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Glossary

BPP BiPolarPlate

CCB Catalyst Coated Backing
CCM Catalyst Coated Membrane
CD Cross-machine Direction

CL Catalyst Layer

EP End Plates

GC Gas channel

GDL Gas Diffusion Layer

GDM Gas Diffusion Media

iNFS Ionomer Nanofiber Scaffoldings
MD Machine Direction

MEA Membrane Electrode Assembly
MPL Microporous Layer

PAN polyacrylonitrile

PEM Proton Exchange Membrane
PEMFC Proton Exchange Membrane Fuel Cell
PFSA Perfluorosulfonic Acid

PTFE Polytetrafluoroethylene

SEM Scanning Electron Microscope
TFE tetrafluoroethylene

XCT X-ray computed tomography
Ath Thickness variation

A Cross sectional area

E Young’s modulus

F Force

FN Normal force

FT Tangential force

G Shear modulus

GPa Gigapascal

MPa Megapascal

P Pressure

Ra Roughness

RH Relative humidity

T Temperature

Tg Glass transition temperature

th Thickness

o Thermal expansion coefficient
Yy Angular strain

€ Elongation strain

nact Activation loss

fnconc Gas concentration loss

nohmic Ohmic loss

i Friction coefficient

" Poisson’s ratio

o Stress

T Shear stress

1) Kronecker symbol



General introduction

The climate issue in the current context is mainly focused on the global warming due to
the emission of gases by human activities. Whether it is produced or consumed, energy is
largely responsible for the ecosystem’s crisis.

On this basis, numerous researches are engaged to reduce the environmental impact of
the production, distribution and consumption of energy, aiming towards green energy
transition. The global efforts in this energy transition have recently gained a substantial
amount of support from the communities of science, engineering, academia, industry, and
governments in all aspects.

Studies were focused on the development of new strategies to affect positive global
change by finding new resources of renewable energy to reduce the massive consumption
of fossil fuels responsible for greenhouse gas emissions. The ultimate goal is to use new
so-called clean energies.

One of the most promising devices, are proton exchange membrane fuel cells PEMFC.
They have emerged as alternative solutions for clean energy production, providing long-
term solutions to the improvement of energy efficiency, energy sustainability, and energy
security and the reduction of greenhouse gases and urban pollution.

Significant environmental benefits are expected for fuel cells, particularly for energy
conversion for transportation and electric power generation.

They are expected to play a significant role in increasing fuel efficiency, and decreasing
dependency on traditional fossil fuels.

PEMFC is a lower temperature fuel cell (< 100°C) with a polymer electrolyte membrane.
This lower temperature fuel cell is well suited for transportation, portable, and micro fuel
cell applications because of the importance of fast start-up and dynamic operation. It
works with hydrogen stored under pressure or in solid form, and ambient air oxygen.
Apart from the asset of using non-polluting gases, PEMFC does not emit any in return. The
particularity of this device consists also in its durable energy storage.

Despite the currently promising achievements and the plausible prospects of PEMFCs,
there are many remaining challenges that need to be overcome before PEMFCs can
successfully and economically substitute for the various traditional energy systems. One
of the major drawbacks is its short life span, as well as the high cost. Therefore, many
studies are oriented towards reducing its manufacturing cost, extending its life span and
ameliorating its performance during the operation cycles. The majority of the conducted
work revolves around the mitigation of the degradation mechanisms of the core of the
fuel cell also called membrane electrode assembly MEA. The MEA is composed of a



membrane surrounded by active layers and two gas diffusion layers. The degradation of
this MEA leads to the loss of the cell’s performance and even to its shutdown.

The understanding of the degradation that occurs during aging has been investigated,
however, most of the studies did not focus on the link between these degradation
mechanisms and the mechanical state of the MEA.

In this context, the subject of this study is to provide a better understanding of the
mechanical state of the MEA and more particularly, to reveal its impact on the
performance and durability of the entire cell.

The followed approach is based on an experimental and numerical analyses to understand
the global mechanical response of the MEA different components under the various
mechanical stresses.

This manuscript is divided in 4 parts:

Chapter I presents the functioning principles of the principles of PEMFC and its different
components as well as the different manufacturing processes of its core (MEA). It aims to
also report the mechanical characteristics of each component, and their impact on the
performance of the cell.

Chapter II presents the experimental approach developed to identify the mechanical
properties of gas diffusion layers. The tests were performed in both planes (in-plane/out-
of-plane) and according to the machine and transverse directions.

Chapter III is a continuity of the previous experimental work with an extension to the
global MEA study. A new parameter is identified in this section in order to analyze the
mechanical properties at interfaces between the MEA layers. A quantitative analysis is
conducted via the friction coefficients and roughness measurements, followed by a
qualitative morphological analysis.

Chapter IV is a summary of all of the previous experimental work. It presents a numerical
analysis of the mechanical behavior of the membrane. The developed model offers the
possibility to evaluate the stress and strain levels of the membrane under assembly load
and hygrothermal operating condition. Materials properties and the properties of the
interfaces on the mechanical response of the membrane, are also investigated.



Chapter I: General overview of the
study

This first chapter of this study is intended to review the work in the literature to identify
the PEMFC different components and its functioning principles. The aim here is to bring
some understanding of their mechanical behavior under the various operating and
assembly conditions. Eventually, the impact of the mechanical state on the performance
of the cell is investigated.

This chapter is divided in three parts:

. The first part provides a detailed insight on the composition of the fuel cell as well
as its operating principles. The role of every component is detailed, to better understand
the functioning of the fuel cell.

. In the second part, a particular focus was attributed to the study of the different
elements forming the MEA, core of this study. It also includes the different steps of the
MEA fabrication process.

. The third part is dedicated to the mechanical phenomena characterizing the
performance of the cell. First the mechanical behavior of the different MEA layers is
described. Second the impact of the assembly and operating conditions on the mechanical
state of each component is detailed.

This state of art highlights the importance of the mechanical state of the fuel cell on its
performance during its operation, as well as its durability.



L. Overview on PEM fuel cells

Proton exchange membrane fuel cells (PEMFC) were discovered by Sir William Grove in
1839 based on the previous work of Christian Friedrich Shonbein [1]. He published a
description of the working of the first fuel cell describing its operation on various
reactants, including ethylene and carbon monoxide, as well as hydrogen [2]. He described
the mechanisms of a singular cell, made up of hydrogen and oxygen in contact with two
platinum electrodes and suggested that several of these could be combined in series to
form a gas voltaic cell [3].

PEM technology served as part of NASA's Gemini project in the piloted space program of
the united states in the 1960s [4].

The proton exchange membrane fuel cell (PEMFC) is a system that generates electrical
power through the reverse reaction of water electrolysis [5]. The fundamental structure
of a fuel cell consists of an electrolyte layer in contact with two electrodes, both coated
witch catalyst layers to initiate the electrochemical reactions occurring at the anode and
the cathode [6].

The operating principle of the PEMFC and the electrochemical reactions are shown on
Figure 1.

The equations describing the electrochemical reactions are the following:

Anode H, » 2HY + 2e” (D
1
Cathode 2H + 2e” + 0, > Hy0 (2)
1
Global H, + 502 - H,0 + Heat (3)

Cc
A
T
H
(o]
D
E
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Figure 1: Operating principle of the PEMFC fuel cell [7]

A standard technique in fuel cell characterization is the polarization curve (Figure 2); it
consists in measuring the variations of cell voltage as a function of the current density. It



is a diagnostic technique for the evaluation of fuel cell performance and for the operating
parameters impact analysis. From a polarization curve it is possible to distinguish
between kinetic, ohmic and mass transport losses [8].

The polarization curve is influenced by three types of loss:
* Activation energy of the electrochemical reactions at the electrodes, nact.

» Electrical resistivity of the components and more particularly the protonic resistance of
the membrane, Nohmic.

e Reactant gases rate, Nconc.

aluyo uoleAlOY

Voltage (V)

yodsuelsy ssey

Current density (A/lcm?)
Figure 2: Typical fuel cell polarization curve

Fuel cells can be specified into different categories based on types of fuel used (hydrogen,
carbon monoxide...), the electrolyte (liquid or solid) and the operating temperature range
(going from 60°C to 210°C for low-temperature fuel cells and could reach over 650°C for
high-temperature ones) [9-16]. PEMFCs are considered as a low-temperature fuel cell as
its operating temperature is in the range of 60 to 120°C, using the hydrogen as a charge
carrier and a solid polymer electrolyte, usually Perfluorosulfonic (PFSA) membrane.

Compared to other types of fuel cell, PEMFCs can provide higher power density for
transportation systems and vehicular applications with relatively short start-up time and
lower operation temperature and pressure, low weight and volume and high efficiency,
[11,17-20].

At the end of 2020, more than 540 hydrogen refueling stations were in operation
worldwide, an increase of more than 15% from 2019 [21]. Other application fields could
include mobile and portable devices such as portable computers [22-25].

PEMFCs stack (Figure 3) are composed of several electrochemical cells. Each cell is an
assembly of bipolar plates (BPP), surrounding the membrane electrode assembly (MEA),



which is the core of the fuel cell and place of all the electrochemical reactions. It is
composed of two gas diffusion layers (GDL), a membrane and two active layers.

Redox reactions of the reactants (dihydrogen and oxygen) take place on the two
electrodes; the reactants pass through the bipolar plates to the electrodes; the reactions
of hydrogen produce electrons and protons which are then transported to the cathode
through the membrane where they meet oxygen and produce water (Figure 1).

The continuous supply of reactants allows the continuous production of electric current.

Stack (macro)

Cell (Meso)

End plates

MEA (micro)
Gas diffusion layers

Bipolar plate
BPP

AN - sy |
Catalyst layers i |
CL

Membrane

Figure 3: PEMFC stack components (Adapted from [26]).

Figure 3 presents the different components of a fuel cell stack. The entire stack is
assembled by two end plates which principal role is to ensure sufficient and uniform
pressure distribution between the different components of the fuel cell, therefore, they
help reduce contact resistance and supply sufficient sealing forces for the different media
flows. These effects may lead to increased stack pressure at the boundary of the bipolar
plates. In addition, they have the important role of stabilizing the stack to resist external
forces in real operating conditions.

The elementary electrochemical cells are composed of bipolar plates (BPPs), which are a
key component of PEMFCs. Developing higher properties bipolar plates is one of the
means of enhancing the mechanical durability of PEMFCs [27]. The principle roles of BPP
is to ensure the uniform and efficient distribution of fuel gas and air, conduct electrical
current from cell to cell, enable heat evacuation from the active area, and prevent leakage
of gases and coolant which allows a seal provision between electrodes. In addition, they
play an important role in supporting the mechanical loads imposed on the cell to ensure
good stability and performance [28].



BPPs significantly contribute to the volume, weight and cost of PEM fuel cells; they
actually account for almost 70% of the mass of the stack and 30% of the overall price of
the cell stack [29].

Hence, there are vigorous efforts worldwide to find suitable materials and working on the
geometry as it has an influence on the transfer of electrons and the distribution of the
reactive gases on the electrodes, and therefore on the performance of the fuel cell [30-
38].

Indeed, each cell of the stack receives a variable flow rate of hydrogen during the
functioning cycle, which is, among others, controlled by the geometry of the bipolar plate
relative to each cell. Poorly designed bipolar plates lead to variable gas distribution
through the fuel cell, which leads to temperature gradients in the cell and, thus, localized
hot spots in the electrolyte and unstable current density which can lead to poor water
management and compromise stack performance [39].

BPPs materials include non-porous graphite, coated metallic sheets, polymer and carbon-
based composites [40]. Graphite is the most used due to its ability to resist to corrosion
and its high surface electrical conductivity in the PEM fuel cell environment. Metallic BPPs
have also been used for their mechanical strength but they are more exposed to corrosion
problems, which causes an increase of the electrical resistance and a decrease of its
efficiency [41,42]. Those materials undergo different shaping processes in order to obtain
optimal geometries for the operation of the PEMFCs, especially the flow field part of BPPs
where the reactant gases and water are transported. Geometric parameters like channel
length or flow direction must be considered during the design of bipolar plate as they have
impact on functional properties such as mass transport, heat transfer or electrical
conductivity [43].

II. Focus on the fuel cell core

The membrane electrode assembly is considered as the core and heart of a PEMFC, place
of all the electrochemical reactions and energy generation. As described above, itis mainly
composed of five layers: two gas diffusion layers on top of two electrodes surrounding the
membrane. These different layers will be described below:

1. Gas diffusion media

The transport layer also called gas diffusion media (GDM) is a porous layer, which
principle roles are [44]:

e Pathway for reactant transport: reactant gas access from BPP flow-field channels
to catalyst layers.

e Water management: passage making for water removal from catalyst layer area to
flow-field channels.

e Thermal conductivity: heat evacuation from the active layers to the BPP



e Electrical conductivity: electrons transport from electrochemical reaction sites to
the BPP.

e Mechanical support to the whole MEA: mechanical support provision and
protection for the catalyst layer and membrane during both assembly and
operation.

Structure

The main structure of GDM can be divided in two parts: the fibrous substrate also known
as gas diffusion layer substrate (GDL) and the micro porous layers (MPL). It should be
noted that the entire layer might be loosely referred to as GDL since the MPL is a
dependent part of the GDL and is not considered as a full-fledged layer in most of the
studies.

The fibrous substrate can be identified as a carbon-carbon composite, in which carbon
fibers, with 6-10 um diameter [44], are randomly dispersed in 2D to form a sheet. The
thickness of the fibrous substrate is generally within the range of 150-400 pm, and the
morphology is strongly porous (70% to 80%), with a majority of pore sizes in the range
of 10-30 pm [44-47]. A hydrophobic treatment is applied on GDLs to avoid water
adsorption. In novel GDLs a MPL is added to the fiber substrate to enhance its transport
properties; as its name indicates, this layer exhibits a smaller porosity size compared to
the one of the substrate, within the range of 100 to 500 nm [44].

Different types of gas diffusion layers

Different types of GDLs exist according to the fiber substrates employed. There are two
main categories of porous fiber substrate, i.e. carbon papers (non-woven) and carbon
cloths (woven). Among the non-woven category, straight or curved carbon fibers can be
used to form GDLs in roll, sheet or felt forms (Figure 4).

Carbon cloths and carbon papers have different fabrication methods and hence have
different structures and properties. Therefore, they exhibit different performance in
different operating conditions [48].

It was shown that at high current densities, carbon cloths are better candidates than
carbon papers, whereas, at low current densities the performance of carbon cloths and
papers presented similar performances [49-51].

Wang et al [52] performed experiments as well as a numerical study to establish the
structure-performance relationships of carbon cloth and carbon paper;, they concluded
that carbon cloth gives better performance in high humidity and carbon paper has better
performance at low humidity.

In fact, the highly tortuous structure of the carbon paper leads to severe mass transport
limitation under high-humidity operations which makes the carbon cloth a better choice.
However, under the dry condition, the carbon paper is found to be superior as it retains
product water in the MEA and improves the membrane hydration hence its proton
conductivity



Stampino et al. [53] reported that for current densities lower than 800 mA.cm-2, carbon
paper exhibits better performance at different humidity levels for air (60%, 80% and
100%). However, water management issues were observed at higher current densities.

Kowal et al. [54] used neutron imaging and showed that carbon cloth had more balanced
water distribution, unlike carbon paper which was proved to be more prone to flooding
as more water is accumulated under the ribs.

Non-woven Woven

Roll Sheet Felt Cloth

Figure 4: GDL types classified into non-woven type(a) carbon paper (roll or sheet); (b) felt or spaghetti fibers
and (c) woven type (carbon cloth) (Adapted from [47]).

Fabrication principle of GDL

The first part consists in creating the substrate from carbon fibers, the most attractive
choice for the raw material is the polyacrylonitrile (PAN) due to precursor cost, high
carbon yield (50%) and final carbon-fiber properties.

During the manufacturing process, the fibers are impregnated with a thermoset resin
used as a binder in the case of carbon papers and felts, but not for cloth type, where no
binder is added.

Afterwards, heat treatments are applied to improve mechanical and electrical properties
of carbon-fibers.

The carbon papers undergo, first, carbonization, and second, graphitization stages after
the impregnation process. The carbonization step is carried out in the temperature range
of 1200°C to 1350°C to obtain roll GDL (95% carbon), and an extra graphitization step
above 2000°C is carried out for sheet type (99% carbon) [44].

For carbon cloths, first a carbonaceous fiber production step is applied (made from meso-
phase pitch spun by melt spinning, centrifugal spinning, blow spinning, etc.); second, a
fiber oxidation step and third, a cloth formation step by weaving or knitting. Note that the



carbonization happens after the carbon yarns woven. as opposed to the carbon papers
[44].

For example, the manufacturing process for a Sigracet GDL paper with MPL is described
in Figure 5.

Acrylonitrile ; - ; >

POLYMERISATION | SPINNING |

STAEILISATION § CARBONISATION m

EEEEEE] o ——
O BEEE= O\ L = OULIO
[ caraonsaTon | cum \\O//

Water
Polymeric binder

Carbon (precursors)
E Carbon,
PTFE
E U Additives
[ ]
L]
I==] | |
E= | ] (@)
Fully-treated
PTFEDIP SINTERING .
| prrEDIP | | SINTERING | Sigracet® GDL

Figure 5: Schematic of the fabrication process of Sigracet ®gas diffusion layer (GDL+MPL) (Adapted from
[55]).

Hydrophobic treatment

Water management is one of the main functions of GDL especially in the cathode side. It
is crucial to ensure performance of fuel cells.

As explained before, the product water must be removed from the fuel cell, otherwise
there is a risk of water accumulation which could prevent the reactants circulation; this
phenomenon is often referred to as flooding. However, if the amount of water in the
membrane is too low, the membrane conductivity decreases, as will the fuel cell
performance [56].

