Failure Prediction
of Membrane Electrode Assemblies
for Proton Exchange Membrane Fuel Cells

January 2016

A thesis submitted in partial fulfilment of the requirements for the degree of
Doctor of Philosophy in Engineering

Keio University

Graduate School of Science and Technology
School of Integrated Design Engineering

Thibaud Vermot des Roches



TABLE OF CONTENT

TabIE OF CONM Ot ..o e i
[ o] T U= PP v
LISt OF TaDIES. . ..ot iX

Chapter1 INTRODUCTION. ..cuiuiuieiiiuieieiinieiiiiieietitreeetareeneneiesenecsssnemn 1

1.1 RESEARCH BACKGROUND ...ttt e 1
1.1.1 Basic function of a Proton Exchange Membrane Fuel Cell .............c..ocoo i 2
1.1.2 Barriers to commercialization ..............c.ocioiis it e is et et et e s et e e et e ee a2l D
1.1.3 Review Of eXiSting STUAIES ... ....coio it et et et et e et e et et e et e e e s e a8
1.1.4 Numerical simulation method .............coooiit it et et e e e e e 12

1.2 PURPOSE OF THE STUDY AND OUTLINEOFTHESIS ......coooiiiiiiiiieee 14

Chapter 2 STRUCTURE OF APROTON EXCHANGE MEMBRANE FUEL CEL....... 21

2.1 FUNCTIONALITY
2.2 PROTON EXCHANGE MEMBRANE .....ooitiiiiiiee e 24
2.3 CATALYST LAYER
2.3.1 Fabrication and structure of the catalyst layer ................cocc et et e 26
2.4 GAS DIFFUSION LAYER ..ot e 29
241 MALEIIAIS ... .ot e e et et et e e et et et et e et e e et e e et e e et e e een aeere e s 32
2.5 BIPOLAR PLATE
P TN R CT=To 1= O PP PPRPPPRRC 7.
2.5.2 MALEIIAIS ... ettt e e et e e et e s et e e e e e e e e e e et et een e sen 2ee e 30
2.6 SUMMARY ..ttt ettt e st be st e e st b e b e st et n e nn et nneenneennee 38

Chapter 3 MECHANICAL CHARACTERIZATION AND CYCLIC FATIGUE OF THE
MEA: EXPERIMENT AND SIMULATION . ccttttiiiiiiiiiiiiiiiiiiiiiniiiieincecececscscnen. 41



3.1 MECHANICAL CHARACTERIZATION OF THEMEA ..ot 41
3.1.1 Mechanical characterization of Nafion .............cccoee oo en it it e e 4L
3.1.1.1 Testing ProtoCol .......cocviie oot et e s et et et et e et e et e e e 2 A2
3.1.1.2 Experimental reSUILS ..........coooiiii oot s et et e et e et e e e e 20 A3
3.1.1.3 Two-layer viscoplastic model .............c.co oo i ie et et e e eeeen2 49

3.1.2 Mechanical characterization of the CL ............c.ooiiiiiiii e 54
3.20NSET OF FAILURE INTHE MEA ... oo 56
3.2.1 EXperimental ProCEAUNE ...........oioeit et e et e et e et e cet s et e eetve eeneas eeeveees 2. DD
3.2.2Shear-1ag MOel ...........ooii it e e e e s et e e et e et e eereaae e 000 D8
323 FEM ANaAlYSIS .....oiiet e et e et s et e et et e e et e et e et s e e eeeees ee DD
3.3 FAILURE CRITERION OF MEA ..ottt 61
3.3.1 Failure criterion of MEA under static tensile loading ...............cc.ceo e e ii v 61
3.3.2 Failure criterion of MEA under cyclic loading ............ccc oo eeo i e 63

3.4 CARBON/NAFION DECOHESION: A MODEL TO EXPLAIN THE CRACK INITIATION
1NV I | = PP PRPRPPPI 70
3.4.1 Origin of the Carbon/Nafion decohesion ..............cccoe i eiiee e e et e ivveenenn 10
3.4.2 Modeling the Carbon/Nafion interface .............cccooooooiiei i i e e e e 11
3.4.3 Results of the interface Simulation ................coe oot e e el 13

3.5 SUMM A RY Lot 74

Chapter 4 OPTIMIZATION OF THE CONSTITUTIVE MODEL FOR NAFION......... 79

4.1 BOYCE AND SILBERSTEIN’S MODEL FOR NAFION ......cooiiiiiiiiiiiiiiiieieien 80
4.2 OPTIMIZATION OF THE POST YIELD BEHAVIOR THROUGH THE LEAST SQUARE
METHOD .. oot et 84
4.2.1 Selection of the parameters to Optimize ..........cococeiee it e e84
4.2.2 Optimization of the post yield behavior ................cocco i 0087
A3 SUMMARY .ottt e 89

Chapter 5 EFFECT OF ENVIRONMENTAL CONDITIONS ON THE ESSENTIAL
WORK OF FRACTURE OF NAFION. . ctttttiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieietiietecenececscaneen. 95

ii



5.1 IMPORTANCE OF THE ESSENTIALWORK OF FAILURE ........cccoovviiiiiiiieiennn. 95
5.2 EXPERIMENTAL METHOD .....uiniiiiiiei e 96
5.2.1 Double-Edge Notched Tensile TESt ........c.ceeveieieiiiiee e e e e e e enee222 . 96
5.2.2 Method of calculating the EWF ..........coooii i et e et e e e e eeiee a2 97
B5.23Material ... ... oot et e e et e e e e e e e e e e 0299
5.2.4 Experimental protocol .............co.oooeiiiiioiiie e e e e e e a2, 100
5.3 RESULTS AND DISCUSSION ...ttt 103
5.3.1 AMbient CONdItioNS ... .....coooiie it i st et et et e e et e et e e e e e e e e e e 103
5.3.2 High humidity, ambient temperature ..............ccco oot et ee e iee e e e e e e e 107
5.3.3 High temperature ...........c.ccioit oot e et et et e et e et e et e een e eeereereeeene 10T
5.4 LOCAL OBSERVATION OF THE FRACTURE SURFACES .........cooiiiiiieieie 111
5.5 ESSENTIAL AND NON-ESSENTIAL WORK OF FRACTURE .........ccccvvviviininenn, 112
5.6 SUMMARY oottt 117

6.1 MOTIVATION FOR THE FINITE ELEMENTANALYSIS......coooiiiiiiiiiiieiieeeen, 121
6.2 FINITE ELEMENT MODEL ....oitiiiiiiiii e 122
6.2.1 Method of calculating the EWF ............ccoooi oot e e e e e a2, 122
6.2.2 Cohesive Zone MOTE ......... .ot i et e e et e s et et et e e et e e e e e e 2. 123
6.3 RESULTS AND DISCUSSION ...ttt e 126
6.3.1 AMDIent CONAItIONS ... ... .o oot ie e et et et et et e e ettt et e e e e e e e e e e 126
6.3.2 High humidity, ambient temperature .............c..ccccoo et e e e e e e e e 129
6.3.3 HIgh teMPerature .............co oot oo e e e e e e et eee e e e e eeveee saeeene 2202 129
6.4 EFFECT OF THE SIZE AND SHAPE OF THE PLASTIC ZONE..........ccocoiviiiiinnn 132
8.5 SUMMARY ..ot 135

Chapter 7 CONCLUSION ..vuitiuiiieiiiiieiiiiittiiiiieiiieiiecetiiatetentatssesasesesensasens. 137
7.1 NOVELASPECTS OF THISRESEARCH. ..ot 137

7.2 RESEARCH ACHIEVEMENTS ... e 139
T3FUTURE RESEARCH ..ot e 141

11l



ACKNOWLEDGEMENTS .uiiiiiiiiiiiiiiiiiiiiiiiieiiiiiiiiieiiieisicicicasasasssscacscseisnenen 143
] ] L o 145
APPENDIX A LIST OF PUBLICATIONS....cuiiiiiiiiiiiiiiiiiiiieecceninenencacnenenen. 156

v



List of Figures

Figure 1.1 Development of the fuel cell market since 2009 ...........ccoviiviiiiiiiiiiiiiene, 4
Figure 1.2 Overview of the structure and functioningof aPEMFC ........................ccii, 4
Figure 1.3 Simplified fault-tree analysis of the catalyst layer. In blue are the chemical causes, in

orange the mechanical causes of performance 10SS ..ot 9

Figure 1.4 Typical scenario for the mechanical failure of the MEA: (a) Cyclic variations of
humidity create swelling and shrinking strains in the MEA,; (b) Crack initiation occurs inside
the CL; (c) Cracks start to propagate in the CL; (d) Cracks start to pinpoint the surface of the
PEM; (e) Crack propagation reaches the opposite side of the membrane, allowing reactant
crossover and failure of the cell ... .. 16

Figure 1.5 Flow chart of the diSSertation ..............cooiiiiiiiiiii e 20

Figure 2.1 (a) Structure and function of a PEMFC unit; (b) Close-up on the Membrane Electrode

ASSEMBIY (MEA) ..o e 23
Figure 2.2 Chemical structure of Nafion ................. 27
Figure 2.3 Structure of a catalyst layer ...........cooiiiii i 27

Figure 2.4 Scanning electron microscope observation of the surface of the CL in as-received
MEA SBIMPIE ..o 30

Figure 3.1 Experimental setup for characterization of Nafion: (a) Overview; (b) Close-up of the
gripping MEChANISIM ... . e 44

Figure 3.2 Elastic-plastic model for Nafion NR211 at 25°C, 20%RH. Insert: 1-D rheological

representation of the elastic-plastic constitutive model ...................cocoiiiiiiiiinn 45



Figure 3.3 Young’s Modulus of Nafion NR2LL ..o 47

Figure 3.4 Hardening coefficient of Nafion NR211 ... 47
Figure 3.5 Yield stress of Nafion NR2LL ... 48
Figure 3.6 Yield strain of Nafion NR211L ... 48

Figure 3.7 Two-layer viscoplastic model for Nafion NR211 at 40°C, 20%RH. Insert: 1-D
rheological representation of the two-layer viscoplastic constitutive model .................... 53

Figure 3.8 Observation of the surface of the CL in MEA sample: (a) as-received; (b) apparition of

Cracks ONthe SUIMTACE ... e e, 57
Figure 3.9 Overview of the Finite Element Model ..., 61
Figure 3.10 Crack initiation strain of the CL at different temperatures and humidities .............64

Figure 3.11 Break stress derived from the finite element model (FEM) and the shear-lag model

Figure 3.12 Result of low-cycle fatigue tests of the MEA in ambient conditions (25°C, 50%RH)
for two different Strain rates ........c.oeiriiiiiiii e 68

Figure 3.13 Comparison of simulation and experimental data for a failure criterion D.=12.4

Figure 3.14 Comparison of simulation and experimental data for different strain rates ........... 69
Figure 3.15 Proposed Finite Element Model for the interface between Nafion and Carbon ...... 76
Figure 3.16 Evolution of Nafion slippage with variations of humidity
Figure 4.1 1-D Rheological representation of the constitutive model for Nafion ................... 81
Figure 4.2 lllustration of the distributed yield mechanism on the stress-strain curve of Nafion ..85

Figure 4.3 Comparison of experimental and calculated behavior of Nafion by implementing the

vi



constitutive model from [B52] ......ooiriii 85

Figure 4.4 (a) f and g functions for different values of ug,; (b) f function for ugy fixed at 3.6x10’

Figure 4.5 Comparison of the simulation of Nafion behavior at 25°C and 20%RH for Boyce and
Silberstein’s model before and after LSM optimization and the 2-layer viscoplastic model .92
Figure 4.6 Comparison of the strain energy for the three models with experimental results .......92
Figure 5.1 Schematic of a DENT test SPECIMEN ........ooiviiiiiiii e 98
Figure 5.2 Experimental apparatus: (a) Experimental Setup; (b) Schematic ....................... 102
Figure 5.3 Result of DENT experiment on Nafion specimen at ambient conditions for different
ligament Iengths .. ... 105
Figure 5.4 Total Work of Fracture calculated for different ligament lengths at ambient
temperature (30°C). The linear regression shows a EWF of 18.4 kJ m™ at ambient humidity
and 21.5 ki m2 at high humidity ..........oooeieeee e 106
Figure 5.5 Total Work of Fracture calculated for different ligament lengths at high temperature
(BO0C) ittt 109
Figure 5.6 Overview of the 8mm ligament length fractured specimens for different environmental
o100 L1 0 PPN 110
Figure 5.7 Scanning electron microscope observation of the fracture surface of 8mm ligament
length specimens: (a) 80°C, 50%RH, 200x; (b) 80°C, 100%RH, 200x; (c) 30°C, 50%RH,
1000x; (d) 30°C, 100%RH, 1000x; (e) 80°C, 50%RH, 1000x; (f) 80°C, 100%RH, 1000x ..113
Figure 5.8 Laser microscope observation and profiling of the fracture surfaces: (a) 80°C, 50%RH,;

(1) BOOC, TO0YORH ...t 114

vil



Figure 5.9 Non-essential work of fracture, each data point corresponding to the average of all
four tested specimens fOr eaCh Case ..ot 116

Figure 6.1 DENT test specimen: (a) Calculation model with boundary conditions; (b) Detail of
mesh around the NOtCh tip ... 125

Figure 6.2 (a) Representation of a traction-separation law; (b) Typical stress-strain curve for the

Specimen in a DENT t8St. . ... .o 125
Figure 6.3 Evolution of experimental critical strain e with ligament length ...................... 127
Figure 6.4 Stress-Strain curve for Nafion during @ DENT test .........cccovviviiiiiiiiiiiiiniiies 128

Figure 6.5 Total Work of Fracture calculated for experiments and simulations for different
ligament lengths: (a) at ambient conditions (30°C, 50%RH); (b) at high humidity (30°C,
LO0YORH) .ttt 130

Figure 6.6 Total Work of Fracture calculated for experiments and simulations for different
ligament lengths at high temperature (80°C) ........c.cviiiiiriiiii e 131

Figure 6.7 Dimensions of the plastic zone at the onset of failure at high temperature (filled
symbols) and ambient conditions (hollow symbols). Insert: points of reference to calculate

width and length of the plastic Zone ............coiiiiiii 133

viil



List of Tables

Table 2.1 Summary of the main physical properties of the materials used in fuel cells ............ 40
Table 3.1 Viscous strain at different strain rates ..o, 51
Table 3.2 Calculated values of the parameter A ... ..ot 52
Table 3.3 Properties of the catalyst layer at different humidities ................................ 55
Table 4.1 Model parametersused inthe FEA ... ... 93

Table 4.2 Absolute error of the strain energy over the entire range of strains for each model .....94

Table 5.1 EWF of Nafion in different environmental conditions ..............ccooiiiiiiiiiiiii 119

1X






Chapter 1

INTRODUCTION

1.1. Research Background

In a context of growing concern over the depletion of petroleum-based energy resources, the
broad question of the use of energy, from its generation to the disposal of by-products, emerges
as one of the major political, social and environmental issues of this century. Much of the current
infrastructure relies heavily on the availability of cheap, high energy density fuels extracted from
fossil reserves. Switching to a sustainable infrastructure, both from the point of view of
consumption and pollution, requires the accumulation and efficient use of ambient sources into
usable energy form. Owing to its ease of distribution, electricity is a preferred form, but not ideal:
it is difficult to store on a large scale and requires conversion to higher density states for some
applications such as automotive uses. In this respect, a crucial aspect in the development of
sustainable energies lies in the ability to perform efficient conversion of energy from solar,

chemical or thermal to electricity.

Much recent research has been focused on this objective. Fuel Cells have been developed as

a way to convert chemical energy into electricity. Even though several varieties of fuel cells exist,



they all work on the same idea. An anode and a cathode are separated by an electrolyte. Two
partial chemical reactions occur at the electrodes; the electrolyte is such that it is permeable to
ions, but not to electrons. Electrons freed by the reaction, created at the anode and consumed at
the cathode, flow through an external circuit and are the source of the created electric current.
Currently used fuel cells have power outputs ranging in the hundreds of kilowatts, though this
number can easily be scaled up for the needs of large stationary units. As it stands, most
stationary or portable fuel cells have a power output inferior to ten kilowatts, but the power
output for transportation is higher, from around a hundred kilowatts for a personal vehicle to

double or triple that number for a city bus.

Studies have shown a great increase of commercial interest for fuel cells since 2007, and this
tendency seemed only to accelerate in the past few years, as is clearly visible in Fig 1.1. It can be
said that today, fuel cells are no longer a technology of the future: some applications are
commercially available today. In particular, Fuel Cell vehicles keep attracting the automobile

industry, with newer models being released at ever more affordable prices.

