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a b s t r a c t

The thermal effects and mechanical effects on the durability of proton exchange membranes (PEMs)
have been studied extensively in the literatures. However researches on the thermo-mechanical cou-
pling behavior of PEMs are very limited. In this study, the interaction of mechanical and thermal effects in
Nafion® NRE-212 was investigated using experimental methods. The thermo-mechanical coupling exper-
iments were conducted following the in-phase proportional loading path, where the maximum/minimum
eywords:
roton exchange membrane (PEM)
uel cell
hermo-mechanical coupling
istory-dependent

mechanical loads and temperatures occur simultaneously and out-of-phase non-proportional rectangu-
lar loading paths where a phase difference of 90◦ existed between thermal and mechanical loads. During
the creep processes under a variable temperature in out-phase profiles, the creep strain was found to be
history-dependent in the membrane. The effect of initial temperature on the creep was significant in the
first cycle. Moreover, temperature cycles were applied as thermal loading conditions and the history-
dependence was also observed for thermal stresses. The maximum thermal stress did not occur at the
hermal stress hysteresis lowest temperature.

. Introduction

The performance of proton exchange membranes (PEMs) plays
very important role in the fuel cell applications and its durabil-

ty impacts on battery life directly [1–3]. Currently, for mechanical
ide of the study, the cyclic mechanical stresses of the con-
trained membranes resulted from the hygrothermal cycles in
uel cell environment under operating conditions are believed to
ontribute to failure of PEMs [4,5]. The demanding automotive
uty cycle of proton exchange membranes fuel cells (PEMFCs)
equires the membrane to survive extensive temperature cycles
nd mechanical loadings [6–8]. These two types of loads are
mposed at the same time very often. The thermo-mechanical cou-
ling will lead to the nonlinear deformations and variation of the
tresses in the polymers [9,10] and the temperature changes dur-
ng mechanical tests could dramatically affect the stress–strain
ehavior of the membrane [11]. To our best knowledge, limited

iteratures have focused on the responses of PEMs under thermo-
echanical coupling loading conditions. In this work, the effect

f thermo-mechanical coupling on mechanical properties of PEMs

as investigated through a series of experiments following various

oading paths and the thermal stresses in the membranes were also
tudied via temperature cyclic loading.
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2. Materials and experimental procedure

The material tested was perfluorosulfonic acid (PFSA) with the
trade name Nafion® NRE-212 developed and manufactured by
DuPont. The original sample was a wide membrane with thickness
of 0.0503 mm at first and then processed into rectangular strips of
25 mm × 5 mm according to ASTM standards [12].

The experiments were all conducted on a dynamic mechani-
cal analysis (DMA-Q800, TA Instrument) and a film tension clamp
was used (Fig. 1). The temperature sensor of the DMA-Q800 instru-
ment was located in the furnace of the DMA close to the testing
specimen installed in the tension clamp. Three thermo-mechanical
coupling loading paths were applied on the membrane: a pro-
portional path, and rectangular paths in counter-clockwise (CCW)
direction and clockwise (CW) direction. The applied coupling load-
ing histories are as shown in Fig. 2. In the proportional loading path,
the thermal load and the mechanical load were applied to the spec-
imen in phase (Fig. 2(a)). The range of loading temperature is from
−30 ◦C to 55 ◦C with a changing rate of ±8 ◦C min−1. The mode of
mechanical loading is stress-control, and the stress range is from
0 MPa to 8 MPa with a rate of ±2 MPa min−1. Because DMA was
designed with single-channel control mode, only one type of the

loads can be applied. The experiments were carried out with a dis-
crete approach by dividing the loading process into many small
discrete time periods. Only one type of load was applied at a cer-
tain period of time when the other was held constant. The two
types of loads were imposed alternately. This approach provided
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Table 1
The thermo-mechanical coupling case of CCW path.

Step Temperature (◦C) Stress (MPa)

1 55 0–6
2 55 to −30 6
3 −30 6–0
4 −30 to 55 0

Table 2
The thermo-mechanical coupling case of CW path.

