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a b s t r a c t

Stress and plastic deformation analyses of catalyst layer have been conducted after experimentally inves-
tigating its mechanical properties at nano-scale. Interestingly, catalyst layer is found to have varying
mechanical properties as a function of depth and therefore it is classified under graded material. Effect of
gradation in catalyst layer on interfacial strength between membrane and catalyst layer is explained with
the aid of numerical simulations. Stress redistribution near interface line is observed in graded model,
eywords:
atalyst layer
ontact stiffness
radation
odulus

while stresses are found to have concentrated at critical locations throughout the discrete model. How-
ever, it is outlined from this study that the gradation in catalyst layer leads to greater amount of plastic
energy dissipation—an indication of enhanced ductility. An experimental coupled numerical approach is
presented to characterize the effect of transitional variations of mechanical properties in catalyst layer
on the interfacial line and membrane.

© 2009 Elsevier B.V. All rights reserved.

lastic strain
tress redistribution

. Introduction

Graded materials are classes of materials where structural and
echanical properties vary as a function of depth. Some natu-

al examples of these include bamboo, bone and some biological
tructures [1–3]. Learning from the nature, biological structures
elf-evolve in developing material layers to protect themselves
rom the external forces. Imitating the structural integrity princi-
les involved in these structures (focused on material gradation),

nnovative materials can be made available for engineering appli-
ations. In structural applications, graded materials find their major
ole in sustaining greater amount of stresses and thereby function-
ng as a damage resistant [4]. This concept can be advantageous
n the interfacial contact regions where force transmission takes
lace, particularly between two dissimilar materials such as gas
iffusion layer (GDL) and nafion membrane. However, the choice
f gradation in any engineered material must be reasonable. In a

EM fuel cell, catalyst layer (here after it is denoted as CL) work as
n interfacial layer between GDL and membrane. It is later found
n this study that CL belongs to a class of graded materials. The
hoice of CL as a graded material was totally unintentional (spray

∗ 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.2009.11.101
coated on GDL) which raises an important question – whether
this gradation is desirable under PEM fuel cell loading/operating
conditions or not? External loading and material property varying
directions are the two basic parameters to be considered in uti-
lizing the graded material for a desired application (employing a
continuously graded material near the interface would suppress
the evolution of crack or permanent plastic deformation [5]). Vital
information in terms of modulus or stiffness variation from a graded
material surface to the bottom level can be helpful in quantify-
ing the stress concentration and related failure mechanisms. If
CL acts as a ‘smooth transition zone’ (caused due to gradation
in its composition) between GDL and membrane, it will reduce
the crack driving force throughout the interface by maintaining
a good interfacial bond. Gradation can be defined over a single
layer and/or when its definition is applied to the whole system,
it will be referred as a ‘graded system’. MEA (membrane electrode
assembly) is one perfect example for a ‘graded system’, where an
individual-layer has a different modulus and yield/failure limits
and its values are expected to decrease in an exponential or step-
wise (absence of smooth gradation) manner. However, it is too

early to comment further on its effect on the structural integrity
of the fuel cell system without being studied about the interfacial
CL. Hence, in our current study we deal with a thorough investiga-
tion on mechanical property variation in CL from its surface to the
bottom.

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.2009.11.101
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On the other hand, from a macroscopic perspective, degradation
f fuel cell parts largely depends upon the fabrication and operating
onditions as well as on the individual-layer material properties.
tructural durability of MEA is one of the areas where morpho-
ogical defects do exist [6,7] and may lead to severe mechanical
ailure modes. It is believed that fuel cell working conditions
uch as varying temperature, humidity and external compressive
oad are the primary factors for ‘mechanical degradation’ in the
nterfacial region between membrane and CL. Studying the struc-
ural response of MEA through numerical simulation under the
ell operating conditions will give much knowledge about actual
nderlying principles of failure. Numerical simulation of cracks

n bulk CL and delaminations between the cell layers (membrane
nd CL) becomes more challenging given the nature of complexity
n assigning the material properties for CL. Lack of understand-
ngs about mechanical characterization of CL certainly hinders the
imulation capabilities to predict the failure. Recent developments
elated to structural analyses can be found elsewhere [8–11]. All
f the structural simulations done to date have assumed CL and
as diffusion layer as a one single layer referred as gas diffusion
lectrode (GDE) due to the unknown mechanical properties of
L.

