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ABSTRACT

Hollow embossing rolling (HER) is an innovative process in which two oppositely embossed rollers continuously form strip
metal into a variety of complex three-dimensional shaped goods. This new rolling technology enables the time- and cost-
enhanced manufacture of bipolar half-plates for fuel cells and electrolyzers, and it can potentially be used for producing
components of HVAC appliances or of consumer electronic devices. While first, predominantly simulation-based,
improvements of HER have been achieved, it lacks an experimental investigation of the process’s key parameters. Here, these
key parameters are identified, and the importance of the interaction effects in HER is shown.
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INTRODUCTION

Rolling industry has traditionally thrived for optimizing costs and energy usage as well as the quality of produced goods while
keep using a long-established process [1]. Today, a variety of different shapes and materials can be manufactured by rolling,
including billets, blooms, plates, and ingots on the input and slabs, cross-sections, and plates etc. on the output side [2]. The
recent process of Hollow Embossing Rolling (HER) expands this portfolio of rollable goods. It uses oppositely arranged
rotating forming rollers (a punch and a die) to continuously form channel geometries into metal sheet strip material [3].
Research on HER ([3—11]) has mainly focused on bipolar plates (BPPs). BPPs serve as media distributors in electrolyzers and
fuel cell stacks [10] such as the mobility’s sector proton-exchange membrane fuel cell (PEMFC) [12]. They are typically
composed of an anode and a cathode [13]; both of them are referred to as bipolar half plates (BPHPs) [4]. There is a definite
need for the competitiveness of PEMFCs for BPPs to become less pricey in production and mass-manufacturable (~ 350 to 500
BPPs/fuel stack [4, 14]), which is possible by introducing new manufacturing processes that account for these demands [14].

While metallic, graphite, and polymer-carbon composite BPPs are spread [15], this paper exclusively focuses on the first
mentioned category. Metallic BPPs are associated with enhanced physical, mechanical, and chemical properties [16],
durability, a less expensive manufacturing, and lower material costs [17]. To evaluate today's manufacturing processes and
technology concepts for the production of metallic BPPs, first, a concise comparison of these processes is presented. Emerging
from the shortcomings of these technologies, prior processes to HER are introduced. The adjacent chapter gives an overview
on HER-related research for BPPs and the key parameters considered in research. With the existing machinery at Fraunhofer
IWU, parameter studies were conducted to enrich the research on HER. The results of these experiments are presented in detail.
Finally, the technical paper closes by indicating future research required in the field of HER.
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CONVENTIONAL AND CONCEPTIONAL PROCESSES FOR METALLIC BPPS

The manufacture of metallic BPPs typically follows a defined sequence that is denoted by [18] as “forming, separating, joining”.
After forming the flow field geometry into the metal sheet, the anode and cathode BPHP are trimmed, and finally these sides
are joined together to form a functional BPP [18]. Regarding the first step of creating the BPP geometry by forming, a variety
of established and conceptionally modeled processes have been investigated. In the following, a selection of these processes
shall be presented.

In hollow embossing, a metallic sheet is formed using high pressing forces applied by two rigid counter dies, in which the
material lies [13, 19]. Stamping, in general, is renowned for its productivity, high volume capabilities, and cost-efficiency [17,
20]. However, it exhibits technological issues in terms of the forming limit [20] and idle time due to its discontinuous nature.
Another forming technology investigated for metallic BPP is rubber pad forming [15]. It uses a rigid die and an elastic rubber
pad die for the application of counter-pressure as tooling [15]. The reduction to one rigid die and the usage of a soft counter
die ease the tooling production and assembly process, leading to cost-efficiency and time savings [21]. However, the
geometrical accuracy of the workpiece is not ensured because of the rubber pad die [21, 22], which has a short lifespan [15].
In hydroforming, a pressurized liquid media operating in the cavity between a set of dies forms the geometry of a clamped
sheet via hydropressure [21]. Here, the well-known forming limit issue needs to be solved [20], and a currently low productivity
[18] worsen the process’s performance. Regarding micro-processes such as micro-electrical-discharge machining (micro-
EDM), micro-stamping, micro-electromagnetic forming, incremental micro-forming, and micro-roll forming have also been
investigated in the context of metallic BPPs [6, 13, 14, 21-23]. Latter shall be reviewed together with other roll forming
technologies to be compared to HER. While micro-EDM suffers from low attractiveness in terms of quality and production-
/cost-efficiency [22], the economically efficient process of micro-stamping is constrained by technological limitations
regarding the material thinning and channel formation [21, 23]. Incremental micro-forming is currently not suited for
application in high volume industrial production , though it shows potential for usage in early research stages of BPHPs [13].
Micro-electromagnetic forming excels traditional stamping in terms of its tooling cost-advantages and simplicity [14].
However, technological challenges, such as the conductivity properties of the BPP material or the pressure distribution needed
for their manufacturing, prevail [14]. Overall, the mass-scale production of BPPs by micro-manufacturing technologies is
adversely affected by the tribological conditions and service life issues of the utilized tooling [16].

