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Abstract

Performances of Proton Exchange Membrane Fuel Cells (PEMFC) are impacted by the physical
properties of the Gas Diffusion Layer (GDL). These properties, such as thickness or porosity,
are modified irreversibly by diverse processes, notably by the clamping of the PEMFC or the
swelling of the membrane during cell operation, which can lead to irreversible deformation.
This phenomenon difficult to apprehend experimentally, is also challenging to be investigated
numerically. An elastoplastic law related to the irreversible strain of the GDL after compression
is proposed in this study and implemented in a Finite Element Model (FEM). Variations in
GDL’s properties during humidity and temperature cycles are studied depending on PEMFC
clamping methods, using experiments and numerical simulations. The influences of processing
conditions, i.e. the Membrane Electrode Assembly (MEA) hot pressing process, on GDLs
properties are also studied. Numerical results show the importance to take into account the
evolution of the mechanical properties of PEMFC components. In particular, the irreversible
strain of the GDL during cell operation is a crucial parameter to increase the performance and
durability of PEMFCs.

1. Introduction
Interest in proton exchange membrane fuel cells has grown significantly in recent decades.
PEMFCs are promising energy conversion devices for stationary and transportation
applications . However, improvements of their durability and of their performances are still
needed to become competitive with combustion engines. For 2025, the U.S Department of
Energy has set a durability target of 8,000 hours, which corresponds to 150,000 miles of driving
2

Mechanical behavior of PEMFC and its components affects the overall performance and
durability of the device *#. The clamping of the stack generates mechanical stresses that need
to be controlled. Low compression leads to high interfacial resistance. Conversely, excessive
compression reduces diffusivity and increases the intrusion of the Gas Diffusion Layer (GDL)
inside the channels >, leading to increased pressure losses in the channels, thus reducing the
total efficiency. The clamping of the stack is then a balance between bulk electrical resistance
and gas transport properties 6-8. Moreover, during stack operation, PEMFCs are subjected to
different sources of mechanical stresses due to vibration, freeze/thaw cycles or hygrothermal
cycles >0,
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Among all the components of the fuel cell, the GDL is the most sensitive to compressive
stresses, which lead to its permanent damage '-16. In fact, GDL is a critical material whose
functions are to transport reactants from the channel to the catalyst layer, to ensure electrical
contact with the bipolar plate (BPP), and to give the proper mechanical support for the
components of the Membrane Electrode Assembly (MEA). Understanding its mechanical
behavior is a key point for improving the durability and the performance of MEAs and hence
PEMFCs 1718,

Numerous studies have been carried out in the literature to gain a better understanding of the
influence of the stack clamping on the mechanics of the various PEMFC components 7/819-24,
Some of them have modeled the stress level generated during cell operation 2-2°. However, the
modelled material properties, geometries, or even scale, differ from one study to another,
inhibiting comparisons.

Modelling the mechanical behavior of a fibrous material as GDLs is complex because of its
non-linear anisotropic mechanical behavior 3°. Nevertheless, the published models presented
below considered GDLs as a homogeneous material. A recent study of Le Carre et al. 3 shows
that this hypothesis cannot predict the complex behavior of the GDL under a land/channel
pattern. The mechanical behavior of the GDL is defined as linear isotropic in numerous studies
32832 The results obtained with these models need to be regarded with caution as they tend to
overestimate the porosity and the intrusion of the GDL inside the channel 2%, Kleemann et al. 22
proposed an orthotropic model with a fitting of Young’s modulus measured during
compression. Some studies used hyper-elastic model (Charbonné et al., 2021; Koorata and
Bhat, 2021; Shen, 2017) and Koorata 33 carried out a comparison of several hyperelastic models
to propose an advanced model taking into account the irreversible strain of the GDL and the
hysteresis resulting from loading and unloading cycling. Because of the incompressible
hypothesis associated to these hyperelastic models, the in-plane stress caused by the
compression must be carefully considered, the out-of-plane Poisson’s ratio being assumed to
be null due to the high porosity of the material 22. To overcome these limitations, some studies
proposed a phenomenological model to explain the nonlinear behavior of the GDL 343,

