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The nonlinear viscoelasticeplastic responses of proton exchange membrane (PEM) under immersed
condition at 30 and 70 �C are experimentally studied. For the description of the viscoelasticeplastic
behavior of the material, Schapery’s nonlinear viscoelastic model is used in combination with
a nonlinear viscoplastic constitutive law. PEM’s creeperelaxation behavior is predicted by the model
with a constant duration at various stresses and a fixed stress level with different durations. The
prediction results are found to agree quite well with experimental values at 30 �C. A step-stress input
profile is conducted to validate the model and the result shows reasonable agreement with the exper-
imental data indicating that the proposed model provides the capability to describe the characteristic of
membranes in liquid water. However, this model cannot describe the creep behavior at 70 �C precisely
mainly due to the distinct behavior of the membrane at the temperature. Thus, a modified model is
developed and prediction values of the modified model at 30 and 70 �C are both found to be in good
accordance with experimental results.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Proton exchange membranes (PEMs) are commonly utilized in
a growing number of applications including fuel cells, batteries, and
solar cells due to their advantages in terms of high proton conduc-
tivity, good chemical stability, and mechanical integrity [1].
However, one of the barriers inhibiting the widespread commer-
cialization of this technology is the limitation of the lifetime under
operating conditions [2e4] which is believed to be the contribution
of prolonged build-up of stresses of the constrained membranes
resulted from thehygrothermal cycles in fuel cell environment [5]. In
particular, compressive stresses resulted from swelling of the
membrane and tensile residual stresses driven fromshrinkage of the
membrane lead to the failure of the membrane [2]. A better under-
standingof themechanical behaviorsof themembranes subjected to
hygrothermal cycles will be helpful for developing life prediction
models to estimate durability and improve operation. The mechan-
ical responses of PEM subjected to awide range of relative humidity
and temperature levels have received considerable attention by
many researchers and are available in literatures [1,2,6e11].
þ86 22 27403389.
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To better understand hydration effects on durability, charac-
terization of PEMs under liquid water saturation as an extreme
exposure condition is necessary, as the membrane may experience
contact with liquid water during operation. The effects of water on
membranes have been a subject of focus and intensively studied by
many researchers [1,6,7,9,12]. Majsztrik et al. [9] recently reported
the temperature-dependent of viscoelastic response of Nafion
subjected to various humidity levels. They showed that water acted
to plasticize Nafion at T < 40 �C while stiffen it at T > 90 �C which
was also observed by Bauer et al. [13]. Silberstein and Boyce [6]
studied the biomaterial swelling conditions in conjunction with
modeling, examining the effect of loading via constrained swelling.
An interesting phenomenon was observed by Kusoglu et al. [1] via
investigating the mechanical properties and swelling behaviors of
the membranes in liquid water, they found that when Nafion was
submerged inwater it was more appropriate to model it as a rubber
rather than as a semicrystalline polymer. The constitutive response
of ionomer membranes over a range of humidity and temperature
levels including liquid water were investigated by Yoon and Huang
[7]. The Schroeder’s paradox referring to the phenomena that the
water uptake of a membrane in saturated water vapor differ from
that in liquid water at the same temperature, is a subject of debate
and has been investigated by many researchers both from micro-
scopic and macroscopic views [14e19].
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Table 1
Creeperecovery experiments.

Temperature (�C) Stress (MPa) Duration (min)

Creep Recovery

30 1 30 60
30 2 30 60
30 4 30 60
30 5 20 40
30 5 30 60
30 5 50 90
30 6 30 60
70 1 30 60
70 2 30 60
70 3 20 40
70 3 30 60
70 3 50 100
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Despite the growing number of literature on the role of water
plays in the membrane, appropriate constitutive models to accu-
rately predict the stresses that develop in operating fuel cells are
rarely reported. Thus, the intent of this study is to find an appro-
priate model to capture the distinctive mechanical properties of
PEMs under immersed condition. In this study, a viscoelastice
plastic model as a function of stress and time based on the
method proposed by Lou and Schapery [20] is used and then vali-
dated. Besides, this model is also modified for better description of
the creep-recovery behavior of the membrane, especially at 70 �C.

2. Experiments

Commercially available Nafion�-212 membranes developed and
manufactured by DuPont with the thickness of 50 mmwere used in
this study. Specimens were cut into stripes with the length of
15 mm and width of 6 mm using a template and a scalpel. Prior to
testing, theses samples were immersed in deionized (DI) water for
24 h in the thermostat water bath (HSY-2MB) as pretreatment to
make them fully hydrated. The creep tests were carried out on
Dynamic Mechanical Analysis (DMA-Q800, TA instruments) with
film submersion clamp as shown in Fig. 1. The fluid tank in Fig. 1(b)
was saturated with water to ensure that membrane samples were
fully hydrated all the time during the experiments. In addition,
experiments were carried out wearing disposable gloves to avoid
any contamination of the membranes.