Step Temperature (◦C) Stress (MPa)

1 55(25a) to −30 0
2 −30 0–6
Fig. 1. The film tension clamp.

good approximation for our predetermined proportional path
here maximum/minimum mechanical loads on the specimen and

emperatures occur simultaneously.
In the cases of rectangular paths of thermo-mechanical coupling
oading, the waveforms of the temperature and the stresses are
oth trapezoidal. For 90◦ phase difference between the thermal and
echanical loads, a trapezoidal history can result in a rectangular

oading path which means a rectangular trace can be created in

ig. 2. The three kinds of loading paths: (a) proportional loading, (b) rectangular
ath loading (CCW) and (c) rectangular path loading (CW).
3 −30 to 55 6
4 55 6–0

a The initial temperature of the first cycle is 25 ◦C.

the stress–temperature plot, as illustrated in Fig. 2(b) and (c). The
thermal load was applied at a certain rate with a fixed mechan-
ical load, and then the mechanical load was applied with a fixed
thermal load until the whole cycle was completed. It is noteworthy
that the rectangular loading path can be divided into two kinds of
loading modes. One is called CCW rectangular loading path by ele-
vating temperature first as shown in Fig. 2(b). The other is called
CW rectangular loading path by reducing the temperature first as
shown in Fig. 2(c). The temperature range of rectangular path load-
ing is −30 ◦C to 55 ◦C with the changing rate of ±8 ◦C min−1. The
loading mode of mechanical load is stress control with the stress
range of 0–6 MPa and rate of ±2 MPa min−1. All the steps are shown
in Table 1 for CCW loading path and Table 2 for CW loading path.

The temperature cyclic experiment was also conducted in this
paper. Only thermal loads were imposed on the specimen repeat-
edly. A small strain (1%) was hold in the specimen first. After the
equilibration of the stresses caused by such a small strain, tem-
perature changes were applied. The range of temperature is from
−30 ◦C to 85 ◦C at the rate of ±10 ◦C min−1.

3. Results and discussion
3.1. Proportional loading tests

The resulting strain response for the proportional thermo-
mechanical loading path is indicated in Fig. 3. As plotted, the stress

Fig. 3. The stress–strain response of proportional loading.
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plot, the strain energy density equilibrated rapidly.
As the loading conditions shown in Table 2, CW rectangular path

of loading started from cooling the air down to −30 ◦C first. The
stress–strain curve and the strain–temperature curve are shown
Fig. 4. The strain energy density vs. cycle number.

hanged step by step. During each step when stress was constant,
he thermal load was imposed. This specific loading profile can be
een as a combination of stress controlled ratcheting test and creep
ests. The mean stress in the specimen of the cyclic mechanical
oading was 4 MPa. During each temperature loading period, the
ncreases of strain were actually resulted from creep as stresses

ere held constant in the membrane and the thermal expansion
aused by temperature changes. The total increase of strain was
ore pronounced in the first cycle than those in the second and the

hird cycle. To be noticed, starting from the second cycle, the creep
train was smaller than that in the first. The total strain increase
f each cycle is defined as εi, where the subscript i is the number
f each loading cycle. Then for each cycle of the test, ε1 = 51.12 %,
2 = 6.01 %, and ε3 = 3.72 %. The strain was significantly reduced after
he first cycle and tended to reach equilibrium in subsequent cycles.

In order to investigate the damage of specimen under cyclic
oading, the area surrounded by the stress and strain is calculated by
ntegration and defined as strain energy density, �Wd. The changes
f strain energy density reflect the level of saturation of tensile
trains. As already analyzed, the strain of specimen is composed of
wo parts: one is the accumulation of plastic strain caused by cyclic
tresses; the other is the creep strain in each cycle. It is believed
hat the strain caused by plastic accumulation under tension is
lose to its saturation when the variation of strain energy density is
lose to zero or the stress–strain curves of two adjacent cycles stays
asically the same. The calculation gave �Wd

1 = 4034.4 kJ m−3;

Wd
2 = 1015.6 kJ m−3 and �Wd

3 = 878.6 kJ m−3. As the trend
hown in Fig. 4, the membrane rapidly reached an equilibrium state
fter the first cycle when the specimen was tested in the case of
nteraction of thermal load and mechanical load.

.2. Rectangular path loading tests

The stress–strain curve under CCW loading path is shown in
ig. 5. In each cycle, the experiment was carried out from the start-
ng point of tensile loading at 55 ◦C, and then went through a cooling
rocess with constant stress, an unloading process at a fixed tem-
erature, and heating with zero stress in the specimen back to 55 ◦C.
he temperature–strain curve is shown in Fig. 6 and four steps of
he test are pointed out respectively. As analyzed along with Fig. 5,

he step 1 was a stress ramp process and the ramping modulus of
he second and the third cycles were higher than that of the first
ycle. The step 2 was a constant-stress cooling process from 55 ◦C
o −30 ◦C. The creep strains of the three cycles were 50.04%, 13.41%
nd 7.01% respectively showing a trend of gradual decrease with
Fig. 5. The stress–strain response of CCW rectangular path loading.

