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a b s t r a c t

Perfluorosulfonic acid (PFSA) polymer membranes are widely used as electrolyte thin films to transport
protons in proton exchange membrane (PEM) fuel cells. The mechanical degradation of the membrane
represents a common failure mode that limits the operational life of the fuel cells. In the present work,
effect of contamination related to cation exchange on the mechanical reliability of PEMs was investigated.
We applied the bulge test technique to assess the mechanical properties of Nafion® PFSA membranes
simulating pressure loading on hydrated PEMs in fuel cells. The corresponding elastic moduli of Nafion®
eywords:
erfluorosulfonic acid polymer
roton exchange membrane
afion®

ulge test

before and after cation exchange were analyzed and compared with the results measured by uniaxial
tension experiments at selected humidity conditions, showing increasing stiffness with the increase of
cation radius. We also used the out-of-plane tearing test method to characterize the fracture behaviors
of PEMs. The effects of cation exchange and water absorption on mechanical and fracture properties of
PEMs at different temperatures are discussed in terms of cation and water interactions with the molecular

rs.
earing
ation exchange

structure of PFSA polyme

. Introduction

Perfluorosulfonic acid (PFSA) polymer membranes are widely
sed as electrolyte thin films to transport protons in proton
xchange membrane (PEM) fuel cells [1,2]. It has been observed
hat mechanical degradation of PEMs is a common failure mode,
hich occurs more easily in stress concentration areas, and near

he boundary region between reaction and non reaction zones that
xist in the membranes [2–4]. In addition, contamination due to
mpure reactant gases and corrosion of tubing or fitting materials
hat results in cation exchange in the PEM tends to deteriorate fuel
ell performance [5], and may be implicated in the acceleration of
echanical degradation.
Accordingly, in this research we investigated the effect of for-
ign cation contamination on the mechanical properties of PEMs.
he bulge testing method using water as a pressure medium was
pplied to simulate pressurized loading on hydrated PEMs in fuel
ells. This method has been previously used with a gas pressure

Abbreviations: PFSA, perfluorosulfonic acid; PEM, proton exchange membrane;
IW, distilled water.
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medium to characterize PEMs’ strength and resistance to gas leak-
age [6–8]. We characterized the biaxial stress–strain behavior of
the membranes under fully hydrated conditions. Foreign cation
contamination was assessed by comparing the resulting elastic
deformation behavior of PEMs after exchange with selected cations
(Fe3+, Mg2+, Cu2+, Li+, Na+ and K+) with that of as-received mem-
branes (Naifon-H+), showing increased stiffness with the increase
of cation radius. The bulge technique was also used to measure the
pressure dependant water penetration and onset of leaking through
the membranes.

We also used the out-of-plane tearing test method to charac-
terize the fracture behavior of the PEMs. Both cation exchange and
water absorption had deleterious effects on the fracture resistance
of the membranes, which was rationalized in terms of the interac-
tion of the cation and water with the molecular structure of PFSA
polymers.

2. Experimental

2.1. Materials
Nafion® NRE 211 membranes from Du Pont®, with a nomi-
nal thickness of 0.025 mm, were used as a representative of PEM
in the experiments. The as-received membranes are in acid form
(Nafion-H+). Salt forms of the Nafion® membrane were prepared

dx.doi.org/10.1016/j.jpowsour.2010.12.066
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:rhd@stanford.edu
dx.doi.org/10.1016/j.jpowsour.2010.12.066
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Fig. 1. Schematic diagram of the bulge test apparatus.

n the similar procedures used by Kawano et al. [9]: the as received
afion® samples were soaked in 1 M aqueous solutions of respec-

ive salts (LiCl, NaCl KCl, MgCl2, and CuSO4) and 0.5 M Fe2(SO4)3
t 23 ◦C for 24 h, then repeatedly rinsed in distilled water (DIW) to
emove the excess electrolyte, and wiped with filter paper. Finally,
he treated membranes were dried at 30 ◦C for 24 h before use. The

embrane thickness of each specimen was measured with a digital
icrometer (Digimatic Micrometer, Mitutoyo Corporation, Japan)

rior to experiments.

.2. Bulge test

Bulge testing was conducted using the experimental arrange-
ent shown in Fig. 1. The heart of the bulge test system is a

lexiglass unit encasing a drilled cavity with two channels, which
ere filled with DIW as the medium to better simulate the hydrated
ressure loading on PEMs in fuel cells. A syringe plunger (1705
N, Hamilton Co., Reno, Nevada) controlled by a high precision DC
otor was used to apply the pressure inside the system, which
ere simultaneously measured by a pressure transducer (Model

10, Precision Measurement Co., Ann Arbor, MI). All components
f the apparatus were threaded and sealed using a silicone-based
asket compound to prevent DIW from leaking.

