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� Creep properties of catalyst coated
membranes were compared to pure
membranes.

� CCM creep was strongly influenced
by the applied stress and hygro-
thermal conditions.

� Catalyst layer microcracks were
formed at the yield point of the CCM.

� Accumulation of creep damage was
observed during successive creep-
recovery steps.
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Creep as a time-dependent mechanical damage acting either independently or in conjunction with other
degradation mechanisms is known to reduce the membrane durability of polymer electrolyte fuel cells
(PEFCs). Due to the important ionomer coupling of membrane and catalyst layers in PEFCs, the present
work evaluates membrane creep when constrained within a catalyst coated membrane (CCM). Three key
factors dominating creep life in commonly used perfluorosulfonic acid (PFSA) ionomer membranes,
including creep stress, temperature, and relative humidity, were investigated by applying ex-situ creep
loading and unloading experiments under controlled temperature and humidity conditions. The creep
strain and recovery of the CCM were found to be highly dependent on the environmental conditions and
applied stress levels, where the temperature effect on creep strain was the most significant. Repetitive
creep e recovery cycles revealed that significant creep damage can accumulate in the material over time.
This accumulated creep damage was found to be independent of the loading frequency while both peak
strain and permanent deformation increased with the stress duration. Based on the present findings, it is
recommended to reduce the operating temperature and ensure adequate membrane hydration in order
to mitigate harmful creep effects in PEFCs.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Polymer Electrolyte Fuel Cells (PEFCs) are a promising alterna-
tive to combustion engines in automotive applications. One of the
main challenges facing the commercialization of PEFCs is in the
development of membrane electrode assemblies (MEAs) that meet
automotive industry durability targets [1] that range from 5000 h
for light duty vehicles (e.g., passenger cars) to 18,000 h for heavy
duty vehicles (e.g., transit buses) [2,3]. Currently, perfluorosulfonic
acid (PFSA) ionomermembranes (e.g. Nafion® fromDuPont) are the
most commonly used membrane type in PEFCs due to the high
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chemical stability inherited from the polytetrafluoroethylene
(PTFE) structure [1,4]. Ionomer membranes are subjected to
chemical and mechanical degradation during fuel cell operation
[1,5e10]. The destructive effect of each mechanism (chemical and
mechanical) is intensified in the presence of the other, and the final
failure is often a combination of different degradation mechanisms
[1]. Chemical degradation is caused by the attack of hydroxyl (�OH)
and hydroperoxyl (�OOH) radicals primarily formed from hydrogen
peroxide under the severe chemically oxidizing and reducing
environment inside the fuel cell [1,5,7]. Mechanical degradation, on
the other hand, is a result of mechanical stresses in the form of
creep and hygrothermal fatigue, induced by temperature and hu-
midity variations.

In order to improve the fuel cell performance and minimize
ohmic losses, it is desirable to reduce the thickness of the mem-
brane. Hence, developing mechanically durable membranes
capable of maintaining structural integrity under various duty cy-
cles is a critical target. The mechanical properties of PFSA mem-
branes [8,9,11e13] are sensitive to variations in temperature and
relative humidity. The effect of environmental conditions on the
Young's modulus and yield stress of Nafion® 112 was reported by
Tang et al. [11] via tensile tests at different temperature and hu-
midity conditions, indicating a reverse relationship between the
applied environmental conditions and the membrane tensile
properties [11]. Similar mechanical properties were obtained by
Bauer et al. [9] and Kundu et al. [12] for Nafion® 117. Bauer et al. [9]
expressed an interaction between the temperature and humidity
effects and suggested that water acts as a plasticizer at low tem-
peratures and as a stiffener at high temperatures [9]. The tensile
properties of PFSA membranes and catalyst coated membranes
(CCMs) were recently evaluated, compared, and modeled by our
group [14,15]. Under a wide range of environmental conditions, the
CCM exhibited lower yield stress, yield strain, and Young's modulus
when compared to the corresponding pure membrane. In both
materials, the yield stress and Young's modulus decreased with
increasing temperature and/or relative humidity, while the hu-
midity induced expansion/contraction of the CCM were signifi-
cantly suppressed compared to the pure membrane [14].
Furthermore, the peak and residual stresses during dehydration of
the membrane were reduced in the presence of catalyst layers [16].
Due to the significant ionomer phase interaction between the
membrane and catalyst layers in the CCM, it was recommended to
treat the CCM as an independent composite material [14].