Before the stack clamping, the membrane electrode assembly (MEA) is prepared by assembling
the membrane with catalysts layers and GDLs on both sides. The catalyst layer can be supported
by either the membrane or the GDL. However, the standard process involves hot pressing GDLs
on the components. Thus, the GDLs are pre-compressed and their physical properties, like
thickness, porosity and their mechanical properties are modified. The pressure applied during
the hot pressing process depends on the components. 37-38, The interfaces inside the MEA need
to assure heat and charges conduction, and mass transport 3°. Mechanical adhesion between the
components of the MEA is a fundamental aspect of the MEA interfaces. The delamination
between the different layers is a common failure mode of the MEA, which inhibits local charge
transfers, leading to a decrease in catalyst utilization 3°. Moreover, the delamination of the MEA
can result in local water accumulation, leading to a decrease in mass transport %°. Consequently,
the simulation can help searchers to investigate the effects of hot pressing process on the
components of the fuel cell and to adjust the process to different materials. Only few studies
have focused on the mechanical impact of the hot pressing process. Koorata and Bhat #* have
proposed a phenomenological model of the GDL and have studied the effect of hot pressing
pressure on the irrecoverable residual effect on the GDL. Their model shows that an increase



in the pressure applied during the hot press process induces an increase in GDL stiffness.
However, their model is isotropic and the parameters required for their model are fit to a
stress/strain curve until 1 MPa. These facts can lead to errors in the in-plane stress induced by
the clamping process, or on the compressive stress under the land due to overstresses induced
by the land/channel pattern. Ouerghemmi et al. 42 proposed a numerical study of the influence
of the interfaces properties on the mechanical behavior of PEMFC showing a link between
plastic deformation of the membrane and interfaces properties of the MEA’s components.
Ramani et al. 38 used simulation to highlight the favorable effect of a better adhesion between
Catalyst Coated Membrane (CCM) and GDL.

In this study, an original numerical implementation of a semi-empirical law of the irreversible
mechanical behavior of the GDL is proposed using an elastoplastic law. The impacts of the
clamping process, hygrothermal loading and hot pressing process are then evaluated
numerically via finite element simulations, and the results are discussed.

2. Material and methods

2.1 Geometry and boundaries conditions

Various fuel cell stack clampings are employed to ensure effective contact between components
15 Two main types of clamping can be distinguished: those applying a constant force during
the stack lifetime, and those maintaining a constant displacement. Therefore, we investigate
both cases of the clamping process, called respectively “fixed pressure” (FP) and “fixed
displacement” (FD), with an initial application of either force or displacement to the top edge
of the BPP, during stack clamping. In this work, in order to compare both approaches, the initial
value of pressure at the end of the stack clamping will be identical, whatever the type of
clamping employed. The numerical simulation is performed with the finite element code
COMSOL Multiphysics 6.2.

The geometry and boundaries conditions used for the numerical simulation are illustrated in
Figure 1, which shows a half channel on the left side and a half land on the right side. It is made
up of two parts of BPPs (stamped metal sheets, with the anode at the top and the cathode at the
bottom), two GDLs and one membrane. As assumed in previous studies 2>2°, particularities in
the catalyst layer’s mechanical behavior are neglected, and its thickness is taken into account
in the gas diffusion layer. A pressure applied on the bipolar plates simulates the clamping. This
pressure is determined to obtain 1 MPa on the active area. The different thicknesses of the
materials are listed in Figure 1.

The simulations are done with generalized plane strain assumption.

The contact between the different layers of the membrane electrode assembly (MEA),
consisting of the membrane, the anodic and cathodic catalyst layers and the two GDLs, is
assumed to be bonded. Frictionless contacts are set at the GDLs/BPPs interfaces. A planar
support is defined on the bottom and side edges of the cathode BPP part (Figure 1).

