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ABSTRACT

The durability of Proton Exchange Membrane Fuel Cells (PEMFCs) has been a
critical obstacle that inhibits the commercialization of fuel cells while the durability of
the PFSA membrane often determines the lifetime of the fuel cell. Both mechanical
and chemical factors contribute to the failure of the fuel cell unit. Mechanical stresses
developed due to changes in the temperature and relative humidity causing
deformation during the fuel cell operation which in turn contributes to the mechanical
damage. This work is aimed at understanding the mechanical response of the
membrane under hygrothermal loading. Fatigue testing was performed to characterize
and understand the fatigue behavior of the membrane and its dependence on the
environmental conditions. Also, the out-of-plane hygrothermal swelling of the
membrane was measured and found to be different than the in-plane swelling. The
anisotropy of the swelling coefficients is incorporated in a numerical model to
investigate the development of stresses in the membrane in an operating fuel cell

stack.

Fatigue tests were performed on Nafion® 211 membrane to understand the
failure mechanism and to predict the lifetime of the membrane. Both mechanical and
hygrothermal load have an influence on the fatigue life of PFSA membrane. These
tests showed that fatigue life of the membrane decreases with an increase in stress.
The fatigue life decreases exponentially with the relative humidity at given
temperature and stress. When the humidity and stress are constant, the fatigue life

decreases substantially with increasing the temperature. Moreover, when the



temperature and relative humidity are below a certain limit (i.e. T=25C RH=50%) for
a selected mechanical load, the fatigue crack in the membrane stops propagating or
propagates at a significantly small rate, which make the membrane seem to have a

fatigue limit under these conditions.

The out-of-plane swelling behavior of the membrane was measured as a
function of hygrothermal loading. The results show that the swelling of the membrane
under hygrothermal loading is not isotropic as previously assumed. In the out-of-plane
direction, the swelling of the membrane increases with increasing relative humidity
but decreases with increasing temperature. The swelling coefficient in this direction is
larger than that in the in-plane direction for almost all temperatures, but the difference
is more significant when the temperature is low. The out-of-plane and in-plane
swelling behaviors are described using separate polynomial equations and
incorporated into a fuel cell numerical model. Considering the anisotropy of the
swelling of the membrane relative to the isotropic model, the stress distribution and
stress history in the fuel cell changes significantly but the spot where maximum
compressive and tensile stress occur remains the same. However, the magnitude of the
stress increases. For the Gore™ cycle, the stress range increases by 13.2% and the
maximum residual tensile stress increases by 11.2%. For DoE RH cycle, the stress
range increases by 12.4% and the maximum residual tensile stress increases by 9.2%.
This result indicates that the lifetime prediction from the isotropic model might be

longer than when the swelling anisotropy in the membrane is considered.



Chapter 1

INTRODUCTION

1.1 Proton Exchange Membrane Fuel Cell

Fuel cell technology, which was first introduced over 160 years ago [1],
converts chemical energy to electrical energy through a direct chemical reaction
without combustion. Compared with the traditional internal combustion engine, which
mostly relies on fossil fuels as the power source, the fuel cell has zero emissions but
higher energy density and higher efficiency [2], so it can be a good alternative energy

resource for power plants, automobile industries and portable devices.

Researchers have developed several types of fuel cell systems and each type of
the fuel cell has its own advantages, thus having different potential applications [3]. The
proton exchange membrane fuel cells (PEMFCs) have the capability to provide a
power source for transportation and stationary applications with hydrogen as fuel [4].
The system runs at relatively low temperature, therefore it takes a short time to startup
and shut down. Meanwhile, the PEM fuel has high potential energy density and high
energy efficiency. As a result, the PEM fuel cells can be widely used ranging from
portable to large-scale power sources, especially in automobile industry. In recent
years, major automobile manufacturers introduced several models of fuel cell vehicles
into the market. In 2014, Hyundai firstly introduced a fuel cell vehicle named Tucson.
In 2015, Toyota followed into the market by introducing its fuel cell car Mirai and in

2016 Honda produced a fuel cell powered vehicle with the name Clarity.



In a typical PEM fuel cell, the fuel is supplied in the form of hydrogen to the
anode side through the gas diffusion layers (GDLs). The hydrogen molecule is split
into protons and electrons at the anode side. On the cathode side of the fuel cell, the
oxygen contained in the air is supplied and is combined with the protons and electrons
coming from the anode to generate water and heat (Figure 1-1). The proton exchange
membrane (PEM), which is coated platinum particles, is sandwiched between gas
diffusion layers. The membrane insulates against electron flow and allows only
positive ions (protons) to pass through. Therefore, a voltage is formed between the
electrodes. The membrane also functions as a gas barrier to prevent the direct reacting

of oxygen and hydrogen.
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Figure 1-1 Representation of PEM Fuel Cell System [29]
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However, one of the key factors that have limited the commercialization of
PEMFCs is the durability of the cell components [5]. In 2015, the Department of
Energy of the United States set the target of increasing automotive fuel cell durability
from 2500h (75,000 miles equivalent) to 5000h (150,000 miles equivalent) by 2020
[3]. And more research effort is needed to extend the lifetime of PEMFCs. According
to the previous research, the failure of PEMFCs is mainly due to the failure of the
PEM, which is driven by both chemical degradation and mechanical damage [7-13].
The chemical degradation has been researched by other researchers [14-15] but we
believe the mechanical factors are also important in determining the lifetime of
PEMFCs. In a typical fuel cell operation, the membrane undergoes hygrothermal
cycles because of the production of water and heat at the electrode. The membrane
expands and swells when the temperature and humidity go up and compressive
stresses are induced because of the constraint from other cell components [16]. When
the compressive stress goes beyond the yield stress, plastic or permanent deformation
can occur. When temperature and humidity reduce, the membrane shrinks, causing
residual in-plane tensile stress in the membrane. This compressive and tensile stress
cycling drives the initiation and propagation of cracks in the membrane. When a crack
propagates a substantial distance through the membrane, the fuel cell efficiency drops

until the cell is deemed to have failed [17-26].

1.2 Perfluorosulfonic Acid Membrane

Perfluorosulfonic acid (PFSA) ionomer is one of the most widely used

electrolyte materials in PEMFCs industry. In the 1970s, DuPont introduced a



membrane of PFSA ionomer, the Nafion® membrane. And Nafion® membrane soon
becomes the benchmark among available commercial PFSA materials. Other advanced
perfluorosulfonic acid membranes are also introduced in the market by companies such as
Dow, Asahi Chemical Industry (Asiplex™) and W. L. Gore and Associates, Inc. (Gore-

Select™) [27-29].

As the core component of the fuel cell, the membrane should have high proton
conductivity and zero electron conductivity to ensure the high electronic efficiency.
Meanwhile, the membrane should also have sufficient mechanical strength to ensure
the stability of the fuel cell. In recent years, significant effort has been placed in
investigating the mechanical response of membrane by means of experiments and
simulation [16-23]. Cleghorn et al. [7] concluded that absorption of water in the
membrane significantly decreases the membrane strength due to the plasticization of
the ionomer. Tang et al. [21] tested the material properties of Nafion® 112 membrane
in tension at various temperature and humidity conditions. They showed that the
elastic modulus and proportional limit of the membrane decrease with increasing
temperature and humidity. The work also showed that when the temperature is higher,
the membrane has a higher swelling coefficient. Lu et al. [30, 33, 39] extended the
above work by considering the time dependence of the material properties, measured
by running the tensile test under two different strain rates and conducting stress
relaxation experiments. The results show that both the stiffness and the proportional
limit increase with the strain rate. Goulet et al. [43] show a great difference in the
mechanical properties of plain PFSA membranes and the catalyst (mostly platinum)

coated membranes. They found that PFSA membrane alone, can generate twice as



much residual in-plane stress than the catalyst coated membranes during dehydration

[44].

