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a b s t r a c t

The gas diffusion medium (GDM) in a proton exchange membrane (PEM) fuel cell needs to simulta-
neously satisfy the requirements of transporting reactant gases, removing product water, conducting
electrons and heat, and providing mechanical support to the membrane electrode assembly (MEA). Con-
cerning the localized over-compression which may force carbon fibers and other conductive debris into
the membrane to cause fuel cell failure by electronically shorting through the membrane, we have devel-
oped a novel full-field experimental method to measure the local thickness and compressibility of GDM.
Applying a uniform air pressure upon a thin polyimide film bonded on the top surface of the GDM with
support from the bottom by a flat metal substrate and measuring the thickness change using the 3-D
digital image correlation technique with an out-of-plane displacement resolution less than 0.5 �m, we
have determined the local thickness and compressive stress/strain behavior in the GDM. Using the local
thickness and compressibility data over an area of 11.2 mm × 11.2 mm, we numerically construct the
nominal compressive response of a commercial TorayTM TGP-H-060 based GDM subjected to compres-

sion by flat platens. Good agreement in the nominal stress/strain curves from the numerical construction
and direct experimental flat-platen measurement confirms the validity of the methodology proposed in
this article. The result shows that a nominal pressure of 1.4 MPa compressed between two flat platens can
introduce localized compressive stress concentration of more than 3 MPa in up to 1% of the total area at
various locations from several hundred micrometers to 1 mm in diameter. We believe that this full-field
experimental method can be useful in GDM material and process development to reduce the local hard

e the
spots and help to mitigat

. Introduction

A proton exchange membrane (PEM) fuel cell stack is com-
rised of a series arrangement of repeating cell units, each of which
onsists of a membrane electrode assembly (MEA) where the elec-
rochemical reaction takes place; two layers of gas diffusion media
GDM) for the distribution of the fuel and oxidant gases over the
atalytic surfaces; and a bipolar plate which directs the fuel and
xidant gases from the inlet manifolds through a network of flow
hannels. During the fuel cell stack assembly process, these repeat-
ng cells are stacked together with intermediate seal gaskets and
hen compressed to provide adequate gas sealing, as well as to

educe contact resistances at the material interfaces. The GDM
lays an important role in PEM fuel cells by (1) serving as a mechan-

cal buffer layer between the membrane electrode assembly and
he adjacent bipolar plates; (2) acting as a diffuser for the reactant
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membrane shorting failure in PEM fuel cells.
© 2009 Elsevier B.V. All rights reserved.

gases traveling to the electrodes; (3) transporting the product water
to the gas flow channels; (4) conducting electrons; and (5) trans-
ferring the heat generated at the MEA to the coolant within the
bipolar plates. GDM is normally composed of porous non-woven
carbon fiber paper or carbon fiber cloth fabricated through the tra-
ditional paper manufacturing process [1]. Many researchers have
investigated the effect of GDM compression on electrical, ther-
mal, and mass transport resistances within the bulk material and
across the contact interfaces [1–9]. To minimize contact resistance,
high contact pressure between the lands of reactant gas flow field
and gas diffusion media is usually desired. However, these stud-
ies generally find that the optimal compression pressure needs to
be determined by balancing its conflicting effect on GDM’s poros-
ity, diffusivity, permeability, electrical conductivity, and thermal
conductivity.
Compared to the body of knowledge in fuel cell performance,
GDM’s role on the impact of fuel cell durability is still relatively
poorly understood and a dearth of literature on this subject can
be found. Ohmic shorting through PEM has been identified as one
of the major failure modes in PEM fuel cells [10–12]. Membrane