increasing number of cycles. The creep quickly finished the primary
stage where the creep strain rate was relatively high and started
entering the steady state with a low creep strain rate. Step 3 was
an unloading process at the low temperature,−30 ◦C. The unloading
moduli in three cycles were 151.1 MPa, 171.4 MPa and 182.4 MPa
separately. The three moduli were very close to each other under
low temperature unloading and the differences among them were
farther smaller than the difference of modulus under high temper-
ature loading process. The step 4 was a heating process with zero
stress and the temperature rose from −30 ◦C to 55 ◦C at the rate
of 8 ◦C min−1. Within this zero stress step, the strain was reduced
mainly by the recovery of the creep. The strain accumulated in the
previous steps was recovered in this step. As the temperature went
up, the creep compliance of the membrane increased and the level
of recovery was declined.

For these three cycles, the strain energy density was
4378.9 kJ m−3, 1333.1 kJ m−3, 1087.6 kJ m−3 separately and was
plotted against number of cycles in Fig. 7. As can be seen in the
Fig. 6. The curve of the relation between strain and temperature. The step number
was appointed to corresponding part of the curve for the first cycle.
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Fig. 7. The strain energy densities for loading cycles for CCW path.

n Figs. 8 and 9. Different from CCW loading, the unloading step
n CW path was performed at high temperatures and the loading
tep was at low temperatures. Between first and second cycle, the
hange of unloading modulus is pronounced. On the contrary the
hange of loading modulus, E, between two cycles is comparatively
mall. E of the first and second cycle are 118.6 MPa and 137.1 MPa
espectively. Summarizing the results of CCW and CW paths, we
oticed that at low temperatures the change of modulus vs. cycles
as small and the modulus increased with increasing cycles. It can

e seen from the stress–strain curves that the specimen is almost
ompletely elastic at the temperature well below the freezing point
f water 0 ◦C and the � transition around 20 ◦C assigned as the glass
ransition temperature of the Nafion® non-ionic matrix [13]. The

transition related to chain motions of amorphous fluorocarbon
nits [14]. The ice formation from the free water and the freezable
ater content in the membrane could also increase the elastic mod-
lus of Nafion® [15]. At the temperature above � transition, herein
5 ◦C, under tensile loading and unloading conditions, the material
howed more nonlinearity.

The variable temperature creep steps at 6 MPa in both rectan-

ular out-phase paths was compared in Fig. 10. For the case of
W path, the temperature rose from −30 ◦C to 55 ◦C and the creep
trains in the first and the second cycle were 7.32% and 5.71% sepa-
ately. For the case of CCW loading path, the temperature decreased

Fig. 8. The stress–strain response of CW rectangular path loading.
Fig. 9. The curve of the relation between strain and temperature of CW path.

from 55 ◦C to −30 ◦C and the creep strains for the first two cycles
were significantly higher than those of CW path loading. The coeffi-
cient of thermal expansion of PFSA has been reported to be identical
in both cooling and heating temperature scans [16]. The differences
of strains in these two runs are resulted from the creep behavior
in the membrane. It appears that the creep in PFSA material dur-
ing a temperature change is dependent on temperature history.
During the falling temperature, as shown as the step 2 in Fig. 9, the
creep was pronounced at the beginning because the membrane was
compliant at the initial high temperature. The creep rate started to
decrease and even reached to a negative value leading to a small
amount of reduce in the creep strain (less than 2%), which was
attributed to the changes in the modulus of the material with tem-
perature [17]. As plotted in Fig. 9, during the rising temperature,
the creep in step 3 was mild at first and started to accelerate later.
However the amount of latter acceleration of creep strains resulted
by heating was not comparable to the beginning part of creep dur-
ing falling temperature as shown in Fig. 9. It can be concluded that
the membrane was largely affected by the initial temperature in

a variable temperature creep process and this temperature effect
on the creep strain would shorten fatigue life of the material [18].
Also, the falling temperature creep strain of the second cycle in CCW
path was considerably lower than the first cycle, meaning the effect

Fig. 10. The comparison of creep in the two kinds of rectangular path loading.
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ig. 11. The comparison of strain energy density in the two kinds of rectangular
ath loading.

f initial temperature started to equilibrate in sequent loading

ycles.

The strain energy density in the first and the second cycle was
36.5 kJ m−3 and 633.5 kJ m−3 separately in the CW cycles and was
uch lower than the CCW cycles correspondingly, meaning less

Fig. 12. The paths of temperature cyclic loading: (a) path 1; (b) path 2.
Fig. 13. The thermal stress vs. temperature: (a) path 1; (b) path 2.

plastic deformations was obtained under low temperatures. The
comparison of strain energy density in the two kinds of rectangular
path loading is shown in Fig. 11. With the analysis of results above,
the mechanical responses of the membrane were largely affected
by the temperature history. Many properties and behaviors, such
as modulus, strain energy density and creep strain were closely
related to the temperature loading paths. Therefore, the experi-
ment of temperature cycle is proposed in Section 3.3 in order to
study the relation between temperature and thermal stress.

