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Abstract: This paper studies the effects of compression, deformation, and the contact area in the
membrane electrode assembly (MEA). The electrical impedance of fuel cell stacks due to the assembly
of the metallic bipolar plates is also considered. According to decades-long fuel cell (FC) assembly
experience, an increase in compression force can result in adequate contact resistance, but excessive
compression may cause extra contact resistance and damage to the MEA structure. The study
suggests a design for improving the performance of the FC stack by proposing different fillet radii
metallic bipolar plates. It is found that the appropriate fillet radius reduces contact resistance by 13%
and avoids the accumulation of compression, thereby maintaining contact resistance at adequate
levels. The current design proposes a simple and effective method to minimize the dimension
tolerance of single fuel cell units and support sufficient compression.

Keywords: contact resistance; metallic bipolar plate; fuel cell

1. Introduction

In 2015, in a bid to accelerate the commercialization, popularization, and steady use
of fuel cell technology, the Toyota Motor Corporation announced the free licensing of
5680 fuel cell patents [1]. Fuel cells have potential applications due to their potential for
clean power generation, in addition to their smaller sizes, high energy efficiency, and
long product life (10-15 years) [1]. As a result, in addition to automakers, other business
entities, such as mobile device producers (smartphone and laptops), have been scrambling
to enter this market. In addition to the hydrogen fuel source, the assembly of fuel cell
stacks constitutes another essential feature. Both the flow channel design and bipolar
plate stacking procedure are critical factors in terms of the generation capacity and life
cycle of fuel cells. The art of single cell stacking calls for various applications involving
corresponding mechanisms to ensure sufficient compression force and, thus, effective
contact, which reduces contact resistance. In general, a fuel cell stack comprises two end
plates and corresponding bolts, which are then secured with a torque wrench to form an
FC. The design requires the use of compressive force on both end plates, and limitations to
be applied on the number of regions to be secured within the stacking cell. To support the
non-equilibrium stress field of bonding around bolts and end plates, as well as differential
pressure in the MEA, the end plates are often thickened; however, this causes increases
in weight and cost [2—6]. Therefore, to avoid the need for higher compression force via
complex cell-stack design, the control of contact resistance is a crucial factor in the stacking
of fuel cells. In order to minimize the tolerance in single cells, as well as to optimize the
parameters and reduce the influence of uncertain factors between the MEA and metallic
bipolar plates, we suggest a novel stacking procedure design. Metal bipolar plates have
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potential use as a material for bipolar plates due to several advantages that they offer. Due
to the characteristic of metal plasticity, they can be formed into desired shapes. During the
operation of PEMFC, metallic materials are susceptible to corrosion in acidic and humid
operating environments. Metals decompose when the fuel cells are operating within a
corrosion environment.

The paper is divided into five main parts. The second section of the paper describes
the basic features of three proposed metal bipolar plate designs and briefly explains the
assembly process of a bipolar plate module. Section 3.1 outlines the relationship between
the characteristic angle, compression ratio, and MEA thickness, while Section 3.2 explores
the relationship between the characteristic angle, compression rate, and resistance value.
Finally, in the Discussion section, the question as to whether the characteristic angle design
can produce the expected effect is examined.

