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The sealing performance of gaskets is important for ensuring successful cold starts and stable operation
of proton exchange membrane fuel cells (PEMFCs). To simplify water and thermal management, fuel
cells in cars usually operate at an elevated temperature of 90 °C. In this work, the degradation of silicone
rubbers, as potential gasket materials for PEMFCs, was investigated in different cold-start processes
ranging from -5 °C to 90 °C; -10 °C to 90 °C; and -20 °C to 90 °C. After 200 temperature cycles, the
aged silicone rubbers were cut into gaskets and assembled into a PEMFC single cell for assessments of
gas leakage. The hardness of the silicone rubbers increased and their weight gradually decreased with
increasing number of temperature cycles. In addition, these characteristics deteriorated with decreasing
initial cycling temperature. Atomic absorption spectrometry indicated that calcium leached out from the
silicone rubbers into the soaking solution. Scanning electron microscopy revealed that cracks and caves
formed on the sample surfaces and the attenuated total reflection Fourier transform infrared spectra
results showed that the surface chemistry was significantly changed. Importantly, the gas leakage of the
PEMFC single cell showed that the sealing performance of the aged silicone rubbers changed
significantly compared to that of the pristine rubbers.
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1. INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) convert chemical energy from fuel and oxidants
directly into electricity and are considered to be a promising alternative energy conversion device.
PEMFCs exhibit unique advantages in terms of fast start-up, high power density, efficiency, reliability,
quiet operation, environmental-friendliness, and wide range of applications [1-4]. To meet the
requirements of commercial application, the cold start ability of PEMFCs is a critical target in fuel cell
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technical road maps and the cold start performance has improved significantly in recent years. In addition
to the well-known transport phenomena inside PEMFCs, other factors governing cold starting are related
to the reliability and stability of components, which suffer from subfreezing at operating temperatures
during the cold start process [5-8]. Gaskets installed inside PEMFCs play an important role in
segregating hydrogen, air, and coolant, ensuring the reliability and stability for long-term PEMFC
operation [9, 10]. Gas leakage caused by sealing failure negatively affects PEMFCs and may cause
burning due to reactive gas leakage, especially hydrogen, during operation [11]. In the cold start process,
the temperature of the PEMFC increases gradually from subfreezing to approximately >80 °C. Gaskets
inside the PEMFC suffer from the effects of wide temperature gradients combined with mechanical
compressive loads causing thermal stress in the gasket. In addition, gaskets are exposed to acidic
environments as well as humidified hydrogen and air, which can easily cause chemical changes in the
gasket materials [12-15]. The long-term stability and durability of gaskets are crucial to both sealing and
electrochemical performance, directly affecting the service life of PEMFCs.

Because of its low cost, good mechanical properties, and simple manufacturing process, silicone
rubber is a potential gasket material for PEMFCs [16, 17]. The performance of silicone rubbers in fuel
cell working environments has been investigated previously [18-23]. Li et al. [18, 19] studied the
degradation of silicone rubbers when exposed to simulated and accelerated PEMFC environments at 70
°C, demonstrating that the acid concentration of test solutions significantly affected the degradation of
silicone rubber samples. Chang et al. [24] studied silicone rubber aging with samples of different
hardness values subjected to dry and humidified air at 80 °C. The authors showed that the water
molecules in the humidified gases can accelerate silicone rubber aging due to the chemical
decomposition of cross-linker units connecting polysiloxane backbones and of methyl groups attached
to silicon. Feng et al. [25] studied the degradation of silicone rubbers with different hardness values in
various aqueous solutions at 80 °C. The authors demonstrated that the durability of silicone rubbers was
enhanced with increasing hardness. Tan et al. [26-30] investigated the degradation of silicone rubbers
subjected to a constant PEMFC compressive load on the seals and soaked in a simulated PEMFC
environment at 60 °C and 80 °C, resulting in significantly altered mechanical properties of the silicone
rubber material. In addition, with increasing temperature and acid concentration, the tested silicone
rubbers degraded more rapidly. The degradation of silicone rubbers originated from the chemical
decomposition of the silicon-based backbone accompanied by the filler leaching. Clarke et al. [31]
compared the accelerated aging of silicone rubber gasket material in PEMFC environments at its
working and elevated temperatures (140 °C). Their analysis showed that acid hydrolysis was the most
common mechanism of silicone rubber degradation and similar degradation occurred under both real
fuel cell and under accelerated aging conditions. Cui et al. [32, 33] studied the sealing force and thermal
stress development of silicone rubbers under two temperature cycles, between 40 °C and 70 °C and
between — 10 °C and 40 °C. The sealing force development during startup, operation, and shutdown
periods of a PEMFC stack was also measured. The authors demonstrated that thermal expansion or
contraction of the silicone rubber was the major factor influencing the observed stress variation during
temperature cycling.

