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ABSTRACT

The influence of increasing resource scarcity and climate change has a significant impact on aviation.
Therefore, the European Commission has set ambitious goals with a 75 % reduction in CO, and a 90 %
reduction in NOx as part of the Flightpath 2050 vision. Achieving these goals requires the use of disruptive
technologies in aviation, especially in propulsion. In addition to the use of Sustainable Aviation Fuel (SAF), the
use of hydrogen is a promising alternative. There is the possibility of using a fuel cell which acts as an energy
converter and powers the primary electric drives, offering the potential to fly emission-free, especially for short-
and medium-range flights.

However, successful integration of the fuel cell into the aircraft's powertrain requires a significantly
increased gravimetric power density compared to the status quo. Furthermore, the fuel cell and the entire
manufacturing process chain must fulfill the stringent safety requirements of aviation. Therefore, the bipolar
plate and, respectively, its production process are key elements for the fuel cell.

This paper describes how to establish a basis for the production of the bipolar plate in accordance with
aviation requirements. For this purpose, the process chain is explained step by step and for each process step
different technology alternatives and corresponding challenges are identified. Finally, an aggregated view of
the holistic process chain is given.
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GDL Gas Diffusion Layer

BPP Bipolar Plate

MEA Membrane Electrode Assembly
ICR Interfacial Contact Resistance
FC Fuel Cell

Rp Yield Strength

Rm Tensile Strength

1. INTRODUCTION

The global challenges of climate change have led to increased commitment to environmentally friendly
technologies and sustainable energy systems. International climate agreements such as the Paris Agreement,
the EU Green Deal, and Flight Path 2050 set ambitious future goals, highlighting the urgent need to reduce
CO; emissions and transition to a low-carbon economy [1-3]. These trend-setting agreements have not only
had political implications but also stimulated technological advancements for innovative solutions in climate
protection. Achieving these goals requires the use of disruptive technologies in aviation, especially in propulsion.
In addition to the use of Sustainable Aviation Fuel (SAF), the use of hydrogen fuel has emerged as a promising
substitute for hydrocarbon-based fuels. There is the possibility of the direct use of liquid hydrogen in gas turbines
as well as the use of fuel cells. In the latter application, the fuel cell acts as an energy converter and powers the
primary electric drives, offering the potential to fly emission-free.

Fuel cells are electrochemical devices that convert hydrogen and oxygen into electrical energy and water.
Their fundamental structure comprises several layers. The anode, typically composed of platinum catalysts,
facilitates the oxidation of hydrogen molecules, releasing electrons. These electrons traverse an external circuit,
generating electrical power and returning to the cathode. The cathode, often coated with platinum or other
catalysts, accepts electrons, combining them with oxygen molecules and protons from the anode to form water.
A Polymer Electrolyte Membrane (PEM) serves as an ion conductor between the anode and cathode, allowing
the passage of protons while preventing electron flow. A gas diffusion layer (GDL) ensures uniform gas
distribution to the electrodes. Collectively, these components enable the electrochemical reactions [4]. A
schematic showing the functional components comprising a PEM fuel cell can be seen in FIGURE 1.

Hydrogen

BPP —@ ¥,
GDL{R

vy WO Soa®

FIGURE 1: SCHEMATIC VIEW OF A POLYMER ELECTROLYTE MEMBRANE (PEM) FUEL CELL [4]

It shows the bipolar plate (BPP) and the membrane electrode assembly (MEA). The MEA consists of the
actual membrane, which is permeable to protons, and the anode-side and cathode-side catalyst layer. The GDL
is placed between the bipolar plate and the catalyst layer. The hydrogen is supplied on the anode side and the
oxygen on the cathode side. The hydrogen is split into electrons and protons at the membrane. The electrons
are discharged through the bipolar plate, the protons can migrate through the membrane to the cathode side
of the membrane and react with the oxygen and electrons to form water. [5]

A stack of a PEM fuel cell is made up of various components. The structure of a stack can be seen in FIGURE 2.
The two central components of the stack are the BPP and MEA. Up to several hundred individual BPPs and
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MEAs are stacked for a stack. Sealing of the respective components is necessary. Each voltage collector and the
end plate seal both ends of the stack. For the overall stack, the bipolar plate not only accounts for a cost share
of 15-32% [6], but also a weight share of up to 60%, which has a major influence on the gravimetric energy
density of the stack. [7,8]
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FIGURE 2: SCHEMATIC VIEW OF A PEM FUEL CELL [9]