Diffusion media are generally made hydrophobic in order to avoid flooding in their bulk.
Moreover, the interfaces with adjacent layers are also tailored with coatings or layers to
ensure efficient liquid transport into and out of the diffusion layer. The treatment is
usually made with Polytetrafluoroethylene (PTFE) [44,57,58].

A wide range of PTFE contents have been used in the literature, from 5 to 30 wt.%. Most
of the studies investigated the GDL optimum properties in terms of PTFE rate in MPL. The
best performances were obtained for a rate around 20 wt.% PTFE [59,60].
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The PTFE can be applied to the fibrous substrate in several ways. Most commonly, it could
be carried out through a sequential process of impregnation; the fibers substrate is dipped
into an aqueous PTFE suspension before applying the microporous layer as depicted in
Figure 6. Excess suspension is allowed to drip off, the remaining solvent is removed by
oven drying and finally the GDL is heated above 350°C to sinter the PTFE particles and fix
the PTFE to the surface. In dipping, PTFE loading is controlled by adjusting the
concentration of the suspension [44]. Lifetime and properties could be improved by a
multistage PTFE treatment [61].

Other than bulk treatment, PTFE can also be applied by spraying or brushing when if only
one side of the fibrous substrate needs to be coated [44].

In the MPL, the PTFE is directly included in the material before it is coated on GDL.

Carbon paper GDL

Figure 6: Hydrophobic treatment and MPL application for carbon paper diffusion media (Adapted from [62])

Microporous layer

A MPL is usually added to the main substrate in order to improve the electrical
conductivity and water management [63] (Figure 7). It serves for porosity transition,
since it is fabricated with carbon powder aggregation [64] and has, thus, smaller pores
than the substrate’s part, in the range of 100 to 500 nm as cited above [44].

11
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Figure 7: Structure of cathodes (a) without and (b) with MPL [65].

By providing effective mass transfer of liquid water in catalyst layer to GDL, the MPL helps
improve water management of the entire diffusion media system. Besides, coating carbon
slurry onto the carbon paper can make its surface smooth as portrayed in Figure 8, in a
way to make buffer layer which improves the electrical contact between CL and GDL. As a
result, potential contact loss between catalyst and membrane and migration of catalyst
into GDL can be prevented [44,66]. In Figure 8, a micrograph of an ELAT® microporous
layer is coated on a carbon cloth substrate. No underlying fibers are visible, and, with the
exception of several cracks in the layer, the coating appears smooth on the micron scale.

MPL consists of a suspension of carbon powder, PTFE and ethanol with subsequent drying
[62]. The microstructure and surface hydrophobicity of the MPL could be designed by
modulating the amounts of carbon powder and PTFE in the coating suspensions [62].

Several techniques could be followed to apply MPL; the doctor blade method is common.
Others including screen printing, spraying, or rod coating can be also used. The carbon
paste parameters, such as the solvent choice and solid concentration, must be tailored to
provide a coating of desired thickness and substrate penetration with the given
application technique [44].

12
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Figure 8: SEM (top view) of microporous layer produced on top of carbon paper substrate, not visible
because it is hidden by the approximately 50um thick MPL [44].

2. Membrane

The membrane plays an essential role in the operation of the fuel cell, in particular for
transfer of protons generated at the anode by hydrogen oxidation to the cathode, where
they take part in oxygen reduction.

According to the operating principle of a membrane, hydrogen is oxidized to protons,
while electrons are transported in the external circuit; protons migrate through the
ionomer membrane to the cathode where they participate in the reduction of oxygen.
According to this principle, the membrane material must have the following properties:

e Thelowest possible proton transfer versus high ionic conductivity to reduce ohmic
losses.

e The highest electronic resistance to avoid any risk of electrical short risk.

e The lowest permeability for better efficiency but also for safety reasons: no
permeation of hydrogen to the cathode and no permeation of oxygen to the anode,
otherwise, the two reactive gases in presence will combine to form water on the
catalyst, but without producing electricity.

e Sufficient chemical, mechanical and thermal stability properties under the
operating conditions of the cell.

The commonly used material for membranes for PEMFC is Perfluorosulfonic acid
polymers (PFSA). Due to electrochemical stability requirements, perfluorinated materials
have been identified as the best candidates for satisfying the needs of the system. They
have excellent proton conductivity and thermomechanical stability. They consist of a
PTFE backbone composed of pendant perfluorinated chains terminated by a sulfonic
group (—SO3H™) to ensure the protons transport. They are extruded into sheets of
required thickness which is usually between 10 and 250pm [67-69]. The traditional
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extrusion-casting process was developed for thick films, generally above 125 pm, but in
recent decades, several research studies have evolved the process to obtain the thinnest
possible membranes to decrease ionic resistance and reduce their cost, without
compromising their thermomechanical stability and performance [70-73].

Water management is an important role of the membrane to ensure ionic conductivity.
The water content of the membrane is characterized by the ratio of moles of water per
mole of sulfonic acid sites; this parameter is called A. A threefold increase in the ion
conductivity of the membrane is observed when A goes from 0 to 6 [74]. In fact, it can
absorb 50% by water mass and swell which has a direct impact on its physical properties.

Nafion™ ionomers are the most commonly commercialized, as well as Gore-Select®,
Aciplex® and Flemion®. The chemical structures of the different membranes are
presented in Figure 9 [75]. Even though several alternate polymer membranes, including
nonfluorinated type, have been developed, Nafion membranes are still considered the
benchmark material. They are developed and produced by the E. I. DuPont Company.
These materials are generated by copolymerization of a perfluorinated vinyl ether
comonomer with tetrafluoroethylene (TFE).

—(-CFz-CFZ-);(-CFz-(IBF-);
(O—CFZ-CI:F-)—m— 0—{cF27—S504H
Fa

C
Nafion®117 m= 1, n=2, x=5-13.5, y=1000
Flemion® m=0, 1; n=1-5
Aciplex® m=0, 3; n=2-5, x=1.5-14
Dow membrane m=0, n=2, x=3.6-10

Figure 9: Chemical structures of perfluorinated polymer electrolyte membranes [75].

Membrane reinforcement

In order to develop thinner and stronger electrolyte membranes capable of withstanding
more severe operating conditions and offering lower resistance to proton transport,
reinforced composite membranes were developed. As shown in Figure 10, the PTFE
reinforcement layer is inserted in the middle and surrounded by the two Nafion™ layers.

It was shown that membrane reinforcement can increase the mechanical strength and
may allow the use of thinner membranes and lower equivalent weight ionomers, resulting
in overall lower resistance to proton conductivity. Reinforced PFSA membrane also has
higher mechanical strength and lower in-plane swelling than the unreinforced membrane.
This results in lower stresses and less plastic deformation in the reinforced membrane
during fuel cell operation, which should result in higher fuel cell durability [76,77].
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To produce this reinforced membranes, different ways are employed. For example,
porous polytetrafluoroethylene can be impregnated with PFSA solution, in order to make
thin cation transporting membranes [78]. In addition, PTFE-reinforced woven
membranes were developed by DuPont, referred to as Nafion™ 324 and 417 membranes,
the relatively coarse weave of the woven PTFE reinforcements results in membranes that
are much too thick for high fuel cell performance [77].

Fuel cells containing these reinforced membranes have been shown to have longer
lifetimes than those with homogeneous PFSA membranes highlighting that the
dimensional stability of the membrane in the plane is an important factor in improving
durability [79].

Tests of Gore-Select® membranes, described as new micro-reinforced polymer
electrolyte, have shown improved tear strength, greater dimensional stability, high
proton conductance, improved water distribution in operating fuel cells and increased
durability [80-85].

Nafion XL100 - BSE
MAG: 1000 x

Figure 10: SEM image of a PFSA-reinforced XL100 membrane (Adapted from [86]).

3. Catalystlayers

Catalyst layer is located between the gas diffusion media and the membrane. It is a
multiscale composite composed of an ionomer, a carbon support, a noble-metal-based
catalyst (here Pt) and void regions which forms the triple points where the
electrochemical reactions take place (Figure 11).
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Figure 11: Schematic representation of reactants and electron transport in a catalyst layer of a PEMFC
(triple point).

The ionomer material is used for proton conduction, and the carbon support is applied
for electron conduction. The catalyst used is generally platinum; the nanometer length
size for the platinum particles provide theoretical surface areas of over 100 m?/g and fuel
cell active areas of 25-40 m?/g [74]. Finally, void regions in the membrane provide
sufficient mass transport channels for reactants and products. Therefore, an effective
three-phase interface design is necessary to improve cell performance [88,89].

The specific properties of catalyst layers are hydrophilicity, and thickness, and the
appropriate ratio between ionomer and supported catalyst. They are cast from a solution
containing ionomer as a binder to obtain a thin film.

4. Fabrication process of MEA

The fabrication process of MEAs follows 2 major steps. First, the catalyst layer is deposited
either on the membrane (CCM) or on the GDL (CCB). Afterwards, the 5 layers (GDLs, CLs
and the membrane) are assembled by a hot-pressing process (Figure 12).

CL deposition

The CCB process was once privileged for industrial reasons as it guaranteed higher
production rate, however it has several limitations. For example, a large portion of
catalyst may soak into the GDL and be wasted when the catalyst layer is hot pressed onto
the membrane [90]. Moreover, the erratic thickness of a typical catalyst layer, combined
with variations in the impregnation depth of the recast ionomer, result in areas where the
catalyst layer is not fully impregnated and areas where the ionomeric additive could
extend further into the electrode than the catalyst layer. As a result, an unnecessary
transport barrier is introduced to the diffusion of gas through the backing. Not
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surprisingly, it is difficult to match the impregnation depth exactly with the depth of the
catalyst layer in an electrode of this construction [91].

The CCM process is the conventional method approved nowadays as it has many
advantages. Good contact between the catalyst layer and the electrolyte membrane is
ensured, which allows for a higher active area by extending the triple point and thus
better performances [92,93]. It is also possible, via this method, to effectively reduce the
catalyst content without compromising the cell performance. It was shown that a
decrease in the usual Pt loading in the catalyst layer from 0.4 to ca. 0.1 mg Pt cm~2, does
not result in any serious loss of the fuel cell performance [93].

Different methods can be followed to deposit the CL in the CCM process. Either the catalyst
dispersion is deposited directly onto the membrane or the dispersion is first deposited on
a decal substrate and then transferred to the membrane, with or without an ionomer
interlayer. Depending on the properties required, different routes and methods can be
used. Table 1 reports the majority of published studies on this subject based on the
review of Strong et al. [94].

(a) @

GDL

CL

CCM CCB

Figure 12: Assembly processes (a) CCM (Catalyst Coated Membrane) and (b) CCB (Catalyst Coated Backup
for MEAs).
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Table 1: Main methods for catalyst layer deposition [94].

Ptloading

Method Process 2 Reference
(mg/cm?)
Teflon bonded CL 4 [95]

Powder-based Brush coating 4 [96-100]
methods Screen printing N/A [101,102]
Dry powder N/A [103-105]

Doctor blade N/A [106,107]

Inkjet printing 0.021-0.5 [108-110]

Valfl‘;gl':;ssed Plasma sputtering  0.001-0.08 [111-113]

Pulsed

Electrical electrodeposition 0.025 [114-116]
processes Electrospray 0.01-0.3 [117-119]
Electrospinning 0.877x10-3-0.1 [120-122]

Nanostructured Nanostructured CL N/A [123,124]

catalyst layers

Other methods are being developed and optimized to improve the transfer efficiency of
the CLs to the membrane and the power density of the cell. The other objective is to reduce
the cost of these CLs and to substitute platinum by introducing nanofibers. iNFS-CLs were
fabricated by performing multiple cycles between the electrospinning of Nafion™
nanofibers and the electrospray of a catalyst ink, until reaching the desired Platinum
loading rate. Higher performances were thus obtained and the ionomer densities near the
catalyst surfaces were reduced leading finally to ultimately suppressing catalyst
poisonings by anionic groups from the ionomer [125].

5 layers assembly

The 5 layers (GDL, CL and membrane) are then assembled in a hot-pressing step as
depicted in Figure 13. One way to promote good contact within the triple point region,
gathering point of electron conductors, proton conductors and reactants and where all
the electrochemical reactions take place, is through hot-pressing process, which reduces
the electrical potential drop and contact resistance in the cell [30,126-129]. During this
phase, compressive stresses between 1 and 10 MPa are applied, at temperatures between
80 and 160°C for 1 to 5 minutes [126,127,130].
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Figure 13: CL deposition and assembly methods for MEAs (Adapted from [131]).

The hot-pressing process is important to conform the surfaces to maintain a good contact
and reduce contact resistance between the layers; different parameters should be
controlled to optimize the assembly procedure. For this purpose, a variety of
combinations between the parameters can be used.
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Figure 14 shows cross-sectional XCT views of the MEA before and after the bonding
process, wherein the post bonded MEA shows improved interfacial contact; the study also
shows that the lamination procedure leads to the CCM creep into the GDL voids [132].

Bonded at 150°C
for 3 mins

>

iu"‘
pY

I créép ﬂfild;@i)l[:v"ia&dd e to bonding!

i LA T

Figure 14: Cross sectional XCT views of the MEA (a) before and (b) after hot-pressing [132]

III. Mechanical phenomena influencing the PEMFC'’s
performance and durability

The performance of the cell is linked, among other parameters, to the mechanical
behavior of each of its components and the quality of its interfaces, under the various
assembly mode as well as the operating conditions. The understanding of the mechanical
behavior of the components of the cell allows the prediction of the different strains and
stresses that might occur after several operating cycles, thus increasing its durability.

1. MEA mechanical behavior

The combined action of the MEA manufacturing process firstly and the stack assembly
phase and operating conditions imposed secondly results in uneven mechanical
solicitations between components and at the various interfaces. Therefore, understanding
how each component and the different interfaces reacts under these stresses is crucial not
only to prevent the damage of the fuel cell but also to extend its lifetime while ensuring
good performances.

This part of the study aims to describe the mechanical behavior of each component of the
fuel cell core as well as the mechanical properties at its interfaces; and the different
characterization methods reported in the literature will also be specified.
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2. Mechanical behavior of the different components

Gas diffusion layer

Experimental characterization of GDL

The GDL is an orthotropic material (Figure 15) [133]. In material science and solid
mechanics, orthotropic materials have mechanical properties which differ along three
mutually orthogonal axes, where each axis has double rotational symmetry.

Figure 15 shows a GDL with its different axes of symmetry, in the plane with the machine
(MD) and orthogonal (CD) directions, x and y respectively, and out of the plane, described
by the z axis.

S
=

Figure 15: SEM cross-section and fiber structure of TGP-H-060 with virtual (macroscopic) symmetry planes
(Adapted from [133]).

GDL is characterized by a high anisotropy of its properties due to its particular structure
of unidirectional fibers dispersed in the plane and high porosity; therefore, many tests are
needed to determine the stiffness matrix of GDL in its different directions.

In plane properties can be determined via tensile tests, i.e. in plane modulus, tensile
strength, tensile strength at break, yield strength and elongation at break [134-139].

Taber stiffness tester is also used to characterize GDLs; in particular, it has been shown
that the Taber bending stiffness value in the machine direction (MD) is higher than that
in the cross-machine (CM) direction and that the degree of anisotropy of felt GDLs is more
pronounced than that of the paper GDL [140]. The ratios of MD/CD bending stiffness for
two felt GDL references are equal to 46.1 and 5.1 compared to 1.36 and 1.37 for paper
ones. Moreover, it was shown that carbon cloths are mechanically less stiff than carbon
papers by a factor of about 2 [44].

Poornesh etal. [141,142] also used Taber stiffness method to measure the in-plane elastic
properties. They found that in plane moduli are between 1 GPa and 5 GPa in the machine
direction and 0.9 GPa and 2 GPa in the cross-machine direction for all roll GDLs and are
lower than 0.02 GPa for cloth type in both directions.
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Kleemann et al. [133] measured in-plane elastic moduli of GDLs using a 3-point bending
test following the DIN 53121[143] and EN 13706-2 [144] standards. They showed that
moduli are higher in the machine direction than in the transverse direction and that sheet
GDL (TotayH060) has a higher modulus compared to roll types; the moduli being equal to
9 GPa and 5 GPa in the machine and cross directions respectively, as opposed to the roll
GDLs where both moduli are lower than 2 GPa for the three references. They also used
the short-beam bending method to determine the shear modulus. The out-of-plane shear
modulus is equal to 20 MPa and 17 MPa respectively in the machine and cross machine
directions for the TorayH060 GDL, while for roll references, it is between 6 MPa and 13
MPa in the machine direction and between 5 MPa and 10 MPa in the cross-machine
direction. They finally showed that the out-of-plane Poisson coefficient of these different
GDL is close to zero.

Chen etal. [145] performed tensile tests following the standard ASTM D638 [146] and the
shear test was performed according to Lai’s method [147]. Tension moduli were found
equal to 0.72 GPa and 0.42 GPa respectively in the longitudinal and transverse directions.
The in-plane and out of plane shear moduli for the GDL reference JNT-30-A1 was found
equal to 1 MPa and 0.5 MPa respectively

Another commonly used test for GDL is compression, as it is representative of the stresses
applied in the fuel cell. The GDL undergoes compressive stresses due to clamping pressure
and hygrothermal stresses which affects its transport functions and performance.
Therefore, it is crucial to understand its behavior under compression. The behavior of a
GDL under compression is, generally determined by placing the sample between two flat
plates and measuring the strain as a function of the compression force. The procedure can
be repeated several times for the same sample to observe the variations of the mechanical
behavior under cyclic compression.

Due to the high porosity of the GDL, it exhibits an original behavior in compression
characterized by a non-linearity between stress and strain, making it difficult to predict
its state with increasing strain (or stress) [44,133,145,148-153].

