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Abstract

Successful commercialization of polymer electrolyte membrane (PEM) fuel cells is highly
dependant on performance of the membrane electrode assembly (MEA). The performance
of the gas diffusion layer (GDL) of the MEA is highly influenced by applied compressive
load. Compression of the GDL changes its porosity and microstructure, which will conse-
quently change the physical properties of the GDL. Hence to improve the properties of the
GDL, understanding its compressive behaviour is crucial.

In the present study, the compressive behaviour of the GDL is characterized by per-
forming a series of compression tests using a compression apparatus. The compressive test
is first performed on an untreated carbon paper by measuring its thickness as a function of
compressive load at room temperature. The obtained results are analyzed and presented
in a compressive stress-strain curve. The compressive stress-strain curve of the GDL is
divided into 3 distinct regions. The first region represents the stress-strain behaviour at
very low stress values. In this region, the compressive strain of the GDL increases rapidly
and linearly with the applied stress. In the second region, the compressive strain increases
less rapidly and non-linearly with applied stress. In the last region, the compressive stress-
strain behaviour becomes linear again, but the strain increases at a lower rate. Analysis
of the SEM images for both compressed and uncompressed GDL samples suggest that
the stress-strain behaviour of the GDL in the first two regions is induced by the surface
roughness and local thickness variations.

The compressive behaviour of the GDL is further analyzed by investigating the effect of
temperature, relative humidity, and hydrophobic treatment. The compressive stress-strain
curves obtained at temperatures of 25°C, 45°C, 65°C, and 85°C are almost identical within
the experimental margin of error, which suggests that fuel cell’s operating temperature has
no appreciable effect on the compressibility of the GDL. The compressive stress-strain
curve obtained from compressive test at humidified environment shows a higher change
in strain in the second region of the curve. The study on the effect of Polytetrafluo-
roethylene (PTFE) coating on compressibility and pore distribution shows that increase
in PTFE content decreases the overall pore volume of the GDL and hence decreases the
compressibility.

At last, the effect of cyclic loading is studied by measuring the thickness of GDL
samples during 2500 loading/unloading cycles. The strain of the GDL samples increases
by 50% after the samples undergo 2500 cycles of compression. The effect of unloading
was further investigated by measuring the thickness of the sample as a function of applied
compressive load while loading the sample by compression pressures of up to 3.5MPa and
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then unloading the sample to zero MPa for seven cycles. It is found that the structure
of the GDL degrades significantly under compression cycles. This study concludes that
the compressive behaviour of the GDL under cyclic compression is a major drawback and
without further improvements, the required durability will not be achieved.
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Chapter 1

Introduction

In today’s world, transportation has become a major part of people’s daily life. Over
the past decades, population growth in Canada has increased the demand for motorized
transportation. The dependency of people on road transportation has caused a significant
increase in the number of road vehicles [33]. Statistics Canada reported that from year
2000 to 2006, there had been an increase in driving larger and less fuel efficient vehicles,
such as vans and pickup trucks [17]. With the increase in the number of road vehicles,
especially larger vehicles, air pollution and greenhouse gas emission has become a serious
problem. The limited supply of fossil fuel and its environmental impact have increased
the need for an alternative power source. One of the most promising candidates for an
alternative power source is fuel cell. Today, most fuel cells operate using hydrogen fuel,
which can be produced from various sources including renewable resources such as biomass,
wind, and solar power [62]; as a result, fuel cells not only help with reducing greenhouse
gas emission, but also help with reducing world’s dependency on fossil fuel.

1.1 Background

A fuel cell, like batteries and combustion engines, is an energy conversion device for power
generation. Similar to a battery, a fuel cell is an electrochemical device that converts
chemical energy of the reactants to electrical energy [47]. However, unlike a battery, in a
fuel cell, the reactants are supplied from an external source and the products are removed
from the cell. Thus, a fuel cell has the advantage of continuous operation as long as it is
supplied with the reactants and the products are removed from the reaction site.



A fuel cell also offers many advantages over a combustion engine. Since a fuel cell
can convert chemical energy directly to electrical, it is more efficient and reliable than a
combustion engine. This direct conversion also provides the advantage of making the fuel
cell noise and vibration free.

Every fuel cell consists of three active components: an anode electrode, a cathode elec-
trode, and an electrolyte in between the two electrodes [47]. There are many different types
of fuel cells that have been developed for numerous applications. Fuel cells can be classi-
fied based on various factors, such as their type of electrolyte, their operating temperature,
and the type of ion that is transported through the electrolytes. Out of all different types
of fuel cells, proton exchange membrane or polymer electrolyte membrane(PEM) fuel cell
is the most ideal for mobile applications. A PEM fuel cell offers many advantages, such
as high efficiency even with partial loads, low operating temperature (below 85°C), high
power density, and zero emission. However, what makes a PEM fuel cell remarkable is its
solid polymer electrolyte.

A solid electrolyte allows a simple and compact cell structure, which is insensitive to the
orientation [47]. This makes both manufacturing and cell operation of a PEM fuel cell much
easier than a fuel cell with a liquid electrolyte. Also, corrosion of cell components is minimal
in a PEM fuel cell because there is no free corrosive liquid electrolyte. Less corrosion results
in longer cell lifetime. The solid electrolyte can be made very thin (50-200um) producing
a low internal resistance cell, and as a result, high energy efficiency and output power
density can be obtained. Another benefit of a solid membrane is its tolerance against large
pressure differentials (bMPa) between anode and cathode and pressure fluctuations in the
reactant gas supply lines. This helps with avoiding expensive precision sensors and control
units.

With all the benefits that a solid electrolyte offers, PEM fuel cells are the most ideal
for mobile applications. However, technical challenges and barriers such as cost, durability
and performance have been preventing their successful commercialization. Although there
has been many progress in research and development towards overcoming these barriers,
further improvement is needed before this technology can be widely used [92].

1.2 PEM Fuel Cell

1.2.1 Components of PEM Fuel Cells

The solid electrolyte membrane is the most critical component of the PEM fuel cell. On
each side of a membrane there is a cathode or an anode catalyst film where fuel cell



reactions take place [47, 10]. The membrane is sandwiched between two porous transport
layers called the gas diffusion layer (GDL). The catalyst layer can either be coated on the
membrane or on the GDL. These three layers can be hot pressed together into a single
piece called membrane electrode assembly (MEA), which is the core component of a single
cell. MEA is then sandwiched between two flow channels.

/_ End Plates

Catalyst Coated
Aembrane (MEA)

Nuts Baolts
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—
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GDL

Flow Channel
(Bipolar Plates)

Figure 1.1: Schematic of PEM fuel cell components

To obtain the desirable power output, several single cells can be stacked in series. In
a fuel cell stack, MEA is mechanically supported by two electrically conductive plates,
called the bipolar plates. The role of a bipolar plate is to connect cells electrically in series,
separate gases in adjacent cells, provide structural support for the stack, and help the
distribution of reactants [11]. Stacks of MEA and bipolar plates are placed between two
current collectors and two end-plates. The entire assembly is assembled using nuts and
bolts. The components of a single cell assembly is shown in Figure 1.1.



1.2.2 How PEM Fuel Cells Work

To function properly, the proton exchange membrane needs to be fully hydrated. In order
to keep the membrane fully hydrated, both the fuel and the oxidants are humidified at
100% relative humidity [47]. Hydrogen is mainly used as the fuel and it is supplied from a
flow channel on the anode side. The platinum based catalyst breaks hydrogen into positive
hydrogen ions and negatively charged electrons.

Electrical
Current
=5
e e
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Hydrogen <= ti Heat out
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-+ ==
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—>
W o
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¥ ing b - Ox‘ygcn
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Electrolyte
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Figure 1.2: Schematic of PEM fuel cell operation [63]

As shown in Figure 1.2, the electrolyte membrane only allows the positively charged ions
to pass through, which forces the electrons to travel along an external circuit to cathode,
and as a result, an electrical current is created. The reaction at the anode catalyst layer
is shown below:

Hy — 2H" + 2¢~ (1.1)

On the cathode side, oxygen from air is supplied from the flow channel as the oxidant.
Oxygen diffuses through the gas diffusion layer and reaches cathode’s catalyst layer. Oxy-
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gen molecules react with the electrons and proton (H'), which have been transferred from
the anode, to form water at the catalyst membrane interface. The reaction at cathode
catalyst layer is shown below:

1
502 + 2H" + 27 — HQO (12)

Since the chemical energy stored in hydrogen and oxygen cannot be completely con-
verted into electrical energy, waste heat is also another product of this chemical reaction.
Summing up the two reactions at each electrode, the overall cell reaction is:

1
502 + 2Hy — H50 + FElectrical Energy + WasteHeat (1.3)

The produced heat can negatively affect the fuel cell’s performance by increasing the
average cell temperature and creating temperature gradient throughout the cell. Produced
water can also affect the performance by blocking the flow of reactants to reaction sites.
Thus, in order for a fuel cell to operate properly, the products need to be effectively removed
from the cell. Gas diffusion layer, which is placed next to the catalyst layer, is responsible
for helping with water and heat removal from the reaction site.

1.3 Gas Diffusion Layer

Gas Diffusion Layer (GDL) is one of the key components of the PEM fuel cell. This highly
porous structure (~ 80%) is mainly composed of randomly oriented carbon fibres and has
a thickness of 100um to 300um [47]. GDL is placed between the catalyst layer and the flow
channel and it has numerous functions in an operating fuel cell, which includes [65, 57, 29]:

e Removing heat and products from the reaction sight

e Ensuring uniform diffusion of the reactions to the reaction site with minimal pressure
drop

e Conducting electrons with low resistance

e Giving physical support to the membrane

GDL can be composed of carbon paper or woven carbon from carbon cloths or woven
carbon cloth [55]. Since liquid water is always present in an operating fuel cell, GDL is
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typically wet proofed with a polytetrafiuoroethylene (PTFE) coating to ensure its pores do
not become flooded with water. Figure 1.3 shows scan electron microscopy (SEM) images
of the microstructure of various types of GDLs. As shown in this figure, carbon cloth has a
totally different microstructure than carbon paper. Also, carbon paper with PTFE coating
looks less porous than carbon paper without PTFE coating.

e e\ | | NS

500pm X300

(a) Carbon cloth[79] (b) Carbon paper without (c) Carbon paper with 5%
PTFE [79] PTFE [78]

Figure 1.3: SEM images of various types of GDL

Due to the important role that the GDL plays, its volumetric properties, such as poros-
ity, gas permeability, electrical and thermal conductivity, and gas diffusivity can directly
affect the performance of the PEM fuel cell [100]. Hence, understanding the physical prop-
erties of the GDL is essential for improving the performance of PEM fuel cells. However,
the physical properties of the GDL cannot be estimated easily due to its highly porous
and random structure; moreover, the GDL can easily be compressed and compression can
change its physical properties by breaking and dislocating the carbon fibres. Therefore,
physical properties of GDL cannot be correctly estimated without taking the effect of
compression into account. Thus, Understanding the compressive behaviour of the GDL is
crucial for estimating its physical properties.