Comparing the mentioned processes for metallic BPPs, hollow embossing and hydroforming are industrially established while
providing a qualitative way of manufacturing BPPs. However, the achievable production rates are limited due to the nature of
these processes. Therefore, in recent years, the continuous forming of BPPs by rolling has gained momentum. With HER, the
manufacturing of metallic BPPs in a high speed manner, i.e. up to 120 BPHP/min, is envisioned [13, 24].

HOLLOW EMBOSSING ROLLING AND SIMILAR PROCESSES

Technological Pre-Developments Enabling Hollow Embossing Rolling

The basic idea behind HER to form the shape of a metallic strip sheet by means of a set of embossing rollers, is not entirely
new. For example, [25] describe an embossing machine and the manufacturing of its embossing rollers. Moreover, [26] filed a
patent for a pair of embossing jackets for rotary register embossing rollers used for the process’s sheet metal forming. [27]
exhaustively describes the usage of a sub-licensed process consisting of oppositely engraved interlocking rollers for the
manufacture of spherically embossed strip goods by bending and stretching deformation at Dunford Hadfields Ltd. in Sheffield,
1969. Similarly to HER, one roller’s vertical position can be adjusted to apply a defined force against the other roller [27].
However, the manufactured workpieces differ much from today’s thin foil BPPs. [27] lists the utilized machinery (five to 250
ton compressive capacity) and strip specifications (0.635 mm to 2.032 mm max. thickness, 304.8 mm to 1,676.4 mm width).

Contrarily, BPPs in research on HER and/or similar processes typically have a thickness ranging from 0.05 mm to 0.1 mm and
consist of metal strips such as stainless steel [3, 4, 6, 7, 10, 19, 23]. Regarding the sub-millimeter scale of the channel geometries
in BPPs [7, 11], recent research activities have greatly expanded the applications of the underlying forming principle. In the
past years, multiple research works have been published that explicitly aim to manufacture BPHP-typical channel geometries
by rolling technology. Due to the process’ principles, however, only continuous longitudinal or transversal channel geometries
were produced with these preliminary forming processes (further referred to as similar processes are [23, 28—30]). These studies
provided the basis for development of HER, which was first introduced by Bauer et al. [4] as “roll forming”. To better account
for this researched process’s similarity to the well-established hollow embossing, Reuther et al.Klicken oder tippen Sie hier,
um Text einzugeben. [7] adopts the term “hollow embossing rolling” (HER). Latter term has spread across the field and is also
used by this paper as it follows this convention.

Research on Hollow Embossing Rolling

As described above, the continuous forming of channel geometries in HER is realized by a synchronous roller rotation of a
punch and a die roll. Since these rollers contain an arbitrarily complex, discontinuous engraving, the restrictions of legacy
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and/or similar processes no longer arise. In the publications of Bauer [5] and Bauer et al. [4], both experimental and numerical
studies were conducted to demonstrate the overall prowess of the process principle and to increase the HER-related
understanding. Quality-relevant criteria of BPHPs, such as wrinkling and flatness deviations, were evaluated and optimization
potentials were described, primarily on the basis of forming simulations. Initial technological key parameters such as the rolling
gap and the strip tension were presented and partially evaluated on the basis of numerical studies, although a well-founded
experimental study was not possible due to the used machine technology. The studies published by Reuther et al. [7, 10, 11,
31-33] in particular further developed the numerical modeling and its accuracy. Initial experimental studies on discontinuous
BPHP test geometries confirmed the suitability of HER for BPPs and also demonstrated the influence of the strip tension on
wrinkling tendencies and the thinning behavior. More efficient modeling approaches have increased the complexity of the
BPHP geometries that were simulated, so that extensive numerical studies on the technologically influencing variables were
possible. Based on this work, the key process parameters in machine development can be identified as strip tension and
clamping or forming force. Moreover, relevant disturbance variables result from the rollers’ elasticity, which contributes to
load-dependent rolling gap changes, friction, a misalignment between the rollers, and manufacturing-related inaccuracies of
the roller engravings.