Nafion® specimens (15 mm × 15 mm) were first clamped onto
he orifice of the cavity, touching the DIW medium with great care
o avoid air hidden inside the system and to minimize residual
tress in the membranes, and after exposure to DIW for 10 min
he membranes were pressurized with the medium. Specimens
ere observed to form a balloon-like shape as the syringe plunger
as pushed at a displacement rate of 100 �m s−1, and the resulting
edium flow rate was 0.089 �L s−1. The bulge test system was posi-

ioned inside an environment chamber (Associated Environmental
ystem, Inc., Ayer, MA) and the experiments were carried out at a
onstant relative humidity (25% RH) and at temperatures of 23 ◦C
nd 80 ◦C which was used to simulate the typical operating tem-
erature of PEMFCs. During the experiments, an optical microscope
as used to measure the bulge height, and another was positioned

ertically above the bulge system to monitor the water penetration
n the surface of the bulged membrane, as shown in Fig. 1.

To determine the biaxial stress and strain in the PEM, the pres-
urized membrane was modeled as a section of a thin-walled
pherical pressure vessel having uniform equal biaxial stress and

urvature. Then, the equal biaxial stress, �, in the membranes was
iven by:

= pR

2t
(1)
ces 196 (2011) 3803–3809

where p is the applied pressure, R is the radius of the sphere and t is
thickness of the tissue. Using the Pythagorean Theorem, the radius
of pressure orifice, a, and bulge height, h, was related to R:

R = h

2
+ a2

2h
(2)

The bulge height h of the PEM specimens was measured with optical
microscopy from the side view by focusing on the highest center of
bulged specimens.

The thickness of the bulged membrane was calculated assuming
constant volume deformation with the equation:

t = t0

�2
(3)

where t0 is the initial, strain-free thickness of the PEM measured
before clamping on the test system, and � is the biaxial stretch given
by:

� = L

2a
(4)

where L is the length of the arc of the bulge. The biaxial true strain,
ε, was obtained from the biaxial stretch using:

ε = ln(�) (5)

The biaxial modulus B of the membrane was determined from the
initial slope of stress–strain curves before the onset of non-linear
yield loading. Assuming isotropic material property for the PFSA
polymer, the Young’s modulus was found using:

E = B(1 − �) (6)

where � is Poisson’s ratio of PFSA polymers, and is assumed to be a
typical value of polymer materials � = 0.4 for all membranes in this
study.

2.3. Uniaxial tension test

The elastic moduli of the membranes were also determined
using uniaxial tension tests, which were conducted with a mechan-
ical test system (MTS 810, MTS Systems Corporation, Eden Prairie,
MN) with an environment control chamber (AVS Applied Test Sys-
tems, Inc., Butler, PA). Membranes were measured at combinations
of two different temperatures (23 ◦C and 80 ◦C) and two differ-
ent relative humilities (25% and 100%). At every temperature and
humidity combination, three specimens (10 mm × 80 mm) of each
type of membranes were first treated in the relevant environment
for 30 min and then loaded in tension at a constant crosshead speed
of 100 �m s−1. The elastic moduli were determined from the initial
range of the stress–strain curves, and the average values for each
type of specimens were reported.

2.4. Out-of-plane tearing test

The out-of-plane tearing test (trouser test) specimen is shown
in Fig. 2. The pre-crack was created with a surgery blade, mak-
ing two legs with an identical width of 12.5 mm, and the ligament
length was controlled ∼22 mm. The tests were performed with a
high precision mechanical test system (DTS Company, Menlo Park,
CA) positioned inside an environment chamber (Associated Envi-
ronmental System, Inc., Ayer, MA). The legs clamped in the testing
machine were loaded in tension in opposite directions at a constant
displacement rate of 100 �m s−1, and out of plane fracture propa-

gated in the ligament. The tearing fracture energy was calculated
using [10,11]:

Gtear = 2F

t
(7)
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Fig. 2. Out-of-plane tearing test specimen.

here F is the average tearing force during fracture propagation
nd t is the thickness of the membrane. The out-of-plane tearing
ests were conducted at 23 ◦C with 25% and 100% RH, respec-
ively, to investigate the effect of water absorption, and also at
0 ◦C with 100% RH to simulate the operating environmental condi-
ion in PEMFCs. For each type of membrane, three specimens were
ested.