1.4 Compression of GDL

In an operating fuel cell, every component, including the GDL, is under compression.
Compression changes the microstructure of the GDL and affects its mechanical, electri-
cal and thermal properties, which consequently affects the performance of the PEM fuel
cell [42, 29, 48, 25, 18, 100, 101, 97, 64, 19]. The microstructural changes of the GDL



before and after being compressed are shown in Figures 1.4 and 1.5. As seen in these SEM
images, the carbon fibres are fragmented and more compact after the GDL has become
compressed. Also, the thickness of the GDL is reduced after the compression.

.

(a) Uncompressed raw GDL (b) Compressed GDL (3.4MPa)

Figure 1.4: SEM images of front surface of raw and compressed GDL [69]

\ ¥ 400 microns

- ~

(a) Uncompressed raw GDL (b) Compressed GDL (3.4MPa)

Figure 1.5: SEM images of cross section of raw and compressed GDL [69]

Compressive stresses on the GDL come from two main sources: clamping force of the
bolts during assembly and hygro-thermal stresses caused by swelling of the membrane and
thermal expansion due to the produced heat from the chemical reactions. Compressive
stresses caused by clamping forces have various opposing effects on the performance of the
PEM fuel cell. Many studies [60, 58, 61, 94, 2, 73, 39, 54, 34, 38, 43, 93, 102, 5] show that the
compression of GDL improves electrical and thermal conductivity by reducing the contact
resistance. Thickness change caused by very small compressive loads can also improve gas

7



diffusivity of reactants and products by shortening the diffusion path [27]. However, too
much thickness reduction decreases the porosity of GDL, and as a result, mass transport

of reactants and products is reduced; moreover, excessive compressive forces can damage
the GDL and reduce the durability of PEM fuel cells.

Temperature and relative humidity variations in a fuel cell cause variation in the applied
hygro-thermal stresses. These stresses have a cyclic nature and can also negatively affect
the durability and performance of PEM fuel cells.

1.5 Motivation for This Work

Successful commercialization of PEM fuel cells requires major improvements on their per-
formance and durability. To improve the performance of the PEM fuel cell, understanding
the mechanical, thermal, and electrical properties of the GDL is critical. These proper-
ties are highly affected by the compression of the GDL caused by clamping forces and
hygro-thermal stresses. Increase in the compressive forces improves thermal and electrical
properties of the GDL. On the other hand, compression negatively affect other physical
properties, such as gas permeability and gas diffusivity by decreasing the pore volume. Pre-
cise measurements of compressive properties of the GDL can help with estimating GDL’s
physical properties. Durability of the PEM fuel cell can also be negatively affected by com-
pressive stresses on the GDL. Excessive stresses can change microstructure of the GDL and
cause mechanical degradation. Thus, understanding compressive behaviour of the GDL is
required for further improvements of PEM fuel cell technology.

1.6 Scope and Outline of The Thesis

In this thesis, the compressive behaviour of the GDL is studied using a new experimental
technique. Compressive modulus of the GDL is estimated as a function of temperature,
relative humidity, and PTFE content. The effect of cyclic compression on the compressive
strain and microstructure of the GDL is also investigated. To better understand the effect
of PTFE on the compressive behaviour of the GDL, the pore distribution of GDL samples
with various PTFE contents is measured using the method of standard porosimetry.

This thesis is divided into 6 chapters. Chapter 1 gives a brief introduction to PEM fuel
cells. In this chapter, the composition and function of the GDL is introduced and effect of
compression on properties of the GDL is discussed. In chapter 2, the structural properties



of the GDL are briefly introduced and some basic theories on the deformation of GDL
are presented. Chapter 3 is a literature review of various studies on both experimental
and numerical prediction of compressive behaviour of the GDL. The experimental method
used for estimating the compressive modulus of the GDL under various conditions and
its measurement uncertainty is discussed in Chapter 4. The method used for measuring
the pore distribution of the GDL is also discussed in this chapter. Chapter 5 presents
the results from compression tests and discusses the effects of the factors being studied
(temperature, relative humidity, PTFE coating). This chapter also presents and discusses
the effects of cyclic loading on compressive strain of the GDL. The last chapter of this
thesis contains major conclusions drawn from the results and provides recommendations
for future work.



Chapter 2

Structure and Deformation of Gas
Diffusion Layer

To understand the effects of compression on physical properties of the gas diffusion layer
(GDL), it is best to first learn about GDL’s structural properties. In this chapter some
basic structural properties of the GDL such as porosity and fibre orientation are introduced.
This chapter also briefly introduces some basic concepts such as deformation, stress, and
strain and discusses how these concepts are applied in studying the compressive behaviour
of the GDL.

2.1 Structural Properties of the GDL

Gas diffusion layer has a highly porous anisotropic structure which does not have a typical
behaviour under compressive loads. To understand the compressive behaviour of the GDL,
it is better to first learn about some of its structural properties.

2.1.1 Porosity

The most important property of the GDL is its porosity. All other properties of the GDL

are directly influenced by the porosity. Porosity is the fraction of the bulk volume occupied

by pores in a porous material. The total porosity of a material can be expressed as the

following;:

_ %
V;fotal

¢ (2.1)
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where ¢ is the porosity, V), is the pore volume and Vi, is the total volume of the material.
In general, there are three types of pore space: effective or interconnected, isolated or
non-interconnected, and dead-end or blind [86]. The effective pore volume is the volume
of pore space that is interconnected to both sides of the porous media. The isolated pore
volume is the volume of pores that are not connected to any sides of the porous media,
and the dead-end pore volume is the volume of pores that are only connected to one side
of a porous media. Transportation of matter is then only possible through the effective
pore volume.

Porosity of a material can be measured using various experimental methods. The most
popular methods include direct method, which measures the bulk volume and then the
volume of solid without pores, and imhibition method which fills the pores with a wetting
fluid and measures the weight of a sample with and without the fluid and various optical
methods [23].

The pore size distribution in a porous material is also very important. Due to the
randomness in structure of the GDL, its pore size distribution is not uniform. This makes
it very difficult to numerically model the structure of the GDL. The pore size distribution
of the GDL can be measured experimentally using various methods such as the method of
standard porosimetry [1] and mercury porosimetry [30].

2.1.2 Fibre Orientation and Connection

The mechanical properties of a porous fibrous material are greatly affected by fibre to fibre
contact. Mass is transferred through the pores of the GDL while heat and electricity trans-
fer mainly through the carbon fibres and fibre to fibre contact [95]. Thus, the orientation
of carbon fibres and how they are connected to each other is very important in determining
the thermal and electrical properties of the GDL. The difference in carbon fibre orientation
and connection is one of the reasons why carbon paper and carbon cloth with the same
porosity have different thermal and electrical properties [91].

Porosity and carbon fibre orientation can both change under an applied compressive
load. As the GDL is compressed, the pore volume decreases while the fibre to fibre con-
tact increases. The compressive load also dislocates the carbon fibres and changes their
orientation.
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2.2 Deformation of GDL

Similar to any deformable solid, GDL’s shape and size changes (deforms) under stress.
Stress on a body is simply the force applied to that body per unit area [32, 45, 67]:

0=~ (2.2)
where o represents stress, F' represents applied force, and A represents the cross-sectional
area on which the force is acting on. There are generally two types of stresses: normal and
shear. A Normal stress is caused by a force acting normal to the area while a shear stress
is caused by a force acting tangent to the area. Depending on the direction of the force, a
normal force can be tensile or compressive. If the forces are pulling away from an object,
then the object is in tension, while if the forces are acting towards an object, the object is
said to be under compression. Since in a fuel cell, the forces are acting towards the GDL,
compressive stress is of interest for this study.

The most common way to study the deformation of a material is through the stress-
strain behaviour of that material. Strain is a measure of the deformation of a body relative
to its original shape. Similar to stress, there are two types of strains: normal and shear [32].
Normal strain is the elongation or contraction along a body per unit length while shear
strain is the change in angle of a line along the deformed body. Normal strain is caused
by a normal stress and shear strain is caused by a shear stress. Normal compressive strain
will be the focus of this study.

The compressive strain can be calculated using Equation 2.3:

Lo—L
E =
Lo

(2.3)

where ¢ is the compressive strain, Ly is the original length and L is the final length after
deformation. According to Hook’s law, stress is proportional to strain through the following
equation [9]:

o= Fe (2.4)

where o is the stress on the body, ¢ is the resultant deformation, and F is a constant
called the modulus of elasticity. Modulus of elasticity can easily be found by performing
tension or compression test and plotting tensile or compressive stress as a function of strain.
The modulus of elasticity for compression in this study is referred to as the compressive
modulus. A typical stress-strain curve that can be obtained from a compression test is
shown in Figure 2.1. The first region of the stress-strain curve is linear and its slope is the
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compressive modulus. In this region the deformation is not permanent and the material
will resume its original shape once the applied load is removed. When the stress-strain
curve becomes non-linear, the material becomes plastically deformed and will not go back
to its original shape. However, as mentioned, the GDL does not have a typical behaviour
under stress and may not have an elastic behaviour at all.

Compressive Stress

Compressive Strain

Figure 2.1: Typical compressive stress-strain curve.

In a carbon paper based GDL, which is carbon-carbon composite made out of randomly
oriented carbon fibres with diameter of 6um to 8um [79, 49], a carbonized matrix holds the
fibres together [54]. When the carbon paper is compressed even by a small load, both the
matrix and individual fibres can undergo elastic and plastic deformation. Depending on the
orientation and structure of the carbon fibre, a carbon fibre composite material undergoes
plastic deformation through various failure mechanisms, including [82, 26, 31, 20]:

e fibre bending
e fibre buckling

fibre kinking
fibre shear

fibre crushing
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e separation of the fibre from the matrix (fibre-matrix debonding)

e matrix cracking

Even though the overall structure of the GDL is under a compressive load, due to the
random orientation of the fibres, each individual fibre can be under shear, tension, or
compression and fail differently. Hence, numerical prediction of the compressive behaviour
of the GDL by modelling its structure is not very accurate. Although the GDL may not
have a typical stress-strain curve, performing compression tests is the best way to take all
of the failure mechanisms into account when studying the compressive behaviour of the
GDL.
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Chapter 3

Literature Review

Due to the porous nature of the GDL, its physical properties can significantly change
under compressive load. Therefore, physical properties of the GDL are often estimated as
a function of compression pressure. To study the effects of compression on the physical
property being estimated, some researchers first measure the thickness change of the GDL
under various compressive loads. Thus, the compressive behaviour of the GDL is often not
the primary focus of these studies. There are only a few studies that focus strictly on the
mechanical properties of the GDL.

3.1 Compression Measurements

A number of researchers have performed compression tests as part of their study on esti-
mating electrical properties of the GDL [58, 25, 56, 53, 41, 70]. Mishra et al. [58], Escribano
et al. [25], and Radhakrishnan et al. [70] studied mechanical and electrical properties of
the GDL and used similar measurement techniques to estimate the compressive strength
of various types of GDLs. Escribano et al. [25] used an INSTRON 4465 mechanical bench
with a 5kN load cell to perform two compression tests on each GDL sample. The first
considers the effect of pressing used to make the MEA, while the second test shows the
effect of compression pressure caused by bipolar plates. They measured thickness changes
of various types of GDLs as a function of applied pressure for the range of 0 to 10MPa.
They found that the carbon cloth has the highest compressibility and the thickness of both
carbon cloth and carbon paper decreases more significantly after the first compression. On
the other hand, carbon-felt GDL is less compressive and presents a stable behaviour after
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the first test. They also found that samples with PTFE coating are less compressive than
the ones without PTFE.