Further development of fuel cell technology and large-scale production is essential to unlock the great
potential for a clean and sustainable energy solution. While current gravimetric power densities are 0.35 - 0.6
kW kg for fuel cell systems [10,11] and 2 — 3 kW kg™ [11,12] for stacks (Automotive example: Gravimetric
power density of the Toyota Mirai 2: 2.46 kW kg™ [13]), a significantly higher power density of 2 kW kg™ at
system level [10] and more than 4 — 6 kW kg at stack level will be required in the future.

Furthermore, the fuel cell and the entire manufacturing process chain must fulfill the stringent safety
requirements of aviation. Therefore, the BPP and, respectively, its production process are key elements for the
fuel cell. The process chain to produce BPPs is complex due to numerous technologies and process steps, the
most relevant are forming, cutting and welding with associated cleaning, as well as testing and integration into
the fuel cell stack.

This paper first briefly describes the process steps required to manufacture the bipolar plate for PEM fuel
cells (section 2). Based on this foreground information, section three presents the manufacturing process
challenges associated with applications of PEM fuel cell technology in aviation. The fourth section discusses the
implications for the manufacturing process chain.

2. STATUS QUO BPP PRODUCTION

The process chain for the production of metallic bipolar plates is characterized by a sequence of different
manufacturing steps (see FIGURE 3). The main processes are forming, separation, joining and coating. The entire
manufacturing process chain can be carried out in different ways and depends not only on the requirements of
the overall process but also on the technologies used. An initial subdivision of the process chains can be made
based on the distinction between discrete and continuous manufacturing.

In the discrete process chain shown, the first step is the forming of the sheet. The forming is followed by
the separation of excess material. This covers the outer contour, the ports and tunnelings, the gas inlets and
outlets. In the next step, two half plates are joined together to form a bipolar plate. The final step is the coating
of the bipolar plate. As coating is the last production step, this is referred to as post-coating. In general, discrete
manufacturing reflects the current state of production of metallic bipolar plates. [14] In a continuous process
chain, the joining of the half plates takes place directly after forming. Excess material is only removed afterwards.
In the process chain shown, the coating is applied to the raw material as the first step. The subsequent steps
take place with pre-coated material.
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FIGURE 3: EXAMPLE OF DISCRETE AND CONTINUOUS PROCESS CHAIN FOR PRODUCTION OF METALLIC BIPOLAR PLATES [4]

Various technologies are available for these production steps. These technologies and the corresponding
challenges for the individual production steps are discussed in more detail in the following section. In particular,
the challenges associated with aviation applications are highlighted. This applies in particular to quality
management, e.g. in the form of aviation-compliant measurement procedures and the necessary manufacturing
approvals. [15,16]

3. CHALLENGES FOR PROCESS STEPS

In the following, the individual process steps along the process chain for the production of a bipolar plate
are presented in detail. First, the technology alternatives are discussed with a focus on their suitability in the
context of aviation applications. Then, the challenges for each process step are presented and possible solutions
are outlined.

3.1. Material selection and coating

Various materials can be used as the base material for metallic bipolar plates. An important selection factor
for the material is the application.

According to Liu et al. [17], aviation applications have very high requirements in terms of volume and
weight, while costs are less relevant compared to the ground transportation sector. Following Liu et al. [17], the
performance requirements are only moderate; however, unmanned flying objects are mentioned as potential
applications. A higher performance requirement must be assumed for use in aviation applications. The most
relevant materials in industry and research are stainless steel, titanium and aluminum. Aluminum offers potential
in terms of weight and thus gravimetric power density. Its use as a material is possible in principle. However,
the low corrosion resistance is a challenge for the operation of the fuel cell. [18]

The most relevant stainless steels are S5304 and SS316L. Stainless steel offers better corrosion resistance
than aluminum, but a coating is also necessary to improve the corrosion resistance and reduce the interfacial
contact resistance (ICR). [19,20]. Stainless steel is the preferred material for many mobile applications due to
the balance between cost, weight and chemical properties. Compared to stainless steel, titanium shows slightly
improved corrosion resistance. The lower density also offers the potential to increase the gravimetric energy
density of the stack (titanium grade 1 - 4.5 g cm?; AlSI 316L — 8 g cm™3). The main disadvantage is the higher
material price. However, in particularly challenging applications such as aviation, the mentioned advantages can
outweigh the higher price. However, there are also challenges in the production process, particularly in forming,
or the need for additional process technology. [17,21]

