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Abstract

The Proton Exchange Membrane Fuel Cell (PEMFC) performances are strongly impacted by
the compression of the Gas Diffusion Layer (GDL). Despite its fibrous microstructure, this
material is usually considered as a continuous medium and characterized with uniform loading.
However, the GDL is subjected to a heterogeneous compression onto rib/channel patterns in
the fuel cell assembly. In the present study, a complex behavior of the GDL response is
experimentally revealed when the material is loaded with a rib/channel pattern, compared to
uniform compression. The tests are simulated by finite element modeling using a classical
strain-dependent elastic law, using parameters fitted from uniform compression experiments.
It is shown that the numerical results do not reproduce the effect of pattern observed
experimentally. Hypotheses to interpret these results involve mechanisms at the fiber
microscale including fiber fracture, cross-link breakage and fiber rearrangement, which are
exacerbated by larger material deformation caused by the heterogeneous loading.
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1. Introduction

Proton Exchange Membrane Fuel Cells (PEMFCs) are considered as a very promising solution
to replace the combustion engine for transport applications. Indeed, the PEMFCs have
received a growing interest in the recent years, as they offer high efficiency without carbon
emission in operation [1,2].

A typical PEMFC is a multilayered assembly composed of a membrane and catalyst layers,
associated with two Gas Diffusion Layers (GDLs) and flow field plates. Among the major
components, the GDL ensures several functions as it should (i) distribute homogeneously the
reactants from the flow field channels to the catalyst layers where the electrochemical reactions
take place, (ii) collect the current and conduct the heat from the catalyst layers to the flow field
plates and extract the produced water, (iii) mechanically support the multilayer structure [3]. A
typical GDL is composed of a sheet made of entangled carbon fibers bonded by adhering
contacts and treated with Polytetrafluoroethylene (PTFE) used as hydrophobic agent [4,5]. The
GDL can be coated on one of its surface by a microporous layer to improve the contact with
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the catalyst layer and the water management. Three main categories of GDL materials have
been reported in the literature, based on the fiber arrangement at the microscale, namely the
carbon cloth and carbon paper with straight stretched fibers or felt/’spaghetti’ fibers [6].

An overall compressive pressure is applied on the PEMFCs during assembly [3,7], inducing a
mechanical loading for each of its components. It has been widely reported that the whole fuel
cell performances can be strongly affected by the GDL compression [8—15]. Indeed, when the
assembly is submitted to the clamping, there is a competition between two phenomena that
can deteriorate or improve the cell operation. On the one hand, the gas transport in the GDL
can be significantly hindered by the GDL densification under compression [15—18]. In addition,
the GDL intrusion in the channels reduces the effective cross-section area and consequently
blocks the reactants [19-21]. On the other hand, the bulk and interfacial conductivities can be
enhanced by the compression [22-28].

Because of its significant influence on the overall stack performance, an increasing number of
studies has been recently devoted to the GDL in order to elucidate its complex mechanical
behavior. Due to its highly porous fibrous microstructure, the GDL exhibits a non-linear
behavior when loaded under uniform compression [10,23,29-31]. It has been proposed that
the nonlinearity of the macroscopic response could be explained by the apparition of new
contact points between the fibers subjected to a bending under compression at the microscale
[23,30,32]. Moreover, the GDL strain is not fully reversible and presents a residual deformation
after loading [10,31,33,34]

A number of models have been already proposed in the literature to represent this original
behavior. Some of them assume a linear elastic behavior with a strain-dependent Young
modulus, for which the parameters were identified with a polynomial fit [23,30]. This type of
model has been widely used for the simulation of the assembly compression, in order to
investigate the GDL interaction with the flow field plates or its influence on current distribution
[23,30,35-39]. Some other authors have proposed a material behavior based on the
homogenization of the unit beam cell deformation at the microscale [32,40,41]. This model
should be more representative of the physical processes occurring during material loading.
However its implementation requires more input data, especially on the microstructural
properties. Recently, Carral and Mélé used the fibrous material model developed by Van Wyk
and Toll [42,43] to represent the compressive behavior of non-woven GDL, including its cyclic
response [29,44].