On the modeling side, Weber et al. [31] used a one-dimensional model to
incorporate the mechanical properties of PFSA membrane in a fuel cell model to
predict the water transport and swelling of Nafion® membrane. They concluded that
the mechanical constraints influence the membrane water content as well as the
electrochemical performance. Tang et al. [17-18] developed a numerical model to
represent fuel cell operation by assuming the membrane is an isotropic linear-elastic
material. In their model, the elastic modulus and swelling coefficients were taken as
constants during hygrothermal cycles. Kusoglu et al. [16] extended with this work by
modifying the model to include linear-elastic, perfectly-plastic property of the
membrane and included the mechanical properties as functions of temperature and
water content. Kusoglu et al. [19] then further extended the work by describing the
membrane with linear elastic-plastic behavior and isotropic hardening material
properties. Solasi et al. [34] employed a nonlinear model to capture the time dependent
hygrothermal behavior of membranes. Khattra et al. [32] developed a visco-elastic
plastic model to investigate the constitutive response of the membrane. The
parameters in the model are obtained by tensile and stress-relaxation experiments [26,
33]. Silberstein et al. [35, 38, 56] extended the model by adding a back stress to the
visco-plastic element to better capture unloading behavior in cyclic loading conditions.
In their model, a micro-mechanical constitutive model is utilized to capture the stress

development in the membrane under monotonic and cyclic loading.



1.3 Fatigue Investigation of the Nafion® Membrane

Failure mechanisms of the membrane have been studied by Lai et al. [36],
Kusoglu et al. [16, 40, 41] and Weber et al. [31]. It has been shown that compressive
and tensile stresses induced by hygrothermal cycles are critical to the mechanical
damage of the membrane. The water and heat generated during the fuel cell operation
lead to swelling and shrinkage of the membrane, resulting in cyclic stresses and strain
since the membrane is constrained by other components in the fuel cell stack. And the
stress and strain can further induce fatigue that can initiate cracks at locations where

the stress is large [36, 16].

Burlatsky et al. [68] introduced a theoretical model to investigate the durability
of PFSA membranes under humidity loading cycles. There are three components of
the model: The first component is developed to correlate the relative humidity in the
fuel channels to the applied relative humidity and operating time. The second
component in this model relates the stress distribution in the membrane to the applied
humidity profile. The third component is used to predict the lifetime of the PFSA
membrane by considering the experiment data of membrane under stress cycles. With
the three models mentioned above, Burlatsky et al. [68] investigated the influence of
relative humidity changes at the cathode side on the number of cycles that a membrane

can run before failure during the fuel cell operation.

Aindow et al. [37] conducted ex-situ fatigue tests on Nafion® membrane by
applying mechanical cyclic loading to study the membrane’s resistance to mechanical
failure under various humidities. Khorasany et al. [45] conducted ex-situ experiments
to study the failure mechanism of membrane. They performed tests with dog bone-

shaped samples under cyclic mechanical loading to study the fatigue characterization



of the PFSA membrane. They found mechanical stress, temperature, and relative
humidity all have influences on the time for a crack to be initiated. They also found
that the temperature has a relatively more significant effect than relative humidity. Y.
Singh, et al. [42] performed ex-situ experiments to test the crack propagation rate of
Nafion® 211 membranes under different combination of stress, temperature and
relative humidity. They found the stress intensity has a strong influence on the crack
propagation rate. Qiang et al. [70] investigated the fatigue crack propagation rates
under different loading mechanical/hygrothermal conditions and studied the influence
of transverse stress on the fatigue crack propagation rate. In Zhang’s extended work
[71], the crack propagation resistance in reinforced PFSA membrane was investigated
and compared with the that of classic PFSA membrane. Their work shows how the
reinforcement of the membrane impacts the fatigue crack growth rate of Nafion® XL
membrane. Fatigue tests on the membrane electrode assembly (MEA) were conducted
by Pestrak et al. [37] by using biaxial fatigue tests and by Kai et al. [38] using cyclic
tensile loading. In Alavijeh’s tensile fatigue-creep testing [60] on catalyst coated
membranes, the fatigue-creep behavior is analyzed by putting the membrane under
tensile and hygrothermal loading. The thermal expansion is measured on partially
degraded specimens. Micro-structural characterization is used to evaluate the
microstructural decay of the membrane. From their observations of the MEA surface
during the fatigue testing, they concluded that cracks initiate in the catalyst layer after
the MEA vyields. These cracks can propagate into the membrane, which correlates with
failure of the fuel cell. However, cracks in the catalyst layer alone, do not necessarily

signal failure of the fuel cell. Although these studies lend insight, further investigation



of the fatigue behavior of membrane at various temperature and humidity could help

to gain a deeper understanding of the durability in fuel cells.

1.4 Objectives and Outlines

The overall goal of this work is to further understand the material properties of
the PFSA membrane and how they influence the mechanical response of the
membrane in the fuel cell under hygrothermal loading. This will be done by means of
a combination of experimental and numerical investigations. Two mechanical
behaviors that are critical to the understanding of membrane durability, fatigue failure

and swelling behavior, will be studied in this thesis.

In chapter 2, fatigue test protocols which have been developed in the
preliminary research, will be used to perform tests to study the effect of cyclically
applied load on the resistance to fatigue failure of the membrane under various

environmental conditions.

Chapter 3 will focus on investigating the anisotropy of the membrane swelling
behavior. Experiments are developed and conducted on a TMA (Thermo Mechanical
Analyzer) [21] that together with numerical analysis, will be used to obtain the
dimensional change of the membrane in the out-of-plane (thickness) direction, under
hygrothermal loading and its dependence on temperature and humidity. The swelling
coefficients in the out-of-plane direction, along with those already determined in the
in-plane direction, are then incorporated into a 2-D finite element model of fuel cell unit
to study the time-dependent mechanical response of membrane under different

hygrothermal loading cycles.



Chapter 2

FATIGUE INVESTIGATION OF THE NAFION® MEMBRANE

2.1 Overview

In this part of the investigation, we conducted a study of the fatigue life of the
pre-cracked membrane under various combinations of temperature and humidity

conditions.

In the fatigue life tests, samples of PFSA membranes were investigated for
fatigue failure under a range of environmental conditions (Table 1). The schematic of
the test is shown in Figure 2-1. The specimen size 20 mm x 50 mm, is used in the
current test to ensure the stress field near the crack tip is not affected by the stress
induced by the grip. Prior to each test, the width of the specimen was measured with a
caliper at three locations along the sample. The average of these three measurements
was used, along with the calculated thickness (explained in chapter 3), as the nominal
dimensions of the sample at ambient temperature and humidity. The sample was then
aligned with the extension rod and clamped between two grips. The distance between
the grip is then set to 50 mm before the membrane is fixed. A set of preliminary tests
were performed to determine the test setups, including the crack length and frequency
of the cyclic load. The material tested in these experiments is viscoelastic and when
this type of material is subjected to a sinusoidal stress, the strain lags the stress by a
phase angle, which is dependent on the frequency. In the current test, we selected

0.1Hz as the frequency because under this frequency the phase angle is small enough



to be neglected and at the same time, the total experiment time is not too long. The
initial crack length is selected as 1mm (5% of the total width of the specimen) to
ensure that the fatigue life of the pre-cracked specimen is measurable. A scalpel was
used to initiate the crack which was immersed in liquid nitrogen before cutting the
crack to ensure a repeatable, relatively sharp crack tip (Figure 2-2). The length and
configuration of the crack on the specimens were measured and visually confirmed
under a microscope before testing. Having established a reasonable range for testing
parameters, tests can be conducted to determine the effects of the loading parameters
(mean stress and stress amplitude) temperature and humidity on the fatigue life of the

membrane.

