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Abstract

The Polymer Electrolyte Membrane (PEM) fuel cellais ideal emerging alternative

power source for transportation; however, k
number of technical challenges need to be overcome, including durakliith is

mainly associated with three factors: mechanicglectrochemical, and thermal

degradation. Among them, mechanical degradation is of paramount importance because it

causes a graduakduction of mechanical strengtlpughnessand, ultimately, cell

performance decay. Yet, studies focusing on the mechat@ggahdation of MEAs and its

impact on cell performance decay are relatively scarhis thesis focusson theearly

and late stageof mechanical degradation ohadvEA in a PEM fuel cell. In the

experimental phases canni ng el ectron esgdiedrad deadpeni ( EBEM)
mi crostructures aM&ALt bef or eahcacned edsufatadm bi t y
testTheagpossididetygtitdased, includ-t hgrmalampir
strewesres thehie@eadsdamebe sneueaddvttdthaenbbaged| es
stress conditions i n tTeenidudsAsedits chararteraetlset r uct u
mechanical properties a@fas diffusion layers (GDLsand of catalyst layersncluded a
microcompression tester atige nanoindentatin techniqgueThese mechanical properties

guidal the selection of constitutive relations in the modellimgthe modelling phase,

structure modetlarified the stress and deformation of MEAuring commorandcyclic

operating conditionsA variety of constitutive models enabled the simulation of different

materials in cellsA deformed MEA determined from the structure model enabled a more

realistic method to study the cell performance uredely and late stages of mechanical
degradationResults revaled thatM E A &arly mechanicategradation, which is related

with operating conditions, assembly methods and channel debaphs complex effect

on transport phenomenom addition, 8 n ¢ e  a nearlyl Befrédstioms associated

with durability, theselection of operating conditios, assembly methods and channel
designsshould balance both cell performance and durabllityder 2000 cyclic changes

in operating conditions, the cell performance decreases about 8% merely with the
mechanical degradationh&refore, in order to increase the life span of a PEM fuel cell, it

is important to find an effective approach to relief the mechadegadation
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Chapter 1

Introduction

1.1. Background

Transportation is a paramount component of economic developments. This factor is even
more noticeable in society when economic opportunities have been increasingly
correlated with the mobility of people, goods and information. Over the past decades, the
growing global economy and the significant population growth have escalated the
demand for motorized dnsportation. Statistics report that from years 2008 to 2015,
vehicle sales in Chinanderwenta significant escalation, from 9.39 to 24.6 milligj.
However, this phenomenon also brings some issuesuswing the use afrude oil to

power automobiles, includinggnvironmental impacts, energy securities, and risks of
demand outstripping supplf2]. The elevated levels of carbon dioxide and other
greenhouse gases in the atmosphere, along with the increased energy demands in various

sectors, compel nations to find alternative solutions.

Various kinds of fuel cellhhave workedcommercially as alternatives to the internal
combustion engines, which dramatically relieves the dependencerude oil [3].

General Motors produced the first fuel cell road vehicle, the Chevroletr&tan, in
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1966.Equipped with groton exchange membrane (PEMgI cell system, this twseat

road vehicle is very cogirohibitive and only has a range of 120 miles and a maximum
speed of 70 mpp4]. Only after several decades of development, PEM fuel cell powered
vehicles established its commercial viability. Many automobile companies, such as
General Motors, Toyota, Honda, Nissan and Fbeve invested significant amounts of
money on fuel cell resarch and publicly committed to selling a fuel cell vehicle.
Currently, fuel cell powered vehicles havtained wide applicatiorsround the world.
They have accumulated over 970,000 km of driving artd-381% higher fuel economy
than diesel and naturahg vehicle$5].

Fuel cells, generally using hydrogen gas as a fuel, are environmentally friendly energy
conversion devices, which bear similarities both to batteries, with which they share the
electrochemical nature of the power generation process, and to engines, which can work
continuously if supplied with a fuel of some sf8i7]. The categorization ofukl cells
dependson electrolytes, operating temperatures, and fuel tyBesAccording to the

kinds of electrolytes, fuel cells can be classified into various types, including Proton
Exchange Membranéalso named Polymer Electrolyte Membrane, PEM) Fuel Cells,
Direct Methanol Fuel Cells (DMFCs), Alkaline Fuel Cells (AFCs), Phosphoric Acid Fuel
Cells (PAFCs) Molten Carbonate Fuel Cells (MCFCahd Solid Oxide Fuel Cells
(SOFCs)[9]. In addition, based on their optimal operating temperatures and fuel types,
these fuel cells are suitable for various applications. For example, PAFCs, MCFCs, and
SOFCswin wide applicationdor stdionary power generation, mle PEM fuel cells,

DMFCs, and AFCs are suitable for vehicular or portable applications.

The PEM fuel cell isan ideal emerging alternative power source for transportation
because of its low operating temperatures, solid electrolyte, zero/low emissions, and high
power densities. PEM fuel cells operate at a low temperature (arof@d8t8C), which
enables a quickiart-up time[10,11,12]. Sincea cell converts chemical energy directly to
electrical, it is not only more efficient and reliable thatraditional combustion engine,

but also produces less noise. PEM fuel cells use a solid polymer membrane as the
electrolyte, which is permeable pootonsbut insulated to electrons. This choice allows a

simple, compact, and insensitit@orientation $&ucture, which makes both the
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manufacturing and the cell operation of a PEM fuel cell much easier than a fuel cell with
a liquid electrolyte. In addition, a solid electrolyte bringadfds, such agess corrosion

low internal resistance, and high t@aceagainst large pressure differentials. Moreover,
compared with internal combustion engines, research indicates that the use of PEM fuel

cells in vehicles results in lower levels ohigsions and energy consumptidr3,14].

The pastseveraldecadeshave witnessedompelling improvemds in terms of cell
performance mat er i al utilizations, and fuel supp
widespread use, a number t#chnical challenges need to be overcome, including
durability [15,16]. Durability is of particular importance sindedetermines the ultimate
useof PEM fuel cells. Depending on various applications, the requirementelfdife
spanvary significantly. For instance, the current target for automotive applications is
around 5000 to 20,000 hours, evhasfor stationary applications the target isoab
40,000 hourg17,18]. Unfortunately, at present most PEM fuel cell stacks available on
the market and research institutes can only achieve 80% of these goals. &EMllIfu
durability is mainlyassociated witlthree factors: mechanical, chemical/electrochemical,
and thermal degradatiofil9,20,21]. Among them, mechanical degradation is of
paramount importance becauseauses gradual reduction of mechanical strength and
toughness oMembrane Electrode gsemblies (MEAS), in turn causing microstructural
changes in MEAs, such as cracks, delamimatiand thickness variations, which
eventually lead to cell performance ded&y,2324,25]. However, studies focusing on

the mechanical degradation of MEAs and its impacts on cell performance reduction are

relatively scate.

1.2. Fundamental Principles of Fuel Cells

A typical single PEM fuel cell assembly is made up of several components, as shown i
Figure1-1, including endplates, current collector plates, flow channel distribution plates
(bipolar plates), gas diffusion layers (GDLs), catalyst layers amidembrane (solid
electrolyte). Industries usually connect single cell assemblies in series to prodwae high
voltages as illustrated irFigure1-2. Figure 1-3 illustrates a crossectional schematic of
the primary components in a PEM fuel cell. On the anode sigdgasl flows into the

channels grooved into the bipolar plate. It then diffuses through the anode GDL into the
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anode catalyst layer wheresplits into protons and electrons. This kel reactionis

called ahydrogen oxidation reaction (HOR).

HOR: O © ¢O ¢Q
The solid polymer membrane is permeable to protons but insulated to electrons.
Therefore, the protons pass through the menabaaa travel into the cathode side, while
the electrons are forced to travel through an external circuit to the cathode side. Similar to
the anode side, atmospheric air or pure oxyimms into the cell and diffuses into the
cathode catalyst layerrtughthe cathode GDL and the bipolar plate. It reacts with the
protons and electrons from the membrane dhne external circuit, respectively,
generating water and heat. Because of the low operating temperature, oxygen is reduced
into liquid water in this reaion; therefore, it is called anxygen reduction reaction
(ORR).

ORR: -0 ¢O ¢Q ©° 00

The irreversibilities n converting chemical energytmelectrical energyroducewaste
heat. The overall reaction, therefore,

0 go 0 00 W& 060N QoD EHIGA

Current Collector Plate

Insulation Layers Channel Plate

TS

o

.......

Endplates GDL Catalyst layer

Figurel-1 A schematiodrawingof a single PEM fuel cell
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Figure1-3 PEM fuel cell operating principl27]
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1.3. Main Components of PEM Fuel Cells

A PEM fuel cell obtains its signature name because of the electrolyte it uses. This
electrolyteress between the GDLs anghtalyst layers fronthe anode and cathode sides.

The whole piecesi just a few hundred microms thickness, which is callecthembrane
electrode assemblies (MEAs). MEAs have to be sufficiently durable to withstand
mechanical stresses during assembly processes and regular or randomly changing
operating condition$28,29]. During the cell operations, the MEA untikes several
functions, namelyproviding a place for the electrochemical reaction, offering an ionic
conductive path, serving as an electronic insulator, and acting as a gas barrier to prevent

themixing of anode and cathode gases.

There are mainly two kinds of MEAs: GEhased MEAs ath CCM (catalystcoated
membranepased MEAs[30,31]. In a GDL-based MEA, a gas diffusion laydras
catalysts coated on its surfasehereasthe catalyst is directly applied onto th&fion
membranen CCM-based MEAs. Compardd a GDL-based MEA, a CChased MEA
providesa significantly higher performanci terms of lower contact resistances between
the catalyst layers and thdafion membrane and lower catalyst loadings witht
sacrificing the performanceénence it is the choice of industrig32]. The material of
different components ain MEA and their degradations during the cell operatiaffisct

the overallcell performancg33,34,35].

1.3.1. Membrane Electrolyte

In a typical PEM fuel cell, a membrane (the electrolygsks between two catalyst layers
to block electrons and reactant gases (hydrogen and oxygen), while at the same time
allowing ionic currents to pass with low resistance from the anode to cathode electrodes.
Therefore, the requirements for a qualified membrarge good protonic conductivity,

high flow reactant gas permeability, and strong mechanical and chemical stability.

Currently, the Nafion membrane produced by Dupont is the most widely used material
for PEM fuel cells. It is a very thin material, rangirrgrh 20pm to 200 pm. Generally
speaking, a thicker Nafion membrane offers better insulation and physical stability with

higher proton transport resistance. On the other hand, a thinner membrane has low
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insulation and stability but a higher proton transpability [36,37]. The Nafion
membrane is one kind of ionomer (synthetic polymers with ionic properties). It contains
perfluorovinyl ethers terminated by sulfonic acidgh hydrophobic tetrafluoroethylene
(Teflon) backbonef38,39].

The proton conductivity of a Nafion membrane is directigsociatedwith the

me mbr aneds hbechusa membranesl relyvor Absorbed water to ionize their
acid groups ando permit proton transport; thug,suitable humidification ot Nafion
membraneis essentia[40,41,42]. For example, excess water content can leathé¢o
flooding of the cathode side, wleaslow water content dries out the membrane of the

other side. Consequently, water management is cruciaEfgr fael cell operations.

1.3.2. Gas Diffusion Layer (GDL)

A GDL, a highly porous feature, promotes transitions due to its location between the
bipolar plates and the catalyst layers. It offers a pathway for the mass transfer of reactants
and products to and fromme catalyst layers, ensures a structural stiffness in the MEA,
promotes gas access to the catalysts under the landings between the flow fields, and
serves as an electrically and thermally conductive pathway between the catalyst layer and

the bipolar plate

Some researchers believe that creating a thrplayge porosity gradient is the main task

of GDLs [4344,45]. On one hand, theatalyst layers contain extremely small pores so
that the number of reaction sites can be maximized. However, this structure indicates that
the catalyst layers require enormous pressure gradients, making PEM fuel cells
uneconomical to operate. On the othand, the bipolarlptesaid to distribute reacting

gases efficiently over the electrode area with a minimal pressure drop to the catalyst layer.
The GDLs neutralize thigressuralifference[46,47,48].

There are two main types of GDLs: a raw GDL and a GDL with a hydrophobic binder
(PTFE) as shown irFigure 1-4. All GDLs consis$ of graphitized carbon fibres. These
carbon fibresheld together in a random manner by a carbon bjnakich resembés
paper or cloth. A carbonized thermoset rasorks as the binder. The GDL with PTFE

coating typically has a duddyer carborbased porous structure, and includes a carbon
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micro-porous layer (MPL) ora sublayer consisting of carbon black particles and a
hydrophobic agent. The sdidyer prevents the rougtarbon fibre paper from puncturing

the membraneThe application of the hydrophobic binder time carbon fibre paper
improveswater managemerjd9,50,51]. The GDlLs &hickness (normally between 100

pm to 300pm) and porosity vary significantly for different applications and operating
conditions. For instance, a higlorosity GDL is suitable for PEM fuel cells operating at
high current densities, since more water is produd&j. This high porosity helps to
transfer reactants and products to and from the catalyst layemtirast, a lower porosity

is suitablefor low current density fuel cells so that the membrane can keep a certain level

of water content.

A\ /-]

X188 188mum

Figurel-4 SEM images of various GDLs at 100* magnificati&@3]

1.3.3. Catalyst Layer

Catalystlayersaim tosignificanty facilitate electrochemical reactioriecause PEM fuel

cells work at a low temperatur& catalyst layer is @orousmateria] and mainly consist

of void regions, platinum, carbon particles and ionomdeanwhile,Pt-transition metal

alloys, such as PtCo, r-Ni, and P{Ruw-Ir-Sn, have also worked as catalysts in PEM
fuel cells in order to reduce th®st [54,55]. The void regios provide spacefor the
gaseous reactanthe carbon particles are electrically and thermally conductive, whereas
the ionomer is proton conducting. In comparison to a Nafion membvareh only

starts to dissolve when in water at 2LGndat a high pressure of 68 atm for more than

two hours, the ionomer in the catalyst layer is in a more soluble state. It acts as a binder

between the platinum/carbon particles, and offers a protonuctwed path from the
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membrane to the catalyst for a protonic current flohe platinum loadings and carbon
types have large implications for botell performance and durabilit}56,57]. The
carbon supported platinum powders must hawtose contact with the ionomer of the
membrane.The fact thatthe electrochemical reactions occur only at the tplresese
contact interfacenecessitates contact among reactant gaseatalysts and ionomers
which also indicates thathe catalyst microstructure and ionoroatalyst interface
significantly affectcell performance Therefore,an optimized balance between ghe
three phasesnables an improvementtime electrochemical aetion ratg58,59,60,61].

1.4. Fuel Cell Performance

Figure 1-5 illustratesa typical graph of a PEM fuel cell performancthe secalled
polarization curve, which shows the voltage outpJtsiersus the drawn current density,
i. A current densitywherethe currenis normalized by the area of the PEM fuel cells (a
standard unit of current density,of1?), is usually used in comparing the performance of
PEM fuel cells with various stack size3he operating voltage of PEM fuel cells at

differentcurrent densities can be determined through the following equation.
W W £ K E

In theory, if supplied with sufficient fugh PEM fuel cell can supply a certain amount of
current, meanwhile maintaining a constant voltage determined by thermodynamics.
However, the actual voltage output is always less than the thermodynamically determined
value, due to some irreversible losddgareover, as shown iRigure 1-5, the greater the
current, the lower the voltage output of the fuel cell, limiting the total power that can be

delivered.

The polarization curvés made up of three pasiactivation, ohmic and concentration
polarizations-respectively resulting from the resistance to electrochemical reactions, the
transport of electrons and ions in the cell components, and the lim#atiothe mass
transfer[62].

The activation polarization represents the initial sharp drop of the cell voltage, which

mainly results from the slowness of the reactions in the catalyst layers. It is primarily a
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function of temperature, pressure, concentration and electrode propartdedominates
the low current density portion of the polarization curve. Transferring the electrons and
protons to or from the electrode requires a certain proportion of voltage. However,
electrons and protons have to accumulate to certain levelgasthe reaction can take
place continuously with sufficient gas supplies. Thus, a proportion of the voltage

generated is inevitably lost, and is caltedactivation loss.

Reversible voltage
Open circuit voltage is less than reversible voltage
due to fuel crossover and internal currents

Voltage initially falls fast mainly
due to activation loss

Voltage falls more linearly and slowly
mainly due to ohmic loss

e
s

<
~

Voltage falls faster at high curents
mainly due to concentration loss

Cell Voltage, V
= o
o (o)}
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Figure1l-5 A typical polarizationcurve of a single PEM fuel cell

Theohmi ¢ pol arization is expressed through
of thel-V curve. Improving the ioniand electroniconductivity of thecell enables the

reduction otthe resistancdy, in turn, reducing ohmic losses.

The concentration polarization, apparenagery high current densitys associated with
several factors, including the concentration changes and flow rate of the reactants in the
catalyst layer along the flow chanrem the inlet to the outlet, the cell temperature, and

the structure of GDLs and catalyst layers. The concentration impacts violteegens of

Oh

changesin he reactantés differential pressures,

calledconcentréon loss.

Another notable irreversible loss is the fuel crossover and internal current. Although a

Nafion membrane acts as a barrier to electrons, small amounts of electrons and reactants
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still pass through the Nafion menalme which can reduce the opeircuit voltage of
PEM fuel cells. This type of loss becomes negligible when a meaningful amount of

current is drawn from the cell.

1.5. Fuel Cell Degradation
1.5.1. Definition

The major technical challengeor f uel cell sé commercializat.i
saurce is the durability under various assembly methods, degradation of materials,
operating conditions and impurities or contaminants. Although performance degradation

is inevitable, the degradation rate could be minimized through a comprehensive
understanohg of degradation and failure mechanismie performance degradation has

two aspects: the early stage degradation and the late stage degradation. The early stage
degradation is associated with the assembly method and operating conditions. An
appropriateassembly method ensures a reasonable interfacial conductivity between
various cell components and prevents leaking. However, this assembly procedure also
introduces deformation into the MEA. In addition, operating conditions result in
expansions or shring@s in catalyst layers and Nafion membranes, further intensifying
MEAs®6 deformati on. This deformation affects
causing cell performance decay. On the other hand, the late stage degradation caused by

the operatingconditions of dynamic load cycling, stamp/shutdown procedure, and

freeze/thaw make the cell performance reduction more appreciable.

1.5.2. Clarification

Fuel cell degradations mainly associated with three categories: electrochemical
degradation, thermal degradation and mechanical degradation. Previous studies paid
significant attention to the electrochemical degradafléms degradation affects catalyst
layers and Nafion mebmanes through gradual corrosions. Studies show that highly
exothermal combustion between &hd Q can possibly cause pinholes in the membrane,
bringing catastrophic issud$3,64]. In addition, peroxide (HO) and hydroperoxide
(HOO) radicals, generated in the anode and cathode catalysts, can chemically attack the

membrane and catalysts. This chemical attack is accelerated when the fuel cell is
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operated under open cirtwoltage and low humidity conditions. Moreover, foreign
cationic ions significantly decrease cell performance in terms of adsorbing on the

membrane and catalyg65].

Some studies have addressedifiseie of thermal degradation of membranes. PEM fuel
cells normally operate at a temperature arourf€ 6 enhance electrochemical kinetics,
simplify water management and improve system CO tolerance. However, membrane
protonic conductivity drops significtlg with the decrease in water content when the cell

is working at high temperaturd$6]. Moreover, membranes are subject to critical
breakdown at high temperatures due to the glass transition teorpsraf polymers at
around 86C [67]. Therefore, the thermal stability of membranes under rapidigtart
stable performance and easy operation in subfreezing temperatures are paramount

importantcapabilities for fuel cell commercializati¢68].