A Hygrothermal Stress Test (HST) is defined, adapted from Kusoglu’s work 2>, and consisting
in a hygrothermal loading sequence representative of a fuel cell operation as used in the
literature 2728, The complete sequence is shown in Figure 2, with five humidity cycles,
associated to an initial increase of the temperature, followed by a stabilization and a final
decrease. Before this sequence, the clamping of the stack is realized at a temperature (T) of



25°C, and a relative humidity (RH) of 30 %. The sequence starts with a linear rise of the
temperature and the relative humidity, from 25°C to 85°C and 30% to 90%, respectively. Next,
the temperature is maintained at 85 °C, and the relative humidity varies linearly and cyclically
between extreme values. Finally, a hygrothermal unloading is applied by decreasing the
temperature and the relative humidity to their initial values.

2.2 Materials model behavior
The material model behavior used in this study is similar to that of Ouerghemmi et al. 3 or
Kusoglu et al. 2°. The main equations governing the elasto-plastic model are detailed below.

The components of the total strain tensor, ¢, are the sum of the elastic strain component, 7,
the plastic strain component, eipjl, the strain induced by thermal expansion, e{]h, and the strain

induced by swelling, &} (Eq.1)
g =& + eipjl +eff + e (1)

Hook’s law is used to describe the evolution of stress, o;;, as a function of strain in the elastic
region for a material with isotropic behavior (Eq.2).
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With o;;, the components of the stress tensor, ¢, the elastic part of the total strain tensor &;;,

E, the Young’s Modulus, v, the Poisson’s ratio and §;; the Kronecker symbol.

For the orthotropic material, the stress/strain relation is given in equation 3 44:
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Where E,, and E,, are the in-plane Young’s moduli, E, the out-of-plane Young’s modulus, v,,,
and vy, the in-plane Poisson’s ratios, v,y,V;y,Vy, and v,,, the out-of-plane Poisson’s ratios,
Gyy , the in-plane shear modulus and G,, and G,,,, the out-of-plane shear moduli.

When the initial yield limit, o, , is exceeded, plastic strains occur. The yield function, F,,
defines the limit of the elastic regime (Eq.4).

E, = ¢(0) — Oys (4)



Where ¢ (o) corresponds to the equivalent stress and o, corresponds to the actual yield
strength.

Von Mises criterion is used, that corresponds to a critical value of the second deviatoric stress
invariant, /,. This criterion can be written as equation 5:

(o) = /3]2 — Oys (5)

: 1 1
With J, = 50ij0ij — ga,fk and o;; the components of the Cauchy’s stress tensor.

Due to isotropic hardening, yield strength depends on plastic strain. The magnitude of the
plastic strain P! is defined by the equation 6.

— 2
&Pl =f §d£fjldef’jl (6)

With delpjl the plastic strain increment, equal to equation 7.

(7)

With §;; the deviatoric stress tensor.

The materials are subjected to temperature changes during fuel cell operation, which induce
thermal expansion. The thermal strain is given by:

Sf]h = a(T - TO)(SU (8)

With a the linear coefficient of thermal expansion, T, the reference temperature and T the
temperature.

In addition, it is commonly accepted that water causes the membrane to swell. The swelling
strain of the membrane as a function of temperature, T, and relative humidity, RH, is described
by the equation 9.:

4
eS(T,RH) = Z Ci;T*TH* (9)
ij
The values of the polynomial constants C;;are taken from the literature 2* and given in Table 1.

2.3 Material properties

2.3.1 Bipolar Plates
BPPs are made of 316L stainless steel. The mechanical properties of the BPPs are assumed to
follow isotropic linear elastic behavior. Their thermal expansion is neglected in this study.

The mechanical properties of the BPP are summarized in Table 2.



2.3.2 Membrane
The mechanical properties of the membrane (Table 2) are taken from the work of Kusoglu et
al. 2> and Tang et al.**. They are considered as an elasto-plastic material with isotropic

hardening, thermal expansion and swelling. This model has been widely used in the literature
(23,27,43).

233 GDL

2.3.3.1 Modeling of the irreversible mechanical behavior under
compressive stress
The mechanical behavior of the GDL is set as an elastoplastic orthotropic material with
hardening, and the mechanical behavior in compression is adapted from an existing analytical
model 34,

This model was chosen because:
e |tis easily applicable to all non-woven GDLs;
e |t can be modified to fit an elasto-plastic law.