As shown by Radhakrishnan et al. [154], the stress strain curve of carbon paper under
compression (Figure 16) shows two distinct plateaus; the first (AB) corresponds,
according to these authors, to the air gap reduction under compression between the stack
of samples and the second (CD) is relative to the closure of pores caused by further
increase in the load. The transition between the two plateaus occurs gradually, as
presented by region (BC) due the wide pore size distribution of GDLs.

Afterwards, under further compression the final region (DE) depicted in an increasing
curve, corresponds to the densification stage.

22



Compressive stress / MPa

00 01 02 03 04 05 06 07 08
Compressive Strain / mm/mm

Figure 16: Compressive stress strain curve for GDL reference Toray (TGP-H-120) (Adapted from [154]).

Nitta et al. [155] have studied the behavior of GDL under inhomogeneous compression
caused by the channel/rib structure of flow-field plate, by applying different compression
forces. The stress-strain curves presented three distinctive regions; the first of 0-0.2 MPa
related to the smoothing of the GDL surface, where the strain increases. The second
region, from 0.2 to 3.5 MPa, is related to the crushing of the hydrophobic pores and the
third one corresponding to the crushing of the hydrophilic pores and it ranges from 3.5
MPa to 5.5 MPa.

Another study by Ismail et al. [156] investigated the compressibility of a number of GDLs;
they showed that the stiffness is enhanced with the PTFE content and in presence of MPL.
Under a stress range of 1MPa to 3.2MPa, the average Young's modulus in compression
increased from 11 MPa to 15 MPa when the PTFE content was increased from 5wt.% to
30wt.% and in the presence of MPL, the modulus reached 18MPa.

It has also been shown that the initial thicknesses decreased when the load is removed
[157]. For example, after a cycle of compression with a maximum value of 2.5 MPa, the
initial thickness of GDL is reduced by 32% after unloading, showing the presence of
residual deformation [153].

Escribano et al. [149] measured the thickness variation of several types of GDLs under a
range of stress from 0 to 10 MPa. They found that the thickness of GDLs decreases sharply
after the first compression and that the carbon cloth has the highest compressibility.
Contrarily, the carbon felt is less compressive and shows stable behavior after the first
test. Moreover, the samples with PTFE coating were found to be less compressive than
those without coating, a result confirmed by the study of Sadeghifar et al. [158].

Mishra et al. [148] also measured the compressive modulus of different types of GDLs.
Values of the compressive modulus are obtained by the compression stress strain plot
into three to four regions such that in each region the curve exhibits a linear trend and is
characterized by a constant Ec. the latter is determined as the slope of the best fit straight
line that passes through each of the specified regions. Values of Ec are reported in Table
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2. As depicted in the table, the paper-based GDLs present three linear regions in contrast
to cloth-based ones that have four regions.

Table 2: Compressive modulus as a function of the pressure range for different GDL references [148].

Pressure range E.

GDL (MPa) (MPa)
0.00 - 0.15 1.71

GDL-10BA 0.15-1.12 4.59
1.12 - 3.00 6.16

0.00-0.16 1.81

GDL-10BB 0.16 - 0.52 511
0.52 -3.00 8.57

0.00-0.11 1.32

B-3/2050 0.11 -0.57 6.27
0.57 - 3.00 13.72

0.00-0.11 1.75

B-2/120 0.11-1.11 6.29
1.11-3.00 8.58

0.00 - 0.23 0.95

0.23-0.57 3.31

B-1/D 0.75-1.53 7.56
1.53-3.00 16.90

Modelling the nonlinear mechanical behavior of GDL in compression

Given the difficulty of handling these very thin materials and their heterogeneous
structure, many studies have focused on predicting the non-linear behavior of GDLs under
monotonic or cyclic loading. different approaches have been used, whether based on
discrete fiber models, analytical or polynomial laws [159], 2 or 3-D finite element
calculations incorporating or not the tooth/channel structure presentin the bipolar plates
[160,161], the difficulty in the latter case lies in the detailed description of the
heterogeneous microstructure of the GDL and its various components or constituents. On
the other hand, their interest lies in predicting the intrusion of the GDL into the channel
as a function of the loading rate, which has a major impact on the performance of the fuel
cell [147,162,163].

Early models assumed a linear isotropy of GDL in compression. For example, it was used
to analyze the rate of intrusion of GDL into the flow channel [162], to predict the contact
resistance at the interface between the BPP and GDL [164,165], to study the distribution
of contact pressure [166-168] or to study its influence on the deformation of the
membrane [160,161].

More recently, the orthotropic behavior of GDL has been integrated in the model
developed by Garcia-Salaberri et al. [169]; it produces a much more detailed relationship
between mechanical properties and the resulting physical changes such as intrusion of
the GDL into the flow channel and contact pressure. These authors have shown that the
linear isotropic models widely reported in the literature tend to overestimate the porosity
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and the intrusion of the GDL in the channel region, and may lead to inaccurate predictions
in terms of interfacial contact pressure distributions.

Kleemann et al. [133] also considered an orthotropic material in their prediction of the
mechanical and electrical behaviors of GDL. The combined action of assembly and
hygrothermal loading was then predicted using a model incorporating orthotropic
behavior, and revealed their influence on the intrusion of the GDL into the channel and on
the stress distribution [170].

Firat et al. [171] used finite element approach to analyze the fuel cell stack design from a
mechanical point of view, they analyzed a fuel cell stack with an active area of 50cm?. They
employed the nonlinear orthotropic material to model the GDL’s behavior, but they only
used the through-plane elastic modulus and not the through-plane shear modulus of GDL.

Yi et al. [172] used a numerical model to estimate elastic properties of a unidirectional
GDL. They used a micromechanical model for porous material and assumed carbon paper
is macroscopically homogeneous and transversely isotropic. Values are presented in
Table 3.

To validate their results, they performed uniaxial tensile and compression tests. The
experimental values for the in plane elastic modulus (in both longitudinal and transverse
directions), the out-of-plane modulus, the shear moduli in both planes and the in-plane
Poisson’s ratio are presented in Table 3. Directions are chosen following Figure 15.

It should be noted that the shear moduli are determined via the classical relation as a
function of the Young’s modulus and the Poisson’s ratio.

For the tensile test, bonded resistance strain gauges were used to measure the
longitudinal and transverse strains in order to estimate the in-plane Poisson’s ratio.

They confirmed the non-linearity of the GDL’s behavior under compression and found
that in-plane tensile modulus is much higher than out-of-plane compression modulus. The
deviation between the experimental and the estimated numerical of the different elastic
moduli was less than 18%.

Table 3: Numerical and experimental results of the elastic properties of carbon paper GDL (Adapted from

[172]).
Property Ex Ey E, Gy Gyz Vy
Unit MPa MPa MPa MPa MPa N/A
Numerical 3630 3630 8.79 1350 8.55 N/A
value
Experimental 3950 3790 7 47 1540 N/A 0.28
value

A recent study by Leng et al. [173] compares the impact of using an isotropic or
orthotropic model on the GDL properties and thus on the transport functions in the
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PEMFC, it was found that the orthotropic model and the parameters utilized are more
effective in analyzing the deformation of GDL compared to the isotropic one.

Mechanical properties of Proton exchange membrane

The mechanical properties of the membrane have been the subject of a large number of
studies. In this paragraph we will describe the main ones and the associated tests to obtain
them. As for any other material, the tensile behavior is the most common way to
determine the different elastic constants, such as Young's modulus, yield strength or
strength and strain at break. In addition, as the membrane is sensitive to relative
humidity, these properties have been measured at different degrees of hydration
[83,174-177]. PFSA membranes are viscoelastic materials; their response to stress is
time-dependent. In the end, the overall response of a PFSA membrane to mechanical
loading can be separated in three different regions: (i) elastic and recoverable
deformation, followed by (ii) yield limit, associated to the onset of nonlinearity, (iii) post-
yield or strain-hardening regime, that happens after further stretching at higher strains,
and finally (iv) breaking [178-180].

Kawano et al. [175] determined the tensile mechanical properties of Nafion™ membranes
in acid form at different water contents (A) and temperatures by Dynamic Mechanical
Analysis tests. In particular, they observed that the elastic modulus decreased from 2 MPa
to 0.95 MPa, when the membrane was soaked in water for 24h. It also changes from 2.10
MPa to 0.02 MPa when the temperature is increased from 27°C to 180°C. Tang et al. [174]
investigated the mechanical properties of PFSA membranes using tensile tests performed
under different relative humidities and temperatures in a custom-designed
environmental chamber. Young's modulus, yield strength, tensile stress, and tensile strain
were measured for 16 combinations of temperature and relative humidity, with
temperature ranging from 25°C to 85°C and humidity from 30% to 90%. The results of
this study (Figure 17) show decreases in Young's modulus in the machine direction (a)
and in the transverse direction (b) with temperature and relative humidity. These authors
also showed that the yield stress of the PFSA membrane decreased with increases in
relative humidity and temperature, while the failure stress only decreased with
increasing temperature.
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Figure 17: Variations of the Young's modulus as a function of relative humidity % at different temperatures
(4) in transverse direction and (B) in the machine direction [174].

Satterfield et al. [181] also performed tensile tests on Nafion™ membranes under a
temperature range of 20°C to 120°C, the water content was modified by preconditioning
the samples in controlled-humidity environments and determined by weighing the
sample before and after testing. They determined the Young’s modulus and the so-called
by the authors “plastic modulus”; the latter corresponding to the change in stress with
strain above the yield point, which is a measure of the strain hardening of the material

Figure 18.
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Figure 18: (a) Elastic modulus and (b) plastic modulus, of Nafion and Nafion/Titania composite membranes,
under different temperature and water content (lambda) values [181].
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These authors confirm the decrease of elastic modulus from 300 MPa to 100 MPa when
the temperature increases up to 80°C and then drops to about 10 MPa above 100°C
temperature being relative to the glass transition temperature Tg of the membrane. At
25°C, the elastic modulus decreased from 300 MPa to 50 MPa when the water content in
the membrane increases.

The same trend is observed by the authors for the "plastic modulus"”, decreasing from 8
to 2 MPa between 25 and 110°C but seems insensitive to the variation of water content.
The creep tests carried out by the authors showed that its intensity increases with the
increase of the temperature and the decrease of the water content.

Other studies investigating the time-dependent viscoelastic response of PFSA membranes
under different temperatures and humidities confirmed these results [177,182,183].

Solasi etal. [176] developed an elastoplastic model to predict the experimental results for
the strain-rate dependence and the stress-relaxation behavior of the membrane. In
particular, they showed using the elasto-plastic model, based on the nonlinear
experimental curves as well as the hygrothermal expansion coefficients of Nafion™ [64]
that hydration has a greater effect than temperature in the development of mechanical
stresses in the membrane, which can be critical when forming a non-uniform hydration
profile or a pinhole through the membrane.

A finite element model was used by Tang et al. [174] to study the influence of hygro-
thermal stresses on the membrane assuming linear elastic behavior of the membrane.
They studied the impact of the cell clamping method, considering either a fixed load or
displacement and under aligned or alternating gas channels; these different
configurations were furthermore studied for three membrane thickness (25pum, 50pm
and 100pm). They then showed that the in-plane stress oxx is the dominant stress in the
membrane compared to the out-of-plane stress ozz and the shear stress ox: (Figure XX).
The alignment of the gas channels has a significant impact on the magnitude and
distribution of stress; aligned gas channels produce lower hygrothermal stresses than
alternating channels. They pointed out that fixed displacement fuel cell stacks generate
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higher stresses in the membrane than fixed loading stacks. The influence of membrane
thickness did not show a significant impact.
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Figure 19: The maximum (a) in-plane stress (b) shear stress and (c) out-of-plane stress of the membrane
under fixed displacement and fixed load clamping conditions, for the aligned and alternating gas channels
and for the three different in thickness membranes (Adapted from [174]).

Khattra et al. [68] studied the mechanical response of the membrane under solicitations
(thermal, hydric, ...) using experimental measurements and numerical modeling. They
proposed a viscoelastic-plastic constitutive model and performed uniaxial tensile and
stress relaxation tests. They concluded that the in-plane residual stresses can be
significantly reduced by introducing an e-PTFE reinforcing layer.

More recently, Kusoglu et al. [160,161] proposed a generalized model of a single cell
integrating the mechanical behavior of the membrane under the same loading and
unloading conditions as in a stack, i.e., under different loading and unloading conditions
in water and temperature (Figure 20). The evolution of the stresses during an operating
cycle is determined using a 2D finite element model comprising the five layers described
above assembled according to the two clamping methods studied by Kusoglu et al. [161]
then showed that compressive plastic deformation occurs in the plane of the membrane
during hygrothermal loading, which are the cause of residual tensile stresses in the
membrane after unloading. These stresses are considered a critical factor favoring future
mechanical failures of the membrane. Such a model appears to us at this stage of the study
to be the most complete and we will come back in chapter 4 on its possibilities of
evolution.
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Figure 20: The geometry of the unit cell used in the simulations of Kusoglu et al. [161]

3. Influence of the interfaces on the mechanical behavior of
the MEA

After having described the main studies relating to the mechanical behavior of the various
components of the cell, it seems important to us at this stage to analyze the influence of
the interfaces between the 5 layers on the global mechanical behavior of the cell core or
MEA (Figure 21).
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Figure 21: MEA layers and interfaces

Among the various published studies, we can cite the work of Jia et al. [184] who
performed fracture tests using Double Cantilever Beam (DCB) method to study the
separation of a membrane (CCM) with its catalytic layer (CL) under ambient conditions.
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They observed cohesive fracture of the CL for all tests, which proves that there is a
stronger adhesion at the CL/membrane interface than in the catalytic layer, previously
deposited in a CCM process. Similar results were reported by Byun et al. [185], based on
the optimized SAICAS (Surface And Interfacial Cutting Analysis System) method
performed on CL also deposited by the TLC method. According to these authors, the
adhesive strength at the cathode-membrane interface was about eight times higher than
the average cohesive strength in the bulk regions of the cathode due, according to the
authors, to the high degree of intermolecular diffusion of the ionomer binders at the
interface.

The influence of ionomer content in the catalytic layer was studied by Ma et al. [186] on
different substrates (Nafion 117, polyester film and solid graphite composite); the results
showed that if the ionomer content was less than 20 wt%, the catalyst adhered poorly to
the Nafion™ membrane compared to other substrates.

In the case of a CCB deposit, De Moor et al. [187] have shown, from tensile tests on MEAs,
that the force required to shear the membrane/electrode interface decreases with ageing
time; one of the causes mentioned by the authors to explain this phenomenon is the plastic
deformation accumulated at the membrane/electrode interface, i.e. a fatigue stress due to
the multiple hygrothermal cycles undergone by this assembly

Finally, we can mention the original study by Uchiyama et al. [188] who measured the
static friction coefficient between a membrane (CCM) and a GDL (25BC). They measured,
using the ball-on-flat method (Figure 22), a static friction coefficient between the CCM
and the GDL ranging from 0.25 to 0.85 when the contact pressure increases from 0.15 to
0.60 MPa. This study, particularly interesting in its approach, may however raise
questions about the dependence of the friction coefficient on the applied normal force.
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Figure 22: Friction test machine and schematic diagram of MEA and GDL used by Uchiyama et al. [188].

It should be noted that few theoretical studies have been carried out to describe this
subject, mainly due to the small number of experimental results available in the literature,
linked to the complexity of carrying out tests and measuring properties at the interfaces
of thin films.
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However, we can mention the work of Tang el al. [174] and Al-Baghdadi et al. [189] who
showed that the heterogeneous distribution of stresses in the different components could
induce localized bending, which can contribute to delamination between the membrane
and the GDL. This delamination phenomenon could have a negative impact on water
management due to the presence of gaps between the different layers of the MEA
impairing the transport functions. In the study by Bajpai et al. [190], a two-dimensional,
non-isothermal and anisotropic numerical model was proposed to investigate the effect
of the real morphology between the MPL and CL on the fuel cell performance. The model
shows a decrease in performance if an interfacial layer is considered. Indeed, the inclusion
of an interface layer causes water infiltration between the layers and a decrease in
conductivity. This result was confirmed by Zenyuk et al. [191] via the development of a
deterministic elastic contact mechanics model applied to the interfaces of compressed
microporous and catalytic layers in polymer electrolyte fuel cells (PEMFC).

The failure mechanisms for laminated MEAs may occur under excessive mechanical
solicitations or after numerous cycles of operation. Therefore, to maintain the durability
of the cell it is crucial to understand and thus prevent the formation of the defects that
might alter the different layers forming the MEA as well as the interfacial cohesion
between them.

IV. Influence of the stack assembly and operating conditions
on MEA mechanical state

After focusing on the behavior of the different layers of the MEA in the previous section,
we will report the results from the literature related to the influence of the assembly
conditions on the mechanical behavior of the fuel cell core and in particular on the GDL,
the proton exchange membrane or the MEA interfaces.

1. Gas diffusion media

The gas diffusion layer is subjected to numerous mechanical stresses during the
manufacturing process related to the assembly of the MEA, the stacking of the different
cells in the stack and then during the operation of the fuel cell. The deformations
undergone by the gas diffusion layer then have a direct impact on the transport functions,
including mass transfer and electron migration. Even if the cell is assembled with an
optimal compression force during installation, the GDL will undergo multiple mechanical
stresses related to variations in external hydrothermal conditions [192].

The external compression force has a huge impact on the morphology of the GDL [193-
195]; indeed, cyclic compression causes significant and irreversible changes in its
microstructure, leading, for example, to a decrease in the average pore size and
distribution of nearly 70% under a compression stress of 10 MPa [196]. This significant
decrease in porosity inhibits gas flow and blocks water evacuation [150,163,197-200].
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Such mechanical stresses affect the structure of the GDL and change its physical
properties, accelerating its degradation process until it breaks down over time [201].
Other GDL degradation mechanisms have been observed during battery operation, such
as phenomena related to oxidation [202,203] or to the decomposition of PTFE [204].