Extensive research has been performed regarding the physical and chemical changes of silicone
rubber gasket material in PEMFCs under actual working environments. The focus of the previous
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research has been mainly concentrated on gasket performance changes under typical PEMFC operation
temperatures (mainly from 60 °C to 80 °C). However, little research has been reported with a focus on
the cold start process. The requirement of cold start temperatures is continually being reduced, and the
cold start target in Europe has been reduced to -25 °C for fuel cell development scenarios from 2015 to
2020 [34]. Therefore, the degradation of silicone rubber gaskets for PEMFC for the cold start process
should be studied as it faces restrictions due to the material property requirements of proton exchange
membranes for optimal proton conduction and current formation. In addition, the operating temperature
of PEMFC is usually maintained at approximately 80 °C [35]. To decrease the burden of water and heat
mass management, increased operating temperature has been targeted for high performance PEMFCs
[36-39]. This would be beneficial for water management in PEMFCs as the saturated water vapor
pressure increases at higher operating temperatures, resulting in less supersaturated steam inside the
PEMFC. This type of research has been pursued by companies such as General Motors, Toyota, and
Hyundai as the majority of proton exchange membrane systems currently operate at 80-90 °C [40,41].
To study changes in sealing materials from cold start to normal operation of PEMFCs, a previous
study focused on the degradation of silicone rubbers under alternating temperature cycling from —20 °C
(cold start) to 90 °C (working temperature) in the presence of de-ionized water and air. The degradation
of silicone rubbers was more severe with increasing acid concentration and progressive cycling [42]. In
this study, the effect of different cold-start temperatures on the degradation of silicone rubbers was
examined and the underlying degradations mechanisms in an actual PEMFC environment are proposed.
The degradation of silicone rubbers was investigated using temperature cycling from -5 °C to 90 °C; -
10 °C t0 90 °C; and -20 °C to 90 °C. Before the silicone rubber degradation experiment, solutions similar
to the actual PEM fuel cell environment were prepared [24, 43]. To obtain a better comparison of silicone
rubber degradation, the weight and hardness of the silicone rubber were analyzed before the experiment
and at predetermined temperature cycles. Atomic absorption spectrometry (AAS) was used to identify
the chemicals leached from the silicone rubber into the simulated PEMFC solution. In addition,
topographical changes on the surface of the tested samples were examined using scanning electron
microscopy (SEM). The chemical changes of the silicone rubber were further examined by attenuated
total reflection Fourier transform infrared (ATR-FTIR) spectroscopy. Finally, the aged silicone rubbers
were cut into seal rings and assembled into a single cell to study gas leakage in detail. The sealing
performances of the aged silicone rubber samples in PEMFCs were determined and compared. This
study was performed to establish a degradation mechanism of PEMFC sealing materials during the cold
start process to better predict the service life of PEMFC components and rubber sealant performance.