1.1.1. Basic function of a Proton Exchange Membrane Fuel Cell
Among the different types of fuel cells, Proton Exchange Membrane Fuel Cells (PEMFCs)
have drawn particular attention thanks to their high performances. They employ a hydrophobic

solid polymer as the electrolyte, reactants being hydrogen and oxygen gases. The full reaction,



2H, + O, — 2H,0, (ll)

is split into the anode and cathode half reactions, respectively,

H, — 2H+ 2¢, (1.2)
1 e
50 T2H" +2¢6 > H,0. (1.3)

The overall structure of a PEMFC is given in Fig. 1.2, and will be discussed in more details in
Chapter 2. The membrane electrode assembly (MEA), composed of the two electrodes and of the
electrolyte membrane, is the central part of the cell and plays a critical role by being the siege of
the chemical reaction, conducting protons between the electrodes while acting as a barrier for the

reactants and as an electronic insulator[3].

By allowing efficient conversion of chemical energy into electricity, PEMFCs are considered
a promising technology for a variety of power generation applications. In particular, there is great
interest in using them as an alternative to traditional internal combustion engines for automotive
applications. The superiority of fuel cell technology over conventional engines in several aspects
have been demonstrated, including high energy concentration and high efficiency (over 50% for
PEMFCs), easy scale-up and, most importantly, no emissions, the only by-products being water
and heat[2]. PEMFCs in particular have some advantages over other fuel cells, namely rapid
start-up and shut-down transients, and relatively low working temperatures (from 50 to 120°C).

Also, the fact that any fuel that can provide a source of hydrogen can be used by a PEMFC
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accounts for a great versatility and adaptability of these systems. For these reasons, it was
reported that in 2010, 97% of the fuel cells shipped worldwide were PEMFCs, most of these
being portable systems with relatively low power[1]. This domination is expected to continue, as
PEMFCs are likely to continue being the technology of choice for the development of future fuel

cells vehicles.

In practical applications, high proton conductivity has been the determining factor in
choosing and designing the membrane. In recent years and with the rise of expectations regarding
the longevity of the fuel cell, other factors such as mechanical and chemical stability have come
to importance. Degradation of the membrane eventually leads to pinhole formation, allowing fuel
crossover. This dramatically reduces the efficiency of the cell by wasting the products of the
reaction as just heat, decreasing the voltage of the cell. Since fuel cell stacks are generally
serially connected in order to reach a useful output voltage, a voltage drop of one cell decreases
the voltage of the entire stack. For these reasons, reliability of the MEA is the most important

factor when considering the reliability of the entire cell.

1.1.2. Barriers to commercialization
Despite their attractive features, some important issues remain to overcome in order for fuel
cells to become economically viable alternatives to conventional power units, cost and durability

being the most widely mentioned.



For the PEMFC to emerge as a competitive technology, reliability has to be extended while
still reducing the costs. The targets set by the United States Department of Energy, updated in
2011, estimate that by 2017 a lifetime of 5,000 hours for transportation application should be
achieved, at a cost no greater than $30/kW[5]. As of 2011, studies report that a lifetime of 2,500
hours and a cost of $49/kW were reached. The mentioned costs are for complete systems,
including the fuel cell stacks, and the auxiliary systems necessary for the function of the fuel cell,
such as the pumps to bring the reactants to the electrodes. The cost target for the fuel cell stack
alone is set to $15/kW, with current performances of $22/kW. Inside the fuel cell stack, the MEA
generates most of the cost, with current status of $13/kW and a 2017 target of $9/kW. As for
durability, the MEA is the limiting factor. Though it is possible to create membranes with
lifetimes that reach the 5000 hours objective, their performance is not yet satisfying as the
voltage degradation also needs to be minimal after that time. A voltage drop that is too large

would result in an unusable system.

The high cost of a MEA can be partly accounted for by the necessity of catalyzing the
reaction. In order to split the hydrogen and oxygen the most appropriate catalyst material to date
is platinum, and much progress has been made in the later years in order to reduce the quantity
needed. Two concurrent approaches are used when trying to reduce costs: either to optimize the
design and composition of existing materials, or to search for innovative materials[4]. Because

the field of study is relatively recent, the materials and designs used today cannot be said to be



definitive.

Durability is dependent on the reliability of the components, which are subject to an
aggressive chemical and thermal environment. Any failure of the MEA will compromise the
function of the PEMFC by dramatically reducing the power output, and there is much ongoing
research to get a better understanding of its properties. Failure of the MEA can be attributed to
several causes. Chemical or thermal instability can cause the MEA to fail, however the recent

development of more stable materials has made this mode of failure secondary[6].

It has been shown that the principal cause of failure or of performance degradation for the
MEA was the humidity at the electrodes[7,8]. As has already been mentioned, water is created at
the cathode as a product of the reaction. This water has then to be evacuated as new reactants are
brought to the cathode, or after shutdown of the fuel cell. The membrane, electrodes and gas
diffusion layers being porous, water can be found throughout the MEA. As water is absorbed by
the different components of the MEA, they swell, and this results in mechanical strains to the
system. Because humidity varies between ambient levels and high water concentrations with
time, the different layers of the MEA are subjected to cyclic loading, which is likely to induce

fatigue, and eventually failure, of the assembly.

Another limiting factor is oxygen crossover, which is susceptible to affect the electrodes. It



usually happens as a consequence of pinhole formation in the polymer. This is especially a
concern during startup after a long idle time, as ambient air is present near the anode. Although
this does not result in failure of the system, oxidization of the electrodes can decrease the voltage

output (by increasing the resistance), thus reducing the performance.

The risks factors for fuel cell performance that are related to mechanical degradation are most
pronounced at the MEA. As will be discussed in details in Chapter 2, the other components of the
fuel cell have different constraints that make it possible to select materials that are less prone to
mechanical degradation. A simple fault-tree analysis for the loss of performance of the cell is
shown in Fig. 1.3. In order to achieve a greater lifetime for PEMFCs, it is necessary that all the

failure mechanisms of its components be clearly understood and documented.

1.1.3. Review of existing studies

Many studies have been conducted in the past in order to model the functioning of a fuel cell.
There have been much interest in the physical and chemical aspects of the gas flow through the
layers and of the interactions between reactants[9-11]. These studies usually focus on the static
and dynamic behavior of the fuel cell components, but do not take into account mechanical

strains or failure.

Some research exists on catalyst layers aiming to make its structure optimal, but its
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mechanical properties are not well documented[12-15]. This is made more difficult by the fact
that there is not yet a standard for catalyst layers, so their mode of fabrication is often kept
confidential by industrial makers. Recent research on catalyst layers have been aimed at reaching
maximal activation of the catalyst, with the objective of reducing the quantity of platinum
needed. The use of a core-shell structure for catalyst particles have shown promising

results[14,16-18].

Several studies have introduced experimental protocols for accelerated fatigue tests to
estimate the lifetime of fuel cells components and to investigate the possible modes of failure. By
subjecting a MEA to rapid cycles of voltage and humidity, Jao et al. have concluded that catalyst

degradation was the leading cause for MEA decay, followed by creep deformation[19].

Other factors likely to affect the durability of a fuel cells stack have been examined: Oyarce
et al. have compared different shut-down strategies and studied their effect on the durability of
the cell[20]. Luo et al. have studied the effect of freeze-thaw cycles on the function of the
cell[21]. Thermal management within a fuel cell stack has also been a subject of interest:
recently, Sasmito et al. have proposed a method to improve cooling of the fuel cell stack by

improving the design for convective cooling[22].

Naturally, the proton exchange membranes have also received a lot of attention. A widely

10



used material for the ion-exchange membrane is Nafion®, commercially available from the
company DuPont™. Nafion is a perfluorosulfonic acid polymer with a good chemical stability.
Due to its large popularity in fuel cell applications, all experiments and models in this thesis use
Nafion as the material for the proton exchange membrane. An in-depth discussion of its

characteristics can be found in chapter 2.

Since Nafion is the most commonly used material for that purpose, it has been the most
studied, although some attempts have been made in order to find and study the feasibility of
cheaper alternatives[12,23-26]. When it comes to Nafion, a lot of efforts have been made in order
to understand its complex viscous behavior. Most of the reviewed studies have been focused on
studying its morphology, through various methods[27], its chemical behavior with respect to ions
and water absorption[28-33], and trying to understand and model its mechanical properties. Most
mechanical models that were found in the literature were concerned with local behavior on a
micrometer scale, with only few dealing with large deformations of the material on a
macroscopic scale[3,10,27,34-40]. The effects of various external parameters like temperature or
chemical environment are investigated, but the failure of Nafion has only started to be
systematically studied in the past few years. Notably, Kusoglu and Santare have studied the effect
of humidity cycling on the membranes[41-43]. Creep failure and its effect on the mechanical
endurance of Nafion has been discussed by Solasi et al.[37,44-45] On a related topic, Dillard,

Gittleman et al. have investigated the mechanical fatigue of Nafion[38,46-47].

11



1.1.4.  Numerical simulation method

Numerical models are a convenient way to estimate the properties of a fuel cell or of its
individual components; the alternative being systematic experiments, which are expensive, time
consuming and require the use of multiple prototypes. Though some amount of experimental data
is necessary to calibrate and validate the numerical models, this method still allows to save much

valuable resources.

The materials used in the fuel cell industry have for the most part been developed recently,
and sometimes their manufacturing process is confidential, due to industry constraints. For these
reasons, documentation on the properties of these materials is scarce. To date, further
experimental investigations are still needed in order to fully determine the properties of the
components in a large range of environmental conditions. As a consequence, proper
characterization of the materials is the first hurdle when designing a numerical model for a
PEMFC. The advantage of this approach however is that once an accurate constitutive model for
the materials is achieved, the numerical simulation allows to gain insights about the behavior of

the MEA in a wide variety of applications, with more flexibility than experiments.

There is currently no definitive numerical model to predict the behavior of Nafion, although

several models have been proposed, with varying degrees of success. As a general rule, studies

have had to compromise between complexity and difficulty of implementation. What generally

12



limits existing models is the change of environmental conditions.

- The most simplistic model is the linear elastic-plastic model; it does not take into account
the viscous behavior of Nafion and therefore is very limited in its applications.

- The 2-layer viscoplastic model was applied to Nafion by Solasi et al. in 2008[48]. By
adding a viscous component to the elastic-plastic model, it greatly improves the accuracy of the
model, especially around the yielding point. The disadvantage of this model is that it doesn’t take
into account environmental parameters, so the model has to be fitted separately for each set of
conditions.

- In 2011, a nonlinear viscoelastic—viscoplastic constitutive model was proposed by Yoon and
Huang[49]. This model is based on an earlier model introduced by Bergstrdm and Boyce in
1998[50], that uses the microstructure of ionomers to deduce constitutive equations. Applied to
Nafion, this model gets very good results over a wide range of strains, but a limiting factor is
that, similarly to the 2-layer viscoplastic model, it requires a different set of parameters for each
set of environmental conditions. As a result, the model cannot be used when variations of
temperature or humidity happen as part of the simulation.

- Independently from the previous model, Boyce and Silberstein have introduced a different
viscoelastic-viscoplastic model for Nafion with promising results, that they later
improved[51-55]. This model is also inspired from the microstructure of Nafion. Its advantage
over the previously discussed model is that it takes into account the dependence of Nafion on the

temperature and humidity. By introducing back stresses in the constitutive equations, it is also

13



successful in modeling the unloading and reloading behavior. However, the model was only
tested for strains of up to around 0.6, which is a somewhat limited range since Nafion can sustain

stresses well over that point. It also does not take into account fatigue of the material.

While the recent interest in investigating the mechanical behavior and failure of fuel cells is
clear, there has not yet been a systematic study of the failure behavior taking into account
variations of temperature or humidity. The exact failure mechanisms of the MEA are still unclear,
as most of the research has been focused on power output rather than mechanical integrity. For
this reason, the estimation of the lifetime of components has mostly been empirical. There is also
a lack of numerical models to simulate the mechanical behavior of the cell. While such models
would be valuable to assist in the design and evaluation of fuel cells, exiting models in the
reviewed literature are generally limited in the scope of their application due to not taking into

account environmental conditions or failure of the materials.

1.2. Purpose of the study and outline of thesis

Generally, the mechanical integrity of materials is determined by their fracture resistance,
under both static and dynamic loadings. In many cases where the material is ductile (which is the
case of the polymers that form the MEA), the failure is not a catastrophic event, rather there is a
phase of crack propagation, which can take a large portion of a material’s lifetime[47,56-58].

Knowing the material’s resistance to fracture is essential for both estimating its lifetime and for
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coming up with more efficient designs, whether it is by postponing the apparition of cracks or by

minimizing the speed of crack propagation.

In the case of the MEA, mechanical strains appear from the successive swelling and
shrinking that occurs upon variations of environmental conditions, in particular variation of
humidity. Such cyclic variations are inevitable as water is created in the catalyst layer by the
oxydo-reduction reaction, is then evacuated and eventually returns to ambient conditions when
the cell is shut down (Fig. 1.4 (2)). Such cycling of swelling strains leads to mechanical fatigue
and crack formation in the catalyst layer (Fig. 1.4 (b)). In Chapter 3, a model is proposed to
elucidate the mechanism of crack initiation. While crack initiation might decrease the efficiency
of the cell (by reducing its active area), it does not compromise its integrity. Several cracks might
thus form in the catalyst layer, which then start to propagate in the ductile ionomer that forms the
substrate of the layer (Fig. 1.4 (c)), and then in the proton exchange membrane. For this reason,
when studying the cause of failure of a fuel cell, it is common to observe pinpoint cracks on the
surface of the membrane (Fig. 1.4 (d)). As cracks keep propagating, they eventually reach the
opposite side of the membrane. This causes gas crossover, as the reactants are now able to pass
directly from one electrode to the other, which results in a rapid loss of performance and ultimate

failure of the cell (Fig. 1.4 (e)).

The objective of this dissertation is to systematically study the fracture behavior of the MEA
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Fig. 1.4. Typical scenario for the mechanical failure of the MEA: (a) Cyclic variations of
humidity create swelling and shrinking strains in the MEA,; (b) Crack initiation occurs inside the
CL; (c) Cracks start to propagate in the CL; (d) Cracks start to pinpoint the surface of the PEM;

(e) Crack propagation reaches the opposite side of the membrane, allowing reactant crossover

and failure of the cell.
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in order to propose a failure criterion and quantitative data to better estimate its lifetime. The
scope of the study includes static and dynamic failure, as well as crack propagation. In order for
the data to be applicable for fuel cells in practice, the same experiments are repeated in different

conditions of temperature and humidity.

On top of that, this study aims to develop a numerical model able to simulate the failure of
the MEA. As compared to experimental tests, numerical simulations are quicker to perform, need
less material and are more easily reproduced or adapted. Thus, numerical simulations are both
cheaper and more convenient to realize, so having the ability to rely on a simulation while
bypassing the experimental process would be a sizable advantage. In addition, a numerical
simulation may give additional insights into the behavior of the material which would be hard to
get from experiments, such as stress distribution or dissipated energy. Naturally, these
simulations need first to be validated against experimental data in order to be useful, which this

study aims to accomplish.

The steps taken in this study in order to investigate the fracture resistance of the MEA are as
follows. Tensile experiments are done to collect data on its mechanical behavior. The data is used
to calibrate the constitutive model for both materials in the MEA, and a critical fracture stress is
extracted. Following this, fatigue tests are performed both experimentally and numerically, and a

fracture criterion for cyclic failure is proposed. The chosen approach to quantify the resistance to
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fracture is to calculate the Essential Work of Fracture. Once again, experimental results are
complemented by finite element analysis. The combination of these results equips us with
valuable insights about the fracture resistance of MEASs. This approach is summarized in a flow

chartin Fig. 1.5.

Following this introduction, Chapter 2 gives a detailed overview of the structure of a
PEMFC stack, and of the state of knowledge of the materials that compose it. This includes the
proton exchange membrane and the catalyst layers (together forming the MEA), the gas diffusion
layer (GDL) and the bipolar plates. The characterization of the mechanical properties of Nafion is

given special attention.

In Chapter 3, the crack initiation inside the MEA is investigated. Based on cyclic loading
experiments, the MEA is found to follow a Coffin-Manson law. A numerical scheme is proposed
in order to corroborate experimental results. A failure criterion for determining the failure from
fatigue of the catalyst layer is introduced and discussed. Finally, using insights from the
numerical model, the mechanics of Nafion slippage and decohesion from the molecules of carbon

black is introduced as a possible explanation for the origin of cracks in the catalyst layer.

The focus of Chapter 4 is to improve upon the constitutive models of Nafion discussed in

Chapter 2. When dealing with the failure of Nafion, it is necessary that the model used stays
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accurate even at high strains. Based on the viscoplastic model proposed by Prof. Boyce, a least
square optimization is conducted in order to ensure the best possible fit throughout the entire

range of strains.