Mechanical degradation is of paramount importance because it causes a gradual reduction
of mechanical strength and toughness of Membrane ElectrodemBBes (MEAS), in

turn causing microstructural changes in MEAs, such as cracks, delamination, and
thickness variations, which eventually lead to cell performance dg2%324,25].

However, currently there is few studies focusing on this filed.

1.5.3. Practical Requirement

Depending on various applications, the requirements for cell life span vaificsigtly.

For instance, the current target for automotive applications is lower than that for
stationary applications, which is about 40,000 hqais18]. However, atpresent most

PEM fuel cell stacks available on the market and research institutes can only achieve 80%
of these goal®?ractical degradation targets require less than 10% loss in the efficiency of
the fuel cell system at the end of application, and aadiegion rate of 2 0 & ¥ h
commonly accepted for most applicatig@$).

1.6. Objective and Scope of the Thesis

Mechanical degradation and thermal degradation are significant important in the study of

PEM fuel cell durability. However, so far only limited research concentrates on this
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region. Therefore,his thesis focugkon the mechanical degradation of MIEA in a

PEM fuel cell. The main objeetes are the following:

1 To develop constitutive relatiorstessstrain model)for each componenh an
MEA
A measure mechanical properties (stgtsain relation)
A develop constitutive relation
A validation experiments
To devédop astructure modefor an entire fuel cell
To incorporate the celtructuremodel with thecell performancemodel, and
study the effect omechanical degradatian performance

In order to achieve these objectivess, the experimental phase, sanning electron
microscog detailed and quantifiedthe original microstructures of MEAs and their
changesbefore and aftercell degradation Furthermore, arious experimental tests
provided aset of identifiedmechanical propertiesf MEAs and their changes with
various cell operating conditionghese mechanical properties guided the selection of
appropriateconstitutive relations for different components in a PEM fuel stelictue
model In the modelling phasehis comprehensivetsicture model providedthe stress
and deformatiorconditions in MEAs, which involved all the major components of a
PEM fuel cell, including GDLs, catalyst layers, Nafion membraaesl graphite flow
channel plates. This mod#ien quantifiedthe deformatins of a PEM fuel cell during
regularand cycliccell operationsLater, this deformed fuel cell structure supplied the
physicalproblemfor the cell performance modellin@-his structureperformance coupled
mode] the last stage of modelling phaseabled the studiyn the effecs of early stage
deformation and late stage deformatwmncell performance.

This thesishas 9 chapters Chapter 2 review the relevant literatureregarding the
mechanical degradation of a PEM fuel c€lhapter3 describs different experimental
approachesised in thahesis Chapter 4explainsthe PEM fuel cell structermodel and
the cell performance model.Chapter 5 discuses the original and deformed
microstructures of @ MEA before and aftecell degradationChapter 6provides the

mechanical characterization of varioc@mponentsn an MEA. Chapter 7 and 8 discuss
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the numerical results fdPEM fuel cell® mechanicaland thermaldegradatiorand cell

performance. Chapter 9 summastee whole study and suggsesbmefuture work
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Chapter 2

Literature Review

Durability is of particular importance since it determines the ultimate use of PEM fuel
cells. The past several decades have witnessmadymumerical and experimental studies

on PEM f wkemicalpefbrine@e decay and duratiomhe field has seen
prominent achievements. However, studies focusing on the mechanical degradation of
MEAs in PEM fuel cells andts impacton cell performace decay are relatively scarce.
This scarcity is surprising becauge knowledge ofmechanicabnddegradation is one

of the prerequisite steps of understanding cell performance reduction. Studies of cell
mechanical degradation can be carried out friovo perspectives experiments and
modelling This chapter reviesvand summarigs previous efforts and achievements in

the study of mechanical degradation, generally classifiadcording to each cell

component of an MEA
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2.1. Experimental Study

2.1.1. Visualization (Qualitative) Study

Recently, researchers have paid considerable attention to the relationship between
microstructure changes and celkgradation This researchdepended oran dectron
microsco, such asa scanningelectron microscoge (SEM) anda transmissiorelectron
microsco (TEM), to probe the original morphology and its changes in GRaglyst

layers and membranefkegardless ofhe type of electron microscepests sample
preparation remains a crucial step because inappropriate methods can ruigitia¢ or
structures. Brokat al used two different methods, the fredecturing method and the
glassknife-cutting method, to prepare SEM sampl&$]. They found that sample
preparation methods can affect the Nafion st
a sample prepared by the fredmcturing method, the impregnated Nafion layer was
clearer in the sample prepared by the glaste cutting nethod. Currently, both methods

win wide recognitionin fuel cell SEM sample preparations; however, some researchers

believe that the freezieacturing method has minimal impacts on the tested suiisfe

On the other handniorder to obtain higher resolutions, the study of microstructural
changes of MEAsfter cell degradatioalso involves a TEM test. Similar to a SEM test,

the sample preparation in a TEM test is critical because it manages to maintain the spatial
relationship among the various macemnd micrecomponents. Because MEA has a
complex structure and a number afmponents, traditional preparation approaches are
ill-suited for a TEM test. In order to resolve this issue, B&inal proposed a new
samples preparation methpd)]. First, they embedded a smalepe from a MEA into

an epoxy resin to support a porous material. Then a Reichert OMU3 Ultramicrotome
helped to microtome the samples at room temperature. This method can successfully

produce cross sections of an entire MEA.
MEA

Initially, research has maly focused on the observations of structure defects on new
MEAs and their associations with cell performance. Kuetlal selected the freeze

fracturing method for sample preparations and observed six major defects under SEM
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tests on new CCMs, includingracks, orientation, delamination, electrolyte clusters,
platinum clusters and thickness variati¢p2g]. Unlike Kundu, Barroret al concentrated
on the microstructures of cross sectipd@. They carried out a SEM observation on the
cross section of a new CGbhbhsed MEA. This cross section exhibited a uniform layer of
catalyss, and a close connection between catalyst layersaaralectrolyte membrane,
which enable the reduction ofnass and proton transfer resistance, #uedincrease in

the catalysttilization.

All the above studies involve only the original structure of MEAs. However, some
researcherbelieve that the original miostructure changes during cell operations. These
structural changes caayentually affect cell performance. Recently, other investigations
have involved microstructural changes in MEAs after operations and their refgtions
with cell operating conditios and performance. In order to differentiate it from new
MEAs, MEAs after operation are called used MEASs.

Silva et al ran durability testing on an eigbéll stack. A SEM tesdetaiked the
morphological changes when the cell performance reduced td 8%l hey concluded

that structural changes, such as porositys platinum aggregation, delamination,
cracking, and GDL debris, were the reasons behind performance reduction. The cathode
side of all cells experienced a thinning process, which was more pronounced when the
cells were located away from the hydrogen intetthe stack. The highest level of

reduction was about 47%.

Chemical additives, such as PTFE and Silicotungstic Acid (STAY) MEBA can affect

its microstructure. In order to promote cell performance and relieve water flooding,
additives receive wide gfications in MEAs, which caaffectthe microstructures. Park

et al ran durability testing using an accelerated stress test (a wet/dry gas cycling method)
[72]. The membrane was coated either withremted PTFE or an untreated PTFE. A
treated PTFE meanthat the PTFE layer was treated chemically to improve its
hydrophilicity before incorporating it into the membrane. This chemical modification can
enhance the compatibility and bonding between theoNatsin and the PTFE matrix.

The microstructure of a membrane cross section underwent investigations after cell

failure using a SEM test. A highly porous structure with evenly distributed nodes and
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pores existed on an untreated PTFE, whereas an uneveougieined surface with an
increased porosity and surface area prevailed in a treated PTFE. Around the break point
after the tensile test, a PTFE coated membrane had a much denselikkreardcture.

On the other hand, an untreated PTFE coated membihenore micrevoids in the
structure. Additionally, after 1800 wet/dry cycles, many pinholes occurred in the
untreated PTFE coated membrane, which resulted from the separation between the

Nafion polymer and the PTFE matrix.
Membrane

Tian et al testedthe feasibility of another additive, a Nafion/Silicotungstic Acid (STA)
composite membrang3]. From the SEM micrographs, the cast Nafion without a STA
had no agglomerations; whereas a STA introducgglomerations with a diameter
around 0.10.2 microns into the membrane. These agglomerations were uniformly
distributed within the cast Nafion. Also, many holes appeared when the composite
Nafion/STA was immersed in boiling denized water or in boiling I H,SO4, which

can be attributed to the loss of STA patrticles.

The material of the channel plate can also impact the microstructure of MEAs. Schneider
et al investigated the effect of a silicon channel plate on a Nafion memprdherhe
results showed that the microstructure and chemical composition of the bulk Nafion were
different from those of the Nafion in contact with the silicon. This phenomenon indicated
that a micrestructural rearrangement of tidafion took place along with the maero

structur al deformation into the trenches.

with cell performance.
Catalyst Layer

Parket al studied fabrication temperatures on the initial microstmecof catalyst$75].

They used a field emission scanning electron micras¢Bp-SEM) to characterize the
distribution of pore size in catalyst layers after fabrication. At different fabrication
temperatures, the phigal structures of a catalyst layer changed, resulting in a variation
in cell performance. Russadl al also investigated the associations betwieroriginal

pore size and cell performang&s]. Apart from characterizing the pore size distribution,
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they found that the begierforming sample had more small pores, which etfer better
ability for oxygen diffusion; in contrast, the woysrforming sample had larger

agglomerates, indicating langelectron proton and diffusion resistance

In probing more specifically into the microstructure changes of catalyst layers, ghang

al conducted a quantitative analysis of catalyst layer degraddfi@hsThey proposed

that the signature of an unused polymeric ionomer material was the-igarstiuctures
observed through a SEM test. However, in a used catalyst layer, more carbon particles
resided on the membrane surface, which resulted fromisseldtion or degradation of

an ionomer at the surface during fuel cell operations. Hodhikl studied platinum
particle growth and platinum depletion after running the cell under severe simulated start
stop conditions (50000 cycles from 0.2V to 1.4VB]. A newly developed identical
location SEM (I.-SEM) was used in this study. A nomiform distribution of platinum
existed across the used catalyst cismdgion. Although carbon corrosion was missimg

the sample, a large particle growth occurred on the top of the catalyst film.

TEMO6s higher resolutions make it possible toc
migration, particle coarsening, and catalyst agglomerations. . used Bl omés
method to prepare TEM samples (cathode catalyst: 0.204.01 Pt3Ceonde catalyst:

0.240.01 Pt/cmd) [79]. They found that, if cathode catalyst layers contain different

amounts of Nafion ionomer, threicrostructural change could be different, and that these
microstructural differences were also associated with cell performance. In addition, a
significant particle coarsening took place on both anode and cathode catalyst layers. The

anode catalyst layavitnessed the migration of Pt to the an@dembrane interface.

Xian buil't upon Bl omds research and detecte
layer were detached from the carbon surfaces, indicating that a weak bonding to the
carbonsupport surfaes resulted in a lower catalyst utilizatif80]. Compared with that

in a cathode catalyst, the pure Pt in the anode catalyst layer had a smaller average particle

size and a better dispersion on carlsarface. After 100dours of operations, both the

anode and cathode catalyst clustgppearedHowever, a more extensive agglomeration

prevailedon the cathode side. Cathode catalyst agglomerations mainly occurred in the

first 500 hours, which was the mareason behind the initial performance degradation.
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Cell impedance trends showed that a degradation of the recast ionomer may be the major
cause of performance decay after S@furs Another interesting phenomenon that
occurred in the aginthroughexperments was the Pt migration. They suggested that the

amount of anode Pt migrating into the membrane was a function of cell operating times.

2.1.2. Quantitative Study (Mechanical Property Characterizations)

Gas Diffusion Layer

The stresstrain behaviour of GDLgrovides perhaps the most significant prerequisite
for a fuel cell degradation study. A GDL is a very thin layer (100~300 pm), composed of
randomly oriented carbon fibres. Such a unique structure also makes it more vulnerable
to compression, than other cebmponents. Under clamping and cyclic compressions,
the GDL changes its physical structure as well as initial compressive behaviour, which
deteriorates its functions and reduces cell perform@t,82]. In addition, most of the
critical material parameters in terms of performance, such as electrical and thermal
conductivities, gas permeability, and diffusivity, rely on the compressive behavio
GDLs [8384]. To date,somestudies have concentrated on the mechanical degradation
modeling of GDLs in PEM fuel cells. However, the reliability of the modeling largely

depends on GDL6s compressive property.

The compression experiment is the most convincing approach for GDL c@iveres

behaviar measurements. Currently, numerical modeling and experimental measurements

receive wide application ithe determinaton c56DL 6s compr eus[&B6AEd. behavi c
However, the reliability of modeling suffers from some inevitable modeling assumptions.

The discrepancy in results between modeling and experiments sometimes can reach 20%.
Therefore, experimental measurement provides more meaningful assistance. Messgerthe

the compressive behaviour of GDLs under fuel cell operating conditions cannot be easily
characterized experimentally due to its small thickness, and highly porous and random
structure. In addition, such a characterization becomes even more chglleegause

common fuel cell operatintemperatures, relative humidignd its cyclic changes are

hard to mimic.
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So far, some studies are available regardi:H
under different compressions. However, the compressive loemaf the GDLs is often

not a primary focus of these studies. Only few studies focus strictly on the compressive
behaviour of GDLs. Based on these studies, a GDL shows dineamn compressive

behaviour, which is different from most assumptions in fe#lrmodeling where a GDL

has a linear compressive characterel¥al performed uniaxial tensile and compression

tests in order to validate their numerical modeli@d]. Based orthe observations from

an optical microscope, they obtained thickness changes in GDLs as a function of
compression loadsnd found that stresdrain curves for both tension and compression

tests were not linear.

Regardless of the type of GDLs being tested, sstain cures always exhibit nen

linear correlations. Because of its mithockness, Radhakrishnagt al stacked 10
paperbased and clothased GDL samples together for a better accyi&gly The stress
straincurve for a papebased GDLhadtwo distinct plateaus on the strestgain curve. A
similar phenomenon also existed in a clbdsed GDL. However, it was less rigid than a
paperbased GDL. In addition, after its second plateau, the curve waknean whch

was different from that of the papkased one. Sadegéi al draw a conclusion similar

t o Radhakr i s hn aasédsGDL deforsné¢d ndimealy witla gprapression
forces[85]. Ismailletalpr obed t he GDL&6ds mechanical pr ope
5566 universal testing machine with a BN load cell for a better accuracy. Three
distinctive regionsexistedin compressive stresgtrain curveq87]. In the first region
(compression@.01 MPa), the strain increased linearly and rapidly with the compressive
stress. When the compression increased fromMP4 to 1IMPa, the curve became non
linear and the slope decreased. After the compression levelled to more than thé/iPa,
stressstrain behaviour became linear again; however, its slope was much slower than that

of the first region.

Upon obtaining the stress andrasn curve, researchers tried to use mathematical
correlations to describe the nbnear compressive behaviour of GDLs, including
piecewise linear expressions and exponential correlations. Most of them observed that the

GDL behavd differently within different compression ranges; therefore the piecewise
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linear curve ould best describe such a phenomenon. Miséraal. measured the
compressive modulus of different types of papased and clotbased GDLs using an
INSTRON universal electromechanical tegtisystem[46]. For papetbased GDLs, the
compressive curvelsadthree piecewise linear regions based on thefitesbpe of the

line from the corresponding three regipnéereasthe curves for the clothased GDLs
showed four linear regions. Meanwhile, an exponential correlation was also used. Safeghi
et al described the nelnear compression curve through an exponential correlation
which assistedheir analytical model to estiate the thermal conductivities of the GDLs
[85]. Ismail et al, unlike all the others, indicated that a fourth order polynomial curve
fitted their data bettel86].

The compressive behaviour of GDLs with PTFE coatings is different from that of the raw
GDLs. Escribanoet al mentioned that samples with PTFE coatingsre less
compressive than those without PTHE]. Sadeghifaret al investigated the effect of
PTFE contents on the compressive character of GB&]s They measured the thickness
changes of GDL samples with diffeteRTFE contents as a function of compression
pressures. Compared to the raw GDsamples with PTFE coatings had a similar-non
linear trend, but with less strain reduction under the same compression forceetsahalil
indicated that higher PTFE contemisde the GDL stiffer and less compressif8e].

The common PEM fuel cell operation condition experiences inevitable condition changes
in temperatures and relative humidiiyring startup and shutlown processesyhich

leads to corresponding thernfalgro stress changes. These changes in applied stresses
can be treated as a cyclic compression. Escribaaf43] found thata GDL presemda

stable behaviour after the first compression, whwas consistent wi t h
conclusiong89]. In order to probe the impact of cyclic loadings, Saferihal exerted
loading andunloading compressions on GDL samp85]. After five cycles, there were

no significant hysteresis effects in the loading and unloading curves. Moreover, the strain
reduction was more significant ingHirst cycle. Mathiagt al carried out a l-@epeated

cyclic experiment on papdrased GDLs and acquired similar resul{8Q].
Radhakarishnaet al simulated repeated opening and closing of fuel lt@iiware by

subjecting Toray paper GDL samples to five cycles of compresgg@hsBased on the

~22~



Literature Review

results, the cyclic compression caused irreversible changes to the structures and
properties of GDLs. Tdir results also indicated that the thickness reduction of samples
increased after each compression cycle, whvek different from what was found by
others.

Membrane

In order to setup a struceumodel for a PEM fuel cell, the mechanical properties of

Nafion membranes need to be characterized first.elKail investigated the mechanical

properties of Nafion membranes under different environmental condifiéjs The

results indicated that the mechanical properties of Nafion membranesasgareiated

with temperatures andelative humidity. Building upon &ali 6s res
explored the mechanical properties of Nafion membrd8@s They found that its

mechanical propertiewere associated with open circuit voltage conditions. Tahgl

studied the mechanical properties of a perfluorosulfonic acid (PFSA) membrane at

different humidity and temperaturef®3]. Tensile tests providecthte Youngds modul
yield strength, break stress and strdine results showed thdie Youngo6és modul us
yield strength decreased witiumidity and temperatures. His research prodidery

meaningful data for the following modelling studies.

2.2. Modelling Study

2.2.1. Deformation Model

Recently,some mechanical degradatistudies show thaMEAs must be sufficiently
durableto withstand mechanical stressso thatthe cell can sustain its performance
under various operating conditions and their cyclic chah§@94,95,96,97]. Studying

the stressaand deformatiordistributions inan MEA during a cell assembly process and
regular cell operationis therefore essential for understanding the mechanical degradation.
In the past several years, due to the limitations in experimental techniques, many studies
relied on thdinite elementmethod (FEM) tosetup a structure model aptbbe the stress

and defomationconditions.

Membrane
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A reliable and comprehensive structure model requires an appropriatestia@ssnodel

for different cell components in an MEA. Previous studies mainly focused on the stress
strain model for Nafion membrane because it has both elastic and plastic behavio
Moreover, thehygrostress is an essential factor in cell stress analysis because

membranes tend to swell in a constrained space during cell operations.

Maher et al. built a full threedimensional, multphase computational fluid dynamics
model of a EM fuel cell with straight flow channels, in order to investigate the
displacement, deformation and stress inside the whold3&ll The model considered

the effects of hygroand thermal stresses.|Ahe materials were assumed to be in the
elastic region. Unlike other results, the membrane humidity swelling expansion in their
simulation was constant. The results indicated that the temperature gradient and moisture
change in the fuel cell when beingearated induced a namiform distribution of
stresses. This nemniformity eventually resulted in bending stresses. These bending
stresses might be the reasons behind the delamination between a membzatalygstd

layers

In addition, cyclicloading is another significant factor irmembrane8 def or mat i on
because fuel cells experience inevitable siprand shutlown processes. Kusogét al
developed a twalimensional fuel cell assembly to reveal the stress evolutions of a PEM
fuel cell subjected to aingle hygrethermal duty cycld99]. They used two traditional
methods (a constant displacement or a constant pressure) to simulate clamping forces. In
order to study plastic deformations of theembrane during cycles, the membrane was
assumed to be a linealastic perfectly plastic material, whose material properties
changed with temperatures and relative humidity. They found that hylgeomal loading

led to plastic deformations, and consedlyerthe tensile residual stresses after the
unloading. The irplane stress was the largest stress component during the loading
sequence, indicating that it controlled yielding behaviour. From their perspective, the
residual inplane stress in the membramas the main reason for the occurrence of cracks

and pinholes.

