · u dS (21)

where S is the contour enclosing the crack tip, ds is the element of
arc on this curve, T is the traction vector acting along the curve and u
is the displacement vector (Fig. 2). In Eq. (21), ω is the strain energy
density per unit volume and is given by the following equation:

ω = ω(x, y) = ω(ε) =
∫ ε

0

�dε (22)

Now differentiating Eq. (21) with respect to crack length, ac, we
derive an expression for J-integral as

−∂Pm

∂ac
=

∫
S

(
(ωdy) − T ·

(
∂u

∂x

)
dS

)
= J (23)

Hence the decrease in the potential energy of a body in terms of
its thickness, t, is given by the following equation:

J = −1
t

∂Pm

∂ac
(24)

Eq. (24) is the driving force for crack under constant modulus,
yield strength, and geometry. It is generally referred as J-integral.
Applicability of Eq. (24) is delimited when there are variations or
gradations in the yield strength and modulus. As detailed by Koled-
nik [31], it is possible to attain a solution for crack driving force in
terms of yield strength variation by holding other variables such as
modulus and crack length as constant. This is, however, unlikely
to be applied to a situation like CL where the consistent varia-
tion in modulus and the yield strength along the crack propagation
direction is no longer assumed constant. Hence, let us consider a
J-integral near the crack tip having a value of Jtip and far field J-
integral (contour containing the entire plastic zone) having value
of Jff. Now, these two parameters can be related to each other to
predict the gradient nature of the crack propagation. According to
Sugimura et al. [32] and Kim and Suresh [33], the two J-integral are
related as follows:

Jtip = Jff F

(
KI

�y
√

t

)
(25)

Hence, depending upon the crack tip stress intensity we can decide
on the crack propagation, which is again influenced by stress inten-
sity (KI) and material yield strength (�y).

2.5. Cohesive zone model

Recent experimental investigations have concluded that cat-
alyst layer degradation is characterized by a cracking or
delamination of the layer, catalyst ripening, catalyst particle migra-
tion, electrolyte dissolution, and agglomeration of Pt particles
[1–6]. Broadly, these degradation behaviors are linked to chemi-
cal and thermo-mechanical operation of fuel cell. In an effort to
understand the effect of heterogeneity of CL on its mechanical
strength, we have experimentally studied the mechanical property
variations along its thickness, mainly caused due to Pt/C particle
gradations, as reported in our companion paper [26]. It is suggested
that the local stress concentration in CL near interfacial zone lead
which cracks begins to show. In contrast to our belief, Rong et
al. [34,35] proposed a mechanical model based on cohesive zone
law to reason the evolution of cracks and delaminations induced
by hygrothermal cyclic strain in a particle/matrix based approach.
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arameters involved in formulating the cohesive law (discussed in
ection 3) are much of a scale dependent, i.e., they are not con-
tant in each of continuum (‘mm’ scale), particle (‘�m’ scale), and
tomistic (‘nm’) scale. Hence, application of cohesive law for a par-
icle/matrix model of CL generally takes the atomistic form that
nvolves a complex van der Waals interaction to be assigned to
alculate the cohesive parameters [36,37].

Generally, a small pre-cracked zone is embedded in a body or
nterface and then LEFM (linear elastic fracture mechanics) concept
s applied in obtaining the stress intensities and associated energy
elease rate to predict the crack propagation. Cohesive zone model-
ng is useful in modeling the larger fracture process zone where all
he fracture processes occurring in a body are assumed to fall into
ohesive line. In one such approach, traction–separation method
ses the normal (or shear) traction and opening displacement (or
liding) as the criterion for debonding. Either the parameters (trac-
ion and displacement) are experimentally determined or they
re assumed based on the relation between them. In the present
tudy, the latter is chosen as the experimental determination
nvolves a complex procedure and it must be near precision under

icro-scale. Hence, most of the cohesive laws are phenomeno-
ogical and thus a molecular dynamics simulation (‘numerical’
xperiment) is required to approach the cohesive nature of the
onding.

