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h i g h l i g h t s

< Tensile properties of catalyst coated membranes differ from those of pure membranes.
< Catalyst layers contribute mechanical reinforcement to the membrane.
< Catalyst layers also increase the contraction forces due to dehydration.
< The obtained properties are recommended for finite element analysis of fuel cells.
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a b s t r a c t

The change in mechanical properties of a catalyst coated membrane (CCM) as a function of humidity and
temperature is investigated and compared to that of a pure perfluorosulfonic acid (PFSA) membrane at
the same conditions. The results of tensile tests indicate that the modulus and yield stress of the CCM
vary differently than those of the membrane with respect to temperature and humidity. Both materials
decrease in stiffness and strength at higher temperature and humidity, but proportionally more so for the
CCM leading to less desirable mechanical properties at typical fuel cell operating conditions. Length-wise
swelling of the two materials during hydration is also investigated and is shown to be almost twice as
great for the pure membrane material versus the CCM. The tensile forces induced by dehydration of
constrained samples are also measured. The peak and residual dehydration forces are larger for the CCM
compared to the membrane by a factor which occasionally exceeds the average reinforcement provided
by the catalyst layers. These results emphasize the importance of the catalyst layers on the overall
mechanical properties of the CCM and the need to consider themwhen attempting to model in situ stress
distributions.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

In an effort to find sustainable zero-emission alternatives for the
oil dominated transportation sector, a substantial amount of
research has focused on hydrogen fuel cell technology due to its high
power density and clean operation. Most low-temperature fuel cells
for automotive applications currently rely on a polymer electrolyte
membrane (PEM) to allow ionic conductionwhile separating the fuel
and oxidant streams. Perfluorosulfonic acid (PFSA) is presently the
material of choice for this function, with a hydrophobic chemically
stable carbon backbone and a high density of sulfonic acid side-
chains which form hydrophilic microscopic domains capable of
hydrogen ion transport under hydrated conditions [1].

As with all energy conversion technologies, the primary design
challenge for PEM fuel cells is to maximize efficiency and minimize
cost of production. In order to reduce ohmic losses and cost,
membrane thicknesses have decreased considerably over the past
few years, which in turn have led to more durability issues [2].
Much of the initial research on PEM fuel cell durability was focused
on chemical membrane degradation mechanisms induced by rad-
ical formation and attack [3]. In recent years however, it was also
recognized that purely mechanical modes of membrane failure are
possible due in large part to the cyclical hygrothermal stresses
experienced by the membranes during fuel cell operation [2e4].
Several studies have shown that cycling between humidified and
dry nitrogen gas streams accelerates mechanical degradation in
a process akin to fatigue [4e7]. With progress being made toward
reducing the chemically destructive reactions within the fuel cell,
attention is being shifted toward this mechanical degradation
mechanism as the next limiting factor in membrane lifetime. The
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primary cause of hygrothermal stress within the membrane is its
high propensity for water absorption, which results in considerable
swelling or contraction while it is confined inside the relatively
rigid membrane electrode assembly (MEA) [7]. Understanding the
dimensional change and response to mechanical stresses is critical
to addressing the mechanical durability issues.

Numerous studies have been conducted on the mechanical
properties of PFSA membranes such as Nafion� as a function of
temperature and/or relative humidity [5,8e17]. By means of ex situ
characterization at controlled mechanical and environmental
conditions, it was found that higher temperature and higher rela-
tive humidity both independently reduce the stiffness of PFSA
membranes [5,9e15]. However, the interaction of temperature and
humidity was not always considered. In a study by Bauer et al. [11],
water was found to have a plasticizing effect at lower temperatures,
whereas the presence of a small amount of water at higher tem-
peratures tended to stiffen the membrane material. It was argued
that the increased water content contributed more hydrogen
bonding which had an observable stiffening effect relative to the
more mobile polymer chains at high temperature. Similar results
were also found in creep and stress relaxation experiments by
Majsztrik et al. [14] and tensile experiments by Satterfield et al.
[12,13], which both emphasized the need for carefully controlled
environmental conditions. Given the high operating temperature
and relative humidity inside a fuel cell, the first approach to address
the mechanical durability issues is to increase the modulus of the
membrane at these conditions. Membranes that have been me-
chanically reinforced with ePTFE fibers have achieved some of the
longest lifetimes in accelerated durability tests [18].