2. EXPERIMENTAL

2.1. Test material and environments

Herein, the investigated methylvinyl silicone rubbers with hardness and thickness values of 50
(Shore A) and 0.5 mm, respectively, were provided by Silicone Rubber Products Co. Ltd (China). The
silicone rubber samples were uniformly cut into squares with lengths of 10.0 cm and widths of 4.0 cm.
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De-ionized water was used for solution preparation with a resistivity of 18.0 M Q cm™ produced using
a Milli-Q system (Barnsted Nanopore). A pH 3.35 solution, consistent with an actual PEMFC operating
environment, with a chemical composition of 12 ppm H2SO4 and 1.8 ppm HF was used.
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All silicone rubber samples exposed to the simulated PEMFC operating environment solution
were placed in a temperature cycle test chamber (Wuxi Zhuo Cheng Test Equipment Co., Ltd., China)
for the alternating temperature cycling experiment. The experimental process is described schematically
in Figure 1.
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2.2. The cold-start process and characterization methods

Before alternating temperature cycling, the silicone rubber samples were rinsed with de-ionized
water to clean their surfaces. Three groups of silicone rubber samples were then submerged into the
prepared solutions in three separate containers and subsequently were placed in high and low
temperature alternating damp heat test chambers for the cold-start experiment. The experiments were
conducted from -5 to 90 °C; -10 to 90 °C; and -20 to 90 °C, which is considered a single temperature
cycle, lasting for 3.5, 4.5 and 6 h, respectively. The degraded silicone rubbers were removed from the
temperature cycle test chamber every 50 cycles, thoroughly flushed with de-ionized water and dried in
air for further analysis. A total of 200 temperature cycles were performed for all the silicone rubber
samples. The cumulative running times of the three temperature cycles were 700, 900, and 1200 h,
respectively.

Every 50 alternating temperature cycles, the weight of each silicone rubber sample was measured
using a microelectronic balance. Before weighing, the silicone rubber samples were rinsed with 18 MQ
cm deionized water, followed by air-drying at room temperature, which lasted for >2 h. The hardness
of the silicone rubber samples was measured using a Shore A durometer following the ASTM D 2240
standard. The applied test pressure was sufficient to ensure close contact of the durometer with the test
samples, and the hardness was recorded immediately after close contact was established. To prevent
errors caused by fatigue effects, the test samples were shifted to a new position after each contact. The
solutions in which the samples were submerged were analyzed using an atomic absorption spectrometer
(Australia GBC AVANTA M) every 50 cycles. The surface morphology of the aged silicone rubbers
was examined by scanning electron microscopy (SEM; JEOL JSM-5610LV). Attenuated Total reflection
Fourier transform infrared spectra (ATR-FTIR; Bio- Rad FTS 300) with a resolution of 4 cm™ was used
to investigate the chemical degradation of silicone rubbers.

2.3 PEMFC gas leakage experiment
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Figure 2. Schematic diagram of PEMFC gas leakage test
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After 50 alternating temperature cycles, the aged silicone rubber samples were cut into gaskets
with width of 2.5 mm and assembled in a PEMFC single cell with an active area of 4 cm? for the gas
leakage test (Figure 2).

Nitrogen was supplied to the anode or cathode inlet at a preset pressure using a gas leak detector
(WUT-1) located in the outlet of the nitrogen cylinder. Four solenoid valves were equipped to the two
inlets and two outlets of the single cell. During the gas leakage experiment, an inlet solenoid valve was
opened, and the other three solenoid valves remained closed. The gas leak detector installed in front of
the open inlet solenoid valve monitored gas leakage. To analyze the effect of gas pressure on gas leakage,
the nitrogen inlet absolute pressure was set to 150, 200, 250, and 300 kPa. To further study the effects
of the compression rate of the silicone rubbers on gas leakage, the compression rates of the silicone
rubbers assembled in the single cell were set to 15%, 20%, 25%, and 30%.

