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Abstract: Hydrogen technology is central to the process of turning away from fossil fuels. Electrolyz-
ers and fuel cells of various sizes are needed to implement the hydrogen strategy. The cost-efficient
forming of bipolar plates is key to the implementation of this strategy. Based on previous research,
this paper presents active and passive hydroforming using the example of the production of bipolar
plates for fuel cells. Furthermore, different systems for sealing the hydroforming pressure between
tool and sheet are presented and compared with regard to their behavior in forming tests, their failure
characteristics and the resulting process parameters.

Keywords: electric vehicle; forming; fuel cell; hydroforming; manufacturing process; metal forming;
production; prototyping; sheet metal; stainless steel; steel; tool

1. Introduction
1.1. Motivation

The use of hydrogen as a storage medium for strongly fluctuating renewable-energy
sources has been widely discussed, especially since the publication of the national hydrogen
strategy of the German government in mid-2020 [1]. Electrolyzers and fuel cells of different
sizes are needed to implement the hydrogen strategy. Table 1 shows the expected hydrogen
demand and electrolysis capacity in Germany and the EU.

Table 1. Expected hydrogen demand and electrolysis capacity for Germany and the EU according
to [2].

Kev Figures 2030 2030 2050 2050

y g (Scenario A)  (Scenario B)  (Scenario A)  (Scenario B)
Hydrogen demand (in TWh), 4 20 250 800
Germany
Hydrogen demand (in TWh), EU 30 140 800 2250
Electrolysis capacity (in GW), 1 5 50 80
Germany
Electrolysis capacity (in GW), EU 7 35 341 511

To achieve the necessary hydrogen-production capacity, a large number of electrolyzers
and, thus, bipolar plates are required, which at best have to be produced in large quantities
within a very short time. Bipolar plates have optimized flow fields to ensure the transport
of water and the separation of product gases. The materials used are coated stainless
steels or titanium alloys. The typical processes for high-volume production are forming
processes, such as hollow stamping, hollow embossing and hydroforming. In this paper,
hydroforming is addressed.
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1.2. State of the Art

In the following, the research on the classic active hydroforming process, the passive
hydroforming process and the sealing systems to be used between the filling plate and the
component is presented.

1.2.1. Active Hydroforming

The process principle of classic active hydroforming is shown in Figure 1.

[ Upper die / Water Box ]\

[Hyd roforming pressure}-\_.

[ Component ]/ 4 VoV Y Ny =

[ Lower die ]//.

Figure 1. Process principle and components for active hydroforming of bipolar plates according
to [3].

The part geometry is mapped on only one side of the mold. The high pressure required
for forming is generated by external pressure intensifiers and injected into the filling /water
plate via high-pressure hoses. In hydroforming, the medium pressure acts against the press-
closing force, which is the reason why the high closing force of the hydroforming press is
required. An appropriately dimensioned sealing system is necessary around the forming
zone. In the case of production from coil, seven to eight strokes per minute can currently
be achieved [4], but if appropriate tool concepts for parallel production are applied, up to
approximately 30 parts per minute can be produced within one press [5,6].

1.2.2. Passive Hydroforming

The aim of passive hydroforming is to avoid the need for water hydraulics on the
press side, including pressure intensifiers. This allows the use of hydroforming on presses
without this high-pressure technology. The process was used for the first time at Fraunhofer
IWU for manufacturing a kidney dish with a maximum forming pressure of 37 MPa (see
Figure 2 [7]). Until now, passive hydroforming has not been used in processes with forming
pressures of up to 200 MPa, as they are required for producing bipolar plates.

(©)

Figure 2. (a,b) Tool for passive hydroforming; (c) test components applied with tool (material: DX54D

steel, wall thickness 0.6 mm), according to [7].

The process of active and passive hydroforming differs particularly in the phase of
the buildup of the clamping force and forming pressure. In classic active hydroforming,
first the closing force is built up after the press is closed and then the forming pressure
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is produced by means of pressure intensifiers. In passive hydroforming, the buildup of
high pressure depends on the path of the press stroke and the buildup of clamping force.
Depending on the press used, the buildup of high pressure can therefore be very fast and
shorter cycle times can be achieved. Table 2 shows a comparison of the cycle times to be
expected when working from the coil.

Table 2. Expected cycle times for active and passive hydroforming of bipolar plates for production
from coil.