The mechanical behavior of the GDL in compression is divided into 3 parts (Figure 3).

1. Initial mechanical behavior after manufacture: During manufacture, the material endures
an initial compression, a;,, which affect its behavior. This can be described by the equation 10.

@ = (1) - o) +o. (10)

2. Original mechanical behavior: when the value of o, is reached, the GDL recovered its
original behavior. This is described by the equation 11.

n;

o2(e) = 4, () (11)

3. Mechanical behavior after a compression cycle: The mechanical behavior of the GDL is
affected by the previous maximum compression reached, g;,. This new behavior is described
by equation 12.

ns
03(e) = 43 (72 (12)
with g; the mechanical stress, € the engineering strain, p; the initial relative density of the
GDL, g, the contact pressure (equal to 0.1 MPa), n; dimensionless constants and A; constants
with a dimension of a pressure.

This model requires a set of parameters for each GDL, evaluated in experimental cyclic
compression tests. In this study, the parameters needed for the model are given in Table 3.

This model is modified to correspond to an elasto-plastic law with hardening (Eq 13). It allows
the prediction of the irreversible strain of the GDL after compression, while maintaining of the
orthotropic mechanical behavior.

a(e) = o.(e) + op(e) (13)



where the subscripts, e, and h, correspond to the elastic and hardening part of the mechanical
behavior, respectively.

The principle of the implementation is to define an elastic part that corresponds to the part 3
of the previous model (Figure 3), for a given compression ag),. Once this stress is exceeded, the
model switches to plasticity with strain hardening. The equivalent stress for the GDL
corresponds to the compression stress g,,. The strain-hardening function oy, is then defined
by equations 14:

01(e) —o3(ey) fore < g,

0,(e) — a3(ey) for e > &, (14)

on(e) = {

Where &) is the strain associated to the maximum compression gy, and ¢€p is the strain
corresponding to the stress of the first compression g,,. The actual maximum strain, &, and

the process strain, &, are given in the equations 15 and 16, respectively.
1

Az \n3
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All the strains are given for an uncompressed GDL, i.e. as received from the supplier. However,
the GDLs are already constrained by a previous compression, called oyp, relative to the MEA
hot pressing step, which means that the modelled GDL thickness, h¢py,, ., is lower than that
specified by the manufacturer, h¢p :

hGDLHp = hGDLO(l — &) (17)

With ¢, corresponding to the residual strain after the release of the compression gy,

1

As\is

& =15 (7)
Cc

(18)
The other material properties required for the model are adapted from the work of
Ouerghemmi et al. #¢ and presented in Table 4.

2.3.3.2 Model validation

To validate the modelling of the GDL, a numerical simulation of a compression test is presented
on Figure 4 with the label “Elastoplastic law”. The stress/strain curves are obtained for three
successive loading/unloading cycles applied on the GDL at increasing maximum stress values
of 2, 4 and 10MPa. The value gyp Of the numerical model is in fact set at 1MPa. These results
are compared with those obtained with the analytical law 3* and by an experimental test made
with the experimental setup described by Le Carre et al. 3.



It can be noticed that the simulation reproduces accurately the analytical model for the loading
part but shows differences for the unloading parts and cannot reproduce the experimental
hysteresis pattern during loading/unloading phases. The low mean absolute Ae = 0.012 and
relative Ae/e = 0.052 errors between the experimental data and the elastoplastic model validate
the proposed approach. This latter fits well the irreversible strain of the GDL after compression,
and differences between the analytical model and the elastoplastic law are mainly occurring
around the return to zero stress.