Similarly, Mishra et al. [58] used an INSTRON 5582 universal electromechanical testing
system with a 50kN load cell to measure the compressive modulus of various types of GDLs.
They divided the compression curves obtained from paper-based GDLs into three piecewise
linear regions. They estimated the compressive modulus of GDLs at each of these regions
by finding the slope of the line of best fit that goes through each of these three regions.
They also found that for a cloth-based GDL, there are actually four linear regions. They
presented values for compressive modulus of various types of GDLs for different ranges of
compressive stress.

Radhakrishnan et al. [70] studied the difference in structure and properties of carbon
paper and carbon cloth. Similar to Mishra et al. [58] and Escribano et al. [25], they used
a an INSTRON 3367 test bench in compression mode to study stress-strain behaviour of
both carbon paper and carbon cloth based GDLs. To improve accuracy, they stacked 10
samples together. They found that stress-strain curve for carbon paper has two distinct
plateaus on the stress-strain curve. The first plateau is caused by compression of stacks
causing GDL samples to come closer to each other and reduce the air gap between them.
Increase in compression pressure then causes the closure of pores and densifies the GDL,
which corresponds to the second plateau. Their results show that carbon cloth is less rigid
than the carbon paper and has a non-linear second plateau as opposed to carbon paper
which has an almost linear second plateau.

To study the electrical contact resistance between a metallic bipolar plate and the
GDL, Matsuura et al. [56] first evaluated the compressive characteristics of the GDL by
performing compression tests at room temperature. They measured compressive stress-
strain relation of carbon-paper-based GDL (TGP-H-090) for compression pressure of up
to 20MPa. They found that the compression rigidity of the GDL remains constant for up
to 15MPa, but as the pores of the GDL get destroyed, the compression rigidity suddenly
increases.

Mason et al. also studied the effect of clamping pressure on mechanical and electrical
properties of the GDL [53]. They conducted experiments using a commercially available cell
compression unit (CCU)(Pragma Industries SAS), which allowed controlled compression
of the GDL sample between two flow field plates while measuring thickness change with
a resolution of £1um for loading compression pressure of up to 2.5MPa and unloading
compression pressure of 0.2MPa. They found that after compressing the GDL by 2.5MPa,
the GDL exhibits irreversible compression, which changes its original thickness by 32%
after unloading.
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Kleeman et al. studied local compression distribution in the GDL and examined its
effects on the electrical resistance [41]. To study the relation between stresses applied
externally and strains occurring inside the GDL, they applied finite element method (FEM)
with detailed material characterization. Using Hook’s law, they developed a macroscopic
structural material model based on the assumption of orthotropic mechanical behaviour
for fibrous paper and non-woven GDL:

B, Vay By 0 €
1 —vpyvye 1 — vgylya
nyEy Ey 0 €y (3].)
1 —vpylye 1 — Vpylya
_Txy_ L 0 0 Gym_ _251‘1/_

where F, is Young’s modulus or modulus of elasticity in the material plane, £, is Young’s
modulus through the material plane, v,, is the Poison’s ratio, and G, is the shear modu-
lus. To solve the equations above, they conducted experiments to measure the materials’
properties. To find £, they performed compressive tests on GDL samples using a ma-
terial tester (Zwick-Roell, type Zwicki). Original thickness of each sample was measured
using three high-resolution inductive distance sensors that were fixed to the device. They
measured thickness of compressed samples for compression pressure of up to 1.8 MPa and
found that every sample has a non-linear declining compressive behaviour with pronounced
material hardening at high strains. They also found that E, has to be expressed as a func-
tion of compression itself and the particular value for F, at a certain compression has to
be calculated using a secant modulus F ;:
Jy,l

E,, = -2 (3.2)

€y

where o,; and ¢, are applied force and ratio of thickness change to initial thickness
respectively. A polynomial curve fit was used to express £, as a function of strain and
then used as an input for the structural simulation.

Yi et al. used numerical modelling to estimate elastic properties of a unidirectional
GDL and validated their results by conducting uniaxial tensile and compression tests [96].
They used a micromechanical model for porous material developed by Zhao et al. [99] and
assumed carbon paper is macroscopically homogeneous and transversely isotropic. They
calculated five independent elastic constants for the unidirectional carbon paper, including
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in-plane tensile moduli and out-plane compression modulus. They also measured thickness
changes of the GDL as a function of compressive load using an optical microscope and
found that stress-strain curves for both tension and compression tests were non-linear.
They also found that in-plane tensile moduli is much higher than out-of-plane compression
modulus. They used a least square linear regression to obtain elastic moduli of the GDL.
The estimated numerical values of elastic moduli were in less than 20% discrepancy of
values obtained from tension and compression tests.

Nitta et al. [60, 94], Sadeghi et al. [73], Sadeghifar et al. [74] and Unswroth et al. [88] all
studied thermal properties of the GDL as a function of compression pressure. Nitta etl al.
performed compressive tests on GDL samples (SGL SIGRACET 10BA) by compressing
the sample with a steel rod that was loaded with weight. They measured the thickness
using a dial indicator. Since the GDL is easily deformed at a very low pressures, they per-
formed additional measurements at pressure lower than 0.1MPa. The original thickness of
the samples were estimated using measurements with a low compression pressure. They
performed measurements on stacks of 1-4 GDLs and found that the most noticeable vari-
ation in GDL’s strain is at low pressures, approximately below 0.2MP. Stress-stain curves
for different number of GDLs indicated almost identical behaviour with smaller strains for
stacks with higher number of GDL samples.

Sadeghifar et al. [74] studied the effect of PTFE content and micro porous layer on
thermal conductivity of the GDL. They measured the thickness change of GDL samples
(SGL 24AA, 24BA, 24DA, 24DC, 25AA, 25BA, and 25BC) with different PTFE content
as a function of compression pressure and found that every curve has a non-linear, almost
exponential behaviour for pressures below 7 bar. The thickness reduction in this region is
steep. However, for pressure range of 7 to 15 bar, the thickness reduction becomes shallower
and varies linearly with pressure. Although all of the samples showed a similar trend, the
samples with PTFE coating had less thickness reduction. The thickness reduction trend
found in this study is consistent with results found by other researchers [39, 8, 60].

Unsworth et al.[88] studied the effects of compression on thermal conductivity of Solvi-
Core GDLs . They also measured the thickness of GDL samples as a function of com-
pression pressure. Unlike other studies, they found that the thickness of SolviCore GDL
changes linearly with applied pressure for compression pressures of up to 15 bar.

Sadeghi et al. [73] also studied the effect of compressive load on thermal conductivity
of GDL. They used a tensile-compressive apparatus to measure the GDL’s thickness vari-
ation at various compressive loads. They measured the thickness using Mitutoyo digital
indicator with 0.001lmm resolution while the samples were compressed by a steel rod using
a pneumatic actuator. The compression pressure was measured using a load cell with 2.5%
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accuracy. They found that the carbon paper deforms non-linearly with pressure. They
used an exponential correlation to describe compressive strain of the GDL as a function
of compressive stress. This correlation was then used in their analytical model to estimate
the thermal conductivity of the GDL.

Ismail et al. [37] investigated the mechanical behaviour of a number of GDL samples
and sealing gasket under compression. Unlike other studies, this study is strictly focused on
the compressibility of the GDL. They particularly investigated the effect of PTFE coating
and the presence of sealing gaskets on compressive behaviour of the GDL. Ismail et al.
performed compression tests on SGL GDL samples using an INSTRON 5566 universal
testing machine with a 10kN load cell. The initial thickness of the sample was measured
by measuring the displacement of a compression plate with and without the sample. The
test results were presented as compressive stress-strain curves. They found that for every
compression curve, there are three distinctive regions. In the first region, which only
covers compression pressures of 0 to 0.01MPa, the compressive strain increases linearly
and rapidly with compressive stress. In the second region, which starts at compression
pressure of 0.01MPa and ends at 1MPa, the strain increases non-linearly and slowly with
increase in stress. Stress-strain behaviour of the GDL becomes linear again for compression
pressure higher than 1MPa, but in this last region the strain increases much slower than
the first region. Since the GDL normally compressed by a compressive stress of 1MPa
to 1.4 MPa, the last region is the region of interest for PEM fuel cells. Study on PTFE
coating showed that higher PTFE loading makes the GDL stiffer and less compressible.
This has to to do with the fact that PTFE coating decreases the porosity of the GDL, which
consequently makes it more compact and less compressible. The experiments that were
performed on sealing gasket showed that a gasket is far less compressible than the GDL.
They also performed compression tests on combined stacks of GDL and gasket samples.
They found that a fourth order polynomial curve fits their data perfectly. All their data
was corrected for machine compliance by subtracting the deformation of a machine from
their results. This was done by running the experiment without a sample and measuring
the thickness change of the machine as a function of compressive load.

Lai et al. [44] studied the local compressibility of the Toray paper GDL using a numerical
model. They also validated their results by performing platen compression test. They
found that even small thickness variation throughout the GDL can cause local compression
pressure of up to 3MPa for an applied pressure of 1.4MPa.

To study the microstructure of a compressed GDL, a few researchers [56, 13, 69, 83, 81,
25] have compared SEM images of compressed and uncompressed GDL samples. Although
this method helps with understanding the effect of compression on microstructure of the
GDL, it does not provide any quantitative results, which could be used for estimating other
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physical properties of the GDL.

Even though the compressive behaviour of the GDL has been studied by many re-
searchers, there is no current study that takes the effects of the PEM fuel cell operating
parameters, such as temperature and relative humidity into account. As shown in Table 3.1,
a PEM fuel cell typically operates at temperatures above 60°C and relative humidity of
near 100%. These conditions may affect the compressive behaviour of the GDL and their
effects should be investigated.

Table 3.1: Typical Operating Conditions of polymer electrolyte membrane fuel cell [12, 28]

Typical Operating Condition

Temperature 60°C - 90°C
Pressure 1.2 - 1.5 MPa
Relative Humidity of Reactants  60% - 100%

As mentioned earlier, the physical properties of the GDL cannot be estimated without
the knowledge of GDL'’s elastic/plastic properties. Estimating the compressive modulus of
the GDL can be useful for many researchers that study the thermal and electrical properties
of the GDL. Most of the studies that were mentioned above do not provide an estimated
value for the compressive modulus.

3.2 Cyclic Compression

In a fuel cell environment, changes in relative humidity and temperature cause a variation
in the resultant hygro-thermal stresses. The changes in applied stresses can have a cyclic
effect. A few researchers who have studied the compressive behaviour of the GDL have

also performed experiments to study the effects of cyclic loading on the thickness reduction
of the GDL.

