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Proton exchange membrane fuel cells and electrolyzers rely on
carbon fiber gas diffusion layers (GDLs) for effective reactant
transport, water management, and mechanical support. The
mechanical integrity behavior of the carbon fiber substrate and
the microporous layer (MPL) is critical during assembly due to
compression-induced stresses. In this brief, a coupled mechanical
model is used that captures the inhomogeneous stress and displa-
cement distributions in the fiber/microporous layer composite
structure under compression. The fiber substrate is modeled
using 1D beam theory, while the MPL is represented through a
3D finite element method. An artificial composite structure is gen-
erated based on microstructural parameters. The model captures
localized deformation and stress concentration phenomena consis-
tent with experimental observations. Results reveal that the inho-
mogeneities in mechanical stiffness due to fiber clustering and
MPL intrusion into fiber pores can play a significant role in the
overall cell mechanics. This work advances the understanding of
GDL’s mechanical behavior and offers insights into improving
fuel cell performance and longevity through more robust compo-
nent design. [DOI: 10.1115/1.4071097]
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1 Introduction

Proton exchange membrane (PEM) fuel cells have emerged as a
promising energy conversion technology due to their high effi-
ciency, low operating temperature, and potential for sustainable
hydrogen-based energy solutions. A critical component of these
fuel cells is the gas diffusion layer (GDL). The GDL provides a tran-
sition between the macroscopic flowfield and the microscopic reac-
tion sites at the electrodes. It enables the transport of reactant gases,
provides water distribution management, and gives mechanical
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support to the membrane-electrode assembly. Typically, the GDL
consists of a carbon fiber paper with an additional microporous
layer (MPL) coated onto the fiber substrate. During cell assembly,
the cell components are pressed together. Yim et al. [1] and Irmscher
et al. [2] experimentally varied the applied pressure during the
assembly process and reported a correlation between the applied
pressure on the active area of the cell and the cell performance.
As the GDL is the most compressible component in the cell, the
stress and displacement distributions in the cell are greatly influ-
enced by the GDL mechanical properties [3]. Inhomogeneous
stress distributions during compression are inevitable due to the
porous nature of the GDL. During cell assembly, this stress distribu-
tion is applied to other cell components and sets high demands on,
e.g., the mechanical integrity of the membrane [4]. So far, the mag-
nitude of the stress peaks arising in the GDL is not well understood.
Previous studies by Le Carre et al. [5], Lee and Yang [6], and
Garcia-Salaberri et al. [7] have focused on the channel land
pattern of the flowfield as a source for inhomogeneities. However,
the porous GDL itself is also a major source of inhomogeneities
leading to stress peaks. Understanding the mechanical behavior of
the GDL and the stress arising during the compression of the cell
is a key factor in optimizing the overall durability and performance
of PEM fuel cells and can mitigate potential risks of mechanical
membrane failure.

In recent years, the GDL mechanics have been subject to
increased interest. The experimental stress—strain curve of GDLs
with and without MPL has been measured by Carral and Mélé
[8]. They reported a complex compression behavior of the compos-
ite material. Analytical models of the composite fiber/MPL GDLs
have been proposed by Afrasiab et al. [9]. However, the material
was treated as homogeneous, and no distinction between the
fiber substrate and MPL was made.

Microscopic fiber structure modeling has been used by Norouzi-
fard and Bahrami [10]. Here, an analytical model for the compres-
sion stress—strain curve based on beam theory is derived. Zhang
et al. [11] and Lu et al. [4] simulated the random fiber structures
of paper-type GDL using a 3D finite element method (FEM)
approach. Sun et al. report a strong inhomogeneous stress distribu-
tion in the fiber structure of gas diffusion layers based on such a 3D
reconstructed FEM simulation [12].

Previous research on microscopic GDL mechanics has focused
on the fiber substrate used in GDLs. However, the MPL is expected
to significantly alter the mechanics. This study focuses on the
deformation behavior under compression of the fiber substrate
and MPL. Understanding the interactions between these layers is
crucial for optimizing GDL and membrane design, preventing
membrane piercing, and improving overall system efficiency. In
the case of mass transport simulations, the MPL has already been
included in microscopic models. The porous structure of the fiber
substrate and its porosity distribution are reported by Odaya
et al. [13]. Banerjee and Bazylak [14] created an artificial micro-
pore distribution for pore network models including the MPL
pores. Fazeli et al. [15] performed pore network calculations on
reconstructed GDL/MPL layers. To create the MPL material,
they applied a morphological image opening technique, taking
into account the pores of the fiber substrate.