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yeh-hung.lai@gm.com
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horting not only can reduce the performance of fuel cells, but also
eads to local heat generation in the vicinity of the short, caus-
ng membrane damage that can ultimately result in gas crossover
ailures in fuel cells. Because of the serious consequence of mem-
rane shorting, there is great need to fundamentally understand

ts causes, devise tests to evaluate the material sets, and develop
itigation methods. Since GDM is electronically conductive and

n direct contact with the MEA, it is generally believed that GDM
lays an important role in membrane shorting, possibly through
he intrusion of carbon fibers into the membrane. Recently, Mit-
elsteadt and Liu [13] have reported an experimental study on

embrane shorting using non-operating single small-scale (50 cm2

ctive area) fuel cell fixtures to measure the cell ohmic resistance
nder both compression-ramp mode at constant environmental
ondition and humidity cycling mode under constant compression.
hey found strong correlation in reducing fuel cell ohmic resis-
ance with increasing compression pressure. They also found that

embrane shorting can be mitigated with the use of mechanical
uffering layers such as micro porous layers (MPL) and catalyst

ayers. Their result showed strong contribution from GDM to the
embrane shorting behavior.
Until recently, relatively little attention has been paid to the

haracterization of GDM’s mechanical behavior and its effect on
uel cell performance and durability. Mathias et al. [1] investi-
ated GDM’s compressive stress/strain relationship by measuring
he compressive deflection while repeatedly ramping up and down
he compressive pressure on a GDM specimen placed between two
at platens. It was found that GDM exhibit different unloading and
eloading curves from the first loading curve, suggesting weaken-
ng of the material from the first loading. To characterize GDM’s
ending behavior, Mathias et al. also proposed the use of flexu-
al tests such as ASTM D790 to determine the flexural modulus
nd flexural strength. Lai et al. [14] investigated the compression
ressure between GDM and MEA over flowfield lands and channels
sing finite element method and found that fuel cells could lose
ignificant compression pressure due to the hysteresis in GDM’s
ompressive behavior. Using the compressive stress/strain data
rom the platen compression test, elastic flexural modulus from
he four-point-bend flexural test, and transverse shear modulus
rom a punch-and-die test, Lai et al. [15] calculated the intrusion of
DM into the channel in a single land/channel geometry using the
nite element method. Excellent agreement in intrusion between
he model prediction and experimental measurement shows the
sefulness of these test methods to characterize the mechanical
ehavior of GDM.

.1. Overview of GDM’s nominal compressive behavior

Before embarking on the investigation of GDM’s local com-
ressive properties and the associated experimental methods, it

s useful to gain insight into its average compressive behavior on
larger length scale. Following the test method first proposed

y Mathias et al. [1], a GDM specimen of 25.4 mm in diameter
as die-cut and placed between two flat cylindrical steel platens

lso 25.4 mm in diameter. After the initial thickness was mea-
ured under a 35-kPa pressure, the compression was then ramped
p using an MTS® loading frame at a ramp rate of 58 kPa s−1.
he compressive deflection was measured with two extensome-
ers attached on the cylindrical platens near the GDM specimen.
ompressive strain was then determined by the ratio of compres-
ive deflection to the initial thickness. Since fuel cell membranes

an experience significant swelling cycles from water uptake and
elease during fuel cell operations, causing the adjacent GDM and
he fuel cell stack to experience compressive loading and unloading
14], it is necessary to capture GDM’s loading/unloading behavior.
hus, our platen compression test was conducted with multiple
Fig. 1. Stress/strain curves of TorayTM TGP-H-060 under both incremental and direct
platen compression loading.

loading and unloading cycles with an increasing peak pressure for
each consecutive cycle.

Fig. 1 illustrates the typical compressive response of a non-
woven carbon fiber-based GDM, TorayTM TGP-H-060 (Toray
Industries, Inc., Tokyo, Japan). For convenience of discussion, we
will trace the loading/unloading curves as the test proceeds in time.
At a low compressive pressure, the GDM exhibits a relatively high
compliance—an important feature for the GDM to act as a buffer
layer to absorb the thickness variations in fuel cell components. As
the compressive pressure is increased, its stiffness (defined as the
force change per unit deflection change) also increases. During the
subsequent unloading and reloading cycles, the GDM compression
takes up paths below the original loading curve, suggesting that
the material has suffered damages during the initial loading. The
damage is believed to result from the rupture of carbon fibers and
breakup of carbonized binders between the fibers. As the reload-
ing surpasses the previous peaks, it exhibits a slight kink which
then takes it onto the path of a virgin loading curve as can be
connected by segments of the reloading curves between the neigh-
boring peaks. A direct loading curve up to 2.75 MPa from a separate
specimen is also plotted in Fig. 1, which shows excellent agree-
ment with the virgin loading curve obtained from the incrementally
loading/unloading method. As the compressive pressure is applied
further along the virgin loading curve, additional damage can be
created and the subsequent unloading will be on a different path
than the previous ones.