2.3.3.3 Hot pressing process

One way of enhancing interfacial contacts between the different layers of the MEA is the hot
pressing process 3%4247-0 This specific process is realized prior to the stack clamping. It
consists in the application of heat and pressure for a given time duration (typically several
minutes) on the MEA components, in order to assemble them. However, a comprehensive
comparison of different studies investigating the impact of hot pressing on PEMFCs is
inherently challenging. The divergent results can be attributed to the considerable variability of
materials, ranges of pressures and temperatures used during the hot pressing process. Various
studies employ distinct types of catalysts, ionomers, and support materials, leading to
differences in the physicochemical properties of the membrane-electrode assemblies.
Moreover, the wide spectrum of pressures and temperatures applied during hot pressing
introduces additional complexities, as these parameters significantly influence the morphology
and performance of the PEMFC 373851, The hot pressing process affects the average porosity ¢
and the thickness of the GDL (Figure 5). The evolution of porosity, ¢, as a function of the strain

€ is defined by the relation: ¢ = %, with ¢, corresponding to the initial porosity of the GDL.

The original porosity, ¢,.0f the GDL SGL22BB is set as 75% 24. Hot pressing process decreases
porosity and thickness (Eg. 17) of the GDL. The Figure 5 shows their variation rate for the
different values of oyp., from 0.5 to 10 MPa, obtained with the analytical model 3. It appears
that the value of ayp plays a role in the evolution of GDL thickness and porosity. Once the
value of oy Is exceeded, the trend in thickness and porosity variation changes; they tend to
increase.

Because of the complex relationships between the changes in GDL thickness, transport
properties and electrical resistance, it is not possible to define an optimal target for the pressure
applied during hot pressing process without multiphysics simulation. However, the impact of
the hot pressing process on the mechanical properties of GDL is obviously important and will
be examined in further details in this study.

3. Results and discussions

The initial clamping of the stack followed by a HST (Figure 2) is simulated here for fixed
displacement (FD) or fixed pressure (FP). In a first section, the impact of the hygrothermal
cycles is studied for a fixed displacement, considering representative values for the hot pressing
process parameters and initial clamping pressure of the stack. The second section is dedicated
to the analysis of the influence of the type of clamping during hygrothermal cycles. The
evolutions of GDL porosity, contact pressure between GDL and BPP, and membrane plasticity
are examined. This allows to analyze in details, in the last section, the impact of the hot pressing
process on the mechanical behavior of the fuel cell. More precisely, a sensitivity study of the
value of ayp (pressure applied during hot pressing process) is presented and discussed.



3.1 Impact of the hygrothermal loading
In this section, the pressure applied during the hot pressing of the MEA is constant, and set at
oyp = 0.5 MPa. To simulate the clamping process, the displacement of the top edge of the
upper BPP is blocked after an initial clamping pressure B, of 1 MPa is reached. These
parameters are selected to amplify the effect of the hygrothermal loading on the stresses
generated during the swelling of the membrane.

Strong variations of B, are observed during the HST (Figure 6). The clamping pressure
increases by 13% during the first swelling of the membrane, from 1.0 to 1.13 MPa. At the end
of the hygrothermal loading, the clamping pressure decreases by 47% compared to its initial
value, reaching a value of 0.53 MPa.

Hygrothermal loading also affects the contact pressure P. between GDL and BPP (Figure 7)
which varies along the contact area. As expected, there is a strong difference between the
clamping pressure and the contact pressure according to the real contact area between the BPP
and the GDL. The reds arrows on Figure 7 represent the intensity of the contact pressure.
Contact pressure needs to stay sufficient during hygrothermal cycle to limit the increase of the
contact resistance at the interface BPP/GDL 2. In comparison to the end of the clamping, the
contact pressure at the middle of the land during the first swelling increases by 10% to reach
3.06 MPa, and decreases by 50% down to 1.39 MPa at the end of the unloading compared to
the end of the clamping process.

These results show that hygrothermal loadings induce irreversible strain on the GDL and the
membrane and lead to changes in the contact pressure at the BPP/GDL interfaces. These contact
pressure losses increase the electrical contact resistance between GDL and BPP, finally
inducing a drop in performance.

The clamping process also affects the average porosity ¢ of the GDL (Figure 8). During the
HST, the porosity varies mainly under the land, because of the blocked displacement imposed
on the BPP. Compared to the end of the clamping process, the average porosity under the land
decreases during the first swelling by 2%. These variations are small in comparison with those
induced by the clamping process, with the average porosity under the land decreasing to 62%
at the end of the clamping (As a reminder: ¢, = 75%).