In the aforementioned models, the GDL is considered as a continuous media associated with
a homogeneous mechanical behavior. Nevertheless, in the fuel cell assembly, the GDL loading
with the rib/channel patterns of the flow field plates induces highly heterogeneous deformations
[45-47]. Moreover, some authors pointed out the interest of reducing the channel width under
1mm for improved performances [48-50]. In this condition, it can be suspected that the local
multiaxial stress state in the GDL induced by the heterogeneous deformation could result in a
heterogeneous behavior for the GDL due to its complex microstructure. Therefore, the
simulations performed under the assumption of a continuous homogenous medium can be
guestionable, especially when the channel size is in the range of the microstructure
characteristic length [51]. In this context, Xiao et al. have simulated a uniform and
heterogeneous compression of the GDL at the fiber scale. For this purpose, they have applied
a finite element code to investigate the local deformation modes and stress distribution in a
randomly generated microstructure [52] and microstructures reconstructed by X-ray computed
microtomography [53,54]. The GDL deformation under uniform compression was validated by
guantifying morphological criteria (local porosity, pore size distribution) as well as transport
properties, thermal and electrical conductivity [53]. However, the total applied force was not
extracted from the simulations, preventing comparison with experimental characterizations
carried out at the macroscale. Conversely, Zhang et al. have compared the simulated uniform



compression at the microscale with experimental data, but did not consider the heterogeneous
loading [55].

Regarding the experimental studies, most of the investigations on the GDL deformation under
the compression of rib/channel pattern have been focused on the GDL intrusion in the channel
[19,21,45-47,56,57]. However, none of them has linked their results with the average response
of the material considered as a continuous medium.

In this study, the GDL macroscopic response under heterogeneous compression by
rib/channel pattern is investigated experimentally. A particular attention is paid to the result
reproducibility, which is challenging because of the inherent material dispersion. The effect of
rib and channel width is discussed, focusing on the case of thin patterns (widths from 200 to
600 um) representative of state-of-the-art or under development designs [48]. A complex
behavior is highlighted from the experimental results, with a strong difference arising between
heterogeneous and uniform compression. Moreover, a material model based on a polynomial
fitting of experimental data from uniform compression is used to simulate the GDL compression
under the same pattern lengths. The numerical results are compared with experimental data,
in order to discuss the model ability to reproduce the experimental response.

2. Material and method

2.1. Experimental set-up

A typical commercial GDL provided by SGL Carbon (Sigracet 22BB) was considered for this
study. It is a straight fibers carbon paper, PTFE impregnated and coated with a microporous
layer. The total thickness given by the manufacturer is 215 £ 15 um [5,58].

In the PEMFC assembly, the GDL is located between the flow field plates and the membrane.
As illustrated in Figure 1a, the standard case of identical anodic and cathodic ribs placed face
to face was considered for the present study. It was also assumed that the membrane does
not play a role on the mechanical response of the assembly loaded under compression.
Indeed, the thickness of state-of-the-art membrane is under 15um [59], which can be
considered fully negligible compared to the other components. Moreover, the GDL exhibits a
high compressibility, so it controls the assembly deformation. Therefore, taking advantage of
the symmetry of the considered geometry, the compression of the GDL between rib channel
patterns and a flat plate was chosen as a representative loading case.
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Figure 1 - (a) Schematic representation of a PEMFC structure, and (b) experimental set-up,
with a zoom on local deformation.

The experimental set-up consists in a stack of five GDL samples separated with metal plates.
As shown in Figure 1b, each plate is manufactured with a flat surface on one side, and an
array of straight rib/channel patterns homogenously distributed on the other side. Each GDL
sample is compressed between a rib/channel pattern and a flat surface at the back of the next
pattern. The choice of this configuration composed of several repeat units allows increasing
the magnitude of the measured displacement and averaging the material response, in order to
reduce the relative error. The centering of the five elements for the compression is ensured
with a metallic needle (diameter 1mm) adjusted to the test machine plates, and getting through
the stack, which is pierced in its middle (diameter 1.1mm) (Note the needle is represented by
the blue line in Figure 1b). The contact between the needle and the elements of the stack is
assumed frictionless, so its impact on the results could be neglected. The GDL samples are
cut at a dimension larger than the patterned plates. Previous experiments have shown that, in
this condition, edge effects could be considered negligible.