The swelling of the membrane is another important factor to
consider when seeking to improve durability. Directly related to the
water content, the dimensional swelling and contraction of the
membrane is the ultimate cause of the induced hygrothermal
stresses which may eventually lead to mechanical fatigue. Defined
as the number of water molecules per sulfonic acid group, l has
been shown to vary from 2 in desiccated conditions to as high as 22
for Nafion� membranes immersed in liquid water [19]. This level of
sorption can translate to dimensional changes over 15% [20]. These
observations have led to several modeling studies attempting to
quantify the stresses which may be experienced by the membrane
when confined between a gas diffusion layer (GDL) or flow field
plates with much higher stiffness [21e25]. Several of these studies
have demonstrated that the stresses induced by dimensional
changes can be sufficient to cause significant stress and possibly
permanent plastic deformation [22,25].

Characterizing the mechanical behavior of the PFSA materials
which are most susceptible to mechanical degradation is a good
starting point toward understanding the limiting factors of fuel cell
lifetime. Inside a fuel cell membrane electrode assembly (MEA)
however, the membrane is fused together with the anode and
cathode catalyst layers on each side to form a catalyst coated
membrane (CCM). The two catalyst layers contain ionomer of
similar nature to that of the membrane and may therefore have an
influence on the true in situ mechanical behavior of the membrane
in a fuel cell. In contrast to previous studies exclusively considering
the properties of pure membranes, the objective of the present
work is to characterize a complete set of mechanical properties of
a standard CCM and evaluate the differences compared to a sole
membrane. A statistical design of experiments approach is
employed to investigate static CCM mechanical properties under
a range of temperature and relative humidity conditions repre-
sentative of the operating environment in a fuel cell. The obtained
properties are expected to be useful for accurate modeling of stress
distributions within the MEA as well as for durability studies with
respect to mechanical degradation of the CCM.

2. Experimental methods

2.1. Materials

The pure membranes used throughout this study were taken
from a single batch of commercially available standard dispersion
cast PFSA. To ensure consistency, rectangular samples were cut
along the transverse direction even though no measurable differ-
ence in mechanical properties was observed for perpendicular di-
rections upon initial screening. Samples were stored at room
conditions for several days without any other form of conditioning
prior to testing. Membrane electrode assemblies (MEA) manufac-
tured from the same PFSA material using a proprietary method
were provided by Ballard Power Systems. After delamination of the
gas diffusion layers, the remaining catalyst coated membranes
were then cut into similar strips and stored at the same conditions.
Sample widths were measured via optical microscope and thick-
nesses with a digital micrometer. The CCM samples were imaged by
optical microscope both prior to and after testing to screen any
samples with defects.

2.2. Apparatus & sample loading

A dynamic mechanical analyzer (TA Instruments Q800 DMA)
equippedwith an environmental chamber (TA Instruments DMA-RH
Accessory) was used for all measurements. Tensile test samples were
loaded in a film tension clamp with a length to width aspect ratio of
5:1, which was determined experimentally beforehand to be ade-
quate to avoid any edge or stress concentration effects for PFSA ma-
terials. The samples seldom fracturedwithin the displacement range
of the clamp fixture, which is the reason why fracture strain and ul-
timate stress values are not considered in this study. Samples were
loaded at room conditions and brought to the desired environmental
conditions and allowed to equilibrate with a minimal preload force
being applied to keep the sample in tension. The sample length was
monitored and the tensile test was started when the swelling due to
heating and water absorption stabilized to less than 1 mmmin�1.