Cycle Times of the Single Processes

Closingof  Buildup of the  Hydroforming Opening of the oy 7°'©
Coil Feed osing o uildup of the ydroforming pening of the Time
the Press Clamping Force Process Press
Active hydroforming 1s 1s 2s 3s 1s 8s
Passive hydroforming 1s 2s 1s 4s

1.2.3. Sealing Systems for the Hydroforming of Sheet Metal Components

Tools for sheet hydroforming are comparatively simple. The sealing between the sheet
to be formed and the filling plate is the most challenging aspect of mold technology. To
compare the properties of different sealing materials and concepts, numerous investigations
considering single-sheet hydroforming focused on this topic [8,9]. In addition to elastomer
seals (O-ring [10,11], Kant-Seal and quad-ring), elastomer-Teflon and elastomer-metal
seals have been investigated [12,13]. O-rings were also investigated with an additional
metallic back-up ring [14,15]. Furthermore, experimental tools without additional seal-
ing element [16], with metallic pinch-off and sealing bead [11], viscous [17] or magnetic
rheological fluids [18] or fluids with integrated fiber materials [19-21] for sealing smaller
leakages/gaps are presented in the literature. For tools without an additional sealing
element and a purely force-fit sealing in the flange area, very high press forces are required.
From investigations with axially symmetrical workpieces, a ratio of the surface pressure
in the flange area to the internal pressure of 1.6 was recommended [12,13]. Due to the
comparatively high forming pressures of approximately 200 MPa required for bipolar plate
production, very high surface pressures and closing forces result from such technically
simple systems. In molds for hydroforming sheets with wall thicknesses of more than
0.5 mm, Fraunhofer IWU has so far mainly used copper sealings [22]. In addition to the
sealing function, they must also allow the relative movement of the sheet on the sealing so
that material can flow into the forming zone.

In the hydroforming of thin metal foils, as used for bipolar plates for fuel cells and
electrolyzers, it is not necessary for material to flow into the forming zones, but as the
sealing must not leave any marks on the components, it can be placed as far as possible into
the partly flat boundary area of the component contour. Therefore, new sealing concepts
were developed for hydroforming of components from thin metal foils. A compromise
needed to be found between technological feasibility, costs and the necessary clamping
force. The latter depends on the operating principle of the sealing (purely metallic sealing,
use and contour of flexible sealing elements) and must be kept as low as possible due to
the limited closing forces on hydroforming presses and the comparatively large effective
areas of the components.

1.3. Aims and Approach

In principle, the hydroforming of bipolar plates is the currently applied method,
but the process still offers potential for further improvement. The main objectives are to
reduce the cycle time and the necessary press-clamping force. As explained above, passive
hydroforming has high potential to reduce cycle times. Therefore, the aim of this study
was to adapt and test this process variant for high forming pressures as they are required
for manufacturing bipolar plates. The press-closing forces during hydroforming depend
on the forming pressure, the pressure-loaded area and the required safety. The forming
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pressure and pressure-loaded area are basically determined by the part geometry, so that
only the safety factor is available for the possible optimization of the closing forces. One
possible factor influencing safety is the sealing system between the sheet to be formed and
the mold. Thus, the improvement of this sealing system is a central aspect of the presented
work. Various systems were developed and compared in trials.

2. Materials and Methods
2.1. Development of the Passive Hydroforming for Bipolar Plate

The die concept for passive hydroforming was further developed, as shown in Figure 3.
It is important that during the press stroke, a sufficient clamping force acts on the die face
to be sealed between the water box and the die engraving so that the system remains closed
and cannot open. In the design of the cylinder integrated in the mold for pressure buildup,
care must therefore be taken to ensure a suitable ratio of the effective area of the piston to
the forming area. In addition, a basic clamping force must act on the system to be sealed
in order to prevent the early opening of the system between the die and the water box.
This is possible with the aid of suitably designed springs or gas-pressure dampers acting
on the fluid distributor. When the press is closed, the movement of the displacing piston
compresses the active medium enclosed in the die. This allows sufficient pressure to be
generated for forming bipolar plates.

— ]
/ |
| Intake Valve | ‘ Pressure Relief Valve

Figure 3. Cross section of a tool for passive hydroforming during pressure-build-up phase.

Table 3 summarizes the parameters for initial tests of passive hydroforming and
the reference parameters used for a comparison with active hydroforming. Due to the
restrictions regarding the availability of tools and machines, the tests for active and passive
hydroforming were carried out on different production presses with different tools.

Table 3. Parameters for the comparison of active and passive hydroforming.

Parameter Active Hydroforming Passive Hydroforming

Part Fraunhofer Bipolar plate V1 Vitesco Bipolar plate

Size of the pressurized area 97,650 mm? 8840 mm?

(length x width) 530.2 mm x 188.2 mm 95 mm X 95 mm

Material 1.4404 with 0.1 mm sheet thickness

Forming press Schuler SHP 50.000 Dunkes HS3-1500/Retrofit by AP&T

Sealing technology

combination of O-ring and support ring

Process parameter closing force 20,000 kN 2000 kN

forming pressure

200 MPa 200 MPa
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2.2. Development of Sealing Systems

In addition to the basic technological usability of the systems, the aim of the sealing-
system developments and, thus, of the tests was, above all, to identify a system with which
a reliable seal between the part to be formed and the mold can be ensured with the lowest
possible clamping force. This is the basis for reliable production of good parts of maximum
size at sufficient forming pressure on the smallest possible presses.