The experiments are conducted with a 3R SYNTAX 100kN machine. One compression step is
applied at controlled displacement speed of 0.5 mm/min, corresponding to a strain rate of
6.2-1073s71, to reach the targeted stress of 5 MPa. Calibration tests are realized by pressing
the stack of patterned plates without GDL samples in order to remove its deformation. The
total thickness of the five-sample stack and the total applied force are measured during the
experiments with a 10Hz frequency. Therefore, the GDL thickness t,, deduced from the
measurements corresponds to the spacing between the rib and the adjacent plate (see focus
on Figure 1b). Additionally, the average pressure p, is calculated with respect to the total



surface of one plate rather than the contact surface under the ribs. This choice allows an
immediate comparison with the data commonly reported for the PEMFC application [9,12,15].

For the post-treatment analysis, two additional physical quantities are introduced. The average
stiffness is defined as K, = dp,/dt,,, representing the apparent stiffness of the GDL under
patterned compression. Moreover, mechanical response of fibrous material is often
represented as a function of relative density [29,42—-44]. In the present study, this quantity
cannot be directly measured, as the heterogeneous compression induces disparities of relative
density in the GDL. Nevertheless, its value under the ribs has been assessed as a function of
the measured thickness using the following equation [29,44]:
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where A, is the sample areal weight and pf is the fiber density, assumed to be equal to
1.8 g/cm?3 [4].

The impact of the pattern length on the compression behavior is analyzed using several
dimensions of rib and channel for the manufactured plates, as reported in Table 1. In the
following, the pattern configuration is named as “w,.;;, /Wcnanner Pattern”, with width given in um.
Moreover, the ratio of channel width over rib width is denoted by 7, = Wchannet/Wrip- A
reference test is performed using a flat plate, to have a comparison with the case of uniform
compression.

Table 1 - Pattern length list.

Wripb Wchannel Tw
pm pUm

200 200 1
300 300 1
400 400 1
500 500 1
100 200 2
200 400 2
300 600 2

For the post-test characterizations, the GDL sample surface is observed using a digital
microscope Olympus DSX1000. In addition, the tested samples are also characterized using
a Scanning Electron Microscope (SEM) Leo 1530 from Zeiss (Oberkochen, Germany). Images
are acquired in Secondary Electron (SE) mode with an accelerating voltage of 10 kV and a
working distance of 7.8 mm.

2.2. Numerical model

The state-of-the art model based on the work of Kleeman et al. [23] which has been developed
to account for the nonlinearity of the GDL compressive behavior, has been widely used in the
literature [23,30,35,37,39]. It was shown that this model is able to reproduce correctly the
uniform compression tests. This model assumes an orthotropic linear elastic behavior, with a
strain-dependent Young modulus E,(e,,) accounting for the compressive nonlinearity in the
direction out of the material plane (z on Figure 2). The 2-dimension formulation of this model
could be written as follows:
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In this equation, o;; and ¢;; refer to the components of the Second Piola Kirchhoff tensor and

the Green-Lagrange strain tensor respectively. The stiffness matrix components are expressed
using the Young'’s (E,, E,) and shear moduli (G,,) and Poisson ratio (vy,).

In the present study, in order to assess the ability of Kleeman’s model to reproduce the GDL
heterogeneous compression, the test has been simulated using finite element method. In this
objective, the Kleeman’s model has been implemented into COMSOL Multiphysics 6.0
software using the Structural mechanics module [60]. The Poisson ratio out of the GDL plane
is usually considered to be v,, = 0 due to the highly porous structure [23]. The out-of-plane
Young modulus E, was identified from the uniform compression test with a polynomial fit of the
secant Young modulus, defined as E, = g,,/¢,,. The consistency of the implemented model
with experimental data was verified thanks to the simulation of uniform compression test
(section 3.3). The in-plane Young modulus was measured experimentally and set to E, =
1.2 GPa. Nevertheless, it is worth noting that the simulation results are independent on this
parameter, because of the null Poisson ratio. Finally, the shear modulus G,, was not measured
experimentally, because of the complexity to induce a pure shear solicitation in the material. A
sensitivity analysis showed that this parameter choice did not significantly affect the simulation
results and their interpretations. For the simulations, the shear modulus was set to G,, =
5 MPa, which is the order of magnitude of the data reported a similar GDL from the same
manufacturer [61]. All the properties used for the simulations are listed in Table 2.