2. Materials and Methods

After undertaking a mechanical cold working process without appropriate thermal
treatment, metal pieces may exhibit residual stress, which may lead to stress corrosion
cracking (SCC) over a certain period. Moreover, high temperature and various oscillation
factors [7-9] of the flow channel may shorten the life of the metallic bipolar plate assembly.
Corrosion resistance is higher in hot environments that are permeated with dissolved
oxygen. The higher the electrical conductivity, sensitization time, sensitization temperature,
and material carbon content, the more likely the occurrence of inter-granular SCC [10-13].
Electroplating, PVD, and polymer coating on the surface of metallic bipolar plates can
reduce resistivity and increase corrosion resistance [14-17]. The most common forms of
metallic flow channels are pin-type, parallel, serpentine-integrated, and interdigitated
channels [18,19]. Some studies have found that water appears in cathode-side flow channel
due to electrochemical reactions. Electroosmotic force caused by high current density
increases the volume of water formed at the electrode, which outpaces the volume of water
removed, leading to water clogging and the hampering of fuel cell performance. When fuel
gas in an interdigitated flow channel passes the forced convective flow, the air flow induces
shear stress, thereby reducing the relatively large volume of liquid water and alleviating the
water clogging problem [20]. Previous studies [21,22] have analyzed the influence of oxygen
consumption caused by the gas flow channel on the cathode side of proton-exchange-
membrane fuel cells (PEMFC), finding that the order of the reaction and the length of the
flow channels affects fuel cell performance. When the order of reaction increases, the inlet
electric current increases, decreasing the overall fuel cell performance while the limiting
current density remains unchanged. When the flow channel length increases, the amount of
fuel in the flow channel may become insufficient, thereby decreasing the effective operation
area. Therefore, in addition to the flow channel’s inlet parameters, its shape and length
may affect the fuel efficiency. Stainless steel has several disadvantages when applied in
cutting, including the formation of a hardened layer on the surface when subjected to a
tooling process. The hardened surface can cause considerable friction between the cutting
tool and the material, sharply raising the temperature and reducing the cutting force.
Given its characteristics, stainless steel does not chip easily and tends to adhere to the
contact face of the cutting edge, thereby damaging the cutting tool [23,24]. Hydroforming
pressure affects the work piece during the formation process [25]. A study showed that
appropriate control of hydraulic pressure can not only assist in material feeding but also
ward off defects, such as wrinkles and cracks. Under different hydraulic pressures [26,27],
the relationship between residual stress and process parameters affects products’ surfaces
and dimensional accuracy levels. This study employed stamped and formed products
that were not fully annealed, along with anisotropic materials. The directionality was
analyzed to determine the plastic strain ratio, denoted as r, as well as the ratio of the lateral
strain to the thickness strain of the specimen during tensile testing (Equation (1)). The
physical interpretation of r is related to impedance caused by the thinning of materials,
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with a greater r value indicating greater difficulty in the deformation of thickness during
the formation process [28].
Ew
r=— 1
. M
where ¢, is the lateral strain and ¢; is the thickness strain
Assuming that the volume remains unchanged,
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where deq stands for the axial strain increment. ¢, and €4 are used as vertical and horizontal
axes, respectively. Linear regression analysis was conducted to determine the slope, which
was then converted in Equation (3) to determine r.

S
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2.1. Contact Resistance Theory

Fuel cell performance is mainly affected by the contact resistance between the gas
diffusion layer (GDL) and the metallic bipolar plates, as well as the porosity of GDL, both
of which are, in turn, influenced by contact pressure between the metallic bipolar plates
and the GDL. Therefore, theoretically, the relationship between contact pressure and fuel
cell performance can be quantified [29-35] as follows:

Vcell = Videal — AVyer — AVohm — AVeone — AVinterml (4)

where V. is the cell voltage, Vi;., the ideal voltage, AV, the activation overpotential,
AV, the ohmic overpotential, and AV, the concentration overpotential. The variable
AVipternal denotes the voltage loss due to the effect of assembly. The voltage loss caused by
these variables has been discussed in various studies and can be calculated theoretically
and experimentally.

The contact pressure between the GDL and the bipolar plates affects the contact
resistance. The conductivity of the material also determines its resistance. Thus, the total
resistance of the fuel cell can be expressed as follows:

R:RB—FR%"-RG 5)
Rc =R 1) 6
¢ = (;) (6)

where Rp and R are the resistance values of the bipolar plate and the directly measurable
GDL, respectively; R, p is the contact resistance between the bipolar plate and the GDL,
obtained through Equation (2).