Cyclic
Load

=

[ Hotch
Mot to woal

Figure 2-1 Schematic of test configurations of Fatigue test on Nafion® 211 membrane
with Pre-existing crack
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Figure 2-2 Initiating the pre-existing crack

2.2 Experiment Facilities and Test Setup

Temp/Relative Humidity 30% 40% 50% 60% 70%
25°C X X X X X
35°C X X X X X
45°C X X X X X
55°C X X X X X
65°C X X X X X

Table 2-1 Environmental Condition for Fatigue Tests

The tests were performed in an MTS 858 Material Testing System with both

static and dynamic loading capabilities. The testing system is fitted with a custom

11




designed environmental control chamber to run the experiments under the desired
temperature and relative humidity. The testing system and chamber are shown in
Figures 2-3. The sample is fixed by two grips and the load (displacement or force
controlled) is applied through the extension rod at the top (Figure 2-4). For each test,
the specimen was installed between the grips at room temperature and humidity with
no preload. A negative displacement was set to ensure no mechanical load was applied
before the membrane reached the equilibrium state. Then the temperature and
humidity were set to the desired value and allowed at least one hour to let the
membrane reach equilibrium. In each test, a cyclic mechanical stress was applied until
the breakthrough of the specimen, which was considered to be the criterion for final
failure. The frequency of the cyclic load was selected as 0.1 Hz. Each test is repeated 3

times for selected conditions to ensure reproducibility (Table 2-1).

Figure 2-3 MTS testing system with custom designed environmental chamber

12



Extension rod

Specimen

Vise-action Grip

Figure 2-4 Experiment setup for the fatigue test

2.3 Test Control Mode

The equipment allows for two possible control modes available for the test,
displacement and force control. Preliminary tests were conducted under both these two

methods and results are compared.

2.3.1 Displacement Control Mode

The effects of temperature and humidity under the displacement control mode
are shown in Figure 2-5. Figure 2-5 a, b and ¢ show different environmental
conditions, with the same uniform cyclic displacement loading (Amplitude=0.5mm-
1.5mm). It can be seen from the figure that the stress decreases with time. It is also
observed that with increasing temperature and humidity, the same displacement input

results in smaller stress in the membrane.

13
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Figure 2-5 Force and displacement as a function of time for displacement-controlled
fatigue loading of Nafion® 211 membrane at several Temp-RH

We can also see from Figure 2-5 b and Figure 2-5 c¢ that the membrane goes
slack (zero tensile stress) for part of the cycle, especially for the high temperature and
humidity cases. While the membrane is slack, it will bend out-of-plane. The resulting
stresses and deformations will be uncontrolled and unknown, resulting in an
uncontrolled fatigue loading. To avoid this slacking behavior, a force-controlled

testing is proposed.

2.3.2 Force Control Mode

From earlier results [39], the maximum tensile stress in the membrane during
fuel cell operation is on the order of 10 MPa, which corresponds to 5.0 N load for a
20mm wide test specimen of Nafion® 211 membrane (with a pre-test thickness of

25.4 microns). This indicates the nominal load applied to a membrane with pre-

14



existing crack should be no more than 5.0 N to simulate conditions that are likely to be

experienced in-situ.

8 - e Force after 1900 cycles(N) | | 4.5 7  em===Disp after 1900 cycles(mm)
=== Force after 100 cycles(N) e Disp after 100 cycles(mm)
6 - 3.5
2.5
A
1.5
2 1 05 -
0 - 05 -

Figure 2-6 Force and displacement as functions of time for displacement-controlled
fatigue loading of Nafion® 211 membrane at 100 and 1900 cycles

A sample test result for force control mode is shown in Figure 2-6. It can be
seen from the figure that the membrane deforms significantly while the force level
stays consistent. Also, due to the force-control, both force and displacement are larger
than zero for the entire test. Compared with the displacement control mode, the load in
the force control is stable and the displacement increases due to plastic deformation
during the test. As a result, the force control mode is selected as the control method for

the following test.

15



2.4 Results and Discussion

Investigation of the effect of relative humidity was conducted at fixed
temperature (T=45°C) and roughly fixed force level (nominal stress level). The results
are shown in Figure 2-7. It is observed that with increasing relative humidity, the
lifetime of the membrane decreases significantly. At high humidity (70%), the lifetime
is only a few cycles. The effect of temperature on the fatigue life was also studied by
setting a constant relative humidity (RH=50%) and varying the temperature.
Additional tests were conducted at higher relative humidity with the applied force
level of Nominal Mean Stress=4.76 MPa and Nominal Stress Amplitude=2.38MPa.
The results are shown in Figure 2-8. It can be observed that with an increase in relative
humidity, the fatigue lifetime of Nafion® membrane decreases significantly. Also, at
very high humidity, the fatigue lifetime is very low even when the temperature is

relatively low.
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Figure 2-7 Cycles to failure for Nafion® 211 membrane as function of RH for T=45°C
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In addition, various force levels were studied with constant force amplitude but
different mean force values to investigate the effect of force level (nominal stress
level). The results in Figure 2-9 show that with increasing temperature, the lifetime
decreases logarithmically and this trend is observed for all the three force levels
studied. Therefore, at a fixed temperature and humidity, increasing the mean stress

while keeping force amplitude constant results in a decrease in cycles to failure.
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2.5 Summary

Fatigue tests on the PFSA membrane Nafion® 211 membrane are performed in
this work to understand the failure mechanism and predict the durability of the
membrane. The test results reveal that both mechanical and hygrothermal load will
have an influence on the fatigue life of PFSA membrane. Specifically, the fatigue life
of the membrane decreases when the applied stress is larger. For a fixed mechanical
load at a given temperature, the fatigue life decreases exponentially with the relative
humidity, this is partly due to the difference in yield stress at these various humidity
conditions. According to Lu’s research [39], the proportional limit of the membrane
decreases with increasing temperature or humidity, resulting in more plastic
deformation at higher temperature or humidity, which leads to an earlier failure of the
membrane. While at a given relative humidity, the fatigue life decreases substantially
with increasing the temperature. This can be partly attributed to the fact that as the
temperature goes up, the membrane has a smaller Young’s modulus and proportional
limit stress, making the material softer and more prone to plastic deformation which
can lead to a shorter fatigue life of the membrane. Based on observations mentioned
above, the fatigue life of the membrane increases with decreasing the temperature and
relative humidity when the mechanical load is kept constant throughout the test. This
is in accordance with our fatigue life test results. Moreover, we also observe that the
temperature and relative humidity decreases below a certain level at a given load, for
example, T=25°C RH=50% under our selected mechanical load, the crack in the
membrane stops propagating or propagates at a significantly small rate, which make

the membrane seems to have an “infinite” lifetime.
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Chapter 3

INVESTIGATION OF SWELLING IN THICKNESS DIRECTION

3.1 Overview

The in-plane, time-dependent mechanical properties of the membrane
materials, including Young’s Modulus, yield stress and swelling coefficient have been
determined through extensive experimentation previously conducted in our lab [25]
[26] [33]. Numerical models of a typical unit of a fuel cell were developed to
investigate the mechanical stresses in the membrane in a fuel cell under hygrothermal
cycles using the material properties obtained from the experiments [32]. In these
models, the out-of-plane properties are estimated from the in-plane data. However, to
better capture the mechanical response of fuel cell and better interpret how the
temperature and humidity influence the stresses in the membrane, more accurate out-

of-plane properties need to be determined as well.