The Figure 2 shows the simulated domain. The computations are carried out in plane strain
conditions while the geometry is restricted to a single rib/channel pattern. These simplifications
can be considered relevant regarding the pattern periodicity and the straight channels, and
assuming that the boundary effects are negligible. The initial GDL thickness is taken at 215 pm
based on the manufacturer’s datasheet [58]. A small fillet corner is added at the rib edge
(Figure 2) in order to avoid numerical artifacts due to a sharp singular point. A sensitivity
analysis showed that this radius only influences the local stress profile in the GDL below the
rib edge, without changing the global results and their interpretations.
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Figure 2 - Finite element model (300um/300um pattern).



The loading under compression is applied via the displacement of a rigid rib/channel indenter
on the upper surface of the GDL (Figure 2). The contact is assumed frictionless. The maximum
displacement is set to 100um. Plane symmetry conditions are imposed on lateral surfaces,
while a roller boundary condition is set on the lower surface. The geometric nonlinearity is
considered in the simulation, because of the displacement amplitude and the contact.

A triangular mesh is imposed, with a 10um characteristic size. Several automatic remeshing
are used in the simulation in order to help for the convergence around the rib edge. Because
of the high stress concentration below the rib edge, a time-dependent study is used with a
guasi-static loading speed, identical to the experimental test. The absence of kinetic effect is
verified before the post-treatment.

Finally, the exported variables are chosen for a direct comparison with experimental results:
() the thickness t,, under the ribs, related to the indenter displacement, and (ii) the z
component of the total reaction force on the GDL lower surface, equal to the average pressure
when divided by the pattern width. The average stiffness and relative density are derived from
average pressure and measured thickness using the same equations as for experimental data
(described in section 2.1). Moreover, the pressure profile along this lower surface and the
displacement profile on the upper GDL surface are also studied for the discussion and
interpretation.

Table 2 — Material model parameters — Sigracet SGL 22BB.

Parameter Value
E, MPa 1200
E,(¢;;) MPa  1048.3¢° + 3338¢,} — 1697.7 &2 +250.35¢2 + 42.647 ¢, + 2
Vyxz - 0
Gy MPa 5
3. Results

3.1. Experimental reproducibility

Due to their fibrous microstructure and manufacturing process, GDL materials show inherent
disparities between samples (e.g. areal weight of the SGL 22BB reference is defined with a
21.4% error in the manufacturer datasheet [58]). Therefore, this section deals with the
reproducibility of the results, in order to ensure the relevance of their forthcoming
interpretations. For this purpose, three repetitions of the compression test were conducted for
each pattern length. Figure 3 presents the results for 300um/300um pattern, which are
representative of the phenomena observed for each pattern length.
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Figure 3 — Four different plots to present experimental reproducibility for three stacks
compressed by 300um/300um pattern. In the insert of Figure 3a, the term A,, stands for the
average areal weight of the stack samples.

As illustrated in Figure 3a, a noticeable but limited difference is observed for the average
pressure plotted as a function of the measured thickness. However, it is worth noting that the
slope of these curves, which corresponds to the average stiffness, is roughly similar for the
three measurements. Therefore, this parameter appears as a good indicator to illustrate the
test repeatability. It is plotted as a function of (i) the measured thickness and (ii) the measured
relative density in Figure 3b and Figure 3d, respectively. While the average stiffness versus
the thickness presents a shift between the three samples (Figure 3b), it appears that the
representations using the relative density (Figure 3d) are almost superimposed. Thus, the
offset observed in Figure 3b may correspond to a scattering on the initial sample thicknesses
and should not reflect a difference in material properties between the tested samples (which
seems to be good in our tested samples regarding Figure 3d). Therefore, the plot of the
average stiffness versus the relative density is assumed to be correlated specifically to the
interaction between the patterned indenter and the GDL.