As already shown in the illustration, precoating or post-coating is generally possible for the coating. With
post-coating, the coating is applied after forming. This reduces the risk of the coating being damaged by the
production processes. The disadvantage is that the coating must be applied to the formed bipolar plate rather
than to a smooth surface. Coating the coil can reduce the cost of coating. However, it must be ensured that
the corrosion resistance continues to meet the requirements after the production process. According to MULLER
et al. [22], no difference in the operating behavior of bipolar plates made of stainless steel with an r/a-C coating
was found between pre- and postcoated bipolar plates. Nevertheless, a higher ICR and partial damage to the
coating can be observed.



3.2. Forming

The forming of BPPs primarily employs two technologies: Embossing and hydroforming. In embossing, a
metal sheet undergoes deformation between male and female dies in a single step or progressively shaped
through multiple steps (see FIGURE 4). This robust, easily automated process allows simultaneous manifold and
trim cutting, offering higher formability. However, the substantial forming force may reduce tool life. It is also
possible to heat the tool or metal sheet to influence the process, for example to increase the degree of
deformation.

Heating Male die with BPP
system for  forming steps

workpiece l l

Heating system Complementary
of tool female die

FIGURE 4: PROCESS PRINCIPLE OF EMBOSSING WITH OPTIONAL HEATING OF WORKPIECE AND TOOL [4]

Hydroforming, using high-pressure fluid (up to 3000 bar) against a single die, achieves high aspect ratios
and low surface roughness with lower tooling costs but requires additional trimming and cutting steps (see
FIGURE 5). While hydroforming machines are less productive than embossing machines, advancements in the
performance of the machine can increase productivity. [4]

Furthermore, high-velocity forming, rollforming and rubber pad forming offer research potential. High-
velocity forming involves high-speed stamp pressing and metal sheet heating for improved formability.
Rollforming, a continuous process, offers economic potential due to increased production rates. Rubber pad
forming, suitable for prototyping and small batches, uses an elastic pad to form metal sheets with potential
time and cost savings compared to conventional embossing due to the simple process design. However, its high
wear limits mass production feasibility and automation challenges. For industrial production in the aviation
context, embossing and hydroforming are the relevant technology alternatives. [4,23]
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FIGURE 5: PROCESS PRINCIPLE OF HYDROFORMING [4]

Forming challenges arise in particular from the use of very thin materials and complex geometries with high
degrees of forming and tight tolerances. In the automotive industry, material thicknesses of 75 - 100 ym are
typically used [4]. In the aviation industry, thinner materials are of interest due to the gravimetric power density.
In addition, materials that are difficult to form, such as titanium, are highly relevant in the context of aviation
applications due to their high specific strength, lightweight possibilities and good corrosion resistance. While
the material characteristics of titanium are advantageous on the product side, it is not easy to manufacture.
Despite the fact that titanium has a lower yield and tensile strength (titanium grade 1 — 0.2% yield strength
Rp = 170 N mm?, tensile strength Rm =240 N mm?2) than stainless steel (AISI 316L — 0.2% yield strength
Rp = 200 N mm?, tensile strength Ry = 500 N mm-2), the forming of titanium poses special challenges [24,25].
The reason for this are the glide planes of the materials. Austenitic stainless steel grades have a face-centered

5



cubic (fcc) lattice structure, while ferritic and martensitic stainless steel grades have a body-centered cubic (bcc)
crystal lattice. As compared with austenitic stainless steels that have 12 glide systems on which to accommodate
plastic deformation, titanium’s hexagonal close-packed (hcp) lattice structure limits the number of glide systems
to 3 that can be activated during forming processes. The reduced number of glide systems in titanium can lead
to earlier material failure in the form of cracking, even with the same degree of forming and depending on
grain orientation and material texture. The forming directions are also limited due to the smaller number of
glide planes. In addition to the challenges of the hexagonal crystal structure, the influence of springback during
forming is increased due to the lower yield strength of the titanium. [26]