. Results and discussion

.1. Bulge test on as received PEMs
The applied pressure on Nafion-H+ membrane specimens at
3 ◦C with 25% RH is shown as a function of the pressurizing time

n Fig. 3(a). The corresponding optical microscopy images of the

ig. 3. (a) The applied pressure on the membrane as a function of the pressurizing time fo
top) and height (bottom) during the experiment.
ces 196 (2011) 3803–3809 3805

bulge surface (top figures) and height (bottom figures) during the
experiment are shown in Fig. 3(b). At a constant medium flow
rate of 0.089 �L s−1, the pressure within the system first increased
linearly as a function of the pressurizing time, and then started
yielding around 180 kPa (point a). At point b, DIW began pene-
trating through the membrane and tiny water drops appeared on
the bulge surface. With increasing pressure, continuous leakage of
water through the membrane occurred. After the maximum pres-
sure point c, the pressure gradually decreased as water escaped
through the membrane. Finally, the bulged membrane fractured at
point e.

Based on the pressure data and the corresponding bulge height
measured by the microscope II from the side view, the biaxial true
stress and strain were calculated using Eqs. (1)–(5). As the stress
vs. strain curve shows in Fig. 4, the biaxial stress initially increased
linearly to a yielding point at ∼0.02 strain, and then gradually
increased with an increasing slope to a large strain. This represents
the typical mechanical behavior of a hyper-elastic material.

3.2. Bulge test on PEMs after ion exchange

Fig. 5(a) illustrates the applied pressure as a function of the pres-
surizing time for the as received membrane and those exchanged
with selected monovalent cations tested at 23 ◦C with 25% RH. It
is observed that the initial slope of the p–t curves increased in the
of the membranes with different ions exchanged vs. pressuring
time in Fig. 5(b) shows little difference. As DIW continued pene-
trating the membrane and appeared on the bulge surface which
prevented us from measuring the vertical deflection accurately,

r as received Nafion® . (b) Optical microscopy images illustrating the bulge surface
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ig. 4. Biaxial stress vs. strain of as received Nafion® membrane tested at 23 ◦C with
5% RH.

he bulge height measurement had to stop around 320 s in each
xperiment.

Using the data of applied pressure and bulge height, the biaxial

tress and strain of ion exchanged membranes were calculated and
ompared with as received Nafion® in Fig. 6(a). All the stress–strain
urves have the similar shape in the full strain range, but the stiff-
ess of elastic deformation increased in the order of H+, Li+, Na+ and
+ ions, as illustrated in Fig. 6(b), which is similar to the result of

ig. 5. (a) The applied pressure on the membranes as a function of the pressurizing
ime until burst and (b) bulge height as a function of pressurizing time for as received
afion® membrane and cation exchanged membranes with monovalent cations (Li+,
a+ and K+).
Fig. 6. Biaxial stress vs. strain of cation exchanged membranes with monovalent
cations (Li+, Na+ and K+) compared with as received Nafion® membrane (a) in full
strain range and (b) in initial strain range 0–0.16.

uniaxial tensile test reported by Kawano et al. [9]. The biaxial mod-
uli of membranes exchanged with divalent cations, Mg2+ and Cu2+,
and trivalent cations Fe3+ were also measured by the bulge tests.
The average values of biaxial moduli B for each type of membrane
tested at room temperature (23 ◦C) and the simulated operating
temperature (80 ◦C) are reported in Table 1.

3.3. Elastic modulus of PEMs

Based on the biaxial moduli B of membranes determined from
the stress–strain curves above, we can calculate the correspond-
ing Young’s moduli E using Eq. (6), which are compared with the
results measured by the uniaxial tension tests under four relevant
environmental conditions in Table 1.

It is more instructive to compare the Young’s moduli in terms
of exchanged ionic radius under each temperature condition in
Fig. 7(a) and (b). The as received membrane contains H3O+, whose
radius was assumed to be the atomic radius of an oxygen atom [3].
From the comparisons in Fig. 7, we found that at both temperatures
of 23 and 80 ◦C the Young’s moduli E determined by the bulge test
method were roughly equivalent to the results measured by the
uniaxial tension experiments at 100% RH. This suggests that the

pressure medium, DIW, diffused into the membranes under pres-
sure loading and the membranes were hydrated during the bulge
test.

