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ered. Second-order terms are added to the beam theory. The model can predict the micro-
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accumulating in the fiber structure during the assembly of a fuel cell. The results of the
model highlight the importance of including damage terms in the theoretical description
of GDLs. The hysteresis in the stress—strain curve seen in compression experiments of
GDLs is reproduced qualitatively. It is shown that the hysteresis is based on both binder
damage and fiber damage. While damage to the carbon fibers is limited to large compres-
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1 Introduction enabling simultaneous material transport and electrical connectivity
to the electrodes.

During the assembly process, the system of layers is pressed
together. As the GDL is the most compressible component inside
the cell, the majority of deformation and assembly pressure gener-
ated is governed by the mechanical properties of the GDL [2]. A
high force acting inside the cell improves the contact resistivity
between the flowfield and the GDL. However, as the surface of
the GDL is not even due to the pores, the GDL also places
demands on the mechanical stability of the membrane [3]. As the
membrane is compressed between two GDL layers, GDL’s design
plays a crucial role in preserving the integrity of the membrane
within the assembled cell [4]. This becomes increasingly vital as
the membrane thickness is reduced to improve cell performance.
Although thin membranes are advantageous in reducing ionic resis-
tance, the reduction of the membrane thickness is accompanied by
sensitivity to mechanical stress. Careful consideration must be
given to the mechanical properties of the GDL design to have a
low mechanical impact on the membrane and the entire cell

In the quest for sustainable energy solutions, fuel cells and elec-
trolyzers have emerged as key solutions in the transition toward a
cleaner and more efficient energy landscape. These technologies
harness the principles of electrochemistry to facilitate energy con-
version between electrical energy and chemical energy carriers.

The design of the cells must enable the flow of gas and water
molecules to and from the electrochemical reaction site as well as
the electrical contact of the electrode. This gives rise to the necessity
of a porous layer on the outside of the electrode [1]. In proton
exchange membrane fuel cells, a gas diffusion layer (GDL) com-
posed of carbon fibers is commonly employed to facilitate this
material access and electrical contact. In this study, carbon fiber
paper-type GDLs are examined. These are composed of straight
horizontal carbon fibers with a random distribution in-plane,
which are glued together by a binder material. Positioned on both
sides between the flowfield and membrane electrode assembly,
the GDL plays a crucial role in ensuring efficient functioning by
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of the GDL, Balakrischnan et al. experimentally investigated the
effect of structural changes in the fiber material on the performance
of the cell [6]. Several effects of the GDL mechanics on the cell per-
formance have been discussed. A damaged GDL can have a signif-
icant effect on the performance of the cell [7]. This has been shown
by corrosion experiments [8], as well as by varying the clamping
pressure [9,10]. The causes of the effect of the GDL mechanics
on the cell performance and the mechanics of the damage inside
the GDL are still poorly understood. Local fiber breaking in the
GDL can lead to high local stresses on the membrane or poor
mechanical and thus electrical contact in some regions [11].

Theoretically, the mechanical behavior of the GDL has been ana-
lyzed by Carral and MéI¢ [12] and Hoppe et al. [13]. These studies
have focused on the macroscopic elastic properties of GDLs and
have neglected their microstructure or inelastic deformations.
Several proposed models, such as those presented by Carral and
Mele [14], aim to characterize the elastic properties of the porous
fiber structure in GDLs. Norouzifard and Bahrami [15,16] use the
beam bending theory to provide an analytical expression of the
GDL compression behavior. They derive the mechanical properties
from a fiber unit cell. Works of Kleemann et al. [17], Garcia-
Salaberri et al. [18], Afrasiab et al. [19], and Le Carre et al. [20]
also include nonlinear behavior in the macroscopic model. These
models provide analytical expressions for the macroscopic elastic
properties and deformations. They take the fiber structure of the
GDL into account; however, no prediction for the local deformation
of individual fibers is made. Alternatively, the works of Xiao et al.
[21] and Zhang et al. [22] seek to reconstruct the actual microstruc-
ture of fibers and binders, offering a more detailed perspective and
enabling predictions of the microscopic fiber deformations. They
perform a full 3D discretization of the fibers and the binder based
on real GDL samples. This entails a high computational cost, limit-
ing its application, especially when examining damage or interac-
tions with the membrane. These models are limited to linear
effects and small solution domains.