Fig. 3(a) is the schematic representation of the three materials
carbon fiber, CL, and membrane) and their interfaces from where
he model has been derived. Fig. 3(b) shows the numerical model for
omputing through-crack propagation in GDE. Crack tip is placed
ear the GDL/CL interface at a distance y = 0. Carbon fiber is mod-
led as a heterogeneous elastic material. For CL, three possibilities
f property variations are considered since our major focus is to
cquire the basic information regarding damage propagation in CL.
hree cases are: increasing gradation (from GDL side), decreasing
radation (from GDL side), and homogeneous mechanical proper-
ies. A cohesive line (zone) is constructed ahead of the crack tip (at
> 0 and y < 3.5 �m) passing through two interfaces (GDL/CL and
L/membrane). Though cohesive zone represents physics of the

racture at the atomistic scale, it can be applied at the meso-scale
y introducing energy dissipation mechanism. Hence, the cohesive
one is modeled as cohesive elements, which initially assume a
inear elastic traction–separation behavior. Nominal tractions and
ominal strains are related by element stiffnesses that depend upon
he cohesive element thickness or length. Fig. 3(c) shows the cohe-
ive element zone in CL. The opening separation is represented by
separation gap of ‘ı’. The normal traction acts along the bridging
lements and is denoted by t(ı), since its magnitude depends upon
he interfacial separation ı. If it is perceived that traction represents
bonding interaction (or atomic interaction) between two bod-

es connected by a cohesive element, its value falls to zero beyond
ome critical separation, say ın,f. Now, the process of damage can
e easily understood by Fig. 3(d) and (e), and is explained as fol-

ows. In the present problem, for the decreasing case of gradation in
L, each of the cohesive elements in the cohesive zone is assigned
ith different traction–separation law such that maximum normal

raction, tn,max, decreases in accordance with the assigned mate-
ial properties. For increasing case of gradation in CL, the above
pproach is reversed. Fig. 3(d) shows a traction–separation law
urves for some of the chosen elements from the cohesive zone.
undamental concept of traction–separation curve is described in
ig. 3(e). As discussed before, the loading curve represents the elas-
ic nature of the cohesive element with an initial stiffness value

qual to Ec/Tc (Ec = modulus of cohesive element; Tc = cohesive ele-
ent thickness). Then, the degradation of stiffness in the cohesive

lement begins to show up when normal traction reaches to its
aximum value with respect to the assigned damage initiation cri-

eria. The present study involves quadratic nominal stress criterion
Sources 195 (2010) 2718–2730

as a damage initiation and is given as in the following equation:

∑
i=n,s,t

(
ti

ti,max

)2

= 1 (26)

where t is the traction vector and index i corresponds to normal,
shear and second shear direction. According to the above crite-
rion, damage is assumed to initiate when a quadratic interaction
function either in a purely normal direction ((tn/tn,max)2) to the
interface or purely in the first ((ts/ts,max)2) or second shear direc-
tion ((tt/tt,max)2) reaches a value of one. In Fig. 3(e), red ‘dot’ depicts
a damage onset point under pure normal traction direction from
which damage begins to evolve. Hence, descending curve in Fig. 3(e)
represents a damage evolution of cohesive element and it can be
represented in terms of constitutive equation as given by the fol-
lowing equation:

[ti]i=n,t,s = [(1 − D)k][ıi]i=n,t,s (27)

In Eq. (27), D is the damage parameter and its value ranges from
0 to 1. From the point of damage initiation value of D evolves from
0 to 1. k represents initial stiffness of cohesive element. Area under
the traction–separation curve is the energy dissipation ( ) or the
work of fracture as shown in Fig. 3(e). For the fictive crack tip (crack
tip subjected to mixed mode loading) energy dissipation must be
represented by mixed mode of failure. Fig. 3(f) explains the mixed
mode traction–separation law where Mode I and Mode II represents
a failure under normal and shear direction of traction, respectively.
For the mixed mode damage evolution, fracture energy dissipation,
 c, is governed by well known B–K (Benzeggagh–Kenane) criterion
[38] where critical fracture energy dissipation in both the shear
directions (first and second) is equal ( s

IIc =  t
IIc) and is given by

Eqs. (28) and (29):

Ic + (IIc − Ic)
(

shear

T

)�

= c (28)

where  Ic and  IIc are the critical fracture energy dissipation in
Mode I and Mode II, respectively. Total fracture energy is the sum-
mation of Mode I and Mode II fracture energies ( I and  shear) and
is given according to the following equation:

T = I + ( s
II +  t

II) = I + shear (29)

and � is the B–K parameter which maintains the shape of the failure
point in the mixed mode plane shown in Fig. 3(f).