Nafion and Pt/C black are the major constituents of CL. In general,
istribution of pores and networks depends on these constituents’
istribution and fabrication process. Studies [12,13] show that
erformance of cathode electrode is directly influenced by the
istribution of nafion content (multilayered catalyst coating) and
etter results are expected when nafion content is higher toward
embrane than toward GDL. In other words, CL is said to have

graded’, when there is a non-uniform distribution of nafion con-
ent. However, like in our case, when a single CL is coated over
DL, nafion distribution would be uniform. Hence, on mechani-
al perspective, it is presumed in our study that nafion is a binder
aterial and Pt/C particles are spatially distributed. From now

n, the CL would be classified as a ‘graded’ or ‘uniform’ based
n the Pt/C particle distribution and not by the binder mate-
ial.

For our experimental investigation, instrumented indentation,
lso referred as ‘nanoindentation’ is opted for mechanical charac-
erization of CL. Nanoindentation is commonly used for measuring
ano- or microscale mechanical properties of thin films. How-
ver its application is not only limited to films. This technique
as become ubiquitous in characterizing the mechanical prop-
rties of materials whose properties are size or small volume
ependent. Recently, nanoindentation has been applied to char-
cterize the mechanical properties of nanowires [14,15], CNTs
16], amorphous carbon films [17], nanobelts [18], biological tis-
ues [19,20], and nanocomposites [21]. The obtained values of
oad and displacement as a function of depth or time are used to
alculate the hardness and elastic modulus. It is also possible to
stablish a relation between contact stiffness and displacement
nd from this, material under investigation can be classified as
graded or uniform one. Sensing its capability to characterize

he individual constituents within the heterogeneous sample, it
an well be adopted in obtaining the mechanical parameters of
L.

Experimental data obtained from indentation is used in combi-
ation with the FEA (finite element analysis) to evaluate the yield
trength and resulting stresses in catalyst layer. Indentation behav-
or of combined CL and membrane (in our present investigation it

ill be referred as a dual-layer system) is also studied numerically.

iscrete and graded models with two different layers (membrane
nd CL) having the same material model (elastic–plastic) are opted
or our present study. It will be interesting to see on how these

echanical gradations affect the indentation behavior of discrete
L as well as on dual-layer models.
Sources 195 (2010) 2709–2717

2. Experimental

In the following, procedure adopted in preparing CL is explained.
The carbon slurry was prepared by mixing carbon black (Vulcan
XC72, Cabot) vigorously with the distilled water. Then this mix-
ture was heated to 90 ◦C. The pH of the slurry was adjusted to the
basic using NaOH. The chloroplatinic acid (H2PtCl6, Aldrich) solu-
tion, prepared by dissolving into the distilled water, was added to
the carbon slurry and the pH of the slurry was again adjusted to
the basic. Reducing agent was then introduced into the slurry for in
situ liquid phase reduction. The Pt/C mixture was filtered, washed,
and then dried at 90 ◦C. From now on 20 wt% Pt/C catalyst referred
as Pt/C-1. Catalyst ink was prepared by dispersing Pt/C catalyst in
a mixed solution of ethanol and nafion. Prepared catalyst ink was
coated on GDL (Carbon paper, Toray) using spray technique. Pt load-
ing was 0.15 mg cm−2. Same procedure is followed in preparing
the 20 wt% Johnson–Matthey based catalyst layer (here after it is
referred as J–M).

For mechanical characterization, samples (Pt/C-1 and J–M)
of 0.5 cm2 were carefully cut and subjected to indentation
testing. Nano indenter G200 (MTS corp.) with Berkovich dia-
mond indenter tip was used for our experimental investigations.
Samples were mounted on sample disk, which was initially
heated using heating element to appropriate temperature in
order to bond the sample and disk using small amount of
crystalbond.

3. Analytical

In general, contact on graded material can be typified as
elastic or plastic. Corresponding numerical modeling also fol-
lows the same material models. In the elastic graded material,
either modulus increases or decreases from a surface level to
the bottom, linearly or nonlinearly. In contrast to homogeneous
material, graded model must involve these gradations as a func-
tion of material thickness. Quantifying a material for its contact
stiffness can be very informative in predicting its strength as a
function of depth. It is now understandable that modulus and
hardness are dependable on material stiffness throughout the
material thickness. On the other hand, indentation modeling of
graded material under plastic material model requires an esti-
mation of the yield strength. Further, the yield strength of a
graded material varies as a function of depth and thus numer-
ical modeling becomes even more challenging than the elastic
case.