Creep in general is defined as time dependent deformation
under constant applied stress in a material [17]. Under fuel cell
operating conditions, this time dependent elongation could be
detrimental and finally causes catastrophic failures due to
hydrogen leaks or electrical shorts. To reach failure under creep
stress, long periods of loading are required which may vary from a
few hours to a few hundreds of years depending on the type of
material and conditions [17]. Therefore, stress rupture tests have
been introduced in order to estimate the creep lifetime [18].
Rupture tests are conducted under high levels of stress and tem-
perature in order to accelerate the creep damage, and the results
are extrapolated to predict the lifetime under the expected condi-
tions [18]. As a thermally activated process, creep mechanisms are
intensified exponentially with elevated temperature [18], but can
also occur at room temperature in certain materials with low
melting temperature, e.g. polymers. In addition to the temperature,
creep strain is a function of the applied stress, time [18], and hu-
midity [19,20]. In polymers, once the applied stress is released, a
certain portion of the creep strain is recovered instantaneously
followed by a gradual strain recovery due to the visco-elastic e

visco-plastic nature of the material. Creep strain may also remain in
the polymer as permanent deformation. Maksimov et al. [19]
examined the creep properties of polyester below yield stress and
showed that analogous to temperature, elevated humidity would
increase the creep compliance [19]. Scaffaro et al. [20] measured
the creep behavior of Polyamide 6 under controlled environmental
conditions. By increasing the humidity from 15% to 50%, they
observed an increase in the initial creep rate although the final
strain was similar [20]. They expressed that at 50% RH, in the early
stages humidity acts as a plasticizer and facilitates chain slip in the
amorphous phase. However, the increase in crystallinity due to the
structural rearrangement caused by creep strain slows down the
creep rate [20]. Launay et al. [21] modeled non-linear mechanical
response of cyclic creep and recovery in a polymer matrix com-
posite of polyamide. They proposed an equivalence principle be-
tween the temperature and humidity validated by obtaining similar
behavior at 70 �Ce72% RH and 90 �Ce50% RH [21]. In addition to
conventional creep and creep rupture tests, Tweedie and Van Vliet
[22] studied the creep behavior of different visco-elastic polymers
using nanoindentation as a function of maximum creep force, force
rate, and stylus geometry. A similar approach was utilized by Lu
et al. [23] to study the linear visco-elastic properties of polymethyl
methacrylate (PMMA) and polycarbonate (PC). Based on the time-
temperature superposition principle, Achereiner et al. [24] inves-
tigated the long-term creep behavior of polypropylene via accel-
erated testing by elevating the temperature in brief steps. By
rescaling the results of short-term tests, master curves for long-
term creep capable to predict polypropylene creep response at
different times were summarized [24].

PFSA ionomer membranes as visco-elastic e visco-plastic ma-
terials encompass viscous characteristics [17,25]. Under constant
stress, the typical response of a viscous polymer includes an
instantaneous increase in strain due to the elasticeplastic response
followed by continuous straining at a non-constant rate due to the
mixed elasticeplastic and viscous effects [17,26,27]. This contin-
uous straining under constant stress is defined as creep. The
polymer will continue to deform slowly with time until rupture. As
the stress is released, an immediate strain recovery occurs followed
by a gradual strain recovery. In most cases some strain is not
completely recovered and remains permanently inside the mem-
brane after stress removal [17]. Creep damage in PFSA membranes
may either cause crack initiation or reduction in the membrane
thickness until the membrane fails to separate the reactant gases
[28]. Majsztrik et al. [29] investigated the influence of temperature
and hydration on tensile creep in Nafion® N1110 and realized that
the creep strain is greatly affected by both factors. At constant
humidity, an increase in temperature always leads to higher creep
strains while the impact of relative humidity varies depending on
the test temperature [29]. At temperatures below 40 �C, high hu-
midity resulted in low creep resistance due to the plasticizing effect
of water, while at high temperatures above 90 �C, high humidity
resulted in high creep resistance due to the adverse stiffening effect
[29]. In the medium temperature range (40 �C < T < 90 �C) the
creep resistance was highest at intermediate humidity due to the
mutual effect of the aforementioned mechanisms [29]. From the
same group, Satterfield et al. [30] compared the creep behavior of
Nafion® 115 and Titania/Nafion® composite and expressed that
lower creep strainwas observed in the compositemembrane. Creep
failure of Nafion® NR111 was examined under various hydration
and temperature levels by Solasi et al. [28]. The slope of the
stresserupture curves with respect to the time to failure was found
to be independent of temperature and humidity in the applicable
range. Through conducting cyclic and static biaxial blister tests, Li
et al. [31] investigated the resistance to gas leakage in three
different commercially available membranes under fatigue and
creep loading. Due to the relatively identical creep and fatigue
behavior at 90 �C and 2% RH, the lifetime was dominated by the



Fig. 1. Schematic of the rectangular sample used in creep testing (not to scale).