The measurement of sample areal weight supports the interpretation that a scattering on the
sample geometry induces the differences in Figure 3a and Figure 3b. Indeed, heavier samples
resulted in a higher measured thickness. Since the use of relative density on x-axis essentially
corresponds to an expression of the quantity of material, the absence of offset on this
representation is coherent with previous observations (Figure 3d). Similarly, the representation



of the average pressure with respect to relative density (Figure 3c) also erases the disparities
between samples.

In the following, the average pressure vs measured thickness and the average stiffness vs
measured relative density are selected to represent the results. The former is used despite the
offset observed between test repetitions, since it is the closest to the classical mechanical
representation of stress versus strain evolution. The latter gives the evolution of average
stiffness without the effect of material scattering.

3.2. Experimental observation of the effect of rib/channel pattern size

The experimental evolutions of the average pressure with the thickness and the average
stiffness with relative density are displayed in Figure 4 for different patterns exibiting a ratio of
channel width over rib width of r,, = 1. The same plots are given in Figure 5 for a ratio of
rw = 2 . The reference curve corresponds to the uniform compression by a flat plate and it is
plotted in black on both figures. Considering the comments on reproducibility in section 3.1, a
single measurement taken for the three tests is used for each pattern width.

First, the average pressure required to reach the same thickness is much lower for
heterogeneous compressions than for the reference.
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Figure 4 — Experimental effect of rib/channel pattern length on average pressure (a) and
average stiffness (b) for r;,, = 1.
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Figure 5 — Experimental effect of rib/channel pattern length on average pressure (a) and
average stiffness (b) for r,, = 2.



For each pattern, it can be observed that the GDL compression behavior becomes highly
nonlinear compared to the homogenous case. The material stiffness under uniform
compression is monotonic. In contrast, for the channels larger than 300 um, the heterogeneous
compression presents two inflections of the average pressure vs measured thickness curve
(Figure 4a and Figure 5a). These inflections correspond to extrema of the derivative curve, i.e.
the average stiffness (Figure 4b and Figure 5b). These effects intensify with the pattern size
as they are more pronounced for r,, = 2. However, these inflections are not observed for
200um/200um pattern, while they are limited for the 200um/200um pattern.

3.3. Simulation results

The Figure 6 and Figure 7 present the simulated response of the GDL subjected to
heterogeneous compressions, obtained with the model described in section 2.2. For channel
widths larger than 300um, it can be noticed that problems of convergence stopped the
simulation before the last calculation step. Nonetheless, calculated increments reach
pressures higher than 2MPa, so that the computed interval includes the pressure commonly
applied in the PEMFC assembly (around 1MPa). Thus, it is worth to compare these results to
experimental curves.

In Figure 8, the simulated and experimental data are compared for the GDL loaded under
uniform and heterogeneous compression (200um/400um, 400um/400um). As mentioned in
section 2.2 for the homogeneous case, the simulation reproduces accurately the experimental
data. Only a slight offset can be noted between the measured and computed thicknesses in
Figure 8a. This deviation of the model from the experiments is probably due to a scattering in
the material properties (commented in section 3.1). However, it is worth underlining that the
evolution of the stiffness as a function of the relative density is perfectly predicted by the model
(Figure 8b).

As expected, for both r, =1 and r, = 2, the increase of the pattern size leads to lower
assembly stiffnesses, resulting in a lower pressure at the same thickness under the ribs. This
observation is consistent with experimental results before the second inflection. However, it is
worth underlining that none of the simulations under heterogeneous compression reproduces
the inflections observed experimentally (Figure 8). In other words, the standard model used for
simulating the GDL behavior fails to simulate accurately the heterogeneous compressions.
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Figure 8 - Comparison of experiment (plain line) and simulation (dashed line) result for
uniform compression and heterogeneous compression (200um/400um, 400um/400um).
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4. Discussion

This section first deals with the influence of the pattern width on the GDL mechanical response,
and then draws some hypotheses to interpret the experimental results. Finally, the implications
on PEMFC assembly are discussed.