The fracture resistance of Nafion is the subject of Chapter 5. The results of a double-edge
notch tensile (DENT) test are shown for different environmental conditions, giving insights on
the fracture resistance of the membrane. Two environmental parameters are controlled,
temperature and humidity. Following the DENT test, the fracture surfaces of post-mortem
specimen are observed on a scanning electron microscope, revealing the effect of the

environment on the fracture mechanisms.

In Chapter 6, a numerical model aimed at reproducing the result of the DENT test is
introduced. The model is shown to be able to accurately estimate the work of fracture of Nafion.
The plastic zone around the crack tip during the DENT test is examined for the different sets of
environmental conditions tested. Their effects on the plastic zone and consequently on the work

of fracture is discussed.

Finally, Chapter 7 summarizes the research findings and draws the conclusions of the study

and their significance about the fracture resistance on membrane electrode assemblies in proton

exchange membrane fuel cells. Future directions for research in this field are discussed.
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CHAPTER 2

Structure of a Proton Exchange Membrane
Fuel Cell

This chapter gives a detailed overview of the function of a Proton Exchange Membrane Fuel
Cell, the different components that enter its composition and the requirements that these
components must verify in order for the cell to work properly. Mechanical characterization of the

Membrane Electrode Assembly is also discussed.

2.1. Functionality

At its core, a PEMFC is divided into two electrodes separated by a proton exchange
membrane (PEM). The two reactants that are used are dihydrogen and dioxygen in gas form,
combining them produces water. By dividing the reaction between the two electrodes separated
by an electrically isolating membrane, the electrons freed up by the reaction are forced to travel
to an external circuit, and the current is used to generate electricity.

At the anode, dihydrogen is separated to free up electrons:
H, >2H" +2e" (2.0)

The PEM is permeable to protons, which are therefore able to cross it to reach the cathode.
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There, they react with oxygen to create water:

%02+2H++2e‘—>H20. (2.2)

Figure 2.1 (a) gives a 2-dimensional view of the structure of a fuel cell unit. The composition of
the MEA, which is the subject of this dissertation, is detailed in Fig. 2.1 (b).

Although the basic functionality of a fuel cell is fairly simple, in practice several challenges
arise to make sure that the cell produces a useful amount of current. These challenges are
discussed in below.

Firstly, the reaction of hydrogen with oxygen needs to be catalyzed in order to proceed at a
satisfying rate. This justifies the use of a Catalyst Layer (CL) inserted on each side of the
membrane, acting as the electrodes.

Secondly, the reactants must diffuse over the entire area of the electrodes to maximize the
reaction rate, and thus the current output of the cell. This is ensured by the use of Gas Diffusion
Layers (GDL), through which the reactants are forced to diffuse before reaching the electrodes.

Thirdly, the PEM must be kept in a hydrated state in order to maximize its proton
conductivity. However, since water is created as a product of the reaction, eventually flooding
might happen at the cathode. This has the effect of blocking the access of reactants to the active
parts of the cell, diminishing the reaction rate. Therefore, water management solutions should be
implemented within the cell. The GDL and the bipolar plates are responsible for water

management.
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Fourthly, the reaction is exothermal, which means the fuel cell must be equipped with
thermal managements systems in order to prevent overheating. In general, thermal management
is done with cooling fluids within the bipolar plates. The rate of the reaction increases with
temperature, so it is advantageous to keep the temperature at a minimum of 80°C.

Finally, even with all the previous conditions verified a single fuel cell will only output less
than a volt. In order produce useful voltage, cells are organized in stacks. Practically, dozens or
hundreds of fuel cells units are serially connected through their bipolar plates. Because of this,
the current of each cell is the current of the whole stack. While this has the advantage of
increasing the current additionally with each cell added, making it possible to output arbitrarily
large amounts of current, another consequence is that the malfunction of any individual cell will
decrease the output of the entire stack. This makes the question of the durability of each cell unit
of particular importance.

The following sections of this chapter discuss the specific structure and requirements for

each of the four components of a fuel cell.

2.2. Proton Exchange Membrane

Proton Exchange Membranes give their name to PEMFCs, as they are their core component.
The fundamental requirement of the PEM is that it must be able to conduct protons while acting
as a barrier for electrons. Another constraint is to limit gas crossover, thus preventing reactants to

reach the opposite electrode. Aside from that, PEMs must be able to operate in the conditions of
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temperature and humidity met by fuel cell without losing their properties.
By far the most widely used material for the PEM is Nafion[59], which is the reason why this
is the material upon which this study focuses on. It is produced and sold by the company

DuPont™ in a variety of forms, although its chemical structure, shown in Fig. 2.2, stays the same.

The specific model used in this study is Nafion NR211, which comes in sheets 25um thick. This
model is the one used in modern fuel cells.

Protons on the SO3H groups can be transmitted from one acid site to another. Pores allow
movement of cations but the membrane does not conduct anions or electrons, which makes
Nafion an ideal material to use in PEMFC. The CF, chains act as a backbone that gives Nafion its
mechanical integrity. These chains are hydrophobic. The sulfonated side chains on the contrary
are hydrophilic, and are prone to form clusters in a wet environment. Eventually when enough
water is added, these clusters percolate, facilitating the transfer of protons through the membrane.
This property is the reason why the proton conductivity of Nafion increases with humidity.

Nafion exhibits non-linear viscoplastic behavior and is very sensitive to changes of
temperature, humidity or strain rate. All these parameters have to be taken into account during

modeling.

2.3. Catalyst Layer

Catalysts layers are the electrodes located on each side on the PEM, and act as the siege of

the oxydo-reduction reaction. Their main function is to catalyze the reaction up to an acceptable
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rate. Because catalyzation requires the use of noble metals (typically Platinum), CLs are the most
expensive individual components in a fuel cell unit. In practice, they have to meet the following
requirements: allow access of the reactant gases to the catalyst particles, allow good activation of
these particles, and be electrically conductive (in order to collect the electrons freed by the
reaction and transmit them to the GDL). From a structural point of view, they should adequately
bond to the PEM (so that the protons freed at the anode can then migrate to the cathode).
Bonding to the GDL is not required as long as water evacuation is ensured. For this reason, the
most common method of fabrication for the CLs is to deposit them directly on the PEM, and to
simply compress the GDLs onto the resultant MEA. The CL should be rigid enough to not
deform into the pores of the GDL, as this could cause cracks to form on the surface of the

CL[60].

2.3.1. Fabrication and structure of the catalyst layer

Since the cost of the CL, and by extension that of the entire fuel cell stack, is heavily
dependent on the amount of Platinum used, a lot of efforts are being made to reduce the
Pt-loading as much as possible without compromising the efficiency of the cell. Since an ideal
solution has yet to be found (proposed solutions are often a compromise between cost and
efficiency), the exact structure and mode of fabrication can vary from one CL to the other.
However, since the requirements for the CL are rather specific, some characteristics overlap

between all kinds of CLs. Below is the description of the CLs that were used in this study.
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The catalyst layer has to be based on ionomer material, which allows to collect the protons
as well as to bond the layer to the PEM. This ionomer is filled with electrically conductive
material, typically a type of carbon black. The ratio of carbon black has to be sufficient to
percolate to ensure that the CL stays electrically conductive. The carbon black serves a double
purpose, as it is also used as a backbone to deposit catalyst particles, which is much more
economical than using solid catalyst clusters. Different strategies exist to maximize the activation
of the catalysts. Depending on the exact type of carbon black used, the size and shape of the
cluster will vary; for the purpose of maximizing the active area of the CL it is preferable that the
carbon clusters be as dendritic as possible. As for the catalyst particle themselves, earlier fuel
cells simply deposited platinum or platinum alloy particles on the carbon black, recently a more
promising approach has been to use core-shell type catalysts, where the catalyst particle,
spherical in shape, only has its outer layer coated in Platinum, while its core is made of other,
cheaper materials. This approach has the advantage of reducing the quantity of Platinum needed
without changing the active area of the catalyst particles.

The carbon black, onto which the catalyst particles have been deposited, is then mixed with
solvent to form a catalyst ink, and then added to the ionomer. The CL is now ready to be
deposited on the PEM.

For the specific CLs that were used in this study, catalyst ink was prepared by mixing 60
Wt% Pt/C and coated on a Teflon sheet with a Pt loading of 0.2mg/cm?. The formed catalyst

layers were then transferred to both sides of the Nafion using the heat press method at 15MPa
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and 130°C for 10 minutes, followed by 3MPa and 130°C for 4 minutes. The resulting CL is
measured to be approximately 4um thick.

The structure that emerges as a result of this fabrication process is highly irregular. The
carbon black aggregates in cluster 100 to 200nm in diameter, and are decorated with Platinum
particle approximately 5nm in diameter. As a result of the solvent evaporating, pores are also
present within and around carbon clusters. Pores may limit the access of reactants to the
catalysts, and they are also susceptible to collect liquid water, risking flooding the electrodes.
Therefore, it is advantageous to limit their quantity and size. Figure 2.4 displays a scanning
electron microscope observation of the surface of one of the CLs used in this study. The
resolution obtained at a 20,000 times magnification allows to see the carbon black particles and
the highly porous structure; however it is not enough to distinguish the Platinum particles. The
presence of pores can lead to initial defects in the structure, with a size of generally less than a
micrometer, as can be seen in Fig. 2.4.

Huang et al. [61] observed catalyst layers under a transmission electron microscope and
reported a composition in volume of 43% of Carbon/Platinum agglomerate, 27% of ionomer and
30% of pores. Fig 2.3 gives a representation of the structure of a typical CL, which is

corroborated by the actual visualization of a CL made by Huang et al.

2.4. Gas Diffusion Layer

Gas diffusion layers are located on each side of the MEA, compressed between the catalyst
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layers and the bipolar plates. As indicated by their name, their main function is to provide an
adequate media for gas diffusion from the bipolar plates to the active zone of the cell. Gas
diffusion layers allow the reactant gases from the inlet channels to reach the entire reactive area
of the cell. Otherwise, the gases could only access the parts of the CL directly opposite the inlet
channels, which would not be efficient. Meanwhile, the GDL also allows the water created at the
cathode to evacuate the active zone of the electrode by diffusing through the GDL by capillarity,
thereby preventing the flooding of both the cathode and of the inlet channels. The final role of
the GDL is to allow electrons to transit to and from the bipolar plates that act as current
collectors.

Therefore, the requirements for the GDL are as follows: the layer should be permeable to
reactant gases and water, and efficiently conduct electron and heat (as heat is produced at the
electrodes and the cooling mechanisms are in the bipolar plates). From a mechanical perspective,
it should provide support to the MEA and prevent it to deform and creep. In particular if the
pores of the GDL are too large, there is a risk that the MEA will buckle into these pores and
crack[60]. The GDL itself should be rigid enough to not deflect into the channels of the bipolar
plates, which could result in a pressure drop inside the cell[62]. Some of these requirements are
contradictory: while ideally gases would diffuse better through an empty medium, such a
solution would not be able to support the MEA and would stop the transit of electrons.

When it comes to assembly of the fuel cell, there are two strategies for the GDL.: either the

catalyst layer is deposited on the GDL, forming what is called a gas diffusion electrode, which
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are then applied on each side of the PEM; or the catalyst layer is deposited on the PEM first,
forming the MEA, which is then compressed on each side by GDLs. This thesis, which focuses
on the fracture resistance of the MEA, concerns the latter strategy.

There was a lack of data on GDL in the reviewed literature compared to other components
of the fuel cell, due to the fact that the GDL is neither a source of durability problem (like the
MEA) nor of voltage loss (like the bipolar plates). As a result, most studies on GDL are
empirical. However, gas diffusion layers have been shown to play an important role for the cold
start of the cell: the behavior of the gases in the GDL as they initially flow through the GDL, as
well as the possible condensation that might arise as a result of blowing humidified air on the

still-dry MEA have received some attention[63].

2.4.1. Materials

In practice, porous materials fill the structural requirements for the GDL. The material
should have enough empty spaces that a porous network is formed, and at the same time the
pores should be small enough to allow liquid water to transit through the GDL by capillarity. In
order to facilitate the evacuation of water and limit liquid retention, the material should be either
hydrophobic or be coated with a hydrophobic layer. Some researchers have proposed to
purposefully design hydrophilic channels inside the GDL to further prevent water from flooding
the electrodes. Since there is no standard way to manufacture GDLs, many have proprietary

designs and materials. Their thickness is generally in the order of a hundred micrometers, that is,
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as thin as possible but still thick enough to ensure adequate diffusion of the gases and structural
integrity. The GDL should be able to withstand some amount of compression forces and be rigid
enough to not affect either the bipolar plates or the MEA.

Materials that fit these requirements are most often based on carbon fibers: their high
porosity (>70%), good electrical conductivity and satisfying mechanical properties make these
kinds of products ideal for use in the gas diffusion layer[64-67]. These materials are then
teflonized to some degree in order to ensure hydrophobicity, and therefore better water
management properties[68-70].

Recently, porous metals have been investigated as a less costly alternative to carbon fiber.
For example, nickel-based GDL have been reported to offer decreased contact resistance with the
CL and increased rigidity when compared to a carbon cloth[71]. However, most of the proposed
porous metals require some coating material such as gold in order to prevent corrosion without
decreasing electrical conductivity. Since such coatings are too expensive to use on a large scale,
porous metals still need further progress in order to be competitive with carbon fibers for use in

the GDL[72].

2.5. Bipolar plate
Bipolar plates, or more exactly bipolar flow field plates, are the outermost components of a
fuel cell unit, and as such serve an important structural purpose to ensure the integrity of the cell.

Their “bipolar’ designation comes from the fact that in a fuel cell stack, the same plate will be
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both on the anode side of a fuel cell unit and at the cathode side of the next unit. From the point

of view of fuel cell functionality, bipolar plates have to collect electrons freed from the reaction,

thus acting as a current collector. They provide an inlet for the reactants while also providing

channels for the coolant fluids as well as for the evacuation of water. For these reasons, bipolar

plates need to have good electrical and thermal conductivity with little gas crossover. Sealing

structures are used on the extremities of the plates to prevent the leaking of reactant gases

between the bipolar plate and the GDL. A variety of strategies exist in order to seal the cell,

however at the time of writing there is not yet a standardized approach[73].

Since bipolar plates must act as a support for the rest of the cell, and since they provide

different channels for several types of fluids, they are considerably thicker than the other

components: bipolar plates are several millimeters thick while other components, the GDL and

the MEA, have their thickness in the order of a few tenths of micrometers. Therefore, they make

up the largest portion of the weight of a fuel cell, and so the density of the material chosen for the

bipolar plate also comes under consideration. In general, the choice of the optimal material for a

bipolar plate will be a compromise between performance and cost of fabrication.

As the bipolar plates are a structural component for the cell, and as they use materials that

are stronger than for other components, the mechanical properties of bipolar plates are generally

not a concern for the durability of the cell, and therefore are not well documented.

25.1. Geometry
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The geometry of bipolar plates is the most complex among the components of a fuel cell, due
to the different types of channel they must contain. As such, the manufacturing process can
become a time and resource intensive task. Several approaches for designing the bipolar plates
have been proposed, and research is still ongoing to find an optimal configuration. A good design
is one that will facilitate the flow of reactants and water management for the cell.

Since the flow of gases inside of a fuel cell is pressure driven, the main mechanism for the
transmission of reactants to the gas diffusion layer is diffusion. Therefore, it is necessary to
maximize the contact area between the inlet channels and the GDL. On the other hand, contact
between the bipolar plate and the GDL is important and necessary to provide good mechanical
support for the rest of the cell, as well as to ensure electrical conductivity. As a general rule, the
performance of the cell will improve with increased channel size (thanks to easier flow of
reactants and water evacuation) until the points of contact with the GDL become insufficient to
support the cell.

Other than increasing the surface area of the inlet channels to maximize diffusion of the
reactant gases and water evacuation, another method is to design the bipolar plate so as to create
a large pressure drop between the inlet and the outlet channels. In modern fuel cells, this is
accomplished by creating serpentine flow fields[9,74]. The many switchbacks of the serpentine
pattern allow for a better mixing of gases and a greater pressure drop than a simple straight
channel design.

Another common method to increase gas flow to the GDL is interdigitation of the channel.
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With this method, the inlet and the outlet are not a continuous channel; rather the gases are
forced to pass through the GDL to get from one to the other in order to exit. In a conventional
design, the gases would simply flow through the channel along the surface of the GDL and
would only propagate to the GDL through diffusion. Another advantage of this type of design is
that the force exerted by the flow of gases into the GDL is higher than by simple diffusion, and
thus is more effective at pushing water out of the GDL[75,76].