A mechanical modeling approach is described to characterize the
fiber/MPL composite, extending a previously described fiber
model [16] with a coupled FEM model of the MPL. An artificial
domain is generated with parameters such as fiber density and
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MPL thickness based on X-ray tomography (CT) images. To
describe the fiber substrate, a randomly generated fiber structure
is used. The MPL domain is based on the random fiber structure
with MPL material protruding into the pores of the fiber substrate.
The mechanical model used consists of a beam theory model used
for the fiber structure, a linear mechanical FEM model for the
MPL, and a coupling scheme between the fiber substrate and the
MPL. The model is simple enough to compute large domains cov-
ering multiple pores of the fiber substrate. The model can be used to
evaluate the GDL/MPL behavior under compression as occurring
during fuel cell assembly. By advancing knowledge in GDL
mechanics, this research aims to contribute to the development
of more robust and efficient PEM fuel cells for widespread com-
mercial applications. Strategies to improve the mechanical resil-
ience of cell components can be found.

2 Theory

2.1 Structure Creation. Both fiber substrate and MPL are typ-
ically not well-defined materials, but their material structure has a
random component. The fibers in the fiber paper follow a random
orientation distribution in the plane. An approach to generate an arti-
ficial fiber structure was proposed by Thiedmann et al. [17] and
applied in Ref. [16] for mechanical modeling of GDL fiber struc-
tures. Following this approach, a random fiber structure is created
in a cylindrical domain. The fibers are assumed to have infinite
length and are oriented in the x, y plane with uniform fiber orienta-
tion distribution in the plane. All fibers are horizontal in the unde-
formed state. The fibers have equidistant z positions between the
upper and lower fiber substrate boundaries. The number of fibers
generated is determined by the porosity of the GDL’s fiber substrate.

During the production process, the MPL is coated onto the fiber
substrate. As a result, a pure MPL layer and a mixed MPL fiber
layer, where MPL protrudes into the pores of the fiber substrate,
are formed. In this work, the MPL domain is generated with the fol-
lowing procedure illustrated in Fig. 1(a): The domain of the MPL
layer and the mixed layer is completely filled with material. The
material inside the fibers is removed from the MPL. Above
fibers, the MPL material in a cone of angle « is removed. The
lower half of the fiber is considered to be in contact with the
MPL. Fibers completely surrounded by the MPL material do not
occur. The entire fiber and MPL domain are shown in Fig. 1(b).

2.2 Fiber Substrate Model. The fiber substrate model pro-
posed by Benz [16] is used. As proposed by Norouzifard and
Bahrami [10], beam bending theory is used to calculate the deflec-
tion w(x) along the fibers as a function of the bending force g(x):

)

IES G =q() (1)
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MPL

_ Intermediate
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with elastic modulus £ and second moment of area /. A linear
spring model as described in Ref. [16] is added to take the
binder material into account. This adds a force F to fibers i, j
that are in proximity, where r;; is the distance between the two
fiber segments, [; is the segment length, b;; is the binder width,
and 0 is the angle to the compression direction.
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Each fiber of the randomly generated fiber structure is discre-
tized into equidistant segments. Intersecting fiber segments i,j are
considered mechanically coupled with equal displacement w.

w; = wj (3)

The deflection of segments not in contact with other fibers is
defined by the discretized beam equation:

Wiy —4w;_1 + 60w; — 4w + wig
EI 4
( At )
On the side boundary, the slope of the fibers is set to zero.
0
ow =0 5)
Ox Boundary

In the case of damage to fibers and binder, the maximum occur-
ring stress in the fiber and binder material is checked after each
simulation step. If the stress occurring in a fiber or binder
segment exceeds a maximum stress, the segment is considered
broken at this point and is removed from the simulation.

