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Abstract: As a solution of high efficiency and clean energy, fuel cell technologies,
especially proton exchange membrane fuel cell (PEMFC), have caught extensive attention.
However, after decades of development, the performances of PEMFCs are far from
achieving the target from the Department of Energy (DOE). Thus, further understanding of
the degradation mechanism is needed to overcome this obstacle. Due to the importance of
proton exchange membrane in a PEMFC, the degradation of the membrane, such as
hygrothermal aging effect on its properties, are particularly necessary. In this work, a thick
membrane (Nafion N117), which is always used as an ionic polymer for the PEMFCs, has
been analyzed. Experimental investigation is performed for understanding the mechanical
endurance of the bare membranes under different loading conditions. Tensile tests are
conducted to compare the mechanical property evolution of two kinds of bare-membrane
specimens including the dog-bone and the deeply double edge notched (DDEN) types.
Both dog-bone and DDEN specimens were subjected to a series of degradation tests with
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different cycling times and wide humidity ranges. The tensile tests are repeated for both
kinds of specimens to assess the strain-stress relations. Furthermore, Fourier transform
infrared spectroscopy (FT-IR), X-ray diffraction (XRD) and Scanning electron microscope
(SEM) observation and water absorption measurement were conducted to speculate the
cause of this variation. The initial cracks along with the increasing of bound water content
were speculated as the primary cause.

Keywords: proton exchange membrane fuel cell (PEMFC); Nafion; fracture test;
hygrothermal aging; mechanical endurance

1. Introduction

Proton exchange membrane fuel cell (PEMFC) has very high performance in a wide working range
with good dynamic characteristics and it works at a low temperature. PEMFC also has showed high
efficiency of electrical conversion and the total efficiency can be even higher by making full use of the
heat generated during the operation. It generates electricity without any emissions and most of the
materials employed can be reused or recycled [1]. It was reported in 2010 that PEMFC can reach
~60% electricity conversion efficiency and 80% energy co-generation (electrical and thermal)
efficiency with more than 90% reduction of carbon and pollution emissions.

Nevertheless, before that, the low durability of PEMFC is the primary problems that need to be solved.
The DOE (Department of Energy) target for the lifetime of fuel cell is more than 5000 h for
transportation applications by 2015 and 40,000 h for stationary applications by 2011. According to this
target, now the performance of PEMFC is far from achieving the target [2]. Thus, further understanding
of the degradation mechanism and development of durability analysis methods are needed to overcome
this obstacle.

Within an operating circle of the PEMFC, the diffusion of reactants, the oxidation and reduction of
reactants and the conduction of protons, they all take place in the membrane electrode assembly
(MEA) where the temperature, humidity and external compressive load have very high variation.
The MEA bears the temperature over 80 °C and the humidity from Relative Humidity (RH) 30% to
RH 90% [3]. During the operating very complex phenomenon are involved in the thin MEA, including
heat transfer, multiphase flows, electrochemical reactions, charge transport, and mechanical interactions.
That is why premature failures in MEA are always observed in forms of throughout crack and
delamination [4]. If it is observed in single layer, the failure turns to be cracks, tears, punctures and
pinholes though the membrane and cracks and flaking of catalyst layer (CL) (also known as the
electrode) [5]. The mechanical causes of these premature failures include orientation of material on CL
(the electrode) [6], the creep of membrane material and damage accumulation. During multiple cycles of
operation, with the change of temperature and humidity, the swelling of the membrane is the primary
drive force and the main factor, which affects the stress distribution through MEA [7]. The alternation
between wet-up and dry-out can cause significant stresses in membrane [8]. Additionally, freeze and
thaw cycles also induce physical damages to the MEA [9].
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In literatures, most of the degradation researches focus on the electrical/chemical performance in
terms of proton transport ability, cell voltage and current density [10,11]. In mechanical field,
the nonlinear viscoelastic-viscoplastic constitutive models of the membrane are widely discussed,
especially on the rate, temperature, and hydration dependence [12,13]. The experimental investigations
on the mechanical responses of ionomer membranes under different conditions are conducted
as well [7,14]. However, there are few papers discuss the change of mechanical properties after the
membranes sustained the working cycles. Although it is important in accurate modeling, as well as
the potential failure analysis.