4.1. Effect of the rib/channel pattern width

Two distinct trends seem to emerge from the experimental compression tests depending on
the considered pattern length.

On the one hand, the GDL response for the thinnest channels (i.e. 200um) differs notably from
the behavior obtained with larger pattern widths (Figure 4, Figure 5). Indeed, the results
become similar to those recorded for a uniform compression, without the curve inflections. This
pattern length may have induced a more homogeneous strain and stress repatrtition in the
material, inducing a pressure-thickness evolution closer to the reference.

On the other hand, it seems that the material behavior can be controlled by the contact surface
for larger patterns. Indeed, the difference between material responses tends to vanish when
growing the pattern width. As illustrated for r, = 1, a limit might have been reached between
300pum/300um and 400um/400um patterns, resulting in a similar material response for
400um/400um and 500um/500um patterns (Figure 4). Likewise, the inflections of the
compression curve under 200um/400um and 300um/600um patterns occurred at the same
measured relative density (Figure 5).

Although the simulated compression test cannot reproduce accurately the complexity of the
GDL response, the results can still be exploited to help the understanding of pattern width
effect. Figure 9b and Figure 10b present the simulated pressure profile on the lower surface
of the GDL, which is at the opposite surface of the patterned indenter, for an imposed
displacement of 75um. The resulting compression ratio of the GDL is larger than the usual
value in fuel cell assembly, however it is especially relevant for the present mechanical study,
as the pattern length effects should be emphasized under larger deformation. For the ribs
above 300 um, the pressure under the ribs reaches the same value whatever the pattern. This
is a consequence of the null Poisson ratio, causing a pure uniform compression under the land,
with no influence of the material behavior located under the channels. However, below 300
um, the simulated stress under the ribs decreases with decreasing the rib size (from 3.5 MPa
down to 3.1 MPa when changing the rib size from 300um to 100um). In this case, the rib size
becomes too small to reach the upper bound for the stress given by the uniform compression
(i.e. the black line in Figure 9 related to the flat plate). Moreover, the pressure decreases under
the channel, in larger proportions for larger channels. This observation agrees with the lower
average pressure obtained for the same imposed displacement. However, it is worth reminding
that these simulations are not able to reproduce the unexpected behavior highlighted in the
experiments for heterogeneous compression. Since the model considered a homogeneous
medium for the GDL, it can be reasonably proposed that the model's inadequacy could
originate from the GDL fibrous microstructure.

In this frame, the scale effect observed for the thinnest patterns in the experiments
(100pum/200pum and 200um/200um) could be related to the material heterogeneity at the
microscale. Indeed, the GDL mechanical behavior under compression is controlled by the fiber
bending between contact points [41]. The characteristic length for the bending fiber in the
microstructure is around 130um for a similar GDL provided by the same manufacturer (24AA,
25AA). Therefore, the assumption of a continuous medium for the GDL is even more
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guestionable for the thinnest patterns. In this case, the local heterogeneities in the GDL can

strongly affect its overall mechanical response.
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Figure 9 — GDL thickness profile (left) and pressure on the lower surface (right) under an
imposed displacement of 75 um for 7, = 1. Solid lines and dashed lines correspond to the
region under the rib and the channel respectively. The insert on Figure 9a gives the position
of rib/channel boundaries for the 300um/300um pattern.
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Figure 10 - GDL thickness profile (left) and pressure on the lower surface (right) under an
imposed displacement of 75 um for r,, = 2. Solid lines and dashed lines correspond to the
region under the rib and the channel respectively.

4.2.