2.3. Procedure & conditions

Dynamic mechanical analysis was performed to study the
transition phenomena of the membrane and CCM specimens as
a function of temperature. Samples were loaded in the standard
DMA furnace at a gauge length of approximately 10 mm and
allowed to equilibrate before being tested at a frequency of 1 Hz
while the temperature was increased at a rate of 2 �C min�1.

The core of the present study consists of constant strain rate
tensile tests which follow a 22 factorial experimental design. The
two factors, temperature and relative humidity, are varied jointly
across a range of relevant fuel cell conditions in order to estimate
main effects and interaction effects. Standard fuel cell operating
conditions at 70 �C, 90% RH and room conditions at 23 �C, 50% RH
make up the two extreme corners of the experiment, while 70 �C,
50% RH and 23 �C, 90% RH make up the remaining corners. Center
points at 47 �C, 70% RH were also included to test for non-linear
behavior which is referred to as curvature. Four samples of pure
membrane and four samples of CCMwere tested at each corner. The
results presented in this study were measured using a 0.01 min�1

engineering strain rate, and were also repeated at a strain rate of
0.1 min�1 to provide additional verification of observed behavior.
The effects of temperature and humidity are discerned by com-
paring the means at each experimental corner with a standard F-
test analysis of variance (ANOVA) statistical method.

A series of isostrain and isoforce tests were conducted to deter-
mine whether the tensile stresses generated during membrane and

M.-A. Goulet et al. / Journal of Power Sources 234 (2013) 38e47 39



Author's personal copy

CCM dehydration were equivalent. For isostrain tests, identical
width samples were loaded at the same length and allowed to
equilibrate at the set conditions under a minimal preload force.
Upon equilibration, samples were kept at a nominal strain of 0.1% to
simulate confinement within a fuel cell, while the relative humidity
was decreased and the contraction force was measured. Isoforce
tests were conducted in the same manner with the exception that
a constant force of 0.01 N was applied to the samples while the
relative humidity was decreased and the contraction strain was
measured.

2.4. Definitions

In this study, all values refer to the directly measured engi-
neering stress s and engineering strain ε, and all error bars indicate
�2 standard deviations. Often defined as the elastic or Young’s
modulus in the literature, the initial tangent modulus of the curve
was determined from the maximum slope of a 5th order polyno-
mial fit to the initial section between 0 and 0.5% strain. This method
avoids any human subjectivity while being robust to any remaining
toe region due to an insufficient preload force. Given that the strain
rates used are not appropriate for measuring purely elastic prop-
erties of the polymer at all environmental conditions the initial
tangent modulus which still reflects the stiffness of the materials, is
simply referred to as modulus from this point onward. Two
methods were used to define the onset of yielding behavior, the
first being the offset yield as suggested in the ASTM D882 standard
[26], and the second being the proportional limit yield more
commonly used in the literature related to these materials [10,21].
For the sake of brevity, the yielding behavior captured by these
methods is interchangeably referred to as yield stress throughout
this work.

3. Results & discussion

In order to compare the mechanical properties of two materials,
one pure polymer and the other a composite based on the same
polymer, it was decided to start with dynamicmeasurements of the
polymer structure. These preliminary tests were followed by
a systematic study of the tensile properties of both materials as
a function of temperature and humidity. This study was then
concluded with a comparison of dimensional changes experienced
by both materials due to variation in humidity.

3.1. Transition temperature

Before undertaking systematic investigations into the standard
mechanical properties of the materials considered, it is logical to
check whether the CCM fabrication process might fundamentally
change themembranematerial. Directly related to the length of the
polymer chains and the presence of any crystallized domains,
transition phenomena can be measured by dynamic mechanical
analysis. Some of the first measurements of transition tempera-
tures for PFSAwere conducted by Yeo and Eisenberg in 1977 [27]. In
that study, it was found that the material exhibits transition
behavior around 110 �C. Other studies, such as those by Bauer et al.
[11] have looked more carefully at the humidity dependence of
these phenomena. Often referred to as the a-transition, a sudden
decrease in the storage modulus of the material between 80 and
100 �C indicates the disintegration of the crystallized domains into
an amorphous network. The inflection point in the storagemodulus
typically coincides with a peak in tan d, which is the more com-
monly used definition for the transition. The data shown in Fig. 1
displays the peaks in tan d for the membrane and the CCM. The
peak for this PFSA material lies roughly around 91 �C, which is