Under the mixed mode evolution of damage, effective displace-
ment, ıeff, should be mentioned and is given by the following
equation:

ıeff =
√

ı2
n + ı2

s + ı2
t (30)

All the elements are assigned a linear softening damage evolu-
tion.

It is always convenient to take energy based damage evolution
of cohesive zone rather than approaching a strain based cohesive
law. This can be justified by what follows. If we look at Eq. (25),
stress intensity (KI) is related to J-integral, i.e., energy release rate
in the elastic-plastic fracture mechanics. Further, Eq. (22) refers to
strain energy density and is related to stress–strain in a body. On

the other hand, cohesive law is based on traction–separation law
and is related to energy release rate or work of fracture (Fig. 3(e)).
Hence, strain in traction–separation law (cohesive zone) becomes
very unusual. This is the reason for not taking the hygrothermal
strain based damage in cohesive elements in our model.
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Fig. 3. Cohesive Zone model (a) interaction among three materials (carbon fiber, CL, and membrane) and corresponding interfaces. (b) Pre-cracked cohesive model with a
c tes th
i on of t
t ponse

3

3

g
p
t
o
a

rack tip placed near carbon fiber/CL interface. Dashed line ahead of crack tip indica
n CL showing the cohesive elements. (d) An example of the element-wise applicati
raction–separation law of one cohesive element. (f) Illustration of mixed mode res

. Finite element analyses

.1. Driving force for crack propagation in CL

Fig. 4 shows the FE model used for investigating the effect of

eometrical heterogeneity on the crack propagation or mitigation
rinciples. Single ‘sandwich’ model has been proposed instead of
wo separate models for each of the different gradation conditions
f CL in order to closely monitor the differences. According to Fig. 4,
n interlayer is inserted between two layers. Upper layer is modeled
e cohesive line passing through two interfaces. (c) Magnified view of cohesive zone
raction–separation law in a decreasing gradation case. (e) Fundamental concept of
in a cohesive element.

as CL with an increasing gradation whose mechanical properties
vary according to the results obtained in Part 1. Lower layer is also
modeled as CL but with a decreasing gradation in mechanical prop-
erties. For interlayer, two cases are studied. In first case, middle
layer is assigned with the properties of carbon fiber and in second

case it is modeled as the elastic-plastic material with the averaged
properties of CL. Pre-existing through-plane crack with upper and
lower crack tips are embedded in a middle layer. Both of the crack
tips are close to the interfaces but are not connected with the adja-
cent layers. Purpose of choosing two material properties for middle
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ig. 4. Analysis model to predict the driving force for crack propagation. Figure sho
n equal distance behind the two interfaces. Enlarged view of crack tip describes th

ayer is explained in Section 4. Fine finite element mesh is used
round the crack tips. All layers are modeled with quadrilateral ele-
ents under plane stress condition. Top and bottom surfaces of the
odel are constrained in ‘y1’ direction to zero. Side surfaces of the
odel are axially displacement controlled. The material behavior

f CL is assumed to obey J2-flow (rate-independent) theory of plas-
icity. Constitutive equation for J2-flow theory or Ramberg–Osgood
s given by the following equation:

= �

Em
+ ˛

�y

Em

(
�

�y

)1/N

(31)

here ε, �, Em, �y is tensile strain, tensile stress, elastic modulus
nd yield strength of the material, respectively. The term ‘˛(�y/Em)’
epresents the yield offset in the stress–strain curve (in our study
ield offset is assumed to be 0.002). And the material constant ‘1/N’
s the strain hardening exponent. For elastic-perfectly plastic mate-
ial value of N is zero and hence strain hardening takes an infinite
alue. However, value of 25, which is large enough to account for
lasticity, is taken in our numerical analysis.

GDL is modeled as the elastic material (Case 1). Magnified view
f crack tip is shown on the right side of Fig. 4 to understand the
echanics involved in the present investigation. J-integral ahead

f the crack tip is calculated based on the energy release rate. In
ddition, far field J-integral represents an area encircling a complete
lastic zone and hence monitoring this zone with respect to the
rack tip integral gives an estimation about the crack propagation
r mitigation. Straight lines represent the layers with the varying
eformation plasticity values.