Some people have used material anisotropy in order to improve the reliability of

membranemodelling. Kusogluet al. improved their own modethrough two aspects
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[10Q. First, they did not assume that the membrane was a perfectly plastic material;
instead, they considered that yield strength changes with plastic strains. Second, the
impact of swelling anisotropy was investigated. They founad mmembranes with low-n
plane swelling strains might have better performance during hydideioydration

cycles.
Gas Diffusion Layer

A GDL has a highly poroustructure which makes its compressive behaviour very

unique. In the experiments, people found that it have alinear stresstrain

relationship. However, previous studies generally assumed that it has a lineastsdress
relationship.Serincaret al develogd a twedimensional hydration modeling framework

to investigate transport phenomena, electrochemistry and mechanical stresses in a PEM

fuel cell[10]]. They studied the mechanical stresses in a @idio thermal expansions

and cell assemblies. AGDkasa s sumed to be elastic material.
changes with a normal strain; hence, this model can predict only the elastic region of the
stressstrain curve. Moreover, anisotropy in the mechanical properties of GDLs was

accounted for in stress calllations.
MEA

Initially, many studies focused on the impact of assembly procedures and common
operating conditions oMEAs. Firatet al analyzed a fuel cell stack with an active area
of 50 cn? from a mechanical point of view, using COMSOL Multiphyqit62. Without
considering the impact of humidity, they studied stress and strain conditiohs whole
MEA. Despite relatively small temperature profiles for PEM fuel cells, high thermal
expansion coefficient values of some components, such dsaten 112membrane,
caused noticeablehanges in MEA&deformation Bograchewet al devéoped a linear
elastieplastic twodimensional model of a fuel cell, in order to investigate the
mechanical stresses in MEAs during cell assembly procedufés$. Contrary to the
traditional way where relative displacement arsimple given pressure modelthe
clamping forcethis study usedbolt torques.They analyzed dith the stress distributions

on the local and global scales. The corresponding experimental data wesgneement
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with numerical predictions. For the |dcscale analysis, the stress distribution in the
membrane was nemniform, reflecting a periodic character. When the torque reached

15.8 Nm, theMEA underwent plastic deformations.

2.2.2. Mechanical Degradation on Cell Performance

Very recently, some researchéegan to employ the combination of a FEM method and
a computational fluid dynamic (CFD) methpD4,98] to study the cell performance with
mechanical degradatiomhis coupled modelling method is superior becamsene hand,

it considers the effects ofdegradedtell structure and its associated transport parameters
on cell performance. On the other hand, it ata&es into account the transport
phenomena related to fuel cell operations, for example-undorm temperature
distributionsin a cell, providinga more detailed insight into théeformationconditions

in a MEA. Consequently, structwgerformance coupled metprovides a more realistic
approach to probe the mechanical imparts on cell performBliogeever, related research

IS veryscarce

2.3. Summary

Somestudieshave highlightedthe mechanidadegradation of PEM fuel cellget, the
understanding of mechanicdkgradation ilMEAS and their impacts on cell performance
requires more significant effortgor examplealthough SEM and TEM tests detailed
structure changes,the mechanism behindegradationin MEAs still needs further
clarification In addition, sincehe mechanical properties of GDLs and catalyst layers
were not the main focus in previous researtiieseproperties are very scarce. This
scarcity impairs the reliability of a structure modeloreover, in the structure model,
some assumptions might nat Bppropriate. For example, the GDL was assumed to have
a linear stresstrain relation, which is notonsistentwith the experimentaldata.
Additionally, the catalyst layer was ignored. In this case, pre\sbusturemodel left a

lot for improvement Furthermore, some research started to couple the structure and
performance model together to study the early stage of mechanical deformation on cell
performance. However, related research is very scar@aldition, to the best knowledge
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of the author, cuantly thereare few studies focusing on the late stage of mechanical

degradation.

Therefore,this researh, focusing on the mechanicdégradationon cell performance,
relies on four levels of processes to clarify this mechaniBirst, experimental methods
provided the characterization dfie microstructures and their changes in MEi®r
degradation Then various experimental tests providedset of identified mechanical
propertiesof MEAs and theirdegradationsvith variouscell operating conditionsvhich
guided the selection of appropriateaterialmodels Next, a structue model andthena
structureperformance coupledodel enabled thestudy of the early and late stage of

mechanical degradation on cell performance.
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Experimental Development

Experimental studies of mechanical degradation in PEM fuel cells mainly concéntrate
on four fields: 1) morphological defects in new addgradedMEAs, II) Mechanical
property characterizations of different componemsPEM fuel cells Ill) mechanical
deformation and streskstributions of PEM fuel cells during operations, and 1V) fuel cell
performance characterizations. Amotigese four projectsProjecs Il and IV were
validation experiments for their corresponding numerical modelling. This chapter
descrilesthe experimentalesignfor these four studies.

3.1. Original Microstructures in MEAs and Their Changes

3.1.1. Fuel Cell Test Setup and Conditions

A commercial Nafion 117 base€dCM with an active area of 42 érand two 230pm
thick GDLs (coated with 30% PTFE by weighdat in a single fuel cell assembly
equipped with a parallehreepass serpentine flow channel plate, as illustratdelgare
3-1 andFigure3-2. Table3-1 shows all the cell propertieshis fuel cell assemblgested

in an environmental chamber andnrthrough an accelerated durability test. All the
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experimentaisedthe Fuel Cell Automated TeStation (FCATSG20) manufactured by

the Greenlight Innovation Corp. This work stationontrolled all the cell operating

conditions, including inlet temperatures, pressures, relative hymadit stoichiometry

of the reactant gases on both sides of a fuel Talble 3-2 presents the measurement
accuracyAn onboardasecipamdatdatla ac gwindiraaildd reds y st
mo n ietdtolre entire test Figured38.eTalde, 3-3 describeshthewn i n
operating conditonsThese sel eedXi amds[&8HI lwohw ch shows t
operating conditionsPOwjth hi hghelkt ampee ahumi
and a high st &i.®hicoammetirritce nasiirf yoft he degr ada
currenthaddensi tgnstl®dOt mAdlemetasd cel Was vol t age
recorded eveFigureB84Lanhoswesc oandsyp.iTchael cteelslt vroelstual
degdaadem 0. 7943 to 0.6788 V during the accel

Current Collector Plate

Flow Channel Plage
\ulation Layeg
Endplate

Figure3-1 A schematiodrawingof a single fuel cell assembly used in theability testing
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Figure3-2 Flow distribution plate (all lengths are in the unit mm)
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Figure3-3 A schematicpictureof the accelerated durability test setup
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Figure3-4 Voltagetime curve during the accelerated durability test subjected to a fixed current
density (100 mA/cr)

Table3-1 Fuel cell properties

Cell components Properties Value
CCM Membrane type Nafion 117
GDL Thlckngss 230 um
(uncompressed, anode & cathode Porgsny . 0.75
’ PTFE loading by weight 30%
Gasket Material Silicon rubber
Thickness 254 um
Type Parallel serpentine
Number of flow channels in paralle 3
Flow channel layout Channel width 1 mm
Channel depth 1 mm
Channel width 1 mm
Material Graphite
Cathode flow field plate Thickness 4 mm
In-plane area 110.25 crf
Material Aluminum
End plates Thickness 13 mm
In-plane area 210.25 crf
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Table3-2 Measuremenaccuracy

Measurement Accuracy
Temperature (supplied gases and deionized water) #°C
Volume flow rate(supplied gases) 4.4 mL min™
Gauge pressure (at inlet and outlet of flow channel lay # kPa
Load boxconstant current 1#.25%
Load boxconstant voltage #.25%
Relative humidity H%

Table3-3 Operatingconditions

Operating temperature 90°C
Anode: 1.2 stoichiometric ratio

Gas flow rates Cathode: 3.6 stoichiometric ratio

- 100% 96C H,
Humidified gases 100% 96C Air
Anode & cathode pressure 50 kPa

3.1.2. General Fuel Cell Assemblyand Experimental Procedures

A proper cell assembly procedure is significant for cell performance as well as for
avoiding the morphological defects that might be unduly introduced during assembly
processes. Thereforghis study followedan establishedstandadized cell assembly
procedure. A room temperatur®f 25°C with a relative humidityof 30% provided a

typical assembly working conditiofigure3-1 illustrates the assembly procedures.

In order to obtain precise dimensions, a shape template and a sharp knife provitdd cor

cutting sizes to a GDL ama silicon gasketA GDL 6s r e al area should b
than its designed active area, sa thaan fully coverthe flow channels. An endplasat

on a horizontal and stable desk. Then a current collector lpkaten top of it, with an

insulation layer in betweethe endplate anthe collector plate A sheet of raw GDL

without PTFE coatingesedbetween the current collector plate and the flow distribution

plate to ensure an ideal electrical conductivityPTFEcoated GDLUay directly on top

of the flow field plate. Normallyonly one side of a GDlhad PTFE coating. The

uncoated siddaced tavardsthe flow channels. A silicon gasketat around the GDL

edges. A CCMrestedon top of the GDL.The application ofdur stainless steel pins
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ensurechn acceptable alignment between different fuel cell componentasseenbly of
thesecond half of a cefbllowed a similar method. A GDL, followed by a silicon gasket,
a flow distribution plate, a current collector plate g@nhlly, an endplatewas stacked on
a CCM. All the components neadito be aligned with each other preventéaking

Bolts and nuts finally tightened tisingle fuel cell. Normallyan even force applied on
each bolt is realized using torque wrench; however, this technique suffers from
inconsistent or uncalibrated friction between the fastener and its matieg The
combination ofa shim stock and a torque wrengtovided a solution to this issu€he
shim stock restedround the edge of the flow channel platgth a thickness of 0.63
mmz#L0%. Thefuel cell assemblynderwent a leakage tedlitrogenwas usedo test for

leaking from the fuel cell at both the anode and cathode sides.

This experiment also followed a standardized experimental proced@ibeefuel cell
assemblyfirst restedinside the environment chamber amdsproperly connected to the
fuel cel test station as shown irFigure 3-3. Then, the activation othe fuel cell test
stationand the environmental chamber started, bringingritial condition to the preet
operating conditionThe entire test systemdk about90 minutes to reachsteady state.

After the entire test system reacleedteady state, thtata acquisition process started

3.1.3. Measurement of Contact Pessures

For contact pressure measurement, fuel cells were not in live operations. The experiments
werecarried out at a fixed room temperature 6fQ and a relative humidity 0% to
study the effect of clamping force on the stress distribufldv@ measurment of the
contact pressure in the fuel cell staekes on the Fuji pressure indicating filirhis film

is specially designed for measuring a clamping force (spatial resolutl@&nngicrons;
accuracy 2%). First, a pressure indicat film underwent a cutting process e the
same size as the MEA. For different measurementsatieither betweenthe flow
distribution plate and the GDL, or between the GDL and the Ci.assembly force
contributed tothe red patchdevelopingon the pressure indicating film. The density of
this red colour changes depending on the amount of force applied. For exdreprea
with adeep red colour indicates a large applied focoaversely the area withlight red
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colour represents a low applied force. This technigue widely recognized approach of
measuringhe stress field in the fuel cell stack. In addition, image processing and analysis

of the pressure indicting film provideéde stressnapping

3.1.4. SEM Sample Preparation

During SEM sampHeag efezepauategsiumbee hpd eser vati
ot he spatial rel ati onisanMBpA dmosgmehdodr bas
i mpacts on oflRi mhew&CiMustt ugelsmer ged i n | i qgu
fi menuteswaBhekemtin half when still submer
restad &EM vi ewiacgarsbtouaht eudshinsgo S.EM| § aslt on

JEOL JS¥Maab64dng electroxfmorcad olsMOApd eEwe it hy albD S
(magni f-B06at Dowldt; iSomad.l Gk cel er-a&®iyn.g voltage O

3.2. Experimental Characterizations of Mechanical
Properties of GDLs

3.2.1. Compression Measurement Apparatus

This compr esediidwd tabnsftfi enrgesnsti ocnompe asur:ement a
an | NSTRON -5&6d48i lmea/cacaompressive tegnaalre and a
compr ession testing station. -hAmh |l PYSERONI &
measurementr ezpw@deatcwsg,hobti esmal | assemblies
specilmemiss e xtpheeaoimpe te,siodM e GDLs at rwsed condi
an |I NSTRGNred& dmm/rnaiteea d0;. ATest i nngm/ nriant e 0. z
maxi mum | oad 5t0h0i sN)I.NSHoRgENneiite sa epl it esaatbil eg f or
high tewmhmamatdarfe edl heo mpietditbuedsye f f ect s of t em,
and rel atyore Gis dndedcessia adnealdfet hesusage appa
equi pped withl aohamlye r.on Aggareé 35) tuhsitsr ad gma riant u

consiodt etdwo <cali brated electrolytic iron ro
Honeywabbt é&Sce | oad. Thes scaomppdrees@E@®MOL shhet wa en
cal i brated rmedsufetmemdbP afccureadyng,; Positio
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resolution: 20 nm; Po st i Jo.n Treea slus wdre x ik dd cw:
wler etahse upm@mernr acbhdd to as vmeauvadlclad asrnd deo ntwao
Vel mepest emptnoarc.h iTnhei ap rsoevriideesd of pr esTchréda bed cl
l oad cellhemeasnpred sidlven dtoe pEeordcatpos s si on

up to.100 I bs

The movements dadfetedeh@appbkrckoeskFsi rrsaductthieons:t
motowamprdebheel ower rods to a setreftodeeidr ed c
positionemptesacbn formresdreTbwer| aodampl &ace:c
wasompr eéosdadche first compregsitthre fcompe esBi 0 h
reacthheed desired value (N2%)oni nsytshe ms eatu,t otmia e
recorded the aoahptéesisdrepfpenrcagsatbdrr agad s intgi drr
position of the stepper motor frompltéaei previ
pl adet er mi ned the. sAfmmpeke t B & c kpnheescsesdtue pp e r

compr dshseedsampl e t o thandoepxe & hdeeds ine & sl u r feonrecnet

procedur e

Vertical Slide Controlled by
Stepper Motor

Upper Rod
Heat Sink

nvironmental Chamber
Sample Position

Inlet of humidified air
with desired

Lower Rod
temperature

o1~ Het Source

5

Figure3-5 A schematic picturef the fully automated compression testing station
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Theowerobnatheatd by an el ectric whadaadadlry, whi |l e
circulating warm water from a constant thern
Theserddw heated the sampl &utrohehe amsbddg:
environment al c h aFigure=35, wasnNlfecwre delwi t &l la
aut omat ed naewtf agly aitGie@ e whk rcenr goruonvii ddiet ed ai r
desired témpevatronesentwalappédmiwert hwhieah i ng f
aimed to prevent excessive cohyreas®lti ¥hs at
hydrophobicaflfl ers wraatpopheedr m he outsi de of the
a betterAibDGupawewongenerator offerfMed kepewpenmn
stable temperature across t het hsea mpllesc tdruirci nhge
for the | ower rod, and t hehaddhectsraime heanpiem @

for each measurement

3.2.2. Standard Porosimetry Measurement

APorotech standaprdovp odreals otsheet gr m@8asur ement (0
compressedlih@Dlpsorosity refersthe todtalkoV oalmem
a mat ens abHywmion3-1.i nl't -desstar motmi ve testing meth

tesbthg same sample beforreeda@amedt e tleawcoimpe &

equilibrium, that odies faneof iolrl enbrwi tplor @ uwe
at capillary equilibrium, then the @®@apill ar)
equhals5 The testihmgei pwolowesd sampl es: t wo cal
samples with known porosity, and one testin

sampwerseandwiTobeweotl . st andard samples were on th
t he t estriensgtresdd melOeamc €l dh Bar d tsa aammpdl et evedr s ampl e
in xotnt t he capfiolt g ¢ tobne uoffll ilbirguwiml asd vapou
due to the capil.Valrfyk pBlipcehotvi dledg madiertet ai |
apprdaphls.i ngrn @vVvieded t hree | baahstiesh efrand ettalve em t h e

' T quidimonhentest sampl eusatndget massinatihat isdor
wet por ouBi rsaaligy emonr e size di sftr itthwet isotnha nduwarr
samplegrovided by Por ¢ thpeacrhondeitatdyu r efonetnht e bue €di n

sampl e
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w
Equation3-1
wheries the porosi wysoft hehdumkht eroQiaismet hoef t h
di ameter of IJtihse ttheestt hsiacnkpnlieesss of st hbetéestal

mass of the sateaamatddt Skepglhe amd ad mass of

and cl ean sbothtel enass of "t betlcéedandiotyl e; an

3.2.3. Scanning Electron Microscog and Optical Microscopy

Ascanning el exc(tSHEM, MIEQLsEBNM6I4GL) Maecd 0 @ 0 [O |
(AXI O Zooen,sda/l@ihlzedmi cr osatructueeh ofbefore <c
test) and cothpirterges efdr eGeDzLisngh élrped evbar met hbd
spati al rel ationships faomdireg spatmepp &r @atsisosect i o

3.2.4. Measurement Conditions and Procedures

The experiment al ciomdlittel soghastaunrde t &l at.itees t h mopi
Il n order to simulate the realt hfeufefle cctesl,| tadipee
temper atwasee tr afifgoem8C2 B 5 hi |l e the rewatiseé¢ humi
from 30% to 85%. To perform the testing in

relative humidity), the ther mal bat h, t he
reachhedns t emper aecdovd thesdr st hbdehfeoarst di f i ed ai |
started to fildl out aftther enve r o h mdEearmet e mp m
stabl e. Theha@Dldi samplhap e . BeftotkeMt hed e®@per i
testiegordotmhe initial mi cr o s trreusciteudr telse Th
environment al chamber flrog tad s tlienagmées ampelleh o ur

heated and Atmedi fhedctompresmploaherS& Muwgnt
t he OM taegsatiinn.
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3.2.5. Uncertainty Analysis
3.2.5.1. Compressive Behaviour Measurement

Since the bias of the parameter measur ement
compl etely independent of each other, t he e
errors freamstwobhsomeasur ement parameter bia

random (regpeateabior , Eqaion3Zrown bel ow i n

o - -
Equation3-2

wheres the error due- 1e the pandomest efrrhrebr as

uncertainty. The standard deviations of both

measurements, are equal to the random error s

and strains are a weighted eum méasheemoemisd
invol ved mor e, t as n sHyuaen33a nkHy@tioh3el.

P 0
" h 5 " h 5 " h

EII' E“'

I Q 0 Q
Equation3-3

) L. P

h o B 5 B
Equation3-4

whe@Qies the di amet’@rs otfhet hfeorscaempd pépils etdheon t
original thickness of the sampl eqi smetahseur ed
di spl acement of t-hpei ss atmlpeé e paham&ktinerss bi as

measur egmentt,he parameter bias forpstilBethampl e
parameter bias for the of{f dgisnalhet Ipiacdkmed £ rméd

the displacement measur ement .
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3.2.5.2. Porosimetry measurement

The uncertaintyY-oef itsh&Op®7é& %ybEquatomdesu | Bhed by
uncertainty ¥Yf the NpPpobtwsi tEquationd-Batasd Dhyown

bel ow.