lower than the values found in the literature for similar materials,
but scan rate and pretreatment have both been shown to affect the
location of the peak [8]. If any significant changes to the polymer
molecules or network of the membrane occurred during fab-
rication, we would expect to see a shift in the transition tempera-
ture. Moreover, if any substantial amount of other polymers were
present in the catalyst layers, secondary peaks might also be
detected. Neither case occurs for the CCM, which confirms that the
fabrication process did not have a measurable impact on the pol-
ymeric structure of the membrane within the CCM.

3.2. Factorial study of tensile behavior

The purpose of the present factorial study is to quantify the
effects that temperature and humidity have on the mechanical
properties of both the membrane and CCM. Statistical analysis of
the results will reveal whether any significant trends can be asso-
ciated with the variation of these environmental factors. Before
discussing the full results of this study, the high sensitivity of PFSA
to both humidity and temperature can immediately be seen from
qualitative and quantitative differences of the stressestrain curves
shown in Fig. 2. When assessing the mechanical properties of
a material it is necessary to normalize the force measurement by
the cross-sectional area of the sample to obtain these stress values.
For the PFSA membrane the typical method found in the literature
has been to use the relatively uniform thickness provided by the
manufacturer and the measured width of the samples. For the
composite CCM materials, however, there are two alternative ap-
proaches. The first option is to consider the membrane to be the

Fig. 1. Comparison between tan d peaks for four PFSA membrane replicates (a) and
four CCM replicates (b).
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only load bearing structure and normalize the stress according to
the membrane thickness [5,6]. The second option is to measure the
thickness of each CCM sample individually and apply a heteroge-
neous normalization [9]. In the present study, the second approach
is chosen based on the treatment of the CCM as a composite
structure with bonded ionomer in all three layers. It may be sur-
prising that the loosely constructed and highly porous catalyst layer
would offer any mechanical support to the CCM but as the example
data in Fig. 3 shows, this is indeed the case. For two samples of
equal length and width, in identical environmental conditions, the

CCM strip resists the same deformation with more force. Although
the CCM strip is a stronger object, when normalized by the meas-
ured thickness of each sample, the composite material yields more
easily than pure PFSA material which can be seen in the example
stress versus strain curves of Fig. 2.

3.2.1. Modulus
The data presented in Fig. 4 shows the average initial modulus

calculated from the stressestrain curves for both membrane and
CCM measured at the selected combinations of temperature, rela-
tive humidity, and strain rate. As explained previously, it is clear
from the lower modulus values that the CCM material, when nor-
malized by its measured thickness, is comparatively less stiff than
pure PFSA at all tested environmental conditions; i.e., the mem-
brane is the stiffest part of the CCM while the catalyst layers con-
tribute a lower level of additional reinforcement. The results of the
ANOVA, which was conducted in order to quantify the effects of
temperature and relative humidity on the modulus of these ma-
terials, are summarized in Tables 1 and 2. In agreement with the
literature, an increase in either temperature or RH has a negative
effect on themodulus of the PFSAmaterial, regardless of strain rate.
In contrast, the interaction between temperature and RH seems to
have a positive effect on the modulus. This can be associated with

Fig. 2. Example stressestrain curves for PFSA membrane (a), and CCM (b).

Fig. 3. Comparison of force vs. strain for PFSA membrane (bottom curve) and CCM (top
curve) at room conditions.

Fig. 4. Variation of initial modulus as a function of environmental conditions for both
PFSA membrane (left columns) and CCM (right columns). Strain rate 0.01 min�1 (a),
and 0.1 min�1 (b).

M.-A. Goulet et al. / Journal of Power Sources 234 (2013) 38e47 41
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the presence of water which tends to add stiffness to themembrane
at higher temperatures [11].