Fig. 1(a) shows the schematic diagram of indentation on
graded material (non-uniform particle distribution). Generalizing
the results obtained in the literature [1,21] one can predict the
contact stiffness response of graded material to be nonlinear for
an increasing indentation depth. This gives information related
to the particle distributions in a material. Initial increase in con-
tact stiffness for a small indentation depth is attributed to the
densely packed particles on a surface level. Fig. 1(a) is a typical case
where slope of the stiffness curve decreases, indicating a decreas-
ing modulus of the material. If the slope increases upon indentation
depth, material is possessed to have an exactly opposite behavior
(increasing gradation). Fig. 1(b) shows a schematic representa-
tion of indentation on uniform material. Corresponding response
of contact stiffness as a function of indentation depth is linear.
Fig. 1(c) depicts a typical indentation curve for loading and unload-

ing response of a material as a function of indenter displacement.
This curve is used to obtain important mechanical parameters such
as modulus and hardness. Contact stiffness, S, can be obtained from
the slope of the initial part (straight line) of the unloading curve that
can then be used to calculate the reduced modulus using a following
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ig. 1. Nanoindentation response (a) schematic representation of indentation on g
onlinear as shown on right side of the figure. (b) Indentation on uniforma material a
urve, showing the loading and unloading cycle. Residual impression is expected up

q. (1) [22]:

=
(

2√
�

)
Er

√
AP (1)

here Er is reduced modulus and Ap is the projected area on the
pecimen by the indenter. Eq. (1) holds well when unloading curve
s almost linear. However most of the unloading curves are not
inear, hence, curve is fitted according to power law defined over
ndentation load L:

= C(h − hr)m (2)

here C and m are fitting parameters and h is the indentation
epth. Differentiating Eq. (2) with respect to the indentation depth
ollowing relation can be obtained for S:

dL

dh

)
h=hmax

= mC(hmax − hr)m−1 = S (3)

ow, reduced modulus Er can be calculated using Eq. (4):

1
Er

= 1 − �2
s

Es
+ 1 − �2

i

Ei
(4)

Diamond indenter modulus, Ei, and Poisson’s ratio, �i, are taken
s 1140 GPa and 0.07, respectively. Es and �s (assumed 0.18) are the
odulus and Poisson’s ratio of the material. Further, for Berkovich

ndenter, relationship between projected contact area and contact
epth is given by Eq. (5) [17]:

(hc) = 24.5(hc)2 (5)

and
c = hmax − ε(hmax − hr) (6)

here hc is the contact depth and hmax is the maximum displace-
ent at a maximum load Lmax. hr is the depth of the residual

mpression. For Berkovich indenter, geometry correction factor ε
material. Corresponding contact stiffness vs indentation depth is expected to be
response to contact stiffness is likely to be linear (right side). (c) Typical indentation
dentation in elasto-plastic material.

is 0.75 [22]. Fig. 1(c) can be referred to understand the parame-
ters involved in Eq. (6). Mean contact pressure, pm, is a measure of
indentation hardness, H, and is defined as the amount of indenta-
tion load, Lmax, over projected area of the contact surface, and is
given by Eq. (7).

pm = Lmax

AP
= dW

APdh
= dW

dVI
(7)

where dW is the change in external indentation work and dVI is
the change in indented volume (product of projected area and
indentation depth). The internal energy of elastic–plastic material
subjected to indentation can be separated into two parts, elastic
energy, Ee, and plastic energy, Ep, and is given by Eq. (8).

EI =
∫

VI

(�ijdεij)e
dVI

︸ ︷︷ ︸
elastic energy(Ee)

+
∫

VI

(�ijdεij)p
dVI

︸ ︷︷ ︸
plastic energy dissipation(Ep)

(8)

where � and ε represents the stress and strain, respectively. Again,
any change in external work leads to change in internal energy,
hence, dW in Eq. (7) corresponds to dEI. From Eqs. (7) and (8) we
can have:

dW = dEe + dEp = pmdVI (9)

Finally mean contact pressure can be rewritten as follows:

pm = ∂Ee,VI
+ ∂Ep,VI

= pe + pp (10)

This is similar to an expression obtained in [5], where pe and pp

are the elastic and plastic contributions, respectively.
4. Finite element analyses

Average indentation load–displacement data obtained from
nanoindentation is fitted to elastic–perfectly plastic CL (no grada-
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ig. 2. Axisymmetric simulation model for graded dual-layer model comprising m
pplied at the bottom boundary line and left side boundary line, respectively. Enlar
urface.