Swelling of the membrane during hydration is the driving force that induces
stress in the membrane, so introduction of the swelling into the numerical model is a
key to understanding the failure mechanisms of the fuel cell. However, due to a lack of
data in our previous simulations, we have assumed that the swelling and mechanical
properties of the unreinforced membrane are isotropic. But this assumption may not be
accurate based on our preliminary experimental data. In addition, it may be less
accurate for reinforced materials [19]. As a result, a set of tests measuring the

dimensional change in the thickness direction is needed to obtain the out-of-plane
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swelling coefficient under various environmental conditions. This swelling coefficient
can be incorporated in the numerical models to better simulate the mechanical

behavior and failure mechanisms of the fuel cell membrane.

The objective of the research proposed here is to understand how the PFSA
membrane swells in the out-of-plane direction under temperature and humidity
changes. Experiments will be conducted on TMA (Thermo Mechanical Analyzer) to
investigate the dimensional change along the thickness direction during changes in

temperature and humidity.

3.2 Experimental Investigation

3.2.1 Experiment Facilities

The thickness change due to temperature and humidity variation will be
measured using a modified TA Instrument’s Q400™ Thermomechanical analyzer
(“TMA”) fitted with its macro-expansion probe. The configuration of a standard TMA
is illustrated in Figure 3-1(More details of the test procedure and data collected can be
found in Kurkoski [55]). For a single thickness measurement, the specimen is placed
on the cylindrical test stage and is subjected to a small, known load by the probe at the
top (Figure 3-1 b) to ensure contact between the specimen and the probe. A heating
furnace with temperature controller (shown in Figure 3-1 a) is provided in order to
control the temperature of the test. During the test, the probe can only move vertically
and is linked to a force generator, which can apply a controlled load to the specimen.
Changes in thickness of the membrane, caused by changes in temperature and load,
are detected by a differential transformer. The test stage and probe are made of quartz,

which has a nearly-zero coefficient of thermal expansion in the range of test
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conditions. The test stage and upper surface of the probe are aligned. In order to
perform different types of testing, e.g. bending, indenting and compression, the probe

and stage can be changed.

(b)

Figure 3-1 Thermo Mechanical Testing System with (a) Control system and Furnace
b) Loading probe and stage

The humidity in the test is controlled by a modification to the standard TMA
that consists of a novel and versatile water vapor generation and calibration system
consisting of an Instruquest V-Gen™ Model I Dew Point (V-gen) humidity generator
and a humidity probe [55, 65]. The humidity generator uses the two-temperature
principle to generate a stable dew point in the temperature range from 0 degrees to 80
degrees C. Therefore, the machine is theoretically capable of generating RH from 0 to
100% at those temperatures. The water vapor stream is generated in the V-gen and

forced into the chamber through a plastic tube. A dry or semi-dry air source is
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connected to the chamber through another plastic tube and the water vapor and dry air
are combined to achieve the desired humidity. The water used for gas saturation is de-
ionized and the supplied gas is dry air. A nylon wick is used to remove any condensed
water from the tubing by the capillary effect [55]. Real-time data in the form of

temperature, humidity and thickness is recorded by a computer connected to these two

machines.

Figure 3-2 V-gen Humidity Generator

3.2.2 Test Procedure

Before each test, the load cell was calibrated with 3 weights (0g 50g and
100g). The input force was then assigned to the system. In the case of swelling

measurements, a very low input force (0.06 N) was used in order to keep the
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membrane from curling but not unduly compress the specimen. In preliminary testing,
we found that Nafion® 212 membrane produced more repeatable results than Nafion®
211 membrane and therefore, Nafion® 212 membrane is used in the tests. Compared
with the Nafion® 211 membrane that was used in the fatigue test, Nafion® 212
membrane is made from the same chemical formula and process but it is twice as thick
(25.4 microns v. 50.8 microns). The thicker specimen is helpful to reduce the noise to
signal ratio in the measured dimension. For each test case, the specimen was cut into a
regular hexagon shaped piece with an approximate average diagonal of 6mm. The
membrane was immersed in de-ionized water for 1 min to aid in removing the
protective cover sheets on both sides. Then the membrane sample was carefully placed
on the stage and the probe lowered. The thickness was checked to ensure that there
was no wrinkling in the membrane and no bubbles between membrane and stage. For
the purposes of calculating thickness change, the initial thickness of the membrane
was obtained indirectly by subtracting the thickness of two cover sheets from the
thickness of sample with the cover sheets on, measured prior to immersing in water.
The reason for this is that the membrane absorbs water when removing the cover sheet
and is then exposed in the ambient air, in which the humidity is uncontrolled.
Therefore, the thickness of the sample when it is mounted in the TMA is not the
thickness of dry membrane, but the thickness of membrane after absorbing some

unmeasured quantity of water [55].

After the specimen was mounted, the furnace is moved into place and the V-
gen was switched on. The furnace and dew point were adjusted until the temperature
and humidity reached the desired starting points and were held constant. The thickness

of the membrane was monitored until it stabilized under the constant temperature and
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humidity. The dew point was then changed to achieve the desired final RH value, and
again the thickness was monitored until it stabilized. The temperature, the initial and

final humidities and the change in thickness were all recorded in real time.

3.2.3 Results and Discussion

The tests were conducted with the preload of 0.06N with various target
temperature and humidity combinations. The humidity was adjusted to the starting
value of 25% after raising the temperature to the desired value (30°C or 80°C in these
cases). After the initial thickness stabilized, the dew point was changed to achieve the
desired target relative humidity (50% or 75% in these cases). Two sample test
measurements are shown in Figure 3-3 (a) and Figure 3-3 (b). Figure 3-3 (a) shows a
good experimental result where we see that the thickness response quickly followed
the humidity change. Notice that while the initial temperature was increased
(approximately the first 15 minutes) the relative humidity in the test chamber
decreased, which lead to an initial shrinkage of the membrane in the thickness
direction. When the thickness stabilized at the initial temperature and humidity, water
vapor was generated and forced into the chamber, which resulted in the increase of
humidity. It can be observed that the thickness, again, increased rapidly with
increasing humidity. However, it takes longer for the membrane thickness to reach
steady state than the humidity. This is due to the fact that it takes some time for water
to diffuse into the membrane especially with the probe covering most of the surface of
the specimen. Figure 3-3 (b), however, shows a test result where equilibrium was

never reached. In this test, the thickness does not change simultaneously with the
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relative humidity (within the range of 0-20 minutes). This happened more frequently
when the test temperature was higher. This could due to the fact that at higher
temperature, more water vapor is forced into the testing area resulting in some
condensation in the system. Since both the water inlet and outlet are small in diameter,
the condensed water could block the system, causing the relative humidity near the
membrane to be quite different from the measured value in the chamber. Another
problem seen in the test shown in Figure 3-3 (b) is that the relative humidity never
reaches equilibrium throughout the test (20-360 minutes). This problem is frequently
seen when the ambient relative humidity and test temperature is higher. This may also
be caused by the condensed water mentioned above. As mentioned earlier in this
chapter, a nylon wick is used to remove condensed the water from the tubing by the

capillary effect, but at higher relative humidity, this method may be ineffective.