The modification of the GDL porous structure induced by mechanical constraints leads to
a reduction of its electronic conductivity and hydrophobicity. Chemical oxidation of the
GDL accentuates this loss of properties and can lead to an alteration of the water balance
in the MEA limiting the mass transport of reactants, further reducing the performance of
the MEA and the durability of the fuel cell [205,56,202,203].

2. Proton exchange membrane and its catalyst layers

A part from the constraints resulting from the assembly, the mechanical behavior of the
membrane is highly dependent on the hygrothermal conditions. The design of the system
that ensures good contact among the various fuel-cell layers causes the membrane to
either compress or be constrained by other layers on top [206], the membrane is
constrained in compression due to swelling when humidity increase, it becomes,
however, tensile after shrinkage when humidity decrease. The alternating
compressive/tensile stresses induce degradation and the ultimate failure of the
membrane, which would be exacerbated by inherent defects in the membrane or the
inadequate assembly of fuel cell stack [207,208]. In fact, Solasi et al. [176] considered this
change in relative humidity as equivalent to mechanical load, and is believed to be a major
driving force for mechanical failure.

It should be mentioned that pinholes formation can be the cause of hydrogen crossover
[209] and could be at the origin of flooded areas causing further loss of apparent catalytic
activity [209-212].

However, even in the absence of electrochemical effects, the fatigue failure was found to
be one of the main causes for the mechanical degradation of MEA since the cyclic stresses
may also lead to the creation of small holes in the areas that are under high stress
concentration [213].

Another effect of hygrothermal loading leading to the alteration of the membrane’s
mechanical properties, is that, if humidity is too high, it could lead to flooding phenomena
causing increased mass transport losses, however it should be noted that if the humidity
is too low, the membrane will dry out, leading to increased ohmic losses [214].

The other parameter to consider is the pressure distribution which also has an impact on
the mechanical state of the membrane [166,215]. It has been shown that if the stress
distribution in the membrane is not uniform, due to a difference in stiffness between the
surrounding layers of the membrane [216], the creation of localized stress zones would
further stress the membrane and lead to its failure, the mechanical failure of the
membrane usually starts as a random and local imperfection that propagates to a
catastrophic failure [217].
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Furthermore, compression leads to a reduction of the membrane’s thickness affecting
conductivity, proton resistance and water sorption [76,160,161]. Weber et al. [206]
assimilate this phenomenon as a constrained sponge which causes loss of water.

The CL is also affected from the external clamping compression. A CL compression
analysis model was established by Malekian et al [218] to simulate the impact of
compression on CL characteristics. The pore size distribution (PSD) and porosity of the
CL were found to be the two main indicators to describe the microstructure of the CL, the
results show that the change in pore size is a function of compression and is related to the
initial porosity, pore size distribution, and material properties of the CL.

To sum up, the hygrothermal environment together with the assembly conditions of the
fuel cell are one of the reasons of PEMFC performance alteration due to the loss of the
conductivity properties of proton exchange membrane, degradation of catalyst layers and
the damage of the gas diffusion layers.

3. MEA interfaces

When investigating the degradation mechanisms at MEA interfaces, the most common
mentioned phenomenon, is delamination between the layers preceded or followed by
cracks propagation.

For example, Guilminot et al [219] reported the formation of cracks at aged
cathode/membrane interfaces. They showed that delamination between the CL and the
PEM occurred more easily with variations in relative humidity and temperatures.

Yan et al. [220] also observed delamination of the CL from the PEM when the cell cathode
temperature is below -5°C during cold start studies. Similarly, during frequent
freeze/thaw cycles, a shear force induced by the phase transition between liquid and solid
water causes interfacial delamination of its layers.

Singh et al. [221,222] have studied the fracture propagation phenomenon in CCMs under
arange of hydrothermal stresses from 23 to 70°C and 50 to 90%. They found that the CCM
crack propagation is accompanied with local interfacial delamination and severe
electrode cracking, which leads to the loss of local reinforcement and thus the membrane
fracture [223-225]. Consequently, the active surface is reduced and the degradation of
the fuel cell is expected [217,226]. In fact, the detachment that occurs between the MEA
layers might cause a very weak structure [132,224,227,228], and increase ohmic losses
and contact resistance compromising the performances of the cell.

Some studies focused on the mitigation methods to reduce the mechanical impact leading
to the degradation of MEA interfaces. For example, Lim et al. [216] investigated the impact
of the mechanical load induced by the diffusion medium between the interfaces on the
performance and durability of the fuel cell. They found that the stiffest GDL (78.4 g.cm,
bending stiffness) showed the best freeze/thaw durability; the current density was equal
to 600 mA.cm2 compared to 200 mA.cm-2 for the least stiff one. In fact, the stiffer GDL can
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press more uniformly the active area of the MEA, which helps minimize the membrane
deformations caused by the cyclic expansion and contraction under operating conditions.
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V. Discussion and subject of study

The PEMFC is subjected to different range of mechanical stresses induced by its assembly
process and operating conditions, which have a direct impact on its performance and
durability. The state of the art has shown that its response is different from a layer to
another in the whole stack, and in particular in the core of the cell where all
electrochemical reactions take place.

Throughout this chapter, the work reported shows the difficulty of understanding the
relationship between the variations of mechanical stresses induced by the operation of
the battery and their consequences in terms of structural modifications of the different
layers of the core or the alteration of the interfaces between them.

First, the characteristics and properties of the different layers of the cell core and their
fabrication and assembly process have been described more detailed section was devoted
to the GDL because of its key role in the reactant diffusion, water management, thermal
and electronic conductivity but also due to the lack of information reported in the
literature when it comes to its orthotropic mechanical behavior. The nature of the GDL,
consisting mainly of dispersed or woven carbon or graphite fibers, makes its
characterization complicated; its anisotropic mechanical behavior requires a series of
mechanical characterizations in the plane of the fibers and out of plane. The different
manufacturing process of the MEA were also detailed starting with the catalyst layer
deposition on the membrane or the GDL to the 5-layer assembly processes. By going
through all the manufacturing steps of a fuel cell, it is obvious that it undergoes multiple
mechanical stresses from the manufacturing of each component to the assembly of the
core or the entire stack, source of potential degradation mechanisms at the scale of the
layers or interfaces between them.

e GDL: the GDL undergoes significant microstructural variations under
compression, notably a decrease in its porosity. In fact, it has been in fact shown
that pore size is reduced by almost 70% under a compressive stress of 10 MPa
[196], which would disrupt its transport functions and cause a decrease in its
conductivity and hydrophobicity. Difficulties in transport reactants as well as
water management were then observed.

e PEM: the membrane expands and retracts when exposed to hydration cycles. the
change in hydration is considered equivalent to mechanical load and is believed to
be a major driving force for mechanical failure [176]. Several studies confirmed
that the hygrothermal loading causes the increase of the swelling of the membrane
and to stiffness decrease [160,161,174,175,183,229].

Multiple degradation mechanisms in the PEM could also occur due to perforations,
cracks, tears or pinholes which can result from initial membrane defects or
incorrect manufacturing processes of the membrane electrode assembly (MEA) or
stacks, can lead to early failure of the assembly [56]. It is crucial to understand
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their origins because the lifetime of the PEMFC is directly related to their
occurrence.

MEA interfaces: the stresses induced by the assembly process or operating
condition can cause a disconnection between the different MEA layers. In many
cases, a detachment between the MEA layers followed by crack propagation
leading to fracture and causing a very weak structure, hence, understanding the
resulting microstructure change and the interfaces mechanical properties has the
potential to serve as an indicator for PEMFC life prediction and performances In
fact, defects such as pinholes or tears can lead to rapid cell failure. It is thus crucial
to maintain a good contact between the MEA layers to prevent the mechanical
breach of its interfaces.

In summary, this state of the art highlights the importance of knowing in real time the
mechanical state of the fuel cell to optimize its performance and durability. The
correlation between the mechanical state, structural changes and properties in the
different layers of the MEA or its interfaces is not established today, due to the lack of
information or data and the complexity of the multiscale subject. For this reason, in the
next chapters, we will try to provide information on:

a)

b)

the real mechanical behavior of different types of GDL, via a series of in-plane
and out of plane mechanical tests (Figure 23a);

the MEA interfacial mechanical properties, and in particular on the interface
created during the MEA assembly (CL/MPL) through a new friction method
(Figure 23b);

the impact of material and interfaces properties on the mechanical response of
PEM under hygro-thermal loading via the development of a numerical model
(Figure 23c).
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Figure 23: Summary diagram of the different works carried out during this doctoral study (a) experimental
characterization of GDL; (b) study of the properties at MEA interfaces and (c) numerical analysis of the
mechanical behavior of PEM.
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Chapter II: Determination of the
orthotropic mechanical elastic
properties of gas diffusion layers!

The previous literature review has obviously highlighted the lack of experimental data on
the mechanical behavior of the gas diffusion layer. The majority of the mechanical studies
focused on characterizing in-plane properties or non-linear response under compression.
The aim of this chapter is to provide a complete analysis of the mechanical properties of
gas diffusion layers in the different directions. A series of experimental tests (tensile,
shear and compression) were conducted to allow the determination of the orthotropic
behavior by identifying the in-plane and out-of-plane properties according to the machine
direction and the transverse direction.

The experimental campaign was performed on a panoply of GDL types (roll and sheet),
distinguished by different areal weight, hydrophobic treatment and manufacturing
process.

The obtained database of properties could eventually be implemented in a numerical
study in the following chapter and provide key information on the impact of the GDL
behavior on the performance of the cell.

1 Partially reproduced from M. Ouerghemmi, C. Carral, P. Mele.
Submitted to International Journal of Hydrogen Energy
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Determination of the orthotropic mechanical elastic

properties of gas diffusion layers
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I. Abstract:

One of the most important components of proton exchange membrane fuel cell is the gas
diffusion layer (GDL), owing to its key role in the reactant diffusion, water management,
thermal and electron conductivity. The GDL must, therefore, have an optimal stiffness to
ensure these transport functions during the operation of the system. The understanding
of its mechanical behavior is essential and will be the subject of this article. The
development of a series of in-plane and out-of-plane mechanical characterizations has
provided a comprehensive analysis of the orthotropic mechanical properties of GDLs. This
study brings additional understanding into the origin of the differences in mechanical
behavior of different GDLs and allowed the creation of a database of the orthotropic
mechanical properties of the main commercialized references.

Keywords: Proton exchange membrane fuel cell, gas diffusion layer, mechanical
characterization, orthotropic non-linear behavior, Poisson’s ratio

II. Introduction:

Proton exchange membrane fuel cells (PEMFC) are subjected to different range of stresses
induced by its assembly process and its operating conditions, which have a direct impact
on its performances and durability [1-4]. Different studies have confirmed that the fuel
cell’s performance improve with the increase of the gas diffusion layer’s compression
ratio, because it reduces its thickness and the interfacial resistance between layers
leading to better electrochemical performances. However, too high clamping pressure can
restrict gas and water transport within the cells and damages individual components of
the fuel cell core, leading to a decrease in the system’s performance [5-10]. Therefore,
there is an optimum clamping pressure for the PEMFC, but the value of which varies
according to its operation. In general, the optimum compressive stress is between 1 and
1.5 MPa [11,12]. Various numerical studies have shown that the operating conditions,
involving changes in temperature and humidity, can cause values below or above this
level as well as a non-uniform stress [13-15]. A study by Carral et al. [16,17] showed that
increasing the number of cells in a stack will improve the pressure uniformity, leading to
a decrease of 20% of the interfacial contact resistance. Moreover, a non-uniform
compression can promote delamination between the membrane electrode assembly
(MEA) different layers and the creation of defects such as pinholes and cracks in the
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membrane [18,19], since the response to the mechanical stress is different from one layer
to another in the stack [16,20]. The influence of the stresses intensities on the MEA
different layers were investigated in the review of Dafalla et al. [21], and showed that the
stresses generated by the clamping process and the operating conditions induces serious
damages or even degradations of the cell’s components.

It should be pointed out that the GDL is one of the most important components in the cell,
as it governs the gas and electron transport, as well as water and heat management from
the active layers to the bipolar plates channels. An excessive decrease in the porosity
inhibits the gas circulation and blocks the water evacuation [22-27]. The compression
force has a huge impact on its morphology [22-24]. The cyclic compression causes
significant and irreversible changes in the GDL’s microstructure. The average pore size
and distribution are reduced by almost 70% under compressive stress up to almost 10
MPa [25]. It is therefore important that the GDL presents an optimal mechanical rigidity
to ensure these transport functions, during the many hydrothermal cycles, and have
sufficient mechanical resistance to hold the MEA and resist intrusion of the bipolar plates
ribs.

The microstructure of gas diffusion layers makes their characterization challenging. It is
a fibrous porous material mainly made of PolyAcryloNitril-based carbon fibers. The
porosity is typically estimated around 70% to 80% [28] and the thicknesses of
commercially available GDLs are typically in the range of 150-400 um [29]. Gas diffusion
layers can be grouped into two main categories: woven, also known as cloth, and non-
woven. The latter is made of whether spun laced carbon fibers, also known as spaghetti
fibers, to produce felt, or straight carbon fibers that are chopped. A papermaking process
is applied, including a carbonization or graphitization step, to obtain a substrate
composed of virtually only carbon fibers. A hydrophobic treatment and a micro-porous
layer (MPL) are generally added as a final step to the fibers to improve the fuel cell
operation. The final product can be supplied in roll form (manufacturing process with a
carbonization step) or sheet form (manufacturing process with a graphitization step). As
cited above, GDLs wundergo a hydrophobic treatment, such as adding
polytetrafluoroethylene (PTFE) for better efficiency. Indeed, extensive research have
shown that PTFE improves the water transport, notably when a cell operates under
flooding. This phenomenon takes place if the water accumulates in a region needed for
reactant supply, leading to significant reactant and gas transport limitations [28].
However excessive PTFE loading could lead to a high flooding level in the catalyst layer
[30]. Most of the studies reported in the literature in this topic [31-33] investigated the
GDL optimum properties in terms of PTFE content in the MPL. The best performances
were obtained for a PTFE content between 15 and 20 wt.% [31,32]. Kumar et al. [33]
studied the impact of multistage PTFE treatment on the GDL properties; they confirmed
that GDL subjected to multistage PTFE treatment can have an increased lifetime
compared to a GDL treated with PTFE in a single stage.
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It was also found that using a GDL with MPL enhances the PEMFC performances [34].
Morgan et al. [35] showed that applying multiple MPL to the GDL allows a gradual change
in pore structure which enhances water management. Multiple studies on the MPL
materials and structure were collected in a recent review by Zhang et al. [36], who
mentioned that one of the two major roles of MPL is reducing the size of the water
droplets and liquid saturation level at the catalyst layer/MPL interface due to its small
pore size, which improves the catalytic activity and durability.

Most of the mechanical studies of the GDL were focusing on characterizing (i) its in-plane
properties, often assuming it as an isotropic linear material, or (ii) only its non-linear
behavior under compression. In our knowledge, only a few studies [37-39] studied the
mechanical properties of GDLs in different directions of loading. Kleemann et al. [37]
developed different measurement methods to determine the in-plane moduli as well as
the out-of-plane shear modulus and Poisson’s ratio. In-plane moduli were determined
using a 3-point bending test following the DIN 53121[40] and EN 13706-2 [41] standards.
The through plane Poisson’s ratio was determined via a compression test of a stack of 5
GDL-samples. This test was set up to quantify the change in the sample diameter as well
as the thickness variation. Both displacements were measured using an optical
microscope. The out-of-plane Poisson’s ratio was found to be close to zero. As for the
through-plane shear modulus, an indirect technique was developed by the same authors
[37], with the short-beam bending method and numerical simulations. Poornesh et al.
[38,42] conducted a theoretical and experimental analysis to investigate the anisotropic
behavior of GDLs. They measured the in-plane elastic moduli using Taber stiffness and
the through-plane shear modulus with the short-beam bending test inspired by the
method developed by Kleemann et al. [37]. Chen et al. [39] also developed measurement
methods to determine the different material orthotropic properties. A tensile test was
performed following the standard ASTM D638 [43] and the shear test was performed
according to Lai’s method [44]. As for the compression test, it was performed on separate
samples under a pressure up to 5 MPa, which was inspired by their previous work [45].

The identification of the mechanical properties of GDL requires the development of robust
characterization methods, subject of this study. A series of tests have been implemented
to allow the mechanical characterization of GDLs in all the specific directions: in-plane,
along the machine (MD) and transverse (CD) directions, and out- of-plane. These tests
allow the determination of the tensile moduli E,, E,, in-plane shear moduli G, G, x, out-
of-plane compression modulus E, and shear moduli G,,, G,,, and finally in-plane
Poisson’s ratios vy, vx. This study should provide a complete analysis of the orthotropic
properties of the GDL. A large spectrum of GDL commercial references was considered in
this experimental study to analyze the effects of the type of GDL (roll or sheet), areal
weight, hydrophobic treatment, manufacturing process, and micro porous layer, on the
different mechanical properties.
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III. Experimental details

1. Materials

A range of the most commercialized references of GDL has been characterized, from
different manufacturers, with various PTFE contents, and exhibiting or not a MPL (Table
1). For each reference, a GDL sheet of about 60x60 cm? was the source of the samples; that
implies that the dispersion of properties within a batch or between different batches is
not taken into account in this experimental study. For the SGL references, the suffix AA
corresponds to GDLs composed of fibers only, BB and BC corresponds to GDLs with
hydrophobic treatment and MPL. To illustrate the different GDLs employed, X-ray

tomography observations of some references have been made and are shown in Figure 1.