Behavior of the fibrous structure of the GDL

As mentioned in section 1, the nonlinearity of the GDL behavior under uniform compression
has been already widely discussed in the literature (reference curve on Figure 4a). The
material hardening (i.e. increase in stiffness as shown in Figure 4b and Figure 5b) is often
attributed to the increasing number of contact points between the fibers constituting the GDL
during the compression [23,30,32]. The interval for which the hardening is lower (for a relative
density from 0.22 to 0.25 on reference curve on Figure 4b and Figure 5b) can be still interpreted
with the behavior of fiber bending. Indeed, in this region, much fewer new contact points are
created leading to an almost linear behavior with constant stiffness [30,41]. Nonetheless, on
the same stress interval, several authors observed a decreasing stiffness rather than a plateau,
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resulting in inflections on the stress-strain curve, with various interpretations. Carral and Mélé
[29,44] referred to the effect of a compression pressure applied during the manufacturing
process which damages the material. Thus, it would cause a different material response at low
stresses, while the “original behavior” would only be observable for stresses higher than the
manufacturing compression pressure. Alternatively, Mezeix et al. [62] emphasized that cross
links between the piled fibers are progressively broken during the compression test. The
measured behavior presents inflections at low stresses, before an important material
densification at higher stresses.

In contrast, the present results have highlighted an important effect of rib/channel pattern
length on the GDL mechanical response. In particular, the numerical model takes into account
the behavior nonlinearity but cannot reproduce inflections of the experimental response.
Therefore, these effects could be due to a new phenomenon associated to an irreversible
damage in the microstructure. On the other hand, we cannot exclude a different manifestation
of the local nonlinearities when the GDL is subject to the triaxial stress state induced by the
heterogeneous compression and not included in state-of-the-art material models.

Regarding the first hypothesis, an interpretation could be based on a damage localized around
the edge of the rib, due to cross-link breakage and fiber fracture. Indeed, optical microscope
observations of the GDL have revealed fiber fractures after the compression test (Figure 11).
These fractures are located along parallel lines regularly spaced that must correspond to the
rib edges. Indeed, the heterogeneous compression must induce a larger material distortion
just below the rib edge line, accompanied with a shear stress hot spot. Yet, these stress
concentrations occur independently of the pattern length. As illustrated in Figure 9a and Figure
10a, the numerical simulations have shown that the material distortion around the edge is
similar whatever the channel length. Likewise, the fiber fractures were observed for each
pattern size, even for the thinnest channel. Consequently, the stress concentration around the
rib edge could not explain alone the effect of pattern length on the GDL response.

Figure 11 - Fiber fracture in a GDL submitted to
5MPa compression by 500um/500um pattern
(digital microscope observation).

Another interpretation would be the influence of fiber rearrangement and damages in the GDL
bulk rather than around the rib edge, such as cross-link breakage that has been observed in
the literature on similar GDL materials [10,33]. These bonds can be ensured either by the
binder incorporated during the papermaking process [5], or by the PTFE impregnated
afterwards, which is mainly located at the fiber junctions [63,64]. The relevance of the last
hypothesis is confirmed by SEM observations of GDL samples after mechanical loading.
Indeed, as shown in Figure 12, several debondings of the PTFE between fibers are detected
in the tested samples, while they are not observed in the pristine GDL. This fracture
mechanism is linked to the stress level and thus may occur under the rib, similarly to uniform
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compression, but also under the channel depending on the extent of stress propagation.
Moreover, the deformation heterogeneities in the material also causes a region of higher fiber
rotation and bending, mainly located in GDL thickness under the rib edge. This deformation
mode does not happen under uniform compression, and it might intensify cross-link breakage
and fiber rearrangement. Consequently, the distance between neighboring ribs could explain
the pattern length effect, with higher deformation heterogeneity for larger channels.

Figure 12 — SEM image of PTFE debonding in a GDL submitted to 5MPa compression by
400um/400um pattern.

The latter hypothesis is consistent with the numerical model inability to reproduce the
experimental response. On the one hand, the microstructural mechanisms may be well
represented by the strain-dependent Young modulus in the GDL region located under the land,
as the solicitation corresponded to the uniaxial compression used for the modeling. On the
other hand, the complex deformation under the rib edge is not taken into account in the model,
so it could not represent any change of microstructural mechanisms, such as additional cross-
link breakages. A model improvement might be the consideration of other parameters in the
out-of-plane Young modulus definition, such as shear strain. Moreover, other material
characteristics than the Young modulus may not be constant, such as the out-of-plane shear
modulus or the Poisson ratio, already mentioned by Afrasiab et al. [65].