To avoid the problems shown in Figure 3-3 (b), in the following tests, the
relative humidity is changed slowly to prevent the liquid water from condensing in the
test system. In addition, the tests are performed when the ambient relative humidity

near the test facility is relatively low.
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Figure 3-3 (a) Thickness change of Nafion® 212 membrane in the thickness direction
due to temperature and humidity change (A successful test)
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Figure 3-3 (b) Thickness change of Nafion® 212 membrane in the thickness direction
due to temperature and humidity change (A failed test)
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Several more tests were conducted at various temperature and humidity
combinations. The test result shows little variation and good reproducibility,
especially at the low temperature condition, where the desired relative humidity is

relatively easy to achieve.

The dimensional change in the thickness direction, due to a change in
environmental conditions, was also compared with the dimensional change in the in-
plane direction. It has been shown that swelling in the machine direction shows little
difference to that in the transverse direction [16], so here the comparison is made only
between thickness direction and machine direction. The results are shown in Figure 3-
4. It can be seen that the dimensional change at the thickness direction is more than
that in the in-plane direction when the temperature is low. However, for the 80°C case,
the result is the opposite: the dimensional change in the thickness direction is more in
the in-plane direction. However, since a preload of 0.06N is applied to the membrane
throughout the test and the dimensional change in such an experiment involves
frictional and geometrical effects, the measured values cannot be directly interpreted
as swelling strain. Therefore, numerical simulations were conducted and are presented

in the following section to sort out these effects.
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According to the results shown in Figure 3-5, the membrane expands with an
increase in relative humidity at a given temperature. However, at the same humidity,
when the temperature increases, the dimensional change decreases. This is an inverse
relationship when compared with the in-plane direction swelling observed by Tang
[16]. This indicates that the swelling behavior of PFSA membranes is not isotropic as

was previously assumed.

3.3 Numerical Investigation

3.3.1 Overview

As discussed in the previous section, friction could have an influence on the
vertical displacement of the probe during the swelling tests of the membrane.
Numerical simulations have been performed to investigate this effect. For the
simulations, the friction coefficient is varied from zero to 0.4 since the actual friction
coefficient is unknown. After the effect of the friction is addressed, more simulations
are performed to investigate the swelling behavior in both in-plane and out-of-plane
direction and the simulation results are compared with the experimental results
obtained in the above section. The hygrothermal conditions in the simulation are the

same as those in the preliminary test. In this section, the models are briefly described.
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3.3.2 Description of the Model

3.3.2.1 Out-of-plane Model

The commercial software ABAQUS 6.9 is used in this thesis to run the
simulation. A two-dimensional axisymmetric model is constructed containing the
probe, stage and proton exchange membrane (PEM) specimen as shown in Figure 3-6
to simulate the thickness swelling experiment. The material properties are assumed to
be transversely isotropic with in-plane (exx=eyy). both in-plane and out-of-plane

swelling (ez;) behavior is given in the form of polynomial functions.

Pre load =0.06N

Probe

Membrane

Stage

Figure 3-6 Schematic of numerical model for out-of-plane swelling coefficients
investigation
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3.3.2.1.1 Assumptions
The following assumptions are made in the numerical model:

1) In the model, the membrane is in contact with the stage and probe with
friction in the tangent direction and hard (non-penetrating) contact in the normal

direction. The friction is applied using the penalty approach.

2) The temperature and water content are uniform throughout the

membrane and heat transfer and water diffusion is neglected in this simulation.

3) The boundary conditions, including temperature and humidity change

are applied in a ramp-shaped time function.

4) Only the material properties of the membrane in the model are assumed
to be dependent on temperature and humidity. While the material properties of the

stage and probe don’t change with hygro-thermal load.

5) The thermal expansion in this simulation is assumed to be isotropic and

adopted from the previous work of former researchers [32].

6) The in-plane swelling and out-of-plane swelling are not coupled.

3.3.2.1.2 Boundary Conditions

For simplicity, both the temperature and humidity are applied to the whole
membrane simultaneously, heat conduction and water diffusion are not considered.
Eight-node, reduced integration coupled temperature-displacement, hybrid elements

(CPEGS8RHT)) are used for the out-of-plane simulation [58].
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In the simulation, the membrane specimen is assumed to have the same initial
size and shape (circular specimen with the same radius as the stage) as the probe and
stage. For the stage, horizontal and vertical displacements, as well as rotation are
constrained to be zero. For the probe, only vertical motion is allowed. The
dimensional change due to temperature and humidity change is simulated. Five load
steps, as shown in Figure 3-7 are included in the current simulation. The initial
conditions represent the zero-stress state at room temperature and relative humidity,
25<C and RH=30%, in the example scheme. The entire hygrothermal cycles consist of

the following 5 steps.

Step 1: Clamping: a fixed pressure is imposed on the top of the probe and held
constant throughout the rest of the simulation. (This is to simulate the preload used to

keep the probe in contact with the specimen in the experiments.)

Step 2: Temperature increase: Thermal-loading is achieved by linearly
increasing the temperature to the desired value, (80°C in the example shown in Figure

3-7).

Step 3: Humidity Initialized: Hydro-loading is applied by linearly changing the

water content to initial state (RH=25% in this example shown in Figure 3-7).

Step 4: Humidity Finalized: Hydro-unloading is achieved by linearly changing

the RH to the desired value, (75% in the example shown in Figure 3-7).

Step 5: Humidity and temperature are kept at constant values until the entire

system reaches steady state.
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Figure 3-7 An Example of temperature and humidity cycle in the simulation

3.3.2.2 In-plane Model

A two-dimensional model is used to simulate the in-plane swelling test as
shown in Figure 3-8. The membrane specimen is modeled as a generalized plane strain
finite element model with a thickness of 30um and length of 500pm. The swelling
behavior is assumed to be transversely isotropic with in-plane (exx=¢yy). Both in-plane

and out-of-plane swelling (ezz) behavior is given in the form of polynomial functions.
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PFSA Membrane Humid air

Yo

Figure 3-8 Schematic of numerical model for in-plane swelling coefficients
investigation
3.3.2.2.1 Assumptions
The following assumptions are made in the numerical model:

1) The humidity is uniform within the membrane throughout the test and heat

transfer and diffusion is neglected.

2) The in-plane swelling and out-of-plane swelling are not coupled.

3.3.2.2.2 Boundary Conditions

For the current simulation, both the temperature and humidity are applied to
the whole membrane simultaneously, heat conduction and water diffusion are not
considered. Eight-node, reduced integration coupled temperature-displacement,
axisymmetric, hybrid elements are used for the out-of-plane simulation. The left edge
is fixed and the right edge is constrained in the vertical direction and only allowed to

move uniformly in the horizontal direction.

35



The loading steps applied in the in-plane test are identical to the steps

mentioned in the out-of-plane simulation.