.2. Cohesive zone model

Explanations regarding the cohesive zone model are already
resented in Section 2. Cohesive zone model explained in Section
.5 is generally applied in delamination related problems. However,

ts application can be extended to delamination related crack prop-
gation where one can investigate the material property influence
n the growing damage. Three cases are investigated here. In all
he cases, mechanical properties of carbon fiber and membrane are

aintained to remain same. Carbon fiber is modeled as a homoge-
eous elastic material with the modulus averaged on indentation
esult. Membrane is modeled as the elastic-plastic material whose
roperties are taken from [39]. Three cases are considered for
L: homogeneous, decreasing gradation, and increasing gradation
from GDL side). For homogeneous layer, averaged elastic-plastic
roperties are assigned according to the results obtained in our

ompanion paper [26]. For the gradation properties, a smooth
radation is assigned element wise with the properties varying
ccording to indentation results (increasing gradation) [26]. For
he decreasing case of gradation, properties are precisely reversed.
ll three bodies are modeled with 4-node bilinear plane strain
ree layers and corresponding boundary conditions. Crack is placed in interlayer at
ning of Jtip and Jff .

quadrilateral elements (CPE4R) available in the ABAQUS element
library [38]. Cohesive element zone ahead of crack tip is mod-
eled with 4-node 2-D cohesive elements (COH2D4). Refined mesh
is preferred near the crack tip and is located near the GDL/CL
interface. Total length of cohesive line is about 3 �m (2 �m in
CL, 0.5 �m each in GDL and membrane). Interfacial lines are con-
nected by a single cohesive element (in the cohesive zone) whose
properties are averaged over the properties of adjacent cohesive
elements.

Maximum traction in the normal and shear directions are two
basic input parameters to represent damage initiation in a cohe-
sive element. Second shear direction is assumed to be zero as the
present problem is only 2-D. At the atomic scale, normal and shear
traction takes the form equal to E/10 and �y/1.732, respectively (E
is the elastic modulus of the material and �y is the yield strength)
[34]. However, at the micro-scale these values are not reasonable
because it is already mentioned that cohesive behavior is highly
scale dependent. Hence, E/10 and �y/1.732 are divided again by 103

to approach the problem at micro-scale (This is the best possible
assumption that we can have at this stage without any experimen-
tal evidence). Again, for elastic material (carbon fiber), parameters
of cohesive elements are calculated based on modulus (gives the
maximum traction in normal direction) and is made equal to the
maximum traction in the shear direction. For CL, cohesive ele-
ment properties vary according to the type of gradation (increase
or decrease) introduced into it. This makes the problem highly
complex, as the tendency towards solution convergence gets very
narrow. Hence, it is highly recommended to use optimized cohe-
sive elements based on its length and thickness, especially in case
of gradation.

4. Results and discussions

4.1. Indentation results

Nanoindentation experiment on Teflon® coated carbon fiber is
performed to evaluate the mechanical properties at nano-scale.
Fig. 5 shows the indentation result of load and displacement
response of a single carbon fiber. A slight elastic-plastic followed by
an elastic response can be noted upon loading. Initial elastic-plastic
response may have come from the Teflon® coating on carbon fiber.
This significant transition from ductile to brittle phase explains the
rupture and breakage of carbon fiber. Further, careful observation
of loading curve reveals a single pop-in event and this behavior can
be related to two major conclusions. In ductile material, ‘pop-in’

event generally refers to onset of yielding and in brittle material
it refers to an internal local fracture. Hence, by judging the load-
ing response as a linear function of displacement, carbon fiber is
now classified as a brittle material with a fracture occurring at
critical load. However, flexural strength (fracture toughness) of
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ig. 5. Nanoindentation response of load vs. displacement for Teflon® coated carbon
ber. Transition from ductile phase to brittle phase can be observed. ‘pop-in’ event
haracterizes the local fracture in carbon fiber.

ber may vary significantly at different locations. Hence, indenta-
ion responses at 20 different locations of carbon fiber are taken
nd the failure statistics of the fiber is plotted with the help
f weibull probability distribution function and it is reported in
ection 4.3.