Fig. 2. Schematic of creep stress and strain profiles as a function of time applied on the
membrane and CCM samples. Key metrics of the creep strain curve are illustrated.
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total loading time rather than the number of cycles [31].
Despite the important ionomer phase coupling of membrane

and catalyst layers in PEFCs, no previously published studies have
considered membrane creep when constrained within a CCM. As
reported previously by our group [14], membrane mechanical
properties are significantly altered when coated by catalyst layers.
Therefore, the objective of the present work is to thoroughly
characterize the ex-situ creep response of catalyst coated PFSA
membranes compared to pure membranes subjected to a variety of
hygrothermal and mechanical stress conditions. Furthermore,
accumulation of creep strains during conditions representative of
dynamic PEFC operation will be evaluated through a series of
successive creep stress and recovery cycles. In conjunctionwith our
previous report on the static properties of CCMs [14], the outcomes
of this work will provide complementary fundamental under-
standing of the dynamic behavior of CCMs in PEFCs.

2. Experimental procedure

2.1. Sample preparation

PFSA membranes and MEAs used for this study were provided
Fig. 3. Schematic of successive creep and recovery stresses applied on CCM samples.
Stress values were selected depending on the yield strength of the material at the
desired temperature and relative humidity.
by Ballard Power Systems. MEAs were prepared by coating a carbon
supported platinum catalyst layer with PFSA ionomer on micro-
porous layer (MPL) covered gas diffusion layer (GDL) to fabricate
gas diffusion electrodes (GDE). Then, anode and cathode GDEs were
hot pressed with a PFSA membrane to form the MEA. In order to
prepare creep samples, PFSA membranes and MEAs were all cut
into rectangular shapes (25 � 2 mm) along the transverse (cross-
machine) direction. Then, GDLs were detached from both sides of
the MEA and the remaining CCM and PFSA membrane samples
were stored between glass slides in ambient conditions prior to
creep testing.
2.2. Creep testing

Tensile creep tests were applied at various levels of controlled
temperature, relative humidity, and stress on PFSA membrane and
CCM samples using a dynamic mechanical analyzer (DMA; TA In-
struments Q800) equipped with an environmental chamber (TA
Instruments DMA-RH Accessory). Samples of 25 mm length were
loaded at 6 mm initial gauge length and the remaining 19 mm
length was used to clamp the sample. The exact gauge length and
sample width were measured for all samples by the DMA and op-
tical microscope, respectively, while the average thickness was
quantified by digital micrometer prior to the test at ambient con-
ditions. Approximate sample dimensions are illustrated in Fig. 1,
schematically.

As explained before, creep testing requires long periods of
loading to reach sample failure due to the slow propagation of
creep damage. Therefore, in this study, creep experiments were
Fig. 4. Strain e time curves of the CCM, membrane-A (identical load), and membrane-
B (identical stress) at 23 �Ce50% RH.



Fig. 5. Measured creep properties of a CCM compared to a pure membrane at different
hygrothermal conditions. Membrane-A and membrane-B were subjected to the same
load and stress as the CCM, respectively.

Fig. 6. Ratio of (a) instantaneous recovery, (b) time-dependent recovery, and (c) per-
manent deformation to the total creep strain in the CCM and membrane-B (identical
stress) samples at different hygrothermal conditions.
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designed to measure the creep and recovery response in a reduced
time period of a few hours, which is deemed sufficient for fuel cell
applications [29]. Prior to creep test initiation, the samples were
loaded at ambient conditions and equilibrated to the desired
temperature and relative humidity conditions while a small pre-
load tensile stress (0.1 MPa) was applied to keep the sample under
tension. In order to avoid shocking the samples with a jump in
stress, the creep stress was elevated to the predetermined stress at
a relatively high rate (5 MPa min�1). With the aim of assessing the
effects of hygrothermal conditions, stress, and time on the creep
response of the materials, three types of creep experiments were
conducted:



Fig. 7. Strain e time curves for CCM samples at different temperatures (23, 50, and 70 �C) and relative humidity (50, 70, and 90% RH) under 2.5 MPa creep stress.
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1. Constant stress tests: With the purpose of understanding the
effect of hygrothermal conditions on the creep behavior, regular
creep tests were applied on the PFSA membranes and CCMs at
different temperatures (23 and 70 �C) and relative humidities
(50% and 90%). The creep properties of the CCM were compared
to the membrane under equivalent stress (2.5 MPa) and equiv-
alent force. Additional creep tests were performed on CCMs at
intermediate temperature (50 �C) and relative humidity (70%) to
provide more details on the impact of the environmental con-
ditions on the creep response of the CCM. As depicted in Fig. 2,
samples were stretched under constant creep stress for 120 min
followed by 120 min of unloading to evaluate the creep strain,
instantaneous and time-dependent factors of recovery, and per-
manent deformation. Creep strain represents the strain at the
end of the loading step, while instantaneous recovery and time-
dependent recovery indicate the strain restoration during stress
reduction and during the recovery, respectively. Finally, per-
manent deformation shows the total unrecovered strain stored
inside the membrane. As explained, applying a small tensile
stress value (0.1 MPa) during the unloading was mandatory in
order to keep the samples straight during the test. Each of the
aforementioned tests was repeated at least two times according
to the ASTM D2990 creep standard [32] and the average creep
strains were reported.