In addition to voltage, current and resistance must be taken into account in the
calculation of fuel cell performance. Total resistance in the cell assembly is the sum of the
resistances of components and contact resistance. The contact pressure and the resistance
equation were secured experimentally. Contact resistance was calculated based on the
concept of parallel connection [7], according to which contact resistance hinges on contact
pressure. However, excessive contact pressure may damage the GDL, impeding fuel cell
performance. Therefore, four designs were formulated, with different radiuses (R; 0, 0.3,
0.5, and 0.7 mm), to achieve different flow channel features, as shown in Figure 1a,b. The
radial difference enables metallic plates to generate suitable bending and deformation to
disperse contact pressure, reducing the pressure on the GDL. Following the assembly of the
flow channels, the relationships between the compression ratios and the contact resistance
were measured, as a reference for optimizing fuel cell assembly.
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Figure 1. Flow channel features with fillet radii of (a) 0 and (b) 0.70 mm.

2.2. Assembly Procedure

First, a metallic bipolar plate, made of 0.15-mm-thick SUS 316L metal sheet [36], was
fabricated via multiple progressing stamping functions to produce a straight cathode
channel. Metallic bipolar half-plates with different fillet radii were also made via a constant
stamping process with stamping dies at different angles. In the final stamping step, the
deformed channel-shaped metallic sheets needed to be pressed again to ensure accurate
channel height.

A thermosetting airtight component, 0.59 mm thick, was created and combined with
cathode-anode metallic bi-polar plate to form a modularized unit; the structure is shown
in Figure 2. Another key component was the MEA module, shown in Figure 3b. Metal
frame gaskets for anode flow channel plates, as shown in Figure 3a, were fabricated with
SUS 316L stainless steel via stamping. Thermoplastic films were placed in jigs before
the placement of the stainless frame gasket for clamping, followed by the placement and
fixation of the anode metal frame (film side up), MEA (cathode side up), and cathode
metal frame (film side down), in this order. Then, the assembly module was placed in a
thermoforming machine for thermoforming, as shown in Figure 2.

— Uy N e—————

—Tr— — T

[——] [———————]
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Figure 2. Bipolar plate module illustration in the study.

(a) (b)

Figure 3. (a) Frame gaskets; (b) gas diffusion layer and thermoplastic film.

The gasket/separator was employed in the bipolar module, as shown in Figure 2, and
the metal border was adhered with thin film, forming a 7-layer MEA module with robust
structure. The two modules formed a stable mechanical stacking. The gasket/separator,



Energies 2021, 14, 7109

50f11

shown in Figures 2 and 3, respectively, had two major functions. The first function was gas
sealing: the gasket and adhesive film were bound via hot pressing between the anode and
cathode of the metallic flow plate, forming a modularized unit, known as a “bipolar plate
module.” Gaskets [37] that are made of anti-corrosion plastic function as manifolds for
anode gas, hydrogen, and cathode air, avoiding gas crossover, as shown in Figure 2. The
second function was the MEA border: with a metal border adhered with thin film in the
modularization of the MEA, a robust stack was assembled. A pair of thin rubber gaskets
between the two sides of MEA module sealed the gas. Therefore, with compression force
applied in the GDL of the 7-layer MEA, the gasket/separator allowed a small amount of
compression, enabling gas sealing. The compression ratio was defined for the flat-press
deformation of MEA (or GDL).

2.3. Stack Assembly

The anode side of the aforementioned metallic bipolar plate modules was bound
with airtight anode gaskets prior to contact with the anode side of the MEA module, and
was then placed on the anode side of the flow channel. Then, airtight cathode gasket
was placed in the airtight areas of the left and right sides. The process was repeated six
times before the formation of a six-cell stack assembly. There were four MEA compression
ratio design values: 30%, 40%, 43%, and 46%. The measurement standard was the sum
of the measurement values of the MEA module and the anode side of the flow channel.
Subsequently, a leakage test of the stack assembly was conducted. A nitrogen source was
connected to end-plate sockets under the pressure of 0.64 £ 0.03 bar. Afterwards, the
nitrogen sources were turned off for two minutes to confirm the leakage by means of
pressure observation. The maximum allowable leakage was set at 5% (0.032 bar). The
assembly of the fuel cell stack is shown in Figure 4.