Generated microscopic fiber distribution models with [23,24]
and without [25] binder have been proposed for modeling physi-
cal quantities. They have been successfully used to model poros-
ities and flow through a membrane [26], as well as electrical
conduction [27]. Yi et al. [28] use a unidirectional fiber model
including a binder field to model GDL failure. From a mechanical
perspective, generated fiber distribution enables an optimized dis-
cretization of the fiber and thus reduces the computational cost of
the model.

In the prior work, the model of Norouzifard and Bahrami [15] is
generalized from a unit cell consisting of two fibers to a randomly
generated fiber structure and a binder model is added [29]. The
model is able to predict the local deformation on the level of indi-
vidual fibers. The computational cost of the model is low enough
to include damage such as fiber breaking and binder damage to
the model. In the following, the model is described and the influ-
ence of the GDL parameters on the mechanical properties is dis-
cussed. The role of the damage of both GDL and fibers on the
mechanical behavior of the GDL is highlighted.

2 Theory

The model consists of a randomly generated fiber structure, a
beam theory model for the mechanical description of the fibers,
and a spring model for the binder. In the following, the microscopic
mechanical models for the fiber and binder in the structure are
described. The discretization and solution procedure is then
presented.

2.1 Fiber Model

2.1.1 Fiber Structure Creation. In a carbon paper GDL, the
fibers have an orientation pointing in the plane of the GDL sheet.
The out-of-plane angle is small [30].
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The creation of such a set of fibers for a GDL-like fiber structure
was proposed by Thiedmann et al. [23]. In the model, straight fibers
are assumed. The orientation of the undeformed fiber structure is
uniformly distributed in the x,y-plane or the plane of the GDL
sheet with a zero out-of-plane angle. A single fiber in the structure
is defined by the angle in the plane, the in-plane distance of the fiber
to a fixed origin, and the out-of-plane position.

A cylindrical domain is considered with an in-plane radius
Rpomain and a height of Hpomain. The entire structure is then con-
structed by a set of random fibers with a uniform distribution of
the in-plane orientation. The random in-plane position is uniformly
distributed between 0 and Rpomain. Deviating from the model pro-
posed by Thiedmann et al. [23], fibers are not arranged into discrete
z-planes. In the model, the z-position of the fibers is equidistant
between 0 and the domain height Hpoman- A sketch of the
domain and the randomly distributed fibers is shown in Fig. 1(a).

During the structure’s creation, no interaction between fibers is
considered. The intersection of the fibers is possible if they are
close. Two fibers are considered to be touching if the crossing
point of the straight fibers lies within the domain, and the difference
in the z-position is smaller than the fiber diameter Dy. The total
number of fibers is adjusted such that the porosity of the constructed
structure matches the real GDL porosity without the binder.

2.1.2  Fiber Deformation. Norouzifard and Bahrami [15] and
Afrasiab et al. [31] proposed using the beam bending theory to
model the mechanics of the fibers. This approach is valid if the
fibers are oriented in-plane, which is true for the undeformed con-
figuration as well as for small deflections. These studies have
used analytical approaches to solve the bending equations and
thus were limited to a small number of fibers. The theory can also
be applied to large quantities of fibers. In this case, a numerical
approach has to be used to solve the resulting equations.

The equation of the deflection of a fiber w in the z-direction with
respect to the position along the beam x is given by the force per
length ¢g(x), the elastic modulus of the beam Ef, and the second
moment of area of the beam /:

& &
(EFIF a—)ff) =q() )

o

For high compression ratios, the deflection of the beam is high
enough for higher order terms to have a significant contribution.
In the case of second order, the beam equation is given by the fol-
lowing equation [32]:

& Fo) 3 Fo\ (00
2 (EFIF ﬁ) - EEFAF (ﬁ) (a) =q(x) (2)

with the beams’ cross-sectional area A.