2. Variable stress tests: A similar procedure was applied to mea-
sure the creep deformation of CCMs as a function of creep stress
at four combinations of temperature and relative humidity
(23�C-50%, 23�C-90%, 70�C-50%, and 70�C-90%). The stress
values were selected to be 40%, 60%, 80%, 100%, 120%, and 140%
of the yield strength of the CCM at the desired test conditions as



Table 1
ANOVA of creep strain in CCM as a function of temperature and relative humidity
under 2.5 MPa creep stress.

Factor Creep strain Permanent deformation

Effect (%) P Value Effect (%) P Value

Temperature 220.6 <0.0001 159.5 <0.0001
Relative Humidity 59.6 <0.0032 40.7 <0.0039
Interaction 19.9 <0.1020 19.0 <0.0493
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previously reported by Goulet et al. [14]. In the same manner,
the average of at least two tests was reported for each testing
conditions [32].

3. Fuel cell simulated (FCS) tests: Under automotive operating
conditions, themembrane is subjected to cycles of hygrothermal
loading and unloading in addition to the static mechanical
compression of the MEA. Understanding the accumulation of
creep damage was accomplished through applying successive
steps of creep and recovery at room and fuel cell conditions
(23�C-50%RH and 70�C-90%RH, respectively), as presented in
Fig. 3. Fuel cell simulated tests were repeated three times at each
test parameter as per the ASTM D2990 requirements [32].
2.3. Microstructural analysis

Top surface microstructural analysis of the CCM samples after
being subjected to the variable stress creep experiments was per-
formed using scanning electron microscopy (SEM; FEI Dualbeam
235 FIB-SEM) at Simon Fraser University's nano-imaging facilities
at 4D LABS. SEM images were captured from the gauge section of
the creep samples using 5 kV electron beam accelerating voltage.
Fig. 8. (a) Total creep strain, (b) instantaneous creep recovery, (c) time-dependent creep re
and relative humidity under 2.5 MPa creep stress.
3. Results and discussion

The creep properties of catalyst coated PFSAmembranes (CCMs)
were systematically evaluated and compared to pure membranes
using ex-situ tensile creep tests. First, the creep behavior of CCMs
was analyzed under various levels of temperature and relative
humidity. Then, the effect of creep stress on the creep strain and
recovery was evaluated. Finally, the accumulation of creep defor-
mation during simulated fuel cell operating conditions was inves-
tigated under cyclic periods of loading and unloading.

3.1. Constant stress tests

The physical and mechanical properties of PFSA membranes in
PEFCs are highly sensitive to the environmental conditions, primarily
due to the hygroscopic nature of the ionomermaterial. In automotive
PEFCs, an MEA is subjected to signification variations in temperature
and relative humidity, for instance from ambient conditions (e.g.,
23 �C and 50% RH) to fuel cell operating conditions (e.g., 70 �C and
90% RH) during startup, which may lead to membrane creep and
subsequent damage. As explained in the experimental procedure,
two types of constant stress creep tests were conducted in order to
evaluate and compare the CCM creep behavior to that of a pure PFSA
membrane. In addition, the anticipated reinforcing effect of the
catalyst layers on the CCM creep resistance was examined. The two
types of creep tests performed on the reference membrane samples
were CCM identical force (membrane - A) and CCM identical stress
(membrane - B). Strain e time curves for the CCM and membranes
subjected to creep at 23 �Ce50% RH are shown in Fig. 4. In addition,
the total creep and recovery data extracted from the strain e time
curves at various environmental conditions are illustrated in the bar
charts of Fig. 5. As expected, the creep strain and recoverywas higher
covery, and (d) permanent creep deformation in the CCM as a function of temperature



Table 2
Summary of the CCM yield strength measured by Goulet et al. [14], using the same
CCM material as in the present study.