The measured modulus of the CCM exhibits similar trends to
that of the pure PFSA material but with relatively diminished ef-
fects. For both the CCM and membrane, the humidity and tem-
perature independently have negative main effects of similar
magnitude. However, an important distinction is found in the
obtained interaction effect, which is negative at the lower strain
rate and statistically insignificant at the higher strain rate. We focus
here on the lower strain rate due to the higher accuracy and more
realistic behavior in the context of fuel cell operation. Interestingly,
in contrast to the result for the baremembrane, the combined effect
of high humidity and high temperature appears to have a softening
effect on the overall CCM object. Furthermore, the results of the
statistical curvature tests (not shown here) indicate that the mod-
ulus of both the membrane and CCM vary nonlinearly with tem-
perature and relative humidity. According to the basic laminar
composite theory [28], the modulus of the laminate is simply
obtained by adding the moduli of the separate layers according to
their relative thicknesses:

Ecomptcomp ¼ E1t1 þ E2t2 þ E3t3 þ/ (1)

where En and tn are the modulus and thickness of each layer
respectively. Consequently, magnified trends would be expected by
increasing the thickness of the catalyst layers.

3.2.2. Yield stress
The data in Fig. 5 displays the average yield stress computed

from the stressestrain curves for all test conditions and the ANOVA
for these results is presented in Tables 3 and 4. All values are based
on the proportional limit stress as defined previously; however, the
2% offset yield stress method is found to produce the same general
trends. Similarly to the modulus results, an increase in the main
effects of temperature or humidity tends to decrease the yield
stress for the PFSA material. This is in good agreement with pre-
vious work by Tang et al. [10] on PFSA membranes. In accordance
with the Satterfield et al. study on Nafion� [12], the results also
show that the interaction of high temperature and high humidity
adds a positive or strengthening interaction effect. Again, there is
an indication of curvature for the pure PFSA material with respect
to temperature and RH due to the average yield stress at the center
point of the experimental design being larger than the average of
the four corners (not shown here).

For the CCM case, the variation in yield stress follows the same
general trends with only a few minor differences. The interaction

effect is considerably smaller relative to the main effects, having
a relative magnitude of only 20% of the RH effect, whereas it was
over 50% for the PFSA case. As in this example, comparisons be-
tween relative magnitudes of the effects are more meaningful for
both the modulus and yield stress since these are directly related to
the different thicknesses of the materials. One exception to this is
the effect of temperature which is noticeably reduced for the CCM
compared to the membrane. No curvature was observed for the
yield stress of the CCM.

3.2.3. Yield strain
Looking back at the stressestrain curves in Fig. 2 it can be seen

that the yield strain is less distinctly defined due to the variation in
curve shape. The definition of the initial modulus as the maximum

Table 1
ANOVA of modulus results for 0.01 min�1 strain rate.

Factor Membrane CCM

Effect (MPa) P value Effect (MPa) P value

Temperature �77 <0.0001 �40 <0.0001
Relative humidity �78 <0.0001 �56 <0.0001
Interaction 26 0.0016 �20 0.0003

Table 2
ANOVA of modulus results for 0.1 min�1 strain rate.

Factor Membrane CCM

Effect (MPa) P value Effect (MPa) P value

Temperature �103 <0.0001 �54 <0.0001
Relative humidity �94 <0.0001 �75 <0.0001
Interaction 25 <0.0001 2 0.34

Fig. 5. Variation of proportional limit stress as a function of environmental conditions
for both PFSA membrane (left columns) and CCM (right columns). Strain rate
0.01 min�1 (a), and 0.1 min�1 (b).

Table 3
ANOVA of proportional limit stress results for 0.01 min�1 strain rate.