At the crossing point x,. of two intersecting fibers, the individual
equations of the two fibers i and j are coupled. The deflection of
these two fibers is set to be equal:

wi(xc) = wj(x;) 3)

On the side boundary, a Neumann-type boundary is used for the
deflection:

ow

=0

Ox
This corresponds to a fiber slope at the boundary equal to zero.

The top and bottom boundaries are given by a Dirichlet-type bound-
ary for the first n fibers on the top and bottom of the structure:

“

@ = Wy p ®)

where , ;, is the displacement of the top or bottom boundary for the

given step. This corresponds to a fixed deflection of the fibers.
This equation only describes the deflection in the out-of-plane

direction. For the given case of a compression for a thin GDL

Transactions of the ASME

G20z Joquialdas z| Uo Jasn Aleiqi] [eUSD / 3OUI0NQIgIeusZ HAWS yoNnr wnijuazsbunyosiod Aq Jpd-/GL L-+2-s900l/G9Z9€1./900 L ¥0/¥/2Z/ipd-loiEe/|esiwayooijoe|e/B10 aWwse  uolos|joofeNBipawse//:diy Wolj papeojumoq



Fig. 1 (a) Sketch of the simulation domain. The fibers are randomly distributed in a cylindrical domain with radius Rpomain and
height Hpomain- In the undeformed state, all fibers are aligned in plane and (b) Sketch of the binder model. The binder model adds a
coupling in the vicinity of fiber crossings up to a maximum distance ryax.

layer, the major force is perpendicular to the GDL plane. As the
Poisson’s ratio of porous materials such as GDLs is near zero, the
compression in this direction will not lead to a large deformation
in-plane. Arising forces and displacements in the x-y directions
are considered small and are neglected in this model.

2.2 Binder Model. By adding additional constraints to the
deflections of two fibers connected by the binder material, the
average length of those free-bending fiber sections is reduced,
making the binder a key component when looking at the mechanical
properties of GDLs. Different binder materials have been used in
GDLs. In the following, a carbon-based binder is assumed.
During production of the GDL, the binder accumulates at fiber
crossings, depending on the adhesion energy between the binder
base material and the fibers [33]. Figure 2 shows a CT image of
the GDL in the center of the sheet and one from close to the
surface. The center exhibits less binder. This behavior has previ-
ously been reported by Odaya et al. [34].

In this section, a method is discussed that includes the binder in a
beam model of paper GDLs using a simple spring model. The
binder field sets an additional coupling to the equations of two
fibers in the vicinity of the fiber crossing. A line force is added
between fiber points that are less than a cutoff distance r,,x away
from each other. Figure 1(b) shows a basic sketch of the binder
model. The fiber segments are coupled by a spring force if their dis-
tance is less than rp,,. If the displacements w;(x) and w;(x’) of the
fibers differ, the fiber exerts a force F} ; on the segments.
llb J Ar, ij (6)

Ly

Fi=FEp

where r;; is the distance between the segments in the undeformed
configuration, b;; is the width of the binder between the segments,
[; is the length of the segment, and Ar;; is the distance variation in
the deformed configuration. x and x’ are determined by the condi-
tion that x, x" and the fiber crossing point form an isosceles triangle
in the x-y-plane. This takes the fibrous structure of the binder field,
as seen in tomography images, into account. Shear in the binder is
not considered. Just as in the fiber deformation, only the force and
displacements in the z-direction are considered. The force in the
z-direction is given by the following equation:

F. = Fjcos () @)

where 6 is the angle between the segment connection and the z-axis.
The Ar;; can be approximated from the difference in the
z-displacement w,—w; and the position of the fibers z; and z;:

i — 7
Ar,-‘,-z ! J

(w; — w)) ®)

ij
The case of z;—z;< w;,—w), can be neglected in the case where only
force in the z-direction is considered. The force of the binder is thus
given by:

Libij(zi — zj)
EB J . ¥l

F ;.,B = (w; — wj) cos (0) 9)

ij
As mentioned earlier, the binder is not homogeneously distribu-
ted inside the GDL. To account for the inhomogeneous distribution,

a bimodal weighing function B(z,r) is used for the thickness distri-
bution depending on the z-coordinate z and the fiber distance r of the

Fig.2 CT images of the fiber structure (a) at the center of the sample and (b) near the surface. The
binder accumulates at fiber crossings and locations with high fiber density. In the center, less
binder is present.
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binder field:

N2 _ \4
Bz )= [(Z; _Z‘““‘> - (Z - _Z““d> }(rmax—w (10)

where Zmin, Zmax> and Zmiq are the boundaries of the domain and the
mid-plane.

The binder strength depends on the width of the binder b, ; con-
necting two fibers. The volume of all binder connections should be
equal to the total binder volume V.

Zr[‘/'bi’/'li=‘/3 (11)

2.3 Damage and Additional Coupling. The mechanical
properties of the GDL cannot be described as pure elastic and
also depend on inelastic deformations such as the breaking of
fibers and damage to the connecting binder. Similar to Ref. [28],
a maximum stress is assumed for binder and fiber.

The stress in the binder field can be obtained from Eq. (9). If the
stress within the binder exceeds the maximum threshold, the corre-
sponding binder is removed from the calculation. The maximum
stress inside a bent fiber occurs near the top and bottom sides of
the fiber. It is given by the elastic modulus Ef, the diameter Dy
of the fiber, and the second derivative of the displacement:

ErDr 8@
Omax =" o

If this stress exceeds the breaking point of a fiber, the fiber will be
considered broken at this point. During compression, fibers that are
not in contact with the undeformed state may become deformed in
such a way that additional contact points arise. The number of
contact points increases with higher levels of compression.

12)

24 Equation Discretization. Each fiber is discretized into
equidistant segments in the fiber direction. The linearization of
the differential equations is done by calculating the difference quo-
tient of the derivative at each point. The first-order equation for a
free-bending segment at a point i can be discretized as follows:

Erly <wi—2 — 4w +60; — 4w + wi+2) — g (13)

Ax*

This is the lowest-order approximation with equidistant points
possible for m =4. As this includes terms i—2 and i + 2, the bound-
ary consists of two points on each side of a beam. This results in the
linear matrix equation. The matrix equation is solved in PYTHON
using the linalg package of SciPy [35].

To determine a well-defined breaking point, the second deriva-
tive for the damage calculation is evaluated in between two discrete
points i and i + 1 at x =x; + 0.5Ax. In discretized form, the maximal
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stress between points i and i + 1 can be calculated as follows:

2
Omax ® EpDp 17 (@i-1 — ; — Wiy1 + @i12)/(AXP) (14)

Points 7 and i + 1 are then treated as boundary points at a free-end
boundary or a point force F. The point force boundary is expressed
as follows:

3 2
To = £ ; do = (15)
6)63 EFI F 5}62

2.5 Model Parameters. The elastic modulus of carbon fibers
and of the carbon binder material has been studied extensively in
Ref. [36]. It depends on the production process employed. In this
study, it is assumed that Er= Ep =230 GPa [37]. However, it was
not possible to confirm this value experimentally. The fiber dia-
meter for GDLs has been reported in several studies to be about
Dp="7 um [15]. The cutoff distance for the binder distribution is
assumed to be rpy. =17 um. The maximum strain in a carbon
fiber depends heavily on the production process and the precursor
material [37]. Most GDLs are based on polyacrylonitrile (PAN)
fibers. In this study, the maximum strain in the fibers and binders
is assumed to be eg =0.015. The porosity of the fiber structure
can be determined using CT images. The fiber volume ratio is
assumed to be Vy=0.1, and the binder volume ratio is assumed
to be Vp=0.02. A cylindrical domain with a radius of Rpomain=
600 um and a height of Hpopmain = 110 um is used for the simulation.