To fill this blank, the mechanical degradation data of the membrane, Nafion, which is the most
widely used ionic polymer of PEMFCs, should be obtained as a database in order to make a
contribution to PEMFC degradation modeling and simulation. In this paper, two kinds of tests were
conducted including the dog-bone tensile test and deeply double edge notched test (DDENT). The
mechanical properties, in terms of Young’s modulus, yielding strain, specific essential work of fracture
and so on, were obtained [15]. In addition, the difference of mechanical properties between untreated
and aged specimens was analyzed. Furthermore, Fourier transform infrared spectroscopy (FT-IR),
X-ray diffraction (XRD) observation and water absorption measurement were conducted to speculate

the cause of this variation.
2. Experimental Section

2.1. Materials

Non-reinforced films based on chemically stabilized perfluorosulfonate acid (PFSA) and
polytetrafluoro-ethylene (PTFE) copolymer in the acid (H") form, which was obtained from
Dupont Company with the commercial name Nafion® N117 (DuPont Korea, Inc., Seoul, Korea).

2.2. Specimen

There were two kinds of specimens, the dog-bone ones and the DDEN ones. The dimensions of
both specimens are shown in Figure 1a, where L equal to 10 mm. All the specimens are cut in shape
(including the deep notches of DDENT specimens) before cycling.

Figure 1. The dimensions of (a) dog-bone specimen [16] and (b) deeply double edge
notched test (DDENT) specimen; (¢) The curves of Humidity and Temperature cycling

with one period.

(a) = 63.5 = (6)120 TT— 120
. [Clamping Y Clampin, 100 = = idity I
73 zone L zone P —~ 1004 Humidity 1 cycle =5h! ileycle=6h [ 100
O 1 L=
318 = 804 : <
= 10 ] _10 =/ 7 | : =
ER z
(b) I 50 g j =
| & 404 £
r E I g g 20 =
w0 | B, ! £, ~ NT2p
IHEE — g8 0 : : — 0
N | N 0 100 200 300 400 500
Unit: mm |~ jp =10 = Displacement (mm)




Energies 2014, 7 6404

Both kinds of specimens are divided into three groups, untreated, humidity cycling aged and
temperature cycling aged. Both humidity and temperature aged specimens were maintained with no
constraint (free to expand) in the temperature and humidity incubator for 12 cycles to analog the real
Fuel cell working condition. The humidity and temperature change is shown in Figure 1c. It should be
noted that the temperature was maintained constant as room temperature (25 °C) during humidity
cycles and the humidity was also maintained constant at 30% during temperature cycles.

2.3. Mechanical Properties

Mechanical properties of Nafion N117 membrane were measured by tensile tester (BS-205, C&FO,
Siheung, Korea) with a load sensitivity of 0.1 N. For the tensile test, the strain rate is the most
important factor, which should be carefully determined. Normally, if the strain rate is lower than 0.001 s,
the tests would be considered as quasi-static tests that are not suitable for the purpose of our study, and
according to the literatures discussing the mechanical response of Nafion membranes [13,17,18],
we chose two test strain rates, 0.01 s™' and 0.001 s™'. Moreover, the tensile tests were conducted at
room temperature (25 °C).

To avoid the influence of temperature and humidity residual, all the specimens, untreated and aged
for 12 cycles, were maintained in room conditions (25 °C and RH 30%) for 24 h before testing.

2.4. Observation and Measurement

It is well known that the changing of mechanical properties must due to the variation of the material
micro-structure. To verify what happened in the micro-structure of the specimens, FT-IR, XRD
observation and water absorption measurement were conducted.

The room temperature Fourier transform infrared spectrum of the specimens (both untreated and aged)
was measured in the region 4004000 nm region using a BRUKER VERTEX 80V FT-IR
(Bruker Optics Inc., Billerica, MA, USA) spectrometer equipped with KBr powder were used in the
spectral measurements.

XRD data were obtained at the Laboratory of X-ray crystallography of untreated and aged Nafion
specimens, using a Philips X’Pert MPO PRO diffractometer (PANalytical B.V., Almelo, The Netherlands)
equipped with graphite monochromator and rotating anode tube, operating with ceramic Cu target,
60 kV and 60 mA. Powder diffraction patterns were obtained in steps canning mode, 26 = 10°-90°,
step of 0.02° and 5 s/step.