Temperature (�C) Relative humidity (%) Yield strength (MPa)

23 50 3.7
70 50 2.0
23 90 2.3
70 90 1.1

Fig. 9. CCM creep strain curves at different levels of stress at four combinations of temperat
each environmental condition. Due to the large variations in strain under different stress lev
each corresponding plot.
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in membrane-A than for membrane-B due to the higher applied
force (and stress). Approximately three times higher stress was
applied onmembrane-A, resulting in approximately ten times higher
creep strain. At identical force (CCM and membrane-A), the creep
strain of the CCMwas remarkably lower than that of the membrane,
indicating the reinforcement provided by the catalyst layers. It can be
summarized that the catalyst layers improved the membrane resis-
tance to creep deformation independent of the environmental
ure and relative humidity. The stress is indicated relative to the yield stress (Y.S.) under
els, the low stress curves were magnified and reproduced in a separate window below



Fig. 10. CCM creep strain results at various levels of applied stress (normalized by the yield stress at each environmental condition). (a) Total creep strain and ratio of (b)
instantaneous recovery, (c) time-dependent recovery, and (d) permanent deformation to the total creep strain.
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conditions, as the creep strain was reduced by 88% and 56% at
23 �Ce50% RH and 23 �Ce90% RH, respectively. In a similar manner,
the total strain recovery (instantaneous and time-dependent) was
reduced by 85% and 52% respectively. It should be mentioned that at
70 �Ce50% RH and 70 �Ce90% RH, the membrane-A tests were
terminated due to the relatively large creep strains approaching the
DMA travel length limit (~26 mm); hence, no recovery data were
measured in these cases. On the other hand, at identical stress (CCM
and membrane-B), the CCM exhibited higher creep strain than the
membrane at all environmental conditions, which revealed a lower
creep resistance in the catalyst layers compared to the membrane.
The porous structure accompanied with the fragile bonding among
particles limit the mechanical strength of the catalyst layers [14]. For
this reason, the membrane is the main load bearing part of the CCM.

The ratio of creep recovery and permanent deformation to the
total creep strain in the CCM and membrane-B (identical stress) are
presented in Fig. 6. At low temperature, the portions of recovery
and permanent deformation were relatively identical for the two
materials, although the permanent deformation ratio increased
with humidity. However, the aforementioned ratios were sub-
stantially altered as the temperature increased, where the perma-
nent deformation of the CCM was considerably higher than for the
membrane due to a lack of time-dependent recovery. According to
our previous study [14], the applied 2.5 MPa creep stress was
beyond the CCM yield point at high temperature (70 �C) while it
was well below the membrane yield point. Therefore, due to the
viscoplastic deformation of the CCM compared to the mainly
viscoelastic deformation of membrane-B under 2.5 MPa creep
stress, smaller portions of the creep strains were reclaimed during
the time-dependent recovery of the CCM compared to the
membrane.

A supplementary study on the effect of hygrothermal conditions
on the creep behavior of the CCM was conducted by measuring the
creep and recovery at an intermediate temperature (50 �C) and
relative humidity (70%) following the constant stress creep test.
Fig. 7 shows the CCM creep strain curves as a function of temper-
ature and relative humidity. It is evident from Fig. 7 that an increase
in temperature or relative humidity always results in higher creep
strain and deformation. Creep occurs when sufficient driving force
is provided by the applied stress to overcome the molecular in-
teractions of the polymer. The requisite driving force decreases
exponentially as temperature increases due to the thermally acti-
vated nature of creep in polymers [28]. Therefore, Arrhenius type
equations are suggested to express the exponential contribution of
temperature and humidity on the creep strain rate [28]. F-test
analysis of variance (ANOVA) was applied to quantitatively study
the effects of the environmental conditions using the lowest and
highest temperature and relative humidity values. According to the
ANOVA outcomes summarized in Table 1, it appears that the in-
fluence of temperature on the creep strain and permanent defor-
mation is more significant than the impact of relative humidity
while the interaction has the lowest effect when compared to each
individual parameter. Based on the p values in Table 1, at a signif-
icance level of 0.01, the effects of temperature and relative humidity
are both statistically significant while the interaction effect is not.
As the temperature increases, the internal energy of the membrane



Fig. 11. Surface SEM images of crack formation in the cathode catalyst layer during CCM creep testing at 70 �Ce90%RH. The images show the cathode surface of (a) a pristine CCM
before creep testing, (b) a post-creep CCM subjected to yield stress, and (c, d) a post-creep CCM subjected to 140% of the yield stress (shown at 0� and 60� tilt from the normal
direction, respectively). The creep stress was applied in the vertical direction of the images.
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enhances the motion of molecules and the relative slip of adjacent
chains, resulting in higher elongation under creep stress. In
contrast, relative humidity facilitates creep deformation through
swelling and distancing the molecular chains.