Appropriate offsets must therefore be provided in the design of the forming tool. It should also be noted
that due to the low thickness of the starting material for the BPPs and the microforming, the raw characteristics
are not scalable and extensive material characterization is required [27]. Due to the safety requirements of the
aviation industry, anisotropy and material discontinuities must also be considered. Surface finish after forming
must also be addressed. FIGURE 6 shows that for the same process conditions and parameters, titanium has
inferior surface characteristics and is therefore more susceptible to cracking depending on the load collective.
This initial damage to the surface integrity appears on the surface as small defects, e.g., on the right radius, and
could be the first signs of cracking in the area with the highest bending stress. The samples are made of stainless
steel 1.4404 and titanium grade 1 with a thickness of 100 um. The forming process used was stamping in an
open tool design.

FIGURE 6: FORMING OF STAINLESS STEEL (LEFT) AND TITANIUM (RIGHT)

Due to the challenges described, knowledge-based process design is essential for forming in the aviation
context. The characteristics of the material can be determined by means of comprehensive material
characterization. The determined values can then be used in numerical forming simulations and the resulting
shape deviations can be determined. This makes it possible to determine the process parameters and tool
geometry according to the requirements without extensive empirical studies (see FIGURE 7).
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FIGURE 7: PROCEDURE FOR KNOWLEDGE-BASED TOOL DESIGN

3.3.Separation and Cleaning

When separating or cutting metallic bipolar plates, excess material is removed after forming. This is required
in various areas of the bipolar plate. These are the outer contour, the media inlets or ports and the media outlets
or tunnelings from the ports to the flow field. Geometrically, the tunnelings in particular can present a challenge
due to the small geometries.

There are basically two categories of challenges for the trim. The first is the geometric accuracy of the trim
relative to the forming and the target geometry. The second category is the quality of the cutting edge. These
include the presence of a burr, the homogeneity or roughness of the cutting edge and the impairment of the
material due to thermal or mechanical influences. Another parameter in the laser cutting process is the resulting



cutting width. [28] Using the example of the size ratios when cutting metallic bipolar plates, the size of the
cutting gap is a relevant parameter for achieving the required geometric accuracy.

In laser cutting, the material is melted or vaporized by a focused laser beam (see FIGURE 8). This material is
removed by the flow of gas and, in combination with a relative movement between the laser beam and the
workpiece surface, a cutting gap is created.

Cutting nozzle
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FIGURE 8: PROCESS PRINCIPLE OF LASER BEAM CUTTING [29]

Another process is remote laser cutting. This is particularly relevant for thinner sheets with a thickness of less
than 500 um. In remote cutting, the laser beam is guided over the workpiece by means of a deflection unit.
Several repetitions are necessary to achieve a cutting gap. The advantage of laser cutting is its high flexibility,
as no tools need to be manufactured. Disadvantages include a tendency towards longer cycle times and a
possible thermal influence from the cutting process [30,31]. For both cutting processes, a suitable device must
be used to ensure the exact positioning and flatness of the panel during the cutting process.

In shear cutting, the material is separated by shearing between a punch and a die (see FIGURE 9). Shear
cutting enables fast cycle times and can be synergistically combined with the forming process. In a progressive
die, both processes can be combined directly in one press. One disadvantage is that geometry-specific tools
must be manufactured, which increases costs. In addition, cutting the small geometries of the tunneling can be

a challenge.[23,32]
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FIGURE 9: PROCESS PRINCIPLE OF SHEAR CUTTING [32]

Contamination may remain on the half-sheet after cutting. This can affect not only the subsequent
production processes but also the operation of the fuel cell.[33] Contamination may remain on the half-sheet
after cutting. This can affect not only the subsequent production processes but also the operation of the fuel
cell. During remote cutting, it has been observed that smoke remains around the cutting edge. Cleaning after
cutting is recommended to ensure a reliable welding process. In prototype production in particular, wet cleaning
can be carried out in an ultrasonic bath. The result before and after cleaning after a remote laser cutting process
is shown in FIGURE 10. Cutting parameters that exert a high thermal load on the material are shown on the
left. After cleaning, a discoloration remains, which may indicate oxidation. The cutting parameter shown on the
right shows more contamination after cutting, but better cutting quality after cleaning. The cut parameter
shown on the right shows more soiling after the cut, but visually less discoloration after cleaning. However,
variables such as burr formation and the homogeneity of the cutting edge are also necessary for an assessment
of the general cut quality.
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FIGURE 10: CONTAMINATIONS OF REMOTE LASER CUTTING BEFORE AND AFTER CLEANING