< Tw -, Tw Tw o,
Y— —Y0

Equation3-5
A SR v/ " Vo __ V6
ot

Equation3-6

3.3. Experimental Characterization of Mechanical Properties
of Catalyst Layers

The mechanical property measurement of catalyst layers relied on a robust tedheique,
nanoindentationtechnique which helps to determine thin film properties for which
conventional testing are not feasiblkhe ranoindentation involves small loads azd
indenter with &nown geometry which is calld8erkovich tip, as presented igure3-6.

This tip ensurs the determination ofthe indent area. During the course of the
instrumented indentation process, the Berkovich tip gradually penetrates the tested
sample. Meanwhile, a record of the depth of penetration is made. These data are plotted
on a graph to create a ledsplacement curve, whicenables thaletermiration ofthe
mechanical propertiaa the tested sample.

As shown inFigure3-7, the slope of the curveP/dh upon unloading is indicative of the

stiffness, S of the contact as presented irEquation 3-7. 'Q is the maximum
displacement at the maximum load . Then, the determination of theeduced

Modulus O, depends on the stiffness of the contact, as presentéduation3-8 and

Equation3-9. 0 is the projected area on the specimen by the indé@tés.the contact

dept h. Eventually, the determination of t h

Equation3-10. Diamond indenter modulug§), and Po s s o n 0 s, waregdaken @s
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1140GPa and 0.07, respectively.and ar e the Youngds modul us

of the tested material was0.25in the test

oy Qu
QQ
Equation3-7
n* Y
o 21
¢ 0o Q
Equation3-8
0 ¢®Q
Equation3-9
P P P
@) O @)

Equation3-10

Tested Sample

Figure3-6 A schematicdrawingof ananoindentation test
3.4. Validation Experiments for the Cell Structure Model
3.4.1. Experimental Setup

The experimental apparatus, as presentdeigare 3-8, contributed to the investigation
of the mechanical deformation behaviour mMMEA during regular cell operation$his
test relied ora standard Ballard fuel cell stack with an active afe45 cnf. The MEA

consists of a Nafion membrane, two catalyst layers, and two GDLs. The standard Ballard

~40~
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fuel cell included a pressurized bladder that provides uniform compression over the

reaction sites. The bladder, connected to a source of compragskdpa a constant

pressure of 0.4 MPa.

Loading

load, P

displacement, /

Figure3-7 A loaddisplacement curve for an instrumented nanoindentation test

Capacitance Pressurized

Nuts Collector
Plate Connector (compressed air)

Figure3-8 Experimental setup for MEA validation testing
An accumeasure system 9000 equipped with capacitance probes offered the measurement

for the thicknesses changes of MEA in a Ballard fuel cell stack. The probe and target
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sat firmly on the top of the bipailglates of the anode and cathode sides, respectively.
The probe and target holders ensured an excellent mechanical stability and a high
electrical resistance, which also kept the probe facing parallel to the target. The electrical
capacitance formed betes the accumeasure probe and the target surface varies as a
function of the distance between the two bipolar plates. The variaticiésafistance
resuling from the thermakxpansion swelling and shrinkages of the ME&Are directly

proportionalto thedisplacement of the MEA

3.4.2. Experimental Procedure

Commission processes including leakage and crossover tests were carried out prior to the
displacement measurement. h&atingbath, manufactured by Therrkasher scientific
company, controlled theemperature of the fuel cell stack. The heateghvBler from the
heatingbath flowed into the cooling plates of the fuel cell stack and circulated between
the heatingbath and the cooling platesiaking a stable temperatuiéghe GreenlightG40

fuel cell testing station supplied the heated nitrogen gas widbsiredhumidity into the

anode and cathode inlets of the cell stack. The Accumeasure system 9000 recorded each
displacement measurement tife MEA at a frequency of 1 Hz meanwhile data
acquisition syeem (NFDAQ) and thermocouple (lfype) monitored the stack
temperatureThis experimental procedure endiirthatthe measurement of the MEA

deformationwas accurateTable3-4 shows the measurement accuracy.

Table3-4 Measurement accuracy

Measurement Accuracy
Temperature (supplied gases and deionized water) # °C
Volume flow rate (supplied gases) 4.4 mL min™
Relative humidity H%

3.5. Validation Experiments for the Cell Performance Model

The polarization performance measuremetied ona Ballard standard fuel cell stack
with an active area of 46n”. A G20 fuel cell testing station controlled the operating

conditions, including the gas flow pressure, temperatures and relative huiditgell
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performance test was carriatla cell temperatur®f 75 CC, arelative humidityof 100%
and an inlet gaugepressure of 3%Pa The activation procedure lasted for 16 hours.

Threetime repeated polarization tests confththe measurement repeatability.

3.6. Summary

This chapter descrisethe experimentaldesign for studying themicrostructures of
original anddeformed MEAs, anbr measuringhe mechanical property of different cell
componentslt also explais the orresponding experimental procedures and uncertainty
analysis. In additioni clarifies the experimentadlesigrs for validatingthe structue and

the cell performance modgl
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Chapter 4

Model Development

Studies of mechanical degdation in PEM fuel cells foced on numerical modelling for

two issues The fuel cell structurenodel characterizkthe stress and strain conditgoof

an MEA during common and cyclic operating conditions, whereas the cell performance
model describé the reattime activity of a PEM fuel cell with a deformed MEA
guantifiedthrough the structermodel. This chapter prades the essential information
about these two models, including physical mgdassumptions, model formulations,
boundary conditions and corresponding validation results.

4.1. PEM Fuel Cell Structur e Model

4.1.1. Physical Model

A comprehensive PEM fuel cedtructue model involvesforce equilibrium equations,
compatibility equations,constitutive equations for different cell components and
appropriate boundary conditions. A typical single PEM fuel cell stack normally consists
of two steel endplates, two cant collectors, two graphite flow channel plates, two

GDLs, two catalyst layers and one Nafion membré&igure 1-1 illustratesthe schematic
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drawing d a typical single fuel cell stack. However, because of the limitation in
computational powerthe structuremodel usually involves simplificationgzigure 4-1
shows a simplified single channel PEM fuel cell model, wh@s made up otwo
graphite channel plates, two GDLs, two catalyst layers and one menbra

Anode Flow Channel Plate

-
Anode GDL
/ Anode CL
|~
——Nafion Membrane
-

Cathode CL

' | | Cathode GDL

N
J ' Cathode Flow Channel Plate

Figure4-1 A schematic drawing of a singREM fuel cell channel

4.1.2. Assumptions

1 A perfect assembling of different componemtas assumed. The slidingas
considered to be gégible. The stresses transmittedimpletely on the interfaces

1 Simplified temperature and humidity distributiongere assumed.Humidity
gradient and temperature gradient from the cathode to the averéegnored.
The temperature and humidity distributiomereuncoupled.

1 All material propertiesvereassumed to be isotropic, including isotropic swelling

and thermal expansions.

4.1.3. Governing Equations
4.1.3.1. Force Equilibrium and Compatibility Equations.

In continuum mechanics, a solid body is assumed to be composed of a set of infinitesimal
cells. Each cell is connected to its neighbour cell without any gaps or ové&sgesl on
this theory, Force equilibriumequations are proposed. Thaye the most essential

equations in solid mechanics modelling, which defines that the externally applied loads
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equal to the total internal element forces at all joints or node poinddlsfic a structure.
Solving a solid mechanics issue requires that the differential equations of equilibrium for

all infinitesimal cells within the solid must be satisfied.

Equation 4-1 illustrates the thredimensional force equilibrium equations of an
infinitesimal element. The body force componéft, is per unit of volume in the

direction. Becausd 1 , the infinitesimal element is amatically in rotational

equilibrium.
T,,TTTTDH
To o T a
T"TTTTDn
T'w T o T a
T”TTTT!
O T

Ta To To

Equatiord-1
In continuummechanics, strains are defined as displacenmntise structureper unit
length. Compatibility equations mean thathen all material particles in a component
deform, translate and rotate, they need to meet up again very much like the pieces of a
jigsaw puzle must fit togetherlf the small displacement fieldsy, u, and u, are
specified, the consistent strains can be calculated using the foll&girgfion4-2. Then,
the compatibility equation can be written Bguation4-3, which can be symbolically as

Y Tt Sincei, j, k andl have values ranging from 1 to Bguation4-3 has a total of
81 equations. However, becal¥e Y andyY Y Y , 81 equations

can be reduced into 6 equatioksiuation4-4 shows the threelimensional compatibility

equations of an infinitesimal element.

—a a] "
O- 8‘| o-

e-
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T 0
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Equation4-4

4.1.3.2. StressStrain Relationship (ConstitutiveeRitions)

Gas Diffusion Layer
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Unlike other components in a PEM fuel cell, which can be simply classified as an elastic

material or a plastic material, the gas diffusion layer is very unigueviously

researchers tread it as an elastic materigll0099,23]; however,compression testing

shows that a GDlactually does not have a linear strsfigin relation. In addition, its

porous structure and mictbickness make it very challenging to go through tensile

testing. To date, wdhhaveal r eady <characterized GDLs® mec
compression testg. Here, we want to usthis experimental dathk o mo d e | GDLOSs

mechanical behaviour.

The hyperelasticity material model, called Bld{o model,was the selection foG DL s 0
mechanical behavioumodelling including its nodinear compressivdehaviourand
corresponding cyclic changeBecause the compression data at heawl provide the
required parameters for this mod&he constitutive behaviour of hyperelastic materials
is usually derived from the straistretthnergy p
invariant,l, are used to describe materialatefationswhich are defined iEquationd-5
andEquation4-6. J is the total volumetric ratio. The strain enemptential,W, can be a
function of the stretch ratios or the strain invariaatsshown irEquation4-7. Equation
4-8 determines the stress and strain relationship. Due to the materiaipressibility,
the strain energy potential can be split into the deviatoric té&finand the volumetric
term, W, as shown irEquation4-9. As shown inEquation4-10 and Equation4-11, "Ois

the deviatoric invariants. is the deviatoric principal stretches. The BlKiz model has
the following form, as presented Equation4-12.‘ is the shear modulus. This model

assumdt he ef fective Poissonbdbs ratio as 0. 25.

Equatiord-5
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Equatiord-7
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Equatior4-8
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Equatiornd-9
- U _
Equationd-10
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Equationd-11
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Equation4-12

Nafion Membrane

An elasteplastic model with isotropic hardenisgmulatedthe mechanical behaviour of a
Nafion membrane. An elasfdastic model means that a material has both elastic and
plastic material behaviosirThe characteristic feature of elastic material behavgthat

the elastic strain returns to zero at complete unloading, whereas plastic strain remains
after complete unloading. An additive composition of the strains by their elastic and

plastic parts is shown iBquation4-13.
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Equatiornd-13
The traditi odeteiminésahel&sectsaind aAs soon as the initial yield
stress is reached, plastic strains occur.- is the thermal strain, whereasis the
swelling strain, induced by the relative humidity. Defining the correlation between stress
and strain for a plastic material igfftult because the plastic strain state is also
dependent on the loading history. In order to determine the correlation of plastic strains,
the constitutive description of plastic material behaviour includes a yield condition, a

flow rule and a hardeningw.
Yield Condition

The yield condition determines if the relevant material suffers plastic strains at a certain
stress state. It can be split into a pure stress fracfign, called the yield criterion (i.e.

the equivalent stress), and an experimental material pararGeter, called the flow
stress (i.e. yield stress). Hendeguation4-14 presents its formlf "O,, f» T, the
material only shows elastic material behavioufOIf f» T, the material experiences

plastic deformatios

Equatiord-14
Thereare many different yield criterions. Here, the Von Mises yield criteaéso called
as J-flow theory, was selectedfor Nafion membrane, whichad the assumption that
yielding begins when the elastic energy of distortion reaches a critical value. The VON

Misesstress is shown in tHequation4-15.

Q. Feyry

Equationd-15
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“Y is the componenf the deviatoric stressy - " » . 1 . Therefore,

the yield condition using the Von Mises yield criterion cambi&en asEquation4-16.

"0, Fr

~la

Equation4-16

Flow Rule and Hardening Rule

The flow rule describes the evolution of the infinitesimal increments of the plastic strain,
1- in the course of the load history of the body. The hardening rule describes the
change in yield condition with the progression of plastic deformation. rdrapto the

hardening rule, the yield condition is determined by the plastic fvotk,, during each
incremental plastic straih, - . As a result, the increment of plastic work for each

incremental plastic strain is shown in the followlBguationd-17:

Equationd-17
where,, is the stress components, satisfying the yield condition and producing the
corresponding plastic strain incremént; . According to the flow rule, the incremental

plastic strain is normal to the yield surface, which is described in the folldemg
Equation4-18:

Equation4-18
where] _is a scalar multiplier. In addition, the correlation between the equivalent
incremental plastic strain and incremental plastic strain component can be described in
Equation4-19. Based on Eul er 6s t hEguatiom4fBQ. Finalty, c a n
we can obtairj, - 7 _meaning that the equivalent plastic strain increment is equal to

the scalar multiplier, which provides the generalized length of the plastic streemert.
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Equation4-19

~ ~

1 -0Q ,71 - 1_"Q 20Q

Equatiornd-20
The quantity of strain increment can be determined usmgtion4-21. Since the scalar

multiplies is equal to the equivalent plastic strain, it can be rewrittenEguation4-22.

Additionally, becaus® -"Y"Y and’Y - 1 , the equivalent

incremental plastic strails described agquation4-23. Therefore, the equivalent plastic
strain is shown ifEquation4-24. Consequently, the yield condition usitigg Von Mises
yield criterion with isotropic hardening can be rewrittenEagiation4-25. In addition,
because oEquation4-18, the flow rule can be simplified &quation4-26. Here,, is

the initial yield stess

: 13 0
A £ ] -1 - 1 -
Equation4-21
11 -
1T -1 -
1°q 0
T T,
Equation4-22
C
[N B
Equationd-23
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Equationd-24
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Equation4-25
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Equation4-26

RateDependent Isotropic Plasticity Model

Under real fuel cell operating conditions, different frequencies of theugtaaihd shut

down processes can significantly affect the mechanical response of Nafion material. We
discusedthe rateindependent plasticity model with isotropic hardening above; however,
this modeldoes not include the impact of the strain rate. Therefore, thénctpendent
plasticity model needs to be modified intoraedependent plasticity model, using

P e i rrated@sendent plasticity models shown irEquation4-27. Here,mis the strain

rate hardening parametgris the material viscosity parameter gnd is the static yield
stress. This model, compared with other «g#pendent plasticity model, showstter
convergence ability. As a result, the yielohdition with the Von Mises vyield criterion

can be rewritten aSquation4-28.

Equatiord-27

Equation4-28
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Flow Channel Plate

The stressstrain relationship contains the material property information, which needs to

be evaluated by experimen#sccording to the experimental datagi@phite flow channel

plate has a linear stresfain relationship meaning that the amount of ets is

proportional to the amount of straiklence, i is an elastic material. The mechanical

material properties for most common elastic material are defined in terms of three
numbers: Youngdés moddE u<Po( mchdandwmdiciemtfofi @l ast i c

thermal expansiohl

In order to determine the stressain relations in the finite element approach, it is helpful

to look at the general strasiress relationsThe most general form of the three
dimensional strakstress relations for elis materials can be written in the following
symbolic matrix formas shown ifequation4-29, which is subjected to both mechanical
stresses and temperature chan@ematrix is named as the compliance matrix, which is
relatedto the material propertiesp Tis the temperature diffenee in reference to the
reference temperaturg.is the strains caused by a unit temperature incréasmusehe

finite element approach requires that the stresses be expressed in terms of the strains and

temperature change, it can be rewrittelzgsationd-30.

"H "ATHY4
Equation4-29

Equation4-30
In addition, agraphite flow channel platevas assumed to be an isotropic material,

meaning that it lhequal properties in all directionBecause of this characteristits i
stressstrain relationhad the following form as shown irEquation4-31. G is the shear

modulus' ——. Equatiord-31 has another form, as presentedquationd-32.
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Catalyst Layer

According to the results of theaNcindentation testa catalyst layer, composed of Pt/C
agglomeratesand bnomer can be described as a linear elastic matelmakhddition
becauseéonomer swelling inducs straingcat al y st |-strajnereladicn cas ba e s s
rewritten asEquation4-33. @R Hk the relative humidity difference in reference to the
reference relative humidityo is the strains caused by a unit relative humidityease.
Moreover, this stresstrain model also considered the thermal expansion.
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4.1.3.3. StressStrain Relationshifin an MEA (Contact Condition)

The stressstrain relationships for each cell components of an MEA are discussed in the
above section. However, an MEA has a fiager structurelt is very important to choose

an appropriate contact conditions between thiesers. Here, the bonded conta
condition is selected for the interfacial conditions for these layers because they are tightly
connected or glued with each other in the real operation. The bonded condition means
that stresses transmitompletely on the interface3here is no slidingor separation
between faceshis type of contact allows for a linear solution since the contact area will

not change during thapplicationof the load.

Two layers are in bonded contact means that they do not interpenetrate, and that they can
transmit conpressive normal forces. Contact compatibility prevents the interpenetration

between two contacting bodieSquation4-34 shows the contact formulations used to

enforce compatibility at the contact interfa@®. is a finite contact forceQ is
aconcepbf contact stiffness and is the penetration.
O o) @
Equationd-34

4.1.3.4. Boundary Conditions

The boundary values wegeven by:
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onthebottom of the cathode floshannel plate

The symmetric boundary conditiomas applied on the edge of the chanasl shown in

Figure4-2. Clamping forces were applied on the top of the anode flow channel plate.
0O T

R — Tt

ET(’)T(’J
'S @

4.1.4. Material Properties of Different Cell Components

4.1.4.1. Graphite Flow Channel Plates ar@@htalyst Layers

All the components in PEM fuel cells have different material properties, which are listed

in Table4-1. Based on the experimental dadlow channel platavastreated as linear
elastic material with thermal expansionsccArding to the nanndentationtesting a
catalyst layethad the same selectiorHowever,it also had both thermal and swelling

exparsions.

Table4-1 Material properties of catalyst layers and graphite flow channel plates

Component b ("RH A E(MPa) U (K
Graphite FlonChannel Plate 0.25 10,000 5%10°
Catalyst Layers Figure 43 0.25 450 123*10°

(LI commoine Fos

Symmetric Condition

Y
X
k AAAAAAAA ' Fixed Condition

Figure4-2 Boundary conditions for the struceumodel
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4.1.4.2. Nafion Membrane

The Nafion membranevas treated as a rattependent plastic material with isotropic
hardening. Its materiglroperties deperdl on temperatures and humyitas illustrated

in theTable4-2, Table4-3 andTable4-4. These material properti@geredefined for four
different temperatures amdlativehumidity based on tensile testing. The swelling strains

of the Nafion membrane can be obtained from expenmis, as showm Figure 4 3. So

far, the ratedependent parameters fure Nafion membrane cannot be found time
literature However, because PTFE is the backbone of Nafion membrane, it is reasonable
to assume that the viscoplasticity of Nafion membrane is similar to that of the PTFE,
whose ratedlependent parameters can be easily obtained from many experiments. In this
modelling, the hardening parameten, is 0.230, whil e the visci
0.0770[10§.