To investigate the effect of cyclic loading, Sadeghi et al. [72] used the same tensile-
compression apparatus that was used for performing compression tests in their previous
study [73]. They performed cyclic compression experiments by loading and unloading
GDL samples at various compressive loads. They recorded the pressure and thickness of
the sample while loading and unloading until there was no significant hysteresis effects in
the loading-unloading curves. This was found to occur after the 5th cycle. Their results
showed that the thickness reduction is more significant at the beginning of the loading and
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as the compression pressure increases, the thickness variation decreases. The thickness of
the GDL samples changed by 4.5% after the first loading-unloading cycle. The thickness
variation increased to 7% after 5 cycles and remained unchanged afterwards. Stankovic et
al. [80] also found similar behaviour for various types of fibrous materials.

Radhakarishnan et al. [69] investigated the effect of cyclic compression on structure and
properties of GDLs. They simulated repeated opening and closing of fuel cell hardware
by subjecting Toray paper GDL samples to five cycles of compression. They found that
cyclic compression causes irreversible changes to the structure and properties of the GDL
including surface morphology, surface roughness, pore size, void fraction, thickness, and
electrical resistance. The effect of cyclic compression on residual strain of the GDL samples
was found to be significant and progressive. Their results show that the thickness reduction
of sample increases with every compression cycle. This is inconsistent with what was found
by Sadeghi et al. [72].

Mathias et al. [54] characterized the compressive properties of the GDL by placing a
stack of GDL samples between two flat plates and measuring the deflection as a function
of compressive force. They loaded both carbon paper and carbon cloths GDL samples by
a pressure of up to 2.75MPa and then decreased the load to zero for 10 repeated cycles.
The first cycle had a different behaviour than the other cycles, suggesting that the material
weakens once it is under pressure for the first time. They also found carbon cloth to be
more compressive than carbon paper, but found carbon paper to be more elastic than
carbon cloth.

All of these studies suggest that compressive load changes the microstructure of the
GDL. Thus, it has a different behaviour every time that it gets compressed. These studies
only show the effects of cyclic compression for at most 10 cycles. However, every time the
fuel cell starts up or shuts down the compressive load on the GDL changes. For automotive
applications, a PEM fuel cell is estimated to undergo about 30,000 start-up/shut-down
cycles [7]. Thus, to improve the durability of the GDL, cyclic loading test should be
performed for a much higher number of cycles.

3.3 Summary

Although a lot of effort has been put into understanding the mechanical behaviour of GDLs,
there still is not any study that focuses on parameters such as temperature and relative
humidity. Also, the effect of fatigue has not yet been studied. Most studies on cyclic loading
only consider 10 cycles at most. However, a GDL that is used for automotive applications
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Table 3.2: Summary of the literature review on compressibility of GDLs

Compressive Effect of Effect of Effect of

Author Method Used Modulus PTFE Temp RH
Chanﬁg]zt al. Experimental No No No No
Escrlb?;;] et al. INSTRON 4465 Yes No No No
Isma[lil’u;]t . INSTRON 5566 Yes Yes No No
Lai et al. Experlmegtal and No No No No
[44] numerical
Mason et al. Fuel F:ell ' No No No No
[53] compression unit
Matsuura et al. .
56] Experimental No No No No
MlSthg‘]i‘t al INSTRON 5582 Yes Yes No No
Nltt?égf al. Experimental No No No No
Radhakm{sigan et al. INSTRON 3367 No No No No
Sadeghi et al. Tensile/compressive Yos No No No
(73] apparatus
Sadegh[17fil]r et al. Experimental No Yes No No
Unswo[gg]l ot al. Experimental No No No No
Yi et al. Expenmen.tal and Yes No No No
[96] numerical
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should undergo 30,000 cycles. Table 3.2 summarizes the studies found in literature that
investigated the compressive behaviour of the GDL using experimental measurements or
numerical modelling. As shown in this table, none of these authors have considered the
effects of relative humidity or temperature. Also, most of the authors have not provided
an estimated value for the compressive modulus.
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Chapter 4

Experimental Setup

This chapter explains the methods that are used for compression tests and cyclic compres-
sion tests. Data analysis and measurement uncertainty for the compression test is also
explained in this chapter. The last section of this chapter explains the standard method
of porosimetry that is used for finding the pore size distribution of the GDL.

4.1 Compression Test

To measure and characterize the compressive behaviour of the GDL, a compression mea-
surement apparatus is used. This apparatus was originally designed for thermal conduc-
tivity measurements and measures the total thermal resistance of a sample as a function of
applied compressive load. To do that, the sample is compressed by a controlled compres-
sive load. This apparatus also measures the thickness of the compressed sample with high
accuracy. Thus, with a few modifications, this apparatus can easily be used for measuring
the thickness of the sample as a function of applied compressive load while having the
benefit of controlling the temperature of the sample during the compression test.

4.1.1 Original Testing Apparatus

The compression apparatus used for compression measurements was originally a thermal
conductivity apparatus that was used by Unsworth et al. [88, 87]. This apparatus is an evo-
lution of previous design by Culham etl al. [21] and follows the measurement technique de-
scribed in the ASTM standard D 5470-06 [46]. This experimental method is a steady-state
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Figure 4.1: Schematics of the original testing apparatus that was used for thermal conduc-
tivity measurements
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approach which uses guarded one-dimensional heat flow to measure thermal conductivity
of thin films and is very popular amongst many researchers [60, 39, 73, 72, 15, 40, 71, 16].

In the original design, this apparatus was used to measure the total thermal resistance of
a sample by creating a one-dimensional heat flow through the sample [87]. Figure 4.1 shows
the schematic of the thermal conductivity apparatus before being modified. As shown in
Figure 4.1, the sample is compressed between two calibrated rods, called flux-meters. The
flux-meters are made out of electrolytic iron, which has a calibrated thermal conductivity
that maximizes the temperature drop across the sample. The bottom of the lower flux-
meter is heated using an electric heater and the top of the upper flux-meter is cooled by
circulating water from a constant temperature bath. The temperature gradient along each
flux-meter is measured using 4 equally distanced k-type thermocouples. The temperature
of the sample can be estimated by extrapolating the temperature gradient measured by the
thermocouples. To ensure one dimensional heat flow, the thermal conductivity apparatus
is placed in a vacuum chamber to prevent convective heat transfer, and a radiation shield
is placed around the lower flux-meter to minimize heat transfer through radiation.

The lower flux-meter is fixed to a ceramic base with low thermal conductivity, while
the upper flux-meter is attached to a vertical slide, which is controlled by a Velmex stepper
motor [87]. The stepper motor can apply compressive stress of up to 1.5MPa for a sample
with 3/4 inch diameter. The stepper motor also measures the sample’s thickness by first
recording the position of the top flux-meter at the desired compression pressure without
the sample, and then recording the position at the desired compression pressure with the
sample.

The applied force is measured using a Honeywell Sensotec load cell. To minimize the
effect of thermal expansion, the upper and lower flux-meters are set to be in contact without
the sample until the desired temperature is reached. After this warm up period, the position
of upper flux-meter is recorded at the desired compression pressure without the sample.
After placing sample on the lower flux-meter, the test starts by compressing the sample
to the desired compression pressure. To ensure that a steady-state is reached, the sample
stays compressed between the two flux-meters for about one hour. A data acquisition
system records the position of the flux-meter, the temperature of each thermocouple and
the force applied by the stepper motor once the steady-state is reached. This procedure
can then be repeated for various compressive loads.
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4.1.2 Modified Testing Apparatus

At room temperature, the thickness change of the GDL sample can easily be measured
as a function of compression pressure without making any modification to the previous
design. Measurements at room temperature are done by shutting both the electric heater
and the temperature bath off so that flux-meters are both kept at room temperature. The
vacuum chamber and radiation shield are not used since creating a 1-dimensional heat flow
is not required for this type of experiment. Also, since the sample does not need to reach
steady-state for compressive measurements, the thickness and compressive force can be
recorded as soon as the desired compressive force is reached. The sample is subjected to a
range of compressive loads starting at approximately 2N and increasing to approximately
440N in about 50 measurement steps. Depending on the size of the sample, the applied
forces can correspond to different compressive stresses.

For the results to be accurate, the compressive force should be applied perfectly normal
to the surface of the GDL and the stress should be distributed evenly throughout the surface
of the sample. To ensure that the compression apparatus applies a uniform compressive
stress, a pressure indicating film is used to reveal the pressure distribution on a compressed
GDL. Pressure indicating films used at compression pressures of 1.7MPa and 3.4MPa are
shown in Figures 4.3a and 4.3b respectively. It can clearly be seen that the colour intensity
is fairly uniform for both tested pressures.

(a) Pressure indicating film for sample at (b) Pressure indicating film for sample at
1.7MPa 3.4MPa

Figure 4.3: The pressure distribution on compressed GDL samples at pressures of 1.7MPa
and 3.4MPa on pressure indicating film

To study the effect of temperature and relative humidity, the apparatus was modified
mainly by adding an environmental chamber. The schematic of the modified apparatus is
shown in Figure 4.2. To keep the sample at a desired temperature and relative humidity, air
with controlled temperature and relative humidity is supplied from a fuel cell test station
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to the chamber through an insulated plastic hose. The chamber is made out of aluminium,
which is excellent heat conductor. This ensures that the temperature of the air inside the
chamber is uniform. On the other hand, high thermal conductivity will increase the heat
loss to the surrounding environment. This can particularly cause problems with excessive
condensation that forms while testing GDL samples at high relative humidities. To avoid
heat loss and condensation, the chamber is heated by a heating tape and is then insulated
with Pyrogel XT-E. Pyrogel XT-E is a hydrophobic flexible thermal insulator made out of
silica aerogel, which can be used for high temperature applications. It’s hydrophobic nature
makes it an excellent insulator to be used for insulating the upper and lower flux-meters.
Physical properties of Pyrogel XT-E are shown in table 4.1.

Table 4.1: Physical properties of Pyrogel XT-E [35]

Physical Property

Thickness 5 mm
Density 0.2 g/cc
Maximum Temperature Use 650°C

Thermal Conductivity at 100°C  0.023 W/mK

To maintain a uniform temperature across the sample, both the thermal bath and the
electric heater are set to have the same temperature. Two to three hours before the start
of a test, samples are placed inside the chamber to become exposed to the desired testing
temperature and relative humidity. To ensure that a sample is at the desired temperature
and relative humidity, the compressive force and thickness measurements are recorded after
the sample has been kept at the desired compressive load for at least five minutes.

Each test is repeated 10 to 15 times to obtain a meaningful statistical analysis. Since
the GDL’s microstructure changes when it is subjected to a compressive load, for each
repeated test new samples are used.

4.1.3 Test Samples

Two different types of GDL from different manufacturers are used in this study: Spec-
traCarb 2050A-0850 carbon paper and Toray Paper TGP-H-120. SpectraCarb 2050A
carbon paper is used for studying the effect of temperature and relative humidity. The
manufacturer’s specifications for this untreated carbon paper is shown in Table 4.2. To
study the effect of PTFE coating, Toray paper with different PTFE loadings (0%, 5%,
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10%, 20%, 30% and 40%) is used. The specifications given by the manufacturer for Toray
paper TGP-H-120 are shown in Table 4.3.