The impact of the coupled hygrothermal conditions on the in-
dividual steps of creep and recovery in the CCM is exhibited in
Fig. 8. The effect of relative humidity on the creep strain and re-
covery was more significant at low temperatures (e.g. 23 �C) than at
high temperatures (e.g. 70 �C). As an example, the total creep strain
at 23 �C (Fig. 8a) increased by nearly eleven times when the RHwas
raised from 50% to 90%, while at 70 �C (Fig. 8a), the total creep strain
increased by merely 40%. Nafion® membrane creep responses at
lower humidities than the ones addressed in our study on CCMs
were reported by Majsztrik et al. [29]. Their results on the hu-
midified membranes (8% and 65% RH) at temperatures below 70 �C
are qualitatively in agreement with our findings for the CCM [29].
However, a completely different behavior was observed in fully
dried (0% RH) membranes where the creep strain above 50 �C was
higher than for the humidifiedmembranes (8% and 65% RH). At low
temperatures, the water absorbed in the ionomer acts as a plasti-
cizer and enhances the slip of polymermolecules; hence, increasing
the humidity generally facilitates the flow of molecules. As the
temperature is increased, due to the adequate thermal energy ob-
tained by the molecular chains, molecular flow under the creep
stress is facilitated. Thus, the plasticizing effect of relative humidity
becomes less significant on the creep deformation.

Similar behavior was observed in the recovery stage
(Fig. 8bed) after the creep stress was released. It is noteworthy
that the creep stress (2.5 MPa) applied in these experiments was
in some cases higher than the yield stress of the CCM, as previ-
ously measured by our group [14] and exhibited in Table 2 at four
temperature and relative humidity combinations. It can be seen
from Fig. 8 that at high temperatures and relative humidities,
where the yield point was passed, most of the creep strain was
stored in the sample after the recovery and only minor portions
were released during the recovery stage. In contrast, at conditions
below the yield point, most of the creep strain was reclaimed
during the recovery. For example, by comparing Fig. 8a with
Fig. 8d, at 70 �Ce90% RH, 71% of the creep strain remained inside
the sample after recovery as permanent creep deformation. While
at 23 �Ce50% RH, only 27% of the creep strain remained as per-
manent creep deformation.

3.2. Variable stress tests

In this section, the effect of the creep stress on the CCM creep
strain and recovery was investigated under fixed hygrothermal
conditions bymeans of tensile creepmeasurements under different
stress levels from 40% to 140% of the CCM yield stress [14]. Among
the environmental conditions studied in the previous section, four
combinations of temperature (23 and 70 �C) and relative humidity
(50% and 90% RH) were considered here, with results shown in
Fig. 9. Due to the large variations in strain at different stress levels,
the strain curves related to low stress levels (40%, 60%, and 80% of
the yield stress) were magnified and reproduced in an additional
plot window. As expected, the higher stress magnitude resulted in



Fig. 12. Multi-step creep response of CCM samples at room and fuel cell conditions for
(a) 30 min and (b) 60 min steps.

Table 3
Recovery and deformation relative to the total creep strain at the end of the multi-
step creep tests.

Test conditions Instantaneous
recovery (%)

Time-dependent
recovery (%)

Permanent
deformation (%)

23 �C e 50% RH e 30 min 34.4 20.6 45.0
23 �C e 50% RH e 60 min 30.6 22.3 47.0
70 �C e 90% RH e 30 min 17.7 16.0 66.3
70 �C e 90% RH e 60 min 16.0 15.1 68.1
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higher creep strain, independent of the environmental conditions.
The most dramatic variation was observed at 23 �Ce50% RH where
the creep strain increased from 2.2% to 288% at 40% and 140% of the
yield stress, respectively. At higher temperature and humidity, the
rate of increase in creep strain due to stress elevation decreased
(e.g., from 3.1% to 94% at 70 �Ce90% RH) but still remained
significant.

The total creep strain and various recovery portions were
extracted from the creep strain curves and illustrated in Fig. 10 as a
function of normalized stress. The normalized stress was calculated
as the ratio of the applied creep stress to the yield stress at the
corresponding temperature and relative humidity. As expected, the
creep strain increased nonlinearly with an increasing slope as the
stress was elevated. The instantaneous portion of recovery
remained relatively constant in the 10e25% range under most
conditions, except under room conditions (23 �Ce50% RH) where a
much higher degree of instantaneous recovery (up to 45%) was
obtained for stress values below the yield point (Fig.10b), indicative
of a more elastic behavior. Creep deformation generally occurs due
to the breakage of cross links between polymer molecules under
creep loading. During recovery, the intermolecular bonds tend to
re-entangle and reproduce the cross links. At high temperature
and/or humidity, however, the molecular vibrational energy is high
enough to decelerate the re-arrangement of lateral links shortly
after stress removal. Therefore, the portion of instantaneous re-
covery of creep strain is small and varies negligibly with the creep
load. In contrast, the low molecular vibrational energy at room
conditions facilitates the re-arrangement of intermolecular forces
quickly after release of stress, resulting in larger portions of
instantaneous recovery.