4.3. Implications on PEMFC assembly

The present study stresses out a gap between the material responses under heterogeneous
compression by up-to-date rib/channel patterns compared to the uniform compression that is
widely used for GDL characterization [23,30,35-39,66]. Actually, these differences in the
deformation of the GDL are not taken into account in a PEMFC assembly, from the laboratory
cell to the full stack scale, although the associated stress repartition and GDL intrusion cannot
be considered as similar.

On the one hand, under a controlled average pressure of 1MPa [12], the GDL thickness under
the ribs may be systematically overestimated, with a thickness under the ribs around 170 pm
instead of 190 um on Figure 5a for example. This lower thickness should induce a lower
porosity for the GDL and deteriorate the transport properties [15-18].

On the other hand, under controlled GDL thickness with wedges or gaskets, the average
pressure is overestimated in the case of patterned compression compared to the reference.
Indeed, for an imposed GDL thickness under the ribs of 190 um, the average pressure under
patterned compression is lower than 0.5 MPa, instead of the targeted 1 MPa measured under
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uniform compression. Therefore, the stress repartition in the assembly which controls notably
the contact resistance is significantly affected.

Moreover, the GDL deformation impacts particularly its porosity and tortuosity and its intrusion
in the channels, which values strongly influence the overall fuel cell performance [19,21]. Yet,
the present study emphasized that a GDL nhumerical model based on classical characterization
under uniform compression fails to predict correctly the material response under
heterogeneous compression. Consequently, the gap between simulated and experimental
deformation might modify significantly the prediction of pressure drop along channels and
therefore decrease the precision of the multiphysic simulation that aims to predict performance
from local rib/channel scale to overall stack scale [13,20,67,68].

Because of the aforementioned heterogeneities of deformation profile, transport properties and
electric conductivity, the fuel cell presents current heterogeneities in operation [69—71]. These
latter affect the ageing of several components, deteriorating the fuel cell durability [70,72].
Conversely, our results show that thinner patterns should result in lower heterogeneities and
therefore may help for designing more durable fuel cell.

5. Conclusion and future works

The effect of heterogeneous compression of the GDL by rib/channel pattern has been studied.
The experiments have revealed a complex behavior, which is not observed under uniform
compression. Indeed, inflections have been highlighted in the curves of the applied pressure
plotted as function of the GDL thickness only when the samples are loaded under
heterogeneous compression. For channel widths larger than 300um, a threshold may have
been reached with similar results for increasing pattern width above this limit. Conversely,
thinner patterns result in a more homogeneous deformation with a behavior closer to the
uniform compression.

The experiments have been simulated by finite element modeling using a strain-dependent
out-of-plane Young modulus determined with the uniform compression test. It has been found
that the simulations do not predict accurately the experimental response of the material under
representative rib/channel patterns. In particular, the model does not reproduce the inflections
observed experimentally. Therefore, the widely used strain-dependent elastic law is not
suitable to simulate correctly the GDL response under heterogeneous loading.

Different hypotheses have been proposed to interpret the pattern effect, involving fiber
rearrangement and damages at the microscale such as cross-link breakage or fiber fracture.
These mechanisms might be enhanced by larger material deformation caused by the
heterogeneous loading, and could explain the difference of the GDL response. To validate
these assumptions, simulations of the heterogeneous loading of the GDL at the microscale are
still necessary. In addition, the present study considered the symmetric case with anodic
rib/channel pattern facing identical pattern on the cathodic side, which is a simplified structure
compared to actual bipolar plate designs. This work could be extended by experiments to
investigate the effect of different orientation or width on anodic and cathodic sides, or the effect
of shifted patterns with channels facing ribs that would impose a shear loading of the GDL.
These further investigations should allow a better understanding of the influence of the
aforementioned local mechanisms in the GDL on the averaged material response.
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