Table4-2 Material properties of Nafion membrane

Component b (RH A EMPa) U HK

Nafion Membrane Figure 43 0.25 Table4-3 123*10°

Table4-3 Youngdés modul us at v aryfa Nadionmemb@aed3lat ures and

Youngbs Modul us Relative Humidity (%)
30 50 70 90
25°C 197 192 132 121
45°C 161 137 103 70
65°C 148 117 92 63
85°C 121 85 59 46
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Table4-4 Yield strength at various temperatures and humidit Nafion membran§o3]

Yield Strength

Relative humidity (%)

(MP3) 30 50 70 90
t—l
T=25C 6.76 6.51 5.66 4.20
T=45C 5.67 521 5.01 3.32
T=65C 5.14 4.58 4.16 2.98
T=85"C 3.61 3.44 3.08 2.20
g=" 025
T=25C 7.16 6.61 6.22 511
T=45C 5.70 5.72 5.43 3.69
T=65C 5.30 4.77 4.36 3.33
T=85"C 4.16 3.62 3.16 2.26
g=" 05
T=25C 9.71 9.26 8.65 8.88
T=45C 7.31 7.34 7.48 6.18
T=65°C 6.55 5.92 5.73 5.78
T=85’C 5.04 4.28 4.22 4.31

Figure4-3 Experimental data for dimensional change due to the swelling expgasgjon

4.1.4.3. Gas Diffusion Layers

0.12

=]
=] S
@ -

Swelling Strain (mm/mm)
2
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40

50 60 70
Relative Humidity (%)

The compressible hyperelastic Bldidzo mo d e |

wa s

used

t o

descri

behaviours in the modelling. This model involves only one coefficierthe initial shear

modulus, which needs to be determin&€te uniaxial testingprovidedthe stresstrain

relationshipof GDLs under various compressions. In additialDL was assumed to
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have a Poisson ratio as 0.7800. Then hyperelastic curve fitting, usin the

experimental data at hand, determittegiinitial shear modulus

Since the materi al i s compressible and the C
can be rewritten ag&quation4-35. Consequently, the invariants have the following
properties, as illustrated iBquation4-36. In order to derive the relationship between

strain energy and the experimental data from uniaxial compression testing, a

multiplication with— is used, as shown lBquationd-37. Consequently, we can obtain a

~

relation between stress and strgin, "Q_ h_ . For a uniaxial compression testing,
Equationd-38is valid. Eventually, a correlation between uniaxial stress and strain can be
established, "Q_ with a constant property, needed tde determined. To obtain the
initial shear modulus, a curve fit of the expression against the experimentakaata
required. Normalized error norm, shownkquation4-39, was used since itayeequal
weight to all of the data point§ is the relative error, wéreas, is the experimental

stress value.

) P _ P
Equation4-35
0 _ P P
0 _
Equation4-36
rot o Of of ©
T_ 10 1o
I '@ O1 of O
A 0 o
Equation4-37
- h _°
Equation4-38
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Equation4-39

4.1.5. Numerical Implementation

The PEM fuel cell structure model relied on the commercial software, ANSYS
Multiphysics to discretize and solve its equations. The programming langhBé
supplied the corresponding coding fwelling expansion modeBlatz-Ko model and
Pei r c aeésendantplasticity modélhe NewtorRaphson method was used to solve
these equationg\ll variables followed a strict convergence criterion with a residdal
10°®,

4.1.6. Numerical Procedure

Load-Force Transformation

The internal forces of a structure can be determined directly from the equations of force
equilibrium, as shown irEquation4-40, which yields one matrix equatio®R is an
external loadA is a loadforce transformation matriandf is an internal force. Load
force transformation is a function of the geometry of the structure only. It describes the

relationship between forces in the global and local coordinate system.
n A’H
Equationd-40
Displacement Transformation Matrix

The calculation of joint displacement involves the following matrix equation, as
presented irEquation4-41. d is deformation andi is the joint displacemenB is the
element deformaticdisplacement transformation matrix, which is a function of the
geometry structurdt describes between displacements in the global and local coordinate

system.
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"H A7
Equationd-41

Constitutive Relations

The forces in the elements can be expressed in terms of the deformations in the elements
by the following matrix equation, as shownkquation4-42. k is the element stiffness

andf is an internal force.

Equation4-42
In structural analysis, the starting point is the joint equilibriliguation4-40. If we
substitute element foregeformation equation (constitutive relationSyjuation4-42, the
joint equilibrium equatiortan be written ag  "Al IThen we substitutEquation4-41,
the general joint equilibrium can be writtenfps € "HwhereK is the global stiffness

matrix.

4.1.7. Grid Independency

In theory, infinitely small grid size results in an exact solutidience,increasing the
number of mesiseems to be a better approach of improving the accuracy. However, the
limitation of computational resources restrains such an idea. Fatriisuremodel,grid
independencyest enabled the study dhe mesh sizeffect on the solution, indicating

that the number of grid points along thedirection namely the thickness direction,

significantly affected the solution.

A large meshdeformationcaused the solutiodifficult to converge when the number of
grid points along the -direction for each layewas smaller than four. Here, solutions
with 20 grid points along the-girection in each layer were assumed to be the standard
solutions. Comparkewith these standard solutions, solutions with 10 grid points along the
y-direction in each layer had an error of about 0.2B@tther increasing the number of
the grid points significantly increade¢he computational time; therefori this model
each ayer hadlO grid pointsin the ydirection. The total number ofrigl points of the

computational domain was 76317.
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4.1.8. Comparison with Experimental Data

Il n order to examine the accuracy of this P
hyperelastic BlatKo moce | t he Naf i on -plasecnmimdeh aneldhe el as't
combined structure model for the MEA need to be validated using experimental data. As
illustrated in Figure 4-4, Figure 4-5, and Figure 4-6, the experimental compressive

behaviours of GDLs, Nafion membranesd MEAs were generally consistent with the
corresponding modetlg predictions, which validatedhe reliability of these hree

constitutive relations.

T T T T T
=
&5
5| -
N /
2 °
O Experimental Results /
= 2 F \ %k .
2 s
2 .{ Modelling Results
2 £
8 ok
S or */ s
8 «
o &
@) »
L 1 | " 1

000 0015 0.030  0.045 0.060
Compressive Strain

Figure4-4 Comparison between the Nafion membrane compressive testing and its corresponding
modelling result§Temperature: &, Relative Humidity: 30%)
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Experimental Resul

*
Modelling Result

Compressive Stress (MPa)

1 1 1 1 L 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Compressive Strain

Figure4-5 Comparison between the GDL compressive testing and its corresponding modelling
results(Temperature: 2&, Relative Humidity: 30%, loading initial shear modulus
H=1.1348*16Pa, unloading initial sheanodulus =9.447*1%a )

1 2 T y T J T L T s T

10

Modelling Results

Displacement (um)
(o)}

0 1 L 1 L 1 L 1 L 1 L
30 40 50 60 70 80

Temperature (°C)

Figure4-6 Comparison between MEA compressive testing and corresponding modelling results
(Relative Humidity: 100%)
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PEM Fuel Cell Performance Model

This comprehensive PEM fuel cell performance model invikiectrochemical reaction

kinetics, heat generation and transfer, transport of roottiponent gas species, multi

water phases, and electrons and protons, and water phase change processes. A PEM fuel

cell stack composes different components, including porous and solid materials. Hence,

these transport phenomena take place in void volumes, porous and solid materials. Due to

the limited computational power, a continuum macroscopic approach, which assumes

homogeneous material of GDLsatalyst layersand membranes, was used, in order to

model transport phenomena in major cell components simultaneously. In a continuum

macroscopic approach, a set of conservation equationdeled each transpo

phenomenarhis cellperformancenodel is based on VW model[107].

4.2.1.

Physical Problem

The computational domanontained adypical single PEM fuel cell channel, as illustrated

in Figure4-1. It included all the essential components, such as two bipolar plates, two

single straight flow channels, two GDLs, two catalyst layers, and one Nafion membrane.

Humidified hydrogen and oxygdiowed into the anode and cathode channel respectively.

4.2.2. Assumptions

This modelling includé the following assumptions:

1

T
1
T
T
T

The gravity effectvas negligible.

All the reactant gasesere ideal gases.

The flow conditiorwas laminar flow.

No contaminating gasegere considered.

The membraneas impermeable to all the gases.

Since the liquid wateran be easily removed from straight flow channels, no

liquid water exigedin the flow channels
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4.2.3. Model Formulation
4.2.3.1. ConservatiorEquations

Several conservation equations, such as mass, momentum, electronic charge, ionic charge,
gas species, and liquid waterere formulated for various components of the PEM fuel

cell. They are listed below with the various source terms in thesdieqs! provided in
Table4-5.

Mass of gas mixture (flow channel, GDL and catalyst layer)

nJf "0p Y
Equation4-43
Momentum of gas mixture (flowhannel, GDL andatalyst layer
nd7T 6 06 fnnp i o Y
Equationd-44
Gas species (flowhannel, GDL and catalyst layer
nD” 6ep N1IO” O nw 7Y
Equationd-45
Liquid water (flowchannel, GDL and catalyst layer
nO"Q"6p N D" '0Onn Y
Equationd-46
Dissolved wagr (membrane and catalyst layer
T ,O(bflf)'o n_ Y
Equatiord-47
lonic chage (membrane and catalyst layer
T 107Q ne Y
Equation4-48

Electronic charge (bipolar plat6DL, catalyst layer)
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T 107Q ne Y

Equation4-49

Energy (entire cell components)
ny "6 @Y n12Q ny Y

Equation4-50
Because catalyst layers and GDLs are porous materials, the gas mixture mass, momentum,
and species conservation equations listed above are standard conservation equations with
porous formulatioa[10§. In addition, the calculation of the effective porosity of the gas
mixture involvel the volume fractions of the solid materials, such as GDLs and catalyst
layers, and the liquid water. Liquid watetas assumed to exist in GDLs and catalyst
layers. Its caservation equatiowas derived based on the capillary pressure in porous
media[109. Dissolved watewas considered only for the Nafioelated materials, such
as Nafion membraseand catalyst layerdraditionally, its conservation equation should
consist three terms, including diffusion, source and convection terms. However, the
convection termwas ignored since the convective mass transfer is negligible. The
electronic and ionic charge conservatamuations consistl of diffusion and source term.
The transient termvas ignored because the electrochemical double layer charging and
dischargingwas very fast. The energy conservation equation coresidgr the transport
properties in solids, liquids dngases.Table 4-6 shows the source terms for the gas

mixtures.

Table4-5 Source terms in the governing conservation equations

v ~ ~ ~ N N ~
kg m* kg m? kgm® kmolm®* Am® Am?® W m? W m?®
BP 0 0 0 0 0 0 ne 0 0
Channel 7Y 0 0 0 0 0 0
C o QY
GDL Y 0B Y 0 0o o0 e 0
o s Q Y
Y b - Y o e 0 YD
—O0b °
Anode CL y 5 Y "y v v e q
ny
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TYY Y,
0 SO YD
Cathode Y ¢ ., O R
CL uY l') nY 0] V) Ne Q
n"y Ne 'rQ
ny
. K 0
Membrane O 0 0 0 0 0 Q“Y «Q
Table4-6 Source terms for the gas mixtures
Y Y
BP 0 0
Channel 0 Y
GDL 0 Y
Anode CL Y EU % Y O
C,QO
Cathode CL Y TTOD Y Y 0O
Membrane 0 0

4.2.3.2. Gas Transport Equations

All the gases involved in the modekreassumed to be ideal gasTherefore, the gas
mixture densitywas calculated based on the ideal gas law, as sho®qguation4-51.
is the gas phase pressureis the unversal gas constarth and0d are the mass fraction
and molecular weight of speciegespectively.
” n Y'Y d
0

Equation4-51
Based on the kinetic theory, the dynamic viscosity of the ideal gas mixture can be
determined usingquation4-52 and Equation4-53. X; is the mole fraction of specieis,
while i andj represent different spes. Because parameters changth different
temperatureand pressures, their effects needoe consideredlable4-7 provides some

experimental correlations of dynamic viscosity and mass diffusivity undepus

temperatures and pressures in different spétEz111].
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B &r

Equation4-52
¢ 8 5 8 8
P — W
[ .‘
5 8

we 5

Equationd4-53

Table4-7 Transport propertiegl12]

Parameter

Correlation Tin K, P in Pa)

Hydrogen dynamic viscosity (kg ta?) ‘

og mupm YqwBULEY x¢q 8

Oxygen dynamic viscosity (kg fe™) ‘

U8 @ pmm YCw UB Y pgx®

Water vapour dynamic viscosity (kg'st) ‘

X®pcpm Ycwpu®Y pgm?

Liquid water dynamic viscosity (kg fs™)

8 ptpm pm 8

Hydrogen diffusivities (rfs?) 0 pgtvup T Yoopud pmpdggu
Oxygen diffusivities (rfs?) O c®ucpm YoopuB pmpgyg v
Water vapour diffusivities ianode (rfs™) O pgtvuvpTm Yoopulpmpdgigu
Water vapour diffusivities in cathode{§1) O c8ycp m Yo ofpud pmip g v
Specific heat capacities bl,, O,, vapour 0 PT QYoo wpaP
waters and liquid watgd kg* K™) . .

0 ¢mpt O TpyYg
Thermal conductivities dfl,, O,, vapour o) TP ¢ X ¢ N micoeT
waters and liquid watglV m* K™) N mWicep Q 1@
Entropy change of reactiqd kmol* K™ YY pooppm
Latent heat of condensation (J%g 0 CT®WY OpXTXTT

Gas transports are highly associated with the porous condition of the transport media and
the liquid water which can block the transport media. Their effeet®e considered
through modifying the gas permeabilifguation4-54 andEquation4-55 determinedhe

gas phase and liquid phase permeghiliespectively which depened on the intrinsic
permeability of the porous materials and the local volume fraction of the liquid water.
Both of them indicate that if the liquid water blocks the pores of GDLs and catalyst

layers, the permeability will become zero.
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Equatiord-54

Equationd4-55
The effective mass diffusion coefficient needo be modified due to the porosity and
tortuosity of GDLs and catalyst layers, whiehes done through the Bruggemann
correlation, as shown iBquationd-56. In this equation, the impact of liquid water on the
effective diffusion coefficientsvas treated the same as the porosity with an exponent of
1.5.0 s the effective mass diffusion coefficient for specie$yhen the pore volumes

of GDLs and catalyst layers are full of liquid water, the diffusion coefficient will become

zero, indicating the water flooding.
0O of 8p n 8
Equationd-56

4.2.3.3. Water Transport Equations

In this modelling, the liquid watevas assumed to haweconstant densitynder different
temperatures beoae the changes of its densityithin the fuel cell operating
temperaturesvere negligible. The interfacial drag coefficientas calculated using
Equation 4-57 [11(. The liquid water dynamics viscositwas associated with the

temperature changes.

Equation4-57
The capillary diffusion coefficients of liquid water in GDLs and catalyst layex®
defined byEquation4-58, where the effect of capillary pressuweas considered113.
The capillary pressun@as determined using theeverett function, as shown Bquation
4-59, where itwas a function of the liquid water volume fractifiil4,115. —is the static

contact angle, which relies on the wettability of GDL and CL surface.the surface
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tension coefficient between liquid water and gas mixture, whose experimental correlation
is temperature dependent, as shown in the folloyiggation4-60[1164.
L QAN

°  Taw%

Equationd4-58

.. ~ s L 8 -
l’.;,AI—GZ— P8 PR % CPCPp %o PR @ % h — owm

"AP@g-spSD% PG pRG h— wm
Equation4-59
" MNP YXT PP XPo Y oxpu
Equation4-60
The liquid phase pressuwmes calculated based on the capillary pressure and gas phase
pressure, as illustrated Exquation4-61. The liquid phase velocitwas calculated based

on the liquid phase pressure as showBkguation4-62[117). Table4-8 shows the water

phase change functions

n n n
Equation4-61
, o
0b —n
Equation4-62
Table4-8 Correlations related to water phase change
r -p %o YrJY n n
Vapour and liquid water Y NooR
[ :%°T n n
Dissolved water and vapour Y -~ Oo- - p %o
11T Q@ CPHXWTBIC WwIYoC XPUL P Poyx
Saturation pressufé 1§ PTL Y ¢X®UL pETUT

P Y ¢ XBU
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During a normal PEM fuel cell operationan electrochemistry reaction produces
dissolved water. Then, vapour water, liquid water and dissolved waiexistoon the
catalyst layer surfacd113. Therefore, the dissolved water content needs to be
considered, whiclwas calculated usingquation4-63. EW is the equivalent weight of

membrane’ is the density of the dry membrane.

Equation4-63
The different distribution of water content in the membrane es$uit the membrane
water diffusion. Then, the diffusivity of dissolved watesuld be determined using
Equation4-64. In addition, the equilibrium dissolved water contesas calculated using

Equation4-65. As shown irEquation4-66, a is thewater activity

op prn_ AgER W pAQBC,,TMﬁ)n _ O
© CoT @
X p_ pepAZD pABB—— o _ pX
Equatior4-64
TMTOPRM @B o@Oh O p
= pBL p1®d ph P & o
Equation4-65
) n—n C%o
Equation4-66

In order to study the impact of the eleettemic drag on the water transport, source term,
Y was introduced into the membrane water conservation equation, as shown
Equation4-67. The EOD coefficient is the number of water molecules dragged per

hydrogen ion moved through the ionomer, as calculatédjuation4-68[11§.
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; € .
Y nd="Q ne

@)
Equationd-67
. C®_
8 —_—
(S
Equation4-68

4.2.3.4. Electron and lon Transport Equation

The proton conductivity of the Nafion membrawes calculated usingequation4-69

[118. Since GDLs and catalyst layers are porous materials, its proton and electron
conductivity calculations involvk some modifications with the original Bruggemann
correlation. As shown iEquation4-70 and Equation4-71, the porosities of the catalyst
layers and GDLs, and the ionomer volume fraction in the catalyst lewgexconsidered

in the correlation. An exponent of 1weas usedn this correlation This coupled model
considered the effect of pressure on the interfacial electron conductivity between GDLs
and flow channel plates, as illustrated figure 4-7. In addition, the interfacial
conductivity between GDLs and catalyst layeras ignored because the catalyst layer

was a very thin layer.

Q ™ p oW n8r<¢§®6ccpgﬂﬁTw ..EY
Equation4-69
Q@  p 71 %0
Equationd-70
Q 1 870
Equationd-71
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Figure4-7 The effect of pressure on the contact resistfhtg

The reaction rates in the anode and cathode catalyst laspeescalculated using the
classical ButletVolmer equations, as illustrated lHguation4-72 andEquation4-73. F is
the Fam d ay 6 s c dCrsstite @amdentrationfiable 4-9 shows the correlations and

values of the parameters related to the electrochemical reactions.

o 8
. . 0 é"@ 0O
Q % Q& — AGB_—<t Aob-——t
LA R Y'Y Y'Y
Equation4-72
o 8 n N
Q %o " 2 Ao E;CLL Aob 1o
P o 5 YUY e
Equatiord-73
Table4-9 Parameters related to electrochemical reac{ibhg
Parameter Correlation
Overpotential (V) L %0 %0
Transfer coefficient | | ™
Volumetric reference exchange curre . - p p
density in anode (A i) G ABBpT R ougu
Volumetric reference exchange curre . - p p
density in cathode (A1) % 8 A@Byx o "™ 5 vgr v
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4.2.3.5. Energy Transport Equation

The effective volumetric heat capacities in the energy conservation equadicn

calculated usingquation4-74 andEquation4-75. 0 is the specific heat capacity of

the gas mixture, whiclvas calculated usingquation4-76. 0 is the specific heats

of the electron conducting materials in catalyst layers and all solid materials in GDLs and
bipolar plates. The effective thermal conductivity in the epergnservation equation

was calculated as a volume averaged value, as sho&quation4-77, Equation4-78

and Equation4-79. Since the effect of temperatures on the specific heat capacity and
thermal conductivity is insignificant under the range frorhO0PC, both of themwere

considered as constant in the modellibg]].