3.3.3 Material Properties

The material of the probe and stage used in the out-of-plane model described in
Figure 18a is assumed to be quartz glass with Young’s modulus=71.7 GPa and
Poisson’s ratio=0.17. the material properties of the probe and stage are assumed to be
constant throughout the entire experiment: that is they don’t expand or swell when
temperature and humidity changes. The PFSA membrane used in both the in-plane
and out-of-plane model is a time-dependent viscoelastic-plastic material and the
mechanical properties, including the Young’s modulus and Poisson’s ratio have been
determined by previous researchers in our lab [32, 39]. The PFSA membrane will
experience hygro-thermal expansion during the test. The dimensional change of the
membrane due to the hygro-thermal load is assumed to be anisotropic in the
simulation. The total strain in the membrane due to temperature and humidity change
is calculated from the coefficient of swelling and thermal expansion. And the in-plane
and out-of-plane swelling behavior are given in the form of polynomial functions
separately. The polynomial coefficients are then put into a subroutine to describe the
hygro-thermal dimensional change when the environmental condition changes. The
coefficients for in-plane swelling are given by the previous work by Kosuglu [18-20]
and shown in Table 3-1a and the coefficients for the out-of-plane swelling, derived by
fitting the out-of-plane swelling test results shown in Figure 3-5, are shown in Table 3-

1b
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Cij i=1 i=2 i=3 i=4
j=1 | 2.994E-12 | -5.221E-10 | 3.574E-8 | -6.832E-7
j=2 | -4.303E-10 | 7.361E-8 | -5.166E-6 | 1.003E-4
i=3 2.163E-8 | -3.566E-6 | 2.564E-4 | -5.067E-3
j=4 | -5.402E-8 | 2.012E-5 | -2.007E-3 | 4.355E-2

Table 3-1 (a) coefficient of in-plane swelling in terms of polynomial function [18]

Cij i=1 i=2 i=3 i=4
j=1 | 8.177E-12 | -1.763E-9 | 1.085E-7 | -1.889E-6
j=2 | -1.907E-9 | 3.860E-7 | -2.296E-5 | 3.921E-4
i=3 1.283E-7 | -2.450E-5 | 1.432E-3 | -2.396E-2
j=4 | -2.153E-6 | 4.197E-4 | -2.202E-2 | 3.410E-1

Table 3-1 (b) coefficient of out-of-plane swelling in terms of polynomial function

3.3.4 Results

To investigate the effect of friction on the simulation results, three different
friction coefficients are studied, F=0 (frictionless), F=0.2 and F=0.4, and 3 probe

clamping loads are selected, 0.06 N, 1.413N and 14.13N. The first one is the same as
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the load in the preliminary test. The latter two correspond to 0.5MPa and 5MPa, which

are typical compressive loads in the membrane in an operating fuel cell.

The out-of-plane stress fields for the 14.13N load and the various friction
values are shown in Figure 3-9 a. It can be observed that when the friction is zero, the
membrane is free to swell in the in-plane direction and therefore the stress is uniform
throughout the membrane. However, when there is friction, the stress is no longer
uniform and there is a stress gradient from the center of the specimen to the edge. This
is because the friction acts as a “constraint” in the in-plane direction, which prevents
the membrane from moving freely in the radial and tangential directions. Due to the
axisymmetric geometry, the membrane at the center experiences greater constraint
than the membrane at the outer edge. Therefore, when the temperature and humidity
are increased, the membrane near the center swells more in the out-of-plane direction
and less in the in-plane direction. As a consequence, the measured vertical
displacement increases with increasing friction coefficient. This is in accordance with
the displacement results shown in Figure 3-9c. When the applied force is large,
14.13N in this case, the displacement change during the hygro-thermal loading is

sensitive to the friction.

The simulation also shows that the friction could have a strong influence on the
results. From Figure 3-9 ¢, where the preload is 14.13N, when the friction coefficient
changes from 0 to 0.2, the displacement change due to the hygrothermal loading
increases by nearly 100%. However, the simulation indicates that the effect of the
friction is small when the preload is small (Figure 3-9 b). It can be observed that when
the loading is as low as 0.06N, which is the loading we applied in the TMA test, the

differences in the displacements under the 3 different frictions conditions are
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negligible. This is because when the normal load is small, even a large fiction
coefficient will not induce large frictional forces, so the constraint that prevents
membrane swelling in the in-plane direction is negligible under these conditions. As a

result, in the following numerical investigation, we assume the friction coefficient is 0.

3, 522

(Avg: 759)
0.000e+00
-2.500e+00
-5.000e+00
-7.500e+00
-1.000e+01
-1.250e+01
-1.500e+01
-1.750e+01
-2.000e+01
-2.250e+01
-2.500e+01
-2.750e+01
-3.000e+01

Figure 3-9 (a) Stress distribution in membrane under hygrothermal loading F=14.13N
with three friction coefficients a) F=0, b) F=,2, ¢) F=.4
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Figure 3-9 (b) Simulated out-of-plane displacement for model shown in Figure 3-6;
Load=0.06N and with three friction coefficients
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Figure 3-9 (c) Simulated out-of-plane displacement for model shown in Figure 3-6;
Load=14.13N three friction coefficients

The results for the in-plane swelling using the numerical model in Figure 3-8
are shown in Figure 3-10. The in-plane swelling behavior of the membrane is
described using the polynomial equation given in Table 3-1 a. With a 4th-order
polynomial equation fit with 16 coefficients, the simulation results show a great match
with the experimental data throughout the temperature and relative humidity

combinations in this study.
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Figure 3-10 In-plane swelling using model Figure 3-8

The out-of-plane swelling behavior of the membrane is described using the
polynomial equation given in Table 3-1 (b). The swelling coefficients are obtained
through a least-square fit using the technical computing system Mathematica. Then the
swelling equation is incorporated into the user-defined ABAQUS subroutine to
simulate the out-of-the plane swelling of the membrane using the out-of-plane
numerical model (shown in Figure 3-6). A gradient descent optimization iteration is
used to obtain a better match between the experimental data and simulation results.

The final coefficients for out-of-plane swelling are shown in Table 3-1 (b).
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Figure 3-11 out-of-plane swelling using model Figure 18b

Figure 3-11 shows the simulation results using the axisymmetric numerical
model. The swelling strain in the out-of-plane simulations results shows a great match
with the experimental results. A slight difference is also observed (the maximum
difference is less than 5%) in the figure. This difference could be due to the friction
between the membrane and the platen. It is worth noting that this friction may vary
with the relative humidity. When the humidity is high, liquid water could condense at
the interface of membrane, causing the change in the friction coefficient, but in the
current numerical model, we assume the contact between the membrane and
probe/stage is frictionless. Another possible reason for the difference between
experimental and simulation result could be attributed to the anisotropy of the

mechanical properties of the membrane. In the current simulation, we assume the
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Young’s Modulus in the thickness direction is the same as that in in-plane direction,
but this assumption might not be valid. From the previous test results obtained by Lu
[30, 39], the Young’s modulus of membrane in the in-plane direction is between 20
MPa and 400 MPa, depending on the loading rate, temperature and humidity.
Assuming the out-of-plane modulus to be of a similar order of magnitude, the preload
of 0.06N in the out-of-plane experiments could induce the strain in the order of 10,
Under this condition, the anisotropy of the mechanical properties of the membrane
could lead to a noticeable difference in the strain. A third reason that could lead to the
difference is that in the current simulation, the thermal expansion is assumed to be

isotropic. Again, this assumption might not be valid for the current experiment.

3.4 Mechanical Response of PFSA Membranes under Hygrothermal Loading in
Fuel Cell
In this part of the research, the effect of mechanical properties on the behavior
of PFSA membranes in a fuel cell unit under RH and temperature cycling is studied by
considering the anisotropic swelling of the membrane material. The simulations are
conducted in a fuel cell numerical model developed by an earlier researcher in the lab.
The detail of the model was described in Khattra’s work [32] but repeated here for

clarity. A sample model is illustrated in Figure 3-12.
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Figure 3-12 Schematic of the 2D generalization of fuel cell unit [32]
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3.4.1 Material Properties

The material properties used in this simulation are described in the following

section.

The bipolar plates are assumed to be linear-elastic with Young’s
modulus of 10GPa and Poisson’s ratio of 0.25 [32]. The material
properties of the bipolar plates are independent of temperature and
humidity.

The porous, carbon-fiber gas diffusion layers (GDLS) are considered
linear elastic and transversely isotropic with elastic modulus of 1500
MPa in the in-plane direction and 9 MPa out-of-plane and Poisson’s
ratio of zero [32]. The material properties of the GDLs are independent
of temperature and humidity.