Strong variations of the volumetric plastic strain (e£;, = &b, + &

o .+ £by) of the membrane
under the channel are observed during the first cycles, decreasing cycle after cycle. It tends to
become constant at the end of the HST (Figure 9.a). During the hydration phase (highest
humidity), the volumetric plastic strain increases. Then, during drying phase (temperature
remains constant and humidity decreases), the volumetric plastic strain decreases. It should be
noticed that it is mainly present under the channel. This behavior is the result of the boundaries
conditions of the model. During hygrothermal loading, the membrane cannot deform freely in
the in-plane direction, resulting in in-plane stresses varying between tensile and compressive
states 2>30. These variations between tensile and compressive state leads to a reverse yielding,
i.e. a decrease of the volumetric plastic strain, accentuated by the change in the yield strength
of the membrane due to changes in humidity and temperature. Under the land, the compressive
stresses limit the increases of the Von Mises stresses during the swelling of the membrane.

The model can help to understand the evolution of the volumetric plastic strain of the GDL
during the clamping process and during the HST. However, the effects of hot pressing process



on the GDL are carried out analytically, and the GDL modelled in the software is set with an
initial volumetric plastic strain equal to 0. The volumetric plastic strain plotted on Figure 9.b
corresponds to the additional volumetric plastic strain of the GDL under the land occurring
during clamping process and the HST. The average volumetric plastic strain of the GDL below
the land shows that the clamping process is the main cause of the deformation of the GDL

(s}j’;l = —20%). After the clamping process, the first swelling (cycle = 0.5) of the membrane

induces a small additional deformation on the GDL (e”!, = —22%) . Then, the average

volumetric plastic strain remains constant during the rest of the HST (Figure 9.b).

Moreover, the clamping process and the HST induce an intrusion of the GDL inside channel,
corresponding to the vertical distance between the GDL at the middle of the channel and the
land, as described in Figure 7. Figure 10 shows the variation rate of the intrusion of the GDL
inside the channel, which increases by 12% during the first swelling of the membrane, and
remains at 2% at the end of the hygrothermal loading. This irreversible intrusion is only induced
by the irreversible strain of the membrane under the channel during the HST. This intrusion
must be limited, as it leads to an increase in gas pressure drops along the channel 534,

3.2 Impact of the clamping process (imposed pressure vs imposed displacement):

In this section, the pressure applied during the hot pressing process oyp remains fixed at 0.5
MPa and both types of clamping are investigated, i.e. fixed pressure (FP) or fixed displacement
(FD). The initial clamping pressure By, is still 1 MPa. The case of fixed displacement is already
detailed in the above section. Several parameters are given by the simulation: absolute
displacement at the top edge of the anode BPP part (fixed for FD and Figure 11. a for FP),
contact pressure between GDL and BPP (Figure 7 for FD and Figure 11.b for FP), intrusion of
the GDL (Figure 10 for FD and Figure 11.c for FP), and average volumetric plastic strain of the
GDL under the land (Figure 9b for FD and Figure 11.d for FP). It appears that the type of
clamping has a strong impact on the GDL and its deformation during the HST.

For FP, the upper BPP endures a displacement during hygrothermal loading to absorb the
swelling of the membrane. The Figure 11.a shows the displacement endured by the BPP along
the HST. The displacement of the upper BPP decreases by 8% after the first swelling, and
increases by 0.4 % at the end of the loading, compared to the end of the clamping process. This
new condition indicates that the hygrothermal loading induces a permanent change in the
mechanical properties of the components. In the case of a fixed pressure, irreversible strain on
the GDL is limited, so these changes are only due to the plasticity of the membrane occurring
during the HST.

The contact pressure is nearly unaffected by the hygrothermal loading when the clamping is
controlled in pressure (Figure 11.b). FP leads to a more constant contact resistance at the
BPP/GDL interfaces and, therefore, to more constant performance.