Factor Membrane CCM

Effect (MPa) P value Effect (MPa) P value

Temperature �3.7 <0.0001 �1.5 <0.0001
Relative humidity �1.8 <0.0001 �1.2 <0.0001
Interaction 1.4 <0.0001 0.2 0.01

M.-A. Goulet et al. / Journal of Power Sources 234 (2013) 38e4742
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slope is unambiguous, whereas the definition of the yield point is
dependent onwhichmethod is chosen. Regardless of themethod, if
the differences are pronounced enough, as for the yield stress, the
analysis should reveal the appropriate relationships. In this case,
the differences in yield strain are small compared to the bias
introduced by the offset method which consequently fails to cap-
ture some of the observable trends. Using the preferred propor-
tional limit method, the average yield strains are collected in Fig. 6
with the corresponding ANOVA results provided in Tables 5 and 6.
Although all effects have statistical significance, the trends are not
as clear in this case as for the modulus or stress. For the pure
membrane there is drastic change in behavior between low and
high strain rate which would suggest that the strain rate should be
considered as a third factor. The data are therefore also analyzed as
a three-factor ANOVA (not shown here) and the effect of strain rate

is determined to be stronger than the effects of the environmental
conditions, generally increasing the yield strain at a higher rate.
This observation is supported by the data presented in Satterfield’s
thesis which also showed a positive relationship between yield
strain and strain rate. The positive relationship between relative
humidity and yield strain seen here is also indicated in that study
[13]. When analyzed as a three-factor experiment, the temperature
is shown to have little effect, which suggests that the temperature
effects indicated here may be masked by the strain rate. The CCM
behavior on the other hand shows little dependence on the strain
rate when analyzed as a three-factor experimental design whereas
the positive effect of humidity seen for PFSA is still present in the
CCM. Comparatively less data on the yield strain of PFSA is available
in the literature and as such the physical interpretation for these
effects is more difficult to understand.

The most meaningful relationship to extract from the yield
strain data however is the overall difference between the CCM and
pure membrane. All samples were loaded at roughly the same
length and therefore can be compared directly in terms of strain
magnitude. From Fig. 6 it is apparent that the CCM yields before the
pure membrane at all environmental conditions. It is often under-
stood that the catalyst layers are more brittle than the underlying
membrane, a point which is clearly visible in the microscope image
of a post-test CCM shown in Fig. 7. Although the catalyst layers tend
to disintegrate and crack gradually as the samples are stretched,
once the membrane begins to yield, the fragmentation becomes
significant enough for the underlying membrane to become the
major load bearing structure. One way to verify this assertion is by
looking back at Fig. 3. When plotted in terms of force, both the CCM
andmembrane samples of the samewidthwill have the exact same
slope after the yield point. The constant bias present in the plastic
region indicates that residual stress remains in the catalyst layers of
the CCM attached to the membrane even after they have yielded
and therefore they continue to offer some structural support. An
important study by Pestrak et al. demonstrated that catalyst coated
membranes may have shorter lifetimes than uncoated membranes
due to the pressure concentration at cracks in the catalyst layer
[29]. The results observed here seem to support this idea and
suggest that current efforts being made to reinforce the membrane
should not neglect the integrity of the catalyst layers. It is possible
that mechanically induced deformation and fractures are formed in
the catalyst layers at relatively low levels of stress and strain, and
may potentially propagate into the membrane.

3.2.4. Summary of environmental effects
The trends observed throughout the factorial study can be

succinctly visualized with the interaction plots in Fig. 8. For the

Table 4
ANOVA of proportional limit stress results for 0.1 min�1 strain rate.

Factor Membrane CCM

Effect (MPa) P value Effect (MPa) P value

Temperature �3.8 <0.0001 �1.6 <0.0001
Relative humidity �2.1 <0.0001 �1.0 <0.0001
Interaction 1.7 <0.0001 0.2 0.07

Fig. 6. Variation of proportional limit strain as a function of environmental conditions
for both PFSA membrane (left columns) and CCM (right columns). Strain rate
0.01 min�1 (a), and 0.1 min�1 (b).

Table 5
ANOVA of proportional limit strain results for 0.01 min�1 strain rate.