In addition, it is noticeable that the Young’s moduli of bulged
membranes under hydration were much lower than their rela-
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Table 1
Elastic moduli of Nafion® membranes before and after cation exchange determined by bulge test and uniaxial tension test.

Nafion® membranes Biaxial modulus, B (MPa) Young’s modulus, E (MPa)

Bulge test E = B × (1 − �) Uniaixal tension test

23 ◦C 80 ◦C 23 ◦C 80 ◦C 23 ◦C 80 ◦C

25% RH 100% RH 25% RH 100% RH

Nafion-H+ 200.17 193.22 120.10 115.93 282.50 101.48 177.68 94.71
Nafion-Fe3+ 260.71 194.50 156.43 116.70 333.75 175.23 321.50 96.13
Nafion-Mg2+ 273.51 250.10 164.11 150.06 375.22 138.44 380.63 123.67

2+ 1
1
1
1

t
d
A
a
t
p
i
t
f
s

Y
r

F
c
R

Nafion-Cu 264.18 234.32 158.51
Nafion-Li+ 225.51 209.98 135.31
Nafion-Na+ 284.29 239.72 170.57
Nafion-K+ 317.89 275.70 190.73

ively dry counterparts (uniaxial tension test at 25% RH). This is
ue to plasticization of PFSA polymer by water absorption [12,13].
ccording to the cluster-network models of PFSA polymer [14–17],
s water first diffuses into Nafion® membranes, the isolated clus-
ers formed by sulfonic acid groups swells to be spherical water
ools. With the increase of water absorption, the ionic interaction

n the clusters is reduced. Besides, water existence might weaken
he chain-to-chain bonding and further reduce the intermolecular
orces. Both of these effects can cause the decrease in the membrane

tiffness.

Based on the fitting lines for each case, we noticed that the
oung’s moduli of membranes increased linearly with increasing
adius of cation exchanged. This should be implicated to the cations’

ig. 7. Young’s modulus of Nafion® membranes as a function of radius of selected
ation exchanged tested at (a) 23 ◦C, and (b) 80 ◦C (�, uniaxial tension test at 25%
H; �, bulge test; ©, uniaxial tension test at 100% RH).
40.59 335.70 120.25 301.48 103.38
25.99 373.25 110.54 351 100.26
43.83 570 138.71 526 111.83
65.42 890 231.54 757 127.95

affinity to the sulfonic acid groups in PFAS molecules [18–22]. Con-
sidering the cluster structures discussed above, the larger cations
probably interact with more sulfonic acid groups and reduce the
mobility of side chains, leading to the increasing stiffness of mem-
branes. We also observed that the valence of cations exchanged has
little effect on the elastic moduli of membranes, which were mainly
governed by the ionic radius. A similar phenomenon for hydrated
membranes measured by uniaxial tension tests in salt solutions
was also reported by Kundu et al. [3]. They suggested that despite
higher charge densities of multivalent cations the limited surface
area of these cations prevents further physical cross-linking with
other side chains in the PFSA molecules. In addition, the water con-
tent in the membranes exchanged with different cations could be
another factor that influences the moduli of the membranes. It is
known that the water fraction in the PFSA polymer membrane is
related to the clusters size [22]. Even though multivalent cations
can be assumed to bond with more sulfonic acid groups, their com-
paratively smaller size might induce higher water content if the
volume of a cluster achieves its relatively constant upper limit. Thus
the incorporation of smaller multivalent cations could probably
enhance the weakening effect of water absorption on the stiffness
of membrane.

By comparing the corresponding results in Fig. 7(a) and (b), we
noticed that at a higher temperature of 80 ◦C the elastic moduli of
all membranes under either dry or hydrated condition were slightly
lower than their counterparts tested at 23 ◦C. This is in agreement
with the results reported previously [23–26]. The increase of tem-
perature tends to destroy the cluster structures and weaken the
cross-linking of polymeric chains [9,23], which can increase the
degree of elongation and reduce the stiffness of membranes.

3.4. Fracture behaviors of PEMs

The out-of-plane fracture propagated smoothly in the ligament
of the tearing specimens with a relatively constant tearing force and
a cracking path parallel to the arms. Fig. 8(a) shows the tearing force
of as received Nafion® membrane compared with that of Nafion-
Na, tested at 23 ◦C with 25% RH. There was an obvious decrease in
the membrane tearing force after cation exchange. Moreover, we
observed that the tearing force of as received membrane at 100%
RH was much lower than that tested at 25% RH (Fig. 8(b)), indicating
that water absorption can reduce the tearing resistance to a large
extent. Based on the average values of the tearing force measured
for each membrane (in the displacement range 10–40 mm), we cal-
culated the corresponding tearing fracture energy, Gtear, using Eq.
(7). Gtear values for membranes before and after cation exchange

tested under relevant environment conditions are shown in Fig. 9.