Table 1: List of studied GDLs samples and main characteristics.

Bulk
Thickness (pm) density Areal PTFE
GDL type Manufacturer Reference weight MPL
@0.01MPa @0.01MPa (em?) (%)
(g.cm3)

AvCarb EP40 209+2 0.17 36+1 0 No

SGL Carbon 28AA 1806 0.26 47%2 0 No

SGL Carbon 29AA 184+4 0.18 34+1 0 No

Roll SGL Carbon 36AA 236+1 0.24 57+1 0 No
SGL Carbon 38AA 283+4 0.27 75%1 0 No

SGL Carbon 39AA 265+12 0.20 52+4 0 No

SGL Carbon 28AA-09 180+2 0.29 52+1 9.2 No

Roll+PTFE SGL Carbon 28AA-18 177+3 0.32 57+1 17.9 No
SGL Carbon 28AA-29 184+3 0.34 63+1 28.8 No

SGL Carbon 22BB 22743 0.30 67+1 15.0 Yes

Roll+PTFE+M SGL Carbon 36BB 287+3 0.36 1031 13.2 Yes
PL SGL Carbon 28BC 257+3 0.41 1051 12.8 Yes
SGL Carbon 39BC 33443 0.34 1121 15.0 Yes

Spectracarb 2050A 262+8 0.34 88+1 0.4 No

Sheet Toray H060 213+4 0.40 85+1 9.7 No
Toray H090 304+3 0.44 133+2 N.A. No
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Figure 1 Tomographic images of (a) a roll GDL (39AA), (b) a roll GDL with PTFE and MPL (39BC) and (c) a
sheet GDL (H090).

2. Experimental characterizations

A schematic representation describing the different in-plane and out-of-plane tests
performed in this study are presented in Figure 2. The representative experimental
curves and the method of extraction of the different moduli are detailed in Figure 3. All
of the tests have been performed on a minimum of 5 samples.
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Figure 2: Schematic representation of the different tests performed on GDLs.
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Figure 3: Representative curves of the different tests and moduli extraction methods. (a) In-plane tensile

curve, (b) in-plane shear curve, (c) out-of-plane compression curve and (d) out-of-plane shear curve.
i. In-plane tensile test

The in-plane tensile tests were carried out on a Metravib-Acoem VA4000 machine with a
140N force sensor, the displacement speed was 1 mm.min-1.

A study on the optimization of the sample dimensions was carried out during the
implementation of the experimental protocol based on the ISO 1924 [46]. This analysis
was used to verify the good repeatability of the results. The chosen dimensions for the
tensile specimen were 5mm of width and 40mm for the gauged length.

The nominal strains (&, , ) and stress (gy,,) were calculated with the following equations:

F

Oxy = Z (1)
Al

Exy = E (2)

where F is the tensile force, A is the cross-sectional area, Al is the change in length and lo
is the initial length.
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ii. In-plane shear test

The in-plane shear tests were performed on the same machine as the tensile tests with a
specific device (Figure 2b). Samples were rectangular with dimensions of 30mmx15mm.
In-plane shear stress (7, ,x) and strain (yyy ) were calculated as follows:

(3)
(4)

Txyyx =

N

Q|

Vxy,yx

where F is the shear force, A is the cross-sectional area, d is the vertical displacement, and
g is the air gap between the jigs.

iii. Out-of-plane shear test

Out-of-plane shear tests were performed on the same machine as the tensile tests and the
in-plane shear tests with a specific out-of-plane shear device (Figure 2d). The out-of-
plane shear test is based on the method described in reference [44]. Samples were
rectangular with dimensions of 30mmx25mm. Out-of-plane shear stress in the machine
direction (7, ;) and strains (yy,,) were calculated with the following formulae:

(5)
(6)

| =

sz,yz =

yxz,yz -

Q|

The air gap between jigs is equal to 0.2mm, it was optimized in order to have the smallest
gap and thus to get closer to a pure shear loading.

iv. Out-of-plane compression test

The out-of-plane compression tests were carried on an Instron 8872 machine, equipped
with a 5kN force sensor. The displacement was measured with a clip-on extensometer
installed on the compression plates. Tests were carried out on a stack of 6 GDLs of 16 mm
diameter, with aluminum spacers of 100 pm thickness (Figure 2c). These spacers were
used to separate the samples and prevent the interpenetration of carbon fibers [20].

Only the loading part of the compression of the stack was analyzed with a stress ranging
from 0.01MPa up to 20MPa; 0.01MPa being the contact pressure at which the stack
thickness was measured. Compressive stress and strain were calculated as follows:
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0, = Z (7)
_ Ath .
gZ - tho ( )

where F is the compressive force, A is the specimen area, Ath is the variation in thickness
and tho is the initial thickness.

v. In-plane Poisson’s ratio

As noted above, the out-of-plane Poisson’s ratio is expected to be equal to 0, due to the
crushing of the porosity during the compression of the GDL, and as measured by
Kleemann et al. [37]. This work then focuses on the measurement of the in-plane Poisson’s
ratio. Tensile tests were carried out on a Shimadzu AGS-X equipped with a video
extensometer to measure the longitudinal and transverse displacements in order to
estimate the Poisson’s ratio. A force sensor of 100 N and displacement speed equals to
1 mm.min-! were employed. The samples were cut in both MD and CD directions and had
a rectangular shape with a width equals to 30 mm, greater than that of the tensile tests in
order to increase the amplitude of the transverse displacement for the determination of
the Poisson’s ratio. Tensile tests were performed cyclically: 2 cycles per specimen. The
longitudinal and transverse strains were determined from the changes in the
displacements in the x and y directions via the locations of marker points during the test
given by the extensometer. The displacements were normalized by the initial length
values between marks to obtain the strains. Two Poisson’s ratio have been estimated, v,
and v,,,, corresponding to a direction of loading in x and y directions, respectively, and are
calculated as follows [47]:

&y

Viy = e, 9)
Ex

Vyx = _8_ (10)
y

For GDLs with MPL, tests were carried out with the measurements of the transverse
displacement on both sides, in order to analyze the possible influence of this layer.

IV. Results

1. Tensile and shear tests

All tested GDLs exhibit a linear behavior under in-plane tensile or shear tests. Moduli can
be then determined for each solicitation and are shown for the different GDL references
in Figures 4, 5 and 6. All dispersions of results correspond to the range of the
experimental measurements on the samples. Although the experimental work was
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performed on a wide variety of GDL references, the magnitudes of the moduli found for
the different GDLs are in accordance with those published in the literature [37,38].

Sheet GDLs exhibit higher tensile moduli (5-10 GPa) compared to rolls (2-5 GPa). The
higher stiffness of sheets is due to the graphitization step that is performed on this type
of GDLs. This thermal treatment changes the fiber structure resulting in higher tensile
modulus [28].
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Figure 4: In-plane tensile moduli for the different GDL references.

An in-plane anisotropy of the tensile properties (Figure 4) can be observed for all
samples, characterized by the difference between moduli in both directions. This result is
related to the non-uniform fiber orientation distribution [38], induced by a non-uniform
dispersion of the fibers during the paper making and amplified by the calendering
performed during the manufacturing process [28]. Observing the SGL references, the
results show that the anisotropy varies significantly even for the same supplier, with
ratios E,/E,, in the range of 1:1 to 5:1. Anisotropic ratios do not exceed 5:1 for the other
references from other manufacturers. It is important to note that higher dispersion of
measurements, and higher anisotropic ratios E, /E,, could be expected on a whole GDL
batch production and between different batches, the measurements presented here being
made on a relatively small sample (cf. section materials).

Observing the references 28AA with PTFE, a slight increase of E, (+12%) is observed
from the sample without PTFE and the sample with 18w% PTFE. However, the value of
E, decreases for the sample with 29wt%. Overall, there is no strong influence of the PTFE
content on the in-plane tensile properties.

According to the measurements shown for the rolls, adding a MPL leads to a decrease of
the moduli in both directions. It could be due to the fact that adding this new layer to the
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fibers substrate increases the thickness of the whole component without providing any
mechanical stiffness. This hypothesis could be expected since the MPL is composed
mainly of carbon or graphite particles [28], which cannot provide significant tensile
mechanical properties.

The in-plane shear moduli are in the range of 100 to 300 MPa (Figure 5), one order of
magnitude below the tensile properties. As for isotropic material, a decrease of the shear
modulus compared to the tensile one can be expected. The values of G, and G, are
similar; the differences being within the range of the measurement dispersion, meaning
that there is no clear anisotropy induced by the in-plane fiber orientation on this
parameter. In contrast to the tensile properties, the in-plane shear properties are only
moderately higher for sheets compared to rolls. As for the tensile properties, PTFE and
MPL do not induce a significant change of the in-plane shear properties.

The out-of-plane shear moduli are in the range of 1 to 5 MPa (Figure 6), well below the
in-plane properties, due to the fact that the fibers are almost exclusively dispersed in 2D
in the xy plane. The same observations can be made on this property as for the in-plane
shear, i.e. a slight increase of the stiffness for the sheet type compared to rolls and no
significant influence of PTFE and MPL. An anisotropy can be observed between Gxz and
Gyz for the sheet type but is less clear for rolls.
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Figure 5: In-plane shear moduli for the different GDL references.
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Figure 6: Out-of-plane shear moduli for the different GDL references.

2. Poisson’s ratios

The evolution of the transverse strain as a function of the longitudinal strain of a roll GDL
(SGL 22 BB) on the fibers side and on the MPL side are shown in Figure 7a and Figure
7b, respectively. We can observe small variations of the transverse strain of the GDL on
the fibers side while they are almost equal to zero on the MPL side. The values of the
Poisson’s ratio estimated from these measurements are then collected in Table 2. On the
fibers side of the 22BB, Poisson’s ratio values are 0.19 and 0.35 for vxy and vyx respectively.

The experimental measurements show a Poisson’s ratio close to 0 for the MPL side and
also for sheets, the transverse displacement variations being within the resolution limit
of the video extensometer. It is important to note that even with increasing the width of
the sample up to 30 mm, the transverse displacement measured were lower than 1 pm,
due to the brittleness of the GDL associated to its relatively high tensile stiffness.
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Figure 7: Evolutions of the transverse strain with the longitudinal strain, (a) on the fibers side and (b) on the

MPL side for 3 samples of the reference SGL 22BB, for a tensile load in y direction (measurement of vyx).

Table 2: Values of measured in-plane Poisson's ratio for 2 GDL types (roll/sheet).

GDL \Y Fibers MPL
Roll Vxy SIS < 0.05
22BB Vyx 0.3549:08 <0.05
Sheet Vxy < 0.05 N/A
H090 Vyx < 0.05 N/A

3. Compression test

The GDL'’s behavior under out-of-plane compression is non-linear (Figure 8). This non-
linearity is related to the increase of contact between the fibers during the compression,
as shown by different authors [20,37,48-50]. The modulus is then dependent on the
strain, or stress, applied during the compression. A tangent modulus, E,, can be evaluated
via the derivative of the stress-strain curves, and is depicted in Figure 9 in function of the
compressive stress applied. A zoom on the compression pressure lower than 5 MPa show
a curve shoulder that appears for all references, with the exception of the references 39AA
and 39BC. As observed is a recent study [51], this peak reveals the effect of the pressure
applied during the manufacturing process, named thereafter op. The value of gp can be
then evaluated for each reference via the inflection point after the mentioned peak and is
reported in Table 3 for the different references studied. The higher gp, the higher the
modulus is at the beginning of the compression, and hence the whole stress-strain curve
shift to the left (higher global stiffness). Once op is reached, E, follows a linear evolution
with the compressive stress, as observed by Meng et al. [52], linked to the native behavior
of the GDLs. It is then essential to take into account this parameter when comparisons are
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made between the different GDLs. Rolls references with the lowest o, (39AA, EP40, 29AA)
are thus found to be the least rigid GDLs.

The three references of sheets are stiffer than most of rolls (without PTFE and MPL). This
can be expected since the graphitized carbon fibers of sheet GDLs exhibit higher modulus.
The difference of stiffness is however limited and could be emphasized by the high op
values found on Toray’s sheets.

The analysis of the references 28AA with and without PTFE allows a direct comparison
for the influence of the hydrophobic treatment on the non-linear behavior of the GDL. The
behaviors are similar whatever the PTFE content.
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Figure 8: Stress-strain curve of the compression test for the different types of GDL.

In contrast to other mechanical properties studied, the addition of a MPL seems to affect
the compression behavior by increasing its stiffness. Direct comparison can be made
between GDLs with the same fibers’ substrate (28AA and 28B(C, 39AA and 39BC, 36AA
and 36 BB): for all couple of references, a stiffer stress-strain curves is obtained in
compression for the reference with MPL, and this for a similar op. As cited above, the MPL
is composed mainly of carbon and graphite particles, that cannot provide a mechanical
response to tensile or shear solicitation; its presence, however, affects the out-of-plane
nonlinear behavior of the GDL by densifying the material and increasing the number of
contacts between fibers, a mechanism assumed to be responsible for the nonlinearity of
GDL.
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Figure 9: Evolution of the compressive tangent modulus Ez as a function of the compressive stress o for the

different GDL references. (a-d) The entire experimental curves and (e-h) A zoom view from OMPa to 5MPa.
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Table 3: Assumed values of the pressure applied during the manufacturing process (op) of the different GDL

references.
Reference op(MPa)

EP40 0.4
28AA 2.6
29AA 0.7
36AA 1.5
39AA N.A.
38AA 1.3
28AA-09 2.8
28AA-18 2.9
28AA-29 2.9
22BB 1.3
36BB 2.5
28BC 2.8
39BC N.A.
2050A 1.4
T060 3.2
T090 3.2

V. Conclusion

The complex structure of GDLs, made of dispersed carbon or graphite fibers, requires a
meticulous mechanical characterization to better understand its influence on the general
behavior of the PEM during its operation. The study of its mechanical behavior required
the development of a series of in-plane and out-of-plane mechanical tests, due to this
complex structure inducing an orthotropic behavior. The new experimental methods
were then applied on different types of GDLs, including GDLs in sheet and roll form, with
different PTFE contents and with or without MPL layer. These tests were also carried out
in the machine and cross direction to evaluate the 2D anisotropy of GDLs. The main results
of this study are:

(i) GDLs in sheet form have a higher in-plane and out-of-plane stiffness than GDLs
in roll form.

(i)  No significant influence of the hydrophobic treatment was observed, i.e.
addition of PTFE to the GDL.

(iii)  The presence of MPL did not affect the in-plane properties, but increased the
stiffness of the material during out-of-plane compression.
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(iv)  The 2D anisotropy of GDL is not significant compared to its 3D anisotropy, i.e.
between in-plane and out-of-plane directions, with mechanical moduli ranging
from several GPa to few MPa respectively. This indicates that the mechanical
behavior of GDLs tends to an isotropic transverse behavior.

(v) In-plane Poisson's ratio values of GDLs were measured and presented for the
first time in this article. For sheet GDLs, and the MPL side of roll GDLs, no
transverse displacements were detected, indicating that the in-plane Poisson’s
ratios for these materials tend towards zero. Values of 0.2 and 0.35 were
estimated for the in-plane Poisson’s ratios on the fibrous part of roll GDLs.

This study finally brings a deeper understanding of the origins of the mechanical behavior
of GDLs and allows the creation of a database of the orthotropic mechanical properties of
the most commercially available GDL references. It will allow to refine the predictions of
the behavior of PEMFCs during their operation and to contribute in fine to the
improvement of their performances.
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Chapter III: Determination of the
static and Kinetic friction
coefficients between the catalyst
layer and the microporous layer;
influence of the MEA components
and its assembly conditions.

To complete the previous experimental study focused on the mechanical behavior of the
GDL, this next chapter will deal about the overall mechanical behavior of the MEA. In this
section, a new insight is brought to provide further understanding of the MEA interfacial
mechanical properties. The continuation of this work will thus consist in evaluating the
friction coefficient between MEA layers, for several configurations. Different MEA
samples were used by, first, varying the nature of the layers forming it, and second, the
process used for its assembly.

First, a new experimental setup was developed to determine the static and kinetic friction
coefficients between the different components of the MEA. Second, a morphological
analysis was conducted to evaluate the microstructural properties of the different layers.

This part of the study brings a new insight to the MEA interfacial characterization from a
tribological perspective in order to predict the potential wear that might take place
between the core’s layers.
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L. Abstract:

Membrane electrode assembly (MEA) is composed of mainly five principal layers: two gas
diffusion layers on top of two catalyst layers surrounding the membrane. It is crucial to
maintain a strong cohesion between these layers to ensure good fuel cell performance and
increase durability. The understanding of the mechanical behavior at the different
interfaces is therefore essential and will be the subject of this study through the
development of a new methodology to evaluate the friction coefficients between the
different layers and then to analyze the impact of the nature of the MEA components and
its assembly process. A morphological analysis based on confocal microscopy
observations of the catalyst layer / macro porous layer (MPL) interface has been
conducted for a qualitative and quantitative study of the surface through roughness
measurements. The static friction increased with the presence of macro porous layers and
catalyst layers but remained stable for the different membranes. A higher value of friction
coefficient is observed for the hot pressed MEAs compared to the non-assembled ones.
Finally, it was found that roughness decreases with the assembly process under the
combined action of heat and pressure, as well as, and under friction test.

II. Introduction:

As proton exchange membrane fuel cells (PEMFC) are taking the lead in green energy,
multiple researches have been focused, in recent years, on improving its performances
and durability [1-16]. For this purpose, the degradation phenomena have been the focal
point of multiple studies in order to better understand the degradation mechanisms and
thus prevent them.