3. RESULTS AND DISCUSSION

3.1 Silicone rubber weight changes

The silicone rubber samples experiencing the cold-start process were removed from the test
chamber after every 50 alternating temperature cycles for weighing. The changes were calculated using
the following equation:

W (%) = w x 100% )

0
where Wo and Wh are the weights of the new samples and the sample after N temperature cycles,
respectively.
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Figure 3. Weight change of the of the silicone rubbers
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Figure 3 shows the weight change of the silicone rubbers in the PEMFC environment under
different cold-start processes. It is evident that weight loss occurred in all silicone rubber samples during
the cold-start process, where the weight loss increased as the initial cold-start temperature decreased
from -5 °C to -20 °C, reflecting a wider circulating temperature range. Wider ranges of circulating
temperatures used in the experiment resulted in increased weight loss of the silicone rubber. Typically,
fillers including silicon dioxide and calcium carbonate are impregnated into the silicone rubber to
improving its mechanical properties [9]. When silicone rubber was exposed to the PEMFC operating
environment combined with cold-start processes, the silicone rubber experienced thermal expansion and
contraction, causing the polysiloxane backbone to swell and leach fillers, resulting in weight loss [25].
Under these conditions, the release of cyclic siloxanes contributed to the majority of the observed weight
loss [15]. Thus, the silicone rubber sample weight loss at lower initial cycling temperatures was more
pronounced due to the severe expansion and contraction. In addition, the number of alternating
temperature cycles and the range of circulating temperatures significantly affected sample weight loss
when exposed to the simulated PEMFC environment.

3.2 Atomic absorption spectrometry

Fillers impregnated into the silicone rubbers to improve their mechanical properties can leach
into the soaking solution during the cold-start process. To further study this phenomenon, AAS was used
to analyze the soaking solution atomic composition.
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Figure 4. Change of calcium concentration
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Figure 4 shows the calcium concentrations of the solution in which the sample was immersed
under different alternating temperature cycling regimes. It is clear that the concentration of the leaching
chemicals increased with successive alternating temperature cycles. The rate of increase slowed
gradually with progressive cycling number. Of all alternating temperature cycles tested herein, lower
initial cycling temperatures resulted in higher calcium concentrations in the solutions.

During the temperature cycling, the silicone rubbers suffered from chemical attack by the acidic
solutions as well as thermal expansion and contraction. Fillers such as calcium carbonate can be
dissolved by the acidic PEMFC environment [9]. The identification of leaching chemicals in the soaking
solution indicates that these elastomeric gasket materials degraded in the PEMFC environment.

3.3 Shore A hardness change

The Shore A hardness of the silicone rubbers experiencing cold-start processes were analyzed
every 50 alternating temperature cycles using Shore A durometer, as shown in Figure 5. The Shore A
hardness of all the silicone rubber samples generally increased, indicating that the surface layers of the
aged silicone rubbers hardened with alternating temperature cycling. The Shore A hardness of the
samples cycled at lower initial temperatures increased more slowly than those cycled at higher initial
temperatures.
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Figure 5. Hardness change of the silicone rubbers

With decreasing initial cycle temperature, molecular activity was reduced. The activities of the
side groups, chains, and segments in the silicone rubber became increasingly reduced, causing the rubber
to shrink. As the cycling temperature was gradually increased to 90 °C, the filler leached out by thermal
expansion and contraction combined with the reaction with the acidic solution. At lower initial
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temperatures, greater contraction of the silicone rubber was observed which caused increased filler
leaching and resulted in reduced hardness of the samples. However, the rubber samples became prone
to cross-linking under altering temperature cycling [44-46]. Thus, the hardness of the aged silicone
rubbers surface increased with progressive alternating temperature cycles because the polymer chains
could not explore different configurations and became less flexible [42]. Therefore, the Shore A hardness
of the silicone rubbers cycled from -20 °C to 90 °C increased more slowly compared to those of the
silicone rubbers cycled under temperature regimes with higher initial cold-start temperatures.