Based on the compressive stress/strain curves in Fig. 1, one
can easily find that GDM is the most compliant component in the
repeating cell unit of a fuel cell stack. One of the direct consequences
in an operating fuel cell where the membrane can repeatedly
expand and contract significantly is the fluctuation of cell com-
pression. For example, in a single fuel cell made of two layers of
180-�m Toray TGP-H-060 GDM, a 50-�m Nafion® N112 membrane
(E. I. du Pont de Nemours, Wilmington, DE), two 10-�m catalyst
layers, and two graphite flow field plates are held stationary upon
an initial compression strain of 20% in GDM at about 2 MPa over
lands after the cell is assembled. When the membrane experiences
hydration from dry to 100%RH and back to dry, the 40% swing in the
volumetric change [13] (hence the thickness change since mem-
branes are generally well constrained in the in-plane directions
by the electrodes, GDM, and the flow field plates), can induce a
compression pressure swing from 2 to 3 MPa and back down to

0.75 MPa—a compression swing from 62.5% under-compression to
150% over-compression with respect to the targeted value of 2 MPa.

In addition to the over-compression resulting from the mem-
brane hydration cycles of an operating fuel cell, another source of
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ig. 2. A SEM micrograph of TorayTM TGP-H-060 GDM (without MPL coating).

ver-compression over the membrane on a smaller length scale is
rom the heterogeneous nature in the non-woven carbon fiber sub-
trate of the GDM. The SEM image of a Toray TGP-H-060, seen in
ig. 2, shows voids several hundred micrometers in size and criss-
rossing fibers with binders in between. Since conglomerate of the
ormer can form a soft spot within a GDM and those of the latter,
hard spot, we expect the hard spots to carry a much higher com-
ressive pressure and potentially form high stress concentration
oints that may lead to membrane shorting.

Concerning with membrane shorting caused by GDM over-
ompression and its consequence on fuel cell durability, it is of
reat interest to develop a method to quantify and understand the
ocal stress distribution within the GDM under the compression
ondition found in a fuel cell. Herein we propose a novel full-field
igh resolution experimental method to measure the thickness and
ompressibility distribution of GDM using the three-dimensional
igital image correlation (3-D DIC) technique. The basic concept is
o apply uniform air pressure over one side of the GDM which is
ealed with a thin, flexible, and gas impermeable plastic film while
upporting the other side of the GDM with a flat metal substrate.
sing a full-field shape and displacement measurement technique

uch as 3-D DIC, the initial local thickness and the compressive
eformation in GDM subjected to a prescribed air pressure history
an be measured. From the air pressure and compressive deforma-
ion data, the local compressibility of the GDM can be determined.
imulating the platen compression with the local thickness and
ompressibility data over a large GDM area can then reveal the local
ompressive stresses in the GDM when it is compressed with a pair
f rigid flat platens, similar to the compression of GDM by bipolar
lates within a fuel cell. With the stress distribution determined,
he severity and the nature of the stress concentration within the
DM can then be studied. In the following sections, we will describe

n detail the experimental method and the conversion method from
ir pressure measurement to platen compression.