ion or discrete) model developed through ABAQUS FE commercial
ackage [23] to determine the yield strength. Indentation on CL as
ell as dual-layer (membrane and CL) is studied for the distribution

f stresses and the level of plastic deformation. As of now, GDL is
ot considered, since our major focus is on CL and its effect on load
ransferring characteristics to the membrane under discrete as well
s graded conditions. In graded model, modulus is varied according
o the experimentally obtained values as a function of depth. The
ield strength values are obtained by scaling down the experimen-
ally obtained hardness data and are taken as a function of depth
nder zero work hardening condition. To enable this to function, a
ser defined material subroutine (UMAT) is written for the graded
L. Further, results are compared with a discrete model and it is
ur interest to know how these changes will affect the stress dis-
ribution in various material directions. (It is noted that, although
L is a highly porous layer, it can well be taken as a thin 2D solid
ection for the numerical analyses, since the mechanical properties
btained from the indentation experiment represents the effective
esponse of CL and hence are influenced by its constituents (see
ection 5.2).)

Properties of nafion membrane are already established [10,11]
nd are modeled as an elastic–plastic material under ambient con-
itions (25 ◦C and 30% RH). Fig. 2 shows the schematic of the FE
odel and boundary conditions. Four node bilinear axisymmetric

AX4R quadrilateral elements, available in ABAQUS element library
re used for all cell layers. Berkovich indenter is modeled as an
xisymmetric 2D-half cone with an angle of 70.3◦ to the vertical
xis. Tip radius was taken to be around 100 nm and was modeled
s a rigid. Contacting bodies are given frictionless contact. Since
he problem involves a large deformation near the contact between
atalyst surface and the indenter, mesh convergence is given high
mportance and is studied for obtaining accurate results.

. Results and discussions

.1. Physical characterization

Pt/C-1 and J–M catalysts are initially studied for their structural
haracteristics. This is done to quantify that the indentation char-
cteristics obtained here are true for only Pt/C based catalyst. Ex
itu TEM measurements of Pt/C-1 as well as J–M catalysts are done
o characterize the particle size, particle shape and particle dis-
ribution of electro-catalysts. Fig. 3(a) shows the TEM micrograph

f commercial (J–M) catalyst with small Pt particles distributed
n grey carbon support (about 30 nm). Aggregation of particles is
een with an average particle size of 3.4 nm. Fig. 3(b) shows the
EM micrograph of Pt/C-1 with an average particle size of 2.8 nm
nd particles are well dispersed on carbon support. Although TEM Fig. 3. TEM micrographs of (a) J–M. (b) Pt/C-1.
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Fig. 4. Nanoindentation results for J–M and Pt/C-1 catalysts in terms of load and
indentation depth. Load required for J–M catalyst to indent 2000 nm is observed to
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e far less than in case of Pt/C-1 catalyst. Modulus and hardness values are obtained
irectly from the experiment. Red-dotted lines shows the curve fit for Pt/C-1 catalyst
o obtain yield strength. (For interpretation of the references to color in the figure
aption, the reader is referred to the web version of the article.)

esults show negligible changes in physical properties, they cannot
e used to assert the difference in the mechanical properties, if any,
f J–M and Pt/C-1.

.2. Mechanical characterization

Mechanical properties such as modulus and hardness are
btained directly from the experiments. Relations mentioned in
ection 3 are used to estimate reduced modulus and contact stiff-
ess. For a graded material, these properties change with the

ndentation depth.
Fig. 4 shows the indentation curves for Pt/C-1 as well as J–M cat-

lyst layers and this provides information in terms of displacement
nd load. Each curve can be divided into three segments – load-
ng, holding (dwell), and unloading. There is a 10 s dwell period
ntroduced to evaluate the possibility of creep characteristics in CL.
nterestingly, both CLs show a displacement at constant load. It is

orth noting that nafion is a visco-elastic material that shows creep
haracteristics even at room temperature [24,25]. Hence, nafion
onstituent present in the CL gives rise to creep behavior in CLs.
his is however, an entirely different direction of research which

his study not focusing on. Indentation array was performed at
ifferent vicinity of CL at different depth levels (1800–2000 nm).
owever, averaged curve for each samples (J–M and Pt/C-1) are

hown in Fig. 4. In both the CLs, loading and displacement relation
s nonlinear (large displacement at low load, which may have hap-

able 1
xperimentally obtained mechanical properties (averaged) of CLs.