The electrodes, constructed with platinum-coated carbon PFSA, are
assumed to be a viscoelastic-plastic material and their material
properties are determined in Lu’s research work [33].

The PFSA membrane is assumed to be a viscoelastic-plastic material
and its mechanical properties are derived in previous work [17,18,32].
The viscoelastic-plastic material properties are assumed isotropic.

The swelling behavior of the membrane is considered anisotropic and
the swelling coefficients are incorporated into the model by the
polynomial fits described in the previous section.

3.4.2 Assumptions

The following assumptions are made in the finite element models:

Perfect bonding is assumed at the interfaces between components in the fuel

cell. The mechanical response of all the components in the fuel cell is induced by

changes in temperature and water content. In the current model, we didn’t consider the
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chemical reaction and neither heat generation nor water generation are considered in

the model.

3.4.3 Boundary Condition
Two types of hygrothermal loading are applied to the fuel cell model.

A standard test procedure was developed by the US Department of Energy [2]
to investigate the performance and durability of the membrane in fuel cell systems and
this procedure is adopted in the current research and is referred to as “DOE cycle” in
the following discussion. In the DOE cycle, the fuel cell starts from 25°C and is
brought to a constant temperature of 80°C. The relative humidity (water content) is
cycled on both the anode and the cathode sides of the membrane from 30% (¢=0.06) to
100% ($=0.32). Each change of the humidity is applied in 1 sec ramp function in the

simulation and after the change, the humidity is held constant for 120 sec

An alternative test procedure was developed by WL Gore™ [72] to study the
mechanical durability of the membrane without considering the chemical reactions. It
is similar to the DOE cycle mentioned above. It has the same start temperature and
working temperature and the relative humidity (water content) also changes from 30%
($=0.06) to 100% ($=0.32) in a 1 sec ramp, as in the DOE cycle. The only difference
is when the membrane is saturated, the RH is held constant for 10 sec before
decreasing. When the dehydration is complete, the membrane is held in the dry

condition for 50 sec before starting the next cycle.
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3.4.4 Results and Discussion
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Figure 3-13 Development of the stress for elements in the membrane at the groove and
the land side

Figure 3-13 shows the in-plane and out-of-plane stress evolution at both the
flow channel “groove” side and land side of the model (refer to Figure 3-12). Due to
the geometry and the constraints in the fuel cell, the membrane experiences much
larger in-plane stress as compared to the out-of-plane stress, which is consistent with
the research of Khattra et al. [32] where the swelling of the membrane material is
considered to be isotropic. Therefore, in the subsequent discussions we will
concentrate on in-plane component of the stress. Meanwhile, since the mechanical

degradation of the membrane in the fuel cell is more likely to take place in areas with
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higher stress, we will focus on the groove side when comparing the stresses between

the isotropic and anisotropic cases.
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B) In-plane stress after hydration
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D) In-plane stress after dehydration
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Figure 3-14 In-plane stress distribution contours (A-E) in the membrane during the
first cycle of Gore™ RH load profile
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Figure 3-14 shows the distribution of the in-plane stress contours for the
membrane under the Gore temperature and RH cycle loading. The snapshots are
marked A-E for the times corresponding to the end of clamping, hydration, hydration-
hold, dehydration and dehydration-hold times respectively. In each figure, the stress
magnitude and distribution are compared between isotropic membrane swelling
(previous results of Khattra et al. [32]) and anisotropic membrane swelling described

in the previous chapter (refer to chapter 3.2 and chapter 3.3).

From Figure 3-14 A, we can see there is a small compressive stress throughout
the membrane after initial clamping. The stress is uniform through the thickness and
increases in the in-plane direction from groove to land. Since there is no membrane
swelling at this point, the stress distribution and magnitude are the same for both
isotropic and anisotropic cases. As the start point, the membrane has relative humidity

of 30% ($=0.06) and temperature of 25°C.

The membrane is then heated up to 80°C as the working temperature and
hydrated to a relative humidity (water content) of 100% (¢=0.32). This change of the
boundary condition is applied in a ramp function, over a time period of 1 sec. The
increase of temperature and relative humidity causes thermal expansion and hygro-
thermal swelling in the membrane. At the same time, the membrane becomes less stiff
and its proportional limit decreases due to its temperature and water-content dependent
material properties (see [29, 32]). The membrane cannot expand or swell freely due to
the constraint from other components of the fuel cell such as the bipolar plates and
GDLs. Therefore, a relatively large compressive stress develops in the membrane
(Figure 3-14 B). The stress distribution is similar for both isotropic and anisotropic

simulations but the stress magnitude is much larger for the anisotropic case. The
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maximum stress increased by 16.8%. This is due to the out-of-plane swelling
coefficient being larger than the in-plane swelling coefficient. Consequently, the
incorporation of swelling anisotropy induces more compressive stress in the

membrane.

The high humidity (water content) 100% ($=0.32) is held in the membrane for
10 sec (Figure 3-14 C). During this time, the magnitude of the compressive stress
decreases and the stress redistributes throughout the membrane (Figure 3-14 C) due to
the visco-elastic behavior of the membrane. The stress distribution is similar for both
isotropic and anisotropic simulations and again the magnitude is larger for the latter
case. But the difference of the maximum stress magnitude decreases to about 7% at
this point in the cycle. We can see from the results that as the stress redistributes, not
only the maximum stress decreases, but also the difference between the maximum

stress in the isotropic and anisotropic cases decreases.

The membrane is then dehydrated to a relative humidity (water content) of
30% (¢=0.06), which causes the membrane to shrink and increases the stiffness and
proportional limit. A relatively large tensile stress develops in the membrane (Figure
3-14 D). This is because during hydration, the compressive stress in the membrane
was large enough to lead to plastic deformation. When the relative humidity decreases,
the membrane shrinks. As mentioned above, the membrane is perfectly constrained by
the other components of the fuel cell, so a residual tensile stress can develop in the
membrane. Holding the membrane in the dry state for 50 sec results in tensile stress
relaxation and redistribution as shown in (Figure 3-14 E). The stress distribution is
similar for both isotropic and anisotropic simulations and again, the magnitude is

larger for the latter case.
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Figure 3-15 Evolution of the in-plane stress at Groove Side

The evolution of the in-plane stress with time is shown in Figure 3-15. From
Figure 3-13, we can see that the maximum residual tensile stress occurs on the groove
side and the spot with maximum residual tensile stress is the place where the
mechanical degradation is most like to occur. As a result, we focus on the groove side

in this discussion.

The stress evolution in the membrane is compared between results from a Gore
RH cycle and DOE cycle simulation using viscoelastic-plastic properties and

anisotropic swelling property in Figure 3-15. From the figure, we can see in the DOE
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RH cycle, the stress range is about 1.1% larger than in the Gore RH cycle and the
maximum tensile stress in the DOE cycle is about 2.5% more than in the Gore cycle.
This could be attributed to the fact that for the DoE cycle, the strain is kept constant
for longer time, which leads to a longer relaxation of the membrane. However, the

Gore cycle produces a greater number of cycles (in this case, 4 times more cycles) for

a given test period.
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Figure 3-16 Evolution of the in-plane stress for isotropic and anisotropic case

The evolution of the in-plane stress for the isotropic and anisotropic cases are
shown and compared in Figure 3-16. For the Gore cycle, the introduction of the

anisotropic swelling increases the stress range by 13.2% and increases the maximum
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residual tensile stress by 11.2%. For the DoE cycle, by considering the anisotropic
swelling, the stress range throughout the hygrothermal loading increases by 12.4% and
the maximum tensile stress increases by 9.2%. We can see that if we incorporate the
anisotropic out-of-plane swelling into the current model, the difference in stress

between Gore cycle and DoE cycle becomes less significant.