.2. Overview of 3D-DIC technique
DIC was first used to investigate 2-D displacement and deforma-
ion by tracking features identified as different brightness values
n charge-coupled device (CCD) camera images of an object in
he early 1980s [16,17]. Using two cameras pointing at an object
urces 195 (2010) 3215–3223 3217

from different angles, 3-D DIC was developed in the 1990s [18,19]
to measure the surface topology as well as the deformation of
deformable bodies. Before testing a specimen, a random black and
white speckle pattern is applied on its surface. Three-dimensional
deformation history before and during the test are then recorded by
simultaneously acquiring digital images of the surface with the two
cameras. To translate the images into deformation history of the
surface with a 3D-DIC program, an area of interest (AOI) is defined
and a seed point is placed within the AOI in the image taken by
the first camera before the test and a square pixel box (subset)
is assigned around the seed point. Then the program searches in
the image from the second camera taken at the same time for an
area which matches the brightness profile of the subset box in the
image from the first camera. After the match for the subset around
the seed point is found, the program moves the seed point by a
step size (smaller than the edge length of the subset) and conducts
the same searching process for the subset surrounding the moved
seed point. This process is repeated until the entire AOI is correlated
and the reference 3-D surface is constructed through triangulation.
After all images obtained during the test are correlated to the ref-
erence images, the deformation history of the surface is retrieved
[20].

DIC provides full-field surface deformation information (for
in-plane strains ranging from 0.1% to 500% and for out-of-plane
displacement less than 1 �m) and is not limited by the physical
size of the specimen as long as digital images can be recorded.
It has become an accepted strain measurement technique and
applications have been seen in measuring shape and deformation
of wide and thin center-notched aluminum panels [21,22], large
and heterogeneous deformation in polymeric foams [23,24] and
deformation and crack opening displacement in mixed mode I/III
fracture of aluminum [25]. In the area of PEM fuel cell technology,
2-D DIC was used to characterize the nonuniform deformation of
membrane and MEA from a wet/dry cycle [26].

2. Experimental

A commercial DIC package including Vic-Snap® 2008, Vic-3D®

2007 by Correlated Solutions, Inc. (West Columbia, SC) and two
2448 × 2050 pixel2, 14-bit CCD cameras by Prosilica, Inc. (Burnaby,
BC) was used to capture and analyze digital images of the speci-
mens. After calibration of the camera setup, the field-of-view was
24.4 × 23.3 mm2, the baseline distance between the two cameras
was found to be 210.7 mm and the angle between their optical
axes 33.8◦. The resolution for out-of-plane displacement measure-
ments for this particular camera setup was determined to be below
0.5 �m.

A Toray TGP-H-060 GDM with 7 wt.% PTFE coated with 20 �m
of proprietary micro porous layer (MPL) was used as a model GDM
material in this study for test method development and validation
purposes. GDM coupons, 58 mm in diameter as shown in Fig. 3,
were cut to size with a steel rule die. The four notches around the
edge of the sample were used for alignment purpose. A continuous
circular piece of thin Kapton® polyimide film (71 mm in diameter
and 12 �m thick, E. I. du Pont de Nemours, Wilmington, DE) coated
with 25-�m pressure sensitive adhesive (3 MTM 467MP-200MP, St.
Paul, MN) was bonded on the MPL side of each GDM coupon. It is
believed that the thin polyimide film has low enough bending stiff-
ness to easily conform to the surface of the deforming GDM under
the settling pressure and beyond. Because of its very low modulus

and relative small thickness, the pressure sensitive adhesive can
easily seep into the pores of the GDM and is also believed not to
change the mechanical response of the GDM. To create the speckle
pattern for DIC measurement, the surface of the polyimide film was
uniformly painted with a thin layer of Krylon® (Krylon Products
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ig. 3. Geometry of the GDM coupon (unit in mm). The four notches around the
dge can be used to align the specimen with the test fixture. The four circular ref-
rence holes haloing the center of the coupon allow the portions of polyimide film
uspended across them to adhere to the metal support under small air pressure.