The primary cause of PEMFC failure is the aging of its core [1,17-24], the membrane
electrode assembly (MEA), which is a crucial place where the electrochemical reactions
take place. It is commonly composed of 5 layers: a membrane, surrounded by the catalyst
layers and the gas diffusion layers (GDL). Sublayers can also be considered, as for example
the macro porous layer (MPL) of the GDL, and the different layers of reinforced
membranes. This architecture implies a large number of interfaces that can be the seat of
damage or failure and alter the performance and durability of the fuel cell.

76



Among the different causes behind the reduction of PEMFC performance, stresses induced
by the MEA assembly process or during operation could lead to the delamination of the
different layers of the MEA related to the generation and then propagation of cracks [25-
28], which leads to ohmic losses and contact resistance increase. It is therefore essential
to observe and analyze in detail the behavior of the MEA components and the properties
at interfaces during its operation or assembly, and to identify the failure mechanisms
propagating either within the materials or at the level of the different interfaces.

In this context, different studies were conducted in order to investigate the
microstructural change at the MEA layers interfaces under the cycling of start-up and
shut-down of PEMFC during operation [25,29-32]. Most of the studies have shown that
due to ionomer degradation, the interface between the CL and the membrane could be
altered, this could be at the origin of flooded areas causing the loss of apparent catalytic
activity and increasing the risk of the CL peeling off the electrolyte. Consequently, the
active surface is reduced and the degradation of the fuel cell is expected [4,25,33]. Cracks
and delamination in the CLs are the potential candidate for initiating and accelerating the
local membrane degradation phenomena due to the loss of local reinforcement [22-
25,34].

Therefore, numerous studies were oriented towards finding a solution to limit the
degradation mechanisms. For example, pressure uniformity was determined to be a key
parameter to mitigate MEA physical damage [35]. Consequently, a high GDL stiffness was
found to be helpful for applying a more uniform pressure as it helps mitigate the freeze-
induced physical damage of the membrane such as surface cracks [29].

It is clear that the microstructural change at interfaces is one of the main causes of the
cell’s damage but understanding the origin behind the creation of these degradation
mechanisms is still object of research.

Some pioneering studies have conducted experimental tests in order to investigate the
mechanical properties at the MEA interfaces.

Jia et al. [36] performed fracture test using Double Cantilever Beam (DCB) testing method
to study the internal separation of a catalyst coated membrane (CCM) under ambient
conditions. They observed a cohesive fracture in the CL during all the tests which proves
that there is a stronger cohesion between the CL/membrane interface compared to the
CL breaking strength, for a CCM process.

The same result was reported on a recent research by Byun et al. [37], via the optimized
SAICAS method (Surface And Interfacial Cutting Analysis System) performed on CCM. The
adhesive strength at the interface between the cathode and the membrane was
approximately eight-fold higher than the average cohesive strength within the bulk
regions of the cathode, due to the high degree of intermolecular diffusion of ionomer
binders.

De Moor et al. [38] have conducted tensile tests on 5 layers MEA, with a CCB (Catalyst
Coated Backing) process, i.e. the CL was deposited on the GDLs prior to the assembly of
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the 5 layers forming the MEA. The mechanical responses of whole MEAs were compared
to the one of the membranes, allowing the extraction of damage criteria by measuring the
decohesion energy at the membrane/electrodes interface. The same tests have been
conducted on aged samples revealed a decrease in the decohesion energy with the hydro-
thermal ageing time. It was found that the force required to shear the
membrane/electrode interface becomes lower with the ageing time, one of the causes
being the accumulated plastic strain at the membrane/electrode interface resulting in
fatigue solicitation due to the hygrothermal cycles.

Uchiyama et al. [39] measured the static friction coefficient between a CCM and a GDL
(25BC) having a macro porous layer (MPL) and investigated its impact on the deformation
of the MEA under several moisture cycles. The static friction coefficient between the MEA
and the MPL was measured by the flat ball method. The study shows that the static friction
coefficient increases from 0.25 to 0.85 when the contact pressure increases from 0.15 to
0.60 MPa.

In conclusion, only a few studies are available on the topic of MEA interfacial mechanical
characterization, showing that the interface between the CL and its substrate of
deposition (membrane for CCM, GDL for CCB) seems to be cohesive and is not at the origin
of the interface degradation initiation. However, the interface created during the
assembly process of the MEA (CCM/GDL or CCB/membrane) seems to be the weakest,
with almost no cohesive strength. There is still a lack of information when it comes to
studying this latter interface, where the first damages occur due to a possible relative
sliding of the components during the fuel cell operation.

The aim of this work is thus to provide a further understanding of the MEA interfacial
mechanical properties, and in particular on the interface created during the whole MEA
assembly (CL/MPL).

The friction measurement turns out to be a convenient test to characterize interfaces with
no cohesive strength. A measurement method was then developed to determine the static
and kinetic friction coefficients between the different components of the MEA. It allows to
obtain quantified values of the mechanical strength of the interfaces. A complementary
morphological analysis was, afterwards, conducted to examine the change in the surface
microstructure before and after friction, and was useful to quantify the real contact
surface between the layers in order to evaluate the real normal pressure.

By selecting the appropriate components composing the MEA, we were able to analyze
the influence of each components of the MEA and its assembly process on the global
interfacial mechanical strength.

This study brings a new insight to the MEA interfacial characterization from a tribological
perspective in order to predict the potential wear that might take place between the core’s
layers.
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III. Experimental details
1. Materials
i. MEA components

Figure 1 shows the different layers of a MEA and the interface MPL/CL which will be the
subject of this study.

GDL MPL CL Membrane

Figure 1: MEA layers and the studied interface.

The coefficient of friction was measured between several references of GDL and
membranes following 4 main configurations (Table 1) in order to analyze the MEA
components impact on the properties of interfaces. Configurations without CL were
studied to perform a thorough analysis of the friction coefficients between all layers of the
MEA.

For GDLs, two roll types references have been selected: the 22BB, and 29AA from SGL
Carbon, respectively with and without MPL. Tests were conducted in both machine (MD)
and cross machine (CD) directions but the impact of the fiber and the MPL orientation was
found to be insignificant.

For MEA without CL, simple (Nafion 211) and reinforced (Nafion XL) membrane samples
were used. Gore membrane was used for membrane with CL.

A CL was deposited on the membrane to form a CCM, it should be noted that, with this
process, good contact between the catalyst layer and the electrolyte membrane is
ensured, which can effectively reduce the catalyst loading without compromising the cell
performance, ensures higher active area and thus better performances [40,41]. The same
catalyst provided by Tanaka, with the reference TEC 10V50E was used for both
electrodes, with a load of 0.1mg/cm? for the anode, 0.2mg/cm? for the cathode. The 2
layers being linked by the ionomer D2020 from Chemours with a ratio [/C of 0.7.
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Table 1: List of studied MEA configurations.

Configuration MPL CL
(a) No No
(b) Yes No
(c) Yes Yes

ii. Five layers MEA process assembly conditions

The hot-pressing process of the five layers of the MEA (Figure 2) is important to conform
the surfaces to obtain a good contact between the layers. Different parameters are to
control and to optimize the assembly procedure. For that matter, a couple of combination
between the parameters were used (Table 2) following soft (Process 1) and extreme
(Process 2) conditions. Friction tests were then carried out on the different MEAs.

To ease the analysis of the effect of the assembly process and its parameter, the same
components as configuration (c) as indicated in Table 1 were employed.

GDL -

CCM

Figure 2: schematic representation of the hot-pressing process of the 5 layers MEA.

Table 2: List of MEA assembly processes and main parameters studied.

Pressure = Temperature

Process (MPa) °C) Duration (s)
No process 0 0 0
1 0.08 145 180
2 1 145 180
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2. Friction measurement experimental set up

The coefficient of friction is defined as the ratio between the tangential force (FT) and the
normal force (FN) between two surfaces in contact (ISO 8295):

FT

== (1)

i

The friction coefficient between the different components of the MEA was measured using
the test described in Figure 3; it is performed on a Shimadzu ASG machine with a 5kN load
cell and a displacement speed of 5 mm/min.

To perform the tests, two MEAs of dimensions 15x15 mm? were glued on both sides of a
rigid support (0.8 mm thick steel plate) and on the two jaws using a double-sided adhesive
tape (Figure 3 (a)). The adhesive reference is PT931 from Adezif company, composed of
acrylic and silicone and its thickness is equal to 70um. A specific value of normal force is
applied on the samples, controlled via the manometer of the pneumatic jaws. The force
measured during the test via the load cell corresponds to the tangential force, i.e. the force
that is transmitted by the different interfaces of the MEA. The evolution of this parameter
is illustrated in Figure 3b, where the tangential force increases up to a certain limit value,
then decreases and follows a plateau. The first part of the curve, i.e. before reaching the
maximum value of the tangential force, corresponds to a quasi-static state, where no
relative displacement occurs between the different layers. From this peak onwards,
slippage occurs at the interface with the lowest interlayer adhesion, which will be referred
to as the kinetic phase in the following. Two specific values of the tangential force could
then be extracted from the curve: (i) FTs which is the maximum value, linked to the static
coefficient of friction ps, and (ii) FTk which is the tangential force of the plateau. To
accurately estimate FTk and then px, a method based on plotting the tangents upstream
and downstream of the plateau is employed (see Figure 3b).

The determination of these two coefficients of friction is then carried out from tests on
pristine samples with different levels of normal force, ranging from 10 to 110N with a step
of 20N, corresponding to an apparent normal pressure ranging from 0.04 to 0.5 MPa. A
linear increase of FTs and FTk with FN can be observed in Figure 3¢, demonstrating that
that the friction coefficients are independent of the applied normal force, in agreement
with friction theory [42]. Values of the static ps and kinematic pk friction coefficients are
then determined from the slopes of the linear regressions of the curves FTs=f(FN) and
FTk=f(FN), respectively.

A preliminary study showed that the measurement of the friction coefficients was
independent of the apparent contact surface (Figure 4), confirming the principle that the
real contact pressure is independent of the apparent contact pressure and the normal
force applied on the samples [42].
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Figure 3: Schematic representation of (a) the friction measurement, (b) the tangential force (FT)
measurement during the test and (c) the determination method of the friction coefficients.

(a)

Real contact surface

Apparent contact surface

Figure 4: (a) ¥ MEA layers and (b) difference between apparent and real contact surfaces.
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IV. Results

1. Friction coefficients measurements
i. Influence of the MEA components

To study the impact of each material, the effect of each component is separately
investigated, starting by studying the effect of the GDL (fiber part) on the membrane, then
the MPL and finally the active layer.

Figure 5 presents the friction measurements curves between the MEA layers (GDL, MPL,
CL and membrane) following the method described above and for the 3 mentioned
configurations.

For all configurations the normal force applied goes from 10N to 110N, and it should be
noted that the sliding occurs between the GDL (fiber part) and the membrane for
configuration (a); between MPL and membrane for configuration (b); and between MPL
and CL for configuration (c). From these configurations the maximum tangential force is
extracted for every level of FN applied as well as the value corresponding to the plateau
at the end of the curve according to the method described in Figure3 (b). The static and
kinetic friction coefficients between the previous layers are afterwards calculated via a
linear regression between the extracted values of forces (Figure 6).

It was observed that the maximum tangential force increases with the normal force
applied, the average FTs goes from 7N to almost 170N when the normal force FN increases
from 10N to 110N all configurations included. The same applies to the kinetic force FTk,
the latter going from 5N to 114N for the same normal force levels (Figure 5).

Higher levels of tangential forces are obtained after adding the MPL and CL. The highest
level of tangential force is observed for configuration (c) corresponding to the addition of
CL. Under FN=110N, Fts reaches almost 170N. Moreover, higher displacement is observed
through the shift in the curves peaks starting from configuration (b) corresponding to the
addition of MPL at first.

The linear correlation coefficient (Figure 6) is sufficiently high (equals to 0.99 for all
configurations) to prove the high linear dependency between the tangential and normal
forces.
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Figure 5: Friction curves for the MEA different configurations (a) GDL+Membrane, (b)
GDL+MPL+Membrane, and (c) GDL+MPL+CL+Membrane.
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The first main change occurs after adding the MPL which increase both coeffi
goes from 1 to 1.4 and pk from 0.7 to 0.9, this is also approved by the higher tangential
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Figure 6: Static and kinetic friction coefficients determination via the linear regression for the MEA different
configurations (a) GDL+Membrane, (b) GDL+MPL+Membrane, and (c) GDL+MPL+CL+Membrane.

Figure 7 presents the friction coefficients evolution for all configurations, the detailed
values are summarized in Table 3.
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forces obtained after adding the MPL first and the CL afterwards. This implies that there
is a stronger adhesion between MPL surface compared to the fiber part of the gas diffusion
layer with the membrane. The same observation can be made with the addition of CL,
where s increases from 1.4 to 1.6, however the kinetic coefficient decreases from 0.9 to
0.6, a morphological analysis, at this scale, is necessary to explain this variation (see the
following section).

Given that the tests were performed on non-assembled samples and after finding the
impact of MPL and the CL that add a higher cohesive strength to the membrane and gas
diffusion layer interface, the assembly process impact will be discussed in the next part.
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Figure 7: Impact of the MEA components on the static and kinetic friction coefficients.

Table 3: Static and kinetic friction coefficients for the different MEA configurations (with no assembly

process).
Configuration MPL CL Ms Mk
(a) No No 0.99+0.02  0.76x0.01
(b) Yes No 1.47£0.04  0.97+0.03
(c) Yes Yes 1.63+0.04 0.61+0.02

ii. Influence of the assembly process

The objective of this part is to investigate the impact of the MEA assembly process on the
friction coefficients and thus provide information on the quality of the interfaces between
the layers. The variation of FT versus time for are presented in Figure 8. It should be
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noted that tests are performed on the heat-bonded surfaces following the five layers MEA
process assembly conditions without proceeding to any separation of the layers before

the friction test.
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Figure 8: Friction curves for MEA 22BB-CCM (a) No process (b) Process 1(P=0.08 MPa) and (c) Process 2

(P=1MPa).

The friction coefficients for the assembled MEA is higher compared to the non-assembled

one, s increases from to 1.6 to 2 and pk goes from 0.6 to 0.8 (Figure 9).

In fact, the assembly process helps promote good contact between MEA layers, the
objective is to have a real contact surface as closer as possible to the nearly perfect
apparent surface (Figure 4), which can explain the higher friction coefficients due to the
higher FT values induced by the increased inter-layer contact area by the assembly

process.

A more detailed analysis of the observed values of the friction coefficients will be made in
the following section.
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Figure 9: Impact of assembly process on the static and kinetic friction coefficients.

Table 4: Static and kinetic friction coefficients for the different process configurations.

Pressure .
Process (MPa) Temperature Duration s Mk
No 0 0 0 1.61+0.03 0.638+0.02
process
1 0.08 145 180 2.18+0.19 0.82+0.14
2 1 145 180 1.59+0.03 0.84+0.01

2. Morphological analysis
i. MEA with no assembly process

Figure 10 presents optical observations to illustrate the variation of the MPL surface
throughout the friction tests. The combined action of compression and tangential force,
polishes the surface of the MPL, making it reflective, in fact roughness is generally
associated with dullness, as the normal force increases, the carbon black particles are
scraped and asperities are crushed which makes the surface shinier as it is seen in the
microscopic observations.

The surface is more reflective as the normal force applied is more important, it is clearly
shown on the optical microscope observation, comparing the blanc sample that didn’t
undergo a friction test, to the one under FN=50N, after this value, almost the entire surface
is scraped, which proves that the contact surfaces are perfectly overlapped.
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Figure 10: Optical microscope observations of (a) blank MPL surface; and morphological change in the MPL
surface after friction test under a normal force of (b) 10N, (c) 30N, (d) 50N, (e) 70N, (f) 90N, (g) 110N.

ii. MEA with assembly process

In the case of the hot pressed MEA, the cohesion between the interfaces is more important,
the surface is reflective under the weaker normal force applied (Figure 11), compared to
the non-assembled MEA (Figure 10), and wrinkles appeared on the surface of the MPL
throughout the test. Under high levels of compression (>110N) portions of the MPL peel
off from the GDL surface leading to a cohesive breakage of The GDL (Figure 11) and above
150N the cohesion is so important that no sliding between the interfaces is possible. This
can be confirmed with the membrane surface morphology for the hot-pressed MEA, it is
shown that the membrane conforms to the shape of the MPL under the assembly process
which leads to higher adherence (Figure 12).

The same applies to the membrane/CL interface, the surface of the membrane is smooth,
the 3-layer membrane is composed of a PTFE layer as a reinforcement matrix sandwiched
between two layers of PFSA ionomer. When subjected to a hot-pressing process, the
membrane surface conforms to the shape of the CL surface under the dual action of heat
and pressure. Figure 13 presents cross sectional view of a neat membrane with a smooth
surface (Figure 13a), the figure shows that this same surface presents some micro-
roughnesses when assembled with a catalyst layer (Figure 13b).
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Figure 11 : Optical microscope observations of the morphological change in the MPL surface after friction
test under a normal force of (a) 10N, (b) 30N, (c) 50N, (d) 70N, (e) 90N, (f) 110N.

Figure 12: Optical microscope observations of (a) CCM with no assembly process, and (b) hot pressed CCM
after friction test under a normal force of 10N.

(a)

Figure 13: Optical observations of (a) a membrane without catalyst layer and (b) a membrane with a
catalyst layer assembled following the CCM process.

The roughness of MPL can decrease under both an assembly process or the friction test,
as seen in the confocal microscope observations in Figure 14 . The assembly process leads
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to the crushing of the asperities under the combined action of pressure and heat. The
friction test induces a scraping of the surface leading to the asperities trimming.