3.4. Joining

The anode and cathode half-shells are connected to form a bipolar plate. The primary requirement is the
tight connection of the two half-shells. Tightness must be ensured both from the bipolar plate to the outside
and between the individual media channels themselves. One connection technique is laser welding. The two
half-shells are melted locally by the laser beam and joined without the application of additional material (see
FIGURE 11). Advantages are, for example, a fast process with high process speeds of theoretically >1 ms™.
Practical speeds are more in the range of 0.5 to 1 m s'. In addition, narrow, deep weld seams are also possible
and tend to be more durable than panels bonded with adhesives or sealants. Disadvantages include the thermal
influence and possible distortion or oxidation of the material, meaning that welding in a protective atmosphere
or vacuum is necessary. In addition, precise fixture technology is required for positioning and pressing to create
the zero-gap required for welding, and ramping up or down the power may be necessary to avoid blowouts at
the start and end points of welds. While increasing the welding speed of the laser receives a lot of attention,
the fixture technology and handling, which are responsible for a relevant part of the process time and costs,
receive comparatively little attention. [23,34-39]
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FIGURE 11: PROCESS PRINCIPLE OF LASER WELDING [4]

3.5. Quality control

Quality control for metallic bipolar plates can be divided into two areas. The first is quality control within
the production chain. The geometry of the bipolar plate can be measured to assess the forming quality. Due to
the small geometries, non-contact methods such as laser triangulation are particularly relevant. [23] Another
test is the leakage test of the welded plates. Here, the tightness of the weld seam is assessed, which must seal
the plate to the outside and the media channels to each other. Depending on the required sensitivity and cycle
time, a test with air or tracer gases such as helium can be used for leak testing. [40,41] At present, however,
there is no known comprehensive quality assurance system for the entire process chain that goes beyond the
observation of individual process steps such as forming. The second part of quality assurance describes the
characterization of the produced bipolar plates with regard to the operating properties. This can be done using
the DOE targets for metallic bipolar plates, for example, so that reference values are available. The two most
relevant parameters are electrical contact resistance and corrosion resistance. [42,43]



Quality assurance is of particular importance for aviation applications of fuel cells. It must be ensured that
a process comprehensive quality management system is established as an integral part of the aviation specific
certification according to DIN ISO 9100 (see FIGURE 12) [15,16]. It should be noted that the specification
documents for fuel cells in aviation are currently under development. For example, there is a special condition
paper for electric / hybrid propulsion system, but the use of hydrogen is currently explicitly excluded [44]. In
particular, measurement procedures and protocols must be developed for the individual technologies in the
process chain. In addition, the digitization of process steps must be focused on. This is a prerequisite for efficient
process monitoring and track and trace. This includes appropriate sensor data acquisition, technology-specific
data analysis and defined technology-specific interfaces [15].

quality management system
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FIGURE 12: QUALITY MANAGEMENT SYSTEM OF BPP PROCESS CHAIN

3.6.Integration in FC-stack

The assembly of FC stacks involves stacking and the compressing of BPPs and MEAs to create a functional
arrangement (see FIGURE 13). Precise positioning during stacking is crucial for sealing and low electrical
resistance. The process may benefit from a controlled environment due to the MEA's sensitivity to temperature
and humidity fluctuations. Two stacking approaches are discussed. In Version A, pre-stacking involves placing
MEAs between BPP halves, followed by testing and final stacking. This process ensures individual cell
functionality, but it has a longer cycle time. In Version B, all components are positioned at once, and the stack
is tested as a whole, resulting in a shorter cycle time but a higher risk of malfunctions within the stack.
Regardless of the version, end plates, current taps, bracing elements, and connectors are added to complete
the FC stack. After stacking, compression is essential to maximize contact surfaces between components for
low electrical resistance and proper sealing. The stacking process is then finalized by leakage and insulation
testing [4,45].