3 Results

3.1 Stress—Strain Curve. The data obtained from the simula-
tion were compared to compression tests of real GDL samples.
The experimental compression tests were performed on an Elektro-
Force DMA 3200. Single samples of 1 cm diameter were com-
pressed, and the force was measured up to a value of P=
1.9 MPa. A second cycle was performed up to P=3.8 MPa. The
simulation curve showed a compression of up to 0.27. Compression
cycles were simulated, up to compression ratios of 0.14 and 0.27.

Figure 3 shows the simulation result and deformation of a real
GDL as measured in the experiment. The specification of the man-
ufacturer is highlighted in the graph [38]. The pressure deformation
curve features a linear region for small deformations and a convex
behavior toward higher ones. In the experimental curve, the inelas-
tic behavior of the sample is seen in the second cycle. The inelastic
deformations during compression lead to a lower mechanical resis-
tance in the second cycle, up to the point of maximum previously
applied pressure. At the point of highest deformation in the first
cycle, the curves merge. The curve after deformation exhibits a
steep stress—strain behavior. This behavior has been reported in
Ref. [39]. The simulation shows a linear behavior in the stress—
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Fig. 3 (a) Pressure against compression ratio for the simulation with hysteresis. The specifica-
tion given by the manufacturer is marked. (b) Experimental result for the pressure compression

curve of the GDL with hysteresis.
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Fig. 4 Effects of the binder and damage terms on the compres-
sion of the GDL. Curve b shows the pressure compression curve
of the original simulation as depicted in Fig. 3(a) without the hys-
teresis. Curve a shows the predicted curve of the simulation for
the case where binder damage and fiber breaking are not consid-
ered in the simulation. For curve c, additional fiber contacts
during compression are not considered. In the case of curve d,
no binder terms are included in the simulation.

strain curve if only the first-order terms are used in the beam equa-
tion. If higher orders are included, there is a slightly convex stress—
strain curve. The simulation predicts a lower quadratic contribution
to the compression/pressure curve than the specifications from the
manufacturer and the experimental data. Input parameters might
not be accurate for the simulation. Especially the binder parameters
are not well understood. The binder model used is linear, whereas in
the real GDL, the binder is likely to have additional nonlinear
effects that are not considered.

The additional cycles with the damaged GDL material show a
similar inelastic behavior to the experiment. The inelastic deforma-
tion is not as pronounced in the simulation. This might be partially
due to the neglected friction between the fibers, which can play a
significant role in such structures [40]. The model assumes a
perfect fiber geometry without any production defects or imperfect
geometries. This is expected to lead to an earlier fiber breaking in
the real GDL than predicted in the model. To include this in the
model, additional information is necessary concerning these imper-
fections on a subfiber length scale. The increasing density of fiber
crossings leads to an increase in the elastic modulus. This is coun-
teracted by fiber breaking and damage to the binder structure. For
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Fig.5 Percentage of the binder field broken and density of fiber
breaking points for different compressions. At a compression of
0.25, more than one-third of the binder material exceeded the
maximum stress and is removed from the simulation. The first
broken fiber occurs at a compression of 0.16. The binder
damage is the percentage of the binder material that exceeded
the maximum stress at the given compression. The fiber
damage is given as the number of broken fibers per volume.
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Fig. 6 Effect of variations of the input parameters on the result
of the simulation. The value of the respective variables is
changed by a factor of 1.1 and 0.9. The pressure at a compres-
sion ratio of 0.1 is plotted for the original simulation and the sim-
ulations with variations. The parameters are normalized to the
values used in the original simulation. Five input variables are
investigated: the fiber and binder elastic modulus, the binder
breaking point, the maximum binder distance, and the number
of fibers in the domain.

small deformations, the damage to the structure is governed by
damage to the binder field.