In order to facilitate water evacuation, it is preferable that water be prominently in vapor
phase. This is accomplished by ensuring that the partial pressure of water vapor in the channels
stays below the saturation pressure of water. Since the capacity of air to absorb water increases
with temperature, this is another reason why the temperature of the cell should be kept relatively
high. Some amount of liquid water will accumulate regardless of the efforts to keep the partial
pressure of water vapor low. In that case, it is important that liquid water stays in the form of
small droplets so as not to obstruct the channels of the bipolar plate. For this reason, the
cross-section of the channels presents sharp corners, which break the surface tension of water

more efficiently than smooth channels.[9,76]

2.5.2. Materials
Because of the restrictions explained above, the range of materials suited for bipolar plates is
somewhat limited. Following are the different materials that are typically used in the bipolar

plates of modern fuel cells:
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- Graphite: From a performance point of view, graphite is the ideal material to fill the role of
bipolar plates. It has good electronic conductivity and is resistant to corrosion. It also has low
density, meaning it allows for a very light weight fuel cell unit. However, its poor mechanical
strength severely limits the options for manufacture, driving the costs high. Because of this,
while the performance of graphite bipolar plates can be used as a benchmark to compare the

performance of other materials, in practice they are restricted to research centers.[77-80]

- Carbon composites: As an attempt to harness the performance of graphite at a lower cost,
composite materials using graphite and polymer resins are a popular alternative to pure graphite.
Naturally, while a larger fraction of polymer resin will lower the cost and make manufacture
easier, it comes at the price of a decreased conductivity. Different methods have been proposed to
counteract this effect.[81-85]

- Stainless steel: As a metal, stainless steel has good thermal and electronic conductivities.
Moreover, its low price and good mechanical strength means it is especially suitable for mass
production. Among the available types of stainless steel, those with the highest corrosion
resistance are preferred, since corrosion of the steel would lead to contamination of the rest of
the cell by ions. This would poison the membrane, leading to the failure of the cell. In order to
further decrease corrosion, coating the steel might be needed. Here, too, price is considered,
ruling out materials such as gold, which would produce the best performance. Different coating

materials have been proposed, typically metal oxides, nitrides and conducting polymers.[86-88]
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- Other metals: Metals with low density and good electrical conductivity are also good
contenders for use in bipolar plates; however they have the same limitation as stainless steel
when it comes to corrosion resistance. Two metals that have excellent corrosion resistance thanks
to their passivating oxide layer, titanium and aluminum, have been considered for being used in
bipolar plates. However, the oxide layers of these metals are also insulating, meaning some
conductive coating needs to be applied. This complicates the manufacturing process and drives
the price up, and as a result stainless steel is the preferred material. Some research exists to
develop metal alloys that would give even better performance with respect to both corrosion

resistance and electrical conductivity.[85,89-96]

2.6. Summary

This chapter gives an in-depth discussion of the different components that are part of modern
fuel cells, their functions and the constraints that they face. As has been mentioned several times
throughout the chapter, at the conception level the choice of design and material for each
component gives priority to the power generation aspect. It is only recently, as fuel cell
technology has reached a point where the power output is sufficient to compete with other
methods of power generation, that other considerations such as mechanical failure and durability
have gained importance. Table 2.1 summarizes the different materials that are used and their
main physical properties. For the PEM and the CL, these properties are discussed in more details

in Chapter 3.
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From the point of view of mechanical durability of fuel cells components, the following
conclusions can be reached:

- Bipolar plates are the least affected by mechanical failure, due to the fact that they are made
of rigid materials and do not have as much restriction on their thickness as other components.
For this reason, they act as a support for the rest of the cell.

- Gas Diffusion Layers are designed to facilitate the diffusion of reactant gases and evacuation
of water. Since this requires porous but rigid materials, typically based on carbon fiber,
mechanical durability is not a major concern.

- The MEA is the component that is the most affected by mechanical degradation, which
justifies the focus of this dissertation. Both the proton exchange membrane and the catalyst layer
have strong requirements on the choice of materials that can be used. As a consequence, the
materials of the MEA are ductile, very sensitive to variations of temperature and humidity and
only a few tens of micrometers thick. The MEA is also constrained on both sides by the GDL,
which causes compressive strains when the environmental conditions change. As a result, the
MEA is the limiting factor when it comes to durability of the fuel cell. The following chapters

will characterize this observation by introducing means of estimating the lifetime of the MEA.
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Table 2.1 Summary of the main physical properties of the materials used in fuel cells

Proton Exchange Gas Diffusion .
Membrane Catalyst Layer Layer Bipolar Plate
. . Carbon Black/ | Teflon coated Graphite, Graphite
Material Natfion Nafion Carbon fiber composites, Steel
Thickness 25 um 4 um >100 um >1 mm
Young’s >4000 (Graphite)
- - >
modulus (MPa) 30-260 126-174 1000 >180000(Steel)
. . 0.17-0.23 (Graphite)
Poisson ratio 0.5 0.25 0.1 0.3 (Steel)
Tensile strength 5-76 (Graphite)
2 - 150-
(MPa) 3 38 50-380 >500 (Steel)
m;:;:;r : 1.23x10™ 2-6x10° L 10x10® | 28x10° (Graphite)
) 1 ' (Carbon black) 10-18x10°® (Steel)
expansion (K™)
Coefficient of
hyg rome.ztrlc 8-30x10° 0 (Carbon 0 0
expansion black)
(%RH™)
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CHAPTER 3

Mechanical characterization and cyclic
fatigue of the MEA: Experiment &

Simulation

This study develops a numerical model to predict the failure criterion of the Membrane
Electrode Assembly. The behaviors Nafion and the catalyst layer, the two materials making up
the MEA, are first discussed. The fact that they respond differently to changes in temperature or
humidity means that the behavior of the MEA as a whole will change qualitatively as the
environmental conditions change. Tensile tests are performed in order to study the failure of the
MEA. A shear-lag elastic plastic model as well as a finite element model is then developed to
establish a failure criterion and to analyze the stress-strain constitutive behavior of the MEA.
Finally, the finite element model is used to conduct a fatigue analysis of the MEA. This study
should provide a better understanding of the mechanical behavior of the MEA as well as a way to

include the failure of the components in future models.

3.1. Mechanical characterization of the MEA

3.1.1. Mechanical characterization of Nafion
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Although Nafion has been widely studied, there is a lack of data concerning its material
properties. The high sensitivity of Nafion to its surrounding temperature and humidity, to the
strain rate, to the possible pre-treatment that was applied prior to the experiment, and the
presence of hysteresis make it difficult to gather the necessary data on Nafion at the conditions
that are relevant to this study. For this reason, the mechanical properties of Nafion were

investigated using a simple unidirectional tensile test.

3.1.1.1. Testing Protocol

Tensile tests were conducted using the program LabVIEW developed by the company
National Instrument (NI). This program allows to transmit a displacement and a displacement
rate to a controller connected to the computer. The controller used was of the model GSC-02,
developed by the company Sigma Koki. The controller actuated two stages, to the ends of which
the specimen was clamped. Stages were of the model SGSP26-100, also developed by Sigma
Koki. The ends of the stages were coated with rubber so as to catch the specimen without
slipping. The stress applied to the membrane was measured using a load cell situated on one of
the stages. Measurements from the load cell were visible on a connected oscilloscope. The model
of the load cell was LUX-B-1D1, manufactured by the company Kyowa, while the oscilloscope
was the model DL850 from Yokogawa Meters and Instruments. The surface of the membrane
was observed using the Motion analyzing Microscope VW6000 from Keyence with VH-Z100UR

lenses. Images were recorded at a rate of 30 frames per second and a shot speed of 1/60 second.
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In order to control the environment, a custom environmental chamber was used. Temperature
was controlled on both sides of the specimen, using a glass heater (model S-101(AC100V250W)
from the company Blast) on the up side and a temperature control unit SCR-SQ from the
company Sakaguchi on the bottom side. Humidity was controlled using an injection hose and a
gauge me-40ADP-SRZ from the company Micro Equipment (ME). No pre-treatment was applied
to Nafion before the tensile test. The experimental setup is described in Fig. 3.1.

Tests were performed for temperatures of 25°C, 40°C, 60°C, 80°C and 90°C, and for
humidities of 20%, 50% and 80%RH, for a total of 15 different sets of parameters. Specimens
were applied a constant strain rate of 0.0025s™, and tests were repeated five times for each set of
parameters. Strain was continually applied until rupture, which corresponds to the ultimate

elongation of Nafion.

3.1.1.2. Experimental results
Given a constant strain rate, Nafion can be approximated by an elastic-plastic model, as
shown in Fig. 3.2, along with an idealized rheological representation of this model and its
relevant parameters. These parameters are the Young’s Modulus E, the hardening coefficient H,
and the yield stress oy. To the yield stress a yield strain corresponds, ¢y; this defines the yield
point of Nafion. Every one of these parameters depends on both the temperature and the
humidity. Knowing these parameters, the constitutive equation can be written as follow for

uniaxial constraints:
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Glass heater Microscope

Specimen

(b)

Fig 3.1 Experimental setup for characterization of Nafion: (a) Overview; (b) Close-up of the

gripping mechanism
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Fig 3.2 Elastic-plastic model for Nafion NR211 at 25°C, 20%RH. Insert: 1-D rheological

representation of the elastic-plastic constitutive model
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o=Ee if o <o,

o 3.1
o=Ee+H(e-if 0 >0, G

The experimental values of the Young Modulus, hardening coefficient, yield stress and yield
strain are synthetically summed up in Fig. 3.3, Fig. 3.4, Fig. 3.5 and Fig. 3.6 respectively. These
are the mean values calculated from the series of experiment, with the error bars representing the
standard deviation across the different specimens. These results stand for a strain rate of 0.0025s™.
It should also be borne in mind that the standard deviation for these values might be large:
depending on the cases it might represent a deviation of 5-20% from the mean value. This large
scattering of the data is the reason why the results found from one study to the other differ so
much.

The relationship between the environment and the mechanical parameters of Nafion is
complex. As a general trend, higher temperatures lead to higher yield strain and lower yield stress
in Nafion. The Young Modulus and hardening coefficient are also decreased. This can be
explained by the fact that Nafion undergoes a thermal transition which can be assimilated to a
glass transition (or an order-disorder transition) in this range of temperature, and thus becomes
more compliant. Higher humidities have the same effect, but for different reasons: as Nafion
absorbs water and swells, the plasticizing effect of water, by weakening the intermolecular forces,
makes the stiffness decrease. However, in the range of humidities tested, temperature seems to

have a more clearly visible effect on the properties of the membrane than humidity.
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3.1.1.3. Two-layer viscoplastic model

The mechanical characterization of Nafion discussed in the previous section considers the
effect of temperature and humidity on its mechanical characteristics, but not the effect of strain
rate. Even as a simplified model it is necessary to take these three parameters into account in
order to get a useful approximation on the behavior of Nafion. Therefore, the previous model is
improved by adding a time-dependant element to it.

This is accomplished by using a two-layer viscoplastic model. This model consists of the
superposition of a linear elastic-plastic model with isotropic hardening and a perfect viscoplastic
model following the Norton-Hoff laws. A one-dimensional idealization of this model is presented
in the insert of Fig. 3.7. The total stress ¢ is divided into two components: the stress in the

elastic-plastic network op, and the stress in the elastic-viscous network oy, so that
o =0p +0y (3.2)
opis calculated in the same way as in Eq.(3.1):

op =Kpe .
P P if o <o,

, o
op =Kpe+H (g_K_Y)if o >0,
P

3.3)

Following the notation introduced in Fig. 3.7, Kp is the long term modulus, oy the initial yield
stress and H’ the hardening parameter.

The viscous stress follows the Norton-Hoff rate law:

11

O-V = A né‘n (34)
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where A and n are fitting parameters and ¢ is the strain rate.

Since the linear elastic-plastic part of the model is the same as the model used to
approximate Nafion in the experimental part of the study, the parameters were chosen according
to the values already established in the previous section.

The experiments only investigated one strain rate, however in order to determine the
parameters for the viscoplastic model it was necessary to rely on two previous studies which
performed tests on Nafion at different strain rates[48,52]. In order to implement the two-layer
model in the finite element software ABAQUS, three parameters are needed. The first two
parameters, A and n, are fitting parameters for the calculation of the viscous stress. The last

parameter, f, is defined as

KV

=—Y 3.5
K + K, (39)

and represents the ratio of the elastic modulus of the elastic-viscous network (Ky) to the total

(instantaneous) modulus (Kp+KJy).

Using Eq. 3.4, and two strain rates &, and &, such that &, =10¢, , we get the relation

o &\ 1

L= 22 =100 (3.6)
Oy &
The plastic and viscous network being independent, the total stress is the sum of the stress in

the plastic network and in the viscous network. Thus, at yield, it is possible to write

O =0y +0y (3.7)
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Here, o, is the static yield stress, that is, the theoretical yield stress at a strain rate & = 0s ™.

It is possible to measure this stress by submitting Nafion to a strain high enough to produce yield,

and then let it relax for a long time. The equilibrium stress is the static yield stress. This was
done in Ref. [48], and the static yield stress was found to be o, =3.5MPa. That experiment

was done at 25°C and 50%RH, and by default of other data this static yield stress is assumed to
be independent of the environment. The viscous stresses observed in the two mentioned studies

are summed up in Table 3.1.

Table 3.1. Viscous strain at different strain rates

[48] (25°C, 50%RH) [52] (25°C, 30%RH)

£=0.00023s" | o, =0 —oy =4.0MPa £=0.001s" o, =4.5MPa

£=0.0023s" o, =6.5MPa £=0.01s™ o, =7.0MPa
£=0.023s" o, =9.5MPa £=0.1s" o, =9.5MPa
£=023s" o, =12.0MPa

Using the values of Table 3.1 with Eq.(3.6), the following values of n are obtained:

n==6.24 at25°C,50%RH
n=6.08 at25°C,30%RH (3.8)
n==6.17 overall

The overall value was selected for the viscoplastic model.

Having determined n, the value of A can be calculated with the following equation:
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A:—é‘ 3.9
(O-_Uv)n )

Using the values found in earlier for a strain rate & = 0.0025s ™, the values of A were calculated

so as to fit the experimental observations. They are given in Table 3.2.

Table 3.2. Calculated values of the parameter A

20%RH 50%RH 80%RH
25°C 1.19x10 1.2x10% 2.91x10
40°C 6.4x10™ 1.48x10™* 7.07x10%
60°C 2.1x10° 4.08x10°* 2.78x10™
80°C 6.57x10™ 1.0x10™* 3.03x10*
90°C 4.09x10 6.91x10™* 1.56x10™%

Finally, the parameter f was determined in order to fit the experiment with the best possible
accuracy. The value that was selected was f =0.6.

The model was tested using all the parameter thus defined, and was found to fit the experiment
reasonably well, as exemplified by Fig. 3.7. The model is especially accurate at both low and
medium strains (an engineering stress of 0.9 corresponds to a true strain of approximately 0.64),
while slightly overestimating the stress around the yield point. The range of strain relevant to the
study of the fatigue of the MEA being low (the cracking of the CL typically happening before

yielding of Nafion), that model was considered satisfying for the purpose of the study.
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As a last remark concerning the two-layer model, it has been reported in other studies that it
deviates from the experiment at extreme strain rates (either very low or very high). Nevertheless,
the model is accurate for strain rates ranging for 10“s™ to 10's™. In order to investigate the
behavior of the MEA past this range, it should be necessary to add a correction to the two-layer

model.

3.1.2. Mechanical characterization of the CL
The catalyst layer is assumed to behave following an elastic-plastic constitutive equation. This
equation is analog to Eq.(3.1), with the different parameters (Young’s modulus, hardening

coefficient, yield stress) fitted to experimental behavior.

o=Eqs if o <oy
' (3.10)

OvycL

ECL

oc=Eqe+Hc (- )if0>GY‘CL

Because of the thinness of the catalyst layer, it is not possible to isolate it to perform tensile
experiments. As a consequence, CLs were tested indirectly by comparing tensile results on MEA
with results for Nafion membranes alone. The mechanical properties of the CL were estimated

using the following equation:

(3.11)

where the indices MEA, N and CL represent the assembly, the Nafion layer and the catalyst layer

respectively; E is the Young’s Modulus and t the thickness of the respective layers. Similar
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equations were used for other parameters by substituting the Young’s Modulus for the hardening

coefficient or for the yield stress. These parameters are enough to develop an elastic-plastic

model for the catalyst layer. The difficulty of performing mechanical experiments on the CL

alone makes it particularly challenging to gather other data on the properties of the CL. There has

been at the present time no published model to predict the large scale behavior of this layer, other

than the simple elastic-plastic model.

The testing protocol for testing the MEA is the same as the one for testing Nafion, and is

described in section 3.1.1.1.