The variation of the intrusion of the GDL inside the channel during hygrothermal loading is
strongly affected by the clamping process (Figure 11.c). The clamping process does influence
the middle of the channel: the intrusion, after the initial clamping process, is mainly governed
by the swelling and the drying of the membrane during hygrothermal loading. For the FD case,
the swelling of the membrane induces an intrusion of the GDL inside the channel, but the land



cannot move. Conversely, the swelling of the membrane induces a displacement of the BPP for
the FP case, limiting the intrusion of the membrane inside the channel.

The clamping type affects the average volumetric plastic strain of the GDL under the land
(Figure 11.d). For FP, the average volumetric plastic strain does not increase during the swelling
of the membrane. This clamping method can limit the irreversible strain caused to the GDL by
membrane swelling, and can potentially lead to better performance over time.

These results confirm that a clamping method controlled in pressure limits the irreversible strain
on the GDL during fuel cell operation compared to a controlled displacement.

3.3 Impact of the hot pressing process
In this section, the effect of different pressure oyp applied during hot pressing process is
investigated. The values of oyp varies from 0.5 MPa to 10 MPa to represent a large panel of
processes. The FD clamping type is simulated, considering an initial clamping pressure B,, of
1 MPa. These conditions are chosen to intensify the effects of the hot pressing process.

The value of the pressure applied during hot pressing process oyp has an impact on the
evolution of the clamping pressure B,, during the HST (Figure 12.a). The increase of the value
of ayp until 6 MPa leads to a lower decrease of the clamping pressure at the end of the HST
(Figure 12.b). The evolution of the variation rate of the clamping pressure follow a linear trend
function of ayp. From oyp = 6 MPa, there is no more decrease of the clamping pressure since
the GDL no longer endures irreversible strain induced by the HST. In the latter case, the value
of ayp is above the maximal compressive stress occuring in the GDL during the HST.

The hot pressing pressure gy p also affects the contact pressure between GDL and BPP (Figure
13.a), intrusion (Figure 13.b) and irreversible strain of the GDL (Figure 13.c) during clamping
and HST. Similarly to the variation rate of the clamping pressure, the contact pressure and the
average volumetric strain of the GDL function of ayp exhibit two different behaviors before
and after oyp = 6 MPa. Before this value, the first swelling of the membrane induces a low
increase of the contact pressure at the middle of the land but as well a strong decrease at the
end of the HST. At the same time, the average volumetric plastic strain under the land (cf.
Figure 1) induced by clamping and HST decreases to reach 0 % for o, = 6 MPa. For ayp =
6 MPa, the first swelling of the membrane induces a strong increase of the contact pressure but
it comes back to its initial value at the end of the HST. For the evolution of intrusion function
of oy p, the behavior is also divided in two parts, with a strong decrease of the intrusion before
oyp = 4 MPa, and a more steady behavior after this value (Figure 13.c). It can be noticed that
even for a high value of oy, a permanent change on the intrusion happens: this phenomenon
is governed by the volumetric plastic strain of the membrane and not by the irreversible strain
of the GDL.

However, a high value of ap leads to a poorer initial porosity (Figure 13.d). The porosity is
linked with the tortuosity of the GDL >, and a low porosity of the GDL leads to a low diffusivity
of the reactants and to a change in the water management in the fuel cell. The value of the hot
pressing process needs to take into account also this change in the porosity of the GDL to
optimize the mass transport.

These results provide a better understanding of the impact of hot pressing process on the
mechanical properties of the GDL, and of its behavior during lifetime. An optimum value of



oyp for 6 MPa with a minimal change on the mechanical properties on the GDL during
clamping and HST appears, but the multiphysics studies, taking for example into account the
decrease in initial diffusivity of the GDL, needs to be integrated to find the best values of op
to optimize the performances. Future outlook can help to find an optimal range of hot pressing
pressure and avoid the experimental test/error optimization process.

4. Conclusion
The numerical implementation proposed in this study allows an original prediction of the
irreversible deformation of the GDL after compression via an elasto-plastic law. 2D numerical
simulations investigate the effects of the hygrothermal loading, type of clamping and finally,
the hot pressing process.