Table 4.2: Physical properties of SpectraCarb 205A-0850 carbon paper given by the man-
ufacturer [50]

Physical Properties

Thickness 0.203 mm
Compressive Strength 2.1 MPa
Flexural Strength 37 MPa
PTFE Coating No

To increase the maximum compressive stress that can be applied to a sample, the GDL
samples are cut in smaller disks with 1/2 inch diameter, instead of 3/4 inch. This results in
a maximum compression pressure of 3.5MPa. As shown in Table 4.2, compressive strength
of SpectraCarb carbon paper provided by the manufacturer is 2.1MPa. The operating
compressive stress in a PEM fuel cell is approximately between 1MPa to 1.4MPa [58, 18,
22, 98]. Therefore, a maximum compressive stress of 3.5MPa is adequate for the purpose
of this study.

To reduce thickness measurement errors, depending on the type of the test and the
sample type, samples are tested in stacks of four to six. For compression tests at high
temperature or high relative humidity, stacks of four samples are tested, while for tests at
room temperature, stacks of 6 samples are used for SpectraCarb paper and stacks of four
samples are used for the Toray paper.

Table 4.3: Physical properties of TGP-H-120 carbon paper given by the manufacturer [51]

Physical Properties

Thickness 0.37 mm
Porosity 78%

Flexural Strength 40 MPa
Tensile Strength 90 MPa
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4.1.4 Data Analysis

To obtain a compressive stress-strain curve, stress and strain are calculated using the
parameters measured by the compressive apparatus. The compressive stress is calculated
using the measured compressive force and the cross-sectional area of the GDL sample:

Fcom
p (4.1)

Ocomp = A

where 0.omp is the compressive stress, Fiom, is the compressive force measured by the load
cell and A is the cross-sectional area of a sample. The compressive strain is calculated
using sample’s original thickness and the thickness measured at each compressive load:

to—1
lo

E comp = (4.2)
where €.y 1s the compressive strain, and ¢, and ¢ represent the original thickness and the
measured thickness at specific compressive load respectively. Sample’s original thickness
is estimated by measuring the thickness at a very small compression pressure and then
extrapolating the original thickness at zero compression pressure.

4.1.5 Measurement Uncertainty

Similar to any experiment, this experimental setup also has two main sources of error: bias
and precision [84]. The total measurement uncertainty is the summation of both bias and

precision error:
u=/b?+ p? (4.3)

where u stands for uncertainty, b for bias error, and p for precision error. To take the
effect of precision error into account, the standard deviation of both stress and strain are
calculated for series of repeated measurements.

Since stress is a function of the applied force and the cross-sectional area, the measure-
ment bias of stress depends on the accuracy of these two parameters. The load cell that
measures the force has an accuracy of £1% of the measured force. The uncertainty in the
calculated area of the sample mainly comes from misalignment of the stacked sample and
is estimated to be £5% of the total area. Using Equation 4.1, the overall bias error for
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Figure 4.4: Error analysis performed for compression measurements

calculated stress can be estimated as follow [85]:

IO

The total bias error for stress measurement obtained from Equation 4.4 is +5.1%.

The bias in calculated value of strain comes from uncertainty in measuring the original
thickness and the final thickness. Since the stepper motor measures the thickness at 1.5um
per step, it has an accuracy of +1.5um. For a stack of 4 compressed sample with thickness
of approximately 500um, the measurement error can be estimated using Equation 4.5:

ot 1.5um
t  500um

= +0.003 (4.5)

Since the original thickness is estimated using a very low pressure, the uncertainty in
measuring the original thickness is larger than the value calculated above. The uncertainty
in measuring the original thickness is then estimated to be 40um. For a typical stack of four
samples with original thickness of about 800um, the measurement uncertainty is estimated
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as shown below:
ot,  40um

t,  800um

= +0.05 (4.6)

The overall bias in the calculated value of strain is found using Equation 4.7:

de 5o\ [ot\?

oc _ o) 4 (=2 4.7

() () “
The total bias error for a typical calculated strain value is found to be +5%. The uncer-
tainty analysis performed for compression measurements is summarized in Figure 4.4.

4.2 Cyclic Compression Measurements

The compression apparatus used for compression measurements is also used for cyclic
compression tests with modified LabVIEW programming code. To simulate the cyclic
pressure that the GDL undergoes during fuel cell operation, the sample is compressed by a
compression pressure of 2MPa. Once the compression pressure reaches 2MPa, the thickness
of the sample is measured and the apparatus starts to unload until the compression pressure
reaches 1IMPa. This pressure simulates the clamping pressure that the GDL experiences in
an assembled fuel cell when the fuel cell is not operating. This loading and unloading cycle
is then repeated as many times as required to simulate the effects of start-up and shut-
down of a PEM fuel cell. The thickness of the sample is measured only at compression
pressure of 2MPa at every cycle. The strain at each cycle is calculated as explained in
Section 4.1.4.

To further investigate the effect of unloading on stress-strain behaviour of the GDL, the
thickness of a stack of 8 samples is measured during loading and unloading for 7 repeated
cycles. Stress-strain curves for all of the loading/unloading cycles are obtained by analyzing
the measured values as explained in Section 4.1.4.

Both of these experiments are performed using untreated SpectraCarb-2050A carbon
paper GDL.
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4.3 Porosity

To better understand the effect of PTFE coating on stress-strain behaviour of the GDL, the
pore size distribution of samples with various PTFE contents are measured. To measure
the pore size distribution, the method of standard porosimetry (MSP) is used. The MSP
apparatus that is used for measuring the pore size distribution in this study is built by
Greenlight Innovations (Burnabay, British Columbia) [36].

4.3.1 Standard Porosimetry Measurement Principle

The method of standard porosimetry is based on the law of capillary equilibrium [90].
According to this law, if two or more porous bodies are filled with a wetting liquid and are
at capillary equilibrium, then the capillary potentials for each of these porous bodies are
equal:

Yr=va=..=9%; =19 (4.8)

where 1)1, 19, and 1); are the capillary potential for first, second and the ith porous body
respectively.

This method relates the volume of the liquid in a porous sample with unknown porosity
to the volume of the liquid in a calibrated standard porous sample with known porosity
and pore size distribution:

Vi = fi(Vs) (4.9)

where V; is the volume of the liquid in the test sample and f;(V5) is the function that relates
the volume of the liquid in the test sample to the volume of the liquid in the calibrated
standard sample.

The integral liquid distribution of the calibrated standard sample as a function of
capillary potential is known and provided by the manufacturer:

where V is the liquid volume in standard sample and f,(¢) is the function relating the
distribution of liquid in standard sample to the capillary potential.

Using Equations 4.8, 4.9, and 4.10, the volume of the liquid in the test sample can be
written as a function of capillary potential:

Vi = fil fs(¥)] (4.11)
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Once the standard sample and the test sample are in contact, the capillary equilibrium
is reached by the flow of liquid and vapour, which is caused by gradients in capillary
potentials. The capillary potentials are formed by the capillary pressure P,., which is a
function of vapour pressure of the liquid (P,) and the saturated vapour pressure (FP):

p="0 (4.12)

The capillary pressure can then be related to the maximum radius of pores filled with
liquid using Laplace equation:

2ycosl
p, =2 (4.13)

T'm

where v is the surface tension of the wetting liquid, 6 is the wetting angle, and 7, is the
maximum radius of pores filled with liquid. To find the relation between the volume of
liquid in a test sample and the volume of liquid in a calibrated standard sample, the weight
of each sample is measured at various liquid saturations while letting the liquid in both
samples to evaporate over time.

A radial pore distribution function is then derived by equating the value of P. to
capillary potential and combining Equations 4.11 and 4.13:

V= [fs (—2”“’59)} = F(r) (4.14)

m

where r is the radius of the pore.

Using octane as the wetting liquid with 6 ~ 0, Equation 4.14 can be simplified:
—2y

To better understand how the MSP works, a typical pore size distribution curve for a
porous body obtained from the MSP is shown in Figure 4.5 [90, 1]. Three curves are seen
in this figure:

1. The pore size distribution provided by the manufacturer for the standard sample
shown on the right side of the plot. This curve plots the volume of liquid in standard
sample (y-axis) as a function of pore radius (x-axis).
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Figure 4.5: Typical plot for measuring pore size distribution of a porous media using the
method of standard porosimetry [90, 1]

2. The curve shown on the left side, which represents the dependency of the liquid vol-
ume in a standard sample on the liquid volume in the test sample. This curve is
obtained by separately measuring the weight of the sample at various liquid satura-
tions and then calculating the corresponding liquid volume in each sample using the
wetting liquid’s density. The volume of liquid in test sample is plotted on the x-axis
while the liquid volume in standard sample is plotted on the y-axis.

3. The calculated pore size distribution of test sample shown on the right side of the
plot. This curve is obtained by finding x and y coordinates at point D.

As shown in Figure 4.5, the y-coordinate at point B on the second plot, which represents
the volume of the liquid in a standard sample, corresponds to the y-coordinate on point
C on the first plot. By assuming the wetting angles for both standard and testing sample
are equal, at capillary equilibrium, the maximum radius of filled pores is equal for both
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standard and testing sample. This means that the x-coordinate of point D is the same
as the x-coordinate of point C. The y-coordinate of point D can also be found using the
second curve. The x-coordinate at point B represents the volume of liquid in the test
sample, which is the corresponding y-coordinate at point D. By using the same scale on
the x-axis and y-axis on the left plot, point A is found at the intersection of the line at
45°angle and the line connecting the x-axis to point B. This point has the same x and y
value, thus its y value corresponds to the y-coordinate of at point D. Hence, by measuring
the liquid volume in each sample as it evaporates, the third curve is obtained through
finding the coordinates of point D at different liquid volumes.

4.3.2 Sample Preparation

Samples used for the MSP are cut in shape of a disc with 23mm diameter. To increase the
accuracy of measurements, 3 samples are stacked and glued together. To ensure that the
pores are not filled with glue, a very small amount of glue is applied to three locations on
the edges of the samples. The GDL samples along with two calibrated standard samples
are left inside a vacuum chamber at a temperature of 175°C for two hours to completely
dry up. After the samples are cooled down, the thickness of the GDL sample and the
dry mass of all three samples are measured. The samples are then placed in octane liquid
inside a vacuum chamber for half an hour to become fully saturated. Once the samples
become fully saturated, they are placed in the porosimetry apparatus.
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Chapter 5

Results and Analysis

In this chapter the results obtained from compression tests performed on the gas diffusion
layer (GDL) are presented and analyzed. The effects of a few critical factors such as
temperature, relative humidity, hydrophobic coating, and cyclic loading on the compressive
behaviour of the GDL are discussed. To characterize these effects, compressive stress-strain
curves along with detailed analysis of structural changes in GDL are provided. To analyze
the structural changes of GDL in depth, scanning electron microscope (SEM) images of
compressed and uncompressed GDLs are presented.