Figure 14: Confocal microscope observations of (a) blank MPL sample; (b) MPL subjected to Process1 before
friction test; (c) MPL subjected to Process 2 before friction test and (d) MPL subjected to Process 1 after
friction test.

These results are confirmed with roughness measurements via confocal microscope. The

values are presented in pixel in Table 5.

Without undergoing any friction test, the surface roughness Ra of MPL is first equal to 4.5,
it decreases to 3.8 and 2.7 when subjected to MEA assembly process under pressure
values of 0.08 MPa and 1 MPa respectively. Asperities on the MPL surface would crush
under pressure leading to a smoother surface.

Table 5: Roughness measurements with confocal microscope of (a) blank MPL sample; (b) MPL subjected to
Process1 before friction test; (c) MPL subjected to Process 2 before friction test and (d) MPL subjected to
Process 1 after friction test.

Configuration (a) (b) (c) (d)
Ray Ray Ray Ray Ray Ray Ray Ray
5,2 3,7 4,4 3,3 2,7 2,6 3,7 3,5
Ramoy Ramoy Ramoy Ramoy
4,5 3,8 2,7 3,6

To better understand the link between the friction coefficients and the roughness values,
the phenomenon is illustrated in the following Figure 15.
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Figure 15: [llustration of the MPL/CCM interface for (a) blank sample; (b) sample subjected to soft process
(Process 1) and (c) sample subjected to extreme process (Process 2)

In fact, if no assembly process is applied, both MPL and the membrane surface have
asperities, after undergoing soft process (Process1), more contact points are created
without crushing the asperities, which explains the higher friction coefficient. If the layers
are subjected to more extreme process (Process2), asperities are crushed, and the surface
becomes smoother, hence, the lower friction coefficient values.

V. Conclusion

This study allowed the development of a method for measuring the friction coefficient
between the different layers of a fuel cell core, i.e. between the MPL, the CL and the
membrane. Different types of material assemblies were tested to validate the
methodology and obtain first results.

It was shown the static friction coefficient does not vary with the contact pressure,
contrary to studies found in the literature, it was determined from a linear regression
between the different tangential force points plotted against the different applied normal
forces.

First, the impact of the MEA components were studied, it was found that adding the MPL
and the CL leads to higher adhesion between the layers, as the friction coefficient depends
on the nature of the surfaces in contact, higher friction coefficient is, thus, obtained.

The second part of the studies investigates the assembly process of the MEA on the
frictional properties between its layers. The study is conducted through the same friction
measurements followed by a morphological analysis of the different samples before and
after friction. It was shown that a soft process (0.08MPa pressure) leads to higher friction
coefficient (adhesion) between the layers, however, extreme conditions (1MPa pressure)
has to the opposite effect.

In fact with pressure applied during assembly process better contact between layers is
obtained, when using a low pressure (0.08MPa) asperities are not totally crushed which
explains the increase in the friction coefficient for the first configuration, furthermore,
when the pressure used is much higher, (1MPa), not only higher contact is obtained but
also roughness is reduced due to the crushing of more asperities on the surface, the latter
becomes smoother which explains the lower friction coefficient under extreme assembly
process.
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Chapter IV: Impact of material and
interfaces properties on the
mechanical response of PEM under
hygro-thermal loading: Numerical
study

This last chapter aims to synthesize all the experimental work previously carried out, via a
numerical analysis.

A numerical 1D model was developed on MATLAB to simulate the mechanical state of the
MEA under the compression of the gas channel rib. The real orthotropic properties and non-
linear behavior of GDL ware implemented. The membrane elastoplastic behavior with its
hygrothermal dependency, and the interfaces properties of the MEA were also integrated.

First the impact of the material properties was investigated, and second, the interfacial
nature between the MEA layers. All with the goal to investigate the mechanical response
of the membrane under assembly load and hygrothermal operating condition.
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I. Abstract:

The deformation of the membrane electrode assembly (MEA) layers has a huge impact on
the performances of the fuel cell (PEMFC) as it affects the transport properties, but it is
also a crucial indicator for the cell lifetime, if damage occurs to any of the components.
The goal of this study is to provide an understanding of the impact of the hygrothermal
loading, mechanical stresses due to assembly process, the GDL properties and the
properties of the interfaces on the mechanical degradation of the membrane. This study
suggests that it may be possible to control the plastic strain of the membrane by
controlling the clamping method and the properties at interfaces. Hence, better
mechanical endurance is obtained, potentially enhancing the durability of fuel cell
membranes.

II. Introduction:

PEMFC is a promising device for clean energy transition, among multiple assets, it helps
reduce pollution and has high efficiency. The assembly process of a PEMFC is at the origin
of mechanical constraints, which have an impact on the performance and the durability of
the cell. Therefore, in order to optimize the performance of PEMFCs, the first problem of
assembly technique research is to determine a reasonable assembly load range [1,2].

Poor assembly load leads to incomplete contact between components, resulting in high
interface contact resistance. On the contrary, excessive assembly compression would
seriously damage the GDL leading to lower porosity and permeability [3-5] inducing
reactant diffusion inhibition as well as water management disruption [6]. In fact, even if
the assembly load were reduced, there would be some residual stresses in the membrane,
which would lead to a serious deterioration in the durability of the cell [7], because even
when controlling the initial pressure, the interface contact pressure could surge
significantly, owing to the swelling of the membrane under operating condition [8,9].

In the literature, several research on PEMFC assembly techniques turned to numerical
studies on the stack in order to analyze the effect of the assembly compression on each
component in addition to the properties at interfaces [8,10,11]. Different modelling
approaches were thus conducted.

96



Finite element model has been used by Tang et al. [12] to investigate the hygro-thermal
stresses in a cell assembly caused by temperature and relative humidity change assuming
a linear elastic behavior for the membrane.

Later on, Kusoglu et al. [13,14] brought added value to simulate the mechanical behavior
of the membrane under several hygrothermal loading and wunloading cycles
representative of the cell operation. The stress evolution during a simplified operating
cycle is determined using a 2D finite element model according to two clamping methods.
In particular, they showed that compressive plastic deformation occurs in the plane of the
membrane during hygrothermal loading, resulting in residual tensile stresses in the
membrane after unloading. These stresses are considered a contributing factor to the
mechanical failures observed in the membranes.

Solasi et al. [15] found that water absorption/dehydration of the membrane would lead
to PEM further expansion/contraction under the original assembly load. They discussed
PEM failure modes by establishing a durability model of the PEM, this result confirms with
other research [16-18] that the mechanical behavior of the membrane is highly
dependent on the hygrothermal conditions.

Other studies focused on the pressure distribution [19,20] it was shown that the stresses
distribution in the membrane is not uniform; this could mainly be caused by the difference
in stiffness between the surrounding layers of the membrane, creating localized stress
areas would further constraint the membrane and leads to its breakage.

Moreover, the GDL is also affected during assembly process of a PEMFC, due to its porous
structure and weak stiffness. Several studies focused on investigating the GDL behavior
using different numerical models.

In numerical studies, its behavior is investigated using different models, it can be
considered either isotropic [1,8,14,19,21-23], isotropic transverse [24] or orthotropic
[25-28].

In general, linear isotropic models are not accurate and cannot describe the
inhomogeneous behavior of GDL under compression. In fact, the GDL’s behavior is
confirmed to be not linear in compression and the orthotropic character of the GDL is
likely the closest to the microstructure of the porous material [29-31,28,32-36].

For simplifications purposes several researches assumed a linear isotropic model for GDL,
to study the GDL properties such as the elastic modulus, as well as the impact of the GDL
properties on the other components, the objective being to optimize the structures and
control the level of stresses and strains that might appear. For example, this linear
isotropic model was used to analyze GDL intrusion [22], to predict the contact resistance
at the interface between BPP and GDL [21,8], to study the contact pressure distribution
[19,23,1] and to investigate the membrane deformation [13,14,19].
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Only few studies used the orthotropic model to characterize the GDL [25-28], although it
is the closest model to the real physical state of GDL, due to the complexity of measuring
its properties.

The mechanical behavior of GDL was characterized in flexural, shear and compression
tests to determine the in plane elastic modulus, in plane shear modulus, and through-
plane behavior. Data were then used in a finite element-based numerical model to
calculate the channel intrusion of the GDL [37].

A study by Kleemann et al. [28] employed the orthotropic material model with plane
strain assumption to analyze both the mechanical and electrical behaviors of GDL, its
properties were experimentally determined and were used in another research to study
the combined action of assembly and hygrothermal loading on GDL intrusion and stress
distribution via a nonlinear orthotropic material [38].

Firat et al. [27] used the nonlinear orthotropic material to model the GDL'’s behavior, but
they only employed the through-plane elastic modulus and not the through-plane shear
modulus of GDL.

Polynomial fitting method was also used to describe the nonlinear mechanical behavior
of GDL, in order to investigate the GDL properties and the contact pressure distribution
under different compression levels [25,39].

To encompass all the work previously mentioned, a recent study by Leng et al. [40]
compares the impact of using an isotropic or orthotropic model on the GDL properties
and thus on the transport functions in the PEMFC.

The influences of different GDL material models on the accuracy of numerical simulation
results were investigated, it was found that the orthotropic model and the parameters
utilized are more effective in analyzing the deformation of GDL compared to the
isotropic one.

Another aspect considered in few numerical studies is the interfacial properties. For
example, non-uniform stress distribution, was found to induce localized bending stresses,
which may contribute to delamination between the membrane and the GDL [12,41].
Hence, water management could be affected due to interfacial gaps between the MEA
layers which would lead to the transport functions disruption. In the study of Bajpai et al
[42], a two-dimensional, thermal, anisotropic numerical model was developed to
investigate the effect of true interfacial morphology between the MPL and CL on fuel cell
performance. The model shows a decrease in the performances if an interface layer is
considered. The inclusion of interface layer causes water infiltration between layers and
a decrease in the conductivity. Zenyuk et al. [43] also confirmed the same statement via
an elastic deterministic contact mechanics model that is applied to the compressed micro-
porous and catalyst layer interfaces in polymer electrolyte fuel cells (PEFCs).

In conclusion, modelling the mechanical behavior of the whole MEA during fuel cell
operation is challenging. It includes anisotropy, non-linearity (material mechanical
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response, plasticity, etc.), interfaces and contacts, thermal expansion and swelling.
Furthermore, the material properties of the membrane is strongly affected by the
temperature and humidity induced by the fuel cell operation. Developing numerical
models integrating all these parameters is still a remaining issue. 2D Tooth/channel finite
elements models are commonly used, however the complexity of integrating specific
material and contact properties in finite element analysis leads to strong hypothesis such
as isotropic linear behaviors for all the components or not considering the interfacial
changes.

Based thereon, a numerical model was developed on MATLAB able to simulate the
mechanical state of the MEA under the compression of the gas channel rib. This numerical
model is based on an analytical approach completed with routines to integrate the non-
linearities of the MEA mechanical response. This equivalent 1D model allows then to
integrate the anisotropic behavior of GDL, the membrane elastoplastic behavior with its
hygrothermal dependency, and the interfaces properties of the MEA. Comparisons with
existing numerical analysis [14] shows that this equivalent model provides nearly
identical results as a finite element model. This model is then employed to investigate the
impact of the material properties as well as the interfacial nature between the MEA layers
on the mechanical response of the membrane under assembly load and hygrothermal
operating condition. First the impact of the GDL material properties is analyzed by
considering the different GDL types (rolls, sheet, felt). The nature of the interfaces
(bonded or free) is then investigated. For all configurations, the two main assembly mode
(fixed force or fixed displacement) is taken into consideration. The results allow to define
the most influent parameters on the membrane mechanical damages and thus the
mitigation strategies.

III. Model parameters:

1. Geometry
The equivalent analytical model was developed in MATLAB based on the literature [12-

14]. Figure 1 shows the schematics of the numerical model studied. The model consists
of a BPP, one GDL and a membrane.
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Figure 1: Schematics of a 2D tooth/channel model (left) and the 1D equivalent model of this study (right).
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2. Boundary conditions

Out-of-plane boundary conditions (z direction)

Two clamping methods are used to investigate the assembly conditions of the stack.
1- Fixed force: a constant pressure of 2 MPa is applied on the BPP (Figure 2), this
value corresponds to the assembly pressure often used to ensure good

performances [44,45].

2- Fixed displacement: a constant displacement of -0.005 mm resulting of a 2ZMPa
pressure load is applied

In-plane boundary conditions (x-y directions)

Two in plane conditions are investigated in this study, linked to the interfaces properties;
(i) the first one assumes a bonded contact between the layers and is obtained by applying
a fixed in-plane displacement of 6.10-> mm, following the one of the bipolar plates (Figure
2a).

(ii) The second one assumes a free in-plane displacement which would allow the sliding
between the layers (Figure 2b).
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Figure 2: In-plane boundary conditions: (a) bonded interfaces (GDL and membrane displacements following
the one of the BPP) (b) sliding interfaces.

Hygrothermal loading

Figure 3 describes the profile of the hygrothermal loading for 5 cycles as described in the
study of Kusoglu et al [14], the loading phase consists in increasing linearly and
simultaneously, the humidity rate from 30% to 95% and the temperature from 20°C to
85°C, and unloading is obtained by getting back to the initial hygrothermal values
(RH=30% and T=85°C). For multiple cycles, the temperature remains fixed at 85°C all
along the hygrothermal cycling and only decreases to 20°C at the final unloading phase of
the last cycle.

It should be noted that the clamping conditions are fixed all along the loading/unloading
phases of the hygrothermal cycles and that the membrane is assumed to be the only
component to swell under hygrothermal loading.
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Hygrothermal loading cycle

Figure 3: Hygrothermal loading cycles.
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3. Materials model behavior

The material models describe the mechanical behavior of the different materials,
considering elasticity, plasticity, thermal expansion and swelling. The total strain tensor
is then considered as follow:

—ce_ bl Th S
Sij— Sij+€ij +gij +gij

(1)
where eiej is the elastic strain component, eipjl is the plastic strain component and eiTjh and

eiSj are the temperature and swelling induced strains, respectively.

Isotropic Linear elasticity:

Hooke's law is used to link the elastic strain and stress tensors in the elastic domain:

B E
T (14 v)(1-2v)

oij [voijefr + (1 — 217)85-] (2)

where, e = €4y + &)y, + €5, E'is the Young's modulus, v is the Poisson’s ratio, §;; the
Kronecker symbol.

Isotropic transverse linear elasticity:

A linear transversely isotropic material is a special class of orthotropic materials. It has
the same properties in one plane (e.g. the x-y plane) and different properties in the
direction normal to this plane (e.g. the z-axis), the latter is the thickness direction in our
case. It is fully defined by five independent non-zero elastic constants, components of the
stiffness or compliance tensor. The relationship between the deformation tensor and the
stress tensor using the matrix of compliance coefficients [46]:

1 Vxy Vyz T
- - - 0 0 0
Eyx Eyx Eyx
_ Dy i _Vxz 0 0 0
Exx Ey Ey Ey Uxx'l
[Syy] _ Yz Uk 1 0 0 o ||%»
|€ZZ | — EX Ex EZ O-ZZ (3)
Yyz 0 0 0 2(1+ ny) 0 0 Oyz
Vzx E, Ozx
Yxy 1 Oxy
0 0 0 0 0
2G,,
0 0 0 0 0 !
2G,,]

where E, and E, are the elasticity moduli of the material respectively in and out of
plane; vy,, is the in-plane Poisson’s ratio and G, is the out-of-plane shear modulus.
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Linear Elastoplasticity:

Incompressible plastic deformation is assumed for the plastic response, with the rate-
independent plastic flow according to the Von Mises yield criterion (J2-flow theory)
[14,47]:

3
floy) = ESijSij — 0y (4)

Where oij are the components of the true stress tensor, oo the yield strength and S;; are
the components of the stress tensor deviator defined as follows:

1
Sij = 01j — 3 Ok Sij (5)

The incremental theory of plasticity, well detailed in the literature [47] is employed in the
simulations to determine the plastic strain. The material is assumed to exhibit isotropic
hardening; thus, the yield strength depends on the plastic strain and the hygrothermal
conditions (Table 3). The magnitude of the plastic strain of the membrane P! is obtained

as follows:
=pl 2 pl ; pl (6)
&bt = 3 dsi i dsi i

The elastic domain is defined for f(al-j) < 0 The plastic strain increment tensor is
proportional to the deviatoric stress tensor:

.. gpl .
deP! = dg—pl—af(%’g ) = dg—plisi
Y aO'ij 2 ()

(7)

Two new parameters, on top of the one needed for elasticity (E, v) are added to constitute
the elastoplastic model: the initial yield strength (o, ), defining the elastic stress limit, and
the elastoplastic tangent modulus (Eep), defining the material stiffness in the elastoplastic
domain.

Thermal expansion

The thermal strains resulting from a change in temperature are given by:

e/t = a(T —Ty)b;; (8)

with a the linear coefficient of thermal expansion, To the reference temperature and T the
actual one.
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Swelling
The swelling strains are directly obtained from the experimental measurements (see next

section Material Properties)

4. Material properties

e BPP:
The BPP is considered as a purely isotropic elastic material with thermal expansion. The
corresponding material properties are described in Table 1.

e Membrane:
The membrane is considered as an isotropic elastoplastic material with thermal

expansion and swelling.

The properties established by Kusoglu et al. [14] from the experimental work of Tang et
al. [48] are used in this study and described thereafter.

The material properties needed for the thermoelastic behavior of the membrane are
described in Table 1.

Table 1: Thermoelastic properties of the BPP and the membrane [14,48].

Material Reference Thickness E \Y o
pm MPa 10°K"
BPP Graphite 2200 10 000 0.25 5
Membrane Nafion112® 50 E=f (T, RH) 0.25 123

The Young’s modulus is considered as dependent of the temperature and humidity via
linear interpolation of experimental measurements described in Table 2.