Temperature was found to not have any visible impact on the properties of the CL, so only the

dependency to the humidity is here presented. Values retained are summed up in Table 3.3.

Table 3.3. Properties of the catalyst layer at different humidities

Humidity 20%RH | 50%RH | 80%RH
Young Modulus (MPa) 174.1 131.8 126.1
Hardening coef. (MPa) 0.936 0.957 1.059
Yield stress (MPa) 6.24 6.38 7.06
Yield strain 0.036 0.049 0.056

The effect of humidity is here better visible than for Nafion. Higher humidities lead to lower

Young’s modulus, but higher hardening coefficient, yield stress and yield strain.
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It is worth noting that yielding of CL always happen before yielding of Nafion. Also, while
Nafion is stiffer than the CL at ambient temperature (25°C), this is reversed at higher
temperatures. Another remark is that Nafion is much more compliant under hardening than the
CL, as is shown by the difference in the hardening coefficients.

Poisson’s ration was chosen, based on previous studies, to be vg. = 0.25. This has the effect to
introduce a mismatch between the Poisson’s ratios of the layers, resulting in additional transverse
strains. Owing to its higher Poisson’s ratio Nafion will deform more transversally than the CL, as

a consequence the stress in the CL will be increased.

3.2. Onset of failure in the MEA

3.2.1. Experimental procedure

The experimental apparatus that was used for the fatigue tests is the same that the one used
for the tensile tests described in Section 3.1.1.1: the tests were conducted using a tensile machine
and an environmental chamber, while the surface of the CL was observed using a microscope, as
depicted in Fig. 3.1

The MEAs that were used in this study were made of Nafion, with catalysts layers applied on
both sides. The mode of fabrication of the CL, as well as the method to apply it to Nafion, is
given in details in Section 2.3.1. For the purpose of the experiment, specimens to be tested were
cut to dimensions of 25 mm x 5 mm.

Figure 3.8(a) shows a characteristic view of the surface of the CL before the tests. The
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Fig.3.8.

Observation of the surface of the CL in MEA sample: (a) as-received; (b) apparition

of cracks on the surface
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surface roughness was visible on the surface of MEA due to the heat press method, but it did not
affect the crack initiation and propagation during tensile and fatigue tests.

Tests were performed for temperatures of 25, 40, 60, 80 and 90 °C, and for humidities of 20,
50 and 80 %RH, for a total of 15 different sets of parameters. Specimens were applied a constant
strain rate of 0.0025 s, and tests were repeated five times for each set of parameters.

A second set of experiments was performed at 25°C and 50 %RH, in order to test the fatigue
behavior of the MEA. Two strain rates were tested, namely 0.0025 and 0.025 s, at plastic strain
ranges of 0.01 to 0.04. A regression analysis was then realized in order to derive a Coffin-Manson

type law, linking the amplitude of plastic strain to the number of cycles to failure.

3.2.2.  Shear-lag model
The shear-lag model is designed to predict the crack behavior of a brittle thin film over a
polymer subsrate submitted to tensile strains, and thus applies to the case of the MEA. It links the
transmission of shear stress from the substrate to the thin film, to the observed crack distribution
on the film. Derivation of the relationship can be found in other studies[97]. The material
parameters, the crack density and the critical strain are linked as follow:

-1

n= Ey 2,/tNtCLargcosh*; (3.12)
3E.. o* 4

CL
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if the crack appears before the yield of Nafion, and

-1

& ENtN & ENtN
* "V 3Eqt "V 3E.t

- B 97, eosh argsinh| ——<-t | [+ e +¢, ﬂargsinh — <
6ECLtCL ECL 8_67 3ECL‘[CL 8_67
ECL ECL

(3.13)
if the crack appears after. n is the crack density, ¢y the yield strain of Nafion, E the Young’s
modulus, t the thickness and the indices N and CL represent Nafion and the catalyst layer,
respectively. The crack initiation stress is noted ¢ *.

In order to calculate the crack initiation stress it is then necessary to apply an arbitrary strain
and to calculate the corresponding crack density. A simpler approach is to apply the crack
initiation strain, £*, established in the tensile tests. At this strain, n becomes strictly positive: for a
specimen length of 25 mm, at &*, n can be said to be equal to 0.04 mm™ after the first crack.

The major advantage of this model is its simplicity; however it assumes that the cracks
appear before the yield of CLs. Because of this, the expected crack initiation strain calculated
from this model cannot be relevant when this is not the case.

Further discussions of this model are given in [98]

3.2.3. FEM Analysis
Numerical models, and in particular the finite element method, are a convenient way to
estimate the properties of a fuel cell or of its individual components; the alternative being

systematic experiments, which are expensive, time consuming and require the use of multiple
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prototypes. Though some amount of experimental data is necessary to calibrate and validate the

numerical models, this method still allows to save much valuable resources.

The commercial software ABAQUS was used to realize the finite element model. The first

purpose of the analysis was to be able to accurately replicate the tensile experiment, so the model

was created with the dimensions of the MEA used in the experiments. Because of multiple

symmetries, only one eighth of the actual specimen had to be created. A view of the model is

presented in Fig. 3.9.

Mechanical properties of both layers (Nafion and CL) were established according to the data

found in the experiments. Missing properties were chosen according to previous studies, or,

because of the lack of existing data, fitted to reproduce experimental results.

For Nafion, the two-layer viscoplastic model described in the previous chapter was used in

order to account for the strong time dependant response of the polymer. This model consists of

the superposition of a linear elastic-plastic model with isotropic hardening and a perfect

viscoplastic model following the Norton-Hoff law. For the CL, linear elastic-plastic behavior was

assumed.

The second step of the FEM analysis was to perform fatigue tests. For this purpose cyclic

strain was applied to the model, in a range of amplitudes and strain rates. The aim of this analysis

was to establish a failure criterion for the MEA during fatigue experiments.
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3.3. Failure criterion of MEA

3.3.1. Failure criterion of MEA under static tensile loading

Failure of the MEA happens in several stages: cracks first appear, before widening and
propagating; eventually the CL is entirely delaminated from the membrane. The stage relevant to
this study is the crack initiation, and thus the failure criterion is defined by the apparition of the
first crack in the CL. For a uniaxial tensile test, failure can be linked to an applied strain;
however in a real situation the strain is likely to be multiaxial, so it is best to define the failure
criterion using the local Mises stress at the time of failure. The Mises stress cannot be calculated
from the experiment, and so was obtained via the FEM using the experimental crack initiation
strain. This strain is shown in Fig. 3.10 for different conditions.

Temperature seems to have a greater effect on the crack initiation strain than humidity. This
can be explained by the fact that as Nafion becomes more compliant, more stresses are
transmitted to the CL. As temperature affects the stiffness of Nafion more than humidity, so is the
case with crack initiation. Using this strain, the corresponding Mises stress was calculated in the
numerical analysis. The predicted crack initiation stress from the shear-lag model was obtained
by solving Equations 3.12 and 3.13 for o*. Equation 3.12 can be solved explicitly, but Equation
3.13 requires an implicit solution. The results for both the shear-lag model and the finite element
model are compiled in Fig. 3.11.

As noted earlier, the shear-lag model is only accurate for cases where the crack initiation

happens before yielding of the CL. This range can be seen by comparing the crack initiation

62



strain shown in Fig. 3.10 with the yield strain of the catalyst layer from Table 3.3. The situations
where the shear-lag model is valid are, for 50%RH: 60, 80 and 90°C, and for 80 %RH: 40, 60, 80
and 90°C. The reason for this limitation is that the model assumes a stiff film over a compliant
substrate; however Nafion appears stiffer than the CL at low temperatures and humidities. As
these parameters increase, Nafion becomes more compliant, thus satisfying the hypothesis. As
can be seen in Fig. 3.11, in cases of high temperature and high humidity the results given by the
two models are fairly similar. The FEM analysis has the advantage of having no limitation with
respect to temperature or humidity. Another advantage is that this method can be adapted for
failure prediction under dynamic loading, while the shear-lag model is limited to static loadings.

In the same manner as for the crack initiation strain, higher temperatures imply lower break
stress, meaning that failure happens earlier in the test, while humidity does not have a great effect
on the apparition of cracks.

These results indicate that temperature is the determining factor for estimating the durability

of the MEA, whereas the humidity will not have an important effect on failure.

3.3.2.  Failure criterion of MEA under cyclic loading
Investigating the behavior of the MEA under cyclic loading is of major importance for the
study of reliability, because the MEA during normal function of a fuel cell will be subject to
cyclic loading at strains not high enough to provoke failure in a single cycle, but high enough to

induce fatigue of the material. In this study, the fatigue under ambient conditions (25°C, 50%RH)
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is considered. Dependence on the strain rate is investigated. While the failure criterion is
independent from the strain rate, it has been shown that mechanical parameters of Nafion are
logarithmically correlated to it owing to its viscous properties[52].

The experimental procedure consisted of submitting the specimens to cyclic strains until the
first crack appeared. The monitoring of the surface of the CL was done with an optical
microscope with a 1000 times magnification, allowing to detect cracks of a size in the order of a
few micrometers, as can be seen in Fig. 3.8(b). Since only a small portion of the surface of the
specimen can be monitored this way, the experiments had to be done at least four times for each
case in order to guarantee reliable results. Experimental results are summarized in Fig. 3.12. The
objective of the finite element analysis was to replicate this experiment and to search for a failure
criterion allowing to predict the onset of failure. Fatigue failure occurs even when the stress
amplitude is under the maximum stress criterion for tensile tests, so there is a need for a more
appropriate criterion for fatigue failure. The accumulated dissipation energy D, which builds-up
during cycling until failure, and is not affected by the strain rate, was chosen. D, represents the
plastic dissipated energy per unit volume, or in other words, the energy that is lost due to plastic

deformation of the material. It is calculated as

D, = [0, - &2dt (3.14)

where o, and gF‘," are respectively the stress and the plastic strains in the elastic-plastic network

of the two-layer viscoplastic model. t is the time variable.
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Noteworthy is the fact that fatigue only happens in cases where failure does not happen in

the elastic domain of the CL, that is, low temperatures or low humidities.

Figure 3.13 shows the results obtained for a strain rate of 0.0025 s™. The line of equation
Ae,=0.0479N**®® represents the Coffin-Manson law established by the experiment.
Coffin-Manson law is used for low cycle fatigue (ranging from hundreds to tens of thousands of
cycles) and does not hold well for very low cycle or high cycle. The best fitting critical energy
density in the relevant range of cycles has been found to be D;=12.4 MJ/m*. When applied to
tensile test this critical value was found to be equivalent to the proposed break stress, within
experimental error. At very low cycle, the energy builds up more rapidly and thus failure happens
sooner than suggested by the simulation.

Finally, FEM analysis was done again using a strain rate of 0.025 s and the same failure
criterion D;=12.4 MJ/m°. Results are shown in Fig. 3.14.

The simulation successfully reproduces experimental results on the relevant range of cycles
at both strain rates, which validates the chosen failure criterion.

Results indicate that higher strain rates imply a greater number of cycles to failure. This is
explained by the fact that, due to the viscoplastic behavior of Nafion, it deforms less when
subject to higher strain rates, and thus less stresses are transferred to the CL.

Even though good results are obtained in the investigated strain rate range, the two-layer

viscoplastic model used for Nafion fails to accurately represent the behavior of Nafion under
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very low strain rates (in the order of 10™°s™), and thus limits the present model. In order to

overcome this barrier, Chapter 4 will develop a more comprehensive model for Nafion.

3.4. Carbon/Nafion decohesion: A model to explain the crack initiation in the CL

In the fatigue tests described above, failure is considered to happen when cracks appear on
the surface of the catalyst layer. While these results are useful to estimate the lifetime of the
MEA, previous studies on the long-term behavior of fuel cells have reported that some loss of
performance is observed before visible failure of the MEA happens[7,19,99,100]. This indicates
that some restructuration of the layer happens before failure. However this is impractical to
observe: the small scale at which this restructuration would happen (in the order of a hundred of
nanometers) and the fact that the restructuration would occur inside the membrane means there is
no experimental way to assess it. Nevertheless, this information would be useful to predict not
only the total lifetime of the membrane, but also what performance loss is susceptible to happen
before ultimate failure.

A hypothesis on what causes the loss of performance of the catalyst layer is decohesion
between the carbon black and the Nafion that constitute the layer (see Section 2.3.1). The
following paragraphs aim to refine this idea and quantify by using the finite element model that

was developed earlier.

3.4.1. Origin of the Carbon/Nafion decohesion
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Figure 2.3 shows the structure of a catalyst layer: clusters of carbon black are dispersed in an
ionomer (Nafion in this case). Pores are also present due to the evaporation of the solvent. Since
the Platinum particles are located at the surface of the carbon black clusters, this is where the
reaction takes place. Therefore, cohesion between Nafion and the carbon black clusters is
important to ensure the transport of protons to and from the site of the reaction. Decohesion
results in less active area for the reaction, and as a consequence a loss of performance for the cell.

As has been discussed in the previous chapter, Nafion is sensitive to the changes of humidity
and shrinks or swells according to its water content. On the other hand, carbon black is not only
much stiffer than Nafion but also does not react to variation of humidity. This mismatch of
expansion coefficient can be expected to create stresses along the interface of the two materials
when the CL is subjected to humidity cycles. If those stresses can be shown to be enough to
detach Nafion from the carbon black, it reinforces the idea that the Carbon/Nafion decohesion is
the origin of the initial loss of performance of the catalyst layer. Further, it would also explain

how the cracks that appear at the surface of the CL during fatigue tests are initiated.

3.4.2.  Modeling the Carbon/Nafion interface

Since the materials and the environmental parameters necessary for this model are the same
than for the previously developed model, the same constitutive models can be used here. Carbon
black being much stiffer than Nafion, it can be modeled by a simple elastic behavior. The only

new difficulty for this model is to design a shape and an accurate cohesive zone model for the
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interface.

In filled elastomers, the question of how the particles of carbon affect the local behavior of
the polymer is still being debated, and different theories have been proposed to quantify that
change[101-104]. Moreover, the carbon clusters are roughly circular in shape, but are dispersed
randomly, making it difficult to select a specific representative configuration to model.

Based on Fig 2.3, the zone of most interest would be at the Carbon/Pore/Nafion triple
interface. This is because of the fact that Nafion when absorbing humidity is allowed to expand
into the pore, possibly slipping and detaching from the carbon black. As humidity decreases and
Nafion shrinks back, decohesion would happen.

Figure 3.15 shows the model that was used to analyze this hypothesis. As mentioned earlier,
the carbon black is a linear elastic model The Young’s modulus and Poisson ratio of the
agglomerate are taken to be E=4.8GPa[61] and v=0.15. These values are close to the properties of
bulk graphite. Symmetry boundary conditions are applied to three of the faces, while the
remaining face is left free to move. A field variable is introduced to represent humidity.

While carbon black is assumed to not be sensitive to humidity, a coefficient of hygro
expansion S is applied to Nafion. The mechanism is similar to that of thermal expansion, in that

changes of humidity will introduce a swelling strain in the material:
e® = B,A¢ (3.15)

In this equation, ¢ is the water activity of Nafion, which is empirically related to the relative

humidity. The correspondence between ¢ and relative humidity is discussed in Ref. [33]. It is
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estimated that ¢=1.5 corresponds to 30%RH, ¢=3.5 to 50%RH and ¢=22 to a fully hydrated

state. The value for the coefficient of hygro expansion is taken from Ref. [52] as f, = 0.0081 ¢

Other studies investigating the delamination of polymers from carbon product suggest a
maximum shear stress criterion for the cohesive zone model, defined as follow[61]:

O aonr o = O-Y\,/N%fion (3.16)

The maximum shear stress is function of the yield stress of the polymer, Nafion in this case.

Once this criterion is reached, the cohesion is lost and the materials are allowed to slip or to move

away from each other. The simulation is designed to verify whether the maximum shear stress

can happen due to the changes oh humidity inside the cell, and to what extent. For this reason, the

load is applied by way of humidity cycles.

3.4.3. Results of the interface simulation

The findings from the simulation are synthesized in Fig 3.16. As expected, upon swelling
Nafion expands into the space left by the pores. This creates shear stresses at the interface with
the carbon black. As depicted in Fig. 3.16, the maximum shear stress is easily reached even with
small variations of humidity: slippage of Nafion against the carbon black is initiated for a
variation of humidity as little as 5%RH. During the function of a fuel cell the humidity can vary

by over 50%RH, meaning that this effect is likely to affect the CL. Once decohesion between
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Nafion and the carbon black happens, slippage then increases rapidly with further increase of
humidity. When humidity decreases, Nafion does not slip back in place along the interface: the
amount of slippage does not immediately decrease, instead staying constant. This can be
explained by the plastic deformation that happens as a result of being compressed against the
carbon black. The hysteresis indicates that some restructuration occurs in the catalyst layer when
subjected to humidity cycles.