The effects of
mmmm  compressibility
on resistance

The compression ratio
mmmm affects the thickness of
MEA

-

Fuel Cell stack

The hot press

Figure 4. Experimental schematic flow.

2.4. Experiment Method

In this step, we prepared the bipolar plate modules for assembly of the FC stack. We
measured the resistance of the bipolar plate modules with the four-point probe method
and then used a hot press to set different compression ratios for the measurement of the
thickness. The measuring equipment and assembling steps are shown in Figure 4.

3. Results
3.1. Effect of Fillet Radii and Compression Ratio

As shown in Figure 5, the thickness of the MEA decreased gradually as the com-
pression ratio increased. In addition, it was found that an excessive compression ratio
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would reduce the porosity of the GDL and affect the gas diffusion capacity of the fuel
cell assembly, thereby lowering the current-density limitation. However, previous studies
have shown that excessively low pressure may cause higher contact resistance [1-6,29]. In
addition, appropriate pressure can achieve the required air density and surface resistance,
thereby improving thickness, while arbitrary increases in pressure will have the opposite
effect. Therefore, in this study, four different curvatures “R” (R =0, 0.3, 0.5, 0.7 mm) were
designed, which were associated with four compression ratios (30%, 40%, 43% and 46%),
respectively, so as to avoid uneven distributions of pressure, which can cause deformation
during the assembly process.

0354 F —&—R=0
—8—R=0.3
R=0.5
0344 —v—R=0.7
{ %
T omd ]
£ =
-~ e |
N 0324 = L
g 1 ~=3
m 4
E 4
§ 031+ \\
= 0.30 4 J n
0.29 4
] v L v ) v L} v L) v ) v L v ] M L}
30 32 34 36 38 40 42 44 46

Compression ratio (%)

Figure 5. Influence of compression ratio and fillet radius on the thickness of MEA.

As shown in Figure 5, with the compression ratio at 30%, there was no significant
difference in the average MEA thickness as compared to the 40% compression ratio, for
which the thickness difference was 104.6% at R = 0 mm, 104.3% at R = 0.3 mm, 104.3% at
R =0.5 mm, and 101.5% at R = 0.7 mm. With the compression ratio at 43%, the thickness
difference was 108.7% at R = 0 mm, 103.3% at R = 0.3 mm, 104% at R = 0.5 mm, and 104.3%
at R = 0.7 mm, as compared with the 46% compression ratio, for which the thickness
difference was 111.6% at R = 0 mm, 104% at R = 03 mm, 105% at R = 0.5 mm, and 105.6% at
R = 0.7 mm. With the value of R set at 0 mm, the compression ratio remained unchanged;
the other three values (R = 0.3, 0.5, 0.7 mm) had the largest difference in MEA thickness
(111.6%), while the thickness difference was the smallest (104%) at R = 0.3 mm.

Regarding the compression ratio of MEA featuring a channel shape without a fillet ra-
dius (i.e., R = 0 mm), the total thickness was found to mostly be caused by non-proportional
deformation triggered by the GDL with a carbon fiber structure. The channel surface with a
metal fillet radius was forced to bend locally at R = 0 mm, because of which the carbon fiber
deformed through bucking and exhibited lower total thickness under higher compression
ratios (Figure 5). Figure 6 shows the imprints of the anode serpentine channel and the
straight cathode channel on the GDL surface. The upper left corner of the figure exhibits
deformation marks caused by excessive pressure and the lower right corner displays the
usual marks.

Figure 5 shows that the MEA thickness had its minimum value at R = 0 mm, with
a 46% compression ratio. Non-linear deformation appeared on the top. The fillet radius
effect of R = 0.3, 0.5, and 0.7 mm may have contributed to the uniform deformation of the
MEA within the quasi-elasticity of metal channel structure. In addition, as the amount of
compression increased, the metal surface had partial contact with the GDL, followed by the
surface fibers that were perpendicular to the contact surface either breaking or spreading
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and deforming, without significant changes in thickness when the compression ratio
exceeded 40%. At R = 0.7 mm, with compression exceeding 46%, resistance reappeared.