Fig. 6 shows the hardness and modulus response as a function
f indentation depth. Initial (<250 nm) decrease in the hardness
nd increase in the modulus may have resulted from the fiber coat-
ng. After the initial limit, hardness increases to some depth and
hen decreases gradually. Maximum value of transverse modulus
or a carbon fiber in this case is found to be around 3.5 GPa and it
ecreases to 1 GPa as the indenter penetrates further to the core.

f it is assumed that the carbon fiber has a diameter of 6–7 �m
hen indentation results presented here for 2 �m should be suffi-
ient to explain the inhomogeneity of carbon fiber. The decreasing
roperties toward the fiber core are attributed to their texture and

abricated conditions.

In another remarkable finding, which finds its significance
n contact related issues, contact stiffness data of carbon fiber
s provided in Fig. 7 as a function of indentation depth. It can

ell be observed from Fig. 7 that contact stiffness increases lin-

ig. 6. Modulus and hardness response of carbon fiber with respect to the indenta-
ion displacement.
Fig. 7. Contact stiffness response over the indentation displacement of carbon fiber.

early for a depth less than 250 nm, which is consistent with the
results obtained for modulus and hardness. The slope of the con-
tact stiffness decreases beyond 250 nm and maintains a value of
5000–6000 N m−1.

4.2. Influence on electrical contact resistance

Above obtained mechanical properties are applied to Eq. (7) in
obtaining the contact resistance variation. Fig. 8 shows the cal-
culated variation in electrical contact resistance as a function of
elastic deformation in carbon fiber. Qualitative variation in con-
tact resistance is given in ohms (�) and the quantification of the
obtained result is represented in �-�m2. Specific contact resis-
tance is obtained by assuming a circular contact asperity on carbon
fiber. BPP asperity radius is taken to be around 3.67 �m [18]. This
application can be extended to any size or shape of the contact on
carbon fiber. Exact definition of electrical contact resistance must
involve bending contribution of fiber; however as explained before,
its contribution is assumed less or insignificant. Further, contribu-
tion of Teflon® coating is not shown for the brevity, however it is

found to give very high resistance. If there is any local fracture in
carbon fiber, the value of contact resistance might not change sig-
nificantly, as the asperity contact would be in touch with the fiber
surface walls.

Fig. 8. Electrical contact resistance variation over carbon fiber elastic deformation.
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ig. 9. Randomly distributed carbon fibers on GDL and arrows indicate the inden-
ation points.

.3. Fracture toughness of Teflon® coated carbon fiber

Mechanical properties may vary from one carbon fiber to
nother or one place to another and so is the fracture toughness
easurement. In order to avoid incorrect conclusion on fracture

elated failure, as many as 20 indentation tests were performed
ith each four on one carbon fiber, chosen randomly. Fig. 9 shows

he carbon fibers distributed on GDL surface taken from built-
n optical microscope attached to the nanoindentation-testing

achine. Thus, it was possible to select the indentation points on
ndividual carbon fibers to estimate their mechanical properties
nd hence the fracture toughness.

Based on analytical approach described in Section 2, failure
tress–strain is initially calculated from experimentally obtained
oad–displacement indentation curves. Hence, it is possible to
btain the probability distribution of failure of carbon fiber with
espect to its fracture strength. Only 16 tests were successful in
btaining the fracture points, rest of them did not show any frac-
ure like characteristics (‘pop-in’). Fig. 10 shows the plot of failure

tresses and failure probability distribution of carbon fiber. Frac-
ure toughness (flexural strength) of Teflon® coated carbon fiber
s found to fall in the range of 150–380 MPa. However, majority
f them (nearly 10 test results) fall in 225–270 MPa range where
he probability of failure is in the range of 55–88%. Hence, frac-

ig. 10. Fracture toughness distribution of carbon fiber plotted in terms of proba-
ility of failure.
Fig. 11. (a) Schematic representation of interaction between BPP land area and car-
bon fiber. Land width is made equal to the load transferring length to account for the
fracture toughness variations. (b) Plot of flexural strength of GDL over load transfer
ratio.

ture toughness of Teflon® coated carbon fiber can be averaged to
250 MPa.