Accounting for both types of investigation, numerical and/or experimental, table 1 illustrates the set parameters in HER-related
research. While different BPP plate dimensions PD (e.g. [3, 5, 11, 31]) and material thickness 7 (e.g. [8, 24, 32]) were employed,
variations in the target rolling gap RG ([5, 11]) and/or forming force F, ([3, 9]), the rolling direction RD ([4, 5, 11]), the strip
tension a, ([7, 11]), the rotational speed of the rollers w ([5, 6, 11]), the roller diameter d ([5, 6, 11]), and the clamping force
F, . ([11]) occurred, there is a lack of consistency in terms of parameter selection and an insufficient experimentally-based
clarification regarding the importance of these parameters across the research base. For this reason, it is, that this paper tries to
clarify the key parameters in HER. Using one selected BPP design, a defined set of rollers, and the often chosen 1.4404 material,
experimental parameter studies were conducted.

Table 1. Parameters as defined in HER-related numerical and experimental studies.

[4] [5] [8] [24] [3] [10] [7] [6] [34] [33] | [9] [11] [35]
Material 1.4404 | 1.4404 | 1.4404 | 1.4404 | 1.4404 | 1.4404 | 1.4404 | 1.4301 1;!?}014 - S | 1.4404 | 1.4404
¢in mm 0.1 0.1 0.05 0.1 0.1 0.1 0.1 |0.1-02] 05 0.1 0.1 0.1
45 45 >/; 30
PD 52 52’/‘28 100 | o0 s | 50210 | 1o 30l s x 30 ] 300 "/30 . | 70x50, | 150
(mm X mm) x 28 x 50 (wide) x 350 55,60; |x 3810
74 x 40 380 320
x 150 < 150
0.1,
0.12, 0.085 -
in’:nGm* 0.12 | 0.08- - - - 0.1 0.1 - - 01 | - | 0115 | 0.1
0.16 /
0.1
. 0 and 0 and
RD in deg % % - - - - - . - - - 0 -
0-101
/
Ox X X X - - - lo-101] - - - | - o0-360, | 150
in N/mm? s
100 —
150
3,
3.1, 73 20-73
. “’/ . 3.1 121- | 60 20 . 20 20 | gl - - - / 29.6
in rev./min 281 ,432. 95,
29.6
105,
200
din mm 105 105 105 200 100 105 105 | 10-160 - 105 | - / 245
/150 100 -
400,
245
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EXPERIMENTAL PARAMETER STUDIES

Machinery at Fraunhofer IWU

Building upon [3, 9], the HER machine configuration at Fraunhofer IWU incorporates three consecutive steps for the metal
strip to pass through: the feeding, forming, and an optional guiding stage. On the inlet side, the required strip tension o, is
induced by means of an adjustable braking torque 7, which prevents excessive wrinkling from propagating across the rolling
direction. In the forming stage, a positive (the punch) and a negative (the die) roller are arranged. This kind of hollow
embossing, which is enabled by the synchronized rotation of the tooling, continuously forms the three-dimensional workpiece
geometry. After the metal strip passed through the forming stage, a possible third guiding-related stage can be included in the
machine setup. For the parameter studies presented within this publication, it was restrained from using the third stage. Figure
1 shows the entire machinery setup with special focus on the forming stage.

(a) Schematic representation (b) Forming machine for HER of metallic BPPs (¢) Schematic structure
of the process sequence of HER of the formimng stage for HER of metallic BPPs

Machine frame

Tie rod
. pper roller
Upper roller support
‘ Forming zone

Lower roller

Lower roller support

Supportelement <

Figure 1. Schematic representation of HER (a), structure of the HER machinery setup at Fraunhofer IWU (b),
and schematic CAD-model of the forming stage (c).