Figure 6. Surface indentation of GDL at R = 0.

3.2. Effect of Fillet Radii and Compression Ratios on Resistance

Figure 7 displays the relationship between the compression ratios (in this section, the
study analyzes the contact resistance at compression ratios of 30%, 40%, 43%, and 46%).
Therefore, to obtain a significant value, compression force was employed with different
sized radii, with variations in the ratios of the percentage values of contact resistance.
The ratio percentage can be shown as a non-unit value to indicate a smaller value with
difference R-versus-compression ratios and resistance for difference fillet radii (0, 0.3, 0.5,
and 0.7 mm), with an overall compression ratio of 53%. The resistance with a characteristic
angle of 0 mm at 30% compression stood at 5.98 m(), as compared with 4.62 mQ) for 46%
compression. The resistance was reduced by 29.4%. The resistance with a characteristic
angle of 0.5 mm at a 30% compression ratio dropped to 4.88 m(}, as compared with 2.88 mQ)
for the 46% compression rate, with a 69% reduction in resistance. The resistance with a
characteristic angle of 0.7 mm at 30% compression dropped to 4.62 m(}, as compared
with 2.13 mQ) for 46% compression. With the overall compression ratio remaining at
53.3%, resistance was reduced by 116.9%. In general, with a 30% compression ratio, the
resistance difference between characteristic angles 0 mm and 0.7 mm reached 29%; with a
46% compression ratio, the difference in resistance between the distinct angles of 0 mm
and 0.7 mm came to 104.69%.
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Figure 7. Effects of fillet radius and compressibility on resistance.

A characteristic angle was added to the optimal design, thereby increasing the average
contact surface between the runner and the MEA and, as a result, reducing the contact
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resistance. Without a characteristic angle, the contact resistance continued to drop. Then,
the compression ratio was increased. In this case, the MEA may have incurred excessive
pressure, which would have resulted in regional damage, risking a substantial drop in the
efficiency of the fuel cell stack. Therefore, in this study, different characteristic angles were
selected to compare their differences. Figure 8a includes a comparison between various
characteristic angles for 0 mm with a 30% compression rate, while Figure 9b shows a
similar comparison for 0 mm with a 46% compression rate. There were apparent voids on
the contact surface of the metal bi-level plate. At higher compression ratios, gaps were
significantly reduced (Figure 5) and the contact resistance was lower. Figure 9a shows
that at the 0.7 mm characteristic angle with a 30% compression rate, the contact surface of
the metal double-stage plate was relatively flat with no noticeable gap, as compared with
that in Figure 8a. The contact surface was even flatter at a characteristic angle of 0.7 mm
with a 46% compression rate, as shown in Figure 9b. Figure 7 displays the phenomenon of
resistance. With the same compression ratio, a better contact resistance could be derived
from an appropriate characteristic angle. It was found that, in general, MEA pressure can
be reduced with a right angle, thereby increasing the reliability of fuel cell stack based on
the presence of a lower clamping force.

REAVE EEAW

Figure 8. Significant fillet radii of 0.7 mm with compression ratios of (a) 30% and (b) 46%.
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Figure 9. Characteristic angle with compression ratios of (a) 30% and (b) 46%.