roup, Cleveland, OH) flat white spray paint and then misted with
at dark spray paint of the same brand. This concludes the speci-
en fabrication and from herein a GDM specimen means a GDM

oupon covered with a speckled polyimide film.
The experimental fixture and the response of a GDM specimen

uring a test are schematically shown in Fig. 4. The airtight fixture
onsists of a thick optical glass on the top and an aluminum sub-
trate at the bottom. When a GDM specimen is laid on the substrate
nd clamped, an air pressure can be applied on the polyimide film
herefore allowing compression test of the GDM coupon under-
eath. Owing to the porosity of the GDM and the small venting
ort built in the substrate, the air trapped under the polyimide film
uring the installation process can escape freely without building
p a back pressure during a compression test. At the beginning of
test, under a settling pressure of 50 kPa (Fig. 4a), the portions

f the polyimide film that span across the four reference holes

ere pressed and firmly bonded onto the substrate. During the

est when the air pressure was ramped up and down, the sample
urface deformed nonuniformly because of the gradient in com-
ressibility across GDM (Fig. 4b). During the entirety of a test, the

ig. 4. The working concept of measuring full-field nonuniform thickness and com-
ressibility of GDM using 3-D DIC. Enclosed in an airtight chamber and sealed with
thin polyimide film from the top, the GDM can be compressed with air pressure:

a) when a small settling pressure is applied at the beginning of the test; (b) under
n elevated pressure.
Fig. 5. Flowchart of the experimental procedure.

3-D DIC system was used to capture the deformation history of the
GDM specimen through the glass. At the beginning, a few redun-
dant pairs of images were captured with Vic-Snap® 2008 when the
specimen settled down at 50 kPa. One of the images would serve
as the reference for subsequent deformation calculation. While the
air pressure was ramped from 50 kPa to a maximum pressure of
4 MPa and then lowered back to 50 kPa, Vic-Snap® 2008 was used
to automatically capture images and record the air pressure his-
tory at every other second. The flow chart in Fig. 5 outlines all of
the important aspects of the procedure for sample preparation and
testing process.

2.1. Data reduction and analysis

Fig. 6 outlines the data reduction (steps a–d) and analysis (steps
I–V) procedures after the tests. The data reduction process can
be divided into two stages: DIC processing of the images in Vic-
3D® (steps a and b) and reduction in Tecplot® 360 (steps c and
d, Tecplot, Inc. Seattle, WA) [27]. The data analysis can be further
separated into two parts: thickness and compressibility distribu-

tion analyses (I–III), which generates the nonuniform characteristic
information of the GDM, and the simulation of platen compres-
sion test using local compressive properties obtained with the air
pressure compression tests (IV and V), which provides the stress

Fig. 6. Flowchart of the data reduction and analysis procedures.
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Fig. 7. Thickness data in Vic-3D 2007 illustrating the initial thickness of a TGP-H-
060 sample under the settling pressure of 50 kPa. (a) 2-D contour plot overlaid on
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he digital image. The four reference holes, all in the Z = 0 plane, are visible around
he perimeter of the field-of-view. (b) The same data plotted in 3-D illustrating the
ustom coordinate system with the z-axis parallel to the through thickness direction
f the GDM sample.

istribution within the GDM under platen compression to reveal
he “hard spots”, i.e. areas producing higher than average compres-
ive stresses.

In Vic-3D®, a pair of reference images in which the polyimide
lm across the four reference holes mostly adhered to the substrate
ere chosen from the first few images captured under the settling
ressure. A primary area of interest (AOI) of 1000 × 1000 pixel2

in the present camera setup, 1 pixel equaled to 11.5 �m) was
elected in the center of the field-of-view. Three reference AOIs
ere selected from three of the four reference holes (see Fig. 3). In

he primary AOI, the subset size was 37 pixels and the step size was
pixels; in the reference AOIs, the subset size was also 37 pixels
nd the step size was 1 pixel. After correlation of all image pairs,
isplacements in the three reference AOIs within the reference
oles were used to remove any rigid body motion of the fixture dur-

ng the test. The entire dataset was then transformed into a custom
oordinate system in which the center points of the three reference
OIs all fell in the Z = 0 plane and the X axis was parallel to one of the
dges of the primary AOI. The AOIs and the contour plot of initial
hickness measured at the settling pressure (50 kPa) are overlaid on
he reference image in Fig. 7a. To illustrate the custom coordinate

ystem, the contour plots are also shown in the 3-D space in Fig. 7b.