5.1 Compressive Stress-Strain

Although many researchers have performed compression tests on various types of GDLs,
the compressive behaviour of the SpectraCarb-2050A carbon paper has not yet been stud-
ied. The compressive stress-strain curve for SpectraCarb paper obtained in this study is
shown in Figure 5.1 with polynomial curve fit, and in Figure 5.2 with error bars showing
the total error (bias and precision) as calculated in Chapter 4. As expected, GDL does
not have a typical stress-strain behaviour. A non-linear region can be identified at low
compression pressure, which indicates that the GDL is permanently deformed even at a
very low compression pressure. The compressive stress-strain curve for GDL can be divided
into three regions:

1. A linear region at for compression pressures of less than 0.1MPa

2. A non-linear region for compression pressures between 0.1 MPa to 1MPa
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3. A linear region for compression pressures above 1MPa
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Figure 5.1: Compressive stress-strain curve for SpectraCarb 2050-A GDL obtained from
experimental measurements at room temperature. A 4th order polynomial curve is fitted
to the experimental values (R? = 0.9993).

In the first region of the curve, compressive strain is increased rapidly and linearly with
the applied stress. The thickness of the GDL is decreased by about 5% with an applied
stress of only 0.1MPa. In the second region, the compressive strain starts to increase non-
linearly with the applied stress. At the end of this region, the GDL is already deformed by
15% compared to its original thickness. In the last region, the strain increases linearly again
with applied stress. In this region, the GDL is less compressive and strain increases less
rapidly. Similar behaviour has been reported in the literature for the GDL [58, 54, 73, 37]
and a few other porous material [68, 6, 66]. In general the compressive strain of the GDL
is caused by three main sources:
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1. Carbon fibre slippage
2. Carbon fibre breakage

3. Actual compression of the GDL material and fibre crushing
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Figure 5.2: Compressive stress-strain curve for SpectraCarb 2050-A GDL at room temper-
ature

For the range of compressive stresses considered in the present study, the change in
thickness is mainly caused by carbon fibre slippage along with carbon fibre breakage. This
includes all of the three regions on the compressive stress-strain curve. When the upper
flux-meter comes in contact with the GDL, at first it pushes on the loose fibres at the very
top of the surface of the GDL. This explains the rapid thickness reduction of the GDL
in the first region. Figure 5.3 shows an SEM image taken from the cross section of an
uncompressed GDL sample. As it can be seen in the SEM image, the GDL has a rough
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Figure 5.3: SEM image of the cross section of an uncompressed SpectraCarb-2050A GDL
sample

surface and its thickness varies at different locations. Since the average thickness of the
GDL is very small (~200pu), these thickness variations and the surface roughness are very
significant (=~ 15% of the average thickness).

Due to surface roughness and local thickness variation, the contact area between the
GDL and the flux-meter is very small when they first come in contact. Thus, the local stress
at the point of contact is much higher than the overall measured compressive stress. This is
the reason why the strain increases rapidly at a low compressive stress. As the compressive
stress increases and the flux-meter comes in contact with more carbon fibres, the fibres
on the surface either break or slip and become dislocated, making the surface of the GDL
more dense. This can clearly be seen by comparing the SEM images shown in Figure 5.5 of
compressed and uncompressed GDL samples. In the SEM image of the compressed GDL
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Figure 5.4: SEM image of the cross section of SpectraCarb-2050A GDL sample after being
compressed by 4.7MPa

shown in Figure 5.5b, the fibres on the surface are generally closer together compared to
the carbon fibres of the uncompressed GDL sample shown in Figure 5.5a. It can also
be noticed that on the surface of the compressed GDL, a few of the carbon fibres are
broken. As the surface becomes more dense and the contact area between the GDL and
the flux-meter increases, the applied load gets distributed amongst more carbon fibres and
the local stresses become smaller. This gradually decreases the rate of thickness reduction
and causes the non-linearity seen in the second region.

Once the carbon fibres on the surface are fully dislocated and broken and the contact
area between the GDL and flux-meter reaches its maximum, the stress transfers from the
fibres on the surface to the fibres in the next layer. At this point, since the contact area
between the flux-meter and the GDL does not significantly change with an increase in
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compressive load, the deformation of the GDL becomes linear again, corresponding to the
third region seen on the compressive stress-strain curve of the GDL. The SEM image shown
in Figure 5.4, is taken from the cross section of a compressed GDL. In this figure it can
clearly be seen that the local thickness of the GDL is much more uniform. The carbon
fibres shown in Figure 5.4 have been dislocated and are more aligned and parallel to each
other as opposed to the carbon fibres seen in Figure 5.3.

Similar results and analysis are also reported by Bazylak et al. [13]. They have taken
SEM images of GDL samples after being compressed by compression pressures of 0.18 MPa,
0.36 MPa, 0.68 MPa, and 1.37 MPa. Their results indicate that the surface roughness of the
GDL causes non-uniform damage on the GDL surface. However, as the pressure increases,
the damage on the GDL surface becomes more isotropic. This explains the linear nature
of the third region.

(a) Uncompressed (b) Compressed by 4.7MPa

Figure 5.5: SEM images of compressed and uncompressed SpectraCarb-2050A GDL sample
taken from the top surface

For a typical compressive stress-strain curve, the compressive modulus is simply the
slope of the linear region of the curve. However, as already discussed, unlike typical
material, GDL does not have a linear behaviour at low compressive stress values and the
rate of change in strain varies for different regions of the curve. Thus, the compressive
modulus for the GDL does not have a constant value and is a function of strain itself. The
compressive stress-strain curve can either be expressed as a piecewise function with 3 or
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Figure 5.6: Linear curve fit for third region of GDL’s stress-strain curve.

more linear regions, or as one polynomial curve. The curve fit shown in Figure 5.1 is a 4th
order polynomial, which fits the data fairly well. The equation of the polynomial curve is
shown in equation 5.1:

o = —530c" + 163® + 42.7¢% — 1.41 + 0.0253 (5.1)

Since the compressive modulus is simply the rate of change in stress as a function of
strain, it can be estimated by finding the derivative of Equation 5.1 at any given compres-
sive strain. The derivative of Equation 5.1 is a third order polynomial equation. Although
the independent variable in the stress-strain curve is strain, it is often more practical to
calculate the value of strain for a given stress and treat stress as the independent variable
instead. Hence, estimation of the compressive modulus as a function of compressive strain
is not very feasible. A simpler way to estimate the compressive modulus is to only consider
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the rate of change in the third region. Since this region is linear, the compressive modulus
will have a constant value. This is a fair assumption because in an operating fuel cell, the
compressive stress is above 1MPa, which corresponds to the third region of the compressive
stress-strain curve.

The third region of the compressive stress-strain curve for SpectraCarb GDL is shown
in Figure 5.6. The slope of the linear fit shown in the figure has a value of 17.2, which means
that the compressive modulus of SpectraCarb GDL is approximately 17.2MPa. However,
since the line of best fit for the third region does not pass through the origin, to correctly
estimate compressive stress at a given compressive strain or vice versa, the y-intercept of
this line should also be found. The compressive strain of SpectraCarb carbon paper can
then be calculated at compressive stresses above 1MPa using Equation 5.2:

o+ 1.51
_ o+t 5.2
cT T 172 (5:2)

where ¢ is the compressive strain, o is the compressive stress, 17.2 is the slope (compressive
modulus), and 1.51 is the y-intercept.

5.1.1 Effect of Temperature

The operating temperature of the PEM fuel cell is typically between 65°C to 85°C. All of
the current studies in literature on the GDL’s compressive behaviour have only performed
compression tests at room temperature. In the present study, the compressive stress-strain
behaviour of the GDL is studied at various temperatures. The results obtained from this
study are shown in Figure 5.7. The compressive stress-strain curves shown in Figure 5.7
are acquired from compression tests performed at 25°C, 45°C, 65°C, and 85°C. As seen
in this figure, all of the four curves overlap and barely show any variation. The small
variations that are seen amongst the four curves, lie within the range of measurement
uncertainty and are caused by measurement error. These results suggest that for the
range of temperatures that the GDL was tested for, there is no appreciable change in the
compressive behaviour. Thus, the operating temperature of PEM fuel cells does not have
any effect on the compressive behaviour of the GDL.

The polynomial curve fit equation, as well as the slope of the line in the linear region for
each of these curves are shown in Table 5.1. Although the stress-strain curves of the GDL
at different temperatures are nearly identical, the values of the constants in the polynomial
curve fit equations are a bit different for each curve, while the values of the slopes of the
linear portion of the curves are very close and vary by about 5% at most. Therefore, using
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Figure 5.7: Compressive stress-strain curve for SpectraCarb-2050A GDL sample, measured
at 25°C, 45°C, 65°C, and 85°C

Table 5.1: Equations of the 4th order polynomial curve fit and linear fit for the stress-strain
curve of the GDL at various temperatures

Testing Constants for Polynomial Curve Equation Linear Fit
Temperature o= Ciet + Coe® + C4e? + Cye + Cs €= U; b
c, Cy (4 Cy Cs R? E b R?
25°C -530 163 42.7 -1.41  0.0253 0.9993 17.2 -1.51 0.9998
45°C -375 120 39.7 -0.365 0.0132 0.9999 179 -1.65 0.9995
65°C -525 205 26.1 0.192 0.00804 0.9998 18.2 -1.72 0.9995
85°C -414 110 48.3 -1.29 0.0181 0.9998 174 -1.56 0.9998
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the slope of the linear line for determining the compressive modulus of the GDL is more
meaningful and better for the comparison of the obtained results.

5.1.2 Effect of Relative Humidity

In order to keep the polymer membrane fully hydrated, the PEM fuel cell operates at very
high relative humidity (above 80%). High moisture content in combination with elevated
temperature is generally known to reduce the strength of many composite materials. There
are a significant number of studies [3, 77, 76, 4, 75, 14, 89] that focus mainly on the effect
of moisture on mechanical properties of carbon-epoxy composites. All of these studies
conclude that moisture causes mechanical degradation as it is absorbed by the epoxy resin
matrix.
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Figure 5.8: Compressive stress-strain curve for SpectraCarb-2050A GDL sample at 85°C
and 0% and 85% with their estimated error bars
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Figure 5.9: Compressive stress-strain curve for SpectraCarb-2050A GDL sample at 85°C
and 0% and 85%.

The carbon paper that is used as a GDL, is also bounded by a carbonized thermoset
resin and although it has a completely different structure from a carbon fibre epoxy com-
posite, it may experience a larger deformation in a highly humid environment. The most
common type of resin used in a in carbon paper GDL is phenolic resin [54]. Phenolic
resin is also known to be water absorbent and may become weaker as its moisture content
increases [59, 24].

To the best of the author’s knowledge, no study in the literature has been conducted
to measure the compressibility of the GDL in a highly humid environment. In the present
study, the thickness reduction of the GDL is measured as a function of compression pressure
in a highly humid environment. To clearly understand the effect of relative humidity
on compressive behaviour of the GDL, compressive stress-strain curve for GDL at 85°C
and 85% and 0% relative humidities are presented in Figure 5.8 (with error bars) and in
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Table 5.2: Equation for the 4th order polynomial curve fit and linear fit for the stress-strain
curve of the dry and humidified GDL

% RH Constants for Polynomial Curve Equation Linear_FiZ;c
0 U:Cl€4+0263+03€2+C48+C5 g:aE
Ch Cy (s Cy Cs R? E b R?
0% -414 110 483 -1.29 0.0181 0.9998 174 -1.56 0.9998
85% -572.7 267 8.75 0.307 0.00641 0.9999 18  -1.96 0.9993

Figure 5.9 (without error bars).