Catalyst Trials Es (GPa) (average
modulus)

Mean Es (GPa) H (GPa) (avera
hardness)

J–M 1 0.451 0.492 0.0257
2 0.481 0.031
3 0.523 0.039
4 0.514 0.035

Pt/C-1 1 0.787 0.737 0.052
2 0.756 0.048
3 0.709 0.0375
4 0.697 0.037
Fig. 5. Modulus and hardness response of two CLs as a function of depth.

pened from the plastic deformation). Hence, it can be concluded
that the current CLs under investigations are unlikely to show brit-
tle characteristics. This can be further confirmed from the dwell
period in Fig. 4. Displacement under constant load in ductile mate-
rials is more obvious phenomenon than in brittle materials. Loading
curve is used to calculate the averaged modulus and hardness of
the layer. Unloading curve is used to get averaged reduced mod-
ulus (Section 3). The physical importance of reduced modulus is
that it is a quantification of elastic deformation occurring in both
CL and the indenter. Averaged values of hardness, elastic modulus,
and contact stiffness are listed for each experimental trial in Table 1.
Elastic–plastic loading followed by elastic unloading is observed in
both the cases. However, difference can be made in terms of max-
imum indentation load. Low indentation load on commercial CL
appears to make a large indentation depth as opposed to Pt/C-1.
The possible explanation for this can be derived after analyzing
Fig. 5.

Fig. 5 explains about the variation in hardness and modulus over
the indentation depth of 2000 nm. Though initially for J–M cata-
lyst, hardness values are slightly higher than the Pt/C-1, its value
reduces to around 0.02 GPa beyond 350 nm. High initial values are
attributed to the indenter encountering the densely packed carbon
supported catalyst particles on a surface level. At a much lower
depth (>350 nm), indenter interacts with less number of particles.
Hence, softness induced by the binder (nafion) material would lead
to large displacement at a low load (J–M, Fig. 4) resulting in a
reduced amount of hardness in CL as a function of depth. There is a

smooth variation in the mechanical properties of both CLs beyond
the transition zone.

From Figs. 4 and 5, two major observations can be highlighted.
Firstly, difference in the values of obtained mechanical proper-
ties and secondly, gradation in obtained mechanical properties.

ge Mean H (GPa) S (N m−1) (average
stiffness)

Er (GPa) (reduced
modulus)

0.0326 643.755 0.466
623.5329 0.497
641.0351 1.12
740.2246 1.035

0.0436 1612.187 1.68
1523.834 1.52
1322.309 1.42
1455.183 1.40
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ig. 6. SEM cross-section image and EDAX line analysis to determine the Pt concen-
ration throughout the layer thickness for (a) J–M catalyst. (b) Pt/C-1.

bserved difference between J–M and Pt/C-1 values in terms
f obtained mechanical properties is attributed to the type of
arbon support (Vulcan and J–M) that is used to fabricate CL.

hile, observed gradation in mechanical properties of both CLs are
ttributed to the Pt or carbon particle distribution throughout the
ayer.

Fig. 6(a) and (b) shows the SEM cross-section of CL and this
rovides a supporting explanation for change in the mechanical
roperties. EDAX line analyses are conducted to obtain the Pt con-
entration throughout the CL thickness (about 2 �m) (Fig. 6(a) and
b)). It can be observed that the Pt concentration changes from
uter to the inner surface gradually and is analogous to the obtained
echanical property variations (Fig. 5). Hence, it is perceived from

ur study that the nano-level composition distribution in CL affects
he mechanical property variations.

Further, as previously mentioned, indentation of catalyst surface
y a sharp indenter provides quantitative information related to
ontact stiffness that can be referred to an amount of resistance that
he material can withstand from an external force in the normal
irection. Fig. 7 shows the contact stiffness data as a function of
ndentation depth for both the CLs (J–M and Pt/C-1). Three contact
tiffness curves for each CL are provided. Significant increase in
he contact stiffness is observed in case of Pt/C-1. Near – linear
elationship in the contact stiffness with the indenter displacement
an be observed in Pt/C-1 up to some initial depth, however, in J–M,
Fig. 7. Contact stiffness variations as a function of depth in two catalysts. Decrease in
slope can be observed in J–M catalyst after 300 nm. In case of Pt/C-1 slope increases
after 250 nm and again falls beyond 850 nm.

contact stiffness starts to follow a nonlinear relationship with the
indenter displacement from the top surface itself. Beyond some
initial depth, in case of Pt/C-1, slope of stiffness curve decreases
slowly with a value much higher than the J–M.