After the correlation, the dataset including X, Y (in-plane coor-
inates), Z0 (initial thickness at 50 kPa), W (displacement in the
hrough thickness direction) and p (air pressure) was exported into
ecplot® 360 for further reduction and analysis as in steps (c) and
urces 195 (2010) 3215–3223 3219

(d) in Fig. 6. Two new variables, the compressed thickness Z′ and
the compressive strain ε in the thickness direction were defined
based on the initial thickness and the displacement at every data
point in the field by the following equations,

Z ′ (X, Y) = Z0(X, Y) + W(X, Y) (1)

ε = Z ′ − Z0

Z0
(2)

All variables were measured or calculated locally and as pointed
out earlier, the distance between neighboring data points (i.e. the
step size used during the DIC analysis) was 5 pixels (57.7 �m).
As this analysis procedure is performed from point to point
throughout the AOI, the full field information of thickness and com-
pressibility can be obtained.

In a PEM fuel cell, although the GDM compression varies from
land to channel, the compressed thickness of the GDM is uniform
across a land and from land to land. Therefore, the compression
of GDM from land to land is more similar to the compression
found in the platen compression test where the GDM is compressed
between two rigid and parallel platens than in the air compression
test. Consequently, given the local thickness and compressibility
obtained from the air compression test with DIC, the nominal com-
pressive pressure �̄ in the GDM when compressed to a uniform
thickness of Z′ using two platens can be determined by integrating
the local pressure through all the data points within the AOI:

�̄ (Z ′) =

N∑

i=1

pi(Z ′)Ai

A
(3)

where pi is the air pressure under which the ith point in the AOI
reached the specified compressed thickness Z′ during the air pres-
sure compression test; Ai is the area represented by the ith point; N
is the total number of data points that reached the specified com-
pressed thickness, Z′; and A is the total area of the AOI. Note that
this simulation of platen compression loading using air pressure
compression results is effectively treating the GDM as a collection
of individual springs with various lengths and spring behaviors. By
accounting for the stress in each ‘spring’ for a given compressed
thickness Z′, we can map the stress distribution within the entire
AOI. Interested readers are referred to Ref. [28] for details on this
simulation process and its implementation in Tecplot® 360.

3. Results and discussions

The 1000 × 1000 pixel2 AOI resulted in a data field with an edge
lengths of 11.2 mm (the area represented by the data field is smaller
than the AOI in the DIC analysis because bands half the edge length
of the seed box were chopped off around the four boarders of the
AOI), seeded with 194 data points at about 57.7-�m intervals in
both in-plane directions. As will be seen shortly, for the TGP-H-060
sample, the 57.7-�m interval between neighboring data points is
sufficient to distinguish areas of different thickness and compress-
ibility in the GDM. Reducing the step size during the correlation
process from 5 pixels to 1 pixel can enhance the sampling resolu-
tion to an interval of about 11.5 �m, but requires significantly more
computation time.

The thickness distribution of the GDM under the 50-kPa set-
tling pressure at the beginning and the end of the test after the
air pressure was ramped up to 4 MPa and back down to 50 kPa

is shown in the group of two contour and one histogram plots in
Fig. 8. Significant thickness nonuniformity is found in the contour
plots (Fig. 8a and b) before and after the 4 MPa air pressure load.
The thickness contour plots reveal the spatial distribution of rel-
atively thick and thin regions. From this plot, it is clear that the
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Fig. 8. The thickness distribution of the GDM under the settling pressure of 50 kPa before and after the 4 MPa pressure load; (a) and (b) are thickness contour plots before
and after pressure load, respectively. (c) Histogram for Plots a and b.

Fig. 9. Through thickness compressive strain in the GDM under 1.4 MPa pressure. (a) Contour plot of strain during loading from the settling pressure of 50 kPa to 1.4 MPa.
(b) Contour plot of strain during unloading from 4 to 1.4 MPa. (c) Strain histograms for plots a and b.
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ally, good agreement in the stress/strain data between the actual
MTS tests and the simulation is seen in Fig. 11, though the devia-
tion between the two groups of curves increases slightly at higher
stress/strain levels. The increasing discrepancy at higher strain is
Y.-H. Lai et al. / Journal of Pow

7.7 �m interval between neighboring data points was sufficient
o differentiate the thickness characteristics in the GDM sample.

ithin the AOI chosen in this study, the average thickness under
he settling pressure before the 4 MPa pressure load was 187 �m
ith a standard deviation of 8 �m, a minimum thickness of 158 �m,

nd a maximum of 254 �m. Unloading from the 4 MPa pres-
ure load, the average thickness becomes 155 �m, ranging from
20 to 220 �m, underscoring an overall permanent set of about
0 �m.