Factor Membrane CCM

Effect (%) P value Effect (%) P value

Temperature �0.8 <0.0001 �0.4 0.0041
Relative humidity 0.8 0.0002 0.3 0.0170
Interaction 0.4 0.0260 0.7 <0.0001

Table 6
ANOVA of proportional limit strain results for 0.1 min�1 strain rate.

Factor Membrane CCM

Effect (%) P value Effect (%) P value

Temperature 0.9 0.0150 �0.2 0.0440
Relative humidity 2.3 <0.0001 0.8 <0.0001
Interaction 1.4 0.0009 0.2 0.0440

M.-A. Goulet et al. / Journal of Power Sources 234 (2013) 38e47 43
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most part, the effects are similar at both strain rates but only the
0.01 min�1 strain rate is shown since it generally has more statis-
tical significance and is likely more relevant to the applied stresses
during hygrothermal loading. The slope of the lines indicates the
magnitude and direction of the effects, whereas the interaction
effect is represented by the parallelism of the lines. As mentioned
previously, the temperature and humidity tend to have similar ef-
fects on both the CCM and membrane. The CCM yield stress lines
are more parallel however because the interaction effects are
reduced, whereas the modulus lines converge in the PFSA case and
diverge for the CCM. In practical terms, this means that the
decrease in both stiffness and yielding of the CCM is proportionally
more pronounced at standard fuel cell operating conditions (70 �C,
90% RH) than it is for the pure PFSA membrane.

Considering the fact that membrane and catalyst layer thick-
nesses are typically selected based on higher priority needs directly
related to fuel cell performance and cost, it may be enlightening to
look at the mechanical properties of both objects without nor-
malizing by the thickness. By extracting the measured thickness of
each sample from the modulus and yield stress calculations it is
possible to understand how a unit width of either object will resist

Fig. 7. Optical microscope image of a CCM sample after tensile test.

Fig. 8. Interaction plots for PFSA membrane (left) and CCM (right) at a 0.01 min�1 strain rate. Low RH ¼ 50%, high RH ¼ 90%, low Temp ¼ 23 �C, high Temp ¼ 70 �C.

M.-A. Goulet et al. / Journal of Power Sources 234 (2013) 38e4744
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an applied force. A direct comparison can then be made on the
effects of temperature and humidity on the effective stiffness
(defined here as ‘modulus by width’) and strength (defined here as
‘limit stress by width’) of each strip of material, as illustrated in
Fig. 9. These results demonstrate the same behavior indicated in
Fig. 2, namely that a piece of CCM of the same width will resist
more strongly to an applied force than a membrane. In this case,
however, it can be seen more directly that the reinforcement pro-
vided by the catalyst layers is in itself a function of temperature and
humidity. These results reflect the trends seen in the factorial
ANOVA. For instance, the lower relative effect of temperature on
modulus seen for CCM in Table 1 can be observed again here. An
ANOVA conducted on the data with the thickness extracted as in
Fig. 9 reveals the same general trends and statistical significance
seen for the modulus and limit stress as typically defined. This in-
dicates that the added variability due to the thickness measure-
ment is minor compared to the effect of environmental conditions.
This type of simplification is not possible when attempting to
model the stress distribution inside the MEA however, and would
require more knowledge of the effective cross-sectional area of the
catalyst layers. As seen in the following section, the effects observed
in this factorial study may be due to the differences in water ab-
sorption between the membrane and CCM. 3.3. Swelling and contraction measurements

After studying the CCM’s response to stress at varying envi-
ronmental conditions, it is essential to understand how these
stresses are actually created inside an operating fuel cell. For this
purpose, the change in length of all samples used in the tensile tests
when brought from ambient conditions to test conditions is
monitored until a sufficient state of equilibrium is reached. These
dimensional changes are summarized in Fig. 10 and demonstrate
that at all environmental conditions, the length-wise swelling of
the pure PFSA membrane is almost twice that of the CCM. Possibly
due to the reinforcement provided by the catalyst layers and the
composite nature of the CCM, this difference is of crucial impor-
tance when attempting to construct accurate models of mechanical
degradation. As an additional step to verify whether these differ-
ences are present during dehydration, more samples were brought
to elevated environmental conditions, allowed to equilibrate,
measured in length while humidified, and then dehydrated back to
room conditions under a constant minimal force while the strain is
observed. Fig. 11 shows an example of such a test which adds fur-
ther evidence of the same smaller dimensional change of the CCM
versus the membrane.