Current indentation technique cannot be used to estimate the
number of particles or particle size; however, it gives an under-
standing of particle distribution. Although both of the CL’s have
a Pt loading of 20 wt%, its distribution throughout the depth
becomes influential on change in properties. Causes for variation
in mechanical properties can be summarized as follows. Berkovich
indenter having a tip radius of about 100 nm (confirmed from AFM
scan) encounters with the Pt supported carbon particles (≈30 nm).
Within its tip radius boundary, it may encounter pores, aggregated
Pt particles on carbon support or uniform/non-uniform distribu-
tion of carbon particles itself. Hence, values of hardness, modulus,
and contact stiffness obtained in terms of indentation depth are
influenced by the indenter’s interaction with the layer constituents,
and their nature of distribution. In case of J–M, slope of stiffness is
observed to be decreasing over a depth and, for Pt/C-1, it decreases
gradually with much higher contact stiffness as compared to J–M.
This is a valid observation and it indicates a perfect gradation in
J–M catalyst whereas in Pt/C-1 it is near homogeneous. Details
presented here can be further consolidated from Fig. 6(a) and (b).

5.3. Numerical analyses

Since, J–M as well as Pt/C-1 show a decreasing gradation from
the outer surface (equivalent to membrane side) to the inner
surface (GDL side), only the mechanical properties of Pt/C-1 are
taken for numerical analyses (in Section 5.3, CL refers to Pt/C-
1). A nonlinear FE model is analyzed for single CL as well as
dual-layer comprised of membrane and CL. Since the indentation
of CL involves elastic–plastic loading with a residual impression
upon unloading, considerable interest is shown in finding the yield
strength of CL that may provide valuable information related to
plastic deformation. The best possible way to fulfill this require-
ment is through FE Analyses. As mentioned earlier, the yield

strength of CL is obtained from the simulation results. Several trials
were run to fit the experimental load–displacement values, exactly.
Red-dotted line in Fig. 4 represents the load–displacement curve for
Pt/C-1 obtained from numerical simulation. Corresponding yield
strength value taken in elastic–perfectly plastic numerical model
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Fig. 8. (a) FE results of stress contours and pressure distributions in a discrete CL
model under loaded condition. Von-mises stress, radial stress distribution (S11),
normal stress plane perpendicular to 2-axis (S22), circumferential stress (S33), shear
s
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tress (S12), and hydrostatic pressure field distributions can be observed in CL.
shaded grey region in S22 refers to less than the minimum value in the color bar).
b) Stress contours and pressure distribution in dual-layer discrete model. It is noted
ere that S33 > S11, condition for promoting radial cracking.

o achieve a consistency between the experimental and simulation
esults was found to be around 50–60 MPa. Average elastic modu-
us was taken to be 0.5 GPa (see Table 1) with a Poisson’s effect of
.18. It becomes easier now to predict the yield strength values
or a graded model. Hardness values obtained as a depth func-
ion (shown in Fig. 5) are scaled down to obtain the corresponding
ield strength values for the CL. Constant displacement approach
s applied to all analyses. Indenter is made to displace 5 �m from
he catalyst surface and corresponding reaction force response is
ecorded.

.3.1. FEA under non-graded condition

In this first part of analyses, single CL is chosen and is assumed to

ave near-infinite thickness. Average mechanical properties listed
n Table 1 are taken along with the yield strength value of 60 MPa.
ig. 8(a) shows the stress contours for a CL upon indentation. Force
equired by the indenter for 5 �m penetration was approximated
Sources 195 (2010) 2709–2717 2715

to be 0.35 mN (not shown in figure for the brevity). To character-
ize the effect of multiple layers on the stress distribution/transfer,
indentation of CL along with nafion membrane is preferred. Here,
thickness of CL and membrane is taken to be 2 and 50 �m, respec-
tively. Fig. 8(b) shows the stress contours in discrete dual-layer
system. Interestingly, force required to penetrate the same distance
of 5 �m is observed to be far less than the case of single CL. It was
around 3.5 �N. A possible explanation for this can be as follows:
yield strength of nafion membrane is very less compared to CL.
Because of this, plastic deformation induced in the membrane is
larger and this tries to accommodate the induced indentation force.