4.4. Structural failure of GDL

Mechanical failure of GDL originates when the fibers are no
longer capable of bearing a load exceeding its fracture limit. How-
ever, it is illogical to comment on the structural integrity of GDL
based on the fracture of one carbon fiber. But the fact is when
fracture occurs in one carbon fiber, load bearing capacity is trans-
ferred to adjacent matrix or fiber. (It is noted that the volume
fraction of matrix in GDL is very less and load is assumed to
transfer completely to fiber.) Hence, fracture in GDL is continuous
and not an instantaneous process. Based on analytical calcula-
tions, ratio of load transfer length to fiber length in fuel cell is
found to vary from 0.4 to 0.66. This is achieved by taking the
BPP land area as a load transfer length (for each BPP contact
on carbon fiber load transfer length is equal to the BPP land
width) and fiber length is made as a variable length as shown in
Fig. 11(a). As the fiber length increases, load transfer length also

changes, according to which limits for the lengths can be found
easily. Linear variation of flexural strength of GDL based on ulti-
mate strength of carbon fiber, volume fraction of fiber (30%), and
load transfer length is shown in Fig. 11(b). The values vary from
60 to 50 MPa.
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ig. 12. Structural integrity principle. (a) Membrane electrode layers, (b) interactio
ndicating the property jumps near interfaces (d) ideal property variation to favor t

.5. Structural integrity principle of MEA

State-of-the-art structural integrity principle of MEA near inter-
aces is unlocked after successfully obtaining the mechanical
roperties of CL [26] and carbon fiber at nano-level. Fig. 12 shows
he modulus and hardness variation along the thickness direction
ear the interface. Focusing mainly on the interface region between
DL/CL and GDL/membrane, abrupt changes in properties in the

nterface is believed to be one of the reasons for interfacial failure.
s shown in Fig. 12 interface stress transition is better understood
y scaling the interfaces to micro-level. This is particularly impor-
ant as damage or fracture at microscopic level affects the material
trength of the macroscopic mechanical response. Further, carbon
ber of GDL is a brittle material and possesses to have a high
trength as compared to ductile CL. There is a jump in material
roperties near GDL/CL interface, making the interface inappropri-
te for a smooth stress transition. This invites a driving force for
he delaminations as well as cracks in CL surface. Let us consider an
ncreasing gradation of mechanical properties in CL [26] and now
his is a subject of interest for crack propagation from the surface
o the bottom of the CL. Qualitative analysis of driving force for the
rack propagation in an increasing gradation direction is reported
n Section 4.6. Irrespective of crack that may or may not be arrested,
nterfacial zone between CL and membrane becomes rather signif-
cant in damage evolution in CL. As can be seen from Fig. 12 there
s an abrupt change in properties from CL to membrane. Hence,
t is expected that inelastic strain accumulation in the membrane
ear interface would be large (justified in [26]) and its subsequent
ffect on damage accumulation may cause an interface delamina-
ion upon many loading cycles. On the other hand, there is a high
ossibility of catalyst cracking (ductile fracture) near the interface
ecause of local stress concentration resulted from abrupt stress
ransition.

An ideal way of stress transition from GDL to membrane is
hown in Fig. 12. However, it may or may not be able to achieve
his target as it may affect overall electro-chemical performance of
he cell which is very important. Further, present analysis does not
nvolve any of interfacial chemical interactions, which is also very
mportant in acceleration or propagation or evolution of damage.
ven if the hygrothermal effect (HTE) is taken into consideration,
verall structural integrity ‘principle’ of the fuel cell layer may not

ave altered in a big way, as HTE is believed to accelerate an exist-

ng damage. For example, total energy required for the interfacial
eparation between CL and membrane can be related to the energy
elease rate associated with the crack extension. For elastic–plastic
aterials like CL and membrane, energy release rate is given by the
L, carbon fiber and membrane near interfaces. (c) Mechanical property variations
ooth force transition and damage resistance.

following equation:

 = 2�s + �p (32)

where �s is the free energy of the newly created surface upon crack
extension and �p is the energy dissipated through irreversible pro-
cesses (chemical or mechanical).

Introduce a thermal environment and consider each layer hav-
ing a different thermal expansion coefficient. Now the thermal
strain mismatch (εr) in the CL with respect to membrane is given
by

εr = (˛m − ˛cl)�T (33)

where ˛m and ˛cl are the coefficient of thermal expansion of mem-
brane and CL, respectively.

Given the catalyst layer thickness, t, thermal strain can be used
in finding the energy contribution for interfacial separation without
any external applied loading and is given by the following equation
[40]:

�t = t

2
(1 + �cl)Eε2

r

(1 − �cl)
(34)

where �cl is the Poisson’s ratio of CL. E represents its modulus.
Now the energy release rate can be rewritten according to the

following equation:

G = 2�s + (�p − �t) (35)

According to Eq. (35), energy release rate to propagate a crack
is decreased by an amount of � t, i.e., delamination process is accel-
erated. It is also true when humidity related strain is considered.