A purely metallic sealing, without additional elements or sealing beads, is the simplest
version of a high-pressure seal and works only via the force fit of surfaces pressed against
each other. Here, the mold engraving and filling plate are pressed against each other as a
result of the press-closing force. The outer-edge impact surface corresponds to the sealing
surface. Figure 4a shows schematically the application of this principle on the basis of a
forming operation of bipolar plates. The key factors for the sealing effect are the effective
press-closing force and the respective surface roughnesses of the component and the sealing
surface of the filling plate. Limiting factors are the surface pressure, which can be exerted
by the filling plate on the sealing surface and the available press closing force. This sealing
concept is particularly suitable for forming at high temperatures. This can be helpful, for
example, in the manufacturing of bipolar plates made of titanium.

Component (e.g. BPP)
Sealing Surface

@ ,
s
(b)

Component (e.g. BPP)

(c)

Figure 4. Working principles of the sealing systems developed: (a) without additional sealing element,
(b) sealing by means of an O-ring, (c) sealing by means of a combination of O-ring and support ring.

An O-ring (I3 mm, NBR70 acc. to ISO 3601) arranged in a groove (Figures 4b and 5a) is
the simplest type of sealing with a flexible sealing element and allows the lowest circumfer-
ential material addition on the sheet for the sealing, of 10 mm. It thus enables comparatively
good material-utilization rates [23]. For example, for a bipolar plate measuring 200 by
300 mm, this is approximately 85 percent. Due to the high pressures to be sealed, the O-ring
groove is modified compared to the standard O-ring groove. It is slightly smaller compared
to the variants with a support ring, which reduces the area acted upon by the forming
pressure. However, since the groove is sharp-edged on the upper side, there is a risk of
the O-ring flowing into the smallest gaps between the filler plate and the sheet during the
process and, thus, becoming damaged.

To prevent this damage, a variant of the O-ring seal was designed with an additional
one-piece milled support ring, which is shown in Figures 4c and 5b. The support ring has a
round contour in the area where it contacts the O-ring and is slightly higher than the sealing
ring groove. This is to prevent the risk of the O-ring flowing into the gap between filling
plate and sheet. In addition to soft metals, plastics are most suitable semifinished products
for the support ring. Since tests with other components have already shown that support
rings made of copper are very sharp-edged in the event of defects in and subsequent
damage to O-rings, Polyetheretherketon (PEEK) was initially used for the tests. Since the
manufacturing of one-piece milled support rings for the forming of large components is
associated with very poor material utilization of the high-performance plastic and, thus,
very high manufacturing costs, a search was carried out for a more economical variant. One
suitable method is 3D printing, which was used to manufacture a one-piece 3D-printed
support ring (Figure 5c) from filament of the material ePLA-ST [24]. On the other hand, a
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multi-part milled support ring (Figure 5d) made of PEEK was fabricated to improve the
material-utilization rate during milling.

Figure 5. Filling plates with different sealing systems: (a) sealing with O-ring, (b) sealing with O-ring
and milled one-piece support ring, (c) sealing with O-ring and 3D-printed one-piece support ring,
(d) sealing with O-ring and milled multi-piece support ring.

Tests with the same test parameters were carried out for all sealing systems to investi-
gate their effect and, in particular, their influence on the closing force. The target pressure
was 250 MPa. The closing force was varied in three stages (2500 kIN, 2000 kN and 1500 kN)
and each test was performed three times. The selected process parameters gave safeties
for the theoretical closing force between 0.9 and 1.5. On all tests, it was evaluated whether
leakage occurred and at which pressure and closing force. The pressurized areas could
then be used to determine the necessary safety of the closing force. Of particular interest
were the process parameters at which leakage started. The Dunkes HS3-1500 press of the
Fraunhofer IWU (Chemnitz, Germany) used here does not operate with constant force
control, but rather blocks the hydraulic oil in the ram via a valve after the clamping force is
applied. If the forming pressures are too high, the mold opens. This increases the pressure
in the ram cylinder and, thus, the clamping force. In areas where the mold seal can still
compensate for this, the mold initially remains closed. The closing force can then be used
to evaluate the forming tests.

3. Results
3.1. Comparison of Active and Passive Hydroforming

Exemplary formed bipolar plates are shown in Figure 6a for the process variant of
active hydroforming and in Figure 6b for the process variant of passive hydroforming. In
the case of active hydroforming, the target-forming pressure of 200 MPa was applied and
even fine details and sharp edges were formed very accurately.