Assembly
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and Gaskets
End Gasket
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FIGURE 13: PROCESS PRINCIPLE OF FUEL CELL ASSEMBLY [4]

In other industries, such as the automotive industry, the focus is on reducing cycle times and unit costs. [46]
In the aviation industry, quality is the primary concern. Industrial robots can be used to set up automated
stacking systems called assembly cells. This allows flexible, precise and repeatable stacking. [45] The technical
implementation has to meet the challenges of high repeatability, handling of different flexible components and
tight positioning tolerances. [46] Regarding the last point, it must be considered that the resulting positioning
tolerance and thus the achievable tolerance field for stacking results from the individual positioning tolerances
of the components used. For example, a tolerance analysis by BOBKA [45] of vision-based automated pick and
place systems shows that the gripper mechanism has the most significant influence and that this component
should be the focus of future research. In the context of aviation applications, it is also necessary to develop a
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high-performance track-and-trace system for stacking fuel cells. Otherwise the quality and certification
requirements of the European Commission [16] and, for example, the International Organization for
Standardization and [15] are not applicable.

4. CHALLENGES FOR PROCESS CHAIN

When considering the entire process chain, it can be stated that no comprehensive quality assurance system
is described in the state of the art. The focus is particularly on the individual process steps of forming and testing
or characterization.

As described in FIGURE 3, the process chain consists of a chain of different process steps. The tolerances of
the individual process steps add up accordingly over the process chain. While the tolerance for each individual
process step may still be within the respective specifications, it is possible that the sum of all deviations across
the process chain will make reliable production within the process specifications impossible. Deviations are all
the more critical the earlier they occur in the production process. Conversely, for positioning tasks, for example,
it is preferable to use features that are introduced as early as possible in the production chain to minimize the
accumulation of tolerances. Using welding as an example, the laser process cannot be regarded as independent
for a reliable product result but is dependent on the forming and cutting process. FIGURE 14 shows three
different cross-sections of welded joints. In the left image, there is no gap between the upper and lower half-
shell. The weld seam is continuous. In the middle cross-section, there is a gap between the upper and lower
half-plate. This gap runs parallel between the two half plates with a size of around 50 pm, which in this case
corresponds to half the material thickness. The gap is too large to be bridged by the weld seam, resulting in an
unsuccessful weld. The right cross-section also shows a gap between the two half shells. However, this is
narrower on both sides. A closer look shows that the weld base has a convex curvature after forming. It is
therefore not possible to reliably produce a zero-gap, even with optimum pressure. An existing burr or impurities
can also make it difficult to set a zero-gap.

Optimal forming Inadequate Inadequate
and clamping clamping forming

FIGURE 14: INFLUENCE ON JOINING PROCESS [47]

Successful welding requires not only a high-quality weld seam itself, but also the positioning of the half
shells. FIGURE 15 shows a cross-section of a welded bipolar plate with incorrect alignment of the two half-
shells. Two different strategies can be used for positioning, for example. One is positioning at the cutting edges
and the other is positioning at formed features. If positioning is carried out at the cutting edges, the alignment
of the two half-shells is subject not only to the positioning tolerance of the welding process but also to that of
the cutting process. If the required tolerance is maintained for each of the individual process steps, it is possible
that the sum of the two tool rings is outside the process specifications. If, for example, the bipolar plate is
positioned at formed features for welding, the summation of the tolerances is prevented.

FIGURE 15: MISALIGNMENT OF WELDED BIPOLAR PLATES [47]

5. CONCLUSION
In summary, it can be said that each of the individual processes is subject to different challenges. These
were presented and summarized for the individual processes. A separate consideration of the individual

10



processes and their challenges is not considered sufficiently to achieve the quality requirements demanded for
aviation. It is proposed to combine process-specific quality assurance with cross-process quality assurance. Using
forming as an example, this could be a geometric measurement of the formed bipolar plates after the forming
process. The geometries that are particularly relevant for the subsequent process steps, such as positioning
geometries, areas for welding or areas in which a seal is applied, are particularly important. Any deviations, e.g.
with an effect on positioning, must be taken into account for the respective process step. When cutting, it is
possible to compensate for these deviations if they are present and known. If welding is also positioned using
shaped features, the tolerance chain is prevented from growing. However, knowledge of any deviations in the
forming or cutting contour can also simplify the development of the necessary devices and increase process
reliability. This also applies to the handling and positioning processes when integrating the individual
components into the fuel cell stack to create a complete fuel cell.
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