3.5 Summary

Experiments and numerical simulations are performed to investigate the out-
of-plane mechanical behavior of PFSA membrane under various temperature and
humidity combinations. The experiment shows that the swelling behavior of the
membrane under hygrothermal loading is not isotropic. The anisotropy of the swelling
is more significant when the temperature is low. The swelling in the out-of-plane
direction is generally larger than that in the in-plane direction. Specifically, the
swelling of the membrane increases with the relative humidity. However, unlike the
swelling behavior at in-plane direction, the swelling at the out-of-plane direction
decreases with increasing temperature. At 85°C the swelling coefficient in the out-of-
plane direction is close to the coefficient in the in-plane direction, while at 25°C, the
swelling coefficient in the out-of-plane direction is much larger than the coefficient in
the in-plane direction. The measured swelling behavior is described using a
polynomial curve-fitting equation and the coefficients of the equation are obtained
through a set of numerical simulations. Then the swelling of the membrane is
incorporated into a fuel cell stack numerical model to have better insight into the

development of stress during fuel cell operation. According to the simulation results,

55



by considering the anisotropic out-of-plane swelling, the stress distribution and stress
history in the fuel cell change significantly. The residual in-plane stresses still
dominant and the maximum stress still occurs at the groove side of the fuel cell.
However, the magnitude of the stress increases by as much as 12.4% using the DoE
relative humidity cycle, indicating that the fuel might undergo larger residual stress
and the anticipated lifetime of the fuel might be less if we take the anisotropy of the

membrane swelling into consideration.
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Chapter 4

CONCLUSIONS AND FUTURE WORK

4.1 Summary of Work

The durability of PEMFCs has been a critical obstacle to the
commercialization of fuel cells and the durability of the PFSA membrane usually
determines the lifetime of the whole cell. A number of studies have been performed in
recent years and these studies have revealed that mechanical and chemical degradation
are the two main factors that contribute to the failure of the fuel cell membrane [1, 5].
The change of the temperature and relative humidity during the fuel cell operation
causes expansion and shrinkage of the membrane, resulting in mechanical stresses in
the membrane. The stresses, according to the previous research [32], are the primary
driver of the mechanical damage. This work is aimed at understanding the mechanical
response of the membrane under hygrothermal loading. Fatigue testing was performed
to characterize and understand the failure behavior of the membrane and its
dependence on the environmental conditions. The effect of anisotropic swelling
behavior of the membrane is also studied. The swelling characterization in the out-of-
plane direction is measured in a customized TMA test machine and the test results are
incorporated in a numerical model to investigate the mechanical response of the

membrane in the fuel cell stack.

The following is the summary of the research and conclusions drawn from this

work.
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Fatigue on the PFSA membrane: Fatigue tests are performed on Nafion®
211 membrane to understand the failure mechanism and to predict the durability of the
PFSA membrane. The results show that both mechanical and hygrothermal load have
an influence on the fatigue life of PFSA membrane. The fatigue life of the membrane
decreases when the applied stress is larger. When the mechanical load and temperature
are constant, the crack propagation rate increases exponentially with the relative
humidity, When the humidity and applied load are kept as constant, the crack
propagation rate increases substantially with increasing the temperature. Moreover,
when the temperature and relative humidity decrease below a certain level at a given
load, for example, T=25°C RH=50% under our selected fatigue load, the crack in the
membrane stops propagating or propagates at a significantly small rate, which
indicates the membrane has an apparent fatigue limit, below which fatigue failure

doesn't occur.

Swelling behavior of the membrane at out-of-plane direction: The swelling
behavior of the membrane is a function of hygrothermal loading. More specifically, it
depends on the temperature and relative humidity. The current work shows that the
swelling of the membrane under hygrothermal loading is not isotropic as previously
assumed. In the out-of-plane direction, the swelling of the membrane increases with
increasing relative humidity but decreases with increasing temperature. The swelling
coefficient in this direction is larger than that in the in-plane direction for almost all
temperatures, but the difference is more significant when the temperature is low. The
out-of-plane and in-plane swelling behavior are described using polynomial equations
incorporated into a fuel cell numerical model. By considering the anisotropy of the

swelling of the membrane, the stress distribution and stress history in the fuel cell
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changes significantly but the spot where maximum compressive and tensile stresses
occur remains the same when compared with the case where the material is assumed
to be isotropic. For the Gore™ RH cycle, the stress range increases by 13.2% and the
maximum residual tensile stress increases by 11.2%. For the DoE RH cycle, the stress
range increases by 12.4% and the maximum residual tensile stress increases by 9.2%.
These results indicate that the lifetime prediction from an isotropic swelling model
might be longer than the in the case where the swelling anisotropy in the membrane is

considered.

In summary, this thesis work was conducted to study the mechanical response
and characterizing of the PFSA membrane through a mixture of experimental and
numerical methods. In particular, we studied the fatigue behavior of the membrane
through experiment investigation, where we applied cyclic loading to a pre-cracked
Nafion® 211 membrane sample under various environmental conditions. We also
studied the anisotropy of the swelling of the membrane by performing tests in a TMA test
facility and incorporating the swelling behavior into a numerical fuel cell model to
characterize the mechanical response of the membrane in fuel cell operation. The findings
in this research work provide a better understanding of the mechanical properties of PFSA
membrane and its mechanical response in the fuel cell system. This will help provide
better insight into the failure mechanisms of the fuel cell and provide more reliable tools

to predict the lifetime of the fuel cell.

4.2 Future Considerations

Improvements to this work can be realized by further investigating the

assumptions we made in the current research. In this work, we made some simplifying
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assumptions in the simulation. For example, in the out-of-plane swelling coefficient
test, we assumed the friction between the membrane and test facilities is negligible.
We also assume that the mechanical properties, including the Young’s modulus and

yield stress are isotropic. These assumptions need further investigation.

In the current work, the swelling behavior of the membrane is characterized
and incorporated into the numerical model using a polynomial equation. This
approach cannot provide insight into the swelling mechanism of the membrane and its
relationship with temperature and relative humidity. As a result, a constitutive relation
that implements both temperature and relative humidity could be developed to better
describe the swelling behavior of the membrane in phenomenological terms. Beyond
that, a micro-structure model of the membrane that can capture the out-of-plane
swelling behavior of the membrane can be developed to further enhance understanding

and predictive capabilities.

Chemical deterioration of the membrane properties is not considered in the current
numerical model of the membrane. Even though mechanical degradation is one of the
important factors that contribute to the failure of the fuel cell, the chemical degradation is
also an important factor. For example, during the fuel cell operation, the electrodes and
the membrane might wear away due to chemical degradation so that the geometry and the
boundary conditions that confine the fuel cell membrane could change. To account for this
deterioration of the material, a chemically-mediated damage mechanism might be added
to the finite element model. In this case, a dynamic meshing method might be needed to

account for the changes in geometry and boundary conditions during the simulation.
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Moreover, our current 2-D model cannot simulate the ex-situ fatigue test very
accurately since out-of-plane wrinkling or buckling near the crack tip cannot be simulated
in the current model. To better simulate the fatigue test, a 3-D model needs to be
developed. Meanwhile, the cyclic load will be applied thousands of time on the PFSA
membrane before it breaks (see Figure 2-7 to Figure 2-9). It is very time consuming and
computationally expensive to run the simulation with so many cycles. As a result, some

accelerated simulation techniques need to be developed.
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