Failure studies of the layers require detailed information regard-
ing normal stress distribution directions. Hence, contour plots of
directional stresses (S11 (radial stress, also referred as normal stress
plane perpendicular to 1-axis), S22 (normal stress plane perpen-
dicular to 2-axis), and S33 (circumferential stress, also referred
as normal stress plane perpendicular to 3-axis)) along with the
shear stresses (S12) are given in Fig. 8(a) and (b). Directional
stresses are plotted as to differentiate the response of monolayer
model from the dual-layer model, subjected to indentation. Fur-
ther, micro-indentation study conducted by Lee et al. [26] reveals
the circumferential cracks in CL. Prediction of crack initiation in a
layer requires the knowledge of radial stress (S11) and circumfer-
ential stress (S33) distributions. A maximum value of radial stress,
S11, found here in single CL (Fig. 8(a)) is comparatively larger than
S33. Although this condition promotes circumferential cracking, it
is perceived to be advantageous as it locally restricts the deforma-
tion to the indented region. However, dual-layer model’s response
gives distinguished results altogether. It is noted from Fig. 8(b),
that S11 is less than S33 – a condition that can promote a radial
cracking in CL. Further, this can be lethal in initiating the interfa-
cial cracks in bonded region between membrane and CL. Decrease
of S11 and increase of S33 from monolayer model to the dual-
layer model is caused due to the presence of membrane layer in
the dual-layer model. Hence, plotting of directional stresses reveal
changes in stress levels that might have influenced by the material
response of the adjacent bonded layer (here membrane). Moreover,
it is important to know the normal stress, S22, and shear stress, S12,
variations upon unloading. This has to explain with the interfacial
behavior of dual-layer systems. It is observed from our numeri-
cal study that, unloading leads to an increased value of interfacial
normal stress (S22) as shown in Fig. 9. Though shear stress value
was found to be decreasing after unloading, its magnitude was still
large enough to initiate an interfacial damage. Plastic strain (PEEQ,
measure of plastic deformation) after unloading is also shown in
Fig. 10. Contours of discrete dual-layer system indicate a large plas-
tic deformation in nafion membrane. (It is noted that the normal
stress, S22, distribution would show a high negative value (greater
than the radial stress, S11) as the indenter’s interaction with the
surface is in the direction exactly opposite to that of axis-2. Further,
one may observe the contours of hydrostatic pressure distribution
are just opposite to that of normal stresses, especially S22. This is
because, S22 and pressure act in the opposite directions to each
other.)

5.3.2. FEA under graded condition
In the following, gradation (increasing gradation from the top

surface to the bottom surface as viewed from the membrane) in CL
is considered and FEA procedure followed here is similar to pre-
vious section except the mechanical property variations. Fig. 11
shows the contour plot of graded dual-layer system considering

the gradation. It can well be distinguished from the discrete model
in terms of stress concentration distribution in CL. Stress contours
are not concentrated to specific area as opposed to discrete model.
Here also S33 was found to be greater than S11 like in the case
of dual-layer discrete model, however, it was distributed near the
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ig. 9. Effect of unloading on the normal stress (S22) and shear stress (S12) distri-
ution in (a) discrete CL model (b) non-graded dual-layer model.

nterface line (normal stress contours in this case are not shown
or the brevity, also von-misses stress distribution is sufficient to
xplain the stress redistribution phenomenon). Due to low modu-
us near the surface level, local stress concentration resulting from
amage nucleation (a direct effect of plastic deformation) and con-
inuously increasing mechanical properties spread the stress values
nterior to the layer. Because of this, we see stress redistribution
ear the interfacial line. Further, continuously increasing mechan-

cal properties (modulus and yield strength) of a material from the
urface to the bottom make this CL a good damage resistant and
hus can sustain a greater amount of load as compared to homoge-
eous counterpart. Overall plastic equivalent strain after unloading
n graded dual-layer model and discrete dual-layer model remains
o be almost same (maximum of 71% and 66%, respectively) as
hown in Fig. 10. This is however, an indication that graded material
an withstand very high stress values as compared to its homoge-

ig. 10. Plastic strain (PEEQ) distribution in both the graded as well as non-graded
ual-layer model. Maximum plastic strain is observed to be almost same for both
he models.
Fig. 11. Stress and pressure distribution in the graded dual-layer model subjected
to indentation loading cycle. Stress redistribution near the interfacial line can be
observed here.

neous counterpart by causing an almost same plastic strain in the
adjacent layer (here membrane). On the other hand, sudden jump in
stress values seen between CL and membrane separated by an inter-
facial line could initiate an interfacial fracture and thereby causing
a total failure over many loading cycles. Though stress values are
found to be higher, stress redistribution near the interface certainly
increases the toughness and damage resistance of the layer; how-
ever, this may not guarantee the fact that the interfacial zone is not
vulnerable to delaminations or crack propagations.