3.4 Surface SEM analysis

Figure 6 shows the surface morphology changes of the silicone rubber samples subjected to
different cold-start process. The surface was rather smooth and no voids or cracks were observed in the
original silicone rubber (Fig. 6(a)).

Figure 6. SEM images of silicone rubbers under different temperature cycling (a) original, (b) 50 cycles
from -5 °C to 90 °C, (c) 100 cycles from -5 °C to 90 °C, (d) 150 cycles from 5 °C to 90 °C, (e)
200 cycles from -5 °C to 90 °C, (f) 50 cycles from -10 °C to 90 °C, (g) 100 cycles from -10 °C
to 90 °C, (h) 150 cycles from -10 °C to 90 °C, (i) 200 cycles from -10 °C to 90 °C, (j) 50 cycles
from -20 °C to 90 °C, (k) 100 cycles from -20 °C to 90 °C, (I) 150 cycles from -20 °C to 90 °C,
(m) 200 cycles from -20 °C to 90 °C.

Figure 6b—e shows the surface topographical changes of the aged silicone rubber after 50, 100,
150, and 200 cycles, respectively, with an alternating temperature from -5 °C to 90 °C. Some voids or
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cracks formed on the surface of the samples after 50 cycles and these voids and cracks continuously
grew with increasing number of cycles. These voids and cracks appeared to be the same with other
results that the degradation of silicon rubber started from surface roughness and finally cracks exhibited
temperature gradient dependent as well as time-dependent [11, 14, 18, 19, 32].

Figure 6f—i shows the morphological changes of the silicone rubber surface after alternating
temperature cycles from -10 °C to 90 °C. Figure 6j—m shows the morphological changes of the silicone
rubber surface after cycling from -20 °C to 90 °C. With decreasing cold-start initial temperature, voids
and cracks became larger and more abundant, and holes and cracks were observed under the same
alternating temperature cycles. Thus, it can be concluded from the SEM results that the silicone rubber
surface damage under PEMFC conditions is more extensive at lower cold-start initial temperatures, and
the degradation becomes more severe with progressive temperature cycling [18].

3.5 ATR-FTIR

The ATR-FTIR spectra of silicone rubber samples subjected to different cold-start process are
shown in Figure 7. The strongest and broadest absorption band was observed between 1010 and 1080
cm, with other prominent absorption bands at 793, 864, 1260, and 2962 cm, respectively.

For the three cold-start processes tested herein, the intensity of the bands remained largely
unchanged after 50 cycles (Figs. 7(a)). This indicates that the surface chemistry of the silicone rubber
did not change at a small cumulative cycle number. As the number of cycles was increased to 100, the
intensity of the bands did not change in silicone rubber samples cycled from -5 °C to 90 °C (Fig. 7(b)).
However, the intensity of the absorption band at 1080 cm™ decreased slightly in the sample cycled from
-10 °C to 90 °C, and decreased significantly in those cycled from -20 °C to 90 °C.
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Figure 7. ATR-FTIR spectra of silicone rubbers under different temperature cycling(a) 50 temperature
cycles, (b) 100 temperature cycles, (¢) 150 temperature cycles, (d) 200 temperature cycles

After 150 cycles, the intensity of the absorption bands showed no obvious changes for the
samples cycled from -5 °C to 90 °C. For the lower initial temperature cycles, the intensity of the
absorption bands between 1010 and 1080 cm™ decreased more sharply compared to that of the samples
analyzed after 100 temperature cycles. At an initial temperature of -20 °C, the intensity of the absorption
band at 1080 cm™ decreased significantly, while the intensity of the other peaks remained largely
unchanged. After 200 cycles, the absorption band intensities were unchanged in the silicone rubber
cycled from -5 °C to 90 °C (Fig. 7(d)). However, the intensity of the absorption bands at 1010, 1080,
and 793 cm™ decreased dramatically for the other two cycling regimes. The intensity of the absorption
bands at the peak values was changed at cold start conditions, which could be seen at other conditions
such as accelerated PEM fuel cell environment at constant temperature and PEM fuel cell environment
at different cycle temperature [18, 19, 30, 32, 33], which indicated that the same chemical changes had
taken place on the aging surface of silicone rubber.