Porosity measurement was conducted at room temperature using deionized water as the saturation
fluid. In each group, untreated, humidity cycling aged and temperature cycling aged, there are
10 specimens. All the specimens were cut into squares with the edge length of 9.53 mm. In addition,
they were weighted by a METTLER TOLEDO AT201 precision scale (Mettler-Toledo AG,
Greifensee, Switzerland) (max 205 g, accuracy 0.01 mg). After the weight data was recorded,
the specimens were immersed into deionized water for 30 min until they were fully saturated.
With the water on the surface wiped off, the saturation weights were measured with the same precision
scale, respectively.
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The specimens treated differently were coated by a Turbo Pumped Sputter Coater (Q150T)
(Quorum Technologies Ltd., West Sussex, UK) with Pt for 180 s. The morphology investigation was
completed using a high-resolution scanning electron microscope (HR-SEM, SU 8010, Hitachi
High-Technologies Europe GmbH, Krefeld, Germany).

3. Results and Discussion
3.1. Dog-Bone Tensile Test

The response of a typical polymer is shown as Figure 2a.

As we know, the response of Nafion membrane includes both intermolecular resistance and network
stress [18]. Moreover, the total response can be divided into two zones termed as pre-yield and
post-yield zones by the potential barrier. After the post yielding, the total response is nearly linear,
so we cropped the curves with the true strain range from 0 to 0.18 in order to have a clearer scope of
yielding behavior. The curves of true stress-true strain of Nafion N117 dog-bone specimens are shown
in Figure 2b.

Figure 2. (a) True stress-true strain curve of a typical polymer and different zones;
(b) The true stress-true strain curves of N117 dog-bone tensile test under different strain rates
(0.01 s! and 0.001 s ') and different cycling treatments.
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The stress at the intersection of linear fits to the pre-yield zone slope and the immediate post-yield
zone slope is named the yield stress. The yield stress usually referred that can be affected by both
deformation rate and temperature. In Figure 2b, we can tell it is also affected by aging treatment.

Besides, the yielding behaviors are also changed largely after the aging treatment applied. In the
total response the network stress is linear [19], that is to say the stress produced by the network is in
proportion to the true strain, according to Figure 2b the curves are nearly parallel to each other when
strain is larger than 0.14, that means the network response was hardly affected by the aging treatments.
However, the potential barrier had decreased after cycling, so it can be asserted that the aging
treatments affect the interaction of molecular chains in membrane structure.

The yielding stresses abstracted form Figure 2b are shown as in Figure 3.
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Figure 3. The (a) yielding stress and (b) Young’s modulus of N117 dog-bone tensile test
under different strain rates (0.01 s' and 0.001 s") and different cycling treatments.
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3.2. Deeply Double Edge Notched Test

Because of the fracture generation, the section area of specimen is changing with time.
It is impossible to get the true stress, so the results of DDENT should be presented by
force-displacement curves.

As shown in Figure 4a, all the factors, such as tensile speed, humidity aging and temperature aging,
have an obvious influence on the total work of fracture (the area bounded by the force-displacement
and x axle). With a higher strain rate, the maximum force to start facture is larger, but this kind of

influence is not obvious in the aged specimens.

Figure 4. (a) The force-displacement curves of N117 DDENT with L = 10 mm under
different strain rates (0.01 s™! and 0.001 s!) and different cycling treatments; (b) The work
of fracture of N117 DDENT with L = 10 mm under different strain rates (0.01 s and
0.001 s™!) and different cycling treatments.
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Both humidity and temperature aged specimens showed a resistance with larger extension when the
loads were applied at a lower strain rate.

As shown in Figure 4b, the work of facture calculated from the force-displacement curves showed
that after the temperature aging the energy needed to break the sample did not change much. However,
after the humidity aging, the work needed decreased largely and this effect enlarged by higher strain rate.
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3.3. Observation and Measurement

As we speculated from the results of tensile tests, the network response was hardly affected by
the aging treatments. However, the aging treatment affected the interaction of molecular chains in
membrane structure. The variation of the molecular interactions may include fragmentation of
macromolecule chains, entanglement situation changing [20], bound water content, efc. To verify each
of these factors, FT-IR, XRD, SEM observation and water absorption measurement were conducted.

Here, FI-IR is a technique that is used to obtain an infrared spectrum of absorption of nafion
membranes. The FTIR spectrometer simultaneously collects spectral data in a wide spectral range.
This confers a significant advantage over a dispersive spectrometer that measures intensity over
a narrow range of wavelengths at a time. By analyzing the shape of spectra and peaks, we can infer the
specific function groups. If there is any fragmentation of macromolecule chains, the number and
position of the characteristic peaks should be changed. However, as shown in Figure 5a, only a
negligible difference can be observed in the high wave number rage. The characteristic peaks for all
groups of specimens, untreated, humidity cycling aged and temperature cycling aged, are nearly the
same in both the position and height. That is to say, there are few chains broken, so the fragmentation
of chains is not the main cause lead to the mechanical degradation.