As seen in Figure 5.9, the first region of the compressive stress-strain curve for the GDL
samples at a high relative humidity is very similar to the first region on the stress-strain
curve for the dry samples. As soon as the second region starts, the compressive behaviour of
the humidified samples change and they become more compressible than the dry samples.
This behaviour is caused by the moisture present in the carbon matrix/binder, which most
likely softens the resin and makes it easier for the carbon fibres on the surface to dislocate
and slip. Once the GDL samples enter the third region, their compressive strain starts
to change at approximately the same rate again. There can be two possible explanations
for such behaviour. One explanation, is that the moisture in the air is not successfully
diffused into the pores of the GDL and only affects the outer layer (surface) of the GDL.
Another explanation for the obtained results is that the effect of relative humidity becomes
less significant as the structure of the GDL becomes more dense. Another factor that may
contribute to the changes that are observed between the two curves, is the experimental
error. However, as shown in Figure 5.8, most of the data points for both curves lie outside
of the measurement uncertainty of the the other curve. This indicates that measurement
error is not the only cause of the changes observed and relative humidity does actually
change the compressive behaviour of the GDL.

The equations of the polynomial curve fit and linear curve fit of both of the curves are
presented in table 5.2. The curve slopes, which represent the rate of change in stress as
a function of strain, vary only by 3%, while their y-intercept is varied by approximately
23%. This proves that the compressibility of the GDL changes before it enters the third
region.
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5.1.3 Effect of Hydrophobic Coating

To prevent liquid water from flooding the pores of the gas diffusion layer, the GDL is often
treated with hyrdrophobic coating. The hydrophobic coating that is used for treating the
GDL is Polytetrafluoroethylene (PTFE). This treatment changes the microstructure and
physical properties of the GDL. Although the effect of PTFE coating has been studied by
a few researchers, in depth investigation of the the structural changes caused by the PTFE
coating has not yet been conducted. The carbon paper used in this study is Toray paper
(TGP-H-120), which is the most commonly used commercial GDL for PEM fuel cells.
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Figure 5.10: Compressive stress-strain curve for Toray paper (TGP-H-120) with 0%, 5%,
10%, 20%, 30%, and 40% PTFE treatment

The stress-strain curves obtained from compression tests performed on Toray paper
with PTFE loadings of 0%, 5%, 10%, 20%, 30%, and 40% are presented in Figure 5.10.
As previously mentioned, the compressive stress-strain curve for carbon paper can be
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Figure 5.11: Uncompressed integral distribution of pore volume as a function of logarithmic
pore radius for Toray carabon paper (TGP-H-120) with 0%, 5%, 20%, 30%, and 40% PTFE

treatment

decomposed into three regions. As seen in Figure 5.10, the stress-strain curves for the
treated and untreated Toray papers almost overlap in the first region. This can be explained
by the surface roughness and variation in local thickness of the GDL. The first region
represents the deformation of the loose carbon fibres that are located on the outer surface
of the GDL and come in contact with the flux-meter first. Since the treated and untreated
papers are both fabricated from the same carbon fibre material, they behave similarly
within the first region. On the other hand, in the second region where the flux-meter
comes in contact with the actual carbon matrix, the stress-strain curves of the untreated
paper no longer overlaps with the curves for treated papers. In this region, the treated
papers appear to be less compressive than the untreated paper. This is due to the fact that
the PTFE treatment usually forms around the fibre connections and acts like a binding

ol



agent and as result, improves the fibre bonding. Thus, the GDL becomes less compressive
when it is treated with PTFE coating. Other studies in literature [74, 37] have also reported
a decrease in compressibility for samples with PTFE coating.

As shown in Figure 5.10, the amount of PTFE loading does not actually show any
appreciable effect on the compressibility of the GDL in the second region. The stress-
strain curves of the carbon papers with various PTFE loadings continue to overlap in
this region. This is mainly because in this region the compressibility of the GDL is still
primarily influenced by the GDL’s surface roughness and thickness variation and stress is
not yet transferred to the inner layers of the sample. The compressive stress is then only
absorbed by the surface layer of the GDL and since the inner layers are not under stress,
their bulk properties such as amount of PTFE loading and porosity will not have an effect
on the compressibility of the GDL at this point.

In the last region of the compressive stress-strain curve, where the inner layers of the
GDL start to deform, the GDL samples with a higher PTFE loading, become less com-
pressive. At this point, the compressibility of the GDL is influenced by its bulk properties.
To better understand how PTFE coating affects the compressive behaviour of the GDL,
the effect of PTFE treatment on the structural properties of the GDL such as porosity and
pore size distribution is investigated using the method of direct porosimetry. Both integral
and differential distributions of pore volume as a function of pore radius for uncompressed
GDL samples with various PTFE loadings (0%, 5%, 20%, and 30%) are presented in Fig-
ures 5.12 and 5.11 respectively. The results presented in both of these plots, suggest that
the pore volume of the gas diffusion layer decreases with an increase in PTFE content. The
majority of the pore space in every tested sample consists of pores with radii of between
10pm to 20pum. Pore radius of 15um is the most common pore radius amongst all 5 sam-
ples. As it is seen in Figure 5.12, although PTFE coating decreases the overall pore volume
of the GDL, it does not actually change the maximum pore size and pore size distribution
of the GDL. These results are in good agreement with the results obtained by other studies
in the literature [52].

With the information obtained from the pore volume distribution curves, the compres-
sive behaviour of the treated GDL samples can easily be explained in the the third region.
As the PTFE content increases, the compressibility and total pore volume of the GDL
decrease. This shows a direct relation between porosity and compressibility of the GDL.
Less pore volume makes it harder for the carbon fibres to move and dislocate. As the pres-
sure increases and the pore volume decreases, the GDL becomes less and less compressible.
The effect of volume reduction is more significant for samples with higher PTFE loading.
This is because as the total volume decreases, the ratio of pore volume occupied by PTFE
becomes larger and its effect becomes more significant. This explains why the slope of the
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Figure 5.12: Uncompressed differential distribution of pore volume as a function of pore
radius for Toray carbon paper GDL (TGP-H-120) with 0%, 5%, 20%, 30%, and 40% PTFE

treatment

line in the third region of stress-strain curve for GDL samples with higher PTFE loading
becomes steeper.

Another interesting behaviour that can be observed from Figure 5.10 is that the third
regions of all of these curves starts at an approximately same compressive strain, which
means that the three regions on the compressive stress-strain curve are controlled by the
compressive strain as opposed to compressive stress. This proves that the compressive
behaviour of the GDL in the second region is primarily caused by the surface roughness
and thickness variations, which is approximately equal for all of the tested samples.

The equations of the polynomial curve fits and linear curve fits for all tested GDL
samples are summarized in Table 5.3. As shown in this table, the slopes obtained from
the third region become larger with an increase in PTFE loading. Since the third region
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Table 5.3: Equation of 4th order polynomial curve fit and slope of the linear fit for the
stress-strain curve of Toray carbon paper (TGP-H-120) GDL with various PTFE content

Constants for Polynomial Curve Equation Linear Fit
pily o= Cie* + Coe® + C3e? + Cye + C g—o-_b
Coating ! 2 3 4 5 =%

Cy Cy (3 Cy Cs R2 E b R?

0% -31.6 107 77.0 0.244 0.0110 0.9999 16.2 -1.10 0.9999
5% -8.56  -207 112 -0.986 0.0115 0.9998 18.6 -1.08 0.9999
10% -136  -180 116 -1.18 0.0609 0.9998 19.2 -1.09 0.9999
20% =772 134 80.6 -0.700 0.0148 0.9998 22.2 -1.52 0.9994
30% -808 157 79.3 -0.207 0.0122 0.9998 234 -1.60 0.9989
40%  -1600 -505 40.4 0.933 0.00743 0.9998 25.5 -1.84 0.9985

for the samples with PTFE treatment starts at a higher compressive stress, the linear fit
provided in the table can only be used for compressive stresses above 1.3MPa.

5.1.4 Comparison to Existing Literature

As mentioned earlier, compressive behaviour of the SpectraCarb paper is measured for the
first time in the present study. Hence, there are no current studies in the literature that can
be used for comparing these results. Unlike SpectraCarb paper, the compressive behaviour
of Toray paper has been studied by a few researchers. The compressive behaviour of Toray
paper with 10% PTFE obtained by Esribano et al. [25] is shown in figure Figure 5.13. The
results obtained from the present study agrees well with the results obtained by Escribano
et al.
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Figure 5.13: Compressive stress-strain curve for Toray paper with 10% PTFE obtained
from the present study and study by Escribano et al. [25]

5.2 Cyclic Compression

In an operating PEM fuel cell, the gas diffusion layer (GDL) is constantly under a com-
pressive load that is caused by the clamping force. The fuel cell’s operating conditions
(temperaturex 85°C' and relative humidity~90%) in a combination with the ongoing chem-
ical reactions lead to a non-uniform hygro-thermal loading inside the fuel cell. These non-
uniform hygro-thermal loadings lead to a non-uniform stress distribution on the GDL.
Because the magnitude of these stresses constantly vary, they are considered to have a
cyclic nature. Cyclic loading is simply continuous loading and unloading of a material for
a number of cycles.
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5.2.1 Effect of Cyclic Compression on GDL Thickness

As previously discussed in Chapter 3, there are only a few studies in the literature that
investigate the effects of loading and unloading cycles on the structure and mechanical
properties of the GDL. The maximum number of cycles the GDL has been so far tested
for is 10 cycles. In an actual fuel cell where the GDL is constantly under non-uniform
and unsteady compression, performing cyclic compression test for only 10 cycles would not
be sufficient to simulate the effect of hygro-thermal stresses. On a different note, hygro-
thermal stresses are not the only type of cyclic compression that GDL experiences. Since
the hygro-thermal stresses dissipate when the fuel cell is shut down, and become present
again when the fuel cell starts, the simple act of shutting down and starting up of the fuel
cell has a cyclic effect on the GDL. The durability target for a fuel cell to be used in a
car is estimated to be at least 30,000 shut-down/start up cycles, which means the GDL
material should be able to withstand at least 30,000 cycles of loading and unloading.

To the best of the author’s knowledge, currently there are not any studies in the liter-
ature that investigate the effect of loading and unloading on the GDL over a reasonably
large number of cycles. In this study the change in thickness of the GDL is measured for
over 2500 cycles for the first time. To simulate the start-up/shut-down effect of the PEM
fuel cell on the GDL, SpectraCarb-2050A is first compressed by a compression pressure
of 2MPa and then is compressed by reduced pressure of 1MPa and then the pressure is
back to 2MPa and this cycle repeats for a number of 2500 cycles. Due to time limitations,
this experiment is only repeated once. In Figure 5.14, the compressive strain measured at
2MPa is plotted as a function of cycle number for two stacks of GDL samples.