The reaction of the elasticity of the structure to different effects is
shown in Fig. 4. The simulation (curve b) is compared to simula-
tions without damage (curve a), without additional fiber crossings
during compression (curve c) and without binder field (curve d).
The curve without damage overestimates the stiffness of the
system. It shows a smooth convex behavior. There are no fluctua-
tions due to breaking points. If the fiber structure is compressed,
fibers that were apart from each other now touch and the number
of fiber crossings is increased. This effect is omitted in curve c,
which means that the fibers will interpenetrate without mechanical
hindrance. The stiffness is lower than in the original simulation, and
the convex behavior of the simulation and the experiment is not
reproduced. The curve d shows the outcome of the simulation if
the binder terms are omitted from the equations. The resulting stift-
ness is more than a magnitude lower than the stiffness observed in
the experiment.

Figure 5 shows the percentage of broken binder and the density
of fiber breaking points for different compressions in the simulation.
Parts of the binder field exceed the maximum stress, and inelastic
deformations occur at small compressions of £<0.01. The binder
tends to break at locations where the two connected fibers are far
apart. Binder connecting fibers horizontally is more apt to break
than vertical binder connections. The fiber breaking occurs at
higher displacements of £>0.16.

3.2 Parameter Study. Variations in the model parameters, as
well as in the discretization and convergence parameters are per-
formed to determine their influence on the outcome of the simula-
tion. The elastic modulus of the fiber Er and the binder Ep
material, the breaking point of the binder eg®, and the spatial
extent of the binder r,,c are varied by 10%. The resulting force,
which the fiber structure exerts at a compression of £=0.1, is com-
pared to the original simulation. Figure 6 shows the effect of param-
eter variations on the simulation. When looking at low
compressions, the mechanical properties of the binder have a
larger influence than the parameters of the fibers. The spatial
binder distribution has a great impact on the overall mechanics of
the GDL. The compressibility of the entire structure decreases
with an increase in the spatial extent of the binder. Variations in
the elastic modulus of the binder and the binder breaking point
lead to a convex response function. Variations in the elastic
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modulus of the fiber and the spatial extent of the binder lead to a
concave response function.

4 Conclusions

Pristine GDL samples show a well-defined stress—strain beha-
vior. In a second compression cycle, the slope of the stress—strain
curve drastically increases. If the GDL is deployed inside the cell
at a point where the strain has a large influence on the stress,
small changes in the cell displacements due to temperature
changes during operation can lead to large changes in the contact
pressure between the flowfield and the GDL. A combined binder/
fiber model was proposed to describe the inelastic deformations
of the GDL to get an insight into the mechanics of the structure.
The model predicts a dominant influence of the binder on the
GDL’s mechanics for small deformations. It qualitatively repro-
duces the inelastic behavior and provides an explanation of the
kink in the stress—strain curve of a precompressed GDL at the
point of maximum precompression. This hysteresis is explained
by damage to the binder occurring in the whole compression
range. It predicts that a significant amount of binder material of
more than 25% is subject to damage at intermediate compression
ratios of 0.16. At large compressions above compression ratios of
0.16, damage to the fibers also adds to the hysteresis. Variations
between the experimental and theoretical results still persist.
However, the importance of including mechanical effects from
the binder material is shown. Failure to do so results in a stress
response to compression of more than a magnitude lower than
observed in the experiment. The pure fiber structure cannot
explain the observed behavior of the GDL. The results show a sig-
nificant contribution of damage to binder and fibers, as well as addi-
tional fiber contact points during compression, to the mechanical
behavior of paper-type GDLs.
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Appendix

Figure 7 shows the numerical parameter study for the number of
discrete points and the residuals. The simulation was done with a
mesh size of about 80,000 discrete points. The first compression
steps were computed with up to four times more spatial accuracy
to estimate the numerical error. The numerical error seems to be
smaller than 1% for the spatial error. The residual error is small
compared to other numerical errors.
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Fig. 7 Accuracy of the numerical parameters. The number of
discrete points and the value of the maximal residuals are
varied, and the simulation is carried out. The predicted pressures
at 0.02 compression are plotted for different numbers of discrete
points and for different residuals. The number of discrete points
and the residuals are normalized to the values of the original
simulation.
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