In order to validate the stress-dependence of the membrane and
at the same time to determine the onset of the nonlinearity, creep-
recovery tests were conducted at various stress levels, such as 1, 2,
4, 5 as well as 6 MPa, with the duration of 30 min followed by
recovery duration of 1 h to make the specimens fully recovered as
much as possible. Hence, the remaining strains measured at the
end of the tests were treated as viscoplastic strain. In addition, so as
to determine the viscoplastic strain parameters, another two sets of
creep-recovery experiments were carried out at a fixed stress level
of 5 MPa with the duration of 20 min and 50 min followed by
recovery duration of 40 min and 90 min, respectively, as shown in
Table 1. To validate the model, a step-stress profile was conducted,
and prediction from the model was matched against the experi-
mental data. All the experiments mentioned abovewere conducted
at 30 �C in liquid water.

At 70 �C, similar experiments as that at 30 �Cwere conducted on
the membranes in liquid water as shown in Table 1. Since the
temperature testedwasmuch higher than the ambient temperature
in the room, in order to eliminate the effect of temperature, water in
the fluid tank was preheated to 70 �C and then the membrane was
transferred immediately from the thermostat that was also 70 �C to
the submersion clamp.
Fig. 1. Submersion clamp: (a) the sample loa
3. Constitutive model

A general nonlinear constitutive theory for multiaxial loading
was proposed by Schapery, from which, as a very special case,
a simple stressestrain equation was derived for uniaxial loading
[20]. The constitutive equation for uniaxial loading is given by

3ðtÞ ¼ g0D0sþ g1

Zt

0

DD
�
j� j0�dg2s

ds
dsþ 3vp (1)

where D0 and DD(j) are the initial and transient components of the
linear viscoelastic creep compliance, respectively. In addition, 3and
s are creep strain and stress applied on themembrane, respectively,
and 3vp represents the viscoplastic strain generated during loading.
Also, the reduced time

j ¼ jðtÞ ¼
Zs

0

dt0

as
and j0 ¼ jðsÞ ¼

Zt

0

dt0

as
(2)

and g0, g1, g2 and as are stress-dependent properties which also
have thermodynamic origin. Particularly, changes in g0, g1 and g2
are the inflection of third and higher order stress-dependence of
the Gibbs free energy [21]. In general, as known as the shift factor,
may depend on stress and temperature, as well as humidity. In this
study, however, with the environment kept fixed in the tests, the
shift factor as will become a function of stress only. When the
applied stress is sufficiently low, g0 ¼ g1¼ g2 ¼ as ¼ 1, hence, Eq. (1)
reduces to the familiar Boltzmann superposition integral for linear
viscoelastic behavior in Eq. (3)

3ðtÞ ¼ D0sþ
Zt

0

DDðt � sÞds
ds

dsþ 3vp (3)
ding assembly; (b) the submersion cup.
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As reported by Schapery [22] based on thermodynamic analysis,
the applied stress levels have little effect on the viscoelastic creep
compliance which can be determined using loads in the linear
region. The transient creep compliance,DD(t), is typically expressed
in the form of a Prony series given in Eq. (4)

DDðtÞ ¼
XN
i¼1

Di

�
1� exp

�t=si
�

(4)

where Di are constants and si are the retardation times. It is better
to spread the retardation times uniformly over the logarithmic time
scale so as to achieve a good approximation to experimental data,
typically with a factor of ten between them. The number of terms
(N) of the prony series is usually considered to be equal to the
number of decades in time over which the equation is used.