The simulation suggests, however, that Nafion does not appreciably move away from the
carbon black as the humidity decreases. The gaps that were created at the interface because of the
shrinkage of Nafion were calculated to be in the order of 0.01nm wide, which is negligible at the
scale of the model.

Therefore, it can be concluded from this simulation that the variations of humidity affect the
structure of the CL at the nanoscale. While the deformation is not enough to directly create a gap
between the carbon black and Nafion (which would result in a loss of performance due to the
decreased active reaction area), it is sufficient to provoke a permanent restructuration of the layer
by decreasing the cohesion between Nafion and the carbon clusters, even at very moderate loads.
It can be hypothesized that with time these imperfections develop and propagate through the

layer, eventually resulting in the failure of the CL similar to what was observed in fatigue tests.

3.5. Summary

In this chapter, the stress-strain constitutive behavior of the MEA was investigated.
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Mechanical properties were determined through experiment, and were subsequently used for
designing a numerical model of the MEA. Failure criteria were established for both tensile test
and fatigue analysis, and results were shown to be consistent between experiment and simulation.
A model was also proposed in order to elucidate the mechanism of crack initiation at the
nanoscale. This study provides a better understanding of the properties of the crucial fuel cell
component that is the MEA, thus serving as a base for future work to design devices with better

reliability.
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CHAPTER 4

Optimization of the constitutive model for
Nafion

The two-layer viscoplastic model for Nafion that was developed in Chapter 2 was shown to
be accurate at low to moderate strains. However, it also has some shortcomings, which have
already been mentioned:

- The accuracy is diminished at high strains
- A separate set of parameters has to be calculated for every configuration of temperature and
humidity

- It is not compatible with very low or very high strain rates.

Once properly calibrated, this model can therefore be used for applications that do not involve
imposing high strains on the material, like the fatigue tests of Chapter 3. However, limitations
start to appear when trying to simulate the failure and cracking of Nafion, because these
experiments require the model to stay accurate at high strains, up to the maximum strain of the
material. For the model to stay accurate in many different situations is naturally a requirement for

the numerical simulation to be as versatile as possible. The purpose of this chapter is to build
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upon the model that was first introduced by Boyce and Silberstein in 2010 in order to achieve this

result.

4.1. Boyce and Silberstein’s constitutive model for Nafion

The most accurate numerical model for Nafion found in the literature was proposed by
Boyce and Silberstein in 2010[52]. It uses a variety of components to account for both
intermolecular and network deformation of Nafion, as well as for the back stresses that occur
during dynamic loading. Attributing these model components to specific molecular arrangements
within the material is challenging. Figure 4.1 gives a rheological representation of the
constitutive model used here. 1 and N stand for intermolecular and network mechanisms
respectively; P denotes the plastic deformation and B the back stress mechanism. The
representation given here is simplified, as in the model these components are non-linear and act
three dimensionally.

In this model, the total stress is the sum of the stresses from the intermolecular and network

mechanisms:
o =0, +0y (4.1)
The respective intermolecular and network stresses are calculated as follow:

o, = Jie[zy(ln 22 )+xIn J3°] 4.2)
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Fig. 4.1. 1-D Rheological representation of the constitutive model for Nafion
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lLl m 2 m 2
Oni = JNleS (AN — Achain ) (4.3)

The indice i indicates the three principal stretch directions, 4; the principal stretches, and J

the mechanical volume ratio: J = A34,43. The total stretch 4; is decomposed into elastic, plastic

and swelling components: 4, = AP A7 . In Eq.(4.3), the exponent m only takes into account

mechanical contributions: A" = A°A”. Aenain is @ measure of network stretch. Parameters x, x

and uy are listed in Table 4.1. Finally, in Eq.(4.1) the apostrophe indicates that the deviatoric
tensor is considered.
The elastic response of the back stress og follows the same law as Eq.(4.2), however since

plastic deformation is supposed to be isochoric in this model, it simplifies as

Og = %2/18 InAg (4.49)

On the molecular level, the intermolecular mechanism (1) is due to the deformation of

individual molecules or clusters. Once the strain becomes enough to plastically deform those
clusters, the plastic deformation mechanism (P) starts to become relevant. This is a distributed
yield that occurs over a rather large range of strains (from less than 0.05 to 0.25 and above, as
shown in Fig 4.2). This is because the individual configuration of clusters will make them more
or less prone to yielding. Percolation softening happens as the plastic yield propagates through
the membrane. It can be noted from Fig 4.2 that it is difficult to define the yield stress of Nafion

because of this mechanism: from the start to the end of the distributed yield the stress grows from
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about 8MPa to over 14MPa.

The back-stress component (B) is important for unloading and cyclic behavior. The origin of
this mechanism is likely to be the stress that locally develops around the plastically deforming
region. This stress is restituted during unloading, facilitating the reverse deformation of the
material. This explains why the slope of stress-strain curve is lower during unloading than during
initial loading. Finally, the molecular alignment falls under the network component (N). As the
strains keep increasing after yielding, individual molecules tend to align in a direction parallel to
that of the strains. This effect only becomes noticeable after yield, and becomes more dominant
the higher the strain.

A significant advantage of this model is that it also takes into account the dependency on
temperature and humidity. It is also possible to determine how these parameters affect the
individual components of the model. Neither temperature nor humidity has a strong effect on the
intermolecular elastic deformation. Plastic yield is very sensitive to humidity since water gathers
mostly around clusters and affect the material by making them more compliant. Meanwhile,
increased temperature results in increasing the quantity of amorphous regions in Nafion
(eventually reaching the glass transition to a rubbery state at temperatures above 80°C).
Amorphous regions, as opposed to clusters, offer less resistance to deformation and therefore
result in an overall softer material.

In the present study, this constitutive model was used as a base for the finite element

modeling of Nafion. There is very good agreement with experimental data at low to middle
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strains, however there was some divergence happening at higher strains, where molecular
alignment becomes the most important factor of the constitutive model. Figure 4.3 compares the
experimental behavior of Nafion and the calculated behavior using the same parameters as [52].
There is a discrepancy for strains above 0.25 that becomes larger the higher the strains. Since in
this study the fracture of Nafion is modeled, it is necessary that the model be valid at high strains
until the maximum stress is reached. Therefore some parameters of the initial model need to be
modified in order to match as closely as possible the experimentally observed stress-strain

behavior of the membrane.

4.2. Optimization of the post yield behavior through the least square method

4.2.1. Selection of the parameters to optimize

Since most of the attention is put into correctly modeling the yielding behavior, most of the
parameters of the model are designed to control it (see Table 4.1). At high strains (after yielding
has occurred), the behavior of Nafion is governed only by two independent mechanisms. The first
is the decrease of the shear modulus until its saturation value us,, Which controls the post-yield
softening of the material, and therefore directly impacts the value of . The variation of the shear

modulus is calculated by

ji=h, Q- (4.5)

sat

h, is a fitting parameter that controls the rate of decline of the shear modulus, and 7" is the
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magnitude of the plastic velocity gradient. h, is set so that the value of us is attained after yield.
7 regards plastic deformation, and is calculated as

]smh[ﬁf] 6)

—VOeXp[

B
where 4G is the activation energy, kg the Boltzmann constant and 6 the absolute temperature.

7 is the scalar equivalent shear stress, defined as

r= \/Ei(an ~0g)? (4.7)

s is the shear resistance, divided into three components: S , which controls the distributed
yield; §, which controls the percolation softening and S, which controls the molecular
alignment. s is given by

S=S—-$§+5% (4.8)

Both S and § vary following a law analog to Eq.(4.5) and, similarly to the shear modulus,
saturate at yield. The remaining mechanism S keeps increasing as the strains in Nafion become
higher, accounting for the increasing difficulty of deforming the polymer as the individual

molecules start to align with each other. It is calculated as a function of the network stretch with

the following equation:
s=h(1,, ..~ (4.9)

chain

A chain 1S @ measure of the network stretch, while h and n are fitting parameters.
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This leaves a total of three parameters, us, h and n that have a dominant effect on the
calculation on stresses at high strains. These parameters need to be adjusted in order to replicate

the behavior at high strains.

4.2.2. Optimization of the post yield behavior
The least square method is applied in order to find the best fitting combination of these three
parameters. The objective is to match the stress-strain relationship of the finite element

simulation and of the experiment as closely as possible by minimizing the function

Emax

f (:usat' h’ n) = Z (O-exp - O-FEM )2 (410)
&=0

Since the constitutive model is non-linear, there is no close-form solution to this least square
problem. Some initial values for the three parameters need to be chosen; this is done through

trial-and-error method. The initial values are decided as such:

tisat = 3.5x10" Pa

h =2.3x10° Pa
(4.11)

n=10

In order to simplify the problem, it is worth noticing that since ug is the only one of the
three parameters to control the immediate post-yield behavior of the material before molecular
alignment starts to play a dominant role, it is possible to first find the best value for usy alone by

minimizing the function
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0.4
g (/usat) = Z (O-e Xp Orem )2 (412)
=0

Experimentally, a true strain value of 0.4 corresponds to the transition between the dominant
mechanisms governing the behavior of the material (see Fig.4.5). Before it, ugy is the dominant
parameter, while h and n control the subsequent behavior. Keeping the initial values for h and n
from Eq.(4.11), the function g is depicted in Fig.4.4(a). It displays a W-pattern with two local
minima at 3.4x10" Pa and 3.6x10’ Pa. Even though the former value minimizes the g function,
the latter was found to give a better overall fitting when considering the full range of strains,
while not significantly decreasing the accuracy at middle strains.

Finally, the f function in the neighborhood of the initial values of the parameters was
drawn, with the results shown in Fig.4.4(b). The best combination was found to be

usat = 3.6x107 Pa

h = 2.2x10° Pa
(4.13)

n=10

The resulting constitutive model after the least squares optimization is shown in Fig.4.5,
compared with the model after optimization and with the 2-layer viscoplastic model that was
developed in Chapter 3. As can be seen, although the proposed model tends to slightly
overestimate the stress in the early stages of yielding, the accuracy at higher strains is greatly
improved. For the purpose of calculating the strain energy, which is most relevant when studying

crack propagation, the performance of each model can be seen in Fig. 4.6, with their absolute
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error summarized in Table 4.2. As can be inferred from Fig. 4.6, the behavior at high strains is
much more relevant for the calculation of the strain energy than the behavior at low strains. In
fact, the least squares optimization allowed to reduce the absolute error by a factor of three when
compared to the initial model.

The accuracy of the model was deemed to be sufficient for the purpose of this study. It can
be noted that since most of the parameters of the constitutive model in [52] are determined
through trial-and error, it could prove valuable to realize an optimization study for the entire set
of fitting parameters in order to achieve an even more accurate model. This however is beyond
the scope of this study. Table 4.1 sums up the entire set of parameters used in the constitutive

model.

4.3. Summary

In this chapter, a previously existing constitutive model for Nafion has been adapted to stay
accurate at high strains. While several models for Nafion have been found in the literature (see
Section 1.1.4), this is to the author’s knowledge the first time that emphasis was put on accurate
behavior at high strains. Previous efforts were typically focused on modeling the low-strain
behavior and in particular the yielding point. While the previous models are sufficient for
estimating the behavior of Nafion in typical Fuel Cell application or in cyclic fatigue, in order to
model the failure of Nafion it is necessary that the constitutive model stay accurate even at high

strains.
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Based upon the elastic-viscoplastic model proposed by Boyce and Silberstein in [52], three
parameters were identified that controlled the behavior of Nafion at high strains. The least square
optimization technique was applied to ensure that the chosen set of parameters give the best
possible fitting. This model is useful for simulations that involve estimating the behavior of
Nafion over large range of strains. In particular, it will be applied in Chapter 6 to recreate the

results of DENT experiments, investigating the crack propagation in Nafion.
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Table 4.1. Model parameters used in the FEA

Model component

Material parameter

Value in [52]

Proposed value

K 3.6x108Pa
Elastic
Ho 1.1x108Pa
h, 4.7x10°Pa
Elastic evolution
Usat 7.0x107 Pa 3.6x107 Pa
7o 6.72 s1
Rate-dependant yield
S 8.98x10-20]
h 1.2x109Pa
§sat 9.6x106Pa
Distributed yield
h 7.5x107 Pa
§satt 6.5x106Pa
h 2.6x107 Pa 2.2x106Pa
Isotropic hardening
n 1 10
us 2.65x107 Pa
SBo 4.3x106Pa
Back stress
hp 2.3x108Pa
SBsat 7.7x106Pa
Network UN 3.3x106Pa
Thermal expansion oy 1.23x104 K1
Hygro expansion Bs 8.1x103¢2
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Table 4.2. Absolute error of the strain energy over the entire range of strains for each model

2-layers viscoplastic model

Boyce and Silberstein’s model

Proposed constitutive model
after LSM

37.9%

14.7%

4.7%
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CHAPTER 5

Effect of environmental conditions on the

Essential Work of Failure of Nafion

The focus of this thesis until now has been on two points. In Chapters 2 and 4, the
mechanical behaviors of the materials that compose the MEA were investigated. These behaviors
are relevant to the normal function of the fuel cell. The second point has been in Chapter 3, were
attention was put on the onset of failure in the MEA. There, a criterion was proposed in order to
estimate the time to failure. It was found that cracks generally form in the CL.

Chapters 5 and 6 will deal with the crack propagation inside the proton exchange membrane.
While the onset of failure is reached in the CL, the failure of the cell is not immediate. Once
formed these cracks often continue to propagate through the CL and the proton exchange
membrane. Since Nafion is the primary material in the MEA (making up both the PEM and the
ionomer support in the CL), knowing its fracture resistance is a key to get a better estimate of the

lifetime of the MEA.

5.1. Importance of the Essential Work of Failure

Given the importance of preventing the degradation of the MEA, it is crucial to have reliable
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data on its fracture resistance and behavior of its components, and how it varies with different
environments. In this study, the essential work of fracture (EWF) of the proton exchange
membrane is calculated for different temperatures and humidities. The EWF is the minimum
amount of energy required in order to create a fracture surface in a given material. This property
is commonly used for ductile polymers, as the fracture toughness that the EWF measures is
equivalent, but easier to calculate, than the critical J-integral approach[105]. The EWF relates to
the progression of cracks inside the material, which is particularly relevant in this case: since
mechanical fatigue is the main cause of failure, critical stresses causing the material to break
catastrophically are not expected to happen; more frequently, a significant proportion of the
material’s lifetime will be spent in the crack propagation phase.

By knowing how environmental conditions affect the fracture resistance, it becomes possible
to better estimate the lifetime of the membrane. This is important both from the point of view of
cost (scheduled maintenance) and safety. Moreover, since failure of the proton exchange
membrane is a common cause of the loss of performance of fuel cells, the fracture resistance of

the membrane is indicative of the reliability of the fuel cell as a whole.

5.2. Experimental method
5.2.1. Double-Edge Notched Tensile Test
The Essential Work of Fracture is an important material property to calculate when studying

the fracture of polymers, as it gives the minimal amount of energy necessary in order to create a
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crack surface. The interest of the EWF approach over other methods lies in the relative simplicity
of the experimental protocol. The double-edge notch tensile test (DENT) was developed in order
to calculate the EWF of thin, ductile membranes. It is performed on a membrane notched with
two symmetrical V-shaped incisions, as described in Fig. 5.1. A tensile load is applied until
complete tearing of the specimen. The total work of fracture, W, can then be calculated from the

load-displacement diagram of the experiment.

5.2.2. Method of calculating the EWF

The total work of fracture Wg can be separated into essential energy of fracture and other
non-essential dissipated energies. This can be written as:

We =W +W, (5.1)
where W is the fracture energy and W5 is the plastic dissipated energy.

Several assumptions are taken in this experiment: there is supposed to be no out-of-plane
stress, no edge effects, and the zone of plastic deformation should be limited in a small region
along the ligament. In practice, in order to validate the underlying assumptions of the DENT
experiment to obtain accurate measurement of the EWF, it is generally accepted[106,107] that the

ligament length should verify

S5t<l< VEV (5.2)

I and W being the ligament length and the width of the specimen, as shown in Fig. 5.1.
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However these inequations are only estimations; the actual range of valid ligament length is
dependent on the material used. As the thickness of the membranes used in this study is very thin
(25um), the first part of the inequation is easily met. As reported in [106], ligament sizes greater
than W/3 are valid as long as the specimen fails in a ductile manner. Ideally, the ligament should
be fully yielded before the crack initiation, however it has been shown that this condition is too
stringent and not necessary in order to calculate the EWF[108,109].