We found a significant decrease in the tearing fracture energy
for all membranes after cation exchange, compared with that of
the as received membrane (Nafion-H+) at 23 ◦C with 25% RH (clear
bars). The harmful effect of cation contamination on the fracture
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ig. 8. Out-of-plane tearing forces of (a) Nafion-H+ and Nafion-Na+ tested at 23 ◦C
ith 25% RH and (b) Nafion-H+ tested at 23 ◦C with different humidity conditions:

5% RH and 100% RH.

esistance may be related to the interaction of the cations with
he PFSA molecular structure [3,9,18–22]. The foreign cations with

arger radii presumably interact with more sulfonic acid groups.

oreover, the larger cations would absorb fewer water molecules
n the clusters at a given humidity [22], which we expect will reduce
he effect of water content on the ionic interactions. Both of these

ig. 9. Tearing fracture energy of as received Nafion® membranes and membranes
fter cation exchange under different environmental conditions.
ces 196 (2011) 3803–3809

factors tend to decrease the mobility of the side chains, which prob-
ably lowers the flexibility of molecules around the clusters to form
a glassy zone. Accordingly, fracture of the comparatively brittle
glassy zones may occur with lower energy thus reducing the overall
fracture resistance.

The fracture energy Gtear of the as received membrane at 23 ◦C
with 100% RH (clear bars) was significantly reduced compared to
its dry counterpart measured at 25% RH (light grey bars), as shown
in Fig. 9. The presence of excessive water in the membranes at
100% RH tends to not only weaken the ionic interaction in clus-
ters, but also reduce the intermolecular forces of main chains in the
PFSA polymers [12,27]. Meanwhile the density of membranes may
decrease due to the swelling effect of water. All of these factors may
lead to a decrease of fracture resistance. In addition, the Gtear values
of cation exchanged membranes at 23 ◦C with 100% RH decreased
dramatically and were slightly lower than the as received mem-
brane. This indicates that the higher amounts of water absorbed
in membranes could reduce the ionic interactions to more extent,
but the foreign cations with larger radii might still interact with
more sulfonic acid groups in the cluster structures than the original
hydrogen ions, thereby forming a comparatively brittle glassy zone
around the cluster. As a result, the stiffness of hydrated membranes
after cation exchange increases (Fig. 7), and the fracture resistance
was further reduced probably due to the formation of glassy zones
in polymers (Fig. 9).

The tearing fracture energy Gtear values of the membranes tested
at the simulated operating environment in PEMFCs (80 ◦C with
100% RH) are illustrated by the dark shaded bars in Fig. 9. It is
noticeable that the fracture energies of all the membranes under
the operating environmental condition were higher than their cor-
responding counterparts measured at 23 ◦C with 100% RH (light
grey bars). According to previous reports that water content in
Nafion® membranes decreases with increasing temperature at a
given humidity [28,29], the harmful effect of water absorption
on fracture resistance would be reduced at a higher temperature.
However, we still observe significantly decreased fracture ener-
gies of membranes after cation exchange compared with that of
as-received membranes, indicating that the comparatively brit-
tle glassy zones discussed above may not be affected under the
operating temperature condition and can still weaken the fracture
resistance of membranes.

4. Conclusion

In this study, we investigated the effect of foreign cation con-
tamination on mechanical properties of PEMs with various thin
film characterization approaches. The bulge testing method was
applied to assess the biaxial mechanical behavior of PEMs using
water as a medium to better simulate hydrated pressurized load-
ing on PEMs under operating environmental conditions in fuel cells.
The elastic moduli of Nafion® membranes before and after cation
exchange determined by bulge tests showed the same trend as
those measured using uniaxial tension experiments under selected
temperature and humidity conditions. The elastic moduli of PEMs
increased with increasing radius of cation exchanged, but was
reduced with the increase of water absorptions and temperature.
In addition, we used the out-of-plane tearing test method to char-
acterize the fracture properties of PEMs. The results showed that
both cation exchange and water absorption had deleterious effects

on fracture resistance of the membranes at a lower temperature,
and the former was a more significant factor that weakens the
fracture resistance of PEMs under the simulated operating con-
ditions in fuel cells. These behaviors were explained in terms of
cation and water interactions with the molecular structure of PFSA
polymers.
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