4. Discussion

The research aimed to obtain the optimal contact resistance value with minimal
changes in the flow channel design, thereby improving fuel cell performance. To determine
whether the mechanical activation of the metallic bipolar plate is suitable in terms of
ensuring the sufficient performance of PEMFC, the effects of the contact resistance induced
by stacking compression were examined. For four different cross section morphologies of
the flow channel, with compression ratios of 30%, 40%, 43%, and 46%, which are associated
with different fillet radii, experimental data concerning contact resistance are available.
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Under the condition of a 46% compression rate and an angle of 0.7 mm, the lowest surface
resistance (2.13 m()) was observed, while the highest surface resistance occurred at (30%,
0.0 mm). The original concept for the design of bipolar plates was centered around the fillet
radii. These new structures strengthen the out-plane stiffness of the metallic plate, enhance
their elasticity, and prevent the deformation of plasticity. The results show that higher
plate elasticity can transmit the clamping pressure to a contact pressure due to the fillet
radii design. It is clear that higher contact pressure will reduce the contact resistance. This
study examined the effect of fillet radii and compression ratios on MEA thickness, finding
that the optimal MEA thickness could be obtained at R = 0.3 mm with 40% compression
ratio, followed by R = 0.7 mm with 43% compression ratio. It was also discovered that
resistance was relatively low at R = 0.7 mm. By analyzing the effect of the interactions
of the contact pressure of the fuel cell stack on the thickness and resistance of the MOA,
the study concluded that it is better to design a fillet radius with R = 0.7 mm in the flow
channel. According to the literature review and the experimental results, pressure between
the metallic bipolar plates and the MEA in the cell stack assembly significantly influences
the contact resistance. This study put forth methods to ensure effective contact between
the metallic bipolar plates and the MEA while avoiding any local or global deformities
that can be caused by excessive pressure. Excessive pressure might induce excessive
porosity, hampering gas diffusion in the fuel cell stack and reducing the current density,
but insufficient pressure could cause excessively high contact resistance. Therefore, the
fuel cell stack needs optimal clamping pressure to attain optimal performance.

The study demonstrated that the addition of appropriate fillet radii can alleviate the
uneven distribution of compression ratios and that the designs including 0.7 mm fillet radii
can reduce the contact resistance even at low compression ratios.

5. Conclusions

In recent years, electrical vehicles, including pure and hybrid models, have become
increasingly popular, outperforming other renewable-energy vehicles by a large margin,
such as those powered by PEM fuel cells, whose development has been constrained by the
high cost of fuel cell stacks and hydrogen generation. The development of metallic stacks
for PEM fuel cells been faced with the issues of performance and cost, which constitute
major barriers to their commercialization. The development of metallic bipolar plates
with high-power density stacks is critical. In addition, metallic bipolar plates should be
able to significantly raise resistance, including contact resistance and electromechanical
resistance. The study unveils a novel cathode channel design for metallic bipolar plates, to
be manufactured with high precision stamping technology. As for the fillet radius of the
cathode channel, which is a key factor, two aspects, namely the MEA thickness difference
and the contact resistance at the four fillet radii, were examined. This original approach
offers an alternative perspective for explaining the increased resistance in PEM fuel cells
with excessive clamping force in their stacks. Moreover, the fillet radii structure enhances
elasticity and transforms the clamping pressure into a contact pressure. It is clear that
higher contact pressure will reduce the contact resistance.

The current study also showed that when compression occurs, the MEA are deformed
in a manner involving non-uniform propagation in a direction of about 45° with respect to
the stacking axis, while a similar zigzag mark to that of the flow channel was observed on
the lower right corner. During the testing procedure, we also found that the micro-porous
structure of MEA reduced the contact resistance, while its effect on the promotion of cell
performance appeared to be relatively limited. The performance of PEMFC increased
gradually with the increase in clamping pressure. On the contrary, the carbon loading of
the MEA played important roles in terms of affecting the FC performance, while these
effects may gradually reduce with higher clamping pressures.

Future studies are recommended to explore the relationship between the contact
pressure of the fuel cell stack assembly and the overall voltage, current, and resistance.
In addition, the optimal clamping pressure and parameters of fuel cell stack assembly
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should be calculated to maximize cell performance. The characteristic mode of metallic
bipolar plates should be altered to determine the requirements for the optimization of
contact resistance to ensure stable cell stack assembly and structure with the application of
minimal force.

This research is a continuation of NAC 2019. For further information, please refer to https:
/ /www.mecc-nano.com/news/joining-the-international-conference-on-nanomaterials-and-
advanced-composites-in-taiwan/ (accessed on 22 October 2021).
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