On the other hand, the time-dependent strain recovery inheri-
ted from the partially viscous nature of the PFSA ionomer was
found to reach a maximum level around the yield point for each
hygrothermal condition (Fig. 10c), which is a consequence of the
viscoelastic behavior below the yield stress compared to the vis-
coplastic behavior above the yield stress. The irreversible visco-
plastic creep accompanied with strain hardening restricted the
time-dependent recovery and enlarged the permanent deforma-
tion. Reorientation of the sulfonic acid groups in the hydrophilic
clusters combined with the deformation of the PTFE matrix
contribute to the time-dependent recovery [29]. Below the yield
point, creep stress facilitates the reorientation of sulfonic acid
groups resulting in an increasing regime in time-dependent re-
covery strain. However, beyond the yield point, due to the flow of
polymer molecules, the relative contribution of time-dependent
recovery is reduced and overshadowed by the permanent
deformation.

Finally, significant permanent deformation of at least 30% of the
total creep strain was observed under all conditions (Fig. 10d), even
for applied stresses below the yield point. Interestingly, the relative
permanent deformation at high humidity (90% RH) was almost
constant at 50e60%, independent of the applied stress level, while
at low humidity (50% RH) the relative permanent deformation was
observed to increase past the yield point, as would normally be
expected due to plastic deformation. At high RH, the plasticizer role
of water is likely to reduce the sensitivity to stress, resulting in a
constant fraction of permanent deformation. It should be noted
that the two-hour creep recovery time used in the experiments was
deemed sufficient in order to reach a relatively stable condition at
which the permanent deformation could be reliably measured.

The microstructural evolution of the cathode catalyst layer
portion of the CCMs subjected to different levels of creep stress at
70 �Ce90%RHwas investigated using scanning electronmicroscopy
(SEM), with typical images shown in Fig. 11. The cathode catalyst
layer was distributed uniformly on the membrane in the pristine
CCM (Fig. 11a), with random indentations created by adjacent GDL
fibers evident on the surface. Once the creep stress was applied, the
membrane and catalyst layers were stretched accordingly. How-
ever, as deformation continued, the catalyst layers were not capable
of elongating in the same manner as the membrane, due to the
brittleness of the porous catalyst layer structure. Below the yield
stress, the structural integrity of the pristine CCM was preserved
during creep testing without resembling noticeable changes in the
microstructure. At the yield stress, permanent microcracks were
formed through the whole thickness of the cathode catalyst layer
perpendicular to the stress direction (Fig. 11b). As the creep stress
passed the yield point, islands of catalyst layer were formed on the
surface of the membrane surrounded by interconnected macro-
cracks, as shown in Fig. 11c. Further microstructural analysis at 60�

tilt revealed the detachment between catalyst layer andmembrane,
as illustrated in Fig. 11d. Membrane elongation is restricted in the
presence of catalyst layers [14]. However, due to the large creep
deformation beyond the yield point of the CCM and the relatively
low ductility of the catalyst layers, the catalyst layers failed to



Fig. 13. Variations in (a) creep strain, (b) instantaneous recovery, (c) time-dependent recovery, and (d) permanent deformation in CCM samples with respect to the sequence of
steps.
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elongate in this regime. This resulted in the initiation and propa-
gation of cracks in the cathode where the crack size increased with
increasing level of stress past the yield point. The cathode failure
and detachment is a further evidence of the rapid growth of creep
strain beyond the yield point as presented in Fig. 10a. Here, mem-
brane flow was readily facilitated because of the loss of reinforce-
ment otherwise provided by the catalyst layers. Similar
microstructures depicted in Fig. 11 were also observed at the other
temperature and humidity conditions.
3.3. Creep under simulated fuel cell conditions