4.6. Driving force for crack propagation

Driving force for the crack propagation in CL is investigated
based on the gradation in the mechanical properties. Here the stress
intensities near the crack tip become important in predicting the
crack propagation. Fig. 13(a) shows the contour plot of stress inten-
sities of three-layer model with a pre-existing crack. High stress
intensities can be found near the lower crack tip and it is observed
to extend ahead for some distance. This is due to the higher amount
of energy release rate in CL where the properties are decreasing.
In contrast to this result, stress intensities are much less near the

upper crack tip due to lesser energy release rate where the proper-
ties are increasing. Hence, it can be concluded that crack can easily
propagate in case of decreasing gradation whereas it may miti-
gate in case of increasing gradation. Further, referring to Fig. 13(b),
large difference can be pointed out in terms of stress distribution
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4.7. Crack propagation in cell layers (mechanical perspective)

Fig. 14 shows the variations in reaction force with respect to
the separation displacement under three cases of CL property vari-
ig. 13. Driving force for crack propagation. (a) Case 1: contour plot of stress inten
n the stress intensity distribution near crack tips. (c) Qualitative plot of energy rel

s opposed to Fig. 13(a). The stress intensity near the lower crack
ip in Fig. 13(b) is observed to be less than in case of Fig. 13(a).
his suggests that crack propagation can also be influenced by the
djacent layer properties as well. In the first case, middle layer is
aken to be a hard elastic material whose properties are equated
o carbon fiber modulus, representing an exact scenario of GDL/CL
nterface interaction. In the second case, middle layer is replaced

ith the elastic–plastic material with the average CL properties
modulus = 450 MPa; Yield strength = 65 MPa) to typify the differ-
nce of adjacent layer material properties on crack propagation.

In order to understand the effect of gradations and the medium
rom which crack propagates, energy release rate is plotted for all
he cases, which includes crack tip J-integral and far field J-integral
nd is shown in Fig. 13(c). In general, it can be observed that, for
ll increasing gradation cases energy release rate is negative below
he zero-limit indicating the crack mitigation. In addition, for all
ecreasing gradation cases, energy release rate is above zero-limit

ndicating the crack propagation. Under Case 1, for the decreasing
radation CL, far field integral appears to increase further whereas
rack tip integral appears to mitigate. This observation is very
ignificant as the increasing far field crack intensity represents a
rowing damage into the surface. In contrast to this result, far field
ntegral under Case 2, for the decreasing gradation in CL, decreases
o a near-negative value indicating a crack arrest. Two contradict-
ng results under the same gradation conditions in CL are now said
o have been affected by a medium (interlayer) from which crack
ropagates.

This is a qualitative analysis to investigate the probabilities of

rack propagation under different circumstances but is related to
he fuel cell damage mechanics. Hence, in general two things can be
oncluded here. Firstly, crack propagation in the increasing grada-
ion of properties in CL mitigates whereas in a decreasing gradation
t intensifies. Secondly, layer properties from which crack initiates
near crack tips under hard interlayer. (b) Case 2: effect of elastic–plastic interlayer
ate in both of crack tips under two different cases.

are also an influencing factor for the crack propagation. Hard layer
(correspond to carbon fiber of GDL) from which crack initiates (and
grows to an adjacent decreasing gradation of CL) is found to magnify
the crack propagation whereas soft or relatively weaker layer from
which crack initiates is found to mitigate the crack propagation in
decreasing gradation of CL.
Fig. 14. Reaction force vs. separation displacement for the cohesive zone model
described in Fig. 3 under three different cases of property variations in CL.
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Fig. 15. Crack propagation length in CL under three property conditions.

tions. Curves explain the significance of material gradation in
nderstanding the crack propagation in CL and related failures. Plot
an be broadly classified into two interfacial zones, namely, GDL
carbon fiber)/CL interface and CL/membrane interface. Initial peak
hows the onset of fracture in GDL/CL interface, representing a max-
mum traction-displacement resistance, beyond which element
ails and delamination or crack propagates to CL. From this point
nwards, crack propagation entirely depends upon the magnitude
f traction resistance posed by the cohesive elements. For homo-
eneous CL (averaged CL properties), fracture resistance decreases
s the damage proceeds without any obstruction. When it reaches
o CL/membrane interface, there is a sudden jump (decrease) in the
esistance force and this corresponds to a weaker interface. Cohe-
ive element properties of membrane zone are scaled according to
ts elastic-plastic properties. Hence, any influence of creep or visco-
lastic effect of membrane on the fracture behavior is neglected at
his stage.