This model predicts the mechanical behavior of GDL undergoing variations of hygrothermal
conditions, and shows the importance of controlling the fuel cell clamping process. The fixed
pressure clamping is better in this configuration than the fixed displacement clamping, due to
the lower mechanical solicitation imposed to the GDL during HST. This leads to a steadier
mechanical behavior of the fuel cell during lifetime, and in fact, to steadier performances.

A study of the impact of the hot pressing process shows that it has a significant impact on the
physical properties of GDL. In particular, as the applied pressure during the hot pressing process
rises, it induces irreversible strain on the GDL, leading to a decrease in GDL thickness and
porosity prior to clamping. Studies of clamping function of oy show an optimum value for
oy pto optimize contact pressure and intrusion while limiting irreversible strain of the GDL.

Further research is needed to find the right balance between these different phenomena and to
increase the performance of the fuel cell. The prospect of this study is to implement these results
in an electrochemical performance model in order to analyze the effect of the irreversible strain
of the GDL caused by the operation of the PEMFC on its performance.
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Glossary

PEMFC Proton Exchange Membrane Fuel Cells
GDL Gas Diffusion Layer
FEM Finite Element Model
MEA Membrane Electrode Assembly
CCM Catalyst Coated Membrane
BPP BiPolar Plate
FD Fixed Displacement (Clamping)
FP Fixed Pressure (Clamping)
HST Hygrothermal Stress Test
RH Relative Humidity

T Temperature
Symbols
£ Total strain tensor
g Stress tensor
i Kronecker symbol
E Young Modulus
v Poisson’s ratio
G Shear modulus
Oys, Initial yield limit
¢ Equivalent stress
Oys Actual yield limit
J» Second deviatoric stress invariant
S Deviatoric stress tensor
Ty Reference temperature
a Linear coefficient of thermal expansion
01,02,03 Part of the analytical model
hepr Thickness of the GDL
P, Clamping pressure
P, Contact pressure
) Porosity
oy Pressure applied during GDL manufacturing process

Subscripts and superscripts

ij Tensor’s Component
e Elastic
pl Plastic
th Thermal
sw Swelling
XY,z x,y, z directions
Xy, yX xy, yx plane, in-plane
Xz,2X,Y7, Zy xz,zx, yz, zy plane, out-of-plane
h Hardening part
M Maximum compression
HP After Hot Pressing process
0 Initial state
r Residual strain
vol Volumetric
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Figure 1: Geometry and boundaries conditions of a 2D representative element of a fuel cell.
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Figure 2: Hygrothermal loading sequence defining the Hygrothermal Stress Test (HST) adapted from 25
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Figure 3: Diagrams of the 3 parts of the model, adapted from 34
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Figure 4: Comparison of the experimental stress/strain curves with those obtained using EF simulation (Elastoplastic law),
the analytical model 34 and experimental measurements
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Tables

Cij i=1 i=2 i=3 i=4
j=1 2.994 x 10712 —5.221 x 10710 3.574 x 1078 —6.832 x 1077
j=2 —4303x1071° 7.361 x 10~8 —5.166 x 107° 1.003 x 10~*
j=3 2.163 x 10°8 —3.566 x 107 2.564 x 10~* —5.067 x 1073
j=4 —5.402 x 1078 2.012 x 107> 2.007 x 1073 4,355 x 1072

Table 1: Values of the constants C;; according to 2°
Component  Material E v a Thickness
. Stainless 16.5

Foil of BPP steel 3161 205 [GPa] 0.3 x 1076 [K~1] 75 [um]

Nafion )5 123¢ —
Membrane 112 f(T,RH) 0.25 6K — 50 [um]

1] 25,45

Table 2: Physical properties of the BPP and the membrane
Op Aq C
Ref- [mpaj P1 [MPa] n n2 B [MPa] o

22BB 1.7 0.194 281.6 3.33 2.97 35.5 1.26 13.9
Table 3: Parameters of the model for the compression of the GDL (Sigracet SGL22B)

Parameter Unit Value
E, MPa 2700

E, MPa 1900

Vizr Vyz - 0

Viy - 0.2
Gyz) Gyy MPa 2.4
Gy MPa 193
h¢pr, pm 215

Table 4: Material model parameters — GDL (Sigracet SGL 22BB)