For a typical creep-recovery experiment determining the
parameters of the nonlinear viscoelastic model as shown in Fig. 2,
stress is applied at time t ¼ 0 and removed at time t ¼ t1. When the
stress input, s[H(t) � H(t � t1)], is applied, where H(t) is the
Heaviside step function, Eq. (1) yield the creep strain

3cðtÞ ¼ g0D0s0 þ g1g2DD
�

t
as

�
s0þ 3vp 0 < t < t1 (5)

and the recovery strain

3rðtÞ ¼ g2

�
DD

�
t1
as

þ t � t1

�
� DDðt � t1Þ

	
s0 þ 3vp t>t1 (6)

Substituting the Prony series representation of creep compli-
ance shown in Eq. (4), the creep strain (Eq. (5)) and recovery strain
(Eq. (6)) can be written as [23]

3c ¼ D0g0s0þg1g2s0
X
m

Dm

�
1�exp

�
� t
assm

��
þ 3vp 0< t< t1

(7)

3r ¼ g2s0
X
m

Dm

�
1�exp

�
� t1
assm

��
exp

�
� t� t1

sm

�
þ 3vp t>t1

(8)

The viscoplastic strain 3vp accumulated during a loa-
dingeunloading cycle can be modeled using the Zapas and Criss-
man model [24] given as

3vp ¼ C

Zt

o

½sTðsÞ�Nds
�n

(9)
Fig. 2. Creep and creep recovery behavior: (a) stress input; (b) strain output for a creep
test followed by a recovery period.
When the applied stress is constant with respect to time for
a certain period of time, sT ¼ s0, the viscoplastic strain accumulated
during the time interval t1 is as follow

3vp ¼ CsN$n0 tn1 (10)

The constants C, N and n can be determined experimentally by
separating the viscoelastic strain and viscoplastic strain from total
strains, which involves multiple creep-recovery experiments over
single/varying duration and stresses. The experimental method
proposed by Nordin and Varna [25] can be described in detail as
follows.

In order to determine the stress-dependence of the viscoplastic
strains, creep tests of a fixed duration (t1) followed by recovery at
several stress levels were carried out. Since viscoelastic strains
developed simultaneously with viscoplastic strains, the latter ones
cannot be measured directly during operation. Therefore, the
irreversible strains obtained at the end of recovery were adopted as
an estimation of the total viscoplastic strains developed during
respective creep procedure. Plotting the viscoplastic strains versus
stress on a logelog scale, the values of ‘nN’ and log C þ n log t1 can
be obtained from the plot as the slope of the curve and the
y-intercept respectively (log ( 3vp) ¼ log C þ n log t1 þ nN log s).

Multiple creep tests of durations, t1, t2,.tr on a single specimen
at a constant stress s0 were also performed so as to determine the
time-dependence of the viscoplastic strains, with each test being
followed by a recovery for sufficient time. Assuming that the creep
test interruption during the strain recovery period does not affect
the plastic strains development (this hypothesis has been validated
by many researchers [25,26]), then the viscoplastic strains after r
steps of creep loading will be

3
1þ2þ.þr
vp ¼ 3

1
vp þ 3

2
vp þ. 3

r
vp ¼ CsnN0 ðt1 þ t2 þ.trÞn (11)

Similarly, from the curve of the total accumulated viscoplastic
strain at the end of each step versus total time on the logelog scale,
the exponent ‘n’ and nN log (s0) þ log C can be estimated as the
slope and the y-intercept of the curve (log ( 3vp) ¼ (nN log (s0) þ log
C) þ n log t). Using these values and ‘nN’ obtained in previous step,
‘N’ and ‘C’ can be determined.
4. Results and discussion

4.1. Determination of onset of nonlinearity

High stress regions resulted from stress concentration sites such
as pinholes and cracks are likely to induce nonlinearity in the
membrane. Besides, plastic deformation can also lead to the
nonlinearity in the membrane stress distribution [6]. The determi-
nation of the linear viscoelastic region is one of the most important
aspects in the characterization of polymeric materials and their
composites. When a viscoelastic material behaves nonlinearly, the
isochronous stressestrain curves begin to deviate from linearity at
a certain stress level. Hence, isochronous stressestrain plots are
needed to identify the stresses which could cause the membrane to
behave nonlinearity under immersed condition. As plotted in Fig. 3,
the isochronous stressestrain curve shows the increase in the
nonlinearity of the stressestrain curvewith time, especially at stress
higher than 4 MPa. Thus, the strains are nonlinear both with stress
and time. It is evident that the stressestrain curves begin to deviate
from linearity at the stress of 2 MPa. Therefore, the creep behaviors
at the stresses less than 2 MPa can be seen as linearity while that
above the regionwill be defined as nonlinearity. In other words, the
stress of 2 MPa is considered approximately to be the borderline of
linearity and nonlinearity.