The plastic dissipated energy is proportional to the volume of the plastic zone around the
ligament, while the EWF is a surface energy proportional to the surface of the created crack. It is

therefore possible to rewrite Eq.(5.1) as
Wt = wi It + Sw, 1%t (5.3)
which simplifies into
W =W + Swl (5.4)
where wg, We and wp are the specific energies relative to Wg, We and Wp respectively, and |
and t are the ligament length and thickness of the specimen as shown in Fig.5.1. £ is the shape
factor of the plastic zone, and is not directly accessible from the experiment. The simplest
method to calculate the EWF from Eq.(5.4) is to perform the DENT with several ligament

lengths, then to linearly extrapolate the results to a length of 0 in order to isolate we.

5.2.3. Material

The proton exchange membranes in this study are made of DuPont’s Nafion® NR211.
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Knowing the crack propagation properties of Nafion is particularly important since it has been
hypothesized that the cracks that form in the CL eventually propagate in the proton exchange
membrane (see Chapter 3).

The specimens in this study are all cut to the same dimensions, with a width of 10mm and a
gauge length of 20mm. The nominal thickness is standard for the NR211 type at 25um. No
pre-treatment was applied to the specimens before cutting: they were used as received from the

distributor.

5.2.4. Experimental protocol

The DENT test requires to apply a tensile loading on pre-cracked strips of Nafion and to
record the load-displacement and stress-strain curves until complete failure of the specimen.

The tensile testing equipment is largely the same as the one described in Chapter 2. It is
composed of two linear stages with stepping motors (SGSP26-100, Sigma Koki Co., Ltd.)
controlled by a motor controller (GSC-02, Sigma Koki Co., Ltd.) using LabVIEW (National
Instruments Corporation). The displacement resolution is 40 um. The gripping ends are large
enough to grip the entire width of the specimen and are coated in non-slip rubber so as to avoid
dislodging, as visible in Fig. 5.2(a). The crosshead speed that was applied to the specimen during
tensile loading was 0.04 mm s™.

In order to control for temperature and humidity around the specimen, the setup was placed

inside an environmental chamber. Temperature is controlled by heaters around the specimen,
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specifically a transparent glass heater above (S-101, Blast Co., Ltd.) and a rubber heater below
(SCR-SQ, Sakaguchi E.H. Voc Corp.). Transparency of the glass heater was required in order to
be able to observe the specimen in situ. Temperature was monitored by a thermocouple.

Humidity was controlled using an injection hose connected to a dew-point generator
(me-40ADP-SRZ, Micro Equipment Co., Ltd.). This setup allowed to control the environmental
conditions with an accuracy of +1°C and +5%RH. Experiments were only conducted once
equilibrium was reached in the chamber. The schematic in Fig. 5.2(b) sums up the experimental
setup.

For the purpose of obtaining enough data to calculate the EWF, specimens were prepared
with ligament lengths of 2, 4, 6 and 8mm. For each ligament length, experiments were repeated
four times on different specimens. Four environmental conditions were considered: ambient
conditions (30°C, 50%RH), high humidity (30°C, 100%RH), high temperature (80°C, 50%RH)
and high humidity and temperature (80°C, 100%RH). These environmental conditions mimic
those met by fuel cells during normal function, as they commonly operate at 80°C in order for the
chemical reaction to be sustained at a satisfying rate, while humidity naturally increase as water
gets created by the oxidation of hydrogen.

The notches were created by cutting the specimen with a new razor, a method which is
commonly found in the literature. There is no definitive answer on the exact effect of the
notching technique on the fracture of the specimen. However in [109], when applying the DENT

test on ductile polymers, there was no difference in the work of fracture by changing the notching
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technique. Therefore, it is unlikely that the cutting technique affected the results in this study.

A load cell (LUX-B-100N-ID, Kyowa Electronic Instruments Co., Ltd.) situated on one of
the stages monitors the load applied to the specimen during the experiment. The nominal stress is
calculated by dividing the applied load by the initial cross sectional area of the specimen.
Combined with the known displacement that is applied at a given time, this allows to trace the
stress-strain curve of Nafion as the experiment progresses. The specific dissipated energy is then

dividing the dissipated energy by the total crack area.

5.3. Results and discussion

5.3.1. Ambient conditions

In general, all specimens in this study underwent ductile failure. This is understandable by
the shape of the stress-strain curves obtained, some of them being presented in Fig. 5.3. Ductile
failure is characterized by a smooth curve, where once the crack is initiated the elastic energy
stored in the material is released, helping the crack to propagate in a progressive way. On the
contrary, a brittle failure would show a sharp drop in the measured stress as the crack would
propagate very quickly through the specimen[108]. Nevertheless, the ligament length has an

effect on the shape of the stress-strain curve: a longer ligament length is associated with a lower
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maximum stress, a higher crack initiation strain and a higher rupture strain. This is explained by
how much of the ligament has yielded at the time of crack initiation and propagation. As noted in
the section describing the DENT test protocol, it is often observed during DENT tests that the
ligament is not fully yielded at the time of failure. This is especially true the longer the ligament,
since the plastic zone first develops around the notch tips and develops from there. In the case of
short ligaments, the full section of the specimen will be yielded. Conversely, the longer the
ligament, the smaller the plastic zone will be when compared to the length of the ligament. This
results in generally smaller stresses along the ligament, while at the same time the specimen will
be allowed to deform more before failure happens.

Figure 5.4 (cross symbols) shows the results of the DENT tests performed in ambient
conditions (30°C, 50%RH). As expected from Eq.(5.4), the measured dissipated energy increases
with the ligament length in a linear fashion. The linear regression shows a value at the origin of
18.4 kJ m (the EWF) and a slope of 13.6 kJ m™ (the increase rate of plastic dissipated energy)

The only value found in the literature for the EWF of a Nafion membrane with the DENT test
is 20.5 kJ m in ambient conditions[110]. This value is somewhat higher than the one found here,
however the authors note that considerable viscous and plastic deformations dominated the
fracture process. There was no mention of whether the failures happened in a ductile or brittle
manner, which would have been of interest since ligament lengths greater than a third of the
specimen width were used. The difference of crosshead speed during the experiment might also

be another factor explaining the discrepancy.
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5.3.2.  High humidity, ambient temperature

The same set of data was gathered for high humidity conditions (30°C, 100%RH). The
results are synthesized in Fig. 5.4 (round symbols). Compared to the previous case, the data is
less scattered, with results clustering more closely along the trend line. The EWF obtained by the
experiments is 21.5 kJ m®, which is close to the EWF calculated for ambient temperatures,
though a bit higher. In contrast, the slope of the linear regression is lower for high humidity than
for ambient conditions, indicating a lower amount of plastic dissipated energy. This is linked to
the change of mechanical properties of Nafion in humidified states: they provoke a lower yield
stress and a higher yield strain in the material, but also a higher rupture strain[111], as also
discussed in Chapter 2. These two factors have opposite effects on the plastic energy being
dissipated. Overall, the lower dissipation energy found in the experiments suggests that the lower
yield stress and flow stress after yielding in the material is the dominant effect to lower

dissipation energy.

5.3.3. High temperature

The experimental results for high temperature conditions differ from the previous cases in
that the dissipated energy does not follow a linear law. Instead, the data seems to follow a square
law, with values of wg increasing faster the longer the ligament length. This holds true for both
high and ambient humidity. Meanwhile, the effect of humidity seems to be the same as in

ambient temperature cases: higher humidity results in a slightly lower dissipated energy, with the
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difference increasing monotonically with the ligament length. Those results are shown in Fig.5.5.

Trying to fit the data with a linear regression would lead to a negative value for the EWF,
which is obviously incorrect. This suggests that in this case the shape factor of the plastic zone g
(see Eq. 5.4) becomes geometry-dependant and therefore varies with the ligament length 1.

As mentioned earlier, the dissipated energy will increase linearly with the ligament length as
long as the specimen failed in a ductile manner. A brittle fracture, as is more often observed for
longer ligaments, results in less plastic energy being dissipated, leading to lower dissipated
energies than a linear regression would expect[108]. Inversely, ductile fracture is associated with
necking of the specimen, followed by cavitations before cracks start to appear. Both the
experimental stress-strain curves (Fig. 5.3) and the fracture profile of the failed specimens (Fig.
5.6) indicate that all the specimens in this study failed in a ductile manner. However, as readily
visible in Fig. 5.6, the specimens tested at high temperature show significantly more necking than
those tested at ambient temperature. This difference in level of ductility justifies the greater
amount of plastic dissipated energy in those cases. The underlying reason for this would be that
at the temperature tested (80°C), Nafion enters its glass transition, which is associated with higher
ductility of the material.

It has been noted earlier that in high humidity cases the decreased stress in the material was
the dominant effect over the increased rupture strain, leading to lower dissipation energies. While
temperature and humidity have been noted to have the same qualitative effects on the material

properties of Nafion[111], the higher dissipated energies indicate that in the case of high

108



400

080° C, 100%RH
X 80° C, 50%RH

360 I

320 |
280
240
y=2.9x2+ 12.6x + 56.4
200
160

120

O y=24x2+9.9x+48.0

Total work of fracture w (kJ m2)
&

N
(@]
T

)

0 2 4 6 8
Ligament length (mm)

Fig. 5.5 Total Work of Fracture calculated for different ligament lengths at high temperature

(80°C)

109



50 cm

80 °C, 100 %RH

30 C, 100 %RH

Fig. 5.6 Overview of the 8mm ligament length fractured specimens for different environmental

conditions

110



temperature the dominant effect becomes the increased rupture strain: despite the strains in the
material being lower, the larger deformations sustained before failure result in more energy being
dissipated overall.

A numerical simulation of this experiment allows to visualize the distribution of stresses in
the specimen during the experiment, clarifying this phenomenon. This will be discussed in the

next chapter.

5.4. Local observation of the fracture surfaces

In order to supplement the observation of specimens from Fig. 5.6, a local observation of the
fracture surfaces was realized using a scanning electron microscope. The results are presented in
Fig. 5.7.

Figure 5.7 (a) and (b) shows the two high temperature specimens, magnified 200 times. In
both cases, there is large scale plastic deformation occurring along the length of the specimen.
Furthermore, the fracture surface is undulated, indicating that the specimens buckled under the
Poisson effect during the experiment. Those undulations are more prominent in the high humidity
case. These two effects, large scale deformation and buckling, confirm the previous observations
and explain the higher amount of plastic dissipated energy in the high humidity cases, and why
the results are qualitatively different depending on the humidity level: the low temperature
specimens do not show any amount of out-of-plane deformation.

Figure 5.7 (c) through (f) gives a better look of all fracture surfaces with a 1000x
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magnification. There, the effects of humidity can be seen: while the ambient temperature, high
humidity case shows a relatively smooth fracture surface, all other cases have rougher and more
damaged fracture surfaces. Regardless of temperature, the fracture surface in ambient humidity
cases appear more damaged than in the corresponding high humidity case. Thus, the difference in
the work of fracture between ambient and high humidity cases can be attributed to an increased
amount of surface damage taking place during the experiment.

In order to quantify the roughness of the fracture surfaces, specimens were observed with a
laser microscope with depth selectivity. Figure 5.8 compares the results at high temperature
between ambient and high humidity. In both cases the defects on the surface appear to be around
1 to 2 micrometers in depth, however their distribution varies depending in the humidity: in the
ambient humidity case the surface defects are more densely distributed, while in the high
humidity case the surface seems to present less defects overall.

Roughness only appears locally along the ligament, so it is understandable that its effect
would be much smaller than the large scale plastic deformation observed in higher temperatures.
Overall, the local observation of the fractured surfaces gives a qualitative explanation to the

differences in the total work of fracture in the different cases that were tested.

5.5. Essential and Non-essential work of fracture
This section discusses the remarks that can be made on the works of fracture of Nafion based

on the previous paragraphs.
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The membrane’s sensitivity to changes of temperature is clear, with a great increase of
dissipated energies at higher temperatures. The sensitivity to humidity is less pronounced but still
present: in all the tested cases, the dissipated energy decreases when the humidity increases.
Because of this, it would seem natural that the EWF would follow the same pattern, and while
this is what is observed with respect to temperature, the EWF at ambient humidity is measured
higher when humidity is high. The difference is small however, with a difference of only 3.1 kJ
m™. This stands within experimental error, as it is smaller than the standard deviation of the
dissipated energies calculated from the experimental curves.

By subtracting the EWF from the values of the dissipated energy, it is possible to isolate the
non-essential work of fracture, as shown in Fig. 5.9. This corresponds to the energy lost in
plastically deforming the ligament and its close surroundings, as well as tearing and possible
creep and friction around the crack. The evidence of these effects is discussed above in the local
observation of the fracture surfaces. Since these effects decrease as the ligament length becomes
smaller, eventually disappearing when the length nears 0, the fitting curves in Fig. 5.9 all tend
towards 0 for ligament lengths of 0. As expected, the effects of temperature and humidity are the
same on the non-essential work of failure as on the EWF.

From the point of view of fracture resistance, the value which holds the most interest is the
lowest value of the EWF across all conditions, as this is the case where cracks will most easily
propagate. The lowest value that was found in this study was 18.4kJ m™ in ambient conditions. In

order to mitigate the development of defects in the proton exchange membrane, it would
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therefore be advantageous to use this value as a reference during design of the MEA.

5.6. Summary

This study focuses on the EWF of Nafion membranes, and how it relates to the
environmental condition surrounding the membrane. In order to get insights that are useful for
the purpose of fuel cells, the most prominent use of proton exchange membranes, several types of
conditions were considered: ambient conditions, representing the fuel cell in an idle state; high
temperature, representing the cell after start-up when the temperature has to be increased in order
for the nominal efficiency of the reaction to be reached; and high humidity, which happens as a
result of the water formed as a by-product of the reaction. The EWF was calculated using the
DENT test protocol.

Table 5.1 summarizes the values of the EWF found from the experiments. Results show a
great sensitivity to environmental conditions, especially to increases of temperature. While the
EWF in ambient conditions was found to be 18.4 kJ m?, it more than doubled at high
temperature to values of 48.0 kJ m™ (ambient humidity) and 56.4 kJ m (high humidity). In both
cases this represents a 160% increase of the EWF compared to ambient temperature. Humidity
was found to have a similar effect but less pronounced, the increase being limited to 17-18%
compared to cases of ambient humidity. The local observation of the fractured specimen gives
insights about what causes these differences: in high temperature cases, significant plastic

deformation and buckling is visible along the ligament length. Concurrently, lower humidity
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seems to result in increased roughness of the fracture surface. Since the surface damage is much
more localized than the buckling, the temperature ends up having a larger impact on the work of
fracture than the humidity.

The plastic dissipated energy in ambient temperature cases followed the expected linear law
with respect to the ligament length; however it assumed a quadratic pattern in cases of high
humidity. Given Eq.(5.4), this change of behavior comes from a modification of the shape factor
S, meaning that the shape of the plastic zone is dependent on the temperature of the material. This
in turn can be attributed to the fact that Nafion undergoes its glass transition at the high
temperatures tested, resulting in some structural changes in the polymer as well as in a much
increased ductility. The effects of temperature on the stress distribution of Nafion, and how it
relates to the measured plastic dissipation energy, are discussed in depth in the next chapter.

It was found that the EWF of Nafion was at its lowest in ambient conditions. At high
temperatures, the much increased EWF of Nafion means that it necessitates more energy to
break, reducing crack propagation. Inversely, even though ambient temperatures would seem to
be gentler conditions for the membrane, these conditions actually favor crack propagation. The
minimum value found for the EWF, 18.4k] m™, is therefore the most relevant value from the
point of view of fracture resistance, and the one that should be retained when estimating the

lifetime of a Nafion membrane.
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Table 5.1 EWF of Nafion in different environmental conditions

EWF Ambient Temperature (30°C) High Temperature (80°C)
Ambient Humidity (50%RH) 18.4 k] m-2 48.0 k] m2
High Humidity (100%RH) 21.5k] m? 56.4k] m-2
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CHAPTER 6

Numerical estimation of the Essential
Work of Failure of Nafion by Finite
Element Analysis

In the previous chapter, the EWF of Nafion was calculated by using a DENT test, and a
discussion was given about the effects of temperature and humidity on its fracture resistance.
This chapter aims to complement these findings by developing a Finite Element Analysis to

provide an alternative method of calculating the work of fracture.

6.1. Motivation for the Finite Element Analysis

This study investigates the essential work of fracture (EWF) of the proton exchange
membrane in a variety of environmental conditions relevant to the actual function of the fuel cell.
This fits into the bigger scope of the thesis, which is to gain a comprehensive understanding of
the mechanisms of failure of the MEA. A concrete application of this understanding is to develop
models that are reliable in simulating the behavior and failure of the MEA in a variety of
circumstances. Such models would have the advantages of being more flexible and less resource

intensive when compared to series of experiments. In all fields of engineering numerical
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simulations are already being taken advantage of thanks to that.