Table 2: Experimental data of Young's modulus of the membrane (Nafion112™) at different temperatures
and humidity [48].

Young’s modulus (MPa)
RH=30% RH=50% RH=70% RH=90%
T=25°C 197 192 132 121
T=45°C 161 137 103 70
T=65°C 148 117 92 63
T=85°C 121 85 59 46

For the elastoplastic domain, the yield strength values are presented in Table 3.
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Table 3: Experimental data of yield stress at plastic strains of 0%, 5% and 25% of the membrane
(Nafion112™) at different temperatures and humidity rate [48].

Yield strength oy, (MPa)
el=0 RH=30% RH=50% RH=70% RH=90%
T=25°C 6.76 6.51 5.66 4.20
T=45°C 5.67 5.1 5.01 3.32
T=65°C 5.14 4.58 4.16 2.98
T=85°C 3.61 3.44 3.08 2.20
et RH=30% RH=50% RH=70% RH=90%
T=25°C 7.16 6.61 6.22 5.11
T=45°C 5.70 5.72 5.43 3.69
T=65°C 5.30 4.77 4.36 3.33
T=85°C 416 3.62 3.16 2.26
P! RH=30% RH=50% RH=70% RH=90%
T=25°C 9.71 9.26 8.65 8.88
T=45°C 7.31 7.34 7.48 6.18
T=65°C 6.55 5.92 5.73 5.78
T=85°C 5.04 4.28 4.22 431

The swelling of the membrane is directly obtained with a third-degree polynomial
4
eS(T,RH) = z C;T*TH* 9)
ij=1
where Cj; are the constants of the polynomial and given in Table 4.

Table 4: Constants for the swelling strain polynomial defined in equation (4).

Cy i=1 i=2 i=3 i=4

j=1 2.994x10-12 -5.221x10-10 3.574x10- -6.832x1077
j=2 -4.303x10-10 7.361x1078 -5.166x10-6 1.003x10+
j=3 2.163x10- -3.566x106 2.564x10+ -5.067x103
j=4 -5.402x10-8 2.012x10 2.007x10-3 4.355x10-2

Table 5 presents the breaking stress of the membrane, calculated from the average values
in the machine (MD) and cross machine (CD) directions from experimental work of Tang
et al. [48]. The breaking stress is almost independent of the humidity rate, therefore, only
the temperature variation is considered. These values will be used to establish a damage
parameter of the membrane (see section results).
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Table 5: Experimental data of breaking stress of the membrane (Nafion112™) at different temperatures
[48].

T=25°C T=45°C T=65°C T=85°C

Breaking stress o, (MPa) 18.4 16.6 13.6 10.6

e GDL:
The GDL is considered as an elastic isotropic transverse material. The thermal expansion

of this layer is not considered as the thermal coefficient in each plane was experimentally
measured as close to 0 in our laboratory.

Three different types of GDL were used in this study. The properties of the different GDL
are described in Table 6. They were determined through a large campaign of
experimental in- and out-of-plane characterizations [49].

The modulus in the transverse direction E: is varying with the pressure applied, as
detailed by Carral et Mele [35]. Two roll GDLs with an identical thickness of 250um were
chosen. As observed in Figure 4, a non-linear behavior is observed, with an increase of
the stiffness with the compression strain. A difference of behavior can however be
observed between the two GDLs; the GDL-A shows a higher stiffness than the GDL-B. An
inflection point can be observed graphically at a compression value of 3 MPa, which, as
mentioned by the authors, could indicate the pressure value applied during its
manufacturing process.

15

y T r
- GDL-A

GDL-B

. . ——— .
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
Strain (-mm/mm)

Figure 4: GDLs stress-strain curves. Pristine samples [35].
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Table 6: The physical properties of the materials used in the isotropic transverse model

E;

GDL Reference Thickness Ex=Ey Secant Vyy Vxz
type

modulus

@2MPa

pwm MPa MPa

Roll SGL 22BB 220 2550 6 0.05
Sheet TorayH060 210 8 250 7 0.05
Felt Fr-H23C7 270 1250 29 0.05

IV. Model validation

1. Results and discussion :

To validate the equivalent model, comparisons are made with the results obtained by
Kusoglu et al. [14]. To ease the comparison, all of the boundary conditions and materials
properties were used as mentioned in the reference [14] as follows:

e out-of-plane conditions: fixed displacement: a constant displacement of -
0.005mm resulting under a 2MPa applied load is fixed in this case.

¢ In-plane conditions: fixed displacement for the membrane and the GDL, following
the one of the bipolar plates (6.10->mm) (Figure 2a).

e Material properties: the properties of the used BPP and the membrane are the
same as mentioned in Table 1. The GDL is considered with an isotropic behavior
and with the following properties:

= [E=10000 MPa
= a=-0.8x10°¢K!
= y=025

Figure 5 shows the different membrane strains (elastic, plastic, thermal and swelling) for
both numerical analyses, during the first hygrothermal cycle. The plastic strain magnitude
for both models for the 5 cycles can be observed on Figure 5. Results from both models
exhibit equivalent trend for all strains with similar quantitative values (Table 7). Thermal
and swelling strains are identical since they are defined in the same manner. The
appearance of plastic strains occurs at almost identical hygrothermal conditions. As for
Kusoglu’s simulation [14], reverse yielding can be observed in the equivalent model, i.e.
the plastic strain reaching a maximum at the highest hygrothermal loading (95%RH-
85°C) and decreasing at the end of the hygrothermal unloading. The plastic strain
magnitude values (considering all direction x, y, z) are very similar for both models, with
maximum relative differences of 10% during the first cycle, the values getting closer with
the following cycles (Figure 6).
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These results show that even if the equivalent model considers only the rib of the flow
field, and not the part of the MEA under the gas channel, very similar results than the one
proposed by Kusoglu et al. [14] are obtained, thus validating this approach.

The equivalent model is validated and will be used later in this study to analyze the impact
of the types of GDL, assembly conditions, and the in-plane boundary conditions. For in-
plane conditions, two configurations are considered, the first one with bonded layers and
the second one with free displacement at each interface of the layers.
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Figure 5: Membrane strains (elastic, plastic, thermal and swelling) during the first hygrothermal cycle (a)
obtained by Kusoglu et al. [14] and (b) results from the equivalent model.
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Figure 6: Magnitude of plastic strain of the membrane during the 5 hygrothermal cycles (a) obtained by

Kusoglu et al. [14] and (b) results from the equivalent model.
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Table 7: Comparisons of quantitative values of membrane plastic strains for both models.

. Relative
Kusoglu et al. [14] Equivalent model difference
Appearance of plastic 86%RH-76°C 88%RH-78°C
strains
Plastic strain
magnitude: maximum 0.029 mm/mm 0.026 mm/mm 10%

on all 5 cycles
Plastic strain
magnitude: 0.026 mm/mm 0.024 mm/mm 8%
at the end of 5 cycles

2. Equivalent model

As afirst step, the results of an arbitrary configuration are described in this part, including
the following parameters:

- GDL=SGL 22BB
- Assembly mode = fixed displacement
- Interfaces = bonded

The plastic strains and stresses obtained with this configuration are depicted in Figure 7.
The magnitude of the plastic strain is strictly identical to the plastic strain in z direction,
due to the fact that the strains and stresses are defined as equal in x and y direction. The
implementation of the anisotropic behavior of the GDL does not modify the trend that
were observed in the isotropic model of Kusoglu et al. [14], i.e. a maximum value of plastic
strain obtained during the first hygrothermal loading followed by a reverse yielding at the
end of the hygrothermal unloading. The plastic strain is virtually stabilized after 5
hygrothermal cycles. Integrating the real GDL out-of-plane properties bring however a
significant change in the plastic strain value, reaching a maximum of 0.1 mm/mm and
stabilizing toward a value of 0.06 mm/mm at the end of the 5 cycles, roughly three times
the plastic strains values observed in the isotropic case. This is mainly due to the fact that
the lowest stiffness of the GDL in the out of plane direction brought by the implementation
of the GDL anisotropy allows the membrane to deform more freely in z direction.
Consequently, as observed in Figure 7b, o, is more constant, between -2 and -3 MPa,
despite the assembly mode set as fixed displacement. On the other hand, the membrane
cannot deform freely in x (and y) direction, being bonded to the other layers. g, varies
then significantly between extreme values of -6 MPa at maximum (compressive state), to
2 MPa (tensile state), during the humidity cycles and the induced swelling. At the end of
the 5 cycles, when the hygrothermal conditions go back to the initial ones (30%RH-25°C),
a tensile stress g, of 7 MPa is observed, results from the plastic deformation in
compression during the previous cycles. gy, is then reaching higher values during the
hygrothermal cycles, being dependent on the differences of stresses in x, y, z directions,
hence the higher plastic strains values as discussed above.
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Figure 7: Results obtained with the equivalent model for the configuration GDL=22BB, assembly mode=fixed
displacement, interfaces=bonded. (a) Plastic strains (in x and z directions and equivalent plastic strain) and
(b) stresses (in x and z direction and Von Mises).

V. Influence of the GDL type

The chosen configuration is fixed displacement for assembly mode and in-plane boundary
conditions (no sliding is allowed) for three types of GDL (Table 6).

Figure 8 presents the magnitude of the plastic strain for three different types of GDLs. A
weak decrease is observed by going from a roll to felt type but the variation is not
significant. Using a more rigid GDL (sheet) or a spaghetti type (felt) helps barely reduce
the plastic strain magnitudes but is not a criterion to be based on choosing the GDL type
to amortize plastic deformation. The same tendency has been observed for other
boundary conditions (sliding allowed, fixed force for assembly mode) (not shown here).

0.12

—— Sheet -
— Felt

0.10

0.08

0.06

|

0.04 - .

Magnitude of plastic strain

0.02

0.00 . . . T
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Figure 8: Plastic strains for the three types of GDL (roll, sheet, felt). The layers of the MEA are considered as
bonded (no sliding is allowed, and fixed displacement is considered for the assembly mode.
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VI. Influence of the properties at interfaces

For the following, the chosen GDL reference is SGL22BB. The aim of this section is to study
the impact of the properties at interfaces between the membrane and the surrounding
layers by changing the boundary conditions. Fixed force and displacement are used for
both cases where the sliding in the plane is allowed or not.

Casel: Bonded layers

For the plastic strain variation, as depicted in Figure 9, when no sliding is allowed, the
amplitude of the plastic strain is almost the same for both assembly modes. The maximum
difference is observed at the first hygrothermal loading and is only equal to 16% and 23%
respectively for the plastic strains on x and z. Afterwards the difference fades away due
to reverse yielding, and at the end of the hygrothermal cycles the values are basically
identical for both cases (fixed displacement and fixed force). The plastic strains variation
can be explained by the stresses variation. As seen in Figure 10, the magnitude of oz is
always smaller compared to ox. In addition, repeated fluctuation between tensile and
compressive stresses are observed on X, as opposed to an alternating between two
compressive stresses on z. The latter case is less likely to cause mechanical fatigue failure
of the membrane.

For the fixed force case, the clamping mode implies a constant value of ozduring the entire
hygrothermal cycling (Figure 10).

Case2: Free displacement

When the membrane is no longer retained, no reverse yielding is occurred. Higher values
of plastic strains are observed in the case of a fixed displacement. The amplitudes of the
plastic strain in both directions is 77% higher for the latter. However, the fatigue cycles
described by the switching between compressive and tensile values are no longer
observed (Figure 10).

The stress value on x being equal to zero, the Von Mises stress automatically follows the
absolute value of o-.

To sum up, the major differences could only be seen when changing the in-plane boundary
conditions by preventing or not the sliding.
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Figure 9: Plastic strains on (a) x, (b) z and (c) magnitude) obtained for bonded and sliding interfaces, for
both assembly modes (fixed displacement and fixed force). GDL reference is 22BB.
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Figure 10: Mechanical stress on (a) x, (b) z and (c) Von Mises) obtained for bonded and sliding interfaces, for
both assembly modes (fixed displacement and fixed force). GDL reference is 22BB.

VII. Conclusion

Hygrothermal cycles at constant temperature are simulated in this numerical study to
investigate the mechanical response of fuel cell proton exchange membranes at various
boundary conditions and for different GDL behaviors (isotropic and isotropic transverse)
and types (roll, sheet and felt). Both fixed force and fixed displacement cases were used
for the clamping mode.

The mechanical model of the membrane assumes linear-elasticity with isotropic-
hardening plasticity, and temperature-humidity dependent material properties based on
experimental studies and numerical studies [14,48]. Mechanical properties of the
different used GDLs are based on our previous experimental work [49].

The results confirm that no significant impact of the GDL type was observed, however, the
anisotropic behavior of the GDL has an impact on the mechanical response membrane in
the thickness direction (on z), the in-plane behavior (on x) depends on the boundary
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conditions. In fact, the isotropic transverse GDL is less rigid on z which allows the swelling
of the membrane under the effect of the hydrothermal loading. In contrast, the isotropic
GDL is asrigid in the plane as in the thickness direction, therefore, it transmits the applied
stress directly to the membrane leading to a similar case of an isostatic compressive state
which consequently lead to reduce the plastic strain magnitude. The same applies to the
clamping mode, free in-plane displacement causes higher plastic strain compared to the
case where the layers are assumed to be bonded. A stress gradient is generated, between
the two s directions leading to large stress amplitudes and thus strain values.

To sum up:

e GDL type has no impact on the membrane’s mechanical response

e The lowest plastic strain magnitude is obtained under fixed force clamping
method and with free displacement in the plane direction. Therefore, by
controlling the plastic strain of the membrane, better fatigue resistance could be
obtained eventually leading to better performance of the cell during its operating
cycles. The durability of the cell could also be improved by delaying the
probability of the membrane’s failure.
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Conclusions and prospects

The mechanical properties of the different components of the PEMFC have been studied
using a dual mechanical approach via an experimental and numerical analyses. Specific
experimental setups, as well as a 1D numerical model, have been developed for this
purpose.

First the mechanical properties of GDL was investigated through a series of in-plane and
out-of-plane mechanical tests, in both, machine and transverse directions. The goal is to
evaluate the anisotropy of its properties. The tests were conducted on different types of
GDLs in sheet and roll forms and with different hydrophobic treatment. It was found that
the mechanical behavior of GDL is rather isotropic transverse. The 2D anisotropy is not
significant and the properties in the same plane are very similar. The magnitude of the in-
plane properties is higher to the ones in the thickness direction as depicted in Figure 1.

No significant impact of the hydrophobic treatment was observed, however the type of
the GDL was found to be influential. GDL in sheet form was found stiffer than the ones in
roll form.
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Figure 1: Mechanical properties of GDL

In the second part of this study, the properties at interfaces between the MEA layers were
investigated. An experimental set up was developed (Figure 2) to measure static and
kinetic friction coefficients. Measurements were conducted between the MPL, the CL and
the membrane. Different types of material assemblies were tested with different assembly
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process parameters. It was found that adding the MPL and the CL leads to higher adhesion
between the layers, illustrated with higher friction coefficient between these two layers.

It was also shown that contact is further enhanced between the layers of a MEA subjected
to assembly process. With the combined action of heat and pressure applied during
assembly process, the roughness of the surfaces is reduced, hence, a decrease in the
friction coefficient was observed (Figure 3).
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Figure 2: Experimental set up of the friction test
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Figure 3: Impact of materials properties and assembly processes on friction coefficients
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Finally, this study is completed with a numerical analysis based on the experimental data
previously determined. A numerical model was developed on MATLAB to simulate the
mechanical state of the MEA under the compression of the gas channel rib. In particular,
the mechanical response of the membrane under different assembly modes and
hygrothermal cycling was investigated. The 1D model (Figure 4) allowed the integration
of the anisotropic behavior of GDL, the membrane elastoplastic behavior with its
hygrothermal dependency, and the interfaces properties of the MEA. First the GDL type
was studied, no significant impact was observed. Afterwards, the nature of interfaces was
analyzed by considering or not the sliding in the plane between the piled layers. The
clamping method was then studied following fixed force or fixed displacement.

The results confirmed that the lowest plastic strain was obtained under fixed force and
free in-plane displacement. In fact, this result is important to guarantee better
performance and durability of the cell since controlling the plastic strain means increasing
the fatigue resistance of the membrane.
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Figure 4: The geometry of the unit cell used for the developed model

This work finally allowed to understand the mechanical state of the MEA with different
material properties components and under several operating and assembly conditions.
Through the various studied configurations, it turned out that it is crucial to control the
assembly mode and the properties at interfaces to guarantee good performance and
durability of the cell. Materials properties when it comes to GDL did not have a significant
impact on the mechanical response of the membrane.

In perspective of this work, it would be relevant to carry out the experimental study under
operating conditions to simulate the real state of an operating fuel cell. First, the
mechanical properties of GDL could be determined under temperature and humidity
similar to those of the operating conditions of the fuel cell (85°C - 95 RH%).
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Second, it should be noted that the frictional properties are sensitive to any type of
impurity or intruding material that might be present at interfaces, for that purpose, the
friction measurements could also be carried out in a hygrothermal chamber, to follow the
properties evolution. A preliminary part of this experimental test has already been started
to evaluate the impact of the temperature separately. It was found that the frictional
properties are almost stable in the range of the operating temperature used (85°C). This
is consistent with the literature, where the friction coefficient could probably change at
much higher ranges of temperature. However, humidity would probably have a more
significant impact since layers of water might be created between the layers and absorbed
on the surface of materials. A similar case of lubrification process could occur, reducing,
thus, friction between the moving parts.

Finally, all of the experimental work might be re-implemented in the developed model to
evaluate the strain and stress levels under real operating conditions. The model could also
be upgraded to evaluate the shear phenomena induced by the geometry of the BPP, and
integrate the frictional properties experimentally determined.
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