Fig. 9. Comparison of effective mechanical behavior of membrane (left columns) and
CCM (right columns) objects as a function of environmental conditions. Strain rate
0.01 min�1. Width normalized modulus (a), width normalized proportional limit stress
(b).

Fig. 10. Increase in length during equilibration of samples at environmental condi-
tions. PFSA membrane (left columns) and CCM (right columns) are compared.

Fig. 11. Example of contraction due to dehydration for PFSA membrane (bottom curve)
and CCM (top curve). Test conditions: Relative humidity dropping from 90% to 50% at
70 �C.
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Similarly, the stress induced by the drying samples can also be
monitored during isostrain tests. Fig. 12 shows the drying force
produced by identical width samples at the same test conditions as
in Fig. 11. In this case, the CCM produces more than twice as much
peak dehydration force as the PFSAmembrane andmore than three
times the residual force after 200 min of equilibration. The re-
percussions of these differences are clear when looking back at
Fig. 9. Although the ‘modulus by width’ is always higher for the
CCM than for the membrane, the reinforcement provided by the
catalyst layers may not outweigh the increase in residual tensile
dehydration force that they cause. These results indicate that more
attention to such details is required to adequately understand the
mechanical behavior of the CCM when situated inside a fuel cell.
Correlating the tensile properties with the dimensional changes
and the forces created by these dimensional changes is the most
crucial goal for modeling of stress distributions within an MEA.

4. Conclusions

The mechanical properties of a catalyst coated PFSA membrane
have beenmeasured as a function of humidity and temperature and
compared to those of a pure PFSA membrane at the same condi-
tions. Although the results from dynamic measurements indicate
no change in the length of the polymer chains during catalyst layer
bonding, the results from the tensile measurements indicate sev-
eral differences in mechanical behavior between the twomaterials.
In general, the CCM material yields at lower strain values than the
puremembranematerial. An increase in temperature or an increase
in relative humidity both reduce themodulus and yield stress of the
membrane and CCM, whereas the interaction effect between the
temperature and humidity seems to have a positive effect on the
membrane but not the CCM. The relative degree of these effects
varies significantly between each material, with the end result that
the overall mechanical strength and stiffness of the CCM have
decreased more than the membrane at operating fuel cell condi-
tions (70 �C, 90% RH) as compared to room conditions.

The swelling and contraction properties of the two materials
were also investigated with respect to relative humidity. The
swelling of the materials during equilibration was monitored at all
environmental conditions under study. It was found that on aver-
age the percent increase in length of the membrane samples was
almost twice as high as for CCM. This ratio was also observed upon
dehydration, with themembrane contracting nearly twice as much.
Isostrain tests were also conducted to measure the forces created

by this dehydration and it was found that both the peak and re-
sidual forces are greater for the CCM during dehydration than for
the membrane. When compared to the differences in yield and
stiffness between these two materials measured during tensile
tests, the dehydration forces indicate that the mechanical rein-
forcement in the tensile direction provided by the catalyst layers of
the CCM does not always outweigh the increase in dehydration
force caused by them.

The relationships observed in these experiments demonstrate
that the mechanical properties of the CCM vary differently than
those of the membrane with respect to temperature and humidity.
For this reason, in situ mechanical models of membrane stress
distributions are unlikely to correlate directly with the true distri-
butions experienced by the catalyst coated membrane within a fuel
cell. The data gathered as part of this study will become useful as
part of an empirical model of mechanical properties of CCM as
a function of environmental conditions. More environmental con-
ditions can be included in the future to accurately assess the degree
of curvature and obtain a more precise understanding of the in-
fluence of temperature and humidity on the CCM.
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