To investigate the compressibility distribution within the sam-
le, the compressive strains in the sample under 1.4 MPa air
ressure during pressure ramp up (loading) from 50 kPa and during
ressure ramp down (unloading) from the peak pressure of 4 MPa
re shown in a group of plots in Fig. 9. From both contour plots,
ne can see patches of stiffer (lower compressibility) as well as
ofter (higher compressibility) spots. It should be noted that the
ontour level scale has a 14% shift between the two plots. From
he histogram of Fig. 9c, a wide range of compressive strain is seen
n both cases. During loading, the compressive strain at 1.4 MPa
as an average of 15.6%, ranging from 6.4% to 28.1% with a stan-
ard deviation of 2.7%. Unloading from the 4 MPa pressure load,
he strain at 1.4 MPa air pressure has an average of 29.1%, ranging
rom 18% to 40% with a standard deviation of 3.9%. It is interest-
ng to note that from the thickness and strain contour plots in
igs. 8 and 9, we do not find direct correlation between the com-
ressibility and thickness. In this study, we find that the average

n-plane principal strains in the polyimide film measured by DIC
re less than 0.09% when the GDM is compressed by 15%. The neg-
igible in-plane strain in a very thin film suggests that the GDM has
very low transverse Poisson’s ratio and does not expand in-plane
s it is compressed in the through thickness direction. The result
lso confirms that the polyimide film does not impede the defor-
ation of GDM and the deflection at the surface of polyimide film

hould be solely a result of the response of the underlying GDM
ample.

Fig. 10 illustrates the residual strain contour and histogram plots
fter unloading to 50 kPa from 4 MPa, where a wide distribution of
esidual compressive strain from 9% to 30% is seen. The average
esidual strain is 17.7% with a standard deviation of 3%.

From the results discussed in Figs. 8–10, significant nonuni-
orm thickness and compressive properties are found within the
DM even for a relatively small area of 11.2 mm × 11.2 mm. The
ard and soft spot distribution appear to be random. It was further
bserved that the nonuniformity remained throughout the loading
nd unloading process. It is obvious that these local features cannot
e properly captured with the conventional platen compression
est. Since the stress distribution in the GDM subjected to flat-
laten compression is the most relevant to the membrane shorting
roblems within a fuel cell, we proceed to construct the compres-
ive stress distribution of GDM between two flat platens with the
lready available local thickness and compressibility data. Using
q. (3) and the process outlined in Section 2.1, stress–strain curves
f the Toray TGP-H-060 based GDM under a simulated platen com-
ression test can be constructed.

Fig. 11 illustrates the comparison of the simulated stress–strain
urves based on air compression tests of three GDM samples with
hose obtained from actual platen compression tests of 25.4 mm-
iameter samples using an MTS® loading frame. Four samples
ere tested in the platen compression test, from which average

tress/strain data are plotted with the horizontal error bars rep-
esenting the measured strain range. For convenience, only direct

ompression curves are shown and compared. It should be noted
hat a maximum simulated stress of 2.5 MPa is used as a cut-off
oint for the stress/strain simulation using the DIC data since an

ncreasing number of points within the AOI required more pres-
ure than the maximum air pressure of 4 MPa applied in the DIC
Fig. 10. Residual strain at 50 kPa after unloading from the peak pressure of 4 MPa.
(a) Residual strain contour plot. (b) Residual strain histogram.

testing to be compressed to the common thickness corresponding
to higher simulated stresses, defeating the spirit of Eq. (3). Gener-
Fig. 11. The comparison of stress-strain curves from actual platen compression tests
and the numerical construction with DIC local compressibility and thickness data.
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ig. 12. Compressive stresses in the GDM subjected to simulated platen compress
b) Stress contour plots in the GDM under a nominal compressive stress of 1.4 MPa

urrently under investigation. However, the agreement in the nom-
nal stress/strain comparison between the two groups suggests that
he simulation is valid and that the result can be used to investigate
he severity of stress concentration within the GDM under fuel cell
ompression condition.