In that optic, the motivation for replicating the DENT experiments with a Finite Element
Analysis is twofold:

- It provides a proof of concept that the constitutive models developed in this study are
accurate and that it is feasible to apply these models to complex systems such as the fracture of
the MEA.

- By taking advantage of the visualization tools of the FEA, it allows further discussion about
the work of failure of Nafion. Notably, by observing the stress distribution in the membrane
around the crack tip, it becomes possible to elucidate the qualitative change in the work of failure

that was observed and described earlier in Section 5.3.3.

6.2. Finite Element Model

In this study, a numerical scheme is proposed in order to calculate the EWF. This method has
the advantage of only needing a single experimental input: the applied strain at the time of
fracture for a given ligament length. The material used in this study is Nafion, for which the
constitutive model is the one proposed in Chapter 4. Since the failure of Nafion needs to be

simulated, it is necessary that the model stays accurate even at high strains.

6.2.1. Method of calculating the EWF

The Finite Element Model aims to simulate a DENT test, and so it is necessary to model the

122



behavior and crack propagation of a DENT test specimen (see Fig. 5.1) subjected to a tensile
strain. Figure 6.1 shows the model that was used in this study. The analysis was made using the
finite element code ABAQUS/Standard. Eight-node brick elements (C3D8) are used in the entire
model, and a cohesive zone model is applied to the boundary elements. Because of symmetry,
only one half of the model needs to be created. Even though the conditions are also symmetrical
along the length of the specimen, the progression of the crack along the plane of symmetry makes
it necessary to model both sides of the specimen. As shown in Fig 6.1 (a), the upper and lower
edges of the specimen were constrained to move in the tensile direction, while other edges were
left free.

Since one of the objectives of this model is to be able to reproduce experimental results,
several specimens are created with different ligament lengths, allowing calculating the EWF with
a linear regression in the same way than in the experiment. The proposed mesh is more refined
around the notch tip and crack propagation path (see Fig 6.1 (b)), so the total number of elements
will differ depending on the ligament length, in any case the elements along the cohesive zone

measure 0.01mm in length.

6.2.2. Cohesive Zone Model
The characterization of the cohesive zone in the model is of particular importance here as
this is what will define the fracture behavior in the simulation. In addition to that, analyzing the

results for a given cohesive zone model can provide insights for an experimental protocol that
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diminishes unwanted effects such as plastic deformation or friction.

The model employed here uses a traction-separation law with a maximum stress criterion, as
shown in Fig. 6.2. Cohesive elements become separated after the maximum stress has been
reached. As there is not currently enough published data on the fracture of Nafion, the failure
criterion needs to be first estimated through experiment. Three parameters intervene in the
traction-separation law: the crack initiation displacement Jy, the maximum stress Tyax and the
displacement at complete failure dnax. In the chosen model, the traction increases gradually to
reach its maximum T, once the displacement reaches dy. Traction then decreases linearly until it
reaches a value of zero at displacement dnax. Since the constitutive model for Nafion has already
been established, Tyax Can be calculated from d,. Since it would depend on the stress profile of
the specimen and therefore on the specimen geometry, Tnax needs to be recalculated for each
ligament length. Setting dmax = do Was found to give satisfying results, and so the elements are set
to become separated as soon as the maximum stress has been reached. Therefore, the only
experimental input that is needed is the crack initiation displacement, which is easily identified as
the displacement for which the maximum stress is reached before cracking starts to occur, as
exemplified in Fig 6.2(b) and denoted by &c in Fig.6.4.

The crack initiation strain can be seen in Fig. 6.3 to vary linearly with the ligament length,
making it in theory possible to extend simulations to ligament lengths not experimentally tested.
Notably, the crack initiation strain for a theoretical ligament length of O does not go to 0. This

minimum value of the crack initiation strain is calculated to be ec o= 0.036, and can be linked to
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the Crack tip Opening Displacement.

In the case of the DENT experiment, friction was found to not have any appreciable effect on
the fracture energy being dissipated. Any frictional effect introduced in the cohesive zone model
would only account for variations of the calculated dissipated energy of less than a percent, well
below experimental error. This is because the failure happens primarily by tearing, where

frictional forces are only marginal.

6.3. Results and discussion

6.3.1. Ambient conditions

Having derived the values for critical strain from the experiments, the finite element model
was used with the objective of replicating the experimental results. It is worth noting that in all
cases, the true stress calculated at the notch tip at the time of failure is found to be close to the
maximum stress of Nafion as indicated on the material data sheet (an engineering stress of
23MPa). Overall, the simulation seems to fit the experimental stress-strain curve well, as shown
in Fig.6.4.

Figure 6.5 (a) shows the dissipated energies calculated by the FEM for ambient conditions,
and compares it to experimental results. For all simulations, the calculated dissipated energy was
within experimental error. The linear regressions for the experiment and simulation are in
agreement with values at the origin (the EWF) of 18.4 kJ m? and 18.5 kJ m™ respectively; and

very close slopes (the plastic dissipated energy).
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6.3.2. High humidity, ambient temperature

The same set of data was gathered for high humidity conditions (30°C, 100%RH). The
critical strains are assumed to be the same than in the previous case. The results are synthesized
in Fig. 6.5 (b). The agreement between the experiment and the simulation is still good,
particularly with the slope of the linear regression, though the simulation data is more scattered
than in the previous case. The EWF obtained by the experiments is 21.5 kJ m?, while the
numerical simulation gives a value of 16.8 kJ m™ Both of these values are close to the EWF
calculated for ambient temperatures. In contrast, the slope of the linear regression is lower for
high humidity than for ambient conditions, indicating a lower amount of plastic dissipated
energy. This is expected, as Nafion becomes more compliant in humidified states. This implies a

lower yield stress in the material, and consequently a lower plastic energy being dissipated.

6.3.3. High temperature

The experimental results for high temperature conditions (regardless of humidity) differ from
the previous cases in that the dissipated energy do not follow a linear law. Instead, the data seems
to follow a square law, with values of wg increasing faster the longer the ligament length. There is
no appreciable difference in experimental results between the ambient humidity case (80°C,
50%RH) and the high humidity case (80°C, 100%RH), as indicated by the similar experimental
results in both situations. The results from the simulation show the same behavior, as is shown in

Fig.6.6.
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As mentioned earlier, it has been noted in previous studies[108] that the linear regression was
assured as long as the specimen failed in a ductile manner. A brittle fracture, as is more often
observed for longer ligaments, leads to lower dissipated energies than a linear regression would
expect. In this study, the stress-strain curves of the DENT tests suggest that all specimens
undergo ductile failure. However, at the temperature tested (80°C), Nafion enters its glass

transition, which is associated with higher ductility of the material.

6.4. Effect of the size and shape of the plastic zone

In order to clarify this phenomenon, the size of the plastic zone was investigated. The
calculated length and width of the plastic zone at the onset of failure were retrieved using the
results from the finite element analysis. These are shown in Fig.6.7 and compared between cases
of high temperature and of ambient conditions.

Several observations can be made from these measurements. Firstly, the specimens at
ambient conditions present plastic zones with almost identical widths and lengths. This means
that the plastic zone keeps a symmetrical shape for all ligament lengths. This is congruent to
plane stress conditions[112], satisfying the plane stress assumption of the DENT test. The second
observation is that the plastic zones for all conditions are close for small ligament lengths (W <
4mm) but difference grows the longer the ligaments. The plastic zones in the cases of high
humidity become larger and more elongated, possibly indicating that a plane stress to plane strain

transition has occurred. Also, the larger plastic zones are congruent with the larger amounts of
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dissipated plastic energy.
In Eq.(5.3), the volume of the plastic zone was written as /t. In this formulation, S is the

shape factor of the plastic zone, which verifies

p oclE (6.1)

where h is the length of the plastic zone and I the ligament length.

In ambient conditions, h is proportional to I, as shown in Fig.6.7. This results in £ being
independent from |, justifying the fact that the wg term from Eq.(5.4) is a linear function of I.

In the high temperature case, however, h is no longer proportional to | but instead is closer to
a quadratic function of it. Thus g itself becomes a linear function of I. Following Eq.(5.4), we
finally get the result that wg has become a quadratic function of |, explaining the results from
Fig.5.5 and Fig.6.6.

These changes in the geometry of the plastic zone only affect the plastic dissipated energy.
Although it is no longer proportional to the ligament length, it is still possible to calculate the
EWF by extrapolating the results to a length of 0, this time using a quadratic regression. Using
this different approach, the EWF of Nafion at high temperature can be estimated at 55.2kJ.m?,
according to the results of Fig.6.6. This figure is roughly 2.5 times the EWF found in the two
previous cases.

A hypothesis to explain this change is that the glass transition that Nafion undergoes at the

high temperature tested affects its higher order structure. This causes ductility to increase, some
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cross-linking to happen, making the specimen more compliant and therefore harder to fracture.

6.5. Summary

In this chapter and in the previous one, the EWF of Nafion membranes was investigated. The
chosen approach uses a DENT test in different environmental conditions in order to investigate
the effect of these conditions on the EWF. In order to complement these results, a finite element
model was developed, giving additional insight on the behavior of Nafion during a DENT test.
The constitutive model of Nafion developed in Chapter 4 was successfully implemented and the
results of the FEM were shown to be close to experimental results.

A discussion on the effects of environmental conditions on the EWF of Nafion was already
given in the previous chapter. However, the FEM allowed to elucidate the reason why the high
temperature cases were qualitatively different than at ambient temperature. The study of the
distribution of plastic strains revealed that this was due to the shape of the plastic zone becoming
a function of the ligament length. The EWF in these cases was found to be larger than in previous
cases, with a value of 55.2 kJ m™. This can be attributed to a much increased ductility of Nafion
at temperatures that surpass its glass transition. An important consequence of this change in the
EWF is that cracks will more readily propagate in Nafion at lower temperatures. Even though
higher temperatures would seem to be harsher conditions for the function of the cell, they
represent the best case scenario when it comes to crack propagation. This suggests that from the

point of view of fracture resistance, design of the MEA would be best done with ambient
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conditions in mind.

The FEM was found to closely reproduce the experimental DENT test results. The only
parameter that is needed in order to simulate the fracture is the critical stress of the cohesive
zone, which can be simply obtained through experiment. Because of this, the proposed method is
significantly quicker in calculating the EWF than the alternatives found in the literature. This
method also opens the door for further investigation, such as investigating the effect of the notch
shape, load history or a variety of other parameters relevant to estimating the durability of proton

exchange membranes.
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CHAPTER 7

Conclusion

7.1.  Novel aspects of this research

This thesis focused on two areas regarding Membrane Electrode Assemblies. The primary
aim was to gain a thorough understanding of the mechanical behavior and failure of MEAs. The
other objective was to develop numerical models that would allow to accurately simulate this
behavior. These results provide tools that are useful to make more informed and accurate

predictions of the lifetime of MEAs.

For the systematic study of the mechanical properties of the MEA that was conducted during
the research, it was necessary to take into account at all times the environmental conditions
surrounding the materials. It was demonstrated in multiple cases throughout the study how much

these parameters affect the behavior of the membranes, both qualitatively and quantitatively.

The failure of the MEA was examined both from the point of view of crack initiation and

crack propagation. Both of these stages are relevant to predict the lifetime of the MEA. The
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approach chosen to study the crack initiation was fatigue testing, since mechanical fatigue is the
primary concern for the durability of the MEA. For the crack propagation phase, the Essential

Work of Failure was investigated.

In parallel, finite element analysis was used to supplement the experimental results.
Constitutive models were introduced for the materials that compose state-of-the-art MEAs. These
models were shown to accurately estimate the behavior of the MEA in a variety of applications,
and to accurately predict its failure. These results open the door to a variety of applications for

these models, which should help make further prediction about the lifetime of MEAs.

There are two strategies to extend the lifetime of MEAs in PEMFCs: the first is to postpone
the apparition of cracks in the CL (see Fig. 1.4(b)); the second is to slow down the propagation of
these cracks (Fig. 1.4(c) and (d)). Naturally, these two approaches can be used concurrently. At
the design stage of the MEA, numerical models can be used to ensure that the plastic dissipation
energy does not exceed the critical value of D, proposed in Chapter 3. The second approach is to
optimize the cell for environmental conditions where the fracture resistance of the membrane is
higher, thus slowing crack propagation. In particular, the large impact of temperature on the EWF
of the membrane that was demonstrated in Chapters 5 and 6 can be taken into account when

designing thermal management for the cell.
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Another use of the results proposed in this dissertation is for material selection. As
laboratories are still trying to develop new materials for improved performance of fuel cells, their
resistance to fracture and crack propagation can be used as another basis of comparison between
competing materials. As these parameters directly influence the lifetime of the materials within a

PEMFC, and therefore their cost-effectiveness, they are a critical factor to take into account.

7.2. Research achievements

The mechanical behavior of MEAs was tested for various environmental conditions relevant
to the function of a fuel cell. It was found that in general, increased values of temperature and
humidity made both Nafion and the Catalyst Layer more compliant, with humidity having the
most pronounced effect. This effect carried over to the tensile failure: higher temperature and

humidity was linked to lower crack initiation strain and stress.

This sensitivity to environmental parameters is what led the author to select an energy-based
criterion for predicting the onset of failure in cyclic experiments. Where a critical stress would
need to be recalculated for each set of experimental parameters, the critical value of plastic
dissipated energy is independent from them. The author proposed that the onset of failure in the
CL is reached once the plastic dissipated energy reaches D, = 12.4 MJ.m. This criterion was
shown to accurately match experimental results. Using a numerical simulation, it was

hypothesized that micro-cracks form in the CL during humidity cycles due to decohesion
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between Nafion and the carbon black.

On the subject of crack propagation, several results are obtained. The essential work of
failure of Nafion was found to be heavily dependent on both temperature and humidity. However
in contrast to what was observed during tensile behavior, temperature had the most noticeable
effect. Indeed, at high temperature the more rubbery behavior of Nafion resulted in a greatly
increased work of failure and indicated a transition from plane stress to plane strain conditions.
Aggregating all results, the lowest value for the EWF calculated across all tested configurations
was wg = 18.4 kJ.m™. This was the value found for ambient conditions, indicating that Nafion is

more prone to crack propagation when left at ambient temperature and humidity.

The other stated objective of the study was to develop numerical models that would be
accurate in simulating the behaviors of the MEA in a variety of situations. Constitutive models
were proposed for both Nafion and the CL, and were shown to reproduce experimental results
with satisfying precision. In the case of Nafion an existing constitutive model that was found in
the literature was adapted to accurately estimate the stress-strain behavior over the whole range
of strains of the material. This constitutive model was successfully used to simulate a DENT test
and estimate the EWF of Nafion, confirming the accuracy of the model and its usefulness in

practical applications.
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The mechanical properties, the crack initiation and the crack propagation stages are all
important to take into account when considering the lifetime of the MEA. Naturally, a better
understanding of the properties of the MEA is crucial from the point of view of safety and cost,
and therefore the author hopes that the results presented in this study will help the fuel cell

technology to become ever more competitive in the domain of power generation.

7.3. Future research
In the course of this thesis several opportunities for further research were identified. While
the fuel cell technology and in particular fuel cell vehicles have received a lot of attention in the

recent years, still more work is needed before it can gain mainstream adoption.

In this study, the mechanical properties of the MEA were discussed. In the future, the scope
could be extended to include other components of the fuel cell, notably the gas diffusion layer
and the bipolar plates. Similarly to the MEA, the materials forming these components are
selected from the point of view of power generation, and therefore focus on their chemical and
thermal properties. Data on the mechanical properties and degradation of these materials in the
context of a fuel cell is still lacking. While the MEA is typically the limiting factor for the
durability of the cell, being able to better estimate of the lifetime of other components would still

be an important asset.
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Regarding the MEA itself, the catalyst layer will be subject to more research in the future, as
the industry has not yet settled on a specific standard. In particular, the type of carbon black used
has an effect on the resulting structure and composition of the CL. It would be useful to know
how exactly it affects the mechanical behavior and failure, for example between carbon blacks

that form circular clusters versus more elongated ones.

Finally, the numerical models that have been proposed in this study can be used for other
purposes. Since they have been shown to be accurate over the range of environmental conditions,
strains and strain rates that are relevant to the function of a fuel cell, the possibilities of
application are numerous. To give an example, the models could be used to simulate the
deformation of the MEA into the GDL when swollen under the effect of humidity, and study the
possibility of buckling. Another application would be to study the distribution of compressive
stresses that occur in the MEA when constrained and subjected to humidity cycles. Eventually,
the author anticipates the development of a fully integrated numerical model, providing useful

results at all stages of design and evaluation of a fuel cell.
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