Further, as expected for the increasing gradation of CL, frac-
ure resistance (toughness) for the damage increases and thus the
eparation displacement as well as the maximum force required
s obviously large. After the initial interfacial breakage (GDL/CL),
uantification of fracture toughness near CL/membrane interface
ecomes very difficult from the present plot (Fig. 14) alone. Hence,
rack propagation length in CL is plotted against the reaction force
s shown in Fig. 15. For every 10 increments of step-time, the results
re monitored. As can be seen from the Fig. 15, crack propaga-
ion in homogeneous CL material is a linear function of decreasing
orce. On the other hand, for inhomogeneous-increasingly graded
from GDL side) CL, force required is substantially high and crack

itigates after being propagated for nearly 0.9 �m.
Interestingly, for the decreasing gradation of CL, initial fracture

nergy required to break the cohesive bond is very high and once
he maximum limit reaches, there is a catastrophic failure in the CL
s can be observed from Fig. 14. After the sudden fall in force, dam-
ge propagates to the CL/membrane interface. Fracture resistance
f CL/membrane in this case marginally increases from its homoge-
eous counterpart due to the inhomogeneity induced in CL. Again,
ig. 15 can be referred to estimate the crack propagation length in
L under decreasing gradation. In order to propagate initial crack
ength of 300 nm, force required is higher than any other cases.
owever, once the damage initiates it propagates catastrophically.

t is worth noting that the separation displacement of 0.1–0.13 �m
n Fig. 14 (decreasing gradation) is equal to crack length propaga-
ion from 0.35 to 1.9 �m in Fig. 15.
Sources 195 (2010) 2718–2730 2729

Above cohesive zone model is a micro-mechanical model based
on the principles of continuum mechanics. Hence, the quantifica-
tion of above results may not hold reasonable when the problem
is perceived in the atomistic level (this specifically refers to the
maximum traction and separation displacement values and defi-
nitely not the mode of crack propagation). Qualitative analysis of
damage propagation in cell layers and interfaces presented in this
paper should be sufficient to understand the influence of material
inhomogeneities.

5. Concluding remarks

As the researches on innovative materials for fuel cell is
advancing with a rapid pace, it is always necessary to lay a founda-
tion based on structural integrity. Factors affecting the structural
integrity of GDE are investigated in this paper. Fuel cell layers
are prone to chemical, mechanical, and thermal degradation. This
paper gives an insight into the mechanical related failures and their
propagation in GDE and we believe this will provide necessary
information regarding the long-standing debate on mechanical
durability. Studying the mechanical properties at a smaller scale
(micro/nano-scale) is the key to acquire basic information regard-
ing the failure of layers.

Flexural strength of GDL is investigated after experimentally
determining the mechanical properties of carbon fiber. Inhomo-
geneity in properties is recorded in terms of hardness, modulus, and
contact stiffness. Influence of these properties on electrical contact
resistance and flexural strength of carbon fiber as well as GDL are
investigated by introducing the moderate changes to the funda-
mental relations. Ductile (elastic–plastic loading event during the
indentation experiment) to brittle transition (elastic loading with
a ‘pop-in’ event) is observed within the carbon fiber. This nature
of the material response explains the causes for surface rupture,
hydrophobic coating deterioration, and breakage of the fiber under
fuel cell loading and working conditions.

Assuming CL as an interlayer between membrane and GDL, dam-
age propagation has been investigated on a much broader sense.
Since not many literatures are available on mechanical principles
of CL, studies presented in this article dealing with the damage or
crack propagation based on inhomogeneities of CL are very use-
ful in understanding the surface crack (near GDL/CL) or interface
crack (initiated from the damage accumulation in membrane or CL
itself (local fracture due to stress concentrations at critical locations
[26])) evolutions. Overall structural integrity principle is explained
and the technical problems associated with those are addressed
clearly.
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