As depicted in Figure 5.14, the compressive strain of both sets of tested samples con-
tinuously increases for up to 1500 cycles. A couple of sudden jumps can be spotted on
both of the curves. The first jump for both of these curves is seen at early cycles and is
caused by the original deformation of the GDL. When the GDL is compressed for the first
time, the material will become damaged and will deform easier the second time it becomes
compressed. Other studies in the literature [54, 25, 53, 72| have also reported a notice-
able increase in strain after the first cycle. After a few cycles of compression, the carbon
fibres be dislocate and move closer together and become more resistant to a compressive
load. The remaining sudden jumps can be explained similarly. To reduce measurement
uncertainty, 6 samples are stacked together for each cyclic compression test. As discussed
earlier, the applied stress is not distributed evenly through every layer of the GDL. During
the early cycles of the test, most of the applied pressure is absorbed by the top and bottom
layers that are directly in contact with the flux-meters. Repeated cycles of compression
eventually crushes the top and bottom layers and the stress will then get passed on to the
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Figure 5.14: Change in compressive strain in SpectraCarb 2050A as a function of cycle
number for loading cycles of 2MPa and unloading cycles of 1MPa.

neighbouring samples. Thus, jumps on the curve that occur at later cycles, correspond
to the point where the samples on the surface are completely crushed and the stress is
transferred to the next layer of samples.

Although the rate of change in strain for the two stacks of samples are slightly differ-
ent, they both reach a constant value after approximately 2000 compressive cycles. The
difference in the shape of the curves for the two samples can be explained by the random
structure of the GDL and measurement errors. The final strain measurements after 2500
cycles indicate a 50% increase in strain compared to the initial state of the experiment. It
should be noted that since this experiment has only been performed on two sets of sam-
ples, the uncertainty and repeatability of the results are unknown. For more meaningful
conclusions to be drawn, this experiment should be repeated a few more times.
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5.2.2 Effect of Loading/Unloading on The Structure of GDL

To get a better understanding of the changes in microstructure of the GDL during loading
and unloading cycles, the thickness of a stack of GDL samples are measured during 7 load-
ing and unloading cycles. The stress-strain curve obtained from the first loading/unloading
cycle is presented in Figure 5.15. The stress-strain curve corresponding to the unloading,
shows irreversible damage caused by the deformation of the GDL during loading. Although
the pressure on the sample is released the same way that it was applied, the unloading
curve does not follow the same path as the loading curve.
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Figure 5.15: Stress-strain curve obtained from the first loading /unloading cycle of the GDL

The unloading curve starts with a very steep slope which indicates that the strain
decreases very slowly as the stress decreases. After about 5% of the strain is recovered, the
rate of change in strain increases rapidly and non-linearly. The strain starts to decrease
linearly again once more than 10% of the strain is recovered. At this point the strain
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Figure 5.16: Electron microscopy image of uncompressed GDL taken at 172.0X magnifi-
cation and 90% Aperture

decreases very rapidly. The rate at which the strain decreases in this region is comparable
to the rate of increase in strain at the first region of the loading curve.

During the initial stage of unloading, the strain does not recover quickly because the
GDL has already become plastically deformed. The carbon fibres that are broken or
debonded and dislocated do not resume their original shape and position. These fibres
become tangled and get stuck between other fibres and mostly remain at the same location
while the GDL is being unloaded. As the flux-meter reduces the pressure and moves
upwards, less carbon fibres are in contact with it. With reduction in contact area between
the flux-meter and GDL surface, the actual applied stress on the GDL’s surface is higher
than the measured value. Similar to the second region of the loading curve, this region of
the unloading curve is non-linear due to changes in the contact are between the flux-meter
and the GDL. Once the contact area between the GDL and flux-meter becomes uniform,
the strain starts to decrease rapidly. This is due to the fact that the GDL material is
weaker after the initial loading cycle.

The electron microscopy images shown in Figures 5.16 and 5.17 are taken from the GDL
sample before and after the first loading/unloading cycle. As seen in these figures, the GDL
is more dense after the first cycle. Although the carbon fibres shown in Figure 5.17 do not
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Figure 5.17: Electron microscopy image of GDL taken after 1 compressive cycle at 172.0X
magnification and 90% Aperture

look damaged or broken, the structure of the GDL is plastically deformed by dislocation
of the fibres.

Figure 5.18 shows the stress-strain behaviour of the GDL sample throughout 7 loading
and unloading cycles. The compressive behaviour of the GDL during the second cycle
is very different than the first cycle. The first region of GDL’s compressive stress-strain
curve is very small during the initial loading cycle. After the first cycle, this region is
expanded to a higher range of compressive stresses. On the other had, the third region
of the repeated loading curves is smaller. As shown previously, the surface of the GDL
becomes more uniform after the first compression. This is why a larger linear region is
obtained in the second cycle.

After the first cycle, the shape of the loading curves starts to look similar to the
shape of the unloading curves and as the number of cycles increases, their shape becomes
more similar. This is due to the irreversible damages that are caused after each cycle.
These irreversible damages can clearly be seen in the electron microscopy image shown
in Figure 5.19, which is taken from the sample after the seventh cycle. The electron
microscopy image of the GDL indicates formation of cracks on the surface of the GDL.
The original structure and orientation of carbon fibres are completely changed and the
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Figure 5.18: Compressive stress-strain curve of the GDL corresponding to seven load-
ing /unloading cycles

fibres are crushed into smaller pieces. Broken pieces of the carbon fibres are tangled and
packed closer together.

The change in initial thickness of the GDL after each cycle is measured. The cor-
responding residual strain is plotted against the number of cycles and is represented in
Figure 5.20. The residual strain increases after each cycle, which means that after every
cycle the uncompressed thickness of the GDL becomes smaller. The original thickness of
the sample is decreased by 14% after 7 cycles. This thickness reduction is caused by carbon

fibre breakage and dislocation towards the inner layer of the GDL.

The thickness reduction of the GDL reduces the porosity and blocks the path of the
reactants to the catalyst layer. The deformation and change in microstructure of the GDL
after seven loading and unloading cycles are very significant. This degree of deformation can
severely degrade the performance and durability of PEM fuel cells. Although the actual

61



Figure 5.19: Electron microscopy image of GDL taken after 7 compressive cycles at 172.0X
magnification and 90% Aperture
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Figure 5.20: Change in original thickness of the GDL after each cycle
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operating pressure of the PEM fuel cell is much lower than the maximum compression
pressure tested in this study, it can still be concluded that the GDL performs very poorly
under cyclic loading and durability is one of GDL’s major drawbacks.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

The durability of a polymer electrolyte membrane (PEM) fuel cell is strongly dependant
on the performance of the gas diffusion layer (GDL). The GDL in an assembled fuel cell
is always under compression by the clamping force. Since the GDL is highly porous, its
physical properties are strongly dependant on its compressibility.

In the present study, the compressive behaviour of the GDL is investigated by perform-
ing numerous compression tests. The thickness of the GDL is measured as a function of
applied compressive load. The obtained results are analyzed in the form of compressive
stress-strain curves. The compressive stress-strain curve of the GDL can be divided into
three distinct regions: a small linear region at very low compression pressures, a non-linear
region for compression pressures below 1MPa, and a linear region for the compression pres-
sures greater than 1MPa, at which the strain increases less rapidly. It is concluded that the
first two regions of the stress-strain curve are induced by surface roughness and thickness
variation along the surface of the GDL sample. Since the rate of change of the strain is not
constant in GDL’s compressive stress-strain curve, the compressive modulus of the GDL
is a function of strain itself. The compressive modulus of GDL is estimated and presented
using two methods. In the first method, an appropriate 4th order polynomial curve is
found to fit all three regions of GDL’s stress-strain curve. The second way is to calculate
the slope and y-intercept of the line that fits the third region of GDL’s stress-strain curve.
The second method is concluded to be more meaningful for the analysis of the results.

The effects of PEM fuel cell’s operating conditions, such as temperature and relative
humidity, and hydrophobic treatment of the GDL, are investigated on the compressive
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behaviour of the GDL. Compressive stress-strain curves are obtained for GDLs at 25°C,
45°C, 65°C and 85°C. It is concluded that temperature has no appreciable effect on the
compressibility of the GDL within the experimental margin of error. The compressive
stress-strain curve obtained for GDL samples at 85°C with 85% relative humidity suggest
that high relative humidity changes the compressive behaviour of the GDL in the second
region of the compressive stress-strain curve and increases the compressibility. The effect of
PTFE coating on compressive behaviour of the GDL is studied by performing compression
tests and measuring the pore size distribution of uncompressed GDL samples with various
PTFE content. It is concluded that PTFE coating decreases the total pore volume of the
GDL, which consequently decreases GDL’s compressibility. The amount of PTFE coating
only affects the third region of the compressive stress-strain curve. Samples with higher
PTFE content have lower porosity and are less compressive.

To investigate the effects of cyclic loading, the changes in thickness of two sets of GDL
samples are measured at loading and unloading cycles of 2MPa and 1MPa respectively
for a total number of 2500 cycles. Both sets of the GDL samples show a 50% increase in
strain after 2500 compression cycles. The thickness of the GDL samples eventually reaches
a constant value after 1500 cycles. To further investigate the effect of unloading on the
compressive behaviour of the GDL, stress-strain curves for 7 cycles of loading and unloading
are measured. It is concluded that the GDL permanently deforms and becomes weaker
each time it is loaded and unloaded with a compressive force. The electron microscopic
images of the GDL show that the carbon fibres break into smaller pieces and form cracks on
the surface of the GDL. The microstructural changes of GDL become very significant after
only a few compression cycles, which concludes that durability of the GDL tremendously
decreases under cyclic compression.

6.2 Recommendations

In order to further expand this work, future research in this field should include:

e Investigation of the effect of cyclic loading at a compression pressure close to a PEM
fuel cell’s operating pressure. This includes performing cyclic loading and unloading
tests on GDL samples as well as studying the microstructural changes by taking SEM
images of the sample before and after the compression cycles

e Investigation of the effect of stacking samples. This includes performing compression
tests on stacks of GDLs with different number of samples, as well as studying the
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microstructural changes by taking SEM images of the samples at different layers of
the stack after they become compressed.

e Further investigation of the effect of relative humidity by performing compression
tests at various levels of relative humidity and temperature.

e Investigation of the combined effect of cyclic compression and relative humidity

e Investigation of the difference between pore size distribution of compressed and un-
compressed GDL samples

e Investigation of the compressive behaviour of the entire membrane electrode assembly
(MEA). It is recommended to perform compression tests at high relative humidity
conditions to further investigate the effect of membrane swelling on the compressive

behaviour of the MEA.

In order to improve the experimental method for future studies, a few recommendations
regarding the testing apparatus are proposed:

e Using the same heat source for both top and bottom flux-meters to ensure uniform
temperature along the sample.

e Using a non-corrosive material for the flux-meters so that they would not become
damaged while testing at high relative humidities

e Using a material with extremely low thermal expansion for the flux-meters. Since the
thickness of the test samples is very small, even small amount of thermal expansion
can have a significant effect the accuracy of thickness measurements.

e Using a load cell that can measure larger loads so that larger test samples can be
used. This would decrease the measurement uncertainty associated with the area
and misalignment of the stacked samples.
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