Figure 6. Bipolar plates produced by (a) active hydroforming, (b) passive hydroforming.



Eng. Proc. 2022, 26, 11

7 of 10

So far, only initial trials have been carried out with the mold for passive hydroforming.
Forming pressures of over 300 MPa were achieved. The figure shows a component which
was very accurately formed at 200 MPa. This demonstrated the potential of the process.
Further basic tests with the mold are planned for the near future in order to understand the
relationships between the ram stroke and the internal pressure and, in particular, to be able
to develop the fundamentals for process control.

3.2. Sealing Systems for the Hydroforming of Sheet-Metal Components

The sealing systems were tested regarding their usability; typical failure cases were
identified and possible optimization approaches were deduced. As expected, forming
with a purely metallic sealing, without additional elements or sealing beads required very
high closing forces. At a closing force in the range of 2.5 times the theoretical closing force
(pressurized area multiplied by the maximum forming pressure), leakage already occurred
at the mold.

By using a simple O-ring sealing, the necessary closing force was significantly reduced.
Thus, the first leakages occurred there when the closing force fell below a safety level of
30 percent, i.e., 1.3 times the theoretical closing force. However, at high forming pressures,
the O-rings were pressed into the smallest gaps between the sheet metal and the mold. In
connection with the sharp-edged O-ring groove, this led to damage to the O-ring (Figure 7)
Therefore, this sealing is not recommended for series production.

(b)

Figure 7. O-ring sealing-failure cases: (a) O-ring starts to flow and (b) O-ring seal failure at 200 MPa.

The various variants with sealing by a combination of support ring and O-ring showed
comparable behavior with regard to the necessary clamping force. Leakage occurred when
the clamping force falls below the safety level of 35 to 40 percent. However, the failure
behavior was quite different (Figure 8).

The one-piece milled support rings failed because the mold opened due to the insuf-
ficient clamping force and the support ring flows into the gap between the mold and the
workpiece. With the multi-part milled support rings, the O-ring first flowed into any gaps
between the support-ring segments and therefore failed before the support ring. This could
have been avoided if the division plane of the support rings had been arranged at an angle
of, for example, 15° from the horizontal parting plane of the mold, so that any gaps were
compressed by the press-closing force. The 3D-printed support ring was printed using the
filament process and had hollow spaces between the deposited filament webs. These filled
with water at high pressure and the ring broke when the mold was opened. Support-ring
O-ring systems require slightly higher closing force than a pure O-ring sealing. However,
sealing systems are much more durable. At Fraunhofer IWU, a combination of O-ring
and one-piece PEEK support ring was used for about 1000 press strokes without failure or
clearly visible wear.



Eng. Proc. 2022, 26, 11

8 of 10

(a) Support ring flows into gap (b) O-ring flows into segment separation

between metal foil and tool

—— .

if gap is present

(c) Support ring flows into gap

between metal foil and tool (d) Total collapse of the support ring

Figure 8. Sealing-failure cases (O-ring with support ring): (a) one-piece milled PEEK support ring,
(b) multi-piece milled PEEK support ring, (c,d) one-piece 3D-printed support ring.

4. Conclusions

It was shown that both active hydroforming and passive hydroforming can be used for
manufacturing bipolar plates. Passive hydroforming offers the possibility of using presses
which were not originally built for hydroforming and do not have a water hydraulic system.
This means that even drawing and forging presses can be used for the hydroforming of
bipolar plates. Further investigations are necessary to compare the achievable cycle times
of the two processes in detail. However, it can be assumed that the cycle time for passive
hydroforming is up to 50 percent lower than that of active hydroforming. To optimize the
cycle time, the fully automated production of the coil and the trimming of the part must
also be taken into account.

The comparison of the sealing systems showed that forming without additional sealing
elements is only possible with very high closing forces for comparatively small parts. Pure
O-ring seals offer the highest potential for reducing the press-closing force, but are subject
to very high wear. As a compromise, combined O-ring support-ring systems are suitable
for the serial production of hydroformed components. With these systems, the necessary
safety for the closing force is approximately 40 percent. Based on a forming pressure of
approximately 200 MPa, a pressurized area of a maximum of 0.18 m? was achieved on
a 50,000-kilonewton press commonly used in industry. This enables the production of
larger bipolar plates for electrolyzers with one part per press stroke, as well as the multiple
production of smaller bipolar plates for fuel cells for mobile applications.

Laboratory tests suggest that the cost-effective production of the support rings by
means of 3D printing or as a multi-part milled design is also possible but here, further
development work is necessary with regard to durability and manufacturing quality. With
regard to a fully automated production process, hydroforming must also be adapted to
work from coil and additional trimming stages and stacking systems must be integrated, as
the parts must be handled very carefully to prevent damage.
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