Selection of Parameters for HER Experiments

With the constraints imposed by an efficient setup, the roller diameter (d = 243.5 mm) and PD (380 mm x 150 mm per BPHP)
(see figure 2) remained the same throughout the experiments. As can be seen by table 1, the selected = 0.075 mm thick 1.4404
stainless steel lies in-between the typical 0.05 and 0.1 mm thickness for this material grade, which supports a parameter study
with fairly balanced results. Given these restrictions, the parameters to be investigated are the strip tension g, the rotational
speed w of the rollers, and the forming force F, (that already incorporates the clamping force F; ;). The influence of RD was
not investigated; [4], [5], and [11] showed that the rolling direction’s influence is negligible. All of the investigated parameters
can either be directly or indirectly adjusted by the machine control.
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Figure 2. BPP plate geometry shown for the anode BPHP. [33]

Experimental Design

Five different initial strip tensions o, were applied as a restraining tension on the inlet side (B2 to BS), four experiments
investigated the variation of the initial forming force (C1 to C4), and another four experiments focused on speed variations (D1
to D4) (see table 2). In the following analysis, experiment B1 serves as a reference (short R). The results for the torque 7" and
the forming force F, are reported from the perspective of the bottom forming roller for the sake of simplicity.

Table 2. Parameter studies for strip tension (B), rotational speed (C), and forming force (D).

B1(R)| B2 | B3 | B4 B5S |[C1|C2|C3|C4 D1 |D2|D3| D4

o, at0°in N/mm?| 85.7 |47.3]63.6]|104.7|121.4|86.2|84.2|85.3|88.3|88.4|90.5|88.5| 93.6

F, at 0° in kN 28 |28.2| 28 | 28.2 | 28 |12.3(19.7|30.7|36.6|26.8|27.8|27.2| 274

o in rev./min 123 |123]123] 123 | 12.3 |12.3|12.3(12.3|12.3|24.6| 37 |49.3|147.8

Experimental Parameter Study Results

As can be seen in figure 3, the forming force and torque of the bottom forming roller roughly follow the geometry of the
BPHPs, especially for the cathode side (DP1 to DP3), the media ports and manifold sections, and the transitional area to the
anode side (from DP3). There is a sudden increase in forming force and/or torque on both BPHPs when the media ports and
manifold areas have been formed, and the linear flow field section starts. On the cathode side, the forming force and torque
remain fairly on the same level while the rollers form the linear flow field. This observation does not seem to apply to the anode
side (from DP3 to end), where only the torque reaches a plateau for the linear flow field, while the forming force is constantly
reduced. Similarly to the increased forming force and torque on the cathode side when entering the linear flow field, the torque
and forming force on the anode side sharply decline when leaving the linear flow field area.
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Figure 3. Torque and forming force for the reference experiment. The cathode (from 0-180°) and the anode (from 180-360°)
are shown beneath the diagram. The dashed lines represent discrete points (DP1 to DP4) chosen for the correlation analysis.
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Figure 4. Torque and forming force progression under different strip tensions.

Under variation of the initial strip tension (see figure 4), the torque of the bottom forming roller shows a qualitatively similar
progression with a leveled behavior according to the applied restraining tension (from the lowest to the highest strip tension
the torque is constantly on a higher level). In contrast to these findings, the forming force does not show this dependency.
However, the forming force for B2 shows a high peak value in the beginning areas of the cathode and anode linear flow field.
These data points exhibit overshooting issues. A possible explanation for this may be the absence of a sufficient strip tension.

Investigating the variation of the forming force (see figure 5), there are some peculiarities in the bottom roller’s torque
progression graph. Logically, with an increase in forming force as adjusted, a higher torque is required for forming the BPHPs’
geometry. In the anode linear flow field a phenomenon occurs that requires further investigation. For the reference, C3, and C4
data sets there is a rising or constant level of torque at the linear flow field, while C1 and C2 show a declining behavior. At the
cathode side (see DP1 to DP3 for reference), only C4, which has the highest pre-set forming force, does not face a sharp decline
in torque after the manifold areas have been formed. Moreover, a smaller spread between the data sets is noticeable at the
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cathode and anode side exit area. Further investigations regarding the interaction effects in the rolling gap may reveal the
underlying reasons for the described deviating torque progression and altered spread between the data sets.

750

700 No sharp decline after peak

—R—Cl —C2—C3—C4

Decreased spread

]

650
g 600

45 90 135 180 225 270 315 360
0 in deg

Figure 5. Torque progression under different forming forces.