When situated inside an operating fuel cell, the CCM experi-
ences significant dynamics due to startup/shutdown cycles and
changes from low to high power that generate stress inside the
material. The cyclic and static forces during operation impose fa-
tigue and creep deformation in the membrane. As a result, portions
of creep strain may remain inside the membrane, i.e., permanent
deformation, and accumulate gradually until membrane failure.
The sequence of working at high and low stresses can be simulated
via successive steps of creep and recovery. Multi-step creep ex-
periments were therefore conducted at room and fuel cell oper-
ating conditions (23 �Ce50% RH and 70 �Ce90% RH), and the
resulting creep responses of the CCM are presented in Fig. 12. The
creep stress was selected to be 80% of the CCM yield stress at the
desired temperature and relative humidity. During recovery, a
0.1 MPa tensile stress was applied to keep the samples under ten-
sion. It can be seen that creep strain and permanent creep were
accumulated gradually as the steps continued, with more
significant deformation at fuel cell conditions than at room con-
ditions. Ultimately, at room conditions, less than 50% of the creep
strain was stored in the sample in the form of permanent defor-
mation; while at fuel cell conditions, the permanent deformation
was more than 65% of the creep strain, as presented in Table 3. As
previously discussed, the high vibrational energy of the ionomer
molecules at fuel cell conditions prevents the intermolecular cross
links to be reconfigured during the recovery steps, resulting in
larger permanent deformationwhen compared to room conditions.
As presented in Fig. 6, the recovery of the membrane was limited in
the presence of catalyst layers at high temperatures while the re-
covery portions of membrane-B were not affected by the temper-
ature. It can be summarized that membrane-B would experience
lower creep deformation at high temperatures when compared to
CCM. In the same manner, higher fractions of strainwere reclaimed
during instantaneous recovery steps at room conditions when
compared to fuel cell conditions (Table 3). This was due to the
reconstruction of intermolecular bonds quickly after the stress
relaxation at low temperature.

The accumulation of creep strains during the loading and
unloading steps is further illustrated in Fig. 13 for the present
combinations of step time and environmental conditions. From
Fig.13a, it is apparent that the creep strain increased almost linearly
after the first step, with a higher rate at room conditions compared
to fuel cell conditions. Furthermore, the creep curves correspond-
ing to identical environmental conditions resembled higher creep
strain in the CCMs subjected to creep loading and unloading for a
longer time step (60 min as compared to 30 min).

At room conditions, the instantaneous and time-dependent



Fig. 14. Multi-step creep test results as a function of time: the first three 60-min steps of the low-frequency tests compared to all six 30-min steps of the high-frequency tests.
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recovery strains increased as the test progressed. On the other
hand, at fuel cell conditions, the magnitude of instantaneous and
time-dependent recovery strains remained essentially constant
after the first step. The constant recovery at fuel cell conditions
shows that only certain amounts of creep strain can be restored
elastically in each step and the rest of the creep strain accumulated
during loading periods will be stored plastically. A comparison
between the amount of strain released during recovery and the
creep strain shows that larger portions of creep strain were
released at room conditions compared to the fuel cell conditions.
This, as explained before, is related to the facile reconstruction of
cross links among molecules at room conditions due to the lower
internal energy of polymer. Permanent deformation, according to
Fig. 13d, increased similarly to the creep strain at both fuel cell and
room conditions. It can be concluded that the creep damage
accumulated gradually during each step and the magnitude of
strain are related to the duration of the applied stress.

In order to reveal the role of the creep step frequency (time of
each step), the curves in Fig. 13 are reproduced in Fig. 14 with
respect to the test duration. In this figure, only the first three steps
of each 60min test are compared to all six steps of each 30min test,
where the CCMs experienced similar loading and unloading time in
total. The curves corresponding to similar environmental condi-
tions are observed to match very well except for the time-
dependent recovery where slightly higher recovery was observed
in the 60 min tests. In summary, at constant time and creep stress,
the total creep strain is independent of the number of creep cycles,
i.e., the frequency of the creep steps. In contrast, the dominating
factor that controls the creep deformation is the total time that the
sample endured the creep stress.
4. Conclusions

The creep behavior of catalyst coatedmembranes was evaluated
through conducting tensile creep e recovery experiments as a
function of temperature, relative humidity, and stress. It was
observed that coating the membrane with catalyst layers
strengthens the membrane resistance against creep deformation.
Furthermore, the creep strain of the CCM was significantly pro-
moted when the aforementioned variables were increased. Statis-
tical analysis showed that temperature plays a greater role than
humidity in the context of creep strain. The effect of stress on the
creep response of CCM became more significant beyond the yield
stress. Below the yield point, cross links can be re-entangled as the
stress releases due to the lower internal energy of the membrane.
Beyond the yield point, however, a longer time is required to
retrieve the intermolecular bonds, not only because of the high
internal energy of the membrane, but also due to the failure of the
catalyst layers to reinforce the membrane. The mechanical support
provided by the catalyst layers was only effective up to the yield
point, at which permanent catalyst layer cracks were generated
perpendicularly to the principal direction of the stress. Accumula-
tion of creep damage during the multi-step creep tests intended to
simulate fuel cell conditions in the sub-yield regime was shown to
be independent of the cycle frequency. In contrast, the total strain
was primarily controlled by the duration of the creep stress,
revealing significant accumulation of permanent deformation even
below the yield point, which may pose a concern for fuel cell
operation. Overall, the present analysis revealed the critical role of
the catalyst layers in determining the creep deformation of the
membrane under relevant fuel cell conditions and further provided
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a benchmark to improve the fundamental understanding of the
creep response of fuel cell materials, which is important in the
context of durability.
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