To help understand the compressive stress distribution and the
everity of stress concentration in the GDM under platen compres-
ion, the stress contour and histogram plots at two representative
ominal stresses, 0.7 and 1.4 MPa, are investigated. In the case of
.7 MPa shown in Fig. 12a, one can find significantly higher stresses

n the lower half of the contour plots with a few spots exceeding
MPa. In the case of 1.4 MPa in Fig. 12b, both the number and the

ize of the spots that exceed 3 MPa increase, suggesting the increas-
ng chance of mechanical damage to the MEA from those hard spots
n the GDM. In the 0.7 MPa case, the hard spots exceeding 3 MPa
re several hundred micrometers in diameter, however, in the
.4 MPa case, the spots exceeding 3 MPa increase the size to about
–2 mm.

Fig. 12c and d shows the stress histogram and cumulated fre-
uency of both 0.7 and 1.4 MPa cases. In the 0.7 MPa case, the
inimum stress is zero and the maximum stress is 3.2 MPa. About

% of the total area has a stress exceeding 2 MPa or a stress concen-
ration factor of about 3. In the 1.4 MPa case, the minimum stress
s 0.4 MPa and the maximum is 4 MPa. About 1% of the total area

as a stress exceeding 3 MPa. Since a typical automotive fuel cell
ystem requires several hundred thousand cm2 of active area, the
eemingly small percentage of high stress concentration points can
uickly amount to a significant area of high stress and pose a threat
o fuel cell’s durability.
) Stress contour plots in the GDM under a nominal compressive stress of 0.7 MPa.
ress histogram of contour plots a and b. (d) Accumulated frequency plots.

4. Conclusions

Concerning the localized high compression from the GDM which
may force carbon fibers and other conductive debris into the mem-
brane to cause fuel cell failure by electronically shorting through
the membrane, we have developed a novel full-field experimen-
tal method to measure the local thickness and compressibility of
GDM. Applying a uniform air pressure upon a thin polyimide film
bonded on the top surface of the GDM with support from the bot-
tom by a flat metal substrate and measuring the thickness change
using the 3-D digital image correlation technique, we have deter-
mined the local thickness and compressive stress/strain behavior
in the Toray TGP-H-060 based GDM. The results showed that GDM
have significant random disparity in both thickness and compres-
sive property within an 11.2 mm × 11.2 mm area. Nearly 100 �m
variation in thickness at a small settling pressure of 50 kPa was
found within this area of interest with an initial average thickness
of 187 �m. When compressed to 1.4 MPa air pressure, compres-
sive strain ranged from 6.4% to 28.1%, showing evidence of soft and
hard spots. Large residual strains and variations resulting from the
unloading from 4 MPa suggest the damage within the GDM was
also nonuniform.

Using the local thickness and compressibility data, the nom-
inal compressive response of the Toray TGP-H-060 based GDM

subjected to uniform thickness compression by flat platens
was constructed numerically. Good agreement in the nominal
stress/strain curves from the numerical construction and direct
experimental flat-platen measurement confirms the validity of the
methodology proposed in this article. The result shows that when
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ubjected to flat-platen compression, a nominal compression of
.7 MPa can introduce a localized compressive stress higher than
MPa for up to 1% of the area of interest. These hard spots had the

ize from several hundred micrometers to 2 mm. To balance the
eed for lower ohmic contact resistance in the fuel cell by increasing
ompression pressure while decreasing the local GDM compressive
tress for reduced membrane shorting and longer fuel cell durabil-
ty, it is important to develop and use GDM with uniform thickness
nd compressibility to reduce the stress concentration. We believe
his novel experimental method can be a useful tool in the material
election and development for both fuel cell system integrators as
ell as GDM suppliers.
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