2.3 Microporous Layer Model. The elastic modulus of the
MPL is determined by compression experiments of the MPL mate-
rial coated onto a 20 um thin copper foil. Multiple layers of MPL
material and copper foil are stacked and compressed in a mechan-
ical testing station. A stress—strain curve is recorded. As copper has
a much higher stiffness than the MPL material and the total thick-
ness of the copper is small, the deformation of the copper foil is
insignificant compared to the deformation of the MPL. A linear
fit between the stress and the strain is performed for different defor-
mation regions. Available MPL samples are too thin to experimen-
tally measure the Poisson ratio. It is assumed that v =0, which is a
reasonable approximation for porous materials.

The isotropic St Venant—Kirchhoff material model is used for
modeling the MPL material. The stress in the reference configura-
tion

S=CE (6)

is given by the constant stiffness tensor C and the Lagrangian
Green strain E.

(b

>
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Fig. 1 (a) Sketch of the MPL creation. A pure MPL layer is present below the fiber substrate. In the intermediate
layer, both fibers and MPL are present. The MPL intrudes into the pores of the fiber substrate. Areas above fibers
are left empty. The slope of the MPL intrusion into the fiber substrate pores is given by the angle «. (b) Simulation
domain of fibers on the top and MPL on the bottom. The fibers are discretized in 1D along the fiber direction. The

MPL is discretized into 3D polyhedral cells.
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Fig. 2 (a) Elastic modulus of the MPL material on a copper foil as a function of compression pressure and
(b) displacement on the membrane/MPL interface from CT

The coefficients of C are determined by the elastic modulus E
and the Poisson ratio v of the MPL material. The solids4Foam
library [18] is used to solve the mechanical equations in the
MPL domain. The boundary of the MPL consists of four different
boundary types: The faces in contact with the fiber structure are
subject to coupling with the fibers. Here, the displacement of the
fibers is used as a boundary for the differential equations. The
faces on the top side of the MPL not in contact with any fiber
are subject to a zero force boundary. This does not change through-
out the simulation, and additional contact points between MPL and
fibers are not considered. The sides of the MPL are subject to a
symmetry boundary. The displacement component perpendicular
to the side boundary and the force component in the other two
directions are fixed to zero. The bottom or the outside of the
MPL has a fixed pressure boundary. The pressure is fixed to a cons-
tant value over the boundary. The pressure value depends on the
simulation step.

The yield strength of Nafion is less than 1 MPa at typical cell
conditions of 80 °C and fully water-saturated material [19]. Since
the typical clamping pressure in a cell is higher, it can be
assumed that the membrane material flows until a constant equilib-
rium pressure is reached throughout the interface.

2.4 Coupling Procedure. The interface between the fiber
substrates consists of all MPL boundary faces touching a fiber
segment and the corresponding fiber segments. The MPL mesh is
finer than the fiber mesh. Multiple MPL faces can be in contact
with a fiber segment. MPL faces are always coupled to a single
fiber segment. Friction, contact breaking, and additional contacts
are not considered. The boundary map between the fiber substrate
and MPL remains throughout the simulation.

An iterative coupling scheme is used. The mechanical equations
in the MPL are solved with a fixed displacement boundary condi-
tion on the interface. The deflections on the MPL faces i are given
by the coupled fiber segment n.

WMPL,; = Wfiber,n @)

In the next iteration, the force arising on the interface is used as a
boundary condition for the fiber substrate.

Stivern = Zf MPL,i (3)

The mechanical equations for the fiber substrate are solved with
the external force from the MPL, and the displacement on the inter-
face is passed on to the MPL and used as a boundary condition. To
account for the difference in the stiffness of the fiber substrate and
the MPL, an implicit stiffness term is added to fiber segments in

Journal of Electrochemical Energy Conversion and Storage

contact with the MPL.:

Gimpt = (d; — di—1) Z K; O]

This term does not affect the result of the simulation but
improves numerical stability. For the data transfer between the
fiber and the MPL simulation, the software PRECISE is used [20].

3 Results

3.1 Experimental. Figure 2(a) shows the elastic modulus of
the MPL material as a function of the compression pressure. The
depicted compression pressure is in the domain of typical assembly
pressures relevant for fuel cell and electrolyzer applications [2].
The stiffness of the MPL increases with increasing compression.
During compression, MPL cracks present in the uncompressed
state as well as the MPL pores are closed, leading to a more
dense material and higher mechanical stiffness. For higher com-
pression ratios above 0.1, the elastic modulus reaches a plateau
of about 16 MPa.