When increasing the rotational speed of the forming rollers, there is an increased blurriness of the characteristic bottom forming
torque and forming force curve with a rise in forming speed and a shift of the linear flow field areas’ entry and/or exit is visible.
The reference data set (25 mm/s) and the data set D4 (300 mm/s) (see figure 6) depict the highest contrast. Possible reasons for
the mentioned blurriness include, but are not limited to, the signaling rate, the elasticities of the rollers, the intricate geometrical
design of the rollers, which may possibly lead to inherent manufacturing inaccuracies, and the rollers’ inertness.

—R—D1 —D2—D3 —D4 —R=—D1-—-D2=—D3—D4
650 '\ Broader peak} with higher speed Broader peak} with higher speed Higher level
L Peak formation blurries for D4 Peak formation blurries for D4 /

0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
0 in deg 0 in deg

For the interpretation of the experimental results, the interaction effects play a key role as interdependencies between variables
shape the HER process. For example, an increase in the bottom forming roller torque leads to a higher strip tension. Therefore,
a correlation analysis for the braking torque/strip tension, the roller speed, the torque of the bottom roller, and the forming force
was conducted at four discrete data points (DP1 to DP4, see figure 3 for reference). The correlation coefficients gathered in
table 3 depict the correlation coefficients as calculated over all reported parameter studies (B1 to D4). While a correlation
coefficient of -0.35 to 0.35 is classified as a weak correlation between variables and a correlation coefficient of -0.36 to
0.67/0.36 to 0.67 is considered to indicate a moderate correlations, a correlation coefficient of 0.68 to 1.0 represents a strong
correlation [34].

The correlation between the torque of the bottom forming roller 7 and the rotational roller speed w as well as the forming force
F7z and the torque of the bottom roller 7 varies significantly between DP1 to DP4, indicating a geometry and/or material-
dependent behavior. Concerning the remaining correlations, there is no change from a former weak correlation to an increased
moderate or strong one. However, these more uniform correlations between the DPs allow to make general assumptions about
the influence of changing parameters on the process’s output. While an increase in the braking torque 7}, directly translates into
a higher strip tension o,, which is reasoned by the machinery setup, it has close to no influence on the rotational roller speed
w or on the forming force F7. Latter also applies to the correlation between the strip tension g, and the rotational roller speed
w or the forming force F'z, while the strip tension o, shares a moderate to high positive correlation with the torque of the bottom
forming roller 7. Finally, the forming force Fz and the rotational roller speed w show a weak correlation, i.e. a change in one
of the both variables does not significantly alter the value of the other one.
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Table 3. Correlation coefficients for DP1 to DP4.

' | oo | o | T | F
T»
DPI 1
DP2 1
DP3 1
DP4 1
Ox
DPl | 0.99 1
DP2 | 0.99 1
DP3 1 1
DP4 | 0.99 1
()]
DPI | 001 | o0.14 1
DP2 | 001 | 0.09 1
DP3 | 001 | 0.09 1
DP4 | 001 | 0.12 1
T
DP1 | 067 | 072 | o054 1
pP2 | 074 | 076 | 028 1
DP3 | 052 | 058 | 076 1
DP4 | 047 | 049 | 017 1
F.
pP1 | 001 | 002 | o005 | 032 | 1
pP2 | 001 | 000 | 009 | 059 1
DP3 | -0.007 | 002 | 0075 | 0.8 1
DP4 | -0.003 | 0.004 | 0038 | 087 1

CONCLUSIONS

This paper has presented research on HER and/or similar processes with a special focus on the key parameters influencing the
forming of metallic BPPs. First, after comparing established manufacturing processes for metallic BPPs and showing the path
towards development of HER, it discussed the key parameters in HER. While past research further qualified the HER process
for industrial usage, there was a lack of systematically and experimentally conducted parameter variation studies on full-scale
BPPs that are required for estimating the influence of changing (input) variables on the process and/or on the machinery. Here,
the predominantly numerically based research base could be expanded by such experimental investigations. Therefore, three
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sets of experiments that sequentially varied the strip tension, the forming force, and the rotational speed of the utilized rollers
were conducted and presented.

As aresult of these parameter studies, it was revealed that there exist different correlations between the selected parameters in
HER, which shape the overall process’s output. HER is a complex, multi-variate forming process that is influenced by not only,
but also, the specified process parameters, the machinery setup, and/or the current BPP geometry/material. To properly account
for the significance of the revealed interaction effects in HER, further investigations based on a larger numbers of experiments
and parameter sets are required. Therefore, the authors plan to conduct more elaborate parameter studies and to develop a model
for anticipating the parameters’ values in HER on basis of these investigations.
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