Fig. 4. Curve fit of viscoplastic strains at the end of creeperecovery tests for the
duration of 30 min on a logelog scale.
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4.2. Determination of viscoplastic parameters

To evaluate the viscoplastic ZapaseCrissman parameters, the
method proposed by Nordin and Varna [25] which requires only
a proportion of data was applied here. Using the method mention
in Section 2, the viscoplastic parameters can be obtained. In order
to determine the stress-dependence of the membrane, the visco-
plastic strains accumulated in the creep tests at the duration of
30 min are plotted against stress on a logelog scale in Fig. 4. Fitting
the data in Fig. 4 to a linear function of X ¼ log (stress) and Y ¼ log
(viscoplastic strain) give the value of nN ¼ 2.045 and log C þ n log
(t1) ¼ �1.092 as the slope of the curve and the y-intercept,
respectively. Similarly, so as to determine the time-dependence of
the membrane, the viscoplastic strains of three durations at the
stress of 5 MPa were plotted against time on a logelog scale in
Fig. 5. Fitting the data in Fig. 5 to a linear function of X ¼ log (time),
the values of n ¼ 1.758 and nN log s0 þ log C ¼ �5.486 were
obtained as the slope and the y-intercept of the curve, respectively.
Considering all the values obtained from above procedures, the
parameters of the viscoplastic strain can be determined as,
C ¼ 6.8 � 10�8, n ¼ 1.758, N ¼ 1.368.

However in the above procedure for determining the model
parameters, twodistinctivevalues for bothn andNwereobtainedby
either using log C þ n log (t1) from the first curve fit or using nN log
s0 þ log C from the second curve fit. Through extensively analysis,
Dasappa et al. [26] reported that the time-dependence of the vis-
coplastic strains varieswith stress is themain cause. Furthermore, as
evidenced by Marklund et al. [23] for tests on flax/polypropylene
composites, the power law description of the stress-dependence is
rather tough. Therefore,wemodify thefitting procedure by splitting
the fitting region into two parts: low stress part and high stress part
and fitting the experimental data individually as shown in Fig. 4. At
lower stress the plastic strain increases with stress much slower
than at high stress, thus, two values of N are obtained as

N ¼


0:664 for s < 4 MPa
3:47 for s>4 MPa

4.3. Estimation of nonlinear parameters

The nonlinear viscoelastic constitutive model in Eq. (1) has four
nonlinear parameters: g0, g1, g2 and as. First the Prony coefficients
Fig. 3. Isochronal stressestrain plot generated from creep tests conducted at different
times at 30 �C under immersed condition.
are obtained from creep data using the method of the least square
as a 6-term Prony series in the linear viscoelastic region of the
material, i.e., at stress level of 1 MPa. The Prony constants and
retardation times are given in Table 2.

Once the Prony coefficients are determined, the next step of the
analysis will be the mathematical treatment of the experimental
data for the estimation of the nonlinear parameters g0, g1, g2 and
as. The most common procedure followed so far, for the estima-
tion of these nonlinear factors, is the curve fitting procedures in
the creep and recovery data using numerical analysis method.
Since the plastic strains developed in these experiments are
relatively small compared to the total creep strains, the instanta-
neous creep response can be determined directly from the
experimental creep curves. Using the following data reduction
method proposed by Zaoutsoqa et al. [27,28], the nonlinear
parameters can be evaluated. The procedure determining
nonlinear parameter included altering as in the recovery strain
expression and the least square method was then applied to
obtain the value of g2 for every value of as. This procedure
Fig. 5. Curve fit of viscoplastic strains at the end of creeperecovery tests at the stress
of 5 MPa on a logelog scale at three durations.



Table 2
Prony series of linear viscoelastic compliance for n ¼ 6 at 30 �C.

i Di (MPa�1) si (s)

1 2.33E-04 1
2 1.24E-03 10
3 3.37E-04 50
4 8.98E-04 100
5 8.74E-04 1000
6 4.50E-03 2000

Fig. 7. Nonlinear viscoelastic Schapery model validation for step-stress profiles.
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continued until a good fitting to experimental data is achieved
with the value of as and g2 is obtained as well during this
procedure. Next, the creep strain is used to determine the other
two nonlinear parameters using the least square method with the
parameters previously obtained. The creep and creep recovery
data and model fit at various stress levels are shown in Fig. 6, from
which we can see that the experimental data and model predic-
tions are in well agreement. For clarity, we separate the stress
levels into two parts, since strains at stresses higher than 4 MPa
were much larger, making it hard to recognize for stains at lower
stresses when put into one picture.

4.4. Validation of the model

To validate the nonlinear model, a step-stress input profile is
used at 30 �C as can be seen in the bottom of Fig. 7, with the
membrane creep at 2MPa for 20min followed by creep at 4MPa for
30 min and then creep at 5 MPa for 40 min. From the figure, it can
be observed that the experimental results have fair agreement with
the predicted values except for data in the third step. In general, to
some extent, this result can validate the nonlinear model and
meanwhile account for the nonlinear viscoelasticeplastic behavior
of the membrane.