3.3. Temperature cyclic tests

The temperature cyclic experiment is to impose thermal loads to
the specimen repeatedly. Two types of temperature loading condi-
tions were used here. Cyclic path 1 was elevating the temperature
first as shown in Fig. 12(a). Cyclic path 2 was reducing the tem-
perature first as in Fig. 12(b). A small strain (1%) was imposed
on the specimen first and no thermal load was applied until the
stress caused by the strain was relaxed completely. The point here

is to investigate the relationship between thermal load stress and
temperature.

The relationship between thermal stresses and temperatures
measured in this experiment is plotted in Fig. 13. First of all, the
thermal stress hysteresis loop was observed in both two paths.
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he stresses were different between heating and cooling processes,
ndicating a reduced level of stress relaxation [19,20]. Second, it is
oteworthy that there was a lag between peaks of temperature
ycles and thermal stresses. At the high temperature region, the
inimum stress appeared in the cooling part of the curve after

assing the highest temperature, where the compensation from
elaxation of the stresses to the increasing thermal stresses reached
o zero. At the low temperature region, the maximum stresses
ccurred when the environment was heated back to 0 ◦C, suggest-
ng the freeze and thaw of the water in the membrane played an
mportant role here. The ice formation kept increasing as long as
he temperature was below the freezing point of water and shifted
he peak of the thermal stress. During the further part of heating
rocess, stress–temperature curves turned into a straight line after
0 ◦C. For future notice, the removal of residual water could pre-
ent the damages caused by the phase transition of water during
emperature cycling [21].

The relationship between thermal stress and temperature in the
wo different paths were compared here also. At low temperatures
he difference in the stresses for two paths was very small within
he temperature range from −30 ◦C to 20 ◦C during the heating pro-
ess and the highest thermal stresses for each path after passing the
rst high temperature peak were 2.30 MPa and 2.25 MPa respec-
ively, meaning when the membrane was enhanced by freezing
nd the transition of the polymer, the effect of the initial cooling
as very minor. At the high temperature region, stresses in path 2
ere higher than path 1. Moreover, the stress–temperature curves

verlapped and the specimen reached the steady-state after the
rst high temperature peak in path 1, while in the path 2 the min-

mum stress decreased with increasing thermal cycles, meaning
he membrane was still in the relaxation of the high thermal stress
aused by the initial cooling process.

. Conclusions

This paper studied the stress–strain response of Nafion® NRE-
12 in the case of the interaction of thermal loading and mechanical

oading conditions. The thermo-mechanical coupling experiments
ere conducted following the in-phase proportional path and out-
hase rectangular paths (CW and CCW). The effect of thermal

oading was also investigated under temperature cyclic loading.
hrough the analysis of the modulus, strain, strain energy density
nd other parameters, some conclusions can be drawn as following.

Under the in-phase proportional loading, the deformations of
he membrane were resulted from thermal expansion, the cyclic
atcheting strains and creep strain caused by non-zero ambient
tress. The membrane reached its equilibrium state right after the
rst cycle of the test. In the cases of rectangular path loading, the
lastic behavior of the membrane at the low temperatures can be
xplained by the freezing of water content in the material and the

ransition of the non-ionic matrix. During a variable temperature
reep process, the creep strain of Nafion® NRE-212 was history-
ependent in the membrane. The effect of initial temperature on
he creep has strong influence on the material. In the case of thermal
oading, the thermal stress was also history-dependent and a hys-

[

[

[

rces 196 (2011) 2644–2649 2649

teresis was observed. The maximum thermal stress did not occur
at the lowest temperature and was shifted by ice formation in the
membrane.

In summary, this paper presents an application of thermo-
mechanical coupling to PFSA membranes. The presented exper-
imental results indicate that for certain materials, thermo-
mechanical coupling during cyclic loading induced interesting
mechanical behaviors and can bring further insights into the mem-
brane durability in fuel cell operations. Therefore, such effects
should be of interest to the designer and be included in the strength
characterization to achieve service life targets [22]. While consid-
ering the process gained in this work, a similar study could be
performed over a range of relative humilities, providing hygro-
thermo-mechanical coupling characterization on PEMs in order to
fully understand the behavior of membrane in fuel cell vehicles.
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