In the above gradation model, surface side of CL is assumed
to have a low modulus and hardness as compared to its bottom.
The condition may be reversed to follow a smooth force transition
between CL and membrane; however, at this stage we neglect it
(this effect may draw distinguished results and conclusions). Spray
coated CL on GDL is used for the indentation experiment and CL’s
surface side is found to give high modulus and hardness as evi-
dent from Fig. 5. In addition, it is believed that this surface of the
CL encounters with the membrane when the layers are stacked
together. Hence, in our numerical model, contacting interface of
CL is given high values of mechanical properties to imitate a real
situation. Consideration of GDL as a separate layer is avoided in the
present model while complete focus is given to CL.

Plastic energy dissipation (in Joules) of all developed models is
represented in Fig. 12(a) for loading as well as unloading cycles.
Discrete monolayer model is observed to dissipate large amount
of plastic energy (which is also a measure of damage factor) as
compared to dual-layer graded models (however, its role is very
insignificant in estimating the damage related failures unless we
know the contributions of each layer). Interestingly, both dual-layer
models (graded and discrete) are found to dissipate almost same
amount of plastic energy. However, a slight increase in energy dissi-
pation can be seen after unloading in graded dual-layer model, but
it is too small to be considered in drawing any conclusion. Concen-
trating further on CL itself in dual-layer models, greater amount of
energy dissipation was observed to be evident in case of plastically
graded dual-layer model as shown in Fig. 12(b). This specifically
suggests that the geometrical heterogeneity may have played a very
significant and advantageous role in enhancing the ductility of CL.
Now, for developed models, energy balance equation mentioned in
Eq. (8) can be met and it is evident from the Fig. 12(b) (IE = EE + PDE).
Further, elastic contribution is found to be larger than plastic energy
dissipation. From Eq. (10), ratio of elastic to plastic contribution is
likely to be larger than one. Hence, deformation is dominated by
the elastic part.

In summary, stress relocation toward an interface may toughen
CL from being penetrated, however this may also increase the
chances of damage evolution and interfacial damage between the

layers. Further, local mechanical strain caused due to heterogene-
ity in CL may affect the mass transfer characteristics as well. The
results presented in this article on the mechanical properties of CL
can be extended to approach a driving force for crack or interfa-
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Fig. 12. (a) Plot of plastic energy dissipation over one complete indentation cycle
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or all developed models. (b) Energy plots of CLs involved in two models (graded
nd discrete) over one complete indentation cycle. Plot shows variations in internal
nergy (IE), plastic dissipation energy (PDE), elastic energy (EE) for two models.
nergy balance mentioned in Eq. (8) is achievable throughout the cycle.

ial adhesion strength/shear strength or interfacial stress intensity
actors using the linear fracture mechanics principles.

. Concluding remarks

Nanoindentation is successfully used in extracting the contact
tiffness, hardness, and modulus of the CLs as a depth function. Gra-
ation in CL was unintentional, and it was only after experimental

nvestigation found to belong to graded class of materials. Experi-
ental investigation coupled with numerical simulation gives valid

nformation regarding stress concentration and plastic deforma-
ion in CL and membrane. Comprehensive structural analyses of
L have been conducted in addition to its effect on bonded layer
membrane). Yield strength of CL is estimated from experimental
ombined numerical approach (60–70 MPa). On a most important

ote, CLs studied here are found to exhibit ductile characteristics
nd hence these are prone to ductile damage upon plastic defor-
ation accumulation over many loading cycles (mechanical or

ygrothermal or freeze/thaw cycle). This is however, a contradict-
ng observation to the conventional belief that the CLs are brittle

[

[
[
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materials [27]. Although there are models to predict the failure
of fuel cell layers, fundamental understanding of the evolution of
cracks and delaminations lies in the nature of the layer properties
and its limitations on force transferring characteristics.

Further, force required to penetrate a distance of 5 �m in dual-
layer model is estimated to be hundred times less than the single
layer CL model. Significant variations among the three developed
models are seen in terms of stress concentrations and plastic defor-
mations. Plastic strain was observed to be similar in both the graded
and discrete models. This suggests that the graded model (with an
increasing gradation toward membrane) could withstand higher
amount of stresses. In addition, increased plastic energy dissipa-
tion suggests increased ductility. However, this may not guarantee
the fact that the interfacial layer is damage proof. Stress reloca-
tion toward the interface can be an indication for the root cause of
interfacial failure. This prompts us to study further on the damage
evolution in fuel cell layers and it is reported in part 2.

Not all CLs belong to a graded class of materials. However, proce-
dure adopted here can be used to quantify the mechanical stresses
and plastic deformations in catalyst layers that may further proceed
to cause damage evolution near the interfaces. Between J–M and
Pt/C-1, J–M is found have more graded than Pt/C-1. Hence, Pt/C-1
can be referred as a near-homogeneous material.
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