"6 . fnt6 p n "6 pT 1" 0 17 o)
Equationd-74
Ton 0’ n
0 0 — 0
U 1] p
Equationd-75
0 ® 0
Equatior4-76

Equationd-77

Equatior4-78
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Equationd4-79

4.2.3.6. Boundary and Initial Conditions

The boundary conditions in this modeling inclddée inlet reactant flow conditions,
operating temperatures, operating pressures and electric loads. The inlet mass flow rates
were defined usingequation4-80, while the species concentrations at the ine¢se

shown inEquation4-81. s andu are the stoichiometry ratios for the anode and cathode
respectively.A is the cell active ared. and” are the anode and cathode inlet gas
density, respectivelyO is the reference current density. A constant pressia®
specified at the outlets of the flow channel. A constant temperatasedefined at the

anode, cathode flow channel inlets and the surrounding walls. The liquid water volume
fractionwas set at z® for the flow channels because the liquid wates assumed to be

removed out of the channel quickly

", 00 . ", 00
a — a —
Qo T @
Equation4-80
& n Yo P pn YO
Y'Y Y'Y
Equation4-81

4.2.3.7. Cell Voltage Correlations.

Cell voltages and current densitiegere characterized usindgquation 4-82. The
electronic potential at the bottom surfaces of the cathode bipolarvpdatset as zero,

while the electronic potential at the tgurface of the anode bipolar plawes the
difference between the reversible and operating cell voltages. The reversible cell voltage

was determined usingquatior4-83.
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= xj

%o [ [ b
%oh U
Equation4-82
' & T80 Y qJ!Y'YiB i T
w ¢ w T C WY — -
p p O C
Equation4-83

4.2.4. Numerical Procedures

The PEM fuel cell performance modelied oncommercial softwareFLUENT 6.3 to
discretize and solve its conservation equatidie programming language i@ported
these equation models infeLUENT according tothe user defined functions (UDFs)
because thisommercialsoftware merely providkthe gas mass, momentum and species
and errgy conservation equationsDFs also supplied the corresponding coding for
various source terms, model parameters, material pyopErtrelations, boundary
conditions and relaxation stabilization schemBge pessurebased segregated solver
offered thesequentiakolutions for the individual variables of the conservation eqoati
Here, each conservation equatvwas segregated from the other equatiohspressure
correction equation helped to achieve the constraint of the gas mass conservation on the
gas velocity field. The SIMPLE algorithm was usetb solve these equationg&n
algebraic multigrid (AMG) method with a GausSeidel type smootheancreased the
efficiency ofthe convergencall variables followed a strict convergence criterion with a
residual of 1. The following loops described the main procedoresachiteration

1. Define the initial condition for the first iteration

no

Update the temperaturand pressurebased properties according to the current
solution

Solve themomentum equations separately

Solve the pressure correction equatising the values obtainém step 3

Solve the rest of the conservation equations

o g bk w

Check for the convergence of teguationsIf not meet the convergence criterjon

start again from step 2
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4.2.5. Grid Independency

The selection of thergd pointnumberinvolved the consideration of computational time
andthe convergence proceskleally, a large number ofrid points helps to achieve a

more accurate result. However, they also consume more computational resources. Hence,
the goal of this grid independency studymedto find an optimal grid sizdn this three
dimensional cell performance mod#ie length of the flow channaind the number of
parallel flow channetleterminedthe number of grid points along thé, Z- direction
respectively Different MEA componentdiadthe same number ofrig points along the

thicknesdirection.

A grid independencgtudy probedthe grid size orthree directions, which indicated that
the number of grid points along thedirection significantly affected the solutions
order to study the effect ofigd number along the thickness directidme humber of gd
points along the Xand Z directions wagixed at 100 and 20 in a typical single PEM fuel
cell channel with a channel length @ mm and channel width of 1 mrA cell current
density is one of the essential parangetdrcell performance, which changes with the
number of gids. Therefore, the followingrgl independence studyarified its relation

with various grid sizes

The results showetthat less than sixrgls along the thicknesBrectionmade the solution
difficult to converge, whereas more than twentiylg had a similar problem, which might
result from a high aspect ratio of the computational cElg.result with twentygrids on
the Y-direction was assmed to be the standard solutiolen gid points in each
component of @ MEA contributed to an error of abo@®6. Therefore, ten grid points
were the selection of this modelling since further increasing the gumber not only

elongate the computational time, but alsapairedthe convergence.
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4.3. Cell Structure -Performance Coupled Model

4.3.1. Physical model

The cell structurgoerformance coupled model considers the effect of KéEeformation
on cell performance. The structure model quantifies the deformations of an MEA, as
shown inFigure4-8.

Figure4-8 A schematic drawing of a single PEM fuel cell channel with deformation

4.3.2. Model Coupling Effective Transport Property)

The assembly procedure, operation conditions and material degradesioited in cell
component deformations which changed the porpaitgd more importantly, the effective
transport propertiegn GDLs and catalyst layerss discussed in the cell performance
modelling Equation 4-84 described the porosity change of GDLs with deformations
[112. Equation4-85 shows the relation between the intrinsic permeability of porous
materials and its porosifyi2(. This model considered the overall changes in porosity,
instead othe changes at discrete locations in a GDL.

Equation4-84
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7 T8loxe Q
Pl i mdox p& ¢fp IO X

Equatiorn4-85

4.3.3. Numerical Implementation

Cell structureperformancecoupled analyses provide more realistic results of cell
performancevith a deformedcell structureunder various operatingpnditions although
such analyses are more computationally intensive. This modedlipgnded oANSYS
Workbench whicthas a wide application in multiphysics coupling. The system coupling
participants were a static structure and a steady fluid flow. The solutibmotway
structureperformanceinteraction requiré co-simulation betwen computational fluid

dynamicsand structural mechanics, which consigtf threemainprocedures.

1) The cell performance model, based onimtact single PEM fuel cellstructure
deternined the distributinos of temperaturesrelative humidity and pressuse
under a designed cell operating condition.

2) The mapping technique assigned the temperatela&ive humidityand pressure
distributions, obtainedrom the first step to the correspoding nodes of the
structue model. This structer model used these distributions as loading
conditionsand ran the model, which thexmaracterized the deformation of the
MEA and the flow channgblate In addition,M E A siéformationis associated
with the transport parameters of GDLs and catalyst layers. It ehdbé&
determination othe corresponding changesporosity, permeability, diffusivity
and conductivity of5DLs and catalyst layers.

3) The cell performance model then used tleformedtell structureto calculatehe
cell performance with a designed operating conditlonaddition, the porosity,
permeability, diffusivity, intrinsic and interfacial conductivity were updated with

the operating condition.

4.3.4. Comparison with Experimental Data

The comparisorof experimental measurements and the model predictions valithete

reliability of the cell performanestructure couplednodel. The model parameters were
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adjusted according to the experimental conditions to ob#mreementwith the
experimental data. As presented Rigure 4-9, the model predictions agresith the

experimental data.

1.05 + .
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"k,

0.60

T

1 n 1 " 1 n 1 n 1
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Current Density (A/cm”)

Figure4-9 Comparison between cell performance model predictions and experiment@dhidata
Temperature: 7&, Relative Humidity: 100%, Clamping Force: 0.4MPa)

4.4, Summary

This chapter explasithe fuel cell structuremodel, theperformance modeand the
structureperformance coupled model Corresponding experiments validated the
reliability of these two models. In additiothis chapter clarifieshe required stepto

couple the structure and performance madel

In the structurenodel,avariety of constitutive models enabled the simulation of different
materials in cells.In particular, a ratedependent isotropic plasticity model with
temperatureand humiditydependent material propertiesodeledthe viscoplasticity of
the Nafon membraneln addition, ahy per el asti city materi al
different loading and unloading compressive behavioktsther, atraditional elastic
model determined the linear mechanical behaviour of catalyst layers and graphite flow

channelplates.The experimental compressive behaviours of GDLs, Nafion membranes
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and MEAs were generally consistent with the corresponding niagletiredictions,

which validated the reliability of these three constitutive relations.

The cell performancenvolved electrochemical reaction kinetics, heat generation and
transfer, transport of multomponent gas species, muitater phases, and electrons and
protons, and water phase change procesi$esonsidered the effects of porosity,
pemeability, diffusivity, thermal and electron conductivity on cell performance, which

enabledts coupling with the structure model

The structurgperformance coupled model, on one hand, accouittethe effects of
deformation onthe cell performanceOn the other handi also studiedthe impact of
working conditions, which are associated with cell performance,t dme MEAOGSs
deformation. Therefore, it provided a more realistic method to study the mechanical
impact on cell performance. In addition, the experimental reseits consistent with the

corresponding modelling predictions.
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Chapter 5

Microstructure sin MEAs and
Their Changes

The durability ofa PEM fuel cell is associated with the microstructures and their changes
in MEAs. In this chapter,a scanning electron microscepdetailed the original
microstructures of different components in MEAs as well as their changes after an
acceleratedlurability test. The comparison @ahe microstructures iroriginal andused
MEAs shed light orthe mechanism behind these structural changes.

5.1. StressDistribution sin the Fuel Cell Assembly

Stress distributiomare crucial for studying the morphological defects in MEA&ince
inappropriate stresseswd possiblyresult in the microstructural changd@$e pressure
indicating film provided the stress distribution measurement in the fuel cell asseasbly
shown inFigure5-1. The flm measurd the normal stress distribution on the GDL and
the catalyst layer, so thatrigstedeither between the flow distribution plate and the GDL
or between the GDL and the catstljayer.
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The measuredstress distribution ttavariatiors corresponding tahe periodicity of the
flow channels as presented iRigure5-1. The stress at the edge of the Mi&s larger
than that at the center of the MEA. The maximmwnmalstress at the edgeas about 1.5
MPa, while itwas about 1.0MPa at the center on the GD$urface This differenceis
understandable becautiee bolts and nuts located around the edgéhefactive area.
Anothercontributing factor is size difference between the endplate (210.95acmh the
graphite flow channel plate (110.25 9mWhen the aembly force wa applied through
each bolt, the endplatencedto bulge leading to anon-uniform stress distribution. This
nonuniform distributioncan cause the reactants, water, heat and electron to transfer in a
nortuniform way, in turnresulting inthe nonuniform distributiors of temperature and
water contentin the cell. As illustrated inFigure 5-2, the stress distribution on the
catalyst laye surfacewas more unifom than that on the GDL surface, since GDLs
workedas a cushion on the catalyst layer.

! |
{é: - : MPa
~ SRy 2
v — 5
'iLL : 16
Py = 'f‘—-' E:g

0.8

. 06
T R Y, PR " 0.4
T A 0.2
ll T > : = 9

Figure5-1 Longitudinal normal stress distributison the GDL surface
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Figure5-2 Longitudinal normal stress distributions on the catalyst layer surface

5.2. Microstructure sof New CCMs and GDLs

Figure 5-3 an Bigure54 i | l ustrate the surfaxcfe andewros
Naf i obnalslef/d DA&EGM.t o t he di fferences i n el ectro
show distinct intensities of col ourhein SEM

catal ysta |l iyghl| yhwaporous structure character
pos.epresented asmt heudhehtadwewestfi,aneadehsei ons of
the pemedhe .Mamemaekisshed he c aatsalsyhsotwnl aiynert h
circllhesy. deuédi orate cell performance becaus
cracks and bl ockt tphred sreemstic,h@t® B 0 fBvie bsenkasl |

howevtv e cawlvtel op into | aageemmley afuarded et malg
hygstoressgs opeimiait sormpossi ble fdevtehepmestuce®u

perfor mance.

The cross sect i bigueb4ainmgugebsSi nsdhiocwent eesn t hat t he
catalyst | ayers wherteha nmemlcrl @mse. cTomd atchi ovk rte

|l ayers and the membrane were quite wuniform.

while the membrane was about 138 Om thick.
catal yst |l ayer s, tdored membr ane f afegare 586& S 68 Mo 0 |
provides a higher magni fied I mage about t he

|l ayer was aagcgollolneecrtaitoens owliThh en agag ryd qhagt i soinz ecsf.
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Microstructures in MEAs and Their Changes
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Figure5-5 A cross sectional view of a CCM at 300@vagnification

Figure5-6 A cross sectional view of a catalyst layer at 7500* magnification

l n most tecatal watmpd Ewemb saaeonnected cl ose
However, some mew nEGledésdamtipmeetsi on bet ween t he
and the Nafion mé&igueb-anel,heassegphavart iiom of cat
membr ases®snbeomost common defectsa iser MEAs  0of w
i ssues, waheltuflil bgtdi sgot .dmeretitocakysmplbosant

di scuss in detail this structur al change.
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Membrane

#3568 SBrm

Figure5-7 Delamination in a new CCM at 350* magnification

At t he edge frgure57,het heayeawal w$ti | |l ag@emnect ed
pol ymer me mb rtahnee ; d chromweech et wesemawhe mdwaat ed ©b

S 0me fissures ar.ouAtd 4 mEer ocxd mmaeh eetl ifornd i 0 t Oen

del amination starting point, the <catalyst I
me mbr ane. T hwes saebpoaurta t 2 ®tnhlem. ¢ dtnd |i ykset |l ayer,
membr ane can stil/l keep i1its originnal aslhame
shape. This deformation can result in many i

t he svpoafcdler med byandéeamemdeyfsar meady ledraptcdndh i che
protoansporrte apcati ho ntf lesgirmesdsyy cagnedot deduct i vi ty al
cel l per fGomaaeqeentl| vy, t he wtse mpieghadrur ehan a

|l ocations, | eading to a heat spot.

I n addition, @oabatedl|l pyat tlhaysdNrafeiryn fmamh i &n &,
porous strucltuocpeoauicandg axdembheg pabalkpses|
around this delamination can easi Figuref|l ake o
5-8, i ndi cates t hiadott hehamredea ni meattieont Wre of t |
and aggl omer 2di drhe otbislelr vexdi dtel ami nati on i n
|l i kely caused by the fabrication process,
relative humidity,thepmagye saspgpojo almé mé p@m paod
contribute to this defect.
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Furt hetlmenoc &t, al ytshhNea f & § B r nuenmderraweeend-d gagiper si v e
spectroscomayn @B )y tt et technique used for
lts fundament al principle is that each el em
umiue set of -rpeeyakspemt riutns. XBased on this uni
el ement can be determined. The test was carr

i Rigure5-9.

wst. Layer

Membrane

20pm Electron Image 1

Figure5-9 Associated EDS test spots on the catalyst layer and the membrane
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Testwa# 3at t he membr as#l raemydeoadd? twhe | cattaelsytst
regsifdosn i | dliuable5dt et he cat al ystedayleon maihtgr ic
and pl ati nhuem eaall ameorutghcamposi titcheeat alt y st ff &2y e
wersd i ghtly differeg#2nCbep &t e droengpi bobni t# 1o nw aast
relatively | ower 3QF8%) .BI4f B@ Ao, snégmbmposedvaof
cambo fluorine, oXxygemc eanntdr ag u loph utrh e fThhieg he s €

among the four el ements.

Table5-1 EDS results on the catalyst layer and the membrane

spectrum C error O error F error S error Pt error Total

1 4587 8.08% --- --- 23.33 6.63% --- --- 30.80 6.78% 100%
2 48.10 10.09% --- --- 17.52 7.99% --- --- 34.37 8.99% 100%
3 30.68 7.63% 2.77 8.20% 63.11 6.18% 3.44 1.31% --- --- 100%

A GDL, as a highly poross cmatbemi dli,bresen s iwhti

with each other in a rahHdopmemanadeunit gqué os Imr @
SucbBtaucture becomesntnhoer eGDxlLo mpsl iccokdagteedd whiet h
510 a ndigure5-11i | l ustr at es tthweo ckai GiRidss robfivb IGOL i n

without PTREOdt rPacaEEm@®dE a cchar bon f idilreeardan be
obseruveaw @DIL hout PTAVEEr dgameotfg rtshesver i br es
about TMWe Omet wor ks of pores were formed by -
di fferent QGmrthloe déi ibe e schodaf @e,dc aGDolon f i bres w
wrapped wi tAls csdatWwigure i, t he c sdtiikreg dledbak s
accumul ated on the fibrevsedabmeeerBDueftohebe
weda@arger than those i n &« oradw dE@BDE malaéeef poe
vol ume conpheeawd GOLt hlt has be@dmrmner amas @ hritohuce
pl ane mass transfer r ehsei smiamrcest raurcd ude p eorfd
Thereef otrénd wcoerde v odPuTniEr eat ed GDL mighgeintro

resi smasce transfer.
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e -

Figure5-10 Carbon fibres in a new GDL witlut PTFE coating at 500* magnification

Figure5-11 Carbon fibres in a new PTREeated GDL at 500* magnification

The mor phmée w ghtTriecEa t asgp r @ B I wigueed-12. Many pinhol e
and capygpcekaesnetl he rougbaned. feEabel es and cr ¢
mai namg E€rom i nappropriate B¢ ©aRRleE anodtu snagg a
very ;feraamgi $ mal | frictionesofcfanf rnoank éligbreh es uPr Tf Fakc
513proga dmore detailed morphology of the pin
t he diguwe5-12mar ked i n T erseed pdfirfrrellestlssp a<wei tf bl e
water produced dumi e Rtele@a b¢ avlalt ereadhtoiudmd be |
the flow channel i n iomgl.er Hu Wweaperae, vsecmatg | wlat er
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t hese .pinnhtohiess hea spdsn Hiafll of emaktarci ant gaee
transhegt oretahcet i on sites Ciomstlmyaéi eeatrglaxdti olnay
decr elahseescr oss secttr oat eod r @ble rFigededb-B4 n T h e

GDwas vdided into t waoilladgagres, atntde thhleFE ar bon f |
deptlmpproxi matred y15® ©Om rmespectivel y. The p
coatliarygsr nmwamia it Iheamhat in thbu$| bt-ddedtRIJrEgE | ayer
is usually placed, facing towards to the cat

b

Figure5-13 A pinhole in a PTFEEoated GDL at 1100* magnification
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Figure5-14 A cross sectional view of a new PTHRated GDL at 500* magnification

5.3. Microstructural C hanges ofCCMsand GDLs after Cell
Operations

The above section discusseathny structural defects in new CCMs and GDLs. These
defects can affect the cell performance in two aspects. First, they can lead to an initial
low cell performance. In addition, some small defects in new CCMs and GDLs can
develop into large @s during aregular cell operation and stanp/shutdown processes
causing afurther cell performancereduction This section mainly foces on the
structural changes eailsed CCMs and GDLs

Figure5-15pr esent s the cross section of a used M

each ot her, including two <catalyst |l ayer s,
However, the thiMEkAesvsar iodd tahse ceppased t o t |
t hickness. Cl ampitnhgerfmand cesst rasdedhygrwe rise
variati on. Cl ampi ng f b hteheisc kcnaeussse do ft hteh er eMIEuIAC
l and. On the othehehdMiEd, uhderthhekoédasnef
During cel l otpheerranmtai lo n 8 x p ahnysgiroon s al so added

me mbrane because of a fixed space between t
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making the membrane undsagaloplepdesrtman edchef od enfad
Figure 7-4 ex pl ai ns t he di fsfaemrde ncchea ndhsetl weame su b hd

per manent def or matheistountwe ottioerfloweclsapnelplatee d t o

ode Catalyst Layer Anode (IDL

- "\Jv y ;».,—44-?:""y'~ T

§ paam—— = S50 SR
Cathode Catalvst_Laver Cathode GDL

B8 188rxm

Figure5-15 A cross sectional view of a used MEA at 100* magnification

This-|l Aayee ssigoait dieans for t he pbeercfaaursneanc e
close connection beatowe eomnd GDes e atrecsICiG®Ma nc e
but palosvo des a transportApditthhamaklhgese eacnneo
hel ps the wafTbereambhoangemehnt itshiisnpstmrt wetttuaried . d |
The GBldredtop of t hléh ec &PtTaFIEy swansh bcyesaotsesd o f
the GDL. This coated side was f aciFigue t owar d:
516t he pore size of the PTFE coatiWgtewas | ar
was produced in catal ysitt ktdeywedfd bdwu rgien g orr eea c t
in the ePTSFE Beayause of PTFEOse xltedrso pad beirc cc
easily be removed out of the GDL to the fl ow
the <cell stack by thethi saptoaret spaeswhlledw.er &
catalyst ahdy T REbhtdbararta mpemelratgdedp s eve |l § he

water flooding.
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Figure5-16 Pore size differences between catalyst layers and PTFE coating at 2000*
magnification

Al t hou@DL tchoendnietch t he ¢ at amlopdst tlesweareampbes
GDIdel amiammad i omeanbyane delt amdc telsa np | eass

pr es e rrigued-17iamkgure5-18 Unl i ke the del amination fo
unevenly dissesi butned usieogndl| &ghgerronga | s tsrtersess s
coultdhdemain reaekbkami fatri arhkeinnthee d h62a@MLCM
|l ength of the separation betweanabhet cht @iny

whiwad&much s matl Hfeearu ntdhann new CCMs. This separ e
mai netdai hairly uniform dédl arkinfresusi.d i awenveew ,CQGM
deformed intoTha bewsehapehind t widashédef or ma

di fference bet ween tdhred fadlrli ca@apieo @ tTidreq d ic ©in
fabrication c¢ondiutanladinn tfacirn e@QCMst ias ceetain |
and rel ati vecdmdrnritdimainy o o Mti ant to poevent t
epansafont he nerMbamineati on occurs mai nly bec

working temperatures, relative humidity, spr

However, i n an tlpapreartaitnign gf uteelmpeelalt ur es and
changehea,tliwtha ch brings-hgbnanaog.esAbesssmanretrimaned

ear thieerwater content indtothiengnembél lahhleips swdtham
content v ar iditfi foenr ecnatn |ceavueshene nobf r aenxep a nwshiiocnhs ¢
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redes the adhesion between thénceaetaélyami natyie
occurs, the reaction rate at the separation
a nuomi form temperandreomdsamdumamtuloy omnnd i asft ri but

water content in the membrane.