For simplicity, only a single value is used for the elastic stiffness
in the model. The changes in the material properties are neglected,
and a mean value of 12 MPa is used throughout the whole com-
pression range.

A stack consisting of two GDLs with MPL and a Nafion mem-
brane of 25 um is compressed between two flat stamps, and images
are recorded via CT imaging for two different compression steps.
The assembly of the stack and the recording is done at room tem-
perature and 50% relative humidity, and the membrane is in a dry
state. At the interface between the membrane and the MPL, a step
in the X-ray absorption can be seen. The interface is identified in
both compression steps, and the displacement of the interface
between the compression steps is calculated. Figure 2(b) shows
the displacement in the compression direction at one interface
between MPL and the membrane. A characteristic waviness can
be seen. During compression, the inhomogeneous material stiff-
ness of the GDL leads to different local displacements. Areas
where the top GDL has a higher stiffness than the bottom GDL
are pushed down and vice versa. The imprints of individual
fibers cannot be seen on the MPL/membrane interface.

3.2 Simulation. A random fiber structure was created on a
cylindrical domain of radius R=180 um and height H =80 um.
The MPL structure corresponding to this fiber arrangement was
calculated. A simulation was carried out on this domain. The
simulation parameters are taken from Ref. [16]: The fiber and
binder elastic moduli are Ep= Ez=230 GPa, the fiber diameter
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Fig.3 Results of the simulation without fiber damage: (a) predicted displacement on the outside of the MPL and
(b) predicted stress distribution on the fiber/MPL interface

is Dr =7 um, the cutoff distance for the binder is r,,x = 17 um, and
the maximum strain is &y, =0.015. The fiber density is Vp=0.1,
and the binder density is Vp=0.02.

The applied pressure on the bottom boundary patch is set to
P = 0.3 MPa, and the deformation of the composite is calculated.
The resulting displacement on the outside of the MPL is depicted
in Fig. 3(a). The displacement shows an inhomogeneous distribu-
tion with a height difference of 1.9 um between the maximum and
the minimum displacement. Multiple localized displacement peaks
can be seen. The spatial extent of the inhomogeneities corresponds
to a typical pore size in the fiber structure. The autocorrelation
length, i.e., the length at which the autocorrelation function drops
below Y2, is calculated to be 130 um for the displacement on the
bottom boundary. This is in a similar length scale as the autocorre-
lation length of 91 um observed in the CT images. In the CT data,
the displacement on the membrane boundary is a superposition of
the microstructure from two GDL pressed onto the membrane from
both sides, while the displacement observed in the simulation is
only caused by one GDL microstructure. This can partially
explain the lower autocorrelation length of the experiment in com-
parison with the simulation result. The stress distribution on the
MPL/fiber interface is shown in Fig. 3(b). The stress is passed on
to the fiber structure at local points and is not evenly distributed
along the fibers. The stress passed from individual fibers to the
MPL is not directly translated to displacement on the bottom of
the MPL. While the MPL cannot compensate for all the inhomoge-
neities, fiber clusters with high stiffness cannot be compensated,
and it acts as a buffer and can distribute the stress of single fibers.

A simulation with damage included in the GDL’s fiber substrate
model is carried out on the same structure. The reduced compres-
sion resistance of the fiber substrate leads to higher displacements.
The difference between maximum and minimum displacement is
2.1 um and is slightly larger than in the case without damage.
The ability of the material to yield under high stress does not
reduce the extent of the inhomogeneity in the compression
behavior.

4 Conclusions

The compression stress experienced during cell assembly places
significant mechanical demands on both the GDL and the mem-
brane. Due to the porous nature of the GDL’s fiber substrate, the
resulting stress distribution is inherently inhomogeneous. To
analyze this behavior, a simulation was performed using a com-
bined approach: a 1D beam model for the fiber substrate and a
3D FEM model for the MPL. The simulation revealed inhomoge-
neous deformation patterns, consistent with observations from CT
imaging of actual GDL/membrane stacks. These mechanical stiff-
ness inhomogeneities, occurring on a length scale of approximately
100 ym, can be directly linked to the porous structure of the fiber
network and fiber clusters with high mechanical stiffness.
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