4.5. Modification of the model

However, when it comes to describe the creep behavior of the
membrane at temperature of 70 �C with the method described in
previous section (dash line), the results are far less satisfactory as
shown in Fig. 8. Differences of the behaviors of the membrane at
two temperatures lies in that the creep curve soon reaches equi-
librium after a certain period of time at 70 �C, while at 30 �C the
creep strains keep increasing and has no tendency of equilibrium
within limited time. This phenomenon might be attributed to the
stiffening effect of the PEM in liquid water at certain high
Fig. 6. Creep and creep recovery data and model fit at v
temperature, which was also observed by Bauer et al. [13]. In this
case, the previously described model (referred as unmodified
model in the following) is not able to capture the trend when the
creep strain reached a plateau, since the creep strain would keep
increasing with time when simulated by the unmodified model.
According to the expression of creep strain in Eq. (7), both the
plastic and elastic components contribute to the differences
between experimental data and prediction values. In the elastic
component, the time in exponent form can greatly influence the
time to reach a plateau, therefore, a modified factor, n, is introduced
to account for the time acceleration effect. The modified form of Eq.
(7) can be expressed as:

3c ¼ D0g0s0þg1g2s0
X
m

Dm

�
1�exp

�
� tn

assm

��
þ 3vp 0< t< t1

(12)

By fitting of the creep data of 3 MPa at 70 �C, n could be obtained
and the modified curve (dash dot line) is shown in Fig. 9. Although
the distinction between the prediction value and experimental data
is minor, the modified equation still cannot characterize the creep
behavior for the increasing plastic strain with time. Hence, the
viscoplastic strain is modified as:
arious stress levels: (a) s � 4 MPa; (b) s > 4 MPa.



Fig. 8. Comparison of experimental data (1 MPa, 2 MPa and 3 MPa) and prediction
values of both unmodified and modified model at 70 �C.

Fig. 10. Comparison of experimental data (5 MPa and 6 MPa) and prediction values of
both unmodified and modified model at 30 �C.
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3vp ¼ Aln
�
1� s0

Q

�
½1� exp ð�btÞ� (13)

Similarly, the constants A, Q and b can be determined using data
obtained from creeperecovery experiments over single/varying
duration and stresses. Particularly, at a fixed stress, creep tests data
of different durations are used to obtain the constant b and Aln
(1 � s0/Q). Likewise, Q and A[1 � exp (� bt)] can also be obtained
with data from creep tests of varying stresses at a constant dura-
tion. The constant A can be got either from Aln (1 � s0/Q) or A
[1 � exp (�bt)] and theoretically these two expressions will yield
identical value of A. Prediction values (solid line) after modification
of both the elastic and plastic components are in well agreement
with experimental ones as shown in Fig. 9. In this way, prediction
values of the modified model at different stresses are also obtained
and presented in Fig. 8 (solid line).

The modified model is also used to describe the creeperecovery
behavior of the membrane at 30 �C to validate its universality as
Fig. 9. Comparison of experimental data (3 MPa) and different model prediction
values at 70 �C.
shown in Fig. 10. Obviously, pretty good agreement is achieved
between prediction values of the modifiedmodel and experimental
data. It shows that the modified model can characterize the actual
strain revolution of the membrane within the temperature range of
our study.

5. Conclusion

A nonlinear viscoelasticeplastic constitutive model is used to
characterize the behaviors of PEMs under submersion condition
based on the general nonlinear constitutive relation given by
Schapery and the nonlinear parameters are determined by fitting
creeperecovery test data. The nonlinearity of the membrane is
determined by constructing isochronal stressestrain curves and
the time-dependent behavior of the material is observed. Further-
more, the stress-dependent and time-dependent of the viscoplastic
strains are determined using method proposed by Nordin through
measuring the irreversible strains after creep tests of different
creep durations at the same stress and creep tests of a fixed dura-
tion but at different stresses. With the data reduction method
reported by Zaoutsoqa, all the nonlinear parameters are obtained.
The experimental data are found to agree quite well with the fitting
values at various stresses and durations. A step-stress test for
validation of the model is conducted at 30 �C and reasonable
agreement is achieved between experimental and prediction
values. The creeperecovery curves at 70 �C are quite different from
that at 30 �C and a modified model is proposed to capture this
distinction. Prediction values at both 30 �C and 70 �C are in fair
agreement with the experimental ones.
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