Anode Catalyst Layer

Delamination

Membrane

Anode Catalyst Layer

Membrane Anode GDL

*

CathodI Catalyst Layer

‘Cathode GDL

Figure5-18 Delamination between a GDL and a CCM at 2000* magnification

Figure5-199s hows t he crawas®ds &€cCtM, o nwhohlicehitowk heessed
variation isandamamlydddeérayteds compaused haend hi c
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new cat abagylermespbomamespondi ng mePalsoitrgeDne zter r el
sof twiataleac cur acy THbOsoftvaresna. Java programit can digitize
values off a scanned imadégure5-4 a nkEigure5-19pr ovi de thigh ir @3 ©9¢ 3 ;
thereforethe hegel vle¢reen me & wrveemment §. di stri bu
|l ocations al ong t he | e ntghhemne mofr pm @évei deat atl hyes |
me as ur e meEqudtions-Ipdoett ermh@eedekbavariati owmi tohf t he
t he &aihmrafontgeei zhi ckness uniformity.

Anode Catalyst Layer Anode GDL (PTFE)

Membrane
fraiso Cathode GDL. (PTFE):

Cathode Catalyst Layer

Figure5-19 Thickness variations of a used CCM
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Equation5-1
As i | | ulHgure520, e dt hien membr ane thickness of a ne
The average thickness was approximately 137.
0.37% to 1. 69é&. udHowe CEM8Ms sperdonounced edi fferel
thickn&ksese average thickness reduced to 120.
from 1.40% to 8. 62%. Mechani cal I mpact mi gf
process in Mele whhied p&ktnaésisati on in the defor m
variati on) mi ght pesthe ftowmw theanBdgitcupl at e,
32and the mpeewa¢mr eeand humidity distributi ol

directly linked with ,t htehiicoknniecs sr evsairsitaatni coen.s
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Figure5-20 Thickness variation of new and used membranes

Figure 5-21 a n &igure 54 r epr esent the change of cat al y

thickneeses twhh tlhatal yst |l ayers in a new CC
average of the anode catalyst | ayer was 10. 3
10.17 Om. The relative variangedmoDdD. 4h® fal
2. 40 %, whreoecascdthal yast | ayer2 vlebs%.i MOnt hher aon
hanZ5®our t estiangr enducnteisosnredi n catal yst | ayer
thickness for the used cathode catal yst | ay
used anode <catalyst |l ayer. Addilt8i. 8rB&d layn,d t h
0. 4741% for hnhtheacwaddbdodat al yst | ayers respec
stresosudsd be fomethast drhi ckness reduction. [ r
the catalyst | ayer into the membrane was an:
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Figure5-21 Thickness variation of new and used catalyst layers
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Figure5-22 The bending of a Nafion membrane and catalyst loss at 500 * magnification
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Figure5-22s hows t he deformati aos&€€CWMAs hmectatahgdt
befor e, i nappropri at estmeucshtauntibcea | f Isotw ecstsaersn eal
caushe bendinglbfthaeC@bchatnhawme witeled sstirseng
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Naf i on membr ane because it only contains a
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cat alayysetr wa& nt e s s.t fWheen bt eveas fuedercedbpdreati or
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t emmddander go fur tdwerc alglf oosprearidal thimatnth@erse event ua
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uni form reaction rate al ong -amief caram atl gmped aty
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Figure5-23s hows the surface of a used Nafion me
aggl omexiastesad on The svsudt adase of these <c¢cracks
whereas the | ength warti ebdr.e alkh etshee cNaafcikosn dme n
they broke the continuity of the membrane,
proton resistance. These small cracks might
contamination di saal vifeldowi ni nt heMowat ec’ggt 0o met

di stributed on the membrane surface. I n pa
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contaminants from the catalyst | ayer. The s
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Figure5-24 Agglomerates on a used membrane at 10000* magnification

5.4. Summary

SEM tdeesttasiheedi ni ti al mi crostruounMEAredora@andantdhe
af tdeurr abi | i it yt heesting. of sihewctMBEAS, defect s,
del aminati on, po mcthaod iaprpeldme d beaclodservati on
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new MEAs tshadmwietdi atlhl kyn e stshees o f t haed chbéal pat
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Chapter 6

Mechanical Properties ofCell
Components

The previous chaptesuggest thatthe stress condition of MEAsas the reason behind
the microstructural change€urrently, due to the technique limitation measuring
stressesnumerical modelling is the most promising methogrobe the stress condition

in MEAs. A reliable structure model involves appropriate constitutive relations.
Therefore, lhe preparation of acomprehensivestructue model requiresknowing the
mechanicabproperties of different components in a typical PEM fuel cell, whigitles

the selection of constitutive relations in the modelliRgwever, to date, onla few
studies focus othe mechanical properties GDLs and catalyst layer3herefore, a a
prepaation for the structwr model, his chapter mainly concenteston studying the
compressive behaviour of GDLs and catalyst layers wsmgro-compression tester and

thenanoindentation technigueespectively

6.1. Mechanical Properties of Gas Diffusion Lagrs
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6.1.1. QuastStatic Compressive Behaviour
6.1.1.1. A Typical GDL Compressive StreSsérain Curve (loading and unloading)

Figure 6-1 shows a typical GDL compressive behaviour after one cycle loading and
unloading. First, it is clear that the compressive stsassn relations of a loading and

unloading curvewere not linear, in contrast with most mechanical behaviour of GDLs

used in the modeling. Hence common deformation analysis for PEM fuel cells using
Hook6s l aw mi ght not be appr opstrainatne. Secon
containedthree regions: an initialegion (compression stressesre quite small, €0.25

MPa), a middle region (compression stresaese between 0.22 MPa) and a final

region (compression stressegere larger than 2 MPa). This phenomenon can be

explained through the microstructural chamgéGDLs under compressions.

GDLs have highly porous structures, made up of numerous carbon fibres that connect
with each other in a random manner. Although in reality all the carbon fibres are
connected throughout, for the ease of understanding, itsismesl that the GDL is
composed of many alternating layers. One set of layers consists of densely packed
randomly connected fibres. The second set of layers is also connected with these random

fibres but these layers are less dense.

Due t o GDL au@ures@éshbetmvkdifferently when compression stresses
changad. When compression stresses wagmparatively ver small (in the initial region)

they dd not destroy the layer structure. Instead, compression stresdeshmdessiense

layer more condensed without breaking the carbon fibres inside the layers. This structure
can return to its original shape once the compression stnesseseleased. Because the

GDL behavd elastically to small compression stresses sthessstrain curvewas linear

at this compression range. Compared with t|
increased compressive stresses in the middle region, as shBigare6-1, continuously
compressad the lessdense layer and rda the lesslenselayers more condensed, which

led to carbon fibre breakages among the denser layers themselves as well as carbon fibre
slippages among the ledsn® layers. These microstructural changesre non

reversible; thereby GDLs behal/melastically. As the compressive stresses contioie
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increase, the lesgense layers experierttaignificant reductions, leading to the layer
deposition. As a result, the whole GDAas much more and evenly condensed, as
presentedn Figure6-2. The stressstrain relation becgae elastically and linear again due
to this condensed structure.

GDLs 6 compressive | oadi nwgredfferen. &s shawd inunl oadi
Figure 6-1, the unloading curveid not follow the same path as the loading curve

although the compressive stresss released in the same way where it was applied.

Similar to the loading stresgrain curve, theinloading stresstrain curve wa divided

into three regns. The first unloading curve wa linear regio ; however i1ts Yo
modulus wa larger than that of its corresponding loading curve. At itisé dnloading

region, the GDL wa initially compressd under large comessive stresses. The whole

GDL was very condensed. When the compressive stregsegradually released, some

of the compressed structures tedtb turn back to their original shape. However, due to

the previous permanent structureaohel, the GDLs still hd a nonlinear stessstrain

curve region, which walarger than that of the loading curve, indicating that more carbon

fibre breakages and slippages ocedduring this period.

Unloading

Compressive Stress (MPa)
(3]

Compressive Strain

Figure6-1 The compressive behaviour of a raw GDL (sprectracarb carbon paper) under one
cycle of loading and unloading (fissmample stack, temperature®’@5RH 30%)
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(a) Uncompressed GDL  (b) Compressed GDL (2.7MPg (C) Compressed GDL (6 MP¢
Figure6-2 The microstructure of a raw GDL (temperaturé25RH 30%)

6.1.1.2. The Effect of Stack Sizes

It is considerably challenging toarry outhigh-precise compressive tests on GDLs,
because of its micrthickness. In general, testing a several sample stack helps to reduce
experimental errors. However, the effect of stack sizes on compressive behaviour of
GDLs still remains unclear. So far, tbet best knowledge of the author, there fexe
studies regarding this issue. Most of the available literature does not even mention how
many GDLs were used in a stack in the experiments. Therefore, in order to ttiarify
stack size impact, thetudy of GDL compressive behaviouinvolved stacks with
different numbers of GDLs (1~10).

As illustrated inFigure 6-3, the stresstrain curve of a onsample stackvas different

from a twesample stack, and both of them indicate differences from large stacks. Under
the same compressive stresses, these tacks hd higher compressive strains than
others, meaning that theyere more compressibléVith the increase in stack sizes, the
compressive behaviours teito become less different. This phenomenon can be
explained from two perspectives. From the pecsipe of the elastic strain energy,
thinner stack are more conducive for the energy transformation from the test rod to the
tested stack, so that the stack can store more strain energy, which expresses itself as a
more compressible behaviour. From thespective of microstructural changes, the
compression stress triggers the microstructural changes of GDLs. However, GDLs tend
to deform to a structure that helps it to resist the impact of compressions. The thicker
sample has more complicated microstrudummpared to a thinner sample, suggesting

that it has a better capability to resist compressions. Therefore, the thinner samples are
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more compressible. This compression process was recdrgleah OM testing, as
presented inFigure 6-4. More microstructural changes of GDLs (i.e. carbon fibre

breakage) occurred with the increase in deformations.

4 . . . , . : : |
= Three samples, ,Four samples
[l Two samples
2 Five sample
~ 3F g
2] Seven samples
&
= Ten samples One sample
v o2t |
O
>
o -
n
%)
o
= 1 F |
3
Q
O . “,ffj
0 ! s 1 L 1 s -
0.0 0.2 0.4 0.6 0.8

Compressive Strain

Figure6-3 The compressive behaviour of raw G®Aith different stack sizes (SpectraCarb
2050A-0850 carbon paper;10 samples, temperature’25 RH 30%)

R - LN

Rod GDL Rod

Figure6-4 A five-stack raw GDL under compressions (temperatuf€ 28H 30%)
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Figure6-3 indicates that the compressive behaviours of GDLs actually ctavigethe

numbers of GDLs. However, so far the literature of measurementegardingGDLs

compressive properties normallidadhot mention clearly the stack sizes, which might put

into question the reliability of the data. Besides,dtracturemodeling of PEM fuel cells

requires the GDL mechanical properties. In real PEM fuel cells two pieces of GDLs,
sandwiched with a CCM,ra normally used athe component ofan MEA. This might

trigger another problem: what stack sizes are the best to represent the real GDLs
compressive properties imMEA? Therefore, in order to obtain more convincing and

meaningful results, the measurermen o f GDLs6 compressive behavi
the effect of the stack size of GDLs.

Many studies used either piecewise linear expressions or exponential correlations to
describe the compressive behaviour of GDLs. However, none of thienatpention to

the unloading curve, which is important in mechanical modelling. For the ease of
modelling, the loading and unloading compressive behaviours are described Tising 4

polynomial curves, as shown Trable6-1.

Table6-1 4th order polynomial correlations for loading/unloading curves

Stack size Type Correlation

loading o mrpuX TP Yo Td vBOYA p& TM
Onesample stack .
unloading @ T@ip T pEBIL YR XCB C WY ¢ WD ¢ BoP

loading & mMicocm p@opdd LR Clp C@/ R
Two-sample stack .
unloading @ TroxXTEETT PR G pTED Y& @

_ loading o MIMYEeERUUP P R WG G ¢ TEW
Five-samplestack .
unloading @ TBIETPIPNUEPC @B podd 08 wp

As indicated inFigure 6-5, due to the measurement uncertainty, the compressive
behaviour of GDLs with different stack sizes can mainly be divided into three categories:
a onesample stack, a twsample stack and a fite-tensample stack. As previous
mentioneda large stack sizéelps to reduce the experimental errors. Also, the general
shapes of their curves are similar. Therefore, aganmple stackvas mainly used for the

following test. Theloading curve contains sufficient information to describe the
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the effects of temperatures, relative hunyiddnd the amounts of PTFE coatings on the
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compressive behaviour.

Compressive Stress (MPa)

T X T $ T L T

One sample -

- — stack with three samples
— » — stack with four samples 7
— - — stack with five samples
— - — stack with seven samples]

— » — stack with ten samples
1 s -

1

0.2 0.4 0.6 0.8
Compressive Strain

Figure6-5 The typical raw GDL compressive strestgain loading curve with error bars
(SpectraCarb 20508850 carbon paper, temperaturé25RH 30%)

6.1.1.3. The Effect of Operating Temperatures

A PEM fuel cell is typically working at operating temperatures of aroui@ 6585C;
therefore, the compressive behaviour of GDLs during these temperature ranges is worth

bei

properties have mainly focused on compression tests at room tempeahtue Z5C).

In order to clarify operating temperature effects, the compressive-strass curves of
GDLs were probed at different temperatures. Testied on a fivestack raw GDL
(SpectraCarb 20504850, carbon paper) at four various temperature¥C(28°C, 65°C,

and85°C) with a constant relative humidity 30%. As illustratedFigure 6-6, these four
curves overlaped and the differences between themere statistically insignificant.
Although small variations can be seen among these curves, tdeyitlen the range of

ng

investigated.

However,

studi

es

measurement uncertainties. These results indickiat the compressive behaviour of
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GDLs dd not cltange appreciably within the fuel cell operating temperature range; thus

the effect of operating t e mp ewmsaneglgibleesAs on GDL s
mentioned, the compressive behaviour of GDLs mainly deggbod the microstructure

changes. Beesse carbon fibres have a high temperature tolerance and a very low thermal
expansion, the increased testing temperatidendt change the microstructure status of

GDLs and carbon fibre properties in an appreciable way, compared to those at room

conditions Therefore, the compressive behaviour rem@umchanged.

4 T T T . T T I
0

-~ 250CRH30% 4’3‘{
% 3= 45°C RH 30% A ]
) o A
o | %65 CRH30% j"{
] 0 /j’
g ,l— —85°CRH30% P l
% o
> -
= ‘,,#
2 L B
4 o
g ;_J..J"'EP#
U O‘Fzﬁ.‘-hu 1 ] 1 .

Compressive Strain

Figure6-6 The compressive behaviour of raw GEWkith different temperatures (SpectraCarb
2050A-0850 carbon paper, a fissample stack, temperature®’@5RH 30%)

6.1.1.4. The Effect of Relative Humiglit

Since the proton conductivity of a Nafion membrane is directly correlated with its
hydration levelthe humidiication of a membrane usually essential. Therefore, PEM

fuel cells operate at a humidified condition (normally above 80%). A GDL is a composite
material, consting of carbon fibres and resimhich is used as a binder to connect the
carbon fibres intaa certain shape. The most common type of resin used in GDLs is
phenolic resin. Studies indicate that this resin becomes weaker as its moisture content

increase[88]. Hence, it is possible that the compressive behaviour of GDLs at a high
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humidified condition is different from that at a dry condition. However, very few studies
have been performed to characterize the compressible properties of GDLs at a highly

humidified condition.

In order to clarify the relative humigiteffects, the GDLs wer¢ested at the same
temperature oB5°C with two different relative humidity(30% or 85%). As shown in
Figure 6-7, the initial linear region of compressive strsg®in curve at different
humidified conditions il not show any significant differences, compared with that for
the dry sample. It needs te mentioned that due to the measurement uncertainty, the
compressive behaviours of dry and humidified GDLs at the initial regier similar
enough to be considered as the saaftboughit is possible that they might ha slight
differences. However, fothe nonlinear region, the compressive behaviours of the
humidified GDLs beame more compressible than the dry samples; whereadkeddinal
linear region, the o u n g 6 s om@Ddabeanm® similar. A mist environment can
soften the resin and make @sger for the carbon fibres to dislocate and slip. However,
when the compression stressesre very small, they didot destroy the layer structure in
spite of the softened resin, whiohas the reason why at the initial region, the
compressive properties dry and humidified samplesere quite the same. When the
compressive stresses statto increase to a point where the carbon fibre breakage and
slippage can occur, the compressive ststsEn curve movael into the norlinear region.
Because of the softened resin, the humidified Gietamemore compressible than the
dry GDL sample at this region. As the compressive stresses cahtinurcrease, the
whole GDL becamemore condensed, meaning that thmicrostucture of the GDL
becamestable. At ths stage, the softened resin diat have an appreciable impact on the
microstructure changes; henthe compressive strain changedpproximately the same

rate as that of the dry sample.