Figure 5. (a) Fourier transform infrared spectroscopy (FT-IR) spectra of Nafion membrane
specimens, untreated, humidity cycling aged and temperature cycling aged; (b) X-ray
diffraction (XRD) spectra of Nafion membrane specimens, untreated, humidity cycling

aged and temperature cycling aged.
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XRD is a tool used here for identifying the atomic and molecular structure, in which the crystalline
atoms cause a beam of incident X-rays to diffract into many specific directions. By measuring the
average spacing between layers or rows of atoms, the entanglement situation can be analyzed [21].
If the entanglement situation changed, that means the degree of crystallinity has been changed. It is
possibly manifested in both and amount of crystalline grains. The curves are shown in Figure 5b as the
spectrums of the untreated, humidity cycling aged and temperature cycling aged specimens. There is
no change of the characteristic peaks before and after treatment, so we can ensure that the
entanglement situation has not been changed by the aging treatments.

The averaged dry weights and saturate weights are listed in Table 1. The water absorption

percentages are calculated as the Equation (1):
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where msat is the averaged saturate weight, mary is the averaged dry weight, ¢ is the mass percentage of

the absorbed water.
From Table 1, we can obviously see that the water absorptions of the treated specimens, no matter

temperature cycles aged or humidity cycles aged ones, have decreased largely. In order to make it
more clear, the data of Table 1 is expressed by a column chart in Figure 6.

Table 1. Averaged weights of the specimens experienced different treatments and

calculated water absorption percentages.

Treatment Dry Weight (g) Saturate Weight (g) Water Absorption (%)

Untreated 0.03191 0.03631 13.79
T-cycled 0.03301 0.03627 9.88
H-cycled 0.03315 0.03625 9.36

As shown in Figure 6, it is obvious to see the averaged saturate weight for all the specimens are
nearly the same, however, the dry weight of the specimens are different a with different treatment.
And due to these differences the water absorption percentages turned to be different.

Figure 6. Averaged weights of the specimens after different treatments and the water

absorption percentages.
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During the treatment procedure, all the specimens were maintained under the same condition for 24 h,
which is much more than enough time to get rid of the free water content. However, Figure 6 shows
that the dry weight of aged specimens was higher than untreated ones, and this difference disappeared
after saturated water. Thus, we can believe that after the aging treatment, about 4% mass percentage of
water was turned into bound water and cannot be removed by evaporation under room temperature.

SEM images in Figure 7 shows a more direct view of the morphology of the specimens, It can be
observed that most of the nafion agglomerates shown in Figure 7b,c are bigger than what is shown in
Figure 7a. Therefore, we believe that the increase of agglomerate size is due to the existence of the
bound water. What is more, initial cracks occurred around the big agglomerates (marked by the arrows
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in the figure). Moreover, it can be another explanation of the vanishment of potential barrier, as well as
the decreasing of the material strength.

Figure 7. Comparison of the surface morphologies of (a) untreated; (b) humidity aged and
(¢) temperature aged Nafion membrane specimens.
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Above all, it can be speculated that because of the increasing of bound water content the
agglomerate size of Nafion ionomer enlarged, and it leads to the occurrence of initial micro cracks.
Because of this variation, the phenomenon had been observed as the potential barrier has disappeared,
then it leads to the variation of yielding behavior of Nafion membrane.

4. Conclusions

This work can be summarized with the following conclusions.

The strength of Nafion membranes as well as the work of fracture was affected largely by the aging
treatment. Moreover, the humidity aging has the greater impact.

The values of the mechanical properties are obtained to fill the blank of aged nafion properties,
which is necessary in the PEMFC degradation simulation.

The molecular chains of Nafion do not change after the treatments, fragmentation of macromolecule
chains or entanglement situation changing barely happen. Nevertheless, the bound water content
increased after aging treatments. Different from the free water, bound water cannot be removed by
evaporation under room temperature.

The agglomerate size of Nafion ionomer increased due the increase of bound water content, along
with this are the generation of initial cracks.

We can speculate that the initial cracks along with the increasing of Nafion bound water content
lead to the changing of the yielding behavior, which concretely presents as the disappearance of
potential barrier during tensile test.
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