Briefly, the intensity of all absorption bands of the silicone rubber samples in the PEMFC
environment under temperature cycling from -5 °C to 90 °C showed no significant changes. However,
decreasing initial cold-start temperature resulted in changes in the intensity of the absorption bands.
These results show that the number of cycles and initial temperature of the cycles significantly affected
the degradation of the tested silicone rubbers.
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3.6 Sealing performance of the aged silicone rubbers

The sealing performance of the aged silicone rubbers as gaskets for a PEMFC single cell with an
active area of 4 cm? was investigated by gas leakage tests. The compression rates of the gaskets
assembled in the single cell were 15%, 20%, 25%, and 30%.
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Figure 8. Gas leakages of the aging silicone rubbers at 15% (a), 20% (b) and 25% (c) compression rate
as gasket assembled in single cell

Figure 8 shows the gas leakage of the assembled single cell under the different compression rates.
A noticeable gas leakage was observed in the single cell at a lower compression rate, especially under
high nitrogen inlet pressure. At a compression rate of 15% and under a nitrogen inlet pressure of 300
kPa, gas leakage rates were 24.3, 31.8, and 47.2 mL/min under temperature cycling from -5 °C to 90 °C;
-10 °C to 90 °C; and -20 °C to 90 °C, respectively. It is referred to the regulations of the United States,
Europe and Japan on hydrogen leakage and hydrogen emission of fuel cell vehicles that these leakage
rates are excessively severe for a PEMFC with an active area of 4 cm?, and the sealing performance was
judged to be near failure [47]. However, for the pristine silicone rubber samples, negligible gas leakage
was observed. Thus, the sealing performance of the aged silicone rubber obviously declined.

As the compression rate of the gaskets was increased to 20%, gas leakage was significantly
reduced to 10.4 mL/min under alternating temperatures from -20 °C to 90 °C, while almost no change
was observed under other temperature cycling regimes with higher initial temperatures. As the
compression rate of the gaskets was increased to 25% and 30%, no gas leakage was observed. Thus, the
sealing performance of the silicone rubbers was partially degraded after aging, especially at higher gas
pressures, low compression rates, and lower initial cold-start cycling temperatures. These results indicate
that the cold-start process of PEMFC can significantly influence the sealing performance of silicone
rubber.
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4. CONCLUSIONS

The degradation properties of silicone rubbers as potential gasket materials for PEMFCs were
investigated in different cold-start processes, with cycling from -5 °C to 90 °C; -10 °C to 90 °C; and -20
°C to 90 °C. The major conclusions of this study are as follows:

(1) The initial cold-start cycle temperature and the number of temperature cycles significantly
affected the degradation of silicone rubbers, as evidenced by the sample weight loss. Weight loss was
more significant at lower initial cold-start cycling temperatures and with progressive temperature cycles,
which was corroborated by AAS measurements.

(2) The silicone rubbers exhibited a slight increase in hardness, indicating severe damage of the
fillers in the silicone rubbers at lower initial temperatures compared to that at higher initial temperatures.
SEM images indicated that the degradation began via formation of surface holes and progressive
formation of larger voids.

(3) ATR-FTIR spectrometry revealed that after the cold-start process, the surface chemistry of
the silicone rubbers had significantly altered.

(4) The sealing performance of the silicone rubbers was partially degraded after 200 temperature
alternating cycles. After aging, a high compression rate can maintain the sealing performance of silicone
rubbers.

The current study demonstrates the effects of the cold-start process on the degradation of silicone
rubber material. The mechanical performance of the aged silicone rubber was degraded, resulting in poor
sealing performance. This study provides guidance for future work dedicated to improving the durability
and reliability of silicone rubbers as sealants for PEMFCs in the context of cold-start processes.
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