6.1.1.5. The Effect of HydrophobiCoatings

GDLs are often treated with hydrophobic binders (PTFE) for the water management. This
treatment resudtin the microstructural changes, as illustratedFigure 5-14. Compared
with a raw GDL without PTFE, the PTFE coating not only wraps the carbon fibre and

fills out some pores, but also acts as a binding agent, which leads to a different
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compressive behaviour from a raw GDL. However, theraoign-depth investigation
regarding the microstructural changes caused by the PTFE coatings and their
corresponding compressive behaviodise following testsneasured oray-type carbon
papers (TGRH-120) with different amounts of PTFE loadings.
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ol [ ' ,i'f { |
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ﬁ 2k 4/'/ : .
gy I—I—('—l_“\?_\'
35 e ) Humidified Sample
5 1t ==l——u) 85°C RH 85%
g ==
3 -
O Taan
0 il . 1 . | . 1 . | .
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Compressive Strain

Figure6-7 The compressive behaviour of GDLs under different relative hityr{i@pectraCarb
2050A-0850 carbon paper, a fisample stack, temperature’8%

Since the compressive behaviours of GDhge significantly affected by their

mi cr ostr uct ursensGDLsGMmicieodtrdctire vebdo becirtvestigafirst in

order to have a comprehensive understanding of its impact on compressive properties of
GDLs. Figure 6-8 and Figure 6-9 show the integral and differential distributions of pore
volume as a furton of pore radius for uncompressed GDLs with different amounts of
PTFE loadings.Table 6-2 provides the volumetric porosity of GDLs with different
amounts of PTFE loadings. Because the PTFE padphe carbon fibres, the pore
volume decreaskwith the amount of PTFE loadings. Thadii of the pores in tested
sampleweremainly between 10 to 20 pm. The most common pore ragias15 pm. In
addition, in spite of its effect in reducing the alepore volume, PTFE coatisglid not

exert appreciable effects on the maximum pore sizesiaedlistribution of GDLSs.
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Figure6-8 The uncompressed integral distribution of pore volume as a function of logarithmic
pore radius for Toray carbon paper (F8PL20) GDLs with 640% PTFE treatments
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Figure6-9 The uncompressed differential distribution of pore volume as a function of pore
radius for Toray carbon paper (T&R120) GDLs with 840% PTFE treatments
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Table6-2 The volumetric porosity of GDLs with different amounts of PTFE loadings

PTFE loading 0% 5% 10% 20% 30% 40%
Porosity 0.7818 0.7303 0.7204 0.6987 0.6560 0.6281
Uncertainty #.0040 #0.0039  #.0038  1#.0037 4.0036  #.0035

Figure6-10illustrates the stresstrain curves of Toray carbon paper GDLs with different

PTFE loadings (0%, 5%, 10%, 20%, 30% and 40%). Similartiidbof the SpectraCarb

carbon paper, the compressive behaviour of a PAdaEed GDL can also be divided into

three regions. However, it vadevith the amount of PTFE loadings. In the initial region,

all the stresstrain curves overlgged indicating tha the anount of PTFE loading
actuallydidnot show any appreciable effects on the
the compressive stressegere smaler than 1.5 MPaThe initial small compressive

stresses nue the lesslense layers more condensed. Beeaok PTFE coatings, the

number of lesslense layers bame increasingly smaller. However, since the initial
compressive stresgas so small, it only condeng¢he lessdense layers in a reversible

way, which would not affect the original compressive bediavin an appreciable way.

However, the compressive behaviours chdngleen the compressive stresses move into
the middle region. As shown iRigure 6-10, raw GDLs (Toray 0% PTFE) behale
differently from GDLs with PTFE coatings. Raw GDLs (Toray 0% PT®E)je more
compressible, whereas GDLs with different amounts of PTFE coatings stitl iach
similar way. Because compressive stress at this range eesnltthe carbon fibre
breakage and slippage, a raw GDL (Toray 0% PTFE) behawelinearly. On the other
hand, the added PTFE coating wedlkas a binder and strengtiegithe GDL structure,
thereby reducing the carbon fibre breakages and slippages. This might be the reason why
it is less compressible. As the compressive stressesdnotce the third region, they
made the whole GDL more evenly condensed. In this case, the presence of PUdtly act
wrappedthe carbon fibres and redutthe pore volume. Because of the lay depositions,
at this region the measured compressive behawi@srthe combination of the GDL
carbon fibres and the different levels of PTFE coatings, wiiat why all the s&ss

strain curveswere different from each other. However, for a common PEM fuel cell
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operating clamping force (0#.2MPa), the compressive behaviour of GDLs with

different PTFE coatingwas quite the same.
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Figure6-10 The Compressive behaviour of GDLs with different PTFE loadings (esfivaple
stack, temperature 25, RH 30%)

6.1.2. Cyclic Compressive Behaviour

In an operating fuel cell, the MEA suffers a combination of clamping $@wd hermai

hygro stresses. The clamping force is constant once the fuel cell is assembled. However,
due to the cyclic changes of the operating conditions @bwh/startup processes), the
thermathygro stresses will change during the operation, indicatirag the cyclic
compressive nature of GDLs is worth being studied. However, so far studies regarding
the cyclic compressive behaviour of GDLs are only limited to a few cycles; whereas the
real durability target for a fuel cell to be used in vehicles is agppetely 30,000 shut

down/startup cycles.
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6.1.2.1. Five Cycles of Loading andrilbading

Figure 6-11 shows the stresstrain behaviour of GDLs after five loadiumloading
cycles. Unlike the first cycle, the loading and unloading curvestiiodbecome similar

with the increase of the cydewhich resuid from the reductions in lesgense layers.

After the first compression, the GDL experied@ reduction in lesdense layers. The
whole GDL beame more condensed. However, some {dease layers still existl

which would experience contumusly condensed processes after the sulesgcycles.
Figure 6-11 shows that the compressive strain under the same compressive stress
increasd after five cycles. Such an increase redulog about 60% after five cycles, as

illustrated inFigure6-12.
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Figure6-11 The compressive behaviour of a raw GDL (SpectraCarb) under five loading and
unloading cycles (a fiveample stack, temperature’@5RH 30%)
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Figure6-12 The compressive igtin changes under the maximum compressive stress during five
cycles (a raw SpectraCarb GDL, a fisemple stack, temperature’@5RH 30%)

6.1.2.2. Effect of Cyclic Loading

In order to simulate the cyclic loading (the stapishutdown processes), GDLsere
compressed under the range fror2 MPa. The assembled forceereassumed to be 1
MPa,whereaghe cyclic loadings resulting from the thernigigro stressewerebetween
0-1 MPa. The GDlwas first compressed to 2 MPa. Then, the compressasngradually
reduced to 1 MPa. This cycle repegfor about 2000 times. As shown Figure 6-13,

the compressive strain measured at 2 MBs plotted as a functioof cycle number.

After a few cycles, the compressive strains of both Rté&ied GDLs and raw GDLs
experiencd an appreciable increase even under the same compressive stress. After about
1500 cycles, the compressive strains of both kinds of GDLs edachelatively stable

state. In addition, a few sudden increases can be noticed on these two curves. This
phenomenomwas still linked with the lesslense layers. Similar to what occurs after 10
cycles, as depicted iRigure 6-12, the lessdense layers continues to be condensed to a
certain point under a certain compressive stress. However, due to the cyclic load, the

GDLs experienag fatigue issue, consequently causing further carbon fibre breakage and
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slippage, as shown iRigure 6-14. These further damages resdlin new lessdense
layers, thereby further increasing the compressive strain. After about 1500 cycles, carbon
fibres dislocatd and beeme condensed. Then, thesas little room for the neviborn

less condensed layers; hence the ssgssn curve beamestable. Moreove because a

GDL was basically a random porous material, even two GDL samples from the same
batch would not behavexactly the same. Therefore, these sudden jump increases
randomly occured Table6-3 shows the volumetric porosity of GDLs after 2000 cycles.
Due to the carbon fibre breakage and slippage, the porosity of raw and coated GDLs
decreasg Although the reductiomas only 6%, it is possible that these changes would
lead to significant changes in other properties of GDLs, such as thermal and electrical

resistances.
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Figure6-13 The compressive behaviour of a raw GOtean2000 cycles (a firaample stack
temperature 2&, RH 30%)

Table6-3 The wlumetric porosity of GDLs after 2000 cycles

PTFE loading Uncompressed Volumetric Relative Uncertainty, %
volumetric porosity after changes, %
porosity 2000cycles
0% 0.7818 0.7702 1.48 0.51
20% 0.6987 0.6560 6.11 0.53
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(b) Compressed raw GDLafter 2000 cycles

4 S » 1

(c) Uncompressed raw GDBIL (d) Compressed raw GDIL after 2000 cycles

Figure6-14 The microstructural changes of a raw GDL after 2000 cycles

6.2. Mechanical Properties ofCatalyst Layers

All the cell structue modellingdone, so far, ignored the catalyst layers in the modelling
and considered the catalyst layer and the gas diffusion layer as one single layer because
of the unknown mechanical properties of catalyst lay€ra.t al y st | ayer séo

me

properties, includingy oung o s modul us, Cc a nnantindentatidnt ai ne d

technique using the relations mentioned in Chapter 3.

Figure 6-15 illustrates the indentation curves for the catalyst layer in termsadfdad

displacement. It includedone loading and unloading curve3he loading and
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as shown irFigure6-16 andFigure6-17.The Youngds modul us

with different locations, depths and applied forcéscording to Table 5-1, the

distributions of pores, Pt particles and carbon supports were not uniform. Therefore,

during the process dhe indentation, the Berkovich indenteould encounter pores,

nes

cat

aggregated Ptasticles or carbon particles, which affedt he Youngés modul es
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Figure6-15 Nanoindentation results for catalyst laygréerms of load and indentation depth
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Figure6-17 Y o u n g 6 s ofrcatalystllayessvith various indentation depths

6.3. Summary

Thestructue modelof a PEM fuel cell songly depends on the compressive behavadur

GDLs and catalyst layerdn an operating fuel cell, a GDL sufgefrom not only the

clamping force and thermilygro stresses but also cyclic changes of these stresses;
thereforet he | mportance of GDLs 6 compressive bet
conditions and cyclic loadings cannot be ignofBas chapter focieson the effects of

stack sizes, operating temperatures, relative huynitiie amountof PTFE coatings, and

cyclic loadings on the compressive properties of GDIBe results indicated that
microstructure changesnade GDLs & compr es sdiswleeybeHawhk @sir s
Therefore, mechanical modellirig previous resear¢lwhere a GDL was assumed to

have elastic propertiesight not be appropriat€reviousresearchdid not consider the

impact of stack size; however, it didfect the measurementbhe funding showed that,

in generalGDLs with variousamountsof PTFE coatings behagtiaifferently, yet, during

the common operating compression range, their prop&réesalmostthe same.

Various conditions creat ed compressivetbehaviod.i f f er er
The results showetthat he common PEM fel cell operating temperature didt change

the mechanical properties of GDLs in an appreciable way, whereas the relative humidity
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could soften the GDL binder, making the GDL more compressiibwever,during a

common operating compression range, such a soffeeffect was not significant.

Moreover, gclic loading furthervariedt he GDLOsSs microsétditsuctur e,
original porosty and corresponding mechanical properties.

Compared taGDLs, itiseven more hal | engi ng to measure cat al
properties because of its structutewever, the nanoindentatiortechniquemade this
measurement possibl@he catalyst layer had aelastic mechanical behaviour with a
Youngo6s tmbcdandedi gith the applied force and the indentatlegh. This
occurredbecause posand Pt/C agglomeratelid not distribute uniformly.

The above obtained mechanical properties are very important because they guided the
selection ofvarious constitutive relations for cell componemtsa structure modelThe

following structure modeincludedGDLs, atalyst layes and Nafion membraneBased

on the experimental data, layperelastic model, Blatko model, simulated GDI&s

nonlinear compressive behaviourtn addition,&@ el asti ¢ model simul at e
mechanical behaviour. Meanwhile this model also considered its thermal and hygro

expansion under various cell operating conditions.
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Chapter 7

Mechanical Behaviair of
MEAS

Chapter 5suggest that microstructural changes of MEAs occur mainly because of
inappropriate stresses, including hydginermal stresses and clamping forces. This
suspicion necessitated the stunfythe stress and deformation of MEAEhis chapter
preserd three conditiongo clarify the effects of clamping forces, cell temperatures, and
relative humidity orthe stress and deformation aof MIEA. A temperature 025°C and a
relative humidity of 30% defined the initi@mperature and relative humiditgnditions,

namely the zero stressate.

T Condition 1: Impose clamping forcewith a constant cell temperature of°Z5
and a relative humidity of 100%Clamping force was applied by linearly
increasing the clamping pressure from 0.2 MPa to 0.8 MPa.

1 Condition 2: Increasecell temperature with a fixed clamping force of 0MPa
and a relative humidity of 100%.All the cell componentshad the same
temperature The temperature of the entire fuel cell assembly was linearly

increased from 2% to 75°C, whilemaintainng arelative humidityof 100%.
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1 Condition 3: Increase the relative humidity with a fixed clamping force of 0.4
MPa and a cell temperature of °@5 Only the catalyst layers and Nafion
membranswere assumed to react to relative humigityich increagd from 30%
to 100%.

7.1. The Effect of Clamping Force

In-Plane Stress

In-plane Stress (MPa)
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Figure7-1 The in-plane stress distribution of the Nafion membrane with a clamping force of 0.8
MPa, a temperature of % andarelative humidity of 100%

Out-of-Plane Stress
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Figure7-2 The aut-of-plane stress distribution of the Nafion membrane with a clamping force of
0.8 MPa, a temperature of Thandarelative humidity of 100%

Von Mises Stress (MPa)

Figure7-3 TheVon Mises stress distribution of the Nafion membrane with a clamping force of
0.8 MPa, a temperature of ‘Thandarelative humidity of 100%

A proper clamping force is a significant factor for cell performance. It should be large

enoughso thatthe contact resistance between each cell compaeanhes reasonable
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level, thereby improving cell performance. However, an inappropriately larggiclg

force can also result in structural defectsam MEA, causing a cell performance
reduction. Figure 7-1, Figure 7-2, and Figure 7-3 illustrate the three different stress
distributions orthe Nafion membrane with a temperature ofC75 relative humidity of

100%, and a clamping force of (MPa. For inplane and oubf-plane stresses, the stress
under the channel was always smaller than that under the land. However, the Von Mises
stress ditributionshowedan opposite conditioriThe Von Mises under the channel was
greater than that under the land.

The Von Mises stress is not really a stress, but a number determining whether the stress
combination at a given point will cause plastic deforomatA structure model involved a
complex threadimensional system of stresses, indicating that at any point within a body
there are stresses acting in different directions. The direction and magnitude of stresses
changes from point to point. The Von Misssessrelies ona formula for combining

these three stresses into an equivalent stress, which is then compared to gieeg®elof

thematerial, as shown iBEquation4-16.

During acommon operating conditiom,Nafion membranéad different deformations at
various locations. fle membraneunder the channdgknded to bulgewhereas thene
under the land expemced thickness reductionghis deformation differenceould give
rise to several structure defects, such @dalyst loss and cracks, especially at the
transitionregionbetween the land and the chanmMééanwhile,deformationinducedthe
in-plane stress. Theembranaunder the landsuffering the oubf-plane stressresised

the bulgeof the membrane under the channehich was why it had greater irplane
stressln addition, since the #plane stress was much larger than theadlane stress,
the Von Mises stress largetiepended oit, as presented iBquation4-16. Therefore, in
the following, we will mainlyfocus on studying the effects of different operating

conditions on the iplane stress.

In order to study the effect of clamping foscen the inplane stress, it is better to
concentrate on two different ldgans, as shown inFigure 7-4, because these two
locations experienced twdifferent deformationsOne location is under the centre of the

land, whereas the other is under the centre of the changete 7-4 illustrates thestress
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conditions atthesetwo locations on the Nafion membrane surfacee ifhaplane stress
continued to increasaverallwith the clamping forceHowever, the implane stress under

the land was larger than that under the channel. Understandablyaged clamping

force strengthened the bulge effect of the Nafion membrane under the channel.

Meanwhile, the Nafion membrane under the land resisted this effect. As a tresirk
plane stress on the Nafion membrane under the land was always larger thisul¢hahe
channel. Moreoverthe in-plane stress under the land had a higher increasas#te

clamping forcancrease

-3.60 | ‘7‘:‘1-7‘\"‘**—7'ABQTETT_ ujdel' channel |
- B e —
[a]
[
S 365+ -
N
2 .
o ) )
8 3.70 - - -
9] ~e
g .
< 5 Flow Channel Plate
o, -375+F / - - S
;I:: A: Membrane under land ™
-3.80 (D MRS, SR | I 1 1 MEA
02 03 04 05 06 07 08 VL
Clamping Force (MPa) unde(émd under channel
Figure7-4 Thein-pl ane stresses at two | cufacewitbams on

temperature of 7& andarelative humidity of 100%

As illustrated inFigure 7-5, the Von Mises stresses on the Nafion membrane under the
channel and under the landried For the Nafion membrane under the land, the Von
Mises stress decreased wighraised clamping forceThis is because the enhanced
clamping force strengthened badtme inplane and the owif-plane stresses. Based on
Equation4-16, the subtraction oin-plane and the otdf-plane stresses coulead to the
reducton in the Von Mises stres®n the other handhe Von Mises stress for the Nafion
membrane under the channel behaved differentizcaBse of a low increase rate of the
in-plane stress under the channel with the levelled clamping force, the Von Misss stre
on the Nafion membrane under the channel increaBed. difference meant that the
Nafion membrane under the channel was more likely to geaagerplastic deformations

with raised clamping forces at a range from 0.2 MPa to 0.8 MPa, whereas the neembran
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Mechanical Behaviour of MEAS

under the land had a less possibility to suffage plastic deformations under larger

clamping force at this range.
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Figure7-5 TheVon Mi ses stress at two | ocawithans on the
temperature of 7& andarelative humidity of 100%
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Figure7-6 Theegui val ent plastic strains at two | ocati or

a temperature of 76 andarelative humidity 0ofL00%

A correspondingghenomenon also occurra@d Figure 7-6, which reflectshe equivalent

plastic strainon the Nafion membran&quivalent plasticstraingives a measure of the
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amount of permanent strain in an engineering badation4-24 showsits formula,
which was calculated from the compent plastic strainThe equivalent plastic strain
under the landemainedconstant with the increase alamping forcs, because of the
decreased Von Mises stress on the membrane under the land. Hatvexsgeased for

the Nafion membrane under the chahDuring operations, the Nafion membrane under
the channel bulged and the Nafion membrane under the land thinned. Biiast
meant that sommembrane partsf this bulge and thicknessductioncannot return to its
original shape afteunloading, neely theshutdown process. Howevethe permanent
strain on the Nafion membrane also had impacts on catalyst layersweérettoated on

the membraneThese layers werkess flexible tln the membrandNa f i on membr anes
unrecoverable deformationsould easily cause the catalyfiake off the Nafion
membrane as shown inFigure 5-22. Another interesting phenomenon is tmag¢rely
increasing the lamping force had an insignificant effect on the enhancement of plastic
strain. The results shows thath&n the clamping force was 0.8 MPa, whigbs four
times larger than the original clamping force, 0APa, the plastic strain under the

channel onlyoseless than 3%.

7.2. The Effect of Operating Temperature
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Figure7-7 Thenp!| ane stress at two |l ocations on the N

clamping force of 0.MPa andarelative humidity of 100%
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To date, more researchers sugdbat the optimal working temperature for a PEM fuel
cell is around 7%C-75°C. For the startip processa cell temperature can increase from
30°C to 75°C. Within this temperature range, tbgerall in-plane stress decreased, as
presented irFigure7-7. The temperature increas®tivatedthe thermal expansion and a
correspondingncrease in the suleng expansion, which, in theory, enhances thelane
stressNeverthelessthe raised temperature also sofiéthe Nafion membranghereby
relieving the inplane stress. As a result, the combination of these two factors led to the
in-plane stress reduction. Therefore, the temperature has a major relieving the in

plane stress.

Figure7-8 TheVon Mi ses stress at two | ocations on the
clamping force of 0.MPa andarelative humidity of 100%

According toFigure 7-8, the Von Mises stresses decreased with the cell temperature
enhancement However, it was always larger than the yield stress because high
temperaturesot only softered the Nafion materiabut alsol ower ed membr aneds
stress In addition,the Von Misesstressdistribution was quite uniform on the Nafion

membrane meaning that the entire MEA had plastic deformation. The difference for
membrane under the land and under the channel wathisd%because the iplane

stress was inssitive to enhancedcell temperatures, as shown HKgure 7-7. A

correspondingdistribution also existedin the equivalent plastic rstin. In addition,
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